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A B S T R A C T

Marine gateways prove to be important factors for changes in the ecology and biochemistry of marginal seas.
Changes in gateway configuration played a dominant role in the Middle Miocene paleogeographic evolution of
the Paratethys Sea that covered Central Eurasia. Here, we focus on the connection between the Central (CP) and
Eastern Paratethys (EP) to understand the paleoenvironmental changes caused by the evolution of this marine
gateway. We first construct an integrated magneto-biostratigraphic framework for the late Langhian-Serravallian
(Chokrakian-Karaganian-Konkian-Volhynian) sedimentary record of the eastern domain, which allows a corre-
lation to the well-dated successions west of the gateway. The magneto-biostratigraphic results from the
Zelensky-Panagia section on the Black Sea coast of Russia show that the Chokrakian/Karaganian boundary has
an age of 13.8 Ma, the Karaganian/Konkian boundary is dated at 13.4 Ma, and the Konkian/Volhynian boundary
at 12.65 Ma. We identify three major phases on gateway functioning that are reflected in specific environmental
changes. During the Karaganian, the EP turned into a lake-sea that supplied a unidirectional flow of low-salinity
waters to the west, where the CP sea experienced its Badenian Salinity Crisis. This configuration is remarkably
similar to the Mediterranean during its Messinian Salinity Crisis. The second phase is marked by a marine
transgression from the west, reinstalling open-marine conditions in the CP and causing marine incursions in the
EP during the Konkian. The Volhynian is characterized by a new gateway configuration that allows exchange
between CP and EP, creating unified conditions all over the Paratethys. We hypothesize that a density driven
pumping mechanism is triggered by the increase in connectivity at the Konkian/Volhynian boundary, which
simultaneously caused major paleoenvironmental changes at both sides of the gateway and led to the Badenian-
Sarmatian extinction event in the CP.

1. Introduction

Marine gateways play a critical role in the exchange of water, heat,
salt and nutrients between oceans and seas and hence impact regional
and global climate. Where marine gateways link to marginal basins, the
impact of hydrological exchange on the depositional environment can
be profound. Even subtle changes to the hydrologic budget can alter the
temperature, salinity and circulation of the marginal basin and hence
transform its entire depositional environment (e.g. Bethoux and Pierre,
1999; Cramp and O'Sullivan, 1999; Flecker et al., 2015).

The Paratethys is an excellent example of a marginal basin that
experienced extreme environmental crises in response to gateway
evolution. During the Middle Miocene the Eastern Paratethys (Black
Sea-Caspian Sea region) was connected to the open ocean via two

shallow restricted gateways; the Barlad Strait to the Central Paratethys
and the Trans-Tethyan gateway to the Mediterranean Sea (Popov et al.,
2006, Bartol et al., 2014) (Fig. 1a). In addition, findings of polyhaline
fauna in Transcaucasia and Northern Iran hint at a possible marine
corridor from the South Caspian region to the Eastern Mediterranean
(Popov et al., 2015). Variations in gateway configuration caused dra-
matic paleoceanographic events in the Central Paratethys such as
marine invasions (e.g. Sant et al., 2017), huge fluctuations in salinity
during the Badenian Salinity Crisis (BSC; e.g. Peryt, 2006), a major
biodiversity decrease related to the Badenian Sarmatian Extinction
Event (BSEE; Harzhauser and Piller, 2007) and a basin-wide change to
brackish and very low salinity water conditions at the base of the re-
gional Sarmatian and Pannonian stages, respectively (e.g. Harzhauser
and Piller, 2004; Magyar et al., 1999.
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A reliable time frame for the basinal Paratethyan successions is es-
sential to unravel the geodynamic and climatic forcing factors of
gateway restriction and to understand the mechanism of paleoenvir-
onmental change. During the last decade, significant progress has been
made to date the Central Paratethys successions by radiometric dating
and magnetostratigraphy (e.g. Handler et al., 2006; Hohenegger et al.,
2009; Vasiliev et al., 2010; De Leeuw et al., 2010, De Leeuw et al.,
2013; Bukowski et al., 2010; Paulissen et al., 2011; Selmeczi et al.,
2012; Śliwiński et al., 2012; Mandic et al., 2011; ter Borgh et al., 2013;
Palcu et al., 2015), allowing correlations to the open ocean climate and
sea level records. Radiometric dating indicated that the onset of the BSC
in the Paratethys took place at 13.8 Ma and was primarily controlled by
climatic changes and in particular by the Mi3 global cooling event
which terminates the Middle Miocene Climatic Optimum (De Leeuw
et al., 2010). Magnetostratigraphic dating of the BSEE indicated an age
of 12.65 Ma which, in contrast, suggested a tectonic forcing affecting in
particular the Barlad gateway to the Eastern Paratethys and increasing
interbasinal connectivity (Palcu et al., 2015). Magneto-biostratigraphy
in combination with radiometric dating showed that the transition to
low salinity water conditions of the Pannonian stage was triggered by
tectonic uplift of the Carpathians (ter Borgh et al., 2013). Although
these Central Paratethyan events have been the subject of intense study,
many key questions concerning the mechanisms of their onset, pro-
gression and termination remain unanswered especially because the
temporal evolution of the Eastern Paratethys region is poorly con-
strained (e.g. Popov et al., 2006).

The Middle Miocene stratigraphic framework of the Eastern
Paratethys is largely based on transgressive-regressive cycles and
characteristic faunal assemblages reflecting changes in the hydrological
regime of this semi-enclosed basin (Nevesskaya et al., 2005a; Popov
et al., 2006). Radiometric and magnetostratigraphic age constraints for

this region are notoriously lacking. The fragmentation and subsequent
isolation of the Eastern Paratethys led to the development of biota that
are characterized by recurrent endemism. These endemic faunal as-
semblages hamper straightforward correlations to the Geological Time
Scale and led to the establishment of numerous regional stages (Tar-
khanian, Chokrakian, Karaganian, Konkian and Volhynian), all with
very limited age constraints (Fig. 2).

In this paper we establish a new chronological framework for the
sedimentary successions of the Eastern Paratethys by applying in-
tegrated magneto-biostratigraphic dating techniques to the uppermost
Chokrakian-Volhynian successions of the Zelensky-Panagia section
(Fig. 1c). Zelensky-Panagia is located in the Taman Peninsula in
Southern Russia and it represents a continuous outer shelf depositional
facies in the northern part of the Euxinic Basin and can therefore be
considered an archetype for Eastern Paratethys environmental change.
Our new time frame allows a direct correlation of the Eastern Para-
tethys stratigraphy to the Central Paratethys successions and a better
understanding of the mechanisms of paleoenvironmental change in
both restricted basins. The results will be discussed in the context of
gateway evolution and hydrological changes affecting the connectivity
between the two Paratethys domains.

2. Geological and stratigraphic background

The epicontinental Paratethys Sea became progressively separated
from the Mediterranean basin by tectonic uplift of the Alpine-Balkan-
Pontides-Alborz-Kopetdagh orogenic belt since the early Oligocene (e.g.
Rogl, 1999). During the Middle Miocene, Paratethys covered the area
from the Vienna Basin in Austria to the Kopetdagh region in Turkme-
nistan (Popov et al., 2006). Paratethys was fragmented in smaller sub-
basins that were grouped in two systems: the Central European (Central

Fig. 1. (A) The Paratethys realm and its major sub-basins as suggested by the distribution of middle Miocene sediments. Marine gateways are figured as red arrows. Geographic position of
sections where bio-magneto-stratigraphic studies were conducted (1.Zelensky, 2.CK12000, 3.Pshekha, 4.Belaya) and sections where biostratigraphy was performed (5.Konka River,
6.Naspere, 7.Ujratam, 8.Aschiktaypak); (B) Paleogeographic map for the mid-Konkian – upper Badenian (Kosovian) time (after Popov et al., 2004 map 6) and position of studied section.
(C) Zoom on the study area. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Paratethys) and the Euxinian-Caspian (Eastern Paratethys). The latter
basin system extended from northeast Bulgaria and the eastern slopes of
the Dobrogea Mountains of Romania to the Ustjurt and Kopetdagh in
Central Asia (Fig.1a). Shallow environments dominated the Scythian
and Turanian shelfs; deep ones are preserved in the relict Western and
Eastern Black Sea and South Caspian depression and in the Indol-Ku-
banian and Terek-Caspian foredeeps (Fig. 1a). Episodes of relative
isolation or poor connectivity of these basins with the global ocean
impedes straightforward correlations with the global stratigraphy and
therefore, regional stratigraphic stages have been defined for both
Central and Eastern Paratethys (e.g. Hilgen et al., 2012).

The Neogene stratigraphic scale of the Eastern Paratethys Middle
Miocene was created 100–150 years ago by Barbot de Marny (1866)
and Andrusov (1917). Stratigraphic horizons in this scale have later
been upgraded to the rank of regional stages at the VI Congress RCMNS
in 1975, (Proc. 6th Congress RCMNS, Vol. 2, 1976, p. 65, 66) at the
same time as the Central Paratethys stratigraphic units (Fig.2). The
stratotypes of the regional stages were proposed in relatively shallow
basins where the stratigraphic successions are generally incomplete, but
where the mollusk assemblages (the main stratigraphic group in An-
drussov's time) were best developed. Although these stratotypes have
been excellent for describing the assemblages corresponding to each of
the regional stages, continuous sections and integration of new methods
are required to better understand and date the paleoenvironmental and
paleoecological changes in the region. Complete successions of Kar-
aganian, Konkian and Volhynian sediments are, however, mainly found
from deep settings. These provide less abundant mollusk assemblages,
but do contain richer assemblages of planktonic and benthic for-
aminifera and calcareous nannoplankton. In this paper, we focus on
determining the age constraints for the Middle Miocene Karaganian,
Konkian and Volhynian stages of the Eastern Paratethys.

The Karaganian (Andrusov, 1917) is characterized by low faunal
diversity, suggesting a more restricted connectivity regime than in the
previous Chokrakian stage. Traditionally, it is correlated with the lower
Serravallian and the middle part of the Badenian Stage of the neigh-
boring Central Paratethys (Fig. 2), due to its position between the
planktonic zones NN5 (in the mid-Tarkhanian) and NN6 (in the mid-
Konkian) (Nevesskaya et al., 2005a). The Karaganian stratotype section
is located in Uyratam, in the Mangyshlak Peninsula of Kazakhstan
(Andrusov, 1917; Goncharova and Karaganian, 1975). Another key-

section is present along the Belaya River in Ciscaucasia (Russia), where
a rather complete succession of shallow facies is preserved (Nevesskaya
et al., 2005b; Popov et al., 2016). The Zelensky-Panagia coastal section
on the Taman Peninsula represents a deep water faciostratotype, sig-
nificantly deeper than that of the stratotype Uyratam and Belaya River
sections.

The Konkian (Michaylovskiy, 1909) contains deposits with marine
mollusk associations in its shallow facies and characteristic for-
aminiferal assemblages, including planktonic forms in deeper facies.
From the nannoplankton perspective it corresponds to the NN6-NN7
Zone (Nevesskaya et al., 2005a), corresponding to the Serravallian and
to the upper Badenian (Kosovian) stage of Central Paratethys (Fig. 2).
The Konkian stratotype section is located along the Konka River near
Veselyanka Village in Ukraine and was originally described as “beds
with Venus konkensis” (Sokolov, 1899). The section only comprises the
upper Konkian “Veselyanka Beds”, as the lower Konkian units are
missing. The lack of a complete succession in the stratoype locality has
led to various, often conflicting, views and interpretations on the vo-
lume and stratigraphic subdivision of the Konkian stage and especially
on its lower boundary (see Vernigorova, 2009 for a review). In our work
we follow the Konkian view sensu Merklin (1953), which comprises in
stratigraphic order the Kartvelian (beds with abundant Barnea in
shallow facies), the Sartaganian (beds with most diverse marine fauna)
and the Veselyankian (beds with marine euryhaline fauna). In the re-
latively deep-water sections, beds with abundant Barnea sp. are absent,
but the layers below the Sartaganian deposits comprise marine Konkian
foraminifera (Vernigorova et al., 2006). Their species diversity makes it
possible to define the initial development stage of the Konkian basin
(Vernyhorova, 2015) or the Kartvelian substage (sensu Merklin, 1953).
Complete sections, comprising all subunits of the Konkian regiostage,
are situated on the Black Sea coast of Taman Peninsula (Vernigorova
et al., 2006; Popov et al., 2016).

The Volhynian is the lowermost substage of the Sarmatian (sensu
lato), which was proposed by N. Barbot de Marny, published by E.
Suess, 1866 with reference to Barbot de Marny authorship. The (lecto)
stratotype is the Ingulec River section near Dnepropetrovsk in Ukraine
(Paramonova and Belokrys, 1972). Other sections with good, con-
tinuous exposure are found on the Black Sea coast of the Taman Pe-
ninsula.

The Sarmatian s.l. is subdivided into three regional substages:
Volhynian, Bessarabian and Khersonian, mostly on the basis of mollusk
and foraminifer assemblages. The Volhynian corresponds to the upper
Serravalian, the Bessarabian and the Khersonian are correlated with the
Tortonian (Nevesskaya et al., 2005a; Radionova et al., 2012). The
Volhynian and lower part of the Bessarabian are correlated with the
Sarmatian s.str. (sensu Suess, 1866) of the Central Paratethys. We re-
frain in our work to apply the term Sarmatian s.l. and we will use the
substages Volhynian, Bessarabian and Khersonian for the Eastern
Paratethys to avoid confusion in nomenclature.

The Black Sea coast outcrops of the Taman Peninsula (Fig. 3)
compose an almost continuous succession from the upper Chokrakian to
the Kimmerian, ranging from the Middle Miocene to Pliocene. They are
exposed in a system of synclinal and anticlinal folds. The Late Miocene-
Pliocene part of the succession was recently studied in high-resolution
(Krijgsman et al., 2010; Vasiliev et al., 2011; Radionova et al., 2012;
Rybkina et al., 2015; Stoica et al., 2016; Popov et al., 2016). Here, we
focus our study on the core of the Zelensky-Panagia anticline, con-
taining clays and marls of late Chokrakian – Karaganian – Konkian –
Volhynian Age. These deposits consist of a monotonous sequence of
clays, rhythmically interrupted by whitish marly intercalations (Fig. 3).
The section was logged in detail, with the characteristic white concre-
tion levels numbered upward in successive order (Fig. 4), and sampled
for biostratigraphic and paleomagnetic purposes on the western flank of
the anticline at geographical coordinates 45° 8′7.61″N/36°39′8.37″E.

Fig. 2. Middle Miocene stratigraphy of the Mediterranean, Central Paratethys and Eastern
Paratethys (Hilgen et al., 2012, updated by Palcu et al., 2015). The time interval of focus
in this article in is marked in green. New ages documented by this study are marked in
red. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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3. Biostratigraphy

Utilizing integrated stratigraphy we aim to provide age constraints
on the Karaganian–Konkian–Volhynian stages of the Eastern
Paratethys. Biostratigraphically we focus on the mollusk, foraminifera,
and calcareous nannoplankton assemblages that can be used to identify
and locate the stage boundaries and to provide supplementary in-
formation on the environmental changes in the basin. Macrofossils are
scarce but the foraminifera and nannofossils are generally well pre-
served. The selection and determination of foraminifera was made from
250 g of rock sample that had previously washed through a 76 μm sieve
(e.g. Vernigorova et al., 2006). To identify nannofossils, smear slides
were prepared using standard procedures (e.g. Golovina et al., 2004)
and examined under a Jena/Zeiss light microscope (cross and parallel
nicols) at ×1200 magnification. Additionally key foraminifera and
nannofossils were examined under SEM (scanning electron microscope)
(Popov et al., 2016).

3.1. Mollusks

The relatively deep-water facies of the Middle Miocene deposits of
the Taman Peninsula are not very favorable to provide abundant and
rich associations of mollusks. Nevertheless, the few observed species are
informative and show that all regional substages of the Middle Miocene
are present in the sampled succession. The lowermost part of the section
(units A and B1) contains specimens of Lutetia (Davidaschvilia) inter-
media (Fig. 4), which imply an upper Chokrakian age (Goncharova in
Golovina et al., 2004). The lower half of B2 is characterized by small
and poorly preserved, difficult to determine, forms of Lutetia (Davi-
daschvilia) intermedia or Zhgentiana gentilis (Eichw.). Though poorly
preserved, the fauna can be interpreted as corresponding to the Kar-
aganian stage. In the upper part of B2, the presence of Zhgentiana gentilis
(Eichw.) and Zhgentia cf. grandis (Andrus.) indicates a Karaganian age.
Unit C does not contain any mollusks but the clays of unit D are marked
in the lower part by occurrences of Ervilia and Abra and in the upper
part by Mytilaster volhynicus (Eichw.), Ervilia pusila trigonula Sok.,
Modiolus sp.,? Barnea sp.,? Abra sp., Timoclea konkensis and Alveinus
nitidus, the latter ones being characteristic for the Konkian stage. In unit
G, approximately 4 m above marker bed E, Abra alba scythica (Sok.),
rare Musculus sp. and Mactra sp. are found, which correspond to the
Volhynian.

3.2. Foraminifera

The foraminifera from units A, B1 and B2 have previously been
investigated (T. Pinchuk in Popov et al., 2009). Units A and B1 (Fig. 4)
comprise members of the genera Hyperammina, Saccammina, species of
the genera Quinqueloculina, Sigmoilina, Spiroloculina and Discorbis
tschokrakensis Bogd, an association that corresponds to beds with

Florilus parvus of the late Chokrakian (Bogdanovich, 1965). In unit B2, a
poor association of Saccammina, Nonion, Quinqueloculina and Discorbis
was found. It includes D. urupensis Krasch. and D. kartvelicus Krash.,
which are characteristic for the Karaganian (Pinchuk, 2006).

More diverse foraminiferal associations are present in the interval
between units C and G (see also Vernigorova et al., 2006; Popov et al.,
2016). Planktonic foraminifera are observed in almost all samples, but
shells are generally rare and very small-sized. Benthic foraminiferal
assemblages are more abundant and can be used to define the bound-
aries of the Konkian substages.

Unit C (Fig. 4) contains (albeit rare) Quinqueloculina ex gr. con-
sobrina d'Orb., Varidentella reussi sartaganica Krash., Nodobaculariella
konkensis Bogd., Articulina vermicularis Bogd., Nonion tauricus Krash.,
Bolivina sp., Reussella spinulisa (Reuss), Cassidulina bulbiformis Krash.,
Discorbis kartvelicus Krash., D. supinus Krash, an assemblage character-
istic for the Konkian stage. Shells are generally small-sized and well
preserved. The domination of Cassidulina and Discorbis, combined with
the small number of the Konkian foraminifera, indicates correlations to
the early development stage of the Konkian (Vernyhorova, 2015), the
Kartvel beds (according to Krasheninnikov, 1959, Bogdanovich, 1965).

Unit D shows an assemblage marked by increased numbers of
Quinqueloculina angustissima Bogd., Q. guriana O.Djan., Q. ex gr. con-
sobrina d'Orb, Varidentella reussi sartaganica Krash., Articulina cubanica
Bogd., Nodobaculariella didkowskii Bogd., Bolivina ex gr. crenulata Cush.,
Discorbis kartvelicus Krash., Cassidulina bulbiformis Krash., Florilus
boueanus Orb., Porosononion martkobi (Bogd.), P. subgranosus (Egger)
(Fig. 5). Species of Quinqueloculina, Bolivina, Bulimina genera are
dominant but shells have small size, modified walls (thin, corroded)
and are often poorly preserved. An abrupt change in species diversity is
observed in the upper part of unit D, which comprises 55 species, be-
longing to 28 genera. The foraminiferal assemblages of unit D correlate
to the Sartagan beds (according to Krasheninnikov, 1959, Vernigorova
et al., 2006) or the Sartaganian substage (according to Dzhanelidze,
1970). The faunal assemblage of the Kartvelian and Sartaganian in-
dicates marine environments and connectivity to the open ocean, be-
cause the species of the normal-marine genera: Nodobaculariella, Ar-
ticulina, Reussella, Cassidulina, Discorbis (according to: Krasheninnikov,
1959, Bogdanovich, 1965; Vernigorova et al., 2006, Popov et al., 2016),
dominate the assemblage.

In the terminal part of unit D, and in units E and F, a considerable
reduction of species diversity is observed (Figs. 4, 5). Foraminiferal
shells are generally rare and have small sizes. The presence of typical
Konkian species Quinqueloculinа guriana, Varidentella reussi sartaganica,
Discorbis supinus together with the euryhaline species, Elphidium hor-
ridum, Nonion bogdanowichi, Ammonia ex gr. beccarii (also common in
the Volhynian) are indicative for the final phase of the Konkian (by
Bogdanovich, 1965, Vernyhorova, 2015), or to the Veselyanka beds
(according to Krasheninnikov, 1959, Vernigorova et al., 2006) or the
Veselyankian substage (by Dzhanelidze, 1970).

Fig. 3. Overview on the middle and lower part of the Zelensky-
Panagia Section and an explanatory sketch with highlights on the
sampling areas (marked in black) and the marker beds (represented
in white) to emphasize the cyclic aspect of the section.
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The lower half of Unit G (Fig. 5) has only a few poorly preserved
foraminifera shells of Porosononion genus. However, the upper half of
this Unit (not presented here) is characterized by relatively rich benthic
foraminifera (25 species, according to Pinchuk in Popov et al., 2011),
and Miliolinella, Quinqueloculina, Articulina, Porosononion, Nonion, El-
phidium are constantly present (according to Pinchuk and Verhyhorova
in Popov et al., 2016). Species of Quinqueloculina are prevailing in the
clays, while species of Elphidium dominate the marls. The presence of
Quinqueloculina reussi reussi, Articulina sarmatica, Elphidium josephina
(d'Orb), indicates a correlation to the Volhynian (sensu Bogdanovich,
1965).

3.3. Calcareous nannoplankton

Units A, B1 and B2 do not contain nannofossils (Figs. 4, 5). The first
manifestation of nannoplankton is noted at the base of unit C, where
assemblages mainly consist of Braarudosphaera bigelowii (Gran &
Braarud 1935) Deflandre, 1947, Calcidiscus leptoporus (Murray &
Blackman 1898) Loeblich & Tappan, 1978, Coccolithus pelagicus
(Wallich 1877) Schiller, 1930, Cyclicargolithus floridanus (Roth &Hay,
in Hay et al., 1967) Bukry, 1971, Pontosphaera multipora (Kamptner,
1948 ex Deflandre, 1954) Roth, 1970, Reticulofenestra pseudoumbilicus
(Gartner, 1967) Gartner, 1969, Reticulofenestra sp., Thoracosphaera sp.
(Fig. 5). Unit D is marked by an increase in biodiversity. Its typical
association is composed of Cricolithus jonesi Cohen, 1965, Helicosphaera
carteri (Wallich 1877) Kamptner, 1954, Helicosphaera sp., Rhabdo-
sphaera pannonica Baldi-Beke (1960), Rhabdosphaera sicca (Stradner,
1963), Rhabdosphaera poculii (Bona and Kernene, 1974) Muller, 1974,
Rhabdosphaera sp., Sphenolithus moriformis (Bronnimann and Stradner,
1960) Bramlette and Wilcoxon, 1967. The white marly intercalations in
this unit are characterized by monospecific Reticulofenestra pseu-
doumbilicus, abundant Braarudosphaera bigelowii, very rare Rhabdo-
sphaera poculii, Rhabdosphaera sp. and a single specimen of Discoaster
aff. kugleri. The assemblages of units C and D do not contain zonal
markers but may correspond to the undivided interval of NN6 Discoaster
exilis – NN 7 Discoaster kugleri (Martini, 1971). An increase of the bloom
of Reticulofenestra pseudoumbilicus marks the upper part of unit D.

Unit E is characterized by the sedimentation of coccolithic lami-
nated limestone, represented by monospecific Reticulofenestra pseu-
doumbilicus, while rare Braarudosphaera bigelowii, a single
Rhabdosphaera poculii and very small Syracosphaera sp. are also present
(Fig. 4). These coccolithic limestones reflect specific paleoenviron-
mental conditions, and probably relate to periods of stratification and
high nutrient input. The latest bloom of Reticulofenestra pseudoumbilicus
is observed at the top of unit F in a very thin (0.5 cm) sublayer of
calcareous clays. It is worth mentioning that although not included in
Fig. 5 because of their scarcity, most deposits of the unit F, contain very
rare Coccolithus pelagicus (Wallich 1877) Schiller, 1930, Cyclicargolithus
floridanus (Roth &Hay, in Hay et al., 1967) Bukry, 1971 and Spheno-
lithus moriformis (Bronnimann and Stradner, 1960) Bramlette and Wil-
coxon, 1967 (Popov et al., 2016). Also, rare Lacunolithus menneri Lul-
jewa, 1989 is identified at the base of unit G but has not been pictured
in Fig. 5 due to its scarcity.

3.4. Regional biostratigraphic framework

The mollusk and foraminiferal assemblages of the Zelensky-Panagia
section both indicate that the Chokrakian-Karaganian boundary is lo-
cated at the transition between Units B1 and B2 at level –2 m (Fig. 4).
The Karaganian fossil assemblages indicate a decrease in salinity and
are indicative of more restricted connectivity, probably implying iso-
lation of the Eastern Paratethys basin from the open ocean. The first
occurrence of calcareous nannofossils and planktonic and benthic for-
aminifera typical for the Konkian stage is found at the base of Unit C.
This level determines the Karaganian-Konkian boundary (at 27.9 m),
which reflects a transition to marine environments and re-connectivity
to the open ocean.

The Konkian deposits comprise a continuous succession and can be
subdivided in three substages according to the foraminifera and cal-
careous nannoplankton assemblages. The Kartvelian substage is char-
acterized by the first appearance of nannoplankton, the presence of the
planktonic foraminifer Globigerina genus and the marine benthic for-
aminifer genera: Discorbis, Cassidulina, Articulina and scarce
Nodobaculariella, Reussella. In the Kartvelian part of the section no
mollusks are found.

The Sartaganian substage contains more diverse nannoplankton and
foraminiferal assemblages. Both planktonic and benthic groups show
quantitative and qualitative variations in composition, most likely

Fig. 4. Bio-litho-stratigraphic schematic description of the Zelensky-Panagia Section.
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reflecting pulsating marine influxes (fluctuations of salinity, tempera-
ture and nutrient input), indicative for an unstable marine environ-
ment. The main environmental changes took place during the upper
part of the Sartaganian, where levels of monospecific coccoliths reflect
a transformation towards non-marine conditions in the surface waters
of the basin. At the same time, the benthic microfauna shows changes
towards increasing marine assemblages, indicating more stable marine
environments at the deeper settings. Various other fossils have been
found in the Sartaganian part of the section (bones of fish and seals,
imprints of insects, fragments of bryozoans, ostracods, plant seeds,
etc.). The ostracod assemblage comprises Hemicytheria ex gr. cancellata
(Lienenklaus), Cytherura fragilis (Stancheva), Aurila cf. notata (Reuss),
Loxoconcha biblicata Schneider, Cytherura lamellosa Scher. et Tschab.,
Leptocythere distenta Schneider, Xestoleberis (Xestoleberis) lutrae
Schneider, Cyprideis torosa Jones (V.A. Kovalenko in Vernigorova et al.,
2006). The Veselyankian substage comprises poor benthic foraminiferal
assemblages and shows various blooms of Reticulofenestra pseudoumbi-
licus, reflected by the deposition of coccolithic limestones. It should be
noted that a small offset in the location of the boundary (see Fig. 5)
between the main and the final phases (the Sartaganian and Vese-
lyankian) exists between the interpretations of the foraminifer and
nannoplankton data (Vernyhorova et al., 2006). The Konkian-Volhy-
nian boundary is determined by the onset of the typical Volhynian as-
semblages at the unit G, after the final bloom of Reticulofenestra pseu-
doumbilicus at top of unit F (at level 50.35 m).

4. Magnetostratigraphy

Magnetostratigraphy can provide ages to rock successions if the
established polarity pattern of the studied sections can be correlated to
reversal pattern of the Geomagnetic Polarity Time Scale (e.g. Langereis
et al., 2010). Magnetostratigraphy has earlier been proven to be very
useful, especially in Central Paratethys sediments for a variety of
magnetic carriers (Vasiliev et al., 2010; Paulissen et al., 2011; De Leeuw
et al., 2013; Ter Borgh et al. 2013).

The Zelensky-Panagia section was sampled at meter-scale resolution
with a hand-held electric drill using water as a coolant. Paleomagnetic
cores were collected from a total of 57 levels. The orientation of the
paleomagnetic cores and the corresponding bedding planes were ob-
tained using a magnetic compass, previously corrected for the local
magnetic declination.

In the field, the magnetic susceptibility was measured with a SM30

magnetic susceptibility meter. The SM30 has an 8 kHz LC oscillator
with a large size pick-up coil as a sensor that ensures a good penetration
depth: 90% of its signal penetrates the first 20 mm of the measured
level. The magnetic susceptibility was measured on 216 levels, corre-
sponding to a resolution of 25–30 cm. The susceptibility record may
indicate changes in the nature of the carriers and could highlight
changes in the basin chemistry. We especially use this method to verify
if there is a similar change in the magnetic properties of the Eastern
Paratethys, as observed across the Badenian-Volhynian boundary in the
Tisa section of the Central Paratethys (Palcu et al., 2015).

In the paleomagnetic laboratory of Fort Hoofddijk, rock-magnetic
measurements were conducted to understand the nature of the mag-
netic carriers and to validate the magnetic susceptibility measurements
from the field. These tests include measurements of magnetic suscept-
ibility and thermomagnetic runs in air. The magnetic susceptibility in
the lab was measured at room temperature for all cores, cut to a stan-
dardized length of 1 in., on a Kappabridge KLY-1. Thermomagnetic runs
were measured in air on a modified horizontal translation type Curie
balance with a sensitivity of approximately 5 Å ~ 10 – 9 Am2

(Mullender et al., 1993). Approximately 60 mg of powdered sample
(put into a quartz glass sample holder and held in place by quartz wool)
were heated and cooled at rates of 10 °C/min.

Afterwards, thermal and alternating field demagnetiszation techni-
ques were applied to isolate the characteristic remanent magnetization
(ChRM). The Natural Remanent Magnetization (NRM) was thermally
demagnetized and measured using a 2G Enterprises DC Squid cryogenic
magnetometer (noise level of 3 ∗ 10–12 Am2). The heating was ob-
tained with the help of a laboratory-built, magnetically shielded fur-
nace, with a residual field less than 10nT. The thermal steps are based
on the observations on the behavior during the thermomagnetic runs.
For the samples from Zelensky-Panagia, relatively small temperature
steps of 10–30 °C were applied in the 100–360 °C range because of the
rapid thermal decay and the occurrence of additional secondary mag-
netic carriers after 400 °C. Alternating field demagnetization was per-
formed, with small field increments, up to a maximum of 100mT. An in-
house built automated sample handler, attached to a horizontal 2G
Enterprises DC SQUID cryogenic magnetometer was used for these
measurements.

4.1. Rock magnetism

The magnetic susceptibility fluctuates significantly over the

Fig. 5. Stratigraphic distribution of nannoplankton
and foraminifera species in Zelensky-Panagia
Section. Note the two interpretations on the
Sartaganian - Veselyankian boundary, following the
information on the nannoplankton and foraminifera
distribution. The large occurrences of R. pseu-
doumbilicus are repetitive blooms.
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Zelensky-Panagia section, by more than two orders of magnitude (be-
tween 0.0029 and 0.438). Three zones (Fig. 6) can be distinguished
based on the susceptibility trends. In the Karaganian part of the section
(SA), the susceptibility first slowly increases up to 0.221E-05 m3/kg at
the 16 m and then decreases back towards initial levels at 24.75 m. The
Konkian part of the section (SB) is characterized by remarkably steady
values of around 0.068E-05 m3/kg. The Volhynian part of the section
(SC) shows a significant increase in the average magnetic susceptibility
(0.187E-05 m3/kg equal to an increase of 275% compared to the
average value of the Konkian) with the maximum peaks of 0.438E-
05 m3/kg. The magnetic susceptibility measured in the lab on the
magnetostratigraphic samples, ranges between 6.79E-08 m3/kg and
1.5E-07 m3/kg throughout the section and is fairly constant. No big
fluctuations are visible in the lower and middle part of the section but a
significant increase is observed in the Volhynian part of the section, in
the interval above 50.35 m.

The thermomagnetic runs show significant variations that correlate
with the stratigraphy. Samples corresponding to the Konkian and
Volhynian stages show the alteration of an iron sulfide (pyrite) that
above ~400 °C turns to a magnetic phase (magnetite) and finally above
580–600 °C, to hematite (Fig. 7a). This alteration appears not to be
present in the samples corresponding to the Karaganian stage (Fig. 7a).

The majority of the Konkian and Volhynian samples show a re-
versible decrease (Fig. 7a), characteristic for magnetite. The Karaganian
samples show a different behavior with increasing temperature up to
~410 °C: the decrease in magnetization is irreversible (Fig. 7b high-
light), characteristic for greigite.

4.2. Magnetic polarity pattern

The NRM intensity ranges between 20 ∗ 10–6 A/m and
71.000 ∗ 10–4 A/m (Fig. 6). Several characteristic thermal demagneti-
zation diagrams, of mostly marls and clays, are depicted in Fig. 7b. We
identified the ChRM by analyzing the decay-curves and vector end-
point diagrams (Zijderveld, 1967). During both the progressive thermal
demagnetization and the progressive alternating fields demagnetiza-
tion, two magnetic components can be recognized. A very weak, low-
temperature, viscous overprint is generally removed at 120 °C (Fig. 7b).
A second, higher-temperature, component is demagnetized at tem-
peratures between 120 °C and 300 °C. This component is of dual po-
larity and is interpreted as the ChRM. The ChRM directions were de-
fined by at least four consecutive temperature steps and calculated with
the use of principal component analysis (Kirschvink, 1980).

We use the maximum angular deviation (MAD) of the calculated
directions to separate the results into three qualitative groups. The 1st
quality (MAD = 0–5) and 2nd quality results (MAD = 5–10) have been
used for plotting the polarity pattern (Fig. 6). The 3rd quality results
(MAD> 15) have been discarded from the polarity pattern (Fig. 6).

The ChRM directions, magnetic intensity and magnetic suscept-
ibility have been plotted against stratigraphic levels (Fig. 6). The po-
larity pattern of the Zelensky-Panagia section comprises nine different
polarity intervals, four of reverse (R1–4) and five of normal (N1–5)
polarity.

5. A magnetostratigraphic time frame for the Eastern Paratethys

We aim to obtain a robust time frame for the Karaganian, Konkian

Fig. 6. Schematic lithological column, po-
larity zones, magnetic intensity and mag-
netic susceptibility for the Zelensky-
Panagia section. Four reversed polarity in-
tervals (R1, R2, R3, R4) and five normal
ones (N1, N2, N3, N4, N5) have been
identified. The positions of the stage
boundaries are marked with red lines. The
different trends of the magnetic suscept-
ibility (blue): slow rise and fall in the SA
zone - Karaganian, fluctuating in the SB
zone - Konkian and abruptly increasing in
the SC zone - Volhynian. (For interpretation
of the references to colour in this figure
legend, the reader is referred to the web
version of this article.)
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and Volhynian deposits of the Eastern Paratethys by correlating the
observed polarity pattern of the Zelensky-Panagia section to the as-
tronomically dated polarity column of the most recent geomagnetic
polarity time scale (GPTS) (Hilgen et al., 2012) (Figs. 8, 9). Biostrati-
graphic constraints restrict the Karaganian and Konkian part of the
succession to the Serravallian and (upper) Badenian (Fig. 2), while the
base of the Volhynian was recently dated at 12.65 Ma in the Carpathian
foredeep of Romania (Palcu et al., 2015). This indicates that the age of
the section is roughly limited to the time interval between 14 and
12 Ma, an interval with multiple magnetic reversals and a characteristic
polarity pattern (Fig. 8).

Starting our correlation from the base of the section (marked by a
red dotted square in Fig. 8), we notice that the Karaganian part is
marked by a relatively short (6 m) reversed polarity interval R1, fol-
lowed by a much longer (16 m) normal polarity interval N2 (Fig. 6).
The 14–12 Ma time interval of the GPTS only shows two R-N chron
pairs that have a normal chron that is longer than the preceding re-
versed chron: C5ACr/C5ACn and C5ABr/C5ABn.

The Konkian polarity pattern consists of two successive normal

intervals (N3 and N4), of approximately similar length as reversed in-
tervals (R2 and R3). Correlating R2/N3 (6 m/5 m) with C5AAr/C5AAn
(180 kyr/151 kyr) seems straightforward, and fits much better than the
correlation to C5ABr/C5ABn (245 kyr/131 kyr), suggesting that the
younger correlation, N2 to C5ABn, is more sound. The polarity pattern
straddling R3, N4, R4 remains problematic and cannot be directly
correlated to the GPTS. However, we can use the top part of the polarity
pattern (N5, R4, N4 – marked with a blue dotted square in Fig. 8) as
another time constraint. The relatively long N5, followed by a long
reverse R4 and a short normal N4 match, the pattern of chrons
C5An.2n, C5.Ar.1r and C5.Ar.1n. The Konkian/Volhynian boundary is
located in the lower part of reversed interval R4 that would correspond
to chron C5Ar.1r. Both the chron and the position in the lower part of
the chron are in good agreement with the magnetostratigraphic results
from the Tisa section in Romania where the basal Volhynian is also
correlated to the lower part of reversed chron C5Ar.1r (Palcu et al.,
2015). The normal polarity interval N5 in the Volhynian then correlates
to C5An.2n, which dates the top of our section at 12.3 Ma (Fig. 8). If we
follow these constraints it is clear that our Konkian pattern with two

Fig. 7. (A) Thermo-magnetic runs for selected samples. Heating and cooling was performed with rates of 10 °C/min. Cycling field varied between 100 and 300 mT. Sample ZZ34,
characteristic for the Karaganian samples, has a decay curve characteristic for a mix of greigite and magnetite, while missing pyrite. Sample ZZ25, characteristic for the Konkian and
Volhynian samples, has a decay curve that corresponds to a magnetite signature and shows the intense oxidation of pyrite in magnetite above 415 °C. (B) Representative examples of
Zijderveld demagnetization diagrams after tilt correction. Sample code and stratigraphic level are specified in the upper corner. Black (red) circles represent the projection on the
horizontal (vertical) plane. The numbers represent the subsequent temperature demagnetization steps in degrees Celsius. The bold temperature values represent intervals used for
calculating the ChRM component, which is marked by the green line. (C) Stereoplot of magnetic directions shows antipodal distribution of normal and reversed polarities. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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normal intervals (N3, N4) does not match the three remaining normal
chrons in the GPTS.

We have not seen any evidence for an unconformity in the succes-
sion, and all previous biostratigraphic studies indicate that the
Zelensky-Panagia section is continuous (Golovina et al., 2004; Popov
et al., 2009). Consequently, we conclude that it is more likely that our
magnetostratigraphic pattern is incomplete for that interval. The most
logical fit to the GPTS can be made if we assume that we have missed
either subchron C5Ar.2r or C5Ar.1n in the interval straddling N4
(Fig. 8A). C5Ar.2r has a duration of 59 kyr in the GPTS, C5Ar.1n only
30 kyr, while our sampling resolution (57 samples/1.6 Myr)

corresponds to an average of 1 sample/30 kyr. Hence, both subchrons
should have been intercepted by one or two samples only, and it is thus
not unlikely that one of them has been missed. If we correlate R3/N4/
R4 (3 m/3 m/6 m) to the interval C5Ar.3r/C5Ar2n-C5Ar1n/C5Ar.1r
(145 kyr/152 kyr/261 kyr) we obtain a very good fit. The sediment
accumulation rates resulting from this correlation indicate gradual
changes that seem to be in agreement with the lithological variations in
the section. The Karaganian stage has significantly higher sedimenta-
tion rates than the Konkian, which positively correlates to the higher
magnetic susceptibility in that interval (Fig. 8A). Variations in sus-
ceptibility may be related to changes in the ratio between clastic

Fig. 8. Age model scenarios for the Zelensky-Panagia
section: Preferred correlation (A) 13.8–12.4 Ma has a
sedimentation rate that follows the magnetic sus-
ceptibility trend except for the uppermost part of the
section, after the Ko/Vh boundary where the change
in magnetic susceptibility is explained by a change in
environment; (B) 13.4–12.4 Ma, shows large varia-
tions of sedimentation rates between the normal and
reverse polarity intervals and does not correlate with
the magnetic susceptibility trends.

Fig. 9. Correlation of the polarity sequence of the Zelensky-Panagia section with the GPTS, the global oxygen & carbon isotope records and the sea-level fluctuations. The green bands
correlate the polarity pattern of the section with the GPTS in the relevant time interval. The Karaganian corresponds to the Badenian Salinity crisis in Central Paratethys and the Ko/Vh
boundary correlates to the BSEE. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sediments versus the biogenic and the chemical sediments, which are
commonly related to environmental change (e.g. Oldfield, 2012;
Thompson and Oldfield, 1986).

An alternative correlation can be made by starting from the top of
the section, using the same constraints as before and correlating N5 and
R4 to C5An.2n and C5Ar.1r, respectively. Downward correlation pre-
sents a reasonable fit by correlating N4, N3 and N2 to C5Ar.1n, C5Ar.2n
and C5AAn (Fig. 8B). An irrational result of this correlation is that the
accumulation rate in all normal intervals would be more than double
the rate in the reversed intervals, a scenario that we consider highly
unlikely.

In conclusion, we favor option A (Fig. 8A) as the best fit correlation
of the Zelensky-Panagia polarity pattern to the GPTS. The subsequent
magnetostratigraphic age constraints are the first for the Euxinic basin,
and allow the construction of a revised time frame for the Middle
Miocene stages of the Eastern Paratethys. Our preferred correlation
indicates that the Chokrakian/Karaganian boundary is located in the
upper part of C5ACn at an age of ~13.8 Ma (extrapolating ~7 m

downwards following the sedimentation rate trend), closely corre-
sponding to the Langhian/Serravallian boundary. The Karaganian/
Konkian boundary is determined in the upper part of C5ABn at an age
of 13.4 Ma and the Konkian/Volhynian boundary is dated in the lower
part of C5Ar.1r at an age of 12.65 Ma (Fig. 9).

6. The influence of Paratethys gateway evolution on
paleoenvironmental change

Our new results provide a more comprehensive picture on the pa-
leogeographic changes that occurred in the middle Miocene of Central
Europe, and shows that the operability of the Paratethys gateway is a
key to understand the paleoenvironmental changes in the region. The
latest Langhian interval is marked by restricted marine environments
(Chokrakian) in the Eastern Paratethys and by open marine conditions
(Lower Badenian) in the Central Paratethys. The presence of marine
fauna in the Eastern Paratethys indicates that connectivity with the
open ocean must have persisted in Chokrakian times, but that the

Fig. 10. (A) Paleogeographic configuration during the Badenian Salinity Crisis (BSC); (B) The evaporite basins of the Central Paratethys are located at the interference between low-
salinity water flowing westwards through the Carasu/Barlad Strait from the Eastern Paratethys and marine water flowing eastwards through Trans-Tethyan corridor, in a context of
restricted gateways. (C) This setting is strikingly similar with the flow configuration in the Mediterranean during the Messinian Salinity Crisis; 5.97–5.33 Ma.
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marine gateway with the Central Paratethys must have been limited in
size, depth and width to prevent a full exchange between the two
Paratethyan seas. During the early Serravallian, this gateway stopped
functioning as a marine water source for Eastern Paratethys, which
turned into a sea-lake during the Karaganian. The marine gateway that
connected the Central Paratethys to the Mediterranean became re-
stricted as well, culminating in hypersaline conditions and evaporite
deposition in Central Paratethys during the Badenian Salinity Crisis.
The BSC was ended by a marine incursion through the gateway(s) to
Mediterranean that re-established open marine conditions in the
Central Paratethys (Upper Badenian), which episodically influenced the
Eastern Paratethys during the Konkian. The gateway between the
Eastern Paratethys and Central Paratethys must have been limited in
size again during the Konkian, and reached a new equilibrium phase in
the early Sarmatian (Volhynian) when it became big enough to cause
exchange between the Eastern and Central Paratethys seas, establishing
rather uniform environments on both sides of the sill.

6.1. The Karaganian – expression and trigger of the Badenian salinity
crisis?

The Chokrakian/Karaganian boundary corresponds to a significant
change in Eastern Paratethyan mollusk, foraminifer, and nanno-
plankton faunas, all demonstrating that the marine species of the
Chokrakian are replaced by species indicative of specific, semi-marine,
conditions with unstable salinity of the Karaganian.
Paleogeographically, the transition is interpreted as a change from a
semi-closed Chokrakian sea towards a more restricted and fresher water
sea-lake during the Karaganian (Peryt et al., 2004), indicating that
Eastern Paratethys became isolated from the open ocean. In the Ze-
lensky-Panagia section, the C/K boundary is marked by a lithological
transition from dark grey marly clays of the Chokrakian towards
rhythmic alternations of brown clays and white marly concretions of
the Karaganian. The boundary level is placed at –2 m and corresponds,
by extrapolation, to the upper part of chron C5ACn. Interpolation of
sedimentation rates dates the boundary at an age of 13.8 Ma.

Correlation to the global climate and sea level curves indicates that
the onset of the Karaganian closely correlates to the Mi3b cooling shift
(Holbourn et al., 2013), suggesting a causal relationship (Fig. 9). This
cooling step corresponds to the Langhian/Serravallian boundary
(Hilgen et al., 2009) and is dated at 13.82 ± 0.03 Ma in the Medi-
terranean (Abels et al., 2005). It terminated the relatively warm cli-
matic conditions of the Middle Miocene, as expressed in many isotope
records worldwide (e.g., Holbourn et al., 2005, 2013). In Chokrakian
times, the Eastern Paratethys was most likely connected to the Car-
pathian foredeep region in the west through the small and shallow
“Carasu Strait” in the southern Dobrogea region of Romania (Fig. 10).
The strait was identified in the area of the Carasu stream and contains
shallow marine deposits with mostly Chokrakian fauna in the eastern
(Chiriac, 1970) and (time-equivalent) Badenian fauna in the western
part (Gradinaru, 2015). In the central part of the Carasu strait, the
Badenian fauna reaches a maximum of ~35% of the total fauna but
lacks its stenohaline elements such as corals, echinoderms and bra-
chiopods (Chiriac, 1970). The Mi3b event is estimated to have caused a
40–50 m drop in global ocean level (John et al., 2011), which could
have easily closed the Carasu Strait and isolated Eastern Paratethys
from the global ocean.

The Mi3b sea level drop is also inferred to have affected the en-
vironmental conditions in the Central Paratethys. Oxygen isotope va-
lues of foraminifera show a major cooling trend in the lower Badenian
just before the BSC evaporites (Bicchi et al., 2003). Moreover, warm-
water planktonic foraminiferal assemblages are shown to be replaced
by cool-water populations (Gonera et al., 2000), while a decline in
thermophilous mollusk taxa is also observed (Harzhauser and Piller,
2007). 40Ar/39Ar dating of volcanic tuffs from directly below the Ba-
denian salts shows that the onset of the BSC is dated at

13.81 ± 0.08 Ma, suggesting a causal relationship with the Mi3b
cooling event as well (De Leeuw et al., 2010). The corresponding sea-
level drop is considered to have restricted the water exchange through
the marine gateways connecting Central Europe with the Mediterra-
nean, resulting in hypersaline conditions in several Central Paratethys
basins.

Our results indicate that the paleogeographic and hydrological
configuration of the Central Paratethys during the BSC is slightly more
complicated than previously envisaged (e.g. Rögl, 1998; De Leeuw
et al., 2010, Báldi et al., 2015, Szuromi-Korecz and Selmeczi, 2015,
Báldi et al., 2017). The peripheral basins of Central Europe that ex-
perienced hypersaline conditions and salt deposition are not only in-
fluenced by changes in the Mediterranean gateway, but also may have
experienced different hydrological fluxes from the Eastern Paratethys.
The Karaganian successions are commonly found transgressive on the
marginal regions of the Black Sea basin (Popov et al., 2006), indicating
that the hydrological budget of the Eastern Paratethys was positive
during this time interval. The Carasu Strait has thus persisted during
Karaganian times, connecting Eastern Paratethys (in a process of
freshening) with the hypersaline Central Paratethys. The lack of hy-
persaline influences in Eastern Paratethys points to a unidirectional
flow of low-salinity water into the basins of the Central Paratethys from
East to West.

BSC salt and gypsum formation is following the same East-West
trend: evaporites are more developed close to the gateway region -
Carpathian foredeep and Transylvanian Basin, less developed in the
middle part of Central Paratethys – Slovak and Pannonian basin and
absent in the areas furthest from the gateway – Vienna and Styrian
basins. This distribution points towards a causal link between the in-
flow of low-salinity water from Eastern Paratethys and the evaporite
formation during the BSC.

At first sight it seems rather counterintuitive that inflow of low-
salinity water could play a role in the formation of evaporites in silled
basins. However, also in case of the Messinian Salinity Crisis of the
Mediterranean it has become clear that a positive brackish water influx
from Paratethys may have played a significant role in the formation of
gypsum and salt (Krijgsman et al., 2010; Roveri et al., 2014). Tradi-
tionally, gypsum formation is considered to result from enhanced
(seasonal) drought during precession maxima (Krijgsman et al., 2001),
but recently it has been shown from gypsum hydration water and the
salinity of fluid inclusions that influx of freshwater was a major com-
ponent during gypsum formation (Dela Pierre et al., 2015; Natalicchio
et al., 2014; Evans et al., 2015). The paleogeographic configuration of
the BSC and MSC are very similar, with the evaporite basins in inter-
mediate position between the open ocean and the restricted brackish
water domain of the Eastern Paratethys (Fig. 10B). Global climate
models showed that the hydrological budget of the Eastern Paratethys
was also positive during the MSC, providing continuous low-salinity
water flow to the Mediterranean (De la Vara et al., 2016; Marzocchi
et al., 2016). Low-salinity water inflow from the Eastern Paratethys
may have contributed to increased stratification in the evaporite basin,
by creating a brackish water surface unit on top of hypersaline waters,
thereby effectively preventing deep water mixing and increasing brine
formation by blocking deep overflow towards the open marine basin
(e.g. Marzocchi et al., 2016).

6.2. The Konkian: episodic connections between Eastern and Central
Paratethys - the opening of a new strait

The Karaganian/Konkian transition (beginning of Kartvelian) is
marked by the first marine influxes, which ended the semi-isolated
position of the Karaganian sea-lake in the Eastern Paratethys. The
Konkian comprises several faunal elements (nannoplankton, for-
aminifera, mollusks) that are assumed to come from the Central
Paratethys (Kosovian), indicating that two-way connectivity must have
been re-established through the Paratethys gateway (Fig. 10). Marine
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faunal assemblages of the Zelensky-Panagia section are much more
diverse in the middle (Sartaganian) part of the Konkian showing that
the marine gateway functioned most effectively during that time period
(Fig. 4). The Karaganian/Konkian boundary, located at 44 m, is posi-
tioned at the upper part of C5ABn and is dated at ~13.4 Ma.

Correlation to the global climate and sea level curves shows that the
boundary does not correspond to any major change in climate or global
sea level (Fig. 8). Consequently, we infer that geodynamic changes in
the gateway regions were responsible for the marine ingression. The
lack of evidence for Konkian fauna in the Carasu Strait hints at the
development of a new gateway between Central and Eastern Para-
tethys. Fossil distribution patterns in the upper Badenian and Konkian
point towards the initiation of the Barlad Strait, north of Dobrogea
through present-day Ukraine and Moldova (Studencka et al., 1998;
Popov et al., 2006). During the Konkian, the Barlad Strait was probably
still in an early opening stage, characterized by intermittent and poor
east-west exchange of fauna (Fig. 10). Tectonically driven expansion of
the Carpathian foreland basin towards the Eastern European platform
may have generated or widened a connection towards the Central
Paratethys (e.g. Kováč et al., 2007). East-west connectivity became
more intense at mid-Konkian times. All middle Konkian (Sartaganian)
mollusk species from the Eastern Paratethys (> 150 according to
Studencka et al., 1998 and Iljina, 2003) are common with the upper
Badenian (Kosovian) assemblages of the Central Paratethys. However, a
connection to the Eastern Mediterranean, through the Lesser Caucasus
and/or Mesopotamia, is also proposed to explain the diverse faunal
associations in the southeastern parts (Mangyshlak, Usturt, Transcau-
casian, North Iran) of the Eastern Paratethys basin (Iljina, 2003; Popov
et al., 2006; Popov et al., 2015).

Recent 40Ar/39Ar dating of volcanic ash layers on top of the
Badenian evaporites reveals that the BSC in the Central Paratethys had
ended by 13.32 ± 0.07 Ma (De Leeuw et al., 2013; De Leeuw et al.
under review). In the Carpathian foredeep of Romania, the marine
Badenian (Kosovian) succession, corresponding to the late Badenian
transgression (Kováč et al., 2007), is overlying the BSC gypsum and
comprises faunal assemblages similar to the Serravallian of the Medi-
terranean (Kókay, 1985; Bartol et al., 2014).

This suggests that also the marine connection between the Central
Paratethys and the Mediterranean was better functioning again during
the Konkian/Kosovian time interval. The gateway between the
Mediterranean and the Central Paratethys is thought to have been lo-
cated in present-day Slovenia (Bartol et al., 2014), although some al-
ternative hypotheses exist (Kováč et al., 2007).

In the Eastern Paratethys, the calcareous nannofossil assemblages of
the upper part of the Konkian (Veselyankian) are marked by a sudden
decrease in biodiversity and the rapid development of monospecific
Reticulofenestra pseudoumbilicus with rare presence of Rhabdosphaera
poculi (Golovina et al., 2004; Bratishko et al., 2015). In addition, eur-
yhaline endemic mollusk (sub)species like Acanthocardia andrussovi,
Mactra basteroti konkensis, Parvivenus konkensis and Ervilia pusilla trigo-
nula become dominant. The bloom of R. pseudoumbilicus is very well
documented in the Zelensky-Panagia section, but is also known from
sections in the North Caucasus and the Transcaspian (Fig. 5). These
nannofossil blooms, together with influxes of marine foraminifera,
signal occasional exchanges between the Central and Eastern Para-
tethys seas. The inflow of relatively heavy marine waters from the
Central Paratethys probably disturb (locally) the stratification of the
Eastern Paratethys basin, creating nutrient rich upwelling currents that
lead to nannoplankton blooms (Fig. 11B1).

6.3. The Volhynian: onset of a Paratethys pump - towards unified
conditions

The Konkian/Volhynian boundary is placed at 50 m in the Zelensky-
Panagia section at the level where the common marine nannofossil and
foraminifera assemblages disappear from the record. The boundary is

determined in the lower part of C5Ar.1r and is dated at an age of
12.65 Ma by extrapolation of constant sediment accumulation rates
(Fig. 9). The Konkian/Volhynian boundary in the Eastern Paratethys
has a similar age as the Badenian/Volhynian boundary in the Central
Paratethys (Palcu et al., 2015). This suggests that connectivity changes
between Eastern and Central Paratethys are simultaneously causing
major paleoenvironmental changes at both sides of the gateway.

In Central Paratethys, the base of the Volhynian (lower substage of
the Sarmatian) corresponds to the Badenian-Sarmatian Extinction Event
(BSEE), the largest faunal turnover event in the Paratethys realm, in-
cluding a full loss of coral, radiolarian and echinoid life forms from
Central Paratethys (Harzhauser and Piller, 2007). It is recognized
throughout the entire Central Paratethys and considered a synchronous
event (Palcu et al., 2015).

At the age of 12.65 Ma, the oxygen isotope curves (Zachos et al.,
2001; Holbourn et al., 2005) shows only a small fluctuations and the
sea-level curve experiences only a small rise (Van De Wal et al., 2011)
suggesting that global climate and sea level change were coupled with
other events to trigger the BSEE. We conclude that tectonic widening
and deepening of the Barlad Strait, coupled with a small sea-level in-
crease, is the most likely cause for the event at the Konkian/Volhynian
boundary. The Paratethyan system experiences a change of roles of its
two main gateways, the Trans-Tethyan Strait persists but has a limited
capacity of exchange while the Barlad Strait expands to become later, at
the end of the Volhynian Stage, a proper seaway. The persistence of this
connection during the Volhynian is evidenced by faunal assemblages
that show similar characteristics east and west of the gateway
(Studencka et al., 1998), indicating an effective water exchange be-
tween the two domains. Remarkably, the unification of Eastern and
Central Paratethys at 12.65 Ma results in a highly controversial and
poorly understood period with marine, brackish, and even fresh water
fluxes, that make paleoenvironmental conditions highly variable (e.g.
Piller and Harzhauser, 2005; Liu et al., 2017). Once the shifting
chemistry had slowly stabilized, the sea became populated with the
remarkably uniform “Sarmatian” endemic fauna. Nevertheless, shallow
associations of Volhynian mollusks show some marked differences
throughout the different Paratethys domains. Only in the Central
Paratethys euryhaline marine species from genera like Loripes, Gari,
Crassostrea, Gastrana and gastropods - Lunatia, Ocenebrina, Mitrella,
Clavatula (hemistenohaline species, according to Kojumgieva, 1969)
are observed.

The Kosovian and Konkian deposits contain significantly different
faunal assemblages that reflect two distinct marine basins, each with its
own salinity and water chemistry. These two basins had limited inter-
actions through an ineffective strait. An increase of connectivity set a
complex water exchange process in motion with devastating con-
sequences for fauna in both Eastern and Central Paratethys. The water
exchange mechanism characterized by stratified; density-driven flow
has previously been proposed as an explanation for the environmental
changes at the Badenian/Volhynian boundary (Palcu et al., 2015). The
Zelensky-Panagia record confirms this pumping mechanism and allows
reconstructing a timeline of events that marks the opening of a new
gateway. The Konkian/Volhynian boundary can be considered
equivalent to the initiation phase of exchange between the two basins
with different salinity (Fig. 11.B2). This exchange mechanism occurs
due to increase in the size of the gateway and adds a new dimension to
the previous exchange dominated by the outflow of the Eastern Para-
tethys (that has a positive budget). A larger gateway triggers a density
contrast and forces the heavier marine water from the Central Para-
tethys to sink into the deeper parts of Eastern Paratethys, effectively
pumping the lighter (brackish) water from the Black Sea to flow out
westwards over the gateway. There, it will probably remain on top of
the marine waters, creating stratified conditions in the Central Para-
tethys. Similar to the configuration at present-day Gibraltar and Bo-
sphorus, the density contrast between the two basins and the size of the
connecting strait will accelerate the exchange speed (e.g. Marzocchi

D.V. Palcu et al. Global and Planetary Change 158 (2017) 57–71

68



et al., 2016). A second exchange phase (early Volhynian) occurs once
the oxygenated light brackish water layer is spread in the whole system
and thinned, giving place for the deeper anoxic water to upwell and
cross the gateway into Central Paratethys (Fig. 11.B3). This heavier
brackish-anoxic water, still lighter than the Central Paratethys water, is
rich in nutrients and will fuel nutrient rich plumes that will cross the
Barlad Strait, causing water stratification and unstable environmental
conditions in the Central Paratethys, most likely depending on hydro-
logical variations in the dominantly positive water budget of the
Eastern Paratethys (e.g. Piller and Harzhauser, 2005; Liu et al., 2017).
The observations of calcareous nannofossil blooms and mass develop-
ment of diversified diatom floras in the Volhynian successions of the
Polish Carpathian Foredeep are logically explained by such marine
overflow waters from the Eastern Paratethys (Gaździcka, 2015).

7. Conclusions

We provide integrated magneto-biostratigraphic results from a
continuous, 64 m long, sedimentary succession at the Taman peninsula
on the northeastern coast of the Black Sea that straddles the uppermost
Chokrakian - Karaganian - Konkian - early Volhynian interval of the
Eastern Paratethys (Popov et al., 2016). The magnetostratigraphic re-
cord from the Zelensky-Panagia section consists of 5 normal and 4 re-
versed polarity intervals and its characteristic polarity pattern can be
correlated to the C5ACn-C5An.2n interval of the GPTS. Our preferred
correlation shows that the entire succession covers the time interval
from 14.0 to 12.3 Ma. We date and describe three major paleoenvir-
onmental changes, which can all be related to variations in the con-
figuration of the paleo-straits that connected the Eastern Paratethys

Fig. 11. (A) Paleogeographic configuration and
circulation model responsible for the Badenian/
Sarmatian Extinction Event (BSEE) and the
Konkian/Volhynian Extinction. (B) Scenario of
events at the end of the Konkian/Badenian
stages; note the gradual opening of the Barlad
gateway that allows a bidirectional mixing to be
initiated.
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with the Central Paratethys and the Mediterranean.
The Chokrakian/Karaganian boundary (13.8 Ma) is marked by the

replacement of endemic marine Chokrakian fauna to low salinity and
fresh water Karaganian taxa. A major sea level drop related to the
global Mi3b cooling event isolated the Eastern Paratethys from the
influences of the global ocean. The Karaganian successions are trans-
gressive on the marginal regions of the Black Sea basin, indicating that
the hydrological budget of the Eastern Paratethys was positive during
this time interval. This created a unidirectional flow of brackish water
into the easternmost basins of the Central Paratethys, which may have
contributed to the formation of salt and gypsum during the BSC.

The Karaganian/Konkian transition (13.4 Ma) is marked by re-
newed marine influxes, which ended the isolated position of the
Karaganian sea-lake of the Eastern Paratethys. Geodynamic changes in
the gateway region resulted in the opening of a new gateway: the
Barlad Strait north of Dobrogea. Faunal exchange with the Central
Paratethys indicates a restricted two-way connectivity in the early
Konkian, while east-west connectivity becomes more intense at mid-
Konkian times.

The Konkian/Volhynian boundary (12.65 Ma) is marked by a
sudden decrease in biodiversity and the disappearance of marine nan-
nofossil and foraminifer assemblages. This indicates that connectivity
changes between Eastern and Central Paratethys are simultaneously
causing major paleoenvironmental changes at both sides of the Barlad
Strait. We conclude that tectonic widening and deepening of the Barlad
Strait generated an effective water exchange between the two domains.
This increase of connectivity set a complex mixing process in motion
whereby the heavier marine water from the Central Paratethys sank
into the deeper parts of Eastern Paratethys, effectively pumping the
lighter (brackish) water from the Black Sea to flow out westwards over
the gateway. A second mixing phase (early Volhynian) occurred once
the oxygenated light brackish water layer spread, giving place for the
deeper anoxic water to upwell and cross the gateway into Central
Paratethys.
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