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paleotopography: an example from the Middle
Miocene (Serravallian) of Lower Austria

Werner E. Piller’"®, Gerald Auer', Hugo Graber? and Martin Gross®

Abstract

In the area of Bad Deutsch-Altenburg (Hainburg Mountains, Lower Austria) a Middle Miocene transgression over
Mesozoic basement was explored in the course of the Danube power plant project “Hainburg”. The Mesozoic base-
ment forms a narrow ridge dipping to the northeast towards the Vienna Basin, covered by various Miocene sedi-
ments. The ridge represents a specific paleotopography that required a detailed study with 78 shallow, fully cored
drill holes in an area of c. 0.5 km?. Ten drillings were selected for this study based on sedimentary composition and
position relative to the Mesozoic ridge. These 10 cores, ranging in drilling depth from 26.5 to 96.4 m, were studied in
respect to sedimentology, corallinacean algae, calcareous nannoplankton, foraminifers and ostracodes to reconstruct
sediment distribution and paleoenvironment. Sediment distribution clearly shows that the Mesozoic ridge formed

a physical barrier with siliciclastics dominating in the SW of the ridge and carbonate sediments prevailing in the NE.
Based on biostratigraphy (calcareous nannoplankton, foraminifera, ostracodes, dinoflagellates) the majority of the
sediments can be dated to the late Badenian (early Serravallian) only in some drillholes lower Sarmatian (upper Ser-
ravallian) sediments were detected. In terms of sequence stratigraphy, the Badenian sediments represent the trans-
gressive and highstand systems tract of 3'¥ order sequence TB 2.5 (bound by the lowstands Ser 2 and Ser 3), the lower
Sarmatian sediments can be correlated to sequence TB 2.6. Carbonate sediments show a wide spectrum of 13 facies
which are mostly dominated by coralline algae. According to the relative positions of the drill holes a water depth
between 0 and about 50 m can be reconstructed what is supported by the occurrence of the benthic biota. This biota
indicates that the sedimentary succession started from the very beginning under full marine conditions. Except of
basal conglomerates/breccias water energy conditions were low and turbidity high. Close to the Sarmatian boundary
a reduction in salinity and depth may have occurred which is also observed in the Sarmatian sediments. Carbonate
sediments and, in particular, larger benthic foraminifers indicate tropical to warm-temperate conditions for the late
Badenian of the studied sections. The siliciclastic sediments NW of the Mesozoic ridge reflect riverine input indicated
by the occurrence of freshwater ostracodes and characean oogonias. Calcareous nannoplankton and dinoflagellates
show a high share of reworking from Upper Cretaceaous and Paleogene sediments.
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1 Introduction

The Paratethys Sea originated when the Western Tethys
was split by the rising Alpine chains into the Proto-Med-
iterranean Sea in the south and the Paratethys Sea in the
“Correspondence: wemnerpiller@uni-grazat north (e.g., Kova¢ et al,, 2007; Régl, 1998, 1999; Stein-
"nstitute of Earth Sciences, University of Graz, NAWI Graz Geocenter, inger & Wessely, 2000). This separation occurred around
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both realms changed frequently in time with temporar-
ily active gateways between the Paratethys and the Proto-
Mediterranean, the North Sea and the Indian Ocean but
suffered from paleogeographic isolation during intervals
in between (Rogl, 1999). The Paratethys itself is subdi-
vided into a Western/Central Paratethys reaching from
the Gulf of Lyon in the west to the Carpathian Moun-
tains in the east and the Eastern Paratethys covering the
area east of the Carpathian Mountains in the west and
extended in the east to modern Lake Aral. The Central
Paratethys was predominantly marine during the Oligo-
cene to Middle Miocene and changed to the long-lived
Lake Pannon during the early Late Miocene (Harzhauser
& Piller, 2007; Steininger & Wessely, 2000).

The varying connections of the Paratethys with other
oceans and seas resulted in a specific paleogeographic
and paleoenvironmental development which necessi-
tated the establishment of a regional chronostratigraphic
scheme which is based mostly on endemic biota which
cannot always easily be correlated to the global chron-
ostratigraphy. Correlation out of the Paratethys is based
on planktic foraminifera and calcareous nannoplank-
ton and, to a minor extent, on magnetostratigraphy and
sequence stratigraphy. Most of the biota, e.g., foraminif-
era, dinoflagellates, ostracodes, molluscs, and echinoids,
are well studied in the Central Paratethys (e.g., Cicha
et al., 1998; Harzhauser & Piller, 2007; Kollmann, 1960;
Kroh, 2007; Soliman et al., 2022; Studencka et al., 1998).

The Badenian stage (Middle Miocene, Langhian-lower
Serravallian; Fig. 1) is the biodiversity hotspot in the Cen-
tral Paratethys (Harzhauser & Piller, 2007) documenting
good water exchange with the Mediterranean but also
favorable conditions related to the Middle Miocene Cli-
matic Optimum (MMCOQO). Within the Badenian, how-
ever, also a climatic decline into the Middle Miocene
Climate Transition (MMCT) occurs which is reflected in
a reduction in biota diversity and composition. This very
general development is frequently obscured by a strong
facies differentiation with highly variable and localized
fossil biota. In this study we will elaborate in a short time
interval of the late Badenian and early Sarmatian an area
which is facially highly diverse at a scale of few 100s of
meters with very specific biota in space and time. Gen-
erally, the late Badenian is not very well studied in the
Vienna Basin compared to the middle Badenian but in
our example from Bad Deutsch-Altenburg, Lower Aus-
tria, we studied carbonate sedimentology, coralline red
algae, foraminifera, ostracodes and calcareous nanno-
plankton to provide an integrated approach and a com-
prehensive paleoenvironmental reconstruction as well as
a review on paleogeography.
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2 Geological background of the Vienna Basin

The Vienna Basin is one of the best studied pull apart
basins in the world based on the occurrence of one of
the largest hydrocarbon reservoirs in Europe (Arzmil-
ler et al., 2006; Boote et al., 2018; Hamilton et al., 2000;
Rupprecht et al., 2019). Originally, the basin was thought
to have originated from simple pull apart kinematics
(e.g., Royden, 1985, 1988) but its development is much
more complex starting with a series of piggy-back basins
at the front of the N- to NW-propagating thrust belt of
the Eastern Alps. This initial phase is also called Proto-
Vienna Basin which developed during the Early Miocene
(Decker, 1996; Fodor, 1995; Lee & Woagreich, 2017). In
the Middle to Late Miocene the basin was dominated by
extensional tectonics due to lateral extrusion of the East-
ern Alps (Decker, 1996; Fodor, 1995; Holzel et al., 2010;
Lee & Wagreich, 2017). This caused distinct fault sys-
tems, which subdivided the Vienna Basin into a complex
horst and graben system producing several sub-basins
(Hamilton et al., 2000; Holzel et al., 2010; Kroll & Wes-
sely, 1993; Siedl et al., 2020; Wessely, 2006).

The basin extends c. 200 km in N-S direction and c.
55 km west—east mostly on Austrian territory but also
into the Czech Republic and the Slovak Republic. The
latter parts are also well studied and documented in a
number of publications (e.g., Bardth et al., 1994; Brzobo-
haty & Stranik, 2012; Buday, 1946; Fordindl et al., 2012;
Kovac et al., 2004, 2007; Rybér et al., 2019; Sant et al,,
2020; Spicka, 1966; Vass, 2002; Vass et al., 1988). Sedi-
mentation started in the Early Miocene (Ottnangian) and
continued to the early Late Miocene (Pannonian). The
maximum sediment thickness reaches about 5.500 m in
the Schwechat deep. The complex tectonics with fault
bounded uplifted blocks and depressions makes correla-
tion within the Vienna Basin difficult. This tectonic pat-
tern also produced a complex facies distribution within
the basin additionally complicated by synsedimen-
tary tectonics (e.g., Harzhauser et al., 2017, 2019; Siedl
et al, 2020). The interplay of complex regional tecton-
ics and global/regional sea level changes (Piller et al,
2007; Strauss et al., 2006) is also expressed in a complex
lithostratigraphy which has been recently revised (Har-
zhauser et al,, 2019, 2020). Many deep drillings in the
basin and seismic lines allowed intra-basinal correla-
tion by wire logs and biostratigraphy; the latter, however,
represents a poorly constrained ecobiostratigraphy (cf.
Harzhauser et al., 2020). Correlation with open oceanic
equivalents is mostly based on planktic foraminifers and
calcareous nannoplankton but also on cyclostratigraphy
and astronomical tuning (Hohenegger & Wagreich, 2012;
Hohenegger et al., 2009; Lirer et al., 2009).

During the Badenian (Langhian-early Serravallian)
good water exchange with the Mediterranean Sea via the
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Fig. 1 Stratigraphic chart of the Middle Miocene following the International Stratigraphic Chart (https://stratigraphy.org/chart) with the regional
stages and substages of the Central Paratethys; the biostratigraphic columns show the calcareous nannoplankton (cnp) zonation after Martini
(1971) (left) and after Backman et al. (2012) (right) and the planktic foraminiferal (pf) zonation after Wade et al. (2011); the lithostratigraphy follows
Harzhauser et al. (2020), regional sequences after Strauss et al. (2006) and Sied| et al. (2020); the relative sea level indications in the Central Paratethys
follow Kranner et al. (2021a) and the 3" order sequences Hardenbol et al. (1998)

Slovenian “Trans-Tethyan Trench Corridor” (Bistricic
& Jenk, 1985) was enabled what is also reflected by the
highest biodiversity in the Miocene of the Central Para-
tethys (Harzhauser & Piller, 2007). This open connection
is well expressed in the Vienna Basin by the recognition of
three 3" order sequences allowing to subdivide the Bad-
enian sediments into a lower, middle, and upper substage
(Fig. 1). The base of the Badenian is characterized by a
hiatus which is caused, in addition to the global sea level
lowstand Bur5/Lanl, by the so called Styrian Tectonic

Phase (Stille, 1924) and represents the lower Badenian
Bal sequence (Strauss et al., 2006) which can be corre-
lated to the 3™ order sequence TB 2.3 of Hardenbol et al.
(1998) ending again with a hiatus. The middle Badenian
is reflected by the hiatus bounded sequence Ba2 (TB 2.4)
and the upper Badenian by sequence Ba3 (TB 2.5) start-
ing again with a hiatus representing the lowstand Ser2.
The Badenian/Sarmatian boundary is again characterized
by a major sea level drop and a subsequent restriction
from the Mediterranean resulting in reduced biodiversity
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(Harzhauser & Piller, 2007; Fig. 1). Paleoenvironmental
conditions changed strongly through the Badenian (and
Sarmatian) guided by strong tectonics and paleoclimate
(Kranner et al., 2021a, 2021b; Siedl et al., 2020). Besides
the application of planktic foraminifers and calcareous
nannoplankton for correlation to the Mediterranean
Miocene, within the Vienna Basin an ecobiostratigraphic
zonation was developed (Grill, 1941) and repeatedly
modified but more recently proposed to be abandoned
(Kranner et al., 2021a, 2021b). The mostly used zona-
tion consists of the Lower Lagenid Zone, Upper Lagenid
Zone, the Spirorutilus Zone and the Bulimina-Bolivina
Zone. The Lagenid zones cover the lower Badenian and
lower part of the middle Badenian, the Spirorutilus Zone
the middle Badenian and the Bulimina-Bolivina Zone the
upper Badenian. Both, definition and stratigraphic extent
of these zones are poorly constrained.

3 Study area

The studied area is located in the Hainburg Mountains
(Lower Austria) which mark the easternmost margin of
the Vienna Basin but also the boundary to the Danube
Basin in the east (Fig. 2). The latter is part of the Panno-
nian Basin System and exhibits a diverging origin from
the Vienna Basin. The Hainburg Mountains represent
the southern end of the Little Carpathians and belong
geologically to the tatrid unit (Fig. 2). They are made up
of granites, gneiss and mica schists, and Permo-Triassic
quartzites overlain by Middle Triassic limestone and
dolomite (Kristan-Tollmann & Spendlingwimmer, 1975;
Wessely, 1961). These rocks are occasionally covered by
Badenian and Sarmatian sediments. A detailed descrip-
tion of the geology of the Hainburg Mountains is pro-
vided by Wessely (1961) who also studied the Miocene
sediments on top of the crystalline core and Mesozoic
cover. He described a transgression of Badenian sedi-
ments onto the basement along a steep shoreface with
coralline algal limestones and marls in more distal posi-
tions. Biostratigraphically he classified these sediments as
part of the Spirorutilus- and Bulimina-Bolivina zones.

In the reconnaissance phase for the Danube power-
plant project “Hainburg” possible impacts on the min-
eral springs at Bad Deutsch-Altenburg have been studied
in great detail. For this sensitive topic a dense grid of 78
shallow, fully cored boreholes have been drilled in the spa
area and its surroundings as well as in the Danube river-
bed and at the left riverbank mostly located in the munic-
ipality of Bad Deutsch-Altenburg (Gangl, 1988, 1990;
Fig. 3) representing an area of only c. 0.5 km? These drill-
ings penetrated the Quaternary-Miocene sediments and
some boreholes also reached the Mesozoic basement.
The specific geological situation which necessitated this
detailed study is a Mesozoic dolomite ridge which crops
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Fig.2 A General location maps showing the study area. B Simplified
geological map with the position of the Vienna Basin related to the
Alpine-Carpathian Mountains and the Pannonian Basin (modified
after Wessely, 1998). C Topographic map (DEM) of the Central Vienna
Basin (between Vienna and Bratislava) with the Hainburg Mountains
indicated as well as the Little Carpathians and the Leitha Mountains;
RDFU Rhenodanubian Flysch Unit, NCA Northern Calcareous Alps, CA
Central Alps

out at the Kirchenberg and Pfaffenberg in Bad Deutsch-
Altenburg but dips to the northwest into the deeper part
of the Vienna Basin (Fig. 3). This ridge is onlapped and
overlain by Badenian sediments which show small scale
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Fig. 3 A Simplified geological map of the Hainburg Mountains between Bad Deutsch-Altenburg and Hainburg (modified after Fuchs, 1985) and
the location of the drilling field. B The drilling field at Bad Deutsch-Altenburg with all drillings and the studied drill sites indicated; the contour lines
(isohypses) reflect the morphology of the Triassic dolomite ridge (modified after Gangl, 1988)

lateral and vertical facies variations. Above a transgres-
sion conglomerate the Triassic dolomite is overlain by
coralline algal limestones in the literature referred to as
“Leitha Limestone” or “Leitha Limestone Facies” (Gang],
1988, 1990; Wessely, 1961, 2006). Overall, the Badenian
sediments in the southwest of the Triassic spur are domi-
nated by sandy and marly sediments while in the north-
east of the spur coralline algal limestones prevail. This
special situation makes this location interesting for stud-
ying various aspects. So far, the focus was placed mainly
on the study of ostracodes with a first study and new
description of taxa by Danielopol et al. (1991). A com-
prehensive study on ostracodes was carried out by Gross
(2002) but only partly published (Gross, 2006). In accord-
ance with the data from Wessely (1961) most of the sam-
ples (59) were assigned to the upper Badenian only a few
(7) from the top of two boreholes were placed into the
lower Sarmatian (HA 66, HA 573). The Badenian samples
indicate full marine conditions, in the samples SW of the
Triassic ridge the ostracode assemblages indicate fresh-
water input, the assemblages NE of the spur indicate an
epi- to mesoneritic environment (Gross, 2002).

4 Methods

For studying isolated foraminifera and ostracodes small
rock pieces were treated with diluted hydrogen perox-
ide (H,O,:H,0=1:4; 30%) and washed over a sieve set
of 2 mm, 1 mm, 500 pm, 250 um, 125 pm, and 63 pm
for size fractionation. Microfossils were picked under
binocular microscopes. The fractions>250 pm were
completely picked or at least 200 individuals extracted.
Smaller fractions have been screened not to miss impor-
tant biotic constituents. For SEM studies (Zeiss LEO,
DSM 982) selected specimens were treated with dish
detergent and subsequently cleaned in an ultrasonic bath.
Adhering sediment particles were removed with prepara-
tion needles.

Calcareous nannofossil slides were prepared according
to an adapted preparation protocol derived from Bordiga
et al. (2015) providing the possibility to perform abso-
lute nannofossil abundance estimates. First, the samples
were freeze-dried, and about 10 mg of sample were sus-
pended in 50 ml of 1 M NHj buffer solution. Afterwards,
1.5 ml of buffered suspension were transferred to a
24 x 42 mm coverslip, gently dried at 50 °C, and mounted
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using Norland Optical Adhesive No. 61°. All nannofos-
sil slides were studied under 1000 x magnification using a
Zeiss Axioplan2 microscope. Selected samples were also
prepared for SEM analysis by transferring 750 pL onto a
18 x 18 mm coverslip.

For classifying carbonate rocks representative cores
were cut in half, polished and photographed for study-
ing the composition macroscopically. In addition, out
of 30 samples 41 thin sections (5 x 5 cm) were prepared
and studied under a binocular microscope (Zeiss SteREO
Discovery.V20).

For measurements of the tests of the foraminiferal
taxon Amphistegina from 3 boreholes (HA 66, HA 511,
HA 540) 11 samples have been studied. Out of these
2552 individuals were picked and mounted on a plate
with adhesive tape in positions parallel and vertical to the
plate. In these positions diameter and thickness (besides
other parameters) have been measured with a binocular
microscope Leica MZ16 using the ImageAccess ver. 5 rel.
186. The resulting data are summarized in Table 1.

5 Results

5.1 Studied cores

Altogether 11 cores with highly variable lithologies were
studied. The cores, their lithologies and sample posi-
tions are shown in Figs. 4 and 5. These boreholes were
selected being characteristic for a specific area and facies
(i.e., from the crest of the Mesozoic ridge, siliciclasti-
cally dominated boreholes SW of the ridge, carbonate
dominated cores from NE of the ridge). In 7 drill holes
the Mesozoic basement was reached and 2 cores contain
the Badenian/Sarmatian boundary (Ha 66, Ha 573). Basic
data and studied topics are represented in Table 1. Loca-
tion and spatial arrangement of the drillings are shown in
Fig. 3.

5.2 Carbonate facies

Four boreholes were studied in detail for carbonate facies
which are located on the crest of the Mesozoic ridge (HA
518, HA 540) or penetrated the carbonate dominated
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sediments in the NE of the ridge (HA 66, HA 511)
(Fig. 4).

Generally, the Triassic basement on which the Bad-
enian transgression started is covered by a veneer of
upper Badenian limestones occurring in the lower part of
the structure on top of the crest but also along the flanks
of the ridge, being in the higher parts restricted to the
flanks (Fig. 14). The sediments which mark the imme-
diate transgression horizon represent a coarse breccia
or conglomerate composed of Triassic dolomite clasts
which can reach nearly one meter in thickness. The basal
sediments show predominantly a breccia without matrix
and the components are lithified by thick cement crusts
(HA 518/16; Fig. 6A). The dolomite clasts are bored by
clionid sponges (Entobia igen.) and lithophagid bivalves
(Gastrochaenolites igen.) clearly indicating a marine
environment from the very base. These breccia compo-
nents become further up incrusted by coralline algae
and matrix starts to occur which gradually increases in
volume (Fig. 6B). Components become smaller and the
sediment gets matrix supported. The matrix is formed
of small dolomite fragments, but increasingly coralline
algal components, foraminifers and molluscs occur. In
examples where a coarse breccia is missing corallinacean
limestone overlies the dolomite at a sharp, wavy bound-
ary and also as infills of karst cavities (HA 540/15). The
margin of the karstic dolomite is bored by lithophagid
bivalves and clinoid sponges.

The studied upper Badenian limestones show a broad
spectrum in composition and facies. They range from
pure limestones to marly limestones or sandy limestones
with highly variable carbonate contents grading also into
calcareous marl and even marl. The later have a high
carbonate content which is due to a high amount of the
larger benthic foraminifer Amphistegina. These occur in
pure limestones but also in Amphistegina marls where
they represent rock forming amounts sometimes in float-
stone/packstone texture with marly/sandy matrix (see
also below).

Table 1 Basic data of the 11 studied drillings; measurements in meters; m asl: meters above sea level; topics studied at the respective
borehole: C: carbonate facies, F: foraminifers, O: ostracodes, N: calcareous nannoplankton

Borehole HA HA HA HA HA HA HA HA HA HA HA
66 511 518 519 521 529 540 541 549 573 20
Altitude (m asl) 142.7 136.0 136.5 134.0 1353 146.8 1349 134.8 1330 1334 141.5
Quaternary thickness 13.1 38 33 37 4.8 8.1 34 38 40 4.2 124
Miocene thickness 787 312 33.1 263 21.7 237 292 252 324 69.8 374
Mesozoic thickness 4.6 - 4.1 - - 9.2 50 30 29 5.1 -
Total thickness 96.4 350 40.5 30.0 26.5 41.0 376 320 393 79.1 49.8
Topics studied CFON CFON C 0 0 0 CFO 0 0 F,ON 0
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The majority of the calcareous sediments are domi-
nated by calcareous algae in various growth forms and
preservation states. Based on these characters various
facies types can be differentiated:

+ Branched corallinacean facies: most dominating
components are branches of coralline algal thalli up

to a few centimeters length and bifurcation can also
frequently be observed indicating that these are at
least larger fragments (compared to the Maérl facies)
(Fig. 7A).

+ Maérl facies: this is a facies type made up of small
fragments of branched corallinacean thalli which are
mostly densely packed (rudstone) with subordinate
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Fig. 5 Lithologs of cores studied only for ostracodes. The logs are arranged according to their position in respect to altitude (asl) and roughly
perpendicular to the axis of the Mesozoic ridge. Indicated for all drillings are sample locations (arrow), altitude asl, depth of the Quaternary, depth of
Mesozoic basement (if reached) and the final depth

other bioclasts, mainly molluscs (Fig. 7E). A grad-
ual transition to the branched corallinacean facies
occurs.

Encrusting corallinacean facies: a corallinacean facies
with dominant algal crusts which may encrust other
components not or only subordinately forming rho-
dolites. They co-occur with branched algal thalli.
Boxwork rhodolite facies: the characteristic and
dominating components are boxwork rhodolites
which are open rhodolites with a high amount of sed-
iment between the algal laminae (Fig. 7C). The shape
can vary from spherical to discoidal and the size gets
up to 6 cm. In most examples a nucleus is not detect-
able except in the basal beds where dolomite clasts
frequently form the nuclei.

Terrigenous corallinacean facies: a variable amount
of coralline algal fragments in a sandy to marly
matrix (floatstones).

Bryozoan-corallinacean facies: nodular and branch-
ing bryozoan colonies and fragments which are fre-
quently encrusted by coralline algae (Figs. 7D, 8K).
This facies is rare in the studied material.

.

Mollusc-corallinacean facies: characteristic for this
facies is the co-occurrence of molluscs and coralli-
nacean algae.

Corallinacean dolomite clasts facies: this facies is
restricted to the basal parts of the boreholes where
variable amounts of the underlying dolomite occur
together with coralline algae. The latter may occur as
branches or encrust the dolomite clasts (Fig. 8H).

Besides these corallinacean dominated facies a few oth-
ers also occur:

Terrigenous Amphistegina facies: Amphistegina
dominated sediments (packstone, floatstone, rud-
stone) which frequently have a (sandy) marl matrix
(Fig. 7F).

Terrigenous Amphistegina-bivalve facies: in addi-
tion to the high amount of Amphistegina also mol-
luscs occur in considerable amounts within a marly
matrix.
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s . . : {
Fig. 6 A Polished core surface of the transgression conglomerate of
Triassic dolomite clasts lithified by several cement generations. Some
of the components are bored by Entobia igen. (En.), the brownish/
reddish coloration stems from pyrite crystals (sample HA 518/16). B
Limestone sample immediately above the Triassic basement with
bored (Entobia igen., En.) dolomite clasts, coralline algal encrusted
clasts and rhodolites and branch fragments of coralline algae
(polished core surface, sample HA 540/15)

+ Terrigenous bryozoan facies: bryozoans occur in
higher amounts in a (sandy) marl matrix.

+ Dolomite breccia: this facies is restricted to the low-
ermost layers immediately above the Triassic base-
ment (Fig. 6A).
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All described facies may grade into each other not rep-
resenting clearly defined types. In the vertical distribu-
tion of the facies no regular pattern is observable except
that the dolomite influenced facies occur at or close to
the Mesozoic basement.

5.3 Coralline red algae

Coralline red algae (CRA) are major constituents of the
carbonate rocks/sediments in the studied cores and this
rock type is commonly called “Leitha limestone” or “Lei-
tha Limestone Facies” The Leitha limestone, formalized
in the Leitha Formation by Harzhauser et al. (2020), is,
however, of middle Badenian age. Although the first fos-
sil coralline algae were described out of the Leitha Lime-
stone of Neudorfl (today: Devinska Nova Ves; see also
below) by Reuss (1847) the taxonomic inventory is still
insufficiently documented. The widespread corallinacean
algae in the Badenian of the Vienna Basin are generally
poorly studied. Besides first mentions in the nineteenth
century (e.g., Reuss, 1847; Unger, 1858) a more detailed
description gave Conti (1946). A first detailed documen-
tation of upper Badenian coralline red algae from the
area around Devinska Novd Ves provided Schalekova
(1969) and, more recently, Hrabovsky (2013) who studied
middle Badenian “Leitha limestones” of the area. In addi-
tion, Schalekova (1973) studied upper Badenian coralline
algae further NNE (quarry at Rohoznik-Vajar, Slovakia).

The studied material is with more than 10 taxa relatively
diverse, including Hydrolithon corculumis, Lithophyl-
lum duplex, Lithophyllum lithothamnoides, Lithophyl-
lum microsporum, Lithophyllum spp., Lithothamnion
ramosissimum, L. minervae, Lithothamnion spp., Meso-
phyllum roveretoi, Mesophyllum spp., Neogoniolithon sp.,
Phymatolithon calcareum, Spongites fruticulosus, Spon-
gites anguineum, and Sporolithon spp. No regular vertical
distribution pattern of the taxa within the cores has been
recognized.

Growth forms of the thalli are highly variable (Woelker-
ling et al.,, 1993) and considered of ecological importance
(e.g., Aguirre et al., 2017; Bosellini & Ginsburg, 1971).
Here, growth forms terminology follows Woelkerling
et al. (1993) represented by encrusting forms with warty
to fruticose protuberances. These may occur encrust-
ing a specific substratum, representing coatings of rock
fragments or bioclasts (e.g., bryozoan). Also crustose lay-
ered to foliose thalli occur without overgrowth on hard

(See figure on next page.)

Fig. 7 Characteristic facies of the carbonate rocks: A Branched coralline algal facies with few dolomitic lithoclasts (HA 518/12). B Branched and
crustose coralline algal facies (HA 511/1). C Boxwork rhodolites facies (HA 518/9). D Bryozoan-coralline algal facies; branched bryozoan colonies are
incrusted by coralline algae (HA 511/3). E Maérl facies with small but very abundant algal branch fragments (HA 511/1). F Amphistegina facies with
densely packed, bioturbated Amphistegina mudstone and molluscs in the upper part (HA 66/20)
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Fig. 7 (See legend on previous page.)




Marine facies differentiation along paleotopography (Middle Miocene, Serravallian)

substrate (Fig. 7B). Aggregates of non-attached coralline
red algae, so called rhodolites (Aguirre et al., 2017; Rios-
mena-Rodriguez, 2017), are very abundant. Their size is
highly variable ranging from<1 to 6 cm (size observa-
tion is, however, limited by the core diameter and larger
rhodoliths are to be expected). Their shapes are mostly
subspherical to ellipsoidal and their surface is warty to
fruticose (Fig. 8H), most abundant are boxwork rhodo-
lites (Basso, 1998) (Figs. 7C, 8I). The end member of frag-
mentation and optional re-growth of thalli and rhodolites
is a sediment called “maérl” which consists of densely
packed coralline algal branches (Figs. 7E, 8]). Similar to
taxonomic composition, growth forms exhibit no specific
distributional pattern within the studied cores.

Some of the growth forms have been used for differ-
entiating carbonate facies types (see above). The growth
forms in these facies types may grade into each other but
may consist predominantly of branched fragments or
very densely packed branched fragments (“maérl”).

5.4 Foraminifera

Foraminifera were studied both in thin sections of lime-
stones and on extracted isolated material from non-lith-
ified sediment samples. Out of the limestones 41 thin
sections of 30 samples were studied, the same as for car-
bonate facies (Figs. 7F, 8A-G, 9).

For foraminiferal analysis of the washed material 33
samples were studied out of 4 boreholes (HA 66, HA 511,
HA 540, HA 573) and additional samples were screened
for stratigraphic or paleoecologic markers. The preserva-
tion of the isolated foraminiferal tests is generally poor to
moderate showing dissolution features, fragmention p.p.,
cemented sediment particles and the taphocoenoses are
very incomplete compared to the original biocenoses.
This can be concluded because agglutinated foramini-
fers are extremely rare in all washed samples and also
miliolid taxa are rare but when preserved mostly in a
very bad condition. Also, some hyaline taxa seem to be
missing. This is in contrast to thin sections where both
agglutinated and miliolid taxa occur in higher abun-
dances (Figs. 8C, D, F, 9). Because of this diagenetic
overprint of the assemblages neither a quantitative nor
statistical approach could have applied to foraminifera.
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A semiquantitative recording was carried out in thin sec-
tion analysis (Fig. 9; Tables 2, 3).

Overall, the most conspicuous taxon is the larger ben-
thic foraminifer (LBF) Amphistegina mammilla (Figs. 8A,
9, 10.1a—c) which occurs in the studied cores in rock-
forming quantities (Fig. 7F). This species occurs both
in limestones (terrigenous Amphistegina facies, terrig-
enous Amphistegina-bivalve facies; Fig. 7F) and in fine
siliciclastics mostly sandy Amphistegina marl or marly
Amphistegina fine sand. They are rare in pure pelitic sedi-
ments. The limestones where they occur are also rich in
siliciclastic sand and represent floatstones or packstones
(Fig. 7F). In core HA 66 Amphistegina occurs only in the
lower part of the borehole (HA 66/25 to HA 66/17) and
is completely absent above even in the sandy marls. In
HA 511 it occurs throughout the section but is rare in
the sandy bryozoan marl (HA 511/7). Foraminifera are
generally rare in HA 540 but HA 540/11, /8 and /6 are
Amphistegina marls. In HA 573 Amphistegina is com-
parably rare, occurring only in sample HA 573/11. The
measurements on the Amphistegina tests show maxi-
mum diameters (d) of about 3 mm and a thickness (t)
of 1.37 mm. Sizes are distinctly smaller in samples HA
511/13 (max. d: 1.57 mm, max. t: 0.76 mm) and HA
511/15 (max. d: 1.66 mm, max. t: 0.6 mm). The average
d/t ratio ranges between 2.63 and 3.09 (details are given
in Table 1).

Another LBF is Borelis melo (Figs. 8B, 9, 10.2) which is
well represented in the limestone facies occurring in HA
66/31, HA 518/14, /12, /11 and HA 540/15, /14, /13, /10.
In washed samples only in HA 540/1 and HA 573/11 a
few badly preserved specimens were detected.

The third LBF is Planostegina (Fig. 8A) which has not
been found in washed samples but frequently in thin
sections HA 66/23, /20, HA 511/14, /10, /6, /3, HA 518/9,
/7, 16, HA 540/7, /5, /4. Borelis occurs predominantly
immediately above the Mesozoic basement whereas Pla-
nostegina occurs only higher up in the section (Fig. 9).

Smaller foraminifera are nearly continuously rep-
resented by cibicidis (including Lobatula Ilobatula
which cannot be consistently separated in thin section)
(Figs. 8G, 9) and Elphidium spp. (Fig. 8E). Lobatula is rel-
atively rare in HA 573 except of HA 573/19 from the base
of the core, occurs throughout HA 511 and HA 540 and

(See figure on next page.)

serpulids (HA 511/3)

Fig. 8 Foraminifera and coralline red algae in rock thin sections. A Fine grained Amphistegina terrigenous facies with tests of Amphistegina

and Planostegina (center) (HA 66/20). B Bioclastic packstone with the larger foraminifer Borelis melo (HA 540/13). C Biserial agglutinated and
planktonic foraminifera (HA 511/3). D Sesssile agglutinated foraminifer Haddonia (HA 540/). E Elphidiid foraminifer in subaxial section (HA
518/16). F Miliolid foraminifer (HA 540/13). G Cibicidid foraminifer in axial section (HA 511/6). H Multispecies rhodolite with a Triassic dolomite
clast as nucleus (HA 518/2). I Multispecific boxwork rhodolite of warty/branched and crustose algal thalli with typical sediment-filled voids and
borings (Gastrochaenolites igen.); intergrown are also bryozoan colonies (HA 540/7). J Branched corallinacean thalli representing maérl facies with
agglutinated foraminifera, serpulids and scaphopods (511/1) K Bryozoan colonies encrusted by coralline algae with Amphistegina, molluscs and
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Fig. 9 Distribution of selected foraminiferal taxa in thin sections of the 4 cores HA 66, HA 511, HA 518, and HA 540
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is rather rare in the upper part of HA 66. Bolivina spp.
and Bulimina spp. (e.g., Fig. 10.3) are most abundant in
the upper samples of HA 66, occur throughout HA 573,
being abundant in HA 540/3 and nearly absent in HA
511. Pappina neudorfensis (Fig. 10.4) and Uvigerina spp.
occur in the upper part of HA 66 (except HA 66/7) and in
some samples of HA 573 but only in very low numbers.
Asterigerinata planorbis is recorded in all cores in small
quantities but is very rare in HA 511. All other benthic
taxa are in subordinate quantities present/preserved.

Planktic foraminifera occur in very small quantities in
most samples (Fig. 9), but they are badly preserved and
tiny. In a few samples Orbulina suturalis was detected
(HA 66/17, HA 511/5, HA 540/6, HA 573/13, /8, /7)
(Fig. 10.5).

In respect to stratigraphy the most important regional
marker found in several samples of HA 66 was Pappina
neudorfensis (Fig. 10.4) which is considered to indicate
Bolivina-Bulimina Zone (Haunold, 1995) and a late
Badenian age. Individuals of Bolivina and Bulimina are
recorded in several samples (see above) pointing also
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Table 2 Amphistegina mammilla: statistical parameters for the ratio diameter/thickness (d/t) of the tests

Sample number Number of specimens  Mean d/t Standard deviation Minimum Maximum
HA 66/19 260 2.68 043 1.53 4.20

HA 66/21 198 2.63 047 136 3.83

HA 66/24 195 2.74 0.52 1.23 445
HA511/8 220 3.04 045 1.89 428
HA511/9 201 2.88 0.37 1.97 4.58
HAS511/11 359 2.98 044 1.72 438
HA511/13 286 2.79 0.46 1.40 432
HA511/15 206 3.09 0.72 1.59 583

HA 540/6 205 2.89 043 193 431

HA 540/8 215 2.93 042 1.80 4.64

HA 540/11 207 2.69 0.39 1.65 3.80

at the Bulimina-Bolivina Zone but are not considered
very strong markers. A remarkable record is the nearly
monospecific occurrence of Saccammina sarmatica
in sample HA 573/3 (Fig. 10.6a-c) and the very abun-
dant occurrence of Anomalinoides dividens (Fig. 10.8a,
b) and Elphidium aculeatum (Fig. 10.7) in sample HA
573/2. The later are markers for early Sarmatian and S.
sarmatica is restricted to the Sarmatian. In the top sam-
ple HA 66/7 the fauna consists exclusively of Elphidium
crispum (Fig. 10.9) but in HA 66/6 E. cf. subumbilicatum
(Fig. 10.10), E. cf. grilli (Fig. 10.11), and Elphidium cf.
koberi (Fig. 10.12a, b) occur portending a Sarmatian age
(Cicha et al., 1998; Schiitz et al., 2007).

5.5 Calcareous nannoplankton
Calcareous nannoplankton has been studied in bore-
holes HA 66, HA 511, and HA 573 (Fig. 11). Samples
HA 66/30 and HA 66/28 are barren in nannoplankton,
but HA 66/19 shows a diverse and moderately preserved
flora containing Discoaster exilis, Coccolithus pelagicus,
Reticulofenestra pseudoumbilicus (>7 pm), common
Calcidiscus premacintyrei, Helicosphaera walbersdorfen-
sis, rare Cyclicargolithus floridanus, and Coronocyclus
nitescens. Samples HA 66/08 and HA 66/07 were both
moderately to well preserved with common occurrences
of H. walbersdorfensis, rare H. stalis and H. vederi, abun-
dant C. pelagicus and R. pseudoumbilicus, the occasional
presence of C. floridanus, but the notable absence of C.
premacintyrei. Reworking of Cretaceous and Paleogene
taxa is very common. Sample HA 66/5 is nearly barren in
stratigraphically indicative autochthonous taxa, although
common C. pelagicus and rare Reticulofenestra minuta,
R. hagii, and C. floridanus occur; reworked Cretaceous
and Paleogene taxa are common.

Of the 11 samples analyzed from Borehole HA 573,
nine were nearly barren in autochthonous nannofossil

assemblages. Samples HA 573/19, /17, /14, /13, /11, /09,
/08, /04, and /03, however, contain a diverse and surpris-
ingly well preserved and diverse allochthonous assem-
blage. The assemblage contains nannofossils of Early/
Late Cretaceous (Aptian to Maastrichtian) to Paleogene
(early Paleocene to late Oligocene) age. Rare, poten-
tially autochthonous taxa include Coccolithus pelagicus,
Cyclicargolithus floridanus, and Reticulofenestra minuta,
although their long stratigraphic range may result in a
significant contribution of allochthonous specimens to
these taxa. However, rare occurrences of R. pseudoum-
bilicus and Sphenolithus moriformis indicate at least
occurrences of autochthonous nannoplankton in these
samples. Sample HA 573/02 shows nearly no reworking
and a dominance of small placoliths assigned to the taxon
Syracosphaera sp. (cf. S. mediterranea), accompanied by
common C. pelagicus, as well as rare medium to small
reticulofenestrids and Umbellosphaera sp.

From Borehole HA 511, nannofossil assemblages were
investigated in 3 samples (HA 511/11, /08, /04). All three
samples show well-preserved nannofossil assemblages
with very low reworking (generally well below 1% of the
total assemblage). Quantitative analysis of these well-
preserved samples was carried out. Sample HA 511/11
shows high occurrences of Umbilicosphaera jafari
(~49.5%), with common occurrences of R. pseudoumbili-
cus (~11.6%), R. haqii (~9.3%), R. minuta (10.0%), and C.
pelagicus (~7.2%). Accessory species include Calcidiscus
leptoporus subsp. small (<5 pm;~3%), Umbilicosphaera
rotula (~2.8%), Syracosphaera sp. (~2.1%), Helicosphaera
carteri (~1.5%), and S. moriformis (~1.2%). Sample HA
511/8 shows a decrease in U. jafari (~25.2%) and an
increase in R. hagqii (~26.9%) and R. pseudoumbilicus
(~19.8%). C. pelagicus (12.6%) and R. minuta (~7.1%)
are also common. Abundances of Syracosphaera sp.
(~1%) are somewhat lower. Other taxa are H. carteri
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Fig. 10 Isolated foraminifera from upper Badenian and lower Sarmatian sediments. 1. Amphistegina mammilla (Fichtel & Moll, 1798), a: spiral

view, b: umbilical view, c: lateral view, upper Badenian, sample HA 511/8; 2. Borelis melo (Fichtel & Moll, 1798), upper Badenian, sample HA 540/1;

3. Bulimina elongata (d'Orbigny, 1826), lateral view, upper Badenian, sample HA 573/9; 4. Pappina neudorfensis (Toula, 1900), lateral view, upper
Badenian, sample HA 66/25; 5. Orbulina suturalis Bronnimann, 1951, upper Badenian, sample HA 511/5; 6. Saccammina sarmatica Venglinsky, 1958, a,
b: lateral views, c: apertural view, lower Sarmatian, sample HA 573/3; 7. Elphidium aculeatum (d'Orbigny, 1846), lateral view, lower Sarmatian, sample
HA 573/2; 8. Anomalinoides dividens tuczkowska, 1967, a: spiral view, b: umbilical view, lower Sarmatian, sample HA 573/2; 9. Elphidium crispum
(Linnaeus, 1758), lateral view, upper Badenian, sample HA 66/21; 10. Elphidium cf. subumbilicatum (Czjzek, 1848), lateral view, lower Sarmatian,
sample HA 66/6; 11. Elphidium cf. grilli Papp, 1963, lateral view, lower Sarmatian, sample HA 66/6; 12. Elphidium cf. koberi Tollmann, 1955, a: lateral
view, b: oblique apertural view, lower Sarmatian, sample HA 66/6
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(~1.5%) and S. moriformis (~1.4%). Rare occurrences of
reworked Paleogene Reticulofenestra bisecta (~1.3%) and
Reticulofenestra dictyoda (~0.8%) are also noteworthy in
sample HA 511/8, as otherwise, reworking is very rare
in borehole HA 511. Sample HA 511/4 shows the high-
est abundances of R. minuta (~32.1%), with common .
jafari (~31.2%), and reduced R. hagqii (~11.2%). Other
taxa include C. pelagicus (~6.5%), Syracosphaera sp.
(~3.4%), and H. carteri (~1%).

5.6 Ostracodes

For ostracodes, 66 samples from all boreholes (except
core HA 518; see 5.1) were investigated. Ten samples
were entirely barren (Fig. 12; Gross, 2002, 2006).

The samples were grouped into four assemblages based
on the occurrence of paleoecologically distinct taxa
(Figs. 12, 13); for details to the assumed paleoecology of
ostracod taxa see Gross (2002); bathymetric terms follow
Liebau (1980).

o Fabaeformiscandona-Ilyocypris  assemblage:  this
assemblage comprises samples with a low number
of specimens and species. The thin-shelled fresh-
water ostracodes Fabaeformiscandona spp. (almost
exclusively juvenile valves) and Ilyocypris aff. gibba
(only adult valves) dominate the ostracod fauna. One
sample contained the freshwater taxon Pseudolimno-
cythere hainburgensis. Epi- to infraneritic elements
(in particular Aurila spp., Cnestocythere spp., Loxo-
corniculum hastatum, Xestoleberis spp.) occur sub-
ordinately. Freshwater indicators are missing from
samples HA 519/3, HA 573/8 and HA 573/9, which
yielded only very few individuals. They are placed
with reservation as well as the lower Sarmatian sam-
ples HA 66/2 and HA 66/5 due to their position in
the cores in this assemblage.
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o Aurila-Xestoleberis assemblage: compared to the
Fabaeformiscandona-Ilyocypris assemblage ostra-
code abundance and diversity is higher. Aurila spp.,
Xestoleberis spp., and Loxocorniculum hastatum
prevail the ostracode fauna. Other epi- to infran-
eritic forms (especially Bairdoppilata subdeltoidea,
Callistocythere canaliculata, Cnestocythere spp.,
Cytheridea acuminata, Grinioneis haidingeri, Loxo-
concha punctatella, Olimfalunia plicatula, Tene-
docythere sulcatopunctata) occur subordinately. In
most samples, elements characteristic for brackish
or epineritic, freshwater influenced environments are
documented (Callistocythere postvallata, Hemicythe-
ria omphalodes, Loxoconcha cf. curiosa, Loxocon-
cha kochi? and Loxocorniculum schmidi) as well as
freshwater species (Fabaeformiscandona spp., Ilyocy-
pris aff. gibba). Although sample HA 519/1 is highly
dominated by Fabaeformiscandona cf. pokornyi and
Pseudolimnocythere hainburgensis (c. 95%), this sam-
ple has been tentatively placed in the Aurila-Xestole-
beris assemblage due to the occurrence of the brack-
ish water form Callistocythere postvallata. The lower
Sarmatian samples HA 66/6 and HA 573/2 are provi-
sionally assigned to this assemblage due to the poor
Sarmatian fauna.

o Aurila-Loxocorniculum assemblage: samples of
this assemblage differ from the Aurila-Xestoleberis
assemblage by much more numerous ostracodes and
the predominance of Aurila spp. and Loxocorniculum
hastatum. Frequently, Bairdoppilata subdeltoidea,
Callistocythere daedalea, Cnestocythere spp., Loxo-
concha punctatella, and Xestoleberis spp. co-occur;
the latter being very abundant in some samples (e.g.,
HA 529/1). Fresh- and brackish water elements are
completely absent. Aurila opaca and, rarely, Occul-
tocythereis bituberculata, Paranesidea? brevis, and
Phlyctenophora affinis appear in this community. The

(See figure on next page.)

Fig. 11 Microphotographs of calcareous nannofossils taxa found in the investigated samples. Taxa are shown under crossed and parallel nicols

as specified and presented as equally sized images to illustrate size differences. A Coccolithus pelagicus subsp. pelagicus (Wallich, 1877) Schiller
(1930), crossed nicols, sample: HA 511/11; B Reticulofenestra pseudoumbilicus (Gartner, 1967) Gartner (1969), crossed nicols, sample: HA 511/08; C
Reticulofenestra pseudoumbilicus (Gartner, 1967) Gartner (1969), parallel nicols, same specimen as B; D Reticulofenestra haqgii Backman (1978), crossed
nicols, Sample: HA 573/07; E Reticulofenestra minuta Roth (1970), crossed nicols, sample: HA 573/07; F Cyclicargolithus floridanus (Roth & Hay, in

Hay et al., 1967) Bukry (1971), crossed nicols, sample: HA 573/07; G Calcidiscus premacintyrei Theodoridis (1984), sample: HA 511/08; H Calcidiscus
macintyrei (Bukry and Bramlette, 1969) Loeblich and Tappan (1978), crossed nicols, sample HA 511/11; | Umbilicosphaera jafari Muller (1974), crossed
nicols, sample HA 511/11; J Umbilicosphaera rotula (Kamptner, 1956) Varol (1982), crossed nicols, sample HA 511/08; K Helicosphaera carteri (Wallich,
1877) Kamptner (1954), crossed nicols, sample HA 66/08; L Helicosphaera carteri (Wallich, 1877) Kamptner (1954), parallel nicols, same specimen

as K; M Helicosphaera vedderi Bukry (1981), crossed nicols, sample HA 66/08; N Helicosphaera vedderi, parallel nicols, sampe specimen as M; O
Helicosphaera stalis Theodoridis (1984), crossed nicols, sample HA 66/08; P Helicosphaera walbersdorfensis Miller (1974), crossed nicols, sample HA
66/08; Q H. walbersdorfensis, parallel nicols, same specimen as P; R Sphenolithus moriformis (Bronnimann & Stradner, 1960) Bramlette & Wilcoxon
(1967), crossed nicols 90°, sample HA 511/08; S S. moriformis, crossed nicols 45°, same specimen as R; T Discoaster sp. Tan Sin Hok (1927) (cf. D. exilis;
Martini and Bramlette, 1963), parallel nicols, sample HA 511/08; U Discoaster exilis Martini and Bramlette (1963) (cf. D. cauliflorus Browning & Bergen,
in Browning et al,, 2017), parallel nicols, sample HA 573/07; V Discoaster exilis Martini and Bramlette (1963), parallel nicols, sample HA 66/19; W
Rhabdosphaera xiphos (Deflandre & Fert, 1954) Norris (1984), crossed nicols, sample HA 511/11; X Braarudosphaera bigelowii (Gran & Braarud, 1935)
Deflandre (1947), crossed nicols, sample HA 66/07; Y Syracosphaera sp. (cf. S. mediterranea) Lohmann (1902), crossed nicols, sample HA 573/02
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Fig. 11 (See legend on previous page.)

assignment of sample HA 66/25 remains question-
able due to the rare material (3 valves).

» Pterygocythereis-Cytherella assemblage: this assem-
blage is rich in species and individuals and differs
from the Aurila-Loxocorniculum assemblage by the
frequent occurrence of Pterygocythereis calcarata
and Cytherella spp. Sample HA 20/16 yielded only
very few valves, however, due to the occurrence of

Henryhowella asperrima it is assigned to this assem-
blage.

6 Discussion

6.1 Stratigraphy

Already Wessely (1961) assigned the studied Bad-
enian sediments in the Hainburg Mountains to the
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Fig. 12 Occurrence and frequency of ostracode taxa (modified after Gross, 2002; Sarmatian samples marked with an asterisk; barren samples not
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A B
Fabaeformiscandona-llyocypris Assemblage Aurila-Xestoleberis Assemblage

Fig. 13 Schematic illustration of ostracod assemblages (not to scale). A Fabaeformiscandona-llyocypris assemblage, B Aurila-Xestoleberis
assemblage, C Aurila-Loxocorniculum assemblage, D Pterygocythereis-Cytherella assemblage. Size of figured valves refer to their frequency in the
assemblage. Paleoecologically significant taxa marked with fr (freshwater), br (brackish water or epineritic with freshwater influx) and in (infraneritic
to (epi-)bathyal). 1: Fabaeformiscandona sp. 1; 2: llyocypris aff. gibba; 3: Aurila cicatricosa; 4: Loxocorniculum hastatum; 5: Xestoleberis tumida; 6:
Cnestocythere truncata; 7: Pseudolimnocythere hainburgensis; 8: Aurila punctata; 9:=5; 10:=4; 11: Bairdoppilata subdeltoidea; 12: Cnestocythere
lamellicosta; 13: Loxoconcha punctatella; 14: Callistocythere canaliculata; 15: Cytheridea acuminata; 16: Grinioneis haidingeri; 17: Olimfalunia plicatula;
18: Tenedocythere sulcatopunctata; 19: Callistocythere postvallata; 20: Hemicytheria omphalodes; 21: Loxoconcha cf. curiosa; 22: Loxoconcha kochi?;

23: Loxocorniculum schmidi; 24:=1; 25:=2; 26: Aurila haueri; 27:=4; 28: = 11; 29: Callistocythere daedalea; 30:=12; 31:=13; 32:=5; 33: Costa
punctatissima; 34:=16; 35: Pokornyella deformis; 36: Semicytherura galea; 37: Senesia trigonella; 38:=18; 39: Urocythereis kostelensis; 40: = 26; 41:=4;
42:=11;43:=14; 44:=12; 45: =33, 46: Cytherella aff. compressa; 47:=13; 48: Pterygocythereis calcarata; 49: = 5; 50: = 16; 51: Henryhowella asperrima;
52: Parakrithe cf. soustonensis; 53: Paranesidea? brevis; 54:=36; 55:=18
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Bulimina-Bolivina Zone and therefore into the upper
Badenian. Further support for this assignment came from
the study by Haunold (1995) who stated that Pappina
neudorfensis is indicative for the Bulimina-Bolivina Zone
(cf. Cicha et al., 1998). In the herein studied material P
neudorfensis was also found supporting this assignment.
The occurrence of Anomalinoides dividens and Elphid-
ium aculeatum in the top of HA 573 clearly indicates
an early Sarmatian age. However, the dominating taxon
Saccammina sarmatica in HA 573/3 already points at a
Sarmatian age below. In HA 66/6, E. cf. koberi, E. cf. grilli
and E. cf. subumbilicatum proof Sarmatian age. In both
boreholes also ostracodes indicate a late Badenian age
for most of the successions (Danielopol et al., 1991) but
also for the Sarmatian in the top of HA 66 and HA 573
(Gross, 2002, 2006). For HA 573 ostracodes give a Sar-
matian age for sample HA 573/2 but foraminifera already
assign sample HA 573/3 to the Sarmatian which is c. 6 m
below.

Due to ecological effects and extending knowledge
about the total stratigraphic range of ‘index’ ostracodes,
earlier proposed ostracod zonations (e.g., Jiricek & Riha,
1991) are of limited value (Gross, 2006; see also Hajek-
Tadesse & Prtoljan, 2011 and Seko et al., 2012). Nonethe-
less, the found ostracod taxa clearly indicate a Badenian
age for most of the samples, which could be refined to
a late Badenian age by foraminifera. Ostracods specify-
ing an early Sarmatian age have been found only in the
uppermost part of cores HA 66 and HA 573 suggesting
a late Badenian age for the deposits below (Gross, 2006;
see above).

The calcareous nannoplankton assemblage indicates
nannoplankton zone (lower) NN6 (Martini, 1971),
MNNG6b (Fornaciari et al., 1996) and CNM8 (Backman
et al., 2012) through the presence of Cyclicargolithus
Sfloridanus and Calcidiscus premacintyrei together with
the absence of Sphenolithus heteromorphus. Samples HA
66/08 and HA 66/07 were assigned to (upper) NN6 cor-
responding to (lower) MNN7 and lower CNMJ9, through
the co-occurrence of common Helicosphaera vedderi and
H. walbersdorfensis, with rare H. stalis and R. pseudoum-
bilicus, as well as the absence of C. premacintyrei (Back-
man et al., 2012; Fornaciari et al., 1996; Martini, 1971).
NNG6 gives an unambiguous very clear indication of Ser-
ravallian, CNM8 indicates lower Serravallian, CNM9
upper Serravallian. For the Central Paratethys CNMS8
correlates with the upper Badenian, CNM 9 would indi-
cate Sarmatian. The latter, however, is primarily based
in our material on the absence of C. premacintyrei with-
out the expected occurrence of C. macintyrei (>11 pm;
Fornaciari et al., 1996) and, therefore, not a very strong
argument.
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The first occurrence of the dinocyst Unipontidium
aquaeductum marks the base of the dinoflagellate zone
DMS5 after King (2016) and Gradstein et al. (2020) and
its last occurrence the top of DM5 ranging from upper
Langhian to middle Serravallian. Habibacysta tectata
which occurs in samples HA 66/19 and HA 66/21 (Soli-
man et al., 2022) has its first occurrence in the lowermost
Serravallian. Both taxa together clearly indicate a late
Badenian age. Cannosphaeropsis passio represented in
samples HA 66/17 and HA 66/19 (Soliman et al., 2022)
is considered a marker for dinocyst zone DM6b with its
first occurrence at the base and its last occurrence at the
top of DM6b. Following the DM zonation this taxon indi-
cates upper Serravallian (Gradstein et al., 2020) which fits
with the Sarmatian of the Central Paratethys. One draw-
back, however, is the co-occurrence of C. passio and U.
aquaeductum in sample HA 66/19 requiring a re-evalu-
ation of the dinocyst biozonation (Soliman et al., 2022).

All biostratigraphic data support a late Badenian and
add for the topmost parts an early Sarmatian age. In
respect to the established sequence stratigraphy the stud-
ied Badenian material belongs to the regional sequence
Ba3 (Kranner et al., 2021a; Siedl et al., 2020; Strauss et al.,
2006). Ba3 can be correlated with the 3™ order sequence
TB 2.5 of Hardenbol et al. (1998) which is bound by the
lowstands Ser2 and Ser3. This sequence stratigraphic
approach has been verified both in the southern (Strauss
et al., 2006) and the northern Vienna Basin (Siedl et al.,
2020). The studied cores from Bad Deutsch-Altenburg
start with a transgression which can be correlated to the
TST following lowstand Ba3 (Ser2) and is terminated
within the highstand of Ba3 (TB 2.5) (Fig. 1). The follow-
ing lower Sarmatian sediments can be correlated to the
regional sequence Sal (Kranner et al., 2021a; Siedl et al.,
2020; Strauss et al,, 2006) corresponding to TB 2.6 of
Hardenbol et al. (1998) (Fig. 1). The boundary between
the upper Badenian and the lower Sarmatian is recog-
nized by foraminifera and ostracodes in the uppermost
parts of several boreholes, but a hiatus which should be
expected (Kranner et al., 2021a) was macroscopically not
detected. This can possibly be explained by the widely
uniform marls at the top of the Badenian and bottom of
the Sarmatian. However, even the exact boundary cannot
be defined (see foraminifera and ostracodes above).

Lithostratigraphically, the studied upper Badenian
sediments have to be classified with the Rabensburg
Formation defined and described by Harzhauser et al.
(2020) (Fig. 1). This unit belongs to the Baden Group, is
well known from many deep wells in the Vienna Basin
and reaches up to 1000 m in thickness being laterally
highly variable due to erosion at the Badenian/Sarma-
tian boundary. Lithology is highly variable with a domi-
nance of marls but also with corallinacean limestones,
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fluvial gravel and even lignite seams (Harzhauser et al.,
2020). The corallinacean limestones resemble that of the
recently defined Leitha Formation which is, however,
restricted to the middle Badenian (Harzhauser et al.,
2020). In the Slovak part of the Vienna Basin these sedi-
ments of the upper Badenian are assigned to the Stu-
dienka Fm. (e.g., Kovacova & Huddckovd, 2009). This
formation is, however, not formally defined. The lower
Sarmatian sediment can be assigned to the Holi¢ Forma-
tion which has been first described by Ele¢ko and Vass
(2001) in the Slovak part of the Vienna Basin (cf. Har-
zhauser et al., 2020).

A similar shallow water setting of upper Badenian—
lower Sarmatian sediments occurs close by at the Devin-
ska Kobyla Hill in the vicinity of Devinska Nova Ves a
NW district of the city of Bratislava on the territory of
the Slovak Republic. This location is situated c. 8 km NE
of the study area in Bad Deutsch-Altenburg and belongs
geologically to the Malé Karpaty Mts. (Little Carpathi-
ans) (Fig. 2). There are sediments exposed which have
been studied, e.g., by Barath et al. (1994), Hyzny et al.
(2012) and Bitner et al. (2014). The upper Badenian sedi-
ments are classified with the Studienka Formation which
includes the Sandberg Member, the lower Sarmatian
part belongs to the Holi¢ Fm. and includes the Radimov
Mb. The Studienka Fm. is a basinal facies which consists
mostly of calcareous clay and claystone, the Sandberg
Member represents its marginal environment. This mem-
ber starts with transgressive breccias and conglomerates
on Mesozoic rocks overlain by sands, gravel, silts, and
bioclastic limestones; overall siliciclastics dominate. The
Sandberg Mb. reaches a thickness of 100 m and corre-
lates with the studied successions in Bad Deutsch-Alten-
burg but the dominant siliciclastics with coarse breccias
of crystalline rock material reflect the local crystalline
basement at the type locality. The Studienka Fm. can be
considered an equivalent of the Rabensburg Formation
in the Austrian upper Badenian part of the Vienna Basin
sediments. The Studienka Fm., however, is not correctly
defined and formalized and the Rabensburg Fm. is con-
sidered to have priority (Harzhauser et al.,, 2020). The
upper part of the Sandberg Mb. (Sandberg facies 4) has
been dated into NN6. An exact boundary between Bad-
enian and Sarmatian has not been defined so far (Hyzny
etal, 2012).

6.2 Sediment distribution pattern

During the late Badenian the sediment distribution in
the studied area was determined by paleotopography, in
particular, by the existence of the Mesozoic ridge which
acted as a strong physical barrier (Fig. 14). The surface
of the ridge is covered by a blanket of carbonate rocks
which are overlain in the SW by coarser siliciclastics but
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grade into a thick carbonate dominated sequence in the
NE. This and the data of fossil assemblages (see chap-
ter 6.3 and 6.4) support the idea that in the west of the
ridge rivers or creeks existed which fluvially delivered
quartz sand and freshwater biota. The ridge acted as bar-
rier prohibiting transport of the sandy sediment to the
east allowing the development of a terrigenously influ-
enced carbonate factory (Fig. 14). This factory was active
as long as water depth was shallow enough for carbonate
production but was terminated upsection and covered by
predominantly marl sediment which represents the typi-
cal basinal sediments in the Vienna Basin locally called
“Tegel” or “Baden Tegel”

6.3 Taphonomic and diagenetic signals

Calcareous nannoplankton and dinoflagellate cyst assem-
blages show generally a strong mixture of autochthonous
and allochthonous elements which can relatively easy be
identified when the mixture of elements derive from dif-
ferently aged sources. In both biota groups a high content
of Upper Cretaceous and Paleogene elements is present
(heterochronous taphocoenoses) (see also Soliman et al.,
2022). These can be derived from different sources:

(i) Sediments of the Gosau Group on top of the
Northern Calcareous Alps and of the Rhenodanu-
bian Flysch Zone are restricted to this time interval
with termination of sedimentation in the Eocene.
Both geotectonic units became uplifted in the
course of the Alpine orogeny during the Oligocene
to Early Miocene, became exhumed and exposed
to erosion (Trautwein et al., 2001). Both units crop
out at the western margin of the Vienna Basin and
the eroded material could have easily been trans-
ported in suspension across the basin to its eastern
margin.

(ii) A similar geotectonic history is reported from the
Western Carpathians (Kovac et al., 1994) which is
very close by and could also have acted as source
area.

(iii) An additional source for Paleogene reworked biota
is the occurrence of the upper Eocene sediments of
Wimpassing an der Leitha (Burgenland) which rep-
resents an erosional relict of a former widespread
Eocene cover (Fuchs, 1980; Pahr & Herrmann,
2000). These sediments are currently very poorly
exposed (and preserved) but consist of limestones
and sandstones containing coralline algae, larger
foraminifers (Nummulites), bryozoan, molluscs etc.
(Zorn, 2000).

Concerning calcareous nannoplankton, all samples
from borehole HA 573 are dominated by moderately to
well preserved reworked nannofossils. One sample (HA
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Fig. 14 Schematic reconstruction of the sedimentary environment based on all indicated land and river drill sites. On top of the ridge formed by
Mesozoic basement rocks a thin cover of corallinacean limestone is indicated in the SE. The high amount of corallinacean limestone NE of the ridge
and coarser siliciclastics in the SW is schematically visualized as discontinuous bodies embedded mostly in marl

573/07) shows rare occurrences of potentially autoch-
thonous taxa such as Helicosphaera carteri and Sphe-
nolithus heteromorphus (one specimen). Only the lower
Sarmatian sample HA 573/02 shows rare, reworked
material and a dominance of small placoliths assigned
to Syracosphaera spp. While this is generally considered
a taxon reflective of oligotrophic conditions, blooms of
Syracosphaera halldalii were recently recorded in estua-
rine environments (Skeji¢ et al, 2021). Together with
rare occurrences of R. minuta, R. haqii, C. pelagicus, and
Braarudosphaera bigelowii, we thus interpret the early
Sarmatian assemblage of HA 573/02 to reflect estuarine
conditions, with low terrigenous influx, that likely exhib-
ited variable salinity and nutrient levels. In sum, borehole
HA 573 reflects a sequence dominated by high turbidity
riverine influx leading to a complete absence of autoch-
thonous taxa or the presence of specialized low salinity
assemblages (in the Sarmatian sample) in times of lower
turbidity and thus terrigenous influx.

On the contrary, the three samples investigated
from borehole HA 511 show abundant but variable

occurrences of Umbilicosphaera jafari, Reticulofenestra
minuta, and R. pseudoumbilicus, and common C. pelagi-
cus, but very low amounts of allochthonous taxa.
Ostracodes show a different composition of autochtho-
nous and allochthonous assemblages as calcareous nan-
noplankton and dinoflagellates. They represent a mixture
of marine — autochthonous — and freshwater — alloch-
thonous — elements which are probably all of late Bad-
enian age (synchronous taphocoenoses). The freshwater
ostracodes are particularly abundant in the boreholes SW
of the Mesozoic ridge (HA 514, HA 519, HA 521) which
indicate fluvial transport from the south (Danielopol
et al,, 1991; Gross, 2002, 2006). This indicates that these
ostracodes were contemporaneously transported into the
marine environment together with characean oogonia
(Danielopol et al., 1991). Their predominant occurrence
in the SW of the Mesozoic ridge again indicates that this
ridge acted as a barrier; coarser siliciclastics and trans-
ported freshwater ostracodes were retained in the west.
Overall, a separation occurs along the Mesozoic ridge
between sediments with high amounts of allochthonous
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biotic elements in the SW of the ridge and mostly autoch-
thonous elements NE of the ridge. Whereas calcareous
nannoplankton and dinocysts show a mixture of Upper
Cretaceous, Paleogene and Miocene assemblages ostra-
codes contain some synsedimentary allochthonous ele-
ments (synchronous taphocoenoses) which were fluvially
transported into the shallow marine environment SW of
the ridge.

Another important feature of the region is karstifica-
tion which was also a major concern in the Hainburg
powerplant project because of the hazard for the mineral
springs (hot iodine—sulphur springs; Gangl, 1990). Both,
the Triassic dolomite and the Badenian corallinacean
limestones are strongly karstified and karstification
occurs also in the impure, marly to sandy, corallinacean
limestones (Gangl, 1988, 1990). This karstification can be
observed on the land surface but it was repeatedly dis-
covered in the subsurface during drilling. The karstifi-
cation of the Triassic carbonate rocks started already in
pre-Miocene times because the upper Badenian sediment
occurs as infillings in karst cavities of the Triassic dolo-
mite and the surface of these karst features is bored by
marine biota. Both karst systems, however, are nowadays
interconnected and act as continuous karst aquifer. This
intense karstification may be one reason for the poor and
selective preservation of foraminifera possibly in relation
with the mineralized water of the spa.

6.4 Paleoenvironment and paleoclimate

6.4.1 Water depth

The geological situation in the studied area at Bad
Deutsch-Altenburg reflects a marine transgression. Due
to variable positions of the transgression horizons in the
various boreholes the transgression can be traced from
lower to higher (actual) altitude levels. The lowermost
detected level is documented with a transgression con-
glomerate in borehole HA 66 which occurs at around
50.9 m above actual sea level (asl). In borehole HA 540
the transgression horizon is at around 102.3 m asl. When
at the position of HA 540 the Mesozoic basement was
flooded there was a difference of about 50 m to HA 66.
However, further south of the studied drillings (e.g., at
the Kirchenberg and the Pfaffenberg in Bad Deutsch-
Altenburg) the transgressional contact of the upper Bad-
enian is much higher in altitude. This much wider range
can only be explained by local/regional tectonic move-
ments what has been already suspected for other areas in
the Vienna Basin (Kranner et al., 2021a). Wessely (1961)
expected various tectonic structures in the Hainburg
Mountains and Gangl (1988, 1990) found good evidence
for faults in the area for the planned powerplant project
Hainburg, in particular on the western side of the Meso-
zoic ridge. The Neogene sediments in the actual studied
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cores do not show major disturbances which would point
to tectonic activities such as tilting and displacements
along faults and we can consider the difference in altitude
may reflect depositional depth. This means that at the
onset of the transgression in HA 540 water depth in HA
66 was around 50 m maximum at this time (by neglecting
contemporaneous sedimentation).

For reconstructing water depth LBF are widely used
proxies. In our material, Borelis melo is nearly restricted
to basal samples directly above the transgression hori-
zon. This indicates a very shallow water depth and the
breccias/conglomerates point at higher water energy
levels than most other sediments in the studied mate-
rial. B. melo is the only representative of the alveolinids
in the Miocene of the Central Paratethys. Alveolinids are
also represented monospecifically in the Red Sea today,
where Borelis schiumbergeri is the only taxon. Reiss and
Gvirtzman (1966) reported the depth distribution of
this species between 1.5 and 20 m in the Gulf of Elat/
Aqaba. Hottinger (1977) and Reiss and Hottinger (1984)
mentioned its main distribution between 25 and 35 m,
occurring in lower percentages between 10 and 60 m and
become rare in shallower and deeper sites. From the Bay
of Safaga (Red Sea) Haunold et al. (1997, 1998) described
the taxon typical for the Quinqueloculina mosharrafai-
Borelis schlumbergeri-Brizalina simpsoni Association
from 23 to 33 m. In the Red Sea (and Gulf of Aqaba) the
test shape varies widely from oval to fusiform. The herein
studied upper Badenian specimens are all spherical with-
out any fusiform individuals. Although the depth range
is very wide the substrate seems to be predominantly
hard bottom both in the Red Sea and the late Badenian
of Bad Deutsch-Altenburg. Their restriction to the basal
transgression horizon may be caused by possible shelter
between the coarser components and high suspension
load in the water column, reducing light availability.

The most obvious and dominating LBF taxon in the
studied samples is Amphistegina mammilla which can
reach rock-forming quantities, so-called Amphiste-
gina marl. It occurs in a wide range of lithologies, from
limestones to marls, but prefers a terrigenously influ-
enced/dominated carbonatic sediment (sandy limestone,
sandy marl, marly limestone, and rarely marly sand)
(see above). Because of this preference it is overall rare
in borehole HA 573 because of the high sand share in
the sediments. It also vanishes above HA 66/18 when
the sediments become too pelitic. Depth distribution of
modern Amphistegina species is very wide ranging from
0 m down to>150 m, their distribution, however, is spe-
cies dependent. Comparable morphologies exist between
fossil A. mammilla and extant A. lessonii and A. radiata.
Both recent taxa occur between 0 and 70/90 m with
an acme between 20 to 30 m as reported from the NW
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Pacific in clear ocean waters (Hohenegger, 1995, 2000;
Hohenegger et al., 1999). A simple correlation between
test shape and depth has been proposed by Hallock
(1979, 1981), Hallock and Glenn (1986), and Hallock et al.
(1986) showing thicker tests in shallow water and flatter
test shapes with increasing depth. In the herein studied
material (11 samples, 2552 individuals, Table 2) no such
trend was observed and no depth/test shape relationship
can be derived. Overall, the tests are relatively flat, and
this may point to a low transparency due to high suspen-
sion load, which agrees with the sediment types in which
Amphistegina occurs. This low transparency through the
sections may overprint possible depth/light dependen-
cies. Renema (2005) also drew a similar conclusion on
modern Amphistegina occurrences offshore Indonesia.

The third representative of LBF is Planostegina sp. This
taxon was only recorded in limestone facies and could be
studied only in thin sections. Two taxa are reported from
the upper Badenian (Cicha et al., 1998) but an identifica-
tion at the species level was not possible. Modern Pla-
nostegina taxa are predominantly known from low light
environments in the deeper photic zone (e.g., Hoheneg-
ger, 2004). This fits well with the occurrence in the BDA
cores where Planostegina occurs mainly in samples from
greater water depth (HA 66/23, HA 518/17).

Although coralline red algae are known to exhibit a dis-
tinct depth distribution in their taxonomic composition
(e.g., Aguirre et al., 2017) in the studied material no such
distributional pattern has been detected. This is similar
to the negative result in larger benthic foraminifers.

Four ostracode assemblages could be differentiated
(Figs. 12, 13): the Fabaeformiscandona-Ilyocypris assem-
blage (FI), the Aurila-Xestoleberis assemblage (AX),
the Aurila-Loxocorniculum assemblage (AL) and the
Pterygocythereis-Cytherella assemblage (PC; see 5.5).
The ostracode association of FI suggests an epineritic
paleoenvironment with strong terrigenous input indi-
cated by allochthonous freshwater ostracodes (Fabae-
formiscandona spp., Ilyocypris aff. gibba and - one
sample — Pseudolimnocythere hainburgensis). In part,
the presence of Xestoleberis spp. indicates the proxim-
ity of phytal areas (e.g., seagrass meadows). Equally,
assemblage AX signals an epineritic setting with some
terrigenous/freshwater influx due to the occurrence of
displaced continental (Fabaeformiscandona spp., 1. aff.
gibba, P. hainburgensis) and ‘brackish water’ ostracodes
(Callistocythere postvallata, Hemicytheria omphalodes,
Loxoconcha cf. curiosa and Loxocorniculum schmidi).
The common occurrence of Xestoleberis spp. points to
densely vegetated areas. The ostracodes recorded in
assemblage AL indicate a fully marine, epineritic, mostly
sandy, vegetated paleoenvironment. The faunas provide
no hints at any freshwater influx. For the PC assemblage

Page250f33 25

a fully marine habitat at the transition from the epineritic
to the infraneritic zone can be suggested. Pterygocythereis
clearly points to a deposition below the storm wave base
(infraneritic) but still within the euphotic (lower infral-
ittoral) zone due to the presence of Xestoleberis. For the
documented cytherellids and Bosquetina carinella, Hen-
ryhowella asperrima, and Parakrithe cf. soustonsensis a
preference for infraneritic and epibathyal settings can be
assumed. Costa spp., an epi- to mesoneritic element, and
Paranesidea? brevis, which seems to be absent in littoral
and mixohaline habitats, are recorded in this assemblage
more frequently. Xestoleberis spp. occurs commonly.
Thus, all assemblages range within the euphotic zone.
While the FI, AX and AL assemblages are influenced by
(storm) wave movements (epineritic zone; about<40 m
water depth; Liebau, 1980), the PC assemblage suggests a
setting just below the storm wave base (upper infraneritic
or mesoneritic zone, respectively; about>40 m water
depth; Liebau, 1980). All samples from drillings SW or
directly upon the Mesozoic ridge (except sample HA
573/11) yielded epineritic ostracode assemblages, influ-
enced by terrigenous influx (FI, AX) or not (AL). Slightly
deeper, mesoneritic environments are only indicated by
the PC assemblage found NE of the spur (HA 511) and
in some samples of the more distally located well HA 66.

6.4.2 Salinity

The co-occurrence of coralline algal incrusted breccias/
conglomerates at the transgression horizon and LBF
clearly indicate full marine conditions already from the
beginning of the transgression. The foraminiferal fauna
and the corallinaceans occur throughout the drilled cores
and point to a continuous fully marine environment.
Also, the dinocysts Nematosphaeropsis labyrinthus and
Polysphaeridium zoharyi indicate full marine conditions
between c. 26 and 39 PSU (Soliman et al., 2022). This
data is in accordance with the calculated salinity average
of 35 PSU and a range between 31 and 40 PSU for the
late Badenian of the Vienna Basin based on foraminifera
assemblages (Kranner et al., 2021b). Only in HA 66 and
HA 573 a distinct reduction in foraminifera, ostracode
and dinoflagellate diversity points to a decrease in salinity
at the Badenian/Sarmatian boundary.

The coccolith Umbilicosphaera jafari is relatively abun-
dant in the studied three samples of HA 511. Although
ecological information on this species is sparse it is nev-
ertheless often interpreted as an indicator of elevated
salinities (>35 PSU) based on Wade and Bown (2006).
Following this interpretation in the context of local con-
ditions and paleotopography, the investigated samples in
borehole HA 511 are reflective of variable surface water
conditions, less influenced by both terrigenous influx
and freshwater. Sample HA 511/11 is thus indicative of
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relatively high, potentially open marine salinities and
likely warm temperatures.

Although fully marine conditions are proven through-
out the upper Badenian succession, clear indications
of freshwater input by fluvial action are documented by
freshwater ostracodes and characeans (Danielopol et al.,
1991; Gross, 2002).

The high percentage of allochthonous calcareous nan-
nofossils and dinoflagellates in the samples SW of the
Mesozoic ridge and the upper part of borehole HA 66
also indicates transport of reworked biota (see above).
This freshwater input, however, did not markedly reduce
overall salinity in the study area.

6.4.3 Substrate, water energy and turbidity

Overall, bottom conditions are highly variable in the
studied sediments, what is already clearly expressed by
the high number of facies present. These range from hard
bottoms at the base of the upper Badenian successions
with boulders, pebbles and gravels of the transgression
horizons. These offer rocky or hard substrate for set-
tlement by various sessile biota and even substrate for
boring organisms like lithophagid bivalves and sponges.
The corallinacean-dominated facies represent hard- to
firmgrounds either with rhodolites or algal branches —
“maér]” These substrates are ideal for the settlement of
cibicidid foraminifers (including Lobatula lobatula) but
also for Amphistegina and small miliolids. In addition to
abundant corallinacean grounds, also seagrass meadows
may be present again indicated by abundant Lobatula
lobatula. The latter occur isolated in fine grained sedi-
ment, and also ostracodes such as Xestoleberis (Gross,
2002) indicate a phytal habitat. The fine-grained silici-
clastics (marl, calcareous marl, sandy marl) represent soft
bottom substrates expressed by shallow infaunal fora-
minifers such as Bolivina and Bulimina, which indicate
reduced oxygen conditions.

The water energy regime is also variable, with higher
energy conditions at the transgression horizons and
maybe stronger currents in the SW of the Mesozoic ridge
due to fluvial input and coarser siliciclastics’ distribution.
A major part of the successions can be considered to rep-
resent a relatively calm environment because of the high
fine siliciclastic content. Also the limestones are mostly
impure representing marly limestones or fine sandy lime-
stones. Although rhodolites are frequently considered
to form under higher energy conditions, this has been
repeatedly falsified or some indications give even con-
tradictory results (Aguirre et al., 2017). Only boxwork
rhodolites with their thin corallinacean laminae and open
spaced internal structure indicate quiet energy condi-
tions. Since the majority of rhodolites belong into this
category for major parts of the successions low energy
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conditions can be assumed. This low energy conditions
are in contrast to the current-driven upper Badenian
limestone close by in the NE part of the Leitha Moun-
tains (Wiedl et al., 2014) what may be related to the
platform character of the latter exposed to higher hydro-
dynamic action.

Overall, the high content of fine siliciclastics points
at a high suspension load of the water column reducing
light availability even in such a shallow water setting.
The missing depth zonation both of LBFs and coral-
line red algae may be a reaction on this overall reduced
transparency.

The moderately well-preserved nannofossil assem-
blages in the upper samples of HA 66 (HA 66/19, HA
66/8, HA 66/7) generally reflect relatively low coarse
grained terrigenous influx and variable nutrient-rich
conditions. These conditions are inferred by the com-
mon occurrence of small and medium-sized reticulofen-
estrids (R. minuta) with accessory C. pelagicus. Sample
HA 66/19 contains common but only moderately well
preserved 6-rayed discoasterids. These are commonly
interpreted as indicators of more oligotrophic and warm
surface water conditions with a deep nutricline (Bralower,
2002; Schueth & Bralower, 2015; Tangunan et al., 2018).
Although this would point toward open marine condi-
tions, isotopic data measured on discoasterids indicated
that they may be able to also thrive in oligotrophic sur-
face waters within the upper photic layer. Considering
the low depth in which sediments of sample HA 66/19
were deposited, the occurrence of discoasterids likely
indicates oligotrophic surface waters that intermittently
supported a surface-dwelling stock of discoasterids in
the late Badenian. In addition, the low coarser-grained
terrigenous influx is also supported by low numbers of
allochthonous taxa in this sample. In the upper samples
HA 66/8 and HA 66/7, the content of terrigenous mate-
rial increases, as indicated by higher numbers of alloch-
thonous taxa. In addition, Discoaster spp. is replaced by
Helicosphaera spp., which could reflect an increase of
terrigenous influx and potentially lower salinity, as Heli-
cosphaera spp., as well as small reticulofenestrids, can
cope with variable salinity levels (Auer et al., 2014, 2015;
Cori¢ & Hohenegger, 2008; Lohmann & Carlson, 1981;
Wade & Bown, 2006).

6.4.4 Temperature and climate

Best available temperature and climate proxies in the
cores are the LBFs Borelis, Amphistegina and Planoste-
gina. Today, Borelis is a circumtropical taxon having
a lower temperature limit of 21.5 °C or 18 °C (Langer,
2008), Heterostegina (as proxy for Planostegina) occurs
above 18 °C (Langer & Hottinger, 2000) and Amphiste-
gina above the 14 °C winter isotherm (Langer, 2008).
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This allows a clear climatic assignment to tropical to
warm-temperate conditions. Some dinoflagellate taxa
such as Melitasphaeridium choanophorum, Selenopem-
phix nephroides, Lingulodinium machaerophorum, Poly-
sphaeridium zoharyi, Tuberculodinium vancampoae, and
Tectatodinium pellitum are also considered to be ther-
mophilic (cf. Soliman et al., 2022).

All available data from the Vienna Basin point at a
tropical to warm-temperate climate for the late Bad-
enian. This is in contrast to the Badenian coralline algal
limestones described by Randazzo et al. (1999) from the
Pannonian Basin of Hungary. These are described as
cool-water limestones, although nearly the same biota is
recorded as in the Vienna Basin and therefore also clearly
reflect a tropical to warm-temperate climate.

According to Kranner et al. (2021b), the calculated
mean bottom water temperature (BWT) and sea sur-
face temperature (SST) are both around 18 °C for the
late Badenian in the Vienna Basin. The relatively high
bottom and sea surface temperatures may be explained
by a major shallowing trend from the middle to the late
Badenian (Kranner et al., 2021a, b). These results are in
contrast with data from Walbersdorf (Burgenland) in the
Eisenstadt-Sopron Subbasin (of the Vienna Basin) where
the rare occurrence of discoasterids was related to lower
water temperature (Rogl & Miiller, 1976) but north of
Bratislava at Gajary discoasterids are well represented
(Ozdinovd, 2008). Diverging are also data from nearby of
Bad Deutsch-Altenburg at Devinska Nova Ves reported
by Kovéacova et al. (2009), which point to a stratification
of the water column and wider range in salinity. Simi-
lar indications are also reported from other parts of the
Central Paratethys (e.g., Peryt et al., 2014). The reason for
these differences may be due to the marginal marine set-
tings of both study locations and, on the contrary, inclu-
sion of a wide range of facies by Kranner et al., (2021a, b).
The shallowing mentioned above may have overprinted
the global cooling during the Middle Miocene Climatic
Transition (MMCT) following the Middle Miocene Cli-
mate Optimum (MMCO) (Holbourn et al., 2005; Miller
et al., 2020; Westerhold et al., 2020; Zachos et al., 2001).
In the Pannonian Basin, however, oxygen stable isotope
sediment contents indicate a distinct cooling gradi-
ent along the middle-upper Badenian transition (Baldi,
2006; Jiménez-Moreno et al., 2006; Mandic et al., 2019).
This coincides well with the Mi-3 isotopic event and
a global sea level rise of about 50 m (e.g., Miller et al.,
2020). Comparing the Vienna Basin biota at large along
this transition, a climatic decrease is very well repre-
sented. Contrary to the middle Badenian, no more coral
reefs exist but only biostromal constructions (e.g., Wied],
2013), and also molluscs (Harzhauser & Piller, 2007) and
the echinoid fauna (Kroh, 2007) show a clear reduction
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in species diversity. This decline is expressed in the mid-
Badenian-extinction-event (MBEE) defined by Har-
zhauser and Piller (2007). Also pollen assemblages show
a decrease in temperature but indicate still a subtropical
climate (Doldkov4 et al., 2020; Kovacova et al., 2011).

6.4.5 Paleogeography

The late Badenian transgression affected the Paratethys
from the Vienna Basin to the Caspian Sea and also
reflooded the Carpathian foredeep (Rogl, 1999). It is cor-
related to the 3™ order sequence TB 2.5, which reflects
a global sea level rise requiring an open seaway to (an)
other marine basin(s).

The “Trans-Tethyan-Trench Corridor” (also: Slove-
nian Corridor, Trans-Tethyan Strait), the most important
gateway between the Mediterranean and the Central Par-
atethys during the early to middle Badenian, was consid-
ered to be closed in the late Badenian (e.g., Harzhauser
& Piller, 2007; Rogl, 1998; Studencka et al., 1998). Sub-
stantial water exchange was assumed between the Cen-
tral and the Eastern Paratethys (e.g., Palcu et al,, 2017;
Popov et al., 2004), however, the biota of both realms
is widely different and that of the Eastern Paratethys is
strongly impoverished what impedes a major exchange
(Harzhauser & Piller, 2007; Studencka et al., 1998). The
basic questions therefor are: (i) was there a connection
between the Central Paratethys and the Indo-Pacific, or/
and (ii) did still a gateway exist between the Central Para-
tethys and the Mediterranean, and (iii) how strong was
the exchange between the Central and the Eastern Para-
tethys? These basic questions have been reviewed and
highlighted more recently in detail in respect to biota by
Bartol et al. (2014) and regarding water balance by Palcu
et al,, (2015, 2017) and Simon et al. (2018).

(i) In the Romanian Transylvanian Basin and the
Moravian-Polish-Ukrainian-Romanian Car-
pathian Foredeep radiolaria shales and pteropod
marls occur in the upper Badenian (Dumitrica
et al, 1975; Popescu, 1979). Pteropod marls are
also reported from the Vienna Basin (Rogl & Miil-
ler, 1976) and even from core HA 20 of the Bad
Deutsch-Altenburg-Hainburg area (studied herein
for ostracodes) (Bohn-Havas & Zorn, 1994; Zorn,
1991). As a peculiarity, the pteropod fauna indi-
cates a relationship to the North Sea Basin (Janssen
& Zorn, 1993; Zorn, 1999). Rogl (1998) considered
nannoplankton, diatoms and the radiolarian assem-
blages of the Central Paratethys to reflect a distinct
Indo-Pacific character. Another Indo-Pacific rela-
tion seems to be documented by a fish fauna with
the oldest parrot fish (Calotomus preisli) described
by Bellwood and Schultz (1991) from the Vienna
Basin. This oldest Calotomus species, however,
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may not indicate a migration from the Indo-Pacific
into the Paratethys but represents an example of
the opposite trajectory as shown in several other
biota (Harzhauser et al., 2007).

An open Indo-Pacific connection was reported from
Georgia and the Transcaspian Basin during the late
Badenian (=early Konkian) into the Eastern Para-
tethys, where marine conditions with stenohaline
molluscs, echinoids, and foraminifera returned
(Nevesskaya et al., 1986, 1987).

(ii) Studencka et al. (1998) reported that 26 bivalve
species common to the Mediterranean Province,
Atlantic Province and North Sea Basin appeared in
the Central Paratethys together with the late Bad-
enian transgression. These authors consider this
appearance of newly evolved bivalve species (and
other biota) a clear signal for a connection of the
Central Paratethys with the Mediterranean. This
view was reinforced by the data of Bartol et al.
(2014), who studied, besides other biota, the gas-
tropod species Pereiraea gervaisi in middle-late
Badenian sections in Slovenia. This species does,
however, occur not only in Slovenia but also in
Croatia and Hungary, what points to a Mediterra-
nean-Central Paratethys connection via the “Slo-
venian Corridor” Also, the nannoplankton assem-
blage in Slovenia shows a strong similarity with the
Mediterranean one, but that of the overall Central
Paratethys indicates both Mediterranean and East-
ern Paratethys relations.

(ili) The reduced salinity indicating middle Badenian
(=Karaganian) biota of the Eastern Paratethys
were influenced by Central Paratethyan marine
biota at the base of the late Badenian (=lower
Konkian). In the middle Konkian a great share of
Eastern Paratethys biota occurs also in the Central
Paratethys (Iljina, 2003; Studencka et al., 1998). The
first information points to a west—east migration
the second to an east—west trajectory. As connec-
tion between the Central and Eastern Paratethys
during the late Badenian the Bérlad Strait north of
Dobrogea through present-day Romania, Ukraine
and Moldova is considered (Palcu et al., 2017;
Popov et al.,, 2006; Simon et al., 2018; Studencka
etal, 1998).

As a conclusion, the probably best-assured connection
is that between the Central and the Eastern Paratethys
via the Barlad Strait. The water balance and the migration
pathways changed even during this relatively short inter-
val, and biotic exchange seems to have occurred in both
directions (Palcu & Krijgsman, 2022; Palcu et al., 2015,
2017; Popov et al., 2006; Simon et al., 2018; Studencka
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et al., 1998). However, this connection does not explain
the biotic assemblages in the Central Paratethys.

A direct connection between the Indo-Pacific and the
Central Paratethys anticipated between the Black Sea
plate and the Pontids (Rogl, 1998, 1999) is not substan-
tiated by the described variety of biota. As Bartol et al.
(2014, p. 153) pointed out, this interpretation is based
merely on poor silicoflagellate and radiolarian assem-
blages which were studied only in a very limited part
of Romania (Dumitricd et al., 1975) what cannot be
considered representative for the entire Central Para-
tethys. Other biota cited as Indo-Pacific indicators are,
e.g., larger benthic foraminifers (Rogl, 1998). Among
them, the herein studied Amphistegina and Planoste-
gina entered the Mediterranean already in the Early
Miocene (e.g., Mandic & Piller, 2001; Rogl, 1998) and
can therefor not considered Indo-Pacific migrants. Simi-
lar timing occurred in Borelis migrating into the Medi-
terranean during the Aquitanian (Bassi et al., 2021). In
addition, Bassi et al. (2021, p. 397) state: “ ... the west-
ward migrants of B. philippinensis gave rise to B. melo
(Aquitanian—Messinian) and B. curdica (Burdigalian—
Tortonian). These two species became isolated from the
Indo-Pacific by the eastern closure of the Mediterranean
basin in Langhian times.” Fishes can also not be consid-
ered as cogent arguments for an Indo-Pacific influence
(see above).

The mollusc data (Bartol et al., 2014; Studencka et al,,
1998) clearly indicates that a Central Paratethys—Medi-
terranean seaway did exist with good faunal exchange
during the late Badenian. The observations by Bartol
et al. (2014) and also the distribution of larger benthic
foraminifers (discussed above) and dinoflagellates (Soli-
man et al,, 2022) strongly support that the Trans-Teth-
yan Corridor (Slovenian Corridor) was still active and
allowed a biotic exchange and immigration of Mediterra-
nean elements into the Central Paratethys. Another pos-
sible gateway between the late Badenian Paratethys Sea
and the East Mediterranean was speculated through the
Vardar/Axios Trench (North Macedonia to Thessaloniki)
or Neo-Vardar Tectonic Zone (Hamor, 2002). The record
is, however, vague and poorly constrained.

Overall, the available data reflects a complex pattern
of biotic and hydraulic interrelationships and point to a
mixture of Mediterranean and Eastern Paratethys ele-
ments during the late Badenian in the Central Paratethys.

7 Conclusion

The study area at Bad Deutsch-Altenburg at the east-
ernmost margin of the Vienna Basin shows a peculiar
paleotopography which highly influenced and controlled
the sedimentary depositional regime. The sediments
of 10 investigated cores belong stratigraphically to the
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Serravallian (upper Middle Miocene). The major part rep-
resents upper Badenian (lower Serravallian) documented
by foraminifera, calcareous nannoplankton, dinoflagel-
lates and ostracodes, only in 2 drillings lower Sarmatian
(upper Serravallian) is proven based on foraminifera
and dinoflagellates. In terms of sequence stratigraphy
the Badenian sediments represent the transgressive and
highstand systems tract of 3" order sequence TB 2.5
(bound by the lowstands Ser 2 and Ser 3), the lower Sar-
matian sediments can be correlated to sequence TB 2.6.

Paleotopography is marked by a Mesozoic ridge strik-
ing SE-NW and dipping basinwards. This ridge subdi-
vided the sedimentary environment into a siliciclastic
(sand) dominated in the SW and a carbonate dominated
one in the NE. The coarse siliciclastics are fluvially deliv-
ered indicated by freshwater ostracodes and charophyte
oogonias. The biotic fine fraction, represented by calcare-
ous nannoplankton and dinoflagellates shows a high por-
tion of allochthonous elements originating from Upper
Cretaceous, Paleogene and Lower Miocene sources. The
assocations in the SW of the ridge contain a very high
share of allochthonous elements the carbonate sediments
in the NE is mainly composed of autochthonous taxa.

The carbonates are highly variable representing 13
different facies mostly dominated by coralline algae in
various growth forms but also by the larger benthic fora-
minifer Amphistegina. A clear distributional pattern of
the carbonate facies was not detected neither areally nor
temporally.

Sedimentation started with a transgressive conglomer-
ate which shows already full marine conditions reflected
by a foraminiferal fauna and boring biota such as marine
bivalves (lithophagids) and sponges. Due to the dense
drilling field and the recorded paleotopography water
depth did not reach much more than 50 m. Water depth
can also be estimated by LBE, coralline algae and ostra-
codes. Ostracodes allow a separation into 4 assemblages:
the Fabaeformiscandona-Ilyocypris assemblage (FI), the
Aurila-Xestoleberis assemblage (AX), the Aurila-Loxo-
corniculum assemblage (AL) and the Pterygocythereis-
Cytherella assemblage (PC). Besides freshwater influx in
FI assemblage all other assemblages reflect full marine
conditions in an epi- to mesoneritic setting.

All studied biota (calcareous nannoplankton, coral-
line algae, foraminifers, ostracodes) indicates gener-
ally full marine salinity (of about 35 PSU) only in the
area SW of the Mesozoic ridge riverine input may have
reduced salinity. The Sarmatian sediments show reduced
salinity conditions, in particular, indicated by the occur-
rence of a strongly reduced but specific foraminiferal
fauna (e.g., Saccammina sarmatica, Anomalinoides
dividens). Substrate conditions range from hardgrounds
with gravelly bottom to coralline algal gravel and sand
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(phytal environment) to muddy softgrounds. All these
offer divers ecological niches which are also reflected in
the biotic assemblages. Due to the high pelitic content
in most sediments turbidity can be considered gener-
ally high but, e.g., calcareous nannoplankton allows a
more refined reconstruction. Water temperature reflects
tropical to subtropical conditions clearly indicated by
LBF (Borelis, Amphistegina, Planostegina) and rare cor-
als. Although the sedimentary sequence was already
deposited during the Middle Miocene Climate Transition
(MMCT) the biota don't reflect this cooling phase in the
studied material. This can be explained by a shallowing
of the depositional basin (Vienna Basin) and increasing
restriction.

Paleogeographically, the recorded biota of the upper
Badenian reflects a mixture of autochthonous Central
Paratethyan elements but also a share of Mediterra-
nean and Eastern Paratethyan origins. This can only be
explained by an open connection to the Mediterranean
via the Slovenian corridor on the one side and to the
Eastern Paratethys via the Barlad Strait on the other. A
connection to the Indo-Pacific was only possible via the
Eastern Paratethys and most so called Indo-Pacific biota
migrated into the Central Paratethys from the Mediter-
ranean Sea.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/500015-022-00425-w.

Additional file 1. Studied drill sites and respective sample numbers (left
column each), corresponding altitudes above sea level (asl), sampling
depth and total depth of drilling below surface (bs) (right column each).

Acknowledgements

Thanks go to G. Gangl (DOKW, Vienna) who provided access to the drilling
activities and core material as well as for discussions of scientific topics. S.
Steinwidder (Graz) did measurements and statistics on Amphistegina within

a diploma thesis and H. Brandner (Graz) did some foraminifera studies in the
course of a master thesis. Some of their data are included in this paper. Thanks
to T. Hofmann (Vienna) for help with literature.

Author contributions

WEP accompanied the drilling campaign, did core logging and sampling,
designed the study, studied carbonate rocks, foraminifers and coralline algae.
GA studied calcareous nannoplankton, HG carbonate facies and MG ostraco-
des. All authors were involved in manuscript writing and preparing graphics.
All authors read and approved the final manuscript.

Funding

The present study has been supported by the Institute of Paleontology,
University of Vienna and the Department of Earth Sciences, University of Graz.
M. Gross was also supported by project 12229-Geo of the Austrian National
Science Fund FWF.

Availability of data and materials

All materials are deposited at the Institute of Earth Sciences, University of
Graz; data and other details of this study are available from the corresponding
author Werner E. Piller upon request (Additional file 1).


https://doi.org/10.1186/s00015-022-00425-w
https://doi.org/10.1186/s00015-022-00425-w

25 Page 30 of 33

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details

!Institute of Earth Sciences, University of Graz, NAWI Graz Geocenter, Hein-
richstraRe 26, 8010 Graz, Austria. *Carduccistrale 14, 39042 Brixen, BZ, Italy.
3Department for Geology & Palacontology, Universalmuseum Joanneum,
Weinzéttlstral3e 16, 8045 Graz, Austria.

Received: 10 August 2022 Accepted: 3 November 2022
Published online: 12 December 2022

References

Aguirre, J, Braga, J. C, & Bassi, D. (2017). Rhodoliths and Rhodolith Beds in the
Rock Record. In R. Riosmena-Rodriguez, W. Nelson, & J. Aguirre (Eds.),
Rhodolith/Maérl Beds: A Global Perspective (pp. 105-138). Springer.

Arzmiiller, G, Buchta, S. B, Ralbovsky, E., & Wessely, G. (2006). The Vienna Basin.
In J. Golonka & F. J. Picha (Eds.), The Carpathians and Their Foreland:
Geology and Hydrocarbon Resources (pp. 191-204). New York: American
Association of Petroleum Geologists Memoir.

Auer, G, Piller, W. E., & Harzhauser, M. (2014). High-resolution calcareous nan-
noplankton palaeoecology as a proxy for small-scale environmental
changes in the Early Miocene. Marine Micropaleontology, 111, 53-65.

Auer, G, Piller, W. E.,, & Harzhauser, M. (2015). Two distinct decadal and centen-
nial cyclicities forced marine upwelling intensity and precipitation
during the late Early Miocene in central Europe. Climate of the past, 11,
283-303.

Backman, J,, Raffi, I, Rio, D., Fornaciari, E., & Pélike, H. (2012). Biozonation and
biochronology of Miocene through Pleistocene calcareous nannofos-
sils from low and middle latitudes. Newsletters on Stratigraphy, 45(3),
221-244.

Baldi, K. (2006). Paleoceanography and climate of the Badenian (Middle
Miocene, 16.4 —13.0 Ma) in the Central Paratethys based on foraminifera
and stable isotope (5'%0 and &'3C) evidence. International Journal of
Earth Sciences, 95, 119-142.

Bardth, I, Nagy, A, & Kovac, M. (1994). Sandberské vrstvy - vichnobadenské
margindlne sediment vychodného okraja Viedenskej panvy. Geologické
Prdce, 99, 59-66.

Bartol, M., Mikuz, V., & Horvat, A. (2014). Palaeontological evidence of commu-
nication between the Central Paratethys and the Mediterranean in the
late Badenian/early Serravalian [sic]. Palaeogeography, Palaeoclimatol-
ogy, Palaeoecology, 394, 144-157.

Bassi, D, Braga, J. C,, Di Domenico, G,, Pignatti, J., Abramovich, S., Hallock, P,
Koénen, J., Kovécs, Z, Langer, M. R, Pavia, G, &Iryu, Y. (2021). Palaeo-
biography and evolutionary patterns of the larger foraminifer Borelis de
Montfort (Borelidae). Papers in Palaeontology, 7(1), 377-403.

Basso, D. (1998). Deep rhodolith distribution in the Pontian Islands, Italy: A
model for the palececology of a temperate sea. Palaeogeography,
Plaeoclimatology, Palaeoecology, 137,173-187.

Bellwood, D. R, & Schultz, O. (1991). A review of the Fossil Record of the Par-
rotfishes (Labroidei: Scaridae) with a Description of a new Calotomus
Species from the Middle Miocene (Badenian) of Austria. Annalen des
Naturhitorischen Museums Wien, Serie A, 92, 55-71.

Bistricic, A, & Jenk, K. (1985). Area No 224 b1: Transtethyan Trench “Corridor”.
In FF Steininger, J. Senes, K. Kleemann, & F. Régl (Eds), Neogene of the
Mediterranean Tethys and Paratethys. Stratigraphic Correlation Tables and
Sediment Distribution Maps. (pp. 72-73). Vienna: University of Vienna.

Bitner, M. A, Zagorsek, K., Haldsova, E., Hudackova, N, & Jamrich, M. (2014).
Brachiopods and bryozoans from the Sandberg section (Vienna Basin,
Central Paratethys) and their significance for environmental interpreta-
tion of the Early Sarmatian (=Middle Miocene) Sea. Neues Jahrbuch fiir
Geologie und Paldontologie, 273(2), 207-219.

Bohn-Havas, M., & Zorn, I. (1994). Biostratigraphische Studien Gber plankto-
nische Gastropoden im Mittel-Miozén von Osterreich und Ungarn.
Jubildumsschrift 20 Jahre Geologische Zusammenarbeit Osterreich-
Ungarn, 2 (pp. 73-85). Wien:Geologische Bundesanstalt.

W. E. Piller et al.

Bordiga, M., Bartol, M., & Henderiks, J. (2015). Absolute nannofossil abundance
estimates: Quantifying the pros and cons of different techniques. Revue
de Micropaléontologie, 58, 155-165.

Bosellini, A, & Ginsburg, R. N. (1971). Form and Internal Structure of Recent
Algal Nodules (Rhodolites) from Bermuda. The Journal of Geology, 79(6),
669-682.

Boote, D. R. D, Sachsenhofer, R. F, Tari, G, & Arbouille, D. (2018). Petroleum
provinces of the Paratethyan region. Journal of Petroleum Geology, 41(3),
247-297.

Bralower, T. J. (2002). Evidence of surface water oligotrophy during the
Paleocene-Eocene thermal maximum: Nannofossil assemblage data
from Ocean Drilling Program Site 690, Maud Rise, Weddell Sea. Pale-
oceanography, 17(2), 131-1312.

Brzobohaty, R, & Stranik, Z. (2012). Paleogeography of the Early Badenian
connection between the Vienna Basin and the Carpathian Foredeep.
Central European Journal of Geosciences, 4(1), 126-137.

Buday, T. (1946). Nékolik poznamek k stratigrafii a paleogeografii tortonu v
zapadni ¢asti dolnomoravského uvalu. Véstnik Stdtniho Geologického
Ustavu Ceskoslovenské Republiky, 21(3-6), 145-152.

Cicha, I, Rogl, F, Rupp, Ch., & Ctyroka, J. (1998). Oligocene - Miocene foraminif-
era of the Central Paratethys. Abhandlungen der Senckenbergischen
Naturforschenden Gesellschaft, 549, 1-325.

Conti, S. (1946). Le Corallinacee del calcare miocenico (Leithakalk) del bacino
diVienna. - Publ. Ist. Geol. Univ. Genova, Quaderni 1 - 2, ser. A — Paleontolo-
gia, 2:31 - 68.

Cori¢, S., & Hohenegger, J. (2008). Quantitative analyses of calcareous nanno-
plankton assemblages from the Baden-Sooss section (Middle Miocene
of Vienna Basin, Austria). Geologica Carpathica, 59, 447-460.

Danielopol, D. L, Piller, W. E,, & Huber, T. (1991). Pseudolimnocythere hainburgen-
sis nov. sp. (Ostracoda, Loxoconchidae) aus dem Miozan (Badenium)
des Wiener Beckens. Neues Jahrbuch fiir Geologie und Paldontologie,
Monatshefte, 1991(8), 458-469.

Decker, K. (1996). Miocene tectonics at the alpine—carpathian junction and the
evolution of the Vienna Basin. Mitteilungen der Gesellschaft der Geologie-
und Bergbaustudenten Osterreichs, 41, 33-44.

Doladkova, N., Kovacova, M., & Utescher, T. (2020). Vegetation and climate
changes during the Miocene climatic optimum and Miocene climatic
transition in the northwestern part of Central Paratethys. Geological
Journal, 56(2), 729-743.

Dumitrica, P, Gheta, N., & Popescu, G. (1975). Date noi cu privire la biostratigra-
fia si corelarea Miocenului mediu din aria Carpaticd (New data on
the biostratigraphy and correlation of the Middle Miocene in the
Carpathian area). Ddri de seamd ale sedintelor, 4. Stratigrafie, Institut de
Géologique et Géophysique Bucaresti, 61(1973-1974), 65-84.

Elecko, M., & Vass, D. (2001). Litostratigrafické jednotky usadenin sarmatského
veku vo viedenskej panve. Mineralia Slovaca, 33, 1-6.

Fodor, L. (1995). From transpression to transtension: oligocene—miocene
structural evolution of the Vienna Basin and the east alpine-western
carpathian junction. Tectonophysics, 242, 151-182.

Fordindl, K., Maglay, J,, Elecko, M., Nagy, A,, Moravcova, M., Vlaciky, M., Koht,
M., Németh, Z., Bezdk, V., Polak, M., Plasienka, D., Olsavsky, M., Bucek, S.,
Havrila, M., HOk, J., Pedkova, I, Kuchari¢, L., Kubes, P, Malik, P, ... Zecova,
K. (2012). Explantions for the geological map of the Vienna Basin, 1:50 000.
Bratislava: State Geological institute of Dionyz Stur. (in Slovak).

Fornaciari, E., Di Stefano, A, Rio, D., & Negri, A. (1996). Middle Miocene quan-
titative calcareous nannofossil biostratigraphy in the Mediterranean
region. Micropaleontology, 42, 37-63.

Fuchs, W. (1980). Das Inneralpine Tertiar. In Oberhauser, R. (Ed), Der Geologische
Aufbau Osterreichs (pp. 452-483). Wien: Geologische Bundesanstalt und
Springer-Verlag.

Fuchs, W. (1985). Geologische Karte der Republik Osterreich 1:50.000, 61 Hain-
burg an der Donau - 63 Pressburg. Wien: Geologische Bundesanstalt.

Gangl, G. (1988). Geologische- und hydrogeologische Voruntersuchungen
zum Bau des Kraftwerkes Hainburg. Mitteilungen fiir Baugeologie und
Geomechanik, 1,233-247.

Gangl, G. (1990). Hydrogeologische Untersuchungen an den Heilquellen von
Bad Deutsch Altenburg (Niederdsterreich) im Rahmen der Vorarbeiten
fur das Donaukraftwerk Hainburg. Osterreichische Wasserwirtschaft,
42(1/2),1-17.

Gradstein, F. M., Ogg, J. G, Schmitz, M. D,, & Ogg, G. M. (Eds.). (2020). Geologic
Time Scale 2020. Elsevier.



Marine facies differentiation along paleotopography (Middle Miocene, Serravallian)

Grill, R. (1941). Stratigraphische Untersuchungen mit Hilfe von Mikrofaunen im
Wiener Becken und den benachbarten Molasse-Anteilen. Oel und Kohle,
37,595-602.

Gross, M. (2002). Mittelmiozine Ostracoden aus dem Wiener Becken (Badenium/
Sarmatium, Osterreich). Unpublished Ph.D. thesis, 343 pp. Graz: Univer-
sity of Graz.

Gross, M. (2006). Mittelmiozane Ostracoden aus dem Wiener Becken
(Badenium/Sarmatium, Osterreich). In Piller, W.E. (Ed.), Osterreichische
Akademie der Wissenschaften, Schriftenreihe der Erdwissenschaftlichen
Kommissionen, Sonderband 1, 224 pp., Wien.

Hajek-Tadesse, V., & Prtoljan, B. (2011). Badenian Ostracoda from the Pokupsko
area (Banovina, Croatia). Geologica Carpathica, 62(5), 447-461.

Hallock, P. (1979). Trends in test shape with depth in large, symbiont-bearing
Foraminifera. Journal of Foraminiferal Research, 9(1), 61-609.

Hallock, P. (1981). Light dependence in Amphistegina. Journal of Foraminiferal
Research, 11(1), 40-46.

Hallock, P, & Glenn, E. C. (1986). Larger Foraminifera: A Tool for Paleoenviron-
mental Analysis of Cenozoic Carbonate Depositional Facies. Palaios, T,
55-64.

Hallock, P, Forward, L. B, & Hansen, H. J. (1986). Influence of environment on
the test shape of Amphistegina. Journal of Foraminiferal Research, 16(3),
224-231.

Hamilton, W, Wagner, L., & Wessely, G. (2000). Oil and gas in Austria. Mitteilun-
gen der Osterreichischen Geologischen Gesellschaft, 92, 235-262.

Hamor, G. (2002). Significance of the Neo-Vardar Tectonic Zone in the Tertiary
structural evolution and paleogeographic changes of the Carpathian
Basin. Acta Geologica Hungarica, 45(1), 63-77.

Hardenbol, J, Thierry, J, Farley, M.B., Jacquin, T, Graciansky, P-C., & Vail, PR.
(1998). Mesozoic and Cenozoic Sequence Chronostratigraphic Frame-
work of European Basins. In C.-P. Graciansky, J. Hardenbol, T. Jacquin,

& PR. Vail (Eds.), Mesozoic and Cenozoic sequence stratigraphy of
European basins. Society for Sedimentary Geology, Special Publication,
60,3-13.

Harzhauser, M., & Piller, W. E. (2007). Benchmark data of a changing sea —
Palaeogeography, Palaeobiogeography and events in the Central
Paratethys during the Miocene. Palaeogeography, Palaeoclimatology,
Palaeoecology, 253, 8-31.

Harzhauser, M., Theobalt, D, Strauss, P, Mandic, O., Carnevale, G., & Piller, W. E.
(2017). Miocene biostratigraphy and paleoecology of the Mistelbach
halfgraben in the northwestern Vienna Basin (lower Austria). Jahrbuch
der Geologischen Bundesanstalt, 157, 57-108.

Harzhauser, M., Theobalt, D, Strauss, P, Mandic, O., & Piller, W. E. (2019). Seismic-
based lower and middle Miocene stratigraphy in the northwestern
Vienna Basin (Austria). Newsletters on Stratigraphy, 52,221-224.

Harzhauser, M., Kranner, M., Mandic, O,, Strauss, P, Siedl, W., & Piller, W. E. (2020).
Miocene lithostratigraphy of the northern and central Vienna Basin
(Austria). Austrian Journal of Earth Sciences, 113(1), 169-199.

Haunold, T. G. (1995). Zur Taxonomie, Systematik und stratigraphischen
Bedeutung uvigerinider Foraminiferen im Neogen des Wiener Beckens
und benachbarter Gebiete — 40 Jahre nach Papp & Turnowsky (1953).
Jahrbuch der Geologischen Bundesanstalt, 138(1), 67-87.

Haunold, T. G,, Baal, C., & Piller, W. E. (1997). Foraminiferal associations in the
Northern Bay of Safaga, Red Sea, Egypt. Marine Micropaleontology, 29,
185-210.

Haunold, T.G, Baal, C,, & Piller, W.E. (1998). Larger Foraminifera. In W.E. Piller,
T.G. Haunold (Eds.), The Northern Safaga Bay (Red Sea, Egypt): An
actuopalaeontological approach. V. Foraminifera. Abhandlungen der
Senckenbergischen Naturforschenden Gesellschaft, 548, 155-180.

Holzel, M., Decker, K., Zamolyi, A,, Strauss, P, & Wagreich, M. (2010). Lower Mio-
cene structural evolution of the central Vienna Basin (Austria). Marine
and Petroleum Geology, 27, 666-681.

Hohenegger, J. (1995). Depth estimation by proportions of living larger
foraminifera. Marine Micropaleontology, 26,31-47.

Hohenegger, J. (2000). Coenoclines of larger foraminifera. Micropaleontology,
46, Supplement 1 (In JJ. Lee, & P. Hallock (Eds.), Advances in the Biology
of Foraminifera), pp. 127-151.

Hohenegger, J. (2004). Depth coenoclines and environmental considerations
of Western Pacific Larger Foraminifera. Journal of Foraminiferal Research,
34(1),9-33.

Hohenegger, J, & Wagreich, M. (2012). Time calibration of sedimentary sec-
tions based on insolation cycles using combined cross-correlation:

Page310f33 25

dating the gone Badenian stratotype (Middle Miocene, Paratethys,
Vienna Basin, Austria) as an example. International Journal of Earth Sci-
ences, 101,339-349.

Hohenegger, J, Yordanova, E., Nakano, Y., & Tatzreiter, F. (1999). Habitats of
larger foraminifera on the upper reef slope of Sesoko Island, Okinawa,
Japan. Marine Micropaleontology, 36, 109-168.

Hohenegger, J, Cori¢, S, Khatun, M, Pervesler, P, Régl, F, Rupp, C., Selge, A,
Uchman, A, & Wagreich, M. (2009). Cyclostratigraphic dating in the
Lower Badenian (Middle Miocene) of the Vienna Basin (Austria): The
Baden-Sooss core. International Journal of Earth Sciences, 98, 915-930.

Holbourn, A, Kuhnt, W, Schulz, M., & Erlenkeuser, H. (2005). Impacts of orbital
forcing and atmospheric carbon dioxide on Miocene ice-sheet expan-
sion. Nature, 438(7067), 483-487.

Hottinger, L. (1977). Distribution of larger Peneroplidae, Borelis and Nummu-
litidae in the Gulf of Elat, Red Sea. Utrecht Micropaleontological Bulletin,
15,35-110.

Hrabovsky, J. (2013). Negenikulatne koralinné riasy (Corallinales, Sporolithales,
Rhodophyta) z litotamniovych véapencov lokality Vichnd hora pri
Stupave (Viedenskd panva, Slovensko) (Non-geniculate coralline algae
(Corallinales, Sporolithales, Rhodophyta) from lithothamnion lime-
stones of the locality Vrchnd hora at the town of Stupava (Vienna Basin,
Slovakia)). Mineralia Slovaca, 45, 23-34.

Hyzny, M., Hudackova, N, Biskupic, R, Rybar, S., Fuksi, T, Haldsova, E., Zagorsek,
K., Jamrich, M,, & Ledvak, P. (2012). Devinska Kobyla — a window into
the Middle Miocene shallow-water marine environments of the Central
Paratethys (Vienna Basin, Slovakia). Acta Geologica Slovaca, 4(4), 95-111.

lljina, L. B. (2003). Zoogeography of Konkian (Middle Miocene) bivalves and
gastropods. Paleontological Journal, 37(2), 116-123.

Janssen, A.W, & Zorn, |. (1993). Revision of Middle Miocene holoplanktonic
gastropods from Poland, published by the late Wilhelm Krach. Scripta
Geologica, Special Issue, 2, 155-236.

Jiménez-Moreno, G, Head, M. J, & Harzhauser, M. (2006). Early and Middle Mio-
cene dinoflagellate cyst stratigraphy of the central Paratethys, central
Europe. Journal of Micropalaeontology, 25(2), 113-139.

Jiricek, R, & Riha, J. (1991). Correlation of Ostracod Zones in the Paratethys
and Tethys. Saito Ho-on Kai Special Publications (proceedings of Shallow
Tethys), 3, 435-457.

King, C. (2016). Chapter 3: Biostratigraphy. In A.S. Gale, & T.L. Barry (Eds.), A
revised correlation of Tertiary rocks in the British Isles and adjacent
areas of NW Europe. Geological Society, London, Special Reports, 27,
19-57.

Kollmann, K. (1960). Cytherideinae und Schulerideinae n. subfam. (Ostracoda)
aus dem Neogen des 6stl. Oesterreich. Mitteilungen der Geologischen
Gesellschaft in Wien, 51, 89-195.

Kovac, M., Krdl, J,, Marton, E,, Plasienka, D., & Uher, P. (1994). Alpine uplift history
of the Central Western Carpathians: Geochronological, paleomagnetic,
sedimentary and structural data. Geologica Carpathica, 45(2), 83-96.

Kovac, M., Barath, I, Harzhauser, M., Hlavaty, |, & Hudackova, N. (2004). Miocene
depositional systems and sequence stratigraphy of the Vienna Basin.
Courier Forschungsinstitut Senckenberg, 246, 187-212.

Kova¢, M., Andreyeva-Grigorovich, A, Bajaktarevi¢, Z., Brzobohaty, R, Filipescu,
S., Fodor, L, Harzhauser, M., Nagymarosy, A, Oszczypko, N., Paveli¢, D,
Rogl, F, Safti¢, B, Sliva, L., & Studencka, B. (2007). Badenian evolution of
the Central Paratethys Sea: Paleogeography, climate and eustatic sea-
level changes. Geologica Carpathica, 58, 579-606.

Kovacova, M., Doldkova, N., & Kovac, M. (2011). Miocene vegetation pattern
and climate change in the northwestern Central Paratethys domain
(Czech and Slovak Republic). Geologica Carpathica, 62(3), 251-266.

Kovacova, P, & Hudackova, N. (2009). Late Badenian foraminifers from the
Vienna Basin (Central Paratethys): Stable isotope study and paleoeco-
logical implications. Geologica Carpathica, 60(1), 59-70.

Kovacova, P, Emmanuel, L., Hudackova, N., & Renard, M. (2009). Central
Paratethys paleoenvironment during the Badenian (Middle Miocene):
Evidence from foraminifera and stable isotope (5'>C and §'%0) study
in the Vienna Basin (Slovakia). International Journal of Earth Sciences, 98,
1109-1127.

Kranner, M., Harzhauser, M., Mandic, O, Strauss, P, Siedl, W., & Piller, W. E.
(2021a). Early and middle Miocene paleobathymetry of the Vienna
Basin (Austria). Marine and Petroleum Geology, 132, 105187. https://doi.
org/10.1016/j.marpetgeo.2021.105187


https://doi.org/10.1016/j.marpetgeo.2021.105187
https://doi.org/10.1016/j.marpetgeo.2021.105187

25 Page 32 of 33

Kranner, M., Harzhauser, M., Mandic, O, Strauss, P, Siedl, W., & Piller, W. E.
(2021b). Trends in temperature, salinity and productivity in the Vienna
Basin (Austria) during the early and middle Miocene, based on
foraminiferal ecology. Palaeogeography, Palaeoclimatology, Palaeoecol-
ogy, 581, 110640.

Kristan-Tollmann, E., & Spendlingwimmer, R. (1975). Crinoiden im Anis (Mittel-
trias) der Tatriden der Hainburger Berge (Niederdsterreich). Mitteilungen
der Osterreichischen Geologischen Gesellschaft, 68, 59-77.

Kroll, A, & Wessely, G. (1993). Strukturkarte - Basis der tertidren Beckenfiil-
lung 1:200.000. Erlduterung zu den Karten tber den Untergrund des
Wiener Beckens und der angrenzenden Gebiete. Wien: Geologische
Bundesanstalt.

Kroh, A. (2007). Climate changes in the Early to Middle Miocene of the Central
Paratethys and the origin of its echinoderm fauna. Palaeogeography,
Palaeoclimatology, Palaeoecology, 253, 169-207.

Langer, M. R. (2008). Foraminifera from the Mediterranean and the Red Sea. In
F. D. Por (Ed.), Agaba-Eilat, the improbable Gulf: Environment, biodiversity
and preservation (pp. 397-415). The Hebrew University Magnes Press.

Langer, M. R, & Hottinger, L. (2000). Biogeography of selected “larger”
foraminifera. Micropaleontology, 46, Supplement, 1, 105-126.

Lee, E.Y, & Wagreich, M. (2017). Polyphase tectonic subsidence evolution of
the Vienna Basin inferred from quantitative subsidence analysis of the
northern and central parts. International Journal of Earth Sciences, 106,
687-705.

Liebau, A. (1980). Paldobathymetrie und Okofaktoren: Flachmeer-Zonierungen.

Neues Jahrbuch fiir Geologie und Paldontologie, Abhandlungen, 160(2),
173-216.

Lirer, F, Harzhauser, M., Pelosi, N, Piller, W. E., Schmid, H. P, & Sprovieri, M.
(2009). Astronomically forced teleconnection between Paratethyan and
Mediterranean sediments during the Middle and Late Miocene. Palaeo-
geography, Palaeoclimatology, Palaeoecology, 275(1-4), 1-13.

Lohmann, G. P, & Carlson, J. J. (1981). Oceanographic significance of Pacific
Late Miocene calcareous nannoplankton. Marine Micropaleontology, 6,
553-579.

Mandic, O., &Piller, W. E. (2001). Pectinid coginas and their palaeoenviron-
mental implications — examples from the early Mioene of northeastern

Egypt. Palaeogeography, Palaeoclimatology, Palaeoecology, 172,171-191.

Mandic, O, Sant, K., Kallanxhi, M.-E., Cori¢, S., Theobalt, D., Grunert, P, De
Leeuw, A, & Krijgsman, W. (2019). Integrated bio-magnetostratigraphy
of the Badenian reference section Ugljevik in southern Pannonian
Basin - implications for the Paratethys history (middle Miocene, Central
Europe). Global and Planetary Change, 172, 374-395.

Martini, E. (1971). Standard Tertiary and Quaternary calcareous nannoplankton
zonation. In A. Farinacci (Ed.), Proceedings of the Il Planktonic Conference,
Roma 1970 (pp. 738-785). Roma: Edizioni Tecnoscienza.

Miller, K. G., Browning, J. V., Schmelz, W. J,, Kopp, R. E, Mountain, G. S., & Wright,
J.D. (2020). Cenozoic sea level and cryospheric evolution from deep-
sea geochemical and continental margin records. Science Advances, 6,
eaaz1346. https://doi.org/10.1126/sciadv.aaz1346

Nevesskaya, L. A, Goncharova, I. A, lljina, L. B, Paramonova, N. P, Popoy, S. V.,
Babak, E. V., Bagdasarjan, K. G,, & Voronina, A. A. (1986). History of Neo-
gene molluscs of Paratethys. Transactions of the Paleontological Institute,
Academy of Sciences of the USSR, 220, 1-206.

Nevesskaja, L. A, Goncharova, I. A, ljina, L. B, Paramonova, N. P, Popov, S. V.,
Voronina, A. A, Chepalyga, A. L., & Babak, E. V. (1987). History of Para-
tethys. Annales de linstitut Géologique de Hongrie, 70,337-342.

Ozdinova, S. (2008). Badenské vapnité nanofosilie z vrtu Gajary 23 (viedenska
panva). Mineralia Slovaca, 40, 135-140.

Pahr, A, & Herrmann, P. (2000). Geologisch-tektonischer Uberblick. In H.P.
Schonlaub (Ed.), Erlduterungen zur Geologischen Karte des Burgenlandes
1:200.000. Geologie der Osterreichischen Bundeslcinder (pp. 10~11). Wien:
Geologische Bundesanstalt.

Palcu, D.V, Tulbure, M., Bartol, M., Kouwenhoven, T. J,, & Krijgsman, W. (2015).
The Badenian-Sarmatian Extinction Event in the Carpathian foredeep
basin of Romania: Paleogeographic changes in the Paratethys domain.
Global and Planetary Change, 133, 346-358.

Palcu, D.V,, Golovina, L. A, Vernyhorova, Y. V., Popov, S. V., & Krijgsmann, W.
(2017). Middle Miocene paleocenvironmental crises in Central Eurasia
caused by changes in marine gateway configuration. Global and Plan-
etary Change, 158,57-71.

W. E. Piller et al.

Palcu, DV, & Krijgsman, W. (2022). The dire straits of Paratethys: gateways to
the anoxic giant of Eurasia. In V.M. Rossi, S. Longhitano, C. Olariu, & F.
Chiocci (Eds.), Straits and Seaways: Controls, Processes and Implications
in Modern and Ancient Systems. Geological Society, London, Special
Publications, 523. https://doi.org/10.1144/SP523-2021-73.

Peryt, D, Ged|, P, & Peryt, T. M. (2014). Foraminiferal and palynological records
of the Late Badenian (Middle Miocene) transgression in Podolia
(Shchyrets near Lviv, western Ukraine). Geological Quarterly, 58(3),
465-484.

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

Popescu, Gh. (1979). Kossovian Foraminifera in Romania. Mémoires Institut de
Geologie et de Geophysique, 29, 5-64.

Popov, S. V., Rogl, F, Rozanov, A.Y,, Steininger, F. F, Shcherba, I. G, & Kovac, M.
(2004). Lithological-Paleogeographic maps of Paratethys. CFS Courier
Forschungsinstitut Senckenberg, 250, 1-46.

Popov, S.V, Shcherba, I. G, llyina, L. B, Nevesskaya, L. A, Paramonova, N. P,
Khondkarian, S. O, & Magyar, I. (2006). Late Miocene to Pliocene pal-
aeogeography of the Paratethys and its relation to the Mediterranean.
Palaeogeography, Palaeoclimatology, Palaeoecology, 238, 91-106.

Randazzo, A. F, Mller, P, Lelkes, G., Juhasz, E., & Hamor, T. (1999). Cool-water
limestones of the Panonian Basin System, Middle Miocene, Hungary.
Journal of Sedimentary Research, 69(1), 282-293.

Reiss, Z., & Gvirtzman, G. (1966). Borelis from Israel. Eclogae Geologicae Helvetiae,
59(1),437-447.

Reiss, Z., & Hottinger, L. (1984). The Gulf of Aqaba. Ecological Micropaleontology.
Springer.

Renema, W. (2005). Depth estimation using diameter-thickness ratios in larger
benthic foraminifera. Lethaia, 38, 137-141.

Reuss, A. E. (1847). 1. Die fossilen Polyparien des Wiener Tertidrbeckens. Ein
Monographischer Versuch. Haidinger’s Naturwissenschaftliche Abhand-
lungen, 2,1-109.

Riosmena-Rodriguez, R. (2017). Natural History of Rhodolith/Maérl Beds: Their
Role in Near-Shore Biodiversity and Management. In R. Riosmena-
Rodriguez, W. Nelson, & J. Aguirre (Eds.), Rhodolith/Maérl Beds: A Global
Perspective (pp. 3-26). Springer.

Rogl, F. (1998). Palaeogeographic Considerations for Mediterranean and Para-
tethys Seaways (Oligocene to Miocene). Annalen des Naturhistorischen
Museums Wien, Serie A, 99, 279-310.

Rogl, F. (1999). Circum-Mediterranean Miocene Paleogeography. In G. E. Rdss-
ner & K. Heissig (Eds.), The Miocene Land Mammals of Europe (pp. 39-48).
Dr. Friedrich Pfeil.

Rogl, F, & Mller, C. (1976). Das Mittelmiozan und die Baden-Sarmat Grenze in
Walbersdorf (Burgenland). Annalen des Naturhistorischen Museums Wien,
80,221-232.

Royden, L.H. (1985). The Vienna Basin: a thin-skinned pullapart basin. In K.
Biddle, & N. Christie-Blick (Eds.), Strike Slip Deformation, Basin Formation
and Sedimentation. Society of Economic Paleontologists and Mineralo-
gists, Special Publication, 37,319-338.

Royden, L.H. (1988). Late Cenozoic tectonics of the Pannonian basin system. In
L.H. Royden, & F. Horvath (Eds.), The Pannonian Basin — A Study in Basin
Evolution. American Association of Petroleum Geologists Memoir, 27-48.

Rupprecht, B. J, Sachsenhofer, R. F, Zach, C, Bechtel, A, Gratzer, R, & Kucher,
F.(2019). Oil and Gas in the Vienna Basin: Hydrocarbon generation and
alteration in a classical hydrocarbon province. Petroleum Geosciences,
25,3-29.

Rybadr, S, Sarinové, K., Sant, K, Kuiper, K. F, Kovacové, M., Vojtko, R, Reiser,

M. K., Fordindl, K, Teodoridis, V., Novakova, P, & Vicek, T. (2019). New
“OAr/*Ar, fission track and sedimentological data on a middle Miocene
tuff occurring in the Vienna Basin: Implications for the north-western
Central Paratethys region. Geologica Carpathica, 70(5), 386-404.

Sant, K., Kuiper, K. F, Rybdr, S., Grunert, P, Harzhauser, M., Mandic, O., Jamrich,
M, Sarinova, K, Hudackova, N., & Krijgsman, W. (2020). *Ar/*?Ar
geochronology using high sensitivity mass spectrometry: Examples
from middle Miocene horizons of the Central Paratethys. Geologica
Carpathica, 71(2), 166-182.

Schalekovd, A. (1969). Zur ndheren Kenntnis der Corallinaceen im Leithakalk
des Sandberges bei Devinska Nova Ves (Theben-Neudorf) in der Std-
westslowakei. Acta Geologica et Geographica Universitatis Comenianae,
Geologica, 18,93-102.


https://doi.org/10.1126/sciadv.aaz1346
https://doi.org/10.1144/SP523-2021-73

Marine facies differentiation along paleotopography (Middle Miocene, Serravallian)

Schalekova, A. (1973). Oberbadenische Corallinaceen aus dem Steinbruch
RohoZnik-Vajar an dem Westhang der Kleinen Karpaten. Acta Geologica
et Geographica Universitatis Comenianae, Geologica, 26, 211-221.

Schueth, J. D, & Bralower, T. J. (2015). The relationship between environmental
change and the extinction of the nannoplankton Discoaster in the early
Pleistocene. Paleoceanography, 30(7), 863-876.

Schiitz, K, Harzhauser, M., Régl, F, Cori¢, S., & Galovi, 1. (2007). Foraminiferen
und Phytoplankton aus dem unteren Sarmatium des stdlichen Wiener
Beckens (Petronell, Niederdsterreich). Jahrbuch der Geologischen Bunde-
sanstalt, 147(1+2), 449-488.

Seko, M., Pipik, R., & Doldkova, N. (2012). Early Badenian ostracod assemblage
of the Zidlochovice stratotype (Carpathian Foredeep, Czech Republic).
Central European Journal of Geosciences, 4(1), 111-125.

Siedl, W,, Strauss, P, Sachsenhofer, R. F, Harzhauser, M., Kuffner, T,, & Kranner,
M. (2020). Revised Badenian (middle Miocene) depositional systems
of the Austrian Vienna Basin based on a new sequence stratigraphic
framework. Austrian Journal of Earth Sciences, 113(1), 87-110.

Simon, D, Palcu, D, Meijer, P, & Krijgsman, W. (2018). The sensitivity of middle
Miocene paleoenvironments to changing marine gateways in Central
Europe. Geology, 47(1), 35-38.

Skeji¢, S, Arapov, J, Buzanci¢, M, Gladan, ZN,, Bakrac, A, Straka, M., & Mandic,
J.(2021). First evidence of an intensive bloom of the coccolithophore
Syracosphaera halldalii in a highly variable estuarine environment (Krka
River, Adriatic sea). Marine Ecology, 42(2), e12641. https://doi.org/10.
1111/maec.12641

Soliman, A, Piller, W. E.,, Dybkjeer, K., Slimani, H., & Auer, G. (2022). Middle
Miocene (Serravallian; upper Badenian-lower Sarmatian) dinoflagellate
cysts from Bad Deutsch-Altenburg, Vienna Basin, Austria. Palynol-
ogy, 2116498. https://doi.org/10.1080/01916122.2022.2116498

Spicka, V. (1966). Paleogeografie a tektonogeneze Videriske panve a piispévek
k jeji naftové-geologické problematice. Rozpravy Ceskoslovenské Akad-
emie Véd, Rada matematickychptirodopisnych Véd, 76(12), 3-118.

Steininger, F. F, & Wessely, G. (2000). From the Tethyan Ocean to the Paratethys
Sea: Oligocene to Neogene Stratigraphy, Paleogeography and Paleo-
biogeography of the circum-Mediterranean region and the Oligocene
to Neogene Basin evolution in Austria. Mitteilungen der Osterreichischen
Geologischen Gesellschaft, 92, 95-116.

Stille, H. (1924). Grundfragen der vergleichenden Tektonik. Borntrager.

Strauss, P, Harzhauser, M., Hinsch, R, & Wagreich, M. (2006). Sequence stratig-
raphy in a classic pull-apart basin (Neogene, Vienna Basin). A 3D seismic
based integrated approach. Geologica Carpathica, 57(3), 185-197.

Studencka, B, Gontsharova, I. A, & Popov, S. V. (1998). The bivalve faunas as
a basis for reconstruction of the Middle Miocene history of the Para-
tethys. Acta Geologica Polonica, 48(3), 285-342.

Tangunan, D. N,, Baumann, K-H., Just, J, LeVay, L. J, Barker, S., Brentegani, L.,
Vleeschouwer, D. D, Hall, I. R, Hemming, S., & Norris, R. (2018). The
last 1 million years of the extinct genus Discoaster: Plio-Pleistocene
environment and productivity at Site U1476 (Mozambique Channel).
Palaeogeography, Palaeoclimatology, Palaeoecology, 505, 187-197.

Trautwein, B, Dunkl, I, & Frisch, W. (2001). Accretionary history of the Rhe-
nodanubian flysch zone in the Eastern Alps — evidence from apatite
fission-track geochronology. International Journal of Earth Sciences, 90,
703-713.

Unger, F. (1858). Beitrdge zur naheren Kenntnis des Leithakalkes, namentlich
der vegetabilischen Einschlisse und der Bildungsgeschichte desselben.
Denkschriften der Kaiserlichen Akademie der Wissenschaften, mathema-
tisch-naturwissenschaftliche Classe, 14(1), 13-38.

Vass, D. (2002). Litostratigrafia Zdpadnych Karpdt: neogén a budinsky paleogén.
202 pp. Bratislava: Statny geologicky Ustav Dionyza Stura.

Vass, D, Nagy, A, Kohut, M., & Kraus, 1. (1988). Devinskonovoveské vrstvy:
Hruboklastické sedimenty na juhovychodnom okraji Viedenskej panvy.
Mineralia Slovaka, 20(2), 109-122.

Wade, B. S., & Bown, P. R. (2006). Calcareous nannofossils in extreme environ-
ments: The Messinian Salinity Crisis, Polemi Basin, Cyprus. Palaeogeogra-
phy, Palaeoclimatology, Palaeoecology, 233, 271-286.

Wade, B. S, Pearson, P.N., Berggren, W. A, & Pélike, H. (2011). Review and revi-
sion of Cenozoic tropical planktonic foraminiferal biostratigraphy and
calibration to the geomagnetic polarity and astronomical time scale.
Earth-Science Reviews, 104, 111-142.

Wessely, G. (1961). Geologie der Hainburger Berge. Jahrbuch der Geologischen
Bundesanstalt, 104, 273-349.

Page330f33 25

Wessely, G. (1998). Geologie des Korneuburger Beckens. Beitrédge zur Palédon-
tologie, 23, 9-23.

Wessely, G. (2006). Niedersterreich. Geologie der Osterreichischen Bundeslicinder.
Geologische Bundesanstalt.

Westerhold, T, Marwan, N, Drury, A. J,, Liebrand, D., Agnini, C, Anagnostou, E.,
Barnet, J. S. K, Bohaty, S. M., De Vleeschouwer, D, Florindo, F,, Frederichs,
T, Hodell, D. A, Holbourn, A. E, Kroon, D., Lauretano, V., Littler, K., Lou-
rens, L. J, Lyle, M,, Pélike, H., ... Zachos, J. C. (2020). An astronomically
dated record of Earth’s climate and its predictability over the last 66
million years. Science, 369(6509), 1383-1387.

Wiedl, T, Harzhauser, M., Kroh, A, Cori¢, S, & Piller, W. E. (2013). Ecospace
variability along a carbonate platform at the northern boundary of
the Miocene reef belt (Upper Langhian, Austria). Palaeogeography,
Palaeoclimatology, Palaeoecology, 370, 232-246.

Wied|, T, Harzhauser, M., Kroh, A., Cori¢, S., & Piller, W. E. (2014). From biologi-
cally to hydrodynamically controlled carbonate production by tectoni-
cally induced paleogeographic rearrangement (Middle Miocene,
Pannonian Basin). Facies, 60, 865-881.

Woelkerling, W. J., Irvine, L. M., & Harvey, A. S. (1993). Growth-forms in Non-
geniculate Coralline Red Algae (Corallinales, Rhodophyta). Australian
Systematic Botany, 6, 277-293.

Zachos, J., Pagani, M,, Sloan, L, Thomas, E., & Billups, K. (2001). Trends, rhythms,
and aberrations in global climate 65 Ma to present. Science, 292(5517),
686-693.

Zorn, 1. (1991). Gastropoda tertiaria, Pteropoda (Thecosomata, Gastropoda).
Catalogus Fossilium Austriae, Wien: Osterreichische Akademie der
Wissenschaften.

Zorn, 1. (1999). Planktonic gastropods (pteropods) from the Miocene of the
Carpathian Foredeep and the Zdanice Unit in Moravia (Czech Republic).
Abhandlungen der Geologischen Bundesanstalt, 56(2), 723-738.

Zorn, 1. (2000): Das Paldogen und Neogen. In H.P. Schonlaub (Ed.), Geologie der
Osterreichischen Bundesldnder. Erlduterungen zur Geologischen Karte des
Burgenlandes 1:200.000 (pp. 15-30). Wien: Geologische Bundesanstalt.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1111/maec.12641
https://doi.org/10.1111/maec.12641
https://doi.org/10.1080/01916122.2022.2116498

	Marine facies differentiation along complex paleotopography: an example from the Middle Miocene (Serravallian) of Lower Austria
	Abstract 
	1 Introduction
	2 Geological background of the Vienna Basin
	3 Study area
	4 Methods
	5 Results
	5.1 Studied cores
	5.2 Carbonate facies
	5.3 Coralline red algae
	5.4 Foraminifera
	5.5 Calcareous nannoplankton
	5.6 Ostracodes

	6 Discussion
	6.1 Stratigraphy
	6.2 Sediment distribution pattern
	6.3 Taphonomic and diagenetic signals
	6.4 Paleoenvironment and paleoclimate
	6.4.1 Water depth
	6.4.2 Salinity
	6.4.3 Substrate, water energy and turbidity
	6.4.4 Temperature and climate
	6.4.5 Paleogeography


	7 Conclusion
	Acknowledgements
	References




