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Abstract: The main objective of this work was to interpret the environment during a very dynamic paleoenvironmental
change from the Badenian to the Sarmatian in the Central Paratethys, as well as to determine ecologic factors, diversity, and
the relationship between the foraminiferal morphogroups in the northern part of the Vienna Basin. The samples of this study
come from the MZ 102 borehole, which had been drilled near the town of Malacky in the northern part of the Vienna Basin
(Slovakia) (Fig.). Based on sedimentology and fossil occurrence, we interpreted a paleoenvironment of the northern part of
the Vienna Basin during the middle Miocene. By examining changes in the occurrence of foraminifera (Articulina sarmatica,
Cycloforina stomata, Tenuitella acme) and calcareous nannofossils (Coccolithus miopelagicus) in the studied samples, we de-
tected the position of the Badenian/Sarmatian boundary. Low-oxic conditions in the uppermost Badenian (Studienka Fm.)
and upper Sarmatian (Skalica Fm.) sediments were interpreted, as well as fluctuation from a normal marine to hypersaline
shallow water paleoenvironment in the middle and upper Sarmatian sediments (Skalica Fm.). Macrofauna was represented
mostly by bivalves and gastropods shells and fish remains. Samples were compared with samples from the nearby MZ 93
borehole to fill in the gaps in the MZ 102 borehole record.
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1.INTRODUCTION
The nutrient content, salinity, type of substrate, and change of
oxygen concentration in water at sediment surface may play
an important role in the presence and distribution of benthic
foraminifera (Sen Gupta, 2003). One of the classical Cenozoic
basins for the study of foraminifers in the Central Paratethys
is the Vienna Basin, which has been of great interest since the
pioneer monograph of d’Orbigny (1846). The Vienna Basin is
200 km long and 55 km wide Neogene basin, oriented SSW-
NNE, and nowadays situated in three states: Slovakia, Austria,
and the Czech Republic (Kova¢ et al., 2004). The geological,
geodynamic, and tectonic development of the basin has been
previously described in various studies (e.g., Ratschbacher et
al., 1991a,b; Csontos etal., 1992; Kovaé etal., 1994, 1997, 1998,
2016, 2017a; Matenco, 1997; Kone¢ny et al., 2002; Schmid et
al,, 2008; Ustaszewski et al., 2008; Handy et al., 2010, 2015;
Studencka et al., 2016). Central Paratethys has been studied
in detail by Senes (1961a,b); Kova¢ et al. (1994, 1998, 2003,
2016, 2017b); Meulenkamp et al. (1996); Oszczypko (1998,
1999); Popov et al. (2004); Oszczypko & Oszczypko-Clowes
(2006); Piller etal. (2007); Gozhyk et al. (2015) and Neubauer
etal. (2015).

During the middle Badenian, sea regression took place, which
caused changes in water salinity (Harzhauser & Piller, 2004;
Koubové & Hudd¢kova, 2010) and extinction or endemicity of
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fauna and flora (Harzhauser & Piller, 2007; Palcu et al. 2015).
In the upper Badenian/Sarmatian boundary, transgression oc-
curred, causing low-oxic bottom waters with Bolivina-Bulimina
zonation (Kov4¢ et al., 2017b). At the end of the Pannonian age,
the sedimentary environment became hyposaline (Kové¢ et al.,
2008a,b) with changes of foraminifera assemblages to very low
diversified to monospecific (Huddckova et al. 2018,2019).

The aim of this work was to interpret the origin and environ-
ment of collector sediments. Main goal was to interpret the
paleoenvironment of the northern part of the Vienna Basin around
the Badenian/Sarmatian boundary based on the foraminiferal
associations from the studied borehole, and to determine ecologic
factors which provoked the change in species diversity. Finally, we
compared the functionality and complexity of two methodological
approaches for the paleoecological interpretations: foraminiferal
species versus foraminiferal morphogroups study.

1.1. Geological settings and methods

Samples come from the MZ 102 borehole, which had been drilled
in the northern part of the Vienna Basin, west of the town of
Malacky. The natural gas field Malacky-West represents an im-
portant geological structure, which in the past produced almost
1.3 billion m’ of gas, while most of the production comes from the
sandy horizons of the upper Badenian and Sarmatian deposits
(Badenian and Sarmatian sands specified by Nafta a. s.; Fig. 2)
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Fig. 1. Localization map (A - Europe; B - Vienna basin, C - boreholes MZ 93 and MZ 102).

(Hudetek & Saly 1995). The depleted gas field is currently be-
ing converted into an underground gas storage facility (UGS).
The geological structure of the upper Badenian and Sarmatian
sediments is well-documented in this area by drilling and 3D
seismic data. The MZ 102 borehole was drilled in April 2013 in
the SW part of UGS Malacky, the final depth reaching 1215 m.

1.2. Sedimentology

The aim of the borehole was to verify the existence, thickness,
and reservoir parameters of UGS objects (1% Badenian — Main
sand and 1st Sarmatian sand; see Fig. 2), as well as to specify the
geological setting of the upper Badenian, Sarmatian, and Pannon-
ian strata in the Malacky area. A special goal of the borehole was
the extraction of rock samples from the drill cores to determine
detailed petrophysical parameters of UGS objects and their seal-
ings (Wallner et al. 2014). Both studied boreholes, MZ 102 and

(Fig. 3A-F). The samples were first
dried out and separated into 100 g
of borehole core material, diluted by hydrogen peroxide and
wet screened on wire screens ranging between 0.071 mm — 1
mm and 1 mm and more; whenever possible, 250 specimens of
benthic and planktonic foraminifera were picked out of the re-
sidua. Foraminiferal tests were separated by using the binocular
stereoscopic microscope Leica MZ and then observed under
an electron scanning microscope (SEM) QUANTA FEG 250.
The obtained foraminifers were determined into species level
based on Loeblich & Tappan (1992), Cicha et al. (1998), and on
Luczkowska (1972, 1974), the last two specialized on miliolide
foraminifera systematics. Paleoecologic interpretation was ob-
tained from the findings of Boltovskoy & Wright (1976), Jones &
Charnock (1985), Murray (1973, 1991,2006), van der Zwaan et al.
(1990), Orpin atal. (1999), Berkeley et al. (2007, 2008), Filipescu
(2004) and Patterson etal. (1990). Specimens were grouped into
morphogroups according to Langer (1988) and Murray (2006)
(Fig. 4) (Tab. 1, Supplement table). Diversity was expressed by



FROM DYSOXIC SEA TO HYPERSALINE LAGOON: PALEOENVIRONMENTAL CHANGES ON THE BADENIAN/SARMATIAN BOUNDARY... 59

A (core 1, 637.30 m) B (core 1, 637.90 m) C (core 1, 638.13 m)

Supplement 1: Photo documentation of the Upper Sarmatian sediments (Core No. 1-3)
A, F: grey, massive to indistinct laminated claystone with abundant molluscs remnants;
B: grey, slightly laminated claystone with algae remnants; C, D: distinctly laminated claystone with thin carbonate laminas; E: grey, slightly laminated claystone with
small plant fragments and coprolites; G, H: distinctly laminated claystone with fish scales and (G) calcareous concretions; I: dark grey claystone with coalified wood

fragments; J: grey, massive, bioturbated (sand filled) claystone ; light grey, fine grained laminated, slightly cemented sand; L: grey, massive silty sand.
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A (core 4, 1034.70 m) B (core 4, 1036.50 m) D (core 4, 1038.85 m)

Supplement 2: Photo documentation of the Upper Badenian and Lower Sarmatian sediments (Core No. 4-10)

A, D: grey, laminated (A) and massive (D), bioturbated (sand filled) claystone, B, E: laminated claystone with (B) diffuse or distinct (E) silty laminas; C: grey, massive
claystone with juvenile gastropods; F, G, H, J: light grey, fine grained, horizontally to cross laminated sandstone; organodetritic limestones with fragments of red
algae and molluscs; K: grey silty claystone with small sand ripples and coalified plant fragments; L: coarse grained, gravelly sandstone with abundant molluscs and

red algae fragments; M: grey claystone with thin silty lenses and laminas and large coalified wood fragments; N: light grey, coarse grained, gravelly sandstone
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Fig. 2. Lithological scheme of the boreholes MZ 102 and MZ 93 with lo-
calization of the studied borehole cores, main sand bodies, and biostrati-

graphicinterpretation.

the Shannon_H index and Fisher alpha formula (Murray, 2006).
For specifying the oxygen depletion, the Ammonia — Elphidium
index (IAE) was used (Supplement table). The index s given by
IAE = [NA/ (NA +NE)] x 100, where NA and NE are the num-
bers of individuals of Ammonia and Elphidium (Pregnolato etal.,
2018). Samples with more than 50 individuals were included in
the statistical analysis (Hammer et al., 2001). Data were stored
in a Viendat database (edited by Hud4¢kovéd & Hud4cek, 2001)
and analysed with the aid of the programs PAST — Paleonto-
logical Statistics, ver. 1.70 (Hammer et al., 2001) and POLPAL
(Walanus & Nalepka, 1999). Samples with a predominance of
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Tab. 1. Morphogroups of benthic foraminifera adapted according to
Langer (1988) and Murray (2006). Epiphytes A, B, Cand D, and IN-infauna.

58 58
: R : 58
Species e §- Species e §
g5 35
52 52
- -
Adelosina sp. EP-D Elphidium hauerinum IN
Ammonia beccarii IN Elphidium macellum EP-C
Ammonia ex. gr. viennesis IN Fissurina laevigata parasite
Ammonia parkinsoniana IN Fissurina mironovi parasite
Ammonia sp. IN Hansenisca soldanii IN
Ammonia tepida IN Haynesina cf. depressula IN
Articularia articulinoides EP-D Haynesina sp. EP-C
Articulina multitubullata EP-D Heterolepa sp. EP-B
Articulina problema EP-D Hoeglundina elegans IN
Articulina sarmatica EP-D Lobatula lobatula EP-B
Aubignyna perlucida IN Martinottiella sp. IN
Biasterigerina planorbis EP-B Melonis pompolioides IN
Bolivina cf. dilatata IN Miliammina sp. EP-D
Bolivina dilatata dilatata IN Miliolinella sp. EP-D
Bolivina ex gr. dilatata IN Miliolinella subrotunda EP-D
Bolivina papulata IN Nodosaria dina IN
Bolivina sarmatica IN Nodosaria sp. IN
Buccella frigida IN Nonion biporus IN
Bulimina aff. elongata IN Nonion commune IN
Bulimina elongata IN Nonion sp. IN
Bulimina sp. IN Nonionella sp. IN
Bulimina striata IN Porosononion hyalinus EP-C
Cassidulina laevigata IN Porosononion gr. granosum  EP-C
Caucasina gutsulica IN Porosononion granosum EP-C
Cibicides boueanus EP-B  Pseudotriloculina onsobrina ~ EP-D
Cibicides dutemplei EP-B  Pseudotriloculina microdon ~ EP-D
Cibicides sp. EP-B Pullenia bulloides IN
Cibicidoides ex.gr. ungerianus EP-A Pullenia quinqueloba IN
Cibroelphidium excavatum IN Quinqueloculina akneriana EP-D
Conorbella erecta EP-B gggggg{locﬁgzz EP-D
Cycloforina stomata EP-D Quinqueloculina selene EP-D
Dogielina sarmatica EP-C  Quinqueloculina seminulum ~ EP-D
Elphidiella arctica IN Quinqueloculina sp. EP-D
Elphidiella cf. minuta IN Rosalina austriaca EP-B
Elphidium aculeatum EP-C Rosalina obtusa EP-B
Elphidium advenum EP-C Saccammina sarmatica IN
Elphidium aff. crispum EP-C Siphonaperta lucida EP-D
Elphidium antonium IN Siphonodosaria lepidula IN
Elphidium cf. fichtellianum EP-C Spiroloculina dilatata EP-D
Elphidium cf. flexuosum IN Stilostomella sp. IN
Elphidium cf. margaritaceum EP-C Triloculina sp. EP-D
Elphidium ex. gr. macellum EP-C Valvulineria sp. IN
Elphidium fichtelianum EP-C Varidentella rotunda EP-D
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Fig. 3 A-F. Detailed sedimentology, samples position (circles) and fossil content (symbols) of the studied cores of the borehole MZ 102. Explanation in Fig. 3 F.
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if the amount of miliolids reached more than 15 %.

Calcareous nannofossil samples were prepared by the
method of decantation using smear slides. The resulting sus-
pension was mixed with distilled water on a glass slide. The
combination created a thick suspension, which after it dried out
was ready for observation and compared under the polarized
light microscope, Olympus BX 50, at 1250x magnification.
Coccoliths were determined into species according to the
Nannotax database (Young et al., 2003) and documented by
Infinity 2 camera and the QuickPHOTO camera 2.3 program
with 10y magnification.

2. RESULTS

The core samples from the borehole MZ 102 predominantly
consists of fine-grained, pale to dark grey siltstones with

intercalations of well-sorted sandstones. The studied core part
of the sedimentary record in borehole MZ102 represents sedi-
ments of the 1st Badenian - Main sand (cores 11-4, the upper
Badenian, and the lower Sarmatian) 1st Sarmatian sand (cores
3-1, terminal Sarmatian) (Fig. 2).

On the well-log curves of the MZ 102 borehole, the Sarmatian
sediments begin with a transgressive mudstone (in the northern
part of the Malacky field, interrupted by thick 8" Sarmatian
sand), which pass locally into the regressive 7, 6" and 5" Sar-
matian sands. The following transgressive — regressive (TR)
cycle begins with mudstones overlying the 5" Sarmatian sand,
which continue into very distinctive packets of the 4" and 3™
Sarmatian sands (Fig. 2). The sand sedimentation continues with
the 2" Sarmatian sand, (more significantly-developed further
south in the Jakubov area) and was terminated by the sands of
the 1" Sarmatian sand (with the main depocenter in the Gajary
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MZ 102, core No. 7 (1060.1- 1068.6 m, rec. 8.5 m) MZ 102, core No. 8 (1068.6 - 1077.1 m, rec. 8.3 m)
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area). Both third order TR cycles are divided into several smaller
parasequential cycles.

In cores No. 6-5, the sands are relative well-sorted and, unlike
the sediments in cores No. 11-7, they do not contain much gravel
or silt. The organodetritic hardground at the base of core No. 6,
which had been formed by small pebbles and fragments of tests and
red algae was present (Fig. 2, 3, 4). Mudstones with abundant silty
laminas form the upper part of core No. 5 and core No. 4. From a
depth of 1039 m upwards, the proportion of pyrite concretions, fish
remnants and juvenile shells increases. Core No. 3 and the lower
part of core No. 2 are formed by silty claystones, siltstones, and
weakly consolidated sandstones. In the upper part of core No. 2, as
well asin core No. 1, the above-mentioned sedimentary sequence
passes (ata depth of 649.15 m) into overlying fine-grained facies,
characterized by massive claystones with abundant mollusc shells
alternating with laminated claystones with frequent fish remains.
Lamination was often marked by very thin laminas, formed by
precipitated CaCO; (Fig. 3). Macrofauna was represented mostly
by bivalve and gastropod shells, together with fish remains.
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2.2. Calcareous nannoplankton

Calcareous nannofossils were studied in cores No. 6, 4, 3, and
2. Association in the studied samples (30) can be evaluated as
low diversified, containing Neogene species and coccoliths re-
worked from Cretaceous and Paleogene sediments. The samples
from depths of 1055.9 mand 1055 m (core No. 6) contain speci-
mens of Helicosphaera walbersdorfensis, Reticulofenestra minuta,
R. haqii, R. pseudoumbilicus, Coccolithus pelagicus. Core No. 4 in
depth 1042.6 m - 1034.6 m (13 samples) contains association
of coccoliths dominated by Reticulofenestra minuta species and
Cretaceous/Paleogene nannofossils (Ismolithus recurves, Dic-
tyococcites bisectus, Discoaster multiradiatus). The sample from
depth 1041.6 m contains abundant associations (Coronocyclus
nitescens, Coccolithus miopelagicus, C. pelagicus, Discoaster exilis,
D. deflandrei, D. variabilis, Holodiscus macroporus, Helicosphaera
carteri, H. carteri wallichii, H. walbersdorfensis, Pontosphaera
multipora, Reticulofenestra pseudoumbilicus, R. haqii, Sphenolithus
heteromorphus, Umbilicosphaera jafari, U. rotula). In the sample
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from 1035.8 m, the acme of species Reticulofenestra minuta
was identified. The core No. 3 (659.8 m — 652.4 m) contains
only one sample (depth 655 m) with presence of calcareous
nannoplankton with associations of Braarudosphaera bigelowii
parvula, Reticulofenestra pseudoumbilicus and Sphenolithus hetero-
morphus and Cretaceous/Paleogene nannofossils (Nannoconus
steinmannii steinmannii, Cyclicargolithus floridanus). Core No.2
yields sediments (648.3 and 644.8 m) with the acme of Sphe-
nolithus abies, as well as monogeneric associations represented
by Braarudosphaera bigelowii and B. bigelowii parvula together
with abundant ascidian spicules (samples in depth 648.8, 648,
and 647.2 m).

2.3. Foraminifera

Foraminifera from the MZ 102 borehole were determined into
species level (Supplement table) and classified into morpho-
logical groups (Tab. 1). Overall, there were 141 systematically
processed samples, from which 81 yielded fossil remains, and
39 of them yielded foraminiferal tests. 86 taxa of benthic and 12
taxa of planktonic foraminifera were determined, of which 16
of them stayed in open nomenclature due to poor preservation
of the tests (Figs. S, 6). According to our data, the benthos was
more common than plankton in the entire studied part of the
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Fig.4. Morphogroups of epiphytes (EP-A, EP-B, EP-C, EP-D) with main be-

Morphogroup

temporary motile, apertural faces wide,
motion by swimming on pseodopodial
network, e. g. Rosalina

motile, pseudopods from canal system
and multiple apertural openings,
e. g. Elphidium

permanently motile, apertural faces
narrowing the bottle-neck apertures,
motion by striding on the apertural face
in upright position,

e. g. Quinqueloculila

havioural and morphological features and examples from our study (edited by

Langer, 1988). For detailed ranking of species into morphogroups, see Tab. 2.
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Fig.5. A, B - Biasterigerina planorbis (depth: 1048,8 m); C - Rosalina sp.

(depth: 1047.8 m); D - Bulimina elongata (depth: 1042.9 m); E - Caucasina
gutsulica (depth: 1041.6 m); F - Bolivina dilatata (depth: 1042.9 m);

G, H- Ammoniaviennesis (depth: 655 m); I, J- Ammonia parkinsoniana
(depth: 659.4 m); K - Stilostomella sp. (depth: 1041.6 m); L, M - Globorotalia
sp. (depth: 1041.6 m); N - Turborotalita quinqueloba (depth: 1041.6 m);

O - Tenuitella munda (depth: 1041.6 m); P — wall detail of Tenuitella munda
(depth: 1041.6 m).

borehole. Morphogroups were figured by the POLPAL program,
in which axis X represents the depth (in meters) and axis Y the
percentual proportion of certain foraminiferal morphogroups
and other dominated associations (Fig. 7).

2.3.1. Planktonic foraminifera

Alow number of small, round planktonic forms (164 individu-
als), often with signs of size sorting were found in cores 6, S,
and the lower part of core 4 (1059.8 m — 1041.6 m), dominated
by association of Globigerina sp. div., Globigerinita uvula, Glob-
orotalia (Obandyella) transsylvanica, Trilobatus quadrilobatus,
Paragloborotalia opima opima, Turborotalita quinqueloba, Tenu-
itella sp. div. indet. and T. munda.

2.3.2. Benthic foraminifera

The most common benthic foraminifera obtained from entire
borehole profile are species from following genera: Ammonia (to
80 % in depth 656.9 m), Elphidium (90 % in sample 1041.6 m),
Cribroelphidium (50-90 % in depth interval 1035.8 — 1034.6 m),

100 pm

Fig. 6. A - Cribroelphidium excavatum (depth: 1035.7 m); B - Nodosaria

dina (depth: 1035.6 m); C - Articulina sarmatica (depth: 648); D, E - Bolivina
sarmatica (depth: 654.5 m); F - Elphidium margeritaceum (depth: 648 m);

G, H - Porosononion hyalinus (depth: 1035.6 m); |, J - Porosononion granosum
(depth: 649.2 m); K - Pseudotriloculina consobrina (depth: 654.5 m);

L - Quinqueloculina seminulum (depth: 648.3 m); M, N - Articulina problema
(depth: 648 m); O - Articularia articulinoides (depth: 647.8 m); P - Miliolinella
subrotunda (depth: 647.8 m); R - wall detail of Elphidium advenum (depth:
654.5 m); S — wall detail of Articulina problema (depth: 648 m).

Porosonoion and Articulina (30 % in depth interval 648 — 646.1
m) (Fig. 8). Predominance of miliolids (miliolid horizons, MH;
more than 15 %) were found in the depths 1035.6 — 1034.6 m;
648.35m; 648 — 647.7 m and 646.5 - 646.1 m.

The IAE index value ranged from 0 to 100 with the minima
in the interval 648.3 — 646.1 m and with the highest values in
1048.8 — 1041.6 m; 656.9 — 652.4 m and 655 m.

The base of rock sequence (in depth 1059.8 — 1041.6 m)
contains few species from morphogroup A /epiphyte (Cibici-
doides ungerianus and Cibicides boueanus) and morphogroup
B/epiphyte — planoconvex shape (Ammonia viennensis and
Asterigerinata planorbis). We observed several flattened
epifaunal species with planispiral involute (morphogroup
C/epiphyte), such as Porosononion granosum, Haynesina depres-
sula, Elphidium macellum and Elphidium fichtelianum (Figs.
7, 8). Occurrence of species Cassidulina laevigata and
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Fig. 7. The dominance of the significant taxa identified in non-barren samples of the MZ 102 borehole. The orange line shows revealed Badenian/Sarmatian

boundary.

Globocassidulina crassa with a lenticular shape of the tests
was rare. At the depth from 1059.8 to 1041.5 m, the presence
of epiphytes was also rare; however, the Caucasina gutsulica
and Bulimina elongata were observed. From the sample taken
at 1035.8 m, Porosononion granosum, Haynesina sp., and Am-
monia sp. dominate with Cribroelphidium excavatum (high
abundances) making its first appearance in this part of the
borehole. The size sorting of the rounded tests in this sample
was observed.

The sample from core No. 3 at a depth of 659.8 m yields
poor foraminiferal record of planoconvex trochospiral species
(morphogroup B/epiphytes), such as Biasterigerinata planorbis,
Ammonia viennensis, Ammonia parkinsoniana and Aubignyna
perlucida. From a depth of 650.5 m, Porosononion granosum highly
dominates (morphogroup C/epiphytes) together with miliolids
(EP-D morphogroup) Quinqueloculina seminula, Pseudotriloc-
ulina consobrina and Quinqueloculina rotunda. From the sample
taken at 648 m, the miliolidae foraminifera Articulina problema,
Articularia articulinoides begin to dominate, accompanied by
a few species of Articulina sarmatica, Cycloforina stomata, and
Dogielina sarmatica. The sediments with this associations end
ata depth of 646.1 m, above which the sediments are barren of
foraminifera tests.

Infaunal associations dominated at depths between 1053
to 1035.7 m and 659.4 to 649.2 m. Epiphytes of group A and
B were dominant in the lower parts of the borehole core; howe-
ver, epiphytes of group C and D were abundant in the upper
part.

2.4. Diversity

Diversity results show values on the Fisher alpha formula with
the minimum being 1.3 and the maximum being 5.97, and on
the Shannon_H formula with values being the minimum 0.77
and the maximum 2.41. Values were higher in the lower part of
borehole MZ 102, yet lower in the upper part. In general, the
relationship between the values of estimated diversities of the
samples are presented in three groups (Fig. 9). The first group (A)
specified the values of the Shannon H index from 0.77 — 1.66
with the Fisher alpha index from 1.3 to 1.85 in the samples from
depths 0of 646.2; 647.7; 647.9; 648; 648.3; 648.35; 649.2; 1034.6,
and 1035.4 meters. These samples contain rich association of
miliolids, such as Articulina problema, Varidentella rotunda, Pseu-
dotriloculina consobrina, Siphonaperta lucida, Quinqueloculina
seminulum, and numerous hyaline species, such as Porosononion
granosum and Cribroelphidium excavatum. The second group
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Fig. 8. Morphogroups abundance divided according to Langer (1988), infaunal abundance according to Murray (2006), redeposits, benthos, and Ammonia -

Elphidium abundance.

(B) specified associations with the values of the Shannon_H
index from 1.76 to 2 and the Fisher alpha index from 3.17 to
2.77. Group B contains samples from the depths of 646.1; 646.4;
646.5; 647.8; 655; 1035.6; 1035.7; 1035.8; 1041.6, and 1042.9
meters, with the possibility of defining a subgroup B-a consisting
of samples 655, 1035.6, 1041.6 and 1042.9 meters. It contains
rich association of miliolids, such as Articulina problema, Vari-
dentella rotunda, Articularia articulinoides, Milionella subrotunda
and Quinqueloculina sp. and hyaline species Ammonia viennesis,
Porosononion granosum. In cores 4 and S (subgroup B-a), the
species Cribroelphidium excavatum, Nonion sp., Porosononion
hyalinus, and Bolivina dilatata dominate, as well as the miliolide
Varidentella rotunda (Fig. 9). The third group (C) specified values
of the Shannon H index from 2.22 - 2.41 with the Fisher alpha
index from $.14 to 5.97 in two samples (654.5 and 659.4 m) with
Porosononion and Elphidium genera.

3. INTERPRETATION AND DISCUSSION

Part of the MZ 102 borehole cores (74 samples) were studied
based on sedimentology, as well as foraminiferal associations
and species supplemented by a calcareous nannoplankton study.

3.1. Biostratigraphy

Biostratigraphy was solved with the help of planktonic and benthic
foraminifers and calcareous nanoplankton. The sediments from
cores No. 6 — 4 (1059.8 m to 1041.6 m) of the MZ-102 borehole
containing association of planktonic foraminiferal species were
associated with the uppermost Badenian. Badenian age of the
mentioned sediments was proved by presence of Globorotalia
(Obandyella) transsylvanica and Globigerinoides quadrilobatus.
Based on the common occurrence of Tenuitella sp. div. and small
sized Globigerina sp. div.in accordance with the assemblage men-
tioned in Filipescu & Silye (2008), this interval was correlated
with upper Badenian acme - zone Tenuitellinata (Filipescu &
Silye, 2008). The calcareous nannoplakton index species Dis-
coaster exilis confirms the NN6 Zone from the depth of 1041.6
m. We interpret the sediments as being upper Badenian, as well as
having the age equivalent of Bulimina/Bolivina zone or younger
due to signs of tests reworking.

The first occurrence of the Sarmatian index species such as
Nodosaria dina, Elphidium hauerinum, and Articularia articuli-
noides (Cicha et al., 1975; Luczkowska, 1972) was documented
in a sample from the upper part of core No. 4 (1035.8 m); thus,
the Badenian/Sarmatian boundary was determined in this part
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of the MZ 102 borehole. However, index taxa of the lowermost
Sarmatian biozones as the Anomalinoides dividens and Elphidium
reginum (Grill, 1941, 1943; Luczkowska, 1972; Cicha etal,, 1975)
were not recorded within the studied samples, and the middle
Sarmatian index species Elphidium hauerinum was rare. It is
important to note, the benthic foraminiferal biozones strongly
depend on the type of environment [mentioned mainly in the
Sarmatian sediments: Harzhauser & Piller (2004); Koubova &
Hudé4¢kova (2010); Zlinsk4 et al. (2010)] and one can speculate,
that due to unsuitable conditions they can only be developed in
certain parts of the basin with special conditions. We consider
these associations may occur in the sediments of the non-cored
part of the MZ 102 borehole (1034.6 — 659.8 m). In the nearby
MZ 93 borehole (Fig. 2), the lower Sarmatian Elphidium reginum
Zone was observed in the cores 5,4 and 3 of the circa 860 — 875
m of depth (Koubova & Huda¢kova 2010), and we correlate
it with the non-cored part of the MZ 102 borehole (Fig. 2). In
the samples from cores No. 3 and 2 (659.8 — 644.2 m) of the
MZ 102, the associations with predominance of Porosononion
granosum were assigned to the upper Sarmatian, Porosononion
granosum Zone (Grill, 1943) of the Skalica Fm (Vass, 2002).
The Sarmatian part of the NN6 Zone, based on Sphenolithus
abies acme-Zone, was documented in core No. 2 in the depths
of 648.3 and 644.8 m.

3.2. Sedimentology

The Upper Badenian sediments in this region have a clearly vis-
ible progradational to aggradational pattern of seismic reflexes,
while the Sarmatian sediments do not have any significantly
developed seismic clinoforms (Kova¢ et al. 2008a). Sedimento-
logical interpretation of cores No. 6 — 5 revealed that the deltaic
sands of the Upper Badenian are developed. The character of
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the sorting, as well as the upward fining trend of sediments,
indicates a wave, transgressive reworking (Fig. 2). Transgression
was documented by a higher content of reworked foraminiferal
taxa (Figs. 7, 8). Size sorting during postmortal transport in the
latest Badenian was documented in the MZ 93 borehole (depth
of ~1060 m) by Koubova & Hud4a¢kova (2010) as well.

From the upper part of core No. 4 (MZ 102) upwards, the fine
silty clay with an increasing proportion of pyrite concretions and
fish remnants indicates a deepening of the sedimentary environ-
ment (Kovac et al. 2008a,b). Increase of the infaunal foraminifera
(sample 1035.7 m, Fig. 7), together with rich framboidal pyrite,
can prove the low oxygen bottom zone (Jorissen et al, 1995).

The sedimentary analysis of cores No. 3 and 2 indicates sedi-
mentation in the distal part of deltaic lobes and poorly-aerated
lagoons and marshes (Figs. 2, 3A, B). In the upper part of core
No. 2 and in the core No. 1, the lamination was often marked
by very thin lamines formed by precipitated CaCO; (Fig. 3A),
which could represent the so-called non-glacial varves, sensu
Galovi¢ & Bajraktarevi¢ (2006).

3.3. Paleoenvironment

Paleoenvironmental analysis combine the results from calcare-
ous nannoplankton, foraminifera, and sedimentology. Species-
based paleoenvironmental interpretation corresponds with mor-
phogroup distribution (Fig. 4, Tab. 1). In the lowermost part of
the borehole (interval from 1059.8 to 1041.6 m), the low-oxygen
environment was documented by the absence of the oxyphilic
species and the occurrence of the species Cassidulina laevigata
and Globocassidulina crassa, Caucasina gutsulica, and Bulimina
elongata (Fig. S D, E), which can tolerate stress conditions from
reduced oxygen (Bernhard, 1986; Kaiho, 1994). In this interval,
we can also observe several planktonic species of foraminifera
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Fig. 9. Space-diversity data (Fisher alpha and Shannon H index) according to Murray (2006). Red dash line: group (A) - marsh and brackish marginal marine,

blue dash line: group (B) - normal marine/hypersaline lagoons with green subgroup B-a - miliolid rich associations, yellow dash line: group (C) - shelf.
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(Globigerina sp., Globorotalia sp., Turborotalita quinqueloba)
together with coccoliths documenting open marine conditions
with the possibility of stress conditions in the eutrophic water
surface (van der Zwaan etal., 1990, Cori¢ & Hohenegger, 2008).
The presence of the infaunal species Bulimina-Bolivina (cone-
shaped and elongated shaped morphogroups), together with
members of Nodosaria and Stilostomella genera (cylindrical uni-
serial morphogroup), document a deeper shellfal environment
with lowered oxygen in the water/sediment interface (Kaiho,
1994; Jorissen et al, 1995; Murray, 2006) and low CaCO; con-
tent caused by high input of organic material (Bernhard, 1986;
Kaiho 1994). This is in accordance with the interpretation of low
oxygen levels in upper Badenian sediments in the Vienna Basin
because of changes of water in the current regime from an anti-
estuarine to open marine (B4ldi, 2006; Kova¢ova & Hud4ckova,
2009; Kovaé et al., 2017b). According to the species-diversity
analysis of the benthic foraminifera samples, assemblages from
the above-mentioned interval represent a normal marine envi-
ronment (Fig. 9).

The stressed environment was documented by the prevalence
of calcareous nannoplankton species Reticulofenestra minuta
(depth 1035.8 m) similar to what was mentioned in borehole
MZ 93 (Koubové & Hudédekova, 2010). In addition to the spe-
cies considered to be index fossils for Sarmatian (Nodosaria
dina, Articularia articulinoides, 1035.8 m), the size sorting of the
rounded tests indicates reworking of Badenian planktonic forms
in these horizons. A different type of foraminiferal associations
was found in the interval of 1035.8 — 1034.6 m, dominated by
Porosononion granosum, Haynesina sp., and Ammonia sp. spe-
cies and the high abundance of Cribroelphidium excavatum. The
pronounced dominance of epiphytic groups (morphogroups C,
D/epiphytes) can document a distinct euphotic zone in interval
from 1035.6 to 659 m proved by space-diversity analysis (Murray,
2006) documented in the marginal marine environment (Fig.
7,9). Epiphytic association in coeval sediments in the Vienna
Basin was documented in various localities of Holi¢ and the
Skalica fms. (Fordinl & Zlinsk4, 1998; Koubova & Hudackova,
2010; Zlinska et al. 2010, Hud4¢kov4 et al. 2021). Almost 400
meters of rock sequence was not cored. However, we can as-
sume a continuing trend of shallow-water sedimentation based
on geophysical and sedimentological (CT_P) analysis of the
borehole MZ 102 (Sp; RILD curves; Fig. 2) and assemblages
from MZ 93 cored part.

The rock record continues with core No. 3 ata depth of 659.8
m, which yields poor foraminiferal fossil record of planocon-
vex trochospiral-shaped species (morphogroup B/epiphytes),
such as Biasterigerinata planorbis, Ammonia viennensis, Ammonia
parkinsoniana and Aubignyna perlucida. This test morphology
was advantageous for maintaining stability on the surface of
the substrate (Corliss & Emerson, 1990). The forementioned
foraminifera show wide salinity tolerance (Murray, 2006),
which may indicate fluctuations in freshwater inflow from the
mainland that can support the assumption of the marginal high-
energy environment. The planispiral morphology forms, such
as Porosononion granosum, Haynesina depressula, and Elphidium
macellum are present here and can document enough nutrient
supply. In the interval from 656.9 to 652.4, a higher abundance

of Ammonia spp. was noticed (with 3 peeks 657.7; 655.6; 653.4
m), which corresponds to the highest values (> 33.3) of the IAE
index (Pregnolato et al., 2018). We can observe associations
dominated by Ammonia tepida and Cribroelphidium excavatum
affected by the reduction of oxygen content, very similar to this
in Burone & Pires-Vanin (2006) and Burone et al. (2006).

The sedimentary analysis of the borehole core No. 2 (644
—652.2 m) indicates sedimentation in the distal part of the del-
taic lobes, as well as poorly-aerated lagoons and marshes. One
important foraminiferal assemblage change was identified from
the depth between 650.5 m and 648.3 m, where Porosononion
granosum highly dominates (morphogroup C/epiphytes, Fig. 8).
This, together with miliolids, which is typical in hypersaline
conditions (Boltovskoy & Wright, 1976; Murray, 2006), may
document strong short-term salinity fluctuation during sedi-
mentation. From 648 m, miliolid foraminifera dominate (Arti-
culina, Articularia, Cycloforina, Dogielina) in the samples, what
according to Alperin et al., (2011), implies sand sediment of
shallow gulf areas with the temperate, hypersaline, and produc-
tive conditions. Depending on the spatial diversity distribution
(Fig. 9), we interpret them as association from the marginal seas
of hypersaline lagoons (Murray, 2006). In Devinska Kobyla
(Hyzny etal., 2012; Pivko et al. 2017), shallow water hypersaline
foraminiferal association was also observed. Small miliolids were
observed only in the topmost sample form the MZ 93 borehole.
Based on the correlation of biostratigraphy and sedimentology
in the studied area, we can interpret an alternation of salty fens
or marshes inhabited by miliolids of the EP-D morphogroup,
as well as brackish fens inhabited by the EP-C morphogroup
dominated with Porosononion granosum. Calcareous nannoplank-
ton associations from depth interval (from 649.2 to 647.2 m)
are exclusively represented by Braarudosphaera bigelowii, includ-
ing B. bigelowii parvula and abundant ascidian spicules typical
for lowered salinity (Stradner & Fuchs, 1979). Similar assem-
blages were observed in Sarmatian sediments of the Vienna
and Danube basins in a marginal environment, with sea level
fluctuations and terrestrial draw (Kovac¢ et al., 2005; Kovac
et al., 2008a). The sediments with shallow water hyposaline
associations end at a depth of 646.1 m, above which sediments
are barren of foraminifera tests.

4. CONCLUSIONS

Paleoecological and sedimentological changes of the Vienna
Basin sediments were studied in the MZ 102 borehole and cor-
related with borehole MZ 93, both located near the town of
Malacky in the western (Slovak) part of the Vienna Basin.

The Badenian sediments in the MZ 102 borehole are docu-
mented based on the foraminifera from the depth of 1059.8 to
1041.6 meters (uppermost Badenian — equivalent of Bulimina/
Bolivina Zone). The calcareous nannoplankton confirms the
NNG6 Zone from the depth of 1041.6 m. The first occurrence
of the Sarmatian index species was documented in a depth of
1035.8 m thus we interpret it as the Badenian/Sarmatian bound-
ary. From the depth 646.1 to ~ 620 m, the Sarmatian sediments
(Porosononion granosum Zone) were documented based on
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foraminifera and calcareous nannofossils. Interpretation fits
well with the results obtained from the M 93 borehole, in which
lower Sarmatian was cored. Badenian sediments originated in
the deltaic condition with possible reworking with episodes of
deeper open marine waters with lowered oxygen on the sea floor.
Major paleoecological change has been identified in samples
from the depths of 1038.8 m — 1034.6 m, where the sea floor
conditions changed from normal marine to low-oxic.

The Sarmatian sediments studied here generally indicate
sedimentation in the distal part of the deltaic lobes, as well as
poorly-aerated lagoons and marshes that can explain the vari-
ability in proportion of the foraminiferal morphogroups. The
shallow water environments with significant changes in salt and
oxygen content at the bottom with facultative sea grass cover
were found in the studied sediments. Major paleoecological
changes have been identified in depths from 659.4 m to 650.5 m,
where the lowered oxygen level in the water/sediment interface
was identified with the three most pronounced excursions of very
low level of oxygen in the interval between 656.9 m to 652.4 m.
The predominance of miliolids (family Miliolidea) indicates
the shallow water, hypersaline, as well as an aerated lagoonal
environment from the depth of 648.3 m up to the 641.1 m.

Comparison of the two methodological approaches to the
paleoenvironmental analyses — (1) species analysis or (2) mor-
phogroups analysis shows that the morphogroup approach seems
to be a quick and sufficiently effective method for paleoenviron-
mental reconstructions.
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