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Abstract: The island of Astypalea (Greece), known for its rich and pristine archeological sites, en-
compasses a semi-enclosed silled basin that has been very susceptible to global sea levels and re-
gional climate changes due to its relatively modern shallow sill of 4.7 m water deep that connects
the Vathy bay with the adjacent Aegean Sea. To identify the causal relationship between regional
climate, sea-level trajectories, and environmental change and their potential impact on hominine
habitats on the island, we investigated a high-resolution seismic profile together with sediment,
stable isotope, geochemical, and biotic proxies retrieved from a marine sediment core (ASTC1). Our
results show that the basin was once isolated, and a marine inundation occurred at around 7.3 ka
BP, which is older than expected, based on global sea level reconstructions. The entire transition
from isolation to full marine conditions was accomplished in three major phases: (1) non-marine
isolated conditions between 9-7.3 ka BP, (2) semi-isolated hypersaline marsh and lagoonal condi-
tions between 7.3 and 4.1 ka BP, and (3) semi-isolated shallow marine conditions of today (4.1 ka
BP to present). High water alkalinity, elevated organic content, and heavier isotopic signals indicate
relatively arid conditions in the region that favored Sr-rich carbonate precipitation within the 7.3-6
ka BP interval. On the other hand, freshwater biota, along with a high Corg/N ratio and lighter iso-
topic signal, showed wetter conditions, at least for the intervals 8-7.3 ka and 6-5.4 ka BP, in contrast
to the aridification trend seen as 4.1 ka to present. Finally, the hominine habitat evolution at around
6 ka BP might be attributed to the wetter conditions and the freshwater source provided by the bay
at that time.

Keywords: Holocene; stable isotopes; seismic stratigraphy; climatic change; Eastern Mediterranean

1. Introduction

Holocene climatic variation in the eastern Mediterranean (EM) region is attributed
to both changes in the high latitude [1,2] and the African monsoon (AM) intensity [3-5].
Northerly cold polar/continental air outbreaks at times of intensified Siberian high pres-
sure seem to be responsible for the prevalence of Holocene cold events [2].

The best documented links between the Mediterranean climate and the southern
monsoonal system concern precipitation maxima linked to increased river outflows
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triggered by a monsoonal intensification over north Africa between 9 and 6 ka BP [6]. The
consequent alternations of the EM oceanographic regime triggered the deposition of the
sapropel layer in the marine realm, a layer that is basically recognized by the high organic
carbon content in the marine sediments (>2%, [7]).

Most of the above-mentioned knowledge originates from studies on deep water ma-
rine sediments from sites deeper than 200-300 m water depth in the EM [8-11]. These sites
remained underwater even during the Last Glacial Maximum (LGM) when the sea level
reached the lowest point of 125 m below the present, whereas the sites shallower than 125
m experienced subaerial conditions [12]. The end of the last glacial period was accompa-
nied by general climatic improvement and continuous sea level rise, which finally con-
tributed to significant alternations of the coastal landscape and the gradual submergence
of the ancient coastal zone [13-16]. This transition has been well documented in the EM,
particularly in its northern parts (Aegean, Ionian, and Adriatic Seas), which have a com-
plex basin topography [16-22]. Rates of the Holocene sea level rise were initially rapid
(global mean sea level rose from 61 m to 4 m below present-day sea level) between 11.7
ka BP and 6.7 ka BP [23]. Regional sea-level rise and coastal drowning trajectories are af-
fected by additional isostatic [24] and tectonic factors [13,25-29].

Depending on the local topography, geology, and hydrodynamics, the transgression
resulted in the formation of a dynamic range of successive environments ranging from
lowlands to lagoons and shallow bays, as well as deeper shelf settings [13,14,16]. The de-
velopment of shallow marine habitats, such as lagoons and semi-enclosed bays, was
driven by topographic configuration (including sill depths), sediment, freshwater, and or-
ganic supply. These resulted in a succession of abiotic (lithology, [30,31]) organic and in-
organic chemistry and minerals [16,31], oceanography [5,32], and biotic (faunal [33,34]
and floral [35]) conditions. Sediments deposited in favorable sites can store informative
proxies regarding the variation of the above-mentioned parameters and serve as archives
for predicting the evolution of the environment, the climate, and the relative sea level
changes of the examined area over time [24].

In this paper, we present the results of sedimentological analyses conducted on a 3.2
m long sediment core (ASTC1) collected from Vathy bay, a silled-semi enclosed bay in
Astypalea island (Figure 1) that represents such an optimal sedimentary archive. The sed-
iment core spans the middle and late Holocene epochs. We obtained a high-resolution
dataset including grain size, sediment color, geochemistry, stable isotope, and foraminif-
era and mollusk data. The wider deposition of the core was examined using new seismic
profiles, and stratigraphic ages were constrained through new radiocarbon dates.
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Figure 1. Map of the Eastern Mediterranean region, the location of the study site, and sediment core
ASTCI. The bathymetric data were obtained from GEBCO (https://download.gebco.net (accessed
on 15 January 2021)).

Astypalea island is located in the south-eastern Aegean Sea, a seismically active re-
gion [36] (Figure 1). The Vathy bay is currently connected to the open sea via a narrow
and shallow strait of about 4.7 m depth. The shallow sill depth and active regional tec-
tonism make this area very susceptible to Holocene Sea level variations. The scope of this
study is to document landscape successions and link them to sea-level change and direct
climate change. Taking into consideration that the site is situated in the Mediterranean
Sea, a basin characterized by high surface salinities [37], the findings of the present study
are expected to contribute to relative studies on shelf environments in evaporative basins.
The Vathy bay is a site of great archaeological importance: on-land archaeological survey-
ing has shown continued occupation since at least Late Neolithic times [38]. Understand-
ing successive landscape configurations and abiotic characteristics will help to assess the
potential for human exploitation of the environment. Over Neolithic times, the coastal
zone was always the most populated area worldwide [14,39,40], and thus, the outcome of
this research is expected to contribute to studies that focus on the understanding of the
human response and adaption to an alterable coastal landscape.

Regional Setting

The northeastern Mediterranean margin, represented by the Aegean Sea, is subdi-
vided into two basins with different hydrographic characteristics [41]: the north and south
Aegean. Within the Aegean, the Eastern Mediterranean Deep Water mass forms [42,43].
The study region is located within an N-S gradient from subhumid to arid climate
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conditions. In the north, river systems from surrounding landmasses, as well as the Black
Sea region, impact circulation. In the south, water masses exchange with the EM through
the Cretan straits. The south Aegean basin is considered a typical oceanic margin environ-
ment, lacking large terrigenous (fluvial) supplies [44]. The documented productivity rates
within the euphotic zone are very low according to measurements at 200 m water depth
[45], and the sediments are poor in organic carbon, with a mean value of around 0.34%
[46]. The Aegean Sea contains highly saline water, with an average value of 39.2% and
average temperatures of 16 °C in winter and 25 °C in summer.

Eustatic sea-level fluctuations, along with complex tectonics, have dominated the
sedimentary processes and the palaeogeographical evolution of the Aegean region [12,47-
50], with almost 50-60% of the present Aegean Sea bottom being exposed during the Last
Glacial Maximum [51]. Our study area (Vathy bay) is in NE Astypalea, an island just
above the Aegean volcanic arc and forms the southeastern margin of the Santorini-Amor-
gos Shear Zone, which experienced general uplift during the Quaternary and possibly
before [52,53]. Beachrock formations, notches, and archaeological sites across the Aegean
Sea coasts have been related to episodic coastal uplift and/or subsidence events during
the Holocene [29].

The Vathy bay is 2 km long and 0.5 km wide, covering an area of 0.8 km?2. The maxi-
mum water depth is 10 m. The bay has a flat floor, and it is semi-isolated from the south
Aegean Sea by a narrow and shallow strait/channel of 1 km length and 150 m width and
a 4.7 m deep sill (Figure 2). Maximum temperature in July is between 25.8 and 26.8 °C and
salinity ranges between 38.6 and 38.8 psu. The bedrock is composed of Upper Cretaceous
limestones, scree, and Quaternary coastal deposits. The Vathy bay is surrounded by hills
that provide some shelter from strong winds and waves. No evidence of Holocene fluvial
input is known. Nowadays, the bay serves as a port, as it provides protection against wind
and high waves. The island is sparsely populated but has a long and important human
occupancy record dating back to 6 ka BP [38].
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Figure 2. Bathymetric map of the gulf, showing the location of the seismic line AA’ and the sediment
core drilling location (top right). High-resolution seismic profile with a 5.5x vertical exaggeration of
the sedimentary basin of Vathy (the uninterpreted above and the interpreted below). The inter-
preted profile shows the boundaries of the recognized seismic facies, the coring site, and the re-
trieved sedimentary units (white rectangle).

2. Materials and Methods
2.1. High-Resolution Seismic Data

High-resolution seismic data were obtained from the Vathy bay in two phases, in
July 2016 and July 2018, with a research vessel specially modified to meet the marine ge-
ophysical survey needs. During the first phase, a chirp-type subbottom profiling system
with 5-10 cm resolution was used, and a dense network of seismic lines was produced to
obtain seismic stratigraphy. The retrieved data helped us reconstruct the seismic stratig-
raphy of the upper 10 m of sediments below the sea floor and helped to select a favorable
coring location where the maximum sedimentary sequences could penetrate. In the sec-
ond phase, seismic data of higher resolution (1-5 cm) were obtained with a parametric
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Innomar SES-2000 light plus subbottom profiler to provide more details regarding the
inner structure of the sedimentary units that were also recognized in the chirp profiles.
During all the phases of the survey, the exact positional data were provided by a Differ-
ential Global Positioning System (DGPS) with an accuracy of +1-2 m. For this study, only
the high-resolution seismic profile of the second phase (seismic transect AA’, Figure S1)
along the coring site was interpreted and correlated with the sediment core units (Figure
2). This profile is representative of the core site and the area bounded by the core site
location and the straits of the bay.

The average pulse length of the stratigraphic sequence at the exact coring location
was extracted from ISE processing software using the high-resolution seismic data ac-
quired with the Innomar SES-2000 subbottom profiler. The traced signal resolution was 1
cm, and it was measured in us.

2.2. Sedimentological and Geochemical Analyses

One sediment core was retrieved from the central part of the bay in July 2018. The 3.2
m sediment core ASTC1 (lat. 36.618878°-long. 26.405795°) was obtained with a diver-op-
erated (hammer) piston coring system at 9 m water depth.

A series of standard sedimentological and geochemical analyses were performed on
ASTC1 core samples, such as grain size analysis, determination of total organic carbon
(TOC) and total nitrogen (TN), sediment color (CIE-b*) (Avaatech Color Line Scan Cam-
era), inorganic geochemistry, and stable isotopes.

Grain size determination was carried out on 108 samples, which were analyzed and
classified based on Folk and Ward’s (1957) nomenclature. The grain size measurements
were made using a Malvern Mastersizer Hydro 2000 at the Laboratory of Sedimentology,
University of Patras. Prior to measurement, bigger fragments —mainly biogenic (shells) —
were removed by wet-sieving each sample at 1 phi. The sedimentological statistical pa-
rameters, such as mean, sorting, skewness, and kurtosis, were calculated using Gradistat
V .4 software [54]. The carbonate fraction was not removed, so the grainsize also includes
the bioclasts smaller than 1 phi.

Variations in nitrogen and organic carbon content in the ASTC1 core were measured
with a Fisons NA1500 CN elemental analyzer at Earth Sciences Utrecht University. An
average 10 cm sampling resolution was established for 42 samples. Prior to measurement,
a series of pretreatments was made. First, the samples were freeze-dried, ground, and
precisely weighed. To eliminate the carbonate fraction, the carbonates were removed
through mechanical shaking of the sample with 1 M HCI (twice for 4 and 12 h) (for details,
see [55]). Then they were washed 4 times with demineralized water, centrifuged, dried in
the oven (3 days at 60°), and weighed again before being measured at the CN analyzer.
The organic carbon content calculation was based on the equation Corg=C% x (M2/M1),
where C% is the result of the CN analyzer (decalcified sample), M1 is the sample weight
before decalcification, and M2 is the sample weight after decalcification.

Sediment color data were retrieved with an Avaatech XRF core scanner equipped
with a Color Line Scan Camera at the Royal Netherlands Institute for Sea Research
(NIOZ). This system produces both visual color images (core photo scan) and color data
in RGB and CIELa*b* (L, a*, b*) color space of that part of the core that is also ‘seen’ by the
XRF. The set of reflectance data obtained from the sediment core on the visible light band
is then automatically transferred into coordinates of color in the CIE La*b* chromaticity
space [56]. Here, we use only the b* record, which is the color reflectance of the yellow to
blue axis. This intact technique may provide various physical and geochemical indications
in paleoenvironmental studies [57-62], especially when used in combination with other
proxies. The applied resolution used here in the ASTC1 core was 0.07 mm, while the min-
imum cross-core area that can be defined is one pixel in size, which is less than 0.1 mm.

The inorganic geochemistry of ASTC1 was also measured with an Avaatech XRF (X-
Ray Fluorescence) core scanner at the Royal Netherlands Institute for Sea Research
(NIOZ). Prior to measurement, a protective film was placed at the part where the scan
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would take place. Core scanning was performed at 10, 30, and 50 kV with a step of 1 cm,
and the system’s detection limits ranged between Mg and Pb. Although this approach has
semi-quantitative results, it can provide reliable records of the relative variability in
downcore elemental composition.

In total, 40 sediment samples > 355 um were qualitatively scanned for mollusk fauna,
where common and dominant species were noted, as well as the occurrence of species
with specific autecological traits (Table S1). Similarly, 60 sediment samples > 125 um were
scanned for benthic foraminifera species (Table S1).

The stable oxygen and carbon isotopic compositions of selected benthic microfossils
were measured following the standard procedures of the Isotopes laboratory, Geosci-
ences, Utrecht University. Due to the downcore coexistence of structured and homoge-
nized sedimentary groups, the sampling interval applied in this study had to be adapted
to the presence/absence of inner structures or the obvious transition in sediment texture.
Sediment samples were extracted every 5 to 10 cm on average and were initially wet
sieved with a 63 and 125 pum sieve, dried in an oven for 24 h, but due to big bioclasts
occurrence, the 125 um samples were extra dry sieved with a 355 um sieve fraction. The
microfossils measured for stable isotopes were the ones collected from >125 um sieve frac-
tion (>125 and <355) and were in majority well preserved and predominantly benthic with
a total absence of planktonic species, so this study is focused on the variability of shallow
water benthic species. A fraction above 355 um was used for macroscopic observations.
Residues contained gastropods, bivalves, some benthic foraminifera, and ostracods, as
well as charophytes with thalli encrustations and gyrogonites (Figure 3). Hand-picked
microfossils showing no signs of diagenetic alteration were selected under a Nikon
SMZ800 electron microscope. Among the occurring species throughout the core, one in-
faunal and two epifaunal genera/species where selected, where the most abundant, such
as Ammonia spp. tests (mainly Ammonia tepida, shallow infaunal sediment), Quingeloculina
spp. tests (epifaunal), and ostracods (Cypridoidea) tests (epifaunal), were selected from
>125 um fraction (plate 1) for stable isotope analyses. The 91 calcite tests were then treated
twice with deionized water and ultrasound shaking before being dried in the oven. After-
wards, a specific amount of the samples (20-50 pg) and the standards (20-50 pg of IAEA
and NAXOS) were weighed and flashed before being measured with an isotope ratio mass
spectrometer (IRMS) with different preparation systems (gas chromatography-based Gas
Bench II system) that each provide the analyte in a stream of helium gas, hence continuous
flow. This analysis was conducted at the Isotopes Laboratory, Utrecht University. The
standard deviation of the measured samples was better than 0.05%. for d**C and better
than 0.1%. for d10.
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Figure 3. (A,B) mollusc fragments, (C) Gyrogonite (Charophyte oogonial cell), (D) Calcified remains
of a charophyte cortex (thalli encrustation), (E) Calcified Charophyte cortex and Gyrogonites, (F)
Bivalve (Acanthocardia paucicostata), and carbonate aggregates, (G) Clastic grains and fish bones.

The age model of core ASTC1 was based on 20 bulk “Corg measurements and one “C
accelerator mass spectrometry (AMS) measurement on benthic foraminiferal tests of the
species Ammonia tepida (Figure 4, Table 1). The 14C analysis for the shell test was carried
out at the Radiochronology Lab C.E.N. ULAVAL in Canada, whereas the C dates were
conducted at ETH-Zurich.
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Table 1. The 14C data used to construct the Age Model.

Depth (cm) 1C Age (yr B.P.) Calendar Age (Cal yr BP) Material Lab Code
0.5 623 + 65 59 + 322 Bulk sediment BCd1
2.5 418 + 65 104 + 350 Bulk sediment BCd2
25 1206 + 51 708 + 750 Bulk sediment BCd3

40.5 3105 + 72 2123 + 1169 Bulk sediment BCd4
49 2417 + 53 2426 + 1083 Bulk sediment BCd6
66 3365 + 56 3441 + 924 Bulk sediment BCd7
77 4185 + 56 3993 + 629 Bulk sediment BCd9
87 4663 + 57 4447 + 638 Bulk sediment BCd12
120 5584 + 59 5414 + 614 Bulk sediment BCd13
139 5810 + 60 5717 + 405 Bulk sediment BCd16
151 5555 + 60 5857 + 344 Bulk sediment BCd17
159 5930 + 60 5968 + 309 Ammonia spp. AMSC14
161 5789 + 60 5995 + 309 Bulk sediment BCd18
172 5881 + 58 6143 + 310 Bulk sediment BCd19
181 6047 + 59 6280 + 322 Bulk sediment BCd20
192 6352 + 84 6482 + 374 Bulk sediment BCd21
217 6816 + 61 6920 + 413 Bulk sediment BCd24
231 6949 + 61 7122 + 407 Bulk sediment BCd25
263 7073 + 62 7512 + 473 Bulk sediment BCd27
281 7384 + 89 7822 + 540 Bulk sediment BCd28
310 7825 + 73 8648 + 476 Bulk sediment BCd30
315 7891 + 65 8834 + 421 Bulk sediment BCd31
319 8305 + 66 9037 + 614 Bulk sediment BCd32
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Figure 4. Calendar “C dates measured along the two sections of the ASTC1 sediment core.

The Marine20 and Intcal20 data sets were used for calibration [63], and a AR of =58 +
85 years was adopted based on measurements of recent mollusk shell material in the Ae-
gean basin [64]. A zero AR was applied to the non-water-logged samples of the sediment
core.

3. Results
3.1. High-Resolution Seismic Data

The high-resolution seismic profile (AA’) shows an up to 9.5 m thick sedimentary
succession in the Vathy bay and a sill with a maximum depth of —4.7 m (Figure 2). The
transect crosses the central part of the strait and the basin from west to east and overlies
the ASTC1 core. Five main seismic facies (SF1-SF5) with different acoustic reflections were
identified. Each represents a specific and distinctive depositional environment. Starting
from the deeper to the shallower seismic facies, SF5 displays acoustically transparent and
overlaps the acoustic basement, SF4 is semi-transparent with some weak and horizontal
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seismic reflectors occurring at the eastern part of the basin, SF3 is characterized by hori-
zontal dense laminated seismic reflectors, and SF2 and SF1 show a chaotic acoustic pat-
tern, with the last one being semi-transparent (Figure 2). The above seismic facies (SF1-
SF5) show onlap termination against the slope of the acoustic basement (Figure 2). The
upper three sedimentary facies (SF1-3) were cored and are the subject of this study.

3.2. Core Chronology

Bayesian age-depth modeling was performed using the R package Rbacon (v.2.3;
[65]) (Figure 5). Calibrated radiocarbon dates are reported as “cal. BP” (before present,
this is before 1950), according to Mook and van der Plicht (1999) [66]. The radiocarbon
measurements indicate that the sediment core spans the Holocene time interval (Table 1).
The core bottom is dated at 9.1 ka cal BP, whereas the core top has an age of 100 years cal
BP. The sedimentation rates decreased upward from 53 to 20 cm/ka (Figure 5).

00 -185 -100 -185

Log of Objective

-210 -205 -2

215
I
|

T T T T T T T T T T T =
0 1000 2000 3000 4000 5000 O 100 200 300 0.0 a2 0.4 a6 08 1.0
Iteration Acc. rale (yrlcm) Memory

Depth (cm)
250 200 150 100 50 0

300

0 2000 4000 6000 8000 10,000
cal yr BP

Figure 5. Bayesian age-depth model for ASTC1 sediment core in cal yr BP.

3.3. Sedimentary Units

Macroscopic observations, together with sedimentological, color reflectance, and ge-
ochemical data, suggest that the core ASTC1 consists of three main Lithological Units LU-
I to LU-III (Figure 6).
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Figure 6. Correlation diagram between seismic (left) and lithostratigraphic units of ASTC1 sediment
core (right). The seismic profile (total thickness) includes the core position and the different seismic
facies, SF1-SF5, based on the pulse length. The lithological units are defined on the downcore *b
color reflectance record, the grainsize, Ca, and Fe XRF counts. The calendar ages of the sediment
core obtained in this study have been assigned to the depth axis.

The uppermost LU-I extends from a 0 to 80 cm core depth, and it comprises grayish
brown to very dark grayish brown sandy mud. Within LU-I, the Fe values decline up-
wards, while the Ca values and the b* record are in general high. Microscopic observations
revealed the frequent presence of glass shards in the sediments of this unit. Based on the
proposed age model, the LU-I spans the time interval between 4.1 ka BP and the present.

LU-II extends from 80 to 160 cm core depth, and it comprises very dark greenish gray
and very fine silt to sandy mud. The base of LU-II is characterized by low values of Ca
and b* record, which mark the transition between this unit and the underlying LU-III. The
values of Ca increase toward the top of the unit, while the values of Fe show an opposite
trend. The timing of the deposition of unit II is estimated to be between 6 and 4.1 ka BP.

LU-III extends from the base of the core (320 cm) up to 160 cm, and it comprises a
very fine to silt grain size of dark olive brown sediments. LU-III is characterized by a lam-
inated pattern, in contrast to the more homogeneous upper and middle LU-I and LU-IL
In addition, frequent short-scale variability in the values of Ca, Fe, and b* records is ob-
served within LU-IIL The base of this unit is estimated at 9.1 ka BP.

The downcore variations in the above-mentioned proxies (grain size, values of Ca
and Fe, and values of b* record) were compared to the pulse length variation retrieved at
the core site. An uncertainty of 1-5 cm is implemented by the seismic profile and the ex-
tracted pulse length according to the instrument’s specifications; thus, the correlation to
the sediment core units is not linear. The comparison showed that lithological units I to
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III correlate well with seismic facies 1 to 3, respectively, on the seismic profile (Figure 6).
The higher amplitude (large pulse length) recorded in SF1 most probably corresponds to
the higher density of the sediments of LU-I. In contrast, the fine-grained sediments and
the low densities in LU-III correspond to the low pulse length recorded in SF3.

3.4. Carbonate Precipitates

To evaluate the types of carbonate precipitation at the core site, the variations of the
Sr/Ca and Mg/Ca ratios were examined. In shallow water marine carbonates, a high Sr/Ca
ratio often represents the occurrence of aragonite [67,68]. High-Mg calcite and aragonite
content is usually found in sediments lying under oversaturated water columns, such as
in shallow water depth basins and/or at low latitudes [67,69].

In the ASTC1 core, the downcore variations of these ratios revealed two different
carbonate mineral precipitates (Sr-rich and Mg-rich), and their dominance in specific in-
tervals allowed for a further distinction of the lithological units into subunits (Figure 7).
Units III and I were divided into subunits IIIA-IIIC and ITA-IIB, respectively. The highest
Mg/Ca values are recorded in subunits IIIC (8-9.1 ka cal BP) and IIB (5.4-6 ka cal BP),
while the highest Sr/Ca values are recorded in IIIA (6-7.3 ka cal BP) and IIIC (8-9.1 ka cal
BP). Although the two carbonate precipitates occur individually, they co-occur in subunit
IIIC, presenting a mixed carbonate precipitate pattern. On the other hand, the high Sr/Ca
ratio in IITA suggests that the water conditions were in favor of aragonite formation in the
Vathy basin between 7.3 and 6 ka cal BP, possibly in the presence of discrete concretions
(white laminae) (Figure 7). Notably, samples taken from IIIB and IIB, which correspond
to low and zero values of both Sr/Ca and Mg/Ca, contain abundant calcified remains of
charophytes, such as cortex and thalli encrustations and gyrogonites (Figure 3c—e). In
closed or semi-closed water bodies, precipitation of high-Mg calcites (high values of
Mg/Ca [70]) and/or aragonites (high values of Sr/Ca [71]) could be of inorganic origin as-
sociated with increases in salinity under enhanced evaporation [16,35,70] and/or of bio-
genic and biological processes associated with algal blooms and removal of CO:2 [72,73].
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Figure 7. Synthetic plot of ASTC1 sediment core proxy record. From botttom to top: Sr/Ca (cps) and
Mg/Ca (cps) geochemical ratios, total organic carbon content (%TOC) and TOC/TN (%), stable iso-
topes (0'°C and 8'¥0), the chronologically adjusted lithological units of ASTC1, and their boundaries
marked with the dashed gray line. Red color refers to Ammonia spp., green to ostracods, and purple
to Quingueloculina spp. Dots represent the absolute values of 8°C and 8'80 whereas the colored lines
refer to the 5-point running average. The black line refers to the 5-point running average of the mean
O1C and mean 00 values. Three point running averages (thick line) were also calculated for
Mg/Ca, Sr/Ca, Corg and Corg/N.

3.5. Organic Carbon Accumulation and Source

The Organic Carbon (Corg) content varies between 0.1-2% in total and follows a gen-
eral upward decreasing trend throughout ASTC1. Enriched Corg (>0.5%) values have been
recorded within unit III and subunit IIB (9.1 to 5.4 ka BP), and upper unit I (0.8 ka BP to
present) (Figure 7). The highest Corg values were observed at around 6.1, 6.9, and from 7.6
to 7.4 ka BP.

Corg/N ratio varies from 0.6 to 12.4 throughout the ASTC1 record, suggesting a mixed
marine/terrigenous type of organic matter [74] for the bigger part of the studied interval
(Figure 7). The highest Corg/N values (>10) occur in subunits IIIC, IIIB, and IIB, suggesting
a terrestrial organic supply [74,75] for these intervals (9.1-7.3 and 6.1-5.4 ka BP).

3.6. Mollusks and Foraminifera

Observations made on the mollusk and benthic foraminifera of core ASTC1 are pro-
vided in Table S1. LU-I contains diverse mollusk fauna in the upper part (1-50 cm) and
intermediate-low diverse and less abundant marine fauna in the lower part (50-75 cm).
The mollusk faunas in this unit are dominated by Varicorbula gibba, Nucula nucleus,



Water 2022, 14, 3688

15 of 27

Acanthocardia paucicostata, Parvicardium exiguum, and smooth Dentaliidae, indicative of a
shallow marine seafloor with high organic content and potentially (seasonal) hypoxic con-
ditions [76]. Bittium reticulatum, Rissoa parva s.1., and R. membranacea s.l. commonly occur
in the upper part (typically but not exclusively suggesting subaquous vegetation), while
the abundance of Abra alba s 1. in the lower part of LU-I indicates fine-grained soft bottoms
[77]. Benthic foraminifera assemblages are dominated by epifauna and epiphytic species
(Quinqueloculina spp., Peneroplis spp., Rosalina spp., Planorbulina spp. [78-81], and infauna
species (Ammonia spp., Melonis spp.) that favor high organic matter and tolerate dysoxia
[79,82]. The lower part of unit I, an increase in infauna/epifauna ratio is observed suggest-
ing a reduction of oxygen conditions in the bottom waters [83].

Common mollusk species in subunit IIA include Rissoa parva s.l., Parvicardium ex-
iguum, and Acanthocardia paucicostata. The upper part of this subunit (80-90 cm) contains
a low-intermediate diverse fauna dominated by Varicorbula gibba, while other species,
such as Bittium reticulatum, Abra alba s.1., Nucula nucleus, and Pussilina inconspicua s.1., also
occur. The faunal composition of the lower subunit IIA (91-110 c¢m) is slightly variable
and dominated by Abra alba, while some Cerastoderma glaucum s.1. occurs at the base. Sub-
unit IIB contains faunas entirely dominated by Cerastoderma glaucum s.l., and a few Abra
alba fragments also occur. These species have been found in the littoral zones of carbonate-
rich freshwater or brackish shallow water lakes ([84] and references therein). Cerastoderma
glaucum-dominated populations are often found in euryhaline or in mesohaline settings,
and in particular, they can dominate in lagoons, saline lakes, and estuaries [1] Within this
subunit at 139.5 cm depth, a layer consisting of Characeae occurs that lacks marine shells
(Figure 3c—e). Benthic foraminifera assemblages also present low abundance and low di-
versity in subunit II. Dominant taxa are Ammonia spp. and Quinqueloculina spp., while
Miliolinella spp., Melonis spp., and Triloculina spp. are also present. These genera have been
linked to inner shelf environments, from brackish to hypersaline lagoons ([85] and refer-
ences therein).

Some mollusk species were found only in upper unit III (subunit IIIA), mainly dom-
inated by Varicorbula gibba, and some Cerastoderma glaucum s.l., occurring at 174.5 and
231.5 cm. The presence of other mollusk faunas is rare, mainly found at the top of IIIA
(161.5 cm), including the species Rissoa parva s.l., R. membranacea s.1., Nucula nucleus, Bit-
tium reticulatum, and Acanthocardia paucicostata, which were also present at the younger
units of ASTCI core. Benthic foraminifera specimens were observed only in IIIA, and
when they were present, they usually belonged to the genera of Ammonia spp., Quin-
queloculina spp., Melonis spp., Haynesina spp., and Rosalina spp.

Below subunit IIIA, no fossils were found (Figure 7) apart from very few ostracods
and charophytes (oospores and gyrogonites) in subunit IIIB and upper IIIC (at 270, 285,
and 295 cm depth).

3.7. Stable Isotopes

The stable isotope data of Ammonia spp., Quinqueloculina spp., and ostracods com-
prise the past 7.3 ka BP of the ASTC1 sediment core (Figure 7). There appears to be rela-
tively large variability between the individual samples in both 8°C and 8'%0 values, which
may point to a large seasonal imprint on the picked and analyzed specimens. To derive a
clearer picture of the isotopic trends within the Vathy bay over the past 7.3 ka, we applied
a five-point running average. Evidently, the 8°C and 0O trends derived from this ap-
proach show that the individual microfauna followed a highly comparable (similar) pat-
tern during the Holocene (Figure 7).

Unit I and subunit IITA are characterized by mean 5"°C ratios of -2 to 0%o and become
more negative downwards in unit II, especially at its basal subunit IIB (-4 to —2%.) (Figure
7). Similarly, the average 00 ratios of unit I and subunit IIIA are generally high (i.e., an
average value of 0.4 to 0.8%o) compared to those of unit II (i.e., ranging between —0.1 to
0.2%o). The d3C and 00O ratios became higher toward the top of the core (Figure 7).
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Offsets in the isotopic signal between Ammonia spp. and Quinqueloculina spp. have
been attributed to a combination of vital effects and seasonal differences in the timing of
shell calcification [86-89]. Scourse et al. (2004) [86] showed that Ammonia batavus calcifies
during the same period as Quinqueloculina seminulum (September) when stratified condi-
tions occur in a continental shelf environment. When conditions change to mixed condi-
tions, Ammonia batavus calcifies during spring or early summer. Epifaunal taxa are com-
monly close to the isotopic signature of bottom water 5'3C DIC whereas infaunal taxa bear
a strong pore water signal, which is marked by depleted 5'3C [90-100].

4. Discussion
4.1. Palaeoenvironmental Evolution

Combining all proxies enables the documentation of several phases within the dep-
ositional system and its biota and the identification of the driving mechanism of environ-
mental change. More specifically, the sediments of the lower LU-III represent a transition
from a terrestrial to a water-logged environment. The absence of any shells in subunit IIIC
(9.1 to 8 cal ka BP) indicates the development of a terrestrial environment isolated from
the open sea (Figure 8). This is further supported by terrestrial organic matter with high
Corg/N values (Figure 7). On the seismic profiles (Figure 2), the strong reflections of uneven
surfaces recorded at the base of the SF3 provide evidence for the deposition of high-den-
sity, subaerial exposed, and eroded sediments, along at least an area between the core site
and the sill of the bay (Figure 2).
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Figure 8. Reconstruction of the different basin phases within the 9.1 ka BP time interval. Each phase
represents the lithological unit of the ASTC1 sediment core. Global mean sea level, following
Lambeck et al. [23].

In the overlying seismic phases SF1-SF3, the acoustic signal amplitude decreases
(Figure 6). Internal reflections are horizontal, suggesting subaquatic sediment deposition.
This change correlates with a shift in the biological content occurring in the sediment sam-
ples of subunit IIIB. Episodic presence of Charophyta (Figure 3) in the examined samples
from subunit IIIB, indicative of freshwater conditions [97], implies the establishment of an
ephemeral pond/lake, at least at the core site between 8 and 7.3 cal ka BP. Within this
interval, the organic carbon content is elevated, and thus may indicate low rates of organic
matter metabolization under intense water stratification and/or high rates of organic mat-
ter flux. High organic matter intervals mostly coincide with high Corg/N ratios, suggesting
an increase in terrestrial organic supply. In addition, minor fluctuations of Sr/Ca and
Mg/Ca ratios coincide with high Corg content suggesting that within this interval the



Water 2022, 14, 3688

18 of 27

precipitation of Sr-rich and Mg-rich calcites in the sediments of the pond/lake was favored
at times of anoxic bottom water conditions or enhanced lake productivity ([98] and refer-
ences within).

These short-scale environmental changes may be linked to minor climatic fluctua-
tions in the area. According to the proposed age model, it is estimated that subunit I1IB
was deposited between 8 and 7.3 cal ka BP, an interval where previous studies have
shown EM humidity fluctuations (i.e., N. Aegean Sea [99]; Lebanon, Jeita Cave [100])
within a general warm period [2]. These climatic conditions contributed to an oceano-
graphic regime that led to the deposition of the second sub-sapropel S1b in the EM (7.9—
6.5 ka BP [6]). Increased precipitation at the Vathy bay area likely enabled the establish-
ment of an ephemeral pond/lake, where the high temperature would have enhanced wa-
ter stratification, oxygen deprivation, and organic matter accumulation.

During the successive deposition of subunit IIIA, organic matter accumulation in-
creased (Figure 7), and marine/euryhaline shells occurred at 7.3 ka BP (Table S1), indicat-
ing that marine conditions had been established.

The mollusk and benthic assemblages are of low abundance and low diversity, and
the laminated character of subunit IIIA indicates the prevalence of low oxygen conditions
on the seafloor. In addition, high values of Sr/Ca ratio together with heavier 580 values
point to the establishment of high salinity waters [101]. Within this interval (7.3-6.2 ka),
arid conditions have been reported in the Anatolia region [2,100,102]. The studied area
also experienced aridity during this period, with the high evaporation rates inducing the
precipitation of aragonite, pointed out by the high Sr/Ca ratio, in this newly established
marine environment ([35] and references therein).

This contrasts with the findings of the overlying subunit IIB (6-5.4 ka BP), where the
mollusk and the benthic foraminifera assemblages suggest the establishment of a lagoonal
environment ([85,103] and references within). The depletion in the 880 values and the
cease in the precipitation of aragonite (low values of Sr/Ca ratio) imply a reduction in
salinity in the waters [101]. Previous studies have shown an increase in humidity and a
decrease in temperature during this interval [2,100]. Thus, an increase in the freshwater
supply together with low temperature, along with the elevated increase in the water
depth, may have altered the former hypersaline marsh into a lagoon.

The continuous sea level rise led gradually to the dominance of marine waters over
low salinity waters. This signal started to be observed within subunit IIA. There, the in-
crease in the abundance and diversity of mollusk and benthic foraminifera assemblages,
together with an enrichment in the stable oxygen isotope values, suggest the prevalence
of more saline waters and more oxygenated seafloors. In addition, from IIA onwards, the
low values of Corg/N ratio suggest that the organic matter is of marine origin [26]. As for
subunit IIA and onwards, the seafloor environmental conditions do not present any influ-
ence by the sea level changes but rather appear to be regulated mainly by the internal
oceanographic conditions developed in the bay. The dominance of benthic foraminifera
and mollusk species that tolerate dysoxia and/or favor high organic matter contents sug-
gests that stressful bottom conditions prevailed in the Vathy bay from 5.4 to 4.1 ka cal BP,
corresponding to the deposition of subunit IIA and the lower part of unit I. An improve-
ment in the bottom water oxygen concentration is suggested for the last 4 ka in the bay,
based on the dominance of microfauna sensitive to oxygen availability. The high water
depth (-0.5 m) reached at 2.5 ka BP [23] may have enhanced the water circulation in the
bay, bringing fresh oxygenated waters from the open sea, and thus improving the seafloor
conditions.

4.2. Global Sea Level and Flooding of the Bay

According to the proposed age model of the present study, subunits IIIC and IIIB
were deposited from 9.1 to 7.3 ka BP. Within this interval, the models for the global eu-
static sea level change show that the sea level rose from —27 m (at 9.1 ka BP) to -8 m (at 7.3
ka) [13,23]. Such sea levels are well placed below the present depth of the sill (-4.7 m)
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suggesting that the bay (and the core site) was isolated from the open sea for the total
period of the depositions of IIIC and IIIB. This observation further supports the nature of
the depositional environments attributed previously to subunits IIIC and IIIB (land and
pond/lake, respectively). On the contrary, the 4 m difference between the global mean sea
level stand and the depth of the sill at the time of the onset of subunit IIIA (7.3 ka) cannot
explain the inundation of the sea according to the eustatic sea-level curve as far as the core
site.

To explain this earlier than expected sea inundation in the bay, regional and/or local
scale factors should be further investigated. Onlap geometries of the upper sedimentary
sequences recorded in the inner basin could indicate differences in the rate of sediment
supply and/or differences between the rate of sea-level fluctuations and the rate of local
tectonic-induced vertical displacements [104]. For instance, tectonic studies have shown
that the entire central Aegean region experienced a general uplift during the Quaternary
[52,53]. However, more specific archaeological data, beach rock formations, and rocky
notches from the south Aegean region and the Minor Asia coasts have provided evidence
of both subsidence and uplift events of variable magnitude during the Holocene
[13,14,27,40,44,51,105] linked to intense regional tectonic activity [105]. Although an over-
all specific trend (subsidence or uplift) is not provided for the SE Aegean Sea, and for the
Astypalea area in particular, their recording indicates that they may produce relative sea
level changes that may be incompatible with the already predicted eustatic—isostatic ones
[13,23,106]. Following this approach, the scenario of the relative sea level changes of epi-
sodic or summarized over time character seems to be plausible and responsible for the
earlier-than-expected marine flooding of the bay.

An alternative scenario that could explain the earlier-than-expected flooding of the
Vathy basin may involve the possibility of a sea entrance linked with a tsunami. Although
the island is situated in an area where earthquakes have triggered tsunamis in the past
[107], the steady presence and the increasing abundance of all taxa associated with saline
waters, from 7.3 ka BP onwards, suggest that a marine inundation related to a tsunami
should be most likely excluded.

Finally, a likely explanation is that the massive carbonate formations (limestones) on
the island and the associated karstification may have induced the prevalence of sea in the
bay, independent of sea levels. This karstification, in turn, could have formatted under-
ground channels connecting the bay to the open sea, thus establishing a marine lake envi-
ronment in the bay between 7.3 and 6.8 ka BP. Such seawater seepage through karstified
sill contributes to the establishment of brackish marine lake conditions, as shown by other
cases on the Dalmatic coasts [16]. The large variability in the Corg/N ratio in IIIA suggests
that the basin’s connectivity to the Aegean may still have been vulnerable to small changes
in sea level and the freshening of the basin, either by being influenced by karstic commu-
nication or by higher precipitation.

4.3. Climate Evolution and Human Inhabitation

Sapropel 51 is the most well-documented deposition in the marine sediments of the
eastern Mediterranean during the Holocene, related to climatic change [1,5]. In our rec-
ords, the deposition of S1 coincides over time with LU III, dated between 9.1 and 6.0 ka
BP. LU Il is rich in organic carbon content (Corg) (~1.2-2%) and favors Sr-rich (authigenic)
carbonate formation (Sr/Ca) (Figure 7). It is striking that the timing of subunits IIIA and
IIB corresponds to the second part of the Sapropel S1, the S1b, which was deposited be-
tween 7.8 and 6.1, on average, in the EM, while subunit IIIC should coincide with the
upper part of the Sla and the short interruption that was found in the S1 at around ~8.2—
7.9 ka BP [6,108,109]. LU IIIA and LU IIIB are characterized by a laminated pattern. Such
parallel laminations are usually recognized in lacustrine or semi-enclosed water basins,
where depositional and hydrodynamic processes favor their formation and preservation
[35,110,111] and may be linked to climatic variability. LU III is rich in organic carbon con-
tent (Corg) (~1.2-2%) and favors Sr-rich (authigenic) carbonate formation (Sr/Ca) (Figure
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7). It is striking that the timing of subunits IIIA and IIIB corresponds to the second part of
the Sapropel S1, the S1b, which was deposited between 7.8 and 6.1, on average, in the EM,
while subunit IIIC should coincide with the upper part of the Sla and the short interrup-
tion that was found in the S1 at around ~8.2-7.9 ka BP [6,108,109. The shallowest occur-
rence of sapropel layer S1 in EM sediment cores is found in water depths of ~120 m [112],
apart from a core (GM2) in the Marmara Sea, where sapropel S1 was found at a water
depth as shallow as 37 m [113]. Since the laminated section of ASTC1 was formed when
there was no full marine connection, it is highly unlikely that this interval represents an
even shallower expression of sapropel 51 in the EM. Instead, due to its timing, it may have
been plausible that besides changes in global mean sea level, regional and circum-Medi-
terranean climatic conditions [64,114,115] may have played a pivotal role in the formation
and preservation of this laminated feature.

In this light, the gradual increase in 5'®Omean values from the upper subunit IIA until
the top of LU-I may prelude either the gradual increase of marine water into the Vathy
basin (Figures 7 and 8) or the gradual decrease in precipitation in the Eastern Mediterra-
nean [116,117] or increased aridity in the Aegean [1,115]. The latter has been suggested by
several planktonic 8'80 records of EM [118-120]. At present, however, we cannot distin-
guish between what part of the d"¥Omean signal is related to this aridification trend in the
region and what relates to the relatively larger marine influence within the bay through-
out the Holocene. The evolution of the landscape conditions from hinterland to brackish
and to coastal environments seems to be conducive to the human settlement in the area.
Archeological investigations have shown that settlements of human occupation in the
Vathy region go back to at least the Late Neolithic Period at 6 ka BP [38]. It is an interval
that is generally characterized by relative sea-level stability and human expansion into
coastal areas [121,122]. According to several studies, coastal areas characterized by fertile
soils and constant freshwater supply, as are the deltaic environments, were more condu-
cive to human settlement and the development of societies and trades along the coasts
[122]. Similar conditions were developed at Vathy during that period. In our records, dur-
ing the Late Neolithic period, the Vathy was already connected to the Aegean Sea, though
this interval coincides with the establishment of brackish conditions related to the subunit
IIA, thus contributing to the sedentarization of humans in the site.

5. Conclusions

Coastal restricted basins are sensitive recorders of both global sea level and regional-
scale climate changes and thus provide a reliable archive toward their reconstruction. The
examination here was based on a high-resolution seismic profile, together with sedimen-
tological and geochemical data retrieved from a marine sediment core (ASTC1) of a semi-
enclosed basin in the south Aegean Sea. The examination of the sediments included sedi-
mentary observations and faunal, stable isotope, and geochemical analyses, while a dense
grid of radiocarbon analyses led to an accurate dating for the observed paleoenvironmen-
tal changes of the bay. These changes appear to be modulated not only by the global/re-
gional sea level rise but also by the general climatic pattern in the EM and the morpholog-
ical features of the basin.

The main outcomes of our research can be summarized as follows:

e  The cross-correlation of the seismic and sediment core data presents a causal link and
suggests that the basin experienced three major environmental stages during the Hol-
ocene recorded as seismic facies (SF1-3) on the profiles and lithological units (LU I-
III) in the sedimentary deposits.

e The transition gradually developed through several intermediate environmental
stages, as shown by this study, also providing important information on the climatic
pattern of the Eastern Mediterranean region. The topography of the Vathy bay forms
a natural well-protected area favoring the inhabitation of prehistoric humans. Since
Neolithic times, the area has also offered freshwater sources, while the establishment
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of a series of water bodies contributed to the further exploitation of the associated
ecosystems.

e  The environmental conditions changed gradually from completely isolated to the
present shallow marine in the last 9.1 ka due to the post-glacial sea level rise.

e  The onset of the marine influence, according to our findings, is placed at around 7.3
ka when the global mean sea level was at -8 m, ~3 m lower than the basin’s sill. Rel-
ative arid outbreaks were pointed out within the 7.3-6 ka BP interval, which favored
Sr-rich carbonate precipitation in the basin, and a general aridification or less precip-
itation trend as of 4.1 ka BP till present.

e  Wetter conditions were instead implied for the 9.1-7.3 ka and 6-5.4 ka intervals,
which coupled with the general humid conditions in the Eastern Mediterranean at
those times.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/2073-4441/14/22/3688/s1, Table S1: Biota contained in the studied sediment sam-
ples of core ASTC1, Figure S1: Bathymetric map of the study area showing the tracklines (green) of
the subbotom profilers. The red colored transect (AA’) indicates the location of the profile presented
in Figure 2 and investigated in the manuscript.
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