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Abstract

The present study focuses on the identification of land-sea climate interactions, the sensitivities
and response modes of the marine environment to temperature and hydrological changes and the
human pressures during the last 300 years in the Elefsis Bay. The study area is located next to
metropolitan area of Athens, having as a consequence high inputs of organic material. The
approach adopted here uses selected marine and terrestrially derived biogeochemical indices
retrieved from the WF-S2 sedimentary record. These lipid biomarkers carry a specific signal
from the environment in which they were synthesized. Thus, they can be used at reconstructing
past sea surface temperatures (SSTs), organic matter inputs, marine productivity, upwelling
intensity, soil inputs, changes in land vegetation and precipitation patterns etc. The organic
compounds identified in WF-S2 multi-core were n-alkanes, n-alkanols, long chain alkenones,
sterols and polycyclic aromatic hydrocarbons (PAHSs). The core can be divided into two different
periods, the pre-industrial and the industrial one. During the pre-industrial period, which lasts
until the last decades of the 19th century, the various biomarkers show periods with higher
supply from continental/riverine runoffs and consequently significant terrestrial inputs and other
more stable periods. Also through the study of various proxies (PAHs, coprostanol etc.) the
enlargement of the settlements of the surrounding area and the increased wood burning are
obvious from the beginning of the 19th century. After the onset of the industrial period the rise of
the population of the surrounding area and the overall enhanced inputs of anthropogenic
hydrocarbons are evident through an increased export of terrestrial organic matter of biogenic
and anthropogenic origin to the marine environment. The further study of PAHSs identifies their
signal as a mixed contribution, mainly from pyrolytic sources and secondary of unburned fossil
fuels, as deduced from their molecular profile and source-specific indices. At the same time, an
increase in all marine markers is recorded, which can be attributed to the enhanced supply of

terrigenous matter and the concomitant supply of nutrients to the core site.






Iepidnyn

H mopovoa epyacia otoyeder avayvopion tov oriniemidpdocwv Enpdc-0diaccoc, oTig
evacOnoieg kor ommv amokpion tov Horhdooiov mEPPAALOVTOC OTIC OEPLOKPACIOKES Ko
VOPOAOYIKEG aAAYEG, KAODG Kol OTIG ovOpomoyevelg MEGES TOL OEYETOL O KOAWOG NG
Elevoivag katd t dwdpkela tov terevtaiov 300 ypovov. H mepioyn perléng Ppioketon dimha
oTNV €VPVTEPN UNTPOTOAMTIKY TTEPLOYT TG ABNvac, £xovtag wg emakdAovBo TV g16pon LeYEA®Y
TOCOTNTMOV OpYavVIKOD VAMKOL o100 Bordooio mepidriov. To ™ perétn Tov mopamdvo
YPNOLOTOmONKE o Gepd amd emAeypévous Proyemymukois deikteg (Boldaooiog Kot yepsaiog
npoélevong), pe 1o inuo vo mpoépyetor omd tov mupnve WF-S2. Avtoi ov Prodeikteg
TPOEPYOVTOL Ad ATTidlo Kol Hropovy vo YPNOIHOTomBovy dote vo Yivel avATAQCT] TOA®OV
empovelok®v  Ogpuokpocidv  (SSTS), €0podV  OPYOVIKOD  DAIKOD,  TPOTOYEVODC
TOPOYOYIKOTNTOG, XEPCAULOTOPOYNG, avadvong vodtwv (upwelling), olhoydv ot PAGoTnoN KAT.
O1 0pyavIKEG EVOGELS TOV YPNCLULOTOMONKAY G PLOSEIKTES AVIKOLV OTIG OUAOEG K-OAKAVLOL, K-
AAKOVOAES, AAKEVOVEG, OTEPOLEG Kl TOAVKVKAKOVG opmpatikovg vopoyovavipakeg (PAHS). O
mopnvag WF-S2 umopel yopiotel 6 d00 mePLddovg, TV Tpo-Propmyovikn mepiodo Kot Tnv
Bropnyoavikn. H mpo-Prounyavikny mepiodog dtapkel péypt tig televtaieg dekaetieg tov 190v
aiova. Katd ) dibpketa g, 1 aviivon dlopopmv PLodetktdv delyvel mEPLOdoVS e VYNAOTEPN
mopoyN omd TN XEPCO N TO TMOTAUI Kot GAAES mePLOOOVS pe mio Mmieg ovvOnkeg. Emiong,
ovykekpluévol oeikteg (PAH, xompootovOodn kAm.) amokaAdmTovv T SlEVPLVOT TGV
TOPOKEIUEVOV OIKIGUAOV Kot TNV avénuévn kadon Ebdov oM amd 115 apyés Tov 190v aidva. Me
10 Eextvnua g Propumyovikng emoyng eaivetal EexdBapa 1 paydaio adEnon Tov TANOBVGHOV GTIC
YEUTOVIKEG TePLoyec kabmdG kol 1 peydAn mopoyn ovlpwmoyevov vdpoyovavOpdkmv o610
Bardooto mepBailov. MeAeT@OVTOC TEPUUTEP® TIC KATOVOUEG TOV TOAVKVKAIKAOV OPMUATIKOV
vopoyovavOpokwv (PAHS), damictdbnke OtL givor kKvpimg mpoidvTa TUPOAVTIKNG TPOEAEVLONG

(depyacieg kKaONG) Kot OEVTEPELOVIMGS EVATODECELS AKAVGTOV TETPELALOEWDDV.
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1 INTRODUCTION






According to Intergovernmental Panel on Climate Change (IPCC), the global climate has been
constantly warming during the last decades, which is mainly associated with the anthropogenic
greenhouse gases [1]. The current levels of greenhouse gases are unprecedented in at least
800,000 years. Concentrations of carbon dioxide (CO,), methane (CH,4) and nitrous oxide (N.O)
have all shown large increases since the beginning of the Industrial Era (Figure 1.1).
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Figure 1.1 Observed changes in greenhouse gas concentrations [2]

Half of the anthropogenic CO; emissions during the Industrial Era have occurred in the last 50
years. Between 1970 and 2010 CO; emissions from fossil fuel combustion and industrial

processes contributed about 78% to the total greenhouse gases emission increase (see Figure
1.2).
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Figure 1.2 Annual global anthropogenic carbon dioxide (CO,) emissions from fossil fuel combustion, cement
production, flaring, forestry and other land use[2].

The Mediterranean climate is characterized by dry summers and mild, wet winters. It is a region
particularly sensitive to climate changes due to its semi-arid conditions, its intermediate position
between the high-latitude and subtropical atmospheric systems, its hydrological characteristics
and its high climatic heterogeneity characterized by altitude gradients, microclimates and

extreme seasonality [3], [4].

Atmospheric modes of variability, such as the Arctic Oscillation/North Atlantic Oscillation
(AO/NAO), the East Atlantic (EA), the East Atlantic/Western Russian (EA/WR) patterns and the
El Nino Southern Oscillation (ENSO) play an important role in seasonal temperature and
precipitation variability, as well as in surface water heat fluxes that in turn have influence on the
Mediterranean thermohaline circulation [5]-[12]. The Mediterranean is considered as a climatic
hot spot where most countries are experiencing high frequency of droughts, water scarcity, forest
fires, increasing desertification and rising air temperatures [2], [13]. These conditions are
expected to be intensified in the future, having as a result deeper impacts on ecosystems and
human societies [2], [14]. Consequently, extensive research has been conducted on both the
study of future and past Mediterranean climates. Particularly, the Holocene period is of great

interest since it involves the anthropogenic pressures on the environment.



Holocene is the geological period of approximately the last 11500 years that begins at the end of
the last glacial period. The climate during this period has been fairly stable compared to the
dramatic shifts of the last glacial cycle. These mild climate conditions gave the opportunity for
the growth and development of modern society through the creation of stationary settlements,
advanced agriculture and great flowering of the human culture. However, this period is
characterized by centennial-millennial changes whose nature and chronological boundaries are
not well-defined [15]. As for the Mediterranean region, evidence of complex spatial and
temporal climatic variability with patterns from east to west and from north to south during the
Holocene is provided by a large body of datasets [16]-[20]. Therefore, it is important to establish
a denser network of proxy records around the Mediterranean that can contribute to our
understanding of regional climatic differences within the basin and its various mechanisms as

well as the relationship between the climate, the physical environment and human actions.

1.1 Mediterranean climate variability

The Mediterranean has experienced climatic, environmental and oceanographic changes in the
past, often closely related to the northern hemisphere and the global scale variability [21], [22].
During the last two millennia there have been marked periods with climate changes in the
Mediterranean that have been described in the literature [21]. These periods consist of: the Dark
Ages Cold (DA) period from 300 to 600 AD with a marked drop in temperatures at 450 AD, the
Medieval Climate Anomaly (MCA) period from 600 to 1200 AD characterized by warmer
conditions, but interrupted by two cooler events at 700 and 1100 AD. Finally, there is the Little
Ice Age (LIA) period from 1200 to 1850 AD, with cooling extremes occurring at around 1400
AD and 1625 AD.

According to Roberts et al. [18], the first six centuries AD cover some of the most excessive and
long-lasting droughts of the late Holocene in the Middle Eastern region. In southern Greece this
period is associated with a shift to several cold conditions of varying durations, strong variation
in water availability and a generally more unstable climatic context [23]. During the 7th and 8th
century AD, a phase of very high climatic instability has been identified [23]. High-resolution

lake, marine and tree rings records from Iberia and Morocco suggest lower water levels and



higher salinities during the MCA and generally more humid conditions during the LIA [18], [24].
In contrast, lake and partly speleothem evidence from Turkey shows an opposite pattern of a wet
MCA and a dry LIA for the Eastern Mediterranean [18]. Thus, an east-west climate seesaw
pattern is proposed, which seems to take place during the last 1100 years between the eastern and
western Mediterranean. However, whilst western Mediterranean aridity/humidity patterns appear
consistent during the two periods, the pattern is less clear in the eastern Mediterranean region
[18], [25], [26].

Several seasonal climate reconstructions have been presented for the last centuries that cover the
eastern Mediterranean [25]-[31]. However, seasonal climatic information for the area is
scattered and information about variability, trends and extremes at intraseasonal and interannual
scale have therefore large uncertainties [21]. Notable fluctuations in seasonal temperatures are
further affected by large tropical volcanic eruptions, e.g. the case of temperature drop during the
Dalton solar minimum (ca 1790 to 1830 AD) [32].

1.2 Climate reconstructions

Instrumental records offer valuable information to determine the past climate changes. Northern
Hemisphere instrumental data considering temperatures measurements date back to the mid-
1850’s and ocean data are largely constrained to the last 50 years [33]. However, time series of
measured environmental parameters often cannot capture short-term processes, rare events and
non-analogue situations, since most of the times they are temporally inhomogeneous and
spatially too inconsistent [34], [35]. Therefore, instrumental records fail to embrace the complete

picture of climatic variability [36].

The oceans cover more than 70% of the Earth’s surface and are a very important source of
paleoclimatic information. Proxy indicators, preserved in the marine sediments, offer a wealth of
physical, chemical and biological properties that reflect the climatic and oceanographic
environment and are valuable for the reconstruction of paleoclimatic and paleoceanographic
evolution. Sediments are composed of both marine and terrigenous materials. The marine
component includes the remains of planktonic and benthic organisms, which provide a record of

past climate and oceanic circulation, in terms of sea surface temperature and salinity, dissolved

6



oxygen in deep water, nutrient or trace element concentrations, etc. [37][38]. On the other hand,
terrigenous material can provide a pattern of the continents’ humidity-aridity variations, the
intensity and direction of winds blowing from the land to the oceans, and other processes of
sediment transport to the oceans. Marine sediments also contain organic molecules derived from
terrestrial or marine organisms, called biomarkers, which can be useful proxies of

paleoceanographic conditions or of paleoenvironmental conditions [39]-[41].

1.2.1 Biomarkers

Biomarkers are complex organic compounds that typically consist of carbon, hydrogen atoms,
and other elements, which contribute to the organic matter, found in the marine and terrestrial
environment and can be attributed to formerly living organisms. These molecules are preserved
in sediments, rocks and crude oil [41]-[43]. Lipid biomarkers in the marine environment can be
initially produced by organisms from the aquatic (e.g. alkenones produced by haptophytes) or the

terrestrial environment (e.g. long chain n-alkanes derived from plant-waxes of higher plants).

Lipid biomarkers’ importance relies upon their resistance against early degradation processes
during transport, sedimentation and after burial into the sediments [39]. The most valuable
biomarkers can be related to a certain group of organisms, and carry a signal from the
environment in which they were synthesized. Lipid biomarker structures, abundances, ratios, and
their stable isotope compositions provide valuable information on present and past environments.
Thus, several lipid biomarker (quantitative and qualitative) proxies have been developed in
paleoceanography aiming at reconstructing past sea surface temperatures (SSTs), sea surface
salinity (SSS), marine primary and secondary productivity, upwelling intensity, soil inputs,

changes in land vegetation and precipitation patterns etc. [40].

1.2.1.1 Long-chain n-alkanes and n-alkanols

Homologues of long chain n-alkanes and n-alkanols are typically found in terrestrial and marine

sediments [44]-[49]. They are the major components of protective epicuticular waxes on the leaf



surfaces of higher land plants [42] and are relatively resistant to degradation [50]. They are
transferred for long distances by winds or are delivered directly by rivers [40].

Plant-wax derived n-alkanes have a typical carbon chain-length between C,s and Css and show a
strong predominance of odd-carbon homologues over even-carbon homologues with the most
dominant representatives being the C,7, Cy9, C31 and Ca3 [42]. The magnitude of this odd-over-
even predominance, expressed by the Carbon Preference Index (CPI) [51], is used to distinguish
between plant (CPI>4 in plants) [52] and fossil fuel products (CPI~1) [53]. Chain length
variations (average chain length-ACL) in land plant biomarker are commonly related to changes
in the temperature and humidity/aridity in the growing environment of source vegetation, since
plants tend to synthesize longer chain length waxy components in response to elevated
temperatures [54]. Thus, changes in the vegetation cover during different climatic periods could
be inferred by changes in the average chain length of terrestrial n-alkanes [55].

1.2.1.2 Long-chain alkenones

Long-chain alkenones reflect the productivity from algal species of the Prymnesiophyte class,
e.g., Emiliania huxleyii [56], while, in general, the known biological precursors of long-chain
diols are marine nannoplankton of the class Eustigmatophyta, and C3y keto-ols might be derived
by oxidation of the corresponding Csp diols [57]. However, long-chain diols have also been
identified in Proboscia diatoms [58][59]. Loliolides (isololiolide and loliolide) share several
structural features characteristic of carotenoids in marine algae, which were proposed to serve as
their biogenic precursors [60]. Marine sterols are major constituents of several marine

phytoplankton groups such as prymnesiophytes, diatoms and dinoflagellates [61][62].

The U¥5; index is a very useful lipid-derived SST proxy and is based on long chain di- and tri-
unsaturated alkenones with 37 carbon atoms. These alkenones are produced by a limited species
of haptophyte algae e.g., Emiliania huxleyi and Gephryocapsa oceanica [56], [63]-[65], which
inhabit the euphotic zone of the ocean. The U3 index is defined as the ratio of the di-
unsaturated alkenone (Cs7:2) relative to the sum of di- and tri-unsaturated alkenones (Cs7:3). In
cultures, field measurements and sediments, it is observed that the relative proportion of Cs7:3

increases with decreasing ambient temperature [66], [67]. Global surveys on core tops confirmed
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this relationship resulting in the development of calibration functions of U¥'5; to mean annual
SSTs [68], [69]. Regional calibrations try to account for deviations from this relation, which
have been attributed to differences in depth of maximum alkenone production [52], [70]-[73] or
seasonal blooming of haptophytes [71], [74]-[77]. Further discrepancies between U¥3; and SSTs
may be introduced by selective degradation of Cs7.3, resulting in warmer SST estimates [78]-
[83]. Nonetheless, the U¥'5; paleothermometer has been successfully applied for millennial scale
SST reconstructions since the Late Pleistocene, in high-resolution studies covering the Holocene,

and in combination with other SST proxies [84].

1.2.1.3 Steroid alcohols

Steroid alcohols (sterols), such as cholesterol (27A%), are essential lipids in eukaryotic membrane
controlling the membrane permeability and rigidity [57]. An extensive variety of functionalized
steroids was identified in recent sediments and is categorized by the number and position of
double bonds, hydroxy-, oxo-, and alkyl groups, and other, often, complex, substituents. They
can be diagnostic for a wide range of taxonomic groups, particularly algae [85]. However, during
diagenetic degradation processes most of the functionalities are lost, leaving a limited number of

sterols to be used as proxies [86].

1.2.1.4 Polycyclic Aromatic Hydrocarbons (PAHS)

Polycyclic aromatic hydrocarbons (PAHS) are ubiquitous in the environment. They constitute an
important class of persistent organic pollutants. Some of them are known to have toxic,
mutagenic and/or carcinogenic properties [87] and 16 among them are classified as priority

pollutants by international environmental agencies (EEA-EU, EPA-US).

PAHs enter the marine environment through the atmosphere (dry/wet deposition, gas exchange
across the air—water interface) but also through direct discharges, such as oil spills or industrial
outfalls, oil seepage, continental run-offs and rivers [88]-[92]. PAHSs are generally insoluble in

water, so in the marine environment they tend to be adhered to particulate matter that is



suspended in the water. Hence, they are discarded from surface waters and transported to deep

ocean waters [93]-[97].

1.3 Scope of the present thesis and structure

The main objective of the present thesis is to investigate the land-sea interactions in the Elefsis
Bay during the last 300 years via the use of a plethora of marine and terrestrially-derived
biogeochemical indices. Besides, by assessing these indices it is possible to gain a better
understanding of the sensitivities and response modes of the study area to oceanographic,
environmental and hydrological changes, as also as changes in the supply of terrestrial organic
matter from the surrounding land to the core site, both of biogenic and anthropogenic origin.
Furthermore, the results of this study could contribute to a denser network of coastal Eastern

Mediterranean climate data.

Chapter 2 describes the study area and the multi-core location and age-depth model. In Chapter
3, the methodology and analytical protocol are presented. Chapter 4 introduces the results from
the various biogeochemical indices retrieved from the WF-S2 sedimentary record. Chapter 5
focuses on the identification of land-sea interactions through the discussion on the biomarkers’
trends. Finally in chapter 6, the concluding remarks are pointed out, while some suggestions for

future research are proposed.
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2 STUDY AREA
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2.1 Saronikos Gulf

The Saronikos Gulf is situated at the West-Central Aegean Sea (northeast Mediterranean Sea). It
communicates with the Aegean Sea to the east and is surrounded by the peninsulas of Attica to
the north and Peloponnese to the southwest (Figure 2.1). There are several islands and islets in
the gulf, Salamina and Aigina being the most important in terms of size and population density.
The length of the coastline is ~ 270 km, the surface ~ 2.866 km? and the mean water depth ~ 100

m.
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Figure 2.1 Saronikos Gulf and Elefsis Bay, located next to Athens
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The circulation of the Saronikos Gulf has a distinct two-layer structure in the period from late
spring to summer to late fall, whereas it is basically barotropic during the rest of the year from
December to March [98].

Inner Saronikos Gulf, located at the northern part of the eastern basin, is exposed to intense
anthropogenic pressure from several point and nonpoint pollution sources, as it constitutes the
catchment area of the metropolitan city of Athens with approximately 4 million habitats
[99][100]. Therein, numerous anthropogenic activities take place, such as industries, oil
refineries, ship yards, marinas, touristic facilities e.t.c. especially at the industrial zone of Elefsis
Bay and Piraeus port [101]-[103]. Besides, the Inner Saronikos receives the treated wastewaters
of the aforementioned cities as well as of smaller surrounding towns from a point source
(outfall) south of the Psittalia Island [104]. Most activities have direct input to the gulf’s waters
while others contaminate the soils or the groundwater affecting the marine environment via
runoff and/or submarine groundwater discharges and the atmospheric deposition of pollutants
from the adjacent urban areas. Moreover, amongst the most important nonpoint pollution sources
of the Saronikos Gulf is the intense marine traffic resulting in substantial amounts of petroleum
discharges. The later result in the presence of a chronic petroleum-associated anthropogenic
background burden in sediments of the Inner Saronikos Gulf [102], [105]-[107].

2.2 Elefsis Bay

Elefsis bay is located at the Northern Saronikos Gulf in Greece next to the metropolitan area of
Athens (Figure 2.1). It covers 67 km?® with a maximum depth of 35 m (average depth 18 m) and
is almost enclosed, except from two sills through which it communicates with the rest of

Saronikos gulf. Estimates of the surface flow in Elefsis Bay showed a flow of around 250 m*s™

from east to west during winter and a higher (450 m®s™) reversed flow in summer [108],[109].

The Elefsis Bay has a different morphology compared to Saronikos Gulf. It has also suffered
more from pollution during the last decades, mainly by industrial activities on its coastline. A
significant number of industries (oil refineries, shipyards, chemical plants, food, metal cement
industries etc.) are located along the northern coastline of the Bay. Extended water pollution

caused by organic matter and metal enrichment from hot spots, casts a shadow over human
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population growth and development. In the eastern reach of Elefsis Bay lies the city of Athens
with a population of over three millions. The eastern Keratsini channel is enriched by the
industrial and shipyard area of Piraeus harbor. Until 1994, Keratsini channel had been receiving
the untreated domestic and industrial sewage of the Athens Metropolitan area which was
discharged into the surface water layer of the channel and enriched the bay with metals, nutrients
and organic matter. After 1994, the sewage of the Athens Metropolitan area was primarily
treated in the Psitallia Sewage Treatment Plant and discharged into the inner Saronikos Gulf.
Additionally, by the end of 2004, the secondary stage of the Psittalia Sewage Plant became

operational.

The extended anthropogenic pollution of the area occurred after the Second World War, when
rapid population growth and development followed with increasing industrialization. At that
time, population growth, a large fertilizer factory situated just outside the entrance of Piraeus
Harbor and the discharge of the untreated nutrient-rich sewage enhanced the point-source
nutrient loading. After 1994, the pollution in the Bay decreased significantly, because many
industries closed or decreased the amount of their pollutants according to the European and
National directives. However, during the last years, there has been a turn towards cleaner
technologies, and the bay does not receive the large amount of untreated sewage of Athens any
longer[110]. At the same time, the bay does not receive any significant amounts of natural fresh
waters either, since no river water flows into the bay, except for some ephemeral streams in

winter.

The aforementioned anthropogenic inputs lead to ecological stress in the bay. Documented
anoxic conditions in the deepest western part (>25 m depth) of the Bay date back to the summer
of 1973 [111], when the zooplanktonic biomass remained near zero [112]. Following the initial
documentation of anoxia, several low dissolved oxygen (DO) conditions have been referred
[113][114][115][116][117][118]. Hypoxic and anoxic conditions are being developed every year
only in the western part of the Elefsis Bay and they are leading to an enrichment of organic
matter in the sediments. The dark to black color of the surface sediments is an index of the high

content of organic matter in the sediments [119].

In short, the physical setting of the Elefsis Bay, the narrow and shallow connections to the
Saronikos Gulf with low freshwater inflows and limited water exchange, leads to a strong
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seasonal density stratification of the water mass and influences the oxygen distribution in the
basin, resulting in hypoxia and anoxia, existing for about 5 months. The summer stratification
reduces the supply of DO to the bottom layers, whereas, oxidation of the organic matter results in
the disappearance of oxygen and the formation of anaerobic conditions. This situation retains

nutrients and organic matter within the basin and leads to high nutrient accumulation [119].

Extensive research has been conducted during the last 50 years concerning the Elefsis Bay.
Scoullos [120] suggests that the upper part of the sediment column is greatly enriched with lead
of anthropogenic origin, which is mainly associated with fine particles. The metal pollution in
the Elefsis Bay causes relatively medium levels of oxidative stress in tissues of mussels due to
cellular oxy-radical generation [110]. Surface seawater and tissues samples of indigenous black
mussels, Mytilus galloprovincialis, have been collected from three coastal sites of Saronikos
Gulf and from the Elefsis Gulf. PAHs composition was dominated by two-, three- and four-ring
compounds in seawater, where 17 different PAH compounds were identified and measured in
mussel tissues [121]. Studies reveal that after the start of the operation of Psitallia Wastewater
Treatment Plant, the levels of trace metal pollution of the marine environment of the gulf are
possibly reaching a steady state [122].

2.3 Core location and chronology

The multicore WF-S2 was retrieved by the R/V AEGAEO (HCMR) in 2014 from the deepest
part of the Elefsis Bay (longitude: 23.450; latitude: 38.007) as shown in Figure 2.2. The 52-cm
long core was sampled continuously at a sampling step of 0.5 cm.
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Figure 2.2 The multicore WF-S2 was retrieved from the deepest part of the Elefsis Bay

The age-depth model of the core was constructed using the software Bacon 2.2, two accelerator
mass spectrometry (AMS) **C datings with a marine reservoir effect (AR) value of 73 (+60) **C
years and the beginning of the Industrial Period (1880 AD), recognized by the increase of UCM
at 18cm depth. The sequence is a continuous, high resolution palaeoenvironmental archive of the
last 300 years with its base dating back to 1660 AD (x 90).

Table 2-1 Accelerator mass spectrometry (AMS) *C datings.

14C measured age Calibrated age _
Depth (cm) Material
(years BP) (years BP)
35 540 £ 30 170 -210 Marine molluscs
50 -52 680 = 30 300 - 360 Planktonic forams
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3 METHODOLOGY
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3.1 Materials

One of the major problems in compounds analysis is contamination. This is even more important
in the case of low concentration samples like environmental samples. Contamination may arise
from the collection of the samples, their transfer to the lab or from the various analytical steps. It
is essential to have very clean materials and to choose solvents of high purity. All solvents and
silica gel (230-400 mesh) were purchased from Merck (‘Suprasolv’, Darmstadt, Germany).
Standard compounds were obtained from Sigma-Aldrich (MO, USA) and Dr. Ehrenstorfer
GmbH.

Silica gel was soxhlet extracted with dichloromathane overnight and kept dry (in desiccator)
until use. All glassware was combusted at 450°C prior to use.

The analysis of blank samples in parallel to the environmental samples is of great importance so
as to ensure that the results are correct. From the analysis of our blank samples the contamination

was below the detection levels.
3.2 Organic carbon and stable isotopic analysis

Fifty one samples were collected at a resolution step of 1 cm for the determination of total
carbon (TC), total nitrogen (TN), organic carbon (OC) contents and stable isotopic composition
of OC (8™°C) and nitrogen (6°N). The analysis was carried out at the University of California,
Davis. The freeze-dried and ground sediments were initially de-carbonated using repetitive
additions of a 25% HCI (v/v) solution, separated by 60°C drying steps, until no effervescence
was observed [123]. The analysis was carried out using a Flash 1112 EA elemental analyzer
interfaced to a Delta C Finnigan MAT isotope ratio mass spectrometer. Stable carbon and
nitrogen isotope ratios are expressed as §*3C and 8N values against V-PDB (Pee Dee Belemnite
standard) for carbon and atmospheric N, for nitrogen. The overall analytical error based on

duplicate measurements was 0.2 %o for §-3C values and +0.3 %o for §"°N values.
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3.3 Lipid extraction and separation

The analytical protocol of Gogou et al. (1996) [124], was slightly modified and used for the
qualitative and quantitative determination of lipid biomarkers in the considered sediment
samples.

Prior to the analytical procedure (see Figure 3.1), the sediments were freeze-dried and after that a
mortar was used to grind them into a fine powder and thus homogenize the sample. From the
homogenized sample 1-5 g were used for the extraction, depending on the total organic carbon

concentration.

Regarding the analytical procedure, the samples were initially spiked with a mix of internal

standards for quantitative determinations. The internal standards used were:

. 10pL of a mix of perdeuterated internal standards of hydrocarbons (9.64 ppm of [*Hsg]n-
tetracosane  for aliphatic  hydrocarbons;  [*Hg]napthalene,  [*Hig]acenaphthene,
[?H10]phenanthrene, [*Hy2]pyrene, [*Hy]chrysene, [*Hz]perylene and
[H12]benzo[ghi]perylene for PAHs-10 ppm)

. 25uL of n-C»1D430 (25.4 ppm)/5a-androstan-3p-ol (25.8 ppm)

o 25uL (21.92 ppm) of n-CssHz4 (surrogate standard for the fraction containing the long
chain alkenones)

The organic compounds were extracted from the freeze-dried sediments with a mixture of
dichloromethane /methanol (4:1 v/v) by sonication. The extraction scheme was repeated three
times. After that the extracts were transferred to a clean pear-shaped glass flask through
infiltration using glass wool and Na,SO, as a desiccant. The total extract was concentrated in a
rotary evaporator, transferred to a 1-mL amber glass vial, and further evaporated under a gentle
nitrogen stream. In the highly polluted samples (upper part of the core), prior to evaporation,

sulfur was removed over a few hours using copper wires.

Then the extract was fractionated into individual compounds classes by column chromatography

on silica gel.
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For every column, 0.45 g of silica gel was used, which was previously activated for 1 h at 150°C.
The following solvent systems with increasing polarity were used to elute the different

compound classes:

1.  F1 fraction (aliphatics): n-hexane

2. PAHs fraction: toluene/n-hexane (1:9)

3. F2 fraction (carbonyl compounds such as long chain alkenones): dichloromethane/n-
hexane (2:3)

4.  F3fraction (n-alkanols and steroidal alcohols): ethyl acetate/n-hexane (1:2)

The method used to prepare the column is the dry method. The base of the glass column contains
a glass wool plug to hold the solid phase in place. The column is prepared by packing the solid
absorbent (silica gel) on top of the glass wool. Silica gel acts as the stationary phase and is
followed by the mobile phase, which is flushed through the column until it is completely wet,
and from this point on is never allowed to run dry [125]. The sample is placed carefully into the
top of the column using a pipette. A clean pear-shaped glass flask is placed under the column in
order to collect the eluate. For each fraction a different glass flask is used. The eluate is
evaporated in a rotary evaporator and transferred to a 1-mL conical vial under a gentle nitrogen

stream.

3.4 n-Alkanols and steroidal alcohols derivatization

n-Alkanols and steroidal alcohols were derivatized to the corresponding trimethylsilyl ethers
prior to GC-MS analysis, as follows: the fraction containing the n-alkanols and steroidal alcohols
was initially evaporated in a rotary evaporator until about 1 mL volume, and then under a gentle
stream of nitrogen to dryness. 100 puL of N,O-bis-(trimethylsilyl)-trifluoroacetamide (BSTFA)
were added; the reaction mixture was shaken vigorously and allowed to stand for 1 h at 90 °C.
After that, the reaction mixture was evaporated under a nitrogen stream to dryness. Finally,
isooctane was added till the volume of 50 uL, so that the chromatographic analysis could be

carried on.
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Figure 3.1 Scheme of the entire analytical procedure
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3.5 Identification and quantitative determination (GC-FID and GC-MS)

The considered organic compound classes usually exist in low concentrations in environmental

samples. So there is a need for high precision and analytical power techniques.

The instrumental analysis was carried out by gas chromatography mass spectrometry (GC-MS)
on an Agilent 7890 GC, equipped with an HP-5MS capillary column (30mx0.25mm i.d. x 0.25
um phase film), coupled to an Agilent 5975C MSD. For the analysis of aliphatic hydrocarbons
and sterols/n-alkanols the MSD operated in full scan mode and the GC oven temperature was
initially held at 60 °C for 2 min, brought to 80 °C at a rate of 25 °C min ™%, then to 300 °C at a rate
of 5°C min* (3 °C min™ in the case of sterols/n-alkanols) and finally held at 300 °C for 35 min.
PAHs were analyzed using a selected ion monitoring (SIM) acquisition program. The oven
temperature program was the same as in the case of aliphatic hydrocarbons but with a 300 °C
final isothermal of 6 min. Helium (99.999% purity) was used as carrier gas at a flow of 1.1 mL
min. As far as the long chain alkenones is concerned, the compound identification was
performed by GC-FID. The GC-FID analyses were carried out on a Hewlett Packard gas
chromatograph, model 5890 with Hewlett Packard Chemstation data system, fitted with an on-
column injector, and a fused silica capillary column (HP-5, 50 m x 0.17 um x 0.32 mm). Helium
(99.999% purity) was used as carrier gas at a flow of 1.1 mL min’. The chromatographic
conditions were the following: detector temperature 300 °C; temperature program: 50 °C (1 min);
50-220 °C (25 °C min™), 220-300 °C (5 °C min™), and 300 °C (30 min).

The aliphatic fraction consists of the n-alkanes and the UCM. As far as the n-alkanes is
concerned, the homologues from n-Cy; to n-Czs were identified. Besides, the long-chain
alkenones with 37 and 38 carbon atoms and the n-alkanols from n-Cy4 to n-Cs, were determined.
Also alkanediols-1,15 (diols), keto-15-alkanols-1 (keto-ols) Cso, and Cs; and isololiolide and
loliolide were identified. Finally, a wide range of steroid alcohols (Table 3-2) and PAHs (Table

3-3) were determined.

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 [2H50] n-tetracosane
using the average response factor of n-alkanes[126].
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The individual lipid components were identified by a combination of comparison of GC-
retention times to authentic standards and comparison of their mass-spectral data to those in the
literature. Quantification was based on the GC-FID or GC-MS response and achieved by

comparison of peak areas with those of internal standards.

Standard solutions of the targeted PAH compounds, purchased from Dr. Ehrenstorfer GmbH,
were spiked with the internal standards and run on each injection set in order to derive relative

response factors (RRFs) of the analytes.

3.6 Lipid biomarkers and their application

The detailed study of a variety of lipid biomarkers in paleoceanographic studies permits to both
autochthonous and allochthonous sources contributing to the sedimentary organic matter,
delivering information on marine and terrestrial ecosystem responses to anthropogenic pressure
and land-ocean interactions [127][128][124][129][130].

Considering that the organic carbon (OC) can vary due to the supply of inorganic material [127],

the lipid biomarkers that were calculated were also normalized to the OC contents.

3.6.1 n-Alkanes and n-alkanols

Aliphatic hydrocarbons derive from natural sources such as terrestrial plant waxes, marine
phytoplankton and bacteria [131], while they are also major components of petroleum products
[53]. High molecular weight n-alkanes and n-alkanols are major components of epicuticular
higher plant waxes [42][40] and have been often used as proxies of allochthonous natural
(terrestrial) inputs from leaf waxes of higher plants [52][124]. The sum of the concentrations of
the most abundant high molecular weight n-alkanes and n-alkanols of terrestrial origin are

defined, respectively, as:

TeTNA=n—C27+n—C29+n—C31+n—C33 (1)
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and

Terya—on =n—Cyy_oy + N —Ce_on + N —Crg_ou + N — C30_0n (2)

The values measured for the n-alkanes are biased by the occurrence of petroleum hydrocarbons.
Thus, two vertical profiles have been constructed for the n-alkanes. The one, referred to as
“bias”, includes the contribution of petroleum hydrocarbons. The other, referred to as “non bias”,
was calculated by subtracting the average of the next higher and lower even carbon numbered
homologue[132], [133], as:

n—=C,= [Cn] — 0.5[ Cpyq + Cyq] 3)

The Carbon Preference Indices of long chain n-alkanes (CPlya) and n-alkanols (CPln.on) have
been used as indicators of terrestrial organic matter degradation with CPI values in fresh leaves
being typically >4 [52], although the occurrence of petroleum hydrocarbons bias (lower) CPIna
values with increasing petroleum contribution, since fossil fuel products present CPIya values ~1

[53]. The indices were calculated, respectively, as:

Tl—C25 + n_C27 + Tl—ng + TL—C31 + n_C33
CPINA = (4)
n_Cz4 + Tl—CZ6 + Tl—ng + n_C30 + Tl—C32

and

cPl _n—=Cyyop+n—Cpop+n—Coy+n—_C3-05 +n—Cs0y 5)
N=O ™ 0 — Cy3_on + N — Cas_on + N — Ca7_on + N — Ca9_oy + 1 — C31_0n

Chain length variations in land plant biomarkers are commonly related to changes in the
temperature and humidity/aridity in the growing environment of source vegetation, since plants

tend to synthesize longer chain length waxy components in response to elevated temperatures
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[54]. Thus, changes in the vegetation cover during different climatic periods could be inferred by

changes in the average chain length of terrestrial n-alkanes [55]:

ACL_27><n—C27+29Xn—C29+31XTl—C31+33><n—C33 (6)
B n—~C;; +n—0C+n—=0C31+n—_C33

Unresolved complex mixture of aliphatic hydrocarbons

The unresolved complex mixture (UCM) of aliphatic hydrocarbons, a commonly observed
contaminant mixture in marine sediments consisting of branched alicyclic hydrocarbons [134],
has been proven as toxic to sediment-dwelling organisms [135][136]. As far as the study area is

concerned, UCM originates from chronic-oil pollution and/or coal combustion.

3.6.2 Isoprenoid derivatives

Loliolide  (1,3-dihydroxy-3,5,5-trimethylcyclohexylidene-4-acetic  acid lactone) is a
monoterpene. The origin of loliolide has been discussed by several authors, and they suggested
that loliolide is a degradation [137] or a photo-oxidation product of algal carotenoids such as
fucoxanthin and zeaxanthin [138], [139]. As such, loliolide is used as a biomarker for photo-
oxidative alterations of phytoplankton in sediments [140]. Loliolides (isololiolide and loliolide)
share several structural features characteristic of carotenoids in marine algae, which were

proposed to serve as their biogenic precursors [60].

3.6.3 n-Alkan-1,15-diols and keto-ols

The known biological precursors of long-chain diols are marine nannoplankton of the class
Eustigmatophyta and C3, keto-ols might be deriving by oxidation of the corresponding Cs, diols

[57]. However, long-chain diols have also been identified in Proboscia diatoms [58][59].
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3.6.4 Long-chain alkenones

Long-chain alkenones reflect the productivity from algal species of the Prymnesiophyte class,

e.g., Emiliania huxleyii [56].

The ratios of the concentrations of long-chain alkenone homologues that differ in the degree of
unsaturation might be used in the assessment of palaeo- sea surface temperature through the use
of U¥5; index[67], [68], [72], [141]:

' C37.2
Ul = ———— (7)
377 Ca79 + C373

and the global calibrated parameters of Conte et al.[69] :
T = —0.957 + 54.293 x (U%) — 52.894 x (U)” + 28321 x (V%)) (8

There is an uncertainty associated with the alkenone to SST calibration that, according to Conte
et al.[69] is >1 °C at the 68% confidence level. These values do not represent the full uncertainty
associated with the reconstruction and it is worth to note that a quantitative estimation of the

uncertainties cannot be achieved within the implemented modeling framework.

In the Aegean Sea, coccosphere fluxes indicate that the main alkenone producer Emiliania
huxleyii is the dominant species all year round, with higher production and export rates occurring
between March and June and secondary maximum from June to November [142][143].
Therefore, the estimated alkenone patterns and consequently the reconstructed alkenone SSTs

are considered to reflect mean annual temperature values.

In Table 3-1 the calculated long-chain alkenones are presented:

Table 3-1 Long-chain alkenones identified in the WF-S2 core.

Cara tri-unsaturated Cs; ketone
Carz di-unsaturated Cs; ketone
Cagzet tri-unsaturated Csg ethyl ketone
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Csgame tri-unsaturated Czg methyl ketone
Cagoet di-unsaturated Csg ethyl ketone

Cigo Me di-unsaturated Csg methyl ketone

3.6.5 Steroid alcohols

Steroid alcohols are essential lipids in eukaryotic membrane controlling the membrane
permeability and rigidity [57]. An extensive variety of functionalized steroids was identified in
recent sediments and is categorized by the number and position of double bonds, hydroxy-, oxo-,
and alkyl groups, and other, often, complex, substituents. They can be diagnostic for a wide
range of taxonomic groups, particularly algae [85]. Marine sterols are major constituents of
several marine phytoplankton groups[61][62]. Those employed as marine biomarkers in this

study consist of brassicasterol and dinosterol. Brassicasterol (;3A>?*%

) is the major sterol in many
diatoms but it also occurs in some prymnesiophytes, mainly Emiliania huxleyi, while dinosterol
(0A%F) is a major compound in dinoflagellates and is commonly used as source-specific
biomarkers of this algal specie [57], [61]. The systematic names and the abbreviations
(containing structural information: number/position of double bonds) of sterols detected in WF-

S2 core sediments are depicted in Table 3-2.

Table 3-2 Nomenclature of the steroidal alcohols in the WF-S2 core. Annotated with (*) are those that were not
identified in the core.

Abbreviation IUPAC nomenclature Other name
S1 26A>*F 24-norcholesta-5,22(E)-dien-3-ol
S2 26A7®) 24-nor-5a(H)-cholest-22(E)-en-34-ol
S3 5B(H)-cholestan-34-ol Coprostanol
S4 5p(H)-cholesta-3a-ol Epicoprostanol
S5 27 A 27-nor-24-methylcholesta-5,22(E)-dien-34-ol
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S6

S7

S8

S9

S10

S11

S12

*S13

S14

*S15

*S16

S17

S18

*S519

*S20

S21

S22

S23

S24

27A22E

27A5'22E

27A°

27A°

28A5,22E

28A22E

28A3

29A5,22E

29A%

29A°

29A°

30A22E

30A°

27-nor-24-methyl-50(H)cholest-22(E)-en-34-ol

cholest-5,22(E)-dien-34-ol

5a(H)-cholest-22(E)-en-34-ol

Cholest-5-en-34-ol

5a(H)-cholestan-34-ol

24-methylcholesta-5,22-dien-34-ol

24-methyl-5¢(H)-cholest-22(E)-en-34-ol

24-methylenecholest-5-en-34-ol

24-methylcholest-5-en-34-ol

24-methyl-5a(H)-cholestan-34-ol

23,24-dimethycholesta-5,22(E)-dein-34-ol

24-ethylcholesta-5,22(E)-dien-34-ol

24-ethyl-5a-cholest-22-en-34-ol

4a,24-dimethyl-5a(H)-cholest-22(E)-en-34-ol

23,24-dimethyl-cholest-5-en-34-ol

24-ethylcholesta-5-en-34-ol

24-ethyl-5a(H)-cholestan-34-ol

4a,23,24-trimethyl-5a(H)cholest-22(E)-en-34-ol

4a,23,24-trimethyl-5a(H)cholestan-34-ol

Dehydro-22-cholesterol

Cholesterol

Cholestanol

Brassicasterol

Brassicastanol

Campesterol

Stigmasterol

Stigmastanol

Sitosterol

Sitostanol

Dinosterol

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

follows:
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YAlgal = 284522 + 30422 + C30,4i01s & keto—ots T C37,alkenones T loliolide + isololiolide  (9)

3.6.6 Polycyclic Aromatic Hydrocarbons (PAHS)

PAHs have their origin in anthropogenic activities such as biomass burning, incomplete
combustion of fossil fuels and their byproducts, industrial processes and petroleum
processing/transportation [144]. Some compounds such as retene and perylene may have natural
sources [145], [146]. Both low and high molecular weight PAHs were determined in this study,
as well as their methylated homologues. The names and the abbreviations (containing structural
information: number/position of double bonds) of PAH detected in WF-S2 core sediments are

given in Table 3-3.

Table 3-3 PAH compounds identified in the WF-S2 core.

Compound Abbreviation
Phenanthrene Phe
Methyl-phenanthrene C;-Phe
Dimethyl-phenanthrene C,-Phe
Trimethyl-phenanthrene Cs-Phe
Anthracene Anth
Retene Ret
Fluoranthene Flth
Pyrene Pyr
Methyl-pyrene Cyi-Pyr
Dimethyl-pyrene Co-Pyr
Benzo[a]anthracene BaA
Chrysene/Triphenylene Chry/Tri
Methyl-chrysene C;-Chry
Dimethyl-chrysene C,-Chry
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Benzo[b]fluoranthene
Benzo[K]fluoranthene
Benzolb,j,k]fluoranthenes
Benzo[e]pyrene
Benzo[a]pyrene
Perylene
Indenol[1,2,3-c,d]pyrene

Benzo[g,h,i]perylene

Dibenzo[a,h]anthracene

BbF
BkF
Bflths
BeP
BaP
Per
IndP
BgP

DBA
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4 RESULTS
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4.1 Sea surface temperatures

Alkenone-derived SSTs at Elefsis Bay vary at the range of 22°C to 25.1°C. The minimum value
is traced back to around 1770 AD and the maximum to around 1910 AD. SSTs drop by almost
1°C from the first quarter of the 17th to the beginning of the 18th century. After that and
throughout the 18th century, SSTs stabilize at a mean temperature of 23°C. During the 19th
century a gradual increase of 1°C is observed. After the last decades of the 19th century, the SST
values increase in just three decades 1°C more. The trend of the SST values shows a decrease of
1.2°C during the 20th century (see Figure 4.1).
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Figure 4.1 Sea Surface Temperatures (SST) calculated according to Conte et al. [69]
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4.2 Total Organic Carbon (TOC), 6°C,ryand 6°N

The values of the organic carbon (OC) content in the examined sediment core ranged from 0.82
to 3.84%. Its vertical profile is shown in Figure 4.2, where it is obvious that it can be divided into
two sections. The first section refers to the period from the bottom (around 1620 AD) of the core
until the last decades of the 19th century. During this period OC values vary between 0.82 and
1.74% with a mean value of 1.17%. The second section refers to the period from the end of the
19th century till present day. The OC values within this section range from 2.82 to 3.84% and

have a mean value of 3.48%.

Concerning 8"C, the minimum value is -20.07%o at the beginning of the 21st century, while the
maximum is -18.74%o at the end of the 19th century. From the bottom of the core (around 1620
AD) until the first quarter of the 18th century a decreasing trend for 8*3C values is observed.
After that and until the beginning of the 20th century the trend becomes increasing, particularly
after the last decades of the 19th century. The last period (until today) turns back to a decreasing

mode (see Figure 4.2).

The values of 8N in the studied sediment core vary in the range of 2.67 and 6.76%.. The
vertical profile of 8'°N is presented in Figure 4.2. From the bottom of the core (around 1620 AD)
until the last decades of the 19th century the values are slightly increasing with a mean value of
3.54%0. After that period there is a radical increase of the values. They range from 4.45 to 6.76%o

and the mean value is 5.57%o.
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Figure 4.2 Total Organic Carbon (%), 8"3C(%0) and 8°N(%) vertical profiles in the studied sediment core

4.3 Lipid Biomarkers

4.3.1 Aliphatic hydrocarbons

The aliphatic hydrocarbons fraction is characterized by the presence of a series of n-alkanes
ranging from n-Cy; to n-Cszand a UCM. The distribution of the n-alkanes is dominated by odd-

carbon-number homologues with maxima at n-Ca;.

In Figure 4.3 the chromatogram for the bottom of WF-S2 core is depicted. The odd-carbon-

number homologues are clearly dominating.
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Figure 4.3 Characteristic chromatogram (full scan mode) of the bottom (49 cm depth) of the core

At the upper part of the core (Figure 4.5), the dominance of n-C31 homologue is still obvious.
Besides, a series of C,7-Css hopanes were identified (Figure 4.4), exhibiting a dominant
thermodynamically stable 17a(H), 21B(H)- configuration, with 17p(H), 21a(H)- compounds
being less prominent, while extended Cs;;-Css homologues were present as pairs of the Cy,
diastereoisomers (22S and 22R). The UCM is very distinct.
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Figure 4.4 Characteristic ion fragmentogram (m/z 191). Numerals refer to carbon numbers of hopane series;
of =17a(H),21p(H)-hopanes; pa =17p(H),21a(H)-hopanes; S and R = Cy, S and R configuration; Ts: 18a(H)-
22,29,30-trisnorneohopane; Tm: 17a(H)-22,29,30-trisnorhopane.
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Figure 4.5 Characteristic chromatogram (full scan mode) of the upper part (0 cm depth) of WF-S2 core
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The concentrations of the sum of n-alkanes vary between 0.53 and 4.37 ug g™. The mean value is
2.11 pg g™ Absolute (ug/g of dry sediment) concentrations of bias and non bias terrestrial n-
alkanes are presented in Figure 4.6. The absolute concentrations range from 0.44 to 3.09 ug g™
(bias) and from 0.39 to 2.45 pg g™* (non bias). Figure 4.6 shows that the values of the absolute
concentrations increase only slightly from the bottom of the core (around 1620 AD) until the last
decades of the 19th century, having the minimum value 0.39 pg g™, maximum 2.45 ug g™ and
the mean value 0.86 ug g™*. After that period and until today the increasing trend becomes radical

and the values vary from 1.13 to 2.42 ug g™ and the mean value is 1.85 pg g™.
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Figure 4.6 Absolute bias values of terrestrial n-alkanes (ng g*) and absolute non bias values (ng g™,
respectively.
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The CPI values of high molecular weight n-alkanes range from 2.89 to 7.36. From around 1620
AD till the last decades of the 19th century, CPI values have a mean value of 6.38. For the next
three decades a sudden drop to a mean value of 3 is observed. After that and until today, CPI

increases to the present value of 4.55.

UCM values vary between 7.87 and 600 pg g™ (see Figure 4.7). The mean value is 178 pg g™.
From around 1620 AD till the last decades of the 19th century, the values of UCM show a
slightly increasing trend varying between 7.9 and 188 pg g*. After that period and until the
middle of the 20th century, UCM increases from 180 to 600 pg g™. The last section demonstrates

decreasing values for the UCM.
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Figure 4.7 Carbon Preference Index (CPI) and Unresolved Complex Mixture (UCM) of long chain n-alkanes
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The ACL index of n-Cy; — n-Cs3 n-alkanes varies between 30.50 and 30.93 (see Figure 4.8).
During the pre-Industrial period ACL values remain relatively constant. A decline in ACL values
is observed during the last decades of the 19th century. Finally, from the onset of the 20th
century till the middle of the century a rise in the values is noticed, while in the last decades the

fluctuations appear to be more mild.
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Figure 4.8 Average Chain Length (ACL) of C,; to Cs3 n-alkanes
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4.4 Aliphatic alcohol fraction

The aliphatic alcohol fraction is dominated by a series of n-alkanols ranging from n-Ci4.04 to n-
Csz-0n- The distribution of these compounds is dominated by even-carbon-number homologues

with maxima at n-Cys.0n 0Or N-Cyg.0n.

In Figure 4.9 a characteristic chromatogram of n-alkanols is presented. The dominant homologue

is n-Cog.on. Besides, even-carbon-number homologues ranging from n-Cys.on to n-Cso.0n are

dominant.
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Figure 4.9 Characteristic chromatogram (m/z 103) of n-alkanols

Absolute (ug g™ of dry sediment) and organic carbon normalized (ug g™ of OC) concentrations
of terrestrial n-alkanols are presented in Figure 4.10. Both absolute and organic carbon
normalized values follow a similar distribution as the corresponding terrestrial n-alkanes. They

range from 0.82 to 12.5 pg g™ and from 91.2 to 351 ug g™ OC respectively. For both graphs the
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maximum values are observed at the top of the core (around 2010 AD), while the minimum at
the bottom (around 1620 AD).
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Figure 4.10 Absolute values of terrestrial n-alkanols (pg g™) and organic carbon normalized (ug g™ OC),
respectively.

It is generally accepted that the sums of even-carbon-number n-alkanols from n-Cy4 to n-Cy

have marine origin [127]. Figure 4.11 shows that they vary between 0.06 and 4.46 ug g™
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Figure 4.11 Absolute values of marine n-alkanols (ug g™).

4.5 Long-chain alkenones

Long-chain di- and tri-unsaturated Cs; and Csg methyl ketones and Czg ethyl ketones (commonly
named long-chain alkenones) were major components of the ketone fraction. In Figure 4.12 a
characteristic chromatogram of the determined alkenones is depicted.
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Figure 4.12 Characteristic chromatogram of alkenones

Their concentrations range from 0.16 to 10.64 pg g™. The minimum value of 0.16 pg g™ is
observed during the first decade of the 18th century, while the maximum of 10.64 ug g™ during
the last decades of the 19th century. From the end of the 17th century until the last decades of the
19th century, the total alkenone concentration values are quite low with a mean value 0.43 pg g™
After that period a sharp increase in values is observed, followed by a negative trend that

continues till the top of the core (see Figure 4.13).
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Figure 4.13 Alkenones concentration (ug g™)

4.6 Sterols

The sterols determined in this study consist of a series of Cys — Cyg9 4-desmethyl sterols along
with two Csg 4a-methyl sterols. The maximum values of total sterol concentration are found at
the top of the core. In Figure 4.14 a characteristic chromatogram of sterols is presented. The
dominant sterol is 4a,23,24-trimethyl-5a(H)cholest-22(E)-en-3B-ol (Dinosterol, 30A%F). The
sterols S13, S15, S16, S19 and S20 were not identified in any depth throughout the core.
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Figure 4.14 Characteristic total ion chromatograph (TI1C) of suspended particle associated sterols (10cm)
annotated with the identified compounds.

4.6.1 4-Desmethyl sterols

In all samples a series of Cy6-Cog 4-desmethyl sterols have been detected (Table 3-2). Cys sterols,
namely 24-norcholesta-5,22(E)-dien-3p-ol and 24-nor-5a(H)-cholest-22(E)-en-3p-ol were minor
components accounting for less than 2% of the total sterol concentration.

Cy7 sterols account from 16% up to 31% of total sterol concentration. The major C, sterol is
cholest-5-en-3p-ol (cholesterol, 27A%). Its dehydro-counterpart, cholesta-5,22(E)-dien-3p-ol
(27A%%F), as well as its hydrogenated one, 5a(H)-cholest-22(E)-en-3p-ol, are also present in low

concentrations.

Three individual Cyg sterols were identified accounting for 4 - 21% of the total sterols. The major
C,s homologues are 24-methylcholesta-5,22-dien-3p-ol (Brassicasterol, 28A%%%f) and 24-
methylcholest-5-en-3p-ol (Campesterol, 28A°).
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As far as the Cyo-sterols are concerned, 4 individual sterols are identified. The major Cyg sterols
are 24-ethylcholesta-5,22(E)-dien-3p-ol (Stigmasterol, 29A°??%) and 24-ethylcholesta-5-en-3-ol
(Sitosterol, 29A°).

According to Figure 4.15, from the bottom of the core (2" half of the 17" century) till the last
decades of the 19th century, the major 4-desmethyl sterols average concentrations are lower than
0.15 ug g™ (see Figure 4.15). After this turning point, that marks the beginning of the Industrial

Era in Greece, all concentrations increase for the next decades.

Brassicasterol (nug/g) Stigmasterol (ug/g)
Lo b by [y I I I

0 2 4 6 8 0 2 4 6 8
?

- &
2000 —() — -
[ «

g | n
o o
n o
g o

o

-
©
=]
=]

eee,

L

1800 —

Calendar years (AD)

1700 —

62-E59-8-0-0-0-0-9-0.50.o-5-09-00C 00020000

s LI I A

\ L L L FTTTrrrrtrrl
- 6 8 0 2 4 6 0 2 3 4 5

2 1
Cholesterol (ug/g) Campesterol (ug/g) Sitosterol (ug/g)

0

Figure 4.15 Major 4-desmethyl sterols concentrations

Figure 4.16 displays their vertical profiles. It is observed that the values of these two stanols rise
after the last decades of the 19th centrury, compared to the very low concentrations demonstrated

before this period.
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Figure 4.16 5p-cholestan-3p-ol (coprostanol) and 5B-cholestan-3a-ol (epicoprostanol) vertical profiles

4.6.2 4-Methyl sterols

4-methyl sterols are sterols with a methyl group at the 4-position. In this study, two Cs sterols
are found. The major one is the 4a,23,24-trimethyl-5a(H)cholest-22(E)-en-3p3-ol (Dinosterol,
30A%%).

From the 2nd half of the 17th century until about the middle of the 19th century, 4a,23,24-
trimethyl-5a(H)cholest-22(E)-en-3p-ol (Dinosterol, 30A%*F) concentration shows the mean value
0.44 pg g™ (see Figure 4.17). A slight increase in its values is observed after that period and for
the next decades. The last decades of the 19th century mark an immense increase of 4a,23,24-
trimethyl-5a(H)cholest-22(E)-en-3p-ol (Dinosterol, 30A%F) concentration. During the 20th
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century the values exhibit fluctuations. Besides, the new millennia values have an increasing
trend.
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Figure 4.17 Dinosterol (30A%F) concentration

4.6.3 Algal productivity

The sum of algal biomarkers varies between 0.7 and 31.8 pg g™ and has a mean value of 7.1 pg

g™. As it is presented in Figure 4.18, from the bottom of the core until the last decades of 19th
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century the vertical profile of XAlgal has almost constantly low values with mean value 1.7 pg g’
! After that period and for the next decades, the values of LAlgal rise rapidly to 20.4 pg g™
During the 20th century there are some fluctuations in the concentration of XAlgal, but the
general trend is increasing. The minimum value for this period is 13.5 pug g™, the maximum 31.8

ug g, while the mean value is 18.6 ug g™
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Figure 4.18 Total algal productivity concentration profile
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4.7 PAH

Total PAH concentrations were calculated in 52 samples. The molecular profile of PAHSs is
depicted in Figure 4.19.
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Figure 4.19 GC/MS profile of PAHSs in the studied area. The profile illustrates the changes in composition
downcore between the Industrial and pre-Industrial Era.

The depth profile is presented in Figure 4.20. The concentrations ranged between 50.6 and
2437.4 ng g™*. From around 1620 AD until the middle of the 19th century the concentrations
range between 50.6 and 1456.1 ng g™*. The highest values were measured at the 14-18 cm (last
decades of the 19th century) sediment layer, marking a peak since the concentrations below and
above this layer are considerably lower. The upper 14 cm are characterized with PAH
concentrations ranging between 1015.7 and 1874.9 ng g*.
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Figure 4.20 Total PAHSs concentration profile
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5 DISCUSSION
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The approach adopted here uses selected marine and terrestrially derived biogeochemical indices
retrieved from the WF-S2 sedimentary record and focuses on the identification of land-sea
climate interactions and the sensitivities and response modes to temperature and hydrological
changes concerning the Saronikos Gulf during the last 300 years. The study of WF-S2 core
reveals a radical rise in OC (Figure 4.2) and UCM (Figure 4.7) values in parallel with a
significant decrease in CPI (Figure 4.7) values during the last decades of the 19th century. These
results are consistent with previous studies [106], [147]. Thus, the core is divided into two

different periods, i.e. before and after the beginning of the Industrial Era.

5.1 Pre-Industrial period

Proxy-reconstructions of the WF-S2 record reveal an SST cooling trend of almost 1°C from the
first quarter of the 17th century to the beginning of the 18th century. This cooling is probably
synchronous to one of the coldest intervals (ad 1645-1715) of the ‘Little Ice Age’ (LIA),
characterized by a prolonged episode of volcanic and low solar activity known as ‘Maunder
minimum’ (MM) [28][148], [149]. During the same period and until the middle of the 18th
century, relatively higher concentrations of terrestrial biomarkers (Terrestrial n-alkanes and n-
alkanols), slightly higher organic carbon content (OC) and depleted 5'*C values, suggest higher
supply from continental/riverine runoffs to the marine site [124], [127], [150], [151].

Throughout the 18th century SSTs stabilize at a mean temperature of 23°C. At ca 1770 a sudden
drop of 1°C is observed. This is probably the result of a previous hydrological change at ca 1740,
pinpointing to enhanced inputs from the the surrounding land, as suggested by the sudden rise of
terrestrial (Ter-alkanes and —alkanols) and marine (alkenones, sterols and marine n-alkanols)
biomarkers concentrations as also as by the depleted 5'°C values. This “event” is also illustrated

by peaking of the ZPAH values.

A positive trend in SSTs starts at the beginning of the 19th century. Relatively high §*3C values,
increased concentrations of n-alkanes consistent with rising total PAH (XPAH) values, suggest
the enlargement of the settlements of the area and probably increased wood burning, the result of

fires during this turbulent period in the history of the area.
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Figure 5.1 Sea Surface Temperatures, **C values and lipid biomarkers’ concentrations vs. calibrated age
along WF-S2 core

5.2 Industrial period

During the last decades of the 19th century the SSTs increase by 1°C in just a few decades. The
maximum value of 25.1°C is observed at ca 1910. The radical increase of the values of organic
carbon content (OC) and the simultaneous decreasing mode of the 5°C values (Figure 5.1),
showing relative increase in the supply of terrigenous matter in the core site, suggest the
beginning of the Industrial Era in Greece but also the rise of the surrounding area population as
published in Papaioannou et al. [149]. This is in accordance with previous studies in the area
[106], [152] and it is attributed to the hydrological characteristics of the bay that favor the
trapping and accumulation of organic rich particulates to the western part of the area which is

also the deepest point of the bay.

From ca. 1880 to 1940 AD, the values of UCM increase from 180 to 600 ug g™. This radical
increase of the UCM indicates the accumulation of chronic pollution in the sediments. This is the
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result of the degradation process of aliphatic compounds of crude oil and petroleum products
released in marine environments, attributed to the prominent initial microbial preference for
straight-chain compounds [53]. The gradual removal of these major compounds that can be
resolved by gas chromatography and concludes to the appearance of the UCM, consists of
branched alicyclic hydrocarbons that persist in sediments for decades [135]. Further verification
of entering an era of higher anthropogenic activity is provided by the CPIna index. As Figure 1.2
depicts, the CPI values drop to less than 4. These low values show the impact of fossil fuel

burning, while values >4 are consistent with a terrestrial origin from land plants [153].
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Figure 1.2 Sea Surface Temperatures, OC contents, total PAH concentrations and indices vs. calibrated age
along WF-S2 core

Overall enhanced inputs from the surrounding land is evidenced by enhanced terrigenous inputs
(Terrestrial n-alkanes and n-alkanols). The concomitant supply of nutrients to the marine site
supports higher rates of algal productivity in the euphotic zone, as witnessed by rise of ZAlgal,

higher OC values and shift of *3C towards higher values.
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5B-cholestan-3p-ol (coprostanol) and 5B-cholestan-3a-ol (epicoprostanol) consist the products of
most higher animals and birds. These compounds have frequently been used as a biomarkers for
the presence of human and animal faecal matter in the environment [154]. As Figure 4.16 shows,
during the same period the radical rise of the values of both sterols indicates the rising of the
population of the surrounding area [155], having as a consequence the higher concentration of

faecal matter in the marine environment.

As Figure 1.2 depicts, the beginning of the Industrial Era correlates well with the sudden rise of
total PAH concentration (ZPAH) from 617.6 ng g™* (pre-Industrial value) to a maximum value of
2437.4 ng g™. The above observation is consistent with previous studies in the area [106] and the
eastern Mediterranean [147], which present a peak of XPAH values around the same time.
Papaioannou et al. [148], [149] suggest a Pinus retreat after the second half of the 19th century,

probably the result of a rising population with higher demands in wood burning.

A negative trend in SSTs starts at the beginning of the 20th century and continues until today. It
is probably the result of a combination of events that have thereafter affected temperature and
probably other physicochemical characteristics of the study area. The higher concentrations of
terrestrial biomarkers and depleted values of 8'3C, suggest higher supply from continental
runoffs. At the same time, higher concentrations of marine n-alkanols consistent with a marine
derived sterol (a.k.a. dinosterol) presumably triggered by increases in nutrient availability,
further support the hypothesis of enhanced continental inputs during this time. Also the
concurrent negative trend in XPAH values seems to conform with the gradual replacement of
coal-based fuels to petroleum and natural gas, as Azoury et al.[147] have suggested. The
influence of coal combustion on PAH emissions is also relatively well demonstrated by several
historical records in marine and lake sediments in North America and in Western Europe [156]-
[163].

5.3 Other proxies indicating petrogenic or pyrolytic origin

Depending on their origins, polycyclic aromatic hydrocarbons (PAH) are characterized by
different chemical properties. Petrogenic PAH originate from fossil fuels while pyrolytic PAH

are commonly produced by incineration processes.
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Besides, a range of diagnostic ratios of specific PAHs has been used, in order to succeed a more
reliable distinguish between combustion and petroleum sources [164]. For molecular weight 228,
the ratio of benzo(a)anthracene to benzo(a)anthracene plus chrysene [BaA/(BaA+Chry)]. Values
of this ratio <0.20 likely indicate petroleum, whereas values >0.35 imply combustion sources
[164]. The values of the ratio varied between 0.32 and 0.44, supporting the combustion origin of
PAHSs. As far as the higher molecular weight PAHSs (276) is concerned, the values of the ratio of
indeno(1,2,3-c,d)pyrene to indeno(1,2,3-c,d)pyrene plus benzo(g,h,i)perylene [IndP/(IndP+BgP)]
varied between 0.48 to 0.54 with a mean value of 0.51. This observation further indicates
pyrolytic sources throughout the whole core, as Yunker et al. [164] suggest that the values of this
ratio above 0.5 imply combustion sources. In the case of Elefsis Bay the vertical profiles of these

ratios are presented in Figure 1.3.

IndP/(IndP+BgP)

0.46 0.48 0.5 052 0.54
Combustion | | ‘ | J | | | ‘
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Figure 1.3 Benzo(a)anthracene to benzo(a)anthracene plus chrysene and indeno(1,2,3-c,d)pyrene to
indeno(1,2,3-c,d)pyrene plus benzo(g,h,i)perylene ratios
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The origin of PAHSs is attributed to a mixed contribution from both fossil and pyrolytic sources,
as deduced from their molecular profile (Figure 4.19) and source-specific indices.

In the samples analyzed benzofluoranthenes, benzo(e)pyrene, fluoranthene and pyrene were
always predominant. These compounds are known to be of pyrolytic origin [106].
Benzo(a)pyrene, which has strong carcinogenic properties, was detected in all samples, even at

the bottom of the core. The profile exhibits a similar behavior to that of the total PAHs (see
Figure 4.21).

66



6 CONCLUSIONS
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6.1 Concluding remarks

The present palaeoceanographic study for the last 300 years in Elefsis Bay based on multi-proxy

reconstructions from the WF-S2 high resolution marine multi-core focuses on the land-sea

climate interactions, the sensitivities and response-modes to temperature and hydrological

changes and the human pressures on the environment. The present study can be divided into two

different periods, the pre-industrial period and the industrial one, with the following

observations:

The pre-industrial period lasts until the last decades of the 19th century. From the first
quarter of the 17th century to the beginning of the 18th century a cooling trend of SSTs is
observed. During the same period it seems to have a higher supply from
continental/riverine runoffs. Throughout the 18th century SSTs stabilize at a mean
temperature of 23°C and the values of the various biomarkers are almost constant. At the
beginning of the 19th century the SSTs values show a rising trend and a series of proxies
indicate the enlargement of the settlements of the surrounding area and the increased
wood burning.

The industrial period, beginning at the last decades of the 19th century, is apparent by
almost all proxies. The SSTs increase by 1°C in just a few decades. The rise of the
population of the surrounding area and the overall enhanced inputs of terrestrial matter
from the surrounding land is also evident through the increased export of all terrestrial
biomarkers of biogenic and anthropogenic origin to the core site. During the 20th century
a decreasing trend of the various pollution indices is observed which seems to conform
with the gradual replacement of coal-based fuels to petroleum and natural gas.

The origin of PAHSs is attributed to a mixed contribution from both fossil and pyrolytic
sources, as deduced from their molecular profile and source-specific indices.

The decreasing trend of SSTs during the 20th century, at first glance, seems to be
contradictory to the general warming trend of the last century. The trend is probably the
result of the documented anoxic conditions that occur in the Elefsis Bay. Also, the
decreasing SSTs show that the stratification is becoming stronger, as a result of the

higher temperatures of the atmosphere, due to the climate change.
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6.2 Future perspectives

>

It is of high importance to focus more on coastal regions next to large metropolitan areas,
where transport mechanisms appear to be rather complex and the environmental

pressures from human activity are greater.

Further studies in the Saronikos Gulf/ Elefsis Bay (included the WF-S2 core site) in order

to support the present study. Specifically, there is a need for:

micropaleontological study and &0 on biogenic carbonates in order to reconstruct past
productivity and salinity changes

air temperature and rainfall data in the study area so as to find the fresh water inputs per
period.

and other historical data e.g. records of flood events and land-use changes for the better
understanding of the prevailing environmental conditions in the Thriasian Plain during
the last 300 years.

Pb isotopic composition analyses for a more accurate age-depth model and also in order

to achieve a more accurate distinction between the different combustion sources.
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