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Abstract 29 

During the early and middle Miocene, the Mediterranean had become a restricted marginal marine sea 30 

with diminishing and ultimate loss of connectivity to the Indian Ocean. This dramatically changed the heat, 31 

energy, freshwater and nutrient budgets across the Mediterranean and most notably in its eastern basin. 32 

While one of the most prominent lines of evidence of this change in the Eastern Mediterranean is the 33 

onset of sapropel formation, many other aspects of the sedimentary system changed in response to this 34 

rearrangement. Here we present a detailed analysis of a hemipelagic succession from southeastern 35 

Cyprus dated to the late Aquitanian to the early Serravallian (22.5 – 14.5 Ma). This sequence is carbonate-36 

dominated and formed during the decoupling of the Mediterranean Sea and the Indian Ocean. It exhibits 37 

sedimentation with mass transport contribution from shallow water carbonates to deeper facies with 38 

phosphatization and bottom current (at intermediate depth) interactions. This succession traces both 39 

local subsidence and loss of a local carbonate factory. Additionally, it records a shift in bottom current 40 

energy and seafloor ventilation, which are an expected outcome of connectivity loss with the Indian 41 

Ocean.    42 
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Introduction 44 

The Miocene evolution of the Mediterranean realm witnessed significant shifts in climatic and ocean 45 

circulation patterns. This shift was part of a global driven by global cooling, enhanced glaciation of 46 

Antarctica and rearrangement of the worldwide current regime rearrangement (Betzler et al., 2016; 47 

Betzler and Eberli, 2019; Flower and Kennett, 1994; Groeneveld et al., 2017; Hamon et al., 2013; Miller et 48 

al., 1991; Pound et al., 2012). In the Mediterranean Sea these forcings were amplified by tectonics, which 49 

decoupled it's water mass from the Indian Ocean in the early and middle Miocene (Bialik et al., 2019; 50 

Reuter et al., 2013; Rögl et al., 1998), from the Paratethys in the middle to late Miocene (Flecker and 51 

Ellam, 2006; Sant et al., 2017; Simon et al., 2018) and from the Atlantic Ocean in the late Miocene (Flecker 52 

et al., 2015; Meilijson et al., 2019; Seidenkrantz et al., 2000). 53 

The combination of gateway evolution and climate shifts resulted in modification of both the freshwater 54 

and nutrient budgets of the Mediterranean Sea, as well as the circulation pattern throughout the water 55 

column. The climate shift was marked by the transition from an arid to a humid climate in the late early 56 

Miocene (John et al., 2003), expansion of Saharan fluvial systems during the middle Miocene (Swezey, 57 

2009) and extreme humidity in the late Miocene (Böhme et al., 2008), followed by extreme aridity in the 58 

latest Miocene (Griffin, 2002). The relative size of the Mediterranean Sea and the position of the 59 

intertropical convergence zone (ITCZ) were ascribed to be the principal drivers of these shifts with the 60 

Atlantic meridional overturning circulation (AMOC) having a contributing effect (Zhang et al., 2014). The 61 

changes in currents and climate in the Mediterranean fundamentally shifted the way it functioned. 62 

Through the Miocene fundamental shifts in phosphogenesis patterns (Auer et al., 2016; Föllmi et al., 63 

2015), sedimentation patterns (Torfstein and Steinberg, 2020) and structure of shallow-water calcifying 64 

communities (Bosellini and Perrin, 2008; Pomar and Hallock, 2007) occurred. Modelling work suggests 65 

that the direct effects of the change in connectivity were the reversal of zonal circulation in the upper 66 

water column and reduced turnover of the lower water column (de la Vara, 2015; de la Vara et al., 2013; 67 

de la Vara and Meijer, 2016), which might have reduced ventilation. This shift also led to the rise of the 68 

modern Mediterranean Sea circulation. This circulation is marked by high turnover and rapid generation 69 

of intermittent water mass (Robinson et al., 1992), oligotrophic to extreme oligotrophic state (Magazzù 70 

and Decembrini, 1995; Reich et al., 2021) and strong sensitivity to fresh water input – which may generate 71 

sapropel events (Blanchet et al., 2021; Zirks et al., 2021, 2019). The latter is consistent with the initiation 72 

of sapropel deposition (Rohling et al., 2015; Taylforth et al., 2014) occurring towards the end of the 73 

transition period from open to closed connectivity with the Indian Ocean (Bialik et al., 2019).  74 



Here we investigate the response of hemipelagic carbonate-dominated depositional patterns to these 75 

rearrangements during the early and middle Miocene in the eastern Mediterranean (Figure 1a). This area 76 

was radically altered from being connected directly to the global oceans into a marginal marine setting 77 

mostly isolated from the global oceans during this period. In addition, this area includes the oldest known 78 

sapropels from the Mediterranean Basin (Athanasiou et al., 2021; Shipboard Scientific Party, 1978; 79 

Taylforth et al., 2014). This study presents a complete continuous section dated to the Aquitanian to the 80 

Langhian using nannofossil biostratigraphy from southern Cyprus. Detailed facies analysis of this section, 81 

deposited on a southern slope, records notable sea-level fluctuations and changes in the nutrient and 82 

current regimes.   83 

 84 

Figure 1: Location maps. a. Map of the Mediterranean showing the location of Cyprus. b. Main geological domains in Cyprus 85 

(Robertson, 1977). c. Geological map of the general study area (Geological survey department, 1979) and the location of the TZ 86 

section near Tsada.  87 

 88 



Geological setting 89 

The early and middle Miocene in southern Cyprus is represented by the upper part of the Lefkara 90 

Formation (upper marl member) and the Pakhna Formation (Eaton and Robertson, 1993; Kähler and Stow, 91 

1998; Robertson, 1976). Both were dominantly deposited in a deeper water environment and are 92 

comprised of hemipelagic to pelagic marls and chalks with beds of redeposited coarser calcareous 93 

material (described as calcarenite and calcirudite). Inconsistencies exist in the lithological description and 94 

assignment of the Oligocene-Miocene lithostratigraphy of southern Cyprus, partially owing to significant 95 

lateral gradients (Eaton and Robertson, 1993). Synthesizing the available sources (Bagnall, 1960; Hüneke 96 

et al., 2021; Kähler and Stow, 1998; Papadimitriou et al., 2018; Robertson, 1976; Robertson and Hudson, 97 

2009)  the upper part of the Lefkara Formation consists of pale to white calcareous material (marl to 98 

chalk), ranging from mudstone to packstone in texture, locally with coarse reworked material. The lower 99 

part of the Pakhna Fm is pale to white calcareous material ranging from mudstone to packstone, with 100 

local floatstone to rudstone. The character of the rock is more competent than the upper Lefkara Fm and 101 

includes limestone horizons. HIgher up in the Pakhna Fm, the character shifts back to more fine-grained 102 

marly deposits. These have been described in most detail in the outcrops of Petra Tou Romiou (Hüneke 103 

et al., 2021; Miguez-Salas and Rodríguez-Tovar, 2019; Rodríguez-Tovar et al., 2019).The presence of 104 

calcarenite in the Lefkara and lower Pakhna formations, notably in the upper Oligocene and lower 105 

Miocene, was attributed to contourites (Kähler and Stow, 1998; Stow et al., 2002). Multiple types of 106 

contourite deposits were inferred in southwest Cyprus, all related to slope environments, intermixed with 107 

turbidites and perturbated by bioturbation (Hüneke et al., 2021). This bioturbation in some places might 108 

be mistaken for sediment structures generated by bottom currents (Reolid et al., 2020). In a few locations 109 

on the Mamonia Terrain (Figure 1b), as well as on the southeastern edge of the island, shallow water 110 

lower Miocene deposits are present and mapped as the Terra member of the Pakhna Formation (Follows, 111 

1992). On the Mamonia Terrain, the formation of these shallow water regions was attributed to local 112 

highs which formed atop large thrust faults related to uplift of the Troodos Massif and the continued 113 

collision of Cyprus and the Eratosthenes block to the south (Follows et al., 1996; Papadimitriou et al., 114 

2018). However, the specific mechanism is debated, with some arguing for a horst and graben structure 115 

(Balmer et al., 2019; Cannings et al., 2021), whereas others call for blind thrusts (Papadimitriou et al., 116 

2018) to generate the highs the reefs developed on. The former would result in steep slopes while the 117 

latter in gentler slopes with piggyback basins.  118 



At the same time, the area north of the Troodos Massif (Mesaoria Basin and Kyrenia Range) was also 119 

located in a deep water environment, receiving sediment supply from the Anatolia and Taurides regions 120 

(Shaanan et al., 2021). In this environment sediment exhibiting intermittent oxygen stress began to 121 

appear during the Langhian, at ca. 15.5 Ma (Athanasiou et al., 2021; Taylforth et al., 2014); these have 122 

been suggested to be early sapropels or precursors of the sapropels. These layers appear to be generated 123 

in a warm but dominantly oligotrophoic setting, under eccentricity and obliquity modulation (Athanasiou 124 

et al., 2021) rather than the precessional forcing characterizing later saproples (Kroon et al., 2004; 125 

Larrasoaña et al., 2003; Rohling et al., 2015).  126 

 127 

Methods 128 

Samples were collected on the outskirts of the village of Tsada, Cyprus (34.8295°N, 32.4748°E, Figure 1c). 129 

A composite section (TZ) was measured along road outcrops in a residential area. The area was mapped 130 

to control and correct for displacement due to local faulting. Ninety eight samples were collected along 131 

the section as allowed by exposure and accessibility conditions. Thin sections were prepared from all 132 

collected samples following resin impregnation with blue dye. Thin sections were described using a 133 

petrographic microscope. Texture classification was done in accordance with the Dunham (1962) 134 

classification, relative abundances of all allochems were semiquantitavely assessed for each sample 135 

(ranked abundant, common, several, rare and present). Additional photomicrographs are included in 136 

Supplement 1. Carbonate content was measured using a LECO device at the University of Hamburg. Stable 137 

isotopes analysis was carried out using bulk rock samples. Dried samples were crushed, weighted, reacted 138 

with H3PO4 under He atmosphere. Discharged CO2 was measured for carbon and oxygen isotope 139 

composition using a Finnigan MAT 251 equipped with a Carbo-Kiel Device (Type I) at the Leibniz-Labor für 140 

Altersbestimmung und Isotopenforschung at the  University of Kiel. All values are reported as permil (‰) 141 

relative to Vienna PeeDee belemnite (VPDB). Isotope and carbonate content values are reported in 142 

Supplement 2. 143 

Biostratigraphy 144 

Samples for calcareous nannofossil examination were prepared using the standard smear slide technique 145 

(Bown and Young, 1998). A small amount of sediment was scraped onto a coverslip from a fresh surface 146 

of a rock chip using a razor blade. A drop of deionized water buffered with ammonium hydroxide to pH 147 

8.5 was added to the coverslip and mixed with the sediment using a round toothpick to form a slurry, 148 



which was then spread evenly over the coverslip and dried on a hot plate. The coverslip was affixed to a 149 

glass microscope slide using Norland Optical Adhesive No. 61 and cured under ultraviolet light for a 150 

minimum of 10 minutes. Samples were examined at up to 1250 using a Zeiss Axioscope 5 transmitted 151 

light microscope under cross-polarized, plane-transmitted, and phase contrast light. A minimum of 400 152 

fields of view were scanned on each slide for biostratigraphically useful taxa to develop a biostratigraphic 153 

framework for the studied section. Taxonomic concepts for species are those given in Perch-Nielsen 154 

(1985), Bown (1998) and the Nannotax online catalogue (Young et al., 2019). Samples are assigned to the 155 

NN nannofossil zones  of Martini, 1971 and CNM zones of Backman et al. (2012), with ages for bio-events 156 

assigned following Backman et al. (2012). Height of zone boundaries were assigned based on the mid-157 

point between samples.  158 

  159 



 160 

Figure 2: Composite stratigraphic column of the TZ section showing height in meters, age, nannofossil zones, lithology, 161 

texture, stable isotopes, carbonate weight percent, and allochems. CM = 13C maxima, LBF = large benthic foraminifera, 162 

BF = benthic foraminifera, PF = planktonic foraminifera, LI = lithologic interval. 163 

  164 



Results  165 

Sedimentary succession  166 

The TZ section consists of alternating beds of limestone, marl, and marly limestone. Mean carbonate 167 

content throughout the section is ~90%, and nearly 100% in the limestone beds (Fig. 2). The texture of 168 

the carbonates varies from mudstone to rudstone/floatstone. We delineated six lithological intervals (LI) 169 

in the section based on lithology and fossil content (Figure 2). 170 

Lithological intervals 1 (0 to 18m) consists of marly limestone and minor limestone intervals and 171 

corresponds to the upper part of the Lefkara Fm. Deposits primarily are wackestone with common to 172 

abundant planktonic foraminifera as well as rare benthic foraminifera and unidentified bioclasts. In the 173 

limestone beds larger benthic foraminifera (LBF) and coralline algae are also found. Mean carbonate 174 

content in this interval is 87±3% (n=5). This unit hosts multiple horizons of “lenticular bedding” generated 175 

by Zoophycos burrows. More detailed analysis of the Zoophycos horizons and this part of the section can 176 

be found in Reolid et al. (2020).  177 

 Lithological intervals 2 (18 to 47m) is attributed to the lower part of the Pakhna Formation. It consists of 178 

an alternation of limestone and marly limestone (Figure 3a). The limestone beds are packstone to 179 

float/rudstone with soft sediment deformation. In places, coarse-grained intervals laterally wedge out 180 

(Fig. 4a). These beds can also reach several meters in thickness (Figure 4b). The limestone beds exhibit a 181 

vertical gradient both in grain size and composition, being finer in the upper part with only planktonic 182 

foraminifera and bioclasts (Figure 3b) to a coarser base with LBF (Figure 3c), coralline algae, some 183 

bryozoans and rare corals that can appear as sand size fragments to boulders (Figure 4c). The LBF include 184 

Amphistegina, Operculina, Heterostegina, Lepidocyclina, and Miogypsina as well as encrusting forms in 185 

some samples. The LBF are often abraded and fragmented. The marly limestone beds are mudstone to 186 

wackestone with mostly planktonic foraminifera. Bivalves and echinoderms as well as rare phosphatic 187 

cements appear in this interval and are present to the top of the section. δ13C values in this interval range 188 

between -2.5‰ and 0.1‰ and exhibit shifts on the order of 2‰ between beds with lower values occurring 189 

primarily in limestone beds. Mean carbonate content in this interval is 93±6% (n=34) with higher values 190 

(up to 99%) in the limestone beds.  191 

  192 

  193 



 194 

Figure 3: Representative section from LI2 (location denoted as I in Figure 2) showing (a) alternations between the 195 

more laminated marly pelagite facies and limestone mass transport deposits (MTD) facies. Photomicrographs 196 

(locations noted on lithological section) show the material transported and integrated into the MTDs, including more 197 

distal (b) reworked bioclasts (Bc) and planktonic foraminifera (PF) or more proximal (c) larger and smaller benthic 198 

foraminifera (LBF and BF, respectively). RA stands for coralline red algae.  199 

 200 

Lithological intervals 3 (47 to 69m) is composed of alternating limestone and marly limestone. The 201 

couplets have a relatively consistent thickness of around 60 cm. The limestone beds are packstone to 202 

grainstone with benthic and planktonic foraminifera, including LBF; small bivalves and echinoderm 203 

fragments are also present. The marly limestone are wackestone with primarily planktonic foraminifera. 204 

Rare phosphatic grains and cements are encountered in all facies. δ13C values in this interval range 205 

between -2.2‰ and -0.2‰ with lower values encountered in limestone beds and towards the top of the 206 

interval. Mean carbonate content in this interval is 90±3% (n=14). 207 

  208 



 209 

Figure 4: Sedimentary features in the TZ section. a. Mass transport deposits (MTD) in the lower part of the section 210 

(highlighted). b. Possible clinoforms within reworked beds. c. Corals within a large MTD.  211 

 212 

Lithological intervals 4 (69 to 105m) consists of alternating limestone, marly limestone and marl (Figure 213 

5a). Bed thickness is more irregular in this interval and varies between 10 and 80 cm. All lithologies range 214 

between wackestone and packstone and contain primarily planktonic foraminifera (Figure 5b-c), as well 215 

as benthic foraminifera and small amounts of unidentified bioclasts. Some beds include small bivalves and 216 

echinoderm fragments. Larger intraclasts may be present in the limestone beds, which may also exhibit 217 

irregular contacts. Phosphate cements are common, and phosphate grains are rarely encountered (Figure 218 

5b). δ13C values in this interval range between -1.9‰ and 0.8‰. Mean carbonate content in this interval 219 

is 87±4% (n=27). 220 

  221 



 222 

Figure 5: Representative section from LI4 (location denoted as II in Figure 2) showing (a) alternations between the 223 

more laminated marly hemipelagite to pelagite facies, grain rich drift facies and limestone mass transport deposits 224 

(MTD) facies. Photomicrographs (locations noted on lithological section) show the pelagite facies (b) and hemipelagite 225 

facies (c) with small thin walled bivalves (B), benthic and planktonic foraminifera (BF and PF, respectively) and 226 

phosphatic fragments (Ph).   227 

 228 

Lithological intervals 5 (105 to 124m) consists mostly of an alternation between marly limestone and marl 229 

(Figure 6a) with few limestone beds (Figure 7a). The various lithologic beds range from 10 to 100 cm in 230 

thickness. The texture in this interval ranges from wackestone to packstone (densely packed at some 231 

horizons, Figure 6b), with abundant planktonic and few benthic foraminifera (Figure 6c); echinoderms, 232 

bivalves and bioclasts are present in most samples. Phosphatic grains and cement abundance increases 233 

significantly relative to underlying intervals (Figure 7b-d). Distinct bioturbation is present in a few beds 234 

(Figure 7b). δ13C values in this interval range between -1.8‰ and 0.9‰. Mean carbonate content in this 235 

interval decreases to 78±7% (n=26). The higher variability in carbonate content does not correlation to 236 

the carbon isotopes where both analyses were done (r=-0.4, n=6).   237 



 238 

Figure 6: Representative section from LI5 (location denoted as III in Figure 2) showing (a) alternations between muddy 239 

and sandy drift facies. Photomicrographs (locations noted on lithological section) show the sandy drift facies (b) and 240 

muddy drift facies (c) with benthic and planktonic foraminifera (BF and PF, respectively) and phosphatic fragments 241 

(Ph). 242 

 243 

Figure 7: Representative section from LI5 (location denoted as IV in Figure 2) showing (a) alternations between the 244 

more laminated marly pelagite facies, muddy drift facies and limestone mass transport deposits (MTD) facies. 245 

Photomicrographs (locations noted on lithological section) show (b) washed small thin-walled bivalve (B), uniserial 246 

benthic foraminifera (BF) and fish tooth as well unrecognizable phosphatic fragments (Ph) from the pelagite facies, 247 

the muddy drift facies (c) and MTD facies (d) with bioturbation (BT) small thin-walled bivalves (B) and planktonic 248 

foraminifera (PF).   249 



The topmost interval, LI6 (124m to 135m), consists of alternating marly limestones and marls. Both 250 

lithologies host primarily planktonic foraminifera and few benthic foraminifera, echinoderms, and 251 

unidentifiable bioclasts. Phosphate grains are not present, although phosphate cements are. δ13C values 252 

in this interval range between -1.6‰ and 1.2‰. Mean carbonate content in this interval decreases to 253 

80±7% (n=9) and appears to be increasing at the top of the studied section. 254 

Age model and sedimentation rate 255 

Nannofossil biostratigraphy  256 

All samples contain common to abundant calcareous nannofossils. Preservation is variable throughout 257 

the section, although in general is moderate, with some samples better preserved than others. The 258 

assemblage is dominated by reticulofenestrids, and Coccolithus pelagicus and C. miopelagicus are also 259 

present throughout the studied interval. Pentaliths (including Braarudosphaera and Micrantholithus) are 260 

relatively common in a few samples. Additionally, the abundance of Helicosphaera and Pontosphaera vary 261 

significantly throughout the section. Reworked Cretaceous and Paleogene taxa are most common below 262 

25 m, although rare specimens occur to the top of the section. 263 

The lowest sample examined (1.94 m) is assigned to Zone CNM1 (Backman et al., 2012) based on the 264 

absence of both Sphenolithus delphix (last occurrence [LO] at 23.06 Ma) and Sphenolithus disbelemnos 265 

(first occurrence [FO] at 22.41 Ma). Overgrown discoasters make it impossible to confidently identify 266 

Discoaster druggi (whose FO marks the base of Zone NN2 [Martini, 1971]) in the section; therefore, this 267 

sample is also assigned to combined Zone NN1/NN2. The FO of S. disbelemnos is identified in the following 268 

sample (8.24 m) confirms Zone NN2. This event also marks the base of Zone CNM2; however, the absence 269 

of Triquetrorhabdulus carinatus from the section makes it impossible to identify Zone CNM3. Therefore, 270 

this sample is assigned to combined Zone CNM2/CNM3. The crossover in abundance from Helicosphaera 271 

euphratis to H. carteri (20.89 Ma) marks the base of Zone CNM4 and is identified at 16.69 m. From 16.69 272 

m to 43.4 m, samples are assigned to CNM4/NN2. The lowermost part of this interval contains frequent 273 

Braarudosphaera and Micrantholithus, as well as reworked Paleogene and Cretaceous (Micula, 274 

Eiffellithus) taxa. The FO of Sphenolithus belemnos (base of Zone CNM5, 19.01 Ma) is identified in the 275 

sample from 51.0 m. This event occurs within the lowermost part of Zone NN3. The LO of S. belemnos 276 

(17.96 Ma, top of Zone NN3) is identified at 68.55 m. This sample also contains the lowest identified 277 

specimen of Helicosphaera ampliaperta, even though the FO of this taxon is dated to 20.43 Ma (within 278 

Zone CNM4/upper NN2). It is not clear why this taxon is absent from deeper in the section as it should co-279 



occur with S. belemnos throughout the latter’s range. Given this, we do not use the FO of H. ampliaperta 280 

in the age model. 281 

The FO of Sphenolithus heteromorphus (17.75 Ma, base of Zone CNM6) is found at 73.4 m. The interval 282 

between 73.4 and 96.1 m is assigned to Zone NN4 based on the co-occurrence of S. heteromorphus and 283 

Helicosphaera ampliaperta. This interval also includes the first occurrence of 6-rayed discoasters with 284 

slender rays (possibly Discoaster exilis); however, poor preservation precludes confident identification to 285 

the species level. Poor discoaster preservation also precludes identification of the base of Zone CNM7, 286 

which is marked by the FO of Discoaster signus (15.73 Ma). The LO of Helicosphaera ampliaperta (14.86 287 

Ma) is found at 110.8 m, which marks the top of Zone NN4 and is within Zone CNM7. The interval between 288 

this sample and the top of the section (132.8 m) is assigned to Zone NN5/CNM7 based on the presence of 289 

S. heteromorphus (LO at 13.53 Ma), which is present in frequent to common numbers throughout this 290 

interval.  291 

Age model assessment  292 

The Backman et al. (2012) calcareous nannofossil zonation for low and middle latitudes works well for this 293 

site, which is located in the mid-latitude northern hemisphere (present day latitude = 35.1ºN). The section 294 

contains common sphenoliths and helicospheres, which dominate the marker taxa for the early to middle 295 

Miocene. Only two zonal markers could not be identified. Even though discoasters are common in the 296 

section, they are typically very overgrown, making it difficult to confidently identify taxa to species level. 297 

Therefore, we were unable to locate the FO of Discoaster signus, which marks the base of Zone CNM7 in 298 

the earliest middle Miocene. The absence of Triquetrorhabdulus carinatus also precluded identification of 299 

the base of Zone CNM3 for the early Miocene. Triquetrorhabdulus carinatus has been identified in other 300 

Mediterranean sections, including the Globigerina Limestone Formation in Malta (Foresi et al., 2011). 301 

However, a number of authors have noted its sporadic presence in the Mediterranean region (Foresi et 302 

al., 2014; Fornaciari and Rio, 1996; Moshkovitz and Ehrlich, 1980; Muller, 1978) making it an unreliable 303 

bioevent. 304 

The FO of Helicosphaera ampliaperta (20.43 Ma) co-occurs with the LO of Sphenolithus belemnos (17.96 305 

Ma) at 68.55 m. Since S. belemnos is present below this in the absence of H. ampliaperta, we do not use 306 

the FO of H. ampliaperta for the age model at this location, even though it has been used as a reliable 307 

bioevent in other sections around the Mediterranean. Fornaciari and Rio (1996) noted that the abundance 308 

of H. ampliaperta covaries with Helicosphaera mediterranea in Italian sections such that H. ampliaperta 309 

may be absent in sections where H. mediterranea is present. Examination of additional samples from the 310 



Cyprus section may help to clarify if the FO of H. ampliaperta is unreliable or if its absence from some 311 

samples is environmental or related to the presence of other taxa. 312 

Since we use the midpoint of the elevation between the sample in which a bioevent was identified and 313 

the next sample above (below) for last (first) occurrences (Table 2, Figures 2), this results in the LO of S. 314 

belemnos and the FO of Sphenolithus heteromorphus appearing to occur at the same stratigraphic 315 

elevation (70.98 m), even though the evolution of S. hetermorphus is ~200 kyr younger than the extinction 316 

of S. belemnos. We do not interpret this as a short hiatus, as examination of additional samples will help 317 

to more precisely locate the positions of these events. Sedimentation appears continuous and relatively 318 

constant, with a linear sedimentation rate of ~1.67 cm/kyr through the section.  319 

Using the calcareous nannofossil biostratigraphy as a backbone, it is possible to use the carbon isotopes 320 

to further constrain the TZ section age model. The observed increase in δ13C within NN4 is likely the onset 321 

of the “Monterey“ carbon isotopes excursion (Vincent and Berger, 1985). This event contains well 322 

expressed δ13C fluctuations that have been named δ13C maximum (CM) events (Woodruff and Savin, 1991) 323 

and are now identified and tuned as long eccentricity cycles (Holbourn et al., 2007). These CM events have 324 

been previously identified in multiple sites across the Mediterranean in both bulk and benthic 325 

foraminifera carbon isotope records (Abels et al., 2005; Auer et al., 2015; Jacobs et al., 1996; John et al., 326 

2003; Mourik et al., 2011) and are considered robust age markers. Using the nannofossils age markers to 327 

bracket the chemostratigraphy, nearly all of the CM events are identified in the record (Table 2; Figure 8). 328 

  329 



 330 

Figure 8: Age model for the TZ section based on calcareous nannofossils biostratigraphy and carbon isotope 331 

chemostratigraphy. 332 

  333 



Discussion 334 

Depositional history 335 

The TZ section offers a complete and continuous depositional record of most of the lower and middle 336 

Miocene in southern Cyprus (Figure 9). The deposition in this area occurred in relatively deep water on 337 

the southern Cypriote slope and at a sedimentation rate of ~1.7cm/kyr (Figure 8). This rate appears nearly 338 

linear despite any effects from regional tectonics (Papadimitriou et al., 2018; Robertson, 1977). The 339 

lowermost part of the section (LI1) contains almost exclusively components of pelagic provenance. 340 

Upsection, the fully pelagic facies of LI1 starts to include sediment reworked from shallow water (LI2). This 341 

increase in shallower water component is also observed in the upper Oligocene to lower Miocene 342 

transition elsewhere in southern Cyprus (Hüneke et al., 2021), together with indications of bottom current 343 

activity. However, here the supply of shallow water components also indicates downslope transport, 344 

possibly due to proximity to local highs uplifted by tectonics (Papadimitriou et al., 2018). The amount of 345 

shallow-water reworked material diminishes in the next interval (LI3). Tectonic reconstructions of the 346 

region (Papadimitriou et al., 2018) infer rapid subsidence between the Burdigalian and Serravallian. This 347 

is consistent with the loss of shallow water contribution and shift to deeper water facies toward the top 348 

of the section (Figure 2). Around the mid-Burdigalian, the supply of shallow water components halts (LI4) 349 

with increased prominence of bottom current activity and increased phosphate components. This trend 350 

shifts in the Langhian (LI5) with bottom current activity diminishing in contrast with phosphate 351 

accumulation that reaches its highest levels. The resumption of bottom current activity inferred from the 352 

facies of LI6 triggered a significant decrease in phosphate content (LI6). These latter lithological intervals 353 

coinciding with local trend shifting to subsidence (Papadimitriou et al., 2018; Robertson, 1977).  354 

Examining these trends in a larger scale perspective (Figure 10), the occurrence of shallow-water bioclast-355 

rich intervals (LI2 and LI3) coincides with a period characterized by low global sea level (Miller et al., 2020). 356 

Similarly, the deepest part of the section based on the overwhelming dominance of planktonic 357 

foraminifera in a muddy matrix (LI5) coincides with the Miocene maximum sea level and the later 358 

resumption of bottom current activity (LI6) with a significant sea level drop. However, shallow water 359 

production in Cyprus does not resume with this sea level drop (Follows et al., 1996; Papadimitriou et al., 360 

2018). The establishment of the shallow-water carbonate factory that supplied LI2 and LI3 occurred during 361 

the initial phase of decupling between the Indian Ocean and the Mediterranean (Bialik et al., 2019).  362 

 363 



 364 

Figure 9: Synthesis of the main depositional features in the TZ section aggregating the grain component into main 365 

groups and inferred depositional conditions (bottom current influenced, mass transports and pelagic production). 366 

Local tectonic trends (Papadimitriou et al., 2018; Robertson, 1977) are noted for context.  367 

 368 

The carbonate factory which supplied the TZ section, not preserved in the study area, constitutes the 369 

Terra Mbr. in southern Cyprus (Eaton and Robertson, 1993; Follows, 1992). The Terra Mbr. consists of 370 

different reef formations including larger flat-topped platforms and densely scattered smaller patch reefs 371 

with a rich and diverse benthic community (Coletti et al., 2021). In the late Miocene, reef building resumed 372 

in southern Cyprus, and reefs became small, linear and significantly less diverse. The termination of the 373 



Terra Mbr. Production in the middle Miocene likely implied a combination of factors involving sea level, 374 

tectonics, and oceanographic factors. This termination predates the regional cessation of shallow-water 375 

production in the region (Buchbinder, 1996). Across the Mediterranean, reefs underwent a significant 376 

change in modes of production during the Neogene (Figure 10, Kiessling and Flügel, 2002). These shifts 377 

were ascribed to an evolutionary change of the reef builder community (Pomar et al., 2017) and shifts in 378 

nutrient supply (Halfar and Mutti, 2005). However, in the eastern Mediterranean, dramatic change in the 379 

oceanographic conditions likely also played a role and might have been the reason for apparent fewer 380 

reefs in the middle Miocene and their absence in Cyprus. 381 

 382 

Figure 10: Regional and global context to the occurrences in the TZ section. Changes in Mediterranean reef patterns 383 

(Kiessling, 2001; Kiessling and Flügel, 2002), Mediterranean phosphate accumulation (Auer et al., 2017, 2016; Föllmi 384 

et al., 2015, 2007), regional climate patterns (Böhme et al., 2008; John et al., 2003; Schneck et al., 2010), connectivity 385 

of the Mediterranean to the Indian Ocean (IO) following (Bialik et al., 2019), initiation of sapropels (Shipboard Scientific 386 

Party, 1978; Taylforth et al., 2014), mass accumulation rate (MAR) of CaCO3 in the Levant Basin (Torfstein and 387 

Steinberg, 2020), global phosphate accumulation patterns (Föllmi, 1995; Föllmi et al., 1994), high latitude climate 388 

patterns (AIS = Antarctic Ice Sheet; Flower and Kennett, 1994; Groeneveld et al., 2017), bulk rock carbon isotope 389 

record from the TZ section and benthic foraminifera carbon and oxygen isotopes from the North Atlantic (Cramer et 390 

al., 2009). Sea level curve from Miller et al. (2020). 391 



 392 

Early to Middle evolution of the eastern Mediterranean  393 

 394 

From the Aquitanian to Serravallian, Mediterranean oceanography and climate experienced significant 395 

rearrangements (Auer et al., 2014; Böhme et al., 2008; de la Vara and Meijer, 2016; John et al., 2003; 396 

Schneck et al., 2010). This was controlled by two main drivers: 1) the global shift of climate belts in 397 

response to high latitude (mainly Antarctic) glacial state (Flower and Kennett, 1994; Groeneveld et al., 398 

2017); and 2) the shift in connectivity between the Mediterranean and other oceanic basins (Bialik et al., 399 

2019; Harzhauser et al., 2007; Rögl et al., 1998; Torfstein and Steinberg, 2020). The combination of these 400 

effects resulted in the demise in productivity in the eastern Mediterranean during the latter half of the 401 

Burdigalian and the rise of sapropelic conditions (Taylforth et al., 2014; Torfstein and Steinberg, 2020). 402 

These sapropelic conditions initiated in a period of intermittent connectivity to the Indian Ocean and 403 

produced deposits dubbed “precursor sapropels” (Athanasiou et al., 2021). Such sapropelic conditions are 404 

different from those of the late Miocene and Plio-Pleistocene in intensity and frequency. In the TZ section, 405 

these are marked by reddish marl beds (notably in LI5). Similar deposits reported from northern Cyprus 406 

formed around 15.19 – 16.17 Ma, with the reddish colour ascribed to oxidised remnants of organic-rich 407 

sediments (Taylforth et al., 2014).  408 

Phosphogenesis became prevalent in the southern central Mediterranean and parts of the northern 409 

Mediterranean during the early Miocene (Auer et al., 2016; Föllmi et al., 2007), parallel to the 410 

phosphogenesis observed in Cyprus. The Miocene phosphatisation is a departure from a long term trend 411 

where intensive phosphogenesis in the Mediterranean Tethys had, for the most part, halted as of the late 412 

Eocene (Soudry et al., 2006) due to change in circulation patterns. Phosphate accumulation later migrated 413 

primarily to the northern central Mediterranean during the middle to late Miocene (Figure 10, Föllmi et 414 

al., 2015) while global phosphate accumulation rates declined (Föllmi, 1995; Föllmi et al., 1994). The global 415 

trend was attributed to changes in weathering patterns while the local Mediterranean was modulated by 416 

shifting circulation and climate patterns (Föllmi et al., 2019). 417 

Modelling studies suggest that weakening of the anti-estuarine circulation in the Eastern Mediterranean 418 

would result in suboxic conditions bellow 500m (Stratford et al., 2000). But the impact is not uniform in 419 

deep water, with the upper part of deep waters mass more susceptible to oxygen stress due to the 420 

dynamics of intermediate water production during sapropel formation (Zirks et al., 2019). The other 421 

component of the sapropel mode is related to the rejuvenation of deep waters in the Eastern 422 



Mediterranean, which is modulated by thermal gradients across the different sub-basins of the Eastern 423 

Mediterranean (Amitai et al., 2017). As such, a shallow sill to the Indian Ocean and a low thermal gradient 424 

from south to north would have also increased the residence time of deep water and lead to oxygen 425 

depletion. But, If the thermal gradient increased, deep and intermediate water generation would have 426 

increased too, offering an alternative mode with more active bottom currents. These alternations in 427 

bottom water circulation are clearly observed in the TZ section (LI3 onwards, notably in LI 5; Figure 8) with 428 

intervals of winnowed planktonic foraminiferal packstones (Figures 5 and 6).  The transitions between 429 

varying degrees of winnowing point to intercalating levels of connectivity / influence by the world’s ocean 430 

needed to invigorate circulation (de la Vara and Meijer, 2016). This activity minimized in LI5, during the 431 

final termination of connectivity to the Indian Ocean. This low activity coincides with overall salinity 432 

increase across the Mediterranean (Baldassini et al., 2021), indicating overall more significant restriction 433 

at this time. The resurgence in deepwater activity in LI6 (Figure 8) suggests the establishment of a new 434 

circulation pattern in the eastern Mediterranean, possibly due to improved connectivity to the Atlantic.  435 

Another component to be accounted is the teleconnection to the Indian Ocean. This is to say interactions 436 

between these Mediterranean and Indian Ocean through indirect exchange (e.g. atmospheric) rather than 437 

the exchange of water that diminished ad lost across the early to middle Miocene.  The initiation of cooling 438 

during the late Langhian and into the Serravallian had major impact on regional climate patterns, notably 439 

of the monsoons (Betzler et al., 2016; Bialik et al., 2020), once the Indian Ocean and the Mediterranean 440 

were fully decoupled. Today, monsoonal rainfall in east Africa is a prominent controller of the eastern 441 

Mediterranean freshwater budget through runoff of the Nile (Revel et al., 2010). The timing of initiation 442 

of the Nile as a major conduit of freshwater from east Africa to the Mediterranean is not very well 443 

constrained, but there are lines of evidence pointing to it predating the Messinian Salinity Crisis (Faccenna 444 

et al., 2019) and notably during the Langhian-Serravallian (Ouda and Obaidalla, 1995). As such, the 445 

decrease in carbonate in both the TZ section, the Levant Basin (Figure 10; Torfstein and Steinberg, 2020), 446 

and at Deep Sea Drilling Project (DSDP) Site 375 (Shipboard Scientific Party, 1978) might also indicate an 447 

increase in input of fine detritus into the eastern Mediterranean with increased monsoonal activity in east 448 

Africa. The carbonate decrease in the TZ section correlates with an increase in phosphate content. 449 

 450 



Summary  451 

The TZ section in southern Cyprus records a hemipelagic to pelagic carbonate-rich succession dated to the 452 

early to middle Miocene. The facies point to a deepening trend from upper to outer slope with increased 453 

winnowing of the sediment and loss of sediment transport from a shallow-water carbonate factory. The 454 

shifts in sedimentation patterns in southern Cyprus reflect both local and global changes in the 455 

environment, including the Mediterranean response to decreased water supply from the Indian Ocean 456 

and evolving thermal gradients during the early and middle Miocene. These large-scale shifts, driven by 457 

local tectonics and global climate belt shifts, set the stage for the strong circulation and freshwater 458 

balance that characterise the Mediterranean in the late Miocene and Plio-Pleistocene. Initiation of 459 

sapropels the middle Miocene is not clearly identified in this section but the preceding and coeval changes 460 

in nutrient and sedimentation pattern indicate the evolution of conditions allowing for Mediterranean 461 

sapropels. 462 
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Tables  796 

Name Grain size, sorting, and 
texture 

Major 
components 

Minor Components Preservation of the 
components 

Matrix/Cement Sedimentary 
structures 

Mass transport 
deposits 
 

Poor- to medium-sorted, 
silt- to pebble-sized 
packstone to 
floatstone/rudstone. 

LBF, red algae, 
unidentifiable 
bioclasts, and 
planktonic 
foraminífera. 
 

Benthic foraminifera, 
mollusks fragments, 
echinoids, bryozoan, 
fish debris (phosphate 
grains), 
coral fragments, 
lithoclasts, siliciclastics. 

Fragmentation is 
abundant. 
Fragments of the 
larger bioclasts (i.e, 
corals, mollusks…) 
and lithoclasts are 
angular, and 
unidentifiable 
bioclasts are mostly 
rounded. 

Micrite and 
locally 
microgranular. 
Locally 
phasphatic 
cements. 
 

None 
sedimentary 
structures 
observed. 

Sandy drift 
deposits 

Well-sorted, fine grained 
packstone. 
 
 

Planktonic 
foraminifera. 

Unidentifiable 
bioclasts, benthic 
foraminifera, mollusks, 
red algae, LBF, and 
equinoid fragments. 
Fish debris (phosphate 
grains). 

Planktonic 
foraminifera may be 
fragmented. 
Mollusks, equinoids, 
red algae, and LBF 
are fragmented.  

Micrite, rarely 
microgranular 
(planktonic 
foraminifera 
fragments). 

Intensely 
bioturbated.  
Locally wavy and 
parallel 
lamination. 

Muddy drift 
deposits 

Well-sorted, silt to fine 
grained packstone. 
 

Planktonic 
foraminifera. 

Unidentifiable 
bioclasts and benthic 
foraminifera. 
Fish debris (phosphate 
grains). 
Rare siliciclastic grains. 

Planktonic 
foraminifera may be 
fragmented. 

Micrite. Intensely 
bioturbated. 
Zoophycos 
burrows may 
mimic lenticular 
bedding.  
Locally wavy and 
parallel 
lamination. 

Hemipelagite Medium-sorted, mud-
rich wackestone to 
packstone. 

Unidentifiable 
silt-sized 
bioclasts and 
planktonic 
foraminifera. 

Benthic foraminifera. 
Fish debris (phosphate 
grains). 
Rare siliciclastic grains. 

Rare fragmentation 
of the planktonic 
foraminifera. 

Micrite. 
Locally 
phosphatic 
cements. 

Intensely 
bioturbated. 
None 
sedimentary 
structures 
observed. 

Pelagite Medium-sorted, mud-
rich mudstone to 
wackestone. 

Planktonic 
foraminifera. 

Fish debris, benthic 
foraminifera, 
unidentifiable bioclast 
and rare siliciclastics. 

Rare fragmentation 
of the bioclasts. 

Micrite. 
Abundant 
phosphatic 
cement. 
 

Intensely 
bioturbated. 
Rarely fine 
horizontal 
parallel 
lamination. 
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Table 1: Sedimentary components and environmental interpretation of the different facies in the TZ 798 

section. 799 

  800 



Datum 
Label 

Height in section (m) 

Marker Event 
Age 
(Ma) References 

Event 
identified 

Next sample 
above/below Midpoint 

 132.8 (top 
of section) 

  LO Sphenolithus 
heteromorphus (not 
observed) 

Base 
NN6 

>13.53 Martini, 1971; 
Backman et al., 2012 

1 121   First well defined 
δ13C peak above 
base of NN5 

CM5a 14.55 Holbourn et al., 2007 

2 110.8 125.1 117.95 LO Helicosphaera 
ampliaperta 

Base 
NN5 

14.86 Martini, 1971; 
Backman et al., 2012 

3 114.5   Sixth well defined 
δ13C peak above 
base of NN4 
following CM3b 

CM4b 14.95 Holbourn et al., 2007 

4 106   Fifth well defined 
δ13C peak above 
base of NN4 
following CM3a 

CM4a 15.38 Holbourn et al., 2007 

5 99   Fourth well defined 
δ13C peak above 
base of NN4 
following CM3a 

CM3b 15.78 Holbourn et al., 2007 

6 93   Third well defined 
δ13C peak above 
base of NN4 
following CM2 

CM3a 16.15 Holbourn et al., 2007 

7 87   Second well defined 
δ13C peak above 
base of NN4 
following CM1 

CM2 16.52 Holbourn et al., 2007 

8 80   First well defined 
δ13C peak above 
base of NN4 

CM1 16.9 Holbourn et al., 2007 

9 73.4 68.55 70.98 FO Sphenolithus 
heteromorphus 

Base 
CNM6 

17.75 Backman et al., 2012 

10 68.55 73.4 70.98 LO Sphenolithus 
belemnos 

Base 
NN4 

17.96 Martini, 1971; 
Backman et al., 2012 

11 51.0 
 

43.4 47.2 FO Sphenolithus 
belemnos 

Base 
CNM5 

19.01 Backman et al., 2012 

12 16.69 8.24 12.47 X Helicosphaera 
euphratis / H. 
carteri 

Base 
CNM4 

20.89 Backman et al., 2012 

13 8.24 1.94 5.09 FO Sphenolithus 
disbelemnos 

Base 
CNM2 

22.41 Backman et al., 2012 

 1.94 (base 
of section) 

  LO Sphenolithus 
delphix (not 
observed) 

Base 
CNM1 

<23.06 Backman et al., 2012 
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Table 2: Biostratigraphic and chemostratigraphic datums used for the TZ section age model. 802 
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