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Abstract :

The Marmara region (NW Turkey) has a transitional vegetation and climate between the Mediterranean
one and the Euxinian one. For the last Interglacial period or Eemian and following the two Saint-Germain
Interstadials (i.e. c. MIS 5), as well and the previous glacial, the Saalian, no vegetation or climate
information is available yet. Here we provide the results of the pollen analysis of two sediment cores taken
from the Sea of Marmara. We focus on the period below a major erosion horizon, i.e. the red-H1 seismic
horizon, which corresponds to the last Interglacial and a large part of the previous glacial period. A
palaeoclimatic reconstruction inferred from pollen assemblages is also proposed here.

Based on geochemistry that allows inter-core comparison and on a succession of warm and cold phases
derived by pollen analysis, a nearly complete sequence from the Saalian Glacial period (c. MIS 6) to the
Saint-Germain |l Interstadial (MIS 5a) was obtained, despite the occurrence of hiatuses corresponding
often to lowstands.

The Pterocarya extinction has been traced from MIS 7 in Italy to Saint-Germain | Interstadial (c. MIS 5c)
in the eastern Sea of Marmara, showing a progressive retreat from west to east until the Black Sea region,
where it is still present nowadays.

The climatic changes reconstructed for the Eemian Interglacial (or c. MIS 5e) are characterised by warmer
temperature and a slightly drier climate than at present, at its peak. This pattern is in agreement with the
Ohrid climate pattern, in the Balkans. In the Marmara region, this is reflecting a shift of the Mediterranean
climate towards the NE and a reduction of the Euxinian vegetation.
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Highlights

» Pollen analyses of last Interglacial and previous Glacial in Sea of Marmara. » Progressive Pterocarya
extinction from MIS7 in S. Europe to MIS5c in Sea of Marmara. » Reduction of Euxinian vegetation and
extension of the Mediterranean one during Eemian. » Eemian warmer and slightly drier than present
climate.
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1 Introduction

The warmest part of the last interglacial, called the Eemian Interglacial from
130 to 110 ka, corresponding roughly to Marine Isotopic Stage 5e (MIS 5e)
(Shackleton et al., 2003), is a key period for obtaining an insight of our future, as the
sea levels and temperatures were higher than the present. A sea-level rise of 6 to 7
m was estimated, in comparison to today, at 127 ka ago in the West Mediterranean
Sea (Poliak et al., 2018). The air temperature of the Eemian Interglacial in the
central/eastern Mediterranean region has been reconstructed from proxy records
and model outputs: temperature was estimated to be ca. 2 °C warmer than today
leading to significant vegetation zone shifts (Brewer et al., 2008; Fischer et al., 2018;
On and Ozeren, 2019; Sinopoli et al., 2019). The last Interglacial period, and in
particular the Eemian (or c. MIS 5e), offers a testbed for comparing climatic change
throughout an interglacial with the current warm period and its near future. Here
results from climatic reconstructions from two pollen records distributed across the
Sea of Marmara (Turkey) are presented, allowing an assessment of trends and

regional averages of climatic changes during this period.
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Figure 1: Top: Map of the region around the Marmara Sea with the two studied
cores CS22 and CS18 and additional information from core CS27, and the pollen
site of Tenaghi Philippon. Bottom: location of the Marmara Sea in the Ponto-Caspian

region with some other pollen sequences used for comparison.

In the Eastern Mediterranean region, the area around the Sea of Marmara
(SoM) is environmentally sensitive. It is intermediate between the Mediterranean and
temperate ecosystems as shown by a 23 ka-long record of vegetation from the

Western High in the Marmara Sea (Valsecchi et al., 2012). This meeting point



between Europe and Asia is also one of the main migration routes of humans from
Africa to Europe (Leroy et al., 2011; Muller et al., 2011; Nielsen et al., 2017).
Vegetation and climatic changes during the Eemian are poorly investigated in the
Marmara region as long sequences are so far lacking (Felde et al., 2020). The
nearest vegetation reconstruction covering the last interglacial is in Tenaghi
Philippon, a key site in Greece, 370 km to the west (Wijmstra and Smit, 1976; Milner
et al., 2013; 2016) (Fig. 1). Further afield to the west are the sites of loannina in
Greece (Tzedakis et al., 2002), Monticchio in Italy (Brauer et al., 2007), Lake Ohrid
at the border between Macedonia and Albania (Balkan Peninsula), the oldest extant
lake in Europe (e.g. Lézine et al., 2010; Sadori et al., 2016; Holtvoeth et al., 2017;
Sinopoli et al., 2019; Wagner et al., 2019; Donders et al., 2021), and further away to
the east of Turkey, Lake Van (Pickarski et al., 2015; 2017) (Fig. 1). For a vegetation
type (i.e. Euxinian) similar to that of the SoM, two pollen records are available, but
both rather short and at great distances (>500 km). Firstly, a pollen record at the
northern limit of the Euxinian vegetation, from the Bulgarian coast near Varna covers
the Eemian Interglacial per se, MIS5e (Bozilova and Djankova, 1976) (Fig. 1).
Secondly, vegetation reconstructions reflecting northern Anatolia during part of the
last interglacial are also available from the S-E Black Sea in core 22-GC3/8 (134-119
ka, Shumilovskikh et al., 2013) (Fig. 1). In addition, in core DSDP 42B, hole 379A in
the central-east Black Sea, a pollen record possibly covers the whole Karangatian or
MIS 5 but the diagram has a very low sampling resolution and the sequence has no
absolute chronology (Koreneva and Kartashova, 1978) (Fig. 1).

Similarly to vegetation changes, climatic changes are also poorly documented
in the Marmara region. Reconstruction of palaeoclimatic changes in the SoM region

are not available. Some of the Italian and Balkans records (Monticchio and Ohrid



sequences) have been used to reconstruct quantitatively climatic changes during the
Eemian based on pollen data (Brewer et al., 2008; Allen and Huntley, 2009; Sinopoli
et al., 2019) or on molecular biomarkers proxy (Holtvoeth et al., 2017). These studies
indicated different climatic patterns between Europe and the Mediterranean region
during the last interglacial, which need to be reinvestigated.

The aims of the current investigation are 1) to establish past vegetation
around the SoM, 2) to quantify palaeoclimatic changes during MIS 5 including the
stadials and interstadials and 3) to contribute to the age-depth model improvement of
the available sequences. Owing to a major European research programme, long
sediment cores (up to 30 m) were taken in the SoM during the MARSITE cruise in
2014 to address key questions in earthquake history and palaeoclimates
(https://cordis.europa.eu/project/id/308417). In this study, a palaeoclimatic
reconstruction around the SoM based on two pollen records obtained from giant
piston cores retrieved from the western and eastern parts of the SoM allows us an
assessment of trends and regional averages of vegetation and climatic changes
during the MIS 6, at 191-130 ka ago and MIS 5 at 130-71 ka ago (Lisiecki and
Raymo, 2005) with a special focus on MIS 5e. By tighter inter-core correlations
based on new geochemical data, pollen analysis and dinocyst assemblages (the
latter detailed in a separate paper: Leroy et al., accepted), by the recognition of the
major role plaid by the red-H1 seismic horizon in terms of erosion and by comparing
vegetation and climatic reconstruction of the SoM to that of previous obtained on
Lake Ohrid sequence, the current study allows building on the previous age

hypothesis (Cagatay et al., 2019).



2 Regional setting

The SoM (275 km W-E by 80 km N-S) is located at the western end of the
North Anatolian Fault where it splits into several strands along which three deep sub-
basins (Tekirdag, Central and Cinarcik) that are separated by two highs: Western
and Central Highs (Fig. 1). The deepest part is located in the Cinarcik and Central
Basins with approximately 1270 m water depth. In the SE SoM, the Imrali Basin is
nowadays a flat area at a water depth only around 300-400 m (Yaltirak, 2002).
Rivers are mostly inflowing from the south (Kazanci et al., 2004). The Kocasu (or
River Koca) is the main river flowing into the SoM, and it exits now from the
continent, south of the Imrali Island. During the lowstand of water level in the SoM, it
formed deltas prograding into the Imrali Basin and had largely contributed to filling
the shelf of the basin, whereas it incised as submerged canyon during the last
glaciation, today providing sediment to the Cinarcik Basin (Kazanci et al., 2004;
Sorlien et al., 2012) (Fig. 1). The region immediately around the SoM is relatively flat,
although slightly further afield mountains up to 2500 m are found in the S and SE
and 1000 m in the N.

A statistical analysis of the current climate at the scale of Turkey shows that
the SoM falls at the limit between two very similar clusters: the Marmara cluster, that
includes the south-western most part of the Black Sea (mean temperature of 13.7 °C
and mean annual precipitation of 686 mm) and the Aegean-West Mediterranean
cluster (with a slightly higher mean temperature of 15.4 °C and a quasi-identical
mean annual precipitation of 682 mm) (Unal et al., 2003). The Black Sea region in
their study has an identical temperature to the Marmara region, but nearly twice its
precipitation (1176 mm). Precipitation falls primarily in winter and originates mostly

from the Westerlies. In addition, across the year, some influence from the Black Sea



may be felt in the SoM. Clearly the Marmara region is a zone of strong longitudinal
gradient. Indeed, at the season level, it is located in an area with a strong summer
drought gradient between one of the driest regions of Turkey, i.e. the Aegean-
Mediterranean region and the wettest one, i.e. the Black Sea coast (Kutiel and
Turkes, 2017).

The potential vegetation in the area is the Euxinian forest, near the limits of
the Mediterranean woodland climax (Beug, 1967; Zohary, 1973). The Euxinian forest
is characterised by the relic nature of many mesophilous trees and shrubs, such as
Pterocarya fraxinifolia (Browicz, 1989). According to Atalay and Efe (2010), the SoM
is surrounded by sub-humid forests of Quercus and Pinus nigra. In addition, in the
drier south, forests of Pinus brutia are frequent. On the north-facing mountain slopes
sub-humid to humid forests of Abies, Fagus and P. nigra occur. In the drier extreme
west that has a clear Mediterranean character, pure P. brutia forests are common;
they may be replaced by macchia when they are degraded. Broad-leaved humid
forests (Fagus, Tilia, Castanea and Carpinus betulus) are only present the E and NE
of the SoM on the Black Sea coast. The westernmost distribution of Pterocarya
fraxinifolia currently just touches the Gulf of Izmit in the eastern Marmara (Browicz

and Zielinski, 1982).

3 Previous investigations on cores CS22, CS27 and CS18

in the Marmara Sea

Our study focuses on vegetation and climate changes provided by cores
CS22 and CS18 in the SoM, with some supporting information from core CS27. The

main lithological and textural variations together with geochemical properties of the



cores were previously published (Kende, 2018; Cagatay et al., 2019), thus, they are

not described again here.

3.1 Cores and sedimentological and geochemical methods

The three calypso cores (piston) were taken by the vessel “Pourquoi Pas?” in
2014. Core CS22 (20.42 m long) was obtained close to the top of the Western High
at 40,83 latitude N, 27,79 longitude E and 551 m water depth. On the western edge
of the Imrali Basin, core CS27 was taken at 40,79 N, 28,87 E, by 313 m bsl, and is
20.45 m long. Core CS18 (14.05 m long) was acquired from a slope of the north-
eastern Imrali Basin at 40,66 latitude N and 28,87 longitude E by 291 m water depth
(Fig. 1). Visual core descriptions and photographic records were kept for each core.

Total Organic Carbon (TOC) of core CS22 was measured with a gas
chromatographic elemental analyzer (Fisons NA1500) on freeze-dried material
(Kende, 2018). For cores CS18 and CS27, TOC analysis was obtained at 5 cm
interval but increased to a resolution of 2.5 cm in some parts of the sapropels
(Cagatay et al., 2019). The TOC content in freeze-dried samples was analysed using
a Shimadzu TOC/TIC analyser.

For bulk density from gamma-ray absorption, core CS22 was run through a
GEOTEK Multi-Sensor Core Logger (MSCL) before splitting. Analyses were obtained
ata 1l cm step (Kende, 2018). For cores CS18 and CS27, gamma density was
measured at 2 cm resolution, also using a GEOTEK MSCL (Cagatay et al., 2019).

In core CS22, bulk sediment Ca relative abundance was obtained from an
ITRAX core scanner (COX, analytical Systems) for conducting X-ray fluorescence
(XRF) analysis at 5 mm resolution, using a Mo tube at 30 kV, 45 mA and 15 s
counting time (Kende, 2018). A resolution of 0.5 mm was reached in the laminated

sediment. Cores CS18 and CS27 were analysed for multi-element composition at



0.5 mm resolution using an ITRAX pu-XRF core scanner, equipped with XRF-EDS

(Cagatay et al., 2019). A fine-focus Mo X-ray tube was used as the source.

3.2 Previous results

The investigations of Kende (2018) and Cagatay et al. (2019) showed us a
sedimentary record with three sapropels and, despite some hiatuses, covering the
time period since MIS 6 based on “C age-depth models of the core together with
tephra and sapropel layers and a correlation of the Ca XRF intensities with the
NGRIP 580 record.

The high reflectivity and negative polarity of the red-H1 reflector in high-
resolution seismic profiles is probably caused by the contrast of density between
high porosity organic-rich sediment in the sapropel layers below and lacustrine
sediment above (Kende, 2018). In addition, a graded sand layer of at least a one
centimetre thickness is found at the base of the lacustrine section (MIS 4 to 2) in all
cores and enhances the reflectivity of the horizon on chirp profiles. The eroded (or
non-depositional) interval appears to vary laterally in seismic profiles and notably in
some IFREMER 3D box, where it also appears that sedimentations could have
remained continuous in ponded basins (Grall et al., 2014). In the Imrali Basin, it may
be noted that in core CS20, which is only 1 km from CS27 but on the uplifted side of
a fault scarp, the red-H1 horizon is at about 8 m depth, the sapropel layer below is
only 30 cm thick, and the Eemian is apparently only recognizable as a couple of
foraminifer-bearing sand layers. Overall, it is a reflector found widely across most of
the SoM (e.g. Okay et al., 2022). It is a major erosion horizon at the seismic scale,
much larger than other erosion levels identified further down the cores, and thus
probably much longer. The red-H1 seismic reflector is suggested to be close to the

limit between MIS 5 and 4. At least on slopes and topographic highs, it reflects a



hiatus caused by mass-wasting and erosion related to sea-level lowering (Grall et al.,
2014; Cagatay et al., 2019). In core CS18, the hiatus caused by this erosion is
considered to include the MIS 5 - MIS 4 transition, and to run from 79.3 to 70.1 ka
BP (Cagatay et al., 2019). The current investigation focusses on the sediment below

the red-H1 reflector.
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Figure 2: Logs of cores CS22 and CS18 and organic matter percentages (TOC%).

Red lines for coarser layers.

Detailed lithological descriptions can be found for cores CS22, CS27 and
CS18 in Kende (2018) and Cagatay et al. (2019). Briefly, the sediment is a grey or
green clay to silty clay at times clearly finely laminated (Fig. 2). Three sapropels
(darker and finely laminated sediment rich in organic matter, >2 % TOC) were
tentatively attributed to MIS 5e, 5¢ and 5a based on correlation of the Ca XRF
intensity with the NGRIP 8'80. These are for core CS22, Marmara sapropel 3
(MSAP-3) at 1920-1853 cm and MSAP-2 in two parts: MSAP-2b at 1653-1570 cm
and to a lesser extent MSAP-2a at 1460-1407 cm (their naming is adapted from
Cagatay et al. (2009)); and for core CS18: MSAP-4 at 699-623 cm, MSAP-3 at 568-
455 cm and MSAP-2 at 430-370 cm depth. In core CS27, MSAP 2 and MSAP-3

were identified (Fig. 3).
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Figure 3: Correlation between cores CS22, CS27 and CS28 based on Ca XRF
intensity geochemistry. Black lines: time/depth correlation. Red lines: hiatus

correlation (thicker for the red-H1 seismic reflector).

Some coarser layers are found as follows (Fig. 2 and 3). In core CS22, a well-
sorted 3 cm-thick sand layer at 1402-1399 cm (correlated with the red-H1 seismic
reflector), two centimetric silt layers at 1845 and 1842 cm and centimetric sand lens
at 1970 cm have been observed. The sediment below 1970 cm contains many minor
normal or listric microfaults and bioturbated silt patches. This indicates that
movements along the slope occurred before or around the time of their deposition.

In core CS18, a 1.5 cm-thick coarse silt layer rich in shell debris that has been
correlated to the red-H1 reflector layer at 369 cm, a 1 cm-thick fine sand layer at 451
cm, a 1 cm-thick sand layer with shell debris at 580 cm depth and a 0.2 cm-thick silt
layer at 772 cm depth are noted. Overall, the silty-sandy layers are thicker and
coarser than in core CS22. Two rounded pebbles were found at 759 and 775 cm
depth. Thus not only the red-H1 reflector represents an episode of erosion (and
hiati), but presumably the sand layers below too. Moreover, core CS18 was taken on
a slope where some erosion along shallow gullies is occurring in the Holocene
(Henry and Kende, 2015) and thus may be expected to have also occurred in the
past. Indeed, the sand layer at 580 cm is associated with a density and porosity
contrast between muddy sediment above and below that indicates a discontinuity in
the sedimentation process.

Two coarser layers are observed in core CS27 (Fig. 3). The red-H1 reflector

at 1783 cm is characterised by a 3 cm-thick well-sorted medium to fine grade sand
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layer with an erosional basal contact. An additional horizon, i.e. a 4.5 cm graded
sand to silt around 1975 cm depth, also has an erosional base.

In previous studies (Kende, 2018 and Cagatay et al., 2019), in the absence of
absolute ages and tephras, the chronology below MIS 3 and especially below the
red-H1 seismic reflector, remained tentative. The investigations of Kende (2018)
proposed two age-depth models with the base of core CS22 either at the end of MIS
5e or 5a according to the recognition of a major hiatus at 14 m or not respectively. In
a following-up and more developed multidisciplinary paper by Cagatay et al. (2019),
three cores, i.e. CS18, CS27 and CS22, were correlated to each other using density
or Ca peaks. The chronology of two of these cores was supported by a comparison
of the Ca curve with NGRIP oxygen isotope record. In addition, it was postulated that
sapropels formed during the last interglacial and the two subsequent interstadials
(i.e. MIS 5a, ¢ and e) and under anoxic and marine conditions and that the in-
between periods, i.e. the stadials MIS 5b and d, were deposited in lacustrine or in
low TOC marine conditions (< 2%) (Cagatay et al., 2019). In the same paper, the
bottom water conditions were mainly identified by a qualitative study of biota in the
sand fraction. The sapropel occurrence was mainly determined visually for core
CS22 and both visually and by TOC analysis in core CS18. A nearly complete MIS 5
was then suggested in core CS22 (MIS 5d to 5a) and a complete MIS 5 in core

CS18. This is now patrtially revised.

4 Material and methods

4.1 Pollen and non-pollen palynomorph analysis

Pollen analysis in marine sediment is a valid method to reconstruct past

vegetation, as shown by studies linking pollen analysis in surface samples and

13



adjacent vegetation belts, e.g. for the South China Sea see Sun et al. (1999) and for
NW Africa see Hooghiemstra et al. (2006). Pollen falling on the water surface is
rapidly eaten by zooplankton and then by fish. It falls then nearly vertically as faecal
pellets to the sea bottom. The SoM, due to the relatively short distance between the
source and the sink of pollen and due to relatively small water depths, behaves in
between a lake and a sea, both in its marine and lake phases. Biomisation in the
Ponto-Caspian region, on a mix of modern sediment samples including marine ones,
has proved to be a valuable tool to reconstruct past vegetation (Marinova et al.,
2017). Additionally in many cases, marine palynology involves the study of non-
pollen palynomorphs and organic-walled dinoflagellate cysts found in the same
slides (for the Ponto-Caspian: Mudie et al., 2011; Leroy et al., 2014). The latter
microfossils provide information on water conditions, thus dramatically expanding
information by bridging terrestrial and aquatic domains.

Fifty-one samples were treated in core CS22 and 79 in core CS18 mostly
below the red-H1 reflector. The sampling resolution varied between 10 and 20 cm.
After measurement of the volume (between 0.5 and 2.5 ml), one tablet of
Lycopodium was added. The sediment was then soaked in tetrasodium
pyrophosphate, followed by acid attacks: cold HCI, cold HF and again cold HCI.
Then the samples were rinsed with water and sieved on disposable nylon meshes of
125 and 10 um. The residues were transferred to vials and slides mounted in
glycerol. At least 300 terrestrial pollen grains were counted in each sample, and at
least 120 terrestrial pollen grains outside Pinus. Some gritty samples in core CS18
were also centrifuged in Sodium Polytungstate at a density of 2.4. All samples
(except one at 364 cm depth in core CS18) were rich in palynomorphs. All

percentages are obtained on the sum of terrestrial pollen. Concentration in
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palynomorphs is calculated in ml of wet sediment. Zonation (on 20 and 24 terrestrial
taxa respectively in cores CS22 and 18) was made by CONISS (after square-root
transformation), available in the psimpoll software (Bennett, 2007), which was also
used for plotting palynological diagrams.

Identifications of pollen were made with the support of the atlas of Reille
(1992, 1995 and 1998) and Beug (2004). Non-pollen palynomorphs (NPP) were
identified with the help of the plates found in van Geel and Aptroot (2006) and Mudie
et al. (2011) amongst many others. Incertae Sedis 5b (probably a green alga) was
illustrated in Leroy (2010) for Caspian Sea sites.

The dinoflagellate cysts were counted as well and are the topic of a separate
paper. In supplementary information SI1, dinocyst taxon lists with general affinities
(brackish, marine, seasonal contrast indicators, warm-loving taxa, etc...) are
provided. A separate paper deals in details with dinocyst data and their interpretation

(Leroy et al., accepted).

4.2 Palaeoclimatic reconstruction

To reconstruct climatic parameters from pollen data, available methods have
their own set of advantages and limitations (e.g. Chevalier et al., 2020) and the
selection of the most appropriate technique to be used on fossil pollen record can be
complex (Salonen et al., 2019). To estimate climatic changes during MIS 5 from the
Marmara pollen sequences, the Modern Analog Technique (MAT; Guiot, 1990) was
selected. The MAT is a very sensitive method largely used to provide climatic
reconstructions from both terrestrial and marine pollen sequences for different time-
periods of the late Quaternary. It has already been tested for the last interglacial,
particularly for the Eemian (MIS 5e), and has provided reliable results for this period

in Europe (Cheddadi et al., 1998; Brewer et al., 2008; Salonen et al., 2018) and the
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Mediterranean area (Sanchez-Gofii et al., 2005; Brewer et al., 2008; Sinopoli et al.,
2019). The MAT is an “assemblage approach” in which each fossil pollen sample is
compared with a set of modern pollen samples from sites with known
environmental/climatic characteristics, relying on a squared log-transferred weighted
Euclidean distance measurement. Then modern analogs are selected, from which
the (palaeo-) climate parameters are averaged (here four analogues have been
selected). As a result, information for temperature and precipitation are yielded.

The modern pollen dataset used here includes 3267 modern pollen samples
located in European, Eurasian and Mediterranean areas (Peyron et al., 2013, 2017;
Dugerdil et al., 2021). It represents diverse vegetation types and contains many
pollen samples from cold and warm steppes and temperate forests. For the MAT, a
major limitation can be the occurrence of no-analog situations. For example, during
the Eemian, Central European Carpinus stands together with llex occurred
(Cheddadi et al., 1998), a floristic composition which generally cannot be found
today. Such no-analog situations thus could result in unrealistic reconstruction
values. In the Marmara pollen records, the fossil flora is well represented in modern
pollen samples; relict taxa are very rare (except samples with taphonomic
perturbation, see below). In this frame, the MAT can be applied to the main parts of
CS18 and CS22 pollen records. However, samples with taphonomic perturbation
(dominance of reworked palynomorphs and fungal spores), must be taken with
caution and it was decided to exclude them in the climatic reconstruction.

Five climate parameters were reconstructed, mean annual temperature
(TANN), summer precipitations (Psum), mean annual precipitation (PANN), and

mean temperature of the coldest /warmest month (MTCO and MTWA). The MAT

16



method has been applied with the Rioja package from the R environment (Juggins

and Juggins, 2019).

5 Palynological results
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Figure 4: Percentage pollen diagram of core CS22, Western High, 551 m water
depth. Abies curve is also presented on a sum without Pinus (black fill and bold



letters). For the full diagram prepared on a sum without Pinus see SI2. Me | =
Melisey | Stadial, SG | = Saint-Germain | Interstadial, Me Il = Melisey Il Stadial, SG I

= Saint-Germain Il Interstadial.

5.1 Core CS22

Pollen zone 22P-1, 2057-2042 cm depth

Amongst the tree pollen (AP), Pinus and deciduous Quercus dominate, showing
declining values (Fig. 4). Carpinus betulus, Fagus and Olea are present. In the non-
arboreal pollen (NAP), Poaceae, Artemisia, Amaranthaceae and some Asteraceae
have continuous curves. Isoetes are regularly present, a feature unique to this zone
and the following. Psilate trilete spores and Sphagnum are frequent. Concentration is

relatively good, hovering around 20,000 pollen and spores per ml.

Pollen zone 22P-2, 2042-1982 cm depth

This zone is best characterised by a large amount of Pinus (up to 89%). Deciduous
Quercus carry on declining. Less AP are present. For the rest, it is similar to zone

22P-1.

Pollen zone 22P-3, 1982-1849 cm depth

Pinus percentages drop to 40%, while deciduous Quercus increase to 30%, with a
dip at 1945-1935 cm. Other AP, such as Abies, Alnus, Betula, Carpinus and Fagus
form now continuous curves. The total NAP percentage has only weakly decreased.
Artemisia values have even increased. Concentrations are maximal, increasing in
values above 1920 cm and reaching nearly 200,000 pollen and spores per ml at
1895 cm depth. Incertae Sedis 5b and Pterosperma (known also by its fossil name

Cymatiosphaera) are frequent.
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Pollen zone 22P-4, 1849-1683 cm depth

A radical change occurs with pollen zone 4, values of Artemisia and Amaranthaceae
are very high, up to 68 and 33 % respectively. AP% drop to a minimum.
Concentrations have fallen back to around 30,000 pollen and spores per ml. A single
peak of Anabaena (19 %) at 1732 cm and one of fungal spores (245% of terrestrial

pollen) at 1693 cm occur.

Pollen zone 22P-5, 1683-1501 cm depth

Deciduous Quercus increase rapidly to a maximum of 38%, whereas Pinus
increases slowly. Other AP are Cupressaceae, Pistacia, Alnus, Carpinus, Fagus and
some Pterocarya. NAP% are low again, but a constant background of Artemisia and
Amaranthaceae is maintained. A single peak of Anabaena (13 %) occurs at 1531
cm. Contrary to zone 3, no Incertae Sedis 5b and no Pterosperma are observed.
Pediastrum simplex has a few occurrences. Concentrations are at first high until

1622 cm, then fall to average values.

Pollen zone 22P-6, 1501-1460 cm depth

This short zone of two samples only is characterised by a fall of the AP owing to a

clear increase of Artemisia up to 43 %. Poaceae are maximal with 15%.

Pollen zone 22P-7, 1460-1399 cm depth

This is another short zone (three samples), well characterised nevertheless by a re-
increase of the AP, especially deciduous Quercus, Fagus and Carpinus. In the NAP,

Poaceae decline slowly across this zone.
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Pollen zone 22P-8, 1399-1270 cm depth

Percentages of Pinus, Artemisia and Amaranthaceae are sharply fluctuating, while
Quercus remains around 7% only. Hippophae is continuously present. Ephedra
distachya-t. is frequent. Anthoceros, Riccia and Sphagnum are common.
Concentrations are significantly lower (often lower than 8000 pollen and spores/ml)
than the rest of the diagram. Fungal spores are regularly high, including a peak at
187%. Glomus are abundant and reach up to 20%. Indeterminable and reworked
grains are abundant (up to 9 and 13 % respectively). One observation of

Concentricystes was made in the topmost sample.
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Figure 5: Percentage pollen diagram of core CS18, Imrali basin, 291 m water depth.

Abies curve is also presented on a sum without Pinus (black fill and bold letters). For
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the full diagram prepared on a sum without Pinus see SI2. SG | = Saint-Germain |

Interstadial.

5.2 Core CS18

Pollen zone 18P-1, 1401-787 cm depth

The pollen and spore concentration of this long zone is low, mostly between 2000
and 8000 pollen and spores per ml (Fig. 5). It is dominated by Pinus (35-81%),
reworked palynomorphs (around 30% with a peak at 81%) and fungal spores
(around 30%, up to 70%). In the AP, Cupressaceae and Hippophae are continuously
present. Deciduous Quercus values hover around 5%. In the NAP, Artemisia,
Asteraceae and Amaranthaceae are well represented. Poaceae values are low,
around 5 %. Botryococcus and Pediastrum boryanum are frequent.

Occasionally tree taxa that have disappeared in Europe and in the Mediterranean
region during the Quaternary, such as Tsuga, Glyptostrobus, Sciadopytis,
Engelhardtia, Carya and Parrotia persica or tree taxa that can be found in warmer
regions of Turkey such as Liquidambar, are present. Zone 1a has more Abies and
Cupressaceae (Juniperus-t.), zone 1b more Artemisia and Poaceae, zone 1c more
Pinus and Corylus and zone 1d more evergreen Quercus, Amaranthaceae and

Artemisia.

Pollen zone 18P-2, 787-731 cm depth

This zone is well characterised by a clear drop of Pinus to minimal values and a
progressive only increase of deciduous Quercus. In the NAP, Amaranthaceae and
especially Artemisia display high values, respectively of up to 14% and 40%.

Poaceae increase across this zone. In comparison to the previous zone, reworked
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elements are low and concentrations change from <5000 to > 30,000 pollen and
spores per ml in the middle of this zone at 770 cm. Fungal spores are low, below

10%.

Pollen zone 18P-3, 731-671 cm depth

This zone is clearly identified by the development of a range of AP taxa: Alnus,
Quercus and Ulmus-Zelkova. Betula makes a bell-shaped curve at the beginning of
this zone, while Cupressaceae, Pistacia, Corylus and Fontanesia increase towards
the end of the zone. Evergreen Quercus is continuously present in this zone and the
two following ones. Pinus and Abies have minimal values, and Fagus is totally
absent. The NAP% are rather low, although Poaceae reach a maximum with 20%.
Plantago, Rumex and Sanguisorba minor are continuously present and Mercurialis
annua increase in the second half of this zone. Concentrations and fungal spore
percentages remain as previously. In the NPP, one may note a continuously

increasing curve of Pterosperma.

Pollen zone 18P-4, 671-641 cm depth

Although short (three samples), this zone is clearly defined. Pistacia, Alnus, Corylus,
Fontanesia and Ulmus-Zelkova are abundant. Deciduous Quercus reach a maximum
in the top sample: 55%. Olea attains a maximum of 10%. Platanus has regular single
occurrences. NAP%, and especially Poaceae, carry on declining. Several Ericaceae
types are present. Concentrations are very high and reach several times >110,000
pollen and spores per ml. No reworking is noted at all. The values of Pterosperma

are at first maximal (5%) and then drop.
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Pollen zone 18P-5, 641-621 cm depth

This very short zone (two samples) is justified by the sharp increase of Pinus, falling
values of deciduous Quercus and the redevelopment of Abies. Many AP types

decline. NAP% remain low. Poaceae carry on declining.

Pollen zone 18P-6, 621-581 cm depth

Pinus values are very high and reach a maximum of 80%. Abies values are high: up
to 8%. The other AP are low, including Quercus. All NAP values are low too,

including Poaceae that reach their minimal values.

Pollen zone 18P-7,581-456 cm depth

After a sharp change, Pinus values are now at 30% only. Abies is still well
represented. Diverse AP taxa re-appear: deciduous Quercus, Alnus, Betula and
Corylus. To be noted, the abundance of Carpinus and Fagus. In the NAP, Artemisia
and Poaceae reincrease up to 15% and 10% respectively. Concentrations are
exceptionally high, often around 100,000 palynomorphs per ml, with a peak at
273,000 palynomorphs per ml. Incertae Sedis 5b is quasi continuous. In the zone

middle, a clear bell-shape curve of Pterosperma appears.

Pollen zone 18P-8, 456-369 cm depth

After another sharp change, the first sample bears special characteristics: with peaks
of Abies, Typha-Sparganium, psilate monolete spores, non-psilate monolete spores,
reworked elements, Anabaena (301% of terrestrial pollen) and Glomus. The rest of
this zone is dominated by deciduous Quercus and Pinus. Pterocarya is remarkably
absent. In the NAP, Artemisia, Poaceae and Cyperaceae form the bulk of the
percentages. Concentrations are back to average. Gloeotrichia and P. simplex are

common, while Incertae Sedis 5b and Pterosperma are absent.
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Pollen zone 18P-9, 369-272 cm depth

The first sample of this zone is barren, as taken in a horizon containing possible shell
clusters. The rest of this zone resembles somewhat zone 1, without however the
taxa that went extinct in Quaternary. The AP values are relatively low, dominated by
Pinus and deciduous Quercus. In the NAP, Asteraceae are abundant. Reworked
elements are abundant to extremely abundant (up to 128%) and fungal spores up to

114%. Glomus is very important in most samples. Concentricystes is frequent.

5.3 Climatic reconstruction from cores CS22 and CS18
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Figure 6: Climate reconstruction inferred from cores CS22 and CS18. The Modern
Analog Technigue (MAT) has been used to reconstruct the temperature of the
coldest month, the temperature of the warmest month, annual temperature and
annual precipitation. For each climate parameter, mean values and error ranges are
plotted in blue, and the moving average is plotted in red. Red zones corresponds to
warm phases and blue zones corresponds to cold phases. The dotted red line shows

the red-H1 hiatus.

Based on the MAT approach, the climatic reconstructions for both cores CS22 and

CS18 show comparable values along the last interglacial period (Fig. 6).

Core CS22: Five climatic phases have been defined and are described below.

Phase 1 (2057-1849 cm depth) is marked by warm (annual temperature above

10°C) and humid climate conditions (600 to 800 mm); summers were also humid
(120 to 150 mm). The beginning of this zone (2057-2000 cm) is the wettest of the
sequence. An abrupt event named 1b characterised by cold and dry conditions is
evidenced between 2000 and 1960 cm. The Pinus zone (22P-2) displays a cooling
trend and a slight decrease from the preceding humid conditions. Then the
temperature and the precipitations increase.

Phase 2 (1849-1683 cm depth) shows a long climate period marked by cold and very
dry conditions. The drop in temperatures is around 10°C and the precipitations are

low, around 200 mm only.
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Phase 3 (1683-1501 cm depth) is comparable to phase 1, with warm and humid
conditions. Temperatures are high (around 12°C), but precipitations are lower than
during phase 1 (around 600 mm).

Phase 4 (1501-1460 cm depth) is a short period mainly characterized by a drop in
temperatures and precipitations. This phase is less cold and dry than phase 2.
Phase 5 (1460-1400 cm depth) is marked by a temperature increase and high
amplitude climate oscillations with values below 10 °C, lower than those recorded

during phases 1 and 3.

Core CS18: Three climatic phases have been defined and are described below.
Phase 0 (787-730 cm) is characterised by warming temperatures (except in winter)
and low precipitations. Phase 1 (730-456 cm depth) is marked by clearly warm and
humid conditions, comparable to those evidenced in core CS22 phase 1, with
temperatures close to 12°C, interrupted by a cold/wet event. The temperatures
increase and they reach an optimum around 680 cm (phase 1a). Precipitation also
increases during phase la and reach 800 mm but summer precipitations were low
(80 mm) at the onset of phase 1a. A first abrupt event named 1b marked by cooler
and dryer conditions, but precipitations remain high (also during summers). This cold
event suggests a pattern comparable (trend and values) to the event depicted in
core CS22 (phase 1b). The Pinus zone (18P-6) is at the beginning of this phase. It is
characterised by warm and humid conditions. In phase 1c, the temperatures are high
(around 12°C) but slightly lower than values reconstructed in phase l1a, and
precipitation decreases but remains high. Phase 2 (< 456 cm depth) is mainly

characterized by a drop in temperatures.

35



6 Interpretation and discussion

6.1 Taphonomic effects in the two diagrams

Strong negative and positive taphonomic effects are observed in both cores.
The negative ones may be classified in two different types, i.e. at the level of the
pollen zones and by sharp assemblage changes.

Three zones, 18P-1, 18P-9 and 22P-8, are especially concerned. Zone 18P-1
has low concentration, the occurrence of oxidation-resistant taxa such as Asteraceae
and many reworked elements. In zone 18P-9, an even stronger taphonomic imprint
is observed as testified by the additional occurrences of Glomus (soil erosion) and
Concentricystes (erosion along river shores). In zone 22P-8, the pollen spectra are
clearly affected by reworking: low concentration, abundance of Asteraceae and
reworked elements. Glomus here too implies strong soil erosion. The water level in
these three zones - with an oxidation-prone sedimentation environment - was
probably shallow. The relatively frequent pollen grains of regionally extinct trees
(Tsuga, Glyptostrobus, Sciadopytis, Liquidambar, Engelhardtia, Carya and Parrotia
persica) in zone 18P-1 is most likely due to erosion and river transport (Fig. 5). This
core is in the area under influence of the delta of the Kocasu, when water levels are
low. The much larger number of reworked elements in zone 18P-9 than in the
equivalent zone 22P-8 (both above the red-H1lseismic reflector horizon) is explained
in the same way: i.e. by river influence.

The two pollen diagrams show some very sharp changes between some
zones as illustrated by the jump in the dispersion values obtained by CONISS. They
are often accompanied by a sand or a silt layer (e.g. red lines in figures 2, 3, 4 and

5). In addition, the first sample of zone 18P-8, at 455 cm depth, is heavily marked by
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erosion and transport: Pinus, Abies, Asteraceae, Typha-Sparganium, psilate and
non-psilate monolete spores, indeterminable and reworked palynomorphs,
Anabaena, P. simplex, Glomus and some other taxa form an anomalous peak. This
mixed assemblage of heavy, oxidation-resistant and/or freshwater taxa clearly
reflects a mass-wasting event with a strong contribution from the shores and the
initiation of new aquatic conditions in the SoM. Still in core CS18, sample at 369 cm,
thus just above the red-H1 reflector, is barren.

On the contrary, a positive taphonomic influence occurs owing to the
deposition of finely dark laminated clays in both cores, forming under reducing
environments. In zones 22-P3 and 18P-7, pollen concentrations are indeed very high
(respectively >190,000 and >270,000 pollen per ml). This exceptionally good pollen
preservation in sapropel has been noted elsewhere too (Cheddadi and Rossignol,

1995; Caner and Algan, 2002; Kotthoff et al., 2008).

6.2 Vegetation reconstruction from the two Marmara sequences

Vegetation reconstruction from core CS22 shows first in zone 22P-1 a forest
steppe (pine and oaks), that becomes a purer pine forest in zone 2. After a sudden
change, a diverse deciduous forest with an Euxinian character is established in
zones 22P-3, 5 and 7, i.e. dominant oaks with Carpinus betulus and Fagus. Zone
22P-3 has a maximum of Abies, a conifer tree from precipitation-facing mountain
slopes, here north-facing slopes of surrounding mountains. In zone 22P-4, an
Artemisia steppe develops alongside some semi-desertic areas (Amaranthaceae),
whereas in zone 22P-6 some pine stands persist in an Artemisia steppe and some
grasslands. After another strong change, zone 22P-8 displays again a very open

landscape.
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Concerning core CS18, in the long zone 18P-1, the pine woodland was
strongly developed with some Artemisia steppe in drier places. In zone 18P-2, the
assemblages reflect a milder environment. An Artemisia steppe has developed with
some oaks, although in places the environment is a grassland. The maximum of
Amaranthaceae could be due either to saline soils or to coastal marshes. Zones
18P-3 to 5 allow reconstructing an interglacial with a clear Mediterranean character
Fontanesia, Olea, Platanus, Pistacia and evergreen-t. Quercus) and vegetation
succession. Zone 18P-3 reflects a humid forest establishment with riparian forest
with alder and elms alongside an oak forest. Towards the end of this zone, a
Mediterranean climate sets in with the expansion of olive trees and evergreen oaks.
In zone 18P-4, the Mediterranean character of the forest is strongest. Zone 18P-5
indicates that pines are progressively re-expanding and replacing the oak forest.
Zone 18P-6 has a clear maximum of pine forest expansion to the detriment of all
other trees, except the montane conifer Abies and deciduous Quercus, suggesting
that the fir belt extended downwards on the mountain slopes. In zones 18P-7 and 8,
the oak forest is back, but the forest cover is not very dense, allowing for patches of
pine and Artemisia. Carpinus betulus and Fagus have their maximal development in
zone 18P-7. Pterocarya is frequent, giving an Euxinian touch to the forest in zone
18P-7; but it is clearly absent from the following zones. Zone 18P-9 (after a barren
sample at 369 cm) is very similar to zone 18P-1. Despite taphonomic issues, one

may reconstruct an open landscape from these spectra.
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6.3 Core correlation and proposed chronology

6.3.1 Correlations based on geo-physico-chemical data

For the purpose of a detailed correlation between cores below the red-H1
reflector, the density, TOC and Ca values of the three cores are compared (Fig. 3).
In general, density shows sandy layers as peaks and hiati as discontinuities. Ca
values reflect the Ca content of the sediment and is therefore a reflection of
endogenic carbonate production related to changes in palaeoceanographic condition
in the SoM. The exceptions are some high values associated with lacustrine shelly
layer that are preserved such as at 1960 cm in core CS27. Quite significantly, the
high Ca values at 1575-1510 and 1450-1400 cm in core CS22 are most likely absent
in core CS27 and all the more so from core CS18.

Overall, the silty-sandy layers are thinner and finer in core CS22, and their
interpretation as hiati is less compelling. From the west to the east of the SoM,
progressively less sediment is preserved and hiati become more important. Some
hiati are common to the three cores (thus across ¢.100 km and two basins) not only
the red-H1 reflector, but also 1840 cm in core CS22 (small fault), with 1960 cm in
core CS27 (shell-rich sand) and 445 cm in core CS18 (sand) (Fig. 3). Finally another
cross-correlation is at around 1980-1940 cm in core CS22 (many microfaults below
1970 cm) and 570 cm in core CS18.

The inter-core correlation suggests most events are not local but have
affected at least one basin or the whole SoM. The cause of these hiatus cannot be
formally identified; but they are likely to be linked to earthquakes on the North
Anatolian Fault and/or sea level changes. In addition, core CS18, located on a slope,

may furthermore be affected by mass-wasting events.
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Most of the correlations plotted on figure 3 correspond to the above-described
pollen zone limits. Moreover geochemical correlations (peaks of TOC) suggest two
additional limits in core CS22. These are close to 1925-1915 cm and 1631-1611 cm

where a sudden increase in pollen concentration occurs (Fig. 4 and 5).

6.3.2 Eemian Interglacial (c. MIS 5e)

In pollen diagrams, the Eemian Interglacial with its usual warmer-than-present
temperatures is commonly rather easily distinguished from successive interstadials.
Hence it may consist as a starting point in the absence of dating (such as tephras
and radiocarbon dates used further upcore).

The occurrence of Mediterranean pollen taxa (e.g. Olea pollen grains), the
absence of Fagus and the occurrence of Ericaceae (most likely Mediterranean
species) in zones 18P-3 to 5 present a strong similarity with the Pangaion or Eemian
Interglacial in the pollen diagram of Tenaghi Philippon (Milner et al., 2013, 2016) and
to other Mediterranean records showing a characteristic peak of sclerophyllous
vegetation at that time such as the Dead Sea, Yammo(neh, Lake Van, loannina
basin, Lago de Monticchio (Chen and Litt, 2018). These three short pollen zones are

therefore attributed without ambiguity to the Eemian Interglacial.
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Figure 7: Curves of mesophilous pollen percentages (as defined in Sinopoli et al.,
2019) for the OhridDEEP core and the two Marmara cores. P = peaks in Pinus
percentages. Me | = Melisey | Stadial, SG | = Saint-Germain | Interstadial, Me Il =

Melisey Il Stadial, SG Il = Saint-Germain Il Interstadial.

The two Marmara pollen diagrams were redrawn with percentages made on a
sum without Pinus (a strong pollen producer) in order to highlight the other taxa
present in these assemblages (Abies curves in percentages built on a sum without

Pinus in Fig. 4 and 5 and whole diagram without Pinus in supplementary information
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S12), especially in the Pinus zone (22P-2 and 18P-6, respectively 90 and 80%) seen
in both cores. This clearly brings out the high values of deciduous Quercus and
Abies in most of zones 22P-2 and the whole of zone 18P-6. In addition, zone 22P-2
appears to end with two samples with slightly higher NAP values reflecting a brief
colder phase (phase 1b in figure 6). It is proposed to correlate these two zones to the
pine maximum at the end of Pangaion Interglacial in Tenaghi Philippon and to the
Pinus maximum (zone A4) of the Ohrid sequence (Sinopoli et al., 2019), as indicated
on Figure 7 that displays the curves of mesophilous pollen percentages (as defined
in Sinopoli et al., 2019) for the OhridDEEP core and the two Marmara cores. The
vertical distributions of warm-loving dinocysts and of a seasonal-contrast dinocyst
indicators (outlined in Fig. 8) suggest also a mild climate. Therefore, this Pinus wood
or even forest phase is interpreted here as a continental period within the Eemian
Interglacial rather than a cold-dry stadial (Leroy et al., accepted). The two Pinus
zones (zones 22P-2 and 18P-6) reflect a vegetation probably dominated by P. nigra
(growing in more humid conditions than P. brutia), although species attribution is

impossible.
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Figure 8: Inter-core correlation (CS18 and 22) for MIS 5 based on deciduous
Quercus percentages. The Total Organic Carbon (TOC) curves appear in grey fill in
the background. Me: Melisey Stadial, SG: Saint-Germain Interstadial, Saal: Saalian
Glacial. Black lines for pollen correlations. Red lines for hiatus. Me: Melisey Stadial,
SG: Saint-Germain Interstadial. Green zone filling for forest cover, Orange zone
filling for Pinus forest and Yellow zone filling for open vegetation cover. Dinocysts:
pale blue boxes for brackish assemblages, dark blue boxes for marine assemblages.
Dinocyst taxon list in SI1. Horizontal bold V for pollen and dinocyst zones absent in
core CS18. By combining the two light grey vertical boxes, the most complete record

is obtained.

Zones 22P-3 and 18P-7 are suggested to be the end of the Eemian as the
dinocysts show the transition from marine (>95% and >60% in respective core) to
brackish (>95% and >60% respectively) conditions illustrating the drop of water level
close to the end of the interglacial. Shackleton et al. (2003) have shown that the sea
level of MIS 5e drops before the end of the Eemian per se.

MIS 5e is more completely represented in core CS18, but nevertheless it
seems not whole on the base of a maximum of Abies in the first half of zone 22P-3
that is not recorded in zone 18P-7. This missing zone is supported by a dinozone
with high percentages of cysts of Pentapharsodinium dalei and cysts of Scrippsiella
trifida in core CS22 absent at 580 cm in core CS18 (horizontal red and bold V in Fig.

8) (Leroy et al., accepted).

6.3.3 Saint-Germain Interstadials and Melisey Stadials (MIS 5d to 5a)

Following the recognition of the Eemian Interglacial, the overlying zones 22P-

4,5, 6 and 7 are suggested to be Melisey | Stadial, Saint Germain | Interstadial,
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Melisey Il Stadial and Saint-Germain Il Interstadial. This option is indeed chosen
amongst other possibilities (including for example Ognon Interstadials equivalent to
Greenland interstadials G19 and G20 in the Greenland Ice Core chronology) as
being by far the most parsimonious, considering that the hiati below the red-H1
marker are minor and that the largest loss of sediment must be attributed to the red-
H1 seismic horizon, due to its substantial regional importance.

Pollen zone 18P-8 is an interstadial whose age attribution may be constrained
with a geochemically-based correlation: at the very top of core CS22, the highest
total Ca values of the two cores occur (Fig. 3), while organic carbon content remains
in the 2-3 % range (Fig. 2). This geochemically-identified layer, corresponding to
pollen zone 22P-7, is thus a carbonate- and organic-rich layer that has no equivalent
in core CS18. This, and the correlation proposed between the two cores from the
Imrali Basin, i.e. core CS27 and core CS18 based on Ca peaks and organic carbon
content (Cagatay et al., 2019), suggests that a possible carbonate-rich layer (top of
MSAP-2, Fig. 2) was indeed removed by erosion in core CS18. Thus, zone 18P-8
cannot be Saint-Germain Il but must be older, i.e. Saint-Germain | (thus equivalent to
zone 22P-5).

Another important point is that the low-arboreal-pollen — high-Artemisia
interval 22P-4 does not have an equivalent in core CS18 (Fig. 8). This >1.6 m-long
interval, corresponding to a very cold and dry period, may have been removed by
erosion too. According to correlations above and below, the sand layer at 451 cm in
core CS18 matches this interval. Based on other proxies, including the occurrence of
Dreissena shell fragments and some reworking, Cagatay et al. (2019) suggests the
presence of a stadial, even if much reduced. The resolution of the pollen diagram at

that depth does not allow to clearly identify a stadial. A corresponding hiatus is
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present at the base of the 22P-4 interval in core CS22. The CONISS zonation in core
CS22 shows the main change of the diagram at that depth (Fig. 4). It is where silt

layers and syn-sedimentary core disturbances are found.

6.3.4 Saalian Glacial (c. MIS 6) and Saalian-Eemian limit

For the sake of completeness, it is important to indicate that, in the absence of
a major hiatus, zone 18P-1 is therefore reasonably attributed to the whole or to a
large part of the Neakaterini Glacial in Tenaghi Philippon (Wijmstra and Smit, 1976)
or Saalian Glacial (roughly equivalent to MIS 6, 191-130 ka ago; Lisiecki and Raymo,
2005).

Zone 18P-2 is a zone illustrating an Artemisia steppe (thus possibly part of a
glacial period). However, the marine waters from the Mediterranean Sea were
already flowing eastwards towards the Black Sea, as established by a dinocyst-
based reconstruction of surface waters in the same core with assemblages
containing warm-loving dinocysts (Fig. 8 and details in Leroy et al., accepted.). This
suggests that this short period with an Artemisia steppe, reflecting a dry climate,
developed during a period when global sea level was rising due to globally
increasing temperatures and surface waters were already significantly warming.
Thus, zone 18P-2 possibly already belongs to the interglacial and would illustrate a
dry phase at the initiation of the Eemian Interglacial. As a consequence, this is
questioning where to put the limit between the Saalian Glacial and the Eemian

Interglacial in core CS18. The question remains open.

6.4 Comparison to other pollen sequences

A Mediterranean vegetation is found preferably in MIS 5e, not only in

Marmara core CS18, but also in Tenaghi Philippon, loannina and Ohrid (Tzedakis et
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al., 2001; Milner et al., 2016; Sadori et al., 2016; Sinopoli et al., 2018). Ericaceae
display a peak in Tenaghi Philippon stage MIS 5e, as well as here (Milner et al.,
2016). In comparison to the Eemian pollen diagram from Bulgaria, the Marmara one
is different as the first part of the Eemian (zones 18P-3 to 5) has more
Mediterranean taxa. Concerning the second part of the Eemian (zone 18P-7) and the
following interstadial (zone 18P-8), more similarities are noted. However, the
Marmara sequence displays a strong dominance of oak, leaving less space for other
deciduous taxa such as Carpinus betulus and Alnus (Bozilova and Djankova, 1976).
A comparison to the pollen diagram of core 22-GC3/8 in S-E Black Sea evokes
similar observations: Mediterranean taxa at the beginning of the interglacial, more
dominance of oaks in the Marmara site, and a more even share between deciduous
taxa in the S-E Black Sea diagram (Shumilovskikh et al., 2013).

The glacial and stadial vegetations are best revealed in zones 18P-2 (end of
Saalian), 22P-4 (Melisey I), 22 P-6 (Melisey Il) and, less so, in zone 18P-1 (Saalian)
as it is very much affected by differential preservation and reworking. The cold and
dry periods of the two Marmara sequences display very open landscapes of an
Artemisia steppe, where the tree presence is extremely reduced. It mainly falls below
40 % in core CS18 (end of Saalian) and even below 20% in core CS22 (Melisey ).
The arboreal spectra are mostly reduced to Pinus and deciduous Quercus in core
CS22, with, in addition, some Ephedra, Cupressaceae (Juniperus-t.) and Abies in
core CS18.

During the Saalian Glacial, the vegetation of Tenaghi Philippon (Wijmstra and
Smit, 1976) is an Artemisia and Amaranthaceae steppe, with some milder periods
showing a minor forest-steppe (oak and pine) development in the first part of the

glacial only. In the Lake Ohrid sequence, a steppe vegetation prevailed during MIS 6
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(Sinopoli et al., 2018). The first part (Artemisia steppe rich in Poaceae) has
extremely high sedimentation rates due to very strong erosion (Francke et al., 2016).
Its second part (Artemisia steppe with considerable amounts of Juniperus) is very
dry (the driest of the last 500 ka) and has low lake levels (Sadori et al., 2016). In
loannina (Roucoux et al., 2011), a bipartite MIS 6 was also recognised with the first
part of the glacial period maintaining moderate presence of temperate trees, and a
second part with a clearly smaller tree population and a steppe expansion.

In core CS18, it may be suggested that a first part of the Saalian displays a
forest-steppe in a very erosive environment (zone 18P-1). It is followed by a brief
drier glacial environment (zone 18P-2) when erosion dramatically drops and an
Artemisia steppe develops. Despite a strong taphonomical imprint (not only in the
SoM), the SoM glacial sequence thus offers some similarities to the bipartite Ohrid,

Tenaghi Philippon and loannina glacial sequences.

6.5 Pterocarya and extinct temperate trees

Pterocarya fraxinifolia currently grows from the SW of the Black Sea to the SE
of the Caspian Sea in areas with both atmospheric and soil humidity (Browicz and
Zielinski, 1982). No pollen of Pterocarya is recorded in pollen traps located in
Yalova, north of Istanbul and in eastern Thrace (Altunoglu et al., 2008; Karlioglu et
al., 2014, 2015, 2021). It is absent from Holocene diagrams in the SoM (Caner and
Algan, 2002; Valsecchi et al., 2012) and in lakes nearby (Lake Iznik, Miebach et al.,
2016; Lake Manyas, Leroy et al., 2002). It is also absent in seven late Pleistocene -
Holocene cores of the SoM studied by Mudie et al. (2002, 2007). In the current MIS
5 Marmara sequences, it remains present rather late, i.e. up to Saint-Germain |
(roughly equivalent to MIS 5c¢). The eastern coring site (core CS18) is still nowadays

at the border of the Pterocarya range in the eastern Marmara region.
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However inTenaghi Philippon (Greece) sequence, Pterocarya makes its last
appearance already at MIS 11, in Valle di Castiglione (Italy) in MIS 7 and in Ohrid
(Macedonia/Albania)in MIS 7 too (Tzedakis et al., 2001; Magri et al., 2017; Kousis et
al., 2018; Yedema, 2019; Donders et al., 2021). In the S-E Black Sea core reflecting
vegetation in northern Anatolia in MIS 5e, some occurrences of Pterocarya are
observed (Shumilovskikh et al., 2013). It is common in the Georgian Caucasus
during the Karagantian Interglacial, equivalent to the Eemian Interglacial, where it
still grows nowadays (Shatilova et al., 2011). In the Eemian, it is absent from
loannina in Greece (Tzedakis et al., 2002) and from the Bulgarian sequence, further
north (Bozilova and Djankova, 1976). This extinction gradient, earlier in the west and
later in the east, until presence in the southern Black Sea, allows to follow a
progressive withdrawal from Europe to the southern Ponto-Caspian region.

Here, pollen from “Tertiary” taxa or, more correctly, from extinct temperate
trees that are mostly warm-loving and less drought-intolerant (Svenning, 2003), are
largely restricted to the Saalian part of the sequence and are not present in the
interstadials and interglacials. They are thus considered as very unlikely to be part of
the regional flora at the time (Biltekin et al., 2015). Because of the large number of
fungal spores and reworked elements, these taxa are considered as reworked
elements. Moreover, these extinct temperate trees are also absent from the
Bulgarian site and from the S-E Black Sea core (Bozilova and Djankova, 1976;
Shumilovskikh et al., 2013).

The SoM, perhaps due to the close proximity to the Mediterranean vegetation
zone, does not appear to be ideal for tree refugia. This can be seen in the maps of
potential refugia for warm-loving summer-green trees generated by climate models

during the Last Glacial Maximum (Arpe et al., 2011). The closest refugia to the SoM
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are in the east of continental Greece (c. 400 km, at Magnesia) and along the south

coast of the Black Sea (c. 600 km, at Samsun).

6.6 Palaeoclimatic reconstruction

6.6.1 Climatic patterns for the Marmara region

Based on the taphonomic problems mentioned above, palaeoclimatic
reconstructions focus thus only on the depths of 2057 to 1399 cm in core CS22 and
790 and 450 cm in core CS18, roughly MIS 5 (Fig. 6).

The climatic reconstructions for both cores CS22 and CS18 show comparable
values along the last interglacial period (Fig. 6). In cores CS22 and CS18, both phases
1 are marked by warm (annual temperature above 10°C) and humid climatic
conditions (600 to 800 mm), are very comparable and probably correspond to the
Eemian period. A cold event (especially cold summers) is depicted in both sequence
(phase 1b).

Later, two cold phases (both summers and winters) are evidenced in core CS22
(phase 2 and 4), corresponding to Melisey | and Melisey Il Stadials. Melisey | Stadial
shows a long climate period marked by cold and very dry conditions (temperature
decreases to 1°C, and precipitations are around 200 mm only) while Melisey Il Stadial
appears cold and dry but less cold and dry than Melisey | (annual temperature around

6°C and precipitations around 450 mm).

6.6.2 Regional climatic comparison

Climatic changes reconstructed in the SoM are in agreement with the climatic
trends that were revealed at Lake Ohrid (Fig. 7). A multi-method approach including

the modern analogues technique was applied to the high-resolution pollen sequence
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of Lake Ohrid, to provide quantitative estimates of climate during MIS 6 and MIS 5
(Sinopoli et al., 2019).

Cold and dry conditions were reconstructed for the period of 160 — 128 ka ago
(i.e. 2" part of MIS 6, penultimate glacial) in the Balkans from the Lake Ohrid pollen
record. Towards the end of the glacial period, the temperatures and precipitation
were increasing. This pattern agrees well with the temperature with warming
summers and cold winters and dry annual conditions seen in the SoM from the core
CS18 from 790 to 730 cm depth (Fig. 6). At Ohrid, the onset of the last interglacial
corresponding to the Eemian is abrupt and characterized by humid and warm
conditions, with temperatures higher than today (by c. 2 °C) and precipitation 100
mm less precipitation than current (Sinopoli et al., 2019). This pattern is in
agreement with the warm and relatively humid conditions reconstructed from cores
CS18 and CS22 in the SoM (phase 1).

At Ohrid, a cool and humid event is suggested between 120.3 and 118.5 ka
(Sinopoli et al., 2019). This event probably corresponds to the cool/lhumid event
depicted in our Marmara reconstruction (Fig. 6, CS18 and CS22: phase 1b).
However, the dinocyst assemblages analyzed in same Marmara cores (Fig. 8)
indicate, for this short period, the occurrence of warm-loving dinocyst and seasonal-
contrast taxa in surface waters, which diverge to the cold conditions reconstructed
here and in Ohrid from pollen assemblages. Other studies have highlighted a cold
mid-Eemian period by analysis of biogenic silica and siliceous microfossils in Lake
Baikal and elsewhere (Karabanov et al., 2000). With the present chronologies, it is
impossible to establish if it is the same event. More temperature reconstructions

based on different proxies as chironomids (Plikk et al., 2019), molecular biomarkers
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(Hoelworth et al., 2017) or speleothems are required (Drysdale et al., 2005;
Regatierri et al., 2017; Wilcox et al., 2020) to corroborate or not this assumption.

As an independent tool, Hoelworth et al. (2017) have used molecular (lipids)
biomarkers “TEX 86” to reconstruct the temperature of the surface waters of Lake
Ohrid during the MIS 6 and 5. Their results show that the TEX 86 biomarkers reflect
the climatic changes during the last glacial-interglacial transition and indicate warm
conditions during the Eemian, in agreement with the Ohrid and the Marmara pollen—
inferred climate reconstructions.

In order to discuss the Marmara climate signal for the Eemian period at a
wider scale, it is compared with the climate patterns inferred from southern European
pollen records by Brewer et al. (2008). The latter have reconstructed the climate
during the Eemian for central-northern and southern Europe, using a multi-method
approach, including the modern analogues technique. Brewer et al. (2008) had
identified a climate tri-partition during the Eemian for northern European sites, while
in the south, the climate appears to have remained warm with stable conditions.
Thus, the Marmara climate reconstruction shows greater similarity with climate
patterns inferred from Lake Ohrid than with southern European pollen records ones
(Sinopoli et al., 2019), which is probably due to the position of the Marmara sites
closer to Lake Ohrid than to other southern sites (Monticchio, loannina and two
marine cores located in the western Mediterranean Sea). However, this hypothesis
needs further testing as very few climate reconstructions are available for southern
Europe for this key time period. Eastern sites are still lacking.

Concerning the precipitation signal, humid conditions are reconstructed during
the Eemian in the Marmara region (beside dry summers in phase 1a in core CS18).

This pattern corroborates the results obtained from the Lake Ohrid pollen sequence,
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where precipitation reaches the highest values during the Eemian and decrease until
the end of the Eemian at 112 ka (Sinopoli et al., 2019). The humid pattern at
Marmara suggests a generally good agreement with the hydrological variations
detected in Italy in speleothems (Drysdale et al., 2005; Regattieri et al., 2014, 2017).

Following the Eemian, the early last glacial (from 112 to 70 ka) is
characterized in the Marmara cores by a succession of cold and warm periods (Fig.
6, phases 2, 3,4 core CS22) in agreement with the alternation of cold/dry and

warm/humid events evidenced at Ohrid (Sinopoli et al., 2019).

7 Comparison of the 2019 chronology and the current

chronology

Core CS22 covers a large part of the second half of the Eemian Interglacial
with the first part missing (Fig. 7 and 8). This second part of the Eemian Interglacial
is interrupted by a continental period. The Eemian Interglacial is followed by the
Melisey | Stadial, the Saint-Germain | Interstadial, the Melisey Il Stadial and the
Saint-Germain Il Interstadial (Fig. 7 and 8). In the CS18 sequence, a large portion of
the Saalian Glacial (c. MIS 6) is found. It is followed by a rather complete (but not
totally complete) Eemian Interglacial, also incorporating a continental phase in its
second half. Then the Melisey | Stadial is quasi completely missing, unless the last
sample of zone 18P-7 and the first one of zone 18P-8 (lower deciduous Quercus
percentages) reflect the fringes of this missing stadial (Fig. 7 and 8). The Saint-
Germain | Interstadial is identified before the end of MIS 5, suggesting that Melisey II
Stadial and Saint-Germain Il Interstadial are also missing. Core CS 18 contains thus

more significant gaps than core CS22.
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Finally, the two sequences complete each other. When taking core CS 22 for
the upper part, i.e. Saint-Germain Il down to the pine zone in the Eemian, and then
core CS18 for the lower part, i.e. the pine zone in the Eemian down to the Saalian
Glacial. Thus, a quasi-complete sequence from the Saalian Glacial to Saint-Germain

Il Interstadial is recorded despite hiati (Fig. 7 and 8).
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Figure 9: Comparison of the Cagatay et al. (2019) chronology and the present
chronology. TOC = Total Organic Carbon, MIS = Marine Isotopic Stage, Me | =
Melisey | Stadial, SG | = Saint-Germain | Interstadial, Me Il = Melisey Il Stadial, SG I

= Saint-Germain Il Interstadial, Saal = Saalian Glacial.
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Significant differences with the chronology proposed by Cagatay et al. (2019)

were found (Fig. 9; Table 1). In the current paper, palynological analyses of the two

cores (pollen and dinocysts) are a new feature. Moreover, the TOC and the Ca

values of core CS22 from Kende (2018) are provided in the current paper and could

not be included in the Cagatay et al. (2019) paper yet.

Table 1. Summary of the arguments for the two chronologies: Cagatay et al. (2019)

chronology and the present chronology

1 New data

a.

Pollen zones 18P-3 to 5 belong to the Eemian Interglacial as shown by the similarity of
reconstructed vegetation (especially Mediterranean taxa) and reconstructed palaeoclimate
(especially warmer annual temperatures) to the Eemian Interglacial of the Tenaghi Philippon and
Ohrid sequences. The zones identified as belonging to the Eemian also display the occurrence of

warm—Iloving dinocysts.

Strong similarities exist between the Pinus zone 22P-2 and Pinus zone 18P-6, as well as between

the end of the marine phases (as per dinocyst data) in the cores CP22 and CP18.

These two Pinus zones are not stadials, as not dry and cold; but they are humid and cold
fluctuations within the Eemian Interglacial on the base of the occurrence of high values of Abies

and deciduous Quercus and reconstructed palaeoclimate.

The three sapropels formed during interstadials (pollen analysis) but under three different surface

water conditions (dinocyst analysis): marine, marine to lacustrine and lacustrine.
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e. Just below the red-H1 seismic marker, maximal values of Ca at 1450-1400 cm in core CS22 are
missing in cores CS18 and CS27. Possibly the Ca peak at 1575-1510 cm in core CS22 is missing

in the two other cores too.

2 Change of emphasis
The red-H1 seismic reflector is a major erosion horizon at the seismic scale, much larger than other
erosion levels identified further down the cores, and thus probably much longer. It has been correctly

identified in the three cores because of its outstanding reflectivity and lithology.

3 Change in reasoning
Based on the parsimony principle and starting at the base with the Eemian interglacial, the successive
stadials and interstadials are progressively identified upwards, leaving thus the largest gap below the

major erosion level, comprised by the red-H1 reflector.

In consequence, the following main differences are found (Fig. 9). In core
CS18, the absence of Saint-Germain Il Interstadial (MIS 5a) and Melisey Il Stadial
(MIS 5b) and possibly the occurrence of only a much-reduced Melisey | Stadial (MIS
5d) are noted. The sequence of core CS22 extends to the Eemian Interglacial (MIS

5e) instead of Melisey | Stadial only (MIS 5d).

8 Conclusions

Even if containing some hiatus largely covered by splicing the two long
sequences, the results of this new pollen investigation in the SoM are a significant
contribution, because of the scarcity of pollen records in the eastern Mediterranean
region at large for the last interglacial and two subsequent interstadials as well as for
the previous glacial. Moreover, the current study is the only one combining terrestrial

(pollen) and marine (dinocysts) signals in the same cores for this period.
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No absolute dates are available, but the proposed chronology in the current
state of the art is more detailed than that previously published as it is based on more
information: inter-core correlations based on some new geochemical indicators,
recognition of basin-wide hiati, and the possibility of correlation to the European
stratigraphy, especially owing to the recognition of the characteristics of the Eemian,
a milestone in palynostratigraphy. It allows obtaining a nearly complete record from
the Saalian Glacial to the Saint-Germain Il Interstadial. It is also confirmed that the
sapropels formed during warm climatic conditions only.

A later occurrence of Pterocarya, i.e. up to Saint-Germain | Interstadial, is
established in the Marmara sequences in comparison to the other pollen records of
the Valle di Castiglione, Ohrid, loannina and Tenaghi Philippon sequences, and in
agreement with the current distribution of Pterocarya in the Black Sea region.

The Saalian Glacial is in two parts, a forest-steppe with a strongly erosive
environment followed by a drier Artemisia steppe. A clear development of
Mediterranean taxa was observed in the Eemian Interglacial especially in the eastern
core, supporting the results of the pollen reconstruction from L. Ohrid: warmer than
present and possibly drier at its peak. For the rest of the interglacial period, warm
and humid conditions are reconstructed from cores CS18 and CS22 in the SoM,
interrupted by cold and dry climate periods corresponding to Melisey | and Il
Stadials. The Marmara climatic reconstruction shows greater similarity with climatic
patterns inferred from Lake Ohrid than with southern European pollen records ones
(Monticchio and loannina).

At the peak of the Eemian, the Marmara region, instead of being in the steep
climatic gradient between the Euxinian and the Mediterranean ecosystems, falls

clearly in the Mediterranean ecosystem due to a shift of the Mediterranean climate
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northeastwards. The MIS 11 (Holsteinian Interglacial) has a closer insolation
configuration to that of the Holocene one than the Eemian one (Candy et al., 2014;
Bolikhovskaya and Molodkov, 2018). It would represent a good target for subsequent
investigations. Additionally, it may reasonably be forecasted that, with the
Anthropocene, the Euxinian ecosystem will be further reduced and that a

Mediterranean climate will prevail in the whole Marmara region.

Data availability

The pollen data have been contributed to the European Pollen Database.
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Supplementary information

Supplementary information SI1: Dinocyst taxon lists with general affinities

1 Brackish

Pyxidinopsis psilata,
Spiniferites cruciformis/Galeacysta etrusca,
Galeacysta etrusca,

S. cruciformis A,

S. cruciformis B,

S. cruciformis C,
Pterocysta cruciformis,

S. inaequalis,
Romanodinium areolatum,
Caspidinium rugosum,

C. rugosum rugosum,
Impagidinium sp. A,

|. caspienense

2 Lingulodinium machaerophorum

Various forms

3 Heterotrophs
Dubridinium caperatum,

Lejeunecysta marieae,



Votadinium calvum,

Brown baggy cyst,
Xandarodinium xanthum,

C. Protoperidinium nudum,
C. Protoperidinium stellatum,

C. Polykrikos hartmanii

4 Marine

S. belerius,

S. bentorii,

S. elongatus,

S. hainanensis,

S. ramosus,

S. septentrionalis,

Spiniferites sp.,

S. mirabilis,

S. pachydermus,
Polysphaeridium zoharyi,
Tuberculodinium vancampoae,
Operculodinium israelianum,
O. centrocarpum,

O. centrocarpum short processus,
Ataxodinium choane,
Bitectatodinium tepikiense,

Tectatodinium pellitum,



C. Pentapharsodinium dalei,
C. Alexandrium sp.,

C. Scrippsiella trifida,
Pyxidinopsis reticulata,

Nematosphaeropsis labyrinthus

In addition, some of the above taxa have the following characteristics:
Warm-loving sea surface conditions indicators:

O. israelianum, S. pachydermus, P. zoharyi, T. vancampoae and S. mirabilis
Seasonal amplitude of sea surface temperature indicators:

B. tepikiense

Supplementary information SI2: The pollen diagrams of cores CS 22 (a)
and CS18 (b) for the MIS 5 part of the sequences: percentages re-calculated on a

sum without Pinus for terrestrial taxa only
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