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Abstract

Abstract

This Ph.D. aims to shed light upon the interaction between the tectonic movements and
the paleoenvironmental changes. The goal is to determine the tectonic uplift and the
significance of the regional uplift at the Corinth isthmus, to estimate the slip rate of the
Kalamaki-Isthmia fault and reconstruct the paleoenvironment and the paleogeography
of the study area following a multidisciplinary approach.

In the tectonically active region of Corinth Isthmus the paleoenvironment and
paleogeography has been studied mainly through detailed field mapping, surface
observations and data obtained from 11 borehole cores up to 70 m deep. The interplay
between the glacioeustatic sea level changes and the active tectonics resulted into a
complicated paleoenvironmental pattern and stratigraphic structure. As a result, a multi
proxy analysis have been followed that incorporates paleoenvironmental and
micropaleontological studies (foraminifera, nannofossils), magnetic susceptibility,

absolute dating techniques (U/Th, luminescence), borehole and surface data, geological

mapping.

Quantitative analysis of foraminiferal fauna assemblages (355 in total) extracted both
from surface outcrops and 8 borehole cores were employed to describe the
paleoenvironment and the regional paleodepth estimation. Three indexes have been
used to accurately describe the paleoenvironmetal conditions in the examined samples
and in particular the foraminifer’s density (FD), the percentage of the broken/weathered
specimens in each sample (BR ratio) and the relationship between small sized and
large Ammonia spp. (A-ratio). Magnetic Susceptibility measurements, extracted only
from the borehole cores, were also used as an independent methodology to describe
the alternations in the sedimentary sequences, while the results were correlated with

the findings deprived from foraminiferal analyses.

To determine the age of the sediments three different techniques were employed. Coral

dating and luminescence dating techniques were used for absolute dating and



Abstract

calcareous nannofossils assemblages for relevant dating, with the latter offering a
higher reliability.

Based on the data obtained both from the borehole sequences and the examined
surface outcrops that have been successfully correlated, a 3-D spatial and temporal
distribution of the sediments at the eastern part of the Canal has been described.

Furthermore, based on the ages supported by the nannofossils assemblages and the
glacioeustatic sea level curve, the uplift rate of the Eastern part of the Corinth Isthmus
has been re-interpreted following an independent approach compared to existing
published rates. It is interesting that even though a different approach than previous
researchers have followed, approximately the same results have been proposed adding
credibility to the existing uplift rates.

The most important active fault that crosses the Corinth Canal has been studied in
detail. Also in the basis of the ages proposed both from previous corals data and
through nannofossils assemblages, the fault’s activity has been estimated verifying a
relatively low slip-rate but active fault. Based on the slip rates of the major faults which
influence the area; a model has been developed describing the significance of each
fault and the influence of the regional uplift to the total uplift rate of the study area,
where a regional uplift of approximately 0.34+0.04 mm/yr is required in order to explain

the stratigraphy of the boreholes and the paleoenvironmental pattern.

Finally, based on age constraints provided by nannofossils assemblages correlated with
the glacioeustatic sea level changes and the uplift rate of the area, the paleogeography
at the eastern part of the Corinth Isthmus during Pleistocene has been reconstructed,
from MIS 9 (~330 ka) till the present day.

Key words: Paleoenvironment, Paleogeography, Benthic foraminifera, Calcareous

nannofossils, Active faults



MepiAnyn

H tapouca diatpifry €xel oav QVTIKEIMEVO WEAETNG TNV OAANAETTIOpaon MPETALU Twv
TEKTOVIKWV KIVACEWV KAl TwV TTAAAIOTTEPIBAANOVTIKWY evaAAaywv og pia Teploxn. O
OKOTTOG TNG €pYaCiag €ival n PEAETN TOU pUBPOU TEKTOVIKNG avUWwOong oTnv TTEPIOXN
MEAETNG, TOU puBpou oAioBnong Tou priypartog Kalapakiou-loBpiwy, KaBwg Kal n JEAETN
KAl AQVOKOTAOKEUN TOU TTOAQIOTTEPIBAAAOVTOG Kal TNG TTAAAIOYEWYPAQiag oTov IoBuo g

KopivBou.

H tepioxn €peuvag gival n evepyn TEKTOVIKA TTEPIOXA TNG KopivBou Kal Kupiwg n TTepIoxn
TOU 1080V, 6TToU PHEAETABNKE PNECW AETTTOPEPOUG XaPTOYPAPNONG TNG TTEPIOXNG, KABWG
Kal dedouévwy atrd 11 Tupriveg yewTphoewv BdBoug péxpr 70 u. H €évrovn
OAANAETTIOpOON PETALU TWV TEKTOVIKWYV OIAOIKACIWY KAl TWV CUVEXOHEVWYV WETARBOAWYV
NG O0TAOPNG TNG BAAacoag odriynoe o€ éva TTOAUTTAOKO TTOAQIOTTEPIBAAAOVTIKO POVTEAO.
MNa TNV KaAUTEPN Kal TTANPEOTEPN avAAuon Twv OedoPEVWY, agloTToINONKAY BIAQOPIKES

peEBodOoAoYiEG.

H avadAuon Twv CUYKEVTPWOEWYV TNG MIKPO TTaVidag TOOO aTTO ETMIPAVEIOKA OEiyhaTa 000
Kal atrd TOUG TTUPNAVES YEWTPNOEWV NATaV N PaCIKr peBodoAoyia TTou XpnoIuoTroInbnKe
yla TNV TTEPIypa®r] Tou TTAAAIOTTEPIBAAAOVTOG. TPEIC BEIKTEG XpNOIKOTTOINBNKAV yia TV
aKPIBEOTEPN TTEPIYPAPA TOU TTAAQIOTTEPIBAAAOVTOG KOl TTIO CUYKEKPIUEVA N TTUKVOTNTA
TWV TpnPaTo@opwy (FD), T0 TTOCOO0TO TWV CTTACHUEVWY / PBAPUEVWY TPNHATOPOPWY OE
K@Be deiypa (BR) kai oxéon PeETALU PIKpOU Kal peyadAou peyéBoug Ammonia spp. (A-
ratio). MapdAAnAa, PETPABNKE N HAYVNTIKR ETTIOEKTIKOTNTA OTIC YEWTPAOEIC KAl EYIVE
OUOoXETION  TWV  TTAPOTNPOUMEVWY  evaAAaywv  PE  TIC  METAPOAEC  TOu

TTaAaioTrePIBGAAOVTOG.

lMNa 1OV XPOVOAOYIKO TTPOCBIOPICKO TNG ICNUATOYEVEONG XPENOIMOTTOINONKAV TPEIG
OIAPOPETIKEG TEXVIKEG. [N TOV ATTOAUTO TTPOCBIOPIOUO TNG NAIKIAG €yIveE XPOVOAOGYNon
KOPaAAIWV TTOU BpéBnkav oTa Oeiyyata Twv YEWTPAOEWV KABWG Kal PECW TG
QwTtaulyelag Twv INUaTwy. O OXETIKOS TTPOadIoPIoHOS TNG NAIKIAS Twv ICNUATWY EYIVE
MEOW TNG BlooTpwPaTOYPAPIaS KABWS avaAubnkav deiyuaTa wg TTPOG TO TTEPIEXOMEVO



Hepiinyny

Toug o€ vavvo ammoAiBwpata. H Ttedeutaia peBodoloyia TTapeixe Ta 1O AgIOTIOTA

atroteAéopara.

Me Bdon T1a dedopéva TToUu TTPOEKUWAV TOOO OTTO TNV AVAAUCH TWV ETTIQAVEIOKWY
0edopEVWY 000 Kal Ta dedopéva aTrd TIG YEWTPNOEIG, EYIVE N TPIOBIACTATN XWPEIKN KAl

XPOVIKA KATAVOMI TWV ICNUATWY OTO avaToAIKO TURUa TnG Alwpuyag.

EmimmAéov, pe BAon TIG EKTIMWHEVEG NAIKIEG £yIVE O ETTAVATTPOCDIOPICUOG TOU PUBPOU TNG
aviywong Tou avatoAlkoUu TuRuatog Tou 108uou g KopivBou. Eival evdia@épov 1o
YEYOVOG TTWG TTAPOAO TTOU €xel akoAouBnBei pia SIa@OPETIKY TTPOCEYYION OE OXEon WE
TTPONYOUNEVEG €PEUVEG, TTPOKUTITOUV TTEPITTOU Ta idI1a aTTOTEAEOUATA, ETTIBERAILLVOVTAG

TOUG TTPOTEIVOPEVOUG PUBPOUG aviWwong atrd TTPONYOUUEVEG UEAETEG.

MeAeTOnNKe PEOW AETTTOMEPOUG XapToypdenong 1o pryda Kahapdkl — ‘loBuia 1o
ONMAVTIKOTEPO €VEPYO PAYMA TTOU TEPVEI TO KavAAl Tou IoBuou Tng KopivBou. Me Bdon
TIG NAIKIEG TTOU TTpOTEIVOVTAI OTTO TNV TTapouca dIatpIPr, EKTINABNKE n dpacTnEIdTNTA
TOU PriYMaTOG, €TMRBERaILOVOVTAG évav OXETIKA XaUNAG puBud oAicBnong evog katd dAAa
evepyou prRyparog. Me Bdon Tnv avdAuon Tng E€Tidpaong Twv ONPAVTIKOTEPWV
PNYMATWY TTOU €TTNPEAlouv TNV TTEPIOXN, ETTIBEBAILOVETAI N oNPaACia TNG YEVIKOTEPNG

TEKTOVIKAG avUWwaong TNG TTEPIOXNAG.

Me Bdon TOv OXETIKO TTPOCSIOPICHO TNG NAIKIAG Twv ICNPATWY KAl TIC €UCTOTIKEG
METABOAEG TNG OTABUNG TNG BAAacoag Kal Tnv TEKTOVIKH aviywaon Tng TTEPIOXNG,
TTPOOBIOPIOTNKE N TTOAQIOYEWYPOQIa OTO AVATOAIKO TuRAua Tou loBuou Tng KopivBou

Katd 10 TeTaPTOYEVEG, ME Euacn Kupiwg ammd MIS 9 (~ 400 ka ) péxpl oAuEPQ.

Aégeig kAa1dia: MalaiotrepiBaAAov, Malaloyewypagia, BevBovikd Tpnuato@dpa,

AoBeoToAIBIKG vavoTTAaykTov, Evepyd priyyuara.
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Introduction

1 Introduction

1.1 Introduction

The morphology of the coastal areas is constantly influenced mainly by three major
processes (e.g. Emery & Myers, 1994; Nichols, 1999). The first process is tectonic
activity, the second is glacioeustatic sea-level changes and the third is sediments’
accumulation and/or erosion at the coastal areas. Additional processes may also apply
locally (e.g. sea currents) but are considered of secondary importance. The interplay of
these three processes results into the constant shifting of the coastline either seawards

(regression) or landwards (transgression).

Seawards movement of the coastline (regression, Fig. 1-1) is caused either by
sediments accumulation, relative sea level fall or tectonic uplift of the coastal area
(forced regression) (e.g. Collier, 1990). Relative sea level rise will force the coastline to
move landwards (transgression) (e.g. Nagendra et al., 2011; Scarponi et al., 2014).
These changes to the shoreline cause different sedimentary patterns which can be
preserved in the vertical stacking of strata as changes in facies going up through a
succession (e.g. Amorosi et al., 2014a; Nichols, 1999). A deepening upwards pattern is
described as a transgression succession (e.g. Collier, 1990; Emery and Myers, 1996;
Nichols, 1999; Scarponi et al., 2014), while the opposite pattern is described as a

regression sequence.

Sequence stratigraphy of the sediments is based on the identification of specific strata
stacking patterns and characterization of bounding surfaces (Amorosi et al., 2014b).
The identification of these depositional trends can be relatively difficult within a borehole
sequence considering the lack of geometric constraints and scarcity of sedimentary
structures. In such cases the description of the fossil organisms preserved in the core
can be used to describe the paleoenvironmental alternations within the core and
through them stratigraphical interpretation of the sediments (e.g. Amorosi et al., 2014a,
b).

13
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Furthermore, data on fault activity and slip-rates can be extracted from
paleoenvironmental analysis and interpretations based on correlating morphological
surfaces and stratigraphic data extracted from the surface or boreholes (Yasuhara et
al., 2005; Ferranti et al., 2011; Papanikolaou et al., 2015). Papanikolaou et al. (2015)
made a pioneer use of paleoenvironmental indicators for extracting the slip-rate of the
Kalamaki-Isthmia fault, based on the correlation between the footwall and hangingwall
horizons, indicating that only minor displacement of several metres has been
accumulated over the last 175 kyrs, suggesting that this structure progressively dies

out.

The Corinth Gulf is a fine example to examine these processes since all three factors
influence the area. The Gulf is one of the most active and one of the fastest extending
regions not only in Greece but worldwide (up to 20 mm/year that diminishes to 8 and 4
mm/year towards its eastern end) (e.g. Billiris et al., 1991; Briole et al., 2000),
dominated by major active fault systems, such as the Xylokastro (e.g. Armijo et al.,
(1996)), the Eliki fault (e.g. Koukouvelas et al., 2005) and the South Alkyonides Fault
System (SAFS) (e.g. Morewood and Roberts, 1997, 1999; Collier et al., 1998). The
glacioeustatic sea level changes have constantly shifted the coastline landwards and
seawards, influencing the type and the duration of the sedimentation. Furthermore, the
drainage system (e.g. Rachiotis) supplies coarse sediments in the Corinth Gulf,

resulting into successively packages of fluvial — torrential and marine layers.

The latter can be observed in the Corinth Canal, a 6.3 km long and up to ~ 90 m high
mega — trench (Marinos and Tsiambaos, 2008; Papantoniou et al., 2008), excavated
during 1893. The described sediments in the Canal (e.g. Collier, 1990) combined with
the data obtained from 11 boreholes, all of them drilled at the eastern part of the Canal,
offer an opportunity for a detailed study of the sedimentological processes and syn

sedimentary faults in a highly complicated environment.

14
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Figure 1-1. Nichols (1999) has simple presented the various possible sedimentation
patterns as a result of the interplay of the three major factors which control them. In
cases | and Il transgression sequences (sea level rise and/or limited sediment
accumulation) will occur, while coastline moves landwards. In cases Il the equilibrium
between sea level rise and the sedimentation will lead into constant facies and the
coastline will remain standstill (a rare scenario though). In cases IV to VIl the coastline
will shift seawards (regression and forced regression).
Eikéva 1-1. O Nichols (2009) mapouagiaoe ue amrAd 1pormo 1a diapopa meava uoriBa 1ng
1ICnUATOyEVEDNS WS TTPOIOV TNS AAANAETTIOPAONS TWV TPIWV BACIKWY TTAPAYOVTIWYV TTOU TIS
eAéyxouv. 2T repiTrwaoeis | kai Il raparnpeital n avodo¢ tng arabunc tn¢ 6aAacoag e
TNV aKTOYpPauun va KIveiTal Tpog tnv énpad. 2T epimrwaoelS Il maparnpeiral icopporria
avaueoa orov pubuod avodou tng oTabung tng BaAacoag kai Tov pubud Ilnuaroyéveons
UE TNV aKTOYpauun va mapaueivel otdoiun (omravio oevaplio). 21¢ TepITTwoelS IV éwg

VIl n akroypauun 6a ueraromiorei mpo¢ tnv 8dAacoa (arréoupon)

The scientific community has deployed numerous tools (foraminifera, ostracods,
echinoderms, mollusks, diatoms etc.) to examine the paleoenvironmetal conditions
(salinity, temperature, depth, chemistry, pollution etc.) (e.g. Benson, 1976; Nurnberg et
al., 1996; Campeau et al., 1999; Keller et al., 2002; Martin et al., 2002; Debenay et al.,
2005; Regenberg et al.,, 2009; Ivanova et al., 2012; Dimiza et al., 2016), tectonic
movements (e.g. Avnaim — Katav et al., 2012; 2013), natural hazards (e.g. Cundy et al.,
2000; Mischke et al., 2012), the glacioeustatic sea level changes (e.g. Kemp et al.,
2012) climate change (e.g. Zubakov and Borzenkov 1988; Howell et al., 1990; Jalut et.
al., 1997) etc.

Benthic foraminifera assemblages are the most common and essential paleontological
tool since are considered a sensitive indicator of paleoenvironmental variations in
nearshore to shallow marine environments. Several researches have used the
foraminiferal assemblages to reconstruct the paleoenvironment and the paleogeography
of an area early from the Paleozoic (e.g. Ershova et al., 2016) till the Quaternary (e.g.,
Scott and Medioli, 1980; Triantaphyllou et al., 2003, 2010; Murray, 2007; Pavlopoulos
et al., 2007; Koukousioura et al., 2012; Avnaim — Katav et al., 2012, 2013, 2015).
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Even though that active tectonic areas are not preferable for paleontological and
paleoenvironmetal research since the sediments are often disturbed and not in situ
position, foraminiferal assemblages and the paleoenvironmetal changes can also be
helpful in such challenging environments. Cundy et al. (2000) through foraminiferal
analysis described the subsidence caused by the Atalanti Fault during the 1894 rupture.
Yasuhara et al. (2005) provided a robust method for reconstruction of the Holocene
seismic history using ostracods assemblages within cores, since through them they
reconstructed the relative sea-level curve showing seismic subsidence during the
Holocene. Ferranti et al. (2011) also used different paleoenvironments described within
borehole cores and correlated them to study the tectonic subsidence in Calabria
(Southern Italy) caused by active faults during the Holocene. Avnhaim — Katav et al.
(2012, 2013) through the paleoenvironmetal description of borehole cores complied
after foraminiferal analysis estimated the vertical offset of Carmel fault in Israel coast
during Early to Middle Pleistocene. Yeager et al. (2012) through lithostratigraphic and
biostratigraphic description of borehole cores estimated the vertical offset and the
growth of an active fault in Louisiana (USA). Active fault movements were examined as
well by Feagin et al. (2013) in Texas area also thought foraminiferal analysis and

paleogeographical description of borehole cores.

A scientific tool which is also used with the paleoenvironmental analysis is Magnetic
susceptibility (MS) of the sediments. MS depends mostly on mineral composition and
grain size (e.g., Mullins 1977, Oldfield; 1991, Da Silva et al., 2009; Reicherter et al.,
2010). In general, iron bearing minerals lead to high values of MS (dimensionless Sl
units).Several researchers have employed MS signal along with other methods to
examine paleoenvironmental alternations (e.g. Ghilardi et al., 2008; Lézin et al., 2012,
Sonnenburg et al., 2013; Danelian et al., 2014; Maselli et al., 2014), sedimentology
studies (e.g. Waldmann et al., 2014), natural hazards (e.g. Reicherter et al., 2010; Goff
et al., 2012), active tectonics (e.g. Braun et al., 2015; Drahor and Berge, 2017) etc.

The paleoenvironmental reconstruction of an area though would be incomplete without
data constraining the sediments’ age. Several scientific tools have been used in the

past in order to estimate the age of sedimentary sequences (corals, mollusks,
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foraminifera etc.) examined through many different techniques (2*U/®U, C,
20Th/?8y, OSL, IRSL etc.). Every methodology offers both advantages and
disadvantages since it is constrained by significant physical parameters. The preferable
technique is determined by the requested chronological framework of the study area,
while the aim of the researchers is to develop more accurate, faster and less expensive
dating methodologies.

For the examination of the Middle-Upper Pleistocene (the last ~ 350 ka) 2*U/?*U in
corals stems is the most common methodology followed by the majority of the
researchers. Several studies applied ?**U/**8U dating in corals to estimate the uplift in
tectonically active areas (e.g. Collier et al., 1992; Vita-Finzi, 1993; Dia et al., 1997;
Houghton et al., 2003; Kershaw et al., 2005; Roberts et al., 2009). Apart from corals
stems, **U/®U is applied in other fossils as well (e.g. mollusks, ostracods).
Considering that the chemistry of the surrounding environment poses significant
influence to the chemical components of the samples, the results have to be examined

with precautions (e.g. Scholz et al., 2004; Scholz and Mangini, 2007).

Optical and Infra-red Luminescence dating (OSL and IRLS respectively) techniques are
also applied to determine the age of the sediments. Luminescence techniques offer the
possibility of dating sediments’ even ~1 Ma ago and therefore have a significant
advantage against ***U/ ?*®U dating. The main principal of these techniques is to
estimate how long has been since sediments’ grains were exposed to sunlight and

therefore when the sediment was deposited

There are several techniques that can be used to measure mineral’s luminescence
where Quartz and feldspar are most commonly used, since both of them are abundant

in nature, are resistant in weathering and their signal is more stable during time.

A significant limitation of luminescence dating is that the minerals’ grains were not

completely bleached from their previous exposure to sunlight. It is often observed that
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the signal of the feldspar is weak and the Quartz’s signal saturated®, cases which is not
possible to apply OSL and IRSL to estimate the sediments’ age.

Luminescence dating is commonly used in archaeology (e.g. Lang & Wagner, 1996;
Folz et al., 2001) paleoenvironment reconstruction and sea level changes (e.g. Pope et
al., 2008; Pawley et al., 2010; Reimann et al., 2011; Ozturk et al., 2016) active tectonics
(e.g. Porat et al., 1997, 2009; Chen et al., 2009; Mayo et al., 2009; Rizza et al., 2011;
Tsodoulos et al., 2016).

Calcareous nannofossils assemblages are also a wuseful scientific tool for
paleoenvironmental studies, since constitute a significant component of the marine
micro fauna (Dimiza et al., 2011) and have a world-wide distribution in modern oceans.
Through them it is possible to study climate conditions and environmental parameters
(e.g. Triantaphyllou et al., 2009; Dimiza et al., 2011; Triantaphyllou, 2014),
paleoenvironmental conditions (e.g. Triantaphyllou, 2015), stratigraphy (e.g.
Triantaphyllou, 2013; Athanasiou et al., 2015; Foroughi et al., 2017). Their appearance
is widely used during the last decades in marine biostratigraphy and the biozonation of
calcareous nannofossils was established by several researchers in the past, while their
presence is widely used to determine the chronological framework of an area (e.g.
Martini, 1971; Raffi et al., 2006; Rio et al., 2010; Backman et al., 2012).

Arai et al. (2014) based on the age implied by calcareous nannofossils, estimated the
vertical displacements of normal faults at the Ryukyu Island Arc (West Pacific) the last
265 ka. Chen et al. (2015) deployed both planktonic foraminifera and calcareous
nannofossils analysis to demonstrate the tectonic evolution of the oblique collision
between the North Luzon Arc and the Eurasian Continent margin. Clauzon et al. (2015)
examined the evolution of the Roussillon Basin during Miocene in respect with the
active tectonics of the area, also based in foraminiferal and calcareous nannofossils

assemblages.

!See chapter 4 for a description and an explanation of the methodology and its principals.
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For this Ph.D. three different methodologies have been followed to define the
chronological framework of the sedimentation processes, determining the rates of the
tectonic movements and the paleogeography of the study area. Two techniques were
used for absolute dating (*°Th/*®U dating in corals stems, OSL and IRSL
luminescence dating to samples extracted from borehole cores) and one for relevant
dating (the biozonation of calcareous nannofossils, combined with the glacioeustatic
sea level changes and the regional uplift). The latter comprises the innovation of this
research. Considering as well that few researchers have analyzed the
paleoenvironment for studying the active tectonics of an area, this study distinguishes
from them since the most valuable and reliable results, deprive mainly through

nannofossils and afterwards through the *°Th/U-method.

1.2 Scope of study

This study aims to estimate the activity of the Kalamaki-Isthmia fault located at the
eastern margin of the Corinth canal, examine the uplift rate of the area and offers an
estimation of the regional uplift rate of the area. The low slip rate of the Kalamaki-
Isthmia fault is confirmed and the uplift rate of the area since MIS 7 was re-examined
following a different and independent methodology, compared with the methodologies

followed by previous researchers.

Furthermore, the detail description of the paleoenvironmental alternations at the eastern
part of the Corinth Isthmus has been examined through different methodologies. The
studied area is a complex area influenced both by glacioeustatic sea level changes and
tectonic movements leading into a complicated lithosedimentary pattern with alternating
beds of marls, sands and gravels. The 3D model of the area was reconstructed showing
the spatial and temporal distribution of the strata. Finally the paleogeography of the

eastern part of the Corinth Isthmus area has been reconstructed.

The study is focused on the detailed examination of 11 boreholes drilled in either sides

of the Kalamaki-Isthmia fault. Boreholes Bh-6 and Bh-3 (which was longest of them,
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70.20 m long), were drilled at fault's footwall while the rest towards the immediate
hangingwall of the fault. Eight of them were examined in detail, while for the rest only
lithological description was obtained. Overall, 355 samples were extracted from the total
373 m long borehole cores and were examined for their foraminiferal contend. The
Magnetic Susceptibility (MS) of the sediments has been measured (986 measurements)
also assisting in the paleoenvironmental interpretation of the sedimentary sequences.
Furthermore, specific samples were examined for nannofossils assemblages?. Through
the biozonation established by several researchers before age constrains of the
described sediments were implied. Furthermore, an area of ~15 km? was detailed
mapped in depth (1:5000 scale) and 249 measurements of the tectonic and
stratigraphic features were obtained. In addition, 99 outcrop samples were extracted for

further laboratory examination (foraminiferal and nannofossils assemblages).

Six samples were examined for OSL and IRSL in the laboratory of Archaeometry /
Paleoenvironment & Archaeometallurgy of N.C.S.R. Demokritos. The poor quality of
the samples resulted into no scientifically significant result. Coral stems found within the
boreholes were dated through U?*®/ Th?* . The value of the results limit their possible
age to be older than 175 ka, since the processes of diagenesis have significantly

influence the chemistry of the samples.

The dating difficulties were overcome based on the glacioeustatic sea level curve and
the uplift rate of the area. The combination of these along with the biozonation as was
implied by nannofossils assemblages, resulted into a specific age period were

sedimentation could occur ranging from MIS 5.5 to MIS 7.5.

2 Nannofossils thrive into relatively deeper marine environments. After the detailed

paleoenvironmetal description the samples indicating more open marine conditions, based on
the palaeobathymetry as well, were examined for nannofossils. Samples of lagoonal or coastal
environments were barren confirming the previous statement.
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1.3 Chapters — Outline of the Ph.D. thesis

The first chapter of this thesis introduces the reader to the sedimentation processes.
The main factors which influence the sedimentology and therefore the coastal
morphology of an area are highlighted based on previous researches. The Corinth Gulf
is mentioned as a fine example where all three factors influence the processes.
Furthermore, every methodology which has been used in this multi-proximal study is
briefly mentioned and described through examples of previous researchers. Finally, the
scope of this study is presented a well as the different procedures which have been
followed.

The second chapter describes the paleoclimate, the paleotemperature and their
influence to the glacioeustatic sea level changes. Furthermore, the influence of the

paleotemperature conditions is also mentioned.

The third chapter describes the area of Corinth and Saronic Gulf, where this research is
focus on. These active extensional regions have been studied in detailed by several
researchers, especially after the 1981 Alkyonides earthquakes sequence and the
previous studies regarding these Gulfs are briefly described. Previous researchers have
focused not only on the active tectonics and the seismicity, but also to the
paleoenvironment, the sedimentology and the paleogeography of these areas as well.
The unique Corinth Canal, also offers an opportunity to study in detail the

sedimentological processes of the area, influenced by active syn-sedimentary faults.

The forth chapter describes all the different methodologies which have been applied in
this multi-proxy study. The basis of this thesis are 11 boreholes and surface samples,
located at the eastern part of the Corinth Canal and more specific, foraminifera and
calcareous nannofossils assemblages extracted through them. In addition through a
Bartington MS2 system with the MS2K sensor the magnetic susceptibility of the
sediments has been measured. The results (MS measurements and foraminiferal
assemblages), have been statistically analyzed. Through detailed mapping the

lithologies of the area and the Kalamaki-lsthmia fault have been described, while
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samples extracted from surface outcrops have also been examined for their micro- and
nanno- fossils assemblages. Finally, in order to establish the chronological framework of
the sedimentation processes, two independent methodologies have been deployed,
230Th/?8U to coral stems found in growth position in two boreholes and OSL / IRSL
techniques to undisturbed sediments extracted from three borehole cores.

In chapter five, the detailed analysis of the 11 boreholes cores is presented. Several
lithological alternations have been described, ranging from fine marine sediments to
coarse fluvial gravels. Eight of them were analyzed for their micro and nanno
paleontological contend. In each borehole, the results of the detailed foraminiferal
analysis are provided, as well as the A-ratio, BR-ratio and FD index of the described
foraminifera. Furthermore, the results of the calcareous nannofossils analysis from 6
boreholes are also presented. The MS measurements extracted from borehole cores
are presented and correlated with the described lithological alternations within the

sequences.

In chapter six the detailed mapping of the study area is described. The eastern part of
the Corinth Canal has been detailed described (1:5000 scale) where different
lithological sequences have been identified, varying from coarse fluvial sediments to
fine clayey marine horizons. Samples extracted from surface outcrops have been
analyzed for their nanno and micro paleontological content. Tectonic fractures and fault

planes have also been described.

In chapter seven the statistical analysis both of the micropaleontological analysis and
the MS measurements is presented. Foraminiferal assemblages have been subjected
into two way cluster analysis (Q-mode, R-mode) to highlight the biofacies (Ward's
method and Euclidean distances as a similarity index). Based on the results, three
distinct groups have been identified; each of one represents a different ecology and
depositional environment. Furthermore, a non-metric multi-dimensional scaling (MDS)
ordination was used to identify to correlation among the assemblages. MS
measurements have been subjected firstly to a Kolmogorov-Smirnov normality test to
examine if the measured MS values follow a normal distribution or not, based on the

described lithology and the estimated paleoenvironment of the cores; and a Pearson
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correlation test to examine if there is any correlation among the described lithology, the

paleoenvironment and the measured MS values.

In chapter eight the paleoenvironmental interpretations both of the borehole sequences
and of the surface outcrops have been combined. Based on the two-way cluster
analysis described before, all the indexes (BR-, FD-, and A-ratio), the results presented
in chapter five have been refined. Based on the lithological description and the MS
values (for boreholes), the paleoenvironment has been described. Furthermore, based
on the ecology of the described foraminifera the regional depositional depth has been
estimated both in borehole cores and in surface outcrops.

In chapter nine, the applied dating techniques have been described. Cladocora
caespitosa corals stems have been dated with the **°Th/U-method at the Max Planck
Institute for Chemistry in Mainz, while six samples, selected from three boreholes, have
been selected for OSL and IRSL dating. Furthermore, based on the nanno fossils
assemblages, the biozonation of the sediments has been established and through them

thresholds of the possible age of the sediments has been estimated.

In chapter ten, a case study of the Saronic Gulf is presented. Three boreholes located
at the Piraeus coastal plain where examined for the micropaleontological content.
Palynological, molluscan and magnetic susceptibility analysis which has been
performed by Triantaphyllou et al. (2016) has been a guide to correlate the
paleoenvironments described in these boreholes, with the boreholes located at the
Corinth Canal. The correlation of the paleoenvironmental patters in both cases is

important for validating the analysis performed in boreholes from the Canal.

In chapter eleven, the outcomes of this research have been discussed. Through the
borehole descriptions, the estimated paleoenvironment and palaeobathymetry, the
surface outcrops and the exposed strata at the Corinth Canal, a 3-D model showing the
spatial and temporal distribution of the strata at the eastern part of the Corinth canal has
been constructed. Furthermore, based on the glacioeustatic sea level curve, the uplift
rate of the area and the ages proposed mostly through the nanno fossils assemblages,

the relative age of the sediments is estimated. Through these ages the activity of the
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Kalamaki-Isthmia fault is estimated and the uplift rate of the area is interpreted.
Furthermore, the major faults which influence the area are also described. Based on
their slip rates a model is proposed describing the significance of each fault to the total
uplift and/or subsidence of the area, while the influence of the regional tectonic uplift is
also determined. Furthermore, the paleogeography of the eastern part of the Corinth
Isthmus is reconstructed, during the Quaternary. Finally, the followed methodologies are
also an important outcome from this PhD, since this multi — proxy analysis proved to be
a very good correlation methodologies (quantitative benthic foraminiferal analysis, with
nanno fossils assemblages and magnetic susceptibility data) and a promising
paleoenvironmental tool box for study of the paleoenvironment and paleogeography.
However, their constrains (e.g. absence of absolute dates) are also mentioned

The final chapter of this PhD presents the conclusions concerning both the
paleogeography and the active tectonics of the area, while significant outcomes

concerning the relative age of the sediments are also highlighted.

The last part of this study includes lists of the presented figures and tables as well as all
the cited bibliography. In the included appendixes a brief definition of the abbreviations
mentioned in the text is provided (Appendix A), a detailed description of the
foraminiferal analysis both in boreholes and in surfaces samples (Appendixes B , C) of
the MS values extracted from the borehole cores (Appendix D), as well as an extended

version in Greek (Appendix E).
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2 Sea level changes and paleotemperatures

The research of the climate and environmental conditions has always been an intriguing
issue for the scientific community, both for the past (e.g. De Blasio et al., 2015; Eldevik
et al., 2016) and for the present day (e.g. Alexandris et al., 2008; Karavitis et al., 2015).
The scientific community has recently comprehended the significance of the
paleoclimate conditions, their connection with the glacioeustatic sea level changes and
the cyclicity of the relative sea level rise or fall.

A breakthrough for the better understating of this phenomenon was the conception of
different cycles of the Earth’s orbit (Fig. 2-1). The scientific community refers to them as
the Milankovitch’s cycles (Milankovitch, 1941), which are the collective effects of
changes in the Earth's variations in eccentricity (influencing the distance from the sun);
axial tilt (obliquity, the angle between an Earth’s rotational axis and its orbital axis) and
precession (the change in the orientation of the rotational axis of Earth) (Fig. 2-1).
These cycles of the Earth's orbit resulted in cyclical variation in the solar radiation
reaching the Earth and trigger significant changes in the Northern Hemisphere ice
volume (Shackleton, 2000) and therefore to the paleoclimate, to the paleogeography, to
the paleoenvironment and the sea level glacioeustatic changes (e.g. Shackleton, 1967;
Broecker and Van Donk, 1970; Imbrie and Imbrie, 1980; Imbrie et al., 1993; Shackleton,
2000; Tzedakis et al., 2017).

These cycles have recently been modeled by Tzedakis et al. (2017). The astronomical
periodicities of obliquity (axial tilt, ~41 ka) and precession (~23 ka) as well as the
maximum in boreal summer insolation, with perihelion (when Earth is nearest to the
Sun) at the northern summer solstice, have influenced the cumulative solar energy the

last 600 ka®. Even though that during the perihelion the earth is at shorter distance from

® Mean daily insolation on 21 June at 65° N is often used as a predictor of glacial
changes, because it represents maximum values at a sensitive time of the year at a

critical latitude for ice-sheets
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the sun, its orbit is faster compared to its orbit during the aphelion. The latter influences
the cumulative solar energy that reaches to earth. Based in these cycles Tzedakis et al
(2017) mentioned that not every astronomical event has lead into an interglacial period,
as was initially thought to and developed a robust taxonomy of interglacials, continued
interglacials and interstadial for the entire Quaternary. They have defined a threshold of
the effective solar energy required to result into an interglacial period (Fig. 2-2).

A Eccentricity: 400 ka and 100 ka

Summer Winter

B Obliquity: 41 kyr

o

C Axial precession: 23 kyr

e
/

é Winter

Figure 2-1. Variation of the Earth's eccentricity, obliquity and precession the last 1000
ka (Zachos et al., 2001).

Eixova 2-1. O1 evaAayéc ¢ KAiong Tou Géova kai NG TEPICTPOPNS TNS yNS Td
reAeuraia 500 xiAiadeg xpovia (Zachos et al., 2001)
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Figure 2-2. The effective energy at each insolation peak during the past 2.6 Myr based
on the classification proposed by Tzedakis et al. (2017) to separate the complete
deglaciated (highstands) from incomplete and no deglaciated periods (lowstands).
Interglacial (red circles) are seperated by the two horizontal lines with a ramp from
interstadial and glacial (light blue triangles) periods (Tzedakis et al., 2017).
Eikéva 2-2. Ta mayetwdn (UmAe 1oiywva) Kai ueocorrayerwodn dlaothuara (KOKKIVOI
KUKAoI) OmTwg €xouv diaxwpiotei ammd tou¢ Tzedakis et al. (2017) ra reAeuraia 2.6 K.
Xpovia ue Baon tnv nAIakn evépyeia Tou OEXETAI N yn.

The foraminiferal analyses have significantly assisted for the detailed study not only of
the sea level fluctuations, but of the paleoclimate and paleotemperature conditions as
well, based on chemical proxies that can be measured in foraminiferal tests to
reconstruct past environments. A common method for estimating ice-volume
fluctuations and the associated glacioeustatic sea level changes involves correcting the

benthic oxygen isotope (d*®0) records for temperature in order to isolate that part of the
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signal that reflects ice volume (e.g. Urey, 1947; Emiliani, 1955; Shackleton, 1967;
Waelbroeck et al., 2002). The basic principles of using oxygen isotopic abundance ratio
changes as a means of estimating past temperatures is ‘“that since small isotopic
fractionation which takes place when a carbonate is deposited slowly from aqueous
solution is temperature dependent, the temperature of deposition may be estimated by
measuring the extent of the isotopic fractionation” (e.g. Urey, 1947; Emiliani, 1955;
Shackleton, 1967; Shackleton and Opdyke, 1973). Waelbroeck et al. (2002) mentioned
that “The shell *®0/*®0 ratio is a function of both the isotopic composition and the
temperature of the water in which the foraminifera develops. Therefore, assuming that
deep water temperature does not vary too much over time, the benthic *20/*°0 ratio
(d*®0y, expressed in %o) can be used as a first order proxy for global ice volume” (Figs
2-3, 2-4).
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Figure 2-3. A schematic representation of the interaction between ice sheets, land and
sea. A) During glaciation the ratio **0/*°0 is high since '°0 is trapped within he glaciers
b) During deglaciation the water returns to the sea resulting into sea level rise and
isostatic uplift of the land (modified from de Boer et al. 2017). The ratio**0/*°0 is lower
since the meltihng of the glaciers release 'O to the atmosphere.
Eixova 2-3. 2xnuatikn arreikovion tns aAAnAemidpaons twv KaAuuudrwy mayou, NG
Enpdc ka ¢ BGAacoac. A) Mayerwdng mepiodoc kard tnv omoia o Adyo¢ 0/*°0 eivai
auénuévog, kabwc 1o °0 Seouelerar oTouc ayeTwves B) Kard v amomayeromoinon
AOyo mPoaPopdc vepou aveBaivel n otdBun tn¢ BGAacoag evw TmTaparnpEEiTal I000TaTIKA
avowwaon ¢ énpac mou Nrav kKaAuuuévn ue mmayo. To AIWOIUo Twv TaAywv éxEl oav
ammoréAeoua v ameAsubépwon 0O omv arudopaipa kai peiwon 1o Adyou 20/°0O
(Tporrorroinuévo amrd de Boer et al. 2017)

30



Sea level changes and paleotemperatures

During marine highstands the benthic oxygen isotope (d'?0) records were higher than
marine lowstands (e.g. Shackleton, 2000; Waelbroeck et al., 2002; Siddall et al., 2003,
Fig. 2-5b). Shackleton and Opdyke (1973) mentioned (based on Emiliani (1961)) that
isotopic temperature fluctuations during the last 200 ka range from ~30 °C (marine
highstands) to ~20 °C (marine lowstands). On the same line, Waelbroeck et al. (2002)
modeled deep water temperature fluctuations ~ 5 °C for the last 400 ka (Fig. 2-5a).
Furthermore, during the highstand MIS 5e, MIS 7 and MIS 9 the estimated
temperatures were similar or even higher than the present day (e.g. Hoffman et al.,
2017; Vaughn and Caissie, 2017).

The temperature conditions influence the chemical composition, the growth size and
growth rate of the fossils (e.g. Skirbekk et al., 2016; Mine et al., 2017). The knowledge
on the conditions of foraminifer's growth has been extracted from laboratory studies
under controlled conditions (e.g. Lombard et al., 2009). Lombard et al. (2009)
mentioned that “growth rate is generally quantified by the number of chambers
precipitated within the observation period (as chamber d™ or um d™), for each studied
foraminifera”. Higher temperatures lead into relative thicker and bigger foraminifera and
marine fossils in general (e.g. Lombard et al., 2009, Evans et al., 2016). Lombart e al.
(2009) have modeled the growth rates of eight foraminifera species, related to the
temperature (Fig. 2-6). They have analyzed the growth rates through a mechanistic
formulation, showing that the temperatures which favor the growth rates range from ~20
°C to ~28 °C. In extreme temperatures (>28 °C) the growth rates decrease (e.g. Nigam
et al., 2008; Lombard et al., 2009; Prazeres et al., (2016). Nigam et al. (2008) have also

indicated that ~27 °C is the most favorable temperature for R. leei to thrive.

The connection among the number of the population, the number of the species and the
paleotemperatures have also implied by De Blasio et al. (2015). Based on a spatio-
temporal discrete-time Markov process model of macroevolution featuring population
formation, speciation and extinction, they have shown a correlation among higher

biodiversity, foraminifer’s prosperity and higher temperatures the last 10 Ma.
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Vaughn and Caissie (2017) have also mentioned that changes in the species
dominance for MIS 5e should be expected considering that temperatures during the last

interglacial were characterized as being warmer than today.
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Figure 2-4. The relative sea level (RSL) estimates versus the 5*0, measurements over
the last glacial period (last 22 kyr). Notable the "0y is higher during the glacial time.
Eikéva 2-4. H peraBoAr otn o1d6unc ¢ 6dAacoac (RSL) og oxéon ue 1o 520, kard
TNV TeEAcuTaia TTayerwodn mepiodo, mou gugavifovral Kail UEYAAUTEPES TILEG.

32



Sea level changes and paleotemperatures

100 b 4 Corals
o Rohling et al. (1998) L
Composite RSL A
60 Shackleton (2000) -
e “ %1 IR i - i
2 }- R NN R B nx 7 - [
)2 i 9 e L Pan ¥ 1
= l © |
Y ‘ ™ ! | ) L
5 | © | -
— -60 \0)"! \ [ | T
© ) g L
g ¢ ¥ ‘ A. [V L
{ / /Y ‘ >
-100 A " [
: - a‘ I
i e ~ Y
> L
-140 2 ' § L
N s = ~ [
R S e e o A e e S
50 100 150 200 250 300 350 400
A Age (ka)
5 4 MD 94-101 +
b V19-30/0ODP 677
4 1 ODP 980
e ]
2 3
g 5 3 ]
o g 1
Y2 2
T 0 ]
(] ]
- 13
o £ ]
©° 3 a
g% o
A

| | | | | | |
50 100 150 200 250 300 350 400

Age (ka)
B
0 =— MD921017 |
£ — KL11
Sea-level curves
};‘40 Siddall et al. (2003) |
> — =
)
8 Radl 0.3 m, i
(7] [ m/yr o
-120+ E
| 1 | 1 I | I | 1 1
0 50 100 150 200 250 300 350 400 450 500
Age (ka)
C |71 - 3
- i -
g o -—————— - - ———— e @ R (P o [P e AR b4t o
o o R B RIS o= =L = s I ____ A e " Ly s ! I~ <
2;0 ) i wn
ay %) <«
<o L o
& LLINL I O O O O O O O O O I O O O O O O O O O L E
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

Age [kyr BP ]

33



Sea level changes and paleotemperatures

Figure 2-5. A) The relative sea level curve (up) and the modeled deep water
temperature fluctuations ~ 5 °C (down) the last 400 ka (modified from Waelbroeck et al.,
2002). B) The glacioeustatic sea level change curve by Siddall et al. (2003), which has
been used in this thesis. C) The definition of the interglacial periods (blue circles) from
Tzedakis et al. (2017) the last 1300 ka.

Eikéva 2-5. A) H kaumuAn ueraBoAng tng¢ orabunc tng 8dAacoag (smdvw) kai ol
dlakuuavoeic ¢ Bepuokpaaiag(~ 5 °C) orou¢ wkeavols (kdrw) ta teAsutaia 400
xhiadec xpovia (tporrorroinuévn amro Waelbroeck et al., 2002). B) H kautruAn ueraBoAng
NG ord6ung 1n¢ orabunc tng¢ OBdAacoca¢ amd Siddall et al. (2003), n omoia
xpnoiuotroinénke kai ornv mapovoca oiarpiBn. C) Ta ueoomayerwdn diacTiuara (UTTAE
KUKkAol) armo Tzedakis et al. (2017) ra reAeuraia 1300 xiAiadeg xpovia

O. universa
—— G@. sacculifer
05 ¢ G. siphonifera |
—— @G. ruber
= —— N. dutertrei
'g 04+ G. bulloides -
T B N. pachyderma Dex
o N. pachyderma Sin
= 08¢} |
O
©
= 02T ]
2
2
G)
QU1 e F T |
O e 1 1 -
0 5 10 15 20 25 30 35
Temperature (° C)

Figure 2-6. Comparison of the modelled growth rate (d™*) of the different foraminifera
species in relation to experimental temperature (°C) (Lombard et al., 2009). Notable,
higher than ~30° the growth rate plummets.

Eikéva 2-6. To uovréAo mou ouaxeTiCel Tov puBud avamruéng 1onuaropopwy oE OxEON
UE TNV Bepuokpaaia, ue oan ueiwan yia TiC Bspuokpaaciss mavw amé 30° (Lombard et
al., 2009).
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3 Study area

3.1 Introduction

The Alpine orogenesis which started during the Eocene resulted to the collision of the
Eurasian plate with the African plate and the submersion of the latter under the former.
This collision has led to the destruction of the Tethys Ocean. The area of Greece is one
of the most active tectonic areas in Europe (e.g. Papanikolaou and Royden, 2007;
Vassilakis et al., 2011) with complicated geological conditions within the active margin
of the Eurasian Plate behind the active Hellenic arc and trench system. This system,
which is running from the lonian Sea to the W and SW of the Hellenic peninsula to the
Libyan and Levantine seas to the S and SE, is part of the convergence zone between
the African and Eurasian plates (Papanikolaou and Royden, 2007). The subduction
northeastward of the lonian Sea lithosphere occurs at ~35mm/yr (Kahle et al., 2000;
McClusky et al., 2000; Nyst and Thatcher, 2004) while along the northern Hellinides

subduction occurs at the slower rate of ~4 + 2 mm/yr (Hollenstein et al., 2006).

The Aegean region is the result of recent extension (e.g. Armijo et al., 1996; Place et
al., 2007; Bell et al. 2009). The main origin of this extension is highly debated and is
attributed to the gravitational collapse of the Hellenic orogenic belt (e.g. Place et al.,
2007; Jolivet, 2001; Le Pourhiet et al., 2003), the back arc thinning (trench roll-back®)
induced by subduction of the African plate at the Hellenic Trench (e.g. McKenzie,
1972,1978; Doutsos et al.1988; Doutsos and Piper, 1990) and the recent tectonic
activity of the North Anatolian Fault (NAF) (Dewey & Sengor, 1979; Armijo et al., 1996).
Duermeijer et al. (2000) though paleomagnetic data suggested that “the western
Aegean arc underwent a clockwise rotation phase which took place between ~0.8 Ma till

recent on Zakynthos and at least ~1.8 Ma on the Peloponnesus”.

“The subduction zone moves backwards relative to the motion of the plate which is being
subducted, the trench is pulled backwards and the overriding plate is stretched and becomes
thinner resulting in the back-arc basin.
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Corinth rift as well as the Saronic Gulf is the result of these extension processes.
Papanikolaou and Royden (2007) mentioned the Central Hellenic Shear Zone a
transtensional shear zone which crosses the older structures of the Hellenic thrust belt
and connects to the modern trench. They mentioned that “the motion of the Aegean
block is accommodated by a zone of right slip in the northern Aegean that continues
westward into a broad zone of dextral and extensional shear along a southwest trending
zone that crosses central Greece. This active deformation zone reaches from the North
Anatolian Fault in the east to the northern end of the Hellenic trench in the west (Kahle
and Muller, 1993; Kahle et al., 1995, 2000; McClusky et al., 2000; Goldsworthy et al.,
2002). Most of the modern seismicity associated with extensional deformation of the
Aegean region is also concentrated along the Central Hellenic Shear Zone, most
famously in the area near the Gulf of Corinth”. Place et al. (2007) mentions that “The
propagation of this fault into the Aegean region modified the regional tectonic stress
field whereby the Corinth Rift may be considered as one of the graben structures linking

the NAF to the Hellenic subduction zone” .

Several studies based on GPS points have estimated the extension rate of the Corinth
Gulf (e.g. Billiris et al., 1991; Davies et al., 1997); while evidences strongly indicate that
the extension rate of the western part is higher than the eastern. Clark et al. (1997),
Avallone et al. (2004), Nyst and Thatcher (2004), McNeill and Collier (2004),
Chousianitis et al. (2013) mentioned that the opening velocity of the central and western
part of the gulf is approximately 15 to 20 mml/yr, relatively higher than the eastern part
which is approximately 5 to 7 mm/yr. Vassilakis et al. (2011) also mentions an extension
“14 + 2 mml/yr at the western part of the Corinth Gulf, where most of it is relayed to the
northwest along a prominent zone of left-slip and extension through Lake Trichonis and
the Amphilochia fault zone (11 + 2 mm/yr) while the remaining displacement across the
western Gulf of Corinth is relayed into 7 £ 2mm/yr of right-slip on the southwest-striking

Achaia fault zone”,

Both seismic and geodetic observations indicate that the opening of the rift developed
firstly in the eastern and central part, and then propagated westward (e.g. van

Hinsbergen & Schmid 2012). Apart from the Corinth Gulf, the Saronic Gulf area is also
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under extensional regime. Chousianitis et al., (2013) has mentioned extension rates ~
25 ns/yr for the Saronic Gulf.

3.2 Geology

The geology of the Corinth Gulf consists of the alpine and the post alpine sediments,
mostly Plio-Pleistocene sediments. The dominant geological Units of the alpine
basement are Boeotian Unit, Tripolis Unit and Pelagonian Unit (e.g. Bornovas et al.,
1972, 1984; Gaitanakis et al., 1985).

3.2.1 Alpine bedrock

The eastern part of the Corinth Gulf comprises mostly of the Upper Triassic to Lower
Cretaceous limestones/dolomites, the Boeotian flysch of the Boeotian Unit (and
ophiolite nappes Perachora peninsula). Southern than the Agios Vassileios fault the
area comprises of Triassic to Jurassic Pelagonian Unit limestones and Eocene to
Cretaceous limestones of the Tripoli Unit (e.g. Bornovas et al., 1972, 1984; Gaitanakis
et al., 1985).

3.2.2 Post Alpine sediments

Above the alpine basement the deposited Plio-Pleistocene sediments (mainly at the
southern part of the Gulf), have recorded the paleogeographical evolution of the Corinth
rift. A complicated lithological pattern of gravels and conglomerates, sand and
sandstone, marls and silts has been described by several researchers; as well as the
different paleoenvironments which these facies represent. Ori (1989) has mention the

presence of lacustrine deposits form fine grained marls to coarse gravels, partially
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influenced by the sea water, mostly at the south eastern part of the Gulf. Several
researchers have thoroughly described the sedimentology of the central and western
part of the Gulf, dominated by ~ 1 km thick Gilbert-type fan deltas (e.g. Dart et al., 1994;
Malartre et al, 2004; Ford et al., 2007, 2012; Rohais et al., 2008; Backert et al., 2010). A
complex sedimentary pattern has been described in these Gilbert-type fan deltas
consisting of fine grained fluvial-lacustrine sediments, to coarse conglomerates and
turbidites; described, as topsets, foresets, bottomsets and pro-delta which are
correlated with regressive glacio-eustatic interglacial periods (Ford et al., 2007).

Elevated marine deposits have been described at the southeastern part of the Gulf, the
marine terraces. Marine terraces have been firstly described by Deperet (1913) as
steps, attributed to a single faulted Tyrrhenian terrace. Keraudren (1970- 72),
Keraudren & Sorel (1987), Keraudren et al. (1995) mentioned the existence of more
than one terrace, describing 20 terraces. Using U/Th dating methods, as well as
micropaleontological data, they have estimated the age of the terraces and have
correlated them with glacio eustatic sea level changes the last 330 ka. Armijo et al.
(1996) have re-examined the described terrace sequence mentioned by Keraudren &
Sorel (1987) and through them they estimated the uplift of the area and the influence of
the Xylokastro fault. Doutsos & Piper (1990) have also implied that not all terraces have
a marine origin but are lacustrine facies, when the Corinth Gulf was regulated at the Rio
Strait. Westaway (1996, 2002) has also described the terraces of the same area

mentioning in his conclusions that not all terraces have a marine origin.

Saronikos Gulf also displays a complicated morphology a product of its complicated
geology correlated both to its neotectonic evolution and the Quaternary volcanic
intrusions (Papanikolaou et al., 1988, 1989; Nomikou et al.,, 2013). A shallow N-S
platform divides the Gulf into a western and an eastern part by, an observation which
it's crucial to the paleogeographical evolution of the Gulf (Drakatos et al., 2005) (see
chapter 8). This zone comprises several volcanic outcrops of Plio-Quaternary age,
representing the northwestern edge of the Hellenic volcanic arc (Pe-Piper and Piper,
2002 Nomikou et al., 2013).
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Towards the southern margin of the gulf (Methana), as well as at the emerged islands at
the Gulf (e.g. Aegina), the volcanic activity resulted in to a complicated geological
pattern with both sedimentary and volcanic rocks. Volcanisms initiated in the area of
Aegina 4.4 Myr ago and continued for a long period until 2 Myr ago (Nomikou et al.,
2013), while at the peninsula of Methana, volcanic activity started ~ 0.9 Myr ago and
continues until recent historical times 2.2 kyr ago. Volcanic outcrops have also
described along the coastal area of northwestern Saronikos Gulf at Agioi Theodori—
Soussaki in western Attica. It is interesting to mention the presence of sub-merged
active volcano Pausanias (Pavlakis et al., 1990; Nomikou et al., 2013)

3.2.3 Faults

The area of the Corinth Gulf is influenced by major fault structures. Even though that
several researchers have described the gulf as an asymmetric half graben due to the
dominance of north-dipping faults (e.g. Myrianthis 1982; Brooks and Ferentinos, 1984;
Keraudren and Sorel, 1987; Ori, 1989; Sorel, 2000; Stefatos et al., 2002; Moretti et al.,
2003), more recent seismic reflection profiles have revealed both N- and S-dipping
offshore faults, (e.g. Stefatos et al., 2002; Moretti et al., 2003; Papatheodorou et al.,
2003; McNeill et al., 2005; Zygouri et al., 2008).

Several researchers have studied both the offshore and the onshore faults at the
eastern part of the Corinth Gulf (e.g. Doutsos & Piper, 1990; Armijo et al., 1996; Roberts
& Koukouvelas, 1996; Collier et al., 1998; Perissoratis et al., 2000; Stefatos et al., 2002;
Pantosti et al., 2004; Sakellariou et al.; 2007; Leeder et al., 2008; Gobo et al., 2014;

Hemelsdael & Ford, 2015; Koukouvelas et al., 2017; Deligiannakis et al., in press).

Among them the Kenchreai (~0.2 mm/yr), the Agios Vassileios (~0.15 mm/yr) and the
Loutraki (~0.5 mm/yr) faults subside the area of Corinth Isthmus, while more distal faults
such as SAFS (=2 mm/yr) and the Xylokastro faults uplift it (Fig. 3-1) (e.g. Papanikolaou
et al., 1988, Papanikolaou et al., 1989; Papanastassiou and Gaki-Papanastassiou,
1994; Armijo et al.,, 1996; Roberts, 1996; Morewood and Roberts, 1997, 1999;
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Goldsworthy and Jackson, 2001; Sakellariou et al., 2007; Zygouri et al., 2008; Roberts
et al., 2009, 2011; Charalampakis et al., 2014; Koukouvelas et al., 2017; Deligiannakis
et al., in press). The south dipping fault of Kenchreai and north dipping Loutraki fault
form a tectonic graben in which minor faults have deformed the Isthmus area forming

the secondary horst of Corinth isthmus within the major graben

The Kenchreai and Agios Vassileios faults influence not only the Corinth, but also the
Saronic Gulf as well (Fig. 3-1). Bell et al., (2009) mentioned that “in the easternmost rift,
the Megara basin faults, Kechriaie fault and other N-dipping faults bordering the NW
Saronic Gulf which may be considered ancestors to the currently active Skinos and
Pisia faults of the Perachora peninsula”. A significant segment of these faults are off
shore (Papanikolaou et al., 1988, 1989; Deligiannakis et al., in press; Koukouvelas et
al., 2017). Jackson (1999) mentioned that the Kenchreai fault has Upper Pleistocene
marine sediments on its hanging wall, Holocene scarps and the submerged harbor in its

immediate hanging wall indicating that it is not completely dead.

In the Perachora peninsula at the eastern end of the Gulf, the E-W coastal faults
(SAFS) cut the NW-trending normal fault system bounding the Megara basin. This
indicates that “this fault was active during Pliocene and Lower Pleistocene times, but at
present day shows no sign of activity since it is displaced by the ENE-WSW Skinos-

Psatha fault segments that were partly ruptured during the 1981 earthquake sequence
(in Roberts et al., 2011).

The change in activity from faults with NW-SE to E-W strikes happened within the last 1
Ma (Jackson, 1999). Furthermore, at the eastern part of the Perachora peninsula
Rondoyanni and Marinos (2008) have described the Kakia Skala fault, as the northern

margin of the Saronic Gulf.
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Figure 3-1. Simplified geological map showing the lithology of the area, grouped into
Plio-Pleistocene clayey to gravely sediments, alpine bedrock (Triassic-Jurassic
Boeotian and Pelagonian limestones as well as the Boeotian flysch) and the Upper
Cretaceous Ophiolitic nappe; as well as the major faults of the area (South Alkyonides
Fault System (SAFS), Loutraki, Ag. Vassileios and Kenchreai faults) and the Kalamaki-
Isthmia fault (modified from Bornovas et al., 1972, 1984; Gaitanakis et al., 1985;
Papanikolaou et al., 1989, 1996). The black box indicates the area where the boreholes
were drilled. (b) Cross sections A-A’ and B-B’ at the eastern area of the Corinth,
exaggerated in the vertical axis by 4.

Eikéva 3-1. AmAomroinuévog yewAOYIKOS XApTns NG TeEPIOXNS NS KopivBou e tnv
AiBoAoyia ¢ mepioxns opadotroinuévn o€ [1Ailo  -TAcioTOoKaIVIKG  apyIAIKG  Kai
KpokaAorrayn i{nuara, oto aAmko umméBabpo kai otous Avw Kpnridikous O@ioAiBouc.
Emonuaivovrar ta  onuavrikOrepa  pnyuara  tng  mepioxns  (Cwvn  AAKuovidwy,
Noutpackiou, Ay. BaoiAgiou kai Kexpiwv) kai To pnyua KaAauaki-loBuia (tporrormroinuévo
armro toug Bornovas et al., 1972, 1984, Gaitanakis et al. 1985, Papanikolaou et ai., 1989,
1996). To uaupo mAaiolo uTTOOEIKVUEI TNV TTEPIOXN OTTOU Eyivav oI YewTpNoeElS. (B) Touéc
A-A kai B-B' otnv avaroAikn epioxn tn¢ KopivBou, o1Tou ival  ugyeBuuévoc o KABeTog

aéovac eri 4.
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3.3 Paleogeographical evolution of the Corinth and Saronic Gulfs

Most researchers mention that the paleogeographical evolution of the Corinth Rift can
be divided into two phases (e.g. Ori, 1989; Sorel, 2000; Jolivet et al., 2003, 2010; Flotte”
et al., 2005; Bell et al., 2009). Most researchers suggested that this Proto Gulf (first
stage) was a lacustrine to shallow marine intracontinental sea, which was probably
drained southeastward to the Argos Gulf and the subsidence rate never exceeded the
sedimentation rate. This proto-Gulf stage is marked by lacustrine facies deposition from
Pliocene to Lower Pleistocene, observable even 40 km south of the southern coast of
the Gulf. During the second stage (The last 1 Ma), the Gulf has taken its present form,
with the northwards migration of the major faults and the deep marine deposits,
including turbidity flows.

The development of the easternmost Corinth Gulf is also mentioned by Leeder et al.
(2002), where the Proto-Corinth rift during the Pliocene and the Corinth Gulf with its
present form during the Pleistocene. Westaway, (1996; 2002) mentioned for the
transition from the proto- Corinth Gulf to the present Gulf “that the ca. 80 m of water
loading when the lacustrine basin was flooded by the sea 0.9 Ma ago caused a positive
lithostatic pressure anomaly to the brittle crust and this caused out flow of the lower

crust to the beneath the Plio-Pleistocene basin farther south”.

Bell et al. (2009) suggested a four stages evolution of the Corinth Gulf. Stage 1 is from
~4 Ma till ~2.2 Ma ago, where the Megara basin was the easternmost part of the rifting.
Stage 2 is from 1-2 Ma to 0.4 Ma ago, where activity focused on the Mamoussia Pirgaki
fault resulting to the deposition 1.5 km thick Gilbert fan deltas (from Collier & Jones,
2003). Stage 3 is from 0.4 Ma till the present form of the Corinth Gulf. In this stage
dominant faults of the central rift (Derveni and Likoporia) experienced an increase in
displacement and in slip rate. Slip rates exceed of those the west and east (Eliki,
Xylokastro). Recent Holocene activity is described as stage 4, where microseismicity is
concentrated in Aigion and Rio graben (from Doutsos et al., 1988). Sakelariou et al.
(2007) suggested that the current basin, together with the actively forming Gilbert-type

deltas at the present sea level, may represent a third phase in the evolution of the Gulf
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of Corinth, something that is also suggested by Moretti et al. (2003) and Ford et al.
(2012).

The Saronic Gulf has also undergone significant changes during the Quaternary. Collier
(1990) mentioned the Quaternary collapse of the Saronic Gulf, where marginal faults
(e.g. Kakia Skala, Kenchreai, Agios Vassileios) were more active (Leeder et al., 2008).
A point of interest in the western coast of the Gulf, is the submerged harbor of
Kenchreai (e.g. Mourtzas et al., 2014; Mourtzas and Kolaiti, 2014; Kolaiti and Mourtzas,
2016). This Roman infrastructure is submerged ~ 0.70 m beneath the sea surface and
even though that the Kenchreai fault’s activity might be partially responsible for that, sea
level rise and liquefactions which occurred in the area could also have submerged the
harbor (Koukouvelas et al., 2017).

Glacioeustatic sea level changes have also influenced the morphology of the Gulf at
least since upper Pleistocene. Lykousis, (2009) mentioned the presence of a paleolake
at least during the last sea level lowstand (MIS 2), at the western part of the Saronic
Gulf, while during the glacioeustatic sea level lowstands during the last 400 ka subaerial
conditions are mentioned for the entire Saronic Gulf. The presence of a lake is also
mentioned in Lykousis et al., (2007) where aragonite crystals have been identified since

the last glacioeustatic lowstand.

3.4 Uplift

The northern coast of the Peloponnese has been uplifted the last 2.2 Ma. This is
documented in the deep fluvial incision and the uplifted Plio-Pleistocene sediments.
Several researchers have studied and described the marine, fluvial and the Gilbert Fan
Deltas sediments uplifted up to 1200 m above the present sea level at the western part
of the Gulf (e.g. Ori, 1989; Gobo et al., 2014; Demoulin et al., 2015; Malartre et al.,
2004; Dart et al., 1994; Ford et al., 2007, 2012 and Bell et al., 2009).
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At the southern part of the Gulf the uplift of the marine terraces have been described by
several researchers (e.g. Keraudren & Sorel, 1987; Keraudren et al., 1995; Armijo et al.,
1996; Westaway, 1996, 2002). Researchers have described and correlated marine
terraces with the glacioeustatic sea level change during the Upper-Middle Pleistocene
and the have estimate an uplift rate approximately at 1.5 mm/yr the last 500.000 years
at the central part of the southern Gulf of Corinth, which diminishes at 0.3 mm/yr at the
eastern part.

The uplift of the Perachora peninsula during the Holocene — Upper Pleistocene is also
examined by several researchers. Kershaw & Guo (2001), estimated the Holocene uplift
through cyanobacterial mounds while Leeder et al. (2003) through marine shorelines.
Paleoshorelines of the Perachora peninsula were studied by Roberts et al. (2009) and
Cooper et al. (2007) as well. According to Cooper et al. (2007), the estimated uplift rate
during the Holocene from the highest notches is up to 0.55 mm/yr. Roberts et al. (2009)
has also mapped and examined the different heights of the raised paleoshorelines and
marine terraces across the footwall of the South Alkyonides fault system. They
suggested that the southernmost area of Perachora peninsula has been uplifted with a
rate approximately 0.15 mm/yr, during the Pleistocene till the last 200 ka towards its
center and diminish towards its tips. They also suggested that the slip rate of the SASF
has accelerated and the last 200 ka the area is uplifted with a 0.51 mm/yr rate. Uplifted
terraces have been described by Morewood & Roberts, (1999) in Perachora peninsula
as well, Charalampakis et al. (2014) by correlating the bedrock beneath the Lechaion
Gulf and the adjacent mountains through sequence stratigraphy interpretation of
seismic profiles from the Lechaion Gulf, suggested an cumulative average slip rate of
0.9 mm/yr or less, over the last 4 Ma. Turner et al. (2010) tested various rival
hypotheses concerning the evolution of the eastern tip of Corinth and the uplift of this
area, proposing a 0.31 mm/yr uplift rate at Lechaion Gulf. Finally, they also suggested
that the north coast of Lechaion Gulf uplift cannot be solely explained by footwall uplift
but it is due to isostatic uplift that probably affects the whole of the southern Gulf of
Corinth rift.
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Collier et al. (1992) and Dia et al. (1997) through corals dating, have estimated the uplift
rate of the Isthmus Canal approximately at 0.3 mm/yr (Corinth Canal) and 0.45 mm/yr at
Examilia (southwards the city of Corinth) over the last 200 ka.

It is clear that the Corinth Gulf is a highly active tectonic region, where the southern
coast is constantly uplifted, at least during Pleistocene. Uplift rates though, are not the
same at every section of the Gulf. Most researchers suggest that the central part of the
Gulf is uplifted at a higher rate (1.5-2 mm/yr) than the western or the eastern part (0.3—
0.8 mml/yr) (e.g. Keraudren & Sorel, 1987; Keraudren et al., 1995; Pirazzoli et al., 2004;
Westaway, 1996, 2002; Armijo et al., 1996; McMurray & Gawthorpe, 2000; Leeder et
al., 2008).

The origin of southern Corinth Gulf rift and Peloponnese’s uplift is highly debated. Le
Pichon & Angelier, (1979) suggested that uplift is caused by sediment underplating, by
intrusion and thrusting from the Hellenic subduction zone and Cretan forearc (Leeder &
Mack, 2007). Leeder et al. (2003, 2008) and Leeder & Mack, (2007), suggested that the
regional uplift of Peloponnesus and the Southern Gulf is due to deeper tectonic
processes, a view also held by Moretti et al. (2003). Leeder & Mack, (2007) suggested
that the uplift is attributed to buoyancy of the underlying African flat slab, as augmented
by local footwall uplift along the southern margin to the Gulf of Corinth. McMurray &
Gawthorpe, 2000 mentioned that “Collier et al. (1992) suggested that the uplift is of
regional origin while Armijo et al. (1996) conclude that the observed uplift between
Xylokastro and Corinth is due to local uplift in the footwall of the Xylokastro fault.
However, the presence of uplifted marine terraces between Xylokastro and Akrata, in
the hanging wall of the Xylokastro fault (as mapped by Armijo et al. 1996), suggests that
the Xylokastro fault cannot be the only cause of uplift in the northern Peloponnesus”.
Westaway (1996, 2002) mentioned the contribution of the isostatic response to the uplift
rate of the area., suggesting that “the main effect in this locality is southward lower-
crustal flow from beneath the modern Gulf interior to beneath the PGCB, driven by
pressure variations at the base of the brittle layer caused by the sediment loading in the
Gulf and the unloading of the Proto Gulf Corinth Basin caused by its erosion. Sediments

began to be rapidly eroded from former depocentres and re-deposited in adjacent
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localised topographic lows. The thermal response to this change from slow
sedimentation to more rapid erosion or sedimentation enabled the associated isostatic

and lower-crustal flow responses and the resulting changes in relief to be determined”.

3.5 Seismicity

The region of the Corinth Gulf is one of the most seismically active regions in Greece
where significant historical and reported earthquake events have been described (e.g.
Scranton,1957; Noller et al., 1997; Papazachos & Papazachou, 1997). Sachpazi et al.
(2003) mentioned 10 events in the Corinth Gulf of M25 since 1965. Roberts &
Koukouvelas (1996) mention that the Gulf of Corinth has hosted 11 earthquakes of
magnitude Ms>5.8 the last 100 years, while Koukouvelas et al. (2017) mentioned the
existence of 11 historical events (6.0 <Mws< 6.9) and 5 reported events from 1850 to
1981 (5.0 =Mws= 6.) at the eastern part of the Corinth.

Much of the interest in the area was spurred after the earthquake sequence of since it
was an excellent opportunity to observe the effects from an earthquake sequence in
1981, with well recorded earthquake effects and primary surface ruptures. Three
earthquakes on February 24, with 6.7 Ms, on February 25, with 6.4 Ms and on March 4,
with 6.4 Ms, occurred. The epicenters of the first two earthquakes were at the
Alkyonides Basin in the eastern Gulf of Corinth, while the third one was at the Kapareli
fault (e.g. Jackson et al., 1982; Taymaz et al., 1991; Collier et al., 1998).

Jackson et al. (1982) and Mariolakos et al. (1982) were among the first who have
mapped and described the effects from these earthquakes. They have identified surface
ruptures both in Kapareli and Schinos-Pisia faults tracing surface ruptures
approximately 25 km long. Maximum observed displacements were approximately 1.5
m high. Hubert et al. (1996) described and mapped the effects from the earthquakes,
modeled the vertical displacement caused by these events and the Coulomb stress
transfer due to the earthquakes. They have implied that the first earthquake might have

triggered the others.
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The vertical slip rate at SAFS was studied both by Pantosti et al. (1996) and Collier et
al. (1998), through trenching methods. In an active alluvial fan at Bambakies,
approximately at the center of the fault system and more specifically at the easternmost
end of the Schinos surface rupture, a trench was excavated in order to identify paleosoil
horizons. Pantosti et al. (1996) identified and dated three layers attributed to
paleoearthquakes at 1295 AD and at 590 AD estimating the vertical slip rate at
minimum of 1 mm/yr. Collier et al. (1998) repeated the procedure two years afterwards
at the same area where two more trenches were excavated. Earthquake recurrence
was estimated at 700 years (trench 1), to 330 years (trench 3). Displacement per event
has been estimated at 0.5 m, while vertical slip rate has been calculated to 2-3 mm/yr.

3.6 The Corinth Canal — Isthmus

The Corinth Canal offers a unique opportunity to study the sediments accumulation of
the Isthmus (Fig. 3-2). Several researchers have described in detail the lithological
patterns of the strata (e.g. Freyberg, 1973; Collier, 1990; Collier & Dart, 1991; Collier &
Thomson, 1991; Gawthorpe et al., 1994), have established the age framework of the
sediments (e.g. Collier et al.,, 1990; Dia et.al, 1997; Pierini et al., 2016), or have
estimated the uplift rate of the Isthmus area (e.g. Collier et.al, 1990; Dia et.al, 1997).

Freyberg (1973) was among the first to describe the sedimentology of the Isthmus
Canal, recognizing that eustatic variation had influenced facies patterns in the canal are,

describing two marine to Pleistocene freshwater ‘cycles’ in the canal section.

Collier & Dart (1991) have thoroughly described the sediments at the NE part of the
Canal, separating them into three major Groups, the Lower Pliocene Group crops out in
the Asprakhomata- Kalamona and Charalampos, the Trapeza- Isthmos Group outcrops
in the Trapeza-lsthmos fault block and Holocene fan-delta which is exposed on the
Kalamaki fault block (Fig. 3-3a). The Charalampos marl Formation, a silty-grey
mudstone with packages of sandstones and conglomerate, in which Gaitanakis et al.

(1985) mentioned the presence of freshwater Viviparus and Melanopsis macrofauna,
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indicating lacustrine to alluvial environments. The Charalampos conglomerate
Formation consists of coarsening upwards conglomerate above the marl Formation,
(either in transition from marl to conglomerate, or by erosion where the researchers
have mentioned lignite horizons between them), describing fluvial packages of a fan
delta. The white marl Formation is a thick calcareous siltstone which also contains
freshwater or marine fauna (e.g. Viviparus, Cyprideis, Cardium).

Kitrinovuni sand Formation (Fig. 3-3) contains two facies of fluvial systems (one of
sandstone with siltstone and one of coarse sands) while Koudounistra Formation
consists of red chert and ultrabasic clasts conglomerate. The Drosia and Koudounistra
conglomerates consist of a coarsening upwards pattern ranging from marls to
conglomerate sediments. The uplifted sediments by the Kalamaki Isthmia fault were not
described in detail. The researchers refer only to the Trapeza- Isthmus group without

further examination suggesting a Pliocene-Pleistocene age.

Collier & Thomson (1991) have thoroughly described the sediments at the central part
of the Corinth Canal, describing Upper Pleistocene marine facies including beach to
offshore conglomerates and sandstones with wave-modified sedimentary structures.
They mentioned planar and cross bedded sandstones and conglomerate facies,
associated with a beach to offshore transition; variable laminated siltstone to sandstone,
associated with shallow marine deposits. Oolitic sandstone facies were related with
shallow and high energy marine environments, while transverse and linear dunes with

deeper marine deposits.

The researchers have also reconstruct the paleogeography of the area during the MIS 7
(200 ka) suggesting that a marine connection periodically existed through the Corinth

Isthmus based on active faults and glacio-eustatic sea level highstand.
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Figure 3-2. View of the Corinth Canal, where boreholes were drilled, using Google
Earth imagery from August 2014. The area where Collier et al. (1992) sampled corals is
indicated with the white coral symbol, while the yellow box indicates where the photos of
the canal in figure 12-4 and the green box the photos in figure 11-3 were taken.
Eikéva 3-2. Amown Ttou KavaAiou tn¢ KopivBou, Omou €yivav Kal Ol YEWTPNOEIC,
Baoiouévn ortic eikéves Tou Google Earth arrd rov Alyouaoto tou 2014. YmodeikvueTal n
repioxn orrou ol Collier et al. (1992) xpovoAdynoav ra kopdAAia (Asukod kopdAAl), evw To
KiTpIVO Kai TO TTPpd0oIVOo TTAQicIo UTTOOEIKVUEI TNV TTEPIOXH OTTOU AfgOnKav o1 ewToypagics
TOU KavaAiou arro 1i§ eiIkoves 12-4 kar 11-3 avrioToixa.

They also mentioned that the uplifted strata by the Kalamaki-Isthmia fault are tilted
towards NW implying the recent activity of the fault. Finally, they have mentioned the
presence of a marine terrace, northwards than the canal, at 150 m height. By analogy

with the terraces of the southern Corinth Basin and the beach cycles of the central

Corinth they suggested an uplift rate 0.4—-0.8 mm/yr.
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Trapeza Isthmmos group
Andesites

Koudounistra formation
Drosia formation
Kitrinovouni Formation
White marl formation

///’ } Charalmpos formation

Figure 3-3. A) The geological map showing the lithological formation eastern the
Corinth Canal. B) Stratigraphic scheme for the Lower Pliocene to Pleistocene outcrops
C-G) Sedimentary logs of the described lithological formations. C) Koudounistra
Formation, D) Drosia Formation, E) Kitrinovuni Formation, F) Charalampos Formation,
White marl Formation. (Modified from Collier & Dart, 1991).
Eikéva 3-3. A) O yewAoyik6¢ xa@ptnc 1ng mepioxns avaroAikd tne Aiwpuyag. B)
2XNUATIKN QTTEIKOVION TNG oTpwuaroypagias tne mepioxns. C-G) ZTpwuaroypa@ikéc
oTHAES Twv ueAetnuévwy AiIBoAoyiwv C) oxnuartiouoi Koudouviotpag, D) oxnuariouoi
Apooiac, E) oxnuariouoi KitpivoBouviou, F) oxnuariouoi XapaAdurmou, G) oxnuariouoi
Neukng uapyag (amré Collier & Dart, 1991)
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Collier (1990) described five subsequences at the Corinth Canal. He mentioned that
Corinth Marls, previously described by Freyberg (1973), to be the oldest sediments
exposed in the canal section, also mentioning an upwards transition within the central
horst block from freshwater or brackish to marine facies. Coral dating from this section
were not useful, since due to limitations of the methodology their expected age is older
than 350 ka. Above the Marls he described the 1%subsequence, which consists of
conglomerates with ophiolite clasts, (coastal paleoenvironment) fining upwards to sandy
layers (shallow marine with fresh water influence). The 2™subsequence consists of
beach- to shoreface set a, fining upwards to shallow marine mudstones. Corals dated
from with this subsequence have shown an age ~312 ka, placing them at MIS 9. The 3™
subsequence consists of fining upwards sands, of marine origin. Corals dated form this
subsequence indicated an age ~205 ka, placing them at MIS 7. The 4" subsequence
was described at the NW part of the Canal interpreted as the product of another marine
transgression. The 5" subsequence is described and interpreted as coastal, recent

(Holocene) deposits.

Gawthorpe et al. (1994) and McMurray & Gawthorpe (2000) have also studied the
sediments formations from the Corinth Canal. McMurray & Gawthorpe (2000) described
the facies stacking patterns of the attached shoreface sequences from the Corinth
Canal mentioning shoaling and coarsening upward facies stacking pattern. Between the
basal contact of the first sequence overlying Corinth Marls a prominent palaeocliff
approximately 1.75 m high, was interpreted as evidence of subaerial exposure prior to
transgression. Gawthorpe et al. (1994) mentioned that these sequences in the south-
east of the isthmus consist of foreshore conglomerates while to the north-west consist
of lower shoreface sands; suggesting that the general facies stacking pattern within the
sequences is one of progradation with limited aggradation. Furthermore, the
researchers based on the described exposed sequences on the isthmus suggested that
‘they display a distinctive stacking pattern and form one sequence set which each
sequence is located further basinward of the previously deposited sequences and the
sequence boundaries converge and become coincident in the up-dip direction (to the
south-east). Thus this sequence set offlaps to the north-west and is considered here to

represent a forced regressive sequence set”.
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Several researchers have estimated the age of the sediment sequences based on
corals dating (e.g. Collier et al., 1992; Dia et al., 1997; Pierini et al., 2016). In Collier
(1990) corals’ dating indicated an age of the Corinth Marl older than 350 ka, of the 2™
subsequence ~312 ka and of the 3™ subsequence ~205 ka. In Collier & Dart (1991) and
Collier et al. (1992) corals samples were also dated from Examilia village, southern than
the Canal, implying an age ~205 ka. Samples from the same area were dated by Dia et
al. (1997) as well, suggesting an age ~330. They have also dated corals from
Perachora Peninsula, as well as from the Corinth Canal, demonstrating ages similar
with these in Collier (1990). Based on these dates Collier (1990) and Collier et al.
(1992), suggested an uplift rate for the Corinth Canal, approximately 0.3 mm/yr. Pierini
et al. (2016) through Pecten specimens used for IcPD dating suggested approximately
ages with Collier (1990)°.

®>350 ka for MIS 11, ~311 ka for MIS 9 and ~205 for MIS 7.
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4 Materials and methods

4.1 Surface mapping

Detailed surface mapping was focused mainly on the eastern part of the Corinth Canal
at the footwall and the hangingwall of the Kalamaki Isthmia fault, describing the lithology
and the tectonic features of the area. In total 149 measurements of the strata inclination
and 91 of the tectonic features were extracted. Furthermore, 99 samples extracted from
sandy, clayey and even gravely outcrops were examined for their micropaleontological

and 32 samples were examined for their nannofossils content.

4.2 Boreholes

Eleven boreholes were drilled® in either sides of Kalamaki-Isthmia fault (~ 373 m total
length), offering unique data. Boreholes Bh-6 and Bh-3 (which was the longest of them,
70.20 m long), were drilled at fault's footwall while the rest towards the immediate
hangingwall of the fault (Fig. 3-2). Eight of them were examined in detail, while for the

rest only lithological description was obtained.

4.3 Foraminifera

In total 355 samples extracted from boreholes and from surface outcrops have been
analyzed for their micropaleontological content (256 from the borehole cores and 99
samples from surface outcrops), where each sample (20 g dry weight) was treated with

H,O, to remove the organic matter, to disaggregate silt and clay and subsequently was

® The boreholes were drilled from Edafomichaniki SA, for geotechnical research.
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washed through a 125 ym sieve and dried at 60 °C. A subset containing approximately
200 benthic foraminifera for each sample when this was feasible was obtained using an
Otto microsplitter. The microfauna have been identified under a Leica APO S8

stereoscope (Appendix B).

The affinities of the foraminiferal assemblages to environmental (mostly salinity)
conditions can be evaluated on foraminiferal test size (e.g. Murray, 1991; Melis and
Violanti, 2006; Koukousioura et al., 2012). In order to quantify this observation,
biometric measurements were performed on Ammonia spp. tests distinguishing them in
two size categories: small (<0.5 mm) and large (>0.5 mm). Therefore, the use of the
ratio between large (L) and small (S) Ammonia tests is established as A-ratio: A=100 x
L/(S +L) and it is used for estimating paleosalinity conditions (Koukousioura et al.,
2012). Additionally, a broken-reworked ratio, BR=100 x broken-reworked/ (normal +
broken-reworked) was calculated in order to better evaluate high energy
paleoenvironments; high numbers of broken foraminiferal specimens indicate strong
nearshore hydrodynamics (e.g. Vilela and Koutsoukos, 1992; Geslin et al., 2002). For
data analysis, foraminiferal species relative abundances are expressed as percentage
(%) of the assemblage. Foraminiferal diversity was determined through Fisher’s alpha
(a) index which was calculated using the Past.exe 1.23 software package (Hammer et
al., 2001; Cosentino et al., 2017) (Appendix C).

The percentage of planktonic foraminifera (%P) within the total foraminiferal
assemblage has been estimated, if it was feasible, according to Avhaim-Katav et al.
(2013) based on Van Der Zwaan et al. (1990) and Van Hinsbergen et al. (2005) and

was used as a proxy for palaeobathymetry.

4.4 Nannofossils

63 samples of fine-grained sediments (32 extracted from surface outcrops and 31 from
the borehole cores were examined by Scanning Electron Microscopy (SEM) for their

calcareous nannoplankton content. A small amount of sediment (~1 mg) per sample
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was dissolved in buffered solution and filtered on Whatman cellulose nitrate filters
(47mm diameter, 0.45um pore size), using a vacuum filtration system. The filters were
open dried and stored in plastic Petri dishes. A piece of each filter approximately 8x8
mm? was attached to a copper electron microscope stub using a double-sided adhesive
tape and coated with gold. The filter pieces were examined using a Jeol JSM 6360
Scanning Electron Microscope (SEM, Faculty of Geology & Geoenvironment, National
and Kapodistrian University of Athens’). A working magnification of 1200x was used
throughout the analysis. A total of 300 coccoliths were counted per sample (e.g.
Thierstein et al., 1977; Triantaphyllou, 2015). The definition of the Emiliania huxleyi
NN21la biozone (Martini, 1971) is based on the first appearance of specimens of the
species that is the midpoint of the slope of the initial increase of species in counts of
300 coccoliths (Thierstein et al., 1977; Rio, et al., 1990).

4.5 Magnetic Susceptibility

Magnetic Susceptibility within the core is measured with the Bartington MS2 system
with the MS2K sensor (see also Reicherter et al., 2010). In total, 986 MS measurements
have been carried out from different lithological alternations within the cores. The
Magnetic Susceptibility (MS) of sediments depends mostly on mineral composition and
grain size. In general, iron bearing minerals lead to high values of MS (dimensionless Sl
units) (e.g., Mullins, 1977; Oldfield, 1991; Da Silva et al., 2009; Reicherter et al., 2010;
Maselli et al., 2014). Terrestrial deposits are often characterized by higher amounts of
such minerals compared to marine sediments and therefore MS measurements can

help to distinguish between different sedimentary environments (Appendix D).

! Magnification: 8X to 300,000X, resolution: 4.0nm (at 20kV),

56



Materials and methods

4.6 *Th/U-dating of fossil corals

Seven coral stems from a colony in borehole Bh-7 were selected for ?°Th/U-dating.
Sample preparation and mass spectrometric analysis were performed at the Max
Planck Institute for Chemistry, Mainz. Sample preparation and chemical separation of U
and Th isotopes was performed as described by Yang et al. (2015). Uranium and Th
isotopes were analysed by multi-collector inductively coupled plasma mass
spectrometry (MC-ICP-MS, Nu Plasma). Analytical details can be found in Obert et al.
(2016). Details about the calibration of the mixed U-Th spike are given by Gibert et al.
(2016). All ages were corrected for potential detrital contamination assuming an
average upper continental crust **Th/**®U weight ratio of 3.8 for the detritus and *°Th,
234U and #8U in secular equilibrium. All activity ratios were calculated by using the half-

lives reported by Cheng et al. (2000).

4.7 Luminescence

4.7.1 Introduction

Six samples from three boreholes were selected for OSL and IrSL dating, based on the
quality of the samples® (Bh-1, 5.25 m, 6.05 m, Bh-3, 20.5 m, 21.25 m, Bh-7, 20.65 m,
33.45 m). Following the conventional laboratory practices, (e.g., Preusser et al., 2008)
samples were prepared for obtaining quartz and feldspar coarse-grains at the laboratory

of Archaeometry / Paleoenvironment & Archaeometallurgy  of N.C.S.R. Demokritos.

® The examined samples should be undisturbed and without any fractures that could have
allowed the sun light to pollute the sample. Furthermore each sample should have enough

material for analysis considering that a significant eternal layer was removed.
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Luminescence is the physical procedure, in which light is emitted by the crystals of a
mineral. As long as grains are exposed to daylight, there is no luminescence signal.
Daylight or heat above several hundred °C, erases any energy that was previously
absorbed. After their deposition, grains are affected by radioactive isotopes such as
(**®U/*°U, K and ?*2Th) and grains slowly begin to accumulate luminescence signal.
There is excitation of the atoms in the crystal lattice due to ionizing radiation.
Consequently, the activated electrons “jump” at higher states. Many of them are
captured at specific electronic levels, which are called electron traps (e.g. Chen &
Mckeever 1997; Krbetschek et al. 1997; Preusser et al., 2008).

All luminescence techniques aim to determine the energy (the electrons) that the grains
have absorbed, since their last exposure to daylight. To achieve this mineral’s grains
are technically stimulated at a laboratory. The recorded energy which is measured is
referred as the palaeodose. This energy is measured in Gy (Gray), which is the
absorbed energy per mass of mineral (J*kg™). By dividing this energy with the dose
rate, the age of the mineral is estimated. Dose rate is the “amount of energy deposited
per mass of mineral due to radiation exposure acting on the sample over a certain time
(Gy a')” (Preusser et al., 2008).

Sediments that have been deposited more years have more electrons trapped within
their crystal lattice. When these electrons are stimulated, emit an amount of light. The
density of this light is measured to estimate the luminescence of the minerals. It should
be mentioned that the amount of stimulated electrons, is a combination of the time that
the sediment was trapped and the environment (which affect the dose rate) (e.g.
Preusser et al., 2008).
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4.7.2 Processing of the samples

Chemical Treatment

The external part of each sample (approximately 1 cm thick) was removed, material that
may have been affected by solar radiation. The rest of samples was powdered and
treated with hydrochloric acid (HCI) 10%. Afterwards the samples were washed up five
times with tap water, one with distilled water and one with ethyl alcohol so any remains
of HCL was washed away and any carbonate material was removed from the sample.
The time of treatment with HCL depends on the content of carbonate in the sample.

Afterwards the material was dried and sieved and was treated with hydrogen peroxide
(H202) 10%, removing any organic particles from the samples. The samples were re-
washed three times with tap water, one with distilled water and one with ethyl alcohol for
inactivating any residual H,O, left. The time of treatment with H,O, depends on the

content of the organic in the sample.

Then the samples were treated with hydrofluoric acid (HF) for removing the outer
surface of quartz grains, which had accepted the effect of particle "a" and to increase
the purity of the quartz and feldspar in the samples. Quartz was obtained from the
fractions which was treated with HF40% for 40 minutes, while feldspar was obtained
from the fractions which was treated with HF 10% for 90 minutes. All samples were
treated with HCL 10% for 15 minutes and were washed with distilled water seven times
then with alcohol and were dried. Finally, with a powerful magnet any remains of

magnetic minerals were removed.

Signal Measurements

For measuring the omitted signal single aliquot measurements were used, consisting of
a monolayer of quartz or feldspar grains mounted on stainless steel discs of 10 mm

diameter using silicone oil as an adhesive. The quartz and feldspar grains covered the
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central 5 mm diameter portion of each disc, corresponding to several hundred grains
per aliquot (e.g. Tsakalos et al., 2016).

All measurements were carried out on a Risg TL-DA 15 luminescence reader fitted with
a Thorn EMI photomultiplier tube. Irradiation was from a calibrated 90Sr/90Y B source.
Feldspar grains were stimulated by infrared light diodes emitting at 870 nm and the
detected luminescence signal in the blue-violet region (320-460 nm) was achieved with
a Schott BG39/Corning 7-59 filter combination. Infrared light stimulation was at 290 °C,
right after a 50 °C stimulation for 100s, showing significant anomalous fading (Thiel et
al., 2011; Tsakalos et al., 2016).Quartz grains were similarly examined using blue LEDs
(470 nm) for stimulating the aliquots and a 7.5 mm Hoya U-340 filter for the signal
detection filter mounted in front of the photomultiplier tube.

For the estimation of the sediments’ age the dose rate of the relevant elements was
determined separately. The calculation of the dose rates (U, Th and K) was based on
analytical data obtained by Inductively Coupled Plasma Mass Spectrometry (ICP-MS;
ACME laboratories, Canada) and using the “The Dose Rate calculator (DRc)” software
developed by Tsakalos et al. (2016). This program uses the conversion factors
proposed by Guérin et al. (2012) and the attenuation factors (due to water content) for
alpha radiation by Aitken (1985), beta by Nathan and Mauz (2008), and gamma by
Guérin et al. (2012). DRc also calculates the cosmic rays contribution to the total dose
rate (according to Prescott and Stephan, 1982; Prescott and Hutton, 1988, 1994) using
the altitude and latitude of the sampling sites, present day depth and the density of the
overburden. The final dose rates are obtained by correcting for etching of the grains and

the grain size.

4.7.3 Quartz OSL methodology

For the examination of the quartz grains the ‘double-SAR’ (‘post-IR blue’) protocol as
described and outlined by Roberts and Wintle (2001) and Banerjee et al., (2001) was

followed.
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Firstly, the aliquot is given a small beta (test dose) irradiation which is less than the
natural De value. The OSL response (TN) to this test dose is used to normalize the
natural signal. The aliquot is then given a range of “regeneration” doses (R1-R2) and
the resulting OSL decay curves (L1-L2) are measured. Each measurement of
regenerated dose-response is followed by the application of a test beta doses, and
subsequent measurement of the OSL response to that test dose (T1-T2) allows LX/TX
to be determined for each regeneration dose step.

4.7.4 Feldspar IRSL methodology

Thiel et al. (2011) have briefly and simply described the procedure followed for the IRSL

signal measurements in the following table

Table 1. The typical procedure followed for IRSL signal measurements (Thiel et al.,

2011). llivaka¢ 1. H rtumkn diadikaoia UTTOAOyIOLOU TOU EKAUOUEVOU OHUATOS UECW

utTéPUBPNS PWTAUYEIAC.

Step Procedure
1 Give dose
2 Preheat for 60 s at 320 °C
3 IR stimulation for 200 s at 50 °C
4 IR stimulation for 200 s at 290°C
5 Give test dose, DT
6 Preheat for 60 s at 320°C,
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7 IR stimulation for 200 s at 50 °C
8 IR stimulation for 200 s at 290 °C
9 IR stimulation for 100 s at 325 °C
10 Returnto 1

4.8 Statistical analysis

For data analysis, foraminiferal species relative abundances are expressed as
percentage (%) of the assemblage. Foraminiferal diversity was determined through
Fisher's alpha (a) index was calculated using the Past.exe 1.23 software package
(Hammer et al., 2001; Cosentino et al., 2017).

Hierarchical cluster analysis, an algorithmic approach to find discrete groups with
varying degrees of (dis)similarity in a data set represented by a (dis)similarity matrix,
has been used for a detailed analysis of the results. Foraminiferal species are subjected
into two-way cluster analysis (Q-mode, R-mode) to highlight biofacies (Scarponi et al.,
2014). Samples (Q-mode) and taxa (R-mode) were clustered by the hierarchical cluster
analysis (Ward's method and Euclidean distances as a similarity index) to determine
species associations and to assess the ecological affinity among different groups.
Biofacies were identified by a Q-mode cluster sharing a distinctive cluster(s) of taxa (R-
mode), well represented in the Q-mode cluster (Scarponi et al., 2014). To examine only
significant suites of taxa, R-mode clusters are examined only to species that exceeded
3% of the assemblage in at least one of the samples. Samples in the text are expressed
as the centered value of the depth core from which the surface was extracted (e.g.,
sample Bh-1 from 9.60-9.70 m is referred to as Bh-1, 9.65 m).

A non-metric multi-dimensional scaling (MDS) ordination was used to identify significant
groups (Avnaim-Katav et al., 2013).The object of nonmetric MDS is to find the

coordinates of the points in two-dimensional space, so that there is a good agreement
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between the observed proximities and the inter-point distances. (Fahrmeir and Hamerle,
1984) MDS attempts to represent as closely as possible the pairwise dissimilarity

between the values into two-dimensional space.

A Kolmogorov-Smirnov normality test was used to examine if the measured MS values
follow a normal distribution or not, based on the described lithology and the estimated
paleoenvironment of the cores. Finally, a Pearson correlation test was compiled to
examine if there is any correlation among the described lithology, the paleoenvironment
and the measured MS values.
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5 Corinth Canal borehole data

5.1 Introduction

Eleven boreholes were drilled in either sides of Kalamaki-Isthmia fault (~ 373 m total
length) (Table 2). Boreholes Bh-6 and Bh-3 (which was the longest of them, 70.20 m
long), were drilled towards the footwall of the fault while the rest towards the immediate
hangingwall of the fault (Fig. 3-2, 5-1). Eight of them were examined in detail, while for
the remaining three only lithological description was obtained. Borehole Bh-7
intersected the main fault plane at approximately 36 m core depth, exhibiting a 12 m
thick deformation zone (from 33 m to 45 m core depth with several meters of
cataclastites, containing fragments of limestone and tectonic breccia).

Figure 5-1. Images from the drilled cores. (A) Borehole GA-4 from 18.30 m till 19.20 m,
showing the transition from fluvial (gravels) to marine (silt). (B) Borehole GA-4 from
33.00 m to 33.90 m, showing the transition from gravels to sitly sand. (C) Borehole GA-
5 from 28.60 m to 29.70 m, showing the transition from marine (clayey sand) to fluvial
gravels.

Eixova 5-1. XapakrnpioTIKEG EIKOVEC ATTO TOUS TTUPNVES TwWV YEWTPNOEwV . (A)
lewtpnon GA-4 amo 18,30 u. éw¢ 19,20 u., mou eaiverar 1n ueraBacn amd T10
morauoxeluapeia o BaAdooia ifhuara. (B) MNewrpnon GA-4 amé 33,00 m éwg 33,90 m,
mou @aiveralr n UeTaBacn amd xovOPOKOKKO O& AemToTEPO UAIKG. (M) Mewtpnon GA-5
arrd 28,60 u. éwg 29,70 p., mou @aiverai n pyerdBaon amrd Baidooia (apyiAwdn duuo) oe
TToTauOXEINApEIa ICHUATA.
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Figure 5-2. Examples of the analyzed samples A) Gravels with ophiolite fragments
(sample Bh-3 28.05 m), B) & C) Gravels (samples Bh-3 42.85 m and Bh-3 66.55 m
respectively), D) Reddish clay (sample Bh- 15.25 m), E) Sand (sample Bh-3 49.65 m),
F) Clay (sample Bh-3 37.55 m).

Eikova 5-2. XapaktnpioTika mapadeiyuara twv OsyudTwy mou avaAubnkav A) Xalikia
e Bpavouara opioAibou (eiyua Bh-3 28,06 m), B) & C) XaAikia (6¢iyuara Bh-3 42,85 m
kal Bh-3 66,55 m avriotoixa) 15.25 m), E) Auuoc (6€iyua Bh-3 49.65 m), F) ApyiAog
(6¢iyua Bh-3 37.55 m).

Table 2. The altitude, the depth and the coordinates (EGSA87) of the studied boreholes.
The error of the coordinates is + 2. [livaka¢ 2. To uwduerpo, 10 BABOS Kai ol

ouvreraypéves (EGSA87) Twv YewTpROEWY (EKTIMWHEVO TQAAuQ + 2).
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Borehole Altitude (m) Depth (m) X Y
Bh-1 16.00 +£0.5 31.00 412040 4197081
Bh-2 15.00 5 49.00 412211 4197061
Bh-3 19.20 £0.5 70.10 412269 4197153
Bh-4 20.50 5 30.50 412380 4197275
Bh-6 27.00 £5 40.60 412366 4197115
Bh-7 16.10 £0.5 57.00 412300 4197198
G-1 20.00 £0.5 20.00 414642 4197778
G-2 19.00 £0.5 10.50 413605 4197811
GA-2 35.00 0.5 14.00 412648 4197422
GA-3 20.80 +0.5 15.20 412566 4197259
GA-4 21.10 +0.5 45.50 412392 4197216
GA-5 19.90 +0.5 30.00 412048 4197104

5.2 Stratigraphy — lithological description

In each borehole lithological alternations of sand, clay, clayey sand, conglomerate, marl
and fragments of limestone have been recognized. It is remarkable that among these
layers for all boreholes, there is no significant correlation. The latter strongly indicates
that there are major lateral alternations and lithological variations. Conglomerate and
layers with gravels contain pebbles and sub-angular clasts, indicating a high energy
depositional environment. Ophiolites found within were probably transferred by torrents
and sourced from the Gerania Ophiolitic nappes (e.g. Gawthorpe et al., 1994).

Therefore, these strata can be ascribed to a fluvial-torrential paleoenvironment. Sandy
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layers can be ascribed to various paleoenvironments from coastal to marine (Figs 5-1,
5-2).

5.3 Micro- and nanno- paleontological analysis

The studied benthic foraminiferal assemblages are relatively abundant and moderately
preserved. In total 26 different species were described (Fig. 5-3) both from the surface
and the borehole samples. Calcareous nannoplankton specimens have been identified
through SEM analysis, within certain horizons of the examined boreholes (Fig. 5-4).
From the 31 examined samples 15 of them proved to be rich in calcareous
nannoplankton. In all these samples approximately the same species were identified.
Samples were dominated by the presence of small Reticulofenestra spp. (~40%) and
small Gephyrocapsa spp. (~30%) coccoliths, while Emiliania huxleyi specimens were

relatively scarce (5-8% of the total assemblage), but consistently present.
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Figure 5-3. Foraminiferal specimens under a Scanning Electron Microscopy (SEM). a)
Rosalina bradyi (Cushman), spiral side (Bh-3, 19.85 m), b) Elphidium granosum
(d’Orbigny), side view (Bh-3, 19.85 m), c-e) Quinqueloculina spp. (GA-4, 25.55 m, GA-
2, 12.95 m, Bh-7, 26.55 m) f) Elphidium crispum (Linné), side view (Bh-3, 11.45 m). g)
Haynesina depressula (Walker and Jacob), side view (Bh-3, 18.05 m). h)
Quinqueloculina spp. (GA-4 31.05 m). i) Bolivina spp. (Linné), (GA-2, 12.95 m). j)
Elphidium crispum (Linné), side view (Bh-1, 13.15 m). k-I). Haynesina depressula
(Walker and Jacob), side view (Bh-7,22.35 m and spiral view GA-2, 6.35 m). m)
Lobatula lobatula (Walker and Jacob), umbilical side (GA-4, 31.05 m). n)
Globigerinoides spp. (Cushman), spiral side (Bh-3, 36.35 m).
Eikéva 5-3. XapaktnpioTiKd T1pnuaropopa mou meplypdenkav a) Rosalina bradyi
(Cushman), omeipoeidng mAeupa (Bh-3, 19,85 m), b) Elphidium granosum (d'Orbigny),
mAayia 6wn (Bh-3, 19,85 m), c-e Quinqueloculina spp. (GA-4, 25,55 m, GA-2, 12,95 m,
Bh-7, 26,55 m) or) Elphidium crispum (Linné), mAdyia own (Bh-3, 11,45 m). Q)
Haynesina depressula (Walker and Jacob), mAdyia 6wn (Bh-3, 18,05 m). n)
Quinqueloculina spp. (GA-4 31,05 m). i) Bolivina spp. (Linné), (GA-2, 12,95 m). j)
Elphidium Crispum (Linné), mAdayia 6éwn (Bh-1, 13,15 m). k-1). Haynesina depressula
(Walker and Jacob), mAayia own (Bh-7,22,35 m kai omreipo€idi¢ own GA-2, 6,35 m). m)
Lobatula lobatula (Walker and Jacob), ou@aAikn mAsupd (GA-4, 31,05 m). n)
Globigerinoides spp. (Cushman), omreipocidng mAsupa (Bh-3, 36,35 m
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Figure 5-4. Nannoplankton identified under a Scanning Electron Microscopy (SEM) a)
Gephyrocapsa spp. and Emiliania huxleyi coccolith distal side (Bh-7 26.55 m), b)
Reticulofenestra spp. coccolith distal side (GA-4 35.65 m), c-e) Emiliania huxleyi
coccolith proximal side (Bh-3 8.75 , 35.65 m), f-h) Emiliania huxleyi coccolith distal side
(sample Bh-3 20.75 m).

Eikéva 5-4. XapaktnpioTikG Ociyuara vavormAaykrov mou meplypaenkav (SEM) a)
Gephyrocapsa spp. kar v avwrepn mAsupd Emiliania huxleyi (Bh-7 26,55 m), b)
Reticulofenestra spp. (Bh-3 8,75, 35,65 m), f-h) davw mAcupda tn¢ Emiliania huxleyi
(6¢iyua Bh-3 20,75 m).

5.4 Magnetic Susceptibility Analysis

The magnetic susceptibility (MS) of sediments depends mostly on the mineral
composition and grain size (e.g., Mullins 1977, Oldfield, 1991, Da Silva et al., 2009,
Reicherter et al., 2010, Pallikarakis et al., 2015). In general, iron bearing minerals lead
to high values of MS (dimensionless SI units). Terrestrial deposits are often
characterized by higher amounts of such minerals compared to marine sediments;
therefore MS measurements can help to distinguish between different sedimentary
environments. Overall, the described lithology within the boreholes is in agreement with
the MS measurements taken. The extracted data show clear difference between coarse
and fine sediments. Higher values are measured at gravely layers, while clayey and
sandy layers have less magnetic susceptibility. Ophiolite clasts within the sediments are

responsible for higher values, since they contain magnetic minerals.

5.5 Boreholes description

The analysis of the boreholes, located at the eastern part of the Corinth Canal (Fig. 3-

2), is presented below
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55.1 Borehole Bh-1

Lithology

Borehole Bh-3 consists of clay, clayey sands and sand, irrupted by gravely layers,
several meters thick (Fig. 5-5, table 3).

Samples MS (x10°)
depth (m) Sl units
- =055 L
E —— 4.55 =
: — — N
©-10 - 0@% +—— 9.65 —
Presentda — =
a | e —— 13.95 =
—— 18.45
204 — 4
- 88: + -
=3 iy i
—— 28.55
-30 - =
. 881 &= -
0 50 100 0 200 400 600
clay |- -] sand |5 =°| gravels
@ @ %@ Samples examined for calcareous nannofossils specimens

Figure 5-5. Lithological description of Bh-1, showing the extracted samples based on
their depth from the surface, the samples examined for calcareous nannofossils and the
measured Magnetic Susceptibility of the sediments.
Eikéva 5-5. H AiBoAoyikn mrepiypagn tns yewtpnong Bh-1, ra deiyuara mou eéetaornkav
o oxéon 10 BABo¢ TOUC QMmO TNV EMIQAvVEIQ Kal autd Tou €&€eTdoTnKav  yia

vavoarroAiBwuara kaBwg Kai n ETpnOsioa uayvntikn EMOEKTIKOTNTA TwV ICNUATWV.
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Table 3. Lithological description of borehole Bh-1 and samples extracted from the
borehole based on their depth from the surface. lMivakag¢ 3. H AiBoAoyikn mepiypa®n kai

Ta Ociyuara mou avaAubnkav ornv Bh-1.

_ Samples Bh-1
Depth (m) Lithology
(depth, m)
Top soil and gravely terrestrial
0.00-3.50 _ 0.55, 1.45
formation
3.05, 4.55, 6.95,
3.50-11.20 Brown-beige fine to coarse sand. 8.15, 8.55, 9.65,
10.65
11.20-12.50 Gravels with coarse sand 11.85
13.15, 13.95,
15.15, 16.25,
12.50-22.60 Sand 16.75, 18.45,
19.15, 20.35,
21.05
23.95, 24.75,
22.60-27.20 Gravels with coarse sand 25.35, 25.95,
26.75
27.20-29.10 Sand 28.55
29.10-29.70 Clay 29.25
29.70-31.00 Gravels with coarse sand 29.85, 30.65
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Microfauna

Of the total examined samples, 16 were relatively rich in foraminiferal species (~200
specimens were counted per sample) with an FD-index ranging from ~60 to ~400
forams/g, while benthic foraminifera were absent in 5 samples and just few broken
specimens were found in 7 samples, with FD-index < 2 forams/g (gravel layers).
Fisher’s alpha index values ranged from a=0 (sample Bh-1, 28.55 m) to a=5.43 (sample
Bh-1, 18.45 m); higher values were observed particularly in the central part of the
borehole (from 16.00 to 21.00 m core depth).

In general, the foraminiferal fauna is dominated by species with calcareous test.
Thirteen benthic foraminiferal taxa made up more than 95% of the total assemblage:
Ammonia beccarii, Ammonia tepida, Rosalina bradyi, Cibicides refulgens, Elphidium
crispum, Elphidium complanatum, Elphidium granosum, Haynesina depressula,
Neoconorbina terquemi, Asterigerinata mammilla and planorbis, Discorbis spp. and
miliolids (Fig. 5-6). In particular, A. tepida was the dominant species with an average
abundance ~18% (maximum relative abundance 92% sample Bh-1, 29.25 m). Ammonia
beccarii were present in all samples comprising almost 8% of the assemblages
(maximum relative abundance 20% Bh-1, 18.45 m). The epiphytic species, R. bradyji,
Discorbis spp. and C. refulgens, were generally well represented, with maximum
relative abundance values of 18% (maximum relative abundance 37% sample Bh-1,
13.95 m), ~2.5% (maximum relative abundance 11% sample Bh-3, 11.85 m) and 10%
(maximum relative abundance 27 %Bh-1, 11.85 m) respectively. Among the Elphidium
taxa, E. granosum (average abundance ~10% and maximum relative abundance ~18 %
sample Bh-1, 28.55 m) was the most common species, followed by E. Crispum
(average abundance ~3.3 and maximum relative abundance ~12% sample Bh-1, 22.35
m) and E. complanatum (average abundance ~3% and maximum relative abundance
~8% sample Bh-1, 19.15 m). H. depressula was also well represented with an average
abundance 13% (maximum relative abundance 31% Bh-1, 28.55 m). Other taxa such
as Aubignina perlucida and N. terquemi were also traced, with maximum relative
abundances of 11% (sample Bh-1, 11.85 m), and 20% (Bh-1, 18.45 m) respectively.

Miliolids were present in all samples comprising almost 17% of the assemblages
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(maximum relative abundance 29% Bh-1, 9.65 m). Asterigerinata (mammilla and
planorbis) were represented, with maximum relative abundances of 12% (sample Bh-1,
28.75 m), and 13% (Bh-1, 18.45 m) respectively.

BR-ratio ranges from 4-10 (samples Bh-1, 13.15 m, 20.15 m), up to 40 (samples Bh-1,
21.05 m, 28.55 m depth). In general, gravely layers have a higher percentage of broken
species than clays. A-ratio ranges from very low values (8.6 at sample Bh-1, 8.55 m) to
high values (80—90 at the interval 10.00-20.00 m core depth).

MS

Magnetic Susceptibility in Bh-1 sediments ranges from 5 to 267 x10-5 (SI units) (Fig. 5-
5). The interval 23.50 to 30.00 m core depth has relatively high MS values ranging from
181 to 267 x10-5 (SI units)(average value 212 x10-5 (Sl units), interrupted by a thin
layer at 28.00 to 29.5 m core depth with an average value 8x10-5 (SI units). The interval
23.50 to 16.50 m core depth MS values range from 5 to 12x10-5 (SI units), with an
average value 7x10-5 (Sl units). Till the surface at 0.00 m the MS values range from 15
to 99x10-5 (Sl units), with an average value at 52x10-5 (Sl units).

Calcareous Nannoplankton

Calcareous nannoplankton specimens have been identified through SEM analysis in
certain levels of borehole Bh-1 (Fig. 5-5). Five samples were examined four of which
proved to be rich in relatively well-preserved nannofossils (samples Bh-1, 9.65, 19.15,
20.35, 28.55 m depth were rich in nannofossils, while sample Bh-1 29.75 m depth was
barren. All samples, were dominated by the presence of small Reticulofenestra spp.
(~=35%) and small Gephyrocapsa spp. (~30%) coccoliths, while Emiliania huxleyi
specimens were relatively scarce (10-15% of the total assemblage), but consistently

present.
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5.5.2 Borehole Bh-2

Lithology

Borehole Bh-2 was not examined in detail and only a description of borehole’s lithology
is available (Fig. 5-7, Table 4).

Present day
seq level

Depth (m)

] clay
sand
gravels

_40_’.:.:.:.

Figure 5-7. Lithological description of Bh-2.
Eikéva 5-7. H AiBoAoyia tn¢ yewtpnong Bh-2.

Table 4 Lithological description of borehole Bh-2. livaka¢ 4. H AiBoAoyikn 1Tepiypapn
ornv Bh-2.
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Depth (m) Lithology
Top soil and gravel

0.00-3.60 terF:estriaI for?natio:

3.60-5.40 Fine to coarse sand.

5.40-8.00 Gravels with coarse sand

8.00-9.30 Sand
9.30-21.20 Gravels with coarse sand
21.20-25.90 Sand
25.90-30.00 Gravels with coarse sand
30.00-42.80 Sand
42.80-43.80 Clay
43.80-44.90 Sand
44.90-48.10 Gravels with coarse sand
48.10-49.00 Sand

5.5.3 Borehole Bh-3

Lithology

Borehole Bh-3 consists of clay, clayey sands and sand, irrupted by gravely layers,

several meters thick (Fig. 5-8, table 5).
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Samples MS (x10°)
depth (m) S| units
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nannofossils specimens

Figure 5-8. Lithological description of Bh-3, showing the extracted samples based on
their depth from the surface, the samples examined for calcareous nannofossils and the
measured Magnetic Susceptibility of the sediment.

Eikéva 5-8. H AiBoAoyikn repiypaen tng yewtpnong Bh-3, ra dsiyuara mou eéetaornkav
oc oxéon 10 BABo¢ TOUC QMO TNV EMIPAVEId Kal autad Tou &EETAOTNKAV yia

vavoarroAiBwuara kabwg Kai n JETpnOsioa uayvntikn EMOEKTIKOTNTA TwV ICNUATWV.

Table 5 Lithological description of borehole Bh-3 and samples extracted from the
borehole based on their depth from the surface. lMivakag 5. H AiBoAoyikn epiypa@n Kai
ra dgiyuara mou avaAubnkav ornv Bh-3.
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Depth (m) Lithology Samples Bh-3 (depth, m)
Top soil and gravely
0.00-1.50 0.55, 1.55
terrestrial formation
Brown—beige fine to coarse
1.50-4.70 3.05, 4.35
sand.
Clay to fine sand. At 5.40-
5.70 m core depth and after 6.35, 6.85, 8.75, 9.35,
4.70-11.00 _
8.50 m core depth, contains 10.25
fine gravels,
11.00-12.50 Coarse sand with gravels 11.45
12.50-13.00 Clay with few gravels. 12.75
. , 14.45, 15.25, 15.75,
13.00-16.50 Reddish clay with gravels
16.35
16.50-20.00 Sand 18.05, 19.85
Clay with coral Cladocora
20.00-22.40 . o N 20.75, 21.75
caespitosa in living position.
22.40-31.20 Gravels with coarse sand 22.45, 28.05
. 34.45, 35.65, 36.35,
Clayey sand, interrupted by
31.20-39.60 . 37.55, 38.05, 38.75,
sand with few gravels
39.25
42.85, 45.75, 47.25,
39.60-49.60 Gravels
48.05
49.60-60.00 Sand to coarse sand 49.65, 50.35, 51.15,
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56.05, 57.15

Brown-beige coarse sand,
60.00-62.00 60.15, 61.95
coral fragments

Clay, clayey sand and sand 62.65, 63.95, 64.35,

62.00- 66.50 _ _
which contains few gravels. 65.35, 65.75, 66.25
66.50- 70.20 Coarse sand with gravels 66.55
Microfauna

Of the total examined samples, 23 were relatively rich in foraminiferal species (~200
specimens were counted per sample) with an FD-index ranging from ~50 to ~600
forams/g, while benthic foraminifera were absent in 17 samples (from reddish clay to
sand layers), and just few broken specimens were found in 15 samples, with FD-index <
2 forams/g (gravel layers). Fisher’s alpha index values ranged from a = 1.38 (sample
Bh-3, 4.35 m) to a = 5.99 (sample Bh-3, 51.15 m); higher values were observed,
particularly in the lower part of the borehole (from the 49.60-54.50 m core depth),
signifying higher biodiversity in these samples. In general, the benthic foraminiferal

fauna was dominated by species with calcareous test.

Fourteen benthic foraminiferal taxa comprised >90% of the total assemblage: Ammonia
beccarii, Ammonia tepida, Rosalina bradyi, Cibicides refulgens, Elphidium crispum,
Elphidium complanatum, Elphidium granosum, Haynesina depressula, Neoconorbina
terquemi, Discorbis spp., Planorbulina mediterranensis, Asterigerinata spp., Lobatula
lobatula, and miliolids (Fig. 5-9). In particular, A. tepida was the dominant species with
maximum relative abundance ~92% at sample Bh-3, 21.75 m. Ammonia beccarii was
206 a significant component in the lower sandy horizons of the borehole, with a
maximum relative abundance of 40% at sample Bh-3, 49.45 m. Two epiphytic species,
R. bradyi and C. refulgens, were generally well represented, with maximum relative
abundance of 35% (sample Bh-3, 34.45 m) and 28% (sample Bh-3, 36.35 m),

81



Corinth Canal borehole data

respectively. Among the Elphidium species, E. crispum (maximum relative abundance
16%, Bh-3, 35.65 m) was the most common, followed by E. granosum (maximum
relative abundance 18%, Bh-3, 19.85 m) and E. complanatum (maximum relative
abundance 12%, Bh-3, 35.65 m). Other taxa such as H. depressula and N. terquemi
were also traced, with maximum relative abundances of ~20% at sample Bh-3, 19.85 m,
and ~15% at sample Bh-3, 52.75 m, respectively. Miliolids were present in most of the
samples, with a maximum relative abundance of ~28% (Bh-3, 3.35 m). Lobatula
lobatula and Discorbis spp. were also traced with maximum relative abundances of
~20% at sample Bh-3, 10.85 m, and ~10% at sample Bh-3, 52.35 m, respectively.
Asterigerinata spp. (mammilla and planorbis) were also represented, with a maximum
relative abundance of ~11% (Bh-3, 10.25 m). Planorbulina mediterranensis was
described with a maximum relative abundance of ~5% (Bh-3, 8.75 m), whereas very
well preserved planktonic foraminifera specimens were found at ~4% maximum relative
abundance (Bh-3, 35.65 m).

BR-ratio ranged from 4-6 (16.50-22.40 m, 34.00-37.00 m core depth) up to 75 (sample
Bh-3, 14.05 m). In general, gravelly layers had a higher percentage of broken species
than clays. A-ratio tests were performed in 13 samples and ranged from very low (0.3 at
sample Bh-3, 21.75 m) to high values (~90 at the 50.75 m core depth sample). A low A-
ratio is associated with the cluster | assemblage (mostly at the 16.50-22.40 m core
depth), whereas higher values are associated with cluster 11l assemblages (50.00-52.00

m core depth).

Benthic foraminifera were absent (or just few broken specimens were found) in
terrestrial sediments samples (gravel layers), whereas the rest studied samples were
relatively rich in foraminiferal species. Fisher's alpha index values ranged from a=1.38
(sample Bh-3, 4.35 m) to a=5.99 (sample Bh-3, 51.15 m); higher values were observed
particularly in the lower part of the borehole (from 49.60 m to 54.50 m core depth).

MS

Magnetic susceptibility in Bh-3 sediments ranged from 1 to 207 x 107> (SI units) (Fig. 5-

8). Clayey and fine coarse sediments displayed lower MS signal than gravelly and
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coarse sediments. Based on the measured signal of the sediments, in the lower part of
the borehole (66.5-70.20 m core depth interval), the mean MS value was at 55 x 107
(S units), whereas the49.60-66.50 m core depth varied from 1 to 18 x 107 (Sl units),
with a mean value at 2.8 x 107 (S| units). From the 39.60-49.60 m core depth, the MS
signal ranged from 41 to 108 x 107 (Sl units), with a mean value at 59.5 x 107 (Sl
units), whereas from the 31.20-39.60 m core depth, the MS signal exhibited values from
8 to 51 x 107 (Sl units), with a mean value at 23 x 107 (Sl units). From the 22.40-31.20
m core depth, the MS signal ranged from 98 to 207 x 107 (Sl units), with a mean value
at 105 x 107 (Sl units), whereas from the 16.50-22.40 core depth the MS signal varied
from 4 to 50 x 107 (Sl units), with a mean value at 28 x 107> (Sl units). From the 11.00-
16.50 m core depth, the MS signal ranged from 70 to 176 x 107> (Sl units), with a mean
value at 110 x 107 (Sl units), whereas from the 3.00-11.00 m core depth, the MS signal
exhibited values from 3 to 61 x 107 (SI units), with a mean value at 23 x 10~ (Sl units).
The MS signal in the upper 3.30 m of the borehole ranged from 123 to 156 x 107> (Sl
units) (mean 140 x 107 [SI units]).

Calcareous Nannoplankton

Calcareous nannoplankton specimens have been identified through SEM analysis
within certain levels of borehole Bh-3 at Corinth Isthmus. Eight of the studied samples
proved to be rich in relatively well preserved nannofossils (samples Bh-3, 8.75, 10.25,
20.75, 35.65, 36.35, 51.15, 52.75, and 60.15 m), whereas the rest of the samples (Bh-3,
19.85, 21.75, 38.85, 63.95, and 64.35 m) were barren. All samples were dominated by
the presence of small Reticulofenestra spp. (~40%) and small Gephyrocapsa spp.

(~30%) coccoliths, whereas Emiliania huxleyi specimens were relatively scarce (5%-8%

of the total assemblage), but consistently present.
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Corinth Canal borehole data

Figure 5-9. Diagram showing the relative abundances of the most significant (>3%)
recorded benthic foraminiferal species in borehole Bh-3.
Eikéva 5-9. Aidypauua Twv CUYKEVIPWOEWYV TWV KUPIOTEPWV TpnUATOo@opwVv (>3%)

ornv yewtpnon Bh-3.

5.5.4 Borehole Bh-4

Lithology

Borehole Bh-4 was not examined in detail and only a description of borehole’s lithology
is available (Fig. 5-10, table 6).

H i
Present day
sea level clay
---------- sand
g Ei - °o | gravels

Figure 5-10. Lithological description of Bh-4.
Eikéva 5-10. H AiBoAoyikn TTeplypa@r) NG yewTpnong Bh-4.

Table 6. Lithological description of Bh-4. Mivakag 6. H AiBoAoyikn epiypaen ornv Bh-4.

85



Corinth Canal borehole data

Depth (m) Lithology
0.00-1.80 Man-made Canal debris
1.80-3.20 Gravels with coarse sand
3.20-3.90 Sand
3.90-6.70 Gravels with coarse sand
6.70-17.50 Sand
17.50-20.00 Clay
20.00-26.20 Sand
26.20-30.50 Gravels with coarse sand

5.5.5 Borehole Bh-6

Borehole Bh-6was not examined in detail and only a description of borehole’s lithology

is available (Fig. 5-11, table 7).
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Figure 5-11. Lithological description of Bh-6.
Eikova 5-11. H AilBoAoyikn epiypagn ¢ yewrtpnons Bh-6

Table 7. Lithological description of Bh-6. lMivakag¢ 7. H AiBoAoyikn mepiypagn otnv Bh-6.

Depth (m) Lithology

0.00-2.10 Man-made Canal debris
2.10-20.70 Fine to coarse sand.
20.70-24.30 Clay
24.30-25.10 Sand
25.10-28.80 Gravels with coarse sand
28.80-33.40 Sand
33.40-40.60 Gravels with coarse sand
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5.5.6 Borehole Bh-7

Lithology

Borehole Bh-7 consists of clay, clayey sands and sand, irrupted by gravely layers,
several meters thick (Fig. 5-12, Table 8).

Samples MS (x10°%)
depth (m) Sl units

: 5.35
o o L=} 9.25
-10= =%- ij Present day
T sealevel 12.55
e ey e 16.35
20 v Y

il 20.65
, 26.55

O CO
® O®
¥ I

Depth (m)
:'.a
T

31.25

-40

(o)
®

| I |
0 200 400 600

clay
A rootlets- subaerial exposure
.......... sand Y corals
< =2| gravels @ @ S Samples examined for calcareous

nannofossils specimens
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Figure 5-12. Lithological description of Bh-7, showing the extracted samples based on
their depth from the surface, the samples examined for calcareous nannofossils and the
measured Magnetic Susceptibility of the sediments.

Eikéva 5-12. H AiBoAoyikn mepiypapn 1 yewtpnons Bh-7, rta ociyuara mou
géeraarnkav o€ oxéon 10 BABOC TOUS ATTO THV ETTIPAVEIQ KAl QUTA TTOU £EETAOTNKAV YIa

vavoarroAIBwuara kKaBwg Kail n ETPNOsioa uayvnTikn EMIOEKTIKOTNTA TWV ICNUATWV.

Table 8. Lithological description of borehole Bh-7 and samples extracted from the
borehole based on their depth from the surface. lMivakag¢ 8. H AiBoAoyikn mepiypa@n kai

Ta O¢iyuara mou avaAubnkav otnv Bh-7.

Depth (m) Lithology Samples Bh-7 (depth, m)

Top soil and gravely terrestrial

0.00-1.50 -
sediments

Sand with low or no cohesion,

. . 1.55, 2.85, 3.45, 3.95, 5.35,
1.50-9.00 interrupted by paleosoil layer at

6.95, 7.35, 7.65, 8.15,
5.00-5.20 m core depth
Sand to coarse sand 9.25, 10.25, 10.55, 11.65,

9.00-18.00 12.25, 12.55, 14.15,15.55,

containing few gravels 16.35. 17.05.17.95

Clay with coral Cladocora
18.00-19.00 18.25, 18.55,
caespitosa in living position.

19.05, 19.55, 19.75, 19.85,

Sand
19.00—23.00 20.25, 20.75, 21.45. 21.95,
22.35, 22.75,
23.00-26.50 Gravels 23.25, 23.75, 24.35. 25.45.
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25.85,

26.45, 26.85, 27.35, 28.55,

26.50-33.00 29.05, 29.45, 30.65, 31.05,
cohesion, including a few gravels. 31.25
Deformation zone of the
fault. The upper part of the
deformation
zone lies within a layer of
silty sand. The
_ 33.45, 34.55, 34.95, 35.95,
main fault plane was found at
33.00-45.00 36.45, 37.65, 38.75, 39.35,
36.00 m, 41.15, 44.65,
whereas the cataclastic zone
continues
from 39.00 m down to 45.00 m
where
the deformation zone ends.
Successive undeformed
46.85, 47.65, 49.15, 50.55,
45.00-57.00 alterations of cohesive sand 51.35, 51.75, 52.35, 53.45,
54.25,54.75, 55.05, 55.55
and gravels
Microfauna

Of the total examined samples, 25 were relatively rich in foraminiferal species (~200

specimens were counted per sample) with an FD-index ranging from ~50 to ~650
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forams/g, while benthic foraminifera were absent in 32 samples (from reddish clay to
sand layers), and just few broken specimens were found in 11 samples, with FD-index <
2 forams/g (gravel layers). Fisher’'s alpha index values ranged from a=0.68 (sample Bh-
7, 23.25m) to a=5.55 (sample Bh-7, 17.95 m).

In general, the foraminiferal fauna is dominated by species with calcareous test. Twelve
benthic foraminiferal taxa made up more than 95% of the total assemblage: Ammonia
beccarii, Ammonia tepida, Rosalina bradyi, Cibicides refulgens, Elphidium crispum,
Elphidium complanatum, Elphidium granosum, Haynesina depressula, Neoconorbina
terquemi, Discorbis spp. and miliolids (Fig. 5-13). In particular, A. tepida was the
dominant species, with average relative abundance ~27% of the foraminiferal fauna
(more than 50% at the interval 19.00-24.00 m core depth). A. beccarii were present in
all samples, comprising almost 6.5% of the assemblages (maximum at Bh-7, 17.95 m
depth). The epiphytic species, R. bradyi, Discorbis spp. and C. refulgens, were
generally well represented, with maximum relative abundance values of ~61% (sample
Bh-7, 16.35 m), ~12% (sample Bh-7, 17.95 m) and ~19% (Bh-7, 17.95 m) respectively.
Among the Elphidium taxa, E. crispum (maximum abundance ~30%, Bh-7, 26.85) was
the most common species, followed by E. granosum (~30%, Bh-7, 19,75) and E.
complanatum (~10% Dh-7, 26.85). H. depressula was also well represented with an
average abundance 7% (mostly at the interval 19.00-24.00 m core depth). N. terquemi
was represented (with a maximum abundance ~8% Bh-7, 2.85). Miliolids were present
in all samples comprising almost 15 % of the assemblages (maximum relative
abundance ~40% Bh-7, 20,75). Other taxa such as Aubignina perlucida, Asterigerinata
spp., Bolivina spp., Planorbulina spp. and Textularia spp. were traced but were
relatively scarce. Furthermore, ostracod specimens have been recorded at the interval
49.00-56.00 m core depth.

BR-ratio ranges from 4-10 (at the interval 14.00-24.00 m core depth), up to 75 (Bh-7,
8.15 m depth). In general, gravely layers have a higher percentage of broken species
than clays. A-ratio ranges from very low values (~5 at sample Bh-7, 22.35 m) to high
values (~57 at sample Bh-7, 17.55 m).
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MS

Magnetic Susceptibility in Bh-7 sediments ranged from 2 to 245 x107 (Sl units) (Fig. 5-
12). The lower part of the borehole from 49.00 to 56.00 m core depth MS values ranged
from 5 to 101 x107 (Sl units) (average value 37 x107 (Sl units). From 49.00 to 45.00 m
core depth MS values ranged from 46 to 76 x10™ (S| units) (average value 60 x107 (Sl
units), while at the deformation zone of the fault” the MS values ranged from 2 to 195
x10™ (Sl units) (average value 55 x10™ (Sl units). The interval 24.00-33.00 m core
depth was characterized by relatively higher MS values ranging from 50 to 150 x10™ (S|
units) (average value 83 x10™ (SI units), interrupted by a thin layer at 26.00-27.00 m
core depth with lower values (~25 %107 (Sl units)). The MS values at the interval 24.00—
14.00 m core depth ranged from 2 to 180 x10™ (S| units) with an average value at 55
%10 (Sl units). The MS values at the interval 14.00-5.50 m core depth ranged from 35
to 200 x10™ (S| units) with an average value at 75 x10™ (S| units). Finally, the interval
1.50-5.50 m core depth was characterized by relatively low MS values (from 2 to 45
%10 (Sl units)) and the top 1.50 m of the borehole sequence by higher MS values
(~245 %107 (SI units)).

Calcareous Nannoplankton

Calcareous nannoplankton specimens have been identified through SEM analysis in
certain levels of borehole Bh-7. Four samples were examined where two of them proved
to be rich in relatively well-preserved nannofossils (samples Bh-7 22.35 and 26.85 m
were rich in nannofossils, while samples Bh-7 21.45 and 54.75 m core depth were
barren). All samples, were dominated by the presence of small Reticulofenestra spp.
(~50%) and small Gephyrocapsa spp. (~30%) coccoliths, while Emiliania huxleyi
specimens were relatively scarce (~5-10% of the total assemblage), but consistently
present (Fig. 5-12).

933.00—45.00 m core depth
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5.5.7 Borehole G-1

Lithology

Borehole G-1 consists mainly of gravels and gravely sand (Fig. 5-14, table 9).

Samples MS (x10®)
depth (m) Sl units
—
£ 20
~ 3.45 —
".:" 7.75
% 10— ; E—
et 12.85
16.95
Presentday
SEmg - == _— %‘
0 200 400 600
clay vl sand S eS| gravels

Figure 5-14. Lithological description of G-1, showing the extracted samples based on
their depth from the surface and the measured Magnetic Susceptibility of the sediments.
Eikéva 5-14. H AiBoAoyikn Tepiypaen tn¢ yewtpnons G-1, ta oeiyuara mou eéeTaarnkav
o€ oxéon 1o BABGOC TOUC ATTO TNV ETTIPAVEIQ KAl N LUETPNOEIoQ uayvnTiKn EMTIOEKTIKOTNTA

TWV IENUATWV

Table 9. Lithological description of borehole G-1 and samples extracted from the
borehole based on their depth from the surface. lMivakac¢ 9. H AiBoAoyikn mepiypa@n kai

ra deiyuara mou avaAubnkav ornv G-1.
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Depth (m) Lithology Samples G-1 (depth, m)
0.00-1.30 Sand with few gravels -
_ 3.45, 4.55, 5.05, 6.55,
1.30-8.00 Coarse sand with gravels
7.75, 7.95
8.55, 9.05, 10.25, 10.95,
8.00-12.00 Gravels
11.45, 11.75
12.00-14.50 Coarse sand with gravels 12.85, 13.65, 14.25
14.65, 15.65, 16.95,
14.50-20.00 Gravels

18.05, 19.75

Microfauna - MS

In borehole G-1 no or few broken and weathered foraminifera have been found. The

highest values of magnetic susceptibility have been measured in G-1, compared with

the measured signal from the other examined boreholes, ranging from 75 to 582x10™

(SI units) (Fig. 5-14).

5.5.8 Borehole GA-2

Lithology

Borehole GA-2 consists mainly of clay and clayey sand. Few gravels are described at
the upper part of the borehole (Fig. 5-15, table 10).

95



Corinth Canal borehole data

Samples MS (x10°)

depth (m) Sl units
p——  5.05 i
E— 8.85 B
0 @ # E=— 12.95 ]

E —_— T T 1
s |\ 0O 200 400 600
e clay Ay sand - < | gravels
e
1 _
a @ @ * Samples examined for calcareous

nannofossils specimens

Present day sea level

Figure 5-15. Lithological description of GA-2, showing the extracted samples based on
their depth from the surface, the samples examined for calcareous nannofossils and the
measured Magnetic Susceptibility of the sediments.
Eikéva 5-15. H AiBoAoyikn Tmepiypapn 1¢ yewrtpnons GA-2, ta Ociyuara 1mou
géeraotnkav o€ oxéon 10 BABOC TOUC ATTO THV EMTIPAVEIQ KAl QUTA TTOU £EETAOTNKAV yia

vavoarroAiBwuara KaBwg Kai n JETpnOsioa uayvntikn EMOEKTIKOTNTA TwWV ICNUATWV.

Table 10. Lithological description of borehole GA-2 and samples extracted from the
borehole based on their depth from the surface. llivakag 10. H AiBoAoyikn 1Tepiypagpn

Kai Ta dgiyuara mou avaAubnkav arnv GA-2.

Depth (m) Lithology Samples GA-2 (depth, m)

0.00-3.80 Coarse sand with few gravels -

Brown-beige fine sand
3.80-5.30 _ 5.05
formation

5.30-7.30 Fine sand with a few gravels 5.45,6.35
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7.55, 8.25, 8.85, 9.05,
7.30-9.90 Clay

9.35
9.90-10.30 Sandstone -
10.30-11.45 Clay 11.15
11.45-12.30 Sandstone -
12.30-13.80 Clay 12.35, 12.95, 13.55
13.80-14.00 Sandstone -
Microfauna

Of the total examined samples, 11 were relatively rich in foraminiferal species (~200
specimens were counted per sample) with an FD-index ranging from ~30 to ~200
forams/g, while benthic foraminifera were absent in one sample (Fig. 5-16). In general,
the foraminiferal fauna is dominated by species with calcareous specimens. Fisher’s
alpha index values ranged from a=2.32 (sample GA-2, 2.55 m) to a=5.69 (sample GA-2,
12.95 m). Eleven foraminiferal taxa made up approximately 90% of the total
assemblage: Elphidium crispum, Elphidium complanatum, Elphidium granosum,
Ammonia beccarii, Ammonia tepida, Aubignina perlucida, Rosalina bradyi, Cibicides
refulgens, Haynesina depressula, Asterigerinata mammilla and planorbis and miliolids.
In particular, A. tepida was the dominant species with average abundance ~ 26%
comprising more than 56% at 2.50-6.50 m core depth. Ammonia beccarii was a
significant component mostly in the lower sandy horizons of the borehole with average
abundance ~5% (maximum relative abundance 22% at 12.00-13.00 m core depth).
Epiphytic species, R. bradyi and C. refulgens were generally well represented with
average relative abundance 11% and 15% respectively and maximum relative
abundance 20% and 26% respectively (at 12.00—-13.00 m core depth). Asterigerinata
spp. was also represented with at an average abundance~ 4% and maximum relative

abundance 16% at GA-2, 7.45 m. Among the Elphidium taxa, E. granosum (average
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abundance ~15% and maximum relative abundance 24% at GA-2, 7.45 m depth) was
the most common species, followed by E. crispum (3% and maximum relative
abundance ~7% at 12.35 m) and E. complanatum (2% and maximum relative
abundance ~5% at 12.35 m). Other taxa such as H. depressula (~5%) and A. perlucida
(~2.3%) also occurred, with maximum relative abundance 13% and ~4% at sample GA-
2, 6.35 m. Miliolids were present with maximum relative abundance values of 7% at
sample GA-2, 12.95 m. Other species had a circumstantial appearance (e.g. Textularia
spp. (5% at sample GA-2, 7.45 m), Nonnion spp. (3% at sample GA-2, 7.45 m),
Planorbulina mediterranensis (3% at sample GA-2, 8.35 m).

BR-ratio was relatively low ranging from 3-9. A-ratio ranges from low values (1-55 at
the interval 2.50—6.40 m core depth) to higher values (5-25 at the interval 6.40—-13.00 m
core depth).

MS

Borehole GA-2, had relatively low MS values ranging from 1 to 68 x107™ (S| units)
(average value ~13 x10 (Sl units), except from the surface sediments with average
MS value at 288x107 (Sl units) (Fig. 5-15).

Calcareous Nannoplankton

Calcareous nannoplankton specimens have been identified through SEM analysis in
one sample examined in borehole GA-2 rich in relatively well-preserved nannofossils
(sample GA-2 12.95 m depth).Sample was dominated by the presence of small
Reticulofenestra spp. (~52%) and small Gephyrocapsa spp. (~41%) coccoliths, while
Emiliania huxleyi specimens were relatively scarce (~8% of the total assemblage), but

consistently present.
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55,9 Borehole GA-3

Lithology

Borehole GA-3 consists mainly of gravels while the upper 5.20 m of the core were
described as re-deposited excavated canal debris (Fig. 5-17, table 11).

Samples MS (10°)
depth (m) Sl units
— 0 ] ]
'§' o — 5.25
i -10—2252225 —{ T
S — 1345 . . .
0 200 400 600
Present day sea level
man made canal debris b = o | gravels

Figure 5-17. Lithological description of GA-3, showing the extracted samples based on
their depth from the surface and the measured Magnetic Susceptibility of the sediments.
Eikéva 5-17. H AiBoAoyikn Tmepiypapn 1¢ yewrtpnons GA-3, ta Ociyuara 1mou
géeraornkav o€ oxéan 10 BGBoO¢ TOUC ATTO TNV EMIPAVEIA Kai N LETPnBgioca uayvntikn

EMMIOEKTIKOTNTA TWV ICHUATWYV

Table 11. Lithological description of borehole GA-3 and samples extracted from the
borehole based on their depth from the surface. lMivaka¢ 11. H AiBoAoyikn repiypaen
Kai Ta Ogiyuara mou avaAubnkav arnv GA-3.
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Depth (m) Lithology Samples GA-3 (depth, m)

0.00-5.20 Man-made Canal debris —

5.25, 6.75, 9.65, 11.65,
12.65, 13.45, 15.05

5.20-15.20 Gravels

Microfauna & MS

Generally, in GA-3 few or no foraminifera were found mostly miliolids, Cibicides spp.,
Rosalina spp. and Elphidium spp.

MS

In Borehole GA-3, relatively high values of magnetic susceptibility were measured,
ranging from 75 to 262 %107 (S| units) with average MS value at 198 x107 (Sl units)
(Fig. 5-17).

5.5.10 Borehole GA-4

Lithology

Borehole GA-4 consists of alternations of clays, sands gravels while the upper 8.80 m of

the core were described as re-deposited excavated canal debris (Fig. 5-18, table 12).
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Samples MS (x10°)
o depth (m) Sl units
10— - - - —— 8.85 B
—_ 5 —— 13.95 ——
g— =S == presentday —  17.95
o= 20 g sarevel
- R 0 2 0@ 23.05
g .....
g —— 27.35
Q0% B=— 32.25
00# 37.45
0 @ % 41.45
1 1 1 1
0 200 400 600
man made canal debris sand
Ij clay S =S| gravels
@ @ * Samples examined for calcareous nannofossils specimens

Figure 5-18. Lithological description of GA-4, showing the extracted samples based on
their depth from the surface, the samples examined for calcareous nannofossils and the
measured Magnetic Susceptibility of the sediments.
Eikéva 5-18. H AiBoAoyikn Tmepiypapn 1¢ yewrtpnons GA-4, ta Ociyuara 1mou
géeraarnkav o€ oxéon 10 BABOC TOUC ATTO TNV EMMIPAVEIQ KAl QUTA TTOoU £EETAOTNKAV yia

vavoatroAiBwuara KaBwc Kai n JETpnOsioa uayvntikn EMOEKTIKOTNTA TwV ICNUATWYV

Table 12. Lithological description of borehole GA-4 and samples extracted from the
borehole based on their depth from the surface. lMivakag 12. H AiBoAoyikn Tepiypagn
Kai Ta Ogiyuara mou avaAubnkav atnv GA-4.
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Depth (m) Lithology Samples GA-4 (depth, m)
0.00-8.50 Man-made Canal debris -
Reddish sand fine sand to 8.85, 10.95, 11.65, 12.25,
8.50-16.50
clay 13.95, 15.25, 15.55
16.65, 17.95, 18.15,
16.50-18.40 Gravels
18.35
19.25, 19.35, 20.75,
21.05, 22.05, 22.25,
18.40-25.10 Coarse sand
23.05, 23.95, 24.85,
25.15
25.55, 25.85, 26.65,
25.10-31.20 Clay 27.35, 29.45, 30.15,
31.05,
32.25, 32.95, 33.45,
31.20-34.20 Sand
33.85
34.25, 34.75, 35.75,
37.45, 38.35, 38.45,
Alternations of clay with sand 38.80, 38.85, 39.05,
34.20-45.50

and gravels

39.65, 39.95, 41.45,
42.35, 43.45, 43.95,
44.95, 45.05
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Microfauna

Of the total examined samples, 17 were relatively rich in foraminiferal species (~200
specimens were counted per sample) with an FD-index ranging from ~40 to ~680
forams/g, while benthic foraminifera were absent in 17 samples (from reddish clay to
sand layers), and just few broken specimens were found in 15 samples, with FD-index <
2 forams/g (gravel layers) (Fig. 5-19). Fisher’s alpha index values ranged from a=2.99
(sample GA-4, 37.45 m) to a=6.00 (sample GA-4, 39.05 m).

In general, the foraminiferal fauna is dominated by species with calcareous specimens.
Thirteen benthic foraminiferal taxa made up more than 95% of the total assemblage:
Ammonia beccarii, Ammonia tepida, Rosalina bradyi, Cibicides refulgens, Elphidium
crispum, Elphidium complanatum, Elphidium granosum, Haynesina depressula,
Neoconorbina terquemi, Asterigerinata mammilla and planorbis, Discorbis spp. and
miliolids (Fig. 5-19). In particular, miliolids were the dominant species present in all
samples comprising almost 15% of the assemblages(maximum ~54% at sample GA-4,
25.15 m).A. tepida was, comprising more than 12% of the foraminiferal fauna (maximum
~49% at sample GA-4, 37.45 m). A. beccarii was present in all samples comprising
almost 13% of the assemblages (maximum ~29% at sampleGA-4, 41.45 m). The
epiphytic species, R. bradyi (~12%) and C. refulgens (~14%) were generally well
represented, with maximum relative values at 30% (sample GA-4, 30.15 m) and ~27%
(sample GA-4, 27.35 m) respectively. Discorbis spp. was represented mostly at the
interval 26.00-31.0 m core depth (maximum ~8%) with average values ~3%. Among
the Elphidium taxa, E. granosum (average abundance ~11% and maximum ~40% at
sample 39.95 m) was the most common species, followed by E. Crispum (average
abundance ~4% and maximum ~14% at sample 30.15 m) and E. complanatum
(average abundance ~3% and maximum ~9% at sample 34.75 m). H. depressula was
also well represented with an average abundance 3.3%. Lobatula lobatula and
Asterigerinata mammilla and planorbis were also represented with average values
approximately ~1% and 1.5% respectively. Other species had a circumstantial
appearance (e.g. Textularia spp. (4.7% sample GA-4, 43.95 m), Conurbella spp. (3%
sample GA-4, 43.95 m).
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BR-ratio ranges from 5-10 at the intervals 27.00—-31.00 m core depth, up to 40 (sample
GA-4, 22.25 m). In general, gravely layers have a higher percentage of broken species
than clays. A-ratio ranges from very low values (~5 at the interval 39.00—44.00 m core
depth) to higher values (~ 50 at the interval 25.00-31.00 m core depth).

MS

Magnetic Susceptibility in GA-4 sequence ranged from 1 to 442 x107 (S| units) (Fig. 5-
18). At the interval 39.00 m to 45.50 m core depth, MS values ranged from 1 to 27 x107
(S! units) (average value ~6 x10™ (Sl units)). In the interval 38.40-39.00 m core depth
MS values ranged from 126 to 442 x107 (Sl units) (average value 276 x10™ (Sl units).
The interval 33.30 m —-38.40 m core depth was characterized by relatively low MS
values ranging from 4 to 50 x10-5 (S| units) (average value ~25 %107 (S| units), while
the MS values at the interval 33.30—30.00 m core depth ranged from 70 to 343 x107 (Sl
units) with an average value at 19 x10° (Sl units). The MS values at the interval 30.00—
25.10 m core depth ranged from 1 to 76 x107 (S| units) with an average value at 13
%10 (Sl units). Finally, the MS values at the interval 8.50 m —25.10 m core depth
ranged from 16 to 310 x107 (S| units) with an average value at 111x107 (SI units).
Man-made debris from the excavation of the Corinth Canal comprising the upper 8.50 m

of the borehole have not been examined. .
Calcareous Nannoplankton

Calcareous nannoplankton specimens have been identified through SEM analysis in
certain levels of borehole GA-4. Four samples were examined where two of them
proved to be rich in relatively well-preserved nannofossils (samples GA-4 31.05 and
GA-4 41.45 m depth were rich in nannofossils, while samples GA-4 22.25 and GA-4
35.75 m depth were barren. All samples, were dominated by the presence of small
Reticulofenestra spp. (~48%) and small Gephyrocapsa spp. (~43%) coccoliths, while
Emiliania huxleyi specimens were relatively scarce (~4-8% of the total assemblage),

but consistently present.

105



Corinth Canal borehole data

¥-vO LUoldimzA AliLo (9g<)

Amdodoronlids Amd3L010n AML AMIOMAININAND AML DANDOADIY “6T-G PAOMIT

"7-VO 8]0ya10q Ul Sa19ads [elajiullwelo) dIyluaq Papiodal (%e<)

JueolIubis 1sow ay) Jo seouepuNnge aAielal ayl buimoys weibeiq '6T-G 8i1nbi4

% % % % % % % % % % %
09 0 09 o ot o o9 o o9 o o9 o o9 o 09 o o9 o 09 o 09 0
Lol 1y o T | | i B ) { DS B B | I I I Led o1y Lt o1y Lelialy | S . 0
= m\ Y - I 7 | = g = —— 4
- = =h - —_ - 3 = t 1 =
| . == = = H = — ] J <
A o ® > s 2 A A » » »
7 » P > R R ™ > ) e o
s 2 o > § % K 2 s J K
N $ & & R § N " C4 > ¥
ol o & S ’ P &R v N & £
~ °° Q@ & IJW Q@ > %
O & P $ > N4
o X N K
N S
X4

o
¥

o
L)
.

o
o
(w) yydep sjoyaiog

o
-
1

106



Corinth Canal borehole data

5.5.11 Borehole GA-5

Lithology

Borehole GA-5 consists mostly of sands and gravels and to a lesser degree of clays
(Fig. 5-20, table 13).

Samples MS (x10°)
depth (m) Sl units

o~
£ 0 @ %
S’
S 88
4
Q
o
= O @ #% ———
clay 0 200 400 600
.......... i Samples examined for cal-
@ @ 31'& careous nannofossils
o oS5 | gravels specimens

Figure 5-20. Lithological description of GA-5, showing the extracted samples based on
their depth from the surface, the samples examined for calcareous nannofossils and the
measured Magnetic Susceptibility of the sediments.
Eikéva 5-20. H AiBoAoyikn mepiypapn 1¢ yewrtpnons GA-5, ta oeiyuara 1mmou
géeraarnkav g€ oxéan 10 BA6OC TOUC aTTO TNV EMIPAVEIQ Kal Qutd TTou £EETAOTNKAV yia

vavoarroAiBwuara KaBwc Kai n JETpnOsioa uayvntikn EMOEKTIKOTNTA TwV ICNUATWYV

Table 13. Lithological description of borehole GA-5 and samples extracted from the
borehole based on their depth from the surface. lMivaka¢ 13. H AiBoAoyikn epiypaen

Kai Ta Ogiyuara mou avaAubnkav arnv GA-5.
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Depth (m) Lithology Samples GA-5 (depth, m)
Top soil and gravel
0.00-2.70 P g y -
terrestrial formation
2.70-3.20 Sand 2.85
3.20-6.80 Gravels and sand 3.55, 5.65, 6.05
6.80-8.70 Sand 7.05, 8.65
8.70 -11.70 Sand 9.35, 10.25, 11.25, 11.65,
11.70-13.80 Gravels and sand 11.75, 12.65, 13.35
14.35, 15.15, 16.35,
13.80-20.80 Sand 17.05, 18.75, 19.35,
20.75
20.80-25.30 Gravels and sand 20.95, 22.15, 23.25
25.30-26.60 Sand 25.35, 26.05
26.95, 27.75, 28.25,
26.60-29.30 Clay
28.75
29.30-30.00 Gravels and sand 29.95
Microfauna

Of the total examined samples, 18 were relatively rich in foraminiferal species (~200
specimens were counted per sample) with an FD-index ranging from ~30 to ~720
forams/g, while benthic foraminifera were absent in 7 samples (from reddish clay to
sand layers), and just few broken specimens were found in 5 samples, with FD-index <
2 forams/g. Fisher’s alpha index values ranged from a=1.5 (sample GA-5, 28.25 m) to
a=5.04 (sample GA-5, 11.25 m depth).
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In general, the foraminiferal fauna is dominated by species with calcareous specimens.
Thirteen foraminiferal taxa made up more than 80% of the total assemblage: Ammonia
beccarii, Ammonia tepida, Rosalina bradyi, Cibicides refulgens, Elphidium crispum,
Elphidium complanatum, Elphidium granosum, Haynesina depressula, Aubignina
perlucida, Asterigerinata spp., Bolivina spp., Discorbis spp. and miliolids (Fig. 5-21). In
particular, A. tepida was the dominant species (average abundance ~16%), constituting
in some cases more than 65% of the foraminiferal fauna (sample GA-5, 28.25 m).
Ammonia beccarii was a significant component of the foraminiferal fauna (~9%) with
maximum relative abundance 31% at sample GA-5, 9.35 m. The epiphytic species,
R.bradyi (~15%), Discorbis spp. (~7%)and C. refulgens (~10%), were generally well
represented, with maximum relative abundance values 34% at GA-5 18.75 m depth,
14% at GA-5 11.75 m and 14 at GA-5 11.25 m depth respectively. Among the Elphidium
taxa, E. granosum (average abundance ~15%) was the most common species, followed
by E. crispum (3.5%) and E. complanatum (~1%) (maximum ~30% at sample GA-5,
17.85 m, ~11% at sample GA-5, 20.75 m and ~8% at sample GA-5, 27.75 m
respectively. Other taxa such as H. depressula and Asterigerinata spp. also occurred,
with average abundances 5% and ~5.2% respectively (maximum at samples GA-5,
28.25 m and 17.05 m respectively). Bolivina spp. was also represented with maximum
relative abundance value at 10% (sample GA-5, 14.25 m). Miliolids were present in all
samples comprising almost 10% of the assemblages (maximum ~27% at sample GA-5,
2.85 m. Other species had a circumstantial appearance (e.g. Hyalinea baltica (3.1%
sample GA-5, 3.55 m), Conurbella spp. (3,5% sample GA-5, 20.75 m).

BR-ratio ranges from 3—7 (2.00-4.00 m, 7.00-10.00 m core depth), to 45 (17.00-20.00
m core depth). In general, gravely layers have a higher percentage of broken species
than clays, which is expected since gravely layers require higher energy. A-ratio ranges
from very low values (2.5 at sample GA-5, 8.65 m) to higher values (28 at sample GA-5,
17.85 m).

MS

Magnetic Susceptibility in GA-5sequence ranged from 3 to 430 x107 (Sl units) (Fig. 5-
20). At the interval 29.30-30.00 m core depth MS values ranged from 395 to 430 x107°
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(Sl units) (average value 412 x10™ (S| units). At the interval 26.60—-29.30 m core depth
MS values ranged from 3 to 20 x10°® (S| units))(average value 10 x107 (Sl units), while
at the interval 25.30—-26.60 m core depth from 20 to 60 x107 (SI units) (average value
30 x107® (Sl units). The MS values at the interval 20.80-25.30 m core depth ranged
from 90 to 323 x107 (Sl units) with an average value at 215 x10™ (S| units). The MS
values at the interval 13.80-20.80 m core depth ranged from 3 to 22 x10 (S| units)
with an average value at 9 x107 (Sl units). The MS values at the interval 8.70-13.80 m
depth ranged from 25 to 424 x10™ (Sl units) with an average value at 105 x10™ (Sl
units).MS values at the interval 6.80-8.70 m depth ranged from 13 to 78 x10™ (Sl units),
with an average value at 37 x10™ (S| units). At the upper part of the borehole sequence
MS values ranged from 20 to 208 x107 (Sl units), with an average value at 126 x10
(S! units).

Calcareous Nannoplankton

Calcareous nannoplankton specimens have been identified through SEM analysis in
certain levels of borehole GA-5. Four samples were examined where two of them
proved to be rich in relatively well-preserved nannofossils (samples GA-519.35 and
27.75 m depth were rich in nannofossils, while samples GA-514.35 and 28.25 m depth
were barren. All samples, were dominated by the presence of small Reticulofenestra
spp. (~49%) and small Gephyrocapsa spp. (~41%) coccoliths, while Emiliania huxleyi
specimens were relatively scarce (~5-10% of the total assemblage), but consistently

present.
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6 Fieldwork mapping

6.1 Introduction

The area which has been described and mapped in detailed is located at the Corinth
Canal and lays between two major opposite dipping active normal faults (the Loutraki
and the Kenchreai faults) that form a graben. It is mostly focused at the footwall and
hangingwall of the Kalamaki—Isthmia fault. The excavated Corinth Canal offers a unique
opportunity as “Mega-trench” to identify the sedimentary facies of the area. On the
basis of a detailed field survey at 1:5.000 scale different lithologies ranging from coarse
gravels containing Ophiolite cherts, coarse to fine sand, sandstones and clays, indicate
a complicated lithological and consequently paleoenvironmental pattern that has been
confirmed also by the detailed micropaleontological analysis.

6.2 Fieldwork mapping

For the detailed mapping of the area the first step was the identification of sedimentary
facies, tectonic structures and specific points of interest (e.g. the locations where Collier
et al. (1992), took corals samples for absolute dating), In doing so, a consistency
between the previous studies and this one has been preserved. This area has also
been stratigraphically described before (e.g. Freyberg, 1973; Bornovas et al., 1972,
1984; Gaitanakis et al., 1985 Collier and Dart, 1991). For instance, Collier and Dart has
meticulously described the sedimentary facies northern than the Kalamaki-Isthmus fault,
identifying a range of lithologies (from coarse to fine sediments), corresponding to
different paleoenvironments. Unfortunately, the exact outcrops where Collier et al.
(1992) dated corals ~ 205 ka old*® have not been found since human activity has

significant changed the landscape the last 30 years.

19 These were the corals which have been used to estimate the ~ 0.30 mm/yr uplift rate at the
area.
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Since these sediments have been identified and described, samples have been
extracted (99 in total) from every sedimentary formation. Each sample was marked
through a handheld GPS, to secure the exact location and altitude of the formation and
the extracted sample. Through these GPS points the detailed geological map has been
compiled. All samples have been extracted from undisturbed and in situ outcrops.
Furthermore the external and weathered outcrop has been removed before extracting
the sample to secure the quality and the reliability of the sample. Apart from surface
samples, tectonic measurements (32 measurements) have been extracted as well.
Furthermore in two cases striations on the fault plane have also been extracted. Finally,

111 measurements of the strata inclination have been extracted from surface outcrops.

In general, the described lithologies can be grouped into two categories. The lower part,
includes the magmatic rocks, the marl sediments and the siltstone/gravels alternations
above them. The upper part consists of alternations of marls, sands and gravels, similar

to the described lithologies within the boreholes, and the recent alluvial sediments.
Igneous rocks

Collier and Dart (1991) mention the presence of andesites at Kalamaki- Isthmia fault. By
a hornblende concentrate extract igneous rocks were dated since Lower Pliocene (~2.7
to 4 Ma) (e.g. Fytikas et al., 1984; Collier and Dart, 1991).
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Figure 6-1. a) Poorly sorted gravels with brown sand as matrix reflecting, possible
fluvial conditions, above sandstone beds with cross bedded ripples reflecting a tidal
intertidal conditions (Fine to coarse sand sediments), b) Packages of gravely sands with
mudstones at the central part of the fault's footwall. With yellow colour is highlighted the
surface between the mudstone-sand while with black colour the sand ripples, indicating
paleo-deltaic conditions. (Planar cross-bedded mudstone / gravely sands sediments), c)
Trough scours trend with cross-stratification layers of sand/clay indicating tidal/intertidal
conditions (Fine to coarse sand sediments), d) Erosional surface between the gravely
sands and the white marl defining unconformity (Marl sediments), e) Cross stratification
in sandstone and mudstone indicating tidal intertidal conditions. The opposite direction
of the stratification indicates different paleoflow direction (black lines) (Fine to coarse
sand sediments), f) the location at the study area where the photos have been
extracted.

Eikéva 6-1. a) Mn raéivounuéva xovopOKOKKA UAIKQ UE AETTTOKOKKN QUUO WS OUVOETIKO
UAIKO (mBavég motauie ammoBéoeic), mTavw ammd  Wauuitn  Tou  UTTOOEIKVUOUV
madippoiakéc auvBnkeg (Fine to coarse sand sediments), (8) EvaAAayéc AeTTTOKOKKOU L€
XOVOPOKOKKOU UAIKOU utrodeikvuovTag maAaid-oeATaikéc ouvlnkeg (Planar cross-bedded
mudstone / gravely sands sediments), y) EvaAAayéc auuou / apyidou mou dgixvouv
TaAIPPOIAKES oUVONKes. H d1apopeTiky KareuBuvon tng OIa0TPWUATWON UTTOOEIKVUE]
OlaQpopETIKN KareuBuvon tn¢ pong. (Fine to coarse sand sediments), &) Emipdveia
aouvéxela¢ petaéu TG  auuwoous  duuou  kai  apyilou(Marl  sediments), ¢€)
AilaoTpwudrwon o€ wauuitn Kar apyiAo mou Ocixvel maAippoiakéC ouvenkes (Fine to

coarse sand sediments), or) Or Bé0¢iS TwV QWTOYPAPIWY OTO XAPTN.

Marl sediments

The activity of the fault has revealed a white partially laminated marl formation towards
the center of the fault in the immediate footwall where the maximum uplift is observed.
These sediments are tilled towards NNW, while their inclination ranges from 30°-
40°~300° (the lowermost layers), to ~10-20°/~300° (the uppermost layers). (Fig. 6-5).

These  formations corresponded to low energy, freshwater-dominated
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paleoenvironments. Furthermore, the microfauna in the examined samples indicate

brackish-oligohaline conditions partially influenced by marine waters (lagoonal).
Planar cross-bedded mudstone / gravely sands sediments

The northern part of the study area is characterized by alternations of thin layers of
mudstones (5—10 cm thick) followed by 1-6 m thick cross- bedded layers of coarse sand
and pebbles (Fig. 6-1b), above the marl sediments described before. Inclination of these
packages vary from 20°-30°~300° (the lowermost layers), to 50-10°~300° (the
uppermost layers), while cross-bedded sands dip at~50° towards NE (~050° to 075°).
Planar cross-stratification is seen across a scale range of 1-6 m, indicating paleo-flow
from west to the east. Towards the center of the fault the uplifting and the erosional
processes have revealed more than 70 m of successive alternations which overlie
through erosional surface several meters of partially laminated (from few mm to several
cm thick) marl layers. The described cross-bedding formation is most commonly
encountered in river channels, deltas, estuaries and shallow marine environments
where there are relatively strong, sustained flows (e.g. Nichols, 1999). Samples
examined for their micropaleontological content indicated a high energy

paleoenvironment, possible river-dominated deltaic facies.
Fine to coarse sand sediments

Towards the central and southern part of the Kalamaki-lsthmia fault area, mostly
laminated fine grained sands to cross-stratified sandstones were identified (Figs 6-2a, c,
e, 6-5). Trough scours and cross-stratified lenses or beds of gravels and sandy gravels
locally interpose between the sands and marls, which may reflect unidirectional current
activity as tidal/intertidal conditions and wave’s activity (e.g. Collier and Thompson,
1991). Layers are generally tilted ~5° to ~10° towards NNW.

Recent alluvial sediments

The eastern part of the Kalamaki-lsthmia fault is covered by recent alluvial-fluvial
sediments transferred by the drainage system, covering most of the fault's hangingwall
(Figs 6-5 to 6-7).
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6.3 Corinth Canal

The walls of the Corinth Canal, offers a unique opportunity to describe the sedimentary
facies and the syn-sedimentary faults that have deformed them (Figs. 6-2, 6-3). After
the identification of the sedimentary facies, the tectonic structures and several points of
interest’* in the Canal, samples have been extracted to verify the already described
facies (e.g. Collier, 1990; Gawthorpe et al., 1994; McMurray & Gawthorpe, 2000).
These results are also included in the detailed geological map (Figs 6-5 to 6-7).

Figure 6-2. Photomosaic of the easternmost tip of the Corinth Canal, showing the

Kalamaki-Isthmia fault, the location where borehole Bh-3 was drilled and the sediments
structure.

Eikova 6-2. Qwrouwoaikd Tou avatoAikou tuniuarog tng diwpuyag tne KopivBou, Tou
olakpiverar 1o pnyua KaAaudki-loBuia, n 6éon omou éyive n yewtpnon Bh-3 kai ta

EMQAveEIQKA ICHnuara mou diarnpouvrai oTn diwpuya

1 E.g. the palaeocliff described by Gawthorpe et al. (1994) and Murray & Gawthorpe (2000)
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Paleo cliff

Figure 6-3. A) Deformed sediments from faults intersecting the northern part of the Canal. B)
Paleosoil horizon indicating subaerial exposure, visible from the Canal. C) The palaeocliff described
by Gawthorpe et al. (1994) and Murray & Gawthorpe (2000) at the southern part of the Canal. A
minor fault has displaced (~10 m) the coarse (dark brown) shoreface sequence. D) Paleosoil horizon
exposed from the Canal. The Kalamaki-lsthmia fault is highlighted as well as the location where
borehole Bh-2 was drilled.

Eixova 6-3. A) Meraromouéva oTpwuara armd pHyuara mou téuvouv 1o Bopeio Tuiua tou KavaAiod.
B) lNaAaioedden mou aivovrar atnv diaroury Tou KavaAiod. I') O maAaié-kpnuvos mou mepIypaperai
arré tous Gawthorpe et al. (1994) kai Murray & Gawthorpe (2000) oro vorio tunua tou KavaAiod,
orrou éva pnyua éxer perarorrioer (~ 10 m) ra i¢huara. D) MNaAaioédagpog mou diakpiveral atnv diaroun
Tou KavaAiou. Aiakpiveral 1o priyua KaAaudki-1o6uia kaBwg kai n 6éan omou éyive n yewrpnon Bh-2.
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6.4 Kalamaki-lsthmia fault

Detailed mapping 1:5.000 of the Corinth Isthmus area revealed a fault system of
parallel/subparallel fault segments, striking at ~ 060° — 110° and ~ 55° — 70° dipping
towards SSE. The main fault trace strikes at 075° and dips~65° towards SSE. The fault
plane was also traced 300 m southwards the Canal, striking at ~070° also dips towards
SSE (Papanikolaou et al., 2015).

The main fault trace has also been described in borehole Bh-7 at the interval from 33.00
m to 45.00 m core depth. Based on the distance between borehole Bh-7 and the fault
trace an approximately 60° dip is estimated. Secondary parallel structures are also
described towards NW of the main fault plane that are synthetic to the main fault trace.
Based on their characteristics these segments comprise a fault zone, the Kalamaki-
Isthmia fault zone, indicating that the fault activity has progressively migrated eastwards

towards the main Kalamaki-lsthmia fault trace (Papanikolaou et al., 2015).

Unfortunately, human infrastructures have heavily disturbed the natural terrain and it
was not possible to identify a clear fault plane of the main Kalamaki-Isthmia fault trace
near its center (national highway, railway and houses). Instead of this, several fault
segments parallel or subparallel to the main structure were traced, either in the Corinth

Canal or at the uplifted sediments of the Kalamaki-Isthmia footwall (Fig. 6-4).
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Figure 6-4. a-d) Photos of fault planes identified through detailed mapping, while in
figure (a) striations measured on the fault plane plunge at 75° towards the SE. e)
Stereographic projections of the measured fault planes and tectonic fractures with a
mean ~130°/65° (green curve). f) The location at the study area where the images were
extracted.

Eixova 6-4. Qwroypagicc Tou pnyuaro¢c KaAauakiou-1o6uiwv péow AETTOUEPLOUS
XAPTOYPAPNONG, EVW OTO OXNUA (a) gaivovral ol YpauuéS TTPOOTPIBAS TToU KAivouv 75 °
mpo¢ NA. €) S1epeoypaIkEC TTPOBOAEC TwWV TEKTOVIKWY ETMTAPWY UE uéan miun ~ 130° /
65° (mpaoivn kautruAn). ar) Or o1 BéTeIC ANWNS TwV QWTOYPAPIWV OTNV TTEPIOXN LUEAETNC.

Inclination measurements extracted from surface outcrops varied both along and across
strike of the fault plane (Figs. 6-4 and 6-5). Sediments exposed on the immediate
footwall and close to the center of the fault, dip ~30° to the NNW, indicating also that
this tilt is due to the recent fault activity. Strata towards the center of the fault dip at
~30°, while these closer to its tip at 15° to the NNW. The latter indicates that the
backtilting is controlled by the slip-rate variability from the center to the fault tip. In
addition, older strata near the center of the fault in its immediate footwall dip at ~30°,
whereas younger strata dip at ~10° (Fig. 6-5), indicating that this fault was active during

sedimentation.

Stereographic projections of the measured faults plane and tectonic fractures with a
mean ~130°65° (green curve in Fig. 6-4e) reveals a local extensional NE-SW stress
field. The major stress field of the area is an N-S extensional stress field northern
(Loutraki fault) and southern than Corinth Isthmus (Kenchreai fault). This local
extensional stress field is indeed what Gawthorpe et al. (2004) mentioned that the area
of Corinth Isthmus is a transfer zone where the polarity of the major faults switches

(Loutraki and Kenchreai).
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Fieldwork mapping

Figure 6-5. (A) Geological map of the study area (based on Gaitanakis et al., 1985;
Collier and Dart, 1991, this study). The location of the boreholes and the outcrops
where the examined samples were extracted is indicated, as well as the inclination and
the direction of the described strata (B).

Eikova 6-5. (A) ewAoyiKOS xapTng tnS mepIoxns HEAETNS (ue Baon Ttouc Gaitanakis et
al., 1985, Collier and Dart, 1991, tnv mapouca OdiarpiBR). Paiverar n 6éon Twv
YEWTPAOEWYV, TWV ETTIPAVEIQKWY OTPWHATWY, KABWS Kai n KAion kai n kareubuvon twv
orpwudarwy (B).
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Figure 6-6. (A) Geological map showing the location of all GPS points taken during field
work (green dots), with the location of the boreholes (B).
Eikéva 6-6. (A) ewAoyikOS xapTtng mmou emonuaiverar n 6éon twv onueiwv GPS 1mou
An@énkav kara tnv dladikagia NS xaproypdenons Kai n 6éon Twv yeEWTpNoEwv TTou
ueAeTnBnkav (B).

6.5 Micropaleontological analysis

In general the studied benthic foraminiferal assemblages were relatively abundant and
moderately preserved. 32 samples were relatively rich in foraminiferal species (~200
specimens were counted per sample) with FD-index ranging from ~27 to ~198 forams/g.
Benthic foraminifera were absent in 12 samples and just few broken specimens were
found in 48 samples with FD-index <2 forams/g. Fisher’s alpha index values ranged
from a=0.69 (sample S.1/7/8) to a=5.61 (sample S.4/7/14).

In general, the benthic foraminiferal fauna was dominated by species with calcareous
test. Fourteen benthic foraminiferal taxa comprised = 90% of the total assemblage:
Ammonia beccarii, Ammonia tepida, Rosalina bradyi, Cibicides refulgens, Elphidium
crispum, Elphidium complanatum, Elphidium granosum, Haynesina depressula,
Neoconorbina terquemi, Discorbis spp., Planorbulina mediterranensis, Asterigerinata

spp., Lobatula lobatula, Bolivina spp. and miliolids (Fig. 6-7).

In particular, A. tepida was the dominant species with a maximum relative abundance of
~84% at sample S.1/7/8. Ammonia beccarii was also a significant component of the
boreholes with maximum relative abundance ~45% at sample S.4/7/10. Two epiphytic
species, R. bradyi and C. refulgens, were generally well represented, with maximum
relative abundance of ~20% (sample S.17/7/7) and 27% (sample S.4/7/15) respectively.
Among the Elphidium species, E. crispum (maximum relative abundance of ~30%
S.4/7/16) was the most common, followed by E. granosum (maximum relative
abundance of ~18% S.4/7/6) and E. complanatum (maximum relative abundance of

~10% S.1/9/7). Taxa such as Haynesina spp. (depressula and germanica) and N.
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terquemi were also traced, with maximum relative abundances of ~16% at sample
S.1/7/5 and ~27% at sample S.12/7/3 respectively. Miliolids were present with maximum
relative abundance of ~46% at sample S.17/7/5. Lobatula lobatula and Discorbis spp.
were also traced with maximum relative abundances of ~34% at sample S.25/9/2 and
~26% at sample S.1/7/4 respectively. Asterigerinata spp. (mammilla and planorbis)
were also represented with maximum relative abundance of ~24% S.25/9/3. P.
mediterranensis was described with maximum relative abundance of ~9%
S.25/9/7.Bolivina spp. was also represented with maximum relative abundance of ~10%
S.25/9/3.

The presented samples have relatively low BR-ratio ranged from 3.5 to ~15. A-ratio
tests were performed in 10 samples and ranged from low (3.4 at sample S.1/7/8) to high
values (~ 58 at sample S.17/7/7). Low A-ratio is associated with Cluster | assemblages,
while higher values are associated with Cluster Il assemblages (see chapter 7, Fig. 7-
1).

It is interesting to mention the presence of ostracod representatives (e.g. Cyprideis
spp.) recorded into marl sediments exposed at the central part of the fault’s footwall,

indicating an oligohaline-lagoonal paleoenvironment (e.g., Ben Rouina et al., 2016).
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Figure 6-7. Diagram showing the relative abundances of the most significant (>3%)

recorded benthic foraminiferal

species from

the examined surface samples.

Eixova 6-7. Aiqypauua Twv CUYKEVTPWOEWY TWV TTI0 CHUAVTIKWY TPNUAaTopopwyv (>3%)

oTa empaveiaka dgiyuara.
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Figure 6-8. A) Geological map showing the location of the boreholes and the locations
where the extracted samples have been analyzed for nanno fossils. With white color are
highlighted the barren samples, with red the samples where E. huxleyi has been found
and with blue the samples where only Reticulofenestra spp. and Gephyrocapsa spp.
has been found (B).

Eikova 6-8. (A) 'ewAoyIKOS xGpTNS TTOU ETICNUAIVETAI N BECT TWV YEWTPHTEWYV KAl TWV
onueiwv osiyuaroAnyiag yia vavvo armmoAiBwuara. Me Gompo xpwua eaivovral ta oTeEipa
ociyuara, ue KOKKIvo autd trou trepicixav E. Huxleyi kair ue umAe aurda mou gixav uovo

Reticulofenestra spp. kar Gephyrocapsa spp (B).

6.6 Calcareous nannofossils

From the total 32 samples examined (Fig. 6-8), 8 proved to be rich in relatively well-
preserved nannofossils (samples S.17.7/5, S.17.7/6, S.23.9/2, S.25.9./3, S.25.9/2,
Can.12, S. 4/7/17, S.12/7/3); while the rest were barren. In samples, S.17.7/5, S.17.7/6,
4/7/17 and Can.12 only small Reticulofenestra spp. (~60%) and small Gephyrocapsa
spp. (~40%) coccoliths were identified. In samples S.23.9/2, S.25.9/3, S.25.9/2 and
S.12/7/3, apart from small Reticulofenestra spp. (~45%) and small Gephyrocapsa spp
(~33%), E. huxleyi specimens were relatively scarce (5-8% of the total assemblage), but

consistently present.
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7 Statistical analysis

7.1 Two way cluster analysis

Foraminiferal assemblages were subjected in to two-way cluster analysis (Q-mode, R-
mode) to delineate biofacies and their occurrence, revealing three distinctive clusters
(see also Pallikarakis et al., in press) (I, II, Ill) (Figs 7-1, 7-2). Cluster Il and Ill have
stronger correlation with each other than cluster I. R-mode analysis also delineates
three distinctive Groups (A, B, C). Group A (Ammonia tepida, Haynesina spp, and
Elphidium granosum) and Group B (Elphidium crispum, miliolids, Ammonia beccarri,
Cibicides refulgens and Rosalina bradyi) have a stronger correlation than Group C
(Elphidium complanatum, Discorbis spp., Planorbulina mediterranensis, Asterigerinata
spp. and Lobatula lobatula). Two way cluster analysis allows a separation between
those species that are more abundant and common in lagoonal environments (Group A)
from those that prevail in shallow marine environments (Group C). Q- and R- mode
analysis allowed the recognition of three biofacies (lagoonal Group A/Cluster I,
transitional Group A/B with Cluster Il and shallow marine Group B/C with cluster ).
Distinct clusters are also described through multi-dimensional scaling (MDS) diagram
(Fig. 7-3).

Furthermore, the presence of planktonic foraminiferal abundance recorded at several
samples (e.g. Bh-3 35.65 m) despite been low in percentages (up to 4%), offers an
additional valuable indicator for depositional depth between 40-80 m (Israel coast;

Avnaim-Katav et al., 2013) confirming relatively deeper marine environments.
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7.1.1 Cluster | (shallow marine assemblage, fresh water influence) Group B/C

The first biofacies is identified by Q-mode cluster | and R-mode Groups A and B (Figs 7-
1, 7-2). R-mode Groups A and B combined indicated transitional conditions between
lagoonal and shallow marine environments. The significant abundance of species
tolerate to low salinity, salinity fluctuations or both (as A. tepida and A. beccarri)
(Triantaphyllou et al., 2003, 2010; Melis and Violanti, 2006; Ruiz et al., 2006;
Pavlopoulos et al., 2007), associated with the intense presence of miliolids, C. refulgens
and R. bradyi that occupy the infralittoral and upper circalittoral zones (Sgarrella and
Moncharmont Zei, 1993; Moulfi- El-Houari et al.,1999; Koukousioura et al., 2012),
indicate shallow marine with freshwater input conditions. The latter is also indicated by
the high A-ratio recorded values. Therefore Cluster 1/Group A/B foraminiferal
assemblage points to a transitional zone from lagoonal to shallow marine

paleoenvironment and a mean depth of approximately 20—40 m.

7.1.2 Cluster Il (shallow marine assemblage) Group A/C

The second biofacies is identified by Q-mode cluster 1l and R-mode Group B / Group C.
Group B consists of a considerable variety of taxa dominated by A. beccarii, R. bradyi,
C. refulgens, E. crispum and miliolids (Figs 7-1, 7-2). The high abundance of A.
beccarii, combined with the constant presence of E. crispum implies resistance to lower
salinities and/or salinity fluctuations (Triantaphyllou et al., 2003, 2010; Melis and
Violanti, 2006; Ruiz et al., 2006; Pavlopoulos et al., 2007). However the widespread
presence of infralittoral and circalittoral taxa (e.g., C. refulgens, R. bradyi, miliolids),
indicate shallow marine paleoenvironments within a possible paleodepth of ca. 30 m
(e.g., Sgarrella and Moncharmont Zei, 1993; Moulfi- El-Houari et al., 1999; Morigi et al.,
2005; Rossi and Horton, 2009; Koukousioura et al., 2012).

Group C consists of a variety of taxa dominated by E. complanatum, L. lobatula,

Asterigerinata spp., P. mediterranensis, N. terquemi and Discorbis spp.. Jorissen (1988)
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suggested mean depositional depths between 30-60 m depth in Adriatic Sea for
Asterigerinata spp., C. refulgens and R. bradyi, indicating relatively deeper marine
environments. Neoconorbina terquemi flourish in a wide variety of depths from very
shallow to deeper marine environments. Walker et al. (2011) described N. terquemi on
inner shelf (~ 15 m depth) to outer shelf (~ 33 m depth) environments in Bermuda.
Cosentino et al. (2017) mentions that L. lobatula and P. mediterranensis are indicative
of a more densely vegetated sea-bottom environment and more stable salinity values
(open marine conditions), while Van Voorthuysen (1973) mentions that P.
mediterranensis abounds from <25 to 100 m depth in Piraeus, Greece.

Therefore, Cluster 1I-Group B/C foraminiferal assemblage indicates a mean depth of
approximately 40 m.

7.1.3 Cluster lll (lagoon assemblage) Group B

The second biofacies is identified by Q-mode cluster Il and in R-mode Group A (Figs 7-
1, 7-2). Group A is characterized species showing slightly similar ecological traits while
R-mode consists of A. tepida, H. depressula and E. granosum foraminiferal species. A.
tepida, which is the dominant species in Group A, is an opportunistic taxon that
tolerates a wide range of salinity and temperature in nearshore, shallow marine,
lagoonal and deltaic zones (e.g. Debenay et al., 2005; Frontalini et al., 2009; Goiran et
al.,, 2011; Koukousioura et al., 2012). H. depressula is a species also tolerant of
restricted conditions (e.g. Debenay and Guillou, 2002; Carboni et al., 2010).
Furthermore, E. granosum has been reported from lagoonal and shallow-marine
settings (e.g., Albani and Serandrei Barbero, 1990; Bellotti et al., 1994). Smaller and
thin-walled tests thrive in low salinity conditions (e.g., Debenay et al., 1996; Melis and
Violanti, 2006; Koukousioura et al., 2012); this is also evidenced in samples with high A-

ratio values.
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Figure 7-1. Two-way cluster analysis of foraminiferal species from surface samples
based on Q- mode and R-mode (Ward's method and Euclidean distances as a similarity
index) which was used to determine species associations and to assess the ecological
affinity among different groups. Analyses were applied to 14 taxa that exceeded 3% of
the assemblage in at least one sample. Species were grouped into Groups A, B and C
and three clusters are highlighted and identified.
Eikéva 7-1. lNapouciacn tng dI-TAPAUETPIKASC OTATIOTIKNS aVAAUCNS TWV ETTIPAVEIAKWY
OcIyuaTwy, ue Baon tnv orroia EyIVE Kal O OIKOAOYIKOS TTPOOBIOPICUOS TwV OEIyudTwy. H
ava@iuon Eyive o€ 14 €idn mou urmrepéBaivav 10 3% TOoU OUuvOAoU O€ TOUAayioTov éva

ociyua. Ta €idn ouadortroindnkav oric ouddes A, B kai C kai o1ic ouadeg |, 11, 111

Morigi et al. (2005) based on Jorissen (1988) suggested a 0-20 m with a mean depth at
10 m bathymetrical range for A. tepida in lagoonal sites from the Adriatic Sea, whereas
Di Bella et al. (2008) indicated that E. granosum is an inhabitant of the nearshore zone
(7.5-25 m water depth), where it reaches its maximum abundance at about 25 m water
depth. Therefore, Cluster Ill/Group A foraminiferal assemblage points to a mean
depositional depth shallower than 20 m. Furthermore, in samples where the presence of
A. tepida was dominant, even shallower (~10 m depth) and less saline conditions are

implied.
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Non-Metric Multidimensional analysis performed based on same similarity matrix of the
hierarchical clustering described before, also indicates a separation into three groups
(Clusters I, I, Ill). Low 2D stress value suggests a valid separation among the
separated groups (Fig. 7-3).
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Figure 7-3. Non-metric multi-dimensional scaling (MDS) illustration in two dimensions
computed using the Wards similarity matrix of the hierarchical clustering, showing
relatively good separation of the three assemblages. A partial overlap between the
assemblages is notable, a logical outcome considering that Cluster lll is described as a
transition between shallow marine (Cluster 1) to lagoonal environment (Cluster III).
Eikéva 7-3. Mn mapauerpikii avaAuon (MDS) twv oeiyudtwy mou avaAubnkav 1mou

OEIXVEI OXETIKA KaAN ouadorroinan Twv OEIyUATWV.
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7.2 Magnetic Susceptibility Analysis

MS measurements show a clear difference between fine marine sediments and coarse
terrestrial sediments (Table 14, Fig. 7-4). Higher values are measured at gravely layers
(mean value 233.3x10° (S| units)), while clayey and sandy layers demonstrated
significantly lower (11.3x10® (S| units) and 40.8x10™ (Sl units) respectively. Marine
sediments demonstrated low mean values, shallow marine sediments at ~22.6 x10™ (S|
units) (Cluster 11), lagoonal sediments 12.8x10 (SI units) (Cluster Ill and the sediments
indicating a transitional from lagoonal to shallow marine paleoenvironment (Cluster 1)
demonstrate a mean value 26.2x107 (S| units). Sediments described as fluvial/upper
shoreface demonstrate higher values (201.8x107 (Sl units)) as was expected.

Based on the One-Sample Kolmogorov-Smirnov Test results (normal distribution (e.g.
Hulle et. al., 2010)), the Pearson correlation test is considered as the most appropriate
for examining the correlation of the MS values among the different lithologies and

paleoenvironments which were described.

Table 14. The mean values of the measured magnetic susceptibility. The One-Sample
Kolmogorov-Smirnov Test values are less than 0.05 suggesting a normal distribution of
the MS values. llivakag 14. O1 péoeg TINES TNG UAYVNTIKAG ETTIOEKTIKOTNTAS. Méow
OTQaTIOTIKNG AVAAUONS TTPOOdIOPIOTNKE 1 KAVOVIKI) KATAVOUR TWV UETPNOEWV.
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The significance of Pearson analysis correlation is also displayed in table 15, marked as
one™ (p<.0.05) or two™* (p<0.01) asterisks. The significance level (or p-value, where

the lower values indicate higher significance) is the probability of obtaining results which
are strongly correlated. If the significance level value is less than 0.05 then the
correlation is significant and the two variables are linearly related. If the significance
level value is relatively higher (for example 0.30) then the correlation is not significant

and the two variables are not strongly related.

Pearson analysis indicates a positive and significant correlation between the low MS
values in clay sediments and shallow marine sediments; and a positive correlation
between non-marine sediments with gravels (two asterisks**) (Table 15). A positive

correlation between the MS values of sandy layers and the transitional sediments is
also indicated. Finally, there is a negative correlation between the MS values of gravels
with the marine sediments, as well as a negative correlation of the MS values between

fine sediments and terrestrial sediments.
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Figure 7-4. The mean values of the MS signal based on the different lithologies and the
paleoenvironmental alternations described within the boreholes.
Eikova 7-4. O1 péoec TIUEC TNG HAYVNTIKNG ETTIOEKTIKOTNTAS O OX€ON WE TO

maAaiotrepiBaAAov kai 11 AIBOAOYIES uéoa OTIC YEWTPHOEIS.

Table 15. The correlation (from -1 for negative to +1 for positive correlation) of the
described MS values based on different lithologies and paleoenvironments within the
borehole cores (Pearson analysis). lMivakag 15. H ouoxénion (amé -1 yia apvntikh éwg
+1 yia OeTiK) TwV TIUWV UAYVNTIKAG ETTIOEKTIKOTNTASC E TIC AIBOAOyieC Kal TO
raAaiotrepiBaAAov.
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Coastal/
Shallow Transitional upper
Clay Sand Gravels _ Lagoon
marine zone shoreface/
fluvial
Cla
Y 1 -064  -084 278°  -061 -.010 -.185%
Sand ok
-.064 1 -.190 -.167 -.069 .260 -113
Gravels % "
-.084 -.190 1 -.246 -.080 -.133 .251
Shallow * *
_ 278 -.167 -.246 1 -.056 -.139 142
marine
Lagoon
-.061 -.069 -.080 -.056 1 -.215 -.133
Transitional .
-.010 .260 -.133 -.139 -.215 1 -.162
zone
Coastal/
* *%
upper -.185 -113 251 142 -.133 -.162 1
shoreface

Statistical analysis has revealed a correlation between relatively low MS values with low
energy environments and relatively high MS values with high energy environments. The
latter proved to be a significant factor during the detailed paleoenvironmental
description of the borehole cores, acting as an independent physical parameter of the

sediments. Furthermore, in samples where foraminifera were relative scarce, the MS
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values assisted to the safer description of the paleoenvironment (e.g. the lower part of
borehole Bh-7 which was eventually described as lagoonal)
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8 Paleoenvironmental interpretation

8.1 Surface samples

Based on the described sedimentary facies and the micropaleontological analysis in
samples extracted from surface outcrops, the paleoenvironmetal description of the
study area was feasible (Fig. 8-1). Samples with no or few specimens extracted from
coarse grained sediments were indicative for high-energy environments
(fluvial/backshore conditions). Layers with fine grained sands and clays indicate low-
energy lagoonal to shallow marine paleoenvironments, based on the hierarchical cluster
and MDS analysis (Figs 7-1, 7-3). Furthermore, ostracods specimens described in fine
grained marls indicate brackish-oligohaline conditions partially influenced by marine

waters (lagoonal paleoenvironment).
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Figure 8-1. Diagram showing the paleoenvironmetal estimation in samples extracted
from surface outcrops based on the counted foraminifera per gram (FD), BR-ratio,
Fisher’s alpha index, A-ratio, Group A, B and C relative abundances the regional
paleodepth estimation based on foraminiferal assemblages.
Eixova 8-1. Sxedidypauua 1mou arreikoviCel 10 maAaiomepiBAAAOV Kal TO EKTIUWUEVO
maAaioaBo¢ ora smipaveiaka osiyuara, ue Baon tnv avaiuon twv OEIYUATWY Kal TOUC
o¢ikreg FD, BR-ratio, Fisher’s alpha index, A-ratio, Group A, B and C.
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8.2 Borehole Bh-1

In Bh-1 from 31.00 to 29.70 m depth gravels and coarse sands indicate a high-energy
depositional environment (Fig. 8-2). Considering as well the absence of micro fauna and
the high MS values (>200x107°) (e.g. Ghilardi et al., 2008) this layer is ascribed to a
nearshore coastal to upper shoreface paleoenvironment. From 29.70 to 29.10 m depth
fine sediments are correlated with low-energy lagoonal paleoenvironment based as well
on the presence of lagoonal foraminiferal assemblages (Cluster I1I/Group B) and the low
MS values. The dominance of A. tepida (Fisher’s alpha index ~ 0.3) indicates a regional
paleodepth < 10 m. From 29.10 to 27.20 m combined presence of both Groups B and C
(Cluster 1) suggests transitional conditions between lagoonal and shallow marine
environments. The gravely interval 27.20-22.60 m depth is characterized by high MS
values, high BR-ratio (~40%) and low FD-index (2< forams/gram) indicating a
nearshore to fluvial/lupper shoreface paleoenvironment. Fine sediments from 22.60—
12.50m depth with the combined presence of both Groups A and C (Cluster II)

foraminiferal assemblages suggest shallow marine paleoenvironment (~40 paleodepth).

The lower and upper part of this interval is characterized by transitional conditions
between lagoonal and shallow marine paleoenvironment (regional paleodepth
estimation ~30 m). These layers are also characterized by lower BR-ratio and relatively
low MS values. From 12.50 to 11.20 m depth coarse layers indicate high-energy
depositional environment even though that MS values are relatively low. The relatively
low FD- index (2< forams/gram) with high BR-ratio values (~35%) indicate nearshore to
upper shoreface paleoenvironment. The interval 11.20-6.50 m depth is characterized
by the combined presence of both Groups B and C (Cluster [) foraminiferal
assemblages, with low BR-ratio (<5%), MS values (~20x10®) and A-Fisher index,
indicating transitional paleoenvironmental conditions (regional paleodepth ~30 m);
interrupted by the interval 8.20-7.50 m depth where the dominance of Group B/Cluster
[l foraminiferal assemblages indicate shallower paleodepth (<20 m) and lagoonal

paleoenvironmental conditions. The upper 6.50 m of the borehole are characterized by
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higher MS values (~90x107°), high BR-ratio (~40%) and low FD (2< forams/gram)

indicating a nearshore to fluvial/upper shoreface paleoenvironment.
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8.3 Borehole Bh-3

In Bh-3 from the 70.20-66.50 m core depth, gravels and coarse sands indicate a high
energy depositional environment. Considering the absence of microfauna as well, this
layer is described as coastal nearshore paleoenvironment. From the 66.50—60.00 m
core depth, clayey to sandy layers indicate shoreface low-energy environments. The
presence of numerous ostracod Cyprideis spp. values from the 66.50-61.50 m core
depth is indicative of an oligohaline lagoonal paleoenvironment (e.g., Ben Rouina et al.,
2016), whereas from the 61.50-60.00 m core depth, the presence of foraminiferal
groups B and C (cluster I) suggests transitional settings between lagoonal and shallow
marine paleoenvironments. These layers are also characterized by lower BR-ratio and
relatively low MS values. Cladocora caespitosa specimens found in the 60.00—-61.50 m
core depth interval support depositional depths between 0 and 20 m and rarely below
30 m depth (e.qg., Peirano et al., 1994).

From the 60.00-54.50 m core depth, coarse sand layers indicate a high-energy
depositional environment. Even though MS values are relatively low, the relatively low
FD-ratio (<2 forams/g) with the high BR-ratio values (~35%), point toward a nearshore
coastal to upper shoreface paleoenvironment. From the 54.50-49.60 m core depth,
sandy layers indicate a low-energy depositional environment, also supported by the low
BR-ratio, the relatively high A - ratio and Fisher’ s alpha index, and the relatively low
MS. The micropaleontological analysis suggests transitional settings between lagoonal
and shallow marine paleoenvironments (Fig. 8-3) based on the combined presence of
foraminifer groups B and C (cluster 1), even though the key foraminifer species indicate

fully marine conditions (N. terquemi, Asterigerinata spp.).

The 49.60-39.60 m core depth interval of gravelly layers with relatively high MS values
with high BR-ratio and low FD are also indicative of nearshore to fluvial/upper shoreface
paleoenvironments. From the 39.60-37.00 m core depth, fine sediments are correlated

with low energy lagoonal paleoenvironments because of the monotaxic association of

Cyprideis spp., a key taxon of oligohaline lagoonal settings (e.g., Ben Rouina et al.,
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2016). Shallow marine paleoenvironments are documented at the 35.00-37.00 m core
depth, featured by the group A/C foraminiferal assemblage (cluster Il) and the presence
of planktonic foraminifera that indicates a depositional depth of approximately 40 m,
whereas at the 34.00-35.00 m core depth, the group B/C foraminiferal assemblage

(cluster 1) suggests transitional settings between lagoonal and shallow marine
environments (Fig. 8-3).

From the 34.00-22.40 m core depth, the described coarse sand and gravel layers with
ophiolite fragments and relatively high MS values (up to 200 x 10-5 Sl units) (e.g.,
Ghilardi et al., 2008), and the high BR-ratio/low FD-ratio values, indicate a nearshore to
fluvial/lupper shoreface paleoenvironment. From the 22.40-21.00 and 20.00-16.50 m
core depths, a lagoon paleoenvironment is described, as evidenced by the dominance
of the group B assemblage (cluster Ill) in relation to the low Fisher’ s alpha index and
A-ratio foraminifer values, indicating water depths of <20 m. In sample Bh-3, 21.75 m,
the high abundance of A. tepida (~92%) indicates even shallower conditions (<10 m
depth) (Morigi et al., 2005). Within the 20.00-21.00 m core depth interval, microfossil
inferences (cluster I, regional paleodepth 20-40 m) coupled with the relatively high
Fisher’s alpha index and A-ratio values and the presence of C. caespitosa (considering
that corals live from 0 to 20 m water depth and rarely till 30 m water depth (e.g., Peirano
et al., 1994); a shallow marine setting of between 20 and 30 m water depth is described.
Since corals prefer not muddy but harder substratum to grow, the presence of in situ
Cladocora corals and lagoonal sediments indicates relatively rapid changes to the
paleoenvironmetal conditions, where the identified corals could be described as a
thanatocoenosis. From the 16.50-11.00 m core depth, reddish clay, coarse-grained
deposits with rootlets, high-BR-ratio values (75 at the 13.00-16.50 m core depth),
relatively high MS values (up to 180 x 107°), and low FD-ratio indicate predominantly
subaerial to nearshore coastal conditions. Furthermore, the Corinth Canal offers a
unigue opportunity to observe the continuation of these exposed strata (Fig. 6-2), where
subaerial conditions (paleosoil) marked by an erosional surface are observed. The
described paleosoil horizons strongly indicate that between the lagoonal and the

shallow marine sediments, the Corinth Isthmus area was emerged (terrestrial
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paleoenvironment). The 11.00-3.30 m core depth interval, however, is characterized by
fine sediments correlated with low-energy environments. Cluster 1l (combined presence
of both groups A and C) suggests a shallow marine environment, also documented by a
low BR ratio and MS values and a high FD-ratio, whereas cluster | (with a combined
presence of both groups B and C), suggests transitional conditions between lagoonal
and shallow marine environments, also documented by a low BR-ratio and MS values
and a high FD-ratio. The upper part of the borehole (the 0-3.30 m core depth) is
characterized by coarse material with higher MS values and BR-ratio, which is
associated with a high-energy environment (nearshore coastal).
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Figure 8-3. Counted foraminifera per gram (FD), % P, Group A, B and C relative
abundance, Fisher’s alpha index, A-ratio, BR-ratio, the paleoenvironmetal interpretation
in Bh-3 and the regional paleodepth estimation based on foraminiferal assemblages.
Eikéva 8-3. 2xedidypauua 1ou areikovidel to TaAaioTepIBAAAOV Kal TO EKTIMWUEVO
maAaioffaBog otnv yewtpnon Bh-3 ue Baon tnv avaAuon twv delyuaTrwy Kai Tous OEIKTEG
FD, BR-ratio, Fisher’s alpha index, A-ratio, Group A, B and C.

8.4 Borehole Bh-7

In borehole Bh-7 (Fig. 8-4) the interval 56.00—49.00 m depth clayey to sandy layer
indicates low energy environments. The presence of numerous ostracods Cyprideis
spp. valves is indicative for oligohaline lagoonal paleoenvironment (e.g. Ben Rouina et
al., 2016). From 49.00 to 45.00 m depth coarse sediments indicate high-energy
depositional environment. Considering as well the absence of micro fauna this layer is
correlated with nearshore coastal or upper shoreface paleoenvironment. The
deformation zone of the Kalamaki-lsthmia fault is described from 45.00 to 33.00 m
depth. At the interval from 33.00 to 27.00 the gravely layers characterized by relatively
high MS values, high BR-ratio and low FD also indicates nearshore to fluvial/upper
shoreface paleoenvironments. The interval from 27.00 to 26.00 m depth on the contrary
is characterized by sediments correlated to low-energy environments. Cluster |l
(combined presence of both Groups A and C) suggests shallow marine environment
also documented by low BR-ratio, MS values and high FD-index (estimated regional
paleodepth ~40 m).The interval from 26.00 to 24.00 the gravely layers characterized by
relatively high MS values, high BR-ratio and low FD also indicates nearshore to
fluvial/upper shoreface paleoenvironments. The interval from 24.00 to 19.00 m depth
lagoon paleoenvironment is described evidenced by the dominance of Group B
assemblage (Cluster l1ll) in relation with the low Fisher’s alpha index and A-ratio values,
indicating depositional depths shallower than 20 m. The interval 19.00 m to 16.00 m
depth the combined presence of both Groups B and C (Cluster 1) suggests transitional

conditions between lagoonal and shallow marine environments while relatively high
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Fisher's alpha index values and A-ratio values are documented. Furthermore
considering that Cladocora caespitosa corals live from 0 to 20 m water depth and rarely
till 30 m water depth (e.g., Peirano et al., 1994); a shallow marine setting of between 20
and 30 m water depth is described. Since corals prefer not muddy but harder
substratum to grow, the presence of in situ Cladocora corals and lagoonal sediments
indicates relatively rapid changes to the paleoenvironmetal conditions, where the
identified corals could be described as a thanatocoenosis. From 16.00 to 12.00 m
depth the paleoenvironment is also described as lagoonal evidenced by the dominance
of Group B assemblage (Cluster Ill) in relation with the low Fisher’s alpha index and A-
ratio values, indicating depositional depths shallower than 20 m.

From 12.00 m to 5.50 m depth reddish clay, coarse sand with rootlets and few gravels
indicate almost subaerial conditions. High BR-ratio values (73% at sample Bh-7 8.15 m
depth), relatively high MS values (up to 190x107°) and low FD-index reinsure that these
layers are correlated with high-energy (nearshore to upper shoreface)
paleoenvironments. Furthermore, the Corinth Canal offers a unique opportunity to
observe the continuation of these strata exposed, where subaerial conditions (paleosoil)
marked by erosional surface are observed (Fig. 6-2). This reinsures that during the
transition from the lagoonal sediments to shallow marine the area was emerged
(terrestrial paleoenvironment). The interval from 5.50 to 1.50 m depth on the contrary is
characterized by fine sediments correlated to low-energy environments. Cluster |
(combined presence of both Groups B and C) suggests transitional conditions between
lagoonal and shallow marine environment (regional paleodepth ~30 m), also

documented by low BR-ratio, MS values and high FD-index.
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~igure 8-4. Diagram showing the counted foraminifera per gram (FD), % P, Group A,
B and C relative abundance, Fisher's alpha index, A-ratio, BR-ratio, the
saleoenvironmetal interpretation in Bh-7 and the regional paleodepth estimation based
on foraminiferal assemblages.

Eikova 8-4. 2xedidypauua mou arreikoviCel 10 TaAaiorepIBAAAoOV Kal TO EKTIMWUEVO
maAaioaBog otnv yewtpnon Bh-7 ue Bdon tnv avaAuon twv OelyUaTwV Kal Toug

deikte¢ FD, BR-ratio, Fisher’s alpha index, A-ratio, Group A, B and C.

8.5 Borehole GA-2

In borehole GA-2 (Fig. 8-5) the interval from 14.00 to 12.30 m depth is characterized by
fine sediments correlated to low-energy environments. The foraminiferal assemblages
are dominated by Cluster Il (combined presence of both Groups A and C) suggesting a
shallow marine environment also documented by low BR-ratio, MS values and high FD-
index (estimated regional paleodepth ~40 m). The interval 12.30-9.90 m depth is
characterized by Cluster |1 (combined presence of both Groups Band C) suggesting
transitional conditions between lagoonal and shallow marine environment (regional
paleodepth ~30 m); also supported by the documented low BR-ratio (<5%), MS values
(1-70x 107 Sl units) and the high FD-index. A-ratio varied from ~5 to 22 also indicates a
shallow marine with lagoonal features paleoenvironment. The interval 9.90 to 3.80 m
depth is dominated by Group B/Cluster IlI assemblages indicates lagoonal
paleoenvironments (regional paleodepth <20 m), also supported by the significant lower
A-ratio (1-4). The interval 3.80 to 0.00 m depth is characterized by coarse sands
indicating a high-energy depositional environment. Considering as well the absence of
micro fauna, this layer is correlated with nearshore paleoenvironment coastal or upper

shoreface.
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8.6 Borehole GA-4

In borehole GA-4 the interval from 45.50 to 39.00 m depth is characterized by fine
sediments correlated to low-energy environments (Fig. 8-6). Till 40.00 m depth Cluster Il
(combined presence of both Groups A and C) suggests shallow marine environment
also documented by the circumstantial presence of full marine species (Textularia spp.,
Conurbella spp.) the low BR-ratio (<5%), MS values (1-20 x 10 Sl units) and high FD-
index (estimated regional paleodepth ~40 m).From 40.00 to 39.00 m depth the
foraminiferal assemblages indicated lagoonal conditions and estimated regional
paleodepth ~20 m (Cluster 1ll, Group B). From 39.00 to 38.50 m depth the described
coarse sand and gravels layers with the relatively high MS values (173 x 107 Sl units)
(e.g. Ghilardi et al., 2008), and the high BR-ratio values / low FD-index indicate a
nearshore to fluvial/upper shoreface paleoenvironment. On the contrary the interval
38.50-34.20m depth is characterized by fine sediments correlated to low-energy
environments. From 38.50 to 37.00 the dominance of group B/Cluster Il assemblages
indicates lagoonal paleoenvironments (regional paleodepth <20 m) also documented by
low BR-ratio, MS values and high FD-index; while till ~35.00 m depth Cluster |
(combined presence of both Groups B and C) suggests transitional conditions between
lagoonal and shallow marine environment (regional paleodepth ~30 m). Till 34.20 m
depth Cluster 1l (combined presence of both Groups A and C) suggests shallow marine
environment also documented by low BR-ratio, MS values and high FD-index

(estimated regional paleodepth ~40 m).

On the contrary the interval 34.20 — 31.20 m core depth is characterized by coarse sand
and gravels with the relatively high MS values (up to 260 x 10 Sl units) and the high
BR-ratio values (~60%) / low FD-index (3< forams/gram) indicating a nearshore to
fluvial/upper shoreface paleoenvironment. The dominance of Cluster Ill, combined
presence of both Groups A and B) also documented by the low BR-ratio (<7%), MS
values (4-50 x 10® SI units) and high FD-index suggests transitional conditions
between lagoonal and shallow marine environment (estimated regional paleodepth ~30

m). Approximately at 30.00 m depth the foraminiferal assemblages indicate shallow
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marine environment estimated regional paleodepth ~40 m. On the contrary the interval
34.20-31.20 m depth is characterized by coarse sand and gravels with the relatively
high MS values (up to 310 x 10 S| units) and the high BR-ratio values (~40%) / low
FD-index (5 < forams/gram) indicate a nearshore to fluvial/lupper shoreface
paleoenvironment. The interval from 31.20 m to 25.50 m core depth is characterized by
fine sediments where Cluster Il foraminiferal assemblages (combined presence of both
Groups A and C) suggests shallow marine environment also documented by low BR-
ratio, MS values and high FD- index (estimated regional paleodepth ~40 m). From 25.50
m to 8.80 m core depth the interval is characterized by coarse sand and gravels with the
relatively high MS values (up to 220 x 10 Sl units) and the high BR-ratio values (~45%)
/ low FD-index (3 < forams/gram) indicate a nearshore to fluvial/upper shoreface
paleoenvironment. The upper 8.80 m of the borehole core represent man-made Canal
debris and therefore have not been examined at all.
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8.7 Borehole GA-5

In borehole GA-5 (Fig. 8-7) the interval 30.0-29.30 m core depth is characterized by
coarse sediments indicating high-energy depositional environment. Considering the
absence of micro fauna and the relatively high MS value (~400 x 107 Sl units) this layer
is correlated with nearshore coastal or upper shoreface paleoenvironment. From 29.30
to 26.60 m core depth, fine sediments indicate low-energy environments. Lagoonal
paleoenvironment (estimated regional paleodepth <20 m) is described from 29.30 to
26.60 m depth, also documented by the low MS value (~ 22 x 10 S| units), the high
FD-index and the BR-index (<5%) of the clayey sediments.

On the contrary the interval 26.60—20.80 m depth is characterized by coarse sediments
indicating high-energy depositional environment. Considering the absence of micro
fauna and the relatively high MS value (~185 x 10™ Sl units) this layer is correlated with
nearshore coastal or upper shoreface paleoenvironment. From 20.80 to 13.80 m depth
fine sediments indicates low-energy environments. The interval 20.80-20.60 m depth is
characterized by Cluster Il (combined presence of both Groups A and C) suggesting
shallow marine environment also documented the low BR-ratio (<7%), MS values (1-40
x 10 Sl units) and high FD- index (estimated regional paleodepth ~40 m). Till 13.80 m
depth the foraminiferal assemblages are dominated by Cluster | (combined presence of
both Groups Band C) suggesting transitional conditions between lagoonal and shallow
marine environment (regional paleodepth ~30 m); also supported by the documented
low BR-ratio (<5%), MS values (~10 x 10° SI units) and the A-ratio (15-25). High
energy environment is also documented at the interval 13.80-1.70 m depth.
Considering as well the high BR-ratio (>35%) with high MS values (up to 296 x 10 SI

units) this layer is described as nearshore- upper shoreface.

From 11.70 to 6.80 m depth fine sediments indicate low-energy environments. The
interval 11.70— 11.20 m depth is characterized by Cluster | (combined presence of both
Groups B and C) suggesting transitional conditions between lagoonal and shallow
marine environment (regional paleodepth ~30 m); also documented the low BR-ratio
(<7%), MS values (1-80 x 10® SI units) and high FD- index (estimated regional
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paleodepth ~40 m). Till 10.20 m depth Cluster Il / Group B assemblages suggests
lagoonal environment (regional paleodepth ~20 m); also supported by the documented
low BR-ratio (<7%), MS values (~65 x 10 Sl units) and the A-ratio (~15). Till 6.80 m
depth the foraminiferal assemblages are characterized by Cluster | (combined presence
of both Groups B and C) suggesting transitional conditions between lagoonal and
shallow marine environment (regional paleodepth ~30 m) also documented by low BR-
ratio (<4%), MS values (~25 x 10 Sl units) and low A-ratio (<5).

High energy environment is also documented at the interval 6.80 — 0.00 m core depth.
Considering as well the high BR-ratio (~35%) with high MS values (up to 204 x 10 SI
units) this layer is described as nearshore- upper shoreface.
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9 Age constraints and dating results

Three independent methods were used for constraining the age of the sediments. Two
methodologies concerned absolute dating (OSL and IRSL luminescence and corals
dating) and one (Calcareous nannofossils biozonation) concerned relevant dating.
Unfortunately the results from luminescence techniques were of limited significant
value, while the corals dating have not indicated a certain age, but have only narrowed
the possible range of the sediments’ age. On the other hand, the results from the
nannofossils biozonation proved more valuable, since they provided significant age

constraints.

9.1 Luminescence

Initially, this methodology was chosen since it offers the advantage of dating not fossils,
but the sediments grains. Six samples which were analyzed for OSL and IRSL in the
laboratory of Archaeometry / Paleoenvironment & Archaeometallurgy of N.C.S.R.
Demokritos, while a small fragment of them was send for detailed chemical analysis in
Bureau Veritas Commodities in Canada. Based on Tsakalos et al. (2016) and the Dose
Rate calculator (DRc)” software and the results of the analysis the total dose rate of

each sample has been estimated (table 16).

Among the six examined samples only four contained a sufficient proportion of Quartz
for further examination (Bh-1 6.05 m, Bh-3 20.45 m, Bh-7 20.65 m, Bh7-33.45). As was
described before the ‘double-SAR’ (‘post-IR blue’) protocol was followed where 12

aliquots of each sample'? have been examined. Unfortunately, quartz was highly

12 Quartz grains mounted on stainless steel discs of 10 mm diameter using silicone oil
as an adhesive. The grains quartz and feldspar grains covered the central 5 mm

diameter portion of each disc, corresponding to several hundred grains per aliquot.
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saturated, meaning that the energy traps of the quartz crystal lattice were fully occupied
and were not suitable for further analysis (Fig. 9-1). When measuring quartz samples it
revealed that OSL signals were saturated, greatly deviating from the expected
paleoenvironmental framework, and highly scattered™®. Circumstantial aliquots in which
guartz was not saturated indicated an age older than 600 ka. It is well established
though that the age of the sediments at the canal ranges from Holocene sediments to
maximum MIS 11 (~400 ka). Ages implied by these aliquots are rather unlikely and most
probably due to insufficient bleaching of the grains from previous exposure.
Furthermore, considering that most of the examined samples were saturated and were

unsuitable for further analysis, feldspar grains were also used to obtain De values.

Unfortunately feldspar analysis (IRSL) was also of limited value. The emitted signal was
weaker than the expected resulting into anomalous fading (Fig. 9-2). The latter means

this signal was also highly scattered and therefore without any useful scientific result.

3 The measured emitted signal from the aliquots has been analyzed based on the
standard procedures (e.g. Thiel et al., 2011; Tsakalos et al., 2016) in the laboratory of
Archaeometry / Paleoenvironment & Archaeometallurgy of N.C.S.R. Demokritos.
This analysis has shown that the results varied from relative low to relative high signal
and therefore it was not safe to proceed into further examination, even if the average

value has been taken as a possible result.
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Table 16 U and Th concentrations of the analyzed samples. [livakag 16. Oi

ouykevipwoel§ U kai Th ora deiyuara mou avaAubnkav.

0 — Qe
0 — ~ = € < £ ©
Q = = < = o S c () -
o o Q b &) ~ = o %) o
3 5 e ¥ 2 g g 3z 5 °
3] S < 5

Bh-1,

1.7 0.2 0.03 0.087 525 1.1 16 0.511 0.021
5.25
Bh-1,

1 0.3 0.05 2.872 605 1.8 16 0.34 0.022
6.05
Bh-3,

1.7 0.7 0.11 0.018 2045 1.9 19.1 0.579 0.081
20.45
Bh-3,

3.1 1 0.19 0.017 2125 2.1 19.1 1.007 0.165
21.25
Bh-7,

0.9 04 0.06 0.018 2065 1.1 16 0.321 0.006
20.65
Bh-7,

1.1 0.5 0.09 0.008 3345 2.2 16 0.391 0.008
33.45
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Figure 9-1. The OSL dose-response curve for aliquots of two samples (A) Bh7-20.65m
and (B) Bh-7 33.45 m depth) showing saturation. (C) A typical dose—response curve
modified from Duller (2008), where for comparison reasons the scale is similar in both
figures. Eikova 9-1. H KautruAn armrékpiong omTikANG ewrauyeiag duo osiyuarwy (A) Bh7-
20,65m kai (B) Bh-7 33,45m) mou O&¢ixvouv kopeoud. (C) Mia rtummikn KautruAn
arrokpIonS evoc dcgiyuarog Tporrorroinuévn amré Duller (2008), ue tnv KAiuaka va givai

oTaBcpn O€ OAEC TIC EIKOVEC yIa AOYOUS OUGXETIONC.
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Figure 9-2. (A) Decay curve for an aliquot of sample Bh-1, 6.05 m, showing the
pIRIR290 signals from coarse grain (80-7125um) feldspars. (B) Decay curve for an
aliquot analyzed by Porat et al. (2009) showing the difference between them (scattered
values and lower IRSL signal). For comparison reason the scale is similar in both
figures.

Eikéva 9-2. (A) H kautruAn amréoBeong yia 1o dsiyua Bh-1, 6,05 m, mou d¢ixvel 1o onua
uéow tnG utrépubpnc ewrauyeias o€ KOKKO aoTtpiou olauérpou (80-125 um). (B) Mia
TUTTIKH) KQUTTUAN evo¢ deiyuarog aré Porat et al. (2009), ue tnv kAiuaka va givair otaBepn

Kal aTi§ OUO EIKOVEC yId AOYOoUS OUCXETIONG.

9.2 Fossil corals

Seven coral stems of Cladocora caespitosa corals found in growth position (sample Bh-
7, 18.25 m) have been dated with the **Th/U-method. The results are displayed in
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Table 17, where the ages range from 241 to 358 ka with relatively large uncertainties
between = 20 and + 80 ka. Since all coral stems are from the same borehole sample
and, thus, should have a similar age, the large differences between the individual ages

suggest that the corals are possibly affected by post depositional diagenetic processes.

Although fossil reef corals are among the best suited material for 2°Th/U-dating, it is
well established that the majority of fossil reef corals are affected by post-depositional
diagenetic alteration, which results in apparently wrong ages (Edwards et al., 2003;
Scholz and Hoffmann, 2008; Scholz and Mangini, 2007; Stirling and Andersen, 2009).
For this reason, several criteria were developed in order to identify reliable ages. These
include (i) initial (3*U/?*®U) activity ratios in agreement with the (>**U/**®U) activity ratio
of modern seawater (i.e., 1.1468 + 0.004, Andersen et al., 2010); (ii) ***Th content <1 ng
gt ?%U concentration in the range of the respective modern coral species; calcite
content <2% and primary aragonitic textures (Obert et al., 2016; Stirling et al., 1998).
The latter two criteria cannot be applied to our corals since calcite content and textures
were not studied. The average U content of the samples is 2.5 pg.g* and, thus,
relatively low. This may indicate post-depositional U loss (Obert et al., 2016; Scholz et
al., 2007), as has previously been observed for other fossil corals from the Corinth
Isthmus (Collier et al., 1992). The mean ***Th content is 44 ng g™* and thus elevated for
all coral samples. This suggests post-depositional addition of detrital Th to all corals.
Both processes, U loss and contamination by detrital Th, would result in ages that are
apparently too old. Finally, only three corals have initial (***U/**®U) activity ratios in
agreement with the modern seawater value, whereas the other samples have
significantly elevated initial (**U/?®U) activity ratios (Table 17). Elevated initial
(***U/*U) activity ratios are generally interpreted as resulting in apparently too old
230Th/U-ages. (Fig. 9-3) shows the coral data on a (2*U/*8U) vs. (?*°Th/?%U) activity

ratio diagram in comparison to the seawater evolution curve.
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Table 17 U/Th data form the coral analysis and the estimated age. llivakag 17. Ta

arroteAéouara armo 1a KopaAAia Tou avaAubnkav Kai n EKTIHWUEVN NAIKIQ.

= - —
G ) =) = =) = 3 =
%Ei ] > 3 = 3 3 < g 5

262  asor L1077 1160 1044 1709 4., +42.8

1 321.9
+0.03 06 40012 +0.021 +0014 +2.4 11 - 30,9
0 47 aq7 1070 1189 1050 227.7 ,qa, +50.,6

2 350.0
$0.03 0.4 45011 +0.020 +0.012 2.9 11 -35.2
2 49 360 1071 1140 0969 2002 g4 +24.9

3 2405
+0.04 0.6 49015 +0.025 +0.018 +3.6 1.5 -195
» 64 220 1063 1151 1018 3741 oo, + 46,4

4 307.3
$0.04 4193  +0.014 +0.024 +0.016 +5.0 1.4 31,1
538 69.8  1.069 1190 1.052 1094 g0, +82.6

5 357.8
$0.03 198  +0.014 +0.025 +0.015 1.2 1.4 441
»eg 30.5  1.081 1101  1.037 2682 gy 4, +38,9

6 301.0
$0.04 193  +0.014 +0.023 +0.014 2.7 1.4 -28.1
»are0. 637 1072 1165 1019 1185 50, +475

202.6
04 +0.8  +0.017 +0.028 +0.018 +15 1.7 315
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The coral data describe a trend to the right on the diagram (i.e., increasing (***Th/?8V)
activity ratios with relatively constant (>**U/**®U) activity ratios). This may indicate post-
depositional U loss. Due to the high particle reactivity of Th, this process results in
elevated (®°Th/?%U) activity ratios, but has a minor effect on (**U/?®U). Post-
depositional U loss results in apparently too old ages and may — depending on the
timing of U loss — result in large age biases (Obert et al., 2016; Scholz et al., 2007;
Tomiak et al., 2016). In addition, this effect cannot be corrected by the available models
aiming to correct the effects of post-depositional diagenesis on fossil coral *°Th/U-
ages, which are all based on elevated (**U/?®U) activity ratios (Scholz et al., 2004;
Thompson et al., 2003; Villemant and Feuillet, 2003).

In summary, all coral **Th/U-ages were probably affected by post-depositional U loss
and/or contamination with detrital Th. Based on the *°Th/U-ages described before,
ages approximately at 175 ka can also be a possibility and not be excluded since the
post depositional digenesis has affected the original concentrations. An age younger
than 125 ka though, also a marine highstand which was a possible candidate for the
coral’s age, is clearly excluded since the measured ages are significant older, even if

diagenetic processes have affected the original chemistry of the corals.
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Figure 9-3. (BP*U/?%U) vs. (*Th/*8U) activity ratio diagram showing the coral data in

comparison with the seawater evolution curve (solid line). The dashed lines are

isochrones (i.e., lines highlighting combinations of activity ratios resulting in a specific
230Th/U-age) for 250, 300 and 400 ka, respectively.

Eikova 9-3. To didypappa (2*UA8U) mpog (23°Th/?38U)

TTou Ocixvel Ta dedopéva

KOPaAAIWV O€ OUYKPION ME TNV KAWTTUAN Tou BaAaocaoivou vepou (Ouvexng ypauun). Ol

OIOKEKOMMEVEG YPAUMEG €ival I00XPOVEG KAUTTUAEG (OnA. YPAPUES TTOU ETTIONUAiIVOUV

OUYKEKPINEVES NAIKiec 2*°Th / U) yia 250, 300 kai 400 ka avTioToIxa.
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9.3 Nannoplankton analysis.

Following the inconclusive data from OSL and the variable ages extracted from corals
that however, provide a lower threshold age of older than 175 ka is possible, more
dating data are needed. In order to achieve this nannofossils have been used offering
not only some valuable dating constraints but also a high spatial resolution since they
have been collected both from different borehole depths and from several surface
localities. As has been described before in samples from surface outcrops small
Reticulofenestra spp. (~45%), small Gephyrocapsa spp (~33%) and in few samples E.
huxleyi specimens (5-8%) have been identified.

Calcareous nannoplankton specimens have also been identified through SEM analysis,
in certain levels of the examined boreholes where samples were dominated by the
presence of small Reticulofenestra spp. (~40%) and small Gephyrocapsa spp. (~30%)
coccoliths, while Emiliania huxleyi specimens were relatively scarce (5-8% of the total

assemblage), but consistently present.

Even though calcareous nannoplankton is mostly preserved in pelagic marine
sediments (e.g. Perch-Nielsen, 1985; Young, 1994), numerous relatively well preserved
coccoliths, have been identified in the clayey and sandy layers of the shallow marine
paleoenvironments identified in boreholes cores; featured by low BR-ratio values and
depositional depths ranging between ~20 and 40 m. Because certain nannoplankton
species (e.g. E. huxleyi, Gephyrocapsa spp.) are taphonomically resistant to the highly
energetic and aggressive conditions between the estuaries and the shelf (e.g.,
Guerreiro et al., 2005), they can be useful for age determinations (e.g., Palyvos et al.,
2010; Triantaphyllou, 2015). Thus, the presence or the absence of E. huxleyi in the
studied samples indicates an age of the examined sediments before or after the first
occurrence of the species (base of nannofossil biozone NN21a; Martini, 1971); namely
within marine isotopic stage MIS 8, at ~265 ka in the eastern Mediterranean (e.g. Raffi
et al., 2006).
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Consequently, the age of the sediments described in the examined boreholes have to
be constrained between ~240 ka and 175 ka for corals horizons (boreholes Bh-3 and
Bh-7) and up to 125 ka for the horizons right above them (Fig. 9-4) (e.g. the interval
from 11.00 m to 3.30 m core depth in borehole Bh-3 and the interval from 5.50 m to
1.50 m core depth in borehole Bh-7).

Age (ka)
(o) S o o (=] o
= B 8 ¥ & & & ¢
L L 1 1
MIS ool & | & o o % o @S
NISIRENEER S S S NS
Luminescence
dating s o e e B B o
; N A |
U/Th dating r 1=~ |
. | Reticulofenestra s,
Nannofossil | — . 0p.
. ) Emiliania huxleyi & Gephyrocapsa Spp.
biozonation 4 phyrocapsa spp

Figure 9-4. The estimated ages based on the results of both absolute and relevant
dating methodologies. There is no significant outcome based on the luminescence
signal, based on the U/Th dating on coral samples an age ranging from ~240 to ~358 ka
(x~30 ka), is estimated, while based on the nannofossils biozonation a threshold
younger or older than 265 ka is established based on the presence or absence of the
Emiliania huxleyi specimens. At the U/Th dating the black dotted line indicates the error
of the analysis, while the red dotted line indicates the MIS 6.5 and MIS 7 periods that
cannot be excluded as potential ages of corals.

Eikéva 9-4. Or1 ekTiuwueves nAikie¢ twv pegbodoAoyiwv 1mou akoAoubnbnkav. Aegv
mpoékuwav alioAoya armoreAéouara péow NS WTauyeIas AOyw KOpETUOU Kal aoBsvous
onuarog, uéow NS XPovoAdynons twv kopaAAiwv ue UITh ol nAikie¢ mou mpokumrouv
Kuuaivovrar amo ~240 oec ~358 ka (x~30 ka), evw péow T1IC LBiooTpwuaroypaiag
TTPOKUTITEI TO OpIo Twv 265 ka, avaAoya eav evromilerar n Ox1 n Emiliania huxleyi. Me

Haupn SIAKEKOUMEVN YPAUUN ETTICNUAIVETAI TO OPIO TPAALATOS THS XPOVOAOYNONS UEow
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U/Th evw pe kKOkkivn ol mlavéS nAikies Twv kopaAAiwv arré o MIS 6.5 kar MIS 7 tTou

OEV UTTOPOUV VA ATTOKAEIOTOUV.
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10 Saronic Gulf (boreholes P-2, P-4, P-5)

10.1 Introduction

The sediments from boreholes cores and surface outcrops described in previous
chapters are from MIS 5 (Upper Pleistocene) or older. In a completely different tectonic
and sedimentological environment, the coastal plain of Piraeus at the western part of
the Saronic gulf, three boreholes (P-2, P-4, P-5) have also been examined for their
contend in foraminifera assemblages (Fig. 10-1). Apart from the different environmental
conditions, the sediments in Piraeus are significantly younger and have been deposited
during Holocene (Goiran et al., 2011, Triantaphyllou et al., 2016). Therefore it is
possible to compare the paleoenvironmental conditions from two different marine
highstands, with similar paleoclimate conditions, correlating the relatively young
sediments from Piraeus coastal plain, with the sediments described before (older
sediments). Furthermore, the Corinth Isthmus and Piraeus coastal plain have
completely different geological conditions. The main factors that influence the Piraeus
coastal landscape is the relative sea level rise in the Holocene, the tectonic stability
since no significant earthquakes have been documented during the last few thousand

years, the low tidal range (£0.25-0.30m) and the progradation of the deltaic fan of the

Kephissos River (Triantaphyllou et al., 2016). On the contrary, the Corinth Isthmus area
is mostly influenced by significant glacioeustatic sea level changes and tectonic activity,
while the fluvial systems which influence this area are less significant (a few km?

compared with the Kephissos River.
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Phaleron

Ba
0

Figure 10-1. Location map of boreholes P-2, P-4 and P-5 in Piraeus coastal plain,
Attica (modified from Goiran et al., 2011, Triantaphyllou et al., 2016).
Eikéva 10-1. O xdprn¢ mou armeikovilel 1ic yewtpnoeis P-2, P-4 kai P-5 orov [lNeipaia

(a6 Goiran et al., 2011, Triantaphyllou et al., 2016).

10.2 Borehole analysis

In the examined boreholes, alternations of fine to coarse sediments have been
described (Goiran et al., 2011, Triantaphyllou et al., 2016) corresponding to different
depositional environments (Fig. 10-2, Tables 18, 19 and 20). In general finest
sediments, from clay to sandy clay have been described at the deepest part of the

boreholes, while more coarse sediments from sand to coarse sand at the upper part.
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Figure 10-2. The lithological description of the examined boreholes (modified from
Goiran et al. (2011)).

Eikéva 10-2. H AiBoAoyia Twv yewtpnoswv amoé tnv mepioxn tou lNeipaia (amé Goiran et
al., 2011).
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Table 18. The lithological description of borehole P-2. livakag¢ 18. H AiBoAoyia tn¢ P-2.

Depth (m) Lithology
0.00-1.50 Rubbles
1.50-2.50 Clay
2.50-7.00 Coarse sand
7.00-10.00 Sand
10.00-19.00 Clay to sandy clay
19.00-20.00 Pliocene bedrock

Table 19. The lithological description of boreholes P-4. lMivaka¢ 19. H AiBoAoyia tn¢ P-4.

Depth (m) Lithology
0.00-3.00 Rubbles
3.00-6.00 Clay
6.00-9.00 Sand
9.00-10.00 Coarse sand
10.00-17.00 Clay to sandy clay
17.00-17.20 Pliocene bedrock
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Table 20. The lithological description of borehole P-5. livakag 20. H AiBoAoyia tn¢ P-5.

Depth (m) Lithology
0.00-2.20 Rubbles
2.20-3.00 Sandy clay
3.00-3.80 Clay with pebbles
3.80-4.20 Sandy cay
4.20-7.00 Clay
7.00-9.00 Sandy cay
9.00-13.00 Clay
13.00-13.50 Sandy clay
13.50-15.00 Pliocene bedrock

To analyze the foraminiferal assemblages in boreholes P-2, P-4 and P-5 the standard
procedure has been followed as has been described for the micropaleontological

analysis before.

Apart from foraminifera, borehole P-4 has been analyzed for its molluscan and pollen
content and the magnetic susceptibility of sediments has been measured
(Triantaphyllou et al., 2016).
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For pollen analysis the standard procedure has been followed' (e.g. Kouli et al., 2009;
Kouli, 2012) on 52 samples from core P4, even though only in 28 of them the pollen
concentration was sufficient to be included in their study (Triantaphyllou et al., 2016).
Furthermore, Molluscan analysis performed on 113 selected samples, which have been
washed into 125 um sieve and dried at 70° C. All molluscs and fragments were
identified and counted in a semi-quantitative approach (Triantaphyllou et al., 2016).

A total of 128 samples P4 have been used for magnetic susceptibility analysis. The MS
signal of borehole P-a has been performed in the laboratory of department of Geology
in Aristotle University of Thessaloniki and therefore, a different procedure has been
followed for measuring the MS signal (compared with the MS analysis performed in
boreholes from the Corinth Canal). All samples were sieved in order to remove all the
impurities and packed in cylindrical plastic boxes (2x2x2 cm). The laboratory
measurements of the volume-specific magnetic susceptibility (k, SI units) have been
performed using the Bartington MS2B sensor at low frequency (0.465 kHz). The
examined samples were weighed before the measurements therefore all the results are
expressed as mass-specific magnetic susceptibility (x, 10® m3/kg). Every sample was
measured at least 3 times and the average value considered as the final one for the
sample. Two air measurements before and after the sample’s measurement have been

performed in all samples (Triantaphyllou et al., 2016).

14 All samples were spiked with known quantity of Lycopodium spores, chemically
treated with HCI (37%), HF (40%), acetolysed and finally sieved over a 10 um sieve,

while residues were mounted in silicon oil.
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10.3 Results

10.3.1 Borehole P-2

Based on foraminiferal assemblages the borehole sequence is divided to four
subdivisions. The first division is described as Unit Aa (lagoonal environment with
mesohaline-oligohaline conditions (Goiran et al., 2011; Triantaphyllou et al., 2016). In
particular, in between 17.00 13.50 m core depth (Unit Aa), benthic foraminiferal analysis
revealed the dominance of Haynesina germanica (reaching occasionally 60%); and
partly the presence Ammonia tepida sometimes up to almost ~50% of the assemblage,
Fig. 10-3), together with presence of Ammonia beccarii (almost ~20% of the total
assemblage, Fig. 10-3). This assemblage is featuring lagoonal environment with
mesohaline- oligohaline conditions (e.g., Koukousioura et al., 2012; Dimiza et al., 2016).

The interval from 13.50 to 7.00 m core depth (Unit B) is featured by the high abundance
of A. tepida (even higher than ~80%) and A. beccarii (up to even ~ 50% of the total
assemblage), accompanied by the presence of Elphidium spp. (gunteri and
complanatum), Aubignyna perlucida (up to 8%), miliolids (Quinqueloculina spp. up to ~
30% of the total assemblage), Bolivina spp. (up to ~50% of the total assemblage) a
typical species of Shallow-marine environment with freshwater influences (e.g., Carboni
et al., 2010; Evelpidou et al., 2010). In the upper part even though several foraminiferal
representatives have been identified, specimens were scarce and not included for the
paleoenvironmental analysis. This part has been described as coastal and/or paralic
(Goiran et al., 2011).

10.3.2 Borehole P-4

Based on foraminiferal assemblages the borehole sequence is divided to four
subdivisions. The first division is described as Unit A (lagoonal environment with

mesohaline-oligohaline conditions; ~8700- 7800 yrs. BP, (Goiran et al., 2011,
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Triantaphyllou et al., 2016) and can be also divided into two subunits (Unit Aa and Unit
Ab, Fig. 10-4). In particular, in between 17-12 m core depth (Unit Aa), benthic
foraminiferal analysis revealed the dominance of Ammonia tepida (>50%, sometimes up
to almost 100% of the assemblage; Fig. 10-4), together with increased presence of
Haynesina germanica (reaching occasionally 60%; Fig. 10-4). This assemblage is
featuring mesohaline to oligohaline biofacies in modern closed lagoons of the Aegean
area (e.g., Koukousioura et al., 2012; Dimiza et al., 2016).
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The interval from 12 to 11 m core depth (Unit Ab) is featured by the high abundance of
A. tepida (generally higher than 70%), accompanied by the presence of Elphidium
gunteri and Aubignyna perlucida (up to 20%), a typical species of estuarine and shallow
marine environments (e.g., Carboni et al., 2010; Evelpidou et al., 2010). Overall similar
foraminiferal assemblages have been characterized as open lagoon environments (e.g.,
Carboni et al., 2010; Koukousioura et al., 2012).

Benthic foraminiferal assemblages of Unit B (9.5-6.5 m core depth) consist mainly of
marine foraminiferal species (e.g., Rosalina bradyi, Bolivina dilatata, Peneroplis
pertusus, Elphidium complanatum; Fig. 10-4). In addition, miliolids (Quinqueloculina
berthelotiana, Q. seminula) featuring the infralittoral and upper circalittoral zones (e.g.,
Sgarrella and Moncharmont Zei, 1993), consist an important fraction of the assemblage
together with specimens of planktonic foraminiferal species (Fig. 10-4). However, the
presence of euryhaline species such as H. depressula, A. tepida suggests a shallow

marine paleoenvironment which also exhibits lagoonal features.

The microfaunal content of Unit C (6.5-4 m core depth) reveals the relative increase of
A. tepida and H. depressula, along with Q. seminula (Fig. 10-4), suggesting closed
lagoon paleoenvironmental conditions. Within Unit D (the upper 4m of the core P4;
younger than 2800 yr cal BP, Goiran et al., 2011), the microfauna is characterized by
the slight presence of Ammonia and Haynesina and mollusks are totally absent,

indicating a marshy oligohaline paleoenvironment.

Apart from benthic foraminifera, borehole P-4 has also been examined for pollen and
mollusks, while the magnetic susceptibility of the sediments was measured
(Triantaphyllou et al., 2016). The described molluscan assemblages consist mainly of
Cerastoderma glaucum (small sized and juvenile forms), Abra spp. and few
Hydrobiidae, revealing a typical lagoonal environment (Nicolaidou et al., 1988;
Kevrekidis et al., 1996), at the interval from 17.00 ~ 10.00 m core depth (Unit A) to
Similar assemblages feature meso-ologohaline conditions in several Aegean coastal
plains (e.g., Triantaphyllou et al., 2003; Evelpidou et al., 2010; Goiran et al., 2011,
Syrides, 2008) and define inner lagoon environment (e.g., Carboni et al., 2010;

Koukousioura et al., 2012). Mollusc fauna in Unit B is characterized mainly of
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Cerithiidae, Bittium sp., Alvania/ Rissoa spp. and Tricolia sp. indicates a shallow marine
environment (Syrides, 2008), but the intense presence of C. glaucum suggests lagoonal
features, confirming the foraminiferal findings. In Unit C (6.50-4.00 m core depth)
molluscan fauna consists of C. glaucum, Abra spp. and numerous Hydrobiidae,
suggesting closed lagoon paleoenvironmental conditions. In unit D mollusks were

absent.

The palynological evidence of unit A in borehole P-4 consists of Pseudoschizaea,
indicators of soil erosion and increased riverine runoff (Triantaphyllou et al., 2016);
implying increased fresh water input in the depositional environment, thus supporting
the closed lagoon paleoenvironmental conditions. Arboreal vegetation (AP), being in
general ~30% of the pollen content, with Pinus being the most common tree taxa,
followed by deciduous Quercus, exhibits significantly increased abundances during the

middle part of Unit A, in-between 14 and 13 m.

Nevertheless the increase of Cerealia-type towards the upper part of the Unit A may be
the signal of first farming communities in the area. Unit B is characterized by the
absence of pollen. The upper part is characterized by the presence of Chenopodiaceae
halophytes, Sordaria and parasites. Asteraceae, Poaceae and Chenopodiaceae are the
most common non arboreal taxa, with the latter being the dominant feature of this unit.
The human presence is inevitably detected since Unit C (Early Bronze Age) by the

increase of cultivars like Cerealia type and Olea

In the interval from 17.00 m to 12.00 m core depth the Magnetic susceptibility has a
mean value ~40 x10® m’kg (Triantaphyllou et al., 2016). In unit B the Magnetic
susceptibility values are relatively (~1 x10® m3kg). In the upper part of the borehole
core, the measured Magnetic susceptibility shows relatively higher values reaching the
maximum of 100 x10-® m®kg, thus implying the intense impact of fresh water input
(Ghilardi et al., 2008).
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10.3.3 Borehole P-5

In borehole P-5 the interval from 15.00 to 9.00 m core depth (Unit Ab) is featured by the
high abundance of A. tepida (generally higher than 70%), accompanied by the presence
of Elphidium gunteri and Aubignyna perlucida (up to ~ 12%), Haynesina germanica (up
to ~ 20%), Rossalina bradyi (up to ~ 8%), Quinqueloculina spp. (up to ~ 30%), a typical
species of estuarine and shallow marine environments (e.g., Carboni et al., 2010;
Evelpidou et al.,, 2010). Overall similar foraminiferal assemblages have been
characterized as open lagoon environments (e.g., Carboni et al., 2010; Koukousioura et
al., 2012).

The interval from 9.00 to 5.50 m core depth (Unit C) consists mainly of marine
foraminiferal species (e.g., Rosalina bradyi, Bolivina dilatata, Peneroplis pertusus,
Elphidium complanatum; Fig. 10-5). In addition, miliolids (Quinqueloculina berthelotiana,
Q. seminula) featuring the infralittoral and upper circalittoral zones (e.g., Sgarrella and
Moncharmont Zei, 1993), consist an important fraction of the assemblage together with
specimens of planktonic foraminiferal species (Fig. 10-5). However, the presence of
euryhaline species such as H. depressula, A. tepida suggests a shallow marine

paleoenvironment which also exhibits lagoonal features.

The microfaunal content of Unit C (5.50 to 0.00 m core depth) reveals the relative
increase of A. tepida and H. depressula, along with Q. seminula (Fig. 10-5), suggesting

closed lagoon paleoenvironmental conditions.
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10.4 Correlation of the Pleistocene — Holocene facies

Through foraminiferal analyses of boreholes P-2, P-4 and P-5 in western Saronic Gulf
(Piraeus coastal plain), four different paleoenvironmental facies have been identified.
Unit A (divided into categories Aa and Ab) is characterized as a lagoonal environment
with mesohaline-oligohaline conditions (subunit Aa as a closed lagoon and subunit Ab
as an open lagoon environment). Unit B is characterized as shallow-marine
environment with freshwater influences. Unit C is characterized as lagoonal
environment with oligohaline conditions (also closed lagoon), while Unit D as coastal,
paralic and/or freshwater marsh environment. Definitely though Unit D is not considered

a marine environment, but it exhibits more subaerial/ terrestrial features.

In boreholes from the Corinth area also four environments have been described. The
first is lagoonal (mesohaline to oligohaline conditions) where regional paleodepth < 20
m depth is proposed (Cluster 1l/ Group B). The second is shallow marine environment
with no influence from freshwater input, where regional paleodepth = 40 m depth is
proposed (Cluster 1l / Group A/C). The third is a transitional situation between lagoonal
and shallow marine environment, where regional paleodepth between 20 m and 40 m
depth is proposed (Cluster | / Group B/C). The forth is a coastal/ fluvial backshore

environment.

A significant correlation among the environment described in these boreholes and the

environment described in boreholes from the Corinth Canal is identified.

Unit D shows high resemblance with the forth environment, the coastal/ fluvial
backshore environment. Both these facies are characterized the likewise based on the
few or broken foraminifera specimens described within (Goiran et al., 2011;
Triantaphyllou et al., 2016).

A correlation is also suggested between Unit B and the transitional environment in
Corinth boreholes (Cluster | / Group B/C). In both cases full marine species (miliolids,
Rossalina bradyi) are described, accompanied by Ammonia tepida and Haynesina spp..

Despite similarities some differences have been traced. In particular the presence of
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Bolivina dilatata, Peneroplis pertusus, Elphidium complanatum, have been found only in
Unit B from Piraeus.

Unit A is significantly correlated with the (Cluster 1l/ Group B) lagoonal assemblages. In
both cases the dominance of Ammonia tepida in the examined samples is prominent.
Even though that minor differences are described (in P-2, P-4 and P-5 boreholes the
presence of Aubignina perlucida and E. gunteri is described, while in samples extracted
from the Corinth area the presence of E. granosum is mentioned), the high percentage
of the A. tepida in the samples (in some cases even 100% of the total sample), is

undeniable.

A significant difference between these two case studies is the absence of deeper
marine environment in the Piraeus samples. In the examined samples from the Corinth
area, deeper marine facies are described (with regional paleodepth = 40 m depth). The
main reason is the different tectonic regime of these areas. The area of Piraeus is not
influenced by major active faults and is more stable than the Corinth Isthmus area.
Therefore, the absence of subsidence and /or uplift procedures resulted into a less
complicated sedimentological pattern. During an equivalent time period (~ 10 ka, Goiran
et al., 2011) the boreholes from the Corinth area exhibited significant alternations where
the paleoenvironment in Corinth changed from fluvial- backshore to shallow marine,
then to shallow marine with lagoonal features and the into fluvial again (e.g. Bh-3
interval from 12.00 m to 5.50 m core depth, associated with the MIS5 highstand, ~125
ka).

Furthermore, the significance of the Kephissos river input is significant, documented not
only to foraminiferal assemblages, but to the examined mollusks and pollen as well
(Triantaphyllou et al., 2016).

In conclusion, the presence of Ammonia tepida is indeed the most significant indicator
to describe lagoonal (mesohaline-oligohaline) environments. In both cases the
dominance of the A. tepida was prominent. Furthermore, in Piraeus coastal plain the
palynological and molluscan analysis (borehole P-4, Triantaphyllou et al., 2016), also

indicates deposition in shallow environments. Therefore, the <20 m regional estimated
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paleodepth proposed for (Cluster 1l/ Group B), is now a more valid hypothesis, based on
the findings from Piraeus area.

Another interesting conclusion is the relationship between the measured magnetic
susceptibility measurements extracted form borehole P-4 (Triantaphyllou et al., 2016)
and the described paleoenvironment in the borehole sequence. There is a clear
correlation between higher MS values and coastal — paralic environment (also proposed
in Ghilardi et al., 2008) and MS values with marine conditions. The latter also confirms
the correlation between MS values and paleoenvironmental analysis where high values

are documented for fluvial terrestrial coarser sediments.
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11 3D visualization and paleoenvironmental interpretation

The paleoenvironmental units in the boreholes are described through hierarchical
cluster analysis of the foraminiferal assemblages (two way cluster analysis, non-metric
multi-dimensional scaling (MDS)), correlated with the described lithologies and with the
measured MS values. Lagoonal environment is associated with Group B-Cluster llI
assemblages (dominated by small sized A. tepida, followed by E. granosum and
Haynesina spp.) (Fig. 7-2, chapter 7.1). Shallow marine environments are associated
with Group A/C-Cluster Il assemblages (dominated by full marine species (e.g. N.
terquemi, Asterigerinata spp., Discorbis spp.). Transitional environmental conditions
(from shallow marine to lagoonal) are associated with Group B/C-Cluster | (dominated
by A. beccarii, E. crispum). Based on these divisions different depositional
paleoenvironments can be differentiated and therefore a temporal reconstruction of the
paleoenvironment is feasible. This analysis clearly demonstrates and confirms that not
only lithology but also the depositional environment display significant spatial and

temporal variations over short distances.

Micropaleontological analysis has shown successions of lagoonal to shallow marine
deposits (sea level rise/highstand) with terrestrial deposits (sea level fall/lowstand). The
latter indicates that glacioeustatic sea level changes and the tectonic uplift of the area
caused constant shifts of the coastline seaward (forced regression sequences) or
landward (transgression sequences) (e.g. Emery and Myers, 1994; Nichols, 1999;
Nagendra et al., 2011) and their imprint is documented within the paleoenvironmental
alternations described before. Landward shifting of the coastline and the upwards
deepening sequence pattern reflects transgression (Transgressive Systems Tract,
TST), whereas seawards shifting of the coastline and the upward shallowing sequence
pattern reflects forced regression (forced Regressive System Track, FRST) (e.g.
Nagendra et al., 2011; Avhaim et al., 2012; Amorosi et al., 2014a; Farouk, et al., 2016).

The vertical stacking of the borehole cores mark five distinct successive sedimentary

sequences, indicating an onset of transgressive-regressive (T-R) conditions (Figs 11-1,
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11-2, 11-3) which are better manifested in the deepest borehole (Bh-3). In boreholes
Bh-1 and GA-5 (Figs 11-1, 11-2) three successive transgressive-regressive (T-R)
sequences can be described. Notable, the described sediments and the estimated
palaeobathymetry in these boreholes can be significantly correlated. In borehole GA-4
(Figs 11-1, 11-2) three successive transgressive-regressive (T-R) sequences can be
described as well. The shallow marine paleoenvironment (~40 m water depth) described
at the interval 25.50 — 31.00 m core depth can be correlated with the equivalent regional
estimated palaeobathymetry in Bh-3 (37.00-39.60 m core depth) and in Bh-7 (Figs 11-
1, 11-2) (26.00-27.00 m core depth) horizons. Furthermore, even though no
paleoenvironmental description of boreholes Bh-6 and Bh-4 exists, this horizon can
possible be correlated with fine sediments in boreholes Bh-6 (20.70-24.30 m core
depth) and Bh-4 (17.50-20.00 m core depth). In cross section Bh-6 / GA-4 (Fig. 11-2) a
clayey horizon is correlated between boreholes Bh-6 and Bh-4. Notable, this horizon is
displaced from the Kalamaki-Isthmia fault’s activity ~5 m. The latter is in agreement with
the ~ 5 m offset described in Papanikolaou et al. (2015) between lagoonal horizons in
boreholes Bh-3 and Bh-7. This reinsures the Kalamaki-Isthmia fault’'s activity,

considering as well the proximity of these boreholes (Figs 3-2, 11-1).

191



3D visualization and paleoenvironmental interpretation

-TT ‘2-L L 33/0M13 S1L0 AMmidpOAOLMD AMmL 10X £-yg SUoldim3A
Sur ‘nooinio nor n3aoi3rn Amiprimdio Ami LoiizXono AlL AnonaxizQoun G- jorgidp 10 "oLormdlo PIDISADGILL3
oL 10X AM30U0IM3A AMm1L UdpdAIdzL Alt LUopg 3r Suizy3r SUXoid3u SUr o0o1xo 01oLopIQOId] (-8 "T-LL DAOMIF
'e-TT ‘¢-TT sainby ul sojoyd ul pue g-yg ajoysiog ayl Yum yoalays d-£ ayl 1e paquosap sluawipas ayl Buowe
uoe|a4102 ay) Moys G-T siaquinN “uondudsap sajoyalog ayl uo paseq ealte Apnis ayl Jo yoays dg (g-e "T-11 24nbi4

spouad uonejuswipassuew G ‘'€ ‘C’L 09 2anby jo suondas ssoad T T
L-yg S-V9
(urym suozuoy jososjed yum) pues/Kep umosq [l Kep oypuesauy [7]
Yidap 1a3em wi g ~ slpap apew uew
jeues yaupod)eas [l  pues [] sponeib pue puesssieos [0 pue :o_u.mE 10} [eLsa119) [
w oL
E Om\—/
K w 0¢
i w 0
2
2
3
a
<
B vl
z 5
g 2
(]
b
e
(o
i
©Q
s oS~ (€-11°Pu)
- 2
5 “, p-e 5010y
}ney elwys|-pleweley N / =| N K 9-ug
] 3ney eILY)S|-Deweje) _ﬂ

192



3D visualization and paleoenvironmental interpretation

‘S5130001m3A 51L.0 S01r0yyDYI03L0I0YDL

nol 1o SmeoX SpidpdAoLorimdio Sui LoizXono Ui AnoaXj3Q nout 530 (p-e "Z-LL PAOMIF

"sajoyaJoq Bulinoqyblau usamiaq JuswiuoliAus0afed

ayl pue Aydelbiens ayj Jo uone|aliod ayl Buimoys suonodas ssol) (p-e "g-TT ainbi4

(w) epmniy

0s-

ov-

og- 1 (-

0k 1 (=

oL

-3

€ g

o

=

S

o

-3

1111111111 C_ _ap™ -0z 3
A3 D 66 4
Avp yuasaid = —
o1 3

0 MN

(w) espmaniv

o
~N
1

0g-

3s3

swusy [

S moj

ov-

-vo

auuew Mmojjeys
Xnjjui 193em

D -ysaiy |esipouad Y3IM auLew Mojjeys

[2A3] bas
ADp Juasaid

]

T
-]
]

Vi

t-ug

°
~N
(w) y3dep sjoyaioq
(w) espmniv

=]
-
]

sjoneab [= | pues [7]  Kep | |

auoz

uonewiojap l

spouad uonjejuswipas auuew m \.q ~M ~N n—‘

suqap |eued
apew uew

T

-]

<
i

£
| (] |z (w) yadep ajoyaisoq

193



3D visualization and paleoenvironmental interpretation

Figure 11-3. a-d) Strata observed in (a, b) the northern part; (c, d)) southern part of the

Corinth Canal (for locality see green box in figure 3-2). Paleosoil horizons and sands
are observed approximately at the same altitude with those described in the borehole
core. Furthermore, erosional surfaces are observed, and calcite surfaces strongly
indicate subaerial exposure. The observed outcrops are correlated with the upper part
of the Bh-3 borehole sequence.

Eixova 11-3. Z1pwuara mou maparnpouvral oto KavaAr (a, b) oro Bopeio tuhua. (c, d)
vorio Tunua (rmpdoivo mAaioio otnv gikéva 3-2). Or1 opifovreg Tou TaAaioedapous Kai ol
duuol Taparnpouvral TTEPITTOU OTO idI0 UWOUETPO WE QUTEC TTOU TTEPIYPAQOVIAlI OTOV
muphva g yewrpnons Bh-3. Emmpdo6era, maparnpouvral EMIQAVEIQS AQOUVEXEIAS UE
aofearorroinon  UTTOOEIKVUOVTAS — EMIQPAVEIAKEC Ouvlnkes. Ta orpwuara aura

ouoxeTiovral UE TO QVWTEPO TUNUA tnS yewrtpnong Bh-3.
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12 Discussion

12.1 Age constraints

Even though that the data from OSL/IrSL were inconclusive and the corals can only
indicate a possible age of 175 ka and older, the nannofossils assemblages offer more
valuable insights regarding age constraints and proved helpful in determining the age

of the sediments.

12.1.1 Surface samples

Nanno fossils were sparse in the examined samples extracted from surface outcrops
where, from 32 samples examined only 8 contained nannofossils (Fig. 6-8). The
presence of E. huxleyi in samples S.23.9/2, S.25.9./3, S.25.9/2 and S.12/7/3 indicates
that sediments have been deposited at least after the first occurrence of the species
(base of nannofossil biozone NN21a; Martini, 1971); namely within marine isotopic
stage MIS 8, at ~265 ka in the eastern Mediterranean (e.g. Raffi et al., 2006). On the
contrary, the absence of E. huxleyi in samples S.17.7/5, S.17.7/6, 4/7/17 and Can.12
indicates an age older than ~260 ka (older than MIS 9). Furthermore the absence of
Large Gephyrocapsa (>4 ym) and Pseudoemiliania lacunose indicates an age younger
than 430 ka (Backman et al., 2012). It is important to mention that sample Can.12 was
extracted from the Corinth Canal approximately at the same area where Collier et al.
(1992), estimated the age of the corals at ~311 ka (MIS 9). The latter also confirms both

absolute and relative ages.
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12.1.2 Boreholes

By correlating the glacioeustatic sea level change curve of Siddall et al. (2003) with the
uplift rate 0.3 mm/yr for the Corinth Isthmus area as it is estimated by Collier et al.
(1992), Dia et al. (1997) and Pierini et al. (2016) dating results, it appears that marine
deposits would have been expected to be preserved during the high stands within MIS
5.5, 6.5, MIS 7 and MIS 9 with maximum depths ranging between ~20 and 80 m (e.g.,
Siddall et al., 2003; Thompson and Goldstein, 2006) (Fig. 12-1). In the same line, the
study area is expected to be emerged ~120 m above sea level (cold MIS 2.21 at 23.7
ka) and ~70 m and ~30 m during the cold MIS 6.0 (129.3 ka) and MIS 7.0 (179.2 ka)
respectively (e.g. Thompson and Goldstein, 2006). Transgressive stacking patterns
therefore, would have been expected to be deposited during the high stands where the
coastline had shifted landwards and the area was emerged. Consequently,

transgressions phases correspond to MIS 5.5, 6.5, 7, 9 (Fig. 12-1e).

The continuous existence of E. huxleyi throughout the borehole sediments indicates
depositional ages younger than 265 ka, limiting the marine sedimentation to MIS 5.5,
MIS 6.5 and MIS 7 high stands. The lack of accurate radiometric data though does not
allow determining the exact ages of the sediments. The latter can be described only
through different scenarios involving marine sedimentation in all /or some of the MIS 5,
MIS 6 and MIS 7. The estimated regional paleodepths of the present study can also be
correlated with the expected paleodepths during MIS 5.5, MIS 6.5 and MIS 7, based on
sea level curve and the tectonic uplift of the area. Papanikolaou et al. (2015) suggested
that the MIS 5.5 paleoshoreline is expected ~40 m above present sea level, whereas
MIS 6.5 and MIS 7 paleoshorelines are expected at ~5 m and ~ (60—70) m above
present sea level respectively. The estimated regional paleodepths, in correlation with
the modeled shoreline elevations (Papanikolaou et al., 2015) through the uplift rate of
the area and the glacioeustatic sea level curve can significantly help to constrain the

possible scenarios describing the sedimentation processes of the area.
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Discussion

Figure 12-1. Synthetic sketch showing the sedimentation processes model of the
examined boreholes (GA-2, GA-4, GA-5, Bhi-1, Bh-3, Bh-7) where marine sediments
are associated with MIS 5 to 7. (A) Sedimentary patterns within boreholes, where the
depositional paleoenvironment is shown (dark blue- shallow marine, light blue- lagoonal,
emerald- partially influenced by lagoonal features). (B) Sketch illustrating relatively sea
rise or fall based on the paleoenvironmental description of the boreholes, in respect with
sequence stratigraphic interpretation. (C) Sketch illustrating regional paleodepth
estimation based on foraminiferal assemblages. (D) Expected isotopic stages
successions, within boreholes which develops in response to glacioeustatic highstands
of sea-level and tectonic uplift. According to the most probable scenario sediments were
deposited during MIS 5.5, MIS 6.5 and MIS 7. (E) Based on the glacioeustatic sea level
curve from Siddall et al. (2003) and the 0.3 mm/yr uplift rate from Collier et al. (1992),
the expected depositional environment is described. The timetable where the study area
is expected to be submerged are highlighted, in comparison with the periods that it is
expected to be emerged (modified from Papanikolaou et al.,, 2015).
Eikéva 12-1. 2xnuariki amreikovion Tou JOVTEAOU ICNUATOYEVEDNCS TwV YewWTPNoswV (GA-
2, GA-4, GA-5, Bhi-1, Bh-3, Bh-7) 6mou ra 6aAdooia i{riuara ouvdéovral Ue Td
ueoorrayerwodn diaoriuara MIS 5 éwg 7 (A). To raAaiorrepiBaAAov uéoa OTIC YeEWTPNOEIS
(okoUpo WTTAE, pnx6 BaAdoaoio, yaAalompdoivo pnxd BaAGCCIO UEPIKWCS ETTHPEACUEVO
arrdé AiuvoBdAacosg, yaAddio, AiuvoBaAdaooio mepiBdAAov). (B) Zxnuartikh armeikovion
NS avodou Kail TTTwons 1ng 6dAacoag ue Baon tnv maAaiomepiBarAovTiKn TTEPIYPAPR
Twv yewrpnoewv. (C) Zxnuartikn armreikovion Tou eKTiuwuEvou mmaAaiofaboug, (D) Ta
avauevoueva oradia kard ta ormoia éyive n amobeon twv iIlnudrwy. (E) Me Bdon tnv
KautruAn peraBoAns tn¢ BaAdooiag orabunc kai tou pubuou avodou TnNG TTEPIOXNS
TepIypd@eral 10 avauevouevo epIBaAAov amréBsons twv IlnudTtwy. Emonuaivovrai oi
TEPIodOI TTOU aTNV TTEPIOXN avauéveral va emkparei Baidooia ilnuaroyévean (amo
Papanikolaou et al., 2015).

Pallikarakis et al. (Cor. Proof.) based on the regional estimated paleodepths, suggested

a scenario involving marine sedimentation in all three MIS 5, MIS 6 and MIS 7 as the
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most favorable to describe the sedimentation processes within borehole Bh-3. The
scenario involving marine sedimentation in all three MIS 5, MIS 6 and MIS 7 is the most
favorable to describe the sedimentation processes within borehole Bh-7 as well,
considering the proximity and the similar described paleoenvironments and paleodepths
with borehole Bh-3 (Fig. 8-3). The presence of in situ Cladocora corals and lagoonal
sediments approximately at the sea level in both boreholes indicates that this horizon,
identified in both boreholes, s associated with MIS 6.5 highstand (Pallikarakis et al.,
Cor. Proof). Considering that corals prefer not muddy but harder substratum to grow,
the presence of in situ Cladocora corals and lagoonal sediments indicates relatively
rapid changes to the paleoenvironmetal conditions. Shallow marine sediments above
this layer area associated with MIS 5.5 highstand, while shallow marine sediments

beneath this horizon are associated with MIS 7 highstand.

On the contrary, in boreholes Bh-1, GA-5 and GA-4 neither lagoonal sediments nor in
situ corals were traced. Furthermore, the relatively deeper marine conditions described
in GA-5 (14.30-20.80 m core depth), in Bh-1 (12.00-21.00 m core depth) and in GA-4
(25.50-31.00 m core depth) are not in agreement with the expected paleodepth during
MIS 6.5. Based on the sea level curve and the tectonic uplift of the area the
paleoshoreline is estimated at ~5 m above the present sea level and therefore shallower
conditions are expected. Therefore the presence of MIS 6.5 sediments in these
boreholes is excluded and were either eroded or not deposited at all. Consequently, the
most favorable scenario describing the sedimentation processes in Bh-1 and GA-5
involves marine deposits during MIS 5.5 and MIS 7 highstands (Fig. 12-1). The scenario
suggesting that the entire borehole sequences can be associated with the MIS 7
highstand is based on the assumption that major erosion processes removed marine
sediments from MIS 5.5 and although this hypothesis cannot be excluded, it is less

probable, considering that this require major erosional processes.

In GA-4, the presence of coarse sand with gravels associated with terrestrial
environment (8.80-25.50 m core depth) and the deeper marine conditions at the interval
(25.50-31.00 m core depth), indicates that the most favorable scenario describing the

sedimentation processes is that the remaining sediments are from MIS 7 (Fig. 12-1).
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Considering the altitude where borehole GA-2 was drilled and the paleoenvironmental
description of the core sequence, sedimentation during MIS 6.5 is clearly excluded. The
paleoenvironmetal interpretation indicates a shallowing upwards paleogeography, in
agreement with the expected paleoshoreline at ~40 m. Therefore the most favorable
scenario is that the sedimentation sequence occurred during MIS 5.5.

12.2 Tectonic activity

12.2.1 Uplift rate

The 0.3 mm/yr since MIS 7.3 (205 ka) uplift rate of the Corinth Canal is well
documented by Collier et al. (1992), Dia et al. (1997) and Pierini et al. (2016).
Nannofossils though, can also provide an independent methodology for estimating the
age and consequently the uplift of the area. In sample GA-2, at 12.95 m depth the
presence of E. huxleyi indicates an age younger than 265 ka. Based on the
glacioeustatic sea level curve and the estimated palaeobathymetry (maximum ~40 m
water depth), an age between ~125 ka (MIS 5.5) and 265 ka (MIS 7) is suggested and
an uplift rate ~0.34 + 0.12 mmlyr is estimated (Fig. 12-2). Ages younger than 125 ka
(MIS 5.5) are excluded since the area was constantly emerged and no marine
sedimentation was occurring. If sediments were younger than 125 ka, then based on
the sea level curve and the palaeobathymetry, a minimum uplift rate ~0.5 mm/yr is
proposed. In this scenario though, the paleoenvironment within the boreholes could not
be correlated with the borehole data excluding as well such probability. For example
instead of alternations of lagoonal and shallow marine facies, relatively deep marine

sediments would have been described.
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Figure 12-2. The paleoenvironmental interpretation of borehole GA-2 and the possible
range of the estimated uplift rate based on the described calcareous nannofossils from
sample GA-2 12.95 m.

Eikéva 12-2. To maAaiorrepiBdAAov ortnv yewtpnon GA-2 kai 1o mlavo €Upo¢ TOU

EKTINWUEVOU puUBUOU aviywons ue Baon ta vavoarroAiBwuara tou Ociyuaros GA-2
12.95 m.
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Figure 12-3. a) The paleoenvironmental interpretation in cross section C-C’ almost

perpendicular to the Kalamaki-Isthmia fault trace, showing the estimated uplift rate

based on calcareous nannofossils assemblages. b) The possible range of the estimated

uplift rate based on the described calcareous nannofossils from surface outcrops.

Eixova 12-3. a) To maAaiomrepiBdArov ornv tounp C-C’ mou Ogixvel TOV EKTINWUEVO

pubuo avuwwong e Baon ra vavoaroAiBwuara. B) To mlavd UPOS TOU EKTINWUEVOU

pubuoU avuywwaonc ue Bdon ta vavoamroAiBwuara 1600 amrd Ta EMIPAVEIQKG Ogiyuara

600 kai arro v yewtpnon GA-2.
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Furthermore, in surface samples (S.23.9/2, S.25.9./3, S.25.9/2 and S.12/7/3) (Fig. 6-8)
where nannofossils were traced, the presence of E. huxleyi also suggests an age
between ~125 ka (MIS 5.5) and 265 ka (MIS 7). Nannofossils in samples S.17/7/5 and
S.17/7/6 indicate an age in-between MIS 9 to MIS 11. Based on the regional estimated
paleodepth (~30 m water depth) in both cases and the altitude in which the samples
were extracted, an 0.27 + 0.12 mm/yr uplift rate on the hangingwall and 0.33 + 0.12
mm/yr uplift rate on the footwall of the fault is estimated (cross section C-C’) (Fig. 12-3).
Therefore following all the above constraints an average 0.30 + 0.12 mm/yr uplift rate
for the cross section C-C’ is suggested and based also on the results from borehole GA-
2 (Fig. 12-2, ~0.34 + 0.12 mmlyr), an average 0.32 = 0.14 mml/yr uplift rate for the
eastern part of the Corinth Isthmus is extracted.

The error of the estimated rates incorporates the uncertainties of the paleodepth and
the different highstands where the sedimentation was possible. However, the extracted
rates are in agreement with the rates extracted through absolute dating techniques by
Collier et al. (1992), Dia et al. (1997) and Pierini et al. (2016) adding confidence to the

reported rates.

12.2.2 The Kalamaki - Isthmia fault activity

The ~0.3 mm/yr uplift rate of the area is the aftermath of all the combined factors which
subside or uplift the Corinth Isthmus. Collier (1990), Collier et al. (1992), though
mentioned a relatively lower uplift rate at the western part (~0.2 mm/yr) than the eastern
part (~0.3 mml/yr). Furthermore, the morphology of the western part of the Isthmus is
relatively smoother than the eastern part where the Kalamaki- Isthmia fault is the
dominant structure (e.g. Papanikolaou et al., 2015), also indicating higher tectonic
activity. The cross section of the Canal (e.g. Collier, 1990; Collier et al., 1992; McMurray
and Gawthorpe, 2000 and this study) shows significantly more faults at the eastern part

(Kalamaki- Isthmia fault zone) than the western (Fig. 12-4).
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Figure 12-4. a-b) Cross section of the Corinth Canal (based on Collier (1990) and this

study), showing significantly more faults intersecting the eastern than the western part

of the Canal. c-d) Photos from the northern part of the canal showing how the faults

have displaced characteristic horizons.

Eikova 12-4. a-b) H diarouny 1n¢ Aiwpuyacg, OTToU 1a TTELICCOTELA pnyuara Bpiokovrai

o100 avaroAikorepo Tunua. c-d) dwroypagicc amd 1o Bopeio  Tunua TS Aiwpuyac mou

O€iXvouV UETATOTTIONEVOUS 0PICOVTES aTTO TH OPACN TWV PHYUATWV.

Mapping of the area has also revealed several faults displacing the exposed strata at
the Corinth Canal (Fig. 12-4c, d). It is questionable though whether these displacements
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were caused only from their activity and/or have been passively ruptured during another
earthquake triggered by distal faults, like possible the Kalamaki-Isthmia fault during the
1981 earthquake sequence (e.g. South Alkyonides fault system, Papanikolaou et al.
(2015)).

Papanikolaou et al. (2015) suggested a ~0.04 mm/yr maximum slip rate since MIS 6.5
for the main trace of the Kalamaki-Isthmia fault, based on displaced lagoonal horizons
in boreholes Bh-3 (footwall) and Bh-7 (hangingwall). In cross section C-C’ (Fig. 12-3a)
between surface outcrops samples S.17/7/5, S.17/7/6 at the footwall and S.23/9/2 at the
hangingwall of the fault, a ~0.06 mm/yr difference between the estimated uplift rates is
noticed. Considering of course the error mentioned before, this difference can be
interpreted as the offset caused by the Kalamaki-Isthmia fault zone activity (Fig. 12-3).
Furthermore, since cross section C-C’ is located approximately at the center of the fault,
the difference of the uplift from the footwall and the hangingwall extracts the maximum
fault’s throw rate at least during MIS 7. Based on the geometry of the fault (~65° dip), a
maximum slip rate ~0.07 + 0.02 mm/yr for the Kalamaki-lsthmia fault zone since MIS 7

is extracted.

12.3 Uplift / Subsidence model at the Kenchreai — Loutraki graben

The major faults influencing the area of Corinth Isthmus are the SAFS (South
Alkyonides Fault System) which uplift the area (e.g. Mariolakos and Stiros, 1987,
Roberts et al., 2009) and the Agios Vassileios, the Kenchreai and the Loutraki faults
that subside the area (e.g. Roberts et al., 2011; Koukouvelas et al., 2017). The last two

faults form the Kenchreai - Loutraki tectonic graben (Fig. 12-5)
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Figure 12-5. a) 3-D DEM of the area, showing the major active faults and their influence
to the topography (vertical exaggeration x3)) b) Simplified 3-D model of the faults,
based on their geometry.

Eikéva 12-5. a) Tpiodidoraro DEM 1n¢ mepioxny mou diakpivovral 1a pnyuara 1mmou
emrnpealouv v mepioxn (0 Karakopupoc déovag eivar  ueyeBuuévoc x3) b)

ArrAorroinuévo TpIodIaaTaTo UOVTEAO TWV PRYUATWV.

The Kenchreai fault consists both of offshore and onshore fault segments
(Papanikolaou et al., 1988, 1989), comprising a ~ 24 km long fault structure (Fig. 12-6).
Koukouvelas et al. (2017) thoroughly studied the E-W-trending Kenchreai fault and
more specific the onshore segments. They described two segments approximately 3.8
and 6.5 km long where the morphology of the segment's footwall differs in a change of
maximum elevation, from east to west, from 40 m to 300 m. The maximum scarp height
is in the order of 275 m in the west fault segment and much less in the east fault
segment (In Koukouvelas et al., (2017)). The western tip of the fault is located at the
main stem of the Solomos River. It is interesting to mention the presence of the
Acrocorinthos fault (Fig. 12-5).
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Figure 12-6. View of the onshore segment of the Kenchreai fault.

Eikéva 12-6. To xepoaio tunua rou pRyuarog twv Kexpiwv.

The Kenchreai fault has subsided the area southwards the Canal and has contributed to
the submersion of the ancient harbor of Kenchreai (e.g. Mourtzas et al., 2014; Mourtzas
and Kolaiti, 2014; Kolaiti and Mourtzas, 2016). For the Kenchreai fault a slip rate
approximately 0.15 — 0.20 mm/yr has been proposed (Koukouvelas et al., 2017;

Deligiannakis et al., in press),

The Loutraki fault consists of two parallel segments approximately 1.5 km apart, the
southern segment that bounds the Loutraki basin, also traced offshore (e.g. Sakellariou
et al., 2001) and the northern segment at about 500 m altitude near to Osios Potapios
(Fig.12-7). “The northern segment exhibits a clear postglacial scarp close to the Osios
Patapios Monastery). The Loutraki Fault is active as it offsets a slope formed during

periglacial activity in the last glacial maximum (~15 + 3 ka). It deforms sediments from
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the last glacial maximum exposed in a small quarry on the roadside. Slip in the
Quaternary was ongoing, but intense erosion and sedimentation during glacial episodes
would have outpaced scarp growth. Holocene slip and low sedimentation rates have
produced a bedrock fault scarp that based on detailed scarp profiles is 8-9 m high,
implying it has a throw-rate of approximately 0.50 mm/yr” (Roberts et al., 2011).

The Agios Vassileios fault is a more distant fault located at the southern margin of the
Proto-Corinth Gulf (Fig. 12-5). This ~38 km long E-W structure consists both of onshore
and offshore segments, dipping northwards. Agios Vassileios fault was significantly
more active during Pliocene since it was the south margin of the Proto-Corinth gulf (e.g.
Leeder et al., 2002). In the present day though, its slip rate does not exceed ~0.10 to
0.20 mm/yr (Roberts et al., 2011).

Figure 12-7. View of the northern segment of the Loutraki fault plane (near to Osios
Patapios) and the deformed sediments.

Eikéva 12-7. To Bopeiorepo tuiua tou pnyuaro¢ tou Aoutpakiou, kovrd arov Oaio
lMararmio).
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The last 10 years the co-seismic uplift and/or subsidence of earthquake events is been
well documented based on satellite images. One of these events is the L’Aquila
earthquake on April 6th 2009 in central Italy. This (Mw 6.3) earthquake occurred on the
Paganica fault. Several field surveys were conducted during the weeks following the
main-shock, with the aim to characterize the pattern of surface faulting (e.g. EMERGEO
Working Group, 2009, 2010; Papanikolaou et al., 2010; Goudarzi et al., 2011; Cheloni
et al., 2014, Livio et al., 2017). Primary faulting was clearly recognized along the
Paganica fault, for a 6 km in length while a maximum displacement of ca. 15 cm has
been traced (e.g. Livio et al., 2017). In Papanikolaou et al. (2010) a ~ 25 cm maximum
subsidence is described (~ 3 to 4 km from the fault trace), while in Goudarzi et al.
(2011), several profiles executed both along and across the Paganica fault revealing an
approximately 27 cm subsidence towards the center of the fault structure, also
approximately 3 to 4 km distance from the fault trace (Fig. 12-8).

Undoubtedly each earthquake has a unique influence to the environment but it is
assumed that an earthquake caused by these faults will have a similar impact in the
Corinth region as the L’Aquila event has. The main reason for choosing the L’Aquila
earthquake is that in both cases similar lithologies have been described (e.g. Goudarzi
et al., 2011). Furthermore, both areas experience a similar tectonic regime (normal
faults). Therefore, the described subsidence caused by L’Aquila earthquake can be the
base of a simple model to examine the uplift and the subsidence caused by the faults
influencing the Canal (SAFS, the Loutraki, the Kenchreai, the Agios Vassileios and the

Kalamaki — Isthmia faults).
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Figure 12-8. (A) Displacement field of the 6 and 7 of April 2009 L’Aquila earthquakes
and (B) the diagram showing the range of the observed ground deformation in the
epicentral area as appears from all profiles perpendicular to the activated fault plane. A
footwall uplift/hangingwall subsidence ratio of about 1/3 with is extracted (Papanikolaou
et al., 2010).

Eikéva 12-8. (A) O1 perarorrioeis ot mmepioxn tn¢ L’Aquila, émreira amd roug ogiouous
ong 6 kar 7 Ampidiou (2009) kai (B) To didypauua T1ou arreikoviCel tnv €0a@IKn
uerarommion PBaciouévol ota TTPOoQYIA KABsTa oTo pRyua, OmTou &KTIUATal Kai 0 Adyog

avuypwaonc/rarreivwong mepimou 1/3 (Papanikolaou et al., 2010).

The subsidence/uplift distribution depends on:
a) The subsidence/uplift ratio
b) The fault’s dip

In L’Aquila earthquake, a coseismic subsidence/uplift ratio ~1/2.9 is proposed
(Papanikolaou et al., 2010, Fig. 12-8), while for the Eliki fault a ratio 1/2 is proposed
(e.g. Koukouvelas, 1998). The dip of a fault varies from relatively high angles (e.g. ~65°
for the Loutraki fault, Roberts et al., 2011) to relatively low angles (e.g. ~45° for the
SAFS, Jackson et al., 1982). Therefore, different scenarios have to been considered
involving all different variables (Table 21). Based on the average values of ratio and
fault’s dip (55° dip and 1/2.5 subsidence/uplift ratio) a model is proposed, describing the
excepted uplift and subsidence rate for the SAFS, the Loutraki, the Kenchreai, the Agios
Vassileios and the Kalamaki — Isthmia faults (Figs 12-9 to 12-13).

Consequently, according to the average scenario described in table 21 and considering
the ~0.20 mml/yr slip rate of the Kenchreai and the Agios Vassileios faults (e.g. Roberts
et al., 2011), a maximum subsidence ~ 0.12 mm/yr is estimated for these two faults.
Likewise, based on the ~0.50 mm/yr slip rate of the Loutraki fault (e.g. Deligiannakis et
al., in press) a maximum subsidence rate ~0.29 mm/yr is estimated and a maximum

uplift ~ 0.53 mm/yr for the SAFS fault (e.g. Deligiannakis et al., in press). Finally, a
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maximum uplift ~ 0.02 mm/yr and 0.04 mm/yr subsidence rates are estimated for the
Kalamaki-Isthmia fault.

Table 21. The different scenarios of the subsidence and the uplift rates of the examined
faults. The first two scenarios consider that the subsidence/uplift ratio is 1/3 (while the
faults dip ranges from 45° to 65°), while the third and the forth scenarios consider that
the subsidence/uplift ratio is 1/2 (while the faults dip ranges from 45° to 65°). Finally the
average scenario (55° dip and 1/2.5 subsidence/uplift ratio) is presented. The examined
pointe which is mentioned at the table the immediate footwall of the Kalamaki-Isthmia
fault. MMivaka¢ 21. Ta dIAPOPETIKA OEVAPIA THS KATAVOUNS TwV puBuwv aviywwaongs Kal
TATTEIVWONG OTNV TTEPIOXH. 2Ta OUO TTPWTA 0 AGyOo¢ Tarreivwong/aviowwaong givai 1/3 (ue
v kAion Twv pnyudrwv va petaBéMerar amd 45° o 65%, evid oTo TpiTo KI TETAPTO
givai1/2 (ue tnv kAion Twv pnyudarwv va uetaBdarierar amé 45° o 65°). To oevapio ue T1i¢
UEOEC TIUEC TTapaTiBeTal OTO TEAOS TOU TTivaka. To onueio avapopdg ival T0 aveEPXOUEVO

Téuayog¢ Tou pnyuaro¢ KaAauakiou-1o6Guiwv.

1% scenario (Fault dip 65° subsidence/uplift ratio ~1/3)

_ Throw Max Max _ Cumulative Cumulative
slip . . Subsidence
rate uplift  subsiden _ movements movements
o i rate or uplift atthe .
65° fault dip (mm/yr) rate (+) cerate (-) _ since MIS5 at  since MIS7 at
(mm examined ] .
(13 (mm/yr)  (mmfyr) _ examined examined
Iyr) ] point (mm/yr) o o
ratio) point (in m) point (in m)
SAFS 2.30 2.08 0.52 -1.56 +0.115 +14.4 +23
Loutraki 0.50 0.45 0.11 -0.34 -0.11 -14 -22
Kenchreai | 0.20 0.18 0.04 -0.14 -0.09 -11.2 -18
Ag. Vass. | 0.20 0.18 0.04 -0.14 -0.01 -1.75 -2.8
Kalamaki | 0.07 0.06 0.02 -0.04 +0.02 +2.5 +4
Total -0.08 -10.1 -16

2"% scenario (Fault dip 45° subsidence/uplift ratio ~1/3)
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) Throw Max Max ) Cumulative Cumulative
slip . ) Subsidence
rate uplift  subsiden ) movements movements
o i rate or uplift at the ) _
45" fault dip (mm/yr) rate (+) ce rate (-) ) since MIS5 at  since MIS7 at
(mm examined ] _
(VK] (mm/yr)  (mml/yr) ) examined examined
Iyr) ) point (mm/yr) S o
ratio) point (in m) point (in m)
SAFS 2.30 1.62 0.41 -1.21 +0.09 +11.25 +18
Loutraki 0.50 0.35 0.09 -0.26 -0.08 -10 -16
Kenchreai | 0.20 0.15 0.04 -0.11 -0.07 -8.7 -12
Ag. Vass. | 0.20 0.15 0.04 -0.11 -0.01 -1.75 -4
Kalamaki | 0.07 0.06 0.02 -0.04 +0.02 +2.5 +4
Total -0.05 -6.5 -10
3 scenario (Fault dip 65° subsidence/uplift ratio ~1/2)
_ Throw Max Max _ Cumulative Cumulative
slip ) . Subsidence
rate uplift ~ subsiden ) movements movements
o i rate or uplift atthe .
65° fault dip (mm/yr) rate (+) cerate (-) _ since MIS5 at  since MIS7 at
(mm examined ] .
a2 (mml/yr)  (mm/yr) ) examined examined
1yr) ) point (mm/yr) o o
ratio) point (in m) point (in m)
SAFS 2.3 2.08 0.69 1.39 +0.15 +18.75 +30
Loutraki 0.5 0.45 0.15 0.30 -0.09 -11.25 -18
Kenchreai | 0.2 0.18 0.06 0.12 -0.07 -8.75 -14
Ag. Vass. 0.2 0.18 0.06 0.12 -0.01 -2.5 -4
Kalamaki | 0.07 0.06 0.02 0.04 +0.02 +2.5 +4
Total -0.01 -1.25 -2
4" scenario (Fault dip 45° subsidence/uplift ratio ~1/2)
] Throw ] Cumulative Cumulative
slip Max Max Subsidence
rate ) ) ) movements movements
o ) rate uplift subsiden or upliftatthe .
45" fault dip (mm/yr) ) since MIS5 at  since MIS7 at
(mm rate (+) cerate (-) examined ] .
(a2 ] examined examined
1yr) ) (mm/yr)  (mm/yr)  point (mm/yr) o o
ratio) point (in m) point (in m)
SAFS 2.3 1.62 0.54 1.08 +0.12 +15 +24
Loutraki 0.5 0.35 0.12 0.23 -0.07 -10 -16
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Kenchreai | 0.2 0.14 0.05 0.09 -0.06 -6.25 -10
Ag. Vass. 0.2 0.14 0.05 0.09 -0.01 -1.25 -2
Kalamaki | 0.07 0.06 0.02 0.04 +0.02 +2.5 +4

Total 0.00 0 0
Average scenario (Fault dip 55° subsidence/uplift ratio ~1/2.5)
Throw . .
_ Max Max _ Cumulative Cumulative
slip rate ) ) Subsidence
. uplift ~ subsiden . movements movements
Average 55° rate  (mml/yr) or uplift at the ) _
_ rate (+) cerate (-) ) since MIS5 at  since MIS7 at

fault dip (mm (Average examined ] _
(mm/yr)  (mml/yr) _ examined examined

Iyr) 1/2.5 point (mm/yr) o o
) point (in m) point (in m)

ratio)

SAFS 23 1.86 0.53 1.33 +0.12 +15 +24

Loutraki 0.5 0.41 0.12 0.29 -0.09 -12.5 -20

Kenchreai | 0.2 0.16 0.04 0.12 -0.07 -7.5 -12
Ag. Vass. 0.2 0.16 0.04 0.12 -0.02 -2.5 -4
Kalamaki | 0.07 0.06 0.02 0.04 +0.02 +2.5 +4

Total -0.04 -5 -8
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Figure 12-9. The estimated uplift and subsidence rate in mm/yr due to the activity of the
Kalamaki — Isthmia fault based on the average values (55° dip and 1/2.5
subsidence/uplift ratio, Table 21).

Eixova 12-9. O ekmiuwuevos pubuos avuywwons Kai rameivwons amé 1tnv dpacn 1ou
phyuaro¢ tou KaAauakiou-loBuiwv, pe Bdon TS uECES  TIUEC TOU  Adyou

ramreivwong/aviywaong Kail KAiong rou prRyuarog.
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Figure 12-10. The estimated uplift and subsidence rate in mm/yr due to the activity of
the Kenchreai fault based on the average values (55° dip and 1/2.5 subsidence/uplift
ratio, Table 21).

Eixova 12-10. O ekmiywuevo§ pubuos aviywwaons Kai tarreivwons armrd v 6pdon tou
phyuarog Twv Kexpiwv, e Baon 1ic uéoeS TIUES Tou AGyou Tarreivwons/aviwwaons Kai

KAiong rou pnyuarog.
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Figure 12-11. The estimated subsidence rate in mm/yr due to the activity of the Loutraki
fault based on the average values (55° dip and 1/2.5 subsidence/uplift ratio, Table 21).

Eixova 12-11. O ekmiywpevo§ pubuos aviywwaons Kai tarreivwons amo tnv 6pdon tou
pHyuarog tou Aoutpakiou, ue Baon 1 HETES TILES TOU AGyou Tartreiviwons/aviywwaongs Kai

KAiong Tou pnyuarog.
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Figure 12-12. The estimated uplift rate in mm/yr due to the activity of the SAFS based
on the average values (55° dip and 1/2.5 subsidence/uplift ratio, Table 21).
Eikova 12-12. O ekTiywpuevos pubuds aviywaons amd tnv dpdan Twv pnyuarwyv twv
AAkuovidwyv, ue Baon Tic UEOEC TIUES TOU AGyou Tarreivwong/aviywwaons Kai KAiong twv

PNYUATWV.
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Figure 12-13. The estimated subsidence rate in mm/yr due to the activity of the Agios
Vassileios fault based on the average values (55° dip and 1/2.5 subsidence/uplift ratio,

Table21).
Eixova 12-13. O ekTiuwuevos pubuog rameivwons amd tnv dpaon 1ou pHyuaros Tou
Ayiou BaaoiAgiou, pe Baon 1ic UEOES TIUEC TOU AOyou Tameivwaong/aviywaons Kai KAiong

TOU pNyuarog.
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All previous researchers concluded that the uplift rate of the eastern part of the Corinth
Canal is 0.3 mm/yr (e.g. Collier et al., 1992; Dia et al., 1997; Pierini et al., 2016). This
0.3 mml/yr rate is the result of all factors which uplift or subside the Canal, including the
regional uplift of the area. Based on the described scenarios the examined faults the
influence at the immediate footwall of the Kalamaki-Isthmia fault; ranges from 0.0 to
~0.08 mm/yr subsidence and while the average rate is -0.04+0.04 mm/yr. Even though
that the equilibrium among these four faults for the examined scenario is approximately
-0.04 mm/yr subsidence the area is undeniably uplifted. The latter can be explained if
the influence of the regional uplift is estimated approximately at ~0.34+0.04 mm/yr (Fig.
12-14).

The significance of the regional uplift is highlighted in figure 12-15, where a hypothetical
paleogeographical model of the area is shown, based only on the influence of the faults
described before. Instead of the uplift of the area (as it is expected based on the
findings from the borehole cores and the surface mapping described before, as well as
the results from previous researchers), the final outcome from the interplay of these
faults cause the subsidence of the area. The latter resulted into a completely different
paleogeography during MIS 5.5 (125 ka) and MIS 7 (~200 —240 ka) (Fig. 12-15 a, b).

Based on the subsidence rates mentioned, the cumulative impact of the faults can be
estimated based on this model. Therefore, an approximately 12.5 + 3 m subsidence is
caused by the Loutraki fault at the eastern part of the Corinth canal since MIS 5 (125
ka) is expected. The Kenchreai fault subside the area of Corinth Canal ~ 7.5 + 3 m
since MIS 5 (125 ka). The SAFS uplift the Canal ~ 15 + 3 m while a ~ 25+ 2 m
cumulative uplift is caused by the Kalamaki — Isthmia fault the last 125 ka. The Agios
Vassileios fault is expected to subside the Canal ~ 2.5 m for the same period.
Therefore, at the eastern part of the canal a ~ 5 m subsidence is expected. On the
contrary based on the estimated uplift rate of the area, uplift ~ 37 m above the present
day sea level is expected. Furthermore, marine deposits (e.g. the interval in Bh-3 from
12.00 m to 5.50 m core depth) associated with the MIS 5 highstand, also implies

uplifting procedures.
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Figure 12-15. The hypothetically paleogeography of the Corinth Isthmus during the MIS
5.5 (125 ka) (a and b) and MIS 7 (~200-240 ka) (c and d) highstands based only on the
influence of the active faults of the area (average values 55° dip and 1/2.5
subsidence/uplift ratio, Table 21). It is notable that the entire area is constantly emerged
since MIS 7, which is not compatible with the findings of this study and with the previous
researches as well. Figures b and d illustrate the cumulative subsidence and uplift in
meters caused by the examined faults at the Eastern part of the Corinth Canal (see text
for description).

Eikéva 12-15. H umoBetikn) TmaAaioyewypagia 1ng mepioxns ue LBaon poévo tnv
Emidpaon Twv pnyuarwy mpiv arrd 125 kar 200 xiAiddeg xpovia Kai ue Baon 1ic UECES
TINEC TOU AByou Tatreivwons/aviywons Kai KAiong Twv pnyudrwy. Eivar eupavéc mws n
TEPIOXN NTAV poViuws avaduuévn, KAt TTou OV oUuQwVEl TOoo e Tnv BiBAloypagia 600
Kal Ta amroreAéouara TISC TTapoucas epyaociag. 2T €Ikoves b kar d ameikovileral n
TEKTOVIKI] aQvUWwaon Kal TarTeivwon TIS TTEPIOXNS, OTO avatoAiKO Tunua tou KavaAiou ue

Baon 1o povréAo aAAnAemmidpaons Twv pnyudrwy.

An approximately 20 £ 3 m subsidence is caused by the Loutraki fault at the eastern
part of the Corinth canal since MIS 7 (200 ka). The Kenchreai fault subside the area of
Corinth Canal ~ 12 + 3 m. The SAFS uplift the Canal ~24 +3 manda~4+2m
cumulative uplift is caused by the Kalamaki — Isthmia fault the last 200 ka. The Agios
Vassileios fault is expected to subside the Canal ~ 4 m for the same period. Therefore,
at the eastern part of the canal a ~ 8 m subsidence is expected, while based on the
already estimated uplift rate of the area, the eastern part of the Corinth Canal has been
uplifted ~ 60 m above the present day sea level the last 200 ka. The described
paleoenvironment within the boreholes, as well as the detailed description of the marine
facies at the Corinth Canal (e.g. Collier, 1990), strongly indicate different

paleogeographical conditions during these highstands.
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12.4 Paleogeography

Tectonic movements along with the glacioeustatic sea level changes have resulted into
the complicated paleogeography of the Corinth area. Glacioeustatic sea level changes
at least since MIS 11 are described by several researchers (e.g. Siddall et al., 2003;
Thomson and Goldstein, 2006), mentioning a 100 ka cyclicity of highstands/lowstands.
During lowstand periods the sea level falls even ~125 m beneath the present sea level
(MIS 2, Siddall et al. (2003)), while during highstands the sea level rises even in ~5 m
above the present level (MIS 5.5, Siddall et al. (2003)). The paleogeography of the
isthmus has been reconstructed since MIS 9, based on:

I.  The glacioeustatic sea level changes (e.g. Siddall et al., 2003; Thomson and
Goldstein, 2006),
[I.  The measured uplift rate (~0.3 mm/yr for the Corinth Canal),
lll.  The paleoenvironmetal description and the palaeobathymetry as it was studied
and interpreted in borehole cores,
IV.  The detailed morphology of the Isthmus based on a 5 m resolution DEM of the

area.

One of the questions rising concerns the paleogeography of the Saronic Gulf and its
potential influence to the area of Corinth Isthmus (Fig. 12-6 a). The bathymetry of the
Saronic Gulf strongly indicates that during glacioeustatic lowstands the sea level falls
only to ~90 m depth, where a barrier forms a paleolake at the western part of the
Saronic Gulf (Fig. 12-6 b, c). The paleolake of Saronic is also mentioned by Lykousis
(2009) only during the last lowstand though. The major offshore faults which influence
the Gulf have relatively low slip rate (~0.25 mm/yr) (e.g. Papanikolaou et al., 1989;
Deligiannakis et al., in press) and are not capable to significantly influence this barrier.
Based on their geometry and their slip rate it appears that can either subside the barrier
(and consequently the barrier was even higher during previous lowstands), or uplift it at
such a low rate that at least during the last 300 ka, no significant changes are expected
(<10 m) (Deligiannakis et al., in press). Considering as well that the deepest point of the

western part of the Gulf is ~400 m deep, it is most likely that a paleolake was formed
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during MIS 2, 4, 6, 8 lowstands. The exact shape of the lake or its water salinity

properties remains uncertain.

During MIS 9 based on the glacioeustatic sea level change curve (Siddall et al., 2003)
and the estimated uplift rate, constant marine conditions are expected. Therefore, a
connection between the Corinth Gulf and the Aegean Sea is suggested (Fig. 12-17 a).

During MIS 8 lowstand sea level falls approximately 80m below the present sea level.
Considering the uplift of the area and the glacioeustatic sea level curve (Siddall et al.,
2003), the Isthmus area was emerged leading to regressive stacking patterns while the
area was subjected to subaerial conditions, based on the sediments and the
paleoenvironment described within the examined boreholes. It is unknown though if
there was a connection of the Saronic Gulf with the Aegean Sea, or if there was a
paleolake like the one during MIS 2.21 (~27 ka).

During MIS 7 the glacioeustatic sea level rise resulted into a connection between
Saronic and Corinth Gulfs based also on Collier and Thomson (1991) (Fig. 12-17 b).
Collier et al. (1992), Dia et al. (1997) and Pierini et al. (2016) through corals and Pecten
dating confirmed the presence of MIS 7.3 (~205 ka) at the eastern part of the Isthmus
(~45 m height). The presence of E. huxleyi described both in borehole cores and in
samples extracted from surface outcrops, also strongly indicates a post 240 ka age or
younger (SMIS 7). Collier and Thomson (1991) have also described the connection of
Corinth Gulf with the Aegean Sea during 205 ka based on the sedimentological

processes of the subaqueous dunes, as well as on coral dates from the Canal.
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Figure 12-17. Based on the glacioeustatic sea level changes, the 5 high resolution
DEM of the area, the uplift rate of the area and data obtained from borehole cores and
surface outcrops, the paleogeography of the Corinth Isthmus from MIS 9 till today is
estimated.

Eikoéva 12-17. Mg Baon tnv ueraBoAn tng orabung tng 6aAacoag, 1o uwnAng Xwpikng
avaAuons wneiako LovréAo Tou avayAugou, Tov pubud avuywwaons Kai ta dedouéva armmo
TNV mapouoa gpyaacia, dnuIoupynbnke n maiaioyswypagia tng mEPIOXAS Tou loBuou o€

EMMAEYUEVES OTIYUES KaTd Ta TeAsuTaia 350 xiAiadeg xpovia.

During MIS 7 interstadials (MIS 7.1, 7.3, 7.4) the maximum sea level surface at the
Isthmus ranged from ~65 m to ~80 m above the present sea level. Even though that the
glacioeustatic sea level curve correlated with the tectonic uplift can barely resulted into
a strait, based also on Collier and Thomson (1991), the most probable scenario is that
there was a connection between the Saronic Gulf and the Corinth Gulf. Notably, the
expected paleodepths during MIS 7 based on sea level curve and the tectonic uplift of
the area, are in consistence with the estimated regional paleodepths through the

foraminiferal analysis of the present study (ranging from 30 to 40 m depth).

Glacioeustatic sea level fall during MIS 7.0 (~189.6 ka e.g. Thomson and Goldstein,
2006) resulted into seawards movement of the coastline, regressive sequence staking
patterns and exposure of the area to subaerial conditions, based on the sediments and
the paleoenvironment described within the examined boreholes. Based on the
glacioeustatic sea level changes (Siddall et al., 2003) the sea level fell ~90 beneath the
present level, resulting into the paleolake of Saronic (Fig. 12-6) considering as well the
palaeobathymetry of the Saronic Gulf and the barrier approximately at ~90 m beneath

the sea surface.

During MIS 6.5 sea level was approximately 30 m below the present level (Siddall et al.,
2003; Thomson and Goldstein, 2006). Considering the estimated uplift rate of the area
(0.3 mml/yr), the maximum sea level surface at the Isthmus was ~5 m above the present

sea level (Fig. 12-7 c). Shallow marine sediments possibly associated with MIS 6.5
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were described in boreholes Bh-3 and Bh-7. Notably, the expected paleodepths during
MIS 6.5 based on sea level curve and the tectonic uplift of the area, are in agreement
with the estimated regional paleodepths based on foraminiferal analysis and Cladocora
corals (e.g. Peirano et al., 1994) ranging from 0 to ~20 m depth.

Considering the systematic error of the sea level curves, the uncertainties of the
estimated uplift and the uncertainties of the 5 m resolution DEM of the area, the
maximum sea level could not be higher than ~30 m above present sea level, and still
not enough to overcome the ~70 m barrier of the Isthmus (Fig. 12-7 c). Therefore,
during MIS 6.5 a narrow isthmus separated the Corinth Gulf and the Aegean Sea.
Roberts et al. (2009) described corals at Perachora peninsula in growth position from
MIS 6.5 (~178 ka), while Armijo et al. (1996) and Westaway (1996) have ascribed
marine terraces from the Corinth Gulf to MIS 6.5 as well. Therefore, marine conditions
can be implied in the Corinth Gulf during MIS 6.5 (e.g. Perissoratis et al., 2000;
Lykousis et al., 2007). Roberts et al. (2009) based on the influence of the active faults
(Rio) to the morphology of the Strait suggested that a connection of Corinth Gulf with
the lonian Sea was not possible then and marine conditions can be explained only
through a connection of the Gulf with the Aegean Sea in Isthmus. Since borehole data
also imply that a connection was not possible through Corinth Isthmus, it is possible that
the Corinth Gulf was a closed sea with marine characteristics and freshwater input
(Kershaw & Guo, 2001) at least for a short period during MIS 6.5.

Glacioeustatic sea level fall during MIS 6 resulted into seawards movement of the
coastline, regressive sequence staking patterns and exposure of the area to surface
conditions, described in boreholes Bh-3 and Bh-7. Sea level fall beneath ~90 m has
probably resulted into the formation of the paleolake of Saronic. Paleosoils described
both in boreholes Bh-3, Bh-7 and in the Canal are attributed to this stage (Fig. 8-3)
(Pallikarakis et al., Cor. Proof).

Questions also emerge concerning on whether there was a connection between the
Aegean and the Corinth Gulf during MIS 5.5. Siddall et al. (2003) mentioned that the
sea level was approximately 5 m above the present sea. Based on the uplift rate of the

Canal (~0.3 mml/yr) (e.g. Collier et al., 1992) and the high resolution DEM the maximum
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flooding surface of the area was approximately 60 m above the present sea level and a
narrow Isthmus was formed during MIS 5.5. Considering though the systematic error of
the sea level curve, the uncertainties of the estimated uplift and the uncertainties of the
5m resolution DEM of the area, a connection between Aegean and Corinth Gulf is not
unlikely. Nonetheless sea level rise during MIS 5 resulting into transgressive sequences
stacking pattern at the eastern part of the Isthmus, described in boreholes Bh-1, Bh-3,
Bh-7, GA-2, GA-4, GA-5.

Based on the glacioeustatic sea level curve and the estimated uplift of the area post
MIS 5.5 marine sediments are not expected since the area was constantly emerged
(Fig. 12-7 d), since sea level fall up to ~125 m below the present level. As has been
described before a paleolake, the paleolake of Saronic Gulf has been formed (Lykousis,
20009).

Global ice melting resulted in a rapid sea level rise over the last 19 ka (e.g. Lambeck et
al., 2002). Notable, borehole G-1 located at the Kalamaki alluvial fan is described as
fluvial-terrestrial environment based on the microfauna analysis, the described lithology
and the high MS values, indicating no marine influence. Therefore, the Kalamaki alluvial
fan was formed during relatively stable sea level the last thousand years and more
probably over the last 6 ka where sea level has been relatively stable (Pirazzoli, 2005),

where sediment influx caused the coastline to move seawards (regression).

It has to be acknowledged that there is a systematic error of the sea level curve (~12
m), as well as there are uncertainties of the estimated uplift (considering the +10 m
water depth in which the analyzed corals grow) and a smaller error due to the 5 m
resolution of the area. Therefore, even though that the paleogeographical reconstruction
of the Corinth Isthmus area is feasible there are uncertainties of several meters to the

described paleoenvironments.
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12.5 The significance of the followed methodology and its limitations

An interesting outcome of this study is this multi — proxy analysis and the combination of
different methodologies which proved to be a very useful approach (quantitative benthic
foraminiferal analysis, with nanno fossils assemblages and magnetic susceptibility
data). The combination of all three methods can be established as a very promising
paleoenvironmental tool box for the study of the paleoenvironment and paleogeography

in a complicated active tectonically environment.

Studies focused on the paleoenvironment and/or the paleogeography of an area are
generally more common in tectonically stable areas, in order to avoid any disturbance
and turbulence of the examined sediments (e.g. Keller et al., 2002 (Egypt); Melis, and
Violanti, 2006 (Thailand Gulf); Kouli et al., 2009 (Marathon coastal plain); Evelpidou et
al., 2010 (Naxos island); Goiran et al., 2011 (Piraeus coastal plain); Triantaphyllou et
al., 2010 (Vravron, Attica); Woodroffe and Webster, 2014 (Great Barrier Reef)). These
studies are focused on the description of the foraminifera and how can they be used for
the paleoenvironmental analysis, without examined the tectonic influence since their

sites are characterized by low or neglectable tectonic movements.

On the contrary, paleoenvironmental studies performed in tectonically active areas are
relatively rare and do not equally examine both the paleoenvironment and the tectonics
of the area (e.g. Yasuhara et al., 2005 (Japan); Ferranti et al.,, 2011 (Southern ltaly)
Avnaim — Katav et al., 2012, 2013 (Israel coast); Yeager et al., 2012 (Louisiana, USA):
Feagin et al., 2013 (Texas)).

This study has equally examined how an active fault interacted with the
paleoenvironment / paleogeography of an area (Corinth Canal), through different
paleontological techniques and the active tectonics of this area. Active tectonics have
determine the uplift rate of the area, resulting to the described transgression / forced
regression sedimentary patterns, while through the meticulous examination of the
paleoenvironment, the tectonic movements of the study area (uplift rate, regional uplift

rate and the Kalamaki-Isthmia fault’s slip rate) has been estimated.
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The combination of the indexes which have been used to refine the analyzed
foraminiferal assemblages with the lithological formations and the MS values can form a
reliable scientific tool to distinguish in situ marine and undisturbed strata, from fluvial-
terrestrial backshore sediment formations.

Furthermore, biozonation of the nannofossils combined with the glacioeustatic sea level
changes and the estimated uplift rate of the area proved to be a reliable methodology
relatively age constraints of the sediments, considering of course the absence of
accurate radiometric data.

The followed methodologies are bounded by significant limitations. The estimation of
the paleodepth is based on the depth where foraminifera thrive. There is a significant
depth range for the described specimens varying from a few meters (e.g. Ammonia
tepida £ 10 m depth), to several tens of meters (e.g. Asterigerinata mammilla £ 100 m
depth).

Even though that the relative age of the sediments can be estimated, the absence of
specific dates which other methodologies offer, inevitable leads to different proposed
scenarios to include all possible alternatives. Furthermore, the uplift and slip rates
described in this thesis, lack the accuracy which other methodologies can offer (e.g.
230Th/U absolute dating).

Furthermore, the model describing the relationship of the subsidence/uplift of the area is
based on the subsidence/uplift described after the L’Aquila earthquake in Italy. Despite
the similarities of these two regions it is questionable whether the response to an
earthquake event at the Corinth area will be exactly the same as in L’Aquila. the later
has been evaluated by a sensitivity analysis that considers: a) different fault dips and b)

different subsidence/uplift ratios.

Finally, even though that the paleogeographical reconstruction of the Corinth Isthmus
area is feasible, it has to be acknowledged that there is a systematic error of the sea
level curve (~12 m), as well as there are uncertainties of the estimated uplift and an

error to the 5 m resolution DEM of the area.
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13 Conclusions

This thesis has reconstructed the paleoenvironment and the paleogeography of the
eastern part of the Corinth Isthmus and has studied the interaction between the
glacioeustatic and tectonic rates. This was achieved based on a multi-proxy analysis of
data obtained both from 11 borecole cores and surface outcrops. In total 355 samples
extracted from long borehole cores and from surface outcrops, 986 measurements of
the Magnetic Susceptibility (MS) and 63 samples analysed for their nanno fossils
contend, are described for analyzing the paleoenvironment, the paleogeography and
the tectonic rates.

The results of the foraminifer’'s analysis are refined by three different indexes (FD, Br,
and A-ratio). In correlation with the MS values, the lithological description of the
boreholes, the surface outcrops and the two-way clusters analyses of the results, three
different facies have been described (lagoonal, shallow marine and a transitional zone
between them). Through these results the regional paleodepth has been estimated
ranging from shallow lagoonal environments (even lower than ~5 m water depth), to

more than 40 m water depth).

The analysis of the boreholes and the surface mapping revealed a complicated
sedimentological pattern and only through the detail quantitative foraminiferal, magnetic
susceptibility and lithological analysis, the described sedimentary sequences (both from
the borehole cores and the exposed outcrops) have been safely correlated. These
results have been visualized in a 3D model focused on the eastern part of the Corinth

Canal.

Furthermore, the age of the sediments has been estimated in the basis of calcareous
nannofossils assemblages, limitations deprived from %**U/Th corals dating, the
glacioeustatic sea level changes and the independent radiometric data at the eastern
part of the Corinth Canal extracted from the literature. Five T-R sequences have been

identified within borehole cores associated with the MIS 7 to MIS 5.5.
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Detailed mapping of the area revealed parallel/subparallel fault segments, striking at ~
060° — 110° and dipping towards SSE at ~ 55° — 70°, while the main fault trace strikes at
075° and dips towards SSE at ~65°. A maximum 0.07+0.2 mm/yr slip rate has been
implied for the Kalamaki-Isthmia fault since MIS 7 while 0.32 £ 0.12 mm/yr uplift rate is
proposed for the eastern part of the Corinth Isthmus during the same period.
Furthermore, the influence of the regional uplift is described after modeling the influence
of the surrounding faults based on the described uplift/subsidence from the L’Aquila

earthquake.

Furthermore, based on the glacioeustatic sea level changes, the estimated uplift rate,
the paleoenvironmetal description and the palaeobathymetry as was interpreted from
the examined borehole cores and high resolution DEM of the area, the paleogeography
of the Corinth Isthmus has been reconstructed during Pleistocene.

Finally the multi — proxy analysis and combination of different methodologies proved to
be a very useful approach, resulting into a promising paleoenvironmental tool box for
studying the paleoenvironment and paleogeography in a highly complicated and

tectonically active environment.
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Figure 1-1. Nichols (1999) has simple presented the various possible sedimentation
patterns as a result of the interplay of the three major factors which control them. In
cases | and Il transgression sequences (sea level rise and/or limited sediment
accumulation) will occur, while coastline moves landwards. In cases Il the equilibrium
between sea level rise and the sedimentation will lead into constant facies and the
coastline will remain standstill (a rare scenario though). In cases IV to VIl the coastline
will shift seawards (regression and forced regression).
Eikéva 1-1. O Nichols (2009) mapouagiaoe e amAd tporro 1a didpopa mlava uoriBa tng
1IlnUaToyéveons wg TTPOIOV TN AAANAETTIOpaonS Twv TPIWV BACIKWY TTAPAYOVTIWYV TTOU TIS
eAéyxouv. 2TiI¢ TepiTTwaoelS | kai Il raparnpeital n Gvodog tng otdlung tng 6aAacoag e
TNV QKTOYPAauun va KIVETal Tpo¢ Tnv énpd. 2Tic TepIrrwoeis Il maparnpeiral icopporria
avaueoa orov pubud avodou tng oTabung tng BdAacoag kai Tov pubud ICnuaroyéveons
UE TNV aKTOypauun va rmapaueivel otdoiun (omavio oevaplio). 21¢ TepImTwoels 1V éwg
VIl n akroypauun 6a ueraromiorei Tpog TNV BAAQ00A (ATTOOUPON) ..ccceeeeeeeeeeiiaaa e 16
Figure 2-1. Variation of the Earth's eccentricity, obliquity and precession the last 1000
ka (Zachos et al., 2001).
Eikéva 2-1. O1 evaldayéc tng kAiong tou dGéova kai tnNG TTEPICTPOPHS THS yng Td
reAeuraia 500 xiAiddeg xpovia (Zachos et al., 2001).......cccoevvviiiiiiiieeeieeeeieee e 27
Figure 2-2. The effective energy at each insolation peak during the past 2.6 Myr based
on the classification proposed by Tzedakis et al. (2017) to separate the complete
deglaciated (highstands) from incomplete and no deglaciated periods (lowstands).
Interglacial (red circles) are seperated by the two horizontal lines with a ramp from
interstadial and glacial (light blue triangles) periods (Tzedakis et al., 2017).
Eikéva 2-2. Ta mayetwdn (UmAe 1oiywva) Kai ueocorrayerwodn OlaoThuara (KOKKIVOI
KUKAoI) OmTwe €xouv diaxwpliotei amd tou¢ Tzedakis et al. (2017) ra reAeuraia 2.6 k.
xpovia ue BAaan tnv NAIAKN EVEPYEIQ TTOU QEXETAI 1 Y. ..cceeeeeeeeeeeeeeeeeeeeeeeeeee e 28
Figure 2-3. A schematic representation of the interaction between ice sheets, land and

sea. A) During glaciation the ratio **0/*°0 is high since *°0 is trapped within he glaciers
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b) During deglaciation the water returns to the sea resulting into sea level rise and
isostatic uplift of the land (modified from de Boer et al. 2017). The ratio*®0/*°0 is lower
since the melting of the glaciers release O to the atmosphere.
Eikéva 2-3. Zxnuarikn ameikovion tng aAAnAemidpaons twv KaAuuudrwy mayou, 1nNg
Enpdc ka ¢ BdAacoac. A) Mayerwdng mepiodos kard tnv omoia o Adyog B0/*°0 eivai
auvénuévoc, kabwg To *°0 deoueleral aTous mayerwves B) Kard v amomayerormroinon
AOyo TPoOoPopAag vepou aveBaivel n oTdbun tn¢ BGAacoag evw TaparnpeEiTal I000TaTIKA
avopwaon 1 énpdc mou Nrav KaAuuuévn e mayo. To Aiwoiuo Twv maywv éxel oav
amoréAeopa v ameAsuBépwon °0 ornv arudopaipa kai peiwon to Adyou 20/*0O
(Tporrorroinuévo ammd de Boer et al. 2017) ....ooeeeveieiiiiie e e e e 30
Figure 2-4. The relative sea level (RSL) estimates versus the 5*30, measurements over
the last glacial period (last 22 kyr). Notable the 50 is higher during the glacial time.
Eikéva 2-4. H petaBoAn otn o1d6unc tne 8dAaooac (RSL) os oxéon e 1o 580y kard
TNV TEAEUTAIT TTAYETWON TTEPIOOO, TTOU ELPAVICOVTAI KAl UEYAAUTEPES TIUES. wovvvvaeaaenennn. 32
Figure 2-5. A) The relative sea level curve (up) and the modeled deep water
temperature fluctuations ~ 5 °C (down) the last 400 ka (modified from Waelbroeck et al.,
2002). B) The glacioeustatic sea level change curve by Siddall et al. (2003), which has
been used in this thesis. C) The definition of the interglacial periods (blue circles) from
Tzedakis et al. (2017) the last 1300 ka.
Eikéva 2-5. A) H kaumuAn ueraBoAng tng¢ orabunc tne 8dAacoag (smdvw) kai ol
dlakuuavoelc NG Begpuokpaaciac(~ 5 °C) orou¢ wkeavous (katw) ta teAsutaia 400
xiAiadec xpovia (tporrorroinuévn ammé Waelbroeck et al., 2002). B) H kautruAn ueraBoAng
NG 0OTd6unc 1N oT1dlung 1¢ 6dAacca¢ amd Siddall et al. (2003), n omoia
xpnoiuotroinénke kai arnv mapouvoa oiarpifBn. C) Ta usoomayerwodn diaoTAuara (UTTAe
KUkAo1) armo Tzedakis et al. (2017) ra reAcuraia 1300 xIAIGOES XpOvIa ...........ccevvvvnnnnn.. 34
Figure 2-6. Comparison of the modelled growth rate (d™*) of the different foraminifera
species in relation to experimental temperature (°C) (Lombard et al., 2009). Notable,
higher than ~30° the growth rate plummets.
Eikéva 2-6. To uovréAo mou ouaoxeTiCel Tov puBud avamruéng Tonuaropopwy oE OxEON
UE TNV Bgpuokpaaia, ue oan ueiwaon yia Tic Bspuokpaaicc mavw amd 30° (Lombard et
Al., 2009). ..ttt e e e e e e e et —rtaae e e e s e ratraaaeaaaaans 34
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Figure 3-1. Simplified geological map showing the lithology of the area, grouped into
Plio-Pleistocene clayey to gravely sediments, alpine bedrock (Triassic-Jurassic
Boeotian and Pelagonian limestones as well as the Boeotian flysch) and the Upper
Cretaceous Ophiolitic nappe; as well as the major faults of the area (South Alkyonides
Fault System (SAFS), Loutraki, Ag. Vassileios and Kenchreai faults) and the Kalamaki-
Isthmia fault (modified from Bornovas et al., 1972, 1984; Gaitanakis et al., 1985;
Papanikolaou et al., 1989, 1996). The black box indicates the area where the boreholes
were drilled. (b) Cross sections A-A’ and B-B’ at the eastern area of the Corinth,
exaggerated in the vertical axis by 4.
Eikéva 3-1. AmAomroinuévog yewAOYIKOS XApTtng TG TeEPIoXNS NS KopivBou e tnv
AiBoAoyia ¢ mepioxns opadotroinuévny o€ Ao -TIAcioTOKAIVIKG  apyIAIKG  Kal
KpokaAorrayn i{nuara, oto aAmko umméBabpo kai otous Avw Kpnridikous O@ioAiBouc.
Emonuaivovrar 1a  onuavrikotepa  pnyuara g mepioxns  (Cwvn  AAKuovidwy,
Noutpackiou, Ay. BaoiAgiou kai Kexpiwv) kai To pnyua KaAauaki-loBuia (tporrormroinuévo
arro toug Bornovas et al., 1972, 1984, Gaitanakis et al. 1985, Papanikolaou et ai., 1989,
1996). To paupo mAaiolo uTTOOEIKVUEI THV TTEPIOXN OTTOU Eyivav ol YewTpnoeis. (B) Toués
A-A kai B-B' otnv avaroAikn epioxn tn¢ KopivBou, o1Tou ival  ugyeBuuévoc o KABeTog
(o (0 )Y o (alr 4 1 1 1 S 42
Figure 3-2. View of the Corinth Canal, where boreholes were drilled, using Google
Earth imagery from August 2014. The area where Collier et al. (1992) sampled corals is
indicated with the white coral symbol, while the yellow box indicates where the photos of
the canal in figure 12-4 and the green box the photos in figure 11-3 were taken.
Eikéva 3-2. Amown tou KavaAiou 1n¢ KopivBou, Omou €yivav Kai Ol YEWTPNOEIC,
Baoiouévn oric eiIkovee Tou Google Earth arré rov Auyouato tou 2014. YTodeIkvUETal n
repioxn ormrou or Collier et al. (1992) xpovoAdynoav ra kopdAAia (Asukd kKopdAAl), evw To
KiTpIVO Kai TO TTPA0IVO TTAQiOI0 UTTOBEIKVUEI TNV TTEPIOXN OTTOU ANPONKAV 01 pwToyPaAQies
TOU KavaAIoU atTo TIC EIKOVES 12-4 KAl 11-3 QVTIOTOIXQ. .....ccuvueieiiiiiiii e 50
Figure 3-3. A) The geological map showing the lithological formation eastern the
Corinth Canal. B) Stratigraphic scheme for the Lower Pliocene to Pleistocene outcrops
C-G) Sedimentary logs of the described lithological formations. C) Koudounistra

Formation, D) Drosia Formation, E) Kitrinovuni Formation, F) Charalampos Formation,
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White marl Formation. (Modified from Collier & Dart, 1991).
Eikova 3-3. A) O yewAoyik6¢ xaptng tng mePIoxns avarodika tng Aiwpuyag. B)
2XNUATIKN QTTEIKOVION TS oTpwuaroypagias tng mepioxns. C-G) 2Tpwuaroypa@IkES
oTnAes Twv peAetnuévwy AiBoAoyiwv C) oxnuariouoi Koudouviorpag, D) oxnuariouoi
Apooiag, E) oxnuariouoi KitpivoBouviou, F) oxnuariouoi XapaAdaurmou, G) oxnuariouoi
Neukng papyag (armo Collier & Dart, 1991) ....oovviviiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeee e 51
Figure 5-1. Images from the drilled cores. (A) Borehole GA-4 from 18.30 m till 19.20 m,
showing the transition from fluvial (gravels) to marine (silt). (B) Borehole GA-4 from
33.00 m to 33.90 m, showing the transition from gravels to sitly sand. (C) Borehole GA-
5 from 28.60 m to 29.70 m, showing the transition from marine (clayey sand) to fluvial
gravels.

Eikéva 5-1. XapakrnpioTIKES EIKOVEC QTTO TOUS TTUPNVES TwV YewTpHoewv . (A)
lewtpnon GA-4 amo 18,30 . éwg 19,20 u., mou @aiverar 1y peTafacn amo To
rrorauoxeiuapeia o Baidooia ilnuara. (B) Newrpnon GA-4 amd 33,00 m éwg 33,90 m,
TOU Qaiveral n UETABAcn armd XOVOPOKOKKO O€ AEmTOTEPO UAIKO. () ewrpnon GA-5
amro 28,60 u. éwg 29,70 p., Tou aiveral n uerapaocn amrdé BaAaocoia (apyiAwdn Guuo) oc
10 [0 (V10 1|V [0 {0 X o [ 4V o & (o F PSPPI 64
Figure 5-3. Foraminiferal specimens under a Scanning Electron Microscopy (SEM). a)
Rosalina bradyi (Cushman), spiral side (Bh-3, 19.85 m), b) Elphidium granosum
(d’Orbigny), side view (Bh-3, 19.85 m), c-e) Quinqueloculina spp. (GA-4, 25.55 m, GA-
2, 12.95 m, Bh-7, 26.55 m) f) Elphidium crispum (Linné), side view (Bh-3, 11.45 m). g)
Haynesina depressula (Walker and Jacob), side view (Bh-3, 18.05 m). h)
Quingqueloculina spp. (GA-4 31.05 m). i) Bolivina spp. (Linné), (GA-2, 12.95 m). j)
Elphidium crispum (Linné), side view (Bh-1, 13.15 m). k-l). Haynesina depressula
(Walker and Jacob), side view (Bh-7,22.35 m and spiral view GA-2, 6.35 m). m)
Lobatula lobatula (Walker and Jacob), umbilical side (GA-4, 31.05 m). n)
Globigerinoides spp. (Cushman), spiral side (Bh-3, 36.35 m).
Eixova 5-3. XapaktnpioTikG Tpnuarogopa mou Treplypdenkav a) Rosalina bradyi
(Cushman), omeipoeidng mAsupa (Bh-3, 19,85 m), b) Elphidium granosum (d'Orbigny),
mAayia own (Bh-3, 19,85 m), c-e Quinqueloculina spp. (GA-4, 25,55 m, GA-2, 12,95 m,
Bh-7, 26,55 m) or) Elphidium crispum (Linné), mAdyia éwn (Bh-3, 11,45 m). Q)
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Haynesina depressula (Walker and Jacob), mAdyia own (Bh-3, 18,05 m). n)
Quinqueloculina spp. (GA-4 31,05 m). i) Bolivina spp. (Linné), (GA-2, 12,95 m). j)
Elphidium Crispum (Linné), mAayia own (Bh-1, 13,15 m). k-1). Haynesina depressula
(Walker and Jacob), mAayia own (Bh-7,22,35 m kai omreipo€idng oyn GA-2, 6,35 m). m)
Lobatula lobatula (Walker and Jacob), ou@aAikn mAsupa (GA-4, 31,05 m). n)
Globigerinoides spp. (Cushman), omeipogidng mAeupa (Bh-3, 36,35 M.......ccovvvvvvvnnnnnn. 69
Figure 5-4. Nannoplankton identified under a Scanning Electron Microscopy (SEM) a)
Gephyrocapsa spp. and Emiliania huxleyi coccolith distal side (Bh-7 26.55 m), b)
Reticulofenestra spp. coccolith distal side (GA-4 35.65 m), c-e) Emiliania huxleyi
coccolith proximal side (Bh-3 8.75 , 35.65 m), f-h) Emiliania huxleyi coccolith distal side
(sample Bh-3 20.75 m).
Eikéva 5-4. XapaktnpioTik@ Ociyuara vavorrAayktov Tou meplypdenkav (SEM) a)
Gephyrocapsa spp. kai tnv avwrepn mAsupd Emiliania huxleyi (Bh-7 26,55 m), b)
Reticulofenestra spp. (Bh-3 8,75, 35,65 m), f-h) avw mAcupd tn¢ Emiliania huxleyi
(OEIVIIA BN=3 20,75 M), ¢.eeiiiiiieeee ittt ettt e e e e e s ettt e e e e e e e e s s ann e ereaaaeeeeans 71
Figure 5-5. Lithological description of Bh-1, showing the extracted samples based on
their depth from the surface, the samples examined for calcareous nannofossils and the
measured Magnetic Susceptibility of the sediments.
Eikéva 5-5. H AiBoAoyikn mrepiypagn s yewtpnong Bh-1, ra deiyuara mou eéetaarnkav
og oxéon 10 PBaBo¢ TOUC QMO TNV EMIPAVEIQ KAl QUTA TTOU E€EETAOTNKAV yId
vavoarmroAiBwuara Kabwg Kai n ueETPNBeioa uayvnTikg ETIOEKTIKOTNTA TwWV ICNUATWV. .... 72
Figure 5-6. Diagram showing the relative abundances of the most significant (>3%)
recorded benthic foraminiferal species in borehole Bh-1.
Eixova 5-6. Aiqypauua Twv OUYKEVIPWOEWYV TWV KUPIOTEPWV TPNUATOPOPpWY (>3%)
OTNV YEWTPNOT BR-Li oot e e e e e s 76
Figure 5-7. Lithological description of BN-2. .........ccccooiiiiiiiiiiii e 77
Figure 5-8. Lithological description of Bh-3, showing the extracted samples based on
their depth from the surface, the samples examined for calcareous nannofossils and the
measured Magnetic Susceptibility of the sediment.

Eixova 5-8. H AiBoAoyikn mepiypagn tns yewrpnons Bh-3, ta deiyuara mou eéetaornkav
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Alqypauua Twv CUYKEVTPWOEWY TWV KUPIOTEPWYV TPNUATOPOpwY (>3%) atnv yewTpnon

Figure 5-17. Lithological description of GA-3, showing the extracted samples based on
their depth from the surface and the measured Magnetic Susceptibility of the sediments.
Eikéva 5-17. H AiBoAoyikn Tmepiypapn t¢ yewtpnons GA-3, ta Ociyuara 1mou
ggeraotnkav o€ oxéon 10 BABOC TOUC ATTO TNV EMTIPAVEIQ KAl N UETPNOEioa uayvnrikn
ETTIOEKTIKOTNTA TWV ICNUATWV ... eee e e eeeeeeee e e e e e e e e e eetatee e e e e e e e e e e et e e e e e e e e eeeaennnnn s 100
Figure 5-18. Lithological description of GA-4, showing the extracted samples based on
their depth from the surface, the samples examined for calcareous nannofossils and the
measured Magnetic Susceptibility of the sediments.
Eikéva 5-18. H AiBoAoyikn mepiypapn 1¢ yewrtpnons GA-4, ta Ociyuara 1mou
géeraotnkav o€ oxéon 10 BABOC TOUC ATTO TV ETTIPAVEIQ KAl QUTA TTOU £EETATTNKAV Yia
vavoarroAiBwuara KaBwg Kail n JETPNBioa uayvnTikf EMIOEKTIKOTNTA TwWV ICHUATWYV ... 102
Figure 5-19. Diagram showing the relative abundances of the most significant (>3%)
recorded benthic foraminiferal species in borehole GA-4. Eikéva 5-19.

AlIQypauua Twv OUYKEVTPWOEWY TWV KUPIOTEPWYV TPNUATOoPopwy (>3%) atnv yewTtpnon

Figure 5-20. Lithological description of GA-5, showing the extracted samples based on
their depth from the surface, the samples examined for calcareous nannofossils and the
measured Magnetic Susceptibility of the sediments.
Eikéva 5-20. H AiBoAoyikn Tmepiypapn 1¢ yewrtpnons GA-5, ta Oociyuara tmou
géeraarnkav o€ oxéan 10 BABOC TOUC ATTO TNV EMIPAVEIQ KAl QuTd TToU £EETAOTNKAV YId
vavoarroAiBwuara Kabwg Kail n ueETPNBsioa uayvnTikn EMIOEKTIKOTNTA TwV ICNUATWY ... 107
Figure 5-21. Diagram showing the relative abundances of the most significant (>3%)
recorded benthic foraminiferal species in borehole GA-5. Eikéva 5-21.

AIGypauua Twv OUYKEVTPWOEWY TWV KUPIOTEPWY TPNUATOPOPwWV (>3%) OoTnv yewTtpnon

Figure 6-1. a) Poorly sorted gravels with brown sand as matrix reflecting, possible
fluvial conditions, above sandstone beds with cross bedded ripples reflecting a tidal
intertidal conditions (Fine to coarse sand sediments), b) Packages of gravely sands with

mudstones at the central part of the fault's footwall. With yellow colour is highlighted the
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surface between the mudstone-sand while with black colour the sand ripples, indicating
paleo-deltaic conditions. (Planar cross-bedded mudstone / gravely sands sediments), c)
Trough scours trend with cross-stratification layers of sand/clay indicating tidal/intertidal
conditions (Fine to coarse sand sediments), d) Erosional surface between the gravely
sands and the white marl defining unconformity (Marl sediments), e) Cross stratification
in sandstone and mudstone indicating tidal intertidal conditions. The opposite direction
of the stratification indicates different paleoflow direction (black lines) (Fine to coarse
sand sediments), f) the location at the study area where the photos have been
extracted.

Eikéva 6-1. a) Mn raéivounuéva xovopOKOKKA UAIKA UE AETTTOKOKKN QU0 WS OUVOETIKO
UAIKO (miBavég morauie amobéoerg), mavw ammdé  wauuitn  ToU  UTTOOEIKVUOUV
madippoiakéc ouvBnkeg (Fine to coarse sand sediments), (B) EvaAAayéc AETTTOKOKKOU e
XOVOPOKOKKOU UAIKOU utrodeIkvUovTag TaAaid-oeATaikéC ouvlnkeg (Planar cross-bedded
mudstone / gravely sands sediments), y) EvaAAayéc auuou / apyidou mmou deixvouv
TaAIPPOIAKES TUVONKeS. H d1apopeTiky KareuBuvon tng OIa0TPWUATWON UTTOOEIKVUEL
OlIaQOpPETIKN KateuBuvon 1n¢ pong. (Fine to coarse sand sediments), &) Emipdaveia
aouvéxelag peETaéu TG  auuwoous  duuou  kai - apyidlou(Marl  sediments), ¢)
AlaoTpwudtwaon o€ wauuitn Kai apyiAo mou Ocixvel maAippoiakéC ouvOnkes (Fine to
coarse sand sediments), or) O1 B£0€IS TWV QWTOYPAPIWY OTO XAPTN. ..c.ccceeeeveeeerrnnnnnnn. 115
Figure 6-2. Photomosaic of the easternmost tip of the Corinth Canal, showing the
Kalamaki-Isthmia fault, the location where borehole Bh-3 was drilled and the sediments
structure.

Eixova 6-2. Qwrouwoaikd Tou avatoAikou Tuniuarog tng diwpuyag tng KopivBou, mou
olakpiverar to pnyua Kadaudki-loBuia, n 6éon omou €yive n yewrtpnon Bh-3 kai ta
EMIQPAVEIQKA ICHUATA TTOU OIATNPOUVTAI OTH OIWPUYA ...ccvveeeeiiiieeeeeiiiiaeeseesiaeeseasineeaanes 117
Figure 6-3. A) Deformed sediments from faults intersecting the northern part of the
Canal. B) Paleosoil horizon indicating subaerial exposure, visible from the Canal. C)
The palaeocliff described by Gawthorpe et al. (1994) and Murray & Gawthorpe (2000) at
the southern part of the Canal. A minor fault has displaced (~10 m) the coarse (dark
brown) shoreface sequence. D) Paleosoil horizon exposed from the Canal. The

Kalamaki-Isthmia fault is highlighted as well as the location where borehole Bh-2 was
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drilled.

Eikova 6-3. A) Meraromiouéva orpwuara amd pnyuara mou TEUVOuV 1o BOpEIo Tunua
Tou KavaAiou. B) lNaAaioedapn tmou aivovrar atnv diarourn tou KavaAiou. ') O maAaio-
Kpnuvog TTou treplypageral arro tous Gawthorpe et al. (1994) kai Murray & Gawthorpe
(2000) oro vorio Tunua tou KavaAiou, orrou éva phyua éxel uerarorrioer (~ 10 m) ta
ilnuara. D) MNaAaioédapog mou diakpiverar otnv diaroun tou KavaAiou. Aiakpiveral 1o
phyua KaAauaki-lo6uia kabwg kair n 6éon otrou Eyive n yewtpnon Bh-2..................... 118
Figure 6-4. a-d) Photos of fault planes identified through detailed mapping, while in
figure (a) striations measured on the fault plane plunge at 75° towards the SE. e)
Stereographic projections of the measured fault planes and tectonic fractures with a
mean ~130°/65° (green curve). f) The location at the study area where the images were
extracted.

Eikéva 6-4. dwroypagicc 1ou pnyuaro¢ KaAauakiou-1oBuiwv péow Aemrrouepous
XAPTOYPAPNONS, EVW OTO OxXNUa (a) gaivovral ol ypauuéS mpoaoTpifBnc mou KAivouv 75 °
mpo¢ NA. g) ST1epeoypaQIKEC TTPOBOAEC TWV TEKTOVIKWV EMAPWY e péon Tiun ~ 130° /

65° (mpaoivn kautruAn). ar) Or o1 BETeIC ANWNS TwV QWTOYPAPIWYV OTNV TTEPIOXN UEAETNC.

Figure 6-5. (A) Geological map of the study area (based on Gaitanakis et al., 1985;
Collier and Dart, 1991; this study). The location of the boreholes and the outcrops
where the examined samples were extracted is indicated, as well as the inclination and
the direction of the described strata (B).
Eikéva 6-5. (A) ewAoyiKOS xaptng tnS mepioxnNs MEAETNS (ue Bdaon toug Gaitanakis et
al., 1985, Collier and Dart, 1991, v mapouoa oiarpifn). ®aiverar n 6éon Twv
YEWTPAOEWYV, TWV ETTIPAVEIAKWY OTPWHATWY, KaBWS Kal n KAion kai n karsubuvon twv
OTPWHATWY (B). ..ottt et s e e e e e e e e ettt e e e e e e e e e e e st tba e e eeeaeeeessnnns 123
Figure 6-6. (A) Geological map showing the location of all GPS points taken during field
work (green dots), with the location of the boreholes (B).
Eikova 6-6. (A) NewAoyikd¢ xdptng mmou emonuaiverar n 6éon twv onugiwv GPS 1mou
Angbnkav kard tnv diadikagia NS xaproypdenons Kai n 6éon Twv yeEwTpnoswv TTou
J0E7oa g Lo g o AV (= ) PRSPPI 125
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Figure 6-7. Diagram showing the relative abundances of the most significant (>3%)
recorded benthic foraminiferal species from the examined surface samples.
Eikéva 6-7. Aidypauua Twv CUYKEVTPWOEWY TWV TTI0 ONUAVTIKWY TPHUATOPOPWV (>3%)
OTQ ETTIPAVEIAKA OEIYIIATA. ....oeeeeeeeeieeee e e e et s s e e e e e e e e eeattaa e e e e e e e aeeesessaaaaaeeeeeeeesnnes 127
Figure 7-1. Two-way cluster analysis of foraminiferal species from surface samples
based on Q- mode and R-mode (Ward's method and Euclidean distances as a similarity
index) which was used to determine species associations and to assess the ecological
affinity among different groups. Analyses were applied to 14 taxa that exceeded 3% of
the assemblage in at least one sample. Species were grouped into Groups A, B and C
and three clusters are highlighted and identified.
Eikéva 7-1. lNapouciacn tng OI-TAPAUETPIKASC OTATIOTIKAS AVAAUCNS TWV ETTIPAVEIQKWYV
OcIyudrTwy, ue Baon tnv ormoia EyIVE Kal O OIKOAOYIKOS TTPOOOIOPIOUOS TwV O&IyuaTwy. H
ava@iuon éyive o€ 14 ¢€idn mou urrepéBaivav 10 3% TOU OUuvOAoU O€ TOUAdGyioTov éva
ociyua. Ta €idn ouadorroibnkav oric ouades A, B kai C kai otic ouddes 1, 11, 111........ 134
Figure 7-2. Two-way cluster analysis of foraminiferal species in boreholes based on Q-
mode and R-mode (Ward's method and Euclidean distances as a similarity index) which
was used to determine species associations and to assess the ecological affinity among
different groups. Analyses were applied to 14 taxa that exceeded 3% of the assemblage
in at least one sample. Species were grouped into Groups A, B and C and three
clusters are highlighted and identified.
Eikéva 7-2. lNapouaiaon tn¢ dI-TAPAUETPIKAS OTATIOTIKNS AVAAUONS TwV OEIYUATWY aTTO
TIC YEWTPNHOEIC, UE BATN Tv OTTOIa £YIVE KAl O OIKOAOYIKOS TTPOOBIOPICUOC TWV OEIYUATWV.
H avaAuon éyive og 14 €idn mmou utrepéBaivav 10 3% TOoU OUVOAOU O€ TOUAdYIOTOV éva
ociyua. Ta €idn ouadorroinbnkav oric ouddes A, B kai C kai otic ouddes 1, 11, 111........ 135
Figure 7-3. Non-metric multi-dimensional scaling (MDS) illustration in two dimensions
computed using the Wards similarity matrix of the hierarchical clustering, showing
relatively good separation of the three assemblages. A partial overlap between the
assemblages is notable, a logical outcome considering that Cluster Ill is described as a
transition between shallow marine (Cluster 1) to lagoonal environment (Cluster IlI).
Eixova 7-3. Mn mapauetpikn avaiuon (MDS) twv deiyudrwyv 1mmou avaAubnkav trou

OEIXVEI OXETIKA KAA OUAOOTTOINGN TWV OEIYIUATWV. ...cceevuvnniaiieeaeaeieeiiiiiiaa e e e e e 136
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Figure 7-4. The mean values of the MS signal based on the different lithologies and the
paleoenvironmental alternations described within the boreholes.
Eikéva 7-4. O1 péoec TIUESC TNG MHAYVNTIKAG ETTIOEKTIKOTNTAS OF OxEON UE TO
TaAQIoTTePIBAAAOV Kai TIC AIBOAOYIES HETA OTIC YEWTPNOEIS. .uvuneaeeeeeeieeeeiiiiaaaeeeeneeeeaanns 139
Figure 8-1. Diagram showing the paleoenvironmetal estimation in samples extracted
from surface outcrops based on the counted foraminifera per gram (FD), BR-ratio,
Fisher’'s alpha index, A-ratio, Group A, B and C relative abundances the regional
paleodepth estimation based on foraminiferal assemblages.
Eikéva 8-1. Zxediaypauua 1mmou arreikovifel 10 TaAaiomepiBAAAOV Kal TO EKTIUWUEVO
maAaioaBo¢ ora emipaveiaka osiyuara, e Baon tnv avaAuon twv OEIyUATwY Kai Toug
ocikteg FD, BR-ratio, Fisher’s alpha index, A-ratio, Group A,Band C..............ccccu... 143
Figure 8-2. Diagram showing the counted foraminifera per gram (FD), % P, Group A, B
and C relative abundance, Fisher’s alpha index, A-ratio, BR-ratio, the paleoenvironmetal
interpretation in Bh-1 and the regional paleodepth estimation based on foraminiferal
assemblages. Eikova 8-2. 2xedidypauua mou
arreikovilel 1o maAaiorrepiBaAAov Kai 10 eKTIuWUEVO TTaAaioBaBo¢ otnv yewrpnon Bh-1,
ue Baon v avaAuon twv deiyuartwyv kai Tous o¢€ikte¢ FD, BR-ratio, Fisher’s alpha index,
A-ratio, Group A, B and C. .......iiiii e 145
Figure 8-3. Counted foraminifera per gram (FD), % P, Group A, B and C relative
abundance, Fisher’s alpha index, A-ratio, BR-ratio, the paleoenvironmetal interpretation
in Bh-3 and the regional paleodepth estimation based on foraminiferal assemblages.
Eikéva 8-3. 2xedidypauua mmou areikovilel to maAaiomepiBAAAOV Kai TO EKTINWUEVO
maAaioffaBog otnv yewrtpnon Bh-3 ue Bdon tnv avaAuon twv delyudrwy Kai Toug OEIKTEC
FD, BR-ratio, Fisher’s alpha index, A-ratio, Group A, Band C...........ccccccceeeiiieenninnnnns 150
Figure 8-4. Diagram showing the counted foraminifera per gram (FD), % P, Group A, B
and C relative abundance, Fisher’s alpha index, A-ratio, BR-ratio, the paleoenvironmetal
interpretation in Bh-7 and the regional paleodepth estimation based on foraminiferal
assemblages. Eikova 8-4.
2xediaypauua mou arreikoviCel 10 maAaiomepIBAAAOV Kal TO EKTIUWUEVO TTaAaiofa6o¢
ornv yewrtpnon Bh-7 ue Bdon tnv avdAuon twv deiyudrwy Kai toug o¢cikte¢ FD, BR-ratio,
Fisher’s alpha index, A-ratio, Group A, Band C............cooiiiiiiiiiiiiii e, 153
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Figure 8-5. Diagram showing the counted foraminifera per gram (FD), % P, Group A, B
and C relative abundance, Fisher’s alpha index, A-ratio, BR-ratio, the paleoenvironmetal
interpretation in GA-2 and the regional paleodepth estimation based on foraminiferal
assemblages. Eikova 8-5. 2xedidypauua mou armreikovilel To
maAaiotrepIBaAAov kai 1o ekTiuwuEVO TTaAaioBabog ortnv yewrpnon GA-2, ue Baon tnv
avaAuon twv deiyudrwy Kai toug ocikte¢ FD, BR-ratio, Fisher’s alpha index, A-ratio,
Group A, B A@nd C. ..ot e et e e e e e erraan 154
Figure 8-6. Diagram showing the counted foraminifera per gram (FD), % P, Group A, B
and C relative abundance, Fisher's alpha index, A-ratio, BR-ratio and the
paleoenvironmetal interpretation in GA-4.  Eikova 8-6. 2xedidypauua mou arreikoviel
to maAaiorrepiBaAAov kai 1o ekTiuwuEVo TTaAaioBabog otnv yewTtpnon GA-4, ue Baon tnv
avaAuon twv deiyudrwy Kai tous Ocikte¢ FD, BR-ratio, Fisher’s alpha index, A-ratio,
Group A, B A@Nnd C. ..ot e et e e aaeaarann 157
Figure 8-7. Diagram showing the counted foraminifera per gram (FD), % P, Group A, B
and C relative abundance, Fisher's alpha index, A-ratio, BR-ratio and the
paleoenvironmetal interpretation in GA-5. Eikova 8-7. 2xedidypauua mou arreikovilel To
maAaiorrepiBaAAov kai 1o ekTiuwuevo TaAaiofabog arnv yewrpnon GA-5, ue Baon tnv
avaAuon twv oelyudtwy Kai tous Ocikre¢ FD, BR-ratio, Fisher’s alpha index, A-ratio,
Group A, B and C. ..o a e e e 160
Figure 9-1. The OSL dose-response curve for aliquots of two samples (A) Bh7-20.65m
and (B) Bh-7 33.45 m depth) showing saturation. (C) A typical dose—response curve
from Duller (2008), where for comparison reasons the scale is similar in both figures.
Eikéva 9-1. H kautuAn armrékpiong omTikAG wrauyeiag 0o deiyudrwy (A) Bh7-20,65m
kai (B) Bh-7 33,45m) mmou &¢ixvouv kopeauo. (C) Mia TutTikKiy KQuTTUAN arrOKpions evog
ociyuaro¢ amré Duller (2008), ue tnv KAiuaka va eivar atabepr) o€ OAeC TIC EIKOVES yia
VYoV o0 Qo 1 051 1 [0 1 L@ AU 164
Figure 9-2. (A) Decay curve for an aliquot of sample Bh-1, 6.05 m, showing the
pIRIR290 signals from coarse grain (80-725um) feldspars. (B) Decay curve for an
aliquot analyzed by Porat et al. (2009) showing the difference between them (scattered
values and lower IRSL signal). For comparison reason the scale is similar in both

figures.
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Figure 9-3. (P*U/?%U) vs. (***Th/*8U) activity ratio diagram showing the coral data in
comparison with the seawater evolution curve (solid line). The dashed lines are
isochrones (i.e., lines highlighting combinations of activity ratios resulting in a specific
280Th/U-age) for 250, 300 and 400 ka, respectively.
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Figure 9-4. The estimated ages based on the results of both absolute and relevant
dating methodologies. There is no significant outcome based on the luminescence
signal, based on the U/Th dating on coral samples an age ranging from ~240 to ~358 ka
(x~30 ka), is estimated, while based on the nannofossils biozonation a threshold
younger or older than 265 ka is established based on the presence or absence of the
Emiliania huxleyi specimens. At the U/Th dating the black dotted line indicates the error
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Figure 10-1. Location map of boreholes P-2, P-4 and P-5 in Piraeus coastal plain,
Attica (modified from Goiran et al.,, 2011, Triantaphyllou et al., 2016).
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Figure 11-1. a-b) 3D sketch of the study area based on the boreholes description.
Numbers 1-5 show the correlation among the sediments described at the 3-D sketch
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Fy 1202 ol I A I T 192
Figure 11-2. a-d) Cross sections showing the correlation of the stratigraphy and the
paleoenvironment between neighbouring boreholes.
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Figure 11-3. a-d) Strata observed in (a, b) the northern part; (c, d)) southern part of the
Corinth Canal (for locality see green box in figure 3-2). Paleosoil horizons and sands
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Figure 12-1. Synthetic sketch showing the sedimentation processes model of the
examined boreholes (GA-2, GA-4, GA-5, Bhi-1, Bh-3, Bh-7) where marine sediments
are associated with MIS 5 to 7. (A) Sedimentary patterns within boreholes, where the
depositional paleoenvironment is shown (dark blue- shallow marine, light blue- lagoonal,
emerald- partially influenced by lagoonal features). (B) Sketch illustrating relatively sea
rise or fall based on the paleoenvironmental description of the boreholes, in respect with
sequence stratigraphic interpretation. (C) Sketch illustrating regional paleodepth
estimation based on foraminiferal assemblages. (D) Expected isotopic stages
successions, within boreholes which develops in response to glacioeustatic highstands
of sea-level and tectonic uplift. According to the most probable scenario sediments were
deposited during MIS 5.5, MIS 6.5 and MIS 7. (E) Based on the glacioeustatic sea level
curve from Siddall et al. (2003) and the 0.3 mm/yr uplift rate from Collier et al. (1992),
the expected depositional environment is described. The timetable where the study area
is expected to be submerged are highlighted, in comparison with the periods that it is
expected to be emerged (modified from Papanikolaou et al.,, 2015).
Eikéva 12-1. 2xnuariki amreikovion Tou oVTEAOU ICNUATOYEVEDTNS TWV YeEwTPHROEWYV (GA-
2, GA-4, GA-5, Bhi-1, Bh-3, Bh-7) 6mou ra 6BaAdooia ilhuara ouvdéovral ue Ta
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Figure 12-5. a) 3-D DEM of the area, showing the major active faults and their influence
to the topography (vertical exaggeration x3)) b) Simplified 3-D model of the faults,
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Figure 12-8. (A) Displacement field of the 6 and 7 of April 2009 L’Aquila earthquakes
and (B) the diagram showing the range of the observed ground deformation in the
epicentral area as appears from all profiles perpendicular to the activated fault plane. A
footwall uplift/hangingwall subsidence ratio of about 1/3 with is extracted (Papanikolaou
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Figure 12-9. The estimated uplift and subsidence rate in mm/yr due to the activity of the
Kalamaki — Isthmia fault based on the average values (55° dip and 1/2.5
subsidence/uplift ratio, Table 21)........... 215
Figure 12-10. The estimated uplift and subsidence rate in mm/yr due to the activity of
the Kenchreai fault based on the average values (55° dip and 1/2.5 subsidence/uplift
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Figure 12-11. The estimated subsidence rate in mm/yr due to the activity of the Loutraki
fault based on the average values (55° dip and 1/2.5 subsidence/uplift ratio, Table 21).
Eikova 12-11. O ekTiywuevos pubuoc avuowwaongs Kai tameivwons armro tnv dpdon tou
pHyuarog Tou Aourpakiou, ue Baon Tis UECES TIUEC TOU AOyOU TaTTEIVWONS/aviwwons Kai
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Figure 12-12. The estimated uplift rate in mm/yr due to the activity of the SAFS based
on the average values (55° dip and 1/2.5 subsidence/uplift ratio, Table 21).
Eikéva 12-12. O eKTIuwPEVOS pubuos aviwwaons amé tnv dpdon Twv pRyUATWY Twv
AAkuovidwyv, ue Baon 1ic HETEC TIUEC TOU AOyou Tareiviwons/aviowwaons Kai KAiong twv
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Figure 12-13. The estimated subsidence rate in mm/yr due to the activity of the Agios
Vassileios fault based on the average values (55° dip and 1/2.5 subsidence/uplift ratio,
Table21).

Eikéva 12-13. O ektiywuevos pubuoc rarmreivwons amo tnv dpdon Tou pnyuaros 1ou
Ayiou BaaoiAgiou, ue Baon 1ic u€oeC TIUEC TOU AOyou Tamreivwong/aviywaons Kai KAiong
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Figure 12-14. a) The estimated uplift rate based on Collier et al. (1992), Dia et al.
(1997), Pierini et al. (2016). b) The subsidence rate of the study area based only on the
combined influence of the faults (average values, 55° dip and 1/2.5 subsidence/uplift

ratio, Table 21). c¢) The required regional uplift, to preserve the total uplift rates
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described in (a).
Eixova 12-14. a) O pubuds avuwwong tng mepioxns pe Baon roug Collier et al. (1992),
Dia et al. (1997), Pierini et al. (2016). B) H ramreivwon tng mepioxns pe Baon uovo ta
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Figure 12-15. The hypothetically paleogeography of the Corinth Isthmus during the MIS
5.5 (125 ka) (a and b) and MIS 7 (~200-240 ka) (c and d) highstands based only on the
influence of the active faults of the area (average values 55° dip and 1/2.5
subsidence/uplift ratio, Table 21). It is notable that the entire area is constantly emerged
since MIS 7, which is not compatible with the findings of this study and with the previous
researches as well. Figures b and d illustrate the cumulative subsidence and uplift in
meters caused by the examined faults at the Eastern part of the Corinth Canal (see text
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Figure 12-16. Based on the detailed bathymetry of the Saronic Gulf and the tectonic
movements during glacioeustatic lowstand periods a paleolake was formed.
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KIVAOEIS oxnuarti¢eral uia maAaioAiuvn kara 1a mayerwon OIQOTAUATA. ......ceeeveueveeenenns 226
Figure 12-17. Based on the glacioeustatic sea level changes, the 5 high resolution
DEM of the area, the uplift rate of the area and data obtained from borehole cores and
surface outcrops, the paleogeography of the Corinth Isthmus from MIS 9 till today is
estimated.
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Abbreviations within the text

BR_ratio The percentage of the broken/weathered
specimens in each sample
FD Foraminifera Density
FRST Forced Regressive System Track
IRSL Infrared Stimulated Luminescence
MDS Multi-Dimensional Scaling
MS Magnetic Susceptibility
MIS Marine Isotopic Stage
SAFS South Alkyonides fault System
OSL Optical Stimulated Luminescence
T-R transgressive-regressive sequences
TST Transgressive Systems Tract
Appendix B

Samples preparation and analyses

The first step was to describe in detail the lithologies within the boreholes. Samples
were extracted from every different described lithology within the borehole cores, to
make sure that the entire sequence will be adequate described, even if the described
lithologies were not that promising (such as the gravely and coarser sediments). Before
extracting any samples the external layer of the core has been removed, to reinsure that
the sample will not be polluted from broken or weathered specimens. Using a high
precision scale 10 gr of dry sediment has been extracted. Each sample remain in a

beaker with H,O, (~ 20%) for a whole day to remove any remnants of organic matter.
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Subsequently, every beaker was treated for approximately 10 to 20 minutes with an
ultrasonic cleaner to dissolve the coherence among the sediments’ grains. Afterwards,
each sample was washed through a 125 pym sieve and the remains dried at 60 °C, at
least for one day. A subset containing approximately 200 benthic foraminifera for each
sample when this was feasible was obtained using an Otto microsplitter. The
microfauna have been identified under a Leica APO S8 stereoscope.

Appendix C

Foraminiferal description

The studied benthic foraminiferal assemblages are relatively abundant and moderately
preserved. The detailed analysis of the examined borehole cores and the surface

samples:
a) Borehole Bh-1

In borehole Bh-1 the interval from 31.00 to 29.70 m core depth (samples Bh-1 30.65,
Bh-1 29.85 m) is characterized by the total absence of foraminiferal representatives.
From 29.70 to 29.10 m core depth (sample 29.25 m) the interval is dominated by the
presence of small — sized Ammonia tepida (~100% of the total assemblages). From
29.10 to 27.20 m core depth (sample Bh-1 28.55 m) the presence of both euryhaline
species (Ammonia spp. ~ 15%) and full marine representatives (e.g. Rossalina spp. ~
10%, Cibicides spp. ~10%, Elphidium crispum ~10%) has been described. Furthermore
in sample Bh-1 28.55 m, nannofossils (E. Huxleyi, Gephyrocapsa spp. and

Reticulofenestra spp.), have been described.

The interval from 27.20 m to 22.60 m core depth (samples Bh-1 26.75, Bh-1 25.95, Bh-
1 25.35, Bh-1 24.75, Bh-1 23.95 m) is characterized by the absence of foraminiferal
representatives, or few broken and weathered have been counted (high Br — ratio). The
interval from 22.60 m to ~20.00 m core depth (samples Bh-1 21.05 and Bh-1 20.35 m)
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is characterized by the combined presence of euryhaline specimens (ammonia tepida
~10%, E. granosum ~15%) and full marine species (Rossalina spp. and Cibicides spp.
~20%, miliolids ~10%). In sample Bh-1 20.35 m, nannofossils (E. Huxleyi,
Gephyrocapsa spp. and Reticulofenestra spp.), have been described. From ~20.00 m to
~13.50 m core depth (samples Bh-1 19.15, Bh-1 18.45, Bh-1 16.75, Bh-1 16.25, Bh-1
15.15 m) the interval is characterized by the dominance of Rossalina spp. (up to ~35%),
Cibicides spp. and miliolids (~30%). Furthermore in sample Bh-1 19.15 m, nannofossils
(E. Huxleyi, Gephyrocapsa spp. and Reticulofenestra spp.), have been described. The
interval from ~13.50 m to 12.50 m core depth (samples Bh-1 13.95 and Bh-1 13.15 m)
is characterized both by the presence of full marine species (e.g. Rossalina spp. and
miliolids) and euryhaline specimens (Ammonia tepida).

From 12.50 m to 11.20 m core depth (sample Bh-1 11.85 m) is characterized by the
presence of few and broken foraminiferal representatives (high Br ratio). From 11.20 to
8.00 core depth (samples Bh-1 10.65, Bh-1 9.65, Bh-1 8.55, Bh-1 m), Rosalina spp.
(~20%), miliolids (~30%) and Ammonia beccarii (~15%) is described, followed by
Ammonia tepida (~10%). In sample Bh-1 9.65 m, nannofossils (E. Huxleyi,
Gephyrocapsa spp. and Reticulofenestra spp.), have been described. In the interval
from 8.20 to 7.50 m core depth (sample Bh-1 8.15 m), the presence of Ammonia tepida
and E. granosum is also described (~40%). The interval from 7.50 m to 6.50 (sample
Bh-1 6.95 m) Rosalina spp. (~25%), miliolids (~20%) and Ammonia beccarii (~15%) is
described, followed by Ammonia tepida (~15%). From 6.50 m to 0.00 m core depth the
identified foraminifera (mostly Ammonia spp. and Elphidium spp. representatives) were
broken and weathered and therefore were not included to the paleoenvironmental

interpretation.

b) Borehole Bh-2

Borehole core Bh-2 has not been examined for tis micropaleontological content and

only a description of the lithology is available.
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C) Borehole Bh-3

In borehole Bh-3 from 70.20 m to 66.50 m core depth (samples Bh-3 66.55) no
foraminiferal species have been found. The absence of foraminiferal representatives
has been described to the interval 66.50 m — 61.50 m core depth as well (samples Bh-3
66.55, Bh-3 66.25, Bh-3 65.75, Bh-3 65.35, Bh-3 64.35, Bh-3 63.95 Bh-3 62.65, Bh-3
61.95); while in contrast, the samples are abundant in ostracod valves (Cyprideis spp.).

From 61.50 m to 60.00 m core depth (sample Bh-3 60.15) mostly miliolids (~20%) and
Ammonia spp. (~20%) have been described, as well as fragments of Cladocora
caespitosa corals. Furthermore in sample Bh-3 60.15 m, nannofossils (E. Huxleyi,
Gephyrocapsa spp. and Reticulofenestra spp.), have been described. In the interval
60.00-54.50 m core depth few broken foraminifera have been described and most of
them were broken (high BR-ratio) (samples Bh-3 56.05 and Bh-3 57.15 m). From 54.50
to 49.60 m core depth (samples Bh-3 52.75, Bh-3 52.35, Bh-3 51.15, Bh-3 50.35, Bh-3
49.65) full marine species have a considerable contribution (more than 36% of the total
foraminiferal assemblage). Samples are dominated by Elphidium (crispum and
complanatum), and Rossalina spp.— Cibicides spp. Few Haynesina spp. specimens
have been found, while Ammonia, small and large, are less than 23% of the total
assemblage at 52.30 m core depth. In samples Bh-3 51.75 and Bh-3 52.75 nannofossils
(E. Huxleyi, Gephyrocapsa spp. and Reticulofenestra spp.), have been described. The
interval 49.60 m to 39.60 m core depth (samples Bh-3 48.05, Bh-3 47.25, Bh-3 45.75,
Bh-3 42.85 m) was characterized as barren. From 39.60 m to 37.00 m core depth
(samples Bh-3 39.65, Bh-3 38.75, Bh-3 38.05, Bh-3 37.55) the analysed samples
presented scarce foraminiferal specimens. In contrast, the samples are abundant in

ostracod valves (Cyprideis spp.).

From 37.00 to 34.00 m core depth (samples Bh-3 36.35, Bh-3 35.65, Bh-3 34.45 m) the
presence of full marine species (mostly Rossalina spp., miliolids and Cibicides spp.,
followed by Elphidium spp., with total concentration more than ~60% of the total

sample) has been described. Euryhaline species as Haynesina spp., Aubignyna
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perlucida and Ammonia spp. were scarce and circumstantial. Interestingly planktonic
foraminifera have been identified (Globigerinoides ~ 4%) in sample Bh-3 36.35 m. In
samples Bh-3 35.65 and Bh-3 36.35 calcareous nannofossils (E. Huxleyi,
Gephyrocapsa spp. and Reticulofenestra spp.), have been described. From 34.00 to
22.40 (samples Bh-3 28.05 and Bh-3 22.45 m) core depth mostly barren and few
broken specimens have been described (high BR-ratio). The interval 22.40 to 21.00 m
core depth (sample Bh-3 21.75 m) ,has been dominated by the presence of small-sized
Ammonia tepida (~93%), while from 21.00 m to 20.00 m core depth small- sized
Ammonia and Haynesina spp. decrease and Elphidium spp. (~20%), miliolids (~10%)
and other marine species (~25%) assemblages increase. Approximately at 20.40 m to
20.80 m depth, (sample Bh-3 20.75 m) a Cladocora caespitosa coral colony has been
found in situ. This layer is 0.40 m thick and in growth position. Furthermore, calcareous
nannofossils (E. Huxleyi, Gephyrocapsa spp. and Reticulofenestra spp.), have been

described.

The interval 20.00 m to 16.50 m core depth (samples Bh-3 19.85, Bh-3 18.05 m), is also
characterized by the presence of small- sized Ammonia E. granosum and Haynesina
spp. (~70% of the total assemblages). The interval 16.50 m to 11.00 m core depth
(samples Bh-3 16.35, Bh-3 15.75, Bh-3 15.25, Bh-3 14.45, Bh-3 12.75, Bh-3 11.45 m) is
barren where most of the identified specimens were broken (high BR- ratio). From 11.00
m to 3.30 m depth (samples Bh-3 10.25, Bh-3 9.35, Bh-3 8.75, Bh-3 6.85, Bh-3 6.35,
Bh-3 4.35 m) the presence of full marine species (Rossalina spp., Cibicides spp.,
miliolids, consisting more than the ~50% of the total assemblages) is described, while in
the upmost samples (Bh-3 6.85, Bh-3 6.35, Bh-3 4.35 m) small- sized Ammonia spp. is
dominant (more than ~50%). In samples Bh-3 10.25 and Bh-3 8.75 calcareous
nannofossils (E. Huxleyi, Gephyrocapsa spp. and Reticulofenestra spp.), have been
described. In the uppermost layer (interval 3.30 m to 0.00 m depth) (samples Bh-3 3.05,

Bh-3 1.55, Bh-3 0.55 m) no or few foraminiferal species have been described.
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d) Borehole Bh-4

Borehole core Bh-4 has not been examined for tis micropaleontological content and
only a description of the lithology is available.

e) Borehole Bh-6

Borehole core Bh-6 has not been examined for tis micropaleontological content and
only a description of the lithology is available.

f) Borehole Bh-7

In borehole Bh-7 the interval 56.00 — 49.00 m core depth is not characterized by the
presence of foraminiferal representatives (samples Bh-7 55.55, Bh-7 55.05, Bh-7 54.75,
Bh-7 54.25, Bh-7 53.45, Bh-7 52.35, Bh-7 51.75, Bh-7 51.35, Bh-7 50.55, Bh-7 49.15
m). Instead of them, the analysed samples are abundant in ostracod valves (Cyprideis
spp.). From 49.00 m to 45.00 m core depth no foraminiferal representatives have been
identified (samples Bh-7 47.65, Bh-7 46.85 m). From 45.00 m to 33.00 m core depth the
deformation zone of the Kalamaki — Isthmus fault has been detected, also completely
barren of microfauna (samples Bh-7 44.65, Bh-7 41.15, Bh-7 39.35, Bh-7 38.75, Bh-7
37.65, Bh-7 36.45, Bh-7 35.95, Bh-7 34.95, Bh-7 34.55, Bh-7 33.45 m). In the interval
33.00 m to 27.00 m core depth is also characterized by the absence of foraminifera
(samples Bh-7 31.25, Bh-7 31.05, Bh-7 30.65, Bh-7 29.45, Bh-7 29.05, Bh-7 28.55, Bh-
7 27.35 m). Full marine euryhaline species (e.g. Rossalina spp., Cibicides spp. miliolids,
Neoconorbina spp.) comprise the 100% of the total samples described at the interval
27.00 to 26.00 m core depth (samples Bh-7 26.85, Bh-7 26.45 m). In sample Bh-7 26.85
m calcareous nannofossils (E. Huxleyi, Gephyrocapsa spp. and Reticulofenestra spp.),

have been described.
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The interval 26.50 m to 23.00 m core depth is characterized by the absence of
foraminifera or few broken have been identified (high BR — ratio) (samples Bh-7 25.85,
Bh-7 25.45, Bh-7 24.35, Bh-7 23.75, Bh-7 23.25 m). The interval from 23.00 m to 19.00
m core depth (samples Bh-7 22.75, Bh-7 22.35, Bh-7 21.95, Bh-7 21.45, Bh-7 20.75,
Bh-7 20.25, Bh-7 19.85, Bh-7 19.75, Bh-7 19.55, Bh-7 19.05 m) is dominated by the
presence of small - sized Ammonia spp. accompanied by Haynesina spp. and E.
granosum (more than ~50% of the total sample). In sample Bh-7 22.35 m calcareous
nannofossils (E. Huxleyi, Gephyrocapsa spp. and Reticulofenestra spp.), have been
described. The interval from 19.00 m to 16.00 m core depth (samples Bh-7 18.55, Bh-7
18.25, Bh-7 17.95, Bh-7 17.05, Bh-7 16.35 m) is characterized by fewer Ammonia spp.,
Elphidium granosum and Haynesina species (in total less than ~30% of the total
sample), while other marine species (e.g. Rossalina spp., Cibicides spp., Neoconorbina
spp., A. beccarii) are dominant. At 18.40 m a Cladocora caespitosa coral colony has

been found in situ, approximately 0.30 m thick.

The interval from 16.00 to 12.00 m core depth (samples Bh-7 15.55, Bh-7 14.15, Bh-7
12.55, Bh-7 12.25 m) is characterized by the presence of Ammonia spp. (= 20%). At
sample Bh-7 15.55 the total foraminiferal assemblage also consists of miliolids (~20%)
and other marine species (~25%) while at Bh-7 14.15 m euryhaline species have been
described once again and there is balance between euryhaline and marine species. In
sample Bh-7 12.25 m depth, Ammonia spp. and other euryhaline species prevail

against marine species (more than ~50%).

The interval from 12.00 m to 5.50 m core depth (samples Bh-7 11.65, Bh-7 10.55, Bh-7
10.25, Bh-7 9.25, Bh-7 8.15, Bh-7 7.65, Bh-7 7.35, Bh-7 6.95), is characterized by
foraminiferal assemblages (mostly Ammonia small- and large- sized and in a lesser
degree miliolids, Elphidium spp.). However most of them were either broken or

weathered (high BR — ratio) and therefore have not been considered as reliable data.

The interval from 5.50 to 1.50 m core depth (samples Bh-7 5.35, Bh-7 3.95, Bh-7 3.45,
Bh-7 2.85, Bh-7 1.55 m) is characterized mostly by miliolids, small- sized Ammonia
spp., Elphidium spp. and full marine species In Bh-7 the first 1.50 m was topsoil and

was not examined for microfaunal assemblages.
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0) Borehole G-1

In borehole G-1 even though that few foraminiferal specimens have been found (mostly
Ammonia spp., Elphidium spp. and miliolids) they were broken and weathered (high BR
— ratio) and have not been included to the paleoenvironmental identification (samples
G-1 16.95, G-1 14.65, G-1 13.65, G-1 7.75 m). Since the entire borehole sequence has
been described as sediments that have been transported, no samples have been

examined for nanno fossils.

h) Borehole GA-2

In borehole GA-2 the interval from 14.00 m to 12.30 m core depth (samples GA-2 12.95
and GA-2 12.35 m), is characterized by the presence mostly of full marine specimens
(Rossalina spp. ~20%, Cibicides spp. ~30%, miliolids ~15%), while euryhaline species
are also well represented (Ammonia tepida ~20%). In sample GA-2 12.95 m calcareous
nannofossils (E. Huxleyi, Gephyrocapsa spp. and Reticulofenestra spp.), have been
described. The interval from 12.30 m to 9.90 m core depth (sample GA-2 11.15 m) is
characterized by the presence full marine specimens (Rossalina spp. ~15%, Cibicides
spp. ~20%, miliolids ~10%), while euryhaline species are also well represented
(Ammonia tepida ~30%). From 9.90 m to 3.80 m core depth (samples GA-2 9.35, GA-2
9.05, GA-2 8.85, GA-2 8.25, GA-2 7.55, GA-2 6.35, GA-2 5.45, GA-2 5.05 m) is
dominated by euryhaline species (Ammonia tepida ranges from ~30% to ~60%, E.
granosum from ~10% to ~20% and Haynesina spp. from ~5% to ~15%). On the
contrary full marine species are fewer (~30% of the total concentration) and mostly
represented by Rossalina spp., Cibicides spp. and Asterigerinata mammilla and

planorbis.
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)] Borehole GA-3

In borehole GA-3 even though that few foraminiferal specimens have been found
(mostly miliolids, Cibicides spp., Rosalina spp. and Elphidium spp.) they were broken
and weathered (high BR — ratio) and have not been included to the paleoenvironmental
identification (samples GA-3 15.05, GA-5 13.45, GA-3 12.65, GA-3 11.65, GA-3 9.65
m). Since the entire borehole sequence has been described as sediments that have

been transported, no samples have been examined for nanno fossils.

)] Borehole GA-4

In borehole core GA-4 the interval from 45.50 m to 40.00 m depth (samples GA-4 45.05,
GA-4 44.95, GA-4 43.95, GA-4 42.35, GA-4 41.45 m) is characterized by full marine
species (Cibicides spp. ~20%, Rossalina spp. ~10%, A. beccarii ~ 15% and in a lesser
degree Asterigerinata spp. and Bolivina spp. ~5%). The circumstantial presence of
Textularia spp. and Conurbella spp. is also documented. Euryhaline species (Ammonia
tepida, Haynesina spp., and E. granosum are barely represented (~15% of the total
assemblages). In sample GA-4 41.45 m calcareous nannofossils (E. Huxleyi,

Gephyrocapsa spp. and Reticulofenestra spp.), have been described.

The interval from 40.00 m to 39.00 m core depth (samples GA-4 39.95, GA-4 39.65,
GA-4 39.05 m) is characterized by E. granosum (~ 20—40%) and Ammonia tepida
(~20%), accompanied by full marine species (mainly Rossalina spp. ~15% and
Cibicides spp. ~15%). The interval from 39.00 m to 38.50 m core depth (samples GA-4
39.85 and GA-4 38.80 m) is characterized by the presence of a few broken identified
specimens (mostly Cibicides spp. and Ammonia spp.) (high BR — ratio). From 38.50 m
to 37.00 m core depth (samples GA-4 38.45, GA-4 38.35, GA-4 37.45 m), the
dominance of euryhaline species (Ammonia tepida ~ 40%, E. granosum ~ 20% and

Haynesina spp. ~ 8%) is described. Full marine species (e.g. A. beccarii, E. crispum,
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Rosalina spp., miliolids), are also represented. From 37.00 m to ~35.00 m core depth
(sample GA-4 35.75 m), a balance between full marine species and Ammonia tepida is
described. From ~35.00 m to 34.20 m core depth (samples GA-4 34.75 and GA-4 34.25
m) the dominance of full marine species is described.

The interval 34.20 m to 31.20 m core depth (samples GA-4 33.85, GA-4 33.45, GA-4
32.95, GA-4 32.25 m) is characterized by the presence of a few broken identified
specimens (mostly Rossalina spp. and Ammonia spp.) (high BR — ratio). The interval
from 31.20 m to 25.50 m core depth (samples GA-4  31.05, GA-4 30.15, GA-4 29.45,
GA-4 27.35, GA-4 26.65, GA-4 25.85, GA-4 25.55 m) is dominated by full marine
species and more specific from the presence of Cibicides spp. (up to ~25%), Rosalina
spp. (up to ~ 28%), miliolids (up to ~25%) and Ammonia beccarii (up to ~20%). In
sample GA-4 31.05 m calcareous nannofossils (E. Huxleyi, Gephyrocapsa spp. and
Reticulofenestra spp.), have been described. In the interval from 25.50 m to 8.80 m core
depth (samples GA-4 25.15, GA-4 24.85, GA-4 23.95, GA-4 23.05, GA-4 22.25, GA-4
22.05, GA-4 21.05, GA-4 20.75, GA-4 19.35, GA-4 19.25, GA-4 18.35, GA-4 18.15, GA-
4 17.95, GA-4 16.65, GA-4 15.55, GA-4 15.25, GA-4 13.95, GA-4 12.25, GA-4 11.65,
GA-4 10.95, GA-4 8.85 m) even though that foraminiferal species have been identified
(mostly Ammonia spp., Rosalina spp. Elphidium spp., miliolids and Cibicides spp.) most
of them were broken or weathered and have not been included to the
paleoenvironmental analysis (high BR — ratio). The upper 8.80 m of the borehole core
have been described as man-made Canal debris and therefore have not been

examined at all.

K) Borehole GA-5

In borehole GA-5 the interval from 30.00 m to 29.30 m core depth (sample GA-5 29.95
m) is characterized by the absence of micro fauna. From 29.30 m to 28.10 m core depth
(samples GA-5 28.75, GA-5 28.25 m) the dominance of euryhaline species (Ammonia
tepida ~ 65%, E. granosum ~ 20% and Haynesina spp. ~ 5%) is described. The
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presence of full marine species (Rossalina spp., Cibicides spp. miliolids, E. crispum ~
30% of the total assemblages), also with Ammonia tepida and Haynesina spp. is
described in the interval from 28.10 m to 26.60 m core depth (sample GA-5 27.75 m).
Furthermore, in sample GA-5 27.75 m calcareous nannofossils (E. Huxleyi,
Gephyrocapsa spp. and Reticulofenestra spp.), have been described.

The interval from 26.60 m to 20.80 m core depth (samples GA-5 26.05, GA-5 25.35,
GA-5 23.25, GA-5 22.15 m) is characterized by the absence of micro fauna, except
sample GA-5 20.95 m where few, but broken full marine species (mostly miliolids and
Cibicides spp.) have been described (high BR — ratio). The interval from 20.80 m to
20.60 m core depth (samples GA-5 20.75 m) is characterized by the dominance of full
marine species (Asterigerinata spp. ~ 12%, Cibicides spp. ~ 20%, miliolids ~ 20%,
Rossalina spp. ~ 20%, E. crispum ~ 10%) and the complete absence of shallower

marine representatives (e.g. A. tepida).

From 20.60 m to 13.80 m core depth (samples GA-5 19.35, GA-5 18.75, GA-5 17.05,
GA-5 16.35, GA-5 15.15, GA-5 14.35 m) full marine species have a considerable
contribution (more than ~ 40% of the total foraminiferal assemblage), accompanied by
the presence of A. tepida ( ~10%), E. granosum ( ~ 15%). Furthermore, in sample GA-5
19.35 m calcareous nannofossils (E. Huxleyi, Gephyrocapsa spp. and Reticulofenestra
spp.), have been described. From 13.80 m to 11.70 m core depth (samples GA-5 13.35
and GA-5 11.75 m) few and mostly broken species have been described (mainly

Ammonia spp. and Elphidium spp. representatives) (high BR — ratio).

The interval from 11.70 m to 11.20 m core depth (samples GA-5 11.65 and GA-5 11.25
m) is characterized both by euryhaline species (A. tepida ~ 10%, E. granosum ~ 15%
and Haynesina spp. ~ 5%) and full marine species (mostly miliolids ~ 10%, Rossalina
spp. ~ 20%, Discorbis ~ 15 % and Cibicides ~ 15%).

The interval from 11.20 m to 10.20 m core depth (sample GA-5 10.25 m) is dominated
by the presence of euryhaline species (A. tepida ~ 55%, E. granosum ~ 10%,
Haynesina spp. ~ 7%), while full marine species have been represented ~ 5 — 8% per

species (mostly miliolids and Cibicides spp.). From 10.20 m to 6.80 m core depth
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(samples GA-5 9.35, GA-5 8.65 and GA-5 7.05 m), once again a balance between
euryhaline species (A. tepida, E. granosum) and full marine species (miliolids, E.
crispum, Rossalina spp, Cibicides spp, Asterigerinata spp.) is described. The upper
6.80 m of the borehole core (samples GA-5 6.05, GA-5 5.65, GA-5 3.55 and GA-5 2.85
m), is characterized by the presence of a few broken identified specimens (mostly
miliolids, Rossalina spp. and Ammonia spp.) (high BR — ratio).

) Surface samples

In samples S.23.9/2, S.25.9./3, S.25.9/2 and S.12/7/3, apart from small
Reticulofenestra spp. (~45%) and small Gephyrocapsa spp (~33%), E. huxleyi
specimens were relatively scarce (5-8% of the total assemblage), but consistently

present.

The dominance of euryhaline species, representative for shallow environments have
been described in samples S. 1.7/8, S. 1.7/6, S. 1.7/5, S. 4.7/6. These samples are
mostly characterized by small — size Ammonia tepida (more than ~70%), accompanied
by Elphidium granosum (~ 10%) and Haynesina spp. (~ 10%). Full marine species have

only circumstantial appearance (e.g. miliolids).

A balance between euryhaline species and full marine species is described in samples
S. 4/7/14, Can 12, S. 4/7/10, S. 12/7/7, S. 4/7/8, Can 13, S. 4/7/1, S. 12/7/8, S. 4/7/15,
S. 4/7/16, S. 17/7/5, S. 1/7/10, S. 4/7/19, S. 1/7/8, S. 17/7/8 and S. 17/7/4. Miliolids (up
to ~ 44%, S.4/7/1), A. beccarri (up to ~ 41%, S.17/7/8), E. crispum (up to ~ 33%,
S.4/7/16) and Cibicides refulgens (up to ~ 27%, S.4/7/15), have been described.
Ammonia tepida, E. granosum and Haynesina spp. have been represented as well (~
20%, ~ 10% and ~ 5% respectively). Furthermore, in samples S.17/7/8, 4/7/19, S.17/7/5
and Can.12 calcareous nannofossils small Reticulofenestra spp. and small

Gephyrocapsa spp. coccoliths have been identified.
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In samples S. 4/7/2, S. 1/7/9, S. 23/9/2, S. 17/7/7, S. 1/7/9, S. 25/9/3, S. 23/9/3, S.
12/7/3, S. 25/9/7, S. 25/3/6, S. 25/9/2, S. 1/7/4, the presence of euryhaline species
(mostly Ammonia tepida) is only circumstantial described. These samples are
dominated mostly by full marine species Asterigerinata spp. E. crispum, Discorbis spp.
and Neoconorbina terquemi. In samples S.23.9/2, S.25.9./3, S.25.9/2 and S.12/7/3,
calcareous nannofossils small Reticulofenestra spp., E. huxleyi and small
Gephyrocapsa spp. coccoliths have been identified.

Appendix D

Magnetic susceptibility measurements

Magnetic Susceptibility within the core is measured with the Bartington MS2 system
with the MS2K sensor. The MS measurements were taken in the laboratory every 2 cm
along each core if that was possible and every sample was measured at least 2 times
and the average value considered as the final one for the sample or by calculating the
average value if the sample was in a sample bag. Air measurements before and after
the sample’s measurement have been performed in all samples. In total, 986 MS

measurements were extracted.

All the extracted samples are presented in Tables 21 to 28 below. The described core

depth is expressed in meters and the mean value in dimensional Sl units

Table 21 The measured MS signal in borehole core Bh-1. lNivakag¢ 22. H Tiuég
HayvnTikAS ETIOEKTIKOTNTAS OTNV YewTpnon Bh-1.

Core depth Mean value
-0.55 13
-1.45 32
-3.55 99.5
-4.55 95
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-6.95
-8.1
-8.55
-9.65
-10.65
-11.85
-13.1
-13.95
-15.1
-16.25
-16.75
-18.45
-19.15
-20.35
-21.05
-23.95
-24.75
-25.35
-25.95
-28.75
-29.25
-29.85
-30.65

48.5
16.5
57
73.5
15
61
16.5
51
70
22.5
8.5
6.5

12
188.5
195
212
181
8.5
9
267
230.3

Table 22 The measured MS signal in borehole core Bh-3. lNivaka¢ 22. H tiuég

HayvnTIKAS ETIOEKTIKOTNTAS OTNV yewTpnon Bh-3.

Core depth  Mean value Core Mean
depth value
-0.55 123 -35.65 51.5
-1.55 158.5 -36.35 41.5
-3.05 61 -36.95 46.5
-3.35 3 -37.55 8
-3.85 4.00 -38.25 10.5
-4.35 26 -45.75 101.50
-5.55 42.5 -47.15 69
-6.35 29 -48.55 5
-6.85 18 -50.35 1
-7.45 22.5 -51.15 1
-8.75 18 -51.85 3
-9.35 15 -52.35 2
-10.2 34.5 -52.75 4

201
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-11.45
-12.35
-12.75
-14.35
-15.2
-15.3
-16.05
-16.95
-17.75
-18.65
-19.25
-19.85
-20.75
-21.75
-22.55
-28.05
-34.45

80.5
111.5
8.5
116
176
63.5

29
26.5
50
21.5
35.5

207
93.5
54

-54.05
-55.05
-55.65
-56.25
-56.55
-56.75
-57.15
-60.15
-60.85
-61.95
-62.35
-63.95
-64.45
-65.25
-66.25
-66.45
-67.25

10

31

Table 23 The measured MS signal in borehole core Bh-7. lNivakag¢ 24. H tiuég
HayvnTIKAS ETTIOEKTIKOTNTAS OTNV yewTpnon Bh-7.

Core depth Mean value Core Mean
depth value
-1.55 23 -19.05 47.5
-2.85 215 -19.55 12
-3.15 163 -19.85 114.5
-3.45 3 -20.25 193.5
-3.9 44 -20.75 138.5
-4 250 -21.45 5
-4.85 104.5 -21.95 143
-5.35 36 -22.35 145
-5.6 14 -23.2 52
-5.7 1 -23.75 11.5
-6.45 19 -24.35 8
-6.95 53.5 -25.45 24.5
-7.35 3 -25.85 131.5
-7.6 12 -26.45 11
-7.95 227 -26.85 57
-8.15 1255 -27.35 152
-9.25 125 -29.05 110
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-9.75
-9.85
-10.25
-10.45
-10.55
-11.35
-11.65
-12.05
-12.35
-12.55
-14.15
-14.35
-14.75
-14.95
-15.55
-16.35
-16.55
-16.6
-17.4
-17.5
-18.25
-18.55

28.5

73
81
191
64
163
35
32
97.5
10.5
32
16
102

25

D B N P

-29.45
-31.05
-31.55
-32.35
-32.85
-33.85
-35.95
-36.45
-37.65
-38.7
-38.8
-39.35
-44.35
-48.45
-50.55
-51.35
-51.75
-52.35
-53.45
-54.25
-54.45
-54.75
-55.55

1145
43
51.5

125
24.5
7.5
9.5
41

196
190.5
19.5
46
23
90
106

80.5

10
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Table 24 The measured MS signal in borehole core G-1. lMivaka¢ 25. H Tiuég uayvnrtikng

EMIOEKTIKOTNTAS OTNV yewTpnon G-1

Core Mean Core Mean
depth value depth value
-3.85 159 -11.69 307
-4.65 371 -11.73 296
-5.00 475 -11.76 178
-6.00 493.5 -11.80 215
-6.30 475 -12.85 366
-6.33 357 -13.55 220.5
-6.36 339 -14.30 322
-6.39 473 -14.60 330
-6.41 305 -15.50 316
-6.44 582 -15.53 253
-6.47 408 -15.57 276
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-6.50
-6.53
-6.56
-6.59
-6.61
-6.64
-6.70
-7.60
-7.62
-7.64
-7.66
-7.68
-7.70
-7.72
-7.74
-7.76
-7.78
-7.80
-7.90
-8.65
-8.85
-10.20
-10.90
-11.45
-11.61
-11.65

289
251
282
289
308
343
314
207
225
209
161
185
171
145
111
145
77
75
164
321.5
311
161
350
434
371
373

-15.60
-15.63
-15.67
-15.70
-16.80
-18.00
-19.50
-19.53
-19.55
-19.58
-19.60
-19.63
-19.65
-19.68
-19.70
-19.73
-19.75
-19.78
-19.80
-19.83
-19.85
-19.88
-19.90
-19.93
-19.95
-19.98
-20.00

260
314
404
233

3515

353
450
434
353
298
268
254
319
328
250
181
464
301
470
396
316
299
257
294
311
322
310

Appendix D

Table 25 The measured MS signal in borehole core GA-2. livakag 26. H Tiuéc

HayvnTikNG ETIOEKTIKOTNTAS TNV YewTpnon GA-2

Core depth  Mean value Core Mean

depth value
-5.00 27 -9.06 14
-5.04 38 -9.08 29
-5.08 14 -9.10 56
-5.11 14 -9.12 29
-5.15 11 -9.13 68
-5.19 40 -9.15 18
-5.23 17 -9.17 13
-5.26 29 -9.19 33
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-5.30
-5.34
-5.38
-5.41
-5.45
-6.20
-6.23
-6.27
-6.30
-6.33
-6.37
-6.40
-7.30
-7.40
-7.47
-7.53
-7.60
-8.30
-8.80
-8.82
-8.84
-8.85
-8.87
-8.89
-8.91
-8.92
-8.94
-8.96
-8.98
-8.99
-9.01
-9.03
-9.05

-9.20
-9.22
-9.24
-9.26
-9.27
-11.30
-12.30
-12.33
-12.35
-12.38
-12.40
-12.43
-12.46
-12.48
-12.51
-12.53
-12.56
-12.58
-12.61
-12.64
-12.66
-12.69
-12.71
-12.74
-12.77
-12.79
-12.82
-12.84
-12.87
-12.90
-12.92
-12.95
-12.97
-13.90
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Table 26 The measured MS signal in borehole core GA-3. lNivakag 27. H Tiuég

HayvnTIKAG ETIOEKTIKOTNTAS OTHV YewTpnon GA-3
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Table 27 The measured MS signal in borehole core GA-4. lNivakag 28 H tiuég

Core depth Mean value
-6.75 204.5
-9.3 253.5
-9.5 220
-10.45 165.5
-11.65 75.5
-12.6 218
-13.4 184.5
-15.1 262

HayvnrikNg EMIOEKTIKOTNTAS OTNV yewTpnon GA-4

Core depth  Mean value Core Mean Core Mean
depth value depth value

-11.60 168.5 -26.72 4 -37.95 8
-12.30 109.5 -26.74 5 -37.98 9
-15.30 127.5 -26.77 6 -38.01 9
-15.45 101 -26.79 3 -38.04 8
-15.48 93 -26.82 3 -38.07 6
-15.50 62 -26.84 2 -38.10 9
-15.53 56 -26.87 8 -38.13 8
-15.55 82 -26.89 5 -38.15 8
-15.58 105 -26.91 5 -38.18 8
-15.60 147 -26.94 5 -38.21 12
-15.63 71 -26.96 5 -38.24 5
-15.65 102 -26.99 4 -38.27 67
-15.68 96 -27.01 4 -38.30 50
-15.70 73 -27.03 3 -38.30 70
-15.73 99 -27.06 3 -38.33 66
-15.75 94 -27.08 4 -38.36 65
-15.78 102 -27.11 3 -38.39 62
-15.80 73 -27.13 4 -38.42 46
-15.83 84 -27.15 4 -38.45 19
-15.85 98 -27.18 5 -38.48 126
-17.50 50 -27.20 4 -38.51 154
-17.56 57 -27.23 3 -38.54 247
-17.61 12 -27.25 3 -38.57 215
-17.67 17 -27.27 3 -38.60 210
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-17.72
-17.78
-17.83
-17.89
-17.94
-18.00
-18.08
-18.50
-18.53
-18.55
-18.58
-18.60
-18.63
-18.65
-18.68
-18.70
-18.73
-18.75
-18.78
-18.80
-19.20
-19.23
-19.27
-19.30
-20.70
-20.73
-20.76
-20.78
-20.81
-20.84
-20.87
-20.90
-20.92
-20.95
-20.98
-21.01
-22.35
-23.00
-23.03
-23.06
-23.08

13
38
110
34
77
140
61
114
125
98
136
67
164
144
62
116
135
116
62
50
109
115
100
88
109
121
127
98
110
89
162
123
90
103
101
94
191
310
192
95
68

-27.30
-29.45
-29.48
-29.51
-29.53
-29.56
-29.59
-29.62
-29.65
-29.68
-29.70
-29.73
-29.76
-29.79
-29.82
-29.84
-29.87
-29.90
-29.93
-29.96
-29.99
-30.01
-30.04
-30.07
-30.10
-30.95
-31.80
-31.82
-31.84
-31.85
-31.87
-31.89
-31.91
-31.92
-31.94
-31.96
-31.98
-31.99
-32.01
-32.03
-32.05

297

0 © © 0 00 N N © 0 0 © © © © © NN

D W N NNDN 6 2
N N O P W DN o

69.5
91
119
208
108
109
133
162
156
134
246
179
148
312
146
250

-38.62
-38.65
-38.68
-38.71
-38.74
-38.77
-38.80
-38.95
-39.00
-39.03
-39.06
-39.09
-39.12
-39.15
-39.17
-39.20
-39.23
-39.26
-39.29
-39.32
-39.35
-39.38
-39.41
-39.44
-39.46
-39.49
-39.52
-39.55
-39.58
-39.61
-39.64
-39.67
-39.70
-39.73
-39.75
-39.78
-39.81
-39.84
-39.87
-39.90
-41.50

240
442
327
284
361
386
430
173
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-23.11
-23.14
-23.17
-23.19
-23.22
-23.25
-23.28
-23.30
-23.33
-23.36
-23.39
-23.42
-23.44
-23.47
-23.50
-23.53
-23.55
-23.58
-23.61
-23.64
-23.66
-23.69
-23.72
-23.75
-23.78
-23.80
-23.83
-23.86
-23.89
-24.80
-24.82
-24.84
-24.86
-24.88
-24.90
-24.92
-24.94
-24.96
-24.98
-25.00
-25.02

43
92
60
37
32
33
24
55
136
104
57
163
167
107
242
107
124
120
100
61
57
37
33
38
52
104
205
119
145
170
210
251
195
160
200
184
181
174
173
183
162

-32.06
-32.08
-32.10
-32.90
-32.93
-32.96
-32.99
-33.02
-33.05
-33.07
-33.10
-33.13
-33.16
-33.19
-33.22
-33.25
-33.28
-33.31
-33.34
-33.36
-33.39
-33.42
-33.45
-33.48
-33.51
-33.54
-33.57
-33.60
-33.63
-33.65
-33.68
-33.71
-33.74
-33.77
-33.80
-34.20
-34.24
-34.27
-34.31
-34.34
-34.38
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162
182
154
259
185
216
341
307
263
190
316
235
343
178
232
268
153
109
22
26
28
37
34
34
34
30
31
35
40
35
36
20
25
28
16
261
50
41
38
40
37

-4153
-41.56
-41.59
-41.61
-41.64
-41.67
-41.70
-41.73
-41.76
-41.79
-41.81
-41.84
-41.87
-41.90
-41.93
-41.96
-41.98
-42.01
-42.04
-42.07
-42.10
-42.13
-42.16
-42.18
-42.21
-42.24
-42.27
-42.30
-43.40
-43.43
-43.46
-43.49
-4352
-43.55
-43.58
-43.61
-43.64
-43.67
-43.70
-43.73
-43.76
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-25.04
-25.06
-25.08
-25.10
-25.12
-25.14
-25.16
-25.18
-25.20
-25.22
-25.24
-25.26
-25.28
-25.31
-25.33
-25.35
-25.37
-25.39
-25.41
-25.43
-25.45
-25.47
-25.49
-25.75
-26.60
-26.62
-26.65
-26.67
-26.70

Table 28 The measured MS signal in borehole core GA-5.

210
229
182
240
187
117
76
23
28
27
26
27
27
21
20
27
38
41
39
32
10

47.5

A P W b

-34.42
-34.45
-34.49
-34.52
-34.56
-34.60
-34.63
-34.67
-34.70
-35.70
-37.40
-37.43
-37.46
-37.49
-37.52
-37.55
-37.57
-37.60
-37.63
-37.66
-37.69
-37.72
-37.75
-37.78
-37.81
-37.84
-37.86
-37.89
-37.92

36
42
44
42
36
46
36
42
39
115
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HayvnTiKNG ETIOEKTIKOTNTAS OTNV yewTpnon GA-5

-43.79
-43.82
-43.85
-43.88
-43.92
-43.95
-43.98
-44.01
-44.04
-44.07
-44.10
-44.13
-44.16
-44.19
-44.22
-44.25
-45.00
-45.05
-45.09
-45.14
-45.18
-45.23
-45.27
-45.32
-45.36
-45.41
-45.46
-45.50

12
27
14

10
17
11
13

13
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lNivakag 29. H niuég

Core Core
Core depth  Mean value Mean value Mean value
depth depth
-2.80 715 -10.63 242 -17.92 6
-2.93 85 -10.67 178 -17.95 6
-2.96 81 -10.71 161 -17.97 6
-2.99 55 -10.76 70 -18.00 6
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-3.02
-3.05
-3.09
-3.12
-3.15
-3.18
-3.21
-3.24
-3.27
-3.30
-3.33
-3.36
-3.40
-3.43
-3.46
-3.49
-5.55
-5.57
-5.61
-5.65
-5.69
-5.73
-5.77
-5.81
-5.85
-5.89
-5.93
-5.97
-6.90
-6.94
-6.98
-7.02
-7.06
-7.10
-8.65
-8.68
-8.70
-8.73
-8.75
-8.78
-8.80

19
39
24
38
38
59
76
106
98
107
120
178
177
208
181
133
204.5
170
251
151
172
179
155
123
170
185
205
174
46
48
29
22
24
13
50
44
53
60
57
52
65

-10.84
-10.88
-10.93
-10.97
-11.01
-11.06
-11.10
-11.70
-11.74
-11.77
-11.81
-11.84
-11.88
-11.92
-11.95
-11.99
-12.02
-12.06
-12.10
-12.13
-12.17
-12.20
-12.24
-12.28
-12.31
-12.35
-12.38
-12.42
-12.46
-12.49
-12.53
-12.56
-12.60
-13.45
-14.30
-14.70
-14.74
-14.77
-14.81
-14.85
-14.89
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127
76
63
76
62
68
93
38
25
29
31
29
25
31
27
42
38
38
29
39
32
44

139

125

138

182

158

424

210

147

142

159
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100
10
15
12
21
22
17
14

-18.03
-18.06
-18.09
-18.12
-18.15
-18.18
-18.21
-18.24
-18.26
-18.29
-18.32
-18.35
-18.38
-18.41
-18.44
-18.47
-18.50
-18.53
-18.55
-18.58
-18.61
-18.64
-18.67
-18.70
-19.35
-20.75
-20.95
-22.55
-23.20
-25.30
-25.80
-25.83
-25.86
-25.90
-25.93
-25.96
-25.99
-26.02
-26.06
-26.09
-26.12
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200
91
250
322.5
20
20
21
23
19
22
23
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24
25
31
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-8.83
-8.85
-8.88
-8.90
-8.93
-8.95
-8.98
-9.00
-9.03
-9.05
-9.08
-9.10
-9.13
-9.15
-9.18
-9.20
-9.23
-9.25
-9.28
-9.30
-10.20
-10.24
-10.29
-10.33
-10.37
-10.41
-10.46
-10.50
-10.54
-10.59

59
78
45
32
23
44
58
35
26
21
30
21
23
27
24
21
21
25
25
34
83
91
46
93
96
87
164
109
108
236

-14.92
-14.96
-15.00
-15.03
-15.07
-15.11
-16.25
-16.43
-16.46
-16.49
-16.52
-16.56
-16.59
-16.62
-16.65
-16.68
-16.71
-16.75
-16.78
-16.81
-16.84
-16.87
-16.90
-16.94
-16.97
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Appendix E (Extended abstract- in Greek). Ekrerauévn
mepiAnwn ora eAAnvika

. Elicaywyn

H pop@oloyia Twv TTapAKTIWV TTEPIOXWYV OIOUOPPUVETAI KATA KUplo Adyo atmd Tnv
aAAnAeTTiOpaon TpIWV TTaPAYyOVTWY. Tnv TEKTOVIKA aviywon A Tarreivwon Toug, TIG
01adIKaoiEG TNG ICNUOTOYEVEONG, KAl TIG €UCTATIKEG METAROAEG TNG OTABUNG TNG
BdAacoag, evw  AANol  TTapdyovteg  (TTX.  BaAdoola  pevparta)  diadpauartiCouv
deutepelovTa poAo (TTX. Emery & Myers, 1994; Nichols, 1999, k. 1-1). H tepioxn Tou
loBuou otnv KépivBo, tTou cival Kal n TTepIoXn MEAETNG TNG TTapoUucag BIOOKTOPIKNG
o1aTPIPNG, atroTeAEl éva  TTAPAdEIYUA TTOU UTTOPOUV va PEAETNBOUV Kal Ol TPEIS AUTOI
TTapdyovTeg. H mTeplox avuwwveTal TOUAAGXIOTOV KATd Ta TeAeuTaia 200 XIAIGdeS xpovia
(trx. Collier et al., 1992), ue 1 ueTABOAEG TG OTABUNG TNG BAAACOOG va £TTNPEACOUV TIG
dladikaoie¢ TNG 1ICnuatoyéveong (trx. Collier, 1990), evw TO UdPOYPAPIKO BIKTUO

METAPEPEI XOVOPOKKOKA UAIKA TTPOG TNV TTapdkTia Trepioxn (TTx. Gawthorpe et al., 1994)

H emoTnUOVIKR KoIvOTNTa £XEl avaTTTUEEl TTANBwpa peBodoAoyIWY yia TNV TTANPECTEPN
avaAuon autwv Twv OIadIKaoIwy OTTWG TNV MEAETN PEVOOVIKWY Kal TTAQYKTOVIKWV
TpNUaTo@opwyv (1X. Scott and Medioli, 1980; Triantaphyllou et al., 2003, 2010; Murray,
2007; Pavlopoulos et al., 2007; Koukousioura et al., 2012; Avhaim — Katav et al., 2012,
2013, 2015), TNV payvnTIKn €MOEKTIKOTNTA TWV ICNUaTwy (e.g., Mullins 1977, Oldfield;
1991, Da Silva et al., 2009; Reicherter et al., 2010) ka.

MNa TNV TANpEéaTePn MEAETN TOU TTAAQIOTTEPIBAAAOVTOG ATTAITEITAI KAI TO XPOVIKO TTAQiCIO
KATd TO OTToio £yIive n InUaToyEveon. MNa TO OKOTTO QuTO €XOUV QVATTTUXTEI TTOAANEG
OI0QPOPETIKEG pEBodOAOYiEG OTTWG XpovoAdynon kopaAAiwy (1rx. Collier et al., 1992; Vita-
Finzi, 1993; Dia et al., 1997; Kershaw et al., 2005; Roberts et al., 2009), uttoAoyICNOG
NG ewrtavyeiag (mx. Pope et al., 2008; Pawley et al., 2010; Reimann et al., 2011;

302



Appendix E (Extended abstract- in Greek). Extetauévy mepiinwyn ota éAinvikd

Ozturk et al., 2016), n HEAETN TNG BlOCTPWHATOYPAPIOG BACIOPEVN O€ vavoaTToAIBwuaTa
(trx. Triantaphyllou et al., 2009; Dimiza et al., 2011; Triantaphyllou, 2014).

H tmapouoa gpyacia €xel oav oTOXo TNV avaAuon T000 Tou TTaAaIoTTEPIBAAAOVTOG 600
KAl TNV MEAETN TWV TEKTOVIKWYV KIVIIOEWV OTNV TTEPIOXH Tou loBuou. Na Tov oKoTrd auTd
avaoAUBnKav wg¢ TTPog 1o TTAAAIOTTEPIBAAAOV, TO TTEPIEXOUEVO OE VAVOATTOAIBWUATA KAl
TNV MayvNnTIKR €TMIOEKTIKOTNTA, 11 yewTprioelg ouvoAikoU pAKoug 373 UETPWV aTTd TO
QAVOTOAIKO TUAMA Tou I0BuoU, OTO AVEPXOUEVO KAl KATEPYXOUEVO TEPAXOG TOU PrYMOTOG
KaAapakiou-loBuiwyv. & cuvduaouo PE TNV YEWAOYIKH XapToypdenon Kal Tnv avadAuon
OEIYMATWY aTTO TNV ETMIQAVEIQ, TTPAYMATOTTOINONKE N PEAETN TNG TTOAQIOYEWYPAPIAS TNG
TTEPIOXNG, KABWG Kal O TIPOOCBIOPICPOS TOOO TWV TEKTOVIKWV KIVACEWV TWV

ONMAVTIKOTEPWYV DOMPWY TNG TTEPIOXNG, 00 Kal Tou priypdaTtog Tou KaAapakiou-loBuiwy.

Il. INMeproxn ueAérng

H trepioxn MEAETNG TNG TTapoucag dIaTPIBAG €ival TO avaToAIKO TURPa Tou KopivBiakou
KOATTOU Kal TTIO OUYKEKPIPEVA N TTEPIOXT Tou loBuou. To dutikd TuRua Tou KopivBiakou
KOATTOU €TTEKTEIVETAI PE PUBUO TTEPITTOU 15-20 mm/yr, evid TO AVATOAIKOTEPO TURKA TTOU
gival kai n meploxn evdiapépovTog Trepitrou 6-7 mmlyr (1. Clark et al., 1997; Avallone
et al., 2004; Nystand Thatcher, 2004; McNeill and Collier, 2004; Chousianitis et al.,
2013).

H mrepioxn doueital atrd 10 aATTIKO uTTORabpo (acBeaToAiBol kal doAouiTeg nAKiag atd
Tpiadikd €ws avw Hwkaivo kal O@IioAiBoug), kal JETOATTIKA 1ICAUOTa (KUpiwg Aluvaieg-
BaAdooieg udpyeg Kai duuol) kar aAhouBiakd prridia (Trx. Hemelsdael & Ford, 2015;
Ford et al., 2012; Jolivet et al., 2003, 2010; Papanikolaou & Royden, 2007; Taylor et al.,
2011. ZAueEpa Ta evePyd PrYMATA TTOU EAEYXOUV TNV HOPQPOAOYIO TOU KOATTOU €XOUV
dievBuvon Trepittou A-A,, oxXnUaTICOVTOG MIO €VEPYN TEKTOVIKA TAPPO (TTX. Myrianthis
1982; Brooks and Ferentinos, 1984; Keraudren and Sorel, 1987; Ori, 1989; Sorel, 2000;
Stefatos et al., 2002; Moretti et al., 2003). 210 avaTtoAIKO TUANA TOu KOATTOU Ta KUpIA
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evepyd priyparta gival Twv Kexpiwv (~0.2 mm/yr), Tou Ayiou BaagiAeiou (~0.15 mm/yr) Tou
Noutpakiou (~0.5 mml/yr), n pn&lyevig Cwvn Twv AAKuovidwv (Zxoivog, lNiola kaBwg Kal
Ta uttoBaAdoola TuRpara Toug ) (~2 mm/yr) (k. 3-1) (Tx. Papanikolaou et al., 1988,
Papanikolaou et al., 1989; Papanastassiou and Gaki-Papanastassiou, 1994; Armijo et
al., 1996; Roberts, 1996; Koukouvelas et al., 2017; Deligiannakis et al., in press).

H trepiox avuywvertail (1x. Ori, 1989; Gobo et al., 2013), ye pubud ~ 1.5 mmlyr oto
KEVTPIKO TUAUA Tou KOATTOU Kal ~ 0.3 mm/yr 010 avatoAikd (1mX. Keraudren & Sorel,
1987; Collier, 1990; Collier et al., 1992; Keraudren et al., 1995; Pirazzoli et al., 2004;
Westaway, 1996, 2002; Armijo et al., 1996; McMurray & Gawthorpe, 2000; Leeder et
al., 2008).

Atlo avagopdg cival n TTapoucia TNG Alwpuyag Tou loBuol, Kabwg atroTeAsl pia
€CAIPETIKA €UKAIPIA yIa TV AETTTOMEPH TTAPATAPNON TOOO TWV OTPWHATWY OCO0 KAl TWV
TEKTOVIKWV OOPWV Tou loBuou (11.X. Freyberg, 1973; Collier, 1990; Collier & Dart, 1991,
Collier & Thomson, 1991; Gawthorpe et al., 1994).

lll. Ms@odoAoyia

MNa Tnv Tmapouoa diaTpIBry xpnoiyotroidnkav dedopéva amd 11 yewTproeig OAeG OTO
QVATOAIKOTEPO AKPO TOU loBuoU (CUVOAIKO pnkog ~ 373 p). AvaAuBnkav wg TTpog To
TTEPIEXOPEVO TOUG O€ TpnuaTo@opa (OUuvoAika 256 dciypara), vavoarroAiBwuaTa
OUVOAIKG 63 dciyuarta) Kal TNV PAyvnTIKA €MIOEKTIKOTATA TWV ICNUATWY (CUVOAIKG 986
METPAOEIG). 'Eyive 0 TTpoadlopiouds TNG NAIKIOG KopaAAiwv TTou Bpédnkav yéoa oTtnv
yewTpnon Bh-7, evw €& deiyuata atrd 1peig yewTpnoeig (Bh-1, 5.25 m, 6.05 m, Bh-3,
20.5 m, 21.25 m, Bh-7, 20.65 m, 33.45 m) avaAuBnkav wg TTPOG TNV QWTAUYEID TwWV
ICNudTwyv. Xaptoypa®nobnke etriong n yewAoyia Tou loBuoU kal avaAuBnkav 99 deiyuarta
atrd ETMIPAVEIOKA OTPWHATA WG TTPOG TO MIKPO- KAl VAVVO TTEPIEXOUEVO TOUG. MeTd Tnv

oTaTIOTIKI)  €mme€epyacia  Twv  dedopévwy, Eyive O  TTPOCOIOPICHOS  TOU
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TToOAQIOTTEPIBAANOVTOG, TNG  TTOAQIOBOBUUETPIOG, KAl  TIGC  TTAAQIOOIKOAOYIOG  TwV

OTPWHATWV.

N. Asdouéva amo 1i¢ YeWTPNOEIS

2UVOAIKA atTo TIG 11 YEWTPAOEIG TTOU TTPAYHATOTTOINONKAV 8 £EETAOTNKAV AETTTOPEPWG,
evw yia Tig Tpeig (Bh-2, Bh-4, Bh-6) povo n AiBoAoyikr treplypa®r Atav €@IKTA. Ol
YEWTPAoeIG Bh-3 kai Bh-6 Tav OTO avepXOPEVO TEPAXOG, €VW Ol UTTOAOITTEG OTO
KATEPXOPEVO TEPAXOG Tou priydaTog KaAapakiou-loBuiwv. Katd kupio Adyo péca oTIig
YEWTPAOEIG TTEPIYPAPNKAY  €VOAAQYEG OTTO  XOVOPOKKOKA  (TTOTOUOXEINAPEIA) HE

AetrTékoKkKa (BaAdooia) Ighuata (€K, 5-1, 5-2).

Méow TNG AeTTTOPEPOUG TTAAAIOVTOAOYIKAG avaAuoNng TTEPIypA@nKav 26 dIa@opeTIKG €idn
TpNUaTOPOpwWV (eIK. 5-3) kai Tpia €idn vavoatroAibwudtwy (eK. 5-4) small
Reticulofenestra spp., small Gephyrocapsa spp., Emiliania huxleyi. H payvnTikn
ETMIOEKTIKOTNTA TWV DEIYUATWY PECA OTIC YEWTPAOEIG KupaiveTal ammd ~1 og ~600 x107
(SI units). ZTig eikéveg 5-5 éwg 5-21 kal otoug TTivakeg 3 €wg 13 TTapartiBevral n
AETTTONEPNG TTEPIYPAQN TNG delypaToAnwiag, TnG AiIBoAoyiag kal Ta atmmoTeAéopaTa NG
avaAuong Twv  TPNHATOPOPWY, TWwWV VAVOATTONBWUATWY KAl TG MayvnTIKAS

ETTIOEKTIKOTNTAG HECA OTIG YEWTPNOEIG.

V. Xaproypdenon tng mepIoxns

MNa TIC avaykeg TNG dIaTPIBAS xapToypaerbnke n yewAoyia TnG TTEPIOXNS Tou loBuou
o1Tou eAAPONnoav 149 deiypara yia TTepaitépw avaiuon. Katd kupio Adyo trepiypd@nkav
Ouolol AIBOAOYIKOI OXNUATIOMOI TTOU €ixav TTEPIYPOQPEI KAl OTIC YEWTPAOEIS, dnAadn
evaAAayEg atrd AETTTOKOKKO Kal XOVOPOKOKKa ICApaTta (BaAdoaio / xepoaio TTePIBAAAOV).
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Meplypdenkav €1TioNg aVOECITEG KAl EKTETAPEVEG EUPAVIOEIG NAPYOG OTO KEVTPO TOU
priyMaTog Tou KaAapakiou-loBuiwv (1rx. Collier & Dart, 1992), atToKaAUPPEVEG TOOO ATTO
TIG d1adIkaoieg dIABpwong 6oo Kal atrd Tnv dpdon Tou PriyMaTog (€K, 6-1). H avaAuon
TWV TEKTOVIKWV OTOIXEIWV TToU TTEPIYPAPnKav dcixvel pia dour) BBA-NNA kail kAion 1Tpog
NNA ~ 55° — 70° (eIk. 6-4). H avdAuon Twv delyddTwy TO00 WG TTPOG TNV WiKPOo- aAAG Kal
TV VAvvo TTavida €0€1Ee evaANaYEG PETACU Xepodiwv Kal BaAGooIwV TTEPIBAANOVTWY
(ek. 6-8).

VI. Zrariotikn avaAuon

2NUavVTIKG TUAMO TNG TTOPOUCOG €PYOOiag aTroTeAEl N OTOTIOTIKA avAAuon Twv
ATTOTEAEOUATWY TOOO TWV TPNUATOPOPWY OCO KAl TwV TIHWV TNG MAyVNTIKAG
eMOEKTIKOTNTAG. Méow TNnG SI-TTapaueTpIKNG (two way cluster analysis, €K. 7-1, 7-2) Kal
NG PN TTapaueTpIkAG (MDS, €iK. 7-3) avdAuong Twv UPETPNPEVWY TPNPATOPOPWY OTIG
YEWTPNOEIG KAl OTA ETTIPAVEIAKA O€iyhaTa, E£YIVE O TTPOCDIOPIOUOS TPIWY Oouadwy. H
TPWTN OMAda ek@pdlel AiuvoBaldooia TTepIBAANOVTA PE EKTINWHPEVO TTAAQIOBAGB0G
Aiyotepo ammoé 20 pétpa, n Oeutepn pnxd BaAdooia TTEPIBAAAOVTA PE EKTIMWMEVO
TTaAaioBdBog £wg Ta 40 péTpa Kal N TpiTn evOIdueoes BaAdoOIEC OUVONKES PETALU TWV
Ouo pE ekTIHWPEVO TTaAaioBdbog petagu 20 kai 40 pétpwy (11.X. Pallikarakis et al., Cor.
Proof.).

Méow oOTaTIOTIKAG avAAuONG €TTIONG, £YIVE O CUOXETIONOG PETAEU TwVv AIBOAOYIWY Kal
TTOAQIOTTEPIBAAAOVTWY  PECA  OTIC YEWTPNOEIG, ME TIC TIMEG TNG  MAYVNTIKAG
emMOEKTIKOTNTAG (TTIVaKeg 14, 15). 'ETOI OUOXETIOTAKAQV ME MEYOAUTEPN aKpiBeia Kal
EYKUPOTNTA O UWNAOTEPEG TIMEG MPAYVNTIKNAG ETTIOEKTIKOTATAG ME TA XEPOAia Kal Ol

XOUNAOTEPEG TIUEG PE Ta BaAdooia TrepIBAAAovTa (EIK. 7-4).
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VII. lMpoodiopioudg Tou raaiorrepiBaAAovrog

Me Bdon Tnv oTaTioTIKA avdAuon TOu TTPONYOUNEVOU KEQAAQIOU £YIVE N TTEPIYPAPH TOU
TTaAaioTrepIBdANovTOG oTa dciypuata. Me tnv Borbeia dEIKTWVY TToU XPnoiyoTroinénkav
(TrukvoTnTa dciypaTog (FD), TTOOOOTO CTTACHEVWY TPNHATOPOPWY ETTi TOU CUVOAOU TOU
ociypatog (BR), tToikiIAopop@ia Tou deiypartog (A-Fisher) kar o AOyog MIKPAG/UEYAANG
Ammonia spp. (A-ratio), kaBwg kal TV €KTiunon Tou TraAaioBaBoug, E£yive ©O
TTPOCBIOPICPOS TwV eVOAAAYWVY Tou TTAAAIOTTEPIBAAAOVTOG OTTO Xepoaia o€ Baldooia
mepIBAAoOvVTa TO00 OTIC YEWTPNOEIC OCO KAl OTa emigavelakd Ociyuata  (TT.X.
Pallikarakis et al.,, Cor. Proof.). O mepioocoTepeg evalAayég TTapaTtnpnénkav otnv
yewTpnon Bh-3 (5), evw o1 AiyoTepeg otnv GA-2, Tou atmAd a1rd éva OXeTIKA BabuTepo
TTEPIBAANOV OTO KATWTEPO TUAPA TNG YEWTPNONG, KATEANEE oTadIOKA O€ AijvoBaAdoaoio

TTEPIBAANOV OTO aAvWTEPO TUNPA TNG (€IK.8-1, 8-7).

VIIl. MMpoodiopioudg TS nAikiag Twv I{nUArwv

ATtrapaitnTn TTPOUTTOBE0N Yia TNV OAOKANPWHEVN MEAETN TwV dEIYUATWY Eival O XPOVIKOG
TTPOOBIOPIONOG TNG ICnuaTtoyéveons. MNa Tov AGyo autd xpnoigoTtroinénkav TPEIG
ave¢dptnteg dladikaoieg yia Tov TTPOodIopIoPo TNG nAkiag. O duo agopoucav Tnv

atTOAUTN KAI N MIA TNV OXETIKI XPOVOAOYNOoN TWV ICNUATWV.

ApXIKG JETPABNKE N pwTalyela o€ £€1 deiypaTta, duo o€ KABE pia atTd TIG YewTpRoeig Bh-
1, Bh-3 ka1 Bh-7, oTi¢ eykataotdceig Tou gpyacTtnpiou ApxaioueTpios «E.K.E.®.E.
Anpokpitog». A@ou akoAouBnbnkav ol TutrikéG dladikacieg (1rx. Thiel et al., 2011;
Tsakalos et al., 2016), utoAoyioTnke n ekKAUOPEVN OKTIVOBOAIG TOOO O KOKKOUG
aoTpiou, 600 Kal xaAalia. Ta amoteAéopaTta Ouwg Oev ATAV TA AVANEVOUEVA KABWG
OTOUG KOKKOUG YaAalia TTOPOUCIACTNKE TO QAIVOPEVO TOU KOPEOHOU, €VW OTOUG

QOTPIOUG TO PAIVOPEVO TOU a0BEVOUC OANATOC (€IK. 9-1, 9-2).
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2TNV ouvexeia oTaABnkav KopadAAia TTou Bpédnkav otnv yewTpnon Bh-7 ( dciyua Bh-7,
18.25 m) oTo IvoTITouTo Max Planck oto Mainz (Ceppavia) yia xpovohdynon pe 2°Th/U
(Trivakag 17). O1 ekTIHWMEVEG NAIKIEG OTTWG PaivovTal OToV TTivaka 17 €xouv eUPOG ATTO
241 uéxp1 358 xINAdeG xpbdvia pe atmokAioelg Ewg Kal Ta = 80 xIANIGdeS Xpovia (€IK. 9-3).
To peYAAO €UPOG TIMWV KABWG KAl N OXETIKA PEYOAUTEPN NAIKIO ATTd TNV AVOUEVOUEVN
(Pallikarakis et al., Cor. Proof.) ytropei va €¢nynBei pe tnv diayévveon, diadikaoia n

oTToia aAAGCeEl TNV apXIKH XNMIK oUOTACN TWV KOPOAAIWV.

MNa Tov Adyo autd avaAubnkav ocuvoAlikd 63 deiyuata wg TTPOG TO TTEPIEXOUEVO TOUG O€
vavoattoAiBwuara. H trapouacia kokkOAIBwyv atmé small Reticulofenestra spp. (~45%),
small Gephyrocapsa spp (~33%) kai o€ kaTroia dciyparta atrd E. huxleyi specimens (5-
8%) Bonbnoe otnv BiooTpwuatoypagia Twv ICnPdatwy. 'ETol, e TNV CUPBOAR NG
KAPTTUANG METARBOANG TNG 0TABUNG TNG BAAacoag, £yive 0 dIOXWPIOHOS TWV OEYUATWV
o€ dUo Katnyopicg, vewTepa atrd 240 xIANIadeg xpodvia kal atrd 240 €wg ~ 450 xIAIGdeg
XPovia. H ekTINWUEVESG NAIKIEG TwWV KOPAAAIWY TTapd TO €UPOG TOUG dEiXVouv Ui NAIKia
atro ~ 175 XINGdwv XpOvwy Kal Avw, OTTOKAEIOVTAG £T01 TO EVOEXOPEVO VA TTPOEPXOVTAI
a1To TO YECOTTAYETWON diIdoTNUA TwV 125 XIANIGdwyv Xpdvwyv (MIS 5e). To yeyovdg autd
OUMQWVEI hE Ta oTpwpaToypa@ikd dedouéva atrd TIG YEWTPHOEIG TTOU avaAuBnkav, Ta

ETTIPAVEIOKA OTPWHATA TTOU XapToypagnonkav, kabwg kai ue Tnv BiBAloypagia.

IX. Zapwviko¢ KéAmrog

MNa TNV e€aywyn o agIOTTIOTWY Kal EYKUPWY CUPTTEPACHATWY €yIVE N oUYKPION TOU
TTOAQIOTTEPIBAAAOVTOG METAEU TWV ATTOTEAEOUATWY Twv OelydATwy Tou loBuolu Kai
0edopEVWYV YEWTPAOEWY aTtTd TNV TrePIoxr Tou leipaid (eik. 10-1) (Goiran et al., 2011,
Triantaphyllou et al., 2016), Ouykpivoviag Ta TPNMOTOPOPA KOl TO EKTIMWMPEVO
TTaAQIOTTEPIBAAAOV aTTO BUO BIOOOXIKEC HMECOTTAYETWOEIS TTEPIOOOUC. TPEIC YEWTPAOEIS
(P-2, P-4, P-5) 6Aeg o010 deATaikO Tedio Tou Kn@iooU avaAubnkav wg TTpog TNV
MIKpoTtTavida, evw n P-4 avaAluBnke Kal WG TTPOG TO TTEPIEXOUEVO TOUG 0€ KOKKOUG yupng
KOl TNV PayvNTIKr EMIOEKTIKOTNTA TWV ICNUATWYV (€IK. 10-3, 10-5, trivakeg 18-20).
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O1 yewTpoeIg auTéG TTPAYHATOTTOINBNKAV O€ dIAPOPETIKO TTEPIBAAAOV ICnuaToyéveong,
ME TNV METABOAN TNG oTABUNG TNG BAAacoag va dladpapaTiCEl PIKPOTEPO POAO, HE
oaQWG TTIO £VTovn TNV ETTIOPACN TOU USPOYPAPIKOU BIKTUOU VW £YIVAV OE HIX TTEPIOXN
TEKTOVIKA OXETIKA OTABEPN. ZNUAVTIKA TTAPAUETPOG €ival ETTIONG KAl TO YEYOVOSG TTWG N
ICnuatoyéveon €Aafe xwpa katd to OAOKaivo, o€ avtiBeon pe Ta deiypaTa Tou 1oBuou

TToU €yIVE KATd TO lMNMAEIOTOKAIVO.

Kal o€ auTég TIG YEWTPNOEIG TTEPIYPAPNKAV dIaPOPETIKA TTEPIBAAOVTA ammdbeong, atmmd
pNXa BaAdooIa WG Xepoaia Xwpic OUWS va TTapatnenbouv ol €vioveg evOAAAyEG TTOU
TEPIYPAPNKAV OTIG YEWTPAOEIG aTTO TOV IoOPs. Ta dedopéva auTd UTTooTNnPiXBnKav T0C0
atrod TTaAUVOAOYIKG dedouéva 600 Kal atro TIG TINEG TNG MAYVNTIKAG ETTIOEKTIKOTNTAG YIA

TNV yewTpnon P-4.

2€ OX€on ME Ta dedouéva aTTd TIG YEWTPNOEIG Tou IoBpoU, emIBeBaiwdnKe N CUOXETION
€1Idwv 6TTwg Ammonia tepida oe AipvoBaAdooia TTepiBaAAovTa Kai n UTTapén BaAdooiwv
e1Idwv 6TTw¢ Ta miliolids kar Rossalina spp. oe Babutepa Baldooia trepiBdAlovTa. Kai
OTIG OUO TTEPITITWOEIG N TTUKVOTNTA TOU OEIYUATOG O OUVOUAOHPO HE TIG TIMEG JAYVNTIKAG

EMOEKTIKOTNTAG XPNOIKOTTOINBNKE yia TOV KABOPIOUO XEPOAiwy TTEPIBAAOVTWV.

X. ZUoxETIoNn Kal TpIoSIAoTarn ameikovion Twyv IENUATwyv

Méow TNG MIKPOTTAAQIOVTOAOYIKNG avAAUCNG TWV YEWTPAOEWY OTNV TTEPIOXH Tou [oBuou
TEPIypa@nKav evallayég ammd xepoaia/Baldooia iI{fuarta. ZuoxeTiCoviag ta dedouéva
QUTA PE TNV KAPTTUAN WETABOAAG TNG OTABUNG TNG BAAQCOAG TTPOKUTITEI TTWG PETQ OTIC
YEWTPACEIC UTTAPYXOUV evaAAayég ammd TrayeTwdn/pyecomayetwdn diaotiuara.  H
ouvexopevn MetapoAnl Tng BaAdoolag oTdBung o€ OuVOUAOMO ME TNV TEKTOVIKA
aviywan TNG TTEPIOXNS £XEI KaBopiael TNV oTpwuatoypa@ia, pe diadoxIKES aAAnAouxieg
eTmikAnong kai atréoupong (TX. Emery and Myers, 1994; Nichols, 1999; Nagendra et al.,
2011).
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2TNV OUVEXEID EYIVE N OUOYXETION TWV YEWTPNOEWV, KOBWG KAl TWV ETTIPAVEIAKWV
OTPWHATWY TTOU dlakpivovTal oTnv Alwpuya Tou loBpou (eik. 11-1, 11-3). Méow auTtrig
TNG OUOXETIONG dNUIOUPYABNKE TO TPIODIAOTATO POVTEAO QTTEIKOVIONG TWV OTPWHATWYV

yIO0 TO avaTOAIKOTEPO TURHa Tou IoBuou.

Xl. AvaAuon Twv amoreAsouarwv

XI. a) HAikia Twv oTpwudrwv

2uoxeTiovtag Tov puBud avoywong tng tepioxns (0,3 mml/yr Collier et al., 1992) kai
TNV KAPTTUAN TNG METARBOANG TNG oTAGBUNG TnG BAAaccag atd Siddall et al. (2003),
TTPOKUTITEI TTWG N ICNPaToyéveon ATav mBav pévo katd cuykekpiyéva diaotriuarta (MIS
5e, ~125, MIS 6e, ~175, MIS 7 ~(190-240) kai MIS 9 ~310 xIAiGdeg Xpodvia). H
Tapoucia Tng E. huxleyi 1600 OoTa em@aveiokd dgiypata 600 Kal OTO GUVOAO TwV
OEIYMATWY TWV YEWTPNOEWV TTEPIOPICEI ONUAVTIKA Ta TTIBAVA oevApla O VEWTEPA ATTO
240 YINGAdEeG Xpovia, v AOYw TwVv NAIKIWY TwWV KOpaAAlwy dev duvaTtal va gival atro 10

didotnua MIS 5e ota 125 xIAiddeg xpovia (k. 12-1).

210 emi@avelokd deiygaTta TTou TTapaTtnpndnkav pévo small Gephyrocapsa spp. Kai
Reticulofenestra spp. xwpi¢ kokkdAIBoug atrd E. Huxleyi, Large Gephyrocapsa (>4 um)
kal Pseudoemiliania lacunose n ekTiywpevn nAKia Toug kKupaiverar amd 240 éwg 430

XINIadeg xpovia (Backman et al., 2012).
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XI. B) Tekrovikn dpaocrnpiotnTa

O pubpuodg avuywong NG TTepIoxns Tou loBpou 0.3 mm/yr ta TeAeutaia 205 XIAIGOEG
XPOVvIa €XEl UTTOAOYIOTEI e aTTOAUTN XpovoAdynon U/Th amrd toug Collier et al. (1992),
Dia et al. (1997) and Pierini et al. (2016) pe dedopéva ammd pakpoarroAiBwuaTta. Méow
TWV vVavOaTTOANIBWUATWY OPWG UTTOPEI va eKTIUNBEI €K vEou O PUBPOG auTdg PE HIa
EVTEAWG BIAQOPETIKI peBodOoAoyia. ZuvuttoAoyifovTag TO TTAAAIOBABOG OTTWG EKTIMAONKE
otnv yewTtpnon GA-2 kai Tnv trapoucia g E. Huxleyi TTpokUTITEl pia nAKKia attd 125
€wg Ta 265 XINIAdEG xpovia. Me Bdon 1o atTOAUTO UWOPETPO TNG YEWTPNONG TTPOKUTTTEI

évag pubudg avuywong ~0.34 + 0.12 mmlyr (eik. 12-2).

EmmAéov pe Bdon tnv mmapoucia tng E. Huxleyi ota em@aveiakd deiypara S.23.9/2,
S.25.9./3, S.25.9/2 ka1 S.12/7/3, ekTIdATAI N id1a NAIKIa KAl KATG CUVETTEIQ Evag puBudg
avoywong ~0.27 £ 0.12 mm/yr. H amoucia tng E. Huxleyi ota deiypara 17/7/5 kai
S.17/7/6 odnyei 010 cuuTTépacua WG n mMOav Toug nAikia eival amd 280 éwg 410
XINIAOEG XpOVIa Kal KATa CUVETTEIO £vag puBuog aviywong ~0.33 = 0.12 mm/yr (K. 12-
2, 12-3). Aflo ava@opdg €ival TTwg Ol EKTIMWMEVOI PuBUOi gival TTOAU KOVTA 0€ auToug
TTOU €ixav TIPOTEIVEI Ol TTPONYOUMEVOI E€PEUVNTEG, ETTIBEBAILIVOVTAG TOUG PUBUOUG
aviywong n yvwon Twv oToiwv Traiel KaBoploTikG poAo OTnv aTtreikovion Tou

TTaOAQIOTTEPIBAAAOVTOG.

Evrovotepn TekTOVIKA dpacTtnpidtnTa oTov IoBud TTapartnpeital 0To avatoAlkO TUAPQ
TOu, OTTWG @AiveETAlI TOOO ATTO TNV TOTTOYPAPIa OO0 Kal ATTO T prydaTa oTnv Alwpuya
(trx. Collier, 1990; Collier et al., 1992; McMurray and Gawthorpe, 1994 kai n TTapouca
epyacia) (eik. 12-4). Me Bdaon Toug BIOPOPETIKOUG PUBUOUC aviywong OTTwG £XOUvV
uttoAoyioTei atrd Ta vavoatroAiBwuata (Tour) C-C’, eik. 12-3), ekTiydral £vag UEYIOTOG

puUBPGGS oAioBnong yia 1o priypa KaAapakiou-loBuiwv ~0.07£0.02 mm/yr.
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XI. y) TekTOVIKES KIV)OEIS OTNV Td@po NAouTtpakiou-Kexpiwv

Ta Baoikd priypara 1ou emTnpeddouv Tnv Treplox Tou loBuou cival Ta pAyuata Twv
Kexpiwv, TG pnélyevoug Cwvng Twv AAkuovidwyv, Tou AouTpakiou kal Tou Ayiou
BaoiAgiou (eik. 12-5). To priypa Twv Kexpiwy, pia dopr) ouvoAikoU YAKOUG ~ 24 km, EXEl
pubuod oAioBnong ~0,15-0,20 mm/yr Kal TATTEIVWVEI TNV TTEPIoX Tou loBuou (TTx.
Koukouvelas et al.,, 2017; Deligiannakis et al., in press) (ek. 12-6). To priyha Tou
Noutpakiou (eIK. 12-7) éxel Trepitrou 15 Km PAKOG, TATTEIVWVEL TNV TTEPIOXHA Tou loBuou
Kal €xel puBud olicbnong mepitrou 0.50 mm/yr (Roberts et al., 2011). To priypa ToU
Ayiou BaoiAgiou (1. 12-5) éxel pnkog mepitmou 38 km, puBud oAiocBnong Trepitrou 0,20
mm/yr Kal €TTiONG TATTEIVWVEI TNV TTEPIOXN Tou loBuou. H Trepioxry Tou loBuou
avuywveTal atrd Tnv emidpacn Tn {wvng Twv AAKuovidwv. H oeiopikr) akoAoubBia 1o ‘81

aviywaoe Tnv Treploxn Katé 2 ekarootd trepitrou (Mariolakos & Stiros, 1987).

lMNa TNV povteAoTtroinon Tou pubuou aviwwaong Kal TaTTEivwong atmo KABe éva Kavoviko
PAYMQ OTNV TTEPIOXN, XPNOIMOTTOINBNKE N £TTIOpacn Tou oeiopou Tou 2009 otnv L’Aquila
(Itahia) (ek. 12-8), oc€lIONOG TTOU TIPOKANBNKE aTrd TNV dpdon E€TTiONG KAVOVIKOU
priydatog (mmx. EMERGEO Working Group, 2009, 2010; Papanikolaou et al., 2010;
Goudarzi et al.,, 2011; Cheloni et al., 2014; Livio et al., 2017). 'Etol ye Bdon tnv
emidpaon KABe OOPNG OTNV TIEPIOXH UTTOAOYIOTNKE N EKTIMWMPEVN avUWwaon Kal

Tatreivwon TnG TrepIoxng Tou loBuou, atrd Ta priypata (K. 12-9, ye 12-13).

TNV OUVEXEID €XOVTag oav BAon TOUG EKTIMWHEVOUG PUBPOUG aviywaong TNG TTEPIOXNS
(ek. 12-14) amod Toug Collier et al. (1992), Collier and Thomson (1992), Dia et al. (1997),
Pierini et al. (2016), uttoAoyioTnke N dlIAPOPA PE TA ATTOTEAECUA TOU POVTEAOU Kal KaTA
OUVETTEIQ, TTOOO €ival 0 pUBPOGS TNG YEVIKOTEPNG avUWWONG TNG TTEPIOXNG TTOU ATTAITEITAI
WOTE va I0XUouv ol uttoAoyiopévol puBuoi aviuwwaong pe Bacn tnv BiBAoypagia.
AloonueiwTo €ival TTwG TTapaATnEEITal Yo Peiwon Tou puBuolu autol TTPoG Ta  PopEia

BopeioavaTtoAikd.

MNa va yivel o €U@AvVAG N onuaoia Tng YEVIKOTEPNG aviywong TnG TTEPIOXNS
KATOOKEUAOTNKAV Ol XAPTEG TNG UTTOBETIKAG TTaAQIoyEwypaiag TNG TTEPIOXAS ME Bdon
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MOVO TNV €TTidpacn Twv pnydaTwy 1piv amd 125 kar 200 xIANGdeg xpovia (k. 12-15).
Xwpig Tnv €mmidpacn TnNG YEVIKOTEPNG avUWwaong oTnv Trepioxn, o loBudg aivetar va
ATAV HOVIHWG avadupévog, evw oUPewva TOooo e TNV BiBAloypagia 6co kal Ta
armroTeAéopaATA TNG TTAPOUCAG EPYOOIOG, N TTEPIOXN Tou loBuou xapakTnpiletal atro

evaAAayEG BaAdooIwv/xepoaiwy ICNUATWY.

XI. 6) MNaAaioyswypaeia tng mepIoxns

To TeNIKO TTPOidv auTng TNG dIaTPIBAG €ival n TTAAAIOYEWYPAQIKA €EEAIEN TNG TTEPIOXAS
Tou loBpou. MNa Tnv TTaAaloyewypa®ik €EENIER TOU XpNOIPoTTOINBNKav N WETABOAR TNG
oTabung TnG BAAacoag, éva uWnAAG avaAuong PovTéAo Tou avayAugou, O puBuog
aviywong Tng TEPIOXAS KabBwg kal Tta dedopéva atmd Tnv TTapoucda epyacia Kal
dnuIoupynROnke N TTOAQIOYEWYpPAQia TNG TTEPIOXNS Tou loBuou Ta TeAeuTtaia 350 xIANIAdES
Xpovia (eik. 12-17). ‘ETo1 Bwpeital TTwg UTTApXE dIaUAOG ETTIKOIVWVIOG TwV dUO KOATTWV
(KopivBiakdg kal Zapwvikog) mpiv ammd ~310 kai Tpiv a1rd 200 xIAiddeg xpovia (MIS 9
Kal 7 avTioToIxa), evw atrd TOTE Kal JETA n ouveXOUEVN aviywaon TnG TTEPIoXNG odAynoE
oTtov oxnuaTioyd Tou loBuol. AgloonueiwTo e€ival TTwg ue Bdon TNV AETTTOMEPN
BuBoueTpia Tou Zapwvikou Kail TNV PMETABOAA TG oTABUNG TNG BdAacoag ival TiBavov

o€ KABe TrayeTwodn mePiodo va oxnuatifetal yia TTaAaloAiuvn (K. 12-6).

XI. €) lNMepropiouoi kar Suvarorntes ¢ mapouvoag diarpifns

‘Eva Baoikd atrotéAecua Tng Tmapoucag diatpIBAS €ival n onuacia tng peBodoAoyiag
TToU akoAouBronke. Baoiopévn o€ SIAQOPETIKA ETTICTNUOVIKA QVTIKEIMEVA £yIveE duvATOV
va TTpoodIopIoTEl  PE  MEYAAN  akpiBeia kol aglomoTiO N TTEPIYPOYPr]  TOU
TTaAQIOTTEPIBAAAOVTOG, KABWGS Kal 0 OXETIKOG TTPOCOIOPIoNOS TNG NAIKIOS Twv ICNUATWY

ME TNV Xprion d1a@opeTIKWY HeBodoAoyIwy. MNapdAo TTou ekTIUAONKE n OXETIKA NAIKia
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TWV ICNUATWY, AOYW TNG aTTouciag TNG ATTOAUTAG XPOvoAdynong Twv ICNUATwY ol

EKTIMWMEVEG NAIKIEG EXOUV OXETIKA HEYAAO €UPOG.

Mo v KaAUTEPNn TIEPIYPAQN TNG ETTIOPACNG TWV PNYMATWY TTOU £TTNPEACOUV TIG
TEKTOVIKEG KIVAOEIG OTNV TTEPIOXN], AVAAUBNKaAv JIAQOPETIKA CEVAPIO OXETIKA WE TNV

avaAoyia TNG TEKTOVIKAG aviywaong/Tatreivwong pnydAaTwy KaBwg Kal KAIon auTwv.

XI. Zuumrepaouara

H mTapouca diaT1pIBn TTapoucidlel TOO0 TNV TTOAQIOYEWYPAPIKN €CENIEN TOu |l0BUOU KaTd
TO TeTapToyevég, 600 Kal TIG OIODIKAOIEG EKEIVEG (EUOTATIKEG KAl TEKTOVIKEG KIVAOEIG),

TTOU 08rynoav OTIG CUVEXOMEVES OAAAYEG TNG YEWHOPPOAOYIQG.

Apxikd péoa atrd dedouéva 11 YEWTPNOEWV KOl ETTIPAVEIAKWY OEIYUATWY aTTO TNV
epioxy Tou loBpou TTpocdiopioTnke TO TTAAQIOTTEPIBAAAOV TOCO HE TNV OTATIOTIKN
avaAuon Twv atroTEAEOUATWY 600 Kal Pe TNV BorBeia Tng AIBoAoyiag Kal TG payvnTIKAG
EMOEKTIKOTNTAG TWV ICNUATWY. Me Tnv BorBeia Twv vavoaTToAIBWHATWY £YIVE O OXETIKOG
TTPOCBIOPIONOS TNG NAIKIAG TWV OTPWHATWY (atmd 125 éwg 240 YIANIAdES XpOVIa yia TIG
YEWTPAOEIC Kal atto 125 €wg ~410 XIANIGdES Xpdvia yia Ta ETTIPAVEIOKA ICuaTA) KOl 0TV

OUVEXEIQ N OUOXETION TWV OIAQOPETIKWY OPICOVTWV.

‘Emreira akoAouBbnoe n 1pIo0d1a0TaTn aTTEIKOVION TWV ICNUATWY TOU avATOAIKOU TURMATOG
Tou loBuoU, KaBwg Kal 0 TTPOCBIoPICUOG Tou pubuou aviywaongs (~0.3 £ 0.12 mmlyr)
NG TrEPIOXNS. MEow TNG AETTTOPEPOUG XapToypdenong tou pryuatog KaAapakiou-
loBuiwv kal ye Bdon Ta vavoatroAIBwuaTa TTPocdIopioTNKE €vag pubuog oAicbnong yia

10 priyMa ~ 0.07+£0.2 mm/yr katd Ta TeAeutaia 200 xIANIGdeS xpovia.

Mpayuatotroidnke n avaluon TG aviywaong Kal TG TATTEIVWONG TwV ONUAVTIKOTEPWY
PNYMATWY TNG €upuTNTEG TTEPIOXNS. Me Bdon Ta ammoTeAéoupata auTd, eKTIUAONKE O
PUBUOC TNG YEVIKOTEPNG TEKTOVIKNG avUWwaong TNG TTEPIOXNAG.
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TéNog, pe Baon 1600 Ta dedopéva ATTO AUTHV TNV €pyacia, Tov pubuo aviywaong Tng
TTEPIOXNG, TO AETTTOUEPEG MOVTEAO TOU QVAYAUQOU TNG TTEPIOXNG KOl TIGC EUCTOATIKEG
KIVIo€EIG TNG BAAacoag, €yIVE N AVOKOTAOKEUN TOU TTOAQIOTTEPIBAAAOVTOG KATA TO

TeTapToyevég.
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