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Abstract 

The marine system of the Mediterranean-Paratethys region in the Middle Miocene was influenced by 

the global climatic changes corresponding to the Miocene Climate Optimum. It was characterized by a 

global warming of deep oceanic waters succeeded by a decrease of wind activity and ocean water 

circulation together with a decline in oceanic productivity. This study provides a detailed 

paleoenvironmental and depositional history of the Middle Miocene deposits from the Mt. Požeška 

Gora Mountain (the east part of Croatia).. Stable carbon and oxygen isotope data with foraminiferal 

fauna coupled together with palynological data indicate both seasonal and long-term changes in 

surface water temperatures, nutrient contents, and salinity. Further, it was possible to determine two 
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phases of the Middle Miocene flooding in the studied marine system (a) a shallow, high nutrient 

marginal sea strongly affected by freshwater inputs corresponding to the thermal maximum and 

periods with enhanced precipitation during the Miocene Climate Optimum; (b) a younger deeper 

marginal sea with a developed seasonal stratification, rather intermediate nutrient availability and 

reduced fresh-water inputs. Based on the strontium isotope stratigraphy (
87

Sr/
86

Sr) coupled with the 

previously published high-precision geochronology the timing of the first flooding of this marginal sea 

can be correlated approximately with the Burdigalian/Langhian boundary whereas the second flooding 

can be correlated to an interval after 15.3 Ma. Possibly, the properties of the surficial waters that were 

described as a part of the flooding phases in individual time intervals can indicate changes in 

circulation patterns as a result of potential influence of the Indian Ocean water masses. 

  

1. Introduction 

The Miocene represents an epoch of major global climatic and paleoceanographic changes such as a 

well-documented relative warmth during the early to middle Miocene, recorded by benthic oxygen 

isotope data showing a peak in deep-water temperatures at 17.0–14.5 Ma (Zachos et al., 2008),  

referred as the Miocene Climate Optimum (MCO). General characteristics of the MCO include global 

warming coupled with elevated temperatures in high-latitude ocean waters, a decline in oceanic 

productivity, and a marked reduction in the global wind intensity, which resulted in the decreased 

intensity of surface water circulation and mixing of oceanic water masses (Zachos et al., 2001, 2008; 

Methner et al., 2020; Sosdian et al., 2020; Brlek et al., 2021; Steinthorsdottir et al., 2021, and 

references therein). There is considerable evidence that these events were caused by the dissolution of 

methane hydrates on the oceanic floor, which further led to an abrupt increase of the greenhouse effect 

in the atmosphere (Wright et al., 1992, Flower and Kennett, 1994, Shevenell et al., 2008, You et al., 

2009, Methner et al., 2020 and references therein). In the Paratethys, these climatic and 

paleoceanographic circulation changes coincided with the local tectonic evolution, resulting in a 

change in geomorphology which might affect the mesoclimatic conditions. It mainly included the 

growth of coastal mountain chains that influenced the regional atmospheric circulation, and dramatic 
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changes regarding the seafloor morphology, which further influenced paleoceanographic circulation 

patterns. This mesoscale evolution was under the impact of global sea-level and climate changes of 

that time (Rögl, 1998; Kováĉ et al., 2007, 2017, 2018; Sant et al., 2017, 2019). 

The main aim of this work is to provide a detailed multiproxy reconstruction of the paleoenvironment 

at the southwestern margin of the Mediterranean-Paratethys marine system with a focus on Central 

Paratethys (North Croatian Basin; Pavelić, 2001; Pavelić and Kovaĉić, 2018; Brlek et al., 2020) during 

the Langhian to assess the impact of the global climatic signal on the large-scale regional evolution, 

which subsequently influenced the evolution of the whole  Mediterranean-Paratethys marine system. 

We applied a combination of different methods to be able to assess the complexity of the studied 

environment; therefore, this study combines rather classical paleontological approaches applied on 

several key groups of organisms such as calcareous nannoplankton, foraminifera, and dinoflagellate 

together with a statistical analysis of their quantified records and stable isotope chemistry.  To achieve 

a highly reliable time-constrained model, the age determination was based on chemostratigraphy 

(strontium isotope stratigraphy, SIS; e.g. Gradstein et al. 2020) and previously published high-

precision geochronological constraints (Brlek et al., 2020). Integrated biostratigraphic, 

chemostratigraphic, and geochronological data provide reliable constraints on the timing of the 

regional bioevents enabling their comparison to the Mediterranean and the global ones (Kováĉ et al., 

2017, 2018; Sant et al., 2017, 2019; Holcová et al., 2018). Moreover, we discuss the importance of the 

investigated sections in providing high-quality constraints for the timing of the Middle Miocene 

transgressions in the North Croatian Basin and on the regional scale (Sant et al., 2017; Kováĉ et al, 

2018; Brlek et al., 2020), as well as for connections of the Central Paratethys with the Mediterranean 

and the world oceans (Rögl, 1998; Kováĉ et al., 2017, 2018; Sant et al., 2017, 2019; Holcová et al., 

2018; Ivanĉiĉ et al., 2018). 

 

2. Regional settings 
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The complex system of the epicontinental seas known as the Paratethys stretched since the Early 

Oligocene (~34 Ma) from the Rhône Basin in France over Central Europe to the Aral Sea in central 

Asia. The Paratethys was formed by the isolation from the Tethys Ocean and partially communicated 

with the other successors of the Tethys ocean, the Atlantic Ocean, the Mediterranean Sea, and the 

Indian Ocean (e.g. Allen and Armstrong 2008; Rögl, 1999; Schulz et al., 2005). From the Oligocene,  

due to  continuous growth of the Alpine–Carpathian–Dinarides orogenic system, the sedimentation 

space of the Paratehys was gradually isolated, reduced, and divided into the Western, Central and 

Eastern parts, characterized by different basin configurations and tectonostratigraphic histories (e.g., 

Rögl, 1998; Popov et al., 2006, Piller et al., 2007, Gozhyk et al., 2015; Neubauer et al., 2015). The 

Central Paratethys, consisting of epicontinental tectonic basins, was situated in the Alpine–

Carpathian–Dinarides orogenic system  (Fig. 1A) and represents a large paleogeographic unit covering 

Central and Eastern Europe from the Oligocene to the Middle Miocene (Rögl, 1998; Popov et al., 

2004; Bartol, 2009; Kováĉ et al., 2017, 2018). The sedimentary record of these basins is an extensive 

archive of global climate changes superimposed on the local-regional environmental perturbations 

during the Miocene. 

As a result of geodynamic processes, such as the extension of the Pannonian Basin in the Early 

Miocene and the opening and closure of seaways, the depositional environments of the Central 

Paratethys basins shifted between open marine to restricted with coastal brackish to lacustrine, as well 

as alluvial settings. Its sedimentary record reflects changes in tectonics, eustatic, climate, and basin 

connectivity (Rögl, 1998; Piller et al., 2007; Balázs et al., 2016; Kováĉ et al., 2017, 2018; Sant et al., 

2017, 2019; Holcová et al., 2018). Providing reliable geochronological, chemostratigraphical, and 

biostratigraphic constraints remains a primary goal to resolve the spatial and temporal evolution of the 

semi-enclosed Central Paratethys Sea during the Miocene and to correlate the Paratethys strata to the 

regional and global events (Sant et al., 2017, 2019, 2020; de Leeuw et al., 2018; Kováĉ et al., 2017, 

2018; Brlek et al., 2020). 

The North Croatian Basin, comprising the Croatian parts of the Sava and Drava depressions, 

paleogeographically belongs to the southwestern margins of the Central Paratethys and is located at 
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the southwestern margin of the Pannonian Basin (Fig. 1A; Pavelić and Kovaĉić, 2018). It covers 

almost the entire area of northern Croatia and is situated southeast of the Hrvatsko Zagorje Basin (Fig. 

1A), which was a gulf of Trans-Tethyan-Trench-Corridor connecting the Paratethys Sea to the 

Mediterranean Sea from the Oligocene to the Early Miocene (Rögl, 1998; Mandic et al., 2012; Pavelić 

and Kovaĉić, 2018). NCB is an elongated rift-type basin (generated by continental passive rifting) that 

began forming during the Early Miocene. The syn-rift phase which lasted from the Ottnangian until 

the Middle Badenian was characterized by depositional environments that changed from continental to 

marine, with the environments controlled by tectonics, climate, volcanic activity and eustatic 

fluctuations (Pavelić and Kovaĉić, 2018). The initial Lower–Middle Miocene (Ottnangian–Lower 

Badenian sensu Pavelić and Kovaĉić, 2018) sedimentary successions in the North Croatian Basin 

include continental, alluvial and lacustrine sediments. The initial alluvial deposits (Ottnangian-

Karpatian), typically represented by  breccias, conglomerates, sandstones and silts with occasionaly 

intercalated volcaniclastic deposits, were recorded in many places in the North Croatian Basin, 

including Slavonian Mts. complex (Mt. Psunj, Mt. Papuk and Mt. Požeška gora), where they 

unconfrmably overlie strongly tectonized and lithologically heterogeneous pre-Neogene basement 

(HGI, 2009; Pavelić and Kovaĉić, 2018). Lithologically different continental (salina-type lake) 

deposits cropping out on Mt. Papuk also suggest strong climatic control on the Early Miocene 

depositional environments in the North Croatian Basin (Pavelić and Kovaĉić 2018; Pavelić et al. 

2022).The continuation of continental deposition  during Middle Miocene (Early Badenian sensu 

Pavelić and Kovaĉić 2018) is represented by fresh-water lacustrine depositional successions (Southern 

Pannonian Basin Lake System, SPBLS sensu Mandic et al. 2019a)The alluvial–lacustrine series of the  

North Croatian Basin is generally overlain by Middle Miocene (Badenian) transgressive marine 

deposits representing widespread ingression(s) of the Paratethys Sea into the  North Croatian Basin 

(Ćorić et al., 2009; Mandic et al., 2012, 2019a; Marković, 2017; Pavelić and Kovaĉić, 2018; Brlek et 

al., 2020; Marković et al. 2021).  

Mt. Požeška Gora, a part of Slavonian Mts. complex, has recently been the subject of extensive 

geological investigation, including the finalization of basic geological map 1:50.000 (Fig. 1B; Halamić 
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et al., 2019), as well as multi-proxy research of Miocene SPBLS and marine deposits with 

volcaniclastic intercalations (Mandic et al., 2019a; Brlek et al., 2020). All three sections (Tisovac – 

TIS, Škrabutnik – ŠKR, and Ivan Dol – ID; Figs. 1B, 2) analysed in this work are composed of Middle 

Miocene (Badenian) Central Parathys marine deposits (13-, 23- and 7-m-thick, respectively) . There 

are predominant marls, but also clays, silts, sands, and limestones of the Vejalnica Formation (with 

intercalated volcaniclastic rocks of the Crnka subformation at the ŠKR section) of Middle Miocene 

(Badenian) age. Marine sediments in the ŠKR section overlie the SPBLS lacustrine marls (Glavnica 

Formation; Hajek-Tadesse et al. 2009; Ottnangian–Lower Badenian according to Halamić et al. 2019 

vs. Lower Badenian according to Kovaĉić and Pavelić, 2017; Mandic et al., 2019a), although the 

contact between the Central Paratethyan and SPBLS deposits is not exposed. Similarly, due to lack of 

contact and the scarcity of outcrops, it is currently not possible to define deposits (e.g., Lower 

Miocene SPBLS, alluvial or basement) underlying marine sediments (i.e., basal conglomerates) at TIS 

section (Fig. 2). The contact between basal transgressive Lithothamnium limestones of the ID marine 

succession and the underlying Glavnica Formation deposits (lacustrine/brackish sediments barren of 

marine fossils) is of erosional nature (Fig. 2). 
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Figure 1 A geographical position of the North Croatian (NORTH CROATIAN BASIN) and other 

basins of the Carpathian-Pannonian Region (). The position of the Hrvatsko Zagorje Basin (HZB) is 

also provided. ZB – Zala Basin; SB – Styrian Basin; DB – Danube Basin; VB – Vienna Basin; SOB – 

Somogy Basin; BKB – Bačka Basin; BTB – Banat Basin; BB – Bèkès Basin; TRB – Transylvanian 
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Basin; TB – Transcarpathian Basin; ESB – East Slovak Basin. B The position of the studied Miocene 

sections (TIS, ŠKR, and ID) on Mt. Požeška Gora studied here, on part of a modified basic geological 

map 1:50.000 of Mt. Požeška Gora (Halamić et al. 2019).  

 

Figure 2 Stratigraphic columns of Tisovac (TIS), Škrabutnik (ŠKR) and Ivan Dol (ID) sections on Mt. 

Požeška gora, with legend 

3. Methods 

3.1. Calcareous nannoplankton  
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Calcareous nannoplankton was studied from smear slides prepared by the method described in 

Zágoršek et al. (2007) which does not shift the original composition of assemblages. The 

nannoplankton was counted and determined using an optical microscope, magnification 1000x, 

parallel and crossed nicols. If possible, around 200—500 specimens per sample were used for 

quantification of relative abundances of present taxa and further used as the input data for statistical 

analysis of the present assemblages. For the determination of nannoliths the taxonomical concept 

followed the one presented in the Nannotax database (Young et al., 2017). The abundance of 

nannoplankton taxa was expressed as a number of nannoliths in a field of view of a microscope.  

3.2 Foraminifera  

Foraminiferal assemblages for the paleoecological interpretations were studied from the 0.063–2.0 

mm fraction. A total of 4,050 specimens of benthic and planktic foraminifera were picked up and 

identified in 21 samples from the total number of 38 samples while the rest of the samples were 

completely barren of microfossils. The foraminifera species were counted and identified using a 

stereomicroscope Olympus SZX 16, and for the precise determination of small planktic species a 

scanning electron microscope at the Department of Geology, Palacký University, Olomouc, Czech 

Republic was used. The statistical program PAST (Hammer et al., 2001) was used for the statistical 

analyses of the foraminiferal assemblages. Foraminiferal species for the single-shell oxygen and 

carbon stable isotopic analysis were picked up of approximately the same size to minimize any 

ontogenetic effects. The preservation state of the material was evaluated under the SEM based on the 

character of the inner-wall structure. With respect to this evaluation, we further selected samples that 

had no indications of any diagenetic alteration for the subsequent stable isotopic analyses. The 

selected taxa were chosen based on their variable ecological preferences to document both, the water 

column and sea-floor environments.  

3.3 Palynology 

Fifteen samples from the Škrabutnik and Tisovac sections have been selected for subsequent 

palynological analysis. The organic particles were extracted applying standard procedures after e.g. 
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Moore et al. (1991) and Wood et al. (1996) that included crushing of ca. 37 g of sediment and 

disintegrating it with sodium pyrophosphate (Na4P2O7), followed by an acid treatment. At the 

beginning of the procedure, the samples were spiked with two Lycopodium tablets (9666 

Lycopodium/tablet) to dissolve the carbonate and silicate fraction, the sediment was treated with cold 

HCl (15%) and HF (40%). Heavy liquid separation with ZnCl2 (density >2.1 kg/l) was used to separate 

the organic matter from the remaining undissolved inorganic components and the organic residue was 

sieved through a 10 µm mesh while the palynological slides were mounted in glycerine. Microscopic 

analyses were performed using an Olympus BH-2 at 200x and 400x magnification. Photomicrographs 

were taken with an AmScopeTM camera adapter connected to the AmScope v.3.7 software. Since the 

samples yielded very little organic matter, the entire residue was used for preparing palynological 

slides and all slides were scanned subsequently. All encountered palynomorphs were counted. The 

slides are housed at the Department of Geology, Croatian Geological Survey.  

3.4 Stable carbon and oxygen isotopes  

Stable isotope analyses of foraminifera were performed on a mass spectrometer MAT 253 coupled to 

an automated preparation device Kiel IV via the dual-inlet interface. Individual or pooled 

foraminiferal shells weighing typically between 20–30 micrograms were loaded into borosilicate vials 

and reacted with anhydrous phosphoric acid at 70°C in a vacuum following the method of McCrea 

(1959). After the cryogenic removal of permanent gases and hydrocarbons, the purified CO2 was 

measured for the stable C and O isotopes. Values are reported as per mille vs. VPDB (Vienna Pee Dee 

Belemnite) and they were calibrated using cylinder CO2 gas with known composition, traceable to the 

international reference material NBS18 with δ
13

C = +5.014 ‰, δ
18

O = –23.2 ‰. Each batch of 21 

samples was bracketed by 3 samples of a working standard Mab3 with δ
13

C = +2.48 ‰, δ
18

O = –

2.40 ‰ to verify the accuracy of the measurement. The typical internal precision of the measurement 

is 0.04 ‰ for carbon and 0.06 ‰ for oxygen. Linearity of delta values against the signal intensity was 

tested on 60 measurements of a working standard of variable weights typical for studied foraminifera, 

upon which correction equations were regressed for δ
13

C and δ
18

O vs. mass 44 and mass 46 amplitude, 

respectively. The correction has a form of the three-parameter logistic equation: 
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δ
13

CCORR = δ
13

CMEAS + 0.1666 –0.3803 * (1–e
–0.0051 * AMP

)     eq. 1 

δ
18

OCORR = δ
18

OMEAS + 0.23 – 0.727 * (1–e
–0.0053 * AMP

)                 eq. 2 

where δ
13

CCORR and δ
18

OCORR are corrected value, δ
13

CMEAS and δ
18

OMEAS are measured values, AMP is 

the amplitude of mass 44 (
12

C–
16

O–
16

O) in millivolts. The R
2
 values of the regressions are 0.9448 and 

0.9787 for carbon and oxygen, respectively. 

3.5. 87Sr/86Sr values  

Only well-preserved foraminifera, otholiths, molluscs and ostracods were picked for Sr isotope 

analysis. The preservation was checked under an SEM and the influence of fresh-water input in the 

studied marine ecosystem was evaluated based on the stable oxygen isotope data (McArthur et al., 

2001, Gradstein and Ogg, 2020 and references therein).   

The Microfossils were processed at the clean lab of the Institute of Geology of the Czech Academy of 

Sciences (IG CAS). The samples were crushed and then treated using ultrapure water (Millipore 

Element), alkali-buffered 1 % H2O2 solution, and weak HNO3 to remove possible clay particles, 

organic matter, coarse-grained silicate, and other contaminations (Barker et al., 2003). Afterward, the 

samples were quickly (30 seconds) leached using 0.001 M HNO3 and finally dissolved in 1 M HNO3 

and processed for Sr separation. Strontium was isolated from the matrix by ion-exchange 

chromatography using a Sr resin (Triskem, France) with 2 ml of 0.05 M HNO3 used for Sr collection 

(Pin et al., 2014). The solution was dried and loaded in 6 M HCl onto degassed Re filaments in the 

presence of Ta activator and 
87

Sr/
86

Sr determination was performed on a Thermo Triton Plus thermal 

ionization mass spectrometer (TIMS) housed at the IG CAS using Faraday cups employed in a static 

mode and 
88

Sr/
86

Sr of 8.3752 for mass fractionation correction. External reproducibility of the 

measurements was accessed through the periodical analyses of the NIST SRM 987 solution that 

yielded 
87

Sr/
86

Sr of 0.710239 ± 0.000008 (2σ, n = 20). 

87
Sr/

86
Sr values were converted into numerical ages using the regression curve LOWESS look-up 

Table version 6 (McArthur et al. 2020). Minimum and maximum ages were obtained by combining the 
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statistical uncertainty (2σ) of the mean values of the Sr-isotope ratios of the samples with the 

uncertainty of the seawater curve.  

4. Results 

4.1. Calcareous nannoplankton 

Calcareous nannoplankton was identified in 21 samples from a total of 38 analysed samples. It is very 

rare to rare in the sections TIS and ŠKR and common to very abundant in the upper part of the ID 

section (Fig. 3A). Coccolihus pelagicus, Reticulofenestra minuta and helicospheras (H. carteri, H. 

walberdorfensis together with less numerous H. waltrans, H. ampliaperta) dominate in the studied 

assemblages (Figure. 3B, C; Appendix 1). Reworked taxa are generally very rare to rare (to 5%) and 

they are of the Cretaceous and Oligocene ages. The only exception represents Cretaceous redeposits in 

the interval ŠKR 7–9 m where the reworked taxa reached values between 5–15% (Figue 3D; 

Appendix 1).   
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Figure 3 Quantitative characteristics of the calcareous nannoplankton assemblages. A-Abundance 

expressed as a number of specimens/a field of view of microscope averages for 50 fields of view; B-C 

Relative abundances of the most common taxa (B-Coccolithus pelagicus and Reticulofenestra minuta, 

C-helicosphaeras); D-relative abundances of reworked taxa.  

The statistical analysis (Principal Component Analysis - PCA) gave statistically significant results for 

two coordinates which represent 96.9 % of the variance (Table 1). Three calcareous nannoplankton 

assemblages can be distinguished using this method (Figure 4A): (1) the Coccolithus pelagicus 

assemblage containing more than 50 % of the nominate taxon; (2) the Helicosphaera assemblage 

reaching more than 30 % of large Helicosphaera div. sp., mainly H. carteri. The relative abundances 
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of large helicosphaeras positively correlate with Coccolithus pelagicus (Table 2), and the assemblages 

(1) and (2) partly overlap; (3) the Reticulofenestra minuta assemblage differs from the assemblages (1) 

and (2), and it is significantly dominated by the nominate species representing more than 60 % of the 

assemblages.  

Table 1 The percentage of variance for individual coordinates of the PCA classification of the 

calcareous nannoplankton assemblages  

 

 

 

  

Table 2 Statistically significant (pvalue <0.001) Spearman correlation 

coefficients (yellowed) between the relative abundances of calcareous nannoplankton taxa in the 

studied assemblages. 
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a
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R
et
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n
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a
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u
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Reticulofenestra haqii -0.30 0.47 0.61 

Helicosphaera waltrans 0.71 0.57 -0.32 

Helicosphaera carteri 0.67 0.00 -0.05 

For the detailed  distribution of the assemblages along the studied sections see Figure 4B. The 

Coccolites pelagicus assemblages dominate in the lower part of the TIS section (TIS1–4) and in the 

ŠKR section. This assemblage is substituted by the Helicosphaera one in the upper part of the TIS 

section. The Reticulofenestra minuta assemblages characterize the ID section.  

PC Eigenvalue % variance 

1 1872.95 86.215 

2 227.499 10.472 

3 38.3468 1.7652 

4 18.5743 0.855 

5 5.48597 0.25253 
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Figure 4 The classification of calcareous nannoplankton assemblages using the principal component 

analysis. A Biplot (scatters and loadings values) for the components 1 and 2), Scatter values for 

individual samples showing the distribution of statistically defined assemblages along the sections 

4.2. Foraminifera 

Foraminiferal assemblages are characterized by a high plankton ratio. In a majority of the evaluated 

samples, the value reached more than 60 %.  In the intervals of the TIS 1–TIS 5, ŠKR2, ŠKR3, ŠKR8 

and ŠKR9 there were even more than 80 % of planktic species; nevertheless, the assemblages of 

planktic foraminifera are characterized by a generally low diversity. The values of the Shannon–

Wiener  index range between 1.02 (TIS 7) and 2.34 (ID 11) with a median of 1.96. The low values of 

diversity correlate well with the high values of the dominance index, which ranges from 0.11 (ŠKR 4) 

to 0.42 (TIS 7) with a median of 0.17 (see Figure 5A). 

Planktonic small ―four-chambered‖ (Globigerina falconensis, Globigerina praebulloides/bulloides, 

Globigerina connecta) and ―five-chambered‖ globigerinids (Globigerina bollii, Globigerina 

tarchanensis); Globigerinita groups, Tenuitella groups, Tenuitellinata selleyi, and Turborotalia 

quinqueloba are the most important planktic fauna with a high dominance between 53 to 100 % in the 
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planktic assemblages. The species Turborotalia quinqueloba, Globigerina tarchanensis, Globigerina 

bulloides/praebulloides, Tenuitellinata selleyi, and Tenuitella prevailed  at the ŠKR and TIS sections; 

Orbulina-Praeorbulina, Globorotalia, and Globigerinoides groups reached high abundance in the ID 

sections together with Globigerina praebulloides. Ocasionally also Paragloborotalia mayerii 

dominated (ŠKR 15 and ID 17 samples).  

Species Globigerina praebulloides/bulloides, Globigerina tarchanensis, Turborotalia quinqueloba, 

Tenuitellinata selleyi and Tenuitella clemenciae are significant for interpretation of rich nutrient 

environment, species of Globorotalia/Paragloborotalia ,Globigerinoides and Orbulina-Praeorbulina 

groups are important for warm surface water interparetation. For the distribution of these   

paleoecological markers  through the sections see Figure 5B and Appendix 2. 

Benthic foraminiferal assemblages resemble the planktic assemblages by low values of diversity and 

abundance indices (Figure 5A). The benthos ratio > 50 % was calculated only for the assemblages 

from the ID section (comparison with the plankton ratio in Figure 5A, Appendix 2). At the TIS and 

ŠKR sections, there is a significant presence of the Bolivina – Bulimina –Causassina group together 

with the Cibicidoides – Elphidium group (see Fig. 7 A,B, Appendix 2), uniserial foraminifera with the 

dominant Heterolepa group at the ŠKR sections and  the Laevidentalina – Siphonodosaria group at 

the ID sections (see Figure 7 D, Appendix 2). For the paleoecological interpretation, there is 

significant occurrence of Bolivina hebes and Caucasina subulata as low oxygen indicators, Pullenia 

bulloides, P. quadrilobata, Hansenisca soldanii, Melonis pompilioides and Valvulineria complanata 

for interpretation of high nutrient environment, Heterolepa group together with uniserial groups for 

food availability interpretation and Cibicidoides sp. And Elphidium sp. for oxic condition 

interpretation. The distribution of these markers is illustrated in Figure 5B and Appendix 2. 
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Figure 5 Rank of significant foraminiferal paleoecological indices and markers 
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 The statistical analysis of foraminiferal assemblages using the PCA method was carried out separately 

for planktic and benthic species (Figure 8; 9). The analysis of planktic foraminifera reached for two 

coordinates 69 % of the variance; for three coordinates 82.6  % (Table 2). 

Table 3 The percentage of variance for individual coordinates of the PCA classification of the  

planktic foraminifera assemblages  

 

 

 

 

Three statistically defined assemblages can be correlated with the individual sections: (1) the G. 

tarchanensis – T. quinqueloba assemblages characterize the TIS section. In the upper part of the 

section, the abundances of G. uvula increase (Figure 6) similarly to the assemblages from the ŠKR 

section. This increase coincides with the distribution of the Helicosphaera assemblage of calcareous 

nannoplankton (Figure 4). (2) The Tenuitella – G. uvula assemblage was recorded in the ŠKR section. 

(3)  The Globigerinoides trilobus-Globigerina praebulloides assemblage was recorded in the ID 

section. This assemblage differs primarily by the presence of larger planktic foraminifera.  

PC Eigenvalue % variance 

1 505.078 41.544 

2 334.27 27.494 

3 164.584 13.537 
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Figure 6 Classification of planktic foraminifera assemblages using the PCA. A Biplot (scatters and 

loadings values) for components 1 and 2); B  Scatter values for the individual samples showing the 

distribution of the statistically defined assemblages along the sections 

The benthic foraminifera were classified into three distinct assemblages, which correspond well with 

the individual studied sections (Figure 7).  Three coordinates represent 85.8 % of the variance (Table 

4). The TIS section matches with: (1) the Bolivina hebes-Valvulineria-Cibicidoides assemblage, but 

Valvulineria occurs commonly only in the less-diversified assemblages in the upper part of the section 

together with the increased presence of large helicosphaeras and G. uvula;  (2) The Heterolepa-

Fonbothia assemblage was recorded in the ŠKR section except the sample ŠKR4 related to (3) the 

monoserial lagenids-Lenticulina-Pullenia assemblage occurring also in the ID section (Figure 9) 

Table 4 The percentage of variance for individual coordinates of the PCA classification of the benthic 

foraminiferal assemblages  
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Figure 7 Classification of benthic foraminiferal assemblages using the PCA. A Biplot (scaters and 

loadings values) for components 1 and 2); B Scatter values for individual samples showing the 

distribution of statistically defined assemblages along the sections 

4.3. Palynology 

The palynological samples from the TIS and ŠKR sections yielded a moderate amount of sedimentary 

organic matter and the preservation of the palynomorphs was poor to moderate. Their abundance is 

very variable ranging from <50 counts in the samples from the ŠKR section to >500 in the TIS 

section. Aquatic palynomorphs were identified only in samples ŠKR 1, 4, 7, and 8. Dinoflagellate cyst 

assemblages from the ŠKR section are highly impoverished with only five identified species present 

and with a maximum abundance of 19 counts in sample ŠKR 1. The section TIS reveals a moderately 

PC Eigenvalue % variance 

1 1037.42 54.14 

2 314.195 16.397 

3 293.295 15.306 
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preserved and moderately diverse dinoflagellate cyst assemblage. The highest diversity and abundance 

were recorded in the sample TIS 4 with a total abundance of 210 dinoflagellate cyst belonging to 19 

different species. The abundance is much lower in the remaining samples (<50 counts), while the basal 

conglomeratic layers (TIS 0) contain a very low number of palynomorphs. The most common 

dinoflagellate cyst species from the TIS and ŠKR sections are: Cleistoshaeridium placacanthum, 

Polysphaeridium zoharyi, Spiniferites ramosus, S. pseudofurcatus, Operculodinium sp., and 

Lingulodinium machaerophorum. A single specimen of Impagidinium sp. was recorded in the TIS 4 

sample. Cribroperidinium tenuitabulatum is also present in the same sample (TIS 4). The cavity cyst, 

Cousteaudinium aubryae is persistently recorded in the TIS section, and its abundance slightly 

increases upsection. Peridinoid cysts (Lejeunecysta spp, Selenopemphix sp., Sumatradinium spp.) are 

common in the TIS 2 and 4 samples, but they are absent from the top of the section. Despite the 

moderate abundance and diversity of dinocysts at the TIS section, the palynological samples are 

dominated by bisaccate pollen grains ranging from 67 % to 100 % of the total palynological counts. 

They include pollen of Pinus, Cathaya, and some indeterminate pollen of the Pinaceae group. Pollens 

of the Taxodioideae are present, although they are rare. Angiosperm pollen (Tilia, Ulmus, Carya) and 

spores (Polypodium, Polypodiaceoisporites sp.) contribute to the terrestrial fraction to a much smaller 

extent and are usually represented by <10 counts each. Freshwater algae (Pediastrum, Botryococcus 

braunii) are extremely rare in both sections. The palynofacies of this TIS and ŠKR section consist 

mainly of terrestrially derived phytoclast particles with distinct internal structures e.g., pits, rays, 

consistent with an origin from a higher vascular plant, and degraded brown-black wood particles 

without discernible biostructure. Cuticle particles are scarce. 

 

4.4. Geochemistry  

The δ
18

O values in the TIS samples for small globigerinids-Globigerina tarchanensis/falconensis 

range from –6.7 ‰ to –2.5 ‰ with the δ
13

C range between –1.4 ‰ to –1.2 ‰. Benthic species are 

represented by Cibicidoides ungerianus with the δ
18

O values ranging from –3.4 ‰ to –1.5 ‰ with the 

δ
13

C range from +0.4 ‰ to +1.6 ‰.  
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In the ŠKR samples the δ
18

O values for Globigerina bulloides/praebulloides range from –1.8 ‰ to 

+0.8‰ while δ
13

C range from –0.1 ‰ to +0.8 ‰. Small globigerinids-Globigerina 

tarchanensis/falconensis δ
18

O values range between –4.9 ‰ to –3.2 ‰. The δ
13

C values range from –

1.7 ‰ to –1.1 ‰. Amongst the benthic species the δ
18

O values for Cibicidoides ungerianus exhibit a 

broad range from –3.3 ‰ to –0.3 ‰ while δ
13

C range from –0.9 ‰ to +0.7 ‰. The Melonis 

pompilioides δ
18

O ranges from –2.4 ‰ to –0.9 ‰ with the δ
13

C ranging between –1 ‰ to –0.5 ‰. The 

δ
18

O values for Pullenia bulloides range from –2.6 ‰ to –0.4 ‰ while δ
13

C values range is –1.1 ‰ to 

–0.1 ‰. 

In the sample ID14 the δ
18

O for Globigerinoides trilobatus range between – ‰ to –1.4 ‰. The δ
13

C is 

within a range from +2.1 ‰ to +3.1 ‰. In the sample ID 16, the Globigerina bulloides/praebulloides 

δ
18

O ranges from –2.7 ‰ to –0.5 ‰ with the δ
13

C values spreading from –0.8 ‰ to +0.8 ‰. 

Regarding the benthic species the δ
18

O values of Cibicioides ungerianus range from –2.6 ‰ to –0.3 ‰ 

while the δ
13

C ranges between –0.6 ‰ to +1.4 ‰. Finally, the Melonis pompilioides δ
18

O values range 

from –2.6 ‰ to +0.3 ‰. The δ
13

C values spread from –0.7 ‰ to +0.6 ‰ forming the main cluster 

between –0.7 ‰ to +0.1 ‰ (see Figure 8). 

Normal distribution of the data was tested using the PAST software (Hammer et al., 2001). For the 

complete data, see Appendix 1.  
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Figure 8 The oxygen and carbon isotope data. CIB – Cibicidoides ungerianus, GB – Globigerina 

bulloides, Gsmall – small Globigerina tarchanensis, GT – Globigerinoides trilobatus, GF-CH 

Globigerina falconensis, PULL – Pullenia bulloides, MEL – Melonis pompiloides, HAN – Hansenisca 

soldanii 

The isotopic ranges are in agreement with the presumed habitats of the selected foraminiferal species. 

Moreover, Scheiner et al. (2018) show a range of intra-species isotopic variability in a similar 

epicontinental environment using the single-test approach, which was also used in this study. 

Considering our isotopic data, the inter-species variability is definitely present, see Figure 8. Based on 

the conditions of the studied environment then our isotopic data represents primarily a combination of 

several factors. Besides the evolution of the global signal, isotopic data are influenced also by the so-

called vital effects, especially the benthic species (e.g. Schmiedl et al., 2004), but we believe the main 

component is closely related to the primary environmental parameters such as the temperature, salinity 

and nutrient availability.  

 

5. Interpretation and discussion 

5.1. Age model 

The presented age model is primarily based on microbiostratigraphy and it had been confronted with 

the previously published radiometric ages (Brlek et al., 2020) for its confirmation. The following 

micro- and nanno-biostratigraphic index taxa were recorded in the studied sections: Helicosphaera 

ampliaperta (a continuous occurrence in the samples TIS 4–6; an isolated occurrence in the ID 1 

sample), H. waltrans (a continuous occurrence in the TIS section; an episodic occurrence in the ŠKR 

section; an isolated presence in the sample ID 14), Praeorbulina circularis (FO in the sample ID 11) 

and Orbulina (FO in ID 12; Figure 9 B). The numerical ages estimated for these events for the 

Mediterranean area as well as for the world oceans (Figure 9A; di Stefano et al., 2008; Aziz et al., 

2008; Iaccarino et al. 2011; Turco et al. 2017; Gradstein and Ogg, 2020; Young et al., 2021) were 

confronted with the previously published radiometric ages by Brlek et al. (2020).  The first continual 
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occurrence of Helicosphaera waltrans is dated at 15.47 Ma in the Mediterranean area by Iaccarino et 

al. (2011) and later this was revised to 15.4 Ma by Turco et al. (2017). It indicates that the TIS section 

should be younger than 15.4 Ma. On the other hand, the occurrence of Helicosphaera ampliaperta 

suggests an older age than the LO of this taxa, i.e. 14.9 Ma (Gradstein and Ogg, 2020; Young et al., 

2021). From a biostratigraphic point of view, the sedimentation of the TIS section can be dated within 

the time interval consisting of the lower boundary being <15.4 Ma and the upper boundary >14.9 Ma. 

Nevertheless, the exact time determination within this interval is unable in this case. 

Helicosphaera waltrans is the only index taxa that was recorded in the ŠKR section. The occurrence 

of this taxa indicates that the section have to be younger than 15.4 Ma. The radiometric datums from 

the upper part of the ŠKR section (ŠKR-12 coarse tuff to fine lapilli tuff), provided the CA-ID-TIMS 

U–Pb zircon age  15.345 ± 0.020 Ma as well as the Ar/Ar sanidine ages  15.34 ± 0.32 Ma and 15.43 ± 

0.32 Ma (Brlek et al., 2020). This indicates that the sedimentation of the lower fossiliferous part of this 

section started immediately after the first occurrence of the Helicosphaera waltrans (~ 15.4 Ma). 

The age of the ID section can be biostratigraphically interpreted only in the upper, fully marine part. A 

sole specimen of Helicosphaera ampliaperta recorded at the base of the ID section is representing 

probably reworked taxawith respect to the lacustrine/brackish origin of this strata. The suggested non-

marine origin of the lower part of this section is also supported by the absence of foraminifera. The 

nearly simultaneous appearance of Praeorbulina circularis and Orbulina suturalis in the upper part of 

the ID section agrees well with the analogous situation in the other Central Paratethyan basins 

(Holcová et al., 2018). If we use the Mediterranean dating of these bioevents (14.9 Ma for the FO 

of Praeorbulina circularis and 14.6 Ma for Orbulina suturalis; Abdul Aziz et al. 2008), it 

implies that the upper part of the ID section has to be younger than 14.6 Ma. The occurrence 

of Helicosphaera waltrans in the sample ID 14 indicate age >14.4 Ma (= LO of 

Helicosphaera waltrans; Abdul Aziz et al. 2008) in case that the specimens are 

autochthonous. 
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Figure 9 Quantitative biostratigraphic data for the studied sections. A synthesis of biostratigraphic 

datums from literature; B Calcareous nanoplankton and foraminifera\ biostratigraphic markers 

The dinocyst biostratigraphy corroborates the above-mentioned results. The persistently recorded 

occurrence of Cousteaudinium aubryae in the TIS section is correlated to the late Burdigalian-early 

Langhian and the upper part of the NN4 nannoplankton zone in the Mediterranian region (Zevenboom, 

1995). The highest occurrence of Cousteaudinium aubryae is calibrated against the base of the C5Bnln 

chron at ca. 14.9 Ma in the early Langhian in Northern Hemisphere mid-latitudes (Zevenboom, 1995; 

Munsterman and Brinkhuis, 2004; Williams et al., 2004), which does not conflict with our results. In 

Croatia, C. aubryae is present until the top of the Cribroperidinium tenuitabulatum Zone (Cte) that is 

of Langhian age (Bakraĉ et al., 2012). Cribroperidinium tenuitabulatum recorded only in TIS 4 

delimits the upper boundary of the Cribroperidinium tenuitabulatum Assemblage Zone (Cte Zone) that 

is in Croatia calibrated against the NN4–NN5 calcareous nannoplankton Zones (Bakraĉ et al., 2012). 

The dinoflagellate cyst-based biostratigraphical range top of the studied interval is constrained by the 

occurrence of Unipontidinium aquaeductus from the upper part of the Ivandol section (unpublished 

data, Baranyi and Bakraĉ, 2020). In the world ocean the lowest occurrence of U. aquaeductus is 
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correlated with nannofossil zone NN5 in well-constrained sections from the eastern USA (de Verteuil 

& Norris, 1996), northern Germany (Strauss et al., 2001), and Belgium (Louwye et al., 2000). 

Although, the base of NN5 is somewhat debated (see discussion in Jiménez-Moreno et al., 2006), 

currently it is placed at 14.897 Ma in the world ocean (Bergen et al., 2019). Thus, the lowest 

occurrence of U. aquaeductus from the Central Paratethys realm can be also considered to be mid-

Langhian within the interval of 15.1–14.8 Ma (Jiménez-Moreno et al., 2006) suggesting that the upper 

part of the Ivandol section is younger than that.  

The above mentioned biostratigraphic and radiometric datums are not fully comparable with 

chemostratigraphy (SIS = strontium isotope stratigraphy; Table 5) what is suggested by the local 

87
Sr/

86
Sr signal. The comparison of the measured 

87
Sr/

86
Sr values using the regression curve LOWESS 

look-up Table version 6 (McArthur et al. 2020) showed that the measured 
87

Sr/
86

Sr values are lower 

than the expected ones  , (Fig. 12A).  

Sample Analysed material 87Sr/86Sr 2SE 
Maximum age 
(Ma) 

Mean age 
(Ma) 

Minimum age 
(Ma) 

TIS 6  Mollusca 0.708762 0.000006 15.77 15.67 15.51 

TIS 9  Ostracoda 0.708775 0.000009 15.53 15.40 15.14 

ŠKR 4  Trilobatus trilobus 0.708753 0.000008 15.96 15.83 15.69 

ŠKR 5  Otolith 0.708754 0.000006 15.91 15.81 15.71 

ID 14 Globigerinoides trilobus 0.708783 0.000008 15.45 15.17 14.87 
Table 5 The 

87
Sr/

86
Sr values including standard errors converted into numerical ages using the 

regression curve LOWESS look-up Table version 6 (McArthur et al. 2020) 

 

Based on the decreased δ
18

O values in foraminifera and the presence of euryhaline planktic species, 

together with a decreased diversity of benthic foraminifera we suspect a freshwater influence. 

However, the observation of El Meknassi et al. (2018) controversially showed that riverine waters 

have generally higher 
87

Sr/
86

Sr values what is exactly the opposite case then in our data. Nevertheless, 

Benito et al. (2020) described decreasing of the 
87

Sr/
86

Sr values in coastal marine areas thanks to 

riverine input linked to weathering and erosion of the older carbonate rocks. It can be supported by the 

groundwater
 87

Sr/
86

Sr values from karst regions which strongly varied displaying even anomalously 

low values (Calligaris et al. 2018). Moreover, Schildgen et al. (2014) highlighted paleoclimatic 
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influences on the 
87

Sr/
86

Sr-ratio as well, particularly in areas that are extensively underlain by 

carbonate rocks. The negative 
87

Sr/
86

Sr excursions occurred during the relative sea level drops, which 

generally coincide with arid conditions.  Considerably lowered 
87

Sr/
86

Sr values are well known from 

the Mediteranean Messinian which has been interpreted as a relation to the gradual decrease of oceanic 

input thanks to the closure of the sea-ways and/or to the notable increase of freshwater input from river 

bodies(Rovieri et al. 2014 and reference therein). To summarize these observations, our data reflect a 

local 
87

Sr/
86

Sr signal influenced partly by the riverine input that drained the area composed of the older 

carbonate rocks. The comparison of our 
87

Sr/
86

Sr values with the already published data from the 

central Mediterranean region (Kocsis et al. 2008, Cornacchia et al. 2018) is ambiguous because we 

should use only data based on fossil biogenic carbonate. Sedimentary data from bulk sediment 

samples reflect different signal (Figure 10B). With respect to this premise our data can be compared 

with the values from the Monferrato area, Italy (Figure 10C). 
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.   

Figure 10. The comparison of the global 
87

Sr/
86

Sr oceanic-water signal (LOWESS look-up Table 

version 6; McArthur et al. 2020) with the data from the studied sections. (A) compared with the other 

87
Sr/

86
Sr-values from the Mediterranean (Kocsis et al. 2008, Cornacchia et al. 2018). B – all data, C – 

detail of the plot B. 
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5.2 Paleoenvironmental model 

The distribution of the foraminiferal and calcareous nannoplankton assemblages, oxygen, and carbon 

isotope data, supported by palynology enable us to distinguish three distinct intervals with specific 

paleoenvironmental patterns corresponding to the individual studied sections (Figure 11) characterized 

by specific marine habitats, salinity, nutrient input and oxygen fluctuation. 

5.2.1 Evolution of marine environment 

The Langhian transgression apparently started after 15.4 Ma which is dating according to 40Ar/39Ar 

data of tuff horizonts of lacustrine deposits in underlaying of Badenian marine deposits of Mt. 

Medvedica (Corić et al. 2009, Markoviç 2017, Pavelić & Kovalić 2018). The area was inundated by a 

shallow strongly influenced by intensive rainfalls and river discharge, which agrees with regional 

larger climate instability during the early stage of the MCO (Grygar et al., 2017) affected by Mi2 event 

(John et al. 2003; Auer et al. 2015). A rather high mean annual precipitation, exceeding today's values, 

dropped sharply up later around ~ 15.5 Ma years ago (Böhme et al. 2003, 2011). The isotopic 

composition of seawater together with the migrating organism are significantly influenced by rainfalls, 

which overlapped the signal that could determinated the origin of water masses. 

  The TIS section represented a shallow sea influenced by freshwater influx that flooded the area >15.5 

Ma ago. The nannoplankton assemblages with the dominance of Coccolithus. pelagicus and 

helicosphaeras are considered to be an indicator of a near-shore environment (Ziveri et al. 2004, 

Galović, 2017) as well as dinocysts of Cleistosphaeridium placacanthum which is often recorded in 

inner neritic, relatively marginal, and shallow settings (Zonneveld et al., 2013; Iakovleva, 2015). 

Together with other  dinoflagellate cysts such as, Polysphaeridium zoharyi, Spiniferites spp., 

Operculodinium spp., Hystrichokolpoma rigaudiae, and Lingulodinium machaerophorum indicates an 

inner shelf environment with an upwards  increasing connection to the open waters (Jaramillo and 

Oboh-Ikuenobe, 1999; Gedl, 1999).  

Deepening of the Early Langhian sea connected with an environmental instability was recorded in the 

ŠKR section representing the time interval of ~ 15.4–15.34 Ma. Near-shore indicator Coccolithus 

pelagicus dominates also in nannoplanton assemblages of the ŠKR section. The exception is the 
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sample ŠKR 1, where it is replaced by a stress-tolerant Reticulofenstra minuta (cf. Wells and Okada, 

1997; Flores et al., 1997; Kameo, 2002; Wade and Brown, 2006). Upwards, there is the increase of 

abundance in another stress marker in the form of mall Helicoshaera walbersdorfensis,indicates 

regional deepening (cf. Galović, 2020). This is accompanied by an increase in the diversity of planktic 

and benthic foraminiferal assemblages along with a decrease in their dominance as well as with 

increased abundance of reworked nannofossils in the samples ŠKR 7–9 (Figure 3D) which might be 

related to  transgressive phase. 

However, the values of these indices fluctuate, which might indicate a trend of stabilization 

establishing a normal marine environment intermittent by an episodic deterioration. 

Overall, a progressive stabilization of a fully developed marine environment could reflect a 

continuation of marine transgression as well as decreased rainfall periods ~ 14.4 Ma as reported in 

Böhme et al. (2011). However, a still shallow water environment and mixed water column did not 

allow immigration and survival of planktic foraminifera from the Praeorbulina lineage in the study 

region. Benthic assemblages are predominantly stenohaline and reflect changes indicating an episodic 

input of nutrients. Generally, a rather eutrophic environment was persistent from the previous time 

interval. The paleoenvironmental conditions of the southwestern margin of the Central Paratethys 

clearly differ from the Mediterranean ones. 

The provided biostratigraphic constraints confirm the conclusions provided by Brlek et al. (2020) 

based on high-precision geochronology that marine flooding of some parts of the North Croatian Basin 

(e.g., TIS and ŠKR sections on Mt. Požeška Gora) occurred already during the NN4 zone and  ~0.4 

Ma before the generally accepted timing of the initial the North Croatian Basin flooding interpreted 

approximately at 15 Ma (Ćorić et al., 2009; Mandic et al., 2012, 2019a, b; Sant. et a., 2017, 2019; 

Pavelić and Kovaĉić, 2018; Marković et al. 2021). This indicates either that the initial transgression 

might have been diachronous across the other Central Paratethyan basins (Bartol, 2009; Hohenegger et 

al., 2009; Avanić, 2012; Kováĉ et al., 2017, 2018; Sant et al., 2017, 2019, 2020;; Holcová et al., 2018; 

Ivanĉiĉ et al., 2018; Mandic et al., 2019a, b, c; Avanić et al., 2021; Premec- Fuĉek et al., submitted). 

This calls for further derivation of high precision and quality geochronological, chemo- and bio-
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stratigraphic data, which should enable more reliable interpretations of crucial events in the evolution 

of the  Central Paratethys Sea and the sedimentary basins it affected, such as the timing and causes 

(eustatic vs. tectonic) of Badenian Sea(s) and onsets of particular flooding(s). 

The ID section represents a well-developed marine environment with a summer stratification in the 

interval ~ 14.56 – 14.34  Ma (FO O.suturalis and LO H. waltrans) where marine deposits represent the 

widespread (on the North Croathian Basin and Central Paratethys scale) ―late-Langhian‖ Central 

Paratethys flooding and the installation of the ―Middle Badenian Sea‖ before and after 14.6 Ma (NN5 

Zone; Ćorić et al., 2009; Mandic et al., 2012, 2019a, b; Sant et al., 2017, 2019, 2020; Kovaĉ et al., 

2017, 2018; Ivanĉiĉ et al., 2018; Pavelić and Kovaĉić, 2018; Rybar et al., 2019; Marković et al. 2021) 

i.e. after the FO O. suturalis (Hoheengger et al. 2014; Siedl et al. 2020; Harzhauser et al. 2020). The  

Central Paratethys marine environments reached the ID lacustrine/brackish basement (lower intervals 

barren of marine micro- and nannofossils) later than at the TIS and ŠKR sections probably due to the 

local tectonic and paleomorphological paleorelief North Croatian Basin-scale settings (see Brlek et al., 

2018).  The composition of the planktic assemblages shows different surficial waters in comparison 

with the older Langhian interval. Warm water Reticulofenstra minuta dominates in the calcareous 

nannoplankton assemblages indicating a deterioration of surface waters (e.g. salinity and/or nutrient 

load oscillations; Wells and Okada 1997; Flores et al., 1997; Kameo, 2002; Wade and Brown, 2006). 

The dominance of R. minuta is a regional phenomenon since it is typical for calcareous nannoplankton 

assemblages of the Middle Badenian in the whole Central Paratethys marine realm (e.g., Ćorić and 

Hohenegger, 2008; Pezelj et al., 2013; Doláková et al., 2014; Holcová et al., 2015; Nehyba et al., 

2016; Mandic et al. 2019b, c) and confirms the Middle Miocene Climatic Optimum. 

Overall, the second Langhian transgression enabled the presence of Praeorbulina and Orbulina due to 

the formation of warm summer surficial waters. The connection between these realms might be of two 

types: an unknown direct connection (Rögl, 1998) or exclusively via the Eastern Mediterranean to the 

southwestern margin of the Central Paratethys (Holcová et al., 2018). Moreover, the dominance of 

Reticulofenestra minuta suggests a unification of the Central Paratethys surficial warm waters. A well-

developed seasonality can be interpreted from the co-occurrence of seasonal aspects in the planktic 
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foraminiferal assemblages and it probably reflects the initiation of the Middle Miocene Climatic 

transition. The decrease of nutrients accompanied with the decrease of numbers of suspension feeders 

together with the oxygen isotope signal might be linked with the decline of rainfall period  compared 

to the older studied sections.  

5.2.2 Salinity fluctuation 

In all studied sections, some indices were recorded that demonstrate fluctuations in salinity in the 

paleoenvironment. In TIS section, the predominant H. carteri in the calcareous nannoplankton 

assemblages (TIS 4–5) can tolerate oscillations of salinity (cf. Flores et al., 1997; Hidalgo et al., 2004; 

Triantaphyllou et al., 2009; Cros, 2001) similar to increasing abundance of Valvulineria (cf. Bergamin 

et al., 1999; Frezza et al. 2005; Frezza et al. 2009; Hayward et al. 2010) in benthic assemblages of 

ŠKR section (ŠKR 4)  and Reticulofenestra minuta (cf. Wells and Okada 1997; Flores et al., 1997; 

Kameo, 2002; Wade and Brown, 2006) in ID section. 

These agree well with the isotopic data from the sections. Anomalously low values of δ
18

O of small 

globigerinids ranging from –6.7 ‰ in TIS section and in the scale of 4.9 ‰ to –3.1 ‰ in ŠKR section 

probably points to surface waters with lower salinity because of freshwater input. . It agrees with the 

climatic situation during the Miocene Climatic Optimum, including climate warming, heavy rainfalls 

and a high riverine influx into marginal marine basins (Utescher et al. 2007; Brush et al. 2011).  

 

5.2.3 Carbon flux, nutrient and oxygen content 

The paleoenvironments were characterized by a significant flow of nutrients. Calcareous plankton 

recorded in TIS section, which is dominated by planktonic foraminifera G. tarchanensis–T. 

quinqueloba, points to eutrophic surficial waters with a high nutrient content (cf. Okada and McIntyre, 

1979; Sautter, Sancetta, 1991; Ottens and Nederbragt, 1992; Sauter and Sencetta, 1992; Winter et al., 

1994; Cachao and Moita, 2000; Spezzaferri and Rögl, 2003; Beldean et al., 2012; Wilson, 2005) as 

well as a common occurrence of the peridinoid dinoflagellate cysts (Lejeunecysta spp., Sumatradinium 

spp., Selenopemphix spp.; cf. Matsuoka, 1987) in the lower part of the TIS section  Increased 
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planktonic markers of environmental stress were recorded in the upper part of this section. 

Oportunistic G. uvula (Kennett and Srinivasan, 1983; Schiebel and Hemleben, 2017) displaced G. 

tarchanensis–T. quinqueloba and the C. pelagicus assemblages were substituted by the Helicosphaera 

one in TIS 4–5. The predominant H. carteri in the calcareous nannoplankton assemblages is an 

opportunistic species that can tolerate oscillations of salinity and an increased, frequent terrigenous 

input near the riverine discharge (Flores et al., 1997; Colmenero-Hidalgo et al., 2004; Triantaphyllou 

et al., 2009; Cros, 2001). Changes in planktic assemblages correspond with an increased abundance of 

Valvulineria at the seafloor (ŠKR 4) that could support the presumed increased terrigenous influx, 

decreased oxygen concentration and salinity (cf. Bergamin et al., 1999; Frezza et al. 2005; Frezza et al. 

2009; Hayward et al. 2010) as well as common foraminiferal species Bolivina hebes which is also 

often considered stress-tolerant (Spezzaferri and Rögl, 2003; Pezejl et al., 2013). Nutrient-rich 

environment is also indicate by δ
13

C values of small globigerinids ranking from ~ -1.7 ‰ to -1.1‰. It 

is in accordance with the river runoff causing eutrophication to which these small globigerinids 

abruptly respond because of their high-nutrient preference and association with regions with a surface-

water instability (e.g. Al-Sabouni et al., 2007; Schmidt et al., 2004a).  

 This is in contrast with the benthic assemblages with no clearly eutrophic taxa.  In the lower part of 

the section, the sea-floor environment was settled by Cibicidoides a marker of oxic conditions and 

suspension feeder (Murray 2014). Subsequently, there is an increase in the abundance of infaunal 

bolivinas applying to occasional hypoxic conditions at the bottom (Fig. 7A-B) as well. The δ
13

C 

values of Cibicidoides are positive ranging from ~ +0.4 ‰ to +1.6 ‰ with the main cluster between 

+0.5 ‰ to +1 ‰. It probably reflects a rather nutrient-scarce environment. Cibicidoides sp. is 

commonly considered as an epifaunal species living attached to various substrates (hard substrates as 

well as biotic substrates) or living in the topmost sediment layer (e.g. Murray, 2006; Schmiedl et al., 

2000). The higher δ
13

C suggest that in this case the species probably did not occupy the sediment layer 

because they would have to respond to the higher amount of organics and detritus at the sea-floor 

associated with the eutrophication of surficial waters. This species probably occupied bottom waters 

attached to a substrate and experienced an environment that was already relatively depleted in 
12

C and 

thus acquired the higher δ
13

C values, which is a common situation in waters with high primary 
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productivity. This could be also a response to a decreased oxygen content within the topmost sediment 

layer. Since we observe this phenomenon with relation to the epifaunal species it also suggests that 

this species lived in a relatively shallower well-mixed environment.  

 In ŠKR section, the planktonic foraminiferal assemblages characterize surficial waters dominated by 

tenuitellids and G. uvula.  Tenuitellids are known to occupy mixed shallow waters above the 

thermocline (Schiebel and Hemleben, 2017) with surface-water instability (Al-Sabouni et al. 2007). 

Isotope paleobiology data suggest that this group lives in the topmost surficial layer (Majewski, 2003), 

or perhaps slightly deeper in comparison with the other small foraminiferal species (Pearson and 

Wade, 2009). The abundance of stress-tolerant tenuitellids and G. uvula upwards the section decreases 

and they are being replaced by Globigerina div. sp., together with an increasing diversity it probably 

indicates diminishing of stress factors in surficial waters. Isotopic data of Globigerina 

bulloides/praebulloides, which has a majority of the δ
18

O values in an interval between ~ —1.8 ‰ to 

—0.8 ‰, whereas the δ
13

C values are between —0.1 ‰ to +0.8 ‰, reflect a mixed water column with 

adequate nutrient availability. It is well-known that Globigerina bulloides tolerates a wide range of 

temperatures, but prefers high-nutrient levels (e.g. Hemleben et al., 1989; Schiebel et al., 1997). 

Variability in the composition of the benthic foraminiferal assemblages suggests episodic 

environmental variances at the seafloor.  A oxiphylic Cibicidoides together with Fontbotia and 

Heterolepa dominate mainly in the lower part of the sections and represent passive suspension feeders 

(Murray, 2014). Moreover, Heterolepa preferably lives on organic-rich substrates (Debenay and 

Redois, 1997). These suspension-feeding genera were episodically replaced by monoserial 

foraminifera and infaunal detrivore species such as Melonis, Pullenia, and Bolivina. It clearly suggests 

episodic oscillations of the availability of nutrients in suspension. Generally, all the studied taxa 

indicate eutrophic conditions at the bottom waters and seafloor. 

Focusing on the benthic species we have representatives of epifaunal as well as infaunal species. 

Cibicidoides ungerianus represents an epifaunal species and it exhibits an extensive range of the δ
18

O 

as well as δ
13

C values, which is probably related to various life strategies this species could thrive in as 

already discussed for the previous section. Regarding the infaunal species, there are Melonis 
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pompilioides with the δ
18

O values ranging from ~ –2.4 ‰ to –0.9 ‰ and Pullenia bulloides with the 

δ
18

O values between ~ –2.6 ‰ to –0.4 ‰. The δ
13

C values range from ~ –1 ‰ to –0.5 ‰ and  ~ –

1.1 ‰ to –0.1 ‰, respectively. Both species have very similar isotopic patterns, which suggest a 

certain similarity in their infaunal habitat. Melonis sp. is often considered as a rather static 

intermediate infaunal species with a preference for higher nutrient levels (e.g. Mackensen et al., 2000; 

Schmiedl et al., 2000), while Pullenia is often considered as a shallow infauna tolerant to the 

intermediate flux of nutrients and a pulsed-food supply (e.g. Gupta and Thomas, 1999; Soma De and 

Gupta, 2010he δ
13

C values are very comparable for both species, indicating they occupied related 

ecological niches and pointing to a relatively high nutrient supply. It could be possibly linked with the 

situation in the upper part of the water column, where there are marks of high nutrient levels such as 

small globigerinids and the presence of Globigerina bulloides/praebulloides. The eutrophication 

events could be associated with a pulse of a food supply to the sea floor, which is then reflected in the 

δ
13

C data of the infaunal species. Furthermore, several studies reported that within the topmost 

sediment layer a high content of organics could cause variations in factors such as pH affecting the 

microenvironment and population dynamics of benthic communities, which all together could result in 

shifts in their geochemical signals (e.g. Scheiner et al., 2019; Mackensen et al., 2000; Schmiedl et al., 

2000).  

The re-deterioration of surface water ((e.g. salinity and/or nutrient load oscillations) indicates the 

increasing dominance of warm water calcareous nannoplankton species Reticulofenstra minuta (cf. 

Wells and Okada 1997; Flores et al., 1997; Kameo, 2002; Wade and Brown, 2006) in ID section. The 

dominance of R. minuta is a regional phenomenon since it is typical for calcareous nannoplankton 

assemblages of the Middle Badenian in the whole Central Paratethys marine realm (e.g., Ćorić and 

Hohenegger, 2008; Pezelj et al., 2013; Doláková et al., 2014; Holcová et al., 2015; Nehyba et al., 

2016; Mandic et al. 2019b, c) and confirms the Middle Miocene Climatic transition. 

The assemblages of planktic foraminifera differ by the larger size and by the highest diversity in 

comparison with the previous intervals. The Globigerinoides trilobatus-Globigerina paebulloides 

assemblage is characteristic for this interval. G. bulloides and smaller G. praebulloides are considered 
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as high-productivity markers related to a warming period inducing the phytoplankton bloom while 

Globigerinoides, Orbulina, and Praeorbulina indicate a presence of warm, summer, oligotrophic 

surficial waters (Reynolds and Thunell, 1985; Hemleben et al., 1989; Spezzaferri, 1995; Ohta et al., 

2003; Schiebel and Hemleben, 2017; Jonkers et al., 2019; Incarbona et al., 2019). Co-existence of 

these taxa can be linked with increased and well-developed connectivity and the climate peak as well 

recorded in the Paratethys between 14.5 – 13.8 Ma (Methner et al. 2020) .    

Monoserial foraminifera, dominating in the benthic assemblages, indicate a nutrient-rich environment. 

Together with the other common taxa such as Lenticulina and Bolivina represent a shallow to 

intermediate infauna in muddy substrates (Spezafferri and Rogl, 2003; Bhaumik et al., 2011; Murray 

2014).  Moreover, the decrease of the presence of suspension feeders (cibicidoids) probably suggests a 

scarcity of nutrients in suspension or an increased competition at the seafloor. 

From stable carbon and oxygen isotopes, the ID section represents a well-developed marine 

environment different from the TIS and ŠKR sections. There is a presence of Globigerinoides 

trilobatus with the δ
18

O values ranging from ~ –2.4 ‰ to –1.4 ‰ and with the δ
13

C ranging from ~ 

+2.1 ‰ to +3.1 ‰, which clearly documents warm oligotrophic surficial waters for which is this 

species characteristic (e.g. Reynolds and Thunell, 1985; Hemleben et al., 1989; Chapman, 2010; 

Schiebel and Hemleben, 2005), likely representing summer seasons. Globigerina 

bulloides/praebulloides exhibits a broad range of the δ
18

O values between ~ –2.7 ‰ to –0.5 ‰ 

together with the δ
13

C range from ~ –0.8 ‰ to +0.8 ‰ apparently representing different seasons, 

where there are sufficient nutrient inputs but the water temperature is highly variable because this 

species is typical for its high-nutrient preference and tolerance to a wide range of temperatures. It is 

very probable that the samples are a mix of different populations from various seasons (e.g. Deusser et 

al., 1981; Schiebel et al., 1997). The epifaunal benthic Cibicidoides ungerianus δ
18

O values range 

between ~ –2.6 ‰ to –0.3 ‰ with the δ
13

C range from ~ –0.6 ‰ to +1.3 ‰, which is again a very 

extensive range of values that could be explained by the high variability of life-strategies this species 

could experience. The infaunal species in the ID section are represented by Melonis pompilioides and 

Gyroidinoides sp., where Melonis represents an intermediate static infauna with high nutrient 
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preferences, whereas Gyroidinoides sp. is a shallow infaunal species with low food demands (e.g. 

Sjoerdsma and Van der Zwaan, 1992; Sen Gupta and Machain-Castillo, 1993; Mackensen et al., 2000; 

Schmiedl et al., 2000). Melonis pompilioides exhibits somewhat low δ
18

O values from ~ –2.6 ‰ to 

+0.3 ‰ with the majority of values within a cluster ranging from ~ –1.3 ‰ to +0.3 ‰, which suggest 

relatively warm bottom waters. The δ
13

C values represent a narrow interval from –0.5 ‰ to +0.2 ‰ 

pointing to an intermediate nutrient availability that is lower compared to the ŠKR section. 

Gyroidinoides sp. displays a high similarity with the δ
18

O ranging between ~ –1.5 ‰ to +0.6 ‰ and 

with the δ
13

C ranging from ~ –0.7 ‰ to +0.6 ‰, which again possibly indicates relatively warm 

bottom waters with an intermediate nutrient availability probably originating in a summer or fall 

seasons considering the productivity patterns for mid-latitudes.  
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Figure 11 Model of the paleoenvironmental patterns in the southwestern part of the Central 

Paratethys Sea during the peak of the Miocene Climatic Optimum 
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Conclusions 

We synthesized a paleoenvironmental model for the southwestern margin of the Paratehys and 

evaluated an influence of global climatic signal on the local evolution in this model during the time 

interval corresponding with the Miocene Climate Optimum (~ 15.9–14.9 Ma).  

The age model is based on the Strontium Isotope Stratigraphy compared with the already published 

radiometric datums. It shows the heterochrony of planktic foraminifera bioevents in the interval 

between 15–15.9 Ma in the Paratethys and the Mediterranean, which was probably caused by the 

decreased quality of the Paratethyan surficial waters (decreased salinity). 

The first marine flooding can be correlated with the Burdigalian/Langhian boundary (15.974 Ma) and 

was represented by a rather shallow, high-nutrient sea which was greatly affected by the freshwater 

input and represents an environment with a relatively well-mixed water column, high-nutrient 

availability, and somewhat warm bottom waters It clearly indicates the decisive influence of wet 

climate on water masses in a shallow sea, which agrees well with a climate instability and continental 

climatic model (thermal peaks) during the MCO in Central Europe.  

During the continued flooding (~15.5 Ma), there was a stabilization of the stenohaline environment, 

but the presence of a mixed water column of still shallower environment did not allow migration and 

survival of the representatives of the Praeorbulina lineage.   

The last phase of the marine flooding (< 15.3 Ma) is represented by typical seasonal stratification 

during summer seasons with mesotrophy generated primarily in summer seasons with respect to the 

position of the locality in the mid-latitudes The timing of the immigration of the representatives of the 

Praeorbulina-Orbulina lineage suggests that surficial waters were probably influenced by the Indian 

Ocean surface waters. The bottom waters became warmer, which evokes their origin from the lower 

latitudes.  
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Highlights: 5*85 characters 

 determination of two transgressive pulses of the Middle Miocene flooding in the Paratethys 

 (1) shallow marginal sea strongly affected by freshwater input  

 (2) deeper marginal sea with a developed seasonal stratification 

  Plankton biostratigraphy coupled with geochronology/SIS (
87

Sr/
86

Sr)  - the timing of 

individual floodings  

 flooding phases - indicative of changes in circulation + sea-level changes  
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