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A B S T R A C T

Widespread evaporites were deposited in large parts of the Central Paratethys during the so-called Badenian
Salinity Crisis (BSC). The adverse environmental conditions that accompanied the BSC triggered a demise in the
basin's marine fauna, inducing the so-called middle-Badenian-extinction-event. While tectonic activity pre-
conditioned the Central Paratethys for isolation, it has recently been shown that the BSC was eventually trig-
gered by the base-level drop accompanying the Mi3b global cooling event, which terminated the Middle
Miocene Climatic Optimum. Here, we provide new constraints on the termination of the BSC by 40Ar/39Ar dating
of a volcanic ash layer, located in a marl succession several meters above the Badenian evaporites of the Slănic
Syncline in the Romanian East Carpathians. The results reveal that the BSC ended before 13.32 ± 0.07Ma.
Comparison with previously obtained geochronological results in Poland constrains the duration of the BSC to
500 kyr, assuming evaporite deposition in the Central Paratethys occurred as one event. The obtained 40Ar/39Ar
results are complemented with paleomagnetic and micropaleontological analyses. These reveal that the in-
vestigated post-BSC marl interval in the Slănic Syncline was deposited in a period of reversed polarity corre-
sponding to C5AAr. This is in agreement with calcareous nannoplankton from the same interval that belong to
the NN6 zone. Ostracod and foraminifera marker species are indicative of the middle part of the regional
Badenian stage, traditionally known as the Wielician. The foraminiferal assemblage is nevertheless very similar
to Serravallian assemblages from the Mediterranean, which suggests that, in addition to a connection between
the Central Paratethys and the Eastern Paratethys, there was a marine connection with the Mediterranean fol-
lowing the BSC. A comparison with post-BSC successions in Ukraine and Poland illustrates that the BSC was
terminated by a transgression that re-installed normal marine conditions in the Carpathian foredeep. This basin-
wide transgression resulted from reconnection of the Carpathian Foreland Basin with the Mediterranean and
Eastern Paratethys, which improved the exchange of water and fauna. Global eustacy cannot explain re-con-
nection of these basins, because global sea level on average remained just as low after the BSC as it had been
during the crisis. The improved interconnectivity between the basins must therefore have been primarily caused
by tectonic modification of the interconnecting gateways. Geodynamics thus played a crucial role in the re-
establishment of a flourishing marine environment.

1. Introduction

Semi-enclosed basins like the Paratethys and Mediterranean are

exceptionally suitable to study the forcing mechanisms of (paleo-)en-
vironmental change. The land-locked Paratethys was mainly connected
to the open ocean via shallow and narrow marine gateways (Steininger

https://doi.org/10.1016/j.gloplacha.2018.07.001
Received 27 February 2017; Received in revised form 4 July 2018; Accepted 4 July 2018

⁎ Corresponding author at: Univ. Grenoble Alpes, Univ. Savoie Mont Blanc, CNRS, IRD, IFSTTAR, ISTerre, 38000 Grenoble, France.
E-mail addresses: arjan.deleeuw@casp.cam.ac.uk, arjan.de-leeuw@univ-grenoble-alpes.fr (A. de Leeuw).

Global and Planetary Change 169 (2018) 1–15

Available online 06 July 2018
0921-8181/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09218181
https://www.elsevier.com/locate/gloplacha
https://doi.org/10.1016/j.gloplacha.2018.07.001
https://doi.org/10.1016/j.gloplacha.2018.07.001
mailto:arjan.deleeuw@casp.cam.ac.uk
mailto:arjan.de-leeuw@univ-grenoble-alpes.fr
https://doi.org/10.1016/j.gloplacha.2018.07.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gloplacha.2018.07.001&domain=pdf


and Rögl, 1984; Rögl, 1998; Popov et al., 2004). Hydrological changes
due to restriction or expansion of these gateways had a marked impact
on the paleoenvironmental conditions in the Paratethys basins (e.g.
Karami et al., 2011; Palcu et al., 2015) and contributed to a number of
extinction events (Harzhauser and Piller, 2007). The most extreme
environmental changes are so-called salinity crises that occur when
marine connections are progressively closed resulting in restriction,
isolation and massive salt deposition (Krijgsman et al., 2000; Peryt,
2006; Roveri et al., 2014; CIESM, 2008). The Miocene Badenian stage
of the regional Paratethys time scale is marked by major paleoclimatic
fluctuations and increased geodynamic activity that, combined with
deteriorated water circulation patterns, resulted in hypersaline condi-
tions in large parts of the Central Paratethys (Kováč et al., 2007).
During this so-called Badenian Salinity Crisis (BSC), formation of
widespread salt and gypsum deposits took place in the Carpathian
Foredeep, Transylvanian, Transcarpathian and East-Slovak basins
(Venglinskij, 1975; Kováč et al., 1995, 1996; Filipescu, 2001; Krézsek
and Filipescu, 2005; Peryt, 2006). Recently discovered Badenian salt
deposits along the Mid-Hungarian shear zone (Palotai and Csontos,
2012; Báldi et al., 2017) and stromatolitic deposits in the Austrian
Oberpullendorf Basin that are indicative of hostile hypersaline condi-
tions (Harzhauser et al., 2014) reveal that the BSC possibly also had a
strong environmental impact on the Pannonian Basin. The BSC went
hand in hand with a significant demise in the basins gastropod and
ostracod fauna, which has been coined the middle-Badenian-extinction-
event (Harzhauser and Piller, 2007).

A reliable chronologic framework is crucial to unravel climatic from
geodynamic forcing factors on evaporite formation (Hodell et al., 2001;
Krijgsman et al., 2004). Radio-isotope dating recently indicated that,
following tectonic preconditioning of the Central Paratethys for isola-
tion, the onset of the BSC was eventually triggered by the Mi3b global
cooling event which terminated the Middle Miocene Climatic Optimum
(de Leeuw et al., 2010). This corresponding cooling event is expressed
in changes in foraminifera assemblages and stable isotope ratios in the
marls directly underlying the evaporites (Bicchi et al., 2003; Gonera
et al., 2000; Gonera, 2013; Peryt, 2013b). The corresponding sea level
lowering restricted the marine gateways to the Mediterranean, resulting
in hypersaline conditions in the Central Paratethys. Based on inter-
polation of 40Ar/39Ar ages, the total duration of Badenian evaporite
deposition was estimated to be ~400 ± 200 kyr (de Leeuw et al.,
2010). Additional high resolution age constraints on the termination of
the BSC are necessary to elucidate the exact forcing mechanisms of salt
and gypsum in these marine environments and to establish what caused
the end of the BSC.

In this paper, we focus on the termination and duration of the
Badenian Salinity Crisis. The end of the BSC will be determined by
40Ar/39Ar dating of a volcanic ash layer, located in a marl succession
several meters above the Badenian evaporites of the East Carpathians in
Romania (Fig. 1). It will be shown that the obtained age statistically
overlaps with complementary 40Ar/39Ar dates from a volcanic ash in
the Pecten Beds that overlie BSC evaporites in Poland (Śliwiński et al.,
2012) after recalibration to the astronomically tuned age of the FCs
standard. A comparison of these post-BSC ages with the 40Ar/39Ar ages
from the base and middle of the BSC successions in southern Poland,
(de Leeuw et al., 2010; Bukowski et al., 2010), will moreover constrain
the duration of the BSC. Biostratigraphic and magnetostratigraphic re-
sults from the post-evaporitic marls at Piatra Verde will complement
the obtained radio-isotopic age. Detailed faunal analyses on planktonic
and benthonic foraminifera, calcareous nannofossils and ostracods will
shed light on the paleoenvironmental and paleogeographic changes
that re-installed open marine environments in the East Carpathian
Foredeep directly after the BSC.

2. Badenian evaporites in the East Carpathians (Romania)

Badenian evaporites of the Central Paratethys are generally

30–100m thick and consist of gypsum or halite with intercalations of
clay. Facies analyses suggest that the Badenian halite originated from
deep density-stratified brines (Bąbel, 1999) and slightly pre-dated the
onset of gypsum at the basin margins (Peryt, 2006). Badenian strata in
the eastern part of the Central Paratethys, including the Carpathian
Foreland Basin, have a three-partite division (Papp et al., 1978; Piller
et al., 2007). There is a lower interval with open marine siliciclastics
and carbonates, which is overlain by a middle interval with evaporites,
which is in turn overlain by an upper interval with open marine sili-
ciclastics. These three intervals can easily be distinguished in the field
and on seismic sections and roughly correspond with the Moravian,
Wielician and Kosovian biostratigraphic zones, frequently used in the
eastern part of the Central Paratethys (Piller et al., 2007). However, the
definition and extent of these zones varies and the Wielician extends
both below and above the evaporites (Gonera, 2013). There is fur-
thermore an ongoing debate on the subdivision of the Badenian of the
Central Paratethys and various substage definitions have been proposed
(c.f. Papp et al., 1978; Piller et al., 2007; Kováč et al., 2007;
Hohenegger et al., 2014). We do not intend to contribute to, or resolve
this discussion, but rather provide radio-isotopic age constraints on a
typical BSC succession in Romania. We provide detailed information on
the calcareous nannoplankton, ostracod and foraminifer assemblages in
the investigated section, which should enable direct comparison with
other Badenian successions and alternative subdivisions proposed.

In the Romanian part of the former Carpathian Foredeep, the BSC
deposits comprise halite with thin claystone and siltstone intercala-
tions, gypsum and breccias. Massive halite deposits occur in the salt
diapir of Slănic-Pahova (Fig. 2). In-situ selenitic saber-like gypsum
deposits and microbial stromatolites, which accumulated in shallower
salina-type parts of the basin, crop out along Valea Rea, where they
superpose tuff-bearing lower Badenian “Globigerina Marls” (Crihan,
1999; Frunzescu, 2005). They are unconformably overlain by a salt
breccia which contains clasts of marl, grey-greenish clay, grey fine
micaceous calcareous sandstone, gypsum and gypsiferous sandstones,
black shales and globigerina-bearing tuffaceous marls (Frunzescu,
2012).

A classical lithostratigraphic succession of the Badenian deposits is
exposed at Piatra Verde along the northwest limb of the Slănic Syncline
(Fig. 2) (Popescu, 1951; Mărunţeanu, 1999; Melinte-Dobrinescu and
Stoica, 2014), which is located in the southernmost East Carpathians.
Here, the salt breccia erosively overlies the lower Badenian Slănic Tuff.
The latter forms a depositional interval with very prominent volcanic
tuffs and tuffites interbedded with “Globigerina Marls” that are in
places very rich in foraminifera. The larger part of the Slănic Tuff and
the associated Globigerina Marls contain calcareous nannofossil as-
semblages that are typical for the NN5 zone, while the uppermost part
lacks index fossil Sphenolitus heteromorphus and thus pertains to the NN6
zone (Melinte-Dobrinescu and Stoica, 2014). The overlying salt breccia
has a marly to clayey matrix and contains clasts of calcareous sand-
stones, grey marly limestones, bituminous carbonatic laminites or bi-
tuminous shales, Lithothamnium limestones, sandstones, green tuffs
derived from the adjacent Slănic Tuff and marls with globigeriniids
(Frunzescu, 2012). The overlying interval with BSC gypsum is 40–50m
thick and dominated by allochthonous gypsum brought in by debris
flows from nearby shallow water salinas (Frunzescu, 2010). The lower
part consists of gypsum gravity flow deposits with intermittent layered
algal mats. The upper part, which is currently best exposed in the Piatra
Verde Hill (Fig. 1; 45°15′32.14″N, 25°58′2.93″E), has a layered alter-
nation of algal- and clastic gypsum deposits at its base, overlain by a
20m interval of gypsum debris (Frunzescu, 2012). Within the gypsum
sequence, there are some very thin silty clay beds that yielded a few
molluscs of the Pycnodonta, Ostrea, Glycimeris, Chlamys, Diloma, Calli-
stoma and Vermetus genera (Popescu, 1951). There are ~15m of marls
with some intercalating volcanic tuffs on top of the gypsum (Fig. 1c).
The overlying upper Badenian of the Slănic Syncline is up to 500m
thick and consists in stratigraphic order of the “Radiolarian Shales”
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(argillaceous shales, rich in radiolarians of the Coenosphaera, Dictyo-
coryne, Halicapsa, Rhopalodictyum, Sethocapsa and Spongodiscus genera)
and “Spirialis Marls” (marls of lutitic facies, locally rich in micro-gas-
tropods) (Popescu, 1951; Motaş et al., 1966; Dumitrică, 1978).

3. Radioisotope dating

We sampled a volcanic ash layer (PV-A) that is located in the marls,
~6m above the top of the BSC evaporites at Piatra Verde (Fig. 1). The
bulk samples were crushed, disintegrated in a dilute calgon solution,
washed and sieved over a set of sieves between 63 and 250 μm. The
250–400 μm mineral fraction was subjected to standard heavy liquid
and magnetic separation techniques. Biotite separates were submerged
in pure demineralized water in an ultrasonic bath for 5min. Samples
were subsequently handpicked and loaded in a 10mm ID quartz vial
together with Fish Canyon Tuff (FC-2) and Drachenfels (Dra-1,
f250–500 and Dra-2, f > 500) sanidine serving as flux monitors. The
vial was irradiated in the Oregon State University TRIGA reactor in the
cadmium shielded CLICIT facility for 10 h.

The separates were then split in two duplicate multigrain fractions

that were each loaded in 6mm holes of a Cu-tray and pre-heated to
~200 °C under vacuum using a heating stage and a heat lamp to remove
undesirable atmospheric argon. The tray was then placed in the sample
house and the system (extraction line + sample house) was degassed
overnight at ~150 °C. Incremental heating was performed with 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 (~every 10 h) of aliquots of air. The irradiation parameter J for
each unknown was determined by interpolation between the in-
dividually measured standards. 40Ar/39Ar ages were calculated with the
ArArCalc software (Koppers, 2002). We use the FCs age of
28.201 ± 0.046Ma (Kuiper et al., 2008) in combination with the
decay constants of Steiger and Jäger (1977) for calibration. We are
aware that the 28.201Ma should be used in combination with Min et al.
(2000) decay constants, but want to compare this study directly with

Fig. 1. a) Facies map displaying the distribution of halite (Σ) and gypsum/anhydrite (V) deposits along the Carpathians. Areas with both halite and gypsum/
anhydrite are shown as halite. b) Simplified paleogeographic reconstruction of Mediterranean-Paratethys connection during Badenian Salinity Crisis interval (both
modified after de Leeuw et al., 2010). Star marks location of studied section. c) Photograph of the Piatra Verde section with the position of the volcanic ash layer.
White circle indicates a person for scale.
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previous results that have been calculated using this calibration model
(Bukowski et al., 2010; de Leeuw et al., 2010). If the 28.198Ma age for
FCs based on the Steiger and Jäger decay constants is used, resulting
age differences are minor. We report R values (Supplementary Mate-
rial), so that ages be can recalculated to any preferred calibration
model. The age attributed to Drachenfels sanidine that was used as a
flux monitor is 25.42 ± 0.03Ma relative to the FCs age given above.
Correction factors for neutron interference reactions are
2.64 ± 0.017×10−4 for (36Ar/37Ar)Ca, 6.73 ± 0.037× 10−4 for
(39Ar/37Ar)Ca, 1.211 ± 0.003×10−2 for (38Ar/39Ar)K and
8.6 ± 0.7× 10−4 for (40Ar/39Ar)K. We used the value of 295.5 for the
40Ar/36Ar atmospheric ratio (Nier, 1950). Errors are quoted at the 1σ
level and include the analytical error and the error in J.

The biotite crystals of the Piatra Verde PV-A ash were irradiated in
the same vial and facility as the WT-1 and WT-3 biotite and hornblende
samples used to determine the onset of the BSC (de Leeuw et al., 2010).
Argon analyses for all these BSC samples were performed using iden-
tical analytical protocols and instruments during the same period. In
addition we are using the same ages for the Drachenfels and Fish
Canyon Tuff flux monitors and the same decay constant. This facilitates
direct comparison of the obtained ages.

Standard incremental heating techniques on two duplicate biotite
separates (experiments 232 and 233) were performed. The results are
summarized in Figs. 3, 4 and Table 1. At low laser power, there is a peak
in 36Ar(a), while there are low proportions of the other isotopes of

argon. This is interpreted to reflect air argon being expelled from “easy”
sites in the biotite crystals. This is also reflected in the proportion of
40Ar(r) released, which initially remains very low. At intermediate
laser power, the proportion of 36Ar(a) released decreases, while there is
a strong increase in the proportion of 40Ar(r) and 39Ar(k). This is taken
to reflect the release of radiogenic and potassium generated isotopes of
argon during fusion of the biotite crystals. The relatively high K/Ca
ratio corroborates fusion of biotite, which generally has 7–8% of po-
tassium content (McDougall and Harrison, 1999), but does not contain
calcium. The release of 38Ar(cl) is attributed to fusion of some chlorite
present in the biotite crystal structure. At high laser power, there is a
marked peak in 37Ar(ca) and therefore lower K/Ca ratios, while the
proportion of radiogenic and potassium generated argon isotopes de-
creases. This is taken to reflect a diminishing contribution from biotite,
while degassing of another, more calcium rich mineral starts to dom-
inate the argon spectrum. This may reflect fusion of small plagioclase
inclusions in the original biotite crystals.

We wish to determine the crystallization age of the biotite crystals
from the PV-A ash level and have therefore selected the high radiogenic
argon (> 60%), high potassium analyses in the middle part of the in-
cremental heating experiment for age calculation (Table 1, Figs. 3, 4).
These provided a weighted mean age of 13.32 ± 0.07Ma (Table 1,
Fig. 4), which is concordant with the total fusion and isochron ages. The
complete analytical data for the PV-A 40Ar/39Ar experiments are
available in the supplementary material.

Fig. 2. Geological map of the Slănic Syncline adapted from (Ștefǎnescu et al., 1978). The syncline is located towards the southern end of the Tarcău Nappe, the most
areal widespread tectonic unit of the Moldavide Nappes of the outer East Carpathians (Săndulescu, 1984).
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4. Paleomagnetic analyses

For magnetostratigraphic purposes, 18 levels were sampled in the
8m of marine marls above the Badenian evaporites at Piatra Verde
using an electrical drill with a generator as power supply. These sam-
ples were subjected to either stepwise thermal or alternating field de-
magnetization, and after each step the Natural Remanent
Magnetization (NRM) was measured on a 2G Enterprise horizontal
cryogenic magnetometer equipped with DC SQUIDS (noise level
3× 10−12 Am2). Thermomagnetic runs were measured in air on a
modified horizontal translation type Curie balance with a sensitivity of
approximately ~10−9 Am2 (Mullender et al., 1993). Measurements

were performed up to 700 °C, for selected powdered samples to identify
the carriers of the magnetic signal. Approximately 40–60mg 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 showed a major increase in magnetization
at temperatures of 390–400 °C indicative for the alteration of iron sul-
phides, such as pyrite, to magnetite (Fig. 5a). Thermal demagnetization
was therefore applied to a maximum temperature of 390 °C. De-
magnetization diagrams in general show two components: 1) a low-
temperature (20–200 °C), low-coercivity (0-20mT) normal component
that we interpret as a viscous component of recent present-day origin
and 2) a high-temperature (240–390 °C), high-coercivity (20-60mT)

Fig. 3. Degassing diagrams for the 40Ar/39Ar experiments. Grey shaded areas indicated the steps included in the weighted mean age. Dashed red lines plotted against
axes on the right. Full blue lines plotted against axes on the left. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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component of reversed polarity (Fig. 5b). Only the samples from the
lowermost stratigraphic level display normal polarity directions
(Fig. 5c). We conclude that the magnetic signal in these rocks is most
likely carried by greigite, similar to other Paratethys sediments (de
Leeuw et al., 2013; Krijgsman et al., 2010; Vasiliev et al., 2010; Vasiliev
et al., 2007; Vasiliev et al., 2011). This greigite is interpreted to be of
early diagenetic near-primary origin, and we consequently infer that
the post-evaporitic marls of Piatra Verde were predominantly deposited
during a period of reversed polarity.

5. Integrated biostratigraphy

Twelve micropaleontological samples were collected at regular in-
tervals from the deposits directly overlying the evaporites at Piatra
Verde. The samples, which consisted of sandy clay, were disaggregated
by boiling in a sodium carbonate solution. They were then washed and
sieved over a sieve with a 100 μm mesh. Foraminifera, ostracods,
echinoid spines, bryozoans, tube worms, green algae, and fish bones
were subsequently hand-picked from the residue under a ZEISS – GSM
microscope. In addition, nine sediment samples, taken at regular in-
tervals from the post-evaporitic sediment at Piatra Verde, were ana-
lyzed for calcareous nannoplankton, with an Olympus microscope, at
×1200 magnification.

5.1. Foraminifera

Foraminifera are common but generally poorly preserved. The
planktonic foraminiferal fauna is composed of the following species:
Globigerinoides trilobus (Reuss, 1850b), Paragloborotalia siakensis (Leroy,
1939), Globoquadrina altispira (Cushman and Jarvis, 1936), Turboglo-
borotalia apertura (Cushman, 1918), Globigerina bulloides (D'Orbigny,
1826), Globorotalia transsylvanica (Popescu, 1970), orbulinids and pla-
noconvex globorotaliids (key species are shown in Fig. 6).

The orbulinids show an incompletely enveloping final chamber with
the apertural openings in a polar position. Openings are often stretched
rather than circular. Amongst the better preserved specimens are some
that show a few openings located away from the intercameral suture
and are, therefore, assignable to Orbulina suturalis (Brönnimann, 1951).
The openings in a few other specimens, however, seem to be confined to
the intercameral suture; per definition they thus belong to Praeorbulina

circularis (Blow, 1956).
The specimens assigned to P. siakensis show 4.5–6 chambers in the

last whorl, an arched aperture often bordered with a lip, and a small
open umbilicus. Sutures on spiral and umbilical side are more or less
straight. In all these aspects they compare well with the holotype and
topotypes described and figured in Zachariasse and Sudijono (2012).

Interesting are the planoconvex globorotaliids: they resemble both
Globorotalia transsylvanica (Popescu, 1970) and Globorotalia partimla-
biata (Ruggieri and Sprovieri, 1970). Globorotalia transsylvanica is an
endemic species of the Central Paratethys (Popescu and Crihan, 2004),
which occurs from the Karpatian up to the late Badenian (Cicha et al.,
1998). Globorotalia partimlabiata is a marker species for the middle
Miocene (Serravallian) in the Mediterranean and North Atlantic (Hilgen
et al., 2000). More extensive paleontological studies are required to
better understand the taxonomy of these globorotaliids. Here, we con-
clude that the observed specimens in the Piatra Verde samples corre-
spond to G. transsylvanica.

The benthic microfauna is dominated by three species of Elphidium
(E. fichtelianum, E. cf. eichwaldi and E. aculeatum) with admixtures of
Glabratella platyomphala and Lobatula lobatula / Cibicidoides laevi (key
species are shown in Fig. 6). These are mainly epiphytic species (living
on algae or sea grass). Deep bottom dwelling species are (almost) absent
suggesting that the depositional environment was not very deep.
Planktonic foraminifera are abundant, which suggests normal marine
conditions in the basin.

5.2. Ostracoda

The most common ostracod taxa recorded in the grey marls above
the gypsum at Piatra Verde belong to Cnestocythere lamellicosta Triebel,
Loxocorniculum schmidi (Cernajsek, 1974), Loxocorniculum hastatum
(Reuss, 1850a), Loxoconcha punctatella (Reuss, 1850a), Loxoconcha
kochi Méhes, Callistocythere canaliculata (Reuss, 1850a), Callistocythere
daedalea (Reuss, 1850a), Aurila cicatricosa (Reuss, 1850a), Phlycteno-
phora sp., Semicytherura sp., Heliocythere vejhonensis (Procházka, 1893),
Tenedocythere sulcatopunctata (Reuss, 1850a), Grinioneis haidingeri
(Reuss, 1850a), Pokornyella deformis (Reuss, 1850a), Bairdia sub-
deltoidea (Münster, 1830), Xestoleberis aff. Dispar Muller and Triebelina
boldi Key (key species are shown in Fig. 6). This ostracod fauna is
dominated by shallow water species typical for the Wielician interval of

Fig. 4. Weighted mean age and Ca/K ratio for the two 40Ar/39Ar experiments. Errors are shown at 1σ.
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the Badenian (Brestenská and Jiříček, 1978; Gross, 2006). The assem-
blage suggests a marine, inner shelf environment with a water depth
not greater than approximately 100m.

5.3. Calcareous nannoplankton

The calcareous nannofossil assemblages contained stratigraphically
significant species, including Cyclicargolithus floridanus (Roth & Hay, in
Hay et al., 1967) Bukry, 1971 (last common occurrence, LCO at
13.29Ma), Calcidiscus premacintyrei Theodoridis, 1984 (LCO at
12.45Ma) and Coronocyclus nitescens (Kamptner, 1963) Bramlette and
Wilcoxon, 1967 (last occurrence, LO at 12.25Ma), with ages according
to Raffi et al. (2006). Other nannofossils that are frequently present in
the samples are Discoaster exilis Martini and Bramlette, 1963, D. var-
iabilis Martini and Bramlette, 1963, Sphenolithus moriformis
(Brönnimann and Stradner, 1960), Bramlette and Wilcoxon, 1967,
Calcidiscus leptoporus (Murray and Blackman, 1898), Loeblich Jr. and
Tappan, 1978, C. macintyrei (Bukry and Bramlette, 1969) Loeblich Jr.
and Tappan, 1978, Helicosphaera carteri (Wallich, 1877) Kamptner,
1954, Coccolithus pelagicus (Wallich, 1877), Schiller, 1930 and Brar-
udosphaera bigelowii (Gran and Braarud, 1935) Deflandre, 1947 (Fig. 6).

All the studied samples belong to the NN6 calcareous

nannoplankton zone of Martini (1971), which covers the time interval
between the LO (last occurrence) of Sphenolithus heteromorphus
Deflandre, 1953 and the FO (first occurrence) of Discoaster kugleri
Martini and Bramlette, 1963. Sphenolithus heteromorphus is not present
in any of the investigated samples and they are thus inferred to have
been deposited after the LO of the aforementioned nannofossil, which is
dated at 13.54Ma in the West Atlantic and 13.64Ma in the Eastern
Mediterranean (Raffi et al., 2006). The presence of abundant calcareous
nannofossils suggests that surface waters and probably the upper part of
the water column were subject to normal open-marine conditions.

6. Discussion

6.1. Age of the termination of the BSC in the Slănic Syncline

Our results provide new chronologic constraints on the termination
of the BSC. The 40Ar/39Ar results provide a 13.32 ± 0.07Ma weighted
mean age (Fig. 4) for the PV-A tuff level that is intercalated with marls
that concordantly overlie clastic BSC gypsum deposits in the in-
vestigated outcrop (Fig. 1). Magnetostratigraphic analyses (Fig. 5) show
that the marl succession, in which the tuff is intercalated, was pre-
dominantly deposited during a period of reversed polarity. Based on the

Table 1
Incremental heating 40Ar/39Ar results for biotite from the PV-1 volcanic ash.

Incremental heating 36Ar(a) (V) 37Ar(ca) (V) 38Ar(cl) (V) 39Ar(k) (V) 40Ar(r) (V) Age± σ (Ma) 40Ar(r) (%) 39Ar(k) (%) K/Ca±1σ

09M0232C 15.50W 0.0316786 0.0086449 0.0011997 0.376677 0.92170 11.81 ± 2.45 8.88 0.50 18.7 ± 2.2
09M0232D 18.50W 0.0189392 0.0116403 0.0022816 0.657650 1.76926 12.98 ± 1.03 23.83 0.87 24.3 ± 1.7
09M0232E 22.00W 0.0206814 0.0172079 0.0041470 1.328049 3.62220 13.16 ± 0.50 36.97 1.76 33.2 ± 2.0
09M0232F 26.00W 0.0181177 0.0273120 0.0079836 2.407776 6.65813 13.34 ± 0.24 55.17 3.18 37.9 ± 1.7
09M0232G 30.00W × 0.0192022 0.0396680 0.0122715 4.209565 11.49630 13.18 ± 0.16 66.71 5.56 45.6 ± 2.0
09M0232H 34.00W × 0.0107588 0.0407251 0.0142620 4.698593 12.89069 13.24 ± 0.10 80.03 6.21 49.6 ± 1.8
09M0232I 38.00W × 0.0068066 0.0312674 0.0116057 3.825659 10.57543 13.34 ± 0.09 83.86 5.06 52.6 ± 1.8
09M0232J 44.00W × 0.0072789 0.0554025 0.0147880 4.836029 13.37625 13.34 ± 0.08 86.00 6.39 37.5 ± 1.0
09M0232K 50.00W × 0.0035028 0.0464391 0.0089091 3.073199 8.56285 13.44 ± 0.08 89.09 4.06 28.5 ± 0.9
09M0232L 60.00W 0.0034284 0.0779211 0.0104673 3.502593 9.71713 13.38 ± 0.08 90.44 4.63 19.3 ± 0.4
09M0232M 75.00W 0.0025822 0.1082783 0.0108643 3.320587 9.24362 13.43 ± 0.07 92.28 4.39 13.2 ± 0.3
09M0232N 7.00W 0.0011059 0.0580143 0.0041506 1.353398 3.75083 13.37 ± 0.09 91.88 1.79 10.0 ± 0.3
09M0232O 9.50W 0.0011751 0.0956214 0.0060047 1.907916 5.28116 13.35 ± 0.08 93.74 2.52 8.6 ± 0.2
09M0232P 12.00W 0.0003664 0.0301789 0.0013626 0.439104 1.22353 13.44 ± 0.11 91.77 0.58 6.3 ± 0.2
09M0232Q 15.00W 0.0002045 0.0231933 0.0009469 0.256447 0.72113 13.57 ± 0.13 92.17 0.34 4.8 ± 0.2
09M0233C 15.50W 0.0333424 0.0096864 0.0009132 0.388488 0.94659 11.76 ± 2.53 8.68 0.51 17.2 ± 2.0
09M0233D 18.50W 0.0249730 0.0135654 0.0023801 0.715783 1.90184 12.82 ± 1.14 20.32 0.95 22.7 ± 1.2
09M0233E 22.00W 0.0240584 0.0234476 0.0054263 1.769914 4.78332 13.04 ± 0.43 39.97 2.34 32.5 ± 1.6
09M0233F 26.00W 0.0227596 0.0291875 0.0078299 2.585078 7.03833 13.14 ± 0.26 50.87 3.42 38.1 ± 1.8
09M0233G 30.00W × 0.0196586 0.0448293 0.0143699 4.811638 13.18088 13.22 ± 0.14 69.18 6.36 46.2 ± 1.4
09M0233H 34.00W × 0.0102851 0.0466488 0.0163198 5.456899 15.01859 13.28 ± 0.09 83.00 7.21 50.3 ± 1.2
09M0233I 38.00W × 0.0087339 0.0372178 0.0120691 3.876362 10.69749 13.31 ± 0.10 80.38 5.12 44.8 ± 1.5
09M0233J 44.00W × 0.0083107 0.0775148 0.0153485 5.055074 13.92277 13.29 ± 0.08 84.85 6.68 28.0 ± 0.7
09M0233K 50.00W × 0.0053495 0.0722174 0.0101733 3.421303 9.49319 13.39 ± 0.09 85.58 4.52 20.4 ± 0.5
09M0233L 60.00W 0.0051664 0.1103572 0.0116332 3.754685 10.37451 13.33 ± 0.08 87.03 4.96 14.6 ± 0.3
09M0233M 75.00W 0.0044704 0.1182370 0.0108009 3.431896 9.50360 13.36 ± 0.08 87.66 4.54 12.5 ± 0.3
09M0233N 7.00W 0.0003518 0.0137967 0.0010732 0.355391 1.00185 13.60 ± 0.13 90.49 0.47 11.1 ± 0.7
09M0233O 9.50W 0.0020630 0.1116736 0.0073941 2.514146 7.02186 13.47 ± 0.08 91.91 3.32 9.7 ± 0.2
09M0233P 12.00W 0.0007855 0.0735799 0.0026503 0.927401 2.59205 13.48 ± 0.09 91.68 1.23 5.4 ± 0.1
09M0233Q 15.00W 0.0003058 0.0362012 0.0012048 0.401969 1.14348 13.72 ± 0.10 92.58 0.53 4.8 ± 0.1

Σ 0.3164427 1.4896750 0.2308312 75.659270 208.43055

Information on analysis Results 40(r)/39(k) ±1σ Age ±1σ MSWD 39Ar(k) K/Ca ±1σ

(Ma) (%,n)

Sample=VU78–30 Age plateau 2.76130 ±0.00618 13.32 ±0.07 0.61 57.18 30.2 ± 3.6
Material= Biotite ± 0.22% ±0.55% 79% 10
Location= Piatra Verde Full external error ±0.16 1.47 1σ confidence limit
Analyst=Arjan de Leeuw Analytical error ±0.03 1.0000 Error magnification
Project=VU78
Mass discrimination law=LIN Total fusion age 2.75486 ±0.00739 13.29 ±0.08 30 21.8 ± 0.1
Irradiation=VU78 ±0.27% ±0.57%
J=0.00268420 ± 0.00001342 Full external error ±0.16
Drachenfels= 25.420 ± 0.163Ma Analytical error ±0.04
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above mentioned 13.32 ± 0.07Ma 40Ar/39Ar age, this reversed period
corresponds to chron C5AAr of the GPTS, which according to Hilgen
et al. (2012) lasted from 13.363Ma to 13.183Ma (Fig. 7). Ostracods,
planktonic and benthic foraminifera indicate that the investigated
marls accumulated in a shallow, normal marine basinal environment
relatively distal to clastic sediment input. We thus infer from these
results that by 13.32 ± 0.07Ma gypsum reworking had ended and
deposition of marls with abundant microfauna had resumed at Piatra
Verde. We interpret this switch to normal marine conditions to signify
the end of the BSC in the area of the Slănic syncline.

6.2. Biostratigraphic position of the marls overlying the BSC gypsum

The paleontological assemblages from the studied outcrop at Piatra
Verde allow regional (Paratethys) and global biostratigraphic correla-
tion. The nannofossil data show that the marl unit at Piatra Verde be-
longs to the NN6 calcareous nannoplankton zone of Martini (1971)
which covers the time interval between 13.53 and 11.86Ma (Gradstein
et al., 2012). This is in agreement with the obtained radio-isotopic age
and with other nannoplankton studies from the Carpathian Foredeep
(Andreyeva-Grigorovich et al., 2003; Mărunţeanu, 1999; Peryt, 1997;
Peryt, 1999) and the Transylvanian Basin (Chira, 2000). Globally, the
NN6 zone covers part of the Serravallian (Raffi et al., 2006; Gradstein
et al., 2012). The same nannofossil assemblages as identified here from
Piatra Verde in the Romanian Carpathians were reported from the GSSP
of the Serravallian (Hilgen et al., 2009), where the LO of Sphenolithus
heteromorphus is followed by the LCO of Cyclicargolithus floridanus.

The overall composition of the planktonic foraminiferal fauna is also
very similar to that of time-equivalent Serravallian sections in the
Mediterranean (pers. com. J.W. Zachariasse). The joint presence of O.
suturalis and P. siakensis suggests deposition between 15.10 and
11.19Ma (being the ages for the First Occurrence (FO) of O. suturalis
(Berggren et al., 1995) and the Last Occurrence (LO) of P. siakensis in
the Mediterranean (Hilgen et al., 2003). The poor preservation of the
planktonic index species makes it difficult to correlate the investigated

deposits in more detail to the Serravallian biostratigraphic scale of the
Mediterranean (Hilgen et al., 2009).

The obtained radio-isotopic age constraint helps to resolve the
ambiguity in the planoconvex globorotaliids in our samples that re-
semble both Globorotalia transsylvanica (Popescu, 1970) and Globor-
otalia partimlabiata (Ruggieri and Sprovieri, 1970). Globorotalia par-
timlabiata is a marker species for the middle Miocene (Serravallian and
Tortonian) in the Mediterranean and North Atlantic (Hilgen et al.,
2000). It there occurs from 12.88Ma (Abels et al., 2005) to 9.94Ma
(Hilgen et al., 2000). Given the 13.32Ma age constraint for the Piatra
Verde tuff layer, we conclude that the globorotaliids in our section
(Fig. 6) must in fact be G. transsylvanica. This species is endemic to the
Central Paratethys and occurs from the Karpatian to the late Badenian,
but it is most abundant in the Moravian and Wielician intervals of the
Badenian (Popescu, 1987; Cicha et al., 1998; Popescu and Crihan, 2011;
Filipescu and Filipescu, 2015).

The presence of the planktonic foraminifer species Globoturborotalita
druryi (Akers, 1955) and the benthic foraminifera species Uvigerina or-
bignyana Czjzek, in combination with the absence of foraminifera par-
ticular for the Late Badenian (Kosovian) Velapertina indigena zone, in-
dicate that the investigated deposits overlying the evaporites belong to
the middle part of the regional Badenian stage, which is in this area
traditionally known as the Wielician (Popescu, 1987; Krézsek and
Filipescu, 2005; Popescu and Crihan, 2011; Gonera, 2013). Our results
highlight that a Wielician-type microfossil assemblage is still present in
the stratigraphic interval directly overlying the BSC evaporites at Piatra
Verde. This is in line with the Badenian stratigraphic scheme compiled
by Gonera (2013).

In conclusion, the marls overlying the gypsum at Piatra Verde be-
long to the Wielician interval of the regional Badenian stage, the NN6
calcareous nannoplankton zone and the Serravallian stage of the
Standard Geological Timescale.

Fig. 5. Paleomagnetic results: a) Thermomagnetic runs in air. b) Demagnetization diagrams. c) Magnetostratigraphy for the investigated section. PV-A is the dated
ash layer.
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6.3. Comparison with radio-isotopic age constraints on BSC termination in
Poland and Ukraine

Several 40Ar/39Ar ages have recently been determined for post-BSC
deposits in Poland and Ukraine, which are complementary to our re-
sults from Piatra Verde and need to be compared. The Badenian stra-
tigraphy of the Carpathian Foredeep in Ukraine and Poland strongly
resembles the Badenian Stratigraphy of the Romanian East Carpathians,
although the local terminology differs (Fig. 7).

Śliwiński et al. (2012) have provided 40Ar/39Ar ages for the Babczyn
Tuff, which is intercalated in the Pecten Beds. These consist of clays and
marls with abundant pectinids that unconformably overlie the BSC
gypsum along the northern, marginal part of the Polish Carpathian
foreland basin. They range in thickness from several to over 40m and
contain late Badenian (Kosovian) index fossils including Flexopecten lilli
(Push), Palliolum bittneri (Toula) and Limacina gramensis (Rasmussen)
and are thus biostratigraphically younger than the here investigated
Wielician marls at Piatra Verde (Fig. 7).

The Pecten Beds bear intercalations of clastic gypsum which in-
dicates that the marginal gypsum was partially eroded before and
during deposition (Śliwiński et al., 2012). The abundance of Pecten
decreases basinwards (i.e. to the south and southeast), where the Pecten
Beds laterally grade into the Spirialis Clays (30–80m thick, with

abundant pteropods). These could be considered equivalent to the
Spirialis Marls of the Romanian East Carpathians (Fig. 7). To the
northeast of Kraków, deposits containing pteropods and Radiolaria –
designated as the ‘Radiolaria horizon’ – are intercalated between the
Pecten Beds and the gypsum deposits (Barwicz-Piskorz, 1978; Barwicz-
Piskorz, 1997; Osmólski, 1972). This ‘horizon’ belongs to the late Ba-
denian Velapertina indigena foraminiferal Zone and may be equivalent to
the Radiolarian Shales in Romania. The faunal assemblage of the Pecten
Beds indicates deposition in a normal marine (neritic, several tens of
meters deep) setting in basinal environments with wide prodeltas re-
ceiving sediment from suspension plumes and by storm surge-related
and density-turbidity currents (Śliwiński et al., 2012). The coeval
Spirialis Clays were also interpreted as prodeltaic facies.

40Ar/39Ar dating of biotite and volcanic glass from the rhyolitic
Babczyn Tuff provided an age of 13.06 ± 0.11Ma (Śliwiński et al.,
2012). However, the 40Ar/39Ar method is inherently a relative tech-
nique: It determines the age of an unknown sample relative to the age of
a known standard. There is a large set of different standards in use and
these have widely varying ages. Ages attributed to a single standard
also differ across publications. In order to properly compare 40Ar/39Ar
ages, they need to be recalibrated to the same standard ages (Renne
et al., 1998). The ages reported in the current paper and in de Leeuw
et al. (2010) and Bukowski et al. (2010) were determined relative to the

Fig. 6. Plates with key foraminifera, ostracodes and nannofossils from the studied section. Ostracod and foraminifera taxa are indicated on the figure. Nannofossils
are: 1–2: Discoaster variabilis Martini and Bramlette, 1963; 3, 4: Calcidiscus macintyrei (Bukry and Bramlette, 1969) Loeblich Jr. and Tappan, 1978; 5: Cyclicargolithus
floridanus (Hay et al., 1967) Bukry, 1971; 6: Braarudosphaera bigelowii Deflandre, 1947; 7–8: Helicosphaera carteri (Wallich, 1877) Kamptner, 1954; 9–10: Calcidiscus
leptoporus centrovalis (Stradner & Fuchs, 1980) Perch-Nielsen, 1984. All nannofossil microphotographs were taken with a LM (light microscope); 1–3, 6–7 and 9 -
transmitted light; Figs. 4-5, 8 and 10 - crossed nicols.
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28.201 ± 0.046Ma astronomically tuned age for Fish Canyon Tuff
sanidine (FCs; Kuiper et al., 2008), using the decay constant of Steiger
and Jäger (1977). Both the FCs and the volcanic ashes below and above
the BSC are Miocene in age. Standards with ages comparable to those of
the unknowns are necessary in order to reduce the dynamic range of
isotopic ratios to be measured (Renne et al., 1998). Using the astro-
nomically tuned age for FCs furthermore increases the compatibility of
the obtained ages with the global standard timescale for the Miocene,
which is also astronomically tuned (Hilgen et al., 2012). The
13.06 ± 0.11Ma age for the Babczyn Tuff was determined relative to a
Cambrian 513.9 ± 2.30Ma age for the MMhb-1 hornblende standard
(Lanphere et al., 1990; Śliwiński et al., 2012). The reported age can be
recalibrated to the astronomically tuned age of FCs using:
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where tBabczyn_recal is the recalibrated age of the Babczyn Tuff, λ is the
decay constant according to Steiger and Jäger (1977), tFCs is the
28.201 ± 0.046Ma astronomically tuned age of the FCs standard and
RFCs

MMhb−1 is the intercalibration factor between the FCs and MMhb-1
standards determined by Renne et al. (1998). RMMhb−1
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Where λ is the decay constant used in Śliwiński et al. (2012), which is
in this case also according to Steiger and Jäger (1977), tBabczyn_orig is the
13.06 ± 0.11Ma age of the Babczyn tuff reported by Śliwiński et al.
(2012) and tMMhb−1 is the 513.9 ± 2.30Ma age that was attributed to
the MMhb-1 standard. Error calculation follows Renne et al. (1998).
Accordingly, the recalibrated Babczyn Tuff age is 13.41 ± 0.10Ma.
Since this age for the Babczyn Tuff is now calibrated against the same
astronomically tuned FCs standard that is used in the current paper, it

may be compared with our results directly.
Another age constraint for the end of the BSC is provided by recent

40Ar/39Ar ages for glass shards from the Chodenice Tuff from the
radiolaria-bearing Chodenice Beds overlying the salt of the Wielicka
Beds near Bochnia in Poland (Bukowski et al., 2010). However, the
obtained 13.62 ± 0.10 age for these post-BSC deposits is in conflict
with the 13.60 ± 0.07Ma age obtained by the same research group for
a tuff present within the evaporitic deposits (de Leeuw et al., 2010).
Both papers use the same standards and decay constants as used in the
current paper, which facilitates comparison. The Chodenice result was
in this case considered less reliable, because it was obtained on glass
shards and hydration resulting in mobility of K and/or Ar in glass, and
recoil artefacts produced by neutron irradiation, can severely affect
glass shards from volcanic ashes (Morgan et al., 2009). The Chodenice
Tuff therefore does not provide a reliable age for the end of the BSC.

Finally, a 40Ar/39Ar age was recently obtained for volcanic glass
from a thin (2 cm) pyroclastic deposit within late Badenian marine
marls of the Kosiv Fm. that overlies BSC gypsum at Schyrets in the
Ukrainian Carpathian foreland basin (Fig. 7; Nejbert et al., 2012). Re-
gionally, the Kosiv Fm. consists of silty grey clays with interbeds of silt,
sandstone, tuff, and tuffites (Andreyeva-Grigorovich et al., 1997). The
lower part of the formation is known as the Verbovets Beds that contain
numerous Globigerina bulloides d'Orbigny, G. regularis d'Orbigny, Sub-
botina cognata (Pishvanova), and Velapertina indigena (Luczkowska).
Radiolarians occur in the lower part of the Verbovets Beds, while
pteropods of the genus Spiratella, and foraminifera occur in their upper
part (Garecka and Olszewska, 2011). This invokes an analogy with the
Radiolarian Shales and Spirialis Marls of the Romanian East Car-
pathians (Fig. 7). Detailed investigations revealed a high degree of si-
milarity of foraminiferal assemblages of the Pecten/Spirialis beds of
Poland and the Kosiv Fm. of Ukraine (Garecka and Olszewska, 2011).
Assemblages from both areas are characterized by numerous arenac-
eous species of foraminifera and, in particular, late Badenian

Fig. 7. Tentative correlation of BSC related deposits based on our new results and Śliwiński et al. (2012), Andreyeva-Grigorovich et al. (2003), Peryt et al. (2014) and
Peryt and Peryt (2009). Global timescale according to Gradstein et al. (2012). Stable oxygen and carbon isotope data are from Ocean Drilling Program (ODP) Site
1146 in Caribbean (Holbourn et al., 2007). Global eustatic sea level is according to modelling studies by de Boer et al., 2010who derive global eustatic sea level from
ice volume. We refrain from using the 40Ar/39Ar age of the Schyrets tuff (Nejbert et al., 2012), because insufficient data are available for recalibration to FCs.

A. de Leeuw et al. Global and Planetary Change 169 (2018) 1–15

10



(Kosovian) index planktonic species Velapertina indigena (Garecka and
Olszewska, 2011). Both foraminiferal and dinoflagellate cyst assem-
blages indicate an open marine shelf to bathyal environment with
normal-marine salinity and cool waters (Peryt et al., 2014). Again, it is
apparent that there is a high degree of similarity in the Badenian
stratigraphy of the Ukrainian Carpathian Foredeep and the outer part of
the Romanian East Carpathians. Unfortunately, insufficient data were
reported in Nejbert et al. (2012) for recalibration of the
13.19 ± 0.14Ma age for the Schyrets Tuff to the FCs standard. We
therefore refrain from a direct comparison with our results.

In summary, the end of the BSC is currently constrained by two
40Ar/39Ar ages: the 13.41 ± 0.10Ma age of the Babczyn Tuff in Poland
and our 13.32 ± 0.07Ma age for the PV-A tuff from Piatra Verde in
Romania. The listed ages are both calibrated against the astronomically
tuned age of FCs and are statistically overlapping. The marls in which
the PV-A tuff occurs have a reversed polarity, whereas magnetostrati-
graphic results for the post-BSC deposits in the North Carpathian
Foredeep of Poland are inconclusive because of the presence of a per-
vasive late diagenetic (normal polarity) overprint of the magnetic signal
(Sant et al., 2015). In the light of these data, we consider it most likely
that the BSC ended in the lower part of chron C5AAr around 13.35Ma
in the Romanian East Carpathians as well as in the Polish Carpathian
Foredeep.

There is a discrepancy in the relative ages of the Babczyn and PV-A
ashes in comparison with biostratigraphic data (Fig. 7.). This is prob-
ably attributable to the use of the Cambrian age MMhb-1 standard to
date the Miocene Babczyn tuff, which has likely introduced additional
uncertainty not properly reflected in the expressed± 0.010Ma con-
fidence interval. It is furthermore known that the MMhb-1 standard is
inhomogeneous (Renne et al., 1998), which results in additional un-
certainties. This shows that caution is required when determining
40Ar/39Ar ages, because these ages are not absolute, but inherently
linked to the age of the standard used for comparison (Renne et al.,
1998). It would be interesting to date the Babczyn, Schyrets and PV-A
ashes in a single experiment, so external sources of error can be ex-
cluded when their ages are compared.

6.4. What terminated the BSC?

The open marine faunal assemblages of the marls that overlie the
Badenian gypsum deposits at Piatra Verde indicate that the BSC was
terminated by a regional transgression, i.e. a relative rise in sea-level. In
combination with sedimentological and paleontological data from the
Polish and Ukrainian parts of the Carpathian Foredeep, the following
scenario is suggested: In the final stages of the BSC, gypsum beds that
previously accumulated along the basin margins became exposed,
leading to reworking of clastic gypsum into the deeper basin. Gypsum
reworking was ended by a marine transgression in the area of the Slănic
Syncline just prior to 13.32 ± 0.07Ma. Our results indicate that the
oldest transgressive deposits still have a typical Wielician-type micro-
fauna alongside an NN6 nannofossil assemblage. Base-level increased
further in the Late Badenian (early Kosovian interval, Velapertina in-
digena zone) and distal deposits with abundant radiolarians accumu-
lated, possibly due to mass mortality events triggered by turnovers in
the water column (Peryt, 2006). These radiolarian bearing deposits are
not only present in the Romanian East Carpathians, but also in the
Ukrainian and Polish foreland (Barwicz-Piskorz, 1978; Barwicz-Piskorz,
1997; Osmólski, 1972). This suggests that, by the early Kosovian, re-
lative base-level had risen to such an extent that a deeper water marine
environment was present in the Ukrainian and Polish Carpathian
foreland. It is not clear if the contact between the evaporites and the
overlying Kosiv and Machow fms. is unconformable in this area and it is
therefore difficult to say if the basin center became exposed during the
final stages of the BSC. Following deposition of the radiolarian beds,
distal deposits with abundant pteropods (Spirialis/Spiratella) accumu-
lated in the central part of the basin. These graded into more proximal

deposits with Pecten towards the basin margin along the European
Platform. In the Polish foreland, these Pecten beds gradually onlapped
the formerly exposed gypsum deposits.

The main question currently to be resolve is if the transgression that
ended the BSC was related to a global rise in eustatic sea-level, or if it
was caused by regional tectonic events. The frequently used sequence
stratigraphic compilations of Miller et al. (2005), Browning et al.
(2008) and Kamp et al. (2004) are too fragmentary and/or low in detail
to resolve global sea-level variations at the required resolution. The
global eustatic sea-level reconstruction based on ice-volume modelling
of de Boer et al., 2010is both detailed and continuous enough to be
informative. It shows generally high global eustatic sea-level during the
Langhian, with a sharp transition to the generally low Serravallian sea
levels just prior to 13.8 Ma (Fig. 7). This corroborates the inference that
the onset of the BSC at 13.81Ma might have been triggered by global-
cooling-induced base-level lowering that restricted the Central Para-
tethys (de Leeuw et al., 2010) and the Eastern Paratethys (Palcu et al.,
2017). Global sea-level generally remained low during the BSC (Fig. 7).
Some of the modeled short-term global highstands (Fig. 7) may have
temporarily increased the connectivity of the Central Paratethys with
the global ocean during the BSC, leading to a decrease in its salinity.
This could explain some short-lived return of normal marine for-
aminifera (e.g. Borków section in Poland, (Peryt, 2013a). The model
output of de Boer et al. (2010) does reveal a slightly more prominent
global sea-level highstand that is reached at 13.33Ma. In itself, this
short-term (30 kyr) highstand would only have led to another short-
lived, temporary connection between the Central Paratethys and the
Mediterranean. However, at 13.25Ma global eustatic sea-level returned
to, and remained at values that were as low as during the BSC, yet
evaporite deposition in the Central Paratethys did not resume. This
indicates that changes in global sea-level had only a minor influence on
the termination of the BSC.

Improved interconnectivity with the neighbouring Eastern
Paratethys and/or Mediterranean due to tectonic lowering of the in-
tervening gateway(s) best explains why evaporite precipitation did not
resume despite the generally low global sea-level in the 300 kyr fol-
lowing the BSC. It is in this respect interesting to note that the onlap of
post-BSC deposits onto the European Platform does not necessarily re-
flect a eustatic global base-level rise, but more likely relates to expan-
sion of the foreland basin towards the passive margin due to progressive
orogenic loading and lithospheric flexure. This is also the likely reason
why BSC gypsum, thought to have accumulated during a base-level
lowstand, in places directly overlies the Mesozoic or Palaeozoic of the
platform (Peryt et al., 2012). This idea is corroborated by an influx of
20% Central Paratethyan species into the Eastern Paratethys during the
Konkian (Serravallian) transgression (Kováč et al., 2007 and references
therein), which ended the Karaganian isolation of the Eastern Para-
tethys at 13.4 Ma (Palcu et al., 2017). In any case, the Outer Carpathian
accretionary wedge was actively forming during the Badenian all along
the Western and Eastern Carpathians (Kováč et al., 2007). Regional
profiles in front of the Romanian East Carpathians demonstrate the
onset of flexural subsidence during the Late Badenian (Matenco et al.,
2003). Expansion of the Carpathian foreland basin towards the platform
may thus have generated or widened a connection with the Eastern
Paratethys through present-day southern Ukraine and the Republic of
Moldavia, just to the north of the current Danube Delta. This is in
agreement with conclusions drawn by Palcu et al. (2017) based on
Badenian fossil assemblages of Eastern Paratethys and sediments in the
gateway area. Thin intervals (< 2m) of Late Badenian sediments also
occur locally in South Dobrogea, which may hint at an additional
gateway in this area.

The similarity of the overall composition of the planktonic for-
aminiferal fauna in the investigated section to that of time-equivalent
sections in the Mediterranean nevertheless strongly suggests that, in
addition to the connection to the Eastern Paratethys, there was a con-
nection between the Mediterranean and the Central Paratethys

A. de Leeuw et al. Global and Planetary Change 169 (2018) 1–15

11



following the BSC. This is in line with a comparative calcareous nan-
noplankton study of Bartol et al. (2014), which reveals both Medi-
terranean and Eastern Paratethyan influences throughout the entire
Central Paratethys during the late Badenian. This is also in agreement
with a strong species level affinity between conoideans from late Ba-
denian reefs in the Ukrainian Carpathian foreland basin and the Med-
iterranean-Atlantic (Scarponi et al., 2016). The gateway between the
Mediterranean and the Central Paratethys is thought to have been lo-
cated in present-day Slovenia (Fig. 1) (Bartol et al., 2014), although
some alternative hypotheses exist (references in Kováč et al., 2007).
Progressive rifting in the Pannonian Basin System during the Badenian
may have improved water circulation from the western part of the
Central Paratethys to the Carpathian Foreland, thereby preventing re-
newed evaporite formation.

6.5. Uncertainties and outstanding questions

Our results show that evaporite deposition had ended by
13.32 ± 0.07Ma in the Slănic Syncline, but several outstanding
questions remain, especially regarding the evolution of the BSC in the
Slănic Syncline and the wider South and East Carpathian foreland basin
area. In general, there is a need for a more detailed description and
palaeo-environmental interpretation of the BSC succession in the East
Carpathians.

More in particular, a better insight in the genesis of the Cosmina
Breccia is essential for our understanding of the BSC in the study area.
The structure of the Cosmina Breccia, as evident from the geological
map (Fig. 2), suggests that it concerns a salt collapse breccia (cf. Peryt,
2006). A salt-collapse breccia implies that salt would originally have
been present between the two gypsum intervals: There is selenitic
gypsum present below the Cosmina Breccia in Valea Rea (Frunzescu,
2005 and authors own observations) and above at Piatra Verde. An
alternative interpretation is that it formed as a sedimentary breccia
with large olistoliths (Frunzescu, 2005; Frunzescu, 2010). In that case
salt precipitation may not have taken place in this area.

Another unresolved question concerns the exact age of the salt de-
posits in the South and the East Carpathians. The established view is
that there are several evaporite horizons; two in the early Miocene,
(Motaş et al., 1966), one in the Badenian (Popescu, 1951; Motaş et al.,
1966; Frunzescu, 2012) and one in the Sarmatian (Frunzescu et al.,
2010). Outcrop evidence shows that gypsum strata are indeed present
in all intervals. Salt is diapiric in the Carpathians and frequently dis-
solved into salt breccias at the surface which makes it more difficult to
constrain its age. The salt in the Slănic Syncline and adjacent Prahova
Valley is interpreted to be Badenian in age on the geological map
(Murgeanu et al., 1967). This also holds for the diapirs along the Băicoi-
Moreni alignment, but these have recently been re-interpreted to be of
early Miocene age based on seismic data (Schleder et al., 2016). The
presumed Badenian salt in the Câmpina area is positioned adjacent to a
thrust and occurs below the Slănic Tuff near Doftana (Murgeanu et al.,
1967), which might be consistent with a diapiric origin from an early
Miocene stratigraphic level. It raises the question whether the Slănic
Prahova salt is stratigraphically in place, or that it may have risen up
from the early Miocene along strike slip faults that have affected the
basin (Murgeanu et al., 1967; Ștefǎnescu et al., 1978).

A final issue that needs to be addressed in the future is the age of the
last occurrence (LO) of the calcareous nannofossil Sphenolitus hetero-
morphus in the Central Paratethys. The last occurrence of S. hetero-
morphus is demonstrably diachronous around the world and was dated
at 13.532Ma in the Central Atlantic and at 13.654Ma in the
Mediterranean (Raffi et al., 2006). Recent research has shown that the
last occurrence of this guide fossil that defines the NN5/NN6 zone
boundary, is located below the BSC evaporites in Poland (Peryt, 1997)
as well as at Piatra Verde in Romania (Melinte-Dobrinescu and Stoica,
2014). 40Ar/39Ar dating of a volcanic ash just below the evaporites in
Poland indicates that BSC evaporite deposition started just after

13.81 ± 0.08Ma (Fig. 7; de Leeuw et al., 2010). Since S. heteromorphus
disappears from the calcareous nannofossil assemblages below the BSC
evaporites, its last occurrence might be 160 kyr older in the Central
Paratethys than in the Mediterranean. This would also imply that the
LO of S. heteromorphus might be located below the Mi3b isotope ex-
cursion in this region. However, at the resolution of 160 kyr un-
certainties in the radio-isotopic ages evidently play a role. Conse-
quently, this issue needs to be tackled with integrated biostratigraphic,
magnetostratigraphic, radio-isotopic, and stable isotope research.

7. Conclusions

In a classical succession at Piatra Verde in the Slănic Syncline in the
East Carpathians, reworked BSC gypsum deposits are overlain by 15m
of marls with some intercalating volcanic tuffs (Fig. 1, Fig. 2). A
weighted mean 40Ar/39Ar age of 13.32 ± 0.07Ma was obtained for
biotite separates obtained from one of these tuffs, located ~6m above
the top of the BSC evaporites (Fig. 4). Paleomagnetic analyses indicate
that the marls were deposited during a period of reversed polarity
(Fig. 5), which correlates with C5AAr of the GPTS. This is in line with
our calcareous nannoplankton results that are indicative of NN6
(Fig. 6), which spans part of the Serravallian. Both foraminifera and
ostracods are typical for the Wielician interval of the regional Badenian
stage. Ostracods and foraminifera further indicate that the investigated
marls accumulated in a shallow, normal marine basinal environment
relatively distal to clastic sediment input. We thus infer that by
13.32 ± 0.07Ma the BSC had ended in the area of the Slănic Syncline.
The obtained age statistically overlaps with complementary recali-
brated 40Ar/39Ar results of Śliwiński et al. (2012) from the post-BSC
Pecten Beds in Poland. In combination with previously obtained radio-
isotopic constraints on the onset of the BSC in Poland (de Leeuw et al.,
2010), our results constrain the duration of the BSC to a maximum of
500 kyr (Fig. 7).

This age framework helps to clarify allogenic controls on the ter-
mination of the BSC. High-resolution ice-volume modelling of de Boer
et al. (2010) shows a relatively low middle Badenian global eustatic
sea-level with some short-term peaks that may have led to temporary
return of normal marine conditions in the Badenian evaporite basin
during the BSC. Following the last of these short-term highstands
(13.33–13.25Ma), g global eustatic sea-level returned to, and remained
at values that were as low as during the BSC, yet evaporite deposition in
the Central Paratethys did not resume. On the contrary, a basin-wide
transgression and the exchange of water and fauna between the Central
Paratethys, the Eastern Paratethys and the Mediterranean followed. We
deduce that the intervening barriers between these basins must have
been lowered by tectonic processes. Flexural subsidence of the East
Carpathian Foreland in the area of present day Moldova and South
Ukraine likely enhanced the gateway to the Black Sea Basin, while
progressive rifting in the Pannonian Basin may have improved the ex-
change of water with the Mediterranean. In conclusion, we infer from
our obtained age framework and paleontological results that the ter-
mination of the BSC cannot be attributed to global eustacy, but was due
to tectonic lowering of the barriers between the Central Paratethys and
the neighbouring basins.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gloplacha.2018.07.001.
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