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Abstract Life and depositional environments in the sub-
littoral zone of Lake Pannon, a large, brackish Paratethyan
lake from the Late Miocene, were reconstructed from fossils
and facies of the Szak Formation. This formation is exposed
in several, roughly coeval (9.4-8.9 Ma) outcrops, located
along strike of the paleo-shelf-break in northwestern Hun-
gary. The silty argillaceous marl of the formation was
deposited below storm wave base, at 20-30 to 80-90 m
water depth. The abundance of benthic organisms indicates
that the bottom water was usually well oxygenated. Inter-
stitial dysoxia, however, may have occurred immediately
below the sediment—water interface, as evidenced by occa-
sional preservation of trace fossils such as Diplocraterion.
The fauna comprised endemic mollusks, including brackish
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cockles of the subfamily Lymnocardiinae, dreissenid mus-
sels (Congeria), and highly adapted, uniquely large-sized
deep-water pulmonate snails (planorbids and lymnaeids).
Ostracods were dominated by endemic species and, in some
cases, endemic genera of candonids, leptocytherids, cyp-
ridids, and loxoconchids. Fish remnants include a sciaenid
otolith and the oldest skeletal occurrence of Perca in Europe.
The phytoplankton comprised exclusively endemic cocco-
lithophorids, mostly endemic dinoflagellates (prevailingly
Spiniferites), and cosmopolitan green algae. The Late Mio-
cene fauna and flora of Lake Pannon were in many ways
similar to the modern Caspian biota, and in particular cases
can be regarded as its precursor.
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Introduction

Lake Pannon was a large, long-lived, brackish lake that
occupied the Pannonian Basin System in the Late Miocene
and earliest Pliocene. The lake hosted a highly endemic
fauna and flora, of which the mollusks, ostracods, fishes,
dinoflagellates, calcareous nannoplankton and some other
algal groups are known as fossils (Papp et al. 1985;
Stevanovi¢ et al. 1990). The biota of Lake Pannon origi-
nated partly from restricted marine, partly from freshwater
taxa. The mollusks and ostracods provide outstanding
examples of adaptive radiations in the lake, leading to a
breathtaking species diversity in many groups (Miiller et al.
1999; Geary et al. 2000).

The lake’s biota displays close similarities to that of the
modern—or, rather, of the pre-twentieth-century—Caspian
Sea. This similarity is partly a consequence of the fact that
both basins were once part of a larger brackish-water basin
system, the Paratethys. Species that evolved in the isolated
Lake Pannon during the Late Miocene could successfully
migrate into, and survive through the Pliocene and Pleis-
tocene within, the Black Sea and Caspian Basins. The
other, perhaps more important, factor that caused ecologi-
cal similarities between Lake Pannon and the Caspian Sea
is the analogous physical development of the two water-
bodies, which triggered sometimes very similar, sometimes
more contrasting ecological and evolutionary response of
the biota.

A paleoecological survey of mollusks in Lake Pannon
indicated that the profundal environments (basin floor,
slope) were inhabited by a low-diversity group of bivalves
and a few gastropods, whereas the littoral and shallow
water environments (shelf) hosted a rich and diverse fauna
of brackish to freshwater clams and snails (Juhasz and
Magyar 1992; Magyar 1995). In between these two
extremes, a specific, medium-diversity mollusk fauna lived
on the muddy bottom of the sublittoral zone. This zone was
rarely or never affected by sand deposition, but it still
received some light to maintain a relatively ecologically
diverse association of mollusks and other animals. The
estimated water depth for this zone is of tens of metres; it
included the upper part of the slope, and, during periods of
high lake level, the “outer shelf” as well.

The sublittoral deposits of Lake Pannon are exposed in a
long and narrow zone along the western margin of the
Transdanubian Range in northwestern Hungary (Fig. 1),
where they are called Szak Formation (Jambor 1980). We
collected fossils and carried out paleoecological observa-
tions in eight, roughly coeval outcrops of this zone with the
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Fig. 1 Location and geological map of the study area in NW
Hungary (without the Quaternary; based on Jambor 1980).  pre-Late
Miocene basement, 2 sublittoral deposits of Lake Pannon (Szak
Formation), 3 littoral to deltaic deposits of Lake Pannon and
overlying fluvial sediments (Dunantil Group), 4 Upper Miocene-
Pliocene volcanics (Tapolca Formation), 5 location of investigated
outcrops, 6 location of seismic profile in Fig. 2, 7 location of block
diagram in Fig. 2

objective of better understanding the sublittoral environment
and its life in Lake Pannon and comparing them with those of
the present-day Caspian.

Geological background

The Pannonian Basin System formed in the late Early
Miocene and in the Middle Miocene as a result of exten-
sion and rifting governed by thrusting in the surrounding
Carpathian orogene (Horvath et al. 2006). At about the
Middle Miocene-Late Miocene boundary, the water body
of the basin became isolated from the sea, and Lake Pan-
non formed. The lake reached its largest areal extent at ca.
9.5 million years ago, as basin subsidence continued due to
cooling of the lithosphere. Many intrabasinal ridges and
basement highs, including the Transdanubian Range
(Fig. 1), were partly or completely inundated by this time
(Magyar et al. 1999).
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The lake’s basin was gradually filled by sediments that
rivers transported from the surrounding uplifted areas.
Sediment influx and shoreline progradation from the NW
was especially intense (Pogacsas et al. 1988; Vakarcs et al.
1994). The paleo-waterdepth of Lake Pannon can be
reconstructed from basin morphology revealed by seismic
surveys (Fig. 2). A generalized basin profile comprises a
low-gradient morphological shelf, a slope clinoform with
up to 5° gradient, and a flat basin floor. The heights of
clinoforms indicate that the lake water depths (not taking
into account the effect of subsequent compaction) were
typically between 200 and 400 m in the lake, although
considerably larger depths might have occurred in subba-
sins that were reached by shelf accretion only in the late
phase of basin development. The basin floor and the slope
were prevailingly muddy with intermittent turbidite depo-
sition, whereas the shelf was characterized by sand-prone
deltaic sedimentation (Juhdsz 1992).

The Kisalfold (or Danube) Basin (Fig. 1) received sed-
iments from the north, northwest, and west (Magyar et al.
2007). The shelf-break (shelf/slope boundary) gradually
shifted towards the SE (Fig. 2). The sediments deposited in
Lake Pannon and in the adjacent fluvial systems draped the
entire (or almost the entire) Transdanubian Range by the
end of the Miocene (Jambor 1980; Magyar et al. 1999).

Sometime in the Pliocene the Transdanubian Range was
tectonically inverted; it started to uplift, whereas the Kis-
alfold Basin continued to subside (Horvath and Cloetingh

Fig. 2 Block diagram from the eastern margin of the Kisalfold Basin
(for location and colour code see Fig. 1). The line drawing of a
seismic profile in the front indicates shelf accretion from NW to SE,
and post-depositional westward tilting. The strike of the Transdan-
ubian Range (NE-SW) is perpendicular to progradation, suggesting
that the outcrops along the northwestern foot of the range, including
those at Devecser and Tapolcafd, are roughly coeval. Not to vertical
scale. The total thickness between the top of the seismic profile and
the bottom of Lake Pannon deposits along the SW vertical edge of the
block is approximately 800 m

1996; Horvath and Tari 1999). This differential motion was
so intense that the originally SE-dipping Lake Pannon
clinoforms have been tilted backwards in the intermediate
zone between the range and the basin (see the right side of
the seismic profile in Fig. 2). Miocene sediments have been
eroded from the top of the range, and Lake Pannon deposits
became exposed in a few km wide and ca. 120-km-long
zone along the northwestern edge of the range (Fig. 1). In
map view, the offshore deposits occur immediately next to
the basement rocks, whereas the deltaic sediments of the
shelf outcrop in a parallel zone further to the west. Because
the axis of the elongate Transdanubain Range paralleled
the strike of the shelf-margin clinoforms, the sediments
exposed along the foot of the range are roughly coeval.

The generalized stratigraphy of Lake Pannon deposits in
this area is as following. The basement consists of mostly
Oligo-Miocene, partly Mesozoic rocks. The Late Miocene
Lake Pannon sequence starts with the Kisbér Gravel For-
mation (Jambor 1980); its maximum thickness is about
10 m, but it often occurs only as a thin transgressive lag.
The overlying sublittoral deposits comprise the Szak For-
mation (Jambor 1980). It is a homogenous, unstratified,
grey or bluish-grey clayey silt and silty argillaceous marl
that reaches a few tens of m thickness in the outcrops. Its
upper, oxidized part is yellow in colour. The Szak For-
mation, where not directly exposed, is either conformably
overlain by the littoral, silty or sandy layers of the Soml
Formation (Jambor 1980), or unconformably covered by
thin Quaternary deposits.

Materials and methods
Outcrops

Eight outcrops have been investigated (Table 1). In gen-
eral, they expose grey, unstratified, homogenous clayey
fine silt and argillaceous marl with platy parting. The ratio
of the silt component is often increasing upwards. The
carbonate content of the sediment is typically between 25
and 35%. The mollusk shells are usually evenly distributed,
suggesting autochtonous or almost autochtonous burial.
The most common mollusk species is Congeria czjzeki,
hence the popular name “czjzeki marl”.

At the town of Tata, the Szak Formation is exposed in
three outcrops along the eastern side of the Budapest—
Vienna railway line (Cziczer and Magyar 2006). The
southernmost outcrop (Tata 1) is the only location where
we could study the transgressive lag at the bottom of the
Szak Formation. This several-cm-thick stratum overlies a
coarse-grained, grey Oligo-Miocene sandstone, and is
composed of pebbly sand and silt, abunding in fossil biv-
alves. The shells are often abraded, reflecting intense wave
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action. The most common mollusk fossil in this layer is
Congeria partschi, a species which is otherwise not com-
mon in the Szdk Formation, and generally considered to
have been a shallow water dweller. The middle outcrop
(Tata 2) proved to be the richest in mollusks of all the
outcrops we investigated during this study. A single
coquina lense within the argillaceous marl contained some
reworked littoral forms, such as C. partschi and Melanopsis
pygmaea. The northernmost outcrop (Tata 3) was the least
fossil-rich of the three Tata outcrops. In all the three out-
crops, the Szak Formation is unconformably overlain by a
few-m-thick Pleistocene cover.

The peculiarity of the Kisbér outcrop is that the trace
fossils are relatively common. Mollusks and ostracods are
also abundant. In Bakonyszentlaszl6, mollusks are com-
mon, but their preservation is usually worse than in Tata
and Kisbér. The Papateszér and Tapolcafé outcrops are
poor in mollusk fossils; the upper third of the latter, with
laminites and poorly preserved leaves, is entirely devoid of
them. This part of the sequence probably belongs to the
Somlé Formation. Finally, the Devecser outcrop contains a
lot of mollusk shells, but the overall diversity is lower than
in Tata or Kisbér.

Sampling and laboratory procedures
for magnetostratigraphy

Magnetostratigraphic investigations have been carried out
in three outcrops (Table 1).

Dry and weathered materials were removed from the
wall of the claypits, and the samples were cut from
undisturbed, unaltered and wet sediments at ~50-cm
stratigraphic intervals. Modifications due to weathering
were observed in the upper part of the exposures and
in several beds, but these oxidized sediments were not
sampled. The cubical samples were cut from the uncon-
solidated sediments with a brass knife and placed in plastic
boxes, which were then sealed and stored in a refrigerator
to inhibit desiccation.

The samples were processed at the joint laboratory of
the Geological Institute of Hungary and Eotvés Lorand
Geophysical Institute. Laboratory measurements employed
a two-axis CCL cryogenic magnetometer. Following
measurement of the natural remanent magnetization, a
series of pilot samples were selected for progressive
alternating field (AF) demagnetization. These pilot samples
were demagnetized in a one-component Schoenstedt
demagnetizer up to 90 mT or until the intensity decreased
below the noise level of the magnetometer. The relatively
soft secondary magnetizations disappeared at 15-30 mT,
and the majority of inclinations exhibited no hint of dif-
ferent polarities near the threshold level of stability. The
remaining samples were demagnetized at two or three steps

in the range of 15-50 mT. The stable directions were used
to calculate the latitude of the virtual geomagnetic pole
(VGP).

Methods of carbon and oxygen isotope measurements

Stable isotope investigations have been carried out on
mollusk shells from outcrop Tata 2. Carbon and oxygen
isotope compositions were determined using the conven-
tional H;PO, digestion method at 25°C (McCrea 1950) and
a Finnigan MAT delta S mass spectrometer at the Institute
for Geochemical Research, Hungarian Academy of Sci-
ences, Budapest. The results are expressed in the d-notation
[6 = (Ri/R, — 1) x 1,000], where R, is the C/"*C or
80/'°0 ratio in the sample and R, the corresponding ratio
of the standard (V-PDB for C and V-SMOW for O), in %o.
Reproducibilities are better than £0.1%o.

Phytoplankton studies

Although the primary focus of our study was benthic life in
the sublittoral zone, we also investigated the phytoplankton
in some pilot samples. Our objective was to better assess
the biodiversity in this environment, and to provide data for
biostratigraphic interpretation. Two palynological and six
nannoplankton preparations have been investigated for di-
noflagellates and coccoliths, respectively (Table 1). For the
latter, standard smear slides were studied using a light
microscope (1,000x magnification) at normal and crossed
nicols.

Stratigraphic correlation and age

The depositional model of the Kisalfold Basin (Magyar
et al. 2007) predicts that the investigated outcrops are
roughly coeval, because the Transdanubian Range, and
thus the zone of outcrops are more or less perpendicular
to the direction of shoreline propagation (Fig. 2). This
expectation is fully met on the level of biostratigraphic
resolution; the investigated outcrops all belong to the upper
part of the C. czjzeki Zone in terms of sublittoral mollusk
biostratigraphy, and to the Spiniferites paradoxus dinofla-
gellate zone (Korpas-Hodi 1983; Siit0-Szentai 1991).

In order to establish a more precise correlation between
the outcrops, magnetostratigraphic investigations were car-
ried out in three locations: Tata 2, Kisbér, and Tapolcafo.
The sampled 21 m thickness in Tata 2 almost covers the
entire thickness of the Szak Formation at this location
(26 m). In Kisbér and Tapolcaf6, however, only the upper
part of the profile was accessible for sampling; the lower-
most 8-9 m of the clay was not exposed or was under water,
respectively. The base of the Tata 2 section exhibits a short

@ Springer



Int J Earth Sci (Geol Rundsch)

interval of normal polarity, followed by a reversed polarity
zone, and the top of the section is normal again (Fig. 3). In
Kisbér, the VGP plot shows predominantly normal polarity,
and a narrow interval of reversed polarity at the base of the
section (Fig. 3). The Tapolcaf6é section displays normal
polarity (Fig. 3). A comparison of these records suggests
that Tata has the most complete polarity record, and that
the sampled intervals of the two other outcrops may
correlate with the upper, normal polarity part of the Tata
outcrop.

Magyar et al. (2007) conducted seismic correlations
between four magnetostratigraphic test boreholes in the
Kisalf6ld Basin. These correlations suggest that the seismic
reflectors that emerge to the surface in the vicinity of
Devecser within the sublittoral facies zone (Fig. 2) belong
to polarity chron C4An, with an age of about 8.9-9.0 Ma
in the time scale of Lourens et al. (2004). Somewhat to
the north, near Tapolcafo, the reflectors are slightly older
(9.1-9.3 Ma) and include the upper part of chron C4Ar.
Therefore, the measured polarity profiles in Tapolcafé and
Kisbér can be correlated with chron C4An, whereas in Tata
with chron C4An and C4Ar, including C4Arln at the base
of the sequence. The estimated age of the investigated
outcrops is thus 9.4-8.9 Ma.

This age characterizes the Szak Formation outcrops in
the northwestern foreland of the Transdanubian Range,
where the formation was first described at the village of
Szék (this outcrop is not accessible any more). If inter-
preted as a spatially contiguous but highly diachronous
lithological unit across the Pannonian Basin, however, the
Szak Formation can be older (e.g. Sopron, 10 Ma, Magyar
et al. 2007) as well as considerably younger (e.g. Bataszék,

Fig. 3 Plots of latitudes of the GPTS
virtual geomagnetic pole (VGP)
for the outcrops at Tata 2,
Kisbér and Tapolcaf6, and
correlation of the polarity zones
with the geomagnetic polarity
time scale (GPTS) of Lourens
et al. (2004). Black normal
polarity; white reversed polarity

Age (Ma)
8 -

Cé4n

m

C4An

C4Ar.2n

Csn

10 -

@ Springer

Tapolcafé

VGP latitude
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7.5 Ma, Lennert et al. 1999) than the outcrops we inves-
tigated in this study.

Paleoclimate

Although paleoclimate is not the focus of our study, our
objectives of reconstructing the environment and compar-
ing the biota with that of the modern Caspian justify a brief
overview here. Based on 34 palynological samples recov-
ered from 5 boreholes that penetrated the Szak Formation
at Naszaly, Tata, and Papa, Nagy (2005) quantitatively
estimated the mean annual temperature as ranging between
12.2 and 13.4°C (average 12.6). The samples contained
very few tropical elements, like Podocarpus, more sub-
tropical forms, such as Keteleeria, Liquidambar, Zelkova,
Cedrus, and Ginkgo, but they were dominated by temperate
plants, such as Ericaceae, Tilia, Ulmus, Carpinus, Casta-
nea, Betula, Alnus, Corylus, Quercus, Fagus, Pterocarya,
Carya, and Coniferae, including Pinus silvestris, Picea,
Abies, and Tsuga. Freshwater plants (Nymphaeaceae,
Myriophyllum, Sparganium, Typha) and planktic green
algae (Botryococcus, Spirogyra, Cooksonella) were also
abundant (Nagy 2005). The inferred temperature fits into
the general, slow cooling trend that followed the sudden
temperature drop at the end of the Miocene Climatic
Optimum (B6éhme 2003; Jiménez-Moreno 2006).

A temporary increase in humidity around 10-9.5 million
years ago within the Central Paratethys was recorded with
independent methods. According to Lueger (1978), land
mollusks indicate a temporary shift towards more humid,
“Atlantic” climate in biozone F (ca. 9.8 Ma) of the Vienna

Kisbér Tata 2

VGP latitude VGP latitude

o _a0° o _q0° ()
+90 ° 90 +90 0 -9 +90
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Table 2 Mollusks from the outcrops of Szdk Formation

Tata 1-3  Kisbér  Bakonyszentldszl6  Papateszér  Tapolcafé  Devecser
Lymnocardium majeri (M. Hornes 1862) . .
Lymnocardium apertum (Miinster 1839) .
Lymnocardium tegulatum (Halavats 1886) . . .
Lymnocardium triangulatocostatum (Halavats 1882) . . . . . .
Lymnocardium pseudosuessi (Halavats 1882) . . . .
Lymnocardium aff. brunnense Andrusov 1903 .
Lymnocardium aff. secans (Fuchs 1870) )
Lymnocardium aff. rogenhoferi (Brusina 1884) . . .
Lymnocardium aff. zagrabiense (Brusina 1874) . .
Lymnocardium sp. .
“Pontalmyra” otiophora (Brusina 1884) . . . .
Pontalmyra sp. 1 .
Pontalmyra sp. 2 .
Paradacna abichi (R. Hornes 1874) . . . .
Paradacna sp. 1 .
Paradacna sp. 2 . .
Congeria czjzeki M. Hornes 1870 . . . . .
Congeria maorti Barnabas & Strausz 1991 .
Congeria cf. zsigmondyi Halavats 1882 .
Congeria partschi Czjzek 1849 .
Congeria ungulacaprae (Miinster 1839) .
Pisidium krambergeri Brusina 1884 . .
Valenciennius reussi Neumayr 1875 . . . . . .
Radix kobelti (Brusina 1884) . . .
Radix cf. croatica (Gorjanovic-Kramberger 1890) U
“Gyraulus” tenuistriatus (Gorjanovic-Kramberger 1900) U
“Gyraulus” sp. .
Valvata minima Fuchs 1877 .
Micromelania fuchsiana Brusina 1874 .
Melanopsis pygmaea Partsch 1856 .

Basin. A stable isotope study of mollusk shells from vari-
ous localities in western Hungary (Matyas et al. 1996)
showed that samples from the upper part of the sublittoral
C. czjzeki zone, including those from Tata 2, represented a
considerable excursion towards negative values in 6'%0.
This pattern was interpreted to reflect increased humidity.
Another isotope study by Harzhauser et al. (2007) con-
firmed the increasing humidity trend, but put the peak
somewhat earlier (ca. 10 Ma). Fortelius et al. (2006)
observed a minimum in mammal tooth crown height
(hypsodonty) and inferred a precipitation maximum in the
Pannonian Basin in MN9 and MN10 zones, i.e. 9-10 Ma.
Quantitative estimates on the mean annual precipitation
during the humidity peak are based on mammals (Bernor
et al. 2003; van Dam 2006), herpetofauna (Bohme et al.
2006), and macroflora (Bernor et al. 2003; Bruch et al.
2006), and range between 1,000 and 1,350 mm. Variations
in lake size may also reflect changes in humidity. Magyar

et al. (1999) argued that Lake Pannon reached its largest
extent during the Spiniferites paradoxus biochron, some
9.5 million years ago. Sacchi et al. (1999) interpreted the
top of the C. czjzeki zone as a maximum flooding surface.
Various independent methods thus unanimously indicate
a considerable humidity peak sometime between 10 and
9 Ma. The temporal (chronostratigraphic) correlation of the
data requires further refinement, but it seems clear that the
Szdk Formation in the study area was deposited during or
immediately after this “anomalously” humid period.

Animal life
Mollusks

Mollusks were found and collected in all the eight outcrops
(Table 2, Figs. 4, 5, 6). The fossils were generally well
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Fig. 4 Endemic brackish-water cockles (Lymnocardiinae) from the Pontalmyra sp. 1, Tata 2. q, v Lymnocardium triangulatocostatum
Szak Formation. a-d Lymnocardium apertum (Miinster 1839), Tata 2. (Halavats 1882), Tata 2. s, u Lymnocardium aff. secans (Fuchs 1870),
e-h, t Lymnocardium aff. brunnense Andrusov, Tata 2. i-1 Lymno- Tata 2. Scale bar, 1 cm

cardium aff. rogenhoferi (Brusina 1884), Tata 2: i, j, 1 Kisbér: k. m—p

@ Springer
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Fig. 5 Endemic brackish-water cockles (Lymnocardiinae) from the
Szak Formation. a, b Lymnocardium pseudosuessi (Halavats 1882),
Kisbér. ¢ Lymnocardium aff. zagrabiense (Brusina 1874), Devecser. d
Pontalmyra sp. 2, Tata 1. e Paradacna sp.1, Tata 2. £ Paradacna
abichi (R. Hornes 1874), Kisbér. g, h “Pontalmyra” otiophora

preserved and evenly distributed in the argillaceous marl,
reflecting autochtonous or almost autochtonous burial.
Evidence of reworking was extremely rare.

(Brusina 1884), Bakonyszentlaszl6: g; Tata 2: h. i Paradacna sp. 2,
Bakonyszentlaszld. j Paradacna sp. 1(?), juvenile specimen, Tata 2.
k, . Lymnocardium majeri (M. Hornes 1862), Tata 2. m, o
Lymnocardium tegulatum (Halavats 1886), Tata 1: m; Papateszér:
0. n Lymnocardium sp., Tata 2. Scale bar, 1 cm

All the 31 species we identified were endemic to the

lake. However, some 3 million years later, during the
Pontian age of the Eastern Paratethys, Valenciennius and
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Fig. 6 Dreissenid mussels and pulmonate snails from the Szak
Formation. a—e Congeria czjzeki M. Hornes 1870, Tata 2. f-g
Congeria partschi Czjzek 1849, Tata 2. h—i Congeria ungulacaprae
(Miinster 1839), Tata 2. j Congeria cf. maorti Barnabds & Strausz
1991, Kisbér. k a coquina from Tata 2, with (left to right) C. partschi,
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C. ungulacaprae, and C. czjzeki. l-m Valenciennius reussi Neumayr
1875, Tata 2: 1; Tata 1: m. n Radix kobelti (Brusina 1884), Tata 2.
o “Gyraulus” tenuistriatus (Gorjanovic-Kramberger 1900), Kisbér.
Scale bar, 1 cm
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Lymnocardium majeri spread into the Black Sea Basin (the
latter as L. peregrinum), “Pontalmyra” otiophora and
Paradacna abichi went to the Dacian Basin, to the Black
Sea and Caspian Basins (Taktakishvili 1967, 1987), and
even to the Mediterranean (Messinian “lagomare”; Esu
2007).

Brackish cockles (subfamily Lymnocardiinae) represent
the most diverse group in the Szak Formation (Table 2,
Figs. 4, 5). Recent Lymnocardiinae (if the stem genus
Cerastoderma is not taken into account) are exclusively
brackish water dwellers, living in the Paratethyan water
bodies of the Black Sea and the Caspian and Aral Lakes.
The modern genera of the subfamily (with the possible
exception of Didacna), however, are usually considered to
have been derived from Pliocene Cerastoderma; thus they
cannot be directly linked to Lake Pannon endemics
(Nevesskaja et al. 2001). Lymnocardiinae achieved a wide
range of adaptations from shallow lagoons to profundal
environments both in Lake Pannon and in the modern
Caspian Sea.

The dreissenids are represented by genus Congeria in
the sublittoral zone of Lake Pannon (Table 2, Fig. 6).
Of the five species listed, only C. cgzjzeki is common.
C. partschi was found in huge quantities in outcrop Tata 1,
in the basal, pebbly transgressive lag. This species is not a
typical sublittoral one; in fact, it is far more common in
littoral, coarser-grained deposits. Congeria is completely
missing from the present-day Paratethyan Basins (Black
and Caspian Seas). Dreissenids are represented there by the
genus Dreissena. Although the latter attained noteworthy
adaptations in the Caspian Sea, including significant depth
tolerance down to 500 m or more (Tarasov 1996; Tarasov
and Chepalyga 1996), the morphological diversity of
modern Caspian Dreissena cannot be compared to the
spectacular bloom of forms in Lake Pannon Congeria.

Perhaps the most peculiar feature of the sublittoral
mollusk community in Lake Pannon is the overwhelming
dominance of pulmonates among snails (Table 2). The
fossils of Valenciennius reussi and “Gyraulus” tenuistri-
atus, for instance, occur exclusively in deep-water
(sublittoral and profundal) sediments (Fig. 6). In Lake
Pannon pulmonates, the extreme ecological adaptations to
deep water are not accompanied by spectacular morpho-
logical change. The only exception is the highly decoiled,
limpet-like shell of the lymnaeid Valenciennius (Takta-
kishvili 1967). Although similar morphology occurs in
other groups of Basommatophora, such as the freshwater
Ancylus and Acroloxus, the large size and deep-water
occurrence of Valenciennius led us to hypothesize that this
animal had a very specific life strategy. This strategy could
have involved floating or swimming in the water column,
similarly to the taxonomically unrelated, but morphologi-
cally resembling marine Carinaria. In order to explore this
issue, we measured the stable isotopic composition of some
Valenciennius shells from the Tata 2 outcrop along with
shells of cardiids and dreissenids that had been buried into
the same layer. We supposed that if the water of Lake
Pannon was stratified according to temperature or salinity,
then the stable isotope values might reflect this difference
between the benthic cardiids, dreissenids and lymnaeids
(heavier values) and the—hypothetically—floating Valen-
ciennius (lighter values).

In the 6'%0/8"3C crossplot, Valenciennius, benthic car-
diids and dreissenids, and the lymnaeid gastropod Radix
cluster separately (P = 91,67%; Fig. 7). The 6'®0 values
alone provide no opportunity for distinction between the
various genera. The results conform to earlier measure-
ments from this stratigraphic interval, showing generally
rather negative values (Matyas et al. 1996, Harzhauser
et al. 2007). The 6'°C values, however, display a clear

Valenciennius sp.
Valenciennius sp.
Valenciennius sp.
Valenciennius sp.
Valenciennius sp.
Radix sp.
“Pontalmyra” otiophora
Congeria czjzeki
Lymnocardium sp.
Lymnocardium sp.
Lymnocardium sp.
Lymnocardium sp.
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Fig. 7 Crossplot of 6'%0 and -15
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o
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pattern in that Valenciennius shells contain less heavy
isotopes than do bivalves from the same thanatocoenosis.
This difference might be the result of various vital effects
or diets of different species and thus does not provide
evidence for any specific adaptation. The considerable
difference in 6'°C values between the closely related
genera of Valenciennius and Radix in the same outcrop,
however, is noteworthy and deserving of further study.

Ostracods

Ostracods have been investigated in two outcrops. In Tata
2, 50 taxa have been identified from 26 samples (Fig. 8). In
Kisbér 26 taxa were recovered from 13 samples, 19 of
which are shared with Tata 2. Juvenile Candoninae have
been recovered from five additional samples from Kisbér

(Fig. 9). The ostracod valves are translucid, slightly yellow
or white, seldom opaque. The associations are rich in
juveniles of different ontogenic stages, particularly of
Candoninae, indicating autochthonous burial of the mi-
crofossils (Ruiz et al. 2003). The rare freshwater taxa such
as Cryptocandona and ?Metacypris could have been
transported occasionally to the environment. Valves are
frequently damaged and broken, especially in Tata, and
particularly of the smooth, large, adult Candoninae. Small
and ornamented valves, e.g. Loxocorniculina djaffarovi,
are typically well preserved, with a considerably lower
percentage of broken valves. The original species ratio was
evidently changed during taphonomic processes and thus,
species community structure was not calculated.

Many taxa are left in open nomenclature due to an
exclusive presence of the instars (Lineocypris) or

Lithological
column

ella cf. dorsoarcuata
rocypria balcanica
rocypria brusinai
rocypria lobata

ocypria

cornulocostata
nicythere larga
nicythere sp. 30
Amplocypris aff. bacevicae

Amplocypris sinuosa
praehalcanica

Candona sp. 28 juv.

iplocypris sp. 52

Bakun
Campi

Cryptocandona sp. 53
Cypria tocorjescui

Caspiocypris sp. 36 juv.
Cypria sp. 22

sample
Ostracoda
Amnicythere

Am

Am

Amplocypris sp. 20
Am

Camp

Campi

Camp

Candona sp. 57
Caspiocypris alta
Caspiocypris sp. 32 juv.

Cyprideis macrostigma

Exin

ocythere prebaquana

inocythere naca

caudalis
is reticulata
is sp. 12 juv.
is sp. 13 juv.
is sp. 37 juv.
is sp. 44 juv.
is sp. 47 juv.
is sp. 56 juv.

a sp. 23

cf. Tiphlocypris sp. 4

Zalanyiella venusta

inocythere sp. 28-1
Zalanyiella sp. 26

nocythere sp. 8
Euxinocythere sp. 24
nocythere sp. 35
nocythere sp. 43
Hungarocypris auriculata
(Sylvestra) sp.
?Metacypris sp. 58 juv.

neocypr
neocypr
neocypr
neocypr

neocypr

neocypr
Loxoconch

Loxocorniculina djaffarovi

Mediocytherideis
Serbiella ex gr. unguicula

Typhlocyprella sp. 34

Pseudocandona sp. 40
Typhlocypris

Zalanyiella sp. 27
Zalanyiella sp. 39

Euxi
Euxi
Eux
Euxi
Eux
L
L
L
L
L
L

TA26
TA25
TA24
TA23
TA22
TA21
TA20
TA19

TAIS
TAL7
TAl6
TALS

TAl4
TAL3
TAI2
TAIL

e e o & o 9 o

TAL0
TA9
TAS
TAT
TAG6
TAS
TA4

°
* 0o o0 0

L

TA3

L
L ]

TA2
TAlL

aff.

C. juv.

| Serbiella aff. truncata

20m

E. juv.

& H juv.

e e o © o o
e o o o

L N ]

H. juv. @

Fig. 8 Ostracods from outcrop Tata 2. / claymarl, 2 tectonised claymarl, 3 sandy gravel, 4 mollusk shells in (a) concave and (b) convexe position

@ Springer



Int J Earth Sci (Geol Rundsch)

Fig. 9 Ostracods from the
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incomplete valves (Zalanyiella), which did not allow an The 26 taxa determined on the species level from the two
exact determination of the species. Euxinocythere species  outcrops were all endemic to Lake Pannon (Fig. 10). Half of
in open nomenclature may represent new taxa. them are not known to have ever left the intra-Carpathian
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area (Amnicythere larga Krstic 1973, Amplocypris aff.
bacevicae Krsti¢ 1973, Amplocypris sinuosa Zalanyi 1944,
Camptocypria brusinai SokaC 1972, Caspiocypris alta
(Zalanyi 1929), Cyprideis macrostigma Kollmann 1958,
Hemicytheria croatica Soka¢ 1970, Herpetocyprella auric-
ulata (Reuss 1850), Lineocypris reticulata (Méhes 1907),
Lineocypris caudalis Krsti¢ 1972, Serbiella ex gr. unguicula
(Reuss 1850), Typhlocypris cf. Typhlocypris sp. 4 Krstié
1972, and Camptocypria praebalcanica Krsti¢c 1972). Three
species found their way to the Dacian Basin during Pontian
time (Cypria tocorjescui Hanganu 1962, Serbiella aff.
truncata Sokaé 1972, and Amnicythere polymorpha Olteanu
1989; the latter is in fact found in Lake Pannon deposits for
the first time). Six species migrated into the Euxinian (Black
Sea) and Caspian Basins during the Pontian (Amnicythere
multituberculata (Livental 1929), Amnicythere cornutocos-
tata (Schweyer 1949), Bakunella dorsoarcuata (Zalanyi
1929), Camptocypria balcanica Zalanyi 1929, Camptocy-
pria lobata Zalanyi 1929, and Euxinocythere naca (Méhes
1908) (Krsti¢ and Stancheva 1990; Sokac¢ 1990)). Two of
these species, A. multituberculata and B. dorsoarcuata are
still living in the Caspian Sea. Finally, during the Messinian
“lagomare” event, Euxinocythere prebaquana (Livental
1929), Loxoconcha aff. schweyeri Suzin 1956, Zalanyiella
venusta (Zalanyi 1929), and Loxocorniculina djaffarovi
Schneider 1956 appeared in the Mediterranean, where they
are used in paleontological studies as important biostrati-
graphic and paleoecological (brackish salinity) markers
(Carbonnel 1978; Gliozzi and Grossi 2004).

With the exception of Amplocypris and Hemicytheria,
which are Middle to Late Miocene Central Paratethyan and
Lake Pannon endemics, respectively, these ostracod genera
are all extant; thus their present-day ecology may serve as a
tool to reconstruct the Lake Pannon environment.

Numerous Amnicythere species are living in the littoral
and sublittoral zones of the Black and Caspian Seas at
brackish salinity, but some species have been observed in
freshwater bays and estuaries (Gofman 1966; Schornikov
1964, 1966). Amnicythere multituberculata (Livental
1929), an extant Lake Pannon species, lives today in the
central and southern Caspian Basins at salinities of 11.5—
13.5%o. It is missing in the northern Caspian Basin, how-
ever, where freshwater input from the Volga river
effectively dilutes salinity (Gofman 1966).

Cyprideis torosa Jones, 1850, a widely distributed recent
counterpart of the Upper Miocene Cyprideis, occurs in a
wide range of salinities from almost freshwater to hyper-
saline conditions, but its greatest abundance is observed at
salinities of 2-16.5%0 in coastal ponds, lakes, lagoons,
estuaries, fjords, deltas, and salt marshes (Meisch 2000).

Recent Cypria are typically freshwater species that tol-
erate mesohaline conditions (ca. 5 to 18%o according to
Meisch, 2000).
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Fig. 10 Ostracods from the Szdk Formation (Tata 2 and Kisbér). »
Abbreviations: LV left valve, RV right valve, ¢ female, juv.juvenile. a
Amnicythere cornutocostata (Schweyer 1949); LV, Tata, sample
TA14, No. RP29-1, external lateral view. b Amplocypris aff.
bacevicae Krsti¢ 1973; RV, Tata, sample TA14, No. RP29-2, external
lateral view. ¢ Amplocypris sinuosa Zalanyi 1944; RV, Tata, sample
TA2S5, No. RP29-3, external lateral view. d Hemicytheria croatica
Soka¢ 1970; RV, Kisbér, sample KI3, No. RP29-4, external lateral
view. e Bakunella cf. dorsoarcuata (Zalanyi 1929); RV juv., Kisbér,
sample KI14, No. RP29-5, external lateral view. f Camptocypria
brusinai Soka¢ 1972; LV, Tata, sample TAS8, No. RP29-6, external
lateral view. g Camptocypria praebalcanica Krstic 1972; RV, Tata,
sample TAS8, No. RP29-7, external lateral view. h Caspiocypris alta
(Zalanyi 1929); RV, Kisbér, sample KI1, No. RP29-8, external lateral
view. i Cypria tocorjescui Hanganu 1962; RV, Tata, sample TA19,
No. RP29-9, external lateral view. j Cyprideis macrostigma Kollmann
1958; RVQ, Tata, sample TA9, No. RP29-10, external lateral view.
k Loxocorniculina djaffarovi Schneider 1956; RV, Tata, sample TA2,
No. RP29-11, external lateral view. 1 Euxinocythere prebaquana
(Livental 1929); RV?, Tata, sample TA10, No. RP29-12, external
lateral view. m Euxinocythere sp. 8; RVY, Tata, sample TA12, No.
RP29-13, external lateral view. n Euxinocythere sp. 28-1; RV®, Tata,
sample TA12, No. RP29-14, external lateral view. o Lineocypris
reticulata (Méhes 1907); LV, Tata, sample TA25, No. RP29-15,
external lateral view. p Lineocypris 13. ? juv.; RV, Tata, sample
TA12, No. RP29-16, external lateral view. q Loxoconcha aff.
schweyeri Suzin 1956; RV, Kisbér, sample KI5, No. RP29-17,
external lateral view. r Amnicythere polymorpha Olteanu 1989; RV,
Kisbér, sample KI4, No. RP29-18, external lateral view. s Serbiella
aff. truncata Soka¢ 1972; RV, Tata, sample TA3, No. RP30-1,
external lateral view. Scale bar, 0.5 mm. The figured individuals are
deposited in the Slovak National Museum in Bratislava (Slovakia)
under the numbers mentioned in the text (No. RPXX-YY)

At least three fossil species of Herpetocyprella can be
recognized in Lake Pannon deposits. These were previ-
ously assigned to Hungarocypris (Danielopol et al. 2007).
The single extant representative of Herpetocyprella,
H. mongolica Daday 1909, is endemic to Lake Issyk-Kul,
Kyrgyzstan, Central Asia. It lives together with other
recent thalassic and athalassic forms, such as Cyprideis
torosa and Tyrrhenocythere amnicola at a salinity of 6%o,
in alkaline (pH about 8.6-8.9), highly oligotrophic and
calcium-oversaturated waters with oxygen concentration of
6.8-9.6 mg O,/1 (Bronshtein 1947; Ricketts et al. 2001).

Mediocytherideis (Sylvestra) is reported from marine
environments of the Red Sea and brackish environments of
the Mediterranean. Upper Miocene Mediocytherideis are
associated with brackish taxa (Krsti¢ and McKenzie 1991).

Euxinocythere and Loxocorniculina are known from
brackish ostracode assemblages of the Paratethys and the
Eastern Mediterranean, but Euxinocythere also tolerates
freshwater littoral to deep limnic conditions (Pipik and
Bodergat 2004).

Loxoconcha rhomboidea Fischer 1855, type species of
the genus, is a phytal littoral and shallow littoral species
living in fully marine environments, found rarely in outer
estuaries. Loxoconcha eliptica Brady 1868 lives in brackish
waters of estuaries, lagoons, and pools, and associates with
algae and mud (Athersuch et al. 1989). Numerous
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Loxoconcha are adapted to the brackish milieu of the
Caspian Sea (Gofman 1966).

Candoninae are the most diversified group in Tata 2 and
Kisbér. Beside Candona and Cryptocandona, other genera,

such as Bakunella, Lineocypris, Pseudocandona (triangular
Lake Pannon species are attributed into Typhlocypris),
Camptocypria, Caspiocypris, Serbiella, Typhlocyprella,
and Zalanyiella are typical for Lake Pannon. They have
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trapezoidal, elongated rectangular, or triangular shape.
Such outlines are common in physically stable water
environments (Carbonel et al. 1988). This hypothesis was
successfully applied in a paleoecological model of the
Turiec Basin (Pipik 2001), but we are far from concluding
that this morphology reflects a stable environment in Lake
Pannon as well. Bakunella dorsoarcuata is living in the
central and southern Caspian Sea at salinities of maximum
13.5%o, in the sublittoral zone (Gofman 1966).

The distribution of families by species number in the
entire fauna of Tata 2 and Kisbér is depicted in Fig. 11.
The given ratios do not fully reflect the original composi-
tion of the biocenosis because they were strongly
influenced by mechanical properties of the valves and other
changes during taphonomic processes.

Ostracods of seven families have been found in these
sublittoral deposits. In order to better reveal the high spe-
cies diversity within Candonidae, this family is divided in
the subfamilies Candoninae and Cyclocypridinae. Can-
doninae represents the most abundant taxon (29 species,
51%). It is composed of typical Paratethyan candonins—
Bakunella, Lineocypris, Serbiella, Camptocypria, Caspio-
cypris, Typhlocyprella, and Zalanyiella. The second most
diverse family is Leptocytheridae (13 species, 23%). The
family Cyprididae is represented only by five species (9%)
of endemic Amplocypris and Herpetocyprella. Cyclocyp-
ridinae and Loxoconchidae are rare, representing 7 and 5%
of the total species, respectively. The “other families” in
the diagram include Hemicytheridae and Cytherideidae
(one species each), and a poorly preserved juvenile of
?Metacypris (Limnocytheridae). This latter genus is living
in vegetated freshwater littoral water bodies (Meisch
2000).

Fish

Fish skeletons are generally rare in Lake Pannon deposits.
Otoliths, teeth, and scales are locally quite abundant, but
they have been hardly documented and studied so far;
therefore, little is known about the fish community of the
lake (Brzobohaty and Pana 1985). From the Szak Formation
we collected an otolith (Tata 3) and a skeleton (Kisbér).

The corroded otolith (Fig. 12) belongs to an adult
individual of a member of the family Sciaenidae (croa-
kers). The morphology is most similar to the recent species
Umbrina cirrosa and will be referred to as Umbrina aff.
cirrosa (Linnaeus 1758). Otoliths tentatively assigned to
this species are known since the earliest Pannonian of the
Central Paratethys (Brzobohaty in Schultz 2004).

The Kisbér fossil is a partially articulated skeleton of a
percoid fish (Fig. 13). The fish is relatively poorly pre-
served and is missing the post-anal part of the body. The
length from the tip of the snout to the beginning of the anal
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Fig. 11 Percentage of the ostracod species by families in sublittoral
clay deposits of Szak Formation. Family Candonidae is divided to two
subfamilies, Candoninae and Cyclocypridinae. “Other families”
include Hemicytheridae, Limnocytheridae, and Cytherideidae

Fig. 12 Umbrina aff. cirrosa (Linnaeus 1758). Otolith from the Szak
Formation (Tata 3). Scale bar, 0,5 cm

fin measured 75 mm, indicating a total length of about
130 mm. The systematic position within the Percoidae is
supported by the following characters: (1) two separated
dorsal fins; (2) origin of the first dorsal fin above the
pectoral fin insertion, second dorsal fin opposite anal fin;
(3) the first dorsal fin has 13 spines; (4) anal fin with two
spines and few (? 5) segmented fin rays; (5) the first anal
spine is strongly reduced; (6) the body and the posterior
portion of the head are covered by small ctenoid scales
(about three scales per vertebra); (7) 15 thoracic (pre-anal)
vertebra; (8) operculum with one posterior orientated
spine; (9) serration of the ventro-posterior border of the
preoperculum not enlarged.
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Fig. 13 Perca sp. (?P.
edlaueri). Skeleton from the
Szak Formation (Kisbér). Scale
bar, 1 cm

Characters 2, 3, 4, and 8 support the affiliation of the
fossil to the family Percidae (perches) and characters 1, 6
and 9 give indications of the genus Perca known today
from three Holarctic distributed species. It differs from
the extant species and from the fossil Pliocene species
P. fossilis by characters 5 and 7, and the few segmented
anal fin rays. In the latter respect, it more closely resembles
the North American species P. flavescens (6-8 rays, Page
and Burr 1991) than the Eurasian P. fluviatilis (8-9 rays,
Bauch 1954; no data available for the Central Asian
P. schrenkii) and the European P. fossilis (7-9 rays,
Gaudant 1997). Of more or less similar age like the Kisbér
clay are Perca otoliths from Ocs (southern part of the
Transdanubian Range) and Eichkogel (Vienna Basin). The
Ocs otoliths, described by Schubert (1912) as Percidarum
ocsensis are, according to the author, closely related to
P. fluviatilis. The Eichkogel material (MN11; Harzhauser
et al. 2004) is described by Weinfurther (1950) as Perca
edlaueri. This author concludes that his species more
closely resembles the otoliths of P. flavescens than those of
P. fluviatilis. Tt is not impossible that the otolith from
Eichkogel and the skeleton from Kisbér belong to the same
species; this is difficult to demonstrate, because the otoliths
of the studied skeleton are too poorly preserved for dis-
section. Because of this limitation the Kisbér percid will be
named here as Perca sp. (?P. edlaueri).

The described specimen represents the oldest European
record of Perca which is based on skeletal material. Beside
the above-mentioned records, otoliths described as Perca
sp. and P. praefluviatilis are known from the Early Miocene
Late-Cerithien- and Hydrobia-Beds (mammal “zones”

MN?2 and MN3) of the Mainz Basin (Reichenbacher 2000),
but their generic status within the Percidae is not fully
confirmed (B. Reichenbacher oral information 4/2006).

Perches of the genus Perca are relatively unspecialized
regarding their habitats. They live today in lakes, ponds
and rivers of different size and even enter brackish waters,
such as the Baltic Sea and the Caspian and Aral Lakes. The
feeding preference of small-sized individuals up to
150 mm (those comparable to the fossil specimen) is
mostly zooplankton but contain rarely zoobenthos or small
fishes (Gaschott 1928; Bauch 1954).

Similarly unspecialized are the members of the family
Sciaenidae. Adults of the recent Umbrina cirrosa inhabit
coastal marine waters in the East Atlantic, Mediterranean
Sea, Black Sea, and Sea of Azov, and their juveniles enter
the estuaries. In contrast to Perca, the feeding preferences
are benthic invertebrates.

The presence of euryecious percids and sciaenids in the
Szak Formation clearly indicates brackish water condition
with a probable ecological niche partitioning between the
zooplanctivorous Perca and the zoobenthivorous Umbrina.

Trace fossils

In general, Lake Pannon deposits contain several morpho-
logical types of ichnofossils (Jambor 1987; Babinszki et al.
2003; Magyar et al. 2006). From the Szak Formation, Jambor
(1980) reported the mass occurrence of trace fossils in a 20—
30 cm thick bed from well cores west of Tata. He described
these fossils as “dumb-bell shaped structures in the surface,
which reach down 20-30 cm perpendicular to bedding
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plane”, and named them Spirosiphonella pannonica and
Minisiphonella transdanubica (Jambor 1980). He also
mentioned the presence of crawling traces, especially in the
lower part of the formation. We found trace fossils (trails) in
the Kisbér outcrop. Based on the descriptions and photo-
graphs of Jambor (1980) and our own observations, the
following forms could be identified in the Szak Formation.

1. Diplocraterion Torell, 1870, Diplocraterion 1isp.
(?D. paralellum Torell 1870). U-shaped, cylindrical
burrows with a spreite (i.e. internal layering that fills
the plane between the arms of the U), perpendicular to
bedding plane. Diameter of tube, 5-6 mm. Distance
between the two vertical parts of tube, 10—15 mm.
Depth of tube, 20-30 cm. The host sediment and
spreite has similar texture, a difference is only in
colour: the burrow and spreite are darker. These are
dwelling traces (Domichnia).

2. Trail. Single, straight, or Y-shaped branched, thin
ridges parallel to bedding plane with unlined walls.
Diameter of trails, 2-8 mm. Length of trails, 10—
15 cm. Infillings are the same as the host sediment.
These are crawling traces (Repichnia).

Diplocraterion was likely produced by suspension feeders
or surface-detritus feeders (Fiirsich 1974). Morton and
Miller (1968) list several macroinvertebrate taxa (e.g.
polychaetes, annelids, enteropneusts, echiurans) that create
U-shaped structures in unconsolidated sediments along
New Zealand’s modern coasts. They observed that the
echiurans produce 60 cm deep burrows. Similar, 30 cm
deep, U-shaped burrows are constructed by echiurans in
muddy marine environments along the North Sea coast, too
(Hertweck 1970). In case of the Szak Formation traces
(Jambor 1980), the host sediment and the spreite show little
difference in texture, suggesting that the host animal was a
suspension feeder rather than a deposit-feeder.

The Diplocraterion-dominated ichnofacies is generally
virtually monospecific with low species diversity and a
high density of individuals; and the burrows are made by
opportunistic animals. This kind of assemblage and the
suspension feeding strategy are common in high-energy
conditions, which occur mostly in shallow-water, marginal
environments, where environmental survival parameters
fluctuate rapidly (Mason and Christie 1986; Gaillard and
Racheboeuf 2006). Therefore, in the literature, Diplocra-
terion previously has been reported from marine shallow-
water, high-energy environments, in the Skolithos ichnof-
acies (e.g. Fiirsich 1974, 1998), and in some cases related
to storm events (post-event community) (e.g. Fiirsich 1998;
Pervesler and Uchman 2004). However, Frey and Goldring
(1992) suggested that storm currents can transport the trace
makers to deeper environment, and Olériz and Rodriguez-
Tovar (2000) stated that Diplocraterion points to a change

@ Springer

from the Cruziana ichnofacies to a mixed Skolithos-
Cruziana assemblage.

These interpretations cannot be readily applied to the
Szak Formation, however, because it hardly contains storm
deposits. Rhoads and Boyer (1982) claimed that sea-floor
colonization exclusively by suspension-feeders is a com-
mon event at present-day poorly oxygenated bottoms.
Similarly, Ekdale and Lewis (1991) suggested that Dipl-
ocraterion may indicate dysaerobic interstitial conditions,
but oxygen still had to be sufficiently high to allow an
opportunistic assemblage. Leszczynski et al. (1996), also
described similar pioneer communities in oxygen-deficient
bottom water. They stated that preservation of traces of
suspension feeders is possible when deposit feeder activity
decreases, for instance, owing to poor oxygenation.

Phytoplankton
Dinoflagellata

A palyonological sample from Tata 1 contained the
following dinoflagellates (Fig. 14): Spiniferites cf. bentorii
(Rossignol 1964) Wall & Dale 1970 (1 specimen),
Spiniferites membranaceus (Rossignol 1964) Sarjeant
1970 (1), Virgodinium asymmetricum Siit6-Szentai (subm.)
(8), Chytroeisphaeridia cariacoensis Wall 1967 (6),
Chytroeisphaeridia hungarica Siit6-Szentai 1990 (18),
Impagidinium sphaericum (Wall 1967) Lentin & Williams
1981 (1), Millioudodinium detkensis Siito-Szentai 1990 (1),
Pontiadinium obesum Siit6-Szentai 1982 (1), Dinoflagel-
lata form 25 (?Spiniferites paradoxus, lateral view) (1),
Dinoflagellata form 48 (1), Dinoflagellata form 67 (2), and
Dinoflagellata form 72 (19). This association indicates the
Spiniferites bentorii coniunctus-Spiniferites paradoxus
zone (Siito-Szentai 1988).

Another sample, taken from the grey, silty argillaceous
marl of Kisbér, also contained a diverse assemblage
(Fig. 14). Membranous Spiniferites were the most fre-
quent forms, whereas the zone marker Spiniferites
bentorii coniunctus Siit6-Szentai was rare. The common
forms included proximate forms, such as Impagidinium
spongianum Siit6-Szentai, Impagidinium globosum Siit6-
Szentai, Chytroeisphaeridia hungarica  Siit6-Szentai,
Chytroeisphaeridia tuberosa Siit0-Szentai, Virgodinium
asymmetricum Siit6-Szentai, Millioudodinium foveolatum
Siit0-Szentai, Millioudodinium pelagicum Siit6-Szentai,
Millioudodinium transdanuvianum SiitO-Szentai, Milli-
oudodinium baltesii Siit0O-Szentai, and a chorate form,
Spiniferites bentorii oblongus Siit6-Szentai. This assem-
blage is typical of the Sp. paradoxus-Sp. bentorii
coniunctus zone sensu Siit0-Szentai (1988, 1991), or of
the Spiniferites bentori coniunctus subzone sensu Bakrac



Int J Earth Sci (Geol Rundsch)

Fig. 14 Dinoflagellates from the Szak Formation. a Chytroeisphae-
ridia hungarica Siit6-Szentai 1990, Tata 1. b, d Virgodinium
asymmetricum Siit6-Szentai (subm.), Tata 1. ¢ Impagidinium sphaer-
icum (Wall 1967), Tata 1. e Dinoflagellata form 25 (?Spiniferites
paradoxus, lateral view), Tata 1. f Spiniferites membranaceus
(Rossignol 1964), Tata 1. g Dinoflagellata form 48 (Spiniferites cf.
paradoxus), Tata 1. h “Spiniferites bentorii subsp. coniunctus”

(2005). The processes of chorate forms were often bro-
ken, indicating some transport before burial in distal
environments. The more robust proximate forms,

Siit6-Szentai 1990, Kisbér. i Spiniferites paradoxus (Cookson &
Eisenack 1968), Kisbér. j a transitional form between “Spiniferites
bentorii” and “Spiniferites paradoxus”, Kisbér. k Impagidinium
globosum Siit6-Szentai 1985, Kisbér. 1 Chytroeisphaeridia tuberosa
Siit6-Szentai 1982, Kisbér. m “Millioudodinium foveolatum™ Siit6-
Szentai 1982, Kisbér. n: Spiniferites bentorii subsp. oblongus Siit6-
Szentai 1986, Kisbér. Scale bar, 25 pm

however, remained intact. The same applies to some
membranous forms, which are autochthonous in distal
environments and probably could have a holoplanktic life
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cycle and stayed in the upper part of the water column
like Thalassiphora (Pross 2001).

The high diversity and abundance of dinoflagellates in
the samples suggest that sedimentation occurred in distal,
quiet environment, in a time period corresponding to
maximum flooding (TMF; Stover et al. 1996).

The dinoflagellate flora recovered from the Szédk For-
mation is dominated by endemic forms. A recent study on
the modern dinocysts of the Caspian Sea (Marret et al.
2004) also revealed significant endemism. Of the present-
day Caspian dinocysts, Lingulodinium machaerophorum,
Pyxidinopsis psilata and Spiniferites cruciformis also
appear in Lake Pannon deposits. The first is in older,
whereas the latter two are in deposits younger than the
investigated outcrops. The Caspian endemic Caspidinium
rugosum is very similar to the Lake Pannon endemic
Impagidinium globosum, recovered, among others, from
the Kisbér outcrop.

Chlorophyta

The green alga Botryococcus braunii Kiitzing 1848 was
found in a sample from Tata 1, and it was also common in
borehole samples from the Szak Formation (Nagy 2005).
This organism can be found in both brackish and fresh-
water ecosystems worldwide. Occasionally it is found even
in salt water. In the Caspian Sea it occurs in the almost
fresh northern basin as well as in the brackish central and
southern basins. Its Late Miocene mass occurrence is
known from a eutrophic shallow estuarine environment
adjacent to Lake Pannon in the Vienna Basin, where it is
associated with the green alga Pediastrum (Pipik et al.
2004).

Coccolithophoridae

Pilot samples from six outcrops have been analysed. In
each sample, rare, usually moderately preserved calcare-
ous nannoplankton was observed. Assemblages are
characterized by high percentage of reworked Paleogene-
Lower/Middle Miocene and Cretaceous forms, such as
Coccolithus pelagicus (Wallich, 1871) Schiller, 1930,

Table 3 Endemic nannoplankton from the outcrops of Szdk Formation

Cyclicargolithus floridanus (Roth & Hay, 1967) Bukry,
1971, Reticulofenestra umbilica (Levin, 1965) Martini
& Ritzkowksi 1968, Reticulofenestra pseudoumbilica
(Gartner, 1967) Gartner, 1969, Sphenolithus moriformis
(Bronnimann & Stradner, 1960) Bramlette & Wilcoxon,
1967, Watznaueria barnesae (Black, 1959) Perch-Nielsen,
1968, etc. The Papateszér sample contained exclusively
reworked forms, whereas a few species of in situ Lake
Pannon nannofossils occurred in the other five samples
(Table 3).

Reticulofenestra cf. tegulata Cori¢ & Gross, 2004 was
found only in one sample. Lacunolithus menneri Luljeva,
1989 is very rare in other Lake Pannon deposits. Luljeva
(1989) used occurrences of endemic L. menneri and Isoli-
thus semenenko Luljeva, 1989 for the subdivision of the
Upper Miocene in the Eastern Paratethys in two zones: a
lower with L. menneri and an upper with I. semenenko. In
Tata 2, the two species were found together, in the same
sample.

A monospecific occurrence of I. semenenko (Tata 1) as
well as the occurrence of this species with Isolithus pav-
elici Cori¢ & Vrsaljko (subm.) and R. cf. tegulata (Tata 2,
Kisbér, Devecser; Fig. 15) are features that had been
observed in the lower part of the carefully sampled and
investigated NaSice section, Croatia (éoric’ 2006). The
biostratigraphic significance of this similarity, however, is
not clear yet. The lower part of the NaSice section repre-
sents the lowermost part of the Lake Pannon sequence with
Mecsekia ultima, Radix croatica, etc., whereas our samples
from the Szak Formation are much (about 2 million years)
younger.

Typical for all investigated Szak Formation samples is
the absence of genus Noelaerhabdus. Species of this genus,
originally described from Pannonian sediments from Serbia
(Jerkovi¢ 1970, 1971), were used for the biostratigraphical
subdivision of Lake Pannon deposits in the Romanian part
of the Central Paratethys (Marunteanu 1997). Sediments
from the middle and upper part of NaSice section are
characterized by blooms of different Noelaerhabdus spe-
cies. The lack of Noelaerhabdus in investigated materials
from the Szdk Formation is either a consequence of
younger age or of different paleoecological conditions with

Tata 1 Tata 2 Kisbér Bakonyszentldszl6 Devecser
Isolithus semenenko . . . .
Luljeva 1989
Isolithus pavelici . . .
Cori¢ & Vrsaljko (subm.)
Lacunolithus menneri Luljeva 1989 U .

Reticulofenestra cf. tegulata Cori¢ & Gross, 2004
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| v
LJ-_-—h
Fig. 15 Isolithus semenenko Luljeva (1989) from Tata 1 (a, b) and

Kisbér (c, d); a, ¢ with parallel, b, d with crossed nicols. Scale bar,
10 pm

respect to the southern (Croatian, Serbian, Romanian)
localities.

No coccolithophorids have been described from the
modern Caspian Sea.

Paleoecological discussion
Water depth and salinity

The first comprehensive paleoecological study of the Szak
Formation fossils was carried out by Korpas-Hodi (1983).
She studied Lake Pannon mollusk fauna from the north-
western foreland of the Transdanubian Range in boreholes
(see that study for references to earlier geological and
paleontological research in the area), and compared it to
the present-day brackish-water associations of the Sea of
Azov, Caspian Sea, and the lagoonal-deltaic environments
of the Black Sea. This comparison is not a straightforward
one; Lymnocardium, Pontalmyra, Paradacna, and Valen-
ciennius all went extinct; the only Old World Congeria
species is a highly specialized cave dweller; and the sub-
littoral to profundal pulmonate gastropods in Lake Pannon
showed such unusual adaptations which, though not un-
parallelled, are very rare today. As a result of the
comparative ecological study, Korpas-Hodi (1983) sug-
gested that the fauna of the Szak Formation lived in the
nutrient-rich aphytal part of the sublittoral zone, in a water
depth of 15-80 m. She designated this fauna “Congeria

czjzeki-Paradacna abichi paleocoenosis”, and estimated its
salinity tolerance as pliohaline (9—16%o).

The results of our study largely conform to the above
conclusions. The platy parting of the argillaceous marl
indicates non-agitated water and a distant, relatively deep
water depositional environment. The general lack of
coarse-grained intercalations and other sedimentological
traces of agitated water in the outcrops suggests that the
argillaceous marl was deposited well below the effective
wave base. Along the western shore of the mid-Caspian
Basin, where river deltas charge into the lake, clayey silt
with 20-30% carbonate content, similar to that of the Szak
Formation, becomes dominant over sandy sediments below
50 m water depth (Kosarev and Yablonskaya 1994). The
coquina lense that we observed in Tata 2 outcrop contained
some littoral shells, evidencing that rare storms could
sweep the bottom of the basin. Therefore we think that the
upper limit of the formation of the Szdk argillaceous marl
could have been at about the depth of the storm wave base.
Again, in the Caspian Sea, 21-38 m average wave length
was measured at Neftanyje Kamny, depending on wind
direction (Kosarev and Yablonskaya 1994). The average
wave length is usually correlated with the depth of the
storm wave base, whereas the fair-weather wave base
corresponds to half of the wave length. On this basis we
speculate that the Szak Formation in the study area was
deposited in at least 20-30 m water depth. The lower
boundary of the sublittoral zone in the Caspian Sea is at
about 80-100 m; below that depth both diversity and
standing crop are sharply decreasing (Tarasov 1996, 1997).
A sudden impoverishment of the mollusk fauna with depth
is well-known in Lake Pannon deposits, too (Magyar
1995).

Although the entire fossil fauna and flora of the Szak
Formation indicates a brackish environment in general, the
paleosalinity can be quantitatively best estimated by os-
tracods. Amnicythere multituberculata and Bakunella
dorsoarcuata, two extant species that probably evolved in
Lake Pannon and were endemic to that lake until the latest
Miocene, are living today in the central and southern
Caspian Basins at salinities of 11.5-13.5%0 (Gofman
1966). Bakunella dorsoarcuata was found in sublittoral to
profundal depths in the central and southern Caspian
Basins (Boomer et al. 2005). These data corroborate the
salinity estimation of Korpas-Hodi (1983) made on the
basis of mollusk genera.

Vertical distribution patterns and adaptations
The sublittoral mollusk fauna of the Szak Formation
is distinctly different from both the coeval littoral and

profundal faunas. In terms of diversity, it is intermedi-
ate between the high-diversity shallow-water and the
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low-diversity deep-water faunas. In addition, the sublittoral
fauna has some characteristic bivalve species which do not
occur in the two other zones. These include C. czjzeki
among dreissenids and a number of cardiids, of which
Lymnocardium majeri and the Lymnocardium rogenhoferi
group are the most common. The gastropods, however,
seem to have followed a two-parted vertical distribution; in
sharp contrast to the prosobranch-dominated littoral zone,
the sublittoral and profundal environments of Lake Pannon
were characterized by an overwhelming dominance of
pulmonates. This pattern considerably differs from that of
the modern Caspian, where even the profundal regions are
dominated by prosobranch gastropods, such as Pyrgulidae
(Tarasov 1996, 1997).

Aquatic pulmonates (lung snails) live in shallow fresh-
water and regularly come to the surface to breath air. In
some long-lived lakes, however, pulmonats adapted to, and
sometimes even radiated in, deep water environments
(Boss 1978; Michel 1994). In Lake Baikal, one species of
Acroloxidae and two species of Choanomphalus (Planor-
bidae) inhabit hard substrates in the profundal zone
(Sitnikova 1994 and personal communication 2001). In the
Caspian Sea, four species of Andrusovia (an endemic
subgenus of Anisus) live in profundal depth, occasionally
as deep as 870 m (Tarasov 1996). A common feature of all
these modern profundal pulmonates is that they are very
small (Davis 1982). The deep-water pulmonates of Lake
Pannon, however, were large; they often attained larger
size than their shallow-water relatives. The most unique
feature of endemic Lake Pannon pulmonates was that they
included lymnaeids. Although some lymnaeids are known
to occur in surprisingly deep water in modern lakes
(Lymnaea peregra down to 50 m in Lake Neuchatel (Piaget
1914) and down to 300 in Lake Geneva (Mouthon 1987)),
these are cosmopolitan freshwater species and not highly
derived endemics. Whereas planorbids, ancylids and
acroloxids are known to show speciation in several modern
long-lived lakes, little or no endemic radiation is observed
among lymnaeids in those lakes (Boss 1978).

The sublittoral ostracod fauna of Lake Pannon also
considerably differed from the littoral assemblages. In the
outcrop of Bétaszék, for instance, 86% of specimens from a
sublittoral layer belonged to the family Candonidae, 3% to
Cyprididae, and 0% to Cytherideidae; a littoral fauna from
a sandy intercalation in the same outcrop, however, yielded
24% Candonidae, 9% Cyprididae, and 38% Cytherideidae,
the latter represented by Cyprideis (Lennert et al. 1999). In
our study area no such direct comparison was possible,
because the Szak Formation did not contain sandy inter-
calations with littoral fauna. Although the only Cyprideis
species, C. macrostigma was abundant or even predomi-
nant in a few samples (KI1, KI2, TA1, TA2, TA4 and TA®6,
TA9, TAIO, respectively), the overall poor diversity of
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family Cytherideidae and also of family Cyprididae is a
diagnostic feature of the sublittoral fauna when compared
to the littoral one. A somewhat older littoral fauna from
Pezinok (Slovakia), for instance, was dominated by four
Cyprideis species (heterostigma, alberti, seminulum, sp.)
(Pipik 1998, 2007). The freshwater-influenced littoral
deposits of Lake Pannon often yield Heterocypris and
numerous freshwater taxa as well. In contrast, no typical
actual holarctic or cosmopolitic genus (apart from acci-
dental occurrences of Cryptocandona and ?Metacypris)
appeared in the sublittoral fauna of the Szak Formation.

This sharp contrast between the littoral and the deep-
water ostracod faunas is characteristic of the modern
Caspian Sea as well. Cyprideis torosa is abundant or it has
mass occurrence in littoral and coastal habitats, but it is
entirely missing from sublittoral communities (Gofman
1966; Boomer et al. 2005).

Oxygen availability

Our observations on the sublittoral deposits and fossils of
Lake Pannon do not offer an unanimous interpretation of
oxygen levels at the bottom of the lake. The abundance of
benthic mollusks and ostracods in the Szak Formation
excludes a permanent anoxia in the lake. For instance,
Candoninae, the most abundant ostracod subfamily in the
investigated outcrops, are benthic dwellers without ability
to swim and, as other crustaceans, they need oxygenated
waters and avoid oxygen-deficient milieu. In this respect,
Lake Pannon could be similar to the modern Caspian Sea.
There are, however, important differences as well. While a
strong N to S gradient in winter temperature between the
northern and southern parts of the lake and freezing play an
important role in the mixing mechanism of the Caspian
(Kosarev and Yablonskaya 1994), the hydrological system
of Lake Pannon must have worked differently. Paleobo-
tanical data from the Szdk Formation indicate a warm
temperate climate without strong seasonality, thus freezing
of the waters of Lake Pannon can be excluded even in the
wide, freshwater-dominated northern shelf. Whatever the
driving force of vertical mixing in Lake Pannon was, it
seems to have worked efficiently. The continuous presence
(and evolution) of a specific sublittoral and profundal fauna
in Lake Pannon suggests that no basin-wide catastrophic
deoxygenation events occurred.

On the other hand, some features of the Szak Formation
seem to indicate restricted oxygen availability in the sub-
littoral zone of Lake Pannon. The abundance of the trace
fossil Diplocraterion in a layer of the Szdk Formation
(Jambor 1980) can be interpreted as colonization of a poorly
oxygenated bottom by opportunistic suspension feeders.
The preservation of trace fossils and a fish skeleton, how-
ever rare the latter was, did occur in the Kisbér outcrop,
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indicating restricted bioturbation. The widespread occur-
rence of the early diagenetic iron sulphide greigite in
several horizons of the outcrops of the Szak Formation
(Babinszki et al. 2007) also argues for an oxygen-deficient
environment. The general understanding of the paleoenvi-
ronment, including a peak in humidity, anomalously high
concentration of light oxygen isotopes in mollusk shells,
lake level highstand, and even the occurrences of the trace
fossil Diplocraterion, which is interpreted by Heinberg and
Birkelund (1984) as characteristic of highstand systems
tracts, favours an oxygen-depletion scenario. In the Caspian
Sea, increased freshwater discharge and a consequent lake
level highstand repeatedly caused catastrophic deep-water
anoxia. This might be a reason of why no specific deepwater
community developed in that lake (Dumont 1998).

These observations allow at least two ways of inter-
pretation. According to the first one, dysoxic conditions
may have developed in Lake Pannon and they could affect
even the shelf areas (Harzhauser and Mandic 2004; Magyar
et al. 2006; Starek and Pipik 2007), but these events must
have been restricted both in space and time, and did not
cause unrecoverable damage to the deep-water benthic
communities. This scenario may account for the mass
occurrence of Diplocraterion in a horizon of the Szak
Formation. The second model is that of interstitial dysoxia,
when the bottom waters are still sufficiently oxygenated,
but interstitial waters in the substratum are not. This could
explain the abundance of filter-feeding and grazing benthic
organisms on the surface of the substratum on the one
hand, and coeval formation of the early diagenetic greigite
within the oxygen-depleted substratum on the other. The
oxy/hypoxy transitional zone might have shifted occa-
sionally up to the watercolumn, allowing the preservation
of fish corpses.

Summary and conclusions

The Szak Formation, representing sublittoral deposits of
the Paratethyan Lake Pannon, is exposed in several out-
crops along the eastern margin of the Kisalfold Basin in
NW Hungary. In terms of regional stratigraphy, it belongs
to the C. czjzeki mollusk zone and to the Spiniferites par-
adoxus dinoflagellate zone, and its age is estimated 9.4—
8.9 Ma from magnetostratigraphic and regional strati-
graphic correlations. The dark, silty argillaceous marl was
deposited during a lake-level highstand, under relatively
humid, warm temperate climate (1,000—1,200 mm/year
precipitation, 12-13°C mean annual temperature). The
salinity of the water was probably between 10 and 15%o.
Deposition took place at or below the storm wave base but
still within the zone of photosynthesis, in the depth interval
of 20-30 to 80-90 m. Oxygen availability was restricted in

the substratum (and possibly sometimes in the bottom
water as well), as indicated by early diagenetic greigite
formation in the sediment and by the occasional preser-
vation of trace fossils, such as Diplocraterion, a domichnia
of a probably filter feeding organism (?echiuran worm).

Body fossils from eight outcrops of the Szak Formation
represent mollusks, ostracods, fish, dinoflagellates, calcar-
eous nannoplankton, and green algae. Endemic species
dominate the biota in almost all groups. In mollusks,
brackish cardiids (Lymnocardiinae), dreissenids (Conge-
ria), and deep-water pulmonate snails (lymnaeids,
planorbids) characterize the fauna, with some specific
sublittoral or sublittoral-to-profundal species in each of the
three taxa. The ostracod fauna is dominated by Candoni-
dae, and it contains at least two extant species, Amnicythere
multituberculata and Bakunella dorsoarcuata, that live in
the sublittoral of the Caspian Sea at salinities of 11.5—
13.5%o. The fish remnants represent euryecious percids and
sciaenids, with a possible ecological niche partitioning
between the zooplanctivorous Perca and the zoobenthiv-
orous Umbrina. Trace fossils of soft-bodied animals
occurred in one outcrop (Kisbér). Beside the cosmopolitan
green alga Botryococcus braunii, the phytoplankton is
represented by endemic species of coccolithophorids and
prevailingly endemic forms of dinoflagellates.

The Late Miocene Lake Pannon fauna and flora are
similar in many ways to the Paratethyan component of the
modern Caspian biota. In some cases Lake Pannon was the
very cradle of modern Caspian endemics. Despite the
striking similarities, however, there are important differ-
ences between the faunas of the two lakes. One such
particular feature is the evolution of large-sized lymnaeid
gastropods, such as Radix kobelti and V. reussi, in the
sublittoral and profundal zones of Lake Pannon.
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