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Abstract Quantitative analyses of calcareous nannofossils in
the sediments of Pissouri South section on the island of
Cyprus have produced a paleoceanographic record reflecting
the paleoclimatic conditions during the Zanclean/Piacenzian
transition. Pissouri South cyclical lithological alternations be-
tween organic-rich laminated layers and grey marls reflect the
Earth’s orbital precession. According to the calcareous
nannofossil biostratigraphy which has been performed, the
studied section is correlated with MNN14/15 and MNN16
calcareous nannofossil biozones and is astronomically dated
between 4.065 and 3.217 Ma. Intervals of increased organic
carbon content, along with the positive values of Florisphaera
profunda, Helicosphaera sellii, Discoaster spp. and the sub-
sequent increase of stratification S-index, correspond to the
sapropel deposition during periods of wetter climate and in-
tense continental runoff, especially from the river Nile. These
layers alternate with grey marly intervals, featured by the in-
creased values of small placoliths of Reticulofenestra and
Gephyrocapsa species, which are indicative of eutrophic con-
ditions during intense surface-water mixing. Our data support
the prevalence of a generally warm phase characterized by the
absence of high-frequency climate variations in the

southeastern Mediterranean during the Zanclean/Piacenzian
(Early/Late Pliocene) transition.

Introduction

One of the most critical periods in Earth’s history spans the
Pliocene Epoch, during which climatic and oceanographic
conditions experienced a profound transition from relatively
warm to cooler climate that heralded the high-magnitude gla-
cial–interglacial oscillations of the Pleistocene Epoch. The
latter resulted in the expansion of the Northern Hemisphere
Ice Sheets (NHIS) at ∼2.7 to 3.0 Ma (e.g., Marlow et al. 2000;
Lisiecki and Raymo 2007) and the Middle Pleistocene
Transition (MPT) at∼0.8 to 1.2 Ma (e.g., Clark et al. 1999;
Head and Gibbard 2005). Early/Late Pliocene transition (3.6–
3.0 Ma) is considered as the last sustained interval when glob-
al climate was warmer than today (Ravelo et al. 2007; Brierley
et al. 2009; LaRiviere et al. 2012; De Schepper et al. 2013). In
fact, during 3.3–3.0 Ma, a period also inferred as the mid-
Piacenzian Warm Period (mPWP) (e.g., Dowsett et al. 2012;
Haywood et al. 2013), sea surface temperatures were charac-
terized by increased values of ∼3 °C (Haywood and Valdes
2004), while CO2 concentrations were as high as the modern
anthropogenic values of 400 ppm (Pagani et al. 2009; Bartoli
et al. 2011). However, this warm period was interrupted by
short-lived cooling episodes (e.g., Lisiecki and Raymo 2005)
reflected in the gradual North Atlantic sea surface temperature
decline, which culminated within the glacial Marine Isotope
Stage MIS M2 at c. 3.3 Ma (e.g. Naafs et al. 2010).

Throughout the Miocene to Recent, eastern Mediterranean
sedimentary sequences reflect oceanographic and climatic
conditions that have undergone considerable variations; there-
fore, it represents one of the best disposed areas for Pliocene
climatic reconstructions (e.g., Suc et al. 1995). Since the
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closure of the Levantine–Arabian connection in the Early
Miocene (e.g., Rohling et al. 2009), the only connecting point
of the Mediterranean to the open sea (Atlantic Ocean) was to
the west, through the Strait of Gibraltar. Isolation of the
Mediterranean during late Miocene triggered the deposition
of massive evaporates during the Messinian Salinity Crisis
(e.g., Hsü et al. 1977). The subsequent tectonic opening of
the Strait of Gibraltar (Rohling et al. 2009) followed by
flooding from the Atlantic (e.g., Hsü et al. 1977) in the early
Pliocene, resulted in the re-establishment of marine condi-
tions, with deposition of cyclic bedded diatomites, marls,
and carbonates (e.g., Hsü et al. 1977; Blanc-Valleron et al.
1998; Rouchy et al. 2001; Soria et al. 2008). Based on the
extensive studies of Hilgen (1991a, b) and Hilgen et al. (1995,
2000), it is now accepted that the high frequency alternations
of different lithologies, recognized throughout several
Mediterranean land-based sedimentary sequences, are astro-
nomically originated. The Zanclean BTrubi Formation^ in
Sicily and Southern Italy is such an example where the marly
layers of the sequence (considered as the so-called sapropel
Bequivalent^) reflect the periodicity of the Earth’s precession
cycle (e.g., Hilgen 1991a, b; Thunell et al. 1991a, b; Lourens
et al. 1996). Interestingly, the ∼23-kyr precession periodicity
that is mainly influencing lower latitude monsoonal activity
(Kroon et al. 1998), led to sapropel formation in the eastern
Mediterranean Basin. These precession-controlled dark-col-
ored, organic-rich layers (Rossignol-Strick 1983, 1985;
Hilgen 1991a, b; Lourens et al. 1992) are interpreted to reflect
the influence of the African monsoon activity, related with
changes in sea surface productivity and salinity (Rossignol-
Strick 1985; Kallel et al. 1997; Emeis et al. 2003). In fact,
sapropels respond to periods of enhanced freshwater flux
(e.g., Rohling and Hilgen 1991; Bar-Matthews et al. 2000;
Kallel et al. 2000) during periods of strong summer insolation
(e.g., Rohling 1994; Rohling et al. 2002; Meyers 2006).
Evidence from eastern Mediterranean Quaternary sapropel
studies indicate that freshwater stratification and organic car-
bon accumulation took place due to both enhanced productiv-
ity and hypoxia, during warm and wet climatic conditions
(e.g., De Lange and Ten Haven 1983; Emeis et al. 2000a;
Casford et al. 2003; Gogou et al. 2007; De Lange et al.
2008; Kuhnt et al. 2008; Triantaphyllou et al. 2009a, b,
2010, 2013; Katsouras et al. 2010; Schmiedl et al. 2010;
Kouli et al. 2012; Triantaphyllou 2014).

Calcareous nannofossils are one of the most important pe-
lagic sediment micro-components (Müller 1985; De Kaenel
and Villa 1996; Castradori 1998; Negri et al. 1999a, b; Negri
and Villa 2000; Vázque et al. 2000), used mainly for biostra-
tigraphy and paleoceanographic reconstructions. Calcareous
nannofossil biostratigraphy historically provides first-order
age control in many outcrops and cores. However, the fluctu-
ation patterns of calcareous nannofossil assemblages are also
indicative of the group’s quick response to oceanographic

changes primarily involving temperature, salinity, primary
production, and water stratification variations (e.g., Sierro
et al. 1993, 2003; Erba 1994; Flores et al. 2003, 2005;
Fenner and Di Stefano 2004; Triantaphyllou et al. 2004;
Dimiza et al. 2008; Malinverno et al. 2009; Di Stefano and
Sturiale 2010; Di Stefano et al. 2010, 2015; Erba et al. 2010;
Patruno et al. 2015).

The geographical position of Cyprus in the southeast-
ern Mediterranean Basin, under high latitude obliquity
and mid-low latitude precessional influence, provides an
ideal area for the interpretation of paleoceanographic re-
cords (e.g., Emeis et al. 1998; Waters et al. 2010).
Pissouri Basin, at the southwesterrn part of the island,
has been exhaustively studied during the last decades,
particularly for the exposed Messinian deposits (e.g.,
Rouchy e t a l . 2 001 ; K r i j g sman e t a l . 2 002 ;
Kouwenhoven et al. 2006; Morigi et al. 2007; Bison
et al. 2009). A preliminary description of the Zanclean/
Piacenzian sequence in Pissouri Basin (Pissouri South
section) has been provided by Triantaphyllou et al.
(2010), revealing rhythmic sapropelic formation during
this interval. There is however, a lack of detailed infor-
mation regarding the Zanclean/Piacenzian transition in
this part of the Mediterranean, particularly with regard
to a well-established record of paleoceanographic-
paleoclimatic changes. To achieve this goal, we have per-
formed micropaleontological (calcareous nannofossils)
and geochemical (organic carbon content, OC) analyses,
in the sediments of Pissouri South section, in order (1) to
analyze the calcareous nannofossil assemblages and their
relationship with lithology, and (2) to refine the
paleoceanographic–paleoclimatic conditions during the
Zanclean/Piacenzian transition in this part of the
Mediterranean.

Geological setting

Located within the Levantine Basin, the island of Cyprus is
considered as a part of a northward–dipping subduction zone
(Cyprean Arc) that extends between southern Cyprus and the
Eratosthenes Seamount (Fig. 1), at the northern margin of the
African Plate (Payne and Robertson 1995; Harrison et al.
2004). Since the early Mesozoic, this complex tectonic zone
has produced an array of four tectonostratigraphic terrains,
which during Late Oligocene times became uplifted forming
the basement of four sedimentary basins; Polemi, Pissouri,
Limassol, and Psematismenos. These were active in the Late
Miocene–Early Pliocene (Payne and Robertson 1995). The
Pissouri Βasin corresponds to a small NNW–SSE tectonic
depression, consisting of Pliocene–Pleistocene deposits of
the Nicosia Formation. The Nicosia Formation sedimentary
units (Fig. 2) represent a significant shift towards deeper water
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facies during the Early Pliocene (Robertson et al. 1991;
Foucault and Mélières 2000; Bertoni and Cartwright 2007;
Soria et al. 2008). They comprise a complex assemblage of
clastic, marine depositional facies that contain grey and yel-
low siltstones alternating with layers of calcarenites and marls
(Stow et al. 1995). The abrupt uplift of Troodos Massif, that
occurred around ∼2 Ma at the Plio–Pleistocene boundary
(Stow et al. 1995; Schirmer 2000) and continues up to the
present day (e.g., Mc Callum and Robertson 1995), resulted
in the deposition of fanglomerates at the top of the Pissouri
Basin sequence (Waters et al. 2010) (Fig. 2).

Material and methods

Pissouri South section

Pissouri South section, located at the southwestern edge of the
Pissouri Basin, is 152 m high and consists of rhythmically
laminated marls, marly sands, silty sands, and sandstones of
the Nicosia Formation (Fig. 2). The first 44 m of the section
display 62 alternations of laminated light yellowish brown
layers, 30–60 cm thick, alternating with light grey marls,
70 cm–2.5 m thick (Fig. 3a–c). Similar lithological features

Fig. 1 Map of the eastern
Mediterranean and northern
Levantine Sea, showing the
location of Pissouri South section
on the island of Cyprus
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Fig. 2 Generalized
lithostratigraphy and
chronostratigraphy of southern
Cyprus stratigraphic units and the
main tectonic and climatic events
(modified from Waters et al.
2010)

Geo-Mar Lett

Author's personal copy



characterize the following 42 m of the section, but the lami-
nated beds become gradually rarer and considerably thicker
(Fig. 3a). The last 66 m contain multiple grey to brown marly
layers that upwards are replaced by marly sands alternating
with sands and silty sands (Fig. 3a). Logging and sampling of
the entire section was performed during summer 2005 and
accomplished through collaboration between the University
of Athens and the Geological Survey of Cyprus. In the present
study, we have analyzed the lower 44m of the section, with an
average sampling resolution of 10–20 cmwithin the laminated
layers and 40–80 cm in the marly intervals (Fig. 3b, c); from
each layer one or two samples (base and top) have been col-
lected depending on the layer thickness. The weathered sur-
face was cleaned and only fresh material was sampled; in total
72 samples (samples P1/1-P1/72) have been studied from the
considered part of the section. A simple spectral analysis
(using the program Past.exe) has been applied to the collected
lithostratigraphic data.

Organic carbon content analysis

Organic carbon (OC) contents were determined in 72 freeze-
dried and homogenized samples which were initially de-

carbonated using repetitive additions of HCl (25 %, v/v), sep-
arated by 60 °C drying steps, until no effervescence was ob-
served. Organic carbonwas then determined by combustion in
an oxygen atmosphere, and the produced carbon dioxide was
quantitatively measured using a Flash 2000 Elemental
Analyzer. The analytical precision was in the order of
±0.02 %. Organic carbon (OC) analysis was performed at
the Hellenic Centre of Marine Research.

Calcareous nannofossil analysis

The preparation of samples followed the standard smear
slide techniques for calcareous nannofossil analysis
(Perch-Nielsen 1985; Bown and Young 1998). All sam-
ples were routinely examined at 1,250×, using a LEICA
DMLSP light microscope (LM). A scanning electron mi-
croscope analysis (SEM Jeol JSM 6360, Department of
Historical Geology–Paleontology, University of Athens)
has been used for taxonomical purposes. Total assemblage
composition was evaluated in a first count, in which all
specimens (coccoliths/nannoliths) were counted until a
statistically significant total of at least 500 nannofossils
had been obtained. A second count was performed from

Fig. 3 a Lithology of Pissouri
South sediments and detailed
logging of the lower part of the
section. b, c The lower and upper
part of the section, displaying
prominent lithological
alternations between yellowish
brown laminated layers and grey
marls
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additional 15 fields of view for the less common taxa,
with abundances <2 % in the first count. Taxonomic con-
cepts of the considered taxa follow Perch-Nielsen (1985),
Aubry (1984, 1988, 1989, 1990, 2014), and Bown and
Young (1998). For the biostratigraphic assignment of the
Pissouri South section, frequencies of index species,
mainly represented by Discoaster asymmetricus ,
Discoaster tamalis, Discoaster surculus, Discoaster
pentaradiatus, Discoaster brouweri , and Discoaster
variabilis, were established in counts of 50 discoasterids
following the methods and determination of the
biostratigraphic events described by Rio et al. (1990)
and Backman et al. (2012). Biozonation is after Rio
et al. (1990) and biochronology follows Lourens et al.
(2004) and Raffi et al. (2006), as both schemes provide
biohorizon ages especially for the eastern Mediterranean.
Stage ages used are after Gradstein et al. (2004, 2012).
We applied the ratio between Florisphaera profunda (F),
small Gephyrocapsa spp. <3 μm (sG) and small
Reticulofenestra spp. <5 μm (sR; mostly R. minuta and
R. minutula) abundances: S=F/(F+sG+sR) as stratifica-
t ion index (modi f ied f rom Flores e t a l . 2000;

Triantaphyllou et al. 2009b). The increase in S values
indicates gradual establishment of stratified conditions in
the water column and the onset of a nutrient-rich environ-
ment in the deep photic zone (Triantaphyllou et al. 2009b;
Triantaphyllou 2014). Following Palumbo et al. (2013)
and Triantaphyllou (2014), the sum of the warm upper-
photic zone (UPZ) taxa of Rhabdosphaeraceae family
mostly represented by Rhabdosphaera clavigera and
Discosphaera tubifera, Syracosphaera spp. (mostly
S. pulchra), Umbilicosphaera spp. (mostly U. jafari),
Pontosphaera spp. , Umbellosphaera tenuis , and
Calciosolenia spp. is used as a proxy of warm and oligo-
trophic surface waters, in accordance with their ecological
preferences.

Results

Organic carbon content

Organic carbon (OC) content in all laminated layers of
Pissouri South section is characterized by higher values, up

Fig. 4 Organic carbon content
(OC %), S index distribution and
dominant calcareous nannofossil
species relative abundances,
counted in 500 nannofossil
specimens. Sapropelic layers are
highlighted in grey bands
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to ∼0.6 %, while a significant drop has been observed in the
light grey marly layers down to ∼0.04 % (Fig. 4). Pissouri
South Pliocene sapropelic layers display reasonable OC con-
tent, similar to Capo Rossello, Punta Piccola (Beltran et al.
2007).

Calcareous nannofossil assemblages

Calcareous nannofossils are abundant and generally very
well-preserved in all samples. The comparatively good pres-
ervation potential of most heterococcoliths has been assessed

Fig. 5 Minor calcareous
nannofossil species relative
abundances in 500 nannofossil
specimens. Sapropelic layers are
highlighted in grey bands
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by different works (e.g., Roth and Coulbourn 1982; Castradori
1993); therefore, the investigated nannofossil assemblages are
considered representative of the water column conditions.
Species are listed alphabetically in a taxonomic list supplied
in the electronic supplementary material available online for
this article. Trends of representative taxa are plotted in Figs. 4,
5, and 6. Florisphaera profunda is the dominant species of the
assemblage both in absolute and relative abundances,
reaching values up to 90%within the increased OC laminated
layers. In contrast, maximum values of both small
Reticulofenestra spp. <5 μm and small Gephyrocapsa spp.
<3 μm have been reported in the low OC light grey layers.
In particular, small Reticulofenestra spp. <5μm exhibit values
up to 81 %, showing evident decrement above 36.6 m.
Maximum values of small Gephyrocapsa spp. <3 μm
(55 %) have been observed between the heights of 37.3 m
and 41.8 m. Pseudoemiliania lacunosa is characterized by
continuous presence and abundances up to 31 %; an increase
is observed between 18.2–23.2 m, coinciding with the slightly
reduced values of small Reticulofenestra spp. at the same in-
terval (Fig. 4). Sphenolithus spp. (S. abies, S. neoabies) are
restricted in the lower part of the section, up to 20.6 m height;
values do not exceed 10 % (Fig. 6). Reticulofenestra
pseudoumbilicus >7 μm displays a similar distribution pat-
tern, with the last representatives recorded at 15.8 m (Fig. 6).
Values of Helicosphaera sellii do not exceed 12.5 % (Fig. 5),
exhibiting a gradual increase above 35.7 m, while abundance

peaks are observed in the laminated intervals. Helicosphaera
carteri shows an opposite pattern, contributing with much
lower values (Fig. 5). Warm upper photic zone species con-
tribute with abundances up to 8 % (Fig. 5). Interestingly,
Umbilicosphaera jafari and holococcoliths show increased
values in the grey marly layers (Fig. 5). The Discoaster group
exhibits low abundances (max 7.5 %; peaks observed mostly
in the laminated layers), dominated by D. asymmetricus and
D. tamalis (Fig. 6). Discoaster asymmetricus is characterized
by continuous distribution above 7.7 m, whereas
D. pentaradiatus follows a similar pattern except for a period-
ical absence in between 18.5 m and 24.2 m. Discoaster
tamalis occurs with higher frequencies above 15.1 m height,
with maximum value (72 % within the Discoaster group,
Fig. 6) recorded at 30.4 m. Finally, the laminated marls are
featured by increased values of S index up to 0.99, whereas
grey layers exhibit maximum values of 0.54 (Fig. 4). Positive
peaks of reworking species are also reported in laminated
marls, reaching 3.6 % (Fig. 5).

Biostratigraphy, chronostratigraphy and sedimentation
rates

Five main calcareous nannofossil biohorizons are recognized
within the considered tract of the Pissouri South section
(Fig. 6; main biostratigraphic indices are illustrated in Fig. 7):

Fig. 6 Calcareous nannofossil
biostratigraphic indices. Relative
abundances of the various
Discoaster species were
established in counts of 50
discoasterids. Sphenolithus spp.
and Reticulofenestra
pseudoumbilicus were counted in
500 nannofossil specimens. HO:
highest occurrence, LCO: lowest
common occurrence, LO: lowest
occurrence. Additional planktonic
foraminiferal biohorizons
(Triantaphyllou et al. 2010) are
shown on the left: (a)
Globorotalia margaritae HO, (b)
Globorotalia crassaformis LO,
(c) Globorotalia puncticulata
temporary disappearance, (d)
Globorotalia crassaformis
reappearance, (e) Globorotalia
puncticulata reappearance
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(1) The continuous presence of D. asymmetricus observed
above 7.7 m of the section with relative frequencies ex-
ceeding 8 %, can be interpreted as the LCO (lowest com-
mon occurrence) of the species which according to
Backman et al. (2012) is dated at 4.04 Ma in the late
Zanclean.

(2) Upwards, at 10.2 m height of Pissouri South section, the
abundance of Discoaster tamalis increases more than
4%, corresponding to the subbottomD. tamalis bioevent
(Lourens et al. 2004), which has been dated at 3.97 Ma
for the eastern Mediterranean (Lourens et al. 2004).
Although not used in existing biostratigraphic schemes
(e.g., Raffi et al. 2006; Backman et al. 2012), the first

appearance of D. tamalis is nonetheless useful in the
biostratigraphic analysis of late Zanclean deposits (Rio
et al. 1990).

(3) Reticulofenestra pseudoumbilicus is absent above
15.8 m height, defining the R. pseudoumbilicus HO
(highest occurrence) biohorizon, which also marks the
boundary between MNN14/15 and MNN16 biozones
(Rio et al. 1990). The recognized biohorizon is equiva-
lent to the NN14/15–NN16 (Martini 1971) and CNPL3–
CNPL4 (Backman et al. 2012) biozones boundary, with
an age confirmed for the eastern Mediterranean at
3.84 Ma in the late Zanclean (Lourens et al. 2004;
Raffi et al. 2006) or 3.82 Ma (Backman et al. 2012).

Fig. 7 Calcareous nannofossil
biostratigraphic indices. 1
Discoaster triradiatus (SEM
image, sample P1/14). 2
Discoaster tamalis (SEM image,
sample P1/34). 3 Discoaster
asymmetricus (SEM image,
sample P1/14), 4 Discoaster
surculus (SEM image, sample P1/
14). 5Discoaster variabilis (SEM
image, sample P1/14). 6
Discoaster brouweri (SEM
image, sample P1/14). 7
Discoaster triradiatus (LM
image, sample P1/14). 8
Discoaster tamalis (LM image,
sample P1/34). 9 Discoaster
asymmetricus (LM image, sample
P1/14). 10 Discoaster surculus
(LM image, sample P1/14). 11
Discoaster variabilis (LM image,
sample P1/14). 12 Discoaster
brouweri (LM image, sample P1/
14). 13 Discoaster pentaradiatus
(LM image, sample P1/67). 14
Sphenolithus abies (LM image,
sample P1/14). 15 Sphenolithus
abies ontop of D. brouweri (SEM
image, sample P1/14)
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(4) Sphenolithus spp. HO is observed above the disappear-
ance of R. pseudoumbilicus, at 20.6 m height.
Sphenolithus spp. HO at the lower part of NN16 is dated
at 3.7Ma for the easternMediterranean (Raffi et al. 2006).

(5) The absence of the otherwise frequent species
D. pentaradiatus in between 21.7–23.1 m correlates
with the D. pentaradiatus paracme zone (Driever
1981) at the lower part of NN16. Rio et al. (1990)
considered the beginning and the end of this interval
useful for very fine biostratigraphic subdivision, as
they were observed in several eastern Mediterranean
sections. The top of D. pentaradiatus paracme
nannofossil bioevent is placed at 23.1 m in the
Pissouri South section, thus providing an age of
3.61 Ma (Lourens et al. 2004) that approximates
the base of the Piacenzian Stage (3.60 Ma;
Gradstein et al. 2004, 2012).

Additional planktonic foraminiferal bioevents recognized in
Triantaphyllou et al. (2010) are used for strengthening the bio-
stratigraphic assignment of Pissouri South section (Fig. 6): (a)
Globorotalia margaritae HO (3.81 Ma; Lourens et al. 2004),
(b)Globorotalia crassaformis LO (lowest occurrence) marking
the Zanclean/Piacenzian boundary (3.60 Ma, Lourens et al.
2004), (c) Globorotalia puncticulata temporary disappearance
(3.57 Ma; Lourens et al. 2004), (d) G. crassaformis reappear-
ance (3.35 Ma; Lourens et al. 2004), (e) G. puncticulata reap-
pearance (3.31 Ma; Lourens et al. 2004).

Based on the defined biohorizons within Pissouri South
section, sedimentation rates have been calculated between
4.04–3.97 Ma (7.7–10.2 m) as 3.3 cm/kyear, while between
3.97 and 3.84 Ma (10.2–15.6 m) values are slightly increased

to 4.21 cm/kyear (Table 1). Within the interval from 3.84 to
3.81 Ma (15.8–18.5 m), sedimentation rates continue to in-
crease to 9.0 cm/kyear; in between 3.81 and 3.7 Ma (18.5–
20.6 m) values drop to 1.94 cm/kyear, before rising again to
2.28 cm/kyear within 3.7 and∼3.61 Ma (20.6–23.1 m). An
evident increase has been observed between 3.6–3.57 Ma
(21.3–24.7 m) with the sedimentation rates to exhibit values
of 7.53 cm/kyear. Within the next 11.4 m of section spanning
3.57 to∼3.335 Ma (24.7 to 36.1 m) sedimentation rates de-
crease again to 4.8 cm/kyear, while the upper part of the sec-
tion spanning period of 3.35–3.31 Ma (36.1–40.2 m) is char-
acterized by a sharp increase, with sedimentation rates
reaching maximum values of 11.25 cm/kyear (Table 1).

Discussion

Zanclean/Piacenzian sapropelic layers:
paleoceanographic–paleoclimatic implications

The increase of the lower and mid photic zone dwellers
F. profunda and H. sellii, along with the concomitant high
values of S index (up to 0.99; Fig. 4) within the OC
enriched laminated layers of Pissouri South section
(Fig. 8), imply the gradual establishment of stratified con-
ditions, the onset of increased productivity in a nutrient-
rich deep photic zone, and the concomitant development
of deep chlorophyll maximum (DCM), (Fig. 9) .
Florisphaera profunda is one of the dominant deep
dwellers of the modern eastern Mediterranean water col-
umn during the warm season (e.g., Triantaphyllou et al.
2004; Malinverno et al. 2009); apparently abundant in the

Table 1 Defined biohorizons in the Pissouri South section and calculated sedimentation rates

Biohorizon Position (m) Thickness (m) Age (Ma) Duration (Ma) Sedimentation rates
(cm/kyear)

LCO D. asymmetricus 7.7 2.5 4.04 0.07 3.57
subbottom D. tamalis 10.2 3.97

subbottom D. tamalis 10.2 5.6 3.97 1.03 4.30
HO R. pseudoumbilicus 15.8 3.84

HO R. pseudoumbilicus 15.8 2.7 3.84 0.03 9.00
HO G. margaritae 18.5 3.81

HO G. margaritae 18.5 2.1 3.81 0.11 1.90
HO Sphenolithus spp. 20.6 3.7

HO Sphenolithus spp. 20.6 2.5 3.7 0.09 2.78
top paracme D. pentaradiatus 23.1 3.61

LO G. crassaformis 23.1 1.6 3.60 0.03 5.33
temporary disappearance G. puncticulata 24.7 3.57

temporary disappearance G. puncticulata 24.7 11.4 3.57 0.22 5.18
reappearance G. crassaformis 36.1 3.35

reappearance G. crassaformis 36.1 4.1 3.35 0.24 10.25
reappearance G. puncticulata 40.2 3.31
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Quaternary sapropels (e.g., Castradori 1993; Negri et al.
1999a, b; Triantaphyllou et al . 2009a, b; 2010;
Triantaphyllou 2014). It is evident that F. profunda is a
reliable proxy of the nutricline–thermocline (Okada and
Honjo 1973; Molfino and McIntyre 1990); thus, high rel-
ative abundances indicate stable stratification of the water
column and low productivity in the surface layer (e.g.,

Ca s t r a do r i 1993 ; Be au fo r t e t a l . 2 001 ) . The
Helicosphaera species show affinities with shallow, eutro-
phic, or hyposaline environments (Perch-Nielsen 1985;
Dimiza et al. 2014), and higher fertility regions (Ziveri
et al. 2004). In particular, Helicosphaera sellii has been
observed forming monospecific layers in OC-rich sedi-
ments, and is probably a key species in Pliocene

Fig. 8 1–6 Typical calcareous
nannofossil assemblage of the
laminated brownish layers
reflecting sapropelic conditions;
the almost excellent preservation
state is remarkable. 1 (SEM
image, sample P1/34): a
Discoaster tamalis, b small
reticulofenestra spp., c
Helicosphaera sellii, d
Florisphaera profunda, e
Sphenolithus abies, f
Syracosphaera pulchra. 2
Helicosphaera sellii (SEM image,
sample P1/14). 3 Helicosphaera
sellii LM photo (SEM image,
sample P1/14). 4 Florisphaera
profunda in the circled area
(SEM image, sample P1/34). 5
Discoaster spp. (SEM image,
sample P1/34). 6 Florisphaera
profunda (SEM image, sample
P1/34). 7–10 Typical calcareous
nannofossil assemblage of the
grey marls. 7 (SEM image,
sample P1/67): a
Umbilicosphaera jafari, b small
Gephyrocapsa spp., c small
Reticulofenestra spp., d
Scyphosphaera spp., e
Reticulofenestra sp. 8 Small
Gephyrocapsa spp. (SEM image,
sample P1/67). 9 Small
Gephyrocapsa spp. (LM image,
sample P1/67). 9 Syracolithus
dalmaticus (holococcolith, SEM
image, sample P1/67). 10
Umbilicosphaera jafari (SEM
image, sample P1/67). 11 small
Reticulofenestra spp. (SEM
image, sample P1/67)
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sapropels, also related to high productivity in the mid
photic zone (Capozzi et al. 2006). High values of the
stratification S index have been reported in Quaternary
sapropels of the Aegean (up to 0.9) and North Levantine
Sea (>0.5), (Triantaphyllou 2014). Small peaks of
reworked species within the laminated layers can be asso-
ciated with increased fluvial discharge (e.g., Negri and
Giunta 2001). In addition, higher values of discoasterids
at the same levels are associated with oligotrophic surface
waters. Discoasterids are generally considered to prefer
warm waters (e.g., Flores et al. 1992; Vázque et al.
2000), increasing their abundance with deep pycnocline
as lower photic zone inhabitants (Flores et al. 2005).
Such conditions of marine biological production com-
bined with enhanced organic matter preservation, are con-
nected with sapropel formation during periods of wetter
climate in the eastern Mediterranean and the Levantine
Basin and the associated intense continental runoff,

especially from the Nile, resulting from lower latitude
monsoonal activity (e.g., Rohling and Hilgen 1991;
Rohling 1994; Emeis et al. 1998; Bouloubassi et al.
1999; Warning and Brumsack 2000). Sapropels occurred
in the entire eastern Mediterranean during intervals when
the thermohaline circulation was reduced and the
intermediate- and deep-water formation was weakened
or impeded (Emeis et al. 1998).

Higher values of F. profunda have been previously doc-
umented in other Pliocene sapropels (Zanclean age) from
the Mediterranean region (Castradori 1998), connecting the
increased abundance of the species with the development
of DCM. Similarly, Negri et al. (2003) observed the same
pattern of a well-developed DCM favouring F. profunda
during the deposition of Pleistocene sapropels. The subse-
quent shoaling of the pycnocline enables the upward
mixing of new nutrients into the lower photic zone (the
ecological niche of F. profunda), increasing the export of
organic matter (e.g., Legendre and Le Fevre 1989; Eppley
1989). Apparently, this process relates the abundance of
F. profunda with increased export of organic matter from
the photic zone (e.g., Castradori 1998). Similar ecological
affinities to those of the deep nutricline dweller
F. profunda were also proposed for the Mesozoic taxon
Nannoconus (e.g., Coccioni et al. 1992; Erba 1994); Street
and Bown (2000), on the other hand, suggested that
nannoconids were neritic, warm water, and r-selected taxa.
Nannoconids experienced a profound crisis, whereas shal-
low dweller coccolithophores continued to bloom (e.g.,
Erba 2004; Erba and Tremolada 2004; Erba et al. 2010)
just before the deposition of the Aptian grey–black anoxic
shales of the Selli Level (Mesozoic possible analogues to
the Cenozoic sapropels, e.g., Meyers and Negri 2003).
Interestingly, Patruno et al. (2015) reported surface water
conditions of high fertility and lowered pH featuring the
onset of the anoxic Aptian Selli Level. Apparently, the
deposition of these different anoxic layers displays con-
trasting features; concentration of nutrients in the upper
photic zone during the Aptian global crisis vs nutrient
increase in the deep photic zone during sapropel formation
in the deep eastern Mediterranean basin. Despite all simi-
larities observed between the Mesozoic black shales and
the sapropels (e.g. Ryan and Cita 1977; Negri et al. 2003;
Meyers and Negri 2003; Meyers 2006; Emeis and
Weissert 2009), there are strong differences in their
paleoenvironmental and paleoceanographic settings, mainly
related to the presence of greenhouse conditions (black
shales) vs glacial conditions (sapropels). In addition, as
mentioned by Negri et al. (2003), there is no biotic evi-
dence of DCM seen in the black shales, whereas presence
of DCM is a common feature of the eastern Mediterranean
Neogene sapropels, which is probably related to the high
recorded abundances of F. profunda.

Fig. 9 Schematic representations of the palaeo-environmental conditions
during the Zanclean/Piacenzian transition in Pissouri South sediments
resulting to the formation of (a) grey marls, associated with intense
mixing of the surface waters and development of eutrophic conditions
in the upper photic zone during periods of low insolation and limited fresh
water input in the basin, and (b) sapropelic layers, associated with high
water column stratification, oligotrophic surface waters, nutrient increase
in the mid-low photic zone and well-developed deep-chlorophyll
maximum during periods of strong summer insolation and monsoonal
maxima
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Pissouri South Pliocene sapropelic layers alternate with grey
marls that are featured by the dominance of small placoliths of
Reticulofenestra and Gephyrocapsa species (Figs. 8 and 9);
Reticulofenestra spp. <5 μm and Gephyrocapsa spp. <3 μm
are considered opportunistic taxa of the upper photic zone,
indicating eutrophic conditions during intense mixing of the
surface waters (Gartner 1988; Flores et al. 2005). In addition,
Flores et al. (2005) argued that increased presence of small
Reticulofenestra spp. is linked to a relatively shallow DCM,
with a stable but also shallow thermocline. The presence, even
in low abundances, of UPZ species in the grey marls (Fig. 5)
supports relatively increased temperatures in the surface waters;
Rhabdosphaeraceae, Syracosphaera spp., and Pontosphaera
spp. prefer warm and oligotrophic waters (Okada and
McIntyre 1979; Ziveri et al. 2004; Triantaphyllou et al. 2004;
Dimiza et al. 2008; Malinverno et al. 2009). A similar pattern
was also observed for U. jafari and holoccocolith distribution
(Fig. 5), possibly reflecting time intervals of salinity increase
(Flores et al. 2005; Wade and Bown 2006).

Our calcareous nannofossil assemblages support in general
the prevalence of warm paleoclimatic conditions during the
Zanclean/Piacenzian transition. However, the significant in-
crease of the cold indicator P. lacunosa, observed between
∼3.6–3.4 Ma (Fig. 4), is probably linked to slight sea surface
temperature decrease, as the extinct species P. lacunosa is as-
sumed by Flores et al. (1995) to suggest cool oceanographic
conditions. The prevalence of cooler conditions, especially at∼
3.35 Ma, is marked by the sharp peak of eutrophic small
Gephyrocapsa spp. (Fig. 4), and the relatively reduced values
of the warm UPZ taxa (Fig. 5). This cooling event can be
correlated with the Mammoth cooling (Haug and Tiedemann
1998) that has been reported by several authors to represent the
glacial MIS M2 at∼3.3. Ma (e.g., Lisiecki and Raymo 2005;
De Schepper et al. 2009, 2013). However the increase of the
lower and mid photic zone dwellers F. profunda and H. sellii
and the high values of S index at 3.3Ma (Fig. 4) support a mild
expression of the glacial MIS M2 in the southeastern
Mediterranean during generally warm climatic conditions.

Fig. 10 Power analyses of the
lithological rythmical alternations
between 3.97 and 3.84 Ma in the
Zanclean dated part of Pissouri
South section
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Cyclicity patterns, astronomical calibration, and provided
age model

In order to provide new evidence on both age control and
climatic variability for the Pliocene record of the Pissouri
South section, we investigated the cyclic nature of the exposed
lithological alternations between the organic-rich laminated
layers and the grey marls. Therefore, we followed the
approach of Mitchell et al. (2008) and Patruno et al. (2015)

for a spectral analysis of the collected lithostratigraphic data
covering the lowest part of the section spanning the time in-
terval between 3.97 Ma and 3.84 Ma (10.2–15.8 m; Fig. 10,
Table 1) within MNN14–MNN15 biozone, using Past.exe
software. The aim of this investigation is to determine the
main periodicities and the phase relationships relative to the
astronomical forcing to our data. The results display an evi-
dent peak (11 times stronger than the noise level) with a period
of 137 cm. The value of biostratigraphically-constrained

Fig. 11 Astronomical calibration
of Pissouri South section.
Sapropel cycles (highlighted in
grey bands) are labelled
according to i-cycle coding after
Hilgen (1991b) and correlated to
the 65°N summer insolation
target-curve of Laskar et al.
(2004). Biostratigraphic
framework according to Rio et al.
(1990), ages after Gradstein et al.
(2012). Nannofossil
biostratigraphic events are
labelled as 1–5 and planktonic
foraminifera biostratigraphic
events (Triantaphyllou et al.
2010) are labelled (a)-(e).
Correlation with Capo Rossello
composite section marking the
position of the main calcareous
nannofossil (Lourens et al. 2004)
and planktonic foraminifera
bioevents (Sprovieri et al. 2006) is
also shown
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sedimentation rates in this part of the section is of ∼4.2 cm/
kyear (Table 1. As a consequence, these cycles represent pe-
riods of ca. 21–23 kyr and can be assumed to reflect orbital
precession, consistent with the ‘bundling cyclicity’ described
in other Early Pliocene records in the Mediterranean such as
Trubi formation (5.4–3.3 Ma) of the Capo Rossello composite
section (Hilgen 1991a, b; Thunell et al. 1991a, b; Lourens
et al. 1996).

The available biostratigraphical framework for Pissouri
South sediments provides an excellent first-order bed-to-bed
age control through the comparison with the Rossello com-
posite section, Sicily (Langereis and Hilgen 1991; Lourens
et al. 1996), enabling the astronomical tuning of the marly–
sapropelic cycles to the target-curve of Laskar et al. (2004),
(Fig. 11). Approximate age for each insolation cycle for the
Pissouri South section follows Laskar et al. (2004) and
Lourens e t a l . (1996) ca l ib ra t ions . Thus , LCO
D. asymmetricus at 7.7 m corresponds to Rossello sapropel
cycle 57 (Fig. 11), which is tuned to i-cycle 390 (4.048 Ma).
Sapropel cycle 56 is the lowest recorded at Pissouri South
section, correlated with i-cycle 392; therefore, the studied se-
quence is astronomically dated younger than 4.065 Ma
(Lourens et al. 1996). Subbottom D. tamalis reported within
a sapropelic layer at 10.2 m corresponds to cycle 60 and i-
cycle 382 (3.973 Ma). Sapropels 69–71 (i-cycles 364–360)
and 73–76 (i-cycles 356–350) are not clearly recorded in the
lithology of the studied sequence, most probably due to low
sampling resolution at the specific interval and/or post-
depositional diagenetic erasion (Emeis et al. 2000b). In be-
tween 18.9 m and 22.8 m, cycle 72 (20.6 m) corresponding
to i-cycle 358 (3.702 Ma) was identified, associated with
Sphenolithus spp. HO at 3.7 Ma (Table 1, Fig. 11). The
interval 22.8–43 m presents a straightforward correlation
between sapropel cycles 77–95 and i-cycles 348–308
(3.608–3.217 Ma); therefore, the top of the studied interval
ends at 3.217 Ma (i-cycle 308; Lourens et al. 1996), (Fig. 11).

Conclusions

The main conclusions of our study can be summarized as
following:

& Pissouri South sediments expose cyclical lithological al-
ternations between organic-rich laminated layers and grey
marls, reflecting the orbital precession. The provided
biostratigraphical framework indicates the correlation
with MNN14/15 and MNN16 calcareous nannofossil
biozones, spanning the Zanclean/Piacenzian boundary.
According to the astronomical tuning of the marly-
sapropelic cycles, the studied section is dated between
4.065 Ma and 3.217 Ma.

& The provided evidence from Pissouri South section in
southwestern Cyprus shows that during the Zanclean/
Piacenzian transition, the paleoceanographic conditions
indicated rhythmic alternations between sapropelic depo-
sitional intervals with high water column stratification as-
sociated with the increased values of F. profunda, and
eutrophic conditions during mixing of the surface waters,
featured by the dominance of small placoliths of
Reticulofenestra and Gephyrocapsa species.

& Calcareous nannofossil assemblages support in general
the prevalence of warm paleoclimatic conditions. The
prevalence of cooler conditions, especially at∼3.35 Ma,
is marked by the sharp peak of eutrophic small
Gephyrocapsa spp. is correlated with the Mammoth
cooling (glacial MIS M2 at∼3.3 Ma). The simultaneous
increase of the lower and mid photic zone dwellers
F. profunda and H. sellii and the high values of S index
within sapropel cycle 91 at∼3.3 Ma, support a mild ex-
pression of MIS M2 in the southeastern Mediterranean.

& Our data indicate relatively warm climate conditions dur-
ing ∼4.1–3.2 Ma in the southeastern Mediterranean, sug-
gesting that this part of the basin was either decoupled
from or not sensitive to the North Atlantic climate forcing
(e.g., Becker et al. 2005; Wang et al. 2010). Apparently,
southeastern Mediterranean’s latitudinal position in com-
bination with its limited connection to the open ocean,
places the entire area under the influence of both temper-
ate climate conditions and the African monsoon, which
subsequently resulted to sapropel formation during the
Zanclean/Piacenzian transition.
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