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Abstract 45 

The Dardanelles region has formed a key gateway connecting the Eastern Paratethys and the 46 

Aegean/Mediterranean since the late Miocene. Its sedimentary sequences contain crucial information 47 

about connectivity and tectonics but so far lack unambiguous age constraints. Only a few Miocene 48 

marine episodes have been documented and fossil assemblages are predominantly composed of 49 

Paratethyan fauna (mollusks and ostracods). Here, we apply an integrated stratigraphic approach and 50 

use the recently established chronostratigraphy for the Eastern Paratethys to re-evaluate the faunal 51 

assemblages and palaeoenvironments of the Seddülbahir and  sections that allegedly played a 52 

crucial role in the geodynamic evolution of the Dardanelles during the Messinian-Zanclean. The 53 

Paratethyan ostracods and mollusks, however, clearly indicate that these sections correspond to the 54 

middle Tortonian (~9 Ma; Bessarabian Khersonian in Eastern Paratethys terminology). Nannofossil 55 

assemblages are dominated by a mixing of reworked taxa from the late Eocene and Oligocene and no 56 

age-diagnostic taxa have been observed. Dinoflagellate analyses are also hampered by reworking and 57 

mainly reveal non-marine (fresh to oligohaline) aquatic conditions. Fossil mammal remains in the 58 

Seddülbahir section confirm the presence of terrestrial intervals. Strontium (87Sr/86Sr) isotope ratios 59 

of the anomalohaline ostracods are significantly below open ocean values and similar to values 60 

obtained from Khersonian ostracods of Bulgaria. Fresh water assemblages reveal much higher 61 

87Sr/86Sr values, which are interpreted to reflect the composition of local rivers. We conclude that in 62 

late Miocene times the Dardanelles region was a fresh to anomalohaline embayment, ephemerally 63 

connected to the Eastern Paratethys. We found no evidence for a major Messinian erosional surface 64 

nor for marine Mediterranean fossils indicative of the early Zanclean. Our results furthermore indicate 65 

that the proposed Messinian age for the propagation of the North Anatolian Fault into the Dardanelles 66 

region must be revised. 67 

 68 
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1. Introduction 71 

The present-day Black Sea is connected via the Bosphorus Strait, the Sea of Marmara, the 72 

Dardanelles Strait and the Aegean Sea to the Mediterranean (Fig. 1). Based on the sedimentary 73 

successions in the Sea of Marmara, the modern Dardanelles Strait is thought to have originated in the 74 

middle-late Pleistocene (Ergun and Ozel, 1995; Parke et al., 1999; Okay et al., 2000; Imren et al., 75 

2001; Le Pichon et al., 2001; Büyükmeriç et al., 2016). The Bosphorus Strait probably developed 76 

only in the late Pleistocene, and middle Pleistocene connections between the Marmara Sea and Black 77 

Sea Basin may have run through an znik or a Sapanca corridor 78 

2012; Le Pichon et al., 2016; Krijgsman et al., 2019).  79 

The late Miocene Paratethys Sea, the unified precursor of the Black Sea-Caspian Sea, was also 80 

connected to the Mediterranean-Aegean basin through a shallow marine gateway, as evidenced by 81 

the presence of late Miocene Paratethyan faunas in sections in northern Greece and western Turkey 82 

83 

al., 1989; Rögl et al., 1991; Syrides, 1998; Popov and Nevesskaya, 2000; Popov et al., 2006) and 84 

Mediterranean fauna in sections in Romania and Russia (Krijgsman et al., 2010; Radionova et al., 85 

2012; Stoica et al., 2013; Golovina et al., 2019; Lazarev et al., 2020). The exact position of this 86 

Miocene gateway is still uncertain (Van Baak et al., 2016b; Karakitsios et al., 2017); one option being 87 

a gateway through the Balkans (Stevanovic et al., 1989; Suc et al., 2015), the alternative an ancient 88 

Bosphorus/Marmara/Dardanelles connection (Lüttig and Steffens, 1976; Popov et al., 2006). 89 

The oldest Paratethyan fauna in the Aegean region is attributed to the middle Miocene (Umut et 90 

al., 1983). Late Miocene Paratethyan mollusk and ostracod assemblages are more widespread 91 

(Gramann and Kockel, 1969; Rögl et al., 1991; Popov and Nevesskaya, 2000) and have been observed 92 

as far south as the Denizli Basin in southwestern Turkey (Stevanovic et al., 1989; Wesselingh et al., 93 

2008; Lazarev, 2020; Rausch et al., 2020). The mollusk fauna in Denizli is dominated by endemic 94 

species, and several of the mollusk  lineages. 95 



 

These Pontocaspians nowadays form an isolated brackish (anomalohaline) fauna living in the Caspian 96 

Sea, Aral Sea and the estuarine regions of the Black Sea (Alçiçek et al., 2015; Wesselingh et al., 97 

2019). The exact migration time and pathway of these particular species to southwestern Turkey 98 

remains a mystery (Lazarev, 2020; Rausch et al., 2020), but their ancestors most likely originated in 99 

the Paratethys and passed through the Aegean domain, and potentially via an ancient Dardanelles 100 

Strait. The palaeogeographic evolution of the Dardanelles is thus fundamental to explain the 101 

biogeographic evolution of the entire region.  102 

The Neogene deposits of the Dardanelles region (Fig. 2) comprise thick sedimentary successions 103 

(  and  formations) that contain abundant micro- and macrofauna of Paratethyan origin 104 

tay 105 

et al., 1999, 2006). This fauna suggests that the Miocene Dardanelles region was fully connected to 106 

the former Black Sea domain and episodically formed a southern embayment of the Paratethys Sea 107 

(Lüttig and Steffens, 1976). The oldest Neogene sediments in the Dardanelles region are continental-108 

lacustrine deposits, dated by mammal biostratigraphy to correspond to the Serravallian (Ünay and De 109 

Bruijn, 1984). The overlying  and  formations contain rich and diverse Paratethyan 110 

fossil assemblages, which are generally attributed to the late Miocene; Tortonian-Messinian in 111 

Mediterranean terms and Pannonian/Bessarabian-Pontian in Paratethys nomenclature (see 112 

. Absolute age control of the 113 

formation is rare and restricted to radio-isotopic dating of an intercalated basalt unit at the basal part, 114 

providing ages of 10.1 ± 0.2 and 9.5 ± 0.3 Ma (Ercan et al., 1995). This age is in agreement with the 115 

assumed late Miocene age of the overlying Chersonimactra-bearing sediments of the  Fm 116 

. 117 

In a mainly tectonic study, Armijo et al. (1999) neglected all the faunal evidence and placed the 118 

 formation in the early Pliocene (< 5.33 Ma), because they correlated an unconformity below 119 

the formation to be the Messinian Erosional Surface (MES). This Pliocene age had far-reaching 120 

consequences for regional tectonics as it was used to date the propagation of the North Anatolian 121 



 

Fault into the Dardanelles region (Fig. 1). This correlation was generally rejected by other geologists 122 

(e.g., 123 

2005). Recently, the debate revived again by the documentation of the MES in the Seddülbahir and 124 

 sections, supported this time by the presence of the Pliocene nannofossil Ceratolithus acutus 125 

in the  Fm (Melinte-Dobrinescu et al., 2009). The presence of this nannofossil led to the 126 

hypothesis that the  deposits correspond to the marine Zanclean flooding (Karakas et al., 127 

2018), when Atlantic waters cascaded into the largely desiccated Mediterranean basin at the end of 128 

the Messinian Salinity Crisis (5.33 Ma). It has, however, been shown that C. acutus is not a reliable 129 

marker in Mediterranean and Paratethys environments (Di Stefano and Sturiale, 2010; Van Baak et 130 

al., 2016a, 2017; Stoica et al., 2018; Golovina et al., 2019). In addition, it remains very difficult to 131 

reconcile a Pliocene marine flooding and Miocene lacustrine-anomalohaline Paratethyan faunal 132 

assemblages in the  Formation. 133 

Accurate age correlations within the Paratethys domain have long been hampered by the absence 134 

of a reliable geological time scale for the region. In the last two decades, numerous studies focused 135 

on the integration of biostratigraphy, magnetostratigraphy and Ar-Ar dating in the Paratethys domain 136 

and have provided coherent correlations to the standard GTS, especially dating the late Miocene 137 

evolutionary development of mollusks and ostracods (Stoica et al., 2007, 2013, 2016; Krijgsman et 138 

al., 2010; Vasiliev et al., 2011; ter Borgh et al., 2013; Van Baak et al., 2015, 2016b; Palcu et al., 2019; 139 

Lazarev et al., 2020). With this updated chronologic framework for the Paratethys now available, we 140 

are confident that we are able to improve the age estimates of faunal elements in the enigmatic 141 

 Formation of the Dardanelles region through an integrated stratigraphic study.  142 

For this purpose, we logged and studied in detail the Seddülbahir section on the southern tip of 143 

the Gelibolu Peninsula and the  region on the eastern shore near Çanakkale (Fig. 2). Both play 144 

a crucial role in the age debate on the presence or absence of Messinian-Zanclean deposits in the 145 

region (Sümengen et al., 1987; Melinte-Dobrinescu et al., 2009). According to the most recent 146 

publications, the Seddülbahir section comprises the MES at its base and contains evidence of marine 147 



 

Zanclean fauna in the main outcrop (Melinte-Dobrinescu et al., 2009; Karakas et al., 2018). The 148 

Paratethyan fossils of the same section, however, indicate a much older (Tortonian) age (E149 

. Here, we describe the sedimentary 150 

facies distribution, analyse ostracods and mollusks, re-evaluate the nannofossil results, study the 151 

palynology, check for mammal remains and determine the strontium isotope ratios of the ostracods 152 

to differentiate between marine Pliocene and anomalohaline Miocene Paratethys environments.   153 

2. Regional stratigraphic framework  154 

The key sedimentary successions of Miocene deposits in the Dardanelles region are well-exposed 155 

in the Gelibolu and Biga peninsulas and consist of the middle-upper Miocene Gazhanedere,  156 

and  formations (Fig. 2). The succession is overlain in the Dardanelles region by Plio-157 

Pleistocene alluvial deposits of the Formation. Two different views on the regional 158 

stratigraphic framework exist (Fig. 3). The conventional view describes only conformable contacts 159 

and lateral transitions of three Miocene formations (e.g., Sümengen et al., 1 . 160 

An alternative view has strong tilting of the Gazhanedere and  formations and the  161 

Formation filling in a strongly erosional relief, which is hypothesised to be the MES (Armijo et al., 162 

1999). As a result, the latter authors consider the  Fm as Zanclean. Here, we describe the 163 

main stratigraphic and sedimentological characteristics of the three key formations of the present 164 

section, where we follow the regional stratigraphic framework of Ç et al. (2006). 165 

2.1. Gazhanedere Formation 166 

The Gazhanedere Formation unconformably overlies the pre-Miocene bedrock of the 167 

Dardanelles and consists of reddish-brownish conglomerates, sandstones and mudstones. The mainly 168 

coarse-grained facies association is composed of multistore fluvial palaeo-channels representing the 169 

deposits of a stream-dominated alluvial fan. The mammal fauna indicates a late Astaracian-Vallesian 170 

age (~11 Ma; Hilgen et al., 2012) for the Gazhanedere Formation (Kaya, 1982, 1989).   171 



 

2.  172 

on extend over large areas across the Dardanelles 173 

Strait between Marmara and the Aegean Sea. This formation unconformably overlies the Eocene-174 

Oligocene volcanic and sedimentary rocks and the middle-upper Miocene alluvial Gazhanedere 175 

Formation. The Formation is both laterally and vertically transitional with the overlying 176 

The successions are generally continuous and no intraformational 177 

unconformities, indicating interruption of sedimentation, are observed.   178 

179 

siltstones and mudstones. Within the sandstones planar parallel stratification, wave-ripple cross-180 

lamination, planar-, trough- and hummocky cross-stratification are found. The mudstones are 181 

interlayered with thin, sheet-like beds of siltstones and sandstones showing planar parallel 182 

stratification, wave-ripple cross-lamination. Conglomerates are mainly planar parallel stratified or 183 

low-angle cross stratified. The ormation consists of six facies associations, viz. i) nearshore 184 

heterolithic mudstone-sandstone deposits, ii) wave-worked shoreface sandstones, iii) gravelly 185 

foreshore, iv) sandy-gravelly shoal-water delta deposits, v) lagoonal mudstones and vi) backshore 186 

187 

associations alternate several times which indicates relative base level changes during deposition. 188 

2  189 

e Formation crop out in relatively small areas, on both the 190 

Gelibolu and Biga peninsulas. The is laterally transitional and vertically overlies 191 

best-preserved outcrops are found at the 192 

S  (Fig. 2). 193 

The 194 

stromatolitic limestones, marls and siltstones. It is generally very rich in fossils. The thin-bedded 195 

fossiliferous limestones, oolites, calcarenites are laterally extensive and mainly tabular. Oolite beds 196 



 

are planar parallel or planar cross-stratified. Stromatolites occur as domes, in subspherical or 197 

columnar forms. They commonly overlie planar or undulat0ed-bedded siltstones. The 198 

accommodations between the growth forms of stromatolite are filled by intraclasts, ooids, pisoliths, 199 

carbonate sands and shell fragments.  200 

3. Methods 201 

We analyzed three sections in the Dardanelles region for this study; Seddülbahir, -2 and 202 

Poyraztepe (sections 9, 10 and 5 of Melinte-Dobrinescu et al., 2009). The Seddülbahir section 203 

(40°02'39"N; 26°10'53"E), located at the southernmost tip of the Gelibolu peninsula, is a well-204 

exposed coastal cliff (Fig. 4). The section contains the -  transition according to 205 

et al. (2006) and has entirely been attributed to the  Formation by Armijo et al. 206 

(1999). The 41.5 m long section was logged at dm-scale for sedimentology and prospected at m-scale 207 

for integrated stratigraphy.  208 

The  region is nowadays significantly disturbed by the construction of a new highway. We 209 

traced the characteristic coal bed, which Melinte-Dobrinescu et al. (2009) correlated to the MES, 210 

laterally in a ~10 m thick exposure ( -2, Fig. 5) along a local road (40°01'40"N; 26°20'44"E). 211 

According to the regional stratigraphy, the  section is slightly older than the Seddülbahir section 212 

and belongs entirely to the  Formation following Ç et al. (2006). In the alternative 213 

scenario of Armijo et al. (1999), however, it is considered to contain the -  boundary, 214 

although without any visible unconformity. We sampled the -2 section for biostratigraphic 215 

purposes. Finally, we re-examined the sedimentology and mollusks of the Poyraztepe section 216 

(40°12'20"N; 26°21'56"E), north of Eceabat. 217 

A total of 20 levels, 14 levels from the Seddülbahir and 6 from the -2 section, were analysed 218 

for ostracods, with special focus on the clay and silty intercalations. Samples were processed 219 

following standard methods (Stoica et al., 2013)220 

GSZ microscope. The preservation of ostracod shells is relatively good, especially for samples that 221 



 

come from the basal part of the Seddülbahir section. Ostracods were photographed with a ZEISS-222 

Stemi SV11 microscope mounted with a NIKON digital camera.  223 

Mollusk specimens were checked in the field at sections Seddülbahir, Poyraztepe -2 224 

and selected specimens were obtained for detailed taxonomic observations. Macro-photographs were 225 

made with a Leica M165 C stereomicroscope with attached DFC420 camera, using the focus stacking 226 

function of the Leica Application Suite software v. 4.4.0. 227 

A total of 19 samples, twelve from Seddülbahir and seven from -2, were processed for 228 

analysis of the calcareous nannofossil assemblages. The samples were obtained in the same interval 229 

where Melinte-Dobrinescu et al. (2009) claimed to have found the lowermost Pliocene marker 230 

Ceratolithus acutus. 19 smear-slides were prepared using standard techniques and observed in the 231 

light microscope at a magnification of ca. 1200X. 232 

Six samples, four from Seddülbahir (SB2, SB4, SB4B, SB11) and two from -2 (IT5 and 233 

IT_lignite), were processed for palynological analysis using cold HCl (30 %) to remove carbonates 234 

and cold HF (38 %) to dissolve silicates. Samples were subjected to five minutes in an ultrasonic bath 235 

236 

were then mounted on slides using a light-curing adhesive and a cover slip added before curing the 237 

residue using a UV lamp. Slides were scanned for palynomorphs that could be identified in order to 238 

give an indication of depositional palaeoenvironments. 239 

Seven samples were processed for strontium analyses; two samples from the Seddülbahir section 240 

(SB1 and SB10), three samples from the -2 section (IT1, IT3 and IT 6), and two samples from 241 

the Zelenka section, a Khersonian reference section located at the Bulgarian margin of the Eastern 242 

Paratethys (43°23'05"N; 28°25'56"E). Sr isotopic analysis was carried out on 3-5 well-preserved 243 

smooth-shelled ostracods. The isotopic measurements were carried out using a Thermo-Finnegan 244 

Triton thermal ionization mass spectrometer (TIMS) at the University of Bristol. Instrument 245 

performance was monitored using the NBS987 Sr standard, which produced an average of 0.710248 246 



 

± 0.00001 (2 SD, n = 6). Procedural Sr blank is negligible based on replicate measurement of NBS987 247 

Sr with the batch of column chromatography (0.710247 ± 0.00001, n = 2). 248 

In the Seddülbahir section, a level with land snails (SB5, 15 m) was studied for fossil mammal 249 

analyses. A test sample was washed and sieved at the Natural History Museum of Ege University 250 

Pamukkale University (Denizli), and further analysed at the Naturalis Biodiversity Center 251 

in Leiden, the Netherlands. The material was measured using a Leica MZ16A with associated 252 

software and SEM photographs were taken at Naturalis.  253 

4. Sedimentology 254 

A detailed sedimentary log was drawn along the 41.5 m long Seddülbahir section (Fig. 6a). The 255 

lower part of the section (0 - 4.5 m) is mainly composed of greenish-grey claystones to siltstones with 256 

mm-thick planar silt laminations (Fig. 4e). These fine-grained sediments contain common-abundant 257 

mm-scale terrestrial organic material fragments, cm-scale vertical roots and shell fragments of 258 

freshwater-oligohaline mollusks (Fig. 4d, f). Also, dm- to m-scale very fine-grained light greenish-259 

grey sandstone layers with cm-scale cross-stratifications occur that contain abundant shell fragments. 260 

Overall, this lower interval typically demonstrates organic-rich fine sediments that are heavily 261 

bioturbated and mottled. Sediments represent suspension deposition in very low energy settings such 262 

as a lagoonal environment. The lower part of the section is overlain by a shell-rich lag. This light 263 

greenish-grey very fine-grained sandstone layer contains cm-scale cross-stratifications and abundant 264 

shell fragments, almost entirely of the bivalve Chersonimactra bulgarica. This unit is oxidised at the 265 

top where it displays a reddish color. This transitional interval represents a flooding surface formed 266 

during a transgressive event separating 2 distinctive depositional environments (Fig. 6a). 267 

The upper part of the section (4.5 - 41.5 m) displays an alternation between bluish-grey 268 

claystones to siltstones and yellowish medium-grained to very coarse-grained sandstones. This 269 

interval may be divided into 3 successions (Fig. 6a). These successions present at the base bluish-270 

grey claystones to siltstones that commonly contain mm-thick horizontal laminations, shell fragments 271 



 

and dm- to m-scale layers of light grey very fine-grained calcareous sandstones with abundant shell 272 

fragments. Upwards, they often display cm-scale lenticular bedding or even cm-scale symmetric 273 

wavy bedding. These fine grained sediments highlight deposition out of suspension alternating with 274 

distal bottom-currents formed under storm and wave activity. They are interpreted to have been 275 

deposited in nearshore and shoreface environments. Further up section, coarser material becomes 276 

more abundant and the main lithology is formed by yellowish medium-grained to very coarse-grained 277 

sandstones and conglomerates. Sandstones typically contain mm-thick horizontal laminations, cm-278 

scale symmetric wavy beddings, cm-scale trough-cross stratifications, cm-scale vertical burrows 279 

and/or cm-scale layers made of reddish silt-clay that commonly contain cm-scale terrestrial organic 280 

material fragments, cm-scale bone fragments and shells and shell fragments. The coarser grained 281 

sediments were deposited under lower stage plane-bed flow regime or by dune migration during 282 

channel infill in wave-worked foreshore or backshore environments. Sandstones are commonly 283 

covered by greenish-grey silty-clay with mm-thick horizontal laminations, cm-scale vertical burrows, 284 

cm-scale terrestrial organic material fragments, shell fragments and cm-scale bone fragments. These 285 

organic-rich sediments are often bioturbated and mottled. They highlight deposition from suspension 286 

in very low energy standing waters or sedimentation in lagoonal environments. The three successions 287 

represent regressions from nearshore, shoreface, foreshore, backshore, up to lagoon environments 288 

and may therefore be interpreted as regressive parasequences. The parasequences are separated by 289 

oxidised shell-rich lags composed of light grey very fine-grained sandstones containing abundant 290 

shell fragments. These lags represent flooding surfaces formed during minor transgressive events. 291 

Overall, the upper part of the section shows a regressive trend, finally merging into a shoal-water 292 

delta, according to the Postma classification (Postma, 1990). Sediments are relatively fine-grained 293 

and mostly deposited in horizontal layers, typically recording planar laminations. They highlight 294 

deposition in relatively quiet, organic-rich, shallow water environments with a low-gradient slope, 295 

recording minor wave action and lacking tidal activity. Direct river influence on the deposition of the 296 

Seddülbahir section appears to have been restricted, especially when compared to the Poyraztepe 297 



 

section. These sedimentary characteristics are very similar to the Pliocene deltaic deposits of the 298 

Dacian basin of Romania (Jorissen et al., 2018). 299 

In addition, a detailed sedimentary log was drawn along the 8-m long -2 section (Fig. 5, 300 

6b). The lower part of the section (0 - 2.5 m) displays greenish-grey claystones to siltstones with mm-301 

thick planar laminations of silt. Sediments are enriched in mm-scale terrestrial organic material 302 

fragments, cm-scale vertical roots and shell fragments, culminating (at 2 m) in a distinct 10 cm thick 303 

lignite bed (Fig. 5c). These sediments suggest deposition from suspension in very low energy standing 304 

water, interpreted as a lagoonal environment. These fine grained sediments are overlain by a coarse 305 

grained interval (2.5 - 3.5 m), deposition of which was likely associated with a phase of erosion. This 306 

interval consists of a shell-rich lag composed of yellowish fine-grained sandstones. Sandstones 307 

contain mm-thick horizontal laminations and abundant shell fragments. This interval is interpreted as 308 

a flooding surface formed during a transgressive event. The upper part of the section (3.5 - 8 m) 309 

begins with yellowish very fine to fine-grained sandstones, containing cm-scale asymmetric wavy 310 

beddings and some shell fragments. Sediments suggest deposition under distal bottom-currents 311 

formed during storm and wave activity. Upwards, the section continues with brownish-grey 312 

claystones to fine sandstones, containing mm-thick planar laminations of silt and some shell 313 

fragments. Sediments highlight deposition out of suspension alternating with distal bottom-currents 314 

formed under storm and wave activity. Overall, the upper part of the section records a general 315 

regression, and sediments are interpreted to be deposited in nearshore environments. 316 

5. Ostracods  317 

5.1 Results 318 

Most samples from the Seddülbahir section yielded a rich ostracod fauna that can be grouped into 319 

two assemblages (Fig. 7): The lower few meters of the section (0 - 4.5 m) are mainly composed of 320 

grey-greenish clays that contain an ostracod assemblage dominated by freshwater to oligohaline 321 

species like Heterocypris formalis, Stanchevia sp. and Candona angulata (Fig. 7, 8a,b). Ostracods 322 



 

are very abundant and even visible with the naked eye on the bedding planes. These taxa are 323 

associated with numerous individuals of the euryhaline species Cyprideis sublittoralis as well as with 324 

the freshwater form Ilyocypris bradyi. This ostracod assemblage frequently occurs in levels rich in 325 

fresh-water as well as anomalohaline mollusc species.  326 

The upper part of the section contains an oligo- to lower mesohaline ostracod fauna suggesting a 327 

slight increase in salinity. The main ostracod species are represented by leptocytherids, i.e. 328 

Euxinocythere (Euxinocythere) immutata immutata, E. immutata bononiensis, E. topolensis, as well 329 

as loxoconchids like Loxoconcha rimopora, L. subcrassula, L. turgida and L. sp. associated with 330 

Xestoleberis fuscata, X. castis and Cyprideis sublittoralis. 331 

The -2 section yielded a brackish ostracod association (samples IT01, IT04, IT05), 332 

dominated by Cypridea torosa, Euxinocythere (Euxinocythere) immutata immutata and rare 333 

Loxoconcha rimopora (Fig. 7). The interval straddling the lignite layer (samples IT02, IT03), as 334 

well as the upper part of section (sample IT 06), provided rare freshwater ostracods such as 335 

Limnocythere levisreticulata, Candona neglecta, Candona angulata, Darwinula stevensoni, and 336 

Ilyocypris bradyi, together with frequent shells of Cyprideis torosa.  337 

 338 

5.2 Stratigraphic implications 339 

The ostracod fauna from the Seddülbahir section unequivocally represents late Miocene 340 

Paratethyan assemblages. Similar ostracod assemblages were previously described by Stancheva 341 

(1972, 1976, 1984, 1990) from the upper Miocene (upper Bessarabian-Khersonian) deposits of 342 

northeastern Bulgaria, at the western coast of the Euxinian Basin, and from northwestern Bulgaria 343 

(Dacian Basin), both basins being components of the Eastern Paratethys at that time. Stancheva (1976, 344 

1984) divided the Sarmatian s.l. stage of Bulgaria into six ostracod range zones: 1. Cytheridea 345 

hungarica - Aurila mehesi Zone (early Volhynian); 2. Euxinocythere (E.) turpe Zone (late 346 

Volhynian); 3. Euxinocythere (E.) grave odessoensis Zone (early-middle Bessarabian); 4. 347 



 

Loxoconcha subcrassula Zone (late Bessarabian); 5. Euxinocythere (E.) immutata Zone (early 348 

Khersonian); 6. Euxinocythere (E.) dilecta Zone (late Khersonian). 349 

The high frequency of leptocytherid species Euxinocythere immutata (with two subspecies) in the 350 

Seddülbahir section of the Alçitepe Formation suggests an early Khersonian age (= Euxinocythere 351 

(E.) immutata Zone). The presence of Loxoconcha subcrassula and L. rimopora point towards a late 352 

Bessarabian age (= Loxoconcha subcrassula Zone) for the lower part of the succession. However, 353 

this part of the section contains fresh water ostracods, which are not very useful for precise dating, 354 

but do provide valuable palaeoenvironmental information.  355 

Ostracods of the Neogene  & Ünal 356 

(2001a, 2001b) and Ilgar et al. (2012). They described an upper Miocene (early-middle Pannonian) 357 

ostracod assemblage from the lower part of the Çanakkale Formation (Gazhanedere and Anafarta 358 

Members). The Pannonian regional stage is commonly used in the Central Paratethys, and is time 359 

equivalent with the middle Bessarabian-Khersonian and Maeotian-Pontian stages from the Eastern 360 

Paratethys (see Hilgen et al., 2012). Despite some taxonomic confusion - especially regarding the 361 

index species Euxinocythere immutata that was named Paralimnocythere sp. 1 and P. sp. 2 362 

and Ünal, 2001b; Figs. 7-8) -, these ostracod assemblages have clear similarity with the species found 363 

in our studied section. The ostracods and floral associations in the Dardanelles sections represent 364 

environmental conditions similar to the Eastern Paratethys bioprovince and no Mediterranean 365 

affinities were detected.  366 

Non-marine brackish (mesohaline) ostracods from the Lake Küçükçekmece region, west of 367 

Istanbul, were analyzed by Witt (2010). He identified an ostracod assemblage from sediments of the 368 

late Miocene Ergene Formation, composed of leptocytherids (Euxinocythere immutata, E. topolensis) 369 

and loxoconchids (Loxoconcha sp. A, similar to L. rimopora) attributable to the late Miocene 370 

(Khersonian to Maeotian). This fauna shows clear affinities with the ostracod assemblage that we 371 

identified in the Seddülbahir section. Similar fresh to oligohaline ostracod species (despite of few 372 

taxonomic discrepancies) are mentioned by (2016) (2017) from late 373 



 

Miocene sediments of the Ergene Formation from boreholes in the Edirne-Kirklareli area (Thrace 374 

region) and of the Formation south of Istanbul.  375 

6. Molluscs  376 

6.1 Results 377 

The Seddülbahir section is dominated by oligohaline mollusc assemblages with only three bivalve 378 

species along with a terrestrial gastropod. Remnants of a very poorly preserved, extremely thin-379 

shelled and unidentifiable unionoid were encountered in the basal organic-rich strata (0 - 3 m). The 380 

same interval also returned dense accumulations of poorly preserved Lymnocardiinae, which 381 

probably correspond to Plicatiformes cf. plicatofittoni (Fig. 9; 1-2).  382 

The most common mollusc species in Seddülbahir is the mactrid Chersonimactra bulgarica, 383 

originally recorded from the Khersonian of Balchik, Bulgaria. It occurs throughout almost the entire 384 

section, either as well preserved, individual shells (Fig. 9; 3-8) or in the form of dense, monospecific 385 

pavements in sandstone with the original shell material usually lacking. A single species of land snail 386 

(Fig. 10; 11) was retrieved from grey silts at the level of ~SB5. It belongs to the order 387 

Stylommatophora and resembles Recent species of Oxychilidae and Gastrodontidae (see Welter-388 

Schultes, 2012), but the poor preservation as internal casts makes identification even at the family 389 

level impossible. 390 

-2, bivalves were only detected in the interval below the lignite horizon and include an 391 

unidentifiable unionoid and a species of Mactridae (from above the lignite). The preservation of the 392 

mactrid is insufficient to identify in more detail, but the overall shape closely resembles the 393 

Seddülbahir material of C. bulgarica -2 section contains numerous specimens of the 394 

gastropod Melanopsis trojana (Fig. 10; 1-7). Additionally, a few specimens of Theodoxus stefanescui 395 

(Fig. 10; 8-10) were retrieved from the upper part of the section, above the lignite horizon.  396 

Finally, a faunule consisting of Melanopsis cf. trojana and lymnocardiinae bivalves 397 

(?Plicatiformes cf. plicatofittoni) was encountered at the road section of Poyraztepe. Specimens are 398 



 

embedded in a sandstone matrix, along with imprints of a pine cone and wood fragments, suggesting 399 

proximity to land. 400 

6.2 Stratigraphic and taxonomic implications 401 

Plicatiformes plicatofittoni was originally described from Bessarabian deposits of the Kherson 402 

district, Ukraine, and is characterised by distinct ribs that are usually ornamented by scales (Sinzov, 403 

1896; Nevesskaya et al., 1993). The lack of such fine sculptural details in the Turkish material may 404 

be a result of the poor preservation. A similar species is Plicatiformes fittoni from the Bessarabian of 405 

the Rostov region, Russia, which differs in the presence of distinct spikes on the rib-tops (see also 406 

Nevesskaya et al., 1993; Paramonova, 1994; Frolov et al., 2020). Earlier identifications as Paradacna 407 

abichi can be excluded based on the strongly inequilateral shell of that species (Hoernes, 1874; 408 

Nevesskaya et al., 1997).  409 

Melanopsis trojana (1876) originally described it 410 

411 

other melanopsids, shell shape and sculpture is highly variable in M. trojana. The species can easily 412 

be confused with the Plio-Pleistocene M. orientalis from Greece or the Pliocene Croatian species M. 413 

lanceolata, which share the elongate shape and the distinct axial ribs that occasionally form tubercles 414 

close to the upper suture. Melanopsis trojana differs from those species in the comparably weak callus 415 

and the presence of a distinct fasciole.  416 

Theodoxus stefanescui was described from the Maeotian of the Dacian Basin and shares with the 417 

Turkish specimens the subglobular shape, the thick callus pad and the color pattern consisting of dark, 418 

wavy axial stripes (Wenz, 1942). A very similar species is Theodoxus bessarabicus from the 419 

Bessarabian of Moldova, which shares the low apex and the thickened callus pad, but differs in the 420 

presence of denticles on the callus pad and a zigzag pattern. Given the overall morphological 421 

similarity both species might belong to the same lineage. Theodoxus scamandri, which is the only 422 

Theodoxus species described from the Miocene of the Çanakkale region, has a similarly thick callus 423 



 

pad and low apex but differs in the distinctly wider shell with broader aperture, the weakly denticulate 424 

callus and the dense zigzag pattern.  425 

7. Calcareous nannofossils and ascidian spicules  426 

7.1 Results 427 

The calcareous nannofossil assemblages in the 19 smear-slides all show moderate or poor 428 

preservation, and specimens occur in variable abundance; two samples (IT2, IT3) are barren. Semi-429 

quantitative abundance evaluation of the observed nannofossil specimens is reported in Table 1. In 430 

most of the samples, assemblages are made up of reworked forms, dominated by few to common 431 

specimens of placoliths belonging to genera Clausicoccus, Coccolithus (C. eopelagicus, C. 432 

miopelagicus, C. pelagicus), Cribrocentrum, Cyclicargolithus, and Dictyococcites, largely 433 

represented by long-range taxa among which it is not possible to discriminate in situ components. 434 

Scattered and rare specimens of typical Palaeogene nannofossils are also present (e.g., Discoaster 435 

barbadiensis in fragments, Ericsonia formosa, Helicosphaera recta, H. lophota group, 436 

Reticulofenestra dictyoda, R. umbilicus, Sphenolithus ciperoensis and S. radians), and very rare lower 437 

to middle Miocene Helicosphaera species (H. walbersdorfensis and H. orientalis) in few samples 438 

(e.g. SB9). In the -2 section, few calcareous elements belonging to the so-called ascidian 439 

spicules (Micrascidites, Perfocalcinella and Lacunolithus) have been observed in samples IT3 and 440 

IT4. These calcareous ascidian spicules are generally present in shallow marine environments and 441 

can occur within nannofossil assemblages, as observed in Black Sea sediments (Golovina et al., 442 

2019).  443 

7.2 Stratigraphic implications 444 

In both Seddülbahir and -2 sections, age-diagnostic taxa have not been observed, and 445 

assemblages are dominated by a mixing of reworked taxa from the late Eocene and Oligocene, with 446 

a very low percentage of early Miocene reworked forms. The claimed presence of Messinian-447 



 

Zanclean age-diagnostic taxa in the Alçitepe formation by Melinte-Dobrinescu et al. (2009) is not 448 

replicated. It is to be noted that their taxonomic assignments of single or very rare specimens to the 449 

biostratigraphic marker species Ceratolithus acutus, Triquetrorhabdulus rugosus, Reticulofenestra 450 

rotaria, Nicklithus amplificus, and Amaurolithus primus (documented on Plate 1 in Melinte-451 

Dobrinescu et al., 2009) is highly questionable. Poor preservation of nannofossils and the irregular 452 

morphology of the type specimens of some of the quoted taxa (e.g. C. acutus, N. amplificus, T. 453 

rugosus) do not justify this attribution. Moreover, in these shallow water sediments it would be 454 

surprising to find markers that are usually rare in rich assemblages from fully marine open-ocean 455 

sediments, such as C. acutus or T. rugosus, but not to find any of the other components of the upper 456 

Miocene-lowermost Pliocene assemblage, represented by long-range taxa. Similar considerations 457 

were made regarding the analyses of nannofossil remnants in Black Sea cores and sections (Van Baak 458 

et al., 2015; Golovina et al., 2019), in which the supposed specimens of C. acutus found by Popescu 459 

(2006) were not observed and most probably represent fragments of ascidian spicules (see discussion 460 

in Golovina et al., 2019). 461 

8. Aquatic and terrestrial palynology  462 

8.1 Results 463 

The aquatic signal in sample SB2 is dominated by Pediastrum (freshwater colonial algae) with 464 

occasional Botryococcus (mainly fresh water but can be tolerant of oligohaline-lower mesohaline 465 

(Mudie et al., 2010)). No dinocysts were observed (in situ or reworked). The terrestrial signal consists 466 

primarily of Pinus, along with occasional occurrences of other conifers (e.g. Cedrus, Tsuga and 467 

Abies), deciduous trees (e.g., Carya, Alnus, Carpinus, Fagus) and rare pollen of herbaceaous plants 468 

(e.g., Lactucoideae and Caryophyllaceae). The pollen signal is dominantly arboreal.  469 

Sample SB4 shows dominantly terrestrial influence, including pollen of Pinus, Cedrus, Quercus, 470 

Carya, Ulmus-Zelkova, Carpinus, Asteroideae, Lacticoideae and Amaranthaceae. Abundant plant 471 

material is also present, including leaf fragments. The aquatic signal is represented by occasional 472 



 

Botyococcus and rare spiniferate cysts, possibly Spiniferites, but with extremely reduced trifurcate 473 

processes. A single corroded specimen was observed of a wetzelielliod dinocyst (but with uncertain 474 

attribution due to corrosion of diagnostic features), probably reworked from Palaeogene deposits. 475 

Additionally, a discoloured chorate cyst was observed but could not be identified due to heavy 476 

corrosion. 477 

Sample SB4B shows good preservation of terrestrial material such as leaf and woody fragments, 478 

indicating relatively large amount of terrestrial input. Pollen is present including Pinus, Cedrus, 479 

Picea, Carpinus and Asteraceae, but some grains (including one taxodiaceous Cupressaceae grain 480 

and one Asteroideae grain) show extremely dark (bronzed) exines relative to the more transparent 481 

looking in situ pollen, indicating that they have been heated and/or reworked (see Hoyle et al., 2018). 482 

Other reworking includes a single specimen of the dinocyst genus Deflandrea, which has a Last 483 

Appearance Datum in the early Miocene (Aquitanian) (Hilgen et al., 2012) and is therefore probably 484 

reworked. A Classopollis tetrad was observed (reworked from the Mesozoic). The only aquatic 485 

palynomorphs that are not definitely reworked are occasional Botryococcus and a single small 486 

unidentified spiny acritarch. 487 

Sample SB11 has very poor retrieval with only rare pollen grains of Pinus, Asteroideae and 488 

Lactucoideae, and a single corroded grain of Ulmus-Zelkova. Although some of the Pinus grains show 489 

transparent exines and clear detail of the corpora and sacci, others have extremely dark and corroded 490 

exines, heavily suggestive of origins in older rock strata via one or multiple phases of heating and/or 491 

sedimentary reworking. Occasional remains of terrestrial plants such as leaf cuticle fragments occur 492 

as well. A single specimen was seen of a spiniferate dinocyst with extremely reduced trifurcate 493 

processes. An extremely discoloured/corroded fragment of a chorate dinocyst was also observed, 494 

suggestive that is has been reworked from older sediments. A single dinocyst operculum, consisting 495 

of a hexagonal plate with <6 small bifurcate processes, was also observed but could not be identified 496 

with certainty as the main part of the cyst was absent. 497 

 498 



 

8.2 Environmental implications 499 

The aquatic environment of the lowermost part (0 - 4.5 m; SB2) of the Seddülbahir section 500 

unambiguously indicates a freshwater depositional setting, with dominance of Pediastrum and 501 

Botryococcus. Pollen assemblages represent various vegetation types in the terrestrial realm, 502 

including mid-altitude conifer forests and deciduous forests, with subsidiary representation of herbs, 503 

which may have formed the understory to the dominant forests, or may represent steppe assemblages 504 

from further afield. The aquatic environment characterising the upper part of the Seddülbahir section 505 

in SB4 cannot be reliably reconstructed due to the scarcity of dinocysts and other aquatic 506 

palynomorphs, but the presence of Botryococcus and the extremely reduced processes on the 507 

spiniferate cysts (if they are in situ) suggests at least some fresh water influence. 508 

Palynological indicators of the palaeoenvironment are sparse, but the 509 

presence of Pediastrum suggests freshwater deposition. Palaeoenvironment cannot be specified in 510 

detail, as no definitive aquatic palynomorphs were observed, but terrestrial influence was significant. 511 

9. Mammals 512 

The fossiliferous level at Seddülbahir yielded a small assemblage of mammal remains that shows 513 

evidence of having been reworked (Fig 11). Five molars were recovered. A heavily worn m1 of a 514 

murid could be identified to the family level only. An insectivore trigonid could not be identified, but 515 

is most reminiscent of a talpid. The other three molars, all M1/M2 (0.94 x 1.07, 0.96 x 1.08, 0.95 x 516 

1.06) belong to the glirid Myomimus and more specifically to the M. dehmi-M. maritsensis lineage, 517 

two species that can mainly be distinguished on the morphology of the P4/p4 (Daxner-Höck, 1995). 518 

Morphologically, the more simplified molars fit better with M. maritsensis. However, they are 519 

somewhat smaller than the material assigned to that species from Maramena (MN 13; Daxner-Höck, 520 

1995) and are even below the range of the width of that locality. The same goes for the Turolian 521 

M. maritsensis (Kaya an . The 522 



 

sizes fit better with material from MN12 Moldavian localities assigned to M. dehmi/maritsensis by 523 

Delinschi (2013) or the M. dehmi assemblages fro Joniak and de Bruijn, 2015). 524 

Evidence of reworking is most obvious in the murid M1. The anterocone complex is sheared off 525 

and the resulting surface is polished. Polishing is also seen in a rodent incisor, in which only patches 526 

of enamel have been preserved on the oral surface. Possibly because of their sturdy build, the 527 

Myomimus molars seem to be less affected, but, here too, the enamel of the ridges is partly polished 528 

off. Insectivore molars are notoriously fragile and the presence of a fresh looking trigonid fragment 529 

in the assemblage is somewhat surprising. Possibly this is an admixture to the reworked material from 530 

the fauna living at the time of deposition. 531 

Having an assemblage that has been reworked only poses a lower limit to the age of the layer. 532 

Given the scantiness of the material, even that age carries uncertainty. The only indication we have 533 

is the stage of evolution of the Myomimus molars, which morphologically fit M. maritsensis but are 534 

metrically a better match with M. dehmi. The transition from M. dehmi to M. maritsensis can not be 535 

exactly pinpointed, but took place in the earlier part of the Turolian. 536 

10. Strontium isotope geochemistry 537 

All the Sr isotope ratios from the Seddülbahir and  sections (Table 2) are substantially lower 538 

than contemporanous open marine values (Fig. 12). The new ratios cluster in two groups (values 539 

about 0.7083 and about 0.7087). The group with the lowermost 87Sr/86Sr values of ~0.7083 comprise 540 

the samples from the Zelenka section of the Bulgarian margin and samples IT1 and SB10. These 541 

values are similar to the 87Sr/86Sr data of Maeotian samples of the Black Sea (Zheleznyi Rog section) 542 

and Caspian Sea (Adzhiveli section) basin (Grothe et al., 2020), and may be characteristic for an 543 

isolated Eastern Paratethys water mass in late Miocene times. The second group, comprising samples 544 

IT3, IT6 and SB1, have significantly higher 87Sr/86Sr values of ~0.7087. Variation between these 545 

samples is relatively small, indicating a stable 87Sr/86Sr ratio throughout this period. 546 

 547 



 

11. Discussion 548 

11.1 Age of the -Alçitepe formations 549 

The ostracod and mollusc assemblages found at Seddülbahir and -2 represent a typical late 550 

Bessarabian-Khersonian succession showing that instead of a Messinian-Zanclean transition as 551 

proposed by Armijo et al. (1999) and Melinte-Dobrinescu et al. (2009) these sections are actually 552 

about 4 million years older. The presence of Loxoconcha subcrassula and L. rimopora at the basal 553 

part (0 - 4.5 m) of the Seddülbahir section indicates a latest Bessarabian or early Khersonian age. The 554 

abundance of leptocytherid species Euxinocythere immutata (with two subspecies) in the section also 555 

points to a Khersonian age. The bivalves from Seddülbahir show a similar biostratigraphic signal as 556 

the ostracods. Plicatiformes cf. plicatofittoni suggests a Bessarabian age for the basal part of the 557 

section, while Chersonimactra bulgarica denotes 558 

endemic to the region and thus of no biostratigraphic value. Theodoxus stefanescui is typical for the 559 

Maeotian of the Dacian Basin, but has also been mentioned from late Bessarabian and Khersonian 560 

strata of Romania and Turkey (Stefanescu, 1896; Rückert-Ülkümen et al., 2006). The Seddülbahir 561 

mammal assemblage is estimated to represent the earlier part of the Turolian, which would fit the 562 

results from the ostracod and mollusk assemblages. 563 

The Bessarabian-Khersonian transition is estimated to have an age of 8.9-8.6 Ma (Palcu et al., 564 

2019). The Khersonian of the Black Sea comprises the oceanic diatoms Thalassiosira burckliana and 565 

Nitzschia fossilis (Radionova et al., 2012), that have global first occurrences of 8.9 Ma, according to 566 

Barron and Baldauf (1995). The Bessarabian-Khersonian boundary in the Dacian Basin is estimated 567 

older than 8.5 Ma, as the reversed polarity chron C4r.2r is found in Khersonian deposits (Vasiliev et 568 

al., 2004; Palcu et al., 2019). The top of the Khersonian is dated at several localities at 7.6 Ma (e.g. 569 

(Filippova and Trubikhin, 2009; Rybkina et al., 2015; Palcu et al., 2019). 570 

We consider it possible that the observed increase in salinity at level 4.5 m in the Seddülbahir 571 

section actually corresponds to the Bessarabian-Khersonian transition, an interval that is marked by 572 



 

increased aridity in the Paratethys region (Palcu et al., 2019). Consequently, our best age estimate for 573 

the -Alçitepe boundary is about ~9 Ma. These ages are in good agreement with the absolute 574 

age control of a volcanic deposit ( basalt) in the  formation which provided radio-575 

isotopic ages of 10.1 ± 0.2 and 9.5 ± 0.3 Ma (Ercan et al., 1995). 576 

Our biostratigraphic data are clearly at odds with the Pliocene (younger than 5.3 Ma) age for the 577 

same sections by Melinte-Dobrinescu et al. (2009). They base their young age entirely on 578 

Mediterranean nannofossil assemblages. More specifically, they reported the presence of several 579 

marker species that are inconsistent with our Khersonian age for the Alç tepe formation: 580 

Amaurolithus primus (First Appearance Datum (FAD): 7.424 Ma), Reticulofenestra rotaria (FAD: 581 

ca. 7.41 Ma), Nicklithus (= Amaurolithus) amplificus (FAD: 6.909 Ma), and Ceratolithus acutus 582 

(FAD: 5.345 Ma). bed, they reported Amaurolithus 583 

primus, Reticulofenestra rotaria, and Ceratolithus acutus. In the Seddülbahir section, however, only 584 

the presence of C. acutus is in stratigraphic conflict with our results. We re-examined exactly the 585 

same interval in the Seddülbahir section, but our nannofossil analyses did not confirm the presence 586 

of this enigmatic marker species. We also re-sampled the stratigraphic interval of the lignite bed in 587 

our -2 section. Also there we could not confirm the presence of the three late Messinian-early 588 

Zanclean marine nannofossil markers. This is consistent with an overall dominance of fresh water 589 

indicators in the section. In conclusion, we cannot reproduce the biostratigraphic results of Melinte-590 

Dobrinescu et al. (2009).  591 

11.2 Palaeoenvironment and palaeoecology 592 

All data from the lowermost part of the Seddülbahir section indicate the dominance of freshwater 593 

to oligohaline environments. The ostracod assemblage is dominated by freshwater to oligohaline 594 

species like Heterocypris formalis, Stanchevia sp. and Candona angulata, together with individuals 595 

of the euryhaline species Cyprideis sublittoralis and the freshwater species Ilyocypris bradyi. The 596 

unionid mollusc remains also clearly indicate a strong freshwater influence. Extant unionoid species 597 



 

are typically restricted to moving and standing freshwater bodies. Many species are intolerant to 598 

elevated salinities, with 6 ppt being at the upper limit (Verbrugge et al., 2012; Johnson et al., 2018). 599 

The successors of lymnocardiinae bivalves found at this interval are presently limited to the 600 

Pontocaspian region, inhabiting oligohaline to lower mesohaline waters of the Caspian Sea and 601 

limans of the northern Black Sea with one species (Monodacna colorata) extending well into lower 602 

courses of major rivers (Bogutskaya et al., 2013; Wesselingh et al., 2019). Additional arguments for 603 

a fresh aquatic signal in this interval are the dominance of the freshwater algae Pediastrum and the 604 

occasional presence of Botryococcus (mainly fresh water but can be tolerant of oligohaline-lower 605 

mesohaline (Mudie et al., 2010)). Fossil mammal remains at the uppermost level (4.5 m) of the lower 606 

part of Seddülbahir section indicate proximity to land. The 87Sr/86Sr ratio for this lower interval 607 

(0.708663) is clearly below the marine curve and well above the general Paratethys ratios (Fig. 12). 608 

Given that the interval contains freshwater fauna, this 87Sr/86Sr ratio suggests a dominance of local 609 

riverine waters as the main hydrological source for the Dardanelles basin. 610 

The Seddülbahir section shows a conspicuous palaeoenvironmental change at level 4.5 m, which 611 

is sedimentologically represented by a flooding surface formed during a transgressive event. Our 612 

palaeoenvironmental reconstructions based on ostracod and mollusc assemblages suggest an 613 

increased salinity for the upper part of the section. This part contains a monospecific Chersonimactra 614 

bulgarica fauna and oligo- to lower mesohaline ostracod fauna represented by leptocytherids and 615 

loxoconchids (Fig. 7). Chersonimactra is an extinct Khersonian genus, endemic to Eastern 616 

Paratethys, a shallow water infaunal filter feeder, preferring sandy bottoms and probably tolerating 617 

mesohaline conditions between 4 and 10-12 ppt (Paramonova, 1994). The 87Sr/86Sr ratio for this upper 618 

interval (0.708233) is much lower than the value for the lower section. This implies that increased 619 

salinity was not driven by additional marine Mediterranean influx, because inflow of such waters 620 

would increase 87Sr/86Sr ratios. The strontium ratio of the upper part is, however, in good agreement 621 

with the 87Sr/86Sr ratios of the Zelenka section of the Eastern Paratethys (Fig. 12) and the Maeotian 622 



 

ratios for a unified and isolated Paratethys Sea (Grothe et al., 2020). We therefore infer that Paratethys 623 

was the main water source for the Khersonian Dardanelles basin. 624 

At -2, the Mactra-bearing level IT1, which also contains an ostracod fauna indicative of 625 

oligohaline water conditions, has similar characteristically low 87Sr/86Sr value as Paratethys ratios. 626 

The faunal elements of the -2 section above the lignite layer suggest a dominance of fresh to 627 

oligohaline conditions. Melanopsid gastropods are found in variety of habitats in fresh to brackish 628 

water (Glaubrecht, 1996; Neubauer et al., 2016). Theodoxus is usually bound to freshwater as well, 629 

with few exceptions (Verbrugge et al., 2012; Glöer, 2019; Sands et al., 2019). Strontium isotopic 630 

ratios of IT3 and IT6 are similar to the freshwater part of the Seddülbahir section, supporting again 631 

the dominance of local riverine water sources.  632 

11.3 Palaeogeographic and tectonic implications 633 

Our biostratigraphic and palaeoenvironmental data of the -  formations shows that 634 

during Bessarabian-Khersonian times the Dardanelles region was intermittently changing from a 635 

local fresh-oligohaline lake to a mesohaline embayment of the Eastern Paratethys (Fig. 13). A similar 636 

change from fresh to more saline water was previously also documented in the Chersonimactra-637 

bearing sediments of the Yenimahalle section that comprises the uppermost part of the  638 

Formation at the Biga Peninsula . The 87Sr/86Sr strontium ratios in the brackish 639 

upper part of Yeminahalle (I-16, I-20, I-26) are within the same Paratethys range, the ratios from the 640 

lower fresh water part (I-37, I-39) are much higher and agree very well with the 87Sr/86Sr ratios of our 641 

freshwater sections (Fig. 12). Assuming that the hinterland source area did not change over this 642 

interval we estimate the 87Sr/86Sr values of the local rivers draining into the Dardanelles basin at 643 

~0.7087. 644 

The 87Sr/86Sr values of the intervals with anomalohaline Paratethyan fauna in the -2, 645 

Seddülbahir and Yenimahalle sections all indicate a dominant Paratethyan water source. This proves 646 

that the Dardanelles region must have formed, at least temporarily, an embayment of the Eastern 647 



 

Paratethys or that it was even part of a Bessarabian-Khersonian gateway connecting the Eastern 648 

Paratethys with the Aegean. The existence of such a gateway was previously documented in regional 649 

palaeogeographic maps (Fig. 13) and may help to explain the enigmatic presence of late Miocene 650 

Paratethyan mollusc and ostracod species in the lacustrine deposits of the Denizli Basin of 651 

southwestern Turkey (Lazarev, 2020; Rausch et al., 2020).  652 

Our new age constraint of ~9 Ma for the - transition also sheds another light on the 653 

evolution of the North Anatolian Fault (NAF), the major E-W trending strike-slip fault zone across 654 

Turkey (Fig. 1) that initiated as an escape structure following Arabia-Anatolia collision 655 

al., 2005). Originally it was suggested to propagate from eastern Turkey in the middle Miocene (~13 656 

Ma) to the Marmara/Dardanelles region in the Pliocene (~5 Ma) (Armijo et al., 1999). Recently, 657 

however, it was claimed that the current strike-slip regime of the entire NAF initiated already in the 658 

late Miocene, at an age of 11.4 ± 2.4 Ma, and that east-west propagation may not have taken place 659 

(Nuriel et al., 2019). The Pliocene age of NAF initiation in the Dardanelles region is mainly based on 660 

the hypothesis that the Formation post-dates the MES (Armijo et al., 1999; Karakas et al., 661 

2018). Here, we have shown that this formation is about 4 Ma older than previously reported, which 662 

implies that, if the tectonic reconstructions in the region are correct, the age the NAF initiation in the 663 

Dardanelles domain also converges to a late Miocene scenario.      664 

   665 

11.4 The myth of the Messinian Dardanelles 666 

All our palaeontological results indicate a late Miocene, Bessarabian-Khersonian age for the 667 

- This is in 668 

agreement with the conventional chronostratigraphic framework of the Dardanelles basin. We do not 669 

find any evidence for a Zanclean marine flooding as proposed by Melinte-Dobrinescu et al. (2009). 670 

All palaeontological indicators instead reveal fresh to brackish water environments, with evidence 671 

for terrestrial proximity. Our 87Sr/86Sr values (0.7082) for the levels with highest salinity are far below 672 

the open ocean curve. They indicate that the Dardanelles region was probably connected to the 673 



 

Eastern Paratethys basin, at least during times when deposition took place in anomalohaline 674 

environments.  675 

-676 

677 

Messinian unconformity by Melinte-Dobrinescu et al. (2009), is in our view a layer that fits very well 678 

in the dominantly fresh-water succession. The MES could not be confirmed at the Seddülbahir section 679 

either, and there is no difference in faunal composition between the East Seddülbahir outcrop below 680 

the alleged MES and the main Seddülbahir section above.  681 

Our sedimentological observations on the Gelibolu Peninsula do not show evidence of a Pliocene 682 

Gilbert delta as proposed by Melinte-Dobrinescu et al. (2009) either. In contrast, we interpret the 683 

sedimentary successions as shoal-water delta facies. Gilbert-type deltas should show characteristic 684 

clinoform architecture that consists of steeply inclined foresets overlain by horizontal alluvial topsets 685 

and underlain by a gently inclined bottomset (Barrell, 1912; Colella, 1988; Postma, 1990). Delta 686 

topsets are expected to be prograding distributary plains where alluvial processes dominate, whereas 687 

on the coarse-grained, sandy and gravelly delta foresets gravity-driven sedimentation processes 688 

operate (Nemec, 1990). The delta deposits observed in the Gelibolu Peninsula (e.g. Poyraztepe 689 

section), however, developed on shoreface sandstones as normal regressive shoreline wedges. We did 690 

not observe an erosional unconformity between the delta and the underlying shoreface sandstones 691 

and we did not find evidence of clinoformal architecture.  692 

 693 

 Conclusions  694 

Using an integrated stratigraphic approach, we have determined the faunal assemblages and 695 

palaeoenvironments of the Seddülbahir and  sections of the Dardanelles region in NW Turkey. 696 

Sedimentological analyses indicate that depositional environments are best characterised as shoal-697 

water delta facies. Our results confirm the conventional interpretation of continuous deposition of 698 

fresh to brackish water sediments during the late Miocene .  699 



 

The ostracod fauna unequivocally represents middle Tortonian (late Bessarabian-Khersonian) 700 

Paratethyan assemblages. The most common mollusc species is the mactrid Chersonimactra 701 

bulgarica, which is also known from the middle Tortonian (Khersonian) of the Eastern Paratethys. 702 

Nannofossil assemblages show a mixing of reworked taxa. No age-diagnostic taxa have been 703 

observed. Aquatic palynological assemblages represent non-marine (fresh to oligohaline) conditions, 704 

with scarce dinoflagellates likely reworked. Radiogenic strontium (87Sr/86Sr) isotope data of the 705 

anomalohaline ostracods are significantly below open ocean values and similar to values obtained 706 

from Khersonian ostracods from Eastern Paratethys deposits of Bulgaria. Fresh water assemblages 707 

reveal much higher 87Sr/86Sr values, which are interpreted to reflect the composition of local rivers. 708 

Palaeogeographically, in late Miocene times the Dardanelles basin was a fresh to anomalohaline 709 

embayment of the Eastern Paratethys. Our re-interpretation of the Paratethys fauna and the 710 

palaeoecology and sedimentary environments - shows a complete 711 

lack of catastrophic events and no evidence for Messinian deposits. We conclude that the presence of 712 

marine Messinian features (e.g., Messinian Erosional Surface, Zanclean flooding) in the Dardanelles 713 

region is basically a myth.  714 
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Figure captions 721 

 722 

Fig. 1: Elevation map showing the extent of the late Miocene Black and Caspian Sea and their 723 

drainage basins, modified after Grothe et al. (2020). The former Paratethys Sea during the latest 724 

Miocene is outlined according to Popov et al. (2006) who considered the Aegean domain as an 725 

intermittent region between Mediterranean and Paratethys. White rectangle denotes the study area 726 

of the Dardanelles. Red lines denote the North Anatolian Fault (NAF) Zone that runs through the 727 

Dardanelles region and the East Anatolian Fault (EAF).  728 

 729 

Fig. 2: Geological map of the Dardanelles region. Stars indicate the studied sections; 1) 730 

Seddülbahir, 2) -2, 3) Poyraztepe. 731 

 732 

Fig. 3: Two different views on the regional stratigraphy of the Dardanelles region. A) Conventional 733 

stratigraphic scheme (Sakinc et al., 1999; et al., 2006) and B) alternative stratigraphic 734 

scheme (Armijo et al., 1999; Melinte Dobrinescu et al., 2009). 735 

 736 

Fig. 4: a) The location of Seddülbahir section on the southern tip of the Gelibolu Peninsula (Map 737 

data: Google, Maxar Technologies); b) Photo of the Seddülbahir section (west) where the upper 738 

Miocene (upper Bessarabian-Khersonian) sediments are exposed. (micropalaeontological sample 739 

levels are marked by red dots); c), d) Calcareous sandstones rich in Chersonimactra bulgarica 740 

shells (0.7 m level); e), f) Grey clay rich in Plicatiformes cf. plicatofittoni (0.2 m level) 741 

 742 

Fig. 5: a) Photo of the -2 section where the upper Miocene sediments are exposed (the red 743 

line marks the sampled section) b) The ntepe-2 with the position of micropalaeontological sample 744 

marked by dots; c) Detail of the lignite level that is overlain by silts with fresh water fauna and 745 

calcareous sandstones rich in anomalohaline Chersonimactra shells.  746 

 747 

Fig. 6: Detailed sedimentological log of: a) the Seddülbahir section and b) the -2 section. For 748 

biostratigraphic data see legend to Figure 7. 749 

 750 

Fig. 7: Late Miocene ostracod occurrences in the Seddülbahir and ntepe-2 sections: 1. Cyprideis 751 

sublittoralis Pokorný; 2. Darwinula stevensoni (Brady & Robertson); 3. Candona neglecta Sars ; 4. 752 

Ilyocypris bradyi (Sars); 5. Limnocythere levisreticulata Stancheva; 6. Candona angulata Müller; 7. 753 

Heterocypris formalis (Schneider); 8. Euxinocythere (E.) immutata immutata Stancheva ; 9. 754 



 

Loxoconcha rimopora Suzin; 10. Xestoleberis fuscata Schneider; 11. Euxinocythere (E.) topolensis 755 

Stancheva; 12. Euxinocythere (E.) immutata bononiensis Stancheva;    756 

 757 

Fig. 8a: The most representative ostracods from Seddülbahir and ntepe sections (late Miocene, late 758 

Bessarabian Khersonian) (LV = left valve, RV = right valve, C = carapace,  = female,  = male). 759 

1-3. Candona angulata Müller; 1. LV, external view; 2. C, view from RV; 3. C, ventral view. 4,5. 760 

Candona neglecta Sars; 5. LV, external view; 5. RV, external view.6-8. Heterocypris formalis 761 

(Schneider); 6. LV, external view; 7. C, view from RV; 8. C, ventral view. 9-11. Stanchevia sp.; 9. 762 

LV, external view; 10, 11. RV, external view. 12, 13. Ilyocypris bradyi Sars; 12. LV, external view; 763 

13. view from RV; 14-17. Limnocythere levisreticulata Stancheva. 14. LV, external 764 

Darwinula stevensoni 765 

(Brady & Robertson); 18. LV, external view; 19. RV, external view. 766 

 767 

Fig. 8b: The most representative ostracods from Seddülbahir and ntepe sections (late Miocene; late 768 

Bessarabian Khersonian) (LV = left valve, RV = right valve, C = carapace,  = female,  = male). 769 

1-4. Cyprideis torosa (Jones); 1. LV, external  770 

 Cyprideis torosa (Jones), specimens with tubercula; 5. LV, 771 

external -11. Euxinocythere (E.) immutata immutata Stancheva; 772 

7, 9. LV, external view; 8, 10. RV, external view; 11. C, dorsal view; 12-14. Euxinocythere (E.) 773 

immutata bononiensis Stancheva; 12. LV, external view; 13. RV, external view; 14. C, dorsal view; 774 

15-17. Euxinocythere (E.) topolensis Stancheva; 15. LV, external view; 16. RV, external view; 17. 775 

C, dorsal view. 18, 19. Xestoleberis fuscata Schneider; 18. LV, external view; 19. RV, external 776 

view. 20, 21. Xestoleberis castis Mandelstam; 20. LV, external view; 21. RV, external view. 22, 23. 777 

Loxoconcha rimopora Suzin; 22. LV, external view; 23. RV, external view; 24. Loxoconcha 778 

subcrassula Suzin, LV, external view. 25. Loxoconcha turgida Stancheva, RV, external view. 26-779 

29. Loxoconcha sp.; 26. LV, external view; 27. RV. external view; 28. C, dorsal view. 780 

 781 

Fig. 9: Bivalvia. (1-2) Plicatiformes cf. plicatofittoni (Sinzov, 1896), from basal strata of Seddülbahir 782 

section. (3-8) Chersonimactra bulgarica (Toula, 1892), from the interval 25-30 m, Seddülbahir. Note 783 

the presence of paired specimens, signifying in-situ preservation. Scale bar = 1 cm; the coin has a 784 

diameter of 24.26 mm. 785 

 786 



 

Fig. 10: Gastropoda. (1-7) Melanopsis trojana 787 

above lignite); (8-10) Theodoxus stefanescui (Fontannes, 1887), from same section and position; (11) 788 

Internal cast of a stylommatophoran land snail, from Seddülbahir section. Scale bars = 5 mm. 789 

 790 

Fig. 11: Mammals from Seddülbahir. (1-3) Myomimus dehmi/maritsensis M1 dext. (PV 14980-982); 791 

(4) Murinae gen. et sp. indet M1 dext. (PV 14983); (5) Eulipotyphla indet. trigonid m1 sin. (PV 792 

14984). Note that damage to the enamel suggests the assemblage has been reworked.  793 

 794 

 795 

Fig. 12: Late Miocene 87Sr/86Sr isotope data for the sections and sites in the Dardanelles and 796 

Paratethys region. Global Ocean water: McArthur et al., (2012); Seddülbahir, ntepe-2 and Zelenka 797 

are from this study; Yenimahalle section: et al. (2006); Taman section (Russian Black Sea 798 

coast): Grothe et al. (2020). In light blue are the average values from fresh water environments 799 

interpreted to reflect local river water, in turquoise are the values from anomalohaline environments 800 

interpreted as average values of an isolated Eastern Paratethys (Grothe et al., 2020). Note that the 801 

exact age of the samples from Seddülbahir, ntepe-2, Intepe and Zelenka sections are not unkown. 802 

We place the samples at around 8.5 Ma given their stratigraphic position.  803 

 804 

 805 

Fig. 13: Palaeogeographic map of 3western Turkey, modified by Lazarev (2020) after Lüttig and 806 

Steffens (1975), showing the Dardanelles region was an embayment of the Eastern Paratethys in late 807 

Miocene times. The Denizli Basin in SW Turkey is the southernmost extent where Paratethyan fauna 808 

have been observed before the Lago Mare phase of the Messinian salinity crisis. How this fauna 809 

migrated to Denizli is still a major enigma (Rausch et al., 2020; Lazarev, 2020). 810 
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