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A B S T R A C T

The multi-proxy investigation of the deep-marine Kottafi Hill section (KHS), a part of the carbonate system of
the Miocene Pakhna Formation, Cyprus, involved such proxies as calcareous nannofossil analysis, measurements of
the oxygen and carbon isotope composition of the planktonic foraminifer Orbulina universa, and determination of the
pollen and palynomorph contents, revealed the importance of these sedimentary sequences in the assessment of the
impact of major global events during the middle Miocene on the regional scale. The KHS spans the 20.89–11.6 Ma
time interval, during which eighteen OC-rich siltstone intercalated laminae have been deposited under warm and
humid climate at 15.5–11.6 Ma. These layers can be possibly considered as the precursors of sapropelic layers mostly
developed in the eastern Mediterranean Basin during Pliocene–Holocene. The global glacial events Mi3a–Mi5,
traced by d18O planktonic foraminifera records in the KHS, represent the stepwise cooling phase during the middle
Miocene Climate Transition.
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1. Introduction

As stated in IPCC reports (e.g., IPCC, 2013), reconstructions from
paleoclimatic archives would be informative on the climate system
functioning in the past, before the human spread, and thus useful for the
understanding of the current trend towards a warmer future.

An interesting interval in the Cenozoic climatic history is the Miocene
Climatic Optimum (MCO; c.a. 14.7–17.0 Ma), featured by sustained
global warmth and reduced continental ice volume (e.g., Zachos et al.,
2001; Brandano, 2017). The MCO followed a long period of 24 million
years where CO2 estimations remained to pre-industrial levels (Pagani
et al., 2005; Burke et al., 2018; Westerhold et al., 2020). In contrast, proxy
data imply CO2 concentrations of 400–600 ppm during MCO (Kurschner
and Kvacek, 2009), and SST reconstructions indicate an average surface
temperature between 3–5 �C above pre-industrial levels (Flower, 1999).
The MCO is recorded within a long-term positive carbon isotope shift,
known as the Monterey Carbon Isotope Excursion. This prolonged
positive carbon isotope excursion (�13.5–17.0 Ma) is associated with
extensive organic rich deposits (i.e., California Monterey Formation) and
is featured by six carbon isotope maxima (CM1-CM6), in pace with the

400 kyr eccentricity cycle (Woodruff and Savin, 1991; Holbourn et al.,
2007; Brandano et al., 2017). Post-dating MCO, the climate experienced a
stepwise cooling, the middle Miocene Climate Transition (mMCT), which
led to the rapid expansion of the East Antarctic ice sheet at �13.8 Ma
(Miller et al., 1991; Flower and Kennett, 1994; Zachos et al., 2001).
During the mMCT, several oxygen isotope positive shifts (Mi3-Mi5 events;
Miller et al., 1991; Turco et al., 2001; Quaijtaal et al., 2014) represent a
series of brief glaciations indicating a drop in the sea bottom water
temperature and/or an increase in the ice volume. The middle Miocene
cooling is characterized by an initialrelatively small shift at 14.2 Ma and a
second major shift at 13.8 Ma (Mi3a and Mi3b isotopic events
respectively; Shevenell et al., 2004), associated with a shift to heavier
benthic foraminiferal d13C values that coincides with the CM6 event
(Woodruff and Savin, 1991).

The semi-enclosed, well ventilated Mediterranean basin is considered
as a unique physical model for the observation of the climate changes
throughout the geologic timescale (e.g., Béthoux, 1993). Major high-
latitude atmospheric teleconnections appear to affect the Mediterranean's
climate on multi-decadal to centennial timescales, presenting large
temporal variability and strong seasonal cycles (e.g., Béthoux, 1993). For
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instance, Marullo et al. (2011) and Mariotti and Dell’Aquila (2012) argue
about the existence of a close relationship between the Atlantic Multi-
Decadal Oscillation (AMO) and the Mediterranean's SSTs on decadal
timescales, while Skliris et al. (2012) have shown that the recent warming
trend demonstrated by the Mediterranean's surface waters is highly
correlated with both the Eastern Atlantic SST pattern and the AMO index.
In contrast to the modern oceanographic conditions, enhanced freshwater
discharges induced by the insolation-controlled intensification of the
African monsoon, notably through the Nile River (e.g., Rossignol-Strick,
1985; Rohling, 1994), resulted to the sensitive response of the eastern
Mediterranean hydrographic regime. Thus, the �23 kyr precession
periodicity has led to an episodic deposition of multiple organic-rich
layers, so-called sapropels, exhibiting an age ranging from late Miocene to
modern times (e.g., Hilgen et al., 2003; Rohling et al., 2015; Athanasiou
et al., 2017). Sapropel formation is associated with increased freshwater
inputs delivering nutrients in the basin and concomitant enhanced
stratification (e.g., Giunta et al., 2003; Gogou et al., 2007; Triantaphyllou
et al., 2009, 2016), resulting to a productive lower photic zone and
dysoxic/anoxic conditions in the bottom of the basin supporting organic
matter preservation (e.g., Rossignol-Strick, 1985; Rohling, 1994; Emeis
et al., 2000; Casford et al., 2003; De Lange et al., 2008).

Sapropelic layers have been reported from the central Mediterranean
sporadically during the late Miocene (e.g., Nijenhuis et al., 1996; Negri
et al., 1999; Sierro et al., 2003; Abels et al., 2005), whereas only one site
has been reported in the eastern Mediterranean (Taylforth et al., 2014). In
addition, a few on land sites display continuous sapropelic marine
successions spanning the mMCT, i.e., Malta and Gozo islands (Sprovieri

et al., 2002; John et al., 2003; Mourik et al., 2011) and the astronomically
dated La Vedova Beach section located in central Mediterranean (Hüsing
et al., 2010; Mourik et al., 2010). However, the existing carbon isotope
curves during the MCO in the Mediterranean region, are either
characterized by low resolution (Kocsis et al., 2008) or by being poorly
age-constrained (Reuter et al., 2013; Auer et al., 2015).

Calcareous nannofossils have been rapidly evolved through geological
time providing numerous fossil indices used as biostratigraphic tools; the
group is also responding quickly to changes in environmental conditions
providing a useful means for palaeoceanographic reconstructions (e.g.,
Floresetal., 2005; Di Stefano et al.,2015; Triantaphyllou etal., 2009, 2016;
Athanasiou et al., 2015, 2017). In addition, shifts in the terrestrial
environment (i.e., changes in vegetation, erosion events) characterize the
pollen and palynomorph assemblages (e.g., Kouli et al., 2012). Carbon
isotope values of marine calcite from microfossil tests (e.g., foraminifera)
are suitable for understanding changes in organic marine productivity,
ocean circulation patterns (vertical mixing and stratification in the water
column) and general carbon cycle changes associated with the exchange of
CO2 between the ocean and atmosphere, while changes in their oxygen
isotopic composition may serve as a basis for the paleotemperature
interpretation, estimation of the ice volume and salinity variations (e.g.,
Turcoetal., 2001; Sierro etal.,2003; Abelsetal.,2005; Mouriketal.,2011).

The Kottafi Hill section (KHS; Pakhna Formation) on Cyprus Island
represents a lower to middle Miocene well-exposed sequence of
hemipelagic chalky-marly deposits. Preliminary results of the calcareous
nannofossil biostratigraphy of the KHS (Athanasiou et al., 2013)
indicated that it represents a promising sedimentary archive for the

Fig. 1. (a) Location of Cyprus Island in the context of eastern Mediterranean Sea and northern Levantine Sea (AW: Atlantic Water, LIW: Levantine Intermediate Water), (b)
Simplified geological map of Cyprus focusing on the sediments of Pakhna formation. (c) Generalized lithostratigraphy and chronostratigraphy of southern Cyprus
stratigraphic units and the main tectonic events (modified from Manzi et al., 2014, after Robertson et al., 1991) (d) Kottafi Hill section.
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investigation of potential sapropelic layers in the eastern Mediterranean
during the mMCT.

The present study aims (a) to establish a solid biostratigraphic
framework for the KHS sedimentary sequence, (b) to apply a multi-proxy
approach (i.e., calcareous nannofossil assemblages, palynomorph

concentrations and stable isotope composition of planktonic foraminif-
era), in order to investigate the paleoceanographic and paleoclimatic
conditions under which the eastern Mediterranean sapropelic layers
begun to form and (c) to determine the impact of the major global cooling
events on the eastern Mediterranean during the mMCT.

Fig. 2. Lithology, detailed logging of Kottafi Hill sediments and Total Organic Carbon content (TOC%) for the 17–42 m interval. TOC peaks correspond to the laminated
siltstone layers (1-18), highlighted in brown bands.
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2. Study area: the Kottafi Hill section on Cyprus Island

Located in the Levantine Basin, Cyprus Island is considered as part of a
northward-dipping subduction zone (Cyprean Arc) that extends between
southern Cyprus and the Eratosthenes Seamount (Fig. 1a), on the
northern margin of the African Plate (Payne and Robertson, 1995;
Harrison et al., 2004). During late Oligocene to early Miocene, a basement
uplift of the Troodos Terrane caused shallowing and fundamental
environmental changes (BouDagher-Fadel and Lord, 2006). These
processes led to the deposition of the deep-marine biogenic sediments
of the Lefkara Formation and the overlying early-late Miocene hemi-
pelagic sequence of the Pakhna Formation, widely outcropping in
southern Cyprus, northwest of Limassol (Fig. 1b, c). The latter consists of
marine carbonate sediments with distinct cyclicity (i.e., marl, chalky
marl, marly chalk and chalk; Fig. 1c), deposited in tectonically-controlled
shallow to deep-marine settings (Smith and Gale, 2009). Up to now,
several sections of the Pakhna Formation have been studied (e.g., Lord
et al., 2009; Smith and Gale, 2009; Taylforth et al., 2014), still with poor
biostratigraphic documentation (e.g., Mantis, 1970; Hadjistavrinou,
1974; Davies, 2001).

The KHS is a 42.1-meter-thick succession located in the outer part of the
Nicosia region (Fig. 1b, d) and represents a well-exposed complete
sequence of the hemipelagic Pakhna Formation. The sediments comprise
alternating hemipelagic carbonates and intercalated allochthonous
laminated siltstone layers. The carbonates include (Fig. 2): (i) deep-water
white foraminiferal limestone (prevailing between 19–27 m and 34–42 m),
which has less than 5 dry weight (dw) % of terrestrial clay and consists of
coccolith ooze with planktonic foraminifera; (ii) white foraminiferal marly
chalk (between 17–19 m and 27–33 m) containing �10 dw% of terrigenous
clay; (iii) chalky marls and marl facies (mostly occupying the lower part of
the section), which are composed of up to �30 dw% of land-derived clay.
Finally, eighteen laminated siltstone layers (3–12 cm thick) are present
throughout the middle and upper part of the section (above 20.4 m),
displaying dark brown colour and extremely poor cementation, which
imply rapid clastic sedimentation. A more detailed description of the
carbonate facies occurring in KHS is presented in Davies (2001).

3. Methods

3.1. Sampling and spectral analysis

Sampling resolution involved a range between 5 cm–30 cm and it was
performed throughout the sedimentary sequence in KHS for a total
number of 198 samples; one to three samples have been taken from each
bed depending on the bed thickness (Fig. 2).

Following the methodology of Mitchel et al. (2008), the lithological
log has been converted to a numerical string, assigning a value from 0 to
255 to each layer of the section, i.e. from chalk to siltstone, according to
the colour of the beds. Spectral analysis has been performed on the
produced lithology numerical string with the Lomb Normalized Periodo-
gram for unevenly sampled data (Press et al., 1992), testing the
hypothesis that the population represents a significant periodic signal
against the random noise.

3.2. Total organic carbon analysis

Total organic carbon (TOC) content was measured in 104 dry-freezed
and homogenized samples from the upper part of KHS (19.74–38.92 m).
Samples were initially de-carbonated using repetitive additions of HCl
(25%, v/v) and separated by 60 �C drying steps, until no effervescence
was observed. Measurements were carried out at the laboratories of the
Institute of Oceanography, Hellenic Centre for Marine Research, Greece,
using an elemental analyzer (Fisons EA-1108 CHN), following the
procedures described by Verardo et al. (1990). The precision of the
method was within 5%.

3.3. Foraminiferal analysis

One hundred and thirty samples (�10 g each) taken accross the the
entire KHS sequence were soaked in a hydrogen peroxide solution (30%),
ultra-sonicated and sieved using a 125 mm mesh. A total amount of 300
planktonic foraminifera and the corresponding content of benthic
foraminiferal specimens were collected per treated sediment sample.
The planktonic foraminiferal assemblages have been assessed in order to
detect the exact position of the species Orbulina universa first occurrence
(FO) in the sedimentary sequence (O. universa FO; Lirer et al., 2019).

3.4. Calcareous nannofossil analysis

The samples for the calcareous nannofossil (CN) analysis were
prepared according to standard smear slide techniques (Bown and Young,
1998) and were examined using a Leica DMLSP polarising Light
Microscope (LM) under 1250� working magnification. A Jeol JSM
6360 Scanning Electron Microscope (SEM) was used for taxonomical
purposes.

The biostratigraphic frame was based on the analysis of calcareous
nannofossil marker taxa in 80 samples from the entire KHS sedimentary
sequence, by counting the index species in a predetermined number of
taxonomically related forms (Fornaciari and Rio, 1996; Fornaciari et al.,
1996). This method was applied for the evaluation of the main
biostratigraphic indices relative abundance, such as Helicosphaera carteri,
H. euphratis, H. ampliaperta (approx. 100 Helicosphaera specimens);
Sphenolithus belemnos, S. heteromorphus (approx. 100 Sphenolithus speci-
mens); Discoaster kugleri, D. signus (approx. 100 Discoaster specimens),
while the counting of the Calcidiscus premacintyrei forms was performed
relative to 50 Calcidiscus specimens. Data are presented as relative
abundances. The zonal assignment for the KHS record follows the
biostratigraphic scheme of Agnini et al. (2017) that incorporates
Backman et al. (2012) and is correlated to Martini (1971) biozones.
The numerical ages of the CN biohorizons and biozone boundaries are
given according to Agnini et al. (2017).

In order to reconstruct the palaeoceanographic conditions prevailing
during the deposition of the upper part of the KHS (19.74–38.92 m) that
contains the siltstone layers, the total calcareous nannofossil assemblage
composition was analysed in 63 samples with average sample resolution
of 50 cm. All nannofossil taxa were counted taking into account at least
500 nannofossil specimens (e.g., Fornaciari and Rio, 1996; Athanasiou
et al., 2015). Counts in additional 15 fields of view have been performed
for the less common taxa such as Syracosphaera spp. and Rhabdosphaera
spp. (e.g., Giunta et al., 2003; Triantaphyllou et al., 2009). Coccolithus
spp. and Calcidiscus spp. were plotted together as they both present
ecological affinities to cool mesotrophic waters (e.g., Haq, 1980; Hagino
and Okada, 2006; Bolton, 2010).

3.5. Palynological analysis

Palynological analysis was performed on 40 samples from the middle-
upper part of the sequence (19.74–38.92 m). Approximately 5 g of each
sample were successively treated with HCl (36%), HF (38%) and KOH
(10%), following standard preparation methods for palynological
samples (Faegri and Iversen, 1989). The samples were then sieved
through a 10 mm sieve and the residues were stored and mounted in
glycerine. Microscopic analysis was performed at 400� magnification
and all terrestrial and aquatic palynomorphs, including pollen and spores,
fungal remains, green algae cysts and microscopic charcoal, were
identified and counted. A mean terrestrial pollen and spore sum of 200
grains per sample was reached in most of the samples studied, while 11
samples that have not reached the threshold of 150 pollen and spore
grains were considered barren and excluded from this study. The
palynomorph content was calculated as grains/g of dry sediment based on
the known quantity of exotic spores, namely Lycopodium tablet,
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introduced at the first step of the chemical processing (Faegri and Iversen,
1989).

3.6. Stable isotope analysis

The carbon and oxygen isotope composition analyses were performed
on the planktonic foraminifer Orbulina universa, in 63 samples. Six
specimens per sample were hand-picked and cleaned in an ultrasonic bath
for 3–5 s at a frequency of 40 kHz, to remove adhering sediment particles.
Measurements were carried out in the Stable Isotope Laboratory of the
Department of Earth and Planetary Sciences in the University of
California, Davis, using NBS-19 calcite standard. The carbon and oxygen
isotope ratios are reported using the delta notation (d) in m, relative to the
Vienna Pee Dee Belemnite international standard (VPDB). The measure-
ment precision of the 18O/16O ratio was �0.04m and �0.03m of the
13C/12C ratio.

4. Results

4.1. Total organic carbon

In the studied interval of the KHS (�20–40 m), the TOC content varied
from 0.07 to 0.36% (average 0.25%; Fig. 2). The highest concentration of
the TOC was observed within the thin siltstone layers (up to 0.36%), while
in the chalky/chalky marly layers the TOC content was less than 0.15%
(average 0.11%).

4.2. Foraminiferal assemblages

Foraminifera shells were present throughout the whole KHS, however,
their preservation state varied from moderate to poor. The best-preserved
tests were observed in the siltstone laminated layers while the poorest
(mostly recrystallized) specimens dominated the chalky layers. All

analysed samples were composed of planktonic foraminifera (>95%).
The first representatives of the species Orbulina universa have been
observed at 22.89 m (Fig. 3a). Few specimens of the benthic taxa Cibicides
and Hoeglundina have been detected in the chalky marls, while the
siltstone layers displayed sporadic individuals of the infaunal Bolivina
spp. and Uvigerina spp.

4.3. Calcareous nannofossils

4.3.1. Biostratigraphy and age model
The CN biostratigraphic analysis revealed several biohorizons (Agnini

et al., 2017) within the KHS sedimentary record (Fig. 3a). The turnover in
dominance of H. carteri (max. >60%) over H. euphratis was observed
1.70 m above the base of the section, marking the base of biozone CNM4
(Backman et al., 2012; Agnini et al., 2017). Upwards, the B of
H. ampliaperta (20.43 Ma) was recognised at 3.20 m in the lower part
of CNM4. The B of S. belemnos was observed at 5.28 m (19.01 Ma at the
base of CNM5) and the Bc of S. heteromorphus (17.75 Ma) was defined at
7.71 m, marking the base of biozone CNM6. The B of D. signus was
recorded at 15.21 m; the T of S. heteromorphus biohorizon at 33.22 m
points to 13.53 Ma, approximating the Langhian/Seravallian (NN5/NN6
and CNM7/CNM8) boundary (Fornaciari et al., 1996; Lourens et al.,
2004; Backman et al., 2012). Interestingly, both H. ampliaperta and
S. heteromorphus presented a similar pattern displaying low abundances
long before their final disappearance. Indeed H. ampliaperta shows
discontinuous and scattered distribution in its upper range (see Backman
et al., 2012). In addition, S. heteromorphus distribution displays an
interval of prominently reduced abundance or absence (paracme interval
mostly exhibited in between 14.59 and17.32 m of the KHS), well-
documented in other Mediterranean successions (Di Stefano et al., 2008,
2011; Fornaciari et al., 1996; Iaccarino et al., 2011; Triantaphyllou,
2010); base and top of this paracme are dated at 15.949 Ma and 15.527
Ma respectively (Di Stefano et al., 2008). The KHS data suggest that

Fig. 3. (a) Calcareous Nannofossil biohorizons (CN; Agnini et al., 2017) detected at the KHS record and biostratigraphic assignment, following Backman et al. (2012) and
Martini (1971) nannofossil zonal schemes; ages are after Agnini et al. (2017). Abbreviations as follows: B-base, Bc-base common, T-top, Tc-top common, FO-First
Occurrence, (b) Age versus height plot produced for the 17–42 m KHS interval. c. Spectral analysis of the lithological variations; signal amplitude vs. frequency (in kyr�1)
and (embedded figure) signal amplitude vs. period (in kyr) with focus on the 15-30 kyr period. The red horizontal line indicates the statistical significance at a = 0.01. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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S. heteromorphus has never fully recovered to high values after entering
the paracme interval, following a rather uniform pattern with low
abundances up to its disappearance level at 33.22 m (13.53 Ma). The top
common (Tc) of C. premacintyrei at 35.65 m, corresponds to the CNM8/
CNM9 boundary within NN9 biozone (12.57 Ma; Backman et al., 2012).
Total range of D. kugleri is observed between 36.70 m and 38.92 m with
values from 4.2 to 12.7% possibly corresponding to both the Bc and Tc D.
kugleri and dated at 11.88 Ma and 11.60 Ma respectively. Planktonic
foraminifer Orbulina universa appeared at 22.89 m providing an age of
14.36 Ma (Abdul Aziz et al., 2008; Lirer et al., 2019) for the specific level
of the section.

From a biostratigraphical point of view the KHS sequence spans Zone
CNM3 to Zone CNM11 (Backman et al., 2012; Agnini et al., 2017) or Zone
NN2 to Zone NN7 (Martini, 1971), which correspond to �20.89–11.6 Ma
time interval (late Aquitanian to early Tortonian). Based on the resolved CN
biohorizons (Table 1), the age depth plot has been constructed for the KHS
(Fig. 3b). The estimated sedimentation rates within the �15–33 m and �37–
39 m intervals, appear higher than the corresponding rates in between �33–
37 m and the part of the section corresponding to lowest 15 m, mostly
comprising marly chalks and chalky marls (see Figs. 2, 3b). Apparently,
hiatuses cannot be excluded, especially at 33 m, where either slow
sedimentation or even a gap might be recorded. However, the succession of
the detected CN biohorizons in the KHS record, enables us to consider such
hiatusestooshorttobeclearlydetected, thereforeacontinuousagemodelhas
been constructed by linear interpolation between the fixed tie points.

The spectral analysis indicates that the numerical string of the
lithology exhibited several statistically significant periodic signals
(at a = 0.001). Prominent frequency peaks, statistically significant
above the 99% confidence level, are present, corresponding to �1700 kyr,
�136 kyr, �96 kyr, �51 kyr and �38 kyr (Fig. 3c). The period of 1700 kyr
could be attributed to very long eccentricity terms (Boulila et al., 2014),
while the other peaks are consistent with orbital eccentricity and with
obliquity terms.

4.3.2. Calcareous Nannofossil assemblages
The total assemblage of the upper KHS sequence (19.74–38.92 m

height) was dominated by species belonging to the Noelaerhabdaceae
family (mostly Reticulofenestra spp. spp. <6 mm, Dictyococcites spp.,
Cyclicargolithus spp.), followed by the cool-water mesotrophic taxa
Coccolithus spp.-Calcidiscus spp. The rest of the assemblage consisted of
Discoaster spp. (D. deflandrei, D. variabilis, D. exilis, D. signus and D. kugleri),
Sphenolithus spp. (mostly Sphenolithus moriformis, S. heteromorphus,
S. compactus; S. abies is present with low abundance, up to 11%, above
38 m height), Helicosphaera spp. (Helicosphaera carteri, H. intermedia,
H. mediterranea, H. waltrans, H. walbersdorfensis, H. orientalis and H. stalis,
and less common species such as H. ampliaperta and H. obliqua) and the
less frequent Umbilicosphaera (primarily U. jafari and U. rotula),
Rhabdosphaera spp., Syracosphaera spp. and reworked specimens (see
Appendix 1). Observations under LM and SEM revealed variations, from
poor to excellent, in the preservation of calcareous nannofossils

Fig. 3. (continued).

Table 1
Calcareous Nannofossil and Planktonic Foraminifera biohorizons used in the present study.

Biohorizon Height (m) Age (Ma) Reference

T D. kugleri 38.92 11.6 Agnini et al. (2017)
B D. kugleri 36.70 11.88 Agnini et al. (2017)
Tc C. premacintyrei 35.65 12.57 Agnini et al. (2017)
T S. heteromorphus 33.22 13.53 Agnini et al. (2017)
FO O. universa * 22.89 14.36 Lirer et al. (2019)
T paracme S. heteromorphus* 17.32 15.527 Di Stefano et al. (2008)
B D. signus 15.21 15.73 Agnini et al. (2017)
B paracme S. heteromorphus* 14.59 15.949 Di Stefano et al. (2008)
Bc S. heteromorphus 7.71 17.75 Agnini et al. (2017)
B S. belemnos 5.28 19.01 Agnini et al. (2017)
B H. ampliaperta 3.20 20.49 Agnini et al. (2017)
H. euphratis/ H. carteri cross over abundance 1.70 20.89 Agnini et al. (2017)
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depending on the lithology. The preservation was generally good in marl
and siltstone, while poorly preserved nannofossil assemblages were
observed in chalky marl and chalk. Abundance patterns of the
representative taxa are plotted in Fig. 4a as counts in a total of 500
nannofossil specimens.

Taxa of the Noelaerhabdaceae family consisting of Reticulofenestra
spp. (�25% on average), Cyclicargolithus spp. (average �23%), and
Dictyococcites spp., (average �15%), reached up to 85% in chalk, showing
minima within the thin TOC rich-laminated siltstone layers (layers 1–17;
Fig. 4a). Umbilicosphaera jafari, Coccolithus spp., Calcidiscus spp. displayed
similar patterns reaching �18% and �33% respectively, with the
latter exhibiting sharp increase in the following intervals: 22.3–24.2,
25.8–29.4, 31.9–34.9 and 37.4–39.4 m (Fig. 4a). Opposite patterns have
been observed for the Discoaster spp. (max. �11%), Sphenolithus spp.
(max. �25%), Helicosphaera spp. (max. �21%), and Rhabdosphaera spp.
(max. �10%) (Fig. 4a). Syracosphaera spp., Umbilicosphaera and reworked
specimens, along with Rhabdosphaera spp., exhibited an increase from 33
m and upwards (layers 14–17; Fig. 4a).

4.4. Pollen and palynomorphs

Palynomorphs were preserved in all siltstone layers, while samples
from chalk and chalky marl were either devoid in pollen and
palynomorphs, especially in the lower part of the studied interval, or
contained very low amounts. Terrestrial pollen and spore concentrations
were low (average rotula 2500 grains/g); however, it was enhanced in the
lower part of the section (17–42 m; Fig. 4b), reaching a maximum of
25,000 grains/g. Pollen assemblages were characterized by high
abundances of Arboreal Pollen (AP) especially Pinus and Taxodiaceae/
Cupressaceae. Cedrus, Quercus, Ulmus/Zelkova, Tsuga and Acacia
comprised additional AP records. The concentration of fungal remains
(mostly Type 207, a mycorrhizal fungus; Van Geel et al., 1989) was
significantly higher compared to pollen and spores, showing average
values of 5500 grains/g increasing in the upper part of the studied KHS

interval (Fig. 4b). Finally, microscopic charcoal frequencies followed a
similar to Type 207 distributional trend (max. 4600 particles/g).

4.5. Oxygen and carbon isotope record

The oxygen isotope composition of the planktonic foraminifera O.
universa (d18O) ranged from -0.95 to 0.82 m VPDB, across the investigated
interval (Figs. 4a, 5 ). The lowest values of the d18O were recorded at
22.2 m, 34.6 m, 36.7 m and 39 m of the KHS (layers 5, 16, 17), while
relatively high values have been observed at 28.6 m and 33.9 m. A general
trend towards heavier values was observed between 24 m and 34 m,
where the d18O values gradually increased from �0.58 up to 0.82 m.

The carbon isotope composition of O. universa (d13C) varied between
1.09 and 2.26 m VPDB (Figs. 4a, 5). The d13C maximum values were
recorded around 23.8, 33.2, 35.7 and 38.9 m, while minima were
observed around 23, 26.3, 34.2 and 36.2 m. A two-step increase
(ca. 0.9 m) was observed between 28 and 33 m.

5. Discussion

5.1. Paleoceanographic reconstruction in-between 15.2–11.6 Ma

Within the upper part of the KHS sequence the abundance peaks of
Rhabdosphaera spp., Syracosphaera spp., Helicosphaera spp. were observed
mostly within the thin laminated TOC-enriched siltstone intercalations
(layers 1–17; Fig. 4b). The upper photic zone taxa Rhabdosphaeraceae
and Syracosphaera spp. prefer warm and oligotrophic waters in the
modern ocean (Ziveri et al., 2004; Triantaphyllou et al., 2004; Dimiza
et al., 2008; Malinverno et al., 2009). Rhabdosphaera spp. and
Syracosphaera spp. also displayed higher abundance in oligotrophic
tropical settings during Pliocene (Gibbs et al., 2004; Bolton, 2010). The
Helicosphaera species (max. �20%, mostly H. carteri; Fig. 4b) are reported
to prefer shallow, eutrophic, or hyposaline environments (Perch-Nielsen,
1985; Wade and Bown, 2006; Dimiza et al., 2014), and higher

Fig. 4. (a) Dominant calcareous nannofossil species relative abundances, counted in 500 nannofossil specimens. (b) Pollen and palynomorph absolute abundances.
Siltstone laminated layers are highlighted in brown bands.
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productivity regions (Ziveri et al., 2004). They have been associated with
higher fresh water input during periods of sapropel deposition in the
eastern Mediterranean within Pleistocene and Holocene (Colmenero-
Hidalgo et al., 2004; Triantaphyllou et al., 2009, 2010) but also in the
Pliocene (Athanasiou et al., 2015, 2017).

Simultaneous peaks within the TOC-enriched layers were observed in
the abundance patterns of Sphenolithus spp. and Discoaster spp.
(particularly in layers 10–17; Fig. 4a). Discoasters have been found to
thrive in oligotrophic tropical deep waters during Miocene and Pliocene
(Athanasiou et al., 2015; Flores et al., 1992; Gibbs et al., 2004; Vázquez
et al., 2000), and are considered increasing their abundance with deep
pycnocline as lower photic zone inhabitants (Flores et al., 2005).
Sphenoliths have been reported as sharing similar ecological preferences

as the discoasters in warm, oligotrophic environments (e.g. Haq, 1980;
Lohmann and Carlson, 1981; Perch-Nielsen, 1985; Aubry, 1992).

Overall, the nannofossil distribution in the upper part of KHS
(�20–40 m) designate warm and oligotrophic surface waters with
indication of lowering of salinity during the deposition of the TOC-
enriched layers (especially 10–17 at the �29–40 m part of the section;
Fig. 4a). In particular, Discoaster spp. patterns mostly in layers 12, 14–17,
could also support a productive lower photic zone associated with water
column stratification, as already suggested by different authors (Flores
et al., 2005; Athanasiou et al., 2015, 2017). The decreased d18O values
observed in the same layers (Fig. 4a) sustain the prevalence of warm
surface water masses and enhanced freshwater input into the basin (e.g.,
Turco et al., 2001; Mourik et al., 2011; Triantaphyllou et al., 2016), with

Fig. 4. (continued).
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the latter interpretation further supported by the accompanied elevated
abundances of Helicosphaera spp. Remarkably, there are at least two more
levels in the studied KHS record (grey lines in between layers 11–12 and
14–15 respectively; Fig. 4a) that exhibit increases in Sphenolithus spp.
(max. �25% at 29.4 m) accompanied by small positive shifts in the
abundance of the nannofossil taxa except of Noelaerhabdaceae and
Coccolithus spp.-Calcidiscus spp. Most probably these layers represent
likewise rather warm and oligotrophic intervals, yet too short to be
imprinted in the lithological record.

Considering the results derived from the palynological analysis, the
well-preserved pollen and their increased abundance within the siltstone
laminae of the 20–25 m interval of KHS suggest densely-vegetated
borderlands till �14.5 Ma (Fig. 4b). Moreover, the distribution trend of
the land-derived palynomorphs, such as spores and microcharcoal,
provides evidence for relatively low terrigenous inputs within the
siltstone layers until �14.5 Ma (17.1–25.3 m; Fig. 4b). In contrast, the
palynomorph signal above the 35 m level of KHS (�13.0–11.6 Ma),
implies rather open landscapes, thus easily to be eroded during time
intervals of high humidity. The peaks of the palynomorph Type 207 in
layers 14–17 (see Fig. 4b) can support the aforementioned interpretation.
Type 207 is a mycorrhizal fungus occurring in the roots of a variety of host
plants and is a good indicator of terrestrial soil erosion when found in
marine sedimentary records (Anderson et al., 1984; Triantaphyllou et al.,
2009; van Geel et al., 1989). The simultaneous increase of reworked
nannofossil specimens, especially in layer 15 (Fig. 4a) further justifies the
land erosion processes.

Hence, marine and terrestrial evidence during 15.5–11.6 Ma, point to
warm and oligotrophic conditions combined with water column
stratification over time intervals of a wetter climate in the eastern
Mediterranean Basin, associated with the deposition of the TOC-enriched
layers 1–17 in the KHS record. Our micropaleontological, palynological
and isotope evidence indicate that such conditions were more intense
within layers 14–17, in between �13.0–11.6 Ma (Fig. 4a), opposite to
milder events associated with the formation of layers 1–13. This is in
accordance to Mourik et al. (2011) who suggested dry-wet climate
oscillations after 13.1 Ma, with seasonally enhanced influx of fresh water
and/or changes in the evaporation rates. Analogous contemporaneous
changes in the hydrology and nutricline dynamics of eastern

Mediterranean areas have triggered the deposition of Quaternary and
Holocene sapropels (e.g., Bouloubassi et al., 1999; Rohling et al., 2002,
2015; Triantaphyllou et al., 2009, 2010; Triantaphyllou, 2014; Grelaud
et al., 2012) and Pliocene sapropelic layers (e.g., Lourens et al., 1992;
Athanasiou et al., 2015, 2017). As firstly proposed by Rossignol-Strick
(1985), sapropel formation in the eastern Mediterranean has been
controlled by the orbital precession causing intensification of the North
African monsoon and subsequent flooding, mainly through the Nile River
discharges (see Rohling, 1994; Rohling et al., 2015). The shoaling of the
pycnocline/nutricline and the presence of Levantine Intermediate Water
(LIW) at shallow water depths have favoured the injection of nutrients,
the enhancement of marine productivity in the lower photic zone (e.g.,
Castradori, 1993, 1998; Grelaud et al., 2012) and consequent preserva-
tion of the organic matter at the sea bottom resulted in the deposition of
sapropelic layers (e.g., Rohling, 1994; Rohling et al., 2015; Emeis et al.,
2000; Triantaphyllou et al., 2009). Sapropel formations of a late Miocene
age are mainly known from outcrops in Italy and Malta of the central
Mediterranean region (e.g., Hilgen et al., 2003; Mourik et al., 2010), and
from deposits in the Crete Island of the eastern Mediterranean region
(Nijenhuis et al., 1996).

Thus, we assume that the TOC-rich siltstone laminae of the KHS record
represent the Miocene precursors of the sapropels/sapropelic layers
developed in eastern Mediterranean during the Plio-Pleistocene. Single
evidence of Langhian sapropelic layer has been reported so far on land
sequence from Cyprus dated at 15.4 Ma (Taylforth et al., 2014).
Interestingly, the spectral analysis in the KHS sedimentary record,
although consistent with orbital eccentricity and obliquity terms
(Fig. 3c), did not reveal the precession signal influence, related to the
sapropel formation in the eastern Mediterranean (e.g., Lourens et al.,
1992). Its absence could be attributed to the relatively low temporal
resolution of the investigated lithological record due to loose sampling
spacing that resulted in the scattered occurrence of the sapropel-like
layers of KHS, eliminating the precession imprint (e.g., Lu et al., 2004).

The thin KHS siltstones are interbedded with chalk, chalky marl and
marly chalk facies that are characterized by the dominance of the
Noelaerhabdaceae family (mostly Reticulofenestra spp., Dictyococcites
spp., Cyclicargolithus spp.), followed by the cool-water mesotrophic taxa
Coccolithus spp.-Calcidiscus spp. (Fig. 4a). Reticulofenestra spp. are

Fig. 5. Paleoclimatic implications for the Kottafi Hill sequence, based on the oxygen and carbon isotope composition of the planktonic foraminifer Orbulina universa, and
comparison with the global isotopic records. d18O profiles: A. Site 747: data from Zachos et al. (2001); Mi-events after Berrgren et al. (1995) from Zachos et al. (2001),
B. Site 563: data from Zachos et al. (2001); Mi-events after Miller et al. (1991), C. KHS: Kottafi Hill Section. d13C profiles: D. KHS: Kottafi Hill Section, E. Site 593: data from
Cooke et al. (2008); CM-events after Cooke et al. (2008), F. Site 747: data from Zachos et al. (2001); Mi-events after Woodruff and Savin (1991).
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considered as opportunistic taxa of the upper photic zone, indicating high
nutrient conditions established under intense mixing of the surface waters
(Gartner, 1988; Flores et al., 2005). Ecological affinities of Dictyococcites
spp. can link the high abundances of these taxa to cold-water masses (e.g.,
Kameo and Sato, 2000); implying the input of cooler, nutrient-rich waters
in the broader study area. In accordance, Coccolithus spp. has affinities
with upwelling (Baumann et al., 2000), relatively increased water column
turbulence and/or nutrient availability (Negri et al., 2003). The increased
presence of both Noelaerhabdaceae Coccolithus spp.-Calcidiscus spp.
accompanied by higher d18O values, indicate cooler climatic conditions
during the deposition of the chalk, chalky marl and marly chalk facies
(Fig. 4a). Associated positive peaks of U. jafari may indicate salinity
increase similarly to late Messinian (Flores et al., 2005; Wade and Bown,
2006) or Pliocene evidence (Athanasiou et al., 2015, 2017). A slight
increase of both d18O values and the cool-water mesotrophic nannofossil
taxa observed at 37.75 m (11.75 Ma), can be related to a cooling episode.
Similar pattern of increased values of the d18O, coinciding within the
short biostratigraphic range of D. kugleri (CNM10 biozone), has been also
reported in the Mediterranean by Turco et al. (2001).

5.2. Miocene paleoclimatic implications in the eastern Mediterranean

Dynamically changing Miocene climate is characterized by several
global events (Fig. 5). The MCO turned into the mMCT to finally develop
into the cooling period linked with the expansion of the East Antarctic Ice
Sheet at around 13.8 Ma (Miller et al., 1991; Flower and Kennett, 1994;
Zachos et al., 2001). A gradual accumulation of the Antarctic ice sheet led
to the major deep-water circulation changes and glacial events which are
globally observed in the d18O records (Miocene oxygen isotope events,
Mi1-Mi7 events; e.g., Miller et al., 1991; Wright and Miller, 1992; Miller
et al., 1998; Cooke et al., 2008; John et al., 2011). The Mi-events coincide
with carbon maxima (CM1-CM7; Woodruff and Savin, 1985, 1991),
which are evidences of accumulation of organic carbon-rich sediments
during the Miocene and recorded as increased d13C values. The CM1-CM6
events are associated with the Monterey Excursion, which is observed as a
long-lasting d13C positive shift (ca.17�13.5 Ma; Vincent and Berger,
1985; Woodruff and Savin, 1985).

Oxygen isotope composition of marine calcite fossils may reflect
changes in paleotemperature and global ice volume (Faure, 1977; Zachos
et al., 1993; Billups and Spero, 1996) with the lower values of d18O
observed during warm interglacial periods and higher values during cool
glacial periods (Faure, 1977). In addition, lower d18O values can be
attributed to fresh water supply and decrease of salinity (Paul et al.,
1999). In turn, variations in carbon isotope composition of marine
carbonates are used as a proxy of marine productivity (Faure, 1977;
Zachos et al., 1993).

Events Mi3a-Mi5 and CM5-CM7 are recognised in the planktonic
foraminifera d18O records from the KHS (Fig. 5) using the criteria of
Miller et al. (1991) and further revised ages (Woodruff and Savin, 1991;
Wright and Miller, 1992; Berggren et al., 1995; Zachos et al., 2001, 2008).
The slight age discrepancies of recorded events may be the result of the
limited datings available in the middle Miocene interval of the KHS.
Discrepancies may also arise because the original designations are based
on the benthic records which are more likely to record global signals. A
positive shift of the d18O values observed between ca. 14.7 and 13.3 Ma
along the KHS, reflects stepwise cooling during the mMCT: the Mi3a
event, which is considered as a minor phase and the following Mi3b event
considered as a major one (e.g., Shevenell et al., 2004; Tian et al., 2009,
2013; Fig. 5). In contrast to some previously published Miocene d18O
records (e.g., Wright and Miller, 1992; Cooke et al., 2008; Zachos et al.,
2008), the observed d18O values of the planktonic foraminifera from the
KHS decrease gradually after Mi3b event. The d18O negative trend was
previously recorded between 13 and 11 Ma in Malta and was interpreted
as a possible effect of the isolation of the Mediterranean Sea that led to
increased influx of fresh water and changes in salinity and/or sea water
temperature (Jacobs et al., 1996). The Mi3b event coincides with the CM6

which marks the end of the Monterey Excursion. The Mi4 event coincides
with a carbon maximum (CMX), which has been previously described
from the deep-water record of the Hole 593 (Cooke et al., 2008).
According to Woodruff and Savin (1991), the Mi5 event corresponds to
CM7, however in the d18O record of KHS there is a slight lag between Mi5
event and the observed shift of the d13Cvalues.

Identification of the Mi-events and CM in the oxygen and carbon
isotope records of the KHS indicates documentation of the global climate
changes in this section. However, since estimations of the Mi- and CM-
events in the KHS described above rely on purely biostratigraphically
dated sediments, astronomical tuning of the KHS aiming to a more
accurate age-control, is essential to confirm the presence of these major
cooling steps in the study area. A higher-resolution and well-tuned
isotopic record should provide a better understanding of the middle
Miocene cooling events and support an interpretation of global and
regional causes of its variations.

6. Conclusions

The main findings of this study are summarized below:

� The Kottafi Hill section is assigned to nannofossil biozones CNM3–
CNM11 or NN2–NN7, which correspond to the 20.89–11.6 Ma time
interval.

� The TOC-rich siltstone laminae, intercalated in the KHS carbonate
record, have been deposited between 15.5 and 11.6 Ma, equivalent to
CNM7–CNM11 (NN5–NN7) biozones. The environmental conditions
under which these laminae have been formed, are associated with
warm and oligotrophic waters, productive lower photic zone with
strong water column stratification, enhanced freshwater influx and
depositional cyclicity, suggesting them as the precursors of the
sapropels/sapropelic layers developed in the eastern Mediterranean. In
contrast, the chalk, chalky marl and marly chalk facies of KHS have
been deposited under nutrient-rich waters and cooler climatic
intervals.

� The Mi3–Mi5 events and CM5–CM7 episodes of the middle Miocene,
are identified in the planktonic foraminifera oxygen and carbon isotope
records of KHS indicating an evident impact of the middle Miocene
global climate changes on the carbonate deposition in this region.
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