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ABSTRACT - Marine organic-walled dinoflagellate cysts have been studied from the Early and Middle
Miocene of the Central Paratethys in Austria (Vienna and eastern Alpine Foreland basins) and Hungary
(Pannonian Basin), and compared with assemblages of similar age from the Atlantic Ocean and
Mediterranean Sea. The presence of a diverse flora of 71 taxa, including such biostratigraphical markers
as Apteodinium spiridoides, Cerebrocysta poulsenii, Cordosphaeridium cantharellus, Cribroperidinium
tenuitabulatum, Exochosphaeridium insigne, Glaphyrocysta reticulosa s.l., Habibacysta tectata, Labyrin-
thodinium truncatum subsp. truncatum, Palaeocystodinium miocaenicum, and Unipontidinium aquaeductus,
has allowed the establishment of five biozones that characterize the Ottnangian, Badenian and Sarmatian
local stages (collectively equivalent to the mid-Burdigalian, upper Langhian and Serravallian stages). This
is the first study to demonstrate the applicability of dinoflagellate cysts for detailed stratigraphic
correlation and palacoenvironmental interpretation in the Early and Middle Miocene of the Central

Paratethys area. J. Micropalaeontol. 25(2): 113-139, November 2006.
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INTRODUCTION

Early and Middle Miocene dinoflagellate cyst (dinocyst) assem-
blages from the Atlantic Ocean, northern Europe and the
Mediterranean region have been documented extensively (e.g.
for the Mediterranean — Powell, 1986a, b; Biffi & Manum, 1988;
El Beialy, 1988; Brinkhuis et al., 1992; Zevenboom et al., 1994;
Zevenboom, 1995, 1996; Wilpshaar et al., 1996; Montanari et
al., 1997; Londeix & Jan du Chéne, 1998; Torricelli & Biffi, 2001;
El Beialy & Ali, 2002; for northern Europe — Piasecki, 1980;
Rusbiilt & Strauss, 1992; Strauss et al., 2001; Dybkjer &
Rasmussen, 2000; Dybkjer, 2004; Schigler, 2005; for the North
Atlantic — Head et al., 1989a, b; Manum et al., 1989; de Verteuil,
1996, 1997; de Verteuil & Norris, 1996). In contrast, assem-
blages of this age from the Paratethys Sea are known only from
a few early studies (Baltes, 1967, 1969; Hochuli, 1978), although
they are better known for the Late Miocene (Siito-Szentai, 1994,
1995, 2002, 2003).

The present study is the first detailed dinocyst biostratigraphy
of Early and Middle Miocene deposits from the Paratethys
region; it examines dinocysts from three independently dated
Parathethyan sections in Central Europe (Figs 1, 2). Two are
outcrop sections in Austria: the Strass-Eberschwang section of
Ottnangian (mid-Burdigalian) age, and the Baden-Sooss section
of late Early Badenian (late Langhian) age. The Tengelic-2
borehole, located in Hungary and of Badenian and Sarmatian
(Langhian—Serravallian) age, is also analysed herein. A dinocyst
zonation comprising five zones is established and compared with
dinocyst zonations from the Atlantic Ocean, northern Europe
and Mediterranean Sea.

GEOLOGICAL SETTING
The rise of the Alpine mountain belt led to a partition of the
Tethyan Ocean at about the Eocene-Oligocene boundary. This
geodynamic process caused the Tethys to disappear as a palaco-
geographical and palaeobiogeographical entity, and two distinct
palaeogeographical areas evolved during the Neogene — the
Mediterranean and the Paratethys seas. This geographical sep-
aration also resulted in a biogeographical differentiation and has
necessitated the establishment of separate chronostratigraphic
scales (Figs 3, 4). A complex pattern of changing seaways and
land bridges existed between the Paratethys and the Mediterra-
nean as well as with the western Indo-Pacific (e.g. Rogl, 1998).
The current study focuses on three basins within the Para-
tethys realm, the eastern Alpine Foreland Basin, the Vienna
Basin and the Pannonian Basin (Fig. 2). The eastern Alpine
Foreland Basin, being part of the Alpine—Carpathian Foredeep,
is a W-E-trending trough in front of the prograding nappes of
the Alpine orogen. Its easternmost part covers the area between
the Alpine mountain chain to the south and the Bohemian
Massif to the north and is separated from the Vienna Basin to
the east by external thrust sheets of the Alpine—Carpathian
system (Fig. 2). Marine deposition lasted throughout the Early
and Middle Miocene up to approximately 12 Ma, when uplift
caused the sea to retreat. The Vienna Basin is surrounded by the
Eastern Alps, the West Carpathians and the western part of the
Pannonian Basin, and represents one of the best-studied pull-
apart basins in the world (Royden, 1985; Wessely, 1988). The
adjacent, much larger, Pannonian Basin is of back-arc type and
formed during the Middle Miocene. It is encircled by the Alps to
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Fig. 1. Location of the examined sections within the Central Para

tethys, as surrounded by the Alps, Carpathians and Dinarides. 1,

Strass-Eberschwang exposure, Vienna Basin, Austria; 2, Baden-Sooss exposure, Vienna Basin, Austria; 3, Tengelic-2 borehole, Central Paratethys,

Hungary. Dark grey shading indicates high relief.

the west, the Carpathians to the north and east and the
Dinarides to the south (Royden & Horvath, 1988; Meulenkamp
& Sissingh, 2003) (Fig. 2).

These basins experienced a long-term trend of decreasing
marine influence during the Neogene (Rdogl, 1998; Meulenkamp
& Sissingh, 2003). Nevertheless, during the Early and Middle
Miocene, broad connections existed with the Mediterranean Sea
that enabled a free faunal exchange between those two regions
(Harzhauser et al., 2003; Fig. 2). Consequently, marine organ-

isms are similar in both the Mediterranean Basin and Pannonian
and Vienna Basins at this time. The first impairment of marine
connections is evident in the Late Badenian (early Serravallian)
when dysaerobic bottom conditions and a stratified water col-
umn characterized the Paratethyan realm (Kovac et al., 2004).
With the onset of the Sarmatian, marine connections to the
Mediterranean ceased almost completely, this being reflected by
the development of a highly endemic molluscan fauna
(Harzhauser & Piller, 2004a). Finally, at the Sarmatian—
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Fig. 2. Palacogeography of the Pannonian Basin and surrounding basins during the early Middle Miocene (Langhian Stage); modified from Hamor

(1995) and Rogl (1998). Location of examined sites is indicated by stars
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Fig. 3. Chronostratigraphic framework used in this study. Based on Gradstein ez a/. (2004) and Steininger ez al. (1990, 1996), showing the dinocyst
zones of de Verteuil & Norris (1996) and temporal distribution of stratigraphically indicative species used in this study. The three standard stages
are distinctly characterized by dinocysts, illustrating their biostratigraphic utility for the Central Paratethys.

Pannonian boundary (Serravallian-Tortonian boundary), the
Central Paratethys became entirely restricted and the brackish
Lake Pannon was established.

LOCALITIES

Strass-Eberschwang, Austria

This section (48°08'10.2” N, 13°32'18.6” E), from the eastern
Alpine foredeep of northern Austria, displays up to 30 m of
clayey silt belonging to the Middle Ottnangian (Burdigalian)
Ried Beds of the Innviertel Group (Fig. 5). The section is
characterized by thin-bedded pelites with lenticular bedding
(Rupp et al., 1996) and strong bioturbation by echinoderms.
These pelites coarsen upwards, becoming increasingly sandy
towards the top, suggesting a shallowing-upward trend during

the Ottnangian. The abundance of the benthic foraminiferid
Ammonia in the sediments is reflected in the informal lithological
name Rotalia-beds of the older literature (Faupl & Roetzel,
1987). The palacoenvironment is considered normal marine
judging from the foraminiferal and molluscan fauna, although
with the dominance of Ammonia reflecting shallow conditions
(F. Rogl, pers. comm.). Correlation with the regional Ottnang-
ian Stage is based on the co-occurrence of Globigerina praebul-
loides and G. ottnangiensis among the planktonic fauna and
Stilostomella ottnangiensis, Bolivina concinna and B. scitula
among the benthos. The stratigraphic position of the Ried Beds
within the Innviertel Group, overlying Lower Ottnangian silici-
clastics and overlain by the Upper Ottnangian brackish Rzeha-
kia beds, allows correlation with the Middle Ottnangian (Faupl
& Roetzel, 1987). According to Kovac et al. (2004), the Middle

115



DATING | TAGE REGIONAL CALCAREOUS
SECTION BENTHIC ZONES NANNOPLANKTON
: Elphidium reginum
Tengelic-2
(7239702 m) Sal_r?nwaeﬁran Anomalinoides dividens
interpreted from Korecz-Laky (1982)
Tengelic-2 Udppe_r Bulimina-Bolivina NN6
(802-723 m) Badenian interpreted from Korecz-Laky (1982) Nagymarosy (1982)
Tengelic-2 Middle Spirorutilus NN5
(823-802 m) Badenian interpreted from Korecz-Laky (1982) Nagymarosy (1982)
Tengelic-2 Lower Upper Lagenidae NN5
(847-823 m) | Badenian Korecz-Laky (1982) Nagymarosy (1982)
Upper Lagenidae NN5
Baden-Sooss | jLower i
BaGaN | papp . Stemnger (1979 TR e
Strass- oMiddie NN3
ttnangian indirect dating based on correlation
EberSChwang 9 with equiva?ents in Vienna Basin

Fig. 4. Foraminiferal and calcareous nannofossil zonations for the
studied intervals. Note that the boundary between the Spirorutilus and
the Bulimina—Bolivia zones in the Tengelic-2 borehole at 802 m is
inferential only, due to the lack of significant index fossils. The corre-
lation with the Late Badenian is therefore based mainly on the calcare-
ous nannofossil data of Nagymarosy (1982). Data from Fuchs &
Stradner (1977), Papp & Steininger (1978), Korecz-Laky (1982) and
Nagymarosy (1982).

Ottnangian is correlated with the calcareous nannofossil zone
NN3 of Martini & Worsley (1970) and with the planktonic
foraminiferal zone M3 of Berggren et al. (1995).

Rupp et al. (1996) interpreted the depositional environment
as deep sublittoral marine which was prone to tidal influence
based on the benthic foraminifera (Faupl & Roetzel, 1987).
These meso- and macrotidally controlled conditions extended
from the Austrian part of the Alpine foreland basin westward
into the Swiss and French Molasse during the late Early
Miocene (e.g. Allen & Homewood, 1984; Lesueur et al., 1990).
This hydrodynamic regime resulted from an effective but short-
lived connection of the Paratethys with the western Mediterra-
nean Sea via the Rhone valley (Rogl, 1998) and also from a
connection with the Eastern Mediterranean (Martel et al., 1994).

Pollen analyses indicate a subtropical climate judging from
the presence of several megathermic elements including Avicen-
nia (developing an impoverished mangrove along the coastal
areas), Acacia, Acanthaceae, etc., and the mega-mesothermic
elements Engelhardia, Myrica, Sapotaceae, Taxodium type, etc.
(Jiménez-Moreno, 2005).

The Ottnangian pelites are discordantly overlain by fluvial-
lacustrine deposits of Late Pannonian age known as the ‘coal-
bearing freshwater beds’ (Rupp et al., 1996).

Baden-Sooss, Austria

The Wienerberger clay pit (47°59'21.3"N, 16°13'46.9"E) at
Baden-Sooss in the Vienna Basin, Lower Austria, contains the
stratotype of the Badenian Stage (Papp & Steininger, 1978; Fig.
5). The calcareous nannofossils indicate zone NNS of Martini &
Worsley (1970) with a diverse nannoflora (Fuchs & Stradner,
1977; Papp & Steininger, 1978).

The Baden-Sooss section is also assigned to the Upper
Lagenidae Zone (Papp & Steininger, 1978) based on an ecos-
tratigraphic foraminiferal zonation for the region. Furthermore,
the lowest occurrence of Orbulina suturalis allows a correlation

116

G. Jiménez-Moreno et al.

with the planktonic foraminiferal zone M6 of Berggren et al.
(1995). Hence, the Baden-Sooss section can be correlated with
the upper Langhian.

The homogeneous clay contains scattered molluscs, such as
the naticid Euspira helicina, the pectinid Costellamussiopecten
cristatum, various turrid gastropods, and the scaphopods Fissi-
dentalium badense and Antalis bouei. This autochthonous assem-
blage indicates a medium-deep sublittoral soft-bottomed
environment between approximately 50 m and 150 m water
depth inhabited by infaunal predators. Pteropods point to
open-marine connections.

Pollen analyses indicate a subtropical climate for the Bad-
enian in this area, as high percentages of megathermic elements
(Euphorbiaceae, Mussaenda type, Rubiaceae, etc.) and mega-
mesothermic elements (Taxodium type, Engelhardia, Myrica,
etc.) have been recorded (Jiménez-Moreno, 2005).

Tengelic-2 borehole, Hungary

The 1183 m deep Tengelic-2 borehole (46.5333328°N,
18.7166672°E) is located in the Pannonian Basin in southern
Hungary, close to the Mecsek Mountains and near the village of
Pécs (Fig. 2). Marine sediments of Badenian and Sarmatian age
(collectively Langhian and Serravallian) are present in this core.
Age control is based on calcareous nannofossils (Nagymarosy,
1982), molluscs (Bohn-Havas, 1982) and planktonic foraminif-
era (Korecz-Laky, 1982) (Fig. 5).

The Karpatian is characterized mainly by terrigenous effusive
volcanites, known as the Tar Dacite-Tuff Formation (1174.4—
853.3m). The volcanic sediments have been dated by K/Ar
radiometry, with the youngest sample (at 872 m core depth)
yielding an age of 16+0.7 Ma (Halmai et al., 1982). Intercala-
tions of layers of lacustrine to brackish sediment reflect the
progressive transition from continental to brackish conditions.

The Karpatian deposits are discordantly overlain by the
Badenian Clay Formation (853.3-823.4 m), starting with a
layer of terrestrial gravel. The overlying succession of grey
siltstones, dark argillaceous marls and grey siltstones are dated
as late Early Badenian and assigned to the Upper Lagenidae
Zone based on a predominance of genera and species of the
family Lagenidae (according to the biozonation of Grill, 1941,
1943) co-occurring with Orbulina universa and O. bilobata
(Korecz-Laky, 1982). Following Rogl et al. (2002), this typical
Paratethyan assemblage can be correlated with the planktonic
foraminiferal zone M6 of Berggren et al. (1995). Therefore,
marine deposits of the Lower Lagenidae Zone, representing
the early Early Badenian and comprising equivalents of the
planktonic foraminiferal zone M5b of Berggren et al. (1995)
and the nannoplankton zone NN4 of Martini & Worsley
(1970), are completely missing. Indeed, calcareous nannofossils
for this interval allow assignment to zone NN5 (Nagymarosy,
1982). At that time, the area was already occupied by the
shallow Paratethys Sea. This part of the borehole can there-
fore be dated as late Langhian.

A change from light siltstones to dark, organic-rich argilla-
ceous marls at 823.4 m marks the onset of Middle and Late
Badenian sedimentation as represented by the Szilagy Forma-
tion (823.4-723.1 m). This lithological change is accompanied
by a biostratigraphic change, suggesting a brief hiatus. The
benthic foraminiferal assemblage (Korecz-Laky, 1982) allows
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Fig. 5. Lithology of the studied sections showing the position of samples analysed in the present study. The age assignment for the Strass-
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assignment for the Tengelic-2 core is based on planktonic foraminifera and nannofossils (Korecz-Laky, 1982; Nagymarosy, 1982).

assignment to the Middle Badenian Spirorutilus Zone up to
approximately 802 m based on cross-correlation with the nanno-
fossil data and, above this, to the Upper Badenian Bulimina—
Bolivina Zone, based on the regional eco-zonation of Grill (1941,
1943). It should be noted that assignment to the Bulimina—
Bolivina Zone is considered most likely, although such index
fossils as Velapertina and Pappina neudorfensis are missing. The
calcareous nannofossil flora indicates zone NN5 up to 802 m
(Nagymarosy, 1982), allowing correlation with the uppermost
Langhian and lowermost Serravallian. The upper part of the
Szilagy Formation from 802-723 m is dated as NN6 (Nagy-
marosy, 1982) based on the absence of Sphenolithus heteromor-
phus, pointing to a Serravallian age (Fornaciari et al., 1996).

According to Kokay (1996), the uppermost part of the
Badenian was eroded during an important regression that
represents a type 1 third-order sequence boundary of Haq et al.
(1988). The Sarmatian therefore lies on an unconformity at
723 m. It comprises sands, limestones, light-grey clays and
lignites of an unnamed formation, reflecting shallower-marine
and freshwater-paludal conditions that developed in the now
isolated inland sea with aberrant water chemistry (Hamor, 1995;
Rogl, 1998; Harzhauser & Piller, 2004a).

Within the Central Paratethys, the Badenian—Sarmatian
boundary is characterized by an important biotic change. The
foraminiferal fauna becomes characterized by a low diversity
but high abundance of individuals dominated by the genera
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Elphidium, Porosononion and Rotalia (Rogl, 1998). Changes in
the calcareous nannofossil flora resulted from a shift in water
chemistry, rendering a direct comparison with Mediterranean
zonations difficult. Correspondingly, in the Tengelic-2 borehole
the nannoplankton and foraminiferal diversities drop consider-
ably with the onset of the Sarmatian (Nagymarosy, 1982;
Korecz-Laky, 1982). The Sarmatian nannofossil floras comprise
long-ranging euryhaline species including Reticulofenestra
pseudoumbilica, Coronosphaera mediterranea, Braarudosphaera
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bigelowi and Cyclococcolithus macintyrei. Aside from the
endemic foraminiferal assemblage and endemic mollusc species
such as Venerupis tricuspis and Chartocardium carasi (syn. C.
gleichenbergense), the abundance of Cyclococcolithus macintyrei
in these sediments locally (within the Paratethys area) indicates
a Sarmatian age (Nagymarosy, 1982).

Pollen results from this borehole clearly reflect climate evolu-
tion since the late Burdigalian. The world-wide Miocene Cli-
matic Optimum of the latest Burdigalian—early Langhian (from
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Fig. 7. Dinocyst distribution in the Baden-Sooss section, Vienna Basin,
Austria. Sample positions are shown in Figure 5. A solid dot indicates
taxa recorded in the counts with frequencies below 1%. A cross (+)
indicates rare occurrences of taxa recorded outside of the counts.
Calcareous cyst linings (see Appendix A) were not enumerated owing to
preservational difficulties, but their presence is indicated by an asterisk

).

863 m to 825 m, equivalent to the Karpatian-Early Badenian
local stages), as well as a climatic cooling (the ‘Monterey cooling
event’) which is related to the development of the East Antarctic
Ice Sheet and occurred during the late Langhian and Serraval-
lian starting at 14.2 Ma (Shevenell et al., 2004) (from 825 m
upwards, Middle and Late Badenian—Sarmatian local stages),
are well expressed by the pollen flora along the borehole
(Jiménez-Moreno et al., 2005).

MATERIAL AND METHODS

A total of 82 samples, comprising 12 from Strass-Eberschwang,
4 from Baden-Sooss, and 66 core samples from the Tengelic-2
borehole, were studied for dinocysts. Samples range from
Ottnangian to Early Sarmatian (mid-Burdigalian to Serraval-
lian) in age. Pollen grains were also studied (Jiménez-Moreno,
2005; Jiménez-Moreno et al., 2005). Between 20 g and 30 g were
processed for palynological analysis, using cold HCI (35%) and
HF (70%), followed by separation of the organic residue by
means of ZnCl (density >2.0). The residue was sieved at 10 um
using a nylon mesh, mixed with glycerine, and mounted on
microscope slides. At least 200 dinocysts were counted (by
G.J.-M.) for each sample analysed and slides were further
searched (by M.J.H.) for rare taxa. Additional residue of
selected samples from all sites was sieved at 20 um and mounted
in glycerine jelly. These slides were used for taxonomic verifica-
tion, the searching of rare taxa and photography. Percentage
occurrences and occurrences of rare taxa are shown on Figures
6-8. Important species are illustrated on Plates 1-9. A sample at
777.0 m from the Tengelic-2 core was examined under SEM, and
illustrations are shown on Plate 9. Dinocyst nomenclature
generally follows that of Fensome & Williams (2004) which
comprehensively cites the taxonomic literature. A list of all taxa
encountered in the present study, including full authorial cita-
tions, is given online as Table 1. (Table 1 is available at
http://www.geolsoc.org.uk/SUP18252. A hard copy can be
obtained from the Geological Society Library.) Comments on
selected taxa are given in Appendix A. The time-scale of
Gradstein er al. (2004) is used throughout, and ages in the
literature based on earlier time-scales are updated accordingly.

PALYNOLOGICAL RESULTS

Dinocysts and pollen are mostly well preserved in the studied
sediments. Pollen and spores clearly dominate the palynomorph
assemblages in the three studied sections (Figs 6-8), reflecting
the proximity of land to the marine depositional environment. A
few samples were found to be barren of palynomorphs. Other
samples yielded no dinocysts but were rich in pollen (e.g.
continental samples Teng-722 and 721 from the Tengelic-2
borehole), or were rich in dinocysts but had few or no pollen
(e.g. samples Teng-702, 703 and 704 of the same borehole).
These variations clearly relate to the depositional environment.
A total of 68 dinocyst taxa were recorded in the 82 studied
samples. In the Tengelic-2 borehole, oscillations in the
sporomorph/dinocyst ratio are linked to sea-level changes.

DINOCYST ZONATION
Changes in the dinocyst assemblages through the studied sec-
tions have allowed five local dinocyst zones to be defined for the
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G. Jiménez-Moreno et al.

Plate 2. For full plate explanation see page 130.

Central Paratethys. Where possible, these local biozones have  Exochosphaeridum insigne Assemblage Biozone (Ein)

been calibrated with those more widely recognized biozonations

based on nannofossils (Martini & Worsley, 1970) and foraminif-  Definition. Interval characterized by the combined presence of
era (Berggren et al., 19995). Apteodinium spiridoides, Cordosphaeridium cantharellus, Exo-
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chosphaeridium insigne, Glaphyrocysta reticulosa sensu lato and
Membranophoridium sp.

Other characteristic taxa. Cleistosphaeridium placacanthum, Cri-
broperidinium tenuitabulatum, Hystrichokolpoma rigaudiae, Lin-
gulodinium machaerophorum, Operculodinium centrocarpum—
israelianum, Pentadinium laticinctum, Polysphaeridium zoharyi,
Reticulatosphaera actinocoronata and cf. Sumatradinium sou-
couyantiae.

Reference section. Strass-Eberschwang section, eastern Alpine
Foreland Basin, Austria; thickness 23 m, samples 1-11 (12
samples).

Plate 3. For full plate explanation see page 130.

Correlation. The Ried Beds are correlated with the middle part
of the regional Ottnangian Stage based on their foraminiferal
assemblage and lithostratigraphic position (Faupl & Roetzel,
1987; Rupp et al., 1996). Age-equivalent deposits in the Vienna
Basin have been assigned to nannofossil zone NN3 and plank-
tonic foraminiferal zone M3 (mid-Burdigalian) by Kovac et al.
(2004).

Age. A typical Burdigalian association (Londeix & Jan du
Chéne, 1998) is represented and includes the biostratigraphic
markers Apteodinium spiridoides (Pl. 6, figs 1-3), Exochosphaer-
idium insigne (Pl. 7, figs 1-3; not reported in the Burdigalian
stratotype), and Cordosphaeridium cantharellus (Pl. 6, figs 11,
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G. Jiménez-Moreno et al.

Plate 4. For full plate explanation see page 130.

12). A. spiridoides has a range top within dinocyst zone DN4  occurrence up to about 17 Ma (late Burdigalian; Zevenboom,
(latest Burdigalian and early Langhian) of the eastern USA (de  1995). C. cantharellus has a range top of 17.8 Ma in low latitudes
Verteuil & Norris, 1996). In northwestern Italy it has a sporadic  (Williams et al., 2004). Exochosphaeridium insigne has a
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Plate 5. For full plate explanation see page 130.




G. Jiménez-Moreno et al.

Plate 6. For full plate explanation see page 130.

restricted range of about 20-18.2 Ma in the eastern USA, where = Denmark, this species is also recorded from the early to mid-
it defines the upper part of the dinoflagellate cyst zone DN2  Burdigalian, where it is restricted to the upper part of strati-
(early to mid-Burdigalian; de Verteuil & Norris, 1996; Fig. 3). In  graphic sequence C (Dybkjer, 2004, fig. 14). Sequence C has
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Plate 7. For full plate explanation see page 130.

been correlated to the North Sea benthic foraminiferal zone fossil zone NN3 (and possible upper NN2) and lower part of
NSBI10I and the lower part of planktonic foraminiferal zone NN4 (King, 1989; Laursen & Kristoffersen, 1999; Dybkjer,
NSP11, which in turn are correlated to the calcareous nanno-  2004). Hence, E. insigne ranges slightly higher in Denmark than
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Plate 8. For full plate explanation see page 130
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Plate 9. For full plate explanation see page 130.

in the eastern USA, unless this discrepancy represents small
inaccuracies in correlation to the standard time-scale. For the
Danish North Sea, Schigler (2005) reported E. insigne from the
Burdigalian (North Sea benthic foraminiferal zone NSB10),

supporting the study by Dybkjer (2004), but he also recorded
this species sporadically and rarely throughout the Oligocene
and into the Eocene. Schieler’s study is based on ditch cutting
samples, and caving may account for the pre-Miocene
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Explanation of Plates 1-9.

Explanation of Plate 1. Dinocysts from the Miocene of the Central Paratethys. Various magnifications. Teng-2 is Tengelic-2. figs 1-3. Habibacysta
tectata, right latero-ventral view at upper, mid and lower foci; length 37 um; Teng-2, 818.4 m, slide 1, P10/2. figs 4-6. Batiacasphaera sphaerica,
antapical view at upper, mid and lower foci; maximum diameter 33 pm; Baden-Soos #2, slide 2, K35/3. figs 7-9. Cerebrocysta ‘cassinascoensis’,
lateral view, at upper, slightly lower and mid foci; maximum diameter 40 um; Teng-2, 841.0 m, slide 1, L22/2. figs 10-12. Cerebrocysta poulsenii, right
latero-dorsal view at upper, mid and lower foci; central body length 39 um; Teng-2, 820.4 m, slide 2, W18/4. figs 13-15. Pyxidinopsis sp.
(rthombic—cruciform, fine ornament), ventral view at upper, slightly lower and lower foci; note tectate wall; length 36 um; Baden-Soos #4, slide 2,
Y22/2. figs 16-17. Pyxidinopsis sp. (thombic-cruciform, fine ornament), dorsal view at upper and mid foci; length 47 um; Teng-2, 726.7 m, slide 2,
R34/1. fig. 18. Pyxidinopsis sp. (rhombic-cruciform, fine ornament), ventral view at upper focus; length 34 um; Teng-2, 829.3 m, slide 2, Q18/2. figs
19, 20. Operculodinium piaseckii, right lateral view at upper and mid foci; central body length 44 pm; Teng-2, 835.7 m, slide 1, W24/2.

Explanation of Plate 2. Marine palynomorphs from the Miocene of the Central Paratethys. Various magnifications. Teng-2 is Tengelic-2. figs 1-5.
Operculodinium? borgerholtense: 1-3, right lateral view at upper, slightly lower and mid foci; central body length 39 pm; Baden-Soos #1, slide 2,
E31/1; 4, 5, left lateral? view at upper and mid foci; central body max. diameter 40 um; Teng-2, 706.2 m, slide 2, V38/0. figs 6-8. Organic lining of
a calcareous cyst, antapical view at upper, mid and lower foci, showing faint reticulation on surface that reflects position of (now dissolved)
calcareous crystals; maximum diameter 31 pm; Baden-Soos #4, slide 2, N33/1. figs 9, 10. Unipontidinium aquaeductus, apical view at upper and mid
foci; central body max. diameter 38 um; Teng-2, 816.4 m, slide 2, A42/4. figs 11, 12. Labyrinthodinium truncatum subsp. truncatum, uncertain view
at upper and mid foci; maximum diameter including processes 38 um; Teng-2, 841.0 m, slide 1, F39/3. fig. 13. Cordosphaeridium minimum sensu
Benedek & Sarjeant (1981), uncertain view at mid focus; maximum diameter including processes 33 um; Baden-Soos #4, slide 2, L43/1. figs 14-16.
Nannobarbophora gedlii, upper focus showing irregular split in wall, slightly lower focus and mid focus; central body maximum diameter 25 um;
Baden-Soos #1, slide 1, E25/3. figs 17-19. Micrhystridium sp., upper, mid and lower foci; central body maximum diameter 18 um; Baden-Soos #4,
slide 2, C22/1. figs 20, 21. Melitasphaeridium choanophorum, dorso-antapical view at upper and mid foci; central body equatorial diameter 31 um;
Baden-Soos #2, slide 2, B33/3.

Explanation of Plate 3. Dinocysts from the Miocene of the Central Paratethys. Various magnifications. Teng-2 is Tengelic-2. figs 1, 2. Lejeunecysta
marieae, ventral view at upper and lower foci; length 40 pm; Teng-2, 768.5 m, slide 1, S34/1. figs 3-5. Lejeunecysta cinctoria, ventral view at upper,
mid and lower foci; length 38 um; Teng-2, 841.0 m, slide 1, S21/2. fig. 6. Selenopemphix nephroides, apical view at mid focus; width 42 um; Teng-2,
816.4 m, slide 2, 1L40/3. figs 7, 8. Selenopemphix brevispinosa, antapical view at upper and lower foci; width excluding processes 38 um; Teng-2,
818.4 m, slide 1, T31/0. figs 9, 10. Selenopemphix conspicua, antapical view at upper and mid foci; width excluding processes 46 pm; Teng-2, 820.4 m,
slide 2, F10/1. figs 11, 12. Quadrina cf. condita, upper and lower foci; central body maximum diameter 34 pm; Baden-Soos #2, slide 1, M34/3. figs
13, 14. Trinovantedinium? xylochoporum, uncertain view at upper and mid foci; central body length 53 um; Teng-2, 768.5 m, slide 1, V14/3. figs 15,
16. Trinovantedinium harpagonium, ventral view at upper and mid foci; length including processes 68 um; Teng-2, 835.7 m, slide 2, O40/2.

Explanation of Plate 4. Dinocysts from the Miocene of the Central Paratethys. Various magnifications. Teng-2 is Tengelic-2. figs 1-3. Barssidinium
pliocenicum, ventral view at upper focus showing detail of wall surface, mid focus and lower focus; central body width 73 pm; Teng-2, 773.5 m, slide
1, P39/1. figs 4-8. Sumatradinium druggii: 4-6, uncertain view of upper, mid and lower foci, showing very faintly microreticulate central body wall
surface; central body maximum diameter 82 um; Baden-Soos #2, slide 2, R40/4; 7-8, ventral view at upper and lower foci; central body length 90 um;
Baden-Soos #4, slide 2, P31/0. figs 9-12. cf. Sumatradinium soucouantiae: 9-11, dorsal view at upper, slightly lower and mid focus, with the close up
in 10 showing very faintly microreticulate central body wall surface; central body length 64 pm; Baden-Soos #4, slide 2, J22/0; 12, dorso-ventral view
at upper focus showing scabrate central body surface; central body length 60 um; Baden-Soos #4, slide 2, F43/3. The tentative identification reflects
the variable and weakly expressed ornamentation on the central body surface.

Explanation of Plate 5. Dinocysts from the Miocene of the Central Paratethys. Various magnifications. figs 1-10. Glaphyrocysta reticulosa sensu
lato, ventral view at upper through lower foci: 1-5, note ornament on mid-dorsal surface; central body width 82 um; Strass-Eberschwang #3, slide
1, V41/3; 6-10, central body width 84 um; Strass-Eberschwang #3, slide 1, E38/0. figs 11-12. Membranophoridium sp., dorsal view at upper and lower
foci; central body width 73 um; Strass-Eberschwang #3, slide 1, S41/0.

Explanation of Plate 6. Dinocysts from the Miocene of the Central Paratethys. Various magnifications. figs 1-3. Apteodinium spiridoides, left
latero-dorsal view at upper, mid and lower foci; length 103 pm; Strass-Eberschwang #7, slide 1, F20/3. figs 4-10. Cribroperidinium tenuitabulatum:
4-7, right lateral view at upper through lower foci; length 96 um; Baden-Soos #2, slide 2, D38/0; 8-10, left lateral view at upper, mid and lower foci;
length 95 um; Baden-Soos #4, slide 1, X9/2. figs 11, 12. Cordosphaeridium cantharellus, dorsal view at upper and lower foci; central body maximum
diameter 63 pm; Strass-Eberschwang #3, slide 1, C33/1.

Explanation of Plate 7. Dinocysts from the Miocene of the Central Paratethys. Various magnifications. Teng-2 is Tengelic-2. figs 1-3.
Exochosphaeridium insigne, right latero-dorsal view at upper through lower foci; central body maximum diameter 85 pm; Strass-Eberschwang #1,
slide GIM, WY/1. figs 4, 5. Operculodinium centrocarpum sensu stricto, ventral view at upper and mid foci; central body maximum diameter 61 um;
Teng-2, 768.5 m, slide 1, R19/4. figs 6-8. Cleistosphaeridium placacanthum, lateral view at upper through lower foci; central body width 55 pm;
Baden-Soos #1, slide 1, B15/1. figs 9-12. Hystrichokolpoma sp. A: 9, 10, lateral view at upper and mid foci; central body width 35 um; Baden-Soos
#4, slide 2, S14/1; 11, 12, antapical view at upper and lower foci; central body maximum diameter 38 um; Teng-2, 768.5 m, slide 1, C35/4.

Explanation of Plate 8. Dinocysts from the Miocene of the Central Paratethys. Various magnifications. Teng-2 is Tengelic-2. figs 1, 2.
Polysphaeridium sp. A, uncertain view at upper and lower foci; central body maximum diameter 46 um; Baden-Soos #2, slide 2, L41/3. fig. 3.
Polysphaeridium zoharyi, antapical view at lower focus; central body maximum diameter 47 um; Strass-Eberschwang #3, slide 1, T38/1. fig. 4.
Distatodinium paradoxum, lateral view at mid focus; central body length 51 um; Strass-Eberschwang #3, slide 1, Y 17/0. figs 5-7. Hystrichosphaeropsis
obscura, ventral view at upper, mid and lower foci; length 95 um; Baden-Soos #1, slide 1, K39/0. figs 8-12. Achomosphaera cf. andalousiensis sensu
Strauss (1992), equatorial view at upper through mid foci, with 8 an enlargement of 9 showing fenestrate distal platform; central body length 41 pm;
Baden-Soos #4, slide 2, Y26/2. fig. 13. Palaeocystodinium powellii, left lateral view at mid-focus; length 138 um; Strass-Eberschwang #3, slide 1,
Y38/2. figs 14, 15. Palacocystodinium minor, equatorial view at upper and lower foci; length 101 pm; Teng-2, 820.4 m, slide 2, L34/2. figs 16-20.
Palaeocystodinium miocaenicum, equatorial view at upper and lower foci: 16-18, at increased magnification showing strongly granulate-vermiculate
ornament on horns and faint ornament on the central body; length 103 pm; Teng-2, 841.0 m, slide 1, H23/0; 19, 20, showing ornamented horns but
smooth central body; length 118 um; Teng-2, 841.0 m, slide 1, V19/1.

Explanation of Plate 9. Scanning electron micrographs of marine palynomorphs from the Tengelic-2 borehole at 777.0 m depth. fig. 1.
Nannobarbophora gedlii, view uncertain. fig. 2. Pyxidinopsis sp. (thombic—cruciform, fine ornament), dorsal view. fig. 3. Operculodinium piaseckii,
right latero-dorsal view. fig. 4. Pyxidinopsis sp., dorsal view. fig. 5., Hystrichokolpoma sp. A, lateral view. fig. 6. Unipontidinium aquaeductus, lateral
view. fig. 7. Operculodinium? borgerholtense, left-lateral? view. fig. 8. Nematosphaeropsis labyrinthus, view uncertain. fig. 9. Dapsilidinium
pseudocolligerum, lateral view. fig. 10. Cordosphaeridium minimum sensu Benedek & Sarjeant (1981), view uncertain. fig. 11. Glaphyrocysta reticulosa
sensu lato, dorsal view. fig. 12. Pentadinium laticinctum, right latero-dorsal view. Scale bar is 5 pm in fig. 10; 10 um in figs 1, 2, 4 and 7; and 20 um
in figs 3, 5,6, 8,9, 11 and 12.
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occurrences. E. insigne has been reported from northern
Germany by Kothe (2004), where it occurs within deposits of
early to middle Early Miocene age and is assigned to dinocyst
zone DN2 of de Verteuil & Norris (1996).

Dinocyst zone Ein is thus assignable to the early or mid-
Burdigalian, and has a maximum age of about 20 Ma (early
Burdigalian) based on the lowest occurrence (LO) of E. insigne
in eastern USA, and minimum age of about 17.8 Ma (mid-
Burdigalian) based on the highest occurrence (HO) of C. can-
tharellus in low latitudes.

Glaphyrocysta reticulosa s.1. (Pl. 5, figs 1-10; Pl. 9, fig. 11)
and Membranophoridium sp. (Pl. 5, figs 11, 12) are considered
to be in place because of their persistence throughout the
section, relatively common abundance, and consistent preser-
vational state, as well as a general scarcity of identifiably
reworked taxa in the samples. Yet, elsewhere, species of
Glaphyrocysta and Membranophoridium have mostly disap-
peared by the end of the Oligocene (Stover et al., 1996;
Williams et al., 2004). It is significant that Glaphyrocysta texta
has been recorded from the early Burdigalian stratotype area
of France (unillustrated in Londeix & Jan du Chéne, 1998),
where it has its HO within deposits dated at around 19-20 Ma
by #7Sr/%°Sr measurements and assigned to nannofossil zone
NN2 and foraminiferal zone N5 (=zone M2 of Berggren et al.,
1995). Both ?Glaphyrocysta spineta and Membranophoridium
aspinatum have also been reported from the early to middle
Early Miocene (dinocyst zone DN2 of de Verteuil & Norris,
1996) of northern Germany (Ko&the, 2004), confirming that
these two genera range into the Early Miocene beyond the
Paratethys.

Comments. An early or mid-Burdigalian age based on dino-
cysts is consistent with other biostratigraphic evidence that
allows this section to be assigned to the Middle Ottnangian
Stage (mid-Burdigalian). On the basis of all evidence, a mid-
Burdigalian age is therefore accepted for this section. This
inferred position fits well with the sequence stratigraphic corre-
lation of Vakarcs et al. (1998) and Kovac et al. (2004) who
propose the Eggenburgian-Ottnangian depositional cycle to be
an expression of the global third-order sequence TB 2.2 of
Haq et al. (1988). The presence of G. reticulosa s.l. and
Membranophoridium sp. at Strass-Eberschwang constitute one
of the highest confirmed records of these genera and perhaps
represent refugial populations within the Paratethys. The
presence of G. reticulosa s.]. in our material replicates the
findings of Hochuli (1978) who recorded this species (as
Cyclonephelium reticulosum) from the Ottnangian of Austria
and southern Germany in abundances of up to 39% of the
dinoflagellate count.

Zone Ein is recognized throughout the Strass-Eberschwang
section, and may extend above and below the examined
interval.

Cribroperidinium tenuitabulatum Assemblage Biozone (Cte)

Definition. Interval characterized by combined presence of 4Acho-
mosphaera cf. andalousiensis, Cerebrocysta poulsenii, Cribrope-
ridinium tenuitabulatum, Habibacysta tectata, Labyrinthodinium
truncatum subsp. truncatum, Palaeocystodinium miocaenicum,

Trinovantedinium harpagonium and Unipontidinium aquaeductus.
Top defined by HO of Cribroperidinium tenuitabulatum.

Reference section. Tengelic-2 borehole, Hungary, depth 841.0-
826.4 m (eight samples).

Other sections. The Baden-Sooss section, Vienna Basin, Austria
(2.9 m thickness) is correlated with biozone Cte, based on the
presence of Cribroperidinium tenuitabulatum and of all other
characteristic taxa listed above, with the exception of Uniponti-
dinium aquaeductus.

Correlation. Dinocyst zone Cte is directly correlated with nanno-
fossil zone NNS5 in both the Tengelic-2 borehole and at
Baden-Sooss (see above). At Baden-Soos, the zone is addition-
ally correlated with the planktonic foraminiferal zone M6 and
the Upper Lagenidae Zone of Grill (1941).

Age. The LO of Unipontidinium aquaeductus (Pl. 2, figs 9, 10; PL
9, fig. 6) defines the base of dinocyst zone Uaq of Zevenboom
(1995), and in the Cessole section of northwest Italy this datum
has been correlated to within Subchron C5Bn2n (Zevenboom,
1995), which is dated at 15.1 Ma using the time-scale of Grad-
stein et al. (2004). In the Cessole section, this datum also occurs
within nannofossil zone NN5 and in the upper part of the
foraminiferal zone M5 (near to the M5-M6 boundary). How-
ever, the time-scale of Gradstein ez al. (2004) places the base of
nannofossil zone NN5 at 14.9 Ma. There is clearly a discrepancy
either with the magnetostratigraphic interpretation of the Ces-
sole section (which is not entirely unequivocal, see Zevenboom,
1995, p. 75), or with the biostratigraphic calibration to the
magnetostratigraphy in the Gradstein et al. (2004) time-scale.
It is worth noting that the LO of U. aquaeductus is correlated
with nannofossil zone NNS5 in other well-constrained
sections, e.g. eastern USA (de Verteuil & Norris, 1996) and
northern Germany (Strauss et al., 2001), and is placed within the
mid-Langhian of northern Belgium (Louwye et al., 2000).
Gradstein et al. (2004) correlated the LO of U. aquaeductus to
the base of Subchron C5ADr dated at 14.8 Ma. Until these
discrepancies are resolved, U. aquaeductus is here con-
sidered to have its LO within the interval 15.1-14.8 Ma
(mid-Langhian).

Habibacysta tectata (Pl. 1, figs 1-3) has its LO at about 14 Ma
in the eastern USA (de Verteuil & Norris, 1996), and a slightly
lower LO within the mid-Langhian of Belgium (Louwye et al.,
2000). Its range elsewhere is not well known, although Fili-
sphaera minuta, described from the Middle Miocene of northern
Germany, is a possible junior synonym of H. tectata (Head,
1996). F. minuta has a LO within the mid-Langhian in northern
Germany, correlated with the lower part of nannofossil zone
NNS (Strauss et al., 2001). Schigler (2005) reported H. tectata
downhole from the Burdigalian until the Oligocene of the
Danish North Sea, but that study is based on ditch cutting
samples, and the possibility of caving must therefore be consid-
ered. A solitary record of H. tectata from the Lower Miocene of
northern Belgium (Louwye & Laga, 1998) represents suspected
contamination (S. Louwye, pers. comm. 2000).

Although the subspecies Labyrinthodinium truncatum subsp.
truncatum (Pl. 2, figs 11, 12) and L. truncatum subsp. modicum
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are not identified separately on the range charts for the
Tengelic-2 borehole, both are present and L. truncatum subsp.
truncatum occurs throughout dinocyst zone Cte including the
lowest sample. L. truncatum subsp. truncatum also occurs in the
Baden-Soos section. L. truncatum subsp. truncatum has a LO in
the latest Burdigalian at about 16.3 Ma in the eastern USA (de
Verteuil & Norris, 1996). L. truncatum subsp. modicum has a LO
at about 16.7 Ma in the eastern USA (de Verteuil & Norris,
1996), and has been recorded from deposits as old as about
20 Ma (early Burdigalian) in France (Londeix & Jan du Chéne,
1998). L. truncatum is recorded frequently in Middle Miocene
deposits (see Head er al., 1989b for discussion), and it is
noteworthy that this species has its LO in the Cessole composite
section of northwest Italy immediately below that of Uniponti-
dinium aquaeductus, i.e. within nannofossil zone NNS, upper
part of planktonic foraminiferal zone MS5, and Subchron
C5Bn2n (see discussion above).

Cerebrocysta poulsenii (Pl. 1, figs 10-12) has a LO within the
mid-Burdigalian (c. 18.3 Ma) in the eastern USA (de Verteuil &
Norris, 1996), although its LO in the Mediterranean is in the
earliest Langhian at about 16 Ma (as ‘Imperfectodinium sep-
tatum’ in Zevenboom, 1995). Trinovantedinium harpagonium (Pl.
3, figs 15, 16) has a LO within the upper part of dinocyst zone
DN4 in the eastern USA (de Verteuil & Norris, 1996, table 4),
which is of early Langhian age. Achomosphaera cf. andalousien-
sis (Pl. 8, figs 8-12) has a rare and sporadic occurrence in zone
Cte, but is restricted to this zone. This taxon has a LO within
zone Naq (late Langhian to earliest Serravallian) in northern
Germany (as Spiniferites cf. andalousiensis in Strauss et al.,
2001).

Palaeocystodinium miocaenicum (Pl. 8, figs 16-20) has a HO
within zone Naq of northern Germany, which is correlated
with calcareous nannofossil zone NN5 (Strauss et al., 2001).
However, this species appears to range into the early Torto-
nian of Italy (as ‘P. striatogranulosum’ in Zevenboom, 1995).
Cribroperidinium tenuitabulatum (Pl. 6, figs 4-10) has its
highest accepted in situ occurrence at 826.4 m, with higher
records (at 824.4m, 818.4m and 816.4m) being probably
reworked on account of their rarity (a single specimen per
examined microscope slide). Specimens have variably expressed
primary and accessory sutural ridges and compare favourably
with other illustrated records of this species (e.g. Manum et
al., 1989; de Verteuil & Norris, 1996; Torricelli & Biffi, 2001).
This species has a HO in the early Serravallian (foraminiferal
zone MS; about 13.3 Ma) of the Langhe region, northwest
Italy (as Cribroperidinium? sp. A in Powell, 1986b). Elsewhere
it has a lower range top, such as within the mid-Burdigalian
dinocyst zone DN3 off New Jersey, USA and in the eastern
USA (de Verteuil, 1996, 1997, respectively), and within the late
Early Miocene of the Norwegian Sea (Manum et al., 1989).
Higher records, such as the Tortonian of Sicily (Corradini,
1989), may represent reworking.

Dinocyst zone Cte is therefore no older than about 15.1-
14.8 Ma (mid-Langhian) based on the LO of Unipontidinium
aquaeductus at northern mid-latitudes, and possibly no older
than about 14 Ma (late Langhian) based on the LO of Habiba-
cysta tectata in the eastern USA. The top of zone Cte is less
reliably constrained but has a minimum age possibly of around
13.3 Ma based on the HO of Cribroperidinium tenuitabulatum.
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This constrains zone Cte to an interval within the mid- or late
Langhian to early Serravallian.

Comments. A mid- or late Langhian to early Serravallian age for
zone Cte is consistent with other biostratigraphic evidence that
allows this interval to be assigned to the late Langhian. On the
basis of all evidence, a late Langhian age is therefore proposed
for zone Cte. Unipontidinium aquaeductus was not recorded at
Baden-Soos. It may have been ecologically excluded from this
site, or perhaps has evaded detection owing to its rarity in the
lower part of this zone. Instead, the Baden-Soos assemblage is
correlated with zone Cte on account of the overall similarity of
the dinocyst flora, particularly including the presence of Habi-
bacysta tectata and Labyrinthodinium truncatum subsp. trunca-
tum. In terms of sequence stratigraphy, the depositional cycle
representing zones Cte, Uaq and Cpo is interpreted to corre-
spond with the Langhian third-order cycle TB 2.3 of Haq et al.
(1988) (Kovac et al., 2004).

Unipontidinium aquaeductus Interval Biozone (Uaq)

Definition. Base defined by top of zone Cte; top defined by HO
of Unipontidinium aquaeductus.

Other characteristic taxa. Characteristic species of zone Uaq
include all those in the superjacent zone Cpo. The following
species have their HO in zone Uaq: Batiacasphaera micropapil-
lata, Lejeunecysta fallax, Lejeunecysta marieae, Palaeocystodin-
ium powellii, Selenopemphix nephroides, Sumatradinium druggii,
cf. Sumatradinium soucouyantiae and Trinovantedinium harpago-
nium. The following species are restricted to zone Uaq: Bars-
sidinium pliocenicum, Palaeocystodinium minor, Selenopemphix
conspicua and Trinovantedinium? xylochoporum.

Reference section. Tengelic-2 borehole, Hungary, depth 824.4—
739.0 m (35 samples).

Correlation. The basal 1.4 m of zone Uaq represents the Bad-
enian Clay Formation, which is assigned to nannofossil zone
NNS5 and is late Langhian in age. The remainder of zone Uaq
(823-739 m) is represented by the Szilagy Formation, which is
assigned to nannofossil zone NN5 from its base at 8§23 m up to
802 m (latest Langhian) and to NN6 above (Early Serravallian).
The part of zone Uaq that belongs to the Szilagy Formation is
characterized by the Spirorutilus and Bulimina—Bolivina zones of
the regional eco-zonation of Grill (1941), and thus belongs to
the Middle and Upper Badenian regional stage.

Age. Unipontidinium aquaeductus ranges to the top of dinocyst
zone DNS5 in the eastern USA (de Verteuil & Norris, 1996), its
HO having an approximate age of 13.5 Ma (earliest Serraval-
lian). In northern Germany, it has a HO near the top of
dinocyst zone Naq (Strauss et al., 2001) and is late Langhian
or early Serravallian in age. In the Cassinasco section of
northwest Italy, U. aquaeductus has a highest persistent occur-
rence within the middle of subzone Oei, this event being
calibrated to Subchron C5AAn (Zevenboom, 1995, ch. 5, fig.
5), which is dated at 13.1 Ma (early Serravallian). It is
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suspected that rare specimens occurring sporadically up to
12.0 Ma (late Serravallian) in the Cassinasco and Mazzapiedi
sections of northwest Italy (Zevenboom, 1995) are reworked.
If so, zone Uaq is late Langhian and early Serravallian in age,
and no younger than about 13.1 Ma.

Comments. An early Serravallian age, possibly about 13.1 Ma,
for the top of zone Uaq based on dinocysts is in agreement with
other biostratigraphic evidence that allows the base of this zone
to be assigned to the late Langhian and its top to the early
Serravallian. It should be noted that the highest persistent
occurrence of Unipontidinium aquaeductus is at 755 m. The two
records above this level are at 747 m (three specimens in an
entire slide) and 739 m (three specimens in an entire slide). These
specimens might therefore be reworked and, if so, would require
the top of zone Uaq to be lowered to 755 m.

The base of zone Uaq lies 1.4 m below an unconformable
boundary between the Badenian Clay Formation and Szilagy
Formation (at 823 m). A brief hiatus therefore possibly occurs
just above the base of zone Uagq.

Cerebrocysta poulsenii Assemblage Biozone (Cpo)

Definition. Base defined by top of subjacent dinocyst zone Uaq;
otherwise defined by the presence of Cerebrocysta poulsenii,
Hystrichokolpoma sp. A, Homotryblium plectilum, Hystrichokol-
poma rigaudiae, Labyrinthodinium truncatum, Nematosphaerop-
sis labyrinthus, Operculodinium piaseckii and the acritarch
Nannobarbophora gedlii. None of these extend into the superja-
cent zone.

Other characteristic taxa. Cleistosphaeridium placacanthum is
abundant throughout this zone and ranges into the superjacent
zone Cpl.

Reference section. Tengelic-2 borehole, Hungary, depth 738.0—
723.7m (15 samples).

Correlation. Biozone Cpo lies within nannofossil zone NN6 and
Bolivina—Bulimina Zone of the regional benthic eco-zonation of
Grill (1941).

Age. The presence of abundant Cleistosphaeridium placacanthum
(P1. 7, figs 6-8) is perhaps the most characteristic feature of this
zone, and indicates an age no younger than latest Serravallian.
C. placacanthum defines the top of dinocyst zone DN5 in the
eastern USA, this zone being calibrated to both nannofossil
zone NN5 and the lower part of NN6 (de Verteuil & Norris,
1996). The top of zone DNS therefore has an approximate age of
13.5 Ma (earliest Serravallian). The HO of Unipontidinium aq-
uaeductus (Pl. 2, figs 9, 10; P1. 9, fig. 6) also occurs at the top of
dinocyst zone DNS in the eastern USA (de Verteuil & Norris,
1996). In northern Germany, C. placacanthum has a well-defined
HO at the same level as that of U. aquaeductus, near the top of
dinocyst zone Naq (Strauss et al., 2001). The Naq zone does
not have precise independent age control, but its top appears
to be of late Langhian or early Serravallian age. The HO of C.
placacanthum is therefore approximately at similar levels both
in Germany and the eastern USA. In the Mazzapiedi section

of northwest Italy, C. placacanthum has a highest common
occurrence at the top of Subzone Aum, which is con-
strained by magnetostratigraphy to Subchron C5Anln (Zeven-
boom, 1995, ch. 5, fig. 6) and has an age of 12.1 Ma (late
Serravallian). However, in the Cassinasco section of the same
region, C. placacanthum is common throughout the section,
the top of which is assigned to Subzone Nla, which is
correlated with the lower part of nannofossil zone NN7 and
with Subchron CS5r3r (Zevenboom, 1995, ch. 5, fig. 5).
Subchron C5r3r has an age ranging from 12.0 Ma to 11.6 Ma,
and is of latest Serravallian age. C. placacanthum therefore
ranges at least close to the very latest Serravallian in the
Cassinasco section and, interestingly, ranges higher than the
HO of Unipontidinium aquaeductus in this section (see dis-
cussion of zone Uaq, above). The HO of C. placacanthum
therefore shows some diachroniety (c. 13.5 Ma to ¢. 11.6 Ma),
but there are no reliable reports of it occurring in deposits
younger than latest Serravallian. Sporadic younger records in
the literature are attributed to reworking (de Verteuil &
Norris, 1996, p. 32; Louwye & Laga, 1998, fig. 3).

Cerebrocysta poulsenii (Pl. 1, figs 10-12) has a HO in the
earliest Tortonian in the eastern USA, although this event is
not well constrained (de Verteuil & Norris, 1996). However, in
the Mazzapiedi and Cassinasco sections of northwest Italy,
this species has a HO at the top of subzone Aan which
correlates with the lower to middle part of Subchron C5r3r
and lower part of nannofossil zone NN7 (Zevenboom, 1995,
ch. 5, figs 5 and 6). This indicates an age of 11.8 Ma (latest
Serravallian) for the HO of Cerebrocysta poulsenii. In northern
Germany, C. poulsenii has a well-defined HO within dinocyst
zone Cpa (Strauss et al., 2001), although this zone lacks firm
calibration. However, the HO of C. poulsenii occurs just below
the LO of Achomosphaera andalousiensis in northern Germany
(Strauss et al., 2001) whereas in Denmark (Piasecki, 1980, as
Gen. et sp. indet.) its HO occurs some distance above the LO
of A. andalousiensis. Because the LO of A. andalousiensis is
generally considered to occur in the latest Serravallian (Wil-
liams et al., 2004), the HO of C. poulsenii in Germany and
Denmark is also taken to be within the late Serravallian or
earliest Tortonian.

Labyrinthodinium truncatum (Pl. 2, figs 11-12) has a range top
in the late Tortonian of the eastern USA (de Verteuil & Norris,
1996). Other species within this zone are also relatively long
ranging.

Comments. An early (possibly late early) Serravallian to earliest
Tortonian age based on dinocysts is supported by evidence for a
latest Badenian (late early Serravallian) age based on other
fossils. A late early Serravallian age is therefore indicated for
this interval. The top of zone Cpo is truncated by an uncon-
formity. This zone is part of the latest Badenian third-order
cycle of Kovac et al. (2004), which corresponds with the global
glacioeustatic cycle TB 2.5 of Haq et al. (1988).

Cleistosphaeridium placacanthum Assemblage Biozone (Cpl)
Definition. Base defined by top of subjacent dinocyst zone

Cpo; otherwise defined by abundant Cleistosphaeridium
placacanthum.
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Other characteristic taxa. Hystrichosphaeropsis obscura, Opercu-
lodinium? borgerholtense, Pentadinium laticinctum and the acri-
tarch Nannobarbophora gedlii.

Reference section. Tengelic-2 borehole, Hungary, depth 717.8-
702.4 m (eight samples).

Correlation. Due to the endemic character of the fauna, only
correlations with regional biozones are possible. The mollusc
fauna described by Bohn-Havas (1982) between 718.1 m and
701.2 m indicates the Lower Sarmatian Mohrensternia Zone
(Harzhauser & Piller, 2004a). The foraminiferal assemblage
between 723 m and 702 m, with large species of Elphidium and
Anomalinoides, indicates the lowermost Sarmatian Anomali-
noides dividens Zone and the Lower Sarmatian Elphidium regi-
num Zone (Harzhauser & Piller, 2004a).

Age based on dinocysts. The presence of abundant Cleistosphae-
ridium placacanthum (P1. 7, figs 6-8) indicates an age no younger
than late Serravallian (see discussion of zone Cpo, above).
Operculodinium? borgerholtense (Pl. 2, figs 1-5; P1. 9, fig. 7) has
been reported previously only from Belgium, where it occurs in
the Lower and Middle Miocene (Louwye, 2001). The strati-
graphic range of the acritarch Nannobarbophora gedlii (Pl. 2, figs
14-16; PL. 9, fig. 1) is also not known in detail, although it has
been reported only in deposits of Early and Middle Miocene age
(Head, 2003). Hystrichosphaeropsis obscura (Pl. 8, figs 5-7)
ranges into the late Tortonian of eastern USA (de Verteuil &
Norris, 1996) and Pentadinium laticinctum ranges well into the
Late Miocene of northern Germany (Strauss et al., 2001). Other
species in this zone are relatively long ranging.

Comments. This interval is Early Sarmatian (early late Serraval-
lian) in age, based on evidence from other fossils. An age no
younger than late Serravallian, as based on dinocysts, is consist-
ent with this interpretation. The age as determined from mol-
luscs and foraminifera clearly documents that dinocyst zone Cpl
is restricted to the lower part of the Sarmatian. Dinocysts were
not investigated from the upper part of the Sarmatian.

PALAEOENVIRONMENTAL INTERPRETATION BASED
ON DINOCYSTS

The dinocyst assemblages reflect warm, neritic depositional
conditions throughout the sections studied. Species of the genus
Impagidinium, usually indicative of oceanic conditions, are rare;
and the outer-neritic species Nematosphaeropsis labyrinthus
rarely comprises more than 5% of the assemblage. The domi-
nance of pollen and spores compared to dinocysts in all sections
further attests to the proximity of the shore.

The Strass-Eberschwang section (dinocyst zone Ein; mid-
Burdigalian, Ottnangian) has a low percentage of dinocysts
relative to spores and pollen (1.9-12%; Fig. 6), suggesting that
this site was close to shore. The upper part of the section has
particularly low percentages (1.9-2.3%) of dinocysts, which is
consistent with the sedimentological evidence of an upward-
shallowing trend for this sequence. Impagidinium species are
absent, suggesting a lack of open-marine conditions, whereas the
continuous presence of areoligeracean species (Glaphyrocysta
reticulosa s.l. and Membranophorodium sp.) is suggestive of
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restricted-marine conditions (e.g. Brinkhuis, 1994; Stover et al.,
1996; Sluijs et al., 2005). Polysphaeridium zoharyi, an extant
tropical-subtropical species, is consistently present through the
mid-Burdigalian at this site, with percentages of around 5-10%.
Today, this species is associated with mangrove (MacLean,
1989) and it is therefore notable that pollen analyses at this site
reveal Avicennia, which developed an impoverished mangrove
on the coast. Avicennia is not present in the other sections,
although Polysphaeridium zoharyi does in fact occur within
them.

The Baden-Soos section (zone Cte; Langhian, pars; Early
Badenian) contains a neritic assemblage dominated by species
of the genus Spiniferites. The assemblage reflects more open-
water conditions than are represented in the Strass-
Eberschwang section, as evidenced by the presence of
Impagidinium species which attest to the penetration of oceanic
water masses at this site. However, the consistently high
pollen: dinocyst ratio (80: 20) may indicate relatively close
proximity to shore, but may alternatively reflect a focusing of
pollen within the embayment-like palaeogeography of the
Vienna Basin during the Badenian.

In the Tengelic-2 borehole, assemblages from zone Cte (Lang-
hian, pars) reflect similar environmental conditions to those at
Baden-Sooss, except that the lower pollen: dinocyst ratio (40: 60
to 70: 30) suggests more open-marine conditions. This is sup-
ported by the presence of the oceanic species Invertocysta
tabulata at 841.0 m. An oceanic influence is indicated by the
persistence of rare Impagidinium species throughout dinocyst
zones Cte, Uaq and Cpo in the Tengelic-2 borehole. Indeed, rare
Impagidinium spp. and the oceanic to outer neritic Nemat-
osphaeropsis labyrinthus are present to the top of zone Cpo,
indicating that relatively open-marine conditions persisted to the
end of this zone. However, a distinct reduction in species
richness occurs within zone Cpo, suggesting the onset of some-
what restricted-marine conditions. Species that disappear as a
result of ecological exclusion in this zone include Cordosphaer-
idium minimum sensu Benedek & Sarjeant (1981), Reticulat-
osphaera actinocoronata, the organic linings of calcareous cysts
(all of which briefly return in the overlying zone), Labyrinthod-
inium truncatum and Cerebrocysta poulsenii. Zone Cpo presum-
ably reflects shallowing of the sea, prior to the emergence and
erosion that led to the unconformity between zone Cpo and Cpl
at the Badenian—Sarmatian boundary. Zone Cpl contains a low
diversity assemblage indicating environmentally unfavourable
conditions for most marine dinoflagellates. Cosmopolitan neritic
species (e.g. Spiniferites spp., Cleistosphaeridium placacanthum,
Operculodinium spp.) and extant euryhaline species (Lingulodin-
ium machaerophorum) dominate the assemblage in this zone.
Impagidinium spp. and Nematosphaeropsis labyrinthus are ab-
sent, indicating the disappearance of open-marine influence by
this time. Salinities exceeded about 10-15 for most of zone Cpl,
as evidenced by the presence of Lingulodinium machaerophorum,
and somewhat enhanced nutrient levels might also be indicated
by the higher levels of L. machaerophorum in this zone (see Dale,
1996). A reciprocal relationship exists between the abundance of
L. machaerophorum and Polysphaeridium spp. (Fig. 8), suggest-
ing fluctuating salinities in which L. machaerophorum represents
hyposaline conditions and Polysphaeridium reflects hypersaline
conditions (see Head & Westphal, 1999). Polysphaeridium sp.
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almost completely dominates the sample at 708.7 m. The ab-
sence of the genus Homotryblium within zone Cpl is surprising
given its affinity for hypersaline environments within the
Messinian of the Mediterranean (e.g. Suc et al., 1995; Bertini et
al., 1998) and, perhaps, attests to an unfavourable water chem-
istry during hypersaline phases in the Paratethys. The domi-
nance of Cleistosphaeridium ancyrea in the uppermost samples
of zone Cpl is difficult to explain with a simple shallowing-
upward model for zone Cpl because this genus is generally
associated with more distal positions on the palaeoshelf
(Brinkhuis, 1994; Sluijs et al., 2005). This dominance of C.
ancyrea either reveals gaps in our understanding of its palaeo-
ecology or reflects the unstable conditions that prevailed during
zone Cpl.

DISCUSSION AND CONCLUSIONS

Dinoflagellate cysts and other marine palynomorphs have been
studied in 82 samples from three central Paratethyan localities.
A diverse dinocyst flora comprising 74 taxa has been recorded
and five biozones (zones Ein, Cte, Uaq, Cpo and Cpl) estab-
lished, representing the first Miocene dinocyst zonation for the
Paratethys. The biozones, which are independently dated by
foraminifera and nannofossils, show strong similarities with
contemporaneous assemblages from the Mediterranean and
North Atlantic regions for the Early and Middle Miocene. This
was at a time when broad connections with the Mediterranean
Sea enabled effective floral exchange between both regions. This
study therefore confirms the biostratigraphic utility of dinocysts
for the Lower and Middle Miocene of Paratethys.

Zone Ein is recognized only from the Strass-Eberschwang
outcrop, which is assigned to the Middle Ottnangian Stage
(mid-Burdigalian). The presence of Glaphyrocysta reticulosa s.1.
and Membranophoridium sp. in this zone represent unusually
high stratigraphic occurrences when compared with the Medi-
terranean; they perhaps represent refugial populations within
the Paratethys.

Zone Cte is recognized from the Baden-Sooss outcrop and
between 841.0 m and 826.4 m in the Tengelic-2 borehole. These
deposits are assigned to the late Early Badenian (late Langhian),
and a mid- or late Langhian to early Serravallian age based on
dinocysts is consistent with this assignment. This zone is syn-
chronous with the Langhian climatic optimum, and the pollen
data for the Tengelic-2 borehole show high but declining pro-
portions of thermophilous plants through zone Cte (Jiménez-
Moreno et al., 2005). The ‘Monterey cooling event’ occurred at
14.2 Ma and relates to the onset of development of the East
Antarctic Ice Sheet (Shevenell ez al., 2004). Declining tempera-
tures may therefore be responsible for changes in the dinocyst
assemblage through zone Cte, including the demise of Cribrope-
ridinium tenuitabulatum. Global cooling continued through the
late Langhian and Serravallian and is reflected in the pollen
analysis for the Tengelic-2 borehole (Jiménez-Moreno et al.,
2005). The subsequent dinocyst record should therefore be
viewed within this context of declining temperatures as well as a
progressive shallowing of Paratethys.

Zone Uaq is recognized between 824.4 m and 739.0 m in the
Tengelic-2 borehole. The basal ¢. 1.4 m of this zone is assigned
to the late Early Badenian (late Langhian) and the remainder is
Middle and Late Badenian (late Langhian and early Serraval-

lian) in age. An early Serravallian age for the top of zone Uaq,
possibly about 13.1 Ma based on the highest occurrence of
Unipontidinium aquaeductus, is in agreement with this assign-
ment. This datum does not coincide with any regional stage
boundaries and adds new resolution to the biostratigraphy of
the Tengelic-2 borehole. Evidence from radiolarians suggests
that a marine connection with the Indian Ocean may have
existed at around this time, although the dinocyst flora does not
appear to show any influences other than those expected from a
Mediterranean and North Atlantic connection.

Zone Cpo is recognized between 738.0 m and 723.7 m in the
Tengelic-2 borehole, and is assigned to the latest Badenian (early
Serravallian). Several dinocyst species and the acritarch Nanno-
barbophora gedlii disappear within this zone, indicating the onset
of unfavourable conditions for fully marine organisms. This
probably relates to the decreasing connection of the Central
Paratethys with the Mediterranean Sea in the latest Badenian
and to the first shifts in water chemistry towards polyhaline
conditions at that time (Rogl, 1998; Kovac et al., 2004).

Zone Cpl is recognized between 717.8 m and 702.4 m in the
Tengelic-2 borehole, and is assigned to the Early Sarmatian (late
early Serravallian). It is characterized by a shift to low diversity
dinocyst assemblages and reflects the establishment of a
restricted-marine environment in which salinities fluctuated be-
tween hyposaline (but mostly exceeding about 10-15) and
hypersaline modes. The numerous lithological changes present
in this interval also attest to the shallow depths and oscillating
environmental conditions of the Early Sarmatian. The Cpo-Cpl
zonal boundary coincides with a hiatus that marks an important
regression at the Badenian—Sarmatian boundary (Tari, 1992;
Vakarcs et al., 1998; Harzhauser & Piller, 2004a). This event
seems to be related to the glacio-eustatic isotope event Mi-3 at
12.7 ma (Harzhauser & Piller, 2004b) and corresponds to the
TB. 2.6 sequence boundary of Haq et al. (1988). A probable
total disconnection of marine seaways led to the isolation of the
Paratethys during this time. Climatic cooling due to the increase
in the development of the East Antarctic Ice Sheet (Flower &
Kennett, 1994) persisted into the Early Sarmatian. Later, during
the Late Miocene and beyond the time span of these investiga-
tions, the basins examined became fully isolated from the
adjacent oceans and a brackish to freshwater lake called Lake
Pannon (Rogl, 1998) developed.
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COMMENTS ON SPECIFIC TAXA (M.J.H AND G.J.-M.)

Achomosphaera sp., cf. A. andalousiensis Jan du Chéne, 1977,
emend. Jan du Chéne & Londeix, 1988 (Pl. 8, figs 8-12).
This morphotype was first described from Germany by
Strauss (in Srauss & Lund, 1992) and Strauss et al. (2001,
fig. 3). Each specimen bears a few processes with well-
developed distal fenestrations, although more such processes
occur on the type material (Jan du Chéne, 1977; Jan du
Chéne & Londeix, 1988). Achomosphaera cf. andalousiensis
has a range base within zone Naq (late Langhian to earliest
Serravallian) in northern Germany (as Spiniferites cf. andal-
ousiensis in Strauss et al., 2001) and is restricted to the late
Langhian (Early Badenian) of the present study, whereas
Achomosphaera andalousiensis is regarded as having a lowest
occurrence within the upper Middle Miocene (e.g. Powell,
1986b).

Cerebrocysta ‘cassinascoensis’ Zevenboom & Santarelli in
Zevenboom, 1995 (PL. 1, figs 7-9). The few specimens re-
corded in the present study compare favourably with this
species as described from the Miocene of Italy (Zevenboom &
Santarelli in Zevenboom, 1995). Cerebrocysta ‘cassinascoen-
sis” was considered a manuscript name by the authors.

Cerebrocysta poulsenii de Verteuil & Norris, 1996 (PL. 1, figs
10-12). Specimens vary in the extent to which tabulation is
expressed by crests on the central body (see also de Verteuil &
Norris, 1996), although most show conspicuous tabulation
(e.g. Pl 1, figs 10-12).

Glaphyrocysta reticulosa (Gerlach, 1961) Stover & Evitt, 1978
sensu lato (Pl. 5, figs 1-10; Pl. 9, fig. 11). Specimens are
dorso-ventrally compressed and processes are concentrated
around the ambitus where they are longest, although may also
occur in the mid-ventral area (e.g. Pl. 5, figs 1-5). Processes
vary from solid and thin (e.g. PL. 5, figs 1-5, which is similar
to the type material), to robust and funnel-shaped (e.g. P1. 5,
figs 6-10) and are distally connected by irregular strands and
patches of thin ectophragm, often with perforations. Process
bases show occasional weak alignment into arcuate process
complexes. Stover & Evitt (1978) assigned this species ques-
tionably to their genus Glaphyrocysta on the basis that the
distribution of processes is uncertain. In the current material,
the degree to which process distribution reflects tabulation is
weak but variable, and this is not therefore considered a
primary criterion of importance for defining the genus. Con-
sequently, Glaphyrocysta reticulosa is accepted as an unques-
tionable member of the genus.

Membranophoridium sp. (Pl. 5, figs 11, 12). Specimens differ
from Glaphyrocysta reticulosa s.l. in having such reduced
processes that the ectophragm may arise directly from the
central body wall. More detailed morphological studies are
needed to determine whether Membranophoridium sp. is a
reduced-process morphotype of Glaphyrocysta reticulosa s..

Nannbarbophora gedlii Head, 2003 (P1. 2, figs 14-16; P1. 9, fig. 1).
Records from the Middle Ottnangian (mid-Burdigalian)
through Upper Badenian (lower Serravallian) of this study
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confirm that this acritarch species has a stratigraphic range of
at least Early through Middle Miocene (Head, 2003).

Operculodinium centrocarpum—israelianum (Pl. 7, figs 4, 5).
Specimens here designated belong to either Operculodinium
centrocarpum sensu stricto or Operculodinium israelianum or
to similar morphotypes (see Head, 1996, pp. 553, 556 for
discussion).

Palaeocystodinium powellii Strauss et al., 2001 (Pl. 8, fig. 13).
The name Palaeocystodinium powellense Strauss et al., 2001 is
here treated as an orthographic error and corrected to Pal-
aeocystodinium powellii because it commemorates the person
A. J. Powell, and not a place (Greuter et al., 2000, Art. 60.11).

Calcareous cyst linings (Pl. 2, figs 6-8). These are considered to
be the organic linings of the walls of calcareous dinoflagellate
cysts and are probably produced by species of the extant
genus Scrippsiella Balech, 1959, emend. Janofske, 2000. Speci-
mens are thin walled, inconspicuous, approximately spherical
to broadly ovoidal and often have a very faintly reticulated
surface that apparently reflects the calcareous ornament on
the outer cyst wall. The archaeopyle, where observed clearly,
involves displacement of at least the apical plates but possibly
also the intercalary series, and the operculum remains at-
tached ventrally (Pl. 2, figs 6-8; see Lewis, 1991, figs 9c,
48a—c). The consistent presence of specimens throughout the
Baden-Sooss section and Tengelic-2 borehole supports the
contention by Head ez al. (2006) that the organic linings of
calcareous cysts are more common in the palynological record
than previously realized.
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