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Abstract 

This integrated study of the Messinian-Zanclean deposits on Zakynthos Island (Ionian 

Sea) reveals the effect of the Messinian salinity crisis (MSC) in a transitional area 

between the eastern and the western Mediterranean. The proposed paleogeographic 

model incorporates new paleontologic, sedimentologic, biostratigraphic, 

paleomagnetic, and geochemical data. In the Kalamaki-Agassi section, the selenite 
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gypsum is assigned to the Primary Lower Gypsum (PLG) unit deposited during the 

first MSC stage (5.971-5.60 Ma). In the Agios Sostis section, the gypsum is clastic in 

origin, derived from the dismantlement and resedimentation during the second MSC 

stage (5.60-5.55 Ma) of PLG deposits formed in a western basin.  

In the Kalamaki pre-evaporitic sequence, nine planktonic foraminifer bioevents are 

recognized. Five planktonic foraminifer bioevents, nine lithological cycles, and ten 

oxygen isotope stages are identified within the Pliocene Trubi Formation.  

Sedimentologic and paleoecologic analysis indicates a shallow water environment, 

less than 300 m before the onset of evaporite deposition. Oxygen and carbon isotopic 

analyses in the upper part of the pre-evaporitic sequence provide evidence for 

increased isotopically-light carbon input from bacterial sulfate reduction, due to 

increasing stagnation conditions at the beginning of sulfate deposition. Two intervals 

are distinguished through the paleoenvironmental reconstruction of the pre-evaporitic 

Messinian in Kalamaki area: a) 6.45-6.122 Ma and b) 6.122-5.97 Ma. Both the 

planktonic foraminifer and fish assemblages indicate a cooling phase punctuated by 

hypersalinity episodes at around 6.05 Ma. 

Field observations, borehole data, and seismic profiles indicate that the deposition of 

Messinian gypsum took place in marginal sub-basins, which formed during the late 

Messinian in the Pre-Apulian foreland basin before the main phase of the tectonic 

emplacement of the Ionian zone. In this foreland basin, the Neogene formations over 

the Ionian zone (east of the westernmost Triassic diapir) formed in the wedge-top 

depozone, while those overlying Pre-Apulian zone correspond to the main foredeep 

and the foreland ramp to the foredeep. Erosion of PLG evaporites in the forebulge and 

wedge-top areas, supplied the foreland basin depocenter with gypsum turbidites.  

 

Keywords 

Gypsum; foreland basin; evaporites; Zakynthos; paleogeography 

 

1. Introduction  

The Messinian salinity crisis (MSC; Selli, 1954), the greatest Mediterranean 

paleoenvironmental perturbation, still offers a fascinating story tale, which inspired 

researchers for more than fifty years. Despite the fact that certain aspects have been 

investigated to great extent, major questions still remain open regarding the 

mechanisms operating during this event (see Roveri et al., 2014a). The scope of the 
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present study is to describe, in detail, the Messinian-Zanclean deposits and their 

inclusive fauna in Zakynthos Island (Ionian Sea), a pivotal area located at the 

transition between the eastern and the western Mediterranean. The MSC-associated 

environmental changes are revealed through high-resolution integrated stratigraphy. 

Furthermore, a new tectono-sedimentary evolution model is proposed incorporating 

new paleontologic, sedimentologic, biostratigraphic, paleomagnetic, and geochemical 

data. 

 

2. The Messinian salinity crisis 

Since the early Messinian (7.251 Ma), the gradual restriction of the marine 

connections between the Mediterranean Sea and the Atlantic Ocean was combined 

with long-term orbital forcing (Hilgen et al., 2007) to significantly alter the 

paleoenvironmental conditions in the entire basin. A series of events has been 

recorded as a result: a) a reduction of deep-water ventilation at 7.15 Ma 

(Kouwenhoven et al., 1999; 2003; 2006; Kouwenhoven and Van der Zwaan, 2006) 

associated with diatom-rich and opal-rich sediment deposition between 7.15-6.7 Ma, 

b) a sudden drop in calcareous plankton diversity at 6.7 Ma (Sierro et al., 1999; 2003; 

Blanc-Valleron et al., 2002), c) the intensification of bottom-water stagnation and 

stratification (Kouwenhoven et al., 1999; Sierro et al., 1999; Blanc-Valleron et al., 

2002; Sierro et al., 2003; Van Assen et al., 2006), d) calcareous sediment 

precipitation between 6.3-5.97 Ma, and e) the complete disappearance of planktonic 

foraminifers during summer insolation minima (Sierro et al., 1999; Bellanca et al., 

2001; Blanc-Valleron et al., 2002; Sierro et al., 2003; Manzi et al., 2007; 2011; 2013; 

Gennari et al., 2013).  

According to the three-step model for the development of the salinity crisis proposed 

by Roveri et al. (2008a; 2014a), the MSC Stage 1 commenced synchronously at 5.97 

Ma throughout the Mediterranean basin (Krijgsman et al., 1999a; 2002; Manzi et al., 

2013). It is recorded by evaporite deposition, the Primary Lower Gypsum (PLG), in 

the marginal areas (including basins with water depth less than 200 m) and by 

evaporite-free dolomites and organic-rich shales, in the intermediate and deeper 

basins (Manzi et al., 2007; 2011; De Lange and Krijgsman, 2010; Dela Pierre et al., 

2012). The deposition of gypsum took place subaqueously, in shallow water settings 

with moderate oxygenation (Lugli et al., 2010). The deposition of up to 16 

precession-induced gypsum-marl cycles comprising PLG continued until ~5.6 Ma 
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(Vai 1997; Krijgsman et al., 1999b; Hilgen et al., 2007; Lugli et al., 2010), and was 

concluded by a major subaerial exposure event creating the Messinian Erosional 

Surface (MES) in the marginal basins.  

During MSC stage 2 (5.6 – 5.55 Ma; Roveri et al., 2014a), the Messinian Erosional 

Surface (MES) developed across the Mediterranean margins due to subaerial erosion. 

Two intense glacial periods (TG14 and TG12) further limited fresh-water input and 

probably stopped the outflow of Mediterranean water to the Atlantic (Meijer and 

Krijgsman, 2005; Hilgen et al., 2007; Roveri et al., 2014a). Primary halite 

occasionally precipitated in the marginal basins (Manzi et al., 2012) as well as in the 

sub-basins (Lugli et al., 1999). In the margins, tectonic activity, in conjunction with 

general slope instability, led to the erosion and resedimentation of the PLG and the 

widespread deposition of clastic evaporites (Resedimented Lower Gypsum; RLG 

sensu Roveri et al., 2008b) throughout the Mediterranean (Ricci Lucchi, 1973; 

Robertson et al., 1995; Kontopoulos et al., 1997; Fortuin and Krijgsman, 2003; 

Roveri et al., 2003; Manzi et al., 2005; Roveri and Manzi, 2006; Manzi et al., 2011; 

Omodeo-Salé et al., 2012; Lugli et al., 2013; Roveri et al., 2014a; Manzi et al., 2015). 

On Sicily, RLG deposited in adjacent depocenters as a result of tectonic activity 

(Butler et al., 1995; Roveri et al., 2008a; Manzi et al., 2011) and is associated with 

hydrocarbon migration (Iadanza et al., 2013).  

The MSC stage 3 (5.55 – 5.33 Ma; Manzi et al., 2009; Roveri et al., 2014a) was 

characterized by selenite and cumulate gypsum precipitation in the shallow-water sub-

basins of Sicily and Cyprus (Rouchy, 1982; Roveri et al., 2008a; Manzi et al., 2009; 

2015); mostly clastic sediments were deposited in the northern and western 

Mediterranean. Typical of this stage is the Lago-Mare facies (Gignoux, 1936; 

Ruggieri, 1967; Orszag-Sperber, 2006), brackish to fresh-water sediments with 

Paratethyan fauna, indicating surface-water dilution which may have been locally 

interrupted by evaporitic events (Upper Gypsum; UG; Manzi et al., 2009). The most 

widely accepted scenario so far hypothesizes a complete isolation of the 

Mediterranean from the Atlantic, with occasional connection to the Paratethys 

(Orszag-Sperber, 2006; Rouchy & Caruso, 2006; Roveri et al., 2008b). However, the 

fossil fish record of northern Italy (Carnevale et al., 2006; 2008), as well as biomarker 

evidence (Mezger, 2012), suggests that the Mediterranean retained its connection to 

the Atlantic, although maybe not continuously (Roveri et al., 2014a,b,c).  
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The end of the MSC and the return to fully marine conditions is considered to have 

taken place at 5.33 Ma through a catastrophic event, flooding the entire Mediterranean 

basin (Hsu et al., 1973; Blanc-Valleron, 2002; Meijer & Krijgsman, 2005; Garcia-

Castellanos et al., 2009). Lithologic and paleontologic observations generally concur 

to this hypothesis. The Messinian/Zanclean boundary commonly includes a 

transitional interval, rich in organic matter (Roveri et al., 1998; 2008b; Gennari et al., 

2008), and it is followed by the typical early Pliocene marine deposits of the ‘Trubi’ 

or ‘Argille Azzurre’ Formations. 

 

3. Geological setting 

The Zakynthos Island’s alpine sequence belongs (Fig. 1) to the Pre-Apulian and partly 

to the Ionian zone – separated by the Ionian thrust – whose emplacement took place 

during the early Pliocene (BP, 1971; Sorel, 1976; Nikolaou, 1986; Underhill, 1989, 

Karakitsios & Rigakis, 2007). The Pre-Apulian zone of Zakynthos comprises Upper 

Cretaceous to Pleistocene sediments, while the Ionian zone is represented by Triassic 

breccias and microcrystalline gypsum corresponding to the lower stratigraphic unit of 

this zone. Cretaceous to Oligocene carbonates outcrop on Marathonisi Islet (2.5 km 

east of Keri; Fig. 1) and probably represent a transitional facies between the Ionian 

and Pre-Apulian domains (Nikolaou, 1986). Numerous reverse faults cut the Pre-

Apulian sequence along the NW-SE direction, exposing late Miocene sandstones and 

marls along the coastal sections between Agios Sostis and Keri (Fig. 1); these are 

significantly folded, indicating a post-Miocene age for the Ionian thrust emplacement 

(Underhill, 1989; Karakitsios, 2013). 

The Ionian sequence is unconformably overlain by Neogene and Quaternary deposits 

outcropping mainly in southeastern Zakynthos. These are similar to those of the Pre-

Apulian zone, but thinner and characterized by unconformities (Dermitzakis, 1977; 

Nikolaou, 1986), and they consist of early Miocene clastic sediments outcropping in 

the Skopos area, followed by late Messinian marls and shales (30-100 m thick) 

intercalated by gypsum (Fabricius et al., 1998). The early Pliocene deposits include 

calcareous pelagic marls (Trubi limestone) and sandstone intercalations (Kontopoulos 

et al., 1997). The late Pliocene to Pleistocene deposits comprise a transgressive clastic 

sequence recording sea-level changes concurrent with intense tectonic movements 

(Triantaphyllou, 1996; Triantaphyllou et al., 1997; Duermeijer et al., 1999; Zelilidis 

et al., 1998; Agiadi et al., 2010; Papanikolaou et al., 2011). 
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4. Methods 

4.1 Field geology, borehole, and seismic data  

Field observations were combined with detailed sampling along the Kalamaki-Argassi 

and Agios Sostis areas, in the south-eastern part of Zakynthos Island. A main concern 

was to distinguish the Ionian zone Triassic gypsum (Karakitsios, 1995) from the 

Messinian gypsum, both expressed in this area. The Ionian thrust’s cartographic 

position and the Neogene deposits’ distribution were based on new tectonic, 

stratigraphic, and sedimentologic observations, in conjunction with a reinterpretation 

of the available boreholes and onshore seismic data. 

 

4.2 Planktonic Foraminifera 

In the Kalamaki and Agios Sostis sections, 198 samples were collected. In the 

Kalamaki section, 175 samples were obtained at 0.05 to 0.50-meter intervals in the 

west (pre-MSC) and the east subsection (Messinian-Zanclean), representing 37.1 m of 

sediment thickness. In the Agios Sostis section (Fig. 7), 23 samples were collected at 

0.05 to 1-meter intervals for a total thickness of 20 m. A total of 14 samples (AS 1-14) 

were studied from the 16.5 m of the pre-evaporitic sequence (sampling step about 

0.30 to 1 m), and nine samples were examined from the 20 m of the post-evaporitic 

sequence. Three samples (AS 15-17) were obtained from the first 1.20 m of the post-

evaporitic sequence, which are rich in gypsum crystals, six samples (AS 18-23) were 

taken from the last 1.5 m of the Agios Sostis section.  

The samples were washed through a 63-µm sieve. Biostratigraphy is based on the 

semi-quantitative analysis of planktonic foraminifers. The bioevents considered in this 

study were based on the changes in the planktonic foraminiferal assemblage observed 

in the fraction larger than 125 µm. The recognition of zonal boundaries was based on 

the biozonal scheme of Iaccarino et al. (2007) and through correlation to the 

astronomically calibrated succession of the Mediterranean area (Krijgsman et al., 

1999b; Sierro et al., 2001; Iaccarino et al., 1999; Gennari et al., 2008). 

The planktonic foraminifer paleoecological remarks are based on the quantitative 

abundance distribution of the species, identified in the section, and their modern 

ecological affinities (Bè & Tolderlund, 1971; Hemleben et al., 1989).  

 

4.3 Calcareous nannofossils 
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Smear slides were prepared following the standard technique described by Perch 

Nielsen (1985) and Bown & Young (1998). The taxonomy of the determined 

calcareous nannofossil species was in accordance with Aubry (1984, 1988, 1989, 

1990, and 1999) and Perch-Nielsen (1985). Biostratigraphic analysis was based on the 

standard biozonal scheme of Martini (1971). Biochronology and the numerical ages of 

the biozone boundaries were assigned according to Lourens et al. (2004), Raffi et al. 

(2006), and Backman et al. (2012).  

Nannofossil biostratigraphy incorporated qualitative and semiquantitative analyses. 

Qualitative methods are traditionally based on the estimation of index-species 

presences, obtained through a rough scan of the sample. Concerning semiquantitative 

methods, these were mainly used to overcome the very terrigenous and relatively 

shallow nature of the studied samples, in which nannofossils are rather scarce. To 

obtain accurate biostratigraphic estimations, up to 100 fields of view were 

investigated per slide, using a Leica DMLSP optical polarizing light microscope at 

1250x magnification. Semiquantitative abundances of the identified taxa were 

categorized as follows: A. abundant, more than one specimen in every field of view; 

C. common, one specimen in every ten fields of view; R. rare, one specimen in every 

50 fields of view; P. present, one specimen in more than 100 fields of view; and RW. 

reworked specimens.  

The biostratigraphic framework for the Trubi deposits was based on the 

paleoecological affinities of the following calcareous nannofossil species. Small 

Gephyrocapsa spp. <3 μm, are considered upper photic-zone opportunistic taxa, 

indicating eutrophic conditions (e.g., Flores et al., 2005). Discoasterids, generally 

preferring warm and oligotrophic waters, are lower photic-zone inhabitants, which 

increase their abundance with deep pycnocline (Flores et al., 2005). Helicosphaera 

carteri is commonly found in warm waters (e.g., Baumann et al., 2005), associated 

with moderately-elevated nutrient levels (e.g., Ziveri et al., 2004). It is commonly 

accepted as a species tolerant of low salinities and high terrigenous input 

(Triantaphyllou et al., 2009a,b); it is highly frequent in regions influenced by riverine 

discharge (e.g., Cros, 2001), as a coastal-water taxon (e.g., Dimiza et al., 2014). 

In addition, Rhabdosphaeraceae prefer warm and oligotrophic waters (Triantaphyllou 

et al., 2004; Dimiza et al., 2008; Malinverno et al., 2009) and Scyphosphaera spp. are 

common in tropical-subtropical regions (Rade, 1975).  
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4.4 Fish otoliths 

The same samples collected for the biostratigraphic analysis were also examined for 

the fish otolith content. In addition, several 25 kg bulk samples were obtained 

throughout the pre-evaporitic interval and the upper part (Trubi Formation) of 

Kalamaki section, as well as from each of the marl beds alternating with the gypsum 

(Fig. 2). The purpose was to identify the fish fauna in the area before, during, and 

after the MSC; to determine the timing of the reestablishment of a purely marine 

fauna after the crisis (Carnevale et al., 2006); and to estimate the paleoenvironmental 

conditions especially just before the onset of evaporite deposition. Fish otoliths were 

described according to the criteria set by Nolf (1985) and systematically identified 

based on the scheme of Nelson (2006). The methodology of Nolf & Brzobohaty 

(1994), as readjusted by Agiadi et al., (2010), was applied to estimate the paleodepth. 

The paleoecological analysis was based on the fish’s present-day distribution and 

ecological data acquired through the FishBase database (Froese & Pauly, 2014). 

 

4.5 Magnetostratigraphy 

The magnetostratigraphy of the Kalamaki section is based on a subset of the same 

samples used for biostratigraphy, 61 samples in total (Fig. 2). Core samples were 

obtained with a water-cooled diamond-head corer installed on an electric driller. The 

standard specimens were thermally demagnetized in an ASC hoven and the natural 

remanent magnetization (NRM) was measured on a 2G-Enterprises DC SQUIDS 

cryogenic magnetometer, in a magnetically shielded room at the ALP Laboratory of 

Peveragno (Italy). Samples were first heated to 90°C, and, then, successive 30°C steps 

were applied up to a maximum of 560°C. The magnetic susceptibility was monitored 

during heating to detect mineralogical changes. The NRM dataset was processed 

using the Remasoft software (Chadima & Hrouda, 2006) to calculate the direction of 

the characteristic remanent magnetization (ChRM) and the Virtual Geomanetic Pole 

(VGP) for each sample.  

 

4.6 Oxygen and carbon stable isotopes 

The isotopic composition of bulk sediments and planktonic foraminifers focused on 

investigating the degree of evaporation before the commencement of evaporite 

deposition, as well as the system inertia after the MSC. The oxygen and carbon 
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isotopic compositions were measured on both the bulk sediment (late Miocene 

deposits; δ18Οcarb, δ
13Ccarb) as well as on the planktonic foraminifers Turborotalita 

multiloba, Orbulina universa (late Miocene; δ18Oforam, δ13Cforam) and 

Globigerinoides obliquus (Pliocene; Trubi Formation; δ18OG.obliquus, δ
13CG.obliquus), 

using a mass spectrometer VG SIRA 9 and a KIEL-IV carbonate device coupled 

online to a Delta V Advantage IRMS (Thermo Scientific), respectively. The CO2 

extraction was attained through reaction of powder samples (50-100 mg) with 

anhydrous orthophosphoric acid, at 50°C. The values were expressed in per mil 

relative to the Vienna PDB (V-PDB) standard reference. Long-term analytical 

precision reached ±0.1‰ for δ18Οcarb, ±0.05‰ for δ13Ccarb, ±0.08‰ for δ18Oforam 

and δ18OG.obliquus, and ±0.05‰ for δ13Cforam and δ13CG.obliquus. 

 

4.7 Strontium isotopes 

Two gypsum samples (Fig. 2) were analyzed for strontium isotope content in order to 

distinguish the stage 1 PLG deposits from the stage 3 UG (Flecker et al., 2002; Roveri 

et al., 2014b). Strontium isotope analyses were carried out at the Scottish Universities 

Environmental Research Centre in East Kilbride, Scotland (SUERC). Samples were 

leached in 1M ammonium acetate prior to acid digestion with HNO3. Strontium was 

separated using Eichrom Sr Spec resin. Matrix elements were eluted in 8M HNO3 and 

3M HNO3, before elution of Sr in 0.01M HNO3. Total procedure blank for Sr 

samples prepared using this method was b200 pg. In preparation for mass 

spectrometry, Sr samples were loaded onto single Re filaments with a Ta-activator 

similar to that described by Birck (1986). Sr samples were analyzed with a VG Sector 

54-30 multiple collector mass spectrometer. A 88Sr intensity of 1V (1Å~ 10 − 11A) ± 

10% was maintained. The 87Sr/86Sr ratio was corrected for mass fractionation using 
86Sr/88Sr = 0.1194 and an exponential law. The mass spectrometer was operated in the 

peak-jumping mode, with data collected as 15 blocks of 10 ratios providing an 

internal uncertainty of b0.000020 (2 S.E.). For this instrument NIST SRM 987 gave 

0.710249 ± 0.000008 (1 S.D., n = 17) during the course of the present study.  

 

5. Results  

5.1 Field observations 

5.1.1 Kalamaki–Argassi area 
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The Neogene sequence of the Kalamaki-Argassi area lies unconformably over the 

Ionian zone basement. The following stratigraphic units are recognized (Fig. 2): 

Pre-evaporitic unit 

The lower 14.5 m of the succession consist of alternating massive and laminated 

marls with rare calcareous-marl and calcarenite intercalations. From 5 to 13 m, 

bivalves, Discospirina, pteropods, echinoids, and molluscs are observed. Between 

14.5 to 17.5 m, some slumps and chaotic horizons occur. The rest of the pre-

evaporitic sequence is partially covered by Quaternary detritus (Fig. 3a). 

Evaporitic unit 

The previous unit is followed in stratigraphic continuity by a 108 m-thick evaporite 

succession (Figs. 2 and 4). Eight gypsum-marl cycles are identified (A to H), 

exhibiting different gypsum depositional facies: massive, massive stratified, banded, 

laminite, and branching selenite (Lugli et al., 2010); thin gypsrudite and gypsarenite 

intercalations appear in the upper one-third of the succession (Fig. 3c,d,e,f, and 4). 

Based on these evaporitic facies and on the conformable superposition on the pre-

MSC succession, these deposits can be ascribed to the Primary Lower Gypsum unit 

(PLG; Roveri et al., 2008a) accumulated during the MSC stage 1 (5.971-5.60; 

CIESM, 2008; Manzi et al., 2013). The uppermost eight meters of the gypsum 

succession are clastic deposits, comprising laminated greenish marls; interrupted, 

after the fourth meter of the succession, by a dm-thick gypsarenite bed (cycle H of 

depositional gypsum type; Fig. 2). These sediments originate from the hanging wall of 

a small normal fault separating the lower from the uppermost part of the succession. 

Post-evaporitic unit 

The uppermost part of the gypsum unit is capped by an angular unconformity (Fig. 

3b) that can be correlated with the MES (CIESM, 2008; Roveri et al., 2014a). The 

unconformity is sealed by a four m-thick unit consisting of alternating greenish and 

discontinuous calcareous marl beds that can be assigned to the uppermost Messinian 

Lago-Mare 3b). This unit in turn is sharply overlain by the Trubi Formation, which 

begins with three meters of whitish massive marly limestones, overlain by an 

alternation of decametric marly limestones and laminated marl beds. The Trubi 

Formation can be subdivided into nine lithological cycles (Figs. 3b and 5).  

In the Argassi area (Fig. 1), the PLG is well-recorded (Fig. 8a,b), and it comprises 

eight gypsum-marl cycles that can be correlated with those of the Kalamaki section 

(Fig. 6). However, in Argassi area, it is not possible to observe the stratigraphic 
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transition of the evaporitic succession to the overlying and the underlying formations, 

due to tectonics and the Quaternary debris cover.  

5.1.2 Agios Sostis area 

The Neogene succession of Agios Sostis area lies over the Pre-Apulian zone 

sequence. The following stratigraphic units are recognized: 

Pre-evaporitic unit 

In the Agios Sostis section, the lowermost part of this unit consist of decameter-thick 

shale and sandstone alternations, exhibiting upward decrease in clastic input (Figs. 7 

and 8c). These deposits are overlain by 3.5 m of thin sandstone beds with marl 

intercalations, which in turn are capped by 3 m of laminated green shale and marl 

alternations.  

Evaporitic unit 

In the Agios Sostis area, two parallel linear gypsum outcrops are observed, the 

Ploumari outcrop and the Panagia (Machairado) outcrop (Fig. 1). The western outcrop 

(Ploumari) consists of primary bottom-growth selenite (PLG) deposited in shallow-

water settings (less than 200 m; Lugli et al., 2010) and is exposed for about three km. 

The PLG succession is here incomplete and represented only by one or two gypsum 

beds consisting of very large crystals that are typically found in the two lowermost 

PLG cycles (Lugli et al., 2010). 

Conversely, the eastern outcrop (Panagia) exposes mainly clastic gypsum deposits 

that derive from the resedimentation of older PLG deposits. Moving from Panagia to 

Agios Sostis, in a NNW-SSE direction (Fig. 1), it is possible to observe a down-slope 

transition of different gravity-flow deposits: from chaotic deposits including dm-thick 

resedimented gypsum blocks to gypsum turbidites alternated with primary gypsum 

cumulate. These deposits are well exposed in the Agios Sostis section. 

This suite of evaporite-bearing gravity-flow deposits suggests that the Panagia 

sediments derived from the erosion of PLG located to the west, like those outcropping 

in Ploumari. Unfortunately, the basal contact of the evaporitic unit is not visible in 

this sector. Thus, it cannot be excluded that the PLG deposits are actually blocks slit 

downslope from a more western position; e.g., from the backbulge basin on top of the 

Apulian terrains. Westward, these PLG deposits were completely eroded during the 

late Messinian, as indicated by the angular unconformity between the early Pliocene 

conglomerates - sandstones and the early-middle Miocene marls, which was first 
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observed by Nikolaou (1986) in the Perlakia area (about one km north of the Keri 

village; Fig. 1).  

Along the Agios Sostis shoreline, a 16 m-thick gypsum unit lies above an erosional 

surface developed on top of the pre-evaporitic succession (Fig. 7 and 8c). It consists 

of several alternations of primary (cumulate) and clastic gypsum (gypsrudite, 

gypsarenite, and gypsiltite; Figs. 7 and 8d, f), commonly showing high-angle cross- 

and convolute lamination (Figs. 7 and 8e). This succession is mostly characterized by 

clastic gypsum deposits and lacks the in situ shallow-water selenite described in the 

Kalamaki–Argassi area. This evaporitic unit derives from the dismantlement and 

resedimentation of PLG deposits and, thus, can be ascribed to the RLG unit, deposited 

during the stage 2 of the salinity crisis (5.60-5.55; CIESM, 2008; Roveri et al., 

2008a). The entire RLG unit shows an upward increase of the siliciclastic component 

and is divided into four units, each topped by a centimetric marly bed. Approximately 

two meters of hybrid sandstones are capping the clastic evaporite unit. The urban 

fabric of Agios Sostis Community (harbour) does not allow further observations. 

Nevertheless, the section’s continuity is observed in the Agios Sostis islet (Fig. 1), 

which is separated from the main coastal section by a fault; the two sections are 

located approximately 130 m apart. In this islet, about eleven meters of interbedded 

graded sandstones and marls are observed (level 6 of Fig. 7), exhibiting an upward 

decrease in siliciclastic material. At approximately 37-38 m above the base of the 

Agios Sostis composite section, a normal fault with a throw of about two meters is 

observed (lower level 6 of Fig. 7). The last seven meters of the section (levels 46-53 

m) are well observed in the rocky elevation of the Agios Sostis harbor, some 130 

meters NNW of the islet (upper level 6 and level 7 of Fig. 7). They comprise a six m-

thick succession of graded sandstone and marl alternations, followed by 1.5 m of 

whitish marls belonging to the post-evaporitic Trubi Formation.  

 

5.2 Borehole and seismic reflection data 

Correlation of the available borehole logs (Fig. 9) shows that the Neogene deposits 

(Messinian gypsum included), deposited over the Pre-Apulian basement, increase 

their thickness east-to-southeastward, following the dipping of the Alikanas 

monocline. The Neogene sediment thickness ranges from 800 m in the west to 1350 

m in the east. This eastward thickening, toward the depocenter of the basin, is 

confirmed by the Alikanas basin onshore seismic profile (Fig. 10). Furthermore, the 
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seismic profile suggests that the Ionian thrust is located west of the western Ionian 

Triassic diapir (Agia Dynati diapir; Fig. 1), more to the west than previously 

considered. In addition, in the Agios Kyrikos-1 well (Fig. 9; AK1), at the Alikanas 

basin’s depocenter, an increase in the salinity of the drilling mud was recorded, when 

the drilling penetrated the Messinian evaporites. This fact, combined with the 

observation of a simultaneous speed reversal of the seismic waves at the same 

stratigraphic level (C. Nikolaou, personal communication), is an indirect indication of 

the presence of halite in the Messinian evaporitic unit at the basin’s depocenter zone.  

 

5.3 Planktonic Foraminifera 

5.3.1 Kalamaki section 

The abundance of planktonic foraminifers varies throughout the section. In the pre-

evaporitic sequence, several samples are barren or contain only benthic foraminifers. 

The preservation is generally good in the lower part of the section, up to 14 m from 

the base, and it becomes moderate upward. Planktonic foraminifers within the Trubi 

Formation are very abundant and preserved well.  

a) Western subsection 

In the pre-evaporitic part of the Kalamaki section (Fig. 2), the following species are 

identified: Turborotalita multiloba, Turborotalita quinqueloba, Globigerinita 

glutinata, Globigerina bulloides, Globigerina obesa, Orbulina universa, and 

Neogloboquadrina acostaensis (dextral and sinistral forms). Turborotalita multiloba 

occurs from 0.6 m (sample KAL 5) up to 7.2 m (KAL 41), and it is found together with 

rare specimens of Globigerinoides spp., O. universa, and T. quinqueloba. In the 

lowermost two meters of the section (KAL 7 -KAL 10), T. multiloba represents the 

totality of the assemblage, making it monospecific. A paracme interval, within its 

abundance distribution, is recognized between 1.95-4.3 m (KAL 11-KAL 23), where 

the species is very rare or absent. The paracme end of this interval (bioevent 3a, fig. 

15) is also recognized in Sorbas Basin, in the upper part of cycle UA23, and in 

Caltanisetta Basin, just above the influx of G. scitula. The distribution of T. multiloba 

is similar in Kalamaki and Falconara sections and is probably related to the 

paleoecological requirements of the species and the basin’s configuration during this 

period. The species becomes the main planktonic foraminifera faunal component up 

to 7.2 m. Upward, it exhibits two significant peaks at 9 and 10.5 m (KAL 56 and KAL 

64) corresponding to its highest abundance.  
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Turborotalita quinqueloba and G. glutinata are rare in the lower part of the section 

and dominate the assemblages, in the thick massive marly interval from 7 to 8.5 m 

(KAL 39 through KAL 49).  

Neogloboquadrina acostaensis is generally rare in the section, displaying a relative 

abundance fluctuation between sinistral and dextral specimens. Sinistral forms are 

more abundant from the base up to 1.5 m (KAL 9), whereas dextral representatives are 

prevalent in the 2.7 - 8.4 m interval (KAL 15-KAL 49). Sinistral forms prevail again in 

the interval between 8.8 and 9.2 m (KAL 54-KAL 57; 60-70%) and at 10.5 m (KAL 64; 

40%).  

Globorotalia scitula is present with two short influxes at 3.7 and 9.3 m (KAL 20 and 

KAL 58), between the two peaks of T. multiloba. The upper part of the section, from 

10.5 m until just below the slumped interval (KAL 65-89), is characterized by the 

dominance of O. universa, G. bulloides, and G. obesa, which reach their maximum 

abundance in sample KAL 89 (14.3 m). Above the slumped interval, planktonic 

Foraminifera are absent up to sample KAL 105, where few representatives of N. 

acostaensis are present. Benthic foraminifera are very abundant in the samples before 

the first gypsum.  

b) Central subsection 

The upper part of the PLG succession in the Kalamaki section (gypsum cycle H; Figs. 

2, 3b, and 4) is characterized by the sporadic presence of the planktonic foraminifera: 

Globoturborotalita nepenthes, Globigerinoides, G. bulloides, Sphaeroidinellopsis 

spp., and O. universa.  

c) Eastern subsection 

The Lago-Mare unit is characterized by the scattered presence of Sphaeroidinellopsis 

spp., G. nepenthes, and N. acostaensis. Just below Trubi Formation (KAL 134) the 

planktonic foraminifer assemblage is well-diversified mainly containing 

Sphaeroidinellopsis, G. obliquus, O. universa, and N. acostaensis dextral specimens.  

d) Trubi Formation 

Planktonic foraminifers become continuously abundant and well preserved from the 

base of the Trubi Formation upward (Figs. 2, 3b, and 5); they are mainly represented 

by Sphaeroidenellopsis spp., G. obliquus, N. acostaensis (dextral and sinistral), 

Globorotalia margaritae, G. bulloides, and O. universa. Neogloboquadrina 

acostaensis sinistral-coiling specimens exhibit an influx in samples KAL 142 and KAL 
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149. Sphaeroidinellopsis spp. show an acme interval from KAL 147 through KAL 160. 

Globorotalia margaritae first commonly occurs in KAL 171.  

 

5.3.2 Agios Sostis section 

a) Pre-evaporitic unit 

The samples from the pre-evaporitic sediments of Agios Sostis coastal section are 

barren of foraminifera. The complete sequence is characterized by the presence of 

gypsum crystals, possibly of diagenetic origin; gypsum was also recovered from the 

sieved residual.  

b) Post-evaporitic unit 

The lower 1.2 m of the post-evaporitic sequence, in the coastal elevation of Agios 

Sostis harbor, are barren of foraminifera, whereas the uppermost 1.5 m contains a rich 

planktonic fauna. Samples AS 18 and 19 yield specimens of Globorotalia conomiozea 

(Fig. 7). This species disappeared from Mediterranean during the pre-evaporitic phase 

of the MSC, at 6.52 Ma (Krijgsman et al., 1999; Sierro et al., 2001). Therefore, its 

presence in the post-evaporitic sequence of Agios Sostis may be assumed due to 

reworking. The last four samples of the section (AS 20-23), collected one meter below 

the Trubi Formation, are characterized by the presence of G. obliquus, G. trilobus, G. 

decoraperta, G. nepenthes, G. bulloides, G. falconensis, T. quinqueloba, Orbulina sp., 

Sphaeroidinellopsis spp., and N. acostaensis.  

 

5.4 Calcareous nannoplankton 

a) Western subsection 

The lower part of the Kalamaki sequence (KAL 10-50) features an abundant 

nannofossil assemblage in good preservation state (Fig. 2). The prevailing species are 

Helicosphaera carteri, Calcidiscus leptoporus, Umbilicosphaera jafari, and small 

Reticulofenestra spp. (R. haqii, R. minutula). Six-rayed discoasters are very rare, and 

Discoaster quinqueramus is practically absent. Nearly monospecific assemblages of 

Sphenolithus abies are observed upward. The upper part of the sequence is 

characterized by the sporadic presence of Amaurolithus delicatus, A. primus, A. 

tricorniculatus, and rare Nicklithus amplificus.  

b) Central subsection 

The upper part of the PLG in Kalamaki section (KAL 114-125; Fig. 2) is characterized 

by intense reworking and contains rare nannofossil specimens, in bad preservation, 
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mostly reworked assemblages of Oligocene-Miocene age also including Cretaceous 

taxa.  

c) Eastern subsection 

The Lago-Mare facies unit (KAL 120-134), beneath the Trubi Formation of Kalamaki 

section (Fig. 2), displays rare to common well-preserved small Gephyrocapsa spp. 

coccoliths (1.5-3.0 µm) within a rich but reworked assemblage. Just below the Trubi 

Formation (KAL 134), the rare presence of Ceratolithus acutus together with 

specimens of Reticulofenestra zancleana is recorded. 

 

5.5 Fish remains 

Sixteen fish taxa are identified in the pre-evaporitc sediments of Kalamaki section 

based on the otolith remains (Table 1; Fig. 11). The samples obtained from the marls 

in between the evaporites, as well as from the upper part of Kalamaki section, 

including the Trubi Formation, did not yield otolith remains. The Kalamaki pre-

evaporitic teleost fauna resembles those identified by Girone et al. (2010) in the pre-

evaporitic successions of northern Italy. Indeed the great diversity of the benthic-

benthopelagic group is asserted here as well. Gadiculus labiatus is the most frequent 

benthic species in the assemblages, although the overall abundance of gobiids is 

higher. However, the gobiid specimens are very small and indeterminable to the 

specific, or even generic, level. The pelagic realm is dominated by myctophids, 

particularly those belonging to the genus Diaphus, which is much diversified; five 

different species are identified, with high abundance in the studied samples. Notably, 

Diaphus rubus and Myctophum coppa, two fossil species first reported by Girone et 

al. (2010) in the pre-evaporitic sequence of northern Italy, are also found in pre-

evaporitic succession of Kalamaki section (samples KAL 6, KAL 13, KAL 15, KAL 26, 

KAL 27, KAL 31, KAL 41, KAL 81, KAL 87, KAL 89, KAL 95). In biogeographic 

terms, six of the fourteen fish, identified at the specific level, are extinct today; the 

remaining still inhabit the Mediterranean Sea, apart from Physiculus huloti, which 

occurs only in the Atlantic Ocean (Cohen et al., 1990). Diaphus cf. pedemontanus, D. 

rubus, and Myctophum coppa are absent in the so far studied Pliocene and Pleistocene 

assemblages of the eastern Mediterranean (Agiadi et al., 2010; Agiadi et al., 2013a; 

Agiadi, 2013).  

During the time interval preceding the onset of the MSC, the Kalamaki area presents a 

well-diversified fish fauna, comprising both abundant pelagic and benthic-
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benthopelagic fish. The continuous presence of gobiids throughout the basal part of 

the section and the occurrence of Buglossidium sp. in sample KAL 31 suggest rather 

shallow water-depths before the onset of gypsum deposition. In fact, the occurrence of 

benthopelagic Physiculus aff. huloti (bulk sample KAL base) indicates depths less 

than 320 m (OBIS, 2006). However, the great diversity and abundance of the genus 

Diaphus and the presence of gadids (Gadiculus argenteus and Gadiculus labiatus) in 

the upper part of the basal sequence (just prior to the gypsum deposits, samples KAL 

27, KAL 28, KAL 38, KAL 39, KAL 45), suggest the area was not secluded, and depths 

certainly greater than 50 m may be expected. In addition, Maurolicus muelleri is 

present in almost all the samples examined and in great abundances. Although this 

bathypelagic species has a large bathymetric distribution today, between 0-1524 m 

according to Wheeler (1992), it is usually found between 300-400 m depth 

(Mauchline, 1988). Combining the above results, the paleodepth is estimated less than 

300 m for the basal sequence of Kalamaki section. 

Considering the modern ecological data for the extant species present in the Kalamaki 

fish assemblage (Table 1), as well as the high occurrence of the extinct Mediterranean 

species Diaphus cavallonis, D. rubus, D. cf. pedemontanus, Myctophum coppa, and 

Gadiculus labiatus, which are typically recorded in the Miocene and Pliocene 

(Girone, 2007; Carnevale et al., 2008; Girone et al., 2010; Agiadi et al., 2013a), the 

Kalamaki area was probably situated on the tropical-subtropical climatic zone border. 

Significant, in this respect, are the occurrences of tropical present-day extra-

Mediterranean species Physiculus aff. huloti and Diaphus taaningi. 

 

5.6 Magnetostratigraphy 

The thermal demagnetization patterns and the trend of the magnetic susceptibility 

with increasing temperature clearly show two different behaviors in the pre-evaporitic 

unit and in the Trubi Formation of Kalamaki section (Fig. 2). The demagnetization 

patterns of both groups indicate that a low temperature component, probably of 

viscous origin, is sometimes demagnetized at 120°C. A second, normally-oriented 

component is demagnetized up to 210°-330° C and generally contributes with 70-80% 

to the initial magnetization in the pre-evaporitic interval and with 50%-70% in the 

Trubi Formation. This component is interpreted as an overprint of the present day 

field; in fact, in geographic coordinates, its mean declination  is 0.7° N and the 

inclination is 54.5° (N=52; A95=2.7°), which are values very close to the present day 
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field direction in the area of Zakynthos (3.79° N of declination and 54.05° of 

inclination). Samples collected in the pre-evaporitic sequence have a weak 

magnetization, showing a mean normal remanent magnetization (NRM) of 4.07 E-04 

A/m (with a standard deviation of 6.02 E-04). Usually, an abrupt increase in magnetic 

susceptibility to 350°-420° C is detected, concomitant with an increase of the 

remanent magnetization, both indicative of authigenic sulphides. Besides the low-

temperature components, a higher temperature component is rarely isolated in this 

group above 210°C. In several samples, the characteristic component (ChRM) is 

isolated between 230 and 350° C. This component exhibits both normal and reversed 

polarities (Fig. 12). Normal polarities are identified in the following intervals: a) from 

the base of the section to 0.6 m, the Zijderveld diagrams for this samples display a 

linear decay towards the origin; b) at 2.55 m; c) from 8.58 to 12.03 m. Sample with 

reversed polarities are identified at 6.53 m, at 14.02 m, and at 20.15 m. The Zijderveld 

diagrams of interval b) and c) and of reversed polarity samples all show a cluster of 

demagnetization steps. Mean direction for normal and reversal polarities were 

calculated by mean of Fisher’s statistics and are 64.3°/39.8° (N=12, k=21.6° and 

α95=9.6°) and 230.1°/-50.0° (N=4, k=13.9° and α95=25.6°). The second group of 

samples, collected in the Trubi section, displays a higher mean NRM (2.25 E-03 A/m, 

with a standard deviation of 1.92 E-03). Here, the demagnetization patterns show 

much more stable trends with respect to the pre-evaporitic samples. The ChRM is 

successfully recognized in all the samples between 210-230°C and a maximum of 

560°C. Both reversed (KAL 142 to KAL 154; 194.3°/ -64.7°, N=5, k=9.17 and 

α95=26.7°) and normal (KAL 156 to KAL 174; 39.5°/42.2°, N=15, k=38.8 and 

α95=6.2°) polarities are recognized and the reversal is identified between 9.6 and 

10.4 m.  

 

5.7 Stable oxygen and carbon isotopes 

In the pre-evaporitic sequence of Kalamaki section, bulk sediment and planktonic 

foraminiferal δ values vary widely (-2.71<δ
18Ocarb‰<7.45; -4.32<δ

13Ccarb‰<1.94; -

1.44<δ
18Oforam‰<3.73; -2.90<δ

13Cforam‰<0.95), with heavier values measured in the 

massive and calcareous marls (Fig. 14). Oxygen- and carbon-isotope compositions are 

consistent with the major late Miocene-early Pliocene paleoclimatic and 

paleoceanographic phases in the eastern Mediterranean Sea (Blanc-Valleron et al., 
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2002; Krijgsman et al., 2002; Kouwnhoven et al., 2006), yet they present certain 

differentiations attributed to local factors. The background δ13Ccarb value is ~1.5‰; up 

to 14 m from the section base, the values increase only once, at the upper part of the 

massive marls, reaching values up to 2‰. From 15 m until the end of the pre-

evaporitic sequence, δ 13C values exhibit no particular trend. The δ18Ocarb record 

displays some positive shifts, revealing a “pulse” of higher salinity/evaporation that is 

more intense near the evaporitic unit. Additionally, there is a simultaneous decrease in 

δ
13Ccarb values and an increase in δ18Ocarb values at the same stratigraphic level. 

Wacey et al. (2008) suggested that such a phenomenon may be the result of 

isotopically-light carbon influence from bacterial sulfate reduction, due to increased 

stagnation at the beginning of sulfate deposition. Similar trends in both carbon and 

oxygen isotopes were described in the Legnagnone section (Northern Apennines, 

Italy) by Gennari et al. (2013). There is a remarkable similarity between the δ18Ocarb 

and the δ18Oforam isotope records of Kalamaki pre-evaporitic sequence, suggesting that 

δ
18Oforam values reflect the variability of salinity, evaporation, and fresh water input. 

In the upper part of the PLG (cycle H), δ13Ccarb values mostly fluctuate around -4‰, 

while δ18Ocarb values range between -5 and 8‰ (Fig. 15). The most prominent change, 

linked to environmental phenomena, seems to be the positive δ18O shift (~8‰) 

recorded just below and above the gypsum bed, revealing high salinity that is 

consistent with the evaporite deposition (cycles A-G). The observed negative δ18Ocarb 

shifts of more than 1‰ are considered indicative of increased freshwater input. Sharp 

δ
13Ccarb negative and positive shifts characterize rapid changes in the hydraulic budget 

and in the ventilation of the basin, from lacustrine to saline conditions (Shackleton et 

al., 1995).  

The M/P boundary is marked by the first excursion toward higher δ values (δ18OG. 

obliquus = -0.75‰, δ13CG. obliquus = 0.91‰) that occurs at the base of the Trubi Formation 

(Fig. 15). In contrast to the presence of abundant planktonic assemblages above the 

M/P boundary level, the freshwater influence remains significant over an interval 

corresponding to five cm of sediment marked by negative δ18O values (black shale 

just below the Trubi). This development reflects the rapid transition to marine 

conditions at the onset of the Pliocene. The establishment of stable normal marine 

conditions is recorded 20 cm above the M/P boundary. Above this level, δ18OG. obliquus 

oscillations correspond to the ten (I to X) cycles of the Trubi Formation (Shackleton 

et al., 1995; Di Stefano & Sturiale, 2010), with δ18O values varying at a range of 
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approximately 1.5‰ in each cycle. The overlying early Pliocene sediments rapidly 

stabilize at positive δ13C values (0.32< δ13C‰<1.39), characteristic of an open-

marine, stable, and well-ventilated environment. Moreover, the δ13C signal follows 

the same frequency changes as the δ18O, with the transitions to lighter δ13C values 

coinciding with high shifts to heavier δ18O values (Fig. 13). The simultaneous δ18O 

increase and δ13C decrease are possibly related to sea surface temperature variations 

and reveal that the glacial cycles (Sprovieri et al., 2006) also influenced the eastern 

Mediterranean during the early Pliocene. 

 

5.8 Strontium isotopes 

The results of the strontium isotope analyses in the Kalamaki section gypsum unit are 

presented in Fig. 2. Selenite samples yield 87Sr/86Sr values of 0.708993 for 

(2σ=0.0014) and 0.709007 (2σ=0.0015). These values correspond to PLG deposits 

from stage 1 of the salinity crisis (Roveri et al., 2014a,b). 

 

6. Discussion 

 

6.1 Chronostratigraphic framework 

The observed distributions of planktonic foraminifer and calcareous nannofossil 

species were used to recognize astronomically-tuned bioevents that are already 

defined in lower Messinian Mediterranean sections (Krijgsman et al., 1999; Hilgen & 

Krijgsman, 1999; Sierro et al., 2001; Blanc-Valleron et al., 2002; Manzi et al., 2011; 

Manzi et al., 2013) (Figure 14). The first peak of T. multiloba is recognized one meter 

from the base of the western Kalamaki subsection and can be correlated with its first 

abundant occurrence dated at 6.415 Ma in the Perales section (Sierro et al., 2001). The 

first abundant occurrence of dextral N. acostaensis, identified also in the Perales 

section and dated at 6.339 Ma, is recorded at 2.7 m. This biostratigraphic event is 

considered more reliable than the N. acostaensis coiling change as no sinistral 

specimens were observed below this level. The presence of G. scitula at 3.7 m can be 

correlated with its first influx and dated between 6.291-6.287 Ma. The interval 

between 8.8-9.2 m, dominated by sinistral N. acostaensis, is correlated with the 

relevant interval found in the Metochia section (Gavdos Island; Drinia et al., 2007) 

and in the Perales composite section (Sierro et al., 2001; Manzi et al., 2013), and it is 
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dated between 6.140-6.108 Ma. The influx of T. multiloba at 9 m can be correlated 

with a relevant influx of this species at Perales section, which falls in the upper part of 

cycle UA28, dated at 6.121 Ma. The influx of G. scitula at 9.3 m correlates well with 

the second known influx of this species, dated between 6.105 and 6.099Ma (Sierro et 

al., 2001). The dominance of sinistral N. acostaensis identified at 10.4 m can be 

correlated with the second influx of sinistral N. acostaensis dated between 6.078 and 

6.08 Ma, approximately at the same level of the influx of T. multiloba at 10.5 m, 

which could correspond to the last prominent influx of the species in the Perales 

section. The oligotypic assemblage recorded below the slumped interval and the high 

abundance of planktonic foraminifera at 14.3 m were also observed in the Sorbas 

basin and in the Northern Apennines (Sierro et al., 2003; Gennari et al., 2013) 

preceding the last eccentricity maximum centered at ca. 6.01 Ma, before the onset of 

the MSC.  

Based on this biostratigraphic framework, the normal polarity at the lower part of the 

Kalamaki pre-evaporitic sequence (up to 0.68 m) is correlated with subchron 

C3An.2n (6.733-6.436 Ma after Lourens et al., 2004), below the first abundant 

occurrence of T. multiloba. The reverse magnetic signal at 6.53 m falls within 

subchron C3An.1r. This interval is confirmed by the position of the N. acostaensis 

dextral-coiling specimens’ abundant occurrence and the G. scitula first influx. The 

normal polarities between 8.58 and 12.03 m correlate with subchron C3An.1n (6.252-

6.033 Ma) and the reversal polarities at 14.02-20.15 m fall within the lower part of 

subchron C3r.  

As for the calcareous nannofossil, the typical specimens of D. quinqueramus, usually 

recorded in other pre-evaporitic deposits (e.g. Gavdos Island; Triantaphyllou et al., 

1999), is not found in the Kalamaki sequence, probably due to the establishment of a 

semi-closed, neritic, littoral environment (Wade et al., 2006). However, the presence 

of N. amplificus supports the biostratigraphic assignment of the Kalamaki pre-

evaporitic unit within the NN11 biozone, dated between 6.82-5.98 Ma (Raffi et al., 

2006; Backman et al., 2012). 

Reworked planktonic foraminifera and nannofossil specimens characterize the upper 

part of the PLG succession and the Lago Mare deposits in the Kalamaki section. 

Gephyrocapsa spp. specimens, although suggesting an age within the early Pliocene 

(subbottom of Gephyrocapsa spp. at 4.33 Ma; Lourens et al., 2004), were also 

observed in the late Messinian pre-evaporitic diatomites of Gavdos (Triantaphyllou et 
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al., 1999). Thus, their presence in the Kalamaki sequence contributes to the limited 

knowledge on the precise stratigraphic and geographic distribution of these early 

representatives of the genus in the SE Mediterranean region.  

Just before the Trubi Formation (Fig. 15), the planktonic foraminifera assemblages in 

both Kalamaki and Ag. Sostis sections are assigned to the Transitional Unit identified 

in the ODP sections by Iaccarino et al. (1999). In sample KAL 134, the rare presence 

of calcareous nannofossil Ceratolithus acutus, together with specimens of 

Reticulofenestra zancleana, implies an age within the base of the NN12 biozone, in 

the early Zanclean (5.36 Ma; Di Stefano & Sturiale, 2010; Backman et al., 2012). 

The M/P boundary (5.33 Ma) is defined by the distribution of dextral and sinistral 

forms of N. acostaensis and the Sphaeroidinellopsis Acme Base, further supported by 

the increasing of the oxygen and carbon isotope values, and it is placed at the base of 

the Trubi Formation. The recognized bioevents and the polarity reversal identified in 

the lower part of Trubi Formation of Kalamaki section are correlated with the upper 

part of subchron C3r and the normal polarity at the C3r/C3n boundary is placed in the 

9.6-10.4 m interval midpoint (event IV; Fig. 15) dated at 5.235 Ma (Lourens et al., 

2004), below the Sphaeroidinellopsis Acme End (5.21 Ma). The sinistral shifts of N. 

acostaensis at 7.8 and 8.52 m are ascribed to the first and second N. acostaensis 

sinistral shifts that are reported from several Mediterranean Lower Pliocene sections 

(Di Stefano et al., 1996; Lourens et al., 1996; Iaccarino et al., 1999; Pierre et al., 

2006; Gennari, 2007; Drinia et al., 2008), dated at 5.330 and 5.281 Ma (Lourens et 

al., 2004) and correlated with the base of cycle 2-top cycle 1 and the base of cycle 2-

top cycle 3, respectively. The base of the Sphaeroidinellopsis Acme Zone, recorded at 

8.3 m, and its top, at 11.3 m, correspond to the cycle 2 and the base of cycle 6, 

respectively. The first common occurrence of Globorotalia margaritae (FCO) is 

recorded in KAL 171 and marks cycle 10, dated at 5.08 Ma (Lourens et al., 2004). 

Consequently, the studied Trubi Formation sediments belong to the MPL1 biozone –

lower part of the MPL2 biozone; its base may be correlated with the base of the 

Zanclean, as defined in the Eraclea Minoa GSSP at 5.33 Ma (Van Couvering et al., 

2000). The presences of Sphenolithus spp. (abundance >5%), Reticulofenestra 

pseudoumbilicus (abundance 1-2%, possibly representing the R. pseudoumbilicus 

Pliocene Paracme Zone; Di Stefano & Sturiale, 2010), rare Reticulofenestra 

zancleana, and several discoasterid species (D. brouweri, D. pentaradiatus, D. 

surculus, D. intercalaris, D. variabilis); in conjunction with the common occurrence 
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of Amaurolithus spp.; document the biostratigraphic correlation with the nannofossil 

biozone NN12 (Martini, 1971), or MNN12a-b (Rio et al., 1990). Therefore, the Trubi 

sediments of Kalamaki section (Fig. 15) have an early Zanclean age, ranging between 

5.36-5.0 Ma. 

 

6.2 Kalamaki paleoenvironmental reconstruction 

The fish assemblage identified in the pre-evaporitic Messinian of Kalamaki section 

(Fig. 2) is indicative of a coastal marine area, with easy access to the open ocean, not 

exceeding 300 m in its deeper parts. The great diversity of the fauna, along with the 

fact that it incorporates deep-water pelagic species, such as Maurolicus muelleri, 

Gadiculus argenteus and Physiculus aff. huloti, as well as shallow-water inhabitants, 

such as gobiids, suggests that fossils from different adjacent underwater domains were 

combined during deposition. This light transport effect is commonly observed in the 

otolith faunas (Agiadi et al., 2013b), and it is the result of a high bathymetric gradient 

in the area of deposition. Thus, the Kalamaki area paleogeographic scheme proposed 

here is further supported by this observation. Several paleoenvironmental changes can 

be recognized by the variations of the faunal and isotopic markers resulted to a step-

wise progression towards the evaporitic conditions.  

 

6.2.1 Pre-evaporitic sequence 

Interval 6.45-6.121 Ma (0-9 m) 

In the pre-evaporitic sequence of Kalamaki (KAL 10-50; Figure 2), the nannofossil 

assemblage of H. carteri, C. leptoporus, U. jafari, R. haqii, and R. minutula is mostly 

represented by whole coccospheres, indicating high productivity and fresh-water input 

to the surface waters (e.g., Triantaphyllou et al., 2009). In addition, the impressive 

monospecific assemblages of Sphenolithus abies in the upper part of the pre-

evaporitic sequence (samples KAL 45-55 and 85-92) suggest marine mesotrophic 

environments (Wade et al., 2006).  

In this basal part of the pre-evaporitic sequence, the bulk sediment δ18O values range 

between 0-2.1‰, reflecting marine conditions with slight salinity and/or temperature 

fluctuations (Fig. 13). The positive trend of δ13C reveals high productivity related to 

cold waters. The oligotypic planktonic foraminifera record is characterized by levels 

with 60-100% dominance of T. multiloba. This species is related to progressive 

isolation of the Mediterranean, and it is thought to be tolerant to increased salinity 
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(Sierro et al., 2001). Its occurrence together with T. quinqueloba and G. glutinata in 

this part of the section is related to cold and nutrient rich surface waters (Tolderlund 

and Bé, 1971; Sierro et al., 2003). The almost complete absence of planktonic 

foraminifera 2-4 m from the base is associated with increased riverine input causing a 

reduction of the sea surface salinity. This is further supported by the δ18O negative 

excursions and nannofossil assemblages indicative of high productivity and fresh-

waters input. At around 3.7 m, normal marine conditions are inferred by the oxygen 

isotope positive values around 1‰ accompanied by the G. scitula influx, which is a 

deep-dwelling species (Bè and Tolderlund, 1971). The return to positive δ18O values 

suggest that the negative values recorded below this level are due to a temporary 

restriction of the Atlantic connection, during a sea level-fall, or excess precipitation in 

the Meditarranean area at this time. Maximum δ18O values, corresponding to 

hypersalinity episodes, alternate with values near 0‰ (between 7-9 m), which reflect 

periods when normal marine conditions prevailed. In these high-salinity levels, the 

planktonic foraminiferal assemblage is dominated by G. glutinata and T. quinqueloba; 

the sporadic presence of T. mulltiloba is also noted. High abundance of these species 

usually occurs under conditions of environmental stress and is also related to 

decreased food availability and low water-temperatures, reflecting the climatic 

variability toward a cooling phase around 6.121 Ma (Van der Laan et al., 2005; 

Gennari et al., 2013). It is hypothesized that stressful conditions for the marine 

miofauna were induced by an increase of surface-water salinity. 

The foraminiferal isotopic composition (δ18O and δ13C) is related to the ecological 

affinities of the species involved. Turborotalita multiloba is considered a morphotype 

of T. quinqueloba with more chambers in the final whole. The former species 

proliferates near river-influenced, low temperature, and nutrient-rich waters, and it 

tolerates increased salinities (Bè and Tolderlund, 1971). Hence, its isotopic 

composition directly reflects salinity and/or temperature variations. The parallel low 

δ
13C values with high δ18O values may be related to an average increase of salinity in 

the lower part of sequence. 

Interval 6.122-5.97 Ma (9-22 m) 

The nannoflora assemblages are indicative of marine mesotrophic environments in the 

upper part of the basal Kalamaki sequence. Toward the top and before the deposition 

of the gypsum, δ18O varies between -4 and 8‰, suggesting that salinity fluctuates 
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rapidly between highly evaporated and diluted conditions (Bellanca et al., 2001). 

Foraminiferal carbon and oxygen isotopes of this interval were analyzed on Orbulina 

universa. Since this species proliferates in mixed-layer surface waters during surface 

water stratification, the isotopic compositions reflect changes in temperature, fresh 

water input, or trophic content (Sierro et al., 2003). There is a 4‰ difference between 

the δ13C values in the upper and lower part of the basal Kalamaki interval. This 

probably reflects the contrast between nutrient-depleted waters of the stratified 

summer mixed layer, recorded in the upper part of the basal sequence, and the 

increased nutrient availability of the basal interval (δ13C in T. multiloba). A cooling 

phase punctuated by hypersaline conditions is centered at 12 m, and may be delimited 

by the levels of increased fresh-water input and the warmer phases evidenced by the 

fish fauna and planktonic foraminifera assemblages. Indeed, the fish fauna is 

dominated by warm-water species, notably Diaphus taaningi and Physiculus aff. 

huloti in the intervals below and over this cooling phase, whereas these taxa are 

completely absent in the cooling phase, which is characterized by the presence of 

Maurolicus muelleri mostly preferring temperate conditions. The onset of MSC is 

accompanied by the disappearance of plankton assemblages, heavier oxygen isotopic 

values and a sharp negative carbon isotope shift. 

Post-evaporitic sequence 

The establishment of rather eutrophic conditions may be hypothesized, based on the 

presence of small placoliths, along with the siliciclastic nature of the sediments at the 

uppermost part of the Kalamaki Lago-Mare unit, just before the onset of Trubi 

Formation (e.g., Young, 1994). The samples from approximately one meter below the 

Agios Sostis Trubi Formation (Fig. 7) contain (AS 20-23) moderately preserved 

nannofossil assemblages and more reworked material with respect to the Kalamaki 

samples, indicating greater land proximity.  

In the interval 5.6-5.33 Ma (1.4-7.5 m), from the top of the gypsum unit to the 

beginning of the Trubi Formation, the bulk sediment δ18O values vary widely from 

8‰ in the gypsum to -6‰ in the upper part of the sequence. The calcite δ13C values 

fluctuate between -6 and -1‰ (Fig. 13). These isotopic values reflect wide variations 

of the paleoenvironmental conditions from hypersaline conditions to fresh and 

brackish water.  
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The total nannofossil content in the interval just above the Miocene/Pliocene (M/P) 

boundary in the Kalamaki section implies warm surface-water conditions in a pelagic 

environment. In particular, the presence of discoasterids, Rhabdosphaera spp., 

Sphenolithus spp., Scyphosphaera spp., Amaurolithus spp. is indicative of warm 

subtropical conditions (e.g., Rio & Sprovieri, 1986). Relatively increased productivity 

is inferred by the presence of Helicosphaera carteri, a species preferring warm waters 

and moderately-elevated nutrient-levels. The faunal assemblages as well as the 

isotope analyses reveal stable paleoenvironmental conditions settled at the beginning 

of the Zanclean, due to the restoration of normal marine conditions. 

 

6.3 Zakynthos Neogene paleogeographic and structural evolution 

Field observations suggest that the Neogene sediments in the main part of Zakynthos 

Island were deposited over the Pre-Apulian zone formations, whereas those in the 

southeastern part were deposited over the Ionian zone. The correlation of the field 

observations with the available borehole data and the onshore seismic section (Figs. 1, 

9, and 10) reveals that the Neogene formations over the Pre-Apulian zone sediments, 

east of the Vrahionas anticline (Fig. 1), form a monocline dipping approximately 30º 

ESE. Borehole stratigraphy (Fig. 9) indicates that the Neogene deposits (gypsum 

included) increase their thickness toward the dipping monocline.  

The Neogene sediments exhibit their maximum thickness (800-1350 m) within the 

largest depocenter zone, extending eastward from the Agios Sostis area. The 

westernmost gypsum outcrops (Ploumari) consist of eradicated PLG blocks, whereas 

the easternmost ones (Panagia) contain gypsum turbidites and gypsum cumulates 

(Fig. 1). Consequently, the PLG deposits accumulated in a shallow marine basin (Fig. 

13), which was located in the western part of the Zakynthos (Alikanas) basin (west of 

the Ploumari outcrops; Fig. 1), and they were almost completely eroded during late 

Messinian. Indeed, about one km north of the Keri village (Fig. 1), in the Perlakia 

location, early Pliocene conglomerates and sandstones lie over the early-middle 

Miocene marls through an angular unconformity. Thus, the eroded PLG deposits 

provided the clastic material that was deposited as gypsum turbidites (RLG) along the 

Messinian basin slope (Panagia outcrops) and in its depocenter. 

On the contrary, Neogene sediments over the Ionian zone formations in the south-

easternmost part of the island are considerably thinner (200-300 m). Gypsum deposits 

in Kalamaki and Argassi areas correspond to MSC stage 1 PLG unit; to the east 
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(Skopos area, Fig. 1), only some rare and small gypsum outcrops can be observed, 

mainly reworked gypsum and occasionally gypsum turbidites. These differences  

suggest that the Zakynthos Neogene basin was not uniform, but subsidence in the 

monocline area (over Pre-Apulian basement) was more rapid as compared with the 

eastern area (over Ionian basement). 

The above observations are explained by a simple model of continental foreland-

directed migration of the Hellenide (Alpine) thrusting, during the late Neogene and 

Pliocene. The Ionian thrust foreland basin can be modeled according to the foreland 

basin systems proposed by DeCelles & Giles (1996), although it is necessary to take 

into consideration the particular role of the Ionian Triassic evaporites diapiric 

movements (Karakitsios, 1995). The Neogene formations over the Pre-Apulian zone 

correspond to the foredeep, the forebulge and flank between them; those overlying 

Ionian zone rocks correspond to the wedge-top (Fig. 14). The greater subsidence 

characterizing the foredeep and flank-to-forebulge areas is reflected in the increased 

thickness of the clastic Neogene formations over the Pre-Apulian zone (between 800-

1350 m), which partially derived from the eroded Pre-Apulian forebulge. 

Simultaneously, the diapiric movement of the Ionian Triassic evaporites prevented 

substantial subsistence to occur. As a result, the eastern part of the Neogene basin 

over the Ionian zone basement corresponds to a slowly-subsiding wedge-top. This is 

reflected in the observed thin clastic Neogene sediments derived from the Ionian 

orogen’s erosion.  

During the Messinian, the shallow depths in the wedge-top and forebulge area of the 

basin, together with the upper Messinian overall negative hydrological balance 

(Mertz-Kraus et al., 2009) led to the deposition of the PLG. The subsequent PLG 

erosion produced clastic gypsum that was deposited through gravity-flows in the 

slope and the depocenter. In addition, PLG mass-flows were accumulated in the distal 

Zakynthos foreland slope. By the end of the Messinian, the PLG unit was completely 

eroded at the forebulge zone, probably due to subaerial exposure. The MES (Fig. 14) 

is located directly above the pre-evaporitic sequence west of the Ploumari gypsum 

outcrops (Fig. 1), and it passes over the remaining PLG in the proximal slope 

(Ploumari gypsum oucrops). In the distal slope and the foreland depocenter, the MES 

becomes a correlative conformity.  

The wedge-top zone was characterized by shallower depths, mainly due to the diapiric 

uplift of the Ionian Triassic evaporites (Karakitsios, 1995). Indeed, the sea depth in 
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the Kalamaki area, prior to the PLG deposition, is estimated around 300 m, based on 

the fish assemblages. Consequently, the Kalamaki area, placed over the external 

Ionian Triassic diapir (Agia Dynati diapir; Figs. 1 and 14), received PLG deposits. 

Eroded gypsum material from the wedge-top PLG also supplied clastic gypsum to the 

foredeep RLG unit, which was located to its west (Fig. 14).  

In the Argassi area, PLG was also deposited over the Agios Ioannis diapir; the upper 

PLG part was subsequently eroded. Quaternary erosion obscures the continuation of 

the deposited sediments of this area. Possibly the Argassi and Kalamaki sections 

during PLG deposition belonged to the same evaporitic basin that was separated by an 

early activation of the Agios Ioannis diapir (Fig. 14 A). 

The proposed paleogeographic scheme for the last period of the Trubi Formation’s 

deposition is presented in Fig. 14 B. The Lago-Mare unit lies unconformably over the 

MES in the wedge-top (Kalamaki area), whereas in the distal slope and in the 

depocenter it was deposited with a correlative conformity. The Trubi Formation 

succeeds the Lago-Mare unit, in stratigraphic continuity. The onset of the Trubi 

Formation at 5.33 Ma, corresponding to the Pliocene flooding of the Mediterranean 

basin, is recorded well on Zakynthos Island. 

The present results indicate that the Messinian gypsum units of Zakynthos Island were 

deposited in a Mediterranean peripheral/marginal sub-basin context (sensu Roveri et 

al., 2014a), formed during the late Messinian in the Pre-Apulian foreland basin, 

before the early Pliocene main deformation phase responsible for the tectonic 

emplacement of the Ionian zone over the Pre-Apulian zone. 

 

7. Conclusions 

The present detailed study identifies the Messinian evaporitic basins on Zakynthos 

Island, whose dynamics were controlled by the inherent substratum properties and the 

regional tectonic regime. The development and distribution of the depositional 

environments, before the Ionian thrust activation, was mainly influenced by the 

Triassic evaporites diapiric movements in the foreland basin. The Zakynthos 

Messinian evaporites were deposited in Mediterranean peripheral/marginal sub-

basins. The PLG was accumulated in the shallower parts (<300 m) of the Zakynthos 

foreland basin, formed over the Pre-Apulian and the Ionian Alpine basement. In the 

areas over Pre-Apulian basement, the Neogene sequence consists of mass-wasting 

Messinian gypsum, which passes to mainly gypsum turbidites indicating a deeper 
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environment. These deposits derived from the dismantlement and resedimentation of 

the PLG unit and correspond to the RLG.  

Planktonic foraminifera and calcareous nannoplankton biostratigraphy, 

magnetostratigraphic analysis, and correlation with astronomically-tuned 

Mediterranean sections provide the chronostratigraphic framework for the studied 

sequences. The pre-evaporitic sequence in Kalamaki section is dated between 6.415-

6.01 Ma. Nine planktonic foraminiferal bioevents are distinguished. In Kalamaki 

section, PLG was deposited during the first MSC stage, between 5.971-5.60 Ma. The 

resedimented PLG deposits observed in Agios Sostis area correspond to the second 

MSC stage (5.6-5.55 Ma). The M/P boundary is placed at the base of the Trubi 

Formation, dated at 5.33 Ma. The Kalamaki section Trubi Formation, corresponds to 

the interval between 5.33-5.08 Ma, in which five planktonic foraminiferal bioevents 

were distinguished. 

Two intervals are distinguished through the paleoenvironmental reconstruction of the 

pre-evaporitic Messinian in Kalamaki area: a) 6.45-6.122 Ma and b) 6.122-5.97 Ma. 

During the first interval (6.45-6.122 Ma), marine conditions prevailed, with slight 

salinity and temperature variations. The positive δ13C trend and the oligotypic 

planktonic foraminiferal assemblage, dominated by T. multiloba, indicate high-

productivity cold waters. Between approximately 6.2-6.14 Ma (7-9 m), high δ18O 

corresponding to hypersalinity episodes alternate with normal salinity conditions with 

decreased food availability and low temperature. Between 6.122-5.97 Ma, marine 

mesotrophic conditions are well established; the isotopic record suggests nutrient-

depleted waters of the stratified summer mixed layer. Both the planktonic 

foraminifera and the fish assemblage indicate a cooling phase punctuated by 

hypersalinity episodes around 6.05 Ma (12 m). In the upper part of the pre-evaporitic 

sequence, the observed synchronous decrease in the carbon isotopic ratio, and 

increase in the oxygen isotopic ration may be caused by isotopically-light carbon 

input from bacterial sulfate reduction, due to increasing stagnation conditions at the 

beginning of sulfate deposition. After the MSC, eutrophic conditions are indicated at 

the uppermost part of the Lago-Mare facies unit, just before the onset of Trubi 

limestone Formation. 

A new paleogeographic and structural model, integrating all the observed data, is 

proposed. In the Zakynthos foreland basin, the Neogene formations over Ionian zone 

correspond to the wedge-top, consistently with the diapiric movements of the Ionian 
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Triassic evaporites, whereas those overlying the Pre-Apulian zone correspond to the 

foredeep and the flank, between foredeep and forebulge. PLG erosion, both at the 

forebulge and the wedge-top, supplied the foreland basin’s depocenter with gypsum 

turbidites. The PLG unit at the forebulge zone was totally eroded and the MES is now 

located directly above the pre-evaporitic sequence, while, it is over the remaining 

PLG in the slope area, and it became a correlative conformity for subsequent 

sediments at the depocenter zone of the foreland basin. In the wedge-top zone, the 

MES over the upper part of PLG unit is overlapped by the Lago-Mare unit, over 

which the Trubi Formation lies in stratigraphic continuity. 
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Figure captions 

 

Fig. 1. Geological map of Zakynthos Island. The regional location is indicated in the 

inset map. Boreholes: Z1 (Zakynthos-1); Z2 (Zakynthos-2), Z3 (Zakynthos-3); LA1 

(Laganas-1); KB101 (Keri-well), AK1 (Agios Kyrikos-1), KY1 (Kypseli-1). 

 

Fig. 2. Kalamaki composite section with lithology, samples’ location, macrofossils of 

the pre-evaporitic sequence, the evaporitic unit (the PLG facies descriprion is referred 

in the key), the top of the evaporitic unit, and the post-evaporitic sequence, and two Sr 

isotope values from the base and the top of the gypsum unit). M/P: Miocene/Pliocene 

boundary, pre-MSC: pre-Messinian Salinity Crisis part of the section, MES: 

Messinian Erosional Surface, samples KAL 1 to KAL 173 with their position in the 

section. 

 

Fig. 3. The Kalamaki section’s facies detail. a. Pre-evaporitic sequence, PLG: Primary 

Lower Gypsum; b. Uppermost portion of the Primary Lower Gypsum unit topped by 

the Lago-Mare unit, and by the Trubi Formation: Lago-Mare stratification is 

overlapping (yellow arrow) the MES (Messinian Erosional Surface); c. Gypsum 

laminite; d. Swallow-tail gypsum selenites; e. Bottom view of a branching selenite 

cone; f. Branching selenite facies. 

 

Fig. 4. Primary Lower Gypsum (PLG) unit. Letters A to H: correspond to the eight 

cycles of depositional gypsum types observed in the PLG unit. The last cycle H 

corresponds to top of the PLG unit showed in figure 3 b, is overlain by the Lago-Mare 
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(LM) unit through a low-angle unconformity. Evaporite facies of the PLG unit: EF1: 

Shale, EF2: Limestone, EF3: Massive selenite, EF4: Banded selenite, EF5:Branching 

selenite (EF5L: Gypsum laminite), EF7: Gypsudite, EF8: Gypsarenite (see also key of 

Fig. 2).  

 

Fig. 5. Kalamaki-Argassi Primary Lower Gypsum unit correlation. 

 

Fig. 6. Trubi Formation facies. Based on lithology, nine cycles (I to IX) of marly 

limestones alternating with marls are observed. 

 

Fig. 7. Agios Sostis composite section: lithology, samples location, and facies 

characteristics of the different stratigraphic levels.  

 

Fig. 8. Sedimentary facies details of the PLG and RLG units. Argassi area: a. selenite, 

b. branching selenite. Agios Sostis area: c. pre-evaporitic sequence and MES 

boundary with the overlying RLG unit, d. gypsum turbidites, e: convolute lamination, 

f: alternations of primary cumulate gypsum (CU) and clastic gypsarenite (AR) and 

gypsrudite (GR). 

 

Fig. 9. Zakynthos (Alikanas) basin wells positioned in a west-to-east direction (the 

wells’ locations are indicated in fig. 1). Correlation of the borehole logs shows that the 

Neogene deposits (gypsum included) increase their thickness eastward. Agios 

Kyrikos-1 well (AK-1) revealed indirect indices of halite accumulation in the 

Messinian gypsum stratigraphic level. 

 

Fig. 10. Alikanas basin seismic profile (modified from the initial representation by 

Marinescu; in Nikolaou, 1986). The seismic profile shows a) the position of the 

Ionian thrust, b) the eastward increase in the thickness of the Neogene deposits. The 

seismic line’s location is indicated in Fig. 1. PL-PT: Pliocene-Pleistocene, Pl: 

Pliocene, LPl: lower Pliocene, Mes-g: Messinian gypsum, M-UM: middle-upper 

Miocene, LM: lower Miocene, P-Aps: pre-Neogene sequence of the Pre-Apulian 

zone, P-Ions: pre-Neogene sequence of the Ionian zone (Triassic evaporites), ITF: 

Ionian thrust front, Ne: undifferentiated Neogene, SP: shot point, sec: time in seconds. 
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Fig. 11. Fish otoliths discovered in the pre-evaporitic sequence of Kalamaki section. 

 

Fig. 12. A: plots of VGP latitude of the West and East Kalamaki subsections. B: plots 

of ChRM directions corrected for bed tilting, full and empty red and purplr circles 

represent normal and reversed mean direction for Kalamaki West and east subsection, 

respectively. C: Zijderveld diagrams with demagnetization paths of selected samples 

from the Kalamaki west subsection. 

 

Fig. 13. Pre-evaporitic sequence, Upper Evaporites, Lago-Mare, and Trubi Formation 

carbon and oxygen stable isotopes. 

 

Fig. 14. Chrostratigraphic framework of Kalamaki section’s pre-evaporitic sequence 

and correlation with Perales section (Sorbas basin) (modified after Sierro et al., 2001; 

Manzi et al., 2013) and Falconara section (Caltanisetta basin) (modified after Blanc-

Valleron et al., 2002; Hilgen & Krijgsman, 1999; Manzi et al., 2011) via the 

astronomical Insolation summer curve of Laskar et al. 2004 and GPTS of Lourens et 

al., 2004. Bio-magnetostratigraphic events are: 1) FAO T. multiloba; 2) FAO dextral 

N. acostaensis; 3) G. scitula influx; 4) N. acostaensis dominance sinistral; 5) T. 

multiloba influx; 6) G. scitula influx; 7) dominance N. acostaensis sinistral; 8) Last 

abundant influx T. multiloba; 9) HO planktonic Foraminifera; I) top C3An.1n; II) 

boundary C3An.2n/C3r 

 

Fig. 15. Kalamaki section age model of the PLG top portion, Lago-Mare, and Trubi 

Formation, correlated with insolation curve (based on Laskar et al., 2004). 

 

Fig. 16. Paleogeographic reconstruction. 

A. During the Messinian, the Zakynthos (Alikanas) foreland basin was formed in 

front of the Ionian thrust. The Neogene formations deposited over the Pre-Apulian 

domain corresponded to the foredeep and the flank between foredeep and forebulge, 

whereas those overlying the Ionian zone corresponded to the wedge-top, which was 

uplifted due to the diapiric movements of the Ionian Triassic evaporites. In the 1st
 

MSC stage, PLG was deposited on both forebulge and wedge-top. In the 2
nd

 MSC 

stage, PLG was totally or partially eroded (creating the Messinian Erosional Surface; 
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MES) and redeposited with correlative conformity mainly as gypsum turbidites (RLG 

unit) in the depocenter of the foreland basin.  

B. During the end of the Messinian, in Kalamaki-Argassi wedge-top area the Lago-

Mare sediments were unconformably overlying the Primary Lower Gypsum above the 

MES, while in the depocenter of the foreland basin they were conformably deposited 

over the Resedimented Lower Gypsum. The Zanclean flood was recorded on both 

areas by the conformable deposition of the Trubi Formation. 

With red raffled and continuous line the unconformity and the correlative conformity 

of the MES, respectively. 

 

 

Table 1.  

The identified Teleost fish taxa in the pre-evaporitic Messinian of Kalamaki section. 

Taxa in bold are not present in the modern Mediterranean. Taxa marked with an 

asterisk are presently extinct. Present-day ecological data and the corresponding 

references are presented for the extant taxa. Climatic zone distributions are 

abbreviated as follows: Tr. Tropical, ST. Subtropical, Te. Temperate, SP. Subpolar. 

The modern ecology of Buglossidium sp. refers to its only present-day representative, 

B. luteum (Risso, 1810). 
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Fig. 1. Geological map of Zakynthos Island. The regional location is indicated in the inset map. Boreholes: 
Z1 (Zakynthos-1); Z2 (Zakynthos-2), Z3 (Zakynthos-3); LA1 (Laganas-1); KB101 (Keri-well), AK1 (Agios 

Kyrikos-1), KY1 (Kypseli-1).  
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Fig. 2. Kalamaki composite section with lithology, samples’ location, macrofossils of the pre-evaporitic 
sequence, the evaporitic unit (the PLG facies descriprion is referred in the key), the top of the evaporitic 

unit, and the post-evaporitic sequence, and two Sr isotope values from the base and the top of the gypsum 

unit). M/P: Miocene/Pliocene boundary, pre-MSC: pre-Messinian Salinity Crisis part of the section, MES: 
Messinian Erosional Surface, samples KAL 1 to KAL 173 with their position in the section.  

40x54mm (300 x 300 DPI)  
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Fig. 3. The Kalamaki section’s facies detail. a. Pre-evaporitic sequence, PLG: Primary Lower Gypsum; b. 
Uppermost portion of the Primary Lower Gypsum unit topped by the Lago-Mare unit, and by the Trubi 

Formation: Lago-Mare stratification is overlapping (yellow arrow) the MES (Messinian Erosional Surface); c. 

Gypsum laminite; d. Swallow-tail gypsum selenites; e. Bottom view of a branching selenite cone; f. 
Branching selenite facies.  
22x25mm (300 x 300 DPI)  
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Fig. 4. Primary Lower Gypsum (PLG) unit. Letters A to H: correspond to the eight cycles of depositional 
gypsum types observed in the PLG unit. The last cycle H corresponds to top of the PLG unit showed in figure 
3 b, is overlain by the Lago-Mare (LM) unit through a low-angle unconformity. Evaporite facies of the PLG 
unit: EF1: Shale, EF2: Limestone, EF3: Massive selenite, EF4: Banded selenite, EF5:Branching selenite 

(EF5L: Gypsum laminite), EF7: Gypsudite, EF8: Gypsarenite (see also key of Fig. 2).  
793x167mm (72 x 72 DPI)  
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Fig. 5. Kalamaki-Argassi Primary Lower Gypsum unit correlation.  
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Fig. 6. Trubi Formation facies. Based on lithology, nine cycles (I to IX) of marly limestones alternating with 
marls are observed.  
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Fig. 7. Agios Sostis composite section: lithology, samples location, and facies characteristics of the different 
stratigraphic levels.  
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Fig. 8. Sedimentary facies details of the PLG and RLG units. Argassi area: a. selenite, b. branching selenite. 
Agios Sostis area: c. pre-evaporitic sequence and MES boundary with the overlying RLG unit, d. gypsum 

turbidites, e: convolute lamination, f: alternations of primary cumulate gypsum (CU) and clastic gypsarenite 

(AR) and gypsrudite (GR).  
23x26mm (300 x 300 DPI)  
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Fig. 9. Zakynthos (Alikanas) basin wells positioned in a west-to-east direction (the wells’ locations are 
indicated in fig. 1). Correlation of the borehole logs shows that the Neogene deposits (gypsum included) 

increase their thickness eastward. Agios Kyrikos-1 well (AK-1) revealed indirect indices of halite 
accumulation in the Messinian gypsum stratigraphic level.  
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Fig. 10. Alikanas basin seismic profile (modified from the initial representation by Marinescu; in Nikolaou, 
1986). The seismic profile shows a) the position of the Ionian thrust, b) the eastward increase in the 
thickness of the Neogene deposits. The seismic line’s location is indicated in Fig. 1. PL-PT: Pliocene-

Pleistocene, Pl: Pliocene, LPl: lower Pliocene, Mes-g: Messinian gypsum, M-UM: middle-upper Miocene, LM: 
lower Miocene, P-Aps: pre-Neogene sequence of the Pre-Apulian zone, P-Ions: pre-Neogene sequence of the 
Ionian zone (Triassic evaporites), ITF: Ionian thrust front, Ne: undifferentiated Neogene, SP: shot point, 

sec: time in seconds.  
20x21mm (300 x 300 DPI)  
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Fig. 11. Fish otoliths discovered in the pre-evaporitic sequence of Kalamaki section.  
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Fig. 12. A: plots of VGP latitude of the West and East Kalamaki subsections. B: plots of ChRM directions 
corrected for bed tilting, full and empty red and purplr circles represent normal and reversed mean direction 
for Kalamaki West and east subsection, respectively. C: Zijderveld diagrams with demagnetization paths of 

selected samples from the Kalamaki west subsection.  
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Fig. 13. Pre-evaporitic sequence, Lago-Mare, and Trubi Formation carbon and oxygen stable isotopes.  
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Fig. 14. Chrostratigraphic framework of Kalamaki section’s pre-evaporitic sequence and correlation with 
Perales section (Sorbas basin) (modified after Sierro et al., 2001; Manzi et al., 2013) and Falconara section 

(Caltanisetta basin) (modified after Blanc-Valleron et al., 2002; Hilgen & Krijgsman, 1999; Manzi et al., 
2011) via the astronomical Insolation summer curve of Laskar et al. 2004 and GPTS of Lourens et al., 2004. 

Bio-magnetostratigraphic events are: 1) FAO T. multiloba; 2) FAO dextral N. acostaensis; 3) G. scitula 
influx; 4) N. acostaensis dominance sinistral; 5) T. multiloba influx; 6) G. scitula influx; 7) dominance N. 
acostaensis sinistral; 8) Last abundant influx T. multiloba; 9) HO planktonic Foraminifera; I) top C3An.1n; 

II) boundary C3An.2n/C3r.  
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Fig. 15. Kalamaki section age model of the PLG top portion, Lago-Mare, and Trubi Formation, correlated with 
insolation curve (based on Laskar et al., 2004).  
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Fig. 16. Paleogeographic reconstruction.  
A. During the Messinian, the Zakynthos (Alikanas) foreland basin was formed in front of the Ionian thrust. 
The Neogene formations deposited over the Pre-Apulian domain corresponded to the foredeep and the flank 

between foredeep and forebulge, whereas those overlying the Ionian zone corresponded to the wedge-top, 
which was uplifted due to the diapiric movements of the Ionian Triassic evaporites. In the 1st MSC stage, 
PLG was deposited on both forebulge and wedge-top. In the 2nd MSC stage, PLG was totally or partially 

eroded (creating the Messinian Erosional Surface; MES) and redeposited with correlative conformity mainly 
as gypsum turbidites (RLG unit) in the depocenter of the foreland basin.  

B. During the end of the Messinian, in Kalamaki-Argassi wedge-top area the Lago-Mare sediments were 
unconformably overlying the Primary Lower Gypsum above the MES, while in the depocenter of the foreland 
basin they were conformably deposited over the Resedimented Lower Gypsum. The Zanclean flood was 

recorded on both areas by the conformable deposition of the Trubi Formation.  
With red raffled and continuous line the unconformity and the correlative conformity of the MES, 

respectively.  
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Family Genus/Species Ecology References 

Gonostomatidae indet. - - 

Sternoptychidae Maurolicus muelleri 

(Gmelin, 1789) 

0-1524 m, usually 

300-400 m; SP-Tr; 

marine, bathypelagic 

Mauchline, 1988;  

Wheeler, 1992 

Phosichthyidae Vinciguerria poweriae 

(Cocco, 1838) 

50-1000 m, usually 

300-600 m; ST-Tr; 

marine, bathypelagic 

Mundy, 2005 

Myctophidae Ceratoscopelus 

maderensis  

(Lowe, 1839) 

51-1082 m; Te; 

marine, bathypelagic 

Hulley, 1990; 

Mytilineou et al., 

2005 

Diaphus cavallonis 

Brzobohaty and Nolf, 

2000 * 

- - 

Diaphus cf. 

pedemontanus  
Robba, 1970 * 

- - 

Diaphus rafinesquii 

(Cocco, 1838) 

40-1200 m; Te; 

marine, bathypelagic 

Hulley, 1990 

Diaphus rubus  

Girone et al., 2010 * 

- - 

Diaphus taaningi 

Norman, 1930 

40-475 m; Tr; 

marine, bathypelagic 

Hulley, 1990 

Myctophum coppa 

Girone et al., 2010 * 

- - 

Moridae Physiculus aff. huloti 

Polli, 1953 

92-320 m; Tr; 

marine, benthopelag. 

OBIS, 2006 

Gadidae Gadiculus argenteus 

Guichenot, 1850 

100-1000 m; Te-ST; 

marine, pelagic-

oceanic 

Muus & Nielsen, 

1999 

Gadiculus labiatus 

(Schubert, 1905) * 

- - 

Gobiidae indet. - - 

Trichiuridae Lepidopus caudatus 

(Euphrasen, 1788) 

42-620 m, usually 

100-300 m; ST-Te 

Mytilineou et al., 

2005 

Soleidae Buglossidium sp. 5-450 m, usually 10-

40 m; ST 

Muus & Nielsen, 

1999 
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