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Abstract

Miocene carbonates of the Eratosthenes Seamount, located offshore from Cyprus in the



Eastern Mediterranean (ODP Leg 160, Site 966), have been re-analysed. The use of SEDEX
sequential extraction to evaluate the nutrient concentrations and of CT-Scan for the identification of
large benthic foraminifera resulted in a more detailed palacoenvironmental reconstruction and an
improved stratigraphic framework. Three intervals are recognized in the succession and are
attributed to the lower, middle and upper Miocene respectively. The lower Miocene interval is
dominated by large benthic foraminifera and echinoids. This association colonized the top of the
seamount following its uplift from deep-water to photic zone depth. The middle Miocene interval is
characterised by rhodoliths and corals at its base and near the top, whereas seagrass/seaweed
assemblages (with epiphytic foraminifera and hooked coralline-algal crusts) dominate its central
part. The upper Miocene is represented by coral reef facies near its base and lagoonal facies toward
its top. The succession deposited in an oligotrophic environment and exhibits a general shallowing-
upward trend mainly controlled by tectonic activity related to the northward subduction of the
African plate. The succession of the Eratosthenes Seamount is characterised by a diverse large
benthic foraminifera assemblage in its lower part and by corals in its uppermost part, whereas
corallines characterise the central interval. This trend is frequent in Miocene Mediterranean
carbonates and its occurrence on an isolated seamount further proves its connection to the general
evolution of the basin. The decline of miogypsinids and lepidocyclinids after the early Miocene is
notable because the Eratosthenes was geographically close to the Indo-Pacific where both groups
thrived also in the middle Miocene. This decline was probably caused by the early Miocene closure

of the deep-water connection between the Indo-Pacific and the Mediterranean.

Key Words: Nutrients; CT-Scan; Large Benthic Foraminifera; Coralline Algae; Corals; Reefs.

1. Introduction
The Miocene is a key epoch in the history of Cenozoic cooling. This fundamental climatic

shift dates back to the Eocene with the opening of the Drake Passage, thereby isolating Antarctica



from the other land masses (Lagabrielle et al., 2009). However, it was only after the Middle
Miocene Climatic Optimum that the Antarctic Ice-sheets experienced a major expansion and the
North Hemisphere Ice-sheets began to form (Larsen et al., 1994; Zachos et al., 2001; Shevenell et
al., 2004; Lewis et al., 2007). While the Earth’s climate was cooling, the (palaco)Mediterranean
basin was changing from a large seaway connecting the Indo-Pacific with the Atlantic to an
enclosed basin (Fig. 1; Dercourt et al. 2000). The eastern, deep-water oceanic connection was
severed around the end of the early Miocene (Fig. 1A; Aktas and Robertson, 1984; Yilmaz, 1993;
Robertson, 1998e; Rogl, 1999; Dercourt et al., 2000; Taylforth et al., 2014). Despite this, shallow-
marine seaways survived until the Serravallian as indicated by the presence of shallow water
carbonates and evaporites in the Mesopotamian Basin (i.e. the area of present day Syria and Iraq;
Buchbinder, 1996a; Rogl, 1999; Perrin and Bosellini, 2012; Taylforth et al., 2014; BouDagher-
Fadel, 2018). During the late Miocene, the western passage was sealed resulting into the Messinian
Salinity Crisis (Fig. 1B; Hsii et al., 1973; Adams et al., 1977; Dercourt et al., 2000).

Until the early Miocene the Eastern Mediterranean basin was the only gateway to the Indo-
Pacific Ocean, and therefore plays a key role in the environmental evolution of the Mediterranean.
Recent hydrocarbon discoveries (e.g. Tamar, Leviathan, Aphrodite and Zohr fields) have increased
the international interest in this region (Peck, 2008; Skiple et al., 2012; Marlow, 2014; Montadert et
al., 2014; Papadimitriou et al., 2018). The geological development of the Eastern Mediterranean,
including its palaeoceanography, has been mainly controlled by relative movements of the Eurasian,
Arabian and African plates (Robertson and Dixon, 1984; Robertson, 1998e). Microplate interaction
adds complexity to this region (Mascle et al., 2000; Robertson et al., 2012, 2013; Montadert et al.,
2014). Carbonate deposits are useful instrument to study the evolution of a basin because they
record climatic and oceanographic variations, including sea-level oscillations. During the early
Miocene, in the Eastern Mediterranean, fine-grained siliciclastic deposition prevailed near the
Levantine coast, probably due to high fluvial influx from the African continent. Substantial

carbonate production was only possible well away from major rivers (Buchbinder, 1996a, b). The



Miocene carbonate succession of the Eratosthenes Seamount south of Cyprus (Mart and Robertson,
1998) is therefore of particular interest. The seamount represents the topographically highest
preserved elevation of the Eratosthenes Continental Block, that was detached from the North
African-Arabian margin by rifting during the Mesozoic (Fig. 2A, B; Mart and Robertson, 1998;
Robertson, 1998a, b, f; Mascle et al., 2000; Skyple et al., 2012; Montadert et al., 2014). Miocene
shallow-water carbonates developed on the crest of this structure isolated from terrestrial influx,
recording both the oceanographic and the tectonic evolution of the region (Fig. 2C; Robertson et al.,
1995; Major et al., 1998; Mart and Robertson, 1998; Robertson, 1998b, c¢; Montadert et al., 2014).
The focus of this work is to understand better the palacoenvironmental evolution of these
carbonates, particularly the nutrient availability which has been studied with the SEDEX sequential
extraction. This technique allows a quantification of the bioavailable phosphorus in the
palaeoenvironment, which represents the main limiting nutrient over the long timescale (Tyrrell,
1999). In addition, the stratigraphy of the Miocene succession is refined, based on foraminifera

distribution (in particular large benthic foraminifera) and Sr isotope analysis.

2. Geological setting
2.1. The Mesozoic

The Eratosthenes Continental Block was detached in the Triassic from the Northern African-
Arabian margin by a rifting phase that led to the opening of a southerly strand of the Neotethys
(Robertson, 1998e; Garfunkel, 2004; Peck, 2008; Marlow, 2014; Montadert et al., 2014; Feld et al.,
2017). Its basement is likely to be composed of thinned continental crust with mafic intrusions or
other volcanics related to the rifting (Robertson, 1998e, f; Ben-Avraham et al., 2002; Montadert et
al., 2014). Further extension and spreading occurred along the margin during the Jurassic and the
Early Cretaceous (Gardosh et al., 2010; Skiple et al., 2012; Montadert et al., 2014). Following
rifting and rift-related volcanism, the Eratosthenes Continental Block became a site of shallow-

water carbonate production (Robertson, 1998e; Montadert et al., 2014; Papadimitriou et al., 2018).



During ODP Leg 160 the Eratosthenes Seamount was investigated via the drilling of three holes
(ODP Sites 965, 966, 967; Fig. 2B, C), of which Site 967 penetrated as far as a Mesozoic carbonate
succession (Fig. 2C; Emeis et al., 1996; Robertson, 1998a, e). Above a fractured limestone unit,
Cretaceous (Aptian or older) neritic limestone was recovered in ODP Hole 967E (Fig. 3; Premoli-
Silva et al., 1998; Robertson, 1998a). This shallow-water carbonate unit contains micritic
intraclasts, pellets, benthic foraminifera, calcareous algae, molluscs, and other skeletal grains
(Premoli-Silva et al., 1998; Robertson, 1998a). This assemblage formed within the photic zone and
suggests a low energy environment, interpreted as a lagoon (Premoli-Silva et al., 1998; Robertson,
1998a). These shallow-water carbonates are overlain by laminated, locally bioturbated, pelagic
chalk with planktonic foraminifera and rare echinoid fragments (Fig. 3; Robertson, 1998a). Several
organic-rich layers occur within the chalk (Robertson, 1998a). Pelagic carbonate sedimentation
probably began during the Cenomanian and continued until the Maastrichtian, with a hiatus in the
Turonian (Premoli-Silva et al., 1998; Robertson, 1998a, f). The pelagic carbonate accumulated in a
quiet, deep-water environment that was generally well-oxygenated and periodically current-
winnowed. The organic-rich intervals may be related to periods of reduced circulation (or increased
regional productivity; Meilijson et al., 2015), leading to reduced oxygen availability at the seafloor
(Robertson, 1998a, f). The lack of gravity deposits is consistent with deposition on a isolated
submerged platform, suggesting that the Eratosthenes Seamount was still located well away from
the northern active plate margin where it is today (Robertson, 1998a, f). A similar late Cretaceous
deepening is recorded along the Levantine margin and also in Southern Turkey (Robertson, 1998a,
d, e; Meilijson et al. 2014; Papadimitriou et al., 2018). However, the exact timing of the deepening

could be diachronous in the different areas (Robertson, 1998a; Montadert et al., 2014).

2.2 The Cenozoic
Paleogene planktonic foraminifer chalks were recovered at both ODP Sites 966 and 967

(Figs 2, 3; Premoli-Silva et al., 1998; Robertson, 1998a, f; Staerker, 1998). Pelagic sedimentation is



recorded up to the Oligocene (probably lower Oligocene, Premoli-Silva et al., 1998) at Site 967 and
up to the upper Bartonian at Site 966 (Unit IV; Fig. 3; Staerker, 1998). In Hole 966F a major hiatus
separates Eocene chalk (Unit IV; Fig. 3) from the overlying, coarse-grained, bioclastic, Miocene
limestones (Unit III; Fig. 3). This hiatus is indicated by abundant glaucony, suggesting a prolonged
period of reduced sedimentation or non-deposition (Major et al., 1998; Robertson, 1998a, b). The
Miocene limestones are generally pure carbonates consisting of calcite and dolomite, as expected
for an isolated platform (Robertson, 1998b). They are mainly composed of coralline algae,
hermatypic corals and large benthic foraminifera, and were formed in a shallow-water environment
within the photic zone (Emeis et al., 1996; Major et al., 1998; Robertson, 1998b). Two sub-units are
recognised. The lower one (Illb; Fig. 3) is rich in foraminifera and is characterised by relatively
uniform physical properties (Emeis et al., 1996; Major et al. 1998). The upper one (Illa; Fig. 3) is
rich in calcareous algae and corals and has more variable physical properties (Emeis et al., 1996;
Major et al. 1998). Miocene shallow-water limestones, dominated by algae and corals, also occur at
ODP Site 965, whereas no shallow-water carbonates were recovered at ODP Site 967 (Fig. 3; Major
et al., 1998). At ODP Site 965 Sr isotope analysis suggests that at least part of the succession is
Tortonian (Major et al., 1998; Robertson 1998b).

At the end of the Miocene, during the Messinian Salinity Crisis, the Eratosthenes emerged,
as indicated by the presence at ODP Sites 965 and 966 of paleosols and breccias, produced by sub-
aerial weathering and fault activity (Unit II; Fig. 3; Major et al., 1998; Major and Ryan 1999;
Robertson, 1998c, e, f). In contrast, brackish-water associations (Cyprideis pannonica and other
brackish ostracodes) were recovered at ODP Site 967 (Spezzaferri et al., 1998). Zanclean deep-
water sediments and sapropels overlay Messinian deposits at all sites as consequence of the early
Pliocene re-establishment of open marine conditions in the Mediterranean (Unit I; Fig. 3; Major et

al., 1998; Robertson, 1998c, e, d, f; Spezzaferri and Tamburini, 2007).

2.3 Cenozoic tectonics



The pronounced change in sedimentation between the Paleogene and the Neogene is related
to uplift of the Eratosthenes Seamount from deeper water to at least photic-zone depths (Emeis et
al., 1996; Robertson, 1998b, d, e, f; Whiting, 1998). The lack of erosion of the underlying chalk,
and of sub-aerial weathering (e.g. karst formation), suggests that the uplift was not associated with
sub-aerial exposure (Robertson, 1998f). The uplift was probably tectonically controlled and can be
related to the northward subduction of the African Plate beneath Eurasia (Robertson, 1998f;
Kinnaird and Robertson, 2013; Feld et al., 2017). Uplift and a transition from pelagic to shallow-
water sedimentation are actually also recorded locally on Cyprus (Robertson et al., 1991; Eaton and
Robertson, 1993; Major et al., 1998; Robertson, 1998b, c, d, e, f; BouDagher-Fadel and Lord, 2006;
Kinnaird and Robertson, 2013). The northward subduction is also connected, via slab rollback, to
the opening of the Cilicia Basin north of Cyprus (Mart and Ryan, 2002). The subsequent change
from Miocene shallow-water carbonates to deeper-water Pliocene sediments suggests that the
Eratosthenes Seamount underwent significant subsidence during the Messinian — early Pliocene
time interval (Robertson 1998c; Major and Ryan 1999). Deepening upward is also recorded by the
benthic foraminiferal assemblage within the overlying Plio-Pleistocene succession (Robertson,
19984, f; Spezzaferri and Tamburini, 2007). This subsidence is explained by collision and
underthrusting of the Eratosthenes Seamount beneath Cyprus and is coupled with a strong uplift of
the island (Robertson et al., 1991; Robertson, 1998c, e, f; Kinnaird et al., 2011; Kinnaird and
Robertson, 2013; Feld et al., 2017). Loading by the thick evaporites surrounding the Eratosthenes
also contributed to this subsidence (Major et al., 1998; Major and Ryan, 1999). After the collision
of the Eratosthenes Seamount with the Cyprus active margin, the fast westward migration of
Anatolia become the main control on the region, inducing significant strike-slip motion along the
lineaments of the Cyprus Arc (Mart and Ryan, 2002; Robertson et al., 2012; Kinnaird and

Robertson, 2013).

3. Material and methods



ODP Hole 966F was chosen for this research because the entire Miocene carbonate
succession was recovered within it (Unit III; Fig. 3; Major et al., 1998), including its lower contact
with the underlying Eocene chalk (Unit IV; Fig. 3; Major et al., 1998). Also the recovery is less
affected by diagenesis than in ODP Site 965 (Robertson, 1998b). Macroscopic and microscopic
examinations of the cores were performed at MARUM — IODP Core Repository in Bremen
(Germany), to observe the distribution of large bioclastic components and the average grain-size.
Representative samples of the limestones were collected (Table S1) and 50 thin sections (polished
with 1 pm aluminum oxide) were prepared. The petrographic characteristics and the skeletal
assemblages of the limestones were studied in thin sections with the point-counting technique,
using a 200 pm mesh and counting more than 500 points in each section (Fliigel, 2010). To avoid
oversampling of large elements, 6 randomly selected fields, with no overlap between them, were
analysed for each section. At least 90 points were counted in each field. Following Odin and Letolle
(1980), Odin and Matter (1981) and Amorosi (1995, 1997), the glauconitic grains have been
collectively defined as glaucony (glauconite is used only for the K-rich end member of the
glauconitic mineral family). The glaucony grains were divided into nascent, slightly evolved,
evolved and highly evolved on the basis of their mineralogical maturity which reflects the time of
residence at the water-sediment interface (Odin and Matter, 1981; Amorosi, 1997). Particular
attention was paid to the foraminiferal assemblages including their taxonomic composition and the
dominant groups. These features were assessed via observation of the whole thin section rather then
with point-counting, in order to avoid overestimating large specimens. Coralline algae distribution
and their taxa were considered at suprageneric level. The high-rank taxonomy follows Woelkerling
(1988), adapted to the palacontological use by Braga et al. (1993) and later modified by Harvey et
al. (2003), Le Gall et al. (2009), Nelson et al. (2015) and Rosler et al. (2016).

The studied succession of ODP Hole 966F is rich in large benthic foraminifera (LBF).
However, the deposits are strongly lithified and, therefore, LBF cannot be extracted to make

orientated thin sections which are very important for reliable taxonomic identification (Briguglio et



al., 2013, 2014). The limited amount of recovered material makes the preparation even more
challenging. To overcome both problems, we used X-ray Computed Tomographic Scanning
techniques (CT-scan) for the non-destructive analysis of three samples rich in LBF (core 23R-1, cm
57 to 53, core 19R-2 cm 129 to 125; core 19R-2 cm 75 to 80). Small, hand-made, cylindrical sub-
samples (r < 1 cm) of limestone were prepared and scanned at the University of Fribourg
(Switzerland) using the multi-scaled Bruker X-ray Nano CT-scan system SkyScan 2211, with an X-
ray source with a diamond-window target at energies of 80 kV, currents of 510 uA and applying a
0.5 mm titanium filter. Images were acquired on a Flat-Panel detector resulting in a voxel resolution
of 7 um. 360° scans were performed with a rotation step of 0.1°. The images were subsequently
reconstructed with InstaRecon applying Gaussian smoothing, beam hardening and ring artefact
corrections. The 3D models of the samples were sub-divided into smaller volumes of interest, each
including a single specimen. These models were studied following the approach proposed by Coletti
et al. (2018b). The identification of the LBF was based on the biometric characteristics of equatorial
sections, integrating different procedures and various biometric parameters proposed in the
literature (Fig. 4; Tan, 1932; Drooger and Socin, 1959; Van der Vlerk, 1959, 1963; Amato and
Drooger, 1969; Matteucci and Schiavinotto, 1977; Schiavinotto, 1979; Chaproniere, 1980; Drooger,
1993; Verrubbi and Schiavinotto, 2005; Ozcan et al., 2009; Hohenegger, 2011; Benedetti et al.,
2017; Torres-Silva et al., 2017; Briguglio, 2018). Following Ozcan et al. (2009) the notation
exemplum intercentrale was used whenever the mean value of the identifying parameter of a group
of specimens fell very close to the limits of two contiguous species of the same lineage. The
biostratigraphic framework, based on the distribution of LBF, was integrated with the distribution
of planktonic foraminifera.

To further support the biostratigraphic framework, Sr isotope analyses were performed.
Suitable bivalves for Sr isotope analyses -sufficiently large and lacking evidence of dissolution with
optical microscope, Scanning Electron Microscope (SEM) and Raman spectroscopy- were

identified only in core 10R-2. Sampling was performed with a Dremel microdriller and ca. 10 mg of



powder was obtained for each sample. Trace elements (to further assess the preservation) were
measured through Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), Sr
isotope analyses using a Finnigan MAT 262 multicollector mass spectrometer. Both analyses were
performed at Ruhr-Universitit in Bochum (Germany). Final ages were calculated with the
LOWESS 5 table for the GTS2012 timescale (McArthur et al., 2012).

Twenty-eight samples, representative of the major variations observed in the hole, were
analysed using the SEDEX sequential extraction method (replicas were made for 14 samples in
order to check the repeatability of the analyses). SEDEX extraction allows an accurate
quantification of the five known sedimentary phosphorus reservoirs (Ruttenberg, 1992, 2004;
Ruttenberg et al., 2009); i.e. loosely-bound phosphorus; Fe-bound phosphorus; authigenic
phosphorus (carbonate-fluoroapatite, biogenic apatite and carbonate bound phosphorus); detrital
apatite and organic phosphorus (Ruttenberg, 2004). Except for detrital apatite, all these are sinks for
reactive P present in the sea-water (Ruttenberg, 1992). The sum of their contribution (bioavailable-
P) is related to the nutrient concentration in the palacoenvironment at the time of sediment
formation (Coletti et al., 2017). The samples were ground using a Dremel microdriller and then
sieved through a 125 pm mesh (Ruttenberg et al., 2009). For each sample, 80 mg of the sieved
sediment were analysed through the sequential extraction line set-up at the University of Fribourg in
Switzerland using the method of Stalder et al. (2014).

Since core recovery was poor in the investigated interval of the core (15-20% on average in
Unit III), the information resulting from the analyses were integrated with the available downhole

logging data acquired during Leg 160 (Emeis et al., 1996; Major et al., 1998).

4. Results
4.1 Facies description
4.1.1 Cores 26R-1 to 20R, grainstone, LBF and echinoid facies

The contact between the pelagic, organic-rich Eocene chalk (Unit IV; Fig. 5) and the



overlying Miocene coarse shallow-water limestones (Unit III; Table 1; Fig. 5) is sharp. Large grains
(several mm across) of glaucony occur just above the boundary. The size of the glaucony grains
decreases rapidly upcore. Millimeter-sized specimens of lepidocyclinids are visible under the
microscope. Upwards (core 25R), glaucony almost disappears whereas both the macroscopic and
microscopic features of the limestone remain similar. Lepidocyclinids and other LBF are visible in
hand specimens until core 20R (Fig. 5).

Thin section analysis reveals that in the basal part of this interval (26R-1) the skeletal
assemblage is dominated by echinoid fragments, planktonic and benthic foraminifera (Table 1; Figs
5, 6A). Bryozoans, coralline algae and molluscs are minor components (Fig. 5). Glaucony is
common, the grains are highly evolved and deep green, either small rounded or extremely large
(Fig. 6A, B). Glauconized planktonic foraminifera occur within these large grains (Fig. 6B). The
foraminiferal assemblage is dominated by planktonic species together with large thin lepidocyclinds
and common small rotaliids. The overlying core 25R is similar, but only small grains of evolved
glaucony are present and foraminifera, both planktonic and benthonic, are slightly more abundant
(Fig. 5). Planktonic foraminifera dominate the assemblage in core 25R together with Miogypsina
and Nephrolepidina. The skeletal and foraminiferal assemblages of cores 24R to 21R are dominated
by LBF (Figs 5, 6C-E). The most common genera are Miogypsina (especially in 23R; Fig. 6C) and
Nephrolepidina (especially in 21R; Fig. 6E). Amphistegina, mainly represented by relatively thick
specimens (thickness/diameter ratio, T/D, between 0.4 and 0.5), and Operculina are less common
(Fig. 6D). Echinoids and small rotaliids are abundant, whereas planktonic foraminifera are rarer
(Fig. 5). Coralline algae are a minor component of the skeletal assemblage (common only at the top
of 20R), and bryozoans are very rare. Glaucony is rare, the grains are small but very green
(evolved). Although bioclasts in core 26R to 21R are relatively well preserved, the top of core 20R

is recrystallized.

4.1.2 Core 19R-3, rudstone, rhodolith and coral facies



The limestone is very coarse-grained with common centimetre-sized rhodoliths (Figs 5, 7A).
The coralline algae composing the rhodoliths are mainly Corallinales and Sporolithales. Fragments
of corals (probably Porites) also occur, especially near the top of the section (Fig. 5).

Thin sections analysis shows that although coralline algae dominate the skeletal assemblage,
corals and benthic foraminifera are also important (Table 1; Fig. 5). The foraminiferal assemblage
includes thick specimens of Amphistegina (T/D between 0.5 and 0.6), small benthics and rare

Heterostegina. Coralline algae of the order Hapalidiales were also observed in the thin sections.

4.1.3 Cores 19R-2 to 16R-2, wackestone to packstone, coralline algal and Heterostegina facies

The lower part of this facies (cores 19R-2 and 19R-1) is much more fine-grained than the
underlying rhodolith and coral rudstone, and contains common Heterostegina, generally 1 mm thick
and up to over 1 centimeter in diameter (T/D between 0.1 and 0.15; Figs 5, 7B). The orientation of
the tests ranges from perpendicular to the drilling direction, to randomly oriented. Very thin,
disarticulated bivalves also occur. Hooked crusts of coralline algae are common, especially from
19R-1 upcore (Fig. 5). Core 19R-1 includes centimetre-sized burrows (Fig. 7C). From cores 18R to
17R-4, coralline algae and LBF still dominate, but rhodoliths with laminar structure and small
coralline branches become more common, especially toward the top of the interval. Heterostegina
specimens, although still very large and flat, are slightly thicker (T/D between 0.1 and 0.2) than
those of cores 19R-1 and 19R-2. Locally they have dissolved leaving only moldic porosity.
Upwards (cores 17R-3 to 16R-2), coralline algae clearly dominates the core whereas Heterostegina
become rare (Fig. 5). Coralline branches and rhodoliths become particularly common, the latter
especially so in core 16R. Hooked crusts remain widespread (Fig. 7D). At the contact between 16R-
2 and 16R-3, the extensive presence of Corallinales-dominated large algal structures (larger than the
diameter of the core) may represent very large rhodoliths or a coralline bioconstruction.

Based on thin section analysis, the lower part of the facies (cores 19R-2 to 18R-1) is largely

dominated by coralline algae and benthic foraminifera (Table 1; Fig. 5). The foraminiferal



assemblage is dominated by Neoconorbina (Fig. 6F, G) and Heterostegina (Fig. 6H). Amphistegina,
Operculina, Cibicides, Elphidium, and textulariids are rare. Coralline algae mostly consist of thin
and sometimes fragmented crusts (Fig. 6I) and small branches of Hapalidiales (Fig. 6H). Bivalve
shells are locally abundant. Echinoid fragments and planktonic foraminifera (including Orbulina
universa) were also noted (Fig. 5). Bioclasts in this interval are moderately well preserved;
however, the muddy matrix in which they are embedded is often recrystallized, with rhombohedral
crystals of dolomite (Fig. 6I). Recrystallization is locally more intense (e.g. 18R-2; Fig. 6J).
Dissolution and recrystallization are pervasive upward (cores 17R — 16R; Fig 6K), and only

coralline algae are preserved (Fig. 5).

4.1.4 Cores 16R-1 to 15R-1, rudstone, rhodolith and corals facies

This facies 1s dominated by rhodoliths. Fragments of colonial coral (probably Porites) also
occur (Fig. 5). Although some rhodoliths are branched (Fig. 7E), others have a compact laminar
structure. Hooked crusts and Heterostegina molds are very rare. The rhodoliths are dominated by
Sporolithales and Corallines.

In thin section the rock is mainly recrystallized. What little can be seen of the skeletal
assemblage is coralline algae (mostly Sporolithales), colonial corals and benthic foraminifera,
mainly Amphistegina and small benthic rotaliids (Table 1; Figs 5, 6L). Due to the poor preservation,

the T/D ratio of the specimens of Amphistegina of this facies was not evaluated.

4.1.5 Cores 15R-1 to 14R-1, recrystallized layer
This interval is largely recrystallized with abundant moldic porosity related to the
dissolution of various bioclasts, including bivalves. There are no preserved skeletal grains and the

limestone is almost entirely composed by thombohedral carbonate crystals (Fig. 5).



4.1.6 Cores 14R-1 to 11R, rudstone/boundstone, coral-reef facies

The interval from cores 14R-1 to 11R is very coarse and is clearly dominated by colonial
corals (Table 1; Fig. 5). The latter are especially abundant in 13R-1, 12R-2 and 11R-1. Most of the
large coral fragments are poritids, but some could be probably attributed to Tarbellastrea due to the
small but well defined corallites (Fig. 7F). Coralline algae are also common, occurring as branches
and as small compact rhodoliths. Large echinoid spines are locally abundant.

In thin section the skeletal assemblage is dominated by corals and coralline algae, with
important contributions from benthic foraminifera (Table 1; Fig. 5). Molluscs and echinoids are
locally abundant (Fig. 5). Toward the top of this interval (11R-1), the abundance of benthic
foraminifera and molluscs increases, and the preservation improves (Fig. 5). The foraminiferal
assemblage is dominated by miliolids, including Borelis melo melo and Dendritina; encrusting
foraminifera are also common (Fig. 5). Most of the observed coralline algae are Corallinales

(among them abundant Titanoderma). Scarce Sporolithales also occur.

4.1.7 Cores 10R to 7R-1, grainstone to packstone, mollusc and benthic foraminifer facies

In the lower part of this interval (core 10R), the limestone is very coarse-grained with
common molluscs and coralline algae (Table 1; Fig. 5). The core shows low-porosity, well-
cemented layers with common and well-preserved bivalves (Fig. 7G), alternating with layers in
which the shells are mostly dissolved resulting in high moldic-porosity. Coralline algae are present
as branches and small rhodoliths. Corals also occur and are locally abundant. Abundant large
miliolids (Fig. 7H) and also coated grains built by encrusting foraminifera can be observed in the
highly cemented layers. Near the top of core 10R, there are also small fragments of vermetid
encrustations. Upwards (core 9R), the rock is similar but grain-size decreases. In core 8R and in
most of core 7R the limestone is even finer grained and is characterised by high moldic porosity
(dissolved molluscs, both bivalves and gastropods; Fig. 5).

Thin section analysis shows that benthic foraminifera (predominantly small miliolids, B.



melo melo, Dendritina and encrusting rotaliids; Fig. 6M) and molluscs (Fig. 6N) dominate the
skeletal assemblage (Table 1; Fig. 5). Coralline algae (mostly Corallinales) and coral fragments are
locally abundant, especially in core 10R (Fig. 60). The well cemented layers of core 10R present
two generations of cement: an isopachous fibrous cement enveloping skeletal grains and a sparitic
cement filling most of the inter-grain porosity (Fig. 6N). In these layers skeletal grains which are
generally sensitive to dissolution, like the green calcareous alga Halimeda (Fig. 6P), are preserved.
In the upper part of the interval (8R and 7R-1), the deposits are mud-supported, with more small

miliolids and ostracods and less coralline algae and corals (Table 1; Figs 5, 6Q).

4.1.8 Core 7R-1, packstone, mollusc and ostracod facies

A chaotic layer with limestone fragments embedded in a gray muddy matrix occupies the
central part of 7R-1. This layer belongs to the breccia unit (Unit II; Figs 3, 5), that is located above
the Miocene shallow-water limestone and represents the upper boundary of the investigated
succession. At the top of 7R-1, there is a lithified limestone interval with well developed moldic
porosity, created by bivalve shell dissolution. Its skeletal assemblage is dominated by ostracods and

small benthic foraminifera together with partially dissolved bivalves (Table 1; Figs 5, 6R).

4.2 SEDEX sequential extractions

The determined bioavailable-P concentrations are relatively uniform and very low in the
Miocene cores (Unit III; Fig. 8). The only exception is core 23R, which contains authigenic
minerals, as indicated by facies analyses (Fig. 8). Samples from the units above and below the
marine Miocene shallow-water limestones (Units II and I'V; Fig. 8) stand out clearly since they have
remarkably higher concentrations of bioavailable-P (Fig. 8). There is no evidence of changes in
bioavailable-P concentrations related to the different diagenetic patterns present into the core (Figs

5, 8). No differences were observed between replicas and original analysis indicating good



repeatability.

4.3 Stratigraphy

The assemblage of core 26R includes only lepidocyclinids, while the LBF assemblage of
cores 25R to 21R is characterised by Miogypsina, Nephrolepidina and an absence of
Miogypsinoides (Fig. 6C, D, E). The assemblage suggests an early Miocene age (Cahuzac and
Poignant, 1997). Species were identified in core 23R using the CT-scan. The examined sample of
miogypsinids (17 individuals) exhibits an unimodal distribution of the protoconch size and rather
constant biometric parameters, suggesting that it consists of a single species. The biometric
parameters of the Miogypsina specimens encompass the morphometric transition between
Miogypsina globulina and Miogypsina intermedia (PW = 150 pm; DW = 170 pum; PS = 145 um;
DR =1,2; X =5.5; A, =4°, V =48; Fig. 9A). The only three lepidocyclinids observed were
identified as Nephrolepidina tourneri (PW =260 um; DW =410 pm; PS =210 pum; DR = 1.65; Ai
= 52%; NACII = 6; Fig. 9B, C). Thanks to the CT-scan, it was also possible to identify
Miolepidocyclina in the association. The occurrences of M. exemplum intercentrale globulina-
intermedia together with N. tourneri indicate a Burdigalian age for core 23R (Cahuzac and
Poignant, 1997, Ozcan and Less, 2009; Ozcan et al., 2009; BouDagher-Fadel and Price, 2010,
2013). Above the core 20R, according to CT-scan and thin section investigations, miogipsinids and
lepidocylinids entirely disappear. Heterosteginids are common in the interval between cores 19R-2
and 16R-2. The heterosteginds of core 19R-2 studied with the CT-scan (13 individuals) have an
unimodal distribution of PS, suggesting the presence of a single species. Their biometric parameters
(PW =200; DW = 275; PS = 190; DR = 1.35; OC = 1.5; S3+4 = 2.5; S4+5 =3.5; NC1 = 10; D1 =
1220; Fig. 9D, E) suggest a taxonomic assignment close to Heterostegina papyracea (as described
by Papazzoni and Sirotti, 1999) and “morphotype a” of Heterostegina gomez-angulensis (as

described by Tosquella et al., 2001). From the core 14R upwards the succession is characterised by



the presence of B. melo melo (Fig. 9H) often associated with Dendritina. The occurrence of
Heterostegina and B. melo melo together with the absence of lepidocyclinids and miogypsinids
suggest that, upcore from 20R, the sediments are of middle or late Miocene (Betzler and Schmitz,
1997; Cahuzac and Poignant, 1997). The first occurrence of Orbulina universa, located near the top
of the core 19R-1 (Fig. 9F, G), supports this hypothesis (Bolli et al., 1985).

The *’St/*’Sr ratio obtained from the bivalve shell from the core 10R-2 yielded an estimated
age of 8.40 Ma (late Tortonian; Fig. S1). No evidence of dissolution was observed through optical
microscopy and SEM (Fig. 91). Trace elements analysis indicates a composition similar to modern,
pristine, aragonitic bivalves (Fig. S1; Ragland et al., 1979; Carrol and Romanek, 2008). Raman
spectra, collected in different parts of the shell and compared with the reference spectra of
carbonates provided in Borromeo et al. (2017), confirm an aragonitic composition, whereas calcite

was never detected (Fig. S1).

4.4 Downhole logging data

Comparison of the downhole core log data (Emeis et al., 1996; Major et al., 1998) with the
skeletal assemblage, facies distribution and petrographic characteristics (Fig. 5), highlights two
major boundaries within Unit III (Fig. 10). The first, as recognised by Major et al. (1998), is located
between the core 20R-1 and the core 19R-3 (Fig. 10). This corresponds to variations in the natural
gamma ray intensity, mainly as a consequence of changes in the concentration of uranium and of
the physical properties (the limestone becomes more porous and less homogeneous upcore; Fig.
10). This boundary also corresponds with the last occurrence of Lepidocyclina and Miogypsina, is
also close to the first occurrence of O. universa, and to an increase in abundance of coralline algae
(Fig. 5). The second major boundary is between the cores 15R-1 and 14R-1 (Fig. 10). The base of
this boundary is marked by a decrease in porosity and, consequently, an increase in resistivity and
in sonic velocity (Fig. 10). An increase in uranium concentration and gamma ray emissions marks

the upper contact. This boundary corresponds to a layer of extensive recrystallization and an



important facies change (Fig. 5). The interval below this surface is dominated by coralline algae,
whereas the one above is dominated by corals (Fig. 5). Minor changes in the downhole logs occur
between the cores 11R-1 and 10R-2, and also between the cores 9R-1 and 8R-1 (Fig. 10). The
former corresponds to the position of well-cemented layers of the core 10R-2, while the latter to the

increase in micrite occurring between the cores 9R-1 and 8R-1.

5. Discussion
5.1 Stratigraphy

By integrating the various biostratigraphic and geochemical evidence, it is possible to refine
the age assignment of the Miocene carbonates. Based on LBF, core 23R is Burdigalian (Cahuzac
and Poignant, 1997; Ozcan and Less, 2009; Ozcan et al., 2009; BouDagher-Fadel and Price, 2010,
2013). The same assemblage characterises most of the LBF and echinoid facies (25R to 20R), and
can be attributed to the same age. Only fragments of unidentifiable lepidocyclinids (without
miogypsinids) were observed in core 26R; therefore the base of the succession can be either
Burdigalian or slightly older.

The interval located between the recrystallized layer and the base of Unit II (14R-1 to 7R1;
Fig. 5) is likely to be late Miocene, as indicated by the Sr isotope analyses of the pristine bivalve in
core 10R-2 (Fig. S1). This is in agreement with the Sr isotope analysis performed on carbonates
from Hole 965A (Major et al., 1998; Robertson, 1998b) and is supported by both LBF and plankton
stratigraphy that indicate a middle to late Miocene age from core 20R upwards (Bolli et al., 1985;
Betzler and Schmitz, 1997; Cahuzac and Poignant, 1997). The presence of deposits related to the
Messian Salinity Crisis (Unit II) just above this interval is also consistent with a late Miocene age
(Figs 3, 5; Major et al., 1998).

The interval between cores 19R-3 and 15R-1 is either of middle or late Miocene age, as
suggested by both LBF and plankton stratigraphy. The observed Heterostegina is close to H.

papyracea and H. gomez-angulensis. Both species are reported from the Tortonian (Papazzoni and



Sirotti, 1999; Tosquella et al. 2001; Daya and Bignot 2003). This would suggest a late Miocene age.
However, the taxonomy of Neogene flat heterosteginds (sensu lato) is rather problematic, firstly due
to the presence of different lineages that are recognized by some but not all authors (e.g.
Freudenthal, 1969), and, secondly due to problems with the generic placement of some lineages
(Papp and Kiipper, 1954; Banner and Hodgkinson 1991; BouDagher-Fadel and Price 2014).
Furthermore, species identification is strongly based on the size of the protoconch and on the
number of undivided chambers following the embryo. Both parameters have been shown to be
strongly influenced by environmental factors (Eder et al., 2017). Since facies rich in flat
heterosteginds (sensu lato) occur also in the middle Miocene (e.g. Reuter and Piller, 2011), the sole
presence of this species is not enough to support a late Miocene age. A late Miocene age for the
interval between cores 19R-3 and 15R-1 would imply that the whole middle Miocene is missing
from the Eratosthenes succession. This might have been caused by a prolonged period of low
sedimentation-rate or by major erosion. A 5 million years long period of low sedimentation would
be expected to have resulted in the formation of authigenic minerals (as observed during the hiatus
between Eocene chalk and Miocene shallow-water carbonates), but such authigenic minerals are
absent from core 20R and upcore. Also there is no clear evidence of major erosion, either sub-aerial
or submarine. However, since the recovery of Hole 966F was poor, it is impossible to rule out either
a hiatus in sedimentation or an erosional event. Based on the available data, the most likely age
model seems to be lower Miocene from the base of Unit Il up to core 20R, middle Miocene from
cores 19R-3 to 15R-1, and late Miocene from the cores 14R-1 to the top of Unit III. Following this
model, the boundary highlighted in downhole core log data between cores 20R and 19R-3 (Fig. 10;
Emeis et al., 1996; Major et al., 1998), could correspond to the unconformity reported at the base of
the middle Miocene in the basins surrounding the Eratosthenes Seamount (Hsii et al. 1978;

Steinberg et al. 2011; Klimke and Ehrhardt, 2014).



5.2 Palaeoenvironmental reconstruction

LBF and hermatypic corals commonly occur in the succession, suggesting tropical
conditions (Fig. 5; Betzler et al., 1997; Lees and Buller, 1972; Beavington-Penney and Racey,
2004). The results of SEDEX analysis indicate very low concentrations of biovailable-P throughout
the whole Unit III (Fig. 8). These values are always below the boundary between non-oligotrophic
and oligotrophic environments as proposed by Coletti et al. (2017) based on the study of Miocene
carbonate systems in Italy and France. This evidence points toward oligotrophic conditions during
the deposition of the Miocene shallow-water carbonates. Consistent with this hypothesis,
heterotroph suspension-feeders that commonly thrive in nutrient-rich environments (Hallock and
Schlager, 1986; Hallock, 1988; Brasier, 1995a, b; Halfar et al., 2004; Lokier et al. 2009; Reijmer et
al., 2012; Reymond et al., 2016; Coletti et al., 2015, 2017), are almost absent (Table 1; Fig. 5).
Oligotrophic conditions during the Miocene in the Eratosthenes Seamount area are also in
agreement with modern evidence. The lowest average concentrations of chlorophyll a in the
Mediterranean are recorded off-shore Cyprus (Barale and Zin, 2000; Basso et al., 2004). In the LBF
and echinoid facies bioavailable-P values are higher than in the rest of Unit III (Fig. 8). Glaucony is
common and highly evolved at the base of this facies, occurring as extremely large grains (Fig 6A,
B). Upwards, glaucony is less common and the grains are smaller but the mineral is still remarkably
evolved (Fig. 6D). Generally, the longer the grains stay at the water-sediment interface the more
they increase in size and become greener due to uptake of iron and potassium (Odin and Matter,
1981). Since highly evolved glaucony grains cannot be produced unless the sedimentation rate is
extremely low for a prolonged period of time (Odin and Matter, 1981), their presence is not
consistent with active carbonate production from LBF and echinoids. A probable solution to this
problem is that the glaucony grains were reworked from the surface that separates the Eocene chalk
from the Miocene shallow-water carbonates. This surface accounts for an extremely long period of

non-deposition, compatible with colour and size of the glaucony grains of the core 26R-1 (Fig. 6A,



B). During this period, the crests of the Eratosthenes Seamount remained in a relatively deep-water
environment (as suggested by the planktonic foraminifera trapped within the glaucony grains; Fig.
6B) and was characterised by extremely low sedimentation rate. During the early Miocene, the crest
was uplifted into photic-zone depth. In this shallow environment, exposed to currents, the highly
evolved glaucony grains were reworked and mixed with the newly produced skeletal carbonate
grains. Upwards, reworked glaucony grains become less common as the source of glaucony near the
crest of the Eratosthenes Seamount was progressively covered by shallow-water carbonates. Since
low sedimentation rates favour the formation of both authigenic glaucony and phosphates (Follmi,
2016), authigenic phosphates, formed during the Eocene-Miocene hiatus, might also have been
reworked in the LBF and echinoid facies, causing the higher concentrations of bioavailable-P.
Variations of water depth and environmental conditions at the crest of the Eratosthenes
Seamount are recorded by the different facies. The benthic foraminiferal assemblage of the LBF
and echinoid facies (26R-1 to 20R-1) is dominated by Miogypsina, Lepidocyclina and
Amphistegina. Except for the lepidocyclinds of the core 26R-1, all the other observed LBF have
thick tests (Fig. 5C, D, E) that are typical of shallow-water dwellers (Hallock et al., 1986; Hallock
and Glenn, 1986; Beavington-Penney and Racey, 2004). In particular, Amphistegina T/D ratio
suggests very shallow-water conditions (10-25 m; Mateu-Vicens et al. 2009). However, the T/D
ratio should be interpreted cautiously (Eder et al., 2018). The presence of common planktonic
foraminifera (especially at the base of the facies; Fig. 5) together with the lack of miliolids and
other typical shallow-water dwellers suggest intermediate water depths (e.g. Hallock and Glenn,
1986; Beavington-Penney and Racey, 2004). Therefore, a middle shelf setting is proposed for this
facies, ranging from 40-60 m near the base (cores 26R and 25R; Fig. 11) to 30-40 m near the top

(cores 24R to 20R; Fig. 11).

The presence of hermatypic corals in the overlying rhodolith and coral facies (19R-3) points



to shallower-water conditions. The benthic foraminifera assemblage, with common thick specimens
of Amphistegina and rare Heterostegina, also suggests relatively shallow conditions (Hallock and
Glenn, 1986; Hohenegger et al., 2000; Beavington-Penney and Racey, 2004; Mateu-Vicens et al.
2009; Renema, 2018). The coralline algal assemblage, with Corallinales, Sporolithales and
Hapalidiales, point to intermediate water depths (20-80 m; Adey and Macintyre, 1973; Adey, 1979,
1986; Adey et al., 1982; Minnerey et al., 1985; Perrin et al., 1995; Basso et al., 2009). Consequently
a shallow middle shelf setting is proposed for this facies (20-30 m; Fig. 11).

The coralline algal and Heterostegina facies (19R-2 to 16R-2) is rich in epiphytic
foraminifera (e.g. Neoconorbina, Fig. 6F, G) and coralline algal hooked crusts. Their presence
correlates this facies to a seagrass/seaweeds meadow (Fig. 7D; Brasier, 1975; Beavington-Penney et
al., 2004; Murray, 2006; Sola et al., 2013; Tomassetti et al., 2016). The occurrence of planktonic
foraminifera and the generally fine-grained size are probably related to the baffling effect of the
meadow (Fig. 5; Scoffin, 1970; Brasier, 1975; Gacia and Duarte, 2001). Heterostegina (Fig. 9D, E)
specimens are very thin and flat, especially at the base of the facies (Fig. 5). In the modern
environment, large and flat nummulitids with partitioned chambers are common in deep water since
they are well adapted to dim light (Hohenegger, 2000; Hohenegger et al., 2000; Renema, 2006,
2018). Hapalidales, which generally dominate in dim-light conditions, are also present close to the
base of the interval; upwards, shallow-water Corallinales are more common (Adey and Macintyre,
1973; Adey, 1979, 1986; Adey et al., 1982; Minnerey et al., 1985; Perrin et al., 1995). The
dominance of deep photic zone dwellers does not necessarily implies deep-water since the meadow
itself (or any such structured habitat) can provide a shaded seafloor (James and Bone, 2011; Eder et
al., 2018). Furthermore, the baffling effect of the meadow provides sheltering from hydrodynamic
energy, thus favoring flat and thin LBF (Eder et al., 2018). Nowadays, macroalgae can develop
down to 70 m of water depth on isolated Mediterranean seamounts (Bo et al., 2011). Worldwide,
seagrass and seaweed meadows are known to occur down to 40-60 m of water-depth, although

deeper occurrences can not be ruled out (Duarte 1991; Graham et al. 2007). On these bases, a



middle shelf setting is proposed for this interval (cores 19R-2 to 16R-2), deeper close to the base
(40-60 m; 19R-2 to 19R-1; Fig. 11) and shallower toward the top (30-40 m; 18R-2 to 16R-2; Fig.
11). The presence of coralline-algal bioconstructions is consistent with this interpretation since
small coralligenous build-ups are often associated with seagrass meadows, both in modern

environments and in the fossil record (e.g. Bracchi et al., 2016, 2017).

In the overlying rhodolith and coral facies (16R-1 to 15R-1) rhodoliths have a rather
compact internal structure (Fig. 7E), suggesting at least moderate hydrodynamic energy (Basso
1998). The coralline algal assemblage, with common Corallinales and Sporolithales, points to
intermediate water-depth (20-80 m; Adey and Macintyre, 1973; Adey, 1979, 1986; Adey et al.,
1982; Minnerey et al., 1985; Perrin et al., 1995). Hermatypic corals suggest a shallow-water setting.
A shallow middle shelf setting is proposed also for this facies (20-30 m; Fig. 11).

The coral-reef facies (14R-1 to 11R) is characterised by hermatypic corals with abundant
miliolids (including common B. melo melo and Dendritina) and a coralline algal association
dominated by Corallinales (Table 1; Fig. 5). This assemblage is clearly related to a shallow-water
reef environment that was located in the inner part of the shelf (10-20 m; Fig. 11; Betzler and
Schmitz, 1997; Perrin et al., 1995; Pomar, 2001; Murray, 2006; Civitelli and Brandano, 2005;
Benisek et al., 2009). The presence of some Sporolithales is consistent with a shallow-water setting
due to their broad bathymetric range, with shallow-water taxa recorded in both modern and fossil
environments (Fravega et al., 1989; Minnery et al., 1985; Adey, 1986; Perrin et al., 1995; Basso et
al., 2009; Coletti et al., 2018a).

The mollusc and benthic foraminifer facies (10R-2 to 7R-1) includes more molluscs, more
small miliolids and less coral than the coral-reef facies (Table 1; Fig. 5), suggesting a transition
toward a lagoonal environment (water depth < 10 m; Fig. 11; Hallock and Glenn, 1986;
Beavington-Penney and Racey, 2004). The uppermost part of this interval, with abundant micrite,
small miliolids and relatively common ostracods, represents a very shallow-water, low-energy,

setting (Figs 5, 6Q, 11; Hallock and Glenn, 1986).



The mollusc and ostracod facies of the top of 7R-1 (Fig 5) probably represents a brackish
environment (Fig. 11). This peculiar setting is consistent with the high concentrations of
bioavailable-P of this facies (Fig. 8). Brackish facies are indeed recorded in the latest Messinian
palaeotopography of the area, as documented from Cyprus onshore, the Cyprus slope and the
Eratosthenes Seamount slope (Robertson, 1998c; Spezzaferri et al., 1998; Rouchy et al., 2001).
Therefore, it is possible that brackish conditions briefly developed also on the top of the

Eratosthenes Seamount during the beginning of Messinian Salinity Crisis.

5.3 Regional implications

Sedimentation at active margins is typically very complicated and detailed study and
comparison are necessary to separate the effects of tectonic and global sea-level changes. Since the
Miocene successions of the Eratosthenes Seamount and the one onshore Cyprus developed on
different plates, their comparison can help in separating tectonic and global effects.

Cyprus was characterised by pelagic sedimentation during the Paleogene (Robertson 1976;
Robertson et al., 1991). During the Oligocene — early Miocene a first localized phase of reef
development occurred, known as the Terra Member of the Pakhna Formation (Robertson et al.,
1991; Follows, 1992; Follows et al. 1996; Banner et al., 1999; BouDagher-Fadel and Lord, 2006).
The Terra Member is characterised by hermatypic corals and a diverse LBF assemblage (Follows,
1992; Follows et al. 1996). These shallow-water carbonates drowned at the end of the early
Miocene and were covered by hemipelagic marls (Robertson et al., 1991; Follows, 1992; Eaton and
Robertson, 1993; Follows et al., 1996). During the Tortonian, a second and more widespread phase
of shallow-water deposition occurred, known as the Koronia Member of the Pakhna Formation
(Robertson et al. 1991; Eaton and Robertson, 1993; Follows, 1992; Follows et al. 1996). The
Koronia Member is dominated by hermatypic corals that formed fringing reefs around the Troodos
Massif; these reefs persisted until the Messian Salinity Crisis (Robertson et al., 1991; Follows,

1992; Eaton and Robertson, 1993; Follows et al., 1996).



In both the Eratosthenes Seamount and onshore Cyprus successions there is a change from
pelagic to shallow-water deposition at the beginning of the Neogene. This is related to tectonic
uplift, estimated as several hundred meters. This event can be generally attributed to the regional
collision of the Eurasian (Anatolian) and African plates that caused compression and uplift of the
overriding plate, as documented from southern Cyprus (Robertson et al., 1991; Eaton and Robertson
1993; Robertson, 1998 f; Kinnaird and Robertson, 2013) and uplift of the downgoing plate,
probably via peripheral bulge uplift (Forsyth, 1980; Jacobi, 1981). The late Miocene is
characterised by a further pulse of tectonic activity in Cyprus, especially in the north and west,
which may be in part related to supra-subduction zone ('back arc') extension (Kinnaird and
Robertson, 2013). Following the early Neogene uplift, the variations of water depth on the
Eratosthenes Seamount are relatively small (Fig. 11). The brief deepening of the middle Miocene
interval (Fig. 11), may be tentatively related to the early Langhian highstand (Hagq et al., 1987;
Miller et al., 2005). The late Miocene shallowing (Fig. 11) may be related to intensification of the
inferred peripheral bulge, prior to collision with the subduction trench during Messinian to early
Pliocene time, to global sea-level change or a combination of both. At the end of the Messinian both
successions record the sea-level drop related to the Salinity Crisis.

From the perspective of environmental evolution, the Eratosthenes Seamount records three
major biological events that characterised the Mediterranean basin as a whole: the reduction of
diversity of LBF at the end of the early Miocene, the middle to late Miocene increase in coralline-
algal abundance, and the latest Miocene expansion of coral reefs (Pomar et al., 2017).

At the end of the early Miocene, miogypsinids and lepidocyclinids rapidly declined in the
Mediterranean. In contrast, both groups thrived for longer in the Indo-Pacific Ocean (Pomar et al.,
2017; BouDagher-Fadel, 2018). Their decline on the Eratosthenes Seamount is remarkable in view
of its proximity to the connection with the Indo-Pacific Ocean. After the end of the Burdigalian the
diverse lower Miocene stock of the LBF and echinoid facies was replaced by an almost

monospecific assemblage dominated by Heterostegina (Fig. 5). Since the temperature range of



Heterostegina is similar to those of Baculogypsina and Baculogypsinoides - considered the modern
counterpart of the extinct lepidocyclinids and miogypsinids (Langer and Hottinger, 2000;
Beavington-Penney and Racey, 2004; BouDagher-Fadel, 2018) - the decline of lower Miocene LBF
was probably driven by oceanographic changes rather than decreases in yearly average
temperatures. The cause was most likely the closure of the oceanic strand connecting the
Mediterranean with the Indo-Pacific, which occurred in the early Miocene (Aktas and Robertson,
1984; Ylmaz, 1993; Robertson, 1998e; Rogl, 1999). Major changes in the Mediterranean at the end
of the early Miocene are also indicated by the beginning of sapropels deposition (Taylforth et al.,
2014) and by the distribution of mollusc fauna (Piccoli et al., 1990).

The middle to late Miocene increase in coralline algal abundance is not restricted to the
Mediterranean but is also recognised worldwide (Halfar and Mutti, 2005). This event has been
related to an increased nutrient availability (Halfar and Mutti 2005; Pomar et al. 2017). In the
Eratosthenes Seamount successions, coralline algae are especially common in the middle Miocene
interval (Figs 5, 11), but an associated increase in bioavailable-P concentrations is not observed
(Fig. 8).

The late Tortonian coral-reef expansion (Pomar, 1991; Buchbinder, 1996b; Esteban, 1996;
Pedley, 1996; Vennin et al., 2004; Pomar and Hallock, 2007; Pomar et al., 2017) has been related to
the coevolution of corals and zooxanthellae and to the late Miocene cooling (Pomar and Hallock,
2007; Pomar et al., 2017). These two events allowed corals to colonize shallow-water environments
that, until that moment, were too warm and too bright for them (Pomar and Hallock, 2007; Pomar et
al., 2017). Another hypothesis relates coral-reef expansion to the narrowing of the marine gateways
with the Atlantic, that reduced the entry of cold oceanic waters, thus favouring local warming and
increased salinity (Esteban, 1979; Pomar et al., 2017). Hermatypic corals occur both in the middle
and upper Miocene intervals of the Eratosthenes Seamount, but they are really abundant only in the
upper one, especially so in the coral-reef facies (Figs 5, 11). In the central interval, the corals are

mainly associated with rotaliids and both deep-water and shallow-water coralline algae. In contrast,



in the uppermost interval, similarly to modern reef, they occur together with shallow-water
miliolids and a coralline-algal assemblage that is largely dominated by shallow-water groups (Fig.
5). This is consistent with the hypothesis that corals colonized really shallow-water environment
only during the late Miocene (Pomar and Hallock, 2007), but with this evidence alone is impossible

to rule out alternative solutions.

6. Conclusions

The Miocene carbonates of the Eratosthenes Seamount formed in an oligotrophic tropical
environment. Within the succession, it is possible to recognise three major intervals, characterised
by different skeletal assemblages. The lower interval, of early Miocene age, is characterised by a
large benthic foraminifera and echinoid skeletal assemblage that developed over deep-water
Paleogene chalk uplifted to a water depth of 30-60 m. The central interval, of probable middle
Miocene age, is dominated by coralline algae and corals in its basal part (20-30 m). Upwards,
epiphytic foraminifera, hooked coralline-algal crusts and thin and flat specimens of Heterostegina
dominate the core. This assemblage probably represents a seagrass/seaweed meadow (30-60 m).
The uppermost part of the central interval is again dominated by coralline algae and corals (20-30
m). The uppermost interval is of late Miocene age. Its base recalls a typical modern reef assemblage
with abundant corals, coralline algae and miliolids, compatible with a shallow water depositional
environment (10-20 m). A lagoonal facies with small miliolids and molluscs characterises the top of
the interval indicating further shallowing (less than 10 m). The shallow-water marine carbonates are
overlain by ostracod-dominated brackish limestone and a limestone breccia, both related to the
Messinian Salinity Crisis. These variations in water-depth during the Miocene were probably

mainly controlled by the collision of the Eurasian and African plates. A similar situation also occurs



onshore Cyprus, indicating tectonic activity as the main driving force of sedimentation in the

region.

On the general level, the Eratosthenes Seamount succession presents a lower Miocene with
diverse and abundant large benthic foraminifera, an uppermost Miocene with coral-reefs and
coralline-algal dominance in between. This trend is widespread among Miocene Mediterranean
shallow-water carbonates and is most likely related to the general environmental evolution of the
basin since its recorded also on an isolated platform, far away from terrestrial influx, like the
Eratosthenes Seamount. The decline of miogypsinids and lepidocyclinids, which occurred on the
Eratosthenes Seamount after the Burdigalian, is remarkable in view of its proximity to the gateway
with the Indo-Pacific Ocean, where both groups thrived even in the middle Miocene. The early
Miocene closure of the oceanic strand that connected the Mediterranean with the Indo-Pacific was

probably the main cause of the decline of these large benthic foraminifera in the Mediterranean.
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Table Caption

Table 1: Average composition of the skeletal assemblage and Dunham classification of the facies of
Hole 966F. The slash bar between rudstone and boundstone is used since, due to the limited size of
the core and the poor recovery, it is impossible to check whether or not there are bioconstructions in

the facies.
19R-2 to 16R-1 to
Cores 26R-1 to 20R 19R-3 16R2 15R-1 14R-1to 11R @ 10R to 7R-1 7R-1
. LBFand  Rhodolithand ~ COTMNe Ry dolith and Mollusc and =y 4 1o and
Facies . algal and Coral-reef benthic
echinoids coral . coral L. ostracod
Heterostegina foraminifer
Dunham . Wackestone Rudstone/ = Grainstone to
e Grainstone Rudstone to Rudstone Packstone
classification boundstone wackestone
packstone
Coralline 14% 63.5% 63% 67% 32.5% 16% 0%
algae
Corals 0% 12% 0% 21% 38% 14.5% 0%
Benthic 51.5% 17% 29% 11% 21.5% 43% 15%
foraminifera
Planktonic 10% 0% 1% 0% 0% 0.5% 0%
foraminifera
Echinoids 21.5% 7% 3.5% 0.5% 3% 4% 0%
Molluscs 1.5% 0.5% 2% 0% 4.5% 18% 17%
Ostracods 0% 0% 0.5% 0% 0% 2% 68%
Bryozoans 1% 0% 0.5% 0.5% 0% 1.5% 0%
Others 0.5% 0% 0.5% 0% 0.5% 0.5% 0%




Highlights
The stratigraphy of Miocene carbonates of the Eratosthenes is revised
Foraminifera dominate the early Miocene, algae the middle and corals the late Miocene

Lepidocyclinids and miogypsinids extinction occurs at the end of the early Miocene

CT-scan is suitable for study microfossils still embedded into the rock
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Calculated parameters:

PS= protoconch size, ¥(PW x PH x PL)

DR= deuteroconch ratio, DW/PW

Ai (calculated on lepidocyclinids) =
embracement of the protoconch (SW/IPP)*100
V (calculated in miogypsinids) = degree of
symmetry between the spires, (c/3)*200

53+4 (calculated in heterosteginds) = total
number of chamberlets in 3rd and 4th chambers
S54+5 (calculated in heterosteginds) = total
number of chamberlets in 4th and 5th chambers

Figure 4
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