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Abstract

The gravity method has been applied, with a total of 1.122 gravity measurements for the
subsurface investigation of the geotectonic structure beneath the urban and sub-urban areas of
Athens basin. The aim was to either verify previously mapped concealed fault zones or even
discover new concealed faults that may affect the city in the future by generating disastrous
earthquakes. Three different methods have been used to determine the densities of the
existing geological formations in the best possible way: laboratory measurements, Nettleton
profiles and the seismic velocity conversion. In the context of the qualitative interpretation,
we took advantage of the derivatives methods in order to enhance the structural edges of
density sources that may reflect fault zones. Thereby, several structural maps have been
produced 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 fault pattern of the
area. These results were combined with interpretive geological 2.75-D density models in
order to verify or modify fault regime of the area. Important data regarding the geological and
tectonic structure beneath the Quaternary formations were retrieved. More specifically, we
were able to verify and modify the locations and lengths of already proposed as concealed
faults zones from older geological researches or even better to identify and propose new
locations of concealed faults that have not been identified so far.

Keywords: Gravity method, density determination, Nettleton profiles, structural maps, urban
areas, 2.75D profile modelling



1. Introduction

The present gravity study was conducted in the Athens basin (Greece), with the aim of
investigating its geological and tectonic structure and identifying potential faults (blind or
covered), which could affect the city in the future by causing disastrous earthquakes. On 7"
September 1999, a 5.9 Richter earthquake occurred in the Greek metropolis of Athens,
causing extensive damage to almost 70.000 buildings, with almost 100 of them collapsing
(Bouckovalas & Kouretzis, 2001). More than 2.000 people were injured along with 143
fatalities and at least 100.000 people left homeless. Following the event, a number of
geological researches began in the area, but the Athens basin is extensively urbanized.
Applying geophysical methods such as electromagnetics, magnetics and geoelectrics can be
challenging in this urban environment. On the other hand, the gravity method has been
widely applied within the last few years contributing to the investigation of basin structure
with some of them localized beneath urbanized areas (Anderson et al., 2004; de Castro et al.,
2014; Hosseini et al., 2013; Khamies & El-Tarras, 2010; Koumetio et al., 2012, McPhee et
al., 2007; Nasr et al., 2012; Park et al., 2006). For these reasons, through the acquisition of
gravity measurements, covering for the first time all the area of Athens basin, the authors
tried to collect as much information as possible regarding the geotectonic regime of Athens
basin subsurface.

The application of geophysical methods in the area of Athens basin, based on the existing
literature has mostly focused on engineering and archaeological applications (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 local but relatively
deeper investigation has been carried out with the application of geoelectrical method by
Alexopoulos et al. (2001) who adumbrated a couple of possible blind faults in the area of
Tatoi. Finally, Papadopoulos et al. (2003; 2007) acquired a few profiles of seismic and
gravity measurements along the basins of Thriassio and Athens. Their preliminary results
revealed the large thickness (almost 800m) of post-alpine sediments NE of Thrakomakedones
while their qualitative interpretation of gravity anomalies indicated the existence of some
possible fault zones in the greater areas of Kamatero and Acharnes.

2. Geological and tectonic setting

The Athens basin hosts the metropolis of Greece, with a population of up to 4 million people
in an area of almost 360 km?, surrounded by the mountains Aigaleo and Poikilo (West),
Parnitha (North), Penteli (Northeastern) and Hymettus (East). Despite the great number of
papers published on the geological structure of Athens (Freyberg, 1951; Lekkas & Lozios,
2000; Lepsius, 1893; Lozios, 1993; Mariolakos & Fountoulis, 2000; Marinos et al., 1971,
1974; Niedermayer, 1971; Sabatakakis, 1991), questions still remain unanswered, especially
in light of the 1999 earthquake. After the earthquake, a new updated and more detailed
geologic and neotectonic mapping was assigned to Papanikolaou D. et al. (2002). This map
was modified and simplified by Dilalos (2018) in the context of this gravity survey, but also
completed and combined with some of the existent studies where there was no coverage (Fig.
1).

The geological and geotectonic structure is quite complicated since at least four alpine
geotectonic units (metamorphosed or not) and a thick Neogene sequence form the Athens
basin and the surrounding mountainous region. The lower and relative autochthonous
"Hymettus-Penteli Unit" (HPU), occupies the eastern margin of Athens basin (Hymettus and
Penteli mountains), and consists mostly of marbles, dolomites, schists, quartzo-feldspathic
and metabasic rocks, metamorphosed under a blueschist HP/LT metamorphic event followed
by a greenschist-facies overprint, during the Late Cretaceous-Tertiary alpine orogenic event.



Parts of this unit seem to be correlative either with the Cycladic Blueschist Unit (CBU) or
with the Basal Unit of the Attic-Cycladic metamorphic core complex (Altherr et al 1982;
Durr et al., 1978; Kessel, 1990; Lozios, 1993; Papanikolaou et al., 2002; 2004b). Kilometer-
scale isoclinal recumbent folds, concluding in successive, hundreds of meters, alternations
between the marbles and the schists, determine the main fold pattern (Lekkas & Lozios,
2000; Lozios, 1993). The overlying unmetamorphosed rocks of "Sub-Pelagonian Unit"
(SPU) are located along the western part of Athens basin (Aigaleo, Poikilo and Parnitha
mountains) including Triassic-Jurassic limestones and an Upper Paleozoic-Lower Triassic
volcanosedimentary sequence of sandstones, conglomerates, keratophyre tuffs, lavas and
olistoliths of limestones. Three or more successive imbricate thrusts, between the limestones
and the volcanosedimentary sequence, characterize the tectonic structure of the whole area
(Papanikolaou, 2015; Papanikolaou et al., 2002; 2004b). Along the western flanks of
Hymettus Mt. and above the relative autochthonous Hymettus-Penteli Unit, the "Alepovouni
Unit" (AU) exists, consisting of very-low grade metamorphic rocks, such as marbles, slates
and phyllites. Smaller scattered outcrops of Alepovouni Unit, at the eastern part of Athens
basin, also occurred. Finally, the so-called "Athens Basin Unit" (ABU) represents the upper
tectonic unit because it occurs in the form of small-scale outcrops within the Neogene
formations of Athens basin. It includes various lithological types, such as limestones,
marbles, sandstones, slates (called as "Athens Schists™), serpentinites and basic rocks, in the
form of a tectonic mélange, which tectonically overlie both the SPU, along the western
margin of Athens Basin and the HPU, along the eastern part of Athens basin (Lekkas &
Lozios, 2000; Papanikolaou, 2015; Papanikolaou et al., 2002; 2004b).

The exhumation of Hymettus-Penteli metamorphics is controlled by a crustal-scale
detachment fault, which is considered to be part of the Western Cycladic Detachment System
(WCDS), (Coleman et al., 2018; Grasemann et al., 2012; Iglseder et al., 2011; Lekkas et al.,
2011; Seman et al., 2012; 2013). The "Alepovouni”, "Athens Basin™ and "Sub-Pelagonian”
are lightly to unmetamorphosed geotectonic units and reside in the hanging wall of the
detachment fault (resulting in more complicated structure and heterogeneity) and the
"Hymettus-Penteli" is medium to high grade metamorphosed unit to the footwall (lower
plate). The detachment zone has a thickness of a few meters (max 40 meters) and, in some
cases, it is branched into two or more strands. It is easily recognizable to the field, in a lot of
places all around Hymettus Mt., by the mylonitic or ultramylonitic character of Hymettus-
Penteli unit rocks (marbles, dolomites or schists) and characteristic brittle-ductile shear
structures. The contacts between the geotectonic units of the upper plate have an initial
contractional character (thrust faults) during the formation of the alpine nappe pile and a
latter extensional stage where they reactivated as brittle low-angle normal faults, during the
exhumation of Hymettus-Penteli metamorphic core (Coleman et al., 2018; Krohe et al., 2010;
Lekkas et al., 2011; Papanikolaou et al., 2002).

The post-alpine Neogene and Quaternary formations occupy the major area of the basin, with
the exception of some remaining hills in the central part (Filopappou, Acropolis, Lycabettus,
Ardittou, Tourkovounia, Kokkou), constituted mainly by the “Athens Basin Unit”.
Papanikolaou et al. (2002) had proposed more than ten different post-alpine formations but
here they are simplified by similar density (Dilalos, 2018). Their thickness varies from a few
meters to several hundred of meters and conglomerates, marls, sandstones and marly
limestones represent the most common lithologies.

The Quaternary deposits (alluvial deposits, scree, talus cones, fluviatile deposits and terraces)
occupy a large part of the basin, covering a number of alpine and neotectonic faults and fault
zones. For example, the wide zone where the Kifisos River flows conceals the expected
location of the detachment fault between the HPU metamorphics and the overlying SPU,
beneath the Quaternary deposits and Neogene formations. This major and important tectonic



structure has been mapped only to the North of our research area (NE Attica and Southern
Evia) but it is expected to continue southern, through the Athens basin, covered by the post-
alpine deposits and possibly the two slightly metamorphosed units (“Alepovouni” and
“Athens Basin”). Additionally, during earlier geophysical investigations and drilling projects
in distinct areas, a significant number of neotectonic faults and fault zones have been
determined, buried mostly beneath alluvial deposits and talus cones (Alexopoulos et al.,
2001; Lekkas et al., 2001; Louis et al., 2002b; Papadopoulos, 2003; Papadopoulos et al.,
2007). It is also remarkable that some of these faults appeared to influence the damage
distribution during the September 7™, 1999 5,9R earthquake (Lekkas et al., 2001).
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Figure 1. Modified geological and tectonic map (Dilalos, 2018), with the locations of gravity
measurements. An index map of Greece and the location of the study areas are also provided.



The neotectonic pattern includes mainly steep normal faults, which are divided by orientation
into two groups. The older group of faults has an NNE-SSW orientation, which coincides
with the principal axis of the Athens basin and the main low-angle normal faults between the
alpine geotectonic units. The youngest and most active group of faults has strikes that vary
from WNW-ESE to NW-SE, in the western and eastern part of the basin, indicating the
gradual transition from the major active E-W faults of Eastern Korinthiakos Gulf to the
moderate (also active) faults of Southern Evoikos Gulf (Antoniou, 2000; Mariolakos et al.,
2001; Papanikolaou & Lozios, 1990; Papanikolaou et al., 2004a).

(=]
8 /.
w0
8 ® ®
9 R @ ) .
® v
3 e = o
b @
L "“’; —® _/ Y, ~ 2
P @ ——'/Af" ,;.’ v Kryonerio Aglos Stefarios \Q @
Y -8 G i =
2 The— ® @ &P // - . o Anixiy \\
S a2, i e ; . g
S [ @® . S hrakomakedones : - B
o N @l < =L Stamate
¥ ' S v & @
/ R o/ pi Rodopoli
\’ o N o 5 4 Drosia™=~_ __ |
=44 \\ @ >/ p K L F Cf
~ N i / 9 . Exali | /
~ Fyli 3 W = v == . ® i
~ N g B w7 2
~ /___>/ \. A 1‘ 7 ///, . \ -
o T \ v / ¥ Nea Erythraia N
g \ \\\ ‘\ 7 ! ¥ |E .\)5@
=3 N\ = \ ) charnes e : ' &
2 ~— \ Anc‘tﬁ)swa\ E=4 / ot '
5 Vo) 4 e N Kifisia .&
= == v 0 3 . ]
- s Zefyri "
e —— i r\ﬁ/ Lykcw ysi . s
ASpropyrgos ! Nooo— etamorfosi ) ' Sepy [)
! 977 "~ 2 -3 3
~ \,\\a,l\ ud pefli Marousi'na,, ~3 M
- ®
7 [ Herakleion. :Me\lssnaﬂ\j Penteli
o 7 \\ . .. 1
2 Nea Fil delﬂaNea lonia \ \é’;‘q N
& — Vi Vrillisia ) 2
= PR :
S 4 Nea*u’ozra\ Nea jfskidona :‘Y\ o
® 6‘\&}\ ~ AﬁéiAnargwcm, @ 3 /.J\omé( Ha'amﬂ* » Antnousa
< / flv‘
® e Y A //, S arad 35 \\\ )
——"T @ e T ST —-/ eristeri / "' 3 psychiko “Gerakas
- @% \EHiﬁt” / c%f@} " eo psychikg  A81a Paraske Pallini
o ! o /
= s ® 1@ @ &/ 5 Hmanggns ® b
e N s 5/ o, o= ° '
~ & @® ®@ @
'f__da"Ds * // ‘F\ popgghl. Glyka Nerdw-
B - ® » ® -
N i // Athlna chraf@ / ® 1
-
—_— //i Nikaia Tayfos /Kals 'a"' ] R\\ ‘i
[ Kerats’ﬁﬂ\ Agios loannis Re}ﬁs * Vyrunas / @® &\
\\ / @® Paiania \
= A < /
= 3 ) MUS/C‘ﬁEIDKa\IjIhea B A \\
=k * = @ —
s ? Nea Smyrni 1 0| S \ %
Agios Dimitrios n X \
lioupohige
~Ees /./. /
i
A
5 ~ rgvn_:up“ /
S ZI @®
87 Legend ® ‘e / ’%
=~ Anthropogenic deposits Triassic-Jurassic Limestones (SPU) / / ‘ ®. _ s
Quaternary deposits Volcanosedimentary sequence (SPU) ‘ @ -\x
.. Elliniko L
Talus cones and Scree QOphiolites and Flysch . .. / J .
S -
Neogene formations ~ —— Fault 1/ \\\\ / /
Limestones (ABU) —— Fault probable or covered @ / ) ’,f/:___
o [ "atnens Schists” (aBU) Imbricate thrusts ® b i |
= Limestones (AU} -+ Imbricate thrusts probable or covered| @! a H/ -
=] States (AU) 4 Qverthrusts 3 7
= lales e
= P . 4. - Overthrusts probable or covered A ol T
fochthon Schists - Brittle detachment //\ -]
Marbles (HPU) — Tectonic discontinuity //\ ~<A
Dolomites (HPU) == Nettleton profiles - Mt ~
- . " eters
Schists (HPU) © Geological specimens 1250 2500 5000 7 500 10 000!
¥_Borehole cores.
T T T
467000 472000 477000 482000 487000

Figure 2. Locations of geological specimens and borehole cores measured for
density. The Nettleton profiles are also illustrated.



3. Density determination

Density is the physical quantity that controls the gravity response of each geological
formation, based on its characteristics (e.g. porosity, age and metamorphism). Density
contrasts of geological formations are very important for the processing of the gravity data
and the construction of the gravity models.

3.1 Methods for density determination

In the context of this paper, the density of the existing geological formations in the Athens
basin was determined using three different methods, where possible. The laboratory
measurements on surface outcrop samples or borehole cores and the Nettleton method were
applied to almost every type of geological formation of the Athens basin. Additionally, we
managed to estimate the density of some geological formations from conversion of published
seismic velocity data.

Several authors (Abzalov, 2013; Baptiste et al., 2016; Boszczuk et al., 2011; Damaceno et
al., 2017; Garcia-Pérez 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 bulk densities of the geological formations existing in their study area.

A set of 3 measurements is required to measure the density of hand samples or cores
(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 bulk density pq,
the saturated bulk density ps and the granular one pq with the following equations given that
pw is the water density (almost equal to 1 gr/cm®):

Wy W, Wy

Pa = mpw Ps = ml)w Pg = m

Pw

Near the surface and especially above the water table the appropriate density is usually the
dry bulk one, while the saturated bulk one is more appropriate for larger depths. According to
Parasnis (1952), the “field” density is somewhere between the dry and saturated one.

For reliable determination of the densities, it is necessary to measure numerous samples of
each geological formation, collected from several locations in order to calculate their average
value that will provide a representative value of the formation. 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.

In the framework of this research, laboratory density measurements were carried out on 364
geological specimens (surface outcrops and boreholes cores), collected from several
locations of almost every formation existing in Athens basin (Fig. 2). The precision scale
used had a readability of 0.001gr.

Beyond our own laboratory measurements of samples and cores gathered by the authors,
bibliographic references have also been collected (Table 1), regarding older density
calculations from laboratory measurements in the Athens basin (Goumas, 2006;
Papadopoulos et al., 2007; Sabatakakis, 1991).



Table 1: Bibliographic densities for geological formations/lithologies of Athens basin

Geological Papadopoulos et al., | Sabatakakis, 1991 (ps | Goumas, 2006
formation/lithology 2007. (pq in gricm?) in gr/cm?) (pq in gricm®)
T“aSS'C'J“r??S_'J‘; Limestones 2.7240.01 2.68 2.72 +0.04
Marbles (M) 2.69 £0.01 2.88 -
Schists (Sch-Penteli Mt.) 2.81+0.05 2.78 -
Volcanosedimentary
sequence (C-P) 2.57£0.03 i i
Athens Schists (SchA) 2.65 £0.02 2.51 -
Limestones of Athens Basin i 268 i
Unit (CA) '
Marls 2.01 2.07 -
Conglomerates 2.42 2.44 2.46 +0.10
Marly Limestones - 2.4-2.62 -

Additionally, according to published literature, several researchers (Ali & Whiteley, 1981;
Fernandez-Cordoba et al., 2017; Goumas, 2006; Karastathis et al., 2010; Parasnis, 1952)
have carried out measurements based on the Nettleton method (Nettleton, 1939) in order to
determine successfully the bulk density of the studied geological formations. This method
requires the execution of a profile of closely spaced gravity measurements across a preferably
gentle topographic relief (hill or valley), formed by a geological formation, with no lateral
variations.

Within the scope of this paper, totally 40 density profiles (Fig. 2) were carried out,
constituted of 315 gravity stations. During the data reduction procedure, different values of
densities have to be assumed for the calculation of the Complete Bouguer Anomaly along
these profiles. Subsequently, all these curves are plotted and compared in a common graph in
order to identify the one demonstrating the minimum correlation with the topography. The
minimum correlation curve, that gives the estimate of the density of the formation beneath
the hill, was identified with the aid of the correlation coefficient formula in worksheets and
not just by visual inspection. The assigned values of densitg/ ranged from 1.4 to 3.2 gr/cm®
(Figs. 3), with reduced curves produced for every 0.05 gr/cm®.

It is also known that the density of a geological formation is also related to its seismic
velocity. 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 the empirical curves of density-velocity correlation in
order to estimate the densities of several geological formations.

We will estimate the density of geological formations, based on published seismic velocity
data regarding the Athens basin area. In Table 2, we can observe the densities derived by
using three different empirical curves (Brocher, 2005; Gardner et al., 1974; Nafe & Drake,
1961). The majority of the provided velocities for Athens formation come from Louis et al.
(2002b), who carried 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)
conducted 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 to Louis et al. (2002b) for the Triassic-Jurassic
Limestones (T-J) and the Talus Cones & Scree (Pt.sc).
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Figures 3. Examples of Nettleton profiles for geological formations of the Athens basin. The
upper profile is located in the central part of Athens basin (Ampelokipoi) and the lower one at
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the southwestern part, at Piraeus.



Table 2: Average densities of the geological formations or individual lithologies in Athens
basin, derived from a) the laboratory measurements of hand samples and borehole cores (blue
cells), b) the application of Nettleton (1939) profile method (green cells) c¢) the empirical
curves of velocity-density correlation (orange cells), 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). All the provided densities are in gr/cm®

Laboratory Nettleton SR :
Velocity-density correlation
measurements method
Geological _ _ _ Densit Densi _
formation/litho | Number | Dry | Saturat | Grai | Densi | Densit v b ty by | Densit
| of bulk | edbulk | n ty y o | YOY  Nafe | yby
ogy . . . . . (in | Gardn
Specime | densi | density | densi | profil | (gr/c / & Broch
ns ty p t es my | M | eret | prak | er
d Ps Y Pg al.
e
Triassic- 3,50
Jurassic 60 2.66 2.68 2.70 4 2.55- 0- 2.38- 2.32- | 2.32-
Limestones (T- +0.04 | +0.04 | £0.04 2.65 4,50 2.54 2.46 2.48
J) 0
. 2.74 2.76 2.79
Dolomites (D) 20 +0.07 | +0.07 | +0.07 2 2.60 - - - -
2.66 2.68 2.71
Marbles (M) 30 | 4002 | #003 |=x004| 2 | 260 | - - - -
Schists (Sch- 2.43 2.54 2.76
Hymettus Mt.) 1 14005 | #0038 |+002| 1 | 2% | - - - -
Schlsts.(Sch- 5 2.57 2.68 2.94 5 275 i i i i
Penteli Mt.) +0.05 | +0.10 | x0.29
Volcanosedime
251 2.57 2.67 2.35- | 2,30
ntary sequence 16 +0.05 | +003 | +003 2 245 0 2.14 2.03 2.05
(C-P)
Limestones
: 2.64 2.66 2.70 2.50-
Athens Basin 28 7 - - - -
Unit (CA) +0.04 | +0.03 | x0.02 2.55

Limestones of 264 | 266 | 270

Alepovouni 21 +004 | +0.02 | +0.01 2 2.65 - - - -

(CAl)

Athens Schists 38 2.55 2.60 2.69 3 2.50- i i i i
(SchA) +0.07 | +0.05 | #+0.05 2.55
Slates of

. 2.19 2.36 2.61
Alepovouni 13 +009 | +0.08 | +0.10 2 2.55 - - - -

(Sch-Al)
Limestones 5 2.55 2.59 2.67
(Ng-PIm) +0.04 | +0.05 | %0.07
Marly
. 2.45 2.52 2.63
limestones (Ng- | 12| ;505 | 4004 | 002
PIm)
Sandy marls 18 1.60 1.91 2.36 1.95- 1,40
(Ng-Msm) +0.09 | +012 | +024 | 11 |215& | O | 190- | 16| 16
- 1,60 1.96 1.70 1.7
Breccia & sand - 250 | 255 | 2.65 2.40 0
(Ng-Msm) +0.11 | +0.07 | +0.03
Reddish clays 5 2.49 2.56 2.68
(Ng-Msl) +0.03 | +0.03 | £0.01
Marls (Ng-Msl) 6 1.72 1.96 2.29

+0.07 | +0.14 | +0.31




Marly

limestones 18 2.13 2.29 2.52

& Sandy marls +0.16 | +0.11 | x0.06

(Ng-Msl)

Clay & Sand 5 ) 2.16 i

(Ng-PII) +0.04
1,80

Talus cones & 0- 2.02- | 1.81- | 1.80-

Scree (Pt.sc) L EAS | et - 2 © | 190 | 205 | 18 | 1.87
0

Loose 161_0

Quaternary - - - - - - 150 <1.93 | <164 | <16

deposits (Q-Al)* 2
2,08

0- 2.09- | 1.95- | 1.94-

2
Conglomerates = - - - ) ) 2,27 | 214 2.05 2.02

1,00

Clays® - - - - - - 205;0 <219 | <2.09 | <21

2,50
0- 2.19- | 2.09- 2.1-

.3 '
Breccia - ; ) i i i 3,00 | 2.29 2.22 221

. 305 | 310 | 3.20
Metabasic ¢ +004 | +0.03 | 003 | - - - - -

Other authors in the past (Hammer, 1950; Parasnis, 1952; Whetton et al., 1956) tried to
define the rock densities by carrying out both laboratory measurements on specimens or cores
and survey methods such as the Nettleton profiles. 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 improve
with the density profiles rather than by laboratory measurements on specimens. Similar
aspects are also presented 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 changes during the drilling.

3.2 Results of density determination

As it is illustrated in Table 2, the average densities for all the cohesive lithologies have been
calculated. For the majority of the post-alpine sediments covering the Athens basin, we were
able to calculate discrete densities for the cohesive lithologies of the formations. The
comparison of the bibliographic densities (Table 1) with the ones derived in the framework of
this paper (Table 2), reveal that generally all the values are pretty close, except for the Schists
and Athens Schists, where we can observe greater differences. Taking into account that the
Athens Schists are observed in a form of tectonic mélange, this might explain the differences
compered to the literature values, given also the fact that we had several samples of this
formation originated from borehole cores.




Furthermore, almost all the geological formations of Athens basin were investigated and their
bulk densities were estimated based on the Nettleton method (Table 2). 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.

Finally, the density values calculated from the published seismic velocity data are quite
smaller than both the laboratory measurements and the Nettleton profiles, especially for the
Triassic-Jurassic Limestones and the Volcanosedimentary sequence. However, important
density values for relatively uncohesive lithologies have been calculated, such as the Loose
Quaternary deposits (Q-Al), the conglomerates and clays, for which we could not execute
Nettleton profiles.

It is also important to notice that for some of the geological formations/lithologies of Athens
basin, such as the Marbles (M), the Schists (Sch-Hymettus Mt.), the Limestones and the Slates
of Alepovouni (CAl and Sch-Al correspondingly), there was no data at all regarding their
densities. In the context of this study, we managed to calculate for the first time their density.

3.3 Adopted densities

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 (Papanikolaou et al., 2002). Each lithology has its own density
that was calculated through laboratory measurements but the final representative value of the
whole formation could not be estimated given the fact that we were not able to measure the
unconsolidated lithologies. The density profiles were equally helpful in the case of the Athens
Schists (SchA), which are considered to be a mélange.

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 Basin Unit (CA), are
characterized by lower 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 VVolcanosedimentary sequence (C-P), the Schists (Sch) -
mainly for the ones of Penteli Mt. - and the Slates of Alepovouni (Sch-Al). For all these
formations, the adopted densities were based on the laboratory measurements (Table 3).

Table 3: Adopted densities of geological formations, used in gravity data processing of this
paper.

Adopted .
Geological formation/lithology DenFs)it%/ D&rgt'r?sgt 32%?;?;2
(gr/icm?)
Triassic-Jurassic Limestones (T-J) 2.68 Laboratory +0.04
Dolomites (D) 2.76 Laboratory +0.07
Marbles (M) 2.68 Laboratory +0.03




Schists (Sch-Hymettus Mt.) 2.54 Laboratory +0.03
Schists (Sch-Penteli Mt.) 2.68 Laboratory +0.10
Volcanosedimentary sequence (C-P) 2.57 Laboratory +0.03
Limestones of Athens Basin Unit (CA) 2.66 Laboratory +0.03
Limestones of Alepovouni (CAl) 2.65 Lab & Nettleton +0.02
Athens Schists (SchA) 2.50 Nettleton +0.05
Slates of Alepovouni (Sch-Al) 2.36 Laboratory +0.08
Neogene formations / Several lithologies (Ng) 2.10 Nettleton +0.05
Talus Cones & Scree (Pt.sc) 2.30 Lab & Seismic +0.10

Loose Quaternary deposits (Q-Al) 1.60 Seismic -

In the case of the Loose Quaternary deposits (Q-Al) the only available density was derived
from published seismic velocity 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 from the seismic data (Table 2), because the Nettleton profiles could not determine a
density value.

The errors of the adopted values for each formation/lithology are also illustrated in Table 3.
Taking into account that for the majority of them we have selected the results of the
laboratory measurements, we provide their standard deviation. For the densities selected from
Nettleton profiles, we provide the standard deviation among all the profiles of each
formation. The authors believe that the errors are small and thus the adopted values
acceptable.

4. Gravity survey
4.1 Acquisition

A gravity base network of thirteen (13) bases was established (Dilalos, 2018) for the purpose
of this study. The entire gravity base network is referred to the IGSN’71 datum (Morelli et
al., 1974) as it was tied with repeated measurements with an already established base in the
University of Athens (Hipkin et al., 1988). Due to the complicated geology of the area, the
purpose of the research and the urban environment, the gravity measurements were organized
on a grid and not on a few profiles. The grid station spacing had been set primarily to 1km.
After the processing of the first dataset, the grid became a little denser, with some stations
added in between the first ones, in order to clarify the status in some areas. The gravity
database comprised of 1.122 gravity stations (Fig. 1), of which the 315 have been collected
along Nettleton profiles acquired during the summers of 2013 and 2014. The gravity meter
LaCoste & Romberg G-496 was used for the data acquisition.
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Figure 4. Digital Elevation Model (DEM) of Athens basin.
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In order to calculate the necessary coordinates of each gravity station and base with high
precision, we used Differential Global Positioning System (dGPS). In this way, the accuracy
of the calculated coordinates was limited to a few centimeters, which is very important in
order to have precise data corrections and results. The coordinates were calculated in the
Hellenic Geodetic Reference System (EGSA’87).
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Figure 5. Complete Bouguer Anomaly map of Athens basin.

4.2 Data Reduction

The drift correction and the tidal effects were removed with the Oasis Montaj software, based
on the measurement time of each station. The next step includes the latitude (WGS84
formula) and free-air correction, where the calculated coordinates of each gravity station are
taken into account. The assumed constant density for the Bouguer correction was set up to
2.67gr/cm®. At this point, the Simple Bouguer Anomaly has been calculated (Dilalos, 2018;
Dilalos & Alexopoulos, 2017).

In order to calculate the necessary terrain correction, we used an accurate Digital Elevation
Model (DEM). In this paper, we used the Gravity and Terrain Correction extension of Oasis
Montaj for the terrain correction calculation. An inner radius equal to 1.500 meters had been



set, along with an outer radius distance equal to 21 kilometers. Normally, with the aim of
calculating the Complete Bouguer Anomaly only the Terrain corrections need to be added to
the Simple Bouguer Anomaly. However, in this urban geophysical survey, we have also to
calculate and add the Building Correction (Dilalos, 2018; Dilalos et al., 2018), caused by the
building and infrastructures of the city. The values of the Complete Bouguer Anomaly (Fig.
5) range from 34 up to 79.0 mGal. 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. Finally, the local
residual anomaly maps have also been produced through the application of Fourier Filtering
that was based on the energy spectrum of the data (Dilalos, 2018).

4.3 Regional-Residual Separation

In the context of this paper, we chose to proceed to the regional-residual separation with
Fourier analysis and Filtering (Anudu et al., 2016; Dilalos & Alexopoulos, 2017; Elkhodary
& Youssef, 2013; Khamies & El-Tarras, 2010). 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.
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Figure 6. Radially Averaged Power Spectrum of the Complete Bouguer Anomaly of
Athens basin.

The separation of the regional and residual gravity fields was based on the information
provided by the corresponding Power Spectrum Analysis (Fig. 6) of the Complete Bouguer
data, which is 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; 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 relation h=S4n, introduced by Spector & Grant (1970) for
aeromagnetic data, where S is the slope of the least-squares line of each section of the
spectrum.



After several tests with the provided filters, the application of the Gaussian filter, which has
successfully applied in several other cases (Anudu et al., 2016; de Castro et al., 2014;
Damaceno et al., 2017; Dilalos & Alexopoulos, 2017; Fernandez-Cordoba et al., 2017) has
been chosen. The calculation for the residual field is derived from the following formula:
—k2
L(k) =1- €2k02

where Ky is the standard deviation of the Gaussian function in cycles/ground unit, applying it
as a smooth high-pass filter. Based on the above results of the power spectrum (Fig. 6), we
produced a residual map with a cutoff wavelength of 500m and standard deviation equal to
0.25 cycles’/km (Fig. 7) revealing mostly the shallow structures. Beyond that, a second
residual map of the basement, with standard deviation equal to 0.02 cycles/km, was produced
(Fig. 8), including also the anomaly sources and information from deeper structures of the
bedrock.
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Figure 7. Residual Map of Athens basin with Figure 8. Residual Map of basement with

standard deviation equal to 0.25 cycles/km, filter standard deviation equal to 0.02

illustrating the shallow anomaly sources. cycles/km, illustrating the deeper bedrock
anomaly sources

Starting from the residual map of the basement (Fig. 8), its values range from -15.2 mGal to
9.4mGal, with the contribution of both deep and shallow structures. We can observe two
areas of minimum values (down to -15.2 mGal). The main one is located in the northern part
of the study area, with relatively circular shape, along with two linear extensions, one
extending to southernwest and another to northeastern. A second area of minimum values is
located southern, almost parallel to the urban coastline, reaching a minimum anomaly value
of -6.5 mGal.



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 in the central-western area. The general direction
of this zone (WNW-ESE) is almost perpendicular to the general direction of the mountains
Hymettus and Aigaleo (NNE-SSW).

Going up to the shallow anomaly sources and structures (Fig. 7), the values of the residual
map range from -1.82 mGal to 1.51 mGal. Structures of high and low values of gravity are
alternating, especially in the western area. The low gravity area (down to -0.9 mGal) at the
northern part is spatially constrained relatively to the image of the basement residual (Fig. 8),
surrounded by a zone of high gravity from west and north (southern foothills of Parnitha Mt.)
with values up to almost 1 mGal. A big linear zone of low gravity (down to -1.5 mGal) has
been revealed running across the western suburbs ending up southern to the area of Piraeus.
This zone is laterally constrained by two other linear zones of higher gravity (up to almost 1
mGal) with similar direction.

4.4 Structural Mapping

After the separation of the gravity field into residual and regional components, we can take
advantage of the derivatives methods in order to enhance the structural edges. The structural
mapping is very common in the scientific literature the latest years and has been very helpful
in structural investigations (Ali et al., 2017; Anudu et al., 2016; Cooper & Cowan, 2008;
Elkhodary & Youssef, 2013; Eshaghzadeh, 2015; Ghosh, 2016; Hosseini et al., 2013; Khalil
et al., 2015; Khamies & El-Tarras, 2010; Koumetio et al., 2012; Martins-Ferreira et al., 2018;
Nasuti et al., 2012; Wu et al., 2017). For that reason, we proceeded to this method in order to
outline the structural edges of Athens basin using Oasis Montaj software.

There are several methods using the derivatives that can provide the desired enhancement of
the structural edges. Based on Fairhead (2015), 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 paper, we applied most of the aforementioned edge enhancement
techniques. Firstly, the results of the Total Horizontal Derivative (THDR) are illustrated in
Figure 9 for the shallow sources and in Figure 10 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. 9), 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. 10). 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 11 (shallow
structures) and Figure 12 (basement structures). This technique is also more sensitive to the
shallow structures (Fairhead, 2015). Parts of the zero crossing adumbrate the edge location
while the maxima values outline the structure location providing simultaneously information
about its positive or negative density and therefore for its dip. The negative values of the
derivative have been removed in an effort to manage it more easily (Fairhead, 2015) by
illustrating only the structural edges (zero crossings) and the positive structures-possible
horsts only (maxima). The removal of the negative values has also been presented by other
authors (Ali et al., 2017; Nasuti et al., 2012) for the construction of Tilt maps, which
adumbrate the edges in a similar way (zero crossings).

The results of the VDR (Figs. 11-12) indicate almost the same edges as those of the THDR
(Figs. 9-10), but providing also information about 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 strong 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 13 (shallow structures) and Figure 14 (basement structures). Practically,
the maximum values outline the edges that THDR have also 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. 13-14) seem a little noisier, compared to that of THDR
(Figs. 9-10).

Following this we move on to the application of the phase derivatives, by first calculating the
Tilt derivative (Figs. 15-16), 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. 11-12), 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
17 (shallow structures) and Figure 18 (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. 17-18) 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. 17) reveals exceptionally limited areas, regarding the results of all the
derivatives applied. The map of the deeper bodies (Fig. 18) clearly shows the edges, which
practically are identical with those of the prementioned structural maps.

The southern part of the major fault zone of Kifisos, from Agioi Anargyroi to Faliro, seems to
have been verified. The VDR (Fig. 11) and Tilt (Fig. 15) maps of the shallow sources,
illustrate an area corresponding to a graben structure, since structural edges have been
revealed edgeways. One of these two edge zones could be recognized as the Kifisos zone, but
slightly shifted eastwards. This can also be confirmed by the low areas of the THDR (Fig. 9).
The already mapped part of the Kifisos zone, from Agioi Anargyroi to Nea Filadelfia, has
been partially revealed in the VDR (Fig. 11), Tilt (Fig. 15) and AS (Fig. 13) maps. Moreover,



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. 11)
and Tilt (Fig. 15) maps. The THDR (Fig. 10) and Analytical Signal (Fig. 14) maps of the
deeper bodies seem to indicate 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 strong indications verifying the overthrust of the brittle detachment,
which was 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.
11-12) and Tilt (Figs. 15-16) 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 be also 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 prolongations 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. 11-12) and Tilt (Figs. 15-16). This zone is observed at
the east foothills of Hymettus Mt., along the areas of Gerakas, Agia Paraskevi, Holargos,
Papagou, Zografou, Vyronas, Kareas, Ilioupoli, Argyroupoli, Glyfada and Voula. The
detachment between the Hymettus-Penteli Unit and the underlying Alepovouni Unit 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.
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4.5 Interpretative 2.75D geological modelling

In the context of this paper, we have constructed 2.75D models of our gravity data, carried by
GM-SYS, a program by Geosoft. It has been widely used the last few years (Adam & Bielik,
1998; Ammirati et al., 2018; Azab & Khadragy, 2013; Blecha et al., 2009; Blaikie et al.,
2014; Kim et al., 2009; Leader et al., 2006; Mancinelli et al., 2015; Park et al., 2006; Smith
et al., 2006; Sumanovac et al., 2009; Weidmann et al., 2016). 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).

In Figure 19, the location of the profiles across the Athens basin, selected to create the
interpretative geological-density 2.75-D models, is presented. A total of four (4) sections of
total length equal to 87.5 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 adopted values (Table 3).

The known information from all the previous geological studies (described thoroughly in §2)
along with personal observations have been taken into consideration in order to create models
that present logical geological structures. Unfortunately, deep reliable borehole data have not
been found in order to constrain the results. But, seismic profiles (Papadopoulos et al., 2007)
have been recovered and compared with the gravity modelling in an effort to provide
additional constraints for the final interpretative models.

The careful and thorough determination of all the involved geological formations of Athens
basin (Table 3), provide the first constrain during the production of our interpretative models



(Figs. 20-21). Practically the other constraints used for these models are mostly geological,
derived from the published literature that has already been discussed thoroughly in 82. The
first information used as constrain comes from the updated surface geological map provided
in Figure 1. Afterwards, we have the relative positions, movements and tectonism of the four
distinguished units and formations of our study area (discussed in detail in 82). We will
shortly and simply remind that the geotectonic regime of the basin is constituted by the lower
and relative autochthonous "Hymettus-Penteli Unit" (HPU), the overlying "Sub-Pelagonian
Unit" (SPU) located along the western part of Athens basin, the "Alepovouni Unit" (AU)
overlying at the eastern part of the basin and finally the upper tectonic unit "Athens Basin
Unit" (ABU). Beyond that, the structural characteristics of the tectonic zones that control their
relative placement in the basin, had been a controlling factor for the models. We are referring
to major zones such as the detachment fault, which is considered to be part of the Western
Cycladic Detachment System (WCDS) and other known significant thrusts. Among these
major tectonic zones, we had also some constraints (dips, strikes etc.) regarding other mapped
fault zones. Finally, for most of our interpretative models we had starting geological models
(Papanikolaou et al., 2002).

The results of the interpretative geological-gravity 2.75-D sections are illustrated in Figures
20-21. In each of these figures, the upper part illustrates the observed residual gravity data
(squares) along with the calculated one (line) based on the geological model, which is
illustrated on the lower part of the figures. Each block, colored differently simulates a
geological body, with a certain density quoted in the brackets. The sections are presented
with a vertical exaggeration of 2 for better presentation and understanding.

Along all the illustrated sections (Figs. 20-21), some common major fault zones have been
delineated, revealing their systematic existence at the Athens subsurface. The detachment
fault, as described by other authors (Coleman et al., 2018; Grasemann et al., 2012; Iglseder
et al., 2011; Lekkas et al., 2011; Seman et al., 2012; 2013), seems to have been identified.
Based on them, the underlying metamorphosed Hymettus-Penteli Unit is moving upwards
relatively to the overlying tectonic units unmetamorphosed or weakly ones (based on the
geological data). The slates and phyllites of Athens Basin Unit (Athens Schists, SchA) or the
phyllites of Alepovouni Unit (Sch-Al) are mostly located above the detachment. On the other
hand, the lithologies of the Hymettus-Penteli Unit, such as dolomites (D), schists (Sch) or
even marbles (M) are below the detachment zone. Furthermore, at the first part of the sections
three or four imbricate thrusts between the Triassic-Jurassic limestones (T-J) and the
volcanosedimentary sequence (C-P), as defined by previous geological models
(Papanikolaou, 2015; Papanikolaou et al., 2002; 2004b), seem to have been identified with
different thickness. Beyond that, along most of the sections (AA’, BB’ and ZZ’) we may also
observe the existence of a thrust fault where the Athens Schists (SchA) of the Athens Basin
Unit overlay tectonically the Sub-Pelagonian Unit described in older publications (Coleman
et al., 2018; Krohe et al., 2010; Lekkas et al., 2011; Papanikolaou et al., 2002).

In Section AA’ (Fig. 20), the Neogene formations (Msl and PII) are observed with thickness
up to 300 meters 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 formations and their underlying alpine
rocks, especially at the areas of Ano Liossia, Metamorfosi and Lykovrysi. Beneath the
Neogene formations, the Athens Schists (SchA) are detected in the central part of the profile,
with thickness up to 380 meters. Below the Penteli Mountain, it seems that the schists (Sch)
of the Hymettus-Penteli Unit are dominating over the marbles (M) that are detected mostly at
its western foothills. Moreover, no dolomites (D) seem to be present.
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Figure 19. The location of the profiles along the Athens basin, selected to
create the interpretative geological-density 2.75-D models

In Section BB’ (Fig. 20), the Neogene formations (Msl 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 formations and the underlying Athens Schists, between the areas of Petroupoli and
Ilion. The Athens Schists (SchA) and the slates of Alepovouni Unit (Sch-Al) cover a great part
of the subsurface underlying the Neogene formations, reaching a maximum thickness up to
500 and 225 meters correspondingly. In this profile, the dolomites (D) of the Hymettus-
Penteli 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. The slightly folded contact
(detachment fault) between the Dolomites and the Upper Plate units (Fig. 20-21), which
interprets the results of the geophysical, demonstrates the presence of constructional



extension-parallel folds, a structure that is often observed in metamorphic core complexes
and has also been observed in Athens basin (Lekkas & Lozios, 2000; Lozios, 1993).
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Figure 20. Interpretative geological 2.75-D profiles, constructed with GM-SYS (scale 1:2).
The observed (squares) and calculated (line) residual anomaly are illustrated. The
geological formations are the following:

T-J: Triassic-Jurassic  limestones (Sub-Pelagonian Unit), C-P: Volcanosedimentary
sequence (Sub-Pelagonian Unit), M: Marbles (Hymettus-Penteli Unit), Sch: Schists
(Hymettus-Penteli Unit), D: Dolomites (Hymettus-Penteli Unit), SchA: Athens Schists
(Athens Basin Unit), CA: Limestones (Athens Basin Unit), Sch-Al: Slates (Alepovouni
Unit), Msl: Upper Miocene Terrestrial and Lacustrine deposits (Neogene Formations), PII:
Pliocene Terrestrial deposits (Neogene Formations), Pt.sc: Pleistocene talus and screes, Al:
Alluvium deposits (Loose Quaternary deposits).

In Section DD’ (Fig. 21), the Neogene formations (Msl and PIl) 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 -
8.5 mGal). They are placed directly on the detachment fault and with the other characteristics
of the Late Miocene — Early Pliocene basin formations, they demonstrate being members of a
supra-detachment basin, which is developed during the activation of the detachment fault
as discussed in (Diamantopoulos et al., 2009; Friedrnann. & Burbank, 1995; Krohe et al.,
2010). A layer of almost 310 meters of Pleistocene Talus and Screes (Pt.sc) is partially
overlying the Msl 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 Sub-Pelagonian Unit. The Athens Schists (SchA) and the slates of
Alepovouni Unit (Sch-Al) cover a great part of the subsurface, underlying the Neogene
formations, with great surface outcrops reaching a maximum thickness up to 530 and 270
meters correspondingly. The marbles (M) and schists (Sch) of the Hymettus-Penteli Unit are
also detected below the greater area of Hymettus Mountain as well as below the area of
Thrakomakedones. The dolomites (D) of the Hymettus-Penteli Unit seem to dominate at the
central area of the section, below the basin (from depths of 600 meters) and below the
Hymettus Mt., with thickness that reaches 750 meters. Beneath them, the formation of Vari
Schists (Sch Vari) is also expected.
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Figure 21. Interpretative geological 2.75-D profiles, constructed with GM-SYS (scale
1:2). The observed (squares) and calculated (line) residual anomaly are illustrated. The
geological formations are the following:

T-J: Triassic-Jurassic limestones (Sub-Pelagonian Unit), C-P: Volcanosedimentary
sequence (Sub-Pelagonian Unit), M: Marbles (Hymettus-Penteli Unit), Sch: Schists
(Hymettus-Penteli Unit), D: Dolomites (Hymettus-Penteli Unit), SchA: Athens Schists
(Athens Basin Unit), CA: Limestones (Athens Basin Unit), Sch-Al: Slates (Alepovouni
Unit), Msl: Upper Miocene Terrestrial and Lacustrine deposits (Neogene Formations), PII:
Pliocene Terrestrial deposits (Neogene Formations), Pt.sc: Pleistocene talus and screes, Al:
Alluvium deposits (Loose Quaternary deposits).

In Section ZZ’ (Fig. 21), 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 Sub-Pelagonian Unit. The Athens Schists (SchA) cover a great part
of the subsurface, beneath the Pleistocene talus and screes (Pt.sc), with thickness up to 540
meters. 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 Hymettus-Penteli Unit have not been identified.
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Figure 22. 3D illustration of the interpretative geological profiles (looking from SW and
scale 1:2)

5. Discussion

The dominant tectonic structure of Athens basin is represented by a major detachment zone,
part of the West Cycladic Detachment System (Coleman et al., 2018; Grasemann et al., 2012;
Iglseder et al., 2011; Lekkas et al., 2011; Seman et al., 2012; 2013), which is responsible for
the exhumation of the foot-wall block metamorphic rocks. This low-angle fault zone has been
identified in most of the models (Figs. 20-22), where un- or weakly metamorphosed rocks
appear on the hanging wall block. Through some of the interpretative profiles, mainly those
of WNW-ESE orientation, both the fault surface and the schistosity of the exhumed
metamorphic rocks, seem to have a curviplanar geometry, especially below the Hymettus Mt.
(Figs. 20-22). These dome shaped structures are elongated along the stretching direction,
which is indicated by the N-S oriented stretching lineation associated with the detachment
zone, and therefore they can be interpreted as extension-parallel folds, formed in a
constrictive extensional regime (Avigad et al., 2001; Levy & Jaupart, 2011; Le Pourhiet et
al., 2012). This metamorphic core-complex structure is completed by a supra-detachment
basin (Diamantopoulos et al., 2009; Friedrnann. & Burbank, 1995; Krohe et al., 2010) and is
filled with Late Miocene — Early Pliocene sediments (Figs. 20-22), as the tectono-
sedimentary characteristics of Athens basin (fault geometry, drainage direction, depocenter,
sediment character etc.) reveal (Papanikolaou et al., 2002; 2004a). The produced models
suggest that the thickness of the basin sediments ranges around 800-900 meters.



At the eastern margin of Athens basin, the extent of a major thrust has also been detected,
since as shown by the interpretative profiles, the phyllites of Athens Schists (SchA), are
overlying the Triassic-Jurassic limestones (T-J) of the (unmetamorphosed) Sub-Pelagonian
Unit. Beyond these, the existence of 3-4 successive imbricate thrusts, between different
lithologies of the Sub-Pelagonian Unit, seems to have been adumbrated, based on the
interpretation of the gravity results.

A major tectonic line along the main route of Kifisos River (Fig. 1) has been suggested by
several researchers (Fountoulis, 2004; Lekkas, 2001; Mariolakos & Fountoulis, 2000;
Papanikolaou et al., 2002; 2004a; 2004b) and seems to be related with the tectonic boundary
between the Hymettus-Penteli metamorphosed Unit and the Sub-Pelagonian non-
metamorphosed Unit. It is represented by an NNE-SSW (dipping to the WNW) listric normal
fault, which roots into the detachment zone. It has a steep geometry at its upper part, near the
surface, and becomes low-angle where it roots into the detachment. This fault played a
significant role in the damage distribution of September 9", 1999 destructive earthquake
(Ms= 5,9R), the damage is both bounded and directed along the hanging wall (the western
half of the basin), based on (Lekkas, 2001; Tzitziras et al., 2000).

A first approach is illustrated in the structural maps of Figures 9-18. 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. 23). 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, with a trace similar to
an approach of Krohe et al., 2010

Another significant WNW-ESE probable fault zone which seems to be related with the
damage distribution of February-March 1981 destructive earthquake sequence (Ms 6,7; 6,4;
6,3), is also suggested by the same researchers (Papanikolaou et al. 2002; 2004a, 2004b).
According to Krohe et al. (2010), a part of this zone probably identified with the brake-away
fault of the detachment zone. The fault zone, which extends from Zefyri to Agia Paraskevi
[2], has also been partially confirmed by the structural maps (Figs. 9-18), mainly in the area
between Halandri and Kokkinos Mylos areas (Fig. 23) but slightly relocated to the southern.
On the other hand, its western 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 NNE-SSW fault zones seem to have also been identified
undoubtedly in the western suburbs of the basin. These fault zones are along Kamatero-
Petroupoli [3] and Agioi Anargyroi-Peristeri [4], in Figure 23, 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, a few smaller N-S 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 NE-SW fault, mapped as probable, seems to have been verified
with throws up to 220-250 meters.
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Figure 19. Updated geological and tectonic map, based on the results of the gravity survey.
The modification of older probable concealed faults and the proposal of new ones are
illustrated with black dashed lines.

At the south-west part of Athens basin (Fig. 23), several other fault zones have been
identified. One W-E is located in Haidari [7], one NNE-SSW at Keratsini but extended



southern to Drapetsona [8] based on the new data and the other one W-E along Keratsini-
Piraeus [9], with estimated throw of 150 meters. Additionally, the almost W-E 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. 23), 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] with direction NE-SW and the NW-SE Galatsi-Psychiko [13]
provided indications in the gravity data that increase the possibility of their existence.

Furthermore, at the southern suburbs (Fig. 23), 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 shifts from
NW-SE to almost N-S. Northernmost, along the western and southern foothills of Penteli
Mountain (Fig. 23), 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), with direction from NE-SW,
shifted to N-S and then to NW-SE.

The fact that several major visible faults zones have also been verified on the mountains of
Hymettus, Penteli and Parnitha (Fig. 23) increases the credibility of our results. Some
examples of them are running NE-SW along the areas Glyka Nera-llioupoli [16], Paiania-
Ilioupoli [17], Rapendosa-Nea Penteli [19] and NW-SE along Rea-Dionysos [18].

Apart from the confirmation of already delineated fault zones, either as visible or probably
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 (Fig. 23) NNE-SSW along the areas of Agia Varvara-
Korydallos-Agios loannis Rentis-Piraeus [20], Aigaleo-Agios loannis Rentis [21] and W-E
along Aigaleo-Votanikos [22].

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] continuously
altering its direction between NNE-SSW and NNE-SSE and a smaller one Ampelokipoi-
Zografou [24] with WBW-ESE direction (Fig. 23). 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].

Along the eastern part of the basin, the gravity results delineate a major tectonic discontinuity
along the western foothills of mountain Hymettus and more specifically along the areas
Gerakas-Agia Paraskevi-Neo Psychiko-Holargos-Papagou-Zografou [26], with varying
directions (ENE-WSW, NNE-SSW and NE-SW) and then again along Vyronas-Ilioupoli-
Argyroupoli [27] with directions NE-SW and then NW-SE (Fig. 23). This zone seems to
match with an extended brittle low-angle normal fault that separates the overlying Athens
Basin Unit from the underlying Alepovouni Unit.

At the northern suburbs, we can adumbrate a few new fault zones, located on the mountains
Penteli and Parnitha (Fig. 23). More specifically, we have a major brittle detachment along
Stamata-Rodopoli-Drosia-Kifisia-Nea Penteli [28], with direction from NE-SW, shifted to N-
S and then to NW-SE. Additionally, two or three major imbricate thrusts could be indicated
west of Kryoneri and Drosopigi [29], with directions close to NW-SE and W-E. 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.



5 Conclusions

The application of three different methods for the determination of the densities of the
geological formations has been more than helpful. Because of that, we were able to define the
density of all the formations, even of the ones compiled of different lithologies, such as the
Neogene formations and the Athens Schists. The application of Nettleton method for
determining the density of the Neogene formations and Quaternary sediments, because they
were either too unconsolidated to be measured in the laboratory or they were comprised of
several different lithologies. Each lithology has its own density that was calculated through
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 Basin Unit
(ABU), which are considered to be a mélange. On the other hand, the densities for the most
alpine formations were based on accurate laboratory measurements. Finally, for the cases of
the loose alluvial deposits (Q-Al) and the inhomogeneous talus cones & scree (Pt.sc), the
conversion of the seismic velocity data provided the necessary information.

The qualitative structural maps seem to contribute a lot to the identification of the fault zones
providing impressive images. This means that we can both identify and propose new
locations of blind faults or we can verify and modify the location of already proposed as
covered faults zones from other studies.

We managed to interpret the results by constructing the 2.75D geological models, based on
the gravity response of the collected data. Based on Figures 20-22 and their analysis,
important data regarding the thickness of the geological formations covering the basin were
recovered.

Therefore, based only on the constructed interpretation models (Figs. 20-22) the geological
formations are observed with corresponding maximum thickness:

e Alluvium deposits (Al) up to of 40-50 meters.

e Pleistocene Talus and Screes (Pt.sc) up to 310 meters, below Thrakomakedones,
Kryoneri and Agios Stefanos areas.

e Neogene formations (Msl and PIl) up to a total of 550 meters, below the areas of
Thrakomakedones, Acharnes, Lykovrysi and Metamorfosi.

e The formation of Athens Schists (SchA), representing the lower part of Athens Basin
Unit (ABU), covering great extent of the Athens basin, up to 600 meters.

e The slates of Alepovouni Unit (Sch-Al), up to 270 meters.

e The dolomites (D) of Hymettus-Penteli Unit (HPU), up to 1,300 meters.

e The Schists (Sch) of Hymettus-Penteli Unit (HPU), close to 1,750 meters.

Based on the maodels, illustrated in Figure 20-22, we can interpret the subsurface structure of
Athens basin for depths up to 2,500 meters. The authors took into consideration all the
published studies regarding the structural regime of Athens basin (mentioned in the previous
paragraphs) and tried to reveal some of them through the models. Some of the interpreted
zones are: i) old thrust faults and imbricate thrusts, ii) a major (low-angle) detachment
zone, considered to be part of the West Cycladic Detachment System, responsible for the
exhumation of Attica metamorphic rocks, iii) extension-parallel folds that deform both the
detachment and the schistosity, iv) a supra-detachment basin, filled with Late Miocene —
Early Pliocene sediments and v) younger high-angle neotectonic faults, that root into the
detachment.

The interpretation of the collected data proved to be valuable as we have obtained important
new information about the majority of the geological and tectonic structures of Athens basin,



but we have also tried to delineate the subsurface structure in order to identify new concealed
urban fault zones. These zones are very important because some of them may have the
potential to generate disastrous earthquakes that will result in heavy casualties and significant
economic loss, especially if we take into consideration the importance of Athens metropolis.
It is also important that even the fault zones which are no longer active seem to play a
significant role in damage distribution, as they can direct, block or enhance the seismic
energy.
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