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New micropaleontological, palynological, and geochemical results from a relatively shallow (∼500 m)
sediment core (NS-14) in the south-eastern Aegean Sea provide a detailed picture of the regional expression
of sapropel S1 formation in this sub-basin of the eastern Mediterranean Sea. Specifically, freshwater input
during ∼10.6–10.0 ka BP has preceded the deposition of S1. Further decrease in surface water salinity is
evidenced between 10.0 and 8.5 ka BP at the lower part of S1a, which in respect to S1b, is featured by
warmer (∼19.5 °C) and more productive surface waters associated with dysoxic bottom conditions. A series
of coolings detected within the S1 depositional interval, may be linked to outbursts of cold northerly air
masses and relevant pulses in the deep-intermediate water ventilation that caused the S1 interruption
between 7.9 and 7.3 ka BP and culminated during the deposition of S1b, with the decline of deep chlorophyll
maximum (DCM) at ∼6.5 ka BP. The climate instability and the relevant absence of anoxia weakened the
organic matter preservation in the shallow south-eastern Aegean margin during the S1 times. NS-14 record
provides evidence for a distinct mid Holocene warm (up to ∼25 °C) and wet phase associated with the
deposition of the sapropel-like layer SMH (Sapropel Mid Holocene), between 5.4 and 4.3 ka BP. The SMH
layer could represent evidence of on-going, albeit weak, African monsoon forcing, only expressed at the
south-eastern edge of the Aegean Sea. Its end is associated with the 4.2 ka BP Northern Hemisphere mega-
drought event and the termination of the African Humid Period at 3.8 ka BP.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The eastern Mediterranean is an efficiently ventilated and highly
evaporative semi-enclosed sea with surface waters depleted in phos-
phate, nitrate and silicate, and low biological production (Krom et al.,
1992; Tselepides et al., 2000). However, the (quasi)periodic occur-
rence of organic-rich layers, so-called sapropels, throughout the
sedimentary record of the last 13.5 million years (Hilgen et al., 2003),
points to the development of dramatically different oceanographic
and trophic conditions in the past (for extensive reviews see, e.g.,
Rohling, 1994; Cramp and O'Sullivan, 1999; Emeis et al., 2003). The
accepted paradigm for sapropel formation dictates that these deposits
formed under deep-sea anoxic/dysoxic conditions, which developed
yllou).
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in concert with distinct minima in the orbital precession cycle, i.e.,
every ∼21,000 years (Rossignol-Strick et al., 1982; Hilgen, 1991;
Lourens et al., 1992, 1996). Briefly, the precession driven intensifica-
tions of the boreal African monsoon fuelled enhanced freshwater
discharge along the North African margin of the eastern Mediterra-
nean (e.g., Rohling et al., 2002a; Scrivner et al., 2004; Ehrmann et al.,
2007). These positive shifts of the basin's freshwater budget – likely
supplemented by contemporaneous increases in the freshwater sup-
ply from the southern European margin (Kotthoff et al., 2008) –

inhibited the convective deep water formation processes, in turn,
leading to oxygen starvation in the deep sea (Rohling, 1994; de Lange
et al., 2008). Emeis et al. (2000, 2003) also emphasized the role of the
sea surface warming during intervals of precession minima, which
may have intensified the surface buoyancy gain, thereby contributing
to weaken the deep water circulation. While there exists ample con-
sensus on the enhanced preservation of organicmatter under oxygen-
deficient conditions of the eastern Mediterranean bottom waters
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(De Lange et al., 1999, 2008; Moodley et al., 2005), other studies
emphasize that an increase in the export productivity from the pelagic
layer may have played a critical role in the sapropel formation (e.g. De
Lange and Ten Haven, 1983; Kemp et al., 1999; Mercone et al., 2001).

It has been found that the precession driven changes in the eastern
Mediterranean water column have led to different sedimentary
features in the individual sub-basins (Emeis et al., 2000). Much
interest has recently been centred on the Aegean Sea (Rohling et al.,
2002b; Casford et al., 2002, 2003, 2007; Ehrmann et al., 2007; Kuhnt
et al., 2007; Marino et al., 2007), because it represents an important
area of deep water formation for the entire eastern Mediterranean
(Zervakis et al., 2004), which appears particularly sensitive to climate
forcing today (Roether et al., 1996; Theocharis et al., 1999; Zervakis
et al., 2000) as well as in the past (Kuhnt et al., 2007; Marino et al.,
2007). Importantly, by virtue of its location, at the north-eastern
sector of the Mediterranean, in winter the Aegean Sea is under the
direct influence of northerly winds (Poulos et al., 1997), thereby
holding great potential as key sedimentary archive to investigate the
response of the regional climate to past high-latitude forced climate
fluctuations. Indeed, several recently generated Aegean paleoceano-
graphic records suggest that – during the Holocene – short-term
cooling episodes, which are bound to the strengthening of northerly
winds, are superimposed on the underlying subtropical/tropical
control of the regional hydrography and ecosystems (Rohling et al.,
2002b; Casford et al., 2003; Gogou et al., 2007; Marino, 2008). These
findings suggest that during the Holocene the eastern Mediterranean
climate was less stable than previously thought.

The present study investigates an expanded sediment record
covering the last ∼13 ka BP, from the shallow south-eastern margin of
the Aegean Sea. We use a combined coccolithophore, pollen, benthic
foraminifera, and organic geochemistry proxy data to address three
main questions: (1) what is the fingerprint of the northern hemisphere
climate variability on the south-eastern Aegean climate? (2) what is the
interaction between primary production and organic matter preserva-
tion at intermediate depths during sapropel S1 deposition? (3)what are
the major changes in sea surface temperature, hydrography, primary
production, and in the regional moisture availability in the period
immediately following the deposition of sapropel S1?

2. Basin location and oceanographic setting

The Aegean Sea, which is situated between Turkey and Greece
(Fig. 1A), is connected with the Black and Marmara Seas through
the Dardanelles Straits, and with the open eastern Mediterranean
(Levantine Sea) through the Cretan Straits. The cooler (9–22 °C) and
lower salinity (24–28 psu) Black Sea outflow waters flows along the
east coast of Greece to reach the southwest Aegean Sea, and, due to
their high nutrient contents, fuel productivity in the North Aegean Sea
(Lykousis et al., 2002). The warm (16 °C in winter; 25 °C in summer)
and saline (39.2–39.5 psu) Levantine surface waters flow northward
along the eastern Aegean to the Dardanelles Straits (Zervakis et al.,
2000, 2004). Several rivers discharge into the Aegean Sea, mostly from
the north Hellenic coast and from the east coast of Turkey (Fig. 1A).
Together, Black Sea outflow waters and river inputs both supply the
Aegean with freshwater (Poulos et al., 1997; Roussakis et al., 2004).

Regarding the subsurface circulation, between 70 and 400 m
depth, the Aegean is filled by the Levantine Intermediate Water mass
(LIW). Between 400 and 900m in the South Aegean can be identified a
salinity minimum, which reflects the Transitional Mediterranean
Water mass (TMW) (Lykousis et al., 2002). The development of deep
convection takes place during the winter season due to favourable
weather and hydrographic conditions, which are strongly affected by
northerly outbreaks of cold and dry polar/continental air (Poulos
et al., 1997; Theocharis et al., 1999). Deep convection leads to an
increased oxygenation of the intermediate and deep layers. Overall,
the distribution of oxygen (and nutrients) in the South Aegean Sea
is influenced by the exchange of water masses through the Cretan
Straits. In the Southern Aegean Sea sediments, oxygen penetration
extends to about 3–5 cm (Lykousis et al., 2002). The South Aegean
sub-basin is considered as a “typical oceanic margin” environment,
characterised by very low export rates of organic matter from the
euphotic zone (mean annual flux at 200 m: 5.6 mg m−2 d−1;
Stavrakakis et al., 2000) and organic — poor sediments, with mean
total organic carbon values of 0.34% (Lykousis et al., 2002).

3. Material and age model

3.1. Core description

Core NS-14 was taken during the R/V Aegaeo-Cruise 1998, in
westernKos basin (Fig. 1B), fromawater depth of 505mat 36°38′55″N
and 27°00′28″E. Gray coarse sands with pebbles prevail from the core
bottom (400 cm) to 300 cm. Between 300 cm and the core top the
sediment mainly consists of gray hemipelagic mud (Fig. 2A). At 240 to
231 cm, we found a turbiditic layer (T) with graded bedding and
abundant shallow benthic foraminiferal microfauna (mainly Quin-
queloculina spp.). The dark gray to olive graymudof sapropel S1,which
occurrence is also confirmed by the total organic carbon (TOC) profile
(see Section 5.1), extends from 120 to 55 cm. The S1 layer is divided
into two sub-units (hereafter termedS1a andS1b, respectively),which
are separated by an 11 cm thick (from 80 to 69 cm) lighter gray
interval, here interpreted as the S1 interruption (Fig. 2A). Another dark
olive gray mud sapropel-like layer, which we name Sapropel Mid
Holocene (SMH); see Section 6.3) occurs between 40 and 25 cm. The
most recent Z2 Santorini ash layer is positioned at 17 cm depth.

3.2. Chronology

Seven accelerator mass spectrometry (AMS) radiocarbon (14C)
datings (Table 1; Fig. 2B) were performed at the laboratories of Beta
Analytic (USA) on cleaned, hand-picked mixed benthonic and plank-
tonic foraminifera from core NS-14. Dating mono-specific plank-
tonic assemblages was not possible due to relatively low amounts of
planktonic foraminifera in core NS-14. However, due to the location of
core NS-14, it is rather unlikely that this approach will considerably
affect the precision of the chronology adopted in our study. In fact, the
vigorous upwelling of intermediate waters to the surface along the
south-eastern Aegean margin (Lascaratos, 1992; Yüce, 1995) imply a
well homogenized water column and thus fairly small age offsets
between surface and bottom waters in this sector of the basin.

Conventional 14C ages have been calibrated using the program
CALIB 5.0.2 (Stuiver and Reimer, 1993; Stuiver et al., 1998) with a
regional reservoir age correction (ΔR) of 149±30 years for sapropel
interval (Facorellis et al., 1998) and 58±85 outside the sapropel
(Reimer and McCormac, 2002). In order to reduce the bias towards
older ages produced by the contribution of old carbon (Casford et al.,
2007) and by the presence of benthic foraminiferal shells in the dated
material, we base the NS-14 chronology on the youngest ages of the
age range provided by this calibration exercise.

AMS 14C datings at 393 cm and 344 cm (Table 1) provided virtually
identical ages. Taken at face value these dates would imply dis-
proportionally high sedimentation rates in this segment of the record.
However, the entire interval below 300 cm consists of olive gray
coarse sands, which are likely reflective of a sediment gravity flow
event at ∼18 14C ka BP. Accordingly, these deposits either derive
from a turbidite event during the early stages of the last deglacia-
tion (Roussakis et al., 2004), or from seismically induced landslide
phenomena (Papanikolaou and Nomikou, 2001). Hence, dating points
at 393 and 344 cm were not considered here for chronological
purposes. The Minoan Santorini ash layer (Z2 in Fig. 2A) was used as
an additional time marker (3550–3577 yr cal. BP; Friedrich et al.,
2006).



Fig. 1. Location map of the study area in the south-eastern Aegean Sea.
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Fig. 2. (A). Core NS-14 stratigraphy. (B). Age model of the chronology for core NS-14. Solid red line is the 2nd order polynomial fit through both the five youngest calibrated AMS 14C
datings (open dots) and the age of the ash layer produced by Minoan eruption of Santorini (solid dot) (Friedrich et al., 2006). Open blue diamonds represent the ages of the base,
saddle and top of the NS-14 Ba/Al anomaly in the robust chronological framework recently proposed by Casford et al. (2007) for nearby core LC21. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Chronology adopted in this study for core NS-14 derives from a
polynomial fit through the five calibrated AMS 14C datings mentioned
above and the time marker correlative to the Minoan eruption of
Santorini (Fig. 2B). The 1σ uncertainty associated to this exercise is
±0.71 kyr. We tested the NS-14 chronology against the multi-proxy
chronological framework recently proposed by Casford et al. (2007)
for a generous number of sediment cores from the Aegean Sea,
thereby supporting the robustness of our chronology. By transferring
the ages proposed by Casford et al. (2007) for the onset, saddle, and
termination of the Ba/Al anomaly onto the NS-14 chronological
framework we note that these points fall all within the 1 σ bounds of
the polynomial fit in Fig. 2B. Hereafter ages will be discussed as ka BP.

4. Methods

Core NS-14 was sampled at 2 cm spacing throughout with the
exception of the sapropel layers, where sampling was carried out at
higher, 1 cm resolution. Samples were then sub-sampled for benthic



Table 1
Age model pointers for the investigated core NS-14.

Depth
(cm)

AMS Lab
codea

Conventional 14C age
(yr)±1σ error

Calibrated 14C age
(yr)b

1σ age range

17 3563.50c 1600–1627c

48 5490±40 5698 5698–5904
80 8280±50 8515 8515–8706
86 8390±40 8670 8670–8885
114 8640±40 9022 9022–9190
252 11770±60 13101 13101–13273
344 18220±90 20733 20733–21186
393 18150±90 20640 20640–21084

a Beta Analytic, Inc., Miami, FL, USA.
b Conventional 14C ages were converted into calibrated ages by using Calib vs. 5.0.2

software (Stuiver et al., 1998) and the MARINE04 calibration dataset. Local ΔR
corrections were applied; ΔR=58±85 years outside the sapropel (Reimer and
McCormac, 2002) and ΔR=149±39 years in the sapropel (Facorellis et al., 1998).

c Age of the Minoan eruption of Santorini (Friedrich et al., 2006).
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foraminifera, coccolithophore, pollen, and geochemical analyses.
Mean sample resolution for geochemical analyses in the uppermost
part of the core, and for benthic foraminifera census counts through
the upper 145 cm were performed at a mean samples resolution of
6 and 5 cm respectively, has been used for benthic foraminiferal
analysis. All other analyses have been performed till 220 cm depth
from the core top.

4.1. CaCO3, TOC and Ba/Al ratio analyses

Total organic carbon (TOC) concentrations were determined in
58 freeze dried and homogenized samples using a Thermo 1500
elemental analyser. The concentrations of calcium carbonate were
determined on the same samples using a coulometer after liberation
of CO2 with 2 N HCl. Total concentrations of Al (%Al2O3) and Ba (ppm)
were calculated in 62 samples by X-ray fluorescence spectrometry on
fused discs. Relative precision is better than ±2% for carbon and ±5
for Ba and Al.

4.2. Coccolithophore analyses

For coccolithophore analysis the preparation of 131 samples
followed the standard smear slide techniques. For detailed descrip-
tions of the quantitative methods and taxonomywe refer to Negri and
Giunta (2001), Giunta et al. (2003), Principato et al. (2006). Results
are based on a total of (at least) 300 counted specimens per sample,
and are presented in relative abundances in order to avoid any dilu-
tion effects of, e.g. terrigenous matter input (Flores et al., 1997).

In order to evaluate primary production, the depth of the nutri-
cline, and stratification in the water columnwe have used the relative
amounts of Florisphaera profunda (Beaufort et al., 1997). The lower
photic zone species F. profunda (Okada and Honjo, 1973) is a very
reliable proxy to reconstruct the depth of the nutricline–thermocline
(Molfino and McIntyre, 1990), and high relative abundances of this
taxon indicate high stratification of the water column and low
productivity in the surface layer (e.g. Castradori, 1993; Beaufort et al.,
1997, 2001; Flores et al., 2000). The comparison between F. profunda
percentages and primary production from satellite imagery has al-
lowed quantitative estimates of past primary production fluctuations
in the Indian Ocean (Beaufort et al., 1997, 2001) and the central
Mediterranean Sea (Incarbona et al., 2008). In the present study we
have used the equation proposed by Incarbona et al. (2008) for the
estimation of the net primary production (NPP), NPP=885.864+
(−138.963⁎ ln (F. profunda %)), as this has been provided by com-
parison of satellite primary production from North Sicily Strait, which
is relatively close to our study area. In addition, we have established
the use of the ratio between Florisphaera profunda (F) and Emiliania
huxleyi (E) abundances: S=F/F+E as stratification index, (modified
from Flores et al., 2000). F. profunda and E. huxleyi generally in the
Mediterranean are the dominant coccolithophores in the lower and
upper photic zone. In particular, the increase of F. profunda vs. the high
surface nutrient indicator (Young, 1994) E. huxleyi, a species that
prevails in the Aegean surface waters mainly in winter/spring
(Triantaphyllou et al., 2004; Dimiza et al., 2008), suggests high values
of S. The increase in S values indicates gradual establishment of
stratified conditions in the water column related either to warm con-
ditions or fresh water input, and the onset of a nutrient-rich envi-
ronment in the deep photic zone. The abundances of Helicosphaera
spp. (mainly H. carteri) together with Braarudosphaera begelowii
have been used as indicators of salinity decrease (Flores et al., 1997;
Colmenero-Hidalgo et al., 2004; Negri and Giunta, 2001).

4.3. Palynological processing

For pollen analysis, 88 oven-dried sediment samples were spiked
with Lycopodium clavatum spores, weighted, and treated with 10%
HCl and 38% HF and eventually sieved over a 10 μm sieve. A minimum
of 150 pollen grains was counted per sample. The ratio H=AP/St (AP:
Arboreal taxa excluding Pinus, which was it was considered over-
represented in the spectra; St: Steppic taxa including Artemisia, Che-
nopodiaceae, Compositae and Poaceae), has been used as a humidity
index (Bottema, 1991; Vermoere et al., 1999). Mediterranean taxa
include Olea and Pistacea. The concentration of aquatic palynomorphs
(taxa living in rivers and lakes like Sparganium, Pediastrum and
Zygnemantaceae) has been used as a proxy of river runoff into the
basin (Targarona, 1997).

4.4. Benthic foraminiferal analyses

Thirty sediment samples for benthic foraminiferal census counts
were approximately 2 g dry weight each. They were soaked in
distilled water and wet sieved over 63 and 150 μm sieves. Residues
were dried at 50 °C and census counts were performed on the 150 μm
fraction. Relative abundances of benthic foraminifera are presented
and discussed in this study.

4.5. Organic geochemistry

The determination of lipid biomarkers was carried out on 57
samples. Lipids were extracted from freeze-dried sediments by
ultrasonication using a mixture of dichloromethane/methanol (4:1)
and separated into different compound classes on silica gel column
chromatography, using solvent mixtures of increasing polarity (see
Gogou et al., 2007). Individual compounds were identified and quan-
tified by GC–FID and GC–MSwith a combination of comparison of GC-
retention times to authentic standards and comparison of their mass-
spectral data to those in the literature. Sums of selected C27 and C28
methyl-sterols and C30 desmethyl sterols (presented as marine
sterols), long chain alkenones with 37 and 38 carbon atoms, of the
isoprenoid derivatives loliolide and isololiolide and the most
abundant long chain n-alkanols n-C26, n-C28 and n-C30 of terrestrial
origin (presented as Ter-alkanols) were calculated following Gogou
et al. (2007). Biomarkers exhibit different resistance to early di-
agenesis and under oxic/dysoxic conditions in the marine environ-
ment, so their use as paleoproductivity proxies should be done with
caution (Versteegh and Zonneveld, 2002). Despite this limitation, the
detailed study of a variety of lipid classes still enables the recognition
of the major sources contributing to the sedimentary organic matter –
both autochthonous and allochthonous – and permits assessment of
the transformation processes/diagenetic pathways of organic matter
in paleoceanographic studies (Hinrichs et al., 1999; Menzel et al.,
2002, 2003; Gogou et al., 2007). Estimates of past sea surface
temperature (SST) were made on 62 samples by means of the un-
saturation ratios of alkenones (U37

k′) and the global calibration given by



Fig. 3. CaCO3 (%), TOC (%) and Ba/Al (ppm/%). S1a, S1b and SMH sapropelic layers are
indicated in dark gray.
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Muller et al. (1998). The analytical precision based on multiple
extractions of sediment samples was better than 0.6 °C. Note that this
error refers to analytical uncertainty, not to uncertainty introduced
by the U37

k′ — temperature calibration, therefore the SST variations
discussed in the text are meaningful. Alkenone-based SST reconstruc-
tions have become a routine tool in paleotemperature studies. Like all
paleoceanographic proxies the method has some limitations mostly
linked to ecological features of the producer organisms (seasonality,
depth of maximum production etc., see Herbert (2003) for a tho-
rough review). In most cases, the time of maximum abundance of
E. huxleyi and/or G. oceanica, and the maximum flux of alkenones into
sediment traps, coincides with the dominant period for phytoplank-
ton blooming. Furthermore, temperatures during the season of maxi-
mal alkenone production generally come close to mean annual SST
(Herbert, 2003). For the Mediterranean Sea (and particularly the
eastern basin) limited present day data are available. A previous study
has suggested that U37

k′ temperature reconstructions agree well with
mixed layer winter-spring SST averages (Emeis et al., 2000). In addi-
tion a sediment trap study in the western Mediterranean has shown
maximum alkenone production in spring while maximum production
depth is 30–50 m (Ternois et al., 1996).

For the chlorin analysis, 36 freeze-dried sediments were extracted
with DCM:MeOH (3:1, v/v) using MARS microwave accelerated
reaction system (Kornilova and Rosell-Mele, 2003). Acetone solutions
have been analysed by UV absorbance employing an off-column HPLC
system with on-line PDA detector. Chlorin concentration has been
calculated using phyropheophorbide a standard.

Calculations of accumulation rates (AR) (μg cm−2 kyr−1) for
biomarkers and chlorins have been calculated according to the equation:

jAR μg cm−2kyr−1
� �

= absolute biomarker amount μg g−1
� �

× sediment accumulation rate cmkyr−1
� �

× dry bulk density g cm−3
� �

= 1000:

Dry bulk densities equal 1.45 g cm−3 for the interval above S1,
1.375 g cm−3 for S1 interval and 1.55 g cm−3 for the sediments below
S1 (Roussakis et al., 2004).

5. Results

5.1. CaCO3, TOC and Ba/Al ratio

Calcium carbonate (CaCO3) concentrations in core NS-14 are
higher than 26% from 12.6 ka BP until the onset of sapropel S1
deposition, which occurs at 10 ka BP (Fig. 3A). CaCO3 decreases and
remains generally lower than 24% throughout the sapropel layer, with
a prominent reduction to values as low as 16% at 8.4 ka BP. From the
sapropel termination, at 6.4 ka BP, to 4.3 ka BP, CaCO3 increase again
to an average value of 24%. Overall, this pattern agrees with the CaCO3

(Fig. 3A) profiles in several other S1 sapropel layers (e.g. Mercone
et al., 2001; Slomp et al., 2004), in which the organic-rich inter-
vals display lower CaCO3 contents than surrounding non-sapropel
sediments.

Fig. 3B shows typical non-sapropel TOC values (0.2 to 0.4%)
between 13 and 10 ka BP (Fig. 3B). Concentrations increase within the
S1a and S1b layers, which average values are of 0.9% and 0.7%,
respectively. In the interruption, TOC decreases to 0.55%, but never
returns to the very low pre-sapropel levels, similarly to what has been
noted in previous studies (Mercone et al., 2001; Gogou et al., 2007).
Overall, the highest TOC values (1.3%) are observed in the S1a interval.

The Ba/Al ratios (Fig. 3C) are generally low. This might indicate
condition of low productivity (McManus et al., 1998) and/or increased
terrigenous input. Taking into account that barium accumulation
does not correlate with primary productivity in shallow depositional
environments (Von Breymann et al., 1992), our data are in good
correlation with results presented by De Lange et al. (2008) of low Ba/
Al ratios and TOC concentrations at shallow depths in the Aegean
during S1 deposition. Relatively increased TOC and Ba/Αl values are
noted mainly in the S1a layer and during 5.4–4.3 ka BP (SMH depo-
sition). Finally, Ba/Al is higher between ∼13 and 12.5 ka BP (see
Section 6.1) and at around 3.6 ka BP, but the latter peaks are not
associated with similar peaks in TOC. In particular the peak at ∼3.6 ka
BP corresponds to a sample taken from Z2 Santorini ash layer, an
interval exhibiting high Ba/Al values (Reitz et al. 2006).

5.2. Coccolithophore assemblages

Emilinia huxleyi dominates the coccolithophore assemblages
between 13 and 10.6 ka BP with relative abundances greater than
60% (Fig. 4A). Following this interval and until 7.7 ka BP, this taxon
oscillates between 40 and 60%, followed by a distinct minimum of
∼500 years. From 6.6 ka BP on E. huxleyi shows again oscillations
around 60% with two distinct minima centred on 6.0 and 4.8 ka BP.
Emiliania huxleyi Moderately Calcified morphotypes (EHMC; see
Fig. 4B), are found almost exclusively between 13 and 10.0 ka BP
and from 6.8 ka BP on, with a distinct maximum abundance centred
on 3.5 ka BP. F. profunda starts to increase in abundance below S1 at
10.6 ka BP, presenting positive shifts at 8.5, ∼7.5, 6.0 and 4.8 ka BP. A
profound decrease in F. profunda is recorded at ∼7.2 and between 6.8
and 6.5 ka BP towards the top of S1b interval (Fig. 4C). In addition,
Helicosphaera spp. (mainly H. carteri; Fig. 4D) starts to increase at
10.6 ka BP, peaking in the lower part of S1a between 10.0 and 9.3 ka
BP. A second interval with high abundances of Helicosphaera spp.
occurs during the formation of the SMH layer. Braarudosphaera
bigelowii increases significantly at 6.5 ka BP in the upper part of S1b;
this species persists with low abundances to 4.6 ka BP (Fig. 4E).
Rhabdosphaera spp. are reduced during S1 interruption (Fig. 4F). The



Fig. 4. Relative abundance of coccolithophore species for the core NS-14 expressed in percent.
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main positive shifts in the water column stratification, as indicated
by the stratification index (S; Fig. 4G), occur at 10.6, 8.5, ∼7.5, 6.0
and 4.8 ka BP, reflecting increased coccolithophore (F. profunda)
productivity in the deeper photic zone. The calculated net primary
production (NPP, Fig. 4H) is anticorrelated with F. profunda percen-
tages and S index, implying shoaling of the nutricline and higher
production in the surface layer (Beaufort et al., 1997; Incarbona et al.,
2008).

5.3. Pollen records

Deciduous forest elements show their highest abundance between
10.0 and 4.3 ka BP; values are lower outside the sapropel layers S1a,
S1b and SMH (Fig. 5A, B). Cedrus (Fig. 5C) is present until 3.5 ka BP
reflecting the existence of high altitude conifer forests in the circum-
eastern Mediterranean area (Combourieu-Nebout, 1998; Mudie et al.,
2002). Other conifers (Fig. 5D) appear less abundantly and are mainly
represented above ∼7.3 ka BP. Mediterranean elements (Fig. 5E)
appear almost constantly from 10.0 ka BP on; with short absence
intervals during the S1 interruption (around 7.8 ka BP) and above the
deposition of S1 (at ∼6 kyr cal. BP), also featured by the drop in
deciduous Quercus. After 4.0 ka BP a rise in the Mediterranean
elements is observed. Steppe vegetation elements, such as Composi-
tae, Chenopodiaceae and Poaceae, occur in high numbers before
10.0 ka BP (Fig. 5F–H). The curve of Chenopodiaceae, shows a
profound maximum between ∼10.7 and 10.0 ka BP (Fig. 5G). It is of
particular interest that the expansion of Chenopodiaceae between
∼10.7 and 10.0 ka BP (Fig. 5G), a taxon typical for very cold and dry
climates in the eastern Mediterranean region (e.g. Rossignol-Strick,
1995), does not reflect in our case the presence of a cold and dry
event, but possibly indicates a salt marshy coastal zone in the vicinity
(e.g. Geraga et al., 2000).

The semi-desert taxa Ephedra and Artemisia, although almost
continuously present in low numbers in the record, show relatively
higher abundances in samples older than ∼10.6 ka BP (Fig. 5I, J). The
concentration of aquatic palynomorphs is distinctively increasedwithin
the sapropel layers (Fig. 5K), tentatively interpreted as representing a
strong pulse of continental runoff. The calculated humidity index (H;
Fig. 5L) reflects repeated wet phases corresponding to S1a, S1b, SMH
depositional intervals. After 4.3 ka BP the progressive increase in
Mediterranean elements, Poaceae and Artemisia has been attributed to
the drier, close to modern, climatic conditions (Mudie et al. 2002) and
finally corresponds to the human alternated vegetation described as
Beyşehir Occupation Phase of southwest Turkey (Bottema and
Woldring, 1990).

5.4. Benthic foraminifera

The foraminiferal density is generally low in our core (Fig. 6A). The
species Hoeglundina elegans, Melonis barleeanum, Uvigerina mediterra-
nea, Gyroidina altiformis and Bulimina marginata show abundance peak
between 11.0 and 10.0 ka BP, just below the base of S1 (Fig. 6I–M). At
this point the faunal assemblage declines, coinciding with the increase
in abundance of the species Bolivina alata, Globobulimina affinis, Chilos-
tomella mediterranensis, Valvulineria bradyii and Bulimina costata
throughout the S1 depositional interval (Fig. 6B–F). The rapid re-
appearance and dominance of Planulina ariminensis, Bulimina inflata,M.
barleeanum, U. mediterranea and G. altiformis at ∼6.5 ka BP, marks the
end of S1 (Fig. 6G–H, J–L). However G.affinis and C. mediterranensis
present another remarkable increase from 5.4 to 4.3 ka BP within the
SMH layer (Fig. 6C–D), associated with high percentages of V. bradyii, B.
alata and B. costata. Above this level and up to the top of the core M.
barleeanum, U. mediterranea, G. altiformis, B. inflata, B. marginata and P.
ariminensis become once more the most abundant species in the
assemblages.
5.5. Organic biomarkers

Marine sterols are major constituents of several marine phyto-
plankton groups such as prymnesiophytes, diatoms and dinoflagel-
lates (Volkman et al., 1999; Menzel et al., 2003; Gogou et al., 2007).
Long chain C37 and C38 alkenones are biosynthesised by some hap-
tophyte algae (e.g. Marlowe et al., 1984). Outside the sapropel layers
bothmarine sterols and alkenones have lowAccumulation Rates (ARs)
(mean ARs are 1.40 μg cm−2 kyr−1 and 1.60 μg cm−2 kyr−1

respectively; Fig. 7B, C), which may be related to low productivity in
surface waters and/or reduced preservation in well-oxygenated
bottomwaters (Gogou et al., 2007). Elevatedmarine sterol concentra-
tions are observed mainly within the sapropel sub-layer S1a (average
ARs are 3.6 μg cm−2 kyr−1) and are typical of higher productivity and/
or better preservation of the organic matter (Bouloubassi et al., 1998;
Menzel et al., 2003; Gogou et al., 2007). During the same interval
loliolide and isololiolide ARs, compounds that are diagenetic products
of carotenoids under reducing conditions in marine sediments (Klok
et al., 1984; Repeta, 1989), express their maximum values (average
ARs 4.2 μg cm−2 kyr−1; Fig. 7D). The chlorophyll a degradation
products, collectively named chlorins, are directly derived from phy-
toplankton activity and have often been used to reconstruct past
primary productivity (e.g. Harris et al., 1996). Chlorin concentration in
our sequence follows the general pattern of enhanced ARs at higher
TOC concentrations (Fig. 7E); values are very low outside organic-rich
layers, but reflect higher total primary productivity and favourable
preservation conditions especially within the sapropelic interval S1a
(average ARs 36.3 μg cm−2 kyr−1) and to a lesser degree during S1b
and SMH (average ARs 25.6 and 28.8 μg cm−2 kyr−1 respectively).
Ter-alkanols exhibit higher ARs within the sapropelic layer S1a in
comparison to S1b and SMH (up to 14.2, 10.4 and 6.2 μg cm−2 kyr−1

respectively; Fig. 7F) and suggest increased river runoff (Aksu et al.,
1995; Bouloubassi et al., 1998; Menzel et al., 2003; Gogou et al., 2007).

5.6. Alkenone-based Sea Surface Temperatures (SSTs)

The Sea Surface Temperature (SST; Fig. 8) estimated from the
alkenone unsaturation index Uk37k′ reveals quasi-uniform tempera-
tures (17.0–18.7 °C) in the interval from ∼13 to 10.5 ka BP. A tem-
perature increase of 3.2 °C at ∼9.9 ka BP predates a decrease down to
17.4 °C at 9.7 ka BP, at the lower part of S1a. Within the sapropel layer
S1a the temperatures increase gradually and have an average value of
19.5 °C (Fig. 8). A drop in SST of about 1.6 °C occurs at ∼8.5 ka BP. The
S1 interruption is featured by temperatures of about 21 °C, whereas
there is a low amplitude fluctuation of SST values within the S1b layer,
although average values are still centred on 21 °C. SSTs fluctuate
between 5.4 and 4.3 ka BP during the SMHdeposition, with an average
value of 22 °C and a prominent positive excursion to 24.9 °C at ∼4.9 ka
BP. Temperature decreases down to 18.5 °C at ∼3 ka BP similar to the
values calculated in the North Aegean (Gogou et al., 2007).

6. Discussion

6.1. The Late Glacial to early Holocene interval

Emiliania huxleyi Moderately Calcified (EHMC) morphotypes,
which are restricted to cool Holocene intervals (Crudeli et al., 2004),
feature the present day Aegean during winter/spring (Dimiza et al.,
2008) associated with temperatures between 16 and 19.5 °C (Poulos
et al., 1997). In comparison, Uk37k′ SST displays similar values between
∼13 and 10.6 ka BP (Fig. 8) and together with the high EHMC
abundances (Fig. 4B) point to generally cool surface waters during the
transition to the Holocene.

On land, the occurrence of semi-desert taxa Ephedra and Artemisia
between ∼13 and 10.6 ka BP (Fig. 5I, J) reflects drier climate. Yet,
the coexistence of deciduous Quercus and conifers imply sufficient



Fig. 5. Abundance curves of the most indicative pollen groups in core NS-14. Conifers include Abies and Picea, deciduous taxa include Acer, Carpinus, Corylus, Juglans, Alnus and Ulmus and Mediterranean taxa include Olea and Pistacea.
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Fig. 6. Abundance curves of the most indicative benthic foraminiferal species in core NS-14.
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Fig. 7. Accumulation rates of the investigated organic biomarkers.

Fig. 8. U37
k′ SST values in NS-14.
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precipitation, also reflected by the high ARs of Ter-alkanols (Fig. 7F).
This should have allowed the development of forest vegetation in
favourable areas. The sporadic presence of Mediterranean elements
after 11.8 ka BP marks a rise in winter temperatures.

The high Ba/Al values at ∼13–12.5 ka BP (Fig. 3C) could be
associated with the decreased carbonate concentrations at the same
levels (Fig. 3A). In particular, decreased carbonate production and
increased totalmarine productivity suggest a switch to the dominance
of opportunistic species, such as diatoms (Van Os et al., 1994). The low
biomarker and TOC content (Fig. 7) until 12.5 ka BP compared to a
more variable Ba/Al profile with relatively high values, is here
interpreted to reflect intervals of intensified degradation processes
under oxic conditions, which likely mask the original high primary
production signal (Aksu et al., 1999; Sinninghe Damsté et al., 2002).
Taken together, these evidence suggest that during the Late Glacial
cold and dry climate conditions in the (south-eastern) Aegean co-
existedwith well ventilated intermediate waters and, in turn, reduced
preservation of organic matter. This agrees with a recently proposed
scenario of intensified ventilation processes in the Aegean water
column during episodes of harsh climate (Casford et al., 2003).

6.2. The deposition of S1 in the south-eastern margin of the Aegean Sea

In the shallow south-eastern Aegean NS-14 core the onset of
the visual S1 at 10.0 ka BP, coincides with the abundance increase of
the deep and intermediate-deep benthic foraminifera infaunal taxa
C. mediterranensis, G. affinis (Fig. 6C, D), and the oxygen deficiency
indicators V. bradyii, B. alata and B. costata (Rohling et al., 1997; Kuhnt
et al., 2007; Abu-Zied et al., 2008). This age fits well with the ages
reported from other Aegean records (e.g. Perissoratis and Piper, 1992;
Aksu et al., 1995; Geraga et al., 2000; Casford et al., 2002; Roussakis
et al., 2004; Gogou et al., 2007; De Lange et al., 2008). The duration
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(10.0 to 6.4 ka BP) is comparable to the mean S1 duration (9.8 to
6.5 ka BP) estimated in the Aegean Sea cores in which chronologies
have been accurately tested against Greenland ice-core chronologies
(Rohling et al., 2002b; Casford et al., 2007). Minor age discrepancies
concerning the initiation of S1 in the core NS-14 reflect the local
conditions of marine circulation, depositional depth and the amount
of the organic material that reaches the sea floor. The upper age limit
may also differ due to post depositional processes (De Lange et al.,
1989; Higgs et al., 1994; Thomson et al., 1999), however such result
cannot be evaluated from our low TOC and Ba/Al records.

Before the onset of S1 deposition (between 10.6 and 10.0 ka BP),
the gradual increase of Helicosphaera spp. (see Fig. 4D), a coccolitho-
phore group that is associated with lowering in salinity (Flores et al.,
1997; Colmenero-Hidalgo et al., 2004), possibly indicates higher fresh
water input in the core site. In addition our records indicate a relevant
increasing trend featuring the nutricline depth proxy F. profunda
(Fig. 4C) and the stratification S index (Fig. 4G), which support the
establishment of stratified conditions and the onset of nutrient-rich
environment in the deep photic zone prior to S1 depositional interval.
Further, at the sediment surface the increasing abundance of the
moremesotrophic–oligotrophic benthic foraminifera (Fontanier et al.,
2002) H. elegans, M. barleeanum, U. mediterranea and G. altiformis
(Fig. 6I–L), reflects a general impoverishment of the sea floor, as a
result of reduction of deep water ventilation, similarly to what has
already been observed in other shallower and deeper locations in the
Aegean Sea before the onset of S1 (e.g. Kuhnt et al., 2007; Abu-Zied
et al., 2008).

The pollen record across the S1a sapropelic layer, displays an
increase of Mediterranean taxa (Fig. 5E) suggesting a positive trend
towards warmer conditions, whereas Uk37k′ temperatures have an
average value of 19.5 °C (Fig. 8). A decline in surface water salinity is
assumed between 10.0 and 8.5 ka BP by the increase of Helicosphaera
spp. (Fig. 4D), followed by a concomitant increase of the stratification
S index mainly above 8.5 ka BP. The fresh water input in the south-
easternmargin of the Aegean Sea is also corroborated by the increased
aquatic palynomorph concentrations (Fig. 5K). The positive shifts of
the humidity H index at our site (Fig. 5L), are attributed to an increase
in regional precipitation. This interpretation is in agreement with
what has been found by Kotthoff et al. (2008) in a northern Aegean
record. The increased ARs of Ter-alkanols (Fig. 7F) further suggest the
high supply of terrigenous material, ascribed to increased land runoff.

The S1 interruption (7.9–7.3 ka BP) in south-eastern Aegean
proves to be an interval characterised by alkenone surface tempera-
tures that are stable around 21 °C (Fig. 8). Similar results have been
recorded in the Southern Adriatic Sea by Giunta et al. (2003) and
Sangiorgi et al. (2003) who estimated an Uk

37 SST warming of about
1.5 °C during S1 interruption. Our data from NS-14 south-eastern
Aegean core show the absence of Mediterranean elements for a
short interval around 7.8 ka BP representing a short period of climatic
deterioration (Rossignol-Strick, 1995). A drop in precipitation during
S1 interruption is featured by the decline in aquatic palynomorphs
(Fig. 5K) and H index (Fig. 5L). In addition, a slight break of strati-
fication (S index, Fig. 4G), coupled to the concomitant decrease of
oligotrophic surface waters indicator Rhabdosphaera spp. (Winter
et al., 1994), also testifies reinvigoration of deep convective processes
(Rohling et al., 1997; De Rijk et al., 1999; Mercone et al., 2001; Casford
et al., 2003). S index is once more increasing before the onset of S1b.
Therefore, it seems more likely that S1 interruption in the south-
eastern Aegean Sea does not reflect a very cold and dry spell as
evidenced in higher latitude locations (e.g. Rohling et al., 1997; De
Rijk et al., 1999), but it may rather correlate with a weakening in the
African monsoon intensity (e.g. Rohling et al., 2004).

The SST coolings as reflected by the Uk37k′ variability mainly within
S1b layer (Fig. 8), may be linked to outbursts of cold northerly air
masses from eastern European and Siberian sources (e.g. Rohling
et al., 2002b; Geraga et al., 2005; Gogou et al., 2007; Marino, 2008).
Related to that, the increase of conifers above 7.0 ka BP (Fig. 5D),
mainly attributed to Picea, is indicative of north wind outbursts
(Mudie et al., 2002). Sea surface cooling during these intervals of
climatic deterioration was, however, not intense enough to promote
vigorous convective processes and consequently interrupt sapropel
deposition. Yet, the enhanced surface buoyancy loss coupled to these
events was such to disrupt the surface to intermediate water stra-
tification (see variations of stratification S index; Fig. 4G). In parti-
cular, the profound decrease of F. profunda at the upper part of S1
(Fig. 4C) confirms the decline of Deep Chlorophyll Maximum (DCM)
throughout the EasternMediterranean at ∼6.5 ka BP (e.g. Giunta et al.,
2003; Principato et al., 2003, 2006). More specifically, the negative
shift in S index and the peak of NPP at ∼6.5 ka BP (Fig. 4G, H)
evidences lowering of stratification, most probably associated with
fresh water input that is marked now by the increase of B. bigelowii
(Fig. 4E), a hyposaline and relatively eutrophic nannofossil indicator
(Boalch, 1987; Negri and Giunta, 2001). A similar increase of this
species has also been recorded at the same time interval in the eastern
Ionian (Negri and Giunta, 2001), interpreted as stratification increase,
and from the area west-southwest of Crete (Principato et al., 2003)
being related to runoff conditions during a wet and cold period.
Because our organic biomarker data at this point (low input of Ter-
alkanols; Fig. 7F) do not support freshening of surface waters as a
result of riverine input, the second hypothesis which suggests cooling
before the end of S1 sapropelic conditions seems more plausible. The
concomitant increase of the shallow and intermediate infaunal M.
barleeanum and U. mediterranea (Fig. 6J, K) along with the simulta-
neous decline of the dysoxic deep infaunal species G. affinis and C.
mediterranensis (Fig. 6C, D) marks the re-oxygenation of bottom
waters at this time interval, illustrating a progressive increase of the
trophic level in the water column. The associated drop in Mediter-
ranean elements and in deciduous Quercus (Fig. 5A) further records
the climatic deterioration that features the end of S1.

Our records indicate dysoxic bottom-water conditions during the
deposition of S1 at the south-eastern edge of the Aegean Sea. This
observation is supported by the maxima of loliolide and isololiolide
ARs, restricted only within the S1a interval (Fig. 7D). In addition,
isorenieratene, a pigment derived from anoxygenic photosynthetic
sulphur bacteria found in sapropels (e.g. Menzel et al., 2002), is absent
in all samples, comparable to similar findings in the N. Aegean during
S1 (Gogou et al., 2007) or in south-eastern Aegean during more
extreme sapropel events (Marino et al., 2007). The absence of
isorenieratene in NS-14 during S1 implies that intermediate waters
were – at least – occasionally ventilated during the deposition of S1,
which is a conclusion also claimed in previous studies (Aksu et al.,
1995; Mercone et al., 2001; Casford et al., 2002, 2003; Kuhnt et al.,
2007; Abu-Zied et al., 2008; Marino, 2008). Furthermore the presence
of dysoxic benthic foraminiferal indicators that continue throughout
sapropel S1 in core NS-14, indicates that long term anoxia never
developed in this site in accordance to what has been observed in
other shallow Aegean cores (e.g. core SL-31, 430 m depth; Abu-Zied
et al., 2008). The mean TOC concentration in our S1 layers is low, also
affected by dilution due to high sedimentation rates (Mercone et al.,
2000) and by the prevailing weakened anti-estuarine circulation (e.g.
Rohling and Gieskes, 1989; Rohling, 1994; Stratford et al., 2000).

The warm and humid climate prevailing during the formation of
S1 and the relevant water column stratification (Figs. 4G, 5L) are
expected to enhance production and preservation of organic matter
(e.g. Rohling and Gieskes, 1989). However, our micropaleontological
and geochemical evidence cannot prove unequivocally that marine
productivity actually rose during S1 times at the south-eastern
margin of the Aegean Sea. The higher TOC, marine sterol and chlorin
values and the increase of both coccolithophore productivity proxies
F. profunda (Molfino and MacIntyre, 1990) and Helicosphaera
spp. (Ziveri et al., 2004; Crudeli et al., 2006), together with the
inversely related NPP, do outline a productive deeper photic zone (see
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Figs 3–7). However, the climate instability and the relevant absence of
anoxia in the shallow western Kos Basin caused weak preservation of
the organic matter. The values are much higher within S1a confirming
the findings of Gogou et al. (2007) in the North Aegean that marine
productivity and/or more favourable conditions for organic matter
preservation were significantly higher before the S1 interruption than
during the formation of S1b layer.

6.3. Evidence for on-going humidity in the mid Holocene: deposition of
the sapropel-like layer SMH between 5.4 and 4.3 ka BP

A series of SST fluctuations are detected in our data set between 5.4
and 4.3 ka BP (Fig. 8), with a sharp positive shift to 24.9 °C at ∼4.8 ka
BP. During the same interval we recorded high numbers of the
coccolithophore Helicosphaera spp. (Fig. 4D) which is indicative of
salinity decrease, high aquatic palynomorph concentrations (Fig. 5K),
as well as higher accumulations of Ter-alkanols (Fig. 7F) which are
indicative of continental (river) runoff. Taken together, these ob-
servations point to an increased supply of freshwater to the NS-14
core site. At the same time, pollen evidence suggests the expansion of
deciduous forest elements and increased pollen-induced humidity H
index (Fig. 5L). As a result, stratified conditions in the water column
and increased productivity in the deep photic zone are evidenced at
∼4.8 ka BP by the positive trend recorded in the F. profunda
abundance and the increased values of the stratification S index
(Fig. 4C, G). TOC (∼1%), Ba/Al, marine sterols and chlorin patterns are
similar to those recorded within the sapropel layer S1b (see Figs 3, 7)
possibly reflecting limited preservation due to the shallow deposi-
tional depth and the climatic instability. The slight increase of the
organic biomarker loliolide (Fig. 7D) and the concomitant abundance
peak of such deep infaunal low-oxygen tolerant foraminifers as G.
affinis and C. mediterranensis (Fig. 6C, D), support the establishment of
at least dysoxic conditions at depth during the 5.4–4.3 ka BP time
interval.

Several observations document humid conditions in the Near and
Middle East and the Arabian Sea during the mid Holocene. These refer
to the onset of moist conditions between 5.2 and 4.2 ka BP recorded
from lake sediments in south-eastern Arabia (Parker et al., 2006), the
second aridification step reported from NE Africa between 6 and
3.8 kyr BP (Jung et al., 2004), and the humid phase recorded during
∼5.2–4.4 ka BP in the Dead Sea (Migowski et al., 2006). The “palaeo
annual rainfall” calculated from the speleothem paleoclimate record
from the Soreq Cave in Israel (Bar-Matthews et al., 2003) also displays
a small peak in rainfall at about 4.7 ka. Robinson et al. (2006) pro-
posed a “mid Holocene wet event” at ∼5 kyr BP while reviewing
several terrestrial data sets. Additional evidence from the Marathon
coastal plain in E. Greece (Pavlopoulos et al., 2006) implies warm,
strongly seasonal climate during 5.8 and 3.5 ka BP. Furthermore,
recent research based on the distribution of the terrigenous fraction
in marine sediments (Hamann et al., 2008) has shown a humidity
maximum at 5 ka BP coincident with a regional wet phase in the
Levantine Sea.

Our findings in the core NS-14 for sustained warm and humid
conditions after 5 ka BP during the mid Holocene, probably associated
with enhanced precipitation and influx of low-salinity waters from the
Black Sea (Sperling et al., 2003), support the establishment of stratified
conditions at least in semi-enclosed basins.Wepropose that this process
triggered suboxic conditions for a period of∼1000 years and gave rise to
the deposition of a regional sapropel-like layer, the Sapropel Mid
Holocene layer (SMH) between 5.4 and 4.3 ka BP (5–4 kyr uncal. BP),
traced in our case in the shallow but partially closed western Kos Basin.
Interestingly, a sapropelic layer (Upper sapropel layer; Tolun et al.,
2002) of similar age (4.75–3.2 kyr uncal. BP) has been recorded in the
Marmara Sea, well above the equivalent of sapropel S1 in this basin,
associated with the establishment of the dual flow regime between the
Black Sea and the eastern Mediterranean (Çatağay et al., 2000). The
deposition of the organic matter-rich layer SMH was terminated
abruptly at 4.3 ka BP, coincidingwith a significantNorthernHemisphere
rapid climate cooling (Mayewski et al., 2004; Booth et al., 2005;
Migowski et al., 2006) and a concomitant reduction of Black Sea surface
water flow (e.g. Sperling et al., 2003). Additionally, it is in good
agreement with the termination of the African Humid Period at 3.8 ka
BP, off thewestern coast of Africa (Junget al., 2004). This cooling event is
expressed at low-latitudes as a mega-drought event that caused the
collapse of Akkadian Empire in the Middle East by the displacement of
the Mediterranean westerlies and the Indian monsoon (Weiss et al.,
1993; Cullen et al., 2000).

The presence of the sapropel-like layer SMH has not been recorded
in other cores (e.g. Aksu et al., 1995, 1999; Mercone et al., 2000;
Rohling et al., 2002b; Kotthoff et al., 2008) in the Aegean Sea, although
sedimentation rates are comparable to our record. Our alkenone SST
data reveal significant cool/warm fluctuations throughout SMH. These
fluctuations suggest short-term intervals of climate instability and
possibly intermittent periods of water column ventilation, which
would have impeded the organic-rich deposition in other records.
However we cannot exclude the effect of local oceanographic and
productivity conditions (Stratford et al., 2000; Casford et al., 2003) on
sapropel deposition. In conjunction with statements in Cane et al.
(2002) and Rohling et al. (2002a) suggesting that S1 was relatively
short lived and may have not been strong enough to re-establish after
the cold outbreak around 6 ka BP, our finding of the SMH layer could
represent evidence of on-going, albeit weak, mid Holocene African
monsoon forcing, only expressed in this sensitive locality at the south-
eastern edge of the Aegean Sea.
7. Conclusions

A multi-proxy study of south-eastern Aegean core NS-14 provides
a portrayal of the climate and oceanographic changes in the region
over the last ∼13 ka BP. Our micropaleontological (coccolithophores,
benthic foraminifera), palynological (pollen), and geochemical (TOC,
CaCO3, Ba/Al, marine sterols, chlorins, alkenone-based SST) results
provide a detailed record of primary production and organic matter
preservation during sapropel S1 deposition at intermediate depths
and reveal the influence of thenorthernhemisphere climate variability
on the SE Aegean deposits. In addition, the studied marine record
displays significant information concerning the climatic and oceano-
graphic conditions in the Aegean during the mid-Late Holocene time
interval.

The major conclusions of this study are summarized as follows:

(1) The deposition of sapropel S1 at intermediate depths in the
south-eastern Aegean Sea took place between 10.0 and 6.4 ka
BP, with an interruption between 7.9 and 7.3 ka BP.

(2) The presented results state that freshwater input during
∼10.6–10.0 ka BP has preceded the deposition of S1 in the SE
Aegean Seamargin. Further decrease in surface water salinity is
evidenced between 10.0 and 8.5 ka BP at the lower part of S1a.

(3) The lower part of S1a is featured by warmer (∼19.5 °C) and
more productive surface waters associated with dysoxic
bottom conditions. A series of cooling events may be linked
to outbursts of cold northerly air masses and relevant pulses in
the deep water ventilation that caused the S1 interruption and
culminated during the deposition of S1b, with the decline of
DCM at ∼6.5 ka BP.

(4) Our analysis confirms the absence of complete anoxia during
the S1 times in the shallow south-eastern Aegeanmargin. This is
due to the prevailing anti-estuarine circulation but it is also
strongly linked to the recorded climate instability. Both factors
are possibly responsible for the weak preservation of the organic
matter in the sapropel layers, although it seems that conditions
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favouring higher marine productivity and/or organic matter
preservation were taking place mainly during the S1a interval.

(5) NS-14 record provides evidence for a distinct mid Holocene
warm (up to ∼25 °C) and wet phase associated with the depo-
sition of the sapropel-like layer SMH (Sapropel Mid Holocene),
between 5.4 and 4.3 ka BP. This finding at the south-eastern
margin of the Aegean documents the humid conditions already
evidenced in the Levantine Sea (sedimentological evidence of
humiditymaximumat 5 kyr BP), theNear East (peak in rainfall at
about 4.7 ka in the Soreq Cave speleothem record) and Middle
East (humid phase recorded during ∼5.2–4.4 ka BP in the Dead
Sea) and the Arabian Sea (moist conditions between 5.2 and
4.2 ka BP recorded from lake sediments) during the mid
Holocene. SMH is featured by significant SST fluctuations
throughout its deposition. Its end is associated with the 4.2 ka
BP Northern Hemisphere mega drought event that caused the
collapse of Akkadian Empire in the Middle East.
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