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Abstract

The lithologies and structural features of the exposed rocks of the Serbo-Macedonian
massif in the Vertiskos and Kerdilion Mts. have been studied in detail by carrying out
km-long cross-sections. Moreover, a new tectonostratigraphic architecture for the
massif is proposed, based on the migmatization and anatexis that the rocks pertain,
under which the specific exposed rocks have been placed into the Vertiskos and
Kerdilion Units. The latter approach differs from the traditional view, which is based
solely on the lithological difference between the units. In particular, in the Vertiskos
Mt., mica schists, garnet-bearing two-mica gneisses, and predominantly two-mica
gneisses, without a sign of anatexis and migmatization, overlie tectonically, biotite
gneisses and layered amphibolite gneisses into which migmatization and anatexis takes
place. The former constitute the Vertiskos Unit, whereas the latter have been grouped
into the Kerdilion Unit, since they are of similar lithologies and affinities with rocks of
the Kerdilion Unit. The Kerdilion Mt. is a large antiform made up of biotite gneisses
alternating with marbles, which are similarly characterized by intense migmatization
and anatexis. These rocks are intruded by the Oreskia granite, which is foliated and
follows the general trend of the country rocks. All the rocks are folded with isoclinal to
tight folds, and the contact between the two units is a mylonitic shear zone with a top-
to-the-SW sense-of-shear. Also, a large volume of ultramafic rocks occurs between the
Vertiskos and Kerdilion Mts., including metamorphosed rocks like metagabbros to
massive amphibolites, which is assigned to the Therma-Volvi-Gomati Complex
(TVGC). These rocks have been found in tectonic contact, i.e., shear zones with top-to-
the-SW sense-of-shear, only with the rocks of the Kerdilion Unit. Taking into account
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our new tectonostratigraphic architecture, the contact between the Vertiskos and
Kerdilion Units is not located along the western side of the marbles, as the latter are
exposed in the Kerdilion Mt. It is traced westerly in the Vertiskos Mt. dipping with
intermediate angles towards the SW, due to NW-trending, map-scale, isoclinal folding.
The ultramafic rocks of the TVGC are in tectonic contact with the rocks of the Kerdilion
Unit, but not the two-mica gneisses of the Vertiskos Unit, and the Arnea granite intrudes
not only the Vertiskos Unit as previously considered, but the rocks of the Kerdilion Unit,

as well.

Keywords: Geology, Tectonostratigraphy, Metamorphic Terrain Analysis, Serbo-
Macedonian massif, Greece

Hepidnyn

To AiBoloyikd Kot TEKTOVIKG. YOpOoKTHPLOTIKG TV TETPWUATOV THS ZEPPOUOKEIOVIKNG
Malag, ota Opn Kepdvdiwv kar Beptiokov Eyovy ueletnOei Aemroueps ae yiliouetpixod
unrovg  toués.  EmmpooOeto, o véa  TEKTOVOOTPOUOTOYPOPIKY  OPYITEKTOVIKH
wpoteivetar yio. v ZepPouoxedovikyy Mala, Pooilousvy otnv payuotitioon kor Ty
avatnén mov eviomileTal oTo TETPOUATA THS, KOl TTIG OTOIES POTIOTNKE N O1GKPIGH TWV
exte1béuevaov metpoudtwv otg Evotpres Kepovldiowv kor Beptiokov. H véa avti
TPOGEYYION OLOPEPEL TG KAOGOIKNG QVTIANWNG VIO, TV YEWAOYIQ TG TEPLOYHS, N OTTOLO.
Paciotnke omorieiotika otnv JiBoloyiky diapopomoinony UeETOlD TWV  EVOTHTMV.
Eidikotepa, 10 Opog Beptiokos doucitar om0  [UopUopvYIoKodS  aylotodiBoug,
YPOVOTOOYOVS  OIUOPUOPVYIOKODS  PVEDOIOVS, KOl KUPIWS amo  OIUOPUOPOYLOKODS
YVEDOIOVGS, TETPOIUOATO. TTA. OTOLO. ATOVGLALOVY EIKOVES avaTninG Kai urypotiticoons. To
TETPOUATO. 0VTA TOL eviaoooviol oty Evotyta Beptiokov vmépkervior tektovika
plottika@v yvevoiwv kol ToIVIOTOV OUPIFOMTIKOV YVEVTIMV, GT0. OTOLO EVIOTILETOL
extetouévy  avamnén kou wiynomtioon. To televtaio  ovykpotodv v Evotnro
Kepovidiov, xabwg é&rovv  mapouoio  AiBoloyikd  yopoKTHPIOTIKG ODTOV 7O
weprypdpovrar yio. v Evotnra Kepovidiov. To Kepdvliov Opog amotelel éva peyal.o
QVTIUOPPO, TO OTOIO JOUEITOL OTTO PLOTITIKODS YVEDGIOVS GE EVALAAYES UE UGPLOPO, LE
OVTIOTOLY O YOPOKTHPLOTIKG EVIOVHS OVATHENS Kol [IYUATITIOONS. 2T0 TETPWOUOTO AVTO.
d1e100ve1 0 ypavitng s Opéokelag, 0 omoiog eival POALWUEVOS Kot axolovOel TV yevikn
o1e08vvon TV TETpwuGTOY ToV TEPIPAIOTOS. Ta TETPOUOTO EUPAVICOVTOL TTOYWUEVO.
E 10KAIVELS S TOAD oIyTéES TTVYXES, EVAD N emOPT UETALD TWV JDO EVOTHTWV EIVOL Lo
exteviig uviovitikn {ovn ddzunong ue kivinon tov vmepkeinevon mpog ta. NA. Axdua,
VIEPUOPLKG. TETPOUOTO KOTALAUPAVOVY UEYOAES TIEPIOYES LETOLD TV opéwv KepdvAion

Kot Beptiorov, mepilapfiavoviog kol UETOUOPPOUEVO. TETPOUATA, OIS UETOYGHHPODS —
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nolwoeis aupifoititeg, ta omoio amotedovy 1o Lourleyuo Oepud. — Borpn — lopaz. To.
TETPOUOATO. QVTA PPIOKOVTIOL GE TEKTOVIKN ETAPY], UEGW piag (VNG ILATUNoNS UE KIVioN
700 VEEPKEIUEVOD TPOS To. NA Kou povo pe ta metpouato s Evotnras Kepdvidiowv.
AopPavoveog vroyLy ) véo. TEKTOVOTTPWUATOYPOPIKI] OPYITEKTOVIKY TOD TPOTEIVOVULE,
n exopn Twv Evotitwv Kepdvldimv kot Beptionov 0ev vpiotatol KoTa uikog tov duTIKoD
0piov TV HoPUAPWY, TOL AT fpickovial aTo JvTiko Tunue tov Kepdddiov Opovg. To
IXVOG THG ETOPIS AVAUEGO. GTIS ODO EVOTHTES EVTOTILETO dVTIKOTEPQ, 0T0 Opog Beptionog
Kol KAIveL e evolaueoes ywvieg mpog to. NA, Adyw s BA diedBvvong kai yoproypopixne
KAinoxog 100kAvoig mroywong. Ta vreppuapikd metpouota tov Louriéyuoros Ocpud —
Bolfn — Toudtt Ppickoviar oe tektoviky emapn ue to. metpauaro. e Evotnrog
Kepovldiwv, alra dev mopotnpodviol e EXOPN UE TOVS OIUGPUOPVYLAKODS YVEVTLOVS THS
Evotnrag Beptiokov. O ypavitng e Apvoiag J1E10dvel Ox1 1OVO € TETPOUOTO. THS
Evotnrag  Beptiokov, omwg Oewpeito, olla kar ota metpauocro e Evotnrog

KepovAdiwv.

Aééeig  wlewdwa: Tewloyio, Textovoorpwuotoypapio, Metouoppiko  Iledio,
ZepPouoxedovikny Mala, EMddo

1. INTRODUCTION

For many years, geologists considered the Serbo-Macedonian and Rhodope massifs in
Central-Eastern Macedonian and Thrace to represent the Hellenic Hinterland (Fig. 1);
a Precambrian continental part to the hinterland of both the Dinaric-Hellenic and
Carpatho-Balkan Alpine mountain chains, which was already consolidated, and
unaffected by any orogenic process since the Mesozoic era (Kober, 1928; Dimitrievic,
1966, 1974). However, new studies about the geology of both massifs have indicated
that these massifs should be considered part of the Internal Hellenides. The latter was
amalgamated from the convergence-related processes between the Eurasian plate and
Gondwana-derived continental blocks (e.g., Dercourt et al., 1993; Papanikolaou, 1997;
Stampfli and Borel, 2002; Jolivet and Brun, 2010) during the Mesozoic and Cenozoic
times. The tectonostratigraphic architecture of the Serbo-Macedonian massif results
from a multi-metamorphic and deformational history, at least from the Mesozoic
onwards, that it is hard to unravel. Because of this, it is still under debate (e.g., Kockel
et al., 1971, 1977; lvanov, 1988; Sakellariou, 1989; Burg et al., 1990, 1996; Kilias et
al., 1998; Himmerkus et al., 2006; Brun and Sokoutis, 2007; Tranos, 2011; Plougarlis
and Tranos, 2014; Neofotistos et al., 2020). Therefore, the challenge about the Hellenic

hinterland geology is to define and establish a modern tectonostratigraphic architecture.
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Any attempt needs the juxtaposition and interrelation of the exposed rocks and their
histories, regardless of their traditional grouping. The present article examines the
structural geometry and kinematic evolution of the Serbo-Macedonian massif in the
Vertiskos and Kerdilion Mts., based mainly on new detailed field data and observations
collected along cross-sections. In particular, the different lithologies were grouped, their
contacts were thoroughly examined, and the ductile deformation structures were
analyzed to define and establish the stratigraphic architecture of the massif.

& e LEGEND

BULGARIA

Post-Alpine Sediments
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Neogene sediments

Molasse - type sediments

Internal Hellenides
Axios Zone
Circum Rhodope Belt Thrust System

Hellenic Hinterland
Serbo-Macedonian Massif
Vertiskos Unit
Kerdilion Unit

Rhodope Massif

R - Sidironero Unit
; Thessaloniki

Pangeon Unit

30 km Igneous Rocks

Volcanic rocks (Oligocene)

i,;:y:‘ 4‘ Granites (Tertiary)
JEC g '/ﬁ

a Ammﬁﬁni \

Island

<M Sl
rwk T - @e;

Athos

Pemns:gi AG: Amea granite OG: Ourancupoli granite

. Sithonia IG: lerissos granite MG: Monopigado granite
>~ Peninsula SG: Sithonia granite GG: Gregoriou granite
23153 24° StG: Stratoni granite FG: Flamouri granite
|

Granites (Mesozoic)

&=

Mafic - Ultramafic rocks (Mesozoic)

_ Normal & possible normal fault

-HE00 B0 BE OF 000

— — Thrust & possible thrust fault

Kassandra
Peninsula

Fig. 1: (a) Map indicating the location of the geological map shown in (b) in relation to
the main Alpine orogenic elements and the general geotectonic framework of the
eastern Mediterranean region (modified after Tranos and Lacombe, 2014), (b)
Simplified geological and structural map of the Chalkidiki Peninsula. Modified after
Kockel et al. (1977).

2. GEOLOGICAL SETTING

The basic but most fundamental geological research of the Serbo-Macedonian massif
(Fig. 1) in central Macedonia was carried out by Kockel et al. (1971, 1977), who
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presented a geological map at a scale of 1:100.000. This map and its linked pamphlet,
which represents a pioneer and seminal work, distinguished the massif into the
overlying Vertiskos and underlying Kerdilion Units. According to them, the massif is
made up of Paleozoic or older rocks that have been subjected to multiple metamorphic
and deformation events, which in general can be recognized in both units resulting in
the assumption that the contact between the units is normal.

In particular, in their map, the Kerdilion Unit occupies the Kerdilion Mt., and the eastern
part of the Chalkidiki peninsula to the south. It consists of monotonous fine- to medium-
grained biotite gneisses, amphibolite gneisses, and marbles, as well as migmatites and
migmatitic gneisses. In contrast, the Vertiskos Unit covers the Vertiskos Mt. and the
main part of the Chalkidiki peninsula. This unit consists of monotonous two-mica
gneisses and muscovite to garnet-bearing two-mica gneisses and borders to the west
with the rocks of the Circum Rhodope Belt Thrust System (CRBTS) through a right-
lateral transpression zone (Tranos et al., 1999). Sakellariou (1989) mentioned that in
the Vertiskos Unit, there are also zones of augen gneisses, a few meters thick, which
often present features of intense shearing and mylonitization. The rocks of the Kerdilion
Unit are derived from a large-thick series of greywacke-arkose with limestone layers,
whereas the rocks of the Vertiskos Unit represent a thick series of greywackes, arkoses,
and shales (Kockel et al., 1971, 1977; Sakellariou, 1989). In contrast, Himmerkus et al.
(2006, 2009a) has interpreted the Vertiskos Unit as orthogneisses of a continental

magmatic arc.

More recent studies in the area of the Serbo-Macedonian massif have verified the very
complicated geology of the region. For example, Dixon and Dimitriadis (1984)
separated the basic and ultra-basic igneous rocks that are frequently exposed between
the two units as the Therma-Volvi-Gomati Complex (TVGC). Sakellariou (1989)
defined the Nea Madytos Unit between the Vertiskos and Kerdilion Units. Burg et al.
(1995) subdivided the Vertiskos Unit into three sequences. Himmerkus et al. (2006)
suggested the Pirgadikia Unit, and Plougarlis and Tranos (2014) defined the
Ammouliani Unit between the Vertiskos and Kerdilion Units. Also, both the Vertiskos
and Kerdilion Units have been considered as belonging or as being analogous to the
units of the Rhodope Massif (Burg et al., 1995; Ricou et al., 1998; Brun and Sokoutis,
2004; 2007, Himmerkus et al., 2006; 2011). Himmerkus et al. (2006) following Burg et
al. (1995) have shown in their Fig. 1 part of the Vertiskos Unit to belong to the Kerdilion
Unit.
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In addition, the contact between the two units has also been revised at parts by
Sakellariou (1989), Sakellariou and Diirr (1993), and Plougarlis and Tranos (2014),
who reported that the contact between the two units is tectonic. The last authors suggest
that the contact is a wide shear zone along which the Ammouliani Unit, including
anatectic and migmatitic rocks, has been formed. On the other hand, Dinter (1998) and
Brun and Sokoutis (2007) interpreted this contact as a Tertiary extensional detachment
or shear zone, whereas very recently Neofotistos et al. (2020), similarly with Plougarlis
and Tranos (2014), suggested that the contact between the Vertiskos and Kerdilion
Units should not be considered based on the different lithologies, i.e., the existence of
the marbles in the Kerdilion Unit, but on the migmatization, which is a dominant feature
of the Kerdilion Unit, but not of the Vertiskos Unit.

T T T T
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Fig. 2: Geological map of the study area (modified after Kockel et al., 1977). Cross
sections A-A’ through E-E” are shown in figures 4, 5.

The geology of the Serbo-Macedonian massif is more complex due to at least four
magmatic events that have been reported in the Serbo-Macedonian Massif (Kockel et
al., 1977). The first is associated with basic-ultrabasic bodies of Paleozoic (i.e., pre-
alpine) age, which has been considered by Dixon and Dimitriadis (1984) as the TVGC.
The second magmatic event refers to granite bodies, which have been mapped as
plagioclase-microcline gneisses due to metamorphism (Kockel et al., 1971, 1977). They
are described as Palaeozoic (Kockel et al., 1971, 1977) and were attributed to the
Hercynian orogeny. The result of the third magmatic event is the intrusion of large
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granite bodies such as those of Arnea, Flamouri, and Monopigadon, the age of which is
considered as either Jurassic (Kockel et al., 1977; Dixon and Dimitriadis, 1984;
Papadopoulos & Kilias, 1985; De Wet et al., 1989; Ricou et al., 1998) or Triassic (ca.
240 Ma; Himmerkus et al., 2009b). Finally, the fourth magmatic event is associated
with the Tertiary acidic granitic bodies of Sithonia, Ouranoupolis, Gregoriou, lerissos,
and Stratoni, and related to the Apulia-Eurasia convergence (see references in Pe-Piper
and Piper, 2002; Tranos et al., 1993; Tranos and Lacombe, 2014).

3. GEOLOGY OF THE STUDY AREA

The study area (Fig. 2) is part of the Vertiskos and Kerdilion Mts., i.e., the NW-WNW
trending mountainous terrain that separates the Strymon basin to the NNE from the
Vromolimnes area to the south. It extends from Sochos village to the west as far to the
east as the Nea Kerdilia village. It consists of a multi-metamorphosed and multi-
deformed terrain of gneisses, schists, massive amphibolites, and layered amphibolite
gneisses, ultramafic rocks, marbles, and migmatites (Fig. 3). In this terrain, small
outcrops of metasedimentary rocks belonging to the Nea Madytos Unit and several
igneous intrusive bodies of Arnea, Flamouri, Mavrouda, and Oreskia granites occur
(Fig. 2). Based on mapping and detailed field observations of the exposed rocks, their
fabric and deformation structures along km-long cross-sections, i.e., A-A” through E-
E’ (Figs. 4, 5), we defined the exposed lithologies, their structural features, as well as,
the occurrence of anatexis and migmatization within the rocks. Recent studies have
pointed out that the two units have rocks with a completely different sign of anatexis
and migmatization (Plougarlis and Tranos, 2014; Neofotistos et al., 2020). This work is
presented below by describing the different lithologies as they have been grouped into

units, and afterwards, the detailed cross-sections.

(next page) Fig. 3: Field photographs of the crystalline rocks of the study area: a) light
brown colored, monotonous and well foliated two-mica gneiss with pronounced
stretching lineation (Vertiskos Unit), b) dark grey biotite gneiss with leucosomes
(Kerdilion Unit), c) biotite gneisses - phyllonite (diapthorite) rocks (Kerdilion Unit), d)
hornblende gneiss (Kerdilion Unit), e) migmatized — banded amphibolite gneisses
(Kerdilion Unit), f) grey colored, well foliated marbles (Kerdilion Unit), g)
serpentinized ultramafic rocks of the Therma-Volvi-Gomati Complex (TVGC), and h)

metagabbros — massive amphibolites (TVGC).
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4. DESCRIPTION OF MAP UNITS

This section includes the description of the exposed rocks as these have been placed
into the different units after our field observations:
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4.1 Vertiskos Unit

Two-mica gneisses: Brown to light brown in color, monotonous, well-foliated, fine- to
medium-grained gneisses (Fig. 3a). The occurrence of muscovite and biotite in micro-
and mesoscale varies among the outcrops so that the rock can be either muscovite-
biotite or biotite-muscovite gneiss. In a few outcrops, the biotite diminishes or garnet is
identified in others so that the rock can be characterized as muscovite gneiss and garnet-
bearing two-mica gneiss, respectively. Very small aplitic and quartz veins and veinlets
are often found, mainly parallel to sub-parallel and cross-cutting the main foliation close
to the larger granitic bodies of Arnea type, but at their majority, the rocks do not have

a sign of a voluminous anatexis and migmatization.
4.2 Kerdilion Unit

Biotite gneisses: Dark grey to dark brown, fine- to medium-grained, and well-foliated
rocks. They host leucosomes of various sizes and migmatites, implying extensive
migmatization and anatexis (Fig. 3b), whereas at some levels, they are characterized by
intense diaphthoresis (Becke, 1909), which along with shearing, makes them occur as
diaphthorites-phyllonites (Fig. 3c). In addition, they gradually pass to biotite-
hornblende gneisses and hornblende gneisses. In places where the quartzofeldspathic
component increases, the biotite gneisses are characterized as augen biotite gneisses,
with intense shearing and the occurrence of - and §-clasts. Aplitic and quartz veins are

often found, mainly sub-parallel but also transverse to the foliation.

Layered amphibolite gneisses: Green to dark green colored, fine- to medium-grained
and layered amphibolite gneisses (Fig. 3d), passing gradually to lithologies like
amphibole-biotite gneiss or biotite-amphibole gneiss. Likewise, they host leucosomes,
and from place to place, they appear as migmatites implying extensive migmatization
and anatexis (Fig. 3e). At places, they also include quartz and feldspar augen and garnet

porphyroclasts, which are characterized by intense shearing.

Marbles: White to grey colored but also grey to bluish, medium- to coarse-grained
well-foliated and banded marbles with the aid of fine layers of graphite that align
parallel to the main foliation (Fig. 3f). Two distinct marble horizons alternating with
biotite gneisses prevail the Kerdilion Mt (Fig. 2). In addition, the marbles locally are

intercalated with amphibolite gneisses and calc-silica biotite schists.
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Arnea granite: It is a white to whitish grey, medium- to coarse-grained granite, mainly

4.3 Acid Igneous Rocks

composed of quartz, plagioclase and feldspars, muscovite and biotite. In the study area,
it crops out in the Vertiskos Mt., (Fig. 2) not as a single body but several larger or
smaller, well-foliated bodies that intrude both the two-mica gneisses and biotite
gneisses. These bodies are well-foliated with a foliation (sub)parallel to the main
foliation of the country rocks. The Arnea granite, was dated either as of Triassic age
(Himmerkus et al., 2009) or Jurassic age (Kockel et al., 1977; Dixon and Dimitriadis,
1984; Papadopoulos & Kilias, 1985; De Wet et al., 1989; Ricou et al., 1998).

Oreskia granite: It is a greyish white to white, medium- to fine-grained granite
showing in a few places a light pink color. It crops out in the western part of the
Kerdilion Mt., (Fig. 2) and it is weakly foliated. Its mineral composition includes the
minerals quartz, muscovite and plagioclase. An Eocene age has been determined for the
Oreskia granite (Harre et al., 1968). In addition, two more granitoid bodies crop out in
the Vertiskos Mt. (Fig. 2), the Flamouri granite-granodiorite, and the Mavrouda granite
for which no dating exist but according to Kockel et al. (1977) are of similar type with
Arnea intrusion, attributed a Mesozoic age of emplacement. Their exposures are very
limited due to intense vegetation of the area making their detailed study very hard. The
former is a grey coloured, medium-grained granite-granodiorite consisting of quartz,
feldspar, plagioclase, biotite and epidote. The second is grey, green-grey in color,
medium-grained and consists of quartz, plagioclase, hornblende, chlorite and epidote.
In both of these, a spaced cleavage is only recognized but no other deformational

structures.

4.4 Therma-Volvi-Gomati Complex (TVGC)

This complex can be grouped into two parts: the first includes unmetamorphosed
ultramafic rocks, and the second includes metamorphosed mafic-ultramafic rocks called
herein metagabbros - massive amphibolites. The first part overlies tectonically the
second one, whereas along their contact light green coloured epidotite-actinolite schists

occur as a tectonic sliver (Fig. 2)
Ultramafic rocks: They are light green to dark green colored ultramafic igneous rocks
such as peridotites, pyroxene peridotites and pyroxenites (Fig. 3g). Serpentinization

predominates obscuring clear observation of the parent rocks.
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Metagabbros — Massive amphibolites: They are green to dark green in color, usually
medium-grained, massive gabbroic rocks metamorphosed to massive amphibolites
(Fig. 3h). They consist mainly of hornblende, feldspar, quartz and epidote and mapped
in the mountainous area east of the Skepasto village (Fig. 2). They have been found as

small slivers within the biotite gneisses.

5. DESCRIPTION OF CROSS-SECTIONS

In the following the description of the cross-sections is given from the west part of the

study area to the east one.

Vertiskos Unit Kerdilion Unit

———— Two-mica gneiss with layers La d hibolite ioti i i ;.
— yered amphibolite =7 7| Biotite gneiss with
Muscava gnelss and - gneiss leucosome bodies Migmate Marble
garnet two-mica gneiss
. . Geological Symbols
Igneous - Acid Rocks Therma - Volvi - Gomati Complex _Geological Symbols |

Normal contact
Amea granite Ultramafic rocks [~ | EPidote - Metagabbro - Tectonic contact
— actinolite schist massive amphibolite
~oxoyase~ Shear zone

Fig. 4: Cross sections A-A’ through C-C” of the study area (for location see Fig. 2).

5.1 Cross-Section A-A” (ca. 6 km, Fig. 4 A-A")

The ENE-WSW trending, A-A" cross section with a length of ca. 6 km was carried out
north of Sochos and Kryoneri villages (Fig. 2). To the west, the exposed rocks are biotite
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gneisses into which numerous concordant leucosome bodies have been found (Fig. 6a).
They dip as a rule to the WSW with medium dips and are intensely folded due to NW-
gently plunging, map-scale isoclinal folds (Fig. 7a). In contrast, in mesoscale, the rocks
are folded by isoclinal sheath-type folds plunging mainly to SW (Figs. 6b, 7b) parallel
to which a stretching lineation dominates (Fig. 7c). The leucosome bodies are coarse-
grained, biotite quartzofeldspathic gneiss, which occasionally acquires a flaser to augen
gneiss texture. Also, frequent pegmatoid bodies, constituting the leucosome, appear
parallel or subparallel with the main foliation that are more prominent in the part
underlying the two-mica gneisses. Towards the central part of cross-section, the biotite
gneisses come in contact with two-mica gneisses, although small intrusive bodies of the
Arnea granite have obscured the contact. The two-mica gneisses appear syn-folded with
the biotite gneisses due to the same NW-SE isoclinal folding forming in that part a NW-
plunging synform with the two-mica gneiss in its core. The contact between the biotite
and the two-mica gneiss is a mylonite shear zone into which the rocks occur as
mylonitic augen gneiss with mainly SW plunging stretching lineation, and top-to-the-
SW sense-of-shear as defined by the S-C fabric (Figs. 4al, 6¢). More to the ENE,
(gradual) alternations between the biotite gneisses and layered amphibolite gneisses
occur, strongly implying the normal contact between the rocks, whereas, very often,
layered migmatites are found within them. In the eastern part of the section, the layered
amphibolite gneisses are in tectonic contact with the underlying two-mica gneisses
forming an SW-dipping inverse synform like that previously described. Likewise, the
contact between the layered amphibolite gneisses and the two-mica gneisses is a
mylonite shear zone (Fig. 4a2) with similar features with the above-mentioned one.

5.2 Cross-Section B — B” (ca. 7 km, Fig. 4 B-B")

The NE-SW trending B-B’" cross section with length ca. 7 km was completed in the
mountainous terrain between Mavrouda and Therma villages (Fig. 2). The exposed
rocks (Fig. 4) are similar with those described in cross-section A-A’, and are
characterized by the same features, apart from the fact that in the eastern part the
ultrabasic rocks of the TVGC are exposed. Likewise, the contact between the biotite
and two-mica gneiss is a mylonite zone along which mylonite augen gneiss with top-
to-the-SW shearing dominates (Figs. 4b1, 6d). The two-mica gneiss lithology changes
to muscovite gneiss and two-mica garnet gneiss at several exposures. The gradual
alternations, but also the repetitions between biotite gneisses, layered amphibolite
gneisses with migmatites are very frequent forming an array of synforms and antiforms
which dip constantly to the SW. They imply both normal contacts and NW-SE map-
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scale isoclinal folding. In contrast, the contact between the latter rocks and the
serpentinized peridotites that belong to the TVGC is a top-to-the-SW shear zone.

5.3 Cross-Section C — C” (ca. 7.5 km, Fig. 4 C-C")

This ~7.5 km long cross-section trends NW-SE and cross-cuts the mountainous terrain
between the Vertiskos and the Kerdilion mountains (Fig. 2). In the NW part of the cross-
section (Fig. 4), the exposed rocks are similar with those already described in cross-
section B-B’ like biotite gneisses, amphibolite-hornblende gneisses and layered
migmatites. However, here a W-steeply dipping normal fault (Fig. 4c1) totally obscures
the contact between these rocks and the ultramafic rocks of the TVGC. The latter rocks
thrust over light green epidote-hornblende schists, to the east, which in turn thrust over
metagabbros to massive amphibolites representing a NW-SE shortening (Fig. 4c2). To
the SE, the massive amphibolites tectonically overlie gneisses, which have been
mapped previously as two-mica gneisses belonging to the Vertiskos Unit (Kockel et al.,
1977). In contrast, based on our own field observations, this map unit is a biotite gneiss
and is characterized by intense shearing, as shown by the frequently occurring shear
zones that have a width of several or even tens of meters along which the rock becomes
a phyllonite and much more easily erodible and discolored. These shear zones dip
(sub)parallel to the main foliation, i.e., with intermediate angles to SW and transform
the rocks to diaphthorites or phyllonites (Becke, 1909) (Fig. 6e). Likewise, the contact
between the massive amphibolites and the biotite gneiss, although exposed in a few
places, is a shear zone with sense-of-slip the top-to-the-SW. In addition, the biotite
gneiss is folded with gentle to open folds and more to the east, a klippe of metagabbros-
massive amphibolites (Fig. 2) is tectonically emplaced over the biotite gneisses with
very gentle to subhorizontal angles showing that the described dips of the rocks vary as
they belong to different parts of an antiform whose hinge is more eastwards. Finally,
the biotite gneisses conformably overlie the whitish grey marbles.

5.4 Cross-Section D — D (ca. 6.5 km, Fig. 5 D-D")

The NE-SW trending cross section D-D” is located in the mountainous terrain of
Kerdilion Mt. north of the Stefanina village (Fig. 2). Starting from the SW, the section
shows metagabbros-massive amphibolites tectonically coming in contact (Figs. 5d1)
with biotite gneiss, as already described in cross-section C-C’. The exposed biotite
gneiss has features as described in cross-section C-C” with lenses of epidote-bearing
amphibolites close to the contact. The contact and the biotite gneisses dip to the SW
with intermediate to steep angles, but at slightly different angles (Fig. 5) and are both
13
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sheared with a top-to-the-SW sense-of-shear. More to the east, the biotite gneiss comes
in contact with the underlying marbles. In this part, thin interlayers of calc-silicates and
marbles (Fig. 6f) were observed within the biotite gneisses, which vary up to a few
meters. These interlayers imply the transitional nature for the contact. Both rocks were
intruded by Oreskia granite body, whose emplacement age is considered as Eocene,
though it has not been dated radiometrically. The granite is foliated but the intrusive
contacts and the foliation of the granite are slightly less steep than the foliation of the
country rocks although they trend as the country rocks. More to the NE, under the
marble, biotite gneisses of significant thickness are found, within which thin horizons
and lens-shaped marble bodies occur in places. At the eastern part of the cross section,
biotite gneisses hosting small bodies of marble and granite underlie the marbles.

Kerdilion Unit Therma - Volvi - Gomati Complex
i ji Metagabbro -
-=7 1| Biotite gneiss with . - o«
Igneous - Acid Rocks Geological Symbols

*

+ o Oreskia granite

Normal contact

Tectonic contact ~=x=x=x<~ Shear zone

Fig. 5: Cross sections D-D” and E-E” of the study area (for location, see Fig. 2).

5.5 Cross-Section E — E” (ca. 6.5 km, Fig. 5 E-E")

The E-E’ cross-section trending NE-SW has been carried out in the eastern part of the
Kerdilion Mt. In this part the rocks dip as a rule to the NE, showing that the whole
Kerdilion Mt. represents a large open antiform (Fig. 5). The exposed rocks consist of
alternations of marbles and biotite gneiss (Fig. 6g) and within the biotite gneiss
interlayers of leucosome bodies and migmatites occur. In the central part of the section
these migmatites are more prevalent strongly showing the migmatization-anatexis as

large pegmatoid bodies (Fig. 6h) that characterizes the Kerdilion Unit.
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cross-sections: a) biotite gneisses (Kerdilion Unit) with concordant leucosome bodies

(cross-section A-A"), b) s- and z-isoclinal sheath-type folds plunging mainly to SW in
biotite gneisses (Kerdilion Unit) (cross-section A-A"), ¢) C'-type shear bands indicating
top-to-the-SW sense of shear in the biotite gneisses (Kerdyllion Unit), which underlie
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the two-mica gneisses of the Vertiskos Unit (cross-section A-A"), d) quartz c-clasts in
the biotite augen gneisses (Kerdilion Unit) indicating top-to-the-SSW sense-of-shear
(cross-section B-B"), ¢) shear zones transforming the rock to diapthorite or phyllonite.
The shear zones dip to the SW and indicate top-to-the-SSW sense-of-shear (cross-
section C-C”), f) interlayers of marbles and biotite gneisses (cross-section D-D"), g)
alternations of marbles and biotite gneiss, and h) large leucosome bodies in biotite

gneisses showing the intense migmatization-anatexis.

6. STRUCTURAL INTERPRETATION-CONCLUSIONS

According to the descriptions of the rocks and the detailed geological cross-sections
carried out in the area of Vertiskos and Kerdilion Mts.,, we present a new
tectonostratigraphic architecture for the Serbo-Macedonian massif. In this, the biotite
gneiss, the layered amphibolite gneisses and the marbles form lithological interchanges
or alternations, often gradual passages, implying the normal contacts among them.
These rocks match with those described by Kockel et al. (1977) for the Kerdilion Unit,
and are characterized by intense migmatization and anatexis as shown by the leucosome
bodies and migmatites, which are similar with the rocks of the Ammouliani Unit
(Plougarlis and Tranos, 2014; Neofotistos et al., 2020).

On the other hand, the two-mica gneisses along with the muscovite and garnet-bearing
two-mica gneisses occupy smaller areas and tectonically overlie the previous rocks,
although they are syn-folded with them. These rocks are similar with those described
by Kockel et al. (1977) for the Vertiskos Unit. The contact between the two units is
tectonic and dips to the SW with intermediate angles. It is folded with NW-SE map
scale, isoclinal to tight folds, and sheared with top-to-the-SW sense-of-shear, as shown
by the characteristic S-C fabric, the shear bands, and the o- and &-clasts along the
contact.

Therefore, our observations verify previous identifications of the tectonic nature of the
contact (Sakellariou, 1989, 1993; Burg et al., 1995, 1996; Plougarlis and Tranos, 2014;
Neofotistos et. al., 2020). However, due to the non-continuous exposures of the
leucosome bodies and migmatites along the contact of the two units, these leucosomes
and migmatites, although similar with the rocks of the Ammouliani Unit, they have not

been separated from the Kerdilion Unit.
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N N

Fig. 7: Structural analysis of the basement rocks of the wider study area: a) fold axes
of isoclinal to tight NW — SE folds, b) fold axes of isoclinal sheath NE — SW folds, and
c) stretching and mineral lineation, generally trending about an NE — SW to NNE to

SSW axis. Equal area, lower hemisphere projection.

Taking into account our new tectonostratigraphic architecture, the rocks of the
Kerdilion Unit are exposed also in the Vertiskos Mt., much further to the west from the
previously considered traditional boundary between the Vertiskos and Kerdilion Units,
which was on the western side of the westernmost marble strip exposure of the
Kerdilion Mt. Therefore, the distinction between the rocks of the Vertiskos and
Kerdilion Units is not based simply on the lithology of the marbles as initially was
considered by Kockel et al. (1977), but the intense migmatization and anatexis as well,

which characterizes the rocks of the Kerdilion Unit but not those of the Vertiskos Unit.

myw E
Vertiskos Mt. / / Kerdilion Mt.

= s

Fig. 8: Simplified cross section of the study area outlining the revised

tectonostratigraphic architecture of the Serbo-Macedonian massif (scale approximate).
Explanation: VU = Vertiskos Unit, KU = Kerdilion Unit, TVGC = Therma — Volvi —
Gomati Complex. Tectonic contacts are shown with thick solid lines.

In addition, the ultramafic rocks of the TVGC are in tectonic contact with the rocks of
the Kerdilion Unit, but not the two-mica gneisses of the Vertiskos Unit, and the Arnea
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granite intrudes not only the Vertiskos Unit as previously considered, but the rocks of
the Kerdilion Unit, as well. The contact between the Kerdilion Unit and the TVGC is a
top-to-the-SW shear zone, although it is obscured at a large part by a W-steeply dipping
normal fault.
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Karst groundwater is an important natural resource for the water supply. The karst
aquifer systems of Greece are developed within carbonate sedimentary (limestone,
dolomite) and metamorphic rocks (marbles) and contribute significantly to water
supply for domestic and irrigation use. They are discharged through springs:
Publication History: submarine, coastal brackish and inland freshwater springs. This review presents the
general characteristics of karst aquifers focusing on hydraulic properties. Evaluation
of the results shows that the hydraulic parameters of the karstic aquifer systems range
within a large scale of values depending on karstification, tectonics and stratigraphy.
High values of transmissivity and specific capacity are recorded in the upper
stratigraphically levels of the karstic aquifer systems. In addition, a total of 229
different karst systems were classified according to five criteria: 1) Lithology, 2)
Position, 3) Quality status, 4) Exploitation and quantitative status and 5) Discharge of
springs. The majority (80%) of karst systems is developed in sedimentary rocks
(limestones) and is of good water quality and quantitative status. Poor water quality
©2021. The Author status is recorded in coastal karst aquifers (mainly on islands) due to seawater
intrusion phenomena. Finally, this work summarizes the characteristics of the karst
aquifers in Greece in order to ensure the sustainable management of groundwater

resources.
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To kopotika vepa, eival Evag oHUAVTIKOS PVOIKOS TOPoS yia. T mpounbeia vepoo. To.

Mepilnyn

KOpPOTIKG, 0Opoeopa. ovotiueto. e Elladog avamtdooovior eviog avOpakikdv
ilnudty (aofeotorifol, G0LOUITES) KO UETAUOPPWUEVOV TETPWUATOV (UAPUOPA) KOl
ovufailovy onuavika otny TPounleio. vepov Yio. OIKIKN Kol GPOEVTIKY XPHOH.
Expoptilovtar péow ovmoboliooiwy, TOpKTIOV DYGAUDPOV KOl EGWTEPIKWDOV THYDV
YAVKOD VEPOL. TNV TOPOLoa EPYOTIa  TOPOVOLALOVTIAL TO. YEVIKG. XOPAKTHPIOTIKG TV
KOPOTIKOV DIPOPOPEWY, €0TIALOVTAS OTIC DOPOVMKES 1010TNTES. ATO TV 0l10AdYNoN
TV  OTOTEAECUATWY TPOKVTTEL OTL Ol VOPADAIKES TOPOUETPOL TWV  KOPOTIKWDOV
VOPOPOPEWY  KOUOIVOVTOL  UETOLD — UEYGAOD  EDPOVS  TIUWV, OVALOYA UE THY
KOpOTIKOTOINGY, THY TEKTOVIKH KOl T ompouotoypopia. Yyniés wpés e
uetofifaotikotnrac koi TG EIOIKNG  IKOAVOTHTOS —KOTOYPAPOVIOL OTO  OVAOTEPO.
OTPWUOTOYPOPIKG, ETUTENO. TV KOPGTIKOV DOpopopéwv. Emmiéov, ta 229 diapopetika
Kapotika. vopopopa. s ElAddas ovotiuota talivounbnkav koir kwdikomoumOnroy
obupwva ue wévte kpitpio: 1) Aifoloyia, 2) Oton, 3) Iloiotikn katdotacy, 4)
Exuetalievon ko moootiky katdotaoy, kor 5) Hopoyn twv mnywv. H mlgiovotnto
(80%) twv KopoTKOYV CLOTHUATWYV OVORTOOOETOL €  ICHUOTOYEVH  TETPHOUOTO.
(aofearolifor), éxer kaln moi0TNTO, VEPOD KOL YOpPOKTHPILOVTAL OTO KOA TOGOTIKN
xataotaoy. Kaki mwoiotiky Katdotoon KOTOypapetol OTOVS TOPOKTIONS KOPOTIKOUS
VIPOPOPEILS (Kuplaws oto VoLa), Loyw dieicdvong Balacorvod vepov. Télog, i epyacia
oty ovVoyilel TO YOPAKTHPIOTIKG TWV KOPOTIKWOV 0Opopopéwv oty  ElAddo

TPOKEUEVOD VO, OLACPALLTTEL ) PLedaiun OL0YEIPION TV DTOYEIWY DOOTIKDY TOPWV.

AéEeig-Kle10td:  avOpaxikd TETPOUOTO, VTOYEID. VEPQ, KOPOTIKOL DOPOPOPEIS,

oAQTOTNTO, TTNYES

1. INTRODUCTION

Karst aquifers, developed within carbonate rocks, supply drinking water to
approximately 10% of the world’s population (Goldscheider et al., 2020). Carbonate
rocks are extensively outcropped in all Mediterranean countries and the Kkarst
groundwater has been an essential resource since the establishment of civilization in
these countries (Bacalowicz, 2015). Furthermore, karst water supports unique
ecosystems, which are rich in biodiversity (Andreo, 2012). Karst water storage and
flow occur in three distinct media: rock matrix, fractures, and conduits, governed by

radically different flow regimes (Auler & Stevanovic, 2021). In general, karst aquifers
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have a heterogeneous structure and are characterized by the concentration of
groundwater flow through a network of conduits (Andreo, 2012). Karstic areas are
characterized by the shortage of surface water and lack of perennial streams, except
during extreme rainfall events. The epikarst (“skin” of karst, below the soil zone and
high permeability karstified zone) is an important component of the recharge and
generally of the hydrogeology of karst (Bacalowicz, 2004).

The hydrogeological behaviour of carbonate rocks is controlled by tectonic
deformation, which favors infiltration and karstification. Besides, karst aquifers
are very vulnerable to external pollution due to their high permeability
(Polemio, 2016), as well as to climate change (Stevanovic et al., 2021). The
karst features in Mediterranean countries were determined by the following three
factors (Bacalowicz, 2015): 1) the Messinian salinity crisis causing karstification in
great depths below the present sea level, 2) the cold periods during the Quaternary
that caused weathering of the epikarst, and 3) post-Miocene tectonics that created

horst and graben structures causing sedimentation and filling of large basins.

Karst in Greece presents specific characteristics compared to other Mediterranean
karst, because a large part of Greece territory emerged recently e.g. after Middle
Miocene-Pliocene, affected by neotectonic activity. Therefore, a significant part of
carbonate formations was not suffered by Jurassic or Cretaceous karstification phases,
as in many other regions. The outcrops of carbonate rocks in Greece cover an area of
35.3x10% km?, representing a percentage of 27.1% of the total area (approximately
132,000 km?) (Chen et al., 2017). Carbonate sedimentary rocks (limestones,
dolomites) in Greece mainly date from the Triassic to the Lower Miocene, whereas
marbles are of Paleozoic-Eocene age (Mountrakis, 1985). Both are well karstified,
forming excellent aquifer systems with commonly high yield boreholes and large
storage capacity (Soulios, 1985). The Messinian crisis of salinity had as result the
development of karst phenomena below the present sea level and produced the most
original features of karst in Greece (Bacalowicz, 2015). Carbonate rocks are well
karstifiable, due to intensive tectonic deformation, altitude, morphology, climatic
conditions, etc. providing significant hydraulic heads at different levels. This has led
to the development of very complex karst massifs. Karstification is reflected in karst
springs, sinkholes and caves, and quickly decreases with depth (Voudouris, 2003).
Thousands of caves have been recorded in Greece; some of them are impressive. The
majority of karst aquifers in Greece has a holokarst type shape (Soulios, 1985). The
karst aquifers discharge through springs or set of springs that are submarine, coastal

brackish, inland freshwater, and thermal springs due to the volcanic activity and
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tectonic structure of Greece. The freshwater springs contribute to the drinking water
supplies of many cities in Greece (Kavala, Drama, Korinthos, Xanthi, etc.). Also, in

some basins springwater covers the irrigation demands.

The systematic modern hydrogeological study of karst in Greece started after the end
of the second world war and civil war in the 1950s. In the 1960s, the first PhD Thesis
was published by Mastoris (1968). During the next decades the number of published
papers has been rapidly increased. Koumantakis (1993) reports 205 titles of papers
and studies during the period 1950-1991. The Hellenic Survey of Geology and
Mineral Exploration (HSGME, former IGME) conducted numerous studies for the
investigation of karst aquifers including boreholes drilling, pumping tests and
discharge measurements of karst springs. In recent years, many papers and doctoral
dissertations concerning the Greek karst have been continuously published by Greek
and foreign researchers. It is must be pointed out that references about
hydrogeological phenomena can also be found in ancient Greek philosophers
(Aristotle, Thales, Plato, etc.) or in Greek mythology (Angelakis et al., 2016).
Furthermore, the Minoans developed advanced hydro-technologies, including
groundwater wells and exploitation of springs in Crete since the early 2™ millennium
BC.

The aim of this study is to determine the general characteristics and classify the
different types of karst aquifers in Greece according to lithology, position, water
quality status, exploitation conditions, and springs discharge. For this purpose, 229
karst systems of Greece codified by the Ministry of the Environment and Energy were

collected, digitized, and classified.

2. STUDY AREA DESCRIPTION

Greece is located within an active plate margin where the African plate is subducted
below the European plate. The spatial distribution of carbonate rocks in Greece is
shown in Figure 1. Carbonate rocks and karst aquifers are more abundant in the
central and western part of Greece, as well as the island of Crete. Geologically,
Greece is divided into a number of geotectonic units (Fig. 2): Rhodope massif,
Serbomacedonian, Circum Rhodope, Peonias, Paikou, Almopias, Pelagonian, Attico-
Cycladic, Sub-Pelagonian, Parnassos-Giona, Pindos-Olonos, Tripolis-Gavrovo,
lonian, Paxos, and Plattenkalk-Talea Ori (Mountrakis, 1985; Papanikolaou, 2013).
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Fig. 1: Left: Map of Greece, Right: spatial distribution of carbonate rocks (black
colour) (Mandilaras et al., 2006; Soulios, 1985 with modifications).
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Fig. 2: Geotectonic zones of Greece (Mountrakis, 1985). Explanation: Rh=Rhodope

Massif, Sm=Serbomacedonian, CR=Circum Rhodope, Pe=Peonias, Pa=Paikou,

Al=Almopias, PI=Pelagonian, AC=Attico-Cycladic, Sp=Sub-Pelagonian,

Pk=Parnassos-Giona, P=Pindos-Olonos, G=Tripolis-Gavrovo, I=lonian, Px=Paxos,

Au=Plattenkalk-Talea Ori.
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The climate of Greece is mild with warm summers. Rainfall decreases eastwards. The

mean annual rainfall is strongly correlated with the altitude increasing by 60 mm per

100 m of ground elevation. Western Greece gets the majority of rainfall, more than

1500 mm/year, while Eastern Greece has lower rainfall depth (400-500 mm/year)

(Mimikou, 2005). Rainfall occurs mainly during the wet period, from early October to

April. In the wet season rainfall peaks in November and December. The driest months

are July and August. The karst aquifer systems of Greece are developed within

carbonate rocks: sedimentary (limestones, dolomites) and metamorphic rocks

(marbles). These rocks range in age from Carboniferous to Eocene (Kallioras &

Marinos, 2015). Limestones mainly date from the Triassic to Lower Miocene (Fig. 3).

The marbles have a Palaeozoic-Eocene age. In some areas e.g., in Crete, aquifer

systems are developed in the Neogene deposits consisting of marly limestones and

bioclastic limestones. These limestones are characterized by increased secondary

porosity and have major hydrogeological significance (\Voudouris, 2003).
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The karstification of Greek karst can be distinguished into three stages (Katsanou &
Lambrakis, 2017): 1) Upper Cretaceous to Upper Miocene/Early Pliocene period with
warm and humid conditions (karstification of palaeokarst), 2) Mid-glacial to the mid
Pliocene/Holocene period where younger karst developed under warmer conditions
with higher humidity than the recent ones, and 3) the late karstification stage that
occurred under recent climatic conditions forming the younger karst. The existing
karst of Greece was mostly formed during the second stage and is characterised as
mature and features like dolines, poljes, caves are abundant (Lambrakis, 2017).
Existing literature and previous researches suggest that karst structures extent at depth
of hundred meters below the present sea level (Bacalowicz, 2015).

3. DATA COLLECTION AND ANALYSIS

Pumping test data were provided by HSGME (former IGME), Ministry of
Agriculture, the author and by other organizations (Mandilaras, 1997). Constant rate
and step drawdown pumping tests were used to determine transmissivity (T),
hydraulic conductivity (k) and storage coefficient (S), applying Theis, Jacob and
recovery methods (Batu, 1998; Todd, 1980).

Data provided by the Ministry of Environment and Energy were also used for the
quality and exploitation status of the karst aquifers systems. For the classification data
from 229 distinct karst aquifers codified by the Ministry of the Environment and
Energy were used (http://www.ypeka.gr, accessed 10 November 2019; now
https://ypen.gov.gr/). Firstly, the karst aquifers were digitized and their borders are

shown in maps of Figures 8 and 9. Secondly, existing data for each karst system were
collected and finally all the systems are classified according to the proposed criteria
(see section 5).

4. RESULTS

4.1. Recharge

Karst aquifers are mainly recharged by the direct infiltration of rainfall and snowfall.
The percentage of rainfall which infiltrates through the carbonate rocks (coefficient of
infiltration) ranges between 40-55% of the annual precipitation (Soulios, 1985). The
annual water volume (Q) can be estimated using the formula: Q=P-A-I;, where: P =
annual precipitation (mm), A = karstic surface area (km?), l. = coefficient of
infiltration (%).
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In addition, karst systems are recharged by surface runoff from non-karstic geological
formations. A representative example is the case of Aggitis karst system developed in
the marbles of the Rhodope massif (NE Greece). It has an allogenic recharge by
surface waters through sinkhole from a polje 9 km away, in Nevrokopi plain (Novel et
al., 2007).

4.2. Hydraulic parameters

Karst systems are highly dynamic and heterogeneous with complex hydrological and
hydrogeochemical processes and flow regimes ranging from laminar to turbulent flow
(Milanovic, 2018). The hydraulic parameters calculated by pumping test analyses are
shown in Table 1. The karst aquifers show inhomogeneity, anisotropy and variable
permeability (Worthington, 2021). The hydraulic parameters range within a large
scale of values, depending on Karstification, stratigraphy faulting and folding
(Mandilaras et al., 2006; Voudouris, 2015). Generally, the permeability of Greek karst
systems is medium to high. Based on pumping test analyses it is concluded that, high
values of transmissivity are recorded in the upper stratigraphic levels of the Kkarstic
aquifers, due to the intense Karstification (Soulios, 1985; Mandilaras et al., 2006;
Kallioras & Marinos, 2015).

The depth of the aquifers varies according to the depth of the “base level”, usually
impermeable substrate either the sea level in coastal zones or the bottom of river
valleys or plains. The karst springs represent the lowest elevation defined as base level
(Milanovic, 2018). The Karstification decreases with depth, e.g., karstic process was
not developed at the level of the tunnel of the karstic mountain of Giona under a
maximum cover of 1700 m (Voudouris et al., 2016). The deepest borehole in
carbonate rocks, cutting karst features, has been drilled on the island of Crete
(limestones of Plattenkalk-Talea unit) at a depth of about 625 m below earth surface
(Voudouris, 2003; Bouloukakis & Voudouris, 1997). Data form Dinaric karst shows
that the permeability at 300 m below the ground surface is only about one-tenth of
that at 100 m and one-thirtieth of that of 10 m (Ford & Williams, 1989; Milanovic,
2018).

The hydraulic conductivity ranges between 1072 m/s and 107° m/s and transmissivity
values range between 1.4 x 10 and 8.3 x 102 m%/s. High values of transmissivity and
specific capacity are recorded in the upper karstic aquifer systems of the geotectonic
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zones, due to the intense karstification. The highest transmissivity values (9 x 1072
m?/s) correspond to boreholes drilled along the faulted zone. The yield of boreholes
drilled in Kkarst aquifers has a wide range of values, e.g., 4 x 10° m®s to 9.7 x 102
m®/s (Mandilaras et al., 2006). The average transmissivity (T) correlates strongly with
the specific capacity (Q/d), which is defined as the ratio of discharge (Q) to
drawdown (d) at the pumping borehole for a given time (Mandilaras, 1997). The
obtained equation from the simple regression between T and Q/d is:

T=0.94 (Q/d) +53.7  (r=0.68)

Table 1. Hydraulic parameters (mean values) of karst aquifers in geotectonic zones of
Greece (Mandilaras et al., 2006; Mandilaras, 1997).

Geotectonic zone Pumping Qmax Q/d T k S
tests number | (m3/s) (m2?/s) | (m2/s) (m/s) (%)

Pelagonian 13 0.074 0.056 | 0.090 0.002 1.96
Attic-Cycladic 7 0.033 0.072 | 0.036 0.003 6.41
Sub-Pelagonian 85 0.087 0.065 | 0.075 0.002 5.62
Parnassos-Giona 15 0.011 0.013 0.012 0.000 9.57
Pindos-Olonos 52 0.048 0.040 | 0.046 0.001 4.85
Tripolis- Gavrovo 35 0.051 0.029 | 0.056 0.002 4.58
lonian 5 0.044 0.029 | 0.015 0.002 7.58
Plattenkalk unit 13 0.013 0.020 | 0.009 0.001 4.23
Paxos 23 0.015 0.024 | 0.026 0.001 2.18

The effective porosity ranges between 0.5% and 3%, decreasing with the depth
(Soulios, 1985; Voudouris, 2015). According to the international bibliography, the
effective porosity is always less than 3 % (Milanovic, 2018). Based on tracing tests
applied in Greece, groundwater velocity in karstic aquifers ranges between 7.8 x 103
and 7.2 x 102 m/s with a maximum value of 0.24-0.27 m/s in Aggitis system
developed in the Kkarstified marbles (Soulios, 1985). A tracing test using eosin was
conducted in karstified carbonate rocks of Crete Island during 2002. The results
indicated that the water velocity between sinkhole Chonos (Lasithi Plateau) and
springs/boreholes (at distance of 2.8 - 11.2 km) ranges from 9 x 102 to 6 x 102 m/s
(Kikili-Polychronaki et al., 2003). White (2007) using data from 2877 tracer tests
between sinkholes and springs from around the world suggest that the distribution of
velocities is log-normal; the values of the highest frequency range from 102 m/s to 10°
1 m/s with maximum values of 0.8 m/s. The hydraulic gradient in karst aquifers has
greater values than in porous aquifers, ranging within 0.5% - 2% (\oudouris, 2015).
Flow within karst aquifers is Darcian or turbulent, depending upon the fracture and
conduit permeability (Todd, 1985; White, 2007).
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4.3. Groundwater Quality

The main hydrochemical type of karst groundwater in Greece is calcium-bicarbonate
(Ca-HCO:s) for the karst systems unaffected by seawater intrusion and sodium-
chloride type (Na-Cl) for the coastal karst aquifers affected by seawater intrusion.
High concentrations of CI- in karst aquifers were recorded at a distance of 15 km from
the coastline along faulting zone (Voudouris, 2015). The concentrations of ions do not
show variability in inland freshwater springs, unaffected by seawater intrusion,
whereas the coastal springs are characterized by significant variability between wet
and dry periods. For example, the Cl- concentration in Almyros Karst spring (Crete
island) is very low (<50 mg/L) in wet period at high discharges and very high during
the dry period at low discharges (6,000 mg/L). Chloride concentration versus
discharge in Almyros spring is shown in Figure 4 (Moudouris et al., 2016). The
presence of open conduits at different depths below sea level favors seawater intrusion
processes. It must be noted that the karst aquifers are highly vulnerable to external
pollution from surface anthropogenic activities due to the quick infiltration of the
water (Kazakis et al., 2015; Kavouri et al., 2016). Several different methods for karst
aquifer vulnerability assessment and mapping exist (Kavouri et al., 2011; Polemio,
2016). Until now, eight (8) main karst groundwater vulnerability mapping methods
have been used: EPIK, REKS, RISKE, RISKE 2, PI, Slovene approach, KARSTIC,
and COP & COP+K method (Fidelibus, 2017; Nanou & Zagana, 2018).
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Fig. 4: Chloride concentration versus discharge in Almyros karst spring
(Voudouris et al., 2010).
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4.4. Karstic springs

The mean annual discharge of karst springs ranges between 0.14 and 0.28 m¥%s. It
must be pointed out that in many parts, the limestones are in contact with the sea and
the karst aquifers often discharge groundwater through large submarine springs with
brackish water (Athanasiadou et al., 2020). In many areas of Greece (e.g. Crete) the
brackish water springs are called “almyros”, which means salty. The seawater
intrusion is increased by pumping in coastal areas and has been favored by some
preferential paths along faulting zones. Arfib et al. (2007) suggests that the Almyros
karst spring in Crete Island discharges brackish water because of seawater intrusion

phenomena occurring at depth of 600 m below sea level.

The discharge of springs strongly depends on atmospheric precipitation (rainfall,
snowfall). During storms, some of them become muddy. The hydrograph of a spring
(discharge versus time) is used to characterize the karst system, which feeds the
spring. A representative hydrograph is shown in Figure 5. The recession curve is used
to calculate the coefficient of recession (a) and the volume of the dynamic storage, i.e.
the volume of groundwater which is renewable yearly. The parameter (a) is a function
of the aquifer transmissivity (T), storage coefficient (S) and the catchment geometry.
Values between 102 and 10 days™ indicate water flow dominant in conduits, whereas
values between 10“ and 10° days® indicate water flow dominant in fractures.
Characteristic values of coefficient a (days?), according to Maillet analysis, are
(Soulios, 1985; 1992): 1) Kanaki spring in marbles of Pageon Mountain: a = 6.2x10°®,
2) Sakova spring in Symvolo Mountain: a = 4.1x1072, 3) Militsa spring, Kastoria: a =
5.5x10%, 4) Stymfalia spring, Kyllini Mountain: a = 2.4x10?, 5) Paradisos spring,
Xanthi: a = 3.6x10°%, 6) Maara spring, Aggitis karst system, Drama: a = 3x1073 - 6x10°
3 7) Louros basin Karstic springs: a = 1.5x10° - 1.2x10?, 8) Agios Nikolaos Naousa:
a = 2.4x10%, 9) Almyros Agios Nikolaos, Crete Island: a = 1.7x10%, 10) Almyros

Heraklion, Crete Island: a = 1073
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Fig. 5: Hydrograph of the Almyros Heraklion karst spring (Voudouris et al., 2010).

«

5. CLASSIFICATION OF KARSTIC SYSTEMS

Mangin (1975) introduced a semi-quantitative classification of karst systems based on
hydrodynamic behavior. He suggested two parameters: 1) regulation power, defined
as the ratio between dynamic volume and spring discharge, and 2) infiltration delay.
Dynamic volume is the volume of water in storage in the saturated zone above the
level of outflow spring (Kovacs, 2021). Infiltration delay is the time lag between
recharge and discharge of spring. Later, another one attempt to characterize the karst
aquifers was presented in Todd (1980). Todd tried to analyze the springs discharge
time series. In addition, the discharges of selected springs were plotted using
appropriate diagrams and classified according to their magnitude. Hobbs & Smart
(1986) suggested a qualitative classification of carbonate aquifers based on three
parameters: 1) recharge, 2) storage, and 3) transmission. Kovacs (2021) proposed a
quantitative classification of carbonate hydrogeological systems based on
hydrodynamic behavior (spring hydrograph analysis, baseflow recession, analytical

solutions, etc.).

In the frame of the World Karst Aquifer Map (WOKAM) project a procedure was
applied for karst mapping (Chen et al., 2017). This procedure includes generalization,
differentiation of continuous and discontinuous carbonate rocks and the identification
of non-exposed karst aquifers. The continuous carbonate rocks cover an area of
30,000 km? and the discontinuous carbonate rocks 23,400 km2. From this work it is

concluded that the actual carbonate outcrops are 27.1% of the total area of Greece.
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Calaforra et al. (2004) and Tulipano et al. (2004) proposed a graphical approach in
order to classify the karstic coastal aquifers in Mediterranean Sea (Figure 6). They
used a semicircle graph which is divided in four sectors corresponding to four
variables: 1) permeability, 2) structure, 3) salt water intrusion, and 4) exploitation.
Based on the aforementioned approach, the main karstic coastal aquifers of Greece are
characterized by medium to high permeability discharging through submarine springs
with moderate exploitation and variable-seasonal to moderate-high salt water
intrusion (Fig. 7). The overexploitation of coastal aquifers always produces a lowering
of the freshwater levels, contributing to seawater intrusion processes.

(1) Permeability (3) Salt water intrusion
High 4m_> High
=] Medium-High <j[> Moderate-High
I:-I Medium <3IZ:> Variable-seasonal
[ tow <:IE> No intrusion

(2) structure < 1» Coastal-submarine springs
[ ] Free-unconfined (4) Exploitation
Semi-confined
emi-confine f High

Ry Confined

{} Moderate

{} Under-exploited

Fig. 6: Graph for classification of a coastal karst aquifer (Calaforra et al., 2004).
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Fig. 7: Classification of selected coastal karst aquifers of Greece (Calaforra et al.,
2004).

The previous classification presents a small number (19) of coastal karst aquifers in
Greece where there is available data. In this review, a classification and codification
of the karst aquifers is proposed. Therefore, this is a first attempt to classify all the
karst systems of Greece.

Firstly, all the karst aquifers reported and codified in the Implementation of the Water
Framework Directive of the Special Secretariat for Water (Ministry of Environment &
Energy) are presented. The delimitation of aquifers was based on outcrop extension,
grouping of coherent units (e.g., limestones of Vigla, Pantokratoras and limestones of
Senonian age in lonian tectonic unit), and the discharge through springs. In the case of
mixed aquifer systems, (e.g., karstic aquifer and aquifer of fissured rocks), the

characterization was based on the dominant type of the aquifer.

The classification is based on the following five /criteria:
1) Lithology, L
2) Position, P

Geological Society of Greece 36
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3) Quality status, Q
4) Exploitation and quantitative status, E
5) Spring discharge, S.

According to the lithology criterion, the karst aquifers of Greece are classified as
sedimentary (limestones, dolomites) and marbles. Although both types of aquifers
have similar behavior, it was necessary to distinguish them in two categories due to

different age, structure, etc.

The position considers the geographical site of the aquifer related to the coastline;
inland or coastal. This criterion was chosen because the coastal aquifers are generally
under considerable pressures (urbanization, tourism development, etc.) in contrast to

the interior aquifers.

Karstwater quality mainly relates to the salinization status and the karst aquifers can
be grouped into two classes: affected and not affected by seawater intrusion. It is
pointed out that Greece has a coastline of 13,680 km along the Mediterranean Sea and
many islands. This creates conditions of hydraulic communication between coastal
karst aquifers and seawater, named open Kkarst. As mentioned above the karst aquifers
covers water demands for irrigation and domestic use. The criterion of exploitation
represents the quantity of abstractions in relation with the recharge. For this purpose,
the quantitative status can be classified as over- and under-exploitation. Data provided
by the Ministry of Environment and Energy were also used for the quality and
exploitation status of the aquifer systems, according to the Water Framework

Directive 2000/60 of European Commission.

The classification of springs includes three types of springs: 1) high mean annual
discharge greater than 3 m%/s, 2) moderate mean annual discharge 1-3 m%/s, and 3)
low mean annual discharge <1 m¥s. In the absence of accurate measurements of
springflow, the characterization was based on the assumed recharge area of the karst

system feeding the spring and annual rainfall.

The subcategories are shown in Table 2 and the main karstic systems of Greece are

shown in Table 3 and Figures 8, 9.

37

http://epublishing.ekt.gr | e-Publisher: EKT | Downloaded at 08/02/2022 13:48:25 |



http://epublishing.ekt.gr

Table 2. Factors for classification of karst aquifers in Greece.

Factor Symbol | Subcategories
) Ls: sedimentary rocks (limestones, dolomites)
1 Lithology L
Lm: marbles
N Pi: inland
2 Position P
Pc: coastal
) Qg: good qualit
3 Quality status Q 9- 900t ) Y ) o
Qp: poor quality, unsuitable for drinking purpose
A Exploitation  and £ Eu: under-exploitation, good quantitative status
guantitative status Eo: over-exploitation, poor quantitative status
Sh: discharge of spring >3 m®/s
5 Discharge of spring S Sm: discharge 1-3 m%/s
Ss: discharge of spring < 1 m%/s

Table 3. The main karstic systems of Greece, as codified by the Ministry of

Environment & Energy.

SN Region Code Name Qualitative eQuantltatlv Type
status
status

1 Thrace GR1200070 | Lekani Mountain Good Good LmPiQgEuSh
2 Thrace GR1200080 | Thasos Good Good LmPiQgEuSs
3 Thrace GR1200030 | Makris Good Good LmPcQgEuSs
4 East Macedonia GR110B020 | Aggistro Good Good LmPiQgEuSs
5 East Macedonia GR110B030 | Menikio-Falakro Good Good LmPiQgEuSh
6 East Macedonia GR1100040 | Aggitis Good Good LmPiQgEuSh
7 East Macedonia GR1100060 | Pageo Mountain Good Good LmPiQgEuSs
8 Central Macedonia GR1000020 | Paiko Good Good LsPiQgEuSh

9 Central Macedonia GR1000210 | Gallikos Good Good LsPiQgEuSs

10 Central Macedonia GR1000270 | Vafiochori Good Good LsPiQgEuSs

11 Central Macedonia GR100F280 | Sterna Good Good LsPiQgEuSs

12 Central Macedonia GR1000220 | Deve Koran Good Good LsPiQgEuSs

13 West Macedonia GR0O9AF012 | Prespes Good Good LsPiQgEuSh

14 West Macedonia GRO9AF015 | Aposkepos Good Good LsPiQgEuSs

15 West Macedonia GR0900071 | Vermio-Askio Good Good LsPiQgEuSs

16 West Macedonia GR0900075 | Lefkopigi Good Good LsPiQgEuSh

17 West Macedonia GR0900081 | West Vermio Good Good LsPiQgEuSh

18 West Macedonia GR0900142 | Litochoro Good Good LsPiQgEuSh

19 West Macedonia GR0900220 | Korissos Good Good LsPiQgEuSh

20 Epirus GR0500010 | South Kerkyra Good Good LsPcQgEuSm
21 Epirus GR0500040 | Paxi Good Good LsPcQgEuSs

22 Epirus GR0500050 | Othoni Good Good LsPcQgEuSs

23 Epirus GRO050A060 | Mourgana Good Good LsPiQgEuSs

24 Epirus GRO50A070 | Filiates Good Good LsPiQgEuSs

25 Epirus GR0500080 | Kalama Good Good LsPiQgEuSh

26 Epirus GR0500090 | Souli-Paramythia Good Good LsPiQgEuSm
27 Epirus GR0500100 | Tymfi-Aoos Good Good LsPiQgEuSh

28 Epirus GR0500110 | Klimatia-Kalama Good Good LsPiQgEuSm
29 Epirus GR0500120 | Kasidiari-Kalama Good Good LsPiQgEuSm
30 Epirus GR0500130 | Koroni Good Good LsPiQgEuSm
31 Epirus GR0500150 | Lourou Good Good LsPiQgEuSh

32 Epirus GR0500170 | Parga Good Good LsPiQgEuSh

33 Epirus GR0500180 | Mitsikeli-Vela Good Good LsPiQgEuSh

34 Epirus GR050A190 | Pogoniani Good Good LsPiQgEuSh

35 Epirus GR0500210 | Kourenton Good Good LsPiQgEuSm
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36 Epirus GR0500250 | Zalogou Good Good LsPiQgEuSh
37 Thessaly GR0800010 | Koziaka Good Good LmPiQgEuSm
38 Thessaly GR0800020 | Paleosamarina Good Good LsPiQgEuSs
39 Thessaly GR0800050 | Krania-Elassona Good Good LmPiQgEuSh
40 Thessaly GR0800070 | Damasi-Titanos Good Good LmPiQgEuSh
41 Thessaly GR0800080 | Fylliou-Orfanon Good Poor LmPiQgEoSm
42 Thessaly GR0800100 | Ekkaras-Velesioton Good Poor LmPiQgEoSm
43 Thessaly GR0800120 | Olympos-Ossa Good Good LmPiQgEuSh
44 Thessaly GR0800180 | Narthakio-Brision Good Poor LmPiQgEoSm
45 Thessaly GR0800150 | Mavrovouni-Karla Good Good LmPiQgEuSh
46 Thessaly GR0800160 | Orthrys Good Good LmPiQgEuSh
47 Western Mainland GR0400010 | Monastiraki Good Good LsPiQgEuSm
48 Western Mainland GR0400020 | Akarnanika Ori Good Good LsPcQgEuSh
49 Western Mainland GR0400050 | Katouna-Lesinio Good Good LsPiQgEuSm
50 Western Mainland GR0400070 | Arakynthos Good Good LsPiQgEuSm
51 Western Mainland GR0400130 | Olonou-Pindou Good Good LsPiQgEuSh
52 Western Mainland GR0400140 | Amfilochia Good Good LsPiQgEuSm
53 Western Mainland GR0400150 | Valtou-Ebesou Good Good LsPiQgEuSh
54 Western Mainland GR0400180 | Vonitsa-Voulkaria Good Good LsPcQgEuSm
55 Western Mainland GR0400110 | Vardousia Good Good LsPiQgEuSh
56 Western Mainland GR0400160 | Lefkada Good Good LsPcQgEuSh
57 Eastern Mainland GR0700010 | Eastern Tymfristos Good Good LsPiQgEuSh
58 Eastern Mainland GR0700020 | Zileftos-Mosxokarya Good Good LsPiQgEuSm
59 Eastern Mainland GR0700030 | Lamia-Stylida Good Poor LsPiQgEoSh
60 Eastern Mainland GR0700040 | Pelasgia Good Good LsPcQgEuSh
61 Eastern Mainland GR0700060 | Ypati-Kallidromo Good Good LsPiQgEuSh
62 Eastern Mainland GR0700070 | Knimidas Good Good LsPcQgEuSh
63 Eastern Mainland GR0700100 | Kalapodi-Kastro Good Good LsPiQgEuSh
64 Eastern Mainland GR0700120 | Giona Good Good LsPcQgEuSh
65 Eastern Mainland GR0700140 | Gravia Good Good LsPiQgEuSh
66 Eastern Mainland GR0700150 | Parnassos Good Good LsPcQgEuSh
67 Eastern Mainland GR0700160 | Distomo Good Good LiPcQgEuSs
68 Eastern Mainland GR0700170 | Elikona Good Good LsPiQgEuSm
69 Eastern Mainland GR0700190 | Yliki-Paralimni Good Good LsPcQgEuSh
70 Eastern Mainland GR0700200 | Ypatou Good Good LsPcQgEuSm
71 Eastern Mainland GR0700220 | Skourton-Ag. Thoma Good Good LsPiQgEuSm
72 Eastern Mainland GR0700230 | Antikyra-Kitheronas Good Good LsPcQgEuSh
73 Eastern Mainland GR0700240 | Lichada Good Good LsPcQgEuSs
74 Eastern Mainland GR0700290 | Dirfys Good Good LsPcQgEuSm
75 Eastern Mainland GR0700300 | Politika-Psaxna Poor Good LsPcQpEuSh
76 Eastern Mainland GR0700310 | Chalkida-Eretria Good Good LsPcQgEuSh
77 Eastern Mainland GR0700320 | Vathia-Ksirovouni Good Good LsPcQgEuSm
78 Eastern Mainland GR0700330 | Setas Good Good LsPcQgEuSs
79 Eastern Mainland GR0700340 | Kymi-Aliveri Good Good LsPcQgEuSh
80 Eastern Mainland GR0700350 | Dystos-S. Evia Good Good LsPcQgEuSh
81 Eastern Mainland GR0700360 | Ochis Good Good LsPcQgEuSs
82 Eastern Mainland GR0700370 | North Skyros Good Good LsPcQgEuSs
83 Eastern Mainland GR0700380 | South Skyros Good Good LsPcQgEuSs
84 Eastern Mainland GR0700390 | North Skiathos Good Good LsPcQgEuSs
85 Eastern Mainland GR0700410 | Glossa, Skopelos Good Good LsPcQgEuSs
86 Eastern Mainland GR0700420 | Eliou, Skopelos Good Good LsPcQgEuSs
87 Eastern Mainland GR0700430 | Alonnisos Good Good LsPcQgEuSs
89 Eastern Mainland GR0700440 | Peristera Good Good LsPcQgEuSs
90 Eastern Mainland GR0700450 | Kyra Panagia Good Good LsPcQgEuSs
91 Eastern Mainland GR0700460 | Gioura Good Good LsPcQgEuSh
92 W. Peloponnesus GR0100020 | South Erymanthos Good Good LsPiQgEuSh
93 W. Peloponnesus GR0100030 | Ladona Good Good LsPiQgEuSh
94 W. Peloponnesus GR0100040 | Lagadia Good Good LsPiQgEuSh
95 W. Peloponnesus GR0100050 | Methydrio Good Good LsPiQgEuSm
96 W. Peloponnesus GR0100060 | Elissona Good Good LsPiQgEuSm
97 W. Peloponnesus GR0100220 | Karitena-Stemnitsa Good Good LsPiQgEuSm
98 W. Peloponnesus GR0100230 | Lousios Good Good LsPiQgEuSm
99 W. Peloponnesus GR0100240 | Minthis Good Good LsPiQgEuSm
100 | W. Peloponnesus GR0100260 | Kaiafa Good Good LsPiQpEuSh
101 | W. Peloponnesus GR0100080 | Florou-Pidima Good Good LsPiQgEuSm
102 | W. Peloponnesus GR0100090 | W. Taygetos Good Good LsPcQgEuSh
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103 | W. Peloponnesus GR0100110 | Koroni Good Good LsPcQgEuSm
104 | W. Peloponnesus GR0100130 | Kynigou Good Good LsPcQgEuSm
105 | W. Peloponnesus GR0100150 | Gargalianoi Good Good LsPcQgEuSm
106 | W. Peloponnesus GR0100190 | Kyparissia Good Good LsPiQgEuSm
107 | W. Peloponnesus GR0100210 | Diavolitsi Good Good LsPiQgEuSm
108 | N. Peloponnesus GR0200130 | Panachaiko Good Good LsPiQgEuSh
109 | N. Peloponnesus GR0200150 | Zarouchla Good Good LsPiQgEuSm
110 | N. Peloponnesus GR0200180 | Korfiotissa Good Good LsPcQgEuSm
111 | N. Peloponnesus GR0200200 | Arachneo Good Good LsPcQgEuUSm
112 | N. Peloponnesus GR0200220 | Ziria Good Good LsPiQgEuSh
113 | N. Peloponnesus GR0200250 | North Erymanthos Good Good LsPiQgEuSh
114 | N. Peloponnesus GR0200260 | Western Erymanthos Good Good LsPiQgEuSh
115 | N. Peloponnesus GR0200010 | Kefalonnia Good Good LsPcQgEuSh
116 | N. Peloponnesus GR0200030 | Ithaki Good Good LsPcQgEuSm
117 | N. Peloponnesus GR0200040 | Vrachionas, Zante Good Good LsPcQgEuSm
118 | E. Peloponnesus GR0300010 | Kandilas Good Good LsPiQgEuSh
119 | E. Peloponnesus GR0300020 | Arkadia-W. Argolida Good Good LsPcQgEuSh
120 | E. Peloponnesus GR0300050 | Mavrovouni Good Good LsPcQgEuSm
121 | E. Peloponnesus GR0300070 | Ermioni Poor Good LsPcQpEoSm
122 | E. Peloponnesus GR0300100 | Parnonas Good Good LsPcQgEuSh
123 | E. Peloponnesus GR0300110 | Zarakas-Monemvasia Good Good LsPcQgEuSh
124 | E. Peloponnesus GR0300120 | SE Lakonia Good Good LsPcQgEuSm
125 | E. Peloponnesus GR0300140 | Kithyra Good Good LsPcQgEuSm
126 | E. Peloponnesus GR0300160 | Gerakiou Good Good LsPiQgEuSh
127 | E. Peloponnesus GR0300180 | Skalas Good Good LsPiQgEuSm
128 | E. Peloponnesus GR0300210 | Skoutariou Good Good LsPcQgEuSm
129 | E. Peloponnesus GR0300220 | E. Taygetos Good Good LsPiQgEuSh
130 | E. Peloponnesus GR0300250 | Zorou-Selasias Good Good LsPiQgEuSm
131 | E. Peloponnesus GR0300260 | Pellanas Good Good LsPiQgEuSm
132 | Attica GR0600020 | West Gerania Good Good LsPcQgEuSh
133 | Attica GR0600040 | East Gerania Good Poor LsPcQpEuSm
134 | Attica GR0600060 | Patera Good Good LsPcQgEuSh
135 | Attica GR0600080 | NE Parnitha Good Good LsPiQgEuSh
136 | Attica GR0600120 | Marathona Good Good LmPcQgEuSm
137 | Attica GR0600140 | Penteli Good Good LmPcQgEuSh
138 | Attica GR0600160 | Hymittos Good Good LmPcQpEoSh
139 | Attica GR0600170 | Lavreotiki Good Good LmPcQgEuSm
140 | Attica GR0600240 | Egina Good Poor LmPcQpEuSm
141 | Crete GR1300011 | Topolia Good Good LsPiQgEuSm
142 | Crete GR1300012 | Sfinari Good Good LsPcQgEuSm
143 | Crete GR1300031 | Lefka Ori (Agia) Good Good LsPiQgEuSh
144 | Crete GR1300032 | North Legka Ori Good Good LsPiQgEuSm
145 | Crete GR1300033 | NE Legka Ori Good Good LsPiQgEuSm
146 | Crete GR1300035 | Georgioupoli Good Good LsPcQgEuSh
147 | Crete GR1300041 | Armeni-Malaki Good Good LsPiQgEuSs
148 | Crete GR1300044 | Geranio Good Good LsPcQgEuSs
149 | Crete GR1300061 | Talea Good Good LsPiQgEuSm
150 | Crete GR1300062 | NW Psiloritis Good Good LsPiQgEuSh
151 | Crete GR1300063 | NE Psiloritis Good Good LsPiQgEuSh
152 | Crete GR1300064 | Keri-Tylisos Poor Poor LsPcQpEoSh
153 | Crete GR1300172 | Chrisoskalitsa Good Good LsPiQgEuSm
154 | Crete GR1300301 | Giouchtas Good Good LsPiQgEuSm
155 | Crete GR1300311 | Smari Good Good LsPiQgEuSm
156 | Crete GR1300312 | Gouves Poor Poor LsPcQpEoSm
157 | Crete GR1300321 | Gramvousa Good Good LsPcQgEuSm
158 | Crete GR1300322 | Spathas Good Good LsPcQgEuSm
159 | Crete GR1300323 | Soudas Good Good LsPcQgEuSm
160 | Crete GR1300324 | Apokorona Good Good LsPcQgEuSs
161 | Crete GR1300034 | South Lefka Ori Good Good LsPcQgEuSh
162 | Crete GR1300042 | Kallikratis Good Good LsPiQgEuSm
163 | Crete GR1300043 | Kedros Good Good LsPiQgEuSm
164 | Crete GR1300065 | SE Psiloritis Good Good LsPiQgEuSh
165 | Crete GR1300091 | Pobia Good Good LsPiQgEuSs
166 | Crete GR1300092 | Pyrgos-Charakas Good Good LsPcQgEuSs
167 | Crete GR1300093 | Asterousia Good Good LsPcQgEuSh
168 | Crete GR1300111 | W. Dikti Good Good LsPcQgEuSh
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169 | Crete GR1300171 | Paleochora Good Good LsPcQgEuSm
170 | Crete GR1300173 | Kantanos Good Good LsPcQgEuSh
171 | Crete GR1300280 | Gavdos Good Good LsPcQgEuSs
172 | Crete GR1300302 | Damani-Laranio Good Good LsPiQgEuSs
173 | Crete GR1300330 | Gypsi Good Good LsPiQgEuSs
174 | Crete GR1300112 | Malia-Selena Good Good LsPcQgEuSh
175 | Crete GR1300113 | NE Dikti Good Good LsPiQgEuSh
176 | Crete GR1300114 | Lakonia Good Good LsPcQgEuSm
177 | Crete GR1300115 | Fourni-Elounta Good Good LsPiQgEuSs
178 | Crete GR1300116 | Sissi-Milatos Good Good LsPcQgEuSs
179 | Crete GR1300117 | East-South Dikti Good Good LsPiQgEuSh
180 | Crete GR1300132 | Malavra Good Good LsPcQgEuSm
181 | Crete GR1300152 | NE Zakros Good Good LsPcQgEuSh
182 | Crete GR1300153 | E Zakros Good Good LsPcQgEuSh
183 | Crete GR1300151 | Zakros Good Good LsPiQgEuSs
184 | Crete GR1300154 | Zou Good Good LsPiQgEuSm
185 | Crete GR1300131 | Ornos Good Good LsPiQgEuSm
186 | Crete GR1300134 | Pefka-Maronia Good Good LsPiQgEuSs
187 | Crete GR1300133 | Thripti Good Good LsPiQgEuSs
188 | Aegean Islands GR1400080 | Larsos, Lesvos Good Good LmPcQgEuSs
189 | Aegean Islands GR1400091 | Muytilini, E. Lesvos Good Good LmPcQgEuSs
190 | Aegean Islands GR1400092 | Mytilini, N. Lesvos Poor Poor LmPcQpEoSs
191 | Aegean Islands GR1400111 | E. Plomari, Lesvos Good Good LmPcQgEuSm
192 | Aegean Islands GR1400112 | N. Plomari, Lesvos Poor Poor LmPcQpEoSs
193 | Aegean Islands GR1400141 | E. Kardamyla, Chios Good Good LsPcQgEuSh
194 | Aegean Islands GR1400142 | N. Kardamyla, Chios Poor Poor LsPcQpEoSs
195 | Aegean Islands GR1400150 | Korakari, Chios Poor Poor LsPcQpEoSs
196 | Aegean Islands GR1400200 | Evdilos, Ikaria Good Good LsPcQgEuSs
197 | Aegean Islands GR1400220 | Thymena Good Good LsPcQgEuSs
198 | Aegean Islands GR1400241 | N. Kerketea, Samos Good Good LmPcQgEuSs
199 | Aegean Islands GR1400242 | S. Kerketea, Samos Poor Poor LmPcQpEoSs
200 | Aegean Islands GR1400280 | Vourlioti, Samos Good Good LmPcQgEuSs
201 | Aegean Islands GR1400311 | Mesokahos, Samos Good Good LmPcQgEuSs
202 | Aegean Islands GR1400312 | Mesokahos, Samos Poor Poor LmPcQpEoSs
203 | Aegean Islands GR1400320 | Agathonisi Good Good LmPcQgEuSs
204 | Aegean Islands GR1400330 | Arki Good Good LmPcQgEuSs
205 | Aegean Islands GR1400341 | Panagia, Lipsi Good Good LmPcQgEuSs
206 | Aegean Islands GR1400342 | Panagia, Lipsi Poor Poor LmPcQpEoSs
207 | Aegean Islands GR1400370 | Pothia, Kalymnos Poor Poor LsPcQpEoSs
208 | Aegean Islands GR1400380 | Vathi, Kalymnos Poor Poor LsPcQpEoSs
209 | Aegean Islands GR1400390 | Kalymnos Good Good LsPcQgEuSs
210 | Aegean Islands GR1400420 | Kefalovrisi, Kos Good Good LmPcQgEuSs
211 | Aegean Islands GR1400462 | Linotopi, Astypalea Poor Poor LsPcQpEoSs
212 | Aegean Islands GR1400470 | Astypalea Good Good LsPcQgEuSs
213 | Aegean Islands GR1400480 | Tilos Good Good LsPcQgEuSs
214 | Aegean Islands GR1400490 | Simi Good Good LsPcQgEuSs
215 | Aegean Islands GR1400500 | Chalki Good Good LsPcQgEuSs
216 | Aegean Islands GR1400520 | Profitis Ilia, Rodos Good Good LsPcQgEuSs
217 | Aegean Islands GR1400530 | Epta Piges, Rodos Good Good LsPcQgEuSs
218 | Aegean Islands GR1400560 | Attavirou, Rodos Good Good LsPcQgEuSs
219 | Aegean Islands GR1400590 | Megisti, Kastelorizo Good Good LsPcQgEuSs
220 | Aegean Islands GR1400620 | Kasos Good Good LsPcQgEuSs
221 | Aegean Islands GR1400671 | Syros Good Good LmPcQgEuSs
222 | Aegean Islands GR1400672 | Syros Poor Poor LmPcQpEoSs
223 | Aegean Islands GR1400751 | Marathi, Paros Good Good LmPcQgEuSs
224 | Aegean Islands GR1400752 | Marathi, Paros Poor Poor LmPcQpEoSs
225 | Aegean Islands GR1400780 | East Naxos Good Good LmPcQgEuSs
226 | Aegean Islands GR1400790 | Donousa Good Good LmPcQgEuSs
227 | Aegean Islands GR1400820 | Sxinousa Good Good LmPcQgEuSs
228 | Aegean Islands GR1400840 | Heraklia Good Good LmPcQgEuSs
229 | Aegean Islands GR1400850 | Sikinos Good Good LmPcQgEuSs
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Fig. 8: Karstwater systems in North Greece.
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Fig. 9: Karstwater systems in South Greece.

Based on the aforementioned classification of karstic aquifer systems in Greece it is
concluded that the majority of them, representing a percentage of 80%, are developed
within sedimentary rocks (limestones and dolomites), mainly in Western Greece,
Epirus, Peloponnesus and Crete Island. 103 out of a total of 229 karst systems are
inland (percentage 45%) and the rest coastal (percentage 55%).
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Only a percentage of 5% is of poor quality recorded in coastal aquifers (mainly on
islands) due to seawater intrusion processes, whereas the majority of the karst aquifers
are in good groundwater quality status, which shows important role in supplying
water for domestic use. In Figure 9, the distribution of different categories of karst
aquifer systems in Greece is shown.

m marbles

m limestones/dolomites minland
W coastal

= Poor
quality '
= Good

quality

91%

= Poor quantitive status

95% » Good quantive status

Fig. 10: Percentage (%) of different categories of karst aquifer systems in Greece.

In addition, three representative Kkarstic aquifers were classified according to the

aforementioned criteria:

1) Aggitis system (s.n. 6, GR1100040) in East Macedonia, is developed in marbles of

Rhodope massif (Falakro Mountain) and as mentioned above is an allogenic karst
system, far away from the coastline. It is characterized by good quality status,
discharging through spring with flow rate greater than 3 m%/s and is under-exploitation
conditions; thus, it is classified as type: LmPiQgEuSh,

2) Mitsikeli autogenic system (s.n. 33, GR0500180) in Epirus, far away from the

coastline, is developed in limestones of lonian unit with good quality status,
discharging through springs (Vela, Touba, Krya) with flow rate greater than 3 m%/s
and being under-exploitation conditions is classified as type: LsPiQpEuSh, and
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3) Ziria karst system in North Peloponnesus (s.n. 112, GR0200220) far away from the

coastline is developed in karstified limestones. It is characterized by good quality
status, discharging through springs with flow rate greater than 3 m?s. It is under-
exploitation conditions and is classified as type: LsPiQpEuSb.

6. DISCUSSION- CONCLUSIONS

The karst aquifer systems of Greece are developed in carbonate sedimentary
(limestones, dolomites) and metamorphic rocks (marbles). Generally, the limestones
of all the geotectonic units and marbles in Greece are well karstified with medium to
high permeability. Karst aquifers produce large springs, supplying many cities with
high quality karstwater. In coastal areas of mainland Greece and Greek islands, the
carbonate rocks host karst aquifers that are in direct hydraulic continuity with
seawater (open karst), favoring seawater intrusion. It is pointed out that the Messinian
crisis of salinity had led to the development of karst phenomena below the present sea

level.

Hydraulic parameters range within a large scale of values: the hydraulic conductivity
(k) ranges between 1072 m/s and 10 m/s and the groundwater velocity in karstic
aquifers ranges between 7.8 x 10 -7.2 x 102 m/s with a maximum value of 0.24-0.27
m/s. Local flow direction is towards karst conduits. Transmissivity values range
between 8.3 x 10 and 8.3 x 102 m?%s. The yield of boreholes drilled in karst aquifers
has a wide range of values; 4 x 10 m¥%s to 9.7 x 10 m%s. It must be pointed out that
the results from the previous methods should be used carefully and never generally to

the entirety of the karst system.

The classification of 229 karst systems codified in the Implementation of the Water
Framework Directive of the Special Secretariat for Water (Ministry of Environment
and Energy) is based on the five factors: 1) Lithology (sedimentary rocks or marbles),
2) Position related to the coastline, 3) Quality status, 4) Exploitation and quantitative
status, and 5) Spring discharge. According to the classification, 103 (out of a total of
229) karst systems are inland (percentage 45%) and the rest coastal (percentage 55%).
The majority of them (80%) is developed in sedimentary carbonate rocks (limestones,
dolomites) and is of good quality and quantitative status. The fresh waters unaffected
by seawater intrusion are of the calcium-bicarbonate type. Poor quality status (5%) is
recorded in coastal aquifers (mainly in islands) due to seawater intrusion phenomena.
The brackish waters are of the sodium-chloride (Na-Cl) type. Some karstwater is
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characterized as thermometallic waters which relate to fault structures (e.g. Kaiafa,
West Peloponnesus, s.n. 100, code GR0100260). The thermal springs of Greece are
correlated to volcanic activity, and the tectonic structure of Greece due to its
geographical position between Eurasia and Africa (Lambrakis & Kallergis, 2005;
Athanasiadou et al., 2020).

It is obvious that the current classification could be completed with more detailed data
in the future. The classification of karst aquifers would be benefited by improvement
in data monitoring concerning structure (presence of epikarst, confined or unconfined,
etc.), recharge conditions (autogenic or allogenic karst systems) and spring flow rates
(spring-discharge hydrograph analysis), the application of isotopic analysis, tracer
tests, remote sensing and computer modelling (Kresic & Panday, 2021) to estimate the
hydraulic properties (permeability, groundwater velocity, etc.), and assessment of the
vulnerability to external pollution. Hydrograph analysis can be used for parameter
estimation, understanding flow behavior and quantitative classification (Xu et al.,
2018). In addition, dolomite karst systems could locally be a special group of
carbonate aquifers where karstification hasn’t produced an interconnected network of

karst conduits (Kovacs, 2021).

Karstwater is an important natural resource and contributes significantly to water
supply for drinking and irrigation use (Stevanovic, 2019). It is noted that the
Sustainable Development Goal 6 (SDG6) of the United Nations aims to ensure the
availability and sustainability of water and sanitation for all as a long-term prospect
(Marin et al., 2021). This is particularly important in the context of climate change
that will have a significant impact on regional hydrogeological systems (Walter et al.,
2018).

Increasing water demands in Greece require the exploitation of non-conventional
water resources, such as the brackish coastal springs and effective management of
karst aquifers. The results of the above mentioned classification can support the
protection and sustainable development of karstwater resources. Based on the
aforementioned classification a road map for each case should be designed aiming to a
sustainable management in terms of protection, preservation and exploitation of Greek
karst aquifers (Kazakis et al., 2018). The "anthropic pressure” (abundance of
population and economic activities on the karst systems, pollution from agriculture
and wastewaters, changes of land uses) and the trend towards an overexploitation (for
instance the decreasing of spring discharge, because of both climate and pumping)
should be considered and taken into account for a rational management of karst
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systems. The delineation of protection zones for karstic springs and the
implementation of protection measures are useful tools and keys to managing and
protecting karst groundwater (Valle et al., 2021). In addition, early warning systems
can be designed to identify and detect contamination episodes by using karstwater
quality monitoring networks (Marin et al., 2021).

Finally, an integrated management scheme aiming at sustainability of karst aquifer
systems is therefore of paramount importance to Greece. For this purpose, detailed
hydrogeological investigations of each karst system should be launched by the
Ministry of Environment & Energy and local authorities in order to develop reliable
databases.
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Abstract

. The development of hypergene Stefanina Cave, the hydrological conditions, and the
Criaiig maximum discharge of the paleo-flow are studied, based on its pattern in ground-plan,
the geometry of the passage, and the peak flow velocity from the dimensions of the
scallops. The village of Stefanina is located East of Thessaloniki and the cave NE of the
village. A study was conducted measuring the orientation of the discontinuities of the
rocks inside and outside the cave, the scallops in various sites to estimate the flow
velocities, and in addition, were taken photographs for the full analysis of its cross-
Publication History: section. The cave-in ground-plan has a pattern of branches, which is often associated
with recharging through karstic depressions. The shape of the passages is both
curvilinear and angular, depending on the foliage and the fractures. The symmetrical
phreatic passage shape has been evolved to a vadose canyon, forming a keyhole
passage in cross-section. This is indicative of a water table drop. The scallops are
visible in a meandering channel, where the discharge of the paleo-flow is estimated.
The estimated peak flow velocity ranges from 0.4 to 2.7 m / s, while the area-specific
peak flow discharge is estimated to be 2.2 m%s. On the one hand, the scallops represent
the peak flow velocity, on the other hand, the karst springs have a limited maximum
discharge, regardless of the size of the catchment, making it impossible to use the

©2021. The Authors calculated paleo-discharge to estimate the respective catchment area.

Keywords: paleohydrology, hydrological conditions, paleo-discharge, scallops, cave
Mepiinyn

2T WelETn anTh YOPTOYPAPEITOL KOL KOTAYPAPETOL OVOAVTIKA 1] LOPPOLOYIO, Kl O TPOTOS

OVATTOENS TOV OTHAALOD TWV ZTEPAVIVAV, GTO OUMVVOUO Ywplo Ths Moakedoviag. Me faon

0 [LOPPOLOYIO, TOV TPOTOTOV TOV GE KATOWN EIVAL UEPOS EVOS OEVOPITIKOD OTHAMDIOVS
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ovotioTog. H 01000ppmon twv TEpacudtmy EAEYYETaL KUPIWS OO TH CYIGTOTHTO, TWV
OVOPOKIKOV TETPOUCTOV KOl O KATOIES TEPITTWOEIS OTO OYEOOV KOTOKOPLPES
TEKTOVIKES aovVEXELeS. Me mepimov 400 LETproels ukovs aTa. KTEVOELIN TOV TOLYWOUATOS
(scallops) vmoloyiotnre 1 uéyiotn toybTnTa amopporns oto Heéco TOU EEEPELVHUEVOD
qjuorog. To onueio avto amokelomrer Ty 1otopio. ¢ eCéMéng tov omnlaiov, omov
Cexivnoe vo. avamTdooETaL WG PPEATIKD, KOTW OTO THV OTAOUN TOD DIOYELOD VEPOD KOl
oty ovvéyela dLaPpabnke kotarxopvpa oty (v kateioovons. H arlayn avth amodobnke
o€ IO 1oV Paocikod emmédov. XTo oTddl0 avto, oynuotiotnkay ornlaioféuara oro
OTNAAL0, TOV G€ KATOIES TEPITTWTELS UOPTOPODY ULO. OPKETA GOVOETH OL10.00Y1 YEYOVOTWY
e IAnuuopixd yeyovora. Evag advBetog ataloxtitng otov atabuo yoproypapnons 32,
TEPIAOUPAVEL TTALOKTITES KOADUUEVOVS e THAO KOl OTH GUVEXELQ. AOPECTITIKN KPODOTO.
H péyiotn tayotyra omoppoiic fpédnke va kopaivetar e didpopes Oéoeis omd 0.4 éwg 2.7
m /s, mov avriotoiyel o amoppoi 2.2 MIS, ywpic watéoo va. eivar dvvatd va extiunBei

n AEKAVH oTHY OTOL0 AVTIGTOLYEL

AéEe1g-Ke101d: TOL010-DIPOAOYIQ, VIPOAOYIKES TUVONKES, TOAMIO-TLOPOYT, KTEVOELDT,

onniaio
1. INTRODUCTION

Caves in carbonates are informative for geomorphological and hydrological
reconstructions, even when they appear to be dry and relic ones. Clastic and chemical
infilling, as well as dissolution morphology, provide evidence of speleogenetic
conditions and cave development through time. The smaller the scale of a
morphological feature (e.g., meso-scale corresponds to passage dimensions) the easier
to be overprinted by a later speleogenetic stage. Although, some morphological features
are polygenetic (e.g., cupolas), others are strongly related to distinct hydrological
conditions. Furthermore, the formation process of some of these features is well-
grounded based on theoretical, experimental, and empirical approaches, such as
scallops (Curl, 1966; 1974; Murphy, 2012).

Scallops are small-scale morphological features (speleogens) that form asymmetric
dissolution pockets due to the turbulent flow of a solvent over a soluble surface. Caves
are an ideal environment for the formation of scallops that indicate forced flow of
unsaturated water along a pressure head. In a deep-phreatic setting, where dissolution
takes place by convecting water bodies, scallops are absent but can be abundant in
shallow phreatic conditions close to water table. Furthermore, these pockets are also
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indicators of flow direction due to their asymmetry and there is a reverse relationship
between their size and the flow velocity of the fluid.

Based on continuous discharge records for some decades and scallop study in
Norwegian caves Lauritzen (1989) found that there are scallop dominant discharges
that represent 2-15% of their duration. Furthermore, the same author found a linear
relation between drainage area (km2) and scallop dominant recharge (m®sec).

This research aims to investigate the hydrological conditions and development of the
hypergenetic Stefanina Cave and to estimate the paleo-flow discharge This is done
based on cave pattern in ground-plan, passage cross-sections, and peak flow velocity
estimations from the length of scallops. Its main passage is characterized by a vadose
meandering channel at about the middle of the explored part. Further from that channel
the cave displays scalloped walls and narrow cross-sections. In total, a main conduit
dips towards SW and turns to NW after that vadose canyon. It is interconnected with
smaller passages forming an underground draining system.

2. LOCATION and GEOLOGY

The Stefanina village is in N. Greece, about 80 km east of the city of Thessaloniki. The
Stefanina Cave or Lakkia Cave is located NE of the village at about 850 m above sea
level (a.s.l.) in the northern slope of the Neromanna stream (Fig. 1). The area consists
of metamorphic rocks such as marbles and gneisses in alternations that belong to the
almost 3 km thick Kerdillion Series of the Serbomacedonian Massif. This massif
consists mainly of crystalline and igneous rocks and it is divided into two units,
Vertiskos, and the lower one Kerdillion. The contact between them is tectonic. The
stratigraphy of Kerdillion series consists of (from lower to upper) biotitic gneisses,
marbles, biotitic gneisses with intercalations of amphibolites and calcium-pyritic rocks,
marbles with gneisses and amphibolites, biotitic gneisses with intercalations of biotitic-
hornblende gneisses, amphibolites, marbles and marble intercalated with biotitic
gneisses, biotitic-horn blade gneisses, mica schists, epidote-actinolite schists, and
amphibolites. Rocks are affected by folding and thrusting during orogenesis. The cave
is opened in the “upper marble horizon” (20-350 m thick) with white marble (coarse
crystalline thick layered), bluish crystalline limestone (fine-grained, thin-bedded)

intercalated with schists, amphibolites, and gneisses.
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Fig.1: Geological map and location of the Stefanina Cave (based on Institute for
Geological and Subsurface research 1.G.S.R., 1970; Digital Elevation Model is

retrieved from https://earthexplorer.usgs.gov).

3. METHODS

The cave was partially surveyed in 2001 (LG; unpublished map of the first 90 m) and
re-surveyed during this work, to include new explored parts of the cave and the stations,
where scallop measurements were done. This is done by standard cave techniques (i.e.,
Kalogeropoulos et al., 2008; Trimmis, 2018 and reference therein). During this survey,
the orientation of rock discontinuities was also measured with CLAR compass, to
correlate the cave morphology with the geological structure. Terms and morphological
descriptions of caves can be found in Lauritzen and Lundberg (2000), Gunn (2004),
Ford and Williams (2007), White and Culver (2005). Scallops were measured in various
places at the vadose meandering channel of the main passage. At each survey station
scallops were measured along the width of the passage and in different heights in the
meandering channel. In addition, photos are taken, and detailed cross-sections of the
passage are drawn. The gathered data were processed in the spreadsheet program
scallopex (Woodward and Sasowsky, 2009). This program requires some parameters:
scallop lengths, water temperature, and passage diameter and shape. Scallop lengths
measured in the cave in one decimal accuracy. The calculations run for 5°C water
temperature. This value might be close to the lowest values of the water in the caves of
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the area, even for colder periods. Thus, it provides velocity estimations that
approximate the maximum possible water velocities in the cave. The results were

statistically analyzed in the software PAST 3.2 (Hammer et al., 2001).
4. RESULTS

The explored part of the Stefanina Cave is about 210 m long and covers an area of 1250
m? (Fig. 2). The total passage length is 325 m and forms a branchwork horizontal pattern
(Palmer, 2000). The height difference between the entrance and the deepest explored
part is about 30 m. The entrance floor is inclined and forms the surface of a debris cone.
The main corridor is curvilinear and intersected by lateral passages. It is wider close to
the entrance, with sediment-filled floor, including some boulders (Fig. 3); it becomes
short and narrow at the deepest part (Fig. 4). The morphology shows modifications due
to biocorrosion by the bat colonies and some cupolas formed have the typical brown
crust (usually formed by hydroxyapatite) left by guano deposits (Bruxelles et al., 2016;
Audra et al., 2016; Audra et al., 2017; Cailhol et al., 2019). The main passage dips to
SW for about a hundred meters and then turns towards NNW. At that point, a
meandering vadose canyon is entrenched in the bedrock; sediment fill in this area has
been eroded revealing the carbonate bedrock (Fig. 4A; 4B). After that point, the conduit
forms a keyhole passage in the cross-section and becomes gradually narrow and more
canyon like. Downstream it has been observed a small group of phreatic tubes on the
top, a wide and low phreatic tube just below them that has been evolved to a vadose
canyon at the lower part of the section (Fig. 5). At the deepest explored part of the cave,
the continuation is obscured by the presence of partially eroded calcite crusts, well
known as false-floors (Fig. 4D). Apart from the main cave corridor, there are at least
two lateral passages to the northern side of the cave that are fracture guided, straight
and relatively high and some others to the southern side that are meandering, short and
sediment-filled. The biggest one of the latter has been done accessible for exploration
only after it was illegally dug out by treasure seekers. Furthermore, at about 150 m from
the entrance (station 32; Fig. 2), some stalactites appear to be covered by fine-grained
sediments and calcite deposited by aerosols. Furthermore, it seems to have been also
shaped by biocorrosion at its lower part (Fig. 6).

Scallops are well-formed in particular areas of the Stefanina Cave. In the uppermost
part, close to the entrance they are mainly absent. They are perfectly preserved in the
area of the meandering channel and further downward, which corresponds to about the

middle of the explored part. In addition, the area of the meander includes a 1.5 m high
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waterfall. However, in the part below the meandering channel, the passage shape

becomes narrow and laterally inaccessible, obscuring observation.

Other meso- and small-scale dissolution forms include very few cupolas and ceiling
half tubes that may be related to paragenetic events (Fig. 4C). In some small passages
that occur in the valley close to the cave entrance, there are horizontal notches.
Concerning the dissolution forms, there are some pillars formed by bedrock remnants.

D) N LEGEND

Stefanina Cave

Cave entrance
Level change
Possible continuity
Narrow passage
Stations
Stalactites
Scallops

Paleoflow direction

D /S0~ e v v

Blocks - Debris

Fig. 3: Characteristic view of the upstream part of the Stefanina Cave.
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Fig. 4: Stefanina Cave morphology: A. The waterfall site in the meandering channel;

B. characteristic bend in the meandering entrenched passage; scallops are visible on the
right side as small depressions; C. ceiling half tubes; D. distal part of the cave with false
floors.
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vadose entrenchment

Fig. 5: Composite passage with phreatic tubes at its uppermost part, a main phreatic
conduit below them and vadose entrenchment at the lower section.
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stalactite centers

sediment infill

subaqueous calcite layer

5cm

Fig. 6: Complex stalactite formation that consists of soda straws, covered by clastic
sediment and calcite deposited by aerosols. Its shape is affected by biocorrosion.

A few discontinuities (n=26) are measured inside and outside the cave. These
measurements are plotted on a Schmidt diagram where some grouping appears. The
marble is foliated (S1) with schist lenses intercalated, dipping towards WNW and low
dip angles (DipDir [DD]-DipAng [DA]: 289°- 25°) and fractured by the following sets
of discontinuities J1: 130°- 74°, J2: 260°- 87°, J3: 194°- 76°, J4: 35°- 83° (Fig. 7).
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Fig. 8: 3-dimensional model of the Stefanina Cave is plotted along the mean plane of
foliation (289°- 25°).
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The estimation of paleo-flow velocity and discharge is done only for the vadose stage
of development, to which the scallops are related. The phreatic stage is evidenced in the
upper part of the cross sections in the vadose canyon downstream and in the upstream
sediment filled part of the cave. The canyon passage is meandering and of keyhole
shape in cross-section with a flat inclined ceiling that follows the dipping of the rock
foliation (Fig. 8). Scallops are fainting to the upper part of the cross-section and are
very clearly formed in the meandering channel. In Figure 9 is illustrated the part of the
cave passage where measurements are taken, with detailed information on measuring
stations and sites in ground-plan and the corresponding cross-sections, respectively. In
addition, a few measurements are taken between and after these stations and diagrams
that summarize the estimated velocities are also added. In total, about 400 scallops were
measured in 30 locations, at different heights inside the passage. The range of the
estimated peak flow velocity ranges from 0.4 to 2.7 m/s (mean=1.32; s=0.46, n=30).
The null hypothesis of normal distribution cannot be rejected. The highest and lowest
values are more than two standard deviations far from the mean value and appear as
outliers (Fig. 10). However, the smaller values have been found inside the meandering
canyon at locations inside of bends, where lower values are expected. Based on these
values and the dimensions of the passage measured from the cross sections, a peak flow
discharge equal to 2.2 m¥/s is estimated.

5. DISCUSSION

In general, cave morphology is mainly related to hydrology, rock composition and rock
structure as well as other parameters like climate, biology (e.g., Audra et al., 2016;
Cailhol et al., 2019). This means in each host rock, distinct hydrogeological conditions
during speleogenesis will result in distinct cave morphologies. Thus, it is possible to

interpret speleogenesis based on the observed morphology.

The passages are both curvilinear and angular, related to foliation and fractures,
respectively. It is mainly developed along the foliation of the host rock, S1 (289°- 25°).
Some passages, such as the northern high and narrow passage that is oriented along the
J1 group, are exceptionally guided by tectonic discontinuities. This relation of cave
passage arrangement with geometry of unconformities defines the branchwork pattern
in the ground-plan that is commonly related to recharge via karst depressions (Palmer,
2000).

The cross-section in the upstream part of the cave, although partially filled with

sediments, indicates a more or less symmetrical phreatic passage. Meso- and small-
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scale morphological features that show similar development are some half tubes found
on the ceiling; seen at the area close to the vadose meandering canyon and at the most
complete cross-section of passages that displays small phreatic tubes at the top. The
keyhole cross-section found in the canyon passage is indicative of a second stage of
development after the water table drop.

ground-plan

cross-sections

S26 _
20cm
B=1.7 m/s
@
=1.2m/s
S25

|.mea5uring site V\\vadose canyons

Fig. 9: Stefanina Cave: ground-plan of the area where the vadose meandering canyon

starts and cross sections. Survey stations and measuring site are depicted. In the cross-

sections estimated flow velocities are displayed.
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Fig. 10: A) Box-plot and B) histogram of the flow velocities estimated in the
meandering channel of the Stefanina Cave.

The stalactite found in the station 32 area (Fig. 2; 6) also indicates multiple stages of
development after water table drop. First event was the formation of stalactites,
followed by flooding and sediment deposition, passage drying and calcite deposition
by aerosols followed/combined with biocorrosion. Between these stages possible
paragenetic events indicated by ceiling half-tubes followed by sediment removal took
place. Sediment removal is mainly seen along the main passage of the cave and after
station 23 where the meandering channel starts. Closer to the entrance lateral passages
are mostly sediment filled. Furthermore, at the deepest explored part pseudo-floors

remain at position, whereas the sediment fills below them have been removed.

The peak discharge estimated in the keyhole cross-section is indicative for only that
area and it is expected to be higher further inside the cave due to the existence of lateral
passages that recharge the main one. Small sized scallops found downstream agree with
this. However, since the scallops in the studied conduit are formed in vadose conditions

the estimated flow velocities may diverge from the actual ones (see Murphy, 2012).

Although scallops represent the peak flow velocity, the karst springs present a limited
maximum discharge independent of catchment size and precipitation amount, due to
many factors related to the size of karst conduit, catchment area geology, overflow, etc.
(Bonacci, 2001). This fact makes it impossible to use the calculated paleo-discharge
from the Stefanina Cave to estimate the corresponding catchment area.
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Our new exploration efforts revealed a cave almost twice the length of earlier

6. CONCLUDING REMARKS

explorations that we did 20 years ago. Furthermore, there are more parts at its distal end
that must be explored in the future. The cave survey improved earlier unpublished data
and made it possible to present the first topographic map of the Stefanina Cave.

In ground-plan, the pattern of the Stefanina Cave is identified as branchwork with

passages both curvilinear and angular, depending on the foliage and the fractures.

A composite passage cross-section is found to characterize the cave, with small phreatic
tubes (and half tubes) just above a main low and wide phreatic passage that has been
entrenched in the vadose zone in a later stage of development. This is attributed to a
water table drop. Indications of paragenesis point to a water level rise during the
evolution of the history. Thus, Stefanina Cave has been modified during to its

speleogenesis according to water level changes.

The mean estimated peak flow velocity is about 1.3 m/s, while the area-specific peak

flow discharge is estimated to be 2.2 m¥%s.

The estimate of the maximum discharge is indicative of this area. The scallops near the
entrance are absent, but after the measuring sites, small-sized scallops indicate higher
flow velocities than those in the study area. This can be explained considering possible

recharge from lateral inputs.

Karst springs show limited maximum discharge regardless of the size of the catchment
area and the amount of rainfall due to certain factors (Bonacci, 2001), which makes it
impossible to use the estimated values from the Stefanina Cave to estimate the
corresponding catchment area.
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Abstract

The ground investigations for the construction of Athens Metro —including over 60.000
m of sampling boreholes and geological mapping of the underground tunnel face—,
planned and carried out under the supervision of ATTIKO METRO S.A., offer important
geological data that enrich and locally modify our knowledge for the geology of Athens
Metropolitan Area (AMA). On the basis of these data, this paper presents the
Geological Map of AMA as well as a revised tectonostratigraphic scheme for the area
and geological profiles along several sections of the Athens Metro lines. The geological
map is a synthesis of the geological data obtained from the ground investigations with
the already published geological maps and includes a Mesozoic rock assemblage as
well as the Neogene-Quaternary Athens Basin. The following basic conclusions can be
drawn from the interpretation of these data: (a) The Athens Unit, the basement of AMA,
is divided into four formations (from bottom to top), the Lower Athens Schist, the Upper
Athens Schist, the Athens Sandstone-Marl Series and the Crest Limestone. (b)
Ultrabasic rocks (serpentinite) constitute the basement of Athens Unit. (c) Serpentinite
bodies at the eastern border of Athens Basin, have undergone almost complete
metasomatism to listwanite along their tectonic contacts with Alepovouni Marble on
top and Kessariani Dolomite at their base. (d) The limestone outcrops at the western
border of Athens Basin (e.g., Karavas hill) form tectonic windows of Pelagonian Upper
Cretaceous limestone underneath the Athens Schist and not klippen of Crest Limestone
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on top of it. The revised geological map also includes the Attica-Evia Fault, which is
the dominant structure of the broader area, locally mapped by two sampling boreholes

across the planned metro line 4.

Keywords: Geological map of Athens Metropolitan Area, Athens Unit, Athens Schist,
Athens Sandstone-Marl Series, listwanite, Attica-Evia Fault.

Mepiinyn

O1 épevveg vITEIGPOVS Y10, THY KaTookevl] Tov Metpo ABnvag, —ue mavw omd 60.000 m
OELYUOTOANTTIKDV YEWTPHOEWY KOL YEWAOVIKES YOPTOYPOPNOEIS TE UETMTO EKCKOPHS
VTOYEIWY ONPAYYOV—, TOV GYENIGOTHKAY Kol EKTEAéaOnkov v v emifleyn g
ATTIKO METPO A.E., am0Jidovv onuovtiKa yemAoyikd, oToiyeio. mov surAovtilovy kol
TPOTOTOIOVV TOTILKG. TH YVEOGH HAS VIO, TH YEWAOYIKY OOUN TS UTPOTOMTIKHG TEPIOYNS
me AOnvog. Me Paon ta otoryeio. avtd, otny epyacia ovth mapovalaletor o I ewloyikog
Xaptne e Mntpomoitikng Iepioyns AOnvos koo emions o avobewpnuévy
OTPWUOTOYPOPIO. VIO. THV TEPLOYN KOl YEWAOYIKES TOUES KOTG UNKOS TUNUOATWV TWV
ypopudy tov Metpo AOnvag. O yewloykog yaptng givar pio. covleon twv yemioyikov
OTOLYELWY TOV GVAAEYONKAY OTO TAAIGLO TV EPELVWOV DTEICPOVS KL TWV ONUOTIEVUEVDV
YEWAOYIKWV YopT@v Koi mepiioufaver Meoolwika megpauoto kabwg kor ) Neoyevi-
Tetaproyevy Aekavn twv AOnvav. To mopardrw Pacikd GoUTEPAOUATO. TPOEKDYAY OO
mv alloldynon twv aroiyeiwv avtwv: (o) H Evotnta twv AOnvav, to vrdfabpo e
untporoditikng meproyns e AOnvag, daywpiletol oe T€o0EPIS GYNUOTIOUODS (ATO KATW
mpog to. mavw), tov Kardtepo AOnvaixo Zyioréifo, tov Avartepo AOnvaiké Zyiotélibo,
mv AOnvoixn VPouutikn-Mapyaixy Zepa kor tov Acfeororifo Kopvpwv. ()
YrepPaoika metpauata (cepmevavitng) diapoppovoovy to vrofalpo e Evotnrag twv
AOnvarv. (y) Zopora oeprevivity oto avatoriko mepibapio e lekavng twv Adnvav,
EYOVV VIOOTEL GYEIOV OAOKANPWTIKY UETACWUCTWON G& AOTPAVITH KOTG KOS TWV
TEKTOVIKOV emopav ue 10 Mapuopo Aiemofovviov otnv opopn kor 10 Aolouitn
Koauoapravic oty faon tovg. (9) Or supaviceis acfeororifov aro dvtikod meptBmpio e
Aexavng twv ABnvav (T.y. Lopog Kapofia) diopoppamvooy tekrovikd mapadvpa tov Ave
Kpnuidikov acfearorifov g Ieloyovikng karw omo tov AOnvaixo ZyiotoriBo kar oyt
1ekTOoVIKG. pakn tov AofectoliBov Kopvpwv mavew oe avtov. O ovobewpnuévog
yewAoyikog yoptng mepiloyfaver emions to Pryuo Attkng-Edfoiag, to omoio eivar i
Kvpiopyn Oour} TS EVPUTEPNS TEPLOYNGS, TOV YOPTOYPaPNOnKe TOMIKG 0RO OO
OELYUOTOANTTIKES YEWTPNOEIS, EYKAPaLO, aTh pellovtiky ypouun 4 tov Metpo Abnvog.
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Aééerg wlewdwa: 'swloyikos Xaptne Mutpomolitikig Ilepioyns AOnvag, Evotnto
AOnvarv, AOnvairos Zyiarolifog, AOnvaixn Yowutikn-Mopyoikn Zepa, Aiotfavitng,
Pryuo Artikng-Evfoiog.

1. INTRODUCTION

From 1991 onwards, ATTIKO METRO S.A. has been conducting extensive ground
investigations at a significant part of the Athens Metropolitan Area (AMA), in order to
determine the geological and geotechnical conditions along the underground works of
the Athens Metro. Due to the underground works in an urban environment, ground
investigations have incorporated the drilling of more than 2300 sampling boreholes and
the execution of numerous in situ tests as well as laboratory tests on borehole core
samples. Furthermore, over than 60000 m of core run have been engineering
geologically logged and more than 3000 engineering geological mappings have been
performed on faces of tunnels excavated by conventional mechanical means and open-
face Tunnel Boring Machines (TBMs). Regrettably, in closed-face TBM tunnelling, the
obtainment of geological data is extremely limited. As such, since closed-face TBM
tunnelling has been the primary method for the construction of Athens Metro during the
last decades, no substantial geological data have been retrieved during the excavation
of these tunnels. Athens Metro ground investigations provided a vast amount of
geological data that concern the upper 25 to 50 m of the AMA subsurface. These
geological data would be of a lesser importance, had the geological structure and
stratigraphy of the AMA been either simpler or agreed upon. However, the exact
opposite applies, giving the ground investigations’ data of the Athens Metro a scientific

value that far exceeds the purpose for which they were collected.

The complexity of the geology of the AMA arises from: (a) the coexistence at the area
of both sedimentary and rocky bedrock formations; (b) stratigraphic and lithological
heterogeneity; (c) the existence of similar lithological types in different formations, e.g.
limestone within almost all geological formations of AMA (Athens Schist, Athens
Sandstone-Marl Series and Crest Limestone of Athens Unit, Upper Cretaceous
limestone at the foothills of Egaleo Mt.); (d) the strong tectonic deformation; and (e)
the locally significant rock alteration due to fluid circulation. An additional factor that
contributes to the difficulty in understanding the geology of AMA, is the fact that the
four different map sheets of the Geological Map of Greece 1:50000 of the Hellenic
Survey of Geology and Mineral Exploration (HSGME) (former Institute of Geology
and Mineral Exploration) —map sheets Athinai-Piraiefs (Gaitanakis, 1982), Athinai-
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Elefsis (Katsikatsos et al., 1986), Koropi-Plaka (Latsoudas, 2003) and Kifissia
(Katsikatsos, 2002), exhibit some inconsistencies in the description of the same
formations which are present in all maps. In 2002, the publishing of Geological
Tectonic Map of the Athens Basin in the framework of a joint research programme
conducted by the National and Kapodistrian University of Athens, the Earthquake
Planning and Protection Organization and the National Technical University of Athens
(Papanikolaou et al., 2002), eliminated this problem of the different descriptions of the

formations and presented a coherent tectonostratigraphic scheme.

Apart from the above-mentioned issues regarding the geological data in literature, the
basic scope of the present paper is the exploitation of all available geological data from
the ground investigations of Athens Metro. These data modify in places the published
geological structure of Athens as they provide new geological information for
significant sections of AMA. All these data were used to compile a revised Geological
Map of AMA. Besides, the evaluation and correlation of this vast amount of borehole
logs, gave rise to modifications of Athens Unit stratigraphy.

2. GEOLOGICAL SETTING

AMA is spread over the Athens Basin, a Neogene-Quaternary, narrow, wedge-shaped
basin on the Attica peninsula, confined to the west, north and east by Egaleo, Parnitha,
Pentelikon and Hymettus Mts. respectively, whereas to the southwest it opens up to the
Saronic gulf. The Athens Basin is formed along the contact of Pelagonian (or
Subpelagonian) lithotectonic unit to the northwest, with the Attic-Cycladic Complex
(cited as ACC hereafter) to the southeast (Fig. 1). The Pelagonian is the remnants of a
microcontinent, consisting of Paleozoic basement with Paleozoic-Mesozoic (mostly
Triassic) carbonate cover. On top of this carbonate platform, Triassic-Jurassic west
Vardar ophiolites were obducted during Upper Jurassic to Lower Cretaceous (Doutsos
et al. 1993). During Upper Cretaceous, transgressive carbonates were deposited (Upper
Cretaceous limestone of Fig. 1); sedimentation locally continued during Paleocene-
Eocene, with the deposition of flysch (for Pelagonian stratigraphy see Auboin, 1959;
Clement and Guernet, 1971; Bonneau, 1984; Jacobshagen, 1986; Doutsos et al., 1993;
Coleman et al., 2020). The basement of the Athens Basin mainly consists of the Athens
Unit (sensu Papanikolaou et al., 2004) (Fig. 1), a local unit of Pelagonian affinity that
crops out only in this area. It is an Upper Cretaceous (Turonian-Maastrichtian), few
hundred meters thick, lithologically heterogeneous, meta-clastic sequence with
intercalations and alternations of carbonates and locally basic and ultrabasic magmatic
rocks (Marinos et al., 1971 and 1974 and references therein).
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Fig. 1: Geological setting of Attica peninsula and south Evia (Euboea). a) Simplified
overview and main tectonic characteristics of the Hellenides (Schmidt et al., 2020 with
modifications). H: Hinterland, eV: obducted E-Vardar ophiolites, SS: Sava-Vardar-
Izmir-Ankara-Erzincan suture zone, wV: obducted W-Vardar ophiolites, Pel:
Pelagonian, Eo-HP: Eocene HP metamorphosed External Hellenides, the major part of
which is Attic-Cycladic Complex (ACC), OI-HP: Oligocene HP metamorphosed
External Hellenides, F: Foreland, OcF: oceanic Foreland. b) Simplified geological and
tectonic map of the broader area of Attica peninsula (from geological map of Greece of
HSGME; Xypolias et al., 2003; Spanos, 2012; Ring et al., 2007a; Deligiannakis et al.,
2018; Tsodoulos et al., 2008; Coleman et al., 2020 with modifications). PA: Parnitha
Mt., PE: Pentelikon Mt., EG: Egaleo Mt., HY: Hymettus Mt. Topographic background
made with GeoMapApp (www.geomapapp.org).

The ACC consists almost entirely of metamorphic rocks and is subdivided into the
following four nappes (from bottom to top) (Boronkay and Doutsos, 1994; Jolivet et
al., 2010 and references therein): (a) The Basal Unit, which constitutes a carbonate
platform succession of Upper Triassic to Eocene age, locally covered by Oligocene
meta-flysch, metamorphosed at HP/LT metamorphic conditions during Early Miocene
(Ring et al., 2007b). Given the similar lithostratigraphy and age, the Basal Unit is
considered by most researchers to be a lateral equivalent of the Gavrovo-Tripolitza

lithotectonic unit (van Hinsbergen and Schmid, 2012) (b) The Cycladic Basement Unit,
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a polymetamorphic terrane comprising pre-Carboniferous schist intruded by
Carboniferous granites (Reischmann, 1998; Flansburg et al., 2019; Poulaki et al., 2019)
(not exposed in Attica peninsula) (c) The Cycladic Blueschist Unit, which constitutes a
complex unit consisting widely of meta-pelitic schist and marble alternations with local
intercalations of ultrabasic rocks (Blake et al., 1981; Avigad and Garfunkel, 1991),
metamorphosed at HP/LT conditions in Eocene-Early Oligocene times (Jolivet et al.,
2010 and references therein) (d) On top, the Upper Unit (or Upper Cycladic Nappe of
Jolivet et al., 2010) comprises a heterogeneous nappe pile, which has partially suffered
Late Cretaceous HT metamorphism, and has a Pelagonian affinity. During Miocene,
granitoids (e.g., Plaka granite, Fig. 1) and locally subvolcanic rocks intruded ACC.

In Attica and south Evia (Euboea), over 1000 m of thick-bedded marble with schist
intercalations, of Upper Paleozoic-Mesozoic protolith age (Katsikatsos, 1976; Liati et
al., 2013), crop out at several tectonic windows, forming Pentelikon and Hymettus Mts.,
the hills at southern Attica between Hymettus Mt. and Lavrion as well as
Almyropotamos window in Evia (Fig. 1). The HP/LT metamorphic conditions defined
for these formations (Shaked et al., 2000; Baziotis and Mposkos, 2011; Coleman et al.,
2020) together with the absence of reliable geochronological data (Coleman et al.,
2020), lead to dispute regarding the provenance of these rocks: Some researchers
suggest that they belong to the Basal Unit (Jolivet and Brun, 2010; Krohe et al., 2010;
Spanos et al., 2015; Scheffer et al., 2016), whereas others suggest that at least some of
these outcrops at Attica belong to the Cycladic Blueschist Unit (Baziotis et al., 2009;
Baziotis and Mposkos, 2011; Coleman et al., 2020). In this paper, we presume that
marble and schist, cropping out at Hymettus tectonic window —which borders the study

area to the east—, belong to the Basal Unit (Fig. 1).

Between the Athens Unit and the ACC, along the western and northern flanks of
Hymettus Mt., the few hundred meters thick Alepovouni Unit (sensu Papanikolaou et
al., 2004) intervenes (Fig. 1). Recent research has revealed low-grade metamorphic
conditions for the unit (burial temperatures ~130 °C, Coleman et al., 2020). According
to Katsikatsos et al. (1986), Katsikatsos (2002), Papanikolaou et al. (2004) and Krohe
et al. (2010), the phyllite of the Alepovouni Unit corresponds to the SE Attica Phyllite
of Marinos et al. (1971), which is considered to be part of the Cycladic Blueschist Unit
of ACC. Yet, recent petrographic, structural and geochronological data support the
assumption that the Alepovouni Unit is equivalent to the Upper Unit of ACC (Coleman
et al., 2020).
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The contact of the overlain Pelagonian with ACC is a curved, NNE to NE-trending,
crustal scale fault (Fig. 1), which is considered to be responsible for at least the later
stages of the exhumation of HP/LT ACC at the area (van Hinsbergen and Schmid, 2012
and references therein). It is referred in literature as Pelagonian Fault (Xypolias et al.,
2003; Ring et al., 2007a; Spanos et al., 2015; Scheffer et al., 2016; Faucher et al., 2021),
Southern Evia-Northern Attica Detachment (Papanikolaou and Royden, 2007; Bradley,
2012), Attica Detachment (Krohe et al., 2010), Pindos Suture Zone (Philippon et al.,
2012), Evia-Attica Fault or Attica-Evia Transfer Fault (van Hinsbergen and Schmid,
2012) and Attica-Evia Detachment (Schmid et al., 2020). In Evia, the fault is well
exposed, it is sub-vertical, it exhibits a dextral strike-slip kinematic character and was
active from Early to Middle Miocene times (Xypolias et al., 2003; Faucher et al., 2021).
In Attica on the other hand, the exact trace of the fault is obscured as it is covered by
Pliocene and Quaternary sediments. Most researchers interpret this fault in Attica
peninsula as a normal detachment (Papanikolaou et al., 2004; Papanikolaou and
Papanikolaou, 2007; Papanikolaou and Royden, 2007; Krohe et al., 2010).
Stratigraphical data reveal that it was active from Upper Miocene to Lower Pliocene
(Papanikolaou and Papanikolaou, 2007). In this paper we adopt the name Attica-Evia
Fault (cited as AEF hereafter) for this fault, since its kinematics is still a matter of
debate.

Active tectonics of Attica peninsula was marked by the recent seismic activity of Fyli
Fault at Parnitha Mt., a NW-SE trending and SW dipping normal fault (Fig. 1), that
hosted the recent seismicity of the 7" September 1999, Mw = 6.0 (Papadopoulos et al.,
2000; Ganas et al., 2001; Pavlides et al., 2002; Papadopoulos et al., 2002; Pomonis,
2002; Louis et al., 2002; Ganas et al., 2004), which caused huge social and economic
consequences. Besides Fyli Fault, all around AMA —at the northern part of Attica, at
the Thiva basin to the NW, as well as at western Attica toward the gulf of Corinth, a
number of active, NW-SE trending or E-W to ENE-WSW trending normal faults (Fig.
1) were reported and investigated (Ganas et al., 2004; Papanikolaou and Papanikolaou,
2007; Tsodoulos et al. 2008; Deligiannakis et al. 2018; Konstantinou et al. 2020 and
references therein), which are consistent with the modern NNE-SSW extension of the

area.
3. METHODOLOGY

3.1. Available Data and Their Presentation
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The approximately 2300 sampling boreholes —with depths generally ranging from 25 to
50 m, which were executed in the framework of the ground investigations of the Athens
Metro, retrieved over 60.000 m of core run and thus valuable geological information
regarding the ground conditions of AMA. On the map of Fig. 2, the lines of Athens
Metro (both constructed and planned) as well as the locations of the sampling boreholes,
define the extent of the ground investigations’ data. Moreover, petrographic and
mineralogical analyses were performed on approximately 200 specimens from borehole
core samples. These analyses provided the mineral assemblages of several lithological
units —mostly from Athens Schist— and assisted in their accurate identification and
description. Core photos of characteristic lithological types from the various geological
formations encountered at the AMA are shown in the figures presented in this paper to
visualize their mesoscopic characteristics. Selected photos of tunnel excavation faces
or open excavation faces, accompanied by borehole core photos and optical microscope
images (when available), for each of the major geological formations encountered
during Athens Metro construction, are presented in Appendix A of this paper.

The major stratigraphic and structural data deriving from the sampling boreholes and
the geological mapping are presented in geological longitudinal sections. Two types of
geological sections were compiled: (a) detailed geological sections that derive primarily
from geological mapping of tunnel faces excavated with conventional mechanical
means and secondarily from sampling boreholes (Figs 5 and 15); and (b) geological
sections based solely on the correlation of sampling boreholes (Figs 7, 8, 9, 10 and 14).
The former case refers to projects that have already been constructed with conventional
mechanical means or open-face TBMs and as such, mapping of the excavation face was
possible. The latter refers to projects that have either been constructed with closed-face
TBM tunnelling —a method that does not allow for systematic mapping of the tunnel
excavation face (extension of Line 3 to Piraeus, Fig. 8), or that are designed but not yet
constructed or completed (e.g., Athens Metro Line 4, Figs 7, 9 and 10, extension of Line
2 to Anthoupoli, Fig. 14).

The compilation of the geological longitudinal sections presented in Figs 9, 10, 14 and
15, was based on data drawn from the following drawings:
e “Section 4, Egaleo station, section 3 K.P. 1+194 - 1+314,50 - Geological
section - Geological mapping at TOR level” (dwg No 3TW5CW180A401A),
issued by “PANTECHNIKI S.A.” (2005).
e “Geotechnical longitudinal section, location Line 4”7 (dwg No

4GEOEN180R410A), issued by “EDAFOMICHANIKI S.A. -
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GEOTECHNICAL INVESTIGATIONS S.A. - ANESTIS PANAGOPOULOS
- HARA ALEXIADOU” (2009).

“Monitoring final report - Longitudinal geological section - Data of
encountered geological & engineering geological conditions - As built” (dwg
No 3GWOCW415C1511), issued by “J/V ALPINE BAU GmbH - TERNA S.A.
- PANTECHNIKI S.A. - POWELL ELECTRICAL SYSTEMS Inc” (2012).
“Geological and hydrogeological longitudinal section - section ‘Evangelismos
- Vyronas - Ilioupoli’ from K.P. 174300 to K.P. 21+289” (dwg No
4G00PW180S403B), issued by “EDAFOMICHANIKI S.A. - ISTRIA
GENERAL CONSULTANTS - ANESTIS PANAGOPOULOS” (2017).
“Geological sections” (dwg No 2GO00PW180S301B), issued by “N.
LOUKATOS & ASSOCIATES S.A. - STYLIANOS MAVROGEORGIS”
(2019).

In addition to the above, field geological surveys were carried out focusing on areas of

geological interest (Attiko Alsos, Alepotrypa hill and Ano Kypseli at Tourkovounia hill

area, Kessariani, Karavas hill) in order to gather additional structural and stratigraphic

data.

3.2. Compilation of Geological Map of AMA

The Geological Map of AMA is a 1:25000 scale, geological map (see supplementary

map) compiled from published geological maps and geological data from Athens Metro

ground investigation.

The available geological maps of the study area which were used are the following:

The 1:50000 HSGME geological map sheets of the area: “Athinai — Piraiefs
Sheet”, Gaitanakis (1982), “Athinai — Elefsis Sheet”, Katsikatsos et al. (1986),
“Kifissia Sheet”, Katsikatsos (2002) and “Koropi — Plaka Sheet”, Latsoudas
(2003).

“Geological Tectonic Map” of the Athens Basin, Papanikolaou et al. (2002).
For Hymettus Mt., Coleman et al. (2020).

Recently, ground investigation incorporated geological mapping of zones along metro

line under investigation, which were also used for the compilation of the geological map

of this paper. These where the following:
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e For the area between Vyronas and Ilioupoli districts: “Geological map view -
section ‘Evangelismos - Vyronas - Ilioupoli’ from K.P. 17+300 to K.P.
21+289” (dwg No 4G0O0PW180S102B), issued by “EDAFOMICHANIKI S.A.
- ISTRIA GENERAL CONSULTANTS - ANESTIS PANAGOPOULOS”

(2017).
e For Anthoupoli area: “Geological map” (dwg No 2G00PW180S101B), issued
by “N. LOUKATOS & ASSOCIATES S.A. - STYLIANOS

MAVROGEORGIS” (2019).

Since there are differences regarding the stratigraphic scheme between each of the four
HSGME geological map sheets and the geological map of Papanikolaou et al. (2002),
a synthetic scheme was adopted, taking also into account available geological data from
the ground investigations. This scheme is analytically presented in section 4. All map
lines of the Geological Map of AMA, i.e., the geological contacts, faults etc., were
edited as follows: A first synthetic digital map was compiled using the available
geological maps —the one from the compilation of the four HSGME sheets and the one
of Papanikolaou et al. (2002). For each map line, differences between the two base maps
were treated one by one, and the map line was chosen according to the adopted
stratigraphic scheme and the relevant literature. After the first synthetic map was
created, a layer of all available sampling boreholes was added and the uppermost
recorded formation at the borehole log was compared to that on map at the same
location. Exceptions to the above rule were the cases where the uppermost formation of
the borehole was anthropogenic or Quaternary, with thickness less than ~1.5 m. In such
cases, the next formation was taken into account. If the two formations —from borehole
log and map— did not coincide, the map line was corrected accordingly to match the
boreholes’ data. The main differences between the compiled map and the original ones

are discussed throughout the next section.
In the following sections, the geological structure and the main formations of the AMA
are described, focusing on lithological and structural characteristics deriving from the

Athens Metro ground investigations. Additionally, the major modifications proposed in
the Geological Map of AMA are discussed.
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Fig. 2: a) Simplified version of the “Geological Map of AMA” of the Supplementary
material, with Athens Metro lines (constructed sections and under construction or
design sections) and sampling boreholes from ground investigation for Athens Metro.
Squares indicate the location of the geological maps of the corresponding Figures. b)
Simplified geological profile across the Athens Basin (from Marinos et al., 1971,
Papanikolaou et al., 2004, Coleman et al., 2020, with modifications).
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4. GEOLOGICAL FORMATIONS AND STRUCTURE PROPOSED IN THE
GEOLOGICAL MAP OF AMA

4.1. Geology and structure of AMA

Fig. 2 provides a simplified version of the Geological Map of AMA, where the
geological units and the major structural characters show an overall NE-SW structural
trend. A simplified geological section is drawn perpendicular to this trend, to show the

main contacts between the different geological units.

The Quaternary fluvio-torrential deposits of Kifissos River mark the major NE-SW
structural trend. Thick Pleistocene (Papanikolaou and Papanikolaou, 2007) or Plio-
Pleistocene (Krohe et al., 2010) alluvial fan deposits —near the source— and fluvio-
terrestrial deposits —on the flat planes— descend from Parnitha, Pentelikon and Hymettus
Mts. Lower Pliocene marine sediments (Papp, 1947; Charalambakis, 1951) crop out at
the southern suburbs of Athens, parallel to the coastline of Saronic gulf. Older, Upper
Miocene lacustrine deposits (Freyberg, 1951; loakim et al., 2005) crop out at the
northern part of Athens Basin as well as along the eastern foothills of Egaleo Mt., and
are bordered from the basement with predominantly NE-SW and secondarily WNW-
ESE trending faults.

The basement of Athens Basin mostly consists of the Upper Cretaceous Athens Unit,
which forms the central hills of Athens. The unit is traditionally divided into a series of
meta-clastic and calcareous formations. Several stratigraphic schemes have been
proposed for this unit over the years, the classical being the following (from bottom to
top): a) the Athens Schist, b) the intermediate formation, consisting of limestone,
sandstone, marl and conglomerate and c) the upper Crest Limestone (sensu Marinos
and Petrascheck (1956) and Marinos et al. (1971), for other nomenclature of Athens
Unit stratigraphy, see Fig. 3). As deduced from paleontological and lithological data,
the Athens Unit was considered to be a flysch-like sequence (Marinos et al., 1971).
Later on, Papanikolaou et al. (2004) divided the Athens Unit into a neritic formation
and a pelagic one (Fig. 3, column 5). According to these authors, these two formations
show no specific stratigraphic correlation between them, as they constantly alternate,
their contacts with the adjacent formations are always tectonic, and there is no
stratigraphic continuity between them. From the above observations, Papanikolaou et
al. (2004) concluded that the Athens Unit resembles an Upper Cretaceous ophiolitic
mélange. The unit is generally not metamorphosed (Marinos et al., 1971; Papanikolaou
et al., 2004) but in several areas of the AMA, phyllite, sericite-chlorite schist, mica
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schist with well-defined schistosity and green chlorite phyllite can be observed
(Marinos et al., 1971), which correspond probably to low-grade metamorphism.

Lithostratigraphic affinity of Athens Unit is still in debate. Some researchers consider
the Athens Unit as part of Pelagonian (e.g., Krohe et al., 2010; Spanos, 2012), whereas
others assume that it comprises a local unit developed between Pelagonian and ACC
(Papanikolaou et al., 2004; Afidnai-Tourkovounia Unit of Katsikatsos et al., 1986;
Katsikatsos, 2002, column 4 of Fig. 3). However, all authors agree that the Athens Unit
overlies the ACC metamorphics, which indicates that it correlates —to some extent— to
Pelagonian unit. The ACC at Hymettus Mt., consists of the following six formations
from top to bottom (Coleman et al., 2020, column 6 of Fig. 3): the Kessariani Marble,
the Kessariani Schist (or Kessariani Unit), a meta-clastic sequence with marble
intercalations, the Kessariani Dolomite, the Lower Marble, the Pirnari Marble and the
Cheroma Unit (not depicted in the Geological Map of AMA). At Pentelikon Mt.,
common stratigraphy of the Basal Unit encounters three formations (from top to
bottom): The Upper Marble, the Kessariani Schist and the Lower Marble (Marinos and
Petrascheck, 1956, see column 3 of Fig. 3; Spanos et al., 2015). Other authors suggest
that stratigraphy at Pentelikon Mt. is more complex and encounters continental
basement lithological types (orthogneiss and meta-migmatite, Pentelikon Gneiss after
Kober (1929a), see column 2 of Fig. 3) (Baziotis, 2008; Baziotis et al., 2019), which
are considered remnants of the Hercynian basement of the ACC (Liati et al., 2013),
possibly correlated to Cycladic Basement Unit. The same conclusion was reached by
Lozios (1993) from tectonic analysis and mapping at Pentelikon Mt., which revealed
that the tectonostratigraphic deeper formation is the above mentioned orthogneiss and

meta-migmatite rather than the Lower Marble.

Two faults mark the eastern border of the Athens Unit with ACC at Hymettus Mt. (Fig.
2b): (a) The fault separating the Athens Unit from the underlying Alepovouni Unit, —
which probably corresponds to AEF—, and (b) the fault separating the Alepovouni Unit
from the underlying HP/LT metamorphics of ACC. To the west, Athens Unit is situated
upon the Upper Cretaceous limestone of Pelagonian, and the contact between the units
is again a fault (Fig. 2b).
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Fig. 3:

Schematic stratigraphy of Attica and nomenclature of units and formations

according to basic literature references: column 1 after Lepsius (1893), column 2 after
Kober (1929a and 1929b), column 3 after Marinos and Petraschek (1956) and Marinos
etal. (1971), column 4 after Katsikatsos (2002), column 5 after Papanikolaou et al (2002
and 2004) and column 6 after Coleman et al. (2020). Column a: age, column b:
lithostratigraphic group (unit), column c: lithostratigraphic formation. Abbreviations:
pC: pre-Cambrian, Pz: Paleozoic, Mz: Mesozoic, LTr, MTr, UTr: Lower, Middle,
Upper Triassic, J, LJ: Jurassic, Lower Jurassic, K, UK: Cretaceous, Upper Cretaceous.
Dashed line: unconformity, thick black line: tectonic contact, thick green line: tectonic
contact with serpentinite. Note that columns are not stratigraphic columns per se, since
lithostratigraphic units correspond to different lithotectonic units (Pelagonian, ACC).

According to relatively recent literature, the two faults at the eastern border of Athens

Unit are detachments. In particular, Papanikolaou et al. (2004) as well as Krohe et al.

(2010), consider these two faults as a single, main detachment system, with top-NNW

sense of movement. Furthermore, Papanikolaou et al. (2004) consider the fault

bounding the Athens Unit to the west as the conjugate to the main detachment. Coleman

et al. (2020) also describes the fault bounding the Alepovouni Unit to the underlying

Basal Unit as a detachment, (namely the ‘Upper Detachment’), but with opposite, top-

S sense of movement. Yet in earlier research, Marinos et al. (1971) describe all major

contacts of the Athens Unit as well as the Alepovouni Unit as alpine thrusts

accompanied by systematic folding. No major active faults —i.e., which can generate

earthquake with moment magnitude Mw > 6— are found within Athens Basin

(Konstantinou et al. 2020; see also Fig. 1).
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The Athens Schist (cited as AS hereafter) is the main formation of the Athens Unit with

4.2. Athens Schist

an estimated thickness of a few hundred meters. Based on lithological and also on
geotechnical characteristics, the AS is divided into an upper formation, namely the
Upper Athens Schist, and a lower one, the Lower Athens Schist.

The Upper Athens Schist is a meta-clastic, heterogeneous formation, consisting
predominantly of alternations of greyish-green, brownish-green metasandstone and
brown, brownish-green metasiltstone. Other lithological types encountered include
limestone or crystalline limestone, commonly as alternations with calcareous phyllite
or calcareous schist (Pagrati district, Ardettus hill, see supplementary map), phyllite,
sericite or muscovite schist (Syntagma Square area), alternations of chlorite-epidote
schist and karstic limestone (Academia area) and brownish green, thickly-foliated
epidote-chlorite schist (Egaleo district, see geological profile B-C of Fig. 15). The
Lower Athens Schist exhibits a more confined lithology, as it is composed of
alternations of metasiltstone (often calcareous), clayey shale and metasandstone (often
calcareous) (Fig. 4e), locally with intercalations of crystalline limestone or thin talc
schist. A key feature of the Lower AS is its grey to black-grey colour due to the
participation of the clayey shale in this meta-clastic series (Fig. 4b). The contact of the
two formations is either sharp or a transition zone. The transitional formation of the
latter case, is a few meters thick with lithological characteristics of both Upper and
Lower AS (e.g., brownish-green metasandstone and metasiltstone alternations with
black shale intercalations) (Fig. 5, detail of geological section A-B) indicating a gradual
change in primary depositional conditions of the two formations. Within the AS, altered
volcanic bodies of the albitic spilitic and diabase-type have been locally found.
Microscopic analyses (Marinos et al., 1971) have shown mineral assemblage of
secondary calcite-chlorite-epidote-green hornblende-quartz + magnetite + leucoxene.
The presence of augite and feldspar as primary minerals is also estimated. According to
Marinos et al. (1971), these bodies are considered contemporary with the sedimentation,
but no relevant dating tests have been performed so far to verify this assumption. Such
altered volcanic bodies were found along Metro Line 2, near Larissis station.

In all lithological types of AS, but mainly within the Lower AS, decimetre scale quartz
lenses, wrapped around by foliation, are often encountered. At some areas, these quartz
lenses are widespread, characterizing and differentiating the lithology itself (Fig. 4b).
Thin veins of calcite and/or quartz are also very common within almost all lithological
types (Fig. 4c and d). In the clayey shale and metasiltstone of the Lower AS, euhedral
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pyrite crystals, that sometimes exceed 5 mm in length, are often found, a characteristic
mineral that determines reductive depositional conditions during sedimentation of the
formation. An important differentiation in the lithological types between the Upper and
Lower AS is the almost systematic presence of Fe-oxide and hydroxide impregnations
(hematite, gaitite, limonite) in the lithological types of the Upper AS and their almost
complete absence in the Lower AS, a characteristic that indicates significant infiltration

of fluids of possibly hydrothermal origin (see also section 4.6).

Fig. 4: Mesoscopic features of Athens Schist. a) Folded metasandstone and
metasiltstone alternations (brownish grey) within dark grey to black clayey shale
(Lower Athens Schist). Detail photo from excavation face, Metro Line 2 pilot tunnel
towards Sygrou-Fix station, K.P. 6+632. b) Extensional shear bands in black clayey
shale, intersecting and displacing light orange quartz lenses (Lower Athens Schist).
Detail from excavation face of heading, Metro Line 2 pilot tunnel towards Ag. loannis
station, K.P. 7+711. c) Plastic folds within metasiltstone and foliation-parallel
displacement towards the left of the photo, as defined from the relevant displacements
of the thin, folded veins. d) Back view of the same sample of photo (c), in which a 2
mm wide undeformed second-generation calcite vein crosscuts the foliation and the
older and folded veins. €) Folded and sheared grey metasiltstone with coarser-grained
metasandstone (in-between doted lines) and very thin black shale intercalations. Note
the concentration of black shale along shear planes, indicated by arrows. Core samples
(c), (d) and (e) derive from ground investigation for extension of planned Metro Line 4
toward Vyronas district.
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From the elaboration of the results of 88 petrographic and mineralogical analyses,
which were performed in the framework of the ground investigations of Athens Metro,
the following average mineral composition emerged, for the meta-clastic rocks
(metasandstone, metasiltstone, phyllite, schist) of the Upper AS: 46,6 % quartz, 19,9 %
white mica (e.g. sericite, muscovite), 18,1 % calcite, 4,8 % chlorite, 4,4 % feldspar (e.g.
albite, K-feldspar usually sericitized) and 3,3 % opaque minerals, mainly oxides’
impregnations (hematite), Fe-hydroxides (limonite, goethite) and euhedral pyrite.
Secondary minerals include biotite, dolomite, epidote, tourmaline and clay minerals.
Microscopic analysis showed that most of the metamorphic minerals (muscovite,
biotite, feldspar, tourmaline) are detrital. The rock texture defined from these
microscopic analyses is mostly cataclastic and secondarily fibroblastic, lepidoblastic or
sparitic (for the calcareous rocks). The more abundant quartz grains appear fine-
grained, with crystal sizes approximately 0,05 to 1 mm, they often exhibit undulose
extinction and are in an extensive degree re-crystallized. The very thin bands that
appears in the mesoscopic scale, in the form of alternations of very thin layers of
different colour tone (Fig. 4e), is directly related to the alternation of quartz-rich and
mica-rich bands and/or opaque minerals. In these cases, folding is intense even in the
microscopic scale. A principal tectonic structure that characterizes AS is the contact
between the Lower and the Upper AS. It is a low-angle fault separating the relatively
brittle Upper AS (metasandstone, metasandstone and metasiltstone alternations) from
the ductile Lower AS —metasiltstone, clayey shale— which resembles a shear zone. This
shear zone was systematically observed in almost all Athens Metro projects (see
geological profiles in Figs 2, 5, 7, 10, 14 and 15). The deformation of the AS is intense
and is characterized, on a macroscopic scale, by several contraction structures —shear
zones with cataclasite and fault gouge up to 3 m thick, anticlines (geological profile B—
C of Fig. 15) and synclines. Faulting is also widespread. The main directions of the
faults are NW-SE and NE-SW, but their kinematics remains obscured, since no tectonic
analysis has yet been performed. A few measurements of striations on fault planes,
together with fault planes recovered from borehole cores of AS, show sub-horizontal to
dip-directed striations. In the mesoscopic and microscopic scales, most AS rocks exhibit
a pervasive foliation, tightly to isoclinally folded (Figs 4a, c, d and €) which is, in many
cases, accompanied by a pervasive axial plane cleavage which forms successive
foliation (Fig. 4e) and also rootless folds. These rocks often exhibit striations on almost
all foliation planes, a characteristic that implies the severe shearing that took place. The
described quartz lenses and quartz / calcite veins are systematically co-folded (Fig. 4c),
indicating that quartz and calcite veining is syn-tectonic and syn-metamorphic. Besides,
a generation of younger calcite veins that crosscut the folded foliation and veins can be
observed (Fig. 4d). Even though contractional structures prevail, extensional structures
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can also be found, which sometimes characterize locally the deformation of AS. These
structures are mainly closely-spaced extensional shear bands (Fig. 4b), mostly within
clayey shale and metasiltstone of the Lower AS, that crosscut and displace foliation and
sub-parallel to foliation quartz lenses. In map scale, the Upper AS crops out in most of
the Athens hills, while the Lower AS is not generally exposed on the surface, even
though it is found in almost all Athens Metro lines. The only cases that the Lower AS
crops out on the surface, are in Monastiraki and Koukaki districts as shown in this

paper’s geological map (see supplementary map; Fig. 5).
4.3. Athens Sandstone-Marl Series and Crest Limestone

The second more abundant formation of the Athens Unit is the Athens Sandstone-Marl
Series (cited as SM hereafter). The formation’s name is a slight modification of
Sandstone-Marl Phase of the Geological Map of Metro Area (Katsikatsos et al., 1981;
Kounis, 1981). The SM comprises alternations of thinly bedded, greyish-white or
brownish-yellow, locally karstic, marly limestone, thinly bedded greyish-white, locally
intraclastic limestone (Fig. 6d), reddish-brown or brown coarse to fine grained, often
calcareous, sandstone (Fig. 6¢c and d), variable-coloured claystone (Fig. 6e) and grey
calcareous conglomerate. The absence of metamorphic rocks in SM together, with the
fact that it is always found on top of AS, leads to the conclusion that the formation has

escaped the low-grade metamorphism that is locally observed in the AS.

The formation overlies the AS. Its thickness varies from a few tens of meters at
Lycabettus, Acropolis and Filopappou hills (Fig. 5) to a few hundred meters at
Tourkovounia hills area, where the main outcrop of the SM exists (Fig. 7). It exhibits
the same deformation at mesoscopic (Fig. 6¢) and map scale as AS, including abundant
folds and densely spaced low-angle shear zones (Fig. 6d). Faults exhibit mainly NW-
SE and secondarily NE-SW directions. Striations and kinematic indicators such as
drag-folds indicate horizontal or normal / oblique-normal (Fig. 6e) kinematic character
of the faults. Geological data from ground investigation along Metro Line 4, revealed
thick marly limestone of the SM underneath thin Plio-Pleistocene fluvio-terrestrial
deposits along Veikou Avenue. This marly limestone bed crops out at the surface in-
between kilometric positions (K.P.) 10+000-10+500, 11+000-11+200 and 13+100-
13+350 —just above the contact with AS— of the Metro Line 4 (see geological section
of Fig. 7). The uppermost Athens Unit formation is the Crest Limestone that crops out
at the top of most of the hills of Athens Basin (Acropolis, Filopappou, Lycabettus,
Tourkovounia; see supplementary map). Crest Limestone either directly overlies SM or

a tens of meters thick transition bed between the two formations intervenes
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(Andronopoulos and Koukis, 1976). It consists of massive, grey to white, locally
intraclastic and karstic limestone. Almost in all occurrences, fragments and complete
Rudists, fragments of Corals and Echinoderms, Gasteropods, Crustaceans, Shellfish,

micro-fossils etc. indicate Cenomanian to Turonian and Upper Senonian age (Marinos
etal., 1971).
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Fig. 5: a) Excerpt from the Geological Map of AMA at the Acropolis area. Longitudinal
geological section A-B-C is drawn along the Athens Metro line 2, approx. from
Syntagma station to Neos Kosmos station. (b) and (c) show the excerpts from HSGME
and Papanikolaou et al. (2002) geological maps respectively, of the same area, for
comparison. Scale of (b) and (c) maps is half the scale of (a) map.
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Fig. 6: Mesoscopic structures of SM and relationships between SM and Crest
Limestone. a) Contact between SM and Crest Limestone at the abandoned quarry of
Alepotrypa hill, Tourkovounia (for location see Fig. 7, Athens Metro Line 4, K.P.
12+800 to K.P. 12+900). In the side view of the quarry slope, the sub-vertical contact
(dashed line) can be traced. b) Same contact as in (a), at a neighbouring site: the
limestone block rises up to 1 m from the ground surface due to the differential erosion
of limestone and adjacent sandstone. The shadowed surface is the contact between
limestone of Crest Limestone to the left and sandstone of SM to the right. The white
symbol shows the dip direction of the contact (for scale see the person at the top right
corner). The limestone constitutes part of the short limb of the eroded fold shown in
geological profile B-C of Fig. 7 ¢) Folded, reddish grey sandstone of SM (see dotted
line indicating bedding). Note the thin quartz veinlets, the oxidized joints and the
concentric altered rings (liesegang rings) due to infiltration of oxide-rich fluids in
sandstone. Core sample from ground investigation of planned Metro Line 4,
Tourkovounia hills area. d) Top-E, bedding parallel thrust with ~ 30 cm thick
cataclasite, which brings the light grey limestone (left side of photo) over reddish brown
sandstone. The thrust is accompanied by three sub-horizontal shear bands, with top-E
sense of shear, which cut and displace a thick sandstone bed. Armonias and Astypalaia
strs., Alepotrypa hill, Tourkovounia hills. €) Normal fault cutting calcareous claystone
with sparse sandstone alternations. The fault exhibits a 40 cm thick cataclastic zone.
Attikou Alsous Av. and Ellinikou str., Tourkovounia hills.
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Fig. 7: a) Excerpt from the Geological Map of AMA at Tourkovounia hills.
Longitudinal geological section A-B-C is drawn along part of the planned Athens
Metro Line 4. (b) and (c) show the excerpts from HSGME and Papanikolaou et al.
(2002) geological maps respectively, of the same area, for comparison. Scale of (b) and
(c) maps is half the scale of (a) map.

The contact of the Crest Limestone with the underlying SM is often a folded shear zone,
as is the case at the area of Alepotrypa hill at Ano Kypseli (Fig. 7, K.P. 12+800 —
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12+900). There, the shear zone, separating the two formations, is characterized by a 1
m thick cataclasite and is folded, forming a mesoscopic-scale anticline with an inverted
short limb and axis trending almost parallel to the direction of the quarry slope. The
geometry and direction of the anticline with respect to the direction of the quarry slope
is such that, the exposure of the Crest Limestone —forming the short limb of the
anticline— is underneath the exposure of SM —forming the crest of the anticline— on the
wall of the quarry slope, whereas stratigraphically the opposite occurs (Fig. 6a and b).
The deformation of the Crest Limestone is characterized by ENE-WSW to NW-SE
trending faults and dense joints that favour the development of Karstic features
(Andronopoulos and Koukis, 1976; Karfakis and Loupasakis, 2006). The existence of
several limestone occurrences throughout the Athens Unit —within the AS (e.g.,
limestone at Ardettus hill), within SM, Crest Limestone itself, their identical
lithological characteristics and the significant dispersion of limestone outcrops,
predominantly at Tourkovounia hills area, makes it difficult to distinguish which
limestone corresponds to which formation. As a safe criterion, the thickness of the
formation combined with stratigraphy was considered. Thus, where the thickness of a
limestone bed is significant (over 30 m) and no other bed is identified above, this bed
is considered to belong to the Crest Limestone. On the contrary, where the limestone is
within other formations of the Athens Unit, it is usually in the order of a few meters to

a few tens of meters thick.

4.4. Serpentinite and Upper Cretaceous limestone at Karavas hill area (western
border of Athens Unit)

Extension of Athens Metro line 3 towards Piraeus, runs parallel to the western border
of Athens Basin and crosscuts Karavas hill, 1.5 km to the north of Piraeus port (Fig. 2).
The section from K.P. 4+400 up to K.P. 6+600 was proved to be very important
geologically, because, during the execution of the ground investigation, extensive
serpentinite bodies were revealed, not only at the foothills of Karavas hill as expected,
but also some 700 m to the northeast (geological profile D-E, Fig. 8). Serpentinite
lithology is discussed separately in section 4.6. The contact between the AS and the
underlying serpentinite is not always tectonic, whereas serpentinite bodies are always
in tectonic contact with underlain limestone (geological profiles A-B-C and D-E of
Fig. 8). This contact is well documented by numerous sampling boreholes, as well as
excavations (Fig. 12d), cutting both serpentinite and subjacent limestone. The contact
is always marked by complete alteration of serpentinite as well as karstic features within
the underlying limestone, probably due to circulation of underground water along this
contact (Fig. 12d).
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Fig. 8: a) Excerpt from the Geological Map of AMA at the western margin of Athens
Basin, around Karavas hill. Geological profile A-B—C is drawn perpendicular to the
structural trend whereas geological longitudinal section D-E is drawn along part of the
extension Ag. Varvara - Piraeus of Athens Metro Line 3 (b) and (c) show excerpts from
HSGME and Papanikolaou et al. (2002) geological maps respectively, of the same area,
for comparison. Scale of (b) and (c) maps is half the scale of (a) map d) Core photo of
massive, grey, karstic limestone, typical lithological type of the Upper Cretaceous
limestone from Karavas hill €) Simplified and comparative stratigraphic columns that
show the difference in stratigraphy of Karavas hill area described in this paper and in
HSGME and Papanikolaou et al. (2002) geological maps.

Limestone underneath the AS and serpentinite, that crops out at Karavas hill, is

medium-bedded to massive, bluish grey to brownish grey —when it is ferrous—, locally
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karstic and crystalline (Fig. 8d). The above tectonostratigraphic relation, the large
thickness of the limestone —no other formation was found underneath— together with its
lithological characteristics, led to the conclusion that it belongs to the Pelagonian Upper
Cretaceous limestone described by Marinos et al. (1971) and not to a carbonate
lithology of Athens Unit. The Upper Cretaceous limestone crops out along the foothills
of Egaleo and Pikilo Mts., south of Kamatero up the bay of Keratsini, between the
Athens Unit and the Triassic platform carbonates of the Pelagonian (Fig. 2). Within the
limestone, numerous fossils (fragments and complete sections of Rudists, fragments of
Corals and Echinoderms, Gasteropods, Crustaceans, Shellfish, micro-fossils, etc.) have
been identified that indicate stratigraphic age from Cenomanian to Turonian and Upper
Senonian (Marinos et al., 1971 and references therein).

All formations of the area appear folded in mesoscopic and map scales with large, open
to closed anticlines and synclines (geological profiles of Fig. 8). Locally, numerous
joints and faults have favoured the development of karstic features. The most
characteristic karstic feature recorded is the Vlachakou sinkhole (for location see Fig.
8), a helical, high-slope hole more than 20 m deep (data from

http://urbanspeleology.blogspot.com). Karavas hill is a horst, bounded by two sub-

parallel NW to WNW-trending, normal —or oblique normal- faults (Fig. 8). The
southern one coincides with the probable fault shown in geological map of
Papanikolaou et al. (2002). Another parallel normal or oblique-normal fault further
north bounds the Upper AS syncline (Fig. 8). The considered tectonostratigraphy of
Karavas hill area, as deduced from our data, is the opposite of that described in the so

far published maps (see comparative stratigraphic columns of Fig. 8e).

4.5. Alepovouni Unit and AEF at the eastern margin of Athens Basin

At the western foothills of Hymettus Mt., the Alepovouni Unit crops out (Figs 2, 9 and
10). The unit consists of the predominant Alepovouni Marble and the underlying
Alepovouni Phyllite. The Alepovouni Marble consists of thick-bedded to massive,
locally Kkarstic, pink or greyish-white, often ankeritic and locally dolomitic marble (Fig.
9d) with local intercalations of brownish grey calcareous schist. Calcite veins are
locally very common as well as euhedral pyrite crystals up to a few cm long. In many
cases, karstic voids are secondarily filled with ferrous and/or manganese material.
Characteristic are the karstic features, like the ‘Nikos Margiolis’ cave at Vyronas
district, a cave with two chambers of maximum width 10-25 m and a depth of ~22 m
(see Fig. 9 for location, data from http://urbanspeleology.blogspot.com). The

Alepovouni Phyllite is a thin formation, underlying the Alepovouni Marble and consists
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of severely deformed, calcareous phyllite and phyllite mixed with beds of thin-bedded,
ankeritic, silicified marble, quartz lenses and greenstone (Marinos et al., 1971;
Papanikolaou et al., 2004; Coleman et al., 2020). Mineral assemblage for phyllite is
calcite-sericite-chlorite-white mica-quartz-plagioclase + tourmaline =+ epidote
(Coleman et al., 2020). Mesoscopic structures of the unit are primarily contractional,
analogous to Athens Unit. In particular, excellent exposure of marble with calcareous
schist intercalations (Alepovouni Marble) at Vyronas municipal stadium, have revealed
plastic folding accompanied by foliation-parallel thrusting (Fig. 11a).

The data from the ground investigation of the extension of Line 4 to Vyronas and
llioupoli, showed that Alepovouni Marble is placed on top of serpentinite and that they
are together tectonically placed over the Kessariani Dolomite of the ACC (Fig. 9). The
tectonic contact is a low-angle folded fault, as is suggested from borehole data
(geological section of Fig. 9, K.P. 20+400 to 21+300). According to Coleman et al.
(2020) this fault is a normal character detachment —namely the ‘Upper Detachment’—
as it brings the low grade metamorphosed Alepovouni Unit over the HP/LT
metamorphics of ACC. The contact of the Alepovouni Marble with the overlying
Athens Unit is considered as part of the AEF. Ground investigation data and field data
from a road cut outcrop (Fig. 11b) revealed that AEF at this area is an intermediate to
high-angle fault zone which is also characterized by the existence of serpentinite lenses
(geological profile of Fig. 9, K.P. 19+850 to 19+950). As deduced from the geological
map and from few dip-direction measurements (Fig. 11b), the direction of AEF is
changing, showing that its surface is characterized by complex and probably long
structural history, however, its detailed description is out of the scope of this work. The
AS and the serpentinite of the hanging wall of the AEF are characterized by strong
cataclasis (Fig. 11b). Correspondingly, the Alepovouni Marble at the footwall of the
fault is characterized by a dense network of joints, oxide impregnation and
karstification. AEF is also detected from sampling boreholes for the future Metro Line
4 at Zografou district. In this case, a ~40 m thick serpentinite body is located between
the overlying AS and the underlying Alepovouni Marble (geological profile A-B of
Fig. 10). It is obvious that the sampling borehole data are not sufficient to identify more
features of the AEF, such as the direction and dip of the fault zone, its kinematics etc.
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Fig. 9: a) Excerpt from the Geological Map of AMA at Vyronas and Ano llioupoli
districts, based on “Geological map view - section ‘Evangelismos - Vyronas - [lioupoli’
from K.P. 17+300 to K.P. 21+289” (dwg No 4G00PW180S102B), issued by
“EDAFOMICHANIKI S.A. - ISTRIA GENERAL CONSULTANTS - ANESTIS
PANAGOPOULOS” (2017). Longitudinal geological section A-B is based on
“Geological and hydrogeological longitudinal section - section ‘Evangelismos -
Vyronas - llioupoli’ from K.P. 17+300 to K.P. 21+289” (dwg No 4G0OOPW 180S403B),
issued by “EDAFOMICHANIKI S.A. - ISTRIA GENERAL CONSULTANTS -
ANESTIS PANAGOPOULOS” (2017) (b) and (c) show the excerpts from HSGME
and Papanikolaou et al. (2002) geological maps respectively, of the same area, for
comparison. Scale of (b) and (c) maps is half the scale of (a) map d) Core of pink,
fractured, massive, fine grained marble, Alepovouni Marble, VVyronas district.
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Fig. 10: a) Excerpt from the Geological Map of AMA at Zografou district and
Panepistimioupoli area. Longitudinal geological section A-B-C is based on
“Geotechnical longitudinal section, location line 4” (dwg No 4GEOEN180R410A),
issued by “EDAFOMICHANIKI S.A. - GEOTECHNICAL INVESTIGATIONS S.A.
- ANESTIS PANAGOPOULOS - HARA ALEXIADOU” (2009) (b) and (c) show the
excerpts from HSGME and Papanikolaou et al. (2002) geological maps respectively, of
the same area, for comparison. Scale of (b) and (c) maps is half the scale of (a) map.
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“Cataclasite
(Athens
Unit)

Fig. 11: Characteristic photos of Alepovouni Unit and AEF. a) Foliation parallel, top-
SW, thrust, within plastically folded, thin bedded grey marble and reddish-brown
calcareous schist alternations of Alepovouni Marble. Sense of shear derives from
displacement of a set of centimetre-thick quartz veins. Note the asymmetry of s-shaped
plastic folds, at the right and left of geologic hammer, indicating the same, top-SW,
sense of shear. Northwest slope of Vyronas municipal stadium. b) Outcrop of the AEF
(dip direction: 304/65). Note the drag fold of marble foliation (white dashed line),
indicating a normal relative displacement of the fault and the thick cataclasite (~ 2 m)
formed at the hanging wall phyllite of the Athens Unit. Road cut at Dervenakion and
Kasamba strs., Kessariani.

Fig. 12: Mesoscopic characteristics of ultrabasic rocks. a) Serpentinite core with talc-
rich shears and dense, thin calcite veins. Karavas hill area (b) and (c) Rusty orange-
brown, massive listwanite (?) cores. Note the small scale karstic joint and the extremely
thin veins in sample (b) and the calcite crusts on sub-horizontal karstic features in
sample (c). Both cores derive from Vyronas district d) Tectonic contact (solid white
line) of serpentinite with underlain Upper Cretaceous limestone, as exposed on
excavation face from building pit of Maniatika station, Karavas hill. The limestone
exhibits alteration (yellow, orange colours) and intense Karstification. Serpentinite is
highly sheared, completely altered (note the striking green and orange colours) into
clayey soil (note the marks from excavating machinery on excavation face) and
alternated with thin, crimson mudstone.
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At the western foothills of Hymettus Mt., on top of the Athens and Alepovouni Units,
Plio-Pleistocene alluvial fans descend, consisting of well-cemented conglomerate with
claystone intercalations. Four of these alluvial fans are crosscut by the future Metro
Line 4 at Zografou district, at an area where they were not previously mapped, thus
slightly modifying the geological map of the area (see maps and geological longitudinal
section of Fig. 10).

4.6. Ultra-basic rocks

As already discussed in sections 4.4 and 4.5, along the tectonic contact of the Athens
Unit with the underlain formations of Pelagonian Upper Cretaceous limestone to the
west and Alepovouni Unit to the east, bodies of ultrabasic rocks occur, mainly
consisting of serpentinite. Equivalent ultrabasic rocks have also been described along
the contact of Alepovouni Unit with the underlying Kessariani dolomitic marble of the
Basal Unit of ACC (section 4.5). Almost all serpentinite cores from sampling boreholes
are highly deformed and altered —in some cases, completely weathered to clay, see Fig.
12d and exhibit an anastomosed, talc-rich slickenfibre veins and a dense network of
thin calcite veins (Fig. 12a). In Karavas hill area (Fig. 8), serpentinite is locally
accompanied by thin, irregular beds of dark crimson mudstone (Fig. 12d).

At the tectonic contacts of serpentinite with carbonate rocks, especially at the eastern
border of Athens Basin (Fig. 9), serpentinite develops a few meters thick rusty orange-
brown rock, the mineral composition of which (almost complete metasomatism of
serpentine to carbonates and/or quartz, Fig. 13) were interpreted as alterations to
listwanite (Figs 12b and c). Besides mineral composition, another argument for this
assumption is that this metasomatism of serpentinite is directly related to the tectonic
contacts of the ultrabasic rocks with the neighbour carbonate rocks. This relationship is
apparent at the geological profile of Fig. 9, and is in full agreement with the relevant
literature (Hansen et al., 2004; Tsikouras et al., 2006 and references therein). Besides,
all boreholes that penetrate the base of AS —the lowest formation of Athens Unit—, have
revealed serpentinite underneath. Since the contact of the AS with the underlying
serpentinite is not always tectonic, it is estimated that the bedrock of the Athens Unit is
the Ultrabasic Rocks, and thus it can be suggested that Athens Unit was originally

deposited onto oceanic or continental-oceanic transition crust.
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Sample
Borehole P . Typg of cc idol { ms | qz {serp; tc [opaque Minor minerals
No | Depth (m) |listwanite (?)
A 2,2-24 10% {55% | — [25% - - 10% Fe-oxides
YP0133 -
A5 5,5-5,6 5% {80% | — |10% | 3% | - 2% Fe-oxides
A27 | 41,8-41,9 80% i — - 115% | - - 5% Fe-oxides
YP0137
A35 | 49,7-49,9 95% i — - — 2% - 3% Fe-oxides
Carbonate-
YP0139 | A22 | 34,2-34,3 rich 65% i 5% | — |17%{10%; - 3% Fe-oxides
A26 | 28,4-285 60% 23% | 10% | 5% 2% Fe-oxides, chl
A27 i 32,0-32,1 55% 10% { 30% | 5% - Fe-oxides, chl
YP0131
A28 | 33,0-33,1 55% 25% | 15% | 5% ? Fe-oxides, chl
A29 | 36,0-36,1 Silica-rich {10% {15% | — [65% | 7% | 3% - Fe-oxides, chl

Fig. 13: Mineral composition of listwanite (?) samples from boreholes. Abbreviations:
cc: calcite, chl: chlorite, dol: dolomite, ms: magnesite, qz: quartz, serp: serpentine, tc:
talc. Borehole locations are shown on Fig. 9. Note that the serpentine is almost
completely replaced by either carbonate minerals (carbonate-rich listwanite (?)) or
quartz (quartz-rich listwanite (?)). Data from “Geological study - Engineering
geological report - Line 4, section ‘Evangelismos - Vyronas - Ilioupoli’ (Ch. 17+300 -
Ch. 21+289)” (report No 4GOOPW 180S923B), issued by “EDAFOMICHANIKI S.A. -
ISTRIA GENERAL CONSULTANTS - ANESTIS PANAGOPOULOS” (2017).

4.7. Neogene lacustrine deposits

Lacustrine marly deposits were encountered during the construction of several projects
of Athens Metro, the most distinctive cases being the extension of Metro Line 2 towards
Anthoupoli (Figs 2 and 14) and the extension of Metro Line 3 towards Ag. Varvara
(Figs 2 and 15). The ground investigation for the planned extension of Athens Metro
line 2 at Anthoupoli area, incorporated a large number of boreholes spread throughout
the area (Fig. 2) and reaching depths sometimes exceeding 100 m —which is more than
double the depth of ordinary sampling boreholes for other Athens Metro projects— as
well as other geological and geophysical investigation techniques. The goal was to
design the extension towards Anthoupoli avoiding the underground lignite mining area
(for details on lignite mining see Voreadis (1940); Trikkalinos and Mousoulos (1949);
De Pian (1950) and Rozos et al. (1999)). Based on data from all the above-mentioned
boreholes, the stratigraphy of the area is well known and the geological map and
geological sections A-B (across the basin) and C-D (along a section of the planned

metro extension to Ilion) have been drawn (Fig. 14).

Due to the widespread underground data, it was possible to draw more accurately the

extent of Peristeri-Anthoupoli lacustrine basin at the geological map (Fig. 14). The
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stratigraphic column of the area consists —from bottom to top— of a lower formation,
over 100 m thick, of bluish-grey, locally laminated, siltstone (Fig. 14d) and sandy
siltstone with sand and lignite intercalations and a 40 m thick, upper formation
consisting of marl and calcareous siltstone alternations with marly limestone
intercalations lenses (see geological profile of Fig. 14). Locally, within the upper marly

formation, coarse-grained, probably deltaic deposits can be detected.
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Fig. 14: a) Excerpt from the Geological Map of AMA at Anthoupoli district.
Longitudinal geological section B-C is based on “Geological sections” (dwg No
2G00PW180S301B), issued by “N. LOUKATOS & ASSOCIATES S.A. -
STYLIANOS MAVROGEORGIS” (2019) (b) and (c) show the excerpts from HSGME
and Papanikolaou et al. (2002) geological maps respectively, of the same area, for
comparison. Scale of (b) and (c) maps is half the scale of (a) map d) Core of grey,
laminated, siltstone with syn-sedimentary compaction normal faults (Upper Miocene,
lower formation) from Anthoupoli area.
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Toward the SE, the basin’s margin is defined by a fault running approximately along
the Thivon str. As resulted from the excavation of ‘Anthoupoli’ station, this marginal
fault is NE-SW trending and NW-dipping, with the marl’s bedding at the hanging wall
dipping toward NW, almost parallel to the fault surface (Fig. 14, geological profile B—
C). Another NE-trending, SE-dipping normal fault could be traced from borehole data,
taking into account the downthrown upper lignite horizon of the lower formation (Fig.
14, map and geological section A—B). This fault is conjugate to the basin’s marginal
fault. The case of extension of Metro Line 3 ‘Egaleo — Chaidari’ is indicative of
underground tunnelling with conventional mechanical means across the southern tip of
the lacustrine basin, underneath the lera Odos. The basin at this area exhibits a width of
700 m (Fig. 15, geological section A-B). The facies of the western basin’s border
consist of reddish-green clayey breccia with red Fe-infiltrations. The stratigraphy at this
section of the basin is similar to Peristeri and Anthoupoli areas: The lower formation
consists of grey siltstone with sparse, thin lignite intercalations at deeper levels and the

upper formation consists of marl, marly limestone and siltstone alternations.

As shown at geological section A-B of Fig. 15, the basin at Ag. Varvara area is an
asymmetric half-graben created by a NE-SW trending and SE-dipping, syn-
depositional, normal or oblique-normal fault. Reddish-green clayey breccia along the
marginal fault is probably related to the fault’s colluvial deposits. Sediment
accumulation at the base of the fault shows that the marginal fault’s displacement is
probably larger than 100 m, so a considerable fault length should be accounted for. It is
noted that 3 km to the northeast of this fault, at the centre of the lacustrine basin at
Anthoupoli district, the conjugate fault of Thivon Str. fault is located. This fault exhibits
the same geometrical characteristics and kinematics with the Ag. Varvara marginal fault
(see geological profile A-B of Fig. 14). The latter also displays a similar displacement
of approximately 50-70 m, as deduced from the lignite bed displacement across the
fault. From the above geometrical and kinematic characteristics, it can be assumed that
the lacustrine basin’s marginal fault at Ag. Varvara district extends to the northeast and
probably coincides with the fault at the middle of the basin at Anthoupoli area (see

supplementary map).

99

http://epublishing.ekt.gr | e-Publisher: EKT | Downloaded at 08/02/2022 13:49:38 |



http://epublishing.ekt.gr

b. Legend c. Legend

Volume 57
: alluvial deposits al: alluvium

Pt.cs,sc: Pleistocene valley deposits (upper | 2Pt sc: Pleistocene (?) alluvial fan & scree
part) Ms I: Upper Miocene terrestial & lacustrine
Pt: Pleistocene diluvial deposits (lower part) | deposits

PI: Pliocene marly limestone and sandstone

VvV VvV

v —v— SchA: Upper Cretaceous thin-bedded
laastrichtian Athinai (Athens) Schist (Ks.sch) | limestone and partially Upper Cretaceous

shale

Excerpts from: Katsikatsos et al. 1986, Athinai - Elefsis | Excerpt from: Papanikolaou et al. 2002, Geological
Sheet (upper part), and Gaitanakis 1982, Athinai - Tectonic Map. In: Geological - geotechnical study of the
Piraievs Sheet (lower part), Geological Map of Greece | the Athens' Basin. National & Kapodistrian University of
1:50.000, HSGME. Athens, Earthquake Planning & Protection Org., NTUA.

a. Legend

[-—"]Marl, marly limestone
[ siltstone

Clayey breccia

[ |®uuish grey siltstone

Lignite

A m Quaternary fluvio-torrential deposits
& alluvium

Plio-Pleistocene fluvio-terrestial deposits

Upper Miocene lacustrine deposits
{T—]Limestone
[ =.]Metasandstone

Upper Athens Schist
3 [ over =

&
metasiltstone alternations
Epidote chlorite schist

_ Lower Athens Schist
Talc schist
< Altered meta-volcanics
Clayey shale

7 —— Unconformity

/ Normal, oblique normal fault

/ Thrust

Tor Metro line Top Of Rail EGALEO st. Metro station

Logitudinal geological ion along tion of Metro line 3

AG. MARINA st.

1+400 1+300 1+200 1+100 1+000 0+900 0+800 0+700 0+600 0+500 0+400 0+300 0+200 0+100 0+000

Kilometric position (km + m)

Altitude (m)

0+700 04800 0+600 14000 1+i00 1+200
a Kilometric position (km + m)

Fig. 15: a) Excerpt from the Geological Map of AMA at Ag. Varvara and Egaleo
districts. Longitudinal geological sections A-B based on “Monitoring final report -
Longitudinal geological section - Data of encountered geological & engineering
geological conditions - As built” (dwg No 3GWOCW415C1511), issued by “J/V
ALPINE BAU GmbH - TERNA S.A. - PANTECHNIKI S.A. - POWELL
ELECTRICAL SYSTEMS Inc” (2012) and B-C based on “Section 4, Egaleo station,
section 3 K.P. 1+194 - 1+314,50 - Geological section - Geological mapping at TOR
level” (dwg No 3TW5CW180A401A), issued by “PANTECHNIKI S.A.” (2005) (b)
and (c) show the excerpts from HSGME and Papanikolaou et al. (2002) geological maps
respectively, of the same area, for comparison. Scale of (b) and (c) maps is half the
scale of (a) map.

The deformation of Upper Miocene deposits is characterized by strike-slip, oblique-slip
and normal faulting, which has locally caused significant bedding offset and tilting
(geological profile A-B of Fig. 15). Bed rotations and strike-parallel displacements
were also detected during lignite mining at Peristeri and Anthoupoli areas (Voreadis,
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1940; Trikkalinos and Mousoulos, 1949; De Pian, 1950). Horizontal and oblique
striations were observed frequently on slickensided minor fault surfaces, discovered in
borehole cores from Upper Miocene sediments. Since the tunnel excavation is
perpendicular to the southern margin of the Upper Miocene lacustrine basin, at Ag.
Varvara area, the accurate description of the stratigraphy and structure and the revision
of the geological map at this area was possible (Fig. 15a).

5. CONCLUSIONS

An extensive amount of geological data, regarding the AMA, were obtained from the
ground investigation campaigns for the construction of the Athens Metro. With the use
of these data, the Geological Map of AMA was compiled. Furthermore, this paper
proposes an updated and slightly revised stratigraphy for the Athens Unit, which
corresponds to the basement of the AMA. The Athens Unit, in AMA, consists of four
formations, namely (from bottom to top) the Lower Athens Schist, the Upper Athens
Schist, the Athens Sandstone-Marl Series and on top, the Crest Limestone. The
subdivision of the main formation, the Athens Schist, into two sub-formations is
primarily based on lithological and engineering geological criteria. Namely Lower
Athens Schist’s lithology is more confined and it consists of alternations of dark grey
to black metasiltstone, metasandstone and clayey shale with sparse intercalations of
limestone. The Upper Athens Schist mainly consists of alternations of metasandstone
and metasiltstone but it is very heterogeneous and locally many other lithological types
prevail, such as limestone and calcareous phyllite, sericite or muscovite schist, chlorite-

epidote schist, etc.

From sampling boreholes’ data, both at the western and eastern margin of the Athens
Basin, it is evident that the direct basement of the Athens Unit is ultra-basic rocks,
mostly serpentinite and, given its lithology and structure, it is suggested that the Athens
Unit was probably originally deposited onto an oceanic or continental-oceanic
transition crust. Serpentinite is also found underneath Alepovouni Marble, where partial

metasomatism altered it to listwanite (?).
Stratigraphic data were also obtained from the numerous sampling boreholes and tunnel
excavations across Upper Miocene lacustrine deposits. Two formations were

distinguished in these sediments: The lower >100 m thick grey siltstone with lignite

intercalations and the upper, 40 m thick, marly formation (Figs 14 and 15).
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NE-SW trending faults, parallel to the Athens Basin and the AEF trend, seem to be
important for the formation of the Upper Miocene lacustrine basins. At Ag. Varvara
district, the NE-SW trending and SE-dipping, syn-depositional normal / oblique-
normal, marginal fault, with probably over 100 m displacement, forms a half-graben at
the southern end of the basin (Fig. 15). This marginal fault probably extends up to
Anthoupoli district, where a similar fault was detected —in this case in the middle of the
basin—, at a distance of 3 km to the northeast, along the direction of the marginal fault
(Fig. 14). Sense of movement data for the NE-SW trending faults are not available,
nevertheless recent research has revealed that such direction faults within analogous
Miocene sediments show a dextral strike-slip kinematic character (Faucher et al., 2021).

The ground investigation geological data were spread in a large section of the AMA,
where the Athens Metro is being constructed. These data were sufficient for the
compilation of the Geological Map of AMA, as they revealed major and minor
differences in the geology that was perceived for certain areas in the relevant HSGME
geological map sheet and the Geological and Tectonic map of Papanikolaou et al.

(2002). These major differences are the following:

a) At Karavas hill, the revealed tectonostratigraphy was the opposite of that recorded in
published maps: limestone at Karavas hill is the lower formation, correlated to the
Upper Cretaceous limestone of Pelagonian, whereas the serpentinite and Athens Schist
are tectonically on top of it (Fig. 8). Summarizing, the Karavas hill limestone forms a
tectonic window through Athens Schist and serpentinite and not a klippen on top of

them.

b) Even though the Lower Athens Schist has been found at depths 20-40 m at almost
all Metro Lines, it only crops out to the north and south of Acropolis area (Fig. 5).

¢) At Zografou district, four alluvial fan lobs were revealed at an area where Athens
Schist was depicted on published maps (Fig. 10).

d) Three limestone outcrops within Athens Sandstone-Marl Series were revealed along
Veikou Str. (Fig. 7).

e) At Peristeri and Ag. Varvara districts, the southern margin of the Upper Miocene

lacustrine basin was revealed and mapped (Figs 14 and 15).
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The compilation of the Geological Map of AMA also posed geological concerns, far
beyond the scope of Athens Metro ground investigation but relative to editing a correct
geological map: Firstly, there are no low-temperature geochronological data (apatite
fission-track) for Athens Unit, in order to confine its geodynamic evolution. Secondly
the exact location, kinematics and age of the AEF, the fundamental structural feature of
Attica peninsula, juxtaposing Pelagonian to ACC, is still obscured. This fault is found
from sampling borehole data along the route of Line 4, at two locations in Vyronas and
Zografou districts (Figs 9 and 10).
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Supplementary material

Appendix A: Photographic documentation of geological formations.

Geological formation: Alluvium

A.1 Conglomerate of Kifissos River bed.
Double-track tunnel (10 m dia.) excavation face — Line 3, “Keramikos” - “Eleonas” interstation.

Geological formation: Marsh deposits

A.2 Soft silt and clay at ‘Alipedon’.
Borehole: BP2491 — Depth: 10,40 - 15,60 m — Pireaus, Mikras Asias and Lambraki str. (from ground
investigation for an extension of line 3 not constructed due to re-routing).
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Geological formation: Coastal deposits

A.3 Silty sand and sandly silt.
Borehole: BP2443 — Depth: 22,90 - 27,70 m — Line 3, “Piraeus” station.

A.4 Close-up view of fossiliferous calcareous sandstone.
Top-down, open excavation — Line 3, “Piracus” station.
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Geological formations: Fluvio-terrestrial deposits and alluvial fan deposits

A.5 Fluvio-terrestrial deposits: red claystone and conglomerates.
Access tunnel (~ 3 m dia.) excavation face — Line 3, “Aghia Paraskevi” station.

10/07/2008

A.6 Alluvial fan deposits: red claystone with conglomerate intercalations.
Borehole: NP2683 — Depth: 2,80 - 8,50 m — Line 4, future interstation “Goudi” - “Katehaki”

* = . R—
»
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Geological formation: Piraeus Marl

Volume 57
A.7 Calcareous claystone and siltstone alternations.

Triple-track tunnel (~ 16 m dia.), left side excavation face — Line 3, Deligianni shaft to “Dimotiko Theatro”
station.

A.8 Left: Roman era aqueduct found at “Dimotiko Theatro” station of line 3.
A.9 Right: Coastal cliff at Kastella hill area in Piraeus.
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Geological formation: Lacustrine deposits

Volume 57
A.10 Light yellow marl with grey siltstone intercalations.

Borehole: OP0017 — Depth: 26,60 - 32,60 m — Line 2, future “Anthoupoli” - “Ilion” interstation.

A.11 Light yellow marl with grey siltstone intercalations.
Double-track tunnel (~ 10 m dia.) Open Face Shield (OFS) excavation face — Line 2, “Peristeri” -
“Anthoupoli” interstation.

4

Geological Society of Greece 116

http://epublishing.ekt.gr | e-Publisher: EKT | Downloaded at 08/02/2022 13:49:38 |



http://epublishing.ekt.gr

Geological formation: Crest Limestone

Volume 57
A.12 Massive, karstic, locally intraclastic (17,50 - 17,85 m) limestone.

Borehole: GP2565 — Depth: 11,5 - 18,0 m — Line 4, future “Galatsi” - “Elikonos” interstation

Geological formation: Athens Sandstone-Marl Series

A.13 Thin-bedded, folded, marly limestone.
Borehole: GP1515 — Depth: 42,90 - 50,10 m — Line 4, future “Elikonos” - “Kypseli” interstation.

S
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Geological formation: Upper Athens Schist

Volume 57
A.14 Metasiltstone with folded quartz lenses.

Double-track tunnel (~ 10 m dia.) excavation face — Line 2, “Aghios Antonios” - “Peristeri” interstation.

A.15 Slightly weathered metasandstone.
Station tunnel (~ 18 m dia.) excavation face, side drift — Line 2, “Peristeri” station.
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A.16 Olive green epidote-chlorite schist.

Access tunnel (~ 6 m dia.) excavation face — Line 3, Thivon shaft, “Egaleo” - “Aghia Marina”
interstation.

21112002
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Geological formation: Upper Athens Schist

Microscope images (preparation of thin slices and microscopic analyses by HSGME,

1994)

A.17 Folded muscovite band on top of a quartz rich band
in metasandstone. Note impregnations of oxides /
hydroxides sub-parallel to foliation. “Syntagma” station.

A.18 Thin calcite veins crosscutting quartz lens in
metasandstone. “Syntagma” station. X Nicols, x 25.

X Nicols, x 25.

\f

A.19 Quartz rich and muscovite rich alternating bands in
folded metasandstone. “Syntagma” station. X Nicols, x
25.

A.20 Quartz rich and muscovite rich alternating bands in
metasandstone. “Syntagma” station. X Nicols, x 25.

calcite filled fracture cuts and displaces a euhedral
plagioclase crystal at the centre of the photo. Note oxide /
hydroxide impregnations at the sides of the fracture.
“Larissis Station”. X Nicols, x 25.

A.22 Euhedral opaque crystal (pyrite?) in metasiltstone.
Unknown location. // Nicols, x 25.
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Geological formations: Upper Athens Schist / Lower Athens Schist

A.23 Contact of metasiltstone with quartz lenses of Upper Athens Schist with dark bluish grey siltstone
of Lower Athens Schist.
Borehole: GP2546 — Depth: 15,00 - 24,60 m — Line 4, future “Dikastiria” - “Alexandras” interstation.

e eI, o, = BT R
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A.24 Contact of greyish green metasandstone of Upper Athens Schist (upper part of tunnel face) with
black grey clayey shale of Lower Athens Schist. Note the abundant, white, folded, quartz lenses of the
lower part of shale.

Single-track tunnel (~ 6 m dia.) excavation face — Line 3, “Monastiraki” - “Keramikos” interstation.
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Geological formations: Ultra-basic Rocks / Upper Cretaceous limestone

A.25 Tectonic contact of serpentinite with Upper Cretaceous limestone.
Borehole: BH2451 — Depth: 23,50 - 31,00 m — Line 3, “Korydallos” - “Nikaia” interstation.

12880 70NN 220 A% 2 ARIADZAA SN LNAGEL LSS S 2005t 34

A.26 Tectonic contact of weathered and brecciated serpentinite (top-right) with brecciated Upper Cretaceous limestone
(bottom-left).
Open excavation face at building pit — Line 3, “Maniatika” station.

§ O N <
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Geological formation: Upper Cretaceous Limestone

A.27 Massive, locally Karstic limestone.
Borehole: BP2428 — Depth: 2,80 - 11,30m — Line 3, “Nikaia” - “Maniatika” interstation.

a g e e

A.28 Massive, grey limestone.
Open excavation face at building pit — Line 3, “Maniatika” station.
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Geological formations: Alepovouni Unit (alep) / Ultrabasic Rocks (ub) / Kessariani

Dolomite (kd)

A.29 Light pink marble (alep, 11,0 - 14,4 m), rusty orange listwanite (?) (ub, 14,4 - 22,8 m) and
weathered serpentinite (ub, 22,8 - 24,9 m).

Borehole: YP0138 — Depth: 11,00 - 24,90 m — Future extension of Line 4 to VVyronas and llioupoli.
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A.30 Greyish green, weathered serpentinite (ub, 34,1 - 37,30), white, karstic, coarse crystalline,
dolomitic (?) marble (kd). Karstic voids were filled with dark brown ferrous, calcareous breccia.
Borehole: YP0138 — Depth: 34,10 - 42,70 m — Future extension of Line 4 to VVyronas and llioupoli.
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Abstract

The current investigation concerns the impact observed at natural and human
environment, due to the implementation of the Aposelemis water supply project, as
additional aqueduct of Heraklion and Agios Nikolaos cities, as well as other important
tourist areas, in NE Crete, Greece. Aposelemis project is differentiated from standard

Publication History:

water supply dam projects, through a special component of an underground tunnel that
diverts uphill surface water from Lasithi Plateau into the reservoir. The study concerns
the first years of project’s operation, and focuses at four affected areas, namely the
Lasithi Plateau upland area, dam’s region, river estuary and water supplied cities. The
investigation was based on various site visits, while a significant aspect involves local
stakeholders’ observation, opinion and perception on the environmental impact of the
project in everyday life, through four detailed questionnaires posed to the affected
areas’ population. The recorded consequences were characterized as positive or
negative and evaluated according to their size and importance, estimated for the
current period and also for the future. Among the main positive effects are urban areas’
©2021. The Author L . ) )

drinking water supply and improved upland plateau’s flood water drainage, while
among the negative consequences appear multiple water resources’ impacts and
feelings of downstream lakeside residents. The investigation indicates the initial
environmental impact and sets the basis for further future research towards

sustainability.
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Hepilnyn

H mopovoa  épevvo  apopd TIC vPIOTOUEVES TEPIPOALOVIIKES ETIMTWOELS, TOV
KOTAYpapovIol a0 Quotko Kol ovOpwmoyevés meplforlov, LETd Ty oAokApwaon Tov
Epyov DIpevans Amooeréun ws evioyvan e vOPoIdTHONS TV TOLewv Hparleiov, Ayiov
Nikoldov kou emmiéov TovplaTIKOV TEPLOYWY, oty fopeloavotoliky Kpnty. To épyo
Dopevong Amooeléun 010popomoIEiToL 00 TO TOTIKA EPYO. DOPEVONS PPOYUETMV, eEITiOg
THG VOPOVAIKNG THPAYYAS UETE THS OTOLOG ETIPAVELAKO VEPO 0o T0 Oporédio Aaacifiov
owoyetevetan  atov topuevtipa. H digpedvnon oapopd kvpiwg oto mpoopota Etn
Agrtovpyiog tov avvolov tov épyov (2019 kou Emeita), Kou EMIKEVIPWOVETOL OTIG TPELS
dueoa emnpealopeves meployés: 1o Opomédio AaaiBiov, Thv meEPLOyl TOV PPLAYUATOS KAl
¢ exfoléc Amooeréun. Emmpoobeta, emimléov OlEpedvnon TPAYUOTOTOIEITOL VIO, TIG
TEPIOYES 1] DOPOIOTNGN TWV OTOIWY GHUEPO. EVIGYVETAL OTTO TO PPOYUO KOl Ol OTOLES
emnpealoviar Euuesa amo to Epyo, ue Eupacn otny moln tov Hparxleiov. H digpedvion
Pociotnke e wARBoG emi TOMOV EMICKEWEWYV TOPOTHPNONS TOV TEPLPAALOVTOC TWV
eletalOuevwv TepLoymV. ZNUOVTIKOTOTH OOVEICPOPE. OTOTEAETE 1] OLEPEVVIION THS KOIVIS
PVOUNG, UEOW TECTGPWDY OLOPOPETIKDY EPWTHUOTOAOYIWV, ELOIKA TYEIATUEVDY Y10, KAOE
TEPLOYN UELETNG, TOL OTTOL0 ATEVBOVONKOY GE KOTOIKOVS /KL IPACTHPLOTOIODUEVOVS TWV
mepLoydv avtv. O TEPIPOrLOVIIKES ETITTDTEIS TOV KATAYPAPHKOY, YOPOKTHPIOTHKAY
w¢ Oetikés 1 opvytikég kar alloloynbnkay wg Tpog 1o peyedog kot t onuacio T1ovg, 1060

KOTA TV DPLOTAUEVH TEPIOJO OGO Kol WG UIC EKTIUNGN Y10, TO UEAAOV.

Qg Kvpieg TOPATNPODUEVES BETIKES TEPIPOLAOVTIKES emITTAMTEIS EVTOTIGONKAY 1] EVIEYVON
S VOPOSOTHONG ONUAVTIKDV GOTIKOV TEPLOYWDY, 1] TOYVTEPY OTOCTPEYYLON TWV
TAquuvpikoy vodtwv tov Oporediov Aaoifiov koi 10 véo tomio - VYPOPIOTOTOS THS
Auvye tov ppadyuotos. Mikpotepov peyéfovg Oetikés emmrwaels apopodv e ueiwon
OTOANWEWY DTLOYEIOD VEPOD, TE TOPOUAIUVIES IPATTHPIOTHTES KO TE PEATICOON THS WUXIKNG
VYEIOS TV ETIOKETTAOV. OETIKI] ENITTWON UEYAING EKTYULDUEVHS UEALOVTIKNG onuaciag,
0POPE. TNV ETKEIUEVH OVOSAOULEN TWV DTOIOUDY TOD DPLTTGUEVOD JIKTOOV DOPEVONS THS
woing Hparleion, ue ovoyeti{Oueves SOVNTIKES EMTTWOOEIS TEPL UEIWONS KATOVALWONS
EUPLOADUEVOD VEPOD, COLKOVOUNONS TOPWY TWV VOIKOKUPIWV, feltivoels Ogudtwv
vYyElag KoL TOTIOV, €MG UEIWONS OYKOV QOTIKOV GTEPEDY OATOPANTWY VIO THY EVvola

OTOPPITTOUEVOV TAACTIKDOV PLOADY. XTOV OVTITOO0, (G 0l KOPIES TOPOTHPODUEVES
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OPVNTIKES TEPIPALAOVTIKES EMIMTWOELS TOV EPYOV, EVIOTIGTNKOY 1] UELWTN THE KATOVTH
ETIPAVELOKNS ATOPPONS, 1 OLATOPOYN TPOPOOOTIAS KOTAVTH DTOYELWY DIPOPOPEDY, 1
OVVHTIKI pOTOVGH EVTIOS TOV TOUIEVTHPO. KOL 1] OLAOLWOH TOV TOPAAIUVIOV HIKPOKAIUATOG.
Emmléov vpioTtoUeves opvnTIKES ETITTMOEIS APOPOLY 08 GEUATO. WOYIKNHG VYELOS TWV
KOTOIK®WY TOD KOTAVTH OLKIGUOD, OTHY OTMAELD, EDPOPOY EKTATEWMY KO GTO OLOCKOPTILOUO
TV TPONY KOTOIKWY THS TEPLOYNS TS AEKAVIG KOTGKAVGHG, OE QOTOYIES TPOVAOV THS
VEOG 0000, 0€ O10TOPOYH OVATANPWONS OVAVTH KOPOTIKOV KOl TPOGYOUATIKDV
OpoPdpwv Opomediov, oTig TANUUVPIKES GVVORKES TOV LIKPOD SOPELOOVTIKOD TURUOTOS

Opomediov kai o€ OVVHTIKES ETUTTWOOEIS OTOV DYPOPIOTOTO OTIC EKPOLES.

Q¢ mbovés kalés mpoktikég, mpoteivovial: () 1 VAOTOINGH TPOYPOLUUCTOV
moparoroddnong tov vroéyElon vOATIKOD JvvouiKoy o€ Olapopes Oéoels (kardvin
TOPWIEIS KOL KAPOTIKOL DIPOPOPELS, TOPWOEIS vOpopopelc Opomediov Aaoibiov kol
OVAVTH KOPOTIKA GOOTHUATA), (P) TPAKTIKES PLOGIUNG YeWPYIOS TOGO YL TV TEPLOYH] TOV
ppayrazos 0oo kot yio. 1o Oporédio AaoiBiov, (y) EAEYYOUEVES OPOTTHPLOTHTES AVOWVXNS
KO OIKOTOVPLOLOD UE KOIVWVIKG. KOI OIKOVOUIKG., TPOVOULA Y10, TOV TOTLKO TANBvauo, (9)
Uepyuva. yio. v wopolipvia wepioyn, () epopuoyn AIIE oe eykataotaoels tov Epyov, (o)
kozaption Geouukod mwhoiaiov mpoatasiog 10V vYpofiotonov Amooeléun kot vAomoinon
TPOYPOUUATOS TOPaKoLovOnans, ({) epapuoyn TeYVIKMV TEYVRTOD EUTAOVTIONOD TWV
KOTAVTH DPOAUDPWV DTOYELWV DIPOPOPWV Kol (1) KOTGPTIOH KOl EQPOPUOYH LKOVOD
oYedion SLoYEIPIONS DOATIKWDOV TOPWY UE EUPOOT OTHYV EKTALOEDON TOV KOTOVOADTIKOD
KOWOD ote vo. katovoel v alia Twv DOOTIKOV TOPWY Kol Vo uny oonyeitol oe

Kozaypnon tov mepifolloviikod ayabov.

Aééearg-Kletowa: Dpoyuo.  Amooeléun,  Znpayye  Amoceiéun,  Iepifalloviikés
Emirrwoeig, Kpny

1. INTRODUCTION

Extensive environmental and social impacts have been reported from the construction
and operation of large dams worldwide (Bird and Wallace, 2001). Dam structures often
disrupt various physiochemical and biological processes, and cause water and
associated environmental impacts that have far reaching social and economic
consequences (McCartney, 2009). Different regions are often disproportionally
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affected, which engenders water allocation conflicts (Fung et al., 2019) and a potential
source of social and political instability (Karami and Karami, 2020). Civil society and
environmental groups are often mobilized by dam development’s associated
environmental and social impacts (Gerlak et al., 2020). According to McCartney (2009)
the impact of each dam is unique, depending not only on the structure and the attributes
of local biota but also on climatic and geomorphic conditions.

Dam structures affect both abiotic and biotic environmental variables. As “one of the
most significant human interventions in the hydrological cycle” (McCartney, 2009),
dams affect water resources quantity and quality (Akbarzadeh et al., 2019; Gierszewski
et al., 2020) and also land systems (Rufin et al., 2019) and soil resources, with emphasis
on sedimentation (Ji et al., 2020; Lyu et al., 2020) and impacts on riverbed (Gierszewski
et al., 2020) and coastal environment (Ji et al., 2020). Dam constructions often disturb
various components of river biodiversity (Albert et al., 2021), with reported impacts on
primary production (McCartney, 2009) and fish species (Alho et al., 2015; Fung et al.,
2019; Santos et al., 2020). Alteration of river vegetation communities may subsequently
affect a wide range of mammal and bird species that depend on them (McCartney,
2009). In certain cases, the lack of respect towards environment’s components and
procedures led to catastrophic impacts and negative criticism. During the recent
decades, the global scientific society was considerably concerned about dam projects
(Bird and Wallance, 2001; Beck et al., 2012; Keskinen et al., 2012; Hodbod et al., 2019;
Karami and Karami, 2020). Dam removal and river restoration were investigated in
order to reverse the environmental impacts (Lejon et al., 2009; Beck et al., 2012;
Buckner et al., 2018; Birnie-Gauvin et al., 2020). Sustainability assessment, optimum
construction and management of dams and reservoirs became crucial concepts (Beck et
al., 2012; Chen et al., 2016; Ho and Goethals, 2019; Karami and Karami, 2020; Wilk-
Wozniak et al., 2021).

Dam construction should be considered in order to meet future water demands, however
strongly considering the reduction of their negative impacts (Chen et al., 2016).
Availability of water resources is expected to become vital in the future (Damkjaer and
Taylor, 2017), due to climate change (Mimikou et al., 2000; Ludwig et al., 2011;
Amanambu et al., 2020) and population growth (McDonald et al., 2011; Chen et al.,
2016), in combination with the modern society living.
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Investigations of climate change within the Mediterranean region indicate “an
increasing general shortage of water resources and consequent threats to water
availability” (Ludwig et al., 2011). Focusing on the island of Crete, the quantitative
impact of climate change is expected to be substantial on future water resources status
(Koutroulis et al., 2013). Koutroulis et al. (2013), through the investigation of 24
different climate scenarios for Crete Island, indicated an expected decline in average
water availability from 93% during the period 2000-2050 to a “devastating” 70% for
the next fifty-year period. Therefore, “water resources management should consider
infrastructure and adaptation strategies to mitigate risks of the forecasted deficit”
(Koutroulis et al., 2013). Gikas and Angelakis (2009) investigate potential use of non-
conventional sources in Crete, such as seawater desalination and reclaimed wastewater
reuse. Water supply for Heraklion city remained a vital issue throughout time
(Chalkiadakis, 2012). Water demands are increasing due to rapid population growth
and increasing trend of tourist interest — in 2017, Heraklion city was declared as the
fastest growing tourist destination of Europe (Chifos et al., 2019).

The present study concerns the Aposelemis project, which was implemented to
reinforce the drinking water supply in the cities of Heraklion, Agios Nikolaos and
additional areas important for tourism in NE Crete (Papagrigoriou et al., 2018). The
first proposals for the construction of Aposelemis dam, as an attempt to address
Heraklion city’s water supply issues, are dated back in 1959 (Chalkiadakis, 2012).
Preliminary exploratory studies were conducted in 1972, while the investigation, design
and implementation of the Aposelemis project lasted since 2018 (Chifos et al., 2019).
During the long-term planning and construction period, the initial design of certain parts
was significantly modified, often due to environmental obstacles (Papagrigoriou et al.,
2018). The total Aposelemis project encountered various technical challenges and
difficulties (Kollios and Migirou, 2010; Giitter and Rudigier, 2016; Papagrigoriou et
al., 2018) as well as strong opposition, objections and criticism from the local
communities, that in year 2001 reached an appeal to the European Commission
concerning the project’s environmental impact assessment (Chifos et al., 2019). The
philosophy of the project’s design is based on the transportation of flood and surface
water from Lasithi Plateau, straight into the Aposelemis reservoir through an
underground work (diversion tunnel). Aposelemis project commenced in supplying the

cities in late 2015 (Chifos et al., 2019), while the diversion tunnel was still under
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construction. The project became fully operational in early 2019, when the tunnel began

diverting water into the reservoir.

During the writing of the present, no study covering the recent full operation of the
project (tunnel’s operation and subsequent reservoir filling) has been found, as far as
we are aware. Therefore, the present study aims to cover this literature gap, by
investigating the initially observed environmental impacts of project’s full operation.
The research focused on the four mainly affected areas; Lasithi Plateau, dam’s region,
river estuary and supplied cities. The issue was approached through four carefully
designed questionnaires (different for each area) addressed to local stakeholders —
residents or professionals. Survey topics aimed to record local observation, opinion and

perception on the environmental impact of the project.
2. MATERIALS AND METHODS
2.1 Study area

The Aposelemis project is located in the central-east northern part of the island of Crete
in southern Greece, at Heraklion and Lasithi districts. The Aposelemis dam is located
at approximately 25 km southeast of Heraklion city, in Hersonissos municipality, in
vicinity with the villages Potamies, Sfendyli and Avdou (Fig.1). The Aposelemis River
has a total length of 23 km, flows in a direction SE-NW and discharges into the Cretan
Sea (Voudouris et al., 2007). At a distance of approximately 10 km southeast of the
dam (Chifos et al., 2019), at an elevation of approximately 850 m above msl, lies the
Lasithi Plateau. A complex hydrogeological regime occurs within the wider area.
Various studies conclude that a certain amount of Plateau’s surface runoff (Chavgas
stream), which drains through Chonos sinkhole into karstic formations, after a complex
underground route, is discharged through Kastamonitsa springs, contributing to
Aposelemis river streamflow (Koutsoyiannis et al., 2003; Voudouris et al., 2007).
Downstream of the dam, Aposelemis streamflow infiltrates into karstic formations and

contributes significantly to the recharge of aquifer systems (VVoudouris et al., 2007).

Regions of great ecological importance are located in the project’s wider area. Lasithi
Plateau constitutes a protected area Natura 2000 (Papagrigoriou et al., 2018). The

important character of Gonies Gorge’s bird area, led to the underground diversion
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tunnel construction, as a significant modification of project’s initial design
(Papagrigoriou et al., 2018). River Aposelemis estuary consists an important wetland,
which accommodates various flora and fauna species, and is characterized as a
Permanent Wildlife Shelter Area (WWF Hellas, 2008). During the two recent years of
observation (2019-2020), high precipitation rates were recorded at the area of eastern
Crete. In contrast, the previous winters (2016-2017) were unusually dry (Chifos et al.,
2019).

2.2. Aposelemis water supply project

The Aposelemis dam has a maximum height of 61 m and consists of a reservoir’s
impounding of approximately 25.3 million m® (Papagrigoriou et al., 2018). A special
component of the project is the complex of Lasithi Plateau diversion works, with
emphasis on the tunnel of approximately 3.4 km length (Papagrigoriou et al., 2018) and
an inclination of approximately 15% (Giitter and Rudigier, 2016). The total Aposelemis
project also includes a new road section, a protective embankment of a byzantine
church, a lakeside road, a complete water treatment plant, and also various pipe
networks, tanks and pumping stations, forming two major aqueducts (Papagrigoriou et
al., 2018) (Fig.1).

Since the first operation of the diversion tunnel in early 2019, the reservoir fills rapidly
during certain winter periods, due to the large amounts of plateau’s flood water
impounded. For security reasons, when the reservoir reaches the upper limit, controlled
procedures of dam’s overflow take place, and certain amounts of water are led to the

immediate downstream riverbed area.

2.3 Data Collection

During the study, many site visits took place, in order to observe the environment and
obtain information based on random interviews with local citizens, focused on the

environmental impact.

Collected data and field information resulted in the design of four different detailed

questionnaires, administered to the population of the four corresponding areas.
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Fig. 1: The Aposelemis water supply project, within the wide area of central-east
northern part of Crete. Base map Source Google Earth Pro (2020). The figure illustrates
the Aposelemis dam and reservoir, the diversion tunnel, and also the extensive network
of the project’s aqueducts. Informative photographs of the area and the project are also
presented.

Considering the great differentiation in project’s implications among the four areas, the
design of the questionnaires was not a straightforward procedure. As Root-Bernstein et
al. (2020) noted, “questionnaires are difficult to write so that questions are
unambiguous and are always understood in the way intended”. The questionnaires
consist of a two-page multiple choice format of an average of 30 questions each and are
available as Electronic Supplementary Material, in English. The multiple-choice format
was chosen in order to quantify the results and facilitate data analysis. Multiple choice

potential answers were based on information, opinions and phrases derived from locals
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during the initial site research. The four questionnaires were differentiated according to
each area’s special characteristics, implications, perceptions and requirements. Given
the various oppositions on project’s implementation from local communities in the past
(Chifos et al., 2019), past opinion and today perceptions were crucial. Questionnaires’

matrix framework is presented in Fig. 2.

The main selection criterion for the sample participants was having experienced the
study areas since before the project’s implementation. The sample collected aimed to
cover both genders, and also a range of ages, educational and professional levels. All

participants were informed that the survey was voluntary and anonymous.

The survey was conducted during the spring of 2020 and was greatly affected by the
distancing and transport restrictions applied by the Greek government, as prevention
measures against COVID19 pandemic. The scheduled procedure of collecting
questionnaires in situ was evidently replaced by indirect methods (telephone interviews,
emails etc.) and the “snowball approach” was implemented. Within the majority of the
cases, questionnaire completion took the form of a semi-structured interview. In total,
ninety (90) questionnaires were collected. Other methods, such as the Delphi method
(Manoliadis et al., 2006), which uses questionnaires only for a group of experts, could
not be applied at the study area due to the fact that experts with knowledge about the
newly developed post construction conditions at the four different investigated areas

could not be identified.

The difficult conditions of social distancing measures coupled with study’s time
constraints led to the moderate coverage of 90 participants. Regarding the interview
character of many questionnaire acquirements, in addition to the preliminary qualitative
data obtained through random interviews during the first survey period, it is estimated
that the investigated issue has been satisfactorily assessed. According to Guest et al.
(2006) thematic saturation is possible to occur within the first twelve interviews, while
Boyer et al. (2019) noted that “a sample of 812 interviews of a homogeneous group is

all that is needed to reach saturation”.
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Fig. 2: Questionnaire’s matrix framework.
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3. RESULTS AND DISCUSSION
3.1. Field Research Results
3.1.1. Lasithi Plateau

The diversion works are mainly located at Plateau’s NW part (Fig. 3), causing only
partial landscape disturbance. Flood occurrence in the plateau is frequent during winter
time (Fig. S11, Fig.S12; see supplement section). Aposelemis project, with emphasis
on the diversion tunnel, is used for Plateau’s flood water drainage. The diversion tunnel
operates during certain periods of time and year, in association with weather conditions
and reservoir water level. Water discharge into Chonos sinkhole may be either banned

or allowed.

From mid-spring to mid-autumn, intense agricultural activities take place at Lasithi
Plateau. Agricultural pollution affects soil and water resources, both on surface and
underground (Papagrigoriou et al., 2018). Irrigation needs are primarily covered by
groundwater pumping of wells, which cease providing water during the mid-summer
period, due to alluvial aquifer’s over-pumping. Two artificial reservoirs (Fig. S10, Fig.
S18; see supplement section) have been constructed to cover irrigation needs, as
project’s compensation measure (Papagrigoriou et al., 2018). Local citizens observe
faster plateau’s flood water drainage due to tunnel’s operation. During the recent
agricultural period (2019), certain participants observed lower groundwater level and
diminished pumping duration period than the previous years, in certain wells of the
Plateau (Fig. 4).

3.1.2. Aposelemis dam area

The former landscape has been widely altered by the project. Where once were
Aposelemis valley, cultivated land and olive trees, Sfendyli village (Fig. S5-S8; see
supplement section) and the road section of Heraklion — Lasithi Plateau, today lies the

dam’s lake (Fig. 5). Sfendyli’s inhabitants have been scattered, since the organized

community resettlement never took place (Chifos et al., 2019).
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A new wetland has been created, attracting species that previously did not exist in the
area. Lake’s water volume leads to higher humidity levels, and consequently to the

formation of a new microclimate.

11/01/2020 p—

Supply reserveiri
(tunnel’s entrance)

11/01/2020

4
GoogleEanths

Fig. 3: Aposelemis water supply project diversion works at the NW part of Lasithi
Plateau. Base map Source Google Earth Pro (2019).
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Fig. 4: Answers to Questions No.17a, 17d, 18 & 22 of Lasithi Plateau Questionnaire.
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The main characteristic during the recent winters (2019 and 2020), concerns the rapid
reservoir filling and the subsequent procedures of controlled dam’s overflow, for
security reasons. During recent summer periods, the reservoir maintains sufficient water
volume, despite certain amounts extracted for water supply purposes and lost due to
high evaporation rates. Under fine weather conditions, few recreational activities may
take place at the lakeside area. On August 2019, the first lakeside running road race was
organized by the local communities. Immediate downstream lakeside residents of
Potamies village observe intense alteration of former daily activities. Living near the
dam increases insecurity (Fig. 6), while during cases of emergency overflow,
inhabitants of Potamies village feel anxious, stressed and afraid. Corresponding dam
failure studies (Tsakiris et al., 2010) have concerned the residents in the past.

Locals are concerned about lake’s water quality, due to potential agricultural or other
pollution, enhanced by a dead fish incident in August of 2019. Nevertheless, the latter
does not indicate pollution according to the corresponding study (OAK S.A., 2019).
Within the immediate downstream area, groundwater resources quantity degradation is
observed, referring to lower groundwater level and cases of completely dry wells (Fig.
6).

Formersfendylivillage (11/01/2020)
B

x ™~
i Protective embankmept of~
Ag:Cofstantinosd

Slope stability i
the new road section

New fauna species (23/01/20)

(31/05/2020) _ B+ 0/05/2020)

Fig. 5: Aposelemis dam and reservoir region.
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Fig. 6: Answers to Questions No.10, 14, 19 & 21 of Dam’s Region Questionnaire. The
answers presented concern mainly the immediate downstream village of Potamies.

3.1.3. Aposelemis river estuary and wetland

River estuary is located at a distance of approximately 11.5 km NNW of Aposelemis
dam, and consists a wetland of great ecological importance (WWF Hellas, 2008).
However, due to certain disturbance behaviours and absence of ecological protection,
the wetland suffers from degradation throughout time (Malakou and Catsadorakis,
1992; Legakis et al., 1993; The Greek Ombudsman, 2016). According to Papagrigoriou
et al. (2018), the establishment of the protection law framework for the wetland is
pending for years. Project’s design obtains an environmental flow of unrefined reservoir
water (15 L s?) straight into Aposelemis wetland at the estuary, in order to sustain
freshwater and estuarine ecosystems as well as the human livelihoods (Papagrigoriou
et al., 2018). Also, a wetland monitoring program consists part of the organization’s
duties (Papagrigoriou et al., 2018). The landscape depends greatly on season and
weather conditions. The river may be observed as disconnected by the sea (Fig. a), with
brackish characteristics, while occasionally surface sea inflow can be detected.
Posterior to intense rainfall events, flood conditions within the riverbed and outflow to
the sea, may occur. Streamflow at the estuary was observed in great width and volume
during the recent procedures of dam’s-controlled overflow upstream (Fig. b). The dry
hydrological period coincides with region’s tourist season. Various accommodation
complexes exist at the area, while occasional constructions have affected the coastal

front (Papagrigoriou et al., 2018). Uncontrolled tourist activities (i.e., sand dunes
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vehicle disturbance, solid waste pollution etc.) often disturb and degrade the natural
environment. Because of the intense human activities and constructions within the
estuary’s wider area, as well as due to the upstream flow infiltration into karstic
formations (Voudouris et al., 2007), the project’s impact cannot be easily detected.
Since the construction of the dam upstream, approximately six years before our survey,
certain participants observe reduced streamflow, wetland’s flora and fauna alteration
(Fig. ) and relatively reduced coast width at the river estuary. For the past decades,
groundwater resources of the wider downstream area suffer from seawater intrusion
(YPEN, 2017a). Locals observed increased brackish characteristics and lower
groundwater level in wells, during the last six years. However, groundwater quality and
quantity were observed to be relatively improved during recent years 2019 and 2020

(Fig.).

Fig. 7: Aposelemis estuary. (a) Surface flow discontinuity between the river and the
sea, and (b) river outflow during recent dam’s controlled overflow (11/01/2020).
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Fig. 8: Answers to Questions No.4a, 4c, 4d & 5 of River Estuary Area Questionnaire.
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The survey focused on Heraklion city, due to recorded water supply issues

3.1.4. Cities of water supply

(Chalkiadakis, 2012). Diminished water quantity and quality characteristics are also
caused due to city’s old and insufficient water supply network. According to Tsakiris
et al. (2015) approximately 42% of the total inflows are recorded as losses in the entire
municipal water supply and distribution system, mainly due to inadequate metering
practices and distribution network’s ageing parts. The conditions lead to extensive
bottled water consumption, while water for domestic use is often pumped from the city
network and stored in tanks on the building tops. The research concludes that during
past years (up to 2018), the city suffered from intense water supply quantity and quality
problems, while interruption events were not infrequent. However, during recent years
(2019-2020), quantity and quality of water supply appear to have improved, and an
increasing improvement trend throughout time is observed according to citizens’
perception (Fig. 9). Participants estimate that Aposelemis project poses a positive
influence on city’s activities, and declare great interest in supply network’s

improvement.

3.2. Environmental impact

Co-evaluation of all collected data led to the detection of the environmental impact
observed today at natural and human environment, due to the Aposelemis water supply
project. Environmental impacts are characterized as positive or negative, and are
evaluated according to their size and importance, estimated for the current period and
also for the future (Table 1 & Table 2). Current environmental impacts are directly
correlated with the high precipitation rates over the recent reported years (2019 — 2020).

3.2.1. Positive environmental impacts

e High-quality water supplies today several urban areas, with emphasis on Heraklion
city (DEYAH, 2019). The impact is expected to emerge in a significantly greater
size in the future, after the upcoming improvement of city’s supply network, which

is further instructed by the high-quality water provided. As secondary impacts of

the above are expected the following:
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o reduction of bottled water consumption
o saving of household resources (i.e., expenses on bottled water purchase,
electricity required for pumping)

o improvement in citizens’ health, related to water-network quality

Did water supply quantity problems exist in Did water supply quality problems exist in your
your region? region?
100% I: 100%

B0% BO%

60% — | 60%
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m T T 1 m T T 1
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Fig. 9: Answers to Questions No.5a-5d, 6a-6d & 7a-7d of Water Supplied Cities
Questionnaire. The answers presented concern mainly Heraklion city. The results are
presented in groups for optimum apprehension.

o improvement of the urban landscape, by removing no longer needed
storage tanks from building tops
o reduction of municipal solid waste, in the form of discarded plastic bottles.
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e Tunnel’s intensive operation during emergencies, improved flood water drainage
in Lasithi Plateau, with subsequent improvements concerning security and
facilitation of certain agricultural activities (i.e., livestock etc.). The reported flood
water drainage improvement is compatible with the national flood risk management
plan (YPEN, 2017b).

e A new wetland has been created at the dam’s lake. Apart from the ecological
importance, lake’s landscape is appreciated by many visitors, affecting positively
their mental health and inspiring art production (i.e., photographic capture etc.),
while few recreational activities take place (i.e., the organized running race).

e Dam’s water availability has a positive effect on reducing groundwater pumping.
The impact is just starting being slightly observed, and is expected to acquire a
greater size in the future. It concerns aquifers at various locations that used to
provide water for the cities. According to Tsakiris et al. (2015), a number of
aquifers providing water supply for Heraklion city have exhibited qualitative or
quantitative problems, which emphasizes the need of water withdrawal reductions
towards groundwater resources sustainability. Potential pumping reduction

concerns also island’s karstic aquifers of bottled water extraction.
3.2.2. Negative environmental impacts

e Surface flow downstream has been significantly reduced, as a common
consequence of damming a river (McCartney, 2009). However, during dam’s
overflow emergency procedures, large amounts of water were led to the immediate
downstream riverbed area.

e Groundwater resources of three distinct areas are affected:

o Downstream aquifers are affected due to their supply connection with the
diminished adjacent surface runoff. Subsequent secondary impacts concern the
disturbance of certain agricultural activities downstream (i.e. reduced water
availability in irrigation wells).

o Sinkhole isolation work in Plateau possibly disturbs formerly supplied Kkarstic
aquifers, expected at various regions of the wider area (VVoudouris et al., 2007).
During recent years, certain amounts of water were discharged into Chonos
sinkhole, despite tunnel’s intensive operation. The impact has not been fully
observed today, but is expected crucial during future dry hydrological years.
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o Plateau’s alluvial aquifers’ recharge may be disturbed due to the faster drainage.
Flood water previously remained longer, recharging the aquifers for greater time.
During summer 2019, reduced water quantity was observed in certain wells of

south and east regions.

e A new microclimate has emerged at reservoir’s region. The new lake increases
humidity levels and welcomes insects’ populations. Subsequently, related health
disturbance in certain cases of lakeside residents is observed.

o Water diverted through the tunnel into the reservoir may carry agricultural pollution
load. As a prevention measure, tunnel’s operation is avoided during autumn period
(Papagrigoriou et al., 2018). The impact is also based on recorded local opinion and
perception.

e The dam increases insecurity among lakeside residents of the immediate
downstream village. The impact acquires greater size during the cases of
emergency, when many inhabitants of Potamies village express feelings of anxiety,
stress and fear.

o Flooded Sfendyli village led to a community resettlement as a consequence of a
dam structure (Piggott-McKellar et al., 2020). Sfendyli residents, although
economically compensated, were finally scattered, and their organized relocation
never took place (Chifos et al., 2019).

e The former ecosystem of the dam region has been greatly altered. Cultivated land
and olive grove fields, “famous for high-quality olive oil” (Chifos et al., 2019) have
been submerged.

e The loss of family acquisitions expropriated by the project often creates feelings of
sadness or melancholy. As Boyer et al. (2019) noted, people often show a strong
emotional attachment to the environment they live in.

e Project’s constructions affected soil / rock resources of certain regions.

o Slope stability issues emerged at the new road section, with emphasis on a landslide

event (in spring 2020) that led to traffic interruption for over a month.

o Slope stability issues were observed at the lakeside area after lake’s first filling
(Papagrigoriou et al., 2018). A major landslide emerged on spillway’s slope
(winter 2015) (Papagrigoriou et al., 2018).

o Anunderground karst cavity system was disturbed during the construction of the

tunnel (July 2016) (Giitter and Rudigier, 2016).
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e Downstream sedimentation disturbance is a common consequence of dam
constructions (McCartney, 2009; Ji et al., 2020; Lyu et al., 2020). The impact is
based on certain locals’ observations of coastal width reduction at river estuary. It
is a cumulative impact, due to additional disturbance caused by coastal
constructions in the wide area, and cannot be straightly attributed to the project
alone.

e In certain regions, the constructions affect the landscape (e.g., at tunnel’s exit).

e At the NW part of Plateau, in vicinity to the sinkhole isolation work, persistent

flood incidents occur. The impact is estimated of a small size and importance.
3.3. Proposed measures and good practices towards sustainability
Recommendation for Lasithi Plateau and upland area:

e Implementation of groundwater observation programs on both the alluvial and
karstic aquifer, in order to monitor possible effects and apply adequate prevention
and mitigation measures for groundwater resources protection. Malago et al. (2016)
developed a simulation karst-flow model for the island of Crete, as a methodology
and a tool for the integrated management, conservation, preservation and
sustainability of karst water resources of the area.

e Sustainable agricultural techniques, allowing to reduce production inputs,
especially irrigation water and fertilizers (Provenzano et al., 2013). Certain promote
policies are mandatory to ensure farmers’ adoption (Bechini et al., 2020).
Optimization of fertilizer usage may affect positively reservoir’s water quality,
leading to subsequent reduction in treatment costs, water price and CO, emissions
(Kandris et al., 2019).
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Table 1. Observed environmental impacts of Aposelemis water supply project, on

Natural variables.

© Current Future
o e . Period Estimation
— o < [
% : - 8 | g 8 8
g g Impact’s Description § E @ § @ é
& < © 2 a8 2 3
o E E
_ Lasithi Plateau’s flood water drainage P + H H H H
[
g Reduction of the surface runoff downstream DS - M M/H M M/H
[<5)
é Agricultural pollution transport into the reservoir D - M M M M
>
w
Flood conditions at NW part of Lasithi Plateau P - L L L L
= Disturbance of groundwater supply downstream DS - M/H M H H
[}
g Disturbance of upland karstic aquifers’ supply U - L L/M H H
©
% Disturbance of Plateau’s alluvial aquifers’ recharge P - L L M M
o
Reduction of groundwater pumping G + L L H H
Disturbance of sedimentation downstream DS - L L H
)
é 8 | New alignment’s slope stability issues D - L M L M
>
- O
'cc,?:) g Lakeside area’s slope stability issues D - L* L* L* L*
Disturbance of underground karstic cave U - L* L* L* L*
g New landscape of dam’s lake D + H H H H
(]
é Landscape disturbance at technical works’ areas P, D - L L L L
P
o
[+
= | Improvement of urban landscape C + L* L* M | LM
Climate | Alteration of lakeside area’s microclimate D - M M M M
c Wetland’s supply disturbance E - L L M/H M/H
[
r>,~ Formation of new wetland at the dam’s lake D + H H H H
o
(&)
w Alteration of dam’s area former habitat D - H L H L
General | Municipal solid waste reduction G + L L H H
Reference Area: C Cities, D Dam’s region, DS Downstream area, E Estuary, G General, P
Lasithi Plateau, U Upland area.
Character: [+] Positive. [-] Negative.
Size / Importance: H High, M Medium, L Low, [*] Not currently observed. Potential future
impact.
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Table 2. Observed environmental impacts of Aposelemis water supply project, on

Human variables.

© Current Future
o e = Period Estimation
S E i e @ @
Q
E § Impact’s Description § E o é o é
5 £ &) 7 s 7 S
@ E E
2 Water supply for several urban areas C + H H H H
@
= Improvement of network in the city of Heraklion C + L L H H
S
2 Household resources saving C + L L L/M L/M
IS
% Tourist activities facilitation C + L L H H
(&)
u; Sfendyli former inhabitants displacement D - L L L L
'S
b Improved flood security in Lasithi Plateau P + H M H M
Lakeside residents disturbance due to new
— . - - N D - M L M L
S < | microclimate characteristics (humidity, insects etc)
23
& T | Improvement of citizens’ health related to water- c + L L L L
network quality
£ Increasing insecurity, anxiety and fear of immediate D ) H L M/H L
< downstream lakeside residents
T
= Sadness of former owners’ loss D - L L L L
<
[5) > e
s Lake’s lan(_is_cape affects positively the mental D + L L L L
health of visitors
New lakeside activities D + L L M/H | M/H
(%]
& | Cultivated area loss D - H L L L
o
§ Agricultural activities in the downstream area DS - M L M L
Agricultural activities in Lasithi Plateau P + L L L L

Reference Area: C Cities, D Dam’s region, DS Downstream area, P Lasithi Plateau.

Character: [+] Positive. [-] Negative.
Size / Importance: H High, M Medium, L Low.

In dam’s region, the sustainable development of the reservoir is very important (Ho and

Goethals, 2019). Sustainability goals combine environmental quality with socio-

economic improvements. The recommendations include:
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e Ecotourism and organized leisure activities near the lake, that respect the
environment while involving and providing economic benefits to the local
community, according to UNESCO principles (Idajati and Widiyahwati, 2018).

o Application of sustainable energy projects, such as a small hydro turbine at the end
of the diversion tunnel (Nikolaou et al., 2017) and photovoltaic systems on existing
infrastructures (OAK S.A., 2018).

¢ Implementation of wastewater treatment plant, removal of certain materials within
the reservoir area, and slope stability measures implementation. As Wilk-WozZniak
et al. (2021) noted, “keeping the catchment tidy and unpolluted is the basic
recommendation for managing of dam reservoirs”.

e Proper administrative policies in order to facilitate lakeside residents’ everyday life

and reduce any negative feelings.
Recommendation for the downstream area, river estuary and wetland:

e The establishment of the pending protection law framework for Aposelemis wetland
(Papagrigoriou et al., 2018) is crucial for its preservation and sustainability.

e The anticipated wetland observation program, a duty of project’s organization
(Papagrigoriou et al., 2018), may indicate additional protection measures concerning
the downstream ecological water flow and sedimentation. As Albert et al. (2021) noted,
“conservation actions are most effective when they are implemented with full
recognition of the genuine fragility of ecosystems”.

e Due to the degraded groundwater characteristics —seawater intrusion— of the wide area,
protection and mitigation measures should be applied. Basic recommendations concern
the implementation of groundwater observation programs, the application of a complete

water management plan, which can be combined with artificial recharge techniques.
Recommendation for the cities of water supply:
e Implementation of actions that complete project’s scope, such as the supply network

improvement of Heraklion city, and pending constructions for the supply of tourist areas

in Lasithi district.
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e Effective management of freshwater resources, as one of humanity’s highest priorities
(Albert et al., 2021), with emphasis on policies that inform and educate citizens in order

to raise consumption awareness and promote water resources sustainability.
4. CONCLUSIONS

As “subsidy restoration may require a different set of actions from simply reversing the
pathway of degradation” (Buckner et al., 2018), the observation of environmental
impacts is crucial even from the initial time period of a human project’s operation. On
this basis, the current investigation concerns environmental impacts due to Aposelemis

water supply project, observed during the first years of its full operation.

Among the observed positive effects are urban areas’ water supply and improved
Lasithi Plateau flood drainage, while among the negative consequences appear water
resources impact and feelings of downstream lakeside residents. The recorded
environmental impact is directly correlated with the high precipitation rates of the
investigated period. In case of future changes, the environmental impact should be
reevaluated. Certain environmental effects are not fully observed, and the current
reference period may be premature for the full evaluation. The investigation indicates

project’s initial environmental impact and sets the main axes for further future research.
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