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A B S T R A C T

Four isochronous Oligocene coccolith limestone horizons from the Carpathians were examined in order to re-
construct paleoceanographic conditions in the Central Paratethys. The dominance of small and size-uniform
pyrite framboids, the occurrence of low-diversity dinoflagellate cysts and coccolithophorids and the presence of
biomarker molecule 28,30-dinorhopane indicate that the water column was stratified with the upper water
column being relatively well‑oxygenated, but the bottom water being anoxic. The latter is confirmed by the fine
and consistent horizontal laminations in various parts of the basin, scarcity of benthic organisms and their trace
fossils. The limestones exhibit typical marine δ13C values, but are significantly depleted in 18O and enriched in
87Sr relative to contemporaneous ocean water. These isotopic compositions result from a decreased salinity of
the surface waters caused by an increased riverine input. This is confirmed by the lack or impoverishment of
planktonic foraminifers, presence to abundance of goniodomid dinoflagellate cysts and massive occurrence of
low-diversity nannoplankton assemblages, which indicates decreased salinities as low as 17‰ and high pro-
ductivity in the upper water column. These observations indicate that the limestones were formed during periods
when connection of the Central Paratethys with the global ocean was limited, which impeded water exchange
causing the development of low-salinity conditions of surface water and bottom-water anoxia. During the de-
position of the oldest Tylawa horizon, primary productivity was enhanced and chemocline was positioned ex-
ceptionally high in the water column. Moreover, decreased δ13C values in both carbonates and organic matter of
this horizon suggest that widespread methane venting took place in the basin during NP23. All these data show
that during the Oligocene the Central Paratethys experienced similar conditions to those of the current Black Sea,
which can be used as a modern analogue, especially for the Tylawa horizon. Therefore, the Tylawa horizon can
be perceived as a potential effect of future post-depositional processes of coccolith marls analogous to those
having been deposited in the Black Sea for 2.7 kyr.

1. Introduction

Large marginal basins having limited connections with the ocean
provide unique settings for reconstructing past paleoceanography and
climate, as they are susceptible to even subtle variations of global (e.g.
eustatic) and regional (e.g. tectonic) phenomena. The sedimentary in-
fills of such basins provide a valuable archive of these variations

manifested in depositional, biotic and geochemical proxies that quickly
and distinctly respond to changes of sea-level, water circulation, tem-
perature, salinity, nutrient supply, redox conditions, riverine input etc.
The Black Sea is currently the largest anoxic marginal basin on Earth. A
weak connection with the Mediterranean and a large input of riverine
water produce brackish conditions. The water column is stratified with
respect to both O2 concentration and salinity (Codispoti et al., 1991;
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Tuğrul et al., 1992) and anoxia reaches as high as the euphotic zone
(< 100m) in the distal parts (> 2000m water depth) (Huang et al.,
2000). This situation boosts primary productivity in the euphotic zone,
which is mainly manifested by massive, seasonal coccolithophore
blooms of Emiliana huxleyi (Eker-Develi and Kideys, 2003), and en-
hances the preservation of organic matter being transported to the
seafloor (Calvert and Karlin, 1998; Stewart et al., 2007). As a con-
sequence, micro-laminated coccolith- and organic C-rich sediments in-
terspersed with dark fine-grained turbidites are deposited in the deep
parts of the basin (Lyons, 1991; Arthur and Dean, 1998). Highly re-
ducing conditions and high Corg content enable widespread methane
production in the sediments (Reeburgh et al., 1991). Methane is liber-
ated into the water column by fluid seepage (Peckmann et al., 2001;
Thiel et al., 2001; Michaelis et al., 2002) where it is effectively being
oxidized, mainly via anaerobic oxidation (Schouten et al., 2001;
Wakeham et al., 2003).

Several authors have suggested that paleoceanographic conditions
in Paratethys during the Oligocene, i.e. water-column stratification and
low-salinity conditions in a restricted basin, were analogous to those in
the present-day Black Sea (Báldi, 1984; Haczewski, 1989; Schulz et al.,
2005; Sótak, 2010). The Paratethys was one of the seas that originated
from the decay of the Tethys Ocean at the end of the Eocene (Báldi,
1984; Rögl, 1998). It was bordered to the south by rising collisional
orogens and consisted of a series of marine basins whose extents,
depths, mutual connections and connections with adjacent ocean basins
were constantly changing. Fluctuations in sea-level, salinity, tempera-
ture and nutrient supply have been used to explain the alternating
deposition of turbidites, organic C-rich mudstones, diatomites and
coccolith limestones in the Paratethys (Rögl, 1998, 1999; Schulz et al.,
2005; Sótak, 2010). A stratified water column, with stagnating bottom
water and normal salinity with episodes of freshening near the sea
surface, have been proposed to have occurred during deposition of
organic C-rich mudstones (Vetö, 1987; Rögl, 1998, 1999; Melinte,
2005), which are important source rocks for oil and gas in the Alpine
foreland, Carpathians and the Caspian Sea regions (Köster et al., 1998a;
Schulz et al., 2005; Schmidt and Erdogan, 1996). Organic geochemical
analyses of these rocks (Köster et al., 1998a, 1998b; Schulz et al., 2005)
indicated that anoxicity reached even as high as the photic zone. The
most comprehensive comparison between the Paratethys during Oli-
gocene and present-day Black Sea was performed by Schulz et al.
(2005). However, they studied the Dynów Marls, which are not the best
possible Oligocene Paratethyan counterpart of the currently deposited
laminated coccolith ooze in the Black Sea, as they lack the distinctive
regular, fine lamination. Moreover, important paleoceanographic phe-
nomena that take place in the Black Sea, i.e. methane seepage, anae-
robic oxidation of methane, microbial sulfate reduction, were either not
discussed or not verified for the Oligocene Paratethyan deposits in these
studies. Thus, a reliable and systematic comparison between the Oli-
gocene Paratethys and present-day Black Sea is needed, which is the
scope of this work.

While the great majority of studies on the paleoenvironment of the
Paratethys was based on investigations of the laterally variable and
strongly diachronuous Oligocene facies, isochronous marker horizons
traceable across the different facies zones and tectonic units should be
central for studies on the sedimentary history of the Paratethys, as they
represent a snapshot of paleoceanographic conditions in different and
distant parts of the basin. The most useful among them are thin inter-
vals of pelagic, finely laminated coccolith limestones, traceable over the
whole Outer Carpathians and adjacent basins (Koszarski and Żytko,
1961; Jucha, 1969; Haczewski, 1989; Krhovský et al., 1992; Melinte,
2005; Schulz et al., 2005; Kotlarczyk et al., 2006). They occur as dis-
tinct thin interbeds within predominant siliciclastic gravity-flow de-
posits and organic C-rich shales. They were formed by intensive pelagic
carbonate sedimentation induced by phytoplankton blooms within a
large part of the Paratethys analogous of the recent Black Sea sedi-
ments. Krhovský et al. (1992), based mainly on the analysis of

nannoplankton assemblages, maintained that during the deposition of
the coccolith limestones, the basin was brackish for most of the time
with only short episodes of salinity rising to near-normal marine values.
Kotlarczyk et al. (2006) and Bieńkowska-Wasiluk (2010), based on the
analysis of fish fauna, concluded that anoxia was intermittently present
in the water column. Still, controversies exist concerning the specific
paleoceanographic conditions that persisted in the basin and favored
formation of these limestones (e.g. Haczewski, 1989; Krhovský et al.,
1992; Ciurej, 2009).

The main purpose of this work is to constrain the paleoenviron-
mental conditions in the Central Paratethys at the time of the deposition
of the coccolith limestones by a systematic examination of all four
Oligocene horizons on a basin-wide scale employing a multiproxy ap-
proach. We have chosen a wide range of methods, i.e. examination of
foraminifera and dinoflagellate cyst assemblages, measurements of
pyrite framboid diameters, lipid biomarker analysis, isotopic analyses
of C, O and Sr in carbonates, C and N in organic matter and S in
framboidal pyrite, that are considered as robust and for which data
exist from the current Black Sea and its recent sediments. The Black Sea
is a particularly valuable natural laboratory in which many of these
proxies have been in fact tested and calibrated for evaluating pa-
leoenvironmental conditions. The data obtained in this study are dis-
cussed with respect to paleoceanographic reconstructions and point-by-
point compared to the relevant major characteristics of the Black Sea
today and its sediments deposited over the last 2.7 kyr.

2. Geological settings

The Oligocene coccolith limestones from different areas of the Outer
Carpathians (22 sections: 18 from Poland, 4 from Romania) and from
the Transylvanian Basin (one section) were examined (Fig. 1). The
Oligocene deposits of the Outer Carpathians lie in the upper part of an
Upper Jurassic-Lower Miocene sedimentary sequence folded and thrust
in a pile of nappes onto the outer foredeep of the Carpathian orocline.
Dark, organic C-rich shales intercalated with siliciclastic gravity mass-
flow deposits are the most distinctive Oligocene facies. Two main facies
zones are defined by clastic sediments predominating in volume over
the dark shales: the outer zone with the Kliwa Sandstone supplied from
the external margin of the basin and the inner zone with the Krosno
Beds (equivalent to Fusaru Sandstone, Pucioasa Beds and Vineţişu Beds
in Romania). The facies with the Krosno Beds appeared first in the in-
ternal parts of the basin and prograded outwards as is shown by the
changing position of the limestone horizons relative to the major facies
(Fig. 2). Two southernmost sections (Buciumeni and Suslăneşti) re-
present transitional zone between the outer nappes (the Skole-Tarcău
unit) and the foreland (Puglisi et al., 2006). The Fântânele section in the
Transylvanian Basin, on the rear side of the orocline, represents a se-
dimentary realm separated from the Outer Carpathian part of the
Paratethys, but with the equivalents of the Outer Carpathian coccolith
horizons.

Four coccolith limestone horizons are traced over the nearly whole
length of the Outer Carpathians: Tylawa (TL-1), Jasło (JL-2), Sokoliska
(SL-3) and Zagórz (ZL-4) limestones. Each horizon is isochronous,
which makes them valuable chronostratigraphic markers in the
Oligocene strata. TL-1 lies in the middle of the nannoplankton NP 23
zone (Krhovský et al., 1992; Melinte, 2005). Biostratigraphical posi-
tions of JL-2 and ZL-4 fall within the NP24 zone (Krhovský, 1981; Bąk,
2005; Melinte, 2005; Švábenická et al., 2007). Bąk (1999) placed ZL-4
in the foraminiferal zone P21, which is in agreement with an earlier
work by Olszewska (1984). SL-3 lies between JL-2 and ZL-4, closer to
the former, and thus also represents the NP24 zone (see also Ciurej and
Haczewski, 2016). Therefore, JL-2, SL-3 and ZL-4 were laid down
during the Rupelian-Chattian transition within merely a few tens of
thousands years (Haczewski, 1989).
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3. Material and methods

23 sections from Poland and Romania were examined; lithologic
logs of three of them are depicted in Fig. 3. Details of locations, geo-
logical settings and lithologic logs of all sections are given in previously
published work (e.g. Haczewski, 1989; Ciurej, 2009; Ciurej and
Haczewski, 2012, 2016). Apart from limestones, intercalating mud-
stones were also sampled, mostly for palynological and organic geo-
chemistry analyses (Table 1). Technical details of the methods de-
scribed below are given in the Appendix.

3.1. Petrographic and micropaleontological investigations

Meso- and microtextural examination was performed on the vertical
polished sections of all limestone samples. 90 thin sections were studied
under a Zeiss Axioskop 50 polarizing microscope. Selected 56 thin
sections were analyzed under scanning electron microscopes (SEM)
equipped with energy-dispersive spectrometer (EDS). Measurements of
pyrite framboid sizes were performed on 24 uncovered thin sections
using a SEM (Zeiss Σigma VP SEM-FE). We developed an original pro-
cedure for automatic identification of framboidal pyrite and measure-
ment of their sizes using the Esprit 1.9 software (see Appendix for de-
tails). The distribution of framboid diameters was analyzed on the basis

Fig. 1. Location maps and paleogeographic setting of the basins during Oligocene. (a) Simplified geological map of the Outer Carpathians with the location of the
study areas (based on Kováč et al., 1998); C.F. - Carpathian Foredeep, I.C. - Inner Carpathians, P.B. - Pannonian Basin, PKB - Pieniny Klippen Belt, T.B. - Trans-
ylvanian Basin, V.B. - Vienna Basin. (b) Simplified geological map of the Polish part of the Outer Carpathians with locations of the sections. (c) Simplified geological
map of the Romanian part of the Outer Carpathians with locations of the sections. Main tectonic units: a – Dacides (=Inner Carpathian units); b – Tarcău unit; c –
inner Moldavide units; d – Marginal Folds unit; e – post-nappe cover, f - post-tectonic covers younger than Paleogene, g – major thrusts. (d) Setting of the Carpathian
basins and the study areas on the paleogeographic map of the Paratethys sea for Late Rupelian, 32–29Ma (Kováč et al., 2017, modified). Note the location of possible
gateways for oceanic ingressions.
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of the following statistical properties determined for each sample: no. of
measurements, median value, standard deviation, maximum value,
contents framboids with diameters> 10 μm (Table 1).

Content, distribution and preservation of calcareous nannoplankton
were studied in 46 limestone samples. Observations were performed on
21 smear slides (see Perch-Nielsen, 1985) and 52 thin sections. All thin
sections were examined using SEM in the Charge Contrast Imaging
mode (see Ciurej, 2010). Smear slides, prepared from the same speci-
mens used for thin sections, were examined under the polarizing mi-
croscope at a 100× magnification in plane and cross polarized light.
Taxonomic identification was carried out on the basis of both methods
and the literature. Standard palynological preparation was applied to
68 samples. Taxonomy follows those cited in Fensome and Williams
(2004), unless stated otherwise. We interpret paleoenvironmental
conditions from dinocyst assemblages based on Sluijs et al. (2005) and
Pross and Schmiedl (2002). Foraminifers were found in 13 out of 90
thin sections. Most of the samples (11) represent JL-2. Every thin sec-
tion was divided into 3 to 15 subsamples and examined under a NIKON
SMZ-1500 stereomicroscope with normal transmitted light.

3.2. Organic geochemical analyses

Total organic carbon (TOC) and total sulfur (TS) contents together
with lipid biomarkers were analyzed in sixteen samples (15 limestones,
1 mudstone) from all limestone horizons. The samples were collected
from nine sections in the Silesian, Subsilesian and Skole-Tarcău units
(Table 1). Samples were grinded and analyzed for apolar lipid bio-
markers following Sinninghe Damsté et al. (2014; see Appendix for
details). Briefly, they were extracted with a DIONEX Accelerated Sol-
vent Extractor (ASE 200) and the extract was separated into apolar,
aromatic and polar fractions via alumina pipette column chromato-
graphy. Compounds were analyzed on an Agilent Gas Chromatograph.
Compounds were detected by flame ionization detection. Molecular
identification of the compounds was performed on an Agilent 7890B
gas chromatograph coupled to an Agilent 5977A mass spectrometer.
TOC and TS contents were analyzed using a Leco SC-632 instrument.

3.3. Isotopic measurements

δ13Corg and δ15Norg were measured in 41 samples (32 limestones, 9
mudstones) with an elemental analyzer coupled to an isotope ratio mass
spectrometer (IRMS). However, N isotope measurements were un-
successful for 18 limestone samples due to insufficient N contents.
Analytical error of the measurements was better than±0.3‰ for
δ13Corg and± 0.2‰ for δ15Norg. δ13Corg and δ15Norg are reported re-
lative to V-PDB and atmospheric nitrogen, respectively.

177 stable C and O isotope measurements in carbonates were per-
formed using a Thermo KIEL IV Carbonate Device connected on-line to
an IRMS in a Dual Inlet system. The reproducibility of the measure-
ments (1σ) was± 0.03‰ for δ13C and±0.07‰ for δ18O. δ13C and
δ18O are reported relative to V-PDB. Powders for stable C and O isotope
analyses were taken by using sintered diamond microdrills on vertical
or oblique planes. Multiple subsamples were taken from some speci-
mens along vertical transects. Material obtained by this technique was
usually collected from a set of several adjacent laminae. However, some
specimens contained unusually thick laminae and material could be
collected from individual laminae with a scalpel or a MicroMill mi-
crosampling device equipped with tungsten drill bits (~0.2mm in
diameter).

S isotope measurements were conducted in 35 samples (33 lime-
stones, 2 mudstones), which contained framboidal pyrites as the
dominant sulfide with very rare euhedral grains. Pyritic S was extracted
and precipitated as Ag2S by the chromium reduction method (Canfield
et al., 1986; Goldberg et al., 2005). Ag2S precipitates were combusted
at 1020 °C using a Thermo Flash Elemental Analyzer 1112HT. 34S/32S
measurements of the released SO2 gas were carried out with a Thermo
Delta V Advantage IRMS in a continuous flow system following the
procedure of Grassineau et al. (2001). Results are reported as the δ34S
notation against the V-CDT standard with reproducibility (1σ) better
than±0.2‰.

Sr isotope measurements were conducted in 10 limestone samples
(~50mg each) with a Finnigan MAT 261 mass spectrometer. Powdered
samples were dissolved on a hot plate (~100 °C) using 0.75 N hydro-
chloric acid. Sr separation followed the miniaturized chromatographic

Fig. 2. General stratigraphic relationships and positions of the coccolith limestone horizons (based on: Martini, 1971; Haczewski, 1989; Rögl, 1998; Bąk, 1999;
Melinte, 2005; Kotlarczyk et al., 2006; Ciurej, 2009). Calcareous nannoplankton zones after Martini (1971); TL-1 – Tylawa, JL-2 – Jasło, SL-3 – Sokoliska and ZL-4 –
Zagórz limestone horizons. JL-2, SL-3 and ZL-4 were laid down during a few tens of thousands years. The numerical age based on the GTS 2012 (Gradstein et al.,
2012). The benthic foraminiferal isotopic curves redrawn from Cramer et al. (2009).
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Fig. 3. Selected lithologs showing the distribution of all coccolith limestones horizons and positions of samples collected for sections in Ascuns (a), Tyrawa Solna (b)
and Tylawa (c).
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technique described by Pin et al. (1994) with modifications introduced
by Dopieralska (2003). All the measured 87Sr/86Sr values were adjusted
to the preferred value of 0.710248 for NIST-987. The analytical error of
the measurements was up to±1.2×10−5 (Table 1).

4. Results

4.1. Composition of the limestones and preservation of calcareous
nannoplankton

The limestones are white, yellow or light grey and usually finely
laminated (Fig. 4). They are intercalated with siliciclastic sediments,
mostly fine-grained turbidites or organic C-rich shales (Fig. 2). The
limestones exhibit characteristic lamination that represents seasonal
variability and may serve as the basis for correlation of some laminae
sets (Fig. 4). Similar lamination patterns are identified in sections lo-
cated even> 500 km apart (Haczewski, 1989, 1996). The composition
and fabric of the limestones is similar in all horizons. Some differences
exist between them, but the structure of each horizon is laterally per-
sistent. The limestones predominantly consist of alternating dark
(brown to black) and light (light grey or yellow) up to 600 μm thick
laminae (Fig. 4). The dark laminae are thinner, mostly< 100 μm. The
light laminae exhibit micronodular fabric and consist mainly of len-
soidal fecal pellets of zooplankton, probably copepods (cf. Roth et al.,
1975; Honjo and Roman, 1978), and irregular aggregates that may
represent marine snow (see discussion in Haczewski, 1989 and in
Ciurej, 2009). The pellets in the light laminae are almost entirely
composed of coccolithophore skeletal remains. Apart from these typical
fine laminae, rare light laminae with distinctively different composition
and texture appear as well. They have greater and variable thickness
(from 0.5 to 12mm), exhibit homogeneous texture and were most likely
formed by redeposition of limy sediments that represent allochtonous
material composed of either older or synchronous sediments from
shallower areas (Haczewski, 1996). These laminae were avoided in this
work.

Preservation of calcareous nannoplankton is excellent or good in TL-
1, JL-2 and SL-3, whilst it is good or moderate in ZL-4. Even delicate
morphological details of coccoliths are well-preserved in the light la-
minae, such as the central area structures that are clearly visible under
SEM, proximal shields are not detached from the distal ones (Fig. 4A-2).
Traces of dissolution, secondary overgrowth or mechanical fragmen-
tation are present only locally, mainly in ZL-4. Complete, intact coc-
cospheres are often found in the light laminae; some laminae are
composed exclusively of coccospheres clustered in the pellets (Fig. 4A-
2). The coccolithophores represent low-diversity assemblages domi-
nated by the endemic Reticulofenestra ornata Müller (~90% of all spe-
cimens) in TL-1 and by Cyclicargolithus floridanus (Roth et Hay) Bukry
(80–85% of all specimens) in JL-2, SL-3 and ZL-4 (Ciurej, 2009). The
matrix present between the pellets in the light laminae is scarce and
mostly composed of clay minerals, quartz, micas, feldspars, carbonate
grains, pyrite and organic matter. The limestones contain various
amounts of carbonate and silica cements. Carbonate cements are mostly
represented by microspar anhedral calcite and disseminated rhombo-
hedral dolomite. Many light laminae have little or no cement (Fig. 4A-
2). Others contain cements that tightly fill the coccospheres and spaces
between loose coccoliths (Fig. 3B-2 and C-2). Only two samples of JL-2
from Romania (Ascuns and Buciumeni sections) are partly dolomitized.
Silica cement is much less abundant and limited to individual pellets.
Detrital material and organic matter are much more abundant in the
dark laminae (Fig. 4A-3–D-3), whilst silica and carbonate cements (sub-
to euhedral rhombohedral dolomite) occur only occasionally (Fig. 4A-
3). Phosphatic fish fragments are sometimes accumulated along some
dark laminae.

Fabric of ZL-4 is quite different than that of the other limestone
horizons. ZL-4 is composed of parallel but undulating, diffuse bands
that only slightly differ in shades of grey color (Fig. 4D-1). IndividualTa
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bands are up to several millimeters thick and exhibit gradual transi-
tions. They are almost entirely composed of coccolithophores that are
moderately to well preserved, but dominated by loose coccolith plates
from disintegrated coccospheres (Fig. 4D-2). Signs of dissolution, sec-
ondary overgrowth or mechanical fragmentation of coccolithophores
occur locally. Only a few distinctive white and up to 2mm thick la-
minae are present. Composition (with regard to detrital and skeletal
biogenic material) and thickness of these laminae are similar to those in
the older horizons. However, they display homogeneous fabric and
contain rare pellets. They are separated by submillimetric, dark laminae
with composition and fabric analogous to those in the other horizons.

4.2. Organic matter characterization

TOC content of the limestones ranges from 0.1 to 4.0%, whilst TOC
of the mudstone sample Asc_J-4 is 7.3% (Table 1). TOC content in TL-1
is significantly higher (mean 2.2%) than in the other horizons (mean for
JL-2 and ZL-4 is 1.1 and 0.5%, respectively; one SL-3 sample yielded a
1.3% value). TS content varies from nil to 2.7% in the limestones (with
the lowest values in ZL-4), whilst it is 4.1% in the mudstone sample.
δ13Corg and δ15Norg values are similar in JL-2, SL-3 and ZL-4 (Table 1).
δ13Corg range from −26.4 to −23.4‰ (n=29) with means for JL-2,
SL-3 and ZL-4 being −24.5 (sd= 0.9), −24.8 (sd= 0.2) and −24.9‰
(sd= 0.4‰), respectively. δ15Norg range from 0.2 to 0.8‰ with two
outliers at −2.5 and 2.2 in ZL-4 (n=16) with means for JL-2, SL-3 and
ZL-4 being 0.2 (sd= 0.1), 0.3 (sd < 0.1) and 0.2‰ (sd= 2.0‰), re-
spectively. The lower parts of JL-2 in Ascuns and Paltinu sections were
sampled with a higher resolution, which revealed that their basal parts
exhibit the lowest δ13Corg values of all JL-2 samples. δ13Corg and δ15Norg

values of TL-1 are by 2–3‰ and 1–4‰ lower than those of the other
horizons, ranging from −29.5 to −24.2‰ (mean− 27.1‰,
sd= 1.5‰, n=10) and from −4.1 to −1.1‰ (mean− 2.1‰,
sd= 1.3‰, n=5), respectively (Table 1). δ13Corg and δ15Norg of
mudstones are within the ranges characteristic for the associated
limestones, except δ15Norg of TL-1 being significantly 15N-depleted by
1.5–4.5‰ relative to the intercalating mudstones.

Lipid biomarker analyses showed that the sedimentary organic
matter is relatively immature in most of the samples. The steranes are
dominated by the C26-C30 5α, 22R-steranes and low abundances of 5β-
22R-steranes (Fig. 5A). Moreover, where present, hopanes have pre-
dominantly the 17β, 21β-stereoconfiguration and are extended up to
the C37 homologue (sample Bez_T-5A). The stereoconfiguration of the
hopanes and steranes indicate low maturity (Peters et al., 2005), which
contrasts somewhat with the n-alkane distributions that often show a
low odd-over-even predominance (1.2–1.8) and equal abundances of
short chain n-alkanes (C17–C25) and long chain n-alkanes (C27–C35).
This may indicate that these n-alkanes have a relatively large con-
tribution of marine n-alkanes, rather than the terrestrial ones which
generally have a high odd-over-even predominance (> 3; Eglinton and
Hamilton, 1963). However, some samples (e.g. WUJ_T-14B) did reveal
an odd-over-even predominance indicating an input of terrestrial n-al-
kanes (Fig. 5B).

The analyses of the apolar fractions revealed also a number of
specific lipid biomarkers. The main lipid biomarkers are likely of
aquatic origin, but in some cases specific higher plant triterpenoids
were detected. For example, high amounts of retene were detected in

sample Tyr_J-1A, whereas dehydroabietane was detected in sample
Tyr_S-4. All these lipid biomarkers indicate conifers as the source
(Simoneit, 1986). In selected samples, dinosterane and a C29 4-me-
thylsterane were detected, which are likely of dinoflagellate origin
(Boon et al., 1979). Sample Wuj_T-14B exhibits a somewhat exceptional
lipid biomarker composition. It contains small amounts of a C25 highly
branched isoprenoid, which is derived from diatoms (Volkman et al.,
1994). Moreover, a relatively high amounts of C37 and C38 n-alkanes
relative to C35 n-alkane were detected in this sample. These compounds
are likely derived from the haptophyte algal (e.g. coccolithophore)
derived long chain alkenones, which may have initially been sulfurized
and then released upon diagenesis (Koopmans et al., 1997).

The most striking lipid biomarker was 28,30-dinorhopane which
sometimes dominated the apolar fraction (Fig. 5C). It was found in
seven samples (out of sixteen) from three horizons; TL-1 is the only one

Fig. 4. Lamination patterns and composition of the four limestone horizons: a – Tylawa, b – Jasło; c – Sokoliska; d – Zagórz limestones. (a-1–d-1) Macroscopic images
of polished sections showing the thick light laminae rich in coccolithophores (a-2–d-2) separated by thinner dark laminae, rich in detrital material (a-3–d-3). Note
that the fine lamination and micronodular fabric occur only in TL-1, JL-2 and SL-3 (a-1 – c-1), not in ZL-4 (d-1). (a-2–d-2) SEM images of thin sections showing the
abundance of coccolith material with massive accumulations of coccospheres (interfingering of adjacent coccolith plates in some coccospheres indicated by arrows)
as the main components of the light laminae. Note the superb preservation of coccoliths (lack of dissolution, overgrowth or compactional flattening) especially in a-2
(sample Fan_T-2A), where even very delicate structure of the central areas of the plates is perfectly preserved and the material is entirely composed of coccoliths.
Coccoliths are usually cemented by early-diagenetic, precompactional calcite cement (cc in b-2 and c-2). ZL-4 contains abundant coccoliths as well, but they are
rarely arranged in coccospheres (d-2). (a-3–d-3) SEM images of thin sections showing the dark laminae rich in detrital material (quartz - Qtz, feldspars, biotite - Bt,
chlorite – Chl, clay minerals – the finest material), framboidal pyrite (Py), carbonate material (calcite – Cal, dolomite – Dol) and organic matter.

Fig. 5. Three chromatographs depicting typical distribution of lipid bio-
markers. (a) Mass chromatogram of m/z 217 revealing the distribution of
steranes in Tyr_S-4 (SL-3). (b) Mass chromatogram of m/z 57 revealing the
distribution of alkanes in Wuj_T-14B (TL-1). (c) Gas chromatogram of the
apolar fraction of Tyr_S-4 (SL-3).
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where this compound was not detected. The 28,30-dinorhopane is often
a prominent hydrocarbon in sediments from stratified environments
and their derived oils (e.g. Schoell et al., 1992) and can indicate highly
reducing to anoxic environments (e.g. Grantham et al., 1980). The C28

28,30-dinorhopane and related aromatic derivatives are likely derived
from bacteria dwelling at or below the chemocline and may be used as
indicators of stratified water bodies in the past (Sinninghe Damsté
et al., 2014).

Pristane and phytane are present in high abundance and the pris-
tane/phytane ratio varies between 1.4 and 3.2. Although this can po-
tentially indicate a relatively oxic environment (Peters et al., 2005 and
references therein), this ratio has often been shown not to reflect redox
conditions and thus is ambiguous in its use (e.g. Ten Haven et al., 1987;
Koopmans et al., 1999).

4.3. C, O and Sr isotope composition of carbonate

Stable carbon and oxygen isotope measurements were performed on
bulk carbonate material, so the δ13Ccarb and δ18Ocarb values (Table 1)
represent a mass balance between all the carbonate constituents.
δ13Ccarb values of samples collected from individual light laminae and
from the sets of several adjoining laminae (between −2.7 and 2.8‰)
are within the range typical for marine carbonates (Bathurst, 1981).
Samples collected selectively from the dark laminae show slightly lower
δ13Ccarb values (e.g. Fan_T-2C and Fan_T-2D: −2.2 and −2.4‰, re-
spectively) than the adjoining light ones (e.g. Fan_T-2A and Fan_T-2B:
−1.8 and −1.9‰, respectively). δ18Ocarb values of the limestones are
low (between −6.7 and −2.0‰) and always lower than in the inter-
calating mudstones (up to −1.8‰). Samples that are free of carbonate
cements and contain only biogenic carbonate material, chiefly cocco-
liths, i.e. TL-1 from Fântânele (samples Fan_T-2A and Fan_T-2B) and JL-
2 from Wisłok Wielki (samples Wis_J-3A and Wis_J-3B), appear to show
increased δ18Ocarb values (between −2.5 and −2.0‰). Spreads of
δ13Ccarb and δ18Ocarb values within a given limestone horizon in a single
section are both up to 2.0‰. The basal parts of the limestones some-
times exhibit the lowest δ18Ocarb values, which is not observed for the
δ13Ccarb. Mean δ13Ccarb value for TL-1 is −0.9‰ (n=53), which is
significantly lower than those for the other horizons: 1.4‰ (n=65) for
JL-2, 1.3‰ (n=16) for SL-3 and 0.9‰ (n=40) for ZL-4. Mean
δ18Ocarb values for individual horizons are similar, as they range from
−4.7 to −4.2‰ (sd < 1.1‰).

87Sr/86Sr ratios of all bulk samples of the limestones (Table 1) are
considerably higher than those of the contemporaneous seawater based
on the reference sections (Oslick et al., 1994; Reilly et al., 2002) and the
LOWESS 5 fit to the marine Sr isotope curve (see McArthur et al., 2012).
Because marine 87Sr/86Sr values exhibit a constant rise during the
Oligocene (Oslick et al., 1994; Reilly et al., 2002), this 87Sr enrichment
makes the numerical ages of the limestones erroneously too young.
87Sr/86Sr ratios of the limestones were compared to those representing
the age of the horizons based on the regression analysis performed by
Reilly et al. (2002). 31.2Ma was set for TL-1 (middle part of the Ru-
pelian), whilst 28.4 Ma for JL-2, SL-3 and ZL-4 (Rupelian/Chattian
transition). The minimum 87Sr enrichment (taking into account analy-
tical errors of the measurements that are between 8 and 15× 10−6)
ranges from 2.1 to 4.4×10−4 for the bulk samples, which makes their
ages underestimated by at least 5.7 to 11.6Ma. Apart from these bulk
samples, Sr isotope ratio was measured in one light uncemented lamina
consisting exclusively of coccoliths (Fan_T-2A), which exhibits 87Sr
enrichment as well. However, this enrichment is weaker, as the
87Sr/86Sr ratio is by 1.2× 10−4 higher than that of seawater for
31.2 Ma. This makes the age of this sample underestimated by at least
3.3 Ma. All these 87Sr enrichments and the corresponding under-
estimation of numerical ages are the minimum values. Application of
regression calculated by Oslick et al. (1994) would make these values
even greater.

4.4. S isotope composition and size of pyrite framboids

Framboidal pyrite (FP) is the only or the dominant sulfide mineral
in the limestones with very rare euhedral pyrite grains. Framboids are
usually dispersed in the rock matrix and rarely clustered. Individual
framboids are never filled-in. The number of measurements of FP dia-
meters per sample varies from 29 to 5313 (Table 1) and provides only a
rough estimation of FP abundance, as the area examined was not equal
in all thin sections analyzed. Two sets of samples can be distinguished.
The first set comprises twenty samples that contain FPs with very small
and relatively invariant diameters (median 3.3–5.0 μm, sd 1.1–1.8 μm).
Although almost a half of these samples contain FPs with dia-
meters> 10 μm (up to 27.6 μm), such large aggregates constitute in-
significant part (< 0.7%) of all framboids measured. The second set
comprises four samples containing FPs with larger (median 4.0–7.5 μm)
and more variant diameters (sd 2.0–3.1 μm). Three of them were col-
lected from the basal parts of JL-2 representing initial stages of in-
tensive nannoplankton deposition; one represents ZL-4. The most dis-
tinctive feature of the second set of samples is the content of framboids
with diameters> 10 μm, which is significantly higher (between 2.1 and
15.2%) than in the first set. The new methodology of semiautomatic FP
diameter measurements using SEM and Espirit software turned out to
be very efficient. It allowed to collect a very large number of mea-
surements with a high precision and pyrite micromorphologies other
than individually dispersed framboids were effectively filtered out.

S isotope measurements were performed on sulfides, which com-
prise almost exclusively FP. δ34S values of the limestones (Table 1) are
mostly low between −44.0 and −18.5‰ (n=31). However, two
samples (Wuj_T-7G and Dyd_Z-7) exhibit significantly higher values of
−2.1 and 6.4, respectively. Such values have been recorded neither in
JL-2 nor SL-3. Moreover, these horizons exhibit on average lower δ34S
values (mean for JL-2 is −32.7‰; the single sample of SL-3 is
−35.0‰) than TL-1 and ZL-4 with mean values of −23.5 and
−18.4‰, respectively. δ34S values of two mudstone samples are within
the ranges of the associated limestones.

4.5. Composition and preservation of foraminifera

The distribution of planktonic foraminifera is strongly dependent on
the limestone horizon analyzed. They were recorded only in JL-2 and
SL-3. SL-3 contains only a single planktonic foraminiferal test identified
in sample Buk_S-3. JL-2 is the only horizon rich in planktonic for-
aminifera. It comprises a low diversity assemblage dominated by glo-
bigerinids: Globigerina praebulloides Blow - G. officinalis Subbotina group
with single specimens of biserial planktonic foraminifera
Chiloguembelina gracillima (Andrae) in Olc_J-0 sample. Foraminiferal
shells occur in light and dark laminae, but they are distinctly more
abundant in the latter. All shells tend to be distributed outside fecal
pellets. Sizes of shells range from 50 to 300 μm in diameter, therefore,
larger individuals overlap the size of fecal pellets with diameters in
horizontal plane reaching on average ~300 μm. It is supposed that
planktonic foraminifera are not a regular part of copepods' diet. In fact,
they often prey on small copepods and other crustaceans (e.g.,
Anderson and Bé, 1976; Hemleben et al., 1989). Preservation of
planktonic foraminifera analyzed in cross-sections is usually very good
with some traces of dissolution in a single lamina of JL-2, where a few
shells are partly dissolved.

Fig. 6 shows the strong covariance (R2= 0.904) between the
abundance of foraminiferal shells and the total number of chambers in
all JL-2 subsamples. It indicates that most of the samples, except for a
single outlier, consist of in situ assemblages with planktonic for-
aminifera deposited from pelagic suspension. The abundance of for-
aminifera in JL-2 usually ranges from 60 to 990 specimens/cm3 of the
sediment (Fig. 6). However, selected lamina sets show much higher
variability from 0 or a few individuals up to 2940 specimens/cm3 in the
most productive lamina sets. The average abundance of foraminifers is
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around 740 and 780 specimens/cm3 in the Skole and Silesian basins,
respectively. The shells are, however, unevenly distributed, as the
highest abundances are recorded in the upper parts, whilst the lower
parts of JL-2 show reduced frequencies from 10 to 150 specimens/cm3.
These values suggest either a lower productivity of planktonic for-
aminifera or a higher dilution by coccolith ooze, therefore a higher
productivity of coccolithophores, during the onset of JL-2 deposition.
The first interpretation seems to be more likely, because the uniform
thickness of the laminae across the JL-2 suggests stable productivity of
coccolithophores (see Haczewski, 1989; Ciurej, 2009).

4.6. Composition of palynofacies

The non-palynomorph part of the palynofacies (palynodebris) con-
sists of highly immature, likely marine-derived fabrics, suggesting low
maturation state and high marine primary productivity. The palyno-
debris from evidently terrestrial origin is absent or occurs in very low
amounts. Terrestrial palynomorphs are ubiquitous throughout all slides
investigated but always in trace amounts only. They were likely
strongly diluted by the high input of marine palynofacies. Most pollen

found are typically wind-dispersed bisaccate conifer pollen.
Organic-walled dinoflagellate cyst (dinocyst) abundances vary

considerably between the four limestone horizons and the intercalating
mudstones (Table 1). Merely four specimens of dinocysts were found in
two samples (out of seventeen) of TL-1 and the associated mudstones.
This may be due to the relatively high sedimentation rates in combi-
nation with strong dilution of the dinocysts owing to the immature
nature of the sediment and high organic carbon content. The low ma-
turity of the sediment causes the high abundance of amorphous organic
matter, which remains after palynological sample processing. The other
three limestone horizons are rarely barren of dinocysts, but the counts
are relatively low. The dinocysts that are present, include a low-di-
versity assemblage with Deflandrea phosphoritica, Homotryblium spp.,
Distatodinium paradoxum, Thalassiphora pelagica and occasionally Sele-
nopemphix nephroides. High abundance of Homotryblium indicates strong
surface water stratification, while the abundance of Selenopemphix,
Deflandrea and Brigantedinium are indicative of (at least seasonally) high
nutrient availability (Table 1). JL-2 and ZL-4 are especially rich in these
taxa (Table 1). However, several samples contain a less restricted, more
normal marine assemblage, suggesting that variability in the severity of

Fig. 6. Diagram showing the linear relation between the number of foraminiferal tests and the total number of their chambers. (a) TL-1 barren of foraminifera. (b–d)
three different parts of a single JL-2 sample with different abundance of foraminifera.
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runoff-induced stratification relative to the marine influence must have
occurred. This assemblage is especially abundant in SL-3.

5. Discussion

Up to four lithological units can be distinguished in the Holocene
Black Sea sediments (Jones and Gagnon, 1994; Lyons, 1991; Arthur and
Dean, 1998). The Pleistocene-Holocene transition is recorded in organic
C-poor (< 1%), massive clays of Unit III deposited in an oxic freshwater
lake. At ~7.9 ka deposition of organic C-rich (< 20%), carbonate-poor,
finely laminated sapropel (Unit II) commenced, which roughly coin-
cides with a shift to marine anoxic conditions. At ~2.7 ka the sea was
invaded by a coccolithophorid Emiliana huxleyi and the rate of detrital
input increased without a change in organic matter supply rate, which
changed sedimentation to finely laminated, coccolith marls with
10–75% of carbonate and 1–5% of organic C content (Unit I). Homo-
geneous turbiditic muds, representing redeposited siliciclastic shelf
material, are often found interbedded with Units I and II in the deep
parts of the basin.

The Oligocene rocks in the Central Paratethys can be considered as
ancient counterparts of the recent Black Sea sediments with regard to
TOC contents, petrographic and sedimentological properties. The finely
laminated coccolith limestones herein examined with TOC<4% cor-
respond to Unit I sediments, the black finely laminated organic C-rich
(TOC<18%, Köster et al., 1998a; Kotarba and Koltun, 2006) shales
correspond to sediments of Unit II, whilst fine-grained turbidites cor-
respond to the muds intercalated with Units I and II. Below, biotic and
geochemical characteristics of the Oligocene coccolith limestones from
the Central Paratethys are compared with those of the present-day
Black Sea and its recent sediments with respect to the major environ-
mental conditions.

5.1. Bottom water anoxia

Euxinic conditions (anoxic and sulfidic) in the distal parts of the
Black Sea stretch from the sea bed at> 2000m to the euphotic zone at
about 100–150m b.s.l., whilst well‑oxygenated surface water reaches
50–100m b.s.l. (Codispoti et al., 1991). Up to 50m thick intermediate
suboxic layer, almost free of both O2 and H2S, is developed between
them (Murray et al., 1989; Jensen et al., 2008). The Oligocene lime-
stones analyzed here, are usually finely laminated and generally un-
disturbed by burrowing, which indicates anoxic conditions in the
bottom waters of the Central Paratethys. Rather simple and poor as-
semblages of trace fossils were found only in JL-2 in several sections.
They include Trichichnus and Multina suggesting that short periods
when oxic/dysoxic conditions alternated in bottom waters locally
(Kotlarczyk and Uchman, 2012). Benthic fauna is also very rare in the
limestones (see Bieńkowska-Wasiluk, 2010, and references therein) and
may have been redeposited from proximal settings. Only five calcareous
benthic foraminiferal tests were identified in a single sample of SL-3
(Tyr_S-10) in this study. These single indistinguishable specimens are
relatively well preserved, but have tiny tests with 1 to 3 crosscut
chambers. Agglutinated foraminifers have never been observed in the
investigated thin sections, therefore, these tiny tests may represent
unsuccessful colonization of anoxic floor by meroplanktonic juvenile
individuals (see Alve, 1999). Fish fossils are quite common in the Oli-
gocene series, but their preservation state is better in the coccolith
limestones, especially in TL-1 (Bieńkowska, 2004), than in the mud-
stones (e.g. Kotlarczyk et al., 2006), probably due to bottom-water
anoxia (Bieńkowska-Wasiluk, 2010). Moreover, TL-1 contains an unu-
sual ichthyofaunal assemblage characterized by elimination deep-water
taxa, which is interpreted as a result of oxygen minimum zone reaching
as high as 500m b.s.l. (Kotlarczyk et al., 2006).

Yet, the upper water column was inhabited by shallow-water fishes
(Kotlarczyk et al., 2006) and the photic zone was densely populated by
coccolithophorids and crustacean nekton (e.g. copepods), as

documented by fecal pellets packed with coccoliths, which confirm
relatively well oxygenated upper water column (0–50m). Among
planktonic foraminifera (when present in JL-2 and SL-3), deeper water
(down to 400m) species do not occur, which suggests that the che-
mocline was positioned relatively high in the water column. However,
these species hardly tolerate decreased salinity (Bijma et al., 1990) and
their juvenile forms dwell in the shallowest part of water column,
which was certainly brackish in the basin (see section 5.3). Hence, their
absence may equally result from decreased salinity. Still, stratification
in the water column is confirmed by a low-diversity dinoflagellate as-
semblage with Homotryblium spp. Interestingly, TL-1 is the only coc-
colith limestone horizon which is almost barren of dinoflagellates.
However, this may be related with the very high content of amorphous
organic matter diluting the dinoflagellates, not necessarily with any
particular paleoenvironmental condition.

These biotic and sedimentological indices suggest that anoxic con-
ditions developed below and well above the sediment-water interface.
This is supported by the size distribution and δ34S values of framboidal
pyrite (FP). Although FP may be formed abiotically (e.g. Berner, 1969;
Sweeney and Kaplan, 1973; Wilkin and Barnes, 1996), a bacterial origin
for the FPs in the limestones examined is confirmed by their low δ34S
values (between −44 and −18.5‰). The lower part of this range
corresponds to the present-day δ34S of sulfide dissolved in the anoxic
water column (from −42 to −32‰; Sweeney and Kaplan, 1980; Fry
et al., 1991; Neretin et al., 2003), to the currently sedimenting iron
sulfides (from −40 to −32‰; Muramoto et al., 1991) and to FP in the
surface coccolith ooze (Unit I) in the Black Sea (from −38.3 to
−33.6‰; Calvert et al., 1996; Jørgensen et al., 2004), whilst the upper
part to δ34S of FP in the sapropel layer (Unit II; ≤22‰; Calvert et al.,
1996; Wilkin and Arthur, 2001). These generally low values show that
sulfate reduction and precipitation of iron sulfides was mediated by
microbial activity, as bacteria preferentially utilize the lighter sulfur
isotope during reduction of sulfate (Chambers and Trudinger, 1979;
Bottrell and Raiswell, 2000; Canfield, 2001). The shift of δ34S values
from marine sulfate to H2S during bacterial sulfate reduction (BSR)
reported from culture studies can be up to ~47‰ (Chambers et al.,
1975; Chambers and Trudinger, 1979; Detmers et al., 2001; Habicht
and Canfield, 2001). Considering that marine sulfate was isotopically
heavy (~22‰) during Oligocene (Paytan et al., 2011), the difference in
δ34S between pyrite and seawater sulfate (< 66‰) exceeds the max-
imum possible shift in δ34S related to the fractionation effect during
BSR. However, in anoxic marine basins only some part of sulfide pro-
duced in the water column by BSR is precipitated as metal sulfides,
sinks to the seafloor and can be buried, whereas a large part of hy-
drogen sulfide is reoxidized at the chemocline producing sulfate and
sulfur species with intermediate oxidation states (Jørgensen, 1982).
These intermediate S species undergo bacterial disproportionation,
which is associated with a strong S isotope fractionation leading to
production of extremely 34S-depleted sulfide (see Canfield and
Thamdrup, 1994; Habicht et al., 1998; Böttcher et al., 2001; Bottrell
and Newton, 2006). These processes have also taken place in the water
column of the Black Sea during the last 2.7 kyr and are responsible for
the lowest δ34S values of FP in Unit I sediments (Lyons, 1997) and
sulfide currently dissolved in the anoxic water column (Neretin et al.,
2003). We believe that a similar mechanism must be responsible for the
lowest δ34S values recorded in the limestones examined.

The size and distribution of bacterially-formed FPs is a proxy for
redox conditions (Wilkin et al., 1996; Wignall and Newton, 1998).
Syngenetic FP formation within the water column related to anoxic
conditions is associated with a homogeneous distribution of small-size
framboids within the sediments, except the preferential occurrence in
microfossils related to the localized decay of organic matter. Dom-
inance of larger framboids, often heterogeneously distributed as clus-
ters (Böttcher and Lepland, 2000), is linked to diagenetic formation at
the redox interface located within the sediments. In the Black Sea se-
diments deposited during the last 7.5 kyr (Units I and II) when
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permanent bottom water anoxia have existed, FP diameters are very
small and invariant (mean of 5 μm with>95% of FP<7 μm; Wilkin
et al., 1997), which is similar to our data. FPs are evenly distributed in
all four limestone horizons examined and exhibit uniform and small
sizes with diameters rarely> 10 μm (up to 0.7%), median values from
3.3 to 5.0 μm and sd values up to 1.8 (Table 1). This clearly shows that
the framboids are syngenetic and that the bottom water was anoxic.

Only one sample (Pal_J-4A) contains considerably larger framboids
with a median diameter of 7.5 μm and 15.2% of framboids with
diameters> 10 μm. This sample is not laminated and was apparently
deposited under oxic conditions and iron sulfides formed diagenetically
within the sediments. Three other samples (two from JL-2, one from ZL-
4) contain predominantly very small framboids, but exhibit slightly
increased content of framboids> 10 μm (2.1–3.8%) which is mani-
fested by higher sd values between 2.0 and 2.6 μm. The presence of
28,30-dinorhopane (discussed below), undisturbed fine lamination and
lack of benthic fauna in these samples confirm water-column stratifi-
cation during their deposition, which indicates that FP formed mostly in
the water column with a small addition of diagenetic pyrite.

The presence of 28,30-dinorhopane in JL-2, SL-3 and ZL-4 confirms
that the water column was stratified with respect to oxygen level. The
absence of 28,30-dinorhopane in some samples and in TL-1 does not
mean that there was no anoxia or stratification. Plenty of sediment
records have anoxia indicated by isorenieratane, a specific lipid bio-
marker for photosynthetic green sulfur bacteria or its derivatives
(Koopmans et al., 1996), whilst lacking 28,30-dinorhopane, e.g. in the
Holocene Black Sea sediments (Huang et al., 2000). However, we did
not detect isorenieratane in any sediment nor did we detect any organic
sulfur compounds, compounds formed under anoxic sulfidic conditions
(Sinninghe Damsté et al., 1989). Considering the immature nature of
the sediment, isorenieratane should have rather been preserved, if
sulfide production occurred close to the photic zone (Summons, 1993).
It is evident that anoxicity existed in the water column and that sulfide
was produced in the lower water column in the Paratethys, as indicated
by the abundance, size and S isotope composition of FP. Thus, euxinic
conditions did not reach the photic zone, which is unlike the Black Sea,
where photic-zone euxinia has persisted permanently in the central part
of the basin during the deposition of Unit I (Sinninghe Damsté et al.,
1993; Huang et al., 2000). TL-1 is the only horizon that does not con-
tain 28,30-dinorhopane, which makes it similar to the recent coccolith
marls in the Black Sea where this compound was not identified as well.

The coincidence of several exceptional features of TL-1 (the lowest
content of FP with diameters> 10 μm, the highest TOC content, fine
and continuous lamination, absence of trace fossils, absence of deep-
water fishes) suggests that anoxia was permanent and that the basin
was more anoxic than during sedimentation of the other horizons.
Organic matter was less efficiently oxidized during settling due to the
thicker layer of anoxic bottom waters. Still, euxinic conditions likely
did not reach the photic zone, as isorenieratane was not detected. ZL-4
is the only horizon that does not show micronodular fabric and is poor
in zooplankton fecal pellets. Therefore, organic matter was less pro-
tected during settling through the oxic water column than in the case of
other horizons. This is probably the cause of lower TOC and TS contents
in ZL-4 than in the other horizons.

5.2. Preservation of original pelagic carbonate material

Coccoliths are the main carbonate component of the studied lime-
stones. They are well preserved in all horizons and usually show all
morphological features intact. They often occur as complete, perfectly
spherical coccospheres (Fig. 4) except the youngest horizon (ZL-4),
where they are mostly disseminated as individual plates (Fig. 4D-2).
Still, coccoliths in all horizons are only slightly modified by diagenetic
processes. They exhibit little evidence of partial dissolution in some
samples of TL-1, JL-2 and SL-3, which might have occurred before se-
dimentation, probably due to digestive processes of zooplankton or in

the water column. Recrystallization features have not been observed in
any sample despite the fact that some of the limestones (from the Dukla
and Silesian units) were deeply buried to the oil window conditions
(Köster et al., 1998a; Kotarba and Koltun, 2006). Moreover, oxygen
isotope ratios did not undergo secondary resetting, which is demon-
strated by the lack of linear correlation between δ13C and δ18O values
and by the broad range of δ18O values (3–4‰ for each limestone hor-
izon and<2‰ for a horizon in a single outcrop). A late diagenetic
resetting of 18O/16O would have otherwise led to unification of δ18O
values (Bojanowski et al., 2014). This fact and the exceptional pre-
servation of calcareous nannoplankton indicate that the carbonate
material in samples without carbonate cements, i.e. Fan_T-2A, Fan_T-
2B, Wis_J-3A and Wis_J-3B, represents unaltered coccolith oozes.
Therefore, their carbonate geochemical properties provide direct and
reliable record of paleoenvironmental conditions in the photic zone
where calcification of nannoplankton occurred and provide insight into
paleoceanographic conditions during their deposition. Composition and
preservation of these limestones resemble those of the pelagic ooze
being currently deposited in the Black Sea.

In other samples, carbonate cementation was the only diagenetic
process that could have affected the properties of their carbonate ma-
terial. The material in the light laminae is usually cemented with cal-
cite, which never predominates over coccoliths, but constitutes rather
minor amount of bulk carbonate (presumably < 20%). This calcite
envelopes coccospheres or foraminifers, which show excellent pre-
servation and are seldom flattened. This suggests that calcite pre-
cipitation took place prior to significant mechanical compaction, thus,
very close to the sediment-water interface, within up to several deci-
meters or meters of sediments (see Bennett et al., 1991; Burdige, 2006),
from pore fluids representing at most insignificantly altered basin
water. Presence of such extremely early calcite cements does not ne-
cessarily preclude application of stable isotope analysis of nanno-
plankton-dominated carbonate sediments as a paleoenvironmental
proxy, as evidenced by Bojanowski et al. (2017), provided that bi-
carbonate dissolved in the interstitial fluids was not liberated by mi-
crobial modifications of organic compounds causing strong isotope
fractionation (e.g. Bojanowski, 2012). Indeed, δ13C values of the
limestones (Table 1) are within the range for unaltered marine carbo-
nates and do not seem to be noticeably modified by calcite cementation.
However, the uncemented samples of TL-1 and JL-2 clearly exhibit the
highest δ18O values among all (Table 1), which suggests that presence
of calcite cement drives δ18O of the limestones to slightly lower values.

Fe-rich dolomite is present as individual rhombohedra dispersed
mostly among the siliciclastic material in the dark laminae, so dolo-
mitization did not affect the biogenic carbonates. The dark laminae
containing dolomite show only slightly different δ13C (by 0.5‰ lower)
and δ18O values (by 0.2‰ lower) than the adjacent light ones com-
posed exclusively of coccoliths in sample Fan_T-2 (Table 1). This dif-
ference is even less significant in other samples. This dolomite cement
does not have an important impact on the isotopic composition of the
limestones, as it contributes insignificant amount of carbonate to bulk
material (presumably < 1%; except two dolomitized samples from
Romania, which were excluded). Thus, bulk isotopic composition of the
limestones corresponds to the composition of calcareous nanno-
plankton with possible minor signal from calcite cement, which never
constitutes a major part of the carbonate material. Therefore, the geo-
chemical properties of the carbonate fraction of the limestones chiefly
reflect paleoceanographic conditions in the photic zone during their
deposition with possible little post-depositional overprinting related to
extremely early diagenesis.

5.3. Basin restriction and fresh water supply

Paleotemperature calculations (Appendix) yielded unreasonably
high values (< 54 °C; mean > 40 °C) for all limestone horizons
(Table 1). Even paleotemperatures calculated for samples without
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carbonate cements, i.e. Fan_T-2A, Fan_T-2B, Wis_J-3A and Wis_J-3B are
clearly too high (from 28 to 31 °C) as for marine sea-surface tempera-
tures (SSTs) in mid latitudes and temperate climate conditions char-
acteristic for the Oligocene ice-house period (Miller et al., 1991; Zachos
et al., 1993). For instance, SSTs were< 30 °C in equatorial regions
(Tremblin et al., 2016), whilst they merely reached 20 °C in high lati-
tudes (Liu et al., 2009) around 30Ma. In the Paratethys, the Eocene-
Oligocene transition was associated with a major climatic cooling re-
flected in a drastic shift from warm-water nummulitic assemblages that
recorded SST between 20 and 25 °C (Sótak, 2010) to cold-water biota
(Olszewska, 1998; Gedl, 2000). Moreover, examinations of floral as-
semblages indicate mean annual air temperatures of 15–17 °C in the
circum-alpine region during the Early Oligocene (Bruch, 1998).
Therefore, it is clear that the Paratethys basin water was depleted in 18O
relative to contemporaneous ocean water, which was recorded in these
low δ18O values of the coccolith limestones.

Further evidence of basin restriction comes from Sr isotope data.
The 87Sr/86Sr values are significantly higher than those of con-
temporaneous seawater for all limestone horizons, which could be ex-
plained by carbonate cementation, as even early-diagenetic pore water
may exhibit higher Sr isotope ratio than the associated seawater due to
interaction with Rb-rich clay (e.g. Steuber et al., 1987). However, 87Sr
enrichment is noted also in the uncemented light lamina exclusively
composed of coccoliths (sample Fan_T-2A; Table 1), which clearly
shows that the basin water in the photic zone was originally enriched in
87Sr. The magnitude of this enrichment relative to the con-
temporaneous marine 87Sr/86Sr value in all the samples analyzed
ranges from 1.2 to 4.4×10−4 (with the lower limit value obtained for
the uncemented sample Fan_T-2A), which is larger than expected for
rocks even with a high Rb/Sr ratio related to high contents of clay
minerals (see Banner, 1995).

There is no evidence for extensive hydrothermal or volcanic activity
in the basin during Oligocene, so the most probable cause of this 87Sr
enrichment is significant input of riverine water flowing from areas
composed of silicate-rich crystalline rocks that are the main source of
the radiogenic 87Sr isotope. Still, significant enrichment in 87Sr in basin
water could have occurred only if the basin was efficiently isolated from
the open ocean and the water exchange was limited, as in the Black Sea
today. Indeed, restriction and freshening of Paratethys during
Oligocene was suggested by Melinte (2005) and Švábenická et al.
(2007) on the basis of micro- and nannofossil assemblages. Similarly,
restriction and high riverine input to the Black Sea, chiefly from the
Danube river, are the causes of 87Sr/86Sr deviation of current basin
water from the marine water inflow from the Aegean Sea with 87Sr/86Sr
coinciding with that of the global ocean water (Major et al., 2006;
Kuznetsov et al., 2012). The magnitude of this deviation (2×10−4;
Major et al., 2006; Kuznetsov et al., 2012) is comparable to that of the
limestones examined (1.2–4.4×10−4). However, the Danube river
carries fresh water with a 87Sr/86Sr ratio that is lower than that of
ambient seawater, as the main sources of Sr in the Danube catchment
are currently Mesozoic and Cenozoic limestone-rich sedimentary series
(Pawellek et al., 2002). It is assumed that the crystalline basement
comprised the main kind of bedrock that was drained during the Oli-
gocene, which caused the radiogenic Sr composition in the Paratethys,
as recorded in the coccolith limestones examined. The following rise of
the Alpine-Carpathian-Dinaric orogenic system and the associated in-
tensive deposition in extensive foredeep and intramonatne basins cov-
ering large areas composed of the crystalline basement must have di-
minished the role of crystalline rocks in the region and the Sr isotope
composition of the rivers switched to unradiogenic.

Restriction of the Paratethys was related to deterioration of ocean
water inflow or complete closure of the gates connecting the basin with
the ocean. The onset of uplift of the Alpine-Carpathian-Dinaric orogenic
system during the Early Oligocene (Báldi, 1984; Tari et al., 1993; Rögl,
1998; Kováč et al., 2016) and/or eustatic sea-level falls could have been
responsible for the isolation of the basin. The latter is supported by the

fact that significant sea-level falls corresponding to isotopic events oc-
curred at ca. 31.5 and 28.5Ma (Pekar et al., 2003; Haq and Al-Qahtani,
2005; Miller et al., 2005; Kominz et al., 2008), which is shortly before
the deposition of TL-1 and the other horizons, respectively.

Basin restriction explains the abnormally low δ18O values of the
coccolith limestones, as meteoric water, which is significantly depleted
in 18O relative to seawater, contributed a large part of basin water. The
spread of δ18O values for a given limestone horizon collected in a single
section (up to 2.0‰) may be related to temporal salinity and tem-
perature fluctuations in the basin water. Salinity fluctuations can also
explain the strong variability of concentration of planktonic for-
aminifera, which can hardly tolerate low salinity conditions. Only few
species can survive salinity below 30‰ in modern oceans. The salinity
tolerance of extant planktonic foraminifera are verified based on cul-
ture experiments and ranges from 22‰ to 49‰ (Hemleben et al., 1989;
Bijma et al., 1990). This is a maximum range of salinity tolerance of a
single species, Globigerinoides ruber (d'Orbigny) that was able to con-
struct chambers, calcify, and undergo gametogenesis. Other species
have slightly narrower tolerance to salinity from 22–27‰ to 40–49‰
(Bijma et al., 1990). However, a complete life cycle of planktonic for-
aminifera has never been observed in culture conditions (Hemleben
et al., 1989). In situ sampling of surface water planktonic populations in
recent ocean shows a smaller range, e.g. Spero and Williams (1990)
observed that the lower limit of salinity for Orbulina universa to grow its
shell was 4.5‰ below ambient in seasonal low-salinity surface waters
of the Gulf of Mexico over the last 16,000 years that was still well above
its physiologic salinity limit, i.e. 22‰ according to Bijma et al. (1990).
Based on these observations and interpretations, we can estimate that a
realistic lower salinity range for low diversity populations of planktonic
foraminifera starts at about 22–25‰.

We can use this actualistic approach to estimate paleosalinity limits
in the studied paleoenvironment, assuming that other controlling fac-
tors had no impact on distribution of planktonic foraminifera. Anoxia
could eliminate planktonics from the upper water column.
Nevertheless, this was not the case because the uppermost water
column was well‑oxygenated (see section 5.1). As discussed in section
5.2, the taphonomic bias is also not the case, because perfect pre-
servation of coccoliths precludes significant destructive dissolution
during diagenesis. Moreover, the absence of planktonic foraminifera in
TL-1 cannot be related to dissolution during settling of the tests, as they
were exposed to well‑oxygenated water for a shorter time than during
deposition of JL-2 (rich in planktonic foraminifera), when the chemo-
cline was positioned at a greater depth. The shorter residence in oxic
environment should rather enhance the preservation of carbonate mi-
crofossils in TL-1. Therefore, we can trust that TL-1 and ZL-4 that are
packed with coccoliths, but do not contain any foraminifera, were
mostly deposited above the lower salinity limit of coccolithophores
(17‰) and below the lower salinity limit of planktonic foraminifera
(22‰). These estimates correspond well to the current salinity in the
Black Sea surface water (barren of foraminifera) which varies between
16 and 20‰ (Özsoy and Ünlüata, 1997; Tuzhilkin, 2008). Single spe-
cimens of planktonic foraminifera in SL-3 may indicate higher salinity
limits, up to 25‰, which is already higher than in the Black Sea today.
Such salinity reconstructions are broadly consistent with the dino-
flagellate cyst assemblages, which contain goniodomid species strongly
affiliated to extreme, restricted environments. JL-2 is an exception, as it
is the only horizon rich in low diversity planktonic foraminiferal as-
semblages. The highest abundances recorded in the upper part of JL-2
indicate slightly hypohaline conditions that may be estimated at
28–30‰. The lower part of JL-2 suggests lower salinities (25–28‰).
Nannoplankton assemblages display low species diversity with high
productivity in all limestone samples investigated. This may be asso-
ciated with stressful environmental conditions with seasonally variable
salinity and, thus, the observed assemblages may represent groups with
different salinity tolerances.

Two samples from TL-1 and ZL-4 contain framboidal pyrite with
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δ34S values of −2.1 and 6.4‰ that are significantly higher than those
of the rest of the samples. Similarly high δ34S values of pyrite have been
noted in the Black Sea sediments (from −3 to 17‰), but only in the
limnic Unit III (Calvert et al., 1996; Wilkin and Arthur, 2001), which
cannot be taken as an analog for the coccolith limestones examined.
Such high values of syngenetic pyrites indicate that H2S was produced
in the water column by BSR of sulfate significantly enriched in 34S. This
enrichment could have been achieved in a restricted basin, if the sulfate
pool became significantly replenished due to the rate of sulfate con-
sumption exceeding the rate of supply (Zaback et al., 1993; Lyons et al.,
2000). Then, 34S enrichment occurred in the residual sulfate pool that
was brought close to exhaustion (cf. Gomes and Hurtgen, 2015). This
closed-system Raleigh isotope effect could have been attained only
when sulfate reservoir in the basin was especially insignificant. Low
sulfate concentration is confirmed by the coincidence of the highest 34S-
enrichment and the lowest FP count in sample Dyd_Z-7A-C, which was
examined for the FP size distribution (Table 1). The cause of low sulfate
concentration was a significant input of fresh water being normally
much poorer in sulfate than seawater. The 34S-enriched pyrite and
absence of foraminifera in TL-1 and ZL-4 may be genetically linked,
which would also suggest that salinity was distinctively lower during
the deposition of these horizons than in the case of JL-2 and SL-3. Mean
δ18O values for all samples of a given horizon support this interpreta-
tion, as TL-1 exhibits the lowest (−4.2‰), while JL-2 the highest value
(−4.6‰). Such extremely low-salinity events when sulfate became
strongly depleted could have occurred during periods of perfect isola-
tion of Paratethys from the ocean, which is unlike the Black Sea during
the last 7.5 kyr.

5.4. High productivity

δ13Corg values of JL-2, SL-3 and ZL-4 are relatively high (mostly
between −26 and − 23‰) indicating a mixture of marine and terres-
trial organic matter (Meyers, 1994). Notably, the high values suggest
enhanced marine paleoproductivity, as land plant-derived organic
matter with δ13Corg values close to −28‰ is normally the predominant
organic material of the Oligocene mudstones in the Paratethyan basins
(Köster et al., 1998a; Schulz et al., 2005; Bechtel et al., 2012). δ13Corg

values of recent sediments in the deep parts of the Black Sea vary si-
milarly between −26 and − 22‰ (Çoban-Yıldız et al., 2006; Quan
et al., 2013). Causes of the lower δ13Corg values in TL-1 are discussed in
chapter 5.5. The fact, that TOC content of the modern laminated coc-
colith marl (Unit I) of the Black Sea (2–6%; Calvert and Karlin, 1998) is
higher than that in the limestones examined (< 4%), does not exclude
high paleoproductivity in the Central Paratethys, as some part of OM
was likely removed during diagenesis.

N isotope composition of bulk organic matter (δ15Norg) is also a
sensitive proxy for paleopaleoproductivity. The increased riverine input
must have driven the surface water δ15N of bioavailable N to higher
values, as particulate organic nitrogen and dissolved nitrate in rivers
are typically enriched in 15N by up to several permille (Owens, 1987;
Reschke et al., 2002). δ15Norg values of JL-2, SL-3 and ZL-4 are mostly
between 0 and 1‰, which suggests that the other source of organic
nitrogen was relatively depleted in 15N. Microbial N fixation is the
major source of biologically available nitrogen in the oceanic budget
(Wada and Hattori, 1990) and is associated with a 15N depletion pro-
ducing δ15Norg values by< 3‰ lower than that of atmospheric N2 (Karl
et al., 1997; Haug et al., 1998; Sachs and Repeta, 1999). Slightly po-
sitive δ15Norg values, similar to those obtained in this study, are com-
monly associated with increased N fixation (Sachs and Repeta, 1999;
Reschke et al., 2002). Therefore, these low δ15Norg values could be
associated with a high rate of microbial N fixation prevailing over that
of continental input to the surface water of the Central Paratethys. The
assumed fast N fixation related to enhanced primary productivity was
probably related to intensive phytoplankton blooms in the photic zone
(see Sachs and Repeta, 1999), which is in line with the observed

coccolithophorid and dinoflagellate assemblages. Similarly, increased
anoxia was also considered by Quan et al. (2013) as responsible for the
decreased δ15Norg values in recent Black Sea sediments. Moreover, the
anoxic bottom water must have been normally stagnant, as upwelling
would have otherwise transferred large amounts of isotopically heavy
nitrate to the surface waters (Brandes et al., 1998; Ganeshram et al.,
2000). Increased surface-water paleoproductivity was also reported for
various parts of the Paratethys during Oligocene by others (Köster et al.,
1998a; Schulz et al., 2005; Sótak, 2010; Bechtel et al., 2012) and re-
lated with the inflow of nutrient-rich fresh-water that caused brackish
conditions and water-column stratification in the basin.

TL-1 exhibits on average by ~2‰ lower δ15Norg values than the
other horizons and the highest TOC values among them. These ex-
tremely low δ15Norg values in TL-1 are significantly lower than those
measured in recent Black Sea sediments (~3‰; Fry et al., 1991;
Reschke et al., 2002; Quan et al., 2013) and cannot be solely linked to
even exceptionally strong surface-water eutrophication (see Sachs and
Repeta, 1999; Möbius et al., 2010). Instead, they suggest an additional,
strongly N fractionating pathway that produces δ15Norg < 0‰. For
instance, 15N-depleted OM (with δ15Norg of −5‰) has been found to
form at the top of the anoxic water body in the deep parts of the Black
Sea (Çoban-Yıldız et al., 2006). Production of this 15N-depleted biomass
in the Black Sea can be attributed to chemoautotrophic bacterial ac-
tivity (Fry et al., 1991; Çoban-Yıldız et al., 2006) or fixation of N2 or
N2O that was released by denitrification or annamox (Kuypers et al.,
2003; Westley et al., 2006). Interestingly, 15N-depletion has recently
been observed in chemosynthetic microbial mats (with
δ15Norg≥ 3.6‰) that are associated with methane seepage (Levin and
Michener, 2002) and TL-1 was deposited during widespread methane
venting in the basin, as discussed in chapter 5.5. However, it does not
appear plausible that this mechanism is responsible for the distinctively
lower δ15Norg values of TL-1 relative to the other horizons. Instead, it
was the thicker layer of anoxic water developed due to stronger anoxic
conditions that caused extremely abundant production of 15N-depleted
OM in the water column, as it occurs in the Black Sea today (Çoban-
Yıldız et al., 2006). Because microbially-formed OM undergoes amor-
phization (Pacton et al., 2011) the newly formed bacterial OM in the
euxinic water column must have contributed to increased deposition of
amorphous OM. We speculate that this process can be attributed to the
high content of amorphous OM in TL-1, which significantly diluted
palynofacies.

Fig. 7. Plot of δ13Ccarb vs. δ13Corg values for all coccolith limestone horizons.
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5.5. Methane venting

Among all four Oligocene coccolith limestone horizons, TL-1 is
distinctive in many aspects. Some data discussed above indicate that
TL-1 was deposited in a basin with lower salinity than the other hor-
izons and exceptionally thick anoxic bottom water column that en-
hanced preservations of OM with exceptionally low δ15Norg values. Its
stable carbon isotope composition is also clearly distinct, as both car-
bonate and organic matter are significantly depleted in 13C (by ~2‰)
relative to the other horizons (Fig. 7). This difference cannot account
for temporal changes of seawater δ13C, as the global marine δ13C curve
records only small variations< 0.5‰ during the period when the
coccolith limestones accumulated (Fig. 2) (Zachos et al., 2001). The
δ13Ccarb values of the limestones chiefly represent isotopic composition
of dissolved inorganic carbon (DIC) in the photic zone, as discussed in
5.3. Therefore, the low δ13C values of TL-1 indicate that DIC pool was
13C-depleted relative to ambient ocean water during the deposition of
this horizon. Such effect was possible, because the basin was restricted
and there was little water exchange with the open ocean, which would
otherwise buffer any isotopic departure from marine signature.

TL-1 is the oldest coccolith limestone horizon in the Oligocene strata
of the Outer Carpathians and was deposited in the middle part of NP23
zone. Interestingly, methane-derived carbonates identified and de-
scribed by Bojanowski (2007, 2012) from the Fore-Magura unit
(equivalent to the Dukla unit) in the Polish Outer Carpathians are of the
same age (Barski and Bojanowski, 2010). They precipitated due to
anaerobic oxidation of biogenic methane that was produced from or-
ganic carbon-rich Eocene-Oligocene sediments (Bojanowski, 2014).
Methane was temporarily bound in clathrates which accumulated
within the sediments under the basin floor (Bojanowski et al., 2015).
Dissociation of methane clathrates liberated large amounts of methane
that was being oxidized in the sediments (Bojanowski, 2012) and also
vented into the water column (Bojanowski, 2007).

Biogenic methane is extremely depleted in 13C (Claypool and
Kaplan, 1974), so DIC produced by oxidation of biogenic methane ex-
hibits extremely low δ13C of down to −110‰ (Whiticar et al., 1986).
Therefore, the presence of large amounts of methane being oxidized in
the water column could have caused an overall decrease of δ13C value
of DIC pool in the basin. The 13C-depleted DIC must have also lowered
the stable C isotope composition of biomass synthesized in the water
column, e.g. primary producers, which likely explains the low δ13Corg

values in TL-1 and the associated mudstones. This is supported by ho-
panoid biomarkers derived from methanotrophic bacteria with very
low δ13C values (≤–40‰) that were identified in the Oligocene de-
posits of the Polish Outer Carpathians (Köster et al., 1998b). Moreover,
molecular and isotopic evidence of methanotrophy in the water column
has been also preserved in the adjacent parts of the Paratethys, i.e. in
the Hungarian Paleogene Basin (Bechtel et al., 2012) and the Alpine
Molasse Basin in Austria (Schulz et al., 2005). This indicates that me-
thane venting and its anaerobic oxidation occurred on a basin-wide
scale in the Central Paratethys, similar to the present-day Black Sea, as

indicated by strongly 13C-depleted compounds in sinking particulate
OM (Schouten et al., 2001; Wakeham et al., 2003), presence of me-
thane-derived seep carbonates occurring on the seafloor (Peckmann
et al., 2001; Thiel et al., 2001; Michaelis et al., 2002) and by large
methane plumes extending in the water column (Peckmann et al., 2001;
Stewart et al., 2007). Therefore, conditions in the Central Paratethys
were especially analogous to those in present-day Black Sea during
deposition of TL-1 (Table 2), which can be regarded as the closest
counterpart of recent sediments in the Black Sea.

6. Conclusions

The Black Sea is a remnant basin of the Paratethys. Biotic, sedi-
mentological and geochemical properties of the Oligocene pelagic
coccolith limestones were used to reconstruct paleoceanographic set-
ting of the Central Paratethys during Oligocene and were compared
with those of the laminated coccolith marls being currently deposited in
the Black Sea. This showed that during Oligocene the Central
Paratethys experienced strikingly similar conditions to those that have
existed in the Black Sea for most of Holocene, which is synthesized in
Table 2:

i. The limestones formed when strong water-column stratification
existed in the Paratethys. Bottom-water anoxia was recorded by
uniform and small sizes of pyrite framboids having low δ34S, the
presence of 28,30-dinorhopane and low-diversity dinoflagellate
assemblage with Homotryblium spp., absence of benthic organisms
or trace fossils and fine primary horizontal lamination of the lime-
stones.

ii. Low salinity conditions in the upper water column caused enrich-
ments in 16O and 87Sr isotopes, waning or disappearance of plank-
tonic foraminifera and massive blooms of low-diversity cocco-
lithophorid assemblages and goniodomid dinoflagellates in the
basin. These conditions developed due to limited water exchange
with the open ocean, significant riverine flux and enhanced organic
sedimentation. Occassionally, the input of seawater was so effec-
tively blocked and the influx of meteoric water so strong that sulfate
became almost exhausted in the water column by bacterial sulfate
reduction.

iii. Tectonic uplift associated with the orogenic movements and/or
eustatic sea level falls at ca. 31.5 and 28.5Ma were probably re-
sponsible for the closure or significant restriction of the straits
connecting the basin with the open ocean.

iv. The most extreme conditions occurred during NP23, when anoxic
conditions reached exceptionally high in the water column, pro-
ductivity was particularly enhanced in the surface waters and
widespread methane venting occurred. All these processes take
place in the Black Sea today as well. The only difference discovered
is that euxinic conditions likely did not reach the photic zone in the
Paratethys. These similarities indicate that the Tylawa horizon that
formed during NP23 should be considered as the best fossil

Table 2
Comparison of major conditions between the present-day Black Sea and Central Paratethys during Oligocene.

Black Sea (since 2.7 ka) Central Paratethys (Oligocene) Proxies (this study)

Bottom-water anoxia YES YES Biomarkers, dinoflagellates, lamination, absence of benthic fauna and bioturbation, size of FP
Anoxia in the photic zone YES NO Biomarkers
Bottom-water euxinia YES YES Abundance, size and δ34S of FP
Brackish conditions YES YES δ18Ocarb, 87Sr/86Srcarb, planktonic foraminifers, dinoflagellates, coccolithophores
Surface-water salinity 16–20‰ 17–22‰ (TL-1, ZL-4) Planktonic foraminifers, coccolithophores

17–25‰ (SL-3)
25–30‰ (JL-2)

Isolation from the ocean YES YES δ18Ocarb, 87Sr/86Srcarb, δ34S of FP
High productivity YES YES TOC, δ13Corg, δ15Norg, abundance of coccoliths, dinoflagellates
Methane venting YES YES (only TL-1) δ13Corg, δ13Ccarb
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counterpart of the recent Black Sea sediments.

Thus, using the present-day conditions in the Black Sea as an ana-
logue for evaluating of the Central Paratethyan paleoenvironment
during the Oligocene is acceptable, but especially justified for the NP23
zone. Moreover, the Tylawa horizon provides a prediction to how
postdepositional processes can modify the properties of a coccolith ooze
like the one that has been accumulating in the Black Sea since 2.7 ka.
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