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Seven Middle Miocene (Upper Badenian to Lower Sarmatian) sedimentary sections of the Central Paratethys, two from the
Polish Carpathian Foredeep Basin (PCFB) and five from the Eastern Carpathian Foreland Basin (ECFB) of Romania and the
Republic of Moldova have been analysed micropalaeontologically to better constrain the Badenian-Sarmatian Extinction
Event, characterized by significant taxonomic impoverishment of both foraminifers and ostracods. Our studies show signifi-
cant palaeoenvironmental changes in the basin including depth, salinity, oxygenation, and organic matter flux. The occur-
rence of moderately diverse planktonic foraminifera (Globigerina, Globigerinita, Globorotalia, Trilobatus, Orbulina,
Velapertina) in the Upper Badenian deposits of the PCFB as well as in the ECFB and their rarity in the lowermost Sarmatian
indicate an almost fully marine environment during the latest Badenian, followed by a significant regression and possible ap-
pearance of much more restricted marine conditions across the boundary. The taxonomic composition of the Sarmatian
foraminifera, ostracoda and calcareous nannofossils indicate that during this interval the salinity fluctuated strongly, with the
water regime varying from brackish to normal marine. In addition, the identified micropalaeontological assemblages identi-
fied show palaeoenvironmental similarity across different basins of the Central Paratethys. This supports a hypothesis of
possible connections during the latest Badenian between different areas of the Central Paratethys, as well as of the exis-
tence of a gateway between the Central Paratethys and the Mediterranean realm.
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INTRODUCTION the Indo-Pacific realms (Popescu, 1975; Rogl and Steininger,
1984; Paramonova, 1995; Rdégl, 1998, 1999; lljina, 2000;

Kovac, 2000; Popov et al., 2004, 2005; Nevesskaja et al., 2006;

The Paratethys Sea was formed in the Early Oligocene as a
result of collision between the Afro-Arabian Plate and the Eur-
asian Plate (Steininger and Rogl, 1985; Senes, 1988). The
Paratethys is subdivided into three basins: the Western Para-
tethys (Alpine region), the Central Paratethys (Carpathians,
Balkans) and the Eastern Paratethys (Euxinian-Caspian)
(Senes, 1960). The strata of the Central Paratethys cover wide
areas of the Carpathian Foredeep from Austria, via Poland to-
wards the north and continue along Ukraine, Romania and the
Republic of Moldova to the east (Fig. 1).

Variable palaeoenvironmental conditions in the Paratethys
resulting in different facies development were strongly influ-
enced by temporary connections with the Mediterranean and
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Harzhauser and Piller, 2007; Harzhauser et al., 2007; Studen-
cka and Jasionowski, 2011; Maissuradze et al., 2014; Kovac et
al., 2017). Moreover, changes in palaeoclimate, stratification of
the water column, nutrient supply, as well as bottom-water oxy-
gen have been recognized in different areas of the Central
Paratethys (Gonera et al., 2000; Bicchi et al., 2003; Hudackova
et al., 2003, 2018; Filipescu et al., 2005; Baldi, 2006; Kovac et
al., 2007, 2017; Kovacova and Hudackova, 2009; Kovacova et
al., 2009; Peryt et al., 2014). The connection between the Cen-
tral Paratethys and Mediterranean regions is believed to have
closed at some point in the Middle Miocene.

During the mid-Badenian, large-scale evaporitic sedimenta-
tion (known also as the Badenian salinity crisis; de Leeuw et al.,
2010), was widespread in a large part of the Central Paratethys,
namely in the Carpathian Foredeep, from south-east Poland to
Romania (Peryt, 2006). Afterwards, a transgression took place
across the whole of the Central and Eastern Paratethys during
the Late Badenian (= the Konkian stage in the Eastern Para-
tethys) (Régl and Mdller, 1976; Roégl, 1999; Krzywiec, 2001;
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Fig. 1. Map of the study areas (modified after Dumitriu et al., 2017)

A — simplified geological sketch map of the Carpathian Foredeep and Carpathian Orogen (modified after Pawlewicz, 2006); B — simplified
geological sketch map of northeastern Romania and the northwestern Republic of Moldova (modified after the geological maps of Romania
and Moldova, scale 1:200,000); location of the Romanian (FH3P1 Radauti, Bilca 1, Dornesti and Ripiceni) and Moldovian (Costesti) sections
studied; C — location of the Polish sections studied (Machéw and Jamnica M-83 core) and the extension of the Miocene deposits into ex-
tra-Carpathian Poland (modified after Ney et al., 1974)
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Popov et el., 2004; Oszczypko et al., 2006; Kovac et al., 2007)
and a normal marine environment was re-established. In the
Central Paratethys this transgression is postulated to have
been generally controlled by a global eustatic sea level rise
(Kovac et al., 2007). The latest Badenian is considered to be
the last fully marine interval in the Central Paratethys (Kovac et
al., 2007) and possibly marks the last connection between the
Paratethys Sea and the Mediterranean realm. However, this in-
terpretation has been questioned in other studies (e.g., Studen-
cka et al., 1998; Bartol et al., 2012, 2014), which postulated
some brief connections also during the Sarmatian. Affinities
with the Indo-Pacific region during the Sarmatian have also
been proposed (e.g., Filipescu and Silye, 2008; Silye, 2015).

In this paper we provide quantitative and qualitative fora-
miniferal and ostracod data, obtained from 172 sediment sam-
ples from seven sections of various areas of the Central Para-
tethys in Poland, Romania and Republic of Moldova. Nanno-
fossils have been additionally studied from selected samples.
Based upon newly collected data and compiled datasets of pre-
viously published foraminiferal and ostracod studies, we dis-
cuss palaeoenvironmental changes in the Central Paratethys,
especially concerning the Carpathian Foreland Basin during
the latest Badenian and Sarmatian, including palaeogeogra-
phy, sea level changes, salinity and oxygenation.

GEOLOGICAL SETTING AND STRATIGRAPHY

The micropalaeontological data provided in this study has
been collected from four exposures and three borehole cores in
Poland, Romania and the Republic of Moldova (Fig. 1A). The
sections investigated in Romania are the FH3;P: Radauti
(N47°49'32.34” E25°54'27.54”) and Bilca 1 (N47°54°45.99”
E25°43'33.11”) cores and the Dornesti (N47°52'52.1”
E25°52’3.4”) and Ripiceni (N47°58'50” E27°6’7.3”) exposures,
which are located in northeastern Romania (Fig. 1B), while the
Polish sections are in the historical Machoéw sulphur mine
(N50°31'59.60” E21°39'43.47”) and the Jamnica M-83
(N50°36’40.18” E21°58'15.50”) core, both situated in south-
eastern Poland (Fig. 1C). The section in the Moldova (Costesti
exposure —N47°51°27.5” E27°14'56”) is situated on the left side
of the Prut River, near the Stanca-Costesti Lake in the north-
western part of Moldova (Fig. 1B). The material from the
Machéw, Jamnica M-83, FH3P1 Radauti, Dornesti, and Costesti
sections have been already published in Dumitriu et al. (2017)
as regards the biostratigraphical position of the successions
based on foraminifera, ostracoda and calcareous nanno-
plankton assemblages, while the present paper focuses on
palaeoenvironmental interpretation.

During the Middle Miocene, all areas studied areas were
part of the Paratethyan domain (Popov et al., 2004). The strata
studied were deposited in the Carpathian Foreland Basin which
was developed as a typical foreland basin related to Carpathian
frontal movement (Oszczypko and Oszczypko-Clowes, 2012)
resulting from the flexural subsidence of a craton under an
orogenic belt (DeCelles and Gilles, 1996; Fig. 1A). The depos-
its studied of the Machéw, Jamnica M-83, FH;P, Radauti, Bilca
1 and Dornesti successions are interpreted as having accumu-
lated in a foredeep depozone of a foreland basin (Oszczypko,
1998; Grasu et al., 2002; Oszczypko and Oszczypko-Clowes,
2012) while the strata of the Ripiceni and Costesti sections be-
long to the backbulge depozone (more external part of the ba-
sin) of the foreland basin system of the Eastern Carpathians
(Grasu et al., 2002).

POLISH CARPATHIAN FOREDEEP BASIN

The Polish Carpathian Foredeep Basin is filled with Middle
Miocene (Badenian and Sarmatian) marine deposits, which
range from a few hundred metres thick in its northern-marginal
part, up to 3000 m in the southeastern zone (more central part
of the basin; Ney et al., 1974). The Machéw section is repre-
sented mostly by clays with marl intercalations in the lower part,
which are followed by sandstones, and clays with mudstone in-
tercalations, in the upper part. Similar lithologies are encoun-
tered in the Jamnica M-83 core with the exception of sand-
stones which are not present in this borehole. All these deposits
belong to the Machéw Formation, which includes three sub-
units: the Pecten Beds, Syndesmia Beds and Krakowiec Clays
(Alexandrowicz et al., 1982).

The Pecten Beds have been dated as Upper Badenian by
Odrzywolska-Bienkowa (1966) based on microfaunal assem-
blages of Hanzawaia crassiseptata (Luczkowska), Sphaero-
dina bulloides d’'Orbigny, Bulimina aculeata d’Orbigny, B.
insignis tuczkowska and numerous specimens of Spirialis
(ruczkowska, 1964). Based on micropalaeontological analy-
ses, the Krakowiec Clays have been assigned to the fora-
miniferal Anomalinoides dividens and Elphidium hauerinum
zones (Odrzywolska-Bienkowa, 1972; ktuczkowska, 1972;
Olszewska, 1999; Krzywiec et al., 2008; Lelek et al., 2010;
Dumitriu et al., 2017) as well as the B-E Assemblages Zones
sensu Dumitriu et al. (2017) indicating the Lower Sarmatian.
This stratigraphic position is supported by studies on calcare-
ous nannofossils by Peryt (1997) and Garecka and Olszewska
(2011), who distinguished the upper part of the NN6 Zone and
the NN7 zone in the “Krakowiec Clays”.

EASTERN CARPATHIANS FORELAND BASIN
(ROMANIA AND REPUBLIC OF MOLDOVA)

The deposits studied from Romania and the Republic of
Moldova belongs to the western part of the Eastern European
Platform (lonesi and lonesi, 1968; lonesi, 1968, 1994; lonesi et
al., 2005). They are situated in the external part of the Eastern
Carpathians (accumulated in the Carpathian Foreland Basin)
and belong to the last marine depositional cycle of the
Moldavian Platform (lonesi, 1994). Their geometry is character-
ized by a significant increase in thickness of the Volhynian
strata (Lower Sarmatian sensu lato, Barbot de Marny, 1866), as
a consequence of the approaching Carpathian orogeny i.e., the
deposit thickness is ~500 m between the Moldova and Siret
rivers and reaches up to 800 m in front of the Carpathian orogen
(lonesi, 1968, 1994).

The strata of the FH3;P; Radauti core and the Dornesti expo-
sure are assigned to the Lespezi Formation (lonesi, 2006), be-
ing mostly composed of partly compacted and/or laminated
ashy-grey clays with some thin intercalations of sand, sand-
stone and coal. An Early Sarmatian age was postulated for
these deposits by lonesi and lonesi (1968) based on macro-
fossils including Inaequicostata inopinata (Grischevich) and
Obsoletiforma lithopodolica (Dubois), as well as microfossil as-
sociations with the foraminifers Cycloforina karreri ovata
(Serova), Cycloforina karreri karreri (Venglinski), Elphidiella
serena (Venglinski) and Elphidium reginum (d’Orbigny). The
Lower Sarmatian has been additionally indicated by further
foraminiferal (lonesi, 1968; lonesi and Guevara, 1993; Dumitriu
et al., 2017) as well as calcareous nannofossil (Dumitriu et al.,
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2017) studies. The latter authors assigned this succession to
the NN7 nannofossil zone (Early Sarmatian).

The Bilca 1 core deposits are composed of clays and sand-
stones. The lower part of the section belongs to the upper
anhydritic unit (lonesi, 1994) and has been assigned to the Up-
per Badenian mainly based on a fauna with Spirialis spp. and
Davidaschvilia intermedia (Andrusov) (Branzila et al., 2005).
The upper part of the Bilca 1 core belongs to the Lespezi For-
mation and has been dated as Lower Sarmatian s./., based on
the occurrence of Inequicostata cf. inopinata (Grishkevich) and
Mohrensternia cf. angulata (Eichwald) (Branzila et al., 2005)
which are considered as marker fossils for the Lower Sarmatian
(lonesi, 1991).

The strata studied at the Ripiceni and Costesti exposures
belong to two distinct lithostratigraphic units known as the
“Darabani-Mitoc Clays” (lonesi and lonesi, 1981) and the “Stan-
ca Limestone” (Simionescu, 1902). They are mostly repre-
sented by ash-grey clays (partially compacted or laminated)
with some thin intercalations of sand, sandstone and limestone.
The Ripiceni depositis were initially assigned to the Sarmatian
by Simionescu (1903) based on the macrofaunal association
with  Ervilia podolica Eichwald, Mohrensternia angulata
(Eichwald), M. inflata Hornes and Abra reflexa (Eichwald), and
later by the palaeontological studies of Paghida-Trelea (1969),
lonesi and lonesi (1981, 1982), Branzila (1999), and Dumitriu et
al. (2017).

MATERIALS AND METHODS

For this study 172 samples were analysed micropalaeonto-
logically: 34 samples from the Machéw sulphur mine (Poland),
18 from the Jamnica M-83 core (Poland), 29 from the FH3P;
Radauti core (Romania), 30 samples from the Bilca 1 core (Ro-
mania), 26 from the Dornesti exposure (Romania), 14 samples
from Ripiceni exposure (Romania) and 21 samples from the
Costesti exposure (Republic of Moldova). The separation of
microfossils from sediment samples (~200 g weight each sam-
ple) followed standard washing methods including crushing,
washing through a 63 pm sieve and drying.

Depending on foraminiferal abundances in different sam-
ples, all foraminifera (plankic and benthic) up to 300 specimens
were picked. The relative abundance of planktonic foraminifera
within the foraminiferal assemblages (P/B ratio), as well as the
relative abundance of epifaunal (%E) and infaunal (%) species,
and the relative abundance of the most common genera, were
calculated (Figs. 2—-8). To assess species diversity, the Fisher
alpha index was calculated for each section, togheter with the
total number of specimens for each sample (Appendixes 1-7%).
The environmental requirements of the foraminifera and
ostracoda genera recorded in the sections studied are shown in
Appendixes 8 and 9, and a new dataset of foraminiferal and
ostracoda assemblages of the sections studied was generated.
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Fig. 2. The relative abundance of the most common foraminiferal genera, P/B ratio, epifaunal/infaunal ratio
and foraminiferal assemblages in the Machéw section

a — chronostratigraphy; b — lithostratigraphy; c — biostratigraphy after tuczkowska (1964);
d — biostratigraphy after Dumitriu et al. (2017). * — colours follow the foraminiferal assemblages identified in the sections studied

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/9q.1568
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The present study also took into consideration previously pub-
lished papers on other Central Paratethys basins [the Vienna
and Pannonian (Hungary, Croatia) basins] and the Mediterra-
nean realm (for details and references see Appendixes 10-12).
Several samples (no. 440 from the Dornesti exposure, 470,
482, 488 from the FH3P; Radauti core and 491/4, 495/D from
the Costesti exposure) were analysed for calcareous
nannofossils. For semiquantitative analysis, 200 specimens
were counted in longitudinal transverses, randomly distributed.
The material investigated from Romania (FH3;P¢1 Radauti core,
Bilca 1 core, Dornesti and Ripiceni exposures) and the Repub-
lic of Moldova (Costesti exposure) is deposited in the Original
Paleontological Collections Museum of the “Alexandru loan
Cuza” University of lasi, Romania. The material from Poland
(Machow sulphur mine and Jamnica M-83 core) is curated at
the Polish Geological Institute — National Research Institute,
Warsaw, Poland.

RESULTS

In all seven sections, we identified 127 species of calcare-
ous and agglutinated benthic foraminifera, 16 species of plank-
tonic foraminifera, 46 species of ostracod and 16 species of cal-
careous nannofossil (Appendixes 1-7). In general, microfossils
are abundant and very well preserved except in the uppermost
part of Bilca 1 core, where the specimens are of low diversity
(Fisher alpha index is from 0.43 to 10.71), small and strongly
abraded.

The most abundant benthic taxa comprise miliolids (Affine-
trina, Articularia, Articulina, Cycloforina, Miliolinella, Pseudo-
triloculina, Quinqueloculina, Sigmoilinita, Triloculina, Variden-
tella), elphidiids (Elphidium, Cribroelphidium, Porosononion),
nonioniids, bolivinids, buliminids, uvigerinids and lagenids
(Favulina and Fissurina). Planktonic foraminifera are repre-
sented by Globigerina, Trilobatus, Globigerinita, Globorotalia,
Orbulina and Velapertina. Among the agglutinated taxa, Nothia,
Haplophragmoides, Reticulophragmium and Textularia species
have been recorded. Futhermore, the values of the Fisher al-
pha index suggest higher species diversity in the Polish
Carpathian Foredeep Basin (PCFB) sections studied than in
the Eastern Carpathians Foreland Basin (ECFB) (for details
see Appendixes 1-7).

In total, integrating our data with the published literature, 24
Badenian planktonic foraminiferal species have been identified
in the PCFB and ECFB of which 11 species are common
(~45%) to both regions (Appendix 10) while 19 (~80%) and nine
species (~38%) are common to the area studied (both PCFB
and ECFB) and the Vienna Basin and Pannonian Basin, re-
spectively (see Appendix 10).

In the case of Badenian benthic foraminifera, we com-
pared the micropalaeontological assemblages of the PCFB
and ECFB. Of 81 species of benthic foraminifera identified in
the PCFB 51 species, meaning 62%, are common with those
of the ECFB (Appendix 10). Correlating benthic foraminifera
from the areas studied with those from the Vienna Basin and
Pannonian Basin, 47 (57%) and 38 (46%) species respec-
tively are in common (Appendix 10). In the Lower Sarmatian
deposits, in total eight planktonic foraminiferal species have
been recorded in the PCFB and 25 species in the ECFB, of
which five species (~63%) are common to these regions (Ap-
pendix 10). Benthic foraminifera are represented by 80 spe-
cies in the PCFB and 83 species in the ECFB; 67 species

(~80%) are common to both regions (Appendix 10). Among
the benthic species, 47 and 32 species (constituting ~59% and
respectively 40%) are in common with the Vienna Basin and
the Pannonian Basin (Appendix 10).

FORAMINIFERAL ASSEMBLAGES

Qualitative and quantitative studies of the foraminiferal as-
sociations recorded in the sections studied have identified
twelve different foraminiferal assemblages labelled from | to XII.
One assemblage (Assemblage VII) has been described from
the Badenian deposits and eleven from the Sarmatian. These
assemblages are based on specific characteristics including
the occurrence of specific taxa, the clear dominance of one or a
few characteristic taxa, or the specific taxonomic composition of
the assemblage (for detailed description of the foraminiferal as-
semblages see Appendix 13).

In the samples analysed, ostracods are generally well-pre-
served; 53 species have been indentified of which 10 are left in
open nomenclature. The most abundant species belong to the
genera Callistocythere, Aurila, Cytheris and Loxoconcha.

MICROFOSSIL CHARACTERISTICS
OF THE SECTIONS STUDIED

MACHOW

In the lowermost part of the section (the depth interval
67—75 m; Upper Badenian) the foraminiferal assemblages are
highly diverse (Fisher alpha index is 0.80 to 6.33) and com-
posed of benthic epifaunal as well as infaunal morphogroups
accompanied by planktonic forms. The epifaunal morphotypes
(see e.g., Corliss and Chen, 1988; Rathburn and Corliss, 1994)
are represented by Cibicides, Heterolepa, Cibicidoides, Milio-
linella and Sigmoilinita, and the infaunal by Bolivina and
Bulimina which are the most common in sample 1 (75 m depth)
and sample 7 (68 m depth) representing 60% of the benthic
foraminiferal assemblages. The planktonic genus Globigerina
is very abundant in sample 2 (73 m depth) composing ~50%.
Ostracods are relatively rare, only a few specimens of Henry-
howella asperrima have been identified. In the uppermost part
of the Badenian succession three more ostracod species,
Callistocythere incostata, C. sp. and Aurila sp. were encoun-
tered. In the upper interval representing the lowermost Sarma-
tian (67-56.5 m depth) planktonic forms are absent. The fora-
miniferal assemblages here are composed almost entirely of
the epifaunal species Anomalinoides dividens which comprises
90%. Minor components of these assemblages are Cibicido-
ides, Quinqueloculina and Varidentella. From 67 m depth up-
wards, the ostracod assemblage becomes more diverse. The
most frequent species are Cytherois sarmatica, Callistocythere
canaliculata, C. incostata, Aurila mehesi, Polycope orbicularis
as well as some representatives of Leptocythere. These
ostracod taxa remain abundant until 45 m core depth.

Continuing the section upwards, in the interval 45-56 m in
depth (samples 15-19), the genus Anomalinoides totally disap-
pears. The most abundant forms are infaunal non-keeled elphi-
diids (Porosononion subgranosus, Elphidiella serena, Elphi-
dium hauerinum), epifaunal miliolids (Cycloforina, Miliolinella,
Pseudotriloculina, Quinqueloculina and Varidentella) and
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Fig. 3. The relative abundance of the most common foraminiferal genera, P/B ratio, epifaunal/infaunal ratio
and foraminiferal assemblages in the Jamnica M-83 core

a — chronostratigraphy; b — lithostratigraphy; c — biostratigraphy after t.uczkowska (1964);
d — biostratigraphy after Dumitriu et al. (2017); for other explanations see Figure 2

keeled elphidiids (Elphidium aculeatum, E. joukovi, E.
macellum). In the depth interval 30-43 m (samples 20-25), the
foraminiferal associations are equally composed of epifaunal
(miliolids and keeled elphidiids) and infaunal morphogroups
(lagenids and non-keeled elphidiids). Some planktonic forms
(Globigerina) were also encountered in sample 23. In the upper
interval (samples 26-34) at 2-25 m in depth, the most abun-
dant species belong mostly to the infaunal genera Elphidiella,
Bolivina, Bulimina, Nonion, Porosononion and non-keeled
Elphidium, which together constitute 70% of the assemblage.
Epifaunal keeled Elphidium, Cycloforina, Neoeponides, Rosa-
lina, Varidentella are also quite common (30%) (Fig. 2). From
45 m upwards, in the Machoéw section, only scarce Xestoleberis
dispar represents the ostracod fauna.

JAMNICA M-83

In the Jamnica M-83 core succession, the lowermost inter-
val, the Upper Badenian (225-235 m in depth, samples 19, 17,
16), is characterized by abundant planktonic species especially
belonging to the genus Globigerina (sample 16). Among the
benthic forms 43% are represented by infaunal Bolivina, Buli-
mina, Favulina, Pappina, Nonion, Textularia and Uvigerina
while 57% are represented by epifaunal taxa such as Hete-
rolepa, Cibicidoides and Cibicides. Sample 16 yielded many
(50 specimens) agglutinated forms belonging to the following
genera: Nothia, Rhizammina, Reticulophragmium, Reophax,
Haplophragmoides, Cyclamina, Budashevaella. The next inter-
val, the lowermost Sarmatian (202-220 m depth, samples
15—10) is characterized mainly by epifaunal species of the gen-

era Anomalinoides, Articularia, Miliolinella, Neoeponides,
Pseudotriloculina, Quiqueloculina, Triloculina and Varidentella.
Upwards in the section (132—202 m depth) the foraminiferal as-
semblage is clearly dominated by infaunal Bolivina, Fissurina
and Nonion, which together comprise ~90% of the benthic as-
semblages. Minor components of this association are Neo-
eponides and Varidentella. The interval between 35-75 m in
depth is dominated by epifaunal forms such as Articulina,
Cibicides, Pseudotriloculina, and Varidentella while infaunal
non-keeled elphidiids occur in much lower numbers. Represen-
tatives of planktonic foraminifer Globigerina appear again in this
part of the section, comprising 50% in samples 1 and 3 (Fig. 3).

In the Jamnica M-83 borehole, 20 ostracod species were re-
corded (Appendix 2). In the lowermost part of the succession
(samples 16, 19), the typical Badenian ostracod taxa Cnesto-
cythere truncata, Henryhowella asperrima, Cytheropteron ves-
pertilio, Loxocorniculum hastatum, Xestoleberis tumida were
found. Upwards in the section (175-220 m depth), ostracods
are mostly represented by Cytherois sarmatica, Phlyctocythere
pellucida, Callistocythere incostata and Aurila mehesi while in
the interval 50-75 m only Callistocythere postvallata and Xesto-
leberis tumida were identified.

BILCA 1

Planktonic foraminifera mostly dominate the lower part of the
section (704-806 m depth, samples 1-4): Globigerina prae-
bulloides, G. bulloides, Trilobatus bisphericus, T. trilobus and
Velapertina indigena. Other components of the association are
Bulimina, Hansenisca, Heterolepa, Sphaeroidina, Textularia and
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Fig. 4. The relative abundance of the most common foraminiferal genera, P/B ratio, epifaunal/infaunal ratio
and foraminiferal assemblages in the Bilca 1 core

a — chronostratigraphy; b — lithostratigraphy; c — biostratigraphy after lonesi (1991); d — biostratigraphy after Dumitriu et al. (2017);
for other explanations see Figure 2

Uvigerina, though samples 9 (950 m) and 27 (120 m) are entirely
composed of Globigerina sp. Globorotalia sp. appears in sam-
ples 4 (704 m), 23 (240 m) and 28 (90 m) (Fig. 4). The upper in-
terval (360—704 m depth) is composed of both epifaunal (Ammo-
nia, keeled Elphidium and Cibicidoides) and infaunal morpho-
groups (non-keeled Elphidium, Nonion and Porosononion). Up-
wards in the section, the 30-360 m interval is mostly dominated
by Ammonia, keeled and non-keeled Elphidium, Cycloforina and
Quinqueloculina. Planktonic foraminifera were also recorded in
these intervals. Only one ostracod species, Cytheridea acu-
minata, was recorded in the section.

FH3P; RADAUTI

In the lower part of the section (239 and 174 m depth, sam-
ples 467 and 473 respectively), the foraminiferal assemblages
are entirely composed of planktonic foraminifera (Globigerina
and Globorotalia). Upwards in the succession (175-200 m
depth, samples 472, 481, 471, 470, 474), the foraminiferal as-
sociations are characterized mostly by benthic epifaunal
morphotypes: e.g., Ammonia, Cycloforina, keeled Elphidium,
Cibicidoides, Miliolina, Pseudotriloculina. The next interval
(90-175 m) has yielded calcareous epifaunal genera such as
Ammonia which represents 100% of the foraminiferal assem-
blage in sample 485 and 97% in sample 484, Cycloforina
(100% in sample 476), keeled Elphidium (60% in sample 475)
and Pseudotriloculina (60% in sample 479). Minor components
of this interval are the genera Articularia, Elphidiella, Nodo-

baculariella, Nonion, Porosononion and Varidentella. Plank-
tonic species of Globigerina occur in samples 477 (40% of the
assemblage) and 483 (50% of the assemblage). The upper part
of the succession (27—90 m depth) is mainly characterized by
Cycloforina and keeled Elphidium. Ammonia, Articularia, Elphi-
diella and Nonion species also occur in this interval. Globigerina
represents 25% of the assemblage in sample 487 (Fig. 5).

In total, 25 ostracod species were found in the FH3P4
Radauti borehole material. In the lower part of the section two
samples 470, 474 (170-180 m depth) include a significant num-
ber of ostracod species. Although ostracod abundance is low,
dominant species were distinguished as Cytheridea hungarica,
Aurila mehesi, Callistocythere canaliculata, C. egregia, C.
incostata and Euxinocythere praebosqueti, accompanied by
Loxocorniculum schmidi, Senesia vadaszi and Xestoleberis
fuscata. The ostracods are relatively scarce in the upper part of
the section (25—-155 m). The most representative species are
Loxoconcha minima, L. impressa, Hemicyprideis dacica dacica
and Callistocythere spp.

The nannofossil content identified in samples from this sec-
tion consists of long-ranging species such as Reticulofenestra
pseudoumbilicus, R. minuta, R. minutula, Coccolithus pela-
gicus, Co. miopelagicus, Helicosphaera carteri, Pontosphaera
Japonica, Sphenolithus abies and Calcidiscus leptoporus.
Reticulofenestra taxa represent ~25% of the total assemblage,
while Discoaster and Sphenolithus species comprise 20%. The
rest of the in situ assemblage is composed of Helicosphaera,
Calcidicus, Pontosphaera and Coccolithus.
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Fig. 5. The relative abundance of the most common foraminiferal genera, P/B ratio, epifaunal/infaunal ratio and foraminiferal
assemblages in the FH;P; Radauti core

a — chronostratigraphy; b — lithostratigraphy; ¢ — biostratigraphy after lonesi, (1991); d — biostratigraphy after Dumitriu et al. (2017);
for other explanations see Figure 2

DORNESTI

Foraminiferal assemblages of the Dornesti locality are com-
posed of epifaunal (Ammonia, Articularia, Cycloforina, keeled
Elphidium and Quinqueloculina) as well as infaunal representa-
tives (Bolivina, Bulimina, Elphidiella, non-keeled Elphidium and
Nonion). Planktonic forms of Globigerina occur in samples
101-103, 108, 110 and 165 and constitute 10-78% of all
foraminifera (Fig. 6). Ostracods are scarce and were found only
in two samples (samples 440 and 146), and are represented by
six species, the most abundant being Cytheridea hungarica
and Euxinocythere praebosqueti.

The calcareous nannofossils identified in the lower part of
the section contain diverse assemblages with discoasterid
taxa, i.e., Discoaster kugleri and D. deflandrei which along with
Sphenolithus abies represent ~35% of the total assemblage.
The rest of the in situ taxa are represented by reticulofenestrids
and species of Helicosphaera, Calcidiscus, Pontosphaera and
Coccolithus.

RIPICENI

35 species of calcareous benthic foraminifera were identi-
fied in the Ripiceni exposure. Agglutinated and planktonic
foraminifera are absent. Excepting samples a and g, all the
samples yielded foraminiferal assemblages entirely composed
of epifaunal morphotypes. Ammonia, Cycloforina, Cibicides,
Cibicidoides and Quinqueloculina are the most abundant gen-
era in the lower part of the section (samples a—c, e—g) while
spinose elphidiids (Elphidium aculeatum and E. reginum) and
Quinqueloculina are common in the upper part of the section

(samples i, k, m; Fig. 7). The most numerous ostracod taxa are
Cytherois sarmatica, Cytheridea hungarica, Aurila mehesi and
Callistocythere canaliculata alongside C. maculata, C. inco-
stata, Aurila merita, Phlyctocythere pellucida, Loxoconcha, and
Xestoleberis species.

COSTESTI

The foraminiferal assemblage of the Costesti section is
clearly dominated by benthic epifaunal morphotypes belonging
to Articularia, Articulina, Cycloforina, Pseudotriloculina and
Quinqueloculina in its lower part, and by infaunal forms
(Fissurina and Porosononion) in the upper part (Fig. 8). Plank-
tonic foraminifera are absent. The ostracod fauna is rather
scarce and only found in three samples (495/D, 491/1 and
491/5); the most common species are Loxocorniculum schmidi
and Lo. hastatum. The calcareous nannofossil content identi-
fied in this section comprised only one barren sample (495/D)
and another one (sample 491/4) containing only reworked taxa
from older Cretaceous and Paleogene deposits.

DISCUSSION

PALAEOENVIRONMENTAL CHANGES ACROSS
THE BADENIAN-SARMATIAN EXTINCTION EVENT

The Badenian/Sarmatian boundary is commonly associ-
ated with the regional Badenian—Sarmatian Extinction Event
(BSEE) (Harzhauser and Piller, 2007) interpreted as a cata-
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Fig. 6. The relative abundance of the most common foraminiferal genera, P/B ratio, epifaunal/infaunal ratio

a — chronostratigraphy; b — lithostratigraphy; c — biostratigraphy after lonesi (1991);
d — biostratigraphy after Dumitriu et al. (2017); for other explanations see Figure 2
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a — chronostratigraphy; b — lithostratigraphy; c — biostratigraphy after lonesi (1991);
d — biostratigraphy after Dumitriu et al. (2017); for other explanations see Figure 2

and foraminiferal assemblages in the Ripiceni section
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Fig. 8. The relative abundance of the most common foraminiferal genera, P/B ratio, epifaunal/infaunal ratio
and foraminiferal assemblages in the Costesti section

a — chronostratigraphy; b — lithostratigraphy; ¢ — biostratigraphy after lonesi (1991);
d — biostratigraphy after Dumitriu et al. (2017); for other explanations see Figure 2

strophic event in the Central Paratethys, marked by the extinc-
tion of the majority of Badenian gastropod, foraminifer and
ostracod taxa (Harzhauser and Piller, 2004, 2007; Taoth et al.,
2010; Palcu et al., 2015). Following this general faunal impover-
ishment, the material studied shows the disappearance of com-
mon Badenian taxa, including planktonic foraminifera (e.g.,
Velapertina indigena, Globigerina concinna, G. diplostoma, G.
falconensis, G. globularis, G. regularis, Globigerinoides qua-
drilobatus, GI. transitoria, Trilobatus trilobus, Globoquadrina
langhiana), calcareous benthic (e.g., Heterolepa dutemplei,
Hansenisca soldanii, Melonis pompilioides, Hanzawaia crassi-
septata, Sigmoilinita tenuis, Pullenia bulloides) and aggluti-
nated foraminifera (e.g., Nothia, Haplophragmoides, Textu-
laria, Reticulophragmium) (Assemblage VII) as well as ostra-
cods (e.g., Cytheropteron vespertilio, Eocytheropteron infla-
tum, Semicytherura filicata, Verucocythereis sp., Kirthe sp.).
During the BSEE interval, discernible foraminiferal assemblage
changes within both benthic and planktonic associations are re-
corded. Given that planktonic foraminifera need generally fully
marine conditions with a minimum depth of some tens of
metres (Bé, 1977; Hemleben et al., 1989; Schiebel and
Hemleben, 2005, 2017), the occurrence of moderately diverse
planktonic foraminifera (Globigerina, Globigerinita, Globoro-
talia, Trilobatus, Orbulina, Velapertina) in the uppermost Bade-
nian deposits of the PCFB (Machéw, samples 1 and 2 and
Jamnica M-83, samples 16, 17 and 19) as well as in the ECFB
(Bilca 1, samples 1-4) and their rarity in the lowermost Sarma-

tian (e.g., Globigerina bulloides, G. praebulloides, Globorotalia
miocenica) indicate the existence of almost fully marine condi-
tions during the latest Badenian followed by a significant regres-
sion and possibly much more restricted-marine conditions
above the Badenian-Sarmatian boundary. This is consistent
with the idea of a significant transgression and occurrence of
fully marine environments across the whole Central Paratethys
during the latest Badenian (Kovac et al., 2007; Filipescu and
Silye, 2008). These were were quickly replaced by shallower
environments with variable salinity during the earliest Sarma-
tian (Koubova and Hudackova, 2010; Baldi et al., 2017). This
phenomenon is additionally interpreted as associated with a
general cooling of climate (Gonera et al., 2000; Bicchi et al,,
2003; Baldi, 2006; Kovacova et al., 2009).

The postulated conditions can be additionally supported by
our studies of benthic foraminiferal assemblages changes
across the boundary. These changes include a significant de-
crease in low-oxicity and high-nutrient taxa e.g., Uvigerina,
Bulimina, Bolivina, which are mainly characteristic of normal
and generally open marine environments, and the onset of
dominance of Anomalinoides dividens, miliolids and cibicidids
(Assemblage VIII), taxa typical of very shallow and marginal
marine environments and which tolerate slightly brackish or
hypersaline waters (e.g., tuczkowska, 1974; Thomas, 1990;
Murray, 1991, 2006; Gebhardt et al., 2009; Gedl and Peryt,
2011; Lowery et al., 2017; Appendix 8).
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The sea level fall during the Badenian-Sarmatian transition
may be additionally supported by a decrease across the bound-
ary of the proportion of planktonic foraminifera within the total
foraminiferal assemblages in Machoéw (from ~60 to ~2%) and
Jamnica M-83 (from ~56 to 0%) sections (Figs. 2 and 3). This
ratio, however, must be treated with caution since it strongly de-
pends on the salinity as well as on the abundance of benthic
foraminifera, which may be related to factors such as oxygena-
tion or food supply. A more reliable method seems to be analy-
sis of the planktonic foraminiferal depth-morphogroup model
(Keller, 1985), which is based on modern analogues such the
depth stratification of recent species composition (B&¢ and
Hamlin, 1967; Bé, 1977; Schiebel and Hemleben, 2005). Ac-
cording to this model, simple Globigerina-like or Globigerino-
ides-like morphotypes live near the water surface (up to tens of
metres) while more complex, Globorotalia show preferences for
deeper/intermediate habitats. Consequently, the common oc-
currence of these forms in the Late Badenian of the PCFB and
their rarity in the Sarmatian (see also Szczechura, 2000;
Garecka and Olszewska, 2011; Peryt, 2013) supports the idea
of a sea level fall during the Badenian-Sarmatian transition.

Similarly to foraminifera, ostracods also suffered a strong
decrease across the BSEE in the sections studied. Of >100
Badenian species, only a few survived into the Sarmatian (Toth
et al., 2010). In the material analysed we identified four typical
Badenian species which survived into the Sarmatian, Henry-
howella asperrima, Loxocorniculum hastatum, Senesia va-
daszi, and Xestoleberis fuscata. Badenian species are mostly
represented by deeper circa-littoral to epibathyal forms such as
Henryhowella asperrima, and Sarmatian species by endemic
much shallower forms, such as Callistocythere incostata,
Cnestocythere truncata, Euxinocythere praebosqueti, Cytheri-
dea hungarica, Aurila merita, and Aurila mehesi (Toth et al.,
2010). In addition to these endemic Sarmatian forms, many
common ostracod taxa still typical of shallower waters (from up-
per infralittoral to epineritic) have been recorded — Cyamo-
cytheridea, Loxoconcha, Loxocorniculum and Xestoleberis
(Hartmann, 1975; ter Borgh et al., 2014). Accordingly, the oc-
currence of deeper water ostracods in the Badenian deposits
and the appearance of shallower water species in the Sarma-
tian provide additionally evidence of a sea level fall across the
B/S boundary.

Benthic foraminiferal assemblages from the uppermost
Badenian of Poland and Romania (Bilca 1) include a large num-
ber of buliminids, bolivinids, uvigerinids, and representatives of
Cibicides, Heterolepa, Hanzawaia, and Cibicidoides, enrolled
or partly uncoiled miliolids such as Miliolinella, Pseudo-
triloculina, and Sigmoilinita as well as agglutinated foraminifera.
The large number of epifaunal (cibicidids, anomalinids and
miliolids) together with diverse and abundant relatively deep
infaunal taxa (buliminids, bolivinids and uvigerinids) indicate a
relatively large organic matter supply (see Baldi, 2006; Kova-
¢ova et al., 2009; Kovacova and Hudackova, 2009) and rela-
tively good/moderate oxygenation at the sea floor (mesotrophic
conditions) (see Jorissen et al., 1995) with the expected de-
crease in oxygenation and increase in organic matter deeper in
the sediment.

High bottom-water oxygen concentrations are also sup-
ported by the presence of large oxygen-consuming cythera-
cean ostracods (Whatley, 1995) e.g., Callistocythere, Aurila
and Cytheridea spp. Fully marine conditions are also indicated
by the Badenian calcareous nannoplankton assemblages,
which are characterized in the Central Paratethys by high abun-
dance and diversity. Furthermore, in the intra- and extra-
Carpathian regions of Romania, the biostratigraphy based on
nannofossil distribution (Mészaros, 1992; Marunteanu, 1999;

Melinte-Dobrinescu and Stoica, 2013) allowed the identification
of all biozones established for the Mediterranean realm and the
open-ocean Indo-Pacific realm.

FROM FULLY-MARINE TO BRACKISH: FLUCTUATING
ENVIRONMENT THROUGH THE SARMATIAN

The Badenian is often regarded as the last fully marine in-
terval in the Central Paratethys (Papp, 1954, 1956) with con-
nections between the Central and Eastern Paratethys through
the Béarlad Straits (Palcu et al., 2017) and between the Para-
tethys Sea and the Mediterranean realm through the Slovenian
Corridor (Bartol et al., 2014) or through the Axios (Vardar)
Trench (Studencka et al., 1998). However, Kovac et al. (2017)
considered that the Slovenian corridor was probably closed dur-
ing this time interval. By conrast, the Sarmatian of the Central
Paratethys is commonly viewed as more restricted with mostly
brackish conditions (Papp, 1954, 1956; Papp et al., 1974).
However, some authors (Filipescu et al., 1999, 2014; Piller and
Harzhauser, 2005; Cornee et al., 2009) suggest the existence
of normal salinity during the Sarmatian.

Consequently, the planktonic foraminifera recorded in some
intervals of the Lower Sarmatian of Poland and Romania have
been interpreted as reworked from Badenian sediments
(lonesi, 1968; Paghida-Trelea, 1969; Branzila, 1999, 2004;
Branzila and Chira, 2005; lonesi, 2006; Branzila et al., 2011) or
haing been introduced (tuczkowska, 1964; Odrzywolska-
-Bienkowa, 1974), probably due to an influx of marine water into
the Carpathian Foredeep from the Mediterranean Basin
(Szczechura, 2000) or Indo-Pacific region (Filpescu and Silye,
2008; Stoica et al., 2013; Silye, 2015) Planktonic foraminifera
recorded (Figs. 3-6) in the Lower Sarmatian deposits (Assem-
blage V) of the area studied are, however, very well-preserved,
abundant, and taxonomically diverse (representatives of Globi-
gerina bulloides, G. praebulloides, Trilobatus trilobus, T. bis-
phericus and Globorotalia miocenica), indicating rather an in
situ occurrence. Accordingly, some short-lived transgressions
and some periods of temporary nearly normal marine condi-
tions during the Sarmatian, with possibly slightly higher salinity
(Filipescu et al., 1999; Latal et al., 2004; Piller and Harzhauser,
2005) have been postulated. Moreover, in this foraminiferal as-
semblage (V) planktonic foraminifera co-occur with benthic taxa
such as Bolivina and Bulimina, which also suggests slightly
deeper conditions with generally normal salinity (Murray, 2006;
Toth et al,, 2010; Peryt, 2013). Additionally, the ostracod spe-
cies of the lowermost part of the Sarmatian deposits of the
PCFB sections, such as Henryhowella asperrima, Callisto-
cythere spp., Loxocorniculum hastatum and Xestoleberis
tumida support the occurrence of almost fully marine conditions
(see ter Borgh et al., 2014). Similarly, in the lowermost part of
the FH3P1 Radauti borehole (ECFB) the occurring ostracod as-
semblages are characteristic of fully marine waters (ter Borgh et
al., 2014).

The moderately common occurrence of planktonic fora-
minifera (Globigerina), which constitutes up to 90%, in the lower
Volhynian (=Lower Sarmatian) of the northwestern part of the
Moldavian Platform (the area of the FH3P1 Radauti, Bilca 1 and
Dornesti sections) as well as short-lived appearances of the rel-
atively deeper-dwelling Globorotalia, suggest the occurrence of
a deeper basin during the Early Volhynian in this area than in
the northeastern part of the ECFB (the area of the Ripiceni and
Costesti sections) where planktonic foraminifera are sporadic.
These data follow the general scheme of facies development of
the ECFB (Grasu et al., 2002; Miclaus et al., 2011), namely, the
deeper foredeep depozone for the FH3P; Radauti, Bilca 1 cores
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and Dornesti section and the much shallower backbulge
depozone for the Ripiceni and Costesti sections (Fig. 1B). This
foraminiferal data also indicates that during the Early
Sarmatian, this area was possibly slightly deeper than the area
of the Machoéw and Jamnica M-83 sections, where planktonic
foraminifera are significantly less frequent.

Following the scheme of planktonic foraminiferal morpho-
groups (e.g., Leckie, 1987), the occurrence of relatively shal-
low-dwelling forms (Globigerina), and the sporadic occurrence
of deeper-dwelling foraminifera with a pseudokeel or acute pe-
riphery, indicates that the general water depth of the foredeep
depozone area during the Early Volhynian is estimated to be up
to a few tens of metres but much <100 m. This assumption is
supported by the presence in the same interval of benthic
foraminifera (see Figs. 2-6) and by the ostracod fauna
(Callistocythere, Cytheridea, Aurila and Xestoleberis), which
have been described as characteristic of the upper infralittoral
environment (Breman, 1975) and the epi-neritic facies (Liebau,
1975). Additionally, Callistocythere flavidofusca (Ruggieri,
1950), which is similar to Ca. canaliculata, does not exceed 100
m water depth, being very abundant near 70 m (Bonaduce et
al., 1976). The occurrence of Hemicyprideis dacica dacica, the
counterpart of a Cyprideis species, in the upper part of the
FH;P, Radauti section, may indicate highly fluctuating salinities
in the basin.

Interestingly, the relatively deeper-dwelling foraminifer Glo-
borotalia of the Upper Badenian strata from the areas studied of
the ECFB is represented by a single species i.e., Globorotalia
mayeri. By contrast, the Sarmatian globorotaliids are much
more taxonomically diverse, represented by Globorotalia
mayeri, G. bykovae, G. miocenica, G. cosovensis, G. margino-
dentata and Globorotalia sp. (for details and references see Ap-
pendix 10). This might argue against the hypothesis of a gen-
eral sea level drop during the Badenian-Sarmatian transition in
this part of the ECFB, but alternatively it may indicate a record
of stronger subsidence during the Sarmatian than in the
Badenian, possibly resulting from movement of the Carpathian
front. The depocenter was possibly moving eastwards (lonesi,
1994), resulting in more rapid subsidence and the occurrence
of a slightly deeper basin in the NW part of the ECFB during the
Early Sarmatian than in the Badenian.

In general, the Sarmatian salinity of the Central Paratethys
has been considered as being brackish, transition between the
normal marine conditions of the Badenian to the very brackish
to fresh conditions of the Pannonian (Baldi et al., 2017). Our
studies indicate that during the Early Sarmatian, the part of the
Central Paratethys studied was not totally brackish but rather
the salinity was variable, oscillating from brackish, through nor-
mal marine to slightly elevated, probably due to some minor
transgressions when short-lived near-fully marine conditions
were re-established both in the PCFB and in the ECFB.

The twelve clearly distinguishable foraminiferal assem-
blages identified in the Sarmatian deposits studied indicate
changing environmental conditions of the parts of the PCFB
and ECFB studied, which are as follows. A brackish and shal-
low environment, up to 50 m depth (Murray, 2006; Pérez-
Asensio et al., 2012), can be assigned to foraminiferal Assem-
blage Ill, which is clearly dominated by the species Ammonia
beccarii, and which has been observed only in the eastern part
of the Paratethys (the FH3P{ Radauti and Bilca 1 sections). In
general, Ammonia beccarii is commonly regarded as an oppor-
tunistic species which can tolerate salinities from 10-30%o
(Murray, 2006), being able to adapt to hyposaline conditions
(Murray, 1968). Its predominance or the low diversity associa-
tion marked by the domination of this species usually indicate
shallow and brackish environments (Cimerman and Langer,

1991; Hayward and Hollis, 1994; Filipescu et al., 2014). In the
brackish Holocene deposits of the NW Black Sea, as in the
coastal regions, where the salinity is 7—8%o., Ammonia beccarii
is the dominant species, producing monospecific assemblages
(Briceag and lon, 2014). Still very shallow but, almost normal
marine salinity conditions are associated with Assemblage |, re-
corded in the Romanian and Moldavian parts studied of the
ECFB, which is characterized by the presence of elphidiids [es-
pecially the large-keeled Elphidium species (E. reginum and E.
aculeatum)], characterizing depths from 0-50 m (Murray, 2006;
Gedl et al.,, 2016). Moreover, this assemblage may indicate
generally oligotrophic conditions and a rich sea-grass vegeta-
tion substrate (Langer, 1993; Toth and Gordg, 2008; Koubova
and Hudackova, 2010; Zilinska et al., 2010; Filipescu et al.,
2014). Shallow, euphotic conditions of a normal marine salinity
environment (Murray, 2006; Peryt and Jasionowski, 2012) are
also correlated with foraminifer Assemblage VI, identified in the
FH3P4 Radauti, Dornesti and Ripiceni sections. Normal marine
salinity but deeper conditions are also supported by the pres-
ence of planktonic foraminifera (Assemblage V) (Hemleben et
al., 1989) in the Jamnica M-83, FH;P; Radauti, Bilca 1 and
Dornesti sections.

Several intervals with slightly higher salinity have been iden-
tified in all the sections studied (Figs. 2—8) and correspond to
Assemblages Il and IV, dominated by miliolids. This group of
foraminifera is peculiar to shallow waters with salinities varying
from normal to hypersaline (tuczkowska, 1974; Murray, 2006;
Filipescu et al., 2014) and cannot live in hyposaline conditions
(Murray, 1968). Accordingly, the presence of these assem-
blages in the sections studied indicates episodes of slightly
higher salinity during the Early Sarmatian, both in PCFB and in
the ECFB, which is against the traditional opinion that the
Sarmatian was in general a brackish period in the Paratethys
(Papp, 1956; Czepiec and Kotarba, 1998; Fordinal et al., 2006;
lonesi, 2006; Vrsaljko et al., 2006; Maissuradze and Koiava,
2011).

Assemblage X, which is 98% composed of Nonion species,
has been recognized in the Jamnica M-83 and Bilca 1 sections
while Assemblage XI, composed 100% of Porosononion spe-
cies, occurs in the Costesti section (Figs. 3—4 and 8). These
foraminifera are usually associated with environments of brack-
ish to normal marine salinity conditions (Avnaim-Katav et al.,
2013; Filipescu et al., 2014; Silye, 2015) and decreasing salinity
(for low species-richness assemblages) (Culver et al., 2012)
and possible increasing in nutrient supply. Assemblage IX
(Figs. 2 and 3) of the Upper Sarmatian, composed of high abun-
dant infaunal species belonging to Bulimina and Bolivina, indi-
cates deeper sea depths (middle neritic) with generally nor-
mal-salinity and low oxygen-content at the sea-floor (Murray,
1991; Sen Gupta and Machain-Castillo, 1993; Jorissen et al.,
1995; Kovacova et al., 2009; Dubicka et al., 2014; Drinia et al.,
2016; Pezelj et al., 2016). Similar conditions can be postulated
for the deposits of the uppermost part of the Costesti section,
represented by Assemblage XI, which is entirely composed of
representatives of Fissurina (Silye, 2015).

The taxonomic composition of the Sarmatian ostracod as-
semblages, especially the occurrence of Aurila, Callistocythere,
Henryhowella, Xestoleberis, Loxoconcha, Loxocorniculum in
the sections studied also indicates fluctuations in salinity (van
Morkhoven, 1963; Szczechura, 2006; Toth et al., 2010; ter
Borgh et al., 2014) both in PCFB and ECFB.

The calcareous nannofossils in the sections studied indi-
cate a fully marine environment, at least for some short periods,
since the majority of the species live in waters with salinities
higher that 20-22%. (Tappan, 1980). An exception is the extant
species Emiliania huxleyi that may be identified today in waters
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with lower salinity, i.e., 11%o in the Azov Sea and Black Sea
(Bukry, 1974; Melinte-Dobrinescu and lon, 2013). Futhermore,
the common presence of discoasterids and sphenoliths in the
deposits studied from the lower part of the Sarmatian of ECFB
also supports an interpretation of intervals with normal marine
conditions, since these nannofossils are mostly confined to
open marine settings (Backman and Pestieux, 1987).

Fluctuations of salinity during the Sarmatian have also been
documented in other parts of the Central Paratethys (e.g.,
Filipescu et al., 1999, 2014; Piller and Harzhauser, 2005;
Ruman et al., 2017).

POSSIBLE CONNECTIONS BETWEEN DIFFERENT BASINS
OF THE PARATETHYS

A variety of studies (e.g., tuczkowska, 1964; lonesi, 1968;
Paghida-Trelea, 1969; Popescu, 1975; Dumitrica et al., 1975;
Branzila and Chira, 2005; Popescu-Gusa, 2006; Mikuz, 2009;
ter Borgh et al., 2014) have noted the similarities between the
latest Badenian and/or Early Sarmatian fossils from different
basins of the Central Paratethys, and different gateways of
communication across the Paratethys have recently been pos-
tulated (e.g., Palcu et al., 2017). It is still difficult to assess
where the connections between distinctive basins such as the
Carpathian Foredeep and Pannonian, Dacian, Transylvanian
and Vienna basins were situated. Even more difficult to assess
seem to be the factors that influenced the connectivity between
different basins of the Central Paratethys (ter Borgh et al.,
2013) since isolation of each basin took place at different times.

Our results contribute to these discussions, and suggest
that during the latest Badenian and Early Sarmatian there were
foraminiferal migratory routes between the northern and east-
ern parts of the Carpathian Foredeep Basin, since ~45% of
planktonic and 62% of benthic foraminiferal species are com-
mon to both regions during the latest Badenian while in the
Early Sarmatian, 63% of planktonic and 80% of benthic species
are the same. Additionally, some ostracod species (14, ~31%)
were identified as being in common to these two basins during
the Early Sarmatian. A possible connection between Carpa-
thian Foredeep Basin and the Vienna Basin as well as between
the Carpathian Foredeep Basin and the Pannonian Basin dur-
ing the latest Badenian, which enabled planktonic and benthic
foraminiferal migration, is also postulated based on the recently
compiled micropalaeontological dataset. Surprisingly, there are
more taxa in common between the Carpathian Foredeep Basin
and the Vienna Basin (80% of planktonic and 57% of benthic
species are in common) than between the Carpathian Fore-
deep Basin and the Pannonian Basin (38% of planktonic and
46% of benthic species are in common). Based on the common
taxa identified in these basins we infer that the connection be-
tween the Carpathian Foredeep Basin and the Vienna Basin
was more active, the connecting area being in the Eastern Alps
and Western Carpathians junction (western Moravia) (Mandic,
2004; Holcova et al., 2015; Kovac et al., 2017). This interpreta-
tion seems to be consistent with the data, especially if the latest
Badenian is linked with a significant transgression (Kovac et al.,
2007).

While the suggested connection between the area studied
and the Vienna Basin and the Pannonian Basin during the lat-
est Badenian seemed to have been active, based on the the
presence of a large share of planktonic species (80% with the
Vienna Basin and 38% with Pannonian Basin) we cannot dem-
onstrate the same for the Early Sarmatian. Here, the benthic
Sarmatian foraminifera are 47 (59%) and 32 (40%) in common
for the area studied and the Vienna Basin and the Pannonian

Basin respectively, while the common planktonic foraminifera
are missing from the area studied and from the Vienna Basin
and Pannonian Basin. Therefore, there was probably no con-
nectivity allowing planktonic foraminiferal migration during the
Early Sarmatian. If the connections existed, they must have
been quite shallow, allowing free migration of only benthic
foraminifera and ostracods [16 (~37%) and 17 (~40%) of spe-
cies having been recorded as common between the area stud-
ied and the VB and PB respectively].

POSSIBLE CONNECTION BETWEEN THE CENTRAL
PARATETHYS AND THE MEDITERRANEAN REGION DURING
THE LATEST BADENIAN

During the last few decades, several comparative
palaeontological studies of various areas of the Central
Paratethys and the Mediterranean realm have been carried
out to find possible migration routes, though these have led to
contradictory interpretations. Based on the presence of com-
mon ostracod fauna in the Central Paratethys and the Mediter-
ranean, Szczechura (1996, 1997) postulated a possible con-
nection between these two basins during the Late Badenian.
The gastropod fauna from Slovenia (Mikuz, 2009) shows large
similarities with fauns of different areas of the Central
Paratethys, but also with the fauna from the Mediterranean
and Atlantic region, as well as the echinoid fauna from the
same area of the Central Paratethys (Ali and Maczynska,
1986; Mikuz and Horvat, 2003). The connection seems to
have been more active in the southern part of the Central
Paratethys, while the northern part is considered to have been
more restrictive to open-marine exchange (Kovacova et al.,
2009). Based on a study of molluscs, salinity conditions and
marine circulation in the Pannonian Basin, Kokay (1985: fig. 8,
p. 46) considered that during some periods of the Late Bade-
nian, the Central Paratethys communicated directly with the
Mediterranean Sea, through its western part, across the area
of today’s Slovenia towards northern Italy. Moreover, Kokay
(1985) excluded the possibility of communication through the
Eastern Paratethys. The existence of the Slovenian Corridor
(Trans-Tethyan Trench Corridor) has also been postulated by
the nannofossil and gastropod studies of Bartol et al. (2012,
2014), who stated that the Central Paratethys and Mediterra-
nean Sea were connected from the Late Badenian (Early
Serravallian) until the Early Sarmatian. By contrast,
Studencka et al. (1998), based upon bivalve studies, inferred
that the Trans-Tethyan Trench Corridor was probably closed
during the Late Badenian—Early Sarmatian and that the Cen-
tral Paratethys directly communicated with the East Mediterra-
nean Sea through the Axios-Vardar Trench. These authors
further suggested that the Eastern Paratethys could also have
communicated with the Mediterranean Sea through the re-
opened Arks straits. Rogl (1998, 1999) interpreted the pres-
ence of Indo-Pacific microfossil associations in the Central
Paratethys as a result of a re-opening of seaways along the
Pontides to Eastern Anatolia. Palaeogeographic connections
to the Indo-Pacific area have also been indicated by Popescu
(1975), Filipescu and Silye (2008), and Silye (2015).

The foraminiferal assemblages identified by us, together
with published data, allow us to compare the Late Badenian
foraminiferal assemblages across different basins of the Cen-
tral Paratethys (Carpathian Foredeep, Vienna and Pannonian
basins) as well as the foraminiferal assemblages of the Central
Paratethys with that of the Mediterranean realm (equivalent to
the Early Serravallian). In total, 52 (~26%) of 198 species are in
common between the Central Paratethys and the Mediterra-
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nean realm (for details and references see Appendix 12).
Among these, 21 out of 45 planktonic species and 31 out of 153
benthic ones are in common (for details see Appendix 12). Like-
wise, we identify ostrocod taxa (Cnestocythere lamellicosta,
Cn. truncata, Cytheridea acuminata, Loxoconcha minima) in
common between the Central Pararethys and the Mediterra-
nean realm (see also Aiello and Szczechura, 2000).

The existence of some species of foraminifera in common
between the Central Paratethys and the Mediterranean realm
may support the idea of communication between these two
realms during the Late Badenian—Early Serravallian; however,
the exact location where the communication existed is difficult
to assess, due to the poor sedimentological record (Baldi,
2006). However, the rare presence of relatively deep-dwelling
foraminifera (Globorotalia) in the Central Paratethys may sug-
gest that the connective corridor must have been shallow en-
abling migration of only the very shallow-planktonic foraminifera
(e.g., Orbulina, Globigerina, Trilobatus, Globigerinella, Globige-
rinita), as well as benthic foraminifera and ostracods. However,
a conection between the Central Paratethys and Indo-Pacific
realm is not excluded by this study.

CONCLUSIONS

Integrated foraminiferal, ostracod and calcareous nanno-
fossil studies were carried out on seven Middle Miocene sec-
tions in Poland, Romania, and the Republic of Moldova.
Based upon micropalaeontological data, we have interpreted
variable palaeoenvironmental conditions in the Carpathian
Foredeep Basin during the latest Badenian and Early Sarma-
tian. Quantitative and qualitative changes in both foraminiferal
(planktonic and benthic) and ostracod assemblages strongly
support a significant sea level fall across the Badenian-

-Sarmatian boundary in both basins studied, causing a trans-
formation from fully marine settings to marginal marine envi-
ronments. During the Early Sarmatian, the salinity of the
Carpathian Foredeep Basin was very variable, likely oscillat-
ing from brackish to fully marine, with episodes of hypersaline
conditions. This inference is supported by the presence of fully
marine calcareous nannofossil species in several Early
Sarmatian intervals in the ECFB. The salinity variability within
the basin, during the Early Sarmatian, was probably related to
some minor sea level fluctuations, when short-lived near-fully
marine conditions were re-established.

During the Early Sarmatian, the environment in the ECFB
was mostly shallow in the backbulge area and slightly deeper in
the foredeep part of the basin, where in some intervals the
palaeodepth was probably around a few tens of metres, <100 m
in the foredeep depozone studied, and probably much less than
50 m in the backbulge depozone. Moreover, the foredeep
depozone of the ECFB seems to have been deeper than that of
the PCFB. The sea floor of the ECFB was characterized by
generally oligotrophic conditions.

The Early—Late Sarmatian transition is interpreted as a pe-
riod, at times, of low oxygen and deeper conditions in the
Carpathian Foredeep Basin. The salinity of the Carpathian
Foredeep Basin during the Early Sarmatian (Assemblages II,
IV, V) was possibly close to normal marine.

Our studies indicate palaeoenvironmental similarity be-
tween different basins of the Central Paratethys but also sup-
port the earlier hypothesis of possible connections during the
latest Badenian between different areas of the Central Para-
tethys as well as the existence of a gateway between the Cen-
tral Paratethys and the Mediterranean realm.
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