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Abstract

The current master thesis focuses on the palaeoenvironmental reconstruction in the
Epidaurus Basin region which is located in the southwest Saronikos Gulf (eastern
Mediterranean), over the past 1500 years. It addresses the interactions of the terrestrial and
marine environments and the response modes of the marine environment in relation to the
climatic changes observed in the area. For this purpose, the sedimentary record of the
multicore S25_1 was analysed for selected biogeochemical markers and indices of terrestrial
and marine origin, which convey a specific signal from the environment in which they were
biosynthesised. The aforesaid biomarkers are lipid organic compounds, i.e. n-alkanes, n-
alkanols, long chain alkenones and steroid alcohols that allow the reconstruction of the past,
and specifically of parameters such as the sea surface temperature (SST), the hydrological
regime, the paleo-productivity trends, the water mass circulation, the organic matter inputs
and sources, the preservation vs. degradation of organic matte along with the stratification
and oxygenation dynamics of the water column and the underlying sediment and the
anthropogenic imprint that the region receives, mainly in the years of the industrial
revolution (~ last 150 years). In the current thesis the age intervals that are analysed are 1)
Dark Ages - DA (7™-10™ centuries), with decreased SST compared to the rest of the dataset
but concurrently with an upward trend, 2) Medieval Climate Anomaly — MCA (10%-13%"
centuries), which exhibited an upward trend in SST values, 3) Little Ice Age - LIA, which divides
into two phases, namely the warming phase (13"-16™ centuries) and cooling (16%™-19%"
centuries) and 4) Industrial Period - IP (19" century onwards), in which age interval the
anthropogenic impact on the environment is observed through certain indicators and this
century marked by a downward trend in SST values during the early 20™" century.

Keywords: Palaeoclimatology, Mediterranean, Biomarkers



MeplAnyn

H mapoloa OumAwpatikl epyoaocia €xel w¢ KUPLO OTOXO0 TNV aAvooUCTACn TOu
naAatoneptBailovtog otn Askavn tng Embalpou, n omoia Bploketal oTta VOTIOSUTIKA TOU
JapwvikoU KOATou (avatoAilky Meoodyelog), ta teAeutaio 1500 xpovia. Mo avaluTika,
ooyoleital pe TOV TPOOSLOPLOHO TwWV aMnAemSpdoswv Yepoaiou Kol uddAtvou
MepBAANOVTOC KOl TNV amokplon Ttou BaAldooclou TepBAAAOVTIOG O OxEon HE TIG
KALLATOAOYLKEC aANQYEC TTIOU GNUELWVOVTOL OTNV TtepLoXr). Mo TNV EUMEPLOTATWHEVN HEAETN
TWV poavadePOUEVWY XAPAKTNPLOTIKWY XpnoLlomnolnnke 1o {nua tou mupnva S25 1 kat
TILO GUYKEKPLUEVO OpLOpEVOL Bloyewyxnuikol deikteg xepoatiag kal Baldoolag mpoéAeuong, oL
ormolol PEeTAPEPOUV £va OUYKEKPLUEVO onua omd to mneplBdallov oto omoio £€ylve n
BloouvBbeory toug. Ou Plodeikteg autol amoTeAoUV AUTLOIKEG OPYAVIKEC EVWOELG Kol
OUYKEKPLUEVOL QVAKOUV OTLG OHASEG K-OAKAVLA, K-OAKAVOAEG, QAKEVOVEC KOl OTEPOELOE(C
OAKOOAEG TIOU ETUTPEMOUV TNV AVATAQON TwV TAPEABOVIIKWYV CUVONKWVY TNG EKAOTOTE
TLEPLOX NG KOL TILO CUYKEKPLUEVO LECW TTIAPAUETPWY OTIWG T Beppokpaacia otnv emidaveLa tng
BaAaocoag (SST), to USPOAOYIKO KOOEOTWC, TIC TACELC TOAQLOTIOPAYWYLKOTNTAG, TNV
KukAodopia twv udatvwv palwv, TG ELOPOEC KAl TINYEC TNG OPYAVIKAC UANG, TN Slatrnpnon
£VaVTL TNG amolkodOUNCNE TNG OPYAVIKAG UANG pall Me TN SUVAULKN TNG OTPWUATWONC Kal
ofuyovwong tng udaTvng oTNANG KAl TOU UTIOKELUEVOU HMATOG, AAAQ KOL TOU OLKOAOYLKOU
OMOTUTIWHATOG TNG avBpwrvng Spactnpldtntog mou SEXETAL N TEPLOXN], KUPLWE Ta Xpovia
™¢ PBlopnxavikng emavdotacng (~ ta teheutaia 150 €tn). Itnv mopouoca Satplpn to
NnALKLaKA Staotipota mou avalvovtal sival Ta €€n¢: 1) n mepiodog TWV OKOTEWVWV XPOVWY
tou Meoaiwva (Dark Ages - DA), (7°°-10° alwvag), Tou mapouolalovial LELWUEVEG TUUEG SST
O€ OX€0N ME Ta UTOAOLTTA SLACTAMATA TIOU avaAUovtal aAAd LE TOUTOXPOVN AUENTLKN TAoN,
2) n mepiodog KAMATIKAG avwpaAiag tou Meoaiwva (Medieval Climate Anomaly - MCA),
(10°%-13°¢ awwvac), To omoio Sldotnua mapouciacs avodikr TAon oTLg TIUEG SST, 3) n pikpn
MNayetwéng Nepiodog (Little Ice Age - LIA), n omola xwpiletal oe Vo daoelg, Tn Bepur ddon
(13°%-16°¢ awwvag) kat Tnv Yuxpn ¢daon (16°-19° awwvag) kot 4) Ta xpovia and Tnv evapén
™G BLOopNXOVIKAG emavaoctaong £wg onpepa (Industrial Period — IP), (19°¢ awwvag Kal HETA),
KOTA TNV omola mopatnpeital otadlakd n avbpwrivn mapéppacn oto mepBAAlov Kal OTLG
opXEC Tou 20°° atwva kataypddovtal LELWHEVEG TLPEC SST.

Né€elc kAeLSLa: MalatokAlpatoloyia, Meodyelog, Blodeikteg

xi
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1. INTRODUCTION

1.1. Palaeoclimate and climate variability in the Mediterranean Sea

The climatology discipline studies the climate as an aggregation over years of meteorological
variations while oceanography focuses on the ocean as part of the hydrosphere, determining
its geological, chemical, physical and biological conditions. Both words preceded by the prefix
paleo (palaios~ancient) introduce the approach from history, the past. The instrumental
measurements are a legacy of exceptional value, though they cover from few decades to
centuries in the best of cases. It is necessary to compare and complete them with the data
provided by indirect climatic sensors (proxies), which are contained in archives such as
historical documents, archaeological strata, tree growth rings, ice cores, speleothems in
caves, corals, lacustrine and marine sediments, among others (Dobrovolny et al., 2010;
Dragusin et al., 2014; Felis et al., 2000; Gogou et al., 2016; Zanchetta et al., 2012). These
contain information and sensors of past environmental signals (temperature, precipitation
and other variables).

There are ongoing efforts to revise the Mediterranean paleoclimate archives and improve the
spatial coverage to facilitate evaluation of contrast/see-saws from the western to the eastern
part, the latter currently poorly represented within latest compilations (Consortium, 2017;
Hernandez et al., 2020; Konecky et al., 2020). Traditionally, many of the detailed climate
series reconstructions have been based on terrestrial archives. High-resolution marine
archives have received less attention, considering the highly relevant fraction that the ocean
represents (2/3 of the Earth) and its fundamental role in the environment. In this context,
marine sediments are used to reconstruct the oceanographic and environmental conditions
of each region and specific period of time (Incarbona et al., 2016).

Within Koppen’s climate classification, the current Mediterranean climate is transitional
between the temperate and tropical zones, with dry and hot summers and mild, rainy winters
affected by westerly circulation (Mahairas & Balafoutis, 1997; Peel et al., 2007). Following the
Martonne's classification for the hydroclimate of the Mediterranean, the region is spatially
confined between the warm temperate fully humid climate from the north and the arid
climate from the desert in the south. Furthermore, a wide variety of local and occasional
climatic phenomena result in land-sea interactions/connections, from the northwestern
transitional continental regimes to the southeastern subtropical climates (Lolis et al., 2002).
Specifically for the eastern Mediterranean and the Aegean areas, winds blowing during the
summer season promote mild winters, cool summers, low to moderate precipitation, long
summer drought and high frequency of strong wind currents (Mahairas & Balafoutis, 1997).

The Mediterranean climate variability changed during the Holocene (i.e., the present

interglacial period, from 11.7k to present (Fig. 1); (Gibbard et al., 2022), following three

phases. First, from 11.7 to 8.2k (Greenlandian), the final part of the deglaciation, when the

seasonal cycle of the northern hemisphere increased, causing the African monsoons to shift

to northern areas influencing the eastern Mediterranean climate (e.g., Triantaphyllou et al.,

(2009)). The result was perturbations to thermohaline circulation and massive freshwater
1



discharge through precipitation levels and river runoff. The freshwater-driven stratification
caused seafloor anoxia below a depth of approximately 1800 m (Incarbona et al., 2019), as a
result of both a failure of deep water formation and enhanced productivity in the euphotic
zone (Rohling, 1994; Rohling et al., 2015).
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Figure 1.: Geological and Historical Timeline (Gibbard et al., 2022).

Second, from 8.2k to 4.2k (Northgrippian), which proves the existence of sudden climate
oscillations that can occur even over a little period of time and affect specific areas or can
develop into a large-scale phenomenon. A representative example of the aforesaid condition
is sapropel S1 (deposited ca. from 10.8k to 6.1k), which in some areas shows an interruption
during the 8.2k cold period, differing in others (Walker et al., 2012).

Third, from 4.2k to present (Meghalayan), which includes the period studied here (past 1.5k)
and presents several events that point to the Mediterranean area as a region sensitive to
complex environmental and oceanographic climate changes. For instance, reconstructed
surface temperature changes over this period in the northern Iberian peninsula, using high-
resolution stable carbon isotope records of stalagmites from three limestone caves, identified
different time intervals as follows (Martin-Chivelet et al., 2011): (a) the Roman Warm Period
(RWP) as a warm period (-550-300 years before the common era, BCE); (b) the Dark Ages Cold
Period, a notably cold interval (lasting from 300-600 years of the common era, CE), with a
thermal minimum at approximately 450 y CE; (c) the Mediaeval Climate Anomaly (MCA), with
generally warm conditions from 600-1250 y CE, namely the, are recorded and two cooler
events at 700 and 1100 y CE respectively; (d) the Little Ice Age (LIA), with lower temperatures
during the subsequent period (1250-1850 y CE), including cooling extremes at 1350-1450 y
CE, 1600-1650 y CE and finally (e) the Modern Warming, the past 0.150k, from 1850 y CE to
present, characterised by rapid but non-linear warming (Martin-Chivelet et al., 2011; Roberts
et al., 2012).



Studies with high-resolution records from lake and marine archives and tree rings from lIberia
and Morocco indicate lower water levels and higher salinities during the MCA and wetter
conditions during the LIA (Esper et al., 2007; Roberts et al., 2012). On the contrary, evidence
from lake and speleothem indicators from Turkey show a converse pattern with wet
conditions during the MCA and dry conditions during the LIA for the eastern Mediterranean
(Roberts et al., 2012). Therefore, a dissimilar pattern between eastern and western climates is
suggested, which seems to be taking place during the past millennium in the Mediterranean
region. However, more information is needed from the eastern Mediterranean (Cook et al.,
2016; Roberts et al., 2012) and the present study aims to help in understanding the climate
dynamics in the region.

The most important large-scale atmospheric modes of climate variability in the Northern
Hemisphere with implications to the climate distribution over the Mediterranean Sea are the
North Atlantic Oscillation (NAQO) and the AMO (Atlantic Multidecadal Oscillation) (Hernandez
et al., 2020). Both of these indices explain significant climate phenomena on the weather
patterns and variability in the Mediterranean region. The NAO represents a north-south
seesaw pattern of atmospheric pressure between the Icelandic Low and the Azores High
(Hurrell et al., 2003). The AMO is a natural climate cycle characterised by fluctuations in the
sea surface temperatures of the North Atlantic Ocean and can have a profound influence on
temperature and precipitation patterns in the Mediterranean region, characterised by a cycle
of 70 years (Marullo et al., 2011).

1.2. Climate reconstructions derived from organic biogeochemical tools

It should be mentioned that records from instrumental measurements and techniques can
offer valuable information for determining past climate changes and fluctuations.
Nonetheless, time series of measured environmental parameters are not always able to
capture short-term processes, non-analogue situations and rare and local events, since they
are most often temporally inhomogeneous and spatially very inconsistent (Versteegh, 2005).
Hence, instrumental records fail to capture the overall view of climate variability and
oscillations (Jones et al., 2001), and marine records and different biomarkers measured in
their strata help in embracing the whole environmental evolution.

Biomarkers are the organic compounds which are produced by all organisms both in the
terrestrial and in the marine environment. Their fundamental chemical composition consists
of carbon and hydrogen atoms. Additionally, the aforesaid organic molecules are preserved in
rocks, soil and sediments and in rocks which correlate to petroleum molecules (Eglinton &
Hamilton, 1967; Tyson, 2006). Some organic compounds are resistant to environmental
conditions, while other organic molecules subject to changes due to environmental stress and
degradation have also a recognizable structure. This fact leads to the provision of information
about the process they have undergone and organic molecules can be considered as chemical
fossils (Rosell-Melé & McClymont, 2007). In summary, the determination of biomarkers
provides information about the origin of the organic matter, i.e. terrestrial or aquatic, the
diagenetic conditions that the respective sediment underwent and the paleoenvironmental

3



conditions during their biosynthesis (Brocks & Grice, 2011; Luo et al., 2018). It should also be
mentioned that as the sediment depth and water column increase, the absolute amounts of
organic compounds decrease and this constitutes the outcome of diagenesis (Rosell-Melé &
McClymont, 2007).

Lipid biomarkers constitute one of the most important classes of molecular markers. These
compounds are produced by organisms, are insoluble in water and soluble in non-polar
solvents that dissolve fats, particularly n-hexane, dichloromethane and toluene (Luo et al.,
2018). This category includes substances such as fatty acids, alcohols, hydrocarbons, glycerol
esters and ethers (Luo et al., 2018).

Hence, biomarker proxies can be employed to gain quantitative and qualitative
measurements and results for palaeoceanographic and climatic parameters, and area useful
tool for the reconstruction of past sea surface temperatures (SSTs), land-ocean interactions,
marine productivity etc. The previously mentioned results can be associated altogether to the
study of biogeochemical cycles and climate change.

1.2.1. n-alkanes and n-alkanols

Aliphatic hydrocarbons (AHs) are amid the most ubiquitous organic compounds in various
environments, such as coastal and pelagic sites (Dachs & Méjanelle, 2010; Hasanuzzaman et
al., 2007). The previously mentioned compounds, for instance n-alkanes, isoalkanes,
cycloalkanes, terpenes, hopanes, and steranes, are derived from both biogenic sources, such
as terrestrial plant waxes, marine phytoplankton and bacteria and anthropogenic ones (Duan
Fengkui et al., 2010; Rushdi et al.,, 2006), and are the major constituents of petroleum
products, crude oil and refined fossil fuel (Wang et al., 1999). AHs, mainly n-alkanes, are
introduced to the marine environment via both atmospheric, dry and wet deposition, gas
exchange across the air-water interface and aquatic pathways, i.e. direct discharges,
continental run-offs, off-shelf export) the relative importance of which largely depends on the
geographical setting of a given area (Parinos et al.,, 2013). Pertaining to anthropogenic
sources, AHs enter marine environments through atmospheric dust, runoff, spillages,
industrial and sewage effluents, shipping activities, and natural oil seepage (Appolinario et al.,
2020; Huguet et al., 2019; Rushdi et al., 2018), as well as by organic matter biodegradation
(Rushdi et al., 2018) a fact which results in the formation and release of hazardous organic
pollutants (Al-Khion et al., 2021). The n-alkanes constitute the simplest hydrocarbons and are
relatively inert under oxidising and reducing conditions. Their general chemical formula is
CnHaneo.

The n-alkanols belong to the category of alcohols with a straight carbon chain. The aliphatic
alcohols can be regarded as derivatives of alkanes, in which one or more hydrogen atoms
have been replaced by hydroxyl groups [-OH] with a general chemical formula of C,H2,.,0H.
Homologues of long chain n-alkanols, as well as the n-alkanes, typically appear in terrestrial
and marine sediments (Cranwell, 1972; Huang et al., 2000). Further, high molecular weight n-
alkanes and n-alkanols are the major components of epicuticular plant waxes (Eglinton &



Hamilton, 1967), and have been often used as proxies of allochthonous natural (terrestrial)
inputs into the marine environment (Gogou et al., 2007; Ohkouchi et al., 1997).

n-alkanes and n-alkanols, have been previously used as proxies in palaeoclimatology to
reconstruct past climate and to estimate past climate variations, environmental conditions
and ecological changes in the eastern Mediterranean and Aegean Sea region (Gogou et al.,
2007; Kouli et al., 2012, Parinos et al., 2013).

1.2.2. n-alkan-1,15-diols and keto-ols

Diols are organic aliphatic chemical compounds containing two hydroxyl groups (-OH groups).
Especially for long-chain Cso n-alkan-1,15-diols, they have been found both in marine and
freshwater settings (Pedrosa-Pamies et al., 2015, 2018, 2019; Rampen et al., 2012; Versteegh
et al., 2000), notwithstanding their exact biological sources are still under investigation. The
known biological precursors of long-chain diols are marine nannoplankton of the class
Eustigmatophyta, first discovered in particular in the Nannochloropsis spp. microalgae (Gelin
et al., 1997; Volkman, 1986).

Ketols are organic compounds, which have both an alcohol (CH,OH) and a keto (=CO). The
present thesis is taking into account the C3p 1,15-keto-ol, which seemingly constitutes an
oxidation product (Menzel et al., 2003) of the corresponding Cso diols (C3p 1,15-diol) (Rampen
et al., 2012; Volkman, 1986; Volkman et al., 1999) formed during settling of particles in the
water column or in the sediment and/or, as has been recently proposed by (Versteegh & Lipp,
2019), by yet uncharacterized source species. Nonetheless, the long-chain diols have been
identified in Proboscia diatoms as well (Rampen et al., 2008; Rodrigo-Gamiz et al., 2013).
Finally, the aforementioned compounds used as biomarkers in the studies of past climate
conditions, particularly in the analysis of sedimentary records such as lake sediments and
marine cores.

1.2.3. Isoprenoid derivatives

Loliolide (1,3-dihydroxy-3,5,5-trimethylcyclohexylidene-4-acetic acid lactone) constitutes a
monoterpene (Percot et al., 2009), which is a chemical class of terpenes, consisting of two
isoprene units, has the molecular formula CioH1s and belongs to the secondary metabolites
produced by organisms, for instance plants and fungi.

Pertaining to the origin of loliolides it is suggested that loliolide/isololiolide is an anoxic
degradation (Menzel et al., 2003) or a photo-oxidation product of algal carotenoids, such as
fucoxanthin, the major carotenoid in diatoms, as well as in dinoflagellates and haptophytes
(Klok et al., 1984; Menzel et al., 2003) and zeaxanthin (Isoe et al., 1972; Repeta, 1989). As
such, loliolides are utilised as biomarkers for photo-oxidative alterations of phytoplankton in
sediments (Klok et al., 1984).



Diatom blooms are characteristic of highly productive areas, like upwelling regions where
cold and nutrient-rich waters reach the euphotic zone. Consequently, the rapid increment in
loliolide/isololiolide accumulation rates reveals a quick change in nutrient-rich conditions
(Menzel et al., 2003).

Moreover, as it is clear by the above, during oxic deposition conditions, the formation of
loliolide from fucoxanthin is impossible, since loliolide is a photosynthetic product under
hypoxic to anoxic conditions. Therefore, the aforesaid proxies are abundant in sapropelic
layers and in the eastern Mediterranean. Finally, the abundance and distribution of these
compounds in sediments along with other organic compounds can be used to reconstruct
past environmental conditions such as primary productivity and nutrient availability.

1.2.4. Long chain alkenones

Alkenones belong to the homologous series of unsaturated methyl- and ethyl-ketones and
they have characteristic long carbon chain homologues consisting of 37 to 39 carbon atoms,
occurring in marine particles and sediments. They are biosynthesized by a very specific group
of the order of Haptophytes, also known as Prymnesiophytes, the coccolithophores and
specifically by the species Emiliania huxlei and Gephyrocapsa oceanica (Sawada et al., 1996).
Long-chain alkenones reflect the productivity of haptophyte algal species of the
Prymnesiophyte class. Emiliania huxlei species, in particular, is the most abundant and
widespread coccolithophore in the oceans and is considered the dominant producer of
alkenones in the modern environment. On the other hand, Gephyrocapsa oceanica
constitutes an important contributor mainly in warmer tropical and subtropical regions (Sikes
et al., 1997; Volkman et al., 1995).

Several measurements of alkenones in the water column have shown that their maximum
production is located on the surface layer of the sea (Herbert, 2003). Generally, the time of
maximum abundance of E. huxleyi and/or G. oceanica and the maximum flux of alkenones
into sediment traps coincides with the dominant period of phytoplankton blooming. Hence,
production positively peaks in spring months in most subtropical and mid-latitude locations
(Broerse et al., 2000; Cortés et al.,, 2001; Harada et al., 2001; Sprengel et al., 2000).
Furthermore, despite the fact that the alkenones are the product of calcareous algae, they
are also able to survive in sediments where carbonate has dissolved.

In general, another characteristic of alkenones is their resistance to chemical degradation and
consequently their preservation in marine sediments. Their remarkable durability is due to
the presence of double bonds in their molecules. While usually double bonds are sensitive to
degradation processes, in alkenones they have an unusual trans geometric isomerism (they
cannot be rotated), which does not allow their coupling and makes them particularly
stable/recalcitrant to diagenesis in the water column and within the sediment (Herbert, 2003)
and resistant to degradation by bacteria. The first reported occurrence of alkenones was
identified in Miocene through Pleistocene age marine sediments on the Walvis Ridge (Boon et
al., 1978).



In addition to the biogeochemical information, which is extracted from the study of the
aforementioned long-chain unsaturated ketones, the correlation between the abundance of
alkenones and the temperature of the seawater, where their biological precursors, the
coccolithophores, grow, has been confirmed. In order to allow for a direct comparison
between alkenone unsaturation and water (growth) temperature (Brassell et al., 1986), the
ketone unsaturation index UX, was introduced. This index will be further analysed in the
following chapters. In the Aegean Sea area, there have been studies such as that of Gogou et
al. (2007) and Triantaphyllou et al. (2009) using alkenones for the reconstruction of past SST.

1.2.5. Steroid alcohols

Steroid alcohols constitute essential lipids in eukaryotic membranes controlling the
membrane permeability and rigidity (Volkman, 1986). Moreover, their broad diversity,
biosynthetic specificity and good stability toward diagenetic reworking in marine sediments
render them adequate indicators for marine particulate and sedimentary organic matter
(Hudson et al.,, 2001; Nash et al., 2005; Volkman, 2005) and environmental changes
(Mouradian et al., 2007), e.g. the sum of algal concentrations, in both the modern and
ancient ocean.

An amble variety of functionalized steroids was identified in recent sediments and is
categorised by the number and position of double bonds, hydroxy-, oxo- and alkyl groups,
and other complex substituents. They can be diagnostic for an array of taxonomic groups, in
particular algae (Volkman, 2003). By the same token, marine sterols are main constituents of
several marine phytoplankton groups (Menzel et al., 2003; Volkman et al., 1999). For
instance, brassicasterol (28A>?%, 24-methylcholesta-5,22-dien-3p-ol) is the major sterol in
many diatoms, yet it also occurs in some prymnesiophytes, principally Emiliania huxleyi and in
general is considered a strict phytosterol, i.e. it cannot be biosynthesized by zooplankton
(Cavagna et al.,, 2013). Dinosterol (30A%%, 4q,23,24-trimethyl-5a(H)cholest-22(E)-en-gB-ol)
constitutes a major compound in dinoflagellates (dinocyst) and is commonly used in
palaeoceanography as source-specific biomarkers of this algal species (Mouradian et al.,
2007; Volkman, 1986; Volkman et al., 1999). Cholesterol (27A% cholest-5-en-3B-ol) is
produced by some algae (Cavagna et al., 2013; Volkman, 1986) and it is commonly considered
a biomarker for consumer organisms and a proxy for zooplanktonic herbivory (Grice et al.,
1998). Finally, B-Sitosterol (C29A°, 24-ethylcholest-5-en-3B-ol) can be found in both terrestrial
and marine environments (Volkman, 1986).

1.3. Physical oceanography of the Mediterranean and Aegean Sea

The Mediterranean is a semi-enclosed sea adjacent to the Atlantic Ocean. The main feature of
the Mediterranean is the intense evaporation in relation to precipitation. As a corollary of the
above factor, high temperatures and high salinity values prevail, especially in the eastern
Mediterranean. The low-salinity Atlantic Water (AW) penetrates the surface, low-density
waters of the Mediterranean and is transformed into high-salinity and dense Mediterranean
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water, which flows from the lower aquatic layers of the Strait of Gibraltar (Theocharis et al.,
1993). The basic characteristics of the AW weaken as it heads towards the eastern
Mediterranean, due to water mixing and evaporation. As a result, the waters of the western
Mediterranean are colder than those of the eastern Mediterranean. The creation of
intermediate and deep waters occurs in exclusive areas within the Mediterranean basin
(Robinson et al., 1992).

The marine environment of the eastern Mediterranean is controlled by the local climate, the
inflow of waters from the main rivers that flow through southeastern Europe and the Nile, as
well as the seasonal fluctuations of surface waters flowing into the Aegean Sea from the Black
Sea. The eastern Mediterranean area is an oligotrophic area mainly due to the inflow of
nutrient-poor, surface water of the Atlantic and the corresponding outflow of relatively
nutrient-enriched intermediate waters through the Sicily Strait (Tselepides et al., 2000). In
this oligotrophic environment with well-oxygenated waters, the depth of life of the
foraminiferal assemblages is limited by the availability of food and the populations show low
values of concentrations and low variety of species, with the predominance of epifaunal
forms (Triantaphyllou & Dimiza, 2012).

The Aegean Sea is located in the transitional climate zone between temperate and semi-arid
climates. It has a small size, covering an area of 240000 km?, but is notwithstanding
characterised by complex bathymetry (Triantaphyllou et al., 2016). The Aegean Sea is
surrounded by Greece and Turkey, it communicates with the Black Sea, through the
Dardanelles strait and with the Mediterranean Sea and the Levantine Basin, through the
Cretan straits. The thermal circulation of the Aegean Sea constitutes a quite complex process
(Fig. 2.). The Aegean is characterised by high water densities in the deep basins, with the
densest waters found in the deep basins of the north Aegean Sea. The circulation of the
Aegean Sea is mainly cyclonic (Velaoras et al., 2021) with warm saline waters, originating
from the Levantine basin and entering the Aegean from the eastern straits of Crete.
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Figure 2.: Major circulation features and gyres in the Aegean Sea. 1-Samothraki anticyclone,
2,3-North Aegean Sea gyres, 4-Central Aegean Sea cyclone, 5-Myrtoan Sea Cyclone, 6,7-
Cretan Sea gyres (after Velaoras et al., 2021).

In terms of productivity, the Aegean Sea is quite an oligotrophic environment, with limited
growth of phytoplankton and zooplankton (Michelakaki & Kitsiou, 2005). The north Aegean is
characterised by an increased concentration of nutrients compared to the South Aegean, due
to the waters of the Black Sea, which enter the Aegean through the Dardanelles Straits. The
above characteristics are related to the topography of the area, i.e. the extensive continental
shelf, as well as the inflow of water from rivers of Greece and Turkey. Finally, the increased
concentration of nutrients is also related to the intense hydrological complexity that prevails
in the northern Aegean region (Zanetos & Papathanassiou, 2005). The area studied in this
thesis is the Epidaurus Basin, which is in the Saronikos Gulf, which is adjacent to the Aegean
Sea.

1.4. Purpose of the current master thesis

The present master thesis focuses on the palaeoenvironmental reconstruction in the
Epidaurus Basin during the last 1500 years, the determination of the interactions of the
terrestrial and marine environments through marine and terrestrially-derived biogeochemical
markers and their diagnostic indices, the response modes of the marine environment in
relation to the climatic changes observed in the area and the estimation of the anthropogenic
pressures that the region receives, mainly in the years of the industrial revolution. The
endeavour of reconstructing the palaeoenvironmental conditions in the Mediterranean
region is one of the largest ongoing investigations and the findings of the Epidaurus multicore
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will contribute both to the establishment of a denser data network for the northeastern
Mediterranean region and to estimate the sensitivities and peculiarities of the Mediterranean
climate mode. The age intervals that analysed were the Dark Ages (DA), the Medieval Climate
Anomaly (MCA), the Little Ice Age (LIA) and the years from the start of the industrial
revolution to the present day (IP). The indicators used were mainly related to the Sea Surface
Temperature (SST), the terrestrial inputs and the consequent nutrient supply to the marine
environment, the marine productivity, the water column stratification vs. mixing processes,
shaping the oxygenation levels of the seabed along with the preservation vs. degradation of
organic matter of both marine and terrestrial origin. The analysis of the results showed
several palaeoenvironmental trends for the Saronikos Gulf, central Aegean region.
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2. Study area

2.1. Region

The Saronikos Gulf (Fig 3) constitutes a semi-enclosed embayment on the western part of the
Aegean Sea (eastern Mediterranean Sea) and is situated between the peninsulas of Attica and
Argolis. It covers approximately 2800 km? and has a maximum depth of approximately ~ 400
m west of the Methana volcano, in the south part which is called Epidaurus Basin, while in
general it is characterised by a complex bathymetry (Triantaphyllou et al., 2018; Zervoudaki et
al., 2022). The western part, located west of the islands of Aegina and Salamis, consists of the
greatest depths, while the inner gulf, located in the northern area of the eastern part, is
relatively flat, with an average depth of about 90 m (Kontoyiannis, 2010). The outer gulf, in
the SE, is connected to the Aegean Sea and has depths that gradually decrease towards the
inner gulf and the coasts of Attica from about 200 m to 100 m (e.g., Triantaphyllou et al.,
(2018)).
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Figure 3.: Bathymetric map of the multicore S25_1 (by using ArcMap 10.7.1).
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Specifically for the circulation of the Saronikos Gulf, a distinct two-layer structure in the
period from late spring to summer up until late fall is clearly noticeable, whereas it is basically
barotropic during the rest of the months, namely December to March (Kontoyiannis, 2010).
Density contrasts between local water masses and masses that originate from the open sea in
the south along with local thermohaline forcing, namely winter cold water subduction and
different responses to atmospheric heating of shallow compared to deep areas of the Gulf,
are associated with robust seasonal flow structures, which are modified by local winds. The
aforementioned modifications are more pronounced at depths above the thermocline in the
stratification period. More particularly, an anticyclonic flow prevails in the upper 100 m of the
water column during winter and early spring and cyclonic and an anticyclonic flow occurs in
the upper 0 to 40 m and deeper approximately 60 to 100 m water layers, respectively
through late spring to early summer (Kontoyiannis, 2010).

Particularly for the Epidaurus Basin, it is characterised by a slow exchange of water masses. It
is relatively isolated from lateral water exchanges at depths greater than 100 m (Friligos,
1983), which is the average depth of the Saronic Gulf (Zervoudaki et al., 2022). Consequently,
deeper areas may be oxygenated by submergence of newly formed dense water masses
during winter. Furthermore, the seasonality in the area is quite high (Fig. 4), thus there is the
potential for cold water transmission to the shallower areas of the gulf due to atmospheric
cooling that occurs in winter and the lateral transfer of these sinking water masses
(Kontoyiannis et al., 2023).
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Figure 4.: Time series of minimum (blue) and maximum (orange) average air temperatures of
Meteo database, Isthmos Korinthou station 2008-2022.
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2.2. Geology

The geology of the Argolis is characterised as quite complex, since a great variety of
formations, units and phases are observed, while the abrupt change of phases is sometimes
explained by tectonic contact and occasionally by abrupt transition into another geological
unit (Matiatos, 2010).

The wider area of the Epidaurus Basin consists mainly of the Pelagonian Zone. This zone
consists of metamorphic and non-metamorphic rocks, mainly neritic carbonate sediments
and in general constitutes a neritic platform. More specifically, flysch, boeotian flysch,
limestones of the Late Cretaceous and Jurassic-Triassic limestones of the Trapezona’s
formation are exhibited (Matiatos, 2010). The formation of Trapezona is a platform dating
back to Late Jurassic which had been getting deeper until the Early Cretaceous (previously
known as Neocomian) (Matiatos, 2010).

The transition from neritic to pelagic sedimentation occurs earlier in the east section, where it
begins in the Middle Liassic (Late Jurassic), than in the west section, where it begins after the
Toarcian, which results in a westward migration of the platform margin. The lateral phase
changes observed in the Triassic deposits indicate local changes in sedimentological
conditions and anomalous topography of the basin floor. Moreover, in the wider area, rocks
from the Upper Paleozoic and Permotriassic formations that are unclassified, and shales that
belong to the lower ophiolitic unit of the area can be observed. Based on lithological
petrographic and structural analyses of the ophiolitic complex in the northern Argolis, 3
ophiolite units were defined (Tzanis et al., 2018) .

In particular, the lower ophiolitic unit consists of an ophiolitic sedimentary melange that was
deposited before the end of the Late Jurassic. Its base consists of red siliceous siltstones and
keratolites with radiolarians, which is upwards characterised by the presence of ophiolitic
mudstones and clastic limestone sediments (Tzanis et al., 2018). Alluvial deposits and
Quaternary calc-alkaline volcanic rocks, particularly andesites to dacites are observed as well
(Tzanis et al., 2018). Ultimately, regarding the marine area, fine sediments such as muds are
established in the deeper sites of the Saronikos Gulf, while sands are mapped in the central
region and near coastal areas (Foutrakis & Anastasakis, 2020).

Another important fact that should be pointed out is that the Saronikos Gulf is located in the
NW part of the Hellenic volcanic arc and represents the western end of it and is more
particularly situated between the Pliocene volcano of Aegina and the Pleistocene volcanoes
of Methana and Sousaki (Drakatos et al., 2005). The volcanic arc of the South Aegean (Aegean
Volcanic Arc) is composed of submarine, terrestrial and island volcanoes, from the Saronic
Gulf to the submerged area of Kos-Nisyros. The structure is formed by upwardly moving
magma, which originates mainly from the melting of the rocks of the subducting African
tectonic plate beneath the Eurasian plate, when it reaches depths greater than 100 km
(Papanikolaou & Sideris, 2014).
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3.Methodology

3.1. Sampling

The multicore S25_1 was retrieved in one tube on 29/09/2014 from the Epidaurus Basin,
Greece (Saronikos Gulf, 37.6451, 23.2237) onboard the R/V ‘Aegaeo’ during the WFD (Water
Framework Directive) cruise at a water depth of 402 m (Fig. 3). The 46.5-cm long core was
sampled continuously at a sampling step of 0.5 cm.

3.2. Age model

An age-depth model has been constructed by accelerator mass spectrometry (AMS) C dates
(Table 1) Specifically, three accelerator mass spectrometry (AMS) *C dates were performed
at the laboratories of Beta Analytic (USA) on cleaned hand-picked planktonic foraminifera
(mostly Globigerinoides ruber). **C ages were converted into calibrated ages using the Calib
v.7.02 software (Reimer et al., 2013) and the MARINE13 calibration dataset, using the local
marine reservoir age of 73 £ 61 years (Facorellis & Vardala-Theodorou, 2015). The age model
is based on linear interpolation between the *C dates and presented in Fig. 5.

Table 1.: Age model pointers for the investigated core S25_1.

Depth (cm) Material 14C (BP) calyear CE, 16  Mean age (CE)
11 planktonic 270+£30° 1730
forams
19.25 planktonic 880+ 30 1447-1573 1510
forams
46 planktonic 1870 + 30 543-678 610.5
forams

2 Result out of calibration range.
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Figure 5.: Information used to construct the age model, depth vs. CE ages (with 1o error) for
S25 1 core.

3.3. Materials

The utilised solvents were of high purity grade (Merck, Suprasolv grade) and silica gel with
230-400 mesh particle size and were procured from Merck (Darmstadt, Germany). All
laboratory glassware were combusted at 450°C for 6 hours before they were utilised in the
laboratory process. Equipment which could not be purified by high temperatures, e.g.
syringes, stopcock of glass columns were cleaned using organic solvents. Procedural blanks
run in parallel to the samples where free of any contamination in all cases.

3.4. Lipid extraction and separation

The sediments before the analytical process were freeze-dried and thenceforth a mortar was
utilised to grind the samples into a fine powder. From the integrated material 2 gr to 4 gr of
each sample was collected for the extraction process and then placed into test tubes,
depending on the total organic carbon concentration. Further, the samples were spiked with
the following internal standards, for quantitative determinations during the gas
chromatography step.

° A [*Hso] n-tetracosane for aliphatic hydrocarbons
° n-C,1D430/5a-androstan-3B-ol for n-alkanols and steroid alcohols respectively
° n-CsgH74 (surrogate standard for the long chain alkenones fraction)

Following the initial stage, the samples were solvent extracted according to the analytical
protocol proposed by Gogou et al. (2007) (Table 2, Fig. 7). A 4:1 (v/v) mixture of CH,Cl, and
MeOH was employed. Initially, 20mL of solvent were added to the test tube of each sample,
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which was left for 15 min in a sonicator at 25°C and after that stage the samples were left
inert for 10 min before the next step. The solution was then transferred with a glass pipette
into a conical flask and underwent infiltration using glass wool and Na,SO, as a desiccant and
the final mixture was collected into a pear-shaped glass flask. The extraction scheme was
repeated three times while finally the Na,SO, is washed with CH,Cl,. Combined extracts were
then concentrated in a rotary evaporator. Each sample was transferred to a 1.5 mL vial under
nitrogen flow with CH,Cl, as transfer solvent, always leaving a sufficient amount of solvent
(200-300 pL) so that it was not concentrated to dryness. Before column chromatography the
sample’s solvent was changed to n-hexane under a gentle nitrogen stream.

The second stage of the laboratory analysis includes the silica activation step, the column
preparation, the sample placement and the fractions’ collection and the concentration of the
final aliquot and its collection. Regarding the fourth step, the fractions are collected by adding
a mixture of solvents of increasing polarity (Table 2). For each fraction a different glass flask is
used.

Table 2.: Fractions and the solvents which are used in each sample.

Fraction Elution solvent mixture Homologous series

F1 n-hexane Aliphatic hydrocarbons

F2 dichloromethane/ n-hexane (2:3) Long chain alkenones

F3 ethyl acetate/n-hexane (1:2) n-alkanols, sterols, diols,
keto-ols

It should be pointed out that prior to GC-MS analysis n-alkanols and steroidal alcohols were
derivatized to the corresponding trimethylsilyl ethers. The aforementioned procedure is
called silylation and refers to the replacement of a reactive hydrogen atom in OH, COOH, SH,
NH, CONH, POH, SOH or enolizable carbonyl with a silyl group and commonly with
trimethylsilyl (TMS) (Fig. 6); (Moldoveanu & David, 2019). The silylation reaction is frequently
utilised in Gas-Chromatography mainly in order to diminish the polarity of each analyte and
increase its stability and to render the analyte more detectable (Moldoveanu & David, 2019).
The chemical reaction of an analyte Y:H with the formation of a TMS derivative is presented
below:

CH3 CHS

Y:H + HyC —Si— X—> H,C —Si— Y + HX

CH; CH;

Figure 6.: The chemical reaction of an analyte Y:H with the formation of a TMS derivative
(Moldoveanu & David, 2019).
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The contents of the white vials with the fraction of the n-alkanols and steroidal alcohols,
namely F3, were initially evaporated under a stream of nitrogen to dryness. After the total
concentration 100 pL of N,O-bis-(trimethylsilyl)-trifluoroacetamide (BSTFA) was added into all
F3 vials, then shook with a vortex device and let into the oven at 90°C for 1 hour. Following,
the above mixture was placed afresh under a gentle nitrogen stream till dryness and
ultimately 50 pL of isooctane was added into each sample for chromatographic analysis.

Extraction
MeOH : CH.,CI,

Total soluble
organic extract

Elution
dichloromethane/| ethyl acetate/
n-hexane
n-hexane n-hexane

steroidal
Alkenones alcohols,
n-alkanols

aliphatic
hydrocarbons

Figure 7.: Simplified schematic representation of the analytical procedure.

17



3.5. Identification and quantitative determination [GC-MS]

The analysis of the aforementioned organic fractions indicates that they are usually found in
relatively low concentrations in environmental samples and for this reason the use of high
precision analytical techniques is required.

The instrumental analysis for the determination of the organic substances in the study
samples was carried out by gas chromatography - mass spectrometry (GC-MS) on an Agilent
7890 GC, which is equipped with an HP-5MS capillary column, with the characteristics
30mx0.25mm i.d. x 0.25 um phase film, in combination with an Agilent 5975C MSD. Details
regarding the instrumental analysis parameters can be found elsewhere (Gogou et al., 2007).

The aliphatic hydrocarbon fraction consists of the n-alkanes and the UCM. Pertaining to the n-
alkanes, the homologues from n-Cy4 to n-Css were identified/quantified. In the same vein, the
long-chain alkenones with 37 and 38 carbon atoms and the n-alkanols from n-Cis to n-Cso
were determined as well. Furthermore, alkanediols-1,15 (diols), keto-15-alkanols-1 (keto-ols)
Cs0 and isololiolide and loliolide were identified. Ultimately, the cholesterol, brassicasterol,
sitosterol and dinosterol steroid alcohols were also determined.

The individual lipid components were identified by a combination of comparison of GC-
retention times to authentic standards and a comparison of their mass-spectral data to those
in the literature. Quantification was based on the GC-MS response and achieved by
comparison of peak areas with those of internal standards. The aforementioned process has
been executed using the application ‘Agilent MSD Productivity ChemStation for GC and GC-
MS Systems, Data Analysis Application’.

The signal of the unresolved complex mixture (UCM) of aliphatic hydrocarbons was defined
by the chromatographic area (fraction F1) between the solvent baseline and the curve
defining the base of resolved peaks. UCM quantification was performed relatively to [®Hso] n-
tetracosane using the average response factor of n-alkanes over the range of n-Cio to n-Css
(Gogou et al., 2000; Parinos et al., 2013).

3.6. Lipid biomarkers and their application

The detailed examination of numerous lipid biomarkers in paleoceanographic studies enables
the identification of both autochthonous and allochthonous sources contributing to sediment
organic matter and provides information on the responses of marine and terrestrial
ecosystems to anthropogenic pressures and land-ocean interactions (Gogou et al., 2007,
2016; Ouyang et al., 2015; Strong et al., 2013). The analysis of particular indices employed in
this study is presented in detail below.
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3.6.1. Hydrocarbons and alcohols (n-alkanes and n-alkanols) and indices

The sum of the concentrations of the most abundant high molecular weight n-alkanes and n-
alkanols of terrestrial origin are defined as follows:

TerNA = n-Cy7 + n-Cy9 + n-C31 + n-Cs3 (1)
and

TerNOH = n-C340H + n-C360H + n-C330H + n-C300H (2)

The carbon preference index of long-chain n-alkanes (CPIna) has been used as an indicator of
terrestrial organic matter degradation. In other words, CPI is the ratio of the concentrations
of long straight-chain homologues with an odd number of carbon atoms to those with an
even number. In the same vein, plant-wax derived n-alkanes have a typical carbon chain-
length between n-Cys and n-Css and show a strong predominance of odd-carbon homologues
over even-carbon homologues with the most dominant representatives being the n-Cy7, n-Cys,
n-Cs; and n-Csz (Eglinton & Hamilton, 1967). The magnitude of this odd-over-even
predominance is expressed by the above index (Bray & Evans, 1961), which is used to
distinguish between plant (CPI24 in plants) (Ohkouchi et al., 1997) and fossil fuel products
(CPI~1) (Wang et al., 1999). Additionally, the alkanes of which the carbon chain consists of
less than 20 carbon atoms and with greater abundance in homologues 15, 17 and 19 are
derived from marine phytoplankton organisms or microorganisms (Sargent & Gatten, 1974).
In each case, the indices were calculated as follows:

CPI :n—C25+n—C27+n—C29+n—C31+n—C33 3)
NA n—Cyy + n—0C +n—0Cg + n—C3p + n—0C5,

Further, chain length variations, the average chain length-ACL, in land plant biomarker are
commonly related to oscillations in the temperature and humidity/aridity in the growing
environment of source vegetation, since plants tend to synthesise longer chain length waxy
components in response to elevated temperatures (Poynter & Eglinton, 1990). Hence,
changes in the vegetation cover during varied climatic periods could be inferred by changes in
the average chain length of terrestrial n-alkanes (Kouli et al., 2012):

ACL_27><n—C27+29xn—C29+31xn—C31+33xn—C33 @)
B n—Cy;;+n—C+n—0C31+n—0Cz3
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In addition, the relation of the abundances of long chain n-alkanes and n-alkanols, namely
HPA'index; (Poynter & Eglinton, 1990), is utilised to determine the proportions of labile and
refractory ' organic matter transported in the marine environment, and the in-situ
preservation vs. degradation trends under various redox conditions as well (Gogou et al.,
2016). The HPA index was calculated as follows:

C24,26,28 n—alkanol
C24,26,28 n—alkanol + C27,29,31 n—alkane

HPA =

)

More specifically, the labile material has a great significance to biological productivity in the
ocean, and is used up most rapidly (Altenbach, 1992). and moving onto the second
mentioned form of organic matter, refractory organic carbon is almost biologically inert, has
limited nutritious value and will commonly bypass the oxic niches at the sediment-water
interface. In general, it should be pointed out that the sediment organic material is a residue
from various physical processes and not always directly linked to biological productivity.

Another important ratio used in the present study is the relative proportion of n-hexacosan-
1-ol (n-C360H) to the sum of n-C;60H plus the most abundant n-alkane in the samples, the n-
Cs1 homologue, n-C;60H/ n-C,s0H+n-C3;. The aforesaid ratio constitutes a chemical proxy
reflecting oxygenation associated with bottom current intensity, given that both compounds
have the same origin (i.e., vascular terrestrial plants) but differed in resistance to degradation
by oxygenation of the deep sea floor (Martrat et al., 2007).

The unresolved complex mixture (UCM) of aliphatic hydrocarbons abundance is utilised as an
indicator of the contribution of anthropogenic organic matter from degraded petroleum
hydrocarbons and/or apolar products deriving from combustion processes, for instance grass,
wood and coal combustion and/or the incomplete combustion of fossil fuels (Hays et al.,
2004; Simoneit, 1984; Wang et al., 1999). The aforesaid mixture refers to a commonly
observed persistent contaminant mixture in marine sediments and environmental samples
consisting of branched alicyclic hydrocarbons (Gough & Rowland, 1990), which has been
proven toxic to sediment-dwelling organisms (Parinos et al., 2013; Scarlett et al., 2007).
Finally, it's not possible for it to undergo separation by the chromatograph.

In addition, the relative abundance of UCM compared to the total resolved aliphatic
hydrocarbons (UCM/TRes) is used as an indicator of the co-current presence of an enhanced
petrogenic signal from non-extensively degraded petroleum products (Simoneit, 1984).
Aliphatic compounds of crude oil and petroleum products released in aquatic environments
are subjected to degradation, with a prominent initial microbial preference for straight chain
compounds (Wang et al., 1999). This leads to the gradual removal of major compounds that
can be resolved by gas chromatography and the subsequent appearance of a UCM.
UCM/TRes ratio values >7 indicate chronic pollution from petroleum products, values <4
indicate an enhanced petrogenic signal from non-extensively degraded petroleum products in
some cases (Simoneit, 1984). Finally, the UCM/TRes index provides info about the level of
weathering or alteration that a hydrocarbon sample has undergone. Higher values indicate a

20



higher proportion of unresolved complex mixtures compared to resolved aliphatic
hydrocarbons.

3.6.2. Long-chain alkenones

The UY, index, which has mentioned in the first chapter, is calculated from the relative
abundances of C3; methyl alkenones containing 2-4 double bonds (Mduller et al.,, 1998).

Moreover, there is also the U13"7 index, which constitutes a very useful lipid-derived SST index
based on long-chain di- and tri-unsaturated alkenones with 37 carbon atoms (Cs7.2 and Cs7,
respectively) and excludes the tetra-unsaturated alkenone (Cs7.4) from the calculation. In this

respect, the U1§'7 index is defined as the ratio of di-unsaturated alkenone to the sum of di- and
tri-unsaturated alkenones [(Ca7.2/ (Ca7.2+Cs73)].

Ul = —— (6)

Through extensive studies the U13"7 index appeared to provide preferable regressions related
to in situ Sea Surface Temperatures than U13‘7 and constitute the most broadly utilised SST
proxy (Zheng et al., 2016). The Cs7.4 alkenone was initially included in calculations, since it was
thought that it may convey some temperature information as well (Marlowe et al., 1984).
(Prahl & Wakeham, 1987) excluded the Cs7.4 alkenone from the equation because it is often
not detectable in sediments (Brassell et al., 1986) and its exclusion improved the linearity of
the relationship at lower temperatures (Prahl et al., 1988; Sikes et al., 1997). Nevertheless,
recent studies have exhibited that including Cs7.4 alkenones for lacustrine or brackish water
haptophytes, such as Ruttnera (Chrysotila) lamellosa and Isochrysis galbana improves
temperature correlations although notable deviations at the extreme high and low
temperatures can still be observed. In cultures, field measurements and sediments, it is
observed that the relative proportion of Cs73 increases with decreasing ambient temperature
(Van der Meer et al., 2013).

Pertaining to calibration, a single calibration may not be applicable in all oceanic regions. For

paleoceanographic purposes, it is vital that a sediment-based Ulgf’7 temperature calibrations
should be established in order to define the most reliable relationship for a given vicinity
(Mdller et al., 1998). Sediment-based calibrations have an advantage over culture and
particulate matter studies because they implicitly consider changing oceanic settings, species
distributions, and diagenetic environments. Moreover, seasonality can limit our ability to

interpret paleotemperatures and paleoenvironmental information from the Ul3"7 signal in
sediments and researchers should take it into account (Sikes et al., 1997). Further, local field
calibrations are better to be utilised, however, the similarity of field calibrations suggests that
the range in open ocean variations is sufficiently narrow that the use of a single worldwide
calibration is within acceptable limits (Mlller et al., 1998). Nonetheless, field calibrations of

the technique have demonstrated that the relationship between Ul3<’7 and temperature is
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remarkably consistent and linear with SST in the world's oceans over a broad temperature
range, namely 5-25°C (Sikes et al., 1997).

The aforementioned technique constitutes a valuable asset in the paleoceanographic studies,
since it is the first quantitative method for SST estimation that is not based on microfossil
shells. For this reason, it augments established techniques because it refers to a different set
of environmental controls than those that influence foraminiferal assemblages or isotope

values (Sikes et al., 1997). The proportions of long-chain unsaturated ketones on which U}of; is
based vary depending on the organisms responding to the water temperature in which it is
growing (Prahl et al., 1988) and thus is distinct from other geochemical temperature proxies
such as 80 which are based on passive, equilibrium processes.

Finally, the U13"7 paleothermometer has been successfully applied for SST reconstructions
since the Late Pleistocene, in high-resolution studies covering the Holocene and in
combination with other SST indices (Herbert, 2003).

Among the different calibrations available (see Tierney & Tingley, (2018) for a recent review),
for the present study, the alkenone unsaturation index measurements in core-top sediments
of the Mediterranean region show a good match with present average annual SST data when
calculated using the global calibration of (Conte et al., 2006) :

T = —0.957 + 54.293 x (UK,) — 52.894 x (UX,)” + 28321 x (UY,)” (%)

The uncertainty reported for the calibration of alkenone and SST is ca. 1.1°C at a confidence
level of 68% (Conte et al., 2006), which represents part of the uncertainty associated with the
reconstruction, to be added to the analytical error that it is <0.52C.

It is well known that in the Aegean Sea, coccosphere fluxes reveal that the main alkenone
producer, namely Emiliania huxleyi, constitutes the dominant species throughout the year
with the higher production and export rates occurring between March and June and a
secondary maximum from June to November (Malinverno et al., 2009). Consequently, the
estimated alkenone patterns and accordingly the reconstructed alkenone SSTs are assumed
to reflect mean annual temperature values. Apart from the Cs;. alkenones, Css. alkenones are
also detected in the sediments, though their chromatographic separation is more challenging
than for the Cs7. homologues. As an example, the long-chain alkenones identified in S25_1
multicore are given in Table 3 and a characteristic chromatogram of the determined
alkenones is depicted in Fig. 8.
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3.6.3. Steroid alcohols

Marine sterols are major constituents of several marine phytoplankton groups (Menzel et al.,
2003; Volkman et al.,, 1999). The sterols used as marine biomarkers in the current study
consist of cholesterol, brassicasterol, sitosterol and dinosterol. The systematic names and
abbreviations (with structural information: number/position of double bonds) of the sterols
detected in the sediments of the S25_1 core are shown in Table 3.

Table 3.: Nomenclature of the steroidal alcohols in the S25_1 core.

Abbreviation IUPAC nomenclature Other name
274° cholest-5-en-33-ol cholesterol

28N52% 24-methylcholesta-5,22-dien-3p-ol brassicasterol
29A° 24-ethylcholesta-5-en-33-ol sitosterol
30A%% 44,23,24-trimethyl-5a(H)cholest-22(E)-en-3pB-ol dinosterol

The sum of concentrations of the considered lipid biomarkers of algal origin was calculated as

follows:

TAlgal = 28A°>2% + 30A?% + C3g diols&keto-ols + C37,alkenones + loliolide + isololiolide  (8)
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4. Result

4.1 SSTs

Alkenone-derived SSTs provide a record from 611 to 2014 y CE, according to the age model,
at the Epidaurus Basin (Fig. 8, 9). Values vary from approximately 18.8°C (traced back to
around the beginning of the 8" century, ca. 710 y CE; high confidence, **C pointer ca. 610.5 y
CE; cm 46) to 25.3°C (recorded by the end of the 18" century; very high confidence, **C
pointer ca. 1730 y CE; cm 11). This gives a range of 6.4°C difference.

In more detail, in the early 7" century the temperature was at 20.2°C, while in approximately
630 y CE a temperature increase of about 2°C was observed. Further, roughly for the
following 85 years, an average temperature of 21.7°C prevails until in the beginning of the 8"
century a sharp decrease of >3°C is presented and the aforementioned minimum peak of
18.8°C is being noted. In 780+30 y CE there was an increase of about 3.5°C, i.e. from 19°C in
the mid of 8™ century it increased to 22.5°C. Then there was a new decrease to 20.2°C, and
then the temperature gradually increased and reached 23.2°C in 950130 y CE and by the first
decades of the 11" century there was another decrease of about 2.5°C, more specifically
20.6°C.

Immediately after 1050430 y CE it reached 22.2°C again and until the last decades of the 13t
century several fluctuations were observed with an average temperature of 22°C and a range
of temperatures from 21.3 to 22.8°C. From ca. 1280 y CE on, a distinct increase in
temperature is recorded reaching 24.6°C in the first decades of the 14" century and until
approximately 1420 y CE it decreases considerably and specifically by about 4°C and reaches
20.4°C. Then until the beginning of the 17 century 1600+30 y CE there were relatively stable
temperatures with an average of 21°C and particularly in the period from 1420 to 1600430 y
CE the positive maximum was in 1517430 with 21.9°C whereas in the mid of 16" century a
negative maximum was encountered at 20.1°C. From 160030 y CE to the middle of the 18"
century an incremental tendency from the previously highest temperatures is shown and
during this period there are fluctuations with an average of 23.1°C. Reduced values down to
22.3°C are observed in 1755430 y CE and then they rise again in ca. 1795 y CE to 25.3°C.

Since 1800 y CE interval fluctuations of a smaller range are observed. From the early 19*"
century to the mid-19' century relatively constant temperatures at 22.8°C were recorded. In
1885430 y CE one of the largest increases to 24.9°C was presented and is among the highest
temperatures in the dataset. A notable decrease to 22.7°C appears in about 1900 y CE, which
remains relatively constant at 22.8°C until 1925+30 when it decreases again down to 21.5°Ciin
1940430 y CE. An increase to 23.6°C in 1950430 y CE is noted followed by a decrease with
small fluctuations until 2014 with an average of 21.7°C.

4.2. Marine input (alkenones and algal concentration)

Pertaining to the alkenones, their concentrations range from 22.3 to 658 ng/g (Fig. 9). The
minimum value of 22.3 ng/g is noted at the end of 10" century, while the maximum of 658
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ng/g is shown in the middle of the 20™ century. From the beginning of the dataset the values
are presented as relatively stable until the middle of the 18" century and with small-scaled
fluctuations. From the end of the 18" century until approximately 1830430 y CE, the total
alkenone concentration values were quite low with a mean value approximately 60 ng/g.
After the aforesaid period a sharp increase in values is observed until 1885130 y CE with 320
ng/g, followed by a sharp decrease to 17.1 ng/g in ca. 1900 y CE. Further, a positive trend
until the mid of 20" century with 658 ng/g is observed, decreasing anew by 491 ng/g in
1975430 y CE with 167 ng/g and till the top of the core the mean value was about 243 ng/g,
i.e. higher than the mean value of the whole dataset which was about 100 ng/g.

The highest value of dinosterol concentration is noted in the last sample of the dataset
(2014430 y CE) with 434.8 ng/g and the lowest in 812+30 y CE with 15.3 ng/g. From the
beginning of the 7™ century until ca. 1680 y CE the values of dinosterol concentration show a
relatively stable path with an average value of 40.8 ng/g. From approximately the second half
of the 17" century until about the middle of the 19t century, dinosterol concentration shows
the mean value 141 ng/g and a gentle increase is presented until 1820430 y CE with the
biggest peak in the last decades of the 18™ century with 316ng/g. The decades after 1820 y
CE mark an immense increase of dinosterol concentration from 142 ng/g in 1820430 y CE to
356 ng/g in 1885+30 y CE. Further, from 1885430 y CE until the first decade of 20" century a
decreasing trend of approximately 135 ng/g is observed and during the 20™ century the
values exhibit an increasing trend anew. Besides, the new millennium values have an
incremental tendency as well with the highest values of all dinosterol dataset (Fig 9).

The maximum value of sitosterol is 469 ng/g in the beginning of the 21%century, the
minimum is 25.1 ng/g in 780430 y CE and the mean value of the whole dataset is 137 ng/g
(Fig. 9). From the lowest part of the core until 1150430 y CE several fluctuations are noticed.
After the previously mentioned time period and till ca. 1280 y CE a sharp increase is observed
which is followed by a decreasing trend until 1350 y CE. During the mid-14™ century until the
end of the 16™ century a relatively stable situation took place. After 1600+30 y CE an
incremental tendency with several fluctuations and in general higher values related to the
rest of the dataset values is observed until the top of the core, especially after 1846+30 y CE,
whence the average value until 2014430y CE is 276 ng/g.

The minimum cholesterol value in the current dataset is 11.0 ng/g in 63030 y CE and the
maximum value is 552 ng/g in the most contemporary sample in 2014430 y CE (Fig. 9). From
611+30 y CE till the second decade of the 19'" century the values are presented relatively
stable with several fluctuations and the maximum value of this interval in 1250+30 y CE with
approximately 83.0 ng/g. After 182030 y CE an incremental tendency is noticed with a gentle
oscillation pattern until the last decades, where both the highest increase and the highest
value are shown. The mean value of the whole dataset is roughly 68 ng/g, the average value
in approximately the last 140 years, namely 187030 y CE and upwards, is about 190 ng/g and
the mean value of the first 1260 years is approximately 36.0 ng/g.

The minimum brassicasterol value in the current dataset is 6.26 ng/g in approximately 630 y
CE and the maximum value is 174 ng/g in 2014+30 y CE (Fig. 9). From the bottom of the core
until 1350 y CE several fluctuations are observed, and the mean value is 17.1 ng/g. From
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1350+30 till 1600+30 y CE a stable pattern is presented with a mean value of 15.8 ng/g and
from 1600 until ca. 1830 y CE the values are relatively stable as well with slight oscillations.
From 1830+30 y CE until the top of the core an incremental trend is shown with an average
value of approximately 109 ng/g and the highest values in the dataset. Finally, a decreasing
pattern is observed between the interval between 1885 and 1910+30 y CE with values 135
ng/g to 22.3 ng/g respectively.

The sum of algal biomarkers (2Algal) varies between 0.23 and 4.35 ug/g and has a mean value
of 0.90 pg/g (Fig. 9). As is shown, from the bottom of the core until the first three decades of
the 19% century the vertical profile of 3Algal has almost constantly low values with a mean
value of 0.57 pg/g, with two positive peaks in the middle of the 10" century with
approximately 1 and in the middle of the 13" century with roughly 1.34 pg/g. After the
aforementioned period and for the next decades, the values of ZAlgal rise promptly to mean
value of 1.89 pg/g. During the 20™" century there were some fluctuations in the concentration
of ZAlgal, notwithstanding an incremental trend is observed. The minimum value for this
period was about 1.03 pg/g in the early 20" century, while the maximum was about 4.35 ug/g
in 2000 y CE.

4.3 Terrestrial input (n-alkanes and n-alcohols indices)

TerNA values range from 0.49 to 1.64 ug/g, the mean value is 0.97 pg/g, while TerNOH ranges
from 0.28 to 1.40 pg/g, averaging 0.59 pg/g (Fig.8). In general, TerNA and TerNOH show
similar fluctuations and patterns with some exceptions, e.g. in 1420430 y CE, where TerNA
increases, while TerNOH decreases. For both graphs the minimum values are observed at the
bottom of the core, particularly in 695430 y CE, while the maximum value of TerNA at the
middle of the core is observed in 1420130 y CE and of TerNOH at the top of the core around
2000 y CE. As previously mentioned, the two indices show almost identical patterns, with the
exception of points such as 1330430 y CE, where the TerNOH showed a decreasing trend
from 1285430 y CE, while the TerNA showed an increasing trend and the corresponding
phenomenon occurs in approximately 1570 y CE as well. Further, it is worth mentioning that
from 695 to 780430 y CE an increase of terrestrial inputs is noted and it was followed by a
decrease until the first decade of the 9™ century. Afterwards, an increasing trend with
marked periods of oscillations for TerNA and TerNOH concentrations is evident from the first
decades of the 18" century until ca. 1900 y CE and an incremental tendency is observed with
several fluctuations from 1900 y CE until present.

The ACL index of n-C,7 — n-Css n-alkanes varies between 29.78 in 1180430 y CE and 30.51 in
1755+30 y CE (Fig. 8). During the pre-Industrial period, namely before 1750 y CE, ACL values
remained relatively constant and some intervals were near an oscillation pattern, e.g. from
ca. 1250 till approximately 1380 y CE. Eventually, from the onset of the 20'" century until the
middle of it, a tiny rise in the values is presented, while in the last decades the fluctuations
appear to be milder.

Related to the HPA index, the maximum value is 0.77 in 1420430 y CE, the minimum is 0.42 in
modern 2000 y CE, according to the age model, and the mean value of the whole dataset is
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0.62 (Fig 8, 9). The values are generally stable with a lot of fluctuations and oscillation
patterns. Distribution of HPA gently follows that of ACL index in general.

Pertaining to the C;s0H% index, fluctuations are observed throughout the dataset from 611
to 2014 y CE (Fig. 8, 9). The average value is 0.34 and the range of values is from 0.19 in
1420+30 y CE to the highest value of 0.56 noted in 2001+30 y CE. Since 1950 y CE, increased
values are shown in comparison with the rest of the data set and fluctuations are presented
as well. Finally, the biggest increase is observed in 1420430 y CE whence the value increased
by 0.3 up until one century later, namely in around 1520 y CE.

The CPlya values of high molecular weight n-alkanes range from 4.03 in 2014 to 16.77 in
1015430 y CE (Fig. 8). From the beginning of the dataset, namely the early 7" century till the
end of the 16™ century there is an average value of 12.14 with the maximum interval peaks in
ca. 1015 y CE with a value of 16.8 and in 1485%30 y CE with 16.2 and minimum interval peaks
in 1050430 y CE with 9.9 and in 1320 y CE with 9.8. From around 1600 y CE a gradual
decrease in CPIna values was observed until ca. 1680 y CE. The last decades of the data set are
characterised by several fluctuations and generally lower values related to the rest of the
dataset with the lowest values in 2014430 y CE. More specifically, the mean CPlya values
show a sudden drop of 5.32, namely in 6.82.

UCM values vary between 0.02 pg/g in 1517 and 42.9 pg/g in ca. 1950 y CE (Fig. 8). From the
early of the 7™ century until approximately 1850 y CE low concentrations are shown and then
the UCM values increase onwards to 2014+30y CE.

The UCM/TRes chart follows a similar pattern to the UCM chart with minor variations (Fig. 8).
More specifically, the average value is 3.5 and the range of values observed is from 0.02 in
1520430 y CE with a max value of about 8.6 in the mid-20™ century.

It should be pointed out that the values of the above organic compounds rose after the last
decades of the 19" century until present, compared to the very low concentrations
demonstrated before this period.

Below, the table 5 is showing the main age intervals of the dataset and the trend, the mean
value and the standard deviation of SST, TerNA, CPlIna, Algal concentration and C;s0H% index.
The charts were created under the guidance of Dr. Belen Martrat.
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Table 5.: Statistical parameters of SST, TerNA, CPIna, UCM, Algal concentration and C;s0H values of the main age
intervals of the last 1.5k.

Dark Ages MCA LIA warming phase  LIA cooling phase Last bin
(611-950) (950- (1250-1500) (1500-1850) (1850-2014)
1250)

trend P ™ variability N N}
SST mean (°C) 21.2 22.1 22 22.8 22.6
St.Deviation 1.43 0.73 1.38 1.29 1.05

trend variability ™ ™ variability ™
TerNA mean(ug/g) 0.89 0.97 0.97 0.88 1.13
St.Deviation 0.28 0.18 0.36 0.20 0.23

trend steady steady steady ™ ™
ucm mean(ug/g) 0.48 1.27 0.93 12.3 28.7
St.Deviation 0.38 2.06 0.89 8.42 7.75

trend ™ variability J J N

CPlna mean 12.47 12.25 11.82 7.99 6
St.Deviation 1.41 1.93 2.06 2.55 1.38

trend steady ™ J ™ ™
Algal mean(ug/g) 0.44 0.61 0.54 0.72 1.89
St.Deviation 0.20 0.32 0.30 0.28 0.84

trend steady ™ J ™ ™
C2OH mean % 31.2 32 29.9 364 38.5
St.Deviation 0.04 0.04 0.07 0.05 0.08
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Figure 8.: Paleo-dataset in Epidaurus Basin sediments over the last 1500 years. (A) CPIna and UCM and (B) ACL (Cy7-33 alkanes) and (C) TerNA and TerNOH
(ug/g) and (D) Sea Surface Temperature (SST) (°C) using alkenones and (E) Relative proportion of n-hexacosan-1-ol (n-C2s0H) to the sum of n-C;60H plus n-
C31 and HPA index and (F) *C age pointers with 1o error.
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Figure 9.: Paleo-dataset in Epidaurus Basin sediments over the last 1500 years. (A) steroidal alcohols (dinosterol, sitosterol, cholesterol, brassicasterol (ng/g)
and (B) UCM/Tres and (C) algal (ug/g) and alkenones (ng/g) concentration and (D) Sea Surface Temperature (SST) (°C) using alkenones and (E) relative
proportion of n-hexacosan-1-ol (n-Cs0H) to the sum of n-C;e0H plus n-C3; and HPA index and (F) *C age pointers with 1o error.
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5. Discussion

Seasonal and spatial climate information for each vicinity contains several unique parameters
and is not perfectly applicable as climate models to all regions. Therefore, in the process of
reconstructing climate, after various methods and data have been processed, one factor that
must be seriously taken into account is uncertainty.

Further, it should be pointed out that in the Mediterranean area many studies have been
conducted pertaining to paleoclimate reconstruction from both marine and continental
material and the data presented vary considerably depending on the area, as the
Mediterranean is a quite active region with many parameters that are able to drastically
change the circulation and climate between the regions (Gogou et al., 2016; Roberts et al.,
2012). Below are presented in detail the conditions that prevailed in the period 611-2014 y
CE, according to the age model, in the area of Epidaurus through the analysis of the multicore
S25 1, as well as comparisons with other areas of the Mediterranean.

DA (600-950 y CE)

Climatic and environmental proxy reconstructions of the S25_1 record reveal a cooling trend
from about 695 to 740 y CE with a decrease of 3°C followed by a warming trend late-8"
century. Regarding the TerNA and TerNOH values, namely the terrestrial inputs
concentrations, high values are presented, followed by high CPIna ratio values. The CPlya ratio
shows high values throughout the age interval of the current dataset, and it drops after
approximately the early of the 20" century due to the introduction of the anthropogenic
impact (fossil fuels/petroleum combustion). The high CPIya values (average around 13) of this
age interval denote a preserved terrestrial signal.

More specifically, as regards the sum of terrestrial n-alkanes, namely the TerNA values, the
highest value of the interval is observed in 779430 y CE (with 1.5 pg/g) and the lowest in
695+30 y CE (0.5 pg/g). Therefore, in the interval ca. 695-780 y CE the terrigenous inputs are
slightly increased (0.88 pg/g), which is probably due to riverine runoffs and a change of
climate to wetter conditions. This is also confirmed by sitosterol values which itself comes
from both marine and terrestrial origin and shows a slight increase in contrast to the other
sterols which are only found in marine environments and by the minor increase of the YAlgal
concentration.

In the same period an increase in SST from 18°C to 22.5°C is noted, namely increased ACL
values. Hence, since an increase in temperature is shown and a rising trend in HPA values as
well, it is indicated that there is a high preservation of organic matter due to reduced water
mixing in the area. This is consistent with previous studies that suggested eastern-western
hydroclimate see-saws (Roberts et al., 2012).

During the 9™ to 10™ centuries, there were fluctuations in SSTS’ values, which hovered
around an average of 22.2°C. These temperature changes coincided with an increase in
marine algal inputs, likely due to a rise in nutrient availability from the influx of terrestrial
material, which fact is observed by the TerNA and TerNOH values. Some events of SST
decreases were linked to the presence of fresh organic matter, water stratification, and the
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effective preservation of organic matter, as indicated by CPlya values, n-C;60H and HPA
percentages.

MCA (950-1250 y CE)

During the MCA in Epidaurus Basin in general, there is an upward trend in SST, constant
values of terrestrial inputs with an average TerNA value of 0.71 pg/g, namely not so arid
conditions are dominant, and a slightly increase in fresh organic matter, while as the
beginning of the 13™ century is approached, a decrease in SST and drier conditions (wetter
than LIA) are observed. Furthermore, regarding the ca. 1000-1200 y CE interval of the MCA,
values oscillate above this average, showing an increasing SST trend of 2°C, consistent with
other profiles of the western Mediterranean (Sicre et al., 2016). In more detail about the MCA
in the Epidaurus Basin, there is a slight decrease in HPA values and up to 1000 y CE it is
observed constantly, so the organic matter appears more degraded, which is reasonable as
the fresh continental material decreases and may also enhance water mixing conditions in
the region. By 1000430 y CE the temperature decreases by 2.6°C. There is also an increasing
trend in temperature and as we approach 1200 y CE the supply of terrestrial material
decreases slightly compared to the rest of the age interval (1150-1180+30 y CE).

During the MCA in the Adriatic Sea (core INV12-15) higher temperatures were recorded
compared to the Epidaurus Basin, namely 22.6°C compared to 22.1°C, but generally warm
conditions prevail (Jalali et al., 2018). Moreover, warm conditions during this interval are
observed as well in the Balearic Sea from the core HER-MC-MR03_3 (Cisneros et al., 2016).
The average temperature was 17.9°C while the overall average for the dataset was 17.7°C
(990-1740+30 y CE). Another study from Alboran Sea (cores TTR-17-1 384B and TTR-17-
1 _436B) showed a drier climate during the MCA event with average temperatures of 19.3°C
and 19.1°C respectively for the 2 cores (Nieto-Moreno et al., 2013).

Finally, regarding the UCM index, an increase is observed by the end of the 10" century. This
increased value may have occurred due to some past fire events in the area, as a slight
increase of the terrestrial inputs is also observed. Further analyses including polycyclic
aromatic hydrocarbons (PAHs) and levoglucosan would be needed to confirm this.

LIA (ca. 13%-19" centuries y CE)

The LIA period is characterised by two distinct phases based on inputs from both marine and
terrestrial sources. The first phase of LIA, which occurred roughly between the 13" and 16
centuries, was characterised by a warming trend. On the other hand, the second phase of the
LIA, which took place around the 16™-19% centuries, witnessed a cooling trend.

During the LIA warming phase (ca. 1250-1500 y CE), there is a trend of warming SST. From
approximately 1320 y CE onwards a rapid decrease in SST is noticed and as we reach the
beginning of the 13" century, riverine runoff increases slightly and according to the n-C;s0OH
and HPA indices there is an enhanced preservation of terrestrial organic matter, so reduced
water mixing. The n-C;0H index, in line with the HPA index, provides information about
alternate periods of organic material preservation (as a result of stratification of the water
column) and non-preservation (higher ventilation) in the Epidaurus Basin. The latter
condition, enhanced bottom water ventilation in the region, was associated with surface
water freshening in the Sicily Channel, strengthened Mediterranean thermohaline circulation
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and occurred with positive NAO and negative AMO phases, together with clusters of reduced
solar ‘activity and more frequent and strong volcanic eruptions (Incarbona et al., 2016).
Furthermore, in ca. 1250 y CE an increase both in sitosterol and in the concentrations of Algal
is presented which coincides with the weak water mixing revealed through the HPA index, so
enhanced preservation of the terrestrial organic matter is recorded.

From the beginning of the 14" century until the second decade of the 15" century a SST
cooling trend of almost 4.5°C is presented which is followed by a relatively increasing trend
until ca. 1600 y CE. The aforementioned warming period is in line from approximately 1520 y
CE with HPA index so it refers to better preservation of terrestrial organic material likely due
to water stratification. The concentrations of the terrestrial biomarkers increase sharply from
1385 to 1420430 y CE and this suggests a transition from arid to more humid environmental
conditions and it can be seen by the concomitant increase in sitosterol values, which has both
marine and terrestrial origins (Volkman, 1986). The study of Jalali et al., (2018) from the
Adriatic Sea has shown higher SST average value (22.5°C) compared to the Epidaurus Basin
(22°C) and in general an increasing trend is observed during the LIAa event. Further, the
research of Nieto-Moreno et al., (2013) has shown that at the end of the MCA event and
towards the beginning of the LIA event there is an increase in terrestrial input (1300130 y CE)
at the Alboran Basin, as observed in the Epidaurus Basin.

Regarding the LIA cooling phase (ca. 1500-1850 y CE), in 1600+30 y CE there was a sharp and
continuous increase in UCM and a decrease in CPIya values. This is probably due to the
enlargement of the settlements of the area and probably increased wood burning, which
explains the fact that the CPINA values do not decrease rapidly, as burning does not affect
them as much as UCM from fossil fuel products. The HPA index shows a relatively negative
trend and this leads to declining of terrestrial organic matter preservation related to the
previous years and probably better sea-bottom oxygenation. During the same period and
until the middle of the 18™ century, depleted TerNA and TerNOH values, suggest more arid
climatic conditions than within the MCA. In addition, since 1600 y CE, an increase in Algal
concentration and marine productivity is also marked which indicates more nutrient
availability.

From ca. 1800 y CE a continuous increase in algal concentration and marine sterols are
presented, which demonstrates enhanced continental inputs resulting in higher productivity.
The aforementioned increase is consistent with an abrupt increase in UCM, likely resulting
from the enlargement of settlement in the area. Since 1800430 y CE a slight transition to
wetter condition is noted consistent with higher supply from continental/riverine runoffs
rising precipitation and a degradation of organic matter, thus better water mixing. Finally,
throughout the 18" century and for the first approximately 40 years the SSTs stabilised at a
mean temperature of 23°C.

Furthermore, from the mid-18™ century there was an abrupt rise in SST from 22.3°C to 25.3°C
in 1795430 y CE which was followed by a distinct negative trend until around 1830 y CE. The
aforesaid cooling trend may be probably synchronous to the LIA. In Epidaurus Basin, at the
end of the LIA event, a relatively stable situation pertaining to the SST is noticed, in contrast
to the Gulf of Lions (Sicre et al., 2016), where the SST showed a warming trend. In general,
the LIA years, namely 1500-1850+30 y CE, show a positive trend in the first centuries so this
event did not affect the Epidaurus Basin to a large extent.
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The previously mentioned warming tendency from 1755 to 1795430 y CE is probably a result
of several hydrological alterations in the region of the Epidaurus Basin, suggested by the
sudden .rise' of terrestrial -and marine (alkenones and algal productivity) biomarker
concentrations, as observed in the studies of (Martin-Puertas et al., 2010; Nieto-Moreno et
al.,, 2013) and is in line with increases of the HPA index, indicating higher preservation of
terrestrial organic matter due to reduced water column mixing. Additionally, in the Adriatic
Sea, a decrease in temperature with an average of 22.5°C to 22.04°C is observed during the
transition of LIAa to LIAb (Jalali et al., 2018). The same pattern is presented in the Balearic Sea
(from 17.7°C to 17.4°C) (Cisneros et al., 2016), but also in the Alboran Sea from 17.6°C to
17.8°C. However, in the Epidaurus Basin and in the Alboran Sea (Pallacks et al., 2021) there is
an upward trend from 22°C to 22.8°C and 17.6°C to 17.8°C respectively.

In addition, in 1815 y CE the eruption of the volcanic Tambora is not evident in the S25_1
multicore of Epidaurus Basin on the contrary to multicore M2 from Athos Basin (Gogou et al.,
2016) and KSGC-31 from Gulf of Lions (Sicre et al., 2016).

Last bin (1850-2014 vy CE)

The Industrial Era in Greece occurred a little late compared to the major European countries
and, more specifically, it is observed around 1910-1930 y CE in the major cities of the country.
In the wider area of the Epidaurus Basin, the beginning of the Industrial Era is observed
around 1940y CE, as the area is located away from major cities and harbours (Kontoyiannis et
al., 2023). The largest increase in UCM values is observed starting in approximately 1940 y CE
ranging from 20.6 pg/g to 43 pg/g in the mid-20" century and a major decrease in the CPlya
index from 7 in 2001430 y CE to 4 in 2014430 y CE is noted as well. Moreover, the transition
of the area towards an environment, with increasing human-induced pressures and in
particular due to enhanced inputs of anthropogenic hydrocarbons deriving from the
combustion of coal and fossil fuel products to the wider study site, occurs quite slowly.

Furthermore, increased values of TerNA and TerNOH indices are shown with mean values of
0.93 pg/g and 0.55 ug/g respectively from the early 7™ century until 1940+30 y CE compared
to 1.23 and 0.93 pg/g respectively in the years from 1940-2014+30 y CE, which presumably
indicates an increased flow of continental material through atmospheric deposition or due to
wetter conditions in the aforementioned period. Further, in the aforesaid age interval both
higher concentrations of marine derived sterols (e.g. cholesterol, brassicasterol) and
increased values of XAlgal have been recorded and may be due to increased nutrient
availability. By the same token, the above parameter reinforces the conclusion that there are
continental discharges in the study area and consequently increased productivity.

In addition, pertaining to SST, in the 19% century, a rise of approximately 2°C was observed,
while in 1885430 y CE cooling trend was presented. This may be the result of a combination
of local climatic parameters and major physical geographical controls. The ACL ratio values
shows a different pattern, so the alterations are exclusively related to marine processes.
Furthermore, as we entered the 20" century, a pattern of declining SST and increasing HPA
and n-C,s0H values ware observed in the region. This decline can be attributed to increased
inputs of terrestrial materials and freshwater, as indicated by corresponding indices, as well
due to a combination of local physicochemical processes and characteristics of the wider
region of the Saronikos Gulf. Moreover, the SST values have shown a negative trend during
the last decades of the current dataset, on the contrary to the M2 core of the Athos Basin
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(Gogou et al., 2016), which shows a positive trend the last few years. Another study of the
St407 core in Sicily shows a decrease in SST values during the last bin. In particular, the
average SST value during this period was 16.9°C, while the average SST in the aforesaid age
interval was 16.4°C (Incarbona et al., 2016). Moreover, the two cores from Alboran Sea,
namely TTR-17-1_384B and TTR-17-1_436B (Nieto-Moreno et al., 2013), showed that humid
conditions prevailed at the beginning of the last bin, yet since the middle of the 20" century
there has been a decrease in terrestrial inputs, which is quite interesting as in those years
there was a growth in agricultural activity. The precipitation was limited and a drier climate
prevailed, which was also the case in Epidaurus Basin, except that the terrestrial inputs yield
showed an oscillation pattern.

The aforementioned comparisons have implied that the hydroclimatic pattern mainly of the
MCA and LIA in the Mediterranean was not uniform and showed different trends across the
various basins. Specifically, the aforesaid case was determined by a combination of climatic
conditions, along with important physical and geographical controls and procedures. For
instance, the multicore S25_1 of Epidaurus Basin showed slightly wetter conditions during the
MCA compared to the LIA. In contrast, core M2 of Athos Basin presented wetter conditions
during the LIA (Gogou et al., 2016). In the same vein, analysing different proxies, a stalagmite
in Kocain Cave in southern Turkey, also showed wetter conditions during the LIA and reduced
precipitation during the MCA (Graham et al., 2011), while Nar Goli Lake in Turkey exhibited a
reverse pattern of wet MCA and a dry LIA (Roberts et al., 2012).

Further, related to oxygenation, a 30-year (1987-2017) study of water column evolution of
the oxygen and nutrient concentrations in the Epidaurus Basin has shown a succession of
water oxygenation down to the bottom in the last decade of the 20" century, an oxygen
decline and hypoxic conditions after the last years of the 20™" century, in 1998 y CE, with a
complete anoxia in 2005 y CE (Kontoyiannis et al., 2023) which are in line with the general
trend of the current dataset of the core S25_1. In more detail, there is increased dissolved
oxygen in the area so higher ventilation occurs. The aforesaid fact implies that there is
increased water mix in the region and lower stratification.

In addition, the most important industrial, port, naval and shipbuilding facilities of the
country were created on the northern shores of the Saronikos Gulf and for this additional
reason it is exposed to intense anthropogenic pressure from various pollution sources, mainly
in the last centuries, since it constitutes the catchment area of Athens and the port of
Piraeus. Further on this, due to the considerable distance separating the Epidaurus Basin from
the metropolitan area, the organic carbon distributions in the study area exhibit features akin
to those found in the open sea pelagic environment. The smaller organic particles discharged
from the sewage outfall linger in suspension for extended periods, undergoing a gradual
decomposition process, and consequently, they fail to reach the Epidaurus Basin
(Krasakopoulou et al., 2005). Further support for the assertion that the release of carbon
from the treated sewage outflow does not impact the Epidaurus Basin can be found in the
distribution of coprostanol content throughout the Saronikos Gulf. Two coprostanol surveys
conducted in 1999 and 2007 across the entirety of Saronikos Gulf yielded results indicating
the absence of sewage-derived organic material in both water particulates sediments at
location S25 (Kontoyiannis et al., 2023).
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Further, periods of relatively high stratification in the region, namely ca. 950, 1200, 1530,
1770 y CE), are marked by a concurrently increased tendency in the supply of terrigenous
material (TerNA and TerNOH) and increased HPA values as well and they are presented well
correlated with findings from the study of Gogou et al., (2016) and Luterbacher et al., (2012),
in which said findings highlight the major flood events in the eastern Mediterranean and
indicate wet conditions.

Finally, one more fact that should be mentioned related to the M2 (Athos Basin) and S25_1
(Epidaurus Basin) multicores is that, while SSTs patterns appear partly different; (Athos-
peach) (Gogou et al., 2016), (Epidaurus-forest green), (Fig. 11), with maximum differences
around the 17™-18™ centuries, the ventilation pattern of the deep sea floor during EMTs’
events appear consistent in both sites, i.e. concerning the n-C;s0H% trends (red and grey
lines, respectively in Fig. 11) are very much alike. This is interesting, given the different depths
of both sites, -1018 m depth for Athos and -402 m depth for Epidaurus. The Eastern
Mediterranean Transient (EMT) constitutes an intermediate-to-deep Mediterranean
overturning perturbation occurred in the Aegean Sea from 1988 to 1995. Furthermore, it is
reported by instrumental records was likely caused by accumulation of high salinity waters in
the Levantine Sea and enhanced heat loss in the Aegean Sea, in combination with surface
water freshening in the Sicily Channel (Incarbona et al., 2016), reported by instrumental
records. Moreover, the ACL and C;s0H% values are reduced during the EMTs and therefore a
cooler climate and better mixing of the seabed prevailed in the study area back then. The
region also shows strong seasonality (Fig. 4). Therefore, local conditions, combined with the
main Aegean currents and their flow variations such as the, can cause changes in
salinity/density patterns and mixing of the water layers. The aforementioned facts need more
study.
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Figure 10.: Paleo-dataset in Epidaurus Basin and Athos Basin sediments over the last 1500
years. (A) Sea Surface Temperature (SST) (°C) using alkenones, (green for Epidaurus Basin and
orange for Ahos Basin) and (B) relative proportion of n-hexacosan-1-ol (n-C;60H) to the sum
of C,60H plus n-C3; and HPA index (grey for Epidaurus Basin and red for Athos Basin). The box
in red shows the time interval within the 22°Pb range for M2 core (Athos Basin) (Gogou et al.,
2016).
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6. Conclusions

6.1. Remarks

The present palaeoceanographic study is referring mainly to palaeoenvironmental
reconstruction of the past 1500 years in the Epidaurus Basin, based on multi-proxy
reconstructions from the sedimentary record of the S25_1 high resolution marine multi-core.

During 600-800 y CE, there was a decrease in SST until the beginning of the 8" century and
drier conditions were observed, as well as there were reduced terrestrial inputs and stronger
water mixing. The Late Antique Little Ice (LaLIA) onset is placed around the mid-6™ century. It
is described as the coldest period of the past two millennia (Blintgen et al., 2016, 2022).
Given its short duration (ca. 6™-7™" centuries) and the time span covered by the Epidaurus
core, it is not possible to identify it unambiguously. Only SSTs are maintained below the
average around the 7™-8™ centuries, together with maxima for the terrestrial input and
minima for the marine input at the core location. From the mid-to-late-8" century, an
increase in SST and a transition from dry to wetter conditions are noted. In addition, there is
an increase in all indicators and better preservation of terrestrial organic matter. This is
consistent with previous studies that suggested eastern-western hydroclimate see-saws
(Roberts et al., 2012). By the 9'"-10% centuries, SSTs increased and oscillated around 22.2°C,
together with the marine Algal input, likely due to the availability of nutrients in the area
receiving increasing terrestrial material. Few events of SST decreases are connected with
strong supply of fresh terrestrial material, water stratification and high preservation of
organic matter, as indicated by CPlya values and n-C,60H and HPA percentages.

During the MCA period (ca. 950-1250 y CE), there is an upward trend in SST, constant values
of terrestrial inputs and an increase in fresh material, while as the beginning of the 13™
century is approached, a decrease in SST and drier conditions (wetter than DA and LIA) are
observed.

Further, for the LIA event (ca. 13""-19™ centuries CE), both marine and terrestrial inputs point
to two contrasting LIA phases: a warming during the first part, around 13"-16™ centuries, and
a final cooling trend that culminates around the 16™-19'" centuries. This would be consistent
with the progressive weakening of the North Atlantic circulation, in line with the documented
increased frequency of globally sustained volcanism and/or land use change (McGregor et al.,
2015; Moreno-Chamarro et al., 2017). Additionally, in the Epidaurus Basin is observed that at
the end of the MCA period and towards the beginning of the LIA period there is an increase in
terrestrial inputs. For the LIA warming phase (ca. 1250-1500 y CE), in 1250430 y CE, there is a
trend of warming SST and an increase both in marine sterols and in the concentrations of
Algal is presented which coincides with the weak water mixing revealed through the HPA
index. From ca. 1320 y CE onwards a rapid decrease in SST is noticed and as we reach the
beginning of the 15" century, riverine runoff increases slightly and there is a better
preservation of terrestrial organic matter. Further, regarding the LIA cooling phase (ca. 1500-
1850 y CE), after 1600£30 y CE the SST shows an increasing trend with the exception of a few
decades, i.e. around mid and late 18" century, reasonably related to the LIA cooling phase.
Still, there is an increase in the continental inputs and the concentrations of Algal, hence a
greater availability of nutrients is noted. Moreover, there is a rapid increase in the UCM index
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and a simultaneous decrease in the CPlya values, which reveals the beginning of the
settlement of the area and the burning of wood by the people for their daily needs. From ca.
1830+30 y CE, enhanced continental inputs, rising precipitation and a degradation of organic
matter, thus better water mixing is presented. Additionally, a slight transition to wetter
condition is observed. In general, this interval shows a slight decrease in continental material
and food availability in the marine environment. In addition, after ca. 1800430 y CE there is
better preservation of organic matter and thus better stratification of the seabed and during
this period, slightly drier conditions than within the MCA are observed (average: 0.93 MCA vs.
0.90 LIA).

Regarding the post-industrial Era (19" century onwards), the onset of the industrial
revolution around the 19 century (Abram et al., 2016) was recorded within the dating
uncertainties, in the Epidaurus Basin and implied an increase in SST values of about 2°C. A
general alteration in all indicators appears to lead to an environmental setting receiving
anthropogenic impact. This change is occurring at a much slower rate compared to other
cities, as the area is far from the major urban centres of the wider region. Additionally, at the
beginning of the 20" century, a trend of decreasing SST is observed and a better preservation
of terrestrial organic matter in the region. The physico-chemical processes of the
aforementioned fact need more study as the phenomenon of a decrease in SSTs during this
period is not common. Finally, wetter conditions are presented compared to all the periods
analysed and a higher nutrient availability is recorded, due to both increased terrestrial inputs
and anthropogenic impact in the area.

Overall, in the Mediterranean region several studies of both marine and terrestrial records
have been carried out and different variations have been noted between the various periods
and different regions. A combination of different climate modes along with major physical
geographical differences control climate see-saws in the region (Roberts et al., 2012).

6.2. Current study and its future perspectives

This master thesis presents some useful findings on the paleoclimatology of the Saronikos
Gulf (central Aegean, northeastern Mediterranean), for the period of the last 1500 years. In
particular, lipid biomarkers and their diagnostic indices have permitted the reconstruction of
the SST and hydroclimatic regime during the MCA/LIA/IP intervals. Our findings showed the
occurrence of wetter climatic regime during the MCA relative to the LIA and a trend of
decreasing SSTs during the first decades of the 20" century. Productivity trends exhibited
some interesting features regarding the terrestrial inputs and the concomitant nutrient
transport to the marine environment, giving rise to marine productivity. Finally, specific
biogeochemical indices of the S25_1 core when co-plotted with those reported in previous
studies from the north Aegean Sea, revealed synchronous stratification vs. mixing processes,
which pinpoint to low and high oxygenation, respectively, of the subsurface water column
and the underlying sediment of the northern Aegean seabed and the Epidaurus Basin. The
aforesaid facts reflect the need for further study in order to produce even more detailed
climate and ocean properties’ reconstructions for the whole Aegean region.

Biogeochemistry has the initial and a fundamental role in numerous environmental issues of
current concern related to global change and air, water, and soil quality. Further,
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biogeochemistry applied in climatology of the pastoffers quantitative and integrative analysis
of coupled ocean-atmosphere-biosphere processes, useful for future climatological research.

In the current decade, assorted data repositories and database communities, such as
PANGAEA, Neotoma Paleoecology Database (NEOTOMA), National Oceanic and Atmospheric
Administration (NOAA), Past Global Changes (PAGES) are available and the data have been
digitised and in combination with the technological development and software expansion
every scientific group can revise and/or update the databases.

Regarding the Past Global Changes (PAGES) 2k databases, any scientist can access, consult
and even post data. In recent years, working group teams have developed the field related to
temperature and hydroclimate reconstructions and its fluctuations over the last 2000 years
(Fig. 11), to help in disentangling natural from human climate changes.

Additional investigation targeting geobiological features should be a priority of future
research. Seeking procedures of current and past climate and environmental conditions in
different time periods will assist the competent institutions and scientists to link more data
and infer even more evidence for them, especially for the regions, in which there is a lack of
datasets. The cumulative biogeochemical knowledge of the current academic and
professional society and the digital revolution is the ideal mixing for meritorious endeavours
and notable activities to bear fruit in the immediate future, especially related to a sustainable
one.
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