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Abstract
Volcaniclastic layers interbedded in Miocene sedimentary successions of the Western Carpathian Foreland Basin (WCFB), 
North Alpine Foreland Basin (NAFB), and the Intra-Alpine Aflenz Basin represent distal fallout from large explosive erup-
tions. We present new zircon U–Pb ages, trace element and Hf-isotope data, and, where preserved, glass compositions to 
identify their sources. The results indicate derivation from successive Early to Mid-Miocene silicic eruptions of the Bükkalja 
Volcanic Field (BVF) in the Pannonian Basin, northern Hungary. Zircon laser ablation inductively coupled plasma–mass 
spectrometry ages cluster at 17 ± 0.3 Ma and 14.2 ± 0.2 Ma. Zircon Hf-isotope and trace-element compositions link the 
Early Miocene tephras to the 17.3 Ma Eger Ignimbrite (Hradiště) and the 16.8 Ma Bogács Ignimbrite (Ivančice-Réna, Stran-
ing). These provide the first geochemically confirmed north-western occurrence of the Eger eruption and the westernmost 
documented fallout from the Bogács eruption. Middle Miocene samples from the WCFB and Aflenz Basin yield slightly 
younger zircon ages (14.3–14.0 ± 0.2 Ma) than the 14.35 Ma Harsány Ignimbrite but display indistinguishable Hf-isotope 
and trace-element signatures, supporting correlation with this eruption. The new data expand the known dispersal of BVF 
tephras and provide firm evidence for westward ash transport. Revised zircon U–Pb ages reposition key tephra horizons 
within the Central Paratethys stratigraphy, shifting them to younger intervals and challenging earlier interpretations of Early 
Miocene marine transgressions in the WCFB and NAFB.

Keywords  Zircon U–Pb geochronology · Zircon chemistry · Tephrostratigraphy · Miocene explosive volcanism · Central 
paratethys

Introduction

Many Central European Miocene basins, including the 
Alpine–Carpathian Foredeep, formed part of the epicon-
tinental Central Paratethys Sea. However, its palaeogeo-
graphic and stratigraphic evolution remains poorly con-
strained (e.g., Sant et al. 2017). These semi-enclosed basins 
developed under varying environmental conditions and epi-
sodic connections to the Mediterranean, Indo-Pacific, and 
Atlantic Oceans, reflecting a complex interplay of tectonic 
and climatic controls (Rögl and Steininger 1983; Rögl 1998, 
1999). As a result, significant uncertainties persist in cor-
relating their sedimentary successions.

Regional stratigraphic frameworks of the Central Para-
tethys sub-basins are based on biozonation (planktonic 
foraminifera and nannofossils) combined with geodynamic 
and climatic events in the area, commonly expressed using 
sequence stratigraphic concepts (Kováč et al. 2004, 2006; 
Harzhauser and Piller 2007; Hohenegger et al. 2009, 2014). 
However, biostratigraphic and magnetostratigraphic reso-
lutions are limited by seaway fluctuations, discontinuous 
sedimentation, and palaeogeographic barriers (Abdul-Azis 
et al. 2008; Di Stefano et al. 2011; Turco et al. 2011; Lirer 
et al. 2019; Gradstein et al. 2020). To overcome these chal-
lenges, the dating of tephra horizons intercalated within 
sedimentary successions has proven to be an effective tool 
for inter-basin correlation (e.g., Izett 1981; Kennett et al. 
1985; Piller et al. 2007; Mandic et al. 2012, 2019; De Leeuw 
et al. 2013, 2018; Roetzel et al. 2014; Sant et al. 2017, 2020; 
Bukowski et al. 2018; Rybár et al. 2019; Šegvić et al. 2023; Extended author information available on the last page of the article
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Bercea et al. 2023; Trinajstić et al. 2023; Brlek et al. 2024a, 
b), especially given the extensive Miocene volcanism in the 
Carpathian–Pannonian region (e.g., Pécskay et al. 2006; 
Lukács et al. 2015, 2018, 2024; Karátson et al. 2022; Brlek 
et al. 2023; Harangi et al. 2025).

This study focuses on Early-to-Middle Miocene vol-
caniclastic deposits from the Alpine–Carpathian Foredeep, 
which represent the transition between the North Alpine 
Foreland Basin (NAFB) in the southwest and the Western 
Carpathian Foreland Basin (WCFB) in the northeast and 
the Intra-Alpine Aflenz Basin (Nehyba and Roetzel 2010; 
Iglseder et al. 2022). We present new age determinations and 
potential source correlations for these deposits, with the aim 
of refining the stratigraphy and correlation of the Central 
Paratethys sub-basins, as well as improving constraints on 
the spatial distribution of large silicic explosive eruptions in 
the Carpathian–Pannonian–Alpine region.

Geological setting

The Alpine–Carpathian Foredeep constitutes a peripheral 
foreland basin formed due to the tectonic emplacement and 
crustal loading of the Alpine–Carpathian Thrust Wedge onto 
the margin of the Bohemian Massif (Nehyba and Šikula 
2007). The western (cratonward) margin of the Alpine–Car-
pathian Foredeep in the area under study (Fig. 1a-b) is 
formed by crystalline rocks of the Bohemian Massif and its 
Palaeozoic-Oligocene sedimentary cover, whilst the east-
ern (orogenward) margin is composed of Jurassic-to-Early 
Miocene deposits of the Waschberg, Ždánice, and the Sub-
silesian Flysch Units of the Outer Western Carpathian nappe 
stack (Picha et al. 2006). The stratigraphic extent of the 
sedimentary infill of the WCFB and the studied part of the 
NAFB ranges from the Oligocene/Early Miocene (Egerian) 
to the Middle Miocene (Upper Badenian) (Brzobohatý and 
Cicha 1993; Figs. 2, 3). The first Early Miocene marine 
flooding begun in the early Eggenburgian at the south-
eastern margin of the Bohemian Massif and prograded 
northwestward. The onset of deposition was heterochro-
nous due to complex palaeotopography and the influence 
of Neogene tectonics (Steininger and Seneš 1971; Roetzel 
et al. 1999). This resulted in regionally restricted and highly 
variable lithofacies and biofacies, giving rise to a complex 
lithostratigraphy in both the WCFB (in the Czech Republic; 

Fig. 2) and the NAFB (in Austria; Fig. 3). After a regression 
at the turn of the Eggenburgian and Ottnangian, the area was 
once again flooded by a second marine transgression in the 
early Ottnangian, which prograded even further northwards 
and westwards into small basins and former fluvial valleys 
on the Bohemian Massif.

Deposition in the WCFB (Fig. 2) started with the Žerotice 
Member (Egerian to Eggenburgian), interpreted as alluvial, 
fluvial, lagoonal, and distal flood plain deposits (Nehyba 
et al. 2019). They are overlain by Eggenburgian marine 
deposits (Čtyroký 1993). Dornič (1980) and Čtyroký 
(1982) distinguished two facies types: “marginal develop-
ment” and “basin development”. The marginal develop-
ment is characterised by gravels and sands, fining upward 
into silts, sandy clays, and clays with marine and brackish 
mollusc and continental flora, and includes intercalations 
of rhyolite/rhyodacite tuff/tuffite as well as montmorillon-
itic and bentonitic clays in its uppermost part (Tejkal 1958; 
Krystek 1959; Čtyroký 1991; Knobloch 1982; Čejkovice 
Sand, Fig. 2). Deposits of the basin development (Dunajov-
ice or Diváky sandstones, Dobré Pole mudstones; Adámek 
2003; Fig. 2) include euhaline marine conditions with an 
interbed of montmorillonitic clays in their uppermost part 
(Batík and Čtyroký et al. 1977), correlated with tuffites in 
the marginal development (Čtyroký 1982) (Fig. 2). Dur-
ing the Ottnangian, the sea prograded towards northwest 
and deposited complex small-scale facies forming several 
lithostratigraphic units, such as the Vítonice mudstones and 
the Rzehakia Member (Dlabač 1976; Čtyroký 1993; Roet-
zel et al. 1999; Adámek 2003; Stráník et al. 2021). Around 
Miroslav and Ivančice, montmorillonitic clays, tuffitic clays, 
and/or bentonites have been reported (Čížek 1980, 1985; 
Kolek 1990; Čtyroký 1991). These beds can reach up to 
13 m in thickness and were termed the “tuffitic member” 
(Dornič 1969; Dlabač 1976). However, due to the lack of 
more precise stratigraphic data, they are usually described 
as Eggenburgian–Ottnangian in age (Fig. 2).

In the studied part of the NAFB in Austria, the oldest 
deposits are fluvial sediments of the St. Marein-Freischling 
Formation in the Horn Basin (Upper Oligocene–Early Mio-
cene) and fluvial–estuarine to lagoonal sediments of the 
Ravelsbach Formation on the eastern edge of the Bohemian 
Massif (Fig. 3) (Nehyba and Roetzel 2010; Roetzel 2017). 
The latter could correspond to the Žerotice Member in the 
WCFB. Marine flooding started in the early Eggenburgian 
from the south, initiating the deposition of shallow marine 
deposition that prograded north- and northwestwards (Roet-
zel et al. 1999). During the Eggenburgian and Ottnangian, 
two distinct marine transgressive sequences with several 
lithostratigraphic units developed along the south-eastern 
margin of the Bohemian Massif (Roetzel 1994; Roetzel 
et al. 1999; Mandic and Steininger 2003; Fig. 3). The first 
marine transgression started at the south-eastern edge of the 

Fig. 1   a Distribution of the investigated Early-to-Middle Miocene 
volcaniclastic deposits in Eastern Central Europe, showing the posi-
tion of the Bükkalja Volcanic Field and the area enlarged in Fig. 1b. 
Abbreviations: Bp – Budapest; Bra – Bratislava; Lju – Ljubljana; 
b Study area with the regional position of the investigated sam-
ples (cross symbols) and occurrences of Horizon I and Horizon II 
tuffs (circle symbols), after Nehyba (1997) and Nehyba and Roetzel 
(1999). Symbol colours: blue – tuffs related to Horizon I; pink – tuffs 
related to Horizon II; green – Middle Miocene tuffs

◂



	 International Journal of Earth Sciences (2026) 115:2626  Page 4 of 26

Bohemian Massif in the early Eggenburgian. It subsequently 
flooded the Horn Basin and reached the Eggenburg Bay in 
the late Eggenburgian, where the sediments were deposited 
directly on the crystalline basement. Sediments in the Egg-
enburg Bay are represented by shallow marine, wave and 
storm dominated sands and gravels (Burgschleinitz Fm; 
Pervesler et al. 1995; Nehyba and Roetzel 2022) and highly 
immature estuarine sediments (Kühnring Member) are lat-
erally interfingering with it. The first transgressive cycle is 
completed by fine sandy to silty sediments (Gauderndorf 
Fm) (Roetzel et al. 1999; Mandic and Steininger 2003).

After a regression, the second transgressive cycle at the 
beginning of the Ottnangian starts with the Zogelsdorf For-
mation (Nebelsick 1989; Fig. 3). It is a fining and deepening 
upward succession from conglomerates, sands, sandstones, 
as well as coralline algae and bryozoan detritic limestones. 
East of the Eggenburg Bay, the Zogelsdorf Formation passes 
upsection into open marine clays and marls of the Zellern-
dorf Formation. Within the bay, the Zellerndorf Formation 
is restricted to deeper depressions and interfingers laterally 
with the Zogelsdorf Formation. Most of the Zellerndorf 
Formation consist of non-calcareous and smectitic silty 
clays. East of the Eggenburg Bay, diatomites from the Lim-
berg Member are interfingering with the upper part of the 

Zellerndorf Formation (Roetzel et al. 2006; Grunert et al. 
2010). From the Upper Eggenburgian until the Ottnangian, 
the transgression also flooded small valleys and tectonically 
formed basins within the Bohemian Massif, such as the 
basins of Langau, Riegersburg, Niederfladnitz, and Weiters-
feld (Nehyba and Roetzel 1999). Smectic clays, bentonites, 
and tuffitic intercalations in the sediments from the Zellern-
dorf Formation, Weitersfeld Formation, and Langau Forma-
tion in these basins indicate volcanic input into the NAFB 
(Roetzel 1994; Roetzel et al. 1994; Roetzel and Řeháková 
1991; Nehyba and Roetzel 1999). In marginal areas of the 
Langau Basin, brackish deposits from the Langau Formation 
occur together with lignite and tuffitic or bentonite layers 
(Roetzel et al. 1994).

A new marine transgression and a new depositional 
cycle in both the WCFB and NAFB relate to the Early 
Miocene stage of the Karpatian. These deposits are repre-
sented by marine calcareous silty shales from the Laa and/or 
Stryszawa Formations (Roetzel and Schnabel 2002; Ślączka 
1977; Fig. 3). Volcaniclastics have not been reported from 
these deposits within the WCFB. From the NAFB, Roetzel 
et al. (2014) described an Early Miocene (Karpatian) silicic 
tuff on top of the Ottnangian Zellerndorf Formation from 
Straning with a 40Ar/39Ar dating of 17.23 ± 0.18 Ma. After 

Fig. 2   Stratigraphic scheme 
of the sedimentary infill of the 
West Carpathian Foreland Basin 
(WCFB). Stars indicate the tuff 
levels occurring within the suc-
cessions. The studied Hradiště 
H-36–4 and Ivančice Réna 
(V-2) samples represent the 
Horizon I and Horizon II tuffs, 
respectively. Samples HJ-2 
Otmarov, HJ-1 Chrlice, and Lip-
ník nad Bečvou (LIP) belong to 
the Middle Miocene tuffs within 
the “Tegel” formation
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Fig. 3   Stratigraphic scheme of the sedimentary infill of the North 
Alpine Foreland Basin (NAFB) in the studied area. Stars indicate the 
tuff levels occurring within the successions. The studied Straning tuff 

occurs in the Maissau area. Note that all tuff occurrences are related 
to the Horizon II tuffs. For the undated tuff (yellow star) at the base of 
the Zogelsdorf Formation, see Schubert et al. (1999)
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significant erosion of the older deposits and dramatic change 
of the Alpine–Carpathian Foredeep shape and configura-
tion (Dellmour and Harzhauser 2012; Nehyba et al. 2022), a 
new deposition cycle started in the Badenian. Whilst shallow 
marine deposits from the Grund Formation and Gaindorf 
Formation are developed in the southern part of the basin, 
a more diverse situation was observed towards the north 
in the WCFB (Fig. 2). A distinctive basin infill geometry 
with a strong dominance of two lithofacies was recognised 
here (Nehyba and Šikula 2007). The first lithofacies are 
sandy gravels and gravelly sands (Krystek 1974; Nehyba 
2018). They are commonly covered by a second dominant 
lithofacies, i.e., monotonous pelites (“Tegel”) deposited in 
a marine depositional environment. The abundant fossil con-
tent provides some evidence for the NN5 Nannoplankton 
Zone (Tomanová Petrová and Švábenická 2007; Nehyba 
et al. 2008). Widespread interlayers of tuffs and tuffites 
have been described from the Lower Badenian succession 
(Nehyba 1997; Fig. 2). In the NAFB, volcaniclastics have not 
been described from the Lower Badenian deposits (Grund 
Fm, Gaindorf Fm). Middle Badenian deposition continues 
in the WCFB only in its northernmost part of the basin with 
tuffites described by Cicha et al. (1985) and Nehyba (2000).

The lateral extrusion of the Eastern Alps to the east along 
the Mur-Mürz Fault System (Frisch et al. 2000) during the 
Early and Middle Miocene led to the formation of several 
pull-apart basins and halfgrabens (Neubauer et al. 2000; 
Sachsenhofer et al. 2003). The most important pull-apart 
basins, which formed at the major oversteps of sinistral 
faults along the Mur-Mürz Fault System (Sachsenhofer 
et al. 2003), are Fohnsdorf Basin, Trofaiach Basin, Aflenz 
Basin, Leoben Basin, and Parschlug Basin. They all share a 
fluvial phase at the beginning of sedimentation in the Mio-
cene, continuing with coal seams and ending with lacustrine 
sediments. The 16 km long and up to 2 km wide Aflenz 
Basin with a west-southwest–east-northeast extension was 
formed in the central part of the Mur-Mürz Fault System. It 
is bounded by Austroalpine units to the south as well to its 
northern margin. The basal Feistring Formation, consisting 
of breccias and conglomerates, represents northward and 
southward prograding alluvial and fluvial deposits in the 
Aflenz Basin. The up to 300 m-thick basal coarse-grained 
Feistring Formation is overlain by the Göriach Formation. 
The relatively small and short-lived Lake Groisenbach 
represents the lacustrine phase of the Aflenz Basin, where 
sediments from the Göriach Formation were deposited. The 
Göriach Formation, with a thickness of up to 200 m, is sub-
divided into the Groisenbach and the Sulzgraben Members. 
Basal coarse sediments from the Feistring Formation are 
overlain by three lignite seams near the base of the Göriach 
Formation in the eastern part of the basin (Reischenbacher 
and Sachsenhofer 2002). The lowest coal seam contains a 

rich mammal fauna, determined by Hofmann (1893) and 
Zapfe (1956), proving a Langhian (Badenian) age. Hajoś 
and Holzer (1972) investigated the occurrence of brackish 
diatoms from the base of the Groisenbach Member at the 
north-western edge of Aflenz town. The diatom associations 
with the genus Stephanodiscus are a good facies indicator, 
which were compared with identical occurrences in lacus-
trine Miocene sediments in Hungary. Based on these asso-
ciations, the sediments from the Göriach Formation were 
assigned to the lower Badenian. Diatom associations with 
Stephanodiscus are characteristic of shallow, slightly saline 
freshwater palaeoconditions with quite warm temperature 
(Hajoś and Holzer 1972). Zorn (2015) described a Middle 
Miocene ostracod fauna from the Feistring Formation and 
the Groisenbach Member from the eastern part of the Aflenz 
Basin. Endemic mollusc assemblages from the Feistring 
Formation indicate nearshore environments with increased 
water energy (Harzhauser et al. 2012). The sediments from 
the Sulzgraben Member are developed in the western part of 
the Aflenz Basin (Etmißl and Sulzgraben area). They consist 
of grey and greenish siltstones, sandstones, and conglomer-
ates with well-rounded components. Within this member, 
two tuff layers, containing a leaf flora, were discovered (Igl-
seder et al. 2022).

Methods

Grain-size analyses were performed using a Fritsch Laser 
Particle Sizer. Mean grain size, sorting, and skewness were 
calculated following Folk and Ward (1957). The largest clast 
size was estimated from the 99th percentile. Details of the 
analytical methods are provided in ESM_1, and reference 
materials with analytical results are listed in ESM_5–6.

In situ zircon U–Pb and trace-element analyses were car-
ried out at ETH Zürich and the University of Graz using 
Resonetics Resolution 155 and ESI NWR 193 nm laser 
ablation (LA) systems coupled to Thermo Element XR and 
Nu Plasma II inductively coupled plasma–mass spectrom-
eters (ICP-MS), respectively. Data reduction was performed 
using IOLITE (Paton et al. 2011) with the VizualAge mod-
ule (Petrus and Kamber 2012). Concordant analyses were 
filtered based on < 10–15% discordance, and Th-disequilib-
rium corrections were applied as described in ESM_1. Zir-
con Lu–Hf isotopic analyses were performed at ETH Zürich 
using a Resolution 193 nm ArF laser ablation system cou-
pled to a Nu2 MC-ICP-MS. Initial 176Hf/177Hf ratios and εHf 
were calculated using the crystallisation age of each sample 
and CHUR parameters of Bouvier et al. (2008).

Trace-element analyses of volcanic glass shards were 
performed at the University of Perugia (Italy) using an 
Agilent 8900 ICP-MS coupled to a Coherent GeoLas ArF 
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193 nm Excimer laser, with ATHO-G as calibration glass 
(Jochum et al. 2006). Concentrations were normalised to 
100 wt% oxide totals (Pettke et al. 2004) using Si as the 
internal standard. Whole-rock major and trace elements 
from the Aflenz Basin were analysed by Activation Labo-
ratories Ltd (Canada) using fusion ICP-OES/MS (proce-
dure “4LITHO”).

Micropalaeontological data are based on existing faunal 
lists (Brzobohatý 1982–1983) and re-evaluation of selected 
samples following Cicha et al. (1998). No rock samples 
were available for micropalaeontological study from the 
HJ-2 Otmarov or nearby HJ-1 Chrlice wells. Instead, we 
used the faunal lists compiled by R. Brzobohatý between 
1982 and 1983. Clay from Lipník nad Bečvou were soaked 
in a Na2CO3 solution, and floated on 0.063  mm mesh 
sieve, dried, and examined under a binocular microscope. 
Foraminifera were identified according to Cicha et  al. 
(1998).

Results

Samples and petrography

All samples studied in this work are shown in Fig. 1a-b 
and listed in Table 1 with their WGS84 coordinates. The 
exact stratigraphic positions of the samples are provided in 
ESM_2. The WCFB samples originate from the southern 
(boreholes Hradiště H-36, Ivančice-Réna V2, HJ-2 Otmarov, 
HJ-1 Chrlice) and northern (outcrop Lipník nad Bečvou) 
segments of the basin (Fig. 1b). Mineralogical and chemi-
cal data for these samples were presented in Novák (1978), 
Zádrapa (1988), Nehyba (1997), Nehyba et  al. (1999), 
Nehyba and Roetzel (1999), Buriánek et al. (2021), and 
Bubík et al. (2024). Except for Lipník nad Bečvou, these 
samples were collected in small quantities over 30 years ago, 
leaving only a limited amount of material for zircon and 
glass separation. The study also includes a tuff sample from 
Straning in the NAFB, previously dated and analysed by 
Roetzel et al. (2014), and five samples from the Intra-Alpine 

Table 1   Studied samples with their codes, locations (given as WGS84 coordinates from GPS), and the types of analyses performed. X – results 
obtained in this study; 0 – published results; WR – whole-rock; *paleontological data

Samples Codes WGS84 coordinates Zircon U–Pb 
geochronol-
ogy

Zircon 
chemis-
try

Zircon Lu–
Hf isotopes

Glass 
chemistry

WR chem-
istry

Additional 
references

Western Carpathian Foreland Basin (WCFB)
Hradiště H 36* H36-4 N48.8608197°  

E16.0157842°
X X X X

Ivančice –Réna 
V2

IVANCICE N49.0941675° 
E16.3912611°

X X X 0 Buriánek et al. 2021

Otmarov HJ 2* HJ-2 N49.1019019° 
E16.6789978°

X X X X

Chrlice HJ-1* HJ-1 N49.1358986° 
E16.6504108°

X

Lipník nad 
Bečvou

LIP N49.5341069° 
E17.6054033°

X X 0 Buriánek et al. 2021

Jezernice* N49.54244°,  
E17.61624o

Aflenz Basin, Intra-Alpine Basin
Aflenz, upper-

most weath-
ered tuff

BYG16-03/2 N47.526434° 
E15.205724°

X Iglseder et al. 2022

Aflenz, upper 
tuff

AFL N47.525971° 
E15.206221°

X X X X

Aflenz, upper 
tuff

BYG16-03/1 N47.526434° 
E15.205724°

X X Iglseder et al. 2022

Aflenz, upper 
tuff

SC10-102–16 N47.526309° 
E15.205797°

X Iglseder et al. 2022

Aflenz, lower 
tuff

BYG18-005 N47.526334° 
E15.205963°

X X Iglseder et al. 2022

North Alpine Foreland Basin (NAFB)
Straning STR N48.619167° 

E15.859500
X X X 0 Roetzel et al. 2014



	 International Journal of Earth Sciences (2026) 115:2626  Page 8 of 26

Aflenz Basin, with preliminary age and chemical data pub-
lished by Iglseder et al. (2022).

Sample Hradiště H36‑4

The lowermost portion of the Hradiště H36 borehole 
(EMS_2) consists of kaolinized biotitic granite from the 
Thaya Batholith of Bohemian Massif. Early Miocene depo-
sition begins with brackish-estuarine greyish-green and 
whitish-green sandy and silty claystones containing various 
mollusc assemblages, including Pirenella moravica (Hörn.) 
(Table 2), with rare occurrences even within the overlying 
tuffitic beds (Čtyroký et al. 1983). These deposits belong to 
“Eggenburgian marginal development” of Čtyroký (1993). A 
20 cm-thick layer of biotite-rich whitish tuffite is interbedded 
within the mudstones. However, thickness of this volcani-
clastic bed ranges from a few cm upto 1.5 m in the nearby 
area. The tuffite is horizontally laminated and graded, with 
biotite-enriched layers. The laminae transition from fine-
grained silt at the top to medium-grained sand at the bottom. 
The largest clast reaches 228 μm. Sorting (σI) varies from 
moderately well sorted at the base to very poorly sorted at 
the top due to the admixture of non-volcanic particles. The 
light fractions include quartz, volcanic glass, and feldspar, 
whilst the heavy minerals are dominated by zircon, apatite, 
biotite, and amphibole, with rutile, staurolite, and pyroxene 
being less common. The glass is fresh, consisting of platy 
and cuspate shards, with some altered shards.

Sample Ivančice‑Réna (V‑2)

The lowermost portion of borehole Ivančice-Réna V-2 
(EMS_2) consists of weathered granitoids from the Brno 
Batholith of Bohemian Massif, overlain by thick beds of red-
dish and green clays, with interbeds of fine-grained sand and 
pebble gravel. The studied 20 cm-thick whitish tuffite covers 
a gravel bed and is overlain by green silty clay. The tuffite is 
macroscopically massive, with volcanic components poorly 
preserved due to a significant admixture of non-volcanic 
material. Both platy and cuspate glass shards, pumice shards 
with fibrous or cellular structure, and quartz were observed. 
The volcanic glasses show intense alteration. Heavy min-
erals include apatite, zircon, amphibole, pyroxene, garnet, 
rutile, zoisite, and tourmaline. Above the green silty clays, 
an almost 1.7 m-thick bed of light grey bentonite is overlain 
by 90 cm of whitish silty tuffite. The Early Miocene deposi-
tion ends with more than 2 m of green and grey clays, often 
with interbeds of gravel and medium-grained sand. The sedi-
mentary succession is fossil-free (Krejčí et al. 2023) and the 
deposits are usually described as Eggenburgian-Ottnangian 
in age (Dornič 1969; Dlabač 1976).

Samples HJ‑2 Otmarov and HJ‑1 Chrlice

In borehole HJ-2 Otmarov, two approximately 2 cm-thick 
whitish tuffite beds were documented at 215.2–215.6 m and 
220 m. In nearby borehole HJ-1 Chrlice, about six approxi-
mately 1–4 cm-thick tuffite layers were described at depths 

Table 2   Zircon U–Pb dating results of the investigated samples. 
Calculations were performed using 206Pb/238U dates. Abbrevia-
tions: conc. data = data with < 10% discordance; *conc. data = data 
with < 15% discordance; discordance is calculated as 100 × [1 – 
(206Pb/238U age/207Pb/235U age)].aCalculated from the dataset of each 
sample including the youngest dates (excluding younger outliers) 
towards older ones until the MSWD of the weighted average remains 
below a threshold value, indicating an isochronous age (Wendt and 

Carl 1991); b Propagated uncertainty was calculated by quadratic 
addition of the uncertainties of the weighted-mean age (including 
overdispersion, based on MSWD) and the external analytical uncer-
tainty of the LA-ICP-MS measurements. The long-term excess vari-
ance of the secondary reference materials has mean values of 1.5% 
(ETH Zürich) and 1.3% (University of Graz), which are the main con-
tributors to the systematic (external) error component

Locality Sample name No.data/
conc. 
data*

Average uncer-
tainity of dates

Number of 
data used

Youngest 
population 
agea

Uncertainty with 1.5% 
external uncertaintyb

MSWD

2SE (Ma) (Ma)

Hradiště (H36) H-36–4 54/43 2.65% 31 17.08 0.27 1.5
Straning STR 52/32 3.86% 25 17.06 0.28 1.4
Ivančice –Réna (V2) IVANCICE 46/37 2.28% 34 17.03 0.27 1.5
Lipnik n. Becvou LIP 27/20 2.67% 9 14.12 0.25 1.7

LIP* 27/23 2.64% 10 14.13 0.24 1.6
Aflenz AFL 42/36 2.72% 19 14.03 0.24 1.7

AFL* 42/38 2.72% 19 14.03 0.24 1.7
Aflenz (BYG16-03/1) upper tuff BYG16_03 22/20 1.41% 18 14.27 0.19 0.7
Aflenz (BYG18-005) lower tuff BYG18_005 38/32 1.88% 12 14.18 0.20 1.7
Otmarov HJ-2 (215,8-216 m) HJ2 (220) 54/33 2.10% 19 14.34 0.23 1.3

HJ2 (220)* 54/38 2.09% 20 14.29 0.22 1.6
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between 140.5 and 158.4 m, interbedded within greyish-
green clays of the “Tegel” (Fig. 2), with varying admixtures 
of silt and very fine sand (EMS_2). Macroscopically, the 
tephra layer from HJ-2 (220 m) is faintly laminated, con-
sisting of poorly sorted very fine sand, with the coarsest 
clast at 195 μm. Grain-size analyses of tuffites from HJ-1 
(145 m and 156 m) revealed very fine sand and coarse silt, 
with very poor sorting and coarsest clasts also at 195 μm. 
Volcanic components, including volcanic glass, quartz, and 
biotite, are well preserved, with only a small amount of non-
pyroclastic sedimentary material. Heavy minerals include 
apatite, zircon, and less common amphibole, garnet, rutile, 
and tourmaline. The glass, dominated by platy and cuspate 
shards, appears fresh with partial alteration.

The sample from 215.2 to 215.4 m (HJ-2 Otmarov) is 
relatively poor in fossils. Benthic foraminifers, including 
f.e. Ammonia beccarii were identified (Table 2). Planktonic 
forams were represented by Paragloborotalia gr. siakensis, 
indicating the Middle Miocene age (Turco et al. 2002; Lirer 
et al. 2019). Siliceous spicules of sponges were also rela-
tively abundant.

The samples from depths of 145.5–156.8 m (HJ-1 Chr-
lice) reveal a rich and diversified fauna, including Uvigerina 
macrocarinata with rare agglutinated foraminifera Marti-
notiella communis (Table 2). Planktonic foraminifera, par-
ticularly Globorotalia div. sp., dominate the lower part of 
the succession. At 151.6 m, Preaeorbulina glomerosa was 
found and in the uppermost metre Orbulina suturalis along 
with Praeorbulina glomerosa. The assemblages also include 
gastropods and bivalves, sea-urchin spines, sponge spicules, 
Teleostei indet remains, and fragments of tooth of Squalus 
sp. and of the otolith Diaphus sp. Based on these, a deeper 
marine environment, an Early Badenian (Langhian) age, 
particularly the Lower Lagenidae zone sensu Grill (1941) 
and Papp et al. (1978) in the M5b Praeorbulina glomer-
osa–Orbulina suturalis zone sensu Berggren et al. (1995) 
was supposed, corresponding to Bukowski et al. (2018).

Sample Lipník nad Bečvou

Natural outcrops at the southwestern margin of Lipník nad 
Bečvou are erosional cutbanks along the downstream side 
of the Hlásenec stream, where several cm-thick tuffitic lay-
ers occur within monotonous green–grey mudstones. The 
tuff is mainly composed of altered glass (clay minerals) 
with few biotite flakes. The mudstones are fossil-free. Sam-
ples from a corresponding tuffite layer in a nearby clay pit 
near Jezernice (1 km SE) (Tišnovská et al. 1998) contain a 
rich microfauna (Table 2). Dominant planktonic foraminif-
era species like Obandyella bykovae, Globigerinoides 
bisphericus, and reworked Globigerina ottnangiensis were 
recorded. Benthic species include Uvigerina macrocarinata, 
Vaginulinopsis pedum, Martinotiella karreri, and Pappina 

breviformis (Table 2). Dominant species are Obandyella 
bykovae and also Trilobatus trilobus and Globigerinoides 
bisphericus. The species Globorotalia and Globigerinoides 
suggest the Lower Badenian age, Zone M5a sensu Berggren 
et al. (1995), whilst Pappina breviformis indicates the latest 
Karpatian or earliest Badenian (Haunold 1990; Cicha et al. 
1998) and Globigerina ottnangiensis is the index fossil of 
the Karpatian (Rögl 1994).

Sample Straning

The Straning sample comes from an outcrop within a small-
scale graben in granites of the Thaya Batholith of Bohemian 
Massif (Fig. 3). Thin intercalations of tuff and tuffite were 
observed in the upper part of greenish-grey, thin, plane-
bedded, non-calcareous, smectitic silty clays of the middle 
Burdigalian (Ottnangian) Zellerndorf Formation. The micro-
fauna, predominantly Silicoplacentina sp. (“Saccamina”) 
and rare Triloculina sp., is typical of shallow, possibly brack-
ish-water deposits. The Straning sample was collected from 
the overlying tuff in the hanging wall (EMS_2). The 90 cm-
thick multiphase Straning ash has a relatively constant silty 
grain size, with a mean between 7.53 and 2.57 µm. The tuff 
contains high amounts of volcanic glass, biotite, feldspar, 
plagioclase, quartz, ilmenite, apatite, and zircon. The silicic 
tuffs and tuffites were dated by 40Ar/39Ar geochronology on 
feldspar to 17.23 ± 0.18 Ma (Roetzel et al. 2014). These tuffs 
show reversed polarity and are correlated with chron C5Cr 
of the late Burdigalian (early Karpatian) and the lowstand 
systems tract (LST) of the global 3rd order sea-level cycle 
Bur 4 (Hardenbol et al. 1998). Further detailed data on the 
outcrop description, Straning granulometry, mineralogy, 
40Ar/39Ar geochronology, palaeomagnetics, and geochem-
istry can be found in Roetzel et al. (2014).

Samples Aflenz

The Aflenz samples come from a natural outcrop in the 
Sulzgraben Member, along a creek in the southwestern 
Aflenz Basin near Sulzgraben. Within a ~ 5 m-thick sedi-
mentary profile, two tuff layers were sampled (EMS_2). 
The lower part of the profile consists of 1.3 m ochre-grey 
and white, mica-rich clay and silt with angular local detritus 
(quartzite and metaignimbrite), overlain by a 20 cm-thick 
layer of partly rounded, altered greenish tuff components 
(sample BYG18-005). Above this, 90 cm of reworked tuff 
is capped by 1.3 m of fresh white accretionary lapilli and 
biotite-rich tuff (samples SC10-102–16, BYG16-03/1, AFL) 
containing fossil leaves. The top profile includes 30 cm of 
partly weathered tuff (BYG16-03/2), 30 cm grey-brown clay 
with plant fossils and detrital white mica, and 70 cm of well-
rounded silt-sand-gravel with concretions and plant remains. 
The upper tuff layer contains quartz, feldspar, biotite, and 
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glass shards. In thin section, it exhibits a fine-grained matrix 
of quartz, feldspar, and biotite, with accessory apatite and 
zircon. Notably, accretionary lapilli up to 2.5 mm in diam-
eter are present.

Zircon U–Pb dating

The zircon U–Pb dating results are summarised in Table 3. 
We analysed 27–54 spots per sample, yielding concord-
ant data between 20 and 43 spots. Concordant data were 
selected with a 10% (Hradiště, Ivančice Réna) or 15% (HJ2 
Otmarov, Lipník nad Bečvou) limit to increase data volume. 
The youngest age population was calculated for each sam-
ple, with the youngest dates selected until the MSWD of 
the weighted average remained below a threshold indicating 
isochronous age (Wendt and Carl 1991), representing the 
eruption age of the volcanic products (Fig. 4).

For Hradiště H36 (H-36–4), zircon dates ranged from 
18.98 ± 0.65 to 16.05 ± 0.59 Ma, with the youngest popu-
lation age of 17.08 ± 0.27 Ma (Fig.  4a). Ivančice Réna 
yielded dates from 17.86 ± 0.54 to 16.60 ± 0.34 Ma, with the 
youngest population age of 17.03 ± 0.27 Ma (Fig. 4b). The 
Straning (STR) sample showed dates between 16.54 ± 0.65 
and 18.10 ± 0.56 Ma, with the youngest population age of 
17.06 ± 0.28 Ma, which aligns well with the 40Ar/39Ar age 
of 17.23 ± 0.18 Ma (Roetzel et al. 2014) (Fig. 4 c). For HJ2 
Otmarov (Fig. 4d) and Lipník nad Bečvou (Fig. 4e), Mio-
cene dates spanned from 16.55 ± 0.81 to 13.87 ± 0.30 Ma 
and 15.82 ± 0.70 to 13.74 ± 0.36 Ma, respectively. Dates 
included 5 and 2 much older, Precambrian and Palaeozoic 
grain dates (638–320 Ma), respectively, and the older grains 
have usually weak luminescence, are rounded and slightly 
larger (ESM_3). Note, that the Lipník nad Bečvou sample 
contained only few zircon grains and the data are therefore 
limited. The youngest population ages were 14.29 ± 0.22 Ma 
(HJ2 Otmarov) and 14.13 ± 0.24 Ma (Lipník nad Bečvou).

Three tuff samples from the Aflenz Basin (Fig. 4f–h), 
analysed in two laboratories (ETH Zürich and University 
of Graz), showed overlapping 206Pb/238U dates. Two of 
these samples, AFL and BYG16-03/1 (Fig. 4f, h), derive 
from the same upper layer of the Aflenz section, whilst 
the third sample, BYG18-005 (Fig. 4g), originates from 
the lower tuff horizon. The 206Pb/238U dates of all samples 
overlap and show broadly similar ranges. For AFL, dates 
span from 17.25 ± 1.16 to 13.66 ± 0.32 Ma; for BYG16-03/1, 
from 14.61 ± 0.21 to 13.86 ± 0.19 Ma; and for BYG18-005 
from 15.05 ± 0.35 to 14.00 ± 0.20 Ma, with two xenocrys-
tic dates (1066.45 ± 21.34 Ma; 796.61 ± 15.97 Ma) in the 
latter. The youngest population ages (excluding outliers) 
are indistinguishable within uncertainty: 14.03 ± 0.24 Ma 
(AFL), 14.27 ± 0.19 Ma (BYG16-03/1), and 14.18 ± 0.20 Ma 
(BYG18-005).

Zircon chemistry

The Lu–Hf isotopic composition of zircon in 5 samples 
was measured, representing both the Ottnangian-Karpatian 
(H-36–4, IVANCICE, and STR) and Badenian (HJ2 and 
AFL) volcanic units. The εHf of studied zircons (20–53 
analyses per sample) were calculated using the correspond-
ing eruption ages. The average uncertainty (2SE) of individ-
ual εHf values is usually between 1.8 and 2.1 units. IVAN-
CICE and STR samples yielded similar εHf values, ranging 
from -6.7 to -9.1 and -6.6 to -8.9, with averages -9.1 and 
-8.9, respectively. In contrast, sample H-36–4 shows much 
higher, mostly positive values, ranging from -2.4 to 5.2 with 
an average of 1.5 (Fig. 5). The εHf values of samples HJ2 
and AFL are similar and span from -2.7 to 3.7 and -2.7 to 
3.2, with averages of -0.5 and -0.2, respectively.

Trace-element composition of the dated zircon grains 
shows a notable variation (ESM_6). The zircon composition 
of the 91,500 secondary reference material (Wiedenbeck 

Table 3   Identified fossil assemblages and inferred stratigraphic ages in the boreholes and outcrop localities investigated

Borehole/outcrop Depth Fauna Stratigraphy

Hradiště H36-4 Molluscs: Pirenella moravica (Hörn.), Cerastoderma sp., ?Limnopagetia 
sp., Congeria sp., Hydrobia sp., Ctyrokya sp., Nematurella sp., Melanopsis 
impressa (Krauss), Clithon (Vittoclithon) pictus (Férussac)

Eggenburgian

Otmarov HJ-2 215.2–215.4 m Foraminifers: Ammonia beccarii, Asterigerinata planorbis, Nonion communis, 
Caucasina aff. lucera, Stilostomella div. sp., Cibicidoides ex. gr. ungerianus, 
Paragloborotalia gr. siakensis

Middle Miocene

Chrlice HJ-1 145.5–156.8 m Lenticulina div. sp., Uvigerina div. sp., Melonis pompilioides, Pullenia 
bulloides, Hoeglundina elegans, Uvigerina macrocarinata, Martinotiella 
communis, Globorotalia div. sp.

Lower Badenian (Langhian)

Jezernice clay pit Obandyella bykovae, Globigerina bulloides, G. praebulloides, Trilobatus 
trilobus, Globigerinoides bisphericus, Globigerina ottnangiensis, Uvigerina 
macrocarinata, Vaginulinopsis pedum, Martinotiella karreri, Pappina brevi-
formis, Globobulimina pyrula, Bolivina antiqua

Lower Badenian



International Journal of Earth Sciences (2026) 115:26	 Page 11 of 26  26

et al. 1995) shows systematic differences in concentration 
between analytical sessions, especially for Hf; therefore, ele-
mental ratios rather than absolute concentrations were used 
for interpretation (Fig. 6a-f). The observed Hf concentration 
offsets may result either from heterogeneity in the reference 
material or from uncertainty between the pulse and ana-
logue calibration modes of the detector. Th/U ratios range 
between ~ 0.3 and 1.05, whilst Yb/Dy ratios span from 2.5 
to 7.6 (Fig. 6a, c, e). The Eu anomaly (Eu/Eu*) ranges from 
0.06 to 0.38 and the Ce-anomaly (Ce/Ce*) reaches up to 220 
(calculations provided in ESM_6; Fig. 6 b, d, f). IVANCICE 
and STR show similar compositions and differ significantly 
from sample H-36–4 (Fig. 6a-d). The data of HJ2, LIP, and 
AFL show similar compositions, partly overlapping with 
IVANCICE and STR in some diagrams (Fig. 6c-f). Ti con-
centrations range from 1 to 17 ppm, and IVANCICE and 
STR show similarly variable concentrations, whereas the 
other samples typically reach up to ~ 6 ppm (Fig. 7). Nb con-
centrations overlap, ranging between 0.4 and 27 ppm for 
all samples except IVANCICE and STR, which display less 
variable values (up to 5.3 ppm) (Fig. 7). The U/Yb ratios 
fall between 0.4 and 3.2, typical of continental magmatic 
rocks (Grimes et al. 2007, 2015). Zircon Hf concentrations 
negatively correlate with both Th/U and with Ti contents.

Glass and bulk‑rock geochemistry

We analysed the volcanic glass compositions of four appar-
ently unaltered samples (HJ-2, HJ-1, Aflenz, and H-36–4; 
Fig. 8a-d). They are all rhyolitic (SiO₂ ~ 76 wt%) and have 
total alkali contents of 7–9 wt%, with slightly more K₂O 
than Na₂O (K₂O/Na₂O = 1.2–1.5). The HJ-1, HJ-2, and 
Aflenz glasses show uniform chondrite-normalised REE 
patterns (Fig. 8d, ESM_4) with a strong negative Eu anom-
aly (Eu/Eu = 0.14–0.23), whereas the H-36–4 glasses differ 
significantly (Fig. 8b, ESM_4), displaying more depleted 
medium and heavy REEs and a less-pronounced negative 
Eu anomaly (Eu/Eu = 0.35–0.50). The primitive mantle-
normalised trace-element patterns show the same feature, 
i.e., remarkably uniform patterns for HJ-1, HJ-2, and Aflenz 
glasses, and a distinct signature for H-36–4. The latter are 
more enriched in Th and U and have higher Sr and slightly 
lower Nb contents than the glasses of the other three samples 
(Fig. 8a, c).

Bulk-rock geochemistry of three fresh tuff samples from 
the upper part of the Aflenz section yielded similar composi-
tions (ESM_4, ESM_8), whereas the sample from the lower, 
slightly altered tuff differs somewhat. All samples have 
relatively high LOI values, with the highest (10.77–15.97 
wt%) observed in the lower tuff. The normalised compo-
sitions indicate high-silica contents (75.1–77.1 and 69.3 
wt%) and relatively low total alkalis (3.5–3.9 and 2.2 wt%). 

Fig. 4   a-h 206Pb/238U zircon dates (in Ma) of the studied samples ana-
lysed by LA-ICP-MS. Eruption ages are shown as weighted means 
of the youngest zircon populations (green bars) with 2σ uncertainties 

(grey horizontal bars). Numbers in parentheses after the ages indicate 
the number of dates included in the youngest population relative to 
the total number of concordant Miocene ages measured
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The three upper tuffs show consistent chondrite-normalised 
trace-element patterns, characterised by slightly decreas-
ing LREE concentrations, a marked Eu anomaly (EuN/
Eu* = 0.34–0.39), and nearly flat HREEs, comparable to 
the glass data from Aflenz (ESM_4). The altered lower tuff 
shows lower concentrations of fluid-mobile elements (e.g., 
Ba, Rb, K, and Na), and due to alteration processes, a clear 
enrichment in Al and Fe is evident (ESM_8).

Discussion

Source of the Early‑to‑Middle Miocene tuffs

Miocene volcaniclastic layers have been reported from sev-
eral sub-basins of the Central Paratethys as well as from 
Intra-Alpine Basins of the Eastern Alps (e.g., Ebner et al. 
2002; De Leeuw et al. 2010, 2011, 2013, 2018; Mandic et al. 
2012, 2019; Roetzel et al. 2014; Šegvić et al. 2014, 2023; 
Sant et al. 2017, 2019, 2020; Rocholl et al. 2018; Bukowski 
et al. 2018; Rybár et al. 2019; Badurina et al. 2021; Bercea 
et al. 2023; Trinajstić et al. 2023; Brlek et al. 2020, 2024b). 
They represent chronological snapshots of large volcanic 

eruptions and, therefore, play an important role to build up 
a temporal framework of the deposition sequences. Volcan-
iclastic layers of similar chronostratigraphic position and 
common petrographic or geochemical characteristics may be 
correlated across different sub-basins and used to establish 
regional stratigraphic key horizons. Most of the pyroclas-
tic deposits reported in the above-cited studies are thought 
to derive from large, Early-to-Middle Miocene explosive 
eruptions in the Pannonian Basin, and are mostly associated 
with the volcanism of the Bükkalja Volcanic Field (BVF; 
Fig. 1) in north-eastern Hungary (Lukács et al. 2018). Silicic 
volcanism in the BVF occurred between 18.1 and 14.4 Ma 
(Lukács et al. 2018; Brlek et al. 2023). It comprises at least 
six major ignimbrite-forming eruptive units (i.e., thick and 
widespread; 18.1 Ma Kalnik-Wind u., 17.3 Ma Eger u., 
17.1 Ma Mangó u., 16.8 Ma Bogács u., 14.9 Ma Demjén u., 
14.4 Ma Harsány u.) and additional minor eruption events, 
each with distinct ages and/or geochemical signatures, which 
can form the basis for regional correlation (Harangi et al. 
2005; Lukács et al. 2018, 2021, 2022; Karátson et al. 2022; 
Brlek et al. 2023; Hencz et al. 2024). All studied samples 
in this study yield ages consistent with the eruptive activ-
ity of the BVF and their grain-size parameters correspond 

Fig. 5   Initial Hf-isotope compositions (expressed as εHf) of zircon 
from the studied samples (Otmarov HJ-2, Aflenz, Hradiště H-36–4, 
Ivančice Réna, Straning) plotted against their 206Pb/238U ages. The 
uncertainty of eruption ages is shown as horizontal bars coloured 
according to the legend. The panel also includes published εHf and 
eruption-age data based on CA-ID-TIMS and LA-ICP-MS 206Pb/238U 
analyses of Bükkalja Volcanic Field (BVF) units (Harsány u., Demjén 

u., Bogács u., Mangó u., Eger u., Kalnik-Wind u.; Lukács et al. 2018; 
Brlek et al. 2023). BD denotes a tuff deposit from the Livno–Tomis-
lavgrad Basin (LTB), Croatia, which has distinct glass chemistry but a 
similar age to the Harsány unit (Brlek et al. 2024a). All eruption ages 
of the comparative samples have analytical uncertainties (not shown) 
between ~ 0.1–0.2%, except TD-J, which has 0.3% (Lukács et  al. 
2018; Brlek et al. 2023, 2024a,b). All εHf uncertainties are 2 SD
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to distal fall tephra charasteristics. Three Early Miocene 
samples have zircon U–Pb ages of 17.0–17.1 ± 0.3  Ma 
(Fig. 4), which, within uncertainty, are chronostratigraphi-
cally comparable to three main BVF units: the 17.3 Ma Eger, 
the 17.1 Ma Mangó, and the 16.8 Ma Bogács units. Middle 
Miocene samples, dated to between 14.3 and 14.0 ± 0.2 Ma, 
may be correlated with the youngest eruptive unit of the 
BVF, the extensive 14.4 Ma Harsány unit.

Lukács et al. (2021) and Brlek et al. (2023, 2024a, b) 
demonstrated that zircon trace-element and Hf-isotope 
compositions, in combination with zircon U–Pb ages and 
volcanic glass compositions, are reliable proxies for distin-
guishing between BVF units, and are thus highly effective 
for correlating volcaniclastic deposits over large areas. This 
approach is particularly valuable when correlating with 
altered pyroclastic deposits where the original glass com-
position has been modified by secondary processes. In the 
following, we explore correlation possibilities between the 
studied samples and the BVF proximal eruptive units, using 
zircon compositional fingerprinting and, where preservation 
permits, glass geochemistry (Lukács et al. 2021).

Zircon geochemistry of the Early Miocene samples indi-
cates derivation from at least two distinct magma sources, as 

evidenced by contrasting zircon trace-element patterns and 
εHf values (Fig. 5). Sample H-36–4 from Hradiště displays 
more positive εHf values than the Ivančice Réna and Stran-
ing samples, suggesting a smaller contribution of crustally 
derived melts in the genesis of its parental magma (Fig. 5). 
In contrast, the remarkably similar zircon chemistry of the 
Ivančice Réna and Straning samples implies a shared magma 
source and eruptive system (Fig. 6 c-d). The elevated Yb/
Dy ratios in zircons from sample H-36–4 suggest prior or 
coeval crystallisation of middle rare-earth element (MREE)-
compatible minerals before or during zircon formation, an 
effect not observed in the other two samples (Fig. 6 a). Fur-
thermore, zircon crystals from Ivančice Réna and Straning 
are characterised by notably higher Ti concentrations, imply-
ing higher crystallisation temperatures (Fig. 7). They also 
exhibit lower Ce and stronger negative Eu anomalies, poten-
tially indicating a less-oxidised melt environment relative to 
the H-36–4 zircons (Fig. 6b, d). Importantly, when compar-
ing the zircon trace-element and Hf-isotope compositions of 
the studied samples with those of the Early Miocene eruptive 
units of the BVF (Lukács et al. 2018, 2021 and Brlek et al. 
2023, respectively), sample H-36–4 shows strong geochemi-
cal affinity with the 17.3 Ma Eger unit, whereas the Ivančice 

Fig. 6   a-f Zircon trace-element ratio plots showing compositional 
variations of the studied samples compared with published zircon 
compositions from the four closely related Early Miocene Bükkalja 
Volcanic Field (BVF; Lukács et al. 2021) units. a-b show data from 
the Hradiště H-36–4 sample, whilst c-d from Ivančice Réna and 

Straning samples in comparison with the Early Miocene 17.3  Ma 
Eger, 17.1 Ma Mangó, and 16.8 Ma Bogács units; e–f plots represent 
the Middle Miocene samples compared with the above units and the 
14.4 Ma Harsány unit
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Réna and Straning samples are more closely aligned with the 
16.8 Ma Bogács unit (Figs. 5, 6 a-d). Moreover, the observed 
geochemical signatures effectively exclude a correlation with 
the Mangó unit, despite the close similarity in eruption ages. 
This underscores the importance of geochemical signatures 
for correlation studies of volcanic deposits, particularly in 
cases where eruption ages are indistinguishable within the 
analytical uncertainty of zircon LA-ICP-MS dating.

Morphological and cathodoluminescence (CL) features 
of zircon crystals (ESM_3) support our interpretation on the 
correlation of the studied samples. Zircon typologies (sensu 
Pupin 1980, 1985), such as S17, S22, and S23, along with 
bright CL patterns, particularly in the outer crystal zones, 
are characteristic of the Straning (Roetzel et al. 2014) and 
Ivančice Réna samples and also typify zircon crystals from 
the Bogács unit (Szabó 2000; unpublished CL images by R. 
Lukács). This zircon population has relatively high typologi-
cal index (I.T.) values, indicating higher crystallisation tem-
peratures (> 750 °C). On the contrary, zircons from H-36–4 
exhibit predominantly lower-indexed subtypes (S7, S8, and 
S9), which are consistent with crystallisation at lower tem-
peratures (< 750 °C). The morphology of zircons in H-36–4 
also closely resembles the ones observed in the Eger unit (in 
the lower level of the Tihamér Quarry, Eger; Szabó 2000). 
These morphology-based interpretations of crystallisation 
temperature are corroborated by Ti-in-zircon thermometry. 

Calculations using the thermometer of Ferry and Watson 
(2007) and assuming TiO₂ = 0.6, yield estimated crystalli-
sation temperatures of ~ 800–850 °C for the Ivančice Réna 
and Straning samples, and < 750 °C for H-36–4 (cf. Lukács 
et al. 2021).

Fresh glass shards are available only from the sample 
H-36–4. They overlap with those of the 17.3 Ma Eger unit 
(Karátson et al. 2022; Lukács, unpublished data; Suppl. 
Table 4; Fig. 8 a-b, ESM_4). Although the glass in the 
Ivančice Réna and Straning samples is extensively argil-
lized and thus unsuitable for in situ analysis, the published 
bulk-rock trace-element data for the Ivančice Réna (Bur-
iánek et al. 2021) and Straning samples (Roetzel et al. 2014) 
resembles the glass compositions of the 16.8 Ma Bogács unit 
(Czuppon et al. 2012; Hencz et al. 2024; Fig. 8 a; ESM_4). 
It is important to note that the Bogács unit exhibits consider-
able geochemical and petrographic heterogeneity (Fig. 8 a; 
ESM_4), as it comprises a sequence of pyroclastic deposits 
originating from a chemically zoned and compositionally 
diverse magma reservoir (Czuppon et al. 2012). The pyro-
clastic succession displays a vertical transition from high-
silica rhyolites containing quartz–biotite–plagioclase assem-
blages to more mafic dacitic and andesitic compositions, 
characterised by pyroxene- and plagioclase-bearing juvenile 
clasts. This stratigraphic progression is also reflected in the 
dominance of pumice clasts in the lower parts, gradually 

Fig. 7   Ti versus Nb concentra-
tion (ppm) in zircon, showing 
the distribution of the Ivančice 
Réna and Straning samples 
compared with published zircon 
compositions from the three 
closely related Early Miocene 
Bükkalja Volcanic Field (BVF; 
Lukács et al. 2021) units: 
17.3 Ma Eger, 17.1 Ma Mangó, 
and 16.8 Ma Bogács
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giving way to mixed and then scoria-rich layers towards the 
top. The trace-element composition of the Ivančice Réna and 
Straning bulk rocks are similar to the less-evolved hybrid-
type (A-fiamme in Czuppon et al. 2012) glass of the Bogács 
unit. In summary, the zircon and glass trace element and zir-
con Hf-isotope compositions, typological results, cathodo-
luminescence features, and Ti-in-zircon thermometry data 
collectively support the correlation of sample H-36–4 with 
the 17.3 Ma Eger unit, and of the Ivančice Réna and Straning 
samples with the 16.8 Ma Bogács unit.

The younger, Middle Miocene tuff samples (HJ2, LIP, 
AFL, BYG18-005, and BYG16-03/1) exhibit distinct char-
acteristics compared to the Early Miocene ones discussed 
above. Here, we present the results of eight variably altered 
tuff samples from four localities and boreholes, all of which 

are characterised by high-silica rhyolitic compositions. 
The samples yield ages of between 14.3 and 14.0 ± 0.2 Ma 
(Fig. 4 d-h), consistent with the LA-ICP-MS zircon age of 
14.1 ± 0.3 Ma (Lukács et al. 2015) and 14.2–14.3 ± 0.2 Ma 
(Lukács et al. 2018) reported for the Harsány unit of the 
BVF. These results are slightly younger than the more pre-
cise CA-ID-TIMS and Ar–Ar ages of 14.361 ± 0.016 Ma and 
14.358 ± 0.015 Ma, respectively, obtained from the same 
unit by Lukács et al. (2018). The discrepancy between the 
age interpretations was suggested to be related to matrix-
dependent offsets inherent in LA-ICP-MS analyses, which 
were corrected following the procedures of Sliwinski et al. 
(2017) and applied in Lukács et al. (2018). A similar cor-
rection protocol was adopted in the present study for most 
samples; nevertheless, potential sources of error, such as 

Fig. 8   Th/Nb versus Zr/Y (a, c) and chondrite-normalised REE 
multi-element (b, d) plots showing the trace-element compositions 
of glass shards from the non-altered, fresh studied samples. Plots 
a-b display data from the Hradiště H-36–4 sample (this study) and 
published bulk-rock values of Ivančice Réna (Buriánek et  al. 2021), 
compared with data from the Early Miocene 17.3 Ma Eger, 17.1 Ma 
Mangó, and 16.8  Ma Bogács units of the Bükkalja Volcanic Field 
(Harangi et al. 2005; Lukács et al. 2009; Czuppon et al. 2012; Karát-
son et  al. 2022; Hencz et  al. 2024; Lukács et  al. unpublished data). 
These are also compared with GL-2 and TUS (a), which represent 

tuff samples from the Sinj Basin (SB) and Livno–Tomislavgrad Basin 
(LTB), Croatia, correlated with the Bogács unit based on similar 
glass chemistry and bulk glass εHf signatures, and interpreted to rep-
resent the earliest eruption of the Bogács unit (Brlek et  al. 2024b). 
Plots c-d show glass shard data from HJ-1, HJ-2, and Aflenz, com-
pared with published data of the 14.4 Ma Harsány unit (Lukács et al. 
2007; Hencz et al. 2024) and with 14.3 Ma BD, which denotes a tuff 
deposit from the Livno–Tomislavgrad Basin (LTB), Croatia, charac-
terised by distinct glass chemistry but a similar age to the Harsány 
unit (Brlek et al. 2024a)
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Pb loss, low common Pb content, or chemical mismatches 
between samples and primary reference materials, cannot 
be entirely excluded and may influence the accuracy of the 
LA-ICP-MS ages. Nevertheless, the LA-ICP-MS zircon ages 
overlap each other as well as the CA-ID-TIMS and Ar–Ar 
ages within uncertainties.

Bulk-rock, zircon, and glass compositions show remark-
able similarity amongst all studied Middle Miocene sam-
ples (Figs. 6 e–f and 8 c-d; ESM_4). Zircon trace-element 
patterns from samples HJ-2, LIP, and Aflenz overlap with 
those of the Harsány unit, including similar ranges in Eu 
and Ce anomalies, Th/U, and Yb/Dy ratios. Likewise, the 
glass compositions of HJ-1, HJ-2, and Aflenz (and bulk-rock 
compositions, too) display a striking resemblance to those 
of the 14.4 Ma Harsány unit (Harangi et al. 2005; Lukács 
et al. 2021; Hencz et al. 2024), particularly to the dominant 
"normal type" glass found in the compositionally bimodal 
juvenile clast population of the unit (Lukács et al. 2009; 
Fig. 8 c-d, ESM_4). Epsilon Hf values from HJ-2 and Aflenz 
zircons also fall within the range observed in the Harsány 
unit (Fig. 5). These findings strongly support the interpreta-
tion that the studied tuff deposits were derived either from 
a single large-scale eruption, namely the Harsány ignim-
brite-forming eruption event, or from temporarily closely 
packed multiple eruptions fed by magmas, which were geo-
chemically indistinguishable from that of the Harsány unit. 
Brlek et al. (2024a) reported a chemically similar high-silica 
rhyolitic tuff deposit (sample BD; see ESM_4) from the 
Livno–Tomislavgrad Basin that yielded a slightly younger 
age (CA-ID-TIMS age of 14.317 ± 0.012 Ma) but displays 
distinct glass trace-element compositions compared to the 
Harsány unit. This was interpreted as evidence for more 
frequent explosive eruptions in the region during this time 
interval than previously assumed, possibly associated with 
the broader Harsány magmatic system.

Regional tephra correlation and ash distribution

Previous regional tephrochronological studies have identi-
fied equivalents of several eruptive units of the Bükkalja 
Volcanic Field (BVF), including the Kalnik–Wind, Eger, 
Ostoros, Mangó, Bogács, Demjén, and Harsány units, 
over large areas. Deposits related to four Early Miocene 
units (Kalnik–Wind, Eger, Mangó, and Bogács) have been 
reported from Croatia (Brlek et al. 2023, 2024b), where the 
three oldest units occur showing volcanological character 
of relatively proximal (pyroclastic density current) deposits 
in the Kalnik Mountains (North Croatia), whilst several dis-
tal fall deposits associated with the Eger, Ostoros (a minor 
unit stratigraphically above the Eger), and Bogács units are 
present in the Sinj and Livno–Tomislavgrad basins of the 
Dinaride Lake System. A distal tuff deposit was correlated 
with the Eger unit in the Eastern Carpathians Bend Zone, 

Romania (Bercea et al. 2023). Beyond these occurrences, 
another Early Miocene altered tuff horizon has been identi-
fied in the Laas area of the Intra-Alpine Fohnsdorf Basin, 
dated to 17.1 ± 0.7 Ma by fission-track method (Ebner et al. 
2002). Additionally, Nehyba (1997) and Nehyba and Roetzel 
(1999) recognised two distinct widespread Early Miocene 
tuff horizons in the South Moravian and Lower Austrian 
foreland successions, based on zircon typology (Figs. 2 and 
3). These were interpreted as distal fallout deposits from 
explosive volcanism in the Carpathian–Pannonian region 
(likely from North Hungary or Eastern Slovakia). In their 
framework, sample H-36–4 belongs to the older Horizon 
I, whereas Ivančice Réna represent the younger Horizon II 
(Figs. 2 and 3). The two horizons are typologically distinct: 
Horizon I contains mostly lower-indexed zircon subtypes 
(S4, S7, S8, S13, S14), whilst Horizon II is dominated by 
higher-indexed subtypes (S18, S19, S22, S23, and S24). 
In the wider Znojmo area, several additional localities are 
found and they have been assigned to Horizon I, including 
Strachotice, Chvalovice, Únanov, Znojmo–Pražská Street, 
and in boreholes Ždánice PMK-1 (87.4 m) and Ždánice-66 
(745–750 m) (all in the WCFB; Figs. 1b, 2). Horizon II 
has been identified further north in Plaveč, Žerotice, Horní 
Dunajovice, Višňové, Ivančice Réna, and PMK drillings. It 
has also been documented in Austrian localities (in NAFB) 
such as Groß-Reipersdorf, Steinbruch Hattei, Retz-Süd, 
Unternalb–Gupferter Berg (Zellerndorf Formation), Geras 
B-32 (Langau Formation) and also Straning (Figs. 1b, 3). 
Within the BVF, the Eger and Mangó units cannot be reli-
ably distinguished based on zircon morphology alone (Szabó 
2002). Therefore, not all tuff beds containing lower-index 
zircon subtypes can be unequivocally assigned to the Eger 
unit and further zircon studies are necessary to refine the 
correlations. However, all the Horizon I deposits likely 
derived from the Early Miocene large eruptions of the BVF 
(Eger or Mangó).

The Bogács unit has a unique and diagnostic zircon popu-
lation, making it a valuable marker for identifying its areal 
distribution, and extends the presence of Bogács unit in all 
Horizon II localities. The geochemically variable Bogács 
unit could represent several successive eruptions within a 
relatively short time fed by an early rhyolitic and a later 
mixed and more mafic magmas (Harangi et al. 2005; Czup-
pon et al. 2012; Hencz et al. 2024). This unit shows a well-
distinguishable zircon trace-element signature with rela-
tively high Ti concentrations (> 5 ppm), low Yb/Dy and high 
Th/U ratios, and typically low Ce/Ce* values. Zircons from 
the Ivančice Réna and Straning deposits share these charac-
teristics (Figs. 6c-d and 7), which may indicate derivation 
from the Bogács ignimbrite-forming eruption and suggest 
that this event could have been a large eruption producing 
far-reaching ash deposits. Distal tuff correlated with the 
earliest Bogács unit or representing a pre-Bogács event has 
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been suggested in the Sinj and Livno–Tomislavgrad basins 
in Croatia (Brlek et al. 2024b). Samples GL-2 and TUŠ 
show Bogács affinity, though they represent a more silicic 
subgroup (ESM_4). High-precision zircon U–Pb dating of 
these samples extends the s.l. Bogács unit to 17.0–16.8 Ma 
(Brlek et al. 2024b).

Middle Miocene tuff horizons have also been widely 
recorded across the CPR and in adjacent regions (e.g., 
Sant et al. 2017; De Leeuw et al. 2013; Rocholl et al. 
2018; Lukács et  al. 2018, 2024). Many of these are 
linked to the 14.9 Ma Demjén, 14.7 Ma Tibolddaróc, 
and 14.4 Ma Harsány units of the BVF. A ~ 15.3 Ma rhy-
olitic tuff has also been documented, though its proximal 
source remains unknown (Rybár et al. 2019; Brlek et al. 
2020). Brlek et al. (2024a) and Trinajstić et al. (2023) 
confirmed the existence of additional eruptions adjacent 
to the main BVF events, probably only distinguishable 
in distal records. Trinajstić et al. (2023) described the 
chemically distinct 14.937 ± 0.012 Ma Bidrovec eruption, 
related to Demjén, whilst Brlek et al. (2024a) reported a 
chemically slightly different 14.317 ± 0.012 Ma Harsány 
unit-related eruption (named as BD). Comparative lay-
ers of similar age to the studied Middle Miocene tuff 
samples (14.3–14.0 ± 0.2 Ma) have been reported from 
basins spanning from southern Germany to Bulgaria, 
including the NAFB, Intra-Alpine Basins, Vienna Basin, 
Styrian Basin, North Croatian Basin, intra-montane 
Dinaride basins (Sinj, Livno–Tomislavgrad, Gacko), 
Umbria-Marche Basin (Italy), Polish Carpathian Fore-
deep, Transylvanian Basin, and Maritsa East lignite basin 
(e.g. Ebner et al. 2002; Handler et al. 2006; De Leeuw 
et al. 2010, 2013, 2018; Mandic et al. 2012, 2019; Wot-
zlaw et al. 2014; Roetzel et al. 2014; Šegvić et al. 2023; 
Rocholl et al. 2018; Bukowski et al. 2018; Rybár et al. 
2019; Sant et al. 2019, 2020; Arp et al. 2021; Badurina 
et al. 2021; Marković et al. 2021; Georgiev et al. 2022; 
Trinajstić et al. 2023; Brlek et al. 2024a).

The mineral assemblage of quartz, biotite, feldspar 
(plagioclase, sanidine), accessory zircon, apatite, Fe–Ti 
oxides, and allanite in high-silica rhyolite is charac-
teristic of ~ 14.7 to 14.2 Ma pyroclastic deposits in the 
BVF. These are collectively referred to as Harsány-type 
units, including the Tibolddaróc and Harsány erup-
tions of the BVF. Differentiating eruptions within this 
interval requires high-precision dating (zircon CA-ID-
TIMS or 40Ar/39Ar) and, where possible, glass or zircon 
trace-element data (e.g., Lukács et al. 2015, 2021; Brlek 
et al. 2024a; Hencz et al. 2024). However, the eruption 
frequency and geochemical variability remain insuf-
ficiently resolved, complicating confident correlation 
between tuff deposits and BVF source eruptions. Despite 
these limitations, the broad distribution of Harsány-type 
tephra is evident. Based on age (14.3–14.0 ± 0.2 Ma) and 

chemistry, the LIP, HJ-1, HJ-2, and the Aflenz samples 
can be tentatively correlated with younger Harsány-type 
units (~ 14.4–14.25 Ma), and likely with the 14.4 Ma 
Harsány unit. Comparable tuffs occur in the Polish Car-
pathian Foredeep (14.27 ± 0.03  Ma; Bukowski et  al. 
2018), Transylvanian Basin (14.37 ± 0.06 Ma; De Leeuw 
et al. 2013), Styrian Basin (14.39 ± 0.12 Ma; Handler 
et al. 2006), Vienna Basin (14.31–14.03 Ma; Sant et al. 
2020), Maritsa East (14.31 ± 0.30 Ma; Georgiev et al. 
2022), North Alpine Foreland Basin (14.42–14.45 Ma; 
Rocholl et al. 2018; Dunkl et al. 2017), Umbria-Marche 
Basin (14.32–14.23 Ma; Wotzlaw et al. 2014), and the 
Ries crater (14.20 ± 0.08 Ma; Arp et al. 2021).

In summary, the new results expand the known dispersal 
patterns of Early-to-Middle Miocene BVF eruptions. The 
Straning and Ivančice–Réna occurrences together with the 
Horizon II localities represent the westernmost confirmed 
deposits of the Bogács eruption, although pre-Bogács depos-
its were recognised in distal settings only to the southwest, 
in the Sinj and Livno–Tomislavgrad basins of the Dinar-
ide Lake System (Brlek et al. 2024b; Fig. 9). For the Eger 
eruption, whilst related pyroclastic flow deposits have been 
documented far to the southwest of the BVF in the Kalnik 
Mountains, distal ash-fall deposits had, until now, only been 
recorded from the Carpathian Bend area to the southeast 
(Bercea et al. 2023) and from the Sinj Basin to the south 
(Brlek et al. 2023; Fig. 9). The occurrence at Hradiště there-
fore represents the first recognised north-western outcrop of 
this eruption and several other Horizon I deposits might also 
be connected to it. Furthermore, our new results confirm 
the presence of tephras from the ~ 14.4 Ma Harsány erup-
tion, or from eruptions of similar age, but the same magma 
type, both to the northwest (LIP, HJ-2, HJ-1) and to the west 
(Aflenz) of the BVF. Although the westward dispersal of 
these eruption(s) had been suggested in the previous stud-
ies (Lukács et al. 2018), our findings add new geochemi-
cal confirmation of this pattern (Fig. 9). Our present study 
shows that an integrated zircon fingerprinting is viable in 
the tephra correlation studies particularly in separating 
temporarily closely packed eruptions fed by distinct magma 
types (e.g., the 16.8–17.3 Ma period in the BVF). In these 
cases, zircon LA-ICP-MS dating alone cannot distinguish 
the eruptive events, whilst combined zircon geochemistry 
can help. On the other hand, there are cases where succes-
sive eruptions are fed by similar magma type such as during 
the Harsány-type eruptions in the BVF. Thus, it is important 
to emphasise that correlation of volcanic deposits might not 
be event-based, but eruptive unit-based, where the latter one 
comprises temporarily closely packed, i.e., within a few 100 
kyr, eruptions of the same magma type.
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Fig. 9   Tephra dispersal of the 17.3  Ma Eger, 17.0–16.8  Ma Bogács 
(s.l.), and 14.7–14.2  Ma Harsány-type eruptions based on chron-
ostratigraphic (circle symbols) and combined chrono- and chem-
ostratigraphic (cross symbols) evidence (Ebner et  al. 2002; Handler 
et  al. 2006; De Leeuw et  al. 2010, 2013, 2018; Mandic et  al. 2012, 
2019; Roetzel et  al. 2014; Šegvić et  al. 2023; Lukács et  al. 2018; 
Rocholl et  al. 2018; Bukowski et  al. 2018; Rybár et  al. 2019; Sant 
et  al. 2019, 2020; Arp et  al. 2021; Badurina et  al. 2021; Marković 

et  al. 2021; Georgiev et  al. 2022; Brlek et  al. 2020, 2024a, b; this 
study). Abbreviations: NAFB – North Alpine Foreland Basin; WCFB 
– West Carpathian Foreland Basin; PCFB – Polish Carpathian Fore-
deep Basin; AB – Aflenz Basin; VB – Vienna Basin; SB – Styrian 
Basin; NCB – North Croatian Basin; SiB – Sinj Basin; LTB – Livno–
Tomislavgrad Basin; TB – Transylvanian Basin; MELB – Maritsa 
East Lignite Basin
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Implications for the stratigraphy 
of the sedimentary basins

The position of the studied volcaniclastic layers within the 
current biostratigraphic and chronostratigraphic framework 
across the Early–Middle Miocene boundary (after Wade 
et al. 2011; Hohenegger et al. 2014; Raffi et al. 2020; Geb-
hardt et al. 2023) is shown in Figs. 2 and 3, which should be 
revised in the light of new radiometric ages. The new age 
data clearly indicate a late Burdigalian age (~ 17 Ma) for the 
older samples, corresponding to the uppermost Ottnangian 
to earliest Karpatian regional stages of the Central Para-
tethys. Consequently, the previously assumed Eggenburgian 
(early Burdigalian) age of these deposits must be revised. 
The improved precision of new radiometric data also shifts 
the stratigraphic position of all tuffs associated with Hori-
zons I and II in the Czech–Austrian border area (Fig. 1b) 
towards younger ages (~ 17 Ma). In the light of these results, 
earlier stratigraphic interpretations and correlations based 
on these tuff layers require reassessment and adjustment. 
This revision also challenges previous reconstructions of 
the WCFB basin history, particularly the timing and extent 
of Eggenburgian and Ottnangian marine transgressions. A 
renewed, detailed lithostratigraphic evaluation and inter-
basin correlation, both within the WCFB and with adjacent 
Central Paratethys basins, are therefore necessary. The tuf-
fitic Horizons I and II (Nehyba 1997; Nehyba and Roet-
zel 1999; Nehyba et al. 1999) have traditionally served as 
stratigraphic markers for the boundary between the Eggen-
burgian (Horizon I) and Ottnangian (Horizon II) regional 
stages (Stráník et al. 2021). They were also used to corre-
late volcaniclastics in parts of the WCFB overthrust by the 
flysch nappes (Holzknecht and Zapletalová 1974; Zádrapa 
1988), such as the volcaniclastics of the Pavlovice Forma-
tion (Eggenburgian–Karpatian; Ždánice Unit of the Western 
Carpathian Flysch) (Nehyba and Stráník 2005). Comparable 
Early Miocene tuffites from the Vienna Basin, described by 
Krystek (1959) and Březina (1959, 1967), may represent the 
same volcanic events; however, these samples are no longer 
available, and the published data are insufficient for a firm 
correlation.

The younger tuff beds deposited in the WCFB and the 
Aflenz Basin can be correlated with the Middle-to-Late 
Langhian. The Middle Langhian interval, in biostratigraphic 
terms, is bounded by the first occurrence of Orbulina 
suturalis (lower boundary) and the last occurrence of Heli-
cosphaera waltrans (upper boundary), corresponding to 
a numerical age of 14.6–14.34 Ma (Holcová et al. 2024). 
The Late Langhian–lowermost Serravallian interval is char-
acterised by the presence of Sphenolithus heteromorphus 
and Orbulina spp., and by the absence of Helicosphaera 
waltrans, corresponding to 14.34–13.6 Ma (Holcová et al. 

2024). Lower Badenian tuff horizons have been identified 
in numerous boreholes and outcrops throughout the WCFB 
(Slavík 1956; Krystek and Burkhardt 1958; Krystek 1959; 
Burkhardt and Molčíková 1964; Březina 1967; Říha 1984; 
Novák 1985; Nehyba 1997), as well as in the NAFB and 
sub-basins of the Pannonian Basin (e.g. Šegvić et al. 2023). 
Jurková and Tomšík (1959) reported 11 distinct tuff horizons 
in WCFB boreholes, whilst Nehyba (1997) demonstrated 
their uniform zircon typology, showing a dominance of 
typological subtypes P1 and P2 of Pupin (1980). Tuffites 
usually occur as several-centimetre-thick interbeds within 
monotonous pelites (“Tegel”, Fig. 2), though locally they 
reach several metres. Such excessive thicknesses for distal 
fallout tephra suggest redeposition, further supported by the 
admixture of Early Miocene fossils. Offshore pelites can 
reach several hundred metres in thickness, and due to their 
monotonous nature, a simple stratigraphic subdivision is 
often impossible, particularly in the basin centre. Their age 
corresponds to the NN5 nannofossil zone and the Orbulina 
suturalis–Praeorbulina glomerosa planktonic foraminiferal 
Zone (Cicha et al. 1975). Dating and correlation of indi-
vidual tephra horizons, combined with their spatial distribu-
tion and relationship to coeval Early Badenian lithofacies, 
especially the coarse-grained Gilbert-type delta deposits, 
have significantly improved the stratigraphic and palaeo-
geographic framework of the basin. These results also pro-
vide key insights into the interaction between regional and 
local Middle Miocene tectono-sedimentary cycles across 
Central Paratethys sub-basins (Haq et al. 1988; Hardenbol 
et al. 1998; Kováč et al. 2007, 2018; Hohenegger et al. 2014; 
Harzhauser et al. 2020). The Early Badenian evolution of the 
WCFB was characterised by northwest-directed, stepwise 
marine transgressions onto the basin margin, alternating 
with stationary or regressive phases (Nehyba et al. 2016; 
Holcová et al. 2018). Nehyba (2018, 2022) documented 
several transgressive–regressive (prograding–retrograd-
ing) cycles of marginal coarse-grained Gilbert-type deltas, 
reflecting repeated sea-level oscillations. Clarifying the 
relationship between these deltaic cycles and the transgres-
sive–regressive trends recognised across the Central Para-
tethys (Kováč et al. 2006; Hohenegger et al. 2009; Abdul 
Aziz et al. 2008; Iaccarino et al. 2011) will help determine 
whether they were controlled primarily by local tectonics 
or basin-wide eustatic forcing. The new age data from the 
Aflenz Basin, together with previously published zircon 
fission-track ages of 14.9 ± 0.7 Ma to 15.5 ± 0.8 Ma from 
the Fohnsdorf and Leoben Basins (Sachsenhofer et al. 2010), 
provide refined chronological constraints for sedimentation 
in the Intra-Alpine Basins of Austria during the Middle 
Miocene.
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Conclusions

This study refines the chronology and provenance of Early-
to-Middle Miocene volcaniclastic deposits in the WCFB, 
the NAFB, and the Intra-Alpine Aflenz Basin. New zir-
con U–Pb ages, trace-element, and Hf-isotope composi-
tions link the Early Miocene Hradiště, Ivančice–Réna, and 
Straning tuffs to the 17.3 Ma Eger and 16.8 Ma Bogács 
Ignimbrites of the Bükkalja Volcanic Field. These find-
ings provide the first geochemically confirmed north-
western occurrences of these eruptions. Middle Miocene 
rhyolitic tuffs from the WCFB and Aflenz Basin yield ages 
of 14.3–14.0 ± 0.2 Ma and share geochemical signatures 
with the 14.4 Ma Harsány Ignimbrite, providing the first 
geochemical evidence of Harsány-type tephras northwest 
and west of the BVF.

The revised radiometric ages reposition several key tuff 
horizons within the Central Paratethys stratigraphy, chal-
lenging earlier interpretations of Early Miocene marine 
transgressions in the WCFB and NAFB. These findings 
demonstrate the power of integrating high-precision zir-
con geochronology, geochemistry, and morphology to 
trace both fresh and altered pyroclastic layers. Overall, the 
results refine the eruptive history and dispersal patterns of 
the BVF and provide an improved temporal framework for 
Miocene basin stratigraphy across Central Europe.
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