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Abstract: A bentonite clay layer is documented in the Sutla-II column in the Hrvatsko Zagorje Basin, which is a part  
of the south-western marginal belt of the Pannonian Basin System. The origin of the clay is attributed to the alteration  
of felsic to intermediate volcanic ash, which had been deposited between horizontally-laminated marls in a marine 
environment. Provenance analysis indicates that the marls were sourced from mixed, dominantly-felsic source rocks. 
Smectite present in the marls is therefore not solely of terrigenous origin and may also be related to volcanic ash 
weathering. Based on the fossil content, an inference has been made suggesting Early Sarmatian age of the sediment 
hosting the bentonite clay intercalation. The sedimentological and palaeontological data are in favour of the sedimentation 
at an inner shelf area marked by unstable palaeoenvironmental conditions. The upper part of the Sutla-II column  
was deposited in the high-energy environment consisting of impure biocalcarenite and biocalcrudite coupled with 
fossiliferous litharenite, which all mark an intensive redeposition of older rocks and fossiliferous formations.  
The bentonite clay likely originated from distant tephra sourced from volcanic eruptions, presumably located in  
the north-eastern part of the Carpathian–Pannonian Region during the post-rift stage of the back-arc Pannonian Basin 
System development.
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Introduction

The Carpathian–Pannonian Region (CPR), which is located  
in eastern Central Europe, is defined by a vast basinal area –  
the Pannonian Basin System (PBS) – formed in the back of  
an arcuate orogenic belt, i.e., the Carpathian Mts. (Fodor et  
al. 1999). During the Middle Miocene, volcanism was wide-
spread in the CPR (Pécskay et al. 2006; Szakács et al. 2018; 
Rybár et al. 2019), providing a good correlation potential 
between volcaniclastic rocks and their alteration products.  
The latter stands for volcanic ash altered in a marine envi
ronment to form bentonite clays largely made of smectites 
(Chamley 1989; Weaver 1989). 

The Croatian part of the PBS consists of the smaller 
Hrvatsko Zagorje Basin (HZB), which is the subject of this 
research, and the larger North Croatian Basin (NCB) (Fig. 1a, b). 
Numerous occurrences of volcanic and volcaniclastic rocks 
and their altered varieties dating from the Lower to Middle 
Miocene have been studied in the Croatian part of the PBS 
(Pamić 1997; Mandic et al. 2012; Marković 2017; Brlek et al. 

2020; Gverić et al. 2020; Badurina et al. 2021; Marković et al. 
2021; Pavelić et al. 2022). While pyroclastic rocks and ben-
tonites are common in the Croatian part of the PBS’s Middle 
Miocene, they are generally more common in the Badenian 
than in the Sarmatian (Pavelić & Kovačić 2018). Moreover, 
such significantly-reduced volcanic activity during the Sarma
tian is characteristic of the post-rift stage of the PBS develop-
ment (Pavelić & Kovačić 2018 and references therein). Several 
smaller volcanic occurrences are related to the HZB (Šimunić 
et al. 1981, 1982; Aničić & Juriša 1984, 1985; Braun 1991; 
Šimunić & Pamić 1993; Tibljaš et al. 2002; Avanić 2012; 
Avanić et al. 2015, 2021). In the Lower Miocene (Egerian–
Eggenburgian) these were mainly andesite tuffs, tuffites, and 
bentonite clays, extending along the Periadriatic lineament 
fault zone (Šimunić et al. 1981, 1982; Aničić & Juriša 1984, 
1985; Braun 1991; Šimunić & Pamić 1993; Pamić & Pécskay 
1996; Pamić 1997; Tibljaš et al. 2002; Avanić 2012; Avanić et 
al. 2015, 2021). Bentonite clays within Badenian marine depo
sits are documented in the vicinity of the studied area (Braun 
1991; Pamić & Pécskay 1996; Marković 2002). Although 
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volcanic and volcaniclastic rocks in the Sarmatian have here-
tofore not been found in the HZB, their occurrence is, how-
ever, reported within the CPR (Pécskay et al. 1995, 2006; 
Rosu et al. 1997; Nagy & Kónya 2005; Püspöki et al. 2005, 

2008; Seghedi et al. 2005; Harangi & Lenkey 2007; Kiss et al. 
2010; Lexa et al. 2010; Seghedi & Downes 2011; Kovacs et al. 
2013; Kovačić et al. 2015 a, b; Szakács et al. 2018; Mandic  
et al. 2019). During the Middle Miocene, the evolution of  
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Fig. 1. a — Sketch map of the Pannonian Basin System area and surrounding mountain belts with the marked position of the investigated area; 
b — Simplified geological map of north-western Croatia with indicated positions of the Hrvatsko Zagorje Basin, the North Croatian Basin,  
and the position of the investigated Sutla-II site (map compiled after Hrvatski Geološki Institut (2009) and Pavelić & Kovačić (2018));  
c — Investigated Middle Miocene (Sarmatian) deposits of Sutla-II containing a layer of bentonite clays.
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the CPR was marked by subduction at the orogenic front, 
asthenosphere rising, and thinning of the crust in the back-arc 
region (Royden 1988; Konečný et al. 2002; Lexa et al. 2010). 
Volcanic activity was characterised by migration from west to 
east (Lexa et al. 2010; Szakács et al. 2018). Magmas that 
reached the surface were mainly of intermediate calc-alkaline 
and less felsic composition (Pécskay et al. 1995, 2006; Harangi 
& Lenkey 2007; Lexa et al. 2010). The felsic volcanic activity 
substantially diminished around 14–12 Ma and shifted to the 
Intra-Carpathian area (Pécskay et al. 1995, 2006; Szakács et 
al. 2018). At that time, andesite-composition activity was still 
producing large volumes of volcanic rocks in the Central 
Slovak Volcanic Field (Harangi & Lenkey 2007; Szakács et al. 
2018). The intermediate calc-alkaline volcanism intensified 
with documented eruptions at several phases in the Apuseni 
Mts. in Romania, as well as along the Carpathians (Rosu et al. 
1997, 2004; Konečný et al. 2002; Szakács et al. 2018).

This paper aims to determine the time sequence and key 
factors in the development of the Sarmatian sedimentary envi-
ronment of the south-western marginal belt of the PBS. 
Furthermore, the article looks into the plausible relation with 
other parts of the Central Paratethys. The analysed bentonite 
clay has significant stratigraphic importance and provides 
valuable information about petrogenetic processes during the 
back-arc basin formation. For that reason, a complex geologi-
cal approach combining mineralogy, geochemistry, sedimen-
tology, and palaeontology was utilized to reach the set goals. 
Finally, the composition of the studied bentonite was com-
pared with that of Badenian clay from the former clay pit of 
Poljanska Luka (Northern Croatia; Braun 1991; Gverić et al. 
2020) and Early Sarmatian tuffaceous clay from the Ugljevik 
column (NE Bosnia and Herzegovina, Fig. 1a; Mandic et al. 
2019; Badurina et al. 2021) to assess plausible correlations on 
a regional scale.

Geological setting

The investigated Sutla-II outcrop is located in the north-
western part of Croatia near the Sutla river and the state border 
with Slovenia. It is a part of the south-western marginal belt of 
the PBS (Fig. 1a) known as the HZB (Pavelić 2001; Pavelić & 
Kovačić 2018) (Fig. 1b). Along with the Alpine, Carpathian, 
and Dinaric Mountain belts, the PBS was once a part of the 
CPR (Handy et al. 2015). During the Miocene in the CPR, 
volcanic activity was closely related to geodynamic evolution 
and the formation of the Mediterranean back-arc basin by sub-
duction of the European Plate beneath the African (Apulian) 
Plate (Fodor et al. 1999; Csontos et al. 2002). The first  
(syn-rift) stage of basin development was characterised by  
the asthenosphere rising, tectonic thinning of the crust, and 
isostatic subsidence, while the second (post-rift) stage was 
marked by basin subsidence caused by the cooling of the 
lithosphere (Royden 1988; Tari et al. 1992). In the south-wes
tern part of the PBS, the first stage lasted from the Ottnangian 
to the Middle Badenian, while the second stage extended from 

the Late Badenian to the end of the Quaternary (Pavelić 2001; 
Pavelić & Kovačić 2018).

Palaeogeographically, the PBS belongs to the Central Para
tethys realm, a sedimentary area that lost its connection with 
the world ocean several times and later re-established itself 
during the Miocene (Steininger et al. 1988; Rögl 1996; 
Harzhauser & Piller 2007; Kováč et al. 2017, 2018). 

During the Early Miocene in the area of northern Croatia, 
two basins with a different history of deposition were formed. 
The smaller HZB covered the area of the north-western part 
Croatia that extended westward to eastern Slovenia (Fig. 1b), 
and the other, larger NCB covered almost the entire remaining 
of what is now northern Croatia (Pavelić 2001; Pavelić & 
Kovačić 2018) (Fig. 1b). There were significant differences  
in deposition environments between the basins in the Early 
Miocene. The HZB was characterised by brackish and marine 
deposition in the Egerian to Late Ottnangian, as well as 
throughout the whole Middle Miocene, except for the Early 
Badenian. During the Late Ottnangian to Early Badenian, 
deposition was in a freshwater environment (Avanić 2012; 
Mandic et al. 2012; Avanić et al. 2021). Its evolution in the 
Early and Middle Miocene was strongly controlled by several 
phases of tectonic activity and accompanying volcanism 
(Avanić et al. 2021 and references therein). In the NCB, depo-
sition began in a continental Ottnangian environment after  
a long-lasting emersion, which eventually progressed into 
marine deposition in the early and Middle Badenian and ended 
in the Pannonian (Pavelić 2001; Ćorić et al. 2009; Galović 
2017; Brlek et al. 2018, 2020; Pavelić & Kovačić 2018; 
Marković et al. 2021; Kopecká et al. 2022).

Middle Miocene deposits cover a large area of northern 
Croatia (Fig. 1b), and their evolution is similar in both basins 
(HZB and NCB). While Upper Badenian sediments were 
formed in a marine environment, Sarmatian sediments are 
characterised as brackish or marine with reduced salinity 
(Vrsaljko 1999; Pavelić et al. 2003; Galović & Bajraktarević 
2006; Vrsaljko et al. 2006; Grizelj et al. 2020). During the 
Sarmatian, sedimentation took place in the two different depo
sition environments: the shallow water environment, repre
sented by conglomerates, calcarenites, and limestones, and  
a deeper marine environment, characterised by horizontally 
laminated pelitic sedimentary rocks (Pavelić et al. 2003; 
Avanić et al. 2018; Pavelić & Kovačić 2018).  

Materials and methods

Fieldwork

Field research was carried out at outcrops located along the 
road near the Sutla River and border with Slovenia (Fig. 1b). 
A geological column was recorded and measured in detail, 
sedimentologically described, and photographs were taken.  
A total of 25 samples (marked in Fig. 2) were collected from 
exposed sediments for mineralogical, petrographic, chemical, 
and palaeontological analyses. The tuffaceous clay sample 
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from Ugljevik was acquired from the archives of Texas Tech 
Department of Geosciences. 

Mineralogical and geochemical analysis

X-ray diffraction analysis (XRD) on whole-rock and orien
ted clay fractions was performed on seven representative sam-
ples. Clay fraction measurements included sample preparation 
consisting of carbonate dissolution using acetic acid with 
ammonium acetate (1 mol dm−3) pH 5 buffer (Jackson 1956) 
and separation of the fraction below 2 µm in size by centrifu-
gation (Krumm 1994). XRD patterns were recorded using  
a PANalytical vertical goniometer (type X’Pert) equipped 
with a Cu-tube under the following experimental conditions: 
45 kV, 40 mA, PW 3018/00 PIXcel detector, primary beam 
divergence 1/4° and continuous scanning (step 0.02° 2θ/s). 
The clay fraction was analysed according to Starkey et al. 
(1984) and Moore & Reynolds (1997). The preparation of 
treated samples included: (a) air drying, (b) ethylene-glycol  
solvation, (c) saturation with K+, (d) saturation with Mg2+,  
(e) Mg2+ saturation and ethylene-glycol solvation, (f) K+ satu-
ration and ethylene-glycol solvation, (g) Mg2+ saturation and 
glycerol solvation, (h) K+ saturation and dimethyl sulfoxide 
(DMSO) solvation, and (i) heating more than 30 min to 400 °C 
and 550 °C. According to the procedure described by Greene-
Kelly (1953, 1955) the type of smectite was determined on  
the bentonite clay sample. This method involved saturating 
the sample with Li+ (using 3N LiCl), then heating to 200 °C, 
and afterwards treatment with glycerol for 24 hours. XRD 
traces interpretation was carried out using the PANalytical 
software package and International Centre for Diffraction Data 
database (2021). The whole-rock fraction quantitative analysis 
was performed according to Schultz (1964). The amount of 
opal-CT was obtained as a residue up to 100 %, while the 
amount of aragonite and calcite was obtained using chemical 
analysis and XRD patterns. The composition of clay mine
rals in the clay fraction was estimated using the method of  
Biscaye (1965). Bentonite clay (Sut-II 2/1) was additionally 
studied and documented using a scanning electron micro-
scope (SEM) JEOL JSM-6510 LV SEM (INA – Industrija 
nafte d.d.).

The mineralogical composition of heavy and light minerals 
fractions (HMF and LMF, respectively) was analysed in  
three sandy samples. These analyses were performed using the 
0.09–0.160 mm fraction after removing the carbonates using 
HCl (4 %). The HMF and LMF were separated using CHBr3 
(ρ = 2.90 gcm−3). The qualitative and quantitative composition 
of HMF and LMF were obtained by identifying up to 300 
grains per fraction under a polarising microscope (Mange & 
Maurer 1992). 

A set of ten thin sections of lithified rock samples were 
prepared to determine their biogenic and petrographic 
characteristics. 

The content of calcium carbonate (% CaCO3) in 11 samples 
was determined by an SCM1 calcimeter according to 
Scheibler’s method (Behr Labor-Technik 2017).

A set of seven samples analysed by XRD was analysed at 
the Activation Laboratories Ltd (Vancouver BC, Canada) 
using a combination of inductively-coupled plasma – optical 
emission spectrometry (ICP-OES) and inductively coupled 
plasma – mass spectrometry (ICP-MS) methods to unveil their 
major and trace elements chemistry. Also, bentonite and tuffa-
ceous clay (Sut-II 2/1 and Ugljevik-1) clay fractions were 
analysed at Texas Tech GeoAnalytical Laboratory using the 
laser ablation – inductively-coupled plasma – mass spectro
metry (LA-ICP-MS) following the procedure described by 
Badurina & Šegvić (2022). 

Provenance analysis relied on trace elements ratios (La/Co, 
Th/Co, Th/Sc, Eu/Eu* = EuN /(SmN ×  GdN)1/2, LREE/HREE), 
ternary diagrams La–Th–Sc (Taylor & McLennan 1985; 
Bhatia & Crook 1986; Cullers 1994) and diagrams based on 
elemental ratios proposed by Winchester & Floyd (1977) and 
Gorton & Schandl (2000). Al-normalized enrichment factors 
as an estimate of trace metal enrichment were calculated for 
Mo, Ni, U as XEF = (Xsample /Alsample)/(XUCC /AlUCC) (Algeo & Li 
2020 and references therein), UCC values from Taylor & 
McLennan (1985).

Palaeontological analyses

Palaeontological analyses were performed on archived 
material prepared by standard laboratory methods.

Micropalaeontological analyses were performed on ten sam-
ples. About 100 g of sediment per sample were soaked with 
diluted hydrogen peroxide for disintegration, washed through 
the sieves (0.75, 0.25, 0.09 and 0.063 mm), and dried at room 
temperature. Fossil remains of ostracods and foraminifera 
were hand-picked from each dried residue and inspected under 
a binocular microscope (WILD M3Z) and Zeiss stereomicro-
scope. Only qualitative analysis was done due to the large 
number of reworked microfossils, which made differentiation 
of autochthonous and allochthonous specimens very difficult. 
Also, poor preservation, which was likely due to the erosion 
and reworking, as well as an insufficient number of specimens, 
made quantitative analyses virtually impossible. The estima-
tion of foraminiferal and ostracod abundances is shown in 
Electronic Supplements 4 and 5.

For the calcareous nannofossil analyses, the standard prepa-
ration method of the Croatian Geological Survey was applied 
(Galović & Bajraktarević 2006). Approximately 1 cm3 of  
the sediment was placed in a beaker and treated with H2O2 

(30 %). Sediments were then rinsed several times with dis-
tilled water. Dense samples were put in an ultrasonic bath for 
approximately 15 s to disaggregate. The standard smear slide 
preparation technique and the light microscope (LM) were 
used for the analysis of calcareous nannofossils. The LM 
slides were mounted with Canada balsam on a hot plate and 
examined using a BH2 Olympus LM. 

Palynological analyses were carried out on two marl sam-
ples. Standard palynological processing techniques were used 
to extract the organic matter (e.g., Moore et al. 1991; Wood et 
al. 1996). For palynofacies analysis, slides were mounted in 

http://geologicacarpathica.com/data/files/supplements/GC-74-1-Grizelj_Suppl4.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-74-1-Grizelj_Suppl5.xlsx
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glycerine, and for palynomorphs analysis in silicon oil. Micro
scopic analyses were performed using the Olympus BH2 and 
Leica DM2500 transmitted light microscope. Photomicro
graphs were taken using an AmScopeTM camera adapter con-
nected to the AmScope v.3.7 camera software and a Leica 
MC190 HD camera connected to the Leica LAS EZ software. 
For the environmental interpretation, only qualitative palyno-
facies analyses were done because of the small amount and 
poor preservation of organic matter within the samples. 
Components were grouped according to the classifications 
proposed by Tyson (1995).

Fossil remains were also determined from thin-section sam-
ples and photo-documented under the polarised microscope 
Zeiss AXIOLAB 5. Selected calcareous nannofossil, forami
niferal, and ostracod species were studied and documented 
using the scanning electron microscopes (SEM) JEOL JSM-
6510 LV SEM (INA – Industrija nafte d.d.) and JEOL JSM-
35CF (Croatian Geological Survey).

Other fossil remains, such as the fragments of echinoderms, 
gastropods, bivalves, bryozoans, corallinaceans, and fish 
remains, were noted but not determined.

All micropalaeontological samples, organic residues, and 
palynological slides are currently stored at the Archives of the 
Department of Geology, Croatian Geological Survey, Zagreb, 
Croatia.

Results

The lithostratigraphic column Sutla-II and the mineralo
gical content

The lower part of the Sutla-II lithostratigraphic column is 
represented by marls and a bentonite clay layer, while the 
upper part is composed of sands, biocalcarenites, biocalci
rudites, and marls. A detailed geological column is shown in 
Fig. 2.

The lower part (up to 21.5 m) comprises marls with rare  
1–3 cm thick interlayers of silts or sands (Fig. 2). It begins 
with 7.8 m thick horizontally laminated to thin-layered marls, 
containing a 1–2 cm thick interlayer of sand in the third meter 
and numerous fragments of flora and bivalve moulds with 
sporadically-preserved shells. The 30 cm thick bentonite clay 
layer is intercalated within this marl interval. The bentonite is 
light grey homogeneous, and structureless with calcareous 
infiltrations (Fig. 1c). It is dominated by 14 Å clay minerals 
(60–70 %). In addition to them, it contains opal-CT (30 %) 
and calcite (0–10 %), while quartz is present in amounts that 
do not exceed 1 %. The same mineral components were deter-
mined in the clay fraction. Additional tests to identify the type 
of smectite minerals (Greene-Kelly 1953, 1955) unveiled  
a dioctahedral nature of smectite (i.e., montmorillonite; Fig. 3a). 
Figure 3b shows the honeycomb structure of montmorillonite. 
In the greater than 6.3 µm fraction, very small amounts of cal-
cite, plagioclase, apatite, zircon, biotite, and ilmenite were 
detected by SEM and/or optical microscope. Figure 3c and 3d 

outline authigenic montmorillonite overgrowths over plagio
clase, calcite, and calcareous nannoplankton.

The lower and upper boundaries of the bentonite layer are 
sharp and flat. On top of it, horizontally-laminated to layered 
marls are exposed, containing rare interlayers of silt, sand, and 
biocalcarenite, similar to the first interval. These marls con
tain fossil remains like foraminifera and ostracods. Dominant 
minerals in all analysed marl samples are calcite (30–58 %) 
and clay minerals (30–48 %), while quartz is present in smaller 
quantities (6–17 %), as seen from XRD traces (Table 1).  
In addition to listed minerals, the Sut-II 1/3 sample contains 
cristobalite (4 %), opal-CT (12 %), and aragonite (14 %).  
In contrast, the sample Sut-II 20/2 has only a small amount of 
dolomite (5 %). Clay minerals with a diffraction maximum at 
14 Å and 10 Å were present in all samples, while only three 
samples (Sut-II 3/1, Sut-II 7/1, and Sut-II 9/1) contained 7 Å 
diffraction maximum clay minerals (Table 1). In the clay frac-
tion of these samples, smectites and illite are the most com-
mon (Table 1). Quartz and kaolinite, which do not intercalate 
with DMSO, are regularly present in small quantities.  
At the same time, chlorite is present in very small quantities 
in most samples. Kaolinite, which forms intercalation com-
pounds with DMSO, is present in a very small amount in sam-
ples Sut-II 1/3 and Sut-II 3/1, and possibly also in the Sut-II 
7/1 sample (Table 1). Opal-CT appears only in the Sut-II 1/3 
sample. 

The upper part of the column starts with 2.5 m of extremely 
chaotic sediments, whose grain size varies from pelite to 
gravel. The next interval consists of marls, followed by sand-
stones determined as impure biocalcarenite or fossiliferous 
litharenite and conglomerate (impure biocalcrudite) (Figs. 2 
and 4). The impure biocalcarenite is medium to poorly-sorted, 
as well as fine- to medium-grained. It contains fossil carbonate 
and siliciclastic detritus with microsparite cement. Siliciclastic 
detritus consists predominantly of quartz and less of feldspars, 
mica, glauconite, fragments of quartzite, cherts, and volcanic 
particles. The fossil carbonate detritus predominantly consists 
of corallinacean fragments and a smaller number of benthic 
foraminifera, bryozoans, and fragments of echinoids and 
molluscs. Redeposited ooids, proto-ooids, aggregates, and 
oncoids were also recognised within the thin sections (Fig. 4). 
The impure biocalcrudite has almost the same composition as 
the impure biocalcarenite, but a larger grain size. Fossiliferous 
litharenite contains the same components as impure biocalc
arenite, but has a significantly higher siliciclastic detritus  
and limestone fragments content than the fossil fragments.  
In the upper part of the column (samples Sut-II 19/1 and Sut-II 
22/3), there are poorly-sorted silty sands from which the mine
ral content of LMF and HMF was analysed (Electronic Sup
plement 1). The results show that the dominant compounds in 
the LMF are quartz (65–74 %) and lithic fragments (15–29 %), 
while K-feldspars are less abundant (5–10 %) (Electronic 
Supplement 1). In all samples, a tiny amount of muscovite is 
present as well. Angular quartz grains with undulatory extinc-
tion predominate compared to those with uniform extinction. 
K-feldspar grains are usually highly-altered, while fresh grains 

http://geologicacarpathica.com/data/files/supplements/GC-74-1-Grizelj_Suppl1.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-74-1-Grizelj_Suppl1.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-74-1-Grizelj_Suppl1.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-74-1-Grizelj_Suppl1.xlsx
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are rare. The most common rock fragments are tuffites and 
cherts, while quartzite-type particles and shists are rare. 
Among the HMF, translucent minerals dominate (59–91 %). 
Additionally, opaque minerals (8–38 %) and chlorite (1–4 %) 
appear in all analysed samples, while dolomite is present in  
a quantity of 1–2 % only in samples Sut-II 11/1 and Sut-II 

19/1. Garnet is the most abundant translucent heavy mineral  
in all samples (Electronic Supplement 1). Its quantity ranges 
from 68 to 85 %. Tourmaline, rutile, zircon, kyanite, and stau-
rolite are less abundant. The epidote group of minerals occurs 
in very small quantities in all samples, while apatite and 
titanite are present only in the Sut-II 19/1 sample. The colour 

Fig. 3. Bentonite clay (Sut-II 2/1): a — XRD patterns with d-values (Å) after Greens-Kelly test; b — SEM image of montmorillonite; c — SEM 
image of montmorillonite and plagioclase; d — SEM images of montmorillonite, plagioclase (Pl), calcite (Cal), nannoliths and calcareous 
nannoplankton.

SAMPLE
global rock fraction  < 2µm

Qtz Cri opal-CT Cal Arg Dol 14 Å 10 Å 7 Å CM Sme Ill Kln KlnD Chl opal-CT Qtz
Sut-II 1/3 10 4 12 30 14 Y Y 30 XXX XX X tr X X
Sut-II 2/1 tr 30 0-10 Y 60-70 XXX XX tr
Sut-II 3/1 6 55 Y Y Y 39 XXX XX X tr tr X
Sut-II 7/1 17 35 Y Y Y 48 XXX XX X ? tr X
Sut-II 9/1 6 58 Y Y Y 36 XXX XX X tr X
Sut-II 14/1 10 48 Y Y 42 XXX XX X X
Sut-II 20/2 16 39 5 Y Y 40 XXX XX X tr X

Table 1: Quantitative mineral composition of the whole-rock samples and semi-quantitative mineral composition of the < 2 µm fraction of 
insoluble rock residue obtained by XRPD. Clay mineral content was determined in the < 2 μm fraction of insoluble rock residue. Qtz – quartz, 
Cri – cristobalite, Cal – calcite, Arg – aragonite, Dol – dolomite, 14Å, 10Å, 7Å – type of clay minerals, Y – present in sample, CM – clay 
minerals, Sme – smectite, Ill – illite, Kln – kaolinite which does not intercalate with DMSO, KlnD – kaolinite which forms intercalation  
compounds with DMSO, Chl – chlorite, XXX – dominant (> 50 %), XX – abundant (20–50 %), X – subordinate (1–20 %), tr – traces (< 1 %), 
? – mineral is probably present in the sample, but cannot be confirmed with certainty because of low content and/or overlapping of diffraction 
maximums.

http://geologicacarpathica.com/data/files/supplements/GC-74-1-Grizelj_Suppl1.xlsx
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Fig. 4. Images of thin sections of: a — impure biocalcarenite, Sut-II 10/1; b — impure biocalcarenite, Sut-II 13/2; c — impure biocalcarenite, 
Sut-II 15/1; d — impure biocalcrudite, Sut-II 17/1; e — impure biocalcrudite, Sut-II 18/1; f, g — fossiliferous litharenite, Sut-II 18/2;  
h — fossiliferous litharenite, Sut-II 22/1, using a polarising microscope (analyser on). VR – volcanic rock, F – Foraminifera, M – fragment of 
Mollusca, A – Corallinacea, Pr – proto-ooide, Oo – ooide, Glt – glauconite.
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of the garnets is transparent to pale pink. Corroded and irregu-
larly-broken garnet grains prevail, while subhedral grains are 
rare. Tourmaline is light brown to dark brown. Among tourma-
lines, irregular grains are common, although subhedral grains 
also occur. Rutile is orange to dark red and often has irregu
larly-shaped and corroded grains. Zircons are present as sub-
rounded or subhedral grains. Staurolite is yellow to pale 
yellow. Both staurolite and kyanite are present as slightly-
corroded grains. Epidotes are yellow-green and presented as 
corroded, weathered grains.

Geochemistry 

The content of CaCO3 measured by SCM1 calcimeter varies 
from 0–11 % in bentonite clay, 36–58 % in marls, and up to  
85 % in impure biocalcarenite as shown in Fig. 2. The whole-
rock sample geochemistry, which includes major and trace 
elements, is provided in Electronic Supplement 2. Chemical 
analysis showed that marly rocks are largely made of SiO2 
(22.89–38.98 %), CaO (20.82–32.86 %), LOI (21.8–31.10 %),  
Al2O3 (7.13–10.25 %), and minor amounts of Fe2O3 (T)  
(2.87–3.31 %), K2O (1.10–1.88 %), MgO (0.83–2.31 %), TiO2 
(0.18–0.98 %), Na2O (0.15–0.41 %), P2O5 (0.266–0.477 %) 
and MnO (0.044–0.055 %). Conversely, the bentonite clay 
(Sut-II 1/2) predominantly contains SiO2 (60.69 %), Al2O3 
(10.59 %), LOI (17.55 %), CaO (7.96 %), and a smaller 
amount of Fe2O3 (T) (1.46 %), MgO (1.25 %), K2O (0.24 %), 
TiO2 (0.162 %), Na2O (0.12 %), P2O5 (0.09 %) and MnO 
(0.024 %). 

The clay fraction geochemistry of Sut-II 2/1 and Ugljevik-1 
is provided in Electronic Supplement 3.

Trace element concentrations of marls normalised to Upper 
Continental Crust (UCC) (Taylor & McLennan 1985) and 
primitive mantle (Sun & McDonough 1989) for bentonite  
clay are given in Fig. 5 a and b. Marls are characterised by 
positive anomalies of U and Sr, which may be related to higher 
contents of smectite and carbonates, respectively (Fig. 5a). 
The diagram in Fig. 5b shows higher values of Rb in Ugljevik-1 
clay fraction than in Sut-II 2/1 bentonite clay and their clay 
fraction. In contrast, the other elements show similar elemen-
tal distributions. Pronounced negative Ti and positive U and 
Th anomalies are likely related to the presence of accessory 
phases. Moreover, light rare earth elements (LREE) display  
a consistent enrichment relative to heavy rare earth elements 
(HREE). The same can be inferred from the chondrite nor-
malised values of Taylor & McLennan (1985) for all studied 
samples (Fig. 5c, d), which is further indicated by the LREE/
HREE ratio ranging from 7.3 to 8.1 in marls. For the bento
nite clay of Sut-II 2/1, it is 13.49 (Electronic Supplement 2). 
All analysed samples also show negative Eu-anomalies, ran
ging from 0.54–0.63 (Electronic Supplement 2). 

Microfossil analyses

The lowest part of the studied column (samples Sut-II 1/1, 
Sut-II 1/3, Sut-II 1/4) is represented by a poorly-preserved 

foraminiferal assemblage composed of small-sized specimens. 
A high abundance of epiphytic taxa and a low number of 
infaunal taxa and infaunal/epifaunal taxa are the main charac-
teristics of the foraminiferal assemblage. Keeled elphidiids 
(Elphidium joukovi, E. grilli, E. josephinum, E. koberi (Fig. 6e), 
E. subumbilicatum, E. macellum, E. fichtelianum) are domi-
nant. Non-keeled elphidiids (Elphidium hauerinum (Fig. 6c), 
Elphidiella serena) are also present, while molds of miliolids 
(Varidentella reussi, Cycloforina badenensis, Pseudotri­
loculina consobrina) are abundant. Bolivinids (Bolivina dila­
tata, B. granensis, B. moldavica, B. moravica, B. pokornyi,  
B. pseudoplicata, B. saggitula, B. sarmatica) together with 
small benthic foraminifera (Asterigerinata mamilla, Biasteri­
gerinata planorbis, Aubignyina sp. (Fig. 6z), Fissurina miro­
novi, Nonion biporus, N. tumidulus, Neoconorbina terquemi, 
Porosononion martkobi, P. granosum, P. cf. aragviensis) and 
reworked Badenian planktonic foraminifera are rare.  

The first occurrence of Anomalinoides dividens (Fig. 6a, b) 
is recorded in sample Sut-II 3/1, accompanied by an impo
verished foraminiferal assemblage. Samples Sut-II 7/1 and 
Sut-II 9/1 are characterised by a practically monospecific 
assemblage of Anomalinoides dividens. Rare specimens from 
the lowermost samples (Sut-II 1/1, Sut-II 1/3, Sut-II 1/4) are 
also present, along with the sporadic occurrence of Nodosaria 
dina, Ammonia pseudobeccarii, and Schackoinella impera­
toria. Reworked Badenian benthic (Lenticulina sp., Pappina 
neudorfensis, Spirorutilus carinatus, Uvigerina brunnensis, 
Semivilvulina pectinata, etc.) and planktonic (Globigerina 
diplostoma, Trilobatus quadrilobatus, Globigerina bulloides, 
Globigerinella regularis) foraminifera are minor components. 
All identified foraminiferal taxa are listed in Electronic 
Supplement 4.

The diversity of ostracods is generally low in samples  
taken from Sut-II 1/1 to Sut-II 1/9. Rare fossil valves are pre
sent, including both juvenile and a few adult specimens.  
The ostracod assemblages include thirteen different species, 
which belong to ten genera: Aurila cf. angulata, Aurila sp., 
Amnicythere sp., Callistocythere postvallata, Callistocythere 
cf. egregia, Cytherois sarmatica, Cnestocythere cf. truncata, 
Euxinocythere sp., Miocyprideis sp., Hemicytheria sp., 
Xestoleberis fuscata, Leptocythere sp., and Loxoconcha sp. 
(Fig. 7, Electronic Supplement 5).

Coccoliths of Calcidiscus pataecus (Fig. 6za, aa), Holo­
discolithus macroporus (Fig. 6zb) and Rhabdosphaera sicca 
dominate in sample Sut-II 1/1 accompanied by Coccolithus 
pelagicus, Cyclicargolithus floridanus, Discoaster deflandrei, 
Helicosphaera walbersdorfensis, Pontosphaera multipora, 
Reticulofenestra minuta, Syracosphaera clathrata and rare 
ascidian spicules. Species richness and abundance decrease  
in sample Sut-II 2/1 where Calcidiscus pataecus prevails  
(Fig. 2). Blooms of Reticulofenestra, dominated by R. pseudo­
umbilicus (Fig. 6ab) are found in sample Sut-II 7/1. Only 
index species which dominate in the assemblage are presented 
in Fig. 2 and Fig. 6za, zb; aa–ab. 

Palynofacies from the lowermost marl (sample Sut-II 1/1) 
contains a relatively small amount of organic residue 

http://geologicacarpathica.com/data/files/supplements/GC-74-1-Grizelj_Suppl2.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-74-1-Grizelj_Suppl3.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-74-1-Grizelj_Suppl2.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-74-1-Grizelj_Suppl2.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-74-1-Grizelj_Suppl4.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-74-1-Grizelj_Suppl4.xlsx
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dominated by palynomorphs, while partially-gelified phyto-
clasts and resinite are also present (Fig. 8a). In addition to 
numerous conifer pollen (mainly Pinus), phycomas of prasi
nophytes Leiosphaeridia (Fig. 8c), Hidasia, Cymatiosphaera, 
and rare poorly-preserved cyst of dinoflagellate Operculodi­
nium are also present. Palynofacies from the sample Sut-II 7/1 
contains small quantities of the organic residue dominated  
by heterogeneous phytoclasts and palynomorphs (Fig. 8b). 
Palynomorphs are dominated by numerous conifer (mainly 
Pinus and, to a lesser extent Taxodium), deciduous tree  
pollen (Carya), and dinocysts Operculodinium sp. indet., 
Cleistosphaeridium placacanthum, Polysphaeridium zoharyi 

(Fig. 8d), Lingulodinium machaerophorum (Fig. 8e), Spini­
ferites spp. and Spiniferites bentorii. Relative abundances of 
significant palynomorphs are shown in Fig. 2.

In addition to the mentioned fossil assemblage, rare frag-
ments of fish and echinoids, Semseya lamellata, and fragments 
of algae are also present. Framboidal pyrite and pyrite filling 
of foraminiferal chambers and palynomorphs (Fig. 8f) are 
notable characteristics of sample Sut-II 7/1.

In the upper part of the column, better preservation, burlier 
specimens, domination of epiphytic taxa and a higher portion 
of reworked species, are common attributes of the foramini
feral assemblage. In addition to the dominant Anomalinoides 

Fig. 5. a — The Upper Continental Crust (UCC) (Taylor & McLennan 1985); b — Primitive mantle (Sun & McDonough 1989) and  
c, d — The chondrite (Taylor & McLennan 1985) normalized plots for the analysed samples.

Fig. 6. Foraminiferal and nannoplankton assemblage from Sutla-II column. a, b – Anomalinoides dividens Łuczkowska, Sut-II 7/1;  
c – Elphidium hauerinum (d’Orbigny), Sut-II 1/1; d – Elphidium reginum (d’Orbigny), Sut-II 20/1; e – Elphidium koberi Tollmann, Sut-II 1/1; 
f – Elphidium josephinum (d’Orbigny), Sut-II 20/1; g – Elphidium ex. gr. puscharovsky Serova, Sut-II 3/1; h – Elphidium fichtelianum  
d’Orbigny, Sut-II 19/1; i – Porosononion cf. aragviensis (Dzhanelidze), Sut-II 1/1; j – Borelis melo (Fichtel & Moll), Sut-II 20/2; k – Cycloforina 
contorta (d’Orbigny), Sut-II 19/1; l – Quinqueloculina akneriana d’Orbigny, Sut- II 20/2; m – Quinqueloculina hauerina d’Orbigny, Sut-II 1/3; 
n – Cycloforina stomata Łuczkowska, SUT II 20/2; o – Varidentella lantelaculata (Venglinski), Sut-II 1/4; p – Varidentella pseudocostata 
(Venglinski), Sut-II 20/2; r – Varidentella rosea d’Orbigny, Sut-II 20/2; s – Varidentella rotunda (Gerke), Sut-II 20/2; t – Varidentella sar­
matica (Karrer), Sut-II 20/2; u – Articulina problema Bogdanowicz, Sut-II 19/1; v – Articulina sp. Sut-II 20/1; z – Aubignyna sp. Sut-II 1/1;  
za – Calcidiscus pataecus, Sut-II 1/1; zb – Holodiscolithus macroporus, Sut-II 1/1; aa – Calcidiscus pataecus, Sut-II 2/1; ab – Reticulofenestra 
pseudoumbilicus, Sut-II 2/1. 
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Fig. 7. Selected ostracods from the Sutla-II column. a – Callistocythere cf. egregia, lateral exterior view of LV, Sut-II 1/3; b – Leptocythere sp., 
lateral exterior view of LV, Sut-II 14/1; c – Euxinocythere sp., lateral exterior view of LV, Sut-II 1/4; d – Phlyctocythere pellucida lateral 
exterior view of LV, Sut-II 14/1; e – Aminocythere sp., lateral exterior view of RV, Sut-II 1/1; f – Callistocythere postvallata, lateral exterior 
view of RV, Sut-II 1/4; g, h – Cytherois sarmatica, g – lateral exterior view of LV, Sut-II 14/1; h – C external view, Sut-II 14/1; i – Cytheridea 
hungarica,   lateral interior view of LV, Sut-II 19/1; j – Miocyprideis sp., lateral exterior view of RV, Sut-II 20/1; k – Xestoleberis fuscata,  
C external view, Sut-II 14/1; l – Xestoleberis cf. glaberescense, C external view, Sut-II 20/2; m – Cytheridea hungarica, C external view,  
Sut-II 20/2; n – Senesia cf. vadaszi, lateral exterior view of RV, Sut-II 19/1; o – Aurila mehesi, lateral exterior view of RV, Sut-II 14/1. 
Explanation: RV: right valve; LV: left valve; C: carapace.

Fig. 8. Palynofacies and palynomorphs from the studied area: a – palynofacies, Sut-II 1/1; b – palynofacies, Sut-II 7/1; c – Leiosphaeridia sp., 
Sut-II 1/1; d – Polysphaeridium zoharyi (Rossignol 1962) Bujak et al. 1980, Sut-II 7/1; e – Lingulodinium machaerophorum (Deflandre and 
Cookson 1955) Wall 1967, Sut-II 7/1; f – Pinus sp. and pyrite grains, Sut-II 7/1.
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dividens in sample Sut-II 14/1, nonionids are common  
(Nonion tumidulus, N. bogdanowiczi), while small benthic 
foraminifera (Biasterigerinata planorbis, Neoconorbina ter­
guemi, Lobatula lobatula, Bolivina dilatata) together with 
elphidiids (Elphidium ex gr puscharovsky (Fig. 6g), E. macel­
lum, E. ex gr flexuosum) also occur. Abundant elphidiids 
(Elphidium reginum (Fig 6d), Elphidium crispum, E. fich­
telianum (Fig. 6h), E. grilli, E. macellum, E. flexuosum,  
E. obtusum), dominate in the upper part of the column (sam-
ples Sut-II 19/1 and Sut-II 20/1). Miliolids (Varidentella 
rotunda, V. rosea, V. sarmatica, Quinqueloculina akneriana, 
Q. hauerina, Articulina problema (Fig. 6u) are also present.  
A significant number of reworked specimens is also a part of 
the assemblage. Except for the Badenian reworked species, 
some Paleogene species (Pararotalia lithothamnica, abraded 
nummulits, and operculinids) are present. In sample Sut-II 
20/1, reworked specimens have a more significant portion 
than autochthonous, Sarmatian taxa. The topmost sample 
(Sut-II 20/2) contains prevailing miliolids (Borelis melo  
(Fig. 6j), Varidentella reussi, V. rotunda (Fig. 6s), V. rosea 
(Fig. 6r), V. pseudocostata (Fig. 6p), V. latelacunata, Cyclo­
forina contorta, C. stomata, Quinqueloculina hauerina,  
Q. akneriana (Fig. 6l), fragments of Articulina problema.  
A similar foraminiferal assemblage as in previous samples 
(Anomalinoides dividens, Elphidium spp., Ammonia pseudo­
beccarii) is present.

From sample Sut-II 14/1 upwards, ostracods are more 
numerous and well-preserved. Adult valves and carapaces 
dominate within all samples. Twenty-five ostracod species 
have been identified in this part of the column. The maximum 
number of ostracod species (14) was reported in the Sut-II 
19/1 sample. The samples Sut-II 20/1 and Sut-II 20/2 contain 
a relatively high number of ostracod species. The most nume
rous species are Cytheridea hungarica, Aurila merita and 
Cytherois sarmatica. Species Aurila mehesi, Aurila cf. notata, 
Aurila cf. angulata, Aurila sp., Amnicythere sp., Callistocythere 
cf. egregia, Cnestocythere cf. truncata, Miocyprideis sp., 
Hemicytheria sp., Hemicytheria dacica dacica, Xestoleberis 
fuscata, Xestoleberis cf. glaberescense, Leptocythere sp., 
Loxocorniculum hastatum, Loxoconcha sp., Phlyctocythere 
pellucida, Paranesidea sp., Pachicaudites sp., Phlyctenophora 
sp., Senesia cf. cinctella, and Senesia cf. vadaszi were also 
present in the upper part of the column (Fig. 7, Electronic 
Supplement 5).

Besides foraminifera and ostracods, corallinacean and bryo-
zoan (Crisia sp.) fragments are present in the upper part. 
Juvenile bivalve, small gastropods, and ooids are minor 
components.

Discussion

Sedimentology, mineralogy and geochemistry 

The marls sampled along the investigated column show 
mineralogical and geochemical similarities and will therefore 

be discussed together. Due to their fine grain-size, the occur-
rence in the lower part of the column indicates deposition from 
suspension, while thin intercalations of coarser sediments 
represent periodic higher input of terrigenous material. During 
the Middle Miocene in the HZB, volcanism was not recorded 
(Šimunić et al. 1981, 1982; Aničić & Juriša 1984, 1985).  
The bentonite clay deposited within the horizontally-lami-
nated marls probably indicates an airborne origin of distal 
tephra which landed in a marine environment, similarly to  
the bentonites deposited in the Badenian in Poljanska Luka 
(Gverić et al. 2020). 

The upper part of the column consists of impure biocalc
arenite, impure biocalcrudite, and fossiliferous litharenite 
within which marls are deposited. These coarse-grained sedi-
ments were likely deposited in high-energy environments  
by traction currents in a shallow-water environment (e.g., 
Vrsaljko et al. 2006). Petrographic composition and the occur-
rence of redeposited Badenian fossil fragments (Fig. 2) sug-
gest strong terrigenous input and reworking of older sediments. 
However, intercalated marls indicate low-energy sedimenta-
tion. According to Vrsaljko et al. (2006), a similar depositional 
environment, but with a reduced salinity, existed during the 
Sarmatian as revealed by NCB strata documented at Medved
nica Mt. in north Croatia. The described sedimentological 
characteristics and fossil content point to sedimentation in  
an inner-shelf environment.

Bentonite clay and marls

Variations in chemical composition of major elements are 
consistent with the mineralogy of the studied material; thus, 
marls and to a large extent bentonite clays both outline posi-
tive correlations of SiO2, Na2O, K2O, and TiO2 with alumina 
(Fig. 9). 

Given their phyllosilicate budget, bentonite clays are solely 
made of montmorillonite (Fig. 3a). Its origin is related to the 
volcanic ash alteration in subaerial and submarine environ-
ments (Chamley 1989). Montmorillonite, as well as smectite 
in general, is transported much further than other minerals 
once in the ocean, since it becomes easily suspended in the 
form of colloidal particles (McKinley et al. 2003). Plagioclase 
was not unequivocally determined in XRD traces of bentonite 
clay and marls; however it was documented by SEM-EDS 
analysis (Fig. 3c). Significant amounts of opal-CT were docu-
mented in the studied bentonite, which we relate to the volca-
nic glass alteration as reported by Gverić et al. (2020) for  
the Badenian bentonites from the nearby Poljanska Luka. This 
furthermore may explain the lack of volcanic glass fragments 
in the bentonite investigated herein, bearing in mind that 
opal-CT, along with smectite and zeolite, is an omnipresent 
alteration product of volcanoclastic material (Christidis & 
Dunham 1997; Christidis 1998). In addition to smectite, opal-CT, 
and a high content of SiO2 (60.69 %), a report on the presence 
of accessory minerals, such as euhedral zircon, apatite, biotite, 
and ilmenite corroborates the predominantly volcanic origin 
of the bentonite layer. In marls, except for detrital smectite, 

http://geologicacarpathica.com/data/files/supplements/GC-74-1-Grizelj_Suppl5.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-74-1-Grizelj_Suppl5.xlsx


72 GRIZELJ, MILOŠEVIĆ, MIKNIĆ, HAJEK-TADESSE, BAKRAČ et al.

GEOLOGICA CARPATHICA, 2023, 74, 1, 59–82

there is an abundance of illite and kaolinite with traces of 
chlorite (Table 1). Illite and chlorite are typical terrigenous 
minerals formed directly from disintegrating parent rocks 
(Naidu et al. 1995; Lamy et al. 1998; Dianto et al. 2019).  
A small amount of chlorite in the analysed marls is attributed 
to its susceptibility to chemical weathering (Weaver 1989). 
However, a smaller amount of illite and chlorite might have 

also come about through diagenetic processes, such as the 
illitization of smectite or alteration of K-feldspar, kaolinite, or 
biotite, respectively (Weaver 1989; Wilson 2004). Kaolinite, 
which does not intercalate with DMSO, is found predomi-
nantly in the studied marls (Table 1), which is in favour of  
the origin through the process of alteration and authigenesis. 
In contrast, kaolinite, which does intercalate with DMSO, is 

Fig. 9. Cross-plots of major oxides (wt. %) against Al2O3 (wt. %) showing the correlations.
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presumably detrital and may be derived from kaolinite-bearing 
parent rocks (Durn 2003). In addition to clay minerals, a frac-
tion of SiO2 is attributed to quartz and, in the case of sample 
Sut-II 1/3, with cristobalite and bentonite clays with opal-CT 
(Table 1). There is a slightly weaker, positive correlation 
between MgO and Al2O3, from which the Sut-II 20/2 sample 
deviates because MgO is more related to the terrigenous input 
of dolomite than clay minerals. All samples show a good 
negative correlation of Fe2O3 (T), CaO and LOI with Al2O3 
(Fig. 9b, d, h) because they are mostly related to the content of 
carbonates and not clay minerals. The bentonite clay sample 
again slightly deviates from this correlation. Apart from car-
bonates, Fe2O3 (T) is also associated with a small amount of 
ilmenite in bentonite clays and framboidal pyrite in some marl 
samples. The formation of calcite or aragonite in marls and 
bentonite clays is associated with biological and biochemical 
processes in the marine environment (Lippmann 1973; Rao 
1996; Chang et al. 1998, Tišljar 2001). This accumulation  
is significantly reduced with a higher input of terrigenous 
siliciclastic material (Tišljar 2001), which is, in this case, 
volcanic ash.

A comparison of bentonite clay fractions shows that  
Sut-II 2/1 clay is systematically depleted in REE compared  
to Ugljevik-1 tuffaceous clay. Conversely, the normalisation 
curves’ REE shapes tend to be similar between the two.  
The explanation for such discrepancy should be sought in  
the fact that Sutla-II bentonite contains a comparatively higher 
content of non-clay minerals with regards to Ugljevik-1 tuffa-
ceous clay (Badurina & Šegvić 2022). 

Provenance of sands, impure biocalcarenite, impure bio­
calcrudite and fossiliferous litharenite

The mineral composition of the analysed sandy silt (Sut-II 
11/1) and silty sand (Sut-II 19/1 and Sut-II 22/3) samples indi-
cates a petrologically complex source area. Mineral associa-
tions consisted of undulose quartz, garnet, muscovite, chlorite, 
kyanite, and staurolite indicate predominantly metamorphic 
parent rocks (Mange & Maurer 1992). Mutić (1981) reports 
that garnet is the most common heavy mineral in the Miocene 
sandy sediments of the HZB. A low-grade metamorphic rocks 
provenance of the studied lithology is corroborated by the 
report of shist fragments in the LMF. A small amount of quartz 
with uniform extinction, zircon, and apatite could indicate the 
origin from igneous rocks (Mange & Maurer 1992). Tuffitic 
fragments in sands, impure biocalcarenite, impure biocalc
rudite, and fossiliferous litharenite are undoubted indicators  
of pyroclastic source rocks (Fig. 4a). A part of the material is 
also derived from older sedimentary rocks, which is indicated 
by the presence of rounded zircon grains and dolomite, inclu
ding glauconite in the impure biocalcarenite (Fig. 4). In general, 
impure biocalcarenite and biocalcrudite, as well as fossil lith
arenite, all contain numerous early Miocene and Badenian 
fossil fragments, individually-coated grains, and a significant 
amount of siliciclastic material, which suggests an intensive 
redeposition and a terrigenous input into the basin.

The general origin of the analysed Sarmatian clastic depo
sits is ambiguous. It is related to the various lithologies in  
the area of the uplifted blocks in the SW part of the PBS and 
the Inner Dinarides (Kovačić et al. 2011; Grizelj et al. 2017), 
including metamorphic, igneous, pyroclastic rocks, and older 
clastic sedimentary rocks. However, the position of the HZB 
suggests that the material input from locally uplifted blocks 
was more significant than from the Inner Dinarides compared 
to the NCB. 

 Biostratigraphy with regional events

Microfossils from the lower part of the column indicate  
the time of Badenian / Sarmatian transition. During that period, 
the sea level dropped in the entire Paratethys, which, together 
with tectonic movements, caused shallowing and restricted 
connections with an open sea (Krézsek & Filipescu 2005; 
Fordinál et al. 2006; Galović 2020). The abundant presence of 
C. pataecus (sample Sut-II 1/1; Fig. 6za, aa) indicates the 
proximity of the Badenian/Sarmatian boundary and defines 
the base and top of the Paratethyan Subzone PNN6d (12.8–
12.18 Ma; Galović 2020, 2021). Mass occurrence of endemic 
species like Anomalinoides dividens (Krézsek & Filipescu 
2005) within sample Sut-II 7/1 (Fig. 6a, b) points to the base  
of the regional transgression detected at 12.7 Ma, near the 
Badenian/Sarmatian boundary (Filipescu 2004; Krézsek & 
Filipescu 2005; Filipescu et al., 2014; Nováková et al. 2020; 
Peryt et al. 2021). This corresponds with R. pseudoumbilicus 
found in sample Sut-II 7/1 and supported by previous inves
tigations within the other parts of NCB and HZB (Fig. 1b) 
(Galović 2020). This bioevent was documented from the 
Central to Eastern Paratethys (Chira & Mărunţeanu 2000)  
and can be regionally correlated. The Badenian–Sarmatian 
extinction event (BSEE=12.65 Ma) in the Carpathian foredeep 
approximates the Badenian/Sarmatian boundary (Palcu et al. 
2015). In the Paratethys, the BSEE coincides with the subse-
quent sea level rise of the TB 2.6 cycle, dated at 12.64 Ma 
(Palcu et al. 2015), which correlates with the regional and 
global transgression (Van De Wal et al. 2011).

Based on the microfossil assemblage, the lower part of  
the investigated column is attributed to the foraminiferal 
Anomalinoides dividens Zone (Filipescu 2004), nanno
plankton PNN6d (Galović 2020, 2021) and Polysphaeridium 
zoharyi – Lingulodinium machaerophorum Zone (Bakrač et  
al. 2012), characteristic for the Early Sarmatian.  

The most numerous ostracod species in the upper part of the 
column are the stratigraphically important species Cytheridea 
hungarica, Aurila merita, and Cytherois sarmatica (Electronic 
Supplement 4) . The species Cytheridea hungarica and Aurila 
mehesi confirmed the Early Sarmatian age. Both species are 
zonal markers for the Early Sarmatian ostracod zone NO 11 
Cytheridea hungarica – Aurila mehesi (Jiříček 1983; Jiříček & 
Říha 1991). The NO 11 zone is well correlated around the 
entire Central Paratethys and Lower Volhynian of the Eastern 
Paratethys (Jiříček & Říha 1991) and correlates with the 
Anomalinoides dividens and Elphidium reginum foraminiferal 
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zones (Grill 1941). The presence of Elphidium reginum  
(Fig. 6d) (sample Sut-II 19/1) attributes to the beginning of  
the Elphidium reginum Zone (Grill 1941) in the upper part of 
the investigated column. 

Environmental interpretation

The lower part of the column points to unfavourable and 
fluctuating environmental conditions. The palaeosalinity 
indicators Sr/Ba (0.5 to 4.8, Electronic Supplement 2) imply 
marine environments (Wei & Algeo 2019). The lowest value  
is in sample Sut-II 7/1, indicating some freshwater influence,  
as confirmed by the palynofacies. 

Reducing (anoxic-dysoxic) conditions are suggested by the 
redox proxies (Electronic Supplement 2), like the relatively 
low values of Th/U (0.98–1.81), except in the bentonite 
sample, and the values of the enrichment factors MoEF (2.36  
to 9.94) and UEF (6.67–10.15). A relatively higher value of 
Th/U (3.84) in the bentonite sample (Sut-II 2/1) could be 
related to its mineral composition. Only the uppermost sample 
(Sut-II 20/2) has a lower value of MoEF (2.05) and UEF (2.30), 
pointing to a relatively higher oxygen content in bottom 
waters. This corresponds to the results of Tribovillard et al. 
(2012), where modest authigenic enrichment of Mo and U, 
with UEF > MoEF, point to suboxic conditions. Data from 
Sutla-II are very similar to the data presented in Vlček et al. 
(2020). In the sediments of the Pozba–Vrable fms. of upper 
Badenian–Sarmatian age, Th/U varies between 1.4 and 4.3 
(avg. 2.5) and MoEF from 0.7 to 10.3. A higher value of UEF 
(6.67–10.15) in the lower part of Sutla-II could be connected 
to the carbonate content in the samples. Vlček et al. (2020) 
linked their results with the presence of a dysoxic event 
(Sarmatian dysoxic event).

Shallow and unfavourable conditions for ostracods are indi-
cated based on their low diversity, broken valves, and present 
ontogenetic stages (mostly juvenile). A poorly-preserved fora-
miniferal assemblage composed of small-sized specimens also 
indicates a stressed environment and oxygen-deficient con
ditions. According to the palynofacies (high abundance of 
bisaccate pollen, where prasinophytes are more dominant in 
organic plankton) and nannoplankton (coccosphaeres) ana
lyses, the lowest sample is deposited in a stable, stratified 
marine shelf with common Holodiscolithus macroporus 
(Perch-Nielsen 1985). Prasinophytes are considered a “disas-
ter species”, because they are most abundant when other 
phytoplankton taxa are absent and are found in sediments  
just above extinction horizons (Tappan 1980).  

The presence of bolivinids in sample Sut-II 1/3 points to low 
oxic/anoxic conditions and low CaCO3 content due to high 
input of organic material (Babejová-Kmecová et al. 2022  
and references therein) at the sea bottom interrupted by  
short-time gateway(s) openings (Ruman 2017), which bring 
Anomalinoides dividens to the foraminiferal assemblage. 
Pseudo-planktonic life of Anomalinoides dividens can be 
observed in environments with a stratified water column, 
where oxygen deficiency suppresses most benthic life at  

the sea bottom, yet stimulates life in the upper, well-oxy
genated layer (Filipescu 2004). According to Vrabac et al. 
(2015), the Anomalinoides dividens ecozone can be attributed 
to a low intertidal of a shallow subtidal zone. The malformed 
coccoliths and their low abundance in sample Sut-II 2/1 are 
most likely a consequence of acidification, which is also sup-
ported by the low carbonate concentration in the bentonite 
clay (Fig. 2).

The monospecific assemblage of Anomalinoides dividens 
(sample Sut- II 7/1) is also recorded in the Carpathian Fore
deep Basin (Peryt et al. 2021) and interpreted as a bio-event 
that took place right after the BSEE and the interval with  
a depauperate foraminiferal assemblage composed of elphi
diids and miliolids. According to the palynofacies (high share 
of phytoclasts and bisaccate pollen, dinocysts dominating 
among the organic plankton) and the dominance of R. pseu­
doumbilicus (Fig. 2), deposition took place on a proximal 
marine shelf, and shallower nearshore areas occasionally stra
tified under periodic terrigenous runoff (Tyson 1995; Galović 
2017 and references therein). This occasionally-stratified, 
constantly-changing environment is also noted by the pre
sence of framboidal pyrite and pyrite filling of foraminiferal 
chambers and palynomorphs as an indicator of low oxygen 
conditions associated with keeled elphidiids. Keeled elphi
diids (epifaunal herbivorous species) are indicators of near 
normal marine conditions and relatively stable environments 
(Filipescu et al. 2014). Recent species of keeled elphidiids  
live in temperate to warm, shallow marine (depth up to 50 m) 
environments (inner shelf) (Szuromi-Korecz et al. 2021 and 
references therein). Numerous Elphidium species noted in  
a foraminiferal assemblage suggest environments enriched 
with iron (Žvab Rožič et al. 2022). Based on miliolids, the 
depositional environment points to the sea bottom overgrown 
by different seagrass or algae up to the depth of 60 m (Zlinská 
et al. 2010) and euryhaline conditions (based on Anomalinoides 
dividens and Elphidium spp.) according to Vlček et al. (2020).  
According to Babejová-Kmecová et al. (2022), a foraminiferal 
assemblage of dominant epiphytes (Elphidium spp., Poro­
sononion spp.) and miliolids document strong short-term 
salinity fluctuation during sedimentation.

Due to the short-time opening of a gateway(s), the inner 
shelf environment was better oxygenated in the upper part of 
the column (samples from Sut-II 14/1 to Sut-II 20/2), resulting 
in better living conditions for the microfauna. Abundant and 
thick adult ostracods valves and carapaces, including burlier 
elphidiids and miliolids, indicate changed environmental 
conditions. Numerous, small, thin plant-dwellers species 
Cytherois sarmatica, as well as a few warmer water species  
of Phlyctocythere pellucida within sample Sut-II 14/1 may 
indicate a warmer, epi-neritic, plant-rich environment (Van 
Morkhoven 1963). Phlyctocythere pellucida is known from 
the Adriatic Sea (Uffenorde 1972). The shared finding of  
C. sarmatica and P. pellucida is known from Sarmatian depo
sits of the northern, marginal part of the Carpathian Foredeep 
(Szczechura 2000). Keeled epifaunal herbivorous (spinose 
Elphidium reginum, Elphidium spp.) and rounded infaunal 
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detritivorous specimens (Nonion tumidulus, N. bogdanowiczi, 
Elphidiella serena) indicate almost normal marine conditions 
and a highly stable environment (Filipescu et al. 2014).  
As chromatophore-bearing foraminifera, the keeled elphidiids 
must live in the euphotic zone under well-ventilated condi-
tions (Szuromi-Korecz et al. 2021). The presence of Borelis 
melo (Fig. 6j), which are sizeable benthic foraminifera with 
photosynthetic diatom algal symbionts found in sample Sut-II 
20/1, indicates minimum sea-surface temperatures greater 
than 18 °C and water depths of 5–65 m (Szuromi-Korecz et al. 
2021 and references therein). A large number of reworked 
foraminifera and numerous redeposited Badenian ostracods in 
sample Sut-II 19/1 point to intense erosion of the basement. 
Fragments of partly uncoiled Articulina sp., together with 
cyprideids (Miocyprideis, Hemicyprideis), suggest shallow 
and less agitated water (Tóth & Görög 2008 and references 
therein). 

In general, we can conclude that the early Sarmatian envi-
ronment in which the investigated sediments were deposited, 
with the dominance of keeled elphidiids and miliolids among 
foraminifera and marine ostracod genera (Aurila, Callisto­
cythere, Loxoconha, Phyctenophora and Xestoleberis), indi-
cate a shallow water, calcium-carbonate rich environment 
(inner shelf) with significant changes in oxygen content due to 
fluctuations in freshwater inflow from the mainland (Babejová-
Kmecová et al. 2022). A great abundance of epiphytic dweller 
foraminiferal taxa and phytal ostracods indicates an environ-
ment of the sea bottom covered by rich arborescent algal 
vegetation with water depths up to 50 m (Szuromi-Korecz et 
al. 2021) affected by the upcoming transgression.  

Provenance and inferred regional geotectonic implications 
of bentonite clay and marls based on geochemical data

The diagram proposed by Winchester & Floyd (1977) shows 
that bentonite clay and its corresponding clay fraction both 
plot in the trachyandesite field (Fig. 10a), thereby suggesting 
an intermediate type of the source material. 

The Ugljevik-1 clay fraction Nb/Y value is similar to that  
of the whole-rock Sut-II 2/1 bentonite (Fig. 10a). This  
posits Ugljevik-1 clay fraction in the field of alkali-basalts. 
The low Zr/TiO2 values in the Ugljevik-1 clay fraction may 
represent an artefact of Ti residual enrichment, which is  
a common feature of entirely-altered bentonites (Hong et al. 
2019). The same diagram was utilized in determining the 
origin of Badenian bentonites of the HZB (Poljanska Luka, 
Gverić et al., 2020), which indicates the felsic parent material. 
Furthermore, most Miocene bentonites and tuffs from  
the area of south-western PBS and the Dinaride Lake  
System analysed by Gverić et al. (2020) and Badurina et  
al. (2021) indicate parent material ranging from andesite 
through trachyandesite to rhyolite and trachyte respectively. 
According to the Ce/Yb–Ta/Yb discrimination diagram  
(Fig. 10b) (Pearce 1982), all samples reveal the shoshonite 
character, while Badurina et al. (2021) report a transitional, 
calc-alkaline to shoshonite characteristic of Miocene tuffs 

from Alpine lakes scattered throughout the nearby Dinaridic 
orogen.

The La–Th–Sc diagram used to determine provenance of 
sedimentary rocks (Cullers 1994) indicates that the marls 
originated from rocks of a mixed source (Fig. 11a). 

Since bentonite clays represent altered volcanic ash trans-
ported by wind or air currents into the sedimentation basin  
and may therefore contain some intra-basin and terrigenous 
material, the same diagram was used for bentonite clays, indi-
cating a source from felsic rocks. The chemical composition 
of all samples and elemental ratios susceptible to provenance, 
such as Eu/Eu*, La/Sc, Th/Sc, La/Co, Th/Co, LREE/HREE 
(Electronic Supplement 2), correspond to the values for felsic 
rocks (Cullers 1994; 2000). We can conclude that all marly 
samples were likely formed by weathering of different  

Fig. 10. a — Nb/Y vs. Zr/TiO2 discrimination diagram (Winchester & 
Floyd 1977); b — Ce/Yb vs. Ta/Yb discrimination diagram (Pearce 
1982) for the analysed samples. Black square – bentonite, empty 
square – Sut-II 2/1 CF, triangle – Ugljevik-1 CF.
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(mixed) types of (volcanic, metamorphic, older sedimentary) 
rocks and are mostly felsic in nature, similarly to the coarse-
grained samples from the upper part of the column as evidence 
by mineralogical results. However, elemental ratios proposed 
by Cullers (1994, 2000) distinguish only extremely felsic or 
mafic source rocks, but not the intermediate ones. The pos
sible reason for discrepancies shown by these discriminant 
diagrams for the bentonite clay may be due to the manner of 
their formation. Namely, these bentonite clays were formed by 
weathering of the material that could have been affected by 
winnowing during long-distance transport (Gverić et al. 2020). 
Additionally, Christidis (1998) demonstrates that the variable 
mobility of Y, which is accompanied by residual enrichment  
of Zr and Nb in altered felsic rocks, make the diagram of 
Winchester & Floyd (1977) of limited value when assessing 
the alkaline character of altered felsic rocks. Furthermore, 
recent work by Namayandeh et al. (2020) suggests that Ti, Gd, 
Ga, Pr, Tb, Nd, Sm, Ce, and Nb are comparatively immobile, 
while elements, such as U, Dy, In, Sc, Hf, Zr, La, and Eu are 
poorly mobile during the alteration of volcanic ash in a marine 
setting. These suggest that discrimination diagrams relying on 
the elemental concentrations mentioned above should be inter-
preted with caution when dealing with altered felsic rocks. 

To determine tectonic settings of marls, the La–Th–Sc 
diagram proposed by Bhatia & Crook (1986) was used  
(Fig. 11b). All marls plot close to the average composition of 
the Upper Continental Crust (UCC) (Taylor & McLennan 
1985), as well as within the field of the Continental Island Arc 
(Fig. 11b) which, according to Bhatia & Crook (1986), com-
prises an inter-arc or fore-arc, or back-arc basin, developed 
along a volcanic-arc on a thick continental crust or thin conti-
nental margins. Furthermore, the whole-rock and clay fraction 
of bentonite clay and Ugljevik-1 are displayed in the com
mon field of Active and Passive Continental Margin in this 

diagram, as well as the Active Continental Margin (ACM)  
in the geotectonic provenance discrimination diagram Th/Ta –
Yb/Ta according to Gorton & Schandl (2000) (Fig. 11c), 
which would be consistent with their volcanic origin. 
Reworked Miocene tuffs and rare dome-flow complexes are 
widespread along the whole CPR (Pécskay et al. 1995, 2006; 
Lexa et al. 2010). All marls show significant negative Nb–Ta 
anomalies (Fig. 10c), while bentonite clay with analysed clay 
fractions show the highest Nb values. This negative anomaly 
in bentonite clay is likely masked by the more pronounced  
K anomaly. The negative anomalies of Ti and a Nb–Ta pair  
are typical for subduction-related magmas (e.g., Slovenec & 
Šegvić 2021), which is consistent with the evolution of CPR  
in the Middle Miocene (Royden 1988; Konečný et al. 2002; 
Lexa et al. 2010). 

Badenian bentonite clays of Poljanska Luka deposit are 
located on the opposite wing of the anticline compared to  
the location of the Sutla-II column (Aničić & Juriša 1984) 
(Fig. 1b). The geological sequence of Poljanska Luka consists 
of marls and bioclastic limestones with two layers of bentonite 
within two different horizons of altered tuffites (Braun 1991). 
The smectites within the bentonite clays there were classified 
as beidellitic montmorillonite (Gverić et al. 2020). 

According to Braun (1991) and Gverić et al. (2020), the time 
of deposition of the Poljanska Luka tuffs (Badenian) in 
conjunction with the Sut-II 2/1 tuffs (Early Sarmatian) in this 
study, corresponds to the time when tuffs in the area of 
Ugljevik (~14.2 and 12.5 Ma) were deposited (Mandic et al. 
2019). Badurina et al. (2021) suggest that the Upper Middle 
Miocene tuffaceous clay from the Ugljevik area is associated 
with calc-alkaline magmatism of the eastern segment of the 
CPR, especially the Apuseni Mts. and/or Eastern Carpathians. 
This was confirmed by the similarity of the chemical com
position of trace elements between the Lower Sarmatian 

Fig. 11. Ternary plots La–Th–Sc: a — for provenance analyses (Cullers 1994), b — for tectonic settings (Bhatia & Crook 1986), c — discrimi
nation Th/Ta vs. Yb for tectonic settings (Gorton & Schandl 2000). Average composition of Upper Continental Crust (UCC), Post-Archean 
Australian Shale (PAAS), Bulk Continental Crust (BCC) and Ocean Crust (OC) after Taylor & McLennan (1985) are additionally plotted. 
Black square – bentonite, grey square – marls, empty square – Sut-II 2/1 CF, triangle – Ugljevik-1 CF.
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tuffaceous clay from Ugljevik-1 with magmatic rocks from 
the Apuseni Mts. (Badurina et al. 2021). Low values of Nb and 
Zr (Nb 5–12 ppm, Zr 50–150 ppm) from the Apuseni Mts. 
(Rosu et al. 2004) correlate well with the Nb and Zr values 
from tuffaceous clay from Ugljevik about 340 km away  
(Nb 3.9–16.1 ppm, Zr 50.7–202, 2 ppm) (Badurina et al. 2021) 
and bentonite clays from this study (Nb 10.5 ppm; Zr 88 ppm) 
550 km away. Additionally, a direct comparison of clay frac-
tions of Sut-II 2/1 and Ugljevik-1 further corroborated their 
shared geochemical affinity. This is clearly outlined by the 
comportment of immobile trace elements such as Nb, Ta,  
Th and U (Fig. 9c, d) and placements in multiple geotectonic 
diagrams (Fig. 10, 11).

There is, however, a paucity of evidence in favour of Lower 
Sarmatian volcanism of the northern and eastern parts of the 
Carpathian–Pannonian region and Apuseni Mts., which was 
potent enough to give rise to distal tephra that could have 
potentially reached the study area. On the other hand, during 
the Badenian to Early Pannonian period (14.5–9.5 Ma), exten-
sive felsic to intermediate volcanic activity took place in  
the area of the Tokay – Zemplín – Beregovo – Oaş Mts. (Péckay 
et al. 2006; Lexa et al. 2010). Based on the comparable age 
(11.5±0.5 Ma) and geochemical composition, Danšík et al. 
(2021) pointed to this volcanism as parental to the 1500km-
distant Gorelka tephra in SW Russia. The material was 
transported by westerly winds, which were typical of the 
atmospheric circulation regime in Central Europe during  
the Tortonian age. Conversely, during the Serravallian (late 
Middle Miocene, 13.82–11.62 Ma), Europe was likely domi-
nated by trade winds blowing from the NNE to the SSW (Quan 
et al. 2014; Šegvic et al. 2022), thus indicating the eastern 
source of volcanic material deposited in the investigated area.

Conclusions

Biostratigraphically, the analysed deposits belong to the 
Early Sarmatian. The lower part of the investigated column  
is attributed to the foraminiferal Anomalinoides dividens 
Zone, nannoplankton subzone PNN6d, and dinocyst Poly­
sphaeridium zoharyi – Lingulodinium machaerophorum Zone. 
The upper part of the column indicates the onset of forami
niferal Elphidium reginum Zone and ostracod Zone NO 11.

The deposition of volcanic ash recognised within the 
Sutla-II column took place in the Early Sarmatian marine, 
inner shelf environment. The layer of bentonite clay is pre-
dominantly composed of montmorillonite and opal-CT formed 
by the alteration of volcanic ash. The volcanic ash stems from 
felsic to intermediate volcanism and was deposited between 
horizontally-laminated marls. The described occurrence of 
bentonite clay at the Sutla-II column is associated with a dis-
tant volcanic eruption. The time of deposition and similarity of 
the trace elements composition of the Lower Sarmatian ben-
tonite clay from Sutla-II and tuffaceous clay from Ugljevik-1 
suggest a possible connection with the same eruption of  
the volcanoes in the north-eastern part of the CPR. 

Provenance analysis based on trace elements showed that 
marls were sourced from a composite, predominantly felsic 
source. Terrigenous smectite, and to a lesser degree diagenetic 
smectite, which procured through tuff alteration, is the most 
abundant clay mineral in the studied marls. Deposition of the 
lower part of the column took place on a proximal marine 
shelf, and shallower nearshore areas occasionally stratified 
under periodic terrigenous runoff, while deposition of the 
upper part took place in a shallow, inner shelf, high-energy 
environment, consisting of impure biocalcarenite, impure bio-
calcrudite, fossiliferous litharenite characterised by intensive 
redeposition of older rocks and fossils. Provenance analyses 
based on heavy minerals on sandy samples also indicate the 
origin from mixed sources, among which metamorphic rocks 
predominate.
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