
Palaeoecology 253 (2007) 8–31
www.elsevier.com/locate/palaeo
Palaeogeography, Palaeoclimatology,
Benchmark data of a changing sea — Palaeogeography,
Palaeobiogeography and events in the Central

Paratethys during the Miocene

Mathias Harzhauser a,⁎, Werner E. Piller b

a Naturhistorisches Museum Wien, Geologisch-Paläontologische Abteilung, Burgring 7, A-1014 Wien, Austria
b Institute for Earth Sciences (Geology and Palaeontology), Graz University, Heinrichstrasse 26, A-8010 Graz, Austria

Received 17 January 2005; received in revised form 26 February 2007; accepted 5 March 2007
Abstract

The reconstruction and interpretation of terrestrial ecosystems and vegetational patterns in the Central EuropeanMiocene have to take
into account the influence of a vast landlockedwater body, namely the Paratethys Sea. As a northern appendage of the earlyMediterranean
Sea, it spanned a north–south gradient of at least 4° latitude and has been suggested to represent somekind of “palaeothermometer”, which
reflected slight expansions or restrictions of climatic belts.Due to its vulnerablemarine connections it was also highly susceptible tomajor
(global) sea-level fluctuations which are reflected in phases of endemism. Hence, a fairly continuous record of marine nearshore
assemblages throughout the Miocene reflects an extraordinary interplay of sea-level fluctuations, changes in climate, immigrations, and
blooms in autochthonous elements. Whilst biostratigraphic implications of these patterns were recognised early in palaeontology, a
biogeographicmodel is still lacking. The intermingling of palaeogeographic termswith those restricted to biogeography is still commonly
used — a situation which can be overcome by integrating data from different biota into a new palaeobiogeographic scheme.

Herein, a data-set of 1809 species-level taxa (Gastropoda and Foraminifera) serves as the base for interpretations. Gastropods in
particular turned out to be of greatest value for the differentiation of palaeobiogeographic units due to sensitive reactions to all environmental
parameters and occupying a wide range of ecological niches. Based on the excellent gastropod record the Proto-Danubian Province, Early
Danubian P., Danubian P., Balatonian P. and a Proto-Caspian Subprovince are defined. The biogeographic reorganisations are associated
with five major biotic events within the gastropod faunas. These “big five” comprise four extinctions – the late Ottnangian extinction event
(LOEE), the mid-Badenian-extinction-event (MBEE), the Badenian–Sarmatian-extinction event (BSEE), the Sarmatian–Pannonian-
extinction event (SPEE) – and one exceptional immigration/origination event termed the early Badenian Build-up event (EBBE).

Foraminifera are less valuable for palaeobiogeographic purposes in the area and time-slice studied. Endemisms are generally lower
and turn-over rates less dramatic. They are, however, very useful for stratigraphic correlations with theMediterranean andAtlantic areas.
This fairly well calibrated marine biostratigraphy of the Central Paratethys serves as stratigraphic backbone and control for continental
stratigraphy.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The marine Oligocene and Miocene deposits of Cen-
tral Europe are a heritage of the vanished Paratethys Sea.
During its maximum extent this vast sea spread from the
Rhône Basin in France towards Inner Asia. As a northern
satellite sea of the Western Tethys (=Proto-Mediterra-
nean) it came into existence during the latest Eocene and
Early Oligocene due to the rising Alpine island chains,
which acted as geographic barriers (Rögl, 1998). The
rising archipelago consisted of the Alps, Dinarids,
Hellenids, Pontids, and the Anatolian Massif. Subse-
quently, the newly formed Paratethys was partitioned into
two large geotectonic units which underwent different
environmental histories due to differently timed geotec-
tonic events and global sea-level fluctuations controlling
marine and non-marine phases (Popov et al., 2004). The
smaller western part consists of the Western and the
Central Paratethys being opposed by the larger Eastern
Paratethys. The Western Paratethys comprises the Rhône
Basin and the Alpine Foreland Basin of Switzerland and
western Bavaria. The Central Paratethys reaches from
Bavaria in the west to the Carpathian Mountains in the
east where it abuts the area of the Eastern Paratethys.
Herein, we focus only on the smaller, western unit.
Related to this is a complex pattern of changing seaways
and landbridges between the Paratethys and the Mediter-
ranean as well as the western Indo-Pacific (e.g., Rögl,
1998, 1999). This also created a complex pattern of bio-
geographic relationships between these palaeobiogeo-
graphic units (Harzhauser et al., 2002). Consequently, this
geodynamically controlled biogeographic differentiation
necessitated the establishment of different chronostrati-
graphic/geochronologic scales (Fig. 1). The interplay of
faunistic input from the Miocene Proto-Mediterranean–
Atlantic Region and Paratethyan endemic evolution
should be reflected by a discrete biogeographic terminol-
ogy. The recognition of the Paratethys as a biogeographic
entity which differs from the Neogene Mediterranean
based on the peculiar character of the mollusc faunas goes
back to Laskarev (1924). He proposed the existence
of that lost sea after detailed faunistic investigations of
the Vienna, Styrian, Pannonian, Dacian and Euxinian
basins.

The initiating “Paratethys-event” is expressed by the
formation of long-lasting anoxic bottom conditions in the
early Kiscellian (Early Oligocene). Thin-bedded, black
shales – the so-called “Fischschiefer” – developed in the
Alpine foreland basin, bituminous laminated Tard clay
was deposited in the Hungarian basin and menilites in the
Carpathian Flysch trough (Baldi, 1998). A first endemic
mollusc fauna evolved spreading from the Asian Eastern
Paratethys towards the west (Popov et al., 1985). The
associated Eastern Paratethyan regional stage Solenovian
is the name given to that peculiar fauna. Aberrant water
chemistry – probably brackish water conditions – within
the vast inland sea triggered a blooming and rapid evo-
lution of a highly endemic bivalve fauna with genera such
as Janschinella, Korobkoviella or Ergenica (Popov et al.,
1985; Nevesskaja et al., 1987). Monospecific nanno-
plankton blooms and diatomites, too, point to reduced
salinities and cool-temperate surface water reaching from
Bavaria to Transcaspia (Rögl, 1998).

2. The frame: palaeogeography, depositional regimes
and major sea-level fluctuations

2.1. latest Oligocene–Early Miocene (Fig. 2A–B)

2.1.1. Egerian (∼25–21 m.y.), Eggenburgian (∼21–
18 m.y.), Ottnangian (∼18–17 m.y.), Karpatian (∼17–
16.3 m.y.)

The Egerian spans part of the Late Oligocene and a
large part of the Aquitanian (Baldi and Senes, 1975).
Its stratotype was defined at Eger in northern Hungary
(Baldi, 1975). Themainly siliciclastic depositional regime
of the Kiscellian continues into the Egerian. Carbonate
formation is subordinate throughout the Egerian. Typical
are mixed carbonate–siliciclastic systems predominated
by corallinaceans, bryozoans and larger foraminifers such
as miogypsinids and lepidocyclinids (Kaiser et al., 2001)
(Fig. 2).

In the Late Oligocene the Paratethys was a huge west–
east oriented sea. New gateways towards the Western
Tethys opened and normal marine conditions re-estab-
lished. The connection towards the North Sea Basin was
initiated via the Rhine Graben and a connection to the
Venetian Basin opened in the southwest (Rögl, 1998;
Reichenbacher, 2000). This transeuropean connection of
the Rhine Graben and Mainz Basin with the Tethyan
Rhône–Bresse Graben and the Paratethyan Alpine Fore-
land ceased during the Late Egerian (Reichenbacher,
2000). Paralic coal basins and freshwater environments
developed in the western tip of the Paratethys (Barthelt,
1989; Berger, 1996), whilst the seaways via the still partly
submerged Alpine nappes into the Western Tethys
remained open (Wagner, 1996; Steininger and Wessely,
2000).

The Eggenburgian is a regional Lower Miocene stage
with its stratotype in the NEofAustria some 60 kmNWof
Vienna (Steininger, 1971). The biostratigraphic frame-
work of this stage is based largely on its characteristic
mollusc fauna with large-sized pectinids (Steininger and
Senes, 1971).



Fig. 1. Miocene chronostratigraphy and biostratigraphy. Mammal mega-zones after Steininger (1999); Foraminifera and Calcareous Nannoplankton
after Sprovieri (1992), Sprovieri et al. (2002), Fornaciari and Rio (1996), Fornaciari et al. (1996); oxygen isotope stratigraphy adapted from Abreu
and Haddad (1998) and sequence stratigraphy after Hardenbol et al. (1998); all zones recalibrated according to Gradstein and Ogg (2004), Gradstein
et al. (2004) and Lourens et al. (2004).
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Fig. 2. Palaeogeographic sketch-maps of the circum-Mediterranean area with focus on the Paratethys Seas based on Rögl (1998), Magyar et al.
(1999), Steininger and Wessely (2000), and Popov et al. (2004). Note that a serious palinspastic model incorporating large-scale rotations and
displacement (e.g. Marton et al., 2003) for the entire area is still missing. [C.P. = Central Paratethys; E.P. = Eastern Paratethys] A: After the Early
Oligocene birth of the Paratethys by full isolation, new connections form with the North Sea Basin in the north and the Western Tethys in the south. A
geographic separation into a Western/Central Paratethys and an Eastern Paratethys becomes established. B: During the Early Miocene, the Central
Paratethys is a west–east oriented deep basin with repeated connections into the Rhône Basin in the west. C: The Carpathian chain starts to structure
the Central Paratethys Sea as an archipelago and the west–east trending basins become tectonised. The southern Carpathian Foreland Basin suffers
from restrictions and becomes an evaporitic shoal during the middle Badenian. Connections to the Eastern Paratethys are unstable throughout the
Badenian but become broad and passable during the late Badenian and especially during the Sarmatian. D: The Paratethys is strongly isolated. Whilst
the Eastern Paratethys still connects with the Mediterranean Sea, the Central Paratethys has vanished giving place to brackish Lake Pannon.
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The lower Eggenburgian is dominated by sandy and
pelitic sedimentation. Carbonates are scarce, patchy and
usually of mixed siliciclastic–carbonate type. A typical
example is the shallow marine corallinacean rhodolite
carpets admixed with fine to medium sand, inhabited by
the scutellid echinoid Parmulechinus hoebarthi (Kühn)
in the Horn Basin of northern Austria (Steininger, 1971).
In deep-neritic to bathyal settings typical grey calcare-
ous clays with intercalations of sands – the so-called
“Schlier” – developed. Only in the Outer Carpathians a
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relic Flysch trough with turbiditic sequences prevailed
(Baldi, 1998; Popov et al., 2004).

Broad connections into the Eastern Paratethys allowed
the spreading of early Eggenburgianmollusc faunas as far
east as the Krim peninsula and Georgia (Rögl, 1998). In
addition, the western seaway via the Alpine Foreland
which was sealed during the late Egerian and maybe also
during the initial Eggenburgian started to open. The sea
invaded the foreland successively from the west connect-
ing to the Central Paratethys during the Eggenburgian
(Berger, 1996). This newly establishedmarine pathway of
the Paratethys via the Alpine Foredeep into the Rhône
Basin coincided with a second flow from the Eastern
Mediterranean (Martel et al., 1994). These connections
gave rise to a new hydrodynamic regime reflected in the
meso- and macrotidally controlled deposits throughout
the Alpine Foreland Basins lasting from the late Eggen-
burgian to the middle Ottnangian (Allen et al., 1985;
Faupl and Roetzel, 1990). The second area of tidal depo-
sits is described by Sztanó (1995) from the Eggenburgian
of the North Hungarian Bay. Faunistically, the changes in
palaeogeography are reflected by the immigration of
western Mediterranean taxa such as the echinoid Arba-
cina catenata (Desor) and several bryozoans (Vavra,
1979; Kroh and Harzhauser, 1999). Among molluscs, the
pectinids Flexopecten palmatus (Lamarck) and Macro-
chlamis holgeri (Geinitz) arrived in the Paratethys during
the late Eggenburgian (Mandic and Steininger, 2003). The
late Eggenburgian also differs distinctly by the initiation
of a warm-temperate carbonate factory, indicated by
widespread bryozoan–corallinacean limestones (Nebel-
sick, 1989). Larger foraminifera and corals, however, are
subordinate, the latter form only very small patches.

TheOttnangianwith its stratotype at Ottnang in Upper
Austria (Rögl et al., 1973) is a twofold stage with a
generally normal marine development during its early
phase. Sedimentation is predominatly siliciclastic with
widespread tidal-influenced deposits and the characteristic
sandy/silty “Schlier” (Faupl and Roetzel, 1990). Carbo-
nates, as known from the Hungarian Bántapuszta section
(Kókay, 1973), are scarce and correspond in composition
to the late Eggenburgian corallinacean–bryozoan type.
Correspondingly, corals are rare aside from few patchy
colonies and did not form any carpets or reefs. Temperate
conditions are discussed by Bachmann (1973) based on
silicoflagellate-assemblages and the frequent occurrence
of diatomites.

Thereafter, due to uplift of the Alpine Foreland Basin,
the western connection ceased (Rögl, 1998) and the
fluvial–lacustrine environments of the Upper Freshwater
Molasse establish in the western Alpine Foreland Basin
(Berger, 1996). In addition, the sea-level fall during the
Early Miocene global sea-level change of TB 2.1. cycle
(Haq et al., 1988) accentuated the beginning of isolation
of the Paratethys from the Mediterranean Sea during the
late Ottnangian. Except for theNorthernAlpine Foreland
Basin, no real marine environments are known from
the Carpathian–Pannonian–Dinaride domain and brack-
ish to fresh water sedimentary environments prevailed
(Kovác et al., 2004). Consequently, during the late
Ottnangian and the synchronous Kotsakhurian in the
Eastern Paratethys biogeographic relations between the
Paratethys and the Mediterranean Sea ceased. This Ott-
nangian crisis is reflected in nearshore settings by bra-
ckish water conditions and a sudden evolutionary peak in
bivalves, resulting in a large number of endemic genera
such as Limnopagetia, Rzehakia, Lenticorbula, or Eo-
prosodacna. This peculiar, so-called “Rzehakia fauna”
spreads from the Eastern Paratethys into the Central and
Western Paratethys Sea in the late Ottnangian (Steinin-
ger, 1973).

The Karpatian stage, based on the stratotype section
Slup inMoravia was defined by Cicha et al. (1967) and is
a time-equivalent of the late Burdigalian. The Karpatian
starts with a transgression and a reorganisation of pal-
aeogeographic patterns (Rögl et al., 2003). This trans-
gression in the Central Paratethys area is associated with
the sea-level rise at the beginning of the late Early Mio-
cene during the global 3rd order sea-level cycle of
TB 2.2. postulated by Haq et al. (1988). The lowstand
sediments, represented mainly by terrestrial, alluvial,
fluvial and deltaic deposits at the base of the Karpatian
sequences, pass rapidly towards overlying strata of
marine, neritic to shallow bathyal sediments. Sedimen-
tation is predominated by green–blue and grey pelites
and silty calcareous shales in offshore environments and
clayey sand inmarginal areas. Continuous sedimentation
between the Ottnangian and the Karpatian is expected
only in deeper parts of Central Paratethys basins whereas
all shallow marine settings display a strong discordance
(Rögl et al., 2003).

The early Karpatian has similarities with the Ottnan-
gian, pointing to cool-temperate water masses with high
amounts of siliceous fossils (Rögl et al., 2003). Suboxic
bottom conditions in the basins, upwelling and temperate
water are also suggested based on the planktonic fora-
minifers (Cicha et al., 2003). Carbonate production was
extremely low throughout the Central Paratethys at that
time. The low diversity mollusc fauna, too, is dominated
by taxa persisting from the Ottnangian (Harzhauser, 2003).
Warmer water indicators, such as Globigerinoides or Glo-
borotalia, appear in the late Karpatian together with a
thermophilic mollusc fauna (Harzhauser et al., 2003). This
northward migration was favoured by a general warming
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trend and by a new broad connection with the Medi-
terranean that was established via the Slovenian “Trans-
Tethyan Trench Corridor” (Bistricic and Jenk, 1985).
This seaway enabled a free faunal exchange between the
Central Paratethys and the Mediterranean area. This
change in environment was complemented by a dramatic
tectonic turnover in the Central Paratethys area leading to a
change fromW–E trending basins towards intra-mountain
basins (Rögl, 1998; Kovác et al., 2003). A typical example
for the geodynamic impact is the abrupt, discordant
progradation of upper Karpatian estuarine to shallow
marine deposits over lower Karpatian offshore clays in the
Alpine Foreland Basin and in the Carpathian Foredeep
(Adámek et al., 2003). The widespread formation of
evaporites in the Rumanian part of the Carpathian
Foredeep and in the Transylvanian Basin points to a
poor or even absent connectionwith the Eastern Paratethys
during the late Early Miocene.

The Karpatian/Badenian (Burdigalian/Langhian)
boundary is characterised by a significant sea-level drop
(Haq et al., 1988; Hardenbol et al., 1998), expressed as a
hiatus traceable throughout the Central Paratethys (Rögl
et al., 2002). Continuous sedimentation between the Kar-
patian and Badenian has not been recorded up till now.
Therefore, the top of the Lower Miocene in the Para-
tethyan basins is marked by erosional surfaces or by an
angular discordance between the Lower and Middle
Miocene strata, frequently called the “Styrian unconfor-
mity” (Latal and Piller, 2003).

2.2. Middle Miocene (Fig. 2C)

2.2.1. Badenian (16.3–12.7 m.y.), Sarmatian (12.7–
11.6 m.y.)

The Badenian Stage was defined by Papp and Stei-
ninger (1978) based on the eponymous stratotype
locality Baden–Sooss in the Vienna Basin. There, the
characteristic grey–blue basinal clay is exposed, which
contains a highly diverse benthic foraminifer assem-
blage and hundreds of molluscs species besides other
invertebrates and vertebrates.

A threefold subdivision of the Badenian is generally
accepted (Papp et al., 1978; Kovác et al., 2004) based on
significant palaeogeographic and palaeoecologic
changes. The early Badenian (Langhian) transgression
is related to the global sea-level cycle of TB 2.3. cycle of
Haq et al. (1988), based on the FAD of Praeorbulina in
the Styrian Basin, the Vienna Basin and the Alpine
ForelandBasin (Rögl et al., 2002; Kovác et al., 2004). The
top of that lower Badenian cycle is indicated by an un-
conformity in seismic surveys in the Vienna Basin poin-
ting to a sea-level drop of more than 120 m (Kreutzer,
1986; Weissenbäck, 1996). Furthermore, in many mar-
ginal settings, e.g. the Alpine Foreland Basin or in the
Eisenstadt–Sopron Basin, the end of the marine sedi-
mentation of the first Badenian cycle can be correlated to
the same event (Mandic et al., 2002; Kroh et al., 2003).
Based on the co-occurrence of Orbulina and Praeorbu-
lina in the underlying deposits (e.g. Rögl et al., 2002), the
basin-wide occurrence and the remarkable magnitude of
the sea-level drop, a linkage with the global sea-level drop
at about 14.2 m.y. is reasonable. This event was triggered
by the expansion of the East Antarctic ice sheet (Flower
and Kennett, 1993; Shevenell et al., 2004) and corre-
sponds to the Lan2/Ser1 sequence boundary of Hardenbol
et al. (1998).

The second Badenian cycle is interpreted to be an
expression of the global cycle TB 2.4. of Haq et al. (1988).
A distinct lowstand wedge and a well-developed trans-
gressive wedge are observed in seismic studies along the
Spannberg ridge in the Matzen oil field of the central
Vienna Basin (Kreutzer, 1986). In the Carpathian Foreland
Basins and in the Transylvanian Basin a pronounced
evaporitic phase starts, known as the Wielician crisis
(Steiniger et al., 1978; Kasprzyk, 1999; Chira, 2000).
While evaporite formation continued in the east through-
out themiddle Badenian, in thewestern parts of theCentral
Paratethys this cycle is characterised by corallinacean
platforms with frequent caliche formation and vadose
leaching (Dullo, 1983; Schmid et al., 2001).

The renewed flooding of the third Badenian cycle is
biostratigraphically dated by the onset of the nannoplank-
ton Zone NN6 (Hudáckova et al., 2000; Kovác et al.,
2004). The base of this biozone is defined by the last
occurrence of Sphenolithus heteromorphus and corre-
sponds to the Langhian/Serravallian boundary, which was
calibrated by Foresi et al. (2002) at 13.59 m.y. (see also
Gradstein and Ogg, 2004; Gradstein et al., 2004).
Therefore, the Langhian/Serravallian boundary is located
within the Badenian. Considering the dating and the
magnitude of that cycle, a correlationwith the global cycle
TB 2.5. of Haq et al. (1988) is reasonable. This late
Badenian is characterised by a stratified water body indi-
cated by the deposition of dysoxic pelites in basinal set-
tings in the entire Central Paratethys area (e.g. Hudáckova
et al., 2000). Even the platforms became affected by
repeated hypoxic events as documented by Schmid et al.
(2001).

Aside from the fossiliferous offshore clays, the Bade-
nian is the acme of the Paratethyan carbonate factory.
Corallinacean limestones are ubiquitous but now the only
noteworthy coral-reef phase of the Paratethys sets in. early
Badenian reefs in southern parts of the Paratethys are
fairly diverse. Especially in the Styrian Basin several
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small coral reefs composed of Montastrea, Tarbellas-
traea, Leptoseris and Porites developed which, however,
had to keep pace with high terrigenous sedimentation
rates (Friebe, 1993; Riegl and Piller, 2002; Erhart and
Piller, 2004). In the late Badenian, however, a distinct
change in reef structures occurs. Even in the southern
Paratethyan basins (e.g. Vienna Basin, Styrian Basin) no
complex reefs are documented any more. Instead, coral
carpets, dominated by Porites, Tarbellastraea, Caulas-
trea, Acanthastrea and Stylocora developed along deta-
ched islands (Dullo, 1983; Piller and Kleemann, 1991;
Riegl and Piller, 2000, 2002). This shift in reef-structure
and diversity seems to be linked to the climatic dete-
rioration triggered by the global mid-Miocene Climate
Transition (Shevenell et al., 2004). In northern parts of the
Paratethys this change is even more severe, leading to a
loss of algal–bryozoan–coral bioconstructions in favour
of algal–serpulid–vermetid “reefs” (Pisera, 1996; Stu-
dencki, 1999).

The palaeogeographic situation changed strongly
throughout the Badenian. During the early Badenian
the “Trans-Tethyan Trench Corridor” via Slovenia was
still open and connected the Mediterranean Sea with the
Pannonian basins complex. The eastern connections,
however, are still controversial. While Rögl (1998) and
Steininger and Wessely (2000) postulate an open con-
nection into the Eastern Paratethys, Studencka et al.
(1998) and Popov et al. (2004) indicate a land barrier
between both seas. An already subducted marine path-
way between the southern margin of the Black Sea plate
and the Pontids is also discussed by Rögl (1998) to
connect the Eastern Mediterranean with the Central
Paratethys area. A re-opening of the Tethyan gateway
between the Mediterranean and the Indo-Pacific during
the Langhian (early Badenian) is generally accepted
(Rögl, 1998; Popov et al., 2004).

During the middle Badenian the eastern seaways
were sealed. Water supply for the Central Paratethys was
only available via the “Trans-Tethyan Trench Corridor”.
This seaway was finally closed in the late Badenian. The
entire Central Paratethys was therefore dependent upon
a connection with the Eastern Paratethys via today's
western Black Sea area. Faunistic differences between
the diverse Central Paratethys and the impoverished
Eastern Paratethys at that time, however, exclude the
Eastern Paratethys as a passage to the west (Studencka
et al., 1998). Again, the enigmatic seaway between the
Black Sea plate and the Pontids might have acted as a
gateway (Rögl, 1998). Such a connection would also be
obligatory to explain the immigration of new radiolarian
assemblages into the Central Paratethys as discussed by
Dumitrica et al. (1975).
The next dramatic change in marine biota sets in with
the dawn of the Sarmatian. This re-orientation was trig-
gered by a strong restriction of the open ocean connections
of the Central Paratethys (Rögl, 1998), corresponding to
the Ser3 sequence boundary ofHardenbol et al. (1998) and
cycle TB 2.6. of Haq et al. (1988). The Badenian/Sar-
matian boundary would thus be related with the glacio-
eustatic isotope event MSi-3 at 12.7 m.y. (Abreu and
Haddad, 1998). Correspondingly, a considerable hiatus
at the Badenian/Sarmatian boundary is indicated by a
strongly erosive discordance in seismic lines in Para-
tethyan basins (Harzhauser and Piller, 2004a,b).

The Sarmatian, with its stratotype in the northern
Vienna Basin at the Nexing section comprising biogenic
sediments of rock-forming mollusc shells (Papp and
Steininger, 1974), is a strongly twofold stage. The lower
Sarmatian is dominated by fine-siliciclastic sedimenta-
tion as the broad spectrum of Badenian reefal structures
has vanished completely within the entire Paratethys Sea
at the Badenian/Sarmatian boundary. Carbonate rocks
are represented only rarely by autochthonous build-ups
formed by the polychaete Hydroides and by bryozoans
(Harzhauser and Piller, 2004a,b). These bioconstructions
are best developed in the Carpathian Foredeep, extend-
ing as a patchy chain from Poland via Moldavia and
Rumania to Bulgaria (Pisera, 1996).

The outcropping fine-siliciclastic sediments were
mainly deposited on tidal flats or in estuaries and are
rich in low-diversity molluscan faunas. In sections re-
flecting open water conditions, diatomites with marine
diatoms may occur (Harzhauser and Piller, 2004a,b).
Offshore deposits are represented by marls and silty clay
with an impoverished bivalve fauna (Kojumdgieva et al.,
1989).

With the onset of the late Sarmatian, sedimentation
switched from siliciclastic to carbonatic throughout the
Central Paratethys. Oolites and coquina-dominated sands
start to spread in nearshore settings and on shallow shoals
(Harzhauser and Piller, 2004a,b).Mass occurrences of the
larger foraminiferal species Spirolina austriaca d'Or-
bigny characterize the latest Sarmatian. Together with this
change a drastic increase in shell thickness of bivalves
occurred (e.g., Venerupis, Sarmatimactra; Papp et al.,
1974). The early Sarmatian polychaete–bryozoan com-
munities collapsed and were replaced by unique forami-
niferan build-ups contributed by the sessile nubeculariid
genus Sinzowella. It is notable, that the Sarmatian oolites
are the only Miocene oolites in the entire Central Para-
tethys area.

In the Eastern Paratethys the Sarmatian has an ana-
logue in the regional stages Volhynian and Bessarabian.
During that time the Paratethys became nearly completely
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sealed off. The Central Paratethys was only connected to
the Eastern Paratethys. From there, a narrow marine
connection into the Mediterranean Sea formed far in the
east due to tectonic movements along the Dead Sea fault
system (Steininger and Wessely, 2000). The connection
between both Paratethyan seas is reflected by a striking
similar faunistic inventory characterised by a highly en-
demic and considerably impoverished fauna lacking most
stenohaline taxa (Kolesnikov, 1935; Papp, 1974). This
peculiar character of the marine fauna was recognised
already by Suess (1866) who then introduced the term
Sarmatian.

2.3. Late Miocene (Fig. 2D)

2.3.1. Pannonian (11.6–6.1 m.y.)
The Pannonian Stage is an expression of the ongoing

continentalisation in central and south-eastern Europe re-
sulting in a restriction of the aquatic realm of the Central
Paratethys area to the Pannonian basins system.NowLake
Pannon formed at about 11.6 m.y. in place of the relic
Paratethys Sea. The vast brackish to freshwater lake was
encircled by the Alps, the Carpathians and the Dinarids.
Genetically, the lower to middle Pannonian lake deposits
are proposed by Harzhauser et al. (2004) to represent a
single cycle starting at the Middle Miocene/Upper Mio-
cene boundary due to the influence of the glacio-eustatic
sea-level lowstand TB 3.1. of Haq et al. (1988). During
phases of high water tables the deep lake areas were
exposed to hostile dysoxic conditions resulting from a
well developed hypolimnion (Harzhauser and Mandic,
2004). Typical deposits are grey–blue clays and marls in
basinal settings; the stratotype of the Pannonian Stage,
defined by Papp (1985a) at Vösendorf in the southern
Vienna Basin exposes such offshore clays. Along the
coasts of Lake Pannon, deltaic gravel, sand, whitish marls
and lignites accumulated. While oolites and bryozoan
bioconstructions are still frequent in the late Bessarabian
of the Eastern Paratethys (Pisera, 1996), equivalents are
completely lacking in synchronous Lake Pannon deposits.
Soon, its northwestern part – e.g. Vienna Basin – turned
into floodplain-environments during the late Pannonian as
a consequence of the retreat of the coastline (Magyar et al.,
1999; Harzhauser and Tempfer, 2004). The central and
southern part remained as a several hundred metre deep
sub-basin complex filled by prodelta turbidites and
prograding deltaic deposits (Popov et al., 2004). Despite
its shrinking size, the southern coastline along the northern
Dinarids was quite stable throughout the Pannonian
(Magyar et al., 1999; Popov et al., 2004).

The most conspicuous feature of Lake Pannon, how-
ever, is its mollusc fauna being characterised by a high
percentage of endemism and quick evolutionary radia-
tions (Müller et al., 1999). The development of the fauna
was controlled by the gradual freshening of the water
body as well as by geodynamic processes, resulting in
profound changes in lake geometry (Magyar et al., 1999).
Aside from the highly evolved lymnocardiids, the mani-
fold dreissenids display an eye-catching evolution. At that
time, the Eastern Paratethys reached westward into the
Dacian Basin. Its associated Bessarabian fauna is a direct
descendent of the late Middle Miocene Sarmatian/Volhy-
nian faunas (Kolesnikov, 1935) and differs fundamentally
from the Lake Pannon assemblages.

3. Material, data and methods

This study presents a set of presence-data for Late
Oligocene and Miocene gastropods and foraminifers in
the Central Paratethys.

For foraminifers the revised and comprehensive sy-
nopsis of Cicha et al. (1998) serves as the data pool. The
presence data were used in a very conservative way as
questionable stratigraphic occurrences have been mainly
ignored. Only in cases where questionable occurrences
are sandwiched between verified older and younger data
they have been treated as granted. Although data are
available for the period between the Kiscellian and the
Pannonian only those starting with the late Egerian have
been used in this study including 425 species-level taxa.
Planktic species are bracketed separately in Figs. 3 and 4.

In contrast, for the much more species-rich gastro-
pods, no such standard exists. Therefore, the applied data
represent species-level taxa based on a broad range of
literature. Not all of these taxa are revised but often
include species assigned to lump-genera as used in the
referred literature (e.g. within turrids). Furthermore,
several taxa might even represent lump-species which
will turn out as species-groups after detailed investiga-
tions as demonstrated for some nassariids (Harzhauser
and Kowalke, 2004) and rissooids (Kowalke and Har-
zhauser, 2004). In return, over-splitting of morpho-
logical variable species such as Nassarius doliolum
(Eichwald) increased the number of available literature-
taxa (Harzhauser and Kowalke, 2004). Taxonomic
refinement will thus change the number of species but
would not change the overall pattern which is based on
an exceptional number of 1384 gastropod taxa. Never-
theless, the latest revisions have been applied to older
literature data. The gastropod data-set derives from
following sources: Oligocene faunas from Baldi (1973,
1986), Hölzl (1962), Harzhauser and Mandic (2001);
Eggenburgian faunas from Hölzl (1958), Sieber (1958),
Steininger et al. (1971); Ottnangian faunas from Hölzl



Fig. 3. Total number of gastropod (A) and foraminiferan (B) species recorded in the selected time-slices. The numbers for the Early Miocene
gastropods are probably underestimations, due to some taphonomic bias concerning the poorly preserved micro-shells. Note the rough correlation of
the maximum species richness in the early Badenian with the mid-Miocene climatic optimum inferred from the oxygen isotope curve (Zachos et al.,
2001). The subsequent mid-Miocene climate transition with the marked excursion in the isotope curve is also well reflected in the middle– late
Badenian decline of species-richness.
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(1973), Steininger (1973); Karpatian faunas from Har-
zhauser (2003) and references therein; Badenian faunas
from Atanackovic (1985), Baluk (1975, 1995, 1997,
2003), Beer-Bistricky (1958), Boettger (1896, 1902,
1906), Harzhauser and Kowalke (2004), Hilber (1879),
Hörnes (1852–1856), Hörnes and Auinger (1879–
1891), Kojumdgieva and Strachimirov (1960), Kókay
(1966),Meznerics (1933), Sieber (1958), Strausz (1966),
Svagrovský (1981, 1982a,b, 1984); Sarmatian faunas
from Boda (1959), Svagrovský (1971), Harzhauser and
Kowalke (2002), Jekelius (1944), Kojumdgieva (1969),
Kolesnikov (1935), Papp et al. (1974); Pannonian faunas
from Papp (1985b), Jekelius (1944). The stratigraphic
affiliation of the various localities follows Studencka
et al. (1998), Mandic and Steininger (2003), Harzhauser
et al. (2003) and references therein. Tables with complete
taxonomic data-sets are provided as excel sheets at http://
www.kfunigraz.ac.at/geologie/forschung/paratethys.

In total, about 1809 species-level taxa have been used
for the analyses, representing the largest data-set ever
used to decipher biogeographic patterns in the European
Miocene.

To achieve a representative data-set, the Miocene of
the Central Paratethys was separated into a series of
well-sampled time slices corresponding to the regional
stages. Concerning foraminifers only late Egerian (latest
Chattian and Aquitanian) occurrences were used, for
gastropods no subdivision of the Egerian was carried
out. For the long stages Eggenburgian, Badenian and
Pannonian a further subdivision was applied. For fora-
minifera a threefold division was applied for the Bade-
nian (early, middle, late), for gastropods only a twofold

http://www.kfunigraz.ac.at/geologie/forschung/paratethys
http://www.kfunigraz.ac.at/geologie/forschung/paratethys


Fig. 4. Literature-based stratigraphic ranges of 1384 gastropod (A) and 425 foraminiferan (B) species in the Central Paratethys Sea (see text for references).
Last occurrences on the left graphs, first occurrences on the right. The Paratethyan “big five” as based on the gastropod record are indicated: LOEE— late
Ottnangian-extinction-event, EBEE — early Badenian-build-up-event, MBEE — middle Badenian-extinction-event, BSEE — Badenian–Sarmatian-
extinction-event, SPEE— Sarmatian–Pannonian-extinction-event. The burst of species-richness in the early Badenian is most eye-catching.
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subdivision. For the latter the middle Badenian taxa are
incorporated in the late Badenian, because of the some-
times speculative stratigraphic allocation. A twofold sub-
division was performed for the short Sarmatian because
of its strongly bipartite history (see above).

4. Results and discussion

Taking the species-level taxa as spot samples, the total
number of species recorded for each time-slice can be
calculated (Fig. 3). Hence, the number of taxa recorded
for the 5 defined intervals from the Egerian to the Kar-
patian range from 125 to 165 for foraminifers and 116 to
281 for gastropods respectively. For all the considered
Paratethyan faunas of the Early Miocene a constant
taphonomical bias in the microgastropod record must be
stated. Similarly, the Eggenburgian shallow water fora-
minifers are underrepresented due to poor preservation.
This bias is distinctly lowered during the Badenian, but
cannot account for the tremendous increase in gastropod
species which blooms to 772 and 606 for the early and
the late Badenian respectively, since also foraminifers
reach highest numbers with 214, 189 and 148 for the
early, middle and late Badenian. These high numbers
drastically decline for gastropods to 107, 53, and 75 and
even more drastically to 59, 49 and 2 for foraminifers in
the Sarmatian and early Pannonian. Taphonomic bias in
these intervals is very low and numbers are considered to
reflect a large part of the ancient faunas. Foraminifers
completely disappeared in the late Pannonian. The data
for gastropods should be taken with caution for this time
interval as they are mainly focused on the Vienna Basin
and might therefore show slight underestimation.

In the next step the stratigraphic range of each species
was estimated and graphically arranged in a twofold
way (Fig. 4). One graph focuses on the last occurrences
(LOD) in the Central Paratethys while the second one
emphasises the first occurrences (FOD) both for gastro-
pods (Fig. 4A) and foraminifers (Fig. 4B).

4.1. Small steps and big leaps

For the Early Miocene, species-richness plotted as
total numbers of taxa per time-slice shows a general
increase for gastropods with a minor retreat in the late
Eggenburgian. Foraminifers reflect a different pattern
with relative similar numbers throughout, but with a
general weak decreasing trend, a low in the Ottnangian
and slight increase in the Karpatian. Benthic and plank-
tic taxa behave similarly. The comparison of LOD and
FOD data in Fig. 4 gives a rough impression of the fate
of the Paratethyan gastropod and foraminiferan faunas.
For gastropods, the Egerian to Karpatian pattern is rather
unspectacular with a slight positive balance for origina-
tions or immigrations versus extinctions. The Ottnan-
gian crisis is poorly reflected as an extinction event,
because many species which vanish from the Paratethys
re-appear in the Karpatian. Hence, the Egerian to Kar-
patian trend of decreasing extinction rates from 67%
towards 7% as indicated in Fig. 5A is only slightly
interrupted during the Ottnangian. Instead, the crisis is
better reflected as a “positive” event of increased origi-
nations due to the evolution of endemic species, espe-
cially within the genera Staliopsis Rzehak, Nematurella
Sandberger and Ctyrokya Schlickum. For foraminifers
the late Egerian represents a strong incision with the
highest number of LODs (61: Fig. 4B) and the highest
percentage of extinctions (37%: Fig. 5B) of all Early
Miocene intervals. In contrast to gastropods, foramini-
fers show a high number of FODs (41) in the early
Eggenburgian and only 2% of extinctions compared to
19% in the late Eggenburgian. Gastropods, on the con-
trary, reach extinction values of 35% in the early and
18% in the late Eggenburgian. Large differences also
exist in Ottnangian FODs since foraminifers show a
very low number, while gastropods reach their highest
number of all Early Miocene intervals. Hence, forami-
nifers clearly reflect the above mentioned Ottnangian
crisis as a phase of extinctions whilst gastropods coun-
terbalanced the crises by endemic evolution.

This rather gradual Early Miocene development is
strongly contrasted by the early Badenian build-up event
(EBBE) indicated by 505 newly arriving or originating
gastropod and 82 foraminiferan species, the latter
comprising 13 planktic taxa. As documented by Har-
zhauser et al. (2003), some of the gastropod species,
displaying their Paratethyan FOD in the early Badenian,
are rooted in the Burdigalian of the Proto-Mediterra-
nean–Atlantic Region. These species extend their dis-
tribution area towards the north following the increasing
SST values during the Langhian climatic optimum.
Typical examples are the larger foraminifers of the Pla-
nostegina costata-group and the gastropods Strombus
(Euprotomus) schroeckingeriHörnes, Rimella decussata
(Grateloup) and Pereiraea gervaisii Vezian. Others
develop mass-occurrences [e.g. Tibia dentata (Grate-
loup), Tudicla rusticula (Basterot)] or display a remark-
able diversification (e.g. the nassariid genus Cyllenina
Bellardi and the rissoiid genus Alvania Risso). Parallels
within the bivalves are found in the carditiids, iso-
gnomids or plicatulids (Harzhauser et al., 2003). How-
ever, due to the generally poorer knowledge of the late
Burdigalian and Langhian faunas in the Proto-Mediter-
ranean–Atlantic Region, the potential Burdigalian origin



Fig. 5. Extinction-rates (left) and taxa restricted to one time-slice (right) given in percentages based on 1384 gastropod (A) and 425 foraminiferan
(B) species. A generally good correlation between both values is obvious for gastropods, indicating that the index-fossils of each time-slice are prone
to extinction and display a short geologic history. This coherency is interrupted only in the late Badenian and in the late Sarmatian. Both intervals are
characterised by very few indigenous species but extremely high extinction rates. Foraminifers exhibit a widely different pattern with very poor
correlation between the two columns and generally long living species. The extremely low values in the Eggenburgian may be due to a strong
taphonomic bias.
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of many early Badenian FODs remains enigmatic. This
lack of information was also indicated for the bivalve
faunas by Studencka et al. (1998). For the same reason
Middle Miocene migrations from the Central Paratethys
into the Mediterranean such as shown by Janssen (1993)
for the turrid genus Spirotropis Sars are hard to recognise.

A plot of the total numbers of species recorded per
time-slice (Fig. 3) visualizes this peak in early Badenian
species-richness within gastropod and foraminiferan
faunas (EBBE). Calibrating these total-number values to
the global deep-sea oxygen isotope record of Zachos
et al. (2001) reveals a surprising relationship. Although
we refrain from interpreting this rough parallel trend in a
naïve, straightforward way, the early Badenian bloom
seems to be a direct expression of the mid-Miocene
climatic optimum. For foraminifers the slight increase in
species number started already in the Karpatian and fits
therefore the curve even better. During the Badenian, the
number of new arrivals or originations is lowered: for
foraminifers to 20 species in the middle and to 25
species in the late Badenian and for gastropods to 143 in
the late Badenian. The number of LODs reaches a first
peak of 297 species (Fig. 4A) for gastropods while for
foraminifers a stepwise decline by 45 and 67 species is
recorded (Fig. 4B). This negative balance for the gastro-
pods coincides conspicuously with the onset of the
Middle Miocene climate transition (Shevenell et al.,
2004). Again, the plot in Fig. 3 bears striking resem-
blance to the oxygen isotope record of Zachos et al.
(2001) both for gastropods and foraminifers. Indeed, a



20 M. Harzhauser, W.E. Piller / Palaeogeography, Palaeoclimatology, Palaeoecology 253 (2007) 8–31
slight cooling during the late Badenian is reflected by
the retreat and/or decline of thermophilic mollusc taxa.
This is reflected e.g. by a decrease of the strombid
diversity (Harzhauser et al., 2003) and by the drop in the
nassariid genus Cyllenina from 9 early Badenian species
to 3 in the late Badenian (Harzhauser and Kowalke,
2004). According to these data, a drop of the minimum
sea-surface temperature from at least 16–18 °C during
the early Badenian optimum to 14–15 °C in the late
Badenian is inferred. This late Badenian cooling seems
to persist into the early Sarmatian, indicated by the
occurrence of diatomites and the dramatic shut down of
the Badenian carbonate factory (Harzhauser and Piller
2004a,b).

Whilst the Badenian development is thus probably
related to a global climatic trend, the next major peak in
extinctions is mainly geodynamically and climatically
controlled. This Badenian–Sarmatian-extinction-event
(BSEE) with 588 LODs in gastropods and 121 in fora-
minifers is the biggest turnover in the Paratethyan
history. The BSEE concerns mainly Badenian gastropod
species but is also the dead-end for most long-ranging
species with Early Miocene roots. This holds true even
in more pronounced fashion for foraminifers. A hint to
the still unsolved trigger mechanism for the BSEE is the
obvious advantage of lecitotroph larvae opposed to
planktotroph larvae. Within the nassariids, Harzhauser
and Kowalke (2004) documented a switch from 7%
lecitotroph Badenian species towards 100% Sarmatian
species with direct development. This points to a crisis
that had affected the zooplankton. Correspondingly, the
percentage of planktic species within the foraminfers
fauna drops to zero at the BSEE and they never return
again in the Central Paratethys.

With the onset of the Sarmatian a relatively high number
of FODs (33) is observable in foraminifers. This fauna is
characterized by large elphidiids [e.g., E. reginum
(d'Orbigny), E. hauerinum (d'Orbigny), E. koberi Toll-
mann, E. josephinum (d'Orbigny), Porosononium
hyalinum (Bogdanowicz)], Anomalinoides-species (A.
transcarpaticus (Pishvanova), A. dividens Lucz-
kowska), and very characteristic Schackoinella imper-
atoria (d'Orbigny). Besides these a variety of miliolids
occurs e.g., Hauerina irschavensis Venglinskyi and
Burindina, species of Qinqueloculina, Varidentella and
Affinetrina, Sarmatiella moldaviensis (Bogdanowicz),
S. prima (Bogdanowicz), and Sinzowella novorossica
(Karrer and Sinzow). While many of these foraminif-
eran taxa are rooted earlier in the Miocene, a new early
Sarmatian gastropod fauna is established mainly due to
the radiation of the rissoid genus Mohrensternia
Stoliczka and the archaeogastropod Gibbula Risso.
The mid-Sarmatian extinction of these endemisms
again causes a high extinction rate of 65%, which is
in contrast to only 19% in foraminifers. This event
corresponds to a change in depositional environments
and the subsequent loss of ecosystems to which the
highly specialized early Sarmatian gastropod species
have been adapted. Now the upper Sarmatian carbonate
sequences reflect a highly productive carbonate factory
of subtropical climate. The formation of thick oolite
sequences with Persian Gulf-type ooids as well as the
mass occurrences of thick-shelled shell beds require
normal saline to hypersaline, subtropical conditions.
The same subtropical environmental conditions are
clearly necessary for the peneroplid, larger foraminifer
Spirolina austriaca and other porcelaneous foramini-
fers which are much more abundant than in the early
Sarmatian. This warming is also indicated by the
negative peak in the oxygen isotope curve between
MSi-3 and MSi-4 of Abreu and Haddad (1998) (Fig. 1).

The last big incision is represented by the Sarmatian–
Pannonian-extinction-event (SPEE). Although less dra-
matic for gastropods in absolute numbers (49 LODs
versus 63 FODs), the extinction-rate climbs up to 93%,
and even to 98% for foraminifers. Like the BSEE, the
SPEE is rather a geodynamically controlled event, trig-
gered by the isolation of Lake Pannon from the Eastern
Paratethys Sea. Foraminifers are represented in the early
Pannonian by 2 species only (Miliammina subvelatina
Venglinskyi, Trochammina? kibleri Venglinskyi) and
disappear completely afterwards.

4.2. The impact of geodynamics

The hourglass-like outline of Fig. 5A indicates a
roughly twofold structure of the extinction trends in the
Central Paratethys for gastropods. From the latest Oligo-
cene to theKarpatian a general decrease in extinction rates
can be observed. A slight setback in the Ottnangian is
related to the isolation of the Central Paratethys and the
increasing rate of endemic evolution. The decline of Early
Miocene extinctions is also reflected in the age-structure
of the faunas. Only 5–24% of the species are restricted to
the selected time-slices from the late Eggenburgian to
Karpatian, meaning that more than 75% of the species are
derived from older faunas. During that time, the Western
and Central Paratethyan basins were wide west–east
trending deepwater basins often associatedwith remnants
of Palaeogene Flysch troughs. This stable configuration is
disrupted at the Early/Middle Miocene boundary when
basin configuration switched towards shallow intra-
mountain basins (Rögl, 1998) and the Pannonian back
arc basin system became installed (Royden and Horváth,
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1988; Kovác et al., 2003). This now highly structured
archipelago sea was much more prone to geodynamic
control. Consequently, the Badenian to Pannonian part of
Fig. 5A reflects a trend towards increasing extinction rates
usually ranging between 65–100%. At the same time the
percentage of species which are restricted to a single time-
slice increases and points to strong turnover. This pattern
is disturbed only during the late Badenian and the late
Sarmatian which both source their faunas largely from the
antecedent faunas.

Again foraminifers behave differently from gastropods
(Fig. 5B). A negligible percentage of species became
extinct in the early Eggenburgian (2% vs. 35% in gastro-
pods) and the foraminiferan faunas exhibit very old age
structures with a minimum of 98% of the species deriving
from older time-slices (Fig. 5B). This kind of stasis points
Fig. 6. Faunal cycles for Central Paratethyan gastropods and foraminifers thro
and well-established aged faunas can be depicted. Each cycle starts with the im
usually geodynamically triggered – collapse of the antecedent faunas. These y
of derived species. Foraminifers behave different with 2 cycles similar to g
deviating stratigraphic distribution; cycles II and III reflect an aging— rejuve
III is probably due to different stratigraphic resolutions.
to an only weak influence of climatic changes in the Early
Miocene on foraminifers compared to gastropods and
reflects the still existing inherited palaeogeographic pattern
(see above). Compared with gastropods, a somewhat
similar reaction to geodynamically dominated environ-
mental changes is recognized in the Middle and Late
Miocene. Only the switch from the siliciclastic—to the
carbonate-dominated sedimentation regime in the Sarma-
tian does not cause severe changes as reflected in molluscs.

4.3. New deal and taking roots

To better understand the age of the marine faunas, the
percentage of “old” species was calculated for each
time-slice (Fig. 6). These old groups comprise species
which persist from at least one preceding time-slice,
ugh the Miocene. For gastropods, a cyclic pattern of “new-deal” faunas
migration (cycles I, III) or endemic evolution (cycles II, IV, V) after a –
oung faunas soon grade into stable communities with high percentages
astropods' patterns (cycle I and IV) but for the Early Miocene with
nation pattern. Difference of foraminiferan cycle III to gastropod cycle
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recognisable in Fig. 4 as the long “tails” in the LOD-
graphs. According to that approach a young or initial
fauna will display a low percentage of such veterans.
Each geodynamic or oceanographic turmoil leading to
high extinction rates could be expected to correlate with
a low survival rate. This simple coherency would be
cracked if the extinction is only of local nature allowing
the re-immigration of the “old” fauna into the depre-
dated area in the next time-slice from an adjacent bio-
geographic sanctuary.

The pattern in Fig. 6 indicates a sequence of 5 cycles
for gastropods and only 4 for foraminifers. Due to the
switch from marine to brackish and freshwater environ-
ments, the lower Pannonian sediments contain only 2
foraminiferan species and foraminifers are completely
missing in the upper Pannonian; therefore this time
interval cannot be taken into consideration.

For gastropods, each cycle starts with a young fauna
occupying the area after a heavy incision and a large-
scale loss of fauna. These “new-deal-faunas” contain
only 14–35% of species persisting from the antecedent
faunas. Within 1–2 m.y. these initial assemblages take
root and grade into stable and old faunas with the
veterans claiming a share of about 45–87%.

Cycle I starts during the Egerian and reaches up to the
late Eggenburgian. Interestingly, the late Eggenburgian
change of hydrologic regimes towards tide-dominated
environments and the coincident slight cooling is not
reflected in the gastropod fauna by immigrations or
originations. The “new-deal-phase” of cycle II, com-
prising the Ottnangian and Karpatian, is triggered by the
Ottnangian crisis and the resulting endemic evolution.
In addition, several new species immigrate into the
Paratethys Sea from the Western Tethys.

The big leap into cycle III is somewhat misleading as
it is not triggered by any extinction event. Only 7% of the
Karpatian gastropods became extinct (Fig. 5A). Instead,
the exceptional species input by the EBBE results in a
reorganisation of the faunas and a low percentage of
persisting species. During the Badenian the total number
of recorded species decreases from the early to the late
Badenian from 772 to 606 and simultaneously the fauna
becomes aged. Hence, the late Badenian fauna is rooted
largely in the early Badenian.

The shortest cycle IV with about 1 m.y. duration is
amplified by the impact of the BSEE with an extinction
rate of about 97%. The low number of new originations
in the late Sarmatian and the loss of all early Sarmatian
Mohrensternia-species supports the conservative char-
acter of the late Sarmatian fauna.

Finally, cycle V is indicated by the radiation of the
highly endemic Pannonian fauna which lacks nearly all
reminiscence of the Middle Miocene Paratethyan faunas.
The few survivors are found in the genera Melanopsis
Ferussac, Tinnyea Hantken, and Hydrobia Hartmann,
which have been little affected by changing water che-
mistry due to their preference for (near-) freshwater
habitats.

Considering foraminifers, not only the number of
faunal cycles deviates (Fig. 6) but their basic pattern is
completely different! The late Egerian contains 92%
holdovers from the early Egerian or older intervals and
can be interpreted to be the final interval of cycle I. The
percentage for the early Egerian is 81 and for the late
Kiscellian 71 reflecting an increasing aging of the fauna
(not shown in Fig. 6B). Cycle II starts in the early Eg-
genburgian with a relatively young foraminiferan fauna
with “only” 72% holdovers. This value increases to 99%
in the late Eggenburgian which is in agreement with the
behavior of the gastropods. The reduced number of per-
sisting taxa in the Ottnangian, however, is not followed by
an increase in theKarpatian but a remarkable drop to 66%.
This reflects a rejuvenation of the fauna also expressed by
the relatively high number of FODs (Fig. 4B). The begin-
ning of the Middle Miocene and cycle III starts with a
further rejuvenation (60% holdovers), aging increases in
the middle Badenian to 90%, decreases, however, in the
late Badenian again to 83%. For the Badenian, the dif-
ferences between gastropods and foraminifers is based on
the fact that a twofold subdivision of theBadenian Stage is
used for the gastropods, wheras a threefold subdivion
is applied to the foraminifers data-set. This discrepancy
would disappear with the application of only 2 substages
for the foraminifers. Cycle IV covers the Sarmatian and
the pattern coincides with that of gastropods.

4.4. The toggle switch of biogeography

One of the few comparable studies in considering
stratigraphic ranges of 808 Middle Miocene to Recent
Caribbean mollusc genera and subgenera was performed
by Jackson and Johnson (2000). In the time span in which
our study overlaps with the Caribbean record, a slight
difference in occurrence patterns is obvious. Jackson and
Johnson (2000) present a quite regular pattern of ori-
ginations and rather stepwise extinctions. This roughly
constant rate of first and last occurrences is strongly
opposed by the large FOD and LOD events observed in
our data.

This difference is considered as an expression of the
biogeographic position of each area. During theMiocene
the Caribbean bioprovince was much more stable and
open. In contrast, the extreme geodynamically forced
position of the Central Paratethys turned it into a Janus-



23M. Harzhauser, W.E. Piller / Palaeogeography, Palaeoclimatology, Palaeoecology 253 (2007) 8–31
faced region for biogeographers. During episodes of
open marine gateways and stable marine sea-surface
conditions, the immigrations from adjacent bioprovinces
caused a tremendous turnover of assemblages. Hardly any
evolutionary lineages can be observed during thesemarine
phases as speciation took place “out-of-province” and the
Paratethyan FODs appear as sharp events in the fossil
record. Short-termed phases of isolation were frequently
associated with the break down of stable marine con-
ditions — either by collapse of circulation patterns as in
the Kiscellian (Rögl, 1998) or by strong excursions of
water chemistry as typical in the Sarmatian (Harzhauser
and Piller, 2004a,b). In either case a sharp extinction event
is the consequence. However, now the “in-province”
origination can take place reflected by the radiation of a
generally low-diverse endemic fauna, such as in the late
Ottnangian, the early Sarmatian or the early Pannonian.

Hence, themarine life of the Paratethys Sea experienced
a repeated switching from immigration-impacted faunas –
demoting it just to an appendix of a larger biogeographic
unit – towards core faunas of endemic centres of origin
with highly significant faunistic peculiarity.
Fig. 7. Synopsis of chronostratigraphic, palaeogeographic and palaeobi
5. Palaeobiogeography

Based on these faunal patterns a biogeographic frame-
work can be established. The Paratethys is a distinct
palaeogeographic unit and, from a palaeogeographic
point of view, only two terms are applicable: Central
Paratethys Sea (from the Egerian up to the Sarmatian) and
Lake Pannon (Pannonian). In contrast, the biogeographic
content and character within these two geographic entities
experienced a much stronger modulation resulting in a
more rigid and detailed biogeographic framework
(Fig. 7). An initial attempt at defining a clear paleobio-
geographic nomenclature was presented by Harzhauser
et al. (2002) with a strong focus on the Western Tethys
Region. Paratethyan biogeography was discussed only
cursorily, with the introduction of the terms Danubian
Province and Proto-Caspian Subprovince. Herein we
refine and specify the biogeographic discussion concen-
trating on the Central Paratethys faunas to clearly diffe-
rentiate between palaeogeography and biogeography. To
document the biogeographic development, different
invertebrate groups can be advocated: in our study we
ogeographic terms used in the area of the Central Paratethys Sea.
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rely primarily on foraminifers, gastropods and selected
bivalves.

Biogeographic principles and the denomination of
units and their hierarchical rankinghave been discussed by
Westermann (2000a,b) and by Harzhauser et al. (2002).
Herein we follow their suggestions.

5.1. Proto-Danubian Province and Early Danubian
Province

5.1.1. Late Egerian–early Ottnangian (=late Chattian
and Aquitanian–early Burdigalian)

From the Egerian to the early Ottnangian, the Para-
tethys area represents biogeographically a transition bet-
ween the northern Proto-Eastern Atlantic–Boreal Region
and the southern Western Tethys Region. In the course of
the Egerian and Eggenburgian the biota develop a distinct
character which allows the differentiation of a Proto-
Danubian Province (Egerian) and an Early Danubian
Province (Eggenburgian–early Ottnangian).

The Proto-Danubian Province consists of at least three
faunal types from the biogeographers' point of view. The
most interesting component, demonstrating the Parateth-
yan identity of the fauna, consists of endemic taxa un-
known from other biogeographic units. Among the
gastropods Calliostoma hegeduesi (Baldi), Aporrhais
callosa (Telegdi-Roth), Ocenebra bistriata (Gümbel),
Nassarius hungaricus (Gábor), Egerea collectiva Gábor,
and Fasciolaria plexa (Wolff) are typical representatives
of this endemic species group. In addition, bivalves such
as Acanthocardia bojorum (Mayer), Astarte hoelzli (Har-
zhauser and Mandic), and Lucinoma barrandei (Mayer)
are characteristic for the Central Paratethys. In total, the
amount of endemic mollusc species was calculated by
Baldi (1973) to range around 30%.

The second large group represents species which
display strong affinities to the Proto-Eastern Atlantic–
Boreal Region in northern Europe. Among them Drepa-
nocheilus speciosus (Schlotheim),Galeodea megacephala
(Philippi), Ficus concinnus (Beyrich), Orthosurcula reg-
ularis (Koninck), and the Boreotrophon deshayesi-group
are characteristic. Peronidia nysti (Deshayes),Cyclocardia
orbicularis (Sowerby), Pycnodonte gigantica callifera
(Lamarck), and Saxolucina heberti (Deshayes) are immi-
granting bivalves with roots in the North Sea Basin, Paris
Basin andMainceBasin faunaswhere they are documented
even in the Early Oligocene (Harzhauser and Mandic,
2001). This strong “northern” aspect stands in contrast to
the rather poor influence of the “southern”, adjacent
bioprovince — the Western Tethys Region. If the cos-
mopolitan species are omitted, only few species such as
Angaria scobina (Brongniart), Tibia dentata (Grateloup),
Strombus bonellii (Brongniart), Ficus conditus (Brong-
niart), and Euthriofusus burdigalensis (Defrance) seem to
indicate a southern origin. Among the bivalves Eucrassa-
tella carcarensis (Michelotti) and Costellamussiopecten
northamptoni (Michelotti) serve as examples for the
Western Tethyan character within the Egerian Paratethyan
faunas. In total, the Proto-Danubian Province is highly
characteristic with an amount of 73% of species which are
restricted in time to the Egerian.

A warm temperate to tropical character can be
postulated for the Egerian faunas contributing to the
Proto-Danubian Province. Among these are miogypsi-
nids [Miogypsina septentrionalis Drooger, M. gunteri
Cole, Miogypsinoides complanatus (Schlumberger), M.
formosensis Yabe and Hanzawa] and lepidocyclinids
(Lepidocyclina (Eulepidina) dilatata (Michelotti), L.
(Nephrolepidina) morgani Lemoine and Douville, L.
(N.) tournoueri Lemoine and Douville]. Mangrove
habitats are also postulated for the coastal fringes of
the Egerian Paratethys based on the mollusc fauna
(Baldi, 1973; Barthelt, 1989; Harzhauser and Mandic,
2001). Characteristics are Tympanotonos–Granulola-
bium assemblages and the rarely preserved large-sized
mangrove snail Ellobium subjudae (d'Orbigny) as
described by Janssen (1984) from Hungary.

The Early Danubian Province gradually develops
from its Egerian forerunner. The earliest Eggenburgian
mollusc fauna still bears witness to northern migrations.
These northern (North Sea Basin) and western (Eastern
Atlantic) remnants are represented among others by the
aporrhaid gastropod Drepanocheilus speciosus
(Schlotheim), the scaphopod Antalis kickxi transiens
(Steininger) and bivalves such as Arctica girondica
(Cossmann and Peyrot). This temperate flavour is lost
completely during the early Eggenburgian, when a
tropical fauna suddenly appears in the entire Paratethys
area. This immigration and turn-over event is marked by
the larger foraminifersAmphistegina bohdanowicziBieda
andMiogypsina intermediaDroger as well as by the giant
cardiid Laevicardium kuebecki (Hauer) and the total loss
of elements derived from the Proto-Eastern Atlantic–
Boreal Region. Only the mud-flats with a diversified
potamidid fauna and vast Crassostrea-bioherms are still
highly reminiscent of their Egerian counterpart.

Faunistic comparisons with Early Miocene nearshore
faunas of the Eastern Mediterranean (Mut Basin, Turkey
in Mandic et al., 2004; Central Iran in Harzhauser et al.,
2002) document a tight relation of the early Danubian
Province with the Proto-Mediterranean–Atlantic Region
and a low endemism. A second wave of immigrations
during the Eggenburgian brings additional elements of
the Proto-Mediterranean–Atlantic Region, such as the
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pectinid Flexopecten palmatus (Lamarck) and the echi-
noid Arbacia.

Due to the gradual faunistic development no large
extinction event can be recognized. This successive
shift is also well reflected in the cycle 1 in Fig. 6A for
gastropods.

5.2. Proto-Caspian Subprovince

5.2.1. Late Ottnangian (∼middle Burdigalian)
The gradual evolution of the latest Oligocene to Early

Miocene Paratethyan faunal provinces is heavily inter-
rupted during the late Ottnangian (=early Kotsakhurian in
the Eastern Paratethys; Fig. 1) when isolation caused a
complete breakdown of biogeographic relations between
the Paratethys and the Mediterranean seas. A second
phase of a rather uniform endemic Paratethys mollusc
fauna, coinciding with the westward extension of the
Proto-Caspian Subprovince, developed. This biogeo-
graphic unit is characterised by its conspicuously large
number of endemic bivalve genera such as Limnopagetia,
Rzehakia, Lenticorbula, or Eoprosodacna (Kvaliashvili,
1962). This peculiar, so-called “Rzehakia fauna” reaches
even the Central and Western Paratethys Sea in the Late
Ottnangian and is the reason to propose a westward ex-
tension of the Eastern Paratethyan Proto-Caspian Sub-
province. Within the gastropods the endemisms are rather
at the species level comprising many taxa with generic
roots in freshwater and brackish water faunas of the Early
Miocene (e.g. Nematurella Sandberger).

5.3. Danubian Province

5.3.1. Karpatian–Badenian (=late Burdigalian–Lan-
ghian–early Serravallian)

The closure of the Tethys seaway in the late Early
Miocene resulted in the breakdown of the Western Tethys
Region into two separated biogeographic regions. In the
west the Proto-Mediterranean–Atlantic Region became
established, being characterised by very homogenous
marine faunas from the Bay of Biscay in the west to the
Central Iran in the east (Harzhauser et al., 2002). In the
Paratethys Sea good marine connections formed after the
Ottnangian crisis allowing immigration of “Mediterra-
nean–Atlantic” faunal elements from the south. At times
of high immigration rates such as the late Early Miocene
Karpatian or the early Middle Miocene Badenian, the
“Mediterranean” character became predominant. The
Karpatian gastropods display about 70–75% typical inha-
bitants of the Proto-Mediterranean–Atlantic Region. A
second wave of immigration with about 500 new occur-
rences within the gastropods followed in the early Bade-
nian (=Langhian). In total, about 270 gastropod species of
the Karpatian are opposed bymore than 770 species of the
early Badenian. Aweaker but similar trend is recorded in
foraminifers with 147 Karpatian and 215 early Badenian
species. This “Badenian bloom” is traceable within most
gastropod families but is most conspicuous within the
cypraeids, turrids, cancellariids, nassariids, or muricids.
The Nassariidae, for example, are present with 8–13
species during the Eggenburgian to Karpatian but in the
early Badenian they increase to 53 species within the
Central Paratethys (Harzhauser and Kowalke, 2004).
Similarly, among the Rissoidae only 3 species of Rissoa
and Alvania in the Karpatian of the Korneuburg Basin
compare with 28 species ofAlvania in the Badenian of the
Central Paratethys (Kowalke and Harzhauser, 2004). In
addition, planktic foraminifers exhibit their highest
species richness in the Miocene of the Central Paratethys
with a rise from 16 in the Karpatian to 24 in the early
Badenian. These immigrations are interpreted to have
followed the expansion of the tropical zone during the
Burdigalian/Langhian climatic optimum and are also well
traceable by the increase in larger foraminiferan taxa
[Planostegina giganteoformis (Papp), P. costata-group,
Amphistegina mammilla (Fichtel and Moll), Borelis
melo ssp., Dendritina haueri d'Orbigny]. The related
Langhian rise in relative sea-level, causing a considerable
transgression also in the Paratethyan basins, provides
further support for the takeover by Mediterranean taxa.

The distribution-patterns of some species such as
Strombus (Euprotomus) schroeckingeri and Rimella
decussata within the nearshore gastropod faunas strongly
suggest a western connection into the Central Paratethys
via the Trans-Tethyan Trench Corridor in Slovenia. In
contrast, these taxa are completely missing in the Car-
pathian Foredeep. New preliminary isotope data which
indicate a different composition of the early Badenian
seawater in the Styrian Basin compared to that of the
Alpine Foreland Basin also suggest a geographic separa-
tion of sea-surface currents in these water bodies (cf. Bojar
et al., 2004 versus Latal et al., 2006).

Hence, this Central Paratethyan fauna was part of the
Proto-Mediterranean–Atlantic Region, being termed the
Danubian Province. This biogeographic affiliation lasted
from the Karpatian up to the late Badenian (late
Burdigalian to early Serravallian) and is thus indepen-
dent from local geodynamic developments. The major
sea-level drop at the Burdigalian/Langhian boundary and
the changing tectonic regime in the Alpine–Carpathian
area are not reflected in a strong biogeographic
separation from the Proto-Mediterranean–Atlantic Re-
gion. Similarly, the two major changes in relative sea-
level at about 14.2 m.y. and 13.6 m.y. did not trigger a
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shift of biogeographic entities, which would require a
separation as a distinct region. Only in the Carpathian
Foredeep some local evolution is observed. There,
species such as Nassarius podolicus (Hoernes and
Auinger) and Nassarius zborzewskii (Andrzejowski)
arose from the widespread Paratethyan Nassarius
dujardini–schoenni stock (Harzhauser and Kowalke,
2004). This evolution was triggered by the geographic
position of this basin which suffered various disconnec-
tions from the other basins of the Central Paratethys,
leading to the formation of evaporites during the Wie-
lician phase of the Badenian. These endemics could be
the foundation for the definition of a Wielician Sub-
province within the Danubian Province.

5.4. Proto-Caspian Province versus Balatonian Province

5.4.1. Sarmatian–Pannonian (= late Serravallian–
Tortonian)

The Danubian Province was terminated abruptly by
the Sarmatian crisis in the late Middle Miocene. A
dramatic change of the water chemistry caused severe
impoverishment of the marine fauna called herein the
Badenian–Sarmatian-extinction event (BSEE). The
geodynamic reconnection with the Eastern Paratethys
allowed the establishment of a rather uniform highly
endemic Sarmatian mollusc and polychaete fauna. This
requires a change in biogeographic classification and the
Paratethys represents now the Proto-Caspian Province,
still part of the Proto-Mediterranean–Atlantic Region.

TheBSEEwas not complete becausemany of the early
Sarmatian foraminifers are hangovers from earlier inter-
vals and the gastropod fauna is obviously a descendent of
the marine Badenian assemblages, containing many
marine Badenian survivors (Boda, 1959; Svagrovský,
1971; Papp et al., 1974). The Paratethyan origin of the
Sarmatian fauna is evident from “Sarmatian” type faunas
occurring already in the latest Badenian (Svagrovský,
1959; Senes, 1974). A candidate as some kind of centre of
origin for a part of the Sarmatian fauna is the Polish–
Ukrainian–Bulgarian foredeep basins. Only there, taxa
such as Nassarius coloratus sarmaticus (Laskarew) and
Nassarius kulensis (Kojumdgieva) managed to pass the
BSEE but are unknown from any other Central Paratethys
basin (Harzhauser and Kowalke, 2004).

Thus, the seemingly abrupt faunistic turn-over was
probably a step-like event. In the fossil record, however, it
is overemphasised and accentuated by the erosion and
depositional gaps due to the major 3rd order sea-level
drop at the Badenian/Sarmatian boundary (Harzhauser
and Piller, 2004a,b). The fewmarine relics are conspecific
with their Badenian ancestors but usually develop smaller
and more delicate shells. Amongst these marine relics a
comparison of the diversity with that of the ancestor
Badenian fauna may give an idea of the heavy incision.
For example the muricids, representing at least 60 species
during the Badenian in the Central Paratethys, decline to
the single species Ocenebra striata (Eichwald). Corre-
spondingly, the less diverse turritellids, counting approx-
imately 20 Badenian species, and the ubiquitous naticids
with about 6 Badenian species, both were reduced to one
species each in the early Sarmatian.

The endemic evolution of the Proto-Caspian Province
remains homogenous during the entire Sarmatian in the
Central Paratethys and up to the early Bessarabian in the
Eastern Paratethys. At roughly 11.6 m.y., due to the
glacio–eustatic sea-level lowstand TB 3.1., the Paratethys
splits geographically into the Pannonian Lake in the west
and the Eastern Paratethys in the East. The brackish to
freshwater lake system of Lake Pannon experienced a
quick radiation of endemic molluscan taxa which allow a
differentiation of a Balatonian Province. In the Eastern
Paratethys the Proto-Caspian Province continued during
the Bessarabian and Chersonnian. The fauna of the Bala-
tonian Province, however, with endemics such as Con-
geria and Orygoceras seems to be rooted in the Early
Miocene lakes of the dinarides (cf. Middle Miocene
ancestors in Kochansky-Devide and Sliskovic, 1978 and
Brusina, 1902). This indicates a somewhat “cryptic”
endemic fauna, contributing to a widely neglected long-
lived bioprovince in the “backyard of Europe”.

6. Conclusions

The development of the Central Paratethyan marine
faunas allows the recognition of several important
patterns. In contrast to ecologically and palaeogeographi-
cally stable regions, the geodynamic impact on the fau-
nistic trends is exceptionally strong. The general trend of
continentalisation throughout the Miocene is reflected in
repeated isolations of the gradually vanishing Central
Paratethys Sea. The interplay of immigrations from the
Proto-Mediterranean–Atlantic Region and endemic evo-
lution usually fed by elements of the Proto-Caspian Sub-
province is reflected by a high turn-over rate during the
geodynamical instable Middle and Late Miocene. In
contrast, low extinction rates coincide with the relatively
stable development of the Early Miocene.

Five distinct Miocene faunal cycles are delineated
based on 1348 gastropod species. Each cycle starts with
immigration or endemic evolution, giving the faunas a
“young” character. These young faunas with about 14–
35% “old” species soon grade into stable communities
with percentages of derived species ranging around 70–
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80% (Fig. 6). This pattern is amplified by four extinction
events and by one exceptional build-up event. The latter,
termed early-Badenian-build-up-event (EBBE) and the
successive mid-Badenian-extinction-event (MBEE) co-
incide with highest species-richness in the history of the
Central Paratethys. A link with the Middle Miocene cli-
matic optimum, allowing thermophiles to invade the
north, and the onset of the Middle Miocene climate
transition causing the mid-Badenian decline is reliable.
Foraminifers turned out to be more conservative and
stable. Whilst gastropods tend to recover extinctions
partly by endemic evolution, foraminifers diplay gener-
ally less dramatic turn-over rates and are less prone to
endemisms (except for the Sarmatian stage). This stability
and wide geographic distribution, however, render Para-
tethyan foraminifers as a reliable biostratigraphic tool for
correlation with the Mediterranean and Atlantic Miocene
record.

In terms of biogeography, the geographic units Central
Paratethys Sea and Lake Pannon have been settled by 4
distinct biogeographic entities. During the Late Oligocene
and EarlyMiocene the Central Paratethys experienced the
shift from the Proto-Danubian Province towards the Early
Danubian Province. The latter was strongly connected to
the Western Tethys Region whilst the Proto-Danubian
Province was also influenced by contacts with the Proto-
Eastern Atlantic–Boreal Region. Community collapse
due to geographic isolation allowed the spreading of the
faunas of the Proto-Caspian Subprovince from the east
into the Central Paratethys. The first take-over by
elements of that faunal-type occurred during the Late
Ottnangian, the second one during the Sarmatian. During
the intervening phase the Danubian Province was rapidly
established. The faunistic nexus with the Proto-Mediter-
ranean–Atlantic Region is explained by a heavy wave of
northward immigrations during the early Badenian
(Langhian). In the Late Miocene, the fully endemic
Balatonian Province came into existence, coinciding with
the formation of Lake Pannon. Early andMiddleMiocene
records of freshwater systems in the Dinarids, contributed
by typical taxa of the Balatonian Province, indicate that
this biogeographic unit may have a long but somewhat
enigmatic history.
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