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The Badenian/Sarmatian boundary in the Central Paratethys has been traditionally identified by the faunal turnover record-
ing an important environmental change possibly controlled by the change from marine to brackish conditions. The strata be-
low the Badenian/Sarmatian boundary in the northern Carpathian Foredeep are included into the Pecten beds, and those
above it into the Syndesmya beds. Foraminiferal study of the Babczyn 2 borehole which is one of the crucial sections in the
northern Carpathian Foredeep, well-known for the depositional age of rhyolite tuff within the Pecten beds dated by Sliwinski
et al. (2012) at 13.06 £0.11 Ma, indicated that in fact the boundary occurs within the Syndesmya beds. This conclusion is
based upon the rapid change from a stenohaline foraminiferal fauna to a euryhaline one, and the appearance of the species
Anomalinoides dividens, the taxon regarded as the marker for the Sarmatian. In the Babczyn 2 and Cieszandéw 1 (located
~2.5 km basinward of Babczyn 2) boreholes, Anomalinoides dividens appears 3.1-3.8 m above the replacement of
stenohaline by euryhaline foraminifers. The calcareous nannoplankton study shows that the upper Badenian and the lower
Sarmatian strata in the studied sections represent the NN6, undivided NN6-NN7, and NN7 zones.
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INTRODUCTION

The deposition of evaporites related to the Badenian Salin-
ity Crisis in the Central Paratethys that started at 13.81
10.08 Ma (de Leeuw et al., 2010), was terminated when the
Central Paratethys returned to open-marine conditions at
13.36 Ma (Simon et al., 2019) due to reconnection of the basin
with the Mediterranean and Eastern Paratethys, primarily by
tectonic modification of the interconnecting gateways (de
Leeuw et al., 2018). In the Carpathian Foredeep and Foreland
Basin — the largest Central Paratethyan basin — the marine
shelf-slope facies have been replaced, during the late
Serravalian and Tortonian, by shell-rich littoral and delta-front
deposits and then by delta-top channel and floodplain facies
that continued until the end of Messinian in the East Carpathian
foreland (de Leeuw et al., 2020).

In the northern Carpathian Foredeep basin the strata above
the Badenian evaporites are included into two regional stages:
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Badenian (upper part) and Sarmatian (e.g., Oszczypko et al.,
2006; Kovac et al., 2017, with references therein). The bound-
ary between those stages has been traditionally identified by
the faunal turnover known as the Badenian—Sarmatian Extinc-
tion Event in the Central Paratethys (Harzhauser and Piller,
2007) recording an important environmental change possibly
controlled by the change in seawater chemistry (in traditional
approach — from marine to brackish conditions; Sliwirski et al.,
2012, with references therein). A biostratigraphic zonation
within the Badenian and Sarmatian of the northern Carpathian
Foredeep was established based on the foraminifers
(buczkowska, 1963, 1964, 1971; Odrzywolska-Bienkowa,
1975; Czepiec, 1996; Garecka and Olszewska, 2011). In this
region the taxon Anomalinoides dividens tuczkowska defining
the base of the Sarmatian, was first recognized and then con-
sidered as indicating the beginning of the Sarmatian in other
Paratethyan basins (Filipescu, 2004; Toth et al., 2010). The
Sarmatian has been dated based on endemic assemblages
(Filipescu et al., 2020).

The strata below the Badenian/Sarmatian boundary in the
northern Carpathian Foredeep are included into the Pecten
beds, and those above it into the Syndesmya beds (Fig. 1; Ney,
1969). The lithological transition between the beds is continu-
ous although a hidden stratigraphical gap may exist (Krach,
1967, 1981) that, as suggested by Sliwinski et al. (2012), is cor-
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Fig. 1. Location and stratigraphical background

A — area of the Polish Carpathian Foredeep Basin (CF), quadrangle shows the area shown in B; B — distribution of Badenian sulphate
deposits (after Kasprzyk, 2005 and Bukowski, 2011) and the location of Babczyn 2 and Cieszanow 1 boreholes; C — stratigraphy
of Badenian—Sarmatian deposits in the northern Polish Carpathian Foredeep (modified figure 3 of Sliwinski et al., 2012)

related with deposits that contain several foraminiferal zones
described by Kirchner (1956a, b) in more centre-basin loca-
tions. Thus the Pecten beds are stratigraphically condensed
and thinned in relation to the foredeep interior. Sliwinski et al.
(2012) dated a rhyolite tuff within the Pecten beds in the
Babczyn 2 core in SE Poland (Fig. 1) that constrains its
depositional age to 13.06 £0.11 Ma. A younger age (12.65 Ma)
was determined for the supposed faunal turnover of the
Badenian—Sarmatian Extinction Event that was triggered by a
sudden change to brackish-marine conditions in the Central
Paratethys (Simon et al., 2019). Sliwinski et al. (2012) con-
cluded the that Badenian—Sarmatian Extinction Event is docu-
mented in the Babczyn 2 core by the disappearance of
pectinids coincident with the topmost surface of the Pecten
beds which grade upward into the Syndesmya beds that in turn
lack typical fossils indicative of normal marine conditions. How-
ever, they did not have the opportunity to sample the Babczyn 2
core for biostratigraphic analysis. The aim of this paper is to fill
this important gap through the study of two biostratigraphically
important microfossil groups: foraminifers and calcareous
nannoplankton.

As indicated by Filipescu et al. (2020), because of direct and
indirect age indications, good resolution, and the relatively easy
identification of reworked specimens, foraminifers seem to be
the most reliable group for the biostratigraphic dating of the in-
terval studied. Consequently, the Badenian/Sarmatian bound-
ary in the Central Paratethys is clearly expressed by
foraminiferal eco/bio-zones (Dumitriu et al., 2017: fig. 8, 2020).
The use of calcareous nannoplankton has some limitations as
late Badenian — Sarmatian stages comprise two nannozones
NNG6 and NN7, but they are commonly combined into one undi-
vided NN6-NN7 Zone (e.g., Andreyeva-Grigorovich et al.,
1997). According to Palcu et al. (2015) the interval identified as
the Badenian/Sarmatian boundary transition is characterized
by the relative abundance of C. pelagicus, which decreases sig-
nificantly at the boundary, an increase in abundance of
Reticulofenestra pseudoumbilicus, and a distinct drop in
H. carteri (but see discussion in Silye and Filipescu, 2016).
Gazdzicka (2015) concluded that the appearance of
Rhabdosphaera poculi Bona and Kernerne and Rhabdo-
sphaera procera Martini indicates the Sarmatian.
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In addition to study of the Babczyn 2 core (N50°14°07.08”,
E23°12°35.79”), we report the results of our examination of an-
other core, Cieszanoéw 1 (N50°14°01.33”, E23°10'53.26"), lo-
cated ~2.5 km west (= basinward) of the Babczyn 2 borehole
(Fig. 1). The two boreholes occur in the zone lying between the
more central part of the Carpathian Foredeep that was the sub-
ject of several micropalaeontological studies (e.g., Odrzy-
wolska-Bienkowa, 1975; Czepiec, 1996, 1997; Czepiec and
Kotarba, 1998; Garecka and Jugowiec, 1999; Olszewska,
1999; Garecka and Olszewska, 2011; Oszczypko-Clowes et
al., 2012; Lelek et al., 2016), and the more marginal zone of the
Middle Miocene basin in Roztocze (e.g., tuczkowska, 1972;
Odrzywolska-Bienkowa, 1972a; Bielecka, 1974; Szczechura,
1982, 2000; Peryt, 1987) where the Badenian evaporites — the
prime stratigraphical marker bed in the Carpathian Foredeep
basin — are lacking.

GEOLOGICAL SETTING

The Carpathian Foredeep basin is one of the Central
Paratethyan basins. It developed in front of the Carpathians in
the Early Miocene and is subdivided in Poland into inner and
outer parts (Ney et al., 1974). Marine Middle Miocene
(Badenian and Sarmatian) deposits, which range in thickness
from a few hundred metres in the northern-marginal part up to
3,000 m in the southeastern part of the Polish part of
Carpathian Foredeep, form the bulk of the Foredeep basin fill
(Ney et al., 1974).

The Badenian red-algal limestones and quartz arenites of
the Pinczéw Formation originated in shelf and near-shore envi-
ronments and mudstones and clays in more basinal locations
(e.g., Dziadzio et al., 2006). These are overlain by Badenian
evaporites of the Krzyzanowice and Wieliczka formations
(Alexandrowicz et al., 1982) deposited during the Badenian Sa-
linity Crisis (Peryt, 2006, with references therein). In SE Poland,
the sulphate deposits of the Krzyzanowice Formation consist of
a sequence of lithofacies grouped into 18 lithostratigraphic units
(from ‘a’ to 'r’; Kasprzyk, 1993) or seven lithosomes (from ‘A’ to
‘G’; Kubica, 1992; Bgbel, 2005). In SE Poland, in the Lubaczéw
area (Fig. 2), the primary gypsum is partly or completely re-
placed by anhydrite and secondary gypsum (Kasprzyk, 1995).
In the Cieszandw 1 borehole, units ‘a’—‘0’ have a total thickness
of 44.8 m (Kasprzyk, 1995), and in the Babczyn 2 borehole the
gypsum sequence (32 m thick, depth 409-441 m) consists of
units ‘a1 and ‘m'—'0’ (Peryt and Kasprzyk, 1992). Unit ‘0’ con-
tains an intercalation (2.3 m thick) of marly clays (depth:
413-415.3 m) rich in plant remains and carbonate lithoclasts
(Pawtowska and Kubica, 1960) as well as crushed mollusc
(Modiolus?) shell fragments (Sliwinski et al., 2012), and marine
palynomorphs (dinoflagellate cysts) and foraminiferal assem-
blages indicating brackish to normal marine salinity at inner
shelf depths (Peryt et al., 2020).

The Badenian evaporites are overlain by a sandy-silty se-
ries of the Machow Formation. Its upper Badenian part is re-
ferred to as the Pecten beds and the entire Sarmatian part is
distinguished as the Krakowiec clays. In the lower part of the
Krakowiec clays the Syndesmya beds occur (Jasionowski and
Peryt, 2004, and Czapowski, 2004, with references therein;
Fig. 1).

The Pecten beds are subdivided into two units (see
Sliwinski et al., 2012, for detailed summary of the earlier re-
search). The upper unit has a greater basinward extent,
whereas the lower unit is commonly absent, especially toward
the basin centre (Kowalewski, 1966). Basinwards, the Pecten
beds grade into the supra-evaporite Spirialis clays (Sliwinski et

al., 2012, with references therein). The sequence of the lower
and upper units of the Pecten beds has been interpreted either
as indicative of deepening (e.g., Kowalewski, 1957; Krach,
1962) or shallowing (Sulimski, 1956). Two of the regional ben-
thic foraminiferal zones: the lower Neobulimina longa Zone and
the upper Cibicides crassiseptatus (Hanzawaia crassiseptata)
Zone occur in the Pecten beds (Odrzywolska-Bienkowa, 1975);
the latter of these is considered to be synchronous with the
Velapertina (= Praeorbulina) indigena (Luczkowska) planktonic
foraminiferal zone (Cicha et al., 1998).

The Syndesmya beds in turn contain no pectinids and en-
compass the lowermost Sarmatian foraminiferal zones identi-
fied in the Carpathian Foredeep — the Anomalinoides dividens
Zone and the Cycloforina karreri ovata Zone (Odrzy-
wolska-Bienkowa, 1975). The lithological transition between
the Pecten beds and Syndesmya beds is continuous (Sliwinski
etal., 2012). Sliwinski et al. (2012) confirmed the location of the
Badenian/Sarmatian boundary between the Pecten beds and
Syndesmya beds in the Babczyn 2 borehole as proposed by
Pawtowska and Kubica (1960) at the highest occurrence of well
preserved and identifiable pectinid shells, 6.0 m above the tuff
found in the middle portion of the Pecten beds, 3.4 m above the
gypsum. However, although some authors have suggested that
the appearance of Anomalinoides dividens tuczkowska coin-
cides with the boundary between the Pecten beds and
Syndesmya beds (i.e., between the Badenian and Sarmatian),
others place the Badenian/Sarmatian boundary higher in the
section, within the Syndesmya beds (e.g., Czapowski, 1994;
see discussion in Sliwinski et al., 2012).

MATERIAL AND METHODS

We sampled the upper Badenian strata occurring above the
Badenian evaporites and then the 32 and 18 m thick sequence
of lower Sarmatian deposits in the Babczyn 2 and Cieszanow 1
cores, respectively, which are located above the Badenian/
Sarmatian boundary. The boundary was placed by Pawtowska
and Kubica (1960, 1961) at a depth of 401.4 m and 368.5 m, re-
spectively: in the Babczyn 2 borehole it coincides with the
boundary between the rocks assigned by them to the Pecten
beds and Syndesmya beds, and in the Cieszandw 1 borehole it
was placed at the base of marly clays overlying the 35 cm thick
unit of calcareous marls containing 0.5—1.0 cm thick sandstone
intercalations which in turn are underlain by clayey marls with
common shell fragment and whole Pecten and other bivalve
shells. These marls are intercalated with 1-15 cm thick tuffites
and rare sandstones (up to 20 cm thick) and marly limestone
(20 cm).

A total of 88 samples from the Babczyn 2 and Cieszandw 1
borehole sections have been studied for foraminifers: 51 sam-
ples from the 40 m thick interval in the Babczyn 2 borehole and
37 samples from the 36 m thick interval in the Cieszanéw 1
borehole sections. The sampling distance in the Babczyn 2
section was ~1 m in the Pecten beds (samples 8-21), 0.5 min
the lowermost part of the Krakowiec clays (samples 22—-29) and
~1 m in the higher part of the studied interval of Krakowiec
clays” (samples 32-59). Similarly, in the Cieszanéw 1 borehole
section the sampling distance was ~1 m in the sampled interval
except for the 8 m thick interval around the boundary between
the Pecten beds and Krakowiec clays (samples 25—42) where it
was 0.5 m (or less).

The same samples have been used for the nannoplankton
study although their number, for the nannoplankton study, was
reduced as usually, every second sample studied for
foraminifers was examined. In total, 51 samples have been
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B* — Badenian if the base of the Anomalinoides dividens zone is the onset of the Sarmatian

S** — Sarmatian if its onset is the change from stenohaline to euryhaline fauna

Fig. 2. Distribution of foraminifers in the Babczyn 2 borehole
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used for the nannoplankton study (27 samples from Babczyn 2
and 24 samples from Cieszandw 1).

Washed residues for foraminiferal study were obtained from
the rocks by disaggregation using Na,SQO,4. The foraminiferal
specimens from the >63 um size fraction were picked for the
biostratigraphic analyses. Presence-absence observations for
the Babczyn 2 and Cieszandw 1 borehole sections are shown in
Figures 2 and 3. The most common species are illustrated in
Figure 4. Foraminiferal biozones follow Luczkowska (1964) and
have been revised in this study. The figured specimens are de-
posited in the Institute of Paleobiology, Polish Academy of Sci-
ences, Warszawa (ZPAL F. 75).

The smear slides for nannoplankton studies were prepared
according to the method described by Baldi-Beke (1984). A fine
water suspension of the rock, after stirring and short period of
settling, was spread out on a microscopic glass slide. After dry-
ing, the microscope slide was covered with Canada balsam and
a cover glass. The slides were inspected using a Nikon Eclipse
LV100Pol at 1000x magnification. Photos were taken under the
light microscope using a Nikon DS-Fi1 camera. The occurrence
of calcareous nannoplankton taxa in particular samples is
shown in Figures 5 and 6, and the taxa are shown in Figures 7
and 8.

RESULTS

FORAMINIFERS

The studied successions contain well-preserved planktonic,
calcareous benthic, and agglutinated foraminifers. More than
75 species representing the following genera: Articulina,
Cycloforina,  Pseudotriloculina, Pyrgo,  Quinqueloculina,
Sigmoilinita, Triloculina, Varidentella, Elphidium, Haynesina,
Porosononion, Anomalinoides, Heterolepa, Hanzawaia, Loba-
tula, Cibicidoides, Elphidiella, Melonis, Nonion, Pullenia,
Bolivina, Bulimina, Uvigerina, Angulogerina, Sphaeroidina,
Favulina, Fissurina, Lagena, Lenticulina, Nodosaria, Globige-
rina, Velapertina, Trilobatus, Ammobaculites, Ammodiscus,
Martinottiella, Siphotextularia, Textularia, Spirorutilus, Pavoniti-
na, Pseudogaudryina, Rhabdammina, and Nothia were re-
corded in the studied intervals of the Babczyn 2 and Cieszandéw
1 boreholes (Appendix 1*; Figs. 3 and 4).

BABCZYN 2
(FIG. 2)

In the lower part of the studied succession (depth
404.3-409.1 m), foraminiferal assemblages are characterized
by an abundance of planktonic and calcareous benthic
foraminifers; agglutinated ones are absent. The most abundant
planktonic species is Globigerina bulloides. Among the calcare-
ous benthic foraminifers elongated forms of Uvigerinidae
(Uvigerina bellicostata, U. brunnensis, U. semiornata and
Angulogerina angulosa) and subcylindrical Buliminidae
(Bulimina elongata, B. insignis, B. aculeata, B. subulata) are
dominant. Hanzawaia boueana, Lobatula lobatula, Bolivina
plicatella, Bulimina elongata, Neobulimina longa, Pullenia
bulloides, Sphaeroidina bulloides, Melonis pompilioides, and
Cibicidoides ungerianus occur rarely in this part of the section.

The following, 4.9 m thick rock interval (399.4-404.3 m) is
characterized by abundant, highly diversified foraminiferal as-
semblages. Planktonic foraminifers are represented by

Globigerina bulloides, Velapertina indigena, and Trilobatus
trilobus. Agglutinated benthic foraminifers, absent in the under-
lying interval, are an important component of this assemblage.
The most common species are Siphotextularia concava,
S. inopinata, Spirorutilus carinatus, Martinottiella communis,
and Pseudogaudryina karreriana. In addition to agglutinated
forms, benthic foraminiferal assemblages in this interval pos-
sess additional calcareous species. Species which character-
ize this part of the succession are: Hanzawaia crassiseptata,
Valvulineria complanata, Cibicidoides ungerianus. Very com-
mon are Melonis pompilioides, Sphaeroidina bulloides,
Hanzawaia boueana and Lobatula lobatula. In the upper part
Pullenia bulloides, Heterolepa dutemplei and Hansenisca sol-
danii are important contributors to the assemblages. This abun-
dant, highly diversified foraminiferal assemblage suddenly dis-
appears at a depth of 399.4 m (sample 28).

The next, 3.8 m thick rock interval (395.6—399.4 m), yielded
a very poor foraminiferal assemblage, taxonomically com-
pletely different from the older one, composed by small-sized
Elphidium (E. angulatum), Porosononion martkobi, Nonion
tumidulus) and hauerinids (Cycloforina predkarpatica, Vari-
dentella reussi).

The following, 2.1 m thick rock interval (393.5-395.6 m) is
characterized by an almost monospecific assemblage of
Anomalinoides dividens. Rare specimens of species character-
istic for the assemblage from the underlying interval were also
recorded.

The next, 12.9 m thick rock interval (380.6—393.5 m) yielded
poor foraminiferal assemblages composed of a few hauerinid
species: Cycloforina predkarpatica, Varidentella reussi, and C.
karreri ovata. Rare reworked uppermost Badenian foraminifers
occur, mainly in the lower part of this inerval.

The overlying, 10.2 m thick rock interval (370.4-380.6 m) is
characterized by low diversity, sparse foraminiferal assem-
blages composed mainly by hauerinids. The most common ge-
nus is Varidentella (V. sarmatica, V. latelacunata); Articulina
problema is also present there. Rare occurrences of Elphidium
angulatum, Porosononion martkobi, and Nonion tumidulus are
recorded mainly in the lower part of this interval. At a depth of
374.5-376.5 m Bolivina sarmatica is a significant component of
the assemblages.

The uppermost, 2.0 m thick rock interval, (368.4—-370.4 m)
yielded low diversity foraminiferal assemblages dominated by
Porosononion martkobi, Nonion tumidulus and elphidiids
(E. hauerinum, E. angulatum). Psudotriloculina consobrina and
Cycloforina predkarpatica are also present.

CIESZANOW 1
(FIG. 3)

The basal interval of the studied succession, 2.65 m thick
(depth 383.25-385.9 m), is characterized by an abundant oc-
currence of tiny, small-sized elphidiids like Elphidium
angulatum, E. advenum, Elphidiella artifex, and nonionids —
Haynesina depressula, Nonion sp. They are accompanied by
Ammonia sp., Pseudotriloculina consobrina, Quinqueloculina
akneriana, Cycloforina gracilis, Bolivina plicatella, Fissurina
marginata, Rosalina sp., and Favulina hexagona.

The following, 7.65 m thick rock interval (375.6-383.45 m)
is characterized by higher diversity benthic foraminiferal as-
semblages. Several new species appear: abundant Bulimina
elongata accompanied by less common Lobatula lobatula,
Elphidium macellum, Sigmoilinita tenuis, Bolivina plicatella,

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1584
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Fig. 4. Foraminifers from the Babczyn 2 (A, E, F, I-K, M, N, P-T) and Cieszanéw 1 (B-D, G, H, L, O) boreholes

A — Neobulimina longa Venglinskyi, sample 17; B — Bulimina subulata Cushman & Parker, sample 19; C — Uvigerina bellicostata
tuczkowska, sample 19; D — Uvigerina semiornata d’Orbigny, sample 19; E — Articulina problema Bogdanowicz, sample 48; F —
Siphotextularia inopinata uczkowska, sample 28; G — Rhabdammina sp., sample 31; H — Hanzawaia boueana (d’Orbigny), sample 19; | —
Elphidium angulatum (Egger), sample 29; J — Spirorutilus carinatus (d’Orbigny), sample 17; K — Martinottiella communis (d’Orbigny), sample
28; L — Hanzawaia crassiseptata (Luczkowska), sample 32; M — Elphidium advenum limbatum (Chapman), sample 33; N — Elphidium
hauerinum (d’Orbigny), sample 57; O —Cycloforina predkarpatica (Serova), sample 15; P — Quinqueloculina akneriana d’Orbigny, sample 32;
Q - Varidentella reussi (Bogdanowicz), sample 47; R — Anomalinoides dividens tuczkowska, sample 35; S — Porosononion martkobi
(Bogdanowicz), sample 31; T — Varidentella sarmatica (Karrer), sample 49; scale bars — 100 ym
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Astrononion perfossum, and Heterolepa dutemplei. In the low-
ermost part of this interval rare specimens of the planktonic
species Globigerina bulloides are recorded.

The next, 6.75 m thick interval (368.85-375.6 m), yields a
high diversity foraminiferal assemblage composed of both
planktonic and benthic foraminifers. Planktonic forms dominate
in the assemblages in this interval. The most abundant is
Globigerina bulloides; and Velapertina indigena and Trilobatus
trilobus are common.

Benthic foraminiferal assemblages are very different from
the ones recorded in the underlying part of the section. They are
composed of medium to large-sized calcareous and aggluti-
nated species. The tiny, small-sized elphidiids and nonionids al-
most disappear. Several species not recorded in the lower part
of the section are very common in this rock interval: Melonis
pompilioides, Sphaeroidina bulloides, Hanzawaia boueana,
H. crassiseptata, Hansenisca soldanii, Heterolepa dutemplei,
Bulimina spp. and Uvigerina spp. Of the agglutinated forms the
most common are Spirorutilus carinatus, Siphotextularia
inopinata and S. concava.

Then, this highly diversified foraminiferal assemblage dis-
appears and in the 3.1 m thick overlying strata (the depth inter-
val 365.75-368.85 m) is replaced by a completely new assem-
blage. Hauerinids (Cycloforina predkarpatica, Triloculina sp.,
Quinqueloculina sp.), Porosonion martkobi and Elphidium
angulatum are the main components of the assemblage. At a
depth of 366.8 m (sample no. 37) reworked foraminifers are re-
corded.

The 1.55 m thick interval that follows (364.7-365.75 m) is
characterized by an almost monospecific foraminiferal assem-
blage of Anomalinoides dividens. Only rare hauerinids
(Triloculina, Quinqueloculina, Cycloforina) and Elphidium are
minor components.

The next interval (350.0—-364.7 m) is characterized by com-
mon Varidentella sarmatica, Triloculina spp., non-keeled
elphidiids, and rare Elphidium fichtelianum and E. crispum.

CALCAREOUS NANNOPLANKTON

Calcareous nannofossil assemblages in the analysed sam-
ples are moderately to poorly preserved. Twenty-nine species
representing the following genera: Braarudosphaera,
Calcidiscus, Calciosolenia, Coccolithus, Coronocyclus, Cycli-
cargolithus, Discoaster, Hayella, Helicosphaera, Holodisco-
lithus, Pontosphaera, Reticulofenestra, Sphenolithus and
Umbilicosphaera were recorded in the studied intervals of the
Babczyn 2 and Cieszanéw 1 boreholes (Appendix 1; Figs. 5
and 6). The most abundant taxa are Coccolithus pelagicus and
Reticulofenestra pseudoumbilicus. Helicosphaera carteri and
H. spp. (small forms) occur more rarely than the two
above-mentioned species. Reworked Mesozoic (mainly Upper
Cretaceous) and Paleogene (mainly Eocene) taxa are present
throughout the studied sections. Diagnostic for Middle Miocene
nannofossil stratigraphy Sphenolithus and Discoaster species
occur only sporadically (as individuals) in some samples
(mainly Sphenolithus). Coccospheres are sporadically present
in the investigated samples possibly because many of them
have been disaggregated.

Besides the calcareous nannoplankton ascidian spicules,
calcareous dinoflagellata, frustules of diatoms and Bolboforma
spp. were found. Ascidians (sea squirts) are benthic tunicates
(Young, 1998; Varol, 2006; Lukowiak et al., 2016). The spicules
they produce occur in nannoplankton preparations, especially
from shallow marine environments. They have been recorded
from Jurassic to Recent and occur also in Middle Miocene sedi-
ments. They occur in almost all the samples. Bolboforma spe-

cies (Protophyta group) are described from the Middle Miocene
sediments of the Carpathian Foredeep (Odrzywolska-
Bienkowa, 1976; Szczechura, 1997, 2000; Paruch-Kulczycka,
2003). These marine microfossils produced calcitic
monocrystalline spheroidal tests with or without inner cysts and
with various types of ornamentation. Due to the preservation
state of observed fragments it was impossible to relate them to
the specific species and/or Bolboforma zones. Thoracosphaera
species are a common constituent of the marine nannoplankton
(Inouye and Pienaar, 1983). They are placed in calcareous
nannoplankton because of their size. These are dissolution re-
sistant forms which occur abundantly in marine surface
(oligotrophic and eutrophic) waters (Karwath et al., 2000;
Gussone et al., 2010). An increasing abundance of these forms
indicates, according to Agnini et al. (2007), stressed environ-
mental conditions in the photic zone.

BABCZYN 2
(FIG. 5)

In sample 8 the calcareous nannoplankton assemblage
consists of Reticulofenestra pseudoumbilicus, Coccolithus
pelagicus, Helicosphaera carteri, Holodiscolithus macroporus,
and common fragments of pyritized Bolboforma forms. Species
such as: Braarudosphaera bigelowii, Cyclicargolithus florida-
nus, Pontosphaera multipora, Sphenolithus abies, Umbilico-
sphaera jafari, U. rotula and calcareous dinoflagellata occur
rarely. Reworked single Cretaceous and Paleogene forms were
identified.

The interval between samples 9 and 17 (402.7—408.0 m) is
characterized by the occurrence of Calcidiscus macintyrei,
C. leptoporus, C. pataecus, Sphenolithus abies and Umbilico-
sphaera rotula species. Helicosphaera walbersdorfensis,
Holodiscolithus macroporus, Helicosphaera carteri, Spheno-
lithus moriformis and Thoracosphaera occur very rarely. Re-
worked Cretaceous and Paleogene forms, fragments of
Bolboforma spp. and foraminifera tests were also found. In the
interval of 406.5—402.7 m (samples 11 and 17) Reticulofenestra
pseudoumbilicus prevails in terms of specimens over Cocco-
lithus pelagicus and other species. Other common species in
sample 17 include Calcidiscus macintyrtei and Sphenolithus
abies.

A very impoverished calcareous nannoplankton assem-
blage with Reticulofenestra pseudoumbilicus, Coccolithus pela-
gicus, Bolboforma spp., single other forms and destroyed frag-
ments of undistinguishable forms/elements was observed in
sample 19 (depth of 402.9 m). In sample 21 (depth of 401.9 m)
Reticulosphaera pseudoumbilicus is a dominant component of
the assemblage. Coccolithus pelagicus, Cyclicargolithus
floridanus, Helicosphaera carteri, Holodiscolithus macroporus,
Sphenolithus moriformis, and Umbilicosphaera rotula are found
as individual specimens. In samples 23, 25, and 27 (depth of
399.8-400.8 m) the most common forms are Reticulofenestra
pseudoumbilicus, C. pelagicus, Helicosphaera carteri and, in
sample 23 only, S. moriformis. In sample 27 the occurrence of
small Helicosphaera forms, H. walbersdorfensis, H. carteri,
Holodiscolithus macroporus and Rhabdosphaera sp.,
Calciosolenia murrayi, coccospheres of Coccolithus pelagicus,
and small forms of Braarudosphaera bigelowii was recorded.
The other species (Appendix 1) from this interval occur very
rarely. In samples 25 and 27 H. carteri occur more often than in
samples from the lower part of the section. In sample 29 (depth
of 398.8 m) the nearly mass occurrence of C. pelagicus mainly
small sized, and reworked Paleogene and Cretaceous forms
were observed. Small, medium and large coccoliths of
Coccolithus pelagicus were observed in sample 29. Small
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Fig. 5. Distribution of calcareous nannoplankton in the Babczyn 2 borehole
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R. psudoumbilicus forms occur very rarely. The occurrence of
reworked forms is characteristic for sample 31 (depth of
397.5 m) which contains common pyritized Bolboforma spp.
and very rare Syracosphaera sp., Braarudosphaera bigelowii
and small-sized Reticulofenestra. The common occurrence of
B. bigelowii (and coccospheres of this species) and
Rhabdosphaera sp. is noted in sample 33 (depth of 395.5 m),
and C. pelagicus and Sphenolithus abies are rare. In the next
interval (389.5-393.5 m; samples 35, 37, 39) R. pseudo-
umbilius and C. pelagicus are the main component of the as-
semblage and in samples 35 and 37 Reticulofenestra pseudo-
umbilcus prevails significantly over C. pelagicus. In sample 37
common occurrence of small Helicosphaera forms (probabby
these are badly preserved H. walbersdorfensis) and single
Calcidiscus pataecus occur as well as frequent reworked Cre-
taceous forms. The next interval 384.0-387.0 m (samples 41,
43) is characterized by the high frequency of Coccolithus
pelagicus and reworked Paleogene forms. In sample 45 (depth
of 352.5 m) B. bigelowii and R. pseudoumbilicus are the main
component of the assemblage, and in the interval of
377.0-380.5 m (samples 47 and 49) calcareous nannoplankton
assemblage consists mainy of R. pseudoumbilicus and
C. pelagicus (R. pseudoumbilicus prevailing in sample 49) and
single individuals of Calcidiscus leptoporus were observed. In
samples 51, 53, 55, 57, 59 (interval of 368.0-375.0 m) Cd.
leptoporus occurs in each sample with rare to common fre-
quency. Except for samples 51 and 59, in which C. pelagicus is
common, in the other samples from this interval R. pseudo-
umbilicus and C. pelagicus occur rarely or these are only trace
amounts. In sample 51 well-preserved, frequent B. bigelowii
forms were observed. Discoaster kugleri was identified at a
depth of 371.0 m (sample 57). At a depth of 368.0 m (sample
59) besides C. pelagicus and Cd. leptoporus the common oc-
currence of calcareous dinoflagellata Thoracosphaera species
was noted.

CIESZANOW 1
(FIG. 6)

The depth interval of 378.0-385.9 m (samples 3 to 15) is
characterized by the common occurrence of Cretaceous forms
and common fragments of coccoliths (mechanically disinte-
grated). In sample 3, Reticulofenestra pseudoumbilicus occurs
abundantly, and in the other samples of this interval it is rare or
common. Coccolithus pelagicus, Sphenolithus moriformis,
Sph. abies, Umbilicosphaera rotula, and Cyclicargolithus
floridanus (very rare) occur also in the assemblage.

In the interval of 375.5-378.0 m (samples 15-19)
Helicosphaera carteri occur commonly.

The interval comprising samples 17 to 35 (depth of
367.8-377.8 m) is characterized by the occurrence of Cocco-
lithus pelagicus, Reticulofenestra pseudoumbilicus, Braarudo-
sphaera bigelowii, and H. carteri. Other species such as Cycli-
cargolithus floridanus, Syracosphaera spp., Umbilicosphaera
rotula, and Thoracosphaera spp. occur very rarely. As in the un-
derlying interval, taxa reworked from Cretaceous (mainly) and
Paleogene and fragments of coccoliths occur frequently. In
samples 27 and 29 fragments of Bolboforma spp. and diatom
frustules were noted. The calcareous nannoplankton assem-
blage in samples 31 and 33 is characterized by higher species
diversity although the abundance is still small (except of some
species).

In the next interval (depth of 359.2-367.8 m; samples
35-47) R. pseudoumbilicus occurs in the all investigated sam-
ples with frequency from very rare to abundant. C. pelagicus
occurs rarely or even these are only traces. Species such as

B. bigelowii, H. carteri, Calcidiscus sp., small-sized Helico-
sphaera sp., H. macroporus, small-sized Reticulofenestra,
Rhabdosphaera spp. forms are distributed with low frequency
(as single individuals mainly) and irregularly. In sample 37
Calcidiscus pataecus appears in the profile. Reworked Creta-
ceous and Paleogene species, coccospheres of undetectable
species, Thoracosphaera sp., and ascidian spicules also occur.

The samples 49 to 55 from the last interval (350.0-358.0 m)
are very impoverished.

The main component of the assemblage at a depth of
358.0 m is C. pelagicus. In samples 53 and 55 R. pseudo-
umbilicus dominates. Other species such as B. bigelowii, Cd.
leptoporus occur rarely or very rarely and not in the all samples
from this interval.

INTERPRETATION

FORAMINIFERS

Analysis of the distribution of foraminifers in both studied
borehole sections enabled us to distinguish the following zones:
Neobulimina longa Assemblage Zone, Hanzawaia crassi-
septata Assemblage Zone, Elphidium angulatum Partial Range
Zone, Anomalinoides dividens Interval Zone, Cycloforina
karreri ovata Partial Range Zone, Varidentella sarmatica Inter-
val Zone and Elphidium hauerinum Abundance Zone. Except
for the Elphidium angulatum Partial Range Zone, proposed in
this study, all others were previously established by
tuczkowska (1964) as assemblage zones. However, this type
of biozone in many cases does give not precise information
about the location of zonal boundaries.

Neobulimina longa Assemblage Zone — the body of
strata containing Neobulimina longa, Bulimina elongata, and
Lobatula lobatula. Common components of foraminiferal as-
semblages are Bulimina subulata, Bolivina plicatella, Uvigerina
brunnensis, Elphidium angulatum, Haynesina depressula,
Sigmoilinita tenuis, Astrononion perfossum and the planktonic
Globigerina bulloides. Agglutinated benthic forms as well as
Hanzawaia crassiseptata are lacking. This zone is recognized
in the Babczyn 2 borehole in the lower part of the succession, at
404.3-409.1 m depth, between the top of the Krzyzanowice
Formation deposits and the base of the Hanzawaia
crassiseptata Zone; in the Cieszanoéw 1 borehole the zone is
documented at 374.55-383.25 m depth.

Hanzawaia crassiseptata Assemblage Zone — the body
of strata containing Hanzawaia crassiseptata, Sphaeroidina
bulloides, and Hansenisca soldanii. Beside these species, com-
mon components of foraminiferal assemblages of the zone in-
clude H. boueana, Bulimina spp., Uvigerina spp., Angulogerina
angulosa, Heterolepa dutemplei, Melonis pompilioides, the ag-
glutinated species Siphotextularia inopinata, S. concava,
Spirorutilus  carinatus and abundant planktonic species
Globigerina bulloides and Velapertina indigena. The upper
boundary of the zone coincides with the sudden disappearance
of foraminiferal species preferring normal marine conditions;
only a few species of a relatively wide-range of tolerance to en-
vironmental changes survived, e.g. elphidiids and hauerinids.

The zone is underlain by the Neobulimina longa Assem-
blage Zone and overlain by the Elphidium angulatum Partial
Range Zone. It occurs at a depth of 399.4-404.3 m in the
Babczyn 2 borehole and a depth of 368.85-374.55 m in the
Cieszanow 1 borehole, and its thickness is 4.9 mand 5.7 m, ac-
cordingly.
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Fig. 6. Distribution of calcareous nannoplankton in the Cieszanéw 1 borehole

cmu — calcareous marls unit
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Fig. 7. Calcareous nannoplankton in the Babczyn 2 borehole

A — Coccolithus pelagicus (Wallich) Schiller, sample 8; B — Helicosphaera carteri (Wallich) Kamptner (CN), sample8; C — Helicosphaera
carteri (Wallich) Kamptner (NL), sample 8; D — Reticulofenestra pseudoumbilicus Gartner (CN), sample 8; E — Cyclicargolithus floridanus
(Roth et Hay) Bukry (CN), sample 29; F — Calcidiscus macintyrei (Bukry and Bramlette) Loeblich and Tappan (CN), sample 53; G —
Calcidiscus macintyrei (Bukry and Bramlette) Loeblich and Tappan (NL), sample 53; H — Reticulofenestra spp. — small forms (CN), sample
53; I — Sphenolithus abies Deflandre (CN), sample 8; J — Calciosolenia murrayi Gran (NL), sample 25; K — Discoaster kugleri Martini and
Bramlette (NL), sample 57; L — Braarudosphaera bigelowii (Gran and Braarud) Deflandre (NL), sample 25; M — Holodiscolithus macroporus
(Deflandre) Roth (NL), sample 8; N — Calcidiscus leptoporus ((Murray and Blackman) Loeblich and Tappan (CN), sample 53; O —
Helicosphaera walbersdorfensis Miller (CN), sample 59; P — Syracosphaera sp. (CN), sample 25; Q — Coronocyclus nitescens (Kamptner)
Bramlette and Wilcoxon) (NL), sample 53; R — Thoracosphaera sp. — fragment (CN), sample 59; S — fragment of Bolboforma sp., sample 8; T
— Diatomae sp.(?) (NL), sample 8; scale baris 5 ym
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Fig. 8. Calcareous nannoplankton in the Cieszan6éw 1 borehole

A — Helicosphaera intermedia Martini (CN), sample 7; B — Sphenolithus moriformis (Bronnimann and Stradner) Bramlette and Wilcoxon
(CN), sample 5; C — Calcidiscus premacintyrei Theodoridis, sample 29; D — Discoaster variabilis Martini et Bramlette (NL), sample 41; E —
Hayella challengeri (Mdller) Theodoridis (CN), sample 41; F — Pontosphaera multipora (Kamptner) Roth (CN), sample 41; G —
Rhabdosphaera sicca (Stradner) Fuchs and Stradner (CN), sample 41; H — Helicosphaera carteri (Wallich) Kamptner [a], Helicosphaera
walbersdorfensis Milller [b], Reticulofenestra pseudoumbilicus Gartner [c] (CN), sample 41; | — Helicosphaera stalis Theodoridis (CN), sam-
ple 31; J — Umbilicosphaera rotula (Kamptner) Varol (CN), sample 15; K — Calcidiscus macintyrei (Bukry and Bramlette) Loeblich and
Tappan (CN), sample 33; L — Calcidiscus macintyrei (Bukry and Bramlette) Loeblich and Tappan (NL), sample33; M — Braarudosphaera
bigelowii (Gran and Braarud) Deflandre (CN), sample 15; N — Umbilicosphaera jafarii Muller (CN), sample 47; O — Calcidiscus pataecus
(Gartner) de Kaenel and Villa (CN), sample 53; P — Rhabdosphaera procera Martini (CN), sample 15; scale bar is 5 ym
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Elphidium angulatum Partial Range Zone — the body of
strata with Elphidium angulatum from the highest occurrence of
Hanzawaia crassiseptata to the lowest occurrence of
Anomalinoides dividens. The lower boundary of the zone cor-
responds with the level of disappearance of almost all
foraminiferal species from the Hanzawaia crassiseptata zone.
Common components of depauperate foraminiferal assem-
blages of the Elphidium angulatum PRZone, beside the zonal
marker, are Porosononion martkobi, Cycloforina predkarpatica,
and Quinqueloculina akneriana.

The zone is underlain by the Hanzawaia crassiseptata As-
semblage Zone and overlain by the Anomalinoides dividens In-
terval Zone. It occurs at a depth of 395.6-399.4 m in the
Babczyn 2 borehole and a depth of 365.75-368.85 m in the
Cieszanow 1 borehole, and its thickness is 3.8 mand 3.1 m, re-
spectively.

Anomalinoides dividens Interval Zone — the body of
strata from the lowest occurrence of Anomalinoides dividens to
the lowest occurrence of Cycloforina karreri ovata. ‘tucz-
kowska (1964) defined this zone as an assemblage zone with a
mass occurrence of A. dividens along with elphidiids and
hauerinids in its upper part. According to tuczkowska (1964,
1985) the assemblage with Anomalinoides dividens and some
other Sarmatian species appeared abruptly above the level of
extinction of foraminifers from the Hanzawaia crassiseptata
Zone reflecting shallowing and a decrease in salinity. Ths study
documented that the Anomalinoides dividens bioevent took
place some time after the extinction of Badenian foraminifers
because is separated by interval with depauparate assem-
blages composed of a few species of elphidiids and hauerinids
of the Elphidum angulatum PR Zone. This means that the base
of Anomalinoides dividens zone considered as an indicator of
the Badenian/Sarmatian boundary is not coeval with the upper
boundary of the Hanzawaia crassiseptata zone. Filipescu
(2004) and Krezsek and Filipescu (2005) interpreted a wide
geographical distribution of Anomalinoides dividens event in
the Paratethyan area as reflecting the transgression initiated
around the Badenian/Sarmatian boundary and suggested a
pseudo-planktonic mode of life for Anomalinoides dividens
(Filipescu, 2004).

The zone is underlain by the Elphidium angulatum Partial
Range Zone and overlain by the Cycloforina karreri ovata Inter-
val Zone. It occurs at a depth of 393.5-395.6 m in the Babczyn
2 borehole and a depth of 364.20-365.75 m in the Cieszandw 1
borehole, and its thickness is 2.1 m and 1.55 m, accordingly.

Cycloforina karreri ovata Interval Zone — the body of
strata from the lowest occurrence of Cycloforina karreri ovata to
the lowest occurrence of Varidentella sarmatica, containing
Cycloforina karreri ovata, Varidentella reussi, and Elphidium
echinum.

The zone is underlain by the Anomalinoides dividens Inter-
val Zone and overlain by the Varidentella sarmatica Interval
Zone. It occurs at a depth of 380.6—-393.5 m in the Babczyn 2
borehole and a depth of 354.25-364.20 m in the Cieszanow 1
borehole, and its thickness is 12.9 m and 9.95 m, respectively.

Varidentella sarmatica Interval Zone — the body of strata
between the lowest occurrence of Varidentella sarmatica and a
consistent occurrence of Elphidium hauerinum.

The zone is underlain by the Cycloforina karreri ovata Inter-
val Zone and overlain by the Elphidium hauerinum Abundance
Zone in the Babczyn 2 borehole (in the Cieszanéw 1 borehole
the top of the zone is the top of section studied). It occurs at a
depth of 370.4-380.6 m in the Babczyn 2 borehole and a depth
of 350.0-354.25 m in the Cieszanow 1 borehole, and its thick-
ness is 10.2 m and >4.25 m, accordingly.

Elphidium hauerinum Abundance Zone — the body of
strata with a common and consistent occurrence of Elphidium
hauerinum; the upper boundary of the zone is delimited by the
top of the section measured (depth 368.4 m), and the lower
boundary, at a depth of 370.4 m, is the Varidentella sarmatica
Interval Zone. The thickness of the zone is >2 m.

CALCAREOUS NANNOPLANKTON

Based on our analyses of the upper Badenian—lower
Sarmatian strata in the Babczyn 2 and Cieszanéw 1 boreholes
the following zones were distinguished: NN6 (Discoaster exilis
Zone), undivided NN6-NN7 (Discoaster exilis—Discoaster
kugleri zones) and NN7 (Discoaster kugleri Zone).

The lower part of the Babczyn 2 borehole was assigned into
the upper part of the NN6 Zone based on the occurrence of
Caldiscus leptoporus, Cd. macintyrei, Helicosphaera carteri,
Reticulofenestra pseudoumbilicus, Sphenolithus abies, Umbili-
cosphaera rotula, Cd. pataecus and Holodiscolithus
macroporus. The lower boundary of the NN6 Zone is defined by
Martini (1971) by the last occurrence of Sphenolithus
heteromorphus, and the upper one by the first occurrence of
Discoaster kugleri and/or the last occurrence of Cycli-
cargolithus floridanus. According to Martini (1971), the top part
of the NN6 zone is characterized by the low frequency of Cy.
floridanus, whereas Reticulofenestra pseudoumbilicus in-
creases in numbers. In samples studied the frequency of Cy.
floridanus is low (only single forms were found in a slide, or it is
absent). It occurs irregularly — not in every sample. The last oc-
currence of this long-ranging species varies with latitude and
should be used carefully for long-distance correlation. In mid-
and high latitudes, this species continued to the Late Miocene.
Therefore, it was difficult or even imposible to distinguish be-
tween autochthonous and redeposited specimens. In the all in-
vestigated samples Reticulofenestra pseudoumbilicus prevails
in abundance over Cy. floridanus which according to Galovic
(2019) could already indicate a Sarmatian age. Typical for the
NN6 Zone are bigger specimens of Reticulofenestra
pseudoumbilius (Fornaciari and Rio, 1996). Helicosphaera
walbersdorfensis, another stratigraphically important species,
in the Central Paratethys occurs in the NN5-NN7 zones,
whereas in the Eastern Paratethys till the NN9 Zone (Galovic
and Young, 2012). In the investigated part of the Babczyn 2
section H. walbersdorfensis occurs only in a one sample (sam-
ple 9). In the lower part of the Pecten beds Calcidiscus
pataecus was noted. According to Marunteanu (1999) the oc-
currence of this form suggests the Late Badenian NN6c
Subzone. In the Romanian part of the Paratethys the first occur-
rence of this species is mentioned at the end of Badenian but its
abundant appearance marks the beginning of the Sarmatian
(Galovi¢, 2017). In Austria the first occurrence of Cd. pataecus
represents the early Sarmatian (Schutz et al., 2007). The occur-
rence of Holodiscolithus macroporus (frequent in the lowermost
part of the section Babczyn 2) suggests an oligotrophic deeper
nearshore marine environment (Galovic, 2017). The composi-
tion of the identified assemblage resembles the assemblage
from the Pecten beds described by Gazdzicka (1994) from the
Tarnobrzeg area.

In the Cieszandéw 1 borehole its lowermost studied part (in-
terval 378.0-385.0 m; samples 5-15) representing the lower
part of the Pecten beds, is characterized by the occurrence of
Sphenolithus abies, S. moriformis and rare Umbilicosphaera
rotula which suggest more open marine environmental condi-
tions. This interval could be assigned to the upper Badenian
NNG6 Zone. The calcareous nannoplankton assemblage of the
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Pecten beds from Cieszanéw 1 borehole is poorer in compari-
son with the assemblage form Babczyn 2 borehole.

The part of the Babczyn 2 section located above the lower
part of the Pecten beds represents the undivided NN6-NN7
Zone. According to Cicha et al. (1998), the extent of the NN6
zone (upper Badenian—lower Sarmatian) does not allow to
mark the Badenian/Sarmatian boundary based solely on the
calcareous nannoplankton, and the two zones (NN6 and NN7)
were combined into one undivided zone (NNG6-NN7;
Andreyeva-Grigorovich and Savitskaya, 1996; Andreyeva-
Grigorovich et al., 1997, 2003, 2008). According to Young
(1998), the NN6-NN7 interval is characterized by the low spe-
cies diversity and taxa which occurred in the earlier assem-
blages are rare or disappear. Reticulofenestra pseudo-
umbilicus, Coccolithus pelagicus, Calcidiscus leptoporus,
Discoaster exilis, Helicosphaera carteri, Umbilicosphaera spe-
cies are characteristic for this interval. The usefulness of the
first occurrence of Discoaster kugleri as a zonal marker is prob-
lematic. In badly preserved material it is difficult to distinguish
D. kugleri from other similar, overgrown, destroyed discoasters.
Discoaster species, including species described as D. kugleri,
are never numerous in the Polish segment of Paratethys
(Gazdzicka, 1994; Wojcik and Jugowiec, 1998; Andreyeva-
Grigorovich et al.,, 2003; Garecka and Olszewska, 2011;
Garecka in: Studencka et al., 2017). The single specimen of
D. kugleriin the Pecten beds at Machow suggests, according to
Gazdzicka (1994), redeposition. According to Vass (1999) the
extreme rarity of D. kugleri refers to conditions under which ma-
rine nannoflora could not thrive. The identification of disco-
asters is problematic or even difficult because of the ease with
which they are damaged during transport and because of com-
mon calcite overgrowth (Peryt and Peryt, 1994; Baldi, 2006).
Discoasters are typical for warm open oceanic environments of
low tropical and subtropical areas. Among them are forms such
as Discoaster deflandrei, D. exilis and D. variabilis which are
more tolerant and occur in cooler waters (Chira and
Marunteanu, 1999). The scarce occurrence of discoaster spe-
cies suggests not only cooler waters but also coastal environ-
ments (Oszczypko-Clowes et al., 2012). Their distribution is
conditioned by palaesogeography. They are more common in
the Mediterranean than in the more isolated Paratethys. The
very rare occurrence of D. kugleri was mentioned by
Marunteanu (1999) from the lower part of Sipotel Formation of
the Subcarpathian Inner Zone (Romania), which contains a
poor calcareous nannoplankton assemblage of the NN7 Zone.
The nannoassemblage with D. kugeri, Discoaster deflandreli,
R. pseudoumbilicus, Triquetrorhabdulus rugosus, C. pelagicus,
Cd. leptoporus, H. carteriwas found in Romania (Dumitriu et al.,
2017, 2020). The CNM10 (Discoaster kugleri Total Range
Zone) of Backman et al. (2012), which corresponds to the low-
ermost part of Zone NN7 (Martini, 1971), is characterized by the
occurrence of D. kugleri. The interval of common and continu-
ous presence of D. kugleri has been observed in the tropical
Pacific, mid-latitude northern and tropical Atlantic, and in the
Mediterranean (Raffi et al., 1995; Backman and Rafii, 1997).
According to Svabenicka (2002) epicontinental marine sedi-
ments contain smaller sized and less numerous specimens in
comparison with sediments deposited under oceanic condi-
tions. Martini (1977) also drew attention to the small size of
some species while studying the Middle Miocene sediments of
the Korytnica basin (Holy Cross Mts.). The high number of rede-
posited nannofossils, high number of damaged elements of
coccoliths, scarce occurrence (or absence) of some species
(i.e. Miocene index species), mainly poor preservation suggest
a supply of terrigenous material into the basin and an unstable
shallow-water environment (Garecka and Olszewska, 2011).

The studied interval in the Babczyn 2 borehole which was as-
signed to the NN6-NN7 zones is characterized by a low diver-
sity calcareous nannoplankton assemblage, the absence of
D. kugleri, and very rare (single occurrences in slides) of Cy.
floridanus. R. pseudoumbilicus and C. pelagicus are the impor-
tant and main components of the nannoassociation. In the sam-
ples H. carteri, Calcidiscus leptoporus, Cd. macintyrei,
Sphenolithus species, Syracosphaera sp., Rhabdosphaera
sp., and Umbilicosphaera sp. also occur. The high number of
redeposited nannofossils (Cretaceous and Paleogene), high
number of damaged elements of coccoliths, scarce occurrence
(or absence) of some species (i.e. Miocene index species) and
mainly poor preservation characterize the samples from this in-
terval. In addition to calcareous nannoplankton fragments of
pyritized Bolboforma sp., Thoracosphaera sp., coccospheres
of C. pelagicus, Reticulofenestra pseudoumbilicus, Braarudo-
sphaera bigelowii and undistinguishable forms and ascidian
spicules were identified. The spicules produced by ascidians
can be found with calcareous nannoplankton species in the
same samples (Young, 1998; Varol, 2006). According to
Galovic (2017) ascidian spicules (Perforocalcinella fusiformis)
occur in the Sarmatian shallow near-shore regions of the Cro-
atian Basin. They preferred high nutrient areas and mixome-
sohaline conditions during the early Sarmatian (Galovi¢, 2014;
tukowiak et al., 2016). In investigated samples ascidian
spicules are badly preserved and they cannot be identified to
the species level. These are mainy damaged fragments only.
Bolboforma sp. also occur in the Middle Miocene assemblage
of the Carpathian Foredeep (Odrzywolska-Bienkowa, 1976;
Szczechura, 1997, 2000; Paruch-Kulczycka, 2003). These ma-
rine microfossils produced calcitic monocrystalline spheroidal
tests with or without inner cysts and with various types of orna-
mentation. Due to the preservation state of observed fragments
it was impossible to relate them to the previously-described
species or Bolboforma zones. Thoracosphaera species are the
common constituent of the marine nannoplankton (Inouye and
Pienaar, 1983) and they are placed in calcareous nanno-
plankton because of their size. These are solution resistant
forms which occur abundantly in marine surface oligo- and
eutrophic waters (Karwath et al., 2000; Gussone et al., 2010).
Their increasing abundance indicates, according to Agnini et al.
(2007), stressed environmental conditions in the photic zone. In
the investigated samples the presence of thoracospheres is not
related to the specific coccolith species or environmental condi-
tions.

In the Syndesmya beds of the Tarnobrzeg area Gazdzicka
(1994) observed an increase in numbers of B. bigelowii and
Thoracosphaera spp. In the Babczyn 2 borehole the species
B. bigelowii is present whereas Thoracosphaera spp. do not oc-
cur.

The interval of 368.5-377.0 m (samples 17-33) in the
Cieszanow 1 borehole represents the undivided NN6-NN7
Zone. Reticulofenestra pseudoumbilica, Coccolithus pelagicus,
Helicosphaera carteri and Braarudosphaera bigelowii are the
main component of the assemblage. The other forms, such as
Cyclicargolithus floridanus, Holodiscolithus macroporus, Pon-
tosphaera multipora, Umbilicosphaera rotula, Syracosphaera
sp., Sphenolithus moriformis, Sph. abies, Rhabdosphaera sp.
and Thoracosphaera species occur very rarely or are absent.
Ascidian spicules and calcareous dinoflagellata occur in this in-
terval. A huge amount of species reworked from the Creta-
ceous and sporadically Paleogene and fragments of damaged
coccolits were observed. D. kugleriis absent. Cy. floridanus oc-
curs as single specimens in only a few samples.

Based on the occurrence of Discoaster kugleri the upper-
most part of the Babczyn 2 section was assigned into the NN7
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Zone. The assemblage also contains Calcidiscus leptoporus
and Coccolithus pelagicus. In the Cieszandw 1 borehole the in-
terval of 351.0-368.5 m can represent the Sarmatian NN7
Zone. The assemblage is more impoverished in comparison to
the underlying assemblages. R. pseudoumbilicus and
C. pelagicus are the main components, but there are samples
in which R. pseudoumbilicus dominates over C. pelagicus and
vice versa, and intervals in which these species do not occur or
occur rarely (what otherwise was observed in the whole sec-
tion). According to Beaufort et al. (1990) fluctuations in abun-
dance between these two species could be explained by, or has
relationship with Milankovich periodicities. H. carteri occurs as
individuals only and C. floridanus occurs only as individuals in
two samples in this interval. In the uppermost part of this inter-
val Cd. leptoporus appears. According to Palcu et al. (2015) a
shift in dominance of nannofossil assemblages occurs in the
Badenian/Sarmatian boundary interval. In the Cieszanéw 1
borehole the decrease in abundance of C. pelagicus is ob-
served in the interval of 351.0-368.5 m. R. pseudoumbilicus
occurs more commonly owing to its opportunistic behaviour: as
a more tolerant species, during times of environmental stress it
is more successful than C. pelagicus.

DISCUSSION

Odrzywolska-Bienkowa (1972b) in a short communication
concluded that in the Babczyn borehole a 350 m thick complex
of mudstones occurs that represents entirely the Protelphidium
(= Porosononion) subgranosum zone. She reported rare Synde-
smya sp. and Limnocardium sp. and common otolites, fish
scales and vertebrae in the Babczyn borehole. She concluded
that as Elphidium hauerinum is lacking, the Sarmatian strata in
the Babczyn borehole are younger than previously recorded in
other Polish areas. There are two Babczyn boreholes: 1 and 2,
and regrettably, Odrzywolska-Bienkowa (1972b) did not give its
number, however, considering the borehole timing and coring it
seems that the Babczyn 1 borehole was studied by her. The
Babczyn 1 borehole (N50°14'01.76”, E23°12'38.75”) was
stopped on 10th October 1958 at a depth of 388.4 m, and it was
fully cored (Pawlowska and Kubica, 1958). Subsequently, on
the 20th of December 1958, drilling of the Babczyn 2 borehole
began and its coring started at a depth of 350 m (Pawtowska
and Kubica, 1960). It can be assumed that in the Babczyn 2
borehole the uncored part of the section represents the
Porosononion subgranosum zone, and the boundary with the
underlying Elphidium hauerinum zone is located somewhere be-
tween the depths of 350 and 368.4 m (the latter being the top of
the sampled section).

Sliwinski et al. (2012) assumed that the BSEE occurred
within the transitional interval between the Pecten beds and
Syndesmya beds, but at the same time they stressed the need
for further studies. Czapowski (1984: fig. 2) placed the
Badenian/Sarmatian boundary within the Syndesmya beds in
the section of the southern margin of the Holy Cross Mts.
Czapowski ~ (1984)  considered that the  Pecten
beds-Syndesmya beds boundary coincides with the boundary
between the Cibicides crassiseptatus (= Hanzawaia crassi-
septata) and Neobulimina longa zones. Czapowski (1994) later
concluded that in the area south of Tarnobrzeg (north-central
part of the Carpathian Foredeep) in the lower part of
Syndesmya beds foraminifers Hanzawaia crassiseptata
tuczkowska was frequently found, which documents its late
Badenian age, and higher in the section abundant Anoma-
linoides dividens tuczkowska as well as Quinqueloculina
sarmatica Karrer occurred, the index foraminifers for the lower

Sarmatian (tuczkowska, 1964). In addition, as pointed out by
Sliwinski et al. (2012), pectinids were recovered from deposits
in the lower portion of the Syndesmya beds in the Gwozdziec
P10 core examined by Czapowski (1994: fig. 5), indicating they
should therefore be grouped together with the Pecten beds and
assigned a latest Badenian age (cf. Kowalewski, 1966;
Osmolski, 1972; Rutkowski, 1976). However, the concept of the
position of Badenian/Sarmatian boundary within the Syn-
desmya beds (Czapowski and Gasiewicz, 1994) was then ap-
parently not supported (Czapowski in: Piwocki et al., 1996). A
different approach was proposed by Ggsiewicz et al. (2004)
who proposed that chemostratigraphical boundary between the
Badenian and Sarmatian is placed >10 m above the biostrati-
graphical boundary. This difference was interpreted by them as
due to the influence of ecological conditions eliminating the
Badenian assemblages earlier than the distinctive change in
geochemical record occurred.

tuczkowska (1985) concluded that in the marly-clayey fa-
cies of the northern Carpathian Foredeep the lithological
boundary between the Badenian and Sarmatian, clearly visible
in borehole setions due to a distinct change in colour of the rock
which is grey-green in typical Pecten beds of the upper
Badenian and light grey in the “Krakowiec clays” of the lower
Sarmatian, is in accordance with the lithological one. According
to her (Luczkowska, 1985), the upper Badenian assemblages
typical of a normal saline, marine environment “abruptly disap-
pear at the end of the Kosovian, showing no traces of regres-
sion or gradual deterioration. Above them, at a distance of a few
centimetres within the drill core, there appear equally abruptly
assemblages characteristic of shallow-water, near-shore condi-
tions of decreased salinity, which indicates a complete change
of environmental conditions. The assemblages contain abun-
dant species typical of the Sarmatian, such as Anomalinoides
dividens, Varidentella sarmatica, Articulina sarmatica, A. pro-
blema, Elphidium reginum, E. hauerinum, E. listeri”.

The occurrence pattern of foraminiferal taxa in the Babczyn
2 and Cieszandéw 1 boreholes (Figs. 2 and 3) strongly supports
the observations and conclusions of t.uczkowska (1985) about
the abrupt environmental change at the Badenian/Sarmatian
boundary (cf. Czepiec, 1996). However, our observations do
not support that the lithological boundary corresponds to the
biostratigraphical boundary, at least when foraminifers are con-
cerned. As shown in Figures 2 and 3, there are two potential op-
tions (which are discussed below) to assign the Badenian/
Sarmatian boundary based on the foraminiferal assemblages in
both boreholes studied but neither of them follows the earlier
designated one. In any case, in the Babczyn 2 borehole the
Badenian/Sarmatian boundary occurs within the Syndesmya
beds, and in the Cieszanéw 1 borehole it occurs either at the
base of the 35 cm thick unit of calcareous marls occurring at a
depth 368.5-368.85 m above the Pecten beds or in the lower
part of the Krakowiec clays, at a depth of ~362.5 m.

A consensus exists that at the Badenian-Sarmatian a major
change in the benthic and planktonic foraminiferal assem-
blages occurred (e.g., Hudackova et al., 2019).

Anomalinoides dividens is considered as an index taxon for
the regional biostratigraphy of the Paratethyan area, and the
Anomalinoides dividens Zone was introduced in order to trace
the boundary between Badenian and Sarmatian deposits (e.g.,
tuczkowska, 1964, 1967; Czepiec, 1996; Filipescu, 2004;
Dumitriu et al., 2017). In the Babczyn 2 and Cieszandw 1 bore-
hole sections Anomalinoides dividens appears, however,
3.1-3.8 m above the rapid environmental change expressed by
the replacement of stenohaline by euryhaline foraminifers.
Therefore, the Anomalinoides dividens zone is preceded by the
Elphidium angulatum Zone, which is the lowermost Sarmatian
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Fig. 9. Stratigraphic position of the Babczyn 2 section inferred from the present study and correlation of environmental history

International chronostratigraphic correlation and NN zones (Martini, 1971) after Hilgen et al. (2012), Central Paratethys stratigraphy after
Sant et al. (2017), age and duration of the BSC after de Leeuw et al. (2018); orange bed within the Pecten beds is a rhyolite tuff of
depositional age of 13.06 +0.11 Ma (Sliwinski et al., 2012)

biozone in the boreholes, and consequently the Badenian/
Sarmatian is placed several metres lower in the section com-
pared to the option when it is assumed to be identical with the
appearance of Anomalinoides dividens (Figs. 2, 3 and 9). Con-
sequently, the Syndesmya beds in the Babczyn 2 borehole rep-
resent the upper part of the Hanzawaia crassiseptata Zone,
Elphidium angulatum and Anomalinoides dividens zones and
the lower part of the Cycloforina karreri ovata Zone.

Sliwinski et al. (2012) assigned the boundary between the
Pecten and Syndesmya beds at the highest occurrence of well
preserved and identifiable pectinid shells, 6.0 m above the tuff
and maintained that the boundary interval between these beds
marks the beginning of the deterioration of normal marine con-
ditions within the basin. They further supposed that the disap-
pearance of pectinids is more or less coincident with the ap-
pearance of the endemic Anomalinoides dividens tuczkowska
(Sliwinski et al., 2012). Our data clearly indicate that it was not
the case. Consequently, the updated version of their Figure 2,
presenting the regional Paratethyan Badenian—Sarmatian stra-
tigraphy and events in the northern part of the Polish
Carpathian Foredeep basin, is shown in Figure 9.

Previous studies of calcareous nannoplankton of the
Pecten beds and the lower part of Krakowiec clays resulted in
contradictory interpretations. Gazdziecka (1994) concluded
that the Pecten beds and the Syndesmya beds of the

Tarnobrzeg area, are younger than the NN7 Zone, and the re-
corded single occurrence of Discoaster kugleri in the Pecten
beds which is diagnostic for the NN7 Zone was interpreted by
her as due to redeposition. The occurrence of Discoaster
calcaris and the absence of D. kugleri indicate the NN8 and
even NN9 Zones (Gazdzicka, 1994). This interpretation sug-
gested unequivocally that the Badenian/Sarmatian boundary
should be put below the Pecten beds. In turn, Jugowiec (in
Garecka and Jugowiec, 1999) assigned the Pecten beds and
the Krakowiec clays in the Kolbuszowa area (NW of Rzeszow)
to the NN5 Zone. In the Sokotéw—Smolarzyny area (north of
Rzeszow) the lower part of the Machéw Formation was as-
signed to the NN6 Zone and the upper part to the NN7 Zone
(Oszczypko-Clowes in: Krzywiec et al., 2008; Oszczypko-
Clowes et al., 2012). In the Sieniawa—Rudka area (between
Rzeszoéw and Lubaczéw) these sediments were assigned to
the undivided NN6-NN7 zones although the composition of the
calcareous nannoplankton assemblage may indicate the NN7
Zone (Lelek et al., 2016). Garecka and Olszewska (2011) con-
cluded that the Krakowiec beds in the Ksiezpol 10, 11, 12, and
Dzikéw 15 boreholes (NW of Lubaczéw) are characterized by
calcareous nannoplankton assemblages showing common re-
worked taxa and the damaged fragments of coccoliths
(Garecka and Olszewska, 2011), and belong to the uppermost
part of NN6 Zone and the NN7 Zone. The Krakowiec clays in
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the Przectaw brickyard near Debica (west of Rzeszéw) based
on the occurrence of D. kugleri were assigned into the NN7
Zone (the lower part) and the NN8 Zone based on the occur-
rence of Catinaster coalitus (the upper part) (Garecka in:
Studencka et al., 2017).

The occurrence of Discoaster kugleri in sample 57 of the
Babczyn 2 borehole indicates that this part of the section repre-
sents the NN7 Zone. The common occurrence of Calcidiscus
leptoporus is characteristic for NN7 Zone (Chira et al., 2000).
According to Bukry (1981), discoasters are the most solu-
tion-resistant group but they are damaged during transport. The
absence or rare occurrence of them in the assemblage reflects
not only the environmental conditions (trophy) but also temper-
ature and a distance form the shore. The underlying interval
(samples 23 till 55) represents the undivided NN6-NN7 zones.
The character of the assemblage in this interval changes in
comparison to the more normal marine assemblage typical of
the Pecten beds. The decrease of individuals and species di-
versity is probably a result of fluctuation in salinity (the occur-
rence of Braarudosphaera bigelowii suggests a drop in salinity
— Baldi-Beke, 1984; Chira, 2000; Bartol et al., 2008), more
nearshore environment (as suggested by common occurrence
of reworked and damaged coccoliths indicating an influx of
terrigenous material, the absence of more open marine speci-
mens such as Discoaster, Sphenolithus, Calcidiscus and
Umbilicosphaera), and change in water chemistry and/or tem-
perature. Discoaster kugleri is absent and Cyclicargolithus
floridanus occurs very rare or even is absent in some samples.
According to Galovic (2019) Reticulofenestra pseudoumbilicus
prevailing in abundance over Cyclicargolithus floridanus sug-
gests a Sarmatian age. The usefulness of some other species
(such as Cy. floridanus, Calcidiscus macintyrei, Coccolithus
miopelagicus, Cd. premacintyrei) as alternative species which
can mark the NN7 Zone is problematic because of their un-
specified first or last occurrences, diachronous occurrence, and
reworking.

In the Babczyn 2 borehole, the Syndesmya beds are char-
acterized by the increase in abundance of Braarudosphaera
bigelowii and very rare Helicosphaera, Calciosolenia murrayi,
Syracosphaera and Rhabdosphaera. This assemblage sug-
gest shallow, near shore environment. In sample 33 a frequent
occurrence of B. bigelowii and coccospheres of this species
were noted. These are mainly small pentaliths with sharp cor-
ners. According to Galovi¢ (2014), the Sarmatian is character-
ized by monofloral development of Reticulofenestra
pseudoumbilicus and ascidian spicules, and in the Babczyn 2
borehole ascidian spicules appear in the interval which corre-
sponds to the uppermost part of the Syndesmya beds. The
Badenian/Sarmatian boundary according to calcareous
nannoplankton observation can be placed above the
Syndesmya beds (above sample 33). Calcidsicus leptoporus
(and less common Cd. macintyrei) appear in the samples (often
in the upper part of the section), and occasional Umbilico-

sphaera jafarii occur. Common B. bigelowii suggests a fluctua-
tion in water salinity in this interval.

In the case of the Cieszanéw 1 borehole D. kugleri was not
recorded. The interval 378.0-368.5 m is characterized by the
occurrence of C. pelagicus, R. pseudoumbilicus, H. carteri and
less common B. bigelowii. In the overlying interval, H. carteri oc-
curs as individuals only and Cy. floridanus does not occur (be-
sides single occurrences in two samples). Very small
B. bigelowii species, Cd. leptoporus and mainly large forms of
R. pseudoumbilicus dominating over C. pelagicus, which de-
crease in abundance at the depths shallower than 368.5 m,
may suggest the NN7 Zone rather than the undivided NN6-NN7
zones.

CONCLUSIONS

The study of two biostratigraphically important microfossil
groups: foraminifers and calcareous nannoplankton in two
borehole sections located in the marginal NE part of the Polish
Carpathian Basin indicated that:

1. The upper Badenian strata represent the Neobulimina
longa Assemblage Zone and Hanzawaia crassiseptata
Assemblage Zone previously distinguished in the Cen-
tral Paratethys. Those strata belong to the NN6 and un-
divided NN6-NN7 calcareous nannoplankton zones.

2. Inthe Sarmatian strata the following foraminiferal zones
are distinguished: Elphidium angulatum Partial Range
Zone, Anomalinoides dividens Interval Zone,
Cycloforina karreri ovata Interval Zone, Varidentella
sarmatica Interval Zone and Elphidium hauerinum
Abundance Zone. Some zones have been previously
defined in the Polish Carpathian Foredeep although
their boundaries were not precisely defined until now.
The Sarmatian strata studied belong to the undivided
NN6-NN7 and NN7 zones.

3. The Badenian/Sarmatian boundary regarded as coeval
with a major change in the benthic and planktonic
foraminiferal assemblages, occurs within the Synde-
smya beds in the Babczyn 2 borehole and slightly below
the Krakowiec clays in the Cieszanéw 1 borehole.

4. The Anomalinoides dividens Interval Zone starts, in the
sections studied, 3.1. to 3.8 m above the Badenian/
Sarmatian boundary as defined by the replacement of
stenohaline by euryhaline foraminifers.
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