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Abstract
Central Eurasia underwent significant palaeoclimatic and palaeogeographic transforma-

tions during the middle to late Miocene. The open marine ecosystems of the Langhian

and Serravallian seas progressively collapsed and were replaced in the Tortonian by

large endorheic lakes. These lakes experienced major fluctuations in water level,

directly reflecting the palaeoclimatic conditions of the region. An extreme lowstand of

the Eastern Paratethys lake (−300 m) during the regional Khersonian stage reveals a

period of intensely dry conditions in Central Eurasia causing a fragmentation of the

Paratethys region. This period of “Great Drying” ended by a climate change towards

more humid conditions at the base of the Maeotian stage, resulting in a large transgres-

sive event that reconnected most of the Paratethyan basins. The absence of a robust time

frame for the Khersonian–Maeotian interval hampers a direct correlation with the global

records and complicates a thorough understanding of the underlying mechanisms. Here

we present a new chronostratigraphic framework for the Khersonian and Maeotian

deposits of the Dacian Basin of Romania, based on integrated magneto‐biostratigraphic
studies on long and continuous sedimentary successions. We show the dry climate con-

ditions in the Khersonian start at 8.6–8.4 Ma. The Khersonian/Maeotian transition is

dated at 7.65–7.5 Ma, several million years younger than previous estimates. The

Maeotian transgression occurs later (7.5–7.4 Ma) in more marginal and shallower

basins, in agreement with the time transgressive character of the flooding. In addition,

we date a sudden water level drop of the Eastern Paratethys lake, the Intra‐Maeotian

Event (IME), at 6.9 Ma, and hypothesize that this corresponds to a reconnection phase

with the Aegean basin of the Mediterranean. Finally, we discuss the potential mecha-

nisms explaining the particularities of the Maeotian transgression and conclude that the

low salinity and the seemingly “marine influxes” most likely correspond to episodes of

intrabasinal mixing in a gradual and pulsating transgressive setting.
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1 | INTRODUCTION

A major part of the Earth's continental surface is repre-
sented by endorheic (landlocked) and arheic (no apparent
drainage) areas (Hostetler, 1995). The formation and evolu-
tion of endorheic basins are associated with interplays
between tectonics and climate. These basins are generally
found in intracontinental settings and commonly relate to
arid environments; they are presently collecting only about
2% of global river runoff (Garcia‐Castellanos, Verges, Gas-
par‐Escribano, & Cloetingh, 2003). Endorheic basins and
their lakes can be highly sensitive to variations in climate
and adverse anthropogenic activities, such as overexploita-
tion of water resources that affect the water inflow/outflow
balance (e.g., Yapiyev, Sagintayev, Inglezakis, Samarkha-
nov, & Verhoef, 2017). A positive water balance will
expand the lakes until equilibrium is found, while a nega-
tive balance will reduce and potentially fragment the lakes.

Half of the endorheic surface on the planet and most of
the world's terminal lakes are presently located in Central
Eurasia, where they prove to be excellent recorders of
hydrological changes (e.g., Yapiyev et al., 2017). The Cas-
pian Sea, world's largest endorheic lake has exhibited sea‐
level variations of ~4 m in the last 100 years, while the
Aral Lake has lost 90% of its size in the last 50 years
(Firoozfar, Bromhead, Dykes, & Neshaei, 2012; Kroonen-
berg, Badyukova, Storms, Ignatov, & Kasimov, 2000;
Kroonenberg, Rusakov, & Svitoch, 1997). These basins are
remnants of an ancient epicontinental sea called Paratethys
(Laskarev, 1924). During the Oligocene to middle Mio-
cene, the Paratethys Sea was connected to the global ocean
via a series of interconnected basins with shallow sills
(Harzhauser, Piller, & Steininger, 2002; Palcu, Golovina,
Vernyhorova, Popov, & Krijgsman, 2017). Tectonic uplift
of the Alpine‐Carpathian mountain system was largely
responsible for the progressive restriction and complete iso-
lation of the Paratethys domain during the middle‐late Mio-
cene (ter Borgh et al., 2013; Kováč et al., 2007, 2017). In
the Tortonian, Paratethys fragmented into two large endor-
eic lakes, Lake Pannon in central Europe (Magyar, Geary,
& Müller, 1999; Magyar et al. 2013) and the Eastern Para-
tethys lake system that extended from Romania in the west
to Turkmenistan in the east (Popov et al., 2004, 2006). The
Eastern Paratethys Lake experienced major fluctuations in
water level, reflecting the palaeoclimatic changes that
occurred in Eurasia.

In the late Miocene, open steppe landscapes developed
in Central Europe, which gradually migrated eastwards
(Ivanov et al., 2011; Stekina, 1979). During the regional
Khersonian substage (~9–8 Myr ago), these landscapes
became increasingly xerophytic, suggesting phases of
declining precipitation in the Paratethyan realm (Ivanov et
al., 2011; Ivanov & Koleva‐Rekalova, 1999; Stuchlik,

Ivanov, & Palamarev, 1999; Ivanov et al., 2002; Böhme,
Ilg, & Winklhofer, 2008; Böhme, Winklhofer, & Ilg,
2011). A dry climatic belt was established north‐northeast
of the Carpathians, gradually spreading to the south,
towards the Euxinic Basin, and later occupying the south-
ern parts of the Dacian Basin and the Pannonian Basin
(Ivanov et al., 2011). Paratethys suffered from this dry per-
iod, which caused a major regression that split the basin
into several smaller subbasins (Kojumdgieva, 1983; Popov,
Antipov, Zastrozhnov, Kurina, & Pinchuk, 2010). Some of
these subbasins became freshwater systems (Dacian Basin,
Kuban Basin), while others became aberrantly brackish
(Black Sea region) containing specific halite impoverished
brine sediments produced by chemical precipitation of
aragonite muds in warm, shallow‐water conditions (Kol-
eva‐Rekalova, 1994; Ivanov & Koleva‐Rekalova, 1999;
Ivanov et al., 2002, Ivanov, Ashraf, & Mosbrugger, 2007).

The Maeotian transgression (Rögl, 1998), reconnected
the Paratethys basins again putting an end to the late Mio-
cene dry and endorheic phase in Central Eurasia. The age
of the Maeotian transgression is seriously disputed with
~5 Myr age discrepancies between the different models
(11.6 Ma—Moghadam, 2013; 10.5 Ma—Rögl, 1998;
Maţenco, Bertotti, Cloetingh, & Dinu, 2003; 9.8 Ma—
Semenenko, Andreeva‐Grigorovich, Maslun, & Lulieva,
2009; Gozhyk, Semenenko, Andreeva‐Grigorovich, &
Maslun, 2015; 9;.5 Ma—Nevesskaya, Goncharova, Ilyina,
Paramonova, & Khondkarian, 2002; 8.85 Ma—Andreescu,
2009; 8.6 Ma—Vasiliev et al., 2011; 7.6 Ma—Trubikhin,
1989; Radionova et al., 2012) and the underlying tectonic
or climatic triggering mechanisms are therefore still
unexplained.

Highlights

• A change to a positive water budget in the endor-
heic Paratethys ends a great drying phase in Cen-
tral Eurasia during the late Miocene.

• We establish a magneto‐biostratigraphic time
frame for the middle Miocene deposits of the
Eastern Paratethys based on three sections in the
Dacian Basin (Romania).

• We date the end of the drying and the subsequent
flooding, corresponding to the regional Kherso-
nian/Maeotian boundary in the end of the Torto-
nian at an age of 7.65 Ma.

• The IntraMaeotian event reconnects Paratethys
with the Mediterranean at an age of 6.9 Ma.

• Major sedimentary disturbances in Paratethys are
linked with the IntraMaeotian Event and do not
correspond to the Messinian Salinity Crisis.
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In this paper, we present a revised chronological frame-
work for the upper Khersonian and Maeotian stages of
Eastern Paratethys by applying integrated magneto‐biostra-
tigraphic dating to sections from the Dacian Basin of
Romania. The magnetostratigraphic patterns from other
independently dated sections in the Dacian and Black Sea
basins are tentatively recalibrated to the new time frame.
The resulting new age model allows us to date the main
events in the late Miocene palaeogeographic evolution of
Eastern Paratethys, which are discussed from a eustatic and
basin connectivity evolution point of view.

2 | GEOLOGICAL BACKGROUND

At the beginning of the Oligocene, the northern branch of
the Tethys Ocean lost its full connection with the global
ocean and specific endemic fauna as well as water stratifi-
cation and anoxia developed (e.g., van der Boon et al.,
2018; Schultz, Bechtel, & Sachsenhofer, 2005). Laskarev
(1924) introduced the name Paratethys for the Neogene
records of this realm, which was later extended in time to
cover the Oligocene as well (Báldi, 1980; Rusu, 1988).
Paratethys was a heterogeneous system of epicontinental

seas and lake‐seas that at its peak development, during the
early Oligocene, stretched from the region north of the
Alps, over Central Europe to Central Asia. Progressively,
these basins became fragmented, isolated, and filled with
sediments as a result of the continental collision between
Africa‐Arabia and Eurasia (Rögl, 1998). Periods of expan-
sion to a large brackish sea (e.g., Popov et al., 2006; Rögl,
1998) and periods of fragmentation into smaller sub‐basins
(Kojumdgieva, 1983), accompanied by significant eustatic
fluctuations (up to ~300m according to Popov et al., 2010)
characterized Paratethys during the late Miocene.

Endemic ecosystems developed in both Central
(Pannonian‐Transylvanian) and Eastern Paratethys (Black
Sea‐Caspian Sea domain) that had little resemblance to the
global ocean records. Consequently, regional stratigraphic
scales were developed for both the Central and Eastern
Paratethys domains, including regional stages that are
defined on the basis of characteristic endemic (mainly mol-
lusks and ostracods) faunal assemblages (e.g., Nevesskaya
et al., 2002; Steininger et al., 1996). Stratigraphic correla-
tions to the standard Geological Time Scale (GTS) are gen-
erally problematic (Piller, Harzhauser, & Mandic, 2007). In
the absence of reliable biostratigraphic correlations, inde-
pendent magnetostratigraphic and radio‐isotopic age

FIGURE 1 Late Miocene stratigraphy of the Mediterranean and Paratethys (Hilgen et al., 2012, Popov et al., 2010, Steininger (1999); Palcu
et al., 2015, 2017)
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determinations became crucial for direct correlations of the
Paratethyan records to the GTS (ter Borgh et al., 2013;
Hohenegger et al., 2009; Krijgsman, Stoica, Vasiliev, &
Popov, 2010; Palcu, Tulbure, Bartol, Kouwenhoven, &
Krijgsman, 2015; Palcu et al., 2017; Paulissen, Luthi, Gru-
nert, Ćorić, & Harzhauser, 2011; Reichenbacher et al.,
2013; Sant et al., 2017; Van Baak et al., 2013; Vasiliev,
Krijgsman, Stoica, & Langereis, 2005; Vasiliev et al.,
2004, 2010, 2011).

2.1 | Paratethys stratigraphy

The Tortonian and Messinian stages of the Mediterranean
correspond to the Sarmatian s.l., Maeotian and Pontian
stages (Figure 1) of the Eastern Paratethys. The Sarmatian
(Figure 1) regional stage was introduced by Suess (1866),
based on his observations of highly endemic faunas in the
Vienna basin sediments and the correlations to the faunas
from the area north of the Black Sea. The Sarmatian depos-
its of the Vienna basin are relatively short‐lived as the
region became isolated at the beginning of the Tortonian
forming Lake Pannon (11.6 Ma; Paulissen et al., 2011; ter
Borgh et al., 2013). In Eastern Paratethys, Sarmatian‐type of
depositional environments continued much longer in time
resulting in two awkwardly different definitions for the Sar-
matian: a Sarmatian sensu-strictum (s.s.) and a Sarmatian
sensu-lato (s.l.). The Sarmatian s.l., applicable only to the
Eastern Paratethys, was again divided into lower, middle,
and upper Sarmatian substages by Andrussov (1899). These
substages were later renamed Volhynian, Bessarabian, and
Khersonian by Simionescu (1903). Due to the inherent cor-
relation issues, it was strongly advised to abandon the use of
the term “Sarmatian” in Eastern Paratethys stratigraphy and
follow the substage terminology there (Lukeneder, Zuschin,
Harzhauser, & Mandic, 2011; Harzhauser & Piller, 2004a,
b). In this study, we will employ the terms Bessarabian and
Khersonian, the Sarmatian‐Maeotian boundary being thus
referred to as the Khersonian/Maeotian boundary.

The Bessarabian (referred to as Basarabian by Simionescu,
1903) comprises the deposits between the Volhynian (charac-
terized by Ervilia, Plicatiforma plicata) and Khersonian (char-
acterized by Mactra caspia and M. bulgarica) and represents
the peak development of the endemic Sarmatian mollusk fauna.
These mollusks are characteristic for low salinity (Ionesi,
Ionesi, Lungu, Roșca, & Ionesi, 2005), fitting in the context of
a significant expansion of Paratethys (Popov et al., 2004).

The Khersonian substage (referred to as Hersonian by
Simionescu, 1903; and also referred to as Kersonian or
Chersonian by other authors) is defined by the presence of
low‐brackish mollusk associations with Mactra caspia, to
which Mactra bulgarica was later added. The upper part of
the Khersonian, characterized by freshwater mollusk taxa,
generally covers the predominantly regressive phase

marked by the expansion of continental deposits and a
fragmentation of the Paratethys basin (Kojumdgieva,
1983). Impoverished faunal assemblages (Ionesi et al.,
2005) and diverse, fresh water to hypersaline environments
characterize this substage. The end of the Khersonian is
marked by a major lake regression: the Eastern Paratethys
water level dropped 200–300 m (Jones & Simmons, 1997;
Popov et al., 2006; Tugolesov, Gorshkov, Meisner, Solo-
v'ev, & Khakhalev, 1985) exposing large swathes of the
shelf that consequently became eroded. The northern Black
Sea shelf became exposed and incised by rivers in large
systems of canyons, such as the > 150 km long Burukshun
canyon in southern Russia (Popov et al., 2010).

The Maeotian stage, also referred to as Meotian, was cre-
ated by Andrussov (1890) to describe the transitional layers
between the Sarmatian s.l. and the Pontian, which contain
both brackish and marine faunal elements. It replaced the
“Ante‐Pontian” or the “upper Kerch limestone,” previously
described by Andrusov (1885) and subdivided it in three
parts: 1. brackish levels, with Cerithium, Tapes, Mactra,
Ervilia, Cardium; 2. new fauna: Dossinina, Scorbicularia,
Hydrobia; 3. Freshwater fauna with Helix, Pupa, Planorbis.
The Maeotian was later subdivided into the lower (Bagero-
vian) and upper (Akmanaian) substages by Karlov (1937).

The Maeotian begins with a strong transgression, esti-
mated at ~300 m by Popov et al. (2010), that reached its
maximum flooding level in the late early Maeotian
(Nevesskaya et al., 1986; Stevanovic & Ilyina, 1982).
According to Nevesskaya et al. (2002), the lower Maeotian
(Bagerovian) is characterized by the presence of endemic
Mediterranean bivalves (Dosinia, Mytilaster, Venerupis,
Arba, and Ervilia genera), gastropods (Rissoa, Mohrenster-
nia, Cerithium, Potamides, and Bittium genera), euryhaline
foraminifera (Quinqueloculina, Elphidium, Articulina,
Discorbis, etc.), and ostracods (Leptocythere, Xestoleberis,
and Loxoconcha), genera that are commonly interpreted as
markers of abnormal marine environments. These Maeotian
species are generally linked with the Aegean region (North
Greece, Serres, Dafni Formation), where mollusk associa-
tions are similar to the lower Maeotian of Paratethys
(Popov & Nevesskaya, 2000; Stevanovic & Ilyina, 1982).
The upper Maeotian (Akmanaian) is characterized by
brackish‐water mollusks associated with scarce marine taxa.
These assemblages hold evidence of episodic connections
with the global ocean (Radionova & Golovina, 2012).

2.2 | The Dacain Basin

The Dacian Basin, located in between the Southern Carpa-
tians, the PreBalkan area and the Dobrogea High, evolved as
a palaeogeographic entity after the isolation of the Central
Paratethys (Pannonian and Transylvanian basins) from the
Eastern Paratethys at 11.6–11.3 Ma by tectonic uplift of the
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Carpathian Mountains (ter Borgh et al., 2013; Saulea,
Popescu, & Sandulescu, 1969; Vasiliev et al., 2010). The Car-
pathian Mountains were also the main source area of the thick
middle Miocene deltaic units that onlap the northern margin
of the basin (ter Borgh et al., 2014; Jipa, Stoica, Andreescu,
Floroiu, & Maximov, 2011; Marinescu, 1978). During the
middle Miocene considerable tectonic activity took place in
the area and largely ceased in the western part of the basin
(Getic Depression) by the end of the middle Miocene, when
other factors that affect relative sea and lake levels, such as
climate and basin connectivity, gained importance. The late
Miocene time interval in the western part of the Dacian Basin
is thus represented in the post‐conglomeratic sequences that
comprise parts of the Maeotian stage and the complete Pon-
tian stage (Stoica et al., 2013). In the eastern part of the
Dacian basin, the Focșani Depression comprises the thickest

Neogene sedimentary cover of the Dacian Basin, approaching
~13 km (Tărăpoancă, Bertotti, Mațenco, Dinu, & Cloetingh,
2003). Excellent exposures are on the western flank of the
basin along the almost continuously outcropping river sections
(Andreescu & Papaianopol, 1970; Andreescu, 1973, 1975;
Andreescu and Ticleanu, 1976; Vasiliev et al., 2004). These
sections consist of upper Bessarabian–Maeotian alternating
shallow sandstones and shales (Saulea et al., 1969) and in the
upper part (Pontian to Romanian) of shales, siltstones, sand-
stones, and coals (Pană, 1966; Grasu, Catana, & Bobos,
1999; Panaiotu, Vasiliev, Panaiotu, Krijgsman, & Langereis,
2007). Previous studies indicate that the late Miocene to Plio-
cene sedimentary successions are rather continuous without
major hiatuses and unconformities (Tărăpoancă et al., 2003;
Vasiliev et al., 2004; Van Baak, Vasiliev, Palcu, Dekkers, &
Krijgsman, 2016).

FIGURE 2 The palaeogeography of the Paratethys realm during the late Tortonian – early Messinian after Popov et al. (2006) and their
palaeoenvironments. Medallions show the contracted (a) and expanded (b) Paratethys basin
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3 | SECTIONS; LITHOLOGY AND
PALAEONTOLOGY

Here, we focus on determining the age of the Khersonian/
Maeotian and lower/upper Maeotian boundaries in two
composite key sections located in the Dacian basin: the
Rușavățu section in the Focșani Depression and the Cerna
and Cernișoara sections in the Getic Depression, more to
the west (Figure 2). These sections contain long and con-
tinuous sedimentary successions comprising Khersonian,
Maeotian, and Pontian deposits that permit extensive corre-
lations with other sections inside the Dacian Basin and out-
side, in the Black Sea and Indol‐Kuban (Azov) basins. The
sections were logged in detail and sampled for biostrati-
graphic, palaeomagnetic, and geochemical purposes. In
Cerna‐Cernișoara, our biostratigraphic study is strictly
directed on locating the basal Maeotian levels while in
Rușavățu the focus is on developing a detailed distribution
chart of foraminifera and ostracods. Macrofossils are well
preserved in the relatively shallow Rușavățu section from
the beginning of the Maeotian upwards. These fossils are
extensively described in the studies of Pană (1969) and
were used as reference for logging the Rușavățu section.
Macrofossils are almost absent in the Cerna‐Cernișoara sec-
tion, probably because the depositional environment is too
deep and partly anoxic.

3.1 | The Rușavățu section

The Rușavățu syncline sections preserve a very rare, rather
complete lithological succession of middle‐upper Miocene
age. The key section is located on the Rușavățu river (45°15′
57.81″N/26°25′31.91″E), downstream from the Grădina
Corbilor (Ravens Garden) hill. The sedimentary succession,
with stratigraphic boundaries based on mollusk fauna (Pană,
1966), consists of sands and silts of Bessarabian age (with
mollusk levels rich in Mactra sp.), continental deposits
covering most of the Khersonian, lacustrine‐semi‐marine
deposits of Maeotian age and marine–semi‐marine clays of
lower Pontian age.

Most of the Khersonian is represented by a succession
of continental deposits dominated by palaeosols with
colours that vary from green to yellow and dark reddish‐
brown (Figure 3c). The palaeosols are occasionally
interrupted by whitish silts in the lower part, purple‐green
sands and microconglomerates in the middle part, and
whitish‐brown sands in the upper part.

The Maeotian starts with dark‐grey clays that follow
directly on top of the palaeosols. The base of the Maeotian
is marked by the so‐called “Congeria clays” (1441–
1446 m, Figure 3b), starting with a 0.2 m thick clay bed
that contains only uncarenated Congeria shells (ex. gr.

modioliforms). Upwards these are replaced by Unio, Vivi-
parus (freshwater taxa) and then followed by Littorina
banatica Jek., L. politioanei, Pseudamnicola sp., Hydrobia
vitrella Ștef.. In this latter unit, the bryozoa Membranipora
sp. and the benthic foraminifer Ammonia beccarii Linne.,
have also been described. The next package (1446–
1480 m) begins with coarse sands with Hydrobia sp. at the
base, followed by a middle unit of anoxic marls that are
followed, in turn, by a package of silty marls. The follow-
ing unit (1480–1510 m, Figure 3d) is made of fine, brown‐
grey sandy marls, sands, and sandstones. At the base
(1483 m), a marker level characterized by carinated conge-
rias (Figure 3e) stands out. This marker level can be fol-
lowed throughout the region. The rest of the unit is
characterized by silts, sands, and poorly cemented sand-
stones with Unio sp. and Theodoxus sp.. The upper part of
the lower Maeotian (1510–1539 m) consists of alternations
of anoxic clays, sandy marls, and sands rich in fauna. Four
faunal reference levels are observed: a) Ervilia minuta and
Dosinia maeotica sandstones; b) Pirenella sandy marls; c)
Dosinia maeotica coquina (Figure 3f), and d). S. tellinoides
in coarse dark sands rich in Hydrobia (Pană, 1969).

This fauna trend indicates that salinity values, although
fluctuating, increase (to >15‰) towards the end of the
lower Maeotian. The top of the lower Maeotian (1539 m)
shows an abrupt ending of the higher salinity fauna.

The sediments of the upper Maeotian are characterized
by low salinity faunistic elements that begin at 1539 m.
Coarse‐grained sediments characterize the first 20 m of the
upper Maeotian succession (1539–1559 m), often with soft
deformation patterns in the finer levels (Figure 3g). These
levels consist of thick sand packages, occurring in alterna-
tions with poorly cemented sandy levels, sandstones, dark
coarse silts, or loose sands with well‐rounded concretions.
Faunistically, this interval is characterized by the presence
of intact freshwater mollusk shells (e.g., Unio sp., Fig-
ure 3i) and shell fragments from brackish taxa (e.g., Dosi-
nia maeotica, Paphia sp.)

The coarse levels at the base of the upper Maeotian cor-
respond to an important palaeoecological change in the
basin, defined as the Intra‐Maeotian Event (IME), placed at
the sharp transition from brackish to low salinity‐freshwater
environments (Pană, 1969).

The upper Maeotian (1559–1668m) succession consists
of a monotonous package of marls and sands, occasionally
interrupted by subordinate oolitic sands and a red‐brownish
microconglomerate rich in andesitic clasts (Figure 3j). The
top of the Maeotian succession is located below two
coquina levels with fragments and shells of Congeria
novorossica (1668 m). The conformably overlying Pontian
sediments show a shift towards finer‐grain size, consisting
in silty clays with abundant C. novorossica shells.
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FIGURE 3 Bio‐litho‐stratigraphic overview of the Rușavățu river section
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FIGURE 4 Bio‐litho‐stratigraphic overview of the Cerna and Cernișoara river sections
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FIGURE 5 The micropalaeontological fauna from Rușavățu, correlations with the mollusk records (Pană, 1969). CS‐continental, BS‐Black
Sea basin influence, MED‐Mediterranean influence, T‐transgression
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3.2 | The Cerna‐Cernișoara section

The Cerna and Cernișoara sections (Figure 4) preserve rela-
tively deep‐facies deposits of middle‐late Miocene age,
cropping out along the valleys of the Cerna and Cernișoara
(also referred to as Mădulari by Vasiliev et al., 2005) riv-
ers. The sediments consist of massive and laminated clays
of Khersonian and early Maeotian age and sands of late
Maeotian age, with the stratigraphic boundaries based on
microfossil fauna (Fongngern et al., 2017). The Cerna sec-
tion has been sampled downstream from the villages of
Stroești (45°5′32.23″N/23°53′52.48″E) and while the paral-
lel Cernișoara section has been sampled downstream from
the village of Obârșia (45° 4′21.47″N/23°58′47.29″E). Both
sections display similar lithology and can be correlated
based on lithological characteristics.

The Bessarabian–Khersonian deposits are hard to differ-
entiate, as macrofossil content is scarce in both sections.
Lithological changes and sedimentary events (slumps) deli-
ver a basic reference frame supported by microfossil
assemblages. We follow here the lithological description of
Fongngern et al. (2017) and aim to improve it with addi-
tional micropalaeontological information. The undifferenti-
ated upper Bessarabian and Khersonian deposits consist of
massive dark clays and laminated, diatom rich, clays both
occasionally interrupted by centimetre thick lacustrine car-
bonate concretions. The succession is quite monotonous
except for an instability level (5 m thick landslide of
slumped sediments) and a 20–30 cm thick ash layer that
occurs in the lower (Khersonian) part of the sampled inter-
val of the Cerna section (~160 m). The ash layer was
recently dated by the U‐Pb technique at ~8 Ma (Fongngern
et al., 2017). Sulphide and jarosite coatings in the dark
clays of the uppermost Khersonian suggest widespread
anoxia at the end of this substage.

A significant lithological shift, from dark anoxic clays
to light grey clays with levels rich in microclasts (190 m),
is correlated with the base of the Maeotian (180–190 m).
Upwards in the successions, the microclasts levels merge
into small mass transport packages that alternate with
in situ deposition. Changes in lithology, from dark to light‐
fine laminated clays continue to occur throughout the suc-
cession, and bedding orientation remains constant until the

marked mass transport level (~440 m) that marks the Intra‐
Maeotian Event (IME) at the end of the lower Maeotian.
The upper part of the sections contains sediments of upper
Maeotian age, mostly massive sands that overlie the
slumps. A sedimentation gap separates the upper Maeotian
from the younger Pontian deposits.

3.3 | Ostracod biostratigraphy

The ostracod fauna from the Khersonian–Maeotian deposits
of the Rușavățu section display a temporal distribution
influenced by frequent environmental changes, mainly in
salinity and water depth. (Figure 5). The Khersonian part
of the section shows a very poor ostracod assemblage
indicative of a predominantly terrestrial environment. Some
lacustrine–brackish water intercalations in the uppermost
Khersonian provided an ostracod association dominated by
the euryhaline species Cyprideis torosa.

An important event took place at the Khersonian/Maeo-
tian transition (1440–1450 m), revealing an increase in
brackish‐marine ostracod species such as Loxoxoncha mul-
leri, L. aff. mulleri, Maeotocythere aff. maeotica, Hemi-
cytheria aff. magna, Hemicytheria maoetica together with
Cyprideis torosa (Figure 5,6,7). Benthic calcareous forami-
nifera like Ammonia beccarii, Porosononion sp. are also
frequent at the same stratigraphic level. These ostracods
and foraminifera suggest an influx of saline waters that
took place at the base of the Maeotian, changing the depo-
sitional conditions to shallow brackish water with salinities
of approximately 10–12 g/l. The hemicytherids, as well as
some loxoconchid ostracods identified at Rușavățu are also
known to have existed in large numbers in the endemic
Pannon Lake during the Pannonian regional stage
(<11.6 Ma) (REF). The presence of these species at this
particular interval confirm that a connection between the
Pannon Basin and the Dacian Basin was established during
the lower Maeotian transgression event (e.g., ter Borgh,
Stoica, Donselaar, Matenco, & Krijgsman, 2014).

The Maeotian flooding event is followed by a more
restrictive period when brackish environments are replaced
by a more proximal or terrestrial setting where ostracods
are absent (1450–1475). A new rejuvenation of ostracod
fauna took place in the middle part of the lower Maeotian

FIGURE 6 Representative ostracods from Maeotian – Rușavățu Section. ((LV‐left valve, RV‐right valve, C – carapace): 1–6. Cyprideis
torosa (Jones), smooth specimens; 1. LV, external view; 2. RV, external view; 3. C, view from RV, male; 4. RV, view from RV, female; 5. C,
dorsal view; 6. C, ventral view. 7–10. Hemicytheria aff. magna Olteanu; 7. LV, external view; 8. RV, external view; 9. C, dorsal view; 10. C,
ventral view. 11–14. Hemicytheria aff. maeotica Olteanu; 11. RV, external view; 12. RV, external view; 13. C, dorsal view; 14. C, ventral view.
15, 16. Loxoconcha mulleri (Méhes); 15. C, view from RV; 16. C, view form LV. 17, 18. Loxoconcha aff. mulleri (Méhes); 17. LV, external
view, female; 18. LV, external view, male. 19–22. Loxoconcha aff. kochi Méhes; 19. C, view from RV; 20. C, view from LV; 21. C, dorsal
view; 22.C, ventral view. 23–26. Maetocythere aff maeotica Livental. 23. LV, external view; 24. RV, external view; 25. C, dorsal view; 26. C,
ventral view. 27–29. Amnicythere cymbula (Livental); 27. LV, external view; 28. RV, external view; 28. C, dorsal view; 29. C, ventral view

42 | EAGE
PALCU ET AL.



PALCU ET AL.
EAGE

| 43



44 | EAGE
PALCU ET AL.



(1475–1500), possibly related to a second salinity increase.
Besides the species mentioned above, other brackish water
ostracods occurred for the first time in the section: Loxo-
concha aff. kochi, Euxinocythere praebosqueti, Amni-
cythere cymbula, Xestoleberis maeotica, Cyprinotus sp.
This second level rich in brackish ostracods contains also
calcareous benthic foraminifera, Ammonia and Porosonon-
ion species, as well some planktonic globigeriniid species.

The upper Maeotian (1540–1670 m) is dominated by
fresh water environments with some brackish intercalations.
The fresh water intervals contain ostracod associations
dominated by candonids, juveniles, or fragments of Can-
dona sp., Pseudocandona, Candona aff. ricca, Fabae-
formiscandona sp., together with rare Ilyocypris sp.,
Darwinula stevensoni, Zonocypris membranae, Limno-
cythere sp. Brackish intercalations contain species of Loxo-
concha, mainly L. aff. mulleri, L. aff kochi, L. aff. rugosa,
Euxinocythere praebacuana, Amnicythere sp., A. crebra as
well as Mediocytherideis apatoica and M. sp. This typical
upper Maeotian ostracod assemblage is replaced by Pon-
tian ostracod fauna, mainly of Pannonian type, after the
Pontian flooding event of the Eastern Paratethys at 6.1 Ma
(e.g., Floroiu, Stoica, Vasiliev, & Krijgsman, 2011; Krijgs-
man et al., 2010; Stoica et al., 2013; Van Baak et al.,
2016, 2017).

4 | PALAEOMAGNETIC
PROPERTIES

The palaeomagnetic properties of the sediments from Cerna,
Cernișoara, and Rușavățu have been investigated following
the standard methodology, described in detail in the supple-
mentary material attached to this article and Fig. S1.

The NRM intensity ranges 1.5*10−5A/m to 4.6*10−2A/m
for the Rușavățu samples, 4.9*10−5A/m to 5.6*10−2A/m for
the Cerna and Cernișoara samples. Several characteristic
thermal demagnetization diagrams of mostly marls and clays
are depicted in Figures 8, 9 and 10. We identified the ChRM
by analyzing the decay‐curves and vector end‐point dia-
grams (Zijderveld, 1967). In both the thermal demagnetiza-
tion and the alternating field demagnetization diagrams, two
magnetic components can be recognized. A very weak, low‐
temperature, viscous overprint is generally removed at

150°C and 15mT (Figures 8c,d,e; 9c,d,e and 10c,d,e). The
second, higher temperature, component is demagnetized at
temperatures between 120°C and 400°C. This component is
of dual polarity and is interpreted as the ChRM. The ChRM
directions are all determined by four or more 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 quali-
tative groups. The 1st quality (MAD = 0–5) and 2nd qual-
ity groups (MAD = 5–10) have all been plotted against
stratigraphic levels to determine the polarity pattern of the
sections (Figures 8,9,10). The 3rd quality results (MAD >
10) have not been taken into account when interpreting the
magnetostratigraphic pattern.

The polarity pattern of the Rușavățu section comprises
13 polarity intervals, 6 of reversed (RR1‐6), and 7 of nor-
mal (RN1‐7) polarity. The polarity pattern of the Cerna
section comprises 17 polarity intervals, 8 of reversed
(CR1‐8), and 9 of normal (CN1‐9) polarity. The polarity
pattern of the Cernișoara section shows 13 different polar-
ity intervals, 6 of reverse (XR1‐6), and 7 of normal (XN1‐
7) polarity.

5 | A MAGNETOSTRATIGRAPHIC AGE
MODEL FOR THE MAEOTIAN STAGE

We aim to obtain a robust time frame for the Khersonian–
Maeotian deposits of the Dacian Basin relying on the palaeo-
magnetic polarity patterns of the Rușavățu section (Fig-
ure 11d), located in a marginal piggyback basin that is
characterized by relative quiet sedimentation settings (Pană,
1969), and the polarity pattern of the Cerna and Cernișoara
sections (Figure 11c), indicative for the relatively deep parts
of the basin (Fongngern, Olariu, Steel, & Krézsek, 2016;
Fongngern et al., 2017). Two volcanic ash layers from Cerna
and Cernișoara, from levels situated above and below the
Khersonian/Maeotian boundary have previously been dated
with the U‐Pb method and constrain the Khersonian/Maeo-
tian boundary to the 7.5–8 Ma age interval (Fongngern et al.,
2017). An alternative age model, however, was proposed by
Andreescu (2009) based on palaeomagnetic results by Snel,
Mărunţeanu, Macaleţ, Meulenkamp, and Van Vugt (2006),

FIGURE 7 Representative ostracods from Maeotian ‐Rușavățu Section. ((LV‐left valve, RV‐right valve, C – carapace): 1, 2. Euxinocythere
aff. praebosqueti Suzin. LV, external view, male.; 2. RV, external view. 3, 4. Amnicythere sp.; LV, external view; 4. RV, external view; 5–8.
Euxinocythere aff. praebacuana (Livental); 5. LV, external view; 6. RV, external view; 7. C, dorsal view; 8. C, ventral view. 9–11.
Mediocytherideis apatoica (Schweyer); 9. LV, external view; 10. RV, external view. 11. C, ventral view. 12–14. Mediocytherideis sp.; 12. LV,
external view; 13. RV, external view; 14. C, dorsal view. 15–17. Xestoleberis meotica Suzin; 15. C, view from LV; 16. C, view from RV; 17. C,
ventral view. 18–20. Cyprinotus sp.. 18. C, view from LV; 19. C, view from RV; 20. C, dorsal view. 21–24. Candona sp., different juvenile
stages. 25, 26. Candona aff. ricca Stancheva; 25. LV, external view; 26. RV, external view. 25. Ilyocypris sp., RV, external view. 26. Darwinula
stevensoni (Brady & Robertson), LV, external view. 27–30. Ammonia beccarii
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with ages of 8.85 Ma for the base Maeotian (top of chron
C4An) and 8.1 Ma for the IME (base of C4n.2n).

The polarity pattern of the Rușavățu section can be corre-
lated straightforwardly to the GPTS. Starting from the Maeo-
tian‐Pontian boundary in RN7, that is basin‐wide located in
chron C3An.1n (Chang et al., 2014; Krijgsman et al., 2010;
Stoica et al., 2013; Vasiliev et al., 2004, 2011), all polarity
intervals can unambiguously be correlated downward in the
GPTS, with the lowermost normal polarity interval RN1 to
C4n.2n (Figure 11). This correlation indicates an age of
7.5 Ma for the Khersonian/Maeotian boundary (1st Maeotian
transgression), 7.25 Ma for the 2nd Maeotian transgression,
and 6.9 for the lower/upper Maeotian transition and the cor-
responding IME (Figure 11).

The polarity pattern of the Khersonian and lower Maeo-
tian in the Cernișoara section can also be unambiguously
correlated with the GPTS with XN1 to C4n.2n and XN 5
to C3Bn (Figure 11). The upper Maeotian only comprises
normal polarities, which probably correlate to C3An, but
the presence of slumped intervals and sandy lithologies
suggest that no robust magnetostratigraphic correlation can
be made here. The polarity pattern of the Cerna section is
in good agreement with Cernișoara for the interval CN4–
CN7, and only the Khersonian normal interval CN3 is sig-
nificantly shorter. The correlation of the Cerna‐Cernișoara
composite section to the GPTS provides an age of 7.65 for
the Khersonian/Maeotian transition (here marked by a
change in lithology) and of 6.7 Ma for the IME

FIGURE 8 Demagnetization results for the Rușavățu section. The magnetic declination (dec), inclination (inc), and the polarity pattern are
plotted in stratigraphic view and map view; the red interval corresponds to the Intra‐Maeotian Event when disturbances in the sedimentation
affected the declination and inclinations (left and centre). Representative thermal demagnetization diagrams (after tilt correction), solid (open)
circles denote projection on the horizontal (vertical) plane and the attached numbers in green indicate temperatures in °C. The samples code in
indicated black, bold capital letters and the inclination angle is indicated in blue letters
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(Figure 11). The lowermost part of the upper Maeotian,
however, contains numerous examples of slumping and
mass‐transport, and it is possible that some time is missing
in both sections at the IME interval.

6 | TOWARDS A REVISED LATE
MIOCENE AGE MODEL FOR THE
EASTERN PARATETHYS

A significant effort has previously been put in obtaining
palaeomagnetic data from late Miocene sedimentary suc-
cessions from the Eastern Paratethys (Figure 11f,g) (Filip-
pova & Trubikhin, 2009; Pevzner & Chikovani, 1978;

Pilipenko & Trubikhin, 2014; Trubikhin & Pilipenko,
2011; Vasiliev et al., 2004, 2005, 2011). The lithological
successions of these sections, however, are in many cases
incomplete, fragmented by several unconformities, which
makes the correlations with the GPTS less straightforward
(Figure 11).

6.1 | Dacian Basin

The age of 7.65–7.5 Ma obtained for the Khersonian/
Maeotian transition in the Rușavățu section can be used to
clarify the magnetostratigraphic correlation problems of the
previously studied Putna and Râmnicu Sărat sections in the
Focsani Depression of the East Carpathians foredeep

FIGURE 9 Demagnetization results for the Cerna section. The magnetic declination (dec), inclination (inc) and the polarity pattern are
plotted in stratigraphic view and map view; the red interval corresponds to the Intra‐Maeotian Event when disturbances in the sedimentation
affected the declination and inclinations (left and centre). Representative thermal demagnetization diagrams (after tilt correction), solid (open)
circles denote projection on the horizontal (vertical) plane and the attached numbers in green indicate temperatures in °C. The samples code in
indicated black, bold capital letters and the inclination angle is indicated in blue letters
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(Vasiliev et al., 2004). Because of uncertainties in correla-
tion of the acquired magnetostratigraphic record, Vasiliev
et al. (2004) did not want to appraise an age for the Kher-
sonian/Maeotian boundary. Their correlation figure sug-
gests three options for this boundary, which is not based
on biostratigraphic constraints but directly taken from the
detailed geological maps of the region. The magnetostrati-
graphic correlation of the polarity pattern of the Râmnicu
Sărat section resulted in an age of ~7.5 Ma, although the
polarity pattern of the lowermost Maeotian is not very well
documented. This correlation is in very good agreement
with our Rușavățu data. The magnetostratigraphic correla-
tion of the Putna section, however, provided an old ~9 Ma
option and a young ~8 Ma option, both significantly older

than the Rușavățu results. The Putna section comprises rel-
atively proximal alluvial sediments from the Balta delta
system (Jipa & Olariu, 2009; Matoshko, Matoshko, Leeuw,
& Stoica, 2016), which are very poor in fossil assemblages.
The 1:20000 geologic maps of the area located the Kherso-
nian/Maeotian boundary at the last level with Khersonian
mollusks (the Mactra bulgarica fauna), just below a thick
interval of reddish to purple‐green continental beds (Dumi-
trescu, 1952) of normal polarity completely lacking age
diagnostic fossils. The first Maeotian fossils, however,
appear much higher in the section, above the long normal
polarity interval. If we accept this normal polarity interval
to correspond to C4n.2n (option 1 of Vasiliev et al.
(2004)), the position of the lowermost Maeotian fossils

FIGURE 10 Demagnetization results for the Cernișoara section. The magnetic declination (dec), inclination (inc) and the polarity pattern are
plotted in stratigraphic view and map view; the red interval corresponds to the Intra‐Maeotian Event when disturbances in the sedimentation
affected the declination and inclinations (left and centre). Representative thermal demagnetization diagrams (after tilt correction), solid (open)
circles denote projection on the horizontal (vertical) plane and the attached numbers in green indicate temperatures in °C. The samples code in
indicated black, bold capital letters and the inclination angle is indicated in blue letters
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would not be in disagreement with the Rușavățu results.
The Putna section also suffers from a nonexposed interval
straddling the 7.7–7.3 Ma interval, which is represented by
a change in bedding orientation (Vasiliev et al., 2004).
Above this stratigraphic gap, the correlation of the upper
Maeotian polarity pattern to the GPTS is robust. The upper
two normal chrons of the section, corresponding to the
upper Maeotian, are correlated with chrons C3An.1n and
C3An.2n, in excellent agreement with our Rușavățu corre-
lation (Figure 11).

The Bădislava section (Figure 11a), located in the South
Carpathians region, consists of Maeotian and Pontian
deposits (Floroiu et al., 2011; Stoica, Lazar, Vasiliev, &
Krijgsman, 2007; Vasiliev et al., 2005, 2007). The Maeo-
tian sediments are found transgressively overlying Burdi-
galian sediments and are in turn overlain by upper Pontian
(Bosphorian substage) deposits, indicating that at least the
lower and middle Pontian are missing (Floroiu et al.,
2011). The Maeotian part of the section is difficult to inter-
pret biostratigraphically as it contains no marker fossils

FIGURE 11 Correlations and age calculations between sections from various locations from Dacian Basin (A‐Marginal basins, B‐East
Carpathian Foredeep, C‐Getic Basin, D‐piggy back basins), Kuban Basin (F), Black Sea Basin (G) and GPTS 2012 (E)
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(Stoica et al., 2007). Magnetostratigraphically, the two nor-
mal polarity intervals correlate best to chrons C3Bn and
C3Br.1n (Figure 11) indicating that this part of the section
corresponds to the lower Maeotian (e.g., Stoica et al.,
2007). This interpretation implies that the Maeotian sedi-
ments of Bădislava corresponds to the maximum Maeotian
transgression between ~7.4 and 6.9 Ma.

6.2 | Euxinic Basin

The Popov Kamen and Zheleznyi Rog sections on the
Taman Peninsula of the northern Black Sea Basin both
comprise Khersonian, Maeotian, and Pontian sediments.
They have been subject of multiple detailed magneto‐bio‐
stratigraphic and radiometric dating studies (Krijgsman et
al., 2010; Pevzner & Vangengeim, 1993; Pevzner, Lungu,
Vangengeim, & Basilyan, 1987; Stoica, Krijgsman, For-
tuin, & Gliozzi, 2016; Trubikhin, 1989; Trubikhin & Pili-
penko, 2011; Vasiliev et al., 2011) but the age of the
Khersonian/Maeotian boundary and the chronology of
events during the Maeotian remain unclear. The base of the
lower Maeotian is marked in both sections by a short‐
reversed polarity interval, followed by a short normal
polarity interval (P3r/P2n and Z1r/Z1n) and a long interval
of reversed polarity (P4r/Z2r). The upper reversed interval
in Popov Kamen contains an additional short normal polar-
ity interval that is apparently missing in Zheleznyi Rog
(Figure 11).

A significant unconformity is observed between the
lower and upper Maeotian (equivalent to the Intra‐Maeotian
Event), represented by clay breccia units (Popov, Golovina,
Jafarzadeh, & Goncharova, 2015). Remarkably, the upper
Maeotian pattern of both Popov Kamen and Zheleznyi Rog
is very similar to those of Cerna and Cernișoara, being
dominated almost entirely by a long normal polarity inter-
val (P5n and Z2n in Figure 11). The lower/upper Maeotian
transition closely corresponds in both sections to a reversed
to normal polarity transition interpreted as the base of
C3An (6.7 Ma; Trubikhin & Pilipenko, 2011; Rostovtseva
and Rybkina, 2014). Correlating downwards result in two
different age options for the Khersonian/Maeotian bound-
ary: the polarity pattern of Zheleznyi Rog suggests a loca-
tion in C3Br.1r at an age of 7.25 Ma; the pattern in Popov
Kamen best fits to C3Br.3r at an age of 7.5 Ma (assuming
that the short subchron C3Br.1n has been missed in the
section; Filippova & Trubikhin, 2009). A cyclostratigraphic
study, based on magnetic susceptibility patterns in the
Popov Kamen section, revealed a 41,000‐year obliquity
cycle and suggested an age of ~7.6 Ma for the Khersonian/
Maeotian boundary (Rybkina, Kern, & Rostovtseva, 2015).

In conclusion, we see no argument to place the Kherso-
nian/Maeotian boundary below C4n.2n (>8 Ma) as pro-
posed by Semenenko et al. (2009) and Vasiliev et al.

(2011) who favour an age of 9.8 Ma and 8.2 Ma, respec-
tively. Vasiliev et al. (2011) based their age on radiometric
dating of a volcanic ash layer in the uppermost part of the
Khersonian in Zheleznyi Rog, although they admit that
their palaeomagnetic pattern is difficult to correlate.
According to Popov et al. (2015), however, the Kherso-
nian/Maeotian boundary in Zheleznyi Rog represents a hia-
tus. We revisited the boundary interval in Zheleznyi Rog
again to critically evaluate the previous interpretations and
conclude that there are indeed signs of tectonic disturbance
by potentially major faults in that part of the section. The
radiometric age of 8.69 ± 0.18 by Vasiliev et al. (2011)
can thus not be interpolated to the Khersonian/Maeotian
boundary, which makes the age of 8.2 Ma obsolete.

Unfortunately, not much age information is available
from the late Miocene sediments of the deep Black Sea
Basin. This is mostly related to limited exposures and lim-
ited access to industrial drill core data. The DSDP Site 380
is one of the most important sources of information but ini-
tially the presence of greigite (Fe3S4) severely complicated
establishing a robust polarity zonation (Giovanoli, 1979).
Only recently it became clear that greigite could be a reli-
able carrier of magnetization (Vasiliev et al., 2007, 2008)
and a greigite‐based magnetostratigraphic time frame was
established for these old DSDP cores (Van Baak et al.,
2016). Among the three studied drill cores, the magnetic
polarity pattern of Hole 380B covers the Khersonian‐Maeo-
tian time interval best (Figure 11f). In this core, unit IVb
has been correlated with the Pontian, while units IVc and
IVd, containing a normal‐reversed‐normal polarity triad,
are correlated with chron C3A (Van Baak et al., 2016).
Unit IVe, containing dominantly reversed polarities and
only two short normal polarity intervals, has been corre-
lated to the C3Ar‐C3Br.2r interval while unit V is too
poorly constrained for a clear correlation. This pattern fits
very well with the results from the other sections and sug-
gests that the base of unit IVd, the characteristic “pebbly
breccia” unit, has an age of ~6.7 Ma. Unit IVd was first
initially considered an expression of Black Sea desiccation
during the Messinian Salinity crisis (Hsü & Giovanoli,
1979). Later studies, however, revealed it belonged to an
older erosional event (Grothe et al., 2014) that according to
our correlations closely corresponds to the IME.

Recently, Tari et al. (2015) have shown that the pebbly
breccia unit is belonging to a mass transport body, linked
with a phase of slope instability. In addition to this, the
study of Sipahioglu and Bati (2017) on Miocene canyons
in the Black Sea show that their Mass Transport Com-
plexes (MTC) of assumed Messinian age are filling older
erosional features (e.g., the Karaburun Canyon). This sug-
gests that the Miocene erosional features in the Black Sea
belong to an older event than the MTC, which potentially
can be linked with the Intra‐Maeotian Event. The upper
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Miocene interval in the DSDP record does not show any
indications for long normal polarity intervals and can thus
be interpreted as younger than 7.6 Ma (Figure 11).

6.3 | Continental records

Several magnetostratigraphic studies have been conducted
on late Miocene mammalian localities surrounding the
Paratethys realm. The ages attributed to the Khersonian/
Maeotian boundary in these terrestrial records strongly
depended on previous (widely varying) age estimates of
the overlying Pontian deposits and consequently arrive at a
broad range of ~9 Ma, Pevzner and Vangengeim (1993);
9.4 Ma, Vangengeim, Lungu, and Tesakov (2006) and a
radio‐isotopic age of 9.3 Ma; 9.6 Ma, Vangengeim and
Tesakov (2008); 6.4 Ma, Tesakov, Titov, Syromyatnikova,
Danilov, and Frolov (2013); 7.8/8.2 Ma, Tesakov et al.
(2017). The magnetic polarity patterns of the continental
sections do, however, contain some recurrent patterns: the
Khersonian is commonly dominated by a long normal
polarity interval (sections Poksheshty, El'Dari, Starya
Kubanka, Yurievka, Tiaginka, Krivoj Rog, Tiaginka and
Kajnary in Pevzner and Vangengeim (1993); El'Dari sec-
tion, in Vangengeim et al. (2006)). This long normal polar-
ity interval was originally correlated with C5n and an age
between 11 and 10 Ma (Vangengeim et al., 2006). In light
of a much younger age for the base of the Pontian (6.1 Ma
instead of 7.5 Ma) we re‐evaluate this normal polarity pat-
tern of the Khersonian and correlate it with chron C4n.
This would bring it in agreement with the recent correlation
of the Khersonian/Maeotian boundary in the north Cauca-
sus region (Tuapse highway bridge, Gaverdovsky and Vol-
chaya Balka in the Blinov and Gaverdovsky formations
near the city of Maikop) to the base‐C3Br/top‐C4n interval
at an age of ~7.5 Ma (Tesakov et al., 2017).

7 | DISCUSSION

7.1 | The end of the Great Drying of
Eurasia; the Maeotian transgression

The Late Miocene Tortonian stage (11.6–7.24 Ma; Hilgen
et al., 2005) is characterized by significant climatic changes
(Herbert et al., 2016) and a major palaeogeographic reorga-
nization of the Mediterranean region (e.g., Jolivet, Augier,
Robin, Suc, & Rouchy, 2006) including its Atlantic gate-
ways (e.g., Flecker et al., 2015). In this period, Paratethys
was a long‐lived lake without any significant connection to
the global ocean (Popov et al., 2010). Paratethys’ water
level thus contracted and expanded only in response to
regional climate. Paratethys stretches especially in the lati-
tude that straddles the present‐day boundary between a
negative and positive hydrological balance. Small changes

in climatic conditions can thus have major impact on regio-
nal palaeoenvironments, explaining shifts from moderately
dry to moderately humid conditions (Eronen et al., 2012).
In dry periods, lake‐level drop leads to the reduction or
loss of intra‐basinal connectivity (Figure 2a) and the forma-
tion of seas with obstructive environmental conditions. In
the relatively wet phases, when lake level rises enhanced
communication and mixing between basins (Figure 2b),
uniform environments such as Caspian‐type brackish lake‐
seas will thrive.

The Khersonian stage of the Eastern Paratethys is gener-
ally considered as the time period of driest conditions in
Central Eurasia (Stekina, 1979; Syabryaj, Utescher, Mol-
chanoff, & Bruch, 2007). Palaeoclimatic data indicate that
the fluctuating Khersonian climate contained episodes that
were relatively cool (particularly in winter) and signifi-
cantly drier than the Bessarabian (Ivanov et al., 2011).
These episodes led to an aridization trend, reflected in the
partial replacement of forest vegetation by herbaceous com-
munities (Ivanov et al., 2011). The Black Sea water level
experienced its major lowstand of −300 m during the Kher-
sonian, and the marginal regions, including the Dacian
basin, partially desiccated (Jipa, 2009; Jones & Simmons,
1997; Tugolesov et al., 1985). The previous saline waters
of the marginal Bessarabian basins migrated towards the
central Black Sea Basin, which consequently became sig-
nificantly enriched in salt. Unconformities between the
brackish or hypersaline Khersonian and the semi‐marine
lower Maeotian deposits are very common, suggesting dry-
ing up of large marginal areas (Popov et al., 2006). In the
Dacian basin, the Khersonian is generally marked by conti-
nental conditions, represented by reddish soils in the Rușa-
vățu, Putna, and Milcov sections (Ioniţă, 1963;
Korotkevich, 1970; Vasiliev et al., 2004) and seriously
reduced sediment accumulation rates. According to the iso-
pach map of Saulea et al. (1969), the maximum thickness
of the Bessarabian and Khersonian sediments in the Dacian
basin is 400 m in two key distribution areas: the Focșani
Depression in the Carpathian bend zone and the Getic
Depression in the west. The thickness of Khersonian sedi-
ments decreases to zero towards the southern and eastern
limit of the basin (Saulea et al., 1969). Regarding the long
duration (~4 Myr) for the combined Bessarabian–Kherso-
nian interval, the maximum sedimentation rates of 10 cm/
kyr are much lower than for the Maeotian (60 cm/kyr) and
Pontian (155 cm/kyr) (Vasiliev et al., 2004).

Our new magneto‐biostratigraphic results indicate that
the dry Khersonian environments mainly correspond to the
normal polarity intervals of chron C4n, and that they are
thus formed in the time interval between 8.6 and 7.5 Ma
(Figure 11). This allows a new and better calibration of all
available palaeoenvironmental proxy data for this time per-
iod, resulting in recalibrated ages that can be up to 1–3 Ma
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year younger than previously estimated, depending on
which time scale was used. The end of the dry Khersonian
conditions are linked to the first Maeotian transgression
which took place at an age of ~7.5 Ma, possibly slightly
diachronous over the Eastern Paratethys basins. The maxi-
mum of the transgression took place in the second part of
the early Maeotian (Nevesskaya et al., 1986; Popov et al.,
2004; Stevanovic & Ilyina, 1982).

The magnetostratigraphic records of Rușavățu ‐and
Cerna‐Cernișoara indicate that the Maeotian transgression
may also be slightly diachronous within the Dacian basin,
as the main lithological transition in Cerna is ~200 kyr
older that the first saline ingression in Rușavățu. The
Maeotian transgression occurs in a time of relatively low
subsidence and is therefore most likely climatically
induced. Our biostratigraphic records (Figure 5) show a
loss in salinity as the transgression progresses, in

agreement with results from the Black Sea region (Popov
et al., 2016). This is opposite to the expected effect of a
marine transgression by Mediterranean waters through the
establishment of a reconnection with the Mediterranean.
We therefore consider it more likely that the Maeotian
transgression is caused by intra‐Paratethyan hydrological
changes, progressively raising the level of the Black Sea.
The Maeotian transgression is accompanied by a small
change in salinity, testifying that the Khersonian Black Sea
was filled with relatively saltier water, as previously sug-
gested by Kojumdgieva (1983). The stepwise flooding of
the Paratethys basins can potentially be traced from the
deeper basins to the marginal regions according to their
bathymetry and palaeogeographic position (Figure 12). The
marginal lake relicts of Paratethys that was fragmented dur-
ing the Khersonian then progressively all reconnected in
the Maeotian highstand.

FIGURE 12 The stepwise flooding of the Dacian Basin during the Maeotian transgression. The central basin expands (0, 1, 2) and
reconnects with the previous lacustrine sub‐basins (1B) and the marginal subbasins (1C) and further expands to (3, 4). As the basin continues to
expand, the overall salinity (marked with dotted red lines) drops in the central basin and shows positive pulses in the sub‐basins and the marginal
basins
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The biostratigraphic record of Rușavățu shows several
waves of “marine influxes” that consist in levels foramini-
fera. These influxes are resulting from highstand episodes
when water and fauna from the saltier Black Sea basin
cross the sills and spill into the marginal basins. In the case
of the Dacian Basin (Figure 12) the initial freshwater sys-
tems of the Khersonian lakes (1B) will be flooded by‐ or
will mix with‐ saltier water from the Black Sea (1). The
water mixing then decreases salinity (3) and as the next
basins will be flooded salinity will continue to drop (4). In
the case of the Rușavățu basin, that shows a transition from
continental and freshwater systems (1), (2), the salinity
spike will be delayed with respect to Cerna‐Cernisoara (3)
and will also be followed by a drop in salinity (4).

We conclude that, although climate significantly fluctu-
ated during the Khersonian and Meotian (Böhme et al.,
2017; Vasiliev et al., 2015), the end of the dry Khersonian
phase in the Eastern Paratethys corresponds to a change in
the hydrological balance of the region. The shift to an
overall positive hydrological balance caused a progressive
increase in water level and subsequently resulted in flood-
ing of the marginal basins during the earliest Maeotian.

7.2 | The Intra‐Maeotian Event: reconnecting
the Mediterranean?

The end of the transgressive trend in the Maeotian corre-
sponds to a phase of slope instability that frequently character-
izes the lower–upper Maeotian boundary. This Intra‐Maeotian
Event (IME), also locally referred as the Intra‐Maeotian
unconformity (e.g., Dacian Basin, Munteanu, Matenco, Dinu,
& Cloetingh, 2012), can be observed both in the seismics
(Tărăpoancă et al., 2004) and in outcrops throughout Para-
tethys. The most visible expressions of the IME are slumps
and mass transports near the high slope margins of the basin
(e.g., Cerna and Cernișoara; DSDP) or major unconformities
in marginal successions (e.g., Zheleznyi Rog). The Intra‐
Maeotian Event corresponds to the upper part of chron C3Ar
and is dated between 6.9 and 6.7 Ma (Figure 11h). A logical
explanation for the IME is a significant sea‐level drop, which
can explain a basin‐wide destabilization of sediments in the
high slope parts of the basin.

The presence of Aegean species in the upper Maeotian
(Radionova & Golovina, 2012) suggests that the IME cor-
responds to the creation of a connection to the Mediter-
ranean through the proto‐Bosporus—Aegean. If the
Paratethys water level had been higher than the global sea
level, this would have caused a massive flow of waters to
the Mediterranean and a sudden lowering of the Paratethys
level. After the IME, the marginal Dacian Basin reveals
oligo‐haline to fresh water conditions, probably indicating
restrictions in mixing, while the Black Sea remains brack-
ish with some freshwater episodes. Later in the upper

Maeotian, more elements of the Mediterranean fauna
appear in the Black Sea as the prelude of the Pontian
flooding at 6.1 Ma (Radionova & Golovina, 2012).

8 | CONCLUSIONS

We provide integrated magneto‐biostratigraphic results for
three continuous, 250–600 m long, sedimentary succes-
sions, situated in the Dacian basin Depression in a rela-
tively deep (Cerna and Cernișoara Rivers) and a
shallower setting (Rușavățu River), in present day Roma-
nia. The successions comprise the uppermost Khersonian
(upper Sarmatian s.l.) – Maeotian – lower Pontian interval
of the Eastern Paratethys. The magnetostratigraphic record
from the Cerna section consists of 17 polarity intervals,
eight of reversed, and nine of normal polarity. The polar-
ity pattern of the Cernișoara section comprises 13 differ-
ent polarity intervals, 6 of reverse, and 7 of normal
polarity. The polarity pattern of the Rușavățu section
comprises 13 polarity intervals, 6 of reversed, and 7 of
normal polarity. The three sections have a common pat-
tern that can be correlated with the GPTS. Our correlation
shows that the entire succession covers the time interval
from ~8 to ~6 Ma. We date and describe the major
palaeoenvironmental phases, which can all be related to
changes in the climate and connectivity regime of Eastern
Paratethys with the Mediterranean.

We show that the great drying episode of the late Kher-
sonian ended because of a shift in the water budget in the
region of Paratethys at 7.65 Ma leading to a major trans-
gression (flooding) that went on for 250 kyrs with ups and
downs, probably due to climate change. As the stepwise
flood progressed, between 7.65 and 7.4 Ma, the marginal
basins were flooded and increased connectivity with the
rest of the lake. We date the Intra‐Maeotian Event at
6.9 Ma, corresponding to sedimentary anomalies such as
the mass transport units in the west Dacian Basin and the
Pebbly breccia in the Black Sea due to a sudden lake level
fall. This event corresponds to the boundary between lower
and upper Maeotian that we suggest it marks the reconnec-
tion between Paratethys and the Mediterranean.

ACKNOWLEDGEMENTS

This work was financially supported by the Netherlands
Geosciences Foundation (ALW) with support from the
Netherlands Organization for Scientific Research (NWO)
through the VICI grant of WK.

The authors declare of having no interest or relation-
ship, financial or otherwise, that might be perceived as
influencing their objectivity and be considered a potential
source of conflict of interest.

PALCU ET AL.
EAGE

| 53



ORCID

Dan Valentin Palcu http://orcid.org/0000-0002-0714-
116X

REFERENCES

Andreescu, I. (1973). Precizari asupra limitelor etajului Meotian. Aca-
demia RSR, Studii şi Cercetătri de Geologie, Geofizică Geografie,
Seria Geologie 18/2, 541–558.

Andreescu, I. (1975). Limitele si subdiviziunile Pontianului. Academia
RSR, Studii şi Cercetări de Geologie, Geofizică Geografie, Seria
Geologie 20/2, 235–245. (Translated: Andreescu, 2009).

Andreescu, I., & Papaianopol, I. (1970). Biostratigrafia depozitelor
sarmatiene dintre vaile Milcov si Râmnicu Sărat. Academia RSR,
Studii şi Cercetări de Geologie, Geofizică Geografie, Seria
Geologie 15/2, 499–512 (Translated: Andreescu and Ticleanu,
1976).

Andrussov, N. I. (1890). Predvaritel'nyi otchet ob uchastfi v Cher-
nomorskoi glubokomernoi ekspeditsii. Izv. Russ. Geogr. Obshch-
estva, 26, 398–409.

Andrusov, N. I. (1885). Der Kalkstein von Kertsch und seine Fauna.
In Verhandlungen der Russisch-Kaiserlichen Mineralogischen
Gesellschaft zu. Buchhandlung Eggen und C-le: St. Petersburg,
Russia.

Andrussov, N. I. (1899). Die südrussischen Neogenablagerungen. 2.
Sarmatische Stufe. Zapiski Sankt‐Peterburgskogo Mineralogich-
eskogo Obshchestva 36 (1): 101–170.

Báldi, T. (1980). The early history of the Paratethys. Földtani Közl-
öny, Bulletin of the Hungarian Geological Society, 110, 456–472.

Böhme, M., Ilg, A., & Winklhofer, M. (2008). Late Miocene “wash-
house” climate in Europe. Earth and Planetary Science Letters,
275, 393–401. https://doi.org/10.1016/j.epsl.2008.09.011

Böhme, M., Spassov, N., Ebner, M., Geraads, D., Hristova, L.,
Kirscher, U., … Winklhofer, M. (2017). Messinian age and savan-
nah environment of the possible hominin Graecopithecus from
Europe. PLoS ONE, 12(5), e0177347. https://doi.org/10.1371/
journal.pone.0177347.

Böhme, M., Winklhofer, M., & Ilg, A. (2011). Miocene precipitation
in Europe: Temporal trends and spatial gradients. Palaeogeogra-
phy, Palaeoclimatology, Palaeoecology, 304, 212–218. https://doi.
org/10.1016/j.palaeo.2010.09.028

van der Boon, A., vanHinsbergen, D.J.J., Rezaeian, M., Gürer, D.,
Honarmand, M., Pastor-Galán, D., … Langereis, C. G. (2018).
Quantifying Arabia–Eurasia convergence accommodated in the
Greater Caucasus by paleomagnetic reconstruction. Earth and
Planetary Science Letters, 482, 454–469, (16 p.). https://doi.org/
10.1016/j.epsl.2017.11.025

ter Borgh, M. M., Stoica, M., Donselaar, M. E., Matenco, L., & Kri-
jgsman, W. (2014). Miocene connectivity between the central and
eastern Paratethys: Constraints from the western Dacian Basin.
Palaeogeography, Palaeoclimatology, Palaeoecology 412, 45–67.
https://doi.org/10.1016/j.palaeo.2014.07.016

ter Borgh, M., Vasiliev, I., Stoica, M., Knežević, S., Matenco, L.,
Krijgsman, W., … Cloetingh, S. (2013). The isolation of the Pan-
nonian basin (Central Paratethys): New constraints from magne-
tostratigraphy and biostratigraphy. Global and Planetary Change,
103(1), 99–118. https://doi.org/10.1016/j.gloplacha.2012.10.001

Chang, L., Vasiliev, I., Van Baak, C. G. C., Krijgsman, W., Dekkers, M.
J., & Roberts, A. P. (2014). Identification and environmental interpre-
tation of diagenetic and biogenic greigitein sediments: A lesson from
the Messinian Black Sea. Geochemistry, Geophysics, Geosystems,
15, 3612–3627. https://doi.org/10.1002/2014GC005411

Dumitrescu (1952). Studiul geologic al regiunii dintre Oituz și Coza.
Bucuresti: An. Com. Geol XXIV.

Eronen, J. T., Fortelius, M., Micheels, A., Portmann, F. T., Puo-
lamäki, K., & Janis, C. M. (2012). Neogene aridification of the
Northern Hemisphere. Geology, 40(9), 823–826. https://doi.org/d
oi: 10.1130/G33147.1

Filippova, N. Y., & Trubikhin, V. M.. (2009). On the question of cor-
relation of the Upper Miocene deposits of the Black Sea and
Mediterranean basins, Aktual'nye problemy neogenovoi i chetver-
tichnoi stratigrafii i ikh obsuzhdenie na 33 Mezhdunarodnom geo-
logicheskom kongresse (Topical Problems of Neogene and
Quaternary Stratigraphy and Discussions at the 33 International
Geological Congress), Gladenkov, Yu., Ed., Moscow: GEOS, pp.
142–152.

Firoozfar, A., Bromhead, E. N., Dykes, A. P., & Neshaei, M. A. L.
(2012). Southern Caspian Sea Coasts, Morphology, Sediment
Characteristics, and Sea Level Change. Proceedings of the Annual
International Conference on Soils, Sediments, Water and Energy
Vol. 17, Article 12.

Flecker, R., Krijgsman, W., Capella, W., deCastro Martíns, C., Dmi-
trieva, E., & Mayser, J. P., … Yousfi, M. Z. (2015). Evolution of
the Late Miocene Mediterranean Atlantic gateways and their
impact on regional and globalenvironmental change. Earth‐Science
Reviews, 150, 365–392.

Floroiu, A., Stoica, M., Vasiliev, I., & Krijgsman, W. (2011). Maeo-
tian/Pontian ostracods in the Badislava — Topolog area (south
Carpathian foredeep, Romania). Geo‐Eco‐Ma‐rina, 17, 177–184.

Fongngern, R., Olariu, C., Steel, R. J., & Krézsek, C. (2016). Clino-
form growth in a Miocene, Paratethyan deep lake basin: Thin top-
sets, irregular foresets and thick bottomsets. Basin Research, 28,
770–795. https://doi.org/10.1111/bre.12132

Fongngern, R., Olariu, C., Steel, R., Mohrig, D., Krézsek, C., & Hess,
T. (2017). Subsurface and outcrop characteristics of fluvial‐
dominated deep lacustrine clinoforms. Basin Research, 65/5,
1447–1481. https://doi.org/ 10.1111/sed.12430

Garcia-Castellanos, D., Verges, J., Gaspar-Escribano, J., & Cloetingh,
S. (2003). Interplay between tectonics, climate, and fluvial trans-
port during the Cenozoic evolution of the Ebro Basin (NE Iberia).
Journal of Geophysical Research, 108(B7), 2347. https://doi.org/
10.1029/2002JB002073

Giovanoli, F. (1979). Die Remanente Magnetisierung von Seesedi-
menten, Mitteilungen aus dem Geologischen Institut der Eidg.
Technischen Hochschule und der Universitaet Zuerich, Neue
Folge Nr. 230, Geologischen Institut; ETH Zurich.

Gozhyk, P., Semenenko, V., Andreeva-Grigorovich, A., & Maslun,
N. (2015). The correlation of the Neogene of Central and Eastern
Paratethys segments of Ukraine with the International Strati-
graphic Chart based on planktonic microfossils. Geologica Car-
pathica, 66(3), 235–244.

Grasu, C., Catana, C., & Bobos, I. (1999). Molasa Carpatilor Orien-
tali, Petrografie si sedimentogeneza, Editura Tehnica, Bucuresti, p.
227 (in Romanian).

Grothe, A., Sangiorgi, F., Mulders, Y. R., Vasiliev, I., Reichart, G.-J.,
Brinkhuis, H., … Krijgsman, W. (2014). Black sea desiccation

54 | EAGE
PALCU ET AL.

http://orcid.org/0000-0002-0714-116X
http://orcid.org/0000-0002-0714-116X
http://orcid.org/0000-0002-0714-116X
https://doi.org/10.1016/j.epsl.2008.09.011
https://doi.org/10.1371/journal.pone.0177347
https://doi.org/10.1371/journal.pone.0177347
https://doi.org/10.1016/j.palaeo.2010.09.028
https://doi.org/10.1016/j.palaeo.2010.09.028
https://doi.org/10.1016/j.epsl.2017.11.025
https://doi.org/10.1016/j.epsl.2017.11.025
https://doi.org/10.1016/j.palaeo.2014.07.016
https://doi.org/10.1016/j.gloplacha.2012.10.001
https://doi.org/10.1002/2014GC005411
https://doi.org/doi: 10.1130/G33147.1
https://doi.org/doi: 10.1130/G33147.1
https://doi.org/10.1111/bre.12132
https://doi.org/ 10.1111/sed.12430
https://doi.org/10.1029/2002JB002073
https://doi.org/10.1029/2002JB002073


during the Messinian Salinity Crisis: Fact or fiction? Geology, 42,
563–586. https://doi.org/10.1130/G35503.1

Harzhauser, M., & Piller, W. E. (2004a). The Early Sarmatian – hid-
den seesaw changes. Courier Forschungsinstitut Senckenberg,
246, 89–112.

Harzhauser, M., & Piller, W. E. (2004b). integrated stratigraphy of
the Sarmatian (Upper Middle Miocene) in the western central
Paratethys. Stratigraphy, 1, 65–86.

Harzhauser, M., Piller, W. E., & Steininger, F. F. (2002). Circum‐
Mediterranean Oligo‐Miocene biogeographic evolution – the gas-
tropods’ point of view. Palaeogeography, Palaeoclimatology,
Palaeoecology, 183(1), 103–133. https://doi.org/10.1016/S0031-
0182(01)00464-3

Herbert, T. D., Lawrence, K. T., Tzanova, A., Peterson, L. C., Cabal-
lero-Gill, R., & Kelly, C. S. (2016). Late Miocene global cooling
and the rise of modern ecosystems. Nature Geoscience, 9, 843–
847. https://doi.org/10.1038/NGEO2813

Hilgen, F. J., Bice, J., Iaccarino, S., Krijgsman, W., Montanari, A.,
Raffi, I., … Zachariasse, W. J. (2005). The Global Stratotype Sec-
tion and Point (GSSP) of the Tortonian Stage (UpperMiocene) at
Monte dei Corvi. Episodes, 28, 6–17.

Hilgen, F. J., Lourens, L. J., Van Dam, J. A., Beu, A. G., Boyes, A.
F., Cooper, R. A., … Wilson, D. S. (2012). The Neogene period.
The Geologic Time Scale, 2012(1–2), 923–978. https://doi.org/10.
1016/B978-0-444-59425-9.00029-9

Hohenegger, J., Rögl, F., Ćorić, S., Pervesler, P., Lirer, F., Roetzel,
R., … Stingl, K. (2009). The Styrian Basin: A key to the Middle
Miocene (Badenian/Langhian) Central Paratethys transgressions.
Austrian Journal of Earth Sciences, 102(1), 102–132.

Hostetler, S.W. (1995). Hydrological and Thermal Response of Lakes
to Climate: Description and Modeling. Berlin/Heidelberg, Ger-
many: Springer; Volume 60, ISBN 3-540-57891-9.

Hsü, K. J., & Giovanoli, F. (1979). Messinian event in the Black Sea.
Palaeogeography, Palaeoclimatology, Palaeoecology, 29(75–93), 10.

Ionesi, L., Ionesi, B., Lungu, A., Roșca, V., & Ionesi, V. (2005). Sar-
mațianul mediu și superior de pe Platforma Moldovenească.
București: Ed. Acad-emiei Române; 558 p. Romanian.

Ioniță, S. (1963). Zăcământul de mamifere de la Reghiu - Vrancea și
importanța lui stratigrafică. Carpathian - Balkan Association 5th
Congress, III/I, 199–210, București.

Ivanov, D., Ashraf, A. R., & Mosbrugger, V. (2007). Late Oligocene
and Miocene climate and vegetation in the Eastern Paratethys area
(northeast Bulgaria), based on pollen data. Palaeogeography,
Palaeoclimatology, Palaeoecology, 255(3–4), 342–360. https://doi.
org/10.1016/j.palaeo.2007.08.003

Ivanov, D., & Koleva-Rekalova, E. (1999). Palynological and sedi-
mentological data about late Sarmatian paleoclimatic changes in
the Forecarpathian and Euxinian basins (Northern Bulgaria). Acta
Palaeobotanica (Suppl. 2), 307–313. (Translated: Ivanov et al.,
2002).

Ivanov, D., Utescher, T., Mosbrugger, V., Syabryaj, S., Djordjevic-
Milutinovic, D., & Molchanoff, S. (2011). Miocene vegetation
and climate dynamics in Eastern and Central Paratethys (South-
eastern Europe). Palaeogeography, Palaeoclimatology, Palaeoe-
cology, 304, 262–275. https://doi.org/10.1016/j.palaeo.2010.07.006

Jipa, D. C. (2009). The identity of a Paratethys basin. Dacian basin
configuration - outcome of the Carpathian foredeep along-arc
migration in Dacian Basin. In D. C. Jipa & C. Olariu, GeoEcoMar
Spec. Publ., 3. Geoecomar, Bucharest.

Jipa, D. C., & Olariu, C. (2009). Depositional architecture and sedimen-
tary history of a Paratethys sea, in Dacian Basin. Eds. Jipa, D.C. and
Olariu, C., GeoEcoMar Spec. Publ., 3. Geoecomar, Bucharest.

Jipa, D. C., Stoica, M., Andreescu, I., Floroiu, A., & Maximov, G.
(2011). Zanclean Gilbert‐type fan deltas in the Turnu Severin area
(Dacian Basin, Romania), A critical analysis. Geo‐Eco‐Marina,
17, 123–133.

Jolivet, L., Augier, R., Robin, C., Suc, J. P., & Rouchy, J. M. (2006).
Lithospheric‐scale geodynamic context of the Messinian salinity
crisis. Sedimentary Geology, 188, 9–33. https://doi.org/10.1016/j.
sedgeo.2006.02.004

Jones, R. W., & Simmons, M. D. (1997). A review of the stratigraphy
of Eastern Paratethys (Oligocene– Holocene), with particular
emphasis on the Black Sea. In A. G. Robinson (Ed.), Regional
and petroleum geology of the Black Sea and surrounding region:
AAPG Memoir (Vol. 68, pp. 39–52). Tulsa, OK: American Asso-
ciation of Petroleum Geologists.

Karlov, N. N. (1937). On the age and formation conditions of the
Membranipora reefs of the Kerch Peninsula. Izvestiya Akademii
Nauk Sssr, Seriya Geologicheskaya (Izvestiya of the Academy of
sciences of the U.S.S.R.), 6, 1003–1036.

Kirschvink, J. L. (1980). The least‐squares line and plane and the
analysis of palaeomagnetic data. Geophysical Journal, Royal
Astronomical Society, 62(3), 699–718. https://doi.org/10.1111/j.
1365-246X.1980.tb02601.x

Kojumdgieva, E. (1983). Palaeogeographic environment during the
desiccation of the Black Sea. Palaeogeography, Palaeoclimatol-
ogy, Palaeoecology, 43, 195–204. https://doi.org/10.1016/0031-
0182(83)90011-1

Koleva-Rekalova, E. (1994). Sarmatian aragonite sediments in North‐
Eastern Bulgaria – origin and diagenesis. Geologica Balcanica,
24, 47–64.

Korotkevich, E. L. (1970). Late Neogene deer of the north Black Sea
area (175 pp). Kiev: Naukova Dumka [in Russian].

Kováč, M., Andreyeva-Grigorovich, A., Bajraktarević, Z., Brzobo-
hatý, R., Filipescu, S., Fodor, L., … Studencka, B. (2007). Bade-
nian evolution of the Central Paratethys Sea, Paleogeography,
climate and eustatic sea‐level changes. Geologica Carpathica, 58
(6), 579–606.

Kováč, M., Márton, E., Oszczypko, N., Vojtko, R., Hók, J., Králiková,
S., … Oszczypko-Clowes, M. (2017). Neogene palaeogeography
and basin evolution of the Western Carpathians, Northern Pannon-
ian domain and adjoining areas. Global and Planetary Change, 155,
133–154. https://doi.org/10.1016/j.gloplacha.2017.07.004

Krijgsman, W., Stoica, M., Vasiliev, I., & Popov, V. V. (2010). Rise
and fall of the Paratethys Sea during the Messinian Salinity Crisis.
Earth and Planetary Science Letters, 290(1–2), 183–191. https://d
oi.org/10.1016/j.epsl.2009.12.020

Kroonenberg, S. B., Badyukova, E. N., Storms, J. E. A., Ignatov, E.
I., & Kasimov, N. S. (2000). A full sea‐level cycle in 65 years:
Barrier dynamics along Caspian shores. Sedimentary Geology,
134, 257–274. https://doi.org/10.1016/S0037-0738(00)00048-8

Kroonenberg, S. B., Rusakov, G. V., & Svitoch, A. A. (1997). The
wandering of the Volga delta: A response to rapid Caspian sea‐
level change. Sedimentary Geology, 107, 189–209. https://doi.org/
10.1016/S0037-0738(96)00028-0

Laskarev, V. (1924). Sur les equivalentes du Sarmatien supérieur en
Serbie, Recueil de traveaux ofert a M. Jovan Cvijic par ses amis
et collaborateurs: 73–85.

PALCU ET AL.
EAGE

| 55

https://doi.org/10.1130/G35503.1
https://doi.org/10.1016/S0031-0182(01)00464-3
https://doi.org/10.1016/S0031-0182(01)00464-3
https://doi.org/10.1038/NGEO2813
https://doi.org/10.1016/B978-0-444-59425-9.00029-9
https://doi.org/10.1016/B978-0-444-59425-9.00029-9
https://doi.org/10.1016/j.palaeo.2007.08.003
https://doi.org/10.1016/j.palaeo.2007.08.003
https://doi.org/10.1016/j.palaeo.2010.07.006
https://doi.org/10.1016/j.sedgeo.2006.02.004
https://doi.org/10.1016/j.sedgeo.2006.02.004
https://doi.org/10.1111/j.1365-246X.1980.tb02601.x
https://doi.org/10.1111/j.1365-246X.1980.tb02601.x
https://doi.org/10.1016/0031-0182(83)90011-1
https://doi.org/10.1016/0031-0182(83)90011-1
https://doi.org/10.1016/j.gloplacha.2017.07.004
https://doi.org/10.1016/j.epsl.2009.12.020
https://doi.org/10.1016/j.epsl.2009.12.020
https://doi.org/10.1016/S0037-0738(00)00048-8
https://doi.org/10.1016/S0037-0738(96)00028-0
https://doi.org/10.1016/S0037-0738(96)00028-0


Lukeneder, S., Zuschin, M., Harzhauser, M., & Mandic, O. (2011).
Spatiotemporal signals and palaeoenvironments of endemic mol-
luscan assemblages in the marine system of the Sarmatian Para-
tethys. Acta Palaeontologica Polonica, 56(4), 767–784. https://d
oi.org/10.4202/app.2010.0046

Magyar, I., Geary, D. H., & Müller, P. (1999). Paleogeographic evo-
lution of the Late Miocene Lake Pannon in Central Europe.
Palaeogeography, Palaeoclimatology, Palaeoecology, 147(3–4),
151–167. https://doi.org/10.1016/S0031-0182(98)00155-2

Magyar, I., Radivojević, D., Sztanó, O., Synak, R., Ujszászi, K., &
Pócsik, M. (2013). Progradation of the paleo‐Danube shelf margin
across the Pannonian Basin during the late Miocene and early
Pliocene. Global and Planetary Change, 103, 168–173. https://
doi.org/10.1016/j.gloplacha.2012.06.007

Marinescu, F. (1978). Stratigrafia Neogenului superior din sectorul
vestic al bazinului Dacic. (in Romanian with French abstract), Ed.
Academiei R. S. R, Bucharest.

Maţenco, L., Bertotti, G., Cloetingh, S., & Dinu, C. (2003). Subsidence
analysis and tectonic evolution of the external Carpathian –Moesian
Platform region during Neogene times. Sedimentary Geology, 156,
71–94. https://doi.org/10.1016/S0037-0738(02)00283-X

Matoshko, A., Matoshko, A., Leeuw, A. De, & Stoica, M. (2016).
Facies analysis of the Balta formation: Evidence for a large late
Miocene fluvio‐deltaic system in the east Carpathian foreland.
Sedimentary Geology, 343, 165–189. https://doi.org/10.1016/j.
sedgeo.2016.08.004

Moghadam, I. M. (2013). Stratigraphy of Neogen Deposits in North-
ern Iran. Middle‐East Journal of Scientific Research, 15(6), 846–
852. https://doi.org/10.5829/idosi.mejsr.2013.15.6.2871

Munteanu, I., Matenco, L., Dinu, C., & Cloetingh, S. (2012). Effects
of large sea‐level variations in connected basins: The Dacian‐
Black Sea system of the Eastern Paratethys. Basin Research, 24,
583–597. https://doi.org/10.1111/j.1365-2117.2012.00541.x

Nevesskaya, L. A., Goncharova, I. A., Iljina, L. B., Paramonova, I.
A., Popov, S. V., Babak, E. V., … Voronina, A. A. (1986). His-
tory of Neogene Mollusks of the Paratethys. Trudy Paleontol Inst
Akad Nauk SSSR, 220, 1–208.

Nevesskaya, L. A., Goncharova, I. A., Ilyina, L. B., Paramonova, N.
P., & Khondkarian, S. O. (2002). The Neogene stratigraphic scale
of the Eastern Paratethys. Stratigraphy and Geological Correla-
tion, 11, 105–127.

Palcu, D. V., Golovina, Larisa A., Vernyhorova, Y. V., Popov, S. V.,
& Krijgsman, W. (2017). Middle Miocene paleoenvironmental
crises in Central Eurasia caused by changes in marine gateway
configuration. Global and Planetary Change, 158, 57–71.
https://doi.org/10.1016/j.gloplacha.2017.09.013

Palcu, D. V., Tulbure, M., Bartol, M., Kouwenhoven, T. J., & Krijgs-
man, W. (2015). The Badenian‐Sarmatian Extinction Event in the
Carpathian foredeep basin of Romania: Paleogeographic changes
in the Paratethys domain. Global and Planetary Change, 133,
346–358. https://doi.org/10.1016/j.gloplacha.2015.08.014

Pană, I. (1966). Studiul depozitelor Pliocene din regiunea cuprinsa
intre valea Buzaului si valea Balaneasa. Studii tehnice si eco-
nomice, Seria J-Stratigrafie, nr.1: Bucharest. (in Romanian)

Pană, I.. (1969). Congerii din grupa mytiliforme întâlnite în depozitele
meoțiene de la curbura estică a Carpaților. Bul. soc. șt. geol.din R.
S. România XI, 327–335. (in Romanian)

Panaiotu, C. E., Vasiliev, I., Panaiotu, C. G., Krijgsman, W., & Lan-
gereis, C. G. (2007). Provenance analysis as a key to orogenic

exhumation: A case study from the East Carpathians (Romania).
Terra Nova, 19, 120–126. https://doi.org/10.1111/j.1365-3121.
2006.00726.x

Paulissen, W., Luthi, S. M., Grunert, P., Ćorić, S., & Harzhauser, M.
(2011). Integrated high‐resolution stratigraphy of a Middle to late
Miocene sedimentary sequence in the central part of the Vienna
Basin. Geologica Carpathica, 62, 155–169. https://doi.org/10.
2478/v10096-011-0013-z

Pevzner, M. A., & Chikovani, A. A. (1978) Paleomagnetic study of
the Upper Miocene and Lower Pliocene marine deposits on the
Taman Peninsula. Izvestiya Akademii Nauk, Seriya Geologich-
eskaya no. 8, 61–66.

Pevzner, M. A., Lungu, A. N., Vangengeim, E. A., & Basilyan, A. E.
(1987). Position of the Vallesian Hipparion Fauna Localities of
Moldova in the Magnetochronological Scale. Izvestiya Akademii
Nauk Sssr, Seriya Geologicheskaya (Izvestiya Of The Academy Of
Sciences Of The U.S.S.R.), 4, 50–59.

Pevzner, M. A., & Vangengeim, E. A. (1993). Magnetochronological
Age Assignment of Middle and Late Sarmatian Localities of the
Eastern Paratethys. Newsletters on Stratigraphy, 29(2), 63–75.
https://doi.org/10.1127/nos/29/1993/63

Pilipenko, O. V., & Trubikhin, V. M. (2014). Petromagnetic and mag-
netostrstratigraphic investigations of the Upper Sarmatian refer-
ence section of Popov Kamen (Taman Peninsula). Vest.
KRAUNTs. Nauk Zemle, 24(2), 85–94.

Piller, W. E., Harzhauser, M., & Mandic, O.. (2007). Miocene Central
Paratethys stratigraphy – current status and future directions.
Stratigraphy 4 (2/3), 151–168.

Popov, S. V., Antipov, M. P., Zastrozhnov, A. S., Kurina, E. E., &
Pinchuk, T. N. (2010). Sea‐level fluctuations on the Northern
Shelf of the Eastern Paratethys in the oligocene‐neogene. Stratig-
raphy and Geological Correlation, 18, 200–224. https://doi.org/
10.1134/S0869593810020073

Popov, S. V., Golovina, L. A., Jafarzadeh, M., & Goncharova, I. A.
(2015). Eastern Paratethys Miocene deposits, mollusks and
nannoplankton of the Northern Iran, Neogene of the Paratethyan
Region, 6 workshop on Neogene of Central and SE Europe, 31
May – 3 June 2015 (pp. 71–72). Hungary: Orfu.

Popov, S. V., & Nevesskaya, L. A. (2000). Brackish‐water molluscs
of the Late Miocene and the history of the Aegean basin. Stratig-
raphy and Geological Correlation, 8(2), 97–107.

Popov, S. V., Shcherba, I. G., Ilyina, L. B., Nevesskaya, L. A., Para-
monova, N. P., Khondkarian, S. O., & Magyar, I. (2006). Late
Miocene to Pliocene palaeogeography of the Paratethys and its
relation to the Mediterranean. Palaeogeography, Palaeoclimatol-
ogy, Palaeoecology, 238(1–4), 91–106. https://doi.org/10.1016/j.pa
laeo.2006.03.020

Popov, S. V., Rögl, F., Rozanov, A. Y., Steininger, F. F., Shcherba,
I. G., & Kovac, M. (Eds.) (2004). Lithological‐Paleogeographic
maps of Paratethys. Frankfurt, Germany: Courer Forschungsinsti-
tut Senckenberg. a. M., 250, 1–46. 10 maps.

Popov, S. V., Rostovtseva, Yu. V., Fillippova, N. Yu., Golovina, L.
A., Radionova, E. P., Goncharova, I. A., … Viskova, L. A.
(2016). Paleontology and stratigraphy of the Middle – Upper Mio-
cene of Taman Peninsula. Part 1.. Description of key-sections and
benthic fossil groups (Eds. Popov S.V., Golovina L.A.), Paleonto-
logical Journal supplement series, Vol. 50, No. 10, 168 p.

Radionova, E. P., & Golovina, L. A. (2012). Upper Maeotian –

Lower Pontian “Transitional Strata” in the Taman Penin sula:

56 | EAGE
PALCU ET AL.

https://doi.org/10.4202/app.2010.0046
https://doi.org/10.4202/app.2010.0046
https://doi.org/10.1016/S0031-0182(98)00155-2
https://doi.org/10.1016/j.gloplacha.2012.06.007
https://doi.org/10.1016/j.gloplacha.2012.06.007
https://doi.org/10.1016/S0037-0738(02)00283-X
https://doi.org/10.1016/j. sedgeo.2016.08.004
https://doi.org/10.1016/j. sedgeo.2016.08.004
https://doi.org/10.5829/idosi.mejsr.2013.15.6.2871
https://doi.org/10.1111/j.1365-2117.2012.00541.x
https://doi.org/10.1016/j.gloplacha.2017.09.013
https://doi.org/10.1016/j.gloplacha.2015.08.014
https://doi.org/10.1111/j.1365-3121.2006.00726.x
https://doi.org/10.1111/j.1365-3121.2006.00726.x
https://doi.org/10.2478/v10096-011-0013-z
https://doi.org/10.2478/v10096-011-0013-z
https://doi.org/10.1127/nos/29/1993/63
https://doi.org/10.1134/S0869593810020073
https://doi.org/10.1134/S0869593810020073
https://doi.org/10.1016/j.palaeo.2006.03.020
https://doi.org/10.1016/j.palaeo.2006.03.020


Stratigraphic position and paleogeographic interpretation. Geolo-
gica Carpathica, 62(1), 62–100.

Radionova, E. P., Golovina, L. A., Filippova, N Yu, Trubikhin, V.
M., Popov, S. V., Goncharova, I. A., … Pinchuk, T. N. (2012).
Middle‐Upper Miocene stratigraphy of the Taman Peninsula, East-
ern Paratethys. Central European Journal of Geosciences, 4(1),
188–204. https://doi.org/10.2478/s13533-011-0065-8

Reichenbacher, B., Krijgsman, W., Lataster, Y., Pippèrr, M., Van
Baak, C. G. C., Chang, L., … Bachtadse, V. (2013). A new mag-
netostratigraphic framework for the lower Miocene (Burdigalian/
Ottnangian, Karpatian) in the North Alpine Foreland Basin. Swiss
Journal of Geosciences, 106, 309–334. https://doi.org/10.1007/
s00015-013-0142-8

Rögl, F. (1998). Palaeogeographic considerations for Mediterranean
and Paratethys seaways (Oligocene to Miocene). Annalen des
Naturhistorischen Museums Wien 99 A(A), 279–310.

Rostovtseva, Yu V, & Rybkina, A. I. (2014). Cyclostratigraphy of
Pontian Deposits of the Eastern Paratethys (Zheleznyi Rog Sec-
tion, Taman Region). Moscow University Geology Bulletin, 69(4),
236–241. https://doi.org/10.3103/S014587521404010

Rusu, A. (1988). Oligocene events in Transylvania (Romania) and the
first separation of Paratethys, D.S. Institute of Geological Geofiz,
72–73, 207–223.

Rybkina, A. I., Kern, A. N., & Rostovtseva, Yu V (2015). New evi-
dence of the age of the lower Maeotian substage of the Eastern
Paratethys based on astronomical cycles. Sedimentary Geology,
330, 122–131. https://doi.org/10.1016/j.sedgeo.2015.10.003

Sant, K., Kirscher, U., Reichenbacher, B., Pippèrr, M., Jung, D., Dop-
pler, G., & Krijgsman, W. (2017). Late Burdigalian sea retreat
from the North Alpine Foreland Basin ‐ new magnetostratigraphic
age constraints. Global and Planetary Change, 152, 38–50.
https://doi.org/10.1016/j.gloplacha.2017.02.002

Saulea, E., Popescu, I., & Sandulescu, M. (1969). Lithofacies Atlas, VI
Neogene, Sheets 4–8 and 10–13. Institutul de Geologie si Geofizica.

Schultz, H.-M., Bechtel, A., & Sachsenhofer, R. F. (2005). The birth
of the Paratethys during the Oligocene: From Tethys to an ancient
Black Sea analogue. Global and Planetary Change, 49, 163–176.
https://doi.org/10.1016/j.gloplacha.2005.07.001

Semenenko, V. N., Andreeva-Grigorovich, A. S., Maslun, N. V., &
Lulieva, S. A. (2009). Direct correlation of the Neogene of the
Eastern Paratethys to the International Oceeanic Scale on plankton
microfossils. Geological Journal of the National Academy of
Sciences of Ukraine, 4, 9–27. (in Russian).

Sipahioglu, N. O., & Bati, Z. (2017). Messinian canyons in the Turk-
ish western Black Sea. In M. D. Simmons, G. C. Tari & A. I.
Okay (Eds.), Petroleum Geology of the Black Sea. Geological
Society, London, Special Publications, 464.

Snel, E., Mărunțeanu, M., Macaleț, R., Meulenkamp, J. E., & Van
Vugt, N. (2006). Late Miocene to early Pliocene chronostrati-
graphic framework for the Dacic Basin, Romania. Palaeogeogra-
phy, Palaeoclimatology, Palaeoecology, 238, 107–124. https://doi.
org/10.1016/j.palaeo.2006.03.021

Steininger, R.R., Berggren, W.A., Kent, D.V., Bernor, R.L., Sen, S.,
& Agusti, J. (1996). Circum Mediterranean Neogene (Miocene
and Pliocene) Marine-Continental Chronologic Correlations of
European Mammal Units and Zones. In: R. L. Bernor, V. Fahl-
busch & S. Rietschel (Eds.), Later Neogene European Biotic Evo-
lution and Stratigraphic Correlation (pp. 7–46). New York, NY:
Columbia University Press.

Stekina, N. A. (1979). Istoria flori i rastitelnosti yuga Evropeiskoi
chasti SSSR v pozdnem miocene-rannem pliocene (p. 197). Kiev:
Naukova Dumka.

Stevanovic, P. M., & Ilyina, L. B. (1982). Maeotian stratigraphy of
the eastern Serbia andadjacent regions based on mollusks. Serbian
Academy of Sciences and Arts Bulletin, 82, 105–136.

Stoica, M., Krijgsman, W., Fortuin, A., & Gliozzi, E. (2016). Para-
tethyan ostracods in the Spanish Lago‐Mare: More evidence for
interbasinal exchange at high Mediterranean Sea level. Palaeo-
geography, Palaeoclimatology, Palaeoecology. 441, 854–870.
https://doi.org/10.1016/j.palaeo.2015.10.034

Stoica, M., Lazar, I., Krijgsman, W., Vasiliev, I., Jipa, D. C., & Flor-
oiu, A. (2013). Palaeoenvironmental evolution of the east Car-
pathian foredeep during the late Miocene – early Pliocene (Dacian
Basin; Romania). Global and Planetary Change, 103, 135–148.
https://doi.org/10.1016/j.gloplacha.2012.04.004

Stoica, M., Lazar, I., Vasiliev, I., & Krijgsman, W. (2007). Mollusc
assemblages of the Pontian and Dacian deposits from the Topo-
log‐Arges area (southern Carpathian foredeep ‐Romania). Geobios,
40, 391–405. https://doi.org/10.1016/j.geobios.2006.11.004

Stuchlik, L., Ivanov, D., & Palamarev, E. (1999). Middle and Late
Miocene floristic changes inthe Northern and Southern parts of
the Central Paratethys. Acta Palaeobotanica, Supplements, 2,
391–397.

Suess, E. (1866). Untersuchungen über den Charakter der österreichis-
chen Tertiärablagerungen. II. Über den Charakterder der brack-
ischen Stufe oder der Cerithienschichten. Österreichische Akademie
der Wissenschaften Math. ‐ Naturwiss Wien. Kl, 54, 218–357.

Syabryaj, S., Utescher, T., Molchanoff, S., & Bruch, A. A. (2007).
Vegetation and palaeoclimate in the Miocene of Ukraine. Palaeo-
geography, Palaeoclimatology, Palaeoecol‐ogy, 253(1–2), 153–
168. https://doi.org/10.1016/j.palaeo.2007.03.038

Tărăpoancă, M., Bertotti, G., Mațenco, L., Dinu, C., & Cloetingh, S.
A. P. L. (2003). Architecture of the Focșani depression: A 13 km
deep basin in the Carpathians bend zone (Romania). Tectonics,
22, https://doi.org/10.1029/2002TC001486

Tărăpoancă, M., Garcia-Castellanos, D., Bertotti, G., Matenco, L.,
Cloetingh, S. A. P. L., & Dinu, C. (2004). Role of the 3‐D distri-
butions of load and lithospheric strength in orogenic arcs: Poly-
stage subsidence in the Carpathians foredeep. Earth and Planetary
Science Letters, 221(1–4), 163–180. https://doi.org/10.1016/
S0012-821X(04)00068-8

Tari, G., Fallah, M., Kosia, W., Floodpage, J., Baur, J., Bati, Z., &
Sipahioglu, N. O. (2015). Is the impact of the Messinian Salinity
Crisis in the Black Sea comparable to that of the Mediterranean?
Marine and Petroleum Geology, 66, 135–148. https://doi.org/10.
1016/j.marpetgeo.2015.03.021

Tesakov, A. S., Titov, V. V., Simakova, A. N., Frolov, P. D.,
Syromyatnikova, E. V., Kurshakov, S. V., … Palatov, D. M.
(2017). Late Miocene (Early Turolian) vertebrate faunas and asso-
ciated biotic record of the Northern Caucasus. Geology, palaeoen-
vironment, biochronology. – Fossil Imprint, 73(3-4): 383–444.

Tesakov, A. S., Titov, V. V., Syromyatnikova, E. V., Danilov, I. G.,
& Frolov, P. D. (2013). Biostratigrafi ya verkhne-miotsenovykh
otlozheniy (gaverdovskaya svita) doli-ny r. Beloy (Severnyy Kav-
kaz) po faune nazemnykh pozvonochnykh i mollyuskov [Bios-
tratigraphy of the Upper Miocene deposits (Gaverdovsky
Formation) in the valley of the Belaya River (North Caucasus)
based on the faunas of terrestrial vertebrates and mollusks]. – In:

PALCU ET AL.
EAGE

| 57

https://doi.org/10.2478/s13533-011-0065-8
https://doi.org/10.1007/s00015-013-0142-8
https://doi.org/10.1007/s00015-013-0142-8
https://doi.org/10.3103/S014587521404010
https://doi.org/10.1016/j.sedgeo.2015.10.003
https://doi.org/10.1016/j.gloplacha.2017.02.002
https://doi.org/10.1016/j.gloplacha.2005.07.001
https://doi.org/10.1016/j.palaeo.2006.03.021
https://doi.org/10.1016/j.palaeo.2006.03.021
https://doi.org/10.1016/j.palaeo.2015.10.034
https://doi.org/10.1016/j.gloplacha.2012.04.004
https://doi.org/10.1016/j.geobios.2006.11.004
https://doi.org/10.1016/j.palaeo.2007.03.038
https://doi.org/10.1029/2002TC001486
https://doi.org/10.1016/S0012-821X(04)00068-8
https://doi.org/10.1016/S0012-821X(04)00068-8
https://doi.org/10.1016/j.marpetgeo.2015.03.021
https://doi.org/10.1016/j.marpetgeo.2015.03.021


[Annual meeting of the paleontological section of the Moscow
Society of Naturalists and the Moscow branch of the Paleontologi-
cal Society. Book of abstracts]. Mos-cow, pp. 72–73. (in Russian)

Trubikhin, V. M. (1989). Paleomagnetic data for the Pontian. In: P.
M. Stevanovic, L. A. Nevesskaja, F. L. Marinescu, A. Sokac &
Á. Jámbor (Eds.), Chronostratigraphie und Neostratotypen. Neo-
gen der Westlichen (“Zentrale”) Paratethys VIII, Pl1, Pontien,
JAZU and SANU, Zagreb-Beograd, pp. 76–79.

Trubikhin, V. M., & Pilipenko, O. V. (2011). Rock magnetism and
paleomagnetism of Maeotian deposits of the Popov Kamen Refer-
ence Section (Taman Peninsula). Fizika Zemli, 2011(3), 83–95.

Tugolesov, D. A., Gorshkov, A. S., Meisner, L. B., Solov'ev, V. V.,
& Khakhalev, E. M. (1985). Tectonika mezo-kaynozoyskich
otlozhe-niy Chernomorskoy vpadiny. Moskva (in Russian): Nedra.

Van Baak, C. G. C., Krijgsman, W., Magyar, I., Sztanó, O., Golov-
ina, L., Grothe, A., … Vasiliev, I. (2017). Paratethys response to
the Messinian salinity crisis. Earth‐Science Reviews, 172, 193–
223. https://doi.org/10.1016/j.earscirev.2017.07.015

Van Baak, C. G. C., Vasiliev, I., Palcu, D. V., Dekkers, M. J., & Kri-
jgsman, W. (2016). A Greigite‐based magnetostratigraphic time
frame for the late Miocene to recent DSDP leg 42B cores from
the Black Sea. Front Earth Science, 4(60).

Van Baak, C. G. C., Grothe, A., Stoica, M., Aliyeva, E., Vasiliev, I.
& Krijgsman, W. (2013). A magnetostratigraphic time frame for
Plio‐Pleistocene transgressions in the South Caspian Basin. Azer-
baijan. Global and Planetary Change, 103(1), 119–134. https://d
oi.org/10.1016/j.gloplacha.2012.05.004

Vangengeim, E. A., Lungu, A. N., & Tesakov, A. S. (2006). Age of
the Vallesian Lower Boundary (Continental Miocene of Europe).
Stratigraphy and Geological Correlation, 14(6), 655–667.
https://doi.org/10.1134/S0869593806060050

Vangengeim, E. A., & Tesakov, A. S. (2008). Late Sarmatian Mam-
mal Localities of the Eastern Paratethys: Stratigraphic Position,
Magnetochronology, and Correlation with the European Continen-
tal Scale. Stratigraphy and Geological Correlation, 16(1), 95–
107.

Vasiliev, I., de Leeuw, A., Filipescu, S., Krijgsman, W., Kuiper, K.,
Stoica, M., & Briceag, A. (2010). The age of the Sarmatian‐Pan-
nonian transition in the Transylvanian Basin (Central Paratethys).
Palaeogeography, Palaeoclimatology, Palaeoecology, 297(1), 54–
69. https://doi.org/10.1016/j.palaeo.2010.07.015

Vasiliev, I., Dekkers, M. J., Krijgsman, W., Franke, C., Langereis, C.
G., & Mullender, T. A. T. (2007). Early diagenetic greigite as a
recorder of the palaeomagnetic signal in Miocene‐Pliocene sedi-
mentary rocks of the Carpathian foredeep (Romania). Geophysical
Journal International, 171, 613–629. https://doi.org/10.1111/j.
1365-246X.2007.03560.x

Vasiliev, I., Iosifidi, A. G., Khramov, A. N., Krijgsman, W., Kuiper,
K., Langereis, C. G., … Yudin, S. V. (2011). Magnetostratigraphy

and radio‐isotope dating of upper Miocene‐lower Pliocene sedi-
mentary successions of the Black Sea Basin (Taman Peninsula,
Russia). Palaeogeography, Palaeoclimatology, Palaeoecology,
310(3–4), 163–175. https://doi.org/10.1016/j.palaeo.2011.06.022

Vasiliev, I., Krijgsman, W., Langereis, C. G., Panaiotu, C. E.,
Matenco, L., & Bertotti, G. (2004). Towards an astrochronological
framework for the eastern Paratethys Mio‐Pliocene sedimentary
sequences of the Focsani basin (Romania). Earth and Planetary
Science Letters, 227, 231–247. https://doi.org/10.1016/j.epsl.2004.
09.012

Vasiliev, I., Krijgsman, W., Stoica, M., & Langereis, C. G. (2005).
Mio‐Pliocene magnetostratigraphy in the southern Carpathian fore-
deep and Mediterranean — Paratethys correlations. Terra Nova,
17, 376–384. https://doi.org/10.1111/j.1365-3121.2005.00624.x

Vasiliev, I, Reichart, G-J., Grothe, A., Sinninghe Damsté, J. S., Kri-
jgsman, W., Sangiorgi, F., … vanRoij, L. (2015). Recurrent
phases of drought in the upper Miocene of the Black Sea region.
Palaeogeography, Palaeoclimatology, Palaeoecology, 423, 18–31.
https://doi.org/10.1016/j.palaeo.2015.01.020

Vasiliev, I., Franke, C., Meeldijk, J. D., Dekkers, M. J., Langereis,
C., & Krijgsman, W. (2008). Putative greigite magnetofossils from
the Pliocene epoch. Nature Geoscience, 11, 782–786. https://doi.
org/10.1038/ngeo335

Yapiyev, V., Sagintayev, Z., Inglezakis, V. J., Samarkhanov, K., &
Verhoef, A. (2017). Essentials of Endorheic Basins and Lakes: A
Review in the Context of Current and Future Water Resource
Management and Mitigation Activities in Central Asia. Water, 9,
798. https://doi.org/10.3390/w9100798

Zijderveld, J. D. A. (1967). AC Demagnetization of Rocks: Analysis
of Results. In S. K. Runcorn, K. M. Creer & D. W. Collinson
(Eds.), Methods in Palaeomagnetism (pp. 254–286). Amsterdam,
Netherlands: Elsevier.

SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

How to cite this article: Palcu DV, Vasiliev I,
Stoica M, Krijgsman W. The end of the Great
Khersonian Drying of Eurasia: Magnetostratigraphic
dating of the Maeotian transgression in the Eastern
Paratethys. Basin Res. 2019;31:33–58. https://doi.org/
10.1111/bre.12307

58 | EAGE
PALCU ET AL.

https://doi.org/10.1016/j.earscirev.2017.07.015
https://doi.org/10.1016/j.gloplacha.2012.05.004
https://doi.org/10.1016/j.gloplacha.2012.05.004
https://doi.org/10.1134/S0869593806060050
https://doi.org/10.1016/j.palaeo.2010.07.015
https://doi.org/10.1111/j.1365-246X.2007.03560.x
https://doi.org/10.1111/j.1365-246X.2007.03560.x
https://doi.org/10.1016/j.palaeo.2011.06.022
https://doi.org/10.1016/j.epsl.2004.09.012
https://doi.org/10.1016/j.epsl.2004.09.012
https://doi.org/10.1111/j.1365-3121.2005.00624.x
https://doi.org/10.1016/j.palaeo.2015.01.020
https://doi.org/10.1038/ngeo335
https://doi.org/10.1038/ngeo335
https://doi.org/10.3390/w9100798
https://doi.org/10.1111/bre.12307
https://doi.org/10.1111/bre.12307

