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Abstract The Pannonian Basin, originating during the
Early Miocene, is a large extensional basin incorporated
between Alpine, Carpathian and Dinaride fold-thrust belts.
Back-arc extensional tectonics triggered deposition of up to
500-m-thick continental fluvio-lacustrine deposits distrib-
uted in numerous sub-basins of the Southern Pannonian
Basin. Extensive andesitic and dacitic volcanism accom-
panied the syn-rift deposition and caused a number of
pyroclastic intercalations. Here, we analyze two volcanic
ash layers located at the base and top of the continental
series. The lowermost ash from Mt. Kalnik yielded an
“OAr/*Ar age of 18.07 + 0.07 Ma. This indicates that the
marine-continental transition in the Slovenia-Zagorje
Basin, coinciding with the onset of rifting tectonics in the
Southern Pannonian Basin, occurs roughly at the Eggen-
burgian/Ottnangian boundary of the regional Paratethys
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time scale. This age proves the synchronicity of initial
rifting in the Southern Pannonian Basin with the beginning
of sedimentation in the Dinaride Lake System. Beside
geodynamic evolution, the two regions also share a biotic
evolutionary history: both belong to the same ecoregion,
which we designate here as the Illyrian Bioprovince. The
youngest volcanic ash level is sampled at the Glina and
Karlovac sub-depressions, and both sites yield the same
YOAr/PAr age of 15.91 £ 0.06 and 16.03 & 0.06 Ma,
respectively. This indicates that lacustrine sedimentation in
the Southern Pannonian Basin continued at least until the
earliest Badenian. The present results provide not only
important bench marks on duration of initial synrift in the
Pannonian Basin System, but also deliver substantial
backbone data for paleogeographic reconstructions in
Central and Southeastern Europe around the Early—-Middle
Miocene transition.

Keywords Ar/Ar chronology - Basin evolution -
Pannonian Basin - Dinaride Lake System - Paratethys

Introduction

The Pannonian Basin is the largest extensional basin in a
back-arc tectonic setting that formed during the Miocene in
Central Europe (Fig. 1). Its evolution was strongly deter-
mined by complex intra-European plate tectonic processes of
continental collision and subduction, which also generated
the Alpine-Carpathian-Dinaride mountain belt (Horvath and
Tari 1999; Fodor et al. 1999; Schmid et al. 2008). The
Southern Pannonian Basin (SPB: Fig. 2) comprises a series
of depressions with largest Sava and Drava depression
attaining up to 6,000 m (Safti¢ et al. 2003). Their initiation
started in the early-middle Miocene by continental rifting
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Fig. 1 Geotectonic map of the Pannonian Basin System and adjacent
fold-thrust belts (modified after Schmid et al. 2008)

through lithosphere thinning along with reactivation of
large, Oligocene dextral transform faults (Paveli¢ 2001;
Hrvatovi¢ 2006). This extensional phase was accompanied
by strong andesitic and rhyolitic volcanic activity (Konecny
et al. 2002; Kovacs et al. 2007).

Typical sedimentary successions of the initial SPB
comprise continental, alluvial and lacustrine sediments
unconformably overlying a strongly tectonized basement
(Paveli¢ et al. 2003). The only exception is that stripe of
the Slovenia-Zagorje Basin (SZB in Fig. 2), where an
alluvial series terminates the Oligocene to Early Miocene
marine deposition related to the Trans-Tethyan Trench
Corridor (Rogl 1998). The superposing lacustrine series
contains characteristic faunal elements of high similarity
with the Dinaride Lake System to the south, thus belonging
to the same bioprovince (Kochansky-Devidé and Sliskovi¢
1978; Buli¢ and Jurisi¢-Polsak 2009). The continental flu-
vio-lacustrine series is generally overlain by transgressive
marine deposits representing a wide-spread ingression of
the Paratethys Sea into the SPB.

Two volcanic ash-levels, one at the base and one at the
top of the continental series, were sampled here for Ar/Ar
dating. The lower volcanic ash helps determine the age of
the initial rifting tectonics of the SPB and the marine-
continental transition in the Slovenia-Zagorje Basin. The
upper volcanic ash establishes the age of the lacustrine
units and the maximum possible age for the initial Parat-
ethys transgression. In combination, they provide new
insights into the duration and evolution of the Dinaride
Lake System (Krsti¢ et al. 2003; Harzhauser and Mandic
2008).
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Fig. 2 The map shows the position of geographic and geologic
features from the southern Pannonian Basin and adjoining Dinaride-
Alpine fold-thrust belts that are referred to in the text. The white-
shaded area represents Miocene to Pleistocene infill of the Pannonian
Basin System starting with the Middle Miocene marine flooding. The
dark green-shaded areas are Lower to Middle Miocene lacustrine
deposits. Compiled after Fodor et al. (1999), Tomljenovi¢ and
Csontos (2001), Jelen and Rifelj (2003), Paveli¢ et al. (2003), Safti¢
et al. (2003), Placer (2008), geologic maps of former Yugoslavia M
1:100,000 and M 1:500,000 and ESRI ArcGIS base maps. SZB
Oligocene to Lower Miocene Slovenia-Zagorje Basin, PB Pannonian
Basin, PF Periadriatic Fault, LF Lavantal Fault, SF §0§tanj Fault, CF
Celje Fault, DoF Donat Fault, LjF Ljutomer Fault, BF Balaton Fault,
NF Nagykanizsa Fault, SF' Sava Fault, DrF Drava Fault

Geological setting

The series of depressions that form the SPB is located at
the northern part of the Dinaride mountains (Fig. 1). These
mountains formed in the Eocene by thrust sheet stacking
related to subduction and collision with the Tisia micro-
plate in the north and the Adriatic microplate in the south
(Pami¢ et al. 1998; Tari and Pami¢ 1998; Tari 2002;
Bennet et al. 2008; Tomljenovic et al. 2008; Schmid et al.
2008). The largest basins are the Sava and Drava depres-
sions, both representing trough-like NW-SE-oriented
structures, wherein the Sava and Drava rivers now flow in a
southeastern direction (Fig. 2). These basins are mostly
situated in Northern Croatia, but extend partly into northern
Bosnia and Herzegovina (Sava depression) and southern
Hungary (Drava depression). The basement belongs to the
Internal Dinarides, but shows the typical NW-SE Dinaride
strike direction only in southern outcrops.

The sedimentary infill of the SPB is up to 6,000 m thick
and is divided into three megacycles reflecting the geody-
namic history of the Pannonian Basin (Safti¢ et al. 2003).
Our investigation deals with the lower part of the first
cycle. It represents the initial syn-rift phase of the
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Pannonian Basin, comprises an upward succession of
alluvial/lacustrine deposits and terminates with the marine
deposits of the Paratethys transgression. The Sava and
Drava depressions accumulated thick clastic deposits
plumbed by mud rocks that trapped significant oil accu-
mulations from basement rocks (Luci¢ et al. 2001; Safti¢
et al. 2003; Dolton 2006). Our study areas are located at the
western margin of the Drava depression (Mt. Kalnik) and at
the southwestern margin of the Sava depression (Karlovac
and Glina sub-depressions; Fig. 2).

Mt. Kalnik area

The inselberg Mt. Kalnik has a NE-SW strike and represents
probably the rotated thorn of the westernmost Internal
Dinaride extension (Fig. 1). That block was displaced
during the Oligocene in a northeastern direction along the
Periadriatic Fault Zone (PFZ; Tomljenovi¢ et al. 2008;
Placer 2008; Fig. 1). PFZ comprises Periadriatic, Donat,
Ljutomer and Balaton Faults (Fig. 2). Particulary, along the
Donat Fault the Oligocene dextral displacement in order of
50 km is detected by vitrinite reflectance data (Sachsenho-
fer et al. 2001). During initial Pannonian Basin syn-rift in
the Karpatian (latest Early Miocene), the Donat transpres-
sive/transtensional zone delineated the graben structure
above the Ljutomer Fault in the southernmost Mura
depression (Fodor et al. 2002; Jelen and Rifelj 2003). No
Karpatian marine deposits have been ever detected south to
that paleograben (Jelen and Rifelj 2003; Rasser et al. 2008).

The area of Mt. Kalnik (Fig. 2) represented during
Oligocene and Early Miocene the southeastern boundary of
the Slovenia-Zagorje Basin (SZB), known also as Trans-
Tethyan Trench Corridor (Rogl 1998). It acted as marine
connection between the Paratethys and the Mediterranean.
Whereas the compression of the Adria tectonic block
against the Europe resulted in SZB inversion and its
subareal exposure in the Early Miocene (Jelen and Rifelj
2003), the extension due to lateral escape of the Alcapa
block along the PFZ (Fig. 1) triggered consequently the
formation of the Pannonian Basin (Schmid et al. 2008).
Hence, the SZB-related tectonostratigraphic unit comprises
paralic coal bearing, marginal marine Egerian deposits
overlain by Eggenburgian shallow marine glauconitic
sands (Poljak 1942; Siki¢ and Jovié 1968; Simuni¢ et al.
1990; Anici¢ et al. 2002; Jelen and Rifelj 2003). The
deposition of Egerian and Eggenburgian sediments was
accompanied by strong, PFZ-related, andesitic volcanic
activity (gimunié and Pami¢ 1993; Altherr et al. 1995;
Tibljas et al. 2002). The subsequent Pannonian Basin tec-
tonostratigraphic unit is marked at Mt. Kalnik with fresh-
water deposits trangressively overlain by the Badenian
(Middle Miocene) marine sediments. It starts with fluvial
siltstones, sandstones and conglomerates, passing upwards

into lacustrine marls and sandstones (Paveli¢ et al. 2001).
Based on microfloristic evidence and on the regional
stratigraphic context, the fluvial deposits are attributed to
the lower Ottnangian, the lake deposits to the upper Ott-
nangian (Paveli¢ et al. 2001).

Karlovac and Glina sub-depressions

The southwestern margin of the Sava depression is marked
by two sub-depressions (Karlovac and Glina) divided by
the SSW-NNE striking Paleozoic and Mesozoic basement
rocks of Kamesnica hill (Fig. 2). These sub-depressions are
delineated in the SE by Paleozoic rocks, Jurassic ophiolites
and Eocene flysch deposits (Schmid et al. 2008; Tomlje-
novic et al. 2008). The margin in the NW is determined by
Triassic platform carbonates and Cretaceous flysch. The
lacustrine series, rich in mollusks (Kochansky-Devidé and
Sliskovi¢ 1978 and reference therein), bears coal deposits
that were exploited until the 2nd world war (Jurkovié
1993). According to Saftic et al. (2003), the Karlovac sub-
depression comprises more than 1.5-km thick infill, the
Glina sub-depression more than 0.5-km thick infill of
Neogene sediments. Based on facies distribution inferred
from well data, Pletikapic (1960) argued that, during
lacustrine deposition, the Sava and Glina depressions were
disconnected through a longitudinal ridge made up of
Eocene rocks. In the Karlovac sub-depression, the basal
lacustrine deposits are outcropping only at the southern
part of Kamesnica hill (Fig. 2). These deposits are more
common in the Glina sub-depression and can be found
along its entire margin. Volcanic ash intercalations in the
lacustrine sediments of Glina were described earlier by
Muti¢ (1979). According to that author, they comprise
andesitic-dacitic crystallvitroclastic and vitroclastic tuffs
dominated by quartz, plagioclases and biotite.

Ar/Ar geochronology
Sections and materials

The volcanic ash at the base of the continental series was
sampled at the eastern part of Mt. Kalnik, in the Glogov-
nica brook (GPS WGS 1984: 46.15858, 16.525669; about
20 km SE of Varazdin; Fig. 2). This is the easternmost of
three localities collectively termed KneZev jarak by Tibljas
et al. (2002; pers. comm.). The tephra layer at Glogovnica
brook represents a massive bed of 2-m gray, compacted,
clayey biotite-bearing ash superposed by 6.7 m of a whitish
to light grayish, non-consolidated, strongly altered silty ash
bed. This suggests intensive volcanic activity close to the
site. The section starts with 0.5-m coarse to fine-grained
conglomerates overlain by 0.5-m coarse to middle-grained
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Fig. 3 Studied sections showing position of dated samples

grayish brown sandstones. This is followed, up to the ash
base, by 0.7 m of sandy, micaceous clay. The ash is finally
superposed by 1 m of clayey sand (Fig. 3). The sampled
sedimentary succession at Mt. Kalnik lacks fossils.

The volcanic ash at the upper part of the lacustrine
sediments was sampled at two localities (30 km apart) in
the southern Sava depression (Fig. 2). The western locality
is in the Karlovac sub-depression, close to the village Sje-
nicak (GPS WGS 1984: 45.422371, 15.797117). The east-
ern locality is in the Glina sub-depression, in the Paripovac
brook north of the village Mali Gradac (GPS WGS 1984:
45.273135, 16.234022). In both localities, this volcanic ash
layer is only ~ 0.5 m thick. At Sjenicak, it is represented by
a biotite-bearing montmorillonite clay layer. Below the ash,
more than 6 m of interbedded sands, pelites and limestone
are present. They bear an accumulated lacustrine mollusk
fauna dominated by Mytilopsis bivalves. The ash layer itself
is positioned ~2 m below the transgression horizon, which
is marked by marine organogenic limestones of Badenian
age. That 2-m-thick limestone horizon is superposed finally
by about 3-m-thick fining upward interval of marine con-
glomerate and sand. At Paripovac brook, the ash is gray
medium sand with white calcite veins and biotite flakes up
to 1.5 mm in diameter. It is intercalated in a thin sedi-
mentary sequence of 2 m of clays and silts bearing accu-
mulated Mytilopsis shells below the ash and about 1 m of
clays and lacustrine limestone above the ash.

Methods

The bulk ash samples were crushed, disintegrated in a
dilute calgon solution, washed and sieved over a set of
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sieves between 63 and 500 um and the largest appropriate
mineral fraction was subjected to standard heavy liquid and
magnetic separation techniques for sanidine (non-mag-
netic, 02.55-2.60). All samples were subsequently hand-
picked and leached with a 1:5 HF solution in an ultrasonic
bath for 5 min.

The resulting mineral separates were then sent for irra-
diation at the Oregon State University TRIGA reactor in
the cadmium-shielded CLICIT facility for 10 h. Upon
return to the VU Argon Laboratory, the samples were pre-
heated under vacuum using a heating stage and heat lamp
to remove undesirable atmospheric argon. Thereafter,
samples were placed in an ultra high vacuum sample
chamber and degassed overnight. For each ash sample, 10
multiple-grain splits of the mineral separate were fused
using a Synrad CO2 laser in combination with a Raylase
scanhead as a beam delivery and beam diffuser system.
After purification, the resulting gas was analyzed with a
Mass Analyzer Products LTD 215-50 noble gas mass
spectrometer. Beam intensities were measured in a peak-
jumping mode in 0.5 mass intervals over the mass range
40-35.5 on a Balzers 217 secondary electron multiplier.
System blanks were measured every three to four steps.
Mass discrimination was monitored by frequent analysis of
aliquots of air. The irradiation parameter J for each
unknown was determined by interpolation using a second-
order polynomial fitting between the individually measured
standards.

All “°Ar°Ar ages have been calculated with the
ArArCalc software (Koppers 2002), applying the decay
constants of Steiger and Jager (1977). The age for the Fish
Canyon Tuff sanidine flux monitor used in age calculations
is 28.201 % 0.03 Ma (Kuiper et al. 2008). The age for the
Drachenfels sanidine flux monitor is 25.477 £ 0.03 Ma
(see Appendix). Correction factors for neutron interference
reactions are 2.64 £ 0.017 x 107* for (°Ar/”Ar)c,,
6.73 £ 0.037 x 10~* for (°Ar/’Ar)c,, 1.211 £ 0.003 x
1072 for (®Ar/*Ar)x and 8.6+ 0.7 x 107* for
(40Ar/3 9Ar)K. Errors are quoted at the 1o level and include
the analytical error and the error in J.

Results

An overview of the results is displayed in Table 1. All
relevant analytical data as well as error determination are
presented in Table 2a—c and in the online supplementary
material. For each of the Glogovnica, SjeniCak and Pa-
ripovac ashes, 10 multiple-grain single-fusion experiments
were performed (Table 2). Mass discrimination was mon-
itored frequently during the analytical runs and was not
always stable. We ignored all data with unlikely high
(>1.0150) mass discrimination corrections. The uncertainty
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Table 1 Summary of the “°Ar/*°Ar results

Sample Location Weighted mean age (Ma) n N MSWD Mineral Inverse isochron age Isochron intercept
Glogovnica N46.158580 E016.525669 18.07 + 0.07 10 1.26 Sanidine 18.04 & 0.07 360 + 38
Sjenicak N45.422371 E015.797117 15.91 £ 0.06 10 1.18 Sanidine 15.89 + 0.06 303+ 6
Paripovac ~ N45.273135 E016.234022 16.03 & 0.06 9 204 Feldspar 16.04 £ 0.06 295+ 5

MSWD mean square weighted deviates, n is the number of experiments used to calculate the weighted mean and isochron age, N is the total

number of repetitions in the single-fusion experiments

in our discrimination correction is therefore ~0.2-0.3%
depending on the stability of air measurements run before
and after our unknowns.

For the Glogovnica ash, 5 out of 10 experiments were
selected to calculate the weighted mean age of
18.07 & 0.07 Ma (Fig. 4; Table 2a), with the mean square
weighted deviates (MSWD) of 1.26 and with an isochron
age of the 18.04 &+ 0.07 Ma (Table 1). Experiments 48A
and B were discarded based on their high mass discrimi-
nation correction indicating peak calibration problems of
the mass spectrometer. After magnet calibrations, the
experiment was continued. Experiments 481 and M were
excluded due to their comparatively low K/Ca content,
indicating the presence of a lower K mineral. Experiment
48H was discarded because the mass spectrometer
encountered peak centering problems during this experi-
ment. The error in the isochron intercept for the Glogov-
nica experiments is large due to the high percentage of
radiogenic argon and resultant clustering of data points.

A weighted mean age of 15.91 £ 0.06 Ma was calcu-
lated based on 5 out of the 10 experiments performed for
the Sjenicak ash (Fig. 4, Table 2b). The weighted mean
age is concordant with the 15.89 £ 0.06 Ma isochron age
(MSWD = 1.91) (Table 1). Experiment 50G and 50 K
were discarded because they are significantly younger than
other experiments. Experiments 50H, 50L and 50A were
identified as outliers by comparing MSWD with the
T-student distributions at the 95% significance level
(Koppers 2002).

The weighted mean age of 16.03 £ 0.06 Ma for the
Paripovac ash was calculated based on 6 out of the 9
measured experiments (Fig. 4; Table 2c). The weighted
mean age is concordant with the 16.04 £ 0.06 Ma iso-
chron age (MSWD = 2.04) (Table 1). The mass discrim-
ination factor was more stable during the measurement of
the Paripovac experiments and none had to be discarded on
these grounds. Experiments 59A and F were excluded
when calculating the weighted mean age because they are
significantly younger than the other experiments. Experi-
ment 59L was discarded because problems with peak
centering were encountered during measurement.

For all three ash samples, outliers were further identified
until the MWSD of the calculated weighted mean ages was

smaller than the T-student distribution at the 95% confi-
dence level (Table 2a—c). The weighted mean ages were
concordant with the isochron ages and very close to the
main peak in probability density distribution, even though
the age populations in the latter were not completely
homogeneous. We therefore interpret them to reflect the
tuffs’ crystallization ages. The ages for the Paripovac and
Sjenicak ashes are in excellent agreement and suggest that
we are dealing with the same volcanic event, even though
the great difference in their K/Ca ratio indicates that we
separated and dated a material with a different chemical
composition.

Discussion

Initiation of extensional tectonics in the South
Pannonian Basin

The volcanic ash from the Glogovnica tuff at Mt. Kalnik is
stratigraphically located in the basal part of the fluvial-
lacustrine deposits of the Drava depression. Following to
inversion of the Oligocene-Lower Miocene Slovenia-Zag-
orje Basin (Paveli¢ et al. 2001; Jelen and Rifelj 2003;
Fig. 2), this new tectonostratigraphic cycle reflects the
beginning subsidence in the Pannonian Basin. The new
Ar/Ar dating of the Glogovnica tuff indicates that this initial
rifting phase of the SPB took place at 18.07 & 0.07 Ma
(Figs. 4 and 5). This corresponds stratigraphically roughly
to the Eggenburgian/Ottnangian transition in the Paratethys
time scale (Piller et al. 2007) and to the middle Burdigalian
of the standard Geological Time Scale (Lourens et al.
2004). The Eggenburgian/Ottnangian transition corre-
sponds to a major global sea-level low-stand event marking
the third-order sequence boundary Bur-3 (Piller et al.
2007).

The sedimentary successions of the continental basinal
infill of the various SPB depressions generally show a
similar architecture, with alluvial sediments in the lower
part and lacustrine sediments in the upper part (Pavelié
2001). Such an architecture is present everywhere along the
basinal margins, e.g., in the region of Mt. Zumberak
(Vrsaljko et al. 2005), Mt. Medvednica (Paveli¢ et al.
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Fig. 4 Probability plots. Error bars are 1 sigma analytical errors.
Black data are included in weighted mean age, gray data are
excluded, see text for explanation

2001), Mt. Papuk (Paveli¢ et al. 1998), Mt. Pozeska
(Hajek-Tadesse et al. 2009) and Mt. Kalnik (Paveli¢ et al.
2001). Consequently, Paveli¢ et al. (1998) suggested a
uniform opening of these basins due to tectonic rifting.
According to that model, the early rifting was accompanied
in the SPB by the extension of vast floodplain environ-
ments. The initial leveling of the relief was characterized
by the extended accumulation of conglomerates and other
fluviatile material infilling the depressions. During a later
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phase, larger and smaller lakes developed here. This lake
development was probably an effect of more humid climate
conditions following the onset of the Miocene climate
optimum (Zachos et al. 2001) coinciding with increased
subsidence rates in the area which promoted together lake
settlement throughout the region.

In addition, the new age for the extensional tectonics of
the SPB correlates exactly with the age of the initial
extension and deposition in the intra-mountainous basins of
the Dinaride Lake System dated currently in the Sinj Basin
(De Leeuw et al. 2010). The vast area of that system,
stretching southwards across the Dinarides into the Outer
Dinaride Foreland Basin on the Adriatic microplate, dem-
onstrates the extended spatial range of Pannonian Basin
extensional tectonics (De Leeuw et al. 2010). The initiation
of Lake Sinj in southern Croatia was recently determined
by Ar/Ar dating in combination with magneto-biostrati-
graphic correlations to have occurred at ~18 Ma (De
Leeuw et al. 2010). This synchronicity indicates that large-
scale geodynamic processes in the Dinaride fold-thrust belt
and the Pannonian region were responsible for the initial
extension phase in the SPB.

Our new age constraint for the marine-continental
transition fits very well with the previous age data on the
basal units of the SPB. Such age is also in good agreement
with the K/Ar age of 19.21 £ 0.64 Ma for the glauconite
sands of the underlying marine Macelj formation (Avanic¢
et al. 2005), which correlates to the Eggenburgian. The
superposing continental series of Mt. Kalnik correlates to
the Ottnangian based on pollen data (Paveli¢ et al. 2001).
In particular, their lacustrine part corresponds to the late
Ottnangian microfloristic zone MF-4 indicating the last
cold spell before the start of the global warming event in
the Karpatian. The subsequent thermophilous floral
assemblage is known from the similar environmental set-
ting of Mt. Moslavacka Gora at the northern margin of the
Sava Depression (Krizmani¢ 1995). The calculated age
from Mt. Kalnik is also in accordance with Tibljas et al.
(2002), who suggested that the Glogovnica ash correlates,
based on its chemical composition, with Egerian and
Eggenburgian andesites and dacites. Its dating with the
Eggenburgian/Ottnangian boundary interval places it to the
very final phase of the andesite-dacite volcanism support-
ing the authors’ suggestion that a major change in geo-
chemical composition of regionally very common volcanic
and volcanoclastic rocks must have taken place during the
Ottnangian.

In the North Hungarian Basin, positioned in NE pro-
longation of the Slovenia-Zagorje Basin, the corresponding
continental fluvio-lacustrine series superposes marine
deposits with Pecten hornensis of early Ottnangian age
(Csepreghyné Meznerics 1967; Piller et al. 2007). The
Lower Rhyolite Tuff, intercalated in the lower part of that



Int J Earth Sci (Geol Rundsch)

Fig. 5 Geochronologic Geologic Time Scale
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continental series, was dated by the “°Ar/*’Ar technique at
17.02 £ 0.14 Ma and 16.99 £ 0.16 Ma (Palfy et al. 2007).
This suggests a distinctly younger, early Karpatian age for
the volcanism.

Paleogeographic changes and faunal bioprovinces

The marine Egerian and Eggenburgian deposits of the
Slovenia-Zagorje Basin indicate that this region formed
prior to SPB installation at the southeastern margin of the
Paratethys Basin (Fig. 2). During Egerian, it belonged to
the Transtethyan corridor that connected the Paratethys
with the Mediterranean-Tethys Sea in northeastern Italy via
the North Hungarian Basin (Ro6gl and Steininger 1983;
Rogl 1998). Our results indicate that marine environments
of the Slovenia-Zagorje Basin preceding the SPB extension
disappeared at 18.1 Ma during the earliest Ottnangian. This
involved a combination of tectonic activity and glacio-
eustatic sea-level lowering.

The Ottnangian and Karpatian sediments of the Parate-
thys region are characterized by the occurrence of brackish
marine Rzehakia assemblages. They are considered to mark
a major endemic event that can be traced all across the
Paratethys Sea from Bavaria into the Caucasus (Mandic and
Corié 2007). During this event, the entire Paratethys Sea is
considered to be a separate ecoregion termed Danubian
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Province (Harzhauser and Piller 2007 and references
therein). The absence of Rzehakia shell accumulations in the
entire SPB including Styrian basin, SW Hungary (up to
Varpalota), and Mura, Drava and Sava depressions indicates
that their connection to the Paratethys was completely lost at
that time. Moreover, it shows that no Paratethys ingressions
occurred in the SPB during the late Ottnangian and early
Karpatian: such an ingression would have certainly brought
this peculiar brackish fauna into the lake system.

The Karpatian transgression (Rogl 1998) from the
Mediterranean via the Venetian and Styrian basins into the
North Hungarian Basin apparently did not cross the Donat
fault into the Drava and Sava depressions (Figs. 2 and 6).
This transgression must have taken place at a time when
Rzehakia was already extinct in the Paretethys because that
taxon did not migrate southwards following the re-estab-
lishment of marine conditions. An absence of Karpatian
marine deposits south of the Donat fault was also suggested
by Rasser et al. (2008).

The biostratigraphic data from the SPB (Mytilopsis/dre-
issenid bivalves) indicate that its freshwater environments
are closely related to the Dinaride Lake System that origi-
nated at the same time (Mandic et al. 2009; De Leeuw et al.
2010). The southern margin of the Sava depression shows
particularly high faunal similarity with the mollusk fauna of
the Dinaride intra-mountainous basins (Kochansky-Devide

@ Springer
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Fig. 6 Paleogeographic map showing extensions of the Dinaride
Lake System, Lake Serbia and the Paratethys during the Early/Middle
Miocene transition (compiled after Rogl and Steininger 1983; Hamor
1988; Kirsti¢ et al. 2003, and own data). Dashed lines mark the
maximal possible extension of the Illyrian Bioprovince. The
geographic area is same as in Fig. 1

and Sliskovi¢ 1978). Based on the high-grade endemic
character (Harzhauser and Mandic 2008), these faunas are
regarded to constitute an independent paleobiogeographic
unit that we now term the Illyrian Bioprovince. The
extension of the Illyrian Bioprovince did not always exactly
correlate with the extension of the Dinaride Lake System.
Especially during the Karpatian-Badenian, dreissenid-rich
accumulations of the Illyrian Bioprovince extended further
north to Mt. Meszesk (Hamor 1970) and Mt. Bakony
(Kékay 2006) in S Hungary, to Fohnsdorf (Holzel and
Wagreich 2004) and into the Vienna Basin (Schultz 2003)
in E Austria and further south to the region SSE of Belgrade
(Knezevi¢ 1996) belonging to the Lake Serbia (Krsti¢ et al.
2003) (Fig. 6).

The lacustrine deposits from the Karlovac and Glina
sub-depressions are also characterized by abundant dre-
issenid bivalve accumulations of the Illyrian Bioprovince
type, whereas these accumulations are absent in the older
deposits at Mt. Kalnik. Drill holes in the Sava depression
indicate that the dreissenid assemblages are restricted to the
upper part of the lacustrine interval (OZegovi¢ 1944). The
volcanic ashes of Sjeni¢ak and Paripovac are located at
the upper part of the terrestrial series and consequently
provide the youngest age for the lake deposits and the
Ilyrian Bioprovince in the SPB. The new Ar/Ar dating of
15.91 + 0.06 Ma and 16.03 £ 0.06 Ma for the dreissenid
assemblages for the first time prove that lacustrine sedi-
mentation continued in the SPB at least until the earliest
Badenian. This is significantly younger than the previously
inferred late Ottnangian age (Kochansky-Devide and
Sliskovi¢ 1978; Buli¢ and Jurisi¢-Polsak 2009; Hajek-Ta-
desse et al. 2009).

@ Springer

The typical sedimentary successions of the terrestrial
series of the SPB show alluvial sediments in the lower part
and lacustrine sediments in the upper part (Paveli¢ 2001).
Pavelic et al. (1998) inferred a synchronous installation of
a huge open lake environment, connecting all depressions
of the SPB. This model was based on sections from the
Pozega sub-depression where marine transgression indeed
flooded one deep, open lake, changing the water chemistry
and introducing marine immigrants without changing the
depositional facies (Paveli¢ et al. 1998; Hajek-Tadesse
et al. 2009). In contrast, Safti¢ et al. (2003) claimed, based
on results from the Sava and Drava depressions, that the
lakes were not connected but formed rather isolated
occurrences across the southern Pannonian Basin. The
calculated ages of the two tephra layers together with
previously discussed faunal difference suggest that the
continental fluvio-lacustrine deposition is possibly not
coeval across the SPB (Fig. 5). Such sedimentation
occurred already in the early Ottnangian at Mt. Kalnik and
during the early Badenian in the southern Sava depression.
These significant age differences partly fit tectonostrati-
graphic models for the early rifting phase of the SPB
(Prelogovi¢ 1975; Paveli¢ 2001). These models imply an
earlier development of the Drava versus the Sava depres-
sion. Accordingly, subsidence and lake development could
have first started in the Drava depression, progressing later
in southward direction over the Bjelovar and Pozega sub-
depressions to finally reach the Sava depression and its
southern sub-depressions.

The Badenian transgression in the Southern Pannonian
Basin

The marine Badenian transgression and opening to the
world oceans represented a crucial phase in the Pannonian
Basin formation, especially in the Interior Dinaride Fore-
land where terrestrial environments persisted since the
Eocene time (Rogl 1998; Popov et al. 2004). The Sjenicak
and Paripovac ashes are both located slightly below the
marine transgression (Fig. 3), and the equivalent *°Ar/**Ar
ages of ~16.0 Ma thus indicate the maximum age of the
Badenian transgression in the SPB. This transgression is,
however, biostratigraphically dated to an age younger than
14.8 Ma based on nannofossil assemblages corresponding
to NNS5 at Mt. Medvednica and at Mt. Papuk by Cori¢ et al.
(2009).

Accepting a maximum age of 14.8 Ma for the Badenian
transgression at Karlovac implies a significant hiatus/
interruption of sedimentation between the lacustrine
deposits and the marine flooding. This discordance is also
recorded at the northern margin of the sub-basin, where
Badenian marine deposits directly transgress the basement
rocks (Pletikapi¢ 1960). A similar conclusion must be
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made for the Glina sub-depression where, according to
regional stratigraphic data, the studied ash layer is overlain
by coal deposits (Jurkovic 1993; field observation).
Apparently, a swamp-related marginal lake environment
installed itself, marking the final phase in regional lacus-
trine deposition. Similarly, very thick coal deposits can be
traced in their southeastern continuation (Fig. 2), e.g., in
the Ljesljane Basin north of Prijedor in Bosnia and Herz-
egovina or in the Banja Luka Basin (Milojevi¢ 1976). The
Karlovac and Glina sub-depressions could thus represent a
zone independent from the Sava depression and related to
the intra-mountainous basins of the Dinaride Lake System
(Fig. 2). This suggests that, in contrast to Lake Pozega
(Pozega sub-depression) in the Slavonian Mountains
(PaveliC et al. 1998; Corié et al. 2009, Hajek-Tadesse et al.
2009), the lakes of the Karlovac and Glina sub-depressions
were not directly flooded by the Middle Miocene marine
water, but vanished before the transgression.

Alternatively, it is possible that the marine transgression
was not coeval for the entire SPB. This would diminish the
significance of the latter result. In particular, the bio-
stratigraphic data available from the region NE of Banja
Luka and Prijedor in Bosnia and Herzegovina suggest that
the marine transgression first reached the southern sub-
depressions of the Sava Depression in the late Early
Badenian (Petrovi¢ and Atanackovié¢ 1969, 1976; Fig. 5).
Future investigations of the Drava Depression should focus
on demonstrating the age of its initial marine flooding in
respect to the previously reported Karpatian datum (Paveli¢
et al. 2001). Within the Hungarian part of that depression,
the marine transgression is attributed to the Badenian
(Safti¢ et al. 2003). Data from Slovenia fix the position of
the southernmost Karpatian deposits at the Donat fault
(Rasser et al. 2008), striking along the northwestern
boundary of the Drava depression (Fig. 2). At Mt. Vilanny
north of the Drava depression, the marine flooding is also
settled into the Badenian (Safti¢ et al. 2003). There, the
lake deposits underlying the transgression bear common
dreissenid shell accumulations (Hamor 1970), suggesting
its relation to the younger part of the SPB basal fluvio-
lacustrine infill.

Conclusions

The volcanic ash from Mt. Kalnik is dated at ~18.1 Ma and
corresponds to the middle Burdigalian and the
Eggenburgian-Ottnangian transition. Its stratigraphic posi-
tion at the base of the initial fluvial-lacustrine deposits of the
Drava depression corresponds with the start of extensional
tectonics in the Pannonian Basin System. Our new age
correlates exactly with the age of the initial deposition in
the intra-mountainous basins of the Dinaride Lake System.

This provides evidence for similar large-scale geodynamic
processes in the Miocene of the Dinaride fold-thrust belt and
the Pannonian Basin.

The volcanic ashes from the Karlovac and Glina sub-
depressions are dated at ~16.0 Ma, corresponding to the
earliest Langhian and earliest Badenian, respectively. This
implies that the duration of the SPB extensional phase,
characterized by fluvial and lacustrine deposition, lasted
more than 2 Myr. Taking into account the revised datum of
initial marine flooding in the Southern Pannonian Basin
(Cori¢ et al. 2009) that duration may even be extended by
an additional 1 Myr.

Such a long duration of the continental cycle—in
combination with available sedimentation data, sequence
stratigraphy, and the position and character of marine
transgression—makes continuous basin deepening models
improbable. We here suggest a phase of several indepen-
dent, smaller and larger basins comparable with the
Dinaride intra-mountainous basins and argue that the entire
study area paleogeographically and tectonically corre-
sponds to the Dinaride Lake System and Dinaride Basins,
respectively, prior to Paratethys flooding and finalization of
the SPB as tectonic unit (Figs. 5 and 6).

We consider the term Paratethys exclusively related to a
marine and marginal marine ecozone restricted at that time
to the adjoining area north of the Donat line (Fig. 2). The
endemic mollusk fauna of the basal SPB infill is similar to
that of the Dinaride intra-montane basins and is attributed
to the Illyrian Bioprovince, an ecoregion which is the
continental counterpart to the marine Danubian Province
(Harzhauser and Piller 2007) of the Paratethys domain.

Dreissenid shell accumulations with a faunal composi-
tion related to the fossil fauna of the Illyrian Bioprovince
are abundantly present in sections from the Karlovac and
Glina sub-depressions and are now dated to be of earliest
Badenian age. These accumulations are restricted to the
upper parts of the basal lacustrine deposits of the Southern
Pannonian Basin. The presence of related dreissenid shell
beds as far as the Vienna Basin (E Austria), Mt. Bakony
(central Hungary), Mt. Mescek (south Hungary) or the
Morava Valley SSE of Belgrade (central Serbia) suggests
the strikingly wide extension of the Illyrian Bioprovince
during the Early and Middle Miocene.
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Appendix: Intercalibration of Fish Canyon Tuff
and Drachenfels “°Ar/*’Ar standards for irradiation
batch VU69-A

“OAr/* Ar ages reported in this paper are calculated relative
to the Vrije Universiteit Amsterdam in-house standard
Drachenfels. The age for this standard was originally
reported as 25.26 Ma relative to Taylor Creek Rhyolite
sanidine of 27.92 Ma (Wijbrans et al. 1995). Recent
updates of international standard ages require also an
update for the age of Drachenfels sanidine. Drachenfels
sanidine has been used as main flux monitor in irradiation
batch VU69. Along with Drachenfels, the Fish Canyon
Tuff sanidine standard has been loaded on several locations
next to Drachenfels. Here we provide the intercalibration

data set between these two standards for irradiation batch
VUG69-A, the same batch in which the Glogovnica, Sje-
ni¢ak and Paripovac samples are irradiated (Table 3). A
compilation of Drachenfels—FC over a series of irradia-
tions batches is in progress. (PAr#/*° ArK) prachenfels/
(PCAr ArK) g Canyon Tatios (or R-values) are calculated
for three pairs of Drachenfels—Fish Canyon Tuff standards
(Al and A2, A16 and A17 and A31 and A32; Table 2). In
Table Al (online supplementary material), all relevant
analytical data are reported.

Weighted mean of R(A16-A17) and R(A32-A31) yields
0.9028 £ 0.0008 (Table 4). This yields in an age of
25.477 £ 0.030 Ma for Drachenfels relative to FCs of
28.198 £ 0.022 Ma of Kuiper et al. (2008) when using
Steiger and Jéger (1977) decay constants. This translates to
25.479 £ 0.030 Ma for Drachenfels relative to FCs of
28.201 £ 0.022 Ma of Kuiper et al. (2008) when using
Min et al. (2000) decay constants compilation. It is unclear
why the data pair Al and A2 is an outlier, although the

Table 3 Overview of relevant
samples and standards in
irradiation batch VU69A

Irradiation code

Sample code

Run code MAP215-50 Position in irradiation

vial—height (in mm)

VU69-Al Drachenfels 08j0002; 08j0042; 08j0053 0.5

VUG69-A2 VN-FCT-98 080003 2.8

VUG69-A6 Drachenfels 08j0004; 08j0044; 08j0056; 08j0188 12.6

VU69-A11 Drachenfels 08j0005; 08j0046; 08j0093; 08j0189 234

VU69-Al14 Glogovnica 08m0048 30.1

VU69-A16 Drachenfels 08j0006; 08j0049; 08j0096 33.9

VU69-A17 VN-FCT-98 08j0007 35.9

VU69-A18 Sjenidak 08m0050 37.9

VUG69-A21 Drachenfels 08j0008; 08j0051; 08j0058; 080098 42.9

VU69-A23 Paripovac 08m0059 46

VU69-A26 Drachenfels 08j0009; 08j0062; 08j0102; 080190 514

VU69-A31 VN-FCT-98 08j0010 56.6

VU69-A32 Drachenfels 08j0011; 08j0065 57.9
Table 4 R values of three Drachenfels/Fish Canyon Tuff pairs
Irradiation code Standard YOAr0 Arg +lo +10 (%) MSWD N
VU69-Al Dra-1 5.4878 +0.0089 0.16 237 5
VU69-A2 VN-FCT-98 5.9932 +0.0053 0.09 1.55 6
VUG69-A16 Dra-1 53222 +0.0054 0.10 2.02 9
VUG69-A17 VN-FCT-98 5.8979 +0.0084 0.14 1.08 7
VUG69-A32 Dra-1 5.4755 +0.0042 0.08 1.51 9
VU69-A31 VN-FCT-98 6.0644 +0.0041 0.07 0.94 7

R +lo

RA 0.9157 0.0017
RAIS 0.9024 0.0016
RAY: 0.9029 0.0009

@ Springer
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individual analyses of Al and to a lesser extent A2 are very
heterogeneous.
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