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Preface

The current thesis concertise appication of Love waveambient noise crossorrelation
tomography to obtain a-B Vs model of the EUROSEISTEST area (Mygdonia basomthern
Greece) This study also attempte assess the uncertainties of the-st@p inversion process
that was implementei obtain the & Vs model.This research was conducted within the frame
of the postgraduate studies programme AAppl i e
Sei smol ogy o) of,of e Aristaillé UnioersityGfeThelssalgnigh.U.Th.).

The first chaptepresentsnformation about the geagly and the geotectonics llygdonia
basin The active tectonics and the seismic hazard of the area are also discusskdhleA
geotechnical and geophysical results for the studyaarealso presead

The second chapter describes thethndology of this thesis. Initiallythe principles of
surface wave propagatipdispersion ancomplexwave phenomena are described. Moreover,
the nature, sources, wafield content and the exploitation of ambiesitbration recordings are
described Finally, the fundamentals ofnversion theory and the application iolversion (e.g.
damping and smoothijgonstrains are also discussed

The thrd chapter presents the obtainesults from the application of the methin the
EUROSESTEST area and the comparison wita availablegeological, geotechnical and
geophysical information.

| would like to thank my supervisor Professor Papazachos Constantinos for all these years
of mentoring and support, even since | was adeugraduate student. This resthesis was
strongly improveddy his suggestions and commedtsing the processing and the improvement
of the text Also, | would also like to thank A. Savvaidis and M. Ohrnberger for being members
of my advising and examation committeeand for providing the data on which this thesis is
based Furthermore, | want to thank Marios Anthymidis for providing several of the scripts
which were used in this thesis and for his contribution in this work. Also, | want to thank Katri
Hannemann for providing the FTAN datoreover | would like to thank thevhole staff of the
Department of Geophysi@UTh for all thetheoretical and practicahowledge that they taught
me all these gars | wish themall the best.

| would like to thank my fiends for all these years that we have begether in good and
bad timesAlso, | would like to thank my fellovgraduatestudents and colleagues for having a
wonderful cooperatiomvhile studying together ahe School of Geology AUTHuring lectres
and fieldtrips. Lastly, | would like to dedicate this thesis to my grandmotA¢nena
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Abstract

The current master thesis dexsva new shallow-B Vs model forthe EUROSEISTEST
area (Mygdonia basin, northern Greece) from high frequeneg heaveambient noise cross
correlation tomographyThe recordingswvere crossorrdated and the Love wave dispersion
curve for each crossorreltion path was obtainddom manually picking The computed.ove
wave group travelimes are in excellent agreementiwliocal geology and the errors of manually
picking depict two populations, witthe larger errorpopulation being spatially distributed
mainly in the westemost part of the study are@he Love wave travdimes for each frequency
were inverted using amographic approach with the implementation of approximate Fresnel
volumes, damping, spatial and infeequencysmoothingconstrains. The Love wave group
velocity maps depict the main2 basin features and the geometry of the outcropping bedrock is
well resolved. Local group slowness dispersion curves were reconstructed for each node of the
tomographic grid for solutions satisfying resolution quality-affitcriteria. The local group
slowness dispersion curves were inverted using alinear Monte Carlapproach and ground
profiles with appropriate -D Vs variation with depth were generated. The resultifigy Bs
mode| despite its local instabilitieglepics the main basin structurehd derived average bottom
layer depths are shallower than the propossaodel from Rayleigh waves, with deeper
formations exhibiting strong transverse anisotropy. Also, tBe\& model is in good correlation
with independent geological, geophysical agdotechnical information. & results for
EUROSEISTEST area suggest ttia joint inversion of Rayleigh and Love waves would give a
better insight in understanding the loceD3/s structure
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CHAPTER 11 INTRODUCTION

1.1 Geological and morphotectonic regime of Mygdonia basin

The study area considered in tipisesent work is located in the Mygdonia basin, which
belongs to the central Macedonia region (Northern Greece) and is situated tiNEhdrdm
Thessaloniki. From a geomorphological point of view, it is an elongated basin with a roughly E
W trending main sis, covering aspatially large regionwhich consists of the lakes Langada and
Volvi in its western and eastern part, respectively. The basin is bordered by the mountains of
Vertiskos - Kerdyllia (to the north) and Chortiatis Stratonikos (to the southand it is
characterized by a significant lowering of the geomorphological relief in comparison to its
surrounding area. The basin borders and its sigmoidal shape were formed from the activity of
neotectonic faults (mainly normal faulting) and the actiafythe neighboring North Anatolia
Fault Gkarlaouni et al. 2005

The study area belongs to the internal Hellenides mountain chain, which was formed
during the last phase of the Alpine orogenesis (Figure 1). Furthermore, the largest part of the
basin belags to the Serbomacedonian massif, while the westernmost section is part of the
CircumRhodope geological zone. Both geotectonic zones consist of a variety of geologic
formations, with intense and complex tectonic structures, leading to d@dongdebateof the
scientific community regarding the origin, subdivision and evolution of these Ziglesifakis
1993 Kilias et al. 1999 Mountrakis 2010Kilias et al. 2013 In the present work we present a
brief summary of the current understanding regardingetligiestions for the observed complex
geologic and tectonic structure of the broader study area.

Sedimentary basins

Normal fault
Miocene - recent

—
/—‘. Theast Units
/—‘/‘

Detachment
Strike-siip

Vertiskos Unit
Circum-Rhodope belt
Chortiatis Magmatic Suite
=== Anticline Eastern Vardar Ophiolites

= Syncline

Magmatic rocks
Oligo-Miocene plutons
[ oligo-Miocene volcanics
B Eocenc plutons
Upper Jurassic plutons
Triassic plutons
(Arnea - Kerki

- Kerkini
Magmatic Complexes)

Sinistral strike-slip Mygdonia Graben
SW." corridor ., N (Volvi)
\ s )

Figure 1. Geotectonic zones, major geologic formations and compressional tectonism of the broader area of internal
Hellenides and Mygdonia basin. A geolcai crustal crossection perpendicular to tHeasin main axigs also
presented, depicting the brittle and ductile rock conditions (modified Hyshonakis et al. 2095
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The Serbomacedonian massif consists mostly of Paleozoic and Mesozoic plutonic rocks,
such-as gneisschists, marbles and ophiolites, and is subdivided in two units; the westernmost
Vertiskos unit and the easternmost Kerdyllia uMb(ntrakis 201)) The contact between the
Vertiskos and Kerdyllia units is an old thrust fault, the StryrapiKerdylion fault, which has
reversed to an active low angle detachment fault (at present) that underlies the Neogene age
Strymon spra-detachment basinB(irg 2012 Kydonakis et al. 20105 This is probably the
mechanism that led to the obduction of batiits above the Rhodope and the presence of an
enigmatic thrust fault that led to the superposition of the Vertiskos unit above Kerdylha ¢t
al. 1999. The border between the Serbomacedonian massif (Vertiskos unit) and the-Circum
Rhodope zone (oviging Neogene sediments) is a strdg fault with a significant thrust
component, which has led to the fluctuating overlay of Vertiskos unit and GRhwdope
Neogene sediments above each othexr{os et al., 1993

Contrary to previous suggestiornsgarding the relationship between the subdivisions of
Serbomacedonian massif and Rhodope, ntegesearch Kilias et al. 2013 Burg 2012
Kydonakis et al. 200)5has proposed a new conceptual model, according to which these
geotectonic units are actuallypgges overlying a metamorphic core in Rhodope (Figure 2). More
specifically, both Vertiskos and Kerdyllia wun
units, respectively Kilias et al. 2013 This assumption is based on the correlation of the
geologc structure of the above units and their cooling ages. However, the correlation between
Vertiskos and Kimi othe overlying Asenitsa nappe (theetamorphic core complex uppermost
nappeoutcropping in southern Bulgajiss still ambiguousgurg 2013.

The Chalkidiki block, which contains Mygdonia basin, is bounded by a sinistral strike slip
fault (compressional boundary) in its westernmost part and a detachment fault (extensional
boundary) in its easternmost part. Due to crustal accretion, ductile rocki@mesgrevail at
larger depths, while shallow geologic formations are in brittle conditions, resulting in significant
faulting, combined with the regional stress field (see next section for details). A simplified
geologic crossection of all Alpinggeotetonic zones neighboring tiMygdonia basin is shown
in Figure 1. Aregional scale crossection extending up to Rhodope units is shown in Figure 2,
featuring the southern and northern Rhodope metamorphic core compigxiemdkis et al.

20195.

Kerdylion Nestos
Vardar Suture Zone Detachment  Thrust Maritza fault

(SW) \ Ophiolites Chalkidiki block \(I‘l E)
—

Figure 2. Regional crustal scale geologicalcrase ct i on of northern Greeceds major
Chalkidiki block, which includes the Mygdonia basin and the study area, is depicted with a black rectangle (from
Kydonakis et al. 2025
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1.1.1 Lithology

Mygdonia basin exhibits a complicated lithostratigraphy due to the intpeatectonic
settingof the Serbomacedonian massif during the Alpine orogenesis and the neotectonic activity
of the area, leading to the basin generation and vast sedimpniatier different processes that
took place in Neoger@uaternary (Figure 3). The sedimentation which occurred after the
establishment of the Alpine units was intense, with a deposition of sediments up to 400m in the
center of the basirPEilovikos 197Y, due to the action of the neotectonic faults that formed the
basin. Therefore, the basin structure can be summarized in three main geological units: a) the
Alpine bedrock, b) the prdlygdonian system and, c) the Mygdonian system.

The Alpine bedrock consstof a mixture of continental (Kerdyllia unit) and oceanic
(Vertiskos unit) crust geologic formations. The oceanic crust formations areoptatdites and
metagabbro, which outcrop in the northern part of the basin and formulate the border between
the Kadyllia and Vertiskos units. The basement rocks are exposed at the borders of the basin
and are mainly metamorphic rocks, such as gneiss, phyllites, schists and amphibolites, indicators
of the different metamorphic phases that took place during the gmuteetvolution of each
unit. In addition, Alpine granitic intrusions are reported in the Arnaia area (dated in 24bMa;
et al. 2009, which is correlated with the rupture of Pangea-(ouenic), as well as in Phanos
area (U. Jurassidylichail et al. 201§ which intrudes ophiolithic rocks (syerogenic). The
gneiss bedrock was formed due to the metamorphism of granitic intrusions of thi§lagesf
al. 1999. Also, newer intrusions took place during the last stage of the orogenic circle, amongst
which in Sithonia and Olympiad&(ristofides et al 2001, Gurk &t 2007, forming ore deposits
and geothermal fields in the broader area.
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Figure 3. Geological map of central Mygdonia basin (coordinates in EGSA87 Greek Transverse Mercator system),
depiding the major geological units and neotectonic faults of the basin.
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1.1.2 Stratigraphy and peaipine evolution

The sedimentary deposits of the Mygdonia basin have beerstwdied Psilovikos 1977
Sotiriadis et al. 1983Koufos et al. 199% providng significant information on the main
stratigraphicheterogeneities, which correspond to different depositional conditions of the basin
formations. Also, precise dating has been conducted for most units, mainly due to the presence of
a large number of nmamal fossils. These sediments were deposited shortly after the normal
faulting activity in Loweri Upper Miocene and due to the intense erosion of the surrounding
crystalline rocks. These sediments are classified in two main systems, namely the pre
Mygdonian and the Mygdonian units, which consist of different lithologies, exhibiting varying
soil mechanical properties due to their different compaction rates and age.

The preMygdonian system sediments comprise mainly of clastic sediments of Neogene
age and tb Alpine basement of the area (Serbomacedonian massif metamorphic rocks). The
deposition of preMlygdonian sediments started in Lowddpper Miocene, with conglomerates,
sandstones, reldeds and silysand deposits with clay intercalations under flugustrine and
terrestrial conditionsSotiriadis et al. 1993 The Mygdonian system lithostratigraphic column
starts with a conglomerate, typical indicator of cessation of sedimentatias fxidwed up by
mainly alluvial deposits of fluvial, fluvidacustine, lacustrine and terrestrial conditions. The
Mygdonian system sediments are softer and have a smaller thickness in comparison to the pre
Mygdonian sediments.

Chortiatis Mt. T — Vertiskos Mt. S Travertine

z G e, Conglomerate
« » Varves

Sands, clays

wd)sAs uviuopsApy
AAVNAALVNO

U.PLIOCENE - L.PLEISTOCENE

V) R/

Conglomerate

» Red-beds

-

Silty-sandy deposits

waysAs ueruopdL-aad
ANADOIAN

« » Extension axes QUATERNARY

- Mygdonian system Sandstones - Clays

- pre-Mygdonian « » Conglomerate
system

- Alpine Basement Metamorphic rocks

Figure 4. Schematic representation of the evolution of Mygdonia basin (left}ygnchl geological column (right),
with the main sedimentary unigsiodified fromSotiriadis et al. 1988
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The formation, structure and evolution of the Mygdonia basin is typical for a sedimentary
basin. It was formed in LowerUpper Miocene from the activity ofonmal faults with an BV
trend axis. During this period new faulting took place with maini¥Eormal faults acting in
the middle of the basin and generating space for the deposition of Mygdonian system sediments.
Moreover, a large lake (named Mygdoniajs formed in the area, and lacustrine sediments
were deposited mostly in the middle of the basin. Nowadays, lakes Langada and Volvi are the
leftovers of this Mygdonia lakend alluvium and fluvial sedimentation is taking place.

The evolution of Mygdonidasin and a characteristic lithostratigraphic column provided
by Sotiriadis et al. (1983) is shown in Figure 4, where basement rocks are marked with a grey
color and the prdygdonian and Mygdonian system sediments with blue and light blue colors,
respeately. The EW striking normal faults are shown with thick black lines, identifying the
extensional stress field that led to the fragmentation of the basement rocks in two phases. These
phases resulted in the generation of the basin (i) and the depadipoeMygdonian (ii) and
Mygdonian (iii) system sediments under intense erosion (due to gravity and relief anomalies) and
different sedimentation conditions.

The boundaries of the basin are formed by the activity of neotectonic faults over the last
million years, formindgerracesand lowering of the geomorphological relief. In addition, these
faults have different slip rates, generating a multifragmented regime (Pavlides 1990).
Quantitative morphotectonic studies conducted by Pavlides and Chatzipet@® (i®ve
revealed three units of tectonstopes, while seismotectonic and microzonation studies have
revealed that they tend to be tectonically active (see next section and references therein). These
units consist of:

a)High dip angle unit, observesdong active fault zones and resulting in the crystalline basement
rocks fragmentation, with significant slips. They are the oldest reported slopes that created the
basin, followed by a relief gradient lowering due to different soil and rock mechanicalt@®eper

b) Low dip angle faultsaffecting mainly Neogene formations, products of the second tectonic
phase that took place in U. Pliocénk. Pleistocene.

c) Present stress field abrugip angle faultsaffecting Neogene Quaternary formations, with
low slip rates.

The Alpine orogenesis tectonism was accomplished under plastic rock conditions, while
recent tectonics are taking place under brittle conditions, causing the deformation and the
elimination of older thrust structures. Therefore, Alpine teictstructures argvell maintained
or identified as fragments, mainly found in the surrounding Chalkidiki block (e.g. fol@s, S
clasts, foliation patterns and moréilias et al. 1999 Kydonakis et al., 2015 while being
affected by present day tectonesnder bri ttl e conditions. The s
comprises mostly of extensional and secondary of strike slip structures, most of them being
seismically active faults, with the occurrence of destructive historic earthquakes (see naxt secti
and references therein).
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1.2 Active tectonics setting

The tectonic setting follows the general northern Gree&édxtension taking place due to
the subduction of the African plate under Europe (Bapazachos and Comninakis 1p6Bhe
seismicity d the area isignificant despite the fact that it is less intense than in other areas, such
as the Hellenic arc or the lonian islands. A significant number of earthquakes have occurred
along several rupture zones (see spatial distribution in Figuret&ined fromGalanis et al.
2004). Also, many urban centers can be found within the basin or in the surrounding area, such
as Thessaloniki, the second largest city of Greece, tharedfEevere damages and financial
losses due to the 20/06/1978s M6.5 earthquakeHapazachos et al. 197This earthquake is
the main reason of a lortigrm seismological, geophysical and geotechnical investigation of the
area, also leading to the establishment of the EUROSEIS program (see next section for details).

Figure 5. Spatial distribution of earthquake epicenters of the broader study area for the pericd20981(from
Galanis et al. 2004

The Internal Hellenides and the Chalkidiki blocks are located in the northern section of the
backarc area of the currentilsduction processes, with extensional deformation prevailing and
creating normal faults with-8V and NWSE directions, that bound the basin. It is well known
that strike slip faults with WNWESE and NESE strike also occudue to the presence and
impact ofthe leftlateral strikeslip Northern Anatolia fault, situated the southeast with respect
to the basin (see Figure 6). Furthermore, the North Anatolia fault activity involves the rotation of
the main extensional deformation axes, generating the sigimmagin shapeGkarlaouni et al.

20195. The seismic activity along these faults comprises of shallow earthquakes, occurring at
large dip angle normal or stritgdip faults.
8
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Figure 6. a) Major neotectonic faults of the broader Mygdonia basin. b) Rotafi@xtension stress axes due to
North Anatolia fault activity (fronGkarlaouni et al., 2016

The normal faults of the broader study area can be classified into two groups, namely a
southern group and a northern group, with different characteristiesdieg their faulting,
seismicity and structuréskarlaouni et al. 20)5The southern group consists of faults with large
surface ruptures and extends from Thessaloniki to Gerakarou (Figure 7). The northern group of
faults is mainly depicted by seismologl data rather than field observations, resulting into
smaller verticaldisplacements in comparison tlee southern group of faults, undergoing half
graben tectonics{ountrakis 2010 The measured displacement rates of Mygdonia basin are ~5
- 6 mml/year,revealing a NS deformation pattern, in agreement with seismological and
neotectonic resultfukas et al. 2004Based on the studies Bhpazachos et al. (200Tyanos
et al. (2003) Paradisopoulou et al. (200&nd Vamvakaris et al. (2006the ruptue zones of
Mygdonia basin can be classified as:

a) A NW:SE striking rupture zone in the westernmost part of lake Langada with extensional
deformation (NESW tensional axes direction). This zone consists of two major faults, the Agios
Vasileios fault (AV.F) in the southern boundary of the basin and the Asginadipsis (As

An.F) and NikopolisXylopolis fault system (NX.F) in the northern.

b) An EW and ENEWSW rupture zone extending from the easternmost part of Thessaloniki to
the region between lakésangada and Volvi. This zone consists of the St@esakarou fault
system (TGFZ), the PylaiBanorama fault @P.F), the Peristeras fault (PR.F), the
AsvestochoriorChortiatis fault (ACh.F), the Pefka\svestochorion fault (fFA.F) and Stivos
Gerakarou falls (SG.F). The extensional ag have aN-S to NNWSSE orientation near
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Thessaloniki and NNEBSSW near Gerakarou.

c) A N-S extensional rupture zone near lake Volvi and NNBE in the NW part of the basin.
The epicenter of the M 5.8 Arnaia earthquake45/1995) is located in this zone.

The major fault systems that were mentioned above can be seen in Figure 7, as presented by
Paradisopoulou et al. (20Q6following previous work byTranos et al. (2003)The NS
extension is dominant through the basaetonics, causing the-W, NNE-SSW, NNWSSE

faulting towards the westernmost part of the basin, near the Thessaloniki urban area. The
easternmost deformation of Mygdonia basin is also significant, with the occurrence of the
lerissos M= 7.4 26/09/1932 etlrquake Papazachos and Papazachou, 2003

28 27 28 29 23 281 282 B3 284 205 B8 AT

%
%

%

26 27 28 229 23 231" 282 83 284 285 W86 AT

Figure 7. Neotectonic map of the ThessalonikiMygdonia and Athemountas basins (frdranos et al., 2003
Regional scale tectonics are also depicted in the subfigure (see text for details, figuParfacisgoulou et al.,
20089.

1.3 Previous geophysical studies

The previous discussion and presented results verify that the active tectonics setting of
Mygdonia basin is significant and the resulting seismic risk is quite high. The long term
seismological, neettonic, geophysical, geotechnical and geodetic assessment of the area has
provided fruitful information for an improved understanding of the regional and locahiest
that are taking placen the area. The EUROSEISTEST program, established in 1993tladte
occurrence of the M= 6.5 Thessaloniki earthquakietip://euroseisdb.civil.auth.jrhas provided
useful information on these topics.
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Figure 8. Crosssection of Mygdonia basishowing itsVs structuie, witheight prevailing seismic layers. The cros
section is depicted with a green limeFigure 3 (fromHannemann et al. 2014nodified fromRaptakis et al., 2030

LAYER A B C D E F G* G
YAEWS) 120 200 300 450 650 800 1250 >1250

Mygdonian System Pre-Mygdonian Bedrock
System

Table I. Correlation between seismic layeasrevealed byheir Vs velocities and the main basin geological units.

A 2-D crosssection of Mygdonia basin, perpendicular to its maxis is presented in
Figure (8), asnodified fromRaptakis et al. (2010The crosssection has a NNVBSE direction
(gree line in Figure 3) and wasompiled on the basis of results from seismic refraction, MASW
and geotechnical surveys, extending roughly 5500m in horizontal distance and depth @f
200m. The section reveals the geometry of the main sedimentary geological formations, bedrock
depth and the major tectonic features of the basin. Eight seismic strata with a normal Vs velocity
increase with depth have been proposed on the bakie determined Vs velocities values, also
shown in Figure 8. The correlation of these layers with the bedrock, thdygdonian system
and the Mygdonian system sediments is depicted in Table I, with a Vs velocity range extending
from 150 m/s up to 1250 /s Layers AD correlate with the prélygdonian system sediments,
(Vs values from 120 450 m/3, layers EF correspond with the Mydonian system sediments
(Vs values 650 800 m/s), while layers G* and G depict the weathered and healthy bedrock
formations respectively (Vs velocitie®1250 m/s).

An extension to thredimensions of the previous study was conducted/lbyakou et al.
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(2010) who compiled results from multiple surveys (such as ambient noise, seismic methods and
geotechnical data from the ayean order to propose the-3 model shown in figure 9. Their
results are in very good agreement with previously published information and provide an insight
on the threadimensional features of the basin, such as the depths of layers A and B (Figure 9a)
and layers C and D (Figure 9b) of the {dggdonian systemwhich reachup to a thickness of

250m in the central part of the basin. Also, their results suggest an approximate thickness of
150m for the Mygdonian system sedimeni@yers E and F (Figure 9and a maximum bedrock

depth of 400m in the eastecentral part of the basin (Figure 9d). The proposed Holocene and
Quaternary sediments thickness is larger in the southern and the easternmost part, while older
Pleistocene sediments of the ggdonian sgtem are thicker in the westernmost part of the
basin, a clear indicator of the complex tectonic history and activity of the area.
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0-20

[ 20-40

I 40-50

I 5050
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[eooo MM 210200 o0 I (2501200
o020 1M 220270 [ ¢-100450) [ (-300)-250)

[T 120-150 NI 270300 [ -150)¢-100) I (-350)-300)

Figure 9. Threedimensional structure of the central part of Mygdonia basin, derived by the compilation of several
geophystal and geotechnical surveys (friianakou et al., 2000

1.4 Study area

The study area of the present thesis is located in the northern part of the basin, where
sediments are expected to ha@maller thickness due to the hglaben tectonism of theasin,
as reported earlier. The major geologic units of the area, bounded by the red rectangle of Figure
10, consist of the Paleozoic crystalline basement rocks (northern part), the Pleistocene sediments
of the preMygdonian system (central part) and theldteneQuaternary sediments of the
Mygdonian system (southern part). It should be noticed that the study area includes all major

geologic units of the basin, whereas their characteristics can be studied at shallower depths,
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rather than in other section§ the basinwhere reported results suggest larger depths and more
complex geometries.

The main focus of this study was to retrieve information regarding-ihé/8 structure of
shallow formations by implementing a tomaghic approach fromambient noisecross
correlation tomography. For this reason, a temporary instrument pool was installed in the
northern part of the basin, depicted by the red rectangle of Figure 10. In total, 28 instruments
were installed in two circles, an outer circle with diameteBkh. (blue dots in Figure 10) and
an inner circle with diameter ~700m (purple dots in Figure 10) consisting of 8 instruments,
which were moved during the network operation. The total ambient noise recording time was 8
15 hours per day, with the inner cirétestruments being moved each day (7 times in total), in
order to obtain a denser network coverage and sustain possible data losses (see Chapter 3 for
details). More than 12 GB of mHS8EED data were collected in total, with a recoding rate of 100
Hz.
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N N
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g fz’ g
2 - 2
7’
° °
8 8
27 B
2 2
° e
8 e
87 rS
2 2
436000 437000 438000 439000 440000 441000 442000 443000
LEGEND : .
Cross-section from Raptakis et al. (2000)
Holocene Deposits Pleistocene Fans™"™="= Neotectonic Faults wwws  Dashed lines denote sur_faoe fault traces
® Outer Circle based on the cross section
. ' - Paleozoic @ Inner Circle with the D Area of Study 05 1
Pleistocene Deposits Gneiss-Schists corresponding group number ——Km

Figure 10.Closeup of Figure 3, where the study area is depietét a red rectangle. e positions of the inner
(purple) and outer (blue) circles of the instrument pool are also shown, together wittDtleeo2s section of
Raptakis et al., 201Qgreen ine) and the neotectonic faults (black lines). The inner circle instruments were moved
during the operation of the network and are annotated by their original positiorH&omemann et al., 2014

During this study waitilize the approach dflannemannteal. (2014)who applied ambient
noise crosgorrelation tomography for Rayleigh wavigem the same recording networfor
Love waves The resulting Rayleigh wave group velocity spatial variation for six frequencies is
presented in Figure 12. The grouglacities for Rayleigh waves in the northern part (bedrock
outcrop) of the array armuch faster than in the southern (sedimentary deposits), with their
boundary roughly depicted by the ~700 m/sec velocity level. This velocity change is in good
agreement wh local tectoits, changing the boundary strikmm WNW-ESE in the western
part to EWESNS in the eastern part of the northern basin border. The derived group velocities
for each frequency were used to reconstruct local group slowness dispersionfoumash
node of the tomographic grid. The reconstructed local group slowness dispersion curves were
inverted using a neighborhood algorithm, in order to generate a p38u¥s model for the
area.
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Hannemann et al. (2014dinverted all Rayleigh group slowess dispersion curves
independently to obtain-D Vs depth variations for each node and a ps&id/s model was
generated from the superposition of alDInodels. Table Il presents the model parameterization
that was tested for each[l inversion. For ach model the Table provides the name of the
model, the number of layers above the {splfce, the Degrees of Freedom (DOF) for parameters
allowed to vary in the inversion, the fixed Vs layer velocities and the allowed depth range for
each layer interface.

The resulting layer depths for each model parameterization adoptéddrmemann et al.
(2014)for the inversion of the Rayleigh wave local group slowness dispersion curves are shown
in Figure 13. The presented layer depths are averaged from all moaelgpanizations and the
crosssections (parallel to the EUROSEISTEST crssstion shown in Figure 8) depict the
average bottom interface of each velocity layer, which was computed from averaging the bottom
layer interfaces of each node inside the whiteygah (Figure 1deft). The three lower
EUROSEISTEST discontinuities (layers discontinuities E/F, F/G*, G*/G in Table | and Figure
8) proposed fronRaptakis et al. (2010yere used for comparison.
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Figure 11. Instrument geometry for the study area in gapbic coordinates (WGS84), after the repetitive
installation of inner circle instruments in different locations during the operation of the temporary network.

The Mygdonian system sediments (layers A and B in Table | and Figure 8)simalie
thicknesseand small inteimodel variability, in good agreement witielocal geology. The pre
Mygdonian system sediments (layerg-Gh Table | and Figure 8) hawveuchlarge thicknesses
to the right(south)of fault F1 in all crossections, but this thickening abserved closer to the
center of the basin than the F1 fault position proposedRpytakis et al. (2010)The pre
Mygdonian system sediments are parameterized with 4 layers, while models with fewer (e.g.
models 5/6UL) or too many layers (e.g. 8UL) extaHistronger and even unrealistic variations.
The bedrock formations (weathered, G* and healthy, G in Table | and Figure 8) are better
resolved using a single layer parameterization (Vs = 800 m/sec), since models with free bedrock
parameterizations or intéredrock discontinuity parameterization (e.g. 8UL) tended to generate
unrealisticbedrockdepth variations. Thereforélannemann et al. (201¢yoposed a Vs model
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based on the 7UR model parameterization, as this is listed in Table II.

The obtained resudtfor the bottom layer interfaces (discontinuities) are shown in Figure
14, where magnettelluric results and the proposed Vs model freaptakis et al. (2010are
superimposed for comparison. In general, the obtained seismic bedrock depths and the
morphdogy of the bedrock/sediments discontinuity (from the noise data inversion) are in good
agreement with the high resistivity bedrock identified by the magmedtoic results. Although
the magnetdelluric model extends up to the depth of 100 m, the sedsndipping at the
section horizontal distance around 300 m distance is clearly recognized from both models, with a
shift of ~100 m towards the basin center compared to the proposed F1 fault poskitiapthlis
et al. (2010) The fault F2 is not identifeein any model, since it does not seem to affect shallow
layer interfaces. Also, the seismic layer interfaces depict the presence of an uplift at horizontal
distance locations 600m to 1000 m, indicating the possible presence of -yperstructure.
This structure is also indicated in the group velocity results (Figure 12), showing approximately
a feature dimensions of ~200mX200 m.

Number DOF Vs (m/sec) Layer Depth Range
of (1))
Layers
5UL 5 8 250, 350, 425, 600, 800 1-300
6UL-1 6 9 150, 250, 38, 425, 600, 800 1-300
6UL-2 6 9 250, 350, 425, 600 1-100
700, 800 1-200
7UL-1 7 10 150, 250, 350, 425, 600, 700, 800 1-300
7UL-2 7 10 150, 250 1-50
350, 425 1-100
600 1-200
700 1-250
800 1-300
7UL-3 7 10 150, 250 1-50
350, 425 1-100
600, 700 1-300
800 1-500
8UL-1 8 11 150, 250, 350, 425, 600, 700, 800 1-300
1200 1-500
8UL-2 8 11 150, 250 1-50
350, 425 1-100
600 1-300
700 1-400
800, 1200 1-500

Table IlI. List of model parameterizations used for thB Inversion of Rayleigh wave group dispersion cenas
adopted byHannemann et al. (2014)

The currehthesis presents new results frtdme inversion of Love wave group trauvehes
from the same network used biannemann et al. (2014as presented in Figure 11. We also

15



CHAPTER 1
INTRODUCTION

attempt to assess the reliatyilof all inversion steps leading to the model derivation and recover
useful information on the geophysical structure of the study area. Model uncertainties emerging
from the twastep inversion procedure adopted frelmnnemann et al. (2014ye also discisd.

The tomographic inversion of Love wave group tratueles for each frequency is performed
with the use of approximate Fresnel volume-traging, as well as damping, spatial smoothing
and inteffrequency constrains. Finally, the[ll inversion of recostructed local dispersion
curves for each node is performed using an adapted Mzarte approach and mew 3D Vs

model is reconstructed for the study area.
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Figure 12. Spatial variation of the Rayleigh wave group velocities for six frequencies of utlg atea (from

Hannemann et al., 2014
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Figure 13. Left: Spatial variation of average interface depths for seven layer velocities (Vs 2506850, 425,

600, 700 and 800 m/s) from all model parameterizations adoptddrnyemann et al. (20149 invert reconstructed
Rayleigh wave group slowness dispersion curves, presented in Table Il and discussed in the text. The white
polygons indicate # area that was used for the computation of the average interface depths, while black polygons
depict the surface positions of faults F1 and F2. Right: Depth variation of the averaged bottom interfaces for the
seven Vs layers employed for the various mgadehmeterizations presented in Table Il and discussed in text (from
Hannemann et al., 2014
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Figure 14. Crosssection derived from crosrrelation ambient noise tomography of Rayleigh wave group
traveltime for the study area. The magnretituric results (Autio et al., 201pfor the same area are also depicted
using a logarithmic color scale, while the E/F, F/G*, G*/G discontinuities and the two neotectonic faults, F1 and F2,
from Raptakis et al. (201@re also shown with dashed lines (modified fidemnemann et al., 2014
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CHAPTER 21 METHODOLOGY
2.1 Surface Waves
2.1.1. Generation and Propagation

If we consider a homogeneous and isotropic medium, the application of a tensional force in
its mass will result in the generati of body waves, namely P and S waves. The P waves (or
primary waves) correspond to wave propagation in a parallel direction with this tensional force,
while S waves (or secondary waves) involve waseillationin the plane which is perpendicular
to P ware propagation direction (see Figure 15). The propagation of P waves, which travel faster
than S waves, involves the generation of local compressions and dilatations in the considered
medium, while the propagation of S waves corresponds to the propagjasioear deformation.

S waves are usually analyzed in two components, the horizontal SH component and the vertical

SV component (Figure 15). Body waves from earthquakes typically arrivebifsire all other

types of wavesind are recorded in seismogramgh P waves recognized primary in the vertical
component and S waves in the horizontal components ({$antith and WesEast). However,

recordings of longlistance seismic events are typically dominated by the presence of longer
period waves with higheamplitudes, arriving after the S wavetrain. Those waves, whose energy
propagates mainly in the shallow layerstoeear t hés crust, are surfa
Rayleigh and Love waves.

Normal plgp
il plane Vertical plane

Direction of S | .
propagation ,l I A A e
— < 7 I —_
SV

Elastic medium
Figure 15.Schematic propagation of body (P and S) waves.

In anisotropic medium Rayleigh waves propagate along a vertical plane and are generated
due to the interference of the motions of P and SV waves (Figure 16). Let us assume a SV wave
incidence to the free surface (f owertear thenpl e t
critical angle of an incident P wave or at the critical angle (incidence angle which would result in
a P wave horizontal propagation through the surface). The interference of these waves, without
any interaction with the SH waves, gives fisghe generation of Rayleigh waves, which, due to
the phase shift between P and SV waves, propagate in reverse elliptical orbits. Those elliptical
orbits are characterized by a significant amplitude decay with depth, corresponding to the energy
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itrappobgerved for these waves in the shall o\
notice that Rayleigh waves can propagate even in a homogeneospdwdf medium, due to
their generation from the interaction ofS¥ waves along the hadipace freewgface.

SV I Direction of propagation
2 X
v 1
I
Depth Q
X

3

Figure 16. Superposition of P and SV waves propagating in a homogeneous medium and generation of Rayleigh
surface waves, propagating in elliptic orbits (modified filca and Wallace 1995

Love waves propagate along the horizontal plane amdy@nerated (in the simplest case)
by the superposition of SH waves trapped in a layer over a halfspace. In contrast to the
propagation of P and SV waves, SH waves convert only to SH waves upon their incidence on a
set of layers (Figure 17). As earlier edf the generation of Love waves involves the existence of
a layer with significant contrast between its physical properties and the underlying halfspace,
also bounded by a free surface. The incident SH waves (and their energy) are trapped in this
layer, esulting in the generation of a superimposed set of SH waves, a Love wave travelling in
the horizontal direction.

Direction of propagation

o

H

!

Halfspace

SH SH

SH

Xs

Figure 17. Generation of Love surface waves from the superposition of SH waves propagating in a layer with
thickness H, above a halfspgoeodified fromLay and Wallace 1995
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2.1.2. Dispersion

An important property of the surface waves is that they are dispersive, which means that
different periods (or wavenumbers) travel with different velocities. To demonstrate this behavior,
let us assme the simplest case of two harmonic waves, propagating in a medium with slightly
di fferent angudrmd, Y¥wheiqcuhe ncrieesc!l osse t o a domin
(equal to 2f, where f is the dominant frequency) and different wavenumbeeskke, close to
the dominant wavenumber, k. The interaction of these two harmonic waves results in the
generation of a wave with displacement, u(x,t), given by:

u(xt) = 2cos(wt —kx) cos(fwt—8kx) Urv<<<7¥,k UOk<<c< (2.1)

DDA
DM

U C
ts / ' |
|
Envelope Carrier
X D

Figure 18.Carrier and envelope functions of a disparsiarmonic wave travelling towards the +x direction in three
different time snapshots. The phase and group velocities, ¢ and U, are denoted with blue and red lines, respectively
(modified fromStein and Wysession 2003
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The two cosine functions of edien 2.1 correspond to two harmonic waves, propagating
with -different velocities and phases. The second term corresponds to a harmonic wave
propagating much slower than the first, both in space and time, because the temalsi sare
typically much smaller thamr anda. Therefore, we have a carrier wave propagating faster in
both space and time than its envelope function, expressed as the first and the second cosine terms
of equation 2.1. When the phase of the propagatfahese two functions remains constant, a
snapshot of the resulting wave shows that both the carrier and the envelope describe waves
propagating with different speeds (see also Figure 18). The speed of the oscillating carrier (first
term in equation 2.1 calledphase velocity, cdescribing its rapid variation of the signal in
both space and time. The speed of the envelope function corresponds to the energy maxima of
the travelling wave, the circumferential of all carriers and its velocity is cghiedp velocity,

U. From equation 2.1, the phase velocity can be written as:

c=% (2.2)

_dr (2.3)

which is the derivative of equation 2.2 with respe¢htowavenumbesg.

The phase velocity, depicted with a blue line in Figure 16 inside the carrier function,
bisects the travelling waves at phases which vary quick in space and time. The group velocity
(red line in Figure 18), bisects the envelope function at the energymaagoints of wave
propagation. Considering the slope of the two dashed lines in Figure 16, it is clear that the slope
of the phase velocity is (in general) expected to be smaller than the slope of the group velocity,
suggesting that phase velocities afonic waves tend to be bigger than group velocities.

The formulation presented in Figure 18 and equations 2.2 and 2.3 is widely employed for

surface waves. However, i f we assume a nor ma
interior, surface wawe of larger periods (or equivalently larger wavelengths), that penetrate
deeper earthods formations, tend to have | ar g:¢

waves of smaller periods (also smaller wavelengths), tend to have smaller phaseugnd gro
velocitiempl asd ¢$heall ¢ @a.Isoft seaimants and atlyeeupper crustal
rocks etc.).

2.1.3. Deviations from elasticity and isotropy
2.1.3.1. Anelasticity

For most studies and applications, seismic wave propagation islemsifor the case of
el astic, i sotropic and homogeneous | ayers. H o
structures, therefore wave propagation takes place within anelastic, inhomogeneous and
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sometimes anisotropic media. While the variability vedve propagation phenomena (wave
amplitudes, seismic ray incidence angles, etc.) is controlled by the elastic properties of the
medium (i.e. seismic velocities), energy loss is caused by the medium anelasticity. To illustrate
the effect of anelasticity, evfirst consider the case where stress is applied in an elastic material,
where the relation between stress and strain
anelastic behavior, the relation between stress and strain iinean and thepath of
deformation is shown in right plot of Figure 19. In this case, energy is consumed during every
loadingunl oading cycle, with the t otshdnpahbeidg def i
equal to the total consumed energy& This does not occur in the case of elastic material, since
when stress is removed strain return to its initial position (zero value) without any energy loss
(along the linear stresstrain path, Figure 19 left).

When seismic waves propagate throtlghe ar t hés i1 nterior, there i
energy loss, either due to geometrical spreading (elastic phenomenon) or anelastic attenuation
(anelastic phenomenon). Geometrical spreading refers to the amount of energy loss due to the
spread of seisit energy in a bigger surface as it propagates, in a manner consistent to the energy
loss of light rays radiated from lightning fixtures. More specifically, assuming uniform radiation
of seismic waves from their source, as the distance, r, from theiresmarease with time, so
does the area of the wafr@nt and theotal energy decay is proportiortalr?,

Elastic Material Anelastic Material

Stress

A"
Strain

Strain

Figure 19. Stressstrain schematic models for elastic (left) and anelastic (right) behavior of materials. The slope of
the left(linearn relationc or r esponds to Hookebés constant, while the s
the energy consumption during its loadimgloading cycle 4.

| n t he anel astic case, a fraction of t he
transformed into heat (possibly also some other energy forms) due to the structure (e.g. internal
friction) of the propagating medium. In the simplest case of wavygagedion in a homogeneous
medium, if A is the initial amplitude of seismic waves radiated from the seismic source, the
decay of the signal s envel ope, or overall al
function of the form:
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St

At)=Ae?®

(2.4)

The term Q in equation 2.4 is the quality factor, which depends omdlterial and its
physical properties of the material, such as temperature, compaction rate, presence of water and
several others. This complicated dependency makes the intéguredhthe nature of the real
attenuation mechanism quite difficult, especially if we consider the data uncertainties and the
estimation of other parameters affecting the modeling of attenuation (e.g. geometrical spreading).
Moreover, the attenuation of Baves is usually higher than the attenuation of P waves, due to
the consumption of | arge energy amounts by t
effect of fluids and gasses on S velocities.

2.1.3.2. Anisotropy

Usually for most geophysical appc at i ons t he earthoés materi a
considering that their physical properties are azimuthally independent. However, several
theoretical and experimental studies have demonstrated that properties such as seismic wave

velocities or themagnet i ¢ susceptibility of earthodés mir
orientation in space. Considering the anisotropic behavior of these materials, we can extract
ot her wuseful information about t hdedllyers.tinhds st

general, there are two main types of seismic anisotropy, namely mineral anisotropy and
formation anisotropy.
The mineral or rock anisotropy is the effect of directionality in the fabric of rocks or
minerals. Due to this alteration in thémternal structure, seismic waves oscillating parallel to
specific crystallographic axes of these materials tend to propagate with different velocities,
usually along an axis with faster velocities and an axis with slower velocities, compared to the
avera@ velocity that the waves would propagate if the material was isotropic. A characteristic
example is the mineral of olivine, which is extremely anisotropic. Experimental studies have
shown that P waves propagating parallel to the [100] axis of olivinenaoh faster than the
average P wave velocity of olivine. The same axis tends to orient parallel to the direction of
|l ithospheric platesd moti on. T h e r-veaveovelaxity i d e nt
propagationi n t he e aallows desusenoh mibetakanisotropy as an index to study
lithospheric plate motions. Figure 20 presents the spatial variation of the lattice preferred
orientation (LPO) of olivine/enstatite inferred from the SKS seismic phase waves splitting
(Beckeretal.,20ds howi ng the anisotropic fabric of the
Sever al phenomena associated with the petrc
produce anisotropy. Sedimentary deposits can behave as anisotropic due teDttoaim@ex
depositional geometry. Also, the foliation of metamorphic rocks, such as gneiss atslischis
source of anisotropy fathese formations. Therefore, seismic waves oscillating parallel to the
strike of the foliation or the layering of these geoldgienations tend to propagate faster than
those oscillating normal to these planes/surfaces, generating complex spatial faesmmé
velocity anisotropy.
Usually, largescale sedimentary formations consist of a series of layers with different
composition, depositional conditions, structure and mechaniaagpgaties. Their most common
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form of anisotropy is called transverse aniso
crust. In practice, SH waves which oscillate parallel to the sedimeateayng are faster than

the perpendiculaBV component. Theoretically, these components can be constrained by the
Love and Rayleigh waves. Another form of anisotropy is the case of seismic wave velocity
variations in he horizontal planeusually termed aszimuthal anisotropy. The study of
azimuthalanisotropy can be performed usiegher body waves (P and S) or surface waves
(Rayleigh and Love), thought itsually requires dense data coverageresolve the ambiguity

between velocity variations and artispy.

z =150 km

Hh=10% 0o 1 2 3 4 5
Figure 20,Az i mut hal (radi al ani sotropy of the earthds mant
(from Becker et al. 2014

2.2. Ambient noise
2.2.1. Nature and sources of ambient noise

Ambient noise is the superposition lmw-a mp |l i t ude ambi ent vi brat
shallow layers that are usually recorded at seismic stations. These vibrations exhibit a stochastic
spatietemporal variation, with amplitudes of about?:010* mm and therefore are not felt by
humans, noicause damage to infrastructure. In most cases, where active seismic sources are
employedin Geophysicsthey are treated as seisnficn 0 | sineectheir presence distorts the
waveform due to the superposition of ambient vibrations andattiere sourceyeismic waves
signals. Ambient noise consists mainly of surface waves, as shown in the pioneering slark of
(1957) hence their decay with depth is significant, as discussed for surface waves. As a result,
the maximum penetration depth of these vibraidepends on their wavelength, which varies
with the nature of the surface waves generated by ambient noise sources.

The ambient vibrations source uncertainties make their modelling quite difficult. Ambient
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vibration recordings are usually employed foreth st udy of t he eart ho:
corresponding technigues have recently seen significant development (typically referred to as
passive source techniques), since the cost and environmental impact of generating seismic waves
signal from the conventionahctive seismic sources is eliminated. Despite the involved
uncertainties, the correlation between generated ambient vibrations and specific natural sources
has been demonstrated in several cases, such as the example of Figure 22. In thBiniwork,

and Fomanowicz (2004have shown a strong correlation between stacked amplitudes of daily
recorded ambient noise with a small number of earthquakes and significant ocean wave heights
for winter and summer of the year 2000 (northern hemisphere). Their reslidistenthat more

than 85% of the maximum amplitude recordings depends on the interaction between ocean
surface, bottom and atmosphere for winter periods (northern and southern hemisphere,
respectively).

-180° -120° -60° 0° 60° 120° 180°

0° 60° 120° 180°  240° 300° 30° -180° =120° -60° 0° 60° 120° 1 0°

Figure 21.Correlation of stacked amplitudesahbient noise recordings for winter (a) and summer (b) periods and
significant ocean wave height for the same time period (c and d respectively) for the year 200Rh{frcend
Romanowicz 2004

Noise sources are not only natural (e.g. ocean waves,molo@mor etc.) as earlier
describedbut also anthropogenic (edyilling activities, vehicles etcwhich generate vibrations
in different frequency bands. However, the true origin of ambient noise is still enigmatic.
Usually, vibrations with frequenes lower than 1 Hz are called microseisms and above 1 Hz
microtremors $eo 199Y). Furthermore, noise generated from anthropogenic activities tends to
generate waves with relatively high frequencies (short periods), while noise generated from
naural source is mainly dominatedy high frequencies or long periodSienberg, 1958
Asten, 1978Asten and Henstridge, 198BennefoyClaudet et al., 2006Seo (1997uggested
that the frequency band of the generated ambient vibrations is affected by the depilge
recording time (day or night), the variation of recorded amplitudes and the area of the recording.
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Frequency bands of recorded signals from different noise sources are summarized in Table I
(BennefoyClaudet et al., 2006 According to this classtation, natural noise sources produce
waves with a low frequency content, close to the 1 Hz limit, while urban ambient noise sources
(human activities, such as vehicles, drilling, etc.) generate waves with higher frequencies.

Source Gutenberg (1958) Asten (1978, 1984)
Ocean waves 0.05-0.1 Hz 0.5-1.2Hz
Monsoon 0.1-0.25Hz 0.16- 0.5 Hz
Cyclones over the oceans 0.3-1Hz 0.5-3 Hz

Local scale meteorological conditions 1.4-5Hz

Volcanic tremor 2-10 Hz

Urban ambient noise 1-100 Hz 1.4-30 Hz

Table 1ll. Comparison of frequency bands of ambient vibrations generated from various sourceBefirmeioy
Claudet et al. 2006

The wavefield of ambient noise is complex, comprising of body (P and S) and surface
waves (Rayleigh and Love), it random spatidemporal variations. As earlier notedk(,
1957 ambient vibrations consist mostly of surface waves, therefore decay rapidly with depth and
penetrate only shallow earth layers. The related research suggests that body waves phases (P, SV
and SH) contribute lower amounts of energy in the total vii@ld while vertical and horizontal
components seem to be dominated by Rayleigh and Love waves. Several researchers studied the
wave content of ambient noise, in an attempt to distinguish theilmation of Rayleigh and
Love waves. These studies suggest that Rayleigh waves dominate the noifeldafieignals
for frequencies lower than 1 Hz, while Love waves tend to dominate higher frequencies. Also,
Tokimatsu (1997showed that Rayleigh wavhigher modes are also present (and sometimes
dominate) in the noise waseld and are highly affected by the Vs structure.

The wave content of ambient noise has been stuayeseveral researcherBennefoy
Claudet et al. (2006¢ompiled all publishedesults on the comparison of the contribution of
Rayleigh and Love waves in the ambient noise wiaald, for several geologic settings. Their
results indicate that for shallow sedimentary formations (with depths lower than 100m) and for
frequencies lowethan 1 Hz, Rayleigh waves dominate the wéekl. In contrast, for higher
frequencies and significant depths of sedimentary deposits, Love waves are dominating the
wavefield. Although this approach provides useful information on the composition of ibe no
wavefield, the results are limited to sedimentary deposits and do not cover a significant range of
possible site geologic conditions (weathered rocks, presence of water, igneous / metamorphic
bedrock etc.).

Study Frequency Band Geology Rayleigh Love
Chouetetal. >2Hz Volcanics 23% 77%
(1998)

Yamamoto 3-8Hz Sedimentgthickness<100m) <50% >50%
(2000)

Arai and 1-12 Hz Sedimentgthickness<100m) 40% 60%
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Tokimatsu
(1998)
Cornou (2002) 0.1-1Hz Sedimentgthickness-500m) 50% 50%
Okada (203) 0.4-1Hz Sedimentgthickness-50m) <50% >=50%
Kohler et al. 0.5- 1.3 Hz Sedimentgthickness~-200m) 10-35% 65-90%
(2004)

Table IV. Percentages of Rayleigh and Love surface waves in the ambient noiséeMhier different frequency
bands ad site geological conditions (froBennefoyClaudet et al., 2006

2.2. Noise interpretation techniques

The techniques that expl oit ambi ent vi brati or
two categories, namely singiation techniques aradray techniques.

Single station techniques use singtation recordings to study the ambient vibrations of
shallow earth layers. A typical singiation method is the Horizontal to Vertical Spectral Ratio
(HVSR technique) of ambient noise recordingsdoshi and Igarashi, 197 Nakamura, 198p
This technique is a useful method. which can be used to study the resonance ground frequency,
since the peak of the HVSR curve can be related to independent information provided by
Rayleigh wave ellipticity Benndoy-Claudet et al., 2006 The H/V ratio depends on the
percentage of Rayleigh waves in the wdéedd of the recordings and the different acoustic
impedances of underlying sediments and the bedrock. Also, the HVSR technique is a useful tool
to understandthe local site effects using data from a single recording stafiomough
approximation ighat the depth, H, of the sedimentary deposits above the bedrock, depends on
the average shear seismic wave velocity, Vs, of the sediments and their resonaeceyrdgu
using the following relation:

af,

Another form of noise interpretation is based on methods that employ ambient noise
recordings from two or more recording stations (arrays). Two of the most common array
techniques are SPA@\ki 1957) and tk (Lacoss et al., 196%apon, 196 Both methods rely
on the reconstruction of the surface wave dispersion curves, in order to determine the Vs
variation with depth, employing recorders installed in randorK)(For semicircular arrays
(SPAC). An alternative method for ambient noise vibration processing is based on the cross
correlation of noise recordings between two stations (&ogedard et al., 2008If A and B are
the recording stations, the cresmrrelation of the ambient vibratis, Gs, can be expressed as
(e.g.Cuppilard et al., 2001

Cae(=a fPets +1B(Ddt, (2.6)

P-P'
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where AP is the signal of noise source P recorded at station A at timejeléth respect to the

recording at B. | n rpogitiom af allos@ismi2z notse P

stati on

an

sources that produce noise waves which are recorded by the two stations. Ambient vibrations
generated from a single source, P, can also be correlated, leading to:

C™e = ﬁA‘P(tA +t)BP(t)th

(2.7

A schematic illustration of this ogept is shown in Figure 22, where a band of noise waves
is generated from a source and is being recorded at stations A and B, with a time difference of

ad. Using the Fourier theorem, we can compute the @oselation in the frequency domain as:

Cue () U AW * B(W)

2.9

\
Vv, v, v, v, Vs /o Vs
£ e—
Vo Vio Vi Vio Vis Vig Vis
. Time (sec)
STATION A

Vie Voo Vo Voo Vos Voi
5 At =
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3
e Vo7 Vi Voo Vio Vi Vi,
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Figure 22.lllustration ofan ambient noise wavetrageneration from a single source atgrecording astations A

and B withatime delay.

Moreover, it is well known (e.gLin et al., 201} that the crossorrelation of noise
t h es a@@lrGe,etlies

recordings

dCyg (1) —
dt

can be rel
medium of propagation in the time domain as:

'GAB(t)"'GBA('t)' g <t<o

ated to

(2.9

func

implying that the crossorrelations (negative and positive time lags) of ambient vibrations are

the derivative oft h e
geophysical structure.

me d i

umo s

G hencee nthiieys carf lbenusdd itm stusly its
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2.3. Inversion theory
2.3.1 Fundamenis

Geophysical problems are usually classified in two groups, namely the forward and inverse
problems. Forward problems correspotal the generation of synthetic geophysical data, d,
(various measurable geophysical quantities such as seismicttrags]intensity of the gravity
or magnetic field, etc.) for a known earthos
determination and modelling of the unknown e:
available measured data, as well as tbaiors. Usually the forward modelling relation is written
as:

where G denotes the functionals that relate the model functions, m, with the data measurements,
d. The determination of the edlketoétwdyipdalied i c al
model parameterization and is of critical importance for the selection of the appropriate function
that best describe these parameters. Functionals G are generdilyeaoand can be employed

to generate the expected data vaJuk once we know the actual (real) model parameters.

The inversion theory is a set of theoretical and numerical methods, which are used to solve
the inverse problems. Besides the model solution, the methods also consider the uncertainties of
data and a¢mpt to derivéhe model errors, while trying to also assess the-moigqueness of the
solution. If the forward problem can be solved and d = 1 ) i®a,sét of all available (discrete)
data that we have acquired to study the éagh g e o p h y =, ifcwe lassusné thahis t u
structure can be described by a discrete set of model parametefsj m 1 ), édhenMthe
corresponding synthetic data equations can be written as:

d =G,(m,m,,..,.m,) i = 1, é, N (2.12)
If the functionals Gare linear, equatioria11 can be revritten in a matrix form:
Gm =d (2.12

For equation 2.12 the N unknowf(sodel parameterg)an be determined using the standard
Least Squares solution, which minimizes the norm between real and synthetic data (i.e. [Gm
dPA min):

m? =(G'G)*G"d (2.13

2.3.2. Iterative Least Squares solution of4ioear inverse problems
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In general, the functionals G in equation (2.11) are-lmwmar for most geophysical
problems. For such ndmear problems, the solution typically emplogs iterative procedure,
with successive solutions of the forward and inverse problems. Initially, model parameters are
described by adopting aapriori model, m. Then, the forward problem is solved for this model
and synthetic data;%lare calculated:

d’=6¢,(m’mS,..m,° (=1,)é, N (2.14

The Taylor series expansion of equation 2.14, around-fh®ri model, M, leads to:

d :Gi(mf,mg,,__,m&)+£$ (m,-m?) +(higher order terms) (i =1, &, )19
=1 Hme

If the a-priori model is close to the real model, then the higheemorerms in equation 2.15

can be considered to be small compared to first order *mlrrmj{ <<1 J=1, ..., ), and therefore

can be neglected. In this case, the differences between real and synthetic data,
dd =d-d’=d-G m,m),...,m), from equatior2.15 can be written as:

y
dd, @ L am =1, e, M (2.19
=1 i m?
Equation 2.16 can be also written in a matrix form as:
ud = Alim (2.17)

wheretd andlm are column vectors, containing the differences between observed and synthetic
(model) data, andrial anda-priori model parameters, respectively:

N 0 N
2d, - d,’ ¢ L _amy-m g
=62 "2 U um=¢"2 "2 U (2.18
e ... u e u
e oY e oY
éy-dvo m ™ Myt

The partial derivatives of the linear functionals, G, with respect to model paramaters, m
represent the sensitivity of each linearizediapn (datum) to each parameter. The matjx
containing hese derivativess called Jacobian, and can be written as:
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g('jc;2 0G, ' OG, 3
Ameom|, Omgl, — Omylp0 (2.19
é“ pes B e U
06, oG, Gy|
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For most geophysical problems, the available collected data are more than model
unknowns (N > M), hence thenkar system 2.17 is ovdetermined for these cases and can be
solved by implementingaleastquar es® sol ution approach. The
the model correctionsim, can be computed as:

d.nLSQ - (ATA)IATCﬁ (22@

Since higher order ters are omitted from equation 2.16, equation 2.20 needs to be solved
iteratively. Hence, the derived model correctiams:>?, are applied in an iterative mam

m =m° +amn"s? (2.21)
Since, the synthetic data can be computed as:
d'=Am (2.22
wherem is the final leassquares solution, the difference between real and synthetic data can be

evaluated by the Root Mean Square (RMS) error, which approximates the input data average
error, (, if we assume that data errors are uncaedlalhis RMS error can be computed as:

3 (d- d)?
RMS=1-i2 (2.23
N-M

Using the RM3as an estimate of the data varianiethe model parameter uncertainties can be
estimated by the model variancevariance matrixCm, computed as:

N

el%: 0% Cllz ?

— 92 T -1 _ €00 o2 o2 u
Cm—u (A A) =gU21 U2 U2zl;I (224)

€ .. . .. u

eoz o2 o 2 l('

z1 U772 Uzzd

which contains the model parameters varigraleng its diagonal elements.
33



CHAPTER 2
METHODOLOGY

If we consider that the inversion modei,§ from equation (2.13) or (2.20) (whether it is
the model itself or its corrections) is a linear function of taea, which are themselves (or
their perturbations) also a linear of the real model parametetben the predicted (the solution
of the inverse problem) model parametens) can be written as:

m'=Rm (2.29

whereR is called the model sslution matrix. In the case of the least squares solution (equations
2.12 and 2.13 or 2.17 and 2.20) , maRiis easily computed as:

R=(ATA)'ATA =| (2.26
which means that the real model is (in principle) properly resolved by thestpaesies solidn.

2.3.3. Solution stability constrains

In several cases, the mat¥ A in equation 2.20 is itonditioned, i.e. its determinant,
|ATA|, is close to zero. SincéA{A)? is proportional toATA[* (f r om Kr amer 6s r ul
|ATAJA 0 the model perturbains determined from equation 2.20 obtain unrealistically large
amplitudes, while the corresponding errors (equation 2.24) also become very large. Typically,
this behavior reflects the fact that the data derivatives (contained in the JacobianAfainix,
Afal mosto |inearly dependent (at | east for son
geometry, or simply the nemniqueness of the geophysical problem. In order to handle such
issues, one approach is to determine the generalized inversersolutie Jacobian matrix, from
the singular value decomposition (SVD), i.e. defikeUs VT, whereU andV are appropriate
left-orthogonal matrices sampling the ddtg &nd model ) spaces and contains the singular
values ofA, which are the positive sgre roots of the eigenvaluesAfA. In this case, the least
squares solution of equation 2.17 is given by:

m=Vs *U'd (2.27)

The solution can be written as:

1 T 1 T l T 22
m=v,—u, d,+v,—u, d, +...+v,—uU, d (2.28
la\i 1 1 26"2 2 2 Na‘_N N N

which is clearly controlled by the singular values of the Baromatrix,A (or the eigenvalues of
ATA). As earlier noted, the presence of data which are partially independent leads to small
eigenvalues of thATA matrix, hence to also small singular values, increasing the amplitude of
the solution, as verified bygeation 2.28 for smaklx. To handle the instability of the solution,
equation 2.12 is typically augmented, by using additional linear equations, which impose desired
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constraints on the solution. The most common approach is the dampesgleasts solubin,
where the linear system is augmented as:

eAg

g _do
& 9" &l

where d is a Lagrange multiplier implemented in order to stabilize the solution, by obtaining a
solution with minimum norm i6[>A min), that also minimizes the differences between aedl
synthetic data fm-d[?A min). More specifically, the least squares solution of equation 2.28
minimized the quantityym-d|>+d:?m[? and is given by:

(2.29

m=(ATA+d.)*A"d (2.30

In the damped leasigquares solution the presence of the additional candtarn the
diagonal of ATA controls the effect of small eigenvalues (and singular values) in the final
solution and the derived model parameters (solutions) are restricted from obtaining large and
unrealistic values. This is easily seen by consideriagtivariance matrix of the model solution,
which for the damped leastjuares solution becomes:

C,=s*(ATA+d])? (2.31)

wheret he i nver se maot rdet ehransi na mMiAj oA emdeivevenvthie n |
solution control is applied at the expenseeaafucing the resolving ability of the solution. Instead

of a unit matrix (equation 2.26dr the simple least q u a r e thesresaution enatrix for the
dampedleass guar es 6 solution is computed as:

R=(ATA+d)*ATA (2.32

where clearlyRi I. If the resolution matrix is close to the identity matrix, then the model
parameters are well resolved. When the resolution matrixdragonal elements are naero,

then there are parameters which are not well resolved, and the distribution peaks of therresolut
matrix elements are far from the bisector, i.e. the identity matrix, as seen in Figure 23.

Instead of damping, one can choose different additional constraints in equation 2.29, which
produce solutions with different desired properties. In genembpiimal value of the Lagrange
multiplier is hard to be determined in an objective manner. As discussed later (Chapter 3), the
Lagrange multiplier is generally chosen to obtain a value that minimizes theoffamEween
data error (e.g. RMS) and a mogebperty (e.g. expressed by the model nonm, ih the case of
damped leastquares). In several cases, the derived model solutions have rough spatial (or even
temporal) variations. A typical approach is to obtain a solution that exhibits smoother model
variations in space, by introducing spatial smoothing constrains which are applied to augment the
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linear equations 2.17, similar to equation 2.29. For example, in several cases we select the model
that minimizes the data fit and also the second spatialatiee of the model, expressed by the
Laplacian, solving the following system of equations:

eA g

g
- =g (2.33
&o2{l" ~ &l

In this case, the inverse problem solution is given by the following equation:

m=(ATA+a*[B?)"P*)*A'd (2.34

& A

Figure 23. Schematic illustrabn of the diagonal elements of the model resolution maRix,When model
parameters are well resolved the peaks of the distributions are close to the dashed line (modifikexhkend 089

~ ~

The previous approach demonstrates how the inverse solutidmecstabilized when the
problem is ilkconditioned and how to obtain models (solutions) with desired properties, e.g.
smooth variation of model parameters in space. Additional details on the damping and spatial
smoothing constrains selection, as employethé present thesis, are discussed in Chapter 3.
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CHAPTER 31 TOMOGRAPHIC INVERSION OF LOVE WAVES FROM
AMBIENT NOISE DATA IN THE MYGDONIA BASIN

3.1 Cross-correlation of ambient noise data

As earlier described (Chapter 1), f@sent thesis andmt noise data were obtained from
the same temporary array that was installed in northern Mygdonia basimfronemann et al.
(2014). This array consisted of 27 recorders installed in two circles; an outer circle with diameter
~1.8 km (black dots in Figarll) and an inner circle with diameter ~0.7 km (colorful dots in
Figure 11). The outer circle recorders remained stable during the operation of the network, while
inner circle instruments were moved each day of the experiment. In particular, more than 78
recording sites are reported from the installation of 27 recorders (WARAN)berger et al.

20006, after the tweweek operational time of the network, recordingiBhours of ambient noise

data per day and obtaining miniSEED (Standard for the Exchartgartbiquake data) files with

more than 12 GB size. The data were sampled at 100 Hz, using 24 bit Guredier®end 5 sec
sensors. Initially raw data wergre-processed in order to improve the accuratyhe cross
correlations and to retrieve reliabidormation from the crossorrelated signalsifter removing

the instrument responsa Buttersworth filter was applied to remove effectively low and high
frequencies. In this case, a lower limit of 0.5 Hz and a high frequency limit of 30 Hz was
implementd. Also, crosscorrelations of90 sec windows of ambient noise recordings were
stacked to increase the Signal to Noise Ratio (SNR) and stabilize temporal noise variations
(Bensen et al. 2007

The stacked crossorrelated signals were analyzed usthg Frequency Time ANalysis
(FTAN), to retrieve the slowness values for each frequebeje(vonski et al. 199from each
path of recorders. The creserrelated signals were filtered with 6 Gaussian filters per octave,
with each one havingrange equal to th25% of the central frequency. This approach filters the
actual crosgorrelation recording to slowness values for each frequency, while the global
maxima points for each frequency correspond to the dispersion curve for each path of recording
stations. Forthe computation of the correlation functions, each recording was shifted
logarithmically with respect to each other and slowness values were computed for positive and
negative time lags, stacked near a central time (t=0) and the RMS amplitude of eackv&3 AN
used for the dispersion curves manual picking.

The sources of ambient noise for the study area were complex, due to the nearby large
railways and spots of agricultural activities. Perhaps, the main sources of ambient vibrations are
the Egnatia highwaynd a secondary-®/ road in the northern part of the array. Also, the
agricultural activities in the area are significant, with a large amoumiatér pumping from
boreholegaking place. The crosrrelated envelope traces show an asymmetry (espeicially
the NS paths), due to the complex waliedd of ambient vibrations, makingnore difficult the
accuratepicking of the dispersion curves.
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Figure 24. ResultingFTAN for a northern (up) and a southern (downigr-stationpathof therecordingarray. The
area of maximum normalizesimplitudes of the envelope function (red blocks) depiw energy maxima of each
path(the group slowness dispersion curve for Love wavéhe dashed grey line depicts the a<2irve bounding
the FTAN area which corresponds to untrusted wavelengties rorthern path energy maxima correspond to
smaller group slownesséwrger group velocitiesfor the same frequendhan the southern path, beisgongly

affected by the locajeology.

38



CHAPTER 3 TOMOGRAPHIC INVERSION OF LOVE WAVES FROM
AMBIENT NOISE DATA IN THE MYGDONIA BASIN

The heterogeneities of the basin and tbmpglex geologic structure ledd the scattering
of seismicenergy and the resulting energy maxima areas are rather randbighfdrequencies
(more than 10 Hz)as observed in many cases during the oanpicking of the dispersion
curves. Also, small frequency (large period) signals tend to dominate the power spectra of the
wavefield carrying information from large distances (larger penetration depths), that could not
be sampled by the insment array Therefore, to improvehe efficiency of thedispersion
curves the energy maximagoints corresponding to distances smaller than two times the
maximum wavelengtlgrey dashed lines in Figure 2djere discarded.

In total near 1000 dispersion curves of theaximum 1426 possible were manually picked
from the FTAN plots for Love waves. The derived Love wave group slowness dispersion curves
are superior to any automatic processing/pickingstasvnby previous research for the area
(Hannemann et al. 20115kodkas et al. 2018 Also, the derived dispersion curves exhibit
significant spatialvariabilities, having smaller average group slowness (higher group velocities)
for northern paths, where bedrock outcrops and larger average group slowness (slower group
velocities) for intermediate and southern paths, where the sedimentary deposits have significant
thickness (Figure 24).

3.2 Love wave traveltimes
3.21. Acquisition of traveltimes

The derived dispersion curves for Love waves were resampled (00zdpgncy steps
from 0.5 © 30 Hz)resulting in a total numbeaf 56 frequencies. fie standard deation of each
dispersioncurve was manually picket take into account the possible flattening of the energy
maxima due to the stacking of negataved positivetime lags The traveltimes of Love waves
were computed for each frequerfeym the group slownesslues of each dispersion curaed
the corresponding pathnter-station distanc€0-1800 m) The interstation distance, D, between
station A(x,y1) and B(x%,y2) is computed as:

D =(X, - X)) +(Y, - ¥1)° (3.2)

The resulting Lovewave traveltimes tend to hava complex variatiorwith the inter-
station distance for small frequaes (e.g. 0.95 Hz in Figure R&ndlimited variability for inter-
station distances lagg than 1200 m. The first observation can be explaingddogomplex wave
propagation osmall frequenciesThereason of theseond observation can libe presence of
higher mode propagation due to the anelastic attenuation of fundamentalpresin¢ef low
Qs / low Vs Holocene deposits tine southern part)The second observation wascognized by
Hannemann et al. (20140r Rayleigh waves and therefosamilar cutoff inter-station distance
limit of 1200 m was implied to avoid the propagation ofoesrin the tomographic inversion
procedure. These paths and traweles are depted by red colors in Figure 2&hd mainly
consist of NS paths.
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3.2.2. Spatial variabilitpf the traveltime dataset

The obtained travdimes for each frequency have several interesting characteristics
regarding tleir spatial distributionMore, specifically for frequencies f > ~1 Hz, the derived
travettimes have threeiffierent trendlines, suggesting that they are strongfifected bythe
local geology. Therefore, the study area was subdivided into three sepgyians, taking into
account he NS geology/tectonic pattemwf the basin. The study area was divided in tlage
regions according to each path Y midpoint (the average Y coordinate of each pat&in N
direction). The study area was divided in a nemhpart with Ymid greater than 1200m, a
southern part with Ymid lower than 600m and a central part with Ymid betweet26Qon.

Northern travetimes(Y > 1200 m)are absent in low frequencies (€095 Hz in Figure
26), depicting that the used intgation distances could not sample the large wavelength
propagating waves in the bedrock. Furthermtirere is not much information in the sodtn
high frequencies (e.g. 7.86 Hz in Figure 26), depicting the presence of low Qs / low Vs
Holocene/Quaternaryormations and the anelastic attenuation of the fundamemsale of
propagation (mainly atigher frequencies). Insteaithe southern and northern paths are present
in both small and high frequencies, respectively. There 8gaificant reduction oflata for
larger frequencies due tiifficulties in the manual picking caused m&nby energy scattering
due to the presence of smatlaleheterogeneities in the basin.

The derived travelime grouping is in well agreement with theS\Nstructure of thedsin
and the expected thickening of sedimentary deposits in the southern part of the study area.
Moreover, three major tredthes were observed for each frequency trdwees, exhibiting
slow average group velocities in the southern part (red dots ureFREG), being affected by
Holocene/recent deposits and fast average group velocities in the northern part (blue dots in
Figure 26), where paths are affected by the crystalline bedrock outcrop. The central paths exhibit
intermediate average group velogti@reen dots in Figure 26), being affected by the transition
between bedrock and recent deposits (possibly related to tiMygdaonian system sediments)

The central area includesiths that are mostly affected bgthnorthern and southern velocities.

: All Da’ta - 3.G§65 Hz i : . : . i ; South :

8f s 1 ar average velocity = 286. %m}a

1 .
s ® ®
] >

ia® L]
XX f
Vst s ,

s o
of
® = o0 8
Ea ?, %i -
3

P = Q’Q : E' f: °+
L) 4 s
1 s e ao@

o 200 400 600 800 1000 1200 1400 1600 1800
Interstation Distance (m) Interstation Distance (m)

6k
5

Time (s)

Central North

3
T

average velocity = 1006 mis

5

o

Time (s}
Time (s}

o
5
N »

) ° X 1 1 1 i !
o 500 1800 0 200 400 600 800 1000 1200 1400 1600 1800
Interstation Distance (m) Interstation Distance (m)

41



CHAPTER 3 TOMOGRAPHIC INVERSION OF LOVE WAVES FROM
AMBIENT NOISE DATA IN THE MYGDONIA BASIN

All Data - 7.854 Hz South
= T T v T T T = < T T T T T
é 4 6l ave.;ae velocity = 245.1 mis.
5 5
Es s *° ¢ Fa
AP " d
ar f%g"" :q 2 : 1
* % € -3 255
o
1+ = - -3 § B 1+
@ q" g{. +0
2 ['\0 i 400 BA(J 8!')0 1 L;O(l |2I00 ‘ ?

1 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800
Interstation Distance (m) Interstation Distance (m)

Central North
T T T T

average velocity = 434.2 mis Central average velocity = 844.2 mis

N
ceeos
¢

- °
A
Py %
E
5

. ® |

= - °

2r oggé ks | 2t ® OO ¢ 3
° & L 3 ° @k

1 © ® o ¥ 03 o 1 12° s o
ek} ey, . :

| y h . \
o 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800
Interstation Distance (m) Interstation Distance (m)

Time (s}

Figure 26. Spatial variation of.ove wave grougravektimes for f =3.67 Hz and = 7.85 Hz The obtained travel
times for each frequency were subdivided in three sepsuéiteegions (se¢hetext for details). Light grey colors
indicate inversion oliers and dark grey colors data with intation distances larger than 1200

To quantitatively examine the reliability of the results, the standard deviation of each
dispersion curve was alspanuallypicked to studythe propagation of umctainties dring the
processingThe derived traveimes standard deviation histograms for each frequency revealed
two populations with different mean values (Figures 27 and 28), almost normally distributed
(blue and red bars in both figures). The populations wetenaatically separated and the
azimuthal and spatial distributions of each population were examined, including the standard
deviation magnitude. In particular, traseéhes propagating in theasterrpart of the array tend
to have smaller standard deviaisothanthose propagating in the westgrart The correlation
between the path azimuth with -3l orientation, which are perpendicular to theD 2
characteristics of the basamd the population with larger mean values can be poseialied to
the poststack flattening due to positive and negative time lags stacking (waves travelling in
opposite directions first encountering the bedrock and sediments, respectively).

To further explore this 2D pattern for thieequency band from 0.8 Hz to 14 Heach
frequency traveitimeswere groupedhto bins of 100 m in a M6 direction (based on Cartesian Y
midpoint cooréhate) and average group velocities were computed for eachwiiim 50%
overlapping The resulting smoothed group velocity cesvin NS orientation (lgure 29
converge for all frequencies ainall Y values (southern part of the array), having small average
group vdocities (~200 m/sec), suggesting excellent agreement with Edageology, since they
samplerecent formations (Holocene/Quaternary seditsle In contrast, for large Y values
(northern part of the array) the average group vedéscconverge to large values (more than
1000 m/sec), in excellent agreement with the outcropping crystalline bedrock (gneiss/schist). For
intermediate Y values (ct@mal part of the array), the average groupoegéles haveantermediate
values (4061000 m/sec).
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Data Errors - 1.07 H; Azimuth -'1 .07 Hzl
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Figure 27. Love wave group travelmes standard deviation histografos 1.07 Hz, depicting the presence of two
populations with different means (blue aretl) and their azimuthal variatidiup). Spatial variationmapsof ray
paths corresponding to each populafieiddie)and magnitude of standard deviat{@iown) are also presented
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Data Errors - 3.26 Hz
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A pseude2D model was cred imilar to Hannemann et al., 2014y 39 order
polynomial fit of the average group slowness values with respect to the binned Y coordinate and
frequency. The derived smoothed pse@fibmodel (Figure 30) shows that in the southern part
of the array gmall Y midpoint values), the obtained group slowness values are large (small
average group velocities), indicating that these paths penetrate recent formations, with low Vs
and low Qs values, since information for higher frequencies is absenttbdanelstic
attenuation. On the contrarfor large Y distanceéorthern part of the model), paths fugh
frequencies tend to converge fasterthie rathersmall average group slowness values (larger
average group velocities), due to the different wavelengthsachseismic wave band being
affected by the bedrock presence
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Figure 29. Variation of snoothed average group velocities with respedhtolocal Y (North-South) coordinate
distance for several frequencies of the acquired ttawel dataset, gradlly increasing from small average
velocities (sedimentsh the south towards tHarger Y distances (bedrock) the North
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Figure 30. Smoothed variation of average group slowness values for each binned Y coordinate and frequency (see
text for details) derived from 3 order polynomial fittingAreas withno data are excluddtbm plotting.
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3.3 Travektime tomography

A tomographic approach was implemented in order to obtain the spatial variation of Love
wave group velocities for each frequency. Ifd.the Fermat ralength of each traveime, {
(i=1,¢é,N) and the medi um ifgantegra) camhe pdesconpuen e s s
the expectetravettimes:

t, = p i=1,¢é, N (3.2
Li

This integral is the dotion of the forward problerfor travettime tomography and can be
transformed into a linear system if we divide the study area into a model of M nodes with group
slowness s( j =1, € M) putentitle assariated length of each ray for each node, after
performing aray-tracingprocedureThe linear system to be solved has the form:

t=Ls (3.3

To stabilize the solution and obtain spatially smoothed reshdtdintear system that was adopted
has thdollowing form:

el o gg
&p7l= & (39
€ U e
el g 0y

where L is the derivate matrix of the Fermat rayengths foreach node with respect to group
slowness, sg-is a spatial smoothing constant whistabilizethe modelrougmessandd is a
damping constant. These additional damping and smoothing consstainitize the final
tomographt solution (see e.ghki and Lee 1976Marquardt 1963Constable et al. 19§7and
generate a reliable tomographic model for each frequency, minimizing the propagation of
uncertainties during the inversion procedufg@proximate first order Fresnel volumes reve
computed (ellipses in the 2D tomographic case), redistributing the elements of the derivatives
matrix to take into account the volume that affects the twels of each patfas discussed in
Cerveny and Soares 199ZFurthermore, an iterative apprbawas implemented transforming

the system into noefinear solving for starting model corrections for each node. Also, data with
large errors were rejected from the iterational process (3 total iterations). Each element of
equation 3.4s discussed in thisection separately and the obtained results are discumsteel
following.

3.3.1. Apriori model information

The first step in traveime tomography is the acquisition of a reliablpreori information
model in order tohave a good first estimate ofodel parameterand perform rayracing Then
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we invert for model corrections for each node with respect to the starting group slowness for
each frequency. If mis the starting group slowness for each frequency, the final inversion
solution for each nodis s (j =1, €, tM)SQ isatmednversion solution for each iteration,
then:

S, =m +U r[JfSQ (3.5

This step of the inversion could be performed either by computing an average group
velocity for each frequency from the bdistline of travettimes with respect to intestation
distance (e.gBehm et al. 2013or by using araverage group slowness from all data for a given
frequency (e.gHannemann et al., 20L.4The average group slowness model derived from the
arithmetic mearof the group slowness values of pditts for each fequency is showm Figure
31, and it was usedas a-priori model information(Figure 31) It is also notable thathe
computed valuetor largefrequencieg> 10 Hz) exhibitanomalous variations, dde the lack of
precise datéor these frequenes as well as the dominant presence of bedioksing paths for
these frequencies
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Figure 31 Average group slowness for each frequency derived from the arithmetic mearfrgadibe olserved
travektime dataset

3.3.2 Damping and smoothing cstnains
As earlier explained ni order toretrieve reliable tomographic results for theve wave

group velocities spatial variation for each frequenappropriatedamping and smoothing
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constrains were used during the solution of the inverse problendiséassed in Chapter 2,
damping is used to comain largevariations of the solution, while spatial smoothing is used to
obtain smooth tomographic results and avoid artificiabugh models. The optimal solution
would minimize the tradeff between misti and model roughness, singaplementation of
large damping values tends to increase the data error and large spatial smoothing values tend to
generate ovesmoothed models. To choose an optimizing combination of damping, d, and
spatial smoothinge; constrains, a large set of combinations betweerettves constrains were
used. Pecifically, damping values from 0 to 200 with steps of 10 units were testtédparallel
testing of spatial smoothing values from 0 to 1000 with steps of 100 unitsnddhel and data
variances were computed to test the traffdbetween these parameters for each combination of
damping and spatial smoothing constrains following the approaciafg et al. (2009)The
unbiased model variance can be calculatedibyg etal., 2013:

o 2 _ 1 (3.6)
0, =78 (X, - X°

where M is the number of model nodes and X is the mean solution. The data variance can be
approximated byTong et al., 2014

ljdz - Ml 1a (Tobs syn a a X d) (37)
i=n =1

where d is computed as:

iz

a( T T gaﬁxj) (3.9
j=1

ZlH

and quatities T°*>andTi®"( i =1, é, N) , are obserpee and Bthete trayeltimesand
aj arethe elements of the derivativeatrix.

From the total set damping and smoothing constraints that were tested, data and model
variances for values from [00R] and [500 1000] for each constrain, respectively, are shown in
Figure 32 for the frequencies of 2.29 Hz and 3.67Fam the visual inspection of the plots the
selectedoptimal danping constrain i400, since it minimizes the tradéf between model ah
data variance for both frequees and for all iterations. Similarly, a spatial smoothing of 500
was chosen, since the derived tomographic models are snwadoite the correspondingata
errors are minimized.
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Figure 33 Spatial variation of derived group velocity models for the frequency of 2.29 Hz and percentage
differences for undedamped (d=50), ovesmoothed=800) and ovedamped (d=200) solutions.

400 - /

200 | \
5

To quantitatively examine the impact of damping apdtial smoothing constrains, the
percentage differences between the derived group velocity model and the casesoioniked
(2=800), overdamped (d=200) and unddamped (d=50) models are examined for the
frequencies of 2.29 Hz and 3.67 Hz, in Fig88sand 34, respectively. The nodes not satisfying
resolution quality cubff criteria (see section 3.4.2.2) are presented with lighter colors. It is
notable that ovesmoothed models tend to have larger group velocities in the northern part of the
array, while overdamped models have larger group velocities in the southern part of the array
and lower in the northern, exhibiting even larger instabilities in the case of-dawhgred
solutions. Especially for nodes not satisfying resolution qualityoffutriteria, these differences
vary up to 40% both negative and positive in the northern and the southern part of the array,
respectively, indicating the strong control of the solution from the damping and spatial
smoothing constrains, since information for #hasdes is limited or absent.

The dataset used for the derivation of the treafé curves was also used to examine the
spatial variation of the derived group velocities range for different damping and smoothing
constrains. This spatial variation is pretssl in Figure 35 for the frequency of 2.29 Hz, where
only nodes satisfying quality cuff criteria (later discussed in detail) are shown. The obtained
range of velocities for the southern part of the model is smaller compared to the range of Love
wave goup velocities in the northern part. Furthermore, variations in group velocities for the
southern nodes are smaller than 200 m/sec, with nodes even having a variability less than 10
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m/sec, while the range of velocities for the northern nodes is of theair880 m/sec and varies

up to 700 m/sec in some cases.
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3.3.3 Tomographicesults

The derivedLove wave group velocity magdser six typical frequencies are presented in
Figure 36 The study area was divided in 420 nodes and more than 50 frequencies were inverted
(more than 20.00@otal group slownss unknowngs As expected, the resultiggoup velocities
for northern nodes atargerthan the southern. The results are in excellent agreement with local
geology, indicating the presence of the outcropping crystalline bedrock in the amattthe
sedimentary formations thickening as wsove towards the southiMoreover, thecontact
between the bedrock dithe sedimentsoughly corresponds to the group velocity-0f00 m/sec
contour In the western part, this boundary has {$#& orientation while in the eastern part
(after 1000 m in Cartgan X distance) its trenthanges to NESW, in excellent agreement with
the geometry of the outcropping bedrock.

Due to the uncertainties of theversion andhe solutioninstability, it is interestingd test
the resolution of the dundary between bedrock (high group velocities) and sediments (small
group velocities The tomographic results from ovemoothed, ovedamped and undefamped
parameterization indicate that the derived group velocities @gnup to 20 % in absolute value
in well resolved nodes and up to 40 % in nodes not satisfying resolution qualdif ctiteria.
Furthermore, due to the lack of significant lateral variations in the tomographic risults
several frequencies, the avgeasolution in a N5 section (parallel to the Cartesian Y coordinate)
was computed to test thatability of this boundary. Therefore, the tomographic results were
averaged along N-S sectionand the average group velocity solution was computed for each
increment in Y(North-South) coordinates for dilequencieqFigure 37).

It is notable that the derived group velocities in the southernmost (mainly affected by the
sedimentary deposits) and northernmost (mainly affected by the bedrock) part of the
tomograhic grid vary between the examined solutions. The average solut®wdxiation for
each frequency indicate that the boundary between low and high group velocities is recognized
in all cases (ovedamped, undedamped, ovesmoothed) and well resolvednee the rate of
increase in average group velocities with respect to the Y distance is similar. Therefore, the main
features of the-® geometry are well resolved by the tomographic results.

An interesting feature of Figure 37 is the absolute variateiwéen the derived average
group velocities in the southern and the northern part of the array. The solutions for the southern
part of the array tend to have smaller group velocities for-sweothed and ovetamped
solutions and larger group velocitiesr funderdamped solutions. In contrast, the solutions for
the northern part of the array tend to have larger group velocities fosoamthed and over
damped solutions and smaller for unrdemped solutions. The probability density function and
the histgram for the derived solutions for a large set of damping and spatial smoothing
constrains are presented in Figure 38, small velocity ranges (~30 m/sec) for southern nodes and a
large range (> 300 m/sec) for northern nodes.
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Figure 36. Derived tomograpie results of Love wave group velocities for six typical frequencie2(2.29, 3.66,
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Figure 38. Probability density function and histograms of derived group velocities for two nodes satisfying quality
cut-off criteria for the frequency of 2.29 Hfor different damping and spatial smoothing constraiine ed line
depicts he solution minimizing the traeleff between data and modedrianceadopted in this work

3.4. Data and model errors

3.4.1. Data errors
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3.4.1.1 Observed and synthetic tratieies

The distribution of the observed versus calculated (syo)hetveltimes was computed
for three models. The first model (referred as 1D model) indicates the synthetietitreagel
computed from the difference between the observed ttemets and the-ariori group slowness
model for each frequency. The seconddel (referred as 2D model) was computed from the
following integral:

tyy = Fp(yﬁ—jdt = d(y)dt (3.9

where d is the Cartesian distance (equation 3.1) between points along path and s(y)is the 3
order polynomial fit of Figure 30 for constant frequency, fuga

S(Y) = @55y + (80 + Apf)y° + (ayo +auf +auf *)y + (Bgo + 80l + a0 * +a0sf *) (3.10

The third model (referred as 3D model) comprises from the synthetic -thanes
computed after the final iteration of the inversion process and from outlier data. The observed
travektimes versus calculated tramehes fortwo typical frequencies (2.29 and 3.67 Hz) are
shown in Figure 39 for the 3 models. The distributiorihéf1D model calculated travéimes
with respect to the observed poor, showiaigge deviations from the bisector. The 2D model
travektimes are signi€antly better than the 1D mode&lith smaller deviations from the bisector.
Finally, the 3D model traveimes calculated from the inversion process have a goudtfitthe
observed travefimes. In the same figurdata with large deviationgmore than 2standard
deviations away from the predicted tratiehe) are plotted in light grey color and were excluded
from the inversion procesé metric of the fit between the observed and synthetic ttawels is
the Root Mean Square (RMSYer, calculated fronthe equation

N
a (-I-I obs_ Tisyn)z

RMS =1/ (3.12)
N

where T*>and T"are the observed and synthetic trateles and N is the number of data. The
computed RMS values indicate that the 3D model parameterization best fits the data, with
smaller differences betweeobserved and synthetic traxtghes, while the 1D model has the
largest RMS values and the 2D model has intermediate RMS values.

The histograms of the residuals between observed and synthetietitrtaagelare shown in
Figure 40 for the frequency of 2.2&. The 3D model traveime residuals are almost normally
distributed, with small tails (indicating outlier data). The 2D model residuals distribution is close
to normal. The 1D model distribution is rather sparse and shows two populations, corresponding
to fast and slow travelmes, due to the removal of the mean group slowness. In all figures, the
normal distribution fits and a kernel smoothed fit are depicted with red and blue colors.
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Moreover, thenormal prdvability plots for each model ashown inFigure 41 for frequencies
2.29 and 3.67 Hz. The 1D model residuals tend to aggreg#te red solid line due to th&rge
and small residualsuperposition (and corresponding tratigles). The 2D model residuals have
significant tails for small and largeavettimes (curved fit) while the 3D model residuals fit
well to the red solid line, indicating a gobitto the normalistribution forthe residuals derived
from the tomographic inversion of the trasehe set for both frequencies.
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Figure 39. Observed travelime versus calculated traviéine plots for the 1D, 2D and 3D moddkee text for
details) for the frequencies of 2.29 and 3.67 Hz. The bisector is depicted with red solid line and light grey colors
indicate inversion outlier data.

The lengths of the minor and major axes of the ellipses were computed tandarsl
deviation (RMSerror). The derived plots for the first iteration indicate the presence of slow and
fast traveltimes, since it is derived in the same way for the 1D mdaeremoving the mean
group slowness &m the data. fie inversion process focused on the minimization of the
residuals between the observed and synthetic ttemes minus theD modeltravettime The
next iteration steps focus on constraining the dmra of these two populations by minimizing
the residuals between synthetic and observed ttamel differences and aggregate during last
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iteration. Most of the Jaeknife solutions are bounded by the ellipse, indicating a good fit
between observed angrghetic traveltimes for each iterationThe amount of rejected data
during the iterative leastquare solution of the inverse problem varied between different
frequencies with a mean amount of11® % original data rejection.
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Figure 40. Histograms otravettimesresiduals fothe three models (1D, 2D, 3D) and the 3D model outlier fdata
f = 2.29 Hz(see text for details). The normal distribution fit is shown with red color &eareel smoothed fitvith
blue color. The mean and standard deviatiotheffitted Gaussian distribution are also given withaadr.

There are several frequencies for which the synthetic data either overestimate (high
frequencies) or underestimate (lower frequencies) the observedtiragsl The besdiit linear
regresn lines are shown in Figure 48 for the whole frequency band considered (left) and after
its limitation (right, also see Figure 52). This observation can be explained either by the small
amount of data or by the implemented model uncertainties. As didcimssection 3.4.2.2, the
number of data is rather small for high frequencies (larger than 12 Hz) and probably affected by
higher modes of propagation, while the amount of data for small frequencies (lower than 1.2 Hz)
is efficient.
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Figure 41 Normal probability plots of the residuals between observed and synthetic-tiraesl for each model
(1D, 2D. 3D).The red solid line depicts the reference line for the normal distribution.

The variance reduction, data RMS and number of usedfdatach iterabn is shown in
Figure 44 where grey dots indicate variations for all data and orange dots the variations for used
data (without outliers) The numberof used data is approximately %7lower tan all data,
indicating a moderatamount of outlier (rejectgdlata during inversionatations. The used data
RMS error drops significantly aftehe 1% iteration and the totaiumber @ iterations (3) results
in small dataerrors. The variance rechion is given by

RMS - RMS?
R;ﬂs . (3.12
-1

var.red=

where i stands for etent iteration.The variance reduction of thesed data is larger than the
variance reduction of all data..
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Figure 43 Bestfit linear regression trenlines for the set of examined frequencies before (left) and after (right)
frequency rejection.
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Figure 44. Variance reduction, data RMS and number of used dathddrequency 08.67 Hz.

3.4.1.2 Travelime dependence on intstation distance and intstation angle

The implemented inversion schemesulted in rathesmall residuals beteen obseved and
synthetic travetimes respectivelyis restricted teeither small andarge traveltimes, as shown
by Figure 45where the residals versus observed trasmahe are presented for each modéD,
2D and 3D) The 3D model resultglsoindicate that rejected datend to have largeieviatiors
for small and large observed traatghes. he 2D model residistend to have largefeviatiors,
while the 1D model residuaksxhibita pseuddinear trenddue to the different effect of bedrock
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and diments in the highand lowfrequency travetimes Also, 3D model residuals af@n
general) smallethan 1 sec, while 2D andd1model residualshow a rather larger dispersion
(less than 2 sec and more than 2 sec, respectively).

Figure 45. Residualsversus oberved travetimesfor the three models (1D, 2D, 3D) fo= 2.29 Hz.The ed line
indicates the zero residual lewad light grey points inversion outliers (3D model).

The dependese of traveltime residuals omter-station dstance is examad in Figure 46
where travetime residual values are plottéor three models. The distribution of residuals for
the 1D model is significantly broadyith larger residuals corresponding to large hstation
distances. Furthermore, tltkependence of tval-times oninter-station angle is exained in
Figure 47 The residuals of the 1D model haveather randondistribution with interstation
angle, indicating that there is no dependence. In contrast, residuals of the 2D and 3D models tend
to concentraten local maxima and minima points but withthersmall magnitude and high
uncertainties, with outlier data mainly fommgi these highs and lows. tfpical polynomial fitin
order to test for azimuthal anisotropyy shown withan orange line in the 3D motiglots,
showing small amplitude§ he modelling of azimuthal anisotropy woulddpgte difficult due to
the spatial distribution of stations and the amount of data.

Figure 46. Travettime residuals vaus interstation distancéor the three models (12D, 3D) forf = 2.29 Hz. Red
line indicates the zero residual leaeid light grey points inversion outliers (3D model).

61



