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Abstract The Messinian Salinity Crisis (MSC; 5.97–5.33 Ma) is an enigmatic episode of

paleoceanographic change, when kilometer‐thick evaporite units were deposited in the Mediterranean

basin. Here we use geochemical (biomarker and isotope) data to reconstruct sea surface temperature,

salinity, and productivity‐preservation changes in the Mediterranean basin just before the MSC. The proxy

data indicate that the Mediterranean Sea was significantly saltier and colder between 6.415 and 6.151 Ma,

than between 6.151 and 5.971 Ma. Salinity decrease at 6.151 Ma seems to be a relatively fast event just

preceding the inception of a warming phase that lasted almost uninterrupted until the MSC onset. The water

exchange with the Paratethys could have caused, along with the African rivers, an increased freshwater

supply, resulting in normal marine Mediterranean waters between 6.151 and 5.971 Ma, despite the severe

restriction of marine connections with the Atlantic at that time. Sea surface temperature changes

determined a sharp drop in productivity and/or preservation of organic matter, marked by deposition of

calcareous marls. Productivity and preservation were relatively high and constant until 6.01 Ma. Afterward,

increased influx of terrestrial organic matter and probably enhanced water column stratification prevailed.

Around 5.971 Ma, modifications in aquatic versus terrestrially derived biomarkers indicate changes in

organic matter influx at the MSC onset.

Plain Language Summary More than five million years ago, the Mediterranean Sea underwent

astonishing changes in its hydrological budget leading to the formation of hypersaline water bodies and

the deposition of a more than 1,000‐m salt giant. The way toward the hypersaline conditions of the

Messinian Salinity Crisis (5.97–5.33 Ma) was marked by gradual closure of Mediterranean oceanic seaways.

Data reveal that the Mediterranean Sea was 8‰ saltier and, in average, 1.2 °C colder between 6.415 and

6.151 Ma, than between 6.151 and 5.971 Ma. At 6.151 Ma, a salinity decrease from 47‰ toward normal

marine of 39‰was a fast event just preceding the inception of a warming lasting almost uninterrupted until

the Messinian Salinity Crisis onset.

1. Introduction

At the end of the Miocene, the Mediterranean Sea underwent astonishing changes in the long‐term hydro-

logical cycle leading to the formation of hypersaline water bodies and the deposition of a salt giant (>1,000m

thick; Ryan, 2009). This event, called the Messinian Salinity Crisis (MSC; 5.97–5.33 Ma), resulted from the

restriction of the Mediterranean's connections with the Atlantic Ocean to the west and the freshwater

Paratethys basins in the northeast (Figure 1; Krijgsman et al., 1999). Multidisciplinary studies have led to

a three‐stage model for the MSC, with gypsum precipitation in shallow subbasins during stage 1

(5.97–5.6 Ma), halite precipitation in the deepest depocenters during stage 2 (5.6–5.55 Ma), and large‐scale
©2019. American Geophysical Union.
All Rights Reserved.
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environmental fluctuations that transformed the Mediterranean into a brackish‐water domain during stage

3 (5.55–5.33 Ma; Roveri et al., 2014).

The original definition of the MSC referred to a marked environmental change at the base of the Tripoli dia-

tomite formation close to Tortonian/Messinian boundary (Selli, 1960). Restricted environmental conditions

started well before MSC, as has long been known from deposition of diatomites and black shales and asso-

ciated faunal and isotopic changes in the earlyMessinian (e.g., Cita, 1976). Causal mechanisms in the restric-

tion history of the Mediterranean were tectonic movements due to the gradual closure of the Betic (7.2 Ma;

Flecker et al., 2015), South Rif (6.64–6.44Ma; Ivanovic et al., 2013), and North Rif marine corridors (7.35Ma;

Tulbure et al., 2017; or before 6.1 Ma; Achalhi et al., 2016). Salinity increase preceding the MSC was difficult

to prove, but it has been inferred to start as early as ~6.8–6.7 Ma in surface waters (e.g., Bellanca et al., 2001;

Santarelli et al., 1998) and perhaps even as early as 7.167 Ma in the bottom‐water environments of the dee-

pest Mediterranean basins (e.g., Kouwenhoven et al., 2003). Rapidly changing surface‐water paleoenviron-

ments, leading to oligotypic assemblages, scarcity of calcareous nannofossils, and eventually to a‐planktonic

zones in foraminifera record, may in part be explained by periodically enhanced salinity (Kouwenhoven &

van der Zwaan, 2006). Finally, astronomical tuning of the pre‐evaporitic succession showed that the MSC

onset was synchronous throughout the Mediterranean (e.g., Krijgsman et al., 1999; Manzi et al., 2018;

Meilijson et al., 2018). However, the salinity changes accompanying the way into the MSC are still under

debate. Decreasing abundances of Mediterranean planktonic assemblages and a trend toward low diversity

are attributed to increasingly adverse conditions of the surface waters preceding the onset of the MSC. These

adverse conditions are to be related to oxygenation of water column and salinity, the latter being constrained

only by the ~50 g/L the upper tolerance limit of foraminifera (Flecker et al., 2015). This contribution is

intended to understand how warm, salty, and prolific for marine life the Eastern Mediterranean basin was

just before the onset of the MSC.

In the past decade, several studies focused on understanding the evolution of the Late Miocene

Mediterranean‐Atlantic gateways and their regional and global impacts (e.g., Flecker et al., 2015;

Marzocchi et al., 2015; Simon et al., 2017; Simon & Meijer, 2017). It was shown that the

Mediterranean's hydrologic budget is controlled by both the efficiency of the gateway(s) and net evapora-

tion over the Mediterranean (Flecker et al., 2015). A relatively wide corridor of 15 km would still need to

shallow by at least 20 m to raise the basin salinity from present‐day values to about 50 g/L (Simon et al.,

2017). The next logical step would require that the modeling experiments are supported by quantitative

Figure 1. Location of Kalamaki (KAL) section. Modern sea surface temperatures are shown according to the World Ocean Atlas (NOOA, 2005). MDC and PSS
denote the locations of Monte dei Corvi (Italy) and Pissouri south (Cyprus) sections, respectively. The former Mediterranean and Paratethys domains are out-
lined. MSC = Messinian Salinity Crisis.
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proxy data. Progresses in the application of organic geochemistry‐based proxies offer novel tools for unra-

veling fundamental paleoenvironmental parameters. However, only a limited number of studies have

used organic geochemistry proxies for the pre‐MSC and MSC intervals (Sinninghe Damsté et al., 1995;

Andersen et al., 2001; Tzanova et al., 2015; Herbert et al., 2016; Mayser et al., 2017; Natalicchio et al.,

2017; Vasiliev et al., 2017).

Late Miocene sea surface temperature (SST) records are sparse, and only one deals with the Mediterranean

(Tzanova et al., 2015). Foraminifera stable oxygen isotope and Mg/Ca proxies suffer from biases (preserva-

tion, diagenesis, and salinity) in the Mediterranean realm, which render them insufficient for SST recon-

structions (Antonarakou, Kontakiotis, Zarkogiannis, et al., 2018, Antonarakou, Kontakiotis, Vasilatos,

et al., 2018; Kontakiotis et al., 2011, Kontakiotis, Mortyn, et al., 2016, Kontakiotis et al., 2017). Alkenone

paleothermometry (UK′
37‐index‐based SST) appears more suitable/less biased in the Mediterranean Sea

(Herbert et al., 2016) although those alkenones were produced by extinct species of haptophytes

(Athanasiou et al., 2017; Herbert et al., 2015; Tzanova et al., 2015).

Here we present the first record of alkenone‐derived SST in the eastern Mediterranean Sea for the time

interval preceding the MSC onset (6.45–5.97 Ma). Our UK′
37‐based SSTs extend the UK′

37‐SST data set

from the Monte dei Corvi section (Figure 1; 13.0–6.4 Ma; Tzanova et al., 2015). We further use the

alkenone‐based SST in conjunction with available δ18O planktonic foraminiferal data (Karakitsios,

Cornée, et al., 2017; Karakitsios, Roveri, et al., 2017) to reconstruct sea surface salinity (SSS).

Abundances of lipid biomarkers from primarily planktonic sources (alkenones, sterols, diols, ketols,

and archaeol) and higher plant waxes (long chain n‐alkanes) are used to describe variations in algal

production (and preservation) and the continentally derived, organic matter supply. The data are dis-

cussed in view of the available paleoenvironmental studies (e.g., Flecker et al., 2015; Herbert et al.,

2016; Mayser et al., 2017; Moissette et al., 2018; Tzanova et al., 2015) pinning down the paleoenvironmen-

tal conditions prevailing in the eastern Mediterranean Sea just before the MSC. This research delivers the

first reconstructed SST and SSS estimates to be used for validating models of the Mediterranean Sea water

(ex)changes during the MSC onset.

2. Geological Setting and Chronostratigraphic Framework

The study focused on Kalamaki section located on Zakynthos Island (37°44011.95″N, 20°54013.14″E;

Figures 1 and 2). Early Miocene‐Late Pleistocene deposits are exposed along the sections created by the

NW‐SE reverse faulting (Underhill, 1989). Kalamaki section has been subject to dating using planktonic for-

aminifera and calcareous nannoplankton bioevents coupled to magnetostratigraphy and astronomical tun-

ing (Figures 3 and 4; Karakitsios, Cornée, et al., 2017; Karakitsios, Roveri, et al., 2017). The pre‐MSC

Kalamaki is a 22.23‐m‐long section (6.457–5.97 Ma) shortly overlapping with the MSC (up to 22.7 m;

~5.965 Ma). The section starts with calcareous marls and continues with alternations of laminated and mas-

sive marls (0–9 m; 6.457–6.128 Ma). The middle part of the section (9–14.7 m; 6.128–6.01 Ma) consists of

laminated marls (9–11.5 m), followed by massive marls (11.5–14.7 m), including three calcareous marl beds

and a thin laminated layered at ~12.8 m. The upper part of the section (14.7–22.23 m; 6.01–5.97 Ma) starts

with a slump interval up to 17.7 m and is followed by massive marls with carbonate lenses. The uppermost

age boundary of the section is at ~5.965 Ma assuming that the first gypsum (at 22.23 m) is the first evaporite,

marking the MSC onset (5.971 Ma; Manzi et al., 2013).

Based on these well‐dated intervals, we estimated the ages of the used samples (Tables S1 and S2). The ages

of the samples located close to or at bioevents are well constrained, whereas those in‐between are estimated

assuming a constant accumulation rate for the interval bracketed by the well‐dated bioevents (Karakitsios,

Cornée, et al., 2017; Karakitsios, Roveri, et al., 2017). The accumulation rate was different in the three parts

of the section (Figure 3). In particular, the accumulation rate was 28 cm/kyr in the lower part (0–9 m; 6.457–

6.128 Ma), increased by more than 50% in the middle part (9–14.7 m; 6.128–6.01 Ma) reaching 44.5 cm/kyr,

and then further to 209.5 cm/kyr in the upper part (14.7–22.23 m; 6.01–5.971 Ma). We favor the hypothesis

that the slump interval (4‐m thickness) represents a short‐time event and subtracting it makes the accumu-

lation rate in the order of 100 cm/kyr, a value that is more than twice the sedimentation rate of the under-

lying interval, which seems possible.
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3. Experimental Methods

3.1. Lipid Extraction, Separation, and Analyses

Lipid analyses were performed at the Laboratory of Oceanography and Climate, Université Pierre et Marie

Curie, Paris and at the Hellenic Centre for Marine Research (Greece). In total, 29 rock samples were dried

and crushed to a fine powder. Lipids were then extracted by ultrasonication (three times) using a solvent

mixture of dichloromethane/methanol (4:1, v/v). The resulting total lipid extracs were separated into hydro-

carbon, ketone, and alcohol/sterol fractions by open silica gel (500 mg) column chromatography with sol-

vent mixtures of increasing polarity (hexane, hexane/ethyl acetate [95:5, v/v] plus, hexane/ethyl acetate

[1:1], and hexane/ethyl acetate [70:30, v/v], respectively). All fractions were analyzed by gas chromatography

(GC) on a gas chromatograph (Agilent 6890 Plus) equipped with a flame ionization detector and fitted with a

fused silica capillary column (DB‐5MS, 30 m, i.d.: 0.32 mm, film thickness = 0.25 μm) with helium as carrier

gas at 1.2 ml/min. The GC oven temperature program was 60–160 °C at a rate of 25 °C/min, then raised to

310 °C at a rate of 2 °C/min, and held at 310 °C for 10 min. The on‐column injector operated at the oven‐

track mode of temperature, and the detector temperature was set to 320 °C. Alcohols/sterols were deriva-

tized with N,O‐bis (trimethylsilyl) trifluoracetamide to form trimethylsilyl ethers prior to GC analyses. For

the fractions containing long‐chain alkenones, a fused columnwas used (CPSil5CB, 50 m, i.d.: 0.32 mm, film

thickness = 0.25 μm) in order to achieve good separation of the target compounds (C37:3 and C37:2 alke-

nones). Lipid fractions were also analyzed through GC‐mass spectrometry (GC‐MS; Agilent 6890 GC

coupled to Agilent 5973 N MSD, ionization energy = 70 eV, scanning mass range = m/z 50–800 at 3

scans/s, same capillary column and oven temperature program) in order to confirm the identity of individual

compounds. The identification of lipids was achieved by interpretation of their mass spectra and comparison

Figure 2. Geological map of Zakynthos Island and onshore Zakynthos section (modified after Karakitsios, Roveri, et al.,
2017). Boreholes: Z1 (Zakynthos‐1); Z2 (Zakynthos‐2), Z3 (Zakynthos‐3); LA1 (Laganas‐1); KB101 (Keri‐well), AK1 (Agios
Kyrikos‐1), KY1 (Kypseli‐1) were used for correlation and structural control of the area.
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with literature data. Quantification was based on the GC‐FID response relative to known amounts of

internal standards (perdeuterated n‐tetracosane, androstanol, and n‐hexatriacontane).

3.2. Temperature Estimates Based on Alkenones

We used alkenones as a SST proxy, based on the assumption that the Reticulofenestra spp, found throughout

the Kalamaki pre‐MSC section (Karakitsios, Cornée, et al., 2017; Karakitsios, Roveri, et al., 2017) is the most

probable alkenones producer (Athanasiou et al., 2017; Beltran et al., 2007, 2011) (Figure 4).

SST estimates were based on the degree of unsaturation of C37 alkenones (U
K′
37), which is primarily a func-

tion of temperature (Müller et al., 1998), by monitoring the ratio between the di‐ and tri‐unsaturated alke-

nones, according to UK′
37 = C37:2/(C37:2 + C37:3). We used the transfer function UK′

37 = 0.033 T

[°C] + 0.044 (±1 °C), based on a global core‐top calibration of Müller et al. (1998). SST differences between

replicate analyses were lower than 0.6 °C.

3.3. Estimates of SSS

Foraminiferal δ18O is a function of temperature and surface water δ18O (δ18OSW), which depends on ice

volume and salinity. Here we used the Turborotalita multiloba and Orbulina universa δ18O record of the

Kalamaki pre‐MSC section (Karakitsios, Cornée, et al., 2017; Karakitsios, Roveri, et al., 2017). To isolate

the δ18OSW, we removed the T‐driven component using the O. universa (δ18OC) low‐light paleotemperature

equation of Bemis et al. (1998), T= 16.5–4.80 * (δ18OC – [δ18OSW− 0.27‰]), error ± 0.7 °C, and corrected for

the global ice volume component using the sea level curve ofMiller et al. (2011). The Bemis et al. (1998) equa-

tion has been calibrated down to 15 °C, within a temperature range similar to that of the Messinian period.

Moreover, the used equation has been considered as the most accurate paleotemperature equations for esti-

mating SST (including the Late Miocene) for symbiotic foraminifera in (sub)tropical settings (Farmer et al.,

Figure 3. Accumulation rates for Kalamaki pre‐Messinian Salinity Crisis section. The schematic lithological in on the
right‐hand side. The calculation had bioevents as time set points. The bioevents are placed in the figure 4 in the strati-
graphic column. The differing accumulation rates are indicated with different colors, also used for plotting the total
organic carbon values from intervals with different accumulation rates in Figure 5. APTS = astronomically dated polarity
timescale.

10.1029/2018PA003438Paleoceanography and Paleoclimatology

VASILIEV ET AL. 186



2007; Williams et al., 2005). The sea level data were converted into mean ocean δ18O changes applying a

0.008‰ increase per meter of sea level lowering (Schrag et al., 2002) and were then subtracted from the

δ18OSW profile to obtain the regional ice volume‐free δ18OSW (δ18OIVF‐SW), which were considered to

approximate local variations in salinity. The full error propagation on calculated δ18OSW values suggested

uncertainties of ∼0.31‰, in accordance with similar errors (±0.30 ‰) reported for the δ18OSW residuals

during previous paleosalinity reconstructions (Antonarakou et al., 2015; Kallel et al., 1997; Rohling, 2007;

Schmidt, 1999; Schmidt & Lynch‐Stieglitz, 2011). Absolute errors in δ18OIVF‐SW were considered

insignificant for the late Miocene, since changes in global ice volume were small (Williams et al., 2005).

Lacking an estimate for the slope of the δ18Osw‐salinity relationship for the late Miocene, we used the

modern δ18Osw‐salinity relationship (1‰ change in local salinity results in 0.41‰ change in local δ18Osw)

for the Mediterranean Sea (Kallel et al., 1997) to convert the δ18O anomaly to absolute SSS values.

There are two possible sources of error: (1) the seasonal effects on the isotopic and temperature signals due to

growth and habitat differences between the foraminifera and the coccolithophores, respectively, and (2) the

inherent error in assuming a constant δ18Osw‐salinity relationship and normalizing to modern conditions.

Especially, in the late Miocene eastern Mediterranean setting with strong evaporation and/or freshwater

inputs, a constant δ18Osw‐salinity relationship was possibly not true. In accordance with the observations

of Rohling et al. (2004), we note that there is no correction for vital effect offsets in this study, because of

(a) the absence of relevant values for specimens originating from the Mediterranean Sea and (b) the

Figure 4. Sea surface temperature (SST) and alkenone data on Kalamaki section from the pre‐Messinian Salinity Crisis (MSC) interval. TheMediterranean Sea SST
was estimated using UK

37. The C37/C38 alkenones ratio, and carbon preference indices (CPIs) are presented. Remark the reverse scales for C37/C38 alkenones
ratio and CPI. The new data are presented next to the δ18Obulk and δ

18Oforaminifera and principal foraminifer's relative contribution as reported in Karakitsios,
Roveri, et al. (2017). The numbers 1, 2, 3, 3a, 4, 5, 6, 7, 8, and 9 represent the foraminifera bioevents as in Karakitsios, Roveri, et al. (2017): (1) FAO Turborotalita

multiloba; (2) FAO dextral Neogloboquadrina acostaensis; (3) Globorotalia scitula influx; (4) Neogloboquadrina acostaensis dominance sinistral; (5) Turborotalita
multiloba influx; (6)G. scitula influx; (7) dominanceN. acostaensis sinistral; (8) last abundant influx T. multiloba; (9) HO planktonic foraminifera. In the right‐hand
side is the astronomical insolation summer curve of Laskar et al. (2004), the δ18O of Ain al Beida reference section (Van der Laan et al., 2005), and the astro-
nomically dated polarity time scale (Lourens et al., 2004). For clarity gray numbers next data point indicate ages in Ma.
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extensive genetic differentiation within planktonic foraminiferal morphospecies during the Neogene.

Species‐specific offsets are particularly difficult to estimate for species with broad vertical habitat ranges

and/or species for which no culture data are available (Spero & Lea, 1996). As a further illustration of

this, for T. multiloba there is no oxygen isotopic disequilibrium values known, due to the fact that this

species merely lived in a short time interval during the Late Miocene. Even for its modern ecological

morphotype (T. quinqueloba) several works (Pados et al., 2015; Simstich et al., 2003; Volkmann &

Mensch, 2001) recorded a highly scattered and regionally distributed magnitude (−1.1‰ in the Nordic

Seas, −1.3‰ in the Fraim Strait and Laptev Sea‐northern Siberia, −3.7‰ in the Arctic Ocean). We also

highlight that all these values come from different settings beyond the study area and therefore are

reported as extra‐Mediterranean vital effects. Moreover, the calcification of O. universa, which includes a

number of cryptic species (Morard et al., 2009), can occur under varying environmental and physiological

conditions (e.g., symbiont photosynthetic rates) as a foraminifer matures and slowly floats across different

depths in its photic zone habitat range (0–100 m; Farmer et al., 2007), resulting in variable (positive to

negative; +0.33 to −0.19‰; Bemis et al., 1998; Erez & Luz, 1983; Ortiz et al., 1996) vital effects. In view of

all these uncertainties, it is more sensible to work with actually measured values than values derived from

a potentially erroneous correction and therefore refrain from doing such a correction.

3.4. C37/C38 Alkenone Ratio

Each sample contained long‐chain C37 and C38 alkenones in variable amounts. To monitor the changes in

the alkenone producers, the C37/C38 ratio was calculated as the ratio between the areas under the respective

chromatogram peaks (Figure 5).

Figure 5. Biomarker data and total organic carbon (TOC) on Kalamaki section from the pre‐Messinian Salinity Crisis interval. The new data are presented next to
δ
13Cbulk and δ

13Cforaminifera and principal calcareous nannoplankton groups as in Karakitsios, Roveri, et al. (2017). TOCs in % are plotted with different colors to
mark the intervals with different sedimentation rates (see Figure 3). The values of the biomarkers are in ng/g and plotted on logarithmic scale. See also figure
captions 4. Principal nannofossils relative contribution (Helicosphaera carteri, Calcidiscus leptoporus, Umbilicosphaera jafari, Reticulofenestra spp., and
Amaurolithus tricorniculatus) as reported in Karakitsios, Roveri, et al. (2017) is plotted.

10.1029/2018PA003438Paleoceanography and Paleoclimatology

VASILIEV ET AL. 188



3.5. CPI and ACL

The samples contained long‐chain (C24‐C35) n‐alkanes with a distinct odd over even predominance in chain

length. The degree of oddity (carbon preference index [CPI], Bray & Evans, 1961, and average chain length

[ACL], modified from Poynter & Eglinton, 1990) are expressed as follows:

CPI ¼ 0:5×
A25þ A27þ A29þ A31þ A33

A24þ A26þ A28þ A30þ A32
þ
A25þ A27þ A29þ A31þ A33

A26þ A28þ A30þ A32þ A34

� �

;

ACL ¼
25×A25þ 27×A27þ 29×A29þ 31×A31þ 33×A33

A25þ A27þ A29þ A31þ A33
;

where A represents the area under the chromatogram peak for the respective individual n‐alkane.

3.6. Total Organic Carbon

To determine the total organic carbon (TOC) content, 96 samples were analyzed at the Hydrocarbons

Chemistry and Technology research unit of the Technical University of Crete. The samples were powdered

and sieved through a 60‐mesh (250 μm) sieve, and ~100 mg of each pulverized sample were heated in a

helium atmosphere using an oven. A Rock‐Eval II (Delsi Inc.) analyzer was used to measure the TOC con-

tent (wt%) under standard conditions (Lafargue et al., 1998; Figure 5).

4. Results

4.1. Pre‐MSC SST

UK′
37 varies between 0.71 and 0.89, corresponding to an SST range between 20.1 and 25.7 °C (mean 23.6 °C),

indicating more than 5 °C variation in the 22.23 m of section that covers 0.5 Myr (6.42 to 5.971 Ma; Figure 4

and Table S1). Three warmer intervals, with SST values higher than 23.5 °C, are distinguished: (1) between

6.337 and 6.295 Ma (2.75–3.75 m), (2) between 6.1 and 6.062 Ma (9.6–11.33 m), and (3) between ~6.01 Ma

and the MSC onset (18.7–20.57 m). Colder peaks, with SST values less than 23.5 °C, are also noticed. The

lowest temperature (20.1 °C) occurred at 6.373 Ma (1.95 m). Lower temperatures averaging around

22.6 °C and with a minimum of 21.9 °C are recorded between 6.269 and 6.151 Ma (4.6 and 8.55 m). This per-

iod is interrupted by a short warm event with 24.3 °C recorded at 6.223 Ma (6.15 m). Colder peaks are also

recorded at 6.045 Ma (12.5 m) with 22.5 °C and at 5.971Ma (22.11 m) with 21.2 °C. The temperature between

~6.01 and 5.983 Ma (13.1 and 18.16 m), covering the slumping interval, records constant values

of 23.8 ± 0.2 °C.

4.2. Pre‐MSC SSS

SSS ranges from 35.87‰ to 47.90‰ (Figure 6) along the pre‐evaporitic sequence of Kalamaki section. SSS

exceeds 40‰ between 6.457 and 6.151 Ma (0–8.55 m) reflecting a hypersaline water column. Following this

salty interval, salinity decreases by ∼2‰ on average and fluctuates between minimum (35.9–38.3‰) and

maximum (39.5–41.2‰) values. Around 5.977 Ma, we observe a sharp and abrupt SSS increase from

35.9‰ to 41.5‰.

4.3. TOC

The TOC content varies between 1.31% and 0.15% (average = 0.56%; Figure 5). The largest TOC variation,

1.11%, is recorded between 0 and 9 m (6.457–6.128 Ma; TOC values between 1.31% and 0.2%). The TOC is

lower in the massive marls and carbonate‐rich beds, and higher contents characterize in the laminated

marls. In the upper part of the section, above the slump interval up to the MSC onset, TOC shows small

variation (Figure 5).

4.4. Biomarker as Tracers of Marine and Terrestrial Inputs of Organic Matter

4.4.1. Biomarkers of Marine Origin

4.4.1.1. Alkenones

Six individual C37 and C38 alkenones were detected in all samples: heptatriacontatrien‐2‐one,

heptatriacontadien‐2‐one, octatriacontadien‐3‐one, octatriacontadien‐2‐one, octatriacontatrien‐3‐one, and

octatriacontatrien‐2‐one. Their total sum (C37‐C38 alkenone) indicates that alkenone‐producing algae were

important producers for the autochthonous organic matter in the eastern Mediterranean surface waters

before the MSC. In Kalamaki the concentrations vary from 54 to 1,703 ng/g (average = 611 ng/g;
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Figures 4 and 5 and Table S1). Four levels show remarkably low values (<150 ng/g) at 0.8, 9, 16, and 22.11 m

(6.424, 6.128, 6.025, and 5.971 Ma, respectively). Low concentrations typify carbonate beds and massive

marls. Conversely, higher contents were measured in laminated marls. Higher alkenone concentrations

are found in the lower part of Kalamaki section (average = 811 ng/g), with an increasing trend from

147 ng/g (0.8 m) to 1,703 ng/g (7.2 m). A sharp decrease follows down to a minimum of 80 ng/g (9 m). An

increasing trend up to 1,411 ng/g is observed until 11.35 m, followed by a generally decreasing trend to

605 ng/g at 14.3 m. The rest of the section shows low concentration of alkenones, averaging around 301 ng/g.

The C37/C38 alkenone ratio varies between 0.54 and 0.97 (Table S1; Figure 4). The C37/C38 alkenone ratio

(plotted in reverse order) closely mimics the SST trend up to 14.3 m (6.01Ma). From 14.3 m to the last sample

at 22.11 m (6.01 and 5.971 Ma), the C37/C38 ratio does not follow the SST trend but decreases instead, indi-

cating increasing relative contribution of C38 alkenone. The laminated marls have lower ratios than the mas-

sive marls. Three intervals with lower C37/C38 alkenone ratios are distinguishable: between 2.75 and 3.75 m

(6.337–6.295Ma), between 9.6 and 11.33 m (6.128–6.062Ma), and between 16 and 22.11 m (5.993–5.971 Ma).

4.4.1.2. Sterols

All samples exhibit a suite of C27–C30 compounds (Figure 5; Table S1). Cholesterol (cholest‐5‐en‐3b‐ol), the

most abundant C27 sterol found, originates from a variety of planktonic organisms, mainly zooplankton

(Volkman, 2003). Among C28‐sterols, brassicasterol (24‐methylcholestα‐5,22‐dien‐3β‐ol), a major sterol in

various diatoms, found also in some haptophytes, largely predominates (Volkman et al., 1989). C29 sterols

identified are sitosterol (24‐ethylchol‐est‐5‐en‐3b‐ol) and stigmasterol (24‐ethylchol‐est‐5,22‐dien‐3b‐ol). In

oceanic settings, these are predominantly attributed to planktonic sources (Volkman, 2003). Dinosterol

(4α,23,24‐trimethyl‐5α‐cholest‐22‐en‐3β‐ol), the C30‐sterol detected in all samples, originates from

Figure 6. Compilation of representative data describing paleoenvironmental changes in the Mediterranean. In the salinity calculations plot the values older than
6.12 Ma (9 m) were using the δ18O measured on T. multiloba while those younger than 6.12 Ma were using the δ18O measured on O. universa. Larger symbols,
with slightly different colors represent the set points, levels where both SST based on U

k
37 and δ

18O were measured. The age model is based on Karakitsios,
Roveri, et al. (2017). For clarity gray numbers next data point indicate stratigraphic level in meters. SST = sea surface temperature; SSS = sea surface salinity;
CPI = carbon preference index.
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dinoflagellates (Volkman, 2003). 5b(H)‐saturated compounds (stanols) are found in lesser amounts than

their unsaturated counterparts. In laminated marls, brassicasterol is consistently the most abundant single

sterol, whereas in massive marls and carbonate beds, sitosterol predominates over brassicasterol along with

cholesterol and dinosterol.

Total sterols concentrations range from 108 to 5,917 ng/g (average = 2,423 ng/g, Figure 5). Massive marls (at

0.8, 9, and 13 m; 6.424, 6.128, and 6.025 Ma, respectively) are remarkably depleted in sterols (<350 ng/g).

Laminatedmarls are significantly more enriched in sterols (average > 2,772 ng/g). Three intervals withmore

sterols are identified: between 3.75 and 7.6 m (6.295–6.179Ma), between 9.6 and 11.35 m (6.1–6.045Ma), and

between 16 and 21.7 m with constant elevated concentrations (5.993–5.971 Ma). The level at 22.11 m

(5.971 Ma) is by far the most enriched in sterols (maximum = 5,917 ng/g).

4.4.1.3. Diols and Ketols

The C30 alkandiol (mainly 1,15) is the major long‐chain diol detected along with the corresponding long‐

chain ketone. C28 and C33 diols at trace levels are not quantified. Sources of long‐chain diols are eustigma-

tophytes (mainly the 1,13 and 1,15; Volkman et al., 1999), whereas 1,14 long‐chain diols likely originate from

Proboscia diatoms (Rampen et al., 2008). Long‐chain keto‐ols may be postdepositional oxidation products of

the corresponding diols (de Leeuw et al., 1981).

The sum of diols and ketols varies over from 20 to 1,738 ng/g at 22.11 m. Massive marls (0.8, 9, and 13 m) are

relatively depleted in diols and ketols (<95 ng/g). Laminated marls are more enriched in diols and ketols

(average > 350 ng/g). Thus, diols and ketols show the same trends as sterols. The sum of diols and ketols dis-

plays two evident peaks: at 6.15 m (6.223 Ma), and at 22.11 m, close to the MSC onset (5.971 Ma).

4.4.1.4. Archaeol

Archaeol (2,3‐di‐O‐phytanyl‐sn‐glycerol) is found at significant concentrations in all samples, indicating

archaeal contribution to the marine biomass production (e.g., Schouten et al., 2013). It is a typical compo-

nent in hypersaline settings (Li et al., 2016), deriving most likely from halophilic Euryarchaeota (e.g.,

Lincoln et al., 2014). The extended archaeol (C20,25 sn‐2, C‐7 hydroxy isoprenoid glycerol diether) is present

at trace levels and not quantified.

Archaeol concentrations vary between 5 ng/g at 9 m (6.128 Ma) and 227 ng/g at 18.7 m (5.981 Ma). Similar to

sterols, diols, and ketols, massive marls (at 0.8, 9, and 13.1 m; 6.424, 6.128, and 6.025 Ma, respectively) are

remarkably depleted in archaeol (<25 ng/g). Laminated marls are enriched in archaeol (average > 85 ng/g):

between 3.75 and 7.6 m (6.295–6.179 Ma), between 9.6 and 11.35 m (6.1–6.045 Ma), and between 16 and

21.7 m (5.993–5.972 Ma). The last interval is also dominated by two high peaks (archaeol >200 ng/g), at

18.7 m (5.981 Ma) and 22.11 m (5.971 Ma).

4.4.2. Biomarkers From Terrestrial Organic Matter

All samples contain C18–C33 n‐alkanes. Most abundant homologues spread within the C27–C33 range and

show a strong odd‐over‐even carbon number predominance (CPI 3.2–5.8), maximizing at n‐hentriacontane

(C31) and ACL minimally varying between 29.6 and 29.9. This compositional pattern is typical of higher

plant waxes (Eglinton &Hamilton, 1967). Consequently, we use the sum of themajor plant wax components

(C27–C33 n‐alkanes) to track continentally derived material (freshwater input and runoff).

The C27–C33 n‐alkanes concentrations vary from 44.2 to 1,456 ng/g (Figure 5). There are two intervals with

clearly different concentration ranges. Between 0 and 14.3 m (6.457–6.01 Ma), the C27‐C33 n‐alkanes concen-

trations vary around an average of 355 ng/g, whereas between 16 and 22.11 m, they vary around an average

of 915 ng/g.

5. Discussions

5.1. SST Variation Preceding the MSC in Kalamaki: Comparison to Other Records

Absolute SST (20.1–25.7 °C; Figures 6 and 7) between 6.457 and 5.971 Ma was higher than annual mean

present‐day SST (19 °C) in the study area (Figure 1; Table S2). The 5.6 °C amplitude of SST change between

warmer and colder periods between 6.457 and 5.971 Ma is somewhat smaller than the 8–9 °C Holocene

glacial‐interglacial variation in the Mediterranean Sea (Emeis et al., 2000). No alkenone‐based SSTs are

available for the interval just preceding the MSC onset. Consequently, no direct comparison is possible. A

long‐term, alkenone‐based SST record is available for the interval 12.9–6.3 Ma (Tzanova et al., 2015) from
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Monte dei Corvi (4° more to the north than Kalamaki section; Figure 1). TheMonte dei Corvi record shows a

much warmer than today Tortonian climate (SST = 27–28 °C), while the Messinian starts with significantly

lower temperatures (~19 °C; Tzanova et al., 2015). Close to our studied time interval, warm conditions were

re‐established (~26 °C) at Monte dei Corvi location. Meanwhile in Kalamaki the maximum estimated SST

was ~2 °C lower than the maximum from the Tzanova et al. (2015) record. The minimum value (20.1 °C)

and the SST variability in Kalamaki are close to the Early Messinian of the Monte dei Corvi (19.5 °C). Yet

SST variability is greater in the Late Messinian Kalamaki than in the Middle Messinian Mediterranean

alkenone‐based SST record (Tzanova et al., 2015). For the Kalamaki time equivalent (6.457–5.971 Ma),

SST estimates are available from Atlantic ODP sites 907 and 982. Both records indicate large SST

variations between 7.5 and 5.5 Ma, during the so‐called Late Miocene cooling (Herbert et al., 2016).

Especially, in the 907 ODP site, one cooling of 6 °C is recorded at 6.3–6.25 Ma and one 4 °C cold episode

at 6.11 Ma (Figure 7). We can argue that the large SST amplitudes we observe in our record are recording

Figure 7. Alkenone‐based SST record from Mediterranean Sea during late Miocene to Pliocene transition. Kalamaki and
records of Herbert et al. (2016) and Tzanova et al. (2015) are the only published alkenone SSTs. SST = sea surface tem-
perature; MSC = Messinian Salinity Crisis.
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the same type of temperature variation. Comparing Zanclean SST data from Kalamaki (28–30 °C;

Kontakiotis, Karakitsios, et al., 2016) and EracleaMinoa (Italy; Herbert et al., 2016) sections, we observe that

the highs in our record are consistent with the relatively stable SSTs (24–26 °C) between 5.33 and 5.25 Ma;

therefore, the Mediterranean Sea was equally warm before and after the MSC. During the latest Zanclean

(~4.1–3.25 Ma), the eastern Mediterranean was similarly warm (~26 °C; Athanasiou et al., 2017).

Mayser et al. (2017) produced the only known proxy Mediterranean Sea SST record for the equivalent time

interval (6.457–5.971 Ma; Pissouri section, Cyprus; Figures 1 and 7). However, Mayser et al. (2017) used

TEX86, which is based on glycerol dialkyl glycerol tetraethers produced by Taumarchaeota. Mayser et al.

(2017) indicated SSTs between ~22 and ~30 °C (±2–3 °C), slightly higher than the UK′
37 SST estimates of

~20.1 to ~25.7 °C for Kalamaki. This difference can be partly attributed to the usage of different methods

based on different biomarkers produced by different groups of organisms. The >3° latitudinal difference

between the locations of the two sections (Kalamaki in Greece and Pissouri in Cyprus) should be the most

likely cause of the observed SST variance.

5.2. Alkenone‐Based SSTs Versus Planktonic Foraminifera and Nannofossils Inferences

Based on alkenone SST estimates, two distinct intervals can be distinguished: (1) mostly colder, on average

22.9 °C, between 0 and 9 m (6.457 to 6.128 Ma) and (2) mostly warmer, on average 24.1 °C, between 9 and

22.11 m (6.128 and 5.971 Ma; Figures 4 and 6).

The trends observed in the alkenones‐based SSTs from Kalamaki are supported by the faunal planktonic

abundances (Figure 4). The presence of T. quinqueloba, Neogloboquadrina acostaensis, T. multiloba, and

G. glutinata indicates colder condition for the interval between 0 and 7m (6.457 to 6.205Ma), with the excep-

tion of the 2.8‐ to 4.2‐m part (6.337 to 6.295 Ma) when SSTs indicate warming. The generally colder phase

between 6.45 and 6.128 Ma is well correlated to the colder period inferred from δ18O data from Atlantic,

Ain al Beida section (Van der Laan et al., 2005; Figures 4 and 6).

The SST decreasing trend ends at ~ 8.55 m (6.151 Ma). Afterwards, at ~9 m (6.128 Ma), a warm interval starts

prevailing until the top, at 22.11 m (5.971 Ma). These trends are evident in all alkenone‐based SST, forami-

nifera, and nannofossils records. The fauna is composed of warm water species such as O. universa and G.

obliquus. Within this interval, at about 12.15 m (6.045 Ma), a brief rebound to colder conditions (SST of

22 °C) is observed, supported by the slight decrease of warm water species and the increase of G. glutinata.

The cooling phase is punctuated by higher salinity conditions (supported by remarkable similarity between

the δ18O carbonate and the δ18O O. universa). Finally, the interval overlying the slump seems to be a warm

interval characterized by high O. universa blooms with high SSTs (average of 24 °C). The presence of

Amaurolithus sp. between 9 and 22.11 m supports the prevalence of warm water conditions between 6.121

and 5.96 Ma. This warmer phase is well correlated to the warm period inferred from δ18O data from Ain

al Beida record (Van der Laan et al., 2005; Figures 4 and 6).

5.3. SST Expressed in Lithology in Kalamaki

The laminated marls from Kalamaki section were deposited during SSTmaxima that provoked warming fol-

lowed by increased river runoff (Figures 8b, 8d, and 8f). The highest SSTs are recorded during the laminated

marls marked intervals. The warmer intervals with increased fresh water river runoff were accompanied by

enhanced nutrient supply consequently generating higher productivity in the surface waters leading to inter-

mittent oxygen depletion. The situation is similar to the sapropel formation during the Pliocene‐Pleistocene

(Athanasiou et al., 2017). Similarly, the sapropels before 6.45 Ma (Tzanova et al., 2015) formed immediately

after cold climatic episodes. The massive marls and two calcareous marls (at 9 and 13 m, 6.128 and 6.025 Ma,

respectively) are associated with colder periods (Figures 4, 8a, and 8c) with the exception of the part of the

section above the slump, where relatively warmer conditions typified the interval marked by increased accu-

mulation rate (Figures 3 and 4).

High SSTs are associated with low δ18O measured on bulk sedimentary rocks (Figure 4). We therefore infer

that at the site location, the Mediterranean Sea was saltier during colder intervals, expressed by increasing

δ18O. This situation was governed by reduced riverine input generating a relatively more dominant influ-

ence of the marine component in the water balance of the Mediterranean Sea.
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Figure 8. Schematic representation of the environmental conditions during important changes in the pre‐MSC Mediterranean Sea. (a) Coldest times under hyper
saline conditions during deposition of massive marls. (b) Warmer phases, under hyper saline during deposition of laminated marls. (c) Colder times but under
normal salinity conditions during deposition of massive marls. (d) During warmer phases, but under normal salinity conditions during deposition of laminated
marls. (e) At 6.12 Ma, exchange with Paratethys (Grothe et al., 2018; Popov et al., 2006) led to increased fresher water supply, adding to the much increased
freshwater from the rest of the continental realm. The Paratethys water could have form a fresher water layer on top of the Mediterranean water column. The
salinity and possibly temperature contrast led to the total overturn in the water column, oxidation of the organic matter, moment marked by the presence of cal-
careous marl. (f) At 6.10 Ma, after the first Mediterranean‐Paratethys water interaction, high density contrast between Paratethys waters and Mediterranean led to
increased stratification of the water column. SST = sea surface temperature; SSS = sea surface salinity; Messinian Salinity Crisis.
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5.4. Combining SST Changes With δ
18OSW and Resulting Salinity Perturbations

The long‐term variability in SSS estimates of 35.87‰ to 47.90‰ exceeds by far the standard error of the mea-

surements (Figure 6; Table S2); therefore, it has to be considered as meaningful. The SSS estimates are in the

expected range of the box model Mediterranean SSS estimates (Simon et al., 2017) during the pre‐evaporitic

Messinian stage. Between 6.457 and 6.128 Ma the Mediterranean Sea was hypersaline, with SSSs exceeding

40‰ (Figures 8a and 8b). The hypersaline phase appeared simultaneously with times where SSTs indicated

colder conditions, in line with reported saltier Mediterranean Sea during cold periods (van der Meer et al.,

2007). The only exception refers to the 6.35‐ to 6.30‐Ma time interval, where both SST and salinity simulta-

neously increased. This interval is characterized by the presence of small‐sized O. universa specimens. Given

that no evidence (due to the absence of shell thickness‐ and pore size‐related data) exists for discrete cryptic

species on the basis of size variability in the Kalamaki section, we suggest the observed test size variability to

document variable degrees of stunted growth. Therefore, we suggest that this level evidenced by small O.

universa may represent the expression of stunted growth in response to suboptimal growth or stressed con-

ditions (increased SST and salinity). Relevant episodes with particularly small O. universa and low plank-

tonic foraminiferal abundances have been correlated with annual SSTs > 22 °C and high water densities

(28.5 g/L) (e.g., a salinity of 40.5‰ at 22 °C) in Late Miocene (Crete Island; Brachert et al., 2015) and Late

Quaternary (Indian Ocean and Red Sea; Bé & Duplessy, 1976; Haenel, 1987) sedimentary environments.

The same phenomenon also appears in Globigerinita glutinata, where small size representatives of this spe-

cies within the Mediterranean (Sorbas basin and Gavdos Island) have been suggested to mark short high

salinity events. This interpretation is also consistent with recent findings from the eastern Mediterranean

Sea (Antonarakou, Kontakiotis, Zarkogiannis, et al., 2018), where a close correspondence of planktonic for-

aminiferal abnormal (stunted growth indicators) specimens (including O. universa) in high salinity stress

conditions is documented. After 6.151 Ma a freshening trend of∼2‰ is observed concomitant with warming

in the Mediterranean Sea. The obtained SSS values for younger than 6.151 Ma are higher than 35.9–41.2‰

but close to the prescribed Atlantic salinity of 36.5‰. We suggest that the transition from the pre‐evaporitic

to the MSC was not characterized by a constant or gradual SSS increase; instead, it was punctuated by

extreme or less SSS events, in accordance with modeled SSS variations (Ivanovic et al., 2014). At the top

(∼5.971 Ma) the sharp and abrupt SSS increase from 35.9‰ to 41.5‰ must be related to the inception of

MSC (Manzi et al., 2013; Roveri et al., 2014).

During the prerestriction phase, the traditional method of calculating δ18OIVF‐SW suggests significant SSS

variation across the latest Messinian (Figures 6 and 7). The implied SSSs are indicative of normal to hypersa-

linemarine conditions, highlighting themarine nature of theMediterranean basin (Figures 7 and 8; Gennari

et al., 2018). From 6.457 to 6.128 Ma, the SSSs obtained by both the δ18OIVF‐SW and SSS records indicate

increasingly hypersaline conditions in the surface water column (Figures 8a and 8b). Surprisingly, the cur-

rent constraints on extreme paleosalinity estimations are identical (~46‰ at∼6.3 Ma) to previous SSS recon-

struction within Mediterranean Sea (Monte dei Corvi; Tzanova, 2015). The hypersaline conditions are

consistent with faunal (Blanc‐Valleron et al., 2002; Drinia et al., 2007; Gennari et al., 2018; Kouwenhoven

et al., 2003) and nannofossils evidence (Karakitsios, Cornée, et al., 2017; Karakitsios, Roveri, et al., 2017),

suggesting that the latest Messinian Mediterranean experienced both surface and bottom water salinity

much higher than today, further providing threshold values for reconstructing the Mediterranean's SSS his-

tory (e.g., ∼50‰ as the upper tolerance limit of foraminifera; Bijma et al., 1990). The absence of planktonic

foraminifera in some intervals (Karakitsios, Cornée, et al., 2017; Karakitsios, Roveri, et al., 2017) or the

monospecific presence of the high salinity (stressed) indicator of T. multiloba indicates that surface water

salinity exceeded their ∼49‰ tolerance (Fenton et al., 2000).

The SSS increase at this time interval may have resulted from the closure of Riffian Corridor at 6.64–

6.44 Ma (Flecker et al., 2015) and part of the Betic counterparts (Krijgsman et al., 1999) provoking a slug-

gish communication with the open ocean. From 6.12 Ma to the MSC onset we observe a significant

freshening of the Mediterranean water column with depleted δ18OIVF‐SW values and SSS only slightly

above modern values, determined by an increase of continental‐derived waters (Gennari et al., 2018;

Figure 8c). Fresher Paratethys water inflow could have been the alternative cause for freshening of the

Mediterranean Sea, as, at 6.12 Ma, an influx of marine waters into Paratethys is documented

(Krijgsman et al., 2010; Figure 8d). This event, known as the Pontian transgression, generated the instal-

lation of marine‐like conditions into the neighboring Paratethys realm. The significantly fresher
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Paratethys waters could have provoked a salinity decrease in the (eastern) Mediterranean. This assump-

tion is strengthened by the coincidental timing of these events: Freshening of the Mediterranean and

Pontian Flood are at 6.10 and 6.12 Ma, respectively (Figures 8e and 8f). Modeling studies allow quantify-

ing the salinity increase expected upon reduction in exchange with Atlantic; thus, the basin seems to

increase its sensitivity to freshwater oscillations (Simon et al., 2017).

At 5.971 our approach points to a sudden increase in salinity (Table S2), which we interpret as the

expression of the transitional interval (Manzi et al., 2013). This interval, identified between the

Primary Lower Gypsum and the pre‐evaporite phase, contains a discontinuous gypsum bed (Manzi

et al., 2013). Although the evidence results from a single data point, the 35.9‰ to 41.5‰ increasing

SSS, possibly announces further restriction leading to the MSC stage 1 (Roveri et al., 2014; Figure 7).

Although still speculative, if the trend would further be extrapolated to the MSC, the salinities could

have reached ~60‰ at 5.9 Ma, in agreement with modeling results (Ivanovic et al., 2014; Simon et al.,

2017; Simon & Meijer, 2017). Overall, the 6.2‐ to 5.9‐Ma time interval, which represents the transition

to evaporitic conditions at the top of the studied interval, corresponds to a semienclosed hydrological set-

ting controlled by fluctuating freshwater diluted to hypersaline conditions resulting in significant salinity

variations. The same evolutionary trend indicative of the transitional character of the environment has

been described in other sections located in more (i.e., Serra Pirciata, Torrente Vaccarizzo, and

Marianopoli; Bellanca et al., 2001) or less (Falconara/sGibliscemi composite section; Blanc‐Valleron

et al., 2002) marginal settings within the Mediterranean Sea. This indicates a severe isolation of the

basin, the hydrological budget of which was longer regulated by the dominant control of climatic

fluctuations rather than marine (Atlantic) inputs. The enhanced climate influence on depositional

conditions induced strong changes in the surface water salinity, especially during time intervals of

increased continental inputs which resulted in a dilution of the surface waters and the subsequent

stratification of the water column.

5.5. C37/C38 Alkenone Rations and SSTs Variation

The C37/C38 ratios, displayed along an inverted axis, closely mimic the trend observed in the calculated

SST up to 13.1 m (6.025 Ma; Figure 4). The inverse covariance suggests that changes in the alkenone pro-

ducers were (in)directly determined by variation in SSTs. Lower C37/C38 ratios (0.8–0.65) are found in

laminated marls where SSTs are higher than 23.5 °C (2.75 to 3.75 m, 6.337–6.295 Ma; 9.6 to 12.15 m,

6.1–6.062 Ma; Figure 4). We therefore infer that changes in the alkenone producers were determined

by increased freshwater influx during warmer periods. Higher C37/C38 ratios (0.8–1) are found especially

during the colder interval (4.6 to 8.55 m; 6.269–6.151 Ma). Equivalent C37/C38 values, overlapping with

gradual SST decrease, were documented between 4.2 and 3.0 Ma in the Gulf of Cadiz (Furota et al.,

2016). The increase of C37/C38 ratios was attributed to changes in the assemblage of alkenone producers:

from only genus Reticulofenestra to Gephyrocapsa and Reticulofenestra genera (Furota et al., 2016). In

Kalamaki section no small Gephyrocapsa were identified. However, the 0.8 to 0.97 C37/C38 values during

cold times in Kalamaki section suggest a causal relationship to upwelling conditions inferred from the

small O. universa occurrence. Previous studies have shown also that C37/C38 ratios vary for the same spe-

cies according to the growth status and/or under nutrient depletion (e.g., Conte et al., 1998; Prahl et al.,

2003). In addition, C37/C38 ratios can present large variabilities within the same species (0.5 to 2.6 for E.

huxleyi; 5.5 to 15 for I. galbana; Chu et al., 2005). Noticeably, the interval with C37/C38 ratios between

0.65 and 0.54 is exclusively attributed to the uppermost part of the section (16 to 22.11 m, between

5.993 and 5.971 Ma) announcing important changes in the alkenone producers determined by increas-

ingly stressed environmental conditions (i.e., stronger stratification in the water column) that led to

the onset of the MSC.

5.6. Productivity, Terrestrial Input, and Preservation Influence on TOC Variations

5.6.1. TOC and Biomarkers Variation Kalamaki Section

The TOC values are similar (Table S3), in range (0.15–1.31%) and amplitude variation, to the TOC of

sediments of the past 16 kyrs from the Ionian Sea (Emeis et al., 2000). Although the pre‐MSC

Kalamaki section covers a different timescale than the Holocene record, we can safely argue that

changes, similar to those during sapropel formation, were taking place during the formation of laminated

10.1029/2018PA003438Paleoceanography and Paleoclimatology

VASILIEV ET AL. 196



marls in Kalamaki pre‐MSC section. TOC enhancements coincide with lamination, as prime evidence for

bottom water oxygen depletion.

In any aquatic system the organic carbon accumulation depends on the combined effect of (1) primary

productivity, (2) preservation, and (3) input of terrestrial organic matter. In Kalamaki, the variation in

marine primary productivity is reflected in the total sum of the alkenones; sterols; diols; ketols; and,

to a certain extent, archaeol. Total alkenone data indicate that our values are once again similar to

the alkenones records from the recent Holocene of Ionian Sea, where the transition to and into sapropel

sums alkenones in the range of 1,300 ng/g; the layers below and above sapropel having much lower alke-

nones amounts (Emeis et al., 2000). The sterols, biomarkers used as productivity proxy, follow closely the

alkenones' trend with the exception of the last sample, at 22.11 m (5.971 Ma; Figure 5). Equally, the

archaeol, biomarker for certain metanotrophic and methanogenic Archaea (e.g. Birgel et al., 2008),

mimics the alkenone trend with the exception of the last sample at 22.11 m (5.971 Ma). The general cov-

ariance of alkenones and sterols could indicate enhanced productivity in the euphotic zone. The covar-

iance of archaeol versus alkenones and sterols could indicate that productivity was also determined by

methanotrophic and methanogenic archaea. However, the archaeol increase hints toward enhanced stra-

tification toward the onset of the MSC in the top of Kalamaki section. Our SSS estimates indicate that

surface water salinity was typical of normal marine. However, what happened in the deeper of the late

Messinian Mediterranean water column is not known since normal‐marine conditions could have been

the lid on top of denser (saltier and/or colder) deeper water. On similar line of reasoning, based on

changes in the archaeal community at the transition into MSC in Piedmond basin (Italy), Natalicchio

et al. (2017) suggest occurrence of stratification and hypoxia like in the modern stratified Black Sea basin.

The sum of C27 to C33 n‐alkanes, biomarkers for vascular higher plants that indicate the terrestrial

organic matter input into the Mediterranean, covaries too with all presented biomarkers. The covariance

of all biomarkers (including the sum of C27 to C33 n‐alkanes) could in fact represent a preservation signal

since the long‐chain n‐alkanes are mostly terrestrial in origin. Noticeably, at 0.8, 9, and 13.10 m in the

section (6.424, 6.128, and 6.025 Ma, respectively), the effect of oxygenation in the bottom waters (at

SST lows and SSS highs) reduced the preservation of the organic matter produced at that time.

Undoubtedly, the TOC and sums of biomarkers from the laminated marls show enhanced preservation

during times of increased organic matter production, controlled by the oxygen depletion in the bottom

waters and by the high activity of methanotrophic and methanogenic archaea.

Two deviations from the generally covarying trends in the TOC and biomarkers are observable. One, located

at the top, is the low in alkenone production and/or preservation, while the sterols, archaeol, and long‐chain

n‐alkanes are at their high. The explanation could be that the conditions were not favorable to alkenone pro-

duction because of changes in the water column making the conditions unsuitable for alkenone‐producers

growth. The alkenones are very resistant biomarkers in geological record, and their oxidation is unlikely.

Alternatively, they could not be observed in the a‐polar fraction because of possible sulfurization of the

organic matter under anoxic and heavily stratified conditions in the water column (Sinninghe Damsté

et al., 1995). The second deviation from the covariance is observed in the sum of C27 to C33 n‐alkanes where

the concentration is increasing five times from the preslump interval to postslump interval. The much

increased amount of terrestrial organic matter at the time of increased accumulation rate (Figures 3 and 4)

is hypothetically associated with the reconnection of the Mediterranean with the Paratethys, leading to

increased stratification and finally to the MSC onset.

5.6.2. TOC and Sedimentation Rate

TOC content in sedimentary rocks is a function of (1) the organic carbon flux form aquatic and terres-

trial sources and (2) preservation process controlled by the oxidation in the water column, during deposi-

tion and/or diagenesis (Calvert & Pedersen, 2007). Poorly oxygenated bottom waters favor the

preservation of the organic carbon. Consequently, the TOC content is high even when the flux of the

organic carbon (from both aquatic and terrestrial sources) is low (Rohling et al., 2015). In this case,

the preservation of the organic carbon is favored by high accumulation rates due to shorter exposure

to oxygen.

In Kalamaki section the sedimentation rate varies significantly indicating that the TOC content could have

been influenced by changes in accumulation rate. Based on the calculated sedimentation rates and
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previously published data, we divide the section into threemain intervals: (1) 0 to 9 m (6.457–6.128Ma), (2) 9

to 14.7 m (6.128–6.01 Ma), and (3) 14.7 to 22.11 m (6.01–5.971 Ma).

5.6.2.1. Toc and Biomarkers in Between 0 and 9 m (6.457–6.128 Ma)

Despite lower sedimentation rates, the TOC content was high, indicating elevated flux of organic carbon

between 6.457 and 6.128 Ma. The generally high TOC content (seemingly fluctuating along unidentified

periodical cycles; Figure 5) was favored by high productivity in the water column (Figure 8b), inference

supported by high amounts of alkenones, sterols, and archaeol (Figure 5). The long chain n‐alkanes

amounts for this interval are two times smaller when compare to the upper part of the section

(Figure 5). Therefore, we can argue that between 6.457 and 6.128 Ma, the productivity within the water

column was relatively high. This conclusion is supported by Helicosphaera carteri, Calcidiscus leptoporus,

Umbilicosphaera jafari, Reticulofenestra haqii, and R. minutula nannofossils assemblage, mostly repre-

sented by whole coccospheres, indicating high productivity and freshwater input to the surface waters

(e.g., Triantaphyllou et al., 2009). At 0.8 m (6.424 Ma), a first low appearing simultaneously in TOC

and quantified biomarkers suggests oxygenated conditions in the water column marked by the deposition

of massive marl (Figure 8b). The low TOC values between 7 and 9 m (6.2 to 6.128 Ma) coincides with

simultaneous low peaks in the biomarkers amounts. The coexistence of these lows suggests oxygenated

conditions in the water column marked by distinct deposition of calcareous marl (Figure 8e). This

assumption is supported by the presence of impressive monospecific assemblages of Sphenolithus abies

(Karakitsios, Cornée, et al., 2017, Karakitsios, Roveri, et al., 2017), suggesting marine mesotrophic envir-

onments (Wade & Bown, 2006). This S. abies event was coevally observed in other Messinian sites

(Cyprus, Kouwenhoven & van der Zwaan, 2006; Piedmont, Lozar et al., 2010; and north‐eastern

Apennine, Manzi et al., 2007).

5.6.2.2. TOC and Biomarkers in Between 9 and 14.7 m (6.128–6.01 Ma)

This second interval is characterized by higher but less fluctuating TOC content than the underlying 0 to

9 m (6.457–6.128 Ma). The relatively high TOC content was favored by high productivity in the water col-

umn, as indicated by high amounts of quantified biomarkers (Figure 5). In this interval important is the

dominance of O. universa, foraminifera known to proliferate in mixed‐layer surface waters during surface‐

water stratification (Sierro et al., 2003). During the deposition of the interval between 9 and 14.3 m

(6.128–6.01 Ma), the productivity within the water column was high while the organic carbon preserva-

tion must have been more efficient favored by the significantly amplified sedimentation rate from 28 to

44.5 cm/kyr (Figure 8c) and the prevailing stratification in the water column. Additionally, higher sedi-

mentation rate could have diluted the TOC into a larger amount of detrital material from the continent.

The influx of Mediterranean marine waters in Paratethys at the Pontian transgression could have caused,

next to the African rivers, an increased freshwater supply into the Mediterranean Sea and, consequently,

increased nutrient levels (Figure 8f). Close to the top of this interval, at 13 m, there is a low peak in

TOC, sterols, archaeol, and long chain n‐alkanes, retrieved from distinct calcareous marl. This short inter-

val, at 13 m (6.025 Ma), likely marks another moment of oxygenation in the water column, similar to the

situation illustrated in Figure 8d.

5.6.2.3. TOC and Biomarkers in Between 14.3 and 22.11 m (6.01–5.971 Ma)

The third interval, between 14.3 and 22.11 m (6.01–5.971 Ma), is characterized by the lowest TOC values,

displaying very little variation. In this interval, the much increased sedimentation rate must have induced

a dilution effect of the deposited organic matter. Increased sedimentation rate would also imply an increased

input of terrestrially derived biomarkers (e.g., long chain n‐alkanes). We observe indeed a more than five

times increase in the long‐chain n‐alkanes. This interval shows a general decrease in alkenone amounts

but high amounts of sterols, diols, and ketols, as well of archaeol. In this interval, the much increased sedi-

mentation rate generated an increased preservation of the aquatic produced organic carbon and of the sup-

plemented terrestrial, long‐chain n‐alkanes. Elevated productivity rates have been probably triggered by

increased freshwater supply from both the Nile River (Figure 8c) and, highly‐likely, Paratethys too

(Figure 8f). In this interval, the only foraminifera left are O. universa, thriving in mixed‐layer surface waters

during surface‐water stratification. The composition patterns of primary producers must have suffered com-

positional change, as indicated by low in alkenones close to the MSC onset, while stratification in the water

column increased until it reached the deposition of the first gypsum layer of theMSC in Kalamaki (Figure 5).

The onset of the MSC is marked by the disappearance of plankton assemblages as the Mediterranean Sea

environment became unfavorable for eukaryotic life.
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6. Conclusions

The presented biomarker study in conjunction with earlier produced biostratigraphy data for the pre‐MSC

Kalamaki section are converging toward the insight that large environmental changes affected the

pre‐MSC Mediterranean Sea. We show that

1. Between 6.415 and 6.151 Ma the Mediterranean Sea was colder and saltier (~22.9 °C and 47‰, respec-

tively) than between 6.120 and 5.971Ma (24.1 °C and 39‰). The calculated salinity values are in line with

recent experiments indicating That during the prerestriction phase, the box model estimates

Mediterranean salinity is slightly higher than (37.6–38.2 g/L), but close to the prescribed Atlantic salinity

of 36.5 g/L (Simon et al., 2017). Whereas elevated salinity may be intermittent at the sea surface, it could

have been permanent in the bottom waters some 100 kyr before onset of the MSC.

2. The salinity decrease at 6.151 Ma seems to be a relatively fast event just preceding the inception of warm-

ing phase that lasted almost uninterrupted until the onset of MSC.

3. The changes in water SST determine a sharp drop in productivity and/or preservation of the organic

matter, marked lithologically by calcareous marls. The calcareous marls mark moments of complete

overturn in the water column provoked by large changes in the Mediterranean water budget.

4. In between the calcareous marls both the productivity and preservation were relatively high and constant

until the 6.01 Ma. The productivity however was higher during warmer phases; increased productivity

was expected, expressed slightly higher amounts of biomarkers. After 6.01 Ma increased terrestrial

organic matter influx, and enhanced stratification in the water column, prevailed. At the top, around

5.971 Ma, compositional modifications in aquatic versus terrestrially derived biomarkers indicate a

change of the organic matter source.

5. The influx of Mediterranean waters in Paratethys seen as marine fauna at the Pontian transgression

could have caused, next to the African rivers, an increased freshwater supply into the Mediterranean

Sea. The cumulative effect of African river runoff and Paratethys influx is the most likely mechanism

of freshening of Mediterranean water, making it normal marine for the interval between 6.151 and

5.971 Ma.
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