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Abstract: The presented multiproxy study sheds light on the intricate interplay between the biological and environmental
factors which shaped the middle Miocene landscapes of the Paratethys region. Moreover, they highlight the diverse and
dynamic nature of these ancient ecosystems. Here, we study the reasons for the predominance of nine miliolids in
the Badenian and Sarmatian sediments, validate systematic and morphogroup approaches using geochemical methods,
and finally reveal the bio stratigraphic potential of miliolid horizons during the Serravallian (late Badenian—Sarmatian).
Trace elements (Mg/Ca, Ba/Ca, Mn/Ca) from the MZ 102 borehole and isotopic (5'%0, §"*C) analyses from SVM I and
MZ 102 were measured. On the basis of the morphogroup division, an autecological comparison, and geochemical
analyses, three main (MG 1, 2, 3) and two small (SG 1, 2) miliolid groups representing distinct microhabitats were
characterised. Specific faunal communities (MG 1) document the environment of arborescent algae, such as Cutleria and
Fucus in detritus-rich water substrates, which can lead to suboxia or anoxia in muddy-sandy sediment layers. Other
associations (MG?2) correspond to shallow marine environments of hypo/hypersaline lagoons overgrown by short-
stemmed arborescent algae, such as Padina, Halopteris, and Pseudolithophyllum, as well as notable salinity fluctuations.
Host faunal communities (MG 3) inhabiting the inner shelf are characterized by motile epiphytic foraminifera on algae
and Posidonia rhizomes. The observable changes to the paleoenvironment can be characterized by fluctuations in salinity
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and the occasional depletion of oxygen at the bottom.
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Introduction

During the Cenozoic, the geodynamic development of the
Eastern Alpine and Western Carpathian highly influenced
the paleogeography of Eurasia. The subduction of the Euro-
pean platform during the Eocene/Oligocene boundary led to
the final disintegration of the Tethys Ocean (Baldi 1980;
Harzhauser et al. 2002; Harzhauser & Piller 2007; Kovac et al.
2017a,b). Along with the developing Mediterranean Sea,
the next stage of the disappearing Tethys Ocean was the
development of the numerous basins of Eurasian Paratethys
(Laskarev 1924) with periodic connections between them
(Steininger & Rogl 1984; Nevesskaja et al. 1993; Rogl 1998,
1999; II’ina 2000; Kovac 2000; Popov et al. 2004; Baldi 2006;
Harzhauser & Piller 2007; Piller et al. 2007; Kovac et al.
2017a). During the Neogene, the connection between these
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two, as well as among the individual basins of Paratethys,
became unstable. The periods when the Paratethys was isolated
resulted in the formation of endemic fauna and divided it into
the extensive Eastern Paratethys “Euxian—Caspian Region”
and the smaller parts of the Western (Alpine) and Central (Car-
pathian, Balkan) Paratethys (Sene$ 1961a,b; Popov et al.
2004; Baldi 2006; Piller et al. 2007; Gozhyk et al. 2015; Neu-
bauer et al. 2015; Kovac et al. 2017a,b). The Central Para-
tethys includes the Pannonian basin system and extends from
the foreland of the East Alpine Basin of lower Austria to Mol-
dova (Nevesskaja et al. 1993).

The study of planktic and benthic foraminifera in the sedi-
ments of the Central Paratethys has historically been very
important for the biostratigraphy (Luczkowska 1974; Cicha et
al. 1998; Andrejeva Grigorovic et al. 2001; Baldi 2006; Kovac
et al. 2007; Piller et al. 2007; Abdul Aziz et al. 2008; Holcova
2008; Galovi¢ & Young 2012; Hohenegger et al. 2014),
paleoceanography (Steininger et al. 1976; Rogl et al. 1978;
Rogl & Steininger 1983; Steininger & Rogl 1984; Rogl 1998;
Kovac et al. 2007; Piller et al. 2007; Palcu et al. 2015; Kovac
et al. 2017a,; Kranner et al. 2021a,b) and interpretation of
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the paleoenvironment of marine deposits (Kovac et al. 1997;
Kova¢ & Zlinska 1998; Hudackova et al. 2009, 2020;
Kovacova et al. 2009).

The miliolid foraminifera as taxa are well known for
their specific environmental requirements, living conditions,
varying limits of salinity tolerance, oxygen content of the sur-
rounding water, and the substrate in which they live (Hallock
1988a,b; Sen Gupta 2003; Murray 2006; Hohenegger 2011).
Their calcareous tests are composed of high-magnesium cal-
cite with typical rhomboid structure crystals of different sizes,
arranged in three layers (Parker 2017). Recently, DNA
extraction (Pawlowski et al. 2013) and wall ultrastructure
(Parker 2017) of miliolids were used for identification and
determination of species. A comparison of external features
of tests is used for taxonomy (Luczkowska 1964, 1974).
Associations of the Miliolida order are particularly prevalent
in lagoonal environments, marshes, and the inner shelf, where
they live as epifauna, infauna, or epiphytes, often in symbiotic
relationships with various types of endosymbionts (Hallock
1988a,b; Sen Gupta 2003; Murray 2006; Hohenegger 2011).
However, insufficient attention has been given to small milio-
lids with the exception of the works by Luczkowska (1972;
1974).

For the Neogene period (middle Miocene) of the Paratethys,
the sediments with a predominance of miliolids were analysed
in the Polish Carpathian Foredeep Basin (Luczkowska 1964,
1974; Dumitriuetal. 2017,2018,2020), the Eastern Carpathian
Foreland Basin in Romania, and the Republic of Moldova
(Moldavian platform; Dumitriu et al. 2017, 2018, 2020), as
well as in the Slovak basins, e.g., the Vienna Basin (Ciema
1974; Rohalova & Hash 2000; Koubova & Hudackova 2010;
Zlinska et al. 2010; Hudackova & Keblovska 2012; Babejova-
Kmecova et al. 2022), the Danube Basin (Kovac et al. 2008),
and in the East-Slovakian Basin (Hudackova et al. 2001). For
this study, we collected samples and data from several locali-
ties with horizons of predominance of miliolids “miliolid hori-
zons” (MH). Miliolids were found exclusively in a hypersaline
paleolake situated in the northern part of Central Anatolian
Plateau (Turkey; Mazzini et al. 2013; Babejova-Kmecova
2020).

The aim of this work is to study the middle Miocene sedi-
ments with a predominance of miliolids from various loca-
tions in the Paratethys. Our study attempts: (a) to determine
the reason for the predominance of miliolids in these sedi-
ments; (b) to compare systematic and/or morphogroup approach
results and prove their validity with results of geochemical
methods; (c) to reveal the biostratigraphic potential of miliolid
horizons, and (d) to interpret the paleoenvironmental condi-
tions during the Serravallian (late Badenian—Sarmatian).

Geological setting
The Vienna Basin (VB), which is located at the junction of

the Eastern Alps and the Western Carpathians, is a SW-NE
oriented Neogene basin. It is approximately 200 km long and
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50 km wide (Kovac et al. 2004), and its depth in the central
part reaches over 5500 m (Kilényi & Sefara 1989). It extends
over the territory of Austria, the southern part of Czech
Republic, and the western part of Slovak Republic. From the
Vienna Basin, we collected samples from several localities
(Fig. 1): Malacky gas storage cores MZ 102, MZ 93, and
MZ 34 located near the town of Malacky, Slovakia (Koubova
& Hudackova 2010; Zlinska et al. 2010; Babejova-Kmecova
et al. 2022); borehole core Rohoznik 112 from the Rohoznik—
Konopiska clay pit (Slovakia; Cierna 1974; Rohalova & Hash
2000), Suchohrad 63, drilled 4 km SW from the village of
Gbely (Hudackova et al. 2004), and from the cores Poddvorov
96 and Poddvorov 118, located near the village of Poddvorov
(Bojanovice) in the south of the Czech Republic.

The Danube Basin (DB) is located south of the Vienna Basin
(Fig. 1) and is separated from it by the Mal¢ Karpaty (Small
Carpathian Mountains). It represents the northernmost part of
the Pannonian Basin System, and it is situated partially in
Northwest Hungary and in Eastern Austria as well. From
the Danube Basin, we collected samples from borehole SVM I
located near the village of Tajna, as well as from the eastern
part of the Komjatice depression (Kovac et al. 2008) and the
borehole Ivanka 1 (Zahradnikova et al. 2013; Sarinova et al.
2018).

The Eastern Slovak Neogene Basin (ESNB; Fig. 1) is an
autonomous section of the Transcarpathian Basin. It is almost
90 km long and 40 km wide, ranging from the cities of
Kosice to Presov, located in Northeast Slovakia (Kovac et al.
1996; Barath et al. 1997; Kovac & Zlinska 1998; Vass 2002).
The studied samples were collected from the Albinov borehole
(core Albinov 4) located near the city of Trebisov (Hudackova
etal. 2001).

Data from the Carpathian Foredeep and the Moldavian plat-
form were taken from the published literature by Dumitriu et
al. (2017), in which a more detailed description is available
(Supplement).

For this study, we also used samples from sediments pre-
dominated by miliolids from the Turkish paleolake (the Tuglu
section; Cankiri Basin; Fig. 1), which is situated in the nor-
thern part of the Central Anatolian Plateau (Turkey; Mazzini et
al. 2013; Babejova-Kmecova 2020).

Vienna Basin

Borehole MZ 102 is situated west of the town of Malacky,
and the samples were collected from the Hrusky (Studienka
Mb.) and Holi¢ Formation cores: No. 6 (1051.6-1060.1 m),
No. 5 (1043.1-1051.6 m), No.4 (1034-1043.1 m), No. 3
(652.2-659.8 m), and core No. 2 (644—651 m). Badenian and
Sarmatian stages were identified (Fig.2) with Bulimina/
Bolivina Zone and the Porosononion granosum Zone with
associations of Articulina problema, Varidentella rotunda,
Porosononion granosum, and Ammonia spp. (Fig. 2). These
cores’ sediments primarily comprise well-sorted sandstones
within a matrix of fine-grained claystones ranging in colour
from bright to dark grey, occasionally containing coal
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Fig. 1. Localization map: A — The Central and part of the Eastern Paratethys during the middle Miocene (Kovac et al. 2017b); B — Central
Europe today; C — Central Anatolia (Mazzini et al. 2013); D — Geological map — Cankiri basin; with studied sections and their locations:
1, 2 and 3 — Malacky gas storage (boreholes MZ 102, MZ93 and MZ34); 4 — Suchohrad 63; 5 — Rohoznik 112; 6, 7 — Poddvorov 96 and
Poddvorov 118; 8 — SVM1; 9 — Ivanka I; 10 — Albinov 4; 11 — Jamnica M83; 12 — Machéw; 13 — Dornesti outcrop; 14 — Raddiuti core;
15 — Costesti section; 16 — Tuglu outcrop. Paleogeographic reconstructions of the Central Paratethys were taken from Kovac et al. (2017b).
Explanatory notes: (AF) Alpine Foredeep, (SB) Styrian Basin, (TCR) Transdanubian High, (NS) Nowy Sacz piggy-back Basin, (ESBN)
The East Slovakian Neogene Basin, (?) assumed short living sea connection.

deposits. A comprehensive sedimentological analysis has pre-
viously been published (Babejova-Kmecova et al. 2022).

The second borehole MZ93 is situated nearby, and the
Sarmatian stage (Holi¢ Formation) was determined (Koubova
& Hudackova 2010). The foraminifera were studied in cores
No. 5 (874-870 m), No. 4 (869—861 m), No. 3 (859-857.5 m)
and core No. 2 (630.5-623.5 m), which contain the benthic
index species Elphidium hauerinum, Anomalinoides dividens,
and associations of Sarmatian biozones, such as Ammonia,
Anomalinoides dividens, Elphidium reginum, and Porosononion
granosum. The cores embodied Ostracoda fragments and fish
bones. In the lowermost part, the sediments were defined as
grey fine clayey sands and grey-brown granulose sands. Core-
top sediments consist of clayey sands laminated with fine-
grained sands and coal layers (Koubova & Hudackova 2010).

The sediments examined from borehole MZ 34, which con-
cludes core No. 2 (1035-1031 m) and No. 1 (1031-1025 m),
were identified as Lower Sarmatian deposits (Holi¢ Formation)
with associations of the genera Articulina and Miliammina,
the species P. granosum, and the Elphidium reginum Zone.
The sediments comprise clays and bioturbated silts with sand
intercalations (Zlinska et al. 2010).

The borehole Suchohrad 63 was drilled at a total depth of
2018 m and the processed length, which was completely
cored, comes from the interval of 626.0-681.3 m (Hudackova
et al. 2004). Biostratigraphy was determined as Badenian
(Studienka Formation) to Sarmatian (Holi¢ and Skalica for-
mations) by the presence of foraminifera associations

(Quinqueloculina akneriana, Ammonia tepida, P. granosum,
E. hauerinum), calcareous nannoplankton, ostracods and pol-
len content. The sediments were predominantly clays, silts,
and sands (Hudackova et al. 2004).

The Rohoznik 112 borehole is located in the Rohoznik—
Konopiské locality and reaches depths of 30-100 m. When
examined, the Sarmatian strata of the Holi¢ Formation con-
tained the fauna of two zones: a Lower Sarmatian with
Elphidum reginum Zone (E. reginum, E. hauerinum, E. anto-
nium, E. fichtelianum) with various miliolids, mainly
Articulina spp. (Cierna 1974) with an abundant presence of
mollusc assemblages. The sediments contained clays and sand
with silts horizons (§vagrovsk}’/ 1971, 1981; Meszaro$ 1986;
Fuksi 2015).

The samples from the borehole Poddvorov 96 come from
one core No. 1 (1566.9-1558.9 m). Age was determined as
Badenian (Hrusky Formation) with the presence of Ammonia
inflata with keeled elphidiids and large symbiont bearing
miliolids, such as Peneroplis and Borelis. With the exception
of foraminifers, the sediments embodied fossil ostracods, frag-
ments of molluscs, echinoderms, spicules, and fish bones.
The upper part consists of loose, coarse-grained sand sedi-
ments with predominant quartz grains. Towards the base,
the sediments become finer with the presence of quartz, pyrite,
and plant coal. The Poddvorov 118 borehole with one core
N. 1 studied is equivalent to the Poddvorov 96 with the same
stratigraphic stage; however, foraminiferal associations con-
sist of Ammonia parkinsoniana, A. inflata, and small
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Fig. 2. Correlation chart: Standard chronostratigraphy and Paratethys stages/substages; created using Time Scale Creator (Gradstein et al. 2012;
red line modified after Raffi et al. 2020) with benthic foraminifera zonations.

miliolids, Cycloforina contorta and Varidentella latelacunata
and Haynesina sp. Study of the sediments revealed that they
also contained foraminifera ostracods and bivalves with light
grey, coarse-grained sandstones (Hudackova & Keblovska
2012).

Danube Basin

The borehole SVM 1 was drilled to a total depth of 211 m.
Foraminifera were studied in the interval of 182.5-71.6 m
with the Sarmatian/Pannonian age for the Vrable and Ivanka
formations. The studied Sarmatian samples embodied fora-
minifera of the Elphidium reginum Zone, a small miliolids
zone with ostracods and fish remains (Kovac et al. 2008).
The sedimentary record consists of green to greenish-brown
claystones, while towards the base, brownish-green laminated
claystones are present (Kovac et al. 2008).

The samples from the borehole Ivanka I (total depth 2390 m,
34 cores) were collected from cores with predominance of
miliolids: core No. 15 (2093-2090 m), No. 14 (2045-2040 m)
and No. 12 (1061-1056 m), all belonging to the Sarmatian
stage (Vrable Formation) and supported by the presence of
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E. hauerinum and Bolivina sarmatica (Sarinové et al. 2018).
Apart from miliolids (dominated by Miliolinella subrotunda),
Ammonia tepida, A. parkinsoniana, Elphidium spp., Nonion
spp., Bolivina spp., and P. granosum are present. The sedi-
ments are dominated by mudstones and sandstones with fish
remains, coal, and organic matter (Zahradnikova et al. 2013;
Sarinova et al. 2018).

East Slovakian Basin

The borehole A/binov 4 samples were collected from the
cores in intervals of 650—453 m (core No. 6, 5 and 4) and of
105-100 m (core No. 2) with sediments determined as upper
Badenian to Sarmatian from the Kl¢ovo and Stretava forma-
tions (Hudackova et al. 2001). The foraminiferal associations
are composed of small miliolids (Quinqueloculina buchiana,
Quinqueloculina hauerina, Quinqueloculina bogdanowiczi,
Quinqueloculina akneriana) accompanied by Elphidiella arti-
flex, Elphidium joukovi, Elphidium macellum, and Ammonia
viennensis. Lithology is predominantly calcareous sandstones
and mudstones, with volcanic glass fibres known as Pelea’s
hair (Hudackova et al. 2001).
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Polish Carpathian Foredeep Basin

Boreholes Jamnica M 83 and Machow (depth 0—75 m) chro-
nostratigraphically range from upper Badenian to Sarmatian
stages (Machow Formation). Foraminiferal assemblages are
represented by species Globigerina bulloides, Uvigerina
semiornata, Anomalinoides dividens, and numerous miliolid
foraminiferal associations: Jamnica M 83 consists of abundant
occurrence of Articularia articulinoides, Pseudotriloculina
consobrina, and Triloculina inflata; in the Machow formation:
Spirosigmoilina tenuis, Varidentella reussi, Q. akneriana
(Dumitriu et al. 2017). The sediments are characterized by
clays and mudstones.

Eastern Carpathian Foredeep Basin

The sediments of the Radauti core section (depth 250 m),
the Dornesti outcrop (depth from 380-355 m) of the Lespezi
Formation, and the Costesti section (132—115m) of the
Darabani—Mitoc Clays and Stanca Limestone Formations,
were all identified as lower Sarmatian (Dumitriu et al. 2017).
In the Rdadauti core section, numerous foraminiferal species
were identified, dominated by elphidia, ammonia, and various
species of miliolids: Cycloforina cristata, Cycloforina pred-
carpatica, Cycloforina karreri ovata, Cycloforina karreri
karreri, C. predcarpatica and C. fluviata, Varidentella pseudo-
costata, V. rotunda, and Q. akneriana (Dumitriu et al. 2017).
The samples from the Dornesti outcrop contained the species
Lobatula lobatula and L. elphidia, as well as the miliolids
Articularia karreriella, C. karreri ovata, C. karreri karreri,
and C. predcarpatica. The Costesti section samples yielded
foraminiferal associations of small miliolids, such as P. con-
sobrina, P. consobrina nitens, A. problema, A. articulinoides
etc., and hyaline forms, such as Porosononion subgranosus,
P. martkobi, and Fissurina cubanica. Sediments are repre-
sented by clays with fine intercalations of sand, sandstones,
and coal (Dumitriu et al. 2017).

The samples that come from Central Anatolia (7uglu sec-
tion, depth 0-10 m) were determined as Sarmatian, Tuglu
Formation (Mazzini et al. 2013). Identified foraminifera asso-
ciations were abundant, but with low species diversity, con-
sisting only of miliolids, such as Q. akneriana, Miliolinella
banatiana, M. subrotunda, and M. suborbicularis (Babejova-
Kmecova 2020). Fossil records included nannoplankton,
ostracods, molluscs, and small mammal assemblages.
Sediments are predominantly composed of dark grey silts
located in between two layers of sandstones with rich organic
compound (Mazzini et al. 2013).

Material and methods

Laboratory work

Laboratory work involved drying the separated samples
(100 g of each sample), dilution by 5 % hydrogen peroxide,
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and wet screening of the rock material with wire screens
between 0.071-1 mm and more. When possible, 250 indivi-
duals of benthic foraminifera were picked out of the residua.
Foraminifera were separated under the stereo microscope
ZEISS Stemi 508 and then observed and documented (Fig. 3)
using the electron scanning microscope QUANTA FEG 250.
Collected individuals were determined into taxonomic catego-
ries according to Cicha et al. (1998), Luczkowska (1972,
1974), and Maisuradze (1971), which are explicitly focused
on miliolid rich sediments. The sedimentary material from the
Slovak localities is stored at the Department of Geology and
Palaeontology at Comenius University in Bratislava.

Statistical methods

Statistical analyses were used to identify and evaluate
factors that influence the diversity and distribution of forami-
nifera in time and space (species-diversity of benthic forami-
nifera evaluated by the Fisher alpha and Shannon_H indices,
principal component analysis (PCA), the Ammonia—Elphidium
index, Taxa S, Dominance D, element/Ca measurements,
and 8"0 and 8'"°C analyses; Figs. 4-9). The calculations for
this study specifically targeted samples containing miliolid
species (MH) and comprising 15 % or more of the total com-
position. Statistical data were analysed using the statistical
program R (R Development Core Team 2016), PAST —
Paleontological Statistics version 4.10 (Hammer et al. 2001)
and Microsoft Excel (Microsoft Corporation 2018).
Foraminifera shells were divided into the morphogroups
EP-A+B, EP-C and EP-D (Langer 1993) and according to
their ecological preferences (Murray 2006; Supplement).
Information regarding the ecological requirements of miliolid
foraminifera (Table 1) was derived from the studies of
Luczkowska (1972, 1974); Steineck & Bergstein (1979);
Hallock (1988a,b); Kaiho (1991, 1999); Langer (1993);
Murray (1991, 2006); Hohenegger (2011); Dubicka et al.
(2015); Dumitriu et al. (2017, 2018).

LA-ICP-MS method

The composition of trace elements in foraminifera calcite
(Mg/Ca, Ba/Ca, Mn/Ca) was measured in the most abundant
miliolid species: A. problema, V. rotunda, P. consobrina,
M. subrotunda, Siphonaperta lucida, and one hyaline species,
P. granosum, from the MZ 102 borehole. Mg/Ca composition
was calculated in mol.mol™', Ba/Ca, and Mn/Ca ratios; com-
position was calculated in mmol.mol™'. Ratios were deter-
mined by LA-ICP-MS at the Mining and Geological Survey
of Hungary, Budapest. The analyses were performed using
a New Wave UP213 Nd:YAG laser ablation system attached
to a Perkin Elmer Elan DRCII type quadrupole ICP-MS.
The ablated aerosol was delivered to the mass spectrometer by
He gas (0.9 1/min mixed with Ar gas (0.8 /min). Frequency,
spot size, and laser energy were carefully chosen to get the
longest and the largest signal from the foraminifera, 5 Hz,
80 um, and 7.2-7.6 J/cm? respectively. The analyses of 'Li,
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Fig. 3. SEM photographs of foraminifera species found in MZ 102. A — Miliolinella subrotunda (depth 647.8 m); B — Pseudotriloculina
consobrina (depth 654.5 m); C — Quinqueloculina seminulum (depth 648.35 m), D, E — Articulina problema (depth 648 m);
F — Varidentella rotunda (depth 647.8 m); G, H — Porosononion granosum (depth 649.2 m); I — Articularia articulinoides (depth 647.8 m);

J — wall detail of 4. problema (depth 648 m).

23Na, 25Mg, ZGMg, 2‘)Si, 43Ca, SSMI‘I, 63Cu, 64Zn, “5Cu, 6ﬁzn’ SXSr,
13Ba, 'Ba, and '**Ba (with 10 ms dwell time) were measured.
We tested the reference materials of MACS3, NIST612,
and 610. NIST610 was proven to be the most stable as an
external standard, while 40 % of CaO was chosen for internal
standard. BCR-2G was periodically analysed as unknown in
order to check for the quality of analyses. The external stan-
dards MACS3 and NIST610 and control material BCR-2G
were measured after every 8—19 spots. The evaluation of
data was done by the software Sills (ETH Ziirich) and the
results are in mol/mol and pmol/mol ratios with reference to
Ca. REE concentrations were normalized to 40 % of CaO.
While resolving the method for LA-ICP-MS analyses, we
tried single shells on blue tech, buried in epoxy and glued
on the glass. The shells in epoxy worked extremely well,
especially the signal, which was long enough to evaluate.
The blue tech and glass contaminated the signals derived from
the foraminiferal shells. All of the LA-ICP-MS measurements
were averaged (Species/Samples) and added to the graphs.
The AES-ICP measurements were all performed from the
entire bulk of samples, and the values were also added to
the graph.

Stable isotopes

For purposes of geochemical isotope §'%0 and 8'°C analy-
ses, the sedimentary material from $VM 1/173—173.2 m and
MZ102/646.1-649.2 m was selected and carefully sampled.
We selected approximately ten individuals from each sample
of SVM1 (Bolivina variabilis, A. viennensis) and around
fifty individuals from MZ102 (A. problema, P. granosum,
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V. rotunda, P. consobrina, M. subrotunda, S. lucida) due to
the presence of smaller individuals. These individuals were
observed under the SEM (scanning electron microscope
Hitashi Quanta FEG 250, SAS SR) for its preservation state.
The state of preservation was evaluated for each individual
foraminifera test, based on the character of the inner wall
structure. Analyses of stable isotopes of carbon and oxygen
were performed on multiple individuals from each species
in order to capture the variability of isotopic values. Isotope
analyses were carried out at the Earth Science Institute of
the Slovak Academy of Sciences laboratories in Banska
Bystrica (Slovakia) and at the Department of Geosciences,
University of Padua (Padua, Italy). Analyses were performed
on a MAT 253 and Delta V Advantage gas isotope ratio mass
spectrometers (Thermo Scientific) coupled with a Kiel IV
(Thermo Scientific) automatic preparation line, where the car-
bonates were digested in H;PO, at 70 °C in a vacuum follo-
wing the method of McCrea (1950). CO, discharge was
cryogenically purified and introduced to a dual inlet system
of the mass spectrometer for further isotope measurements.
Internal standard deviations in samples from SVM I for §C
are 0.018 %o min. and 0.193 %o max.; for §'%0, it is 0.02 %o
min. and 0.24 %0 max. For samples from MZ 102, internal
standard deviations were: for 8°C are 0.01 %o min. and
0.10 %o max.; for 80, it is 0.03 %o min. and 0.10 %o max.
International reference material NBS18 was used to verify
the accuracy of outcome delta values with all values relative
to VPDB. Reported isotope values are stated as §"C and
30 vs. VPDB. For our study, we used an equation based
on the oxygen isotope paleothermometry studies of Urey
(1947) and Epstein et al. (1953). Urey (1947) predicted that
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Table 1: Ecological requirements of miliolid foraminifera present in our study, derived from Luczkowska (1972, 1974), Steineck & Bergstein
(1979), Hallock (1988a,b), Kaiho (1991, 1999), Langer (1993), Murray (1991, 2006), Hohenegger (2011), Dubicka et al. (2015), Dumitriu et

al. (2017, 2018).

Genus Mode of life Substrate T (°C) Salinity (%o) Depth/ Environment Bottom O2
Affinetrina eplf‘éilglg;'l&:sl}g)hyte - cold/warm hypersaline inner shelf -
Articularia epifaunal - - - -
Articulina epifaunal, facultative free th;a:ili’rﬁ%‘tidy >20 marine—hypersaline inner shelf, bathyal -

algal—coated

Borelis epifauna, facultative free  substrates, hard 18-26 normal marine 5-65 m; lagoon—reef —

sediment
Cycloforina epifaunal - warm marine—hypersaline inner shelf -
Miliammina infaunal —epifaunal, free mud, silt 0-30 0-50 brakish_—uhp};)%errls)zltiﬁl}?aﬁnarshes
Miliolina epifaunal sand warm tropical braki;llzli;irﬁgrmal high-energy environment oxic
epifaunal, free, epiphyte 1 .
T A plants and hard . » 0-100 m, hypersaline lagoons _
Miliolinella * 0%55;22}5&2 g;gfls)um > substrates 10-30 32-50 and marshes, inner shelf
epifaunal, epiphytes
Peneroplis/ (Dasycladus, Halopteris,  plants and hard . - - B
Dendritina Pseudolitophyllum, substrates 18-27 3553 lagoons, inner shelf
Posidonia)
Pseudotriloculina eplfaur(l]z;,ogrl%%nigiphytes ml;’(grslztisnd, warm marine—hypersaline inner shelf -
T T epifauna, free, epiphytes plants or . 32-65, hypersaline lagoons, marine : :
Quinqueloculina (Posidonia, Ectocarpus) sediment cold-warm marine—hypersaline shelf, rarely bathyal oxic/suboxic
Sigmoilinita epifauna - mid shelf—bathyal oxic
Spiroloculina epifaunal, free, epiphyte Sed;ﬂrel?st or warm marine—hypersaline  0—40 m, lagoons, inner shelf

) ) ) ) d. sand 30-559 mainly hypersaline lagoons or )

Triloculina epifaunal, free, epiphyte mud, > cold—warm . : marine inner shelf, some oxic
plants marine—hypersaline bathyal species (cold)
Varidentella epifaunal - - shelf -

the oxygen isotope ratio varies as a function of temperature.
The equation used in this study was adapted from the modified
version of Shackleton (1974) and Kovacova & Hudackova
(2009) for the calculation of bottom and surface water
temperature:

T=16.9-4.38 (3%0,~5"0,)+0.10 (3!°0,~5'50, )?

where T is the paleotemperature (°C), 80, is 8'%0 of the
carbonate incorporated in tests, and 8'%0, is the isotopic com-
position of seawater, in which the tests were precipitated in.
The value of 80, is used based on the study of Harzhauser
& Piller (2007).

Results
Taxonomy & morphogroups
Species diversity
The Fisher alpha and Shannon H indices ratio evaluation
showed species diversity in all localities (>15 % miliolids).
The samples fell into three main groups and one overlapping

group, while 11 samples fell outside of these fields (Fig. 4).
The first group (A) represents the values of the Shannon H

indices from 0.87 to 2.39 and from 1.39 to 5 of the Fisher
alpha index. The group contains samples predominantly from
Poddvorov 96 (P96/5, P96/10, P96/1, P96/12, P96/14, P96/16,
P96/2, P96/4, P96/7, P96/9), MZ 102 (MZ102/10, MZ102/2,
MZ102/23, MZ102/28, MZ102/3, MZ102/4, MZ102/8,
MZ102/9), Machow (M/13, M/15, M/16, M/17, M/20,
M/25, M/29), and Jamnica M 83 (J/12, J/13, /2, 1/6, 1/7, 1/8).
A second group (B) included values of the Shannon_H indices
from 0.3 to 2.47 and from 0.32 to 5.69 of the Fisher alpha
index. This group consists of samples predominantly from
MZ102 (MZ102/1, MZ102/11, MZ102/24, MZ102/25,
MZ102/27, MZ102/6, MZ102/7), Tuglu (TU/1, TU/2, TU/3,
TU/5, TU/7, TU/S), Costesti (C/10, C/12, C/14, C/17, C/19)
SVM1 (S/1, S/2, S/3, S/4), and MZ34 (MZ34/1, MZ34/2,
MZ34/8, MZ34/9). The third group (C), with values of the
Shannon_H indices from 2 to 2.91 and the Fisher alpha index
from 5.38 to 8.27, consists of samples predominantly from the
Machow location (M/18, M/27, M/31) and Jamnica 83 (J/9,
/11, J/14).

Principal component analysis
The principal component analysis plot illustrates the cor-

relation between the foraminifera morphogroups (Supple-
ment) grouped according to their dependence on variables
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expressing ecological factors (Fig. 5). The first two axes (PC 1
and PC 2) explain 75.65 % variation of the data, which distin-
guish three major groups (MG1, 2, 3) and two minor ones
(SG1, 2) that fall into different ordination space. The first
major group contains mainly samples from Poddvorov 96
(P96/10, P96/11, P96/16, P96/5, P96/7, P96/8, P96/9), MZ 102
(MZ102/10, MZ102/24, MZ102/26, MZ102/27, MZ102/28),
and Suchohrad 63 (SH/1, SH/6) on the X axis reaching nega-
tive values from —2.47 to —1.3 and on the Y axis from —0.72 to

BABEJOVA-KMECOVA, HUDACKOVA, KIRALY, BALDI, PRETO, BIELICH and GOLEJ

a positive value of 0.16. The second major group contains
samples predominantly from Poddvorov 96 (P96/1, P96/12,
P96/13, P96/14, P96/2, P96/3, P96/4), Radauti (R/23, R/4,
R/6), Rohoznik 112 (RV/7, RV/9), and Machow (M/18, M/19,
M/20, M/23) with X negative values from —0.97 to positive
0.26 and on the Y axis from —0.59 to positive 0.18. The third
major group composes of samples generally from the follo-
wing localities: Tuglu (TU/1, TU/2, TU/3, TU/4, TU/S, TU/7,
TU/B), MZ102 (MZ102/1, MZ102/2, MZ102/25, MZ102/3,
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GEOLOGICA CARPATHICA, 2024, 75, 4, 279-299



SERRAVALLIAN MILIOLID-RICH ASSEMBLAGES IN PARATETHYS

MZ102/4,MZ102/6,MZ102/7, MZ102/8, MZ102/9), Jamnica
M83 (J/11, J/12, J/13, J/14, 1/2, J/4, /7, J/9), and Costesti
(C/10, C/11, C/12, C/13, C/14, C/17, C/19) with values on
the X axis reaching from 0.45 to 1.89 and on the Y axis from
—0.39 to 1.52. The small group in the range of values on the
X axis from —1.6 to —0.4 and the Y axis from 1.1 to 1.9 is
represented by samples from Machow (M/24, M/25, M/31),
Ivanka 1 (IV/3), and Jamnica M 83 (J/8). The second small
group is interpreted with the samples from Machow (M/4,
M/8, M/13), with X values from —0.6 to —0.1 and Y values
from 4.9 to 5.9. The samples with different biostratigraphic
ranking were evaluated — none of the groups showed biostrati-
graphic relevance (Figs. 5, 6).

Dominance & MH “Miliolid horizons”

The MHs were found in four Badenian levels (Poddvorov
96, 118 in three depth intervals), while in Machow, in one
horizon (73 m; Table 2). These horizons contain large miliolid
foraminifera, such as Borelis, Peneroplis, Q. akneriana, and
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Triloculina gibba (Table 2; Supplement). In the Sarmatian
sediments, 31 MHs were identified (Supplement) with the
presence of small miliolids: Pseudotriloculina, Quinque-
loculina, Miliammina, Articulina, and Articularia (Table 2;
Supplement). MH found in MZ102: the cores n. 4 and 2
in depth intervals of 1035.5-1034.6 m and 649.2-646.2 m
the most abundant species being: A. problema, V. rotunda,
P. consobrina, S. lucida, A. articulinoides, M. subrotunda, and
Quinqueloculina seminulum; as well as the hyaline genera:
Porosononion and Cribroelphidium (Fig. 3). The complete list
of MH species and depth intervals from our study can be found
in Table 2 (and the Supplement).

Ecological group dominance from MZ 102 and SVM 1

The evaluated results (Fig. 7a,b) show change in salinity
and oxic/dysoxic conditions in two stages. The first stage is
visible in the depth ranges from 1059.8 to 1041.6 m and from
659.4t0 648.3 min MZ102, and in SVM I in 182.6 to 173 and
120.5 m, with dominance of brackish/marine, marine, and
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Fig. 6. The figure illustrates the position of MH within the studied wells, indicating their stratigraphic levels and the formations in which they
are identified. The correlation of borehole logs represents the best possible approximation. The upper and lower depths of the boreholes and
outcrops are shown in metres, along with a potential boundary between geological periods. The thickness of each rectangle reflects the relative
thickness of the formation, while the colours, as per the legend, indicate the ecological group of the association (refer to Fig. 5) created using
the Time Scale Creator (Gradstein et al. 2012; red line modified after Raffi et al. 2020).
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Table 2: List of MH, species, and depth intervals from our study. Explanatory notes: (B) Badenian, (S) Sarmatian.

Locality ‘ Depth intervals (m) ‘ Biostratigraphy | Miliolid species ‘ Other taxa
Vienna Basin
Articulina problema, Varidentella rotunda,
MZ 102 1035.5-1034.6 S Pseudotriloculina consobrina, Siphonaperta lucida, Porosononion sp.,
649.20-646.20 Articularia articulinoides, Miliolinella subrotunda, Cribroelphidium sp.
Quinqueloculina seminulum
858.80-838.75 Affinetrina voloshinovae, P. consobrina, Miliolinella Porosononion granosum
MZ93 624.57-624.55 S e | » £ consooring, Mitioine y Lonion granosum,
624.50-624.40 circularis mmonia viennensis
~1035-1031 " . . . Porosononion gr. granosum,
MZ34 ~1028-1025 S Miliammina sp., M. circularis, V. rotunda Cribroelphidium excavatum
680.60-680.55
Suchohrad 63 661.56-661.52 S Quinqueloculina sp. Porosononion gr. granosum
637.70-637.50
Rohoznik 112 ~75-50 m S Varidentella reussi, P. consobrina, A. problema E. hauerinum
Borelis melo, Borelis sp., Triloculina gibba, Ammonia inflata, Elphidium
Poddvorov 96 Quinqueloculina aglutinans, Cycloforina badenensis, | rugosum, Ammonia
%gggggjggg%g B C. contorta, Peneroplis sp. , broken miliolid shells parkinsoniana
1560.65-1558.65 A. parkinsoniana, Haynesina sp.,
Poddvorov 118 C. contorta, Varidentella latelacunata Ammonia inflata, Ammonia
tepida
Danube Basin
P. granosum, Ammonia indet.,
& V. rotunda, Quinqueloculina akneriana, A. Bolivina variabilis,
SYM1 159.50-114.10 S articulinoides, Articulina sarmatica Saccammina sp., Elphidium
glabrum, Elphidium macellum
Ivanka 1 20913(;62(? 00 S M. subrotunda E. macellum
East Slovakian Neogene Basin
656.30-656
. 553.2-553 Adelosina ex gr. schreibersiana, Valvulineria e
Albinov 4 446.6-446.3 S akneriana, V. reussi, V. rotunda A. viennensis
~105
Polish Carpathian Foredeep Basin
P. consobrina, Triloculina pseudoinflata, Affinetrina
220-214 ukrainica, Q. akneriana, Cycloforina karreri ovata, Bolivina moldavica,
Jamnica M83 202-182 S Cycloforina karreri karreri, Quinqueloculina B. sarmatica, Anomalinoides
180173 minakovae ukrainica, A. karreriella, A. articulinoides, | dividens, E. hauerinum,
~55 V. reussi, V. rotunda, Q. akneriana, M. subrotunda, E. macellum, Elphidiella serena
Miliolinella selene
577_343 Sigmoilinita tenuis, Q. akneriana, V. reussi, A. dividens, E. hauerinum,
Machow 37-30 B, S P. consobrina, V. rotunda, A. articulinoides, Elphidiella serena, E. macellum,
10 Cycloforina fluviata, C. karreri ovata Bolivina moldavica
Eastern Carpathian Foreland Basin
200-180 Ammonia beccarii, E. reginum,
Radauti 77— 46 S C. cristata, Q. akneriana, V. rotunda, C. karreri ovata | L. lobatula, Elphidiella serena,
E. macellum
. . C. karreri ovata, Articularia karreriella, Cycloforina | Elphidium subumbilicatum,
Dornesti 380-374 8 predcarpatica, C. karreri karreri Elphidiella serena
Costesti 125-120 S P. consobrina, A. articulinoides, Articulina sp., Ig'subgrant,)sgs, P m;z:r [.kObi’
ostestt 118-115 P. consobrina nitens, A. problema, Quinqueloculina sp. Flsst;rma cubanmica, . 15d,
" mironovi
Central Anatolia
Q. akneriana, Miliolinella banatiana, M. subrotunda,
Tuglu whole section S M. suborbicularis, Q. guriana, Trisegmentina sp., —
Spiroloculina sp., V. reussi

marine/hypersaline with species that prefer living in oxic/
suboxic, suboxic, and dysoxic conditions. The second stage
is visible in the depth ranges from 1035.8 to 1034.6 m and
also from 648 to 641.2 m in MZ 102, and in 168 to 142.1 m in
SVM I with predominance of marine/hypersaline to hypersa-
line preferred by foraminiferal species that live in oxic, oxic/
suboxic to suboxic conditions, mainly miliolids. The IAE
index value ranges from 0—-100 in the interval 648.3—646.1 m
and also with the highest values (100) in 1048.8—-1041.6 m;
656.9-652.4 m and 655 m in MZ102 and in SVM I in 178.3—
173.2 m.
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Geochemical results

The composition of Mn/Ca had a minimum value of
2.87 mmol.mol ! in the depth of 647.8 m of P. consobrina
(Fig. 7a,b,c). The highest value of Mn/Ca was found in
S. lucida at 648.3 metres deep with 61.66 mmol.mol .
The composition of Mg/Ca in the samples of MZ 102 ranged
from a minimum of 0.19 mol.mol ' in the depth of 648.3 m in
P. granosum to a maximum of 10.91 mol.mol ' in 4. problema
in the depth of 646.2 m. Ba/Ca ranges from 0.19 mmol.mol !
in P. granosum in the depth of 648.3 m, to the highest value of
2.42 mmol.mol ! found in the 4. problema.
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Fig. 7. Stacked area charts showing changes in oxic/dysoxic with the IAE index and salinity conditions in MZ 102 (A) and SVM I (B).

Isotopic compositions in MZ 102 of miliolid species for
A. problema of 8"C varies from 0.97 to 1.30 %o and §'*O
varies from 1.51 to 2.86 %o (Table 3). V. rotunda 83C compo-
sition reached values from 1.15 to 1.28 %o, while §'*0 reached
values from 0.38 to 0.79 %o. For M. subrotunda and S. lucida,
8'3C reached 1.28 %o and 0.67 %o, and &'%0 values reached
3.12 %o and 1.52 %o. For the last miliolid species P. conso-
brina, 8"*C varies from —0.36 to 2.94 %o, and §'*0O from 0.43
to 2.56 %o. The hyaline species of P. granosum located at the
base of the analysed MH reached §"°C from —2.60 to —2.28 %o,
and 80 from —0.52 to —0.39 %o. For SVM 1, B. variabilis,
the isotopic result of §'3C varies from —1.23 to 0.41 %o, while
880 varies from —0.10 to 3.06 %o. For 4. viennensis, the value
of 8"3C varies from —1.44 to 1.20 %o, and the value of §'°0
varies from —2.55 to —1.25 %o. Comparison of oxygen isotope

and carbon isotope variations of foraminifera from MZ102
and SVM I are shown in (Fig. 8). Averaged Mg/Ca composi-
tions of all foraminifera shells (miliolids and hyaline) were
correlated with the 8'%0 values from MZ 102 (Fig. 9). Tem-
perature results vary from 13.36 to 30.03 °C in MZ 102 and
from 5.57 t0 30.26 °C in SVM I (Table 3).

Discussion

Biostratigraphy was established based on the studies (Cierna
1974; Rohalova & Hash 2000; Hudackova et al. 2001, 2004;
Kovac et al. 2008; Koubova & Hudackova 2010; Zlinska et al.
2010; Mazzini et al. 2013; Zahradnikova et al. 2013; Dumitriu
et al. 2017; Sarinova et al. 2018; Babejova-Kmecova 2020;
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Table 3: List of species from MZ102 and SVM I and their values of stable
isotope analyses (8'*0, 8'*C) with temperature in °C calculated according to

Shackleton (1974) and Kovacova & Hudackova (2009).
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for example, is considered sensitive to the increase
of organic matter enrichment (Dimiza et al. 2016).
They are also known for their high tolerance to
salinity fluctuations and oxic/suboxic conditions.

18, 13,
Core Sa(l:r'll;le Species (%0,6\,_(131)3) (%0,6\,_(151)3) Tem?oecr;lture The remaining 19 % of species are infaunal or free
MZ102 646.1  A. problema 1.59 1.13 2273 living (Cribroelphidium excavatum, Nonion sp.,
V. rotunda 0.38 1.28 17.25 E. hauerinum, Elphidiella serena, etc), preferring
6462 A. problema 1.51 1.30 2234 muddy and sandy sediment, from oxic-dysoxic con-
V. rotunda 0.79 L15 19.07 ditions. Small group (3) characterizes the overlap
647.8 M. subrotunda 3.12 1.28 30.03 between hypersaline shallow lagoonal — inner shelf
P. consobrina 2.56 2.94 27.31 . .
environments and consists of only three samples
647.9 A. problema 2.86 0.97 29.77 . .. o . . .
6483 S lucida |52 0.67 2239 with a @a]orlty (2.§1. %) of eplfaunfﬂ, eplphy‘uf;, and
P granosum 039 98 13.91 free-living foraminifera (e.g., T. inflata, Quinque-
6492 P granosum ~0.52 ~2.60 13.36 loculina bogdanoviczi, Q. akneriana, Neoeponides
P. consobrina 0.43 -0.36 17.47 schreibersii, P. consobrina) and 19 % of infaunal
SVM1  173-173.2  B. variabilis 0.84 —0.52 14.56 (4. parkinsoniana, Haynesina sp.). The last group
B. variabilis —0.01 -1.02 18.27 (4) represents a shelf environment with 66 % of epi-
B. variabilis —0.10 -123 18.67 faunal and epiphytic communities living in hyposa-
B "‘_’ri“b"lif 3.06 041 337 line conditions (e.g., Porosononion gr. granosum,
4 W,ennem,s 255 “lad 30.26 V. reussi, V. rotunda, Miliolinella selene) along
A. viennensis —1.25 1.20 23.95

Babejova-Kmecova et al. 2022). However, the calcareous
zonation depicted in Figure 2 presents a generalized zonation
for regional stages by Raffi et al. (2020). Notably, their sug-
gested zonation of NN6 and NN7 zones deviates from those
mentioned in Dumitriu et al. (2017). Peryt et al. (2024) high-
light the ambivalence surrounding the calcareous zonation in
the Polish Carpathian Foredeep (Jamnica M 83, Machow).
The delineation of boundaries between NN6 and NN7 is
marked with a degree of ambiguity, thus suggesting a broader
time span.

Foraminifera and morphogroup approach

According to the results from using the relationship of the
Fisher alpha and Shannon_H indices (Figs. 4, 6), the samples
that fell into the first group (A) contain assemblages that tole-
rate a normal marine estuary and lagoonal to hypersaline
lagoonal environments. The dependence of this relation of
diversity and environment was empirically shown by Murray
(2006). In the assemblages from this group, 74 % are epifau-
nal (in which 55 % are miliolids), epiphytic, free-living, or
attached (4. problema, A. dividens, P. consobrina, V. rotunda,
etc) preferring oxic conditions and living in muddy to sandy
sediment with marine to hypersaline water (see Table 1).
However, 25 % are infaunal (4. inflata, A. parkinsoniana,
Ammonia beccarii, E. hauerinum, etc.), which can tolerate
occasional bottom anoxia and brackish waters (Murray 2006;
Supplement). The second group (2; Fig. 4), excluding the
overlap with the first group, is represented by the environment
of hypersaline lagoons tolerating assemblages. The assem-
blage is dominated by epifaunal species (81 %), including
miliolids (69 %). These species tolerate organic enrichment
(P. granosum; Jorissen et al. 2018). However, Q. akneriana,
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with 34 % infaunal and free-living (4. viennensis,
A. inflata, A. parkinsoniana, E. hauerinum) taxa
with adaptation to bottom anoxia (Langer 1988; Sen
Gupta 2003; Murray 2006). A minor content of infaunal taxa
in all identified groups can mirror the situation of accumulated
assemblage from leaves (oxyphilic epifauna) and shallow
infauna tolerating high nutrient and/or low oxi conditions of
taxa inhabiting rhizomes of algae, or sea grasses and water/
sediment interface (Langer 1988; Edgar 1999; Holcova &
Zagorsek 2008).

Using PCA, we selected three sample-rich sample groups
with different sample compositions (the following percentage
is averaged for each group; Figs. 5, 6). The first group (MG 1)
is defined by 50 % of infaunal species preferring muddy or
sandy sediments, brakish-hypersaline lagoons, estuaries, and
inner shelf with occasional suboxia/anoxia. The other 50 %
(from which 19 % are EP-C) are epifaunal epiphytic species
living in the arborescent algae that covers the bottom with an
organic matter enriched environment (P. granosum). We can
assume that the mentioned group of samples contains
“third-order opportunistic species” with a high organic content
(Dimiza et al. 2016; Jorissen et al. 2018; Bouchet et al. 2021).
However, the present miliolid foraminifera are sensitive to the
increase of organic matter enrichment (Table 1; Langer 1993).
The second group (MG?2) is represented by over 67 % (from
which 14 % are EP-C) of epifaunal species and epiphytes
(P. granosum, Q. akneriana, V. rotunda, P. consobrina,
A. articulinoides, C. cristata, etc.) possessing marine—hyper-
saline lagoons to the shelf. The remaining 33 % is characte-
rized by infaunal communities (4. parkinsoniana, A. beccarii,
A. inflata, E. hauerinum, Valvulineria akneriana, etc.) tolera-
ting from brackish to hypersaline waters of brackish marshes—
lagoons and the inner shelf. This group likely indicates an
environment with lowered salinity and potential oxygen
depletion at the bottom. The third (MG 3) group is represen-
ted by significant dominance (97 %) of epifaunal epiphytic
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species (Q. akneriana, A. problema, P. consobrina, A. articu-
linoides, V. rotunda, M. subrotunda, etc.) living in marine—
hypersaline shallow lagoons to inner shelf preferring oxic
conditions. One of the smaller groups (SG 1) is interpreted as
73 % epifaunal (EP-D 29.8 %, EP-B+A 23 %, EP-C 20 %)
particularly P. subgranosus, P. consobrina, and infaunal
E. serena and Bolivina moldavica, which indicates an inner

shelf marine environment (Goubert et al. 2001; Keen 2004;
Gildeeva et al. 2021). P. subgranosus with P. consobrina tole-
rate oxygen-rich environments in the inner shelf and normal
marine to hypersaline lagoons with a probable occurrence
of plant substrates; however, the present infauna indicates
occasional bottom water dysoxia (Murray 2006). The second
small group (SG2), which contains only three samples from
Machow, is characterized by a high percentage (75 %) of epi-
faunal epiphyte (EP-B+A), A. dividens and L. lobatula.
Together with small miliolids (EP-D 24 %), these highly-
diversified communities describe shallow marine conditions.

Stable isotopes and element/calcium ratios in foraminifera
shells

Light 8'0 measurements (Table 3) from the Danube Basin,
B. variabilis and A. viennensis (173—-173.2 m) from SVM 1,
and from the Vienna basin, P. granosum (648.3—649.2) from
MZ 102, could represent a shallow water environment and low
salinity with possible warm river water inflow (Gonera et al.
2000), which could be correlated with the higher Ba/Ca and
lower Mg/Ca values in MZ102. Foraminifera assemblages
confirm lower salinity as well (Figs. 7, 8).

Positive 8'%0 values of miliolids from MZ102 (647.8—
647.9 m) could be related to the warmer (tropical) temperature
around ~27-30 °C (Boltovskoy & Wright 1976) and high
salinity because of stress conditions, and/or because of isola-
tion from other basins of the Paratethys (Senes 1961a, b;
Popov et al. 2004; Baldi 2006; Piller et al. 2007; Gozhyk et al.
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2015; Neubauer et al. 2015; Kovac et al. 2017a,b). This
hypothesis is also supported by the Mg/Ca and Ba/Ca ratios,
where the values rapidly changed with increasing depth.
Lower, but still positive values of oxygen isotope ratios of
miliolids (646.1-646.2 and 648.3 m) could represent an envi-
ronment with warm-temperate temperature (~17-22 °C). If we
consider that for every 1.2 %o increase in seawater §'%0, sali-
nity increases by 10 %o (as proposed by Shackleton 1987),
we hypothesize that the 30 difference towards the base
represents a salinity decrease of ~10 %o. This is also supported
by the Mg/Ca and Ba/Ca ratios; however, the entire section
(646.1-648.3 m) manifests high fluctuations in salinity
(Fig. 8b,c¢).

Salinity fluctuations were considered a reason for the Sar-
matian extinction of molluscs and foraminifera fauna (Piller &
Harzhauser 2005; Holcova 2008). Our results show observable
shifts in the representation of miliolid species (Fig. 8b,c).
During the early Sarmatian, the water was predominantly
shallow and oligotrophic, quite possibly a few metres deep
(<100 m) as we can interpret from the dominant epiphytic fau-
nal composition of the associations. Salinity in the central
parts of the basins in the Central Paratethys was mainly nor-
mal marine, while in the lower Sarmatian sediments, it tended
more towards brackish to marine, with episodes of hypersali-
nity (Piller & Harzhauser 2005; Filipescu & Silye 2008; Toth
etal. 2010; Zlinska et al. 2010; Bitner et al. 2014; Ruman et al.
2017), which is also shown in our results, where samples are
grouped along the salinity and oxygen as main influencing
factors (Figs.7, 8).

The §"C results derived from the foraminiferal shell analy-
sis indicate the presence of organic matter input, primarily
originating from river sources (Berger 1981); a riverine deltaic
environment is documented in the studied sediments from
the SVM I borehole (Kovac et al. 2008). Typically, a depletion
of 8'3C is observed in bottom water, leading to lower values
in the foraminiferal shells (Naidu & Niitsuma 2004). On the
other hand, symbiont-bearing foraminifera tend to display
positive 8"°C values in their shells due to photosynthetic pro-
cesses. These symbionts utilize more ?CO,, resulting in an
elevation of §,,C within the foraminifera shells (Spero & Lea
1993). The positive 8°C values (4. viennensis, S. lucida,
A. problema, N. subrotunda, P. consobrina) observed in our
results (MZ 102, depth from 646.1 to 648.3) are likely influen-
ced by a life position in pore water (Grossman 1984), or,
as seen from our results, a possible higher position at the vege-
tation (Table 1) level with varying temperature and pH.
Conversely, the negative 5'°C values recorded in the MZ 102
(depth 648.3-649.2) and SVM I samples may be attributed to
increasing carbon derived from the decomposition of isotopi-
cally-light organic matter into the pore water. This is further
supported by the presence of benthic species, such as Bulimina,
Porosononion, and Ammonia, which are shallow infaunal and
thus indicative of oxygen-deficient conditions (Dimiza et al.
2016; Jorissen et al. 2018; Bouchet et al. 2021).

Our results, which were evaluated by traditional taxo-
nomic methods and the morphogroup approach, correspond
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to the results from the geochemical study of their tests
(Figs. 8,9, 10). Association documented higher salinity in the
depths of 646.2 m and 647.8 m (MZ 102 borehole), as well as
yields of foraminifera shells (miliolids and hyaline as well)
with high Mg/Ca and low Ba/Ca signal. The barium concen-
trations in foraminifera calcite (Ba/Ca) increase when salinity
decreases (Hall & Chan 2004; Weldeab et al. 2007; Bahr et al.
2013; Groeneveld et al. 2018), which is in inverse relation to
the salinity and Mg/Ca concentrations. Several other studies
suggest that increasing benthic foraminifera Mg/Ca can also
be used as a salinity proxy (e.g., Toth et al. 2010; Groeneveld
& Filipsson 2013; Groeneveld et al. 2018). The Mn/Ca in the
foraminifera shells reflects the amount of dissolved oxygen in
the surrounding water in which they lived — with decreasing
oxygen, the manganese ratio increases (Froelich et al. 1979;
Burdige 1993; Calvert & Pedersen 1993; Canfield et al. 1993;
Tribovillard et al. 2000). The analysis of the shells collected
from the borehole MZ 102 (646.1-649.2 m) documents changes
of the dissolved oxygen in the water column (Figs. 7 and 8a).
The samples with the higher Mn/Ca (depth 646.1-646.2 m,
648.3 m) are in correlation with the IAE and taxonomy results,
showing suboxic to dysoxic conditions.

Paleoenvironments

The large symbiont bearing miliolids, such as Borelis or
Peneroplis, are documented only from the Badenian MH
sediments in our study (Table 2), suggesting the change of
miliolide assemblages at the Badenian/Sarmatian boundary,
where Badenian MH contained a higher amount of EP-C
(Figs. 5, 6). Nevertheless, MH are developed in both the
Badenian and Sarmatian sediments; however, in the Sarmatian,
they are more frequent (31 MH; Table 2, Fig. 6). The paleon-
tological interpretation relied on a comprehensive approach
that incorporated taxonomy, morphogroup division, and geo-
chemical analyses, including isotopic and element/Ca compo-
sition assessments of foraminifera shells. The study of miliolid
dominated associations (MH) revealed the presence of three
main (MG 1, 2, 3) and two small (SG 1, 2) groups using PCA
representing specific microhabitats as illustrated in Figure 11.
The difference between major (MG 1, 2, 3) and small groups
(SG1, 2) is in the more open marine environment documented
by the presence of oxyphilic species and higher foraminifera
diversity. The floral associations for each group are taken from
the work of Langer (1993).

MG 1 — This group inhabits brackish to hypersaline lagoons,
estuaries, and inner shelves. These habitats are characterized
by the presence of infaunal and epifaunal-epiphytic communi-
ties, often referred to as ‘third-order opportunistic species.’
These communities are typically associated with microhabitats
— specific faunal communities, particularly those harboured
on arborescent algae, such as Cutleria and Fucus. The notable
presence of high detrital content in the water substrates occa-
sionally leads to bottom water suboxia or anoxia in muddy—
sandy sediment layers.
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MG2 — The second group’s analysis pertains to a broad
spectrum of habitats ranging from shallow marine environ-
ments to hypersaline lagoons, where salinity levels exhibit
notable fluctuations. Within these environments, a distinctive
association is observed, characterized by infaunal, and small
epiphytic, motile species. They are typically found in close
proximity to short-stemmed arborescent algae such as Padina,
Halopteris, and Pseudolithophyllum. The presence of detrital
content on the seabed may result in potential oxygen depletion
in the sediment below, resulting in suboxic conditions.

MG 3 — The third environment exhibits a faunal compo-
sition corresponding to shallow marine-hypersaline, hyper-
saline lagoons, and the inner shelf. Within these habitats,
the faunal association is characterized by the substantial pre-
sence of permanently motile epiphytic foraminifera climbing
on stems and/or rthizomes. These communities live within flo-
ral associations of Padina, Halopteris, Pseudolithophyllum,
and Posidonia rhizomes. The water bodies within this group
maintain a well-oxygenated state. Sediment can vary from
muddy to muddy with boulders, but predominantly a hard and
rocky substrate. Despite the generally oxygen-rich conditions,
the presence of shallow infauna indicates occasional occur-
rences of anoxic conditions.

SG1 — This small group indicates marine environments
within the inner shelf, occasionally experiencing open marine
conditions. The foraminifera association within this group is
characterized by a diverse microfauna compromising both
infaunal and all categories of epiphytic species. They live
among a variety of flora, including Padina, Halopteris,
Pseudolithophyllum, Posidonia, and Sargassum, contributing
to the intricate ecological balance of these habitats. While
the water column generally maintains a well-oxygenated state,
the large amount of shallow infauna suggests occasional
anoxic conditions.

SG2 — The final group characterizes marine inner shelf
environments, occasionally transitioning the open marine con-
ditions. Within this setting, highly diversified fauna thrives
and is represented by the abundant presence of motile epi-
phytic species, thus inhabiting the intricate meshwork of fila-
mentous algal blades of Posidonia and Sargassum. The water
within this environment maintains a consistent, well-oxy-
genated state, with a deeper water column and well-oxyge-
nated sediment.

Conclusions

The multiproxy approach of miliolid-rich assemblages’
studies across various middle Miocene Serravallian (Badenian/
Sarmatian) localities within the Central Paratethys region
reveals significant environmental variations. These paleoenvi-
ronments were identified predominantly in the upper Badenian
and Sarmatian sediments and are represented by a diverse
array of habitats ranging from brackish-normal marine and
hypersaline shallow lagoons, as well as estuaries and inner
shelves, which occasionally transition to open marine
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conditions (Figs. 6, 11). The MHs were found in four Badenian
levels and 31 MHs were identified in Sarmatian sediments.
The main difference between the Badenian and Sarmatian
MHs is the absence of large symbiont bearing foraminifers
in Sarmatian sediments. Foraminifera associations analysis
alongside geochemical data indicates dynamic and fluctua-
ting marginal marine environment. Assemblages depend on
(1) Substrate (muddy/sandy to hard), (2) nutrient content,
(3) oxygen content and (4) salinity. The environments identi-
fied here are marked by instability and a strong presence of
vegetation, which indicative of high salinity fluctuations.
Moreover, evidence suggests river influxes contributing to
changes in water temperature. Finally, the presence of a high
detrital content within these habitats underscores the occa-
sional occurrence of bottom suboxia or even anoxia.

MH from Badenian sediments (Machow) of the Carpathian
Foredeep indicate a deeper water environment with seagrass
cover and/or possibly a rocky substrate. In contrast, asso-
ciations typical of brackish or hypersaline lagoons, estuaries,
and the inner shelf, which is occasionally depleted of oxygen
content in the sediment, were found in the Badenian sediments
of the western margin of the Paratethys (Poddvorov 96,
Poddvorov 118).

The samples from the Sarmatian sediments revealed
a greater diversity of marginal marine environments with spe-
cific sedimentary conditions (Fig. 6). The most prominent
feature is the fluctuation of salinity, which is likely caused by
a lowering of the sea level and the influx of river water,
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Fig. 11. Reconstruction of paleoenvironments and paleobiotopes dominated by small miliolids (MH) during the Middle Miocene according to
this study. Explanatory notes: MG 1, 2, 3 — main groups 1, 2 and 3; SG 1, 2, 3 — small groups 1 and 2.
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depending on the paleogeography of the area. In the eastern
part of the Carpathian Foredeep (Radauti and Dornesti), on its
western margin, shallow water environments were identified
with varying salinity levels (MG 1-3), and a freshwater influx
is also assumed (MG 1). At the Costesti site, normal marine to
hypersaline environments with muddy, sandy, to rocky sub-
strates were identified (MG2, 3). In the easternmost part
(Tuglu), the environment was defined as exclusively hypersa-
line (MG 3). The northern edge of the studied area (Machow
and Jamnica M 83) is characterized by the greatest environ-
mental variability (all paleoenvironmental groups), typical of
dynamic changes in paleogeographic and paleoclimatic condi-
tions on the margin of the sedimentary space. The western
edge of the studied area is defined by shallow water environ-
ments, which differ in salinity and substrate content (MG 1-3;
SG 1), at sites such as the Malacky reservoir, Suchohrad 63,
Rohoznik 112, SVM 1, and Ivanka 1. These differ from the pre-
vious sites due to the reduced oxygen content in the bottom
water and substrate.
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