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ABSTRACT

The formation of Eastern Mediterranean organic matter rich deposits known as sapropels is the results of
two mechanisms: (enhanced) marine productivity and preservation of organic material at depth.
However, their relative contribution and their leads and lags with respect to each other remain elusive.
Here, we address these questions by studying sediments deposited prior to, during, and after the most
recent sapropel (S1, ~10—6 calibrated ka before present, BP) with an integrated marine and terrestrial
palynological approach, combined with existing and newly generated geochemical data. The studied core
was retrieved from an area under strong influence of the Nile outflow and has high average sediment
accumulation rates allowing a high temporal resolution (of several decades to centuries).

Marine productivity, as reconstructed with total dinocyst accumulation rates (ARs) and biogenic CaCO3
content, starts to increase ~1 ka prior to sapropel formation. A shift in the dinocyst taxa contributing to the
productivity signal at sapropel onset indicates the rapid development of (seasonal) water column strati-
fication. Pollen and spore ARs also increase prior to sapropel onset, but a few centuries after the increase in
marine productivity. Hence, the first shift to a high marine productivity system before sapropel deposition
may have been mostly favoured by the injection of nutrients via shoaling of the nutricline with a minor
contribution of nutrients from land via river input and flooding of the shelves. Pollen assemblages indicate a
gradual change across the sapropel onset from a savanna-like, through coastal marsh expansion, toward an
open woodland assemblage, which is consistent with enhanced Nile influence and delta development. At
sapropel onset a marked shift in pollen ARs could suggest increased preservation under anoxia. However,
major shifts in pollen assemblages and signs of selective- or partial decomposition of terrestrial paly-
nomorphs are absent. We therefore suggest that the high pollen ARs largely result from an increased influx
of pollen by enhanced Nile discharge and extension of the freshwater plume. Three centuries after the
sapropel onset, dinocyst ARs and CaCO3 content indicate that marine productivity starts to decrease, while
sapropel deposition continued. Organic carbon content decreased only later and less dramatically. This may
be explained by a shift in the dominance of the organisms contributing to marine productivity, to an
enhanced preservation of organic matter, or a combination of both.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

At present, the Mediterranean Basin is generally oligotrophic
and well-ventilated (Krom et al., 1991; Pinardi and Masetti, 2000;
D'Ortenzio and Ribera D'Alcala, 2009), and its surface sediments
are typically poor in organic carbon (e.g., Calvert, 1983). However,
the Eastern Mediterranean late Neogene sedimentary record is
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characterized by the widespread and distinctly periodical occur-
rence of organic carbon-rich layers, called sapropels (e.g.,
Kullenberg, 1952; Rohling, 1994; Robertson et al., 1998).

The currently accepted model for the formation of most Eastern
Mediterranean sapropels proposes that maxima in insolation dur-
ing precession minima caused an intensification of the monsoon
system on the North African continent (e.g., Rossignol-Strick et al.,
1985; Hilgen, 1991; Gasse et al., 2000; Weldeab et al., 2014). Sub-
sequently, enhanced river discharge largely impacted the Medi-
terranean water circulation, resulting in stratification of the water
column. Ultimately, slowdown or total shutdown of deep-water
formation resulted in enhanced preservation of organic matter at
the sea floor (e.g., Rohling, 1994, and references therein). The pri-
mary cause triggering the formation of Eastern Mediterranean
sapropels has been debated ever since their discovery (Kullenberg,
1952; Aksu et al., 1999), and productivity and preservation have
been indicated as the two major contributing factors operating
either separately (Williams et al., 1978; Calvert, 1990) or combined
(De Lange and Ten Haven, 1983; Rohling and Gieskes, 1989; Kemp
et al., 1999).

Present-day biological primary productivity is thought to be
insufficient to account alone for the elevated organic carbon con-
tent observed in sapropels (Dugdale and Wilkerson, 1988; Bethoux,
1989). Elevated past primary productivity is likely to have been
contributing to sapropel formation and several studies support this
hypothesis (e.g., De Lange and Ten Haven, 1983; Calvert and
Pedersen, 1992; Rohling, 1994; Gallego-Torres et al., 2011). Marine
productivity can be boosted by freshwater input (1) directly, via
nutrient input by enhanced river discharge from the Nile (e.g.,
Krom et al.,, 2002); (2) indirectly, via upward advection of the
nutricline following stratification. The latter mechanism, which
creates a productive deep chlorophyll maximum (DCM) in the
photic zone underneath a nutrient-poor surface layer, has been
used to explain high productivity rates preceding and at the onset
of sapropel S5 (previous interglacial, ~125 ka BP) (e.g., Giunta et al.,
2006; Grelaud et al., 2012) and during the most recent sapropel S1
(Rohling and Gieskes, 1989; Castradori, 1993; Crudeli et al., 2006).

For sapropel S1, deposited during the Holocene between ~10
and 6 cal. ka before present (BP, before 1950 AD), debate continues
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on the importance of marine productivity relative to organic matter
preservation. Moreover, the leads and lags between productivity
and preservation remain elusive. At present nanoplankton con-
tributes ~40% to the primary productivity of the Mediterranean Sea,
and diatoms and dinoflagellates account for another ~40% (Uitz
et al., 2010). Despite their large contribution to the organic car-
bon flux (Kemp et al., 1999) sapropel S1 is usually devoid of di-
atoms. Calcareous nanoplankton and coccolithophores can be
abundant in sapropel S1 but may suffer from selective preservation
and carbonate diagenesis (e.g., Negri et al., 1999; Negri and Giunta,
2001; Crudeli et al.,, 2004; Thomson et al., 2004; Crudeli et al.,
2006). Remains of dinoflagellates (organic-walled dinoflagellate
cysts, dinocysts) are generally abundant and well preserved in the
sediments, together with pollen and spores from land plants (Aksu
et al.,, 1995, 1999; Cheddadi and Rossignol-Strick, 1995; Rossignol-
Strick, 1999; Zonneveld et al., 2001; Sangiorgi et al., 2003; Kholeif
and Mudie, 2009). So far, no palynological (dinocysts, pollen and
spores) study has achieved a temporal resolution sufficient to
resolve fine-scale (multi-decadal to centennial scale) productivity-
preservation trends and cause—effect relationships, however.
Here we present an integrated marine and terrestrial palyno-
logical study on a piston core (PSO09PC) taken along the path of
freshwater routing from the Nile (Fig. 1). Based on present day flow
patterns and sediment provenance studies (Krom et al., 1999) the
sediment composition at the coring site, including terrestrial
components such as pollen, is dominated by Nile-derived particles.
The core contains a ~42 cm-thick sapropel S1, which allows ana-
lyses at unprecedented high resolution. Our data, together with a
suite of newly generated and available geochemical proxies
(Hennekam et al., 2014) provide insights into regional climate, the
source of nutrients, the contribution of marine productivity to
sapropel S1 deposition, and the importance of preservation.

2. Materials and methods
2.1. Core location, sediments and age model

The sediment samples used in this study were taken from piston
core PSO09PC, recovered from the continental slope ~50 km off the

E

Fig. 1. (a) Satellite image of the Mediterranean region. Dashed lines indicate the Nile catchment and the assumed position of the Intertropical Convergence Zone (ITCZ) during onset
of sapropel deposition and at present (Gasse, 2000). (b) Location of the studied core, PSO09PC (32°07.7'N, 34°24.4’E; 552 m water depth), and the location of core GeoB 7702-3, for
which sea surface temperatures were reconstructed by Castaneda et al. (2010; Fig. 4f). The blue arrow indicates the prevailing surface current in the Levantine basin. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



132 N.A.G.M. van Helmond et al. / Quaternary Science Reviews 108 (2015) 130—138

coast of Tel Aviv, Israel (Fig. 1a, b; 32°07.7'N, 34°24.4’E; 552 m water
depth), in the southeastern part of the Levantine Basin. Core
PSO009PC was recovered during the PASSAP cruise in May 2000 with
RV Pelagia; its total length is 690 cm. The recovered sediments
consist of >90% of clays and silts (Hennekam and De Lange, 2012).
Surface waters in the Levantine Basin move in an anticlockwise
direction (e.g., Pinardi and Masetti, 2000), implying that Nile-
derived sediments, the main sediment source for the Eastern
Mediterranean, are transported eastward from the Nile outflow to
our coring site (Weldeab et al., 2002; Kholeif and Mudie, 2009;
Fig. 1b). The sedimentary record of PSO09PC may thus be expected
to directly reflect changes in the outflow of the Nile and its hin-
terland, which makes it exceptionally well suited for the objectives
of our study.

Our study focuses on the interval between 265 and 174 cm,
which spans 12 to 5 cal. ka BP. The age model relies on four C
accelerator mass spectrometry (AMS) measurements in the studied
interval (see Table S1; supplementary information). The sedimen-
tation rate for this interval is high, ~12.5 cm/ka (i.e., 1 cm = ~80
years), and relatively constant between 285.2 and 191.2 cm
(13,460 + 204 and 6118 + 169 cal. ka BP, respectively; Hennekam
et al,, 2014). Sediment accumulation rates are in agreement with
those found in the Nile Cone area (Stanley and Maldonado, 1977,
Kholeif and Mudie, 2009), and other nearby sites (e.g., Hamann
et al., 2008; Castaneda et al., 2010). Between 241 and 197 cm the
two phases of sapropel S1 deposition (S1a and S1b) and its inter-
ruption are recorded. The identification of the sapropel layer, i.e., a
distinct increase in sedimentary organic carbon content (Cog), for
PSO09PC this corresponds to Corg > 1 Wt. %, its age model and the
S1aand S1b phases follow Hennekam et al. (2014). The onset of unit
S1a for PSO09PC is at 10.1 cal. ka BP and its termination is at
8.2 cal. ka BP. The onset of S1b is at 7.9 cal. ka BP followed by its
termination at 6.5 cal. ka BP. The sapropel interruption lasts ~300
years, as in other Mediterranean S1 records (Bar-Matthews et al.,
1999; Marino et al., 2009; Pross et al., 2009), and correlates well
with the 8.2 ka BP cooling event in the Northern Hemisphere (Alley
et al., 1997; Rohling and Palike, 2005).

2.2. Palynological processing

Fifty-nine sediment samples were selected with particular high
sampling resolution (every 0.5 cm; 40 years) around sapropel
onset. Sediment samples were freeze-dried, and crushed and ho-
mogenized using an agate pestle and mortar. Subsequently, be-
tween 0.6 and 2.5 g of sediment per sample was treated with ~10%
HCl and ~38% HF to dissolve carbonates and silicates, respectively. A
known amount of Lycopodium clavatum marker spores was added
to enable quantification of the palynomorphs and their accumula-
tion rates (ARs) to the sediment. After decantation of the solution
samples were exposed to ultrasonic treatment, to remove minerals
and disaggregate clouds of (amorphous) organic matter. Samples
were then sieved over a 10-um sieve, after which the remaining
residues were concentrated and mounted on slides for microscope
analysis. On average ~170 (min. 151; max. 202) dinocysts per
sample were counted and identified to genus or species level at
400x magnification. Dinocyst taxonomy follows Rochon et al.
(1999) and Fensome and Williams (2004). Total pollen and spores
were also counted in all dinocyst samples.

After dinocyst analysis 19 samples were selected for detailed
pollen and spore analysis. To optimize identification of pollen and
spores palynological residues were acetolysed, following Erdtman
(1960). After acetolysis, samples 202.45 cm and 203.45 cm were
combined (composite sample 202.95 cm; 7 cal. ka BP) because of
the small sample size to ensure statistically relevant counts. On
average ~440 pollen and spores per sample were counted and

identified. All samples and slides are stored in the collection of the
Laboratory of Palaeobotany and Palynology, Utrecht University, the
Netherlands.

Dinocyst and pollen and spores ARs (palynomorphs/cm?/yr)
were calculated multiplying the amount of dinocysts and pollen
and spores per gram sediment dry weight (palynomorphs/g sed.
dw.), by the mass accumulation rates (g/cm?/yr) derived from
Hennekam et al. (2014).

2.3. CaCOs3 analysis

Calcium (Ca) was measured by X-ray fluorescence (XRF) at the
Institute of Chemistry and Biology of the Marine Environment
(ICBM) in Oldenburg using a Philips PW 2400 X-ray spectrometer
on glass beads. CaCO3 content (wt. %) was calculated assuming that
all Ca was related to CaCOs.

All measurements and analyses, including the geochemical data
from Hennekam et al. (2014), were performed on the same samples
to optimize comparability of the signals and to avoid correlation
issues (e.g., age model differences).

2.4. Approach and proxy interpretation

Marine palynology mainly studies organic-walled dinoflagellate
cysts, fossilizable resting stages produced by some dinoflagellates
mostly during the sexual reproduction stage in the life cycle (Wall
and Dale, 1966). Notably, most dinoflagellates are either photo-
synthetic, i.e., they need light and nutrients, or heterotrophic and
feed on organic material and other phytoplankton (e.g., Jacobson
and Anderson, 1986). Dinocysts are sensitive recorders of envi-
ronmental conditions of the surface waters (Zonneveld et al., 2013)
also in the area where our core was collected (e.g., Elshanawany
et al., 2010). Therefore their fossil assemblages, concentrations
and accumulation rates in marine sediments can be successfully
employed to reconstruct palaeoenvironmental surface water con-
ditions, providing information on nutrient availability, productivity,
temperature, salinity, stratification, and oxygenation (e.g., Dale,
1996; De Vernal and Marret, 2007; Zonneveld et al., 2008, 2012).
Heterotrophic cysts are usually very abundant in high productivity
zones (De Vernal and Marret, 2007, and references therein) and are
therefore used to indicate trends in productivity. However, they are
also the most sensitive to oxygenation (Zonneveld et al., 1997, 2001;
Versteegh and Zonneveld, 2002). Their occurrence may therefore
be biased by differential preservation. By plotting this group
separately, information on productivity trends and preservation
can also be derived.

The marine sediments also yield pollen and spores, produced by
terrestrial vegetation, which are transported into the marine
environment mainly via river discharge and wind (e.g., Mudie and
McCarthy, 1994). Transport mode influences the type and richness
of the assemblage (Hooghiemstra, 1988; Traverse, 1990), which
allows determination of the relative changes in river input. Pollen
transport through air and water is selective, and typically, larger,
heavier types are transported less far (Holmes, 1990), affecting total
diversity in the assemblage. Exception to the rule is bisaccate
conifer pollen that is predominantly wind-transported and floats
on the water so that their relative abundance instead increases with
distance to the shore (Mudie, 1982).

Combined marine and terrestrial palynology thus provide an
integrated signal of synchronous changes occurring in the marine
and continental environments. Our palynological data were inte-
grated with available geochemical data (Hennekam et al., 2014), i.e.,
Corg and stable oxygen isotopic composition of the surface dwelling
planktonic foraminifer Globigerinoides ruber (white) (3'80yuper) and
new CaCOs data. Therefore this set of samples is optimally suited to
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reconstruct the palaeoenvironmental conditions during sapropel
formation in high-resolution.

3. Results
3.1. Dinocysts

Core PSO09PC contains abundant and well-preserved dinocysts.
Their concentration ranges from 600 to 10,000 cysts per gram of
dry sediment. Assemblages are overall dominated by cysts pro-
duced by autotrophic/phototrophic dinoflagellates (Fig. 2b), mostly
gonyaulacoids (percentage data are shown in Fig. S1;
supplementary information). Cysts of heterotrophic di-
noflagellates, i.e., most of the protoperidinioids (Fig. 2b), form less
than 10% of the total assemblage prior to and after sapropel
deposition and during its interruption. Within the sapropel proto-
peridinioids are relatively more abundant and represent up to 35%
of the assemblage.

The total dinocyst AR (Fig. 2c) rapidly increases to ~75 cysts
cm~2yr~!, between 10.8 and 10.3 cal. ka BP. A sudden decrease to
40 cysts cm 2 yr~ ! is observed from 10.3 cal. ka BP to just before S1
onset. Spiniferites spp. is chiefly responsible for this pattern in the
total dinocyst AR, with minor contributions of cysts of Penta-
pharsodinium dalei, Lingulodinium machaerophorum and proto-
peridinioids  (Brigantedinium spp., Echinidinium spp. and
Stelladinium stellatum, Fig. 2c).

At the onset of S1 the total dinocyst AR increases again and
reaches the maximum value for the entire record of 80 cysts
cm~2 yr~! at 10.1 cal. ka BP and remains high until 9.7 cal. ka BP. The
maximum in the total dinocyst AR at the onset of S1a is mainly the
result of a major increase in the AR of L. machaerophorum, but the
ARs of Spiniferites spp., cysts of P. dalei and protoperidinioids are
also high. Afterwards, the total AR rapidly drops to approximately
40 cysts cm 2 yr~! and gradually decreases throughout the sap-
ropel to around ~20 cysts cm 2 yr~! at sapropel termination.
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After sapropel termination the total dinocyst AR remains
generally below sapropel values. Only the AR of Operculodinium
israelianum shows a peak at 5.5 cal. ka BP.

3.2. Pollen and spores

Prior to sapropel S1 deposition, the total pollen and spores AR
(Fig. 3b) increases from ~5 to ~20 grains cm~2 yr~!, between ~10.5
and 10.1 cal. ka BP (Fig. 3b inset). On average, about 25% of the
pollen assemblages are tree pollen, dominated by Quercus (Fig. 3c,
d), while herbs dominate the pollen assemblages, with percentages
up to ~70% (Fig. 3f). Asteraceae subf. Liguliflorae and Chenopodia-
ceae (Fig. 3f, g) are the dominant herb pollen types. Prior to the
onset of the sapropel, at 10.1 ka BP, Chenopodiaceae increases from
~25% to almost 40% of the total pollen assemblage. The less abun-
dant (<10%) Ephedra fragilis, typical of arid conditions, decreases
simultaneously (Fig. 3h).

At the onset of S1a the total pollen and spores AR increases
exponentially, reaching up to ~180 grains cm2 yr—! at 9.8 cal. ka BP.
From this maximum onwards the AR gradually decreases to 50
grains cm 2 yr—! at the termination of S1a. Total herb pollen types
gradually decrease over S1a to a rather stable value around 50% for
the remainder of the record. Tree pollen, still dominated by Quer-
cus, increase up to ~40% of the total pollen sum. At the onset of S1a
Asteraceae subf. Liguliflorae drop from 20% to below 5%, subse-
quently Chenopodiaceae rapidly decrease from ~40% to around
20%. Poaceae and Rumex acetosella type (Fig. 3i, j) become relatively
more abundant during Sla. R. acetosella presence is mainly
restricted to Sla, while Poaceae remain a relatively constant
contributor to the total pollen assemblage (~10%) for the remainder
of the record. Within the sapropel interruption the total pollen AR
decreases to 13 grains cm ™2 yr~ !, subsequently the AR rises again to
above 100 grains cm~2 yr~! in S1b. Followed by a gradual decrease,
towards values below 20 grains cm~2 yr~! after the sapropel. From
the sapropel interruption onwards, Pinus pollen become relatively

israelianum
(cysts/cmz/yr)
0 10

S1b

S1a

Fig. 2. Overview of selected geochemical and dinocyst data of core PSOO9PC. ARs are shown for dinocyst species/genera with a flux that exceeds 5 cysts/cm?/yr. (a) Organic carbon
content (Corg) (Hennekam et al., 2014). (b) Relative abundances of heterotrophic (blue) and autotrophic dinocysts (orange). (c) The total dinocyst accumulation rate (AR; black) and
the AR of heterotrophic cysts (blue). ARs of Lingulodinium machaerophorum (d), Spiniferites spp. (e), cysts of Pentapharsodinium dalei (f), Operculodinium centrocarpum (orange) and
Operculodinium israelianum (red) (g). Grey zones indicate the two sapropel phases S1a and S1b, respectively. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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more abundant and dominate tree pollen assemblages during S1b
(Fig. 3c). Aquatics/littoral pollen (Fig. 31), predominantly composed
of Cyperaceae pollen, gradually increase from <5% at the onset of
the sapropel to above 10% at the termination of the sapropel. Fern
spores (Fig. 3k) and pollen of thermophilous trees are only a minor
constituent of the pollen assemblages (Fig. 3e), although the latter
are relatively more abundant during phases of sapropel deposition.

After sapropel deposition the abundance of herb pollen types
decreases further, while the abundance of tree pollen, dominated
by Pinus pollen, remains relatively constant, i.e., between 30% and
40%. The relative abundance of fern spores and aquatics/littoral
pollen increases after sapropel deposition, from less than 5% to
>10% and from 10 to ~20%, respectively.

The rarefaction diversity index is a taxon count, which is cor-
rected for the total count sum, estimating the richness under an
equal predefined count sum for all samples (Birks and Line, 1992;
Sangiorgi and Donders, 2004). This is relevant as palynological
richness decreases with decreasing river input and or increased
distance to the coast. The rarefaction diversity (Fig. 3m) shows a
gradual decrease towards the sapropel. Within S1a the taxa rich-
ness increases appreciably, to ~20. After S1a the richness decreases
to ~17, after which it increases again after the sapropel.

3.3. Calcium carbonate AR

The CaCOs3 content (wt. %) (Fig. 4e) has a background value of
about 15%. From ~11 cal. ka BP onwards, the CaCO3 content in-
creases gradually, reaching maximum values between 9.8 and
9.2 cal. ka BP, of 30%. After an abrupt fall at 9.2 cal. ka BP, the CaCOs3
AR gradually decreases towards sapropel termination.
4. Discussion

4.1. Pre-sapropel: ~12—10 cal. ka BP

A distinct shift in total dinocyst ARs (Figs. 2c and 4c) starting
from 10.8 cal. ka BP suggests that marine productivity increased
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~1 ka before the sapropel onset, a feature also noted for the Nile
Cone (Kholeif and Mudie, 2009) and in the Aegean Sea (Casford
et al., 2002). The productivity signal is primarily based on Spini-
ferites spp., with a minor contribution of cysts of P. dalei,
L. machaerophorum and the heterotrophic protoperidinioids. Our
reconstructed high productivity is further supported by a steady,
synchronous increase in CaCO3 content (Fig. 4e), which is similar to
the biogenic carbonate increase in this area observed during sap-
ropels S5 and S6 (Weldeab et al., 2003). We attribute these in-
creases in marine productivity to enhanced nutrient input in the
photic zone at least partly due to enhanced Nile discharge. This is in
accordance with findings by Kholeif and Mudie (2009) who
observed a similar early maximum in dinocyst concentrations
concurrent with a peak in Riccia, an aquatic floating plant, and
freshwater algal spores also pointing towards increased Nile
discharge pre-sapropel formation. A coinciding, ~2%o0 decrease in
3180 uper occurs (Hennekam et al., 2014; Fig. 4b), which presumably
reflects the inflow of isotopically depleted freshwater from the Nile
at that time (Fontugne et al,, 1994; Almogi-Labin et al., 2009).
Therefore, by extension of this river influx, a simultaneous drop in
sea surface salinity (SSS) can be inferred. Importantly, the primary
productivity increase prior to sapropel formation is not matched by
increases in sedimentary Cog (Fig. 4a), suggesting that most organic
matter was remineralized during sedimentation. An increase in the
AR of phototrophic dinocysts (which require nutrients and light)
together with increased CaCOs; content from biogenic origin may
indicate that nutrients were injected not only directly via nutrient-
rich freshwater input but also indirectly through a shoaled nutri-
cline with the development of a DCM (Rohling and Gieskes, 1989;
Castradori, 1993; Crudeli et al., 2006). We speculate that blooms of
the lower photic zone coccolithophore Florisphaera profunda, which
thrives at the DCM, could have contributed to the increased CaCOs3
content. The marine productivity increase occurs during a period of
increased insolation (Fig. 4g) and warming of Eastern Mediterra-
nean surface waters (Castaneda et al., 2010; Fig. 4f), concurrent
with ongoing rapid global sea level rise (e.g., Grant et al., 2012;
Fig. 4h). Particularly the latter process may have further stimulated
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Fig. 3. Overview of selected geochemical and pollen and spores data of core PSO09PC (a
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) Organic carbon content (Corg; Hennekam et al.,, 2014). (b) The total pollen and spores

accumulation rate (AR), with an inset zooming in on the pre-sapropel phase. Relative abundances of total trees (dark green) and Pinus (light green) (c), Quercus (d), warm trees (Olea,
Pistacia, Celtis, Carpinus, Fraxinus ornus, Pterocarya) (e), total herbs (red) and Chenopodiaceae (f), Liguliflorae (g), Ephedra fragilis type (h), Poaceae (i), Rumex acetosella type (j), total
fern spores (k) and total aquatics/littoral (1). Rarefaction diversity (m). Grey zones indicate the two sapropel phases S1a and S1b, respectively. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Overview of different paleoenvironmental parameters, CaCOs content, total pollen and spores and dinocyst accumulation rates (ARs) of core PSO09PC (a) Organic carbon
content (Corg). (b) 3"80uper (Hennekam et al., 2014). (c) The total pollen and spores AR. (d) The total dinocyst AR (black) and the AR of protoeridinioid cysts (blue) (e.g., Zonneveld
etal., 2001). (e) CaCO3 (%). (f) Sea surface temperature reconstructions based on UX'3; and TEXgg for GeoB 7702-3 (Castaneda et al., 2010). (g) June—July—August insolation at 30°N
(Laskar et al., 2004). (h) Red Sea relative sea level record (Grant et al., 2012). Grey zones indicate the two sapropel phases S1a and S1b, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

marine productivity by introducing additional land-derived nutri-
ents from flooded shelves. Compared to the present-day produc-
tivity estimates as derived from dinocyst AR in proximity of the
studied core location (Elshanawany et al., 2010), productivity was at
least double compared to nowadays, prior to sapropel deposition.

The brief, but noteworthy decrease in the total dinocyst AR
between 10.3 and 10 cal. ka BP coincides with a 0.7%o increase in
3'80uper (Hennekam et al., 2014; Fig. 4b), which may indicate
temporary decreased Nile discharge and, by inference, increased
SSS.

The pre-S1 pollen assemblages are typical for a savanna-like
ecosystem dominated by herbs, e.g., Asteraceae subf. Liguliflorae,
Poaceae, and significant amounts of Ephedra characteristic for
warm and arid regions (Van Campo, 1984; Boessenkool et al., 2001;
Langgut et al., 2011). The increase in the total pollen and spores AR
at 10.5 cal. ka BP lags the increase in marine productivity by a few
centuries, suggesting that increased sediment input (carrying pol-
len) was initially accommodated in the Nile delta (Fig. 1b). This
would have led to expansion of coastal habitat and brackish marsh
environments. A relative increase in Chenopodiaceae pollen, typical
for dry levees or salt flats (Kholeif and Mudie, 2009; Scott et al.,
2014), supports such expansion of tidally influenced brackish
habitat in the Nile delta. The brief decrease observed in the total
dinocyst AR, between 10.3 and 10 cal. ka BP, is not observed in the
total pollen and spores AR. This may have been caused by a rela-
tively brief period of delta progradation and vegetation expansion
due to increased Nile sediment discharge in a phase that is gener-
ally dominated by marine transgression (Stanley and Warne, 1993;
Kholeif and Mudie, 2009).

4.2. Sapropel: ~10.1-6.5 cal. ka BP

A maximum in the total dinocyst and biogenic CaCO3 content,
indicative of maximum marine productivity, is reached at the onset
of sapropel formation, i.e.,, at 10 cal. ka BP. This productivity
maximum lasts for about three centuries and coincides with
maximum summer insolation at 30°N (Laskar et al., 2004; Fig. 4h)
and a depleted 3'80uper Of approximately —1.3%o, related to the

highest Nile activity and inferred lowest SSS values for the entire
Holocene (Fontugne et al., 1994; Almogi-Labin et al., 2009). This
scenario is further supported by synchronous maximum values in
the Ba/Cayyper (Weldeab et al., 2014), and independent indicator of
maximum Nile discharge, obtained from a core in a nearby location.
The maximum in the dinocyst AR mainly results from peaks of L.
machaerophorum, cysts of P. dalei and heterotrophic proto-
peridinioids. High occurrences of L. machaerophorum have been
found in eutrophic areas under the influence of river plumes
(Sangiorgi and Donders, 2004; Sangiorgi et al., 2005; Zonneveld
et al., 2009), in areas where (seasonal) stratification occurs.
P. dalei is a cosmopolitan euryhaline species (Zonneveld et al.,
2013). A recent study on eutrophication trends in the Mediterra-
nean Sea reveals that production of cysts of P. dalei increases when
upper water column phosphate concentrations increase
(Zonneveld et al., 2012). The large peak in the AR of both species,
recorded at the onset of sapropel deposition, therefore suggests a
rapid shift, within a century, towards nutrient-rich, (seasonally)
highly stratified surface waters. In this view, the sudden rapid in-
crease in Corg could be explained in terms of enhanced preservation
of organic matter, as bottom water ventilation most probably
reduced due to freshwater stratification. However, given the
different trends in the ARs of dinocysts, all with different sensitivity
to oxygenation (Zonneveld et al, 1997, 2001; Versteegh and
Zonneveld, 2002), we conclude that stratification-induced preser-
vation alone was not sufficient to account for the early stages of
sapropel S1 deposition. Moreover, sluggish circulation and water
stratification also promotes the accumulation and availability of
regenerated nutrients (e.g., Slomp et al., 2002), which in turn
positively feedback on productivity.

The comparable increase in the relative abundance of hetero-
trophic protoperidinioids (Fig. 2c) during S1a and S1b suggests a
mixed signal of both enhanced marine productivity and improved
preservation (Zonneveld et al, 1997, 2001; Versteegh and
Zonneveld, 2002). S1a has a much higher total dinocyst AR and
CaCOs content, together with rather elevated protoperidinioid ARs,
than S1b. We infer that at least for the first half of unit S1a, marine
productivity worked in tandem with preservation. During sapropel
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interruption and deposition of unit S1b the dinocyst ARs, including
that of protoperidinioids, and CaCO3 content are much lower,
potentially implying lower productivity than during S1a. Corg and
the relative abundance of the redox sensitive element vanadium
(Hennekam et al., 2014), which gets enriched during anoxia, remain
initially high in S1b. We infer that, during deposition of S1b, either
other organisms became more important than dinoflagellates and
calcareous plankton for primary productivity, that preservation of
organic matter dominated over the productivity signal, or a com-
bination of both.

Total pollen and spores ARs seem to be closely associated with
Corg, which may lead to the conclusion that their occurrence is
purely the result of preservation as previously suggested by
terrestrial palynological studies in the same region (e.g., Cheddadi
and Rossignol-Strick, 1995; Langgut et al., 2011). However, a mild
oxidation (acetolysis; Erdtman, 1960) is occasionally used in pollen
preparation. Experiments on processing (with and without ace-
tolysis), and pollen grazing by marine microorganisms show some
but no significant alteration of pollen preservation (Mudie and
McCarthy, 2006). The gradual change in pollen assemblages and
absence of signs of selective or partial decomposition of terrestrial
palynomorphs, which may be the result of the high sedimentation
rates in this region, suggest that, besides enhanced preservation of
pollen and spores, other processes, i.e., enhanced vegetation cover
(pollen production), increased transport (eolian, but predomi-
nantly riverine pollen transport), and geomorphological changes
in the Nile delta, have played a significant role. The geo-
morphology of the Nile delta during the studied period was
mainly influenced by long-term marine transgression up to
~8 cal. ka BP (Stanley and Warne, 1993; Butzer, 2002). Hence, no
abrupt changes that might explain the abrupt shift in the pollen
AR occurred. An increase in pollen production is expected to have
occurred as vegetation cover gradually increased during the
“Green Sahara” period (e.g., Claussen and Gayler, 1997), but this
again cannot explain the recorded rapid changes. The final option
would then be increased transport. We suggest that due to the
rapid development of stratification and coinciding sluggish circu-
lation, the freshwater plume of the Nile expanded across the
Eastern Mediterranean surface waters. The extension of the
freshwater plume would then have transported pollen and spores
much further away from the Nile outflow. Based on the previously
discussed depleted 3180, yper and related inflow of Nile freshwater,
this likely explains part of the rapid and large increase in the
pollen AR at sapropel S1 onset.

The pollen assemblages show that during sapropel deposition
the terrestrial hinterland, i.e., river plain of the Nile, developed from
semi-arid savanna to open woodlands, exhibited by decreasing
herb pollen and increasing tree pollen, which is consistent with a
more direct Nile-derived signal. Further supported by somewhat
higher taxa richness during S1a, indicating a higher proportion of
river transported pollen. Our observations are in agreement with
Langgut et al. (2011), who show that this trend started well before
sapropel formation. The relatively high abundance, during S1a, of
Rumex acetosella type is often attributed to human influence (e.g.,
Tinner et al., 2009), but predates large-scale ancient Egyptian and
Middle Eastern agricultural practice. However, in this region it is
consistent with natural semi-open woodland with patches of
grassland and herbs where R. acetosella type typically occupies
floodplains and moist soils, supporting increased Nile influence.
The gradually increased Pinus pollen and decreased rarefaction
diversity during S1b are indicative for increased distance of the core
site to the coast due to sea level rise and a relatively gradual drying
of the continent, in line with decreasing summer insolation
(Fig. 4h), promoting a southward shift of the Intertropical Conver-
gence Zone (ITCZ).

4.3. Post-sapropel: 6.5—5 ka BP

After sapropel termination marine primary productivity gener-
ally reaches minimum values for the studied record, as reflected by
low dinocyst and biogenic CaCOs content. Beside low marine pro-
ductivity, this interval is characterized by a reduced extension of
the freshwater plume as suggested by low ARs of
L. machaerophorum and cysts of P. dalei and by low transport of
pollen and spores to the studied site. Low productivity and low
preservation are expressed in the low Cq g content. The ITCZ shifts
back to a more southern position, which leads to the termination of
the African Humid Period and its relatively rich vegetation (Gasse
et al,, 2000; Renssen et al.,, 2003), gradually causing decreased
pollen production and drier conditions.

Notably, this interval is characterized by an increase in the AR of
Operculodinium israelianum, which, at present, dominates (sub)
tropical regions, with well-ventilated bottom waters and relatively
high SSS (Bradford and Wall, 1984; Zonneveld et al., 2013). Condi-
tions similar to present-day Eastern Mediterranean were estab-
lished. The relatively high abundances of spores and aquatic pollen
types, based on three samples for the studied interval after the
sapropel termination (6.5—5 cal. ka BP; Fig. 3k, 1) typically point to a
disturbed, erosional signal, potentially linked to human activity,
e.g., deforestation.

5. Conclusions

A marine and terrestrial palynological approach was employed
within a multi-proxy study on a core collected in a region of the
eastern Mediterranean under strong influence of Nile discharge, in
order to understand the roles of productivity and preservation in
sapropel S1 formation and their leads and lags. We found that
marine productivity, as derived from dinocyst ARs and CaCOs
content, started to increase ~1 ka prior to the onset of sapropel S1 at
10.8 cal. ka BP. Such increase in productivity is due to enhanced
nutrient input. Nutrients were partly derived from increased Nile
River discharge, as inferred from a coinciding decrease in 380 uber,
and from flooded shelves during marine transgression and subse-
quent expansion of the coastal marsh habitat as indicated by an
increase in Chenopodiaceae pollen. Additionally, shoaling of the
nutricline may have played a role.

At sapropel onset, high ARs of L. machaerophorum and cysts of
P. dalei, suggest maximum Nile discharge, which resulted in (sea-
sonal) stratification of surface waters, occurring at a maximum in
the Northern Hemisphere summer insolation. Persistent stratifi-
cation led to reduce or shutdown bottom water ventilation, pro-
moting enhanced carbon sequestration at the sediment—water
interface, within one century. We suggest that the abrupt increase
in the total pollen and spores AR at sapropel onset, partly favoured
by better preservation, is mostly the result of increased surface
transport, which is most consistent with a slowdown in the water
circulation and greater extension of the freshwater plume of the
Nile. Pollen assemblages exhibit a gradual shift from a savanna-like
ecosystem to moist open woodland during sapropel deposition,
fitting the long-term trend.

In conclusion, a combination of high marine productivity and
stratification-induced preservation were critical for triggering
sapropel formation with marine productivity playing a leading role
for at least the first three centuries after sapropel deposition. Ma-
rine productivity seems to have played a secondary role during the
remainder of sapropel formation. Pollen assemblages in S1b and
after the sapropel (up to ~5 cal. ka BP) are indicative of aridification
and disturbance of the natural landscape, while dinocyst assem-
blages after sapropel termination point to environmental condi-
tions comparable with the present-day situation.
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