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The Badenian–Sarmatian boundary interval is marked by a major extinction event of marine species in the Cen-
tral Paratethys. The exact age of the boundary is debated becausemany successions inmarginal basins show ero-
sional features and fauna reworking at the boundary level. Here, we selected the Tisa section in the Carpathian
foredeep basin of Romania, which is continuous across this Badenian–Sarmatian Extinction Event (BSEE). Quan-
titative biostratigraphic records of planktic and benthic foraminifera and calcareous nannofossils allow to accu-
rately locate the Badenian–Sarmatian boundary and indicate a major paleoenvironmental change from open
marine to brackish water conditions. Magnetostratigraphic results reveal a polarity pattern that uniquely corre-
lates to the time interval between 12.8 and 12.2Ma. Interpolation of constant sedimentation rates determines the
age of the BSEE in the Carpathian foredeep at 12.65± 0.01Ma, in good agreement with several earlier estimates.
We conclude that the extinction event took place in less than 10 kyr, and that it was most likely synchronous
across the Central Paratethys. It corresponds to a major paleogeographic change in basin connectivity with the
Eastern Paratethys, during which the nature of the Barlad gateway switched from a passive to a full connection.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Paratethys represents the large epicontinental sea that extended
from Central Europe to inner Asia since the Oligocene (Laskarev,
1924). This realm was characterized by progressive fragmentation and
isolation from the global ocean, as a direct consequence of the continen-
tal collision that shaped the Alpine–Himalayan orogenic belt (Rögl,
1998). The region was segregated into smaller basins that were clus-
tered in three paleogeographic units: Western, Central and Eastern
Paratethys. The short-lived Western Paratethys comprised the Alpine
Foreland Basins of France, Switzerland, South Germany and Upper
Austria (Senes, 1961) and disappeared by the end of the Early Miocene.
Central Paratethys was located in what is today Central Europe (Fig. 1)
from Middle Miocene to Pliocene (Cicha and Seneš, 1968; Papp et al.,
1968) while Eastern Paratethys was located in the Black Sea – Caspian
Sea and – Aral Sea area (Fig. 1a) from the Oligocene onwards (Popov
et al., 2006).

Recurrent fragmentation of the Paratethys and repeated isolation
of individual sub-basins led to the development of endemic biota.
The resulting fossil assemblages led to the introduction of regional
chronostratigraphic subdivisions, because direct biostratigraphic corre-
lation to the standard Geological Time Scale (GTS) is generally not
possible (Piller et al., 2007). Chronological frameworks for Paratethys
sub-regions should preferentially be combined with independent
magnetostratigraphic and radio-isotopic age determinations. Such inte-
grated stratigraphic studies that allow direct correlations to the GTS
have so far only been developed for restricted intervals (Vasiliev et al.,
2004; Vasiliev et al., 2005; Hohenegger et al., 2009a; Krijgsman et al.,
2010; Vasiliev et al., 2010; Paulissen et al., 2011; Vasiliev et al., 2011;
Reichenbacher et al., 2013; ter Borgh et al., 2013; Van Baak et al.,
2013; Hohenegger et al., 2009a; Krijgsman et al., 2010; Paulissen et al.,
2011).

Here, we focus on the extinction event that can be observed at the
boundary of the Badenian and Sarmatian ages of the Central Paratethys.
The Badenian–Sarmatian Extinction Event (BSEE) (Harzhauser and
Piller, 2007) is a catastrophic event thatmarks a turning point in thehis-
tory of Paratethys (Harzhauser and Piller, 2004). The BSEE is the largest
faunal turnover event in the Paratethys realm with a 94% extinction of
Badenian species including a full loss of coral, radiolarian and echinoid
life forms from Central Paratethys (Harzhauser and Piller, 2007). It is
recognized throughout the entire Central Paratethys and is correlated
with the Konkian–Volhynian boundary of Eastern Paratethys (Fig. 2);
(Popov et al., 2013).

Existing age estimates for theBSEE do not fully agreewith each other
(Table 1, Fig. 2). They range from an age of 12.7 Ma based on correla-
tions to global sea level low stands (Harzhauser and Piller, 2004) to an
astronomically dated age of 13.32 Ma (Lirer et al., 2009). Most of these
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Fig. 1. (A) Simplified paleogeographic reconstruction of the Mediterranean–Paratethys region during the late Badenian (modified after Popov et al., 2006), overlain on the present day
map contours, marked in gray. (B) Simplified paleogeographic reconstruction of Central Paratethyswith dated BSEE sections. Abbreviations for the relevant Central Paratethys sub-basins:
CF— Carpathian Foredeep, PB— Pannonian Basin, TB — Transylvanian Basin, VB — Vienna Basin, STB — Styrian Basin, and GB— Getic Basin.
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age models rely on geological data from the shallow, marginal sub-
basins from the westernmost part of Central Paratethys (Fig. 1b)
where the BSEE level ismarked by awidespread discordance in the sed-
imentary record.

In this paper, we present a chronological framework for the
Badenian to Sarmatian succession from the deeper facies sedimentary
record of the Romanian Carpathian Foredeep basin, based on the inte-
gration of biostratigraphy and magnetostratigraphy. The results will
provide another step forward in the discrimination of global climate
(eustatic sea level lowering) versus regional tectonics (orogenic uplift
or basin reconfiguration) causing the BSEE.

2. Paleogeographic and geologic background

We have focused our research on the area in front of the SE
Carpathian Bend where a very deep basin (Focsani Depression) devel-
oped in Miocene to recent times (Tarapoanca et al., 2003). This basin
had a pivotal location from biogeographic point of view. It was situated
in the easternmost part of Central Paratethys for most of the middle
Miocene (Fig. 1) and became part of Eastern Paratethys, during the Sar-
matian. This paleogeographic change is related to collisional tectonics in
the Carpathian region, in conjunctionwith the subduction of the Eastern
European Platform underneath the Tisza–Dacia plate (Matenco et al.,
2010).

We selected one continuous sedimentary succession with a good
biostratigraphic record and good quality paleomagnetic signal. This sec-
tion is on the Tisa Valley (45° 17.565′ N, 26° 29.567′ E), a tributary of
Bălăneasa River in the Buzau River Catchment. Lithologically, siliciclastic
rocks, evaporites and tuffites characterize the Tisa Valley sediments. The
succession begins with middle Badenian evaporites (halite) and salt
breccia and is followed by upper Badenian clays rich in organic matter
(Radiolarian shales) and marls with sand intercalations (Spirialis
marls). The lower Sarmatian record is almost entirely composed of
marls, occasionally containing well-cemented sandy laminae and
some sandy levels. Five thin, tuffitic levels have also been recognized.
Sampling has focused on the upper part of the Badenian (above the
levels identified as Radiolarian shales) and the Sarmatian in the small
Tisa stream bed, where the succession was almost continuously
exposed.

3. Integrated bio-magnetostratigraphy

The section was logged (with on average sampling interval of 2 m)
and the resulting lithological column shows a sequence of sediments
characterized by coarse silts, fining upwards tomarls with several inter-
calations of sands and volcanic ashes (Fig. 3). In the middle part of the
section (66–71 m), numerous sapropelic intercalations and a thin hori-
zon with volcanic ash stand out. Further above (150 m), levels with
Ervilia sp. molluscs indicate a Sarmatian age and place the BSEE lower
than 150 m. Consequently the biostratigraphic sampling has focused
on the lower part of the section (0–160 m) where the extinction event
was located while the magnetostratigraphic sampling range covered
the entire section (0–222m) to provide a longer paleomagnetic polarity
pattern that would allow a better correlation to the GPTS.



Fig. 2. The age estimates developed for the BSEE in the Central Paratethys and correspond-
ing stratigraphy of the Eastern Paratethys.
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3.1. Foraminifera

A total number of 63 samples from the homogeneous marls of the
Tisa Valley section have been analyzed for planktic and benthic forami-
nifera to document the biostratigraphy and paleoenvironmental chang-
es across the Badenian–Sarmatian boundary interval. The samples were
Table 1
Age estimates developed for the BSEE, with their dating methods and limitations. Note that m

The BSEE age models

Nr. Age Author Method
1. 12.829 Ma Hohenegger et al. (2014) Correlations between third sea-le

Haq et al. 1988) and magnetostra
polarity Chron C5Ar.2n (Ogg 2012

2. 12.80 Ma De Leeuw et al. (2013) Bio-magneto-stratigraphy in the T
3. 13.15 Ma Selmeczi et al. (2012) Bio-magneto-stratigraphy on drill
4. 12.735–12.474 Ma Paulissen et al. (2011) Correlations of the BSEE with the
5. 13.32 Ma Lirer et al. (2009) Astronomical dating by correlatio

tuned Middle and early Late Mioc
Paratethys and an astronomically
Mediterranean deep marine comp

6. b13.13 Ma Śliwiński (2012) Radiometric dating of ash levels o
7. 12.73 Ma Hohenegger et al. (2009b) Correlation with the recalculated

TB2.6 of Haq et al. (1988)
8. 12.72 Ma Piller et al. (2007) Correlations with sea level low sta

eustatic isotope event MSi-3 (Abr
9. 13.00 Ma Westerhold et al. (2005) Correlations with the benthic fora

Mi4 event — one of the short peri
Miocene (Mi-events) described b
dried at room temperature, disintegrated in water and washed over
a 125 μm sieve. The washed residues were split using an Otto
Microsplitter to obtain aliquots containing 200–300 benthic foraminif-
era. Planktic foraminifera are preferentially used for biostratigraphy,
but in regional studies, benthic foraminifera have proven to be useful
when planktic foraminifera are absent (Popescu, 1995; Crihan, 1999).
In addition, variations in the benthic foraminifera assemblage represent
paleoenvironmental conditions of the Tisa section. A stratigraphic distri-
bution chart expresses the evolution of the foraminiferal assemblage
(Fig. 3).

3.1.1. Planktic foraminifera
The preservation of the foraminifera is generally good with the ex-

ception of some short intervals where microfauna is scarce or samples
are sterile. At the levels wheremicrofauna is absent, the detrital compo-
nent consists of pyrite, quartz, gypsum, and silts with glauconite, biotite
andmuscovite, revealing short anoxic episodes. Planktonic foraminifera
are abundant in the Badenian, where in some levels they reach up to al-
most 100% of the total number of foraminifera (e.g. TS24, TS25). This
part also contains some reworked planktic foraminifera from the Creta-
ceous (Globotruncana sp. — TS1 and TS8) and the lower Serravallian
(Badenian) such as Candorbulina sp., Velapertina (syn. Praeorbulina sp.;
TS1). The Badenian planktonic assemblage consists mainly of species
of the Globigerina bulloides group, in which we include both Globigerina
praebulloides andG. bulloides taxa. The presence of Praeorbulina sp. (syn.
Velapertina; TS1) together with a high number of Globigerina concinna
(Reuss, 1850) and Globigerina tarchanensis (Subbotina, and Chutzieva,
1950) indicates that this part of the section correlates to the upper
Badenian (Dumitrica et al. 1975; Popescu, 1999; Popescu and Crihan,
2011). At approximately 68.4 m (between TS25 and TS26), the planktic
foraminifera completely disappear and only benthic fauna remains (red
line in Fig. 3). This event takes placewithin a 120 cm interval, indicating
a sudden dramatic environmental change in the basin.

3.1.2. Benthic foraminifera
The preservation of benthic foraminifera is generally good except for

a short interval (69.8–79.8m) characterized by crushed benthonic fora-
minifera or small shells. In the upper part of the section (from 80m up-
wards) the preservation improves again. The benthic foraminifera
assemblage of the lowermost 59.4 m is dominated by two species:
Martinottiella communis and Valvulineria complanata (Fig. 3). Amore di-
verse fauna, including Quinqueloculina regularis, Sigmoilinita tenuis,
Sphaeroidina variabilis, Bolivina dilatata and Bulimina (syn. Baggatella)
subulata, characterizes the interval between 61.2 and 67.8 m. Above
the 69 m level all the previously mentioned species disappear and are
ost of these estimates are based on records with hiatuses at or straddling the BSEE.

Limitations
vel cycle (TB 2.5 after
tigraphy to the top of
)

Hiatus in the record at the BSEE level

ransylvanian Basin Hiatus in the data at the BSEE level — low resolution
cores Hiatus in the record at the BSEE level
C5Ar.1r Hiatuses and difficulties in correlations at the BSEE levels
n between an orbital
ene record of the Central
calibrated
osite record

Not excluded that the well-data was obscured by a hiatus
at that crucial level

lder than the BSEE Insufficient constraints to provide an age
Third-order sequence Hiatus in the record at the BSEE level

nds such as the glacio-
eu and Haddad, 1998)

Hiatus in the record at the BSEE level

miniferal δ18O to the
ods of glaciation in the
y Miller et al. (1991)

Hiatus in the record at the BSEE level



Fig. 3. Quantitative distribution of relevant benthic foraminifera taxa against the lithostratigraphy of the Tisa section. Please note differences in scaling. The yellow column indicates the
stratigraphic interval with planktic forams. Gray bands indicate barren, anoxic levels. BSEE line indicates the stratigraphic level where the Badenian–Sarmatian Extinction Event has been
identified based on the foraminifera data.
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replaced by Cycloforina stomata (Łuczkowska, 1974; Crihan, 2002) and
Lobatula (syn. Anomalinoides) dividens. Upwards in the section other
species progressively appear and increase the diversity: Varidentella
(syn. Miliolina) reussi (82 m), Bulimina elongata (99 m), Cycloforina
predcarpatica (128 m) and Articulina sp. (160 m). The Badenian
species Q. regularis as well as the Sarmatian markers C. stomata and
Varidentella reussi are indicative of relatively deep basinal settings
(Łuczkowska, 1974). Several barren samples have been found at the
levels 2.9–11 m, 16 m, 25.3 m, 31.1–33.8 m, 55.6 m, 105.3 m, 114.8–
117.9m, 124–126m, and 151–167m. These barren levels are character-
ized by the presence of fish bones, otholits, pyrite and biotite and some
pyritized micro-gastropod fossils seem to suggest lowered levels of
oxygen.

3.1.3. The Badenian–Sarmatian boundary interval
The benthonic foraminiferal assemblages of the lower part of the

section are well known from Paratethys literature and are attributed
to the upper Badenian (Popescu, 1979). The assemblages of the upper
part of the section clearly correspond to the Lobatula dividens zone,
which is the lowermost biostratigraphic zone of the Sarmatian
(Popescu, 1999). Consequently, this allows us to place the Badenian–
Sarmatian boundary between samples TS25 and TS26, corresponding
to the interval 67.8–69.0 m in the Tisa section. This interval marks the
sudden disappearance of Badenian taxa, including planktic species and
the gradual onset of the Sarmatian fauna, which is dominated by
miliolids. Whereas the Badenian assemblages contain taxa confined to
normal marine salinity, the Sarmatian assemblages are characteristic
by brackish conditions, indicating that water chemistry changed at the
extinction level of the Badenian taxa (Popescu, 1979).

3.2. Calcareous nannoplankton

For nannofossil assemblage analyses we prepared standard micro-
scope slides from marl samples and quantitatively analyzed them
under a light microscope by counting all specimens until the total of
more than 300. Species with documented last occurrences before the
Middle Miocene were counted separately. This method underestimates
the proportion of reworked specimens— as reworked specimens of spe-
cies with long stratigraphical ranges extending into the studied time in-
terval cannot be distinguished from autochthonous specimens. Still this
method provides a good estimate of the extent of reworking in the
nannofossil assemblages. The Paratethys shared its nannoplankton
florawith theworld ocean, through ephemeral connections to theMed-
iterranean. This potentially enables determining the age of Paratethyan
sediments with cosmopolitan nannofossil biomarkers until the end of
the Miocene (e.g., Marunteanu and Papaianopol, 1998; Mărunţeanu,
1999).

Nannofossil assemblages in the studied samples are moderately to
well preserved and typical of the Miocene. Most abundant taxa are
Coccolithus pelagicus and various Reticulofenestra species; Helicosphaera
spp. are relatively common as well (Fig. 4). ReworkedMesozoic and Pa-
leogene species are present throughout the studied sequence. Their pro-
portion of the assemblage varies but shows a gradual increasing trend
from 5 to 25% towards the top of the succession. The LCO of
Cyclicargolithus floridanus can be observed at 28.7 m; its LO could not
be precisely determined as it is obscured by reworking. Sphenolithus
heteromorphus, the last occurrence of which marks the NN5/NN6
boundary, is not present in the assemblages. The first occurrence of
very rare isolated specimens of Calcidiscus pataecus (that occurs slightly
below the Badenian–Sarmatian boundary) was noted in sample TS23 at
63.8 m, while in sample TS27 at 72.6 m the abundance of the species
ephemerally increases to reach about 10% of the entire assemblage.
Along with the absence of Discoaster kugleri, the marker species of
NN7, this suggests that the entire sequence can be assigned to biozone
NN6 (Martini, 1971). In the Mediterranean biostratigraphic scheme
(Fornaciari et al., 1996) the first common occurrence of Reticulofenestra
pseudoumbilicus occurs in the lower part of the standard biozone NN6. A
distinct rise in abundance of R. pseudoumbilicus has been observed in



Fig. 4.Quantitative distribution of relevant calcareous nannoplankton taxa against the lithostratigraphy of the Tisa section. Please note differences in scaling. BSEE line indicates the strat-
igraphic level of the Badenian–Sarmatian Extinction Event.
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sample TS23 at 63.8 m in the Tisa section and above, suggesting a
correlation to the MNN6a–MNN6b transition. Di Stefano et al. (2008)
dated this event in the Mediterranean at 13.1 Ma, yet the timing of
this paleoecologically controlled event in the entire Paratethys realm
is not necessarily the same (Bartol and H., J, 2015). The major
paleoenvironmental changes in this time interval imply that regional
depositional conditions may limit such detailed Paratethys–Mediterra-
nean correlations.

3.2.1. The Badenian–Sarmatian boundary interval
A prominent shift of dominance in nannofossil assemblages occurs

at the interval identified as the Badenian–Sarmatian boundary. The rel-
ative abundance of C. pelagicus, the dominant species in the lower part
of the section, decreases significantly at the boundary level, while the
relative abundance of Reticulofenestra spp. increases in the upper part
of the section. The Reticulofenestra genus is commonly associated with
opportunistic behavior (e. g., Krammer et al., 2006); it is able to tolerate
a wide range of different nutrient, temperature and salinity levels
(e.g., Bartol et al., 2008). In the Tisa section, the rise of Reticulofenestra
spp. to dominance occurs exactly at the BSEE, coinciding with extinc-
tions of planktonic foraminifera and planktotrophic gastropods
(Harzhauser and Piller, 2007) reflecting a severe crisis affecting the
plankton. The shifts of dominance between Reticulofenestra and
Coccolithus groups have also been observed in the aftermath of theMio-
cene Climatic Optimum in the North Atlantic (e.g., Bartol, and H., J,
2015), confirming that Reticulofenestra can thrive during times of
large-scale climatic deterioration. Our observations confirm that during
times of environmental stress Reticulofenestra is more successful than
C. pelagicus. This shifts the focus from climate change to stress, which
can be brought on by climate cooling (Bartol, and H., J, 2015), water
mass movements (Beaufort and Aubry, 1992) or salinity changes (this
manuscript) etc.

The genusHelicosphaerahas awidespreaddistribution, but is usually
recorded in low abundances in oceanic sediment assemblages and liv-
ing communities (Baumann et al., 2005). It can be very abundant in
Central Paratethys assemblages, where it can occasionally even domi-
nate nannofossil assemblages (Bartol, 2009). The genus is associated
with warm surface waters with a medium to high content of nutrients;
it is more common in coastal and shelf than pelagic environments
(Negri, 2000; Baumann et al., 2005). Helicosphaera never dominates
the Tisa assemblages. A very distinct drop (~10% to ~2%; Fig. 4) in rela-
tive abundance was observed at the Badenian–Sarmatian boundary. A
possible explanation for this change in abundance would be a sudden
decrease in salinity related to environment deterioration.

3.3. Magnetostratigraphy

Wehave collected paleomagnetic cores from 95 levels using a hand-
held electric drill. The orientation of the paleomagnetic cores and the
corresponding bedding planes have been obtained using a magnetic
compass, previously corrected for the local magnetic declination. In
the laboratory rock-magnetic experiments were conducted to under-
stand the nature of themagnetic carrier and afterwards thermal demag-
netization technique was applied to isolate the characteristic remanent
magnetization (ChRM).

3.3.1. Rock magnetism
Rock-magnetic experiments were carried out on bulk samples in

order to identify which are the carriers of the magnetization (magnetic
susceptibility, isothermal remanent magnetization (IRM) acquisition,
thermomagnetic runs in air).

First, the initialmagnetic susceptibilitywasmeasured for all samples
on a Kappabridge KLY-1. The susceptibility ranges from 2.57E-08 for
TS02 to 6.79E-07 for TS87. Plotting the results against the stratigraphic
column reveals some particularities (Fig. 6). We can isolate three re-
gions with characteristic magnetic susceptibility behavior: the lower
part of the section (0–80m) is characterized byweak magnetic suscep-
tibility and low variability, the middle part (80–200 m) has stronger
magnetic susceptibility and high variability and the upper part (above
200m) contains the samples with the strongest magnetic susceptibility
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and the highest variation. High and lowmagnetic susceptibility samples
from these three regions were selected for Curie Balance analyses.

Thermomagnetic runs were measured in air on a modified horizon-
tal translation type Curie balance with a sensitivity of approximately
~10–9 Am2 (Mullender et al., 1993). Approximately 40–60 mg of pow-
dered sample was put into a quartz glass sample holder and held in
place by quartz wool; heating and cooling rates were 10 °C/min. The
thermomagnetic runs show in all cases the alteration of an iron sulfide,
transforming above ~400 °C to a more magnetic phase (magnetite) and
finally above 580–600 °C, to hematite (Fig. 5).

The samples have variable behavior: most samples show reversible
decrease in magnetization up to ~410 °C (Fig. 5 — TS51, TS85), which
is characteristic for magnetite with some samples characterized by an
irreversible decrease in magnetization with increasing temperature up
to ~410 °Cwhich is typical of greigite (Fig. 5, TS81). There are also sam-
ples that have mixed characteristics and contain a major reversible
component with magnetite properties and a secondary irreversible
component with greigite behavior (Fig. 5 — TS09).

3.3.2. Demagnetization results
The natural remanent magnetization (NRM) was thermally

demagnetized andmeasured using a 2G Enterprises DC Squid cryogenic
magnetometer (noise level of 3*10–12 Am2). Heating was applied in a
laboratory-built, magnetically shielded furnace, with a residual field
less than 10 nT. The heating steps were customized for the samples
and ranged between 10 and 40 °C. NRM intensity ranges between
Fig. 5. Thermo-magnetic runs for selected samples. Heating (orange lines) and cooling
(dark blue lines) were performed with rates of 10 °C/min. Individual data points have
been omitted for clarity. Cycling field varied between 100 and 300 mT for samples TS09
and TS 85 and 200–300 mT for sample TS81. Samples TS09 and TS85 show important al-
teration after heating above 415 °C probably due to the oxidation of pyrite to magnetite.
Sample codes are indicated in the upper right corner.
20*10–6 A/m and 71.000*10–4 A/m. Plotting the results against strati-
graphic level reveals three intervals:

– The LZ shows low intensities (28.8–362*10–4 A/m) between the
base of the section and the ~70 m level;

– The MZ has higher intensities (271*10–4 A/m to 71.169*10–6 A/m)
and low frequency of intensity variations between the stratigraphic
levels ~70 m and ~200 m;

– TheUZhas the highest intensity (41*10–6 A/m to 57.312*10–6 A/m)
and high frequency of intensity variations above the stratigraphic
level of ~200 m.

These three NRM intensity intervals suggest a succession of three
different geochemical settings in the basin.

Several characteristic thermal demagnetization diagrams, of mostly
marls and clays, are depicted in Fig. 7. We identified the ChRM by ana-
lyzing the vector end-point diagrams (Zijderveld, 1967). During pro-
gressive stepwise thermal demagnetization two components have
been identified. A relatively weak low-temperature, randomly oriented,
viscous overprint is generally removed at 120 °C (Fig. 7). A second high-
temperature component is demagnetized at temperatures between 120
and 180 °C and 300 °C. This component is of dual polarity and is
interpreted as the ChRM. The ChRM directions were defined by at
least four consecutive temperature steps and calculated with the use
of principal component analysis (Kirschvink, 1980).

The maximum angular deviation (MAD) of the calculated directions
has been used to separate the results in four qualitative groups. The 1st
quality (MAD=0–5) and 2nd quality results (MAD=5–10) have been
used for plotting the polarity pattern (Figs. 5 and 7). The 3rd quality re-
sults (MAD = 10–15) and 4th quality results (MAD N15) have been
plotted as additional points without being taken into account for estab-
lishing the polarity pattern (Fig. 5).

The polarity pattern of the Tisa section comprises five different po-
larity intervals, three of reverse (R1-3) and two of normal (N1-2) polar-
ity. The section startswith reversed polarity interval R1 inwhich there is
a short uncertain intervalwith two 3rd quality samples of normal polar-
ity. The reversed polarity interval R1 is followed by a short normal inter-
val N1, a longer reversed interval R2, a long normal interval N2 and a
reversed interval R3 at the top, where the section ends.

The ChRM directions of the first two groups pass the reversal test of
McFadden and McElhinny (1990) at 95% confidence — class B. The
normal ChRM directions differ significantly from the present-day
field direction (Fig. 8). Our results indicate that the Tisa section experi-
enced a clockwise vertical axis rotation of about 14.5° (Fig. 8), probably
related to Miocene tectonic movements during the formation of the
Carpathians (Dupont-Nivet et al., 2005; De Leeuw et al., 2013).

4. Chronologic framework for the BSEE

With the help of integrated stratigraphy we can provide an age for
the BSEE. Foraminiferal and nannoplankton data are used to identify
and locate the extinction event in the Tisa section and to provide sup-
plementary information on the environmental changes in the basin.
Magnetostratigraphywill give the age by correlation to the geologic po-
larity time scale (Hilgen et al., 2012). This approach has earlier been
proven successful in Central Paratethys sediments if sections are well-
tuned to the nature of the magnetic carriers (Vasiliev et al., 2007;
Paulissen et al., 2011; De Leeuw et al., 2013; ter Borgh et al., 2013).

We plotted the ChRM directions, magnetic intensity and magnetic
susceptibility against stratigraphic level (Fig. 6) to compare our paleo-
magnetic polarity patternwith the biostratigraphic results. Bymatching
the observed polarity pattern of the Tisa section with the geomagnetic
polarity time scale (GPTS) (Hilgen et al., 2012) we can place the section
and the BSEE event in a robust time frame (Fig. 9). This allows us to cal-
culate the age of the BSEE.



Fig. 6. Schematic lithological column, polarity zones, magnetic intensity andmagnetic susceptibility for the Tisa section. Three reversed polarity intervals (R1, R2, R3) and two normal ones
(N1, N2) have been identified. The position of the BSEE is marked with a red line. Note the change in themagnetic intensity and susceptibility, both measured at 20 °C, that occurs across
the boundary.
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The best-fit correlation of the Tisa polarity pattern is with the chron
succession C5Ar.2r–C5An.1r (Fig. 10). In fact, this is the only interval in
the NN6 range (13.53–11.90Ma)where the pattern: short normal/long
reversed/long normal is observed. This indicates that the Tisa section
comprises the time interval between 12.8 and 12.2 Ma, roughly corre-
sponding to the middle Serravallian (Fig. 10).

Our biostratigraphic data shows that theBSEE is located between the
sampling points TS25 and TS26 (Figs. 4 and 6), corresponding to an av-
erage stratigraphic level of 68.4 m (between 67.8 and 69 m). This level
also corresponds with the LZ–MZ boundary in the magnetic proxy re-
cords, which suggests that the BSEE had a component of environmental
change that significantly affected the magnetic properties of the sedi-
ments in the basin. Correlatedwith the paleomagnetic polarity patterns
the BSEE is located in the lower half of the reversed interval R2 and cor-
responds to Chron C5Ar.1r (12.735 to 12.474 Ma) (Fig. 9). Based on the
hypothesis of a constant sedimentation rate (0.27 m/kyr) throughout
the C5Ar.1r Chron, this provides an age of 12.66 Ma for the BSEE.

To evaluate this age value we also test the hypothesis of a variable
sedimentation rates throughout the section, based on the grain size of
the sediments. The interval that corresponds to C5Ar.1r predominantly
consists of marls, except the top part where 20 m thick sand layers are
present. These sand layers most likely correspond to higher sedimenta-
tion rates, but the exact rates cannot be calculated. Assuming similar
high sedimentation rates of 0.72 m/kyr as in the sand-rich base of the
section, we obtain an age of 12.64 Ma for the BSEE event. By averaging
this age model with the previous one we date the BSEE at 12.65 ±
0.01 Ma.
5. Discussion

5.1. Paleoenvironmental changes at the BSEE

The Badenian sediments in the section (level 0–68.4 m) reveal a
highly restricted environment with deteriorated, poorly oxygenated
bottom conditions in the basin, including several short intervals of an-
oxia (Fig. 3). C. pelagicus is the dominant nannofossil species and the fo-
raminifera assemblages contain taxa that are confined to normalmarine
salinity. Just prior to the BSEE (57.7–68.4 m), environmental conditions
tend to improve and the diversity of the benthic foraminifera increases
from 2 to 9 species (Fig. 3).

In the Sarmatian part of the section (68.4–132 m) the planktic fora-
minifera have fully disappearedwhile a new benthic fauna progressive-
ly develops, fragmented again by barren intervals related to anoxic
episodes. Anoxia episodes persist throughout the entire section and
show no direct relation with the extinction event. The Sarmatian
benthic foraminifera species are characteristic for brackish conditions
indicating that water chemistry changes play a significant role at
the extinction of the Badenian taxa. The nannoplankton species distri-
bution also changed across the BSEE, with relative abundance of
Reticulofenestra spp. and that of C. pelagicus decreasing. This shift is
interpreted to relate to increasing environmental stress in the basin,
probably also related to a sudden decrease in salinity.

The upper Badenian-lower Sarmatian lithological succession of the
Carpathian foredeep sections generally shows fining-up features.
There is no evidence for sea level change at or close to the BSEE. The



Fig. 7. Representative examples of Zijderveld demagnetization diagrams and Equal Area projections after tilt correction. Sample code and stratigraphic level are specified in the upper left
corner. Solid (open) circles represent the projection on the horizontal (vertical) plane. The numbers represent the subsequent demagnetization steps in degrees Celsius. The red dots
(numbers) represent the points used for calculating the ChRM component which is marked by the red lines.
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coarser sand-rich upper Badenian sediments from the base of the Tisa
section, ~70 m below the boundary, could be indicative for a low-
stand but they could also be result of local tectonic events. The Badenian
species Q. regularis as well as the Sarmatian markers C. stomata and
V. reussi are all indicative of deep basinal settings (Łuczkowska, 1974)
suggesting that sea level change is not a dominant factor at the BSEE.



Fig. 8. Stereographic plot of the ChRMdirections of the Tisa section, tilt correction applied.
Normal (reversed)measurements are plottedwith closed (open) symbols. The red line in-
dicates the average declination and the gray area the corresponding uncertainty (dDx).

Fig. 9. Age model for the BSEE of the Tisa section. The dotted purple line represents the
BSEE. The gray bands represent the normal polarity intervals and the yellow band marks
the sandy interval. Two calculation scenarios were used: a. constant sedimentation
throughout the sandy interval (red), b. variable sedimentation in the sandy interval (blue).
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The most striking feature of the BSEE in the Tisa section is the sud-
den, sharp disappearance of Badenian fauna. The extinction of Badenian
taxa occurs in a 1.2 m thick interval, equivalent to less than 10 kyr
(value calculated using the average sedimentation (Fig. 9).We conclude
that the extinction of the open marine Badenian taxa is directly linked
with an extremely rapid change of salinity within the basin.

5.2. The BSEE in the Central Paratethys

Our results show that a major and rapid paleoenvironmental
change took place at 12.65 ± 0.01 Ma correlative to the BSEE in
the Romanian Carpathian foredeep. Regarding the paleogeographic
context of Central Paratethys, being characterized by mostly frag-
mented basins, it is important to understand if the BSEE event occurred
diachronously in different basins or synchronously throughout the en-
tire Paratethys domain. Consequently, we compare our results to previ-
ous magnetostratigraphic dating attempts in the other sub-basins of
Central Paratethys: e.g. the Vienna Basin, Pannonian Basin and Transyl-
vanian Basin (Fig. 1).

In the most recent time scales for the Central Paratethys the
Badenian–Sarmatian boundary is placed at 12.7 Ma (Piller et al., 2007;
Hilgen et al., 2012), in good agreementwith our new agedetermination.
This boundary is inferred to correspond to a Paratethys-wide turnover
in faunal elements, triggered by strong restriction of the connections
to the open ocean. In several basins the boundary interval corresponds
to an erosive discordance, which restrictsmore accurate age determina-
tions (Harzhauser and Piller, 2004).

In the Vienna Basin, the Badenian–Sarmatian boundary has
been penetrated in several wells, butmicrofaunal contamination gener-
ally hampers a precise determination of the stratigraphic horizon
(Harzhauser and Piller, 2004). Paulissen et al. (2011) attempted to
date the B–S boundary in the Spannberg-21well using an integrated pa-
leomagnetic and biostratigraphic approach. Here, the Badenian–Sarma-
tian boundary interval is slightly disturbed by an erosional surface and
influenced by reworking of microfossils. The paleomagnetic record of
the Badenian part of the well is especially difficult to interpret because
of weak magnetic signals (Paulissen et al., 2011). Despite these uncer-
tainties, a correlation could be established to the C5Ar.1r chron, in
agreement with our results from the Carpathian foredeep. Hohenegger
et al. (2014) recently suggested placing the boundary at the top of
polarity chron C5Ar.2r at an age of 12.829 Ma, but this correlation was
not based on any paleomagnetic data.

In the Pannonian basin, Selmeczi et al. (2012) carried out
magnetostratigraphic and paleontological studies on the Badenian–
Sarmatian succession in the borehole Nagylózs-1 in Hungary. They
correlated the B–S boundary to chron C5AAn and a corresponding age
of 13.15 Ma, but the polarity pattern of this borehole is not straightfor-
ward and correlations to younger intervals cannot be excluded. A
magnetostratigraphic study on Badenian–Sarmatian drill cores from
the North Carpathian foredeep basin in Poland was hampered by
a pervasive paleomagnetic overprint related to late diagenetic
growth of greigite (Sant, 2015). De Leeuw et al. (2013) combined
magnetostratigraphic, biostratigraphic and Ar/Ar data from multiple
sections and outcrops in the Transylvanian Basin, and interpolated the
age of the Badenian–Sarmatian boundary, based on the assumption of
constant sedimentation rate, between 12.7 and 12.83 Ma. The high un-
certainty ismainly related to the presence of large gaps in the composite
magnetostratigraphic record. We conclude that these results are not
necessarily in disagreement with our new age model.

Our new age of 12.65±0.01Ma is in relatively good agreementwith
many other records from different Paratethys basins, which suggests
that the BSEE is likely a synchronous event over the entire Central
Paratethys. We see no sufficiently strong argument in the present data
sets to infer a diachrony in paleoenvironmental change affecting the
various sub-basins.

5.3. Correlations to the Eastern Paratethys

In the Eastern Paratethys, the uppermost Badenian is generally cor-
related to the Konkian stage (Rögl, 1998; Studencka et al., 1998). The



Fig. 10. Correlation of the polarity sequence of the Tisa section with the GPTS, the global oxygen and carbon isotope records and the sea-level fluctuations. The gray bands correlate the
polarity pattern of the section with the GPTS. Note that this is the only logical correlation of the short normal-long reverse-long normal pattern of the Tisa section in the relevant time
interval. The green dashed lines are the estimated range of the Tisa section. The red line represents the BSEE. Note that it does not correlate with any major C or O event in the isotope
records. The BSEE matches a small sea-level rise at 12.64 Ma.
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Konkian is followed by the Sarmatian and the Konkian–Sarmatian
boundary is considered equivalent of the Badenian–Sarmatian bound-
ary (Studencka and Jasionowski, 2011). The exact nature of the
Konkian–Volhynian boundary is controversial and there is no direct ev-
idence for a major extinction event, at this time, in Eastern Paratethys.
The Konkian mollusks are identified as ancestors of the Volhynian taxa
(Studencka et al., 1998) which suggests that a less dramatic faunal
change in the occurred in Eastern Paratethys in the form of a develop-
ment of the already endemic brackish Konkian mollusks faunas.
No reliable age determinations exist to date the Konkian–Volhynian
boundary (e.g. Popov et al., 2006), which makes any high-resolution
correlations difficult.

5.4. The BSEE and global change

The Badenian–Sarmatian boundary has previously been correlated
to sequence stratigraphic frameworks (Fig. 10), where it corresponds
to the Ser3 sequence of Hardenbol et al. (1998). This sequence is in
turn correlated to the glacio-eustatic lowstand TB 2.6 (Haq et al.,
1988) and MSi-3 (Abreu and Haddad, 1998). In contrast, the recently
established sea-level curve (Van De Wal et al., 2011) does not reveal
any significant sea level lowstands in the 13–12 Ma time interval. In-
stead, the BSEE event seems to correlate with a ~10 m sea level rise,
which is dated at 12.64 Ma. In addition, the stable oxygen and carbon
isotope curves (Holbourn et al., 2005; Cheng et al., 2004) also do not
show any significant event at the age of 12.65, suggesting that global cli-
mate change did not play a major role in the paleoenvironmental
changes triggering the BSEE.

5.5. Paleogeographic changes at the BSEE

During themiddle Badenian, the onlymarine connection of the Cen-
tral Paratethyswaswith theMediterranean through the Slovenian strait
or Trans-Tethyan Corridor (Fig. 11). The exact age of the Slovenian gate-
way closure remains uncertain but recent studies indicate that it may
well have been open, although very restrictive, during the late
Badenian-early Sarmatian (Bartol et al., 2014). The marine Central
Paratethys became connected with the brackish Eastern Paratethys
realm in late Badenian/Konkian times through opening of the Barlad
Strait (Fig. 11a; Popov et al., 2004). The existence of this connection is
evidenced by one-way faunal migrations in the late Badenian fromCen-
tral towards Eastern Paratethys (Studencka et al., 1998), probably due
to different salinity regimes in the two domains. Towards the end of
the Badenian the gateway became ineffective leading to the loss of all
euryhaline taxa in the Eastern Paratethys (Vernigorova, 2009). The
Barlad gateway developed into a wide, open sea corridor at the begin-
ning of the Sarmatian (Volhynian) (Pevzner, and V, E.A, 1993)
(Fig. 11b). The two-Paratethyan realms were joined to form a single



Fig. 11. The evolution of gateways and the change in salinity at the end of the Middle Miocene in Central and Eastern Paratethys basins (modified after Popov et al., 2004, Kojumdgieva,
1983 and Pevzner, and V, E.A, 1993). (A) Paleogeographic setting during the latest Badenian (Serravallian ~12.65Ma). At this time the connection between Eastern and Central Paratethys
through the Barlad Strait (inset (a.)) was restricted, allowing only limited exchange of water, resembling the present day Bosphorus Strait. (B) Paleogeographic setting during the
early Sarmatian–Volhynian substage (Late Serravallian–Early Tortonian, after 12.65 Ma). The Barlad Strait widens and deepens (inset (b.)), becoming a full marine connection and
allowing a stratified water exchange. Abbreviations for the relevant Paratethys sub-basins: BSB — Black Sea Basin, CF — Carpathian Foredeep, PB — Pannonian Basin, SCS — Scythian
Shelf, TB — Transylvanian Basin, VB — Vienna Basin, and DB — Dacian Basin.
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united Paratethys Sea (Fig. 11b). This Volhynian sea had a strikingly uni-
form, endemic “Sarmatian” fauna (Studencka et al., 1998), indicating an
effective water exchange between the basins. The BSEE thus corre-
spondswith amajor transformation in the nature of the Barlad gateway,
switching from a passive to a full connection between Central and East-
ern Paratethys.

The widening and deepening of the Barlad gateway was most likely
triggered by tectonics. The area is part of the Eastern European plate
that was subsiding under the Tisza–Dacia plate during the Badenian
and Sarmatian times (Matenco et al., 2010). Seismic data from the
Carpathian Foredeep basin show a depocenter change at the BSEE
level, which can also be related to the tectonic reorganizations in the re-
gion (Tarapoanca et al., 2003).

In addition, the global sea level rise, taking place at 12.64Ma (VanDe
Wal et al., 2011), would clearly help to increase the water exchange be-
tween the two Paratethys domains. Arguments for such a transgressive
event are found in many Paratethyan basins (Kováč et al., 2004; Kováč
et al., 2007; Filipescu andDe Leeuw, 2011)where the earliest Sarmatian
deposits are extended on a larger surface than the latest Badenian sed-
iments. The significantly smaller Central Paratethys clearly experienced
a far more drastic change in water chemistry than the large Eastern
Paratethys basin. Our results indicate that this change in chemistry is
exemplified by a change frommarine to brackish conditions in the Cen-
tral Paratethys and that it took place at 12.65 ± 0.01 Ma in a very short
time interval of less than 10 kyr. The Slovenian gateway probably still
allowed restrictive Paratethys–Mediterranean exchange during the
early Sarmatian, generating more saline influxes in especially the west-
ernmost part of Paratethys (Piller and Harzhauser, 2005).
6. Conclusions

We provide integrated magneto-biostratigraphic results for a con-
tinuous, 220m long, sedimentary succession in the Carpathian foredeep
basin of Romania that straddles the Badenian–Sarmatian boundary in-
terval. All marine Badenian species suddenly disappear in a very short
stratigraphic interval between 67.8 and 69.0 m, correlative to the
BSEE. Quantitative micropaleontological analyses of foraminifera
and calcareous nannofossils reveal that the BSEE in the Tisa section
corresponds to a rapid change in basin chemistry, with open
marine conditions changing to brackish water environments. The
magnetostratigraphic record from the section can be straightforwardly
correlated to the GPTS, and shows that it covers the time interval from
12.8 to 12.2 Ma. The Badenian–Sarmatian boundary is located in the
lower half of chron C5Ar.1r corresponding to an age of 12.65 ±
0.01 Ma, in good agreement with earlier results (Piller et al., 2007;
Paulissen et al., 2011; De Leeuw et al., 2013). We furthermore conclude
that the BSEE happened very fast, in a time span of less than 10 kyr.

We found no evidence for a sea-level drop at the BSEE level or for a
major change in global climate. Paleogeographic reconstructions show
that the BSEE does correspond to a change in the configuration of
the Central–Eastern Paratethys gateway: the so-called Barlad Strait
(Popov et al., 2004) and a minor rise in global sea level (Van De Wal
et al., 2011). It suggests that the marine Central Paratethys became
fully connected with the predominantly brackish Eastern Paratethys,
resulting in a unified Paratethys sea at the beginning of the Sarmatian,
causing a dramatic change towards less saline conditions in the Central
Paratethyan basins. A small, restricted marine connection with the



357D.V. Palcu et al. / Global and Planetary Change 133 (2015) 346–358
Mediterranean probably persisted during the early Sarmatian, allowing
for more saline conditions in the westernmost part of Paratethys (Piller
and Harzhauser, 2005).
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