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EXTENDED ABSTRACT

On 7t September 1999, a 5.9R earthquake occurred in Greece metropolis, Athens city,
causing enormous damage in almost 70,000 buildings with almost 100 of them collapsing.
More than 2,000 injuries were recorded along with 143 dead people and at least 100,000
homeless people. Although many major earthquakes had occurred during the last 100 years
in the greater area of Athens basin, this one caused the most damage. The 7t" September 1999

earthquake had its epicenter at a fault that had not generated severe earthquakes until then.

Geologically, Athens basin is a complex neotectonic graben, covered with post-alpine
sediments, elongated in a NE-SW direction. The surrounding mountains as well as the interior
hills of the basin are structured by alpine formations, which are separated tectonically by a
large-scale detachment zone in two rock types. At the eastern margin, the metamorphic
formations of Attico-Cycladic Unit are located, comprising the relatively autochthonous
geotectonic unit. At the northern and western margins, the unmetamorphic formations
appear, known as the Ypopelagoniki Unit. The metamorphic formations of Attico-Cycladic
massif that we come along are mainly marbles, schists and dolomites, dips towards NW under
the unmetamorphic formations (mainly limestones and shales), with a general trace direction
NE-SW. The hills located in the basin are mainly constituted by semi-metamorphic rocks
(mainly sandstones, schists, tuffs, limestones) that belong to the allochthonous units of
Athens and Alepovouni. Overlying the four (4) different geotectonic alpine units and the
detachment zone, there are the recent post-alpine sediments, covering the majority of Athens

basin.

In the context of this Ph.D. thesis, the gravity method has been applied for the subsurface
investigation of the geotectonic structure of the urban and sub-urban areas of Athens basin,
taking into account all the limitations of the increasing coverage by artificial structures
(buildings, stadiums, roads, playgrounds, public services station etc.). It is expected to
contribute by either verifying fault zones already mapped as possible/covered or even
revealing new concealed (blind) faults which could affect the city in the future by generating

disastrous earthquakes.

The density of the existing geological formations in the Athens basin was determined
combinational with laboratory measurements on surface samples and cores, with the
application of the Nettleton method across hills and with additional seismic velocity
information. The information from all three methods was compared and evaluated in order
to end up with a specific density value for each geological formation.

In the context of this gravity survey, data from 1,122 gravity measurements were finally
gathered, including the grid gravity stations, Nettleton profiles and the established gravity
base network. The corresponding Differential Global Positioning System (dGPS)

measurements were also carried out for the determination of their exact coordinates. All the
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necessary corrections (drift, tide, latitude, free-air, terrain, Bouguer) were applied on the
acquired gravity data in the context of the standard data reduction and the calculation of the
final Bouguer Anomaly Map. A method for calculating the additional Building Correction,
necessary for such urban areas is also presented. The regional-residual separation was
performed with Fourier Analysis and Filtering, based on the Power Spectrum Analysis data,

which in our case indicated anomaly sources of two different depths.

In the context of the qualitative interpretation, we took advantage of the derivatives
methods in order to enhance the structural edges. Thereby, we produced several structural
maps by applying most of the enhancement techniques, such as the Total Horizontal
Derivative (THDR), the First Vertical Derivative (VDR), the Second Vertical Derivative (SVDR),
the Analytical Signal (AS), Tilt (Tilt) and the Theta (cos Tilt). Their results were extremely
helpful, providing severe indications for the delineation of the structural framework of the

area.

The final evaluation of the gravity survey is based on the quantitative interpretation, from
which we try to determine some specific parameters, such as the location, depth, shape and
density contrast of the subsurface geological bodies. This kind of information is obtained from
several sources. First, we have obtained information for the depths according to the results of
the 3D Euler deconvolution. Afterwards, by producing several 3D density models of the
subsurface, we have gathered data concerning mostly the shape, depth and density contrast
of the source bodies causing the determined gravity anomalies. Finally, we have the
interpretive geological 2.75-D density models, where we compare the gravity response of the
geological sections with the observed ones. These geophysical-geological profiles provide a

subsurface “image” of the geological and tectonic structure.

The application of the gravity method in urban and sub-urban areas of Athens basin is
considered more than successful and informative for our case. The importance of this Ph.D.
thesis is considered multidisciplinary since it contributes not only to the immiscibly geological
and tectonic knowledge but also to the geophysical knowledge, with the thorough study,
application and evaluation of the innovative Building Correction. Although the differences of
the final Residual Anomaly for many gravity stations were negligible, before and after the
Building Correction, significant ones have been revealed, with values reaching up to 0.19

mGal.

Beyond that, an important correlation between published isoseismal contours the 7-9-
1999 earthquake and the produced residual or structural maps has been revealed, where the
most damaged areas are also presented with low gravity anomaly values. This could mean
that we might have one new innovative scientific way to locate and define the most dangerous
and susceptible to potential earthquake damage areas, especially in urban zones, where the
collection of the necessary data is difficult and because of that, they have already published

in an international scientific journal.
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Finally, the immiscibly geological and tectonic data obtained from this Ph.D. thesis refer to
depths up to 2,500 meters. Important data regarding the thickness of the geological
formations covering the basin were retrieved. The location and extent of important tectonic
structures have been revealed, such as the West Cycladic Detachment System, upthrusts and
overthrusts, extended parallel folds or even supra-detachment basins. Beyond that, we were
able to identify and propose new locations of blind faults or even verify and modify the
location of already proposed as concealed faults zones from older geological researches,

which was practically the initial purpose of this Ph.D. thesis.

Keywords: Urban Geophysics, Gravity Method, Building Correction, Athens Basin, 3D Density
Modelling, Structural Map
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EKTENHZ NEPIAHWH

YTi¢ 7 ZemtepPBpilou 1999, €vag LoXUpOC OlopOG LeyéBouc 5,9R mpaypatonolénke otnv
npwtevovoa TnG EAAadog, Tnv ABrva, mpokaAwvtag UALKEG {NULEC o€ Ttepimou 70.000 KtipLa,
€K TwV omolwv mepimou 100 teAkd kateppevoav. Navw and 2.000 dtopa TpavpaTioTnkay,
143 evrtomiotnkav vekpol Kal touldylotov 100.000 avBpwmol €usivav doteyol. Noapodtl ta
teleutala 100 xpovia €xouv kataypadel 0pKeTOL LOXUPOL OELOHOL OTNV EVPUTEPN TIEPLOXH TNG
Aekavng twv ABnvwy, aUTOC ATAV O TILO KATACTPODIKOG. TO EMIKEVIPO TOU GELGHOU TNG 71
YentéuBplouv 1999 evroniletal oe pia pnélyevr) {wvn mou PEXPL TOTE Sev ATAV YVwOoTN ylotl
Sev elxe MPOKAAEDEL LOXUPOUC OELOUOUG HEXPL TOTE.

FewAoyikd, n Aekavn twv ABnvwv gival éva mepimAoko emipnKeg veOTeKTOVIKO BUBLoUQ,
S1evBbuvong BA-NA, mou KaAUTITETAL Ad PETOATIKA WHUATA O0TO HEYOAUTEPO HEPOG TNG. Ta
niepiyupa 0pn KabBwg kat Addol tou Bpilokovtal 0To ECWTEPLKO TNG AeKAvVNE SopouvTal ano
QATILKA TIETPWHATA, Ta omoia Xwpilovtal TeKToVIKA o€ SU0 SLadopeTkoU TUTIOUG A0 ML
HEYAAN TwvnG TEKTOVIKNG AMOKOAANONG. XTo avaTOALKA TeplOwpla, eviomiletol n OXETIKA
autoxBovn Attiko-KukAadikn Evotnta pe peTapopdwpEVa TETPWHATA. 2Ta BOpeLa Kal SUTLKA
neplBwpla eviomniletal n apetapopdwtn YmomeAayovikry Evotnta. Ta petapopdwpéva
TMETPpWHATA TIOU amnaptilouv Tnv ATtiko-KukAadikr pala otnv mepLoxn ivat kuplwg papuapa,
oXLoToALBoL kat SoAopitec, Ta omoia Bubilovtal mpoc ta BA KATW 0o TOUC AUETOHOPDHWTOUC
OXNMOTLOMOUC TwV aoBecTOABwWY Kat KAaoTikwy Tou MaAatolwikol. Ot AddoL 0To ECWTEPLKO
Tou Aekavomédlou Sopouvtal amd nuL-pHETAPOPPWUEVA TIETpWHOTA (Kuplwg Yoappiteg,
oxloteg, Todpoditec kal aofeoctoAlBoug) ou avrikouv otig aAAOxBoveg evotnteg Twv Adnvwy
kot AAemroBouviou. YTiepKEIHEVA KOl TWV TECCAPWY QUTWV OATILKWY EVOTATWV gvtomilovtal Ta
npoodata UETAATUKA WAMATA TO Omoio KAl KOAUTITOUV TO MEYAAUTEPO MEPOG TOU
Aekavorediouv ABnvwv.

210 mAaiolo NG mapouvoag Stdaktoplkng Statplpng, n Baputikn péBodog edapuooTnKe yLa
N Olepevvnon tnG umedadikng SOUAGC TWV OOTIKWV KAl TIEPLOOTIKWY TIEPLOXWV TOU
Aekavorediov twv ABnvwy, Aappavovtag untoPn 6Aoug TouG TEPLOPLOOUG TTOU TIPOKUTITOUV
arnd TNV auénuévn Kaluyn Tou amo avBpwmoyeveis KATaoKeVES (KTipla, otadia, Spopoug,
TLALOLKEG XOPEG, 0TOOUOL HECWV HallkNG METADOPAG K.A.). Ta AMOTEAECUATA TNG AVAUEVETAL
va ouvelopEpouv eite otnv eniBefaiwon pnélyevwv wvwv mou €xouv AdN anmotunwdel wg
TBavEG elte OTOV EVTOTILOMO VEWV KAAUPUEVWVY pnélyevwv {wvwv Tou Ba pmopouocav
MEANOVTIKA VO €MNPEACOUV TNV TIOAN TwV ABNVWV TPOKOAWVTOG KATIOLO KATOOTPODLKO
OELOUO.

H mukvotnTa tou KABe yewAOyLKOU OXNUOTIOUOU TNG TEPLOXNG KaBoploTnke cuvSLOOTIKA
and EPYOOTNPLAKEG METPNOELS ETULPOAVELOKWY YEWAOYIKWYV SEYUATWY KAl TUPAVWY
VEWTPNOEWY, amo TNV edappoyn tng peBodou Nettleton kotd HAKOG TOMOYyPOPLKWY

e€apoewv KaBWC KoL amd OTOLXELO OELOULKWVY TAXUTATWV. H cuvduaotiki auth mAnpodopia
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ouykpiOnke kal aflohoynBbnke TIPOKELUEVOU va OmodoBel HIO XOAPOKTNPLOTIKA TLUA
TIUKVOTNTAG YLt KAOE YEWAOYLIKO OXNUATIOUO.

210 mAaiolo tng Paputikig €peuvag, ouykevipwOnkav Sedopéva amd 1.122 Ofoelg
BapuTIKWV HETPACEWY, CUMMEPAAUPBAVOUEVWY PBAPUTIKWY OTAOUWV KavvaBou, TOUEC
Nettleton kat ti¢ Baputikég Bacelg tou SIkTUoOU TOU WBPLBNKE. OL AVTIOTOLXEG UETPNOELG
Aladopikou GPS mpaypoatomoliOnkav mpokelpwevou va kaboploBouv pe akpifela ot
OUVTETAYUEVEC TwV BOfoeswv. Edappootnkav OAe¢ ol amapaitnteg SopBwoelg (drift,
TLAALPPOLAKEG, YEwYpadLKoU MAATOUC, EAeUBEpPOU agpa, TomoypadlkES, TTAAKAC Bouguer) kat
KOTQOKEUAOTNKE 0 XAptng AvwpaAiag Bouguer. EmumAéov, meplypddetal evOeAexws n
Swadkaoia umoAoylopol tng SopBwong AOyw TOu OYKOU TwV KTlplwyv, amapaitntn yla
BOPUTIKEG UETPNOELS OE QOTIKEG TIEPLOXEG. O SLAXWPLOUOC TNG TOTUKIG I UTTOAEUTOUEVNC
(residual) avwpaAiag Bouguer amnd tng eupeiag (regional) mpayuatonotOnke pe Avaluon kat
ebappoyn pidtpwv Fourier, Baolldopevn otnv paocpatiki avaluon twv dedopévwy, ou otnv
OUVKEKPLUEVN TteEPLOXN KATESELEE SUO SladopeTikad BAaON yla TIg¢ HAleg MoU TPOKAAOUV TIC
QVWHUaALEC.

o TNV MOLOTLKA EPUNVELX TWV BapUTIKWV SE50UEVWV TTOU CUYKEVTPpWONKAYV, OL TTApAywyoL
TOUC XPNOLUOTIOLNONKOV ylOl TNV EVIOXUON TWV TEKTOVIKWV YPauHwy. Kataokevdotnkav
OPKETOL XAPTEG «TEKTOVIKWV YPAMUWOEWV» (structural maps) ekpetaleudpevol TIg
mapaywyoug, Onwg autol tng OAwkAg Opulovtiag Mapaywyou (THDR), tng Mpwing
Katakopudpng Mapaywyou (VDR), tng Aevtepng Katakopudne Mapaywyou (SVDR), tou
‘AvaAutikoU onpatog’ (Analytic Signal) kattng ‘KAiong’ (Tilt). Ta amoteAéopata ntav Slaitepa
xpnowa, mpoodidovtag cofapd otolxeia yLa TNV oklaypAadnon Tou TEKTOVIKOU LOTOU TOU

AekovornéESiou.

H teAkn a§loAdynon twv Baputikwy Sedopévwy otnpixBnke oTnV MOCOTIKN EPUNVELQ TOUG,
HEOW TNG omolag mpoomaboupe va KaBoploOUE KATIOLEG XOPOKTNPLOTIKEG TTAPOUETPOUG,
OmMwc n B£on, To BAaBOG, TO YEWUETPLKO oxNua Kat n Stadopd mMUKVOTNTAC TwWV UTIESADIKWV
YVEWAOYLIKWV OXNUATIOHWY. AUTOU Tou €l80U¢ Ta oTolxela cuykevtpwOnkav amnd diadopeg
TinyéG. Apxikd, mAnpodopieg BaBoug oculAéxBnkav amd ta amoteAéopata tng 3D
amoouVEALENG Euler. Emelta, Pe TNV KOTOOKEUN TwWV 3D HOVTEAWV KATAVOUNG TNC uteSadLkn
TIUKVOTNTAC, CUAAEEQE OTOLXELO KUPLWG YLO TO YEWHETPLKO oXMa, To BaBog kat tn Stadopd
TLUKVOTNTOG TWV YEWAOYLKWV CWHATWY TIOU TIPOKAAOUV TLG BAPUTIKEG avwHOALEG. EmumAgoy,
Kataokeuaotnkav 2,75D yewAOYIKEC-YEWDUOLKEG TOUEG, Ouykpivovtag tnv PBaputiki
QTOKPLON TWV YEWAOYLKWY HOVTEAWV UE QUTH TWV UETPAOEWYV, OO TLC OTIOLEG TPOEKUYE pLaL
uneSadLKn ATEKOVLON TNG YEWTEKTOVIKY SOUNAG.

H edappoyn tg PBoputikng peEBOSOU O OOTIKEC KOL TIEPL-OOTIKEG TIEPLOXEC TOU
Aekavomédlov ABnvwy Bewpeital mopamdavw amo MITUXNG, TTPOOPEPOVTAG APKETEG VEEG
TIANpodopieg. OewpPoUUE TIOAUTIOPAMETPLKA TN ouvelodopd TNG mapoloa SLEAKTOPLKAG

SlatplBng, 6e6opévou OTL OUVELODEPEL OXL MOVO OTNV OHLYWE YEWTEKTOVLKA YVWON TNC
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TEPLOXNG OAAQ KoL 0TNV YEWPUOLKA yvwon, LEoa amo TNV KTV epappoyn Kal aloAoynon
¢ AopBwon Ktipiwv (Building Correction). NapdtL os MoAANEG B€ong BapuTIKAG HETPNONG
nipogkuav oxedov apeAntéeg StadopEG oTnV TomKr avwpaAia Bouguer, pLv Kal HETA TNV
edappoyn tng Atopbwong Ktipiwv, og kamoleg B€oelg utoAoylobnkav TIHES we Kat 0,19 mGal.

ErmutAéov, mapatnpnbnkav €VTtoveg CUOXETIOEL( UETAEU ONUOCLEUMEVWVY LOOCELOTWV
KAUMUAWV amod 1o oelopd TNG 7-9-1999 Kal Twv BOpUTIKWY XOPTWV TOTILKAG AVWUOALOG Kal
‘TEKTOVIKWV YPAUUWOEWV’ TTou Ttapnxdnoay, He Ti¢ MAnyeioeg meploxEg va eviomilovtal EVtog
TWV TIEPLOXWV XOLUNAWY BOPUTIKWY TILWV avwHaAiag. ©@a umopoUoaple Vo TTIOUUE OTL elval VEQ
ETILOTNMOVLKN) TIPOCEYYLON, OXETIKA WE TOV EVIOTMIOMO Kol oklaypadnon emikivbuvwy
TIEPLOXWV, ETUPPETIWV OF QUENUEVEC KATAOTPOPEC QMO OELOUIKO YEYOVOC, ELOIKA EVIOG
00TIKWV {WVWV OTIou N cUAAOYN eTLoTNOVIKWY Sedopévwy Bewpeitat o SUokoAn. E¢attiag
NG CNUAVTIKOTNTAG TNG, N CUYKEKPLUEVN ETLOTNUOVLKH TIPOCEYyLon €xeL N&n dnuooteuBel oe
ETILOTNHOVLKO TIEPLOSLKO.

TENOG, TA VEX YEWAOYLKA KOl TEKTOVIKA SE60UEVA TTOU TIPOKUTITOUV A0 TNV EKTTOVNON TNG
napovoag Sdaktoplkng Statppng ¢tavouv oe PaBn tng tdfewg Ttwv 2.500 pETPWV.
INUOVTLIKA OTOLYELO OXETIKA LE TNV EKTIUNON TWV TOXWV YEWAOYLKWY OXNUOTIOUWY €XOUV
npokUYPel. MAnpodopieg yia T B€0n KOL TNV EKTACN OCNUOVILKWY TEKTOVIKWY SOUWV
avadeixbnkav, 0w yla to uotnua Optlovtiac OAlodnon Autikwv KukAadwv, emwBoEeLg Kot
EPUTMEVOELG, EKTETAUEVEG OPL{OVTIEG TITUXWOELS KaBwg kal Aekaveg supra-detachment.
ErmutAéov, OXETIKA Kal HE TO TEAIKO OTOXO TNG Tapoucag Sldaktoplkng StatplPfng,
OUYKEVTPWONKAV OPKETA OTOLXEld WOTE VO UMOPECOUUE ELTE VO EVTIOMIOOUME Kal va
TipoTElvou e VEEG BETELG pnélyevwy {wvwy elTe va eMIPBERALWOOUE KOL VO TPOTIOTIOLOOUME

nén mpotewvopeveg pnélyeveic {wveg amo MAAALOTEPEG YEWAOYLKEG EPEUVEC.

NE€eLg-KAELBLA: AoTikn) Tewduoikn, Baputikp MEBodog, AopBwon Ktiplwv, Aekavomédio

ABnvwy, 3D Movtéla NMukvotntag, XAPTEG “TEKTOVIKWY YPOUHUWOEWV
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1. GENERAL

1.1. INTRODUCTION AND STUDY PURPOSE

On 7% September 1999, a 5.9R earthquake occurred in Greece metropolis, Athens city,
causing enormous damage in almost 70,000 buildings with almost 100 of them collapsing.
More than 2,000 injuries were recorded along with 143 dead people and at least 100,000
homeless people (Bouckovalas & Kouretzis, 2001). Although many major earthquakes had
occurred during the last 100 years in the greater area of Athens basin, this one caused the
most damage. The 7™ September 1999 earthquake had its epicenter at a fault that had not

generated severe earthquakes until then

Especially in urban and fully residentially developed areas, knowledge on the existence of
concealed active faults is absolutely valuable because the damage distribution of an
earthquake is usually related to the tectonic structures of the area. Unfortunately, since the
areas are covered with artificial surfaces, such as buildings, industrial infrastructures, roads
and generally concrete, the geological research is quite complicated, with the obtained

information being restricted to quite older observations, geological maps, boreholes and data.

The application of geophysical methods can contribute to the geological and tectonic
adumbration of the subsurface. The geophysical methods are subject to the contrast of the
measured physical property (e.g. density for gravimetry, resistivity for geoelectrical, magnetic
susceptibility for magnetics etc.). This means that the choice of the appropriate method
should be primarily based on the evaluation of the local geology/lithology and its predictable
range of variation, along with the scope of the investigation. Beyond these two basic factors
(geology and scope), several others can be taken into consideration, such as the type of
environment, including the type of the survey area (urban areas, mountains, fields, forest
areas, marine etc.), the morphology of it (e.g. steep relief) or general obstacles for the field

acquisition (e.g. power sources and current cables, roads, rivers, dense vegetation).

The purpose of this Ph.D. thesis is the application of the gravity method for the subsurface
investigation of the geotectonic structure of the urban and sub-urban areas of Athens basin,
taking into account all the limitations of the increasing coverage by artificial structures. It is
expected to contribute by either verifying fault zones already mapped as possible/covered or
even revealing new concealed (blind) faults which could affect the city in the future by

generating disastrous earthquakes.

Although gravity method is considered to be a traditional approach, the processing of the
acquired gravity data will be carried out with the state-of-the-art techniques (e.g. 3D

modelling), along with the innovative method introduced for the Building Correction.
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1.2. LOCATION - MORPHOLOGICAL DATA - LAND USE OF STUDY AREA

The study area (Fig. 1.1) covers almost 740 km? including the Athens basin that hosts the
metropolis of Greece with population up to 4 million people and its greater area. It is
surrounded by the mountains of Aigaleo (468 m) and Poikilo to the West, Parnitha (1,413 m)
to the NNW, Penteli (1,108 m) to NE and Hymettus (1,027 m) to the East, while it is also
surrounded by the Saronikos Gulf to the SW.

Figure 1.1. The location of Athens basin, which is the study area, is indicated with the red polygon.

The Athens basin is an oblong basin with NE-SW direction that presents a relatively low
elevation ranging from the sea level up to almost 300-350 meters. At the central part of the
basin, an axis of discontinuous hills with direction NE-SW is observed. The hills from north to
south are Tourkovounia-Galatsi (339 m), Lycabettus (278 m), Strefi (163 m), Akropolis (156 m),
Filopappou (147 m), Areios Pagos (115 m), Skoyze (67 m), Sikelias (79 m), Ardittos (131 m) and
Katsipodi (129 m). One more, almost parallel axis of hills exists at the western margin of the
basin, down to the eastern foothills of the Poikilo-Aigaleo Mountains, represented from north
to south by Tafos Gyftissas (183 m), Petroupolis (205m), Aspra Xomata (239 m), Profitis llias
Haidari (189 m), Kaniaris (262 m) and Karavas. Moreover, at the area of Piraeus, there are two

more hills, the one of Kastella (87 m) and the one of Piraiki (48 m).
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Figure 1.2. Simplified land cover map of the study area, based on CORINE 2012 data.
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As far as the types of land coverage are concerned, based on Antoniou (2000), the urban
area of the basin is 62%, from which the 35% is corresponding to areas with building coverage
of 80-100% (Downtown, Zografou, Haidari, Nea Smyrni, llioupoli, Piraeus, Faliro) and the other
27% is corresponding to areas of lower building coverage supplemented with uncovered areas

and urban green areas.

Taking into consideration the land cover data presented in Figure 1.2 provided by CORINE
2012 project (EEA, 2012), the areas of artificial surfaces cover a 54.5% of our study area, the
agricultural areas cover 7.2%, the forests and semi-natural areas 38.2% and the inland waters
0.07%.

1.3. URBAN GEOPHYSICS

According to Fenning et al. (1994), Urban Geophysics is carried out in the context of the
built environment and is usually practiced in surroundings dominated by structures, buildings,
roads and concrete rather than the more familiar soils and geological strata of 'green field'

sites.

Fenning et al. (1994) pointed that the practitioner of urban geophysics operates in a
dynamic environment, in which anomalous, noisy and vibrating metal objects, such as
vehicles, frequently pass in and out of the survey area while electrical power sources
concealed in adjacent buildings operate to an unknown schedule. Additionally, based on Liu
& Chan (2007), apart from the cultural noise, there are more difficulties such as the limited
time for conducting the geophysical surveys, the regulatory constraints and the requirement
for traffic management. Beyond these, special approaches and methods of interpreting the

data are therefore required sometimes (Henderson, 1992).

In our modern world, rapid urbanization and industrial growth are the characteristics of
several areas. Several geophysical applications can contribute significantly to the evolvement
of these urban areas. Some up-to-date examples are the seismic microzonation, the detection
of groundwater supplies, the salination of subsurface aquifers, the management of the waste
disposals, the investigation of possible subsurface environmental contamination, forensic
investigations (crime scenes) and geotechnical issues such as the excavation of the subway
lines, road construction and even bridge paddling. And for cities with great history, such as
Athens, geophysics can contribute a lot by investigating and revealing buried archaeological
monuments.

Due to this rapid urban development and the lack of the appropriate geological knowledge
of the older times, several cities were established over concealed active fault zones. They are
practically established on potential threats since they can generate disastrous earthquakes
that will probably lead to major economic damage and human casualties. Several cities have
suffered for such social-economic damage, such as San Francisco in 1906 and Tokyo in 1923
(Xu et al., 2015).
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The deep geophysical research in urban areas is quite difficult to be developed (Xu et al.,
2015). It is almost prohibitive to apply the electromagnetic and magnetic methodologies due
to the effects from the countless power sources and current cables. Geoelectrical methods
are also difficult to carry out, since most of them require space and straight long lines to
measure on. The seismic methods are widely applied in urban areas (Hutchinson et al., 2009;
Krawczyk et al., 2012; Symeonidis et al., 2005) but it is quite expensive most of the times. On
the other hand, as Miller (2003) states, buildings and infrastructure in urban areas are
susceptible to vibration damage from a range of sources, both natural and anthropogenic. The
gravity methodology can be applied in urban areas for deeper investigation but the field
measurements should be planned with caution, taking into consideration the traffic, the

construction vibrations and the building effects.
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2. GEOLOGICAL DATA

The main purpose of our investigation in the Athens basin is to delineate the geological and
tectonic subsurface structure, due to the damage caused by the major earthquake of 7t"
September 1999 (Mw=5.9R), with the contribution of gravity method.

First, we gathered all the bibliographic geological data regarding the greater Athens basin
(papers, maps, technical studies etc.). Afterwards, all the references were re-evaluated and
along with the personal field observations that were gathered, the final geological structure

was determined and is described thoroughly in the following sections.

All these data (digital or not) had been imported in a Geographic Information System (GIS),
in which they were digitized (if necessary), corrected, homogenized, categorized in layers and
processed, creating a very important geodatabase. AlImost all the maps presented in this Ph.D.

thesis were constructed with the contribution of this geodatabase and GIS.

2.1. BIBLIOGRAPHIC DATA

Geo-tectonically, the Athens basin is located in the Northwestern area of the present active
volcanic arc. The greater area is practically a transitional zone between the highly active areas
of Corinth-Viotia and the low deformation area of Cyclades and South Attica (Mariolakos &
Papanikolaou, 1987; Papanikolaou & Lozios, 1990).

The first attempt to categorize Attica geo-tectonically was made by Philipson (1898), who
placed the Northern Attica in the East-Greece zone and the Southern Attica in the Attico-
Cycladic zone. Later, Ktenas (1923) included Attica in the middle system of Attico-Cycladic
crystallic massif. Renz (1940) considered that the limestones of Parnitha and the central hills
of Athens were categorized in the Parnassos-Gkiona zone. Laureotiki’s area was also set by
Marinos & Petrascheck (1956) in Attic-Cycladic mass, while Tataris (1966) considered the area
of Aigaleo as a horst of Ypopelagoniki zone. “Attica” autochthonous unit, located in the central
area of Athens basin, was introduced by Papanikolaou (1986), underlying the units of East-
Greece, Layrio and Almyropotamos. On the other hand, Katsikatsos (1977) considered that
the autochthonous metamorphic formations of Attica belong to the extension of Olympos-
Ossas zone and Krania-Elassona zone. Finally, the most recent aspects of authors (Jacobshagen
et al., 1978; Durr et al., 1978, Kilias et al., 2004; Ring, 2007) categorize the Southern-Eastern
area of Attica in the Attico-Cycladic massif and the Northern-Western area in Ypopelagoniki
zone.

Based on Papanikolaou & Lozios (1990), the greater area of Attica is controlled by fault
zones of WNW-ESE direction, along with the NNE-SSW perpendicular ones. Geologists
consider as the most important structure of the greater area, the tectonic contact between
metamorphic and unmetamorphic geological formations, with a NE-SW direction. Some

authors (Katsikatsos et al., 1986; Papanikolaou, 1986) believe that this important tectonic
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contact is identified with Kifissos River course (Fig. 2.28). Their aspects are scientifically
enhanced by specific structures of Saronikos gulf, adumbrated with seismic tomography by
Drakatos et al. (2002; 2005).

Although many researchers have studied the geological and tectonic regime of Athens
basin, there are still open questions and “grey” zones, due to the fact that most of them are
based on the lithological stratum proposed by Lepsius (1893), who produced a detailed map
of Athens and central-Southern Attica in scale 1:25,000. Bittner (1880) also described the

geological formations of Attica before Lepsius (1893).

Renz (1908; 1909) described the geology of Parnitha Mountain, Negris (1912; 1913)
evolved with the geology of Athens basin and the surrounding mountains. Moreover, Kober
(1929) introduced the term of tectonic caps through the construction of geological sections
for Athens basin. More detailed geological maps of the area were produced by other
researchers (Niedermayer, 1971; Sindowski, 1949), while other authors dealt mostly with the
Neogene formations study (Freyberg, 1951; Charalabakis, 1952). Many more papers were
published for the geology of Athens basin (Clement, 1976; Dounas & Gaitanakis, 1981;
Marinos, 1937; 1955; Marinos et al.,, 1971; 1974; Paraskeyaidis & Chorianopoulou, 1978;
Petrascheck and Marinos, 1953; Sindowski, 1950; Skounakis, 1972; Tataris, 1966; 1972).

Many of the authors investigated the surrounding mountains of Athens basin. Lozios (1990;
1993) studied thoroughly the metamorphic formations of NE Attica and Penteli Mountain.
Additionally, Baziotis (2008) and Baziotis et al. (2004) continued the description of the
petrology of the metamorphic formations of Attica. Tataris & Sideris (1989) analyzed the areas
of Aigaleo Mountain and Salamis Island, Lekkas & Lozios (2000) described Hymettus structure,

while Parnitha’s Mountain structure was designated Mariolakos & Fountoulis (2000a; 2000b).

Beyond that, Lekkas et al. (1998) produced a neotectonic map of the greater East Attica
area. On the contrary, Papadeas (2002) proposed a quite different aspect for Athens geology
collocating a stratum of carbonate formations in alteration with shales or gneiss. Papanikolaou
et al. (2002) published a detailed geological-geotechnical study of Athens basin, giving
emphasis on the Neogene formations and their tectonic structure and Papanikolaou et al.
(2004b) referred to the structure of the allochthonous system of the so-called “Athens
Schists”. Spanos (2012), tried to clarify the geodynamical evolution and deformation facies of
the Athens area.

During the Athens’ metro excavation, a great deal of data for the shallow geological
structure came up (Leoutsakos et al., 2008; Marinos et al., 2004; 2006; 2009).

Other authors, focused more on the tectonic analysis either of the surrounding mountains,
like Parnitha (Chatoupis & Fountoulis, 2004; Mariolakos et al., 2001b), or in a more general
aspect, like Krohe et al. (2009) dealing with the detachment faults. Some researchers
emphasized on specific areas or faults, like Papanikolaou et al., (2008) and Papanikolaou &

Papanikolaou (2007), who drew attention to emphasis on the NE area above the Athens basin
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and Afidnes Fault Zone or like Ganas et al. (2005), where the DEM morphometry has been

used to identify fault zones.

Important information from the submarine neotectonic maps of Saronikos Gulf
(Papanikolaou et al.,, 1989a) and Southern Evoikos (Papanikolaou et al., 1989b) has been
gathered, connecting the surface with subsurface structure.

Finally, Foumelis (2009), Foumelis et al. (2009; 2013) and Parcharidis et al. (2006), studied
the surface deformation of the greater area of Athens basin, based on Differential GPS
measurements and Radar Interferometry, trying to explain the damage of the earthquake that

occurred in Athens in 1999 and delineate the tectonic structure of the basin.

2.2. GEOLOGICAL STRUCTURE OF THE STUDY AREA

Athens basin, as a complex neotectonic graben, is almost 3605km? without counting the
surrounding mountains, covered with post-alpine sediments. It is elongated in a NE-SW
direction, surrounded by Parnitha (NW), Penteli (NE), Hymettus (E), Aigaleo-Poikilo (W)
Mountains, while at South it is facing to the sea and Saronikos Gulf. Across the central area of
the basin, spread in a NE-SW direction, a number of hills are revealed. A similar axis of hills is
located, with the same NE-SW direction, at the western area of the basin, at the foothill of

Mountains Aigaleo and Poikilo.
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Figure 2.1: Representative geological sections illustrating the geotectonic regime of the Athens basin
area. 1: Alluvium, 2: Neogene, 3: Allochthonous unit, 4: Autochthonous Metamorphic Unit, 5:
Ypopelagoniki unit. (Papanikolaou et al., 1999)
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The surrounding mountains and hills of the basin are structured by alpine formations,
which are separated tectonically by a large-scale detachment zone (Papanikolaou et al., 2002;
Papanikolaou & Papanikolaou, 2007), in two rock types. At the eastern margin, the
metamorphic formations of Attico-Cycladic massif are located, comprising the relatively
autochthonous geotectonic unit. At the northern and western margins, the unmetamorphic
formations appear, known as the Ypopelagoniki unit. The metamorphic formations of Attico-
Cycladic massif that we come along are mainly marbles, schists and dolomites, dips towards
NW under the unmetamorphic formations (mainly limestones and shales), with a general
trace direction NE-SW. The hills located in the basin are mainly constituted by semi-
metamorphic rocks (mainly sandstones, schists, tuffs, limestones) that belong to the
allochthonous units of Athens and Alepovouni (Fig. 2.1)

Overlying the four (4) different geotectonic alpine units and the detachment zone, there
are the recent post-alpine sediments, covering the majority of Athens basin. Practically these
sediments are lacustrine, lacustrine-terrestrial or even fluvio-marine.

In the context of this Ph.D. thesis, the adopted geological structure of the study area (Fig.
2.2) that will be described thoroughly in the subsequent sections was based on a combination
of the following references:

e Geological-Geotechnical mapping of Papanikolaou et al. (2002), slightly simplified
concerning the post-alpine categories. The inner area of Athens basin is described in detail.

e |IGME Geological Map “Athina-Elefsis”1:50,000 (Katsikatsos et al., 1986).

e IGME Geological Map “Athina-Peiraias”1:50,000 (Gaitanakis, 1982).

® |IGME Geological Map “Kifisia”1:50,000 (Katsikatsos, 2002).

e |IGME Geological Map “Koropi-Plaka”1:50,000 (Latsoudas, 1992).

e Lozios (1993), Ph.D. thesis, describing the metamorphic formations of Penteli Mountain.

e Personal field observations.

2.2.a. Alpine Formations

The alpine formations of the study area structure the basin’s surrounding mountains and
the axis of hills in the basin. Based on lithostratigraphic and tectonic criteria, four (4)

geotectonic units seem to constitute the Athens geological structure (Fig. 2.1).

The tectonically lower and relatively autochthonous unit is the one of Metamorphic
formations, located at Hymettus (Fig. 2.3) and Penteli (Fig. 2.4) Mountains. At the eastern
margin of the basin, overlying the metamorphic unit, we observe the “Alepovouni” unit, with
low metamorphism rocks, whereas at the western margin, the “Ypopelagoniki” unit is
dominant forming the Mountains of Parnitha (Fig. 2.5) and Poikilo-Aigaleo (Fig. 2.6), with a
volcano-sedimentary sequence at the base and carbonate rocks on the top. Finally, the
“Athens” unit is overlying above all the aforementioned units, comprised of limestones, clay-

sandstones and ophiolites.
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Figure 2.2: Geological and Tectonic Map of Athens basin (simplified and modified based on Gaitanakis,
1982; Katsikatsos, 2002; Katsikatsos et al., 1986; Latsoudas, 1992 and Papanikolaou et al., 2002).
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Figure 2.5:Parnitha Mountain (photograph taken from south)

- - . W—?>~ TP

Figure 2.6: Poikilo and Aigaleo Mountains (photograph taken from north-east)

2.2.a.1. Metamorphic Unit

The mountains of Penteli (Fig. 2.4) and Hymettus (Fig. 2.3) consist of the metamorphic
formations of Attico-Cycladic massif zone, constituting the relative autochthonous of Athens
basin. Therefore, they are considered to be the tectonically lowest geological formations of
the study area.

Based on bibliographic data the unit could be subdivided in the following parts:

i.  “Varis” Unit comprised of the formation “Vari’s Dolomites” (Fig.2.7) and the formation
“Pirnari Schists” (Lepsius, 1893; Lekkas & Lozios, 2000).
ii.  The overlaying “Hymettus” Unit, formed by the “Lower Marble”, the “Upper Marble
(Fig.2.7) and the “Kaisariani Schists” (Lepsius, 1893).
iii.  “Penteli” Unit (Lozios, 1993).
In between the above sub-units, ophiolites are also located.

7
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Figure 2.7: Marbles (M) and Dolomites (D) at tectonic contact, over Hymettus Mountain
(Papanikolaou et al., 2002).

The Metamorphic Unit consists of a complicated system of nappes, controlled by high-
pressure and low-temperature metamorphism (Spanos, 2012). The main metamorphic rock

types appearing in the area are marbles, schists, dolomites and dolomitic marbles.

The Marbles (M), located on mountains Penteli and Hymettus are characterized by the age
of Mesozoic. They are white, grey-white, grey compact with well-formed crystals, medium to
thick bedded, sometimes reduced to thin-bedded (Figs. 2.8). Due to the high grade of
metamorphism fossils are constrained (gastropods, rudists, algae), indicating ages between
Triassic and Cretaceous. Their thickness can reach the 500 meters for the “Lower marble”
(Photiades, 2001) and the 250 meters for the “Upper marble”.

Figures 2.8: Marbles (M)

The Schists (Sch), underlying the Marbles are comprised of several types, like micaceous,

chloritic, quartzose and amphibolitic (Figs. 2.9). Meta-laves and meta-tuffs can also be
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observed. The “Kaisariani Schists” (Figs. 2.10), a subcategory of the Schists, construct the
Hymettus Mountain and over 300 meters thickness. They are mainly micaceous and green
schists (metamorphic basic rocks) with intercalation of marbles. Schists occupy the biggest
part of the Penteli Mountain volume. On the contrary, Schists are observed in a quite smaller
percent on the Hymettus Mountain. Regarding their age, there is no clear data for Penteli,
except of the fact that they should be at least Triassic age, due to their tectono-stratigraphic
position. The same age seems to dominate for the Hymettus Mountain due to older findings

of remains.

Figures 2.10: Kaisariani Schists (Sch)

At the central, western and northern part of Hymettus Mountain, the medium-bedded,
white and grey, granular to crystalline Dolomites (D) and Dolomitic marbles mainly
appear(Figs. 2.11), with at least 200 thickness. Their base is clastic, known as “Varis Schists”.
They are calcitic, micaceous schists with quartzose lens inside. Their age has been determined

through algae, as Triassic and they are observed with thickness of at least 100 meters.
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Figures 2.11: Dolomites (D)

2.2.a.2. Ypopelagoniki Unit

The formations of Ypopelagoniki Unit form the Mountains of Aigaleo-Poikilo (Fig. 2.6) and
Parnitha (Fig. 2.5). They are underlying the Athens Unit across the western margins of the
Athens basin, with their contact being hardly visible due to the post-alpine deposits that cover
it. Ypopelagoniki Unit is also overlying (somewhere in the middle of the Athens basin) the
Metamorphic Unit.

The major formation of Ypopelagoniki is carbonate rocks, known as Triassic-Jurassic
Limestones (T-J). They are white to light grey or even reddish, unbedded to thick-bedded,
crystalline, intensely broken into pieces and karstic limestones and dolomitic limestones. Their

thickness can be a few hundreds of meters.

Figures 2.12: Triassic-Jurassic Limestones (T-J)

At the base of the limestones, a clastic sequence called Shales and Sandstones Alterations
(C-P) can be found at the Northern Poikilo Mountain and the Southern edge of Parnitha. It is
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comprised of shales, pelites, sandstones, quartz conglomerates, tuffs, tuffites, greywackes,
laves and even bio-clastic limestones in the form olistoliths, from the fossils of which the age
has been determined as Upper Carboniferous-Permian. The Shales and Sandstones Alterations
formation is generally observed as tectonical intercalations between the Limestones, due to
the increased thrusts. Therefore, in some areas (Ano Liosia and Kamatero) the clastic
sequence is located above the limestones.

Figures 2.13: Shales and Sandstones Alterations (C-P)

2.2.a.3. Alepovouni Unit

The Alepovouni Unit is mainly observed across the eastern basin and western foothills of
Hymettus Mountain, from the northern area to the area of Argyroupoli. It is located
tectonically impacted (tectonic breccia is observed), between the underlying Metamorphic
Unit and the overlying Athens Unit, with 100-200 meters thickness.

It consists of low metamorphism formations that structure the small hills at the mountain’s
foothills (Tsako, Korakas, Alepovouni, Koutalades, Zoodoxos Pigi, Kopanas and other smaller).
The biggest part is covered by the post-alpine sediments, while its biggest surface exposure is

located near the Panepistiomioupoli and the cemetery of Kaisariani.

The upper part consists of compact unbedded to thick-bedded crystalline limestones (CA/)
of Mesozoic (Figs. 2.14). At specific locations, they evolve to platy limestones. On the other
hand, the lowest part of the stratigraphic column is comprised of metamorphic to semi-
metamorphic layers of micaceous schists and phyllites (SchAl - Figs. 2.15). Intercalations of
platy gray to brownish limestones and pieces of metamorphic basic and ultrabasic rocks are
also observed. The upper part of limestones is tectonically overlying the lower one and

seprentinites with intensely schistosity (serpentinised peridotites) are also located.
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Figures 2.15: Schists and Phyllites of Alepovouni Unit (SchAl)

2.2.a.4. Athens Unit

The formations of Athens Unit are covering almost the whole extension of Athens basin,
although they are located on surface only on the upper parts of the hills existing at the central
and western areas of the basin. The post-alpine sediments of the basin are covering the major
extension of Athens unit, especially along the greater area of Kifissos river flow.

It is considered to be the tectonically upper stratigraphic unit of Athens basin forming a
coverage with successive imbrications. Along the eastern foothills of Aigaleo and Poikilo
Mountains, it is observed overlying tectonically on the Ypopelagoniki Unit, forming an
elongated zone of hills (Tafos Gyftissas, Petroupoli, Latomeia Aspra Homata, Profitis llias
Haidari, Korydallos, Mikros Karavas and Megalos Karavas). Moreover, at the central area of
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Athens basin, it is located tectonically overlying the Alepovouni and formations of the
Metamorphic Unit. Again, an axis of hills (Tourkovounia, Lycabettus, Strefi, Akropolis,
Filopappou, Areios Pagos, Sikelias, Ardittos and Katsipodi) is controlled by Athens Unit’s
formations.

The geotectonic unit can be discriminated in two separate lithostratigraphic parts, due to
their different paleogeopgraphic conditions and tectonic deformation. The upper part is
tectonically overlying the lower one, with an almost horizontal tectonic contact. A tectonic
breccia of 1-1.5 meters thickness is usually observed there, visible at the central hills of
Acropolis, Areios Pagos and Lycabettus, but also at the western hills of Profiti llia Haidari,

Korydallos and Karavas.

The upper part mainly consists of unbedded to thick-bedded, neritic limestones, evolving
at specific locations to dolomitic limestones (CA). Along the foothills of Aigaleo and Poikilo
Mountains, they are located varying from grey to bluish, thick-bedded with pieces of rudists
and foraminifera (Fig. 2.16-left). On the other hand, at the central hills of the basin whitish to
grey, thick-bedded to unbedded and locally platy ones are found (Fig. 2.16-right). Their

thickness can reach up the 250 meters.

Figures 2.16: The Limestones of Athens Unit (CA)

The lowest part of the unit is quite complicated and is known as Athens Schists nappe
(Marinos et al., 1971; 1974), with almost 200 meters thickness. It is comprised of
unmetamorphic clastic sediments, such as sandstones, pelites, clays, sandstone marls,
greywackes, tuffs and argillic schists. Platy limestones and chert nodules also exist (Figs. 2.17).
At the area of Petroupoli, it is observed with reddish and green tuffs and tuffites, marls and
schists alternating. Southern, at Aspra Homata area, it is characterized by brownish schistose
pelites, schists, sandstones, marls and platy limestones. On the other hand, the central hills of
the basin are structured by epigenetic metamorphic formations, such as phyllites and
micaceous schists, along with facies of schistose pelites, marl, schists and intercalations of

platy limestones.
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Figures 2.17: Athens Schists mélange (SchA)

The unit has been characterized as a complex mélange without internal geometry, because
of its continuous tectonical alterations of its parts, the mixture of its formations, the complete
absence of stratigraphic sequence and the existence of pieces of basic and ultrabasic
formations. Furthermore, two main folding directions have been identified, one NW-SE
dipping to NE and another NE-SW dipping to NE (Poll & Theodoropoulos, 1971).

2.2.a.5. Ophiolites (O)

In almost all the pre-mentioned alpine geotectonic units of Athens basin, fragments of basic
and ultrabasic rocks are detected, especially along tectonic contacts of the nappes, such as
the one of the Athens Schists overlying the Ypopelagoniki limestones or between the

imbrications of the Athens Unit limestones.

The majority of these basic and ultrabasic rocks are altered serpentinites, probably
originated from an ophiolitic complex. They can easily be observed at the western basin on
the Petroupoli, Latomeia Agiou Nikolaou, Korydallos, Profiti llia Haidari and Karava hills.
Beyond them, they also appear on Tourkovounia hill (central basin) along with basaltic spilites
in pillow-lavas form and altered diabase.

Another group of ophiolites is also located along the western foothills of Hymettus
Mountain, either between the upper (limestones) and lower (phyllites) part of Alepovouni Unit
or in the mass of phyllites itself (Korakas hill). Here, they are comprised mainly of diabasic
type of rocks. On the other hand, near Panepistiomioupoli serpentinized peridotites are

observed.

36



Finally, a third group of basic and ultrabasic rocks is observed in the Kaisariani Schists of

the Metamorphic Unit, in the form of intercalations and consists of peridotites.

2.2.b. Post-alpine Formations

The post-alpine formations occupy the biggest part of Athens basin, lying and covering
uncomfortably the underlying alpine formations. They can be discriminated in the older ones,
with Neogene age, and the more recent ones, belonging to the Quaternary. Normally, the
Quaternary formations are covering the Neogene ones.

In the framework of this Ph.D. thesis, some simplification groupings of the post-alpine
formations have been made (Figure 2.2) based on their response on the gravity measurements
and their litho-stratigraphic characteristics. Nevertheless, we will describe thoroughly their

component subcategories based on Papanikolaou et al. (2002).

2.2.b.1. Human Deposits (Hm)

Human or Anthropogenic deposits can be discriminated in two types concerning the Athens
basin. The first category includes all kind of materials that have been used for landfills or in
the context of creating artificial landscapes, breakwaters, piers etc. They might include
artificial materials, like cement block, demolition wastes, quarries excavations etc.

The other type of human deposits is the one for restoration of abandoned quarries. The

materials placed are uneven, containing sand, clays, pebbles etc.

2.2.b.2. Loose Quaternary Deposits (Q)

In this category, many different types of loose sediments from the Quaternary period have
been sorted. This grouping has been mainly based on the relative low densities that

characterize these formations.

i. Alluvium deposits

The majority of them are the fluvial deposits of Kifissos River and its tributaries. They are
comprised of clays, mud and loose conglomerates, with lateral transitions. Their contact and
limits with the underlying formations are ambiguous because of their deposition way and the
human interference. Their thickness is usually a few meters, but it increased along the Kifissos

River flow, where they can be up to 30 meters (Koukis & Sabatakakis, 2000).
ii. Marshy deposits

Their main extension is located in the area of Faliro, between the estuaries of Kifissos and

llissos Rivers. They are plastic clays and muds with organic traces and a few meters thickness.

iii. Coastal deposits

They are comprised of sand and unconnected pebbles originated from the wave forces. We

can observe them at the area of Agios Kosmas, with limited thickness.

37



iv. Diluvial deposits

Diluvial deposits are formed from the weathering products of the surrounding rocks and
more specifically, they contain detailed material (mud and clays) including subsurface
fragments. They can be observed mainly close to argillic schists of Athens Unit due to their
easy weathering. Their thickness begins from a few centimeters but they can reach up to 5
meters, especially in the central area of the basin (Zografou, Patissia, Dafni, Neos Kosmos and

Downtown).

2.2.b.3. Pleistocene Talus cones and Screes (Pt.sc)

They are placed linear along the mountain slopes, consist of screes and cohesive talus
cones. Sometimes they may indicate the existence of fault zones that contributed to their
formation (Goumas, 2006; Papadopoulos et al., 2003; 2007).

Their texture depends on the source geological formation, providing the including
materials. Their cohesion may vary, but in general, they are semi-cohesive formations, with

some layers of increased cohesion (Figs. 2.18). Their thickness can reach up to 30 meters.

Their coverage of Athens basin is quite extensive, covering the foothills of the surrounding
mountains. They are located at the foothills of Aigaleo and Poikilo Mountains (Korydallos,
Nikaia, Haidari, Peristeri and llion), Parnitha Mountain (Thrakomakedones, Varibobi and
Kryoneri), Penteli Mountain (Drosia, Ekali, Nea Erythraia, Kifisia, Melissia) and Hymettus
Mountain (Argyroupoli, llioupoli, Pagkrati, Zografou, Papagou, Holargos, Agia Paraskevi).
Beyond them, they have been deposited at the bottoms of the central hills of Akropolis,

Lycabettus and Tourkovounia.

In some locations of the Athens basin (Thrakomakedones and Glyfada), extended
depositions of screes in the form of big talus cones or fans can be observed. Their material
supply is originating from a punctual/local source. They can be discriminated from the main

category due to their large extension that consists of them discrete litho-stratigraphic units.

They have a typical horizontal gradation, with coarse-grained facies at their proximal areas
and more detailed at their distal areas. They illustrate vertical alterations of coarse-grained
and detailed facies, based on the increased or decreased flow feeding. They are quite cohesive
and sometimes they can reach the cohesion of rock formations. Their limits are uncertain since
they move and increase during their evolution, depending on their material supply.

Their thickness is varying, following the expected range of a fan, which means thinner to
the top, bottom and periphery but thicker to the central-axial area. For example, Glyfada’s
fan, range from 2 meters to more than 50 meters in the center. For the fan of
Thrakomakedones area, its thickness is expected to be more than 100 meters, but geophysical
surveys in the area indicated a total thickness of post-alpine deposits of almost 800 meters

(Papadopoulos et al., 2007).
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Figures 2.18: Pleistocene Talus cones and Screes (Pt.sc). The upper two images are from Parnitha
Mountain foothills and the two lower ones from Hymettus Mountain foothills.

2.2.b.4. Neogene Formations (Ng)

All the Neogene formations have been grouped in one package, called the Neogene
deposits, in the framework of this Ph.D. thesis, (Figure 2.2). Nevertheless, they will be

described separately for better geological knowledge of the area.

i. Pliocene Marine deposits (PIm)

Two main outcrops of Pliocene Marine deposits have been detected in Athens basin, one

in Piraeus peninsula and the other one at Alimos area.
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In Piraeus peninsula, the stratigraphic sequence from the bottom to top includes
sandstones marls, breccioconglomerates, marly limestones with sandstone intercalations and
whitish limestones full of fossils (Figs. 2.19).

At Alimos area, they are observed as alterations of conglomerates with good gradation,

sandstones and marls.

Figures 2.19: Pliocene Marine deposits (P/Im) in Piraeus peninsula

ii. Pliocene Terrestrial deposits (Pll)

They are undisturbed sediments of sand and clay, with thin (5-20cm) intercalations of
lignite (Fig. 2.20). They can be detected with thickness of a few decades meters, dip of bed no
more than 5° and reddish to yellowish colors.

They are characterized by their quite smooth surface relief, while their main surface
extensions are located at the areas of Metamorfosi, Filothei Marousi, Halandri and east of

Acharnes.
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iii. Upper Miocene Marine Limestones (Msc)

These Marine Limestones are characterized by different facies such as brecciated, sandy,
coral or oolithic limestones (Fig. 2.21). They are grey-white or yellowish, with ambiguous dips.
They are detected in small outcrops, mainly on the hilltops, such as the ones of Kallithea,

Palaio Faliro and Trahones-Alimos (Pani hill).

Figure 2.20: Pliocene Terrestrial deposits Figure 2.21: Upper Miocene Marine
(PIl) at Halandri area. Limestones (Msc) at Pani hill

Figures 2.22: Upper Miocene Coastal deposits (Msm) at Alimos area.
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iv. Upper Miocene Coastal deposits (Msm)

This kind of coastal deposits embraces several lithologies in alterations, such as clays and
mud with schist rubbles, sandy marls, conglomerates, breccia with sandy texture and cohesive
breccioconglomerate with boulders (Figs. 2.22). Their thickness is estimated to be up to a few

decades of meters and their dips of beds range from 20° to 40°.

They are usually overlying on the Upper-Miocene limestones and their main extension is in
the southern basin covering a great part of Kallithea, Nea Smyrni, Agios Dimitrios, Palaio Faliro

and Alimos.

v. Upper Miocene Terrestrial and Lacustrine deposits (Msl)

This formation consists of terrestrial and lacustrine facies. The terrestrial facies include
reddish clays and conglomerates while the lacustrine ones are comprised of marly limestones,
sandy marls and green marls with lignite intercalations.

Generally, they are intensely disturbed formations (reducing to East), with varying dips of
beds and even bed bending. On the contrary, in some areas they are located undisturbed.

Their main surface exposures are in the northern areas of Athens basin, such as Anthoupoli,
Aspra Homata, Nea Liosia, Agioi Anargyroi, Neo Herakleion, Pefki, Thrakomakedones and even
northern in Fyli. The lacustrine facies can be easily observed at Kalogreza, Neo Herakleion and
Agios Vasileios, while the terrestrial facies dominate in the area between Hymettus and Penteli

Mountains.

Figures 2.23: Upper Miocene Terrestrial and Lacustrine deposits (Msl)
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2.3. TECTONIC — NEOTECTONIC STRUCTURE

In this section, we will analyze and discuss in detail the tectonic structure that controls the
Athens basin area (Fig. 2.2). The information is based mainly on the applied research of
Papanikolaou et al. (2002) that re-evaluated all the bibliographic data until then, along with
new field observations and data. The contribution of geophysical researches (Alexopoulos et
al., 2001; Louis et al., 2002b; Papadopoulos et al.,, 2003; 2007) to the delineation and
identification of important fault zones had also been helpful, since many of them remain

covered by the post alpine sediments of the basin.

It is important to mention that through the detailed tectonic and neotectonic analysis of
the area we can understand their contribution to the damage distribution during a severe
earthquake but also predict in a way their response to future seismic events (Fountoulis, 2004;
Lozios et al., 2004).

The alpine tectonic regime is controlled mainly by low-angle fault zones, observed between
the limits of the alpine geotectonic units of the Athens basin (Papanikolaou et al., 2004b).

NNW SSE

Alepovouni
it

Ypopelagoniki
Athens Unit

Figure 2.24: Schematic illustration of the tectonic structure of Athens basin (Papanikolaou et al.,
2004b)

The Alepovouni unit is delimited by two low-angle fault zones, one with the relative
autochthonous underlying Metamorphic Unit accompanied with a layer of tectonic rock and
one with the overlying Athens Unit, along which intense schistosity can be observed. Both of
them dip to Northwest. The tectonic contact between the Athens and Alepovouni Units is
almost identical with the west margin of Hymettus and Penteli Mountains. It is considered to
be a major tensile detachment zone, where metamorphic formations adjust to
unmetamorphic ones, leading to the rise of the metamorphic up to the surface (Katsikatsos,
1977; Katsikatsos et al., 1986; Papanikolaou, 1986; Xypolias et al., 2003). Similar dynamic and
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kinematic characteristics are observed at the tectonic contact between Alepovouni and

Metamorphic Unit.

The Athens unit is also overlying the Ypopelagoniki Unit with a normal low-angle fault zone.
Its dip is the opposite of those between Athens Unit and Metamorphics, dipping to Southeast.

2.3.1. Tectonic Analysis

A statistical approach of the faults’ direction (Antoniou, 2000) indicated two dominating
fault directions, these of 80-110° (WNW-ESE to E-W) and the almost perpendicular ones of 0-
50° direction (NNE-SSW to NE-SW). These fault systems are considered to be the major ones,
while we can observe secondary fault systems with directions of 60-70° (SE-NW), 320-330°
(SW-NE) and 340-360° (SSW-NNE). Based on Mariolakos et al. (2001b), similar fault directions
are observed on Parnitha Mountain but with the secondary systems being more frequent.

More recent fault systems with directions WNW-EWE and NNW-SSE interrupt the
continuity of the prementioned major systems. The fault systems of directions NNE-SSW and
NE-SW are identified with the directions that the geotectonic units evolve, while the E-W and
WNW-ESE frames are connected with shear zones. All these fault systems with different
dynamic and kinematic characteristics participated in the neotectonic evolution of the area
(Papanikolaou et al., 2004a).

The determination of the kinematic characteristics is quite difficult since there are few
locations with geological healthy fault surfaces where the friction lines are maintained. The
same problem occurs with the determination of the fault throw, since the urban area of
Athens minimizes the chance of a clear undisturbed (by artificial structures) geological

observation.

The majority of the fault zones are almost perpendicular, with clockwise and
counterclockwise characteristics of horizontal slide. The older fault systems present almost
horizontal friction lines with WNW-ESE direction under tectonic micro-breccia. On the other
hand, the most recent fault systems are dipping, with friction line dip direction of 70-80° at
NNE-SSW direction (Papanikolaou et al., 1988; 2002). Finally, some fault systems were
activated between the two prementioned systems, with sidelong friction lines.

Several characteristics, like the quantification of the fault throws along with the post-alpine
formations thickness, the sedimentation’s rhythm or the palaiogeographic evolution, indicate
that there was no fixed vertical movement along the marginal fault zones. This is based on the
movement complexity of the fault systems, leading to movements that are rotary along the
horizontal axis of the fault blocks (Papanikolaou et al., 1988). The contribution of the
horizontal rotary movement, along with the scalar arrangement of the fault frame and the
simultaneous rotations along the horizontal axes indicate a tensional shear field (Mariolakos
& Papanikolaou, 1987).
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The marginal fault zones that determine the boundaries between the alpine and post-

alpine formations are based on en echelon faults, determining the general fault direction.

2.3.2. Neotectonic Macrostructure

The geometry of the neotectonic structure seems quite complicated due to the complex
geotectonic processes from the Upper Miocene until now. The asymmetries of the
hydrographic network along with the displacements of morphological axes and the
geographical distribution of the flattening areas indicate the tectonic influence on the relief
configuration (Mariolakos et al., 2001b; Chatoupis & Fountoulis, 2004).

The western margin of Athens basin along the Mountains Aigaleo, Poikilo and Parnitha is
mapped out by fault zones of NNE-SSW direction (Fig. 2.2), delimiting the post-alpine
formations and especially the Pleistocene fans and talus cones. Secondary fault zones
contributing to this delineation have directions of NE-SW, NNW-SSE and even E-W.

On the contrary, at the eastern margin and at Mountains Hymettus and Penteli no marginal
faults are observed to delineate the post-alpine sediments. A less complicated situation is
observed here, shaping the metamorphic formations of the area based on different tectonic
evolution. Fault systems of NNE-SSW and NE-SW directions have been identified in the alpine
formations. Intense in-depth erosion and minor morphological discontinuity are detected at
the upper fault block of Hymettus, combined with weathered planar surfaces dipping 50-60°
to NW and sidelong friction lines (Papanikolaou et al., 2002). At Penteli Mountain, the fault
zones seem to be constrained only at directions N-S, except for its northern margin which has
a WNW-ESE direction.

At the northern area of mountain Parnitha, a fault zone of NW-SE direction is detected,
forming the post-alpine basin of Fyli (Fig. 2.2). Relatively outside of the Athens basin limits,
but with quite important impact, there is the Fault zone of Thriassio, with WNW-ESE direction.
Steep morphological discontinuities and in-depth erosion can be noticed on the upper block.
Beyond that, the nearby Neogene formations present large dip values (Mariolakos &
Fountoulis, 2000a; 2000b).

The macrostructure frame of Athens basin is based not only on the marginal fault zones
but also on large-scale inner structures. One of the most important is the one along the Kifissos
river flow, with NNE-SSW direction, separating the basin in two sub-areas with individual
neotectonic and palaiogeographic evolution (Fig. 2.2). There are several indications
supporting this separation, such as the number and geometry of the faults, the type of the
existing geological formations, the morphological discontinuities, the hydrographical network
asymmetries and even the surface outcrops of the alpine formations at the eastern part but
not at the western (fully covered by post-alpine sediments). The fault zones at the eastern
part are observed with several directions, including NNE-SSW, NNW-SSE, NW-SE, NE-SW, E-W
and S-N.
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One more variation between the northern and the southern areas has been identified,
based mainly on the observed post alpine sediments facies, the existence or no of fault zones
and the alpine bedrock emergence (Papanikolaou et al., 2004b). Practically the limit between
these two areas is a fault zone of WNW-ESE direction (Fig. 2.2), extending from the area of
Zefyri (located between Poikilo and Parnitha Mountains) to the area of Agia Paraskevi (located
between the Hymettus and Penteli Mountains). This great fault zone seems to expand to the
west at the northern margin of Thriassio plane and to the east at the northern margin of
Mesogeia plane. The northern part includes the Penteli and Parnitha Mountains, with WNW-
ESE extent and Neogene lacustrine-terrestrial sediments. The southern part contains the
Hymettus and Aigaleo Mountains with NNE-SSW extent along with marine sediments.
Moreover, alpine outcrops are observed at the southern part, but not in the northern. It is
important to mention that this zone is considered to be a great-scale en echelon fault
(Mariolakos & Fountoulis, 2000a; 2000b), with its throw differentiating. This great-scale fault
zone is directly correlated with the evolution of the hydrographic network (Pavlopoulos et al.,
2005).P;

A second order graben between the mountains of Parnitha and Aigaleo is formed, based
on smaller scale faults of NNW-SSE direction (Fig. 2.2), developed in the basin of Ano Liosia
(Lekkas et al., 2001). Based on borehole data from Lekkas et al. (2001), along the southern
margin the fault throw is 50 meters, while at the eastern margin it is more than 100 meters,

bringing in contact the Ypopelagoniki limestones with the Neocene marls.

2.3.3. Faults description

Following the pattern of the applied research by Papanikolaou et al. (2002), the Athens
basin (Fig. 2.2) can be divided in four sections, based on their neotectonic and
palaiogeographic evolution. The division is controlled by the great-scale fault zone of Zefyri-

Agia Paraskevi, its perpendicular one of Kifissos and the marginal faults of the basin (Fig. 2.2).

NW Section

It can be subdivided in two smaller sections, the NE and the SW, based on an elongated
NNW-SSE alpine outcrop between Menidi and Ano Liosia.

In this section, close to the margins, the majority of the fault zones are observed. On the
contrary, at the central and northern part of the section no fault zones can be observed at
least at the surface, possibly due to their coverage by the post alpine sediments.

At Thrakomakedones greater area, many marginal faults (sometime en echelon) have been
identified, with directions ENE-WSW or E-W, delimiting the alpine and post-alpine formations.
There are fault planes dipping 60-70° to SSE, with friction lines and even tectonic breccia. They
have caused obvious morphological anomalies, scalar elevation reduction of the flat areas,

directly connected to the alteration of stratigraphy of the local fan.
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The SW part, known as the small basin of Ano Liosia, faced the greatest damage during the
earthquake of 1999. It is a second-order neotectonic graben, developed in the tectonic horsts

of Parnitha and Aigaleo Mountains and the NW margin of Athens basin.

The western edge of the great-scale fault zone Zefyri-Agia Paraskevi and another one are
the northern margin of the Aigaleo Mountain, covered by the scree, with directions ENE-WSW
and WNW-ESE. Its fault throw has been estimated at least 100 meters at the eastern part,

bringing in contact the Ypopelagoniki limestones with the Neogene marls.

At the southern margin of Parnitha Mountain, there is a fault zone of WNW-ESE direction,
dipping to SSW and delimiting the post-alpine sediments from the alpine bedrock. Boreholes
indicated that its throw is more than 130 meters. Moreover, the east and west margin of the
graben is bounding the alpine bedrock with the scree along a NNW-SSE direction and a dip to
WSW. Its 100 meters fault throw was also provided by borehole data.

The west marginal fault zone of Ano Liosia small basin controls the alpine formation, buried
under a few meters of scree (max 20m) while the east margin controls scree of large thickness.
At the southern margin, a small ESE-ENE fault zone has been detected, covered by alluvium

deposits.

At the interior of the tectonic horst, there are fault zones forming a smaller scale horst on
the Neogene of a WNW-ESE direction at south and NNW-SSE at north. The fault throw is
estimated at 20-50 meters. The NE and W margins of this horst is created by NNW-SSE and
WNW-ESE faults.

SW Section

The most important fault zones are located on the NE area of the Aigaleo Mountain’s horst.
Its NE margin is controlled by a 3-4 en echelon faults of NNW-SSE direction and 100 meters
length each, dipping 70-80°, joined together with smaller faults of ENE-WSW faults. It delimits
the Ypopelagoniki limestones with the Neogene deposits that are observed very close to the
fault dipping up to 60-70° dropping to 10-20° farther. It seems that this zone is extended to
NNW.

A major marginal fault zone of Aigaleo mass, with NE-SW direction, delimits the alpine
formations of Ypopelagoniki and the Neogene-Quaternary sediments. Southernmost, it alters
to a complex system of NNE-SSW or N-S or even NW-SE faults, with more alpine outcrops.
They set the limits between the alpine bedrock and the scree and Neogene formations or
between the Neogene deposits and the scree. One other important system of E-W faults, with
horizontal movement component, has been identified at this margin, crossing the Aigaleo
mass, creating perpendicular valleys and E-W direction structures. Although fault planes exist,
the friction lines have not been preserved.

At the interior of this section, smaller faults of NNE-SSW, E-W or ESE-WNW directions have
been detected, delimiting the scree, alluvium or Neogene deposits. Beyond that, at Nea
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Filadelfia the only residual fault planes of Kifissos fault zone can be observed, delimiting the
Athens Unit with the Neogene or alluvium deposits.

Close to Piraeus, a NW-SE a system of faults bounds the Neogene formations. The NW edge
dips to SW, separating the alpine formations from the Neogene, while the SE edge dips to NE
separating the Neogene from the alluvium deposits.

NE Section

In this section of Athens basin, no major faults have been detected except for the marginal
ones, probably due to their coverage by post alpine sediments. The north edge of Kifissos fault

system (4-5 en echelon faults of NE-SW direction) crosses the Neogene sediments.

The east extension of the Zefyri-Agia Paraskevi fault zone, with WNW-ESE direction, crosses
the Neogene deposits. At the eastern area, there is the large marginal fault zone of Penteli,
with N-S direction, covered by talus cone and bounding the metamorphic formations.
Moreover, at its NE edge, there is also a part of the north marginal fault of Penteli, with NWN-

ESE direction, delimiting the metamorphic rocks from the talus cones and alluvium deposits.

SE Section

There are several faults and fault zones at the Hymettus margin, with NNE-SSW and NW-
SE directions. A major fault zone of NNE-SSW separates the marbles from the schists or scree.
There is an intense erosion in-depth, with residual fault planes dipping 50-60° to NW.
Northernmost, two more faults of similar direction have been identified, the one of which
delimits the dolomites and the scree. Southernmost, a system of parallel NNE-SSW faults

forms the margin.

N 160 W

N20E

Figure 2.25: A system of synthetic and antithetic normal faults bending the Neogene formations
(Papanikolaou et al., 2002)
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At the interior of this section, there are more faults and faults zones crossing the
allochthonous units. Their main direction is NW-SE along with secondary ones like NNE-SSW,
NE-SW or even N-S.

Near the coastal zone, a few more faults have been found, with NNE-SSW direction,
delimiting small alpine outcrops and scree or with NW-SE direction, located in the Neogene
sediments, almost parallel to the coastline. Sometimes they are characterized from a system
of synthetic and antithetic normal faults (Fig.2.25) of a general ENE-WSW direction, bending

the Neogene formations.

2.3.4. Faults’ classification
Papanikolaou et al. (2002) and Ganas et al. (2004) estimated the prospective potency of
the delineated fault zones, based on their geometric, kinematic and dynamic characteristics.
The fault zones with E-W and WNW-ESE directions are considered to be active and
practically they delineate post alpine structures on the western area of the basin, where the
earthquake of 1999 took place. Some of them are the fault zones of Perama, Fyli and Thriassio.

Their extensions to east with the same geometry, at the inner part of the basin, up to the

fault zone of Kifissos River, are characterized as possible active and they contribute a lot to

the neotectonic evolution of the area. Some examples of them are the fault zone of Zefyri-
Agia Paraskevi, with WNW-ESE direction and the one of Haidari, crossing the Aigaleo
Mountain. There are also the marginal faults of Poikilo and Parnitha mountains, with NNE-

SSW direction. As possible active, Papanikolaou et al. (2002) have characterized the fault zone

of Kifissos River. Finally, the north marginal fault Zone of Penteli Mountain, with WNW-ESE
direction, has also characterized as possible active.

The eastern part of the basin has limited fault zones that have been characterized by
Papanikolaou et al. (2002) as active. The same authors with some additions by Foumelis (2009)
described in detail the most important active fault zones of the greater area of Athens basin
(Fig. 2.2).

Perama Fault Zone: Located at the SW part of the basin, it delimits the Aigaleo Mountain
from the East Saronikos Gulf basin, with direction WNW-ESE. Its extension to west can be
observed at Salamina lIsland and it is characterized as active due to its tectonic and

morphotectonic characteristics (Mariolakos et al., 2001a; Theocharis, 2001).

Thriassio Fault Zone: It delimits the Parnitha’s horst from the Thriassio basin, with a
direction WNW-ESE. It is practically composed of smaller en echelon faults of E-W direction.
Their planes can be observed dipping 50-70° to SSW but few friction lines have been
preserved. It is considered as an active zone, with similar orientation with underwater active
zones. An observed sharp morphological discontinuity is delimitated due to the vertical fault

throw, along with Quaternary talus cones and fans that have been placed.
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SE Parnitha Fault Zone: Northern of the Thriassio fault zone and at the inner part of the
Parnitha Mountain, fault zones of WNW-ESE and NW-SE direction exist, bounding smaller
post-alpine grabens and affecting the morphotectonic characteristics of the region. This
results in lowering the Parnitha in relation to the Thriassio basin. The Fyli Fault Zone is
included, with NW-SE direction dipping 60-70° to the SW. A few fault planes with friction lines
can be identified.

Dionysos Fault Zone: It delimits the metamorphic formation of Penteli from the northern
post-alpine basins and its direction is WNW-ESE. Here also steep morphological relief is
detected along with in depth erosion on the arising fault block of Penteli. A lot of fault planes
are spotted with friction lines and dips 60-80° to the NNE, revealing the counterclockwise

component.

Haidari Fault Zone: Located between the Aigaleo and Poikilo Mountains, with E-W
direction, causing a horizontal displacement to the hydrographical watershed of NNE-SSW
direction and to geological contacts of both alpine and post-alpine. The friction lines have
been vanished due to the erosion. Its kinematic characteristics can be related to the great-
scale fault zone of Zefyri-Agia Paraskevi with the addition of a horizontal component

movement.

Zefyri-Agia Paraskevi Fault Zone: |t is covered by post-alpine sediments and has a general
WNW-ESE direction. The differentiation of the lithological facies of the post-alpine sediments
and the impact on the hydrographical network revealed its existence. It seems that it is the
extension of the northern active margin of Thriassio basin. It is quite impressive that during
the Alkyonides earthquake (1981), the majority of the severe damage was observed along its
trace.

East Parnitha Fault Zone: It is delimiting the Parnitha relief from the Athens basin, with
direction NE-SW, considered as a marginal fault zone with a few planes spotted. The friction
lines have been preserved revealing the counterclockwise horizontal movement component.
It is correlated to the enormous talus cone of Thrakomakedones and sharp morphological
discontinuities.

East Poikilo Fault Zone: It runs along the eastern margin of the Poikilo Mountain with NE-
SW direction, separating the Ypopelagoniki alpine formations from the post-alpine sediments.
Fault planes with dipping 60-70° to SE can be found but with lack of friction lines.

West Poikilo Fault Zone: It is located between the Poikilo Mountain and an axis of hills of
Thriassio basin, with NE-SW direction. It could be the extension of the East Parnitha Fault
Zone. The morphological discontinuities along with the different elevation of the Neogene
deposits revealed its existence. Westernmost the east margin of Thriassio basin is located
(Drakatos et al., 2002; Papadopoulos et al., 2003; Pyrli, 2001), sub-parallel to its direction.
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Kifissos Fault Zone: As we have already mentioned this zone is totally covered by post-
alpine sediments, except for an area at Nea Filadelfia, where parts of fault planes have been
identified, adjoining the Athens Unit with Neogene sediments. Northernmost it is composed
of en echelon faults of NE-SW direction, with great dips to NW.

Ekali Fault Zone: Another covered fault zone, with S-N direction, dipping to west and
delineating the west margin of Penteli Mountain. Only parts of the fault planes can be found.

Afidnes Fault Zone: It is an E-W normal fault, which downthrows to the north and bounds
the Afidnes Quaternary basin. Some geomorphological characteristics indicate its recent
activity (Papanikolaou et al., 2008; Papanikolaou & Papanikolaou, 2007).

It seems that generally the active fault zones of Athens basin have a WNW-ESE direction,
revealing that the area is subject to a NE-SW tension. This can be related to the observation
of Papanikolaou & Lozios (1990) that the active E-W faults of East Korinthiakos are connected
to the active WNW-ESE and NW-SE fault zones of South Evoikos, through a transgressive zone

of altering the direction, which seems to be Athens basin.

2.3.5. Paleogeographic evolution

Regarding the geomorphology and paleogeographical evolution of Athens basin, many
researchers published their aspects about Athens basin during the last years (Gournellos &
Maroukian, 1990; Papanikolaou et al., 2004a; Pavlopoulos, 1992; Pavlopoulos et al., 2005).
The area of Piraeus and Faliro has been thoroughly investigated with the contribution of
borehole data or/and geophysical techniques (Apostolopoulos et al., 2014; Goiran et al., 2011;
Triantaphyllou et al., 2016; Vandarakis, 2013; Vandarakis et al., 2016), due to the rapid
alterations of the paleogeographical relief. There are implications by these authors that
Piraeus was an island 7-5 thousand years ago. Skylodimoy (2002) studied the geomorphology

of the SW coastal zone.

The short description that will be presented in the following sections is mainly based on
Papanikolaou et al. (2002) and Papanikolaou et al. (2004b).

Upper Miocene

The relief of that period (10-6 million years ago) at the interior of the basin was more
intense, with continuous alterations of mountain ranges and valleys. An axis of hills was
located at the center of the basin the residuals of which formed the hills of Tourkovounia,
Lycabettus and Filopappou. At the region, the masses corresponding to Aigaleo, Poikilo,
Parnitha, Penteli and Hymettus Mountains had started forming (Fig.2.26a).

The coastline was northernmost, close to Filopappou hill. This means that the areas of
Piraeus, Moschato, Glyfada and Nea Smyrni were covered by sea and marine sediments were
gathered. The area of Agios Dimitrios was probably a river debouchment, deposing marine-

terrestrial sediments.
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Northernmost, the two greater areas of Halandri, Vrilissia, Marousi, Pefki, Metamorfosi,
Ano Liosia, Acharnes, Thrakomakedones and Dafni, Haidari, Peristeri, Agioi Anargyroi,
Petroupoli, Kamatero were temporal lakes. Their extension was differentiating based on the
torrents supply.

Fault zones of NNE-SSW direction were upthrowing the masses of the region, especially the
west ones. The Zefyri-Agia Paraskevi fault zone seems that had a great role that period, by
upthrowing the northern part of the basin and blocking the water exit to the sea, contributing

to the lake formation.

Upper Pliocene

During this period (4-2 million years ago), the status is similar to the one of Upper Miocene.
The surrounding masses of the mountains exist, along with the hills at the interior of the basin
and the temporal lakes, but to smaller extent (Fig.2.26b). At the central area among
Petroupoli, Nikaia, Holargos and llioupoli the sedimentation has stopped.

The active fault zones of Upper Miocene had stopped upthrowing the mountains. Their

weathering procedures have started, creating small talus cones. The Zefyri-Agia Paraskevi

fault zone is still active.

a) Upper Miocene . b) Upper Pliocene

ey Present Older h Temporal S Scree & Active — — Inactive
lakes

g coastline coastline Talus cones Fault Zones Fault Zones

Figures 2.26: Paleogeographic representations of Athens basin (Papanikolaou et al., 2004a)
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Middle Pleistocene

The status of this period (800-500 thousands years ago) is quite similar to the present. The
relief of the interior basin was also smoother and neither the central block of hills existed nor
the periodical lakes, since the water flew to the sea, through the Kifissos River (Fig.2.26c). The
coastline was very close to the present one.

The surrounding mountains were still weathering leading to talus cones and scree creation,
with those of Thrakomakedones and Glyfada being quite large in extension. The tectonic

activity was mainly spotted at the western part of the basin.

Upper Pleistocene

During this period, the climate changed rapidly (glacial and interglacial periods), affecting
the Athens basin evolution through the sea level fluctuation. During the last glacial period, the
reduction of the sea level to -120m, led to land advance and the islands of Aegina and

Salamina were attached to the inland and the Athens basin (Mariolakos & Theocharis, 2001).

The relief of the hills and mountains was similar to the present and the Kifissos River was

flowing southernmost, in the new land of Saronikos Gulf.

Holocene

The form of Athens basin (Fig.2.26d) during the last 3-5 thousands years remain almost the
same, where the relief has been reduced a little. The smooth interior of the basin, covered by
Neogene and alluvium deposits, is interrupted by the remaining hills. The hydrographical

network is asymmetrical.

The tectonic activity has been restrained out of the basin, mainly at Parnitha Mountain and
Thriassio plane. The fault zones of Aigaleo and Poikilo Mountains along with the one of Kifissos

are still considered as important ones.

According to Goiran et al. (2011), during the period 8,700-7,500 years ago, the area of Faliro
was a swallow sea-lagoon, Piraeus was connected to the mainland by a narrow isthmus, and
there was a sandy beach ridge in the southern part of the lagoon (Fig. 2.27a). During the period
6,800-5,400 years ago, Piraeus was an island in the center of a shallow marine bay (Fig. 2.27b),
while during the period 4,800-3,500 years ago, a wide lagoon was created with beach barriers
separating it from the sea (Fig. 2.27c). The lagoon was filled with fluvial sediments and finally,
around 2,500 years ago, only a freshwater marsh was left at the north of Piraeus, connecting
it to the mainland (Fig. 2.27d). Moreover, the marshlands north of the beach ridges were filled

with coarse materials (Goiran et al., 2011)

53



6800-5400 cal yr B.P.

4800-3500 cal yr B.P. i 2450 cal yr B.P.

1] Core locations

km
(D Cantharus Harbor ® Great Walls (461-445 B.C) NG S e
@ Zea Harbor ® Phaleron Wail (461457 B.C) | Freshwater marsh
@ Mounychia Harbor O Piraeus Wals | Lagoonal ofigohaiine environment
@ Phaleron Harbor ® Halipedon
NORTH iy 77| Lageonal mesohaline environment

Figures 2.27: Paleogeographical evolution of Piraeus during Holocene by Goiran et al. (2011).

2.4. HYDROGEOLOGICAL CONDITIONS

The detailed mapping of the natural flow of the drainage network of Athens basin is quite
difficult due to the human interferences. Several parts of the drainage system have been both
covered and enclosed in artificially flow paths or redirected in order to build. Nevertheless,
Alexouli-Livaditi et al. (2007), Bathrellos et al. (2016) and Papanikolaou et al. (2002) describe
in detail the hydrographical network of Athens basin and its streams. Furthermore,
Koumantakis et al. (1997), created a database of all the registered hydro-boreholes located in
Athens basin (Fig. 2.28).

In Athens basin two main river systems can be identified, Kifissos and llissos, along with
three other minor ones (Fig. 2.28).

Kifissos River is classified based on Horton, as a 5™ class system, draining the 85% of the
basin and having a hydrological basin of almost 370km?. It has an axial flow of NNE-SSW
direction, with no tectonic influence and it has a dendritic shape. It flows meandric in the
Neogene deposits until 5 kilometers before the debouchment, where intense in-depth erosion
is dominating. It has a main branch, called Podoniftis, flowing from Penteli Mountain, with
direction to SSW and then WSW.
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Figure 2.28: The hydrographical network of the greater area of Athens basin, along with
hydro-boreholes (brown dots) by Koumantakis et al. (1997).

llissos River is classified based on Horton, as a 4™ class system, flowing among the Hymettus

Mountain, the Tourkovounia, Lycabettus and Acropolis hills, discharging to the area of Faliro,

creating extensive marsh deposit areas. It has an elongated dendritic shape and great

asymmetry, since the majority of its branches come from east (Hymettus Mountain).

55



Three more minor river systems discharge the SW area of Hymettus Mountain. The biggest
one is called Pikrodafni, flows from Kareas through the areas of llioupoli, Dafni, Nea Smyrni
and Kalamaki. It is a 4™ class system based on Horton, with elongated dendritic shape and
characteristics of asymmetry to west. All of these systems present great in-depth erosion.

Finally, many authors (Bathrellos et al., 2016; Dounas et al., 1976; Kounis, 1981; 1998;
Kounis & Kounis, 2010; Marinos et al., 2006; 2008; 2009; Stamatis et al., 1994) have discussed
several issues on hydrogeological conditions of the geological formations of Athens and their

transmissibility, especially for the formation of Athens Schists (SchA).

2 4 Kilometers
e —

Figure 2.29: Geotechnical map of Athens basin (Koukis & Sabatakakis, 1999).

1: Coarse-grained recent deposits, 2: Fine-grained recent deposits, 3: Loose coastal
deposits, 4: Scree, 5: Red loams & Conglomerates, 6: Marly formations, 7: Crest
limestones, 8: Schist-Sandstone-Marly series, 9: Athens Schist
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2.5. GEOTECHNICAL CHARACTERISTICS

Many authors (Antoniou, 2003; Antoniou et al., 2008; Koukis & Sabatakakis, 2000; Karfakis
& Loupasakis, 2006; Kynigalaki et al., 2010; Marinos et al., 2004; Papanikolaou et al., 2002;
Sabatakakis, 1991; Stamatis et al., 1994) studied the geotechnical characteristics of the Athens
basin. The characteristics of the formations and especially the density play significant role in

the gravity measurements response.

One the most complete researches for the geotechnical regime of Athens basin was
presented by Sabatakakis (1991), who constructed a detailed geotechnical map of Athens
basin, in scale 1:25.000 (Fig. 2.29), based on the uniformity in lithological character and
structural arrangement. There was also the criterion of the geological age, categorizing the
older formations based on their lithogenesis and the recent sediments based on the grain size.
Therefore, eleven geotechnical units came up. According to Sabatakakis (1991) these are: 1)
mixed recent deposits with domination of fine-grained materials, 2) mixed recent deposits
with domination of coarse-grained materials, 3) sand silts and soft clays, 4) scree, 5) loams
and conglomerates, 6) marly formations, 7) crest formations, 8) schist-sandstone-marls, 9)

Athens schists mélange, 10) limestones, 11) marbles and schists.

After a few years, Koukis & Sabatakakis (2000) enriched the data and published updated
geotechnical maps and data. Beyond that, Antoniou (2003) and Antoniou et al. (2008)
presented a GIS platform that manages the obtained geotechnical data of Athens.

2.6. SEISMICITY AND SEISMIC HAZARD

Although many earthquakes had occurred during the last 100 years in the greater area of
Athens basin, no severe one was reported. Because of that, the area was considered to be of
low seismicity (Ganas et al., 2000; Papadimitriou et al., 2002; Voulgaris et al., 2000). In fact,
based on Ambraseys (1996), only the nearby areas (50-100 km) were considered dangerous

for a disastrous event.

On 7t September 1999, a 5.9R (M) earthquake occurred about 20 kilometers from the
center of Athens city (Fig. 2.2), causing enormous damage to almost 42,847 buildings, 66.6%
of all buildings, with 28 of them collapsing (Pomonis, 2002). Furthermore, around 80,000
families became temporarily homeless, more than 2,000 injuries were recorded along with
143 dead people (Pomonis, 2002). A few papers regarding the seismic vulnerability
assessment were published (Bouckovalas & Kouretzis, 2001; Eleftheriadou et al., 2012;
Baltzopoulou et al., 2012; Pomonis, 2002), discussing in detail the economic consequences of
this earthquake. Beyond that, some authors (Deligiannakis et al., 2016; Farangitakis et al.,
2016) produced seismic hazard maps for Athens basin, mostly through the application of GIS

and taking into consideration several parameters.
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In spite of the moderate magnitude of 5.9R, the intensity reached the value of IX (Ganas et
al., 2000; Papadimitriou et al., 2000; 2002; Rondoyanni et al., 2000) and the peak ground
acceleration reached values of 0.3 and 0.5g (Ganas et al., 2000).

Due to the significance of this earthquake and its extensive damage, many authors studied
thoroughly all kind of seismic parameters and factors of the main event and the aftershock
sequence, with several techniques, producing several papers (Baumont et al., 2002; 2004;
Delibasis et al., 2000; Ganas et al., 2000; Louvari & Kyratzi, 2001; Papadimitriou et al., 2002;
Papadopoulos et al., 2000a; 2000b; Papanastassiou et al., 2000; Papazachos et al., 2001;
Rondoyanni et al., 2000; Sargeant et al., 2002; Stavrakakis et al., 2002; Tselentis & Zahradnik,
2000a; 2000b; Voulgaris et al., 2000; 2001).

The majority of the scientific publications indicate that the activated fault was normal, with
WNW-ESE direction (around 105°), 10-20 km long, dipping to SSW with 55-60° and with
counter-clockwise component. The focal depth solutions vary between 8 and 17 kilometers,
depending on the applied technique. Nevertheless, there was no surface trace of the fault
(Papadimitriou et al., 2000) based on field observations (Mariolakos et al., 2000), the absence
of shallow (<2km) aftershocks (Pyrli, 2001; Voulgaris et al., 2000) or based on Differential
Interferometry data (Foumelis, 2009; Kontoes et al., 2000; Parcharidis & Foumelis, 2005).

Beyond the seismic parameters, the identification of the fault zone and its characteristics,
the caused damage and its distribution was deeply investigated by many researchers
(Andrianakis et al., 1999; Lekkas, 2001; Rondoyanni et al., 2000; Tzitziras et al., 2000). The
largest intensity values are located at the western and northwestern areas of Athens basin
(Acharnes, Ano Liosia, Kifisia, Tatoi, Kamatero, llion, Peristeri and Aigaleo). The intensity
values range from VIl to IX based on the modified Mercalli-Sieberg scale, shaping isoseismal
contours that are elongated in a NE-SW direction (Fig. 2.30), similar to the Kifissos Fault zone,
which seems to have played an important role. Lekkas (2001) also presented an isoseismal

contour map, based on EMS-1998, with maximum intensity value of X (Fig. 2.31).

Additionally to the prementioned papers, many other were published regarding the site
characterization and the ground conditions (Assimaki 2004; Assimaki et al., 2005a; 2005b;
2005c; Bouckovalas et al., 2002; Bouckovalas & Kouretzis, 2001; Elenas; 2003; Hutchings et
al., 2007; loannidou et al., 2001; Marinos et al., 2001; Roumelioti et al., 2003a; 2003b; 2004).
The horizontal ground acceleration was determined reinforced by almost 40% in stiff soil,
compared to the alpine soft rock (Bouckovalas & Kouretzis, 2001). Bouckovalas et al. (2002)
estimated the maximum horizontal ground acceleration up to 0.49-0.57g for soil formations
and up to 0.35-0.42 for rock formations.

It is obvious (Figs. 2.30 & 2.31) that the most severe damage occurred on recent geological
formations, like alluvium deposits and loose scree or close to streams. Minor damage was
observed in areas covered by scree. Moreover, the damage is restricted to the western area

of the Kifissos Fault zone.
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Figure 2.30: Isoseismal contours by Tzitziras et al. (2000).
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Figure 2.31: Isoseismal contours by Lekkas (2001) based on EMS-1998
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3. GRAVITY METHOD THEORY

Gravity method is based on the fact that we have variations of the subsurface lithology.
This means that measuring their physical properties will result in corresponding variations. In
this case, the density of the formations influences their gravitational attraction. By
investigating the spatial relative differences in gravity acceleration, we gather information

about the lithological changes, both vertical and lateral.

3.1. PHYSICAL PRINCIPLES

The basic physical principles of gravity are the key of understanding the way that gravity

method works. Therefore, we will refer to some fundamental elements of gravity method.

3.1.a. Universal Law of Gravitation

The force of gravitation is expressed by Newton’s universal law. Consider two small masses
mjz and my, separated by a distance r. Newton’s law states that each of these masses attracts
the other by a specific force F, which is proportional to the product of the two masses and
inversely proportional to the square of the distance r, separating the centers of the two

masses:
mpm,

F=G—3

where G is the universal gravitational constant, which is equal to 6.672x10! N-m?/kg? (in

Sl units). The force F is attractive.

3.1.b. Acceleration of Gravity

In geophysical application of the gravity method, we are more concerned about the
accelerations than with forces. Newton’s second law of motion states that the change of
momentum of a small mass is proportional to the applied force F and it is expressed via the
equation:

F =ma
where a defines the acceleration given to the mass m.
By combining the previous two equations together, we get the gravitational acceleration a

of the mass m, due to the attraction of the mass mj, ending up with the equation:

where G is the universal gravitational constant and r the distance between the two small
masses. If mz is the mass of the Earth M, then a becomes the acceleration of gravity g. So,

given that R is the radius of the Earth, the equation will be:

M
9=Gﬁ
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The value of g at the Earth’s surface is about 980 cm/s? or 9.8 m/s? (in Sl units). The unit
cm/s?is called a Gal, in honor of Galileo, who measured first the acceleration of gravity at Pisa.
The changes on the acceleration of gravity due to the geological structures are quite small and
for their measurements milliGal (mGal) are used.

The common gravimeters used in geological-geophysical researches have a sensitivity of
about 0.01 mGal (103 Gal). Modern gravimeters or micro-gravimeters can measure with

accuracy up to 5 uGal (10 Gal).

3.1.c. Gravitational Potential

3.1.c.1. General

Gravitational fields are considered conservative. This means that moving a mass in that
kind of field from point A to B, is independent of the path and depends only on the start and
end points. In the case that the mass after a certain path returns to its starting point, the
consumed energy is considered zero. In other words, the sum of kinetic (motion) and potential
(position) energy is constant in a closed system.

The gravitational potential, U, is the potential energy of the unit mass in such a gravitational
field. The force that gives rise to such conservative fields can be derived from a scalar potential
function, known as Newtonian potential or three-dimensional potential. So, the acceleration

is a three-dimensional vector. That in Cartesian coordinates (x, y, z) is expressed through the

gradient as:
F(x,y,z)
VU(x,y,z) = ————=—g (x,y,2)
m;
In spherical coordinates, the previous equations take the form:
F(r,0,9)
VU(r,0,¢) = =4 (r,60,0)

2

Or alternatively, we can use the equation:

r T
VU(r,0,p) = j (VU)dr = —f gdr

that states the work done a mass from very long distance/infinity to a specific point at a

distance r away from the mass that produces the gravitational field.

The gravitational attraction of a mass body comes from the combination of countless
individual discrete particles. In order to calculate the gravitational acceleration of that object
at a certain point, we have to use a vector sum of the accelerations of all the individual
particles, where each one has a different direction. Assuming m to be the mass of the particle

at a distance r, the following equation is used:

m, ms
— —G——

my
g__Grz_Gr r2
7 2 3

The expression for the calculation of the gravitational potential, U, is given by:
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m, ms

my
U=-G—-G——-G——

L&Y r 3

Therefore, the mass is represented as a continuous mass distribution and not as individual
discrete elements. Nevertheless, we can divide it into smaller discrete elements and given that
the density is known, the element’s mass can be calculated along with its contribution to the
potential. For a certain body point having coordinates (x, y, z), we assume a density p (x, y, z)

and a distance r (x, y, z), in order to calculate the gravitational potential of the body by the

f f f; EX };}" 2 dxdydz

xXyz

equation:

The values outside a sphere, at a distance r from its center, can be considered the same as

its entire mass, M, concentrated at its center:

M
U=-G—
r
M
g=-63

3.1.c.2. Derivatives

Sometimes in gravity processing the derivatives of the potential are applied, by
differentiating the potential, in order to isolate anomalies. Derivatives magnify the near-
surface elements by increasing the power of the linear dimension in the denominator. This is
because gravity effect varies inversely to the distance in square. Practically, the gravimeters

measure the vertical gravity.

The first derivative of g is given by the equation:

ag/az:_azU/az: =—Gp fﬂ <———>dxdydz

xyz

The second derivative of g is given by the equation:

02 3
g/aZZ = ~0 U/aZS = _UZZZ = SGp fff <___> dxdydz

xXyz
We can also take the derivatives along the x and y axes, producing the horizontal gradient
of gravity, usually determined from gravity profiles or maps, as the rate of change of g, with

horizontal displacement. Regarding for example the x-axis, we take:

ag/ax = —3Gp fff dxdydz

xyz
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Figure 3.1: Each particle of a small body is Figure 3.2: Equipotential surfaces (above for a
gravitational attracted to different directions spherical mass) (Lowrie, 2007).

(Lowrie, 2007).

3.1.c.3. Equipotential Surface

Given a small mass with spherical shape, the gravitational potential varies only with the
distance r from its center and nothing else. Consequently, at a certain distance r, the potential
will be Uj, at distance r; will be U, etc. Therefore, at this distance there will be surface, called
equipotential surface since it is characterized by the constant potential. The total of
equipotential surfaces practically form a set of concentric spheres, with the one for distance
r=0, corresponding to the outer surface of the spherical mass. Since we are dealing with
equipotential surfaces, by moving from one point to another on such a surface, produces no
change in the potential or no work done. If no work is done, then the force and acceleration
of the gravitational field must be perpendicular to the equipotential surface, in vertical

direction.

3.1.d. Earth’s Gravity Field

3.1.d.1. Figure of the Earth

Nowadays, it is known that the real shape of the Earth is not a perfect sphere, since its true
surface is uneven and irregular. Therefore, the gravitational attraction of the Earth is not
constant, over its surface. The figure of the Earth is shaped by the equipotential surface of
gravity that coincides with the mean sea level. So, the real shape of the Earth is a spheroid or

oblate ellipsoid, since it flattens at the poles and bulges at the equator. In 1980, the
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International Association of Geodesy, adopted the Geodetic Reference System (GRS80), based
on the most detailed data of that time. The equatorial radius is Re=6,378.16 kilometers and
the polar one is Ry,=6,356.755 kilometers, providing a resulting polar flattening factor equal to
1/298.25. Because of that, larger gravitational attraction is observed at the poles. More
specifically, the gravity is 5.3 Gal larger, almost 0.5% of the average value of g, equal to 980
Gal.

Because of the flattening of the Earth, the distribution of its mass is not simply dependent
on radius. The flattening of the polar is the deforming cause of the centrifugal acceleration,
which is maximum at equator and minimum at polar.

The Earth is rotating around its axis, producing a centrifugal force at the points of its
surface. The potential of gravity of Earth or geopotential is practically the sum of the

gravitational and centrifugal potentials.

R-c=142km sphere

ellipsoid

Figure 3.3: Earth’s real shape, compared to a sphere (Lowrie, 2007).

3.1.d.2. Reference Spheroid and Normal Gravity

The reference ellipsoid is an oblate ellipsoid that approximates the mean sea level surface
(geoid), while the land above it has been removed. The International Reference Ellipsoid has

been adopted as the standardized reference figure of the Earth.

The theoretical value of gravity on this rotating ellipsoid called Earth can be computed by
differentiating the gravity potential. Standard formulas have been developed and recognized
by unions of geodesists, even since 1930, relating the theoretical (normal) gravity g to the
latitude ¢ of a gravity station, giving the theoretical gravity over the reference ellipsoid. They
allow calculation of normal gravity at any latitude with an accuracy of 0.1 mGal. The normal
gravity formula is important, because it provides the theoretical variation of normal gravity
(gn) with latitude on the surface of the reference ellipsoid. The most recent formula,
established in 1984, based on the World Geodetic System (WGS84) is the following:
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_ 97803267714 LT 0:00193185138639sin%0
I (1 — 0.00669437999013sin26)05

where @ is the geodetic latitude.

3.1.d.3. The Geoid

The International Reference Ellipsoid is approximate to the equipotential surface of gravity,
but practically is only a mathematical approach. The physical equipotential surface of gravity
is known as geoid and it reflects the true distribution of the underlying mass. It is the
equipotential surface of the actual gravitational field.

The geoid and the ellipsoid would be identical if the Earth was filled with rocks up to the
sea level, in order to have the same density. But in the reality, we have continents and
seawater. The differences with the ellipsoid are small, usually 50-100 meters, with some

exceptions.

( a) hill

ellipsoid

local

(b) gravity

plumb

-line
mass
excess
Figure 3.4: (a) Difference between geoid and Figure 3.5 : Geoid
ellipsoid and (b) A mass below ellipsoid elevates (http://deepearthscience.blogspot.gr)

the geoid above it (N is a geoid undulation)
(Lowrie, 2007).

The simplified figure of the Earth practically allows only the variation in depth and not
lateral. Therefore, over the continents, the geoid is affected by the rock mass above the sea
level, appearing with an upward attraction. On the contrary, above seawater (oceans) we
observe a downward attraction due to the low density of the water (Fig. 3.4). These local
displacements of the geoid, above or below the ellipsoid, are called geoid undulations
(Fig.3.4). Due to the uneven topography and the heterogeneous mass distribution of the

Earth, the geoid is a bumpy equipotential surface (Fig.3.5).
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Topography

H = h - N
Orthometric Ellipsoidal Height Geoid
Height from GPS Height

Figure 3.6: The orthometric height, H, measured from the geoid, the ellipsoidal, h, from
the ellipsoid and N is the geoid height.

GPS measurements usually provide the ellipsoidal height, h, above reference ellipsoid
(Fig.3.6). However, the orthometric height, H, above the mean sea level or in other words the
geoid (Fig.3.6), is the one used in gravity investigation. Taking into consideration that geoid
models evolve continuously, we will take different orthometric height if we change the geoid
model used. Orthometric height may be common in gravity investigation, but the height above
the ellipsoid, h, is used for the latitude and free-air corrections. To convert the ellipsoidal

height, h, to an orthometric one, H, the height N of the geoid is required (Fig.3.6).

Figure 3.7: The EGMO08
(http://earth-info.nga.mil/GandG/wgs84/gravitymod/egm2008/egm08_wgs84.html)
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The current domain Earth’s Gravity Model is EGMO08 and the previous one, was the EGM96.
The EGMO08 is provided as a grid of free-air gravity or a set of harmonic coefficients. The long-

wavelength part contains GRACE satellite data up to order n=150, equal to A=270 km.

3.1.e. Gravity Units

The SI units of g (vertical acceleration due to gravity) is m/s?, but traditionally the
geophysicists use the unit 1 cm/s?>=1 Gal (named after Galileo). For the gravity exploration
surveys and contouring the most practical unit is mGal = 103Gal = 10> m/s? which is more
often used for micro-gravity surveys the uGal=10"° Gal. Moreover, the ‘gravity unit’ has been

used in the past, where 1 g.u. = 0.1mGal = 10® m/s2.

Modern gravity meters can obtain up to 1 pGal (10° Gal) reading accuracy. The usual
accuracy desired in common land field measurements is of 0.01 mGal while in marine
measurements increases up to 1 mGal. In oil and gas exploration, accuracy of less than 0.2
mGal is important for the investigation of the local anomalies, while in basins the sediments

can produce variations of a few hundreds mGal.

3.2. GRAVITY MEASUREMENTS

Gravity exploration began during the first period of the twentieth century, while the first
oil-gas discovery was based on a successful torsion-balance research, in coastal Texas (LaFehr,
1980).

The main contribution of gravity in geology is to locate and adumbrate source anomalies
that can be related to geological formations of interest. Gravity measurements are used at a

wide range of scales and for several purposes.

On a global scale, gravity measurements contribute to the investigation of the details of
the gravity field. On exploration scale, gravity method is applied to oil, gas and mineral
explorations. Salt domes can be identified, leading to hydrocarbon geological traps. Also,
regional gravity networks adumbrate the large-scale geometry of the tectonic plates. Of
course, gravity measurements have contributed a lot in the adumbration of geometry of
basins all over the world. Beyond that, we can find shallow applications of gravity, such as in

archaeology, detection of sub-surface cavities, investigation of weapons.

Data collection instruments and methods have been evolved all the time. Each type of
instruments has its own characteristics and capabilities. Land surveys evolve in accuracy and
airborne or satellite data contribute to regional investigation. Depending on the target, each

time the appropriate instrument and type of survey should be chosen.

3.2.a. Gravity meters

Gravity meters are separated in two categories, the absolute and the relative ones. An

absolute instrument measures the local value of gravity at every gravity station. They can
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measure from zero to the total terrestrial gravity g. They are more expensive, much bigger
and time-consuming for a precise measurement.

A relative instrument measures the difference in gravity between gravity stations and
usually is tied up to a base where the absolute value of gravity is known. These kinds of
instruments are usually required for exploration purposes, since they are considered more

accurate and easy to operate.

3.2.a.1. Absolute Measurements

An absolute gravity meter practically determines the gravitational acceleration based on
measurements of displacement or time. The classical method of absolute measuring is with a
pendulum, based on the measurement of the period of a freely swinging pendulum. The
compound pendulum, described by Henry Kater in 1818 is the most popular and precise
absolute instrument. The accuracy of the pendulum measurements depend on precise
measurement of the pendulum’s dimensions and dynamic interaction with its support. To
obtain a sensitivity of about 1 mGal, it is required to determine the period with an accuracy of

about 0.5 us, which nowadays is quite easy by using a precise atomic clock.

Figure 3.8: The modern FG5-X Absolute Gravimeter, by Micro-g LaCoste

During 1906, at Potsdam, Germany, a package of precise measurements of the acceleration
were carried out, resulting in a value of 981274 + 3 mGal that has been adopted as the
international standard for measurements all over the world. The Potsdam’s standard base was
then tied up to many national networks, with local bases founded at airports. Therefore, the
network of absolute gravity bases evolved worldwide. In 1971, a new standard for the
international gravity measurements was adopted, known as the 1971 International Gravity
Standardization Net (IGSN71 by Morelli et al., 1974). There was a difference of almost 15 mGal
between the IGSN71 and the Potsdam standard. For that reason, combining old and recent

data sets, require caution.
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3.2.a.2. Relative Measurements

The most common gravity measurements are carried out by relative gravimeters, which
are more precise and easy to handle. The basic aspect is that each new gravity measurement
is compared with a standard base value.

i. Pendulums

Pendulums were used during the 18" and 19t century in the first researches for declaring
the dependency of gravity by the position. Their accuracy is limited to almost 0.25 mGal.

For a pendulum of given length L that freely swing with a period T, only the measurement
of the length and time is required for the determination of gravity g. a point mass is suspended
by the string.

ii. Torsion Balance

Two equal masses m are separated horizontally and vertically by rigid bars, supported by a
torsion fiber with an attached mirror, measuring the rotation due to the deflection of a light
beam. The deflection of the torsion balance beam comes from the vertical and horizontal
changes of the gravity field. Practically they are gravity gradiometer meters used a lot in oil
exploration even since 1918. They are more sensitive to near-sensor changes of mass, having

an advantage in sensitivity of the topography effects.

iii. Spring Gravimeters

Spring gravimeters measure the change in the equilibrium position of a certain mass as a
result of gravity change between gravity stations. The first spring gravity meters were based
on the application of Hooke’s law and they were known as ‘stable type. They were extremely

sensitive to external effects, such as pressure and temperature.

The displacement of the mass is proportional to the change of gravity. Therefore, the small
mass m suspended from a spring of length /o causes it to stretch to a new length /. The length
change of the spring is proportional to the restoring force of the spring and for that, the value
of gravity g is, when k is the elastic constant of the spring:

F=mg=-k(l—1))

As we mentioned already, the gravimeter has to be calibrated in a known location. If it
measures at another location, the spring’s extension will logically change and by that, the
gravity change can be computed.

The stable type gravimeters were replaced by the unstable or astatized types, at which an
additional force acts in the same direction of gravity, opposing the restoring force of the
spring. That is called a state of unstable equilibrium, which provides them with greater

sensitivity.
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Characteristic examples of unstable gravity meters are those with zero-length spring (Fig.
3.9), such as those that were first launched by LaCoste & Romberg. They are considered as the
most classic and popular relative instruments, with accuracy up to 20 pGal. These gravity
meters have a helical type spring, with such a small length that could be considered as zero.
This kind of springs stretches against its restoring force with a gravity increase and the
extension increases due to the built-in pre-tension. Other popular zero-length spring
gravimeters are the Worden and the Scintrex (Fig. 3.10).

How does an unstable gravimeter work (Fig. 3.9)? A mass m is supported by a horizontal
rod with an attached mirror. The rod’s position can be observed by a light-beam reflected in
a microscope. When the gravity changes, the zero-length spring changes length and the rod
also moves, which is reflected in the microscope. An adjusting screw on the top of the meter
changes the position of the upper attachment of the spring, altering its tension and restoring
the rod to the horizontal position. This screw is calibrated in units of gravity change, such as
mGal. These gravimeters can reach a sensitivity of about 0.01 mGal in a few minutes. In most
modern instruments, the mechanism described above, is enclosed in an isolated box with
standard temperature. Moreover, electronic data acquisition has been introduced, with digital

signal enhancement along with embedded GPS for location and timing.
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iii. Vibrating-string Gravimeters

An elastic string suspends vertically with a mass at the end of it and vibrates with frequency
proportional to the square root of the local gravity field. Vibrating-string gravimeters are
smaller but with large dynamic range. Considering that they are less sensitive to platform

movements, they are mostly used in marine measurements.

iv. Superconducting Gravimeters

Superconducting gravimeters are stationery instruments, not portable for field
measurements, but with very high precision. They are usually used to record very small
temporal gravity variation, such as the ones caused by the earth tides. A magnetic field is
produced by an electric current in a helium ring. A conducting sphere is suspended in that

field. Any small variations of gravity will cause a change of position in the equilibrium.

3.2.b. Types of Gravity Field Surveys

Since almost 1930, due to the development of the new gravimeters types, such as the
torsion balance and spring gravimeters, the data collection became easier and more accurate.
Nowadays this revolution leaded to instrument configurations not only for the common land
gravity measurements but also for marine, airborne or even satellite ones. For almost each
type of exploration survey, there is a solution, an appropriate gravimeter and some standard

procedures that need to be followed.

3.2.b.1. Land Surveys

Since almost 1930, when gravimeter evolved, more than 10 million stations have been
acquired worldwide (Nabighian et al., 2005). Regarding the land surveys, even impervious
places have been investigated, with gravity measurements in jungles and marshes, on glaciers
and on extremely rugged topography.

Depending on the purpose of the gravity survey and the expected depth and size of the
target, the appropriate station spacing will be defined. For land surveys, it varies from 20 km
to 5 meters or even to less than 1 meter (for micro-gravity). For oil exploration, one station
per 2-4 km? is satisfactory, due to the larger geological structures. In mineral exploration, the
station spacing could be 15-50 meters. In microgravity surveys such as searching for cavities

or for archaeological purposes, the spacing will be close to 1 meter.

The required accuracy of the gravity measurements can be achieved if we obtain a precision

of 5-10 cm in elevation determination and 30 m in latitude determination.

Borehole gravity measurements, requires the instrument to be measured along a borehole.

It contributes to the determination of the subsurface formations density.

3.2.b.2. Marine Surveys

The first oceanographic researching gravity measurements were carried out since the

1950s. The earlier LaCoste & Romberg gravity meters swung freely in gimbals, but as the
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instruments were mounted on a stabilized platform, unwanted motion effects were produced.

There are two ways for marine gravity measurements.

The first method, known as static, a gravimeter is lowered to the seabed, usually to depths
up to 200 m. It is preferred for inland waters and coastal areas. The instrument is enclosed in
a pressure-housing box and supported on a squat tripod with disk feet and the whole system
weighs up to 300 kg. The meter is automatically leveled, readings are taken remotely and the
connection to the ship is obtained through a cable. The meter must be raised up to the surface

in order to move to the next station.

A second method is the dynamic one, with gravity meters on shipboard, mounted on an
elaborate gyro-stabilized platform. Due to the velocity that might have an instrument, the
centrifugal force acting on it is different. Therefore, a correction for the velocity must be
applied, called E6tvés correction. Wave motion causes vertical accelerations that are less than
10.000 mGal in good weather conditions. Since their periods are shorter than 60 s, this poses

a substantial filter design problem for that kind of systems.

Figure 3.11: The MGS-6 Gravity Meter on Figure 3.12: The AIRGrav gravimeter with
gyro stabilized platform several gyroscopes to keep stable

3.2.b.3. Airborne Surveys

Airborne gravity measurements include the major difficulty originating from the large and
rapid changes in observed gravity due to the aircraft altitude, its acceleration and roll. Even
thought it was considered impossible to collect good quality airborne data, DGPS systems

overcome any difficulties in measuring motional effects (acceleration). There is also a gyro-
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stabilized platform holding stable the meter. Nowadays airborne gravity gradient surveys,
manage to measure the gradient of the Earth’s gravitational field, which is independent of the

aircraft’s acceleration.

3.2.b.4. Satellite Gravity

A new type of gravity measurements introduced in 1978 with Seasat mission. Satellite radar
altimetry began its great contribution, by mapping the global marine geoid, its first vertical
derivative and the marine free-air gravity field. The altimeter was designed to measure sea-
surface topography in order to collect information for the relief caused by water
displacement, like large-scale ocean currents.

The most recent dynamic satellite missions are the GRACE and GOCE, help define with
accuracy the long wavelength part of the global model. They measure the gravity field at the
satellite height using ranging and gradiometer systems.

The mean sea surface is practically the geoid, an equipotential surface of the Earth’s gravity
field. The gravity response is the first vertical derivative of the equipotential surface. The
marine gravity field can be computed by the sea-surface topography (Sandwell & Smith, 1997).
Therefore, the difference between the geoid and the mean sea surface has to be corrected.

Since the first satellite mission, enormous amounts of data have been gathered. Despite

the relatively long-wavelength resolution, they are considered invaluable.

3.2.b.5. Gravity Gradiometry

Conventional gravity meters measure a single (vertical) component of the gravity field
vector. Gravity gradiometers measure the gravity gradient, or in other words, how the
gravitational acceleration changes over distance in both horizontal and vertical directions.
Full-tensor gradiometers measure changes in the z-, y- and z- directions for all three

components of the gravity field gx, gy and g..

A simple way of measuring the vertical gradient is by using specially designed tripods that
lead to acquisition of gravity measurements with constant height difference. The first gravity
gradiometer was the torsion balance, made in 1886, by Baron von E6tvos. Two weights were
suspended from a torsion fiber at unequal heights, on which different forces were applied due
to their spatial differences. Modern gravity gradiometers, known as full-tensor, have been
recently developed. Some of them consist of 12 accelerometers, with three spinning disks,
measuring the Earth’s gravity differences. The development of gravity gradiometers
contributed a lot to the systems based on moving platforms, like airborne or marine

operations, where advanced corrections are required due to the movement and acceleration.

Horizontal gradients are measured in Edtvds units, where 1 Edtvés (E) = 10°s2. This is
practically the 1/10%" of a microGal/m or better the 1/10™ of an mGal/km. Geological sources
range at +/- 200 E (Fairhead, 2015).
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3.2.c. Standard Field Operations

Like all field surveys, in gravity ones general guidelines have to be applied. These include
safe working conditions and acquiring appropriate permissions to survey on special occasions
(security concerned areas, public areas etc.). Moreover, standard operating procedures

should be developed (ASTM, 1999) for precise measurements.

Obviously, planning a priori each day stations is more than desirable and helpful.
Furthermore, the appropriate survey documentations are very important, including
information about members of the crew, station’s details (code, roads, description etc.),
reading time, instrument height, affecting factors (vibrations, traffic etc.), weather conditions,

local terrain corrections.

The station spacing and the number of desired stations of each campaign is determined by
the investigated subsurface target (size and depth). An ‘empirical’ rule says that the station
spacing should not be more than half the expected target burial depths (LaFehr & Nabighian,
2012; Long & Kaufmann, 2013). Stations might be planned on either profiles or grid,
depending on the target.

Starting a new survey, permanent base stations have to be established carefully. This can
be accomplished by tying up the new base to the national base-station network with known
absolute values and ideally to the IGSN71 (Morelli, 1974). Thorough description of the bases
is also required. Every new gravity station is acquired in loops, starting and ending with a base
measurement. Each loop should not exceed a period of 3 hours, for precise drift correction of

the measurements.

Relatively to the reading procedure, great care should be given. The gravity stations should
be located on stable ground, away from signal noise and traffic. Great care must be given on
the correct levelling of the instrument. Slow and stable handling of the instrument is
necessary. At every station, a couple of readings are required to ensure the repeatability and
quality measurement. The micrometric screw must be turned always in the same direction
during the measurement. Additionally, a percent of 5% repeat gravity stations is preferred.

The coordinates of each gravity stations (x, y and elevation) should be determined with
high precision (5-10 cm). Modern Differential GPS systems permit an accuracy of centimeter
in height, which gives an accuracy of about 3 uGal in Free-air correction or 2 puGal in Free-air
plus Bouguer correction (Jacoby & Smilde, 2009). For latitude correction, a 10 m point
uncertainty, imports a <10uGal uncertainty (Jacoby & Smilde, 2009).

If we keep up to the pre-mentioned survey standards, we can achieve resolutions between
1 and 20 pGal for land measurements (LaFehr & Nabighian, 2012).
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3.3. STANDARD DATA REDUCTION

Lateral variations in the density of rocks cause variation in the gravity field measured. The
aim of gravity surveys is to investigate that kind of variations and discover the nature of them

and the anomalies related to them.

This cannot be accomplished directly by the gravity field measurements, since they are
affected by unwanted effects, like topography, location, the tides, the instrument drift, and
the so-called Bouguer slab, which have to be removed. Earth tides can produce variations of
up to 0.3 mGal in a day while barometric pressure only 0.003 mGal per day (Jacoby & Smilde,
20009).

The observed gravity at a given location is practically the sum of several components. Some
of them are considered as time-variant, some as time-invariant and some as permanent.

Based on these the observed gravity can be formulated as followed:

Gobs = 9n t Gn T Gtm T g
where,

®  (gobs is the observed gravity.

e g, is the normal gravity, calculated by the normalized Earth’s ellipsoid (latitude
correction).

e g is the gravity change due to the point elevation h above the reference surface
(free-air correction).

® gunisthe gravity effect due to the topographic mass, located between the reference
surface and the actual physical surface of the Earth. It depends on the elevation and
density distribution (includes the Bouguer and terrain corrections).

e gg is the gravity variation due to interior deviations of the Earth’s subsurface
geology. It is usually the target of the gravity research. Based on that, in order to
determine the geologic anomaly, the equation will be:

9g = Yobs — 9In — YIn — Itm

Gravity data reduction is a process that begins from the field measurement at a specific
gravity station processes and removes all the unwanted effects ending up with a gravity
anomaly value. The basic procedure remains almost the same for the last 75 years. Gravity
corrections are being applied to theoretical (normal) gravity value calculated on the reference
ellipsoid in order to bring the theoretical value up to the elevation of the measurement, before
it is subtracted from the measure value as was put forth by Nabighian et a/. (2005). In this way,
the gravity anomaly value is defined at the location of measurement rather than on the

ellipsoid or geoid.

In order to proceed to the standard reduction procedure, specific data is required for each

gravity station, such as the measuring time and date, the drift rate, the meter constant, the
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station latitude and elevation and an absolute value at the established base station of the

survey.

3.3.a. Tidal Correction

Gravimeters are sensitive enough to record the changes in gravity due to the movement of
the Sun and Moon, producing the tide and depended on latitude and time. This means that
during one day’s field measurements the gravimeter is influenced by the tidal attraction,
produced by the Earth tides. The tidal gravity variations originate not only directly from the
attraction of the Moon and Sun but also from the elastic deformation of the ground surface
and loading the ocean tides. The lunar effects are twice the solar ones.
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Figure 3.13: Tidal Correction diagram

Fortunately, their effect can be precisely computed for any location and time. The only
requirement is the reading time again. The range of the tidal effect could range up to 0.3 mGal
for a six hours period, but in general, they are less intense. They removal can be obtained

through the same process followed for the drift correction, described in the previous

paragraph.

3.3.b. Drift Correction

Repeating reading of a gravimeter during a day, even at the same location will give different
values, since the response of the internal spring alters with time. This phenomenon is called
“instrument drift” and it is partly due to thermally induced changes affecting the elastic
properties of the spring. Although they are minimized by enclosing the spring mechanism in a
shielded environment with stable temperature, the changes occur. Modern gravimeters have
very little drift, while on the other side the older gravimeters improve with age and their drift

lowers after some years of operation.
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The drift correction can be obtained by reoccupying the established gravity bases during
the day survey. This means that the field measurements should be acquired in loops, with a
base reading at the start and the end. The reoccupying period should not exceed the 3-4 hours.
Of course, the shorter the reoccupying time at the base, the more precise correction will be
calculated, a drift curve will be produced and based on that, all the gravity stations of the day
will be corrected. The only essential information for the production of the drift curve is the
recording of the precise measuring time and the instrument reading at the gravity stations
and the base. The drift correction should be applied after the tidal reduction.

In order to avoid erratic changes in the drift curve of the gravimeter, the handling and
transportation of the instrument has to be smooth, precautious and stable. The spring must

be always clamped during any movement or transportation.
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Figure 3.14: Drift Correction diagram

3.3.c. Latitude Correction

The Earth’s rotation and the equatorial bulge lead to increase of the gravity with latitude.
Centrifugal acceleration is maximum at the equator. As we have already mentioned in §3.1.d.2
normal gravity (calculated on the reference ellipsoid) increases from equator to pole. The
latitude correction deducts the normal gravity field from the observed value in order to
eliminate the gradient effect that would be caused.

For local surveys, often a constant latitudinal or horizontal gradient is assumed. Therefore,
the latitude correction (Ag.) in these cases is calculated by the following equation, where ¢ is
the station latitude:

Ag; = 0.812sin2¢ mGal/km

An accuracy of 0.01 mGal for the latitude correction can be achieved providing that the

gravity station location is determined with precision of about 10 meters or less. Nowadays this

can be easily determined with the contribution of the Differential GPS systems.
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3.3.d. Free-Air Correction

Gravity decreases proportionally to the inverse square of distance from the Earth’s center.
Because of that, it is essential to correct for changes in elevation between stations to reduce
the field reading to a datum surface (Fig. 3.15c). Notice that the free-air correction ignores the
material existing between the station and the datum surface. The following equation
calculates the free-air correction from each gravity stations, based on its elevation h:

AGgpac = 0.3086 mGal/m

The free-air correction is added (positive) to the observed gravity when the gravity station
is above the datum surface (sea level) and deducted when it is below it. Free-air correction
can be quite large. For an accuracy of 0.01 mGal in calculation, the elevation must be

determined with an accuracy of 3 cm.
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It is important to clarify that by applying the free-air correction, we do not reduce the data
to a datum, where we would have measured there. Practically, we calculate the decrease of
the observed value produced by the fact that gravity station is located farther from the Earth’s

center.

3.3.e. Bouguer Correction

The Bouguer correction removes the attraction of the rock layer whose thickness is the
elevation difference between the measurement location and the reference surface (Fig.
3.15b). This is modelled as a uniform (constant density) horizontal slab with large extent.
Bouguer Correction is calculated through the equation:

Agg = 2nGph = 0.04192 - p mGal/m = 0.112mGal/m

where p is the slab density, in gr/cm3, h the station elevation and G the gravitational

constant. If we consider an average value of rocks equal to 2.67 gr/cm? and embedded it the

equation we will end up to the last part of the equation above.

The Bouguer correction has to be subtracted from the observed value when the station is
above the datum and added when it is below. The main effect of the Bouguer correction is to
remove large gravity differences between neighboring stations at different elevations.

When only a flat plate is taken into account for the mass, the anomaly is called Simple
Bouguer Anomaly. If we have topographic deviations, these are removed through a
topographic correction. Therefore, when both the flat plate effect and the topographic effect
of mountains and valleys are removed, the result is the Complete Bouguer Anomaly. So, the
Simple Bouguer Anomaly (SBA) is defined as:

SBA=go— gn+ 49, +4gra — Ags

where, g, the observed gravity, g» the normal gravity, Ag; the latitude correction, Agea the
Free-air Correction and Ags the Bouguer Correction. In this case, we apply also, the Terrain
Correction (Agr) described in the next paragraph and we will take the Complete Bouguer
Anomaly (CBA):

CBA=9,—gnt+A49,+A4gra — A9 + 497

3.3.f. Terrain Correction

Topographic variations also affect the gravity measurements. Hills above the gravity station
produce an upward pull on the measurement that is not included in the calculated Bouguer
correction (Fig. 3.15a). The component of the hill attraction is upwards in vertical direction,
decreasing the value of the gravity at the measurement station. When there is a valley, the
lack of mass compensates the lack of attraction, which was assumed during the Bouguer
correction. This means that the valley not only does not produce a downward attraction but
also reduces the observed attraction. For these reasons, the terrain correction is always

positive.
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The classic method of calculating terrain corrections requires detailed topographic data.
The procedure is to divide the area into compartments and calculate the average elevation of
each one, compared to the one of the gravity station. Hammer (1939) introduced the Hammer
chart zone, where the area is separated by concentric circles (the center is the station) and
radial lines in sectors (Fig. 3.16). Specific radial distances and number of equal sectors have

been established (Table 3.1). The outer radius extends to 21 kilometers from the station.

The calculation in the older times was accomplished with the contribution of transparent
sheets, estimated from the mean elevation of the contours within it. The procedure was time
consuming and tedious, but nowadays the terrain corrections are calculated automatically
through specialized software. They separate the area in prisms, based on the general idea of
the Hammer charts and they use Digital Elevation Model (DEM). In cases with rough terrain
near the gravity stations, additional field topographic information may be imported to the
program manually. In mountainous areas, the correction value can be more than 50 mGal,

while in areas with alteration in elevation of +200 meters the correction values are close to 2

mGal.
Zone | Inner Outer | Sectors
radius | Radius
(m) (m)
A 0.0 2.0 1
B 2.0 16.6 4
C 16.6 53.6 6
D 53.3 170.1 6
FAG) H I ] E 170.1 390.1 8
F 390.1 849.9 8
G 849.9 1530 12
H 1530 2615 12
| 2615 4469 12
J 4469 6653 16
K 6653 9903 16
Figure 3.16: Hammer zones chart (Hammer, 1939). Table 3.1: Radius distances of first

Hammer chart zones

3.3.g. Isostatic Correction

On global scale, the Bouguer anomalies have an inverse correlation with the station
elevation. In mountainous areas, they are generally negative, while in oceans positive. These
variations originate from the Earth’s density variations, indicating denser material beneath
the ocean areas and less dense in mountainous continents. This implies that higher

topography entails thicker crust and deeper Moho.
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Isostasy is the tendency of vertical mass balance with the topography in the upper few
hundred kilometers of the Earth. The effect is important mostly in large-scale surveys or

globally, like the ones considering the depth of Moho.

Isostatic corrections have been proposed through the contribution of simplified isostatic
models, like those of Airy and Pratt (Fig. 3.17). Airy claimed that mountains have roots and

Pratt that crustal density varies horizontally.
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Figure 3.17: Pratt and Airy Isostasy models. (Lillie, 1999)

3.3.h. Additional Corrections

In some cases of gravity surveys with advanced characteristics, additional corrections may

be needed, depending on the occasion.

3.3.h.1. E6tvds Correction

In all kinds of gravity measurements acquired on moving vehicles or platforms, like ships
and airplanes, the motion of the instrument modifies the effect of the Earth’s rotation, which
is already treated as if the gravity meter was at rest. This phenomenon is called E6tvos effect.

The E6tvos effect is given from the following equation:

E = 2Vwcospsina

where V is the vehicle velocity, a is its direction with respect to the North, w is the Earth’s
rotation and ¢ is the latitude. The actual centrifugal acceleration, V2/R, acting on the gravity
meter has to be added to this. It isindependent of direction but nearly constant in each survey.

The value of EGtvos correction can be quite large, ranging for a ship, from almost 5 mGal

to even more than 75 mGal, depending on the velocity and latitude of the survey.
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3.3.h.2. Bullard B Correction

The Bullard B reduction corrects the fact that the simple Bouguer plate contains material
mass laterally beyond the Earth, but not where the Earth’s surface dips below the plate (Fig.
3.18).
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Figure 3.18: Geometry of spherical cap related to infinite Bouguer plate. (GS) is the Gravity
Station. (Nowell, 1999)

The Bullard B correction modifies the Bouguer slab Correction to the fact that has a surface
radius of 167 km and same thickness as the infinite plate. This is equivalent to removing all
the plate above the Earth’s surface and beyond 167 km, whether above or below and adding
the part of the cap below the plate (Fig. 3.18 — black area). The part of the spherical cap (with
horizontal lines in it) is common to both the plate and the cap. This means that it does not
have to participate in the correction.

The Bullard B can be calculated with the equation:

B = 2mkp(uh — AR)
Where R is the Earth’s radius to the station (the elevation from sea surface must be added),

u and A dimensionless coefficients and p the density.

3.3.h.3. Atmospheric Correction

The attraction of the atmosphere is included in the ellipsoidal normal gravity provided by
the International Gravity formula of 1980. When the atmosphere’s mass exists in uniform
elliptical shells, there is no reflection of the overlaying atmosphere in the observed gravity
value. However, a decreasing factor should be added to the observed value of gravity.

A formula for the atmospheric correction was suggested by Wenzel (1985), with accuracy
up to 0.01 mGal for the first 10 km elevation, provided by the equation:

AGarm = 0.874 —9.9 X 1075h + 3.56 x 10~°h? (mGal)

Where h is the height above sea level (in m).

3.3.h.4. Building Correction

The mass of buildings existing near a gravity station produce an upward attraction, which
decreases the observe value of gravity. This means that a correction must be calculated and
added to the measurement reading. This kind of correction is usually applied in micro-gravity

surveys, where lower scale anomalies are being investigated.
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Mention that the older buildings have an average density twice than the modern ones.
Several researchers have already proposed methods to calculate and correct the building
effect, either by modelling the buildings like prisms (Debeglia & Dupont, 2002; Radogna et al.,
2003) either by using modern technologies like LIDAR data and photogrammetry (Dilalos et
al., 2018; Panisova et al, 2012).
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Figure 3.19: Effect of a thick stone-wall (0.5m) on Figure 3.20: Effect of a 27m square building,
the gravity field (Milsom & Eriksen, 2011) 100m high, average density 0.34 gr/cm3.
Horizontal axis is distance from the center of
the building (Nowell, 1999).
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Figure 3.21: Building Effects (Debeglia & Dupont, 2002).

3.3.h.5. Marine Corrections

Special corrections might be required for water-bottom surveys or in cases where the
meter is on tripod (shallow lakes). In such cases, the reference datum might be below the

water bottom, which means that the elevation must be threatened accordingly.

Underwater locations are negative, so the free-air and Bouguer corrections are reversed in
sign in regard with land measurements. Moreover, for the upward attraction of the overlying

water layer the term 0.043-d is proposed for seawater.

84



Since the ship surveys are considered to be located on the reference datum, the free-air
correction will be zero. Tidal correction in open sea cannot be estimated correctly and for that,
the Bouguer correction will be formulated as:

AGp_gnip = 2mkhs(p — 1.03) = 0.0419 mGal (p — 1.03)h;

where h;z is the water depth from the ship.

3.4. MANAGEMENT OF GRAVITY ANOMALIES

The term Anomaly is common in geophysical terminology, but each time the type of the
anomaly should be specified, for example Bouguer Anomaly. The differences are referred and
compared to certain reference models, depending on the purpose and scope. A Gravity
Anomaly is defined as the difference between observed and normal gravity.

Typically, the anomaly should be determined by at least a set of observation points and not
a unique point. Consequently, such anomalies can be detected either on map contouring of
discrete points or in profiles, where continuous fields are presented.

During the processing steps, the gravity field measurements are treated in that way of
revealing the gravity anomalies. After the field data examination for errors and the data
reduction procedure described in §3.3, their visual representation follows. Maps of several
parameters can be produced and processed in order to define any possible anomalies that will
contribute to the subsurface determination. In many cases, the data processing includes a
filtering procedure. Even statistical methods can be applied in order to focus on certain

aspects, such as the gradients.

3.4.a. Visual Representation

As we have already mentioned, several types of maps and grids can be produced during

the gravity processing, usually after the application of a filter type.

3.4.a.1. Smoothing

The collected data is affected by random or stochastic errors of certain distribution, almost
Gaussian (Jacoby & Smilde, 2009). The first step, where we intend to remove the data noise is
called Smoothing, which can be carried out in many ways, such as by manual inspection along
with the appropriate drawing, moving average or by applying statistical methods.

A simple way is to average the values of points in overlapping areas, using weighing average
factors. In a circle of certain radius for example, the mean value of all the included points can
be assigned to the center of the circle. However, in local surveys of which the aim is the
identification of discontinuities and short-wavelength anomalies, smoothing must be carried
out with great caution. For smoothing through computer applications, a rectangular

coordinate system is preferred.
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3.4.a.2. Mapping and Gridding

Gridding data is quite crucial, if we realize that many crucial filtering procedures will be
based on that, such as the regional-residual separation. Gravity data usually are either
collected along profiles, such as ship tracks, or based on grids with uneven distribution. After
the data reduction to the level of gravity anomalies, usually gridding the data for filter
application is necessary. Therefore, either as scattered points or as profiles the best gridding
method is minimum curvature (Briggs, 1974). Only in cases with parallel profiles (ships), an

aliasing reduction is also essential along with line levelling methods.

Through minimum curvature gridding, the data points will be joined in the smoothest
possible way. This method estimates grid values at the nodes of a coarse grid (usually eight
times the final grid cell size) by using inverse distance averages of the actual data within a
specified search radius (Fairhead, 2015). If there is no data within the pre-defined search
radius, then the search radius will increase until the average of all data is used. Then, iterations
are being made to adjust the grid to fit the actual data points nearest to the coarse grid nodes.
By the time an acceptable fit is accomplished, the coarse cell size is divided in 2, and the
process is repeated. The procedure is repeated until the surface is divided to the final grid cell
size.

Usually the grid size is half of the data density. The smaller the grid size the most time-
consuming. If the cell size is quite larger than the optimum one, a de-aliasing filter should be
applied. Great care should be given on a good station distribution.

Another method for gridding, mostly for land gravity surveys, is the natural neighbor
(Sambridge et al., 1995). If we have regularly distributed gravity stations, both natural
neighbor and minimum curvature methods can be applied with quite similar results. Minimum
curvature is considered to be more “true” to the data values than natural neighbor is, but its
inherent ability to follow trends is smaller.

Moreover, kriging, is another gridding method, based mostly on statistical analysis of the
data calculating values at grid nodes, based on the whole dataset in order to generate a
variogram. The procedure includes determining all differences between every data point pair,
averaging values for same distance and plotting the averages as a function of distance. It is
not as smooth as the previous mentioned methods, but based on Pilkington & Shamsipour
(2014) it can be applied for noise removal.

Generally, in order to grid profile data, it is recommended to use a cell size of 1/4 or 1/5 of

the line spacing to minimize the short wavelength information.

3.4.b. Anomaly Separation

The first step of gravity processing is the data reduction procedure, as we have already
analyzed it in §3.3. The gravity anomaly generated after this step, is the Bouguer Anomaly.

This Bouguer Anomaly contains superposed anomalies from several sources.
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The deep large sources produce long wavelength anomalies and they are known as regional
anomalies. They are contributing to the large-scale structure of the Earth. Beyond them,
shallower and smaller sources exist and produce anomalies with short wavelength
characteristics and they are known as residual or local anomalies.

Therefore, depending on the aim of the gravity research, one of these two fields needs to
be removed. For example, for basin surveys, the regional field must be calculated and

removed, in order to isolate the residual anomaly field.

a)
Anomaly separation

/ Residual

Geologic constraint

b)
Anomaly enhancement

Derivative

Mathematical constraint

Figure 3.22: (a) Anomaly separation versus (b) anomaly enhancement (LaFehr & Nabighian, 2012)

This part of gravity data processing is suffering from the ambiguity problem but on the
other hand, it is an important step in the interpretation procedure. Many methods have been
adopted for the regional-residual separation, such as the graphical approaches, mathematical
filters and geological filters. The choice of the appropriate method is not always easy or
objective. Even for spectral filters, the choices of the wavelengths that will be set are
somewhat arbitrary.

Anomaly separation and data enhancement seem similar or even use similar techniques

but they are not. They have different units and they serve different purposes (Fig. 3.22).

3.4.b.1. Graphical method

Itis the oldest and simplest method. At a Bouguer gravity anomaly profile (Fig. 3.23) or map
(Fig. 3.24), the regional gravity field can be visually fitted to the anomaly as a smooth curve or

contour respectively, drawn by the interpreter. The value originated from this curve/contour
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is subtracted point by point from the Bouguer anomaly one, in order to calculate and finally

isolate the residual anomaly (curve or contour).
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Figure 3.23: Graphical method of fitting the regional anomaly of a gravity profile and
isolating the residual anomaly (Lowrie, 2007)

This approach requires experienced interpreters, since the choice of a regional is quite
empirical with subjective characteristics and uncertainties. However, good results have been

derived from its application.

(a) Bouguer map (b) regional anomaly (c) residual anomaly

Figure 3.24: Graphical method of calculating and removing the regional anomaly field from a
Bouguer map in order to isolate the residual anomaly (Lowrie, 2007).

88



observed gravity

(mgal) 1 anomaly
20 , .
1 3rd-order polynomial
157

I

linear trend

Ag
(mgal) ]
5- residual anomaly
0_ ________________________________
] linear regional ancmaly
S L S B B B B B B B S B L S B B S B B
Ag
(mgal) 1
5] residual anomaly

regional anomaly =
3rd-order polynomial
-+t

0 5 10 15 20 25 30
Distance (km)

Figure 3.25: Removal of regional field based on a smooth polynomial curve, fitted to the observed
gravity anomaly by the least-squares method (Lowrie, 2007)

3.4.b.2. Polynomial fitting

An alternative method for anomaly separation is the polynomial fitting, based on the least
squares method applied on the observed gravity data. The higher the order of the polynomial,
the better it will fit the observation data (Fig. 3.25). Great care should be given as the
polynomial order increases because from a point and further it will have no geological
meaning. For that reason, the interpreter should judge and choose the lowest appropriate
order that represents better the regional trend. Moreover, the curve should pass through the
gravity data values in a way that the residual anomalies will have both negative and positive

values.

The polynomial fitting, is applied on line and grid based data. For maps, it will be
represented as a smooth surface or plane. The expressions used for the procedure are the

following, where Ag is the regional gravity:
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Agr = Agy + Ag1x + Ag,x? + Agsx3 ...+ Ag,x™ for profile data
AGexyy = Ao + AgsaXx + Agy1y + Agsax® + Agy,y? ...+ Agyyxy for grid data
A common problem with polynomials is that the edged do not behave well. For that reason,

their application should be constrained to data covering the entire map area.

3.4.b.3. Upward/Downward Continuation

In some occasions, the original observation surface need to be moved to another surface
level, in order to compare it for example with another data set. The transfer of the gravity
data to higher (upward continuation) or lower (downward continuation) level can be
accomplished mathematically, in order to attenuate or emphasize anomalies with short

wavelengths respectively. It can be applied either in space or frequency domain.

With the upward continuation, we can enhance the deeper anomalies (regional), due to
the reduction of the shallow responses, since shallower sources have shorter wavelengths. It
can be achieved by using the Fourier transformation, but considering the values to be on a
relatively flat surface. Upward continuation is quite stable procedure, with values ranging
from zero at infinite frequency to one at zero frequency. However, it contains ambiguities
basically for the level that will move up.

Onthe other hand, we can move the data surface to a lower level (downward continuation),
in order to enhance the shallower sources. However, it should be applied along with the
appropriate tapering filters for regularization in order to avoid the embedding of noise. The

values range from one at zero frequency to infinity at infinite frequency.

3.4.b.4. Derivatives

Although the derivatives are not anomaly-separation methods, we will mention that the
first and second vertical derivative are applied a lot to emphasize the signals from the shallow
sources (short-wavelength) and they are applicable in both space and frequency domains.

Tapering filters should be applied also in order to avoid the embedding of noise.

3.4.b.5. Matched filtering

Matched filtering can help locating the signal in a data set, if the spectrum of the expected
signal is known. The matched filter has the same spectrum as the desired signal. Therefore, it

is used to separate data in several components, representing the different source depths.

3.4.b.6. Finite-element

This method differentiates from the others because there are no regional computations
entered in the observed data over the anomalous zones (Mallick et al., 2012). A rectangular
or square element is superimposed on the gravity survey area in a way that all zones of interest
will be included. The regional field is assumed in a form of a weighted sum of the discrete

values at the vertices or nodal points.
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The regional computation is based on discrete regional points of the given data set and the
anomalous zones are kept inside the element. Moreover, the computation is considered
independent of a priori assumptions regarding the depth of shallow or deeper structures
(Mallick et al., 2012).

3.4.b.7. Frequency/Wavenumber domain Filtering

Gravity anomaly evolves in the space domain, since it varies with the distance. Therefore,
for spatial distribution, the wavenumber k=2mn/A is the equivalent for the frequency in time
series, expressed in the terms of wavelength A, providing the distance between the peaks of
a sine wave. Its variation is considered to be periodic, expressed by a Fourier series constituted
of discrete harmonics, constituted of sine or cosine functions multiples of the fundamental

wavenumber.

Gravity grid data can be resolved from space domain to frequency/wavenumber domain
by using the Fast Fourier Transform (FFT). The wavenumber domain has positive (real) and
negative (imaginary) values. Therefore, the representation is centered about zero
wavenumbers. On the other hand, convolution is when the gravity data function is multiplied

by a filter function that generates a new function.

Applying Fast Fourier Transform (FFT) to a grid requires some preparation procedures for
the grid. The first step is the first order trend removal, in order to avoid strong effects within
the grid. The second step is the grid fill, during which the surrounding part of an irregular grid
is being filled with dummy data, in order to allow FFT run. The most popular methods are
maximum entropy and minimum curvature. Afterwards, the grid needs tapering on its edges,
with coefficients 1 to 0, in a way that the final size grid will have 2" values. The filtering
procedure (Fourier analysis - see below) can follow and finally the grid needs to be
transformed back to the space domain and trimmed back to the original one.

Fourier analysis is called the procedure of separating a complex anomaly into simpler
periodic variations of different wavelengths. Practically we can determine the important
discrete components of a signal in a way that gives us the ability to remove certain
wavelengths, considered as unwanted. Generally, there are four types of frequency filters,
based on their cutoff values that usually are defined at the half amplitude response of the
filter (50%):

e The Low Pass, which passes longer wavelengths than its cutoff value, leaving only the
regional anomalies.

e The High Pass, which passes shorter wavelengths than its cutoff value, retaining only the
residual anomalies.

e The Band Pass, which passes certain wavelengths, located between two cutoff values.

e The Band Stop, which stops certain wavelengths, located between two cutoff values.
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Based on the pre-mentioned filter types, several standard filters have been proposed with

specific characteristics. Some of the most popular will be described at the following section.

i. Butterworth filter

It is a very popular smooth filter in potential field surveys (Ali et al., 2017), excellent for
applying straightforward high-pass and low-pass filters, because it has easy control of the roll-
off degree while leaving the central wavenumber fixed. The roll-off is defined as a function of
frequency determined by the filter order n (positive integer value). Larger values produce
sharper cutoffs and consequently greater ‘ringing’ of the narrow anomalies. When the

‘ringing’ is intense, the degree should be minimized for a better result.

TMI with ow Pass 0.59 TMI with

High Pass 0.2°

-

45°W  44°W 45°W  as°w

Figure 3.26: An example of the Butterworth filters application. The left picture is Low Pass filtering
and the right is High Pass. (Fairhead, 2015).

ii. Cosine filter

This filter is commonly used for simple high-pass and low-pass applications since it has a
smooth shape and does not differentiate the energy spectrum below the start of the roll-off.
The required parameter is the determination of the width of the roll-off region, expressed as

a fraction of the wavelength cutoff.

iii. Gaussian filter

Gaussian filter is one smooth filter used for low-pass and high-pass filtering (Fig. 3.27). It
has a fixed bell-shaped response curve, which also describes the impulse response. There is
no ‘ringing’ and the cutoff slope is not very steep. The only required parameter is only the

cutoff wavelength.
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Figure 3.27: Example of the Gaussian filter application, as high-pass filter in order to isolate the
residual anomalies (Dilalos & Alexopoulos, 2017).

iv. Strike filter

This filter is applied in the frequency domain in order to remove selected frequencies from
the sector of XY frequency diagram, which is defined by its direction and angular width. While
in the sector, it behaves like a Butterworth filter, at the edges the filter is faded using as cosine
filter. Beyond the sector, there is no modification.

There are many more filters proposed by many authors, such as Green’s concept of an
equivalent-source layer, Wiener band-pass filter (Pawlowski, 1994), the Directional Cosine
filter, for removing directional features of a grid, Radially Symmetric filters, for special-

purposes.

3.4.c. Data Enhancement

Data enhancement practically incorporates the essential conditioning of the gravity data in
order to proceed to the interpretation stage. Through the data enhancement, we enforce the
identification of specific aspects of the spectral content of the data that will lead to better
adumbration of the subsurface structure. Therefore, in order to gather elements for the final
geological evaluation of the gravity data, several filters should be applied and evaluated. Data

enhancement can be applied to both line and grid based records. They are also applicable to
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space and frequency domains. Prior to generating derivatives aimed to structural and
geological information, the steps of transform and filtering need to be undertaken in order to
condition properly the data. The aim of this procedure is to enhance or isolate features in
order to have a better image to evaluate geologically. The gravity response of a subsurface
density body, assumed to be a point source, is proportional to 1/r2.

During the data enhancement, we need to take into consideration several things that might
change or affect the final result. For example, the anomalies are usually boarder that the
source, or close anomalies may interfere or the bigger anomaly may mask a smaller one very
close to it. Due to these issues, we usually proceed to derivatives calculating, separating or
isolating the wanted anomalies. Derivatives methods are excellent at enhancing the edges of
the source bodies, which is very helpful in producing a structural map (Ali et al., 2017;
Fairhead, 2015).

There are also some geological controls affecting the ridge locations of the structural
mapping produced through the data enhancement procedure, such as:

e The depth of body/structure: gravity anomaly depends on its distance from the source.

e Dip of contact: There is small variation along with the change of dip of contact.

e Not all parts of the zero level contour for VDR, Tilt and Theta derivatives refer to actual
structural edges: Since faults have a specific length and zero contour continues until it
closes on themselves, parts of them are artificial and do not respond to geological edges.

e Scale: Larger features may overlap smaller ones

3.4.c.1. Amplitude/Magnitude Derivatives

Although the term derivative is the most common, some authors also use the terms slope
and gradient when referring to them. Generally, amplitude derivatives are used to map the
lateral extent of the anomalous source and their edges, but they have limitations due to their
dependence on density contrasts (large contrast leads to large anomaly and respectively).

Some of the most common derivatives are described below.

i. Total Horizontal Derivative (THDR)

This derivative is generally proposed for detecting structural edges. Calculating the full
horizontal derivative on gravity anomalies on grid-based data, will display maximum
ridges/horsts over the boundaries defined by faults or geological contacts (Fig. 3.28). If there
is a good gravity station coverage, both large and small edges with both large and small density
contrasts will be identified. If B is the residual or regional gravity field, its calculation is based

on the following equation:

rior = |(|%2] + |22
—\ox 9y
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Figure 3.28: An example of THDR from Gulf of Figure 3.29: An example of VDR from Gulf of
Thailand (Fairhead, 2015). Thailand (Fairhead, 2015).

ii. First Vertical Derivative (VDR)

The VDR is considered to be an important derivative, since it is included in other derivatives
also, such as the Analytic Signal, Tilt, Theta etc. It has good results for both location and edge
detecting of shallow structures (larger values), since it is not sensitive to deep regional
sources, because of their small vertical gradient (smaller values). The edges are identified from
the zero level of the derivative, the source is identified from the maximum of the VDR itself
and the structure also is characterized with positive or negative density (Fig. 3.29). Its
definition is based on—9T /9z.

There are two methods of calculating the VDR. The first one is the FFT method, by analyzing
the spectral content. The second method is the ISVD, a more stable method, where Laplace’s
equation is being used. Then, VDR = 9T /9z = [ 9?T /9z?9z. During the FFT method, noise

might insert affecting the result, while with ISVD method there is no noise.

iii. Second Vertical Derivative (SVDR)

The SVDR identifies contacts over zero value levels, but it is also controlled by other
parameters (Fig. 3.30). Although it is considered quite easy to calculate SVDR, the resulting
maps may be noisy. For that reason, quantitative interpretation is limited to the determination
of edges by the zero level. It is also depended on the grid size and the data distribution. Its
calculation can be derived by using FFT or by using again the Laplace’s equation. From maps
It is calculated by 92T /9x? and9?T /9y?.
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Figure 3.30: Comparison of VDR and SVDR, with FFT and ISVD method (Fairhead, 2015)

iv. Dip-azimuth Derivative

The Dip-azimuth Derivative method produces an image of false color shading series where
all the 2D structures can be identified. Illumination counts a lot on this procedure, so

practically four different color lighting directions should be used (from N, S, W and E).

v. Analytic Signal (AS)

Analytic Signal is not applied a lot to gravity measurements due to their sparser nature

(compared to magnetics), which makes the calculation less reliable (Nabighian et al., 2005).

3.4.c.2. Phase derivatives

The data enhancement procedure is accomplished not only with the amplitude derivatives,
but also with phase derivatives, which can also be very helpful. The most common of them

are described below.

i. Local phase (8)

The local phase anomaly can be used in line-based data and not in grid-based, due to its
directional dependence of x. The local phase anomaly of a profile, in the x direction, practically
contains two derivatives, the VDR (8T/9z) and the horizontal gradient in the x direction (9T/9x)

and can be positive or negative. It is expressed by the equation:
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0 = tan™?! (ﬁ—T ﬁ—T) (in x direction)
9z/ 9x
ii. Tilt derivative (Tilt)
Tilt derivative was first introduced by Miller & Singh (1994), defined as the ratio of the First
Vertical Derivative (VDR) to the horizontal derivative (THDR). The Tilt derivative enhances all

features in even way, resulting in edge mapping that are not biased toward the largest

magnitude. It can be only positive and its zero level closely adumbrates the structural edges
(Fig.3.31). It is preferred when we have to deal with small density contrasts, since it prevents

the domination of the large ones. The following equations are used for Tilt derivative:

VDR
Tilt = ATAN (THDR) inradians (+1.57rad)or degrees (+90°)

The above equation will be changed to the following two depending on the data type:
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Figure 3.31: An example of Tilt derivative map. Figure 3.32: An example of Theta
Only the positive components are shown, in derivative of the Erindi area, Namibian.
order to see the structures more clearly The values above 0.8 have been
(Nasuti et al., 2011) isolated. (Fairhead, 2015)

iii. Theta derivative (cos Tilt)

Practically, Theta derivative is the cos(Tilt), which means that when Tilt=0=» Theta=1. This
can be very helpful to structural mapping, since edges will be tracked by the maximum values
equal to 1, or at least >0.80 (Fig.3.32).
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3.4.c.2. Grid Averaging

In several cases, the analytical method was applied based on mathematical operations,
mostly on grid-based data. The average value of a circle of points replaces the gravity field at
its center. The difference between the original and the average value, gives the residual value.
It is considered an empirical procedure. Several types of ‘rings’ were used, such as 4-point

rectangular grid, 8-point rectangular grid and 6-point hexagonal grid.

3.4.d. Interpretation and Depth determination

It is important to know that the interpretation of gravity anomalies is not unique, since
different density distributions can produce similar or even same anomalies. The interpreter
should always take into account the aim of the gravity survey, the possible target and of course

the geological relations with the gravity data.

After all the necessary processing procedures described in the previous sections (data
reduction, anomaly separation etc.), the isolated residual gravity anomaly has to be

interpreted based on the subsurface mass distribution.

Depth estimation for gravity data is not as popular as for magnetic, since gravity anomalies
are controlled by the corresponding anomalous mass, its center and overlying geological
formations. All parameters of the gravity anomaly field are taken into consideration
(amplitude, wavelength, gradient, phase) in order to gather information about the source
parameters, such as the depth, the shape and the location. There is also a rule stating that

gravity effects are proportional to the model length scale.

3.4.d.1. Gravity effect of simple shapes

The study and iterative modelling (Bhattacharyya, 1978) of the gravity effects of simple
shapes, have contributed to understanding the kind of information that can be retrieved from
the anomaly curves. For example, it has been investigated how the aspects of a gravity
anomaly curve provide indications for the depth, shape, density contrast and total mass of the

causative body.

The first methods used for depth determination, mostly for line-based gravity data, were
based on measurements of specific parameters, such as the amplitude, slope and width of the
anomaly curves. Depending on the shape of the causative body, which is simulated with
simple geometric model patterns, such as sphere, cylinder, sheet etc., the corresponding
equation for the depth determination was proposed.

In the following paragraphs, we present some examples of gravity anomaly curves that are
generated due to the existence of simplified shaped causative sources. The first example
(Fig.3.33) illustrates the gravity effect produced by a sphere of radius R and density contrast
Ap, buried at depth z equal to 2 and 4 km below surface. This illustrates how the depth of the

center of this spherical body affects the peak amplitude of the anomaly, resulting in smaller

98



amplitudes as the depth increases. Of course, for a given depth, different combinations of the

density contrast Ap and R can generate the same anomaly. This is due to the ambiguity of the

gravity data.
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Figure 3.33: Gravity anomaly curves for spherical
causative bodies of same radius R and density
contrast Ap, buried in different depths (Lowrie,

2007)
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Figure 3.35: Gravity anomaly curve of a semi -
infinite horizontal sheet (LaFehr & Nabighian,
2012)
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Figure 3.34: Gravity anomaly curve
produced by an infinite horizontal cylinder
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Figure 3.36: Gravity anomaly for a simple fault
with variable depth (Long & Kaufmann, 2013).
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Furthermore, an anomaly source mass simulated as an infinite horizontal cylinder produces
similar anomaly curves (Fig. 3.34). On the other hand, a semi-infinite horizontal sheet
produces a different anomaly curve, as it is illustrated in Figure 3.35, which variates with the
depth of the fault (Fig. 3.36).

Of course, we have to take into consideration the fact that sometimes, an anomaly curve
includes the combined effected of more than one causative body. For example, in Figures
3.37-3.38, we observe the anomaly curve originated from the combined anomaly of both

sheets of a two-sided fault.
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Figure 3.37: Two-sided fault anomaly. Figure 3.38: The combined gravity effect included
(Telford et al, 1990) in one gravity anomaly curve, due to a two-sided

fault (LaFehr & Nabighian, 2012).

3.4.d.2. Standard Depth rules

A gravity anomaly curve, produced by a simplified source body shape, is generally
characterized by a maximum value, Agmax, located at xmax. Therefore, as xi/2, we define the
half width at the half value of the Agmax (Fig. 3.39).

The most popular technique for depth determination of profile-based gravity data is the
‘Half-Width rules’, proposed by (Henderson & Zietz, 1948). They are based on the half-
maximum width Wi, of the anomaly curve and the depth is provided according to the
estimated causative body shape, which will define the corresponding equation of Tables 3.2
& 3.3 that should be used.

Other techniques are generally based on the line of the maximum slope of the anomaly

curve and its characteristics (Peters, 1949; Sokolov, 1956; Vacquier et al., 1951 - Fig.3.40).
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Figure 3.39: Half-maximum width rule for the depth

determination of a gravity anomaly source. (Fairhead, 2015).
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Table 3.2: Half-width equations,
depending on the anomaly mass

shape
sosuhrizebzziy Depth
Large block h=0.8xHSD
Thick Dyke h=1.1xHSD
Thin Dyke h=1.3xHSD
Pipe h=2.2xHSD

Figure 3.40: Half-maximum width rule for the depth
determination of a gravity anomaly source. (Fairhead, 2015).

3.4.d.3. Spectral Analysis

Table 3.3: Half-width equations,

depending on the anomaly mass
shape

Through the procedure of Fourier analysis, we present the Power Spectrum of gravity data

in a diagram of radially averaged power (squared amplitude) plotted against wavenumber (Fig.

3.41). The most popular practice is to plot the natural log of power against wavenumber,

expressed in cycle per kilometer.
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Power Spectrum
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Figure 3.41: Power spectrum illustrating responses from different depths and the areas of noise.
Two different examples (Fairhead, 2015).

The power spectrum method can contribute to the determination of cutoff wavelengths
(Ali et al., 2017) during filtering for anomaly separation (regional-residual), separating
responses from different depths of sources and the depth to top or bottom (Fig. 3.41). The
depth determination is simple, since the slope of any straight-line segment of the diagram is
twice the depth of the source’s body top. The spectral analysis can be applied on both line-

based and grid based data.

3.4.d.4. Euler Deconvolution

Euler deconvolution, proposed firstly by Hood (1965), is widely used in aeromagnetic
interpretations and less in gravity ones. Although it does not require the knowledge of density
variation or the direction of the anomaly body, namely an interpretation model, it is
considered valid only for homogenous functions. This is the reason for its low popularity and
application for gravity surveys. However, Euler deconvolution can illustrate contracts at a
deeper level, according to the center of mass.

Practically Euler methods are considered as derivatives method of first, second or even
third order. The method uses three orthogonal gradients of the gravity field along with the
field itself, in order to determine the location and the depth of the target. Several Euler
methods have been developed and will be briefly described in the following section.

i. Standard Euler

The Standard Euler (Reid et al., 1990; Thompson, 1982) obtains its solutions by inverting
Euler’s homogeneity equation over an unchanging window of data at every grid point. It is

considered to be a first-order derivative and its equation is:
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9G N
Ix

where xg, yo, o are the unknown coordinates of the causative body center, x,y,z the known

9G 9G
(x —xp) v —vo) E + (z — zp) e —N(B; — U;) = constant

coordinates of the observation point, Bz an unknown constant background value for Uzand N
is the structural index of the source type (Table 3.4). The input parameters required are the
window size and Structural Index (N), maximum % depth tolerance and maximum distance to

accept.

The application of Euler deconvolution method on grid-based gravity data of an nxn window
provides an overdetermined equation system from which we can determine the desired
information to solve the four unknown (xg, yo, Zo, N). The process is repeated for every window
position, covering the entire grid and generating thousands of solutions, illustrated by circles
of different depths according to the depth of the solution. An acceptance level should be set
in order to remove the poor quality solutions.

Similar procedure takes place for line-based data, with an operator length moving along
the profile with a certain rate, providing solutions at each step. The Standard Euler method is
still considered to be the more reliable, but faces some limitations such as distinguishing

anomalies from 2D and 3D structures, determining if the solution is reliable or poor.
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Table 3.4: Structural Figure 3.42: Map of Euler source depth solutions.

Index of simple bodies

ii. Laplacian XY Euler

The Laplacian XY Euler (Fairhead et al., 1994) is a first-order derivative method, using the
Standard Euler method but minimizing the poor solutions (by 65%). It restricts the
wavelengths with the application of the Laplacian filter of the Total Horizontal Derivative in
order to determine the best window size. Moreover, the most reliable solutions are located

directly over the anomaly source, which is at the maximum of the THDR.
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iii. Tensor Euler

Tensor Euler method proposed by Mushayandebvu et al., 2000, is a second-order
derivative method, which practically uses all gravity-gradient tensor components (mainly from
marine and airborne surveys). It removes interpolation errors from the grid and can invert

structures using five independent tensors at the same time.

iv. Hilbert Euler

This method was proposed by Nabighian & Hansen (2001), modifying the extended Euler
method for a 3D natural generalization, using Hilbert transforms. It is considered a more stable

algorithm, providing at each point three equations instead of one.

3.4.d.5. Adapted Conventional tilt-depth method (tensor gravity)

This tensor method was proposed by Salem et al. (2011), it is a second-order derivative
filter, using the Adaptive Tilt-depth for tensor gravity data, defined as:

Gzz l

,/ GZX2+GZy2

A scale value that is related to the nature of the source (2D or 3D) on the three components

0, = tan™! I

of the Full Tensor Gradiometer data (Gzx, Gz, Gz) is being used.

The estimation of the depth and location of buried gravity bodies such as point, line or
sheet is possible with this method, modifying the above equation properly. Moreover, it can
also enhance the resolution of the tensor gravity anomalies produces by weak density
contrast. The Adaptive Tilt is independent of the density variation effect since it consists of
the ration of vertical and horizontal derivatives. Nevertheless, there is information contained

regarding the wavelength content of the anomaly.

3.5. GRAVITY INVERSE 3D MODELLING

Gravity Inversion is the automated numerical procedure of iteratively constructing a
subsurface model, based on the response of the observed gravity data and other reliable
information. Practically through inversion, the best solution (misfit) of certain variables is
expected. Moreover, the different components of a density model influence the one each
other, affecting all variables. The clue is that during the inversion, the qualitative information
turns into quantitative.

It is important to keep in mind that inversion generally does not have a unique solution.
Here the contribution of the interpreter is crucial, since he will also take into account other
constrains such as the geological regime. Nevertheless, the number of possible solutions can
be reduced by fixing any known parameters evolving in the procedure (a priori information),
such as the density or any source attribute.

The first gravity modelling approach executed with computers was based on the equations

for 2D bodies of polygonal cross section, introduced by Talwani et al. (1959). Several
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modifications of these equations led to the 2.5-D modelling (Saltus & Blakely, 1983; Webring,
1985). The first signs of 3D gravity modelling were by Talwani & Ewing (1960), evolved by Nagy
(1966) with the rectangular prisms and Hjelt (1974) with dipping prisms. A generalized 3D
inversion was introduced by Li & Oldenburg (1996, 1998, 2000; 2003), using the Tikhonov
regularization along with a model objective function, measuring the structural complexity of
the density contrast. A depth-weighing factor is contributing to setting a priori information
and consequently improving the solution. The generalized 3D inversion allowed the gravity
inversion to deal not only with the anomalies interpretation but also with the regional and

continental problems.

The general case of gravitational attraction, where p(Q) is the density function at a point

Q(&n,7) inside a volume V, is provided by the equation:
1, —z)dédnd
gz(x'y,z):kf p(&,n, 9 (¢ — z)dfdnd¢ 3
v =02+ —-y)?+((—2)?)2

or more compact

5:(P) = [ PG, (P, Q)
v
The vertical component of gravitational attraction of an observation point P(x,y,z) of

distance r at point Q, is provided by Green’s equation:

1{—-z (—z
GZ(Pl Q) = T_Z = 3
[ =22+ —y)?+({—2)*2

r
Gravity inversion is carried out mainly in two ways, based either on the causative body

geometry or on the density distribution. Generally, the density distribution inversion needs
less input information and is applicable at different stages.

The data misfit is the most important part of the inversion. Even when a solution has been
found, it is important to evaluate its quality. This means the consistency of the data and side
conditions, the acceptability of the parametrization, the uncertainties characterizing the
variables and the suitability of the problem for the specific case. Sometimes one single
parameter needs to be evaluated and some others a combination of them.

Summarizing, there are four important elements concerning the inversion algorithm and
the a priori information. These are:

i.  The data misfit

ii.  The model objective function (reference model and 3D weighing functions)
iii.  The depth weighing factor

iv. The bound constraints

105



The approach of the density inversion aims to determine the underground density
distribution and contrasts, based on the surface observed gravity data. The procedure is
attempted to be determined. The datum at each study area is the sum of contributions from

rectangular cells (Fig. 3.43) and during the inversion, a constant density for each cell is
the all the cells.

controlled by some conditions, based on the types of structures and the accepted tolerances.
The subsurface under the investigated area is divided in a large number of adjacent

3.5.a. 3D Density inversion
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rectangular cells. A density value will be determined during the inversion.
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Figure 3.43: Division of the underground area of 3D gravity inversion in a large number of
The majority of the algorithms for inversion are based on the Tikhonov regularization,
The structural characteristics of the model (type of boundaries, smoothness, possible dips
etc.) need to be described for the proper function to be set. The model roughness can be
Moreover, the embedded noise of the observed data (instrument noise, measurement
errors etc.) has to be removed. Considering the noise is Gaussian (LaFehr & Nabighian, 2012),

(Tikhonov & Arsenin, 1977) during which the data fit a solution with a least model roughness.

reduced by minimizing the first order derivative of the density function.

the data misfit has the expression:

i. The A parameter

106



where g; are the estimated standard deviations, d; the observed data a location / and dj carc
the calculated model values at the same locations. Therefore, the function is minimized as
following:

?(p) = P4 + 1B, (p)

where O<A<eo is a constant called regularization parameter.

Very small values of A lead to better data fit of the model without increased model
complexity input. Accordingly, big values of A will lead to larger data misfit. The proper A for a
gravity model should be chosen for an acceptable model. To obtain the most suitable value of
A, various values are used and then a diagram is created for the change of data misfit according
to the change of A (Fig. 3.44). Observing the diagram, we can figure out that for small values
of A, the model structures change a lot but the data misfit is not affected that much. The
opposite takes place for large values. Therefore, the point between these two areas is

considered to be the most appropriate.
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Figure 3.44: Density model inversion (Li & Krahenbuhl, 2015)

There is also the Cross-Validation (GCV) method (Golub et al., 1979; Wahba, 1990) for the
better determination of the parameter A. It is obvious that the A parameter is a crucial
parameter for the determination of the model. Finally, it is important to mention that the

inversion procedure should be carried out after the isolation of the residual anomaly.
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ii. Depth Weighing Factor

The solutions of an inversion can be quite a lot. Therefore, any depth information and
actual density distribution is more than helpful to the procedure, in order to constrain it
somehow, minimizing the possible solutions.

For that reason, generalized 3D inversion and a depth-weighing factor was introduced by Li
& Oldenburg (1996), as a priori information for a better solution formed as following:

1
(z + zy)

where zp is depended on the observation height and cell size.

w(z) =

For data collected on a relatively smooth elevation surface, the above weighing factor is

simple and effective, but for rugged areas, the depth-weighing factor is not applicable.

iii. Bound Constraints

Except the depth-weighing factor, setting bound constrains on the model densities also
minimizes the possible solutions and makes the procedure more stable. For example, there
might be a known upper bound that will help in the inversion procedure. Taking into account
that density contrasts usually have a well-defined range, the inversion is solved as inequality-
constrained optimization (Li & Krahenbuhl, 2015).

iv. Density-based or Distance-based Weighing Factor

For gravity data acquired on rugged areas, instead of the non-applicable depth-weighing
factor, we can apply a density-based weighing factor, by defining a root-mean square (RMS)
density.

Otherwise, a weighing factor based on the distance between cells and observation

locations can be applied.

v. Binary inversion

A special case of density inversion known as Binary inversion (Li & Krahenbuhl, 2015), is
when the density at any location can take only one value between two possibilities, with two
distinct values. Binary inversion method belongs to a category known as lithologic inversions,
aiming to reconstruct distinct lithologic units with specific physical properties (Li &
Krahenbuhl, 2015). This method was introduced by Krahenbuhl & Li (2006), developed for
imaging salt domes using Tikhonov regularization. Moreover, they are applied in time-lapse
studies (Krahenbuhl & Li, 2008) and studied for dynamic processes such as aquifer storage
(Davis et al., 2008).

Practically, it is a constrained inversion of high level during which the objective function
subject is minimized, since the model parameters can get only one of the two possible values

at each location.
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3.5.b. 3D Geometric / Boundary inversion

The approach of the geometric inversion aims to determine the parameters (depth, width,
dip etc.) of a geometric shape (sphere, cylinder, polygon etc.) assumed to be the target/source

of anomaly, based on the observed data.

Many authors have dealt in the past with geometric inversion, starting with Bott (1960)
who investigated the shape of the sedimentary basing simulating them with 2D rectangular
blocks with known density contrast and Danes (1960) who investigated the determination of
the top of a salt dome. Cordell & Henderson (1968) extended the inversion to 3D, while Parker
(1972) and Oldenburg (1974) evolved in the Fourier (wavenumber) domain. Density-depth
functions and other constrains proposed by many authors (Pedersen, 1977; Reamer &
Ferguson, 1989; Barbosa et al, 1997) and applied in oil and gas exploration (Nagihara & Hall,
2001; Cheng et al., 2003).

This method requires more known data than unknown factors and it is considered to be
more simple than the density inversion but more time-consuming. Moreover, normalization
of the data is usually essential because the variables (depth, width, dip etc.) have different
kind of dimensions. For a problem with n unknown parameters to investigate, we have a single
value of the objective function for each pair of these parameter values (LaFehr & Nabighian,
2012).

Monte Carlo techniques are being used in order to minimize the required time. According
to them, various models are selected randomly from the many available. Therefore, for each
model the forward problem and data misfit are being calculated. The interpreter should have

a good knowledge of the area geology and the general limitation of this kind of inversion.

i. Cordell & Henderson method (3D)

Cordell & Henderson (1968) introduced the first 3D automated gravity modelling.
It is an iterative method executed in four steps:

i.  Form the input Residual anomaly data in order to create the initial model.
The calculation of the source structure of a single body is calculated, based on the
Residual anomaly data. The initial model is created by the determination of thickness at
each grid node from the residual value and the Bouguer infinite slab equation.
Three types of starting model are proposed considering a horizontal reference plane as
standard (Fig. 3.45): Building-down (e.g. for sedimentary basin), Building-up (e.g. for
granite intrusions) and Building Symmetrically (e.g. for horizontal intrusions).

ii.  Calculate the gravity effect of the initial model
The gravity effect of the source body is calculated, usually considering the shape as
vertical prism or line.
For a vertical prism with width W, height T, depth of top d the gravity effect at a point A,

which is all over grid node locations is:
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fii.

iv.

w?2 w2
Agvert.cyl = 27TGP T — (d + T)z + ? + 1d2 + 7

and accordingly for a vertical line with height T and distance from the point R:

1 1
AGverctin = G WZ{ - }
Jrertlin =P VR &2 JRE+ (A 1)

Modify the initial model, according to the differences between calculated response and

observed data.

The alteration of the prism size at each grid size is essential in order to minimize the misfit.
Repeat of steps ii & iii until the best fit is obtained.

The termination of the repeat process is achieved either by setting a maximum number
of iteration or by setting a threshold value of RMS. Usually the first five iterations alter

the model rapidly.
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Figure 3.45: Types of building the initial model. (Fairhead, 2015).

ii. Enhanced Cordell & Henderson method (3D)

The original method of Cordell & Henderson (1968) has been modified by replacing the

constant density with a linear density-depth function and for the gravity response of a right

rectangular prism. This method was proposed mainly for the sedimentary basins cases

(Fairhead et al. 2012; 2013), where the sediments’ density increases with the depth while the

basement density remains constant.

Therefore, for linear change of density contrast Ap=a,+a1z we have the equation:
_ G(ag + ay2)z9x9z9y
9z = (xz + yz + 22)3/2

where the term a1 will be negative for linear varying density with depth.
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3.6. DENSITY

In gravity surveys, the physical quantity practically investigated is the density of the
subsurface geological formations and its lateral variation. Density evolves in the data
reduction procedure, in Bouguer correction (2.67 gr/cm3) and terrain corrections.
Furthermore, it is the most important parameter (or even constraint) in modelling procedure
since it can control the shape, depth and magnitude of the anomaly.

The definition of density is the mass per unit of volume of the material. Several types of
units are being used for the density determination, such as gr/cm3, referred to c.g.s, or kg/m3,
referred to S| system. For gravity exploration, most researchers still use the c.g.s. units
(gr/cm3). The same will be applied in the frame of this Ph.D. thesis.

The Bulk density includes all types of possible voids and is usually referred for the shallower
formations (depths <4km). The bulk density (ps) is a function of the matrix density (om), the
porosity ¢ and the fluid’s density (p,) located in the pores:

pp = Pm(L — @) + pye
Tables of bulk densities for almost all rock types have been introduced by many authors
(Blake, 2013; Cara, 1994; Carmichael, 1984; Clark, 1966; Dobrin, 1976, Gutenberg, 1929; Jung,
1961; Milsom & Eriksen, 2011; Sharma, 1986; Telford et al., 1990). Reevaluating and updating
all these references, the densities of the most characteristic rocks, minerals and materials are
presented in Tables 3.5-3.10.

Table 3.5: Post-alpine densities

Average | Average Average | Average
Range Range
Type (gr/cm?) [ dry / wet Type (gr/cm?) / dry / wet
(gr/cm’) | (gr/cm?) (gr/cm’) | (gr/cm?)
Alluvium 1.50-2.00 1.55 1.95 Moraine | 1.50-2.00 1.80 -
Clay 1.30-2.60 1.70 2.20 Sand 1.30-2.30 1.50 2.00
Gravel 1.50-2.10 1.70 2.00 Silt 1.40-2.00 1.45 1.90
Marl 2.30-2.50 - - Soil 1.20-2.40 - 1.90
Table 3.6: Sedimentary rocks densities
Range Average | Average Rock Range Average | Average
Rock type (gr/cm?) / dry / wet type (gr/cm?) / dry / wet
(gr/cm?) | (gr/cm?) (gr/cm?) | (gr/cm?)
Anhydrite | 2.90-3.00 - - Limestone | 1.75-2.90 2.55 2.65
Chalk 1.80 - 2.60 2.00 - Marlstone | 2.20-2.50 - -
Coal 1.10-1.80 1.32 - Rock Salt | 2.10-2.40 2.21 -
Dolomite | 2.40-2.90 2.60 2.70 Sandstone | 2.10-2.70 2.25 2.35
Gypsum 2.20-2.40 2.32 - Shale 2.10-2.90 2.10 2.40
Lignite 1.10-1.25 - - Siltstone 2.10-2.60 - -
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Table 3.7: Igneous rocks densities

okwpe | igam) | i) | PR | e | (arem)
Andesite 2.40-2.80 2.61 Peridotite 2.80-3.40 3.15
Basalt 2.70-3.30 3.00 Phyolite glass 2.20-2.30 2.25
Basalt tuff 2.00-2.30 2.15 Porphyry 2.40-2.90 2.74
Calcareous tuff 1.60-1.70 1.65 Pumice 0.40-0.95 0.65
Dacite 2.30-2.80 2.58 Quartzdiorite 2.60-2.95 2.79
Diorite 2.70-3.00 2.85 Rhyolite 2.35-2.70 2.52
Gabbro 2.70-3.50 3.03 Trachyte 2.40-2.80 2.60
Granite 2.50-2.80 2.64 Trachyte lava 2.10-2.70 2.40
Granodiorite 2.67-2.80 2.73 Trachyte tuff 1.40-2.20 -
Lavas 2.80-3.00 2.90 Tuffstone 1.30 1.30
Obsidian 2.20-2.40 2.30
Table 3.8: Metamorphic rocks densities
Eclogite 3.20-3.55 3.38 Quartzite 2.50-2.70 2.60
Gneiss 2.60-3.00 2.80 Schist 2.40-2.90 2.65
Marble 2.50-2.90 2.75 Serpentinite 2.50-2.80 2.60
Phyllite 2.70-2.80 2.74 Slate 2.70-2.90 2.80
Table 3.9: Minerals and Ores densities
Type o) | (glemy | T rfem) | (arfem
Chalcopyrite 4.10-4.30 4.20 Hematite 4.90-5.30 5.10
Chromite 4.50-4.80 - Iron - 7.87
Copper - 8.70 Magnesite 2.90-3.12 3.03
Corundum 3.90-4.10 4.00 Magnetite 4.90-5.30 5.10
Diamond - 3.52 Mica 2.65-2.95 2.80
Epidote 3.25-3.50 - Orthoclase 2.50-2.60 2.55
Feldspar - 2.55 Pyrite 4,90-5.20 5.00
Gold 15.60-19.40 - Quartz 2.55-2.75 2.65
Graphite 2.00-2.30 2.15 Sulfur 1.90-2.10 2.00
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Table 3.10: Basic elements & Artificial densities

Type Range Average Type Range Average
(gr/em’) (gr/cm?) (gr/em?) (gr/em?)
Air R 0.00 Lignite 1.10-1.25 1.19
Fresh water - 1.00 Petrolium 0.60-0.90 -
Ice 0.88-0.92 0.91 Brick 1.50-2.10 1.70
Sea water 1.01-1.05 1.03 Building waste 1.30-2.00 -
Asphalt 1.10-1.20 - Cement 2.2-25 2.40

In Tables 3.5-3.10, wide ranges of bulk density are observed, especially for the sedimentary

rocks and the reasons are:

i.  The porosity (density increases as porosity decreases)

ii. The nature of their pore fluids

iii. Age (density increases with time — Fig. 3.46)

iv. Depth burial (density increases with depth, due to higher pressures, especially for shales

— Fig. 3.47)
v. Degree of metamorphism (density increases with the degree of metamorphism,

because the pore spaces are filled and the rock is recrystallized).
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Figure 3.46: Rock densities compared to age (LaFehr & Nabighian, 2012).
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Figure 3.47: Density as a function of depth, over a salt dome (LaFehr & Nabighian, 2012).
The depth where salt density equals to the one of the surrounding sands and shales is called
crossover depth.

Generally, sedimentary rocks are less dense than igneous and metamorphic. The greater
variation in density is related to their porosity and differs with depth. Volcanic rocks’ density
varies with composition, taking into account that the more basic will be correspondingly
denser. Although igneous rocks are denser than sedimentary rocks, an overlap of density
values exists between these two types. On the other hand, low-grade metamorphic rocks are
generally denser than their equivalent sedimentary. Plutonic and metamorphic rocks have

higher density as the degree of metamorphism increases.

Practically, density contrasts provide information about the anomaly sources and targets.
For example, ore bodies are determined through positive gravity anomalies (+Ap) related to
the environment. Similar positive anomalies can be produced by carbonate leading edges of
thrust sheets, faults, anticlines and horst blocks. Negative gravity anomalies (-Ap) are usually
detected over sedimentary basins. Finally, both positive and negative anomalies can be
produced due to salt domes (depending on the surrounding environments), reefs (depending

on porosity and depth) and kimberlite pipes (depending on country rock and weathering
degree).
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There are several ways to estimate or even better measure the density of the formations,
such as borehole logging (gravity or gamma ray), laboratory measurements from outcrops’

samples, seismic velocity etc.

3.6.a. Laboratory measurements

A simple way of calculating the density of the geological formations of the study area is the
laboratory measurements of rock samples, cores and cuttings. It is recommended to collect
some samples for density determination in all gravity surveys, especially as a reconnaissance
procedure.

The whole procedure is based on Archimedes’ principle. The density can be determined by
weighing the sample or core in the air first (W,) and then in the water (Wy). Therefore, the
density (ps) derives from the following equation:

We
T W W,

Great care and high precision is needed during the weighing of the samples, especially for

Ps

small ones. Additionally, many samples of each formation should be measured in order to

have a good image of the formation’s density range.

Surface rock samples cannot always ensure that they are representative of the geological
formation due to weathering, but core samples tend to be representative enough. One
disadvantage of this method is that differences might occur due to the differences of the

atmospheric pressure in the field area and the laboratory.

This method can be applied mainly to rock type samples and not soil type, since they will
be dissolved during the water weighing. Even rock type samples with high percentage of marl
(e.g. marly limestone) may introduce great uncertainties during the weighing, since the marl

will be melted.

3.6.b. Borehole gravity

One other method to derive density is the borehole gravimetry that can be quite accurate

providing an accuracy of almost 5 uGal, based on Schmoker (1978) and LaFehr (1983).

The method evolves with gravity measurements in a vertical borehole at different depths.
The gravity differences that will be derived through the procedure are produced because of
the different elevation (depth) and Bouguer attraction. The deeper it gets the larger will be
the gravity, since it gets closer to the Earth’s center and simultaneously the upward Bouguer
attraction gets bigger due to the increased material. The difference of two values in the

borehole and the reduction to h; level (deeper), gives the following equation:

A
Ag = (0.3086 — 0.0838p x 1073)Ah = p = (3.683 —11.93 ﬁ) x 1073gr/cm3
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The measurement is executed at the volume that is closest to the borehole. More
specifically, 50% of the effect is produced by rock within of 0.7Ah (h=the investigation radius)
and 90% from within 5Ah. Therefore, for measurements radius h=5m, the volume that will be
measured and affect the density will be 25m laterally of the borehole. As a result of that, the
lateral depth of investigation is quite large and the density measurement is practically
unaffected from any local alteration of the formation due to the drilling process (LaFehr,
1983).

3.6.c. Nettleton’s method

A method for estimating the near-surface density of a closely spaced gravity stations profile
over topographic relief (hill or even valley), that is not related with density variations was
proposed by Nettleton (1939).
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Figure 3.48: Nettleton’s method for density determination (modified by Nettleton, 1939). The
desired curved is the one with density 2.2 gr/cm?
Within the scope of this method, the shape of the topography along the gravity profile is
compared with the shape of the Bouguer gravity anomalies generated after assigning several

values of density for the Bouguer and terrain correction (density dependent corrections) and
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calculating the Complete Bouguer Anomaly. Taking into account that the terrain correction is

less important than the Bouguer, we can neglect it and use the Simple Bouguer Anomaly.

When the assigned density is smaller than the true value, the curve will be illustrated as a
positive image of the topography (Fig. 3.48). On the contrary, if the assigned density is larger
than the true one, the curve will shape a negative image of the topography (Fig. 3.48). The
gravity curve showing the minimum correlation with the elevation curve is the desired one
and its assigned density is the correct one, since the appropriate reduction density will remove

the elevation effect.

It is very important that the gravity profile cross a topographic relief (hill) with no lateral
geological variations, such as contacts or faults, because it will affect the result. The best
estimates of density are obtained in areas where the topography is within a single geologic

unit with sharp topography variations due to recent stream erosion (Long & Kaufmann, 2013).

3.6.d. Seismic velocity conversion

Knowing the seismic velocities of the geological formations of the study area, can be very
helpful. Many authors (Birch, 1960; 1961; Brocher, 2005; Carlson & Herrick, 1990; Christensen
& Mooney, 1995; Gardner et al., 1974; Ludwig et al., 1970; Nafe & Drake, 1957; 1961) have
introduced empirical curves relating the seismic velocity to the density of several geological
formations. Therefore, we can compute the mean density of a body from its seismic velocity.
Of course, we will have to take into consideration that differences will occur for higher
temperatures and pressures (depths) and that when the seismic velocity increases, the density
also increases.
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Figure 3.49: Velocity-density relationships (Gardner et al., 1974)
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Figure 3.51: Compressional velocity for
ocean sediments related to density
(Ludwig et al., 1970).

The best empirical curve of velocity to density, for sedimentary rocks, is the one proposed
by Gardner et al. (1974), derived from laboratory studies (Fig. 3.50):

gr
=031 V025 ——
P cm3

where Vis Velocity in m/s.

Due to the good response for shales and sandstone, Gardner’s curve is extensively used in

the oil and gas exploration (Fig. 3.49).

Birch (1960, 1961) proposed an almost linear relation, also derived from laboratory

measurements, mainly on crystalline rocks under pressure and provided the equation:
p=a+bV,=b=Ap/AV,
On the other hand, Nafe & Drake (1961), worked on unconsolidated marine sediments and

basic igneous rocks, producing a non-linear relation (Fig. 3.51).
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3.6.e. Gamma-gamma logging

The basis of the gamma-gamma logging is the Compton scatter of gamma rays by loosely
bound electrons in the rock adjacent to the borehole. Electron density is approximately
proportional to mass density although deviations exist.

The density probe contains a radioactive source of gamma rays, such as 37Cs or ®Co,
radiating. The gamma rays photons hit the loosely bound electrons and are scattered. The
scintillation receiver of the probe, counts the scattered radiation. The probe is pressed
strongly on the borehole walls in order to collect properly the scattered radiation. Practically,
the intensity of the received radiation is controlled by the density of the electrons and
consequently by the density of the rock. A disadvantage of this method is that the gamma rays

penetrate only 15-20cm into the rock.

3.7. ERRORS ASSESSMENT

During the whole procedure of a gravity survey and its processing, errors can affect the
final accuracy. There are two types of errors, systematic and random ones. On the other hand,
we could separate them in two other categories, the Acquisition errors and the Processing

errors.

Obviously, the Acquisition errors correspond to the level of accuracy during all the field

measurements (gravimetric and topographic). In detail, we can have the following errors:

e The reading of the meter and especially the estimation of the last digit may result to an
error of £0.005 mGal. Therefore, in order to keep it systematic, the ‘reader’ should be the
same person during the whole campaign.

e Wrong levelling of the instrument can produce errors of about 0.015 mGal for a tilt of
0.01° (Milsom & Eriksen, 2011).

e The horizontal coordinates’ accuracy (x, y) of the gravity station has to be +10m in order
to have an error £0.01 mGal. DGPS accuracy can reduce the error to +0.0008 mGal (Long
& Kaufmann, 2013).

e The elevation of the gravity station has to be £10 cm accurate, in order to have an error
10.02 mGal. DGPS can provide 12-18mm accuracy, minimizing the error to £0.003 mGal
(Long & Kaufmann, 2013).

e Aninaccuracy of 2-3 cm for the instrument height can result in an error of £10 uGal. Great
care should be given in microgravity surveys.

e The atmospheric pressure provides an error of £0.35 uGal per mbar (Milsom & Eriksen,
2011).

e Earthquakes produce errors of £0.1 mGal and microseismicity 0.01-0.1 mGal (Milsom &
Eriksen, 2011).
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e Wind may vibrate the instrument, resulting to an errors 0.01-0.1 mGal (Milsom & Eriksen,
2011).
e Soft footing can introduce errors of +5 uGal (Milsom & Eriksen, 2011).

Therefore, depending on the campaign type, the appropriate care should be given along
with the observational check procedures. The repetition of the field measurement of each
station (without moving the gravimeter) is a standard procedure, in order to minimize errors.
Beyond that, if great variations are observed between the two values, a third or even a fourth
measurement should be recorded, until the deviation is acceptable. Beyond that, it is
considered a standard procedure that a small percentage of scattered stations (10-15 %)
should be re-occupied at different time, during the campaign. Through this procedure,
possible base tie errors and inconsistencies can be determined.

Great care should be given during the typing and copying of the data. Simple check
procedures have to be introduced in the whole procedure, such as calculating the difference
between the repeated values. Several other practical procedures can also be applied to check
the quality of the data, such as the Elevation-Gravity Reading diagram, which should illustrate
an almost linear relationship (Fig. 3.52). Values appearing with great offset of the linear trend

line should be re-checked or even delisted from the database.
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Figure 3.52: Elevation-Gravity reading diagram of this Ph.D. gravity data, used to check the
reliability of the collected gravity data.

The Processing errors are mainly generated through the gravity data reduction. Therefore,
the following errors can be observed:
e During the drift correction, error of £0.02 mGal may rise (Goumas, 2006).
e The tide corrections can be calculated with an error £0.0005 mGal (Goumas, 2006).

e The terrain corrections may introduce errors of £0.15 mGal for areas with slight
topography, or even £7.5 mGal in mountainous areas (Long & Kaufmann, 2013).
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4. APPLICATION OF GRAVITY METHOD IN ATHENS BASIN

There are numerous geophysical methods that someone could apply in order to contribute
to the adumbration of the fault zone system of an area. The majority of them are subject to
the contrast of the measured physical property (e.g. density for gravimetry, resistivity for
geoelectrical, magnetic susceptibility for magnetics etc.) in order to reveal any anomalies that
can be evaluated. This means that the choice of the appropriate method should be primarily
based on the evaluation of the local geology/lithology and its predictable range of variation,
along with the scope of the investigation. Beyond these two basic factors (geology and scope),
several others can be taken into consideration, such as the type of environment, including the
type of the survey area (mountains, urban areas, fields, forest areas, marine etc.), the
morphology of it (steep relief) or even general obstacles for the field acquisition (current
cables restricting electromagnetic methods; roads, rivers and dense vegetation cove

restricting possible alignments).

In the context of this Ph.D. thesis scope, which is the investigation of the tectonic structures
in urban and sub-urban areas the possible geophysical methods that can be applied are
restricted a lot. Athens basin is covered with artificial constructions (buildings, stadiums,
roads, playgrounds, public services station etc.) in a very large percent. This means that many
geophysical methods cannot be applied in the area, such as electromagnetics, magnetics and
geoelectrics due to the unlimited current cables and other systems affecting their functionality
and reliability. Seismic methods have been applied in the past (Louis et al., 2002b;
Papadopoulos et al., 2003; 2007) in selected areas. However, the land gravity measurements
seem like the most cost-effective method for structural investigation in such environments
and large areas (Dilalos & Alexopoulos, 2017; Xu et al., 2015; 2017).

Several papers have been published for the application of geophysical methods in urban
environments, but mostly for shallow issues. For example we can find applications of the
contribution of electrical and electromagnetic techniques for geomorphological and
geotechnical issues (Birken et al., 2002; 2006; Hong et al., 2018; Kim et al., 2017; Rossi et al.,
2017; 2018; Saribudak, 2010; Sevil et al., 2017; Sirles et al., 2009; Son et al., 2017; Pazzi et al.,
2016), or according to seismic methods (Adly et al., 2017; Becker et al., 2017; Hutchinson et
al., 2009; Krawczyk et al., 2012; Macau et al., 2018; Martinez-Pagan et al., 2018; Martinez &
Mendoza, 2011; Wiener et al.,, 2014; Williams et al., 2006; Whiteley & Stewart, 2008).
Regarding the gravity methods, few microgravity surveys have been carried out in order to
adumbrate the bedrock or locate cavities (Abbott & Louie, 2000; Calvo et al., 2005; Castiello
et al., 2010; Cueto et al., 2018; Lamontagne et al., 2011; Radogna et al., 2003; 2004; Piroddi
et al., 2009; Thierry et al., 2005; Trogu et al., 2012) and limited ones for tectonic investigations
(Papadopoulos et al., 2007; Pamucku et al., 2014; Xu et al., 2015; 2017). Recently, Kobe et al.

(2017) have even tried time-lapse gravity in sinkholes of an urban area in Germany.
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Apart from the urban environments, gravity measurements have been extensively applied
the last few years. Their main application is the structural / basin investigations (Ali et al.,
2017; Arfraoui et al., 2011; Berrocal et al., 2004; Braitenberg et al., 2006; Chailas et al., 2007;
de Castro et al., 2014; Dilalos and Alexopoulos, 2017; Fernandez-Cordoba et al., 2017; Flinders
et al., 2010; Haddad et al., 2001; Hamdi-Nasr et al., 2009; Karner et al., 2005; Madon and
Watts, 1998; Onal et al., 2008; Sainz-Maza et al., 2017; Yuan et al., 2012; Zheng et al., 2006).

Furthermore, gravity method is widely applied in natural resources exploration, such as the

delineation of oil-gas and mineral reservoirs (Chen et al.,, 2015a; 2015b; Dufrechou et al.,
2011; Hu et al., 2017; Kadirov, 2000; Martinez et al., 2013; Sander & Cawthorn, 1996; Wang
etal., 2013) or the geothermal reconnaissance (Arzate et al., 2018; Pearson-Grant et al., 2017,

Saibi & Aboud, 2013). Additionally, it has been applied successfully in cavity determinations
(Fais et al., 2015; Leucci G. and De Giorgi L., 2010; Martinez-Moreno et al., 2015) and in general
engineering problems (Lamontagne et al., 2011; Narayanpethkar et al., 2007),

The application of geophysical methods in the area of Athens basin is limited due to
restrictions of urban environment. Engineering and archaeological applications have been
generally carried out (Apostolopoulos et al., 2014; Louis et al., 2002a; 2002b; Papadopoulos
et al.,, 2001; Papaioannou, 2002; Symeonidis et al., 2005, Tsokas et al., 2008; Tsourlos &
Tsokas, 2011). A few deeper investigations have been carried out with the application either
geoelectrical methods (Alexopoulos et al., 2001), or combination of seismic and gravity
methods (Papadopoulos et al., 2003; 2007).

4.1. DATA ACQUISITION OF STUDY AREA

The gravity data acquisition in an urban area like Athens basin, the metropolis of Greece,
with population up to 4.5 million people is quite difficult. Athens city is covered with artificial
constructions (buildings, stadiums, roads, playgrounds, public services station etc.) in a very

large percent.

Taking into consideration that the gravity measurements are affected when they are
executed very close to walls and buildings, we had to take great care that the gravity stations
would be placed in “open” areas (squares, parks, fields, parking areas, homesites, wide
pavements etc.), far from high buildings as much as possible (at least 60 meters). But also, we

had to avoid the busy roads due to the oscillations they provoke to the gravimeter.

The author tried to minimize the problems of moving all day in a fully developed city like
Athens, by choosing to acquire the gravity measurements during the summer months, where
the most of the city residents leave for vacations, leading automatically to the reduction of
traffic jam. Consequently, the time spent moving between the stations and the bases (in the
context of drift correction) is rapidly reduced. Thereby, more measurements per day might be
gathered, less vibrations are produced by vehicles (better measurement quality) and less

suffering for the field crew.
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In the framework of this Ph.D. thesis, more than 100 field days (of a two-person crew) were
required, during the summers of 2013, 2014 & 2015, during which more than 8,400 kilometers
were covered. The result of this is 1,122 gravity stations and more specifically:

v 807 gravity stations (§4.1.b & Fig. 4.3).

v 315 additional gravity points developed along 40 Nettleton profiles (§4.2.b & Fig. 4.3).

v An established gravity base network of 13 locations (§4.1.a & Fig. 4.3).

v’ 3 established topographical bases for the DGPS measurements (§4.1.c & Fig. 4.3).

All the above gravity measurements were acquired by the same observer (the author), in

order to avoid divergences on way of reading the gravimeter, since a subjectivity is included
regarding the determination of the last two digits from the nulling dial but also the final
position of internal reading crosshair at the scale. Additionally, every gravity measurement
was received at least twice in order to check the repeatability and credibility of the determined
value. If the difference of these values were not in the defined limits, more repeating readings

would be collected.

The whole map planning and management of the field surveys was based on the satellite
images of Google Earth. Their accuracy is extremely high for such an urban environment and
was very helpful locating the desired “open” spots for the gravity measurements in order to
create or re-design the measurement grid. Its friendly environment provides numerous tools
to plan and manage a field survey and its results. Additionally, its supported kmz files
collaborate fully with the Geographic Information System platform used in this Ph.D. thesis,
supporting all kind of essential thematic maps (geology, tectonism, relief contouring,
geophysical & topographical stations, boreholes, density samples, processed gravity data and

anomaly maps etc.) visualizing them with the satellite image as a background.

4.1.a. Gravity Bases Network Establishment

In every gravity campaign, a well-established network of gravity bases is required, taking
into account that every 2-3 hours of measurements we must return and re-measure the value
of the gravity base. This procedure provides the data that allows the subtraction of the drift
effect of the instrument. The absolute gravity value has to be already calculated at each gravity
station of this network in order to accomplish this.

Several authors (Berg & Thiruvathukal, 1965; Csapo & Volgyesi, 2002; Krynski et al., 2013;
Lagios, 1985; Robertson, 1965; Srivastava et al., 2015; Warsi, 1989) have discussed in the past
the establishment of absolute gravity bases networks, in several areas of the world, mostly for
quite larger areas.

Gravity bases must be linked together using the A-B-A-B-A ties (Jacoby & Smilde, 2009;
Milsom & Eriksen, 2011) (Fig. 4.1), which practically means that a reading is made at base A
and then as quickly as possible (for an assumed linear drift) another reading will be made at

base B. Then, repeat measurements have to be made at bases A and B. The two measurement

123



sets between A-B, will provide their final difference. The difference value will be accepted only

if the two individual differences are within the desired accuracy limit. If not, the procedure

must be repeated. Apparently, the second reading at base B, can simultaneously be the first

for the same procedure between bases B and C. We can also calculate the misclosures, which

is the sum of the differences around each loop. In the context of our base network

establishment, the loop (e.g. A-B) was repeated at least 3 times to improve the accuracy of

the defined absolute value of gravity.

Figure 4. 1: Gravity Base network adjustment with its misclosures (Milsom &Eriksen, 2011)

Gravity Absolute Deviation Easting Northing Elevation Order
base gravity (mGal) | (mGal) | (Egsa’87,m) | (Egsa’87, m) (m)
UoA_Office 980,010.745 +0.00 480,948.310 | 4,201,848.100 252.000 i
UoA_Oulof 980,029.856 10.03 478,772.001 | 4,202,445.816 134.792 i
Rouf 980,049.351 10.04 473,639.680 | 4,202,590.600 20.239 ii
Psychiko 980,017.268 +0.03 480,288.710 | 4,206,831.900 179.091 ii
Nea Smyrni 980,043.877 10.04 474,819.600 | 4,198,156.400 42.662 ii
Peristeri 980,044.151 +0.07 472,514.450 | 4,206,815.757 51.888 iii
Dilaveri 980,052.977 +0.08 469,013.766 | 4,200,694.898 7.536 iii
Kifisia 979,991.509 10.04 483,373.599 | 4,212,901.998 287.379 iii
Filadelfia 980,029.065 10.04 477,276.990 | 4,210,270.695 116.118 iii
Elliniko 980,039.123 +0.07 478,453.689 | 4,193,259.660 80.884 iii
Acharnes 980,017.082 10.07 475,726.609 | 4,215,036.626 168.425 iv
Ekali 979,981.326 +0.07 485,997.896 | 4,217,756.564 | 344.891 iv
Vrilissia 979,997.111 +0.07 485,846.098 | 4,210,619.196 269.935 iv
Dafni 980,031.436 +0.05 468,050.208 | 4,206,980.671 109.281 iv

Table 4.1: Established gravity bases in Athens (Fig. 4.2) along with their determined absolute values.
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Taking into account the traffic jam of this over-populated metropolis and the increased
time that we would spend moving among the stations and the base re-measurements, we
planned and established very cautiously a gravity base network, distributing spatially thirteen
(13) gravity bases (Fig. 4.3), in a way that would be less time-consuming for the base loops.
Most of them were located on squares that were close to main roads (quick access) but “quiet”
at the same time (Figs. 4.2), providing in that way stable measurements, without traffic noise
and vibrations from the vehicles.

Figures 4.2: Some of the established local gravity bases. Top left: “Rouf”’, Top right: “Filadelfia”,
Bottom left: “Vrilissia”. The bottom right photograph illustrates the permanent marks of a base.

Each established base (Table 4.1) was characterized by 3 permanent marks on the ground
(3 feet of the gravimeter plate-Fig. 4.2.) which sometimes were additionally engraved around
for more enduring results. In that way, the re-measurements would always be at the exactly
same point. Detailed sketches and photographs of each gravity base and its surrounding stable

structural characteristics (columns, balusters, stairs, walls, yards etc.) were kept.
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The entire gravity base network is referred to the IGSN’71 datum (Morelli et al., 1974) as it
was tied with repeated measurements (ABABA type) to an already established gravity base in
the University of Athens (Hipkin et al., 1988).
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Figure 4.3: Gravity (red dots) and Nettleton (blue dots) stations acquired along with the

established gravity (blue squares) and topographic (orange circles) bases.
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4.1.b. Gravity Field measurements

As we have previously mentioned, Athens basin as an urban area, sets up several difficulties
throughout the period of the field measurements. Great care had been given not only to the
primary map planning, but also during the field measurements. The map determination of the
gravity stations had to be organized very wisely, taking advantage of the high-accuracy space
images of Google Earth.

For start, it is an area covered with artificial constructions (buildings, stadiums, roads,
playgrounds, public services station etc.). Taking into consideration that the gravity
measurements can be affected by walls and buildings, the gravity stations should be placed in
“open” areas (squares, parks, fields, parking areas, playgrounds, homesites, wide pavements,
cemeteries, roadsides etc.), far from high buildings as much as possible (Figs. 4.4). Beyond
that, we also have to take care of the “open” spots that were very close or above of subway
stations, since they are practical artificial “cavities”, altering the ‘initial’ response of the

subsurface.

Furthermore, such a metropolis always faces traffic congestion problems. This means that
the necessary car routes between the gravity stations and bases will be time-consuming,
minimizing also the final amount of collected data and possibly their quality. For that reason,
the acquisition of the gravity data was carried out through the summer months, when the
majority of the city residents depart for vacations. This leads automatically to traffic jam
reduction and facilitation of the whole procedure. For precise and reliable measurements, it
is recommended to avoid busy roads, as the oscillations produced nearby affect the

gravimeter stability.

Taking into account the complicated geology of the area, the purpose of the research
(tectonic structure) and the urban environment, the gravity measurements were organized on
a grid and not along few traverses. This might obstruct the finding of the appropriate spots
for measurement, but provides a horizontal two-dimension piece of information, leading to a
final 3-D inversion model. The initial grid station separation was set to 1,000 meters. Due to
the human constructions and all the city obstacles, many stations had to be relocated to the
nearest executable point (limiting it within the first 100-200 meters if possible), trying also to
minimize the building effects. Throughout the supplementary measurements sets (years of
2014 and 2015) gravity stations were added in-between the initial ones (2013), creating a
denser grid at certain areas (down to 500 meters stations separation), in order to clarify the
initial ambiguous image originating from the preliminary processing.

The gravity measurements were based on the “close loop” procedure. Every loop begins
with a gravity base occupation (reading value and time), then a set of gravity stations is
acquired (reading values and times) and finally the loop closes again with a gravity base
measurement. The time taken for each loop should not exceed the three (3) hours, trying also

to restrain the accuracy of the drift closure below 0.01mGal/hour. This procedure aims to
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correct the instrument drift. Repetitive instrument readings were carried out (at least two), in
order to ensure their credibility. Generally, the desired limit of the reading accuracy error was
set at a maximum of 0.01mGal. Additionally, at least a 5% of them was reoccupied another

day to check the repeatability of the reading.

Figures 4.4: Examples of "open" areas for acquiring urban gravity measurements (parks, fields,
playgrounds, parking areas, squares, roadsides)
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For each gravity station, detailed field notes were taken, such as the code of the station,
the date, the area or even the address, the time and reading values and any useful observation
(surface geology, affecting buildings, gas stations etc.). Additionally, the estimation of the
terrain corrections within the first 53.5 meters from the reading point (Hammer zones A-C),
was kept in specific form sheets.

The gravity database is comprised of 1,122 gravity stations (Fig. 4.3) and it is divided in two
categories. The main category counts the individual 807 gravity stations that were acquired
in three phases (three summer periods). More specifically, during the summer of 2013, 500
gravity stations were planned and collected, covering the interior of Athens basin. The next
summer (2014), 292 new gravity stations were acquired either on the surrounding mountains
or on locations that made the grid denser. Finally, in the summer of 2015, fifteen (15) more
gravity stations were acquired. The second category refers to the 315 Nettleton gravity
stations, gathered during the 2014 (297 points) and 2015 (18 more points), which were
practically for the Nettleton profiles that were executed across selected topographical reliefs
(hills). These Nettleton stations improve the final results at the hills, where they were

executed.

4.1.c. Topographic Field Measurements

In the context of gravity data reduction, it is necessary to determine the coordinates of
each acquired gravity station and base with high precision. More specifically, the horizontal
coordinates are needed for the Tidal and Latitude corrections, while the Elevation is essential
for the Free-Air, Bouguer and Terrain Corrections. The desired accuracy depends on the
purpose of the survey each time. Therefore, in such a ‘tectonic’ survey, an elevation accuracy
of +10cm, producing a 0.1mGal error in Bouguer gravity (Milsom & Eriksen, 2011) is
satisfactory. Nevertheless, the desired elevation accuracy for this gravity survey was set lower,

to +5cm (if it was applicable), in order to obtain an error of 0.01mGal in Bouguer.

In order to calculate the coordinates of each location of gravity measurement during this
Ph.D. research, we used Differential Global Positioning System (dGPS). Taking into
consideration that all the measurements were collected in an extensive urban environment,
with high buildings and constructions that block the horizontal visibility and radio signals, the
only reliable and highly accurate way (3 decimals) of determining the coordinates of a point is
the Static technique of Differential Global Positioning Systems. It provides this level of
accuracy even for antennas placed at a distance of up to 20 kilometers.

In general, the dGPS system is compiled by two different, dual-frequency antennas. The
one antenna is used as a reference base, with known coordinates and the other one is used as
the rover, measuring the coordinates of each gravity station. Both antennas are recording data
from numerous satellites (usually 5-18) for the same time window, for a minimum of 15

minutes. The length of this common time window is based on the distance between the two
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antennas (the larger the longer), the sky visibility (high buildings etc.) and the total number of

satellites.

Therefore, a topographic base network was essential for the acquisition of the gravity

measurements. For that reason, three (3) topographic bases with known coordinates were
planned and established in the Athens basin (Fig. 4.3 & Figs. 4.5). These bases had to be placed

in secure locations, since an expensive antenna would be left recording almost all day. Beyond

that, the open sky view was essential, in order to track the satellites. Taking into account these

specifications, the two bases were established on the floor of secured rooftops of apartment

buildings in the areas of Thisseio (downtown) and Melissia. The third one was established in

an enclosed area (Iridanos) in University of Athens Campus, on a bench.

Figure 4.5: Two of the established topographical bases. Left: Iridanos and Right: Melissia

. . Horizontal | Vertical
Easting Northing Elevation . . Order
Base precision | precision Type
(Egsa’87,m) | (Egsa’87, m) (m) (local)
(m) (m)
Rooftop
Thisseio | 474,944,593 | 4,202,903.184 | 70.079 0.01 0.02 i
Mark
Iridanos | 481,087.872 | 4,202,140.151 | 249.545 0.02 0.04 Bench i
o Rooftop .
Melissia | 486,420.753 | 4,212,255.510 | 393.108 0.05 0.08 Mark ii
ar

Table 4.2: Established topographic bases, their coordinates and characteristics.
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The Geodetic benches of the Hellenic Military Geographical Service (Filopappou and
Ardittos) were used for the determination of the coordinates of the primary base of Thisseio,
with an accuracy of 3 decimals (Table 4.2). Practically, the static survey method of dGPS
systems was applied likewise, but this time the reference base was placed on the geodetic
benches of the Hellenic Military Geographical Service (known coordinates) and the rover on
the new-established local base of Thisseio. The common time of recording was a few hours, in
order to maximize the final accuracy. Afterwards, the base of Thisseio was tied with the two
other bases of Iridanos and Melissia (Table 4.2). The Hellenic Geodetic Reference System

(EGSA’87) has been used for all the topographic measurements.

Figure 4.6: The Geodetic benches of the Hellenic Military Geographical Service of Filopappou
(left) and Ardittos (right) that were used for the tie of the base of Thisseio.

4.1.d. Equipment

The equipment used during this Ph.D. thesis is practically separated in two major

categories, the gravity and the topographical ones.

To begin with, the instrument used for the gravity data acquisition was the gravity meter
LaCoste & Romberg G-496 (Figs. 4.7-4.8), owned by the division of Geophysics-Geothermics
of the Department of Geology and Geoenvironment, National Kapodistrian University of
Athens. It is a relative gravimeter of zero-length type, known for its reliability. It has a
repeatability of 0.01mGal. This gravimeter is accompanied by its aluminum carrying case and
its aluminum concave baseplate, where it is placed. The energy supply of the gravimeter for
the reading light and the conservation of its inner temperature are supported by an external
12-volt battery.
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A general levelling of the instrument is obtained by sliding it gently on the baseplate. Then
the three leveling screws of the gravimeter are turned until the perfect levelling has been
achieved. After the levelling of the instrument, the beam should be released by unclamping
the knurled arrestment knob that keeps the spring locked and stable in order to prevent any
damage during the transfers. After turning on the switch for the internal light, the instrument
is ready for the measurement. The placement of the crosshair at the characteristic reading
line is carried out by turning clockwise a nulling dial and observing it through the microscope
eyepiece. Finally, the reading value is obtained from the counter (the 4-digit integer and the
first decimal) and from the nulling dial (the last two decimal digit). It is important to mention
that the counter readings need to be converted to milligals, based on the instrument’s

calibrations table, in order to proceed to the data reduction.

Figure 4.7: The gravimeter LaCoste & Romberg  Figure 4.8: Development of the gravimeter and
G-496, placed the concave plate. dGPS TopCon HiperPro antenna (placed on the
tripod over the gravimeter) at the field.

The second major category of the equipment refers to the instruments of the Differential
Global Positioning System (dGPS), owned by the division of Geography-Climatology, of the
Department of Geology and Geoenvironment, National Kapodistrian University of Athens.
necessary for the determination of the coordinates of each gravity station. The system was
compiled by two different (base and rover), dual-frequency TopCon HiperPro GPS receivers
antennas (Fig. 4.8). They are able to collect data from up to 20 satellites of the GPS and
GLONASS global navigation satellite systems (GNSS), improving the accuracy of any survey
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point. The energy supply of the antennas is supported by internal batteries, providing power
for at least 11 working hours. These antennas are attached and levelled on a tribrach that is
mounted on the tripod placed on the ground (Fig. 4.8). All the data collected throughout the
static survey method measurements, was processed via the TopCon Tools post-processing

program in order to determine the final coordinates of all the survey points.

4.2. DENSITY DETERMINATION OF STUDY AREA

As we have already mentioned in §3.6, density is the physical quantity that controls the
gravity response of each geological formation, based on its characteristics (e.g. porosity, age,
metamorphism). It is very important for the final processing of the gravity data and the
construction of the anomaly model, which will provide information about the volume, depth
and general shape of the anomaly, since the same anomaly can be produced by many density

distributions. The density is practically a strong constraint in the process.

In the context of this Ph.D. study, the density of the existing geological formations in the
Athens basin (§2.2) was determined with 3 different ways (see §3.6), wherever it was possible.
The laboratory measurements on surface samples and the Nettleton method were applied to

almost every type of geological formation of the Athens basin.

4.2.a. Laboratory measurements

Several authors (Abzalov, 2013; Baptiste et al., 2016; Boszczuk et al., 2011; Damaceno et
al., 2017; Garcia-Perez et al., 2018; Goumas, 2006; Onal et al., 2008; Papadopoulos et al.,
2007; Parasnis, 1952; Whetton et al., 1956) have carried out laboratory measurements in
order to determine the densities of the geological formations existing in their study area.

As we have previously discussed in §3.6.a, the bulk density of a rock geological sample can
be calculated in the laboratory. A set of 3 measurements is required (Goumas, 2006; Parasnis,
1952), which are the W; for the weight of the dry specimen measured in air, the W> for weight
of the saturated specimen measured in air and the W3 for weight of the saturated specimen
measured in the water. More specifically, we can determine the dry density pg, the saturation
density ps and the granular one pg with the following equations given that py is the water

density (almost equal to 1 gr/cm3):

Wi

Pa = W, — W, Pw
iz

ps = W, — W, Pw
Wi

Pg = mpw

Based on Long & Kaufmann (2013), the bulk density of a formation may be either dry or
fluid saturated. Near the surface and especially above the water table the bulk density is
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usually the dry one, while the saturated is for larger depths. On the other hand, Parasnis
(1952), believes that the “field” density is somewhere between the dry and saturated one.

Figure 4.9: Triassic-Jurassic Limestone geological  Figure 4.10: Borehole core of Athens Schist for
specimen for density calculation density calculation

It is common belief that for reliable determination of the densities, it is necessary to
measure numerous samples for each geological formation, collected from several locations in
order to calculate their average that will provide a representative value of the formation, since
it is considered inhomogeneous. It is preferred that the samples are taken from borehole cores
since they are more characteristic than the weathered samples from surface outcrops.
Nevertheless, for formations that consist of various lithologies, we have to take into
consideration the densities of all lithologies for the average ones of the formation itself, but

even then, we might not be able to obtain a characteristic density of the formation (§4.2.b).

Figure 4.11: Weighing the dry specimen in air Figure 4.12: Weighing the saturated specimen
(Ws) dipped in water (W3;) with the aid of special kit.
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Figure 4.13: Locations of geological specimens and borehole cores used in laboratory
measurements. The Nettleton profiles are also illustrated.
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Number Saturation Grain
Geological formation/lithology of Dry density density ps density p,
specimens pa (gr/cm’) (gr/cm?) (gr/cm?)

Triassic-Jurassic Limestones (T-J) 60 2.66 +0.04 2.68 +0.04 2.70 +0.04
Dolomites (D) 20 2.74 +0.07 2.76 +0.07 2.79 +0.07
Marbles (M) 30 2.66 +£0.02 2.68 £0.03 2.71+0.04
Schists (Sch-Hymettus Mt.) 11 2.43 +0.05 2.54 +0.03 2.76 £0.02
Schists (Sch-Penteli Mt.) 5 2.57 +0.05 2.68 +0.10 2.94 +0.29
Shales & Sandstones (C-P) 16 2.51+£0.05 2.57 +0.03 2.67 +0.03
Limestones of Athens Unit (CA) 28 2.64 +0.04 2.66 +0.03 2.70 +0.02
Limestones of Alepovouni (CA/) 21 2.64 +0.04 2.66 +0.02 2.70+0.01
Clastic Limestones of Athens Unit (CmA) 8 2.57 £0.04 2.61 +0.02 2.67 +0.01
Athens Schists (SchA) 38 2.55 +0.07 2.60 +0.05 2.69 +0.05
Schists of Alepovouni (Sch-Al) 13 2.19 +0.09 2.36 +0.08 2.61 +0.10
Limestones (Ng-PIm) 5 2.550.04 2.59 +0.05 2.67 £0.07
Marly limestones (Ng-PIm) 12 2.45 +0.05 2.52 +£0.04 2.63 +0.02
Sandy marls (Ng-Msm) 18 1.60£0.09 | 1.91+0.12 | 2.36+0.24
Breccia & sand (Ng-Msm) 6 2.50+0.11 2.55 +0.07 2.65 +0.03
Reddish clays (Ng-Msl) 5 2.49 +0.03 2.56 +0.03 2.68 +0.01
Limestones (Ng-Msl) 5 2.61 +0.04 2.64 +0.03 2.68 £0.02
Marls (Ng-Msl) 6 1.72 +0.07 1.96 +0.14 2.29+0.31
Marly limestones & Sandy marls (Ng-Msl) 18 2.13+0.16 2.29+0.11 2.52 +£0.06

Clay & Sand (Ng-Pll) 5 - 2.16 +0.04 -

Talus cones & Scree (Pt.sc) 1 2.28 2.39 -
Metabasic 9 3.05 £0.04 3.10 +0.03 3.20 +0.03

Table 4.3: Average densities (Wi, W, W3) of the geological formations or individual lithologies in

Athens basin, derived from the laboratory measurements of surface outcrops specimens and borehole
cores of this Ph.D. thesis.

In the framework of this Ph.D. thesis, laboratory density measurements were finally carried
out on 364 geological specimens (Appendix B), collected from several locations of almost
every formation existing in Athens basin (Fig 4.13). The majority of the measurements was
executed by the author, based on small-size specimens (<200 gr), due to the weight limitation

Ill

of the scale and the special “underwater” weighing kit. This precision scale had a readability

of 0.001gr. It is important to mention that the samples came from both surface outcrops (Fig.
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4.9) and boreholes cores (Fig.4.10). Beyond these, additional measurements of bigger size
cores were carried out in certified geotechnical laboratory, with a more typical electronic
scale, capable to weigh quite bigger specimens (up to 2,000 gr) and equipped with the
“underwater” system (hook) under it. By weighing these bigger specimens, we gathered
probably more characteristic density values of inhomogeneous formations, such as the Athens

Schists, considered as a mélange.

Therefore, the procedure began when all the specimens were dipped in the water for 48
hours, in order to become saturated. Then, we were able to measure on the precision balance
their weight W in air and their weight W3 dipped in distilled water (Fig. 4.12). Afterwards,
they stayed for 24 hours in a kiln, at almost 100°C to get completely dry, in order to measure
their weight Wi in air (Fig. 4.11). This procedure was followed for each specimen (Appendix
B). Afterwards, the results of all the individual specimens were evaluated categorized per
formation, in order to ignore any abnormal values for the calculation of the average formation
density (Table 4.3), where almost 93% of the specimens were included. For the majority of the
post-alpine sediments covering the Athens basin (§2.2.b), we were even able to calculate

discrete densities for lithologies of the formations.

Beyond our own laboratory calculations of samples and cores gathered by the author,
bibliographic references have also been collected (Table 4.4), regarding older density
calculations in Athens basin, either for engineering purposes (Sabatakakis, 1991) or
application of geophysical methods (Goumas, 2006; Papadopoulos et al., 2007). Comparing
the bibliographic densities (Table 4.4) with the ones derived in the framework of this Ph.D.
(Table 4.3), we can see that generally all the values are pretty close, except for the Schists and

Athens Schists, where we can observe bigger differences.

Geological formation/lithology Papadopo.ulos etal., Sabat.akakis, 1991 Gou‘mas, 2006
2007. (pq in gr/cm3) (pain gr/cm?) (pain gr/cm?)
Triassic-Jurassic Limestones (T-J) 2.72+0.01 2.68 2.72 +0.04
Marbles (M) 2.69 +0.01 2.88 -
Schists (Sch-Penteli Mt.) 2.81+0.05 2.78 -
Shales & Sandstones (C-P) 2.57 +0.03 - -
Athens Schists (SchA) 2.65 +0.02 2.51 -
Limestones of Athens Unit (CA) - 2.68 -
Marls 2.01 2.07 -
Conglomerates 2.42 2.44 2.46 £0.10
Marly Limestones - 2.4-2.62 -

Table 4.4: Bibliographic densities for geological formations/lithologies of Athens basin
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4.2.b. Nettleton Method (Density profile)

Several authors (Ali & Whiteley, 1981; Fernandez-Cordoba et al., 2017; Goumas, 2006;
Karastathis et al., 2010; Parasnis, 1952) have applied this method in order to determine
successfully the bulk density of geological formations. The densities estimated through this
method are considered to be quite representative for the geological formations, very close to

their bulk density, since it is applied in the real field conditions.

In Athens basin, we can observe many hills coming into view, where we applied the
Nettleton (1939) profile method (§3.6.c) for the estimation of their bulk density. This method
requires the execution of a profile of close gravity stations across a preferably gentle
topographic relief (hill or valley), shaped by a geological formation, with no lateral variations.
Based on Nettleton (1939), a simple slope is not enough given the fact that it is not possible
to separate the contribution of density to the slope of the profile from the existing regional

slope. It is preferable to select hills surrounded by post-alpine sediments.

During the data reduction procedure, different values of densities have to be assigned,
producing corresponding reduced curves (Complete Bouguer Anomaly). Subsequently, all
these curves are compared plotted in a common graph in order to identify the one
demonstrating the minimum correlation with the topography. For better results, the values
obtained for each station are usually referenced to the first station of each profile. Especially
for the profiles executed in the urban environment of Athens for this Ph.D. thesis, the data
reduction procedure included also the necessary Building Corrections (§3.3.h.4). Additionally,
the minimum correlation curve was identified with the aid of the correlation coefficient

formula in worksheets and not just by optical estimation.

Within the scope of this Ph.D. thesis, totally 40 density profiles (Fig. 4.13) were carried out,
constituted of 315 gravity stations. The selection of the location of the density profiles and
their gravity stations were chosen after careful planning. Difficulties arose during the planning
due to the urban environment (§4.1) and the quite complicated geology of Athens basin
(§2.2). The distance of the stations was not stable, but was limited in order to investigate the

near-surface formations only.

Almost all the geological formations of the Athens basin were investigated and their bulk
densities were estimated. Unfortunately, the results of some profiles were not helpful and
therefore were not included in the evaluation. The reason of these profiles being
misrepresentative was probably due to their locations (not in the interior of the basin), close
to mountain slopes and therefore influenced by the intense regional field. Unfortunately, the

locations for planning and executing such density profiles were very limited.

For the process procedure, the assigned values of density ranged from 1.4 to 3.2 gr/cm?3
(Figs. 4.14-4.19), with reduced curves produced for every 0.05 gr/cm3. After the evaluation of

all the Nettleton profiles, the corresponding densities were determined (Table 4.5).
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Geological formation/lithology Density profiles Density (gr/cm3)
Triassic-Jurassic Limestones (7-J) 4 2.55-2.65
Dolomites (D) 2 2.60
Marbles (M) 2 2.60
Schists (Sch-Hymettus Mt.) 1 2.55
Schists (Sch-Penteli Mt.) 2 2.75
Shales & Sandstones (C-P) 2 2.35-2.45
Limestones of Athens Unit (CA) 7 2.50-2.55
Limestones of Alepovouni (CA/) 2 2.65
Athens Schists (SchA) 3 2.50-2.55
Schists of Alepovouni (Sch-Al) 2 2.55
Neogene Deposits / Several lithologies (Ng) 11 1.95-2.15 & 2.40
Talus Cones & Scree (Pt.sc) 2 not identified

Table 4.5: Representative densities determined by the application of Nettleton profile method (1939).
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Figure 4.14: Nettleton profile of Triassic Limestones (TJ) at Nikaia.
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Figure 4.15: Nettleton profiles of Dolomites (D) at Voula and Marbles (M) at Politia.
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Figure 4.16: Nettleton profiles of Schists (Sch) at Nea Penteli and Shales-Sandstones (C-P) at Fyli

141



CA-3 (Peyka Verdi)
35 - 450

3.0 -

25 4

o
n

o
°
il
)

Elevation (m)

300

Bouguer Anomaly (mGal)

- 200

-
- -

e 14 15 w16 1] w18 —10 — o—D] w—22 w23 —2 —25 G—)55 cn2f w—2] =2 29 w3 3] 3.2 == == Elevation

-4.0 ™ T ™ ™ ™ 150
0 50 100 150 200 250 300 350 400 450 500 550 600 650

Distance (m)

Cal-1 (Kaisariani)

a0 ‘ _

35 4
- 500

3.0 4

15 -

10 -

05 -

Elevation (m) §

Bouguer Anomaly (mGal)
w
3

05 |

10

-5 -

25 - - ~

-
- S~ - 250
30 4 - N

35 T S

5 14 15 emm1f 1] ] ]9 ) 2] 22 23 o2 2§ 26 @S2E5 2] 28 29 3 31 32 = == Elevation
-4.0 200

0 50 100 150 200 250 300 350 400 450 500 550
Distance (m)

Figure 4.17: Nettleton profiles of Limestones of Athens Unit (CA) at Peyka Verdi and Limestones of
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Figure 4.18: Nettleton profiles of Schists of Athens Unit (SchA) at Ambelokipoi and Schists of

Alepovouni (SchAl) at llioupoli.
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Figure 4.19: Nettleton profiles of Neogene Deposits (Ng) at Piraeus and Zefyri.
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4.2.c. Seismic Velocity information

The density of a geological formation is related to its seismic velocity and has already been
discussed in theoretical level in §3.6.d, where the most known published empirical curves of
their relations have been presented. Many researchers (Ammirati et al., 2018; Berrocal et al.,
2004; Chaubey et al., 2002; Makris & Yegorova, 2006; Makris et al., 2013; Nakada et al., 2002;
Sanchez-Rojas & Palma, 2014) have taken advantage of these empirical curves of density-

velocity correlation in order to estimate the densities of several geological formations.

In the context of this Ph.D. thesis, we will estimate the density of geological formations,
based on bibliographic seismic data regarding the Athens basin area. In Table 4.6, we can
observe the densities derived by using three different empirical curves, described previously
in §3.6.d (Brocher, 2005; Gardner et al., 1974; Nafe & Drake, 1961).

The majority of the provided velocities for Athens formation come from Louis et al. (2002b),
by carrying out in-situ measurements on geological outcrops of Ano Liosia area. Afterwards,
Symeonidis et al. (2005) executed refraction and surface waves tests above a borehole with
known stratigraphy at Glyfada area. Additionally, Papadopoulos et al. (2001) carried out
seismic tomography across boreholes with known stratigraphy at Kalogreza area searching for
underground cavities. Finally, Papadopoulos et al. (2007) executed three long seismic
refraction lines, across the Athens and Thriassio basin, illustrating their results. By checking
the surface formations along these profiles and their near-surface seismic velocities, we
managed to derive similar velocities with Louis et al. (2002b) for the Triassic-Jurassic

Limestones (7-J) and the Talus Cones & Scree (Pt.sc).

Density by Density by Density by
Geological formation/lithology Vp (in m/s) Gardner et al., | Nafe & Drake, | Brocher, 2005
1974 (gr/cm3®) | 1961 (gr/cm?) (gr/cm3)
Triassic-Jurassic Limestone (T-J)? 3,500-4,500 2.38-2.54 2.32-2.46 2.32-2.48
Shales & Sandstones (C-P)* 2,300 2.14 2.03 2.05
Talus Cones & Scree (Pt.sc)! 1,800-1,900 2.02-2.05 1.81-1.86 1.80-1.87
Neogene Deposits / Several
) ) 1,400-1,600 1.90-1.96 1.6-1.70 1.6-1.7
lithologies (Ng)*
Loose Quaternary deposits (Q-
1,100-1,500 <1.93 <1.64 <1.6
Al
Conglomerates? 2,080-2,270 2.09-2.14 1.95-2.05 1.94-2.02
Clays® 1,000-2,500 <2.19 <2.09 <2.1
Breccia® 2,500-3,000 2.19-2.29 2.09-2.22 2.1-2.21

Table 4.6: Densities calculated from the empirical curves of velocity-density correlation, based on by 1:
in-situ measurements (Louis et al., 2002b), 2: Refraction data (Symeonidis et al., 2005) and 3: Cross-hole

data (Papadopoulos et al., 2001).
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4.2.d. Comparison of Methods and evaluation results

Other authors in the past (Hammer, 1950; Parasnis, 1952; Whetton et al., 1956) have tried
to define the rock densities by carrying out both laboratory measurements on specimens or
cores and survey methods such as the Nettleton profiles. In such cases, the comparison was
made between the saturated density derived from the laboratory measurements and the
density derived by the density profile. Although Parasnis (1952) declared that laboratory
measurements would be sufficiently accurate, he ended up adopting values that were the
mean value of the two methods (laboratory measurements and density profiles). On the
contrary, Hammer (1950) supported the idea that the density determination can be done
better with the density profiles rather than by laboratory measurements on specimens.
Similar aspects presented also by Whetton et al. (1956). The last two papers supported that
the differences between the two methods can be associated with changes in saturation or

mechanical changed during the drilling.

In our case, it seems that the application of Nettleton method for determining the density
of the Athens formations proved valuable regarding the post-alpine formations (Ng), because
they were either too unconsolidated to be measured in the laboratory or they were comprised
of several different lithologies (§2.2.b). Each lithology has its own density that was calculated
by laboratory measurements but the final representative value of the whole formation could
not be estimated. The density profiles were equally helpful in the case of the Athens Schists

(SchA), which are considered to be a mélange (Table 4.7).

Geological formation/lithology Adopted Density (gr/cm3®) | Dominant Method
Triassic-Jurassic Limestones (T-J) 2.68 Laboratory
Dolomites (D) 2.76 Laboratory
Marbles (M) 2.68 Laboratory
Schists (Sch-Hymettus Mt.) 2.54 Laboratory
Schists (Sch-Penteli Mt.) 2.68 Laboratory
Shales & Sandstones (C-P) 2.57 Laboratory
Limestones of Athens Unit (CA) 2.66 Laboratory
Limestones of Alepovouni (CA/) 2.65 Lab & Nettleton
Athens Schists (SchA) 2.50 Nettleton
Schists of Alepovouni (Sch-Al) 2.36 Laboratory
Neogene Deposits / Several lithologies (Ng) 2.10 Nettleton
Talus Cones & Scree (Pt.sc) 2.30 Lab & Seismic
Loose Quaternary deposits (Q-Al) 1.60 Seismic

Table 4.7: Adopted densities of geological formations, used in gravity data processing.
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On the other hand, the most carbonate formations, such as the Triassic-Jurassic limestones
(T-J), the Dolomites (D), the Marbles (M) and the Limestones of Athens Unit (CA), were
characterized by quite smaller densities based on the Nettleton profiles results and are not
quite representative. This could be due to the increased weathering (Hammer, 1950; Whetton
et al., 1956), existing cavities or due to the regional anomalies (Hammer, 1950), given the fact
that the density profiles of the first three (T-J, D, M) were carried out constrainedly close to
mountain slopes and therefore regional anomalies. The same discordances, probably for
similar reasons, are observed for the Shales & Sandstones (C-P), the Schists (Sch) - mainly for the
ones of Penteli Mt. - and the Schists of Alepovouni (Sch-Al). For all these formations, the adopted
densities were based on the laboratory measurements (Table 4.7).

In the case of the Loose Quaternary deposits (Q-Al) the only available density was derived based
on seismic reference data, since it is obvious that no laboratory measurements can be executed.
Moreover, the density of the inhomogeneous formation of Talus Cones & Scree (Pt.sc) was selected
somewhere between the laboratory measurements and the density derived by the seismic data (Table

4.7), as long as the density profiles could not determine a proposed density.

4.3. DATA PROCESSING - QUALITATIVE INTERPRETATION

Given the fact that gravity measurements are affected by many parameters (topography,
sea level, elevation etc.), that have already been described thoroughly in §3.3, we have to
consume lots of time for the data processing in order to take the final result. The evolution of
the computer science and the development of new algorithms, improve the situation. But the
human parameter holds the major role, based on the decisions taken for several steps in the
processing procedure (e.g. reduction density, gridding method, applied filters and their

parameters).

The whole process can break in semi-individual parts, like the DGPS post-processing
(§4.3.a), the gravity data preparation and visualization (§4.3.b), the data reduction with the
application of all the essential corrections (§4.3.c), the data enhancement (§4.3.d), the
anomaly isolation (§4.3.e), the 3D inversion (§4.4.c) and the production of the appropriate
maps and sections (§4.4.a). Depending on the final scope of each gravity survey, some of these
processing parts can be ignored, except for the absolutely basic data reduction. In the
following sections, we will describe the practical operations made in the context of the data
processing for this Ph.D. thesis, since the theoretical foundation has already been analyzed in
chapter 3.

4.3.a. DGPS Data Processing

In §4.1.c we mentioned that the topographical measurements for the determination of the
coordinates of every gravity measurement were carried out with the static method. The

method was chosen due to the urban environment and the desired high accuracy. But this
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method requires a post-processing procedure, during which the final horizontal and vertical

coordinates are determined, with an accuracy of a few millimeters (3 decimals).

The post-processing was executed with the TopCon Tools program that provides you the
environment for illustrating, processing and adjusting incorrected field DGPS observations.
The input raw data (satellite recordings) are obtained from the internal storage space of the
GPS receivers. After the calculation of the coordinates, a quality control is also available with
several calculated parameters (horizontal and vertical precisions, deviations etc.). Additionally
all kind of information is presented regarding the details of the acquisition, like the type of

antenna, the antenna height and the way of measuring it, the recording duration etc.

The EGM96 geoid model was used to convert the ellipsoidal heights into orthometric
heights, required for the gravity processing. The elevation mask was kept to 15° and the
system as GPS+. The coordinates of all the survey points were calculated based on the Hellenic
Geodetic Reference System (EGSA’87).

4.3.b. Preparing and visualizing data

This step of the processing procedure intends to outline more reliable and unambiguous
anomalies, with better visualization of the spatial data that will benefit the interpretation step.
For that reason, simple inspections are essential in order to avoid foolish errors in the data
input, since in our case the field hand-written data from the gravimeter (Lacoste & Romberg
D-496) have to be typed in a worksheet database in the appropriate format. Of course, the
counter readings of the instrument have to be converted in milliGalls, based on its calibration
table. Apart from the database of the gravity stations, two more databases have to be created;
one including the calculated coordinates of all the survey points (§4.3.a) and one more

regarding the gravity bases and their absolute values.

The choice of the gridding method used for the spatial distribution of the data is very
important since it can either outline the existing anomalies or distort the image. It should be

chosen based on the type of the survey points (parallel profiles, scattered points etc.).

In our case, with the hundreds of scattered points spread to the greater area of Athens
basin, the ideal gridding method was considered to be the Minimum Curvature, which
interpolates the data in the smoothest possible way (§3.4.a.2) and has already been applied
by many researchers during gravity surveys (Blaikie et al., 2014; Crossley et al., 2004; Kay &
Dimitrakopoulos, 2000; Louro & Mandovani, 2012; Mendonca & Silva, 1995; Shafie et al.,
2014; 2016). The grid size was set initially to 500 meters at the first phase, where the stations
were placed at distances of 1000 meters, but finally it was reduced to 250 meters because of
the denser collected data. The parameters defining the stop of the iterative process for
creating the grid were the maximum 100 iterations and the condition that 99% of the survey

points were in the 1% of the data range.
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4.3.c. Data Reduction and Bouguer Anomaly Calculation

The theoretical background of the gravity data reduction has been discussed extensively in
§3.3. Therefore, in the following sections we will discuss the practical parameters and issues

of the gravity survey of this Ph.D. thesis.

The whole gravity processing was carried out with the Oasis Montaj software by Geosoft,
along with the necessary supplementary extensions, like the Gravity & Terrain Correction. The
Oasis Montaj software is a powerful tool for visualization, analysis and processing data from
potential fields. It has been widely used in the scientific community by many researchers
(Araffa, 2012; Araffa et al., 2015a; 2015b; Blaikie et al., 2014; Dilalos & Alexopoulos, 2017;
Farhi et al., 2016; Fathy et al., 2013; Fries et al., 2005; Louro & Mandovani, 2012; Shafie et al.,
2014; 2016; Sultan et al., 2009a; 2009b; Zahra & Oweis, 2016) taking advantage of the

enormous processing and filtering tools.

4.3.c.1 Drift and Tidal Corrections

During the whole gravity survey in Athens basin, every 2-3 hours we were reoccupying the
nearest established gravity base (§4.1.a) in order to calculate with good accuracy the drift
correction of our instrument (§3.3.b). This means that practically the measurements were
carried out in loops, where its start and end were defined by a base occupation.

The drift was calculated with the Gravity & Terrain Correction extension of the Oasis Montaj
software, based on the closure error between the first and last reading in each loop based on
the following equation:

(base 2 reading — base 1 reading) — (base 2 Absol.G — base 1 Absol. G)
(base 2 time — base 2 time)

drift =

After the drift calculation, the closure errors had been evaluated and usually if the drift
closure was more than 0.01mGal/hour, the measurements were acquired again in order to
have qualitative data. Fortunately, this was very rare in our case.

Selecting the option to calculate the drift correction, the program calculates simultaneously
the tidal effects and the corresponding correction (§3.3.a), based on the measurement time
of each station and the program’s database. The range of the calculated tidal corrections is
from almost -0.1008 mGal to 0.1713 mGal.

Therefore, after the time-dependent corrections of the drift and earth tides, the Absolute
Gravity Value of each survey point is calculated. This is also the procedure in order to

determine the absolute values of the established gravity bases.

4.3.c.2. Latitude and Free-Air Corrections

The next step includes the latitude and free-air corrections, where the calculated

coordinates of each gravity station are taken into account.

149



4225000

4220000

4215000

ASPropyrgos

Pallini

egend

Human depasits [ Ophiolites and Flysch
| | Quaternary deposits I Fe Deposits
| | Talus cones and Scree —— Fault
| | Neogene deposits -~ Fault probable or covered

Limestones of Athens Unit +— Upthrust
Athens Scists E Upthrust probable or covered
Limestones of Alepovouni Unit A Overthrust

Schists of Alepovouni Unit A . Overthrust probable or covered

Allochthon Limestones £o- . Querthrust probable Up. Cretaceous b i tl/ & =
Allochthon Schists —— Teclonic discontinuity > ’< R

4130000

Marbles Free-Air Anomaly (mGal) \ - ~
Dolomites wm 177.4 \ B =y
Attico-Cycladic Schists ;g°4 M/st;rs :
Triassic-Jurassic Limestones ‘ Ma 1250 2500 5000 7 500 10 000
Shales and Sandstones alterations

467000 472000 477000 462000 487000

Figure 4.20: Free-Air Anomaly Map

150



For the calculation of the Latitude Correction, the normal gravity has to be determined first
(§3.3.c). The program provides four different International Gravity Formulas (/IGF30, IGF67,
GRS80 and WGS84) for its calculation. We applied the WGS84 formula, which is
internationally accepted by the International Union of Geodesy and Geophysics (IUGG) and it
is considered to be the best one, since it takes into account the weight of the atmosphere. If
U is the geodetic latitude of the station, the normal gravity is calculated with the following
equation:

78032067714 LT 0.00193185138639sin%0
Frooa = 2 IERIET (1 — 0.00669437999013sin26)05 "%

For the Free-Air Correction (§3.3.d) the formula finally selected between the proposed

ones of the program is the following (h is the station elevation):
AGgrac = 0.308596h in mGal
The calculated Free-Air Anomaly of the survey points range from almost 50.4 mGal to 177
mGal (Fig. 4.20). The results are quite predictable, with the lower values located in the basins
areas (smaller elevation) and the higher ones at the areas with greater relief, such as the

surrounding mountains and the central hill axis.

4.3.c.3. Terrain Correction

As we have already discussed in §3.3.f the procedure for the calculation of the Terrain
Correction is simple, based on the Hammer zones (Hammer, 1939), but time-consuming. The
classic method required detailed topographic maps. Given the fact that Athens basin is an
urban area, the greatest part of it is covered with artificial constructions (buildings, roads etc.).
This means that the existing topographic maps, published by the Hellenic Military
Geographical Service several years ago, are not efficient enough, because large-scale

constructions provoke great changes in geomorphology, modifying the existing topography.

For that reason, recently updated DEM map (Fig. 4.21) had been used for the calculation
of the essential terrain corrections, for a radius up to 21 kilometers for each station. These
DEM maps have grid cell size equal to 5 meters and they were crosschecked with the DGPS
field data (more than 1,100 points).

The terrain corrections were calculated through the Gravity and Terrain Correction
extension of Oasis Montaj software, as many authors have already done (Araffa et al., 2015a;
2015b; Dilalos & Alexopoulos, 2017; Farhi et al., 2016; Re et al., 2016; Sultan et al., 2009a).
For the inner zones, up to a radius of 1.500 meters, the corrections were calculated based on
a more detailed DEM with 5 meter cell spacing including the terrain relief and the bathymetry
data of the nearby sea areas (e.g. Saronikos Gulf). The corrections for the zones between 1.5
and 21 kilometers were calculated from another coarse DEM, with 25 meter cell spacing. This
is because the routine of the Oasis Montaj software calculates one regional terrain correction

based on the coarse extended DEM and a local one based on the more detailed DEM, which
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will be added to the regional one. In cases with severe relief, supplementary field topographic

information for the inner zones was provided, since DEM could be inadequate.

a
a
=]
]
g
<

4220000

4215000

Aspropyrgos. 7

s f -
// N ; / (s
& R ol Nea FilddelfiaNea lonia
g
i

o

Neayéa‘g\ Nea Yalkidona oy

> = Agioi Anargyroi.. ® 6
s rd

/ / \5? -

/ / R

i i
T Peristeri 7
/

4210000
S
\

——
o —

4205000

Aigaleo

KBrydallos
/
ba //4) Nikaia Tayros :.l‘ a
b VW Keratsim\ Agios loannis Rer;ﬂfs ’//
\\ . b
=] Moschatokallithea %'f Ymittos 3
g Pird / el ’ -
2 L - s
8 = ) ¥
ol . Nea Smyrni o
ﬁ Agios Dimitrios &
& Jlioy
Palaio Faliro / 5.
e -
Y
&
A0 —
2 o\\& ki
2+ < s
b
Legend Elliniko
— Fault
I~ — Fault probable or covered
{— Upthrust
-~ Upthrust probable or covered Glyfada
g [— Overthrust
S} - - Overlhrust probable or covered { .‘A"".. 1
= I.- - Overthrust probable Up. Cretaceous| h'..p =
- Tectonic discontinuity
Digital Elevation Model (DEM) //
- 1402 (m) S
o - 8
.98 (m) Meters
“Q0 1250 2500 5000 7 500 10 000
I
) U 1]
467000 472000 477000 482000

Figure 4.21: Digital Elevation Model (5m grid cell size) along with the tectonism of the study area

152



4225000

8
s
o y
g 4

—_— 7

\\\

o
e =
D
~
=23
=
24
g
Aspropyrgos

4210000

4205000

4200000

4195000

Pallini

Legend

| Human deposits

| | Quaternary deposits

| | Talus cones and Scree

| | Neogene deposits
Limestones of Athens Unit
Athens Scists

Limestones of Alepovouni Unit
Schists of Alepovouni Unit
Allochthon Limestones

Allochthon Schists

Marbles

Dolomites

Attico-Cycladic Schists
Triassic-Jurassic Limestones
Shales and Sandstones alterations

4130000

[ Ophiolites and Flysch
I Fe Deposits
~— Fault
== Fault probable or covered
“— Upthrust
+--- Upthrust probable or covered
A Overthrust
A . Overthrust probable or covered
“.~ - Overthrust probable Up. Cretaceous|
—— Tectonic discontinuity
Terrain Correction (mGal)
- 20.59
10 ¥ o
. 017
0 1250 2500

467000

T ) T
472000 477000 482000

Figure 4.22: Distribution of Terrain Correction values.

Meters
5000

487000

7 500

10 000

153



Based on the manual of the Gravity and Terrain Correction extension (Geosoft, 2010) of
Oasis Montaj software, the Terrain Corrections are calculated using a combination of the
method described by Nagy (1966) and Kane (1962). The DEM is sampled to a grid mesh
centered on the survey station to be calculated. The calculation of the correction is based on
contribution of the near zone (1 cell radius ring from station), the intermediate zone (2-16 cell

radius ring) and the far zone (more than 16 cells radius ring).

In the near zone, the effect of four slopping triangular sections is summed up, describing
the surface between the station and the elevation at each diagonal corner. In the intermediate
zone, the terrain effect is calculated using the flat topped square prism approach proposed by
Nagy (1966) for every station. Moreover, for the far zone, it is calculated based on Kane’s
(1962) annular ring segment approximation to a square prism. Additionally, the DEM grid is
reflected on its edges in order to ensure that the required radius for the correction will be
ensured and beyond that, any dummy values will be first interpolated by the adjacent valid
ones. Nevertheless, an edge correction will be calculated in order to account the distance

between the station elevation and the grid average elevation beyond the DEM grid edge.

The Terrain Correction values that have been calculated range from 0.17 mGal to 20.59
mGal and their distribution (Fig.4.22) seems satisfying, since the bigger ones are located up to

mountainous areas.

4.3.c.4. Building Correction

It has already been mentioned that the mass of buildings close to a gravity station produces
an upward attraction (§3.3.h.4), distorting the reading value. Taking into consideration that
Athens is a fully developed city with an enormous number of buildings (Figs. 4.23) and other
anthropogenic constructions, we decided to quantify somehow this impact on the

measurements, calculating a so-called Building Correction.

Several researchers have worked on the building effect and some of them have tried to
quantify it. Most of them have based their calculations on Nagy (1966), who calculated the
gravitational attraction of a rectangular prism. Radogna et al. (2003) carried out a micro-
gravity study for the metro line of Lausanne city, where they calculated the building effects
through a software. Detailed work for the correction of building effects is illustrated by
Debeglia & Dupont (2002), by modelling the buildings with polygonal prisms. Additionally,
Panisova et al. (2012) introduced a microgravity survey in the interior of a church, where
photogrammetry has been used to estimate the gravitational effect of the church itself.
Finally, Yu (2014) investigated the building effect, adjacent to a new-developed city and a line
of buildings. He carried out several gravity profiles parallel to this building line, with increasing

distance from them.

In the following sections, we will develop in individual steps the concept of quantifying the

Building Correction.
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Figure 4.23: Panoramic photographs of the Athens basin study area, illustrating that is a city
practically covered by buildings.

i. Determining the building coverage and volume

The first problem we have to deal with is to calculate the spatial coverage of the
anthropogenic constructions and buildings in the area of interest. Beyond this, it is necessary
to obtain data concerning the volume extension of these constructions. In other words, the
information of their height extent is also essential, or at least an indirect approach to calculate
it, such as the one based on the number of floors.

There are some methods to retrieve this kind of data. One common example is the town-
planning maps that government services hold (Haala et al., 1998; Brenner, 2000; Radogna et.
al., 2003; Vosselman & Dijkman, 2001). Nevertheless, for such a big area of interest, like
Athens basin (almost 720km?), this seems impractical, endless and time-consuming.

For that reason, we chose a more simple, quick and precise method to calculate the
building volume, for which two types of raster data is required. The first one is a detailed

Digital Elevation Model (DEM), as the one used in the calculation of the Terrain Correction
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(Fig.4.21) in the previous section. The second necessary package of data provides us with
information about the maximum elevation of the covered area, including all the
anthropogenic constructions. Many people tend to confuse it with a DEM, but the correct
term is ‘Digital Surface Model’ (DSM).

A Digital Surface Model (DSM) can be generated by high accuracy airborne LIDAR data
(Jochem et al., 2009; Sampath & Shan, 2007; Yan et al., 2015; Yu et al., 2010) or even with the
contribution of UAV/drones (Eisenbeiss & Zhang, 2006; Remondino et al., 2011; Tokunaga,
2015), but with the second one limited to relative small areas. Nowadays this information is
taken advantage of in many cities of the world for several practical applications, in order to
calculate the volume of the buildings and produce their 3D reconstruction (Baba et al., 2014;
Brédif et al., 2013; Mongus et al., 2014; Yan et al., 2017).

LIDAR data gives us the maximum elevation points of the investigated area. This means
that if a building exists, the elevation of its roof will be measured, as the maximum
elevation/surface point. If not, it will measure the terrain elevation (same as in the DEM).
Usually, such kinds of data are provided with a cell size of 0.8-1 meter. The DSM of Athens
basin is presented in Figure 4.24, with a grid cell size of 5 meters. The white areas do not
enclose any height information, due to either the absence of buildings (e.g. mountainous
areas) or the existence of protected areas (e.g. military settlements).

Advanced toolboxes of a Geographic Information System and more specifically a raster
calculator tool are required in order to isolate the buildings. We have to subtract the DEM
elevations from the respective DSM elevations (DSM-DEM) (Ameri, 2000; Baba et al., 2014;
Brunn & Weidner, 1997; Dilalos et al., 2018; Haala & Brenner, 1999; Jochem et al., 2009;
Weidner & Forstner, 1995). In that way, a new raster map will be produced, illustrating the
spatial distribution of the heights of all the buildings and constructions in the study area. This
is called ‘Building Height Map’ (Fig.4.25), which practically provides the volume of the building
(3 dimensions), based on the horizontal distribution (2 horizontal dimensions) of their heights
(1 vertical dimension). Although, it might also contain information about the three heights,
we consider it cleavable (Awrangjeb et al., 2012; Brunn & Weider, 1997; Dilalos et al., 2018;
Haala & Brenner, 1999; Matikainen et al., 2003; Priestnall et al., 2000), since we are dealing
with extremely smaller volumes, coverage and heights at the same time. Great emphasis must
be given on the management of the two types of raster maps (DEM and DSM), their cell size
and their spatial limits in order to have accurate and correct calculation of the building heights.

Observing the produced Building Height Map (Fig.4.25), someone can detect the areas with
the higher buildings (up to 30 meters height), such as the greater area around the Downtown.
In these areas, it is expected that the impact of the buildings to the gravity measurements will
be larger. In this map also, the white areas do not provide any information, since we did not
have DSM information that could be subtracted from the DEM.

156



4220000
1

4215000
1

Aspropyrgos

4210000

4205000
1

Keratsini

Nikaia

Agioi Anargyroi

Peristeri

Varvara Algaleo

Tayros

Agios loannis Rentis

0.1 (m)

Digital Surface Model (DSM)
552.7 (M)

z Moschato gallithea
g Piraeus -
g petspna i
g ) Nea Smyrni
Q Agios Di
Palaio Falira
%(o
S Kalamaki
=4 §
g ©
g 57 -
T
Elliniko
Glyfada
=
g
& jLegend _
T

Voula

Meters
1250 2500 5000 7 500 10 000/

T
467000

T T
472000 477000 482000 487000

Figure 4.24: Digital Surface Model (DSM) of the Athens basin
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ii. Building density calculation

In the previous paragraph, we managed to produce a map demonstrating the spatial
distribution and height of all the buildings in the study area (Fig. 4.25). However, the mean
density of these buildings is required, in order to calculate the desired Building Correction. In
a typical city, different types of buildings exist, such as the ones made of stonewalls, wooden
walls, concrete, reinforced concrete, aluminum and glass. In large-scale gravity researches, a
mean density of the most common type of building has to be calculated. In the city of Athens,

the most popular type of building is the one with reinforced concrete and brick walls.

Regarding the structure of this type of buildings and basic aspects of building construction,
we have to take into consideration the gravitational attraction of the walls and floor slabs
summative. We have to accept some common standards, like the fact that the thickness of
the floor concrete slab is usually equal to 0.20 meter, the exterior brick wall thickness equal
to 0.20 meters and the interior ones equal to 0.10 meter. Moreover, an average height of an

apartment (floor to ceiling) is 2.70 meters.

After several volume calculations of structures, with a view to estimating the respective
participation percent of each building material, it turned out that the concrete (slabs and
pillars) contributes 10.5% to the building volume, the brick inner and outer walls 11% and the
air occupy the rest 78.5% of the building. The above calculations were based on a “model”
building of 100m? floor, taking into account the basic aspects we mentioned in the previous
paragraph (wall and slab thickness). Therefore, for each floor that has 300m3 volume, the slab

occupies the 20m3, the pillars almost 11.5m?3 and the basic walls 33m3.

There is also an empirical type derived by the civil engineers, indicating that the required
volume of concrete can be estimated by multiplying the area of the ground plan times 0.3-

0.35. This comes to validate the pre-mentioned calculations.

Several densities concerning the reinforced concrete (ACl code 318; Blake, 2013; Chromcak
et al., 2016; Stoulos et al., 2003) can be found. In the context of this Ph.D. thesis, the author
chose a dominant density for the reinforced concrete, equal to 2.4 gr/cm3. Regarding the
density of the bricks (walls), a mean density equal to 1.7 gr/cm3 has been chosen, among
several suggested values (Alawadhi, 2008; Ashby & Johnson, 2013; Chen et al., 2011,
Chromdak et al.,, 2016; Kuranchie et al., 2016; Stoulos et al., 2003; Jung, 1961). Taking into
consideration the contribution percent of each material, estimated in the previous paragraph,
we can calculate the required building density.

Therefore, we can simply multiply the contribution percent of each material with its
characteristic density with the aim of calculating the building’s density. The mean density of
reinforced concrete building has been calculated by the author equal to 0.44 gr/cm3. Yu (2014)
has also calculated a close building density equal to 0.459 gr/cm? using theoretical building
models while Szeto (2006) calculated the building density equal to 0.58gr/cm3 (+0.06),

considering a box-like building. Therefore, we can consider our calculations valid.
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iii. Calculation of Building Correction

We need two types of data, that is to say the volume of the buildings (Building Height Map
— Fig. 4.25) and their mean density (0.44 gr/cm3), in order to proceed with the calculation of
the Building Correction (Dilalos et al.,, 2018). The preparation and calculation for both
parameters have already been discussed in the above sections of this thesis. The calculation
procedure is similar to the one for the Terrain Correction, based on the classic Hammer zones
(Hammer, 1939), and is carried out through the Gravity and Terrain Correction extension of
Oasis Montaj (Geosoft).

In terms of correlated procedure of Terrain Calculation, three parameters have to be
changed, in order to obtain the desirable Building Correction. Firstly, the inner zone radius has
been effectively reduced to 100 meters and the outer one to 1,000m, while during the Terrain
Correction calculations, a radius of 1,500 meters and 21 kilometers respectively had been
used. We chose these zone radiuses, because the building effect minimizes rapidly with the
distance, until it is considered negligible (§3.3.h.4). Secondly, instead of an elevation input,
the Building Height (Fig. 4.25) is required here. Thirdly, the reduction density given in the
formula is not the classic Bouguer density (2.67 gr/cm?) but the one calculated for the
buildings, equal to 0.44 gr/cm3.

With only these three different parameters, the procedure of the Building Correction
calculations can be completed for each gravity station separately. Their spatial distribution of
the quantified Building Correction is presented in Figure 4.26, based on the locations of the
gravity stations. They range from 0 mGal (in suburbs and mountainous areas) to 0.24mGal, for
stations surrounded by great volumes of buildings, like in the center of the city (Downtown).
Therefore, generally we can observe that the highest values of Building Corrections are
located in the areas with increased density of population (therefore higher buildings), such as
the greater area of Downtown, Zografou, Kallithea, Piraeus, Nea Smyrni, Marousi etc., which

is absolutely normal and foreseeable.

iv. Application of Building Correction

The next step is to apply the calculated Building Correction to the acquired gravity
measurements. The reduction procedure is similar to the Terrain Correction. After the typical
data reduction of the gravity measurements, the Simple Bouguer Anomaly comes up, as we
will present in the following section (§4.3.c.5). Ordinarily, the Terrain Correction (TC) has to
be added, in order to calculate the Complete Bouguer Anomaly (gcsa).

However, in the case of an urban geophysical survey like ours, the Building Correction (BC)
is also necessary to be added to the Simple Bouguer Anomaly (gs) along with the typical
Terrain Correction, in order to obtain the desired Complete Bouguer Anomaly (gc.), as it is

indicated in the next section (§4.3.c.5).
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Figure 4.26: Building Correction distribution in Athens basin

161



4.3.c.5. Bouguer Correction

As we have already discussed in §3.3.e, the Simple Bouguer Anomaly (gss) corrects only the
attraction of the rock slab. The Complete Bouguer Anomaly (ge.) corrects additionally earth
irregularities due to the terrain relief close to the measurement, which means that it embodies
in the formula the Terrain Correction and in our case the Building Correction too (§4.3.c.4).

The calculations have been executed through the Gravity and Terrain Correction extension
of Oasis Montaj. First, the Simple Bouguer Anomaly (gs.) is calculated with the following
equation:

spa = Gra — 0.0419088ph + Geyry

where gea is the calculated Free-Air Anomaly in mGal (§4.3.c.2), p is the selected Bouguer
density of the rock slab in gr/cm3 and gcurv the Curvature correction (§3.3.h.2) applied, based
on LaFehr’s formula (LaFehr, 1991), in order to convert the geometry of the infinite slab to a

spherical cap of radius equal to 166.735km.

Afterwards, the Complete Bouguer Anomaly (g.) can be calculated based on the equation:

9ca = Gspa T Irc T 9bc

where gspa is the Simple Bouguer Anomaly, calculated above (in mGal), grc is the calculated
Terrain Correction in mGal (§4.3.c.3) and ggc is the calculated Building Correction in mGal
(§4.3.c.4).

The assumed constant reduction density for the Bouguer correction was set up to
2.67gr/cm3, used by several other researchers too (Casten & Snopek, 2006; Chailas et al.,
2007; Dilalos & Alexopoulos, 2017; Goumas, 2006; Hinze, 2003; Makris et al., 2013;
Papadopoulos et al., 2007; Tontini et al., 2016).

As we can see, the values of the Simple Bouguer Anomaly (Fig. 4.27) range from 25.8 up to
78.5 mGal, while the values of the Complete Bouguer Anomaly (Fig. 4.28) range from 35.4 up
to 79.0 mGal. The main differences can be spotted over the greater areas of the Parnitha,
Penteli and Hymettus Mountains, where the Complete Bouguer Anomaly has increased

relatively to the Simple one.

An area of minimum values, with circular shape, is located in the northern suburbs, among
the areas of Thrakomakedones, Kryoneri, Ekali, Kifisia, Lykovrysi and Acharnes. The Bouguer
values seem to be increasing to the southern areas and especially over the mountain Hymettus
where the maximum values exist. There is a transgressive zone with a general direction East-
West, along which the values differentiate a lot, creating zones of smaller values between the

general zone of larger values.
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Figure 4.27: Simple Bouguer Anomaly map
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Figure 4.28: Complete Bouguer Anomaly map
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4.3.d. Regional-Residual Separation

One of the classic problems for the researchers dealing with gravity measurements and
processing is how to calculate and separate the regional gravity field from the residual field
(Martinez-Moreno et al., 2015; Nettleton, 1954; Roach et al., 1993). The produced Complete
Bouguer Anomaly map (Fig. 4.28) consists of both the regional and the residual (due to local

structures) gravity field components.

There are quite a few filtering processes for the regional-residual separation (§3.4.b), each
one with its pros and cons. The most popular ways are the graphical method, the derivatives
(Goneng, 2014), the upward continuation process (Jacobsen, 1987; Zeng et al., 2007), the
polynomial fitting (Beltrao et al., 1991), the finite element approach (Mallick & Sharma, 1999;
Mallick et al., 2012) and the application of Fourier filters (Anudu et al., 2016; Dilalos &
Alexopoulos, 2017; Elkhodary & Youssef, 2013; Gotze et al., 1994; Khamies & El-Tarras, 2010;
Shafie et al., 2014; Syberg, 1972; Xu et al., 2009), which tend to be applied more nowadays.

In the context of this Ph.D. thesis, we chose to proceed to the regional-residual separation
with Fourier Analysis and Filtering, since we consider it as the most reliable and up-to-date
technique. The processing was carried out with the contribution of Oasis Montaj software and
the MAGMAP extension, since the measurements were executed on a grid plan. Having a great
spatial cover of the inner Athens basin but also of the surrounding mountains, would help

calculate correctly the regional component.

For the application of filters in the Fourier domain (or wavenumber), a pre-processing
procedure is required for the space domain grid. Therefore, the grid was prepared for the
transformation by removing the first order trend (based on all points). Afterwards, there were
the grid expansion and filling to rectangular size (based on maximum entropy prediction), so
thatit would be acceptable for Fast Fourier Transformation (FFT), in order to convert the space
domain data to the Fourier domain. Depending on the value of the standard deviation
parameter that we will choose, we can produce residual anomaly maps of different depths.
After the frequency filtering, a post-processing inverse procedure is also essential, in order to

return the data back to the space domain.

The separation of the regional and residual gravity fields was based on the information
provided by the corresponding Power Spectrum Analysis of the gravity data (Complete
Bouguer map - Fig.4.28), a common procedure executed before the Fourier filtering (Al-Banna
& Al-Karadaghi, 2018; Ali et al., 2017; Elkhodary & Youssef, 2013; Fernandez-Cordoba et al.,
2017; Gabtni & Jallouli, 2017; Gomez-Ortiz et al., 2005; Hinze et al., 2013; Khamies & El-Tarras,
2010). The power spectrum, calculated by averaging all the grid elements at the wavenumber,
can provide depth estimates of the anomaly sources (h), based on the following relation
introduced by Spector & Grant (1970) for aeromagnetic data, where S is the slope of the least-

squares line of each section of the spectrum:
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h=S/4n

Observing the produced Radially Averaged Power Spectrum (Fig.4.29) originated from the
Complete Bouguer Anomaly data, we can distinguish two different slopes fitting the data. This
leads to the estimation of two different depths of the anomaly sources, which based on the
above formula, are placed at 2.06km and 0.48km. The final part (yellow) is considered to be
“noise” and has been ignored. Based on these depths, we can differentiate more easily the
regional from the residual gravity field. Nevertheless, we have to mention that the presence
of vertical and lateral variation in lithology and therefore density might produce a mix of

gravitational responses (Ali et al., 2017).

Radially Averaged Power Spectrum
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Figure 4.29: Radially Averaged Power Spectrum of the Complete Bouguer Anomaly of Athens basin.

First, a Bandpass filter was applied in order to remove the “noise” frequencies derived from
the power spectrum. The next step is to proceed with the application of the Gaussian filter,
which has been chosen as the most appropriate for this case, applied successfully in several
other cases (Anudu et al., 2016; Damaceno et al., 2017; deCastro et al., 2011; 2014; Dilalos &
Alexopoulos, 2017; Fernandez-Cordoba et al., 2017). The calculation for the residual field is
derived from the following formula:

—k2
L(k) =1—e?k§

where ko is the standard deviation of the Gaussian function in cycles/ground unit (e.g.
meters or kilometers), applying it as a smooth high-pass filter. Based on the above results of
the power spectrum (Fig.4.29), we produced a residual map with a cutoff wavelength of 500m
and standard deviation equal to 0.25 cycles/km (Fig 4.30). Beyond that, a second residual map
of the basement, with standard deviation equal to 0.02 cycles/km (Fig 4.31) was produced,

including the anomaly sources and information from deeper structures of the bedrock.
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Figure 4.30: Residual Map of Athens basin with standard deviation equal to 0.25 cycles/km,
illustrating the shallow anomaly sources.
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Figure 4.31: Residual Map of basement with filter standard deviation equal to 0.02 cycles/km,

illustrating the deeper bedrock anomaly sources.
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Starting from the residual map of the basement (Fig. 4.31), its values range from -15.2mGal
to 9.4mGal, with deep and shallow structures contributing. We can observe two areas of
minimum values (down to -15.2 mGal). The main one is located among the areas of
Thrakomakedones, Kryoneri, Drosia, Kifisia, Melissia, Vrilissia, Halandri, Herakleion,
Metamorfosi and Acharnes, with relatively circular shape, along with two linear extensions,
one to the zone towards Petroupoli and Agioi Anargyroi and another one to the zone between
Nea Penteli and Rodopoli. A second area of minimum values is located northern, almost
parallel to the urban coastline, at the areas of Piraeus, Palaio Faliro, Kalamaki and Elliniko
reaching a minimum anomaly value of -6.5 mGal. It could be said that there is a vestigial linear

connection with the zone of Petroupoli and Agioi Anargyroi.

On the other hand, the maximum anomaly values are observed at the areas of the
surrounding mountains Hymettus (up to 9.4 mGal), Aigaleo-Poikilo (up to 2.5-3 mGal) and
Parnitha (up to 2-4 mGal). Moreover, an area of the inner basin appears with a maximum
positive anomaly value of almost 2.7 mGal, located among the downtown of Athens city, the
Aigaleo and Peristeri municipalities. The general direction of the area (WNW-ESE) is almost
perpendicular to the general direction of the mountains Hymettus and Aigaleo (NNE-SSW), to

which it seems to be connected.

Going up to the shallow anomaly sources and structures, the values of the residual map
(Fig. 4.30) illustrating only the shallow anomaly sources range from -1.82mGal to 1.51mGal.
Structures of high and low values of gravity are alternating, especially in the western area. The
low gravity area (down to -0.9 mGal) among Thrakomakedones, Kryoneri, Nea Erythraia and
Acharnes is spatially constrained relatively to the image of the basement residual (Fig. 4.31),
surrounded by a zone of high gravity from west and north (southern foothills of Parnitha Mt.)
with values up to almost ImGal. A big linear zone of low gravity (down to -1.5mGal) has been
revealed running across the areas of Zefyri, Petroupoli, Peristeri, Aigaleo, Agios loannis Rentis
and ending up to the northern Piraeus. This zone is laterally constrained by two other linear
zones of higher gravity (up to almost 1mGal), the westernmost running from Zefyri, Kamatero,
Haidari, Korydallos, Nikaia to Piraeus and the other easternmost extending from Agioi
Anargyroi, Peristeri, Aigaleo to Agios loannis Rentis.

Moreover, a zone of high gravity (up to 0.85mGal) is located along the areas of Agios
Stefanos, Ekali, Kifisia, Marousi, Melissia and Penteli, almost identical with the probable
overthrust of Upper Cretaceous. Additionally, at Hymettus mountain the high values zone of
the basement residual (Fig. 4.31) in a “U” shape, has been separated in a central low zone
(down to -0.85mGal), constrained by two high zones (up to 1.05mGal). The southern low zone
(now down to -1mGal) of the basement residual (Fig. 4.31) has also been spatially constrained
only to the area of Kalamaki and Elliniko.

The differences of these two maps might be useful during the geological and tectonic

evaluation (§5.4), providing combined information from two “zones” of depth.
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4.3.e. Structural Mapping - Edge detection

After the separation of the gravity field into residual and regional (§4.3.d), we can take
advantage of the derivatives methods in order to enhance the structural edges (§3.4.c). The
structural mapping is very common in the scientific literature the latest years (Al-Banna et al.,
2017; Ali et al., 2017; Anudu et al., 2016; Beiki, 2010; Cooper & Cowan, 2008; Eshaghzadeh,
2015; Elkhodary & Youssef, 2013; Ghosh, 2016; Hosseini et al., 2013; Hsu et al., 1996; Khalil et
al., 2014; 2015; Khamies & El-Tarras, 2010; Koumetio et al., 2012; Martins-Ferreira et al., 2018;
Nasuti et al., 2012; Oruc, 2011; Wu et al., 2017), since it has been very helpful in structural
investigations. For that reason, we proceeded to this procedure in order to adumbrate the

structural edges of Athens basin with the contribution of Oasis Montaj software.

There are several methods using the derivatives that can provide the desired enhancement
of the structural edges (§3.4.c). The traditional ones are the amplitude derivatives, such as
the Total Horizontal Derivative (THDR), the First Vertical Derivative (VDR), the Second Vertical
Derivative (SVDR) and the Analytical Signal (AS). They are directly related and controlled by
the lateral variation in density of the source bodies and therefore with the geology. On the
other hand, we also have the local phase derivatives, such as the Tilt (Tilt) and the Theta (cos
Tilt), which are independent of density.

In the context of this Ph.D. thesis, we applied most of the aforementioned edge
enhancement techniques. Firstly, the results of the Total Horizontal Derivative (THDR) are
illustrated in Figure 4.32 for the shallow sources and in Figure 4.33 for the deeper ones. The

maximum values identify linear edges such as fault zones and contacts, especially for shallow

structures, identifying large and small edges with large and small density contrasts (Fairhead,
2015). The THDR results for the shallow structures (Fig. 4.32), reveal three linear zones of
maxima with general direction NE-SW. The major one extends from the area of Piraeus,
Nikaia, Aigaleo, Agioi Anargyroi, Zefyri and ends up to Thrakomakedones. One other zone is
observed along the axis of the central hills (Filopappou, Lycabettus, Attiko Alsos,
Tourkovounia) and one along the western part of the Hymettus Mountain. Smaller maxima
are also located along the area of Kalamaki-Elliniko and Kryoneri-Agios Stefanos. The same
image, but more intense, is observed for the results of the basement sources (Fig. 4.33). The
area among Thrakomakedones, Ekali, Nea Erythraia and Acharnes presents wider areas of
maxima and so does the one of Agia Paraskevi and Papagou.

The results of the First Vertical Derivative (VDR) are illustrated in Figure 4.34 (shallow
structures) and Figure 4.35 (basement structures). This technique is also more sensitive to the

shallow structures. Parts of the zero crossing adumbrate the edge location while the maxima

values outline the structure location providing simultaneously information for its positive or

negative density and therefore for its dip. The negative values of the derivative has been
removed in an effort to manage it more easily by illustrating only the structural edges (zero

crossings) and the positive structures-possible horsts only (maxima).

170



4225000

4220000

4215000

IASpropyrgos

Limestones of Athens Unit 4+— Upthrust

Limestones of Alepovouni Unit ~ 4— Overthrust
Schists of Alepovouni Unit

=]
§ Allochthon Limestones Zi- - Overthrust probable Up. Cretaceous)
‘:" Allochthon Schists — Tectonic discontinuity
Marbles THDR Residual (mGal)
== 0.0049

Dolomites

Attico-Cycladic Schists
Triassic-Jurassic Limestones
Shales and Sandstones alterations

8
3
T
% Legend
|| Human deposils [ Ophialites and Flysch
| | Quaternary deposits. I Fe Deposits
|| Talus cones and Scree — Fault
| | Neogene deposits —— Fault probable or covered

Athens Scists © Upthrust probable or covered

A - . Overthrust probable or covered

. 1.5216e-008

1250 2500

467000

T
472000

T
477000

T
482000

7 500

487000

10 000

Figure 4.32: THDR of residual data (shallow structures). The maximum values identify linear edges
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Figure 4.36: Analytic Signal of residual data (shallow structures). The maximum values outline the
fault zones or contacts.
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Figure 4.37: Analytic Signal of basement residual data (deeper structures). The maximum values

outline the deeper fault zones or contacts.
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The results of the VDR (Figs. 4.34-35) indicate almost the same edges as those of the THDR
(Figs. 4.32-33), but providing also information for the relative block position (positive density
bodies). However, in two areas it seems to clarify a little bit more the structural status. One of
them is the western and southern part of Penteli Mountain and the other one is the western
part of Hymettus Mountain, where severe indications reveal the existence of great structural
edges. These maxima (positive structures-horsts) run along the same areas for both shallow
and basement structures.

The last amplitude derivative applied in Athens basin was the Analytic Signal (AS), observed
in Figure 4.36 (shallow structures) and Figure 4.37 (basement structures). Practically, the

maximum values outline the edges that THDR also have done and especially for the zone of

the eastern foothills of Aigaleo-Poikilo and Parnitha Mountains. It also delineated similar
zones with THDR on Hymettus Mountain and along the axis of hills in the basin interior. The
produced Analytic Signal maps (Figs. 4.36-37) seem a little noisier, compared to that of THDR
(Figs. 4.32-33).

Afterwards we move on to the application of the phase derivatives, by first calculating the

Tilt derivative (Figs. 4.38-39), at which the zero crossing lines are related to the location of the

structural edges and the maxima delineate the positive density structures (possible horsts).

The results for both shallow and deeper structures reveal an almost identical image with the
corresponding VDR maps (Figs. 4.34-35), with the same zones adumbrated but slightly more
definite. The main difference between the two derivatives is that the Tilt one is independent
of the density and relatively smoother. It also prevents the domination of the large density
contrast edges (Fairhead, 2015).

Finally, the Theta derivative has been calculated based on the Tilt and is illustrated in Figure
4.40 (shallow structures) and Figure 4.41 (basement structures). Taking into account that it is

practically the cosine of Tilt derivative, its maximum values (=1) will_ delineate the structural

edges. In the produced Theta maps of Athens basin (Figs. 4.40-41) we have isolated the values
greater than 0.8 (the units are in radians), trying to produce more perspicuous images, with
obvious linear structures, normally related to the structural edges. The Theta map for the
shallow structures (Fig. 4.40) reveals exceptionally limited areas, regarding the results of all
the derivatives applied. The map from the deeper bodies (Fig. 4.41) reveals sufficiently better
the edges, which practically are identical with those of the prementioned structural maps.
Taking into consideration the results of all the derivative maps, extremely helpful
indications have been revealed for the delineation of the structural framework of Athens
basin. Many of the derived zones of edges are identified with either already mapped fault
zones and contacts (Hymettus and Parnitha Mts., Ippokrateios Politia), or with probable ones,
especially in the westernmost basin (Petroupoli-Kamatero, Aigaleo-llion, Haidari, Zefyri, Ano
Liosia), in Piraeus, in the southern foothills of Parnitha Mt. (Acharnes, Thrakomakedones) and

the western foothills of Poikilo Mt. and even in central ones (Zografou-Fix, Galatsi-Psychiko).
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Figure 4.38: Tilt derivative of residual data (shallow structures). The zero crossing adumbrates the
edge location while the maxima values outline the positive density structures.
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Figure 4.40: Theta derivative of residual data (shallow structures). The maximum values delineate

the structural edges.
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Figure 4.41: Theta derivative of basement residual data (deeper structures). The maximum values
delineate the deeper structural edges.
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Regarding the major fault zone of Kifisos, it seems that the southern section starting from
Agioi Anargyroi ending to Faliro, has been verified in a way. In other words, from the VDR (Fig.
4.34) and Tilt (Fig. 4.38) maps of the shallow sources, we observe an area corresponding to a
graben structure, since structural edges have been revealed edgeways. One of these two edge
zones could be identified with Kifisos probable one, but slightly shifted in the E-W direction.
This can also be confirmed by the low areas of the THDR (Fig. 4.32). The mapped part of the
area Agioi Anargyroi-Nea Filadelfia has been partially revealed in the VDR (Fig. 4.34), Tilt (Fig.
4.38) and AS (Fig. 4.36) maps. The probable extension of Kifisos to the north (Metamorfosi-
Lykovrysi-Nea Erythraia) might have been adumbrated only partially at the Metamorfosi area
by the shallow VDR (Fig. 4.34) and Tilt (Fig. 4.38) maps. The outcomes of the THDR (Fig. 4.33)
and Analytical Signal (Fig. 4.35) of the deeper bodies seem to reveal some indications for its

northern extension to Nea Erythraia but in quite bigger depths.

Likewise, for the other major probable zone with direction almost E-W (Zefyri-Agia
Paraskevi), we have systematic indications presented in almost all the derivative maps, but
not for its total length. Therefore, we can verify its central section along Metamorfosi-
Herakleion -Halandri, its western edge at Zefyri and its eastern one at Agia Paraskevi-Gerakas.
Its probable extension to the west and southwest is confirmed only at the northwest foothills
of Poikilo Mt. (Homateri area), but no indications have been revealed for its farther extension

to Neoktista and Koumoundourou Lake.

Beyond these, we have severe indications verifying the overthrust of the Upper Cretaceous
characterized as probable. This zone runs around the western and southern foothills of Penteli
Mt., along Agios Stefanos, Ekali, Nea Erythraia, Melissia, Penteli and Anthousa and has been
revealed in most of the structural maps. Especially in the VDR (Figs. 4.34-35) and Tilt (Figs.
4.38-39) maps, an edge zone is presented almost with identical trace with the zone already
proposed as an Upper Cretaceous overthrust. The delineation is more obvious at the results
derived from the basement data. Concerning the other proposed Upper Cretaceous
overthrust, located west of the prementioned one, only the section along the areas of

Lykovrysi-Peyki can also be observed in the derivative maps.

Of course, apart from the confirmation of several mapped faults (visible or covered), the
structural mapping based on the derivatives has revealed several more locations of probable
fault zones or contacts, which have not been proposed yet. There are some linear features
that could easily match to faults or contacts. Some of these are along Nikaia-Korydallos,
Piraeus-Agia Varvara, Agios loannis Rentis-Aigaleo-Peristeri, Kalamaki-Elliniko-Glyfada, Nea
Smyrni-Agios Dimitrios, Zografou-Neo Psychiko-Filothei, Thrakomakedones-Kryoneri-Agios
Stefanos, Lycabettus-Strefi hills and Drapetsona. Most of them could be characterized as

extensions of adjacent mapped (visible or probable) structural edges.

Finally, one more major structural edge has been detected by most of the derivative maps
and is clearly presented in the VDR (Figs. 4.34-35) and Tilt (Figs. 4.38-39). This zone is observed
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at the east foothills of Hymettus Mt., along the areas of Gerakas, Agia Paraskevi, Holargos,
Papagou, Zografou, Viyronas, Kareas, llioupoli, Argyroupoli, Glyfada and Voula. The overthrust
of Metamorphic Unit above the Alepovouni one seems to justify the outcomes of the shallow
structural maps, while the overthrust of the Alepovouni Unit above the Athens one produces

the corresponding, more extended, results in the structural maps of the basement structures.

4.4. QUANTITATIVE INTERPRETATION

In the context of quantitative gravity interpretation, we shall try to determine some specific
parameters, such as the location, depth, shape and density contrast of the geological bodies.
Thus, gravity interpretation cannot be characterized by its uniqueness and absolute solution,
due to its ambiguity problem, but any additionally data can constrain the quantification errors

and limits.

There are two methods to approach the interpretation problem and these are the direct
and indirect. The direct method involves that some parameters of the model are calculated
based on the features of the observed anomaly. On the other hand, the indirect method is
defined by the trial and error procedure, based on an initial model of mass distribution. The
comparison of the model gravity effect with the real one helps to improve the model, leading
to the determination of the most acceptable one, through an iterative procedure known as

inversion.

The real aim of the gravity inversion is to define model bodies that could realistically
correspond to geological structures. Therefore, gravity modelling is carried out in 2, 2%/2
(infinite structures), 2.75 and 3 dimensions, depending on the acquired data and the target of

the research.

4.4.a. 3D Euler deconvolution - Grid Depth

Although Euler deconvolution (§3.4.d.4) is mostly applied for the magnetics, it can
sometimes be applied well for gravity data (Keating, 1998) as an approximation. The only
difference is that the calculated depth solutions for the gravity method are located at a deeper

level, closer to the center of the mass, in regard with the ones of magnetics.

The outcome of the Euler deconvolution here is a map, illustrating the locations and depths
of the geologic sources of gravity anomalies that have been identified in grid-based gravity
data, like in several other cases (Chen & Zhou, 2005; Curto et al., 2015; FitzGerald et al., 2004,
Khalil et al.,, 2014; Martins-Ferreira et al., 2018; Naouali et al.,, 2011; Nasr et al.,, 2011;
Nouraliee et al., 2015; Tedla et al., 2011). For the best results from Euler deconvolution Reid
et al. (2014a; 2014b) discuss the avoidable errors during its application to gravity data and
how to determine the required parameters (SI, window size, grid interval etc.). The grid cell of
the processed data is important, since the minimum depths defined are about the same as

the cell size.

183



One fundamental parameter for Euler deconvolution is the Structural Index (SI) value,

which depends on the type of the source body (see Table 3.3). In the context of this study, we
have calculated Euler depth solutions by using values equal to O (Figs. 4.42 & 4.44) and 1 (Figs.
4.43 & 4.45), since both are close to the fault/contact type that we want to delineate. Of
course, the SI=0 is estimated to appear almost the twice the uncertainty of the one for SI=1,
which appears depth uncertainty equal to 10% and horizontal one equal to 20%. Although
several researchers have used non-integer values such as 0.5 for Sl (Slack et al., 1967; Tedla et
al., 2011), we decided not to, based on the comments of Reid et al. (2012; 2014b). Reid et al.,
(2014a; 2014b) propose that the Sl equal to -1 is the appropriate value for finite contacts and
faults in gravity surveys, but it has not been embedded as a possible value in most software.

The window size was set to 15x15 grid points, trying to compromise with all the conflicting
requirements (Reid et al., 2014a), being as small as possible and greater than twice the
acquired data grid spacing and simultaneously greater than half the desired depth of
investigation, which here is at least 2-3 kilometers. Moreover, some eliminations of spurious
solutions were executed, by setting some acceptable parameters, such as the maximum
acceptable distance (7500m), the maximum depth tolerance (14%) and the maximum

horizontal tolerance (35%).

The Euler deconvolution has been carried out with the Euler3D extension of Oasis Montaj
software and more specifically with two different methods, the Standard Euler (Figs. 4.42-
4.43) and the Located one (Figs. 4.44-4.45). The second one produces far fewer spurious
solutions (Figs. 4.44-4.45) since it is based only at the areas with existing anomalies (picks) in
the analytic signal and then proceeding to the Euler deconvolution solutions. The input grid
data were the residual (Fig. 4.30) and the basement residual ones (Fig. 4.31). The generated
Euler solutions from both input maps were merged and presented together in order to have

a common solution image that will lead to an easier evaluation.

The produced solutions for the Structural Index zero (0) are located mainly around the main
low-gravity spherical area (Thrakomakedones, Kryoneri, Ekali, Nea Erythraia, Lykovrysi,
Acharnes) observed in the basement residual map, with depths mostly between 500 and 1,500
meters and some deeper (1,500-2,300m) at the southwest corner. Moreover, we observe
solutions of depths ranging from 500 to 1,000 meters along two linear areas. The first area is
located at the western foothills of Hymettus Mountain, from Anthousa to Kaisariani and the
second one is located at the southern foothills of Parnitha Mountain, along Agios Stefanos
and Drosopigi. Additionally, solutions for depths from 500 up to 1,500 meters are illustrated
at the southern suburbs of Athens basin, along smaller linear areas, such as Agios loannis
Rentis-Moschato-Kallithea, Nea Smyrni-Agios Dimitrios, Kalamaki-Elliniko and Elliniko-
Glyfada. The solutions clusters are more extended and systematic in the Standard Euler
technique, while the solutions in the Located Euler are constrained a lot. There are not large

differentiates of depths and locations between the two methods.
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Figure 4.42: Standard Euler solutions (graduated symbols with depth) for Structural Index equal to
0 placed on the basement residual map.
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Figure 4.43: Standard Euler solutions (graduated symbols with depth) for Structural Index equal to
1 placed on the residual map.
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Figure 4.44: Located Euler solutions (graduated symbols with depth) for Structural Index equal to 0
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Figure 4.45: Located Euler solutions (graduated symbols with depth) for Structural Index equal to 1

placed on the residual map.
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For Structural Index equal to one (1), the number of the produced Euler solutions is quite
higher (Figs. 4.43 & 4.45), especially for the ones produced through the Standard Euler
procedure. It seems that we have many correlations between the locations of the solutions
and possible or existing fault zones. For SI=1, we can also observe great clusters of solutions
around the margins of the main low-gravity area, like in solutions of the SI=0. The calculated
depths are bigger, reaching up the 3,760 meters, when for the same area the SI=0 gave
maximum depths close to 2,300 meters and quite restricted in swarm. Furthermore, the two
linear areas of solutions, presented for SI=0 (Figs. 4.42 & 4.44), along the foothills of Hymettus
and Parnitha Mountains, also appear with bigger calculated depths (up to 2,000m at Hymettus
Mt. and up to 3,760m for Parnitha Mt.) and simultaneously expanded in length. This means
that the one is running along Anthousa-Agia Paraskevi-Holargos-Kaisariani-Argyroupoli-
Kalamaki and the other along Agios Stefanos-Drosopigi-Karavola top. For the linear areas

located in the southern suburbs, we can also observe larger depths.

Beyond the clusters of solutions detected for both Structural Indexes 0 and 1 (discussed in
the above paragraph), by setting SI=1 we observe new clusters of solutions, in other areas,
located in the central and western part of the basin. More specifically, clusters of solutions for
depths 500-1,000 meters are spotted along the zone Zefyri-Kamatero-Petroupoli-Haidari,
Keratsini-Drapetsona-Piraeus, Agioi Anargyroi-Peristeri, Aigaleo-Votanikos-Downtown-
Psychiko, Penteli and Hymettus Mt. For bigger depths (1,000-2,000m) along Nea Penteli-
Melissia-Marousi-Nea Erythraia, Agia Paraskevi-Halandri-Herakleion-Metamorfosi-Acharnes,
Kryoneri-Agios Stefanos and Piraeus-Faliro-Moschato. At the areas of Fyli and Poikilo-Aigaleo

mountains, the depths of solutions range from 500 to 2,000 meters.

Generally, for both selected Structural Indexes (0 and 1) and for both applied Euler
deconvolution methods (Standard and Located) the produced clusters of solutions seem to
have great similarities with the structural maps of §4.3.e. (Figs. 4.32-4.41). Moreover, the
depths calculated are ranging close to the source depths estimated by the Energy Spectrum
Analysis (§4.3.d-Fig.4.29), except for some solutions of SI=1 that reach greater depths. Finally,
it seems that the Standard Euler method is better, although it produces far more solutions
than the Located one, which produces fewer. A good windowing of the solutions in order to

remove the spurious ones will provide very good and reliable results.

4.4.b. 3-D Density Inversion Model

There are a few methods to estimate the shape of subsurface anomalous bodies
(Abdelrahman et al., 2006; Essa, 2007; 2014). Inversion of the gravity data has been evolved
rapidly during the last years (Andersson & Malehmir, 2018; Azizi & Saibi, 2015; Bersi et al.,
2016; Boszczuk et al., 2011; Choi et al., 2011; Commer, 2011; Damaceno et al., 2017; Farhi et
al., 2016; Martinez et al., 2013; Prutkin et al., 2011; Wang et al., 2011; Wehr et al., 2018), in
order to quantify the gravity data and produce 2D geological-geophysical models and 3D, a
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powerful tool for interpretation. 3D modelling of the gravity data provides us information
concerning the volume of the anomalous sources and their geometry, possible connected to

concealed faults in the area. The model is constructed based on a mesh of blocks/cells of equal

dimensions, specified from the beginning, each one characterized by a certain value of density
or density contrast. These values have been determined after a mathematical and
computational procedure, aiming the minimum misfit (error) between the response of that
model and the observed data.

All the density inversions within the context of this PhD thesis, have been carried out using
the “VOXI” Earth modelling module (Azizi & Saibi, 2015; Farhi et al., 2016; Martins-Ferreira et
al., 2018; Weidmann et al., 2016) of Oasis Montaj by Geosoft, integrated with the densities of
the geological formations that have already been calculated (§4.2).

We applied the unconstrained 3D gravity modelling on both Complete Bouguer Anomaly
data and the Residual anomaly data (0.02cycles/km) in order to compare the results, based
on the fact that for the first case a trend removal procedure has to be first applied. Insignificant
differences derived, proving that the trend removal procedure is reliable, since the inversion
results were almost identical with those of the Residual data, where the regional field has

already been removed with the FFT (§4.3.d). The desired absolute error was 5%.
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Figure 4.46. 3D gravity inversion of Athens basin, with cell size of 1000m. The upper plane is the
area DEM and the lower is the grid of the Residual Anomaly (0.02 cycles/km).
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Figure 4.47. 3D gravity inversion (cell size 1000m), showing structures of low densities (density
contrast from -0.32 to -0.02 gr/cm3).
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Figure 4.48. 3D gravity inversion (cell size 1000m), showing structures of low densities (density
contrasts from 0.02 to 0.67 gr/cm3).
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Figure 4.49. Ground plan of isodensity surfaces based on the 3D inversion model, along with the
DEM of the area and the fault zones-tectonic zones (the red are the visible ones and the yellow are
the possible ones). The blue isodensity surface surrounds areas with density contrast below -0.03
gr/cm?® and the pink the areas above 0.03 gr/cm?>.
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The subsurface was first discretized in a 3D block mesh, with 29 blocks in the ‘X’ direction,
40 in ‘Y’ direction and 11 blocks in the ‘Z’ direction, where all blocks have a cell size equal to
1000 meters for X-Y and 500 meters for Z direction (Fig. 4.46). Practically, the produced block
mesh is constituted by a total of 12,760 blocks/cubic cells of individual density contrast. The
minimum error was 0.1751. The density contrast ranges from -0.32 gr/cm? (bluish colors) to
0.669 gr/cm? (reddish colors), with a maximum depth of almost 6,800 meters (absolute

elevation -5,300m).

In Figure 4.47, we have isolated the bodies with negative density contrast (ranging from -
0.32 to -0.02 gr/cm?3) at the areas of Thrakomakedones, Kryoneri, Drosia, Kifisia, Melissia,
Vrilissia, Halandri, Herakleion, Metamorfosi, Acharnes, Petroupoli, Agioi Anargyroi, Piraeus,
Palaio Faliro and Kalamaki producing the low gravity anomalies in the Residual maps (4.30-
4.31). On the other hand, in Figure 4.48, the bodies with positive density contrast (0.02-0.67
gr/cm3), producing the high gravity anomalies, have been adumbrated below the areas of
Mountains Hymettus, Aigaleo-Poikilo, Parnitha and the downtown of Athens city. These
bodies define the geometric boundaries of the anomalies sources, producing either low or
high gravity values. The DEM and the Residual maps have been positioned above the 3D model

of the area for a better understanding.

Both types of bodies, with negative and positive values of density contrast, are being
illustrated as isodensity surfaces in Figure 4.49. More specifically, areas with density contrast
below -0.03 gr/cm? are surrounded by the blue isodensity surface and areas with density
contrast above 0.03 gr/cm?3 with pink. The DEM of the area and the fault zones are also shown
in an attempt to compare the produced 3D density model with the structural trending of the

subsurface, mapped either as visible or possible (red and yellow color respectively).

Taking into consideration the anomalies already observed in the general model (Figs. 4.46-
4.49), additional inversions were carried out for smaller areas, in order to reduce the cell size
down to 500 meters (Figs. 4.50-4.53) or even 250 meters for the horizontal directions. This
would provide greater detail of the final 3D density model and consequently better
adumbration of the geometry of the source bodies. These inversions, with cell size 500 meters,
were executed not only for the internal area of the basin, that is covered with post-alpine
deposits, but also for the surrounding mountains of Aigaleo-Poikilo (Figs. 4.54-4.55), Hymettus
(Figs. 4.56-4.57), Parnitha (Figs. 4.58-4.59) and Penteli (Figs. 4.60-4.61), since they also have
intense structural trending.

The results of the 3D models are quite impressive and revealed important subsurface
structures that might play important role for the seismotectonic structure of Athens basin.
Several fault zones already mapped are verified by these models and more information about
their characteristics might be gained (e.g. throw, depth and dip). But the most significant
contribution of the 3D density models is that they also validate the existence of several fault

zones mapped as possible (blind faults), based on other criteria.
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Figure 4.50. 3D gravity model (cell size 500m, mesh 42x45x17 blocks), showing structures of low
densities (density contrast from -0.24 to -0.02 gr/cm?) in the area of Thrakomakedones, Acharnes,
Drosia, Kifisia and Petroupoli.
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Figure 4.51. 3D gravity model (cell size 500m, mesh 42x45x17 blocks), showing structures of high

densities (density contrast from 0.02 to 0.41 gr/cm?) in the area of Thrakomakedones, Acharnes,

Drosia, Kifisia and Petroupoli.
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Figure 4.52. 3D gravity model (cell size 500m, mesh 44x46x13 blocks), showing structures of low
densities (density contrast from -0.26 to -0.02 gr/cm?) in the area of Haidari, Peristeri, Downtown
and Hymettus Mt.
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Figure 4.53. 3D gravity model (cell size 500m, mesh 44x46x13 blocks), showing structures of high
densities (density contrast from 0.02 to 0.49 gr/cm?3) in the area of Haidari, Peristeri, Downtown and

Hymettus Mt.
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Figure 4.54. 3D gravity model (cell size 500m, mesh 27x33x12 blocks), showing structures of low
densities (density contrast from -0.28 to -0.02 gr/cm?®) below Aigaleo-Poikilo Mountains.
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Figure 4.55. 3D gravity model (cell size 500m, mesh 27x33x12 blocks), showing structures of high
densities (density contrast from 0.02 to 0.47 gr/cm3) below Aigaleo-Poikilo Mountains.
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Figure 4.56. 3D gravity model (cell size 500m, mesh 30x44x15 blocks), showing structures of low
densities (density contrast from -0.07 to -0.02 gr/cm?) below Hymettus Mountain.
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Figure 4.57. 3D gravity model (cell size 500m, mesh 30x44x15 blocks), showing structures of high
densities (density contrast from 0.02 to 0.07 gr/cm?) below Hymettus Mountain.

197



33, \
44757
5 29

490326'7

480000

475 000 X
Density contrast (gr/cm3)
-0.026 -0.018 -0.013 -0.008 -0.003 0.001 0.005 0.010 0.014 0.020 0.026 0.038 012

000
<012 -0.041

RL' ) 465327'6
Figure 4.58. 3D gravity model (cell size 500m, mesh 44x26x16 blocks), showing structures of low
densities (density contrast from -0.12 to -0.02 gr/cm?®) below Parnitha Mountain.
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Figure 4.59. 3D gravity model (cell size 500m, mesh 44x26x16 blocks), showing structures of high
densities (density contrast from 0.02 to 0.12 gr/cm3) below Parnitha Mountain.
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Figure 4.60. 3D gravity model (cell size 500m, mesh 22x40x15 blocks), showing structures of low
densities (density contrast from -0.095 to -0.02 gr/cm?) below Penteli Mountain.
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Figure 4.61. 3D gravity model (cell size 500m, mesh 22x40x15 blocks), showing structures of high
densities (density contrast from 0.02 to 0.075 gr/cm?®) below Penteli Mountain.
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In this section, we present all the 3D density models (Figs. 4.46-4.61) in a way that we can
gather all the information concerning the geometry of the identified anomaly bodies. A first
approach has already been presented in Figure 4.49, with the isodensity surfaces of the -0.03
gr/cm?3 (blue) and 0.03 gr/cm? (pink). This approach can also be supported by the 3D models
presented in Figures 4.46-4.61, providing a complete understanding of the subsurface

structure.

4.4.c. Interpretive geological 2.75-D density modeling

In 2D models we consider earth to be two-dimensional and because of that it is assumed
to change with depth (Z) and in the direction of the profile (X) while there is no change in the
strike direction (Y). Therefore, the models are considered to extend to infinity for the strike
direction. Many publications present such 2D gravity models (Ayarza et al., 2005; Cella et al.,
2007; Martelet et al., 2004; Raum et al., 2002; Yegorova et al., 2008; Yuan et al., 2012) in order
to understand the subsurface geological structure. Beyond that, there is also 2.5D modelling
(Azab & Khadragy, 2013; Blaikie et al., 2014; Mishra et al., 2005; Sander & Cawthorn, 1996;
ten Brink et al., 2002; Yu-shan & Yuan-yuan, 2018)

In the context of this Ph.D. thesis, we have constructed 2.75D models of our gravity data,
with the contribution carried by GM-SYS, a program by Geosoft for calculating the gravity
response from a geological cross-section, compared to the observed field anomaly response.
It is a reliable software that many authors have already used in their publications (Ammirati
et al., 2018; Azab & Khadragy, 2013; Blaikie et al., 2014; Blecha et al., 2009; Boubaya et al.,
2011; Kim et al., 2009; Leader et al., 2006; Rajasekhar & Mishra, 2008; Sultan et al., 2011;
Weidmann et al., 2016). The models in GM-SYS are built with polygons that represent different

geological formations and a density value is assigned at each one.

GM-SYS supports the 2.75D modelling, observed in many publications (Blecha et al., 2009;
Leader et al., 2006; Park et al., 2006; Smith et al., 2006). The 2.75D models can have 2D prisms
asymmetrically positioned and extended at some distance from the line of the profile, in the
strike direction. The model strike may also be tilted relative to the profile azimuth. Beyond the
ends of these prisms, there are new ones of the same cross-section, but with different
densities. It also allows independent specification of the locations of the two ends of the
blocks (Geosoft, 2009).

Forward modelling includes the creation of a starting geological model and the calculation
of its response. The Inversion procedure will change the proposed geological model in order
to provide the best fit with the observed data response. Either the geometry of the models or
their density can be modified in order to achieve the best fit between the calculated and the
observed response. We can select up to 20 parameters (geometric dimensions or densities of

blocks) to remain stable (fixed) during the inversion process, controlled by other types of data.
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Itis important to remind that gravity models are not unique and for that reason, we will obtain

a better result if we have better starting models.

The observed gravity data for import in the GM-SYS software can be either Free-Air,
Residual or Bouguer ones. Depending on the type of data, some parameters, such as the
background density, have to be adjusted properly. For the case of importing Complete

Bouguer data, the reduction value should be used for the background density.

The methods used to calculate the gravity response are based on Talwani et al., (1959),
Talwani & Heirtzler (1964) and Won & Bevis (1987). The 2D calculations are based on
Rasmussen & Pedersen (1979). The GM-SYS inversion routine utilizes a Marquardt inversion
algorithm (Marquardt, 1963) to linearize and invert the anomalies. Based on the GM-SYS
manual (Geosoft, 2009), it uses a 2D, flat earth model, with each structural block extended to
plus or minus infinity perpendicular to the profile. All models extend to £30000 kilometers

along the profile, in order to minimize the edge effects.

In Figure 4.62, the location of the profiles along the Athens basin, selected to create the
interpretative geological-density 2.75-D models, is presented. A total of six (6) sections of total
length equal to 133.5 kilometers in several directions have been chosen, trying to adumbrate
the tectonic framework of the area in all directions. The density values assigned to each
block/prism are based on the values we have already determined in §4.2. The Residual data
(§4.3.d) have been imported in the software for the modelling, so the reduction density (2.67

gr/cm?3) has been declared as the background one.

The known geological data have been taken into consideration in order to create models
that present logical geological structures. Of course, we have to remind that gravity modelling
and inversion cannot produce unique solutions. Deep reliable borehole data have not been
found in order to constrain the results. Seismic data (Papadopoulos et al., 2007) have been
recovered and compared with the gravity modelling in an effort to produce “unique” final

interpretative models.

The proposed results of the interpretative geological-gravity 2.75-D sections are illustrated
in Figures 4.63-4.68. In each of these figures, the upper part illustrates the observed residual
gravity data (squares) along with the calculated one (line) that is based on the geological
model, which is illustrated on the lower part of the figures. There has been an effort to
maintain the colors used for the geological formations as they are in the main geological map
(Fig. 2.2). The only exceptions concern the Msl, Pll and Al formations, which have been
subdivided in the initial lithologies, due to the large density differences of the post-alpine
lithologies. Each block, colored differently simulates a geological body, with a certain density
quoted in the brackets. The sections are presented with a scale 1:2; therefore, there is a

vertical exaggeration for better presentation and understanding.
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Figure 4.62. Locations of the profiles selected for the construction of 2.75D inversion models with

GM-SYS.
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Figure 4.63. Interpretive geological 2.75-D profile modelling of Section AA’, constructed with GM-SYS (scale 1:2). The observed (squares) and calculated (line) residual
anomaly are observed, with a misfit equal to 0.054. Each geological polygon is characterized by the corresponding density value (in brackets) of the geological
formation, determined in §4.2. The geological formations are the following:

T-J: Triassic-Jurassic Limestones (Ypopelagoniki Unit), C-P: Shales and Sandstones alterations (Ypopelagoniki Unit), M: Marbles (Metamorphic Unit), Sch: Schists
(Metamorphic Unit), SchA: Athens Schists (Athens Unit); CA: Limestones (Athens Unit), Msl: Upper Miocene Terrestrial and Lacustrine deposits (Neogene Formations),

Pll: Pliocene Terrestrial deposits (Neogene Formations), Pt.sc: Pleistocene Talus and Screes, Al: Alluvium deposits (Loose Quaternary deposits).
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Figure 4.64. Interpretive geological 2.75-D profile modelling of Section BB’, constructed with GM-SYS (scale 1:2). The observed (squares) and calculated (line) residual
anomaly are observed, with a misfit equal to 0.061. Each geological polygon is characterized by the corresponding density value (in brackets) of the geological
formation, determined in §4.2. The geological formations are the following:

T-J: Triassic-Jurassic Limestones (Ypopelagoniki Unit), C-P: Shales and Sandstones alterations (Ypopelagoniki Unit), M: Marbles (Metamorphic Unit), Sch: Schists
(Metamorphic Unit), D: Dolomites (Metamorphic Unit), SchA: Athens Schists (Athens Unit), CA: Limestones (Athens Unit), Sch-Al: Schists (Alepovouni Unit), Msl: Upper
Miocene Terrestrial and Lacustrine deposits (Neogene Formations), Pll: Pliocene Terrestrial deposits (Neogene Formations), Pt.sc: Pleistocene Talus and Screes, Al:
Alluvium deposits (Loose Quaternary deposits).
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Figure 4.65. Interpretive geological 2.75-D profile modelling of Section CC’, constructed with GM-SYS (scale 1:2). The observed (squares) and calculated (line) residual
anomaly are observed, with a misfit equal to 0.052. Each geological polygon is characterized by the corresponding density value (in brackets) of the geological
formation, determined in §4.2. The geological formations are the following:

T-J: Triassic-Jurassic Limestones (Ypopelagoniki Unit), C-P: Shales and Sandstones alterations (Ypopelagoniki Unit), M: Marbles (Metamorphic Unit), Sch: Schists
(Metamorphic Unit), D: Dolomites (Metamorphic Unit), Sch-Vari: Varis Schists (Metamorphic Unit), SchA: Athens Schists (Athens Unit); CA: Limestones (Athens Unit),
Sch-Al: Schists (Alepovouni Unit), CAl: Limestones (Alepovouni Unit), Msl: Upper Miocene Terrestrial and Lacustrine deposits (Neogene Formations), Pt.sc: Pleistocene
Talus and Screes, Al: Alluvium deposits (Loose Quaternary deposits).
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Figure 4.66. Interpretive geological 2.75-D profile modelling of Section DD’, constructed with GM-SYS (scale 1:2). The observed (squares) and calculated (line) residual
anomaly are observed, with a misfit equal to 0.085. Each geological polygon is characterized by the corresponding density value (in brackets) of the geological
formation, determined in §4.2. The geological formations are the following:

T-J: Triassic-Jurassic Limestones (Ypopelagoniki Unit), C-P: Shales and Sandstones alterations (Ypopelagoniki Unit), M: Marbles (Metamorphic Unit), Sch: Schists
(Metamorphic Unit), D: Dolomites (Metamorphic Unit), Sch-Vari: Varis Schists (Metamorphic Unit), SchA: Athens Schists (Athens Unit); CA: Limestones (Athens Unit),
Sch-Al: Schists (Alepovouni Unit), CAl: Limestones (Alepovouni Unit), Msl: Upper Miocene Terrestrial and Lacustrine deposits (Neogene Formations), Pll: Pliocene
Terrestrial deposits (Neogene Formations), Pt.sc: Pleistocene Talus and Screes, Al: Alluvium deposits (Loose Quaternary deposits).
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Figure 4.67. Interpretive geological 2.75-D profile modelling of Section EE’, constructed with GM-SYS (scale 1:2). The observed (squares) and calculated (line) residual
anomaly are observed, with a misfit equal to 0.079. Each geological polygon is characterized by the corresponding density value (in brackets) of the geological
formation, determined in §4.2. The geological formations are the following:

T-J: Triassic-Jurassic Limestones (Ypopelagoniki Unit), M: Marbles (Metamorphic Unit), Sch: Schists (Metamorphic Unit), D: Dolomites (Metamorphic Unit), SchA:
Athens Schists (Athens Unit); CA: Limestones (Athens Unit), Sch-Al: Schists (Alepovouni Unit), Msl: Upper Miocene Terrestrial and Lacustrine deposits (Neogene
Formations), PIm: Pliocene Marine deposits (Neogene Formations), Pt.sc: Pleistocene Talus and Screes, Al: Alluvium deposits (Loose Quaternary deposits).
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Figure 4.68. Interpretive geological 2.75-D profile modelling of Section DD’, constructed with GM-SYS (scale 1:2). The observed (squares) and calculated (line) residual
anomaly are observed, with a misfit equal to 0.064. Each geological polygon is characterized by the corresponding density value (in brackets) of the geological
formation, determined in §4.2. The geological formations are the following:

T-J: Triassic-Jurassic Limestones (Ypopelagoniki Unit), C-P: Shales and Sandstones alterations (Ypopelagoniki Unit), M: Marbles (Metamorphic Unit), Sch: Schists
(Metamorphic Unit), SchA: Athens Schists (Athens Unit); CA: Limestones (Athens Unit), Pt.sc: Pleistocene Talus and Screes.
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In Section AA’ (Fig. 4.63), the Neogene deposits (Ms/ and Pl/) are observed with thickness
up to 300 meters and excessive lateral coverage below the areas of Ano Liossia, Acharnes and
Lykovrysi, producing the low values in the residual gravity field (down to -5.8 mGal). Several
neotectonic fault zones might have been revealed, mostly along the Neogene deposits and
their underlying alpine formations, especially at the areas of Ano Liossia, Metamorfosi and
Lykovrysi. Underlying the Athens Schists (SchA) are detected, in the central part of the profile,
with thickness up to 380 meters. They are observed either as an overthrust above the
Ypopelagoniki Unit or as part of the West Cycladic Detachment System, moving upwards
relatively to the underlying Metamorphic Unit. On the other hand, at the first part of the
section three upthrusts of Triassic-Jurassic Limestones (7-/) and Shales and Sandstones
alterations (C-P) seem to have been identified. Below the Penteli Mountain, it seems that the
Schists (Sch) of the Metamorphic Unit are dominating over the Marbles (M) that are detected
mostly at its western foothills. Moreover, no Dolomites (D) seem to be present. Somewhere
between the 7-8%" km of the section (Acharnes), the detachment zone between the

Ypopelagoniki Unit and the Metamorphic one seems to have been detected.

In Section BB’ (Fig. 4.64), the Neogene deposits (Ms/ and PIl) are observed with relatively
smaller thickness (up to 170 meters ) and lateral coverage, below the areas of Petroupoli,
Agioi Anargyroi and Halandri, producing the low values in the residual gravity field (down to -
2.5 mGal). Several neotectonic fault zones might have been revealed, mostly along the
Neogene deposits and their underlying formation of Athens Schists, between the areas of
Petroupoli and llion. The Athens Schists (SchA) and the Schists of Alepovouni Unit (Sch-Al)
cover a great part of the subsurface underlying the Neogene deposits, with great surface
exposure also (outcrops) reaching a maximum thickness up to 500 and 225 meters
correspondingly. They are observed either as an overthrust above the Ypopelagoniki Unit or
as part of the West Cycladic Detachment System, moving upwards relatively to the underlying
Metamorphic Unit. The first part of the section is dominated by the existence of at least three
upthrusts of the Triassic-Jurassic Limestones (7-J) and the Shales and Sandstones alterations
(C-P). In this profile, the Dolomites (D) of the Metamorphic Unit seem to dominate at the lower
area below the basin (from a depth of 300 meters) and the Hymettus Mountain, with thickness
up to 1300 meters. Beyond that, extended parallel folds of the Metamorphic Unit, a familiar
structure in the area, have been adumbrated from this geological section. Below the Athens
Schists (SchA), somewhere between the 3-5" km of the section a detachment zone between
the Ypopelagoniki Unit and the Metamorphic Unit has been detected.

In Section CC’ (Fig. 4.65), the Neogene deposits (Msl) are observed with relatively smaller
thickness, up to 150 meters and lateral coverage below the area of Agios loannis Rentis and
Tavros, producing the low values in the residual gravity field (down to -1 mGal). There is also

a layer of 40-50 meters of Alluvium deposits (A/) and Pleistocene Talus and Screes (Pt.sc),
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overlying. Few neotectonic fault zones have been revealed, mostly along the Neogene
deposits and their underlying formation of Athens Schists, between the areas of Korydallos
and Tavros. The Athens Schists (SchA) and the Schists of Alepovouni Unit (Sch-Al) cover a great
part of the subsurface, underlying the Neogene deposits, with great surface exposure also
(outcrops) reaching a maximum thickness up to 300 and 155 meters correspondingly. Along
this section, they are also observed either as an overthrust above the Ypopelagoniki Unit or
as part of the West Cycladic Detachment System, moving upwards relatively to the underlying
Metamorphic Unit. The first part of the section is dominated by the existence of three or four
upthrusts of the Triassic-Jurassic Limestones (7-J) and the Shales and Sandstones alterations
(C-P). Furthermore, the Dolomites (D) of the Metamorphic Unit seem to dominate at the lower
area below the basin (from depths of 350 meters) and the Hymettus Mountain, with thickness
that reaches 950 meters. The Marbles (M) are also detected below Hymettus Mountain, while
the Schists (Sch) have been restrained to a thin layer of a few meters. A structure similar to
the one of extended parallel folds seems to appear among the formation of the Metamorphic
Unit. The formation of Varis Schists (Sch Vari) is also illustrated underlying the Dolomites (D)
in the end of the section. Somewhere below the Athens Schists (5-6™ km of the section), the

detachment zone between Ypopelagoniki Unit and the Metamorphic one is located.

In Section DD’ (Fig. 4.66), the Neogene deposits (Ms/ and Pll) are observed with great
thickness, up to 580 and 130 meters correspondingly, below the areas of Thrakomakedones,
Acharnes and Metamorfosi, producing the low values in the residual gravity field (down to -
9.3 mGal). They are forming this supra-detachment basin that is overlying on the Marbles (M)
of the Metamorphic Unit. A layer of almost 310 meters of Pleistocene Talus and Screes (Pt.sc)
partially overlying the Ms/ deposits. More particularly, below the area of Thrakomakedones,
several neotectonic fault zones have been revealed, between the post-alpine deposits and the
underlying formations of Ypopelagoniki Unit. The first part of the section is dominated by two
upthrusts of the Triassic-Jurassic Limestones (7-J) and the Shales and Sandstones alterations
(C-P). The Athens Schists (SchA) and the Schists of Alepovouni Unit (Sch-Al) cover a great part
of the subsurface, underlying the Neogene deposits, with great surface exposure also
(outcrops) reaching a maximum thickness up to 530 and 270 meters correspondingly. They
are covering mostly the Dolomites (D) as part of the West Cycladic Detachment System,
moving upwards relatively to the underlying Metamorphic Unit. The Marbles (M) and Schists
(Sch) of the Metamorphic Unit are also detected below the greater area of Hymettus Mountain
as long as below the area of Thrakomakedones. The Dolomites (D) of the Metamorphic Unit
seem to dominate at the central area of the section, below the basin (from depths of 600
meters) and below the Hymettus Mountain, with thickness that reaches 750 meters.
Underlying them, the formation of Varis Schists (Sch Vari) is also expected. Below the area of

Hymettus Mt., these metamorphic formations are revealed through extended parallel folds.
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Somewhere below these Neogene deposits and the Athens Schists (1-2t" km of the section),

the detachment zone between Ypopelagoniki Unit and the Metamorphic Unit is expected.

In Section EE’ (Fig. 4.67), the Neogene deposits are observed below the areas of Piraeus
(PIm) and Marousi (Pll), with thickness, up to 250 and 200 meters correspondingly, producing
the low values in the residual gravity field (down to -4.8 mGal). At the area of Piraeus and Neo
Faliro a couple of neotectonic fault zones have been revealed at the basement of the post-
alpine deposits. There is also a layer of 40-50 meters of Alluvium deposits (A/) partially
overlying the PIm sediments at Piraeus area. The first part of the section is dominated by the
existence of the Triassic-Jurassic Limestones (T-J). The Athens Schists (SchA), with great
surface exposure (outcrops), also cover a great part of the subsurface, with maximum
thickness up to 600 meters, mostly below the central area of the basin. The Schists of
Alepovouni Unit (Sch-Al) have been determined with a thin layer of maximum thickness of 200
meters, below the Athens Schists. These two formations are located either as an overthrust
above the Ypopelagoniki Unit or as part of the West Cycladic Detachment System (the Sch-Al
formation mostly), moving upwards relatively to the underlying Metamorphic Unit. The
Dolomites (D) of the Metamorphic Unit seem to dominate at the central area of the section,
below the basin (from depths of 300 meters) and below the Hymettus Mountain, with
thickness that reaches 750 meters. Below Hymettus Mountain, it seems that the Schists (Sch)
are dominating against the Marbles (M), with their thicknesses reaching 1,750 and 100 meters
correspondingly. Somewhere below the Athens Schists (6-8" km of the section), the
detachment zone between Ypopelagoniki Unit and the Metamorphic Unit has been
investigated.

In Section ZZ’ (Fig. 4.68), a thick layer of Pleistocene Talus and Screes (Pt.sc) is observed at
the central area of the section, below Thrakomakedones, Kryoneri and Agios Stefanos areas,
with thickness up to 290 meters, producing the low values in the residual gravity field (down
to -4.5 mGal). Especially, below the area of Thrakomakedones, several neotectonic fault zones
have been revealed, between the Pleistocene Talus and Screes (Pt.sc) and the underlying
formations of Ypopelagoniki Unit. The first part of the section is dominated by the existence
of three or four upthrusts structured by the Triassic-Jurassic Limestones (T-J) and the Shales
and Sandstones alterations (C-P). The Athens Schists (SchA) cover a great part of the
subsurface, underlying the Pleistocene Talus and Screes (Pt.sc), with thickness up to 540
meters. They are positioned either as an overthrust above the Ypopelagoniki Unit or as part
of the West Cycladic Detachment System, moving upwards relatively to the underlying
Metamorphic Unit. Below Penteli Mountain, it seems that the Schists (Sch) are dominating
over the Marbles (M), with thicknesses that reach 1350 meters and 175 meters
correspondingly. On the contrary, the Dolomites (D) of the Metamorphic Unit have not been

identified. Somewhere below these Quaternary deposits and the Athens Schists (9-10t™ km of
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the section), the detachment zone between Ypopelagoniki Unit and the Metamorphic Unit has
been identified.
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Figure 4.69. 3D illustration of the interpretative geological profiles (looking from SW)
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Figure 4.70. 3D illustration of the interpretative geological profiles (looking from NW)
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Based on the above geological models illustrated in 3D in Figures 4.69-4.71, we can clarify
the subsurface structure of Athens basin for depths up to 2,500 meters and gather information
about important structural issues, such as the location of neotectonic faults and overthrusts
or even for the major detachment zone between the metamorphic and non-metamorphic
(Ypopelagoniki) units. Several important tectonic structures have been revealed, such as the
part of the West Cycladic Detachment System and the extended parallel folds in the
Metamorphic Unit. Moreover, several upthrusts of the Ypopelagoniki Unit have been
investigated as well as a supra-detachment basin filled with post-alpine sediments, at the area
between Thrakomakedones and Metamorfosi. All the results will be discussed and evaluated
further in the following chapter (§5.4), gathering all the produced information from all types
of maps and profiles of this chapter.
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Figure 4.71. 3D illustration of the interpretative geological profiles (looking from SE)
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5. CONCLUSIONS

In the context of this Ph.D. thesis, the urban gravimetry was selected in order to investigate
the subsurface tectonic structure of Athens basin, the metropolis of Greece, given the fact
that the area is covered with artificial structures. The application of the method, with the
acquisition of 1,122 gravity stations, is considered to be not only successful but also
geologically “precious” since it provided new subsurface data for such a complicated

geological area that also happens to be the most populated and important city of the country.

The importance of this Ph.D. thesis is considered multidisciplinary since it contributes not
only to the immiscibly geological and tectonic knowledge but also to the geophysical
knowledge, with the thorough study and application of the Building Correction. For that
reason, this chapter is divided in three sections. At first, we will discuss the geophysical
contribution, with the application of the gravity method in urban areas and we will emphasize
on the importance of the building corrections (§5.1). Furthermore, we will correlate the
Bouguer anomaly maps with the isoseismal maps, presented in §2.6, revealing important
findings (Dilalos & Alexopoulos, 2017). In the end, we will deal with the geological
contribution, regarding the updated delineation of the tectonic structure in Athens basin.

5.1. GRAVITY METHOD IN URBAN AREAS AND THE IMPORTANCE OF
BUILDING CORRECTIONS

Regardless of the increasing problems that we faced during the data acquisition, none of
this was insuperable. The careful planning of the field campaign (determination of station
locations) along with the appropriate precision and precautions during the data acquisition
proved to be very important. Apart from this, the additional innovative Building Correction
that we have calculated (§4.3.c.4) in order to remove the effect of the building volume on the

gravity data, was a great contribution (Dilalos et al., 2018).

In the following paragraphs, we will try to expose the significance of the Building
Corrections. In Figure 5.1, the acquired gravity stations and their corresponding calculated
Building Correction are illustrated in graduated symbols, based on their value. The Building
Height Map has been used as background, providing the capability to correlate the Building
Heights with the Building Correction. Therefore, it is obvious that the final image is absolutely
logic, since the highest values of Building Correction correspond to gravity stations that are
located in areas with increasing building volume, such as the downtown of the city and the
area of Piraeus (red areas in Fig. 5.1). The gravity stations of the mountainous areas are not
illustrated (white areas), since there was no need of Building Correction as there are barely
any infrastructures. Because of that, the corrected gravity stations for the building volume are
finally 863 from the total of 1,122.
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Figure 5.1. Building Height Map along with graduated gravity stations based on the values of
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The Building Correction practically affects the final calculation of the Complete Bouguer
Anomaly and consequently the one of the Residual Anomaly, which is basically the final
processed data that we take into account for the subsurface modelling (§4.4). For that reason,
the final difference in Residual Anomaly has been calculated (before and after the Building
Correction) and is illustrated in Figure 5.2, with graduated symbols based on the difference
values. The resulting image (Fig.5.2) is similar to the previous one (Fig. 5.1), with the most
affected gravity stations located in areas with high building volume.

A statistical approach is provided in Figure 5.3, where a histogram distribution of the
calculated Building Corrections is presented. The calculated values for the entire Athens basin
and the 863 affected gravity stations begin from zero and reach values of almost 0.25 mGal.
Almost 39.4% of them (340 of 863 stations) appear with values between zero and 0.02 mGal,
which seem negligible. Nevertheless, the other 60.6% of the affected gravity stations (523 of
863) appear with higher and more significant values of Building Correction (Fig.5.3).
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Figure 5.3. Building Correction values histogram distribution.

Furthermore, in Figure 5.4, we present the histogram distribution of the final difference
values of Residual Anomaly, with and without the removal of the Building Corrections. It is
evident that the 61.3% (529 of the 863 stations), revealed a final basement Residual Anomaly
difference between zero and 0.02 mGal (after the removal of the Building Correction), which
can be considered almost negligible. However, for the other 38.7% (334 of the 863 stations),
we have more significant differences after the application of the calculated Building

Corrections, with values reaching up to 0.19 mGal.
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Finally, an attempt to correlate the Building Correction with the Height of the surrounding
buildings is illustrated in Figure 5.5. Two different zones around the stations have been
selected (similar to the Hammer zones of the Terrain Correction), one with radius equal to
50m and one other with radius 100m. These two zones were selected based on the general
fact that the building effect decreases with distance (§3.3.h.4) but also taking into
consideration the publications of Nowell (1999) and Debeglia & Dupont (2002). The mean
Building Height has been calculated for each one of these zones, based on the data of the
Building Height Map (Fig.4.25).

The calculated Building Corrections are presented in a diagram (Fig.5.5), correlated to the
mean Building Height of the two radial zones mentioned above. The trend lines of the two
datasets are also illustrated, revealing similar linear equations. Therefore, it seems that we
could accept a generalized linear equation that would provide the Building Correction based

on the mean Building Height of the acquisition area, as following:
BCso = 0.0094 - bhs, — 0.0082
BCypo = 0.0087 - bhygo — 0.0116
where BCsp and BCipp are the Building Corrections, bhsp and bhigo the mean Building Height

of the surrounding zone of the gravity station, for radius 50m and 100m respectively.

The mean Building Height can be retrieved either by simple field observations or by detailed
digital data, like in this Ph.D. thesis. The final Building Correction for each gravity station is also
affected by the volumes of the buildings beyond the zone of 100 meters but the impact is
considered negligible.

It is important to clarify that the proposed correction is not taking into consideration the
existence of any basement of the buildings. This is based on the fact that previous studies
(Debeglia & Dupont, 2002; Yu, 2014) revealed that the basement effect beyond the 44 meters
is negligible. In the context of this research, we tried to keep a distance of 75m from the
buildings. Additionally, the DSM data cannot provide information concerning the basement

existence.

5.2. COMPARISON OF ISOSEISMAL AND BOUGUER ANOMALY MAPS

A Residual anomaly map is practically determined by the local scale geotectonic structures.
Likewise, the damage distribution of an earthquake, presented by the isoseismal contours, is
usually related to the tectonic structures of the area (fault directions etc.). Consequently, the
qualitative interpretation of both maps seems to be related. We compare the residual
anomaly maps (for both 0.25 and 0.02 cycles/km) that had already been produced (Figs. 4.30-
4.31), with the isoseismal maps (Figs. 2.30-2.31), by Lekkas E. (2001) and by Tzitziras et al.
(2000). The comparison was made by overlying the maps (Figs. 5.6-5.9) and it is obvious that
there are great similarities. Specifically, we observe that the most damaged areas, mapped
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out by the isoseismal contours, seem to be clearly adumbrated by the areas that have the
lowest values in the Residual anomaly map (Figs. 5.6-5.9), produced after the gravity survey

in the Athens basin.

This could mean that we might have one new innovative scientific way to locate and define
the most dangerous and susceptible to potential earthquake damage areas (Dilalos &
Alexopoulos, 2017), especially in urban zones, where the collection of the necessary data is
difficult. Subsequently, gravity studies could be taken into consideration in order to minimize
future damage and deaths in urban environments. They could adumbrate zones of increasing

risk after an earthquake.

At a first view of them (Figs. 5.6-5.9), someone could say that the isoseismal contours are
located mainly in the areas where we have minimum values (bluish colors). The most
impressive part of identicalness for both residual maps is the zone between Petroupoli and
Nea Liosia (Figs. 5.6 & 5.8), where Tzitziras et al. (2000) present a separate lobe of isoseismal
contours with maximum intensity equal to 8. This lobe seems to be identical to a similar lobe
of minimum anomaly values observed in the Residual anomaly map. The isoseismal contours
at this location seem to be hedged by the greater residual gravity values. Additionally, the
main circular shaped area below Thrakomakedones, Acharnes, Lykovrysi, Nea Erythraia and
Metamorfosi, with minimum residual anomaly values, seems to “enclose” the majority of high
intensity isoseismal contours. Basically, almost all the isoseismal contours with intensity more
than 7, are located in the areas with minimum residual anomaly values for both deeper and
shallow structures (Figs. 5.6 & 5.8 respectively). Likewise, at the areas of Haidari and Fyli we
mostly observe the existence of a small area of low gravity values at the residual map for of
0.25 cycles/km (Fig.5.8). Almost no isoseismal contours are observed in the areas of maximum

residual gravity field values.

Regarding the isoseismal map of Lekkas E. (2001), the contours seem to be more
continuous and denser (Figs. 5.7 & 5.9), with a general direction NE-SW. Here also, the
isoseismal contours with intensity more than 8 appear in the areas of the main circle of low
residual anomaly values, among Thrakomakedones, Kryoneri, Ekali, Kifisia, Lykovrysi and
Acharnes. The zone among Petroupoli, Kamatero and Nea Liosia has good identicalness, but
not as good as the contours by Tzitziras et al. (2000) and is also extended southern to the areas
of Aigaleo, Peristeri, Agios loannis Rentis, Korydallos and Nikaia. On the other hand, here we
have better fit of low residual anomaly values (no minimum, just low) in the area of Ano Liosia
and Zefyri, where new high intensity isoseismal contours appear by Lekkas E. (2001). The only
‘misfit’ is the area along Peristeri and Aigaleo, where although the author (Lekkas, 2001)
impressed the existence of isoseismal contours of values 7 and 8, the residual maps for both
deeper and shallow structures, high values reveal in this zone. The area of Fyli is not

characterized by isoseismal contours by this author.
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The most impressive images for the identicalness between the gravity data and the
isoseismal contours are the ones for the shallow structures (Figs. 5.8-5.9), where we can
observe that the restricted areas of low gravity values enclose the isoseismal contours from
both publications. These zones are considered to have thick layers of post alpine sediments
(84.4.c) that affect the propagation of the seismic waves of the earthquakes and by enhancing

them. Of course, the geometry of the fault zones plays an important role.

5.3. NEW DATA FOR THE GEOLOGICAL AND TECTONIC STRUCTURE OF ATHENS
BASIN

The results of the extensive gravity campaign carried out in the context of this Ph.D. thesis,
revealed new subsurface information for the Athens basin, both for its geological and tectonic
structure for depths more than 2,500 meters. The results have already been presented in the

previous chapter (§4) in detail.

More specifically, the qualitative structural maps (§4.3.e) seems to contribute a lot to the
identification of the fault zones providing impressive images, easy to interpret. This means
that we can either identify and propose new locations of blind faults or we can verify and

modify the location of already proposed as concealed faults zones from other researches.

Beyond that, we managed to interpret and quantify geologically the results by constructing
the 2.75D geological models (§4.4.c), based on the gravity response of the collected data.
Based on Figures 4.63-4.68 and their analysis, important data regarding the thickness of the
geological formations covering the basin were recovered. Therefore, we investigated the

following geological formations with their corresponding maximum thickness.

v" Alluvium deposits (Al) up to of 40-50 meters.

v' Pleistocene Talus and Screes (Pt.sc) up to 310 meters, below Thrakomakedones, Kryoneri
and Agios Stefanos areas.

v' Neogene deposits (Ms/ and PIl) up to a total of 550 meters, below the areas of
Thrakomakedones, Acharnes, Lykovrysi and Metamorfosi.

v The formation of Athens Schists (SchA), covering great extent of the Athens basin, up to
600 meters

v’ The Schists of Alepovouni Unit (Sch-Al), up to 270 meters.

v’ The Dolomites (D), up to 1,300 meters

v" The Schists (Sch) close to 1,750 meters.

The geological models illustrated in Figures 4.63-4.68, reveal additional information
regarding the subsurface tectonic structure of Athens basin. At first, several possible
neotectonic faults have been adumbrated, mainly along the contact line of the post-alpine
sediments and their underlying alpine formations, that are usually either the Athens Schists
(SchA) or the Triassic-Jurassic Limestones (T-J) of the Ypopelagoniki Unit.
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Furthermore, the extent of a major overthrust has been detected, with the Athens Schists
(SchA), overlying the Triassic-Jurassic Limestones (T-J) of the Ypopelagoniki Unit. Likewise, the
major detachment zone between the metamorphic and non-metamorphic (Ypopelagoniki)
units, known as part of the West Cycladic Detachment System (Iglseder et al., 2011), has been
identified in most of interpretative geological profiles (Figs. 4.63-4.68). Beyond these, the
existence of 3-4 different upthrusts in the mass of the Ypopelagoniki Unit seems to have been
adumbrated, based on the interpretation of the gravity results. Along these upthrusts, layers

of the Shales and Sandstones alterations (C-P) appear.

Through some of the interpretative geological profiles (Figs. 4.64-4.66), we can observe the
existence of extended parallel folds (Avigad et al., 2001) that have been delineated across the
formations of in the Metamorphic Unit, especially below the Hymettus Mt. These folds are
located along the contact of the underlying Dolomites (D) and the overlying layers of Schists
(Sch) and Marbles (M). Finally, a supra-detachment basin (Diamantopoulos et al., 2009), filled
with 800-900 meters post-alpine sediments has been revealed, at the area between
Thrakomakedones and Metamorfosi (Fig. 4.66).

Additionally to the qualitative structural maps (Figs. 4.32-4.41), the 3D density models
(§4.4.b) contribute to the determination of the geometry of the anomalous source bodies as

well as to the verification of possible concealed fault zones that have been investigated.

The most ambiguous and important zone that has set many researchers thinking about its
existence and precise location, is the one between the non-metamorphic (Ypopelagoniki Unit)
and the metamorphic formations. As already discussed in §2, it is expected to be identical to
the Kifisos River (Fig. 2.2). In this point, we have to take into consideration that it is a low-angle
displacement fault (detachment), which means that it may not be delineated with great detail.

Afirst approachisillustrated in the structural maps (Figs. 4.32- 4.41) but also in Figure 4.49,
where a ground plan of certain isodensity surfaces (-0.03 and 0.03 gr/cm?3), derived from the
3D density inversion models, is presented along with the fault zones of the area (visible and
probable ones). We could say that in general, this major tectonic zone does exist, but its trace
needs to be redefined [1]. The southern part seems to have been identified by the gravity
results but restricted in length, between Tavros and Metamorfosi (Fig. 5.10). Regarding its
northern part and more specifically between Thrakomakedones and Acharnes, it has been
relocated a few kilometers westernmost, following the southern foothills of Parnitha
Mountain (Fig. 5.10). This approach can also be supported by the 3D models presented in
Figures 4.50-4.53 and the geological 2.75D sections of Figures 4.63-4.68.

The other perpendicular major probable fault zone, from Zefyri to Agia Paraskevi[2], is also
partially revealed from the structural maps (Figs. 4.32- 4.41), between Halandri and Kokkinos

Mylos areas (Fig. 5.10) and slightly relocated to the southern. On the other hand, its western
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extension along the western foothills of Aigaleo-Poikilo Mountains has not been verified for

all its length and has also been relocated a couple kilometers easternmost.

Moreover, two significant probable fault zones seem to have also been identified
undoubtedly in the western suburbs of the basin (Fig. 5.10). These fault zones are along
Kamatero-Petroupoli [3] and Agioi Anargyroi-Peristeri [4], with estimated throws of at least

80 meters. The first one could be extended to southern-easternmost.

At the north-west expanse of the basin (Fig. 5.10), a few smaller covered faults, at the areas
of Ano Liosia, Zefyri and Acharnes [5] are also adumbrated in the gravity maps with estimated
throws ranging between 40-90 meters. Furthermore, close to westward of Thrakomakedones,
at the southern foothills of Parnitha Mountain [6], a few faults mapped as probable, seem to

have been verified with throws up to 220-250 meters.

At the south-west part of Athens basin (Fig. 5.10), several other fault zones have been
identified. One is located at Haidari [7], one at Keratsini [8] but extended southern to
Drapetsona based on the new data and the other one along Keratsini-Piraeus [9], with
estimated throw of 150 meters. Additionally, the fault of Korydallos [10] not only has been

verified but can also be elongated up to Nikaia.

Looking at the central region of Athens basin (Fig. 5.10), the fault zone of Filothei-Galatsi-
Gkyzi [11], with direction almost N-S, has been relocated slightly to the east. The probable
fault zones along Zografou-Fix [12] and Galatsi-Psychiko [13] provided indications in the

gravity data that increase the possibility of their existence.

Furthermore, at the southern suburbs (Fig. 5.10), the zone of Kalamaki [14] has also been
identified, but beyond that, we have severe indications based on the gravity results for a great
extension towards the areas of Elliniko-Glyfada-Voula, along which the direction will alter
from NW-SE to almost N-S.

Northernmost, along the western and southern foothills of Penteli Mountain (Fig. 5.10),
the probable overthrust of Upper Cretaceous [15] has been delineated undoubtedly by the
gravity measurements almost at the location that was expected to be (Anixi-Ekali-Nea

Erythraia-Marousi-Melissia-Anthousa).

The fact that several major visible faults zones have also been verified on the mountains of
Hymettus, Penteli and Parnitha, increases the credibility of our results. Some examples of
them are running along the areas Glyka Nera-llioupoli [16], Paiania- llioupoli [17], Rea-
Dionysos [18], Rapendosa-Nea Penteli [19] (Fig. 5.10).

Apart from the confirmation of already delineated fault zones, either as visible or probable
covered, we have indications based on the gravity measurements that allow us to propose
additional locations of probable faults. Beginning from the western suburbs, three new fault
zones may have been detected, along the areas of Agia Varvara-Korydallos-Agios loannis

Rentis-Piraeus [20], Aigaleo-Agios loannis Rentis [21] and Aigaleo-Votanikos [22] (Fig. 5.10).
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Additionally, at the central expanse of the area, more probable fault zones may have been
delineated along the areas of Nea lonia-Galatsi-Kypseli-Downtown-Fix [23] and a smaller one
Ampelokipoi-Zografou [24] (Fig. 5.10). A few kilometers southern, a new system of fault zones
has been revealed, running along Petralona-Kallithea-Nea Smyrni-Agios Dimitrios-Palaio
Faliro [25], with altering directions (NE-SW, NW-SE and W-E). This system could be merged
with the one that we have already mentioned, across the areas of Palaio Faliro-Kalamaki-
Elliniko-Glyfada-Voula [14].

Looking at the eastern part of the basin, the gravity results delineate a major tectonic
discontinuity along the western foothills of mountain Hymettus and more specifically between
the areas Gerakas-Agia Paraskevi-Neo Psychiko-Holargos-Papagou-Zografou [26] and then
again along Viyronas-llioupoli-Argyroupoli [27] (Fig. 5.10). This zone could be the overthrust of
the Athens Unit over the Alepovouni Unit.

At the northern suburbs, we can adumbrate a few new upthrust located on the mountains
Penteli and Parnitha (Fig. 5.10). More specifically, for the first one we have a major zone along
Stamata-Rodopoli-Drosia-Kifisia-Nea Penteli [28], while for the second one two or three major
ones could be indicated west of Kryoneri and Drosopigi [29]. Beyond these, on the surrounding
mountains of Athens basin, there are several other locations indicating the possible existence

of smaller fault zones, based on the gravity results.

According to all these updated subsurface data, not only did we obtain new important
information for the majority of the geological formations covering the Athens basin, but we
also managed to delineate the subsurface structure in order to identify new concealed urban
fault zones. These zones may have the potential to generate disastrous earthquakes that will
lead to enormous casualties and huge economic loss, especially if we take into consideration
the importance of Athens metropolis. Apart from these types of fault zones, we also managed
to reveal and adumbrate rare major structural formations, such as the detachment zone (West
Cycladic Detachment System), the overthrust of the Athens Unit, the extended parallel folds
along the Metamorphic Unit, the upthrusts in the Ypopelagoniki Unit and a supra-detachment

basin.

5.4. FUTURE PROPOSALS

In the context of this Ph.D. thesis, the application of the gravity method for the
adumbration of the tectonic structure in the urban area of Athens basin provided new
important scientific information that enriched the already available one. Here, we have to
remind that the potential geophysical methods cannot provide unique solutions by

themselves.
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We could say that the Athens basin is an area that has already been investigated
geologically by many researchers from all the specialties, especially after the disastrous
earthquake of 7-9-1999.

For the subsurface investigation, with the contribution of geophysical methods there is not
much to do, since there are many restrictions as we have already discussed, due to the human
infrastructures. Additional seismic profiles, which will be executed at selected sites indicated
from our results, could be useful for the confirmation or not of suggested fault zones. The
problem is that even this kind of field data can be affected from the cultural noise, reducing
the credibility of their results. Additionally, deep geoelectrical soundings might provide extra
information. Both of these methods will provide more reliable data and results if applied in
the northern suburbs of the basin, where the human infrastructures are minor and rare.

A project of selected deep sampling boreholes would be extremely valuable for our
processing and interpretation, since we could minimize a lot the non-uniqueness of the results
from this methodology. Not only could we have geological samples from deeper layers that
provide more characteristic density values but we could also have several locations of known
stratigraphy (type of geological formation and thickness) constraining in that way the
inversion results.

Furthermore, the gravity investigation can expand to the surrounding areas of Athens
basin, such as the Mesogeia and Thriassio basins, since they are also covered by several meters

of post-alpine deposits that might cover important fault zones.
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1243 -0.050 48.772
1244 -0.023 53.207
1245 0.032 45.844
1246 0.040 45.718
1247 0.042 46.099
1248 0.039 49.189
1249 0.030 48.948
1250 0.007 47.820
1251 -0.009 53.729
1252 -0.026 52.392
1253 -0.047 66.216
1254 -0.074 67.134
1255 -0.025 15.696
1256 -0.024 5.691

1257 -0.024 0.522

1258 -0.028 3.258

1259 -0.036 5.997

1260 -0.043 4.743



1262 -0.042 3962 ©  1.438 0.378 0.008 |
1263 . -0040 - 13539 4914 . 0516 . 0025
1264 0040 4143 1504 . 0495 . 0.014
Chseom s aw  oau oo
_____ 1266 -0.055 15048 | 5.462 0.582 : 0.014 |
1267 0.049 26.845 . 9743 1254 0002
_____ 1268 -0.043 15683 5.692 0.844 0.062 ‘
1269 0039 20519 . 7.447 0902 . 0012
oo massaems o oo

1271 0.034 64.736  23.495 0.646 0.003
. 1272 0015 58.887 . 21372~ 0716 0010
””” 1273 -0010 . 56654 20562 . 0738 . 0014
_____ 1274 -0044 . 75268 27317 . 0672 . 0062
,,,,, 1275 . -0058 : 66782 . 24237 0738 . 0006

1276 -0.068 58.321 21.167 0.968 0.002
T oom s aiew  omn oo
_____ 1278 . 0076 - 67063 : 24339 :  08% - 0005

1279 -0.071 86.650 31.448 0.717 0.049
s oo 7oso e ot oo

1281 ° -0.058 73598 26711 0.754 ' 0.012 '
Comoos ases sk oss oo
,,,,, 1283 . 0109 . 87048 . 31593 . 0946 . 0106

1284 0.103 95.075 34.506 0.868 : 0.024

1285 0.089 106.120 38.514 1.477 0.023
_____ 1286 . 0.068  121.022 | 43923 2627 0022 -
1287 . 0049 130934 - 47520 2810 0004
. 1288 0011 77130 27993 085 . | 0064
Cimeow i maw oo oom
_____ 1290  -0.033 71.930 26.106 1.074 : 0.004
C 12091 0050 82400 . 29906 . 1283 0000
_____ 1292 -0.079 107.242 38.922 1.362 0.080
1293 0085 92894 . 33714 . 0967 | 0068
e oo same soses  omo  ogss
1295 0082 72795 26420 . 083 0003

1296 -0.071 81.001 29.398 1.157 : 0.007 ‘
e oms was o oas oos

1298 -0.004 68.529 24.872 0.523 0.045
,,,,, 1299 : 0033 : 74467 . 27027 . 0637 . = 0021

1300 -0.062 95.807 34.772 1.270 0.016 |
oo maes  soow o oom
_____ 1302 : 0097 : 70225 . 2548/ . 0543  : 0020

1303 © -0.096 69.752 : 25315 0.510 : 0.025 :
””” 1304 -0090 . 77.990 . 28305 . 1255 . 0009



1306 0.022 81.176
1307 0.035 87.520
1308 0.039 84.762
1309 0.040 99.817
1310 0.034 123.703
1311 0.025 145.338
1312 0.010 : 152.933
1313 -0.005 141.407
1314 -0.035 121.820
1315 -0.051 142.181
1316 -0.065 165.480
1317 -0.077 127.475
1318 © -0.057 @ 110.888
1319 ©  -0.044 = 117.481
1320 -0.027 112.958
1321 -0.011 121.924
1322 0.002 104.898
1323 0.017 115.015
1324 0.021 106.756
1325 0.022 103.407
1326 0.019 110.178
1327 0.013 123.277
1328 -0.005 95.317
1329 -0.019 108.095
1330 -0.036 105.265
1331 -0.050 116.372
1332 -0.063 106.755
1333 -0.071 97.690
1334 -0.062 116.910
1335 ©  -0.065 & 122.952
1336 0.067 = 148.672
1337 -0.070 156.971
1338 -0.069 73.163
1339 -0.065 69.761
1340 -0.027 48.383
1341 -0.006 49.223
1342 0.014 54.824
1343 0.028 57.990
1344 0.038 64.259
1345 0.043 64.837
1346 0.043 55.883
1347 0.039 66.108
1348 0.028 81.552



1350 -0.002 66.427
1351 -0.020 58.044
1352 -0.046 75.410
1353 -0.062 72.210
1354 -0.076 86.856
1355 -0.086 89.673
1356 -0.094 92.049
1357 -0.096 95.789
1358 -0.069 108.115
1359 -0.052 92.556
1360 -0.027 129.483
1361 -0.008 128.129
1362 0.010 106.212
1363 0.019 91.880
1364 0.028 91.184
1365 0.024 104.172
1366 0.014 127.173
1367 -0.001 114.492
1368 -0.015 103.832
1369 -0.066 89.084
1370 -0.082 105.668
1371 -0.091 119.696
1372 -0.095 92.422
1373 0.047 51.206
1374 0.033 53.567
1375 0.018 61.211
1376 0.001 67.040
1377 -0.016 78.861
1378 -0.042 67.287
1379 -0.059 81.701
1380 -0.067 78.046
1381 -0.070 110.606
1382 -0.064 91.504
1383 -0.052 69.467
1384 -0.037 116.441
1385 0.052 115.186
1386 © 0.034 : 145.965
1387 0016 : 138910
1388 -0.004 171.755
1389 -0.023 216.547
1390 -0.049 111.470
1391 -0.062 129.329
1392 -0.073 178.324



1393 0078 . 115771 = 42.017 2.551 § 0.047

1394 -0.077 100.086 36.325 1.866 0.010 _
1395 . 0057 124127 . 45050 . 0856 . | 0008
1396 0.048 = 143989 | ! 52.258 | 1398 0.006
1397 . 0010 . 10273 3729 . 0714 . 0035
_____ 1398~ -0.031 4.819 1.749 0.517 : 0.002 .
1399 0039 3657 . 1327 . 0474 0001
_____ 1400  -0.047 12.198 4.427 0.624 0.007 ‘
1401 0054 19208 - 6971 . 1008 . 0024
1402 0056 25029 9084 . 1443 . 0031
,,,,,, 1403 . -0056 : 3484 . 12664 . 148 . = 0054

1404 -0.054 72.685 26.380 3.770 0.002 ‘
1405 0050 . 50218 . 18226 . 3072 . 0003

1406 -0.041 40428 14673 1.930 ' 0.004 :
,,,,, 1407 . -0034 : 78475 . 28481 : = 4206  : 0001

1408 -0.027 54.842 19.904 2.425 0.006
1409 . 0045 . 21008 7625 . 082 . 002
_____ 1410 0040 17286 6274 - 0781 0041

1411 0.031 10.623 3.855 0.613 0.004 '
1412 0019 1279 0464 0423 0004

1413 0.006 © 4145 1.504 0.510 ' 0.004 '
1414 0013 . 9113 . 3307 . 0673 . 0030
,,,,, 1415 . 0024 . 184 . 0662 . 053 . 0011

1416 -0.038 0.620 0.225 0.474 : 0.028
_____ 1417 . -0.046 7.779 2.823 0.535 0.024

1418 | 0054 . 4955 . 1798 0550 . 0022 -
1419 . 0060 10947 3973 0655 | 0011
1420 0063 | 7793 . 2828 . 0844 . 0026
1421 00,2 17871 648 0813 00%6

1422 -0.057 42.474 15.415 1.409 : 0.007
1423 0.049 61614 = 22362 2947 0005
_____ 1424  -0.039 37.207 13.504 1.586 0.004
1425 0062 14501 | 5263 . 1051 0010
142 0070 8771 318 0943 0006
147 . 0076 | 35161 12761 . 2074 . 0000

1428 -0.078 38.804 14.083 2.353 : 0.001 :
1429 0076 . 46624 16922 . 3093 . 0002

1430 -0.067 50.269 18.244 1.860 0.039 :
,,,,, 1431 . -0058 @ 31319 : 11367 : 1197 . 0019

1432 -0.045 25.050 9.091 1.211 0.033 .
1433 0011 . 144004 52264 . 2495 . 0008
_____ 1434 . 0005 . 161.800 . 58723 . 3673 . 0010

1435 0017 = 169.106 : 61374 5.178 : 0.016 :
””” 1436 0020 . 127.150 . 46147 . 1672 . 0008



1437 0.017  118.685

1438 -0.013 141.326
1439 -0.028 161.448
1440 -0.050 161.104
1441 -0.066 130.914
1442 -0.091 106.110
1443 -0.097 .  108.825
1444 °  -0.095 @ 116.232
1445 -0.060 148.326
1446 -0.043 159.948
1447 -0.025 166.526
1448 -0.010 181.802
1449 0.000 173.249
1450 ©  0.007 155.489
1451 0001  121.824
1452 -0.009 117.947
1453 -0.021 98.375
1454 -0.034 97.363
1455 -0.050 112.638
1456 -0.074 112.170
1457 -0.086 112.935
1458 -0.097 81.835
1459 -0.101 101.810
1460 0017  132.103
1461 0009  146.122
1462 -0.009 178.220
1463 -0.044 158.241
1464 -0.055 195.256
1465 -0.075 166.478
1466 -0.075 127.803
1467 -0.070 71.633
1468 0.016 54.298
1469 -0.021 77.539
1470 -0.038 86.190
1471 -0.069 131.939
1472 -0.075 98.793
1473 -0.078 85.086
1474 -0.078 72.849
1475 -0.074 63.694
1476 0.027 83.235
1477 0.023 74.665
1478 0.015 75.770
1479 -0.001 70.435
1480 -0.015 48.914



1482 -0.068 18.678
1483 -0.077 8.967

1484 -0.082 2.914

1485 -0.083 26.731
1486 -0.076 4.723

1487 -0.066 9.544

1488 -0.056 13.181
1489 -0.040 10.324
1490 -0.018 108.916
1491 -0.005 134.137
1492 0.005 133.566
1493 0.010 117.963
1494 0.000 90.557
1495 -0.018 76.682
1496 -0.035 69.071
1497 -0.058 58.547
1498 -0.084 82.771
1499 -0.089 132.376
1500 -0.082 65.818
2001 0.123 46.819
2002 0.138 45.777
2003 0.138 36.994
2004 0.129 88.211
2005 0.097 31.786
2006 0.078 27.870
2007 0.049 96.044
2008 0.028 118.227
2009 0.004 91.669
2010 0.004 102.316
2011 © 0.020 110.266
2012 0.046 = 124.844
2013 0.084 52.801
2014 0.094 48.637
2015 0.123 155.517
2016 0.128 101.287
2017 0.128 144.628
2018 0.123 85.939
2019 0.112 114.081
2020 0.062 49.191
2021 0.039 31.917
2022 0.013 29.301
2023 -0.008 25.363
2024 -0.024 25.494



2026 0.014 36.017 13.072 2.567 0.002 |
2027 . 0008 - 48908 | 17.750 2634 0015
2028 0003 | 37.547 13.627 1916 . 0.001
2029 . 0002 31323 11368 185 0000
_____ 2030 - -0.008 43.512 15.792 2.076 : 0.001 .
2031 0009 18120 . 6576 . 1127 0000
_____ 2032 - -0.009 10.286 3.733 1.203 0.002 ‘
2033 0007 8120 . 2947 1106 . 0000
2034 0005 12612 4577 . 1049 . 0000
,,,,,, 2035 . -0002 - 385 . 13% . 089 . 0009
2036 0.001 1.423 0.516 0.694 0.005 ‘
2037 . 0006 . 1370 . 0497 . 1041 . 0005
2038 0009 3.073 1.115 : 1.468 ' 0.001
,,,,, 2039 . 0011 - 23617 : 8571 . 2640 0002
2040 0.011 65.970 23.943 1.526 0.005
2041 0009 . 46402 16841 1708 0012
_____ 2042~ 0055 97.822 35503 2927 . 0034
2043 0.051 117.047 42.480 4.964 0.000
2044 0045 128748 46727 5442 0004
2045 0035 104720 38007 3.106 ' 0.005 '
2046 002 97169 . 35266 . 3949 . 0001
,,,,, 2047 . 0016 - 89106 . 32340 . 4678 . 0001
2048 0.002 78.905 28.637 2.015 : 0.000
_____ 2049 - 0017 ©  42.420 15.396 1.336 0.001
2050 © -0.021 = 22151 | 8039 | 1681 . 0013
2051 . -0023 5985 2172 0453 0010
2052 0022 | 2501 0908 0309 . 0035
2053 0021 0671 0243 0244 0040
_____ 2054 - -0.017 20.490 7.436 0.904 : 0.056
2055 0015 7466 2710 038 . 0038
_____ 2056 = -0.012 11.304 4.103 0.799 0.035
2057 0010 23782 8631 . 0658 0005
2058 0003 30812 11183 0770 . 0031
2058 . -0008 | 35944 13045 1011 . 0005
2060 0.046 2.156 0.782 0.300 : 0.062 ‘
2061 . 0073 3995 . 1450 . 0337 . 0010
2062 0.102 6.091 2.211 0.400 0.010
,,,,, 2063 . 0127 . 10303 : 373 : 0477 . 0034
2064 0.144 20.818 7.556 0.569 0.008 .
2065 0157 34323 12457 . 082 . 0034
_____ 2006 . 0170 . 21.035 : 7634 . 058 - 0046
2067 0171 24590 8.924 : 0.697 : 0.034 :
””” 2068 . 0.167 . 23459 . 8514 . 0562 . 0034



2070 0.138 18.414 °  6.683 0.476 0.047 |
2071 . o114 14308 5193 . 0440 0061
2072 0077 7757 . 2815 . 038 0020
2073 0046 9166 3327 . 0397 . 0006
_____ 2074 - 0.022 8323 ©  3.021 0.411 : 0.046 .
2075 0005 6453 . 2342 . 0357 0007
_____ 2076~ -0.042 6.436 2.336 0.372 0.061 ‘
2077 0062 = 11026 - 4002 - 0424 0046
2078 0081 16591 6022 . 0465 . 0029
,,,,,, 2079 -00% 3382 . 12282 . 1012 . 0029 |

2080 -0.003 11.875 ©  4.310 0.453 0.025 ‘
2081 . 0025 . 18161 . 6591 . 0465 . 0080

2082 0.057 26.662 9.677 : 0.531 ' 0.117 :
,,,,, 2083 0090 20278 7359 . 0666 . 0045

2084 0.121 29728 ©  10.789 0.681 0.041
2085 . 0139 . 40443 14678 0719 . 0131
_____ 2086 0158 70909 - 25735 . 2584 0009

2087 0.163 18.324 ©  6.650 0.479 0.101 :
2088 0161 18471 6704 0484 0049

2089 0153 28773 10443 0.556 ' 0.059 '
 20% 0139 39657 . 14383 . 0751 . 0079

2091 0.117 68.933 ©  25.018 1.375 : 0.090
””” 2092 0061 61374 22275 0647 . 0020
_____ 2093 - 0031 98.804 35.859 3.426 0.003

2004 © 0003 @ 55.994 . 20322 ¢ 0813 | 0089
2095 . -0.026 50.863 | 18460 : 0877 0005
2096 0046 50670 . 18390 | 0625 . 0008
2097 0065 45927 16669 0519 0009
_____ 2098 - -0.083 73.837 26.798 1.010 : 0.009
2099 0035 154733 . 56.158 | 2219 0034
_____ 2100 0020 154001 55892 . 2688 0024
2100 0010 141189 = ! 51242 2140 | 0003
2102 0002 132893 48231 1943 0002
2103 -0013 | 193076 70074 . 5118 . 0000

2104 -0.016 283.964 103.060 11541 0.001 ‘
2105 0020 . 239359 . 86872 . 7314 . -0001

2106 -0.018 97.785 35.489 0.902 0.027 '
,,,,, 2107 . -0012 - 17919 : 65036 : = 53% = 0009

2108 -0.007 111.588 40.499 0.720 0.027 .
2109 0006 110463 40091 . 0695 . 0006
_____ 2110 0006 8401 32084 . 065 . 0067

2111 ©  -0.006 = 81.035 - 29.410 0.547 : 0.059 :
””” 2112 . 0037 . 0454 . 0165 . 0401 . 0043



113.887
118.312

2114 0.099 163.630
2115 0.117 106.655
2116 0.128 43.803
2117 0.125 82.166
2118 0.118 52.725
2119 ©  -0.021 313.796
2120 ©  -0.022  325.988
2121 -0.020 342.071
2122 -0.018 365.050
2123 -0.002 128.211
2124 0.006 193.750
2125 0.012 171.349
2126 0016 143.393
2127 0021  137.113
2128 0.022 98.357
2129 0.021 91.334
2130 0.015 80.960
2131 0.006 76.032
2132 -0.003 98.746
2133 0.092 48.655
2134 0.112 47.265
2135 0.131 54.352
2136 0.145 65.511
2137 0.152 63.243
2138 0.154 69.516
2139 0.150 75.123
2140 0.118 64.579
2141 0.093 91.934
2142 0.057 140.877
2143 0.020 156.314
2144 -0.030 85.164
2145 0.076 103.729
2146 0.093 102.961
2147 0.109 93.635
2148 0.125 117.245
2149 0.134 115.872
2150 0.139 148.622
2151 0.138 92.121
2152 0.108 86.669
2153 0.087 126.024
2154 0.057 148.136
2155 0.020 96.241
2156 0.087 28.308



116.867
128.569

125.391
116.829

2158 -0.035 208.837
2159 -0.026 225.395
2160 -0.018 237.468
2161 -0.011 223.845
2162 -0.007 240.651
2163 ©  -0.005 250.507
2164 ©  -0.017 264.339
2165 -0.031 199.946
2166 -0.049 229.724
2167 -0.059 196.798
2168 -0.086 120.321
2169 -0.094 129.933
2170 -0.061 21.862
2171 -0.050 27.515
2172 -0.039 33.794
2173 -0.029 27.130
2174 -0.020 21.586
2175 -0.013 32.084
2176 -0.014 31.761
2177 -0.019 36.231
2178 -0.026 49.766
2179 -0.034 47.461
2180 -0.051 84.680
2181 -0.063 65.136
2182 -0.071 64.442
2183 -0.086 67.450
2184 -0.092 50.738
2185 -0.074 266.328
2186 -0.078 296.996
2187 ©  -0.080 '  322.006
2188 0.079 ©  354.249
2189 -0.078 351.918
2190 -0.074 343.218
2191 -0.048 302.295
2192 -0.041 305.633
2193 -0.033 306.303
2194 ©  -0.025 345491
2195 ©  -0.019 321.902
2196 -0.009 235.156
2197 -0.005 179.401
2198 -0.015 272.078
2199 -0.026 265.455
2200 -0.035 289.655



2201 0.045 = 286.560

104.002

2202 -0.054 258.047
2203 -0.061 233.122
2204 -0.068 247.215
2205 -0.074 272.436
2206 -0.080 213.055
2207 0077 | 242.469
2208 ©  -0.071 : 214.140
2209 -0.064 173.833
2210 -0.054 143.406
2211 -0.027 246.888
2212 -0.008 202.357
2213 -0.006 334.080
2214 0030 . 211.948
2215 ©  -0.054 ©  165.833
2216 -0.068 206.271
2217 -0.081 259.969
2218 -0.083 247.554
2219 -0.078 174.138
2220 -0.073 142.240
2221 -0.059 146.594
2222 -0.043 163.503
2223 -0.031 123.645
2224 0021  118.165
2225 © 0000  142.874
2226 0.002 161.577
2227 0.003 173.564
2228 0.000 129.006
2229 -0.004 121.226
2230 -0.011 147.750
2231 0027 - 161.596
2232 0.037 = 142.718
2233 -0.049 122.705
2234 -0.075 118.065
2235 -0.082 105.960
2236 -0.090 118.902
2237 -0.092 107.821
2238 -0.092 79.765
2239 -0.090 71.676
2240 -0.079 78.249
2241 -0.063 55.132
2242 -0.011 52.333
2243 -0.006 44.179
2244 -0.004 45.796



143.610
137.637

2246 -0.012 27.987
2247 -0.024 43.136
2248 -0.036 45.182
2249 -0.047 37.789
2250 -0.061 77.904
2251 -0.059 1.498

2252 -0.050 6.003

2253 -0.038 65.227
2254 -0.028 32.882
2255 -0.018 53.564
2256 -0.014 37.947
2257 -0.012 41.281
2258 -0.011 21.669
2259 -0.014 13.486
2260 -0.022 119.944
2261 -0.030 129.471
2262 -0.038 143.662
2263 -0.050 255.672
2264 -0.060 250.501
2265 -0.091 214.182
2266 -0.092 205.051
2267 -0.060 375.917
2268 ©  -0.048 395.691
2269 0042  379.235
2270 -0.033 326.707
2271 -0.024 343.986
2272 -0.020 342.588
2273 -0.015 308.168
2274 -0.030 328.013
2275 0041 - 272.619
2276 -0.051 = 294.585
2277 -0.062 315.379
2278 -0.071 312.406
2279 -0.041 96.683
2280 -0.051 99.961
2281 -0.057 99.625
2282 -0.061 91.132
2283 -0.064 121.374
2284 -0.063 47.977
2285 -0.062 32.373
2286 -0.048 73.390
2287 -0.041 117.007
2288 -0.029 196.484



2289 0.023 . 177219 = 64319 8.663 § 0.003

2290 -0.009 104.889 38.068 3.157 0.000 .
2201~ 0001 - 50.675 | 18392 . 1731 0000
2292 0003 | 29842 10.831 1219 0.002
2293 0005 17375 6306 1048 . 0011
_____ 3001 - -0.043 3.015 1.094 0.428 : 0.086 .
3002 0012 0706 0256 . 025 0053
_____ 3003 © 0013 4.104 1.489 0.281 0.021 ‘
3006 0036 . 11715 = 4252 0672 0040
3005 0057 0860 0308 0715 . 0023
,,,,,, 3006 . 00% . 37786 . 13714 . 0983 . = 003
3007 0.106 29.127 10.571 0.638 0.047 ‘
3008 . 0117 . 2049 . 7439 . 0584 . 0034
3009 0119 : 28145 10215 0.600 ' 0.024 :
,,,,, 3010 : 0113 46132 : 16743 : 0502 - 0064
3011 0.101 53.481 19.410 0.466 0.052
3012 . 0088 . 70417 25557 . 0866 0046
_____ 3013~ 0070 62239 22588 0770 - 0047
3014 0.052 48.339 17.544 0.607 0.111
3015 0029 63072 2281 0540 0058
CA-101 © 0075 = 47419 = 17210 0.796 ' 0.054 '
. CA102 008 51027 . 18520 . 0968 . 0064
CA-103 0.096 54.689 19.849 1.193 : 0.088
© cA104 © 0105 52191 18942 1270 0081
 CA105 © 0111  ©  49.863 18.097 1.108 0.127
CA-106 & 0115 = 43.848 15914 0848 0105 -
_ CA201 - 0000 80572 29242 1443 0011
. CcA202 | 0002 | 84.153 . 30542 1621 . 0011
 CA203 0006 87755 3189 181 0023
 CA204 0010 90.759 32.940 2.245 : 0.018
 cA205 0.017 94249 34206 2831 0015
 CA206 ©  -0.023 90.987 33.022 3.152 0.010
. cA207 0029 81451 . 29561 . 2505 0011
CA301 0018 47809 17351 1117 . 0054 |
. CA-302 . -0021 | 53553 1943 1282 . 0019
CA-303 -0.024 57.897 21.013 1.407 : 0.005 :
 CA304 . -0.029 . 61325 . 22257 . 133 . 0002
CA-305 -0.038 68.807 24.972 1.528 0.010
- CA306 @ -0.045 69.493 . . 25221 1288 . 0.034
CA-307 -0.053 66.812 24.248 1.210 0.018 .
 CA401 0068 30205 10963 . 0642 . 0025
CA402 0066 : 36.079 @ 13.094 . 1009 o 0.010
CA-403 @ -0.062 : 38865 - 14105 1.224 : 0.005 :
 cA404 0059 41647 . 15.115 . 1598 0020



Cal-102
Cal-103

Cal-109
Cal-110

Cal-208
Cal-209

CmA-106
CmA-107

CmA-206
CmA-207



CmA-304 0.004 38919

CmA-305 -0.014 34.458
CmA-306 -0.024 31.437
CP-101 0.063 200.424
CP-102 0.076 202.346
CP-103 0.091 204.193
CP-104 0103 207.365
CP-105 0113 :©  209.479
CP-106 0.122 212.116
CP-107 0.129 213.863
CP-108 0.132 211.804
CP-109 0.134 209.142
CP-110 0.133 207.604
CP-111 : 0129  204.951
CP-201 : 0071 : 257.504
CP-202 0.053 260.713
CP-203 0.036 263.196
CP-204 0.017 265.837
CP-205 0.000 264.411
CP-206 -0.014 262.587
CP-207 -0.031 257.089
D-101 0.087 70.699
D-102 0.086 80.053
D-103 0.083 85.089
D-104 0.078 86.536
D-105 0.071 84.636
D-106 0.061 72.157
D-107 0.052 62.133
D-201 0.009 38.543
D-202 -0.007 43.877
D-203 -0.019 51.652
D-204 -0.031 46.123
D-205 -0.041 41.393
D-206 -0.050 36.873
DL-101 0.064 53.691
DL-102 0.073 58.695
DL-103 0.082 61.217
DL-104 0.085 63.715
DL-105 0.086 60.736
DL-106 0.085 57.685
DL-107 0.082 53.958
DL-108 0.076 49.689
DL-201 0.047 61.517
DL-202 0.035 64.377



138.534
147.964

113.889
118.608

Msl-106
Msl-107

Msl-203
Msl-204

Msl-210
Msl-301



Msl|-307

Msm-104
Msm-105

Msm-302
Msm-303

Pll-102
PIl-103



PIm-103

PIm-201
PIm-202

PIm-302
PIm-303

PIm-311
PIm-312

Ptsc-104
Ptsc-105

Ptsc-204
Ptsc-205

102.239
102.246



Sch-104

Sch-205
Sch-206

138.865
133.135

Sch-305
Sch-306

111.538
114.412

SchA-103
SchA-104

SchA-110
SchA-111

SchA-206
SchA-301



SchA-307 0.041 . 54092 = 19632 1.227 § 0.037

SchA-308 -0.044 51.819 18.807 1.132 0.069 |
- schA-309 - -0.047 47.875 17376 . 098 0064
. schA310 | 0052 43461 15774 . 0747 . 0.072
SchAL101 - 0020 48561 17625 . 1725 . 0046
(SchAL-102 © -0.029 60.036 21.789 1.960 : 0.067 |
" SchAL-103 = -0.038 .  49.884 . 18105 . 1771 0039
~ SchAl-201 ©  -0.051 58118 21.093 1.973 : 0.085 ‘
" schAl-202 0052 54.618 19.823 2021 0093
SchAl-203 0051 51802 18801 . 2022 . 0064
. SchAl-204 - -0.049 53.598 19453 . 2038 009
SchAI-205 -0.046 59.383 21.552 2.078 0.056 ‘
01 . 0027 . 54443 . 19759 . 1089 . 0045
TJ-102 -0.019 56.110 20.364 1.105 0.024
- W13 -0.013 59.761 . 21.689 . ° 1225 o 0.003
T)-104 -0.008 62.913 22.833 1.431 0.010
 TH05 . -0006 . 65134 . 23639 . 1519 . -0.002
L R -0.005 64.731 . . 23493 - C 1474 . 0002
TJ-107 -0.006 61.926 22.475 1.352 0.000
 TH08 . -0008 . 59.236 21499 1249 0001
TI-201 ©  -0.023 ©  62.446 22664 1.667 ' 0.027 '
. T202 0035 . 81138 . 29448 . 2619 . 0006
o T-203 -0.047 99.637 . 36162 : ¢ 3336 0.007
TJ-204 -0.056 93.577 33.962 2.714 : 0.010
1205 -0.064 89.908 . 32631 - . 2529 - 0.004
TI-206 © 0073 69.602 | 25261 1.987 : 0.006 :
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APPENDIX B — LABORATORY DENSITY MEASUREMENTS

: W1 : W2 : W3 : : : .
| dy (aturated | (saturated | gol, | Saturation - T2
. Sample code : specimen specimen specimen density ~ density ps : de:;ﬂy
: mfeaSt.Jred mfeaSL_Jred . measuredin © (o0 (gr/em3) " (ar/cm3)
inair) : inair) : the water) : :

________ T 64525 © 64741 40747 ' 2684 2693 2709
: TJ-2 27.497 27.535 17.353 2.696 2.699 : 2.706 :
77777777 T3 © 52005 © 53.096 & 33.400  2.636 ©  2.691 2790
________ T4 27560 | 27714 | 17364 = 2.658 ©  2.673 2.698
77777777 TI5 40758 © 40.880 25670 . 2.675 |  2.683 | 2696
77777777 T-6 . 61418 | 61696 = 38759 . 2673 . 2685 | 2706
________ T-7 | 60203 @ 60.434 & 38103 2691 . 2701 2719
77777777 T8  © 5281  53.030 . 33281 . 2671 .  2.680 = 2697
________ T9 . 28.85% . 29276 . 18155 . 2500 . 2628 . 2692 |
. T10 42456 © 42760 ¢ 26.609 2624 2643 2674
SR (TR 46.424 © 46633 29348 | 2681 2693 2714
T2 22916 © 23.092 = 14420 2638 2658 2692
a3 18470 = 18627 = 11.646 & 2641 2663 2702
T4 22147~ 22233 . 13.990 2682 2692 2710
. TS5 20345 © 20468 12821 2656 2672 2699
. Tre 44.020 © 44241 - 27.803 - 2689 2697 2710
R TR 42728 © 42998 26962 2660 = 2677 2705
. T8 60245 . 60455 38080 . 2688 . 2697 . 2713
: TJ-19 - 56327 56427 35.602 . 2700 2.705 : 2.713
. T20 ¢ 26252 © 26533 16591 | 2636 2664 2712
T2t 32414 - 32486 & 20444 2687 - 2693 2703
T2 26213 26295 16510 2674 - 2682 2697
© TI23 ¢ 39013 ¢ 39240 & 24541 ¢ 2649 © 2665 2601
T2 26010 @ 26219 & 16374 2637 2658 2694
™25 - 23039 23096 14556 2693 - 2700 2711
. TI26 28639 - 28696 - 18055  2.687 - 2692 - 2701
fffffff T27 15104 15229 9511 2637 2659 2696
_______ TI28 ¢ 11539 @ 11.685 :  7.281 2615 &  2.648 2705 |
77777 TI29 34535 - 34696 - 21.802 . 2.674 . 2686 . 2707
T30 12518 ¢ 12.623 - 7.879 . 2634 2656 2694
. T31 . 31978 . 32057 20130 2676 = 2683 . 2694
T2 6Baa7 | 68583 | 42435 2613 2618 2627

TJ-33 59.318 59.417 37.452 2.696 2.700 2.708
7777777 T34 - 16943 - 16970 . 10722 - 2707 - 2711 - 2719
_______ T35 . 40995 . 41.137 . 24689 . 2488 2497 2510 |





















- ML/B1-9 - 16.378 @ 18.056 9.802 - 1981 2.184 - 2486
U MLBI0 | 26346 27667 | 16232 | 2312 | 2428 2616
MLl 30267 32700 18159 2078 2205 2495
””” ML/BL12 | 46055 sss87 27937 1663 2007 2537
U miels | 30009 32282 | 17880 2080 | 2237 2470
 MLBL4 54996 61715 | 3129 1805 | 2025 | 2316
MLBLIS  sa7s2 2916 32141 1776 2001 2417
"" ML/BLl6 | 32065 37706 20294 1953 2160 2469
MLpLL7 | 50081 | 99235 | saors 1991 | 2193 2497
U mupls | ases | ssazy | 29252 1911 | 215 2431
ML/BLIS | 20481 24468 12495 1708 2040 2560
Cmifer20 | 35808 3808 21509 2153 2292 2500
Cmipi2l | 4738 49787 | 2s750 2248 2362 2538
01 mon | a3z 22186 315 | 316 325
02 Uaoa0s aosse | c0sa 3053 3098 3198
03 asom  avass 3363 3084 3121 3203
o4 s 22208 | 1507 3022 3078 3208
Cos U amees 2097 16308 3056 3104 321
o6 2319 2350 | 15935 3040 3087 3190
07 ledes 16776 11314 3009 | 3066 3190

0-8 35.222 35.700 24.203 3.058 3.100 3.191
o9 2a106 | 20478 | 16467 3004 | 3050 | 3150
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APPENDIX C— SUPPLEMENTARY NETTLETON PROFILES
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APPENDIX D — GEOLOGICAL SAMPLES FOR DENSITY MEASUREMENT

Triassic-Jurassic Limestones (T-J)

Shales and Sandstones Alterations (C-P)
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Marbles (M)

Schists (Sch)




Dolomites (D)
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Athens Schist mélange (SchA)

318



Limestones of Athens Unit (CA)

Schists of Alepovouni Unit (CAl)

Limestones of Alepovouni Unit (CA/)




Upper Miocene Terrestrial and Lacustrine deposits (Msl/)

Upper Miocene Coastal deposits (Msm)




Pliocene Marine deposits (PIm)

321



	0. All
	0a. Exofyllo
	0b-c. Esofylla+Preface
	0d. Abstracts

	Main body_PhD_thesis_final_HighQuality



