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Abstract

High-resolution paleoceanographic reconstruction of surface water properties during the most recent Sapropel event (SI) has been carried out by means
of quantitative analyses of planktonic foraminiferal assemblages, planktonic foraminiferal oxygen isotopes (3'®0) and XRF elemental data from a 655m
depth core recovered in the North lonian Sea. The results show that the S| interval presents two distinctive warm phases (Sla and SIb), separated by
a cold interruption event (Sli). High resolution faunal and geochemical analyses allow to identify two sub-phases within Sla interval, the oldest one has
similar characteristics to S|b interval while the youngest sub-phase has less stratified surface waters with relatively lower nutrient content. The high
abundance of Globigerinoides ruber white variety opposite to the low percentages of Neogloboquadrina pachyderma during the pre-S| phase suggests that
the onset of surface waters stratification occurred prior to the beginning of Sapropel deposition, acting as a pre-conditioning phase. Paleo-productivity
proxies indicate that the deposition of S| initiated after an increase in nutrient content, potentially related to increased fluvial inputs. Based on the
integrated ecological interpretation of our records we argue that Sla and SIb are characterized as warm, stratified and nutrient rich surface waters in
the lonian Sea, while proxies related to oxygen content indicate dysoxic deep waters linked to a combination of the high nutrient content and stratified
water column. The S| interruption phase is characterized by the entrance of colder waters that caused mixing of the stratified water column and re-

ventilation of the deep dysoxic waters.
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Introduction

The deposition of dark-coloured, organic-rich sediment layers
(Sapropels) in the eastern Mediterranean Sea have been described
and characterized by several studies (Calvert et al., 2001; Casford
et al., 2002, 2003; De Lange et al., 1999, 2008; Filippidi et al.,
2016; Geraga et al., 2008; Giamali et al., 2019; Kallel et al., 2000;
Kontakiotis, 2016; Kontakiotis et al., 2009, 2013; Kotthoff et al.,
2008; Mélieres et al., 1997; Plancq et al., 2015; Rohling, 1994;
Rohling et al., 1997, 2015; Siani et al., 2010; Tesi et al., 2017;).
However, there is a lack of consensus on the precise mechanisms
and the exact sequence of climatic and oceanographic events that
lead to the formation of Sapropels. It is generally accepted that
Sapropels are the result of complex interactions between regional
climatic, oceanographic and biogeochemical processes as a
response to shifting global climate patterns (De Lange et al.,
2008; Grimm et al., 2015; Le Houedec et al., 2020; Mercone
et al., 2000, 2001; Rohling et al., 2015; Tachikawa et al., 2015;
Vadsaria et al., 2019). Sapropel 1 (S1) is the only sapropel event
that appears during Early-Mid-Holocene (interglacial period),
between 10.8 = 0.4 and 6.1 = 0.5kyrs BP (De Lange et al., 2008;
Incarbona et al., 2019). General consensus suggests that the depo-
sition of S1 was caused by the combination of three main factors.
First, the freshening and stratification of Mediterranean surface
waters, both from low salinity Atlantic inflow through Gibraltar

Strait as well as from increased river runoff (Geraga et al., 2010;
Kontakiotis, 2016; Kontakiotis et al., 2009, 2013; Mojtahid et al.,
2019) resulting from northward shifting and intensification of the
African monsoon (De Lange et al., 1999, 2008; Grant et al., 2016;
Hennekam et al., 2014; Rohling, 1994; Rohling et al., 1997,
2015). Second, the increased river discharge was accompanied by
a resupply of land-derived nutrients to the surface ocean,
followed by enhanced primary productivity and export of organic
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Figure 1. Map of the study area showing the modern surface (white arrows) and deep (blue arrow) circulation patterns based on Rohling

et al. (2009), and also core ND14Mbis location. Other reference core sites used in the text for comparison (LC-21, Casford et al. (2002) and
Rohling et al. (2002); ODP Site 963, Sprovieri et al. (2003); M2 and M3, Roussakis et al. (2004); Z1, Geraga et al. (2008); MD90-917, Siani et al.
(2010); MP50PC, Filippidi et al. (2016) and Filippidi and De Lange (2019); SK-I and NS-14, Kontakiotis (2016); AEX-15, Giamali

et al. (2019) are also shown.

matter to the bottom of the basin (De Lange et al., 2008; Rohling
and Gieskes, 1989; Rohling et al., 1997). Third, enhanced surface
ocean stratification also resulted in reduced ventilation rates of
the deep waters through deep water convection (i.e. reduction in
dissolved oxygen export) that in turn favoured the preservation of
the organic matter due to the establishment of dysoxic conditions
(Abu-Zied et al., 2008; De Lange et al., 1999, 2008; Drinia et al.,
2016; Grimm et al., 2015; Le Houedec et al., 2020; Louvari et al.,
2019; Rohling et al., 2015; Schmiedl et al., 2010). All these fac-
tors together could contribute to the formation of the Eastern
Mediterranean (EMED) S1 layer.

Several studies have shown that S1 can be subdivided into
two distinctive phases (S1a and S1b) separated by an interruption
phase (Giamali et al., 2019; Kontakiotis, 2016; Myers and Roh-
ling, 2000; Rohling et al., 1997; Rohling and Pélike, 2005; Trian-
taphyllou et al., 2009). While both Sla and S1b were periods of
warm, stratified waters with dysoxic bottom conditions, the
interruption period (S1i) was characterized by the arrival of cold
surface waters, which favoured vertical mixing and enhanced re-
ventilation of the EMED deep waters (De Rijk et al., 1999; Incar-
bona et al., 2019; Myers and Rohling, 2000; Rohling et al., 1997,
2015; Rohling and Pilike, 2005; Schmiedl et al., 2010;). The
onset and the end of S1 deposition throughout the eastern Medi-
terranean Sea appears to not have been synchronous (10.8 =
0.4-6.1 = 0.5kyrs BP; De Lange et al., 2008), independently of
the water depth of deposition (De Lange et al., 2008; Klein et al.,
2000; Schmiedl et al., 2010). However, although S1 has been
characterized in many different locations through the Eastern
Mediterranean, there is a lack of information available on the
northern part of the central Mediterranean basin (Adriatic and
Ionian Seas).

This study is focused on the study of the expression of S1 in the
northern part of the Ionian Sea, which is a key area for understand-
ing the Mediterranean thermohaline circulation (MedTHC) sys-
tem. In this sense, the lonian Sea acts as an important gateway

between the Adriatic Sea and the rest of the Mediterranean, where
water exchange occurs both at surface and intermediate-deep lev-
els. Surface and intermediate waters from the lonian Sea enter the
Adriatic Sea forming a cyclonic gyre, while Adriatic Deep waters
(ADW) overflow to the Ionian Sea (Cushman et al., 2001; Manca
et al., 2003). These complex interactions between the Adriatic and
the Ionian Sea make this study area a key gateway zone. With the
objective of understanding the hydrographic changes that lead to
the Sapropel formation in the study area, we present the first high
resolution dataset with precise chronology for the North Ionian
Sea, containing proxy records from planktonic foraminifera
assemblages, stable isotopes (8'%0) and bulk XRF elemental com-
position of sediments. Although S1 has been previously defined as
having two main phases (Sla and S1b), their characterization has
never been done at very high resolution, thus lacking the possibil-
ity of identifying centennial or even decadal variability within this
time interval. Thus, the final goal of this study is the understanding
of the hydrographic changes that lead to the Sapropel S1 formation
in the central Mediterranean at very high resolution (centennial or
decadal) along with the reconstruction of the oceanographic condi-
tions and climate variability over this time interval.

Study area

The Mediterranean is a semi-enclosed Sea divided by two main
basins, the western and eastern Mediterranean, separated by the
Sicily channel (Figure 1). Its reduced spatial scale, partial isolation
and marginal configuration make the Mediterranean Sea an excel-
lent “natural laboratory” acting as an amplifier, where climatic and
oceanographic processes can be studied with a better signal to
noise ratio compared to the open ocean (Antonarakou et al., 2019;
Cacho et al., 2001; Kontakiotis, 2016; Rohling et al., 2015). The
Mediterranean Sea sediments have proved to be an excellent
archive where climatic events can be recorded (i.e. Bazzicalupo
et al., 2020; Koutrouli et al., 2018; Lirer et al., 2013; Margaritelli
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et al., 2018). Typically, high sedimentation rates during the Holo-
cene represent one of the most powerful tools to monitoring the
climate evolution by amplifying the climatic signals over the
Holocene (Antonarakou et al., 2018; Cacho et al., 2001; Giamali
et al., 2019; Louvari et al., 2019; Marino et al., 2009).

The study core ND14Mbis is located at the north-east end of
the Ionian Sea. The lonian Sea waters are connected with the
Adriatic Sea on the north by the Otranto strait, with the Aegean
Sea on the east and the Tyrrhenian Sea on the west through the
Sicily Channel. Adriatic deep waters (ADW) typically overflow
through the Otranto strait and contribute as one of the main
sources and precursors of Eastern Mediterranean Deep Waters
(EMDW) (Manca et al., 2003) (Figure 1). Across the Sicily Chan-
nel, a surface layer of strongly Modified Atlantic Water (MAW)
enters the Levantine basin from the western Mediterranean
(Figure 1). That surface water inflow is balanced out through the
outflow of intermediate (Levantine Intermediate Water, LIW) and
deep (EMDW) waters into the Tyrrhenian Sea (Garcia-Solsona
et al., 2020; Manca et al., 2003) (Figure 1).

The Adriatic Sea typically presents lower surface salinities
than the rest of the Mediterranean, mostly due to large fresh water
discharge from rivers (e.g. Po River, Ofanto River), and it collects
up to a third of the total annual fresh water discharge into the
Mediterranean, thus acting as a dilution basin (Manca et al., 2003;
Ozsoy et al., 1989). In the southern part of the Adriatic Sea, there
is a deep water convection cell that forms dense waters (ADW)
(Cushman et al., 2001; Ozsoy et al., 1989) (Figure 1). The forma-
tion of this water mass starts with the pre-conditioning of surface
waters with sustained cold, dry north-easterly winds. As a result,
buoyancy loss of surface waters through intense cooling and
evaporation result in the establishment of a deep water convection
system. The ADW is formed when this denser and cold waters
flows towards the deep South Adriatic basin and mixes with LIW,
a relatively warm and salty water mass. The result of this mixing
is a denser water mass (the ADW) that spills over into the [onian
Sea through the Otranto strait and sinks into the deep basin
becoming the primary source of EMDW (Cushman et al., 2001;
Ozsoy et al., 1989, Figure 1). Being a dilution basin, the Adriatic
Sea exports relatively fresh surface waters to the lonian Sea which
is compensated by the inflow of warmer and saltier waters from
the eastern Mediterranean through the surface and intermediate
water layers (Cushman et al., 2001). The surface ocean currents
flow counter-clockwise from the Strait of Otranto, passing by the
eastern coast and then southward to the strait by the western (Ital-
ian) coast (Figure 1).

Material and methods

This study focuses on the S1 sedimentary sequence of the gravity
core ND14Mbis, recovered during the Next-Data 2014 expedition
on board of the Italian Vessel R/V Urania-CNR. The core is
located at the north-eastern part of the lonian Sea (39°35'53,94"N,
18°47'40,48"E, 655 m depth) (Figure 1) along the exit pathway of
deep waters from the Adriatic Sea into the Ionian Sea. Core length
is 332cm and the studied interval is located between the interval
80-150 cm, which comprises the pre-Sapropel, the Sapropel layer
(between 105 and 126 cm) and the post-Sapropel intervals. The
Sapropel interval is characterized by two dark layers of 11 and
5cm respectively, interbedded by a light interval of 5cm, above
the Sapropel unit, we can see a 2 cm light dark layer (between 103
and 105 cm) lithologically similar to the sapropel (Figure 2a). For
this study, the entire core was sampled at 1 cm resolution.

Stable isotopes

We have measured oxygen stable isotopes (8'%0) on Globigeri-
noides ruber white variety, through S1 interval at 1 cm resolution
(71 samples). Between 10 and 15 specimens of G. ruber white
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Figure 2. (a) High resolution digital image of core ND|4Mbis and
lightness values (L*) (blue line) acquired with the high-resolution
colour line scan camera of Avaatech XRF core scanner at the
CORELAB laboratory of the University of Barcelona. Different
phases within sapropel | are identified with black boxes (Sla, Sli
and S1b) and the Mn marker layer has been highlighted with a
dotted line. (b) Age model of core ND |4Mbis around Sapropel

| time interval (marked in grey). Age-depth correspondence is
marked with a white line while the light grey cloud represents age
uncertainties (2 sigma). Corresponding sediment accumulation rates
are also shown.

(>150 um) were picked. The samples were crushed and sonicated
in methanol to remove fine-grained detrital particles. These anal-
yses were performed with a mass spectrometer Finnigan MAT
252 fitted with a carbonate preparation line (Kiel device), at the
University of Barcelona (CCiT-UB). The estimated external
reproducibility is typically <0.05%o for §'80. Calibration to
Vienna Pee Dee Belemnite (VPDB) was carried out following
NBS-19 standards (Coplen, 1996).

X-ray fluorescence (XRF)

Bulk elemental geochemical composition of core ND14Mbis was
measured with an Avaatech XRF core scanner at the CORELAB
laboratory of the University of Barcelona. The sediment core was
measured at 1 cm resolution with excitation conditions of 10kV,
0.5mA and 105 for major elements (Al, Si, S, K, Ca, Ti, Mn, Fe),
30kV, 1.0mA, 30s with a Pd-thick filter for Br, Rb, Sr and Zr, and
50kV, 1.0mA, 30s and a Cu filter for Ba. In addition, the core
section corresponding to S1 interval (dark layers in Figure 2a)
was measured at 2mm resolution with excitation conditions of
10 kV, 1.0mA and 10s, 30kV, 1.4mA, 45s with a Pd-thick filter,
and 50kV, 1.4mA, 45s and a Cu filter. The relative abundance of
the elements of interest is shown as elemental ratios normalized to
Al as a way to avoid the dilution effect that happens to some ele-
ments (Calvert and Pedersen, 2007).

Planktonic foraminiferal assemblages

The planktonic foraminiferal analysis was realized on a total of 71
samples with 1cm resolution. The bulk sediment samples were
dried at 60°C in the oven and then wet sieved through a 63 um
mesh to separate sand and clay fractions. Quantitative planktonic
foraminiferal analysis was done in the >150 pm fraction. For each
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Table I. (a) Summary of the main ecological habitats of some planktonic foraminifera taxa following Cita et al. (1977); Hemleben et al.
(1989); Pujol and Vergnuad-Grazzini (1995); Sprovieri et al. (2003); Kontakiotis et al. (2017). (b) List of tie points with corresponding dated
species. Absolute dates (AMS'*C) are indicated with their corresponding uncertainties (two sigma) and the calibrated ages obtained, expressed

as years Before Present (BP). Sedimentation rates are shown as cm/kyr.

(a) Specie Ecological preference

Globigerina bulloides
Globigerinita glutinata
continental runoff.
Globigerinoides elongatus
Globigerinoides ruber white variety
Globigerinoides ruber pink variety
Globigerinoides sacculifer
Globigerinoides quadrilobatus
Globorotalia inflata
Globorotalia scitula Cold waters.
Turborotalita quinqueloba
Globigerinella siphonifera
Orbulina spp.
Neogloboquadrina dutertrei

Warm surface waters.

Neogloboquadrina pachyderma

Warm upwelling waters.

Cold waters, upwelling areas after phytoplankton and zooplankton blooms.
Cold, well-mixed, high nutrient waters. Opportunistic response to increases on nutrients. Areas with

Depending of the summer thermocline during oligotrophic conditions.

Shallow dwelling species. Warm, oligotrophic, salty, well stratified surface waters.

Shallow dwelling species. Warm, salty, well stratified surface waters with a high nutrient content.
Shallow, warm, low salinity, well stratified euphotic zone and oligotrophic mixed layer.

Cold and deep mixed layer. No deep chlorophyll maximum.

Cold, high productivity surface waters. Continental run-off.

Cold waters with high productivity and deep chlorophyll maximum.
Cold, deep-dwelling and high productivity. Lives close or below the thermocline. Deep chlorophyll

maximum at the base of the euphotic layer.

Globorotalia truncatulinoides
P/B ratio

Cold waters with strong deep mixing. High nutrient. No deep chlorophyll maximum.
Productivity variations or terrigenous input (dilution effects).

(b) CORE ND [4Mbis

Depth (cm) Dated specie Uncorrected AMS Calibrated (yrs BP) Age uncertainties Sedimentation rate
1“C (yrs BP) with Rstudio interval (yrs BP) (cm/Kyr)
30 G. ruber + G. bulloides 2422 + 26 2075 1940.2-2258 12.62
93 G. ruber + G. bulloides 6777 £ 25 7215.9 6768.3-7391.9 21.93
105 G. ruber 6857 + 24 7702.9 7343.7-8090 14.04
110 G. ruber 7803 + 27 8254 8097-8374.1 7.10
17 G. ruber 8876 + 30 9501.8 9320.6-9602.6 13.28
124 G. ruber 9110 + 34 9911.1 9734.7-10105.8 14.58
135 G. ruber + G. bulloides 10170 + 34 10785.7 10442.4-11114.6 20.83
149.5 G. ruber + G. bulloides 10269 + 33 113334 11168.9-11663.4 27.47
210 G. ruber 12419 + 53 13969.4 13748.8-14247.7 21.69
273 G. ruber + G. bulloides 14675 = 50 17417.3 17122.8-17745.3 15.67

sample a number between 200 and 300 individuals were counted
and identified following morphotype-specific (Kontakiotis et al.,
2017) and/or specialized taxonomical concepts and ecological
inferences (Hemleben et al., 1989; Pujol and Vergnaud-Grazzini,
1995), summarized in Table la. Species with phylogenetic affini-
ties and similar ecological characteristics were counted together
and grouped to better interpret distribution patterns.

Some planktonic species have been grouped as follows: Glo-
bigerina bulloides, Globigerinita glutinata, Globigerinoides
elongatus, Globigerinoides ruber divided in the white and the
pink varieties, Globigerinoides quadrilobatus which includes
Globigerinoides trilobus and Globigerinoides sacculifer, Glo-
borotalia inflata, Globorotalia scitula distinguishing between left
and right coiling, Turborotalita quinqueloba, Globigerinella
siphonifera which includes Globigerinella calida, Orbulina spp.
which includes Orbulina universa and O. suturalis, Neoglobo-
quadrina dutertrei and, finally, Neogloboquadrina pachyderma
and Globorotalia truncatulinoides distinguishing in both between
left and right coiling. These species are represented in percent-
ages of the total assemblage. In order to characterize environmen-
tal changes, the planktonic/benthic foraminifera ratio (P/B ratio)
was also calculated and plotted.

Age model

The age model of core ND14Mbis is based on ten radiocarbon
(*C) AMS measurements, seven of which were strategically

selected along the S1 interval, including the pre- and post- inter-
vals (Figure 2b). 3—-6mg per sample of monospecific G. ruber
white variety (and G. bulloides in some cases) were handpicked
from the >150 um fraction (Table 1b). Samples were graphitized
at the Godwin Laboratory for Palacoclimate Research of the Uni-
versity of Cambridge (UK) following the protocol described on
Freeman et al. (2016) and analysed at the '*CHRONO Centre of
the Queen’s University of Belfast (UK). Radiocarbon ages were
calibrated using MARINE13 calibration curves (Reimer et al.,
2013) to account for global marine reservoir ages and to obtain
calendar ages (cal yr BP), age correction for regional reservoir
effects (AR) was not applied due to the lack of reliable estimates.
The age model was constructed using the Bayesian statistics soft-
ware Bacon with the statistical package R (Blaauw and Chris-
tien, 2011). Hereafter, the ND14Mbis calibrated ages are reported
as kyrs.

Based on the constructed age model, the sedimentation rates
were estimated to be ~26.3 cm/kyr for the pre-Sapropel period,
~15.9 cm/kyr for the Sla, ~5.4 cm/kyr for the S1i, ~8.3 cm/kyr
for the S1b and ~25 cm/kyr for the post-Sapropel period (Table
1b). This is equivalent to a temporal sampling resolution of
38—-185year per sample, therefore allowing sub-millennial
events in the sedimentary record to be inferred. In addition,
focusing only on Sapropel S1 deposition, the mean sedimenta-
tion rate of the study core (~10cm/kyr) is almost comparable
with the sedimentation rate of other Sapropel S1 Mediterranean
records, independently of the water depth, as follows: North
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Ionian Sea (~10cm/kyr, Filippidi et al., 2016), North-east
lonian Sea (~5.5cm/kyr, Geraga et al., 2008), Adriatic Sea
(~20 cm/kyr, Mercone et al., 2000; Siani et al., 2010), South
Aegean Sea (~10.3 cm/kyr, Casford et al., 2002), North Aegean
Sea (~15.4 cm/kyr, Roussakis et al., 2004 and 17,3 cm/kyr Gia-
mali et al., 2019) and Eastern Levantine basin (~20 cm/kyrs,
Cornuault et al., 2018). On the other hand, our average sedi-
mentation rates during the S1 are significantly different from
other core sites with exceptionally high sedimentation rates in
the North (67.6 cm/kyr, Kontakiotis, 2016) and South Aegean
(~37.5 cm/kyr, Kontakiotis, 2016) Sea records. These differ-
ences in sedimentation rate from different sites of the Mediter-
ranean could be related to several factors such as continental
input, regional oceanography, water depth, deep currents lateral
sediment transport, etc.

Results

Stable isotopes

The 80, signal shows relatively heavy isotopic ratios
(1.25-2.35%o) at the base of the studied interval (11.3—6kyrs BP)
followed by a trend towards lighter §'%0 values that culminates at
the onset of Sla (10kyrs BP) with relatively light values (—0.22—
0.95%o0) (Figure 3a). This record has been compared with nearby
deep-sea cores (Filippidi and De Lange, 2019; Geraga et al.,
2008; Rohling et al., 2002 and Siani et al., 2010; Figure 3). To
prevent age model discrepancies between core sites in the data
comparison we have recalculated the radiocarbon age models for
the published 8'%0,, .. records following the same Bayesian age
model approach adopted for the study core (cf. section 3.4). The
comparison of the recalibrated stable isotope G. ruber records
shows that in the study core (ND14Mbis) 8'%0 reaches the lighter
interglacial values (—0.22-0.95%o) at 10kyrs BP (Figure 3a), in
Filippidi and De Lange (2019) at 10kyrs BP (north Ionian Sea,
Figure 3c¢), in Geraga et al. (2008) at 9.5kyrs BP (north eastern
Ionian Sea, Figure 3b), in Siani et al. (2010) at 9kyrs BP (South
Adriatic Sea, Figure 3d) and in Rohling et al. (2002) at 9.5kyrs
BP (South Aegean Sea, Figure 3e). All these records, show rela-
tively constant §'80 values around —0.3—1.2%o throughout the
Early Holocene.

XRF analysis

Sapropel layers in sediments are typically expressed as distinct
dark coloured layers, sometimes laminated and enriched in
organic carbon. This feature makes for an easy recognizable trait
of Sapropel layers. The 37 cm-length interval that was analysed at
a higher resolution corresponds to these dark layers that can be
seen at Figure 2a. We used the lightness values (L*) obtained
from the high-resolution images of the sediments (taken with the
Avaatech XRF core scanner) to identify the Sapropel unit and its
interruption more precisely (Figure 2a). The marked decrease in
the lightness values observed in this section marks the Sapropel
layers on the core (Figures 4a and 5a). It has been shown at other
Sapropel layers that dark colour bands are often slightly thicker
than the interval defined by the organic carbon (De Lange et al.,
1999). In our study core we clearly find a light dark coloured 2 cm
thick layer (between 103 cm and105 cm) above the defined end of
the sapropel unit based on our proxies, with a diffuse upper
boundary and a relatively abrupt colour transition at its lower
boundary (Figure 2a).

XRF elemental ratios such as Ba/Al and S/Al show particu-
larly abrupt changes through S1a and S1b intervals, synchronous
to lowest values of lightness record (Figures 4and 5). During S1i,
all these elemental ratios recover back to similar values than dur-
ing pre-Sapropel times. After 7.7kyrs BP (end of Sapropel depo-
sition), all proxies recover their pre-Sapropel values again.
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(in orange, Geraga et al., 2008), core MP50PC (in purple and in
black the mean values, Filippidi and De Lange, 2019) and the South
Aegean Sea core LC-21 (in pink, Casford et al., 2002), and

880, ioides data from core MD90-917 (in green, Siani et al., 2010),
from the Adriatic Sea. Black, orange, purple, green and pink dots
correspond to each tie point used in the age model of each core.
The orange, purple, green and pink triangles correspond to the age
of the beginning of the S| deposition according to each author. The
grey bars represent the Sla and SIb phase time intervals.

Planktonic foraminiferal assemblages

The relative percentage abundance of the most significant plank-
tonic foraminiferal species recovered in core ND14Mbis between
11.5 and 6kyrs BP is displayed in Figure 6. Over the studied time
interval, the planktonic foraminifera were relatively abundant and
well preserved. The planktonic foraminiferal assemblage was
dominated by G. ruber white variety, G. inflata and N. pachy-
derma (right and left coiling), reaching abundances of 68.2, 42.3,
and 30.6%, respectively.

The planktonic foraminifera G. ruber pink, G. siphonifera, G.
quadrilobatus gr. and O. universa describe similar trends with
high abundance values mainly during Sla and S1b (Figure 6).
Conversely, they present lower values, before and after these two
intervals, as well as during S1i (from 9 to 8.2kyrs BP). G. ruber
white has a distinctive behaviour with respect to the others, show-
ing an earlier onset in the abundance increase at 11 kyrs BP and
reaching its maximum peak at 10.3kyrs BP (Figure 6a). At this
point, G. ruber white abundance starts a decreasing trend until it
reaches its lower values at 9kyrs BP (end of Sla), while other
warm water species (G. ruber pink, G. siphonifera and O. uni-
versa) present high abundance values. G. ruber white recovers
high abundance values during S1b, presenting a similar trend to
that of the rest of the warm water species, but with lower abun-
dances than those recorded during Sla. Contrarily, G. ruber pink
warm species resembles the same trend but presents a relative
maximum peak at 8.9-8.8kyrs BP (Figure 6b), when G. ruber
white, G. siphonifera, G. quadrilobatus and O. universa were
characterized by low relative abundances.
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Figure 5. High-resolution (2mm) XRF records from core

ND 14Mbis. (a) lightness, (b) Barium/Aluminium ratio (Ba/Al), (c)
Sulphur/Aluminium ratios (S/Al), and (d) Manganese/Aluminium
ratio (Mn/Al). This data corresponds to the studied period marked
in red on Figure 5. Grey bars represent the Sla and SIb phase time
intervals, while light grey bar shows the subdivision of Sla.

G. inflata presents a mean value of 7% in abundance during
Sla and S1b phases, and increases in abundance to a mean value
of 11.5% during Sli interval. With the ending of the Sapropel
event (7.7kyrs BP), G. inflata increases significantly reaching
mean values of 25.8% (Figure 6g). N. pachyderma shows high
relative abundances (15-31%) from 11.3 to 11kyrs BP, then it
starts a decreasing trend to 10.3 kyrs BP, in phase with G. ruber
white increase (Figure 6a and 6h). From 10.3 kyrs BP and during

Sla, N. pachyderma documents its lower values (0.3-1.4%),
while during the S1i interval it documents a slightly increase in
abundance to mean values of 3.5%. After the end of the Sapropel
event, at 7.7kyrs BP, the percentages of N. pachyderma show a
marked increase in abundance to 22% (Figure 6h). G. scitula
shows a peak of abundance ranging between 0 and 3.4% during
the pre-Sapropel period, followed by its disappearance at the
onset of Sla (10kyrs BP) (Figure 6). Similar to N. pachyderma,
G. scitula also presents a slight increase in abundance (0-2.2%)
during S1i and during the post-Sapropel record (mean values of
2.2%). G. truncatulinoides shows peaks of abundance (mean val-
ues of 4.5%) during the pre-Sapropel period and then it abruptly
disappears at 10.1 kyrs BP, at the onset of Sla (Figure 6i).

G. quadrilobatus gr. has a continuous distribution pattern with
values ranging 0.5-8.5% with a prominent peak (27%) at 8 kyrs
BP (Figure 6). G. glutinata shows very low abundances during
Slaand S1b (2-10.3%) however, during S1i and between 9.5 and
8.2kyrs (final part of Sla), this species has two increments in
abundance of 10-20%. At 7.7kyrs, with the end of the Sapropel
period, G. glutinata shows a progressive increase in abundance
reaching values of 35% (Figure 6¢).

The P/B ratio shows an abrupt increase from values of 50—
79%, during the pre-Sapropel phase, to 98.8% during Sla and
100% during S1b. It presents a slight reduction during S1i down
to 75.8-91.2%. After 7.7kyrs BP (at the end of the Sapropel inter-
val deposition), the P/B ratio values decrease to 85.5-92%. When
comparing the P/B ratio values during the pre-Sapropel period
(before 10kyrs BP) with the post-Sapropel period (after 7.7 kyrs
BP), it can be determined that the P/B ratio after the Sapropel
resulted higher than the pre-Sapropel one (Figure 6k).

Discussion

A combined approach based on the integration of different paleo-
climatic proxy signals (L*, planktonic foraminiferal assemblages,
8'80 records and XRF data) was used to identify and characterize
S1 within a robust chronological constrain (Figure 7). In particu-
lar, we identified the following phases: Sla (10-9kyrs BP), an
interruption phase or S1i (9-8.2kyrs BP), and S1b (8.2—7.7kyrs
BP). We defined the onset of the Sapropel taking as reference the
first abrupt decrease of the L* signal (Figures 4a and 5a), associ-
ated with the disappearance of the planktonic foraminifera G.
truncatulinoides (Figure 7d), at 10kyrs BP. The end of S1 interval
occurs at 7.7kyrs BP, when L* values increase again.

Pre-Sapropel interval: pre-S| (1 1.3—10kyrs BP)

The time interval before S1 deposition (pre-S1) was a period
characterized by a series of hydrographic changes in surface
water conditions that acted as pre-conditioning factors for the S1
deposition in the Ionian Sea. This period corresponds to the onset
of the Holocene after the deglaciation period (dated at 11.7kyrs
BP, Walker et al., 2018). This suggested paleoceanographic
framework can be confirmed by the §'®0 data shown in Figure 7h.

8'80; .., data of our study core shows a 2.2%o transition inter-
val from heavy to light values during the pre-Sapropel interval
(11.3-10kyrs BP), corresponding to the global sea level rise after
the YD event (Grant et al., 2016) followed by relatively stable and
light 8"%0; ..., values during the Holocene (Figure 7h). The pat-
tern of our study record is comparable to other 8'%0 records in the
Eastern Mediterranean basin (Figure 3). However, we find that our
light §'80 values are achieved during the pre-S1, at 10kyrs BP,
while on the other sites light isotopic values happened at the begin-
ning of S1 deposition; on the North lonian record (Filippidi and De
Lange, 2019) at 10kyrs BP, on the North-eastern Ionian record
(Geraga et al., 2008) at 9.5kyrs BP, on the Southern Aegean
Sea record (Rohling et al., 2002) at 9.5kyrs BP and on the South
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Figure 6. Records of planktonic foraminifera assemblages from
core ND14Mbis for the | 1.5-6kyrs time interval. Grey bars
represent the Sla and S1b phase time intervals, while light grey bar
shows the subdivision of Sla.

Adriatic record (Siani et al., 2010) at 9kyrs BP (Figure 3). How-
ever, for Geraga et al. (2008) this 500yr discrepancy could be
attributed to weak chronological constraints since the age model
for this record has only one sample dated by radiocarbon during
the sapropel event (Figure 3). These differences on the 'O ...
depletion age, between different cores (lonian, Adriatic, and
Aegean Sea), have already been described by other authors, who
determined that the onset of the Sapropel layer deposition through-
out the eastern Mediterranean Sea was not synchronous, irrespec-
tively of the water depth deposition (10.8 =0.4-6.1 =0.5 Kyrs BP;
De Lange et al., 2008; Incarbona et al., 2019). In spite of this asyn-
chronicity, the similarities between the 8'%0 data of the four cores
confirm the consistency of the age model for our study core within
the 'C age uncertainty (Figure 3).

In the study core, the main planktonic foraminiferal change
during this interval is the antithetic distribution patterns between
G. ruber white and N. pachyderma (Figures 7a and c). In particu-
lar, G. ruber white, indicator of stratified (Principato et al., 2003),
warm and oligotrophic surface waters (Hemleben et al., 1989;

Zaric et al., 2005), shows a progressive abundance increase dur-
ing the pre-S1, reaching maximum values at 10.3 kyrs BP. This
species is associated with the presence of G. ruber pink, strongly
suggesting stratified surface water conditions. Conversely, N.
pachyderma, a deep dweller cold-water species linked to winter/
spring high productivity and to a distinct deep chlorophyll maxi-
mum layer (Rohling and Gieskes, 1989), shows a decreasing
abundance trend over the pre-S1 interval. This antithetic plank-
tonic foraminiferal signature, previously documented in the Sicily
Channel (Sprovieri et al., 2003), in the Gulf of Taranto (Di Donato
et al., 2019), in the North eastern Ionian Sea (Geraga et al., 2008)
and the Aegean Sea (Kontakiotis et al., 2009, 2013; Kontakiotis,
2016), suggests the gradual development of stratified and oligo-
trophic surface waters. In particular, high abundance of N. pachy-
derma, between 11.3 and 10.9kyrs BP, suggests a well-developed
deep Chlorophyll maximum and probably represents the end of
the cooling related to the Younger Dryas event (i.e. Sprovieri
et al., 2003; Di Donato et al., 2019). Upwards, peaks in abun-
dance of G. inflata and G. truncatulinoides associated with G.
scitula (Figures 6g, 1, and j) suggest prevailing cool and deep ver-
tical mixing conditions during winter (Hemleben et al., 1989;
Pujol and Vergnaud-Grazzini, 1995). From 10.3kyr BP, a sharp
increase in the abundance of G. ruber white, associated with a
sharp decrease of G. inflata and G. truncatulinoides, suggest the
beginning of enhanced stratification of the water column. This
micropaleontological signature is also associated with a gradual
decrease in P/B ratio present both on our study core and on core
MPS50PC (Filippidi et al., 2016), located very close to our study
area (North Ionian Sea), implying a progressive decrease in bot-
tom waters oxygen concentration. According to these planktonic
foraminiferal assemblages, we interpret the pre-Sapropel interval
as a period with strong seasonality, having warm stratified surface
water conditions but with winters characterized by colder waters
and enhanced vertical mixing in the water column. The increased
stratification could be the result of the entrance of freshwater and
decreased surface water density. Plausible scenarios for the
increased freshwater input suggest a combination of both post-
glacial freshening, with the entrance of a less salty inflow from
the Atlantic waters, and the African monsoon, with the increase of
the rivers inflow and precipitations (Casford et al., 2002; Cita
et al., 1977; De Lange et al., 1999, 2008; Di Donato et al., 2019;
Rohling 1994; Rohling et al., 1997, 2015).

Sapropel interval: Sla (10-9 kyrs BP)

The onset of Sla interval occurs at 10kyrs BP and is marked by
the disappearance of G. truncatulinoides (Geraga et al., 2008;
Sprovieri et al., 2003). This Sla interval is also characterised by
the increase in abundance of warm planktonic foraminiferal spe-
cies (G. ruber pink, G. quadrilobatus gr. and O. universa) and the
low abundance (or absence) of cold planktonic foraminiferal ones
(N. pachyderma, G. truncatulinoides, G. inflata and G. scitula),
suggesting a progressive stratification of the water column
(Figure 6). One of the main planktonic foraminiferal features over
the S1 deposition is the strong increase in abundance of G. ruber
pink (Figure 7b). This feature has been previously documented by
several authors (Casford et al., 2007; Geraga et al., 2008; Siani
et al., 2010) in different areas of the eastern Mediterranean (south
and north-east Ionian Sea, east of Crete Island, south Aegean
Sea). In particular, our records show an evident replacement of G.
ruber white distribution pattern by G. ruber pink from 10 to
9.5kyrs BP (Figure 7a and b) indicating a possible sub-phase
inside Sla. This ecological feature could suggest a shift from an
oligotrophic environment to eutrophic conditions, related to the
ecological preferences of these species to warm, stratified surface
waters (Hemleben et al., 1989; Pujol and Vergnaud-Grazzini,
1995). High abundance values of G. ruber pink result in phase
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Figure 7. Records from core ND|14Mbis of (a) Globigerinoides ruber
white, (b) Globigerinoides ruber pink, (c) Neogloboquadrina pachyderma,
(d) Globorotalia truncatulinoides, (e) Sulphur/Aluminium ratio (S/Al),
(f) Sulphur/Aluminium ratio (S/Al) from core MP50PC (in purple,
Filippidi et al., 2019), (g) Barium/Aluminium ratio (Ba/Al),

(h) 8'®0 ., data of core ND [4Mbis (i) Planktonic/Benthic
foraminifera ratio (P/B ratio). Grey bars represent the Sla and Slb
phase time intervals, while light grey bar shows the subdivision of Sla.

with maximum Ba/Al values (Figures 7b and g). The Ba enrich-
ment in sediments is also interpreted an increased productivity. In
fact, Ba/Al ratio (Figure 7g), measured both in foraminiferal tests
and bulk sediments (Antonarakou et al., 2015; Honisch et al.,
2011), is considered as paleo-productivity proxy (i.e. Gallego-
Torres et al., 2007; Martinez-Ruiz et al., 2000). According to this
latter Ba/Al interpretation and its agreement with the G. ruber
pink record, we could confirm a high productivity interval
between 10 and 9.5kyr BP that we defined as the first sub-phase
of Sla. The parallelism between G. ruber pink and Ba/Al record
states a progressive decrease in productivity versus the end of Sla
interval (9.5-9kyr BP; second sub-phase of Sla). In this study,
Ba/Al record is very similar to the ones on core MP50PC (north
Ionian Sea) of Filippidi et al. (2016).

The opportunistic planktonic foraminiferal species G. gluti-
nata shows low values during the beginning of Sla interval (aver-
age of 5%), however, from 9.5 to 9kyrs BP (during the second
sub-phase of Sla) presents an abrupt increase in abundance up to
27.5% (Figure 6¢). This species is linked to a local rapid nutrient
increase and is a specialist diatom feeder, thus being particularly
abundant in areas with high continental runoff and high river
input; this species can survive on a wide thermal range and within

the deep surface mixed layer (Hemleben et al., 1989). The con-
comitant increase in abundance of G. glutinata and G. siphonifera
seems to suggest the shift at the end of Sla interval to relatively
well-mixed water masses during the winter season (Rohling et al.,
2004). We argue that during the second S1a sub-phase, the strati-
fication of the water column might have decreased slightly, result-
ing in a replacement of G. ruber pink by G. glutinata, since this
species has a wider range of adaptability.

The increase of P/B ratio during S1a (Figure 7i) suggests dys-
oxic conditions on the bottom waters, since these are not suitable
conditions for the proliferation of benthic foraminiferal species.
The low oxygen concentration in deep waters could be the result
of high nutrient content during a time of surface water stratifica-
tion. These conditions allowed to the organic matter to be trans-
ported downward in the water column and deposited. The
respiration of this organic matter by bacteria together with
reduced deep water ventilation as a result of the stratified surface
waters eventually established the dysoxic conditions necessary to
preserve the organic matter and therefore the formation of the
Sapropel layer. We interpret the waters as being dysoxic and not
anoxic because the benthic foraminiferal fauna (Cassidulinoides
brady, Gyroidina spp., Miliolids, Planulina ariminensis, Cibi-
cides spp., Cibicidoides spp. and Planulina spp.) does not com-
pletely disappear, being present in almost all the samples even if
it is in low proportions (Figure 7i). This hypothesis is also sup-
ported by the similar P/B ratio in core MP50PC (Filippidi et al.,
2016) and by the higher values shown by our S/Al record and in
core MP50PC (Filippidi et al., 2016) during S1a (Figure 7e and ).
Sulphur is attributed to pyrite formation that precipitates during
reducing conditions (low oxygen) in the bottom waters (Filippidi
et al., 2016). According to the P/B and S/Al ratios on both our
core and on Filippidi et al. (2016), the second sub-phase of Sla
(9.5-9kyrs BP) was less dysoxic than the first one (10-9.5kyrs
BP), likely due to relatively less productivity than the first sub-
phase (as described by G. ruber pink and Ba/Al) and less stratifi-
cation (as described by G. glutinata).

Sapropel interruption: Sli (9—8.2 kyrs BP)

The main planktonic foraminiferal signature during the Sapropel
interruption (S1i; 9-8.2kyrs BP) is a general increase in abun-
dance of the cold-water species G. inflata and N. pachyderma. The
increase of these two species, indicative of a well-developed thick
and cold mixed layers and formation of a deep chlorophyll maxi-
mum layer (Pujol and Vergnaud Grazzini, 1995) has been previ-
ously documented by several authors in the Eastern Mediterranean
Basin (Casford et al., 2001; Geraga et al., 2008, 2010; Giamali
et al., 2019; Kontakiotis et al., 2013; Kontakiotis, 2016; Lirer
et al., 2013; Principato et al., 2003; Siani et al., 2010; Sprovieri
etal., 2003; Triantaphyllou et al., 2009). The concomitant decrease
in abundance of warm water planktonic foraminifera G. ruber
white and O. universa with the slightly heavier values in 80 G.
ruber signal, describe the S1i as a relatively colder period. In addi-
tion, during this sapropel interruption (S1i) phase, the increase in
benthic foraminiferal species, documented by a shift in P/B ratio,
as also reported in Filippidi et al. (2016) in the lonian Sea record,
suggests an improvement of the bottom water conditions for the
proliferation of those benthic species (Figure 7i). These planktonic
and benthic foraminiferal signals document a re-ventilation of the
deep waters linked to mixing processes, thus giving further argu-
ments in favour of the possible entry of colder waters. These new
paleoceanographic conditions are in agreement with the decrease
in sulphur (S/Al, Figure 7e and f) signature during S1i, suggesting
less pyrite formation, hence more oxygen content in the bottom
waters, defining a partial re-oxygenation. The entry of these colder
waters could have been at an intermediate depth, since the mixing
had effects on both the surface and the deep waters. In addition, the
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Ba/Al record show lower values suggesting a decreasing input of
productivity (Figure 7g).

A peculiar planktonic foraminiferal feature, occurring during
S1i interval, is the presence of G. ruber pink with a relative maxi-
mum peak at 8.9-8.7kyrs BP. This signature has not been docu-
mented in any other Mediterranean cores and due to a lack of
additional data, we have no further insight on why this feature
appears on our core. Despite the cause being unknown and the lack
of data to support our hypothesis, we can suggest a possible sce-
nario for the appearance of this species during Sli. G. ruber pink
variety occurs preferentially at the end of summer (Pujol and Verg-
naud-Grazzini, 1995), thus the peak on our data could be inter-
preted as the result of seasonal resilient stratification that helped
preserve warmer waters at a surface level. Core Z1 (Geraga et al.,
2008) is located near our core but it does not present this feature,
thus we interpret that this phenomenon must have been occurring
very locally, and is not particular of whole Ionian Sea.

Sapropel interval: SIb (8.2—7.7 kyrs BP)

S1b interval (8.2—7.7kyrs BP) is defined by an increase of warm
planktonic foraminiferal species (i.e. G. ruber white, G. ruber
pink, G. quadrilobatus gr. and O. universa) and a decrease of cold
ones (i.e. G. inflata and N. pachyderma) (Figure 6). According to
the increase in abundance of G. ruber pink (Figure 7b) and the
increase in Ba/Al ratio (Figure 7g), S1b interval can be character-
ized by high nutrient content, also visible with the darker colour
of the sapropel layer described by the lightness values (Figures 4a
and 5a). The strong increase in abundance of G. quadrilobatus gr.
and O. universa, over the S1b phase, as previously documented in
the eastern lonian Sea (Geraga et al., 2008), and the Aegean Sea
(Giamali et al., 2019; Kontakiotis, 2016; Kontakiotis et al., 2013;
Triantaphyllou et al., 2009), suggests the presence of an extended
warm climate conditions and mixed layer during summer season
(i.e. Pujol and Vergnaud Grazzini, 1995). In addition, the occur-
rence of G. siphonifera, might state well-mixed water masses dur-
ing winter season (Rohling et al., 2004).

High values of the P/B ratio during S1b interval (comparable
to Those of Filippidi et al., 2016), together with an increase of the
S/Al record (Figures 7e, f, and 1), suggest dysoxic bottom waters
conditions, similar to that documented in the first sub-phase of
Sla interval. In addition, we suggest that the main source area of
nutrients over S1b interval was the increased river runoff, as
stated during Sla, even if G. glutinata has very low abundance
values. The high stratification of the water column during S1b,
similar to that of the first sub-phase of Sla (as described by the
P/B ratio and S/Al), could have allowed the proliferation of G.
ruber pink not giving space to G. glutinata opportunistic species
to occupy its biological niche. In fact, this antagonistic distribu-
tion pattern between G. ruber pink and G. glutinata characterize
the entire sapropel event.

Post-Sapropel interval: post-S| (post 7.7 kyrs BP)

From 7.7kyr BP upwards (post-sapropel period), there is a strong
and sudden recovery in the abundance of cold-water species (G.
inflata, N. pachyderma and G. scitula) whereas the warm water
ones (G. ruber white, G. ruber pink, G. quadrilobatus gr. and O.
universa) describe an opposite trend (Figure 6). This abrupt change
in the planktonic foraminiferal assemblage and the strong decrease
in the Ba/Al records (similar to Filippidi et al., 2016) mark the end
of the stagnation and high productivity period, therefore ending S1
(Figure 7g), marking the onset of the re-establishment of cool
water conditions and vertical mixing during the winter. The P/B
ratio (Figure 71) associated with the depletion in S/Al signal (Fig-
ures 7e and f) shows values similar to that documented during the
Sapropel S1i and it never recovers the well-oxygenated deep water

conditions as during the pre-Sapropel deposition. In addition, a
strong increase in Mn/Al ratio at 7.8kyrs BP (Figure 5d), marks
the occurrence of the manganese marker layer, a well-documented
layer of variable thickness (between 2-3 cm) that overlies most
sapropel layers in the eastern Mediterranean Sea (De Lange et al.,
1999; Filippidi and De Lange, 2019; Martinez-Ruiz et al., 2000;
Mercone et al., 2000; Meier et al., 2004; Thomson et al., 1999).
This Mn-rich layer has a light dark colour characteristic from sedi-
ments enriched with Mn and a 2cm thickness, a diffuse upper
boundary and a relatively abrupt colour transition at its lower
boundary (Figure 2a). It was formed when, after the sapropel
event, the dysoxic deep waters were re-ventilated, since Mn is
present in the soluble form under dysoxic conditions but it precipi-
tates when oxygen is added (Martinez-Ruiz et al., 2000; Meier
etal., 2004; Thomson et al., 1995, 1999), thus additional Mn peaks
can be found.

Conclusion

We present a high-resolution paleoceanographic reconstruction
based on a multi-proxy approach of the most recent sapropel
event (S1) (10-7.7kyrs BP) in a 655m water depth record from
the North lonian Sea (eastern Mediterranean Sea). The ecological
interpretation of planktonic foraminiferal assemblages, integrated
with the XRF elemental data and oxygen isotope G. ruber record
have provided an accurate interpretation of the changes in surface
water properties. The results allowed us to divide S1 into different
phases, starting with a preconditioning period (pre-S1) from 11.3
to 10kyrs BP. We define the pre-S1 as a period with strong sea-
sonality, having warm stratified surface water conditions but with
colder winters characterized by an intensification of vertical mix-
ing in the water column. A progressive increase of P/B ratio also
suggests a depletion of oxygen concentration of the bottom water.
Later, S1 interval has been divided into two warm phases, Sla
(10-9kyrs BP) and S1b (8.2-7.7kyrs BP), separated by a cold
interruption event, S1i (9-8.2kyrs BP). Proxies of paleo-produc-
tivity (G. ruber pink and Ba/Al) and proxies linked to mixing of
the water column (G. ruber white and N. pachyderma) indicate
that S1a and S1b were characterized by stratified surface waters
rich in nutrient content. The deposition of Sla started at 10kyrs
BP with an increase in nutrients related to the river runoff. P/B
ratio and S/Al records allowed to define Sla and S1b as dysoxic
events. The interruption of S1 (S1i) is characterized by the
entrance of colder waters that caused mixing of the stratified
water column and re-ventilated of the deep dysoxic waters. The
high resolution of our record allowed the identification of a two
sub-phases into the Sla interval, being the first sub-phase (10—
9.5kyrs BP) characterized by high productivity, strong stratifica-
tion and dysoxic deep waters, while the second sub-phase
(9.5-9kyrs BP) by less productivity and a slightly decreased level
of stratification that caused less dysoxic deep waters. We con-
clude that S1 was the result of a complex interaction of different
oceanographic processes triggered by the arrival of fresh nutrient-
rich waters that caused dysoxia on the deep ocean waters.
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