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Abstract
Mts. Kalnik and Požeška gora volcaniclastic sequences hold valuable information concerning the Miocene syn-rift evolution 
of the North Croatian Basin, and the evolution of the Carpathian–Pannonian Region and the Central Paratethys. We present 
volcanological, high-precision geochronological, and compositional data of volcanic glass to constrain their tephrochro-
nology, magmatic provenance, and timing of the initial Central Paratethys flooding of the North Croatian Basin. Based on 
CA-ID-TIMS U–Pb zircon ages (18.060 ± 0.023 Ma for Mt. Kalnik and 15.345 ± 0.020 Ma for Mt. Požeška gora) and coeval 
40Ar/39Ar sanidine ages (18.14 ± 0.38 Ma and 18.25 ± 0.38 Ma for Mt. Kalnik and 15.34 ± 0.32 Ma and 15.43 ± 0.32 Ma for 
Mt. Požeška gora), Mt. Kalnik rhyolitic massive ignimbrites and Mt. Požeška gora rhyolitic primary volcaniclastic turbidites 
are coeval with Carpathian–Pannonian Region Miocene post-collisional silicic volcanism, which was caused by lithospheric 
thinning of the Pannonian Basin. Their affiliation to Carpathian–Pannonian Region magmatic activity is supported by their 
subduction-related geochemical signatures. Although Mts. Kalnik and Požeška gora volcaniclastics are coeval with the Bük-
kalja Volcanic Field Csv-2 rhyolitic ignimbrites, North Alpine Foreland Basin, Styrian Basin, Vienna Basin, and Dinaride 
Lake System bentonites and volcaniclastic deposits, reliable tephrochronological interpretations based on comparison of 
volcanic glass geochemical composition are not possible due to a lack of data and/or methodological discrepancies. Our new 
high-precision geochronology data prove that the initial Middle Miocene (Badenian) marine flooding of parts of the North 
Croatian Basin occurred at least ~ 0.35 Ma (during the NN4 Zone) before the generally accepted ~ 15 Ma maximum flooding 
age at the basin scale, calibrating the timing of the onset of the widespread “mid-Langhian” Central Paratethys flooding.

Keywords Miocene · North Croatian Basin volcaniclastic rocks · High-precision geochronology · Tephrochronology · 
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Introduction

The Pannonian Basin (PB), as part of the Carpathian–Pan-
nonian region (CPR; part of the long-lived Alpine–Car-
pathian–Dinaridic orogenic system; Schmid et al. 2008; 
Handy et al. 2014), represents a back-arc basin formed due 

to Oligocene–Miocene subduction roll-back in the Car-
pathians and Dinarides (Horváth et al. 2006, 2015; Balázs 
et al. 2016). Time and space complexity of geological evo-
lution of the area and adjacent regions is reflected in the 
Early–Middle Miocene CPR-related magmatic activity 
(Pécskay et al. 2006; Seghedi and Downes 2011; Lukács 
et al. 2015, 2018), as well as in the Central Paratethys (CP) 
transgressions and open sea connections into the Mediter-
ranean (Sant et al. 2017; Kováč et al. 2018). However, some 
of the regional (CPR and CP related) and especially local 
(North Croatian Basin, NCB related; Pavelić and Kovačić 
2018) issues remain unresolved and/or are a matter of 
debate. There are several unresolved topics which could 
help inform the Miocene NCB syn-rift evolution, including: 
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(1) tephrochronology, volcanic provenance and petrogen-
esis, as well as geodynamic setting of NCB volcaniclastic 
and volcanic rocks (e.g., Pamić and Balen 2001a; Pécskay 
et al. 2006; Seghedi and Downes 2011; Mandic et al. 2012; 
Lukács et al. 2018), and (2) timing of the initial Miocene CP 
flooding of the NCB (Brlek et al. 2018; Pavelić and Kovačić 
2018; Mandic et al. 2019a). The Lower–Middle Miocene 
Mts. Kalnik and Požeška gora volcaniclastic and sedimen-
tary deposits represent an outstanding sedimentary record 
for multi-proxy high-resolution integrated studies to better 
understand these topics.

Therefore, by conducting volcanological and sedimento-
logical determinations, integrated high-precision U–Pb and 
Ar/Ar radiometric dating (EARTHTIME initiative; Schmitz 
and Kuiper 2013), and geochemical fingerprinting of Mts. 
Kalnik and Požeška gora volcaniclastic deposits, we will:

(1) help aid in understanding the magmatic provenance, 
tephrochronology and petrogenetic reconstructions for 
Early–Middle Miocene magmatism within and surrounding 
the NCB;

(2) provide high-precision geochronological constraint on 
the timing of the initial CP flooding of the NCB.

Such valuable new data will also enable more constrained 
regional CPR- and CP-related reconstructions.

Geological setting and lithostratigraphy

North Croatian Basin (Carpathian‑Pannonian 
region)

The Carpathian–Pannonian region, located in the north-
eastern part of the Alpine–Mediterranean region, in eastern 
Central Europe, is considered to be a typical Mediterranean 
area characterized by arcuate, retreating subduction, forma-
tion of extensional basins within the orogen, and magmatism 
during the last ~ 20 Ma (Fig. 1a; Pécskay et al. 2006; Harangi 
and Lenkey 2007; Seghedi and Downes 2011; Handy et al. 
2014; Horváth et al. 2015; Balázs et al. 2016). The Pan-
nonian Basin, within the CPR, represents a back-arc basin 
formed due to Oligocene–Miocene diachronous extension 
in the AlCaPa (derived from the names Alps, Carpathians 
and Pannonian Basin; accompanied by lateral extrusion from 
the Eastern Alps) and Tisza–Dacia tectonic mega-units. The 
extension of these continental units (juxtaposed along Mid-
Hungarian Fault Zone), accompanied by translations and 
opposite sense rotations, was a result of Oligocene–Miocene 
subduction roll-back in the Carpathians and Dinarides, com-
bined with asthenospheric mantle flow and/or lithospheric 
delamination (e.g., Horváth et al. 2006, 2015; Matenco 
and Radivojević 2012; Balázs et al. 2016; Lukács et al. 
2018). At the PB margins with the Eastern Alps, Dinarides 
and Carpathians (as well as in other parts of the PB) the 

extension took place dominantly along extensional detach-
ments, with Oligocene–Miocene exhumation occurring in 
the footwall of detachments (Balázs et al. 2016; Fodor et al. 
2020 and references therein). Complex post-collisional 
(sensu Seghedi and Downes 2011) tectonic processes in the 
CPR generated, together with evolution of magmas in the 
crustal environment, a Lower Miocene to recent magmatic 
events with products of highly diverse composition. Overall, 
CPR magmatic activity shows a distinct migration in time 
from west to east (Pécskay et al. 2006; Harangi and Lenkey 
2007; Seghedi and Downes 2011; Lukács et al. 2015, 2018; 
Szakács et al. 2018).

The North Croatian Basin (NCB; Fig. 1b; Pavelić and 
Kovačić 2018) covers almost the entire area of northern 
Croatia and is situated southeast of the Hrvatsko Zagorje 
Basin (HZB; Fig. 1b), which was a gulf of Trans-Tethyan-
Trench-Corridor connecting the Paratethys Sea to the Med-
iterranean Sea from the Oligocene to the Early Miocene 
(Rögl 1998; Mandic et al. 2012; Pavelić and Kovačić 2018). 
The NCB, located at the south-western margin of the PB 
(Fig. 1b; Pavelić and Kovačić 2018), represents a rift-type 
basin (generated by continental passive rifting) that began 
foming during the Early Miocene (Pavelić and Kovačić 
2018). The extension formed four elongated sub-basins 
(half-grabens, including the Drava and Sava depressions), 
that represented the main depocenters (Fig. 1b). The typical 
sedimentary successions of the initial basal Lower‒Middle 
Miocene (Ottnangian–Lower Badenian according to Pavelić 
and Kovačić 2018 and references therein) NCB include con-
tinental, alluvial and lacustrine (Southern Pannonian Basin 
Lake System, SPBLS sensu Mandić et al. 2019a) sediments 
unconformably overlying the strongly tectonized and litho-
logically heterogeneous pre-Neogene basement (GKRH 
2009). The alluvial–lacustrine series of the NCB is gener-
ally overlain by Middle Miocene (Badenian) transgressive 
marine deposits representing a widespread ingression of the 
Paratethys Sea into the NCB (Ćorić et al. 2009; Mandic et al. 
2012, 2019a; Marković 2017; Pavelić and Kovačić 2018). 
The Ottnangian–Middle Badenian phase of NCB evolu-
tion is regarded as syn-rift (Pavelić and Kovačić 2018; see 
also Balázs et al. 2016). Early–Middle Miocene volcanic 
activity was also recorded in the NCB in the form of vol-
canic and volcaniclastic rocks, which are intercalated with 
penecontemporaneous alluvial, lacustrine and marine sedi-
ments (Pamić et al. 1995; Pamić and Balen 2001a; Pécskay 
et al. 2006; Seghedi and Downes 2011; Mandic et al. 2012; 
Marković 2017).

Mt. Kalnik

According to Pavelić and Kovačić (2018), the Mt. Kalnik 
area marks the tentative boundary between the two basins 
which evolved in the area of north Croatia during the Early 
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Miocene: NCB and HZB (Fig. 1b), and have different depo-
sitional histories. According to Mandic et al. (2012), the 
HZB tectonostratigraphic unit is represented on Mt. Kalnik 
by Egerian–Eggenburgian paralic coal-bearing marginal 
marine and shallow marine deposits. The overlying NCB 
tectonostratigraphic unit is marked by basal fluvial and lake 
deposits (Pavelić et al. 2001), which are transgressively 

overlain by Badenian marine sediments. In the eastern part 
of Mt. Kalnik, the volcaniclastic deposits (18.07 ± 0.07 Ma 
based on Ar/Ar geochronology; Glogovnica locality; see 
also Tibljaš et al. 2002) are interpreted to be intercalated 
with the basal Ottnangian fluvial NCB deposits, represent-
ing the base of NCB continental series and therefore con-
straining the timing of the initial rifting tectonics of the 

Fig. 1  a Geographical posi-
tion of the North Croatian 
(NCB) and other basins of the 
Carpathian–Pannonian region 
(CPR). The position of the 
Hrvatsko Zagorje Basin (HZB, 
not a part of CPR) is also pro-
vided. ZB Zala Basin, SB Styr-
ian Basin, DB Danube Basin, 
VB Vienna Basin, SOB Somogy 
Basin, BKB Bačka Basin, BTB 
Banat Basin, BB Bèkès Basin, 
TRB Transylvanian Basin, 
TB Transcarpathian Basin, 
ESB East Slovak Basin. b The 
position of the Mts. Kalnik 
(KAL) and Požeška gora (ŠKR) 
Miocene sections of volcani-
clastic rocks studied here. The 
spreading and representation 
of pre-Miocene and Miocene 
deposits in the NCB according 
to GKRH (2009)
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NCB (Mandic et al. 2012). However, Šimunić et al. (2013, 
2014) ascribed volcaniclastic deposits with associated sedi-
ments (varying from fresh water to marine, including coals) 
from the eastern part of Mt. Kalnik to Lower Miocene 
(Egerian–Eggenburgian) HZB tectonostratigraphic unit. Mt. 
Kalnik volcaniclastic rocks have been correlated with the 
HZB Upper Oligocene–Lower Miocene (Egerian–Eggen-
burgian) andesites and dacites (as well as pyroclastic rocks) 
exposed in northern Croatia, and related to the easternmost 
part of the Periadriatic Fault Zone magmatic activity (Pamić 
and Balen 2001a, b; Tibljaš et al. 2002; Mandic et al. 2012; 

Šimunić et al. 2014). The KAL section volcaniclastics inves-
tigated herein are located in the eastern part of Mt. Kalnik 
(Figs. 2, 3).

Mt. Požeška gora

Mt. Požeška gora (Fig. 1b) is part of the Slavonian Mts. com-
plex, composed of five hills, up to 1000 m high, named Mts. 
Papuk, Krndija, Psunj and Dilj gora (Kovačić and Pavelić 
2017). The basement of the Miocene deposits in Mt. Požeška 
gora consists of Triassic, Upper Cretaceous and Paleogene 

Fig. 2  The locations of the 
KAL and ŠKR sections
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rocks and corresponding formations (Halamić et al. 2019). 
Due to excellent outcrop conditions of Miocene NCB syn-
rift deposits in Mt. Požeška gora, the continuous transition 
from the basal Ottnangian–Karpatian alluvial coarse-grained 
deposits with aeolian siltstones (Daranovac Formation), 
to SPBLS brackish-lacustrine deposits (Glavnica Forma-
tion; Hajek-Tadesse et al. 2009; Ottnangian–Lower Bad-
enian according to Halamić et al. 2019 vs. Lower Badenian 
according to Kovačić and Pavelić 2017; Mandic et al. 2019a) 
and Central Paratethys marine deposits (offshore marls—
Vejalnica Formation with intercalated volcaniclastic rocks 
of Crnka unit; Karpatian–Badenian according to Halamić 
et al. 2019 vs. Middle Badenian according to Kovačić and 
Pavelić 2017; Mandic et al. 2019a) is exposed. The ŠKR 
section volcaniclastics investigated herein and intercalated 
with marine sediments are located in the central part of Mt. 
Požeška gora (Figs. 2, 3).

Materials and methods

Volcanology and sedimentology

The classification, description, and interpretation of KAL 
and ŠKR volcaniclastic deposits and their lithofacies fol-
lowed the principles reviewed and outlined in Cas and 
Wright (1988), McPhie et al. (1993), Branney and Kokelaar 
(2002), White and Houghton (2006), Carey and Schneider 
(2011), and Brown and Andrews (2015). Special care was 
also given to investigation of soft sediment deformation 
structures (SSDS; e.g., Douillet et al. 2015). To discern epi-
clastic from primary syn-eruptive sedimentation processes, 
the emphasis was also put on the implications provided by 
the geochemical composition of volcaniclastic rocks (e.g., 
Schindlbeck et al. 2013; Lowe et al. 2017). Observations of 
lateral characteristics (> 2 m laterally from the main geologi-
cal columns) of the analyzed lithofacies were limited due to 
poor outcrop exposures.

Geochemistry

The principles of geochemical fingerprinting of Mts. Kalnik 
and Požeška gora volcaniclastic rocks which enables the 
most reliable classification (composition of the erupted 
magma), discrimination (primary vs. secondary volcaniclas-
tics; e.g., Schindlbeck et al. 2013), tephrochronological and 
volcanic provenance reconstructions (e.g., Kutterolf et al. 
2014, 2018; Schindlbeck et al. 2016, 2018; Hopkins and 
Seward 2019), are reviewed and outlined in Lowe (2011) 
and Lowe et al. (2017 and references therein) and include 
EMP and LA-ICP-MS analysis of major and trace element 
composition of individual volcanic glass shards. Such grain-
specific approach has many advantages compared with bulk 

methods and is essential since bulk samples often show com-
positional variation with distance from volcanic source and 
may have incorporated xenocrysts, xenoliths, and detrital 
contaminants (Lowe et al. 2017).

The Mt. Kalnik tuffs to coarse lapilli tuffs (samples KAL-
5A, B and KAL-1) and Mt. Požeška gora fine tuffs to lapilli 
tuff (samples ŠKR-13, ŠKR-12A and ŠKR-12) were crushed 
and wet-sieved to obtain material for geochemical analysis.

Electron microprobe

A JEOL JXA 8200 wavelength-dispersive electron micro-
probe (EMP) at GEOMAR, Kiel was used for spot analyses 
of major elements in glasses. EMP analyses were conducted 
at 15 kV accelerating voltage with a beam current of 6 nA, 
following the procedures and settings of Kutterolf et al. 
(2011) for felsic glass. The counting time for the signal was 
20 s and 10 s for the background for major elements, 30 s 
and 15 s for minor elements. The beam was defocused to 
5 µm to minimize analytical Na loss. For each sample, we 
made at least 15 individual glass analyses summing up to 
221 measured glass shards in total. International natural and 
synthetic glass standards were used for calibration. Glass 
analysis of repetitive measurements experienced standard 
deviations of < 1% for the major elements  (SiO2,  Al2O3,) 
and < 10% for minor elements  (FeOt, MgO, CaO,  K2O, 
 Na2O, and  TiO2) regarding glass analysis. Deviations are 
only > 20% for  MnO2 and  P2O5. Tables of glass composi-
tions and standard measurements can be found in Supple-
mentary Data Table 1.

LA‑ICP‑MS

Trace element concentrations of 22 glass shards were deter-
mined by laser ablation inductively coupled plasma—mass 
spectrometry (LA-ICP-MS) at the Institute of Earth Science 
at the Academia Sinica in Taipei (Taiwan) in 2019. A Photon 
Machines Analyte G2 laser ablation system using a 193 nm 
ArF Excimer laser was set to a spot size of 35 μm using 
5–6 J/cm2 energy density at 5 Hz repetition rate and coupled 
to a Quadrupole Agilent 7500cs mass spectrometer. Inter-
national standard glass (BCR-2g) were measured between 
sample measurements to monitor accuracy and correct for 
matrix effects and signal drift in the ICPMS as well as for 
differences in the ablation efficiency between the sample and 
the reference material (Günther et al. 1999). Concentrations 
of NIST reference material SRM 612 were used for external 
calibration. Silica and calcium concentrations, measured by 
EMP, were also used as internal standards to calibrate the 
trace element analyses. For detailed measurement condi-
tions, see Stoppa et al. (2018) and Schindlbeck et al. (2018).

The limit of detection (LOD) for most trace elements is 
generally not greater than 100 ppb. For REEs, the LOD is 
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generally around 10 ppb. The analytical precision was gener-
ally better than 10% for most trace elements. Trace element 
compositions including standards and errors are given in 
Supplementary Data Table 1.

High‑precision geochronology

The premier high-precision geochronometers of the 
EARTHTIME initiative (Schmitz 2012; Schmitz and Kuiper 
2013; Vervoort 2018), forming the framework upon which 
the relative biochronology and magnetochronology of the 
Phanerozoic time scale are hung (Gradstein et al. 2012; 
Schmitz 2018), are:

(1) 40Ar/39Ar radiometric dating primarily of sanidine 
feldspar (Kuiper et al. 2008; Rivera et al. 2013; Andersen 
et al. 2017; Reiners et al. 2018), and

(2) CA-ID-TIMS (chemical abrasion, isotope dilution, 
thermal ionization mass spectrometry) U–Pb geochronology 
of zircon (regarded as a “gold standard” of geochronology; 
Schaltegger et al. 2015; Sahy et al. 2017; Reiners et al. 2018; 
Wotzlaw et al. 2018).

Different mineral-isotope chronometers may be dat-
ing different events or processes; therefore, contributing 
(amongst other parameters) to the systematic offset between 
sanidine 40Ar/39Ar (dating eruption) and zircon U–Pb (often 
recording protracted magmatic evolution) ages (e.g., Rivera 
et al. 2013; Schmitz and Kuiper 2013; Reiners et al. 2018). 
However, combining CA-ID-TIMS U–Pb dates of youngest 
population of zircons with 40Ar/39Ar ages of sanidine feld-
spars (using different isotope geochronometers with the goal 
of obtaining concordant ages between the two systems) rep-
resents the most precise and accurate approach to determine 
the ages of Mts. Kalnik and Požeška gora primary volcani-
clastic rocks (KAL-1 and ŠKR-12 intervals, respectively).

Ar/Ar geochronology

Two volcaniclastic horizons, namely KAL-1 and ŠKR-12, 
were sampled in the field. Minerals from these layers were 
separated using standard mineral separation procedures. 
After crushing and washing, heavy liquid mineral separa-
tion with densities of 2.54 and 2.59 g/cm3 was performed 
to obtain the sanidine phenocrysts from the samples. Bio-
tite was also separated from both samples. Mineral frac-
tions were further purified by handpicking under an opti-
cal microscope. Different grain size factions (90–180 μm, 
180–250 μm for ŠKR sanidine; 250–500 μm for ŠKR bio-
tite; 250–400 μm and 400–500 μm for KAL sanidine and 

250–500 μm for KAL biotite) were packed in a 6 mm ID 
AI packages. They were loaded together with Fish Canyon 
Tuff sanidine (FCs) standards in 25 mm ID Al cups. Sam-
ples and standards were irradiated at the Oregon State Uni-
versity TRIGA reactor in the cadmium shielded CLOCIT 
facility for 12.6 h (irradiation code VU117; equivalent to 
7 h of CLICIT position). After irradiation samples and 
standards were unpacked and loaded in a 185 hole Cu tray 
and baked overnight at 250 °C under vacuum. This tray is 
then placed in a doubly pumped the vacuum chamber with 
Zn–Se window and baked overnight at 120 °C under high 
vacuum. This chamber is connected to a ThermoFisher 
NGPrep gas purification line equipped with a hot GP50, 
a cold finger (Lauda at − 70 °C) and a hot St707 getter.

Samples and standards were measured in two different 
trays (19T13; 19T14). In the first tray, we exposed the 
feldspar and biotite phenocrysts to a diffuse laser beam 
under UHV conditions to drive off surficial gasses. The 
released gas during this pre-heating steps was not meas-
ured, but based on previous tests should not contain > 1% 
of the 39ArK released. Samples in the second tray were 
not pre-heated. Samples and standards are fused using a 
25 W Synrad  CO2 laser. Released gas was analyzed on 
an ARGUS  VI+ noble gas mass spectrometer at Vrije 
Universiteit Amsterdam, The Netherlands. This is a high 
sensitivity, relatively low-resolution multi-collector noble 
gas mass spectrometer with an internal volume of 710 ml. 
The resolution of the system is ~ 200 and, therefore, does 
not resolve hydrocarbon or chlorine interferences. The 
mass spectrometer is equipped with four Faraday cups at 
the H2, H1, AX, and L1 positions and two compact dis-
crete dynodes (CDDs) at positions L2 and L3. The system 
is equipped with a  1012 Ω amplifier on H2 and  1013 Ω 
amplifiers on H1, AX and L1 cups. Samples were run on 
H1–L3 collectors. Similar to Phillips and Matchan (2013) 
we did not apply bias corrections, but analyzed samples 
and standards in the same tray (and thus at more or less the 
same time) alternating with air pipettes with intensities in 
the same range as the samples and standards. Line blanks 
were measured every 2–3 unknowns and were subtracted 
from succeeding sample data.

Data reduction is done in ArArCalc (Koppers 2002). 
Ages are calculated with Min et al. (2000) decay con-
stants and 28.201 Ma for FCs (Kuiper et al. 2008). The 
atmospheric 40Ar/36Ar air value of 298.56 is used (Lee 
et al. 2006). The correction factors for neutron interfer-
ence reactions are (2.64 ± 0.02) × 10–4 for (36Ar/37Ar)Ca, 
(6.73 ± 0.04) × 10–4 for (39Ar/37Ar)Ca, (1.21 ± 0.003) × 10–2 
for (38Ar/39Ar)K and (8.6 ± 0.7) × 10–4 for (40Ar/39Ar)K. All 
errors are quoted at the 1σ level. All relevant analytical 
data for age calculations can be found in the Supplemen-
tary Data Table 2.

Fig. 3  Vertical sections (geological columns) of the KAL (a) and 
ŠKR (b) sections with summary description and interpretation of lith-
ological members. Lithofacies nomenclature in a  adopted from Bran-
ney and Kokelaar (2002)

◂
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CA‑ID‑TIMS U–Pb zircon geochronology

KAL-1 and ŠKR-12 samples were crushed in a tungsten 
mill and sieved to less than 250 μm, and then concen-
trated to heavy minerals using the Wilfley table method 
(Söderlund and Johansson 2002) and heavy liquids. Fol-
lowing separation, zircons were picked under a binocular 
microscope. Once zircon grains had been extracted from 
the samples, they were annealed in a muffle furnace at 
900 °C for 48 h (Mundil et al. 2004). The annealed grains 
were then subjected to chemical abrasion at 210 °C for 
12 h in concentrated HF in 3 ml Savillex beakers placed in 
a Parr digestion vessel (Mattinson 2005; Widmann et al. 
2019). The grain fragments remaining after chemical 
abrasion were then leached on a hotplate at 80 °C in 6 N 
HCL overnight, followed by further cleaning through four 
rounds of 7 N  HNO3 in combination with ultrasonication. 
Individual cleaned zircon crystals were then loaded into 
individual 200 μl Savillex microcapsules, spiked with the 
EARTHTIME 202Pb + 205Pb + 233U + 235U tracer solution 
(calibration version 3; Condon et al. 2015; McLean et al. 
2015) and dissolved with about 70 μl HF and trace  HNO3 
in a Parr digestion vessel at 210 °C for 48 h. Following 
dissolution, the samples were dried down and converted 
to a chloride by placing them back in the oven overnight 
in 6 N HCl. The samples were then dried down again and 
re-dissolved in 3 N HCl, and purified to U and Pb through 
anion exchange column chromatography (Krogh 1973). 
Once purified, the U and Pb fractions were combined in 
cleaned 7 ml Savillex beakers and dried down with trace 
 H3PO4, prior to loading on outgassed zone-refined Re 
ribbon filaments with a Si-gel emitter. U and Pb isotope 
analyses were completed on an Isotopx Phoenix TIMS 
machine at the University of Geneva. Lead measure-
ments were made in dynamic mode using a Daly pho-
tomultiplier, and U was measured as an oxide in static 
mode using Faraday cups coupled to  1012 Ω resistors. 
The 18O/16O oxygen isotope ratio in uranium oxide was 
assumed to be 0.00205 based on previous measurements 
of the U500 standard. Mass fractionation of Pb and U 
was corrected using a 202Pb/205Pb ratio of 0.99506 and 
a 238U/235U ratio of 137.818 ± 0.045 (2σ) (Hiess et al. 
2012). All common Pb was considered laboratory blank 
and was corrected using the long-term isotopic composi-
tion of the Pb blank at the University of Geneva. All data 
were processed with the Tripoli and Redux U–Pb software 
packages (Bowring et al. 2011; McLean et al. 2011). All 
ages were corrected for initial 230Th disequilibrium in the 
melt using a U/Th ratio of the magma of 3.5. All relevant 
analytical data for age calculations can be found in the 
Supplementary Data Table 3.

Results and interpretations

Stratigraphy and geochemistry of Mt. Kalnik 
volcaniclastic rocks

The KAL section, located in the eastern part of Mt. 
Kalnik (Fig. 2a), is 28 m thick and is divided into the 
lower 8-m-thick stratified volcaniclastic rocks (KAL 5–2 
horizons) and the upper 20-m-thick massive volcaniclastic 
deposits (KAL-1 horizon) (Fig. 3a). The contact between 
the two units is not exposed. The contacts with the under-
lying and overlying rocks are not exposed in the investi-
gated area. After detailed field investigation of the whole 
section, samples from intervals KAL-1 and KAL-5 were 
subjected to further volcanological, sedimentological, pet-
rographic, and geochemical investigation. High-precision 
geochronology was only conducted on sample KAL-1.

Stratified volcaniclastic rocks

The lower KAL volcaniclastic rocks are predominantly 
composed of pumices (subangular to rounded clasts up 
to max. 10 cm in diameter) and volcanic glass shards, 
and contain also magmatic/eruption crystals (zoned pla-
gioclase, quartz, biotite, K-feldspar sanidine). Assuming 
these components are juvenile, the lower KAL volcaniclas-
tic rocks can be classified as unwelded tuffs up to coarse 
lapilli tuffs (Fig. 4a–d), representing primary volcani-
clastic–pyroclastic deposits (sensu White and Houghton 
2006). Lithic components (volcanics) were present, but 
only occur sporadically. Structures related to erosion 
(Fig. 4c), as well as soft sediment deformation structures 
(SSDS; e.g., the recorded load casts with flames), were 
also observed. No elutriation pipes are present. Tuffs and 
lapilli tuffs, particularly in the first 5 m of the section 
(sample KAL-5, which also contains abundant charcoal 
fragments), are stratified, bedded and cross-bedded, with 
common occurrence of lenses of pumice lapilli (Figs. 3a, 
4a–d). Glass compositions from KAL-5A and 5B are rhy-
olitic (Fig. 5), with 77.38–77.52 wt%  SiO2 (averages per 
sample) and total alkalis content of 7.48–7.63 wt% (Sup-
plementary Data Table 1). Most glass shards appear fresh 
and yield analytical totals typically better that 93 wt%.

The juvenile components of the lower KAL volcani-
clastic rocks may be primary (derived directly from 
erupting magma) or syn-eruptively recycled (sensu White 
and Houghton 2006). In this case, the lower KAL vol-
caniclastic rocks (e.g., sample KAL-5) may correspond 
to non-genetic lithofacies types sensu Branney and Koke-
laar (2002), such as stratified (sLT, sT), bedded (bLT) (as 
well as diffused varieties), and cross-stratified (xsT, xsLT) 
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tuffs and lapilli tuffs, as well as lenses of pumice lapilli 
(lenspL). According to Branney and Kokelaar (2002), such 
pyroclastic rocks are classified as ignimbrites deposited 
from pyroclastic density currents (PDCs) (e.g., Brown 
and Branney 2004; Hildreth and Firestein 2012; Brown 
and Andrews 2015). The presence of charcoal, as well 
as the observed erosion-related and SSD structures, also 
speaks in favor for the interpretation of lower KAL vol-
caniclastic rocks as deposited from PDCs (e.g., Branney 
and Kokelaar 2002; Hudspith et al. 2010; Douillet et al. 
2015). However, epiclastic processes (e.g., volcanic glass 
reworked from previous volcaniclastic deposits) may have 
also contributed to lower KAL volcaniclastic rocks, and, 
therefore, the observed sedimentary structures (e.g., in 
alluvial/fluvial environments; Bull and Cas 2000; Kataoka 
et al. 2009; van Loon 2009). While stratified, bedded and 
cross-stratified lithofacies, such as the lower KAL vol-
caniclastic rocks, represent typical PDC lithofacies types, 

distinction between deposits related to primary PDCs and 
those resulting from re-sedimentation of primary vol-
caniclastics are not often unequivocal, especially at the 
constrained outcrop scale. While major elemental com-
position of single glass shards within KAL-5A and 5B 
completely overlap, their trace elemental compositions 
(KAL-5B) show conspicuous scatter (Figs. 5, 6, 7, 8; Sup-
plementary Data Table 1). Compositional heterogeneity of 
volcanic glass shards recorded in a certain volcaniclastic 
deposit may be caused by different processes, such as post-
depositional mixing (reworking) of shards from different 
volcaniclastic rocks (Lowe et al. 2017). Shards may also 
have been derived from a compositionally zoned silicic 
magma body or from different magma sources (Bachmann 
and Huber 2016 and references therein; Lowe et al. 2017). 
That said, mechanisms controlling variations in major and 
trace elemental geochemistry of magmas (especially the 
silicic ones) vary (e.g., Lowe et al. 2017). In the case of 
the lower KAL-stratified volcaniclastic rocks, trace ele-
mental compositional heterogeneity of glass shards may 
have been caused by epiclastic processes (Schneider et al. 
2001; Schindlbeck et al. 2013; Cassidy et al. 2014), as 
suggested by the lithofacies analysis. However, additional 
geochemical analysis and other data (mineralogy, isotope 
and zircon petrochronology) may provide additional con-
straints on the origin of these volcaniclastic rocks and their 
genetic relationship with the massive ignimbrites.

Ignimbrites

The upper 20-m-thick KAL volcaniclastic rocks (sample 
KAL-1) are represented by massive unwelded poorly sorted 
coarse lapilli tuffs (primary volcaniclastic rocks–pyroclastic 
rocks—sensu White and Houghton 2006; Fig. 3a). Massive 
lapilli tuffs lack any internal stratification and are composed 
of varying abundances of pumice lapilli (subangular to 
rounded pumice clasts up to max. 10 cm in diameter) sup-
ported in a matrix of vitric ash and crystal fragments (zoned 
plagioclase, biotite, K-feldspar sanidine and quartz, as well 
as accessory zircon) (Figs. 3a, 4e). Lapilli tuffs also lack any 
grading or clast alignment. As well, no elutriation pipes or 
SSDSs were observed. Glass compositions from KAL-1 are 
rhyolitic (Fig. 5), with 77.20–77.46 wt%  SiO2 (averages per 
sample) and total alkalis content of 7.61–7.86 wt% (Supple-
mentary Data Table 1). Most glass shards appear fresh and 
yield analytical totals typically better that 93 wt%.

The upper KAL volcaniclastic rocks correspond to 
massive lapilli tuff lithofacies (mLT sensu Branney and 
Kokelaar 2002) that are interpreted as massive ignim-
brites (sensu Brown and Andrews 2015) and represent the 
most common ignimbrite lithofacies type (e.g., Brown 
and Branney 2004; Hildreth and Firestein 2012). Major 
and trace elemental compositions of single glass shards 

Fig. 4  The volcanological and sedimentological characteristics of 
the lower (KAL-5; a–d) and upper (KAL-1; e) KAL section volcani-
clastic rocks. a–d Unwelded tuffs up to coarse lapilli tuffs (contain-
ing charcoal fragments) composed of subangular to rounded pum-
ice clasts, volcanic glass shards and magmatic crystals, arranged in 
stratified and bedded lithofacies, as well as lenses of pumice lapilli. 
Probable erosion channel can be observed in c. Although probably 
deposited from pyroclastic density currents as ignimbrites, KAL-5 
volcaniclastic rocks may also represent re-sedimented material. e 
Unwelded poorly sorted coarse lapilli tuffs (massive ignimbrites) 
comprising various proportions of subangular to rounded pumice 
lapilli clasts supported in a matrix of vitric ash and crystal fragments
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overlap completely within KAL-1 (Figs. 5, 6, 7, 8; Supple-
mentary Data Table 1). Such homogeneous compositions 
support our lithofacies-based interpretation that KAL-1 
glass components represent juvenile pyroclastic material 

from individual eruptive events (Schindlbeck et al. 2013; 
Kutterolf et al. 2014; see also Cassidy et al. 2014) which 
produced massive ignimbrites (primary volcaniclastics 
sensu White and Houghton 2006).

Fig. 5  a Total alkali versus silica plot showing the compositional var-
iability of investigated glasses from Croatian volcaniclastic rocks. b 
 K2O vs.  SiO2 classification plot for arc rocks after Peccerillo and Tay-

lor (1976) with the glass data from the Croatian volcaniclastic rocks. 
All data are normalized to anhydrous compositions

Fig. 6  a Primitive mantle-normalized spider diagram comparing the 
averaged glass analysis (3–6 individual glass shards) of the felsic 
Croatian volcaniclastic rocks; normalization after Sun and McDon-
ough (1989). b Chondrite-normalized rare earth element variations of 

the averaged glass analysis; normalization after McDonough and Sun 
(1995). Compositions of BVF Csv-2 ignimbrite (Lukács et al. 2018) 
and Kuchyňa volcaniclastic rocks (Rybar et al. 2019) were also plot-
ted for comparison
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Stratigraphy and geochemistry of Mt. Požeška gora 
volcaniclastic turbidites

The ŠKR section, located in the central part of Mt. Požeška 
gora (Fig. 2b), is 23 m thick and is represented by inter-
calated volcaniclastic (measuring a total of 5 m in thick-
ness) and marine sedimentary deposits (Fig. 3b). The vol-
cano–sedimentary complex is underlain by NCB lacustrine 
deposits (the direct contact is not exposed in the investi-
gated area). After field investigation of the whole-section, 
volcaniclastic samples from intervals ŠKR-12, 12A and 13 
were subjected to further volcanological, sedimentological, 
petrographic, and geochemical investigation. High-precision 
geochronology was only conducted on sample ŠKR-12.

The 5-m-thick volcaniclastic deposits of the ŠKR section 
occur in the uppermost portion of the 23-m-thick profile 
(Fig. 3b). Their intercalation with marls rich in calcareous 
nannoplankton and foraminifera, marine ostracods, corals 

and pteropods (which were found also in the volcaniclas-
tics, together with diatoms), is an indication of their depo-
sition in submarine environments. Volcaniclastics are nor-
mally graded, the base of the section is very coarse tuff–fine 
lapilli tuff (sample ŠKR-12), following the terminology 
suggested by White and Houghton (2006). It is composed 
of rounded pumice clasts, volcanic glass shards and crystal 
fragments (zoned plagioclase, biotite, amphibole, quartz, 
K-feldspar and accessory zircon) (Fig. 9a). The coarse tuff 
grades upward into a fine tuff (samples ŠKR-12A, 13, 14; 
Fig. 9b–f) composed predominantly of volcanic glass shards 
(and the same mineral phases as ŠKR-12). According to 
Carey and Schneider (2011; and references therein), several 
mechanisms may be responsible for the overall flux of vol-
caniclastics in marine environments: gravitational settling 
(fallout), sediment gravity flows (including volcaniclastic 
turbidites, debris flows and submarine pyroclastic flows), 
as well as reworking of submarine volcaniclastic deposits. 

Fig. 7  Major and trace element single glass shard compositions of investigated felsic Croatian volcaniclastic rocks. Besides KAL-5B1, all sam-
ples show homogeneous compositions and can be distinguished. All major element data are normalized to anhydrous compositions
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Sharp basal contacts with the underlying sediments, as well 
as normal grading with a crystal-rich base (both features 
characterizing ŠKR volcaniclastic rocks) are common both 
to fallout and sediment gravity flow (turbidites) deposits. 
Neither bioturbation (often characterizing fallout volcani-
clastic rocks) nor rip-up clasts (illustrating the erosive nature 
of turbidites) were observed in ŠKR volcaniclastic rocks. 
However, several recorded features may have implications 
on the origin of ŠKR volcaniclastic rocks, most importantly 
soft sediment deformation structures (SSDS) observed in 
the upper finer-grained division of the package, which was 
likely host to planar laminations. The most pronounced and 
indicative SSD structures are dykes, pipes or pillars (Lowe 
1975; Douillet et al. 2015; Di Capua and Groppelli 2016; 
no bioturbation trace fossils: e.g., Miller 2006) represent-
ing coarse tuff-filled irregular structures of various shape 
and orientation (often vertical), rooted in a basal coarse tuff 
horizon and cutting the overlying deformed laminated fine 
tuff division (Fig. 9b, c). Another indicative SSDS are dis-
turbed and convoluted, often faulted (micro-faults) lamina-
tions (Owen et al. 2011), whose lateral continuity cannot 
be traced (and which can be found as fragments “floating” 
within the massive sediment) (Fig. 9d–f). Dykes (filled with 
coarse tuff) in submarine deposited ŠKR volcaniclastic rocks 
can be regarded as water-escape structures caused by lique-
faction and fluidization processes (Lowe 1975; Owen et al. 
2011), and fluid-escape structures are commonly present in 
deposits related to fluidized flows (turbidites; Lowe 1975; 
Carey and Schneider 2011; Owen et al. 2011; Shanmugam 
2017). Disturbed and convoluted (originally planar) lamina-
tions are also a common feature of turbidites and could as 
well be related to liquefaction and fluidization processes.

Based on the above-described characteristics of the ŠKR 
volcaniclastic rocks, we interpret them as turbidites depos-
ited from sediment gravity flows. Their exact classifica-
tion as primary (syn-eruptive volcaniclastics with juvenile 

Fig. 8  The volcanological and sedimentological characteristics of 
the basal crystal-rich (ŠKR-12; a) and the upper part (ŠKR-12A, 13, 
14; b–f) of normally graded volcaniclastic turbidites of the ŠKR sec-
tion. a Very coarse tuff–fine lapilli tuff composed of rounded pum-
ice clasts, volcanic glass shards and magmatic crystal fragments. b–f 
Fine tuff composed predominantly of volcanic glass shards. Soft sedi-
ment deformation structures (SSDS) recorded are: a dykes (pipes or 
pillars) representing coarse tuff-filled irregular structures of various 
shape and orientation (often vertical), rooted in a basal coarse tuff 
horizon and cutting through the overlying deformed laminated fine 
tuff division (b, c), and b disturbed and convoluted micro-faulted 
laminations (often floating as fragments within the massive sediment; 
c–f)

Fig. 9  Age distributions of individual 40Ar/39Ar age with 1σ error. The spread in 40Ar/39Ar individual ages prevents unambiguous determination 
of eruption (and therefore sedimentation) age
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components; White and Houghton 2006) or secondary vol-
caniclastic turbidites (sensu Schneider et al. 2001; Carey and 
Schneider 2011) may be challenging, since the source mate-
rial for volcaniclastic turbidity currents can be very variable 
(e.g., subaerial explosive eruptions producing pyroclastics 
that are discharged into the sea by pyroclastic flows as well 
as reworking of unconsolidated volcaniclastic material pre-
viously deposited in submarine environments; Schindlbeck 
et al. 2013) and both types of turbidites may show very 
similar lithofacies characteristics. Trofimovs et al. (2008) 
and Di Capua and Groppelli (2016) described subaerially 
generated PDCs that entered the water and have been disag-
gregated by the mix between air and water and deposited 
as syn-volcanic turbidites (Di Capua and Groppelli 2018). 
In this case, the recorded dykes could also be regarded as 
gas pipes (e.g., Branney and Kokelaar 2002), with elutria-
tion of fines enhanced by the escape of vaporized water 
if subaerially generated PDCs were subsequently moved 
subaqueously. Glass compositions from ŠKR-12 (basal 
very coarse tuff), as well as ŠKR-12A and ŠKR-13 (upper 
division fine tuffs), are rhyolitic (Fig. 5), with 77.43 wt% 
and 77.14–77.64 wt%  SiO2 (averages per sample), respec-
tively, and have a total alkalis content of 7.59–7.9 wt% and 
7.68–7.88 wt%, respectively (Supplementary Data Table 1). 
Most glass shards appear fresh and yield analytical totals 
better that 93 wt%. Major and trace elemental compositions 
of single glass shards overlap completely within ŠKR-12 
as well as within ŠKR-12A and ŠKR-13 (Figs. 5, 6, 7, 8; 
Supplementary Data Table 1). In addition, there are only 
small chemical variations between the glass shards from 
basal coarse and upper fine tuffs. Such homogeneous com-
positions support our lithofacies-based interpretation that 
ŠKR glass components could represent juvenile pyroclastic 
material of individual eruptive events, and that ŠKR vol-
caniclastic succession probably represent normally graded 
primary syn-eruptive volcaniclastic turbidites (Schneider 
et al. 2001; Carey and Schneider 2011; Schindlbeck et al. 
2013; Kutterolf et al. 2014; see also Cassidy et al. 2014).

High‑precision geochronology of Mts. Kalnik 
and Požeška gora volcaniclastics

Ar/Ar dating results and age interpretation: KAL‑1 massive 
ignimbrites

We performed ten fusion experiments with one grain/
fusion and ten fusion experiments with 4–5 grains/fusion on 
250–400 μm KAL-1 sanidine (VU117-A4). The data scatter 
from 17.98 to 18.21 Ma with one outlier of 18.45 Ma. Due 
to the spread in ages (Fig. 10a; Supplementary Table Data 
2), it is difficult to derive an eruption age accurately. When 
the highest number of analyses are included with an MSWD 
smaller than the t test statistic at 95% confidence level, we 

calculate a weighted mean age of 18.14 ± 0.03/0.19 Ma (ana-
lytical error/full external 1σ error; n = 11/20).

20 fusion experiments with 1 grain/fusion were per-
formed on 400–500 μm KAL-1 sanidine (VU117-A5). The 
data scatter from 18.13 to 18.61 Ma. Due to the spread in 
ages (Fig. 10a; Supplementary Table Data 2), it is difficult to 
derive an eruption age accurately. When the highest number 
of analyses are included with an MSWD smaller than the t 
test statistic at 95% confidence level, we calculate a weighted 
mean age of 18.25 ± 0.02/0.19 Ma (analytical error/full 
external 1σ error; n = 12/20).

Ten single biotite grains (250–500 μm) of KAL-1 were 
analyzed (VU117-A6; Supplementary Table Data 2). Their 
40Ar* radiogenic range between 7 and 80% and their ages 
are spread between 12.3 and 18.5 Ma. The radiogenic 40Ar 
yields suggest presence of alteration and/or 40Ar loss from 
the biotite and no reliable eruption age was obtained.

Ar/Ar dating results and age interpretation: ŠKR‑12 primary 
volcaniclastic turbidites

We performed ten fusion experiments with five grains/fusion 
and ten fusion experiments with 8–10 grains/fusion on 
90–180 μm ŠKR-12 sanidine (VU117-A1). The data scatter 

Fig. 10  Weighted mean plot of 206Pb–238U zircon ages from volcani-
clastic samples of the Miocene North Croatian Basin. The weighted 
mean ages for each sample are reported as 2σ uncertainty given as: 
internal only/internal with tracer calibration/internal, tracer calibra-
tion and with 238U decay constant. Vertical bar heights are the 2σ ana-
lytical uncertainties for individual analyses as well as the weighted 
means. Grains not included in these weighted means are shown in 
lighter colors, see text for discussion
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from 15.11 to 15.51 Ma with one outlier of 16.48 Ma. Due 
to the spread in ages (Fig. 10b; Supplementary Table Data 
2), it is difficult to derive an eruption age accurately. When 
the highest number of analyses are included with an MSWD 
smaller than the t test statistic at 95% confidence level, we 
calculate a weighted mean age of 15.34 ± 0.02/0.16 Ma (ana-
lytical error/full external 1σ error; n = 13/20).

10 fusion experiments with two grains/fusion and ten 
fusion experiments with 4–5 grains/fusion were performed 
on 180–250 μm ŠKR-12 sanidine (VU117-A2). The ages 
range from 15.18 to 15.75 Ma with one outlier of 17.20 Ma. 
Due to the spread in ages (Fig. 10b; Supplementary Table 
Data 2), it is difficult to derive an eruption age. When the 
highest number of analyses are included with an MSWD 
smaller than the t test statistic at 95% confidence level, we 
calculate a weighted mean age of 15.43 ± 0.03/0.16 Ma (ana-
lytical error/full external 1σ error; n = 9/20).

Ten single biotite grains (250–500 μm) of ŠKR-12 were 
analyzed (VU117-A3; Supplementary Table Data 2), but 
show very low 40Ar* radiogenic yields of ~ 1%. This sug-
gests alteration and/or 40Ar loss from the biotite and no reli-
able eruption age could be obtained.

U–Pb zircon geochronology and age interpretation

Th-corrected 206Pb/238U zircon age determinations are used 
for all interpretations because this chronometer provides 
the most precise and accurate values for rocks of this age 

(Fig. 11; Supplementary Data Table 3; Supplements 1, 2). 
Individual zircon grains of the KAL-1 coarse lapilli tuff 
(massive ignimbrite) gave 206Pb/238U ages ranging from 
18.054 to 18.135 Ma, with four grains overlapping within 
uncertainty at 18.060 Ma (Fig. 11). There was also one nor-
mally discordant grain at 23.837 Ma. The ŠKR-12 coarse 
tuff (basal part of the primary volcaniclastic turbidites) 
yielded an abundance of zircons with minor inclusions. The 
206Pb/238U zircon ages of the six grains dated in this study 
range from 15.348 to 15.405 Ma, with two populations, 
one centered around 15.345 Ma and the other at 15.392 Ma 
(Fig. 11).

Zircon ages from the samples dated in this study have 
a geochronological range beyond the uncertainty of indi-
vidual analyses, and, therefore, the full age spectra does 
not necessarily reflect the age of ignimbrite emplacement 
and deposition of volcaniclastic rocks. This is a common 
result among high-precision CA-ID-TIMS zircon geochro-
nology (e.g., Wotzlaw et al. 2013; Samperton et al. 2015; 
Reiners et al. 2018; Szymanowski et al. 2019), and, there-
fore, calculating an age for these samples requires further 
interpretation. There are several common methods to inter-
pret complicated zircon data: (1) antecrysts are common in 
silicic magma systems, so only the youngest zircon reflects 
the eruption (e.g., Schaltegger et al. 2009); (2) prolonged 
magma crystallization is captured by the full zircon spec-
tra, and as a result the full chronologic range represents the 
solidification of a magma (e.g., von Quadt et al. 2011; Wot-
zlaw et al. 2013); and (3) samples can contain both ante-
crystic grains and grains suffering from Pb loss depending 
on their composition and geologic history (e.g., Ovtcharova 
et al. 2015; Gaynor et al. 2019). It is improbable that Pb 
loss would uniformly offset the age of zircons grains, and 
the 12 h chemical abrasion technique used in this study has 
been shown to minimize Pb loss in zircon samples (Wid-
mann et al. 2019). Therefore, we interpret that the youngest 
population from both samples reflect the age of these sam-
ples (e.g., Schaltegger et al. 2015; Sahy et al. 2017; Wot-
zlaw et al. 2018), with older grains representing antecrystic 
zircons. The weighted mean and uncertainties associated 
with this interpretation are 18.060 ± 0.012/0.013/0.023 Ma 
for KAL-1 and 15.345 ± 0.011/0.012/0.020 Ma for ŠKR-12 
(2σ uncertainty given as: internal only/internal with tracer 
calibration/internal, tracer calibration and with 238U decay 
constant) (Fig. 11).

Comparison of Ar/Ar and U–Pb data

To compare these data sets, it is necessary to compare the 
two data sets with the appropriate amount of uncertainty, 
and, therefore, include internal uncertainty, trace calibra-
tion uncertainties, and uncertainties responding to the decay 
constants of the parental isotopes of interest. Therefore, for 

Fig. 11  Nb/Y vs. age (Ma) diagram after Seghedi and Downes (2011) 
for the here investigated felsic Croatian volcaniclastic rocks. Prove-
nance fields for felsic volcanics from Western Carpathians and Pan-
nonian, Transcarpathian, and Styrian basins for comparison are from 
Seghedi and Downes (2011)
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comparison of the two new geochronology datasets, we 
report them here using these total uncertainties at the 2σ 
level. For sample KAL-1, the Ar/Ar sanidine measurements 
yielded ages of 18.14 ± 0.38 Ma and 18.25 ± 0.38 Ma, which 
is coeval with the U–Pb zircon age of 18.060 ± 0.023 Ma. 
For sample ŠKR-12, the Ar/Ar sanidine analyses yielded 
ages of 15.34 ± 0.32 Ma and 15.43 ± 0.32 Ma, which is also 
coeval with the U–Pb zircon age of 15.345 ± 0.020 Ma. 
Therefore, for both samples, the Ar/Ar and U–Pb geochro-
nology are within uncertainty of each other, yielding the 
same ages. The biotite age spectra are considered irrelevant 
to these comparisons for either sample, because of the dif-
ficulty in determining an Ar diffusion age spectra representa-
tive of the eruption history of these rocks.

Discussion

Mts. Kalnik and Požeška gora silicic volcaniclastics: 
current status and correlation potential

Several authors have discussed the geodynamic setting of the 
NCB, as well as the setting of the HZB volcanics and vol-
caniclastic sequences and ascribed them to different zones/
segments (Pamić and Balen 2001a; Pécskay et al. 2006; 
Seghedi and Downes 2011; Mandic et al. 2012; Szakács 
et al. 2018). Review articles dealing with the overall CPR 
magmatic and geodynamic evolution, such as Pécskay et al. 
(2006) and Szakács et al. (2018), considered the genesis 
of 23–21 Ma calc-alkaline magmatic rocks occurring along 
the Drava–Sava fault system (south-westernmost edge of 
the western segment of the intra-Carpathian area) as not 
unequivocally linked to the CPR system (see also Pamić 
and Balen 2001a). Seghedi and Downes (2011) settled the 
22.8–7.4 Ma calc-alkaline and K-alkalic volcanic rocks pre-
sent in Sava depression at the southern boundary of CPR. 
According to the geochronological and geochemical data 
presented here, we suggest that both KAL and ŠKR vol-
caniclastic rocks are associated with the CPR magmatic and 
geodynamic system.

The ages of Mts. Kalnik and Požeška gora felsic mas-
sive ignimbrites and volcaniclastic turbidites, derived from 
integrated high-precision Ar/Ar and U–Pb geochronology 
(Figs. 10, 11), fit into the time range of the long-lasting CPR 
magmatic activity (Fig. 7; Pécskay et al. 2006; Harangi and 
Lenkey 2007; Seghedi and Downes 2011; Lukács et al. 
2018; Szákacs et  al. 2018). According to Seghedi and 
Downes (2011), felsic (silicic sensu Harangi and Lenkey 
2007) pyroclastic rocks (> 70 wt%  SiO2) belonging to the 
calc-alkaline group were generated during 21–10 Ma (see 
also Pécskay et al. 2006), and can be found in several CPR 
basins (e.g., Pannonian and Trascarpathian). According to 
Lukács et al. (2018), the Early–Middle Miocene was the 

most intense silicic phase of CPR volcanism (occurring after 
thermal maturation of the crust that enabled the formation 
of large upper crustal reservoirs), and was contemporane-
ous with the major crustal and lithospheric thinning of the 
Pannonian basin. The initial Early Miocene CPR silicic vol-
canism was followed by widespread Miocene to Quaternary 
calc-alkaline andesite–dacite–rhyolite volcanism (Seghedi 
and Downes 2011; Lukács et  al. 2018 and references 
therein). Tibljaš et al. (2002) and Mandic et al. (2012) cor-
related the Mt. Kalnik silicic volcaniclastic rocks based on 
their age and whole-rock geochemical composition with the 
Upper Oligocene–Lower Miocene (Egerian–Eggenburgian) 
andesite and dacite lavas and pyroclastic deposits outcrop-
ping in north Croatia and belonging to HZB (Pamić et al. 
1995; Pamić and Balen 2001a, b). However, while meth-
odological discrepancies (both geochronological and geo-
chemical) do not allow direct comparison, Mt. Kalnik rhy-
olitic ignimbrites (dated by high-precision geochronology) 
are younger than the dominantly andesitic volcanics from 
the HZB (22.8–19.7 Ma based on K–Ar bulk-rock dating; 
Pamić et al. 1995). According to Mandic et al. (2012) and 
Pavelić and Kovačić (2018), the Mt. Kalnik volcaniclastic 
rocks occur intercalated with alluvial sediments representing 
the base of the NCB continental series, and, therefore, con-
strain the timing of initial rifting tectonics in the NCB, as the 
southern portion of the PB. This agrees with previous works 
indicating that CPR extension-related volcanism started with 
the eruption of the silicic magmas during the Early Miocene 
(Pécskay et al. 2006; Seghedi and Downes 2011; Lukács 
et al. 2018; Szákacs et al. 2018), which matches the geo-
chronology of the Mt. Kalnik rhyolitic ignimbrites (Fig. 7). 
So far, HZB volcanism was related to the easternmost part 
of the Periadriatic Fault Zone (PFZ; Rosenberg 2004; see 
also Handy et al. 2014) and slab breakoff magmatic activity 
(Pamić and Balen 2001a, b), with Mt. Kalnik volcaniclastic 
rocks representing the final phase of the andesite–dacite vol-
canism (Mandic et al. 2012). However, such interpretations 
are questionable since petrogenesis and geodynamic setting 
of the Early–Middle Miocene magmatic rocks occurring in 
the relative vicinity of PFZ is either generally unresolved 
(Neubauer et al. 2018), or, as is the case of Mt. Pohorje (Slo-
venia) igneous complex, linked with CPR (PB) evolution 
(Fodor et al. 2008, 2020; Poli et al. 2020; see also Schefer 
et al. 2011; Ji et al. 2019; Kästle et al. 2020).

Not only are the Mts. Kalnik and Požeška gora rhyolitic 
volcaniclastic rocks contemporaneous with CPR silicic vol-
canism, they also show general trace elemental geochemistry 
that can be related to CPR magmatic activity and evolution. 
High LILE/HFSE ratios, Pb enrichment, as well as negative 
Nb, Ta and Ti geochemical signatures, characterizing vol-
canic glass trace elemental composition of both Mt. Kalnik 
ignimbrites and Mt. Požeška gora volcaniclastic turbidites, 
indicates that the magma was derived from an enriched 
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source and has a typical subduction-related geochemical 
signature (Figs. 7, 8, 12). This geochemical composition 
has been used to characterize volcanic rocks of the CPR 
calc-alkaline group, particularly in the western and north-
ern segments, and the current tectonomagmatic model for 
the generation of these rocks is that they formed in a post-
collisional setting (Harangi and Lenkey 2007; Harangi et al. 
2007; Seghedi and Downes 2011; Lukács et al. 2018), and 
were not formed during subduction. Cretaceous–Miocene 

subduction-related components were preserved in the lith-
ospheric mantle and then subsequently tapped for subse-
quent magmatism during CPR extension (Seghedi and 
Downes 2011). Mafic magmas derived from melting of such 
enriched (metasomatized) lithospheric mantle could have 
further evolved by crustal assimilation and fractional crys-
tallization to generate silicic magmas (Lukács et al. 2018). 
The higher Nb/Y ratios in the younger ŠKR volcanic glasses, 
in comparison to older KAL volcanic glasses (Fig. 7) could 

Fig. 12  Averaged glass compo-
sitions of the investigated felsic 
Croatian volcaniclastic samples 
in Th/Ta versus Yb (a) and Th/
Yb versus Ta/Yb (b) geotec-
tonic provenance discrimination 
plots, modified after Gorton and 
Schandl (2000)
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also represent: (A) a lesser proportion of an enriched lith-
ospheric mantle/crustal component than in previous magma-
tism and/or (B) an increase in an asthenospheric component 
due to the thinning of the lithosphere driven by continued 
extension (Seghedi and Downes 2011; Lukács et al. 2018).

Ignimbrite and pyroclastic fall deposits exposed in 
the Bükkalja Volcanic Field (BVF; AlCaPa Mega-Unit, 
North Hungary) are the most thoroughly studied silicic 
volcaniclastic rocks in the CPR area (Lukács et al. 2015, 
2018 and references therein), with extensive research into 
their geochronology, petrogenetic and geodynamic evolu-
tion (Fig. 13). Using zircon geochronology (both in situ 

LA-ICP-MS as well as CA-ID-TIMS dates), as well as Ar/
Ar sanidine dating, Lukács et al. (2018) concluded that the 
ignimbrite flare-up volcanism occurred over roughly 4 Myrs 
(18.2–14.4 Ma). They interpreted that the products of indi-
vidual large eruption events can be found in different areas 
across the CPR (both proximal and distal to their presumed 
volcanic source areas) as well as elsewhere in Europe (North 
Alpine Foreland Basin and central Italy; Wotzlaw et al. 
2014; Rocholl et al. 2018), often as stratigraphically impor-
tant volcaniclastic marker layers. Concerning NCB, Lukacs 
et al. (2018) proposed eruptions producing the Harsány 
(14.358 ± 0.015 Ma) and the Demjén (14.880 ± 0.014 Ma; 

Fig. 13  Occurrences of European volcaniclastic deposits which are 
age coeval (based on high-precision geochronological data) with 
KAL ignimbrites (green colored) and ŠKR volcaniclastic turbidites 
(colored red). Potential age and compositional volcaniclastic cor-
relatives of KAL and ŠKR volcaniclastic rocks occurring in various 
Carpathian–Pannonian Region (CPR) areas (marked according to 
Pécskay et al. 2006 and currently characterized by geochronological 
and geochemical methodological discrepancy in comparison with 

KAL and ŠKR volcaniclastic rocks), as well as locations of intrusives 
related to CPR geodynamic and magmatic evolution, are also pre-
sented. In addition, diachronous timing of initial Central Paratethys 
(CP) flooding of different parts of the Southern Pannonian Basin 
(SPB) is indicated. NCB North Croatian Basin, BVF Bükalja Volcanic 
Field, SB Styrian Basin, VB Vienna Basin, NAFB North Alpine Fore-
land Basin, HZB Hrvatsko Zagorje Basin, DLSB Dinaride Lake Sys-
tem Basins, SiB Sinj Basin, GB Gacko Basin
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presumed caldera-forming eruption) BVF ignimbrites as a 
source for NCB volcaniclastic rocks from Mt. Papuk Nježić 
locality (14.40 ± 0.03 Ma according to Marković 2017) and 
Mt. Medvednica Čučerje locality (14.81 ± 0.08 Ma accord-
ing to Marković 2017), respectively, based primarily on geo-
chronological data.

Volcanological, and especially geochronological and 
geochemical data presented in this paper, can be used for 
tephrochronological and volcanic provenance reconstruc-
tions (e.g., Harangi et al. 2005; Schindlbeck et al. 2016, 
2018; Kutterolf et al. 2014, 2018; Lowe et al. 2017; Lukács 
et al. 2018; Rocholl et al. 2018; Hopkins and Seward 2019). 
Besides Lukács et al. (2018) and Rocholl et al. (2018) pro-
vided the first correlation scheme for volcaniclastic deposits 
across Europe (including CPR area; overview of Miocene 
explosive silicic volcanism occurring within and around the 
Mediterranean area was provided by Lukács et al. 2018). 
High-precision geochronology is used in this study as a 
primary constraint for tephrochronological (and volcanic 
provenance) reconstructions of Mts. Kalnik and Požeška 
gora volcaniclastic rocks. Geochemical composition of vol-
caniclastic rocks that have an age coeval with KAL-1 and 
ŠKR-12 (Fig. 13) should be compared with geochemical 
composition of Mts. Kalnik and Požeška gora volcaniclastic 
rocks. However, published major and trace element compo-
sitions of individual glass shards from most of the coeval 
horizons are lacking (see below). In addition, volcanological 
constraints (e.g., possible travel distances of PDC’s from 
source to depositional area; e.g., Wilson et al. 1995) must 
also be accounted for when correlating contemporaneous 
deposits.

Our new CA-ID-TIMS U–Pb zircon data indicate 
ages (reported using total uncertainties at the 2σ level) 
of 18.060 ± 0.023 Ma (KAL-1 massive ignimbrites) and 
15.345 ± 0.020 Ma (ŠKR-12 primary volcaniclastic turbid-
ites) for volcaniclastic marker beds within the NCB (Fig. 11). 
The zircon ages are complemented by coeval 40Ar/39Ar sani-
dine ages (18.14 ± 0.38 Ma and 18.25 ± 0.38 Ma for KAL-1; 
15.34 ± 0.32 Ma and 15.43 ± 0.32 Ma for ŠKR-12; 2σ level; 
Fig. 10). Age of the stratigraphically oldest unwelded ign-
imbrites of the BVF (pumice-bearing lapilli tuff recorded 
in the Csv-2 borehole), determined by LA-ICP-MS U–Pb 
zircon dating as 18.2 ± 0.3 Ma (Lukács et al. 2018; Fig. 13), 
is coeval with U–Pb and Ar/Ar ages of KAL-1 ignimbrites. 
The ŠKR-12 volcaniclastic turbidites have an age identi-
cal to North Alpine Foreland Basin (Upper Freshwater 
Molasse) volcanic tuffs (Fig. 13), including Swiss Urdorf 
(15.31 ± 0.05 Ma) and Wolhusen (15.37 ± 0.01 Ma; young-
est single zircon CA-ID-TIMS U–Pb age) bentonites, as 
well as southern German Ponholz kaolinitized volcaniclas-
tic rocks (15.32 ± 0.02 Ma; youngest single zircon CA-ID-
TIMS U–Pb age) (Gubler 2009; Rocholl et al. 2018; Strasky 
et al. 2018). Due to its ambiguous true age and stratigraphic 

position, the relationship of Krumbad bentonite (Rocholl 
et al. 2018) with ŠKR-12 cannot be determined in this study. 
The 15.32 ± 0.17 Ma Ar/Ar biotite age of Hörmsdorf-2 tuff 
of the Styrian Basin (Handler et al. 2006; Rocholl et al. 
2018; see also Sant et al. 2020) is also coeval with ŠKR-
12 volcaniclastic rocks (Fig. 13). In addition, Rybár et al. 
(2019) derived an (eruption) age of 15.23 ± 0.32 Ma by Ar/
Ar dating sanidines from Kuchyňa tuff of the Vienna Basin 
(Fig. 13; see also Sant et al. 2020). Both KAL-1 and ŠKR-12 
age coeval volcaniclastic deposits are also recorded in Dinar-
ide Lake System Basins (DLSB): 17.91 ± 0.18 Ma (biotite) 
and 15.43 ± 0.16 Ma (sanidine) old tuffs from Sinj Basin 
(Lučane section), as well as 15.31 ± 0.16 Ma (feldspar) old 
tuff from Gacko Basin (de Leeuw et al. 2010, 2012; Man-
dic et al. 2011). The ŠKR-12 age correlations are currently 
unknown both from BVF (Lukács et al. 2015, 2018) and 
published NCB geochronological data (Mandic et al. 2012). 
Therefore, based on currently available geochronological 
data, the Mátra-Bükk region can be excluded as a volcanic 
source for ŠKR-12 volcaniclastic rocks. In addition, it is 
unlikely for subaerially generated PDCs, representing the 
probable source for ŠKR syn-eruptive volcaniclastic turbid-
ites, to travel such great distances from the presumed Mátra-
Bükk volcanic center.

To make the most reliable and constrained tephrochrono-
logical and volcanic provenance reconstructions, major and 
trace elemental composition of volcanic glasses from age-
correlative volcaniclastics need to be compared (Lowe 2011; 
Lowe et al. 2017; Hopkins and Seward 2019). Focusing first 
on the younger unit in this study, ŠKR-12 has several poten-
tial correlations with rocks outside of the NCB (Fig. 13). 
However, the ŠKR-12 correlation and comparison with 
coeval North Alpine Foreland Basin Urdorf—Wolhusen—
Ponholz bentonites and kaolinitized tuff is not easily made, 
as no volcanic glass was preserved in these rocks (although 
glass particles preserved in younger volcaniclastic deposits 
in the southern German part of the Molasse basin revealed 
exclusively rhyolitic compositions; Rocholl et al. 2018). In 
addition, no geochemical data exist for Hörmsdorf-2 tuff of 
the Styrian Basin (Handler et al. 2006). Rybár et al. (2019) 
presented both whole-rock and volcanic glass geochemi-
cal compositions of the Kuchyňa tuff of the Vienna basin, 
which is coeval with ŠKR-12 volcaniclastic rocks. The major 
element compositions of volcanic glasses of these coeval 
rhyolitic (~ 77 wt%  SiO2) volcaniclastic deposits is similar 
(Supplementary Table Data 1; Rybár et al. 2019). However, 
to resolve if the ŠKR-12 and Kuchyňa volcaniclastic rocks 
were derived from the same volcanic source and produced 
by the same eruption event, additional trace element com-
position of volcanic glass is required (Harangi et al. 2005; 
Lowe 2011; Kutterolf et al. 2014; Lowe et al. 2017; Schindl-
beck et al. 2018; Hopkins and Seward 2019) as these are 
not available for the Kuchyňa tuff. Instead, comparing the 
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whole-rock trace element composition of the Kuchyňa tuff 
to the ŠKR-12 volcanic glass trace element geochemistry 
might provide some useful general implications. The compo-
sition of both ŠKR-12 volcaniclastic rocks and Kuchyňa tuff 
show a subduction-related signature (e.g., high LILE/HFSE, 
Ta–Nb–Ti depletion, Pb enrichment; Fig. 12; Rybár et al. 
2019). They also show a similar REE pattern and Eu anom-
aly (Eu/Eu* = 0.58 for ŠKR-12; Eu/Eu* = 0.59 for Kuchyňa 
tuff; Fig. 12; Rybár et al. 2019). Discrimination diagrams 
point to a certain degree of compositional compatibility 
between the two volcaniclastic rocks (Fig. 14). In terms of 
the older marker bed dated in this study, KAL-1 is coeval 
with BVF Csv-2 (Lukács et al. 2018) rhyolitic ignimbrites. 
Although both belong to felsic subgroup of CPR calc-alka-
line magmatic rocks, more in-depth insight into their genetic 
relationship is not currently possible, as no volcanic glass 
major and trace elemental geochemistry is available from 
the Csv-2 ignimbrites. The same is true for variously altered 
DLSB volcaniclastic deposits (coeval with both KAL-1 and 

ŠKR-12 volcaniclastic rocks; de Leeuw et al. 2010, 2012; 
Mandic et al. 2011; Fig. 13) for which only whole-rock (and 
bulk volcanic glass) major and trace elemental composi-
tions are available (and were used by Šegvić et al. 2014 for 
magmatic provenance reconstructions suggesting CPR as 
a volcanic source area). In conclusion, although the coeval 
Kuchyňa tuff and Mt. Požeška gora volcaniclastic turbidites, 
as well as Mt. Kalnik and Csv-2 ignimbrites (Fig. 13), do 
show some general compositional similarities, methodologi-
cal discrepancy (outlined in Lowe 2011; Lowe et al. 2017; 
Hopkins and Seward 2019) prevents making reliable tephro-
chronological interpretations at this juncture. The current 
data does suggest that they might have been derived from the 
same volcanic sources (and potentially produced by the same 
CPR eruption events). However, to enable most reliable and 
constrained tephrochronological and volcanic provenance, 
as well as petrogenetic reconstructions, additional proxies 
(such as zircon petrochronology; e.g., Szymanowski et al. 
2016, 2019; Ellis et al. 2019) are required. Such a multiple 

Fig. 14  Discrimination diagrams using different trace element ratios 
(a Nb/Y vs. La/Y, b La/Nb vs. Th/Nb, c Th/Ta vs. Th/Y) from aver-
aged single glass shard compositions of investigated felsic Croatian 
volcaniclastic rocks in comparison to trace element whole-rock com-

positions of Csv-2 ignimbrite (Lukács et al. 2018) and Kuchyňa tuff 
(Rybár et al. 2019). Dashed field outline the given compositional var-
iability of the measured Kuchyňa tuff bulk rock samples (Rybár et al. 
2019)
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technique approach should be applied on the regional scale 
(Fig. 13; Pécskay et al. 2006; de Leeuw et al. 2012; Lukács 
et al. 2018; Rocholl et al. 2018; Szakács et al. 2018) to gain 
more comprehensive understanding of the CPR geodynamic 
and magmatic evolution.

Geochronological constraints on the timing 
of the initial flooding in the NCB with CP 
implications

The spatial and temporal evolution of the semi-enclosed 
Central Paratethys sea during the Early to Middle Miocene, 
as well as the chronologic framework to disentangle geody-
namic and climatic processes affecting depositional envi-
ronments, is not yet resolved (Hilgen et al. 2012; Sant et al. 
2017; Kováč et al. 2018). The CP evolution likely reflects 
both geodynamically induced changes in basin connectiv-
ity (due to development of Alpine–Carpathian–Dinaride 
orogenic systems), as well as changes in eustatic sea level 
(Sant et al. 2017, 2019; Kováč et al. 2018; de Leeuw et al. 
2018). Although there has been recent progress (e.g., de 
Leeuw et al. 2018; Sant et al. 2019, 2020), a general lack of 
high-precision geochronology makes correlation within and 
between CP basins difficult, as well as making it complicated 
to correlate these basins to the global time scale (Holcová 
et al. 2018; Kováč et al. 2018). In addition, Sant et al. (2017) 
stated the need for using the recently revised Mediterranean 
Early‒Middle Miocene calcareous plankton biochronology 
in full extent to re-date the Paratethyan successions (due to 
the connection of the CP with the Mediterranean through 
e.g., Trans-Tethyan-Trench Corridor; Holcová et al. 2018; 
Kováč et al. 2018; Sant et al. 2019). Kováč et al. (2018) 
also emphasized the importance of taking into account the 
diachronism of the lithostratigraphy, as well as first appear-
ances of index species.

The initial Miocene CP NCB marine deposits in north-
ern Croatia were first dated as Early Miocene (Karpatian; 
Pavelić 2001), and were unconformably deposited on differ-
ent types of basement rocks (pre-Miocene basement as well 
as Lower‒Middle Miocene SPBLS deposits; Ćorić et al. 
2009; Brlek et al. 2018; Mandic et al. 2019a). However, 
according to Ćorić et al. (2009), Mandic et al. (2012, 2019a, 
b), Marković (2017) and Pavelić and Kovačić (2018 and 
references therein), initial Miocene marine flooding of the 
NCB corresponds to the main Badenian (Middle Miocene) 
transgressive pulse of CP, that is Middle Badenian (NN5 
Zone, TB 2.4 after Hohenegger et al. 2014). These recent 
studies are based on radiometric dating of the volcaniclastic 
horizons and integrated biostratigraphy, which constrained 
the age of Lower–Middle Miocene NCB deposits analyzed 
therein (Mandic et al. 2012; Marković 2017). However, as 
outlined in Brlek et al. (2018), the precise timing of the ini-
tial Early‒Middle Miocene flooding of different parts of 

NCB is unresolved, primarily because of an insufficient 
amount of high-precision geochronological data.

The transition from lacustrine to marine deposition, and, 
therefore, the timing of the initial NCB flooding, was previ-
ously interpreted at approximately 15 Ma based on Ar/Ar 
dates and calcareous plankton stratigraphy from volcaniclas-
tic rocks intercalated with both SPBLS and CP deposits pre-
sent at several NCB localities (Mandic et al. 2012; Marković 
2017; Pavelić and Kovačić 2018; Mandic et al. 2019a, b, 
c; Sant et al. 2019). The same timing of the lacustrine to 
marine transition was interpreted for Mt. Požeška gora NCB 
deposits by Mandic et al. (2019a); however, without any 
isotope geochronology. Our new CA-ID-TIMS U–Pb zir-
con age of 15.345 ± 0.020 Ma (Fig. 11) from Mt. Požeška 
gora (ŠKR section) primary volcaniclastic turbidites inter-
calated with marine NCB deposits prove that CP marine 
flooding had already occurred in some parts of NCB dur-
ing the NN4 Zone, contradicting this previous interpreta-
tion. This indicates either that the initial transgression may 
have been diachronous across the NCB (as it is diachronous 
across the southern margin of Pannonian Basin and across 
other Central European basins; Mandic et al. 2019a, b, c; 
Sant et al. 2017, 2019, 2020; Fig. 13), or that different NCB 
parts could have been initially flooded during different CP 
events (Hernitz Kučenjak et al. 2018). On the CP (and whole 
Paratethys) scale, to enable more reliable reconstructions 
concerning the timing and mode of the installment of Bad-
enian Sea(s) and onset of flooding(s), such as the widespread 
“mid-Langhian” one interpreted to occur in most CP regions 
after ~ 15 Ma (Rybár et al. 2019; Sant et al. 2019, 2020), 
more high-precision geochronological dates must be derived 
from individual CP basins.

Conclusions

We present the stratigraphy for Mts. Kalnik and Požeška 
gora volcaniclastic sequences, integrated with high-preci-
sion U–Pb and Ar/Ar geochronological, and volcanic glass 
geochemistry data, to provide new constraints on their age, 
magmatic provenance and tephrochronology, as well as on 
the timing of initial CP flooding of the NCB. This enabled 
more reliable reconstruction of Miocene syn-rift evolution 
of the NCB with regional CPR and CP implications.

Mt. Kalnik 20-m-thick pumice-bearing coarse lapilli 
tuffs (KAL-1 horizon) were deposited from PDCs as mas-
sive ignimbrites. Derivation of these rhyolitic (> 77 wt% 
 SiO2) ignimbrites from a single eruption event (primary 
volcaniclastic rocks) was confirmed by homogeneous major 
and trace elemental composition of juvenile volcanic glass 
shards. Comparison of KAL-1 high-precision geochro-
nological data (using total uncertainties at the 2σ level) 
indicate that Ar/Ar sanidine ages of 18.14 ± 0.38 Ma and 
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18.25 ± 0.38 Ma and a CA-ID-TIMS U–Pb zircon age of 
18.060 ± 0.023 Ma are coeval. Major and trace elemental 
composition of single glass shards from Mt. Požeška gora 
(ŠKR section) 5-m-thick normally graded volcaniclastic tur-
bidites, characterized by liquefaction-related soft sediment 
deformation structures (pillars/dykes and disturbed, convo-
luted and faulted laminations), also overlap completely, ren-
dering these turbidites as primary. High-precision geochro-
nology of the basal interval (ŠKR-12 rhyolitic coarse tuff) of 
primary volcaniclastic turbidites is also within uncertainty 
between the two techniques, with a CA-ID-TIMS U–Pb zir-
con age of 15.345 ± 0.020 Ma and Ar/Ar sanidine ages of 
15.34 ± 0.32 Ma and 15.43 ± 0.32 Ma.

The Mts. Kalnik and Požeška gora rhyolitic ignimbrites 
and volcaniclastic turbidites, respectively, are coeval with 
the CPR silicic magmatic activity, which produced wide-
spread felsic calc-alkaline pyroclastic rocks. The Early to 
Middle Miocene is most intense silicic phase of CPR vol-
canism, and is generally accepted as being contemporaneous 
with the major lithospheric thinning of the PB. Geochemical 
signatures of both the KAL and ŠKR volcaniclastic rocks, as 
well as of other coeval CPR silicic pyroclastic rocks, can be 
regarded as subduction-related (e.g., high LILE/HFSE, Pb 
enrichment, Nb–Ta–Ti depletion). Such geochemical imprint 
was previously interpreted to be in direct relation to post-
collisional character of CPR volcanism, with subduction-
related components that were preserved in the lithospheric 
mantle being reactivated during CPR extension.

Based on the high-precision geochronology data, the 
Mt. Kalnik ignimbrites are coeval with the Csv-2 borehole 
rhyolitic ignimbrites, from the BVF. The ŠKR-12 volcani-
clastic turbidites are coeval in age when compared to the 
North Alpine Foreland Basin (Switzerland and southern 
Germany) Urdorf-Wolhusen-Ponholz bentonites and kao-
linitized tuffs, as well as with the Styrian Basin Hörms-
dorf-2 tuff and the Vienna Basin Kuchyňa tuff. In addition, 
both Mts. Kalnik and Požeška gora volcaniclastics are coe-
val with DLSB (Sinj and Gacko Basins) tuffs. This indi-
cates that, based on currently available geochronological 
data, the presumed Mátra-Bükk area can be excluded as a 
volcanic source for the NCB ŠKR-12 volcaniclastic rocks. 
To further resolve if the Mts. Kalnik and Požeška gora and 
their temporally correlative European volcaniclastic rocks 
may have been derived from the same volcanic sources 
and eruption events, major and trace element composi-
tion of corresponding volcanic glasses must be compared. 
However, no data are available from North Alpine Fore-
land Basin and Styrian basin tuffs. Although the available 
major element geochemistry of the Kuchyňa rhyolitic tuff 
is similar as ŠKR-12, analysis of trace elemental compo-
sition of volcanic glass of Kuchyňa tuff is needed to con-
firm that the two units share an ancestral volcanic event. 
Similarly, only whole-rock geochemistry is available from 

the Csv-2 ignimbrites, which are coeval with KAL-1, as 
well as from DLSB volcaniclastics. Such methodological 
discrepancies prevent making reliable tephrochronological 
and volcanic provenance reconstructions. Instead, to gain 
a more comprehensive understanding of the CPR geody-
namic and magmatic evolution, a multi-proxy approach 
must be applied on the regional scale.

Our new high-precision geochronology data from the 
Mts. Požeška gora volcaniclastic rocks, intercalated with 
NCB marine deposits, provide insight into the timing of 
the initial Mille Miocene (Badenian) marine flooding (and 
transition from lacustrine to marine deposition), which is 
at least ~ 0.35 Ma older than generally accepted at the NCB 
scale (maximally ~ 15 Ma). This proves that CP marine 
flooding occurred in some parts of NCB during the NN4 
Zone, and that the initial transgression might have been dia-
chronous across the NCB, or that different NCB parts could 
have been initially flooded during different CP events. On 
the regional scale, these results indicate that the onset of 
the widespread “mid-Langhian” flooding and installment 
of Badenian Sea may have occurred in some CP regions 
before 15 Ma. To render biostratigraphic data more reliable, 
provide firm constraints on the CP chronostratigraphy and 
precise timings of sea-level changes, more high-precision 
geochronology is required from individual CP basins.
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