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a b s t r a c t

The Tokaj Mts. volcanism occurred in a thinning continental lithosphere regime at the final stage of the
subduction process. Using high-precision zircon U-Pb dating, four major explosive eruption events were
distinguished. Among them the 13.1 Ma Sátoraljaújhely and the 12.0 Ma Szerencs eruptions could have
yielded large amount of volcanic material (possibly > 100 km3) and they were associated with caldera
collapse as shown by the several hundred-metre-thick pyroclastic deposits and the long (>100 km) run-
out pyroclastic flow in case of the 13.1 Ma eruption. The 12.3 Ma Hegyköz and the 11.6 Ma Vizsoly erup-
tions were relatively smaller. The volcanic products can be readily distinguished by zircon and glass trace
elements and trace element ratios, which can be used for fingerprinting and to correlate with distal
deposits. The Rb, Ba, Sr content and strong negative Eu-anomaly of the glasses reflect extreme crystal
fractionation, particularly for the Szerencs rhyolitic magma. The silicic volcanic products of the Tokaj
Mts. show compositional similarities with the so-called ‘dry–reduced–hot’ rhyolite type consistent with
an origin in an extensional environment, where the primary magmas were formed by near-adiabatic
decompression melting in the mantle with subordinate fluid flux. In contrast, some of the older
Bükkalja rhyolitic magmas evolved via more hydrous evolutionary paths, where amphibole played a role
in the control of the trace element budget. The significant increase of zircon e Hf values from �8.8 to + 0.2
in the rhyolitic pyroclastic rocks of Tokaj Mts. with time implies that mantle-derived magmas became
more dominant. This can be explained by the specific tectonic setting, i.e. the final stage of subduction
when the descending subducted slab became almost vertical, which exerted a pull in the upper litho-
sphere leading to thinning and accelerated subsidence as well as asthenospheric mantle flow just before
the slab detachment.
� 2024 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
dor@ttk.
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1. Introduction

Very large or even supersized eruptions have received signifi-
cant attention in the last two decades (Mason et al., 2004; Sparks
et al., 2005; Self, 2006; Bachmann and Bergantz, 2008; Brown
et al., 2014; Wilson et al., 2021; Zalinge et al., 2022) as they repre-
sent some of the most destructive events in our planet (Woo, 1999;
Papale and Marzocchi, 2019). On the other hand, they also have
positive outcomes, producing fertile soils, and helping to concen-
trate key metals and rare elements in shallow crustal level. Such
large volcanic events, typically generating calderas upon eruption,
can occur in different tectonic settings (mostly subduction zones,
but also intraplate areas; e.g., Hildreth, 1981; Christiansen, 1984;
de Silva, 1989; Christiansen et al., 2002; Bachmann and Bergantz,
2008; Rowland et al., 2010; Hughes and Mahood, 2011). Although
the crystal mush model (Hildreth, 2004; Bachmann and Bergantz,
2004; Bachmann and Huber, 2016) offers an explanation for the
formation of crystal-poor and crystal-rich eruptive products, there
is no generalized, single model for the massive accumulation of
magmas in the upper crust and extraction of melt-dominated body
from the crystal mush (Wilson et al., 2021).

The largest volcanic eruptions in Europe for the last 20 Myr are
considered to have occurred in the Pannonian Basin during an ign-
imbrite flare-up episode coeval with lithospheric extension
between 18.1 Ma and 14.4 Ma (Lukács et al., 2018). This suggestion
was recently supported by new results showing that silicic pyro-
clastic deposits in the nearby areas, in Austria, Croatia and Roma-
nia, can be correlated with the explosive eruption episodes at
18.1 Ma, 17.3 Ma and 14.4 Ma (Bercea et al., 2023; Brlek et al.,
2023; Šegvić et al., 2023). Furthermore, Brlek et al. (2023) pointed
out that pyroclastic flows during these eruptions could have a long
runout (>100 km), which can be related to large, caldera-forming
eruptions. Karátson et al. (2022) also emphasized the large size
of the 17.3 Ma eruption, estimating at least VEI (Volcanic Explosiv-
ity Index) 7 scale. Major part of the volcanic products is buried by
young sediments, however, drillings revealed several hundred
metre, even > 1000 m thick pyroclastic deposits in the basement
of the Great Hungarian Plain (Pantó, 1963; Széky-Fux and Kozák,
1984). Following the major ignimbrite flare-up event, silicic vol-
canism continued eastwards as shown by the bimodal andesitic-
rhyolitic volcanism of the Tokaj Mts., NE Pannonian basin, where
massive crystal-poor ignimbrite sheets were described (Pantó,
1962, 1963). Although they are usually thoroughly altered, zircon
as a resistant mineral phase can provide valuable information
about the magma genesis as well as the eruption ages. Combining
zircon U-Pb dates, Lu-Hf isotope and trace element compositions
with bulk rock and in-situ glass shard trace element data, we
explore further the role, the size and the origin of the silicic explo-
sive volcanic events in the Pannonian Basin during the Middle to
Late Miocene (i.e. after 14 Ma) and attempt to explain this activity
in the context of the geodynamic setting.
2. Geological background

2.1. Neogene to Quaternary geodynamic evolution and volcanism of
the Carpathian–Pannonian Region

The Carpathian–Pannonian Region (CPR) in eastern–central Eur-
ope comprises an interarc extensional basin system (Pannonian
Basin) surrounded by orogenic belts (Alps, Carpathians, Dinarides)
typical in the Mediterranean area (Horvath et al., 1981, 2006,
2015; Bada et al., 2007; Schmid et al., 2008; Handy et al., 2015;
Fig. 1). The Pannonian Basin is underlain by two microplates (called
ALCAPA and Tisza-Dacia), which have different pre-Miocene histo-
ries (Balla, 1984; Csontos et al., 1992). The compressional orogenic
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regime in the Alps resulted in the lateral extrusion of the ALCAPA
unit eastward during the late Palaeogene–Early Miocene (Kázmér
and Kovács, 1985; Ratschbacher et al., 1991a; 1991b; Csontos
et al., 1992; Ustaszewski et al., 2008), where it was juxtaposed with
the Tisza–Dacia unit and moved further together, presumably
enhanced by a retreating subduction along the Northeast–East
Carpathians (Royden et al., 1982, 1983; Balla, 1984; Csontos et al.,
1992; Tari et al., 1992, 1999; Horváth, 1993; Csontos, 1995; Fodor
et al., 1999; Horváth et al., 2006, 2015). Tectonicmovement occurred
along a dextral transpressional fault zone (Csontos and Nagymarosy,
1998; Fodor et al., 1998), called the Mid-Hungarian Shear Zone,
which separates the two microplates. The lateral extrusion of the
ALCAPA was accompanied by core-complex type extension (Tari
et al., 1992, 1999) connected to the formation of several extensional
subbasins by significant continental lithosphere thinning in both
microplates (e.g., Styrian basin, Danube basin, Drava trough, Makó
and Békés trough, East Slovakian–Transcarpathian basin; Horváth
et al., 2015; Balázs et al., 2016; Tari et al., 2021). The onset and the
major phase of extensional tectonics and sedimentation was dia-
chronous across the Pannonian Basin, starting at � 25–23 Ma in
the southern and western parts, and lasting as late as � 10–9 Ma
in the eastern parts (Ustaszewski et al., 2010; Mat�enco and
Radivojević, 2012; Balázs et al., 2016; Fodor et al., 2021). The postu-
lated subduction was terminated at around 9–11 Ma, when shorten-
ing along the Outer Carpathians stopped (Nakapelyukh et al., 2018).
The extensional phase was followed by major post-rift subsidence
and later by neotectonic inversion (Horváth and Cloetingh, 1996;
Fodor et al., 2005; Dombrádi et al., 2010; Horváth et al., 2015).

This complex tectonic evolution was associated with wide-
spread volcanic activity in the CPR fed by variable magmas for
the last 20 Myr (Szabó et al., 1992; Seghedi et al., 1998; 2004,
2005; Harangi, 2001; Harangi et al., 2001, 2007, 2015; Konečný
et al., 2002; Harangi and Lenkey, 2007; Seghedi and Downes,
2011; Lukács et al., 2018; Brlek et al., 2023; Fig. 1). The volcanism
commenced with dominantly silicic explosive eruptions during the
syn-rift phase between 18.1 and 14.4 Ma (Lukács et al., 2015, 2018,
Brlek et al., 2023), although coeval andesitic and dacitic volcanic
activity in the interior of the Pannonian Basin was also reported
from boreholes. The silicic volcanism is considered to have been
the most volumetrically significant event in Europe in the last 20
Myr, yielding a total of > 4000 km3 tephra. Distal pyroclastic depos-
its have been revealed at > 500–1000 km distance and they can be
correlated to the main eruption events in the Pannonian Basin
based on combined zircon age and trace element data (e.g. Arp
et al., 2021; Brlek et al., 2023; Šegvić et al., 2023; Bercea et al.,
2023). This volcanism was partly contemporaneous with the for-
mation of complex andesitic–dacitic and andesitic–rhyolitic vol-
canic areas (stratovolcanoes and lava dome fields) having calk-
alkaline chemical character between 16 and 9 Ma in the northern
part of the Pannonian Basin (e.g., Pécskay et al., 2006; Harangi
et al., 2007). The latest volcanic activity (11–0.1 Ma) in the CPR
is characterised by the development of a post-collisional andesitic
to dacitic volcanic chain in the East Carpathians (Seghedi et al.,
2011, 2019, 2023), sporadic eruptions of ultrapotassic magmas
(Harangi et al., 1995; Seghedi et al., 2008) and formation of alkaline
basalt monogenetic volcanic fields (Harangi et al., 2015).

2.2. Structural setting of the Tokaj–Slanské vrchy Mts.

The Tokaj–Slanské vrchy Mts. (TSM; Fig. 1) is located in the
northeastern part of the CPR close to the Carpathian orogenic belt
(Kováč et al., 2007; Vass, 1998), and record a considerable part of
the Miocene intermediate andesitic to rhyolitic volcanism
(Gyarmati, 1977; Kaličiak and Žec, 1995; Zelenka et al., 2012).
The area comprises a series of north–south trending volcanic com-
plexes, around 100 km length and 15–25 km width extending obli-



Fig. 1. (a) Location of the Tokaj–Slanské vrchy Mts. (TSM) in the Carpathian-Pannonian Region. Yellow lines delineate the Miocene to Quaternary calc-alkaline intermediate
to silicic volcanic complexes on the surface. BVF: Bükkalja volcanic field (Lukács et al., 2018); TcB: Transcarpathian Basin; Vih-Buj: Vihorlat-Bujora volcanic chain (Outer Arc;
Seghedi et al., 2001); O-G: Oas-Gutai Mts.; LD: Lénárddaróc locality. (b) Simplified geological map of the Tokaj Mts. (southern part of the Tokaj-Slanské vrchy Mts., yellow line
delineates the Hungarian-Slovakian state boundary) modified after Gyarmati et al. (1976). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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quely to the strike of the Carpathian orogenic structures. Its north-
ern, Slovakian part is called Slanské vrchy Mts., while the southern,
Hungarian part takes the name Tokaj Mts. (TM). The magmatic
rocks of the TSM developed at the western margin of the Tran-
scarpathian basin (TcB, after after Kováč et al., 1995; Soták et al.,
2000; Seghedi and Downes, 2011), a deep sedimentary basin at
the junction of the ALCAPA microplate with Tisza-Dacia, spreading
parallel to the Carpathians. The TcB is bordered by a poorly con-
strained hypothetic N-S striking fault system (Hernád–Hornád
fault) from the west, and the E–W-striking Bogdan–Dragos�–Vodă
fault zone as the continuation of the Mid-Hungarian Shear Zone
from the south. The TM is bounded on the east by the Ronyva fault,
whose elevated footwall, composed of pre-Cenozoic formations
(Zemplínské vrchy Mts.), represents and intra-basin height within
the TcB (Fig. 1B).

The several km thick sedimentary pile within the TcB also con-
tains multiple volcanic formations. Volcanic eruptions products are
well-preserved along the margins of the TcB (Baráth et al., 1997)
and built up chains of composite volcanoes, namely the TSM at
the west, the Vihorlat-Bujora at the east and the Oas-Gutâi volcanic
range at the southeast borders (e.g. Kaličiak and Žec, 1995; Lexa
et al., 2010; Seghedi and Downes, 2011; Seghedi et al., 2013;
Zelenka et al., 2012; Kovacs et al., 2017). Remarkably, the
Vihorlat-Bujora volcanic chain, called the Outer arc by Seghedi
et al. (2001), developed right on the boundary zone between the
ALCAPA unit and the thin-skinned fold-and-thrust belt of the Outer
Carpathians, the accretionary prism between the converging
plates. Volcanism along the Outer arc occurred between 13.8 Ma
and 9.1 Ma (Pécskay et al., 2000, 2006), roughly contemporane-
ously with the volcanic activity of the TSM. The TSM, particularly
their southern segment (TM), is underlain by a relatively thin crust
(25–27 km; Lenkey et al., 2002; Horváth et al., 2015; Kalmár et al.,
2021) and lithosphere (around 80 km; Horváth, 1993; Horváth
et al., 2006; Kalmár et al., 2023) which is associated with a rela-
tively high heat-flow (>100 mW/m2; Dövényi and Horváth, 1988;
Lenkey et al., 2002; Horváth et al., 2015). This tectonic setting is
related to the evolution of the CPR and particularly to the forma-
tion of the extensional Pannonian Basin.
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2.3. Volcanism of the Tokaj Mts.

In this paper we focus on the southern segment of the TSM, i.e.
the Tokaj Mts. (TM), where vast amount of silicic pyroclastic rocks
occurs (Fig. 1). The TM is characterized by dominantly andesitic
and rhyolitic volcanism with subordinate amount of dacites and
only one locality of basalt (Gyarmati, 1977; Salters et al., 1988;
Downes et al., 1995; Kiss et al., 2010; Lexa et al., 2014). Results
of extensive K/Ar studies imply that eruptions occurred for a pro-
longed period, between � 15 and � 9 Ma (from 14.6 ± 0.8 to 9.4
± 0.5 Ma, Pécskay et al., 1987, 1995, 2006; 15.2–9.4 Ma, Pécskay
and Molnár, 2002). Pantó (1961, 1962) recognized and described
ignimbrites in the TM and provided a classification scheme of var-
ious ignimbrite types among the first in the international litera-
ture. A palaeovolcanic reconstruction using volcanological,
petrological, geochemical and geophysical results was given by
Zelenka et al. (2012), who also outlined the potential locations of
calderas. Deposition occurred initially partly in a shallow marine
environment (Gyarmati, 1977; Szentgyörgyi, 1978; Kováč et al.,
2007, 2018; Piller et al., 2007) shown by hyaloclastites, peperites
and soft-sediment deformations (Németh et al., 2008), while later
eruptions took place mostly in subaerial conditions.

Within the TM, four silicic explosive volcaniclastic units can be
distinguished (Fig. 2). The oldest volcanic rocks in the TM are pyro-
clastic, called hereafter Sátoraljaújhely (SAU) Unit. This comprises
massive and stratified lapilli tuffs, tuffs and tuffites of rhyolitic to
rhyodacitic composition. They were deposited either directly on
the pre-Cenozoic basement (eastern part) or are intercalated
within the Badenian marine sedimentary succession (Fig. 2). Sur-
face occurrence is confined to the eastern part of the TM (Fig. 1),
where borehole data indicate thickness exceeding 300 m (in places
up to 600 m). The thick pile of pyroclastic rocks was mostly
described as upper Badenian, however, their K-Ar ages vary
between 15.2 ± 0.6 Ma and 13.1 ± 0.5 Ma (Pécskay et al., 1987,
Pécskay and Molnár, 2002). Most of the SAU volcanic rocks are
hydrothermally altered (argillization, silicification dated by the
K-Ar method to � 13.2–13.0 Ma; Pécskay and Molnár, 2002), glass
shards were replaced in the submarine environment by secondary



Fig. 1 (continued)
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Fig. 2. Simplified stratigraphic sections of the distinguished explosive silicic eruptive units with the positions of the collected samples.
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minerals such as zeolites and phyllosilicates. Several subunits were
distinguished within the SAU representing different volcanological
facies formed from consecutive eruptions: zeolitized and silicified
ignimbrite, fall and ash flow tuff, redeposited tuff-tuffite and a
slightly less silicic rhyodacitic subunit found only in one borehole
(Fig. 2). Associated rhyolitic and dacitic lava domes as well as ande-
sitic lavas postdate this pyroclastic succession (e.g. Pécskay and
Molnár, 2002; Zelenka et al., 2012).

Another major explosive eruption phase occurring in the Sar-
matian (K-Ar dating suggests ages from 12.4 ± 0.8 to 11.7 ± 0.5 M
a; Pécskay et al., 1987) resulted in various pyroclastic flow deposits
(ignimbrites, dome-related block and ash flow deposits; Szepesi
et al., 2019; Fig. 2). These are collectively called as Hegyköz Unit
(Gyarmati, 1977), which is confined mostly in the northern part
of the TM. The thickness of the Hegyköz succession is � 100–150
m including rhyolitic lava intercalations (Szepesi et al., 2019).
The explosive volcanism was followed again by andesitic and rhy-
olitic effusive volcanic activity.

In the southern part of the TM, silicic pyroclastic rocks were
described as deposits of the Szerencs succession (Zelenka, 1964),
here referred as the Szerencs Unit (Fig. 1). It is a 200–350 m thick
series of volcaniclastic deposits intercalated with redeposited tuff,
tuffite and argillaceous sediments and in some places with rhy-
olitic and andesitic lavas (Fig. 2). Zelenka (1964) identified five
eruption subunits in borehole and outcrop successions that were
deposited partly in subaqueous and partly in subaerial environ-
ments (Fig. 2). Local palaeotopographic changes, facies and sec-
ondary alteration (zeolitization and hydrothermal processes)
make it difficult to determine the thickness and to separate the dif-
ferent units; however, according to Zelenka (1964) the thickness of
single eruption units varies between 70 and 250 m (Fig. 1). The
pyroclastic rocks of the Szerencs Unit are typically crystal-poor
(mostly � 5–10 %) and appear to show a gradual increase in SiO2

and K2O upwards. The Celebration-4 (CEL-4) deep seismic profile
(Heged}us et al., 2002) and a magnetic gradient map (Zelenka
et al., 2012) identified a ring-shaped caldera-like structure ca.
25 km in diameter in the southwest part of the TM, which can be
considered the source of this volcanic succession. The caldera rim
is marked by a series of associated rhyolitic-andesitic lava domes
and subvolcanic bodies (Zelenka et al., 2012). K-Ar ages related
to the Szerencs Unit (including lavas) yielded 12.2 ± 0.5 to 11.3 ±
0.5 Ma (Pécskay and Molnár, 2002). Intensive hydrothermal activ-
ity and secondary alteration affected most of the rocks found on
the surface (bentonite, diatomite, ore veins and lenses, kaolinite
and alunite, dated to 12.4–10.4 Ma; Pécskay and Molnár, 2002).

Deposits of the youngest explosive eruption phase, denoted
here as Vizsoly Unit, are confined to the western side of the TM
and can be followed on the surface between Abaújszántó and
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Gönc (Figs. 1, 2). It is dominantly built up by massive, pumice
block-bearing lapilli tuffs that are in places rich in lithic (andesite,
rhyolite) clasts. At Vizsoly, the several tens of metres thick, pre-
sumably valley-filling unwelded ignimbrite contains many gas-
segregation pipes. The thickness of the formation is 50 m on aver-
age and exceeds 100 m in a few places. K-Ar dating suggests an age
of 11.2 ± 0.5 Ma (Pécskay et al., 1987).
3. Samples and petrology

We studied 22 outcrops (Fig. 2) representing all the mapped
silicic pyroclastic formations of the Tokaj Mts. in addition to cores
of the borehole Hn–1 at the western margin of the TM (Fig. 1) and a
single sample from Lénárddaróc. The main petrological and vol-
canological characteristics of the studied samples from the four
silicic pyroclastic units and the drill cores are given in the Supple-
mentary Data, Table S1.

We collected samples from six outcrops of the SAU that repre-
sent different facies and stratigraphic levels as shown in Fig. 2.
No fresh volcanic glass was found in the SAU samples. Phenocryst
assemblage contains plagioclase, quartz, sanidine and biotite in
variable amounts.

The Hegyköz Unit was studied and sampled in seven outcrops;
the most complete section was recorded in the Abaújvár Kátyú val-
ley (Figs. 1, 2). Here, two subunits were distinguished, (1) a lower,
min. 30 m thick pumice-rich massive lapilli tuff with gas-
segregation pipes (lower ignimbrite), and (2) an upper, diffusely
bedded, ca. 30 m thick massive lapilli tuff series where erosional
channels filled by abundant lithic clasts are common (Szepesi
et al., 2019). They are separated by stratified and silicified tuff lay-
ers. The other outcrops of this unit likely represent parts of these
two volcaniclastic subunits. Secondary alteration (argillization,
silicification) is local and less common than in the SAU. The pumic-
eous pyroclastic rocks are phenocryst-poor, containing plagioclase,
quartz ± biotite and have mostly fresh glass shards.

The Szerencs Unit was studied in five outcrops (Fig. 2), which
represent all of the distinguished five subunits (Zelenka, 1964)
except for the lowest one. Fresh rock was only available in the
4th subunit (Fig. 2). The pyroclastic rocks are phenocryst-poor
(<5%) and contain quartz, sanidine and plagioclase phenocrysts.

Three outcrops related to the Vizsoly Unit were studied. The
most typical appearance occurs in the abandoned quarry at Vizsoly
and it is represented by the VIZS-1 sample. It contains plagioclase
and orthopyroxene ± clinopyroxene as phenocrysts (up to 10 vol%).
A sequence of three pyroclastic subunits was described near
Abaújszántó (Fig. 2), which shows two consecutive pyroclastic flow
deposits represented by samples ASZ-HO01 and ASZ-HO04. They
are discontinuously overlain by the typical ignimbrite of Vizsoly
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Unit represented by the VIZS-1 sample (Fig. 2). The lower two sub-
units differ in mineral composition from the VIZS-1 sample having
quartz, plagioclase, biotite and sanidine as phenocrysts.

Additional samples from the Hidasnémeti-1 (Hn-1) borehole,
located at the northwestern margin of the Tokaj Mts. (Fig. 1b) were
included. They represent five well-recognizable volcaniclastic units
of the 1539 m-long borehole section (Fig. 2; Bodor and Fodor,
2013). We studied samples from four of these beds. Furthermore,
we sampled an outcrop, Kakarcsó Hill, Lénárddaróc (Fig. 1), located
100 km to northwest. The Lénárddaróc pyroclastic rocks (Fodor
et al., 2005) were previously suggested to belong to the Harsány
Formation (Lukács et al., 2022) based on the geochemical similar-
ities with the 14.4 Ma Harsány ignimbrite (Lukács et al., 2015,
2018) of the Bükkalja volcanic field, although accurate zircon U-
Pb dates were missing here. The outcrop shows a � 14 m thick sec-
tion with two fine-grained lapilli tuff units (pumices < 3 cm) of
pyroclastic flows separated by a cross-bedded undulating fine
ash tuff (pyroclastic surge deposit). The lower unit commonly con-
tains charcoal fragments (up to 20 cm), while the upper one (above
the tuff bed) is an accretionary lapilli-bearing pyroclastic flow
deposit with gas-segregation pipes (details are in Fodor et al.,
2005; Lukács et al., 2022). They contain quartz, plagioclase, biotite
and subordinate sanidine as phenocrysts (ca. 10 vol%) as well as
fresh volcanic glass (glass shard, pumice).
4. Analytical methods

Analytical methods are given with more details in the Supple-
mentary Data, Sheet 1 and reference material data are provided
in the Supplementary Data, Table S2 and Table S3.

In situ zircon U-Pb isotopes, trace element contents and Lu-Hf
isotopes were analysed at ETH Zürich. U-Pb isotopes were mea-
sured simultaneously with trace elements (from the same ablated
volume) using a Thermo Element XR SF-ICP-MS coupled with a
Resonetics Resolution 155 type ablation system. We used a
30 lm spot size, 5 Hz repetition rate, 2.0 J/cm2 energy density (flu-
ence) and 40 s ablation time. For U-Pb dating, GJ-1 reference zircon
(Jackson et al., 2004; Horstwood et al., 2016) was used as a primary
reference material, while zircons 91500, Plešovice, AUSZ7-1,
AUSZ7-5, Rak-17, Temora2 and LG-0302 were measured as valida-
tion reference materials (Wiedenbeck et al., 1995; Sláma et al.,
2008; Kennedy et al., 2014; von Quadt et al., 2016; Webb et al.,
2020; Black et al., 2004; Gutiérrez et al., 2018, respectively), cover-
ing an age interval between 1063.5 Ma and 2.409 Ma. Validation
reference materials were used to correct the matrix dependent
age offsets (Sliwinski et al., 2017). Data reduction of all LA-ICP-
MS measurements were done using IOLITE (Paton et al., 2011), in
case of U-Pb dating combined with VizualAge (Petrus and
Kamber, 2012). The Th disequilibrium correction was performed
after alpha dose-correction (Sliwinski et al., 2017) assuming a con-
stant Th/U partition coefficient ratio of 0.33 ± 0.06 (1r; Rubatto
and Hermann, 2007) and using the equations of Schärer (1984).
The in-situ dates were not corrected for common Pb contents;
however, during data reduction, integration intervals were set to
exclude the common Pb contaminated signal intervals and data
were filtered according to their discordance ([(207Pb/235U Age)–
(206Pb/238U Age)]/(207Pb/235U Age) < 10 %). Average uncertainty of
the individual zircon dates is 1.4 – 2.3 %. (2 SE). For in-situ zircon
trace element analysis we used NIST612 as primary reference
material and zircon 91,500 and an in-house Synthetic Zircon Blank
for quality control. Target elements were Si (internal standard), Zr,
REE, Y, Hf, P, Nb, Ta, U, Th, Ti (see Supplementary Data, Table S2),
and either Al or Ba were measured for monitoring glass, apatite
inclusions. Cathodoluminescence images of zircon grains with ana-
lytical spots are presented in ESM_4.
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Zircons from four key samples were also dated by chemical
abrasion isotope dilution thermal ionisation mass spectrometry
(CA-ID-TIMS) at ETH Zürich using a Triton Plus TIMS. Select grains,
most of which were previously analysed by LA-ICP-MS, were
extracted from zircon mounts and individually annealed and
chemically abraded (after Mattinson, 2005) The crystals were
spiked with the EARTHTIME 205Pb-233U-235U tracer solution (Con-
don et al., 2015; McLean et al., 2015) dissolved, and their purified
U-Pb fractions were analysed following methods similar to those in
Brlek et al. (2023). All 206Pb/238U dates were corrected for initial
230Th/238U disequilibrium using a fixed partition coefficient ratio
derived from a compilation of natural and experimental data
(DTh/U

[zircon]/DTh/U
[melt] = 0.183 ± 0.061, 1r) and assuming that variations

in Th/U between zircons reflect changes in magma composition
rather than in U/Th partitioning.

In-situ Lu-Hf isotopic analysis was performed using a Resolu-
tion 193 nm ArF laser ablation system coupled to a Nu2 multicol-
lector inductively-coupled-plasma mass-spectrometer (MC-ICP-
MS). Ablation was carried out with 50 lm spot size, 5 Hz laser
pulse repetition rate and 4 J/cm2 energy density. The accuracy
and precision of the data obtained were monitored through the
systematic measurements of the well characterized RM Mud Tank
(0.282507; Woodhead and Hergt, 2005), 91,500 (0.282307; Wu
et al., 2006), Temora (0.282680; Wu et al., 2006), and GHR1
(0.283050; Eddy et al., 2019). Initial 176Hf/177Hf ratios and eHf
were calculated using the crystallization age of each sample, the
decay constant of Söderlund et al. (2004) for 176Lu (1.867x10-11

a-1) and the CHUR parameters of Bouvier et al. (2008).
Bulk rock composition of pumices and pyroclastic rocks was

determined at the Bureau Veritas Mineral Laboratories (ACME
Labs; https://www.acmelab.com/) using ICP-OES and ICP-MS tech-
nique for major-minor and trace elements, respectively. Internal
standards and duplicate sample analysis by sessions were used
to check the reliability of the results.

Major and trace element composition of volcanic glass was
analysed for each pyroclastic unit, except for SAU (where no fresh
glasses were found) and from the Lénárddaróc outcrop. Major ele-
ments in 20–22 glass shards per sample were analysed at GEOMAR
(Kiel, Germany) using JEOL JXA 8200 electron microprobe. The ana-
lytical conditions were 15 kV accelerating voltage, 6nA current and
5 lm electron beam size for all analyses. Full analytical details and
data on long-term analytical precision can be found in Portnyagin
et al. (2020).

Glass trace element analyses were obtained at the Institute of
Geosciences, Christian-Albrecht University of Kiel (Kiel, Germany)
using ICP-MS Agilent 8900 and a Coherent GeoLas ArF 193 nm
Excimer LA system operated with a fluence of 5 J cm�2, at a repe-
tition rate of 10 Hz and 24 lm ablation craters. Ten major elements
(Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, P) and 31 trace elements were anal-
ysed on typically 10–12 glass shards for every samples. Data reduc-
tion was performed in Glitter software (Griffin et al., 2008) that
included manual selection of intervals for signal integration and
preliminary calibration. The data was converted to concentrations
by matching the sum of major element oxides to 100 wt% (e.g.
Pettke et al., 2004). The calibration and correction of instrumental
drift used data on ATHO-G reference glass (Jochum et al., 2006).
5. Results

5.1. LA-ICP-MS zircon U-Pb geochronology

The in-situ zircon U-Pb dating was performed on 23 samples
during 7 analytical sessions (see data in Supplementary Data,
Table S2). Spot measurements (46–79 per sample) targeted mostly
the outer parts of the zircon grains (here referred to as rim; see CL

https://www.acmelab.com/
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images in Supplementary Data, Sheet 2) and the analyses resulted
in 71–93 % concordant data except for four samples, where only
41–57 % concordant data were obtained. Discordant dates were
not corrected for common Pb and they were omitted from inter-
pretation. Data with large uncertainties (>4% RSE) were also dis-
carded. The majority of the zircon U-Pb dates vary between
�14.3 and 11.3 Ma, with only a few old xenocrystic dates found
in four samples (�763–21.7 Ma, c.f. Suppl. material). Each sample
has multicomponent age populations according to the calculated
MSWD (Mean Squared Weighted Deviation) values of weighted
mean ages, which have therefore no geologic meaning. Thus, we
calculated the youngest population age (low-MSWD weighted
mean) without the young outlier dates (suspected of Pb loss) for
each sample and propagated an external uncertainty of 1.5 % rep-
resentative of long-term reproducibility of RM data at the ETH LA-
ICP-MS lab (Sliwinski et al., 2022). These youngest zircon crystal-
lization ages are interpreted as the closest approximation of vol-
canic eruption ages. The youngest 206Pb/238U data populations
based on the concordant dates cluster into four groups that are
summarized in Table 1.

The oldest samples of the TM belong to the SAU. All four sam-
ples have 1–2 measured spots giving xenocrystic dates
(from � 763 to 21.6 Ma; see Supplementary Data, Table S2) and
their spot dates range (without outliers) between 14.3 Ma and
12.8 Ma (Fig. 3a). The calculated youngest population ages are
13.2 ± 0.2 Ma to 13.1 ± 0.2 Ma. The second age group comprises
eight samples from the Hegyköz Unit. The youngest population
ages span 12.6 ± 0.2 Ma to 12.3 ± 0.2 Ma and the individual concor-
dant rim dates vary between 13.8 Ma and 12.0 Ma (Fig. 3b). No
xenocrystic spots were measured in these samples. The third age
group is given by the four samples of the Szerencs Unit. They give
very similar rim spot date ranges (12.9–11.7 Ma; without outliers)
and identical, 12.0 ± 0.2 Ma youngest population ages (Fig. 3c). The
youngest age group is represented by the three samples related to
the Vizsoly Unit, which have overlapping youngest population ages
of 11.6 ± 0.2 Ma to 11.7 ± 0.2 Ma (Fig. 3d). Individual rim spot dates
range from 12.9 Ma to 11.2 Ma and only one old xenocystic spot
was measured (�326 Ma rim in ASZ_HO04; �240 Ma core in
Hn1-21).

The Lénárddaróc sample (LENDAR) belongs to the oldest age
group as it gives overlapping date range (15.3 to 12.8 Ma) with
the samples of SAU and within uncertainty give the same youngest
population age (i.e. 13.05 ± 0.2 Ma; Fig. 3a). The four samples from
Hn-1 borehole have distinct ages. The oldest sample (Hn1-1d)
yielded 14.2 ± 0.2 Ma, which does not match any of the age groups
defined above (Fig. 3a). This sample contains old xenocrystic grains
with ages between 1.97 Ga and 364 Ma. Hn1-7 gives strikingly
similar age to samples of the SAU. Dates span from 13.9 to
12.9 Ma and the youngest population age is 13.1 ± 0.2 Ma. Hn1-
17 sample contains old (>Miocene age) and young, Miocene-aged
grains. Half of the analyses were done in old grains which vary
between 2.65 Ga and 247 Ma. The Miocene grains also returned
a relatively large range of dates (17.9–12.15 Ma), the youngest
population age based on eight spot dates is 12.4 ± 0.2 Ma. This
age suggests a relation to the Hegyköz Unit. Sample Hn1-21 gives
similar youngest population age to the Vizsoly Unit (Fig. 3d), which
is 11.6 ± 0.2 Ma, and its date range (12.2–11.3 Ma) is similar with
that recorded in the VIZS-1 sample (12.2–11.2 Ma). In Hn1-21, only
one xenocrystic grain was measured (240 Ma core).

5.2. High-precision CA-ID-TIMS U-Pb geochronology

Five to six zircon crystals each from four samples representative
of the four units distinguished by the LA-ICP-MS dates were also
analysed by CA-ID-TIMS. Three samples (MIK, SZE-4, ABV-17)
returned Th-corrected, single-crystal 206Pb/238U zircon dates that
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were dispersed beyond analytical uncertainty; the fourth sample
(VIZS1) contained unradiogenic zircons which returned six rela-
tively imprecise and consequently indistinguishable dates
(Fig. 4). We interpret these ranges to represent the (minimum)
timescales of pre-eruptive zircon crystallisation within the feeding
magma reservoir, with the youngest end of the population closely
approximating the age of eruption. We used the obtained popula-
tions of single-crystal 206Pb/238U dates to obtain several alternative
eruption age interpretations using 1) the youngest crystal age, 2) a
Bayesian approach based on predictions of temporal distribution of
zircon ages within a magma body (Keller et al., 2018), 3) a
weighted mean for the case of the VIZS-1 (Table 2 and Fig. 4).
While all interpretations return overlapping ages, we suggest that
given the small number of dates (n = 5–6) and the comparably low
likelihood of Pb loss for these samples, the Bayesian approach is
the least biased and thus offers the most robust age interpretation.

5.3. Zircon Lu-Hf isotopes and trace elements

The Lu-Hf isotopic composition of zircon from 5 representative
samples from each eruption unit (MIK, ABV-17, FKOM-2, SZE-4,
VIZS-1) as well as from the Hn1-1d drill core sample is given in
ESM_2. The eHf of studied zircons (40 spots/sample) were calcu-
lated using the obtained CA-ID-TIMS ages for the representative
samples of the four units. The average uncertainty (given in 2SE)
of single spot eHf values is around 2 units (±0.4r). Results show
two distinct populations within the TM rhyolites based on eHf val-
ues, where the youngest two samples (SZE-4 and VIZS-1) yielded
values between �1.8 and 2.5, while the other three samples from
the older eruption units (MIK, ABV-17, FKOM-2) range from
�10.5 to �3.9 (Fig. 5). Within the latter group the oldest sample
(MIK) has systematically lower eHf values between �10.5 and
�6.5, while the two samples representing the Hegyköz Unit have
values above �8. Zircon from the Hn1-1d drill core sample has
eHf values from �3.7 to 1.6 with a weighted mean of �0.9 ± 1.0.
These values show an overlap with those of the rhyolitic Harsány
ignimbrite from the Bükkalja volcanic field (Lukács et al., 2018;
Fig. 5). Weighted mean of the eHf values (without some outliers;
Supplementary Data, Table S2) for the TM rhyolites show gradual
increase from MIK: �8.80 ± 0.54, through ABV-17: �6.36 ± 0.63
and FKOM-2: �5.29 ± 0.61 to SZE-4: 0.14 ± 0.63 and VIZS-1:
0.19 ± 0.65.

Trace element composition of the dated zircon grains shows a
notable variation (data are available in ESM_2): they have Hf con-
tents between 6576 and 16500 ppm, Ti is between 1 and 10 ppm,
whereas Zr/Hf and Th/U ratios range between 28.9 and 77.4, and
from 0.13 to 2.03, respectively (Fig. 6). U, Y and P contents yielded
56–5391 ppm, 408–7760 ppm and 189–4800 ppm ranges, respec-
tively (Fig. 6). The U/Yb ratio values are between 0.3 and 4.0, which
is typical for continental magmatic rocks (Grimes et al., 2007;
2015). Zircon Hf concentration data mostly negatively correlate
with Th/U and with Ti contents (Fig. 6).

Samples belonging to the SAU show the largest variation in the
Hf, Ti and P contents and in Th/U and Eu/Eu* (0.01–0.3) ratios
(Fig. 6), while the largest variation in Nb content and Ce/Ce* (2–
239) is represented by the samples of Szerencs Unit (Fig. 6; Eu/
Eu* and Ce/Ce* (after Loader et al., 2017)calculations are given in
Supplementary Data, Table S2). Zircon spots belonging to the
SAU and Vizsoly Units show relatively narrow and positive correla-
tion trends on U versus Y diagram, while the Hegyköz Unit yielded
the widest compositional range (Fig. 6). LENDAR zircon trace ele-
ment data overlap and follow the trends of the SAU corresponding
with their similar U-Pb dates. ASZ-HO01 and ASZ-HO04 zircon
populations show similar chemical variations, although they are
distinct from the VIZS-1 zircon grains, the latter having the lowest
Hf contents (Fig. 6).



Table 1
Summary of the LA-ICP-MS dating results and the youngest population ages with uncertainties. Low-MSWD weighted mean is calculated using MSWD threshold values after Wendt and Carl (1991).

Unit Locality Sample
name

Number of data/
concordant
data

average
uncertainity
of dates

youngest
population
agea (Ma)

uncertainity
(Ma)

number of
data used

MSWD Th/U

2SE in % 2SEb 2rc 1SD

Vizsoly Unit Hn1_54.2–44.4 m Hn1-21 59/40 1.72 % 11.60 0.04 0.18 22 1.5 0.64 0.14
Vizsoly VIZS1 65/27 2.31 % 11.56 0.08 0.19 18 1.7 0.80 0.30
Abaújszántó ASZ-HO04 63/48 1.86 % 11.71 0.04 0.18 31 1.4 0.69 0.15
Abaújszántó ASZ-HO01 79/66 1.85 % 11.70 0.03 0.18 51 1.3 0.61 0.17

Szerencs Unit Rátka RATKA-2 60/53 1.50 % 11.96 0.03 0.18 34 1.4 0.86 0.18
Erd}obénye EB-R-04–5 72/59 1.70 % 11.95 0.03 0.18 37 1.4 0.80 0.15
Szegi SZE-4 46/38 1.41 % 12.00 0.05 0.19 22 1.6 0.81 0.12
Abaújszántó ASZ-BH-3 46/39 1.41 % 12.00 0.04 0.18 27 1.6 0.80 0.19

Hegyköz Unit Abaújvár valley ABV-12C 50/40 1.74 % 12.57 0.04 0.19 27 1.4 0.65 0.26
Abaújvár valley ABV17 50/42 1.78 % 12.62 0.04 0.19 36 1.3 0.70 0.33
Nagybózsva BOZS-3HK 77/55 1.73 % 12.50 0.03 0.19 38 1.4 0.70 0.31
Füzérkajata FKAJ1 56/47 1.81 % 12.63 0.05 0.19 37 1.5 0.69 0.26
Füzérkajata FKAJ5 50/39 1.61 % 12.49 0.04 0.19 27 1.3 0.64 0.27
Füzérkomlós FKOM2 64/57 1.73 % 12.39 0.05 0.19 29 1.6 0.65 0.18
Újhuta UHU-02 56/28 1.71 % 12.28 0.07 0.20 17 1.7 0.94 0.36
Hn1_662.8–659.7 m Hn1-17 50/46 1.58 % 12.38 0.07 0.20 8 1.9 0.63 0.25

Sátoraljaújhely
Unit

Mikóháza MIK 60/43 1.84 % 13.17 0.07 0.21 18 1.7 0.70 0.46
Sátoraljaújhely SAUH 50/27 2.04 % 13.24 0.06 0.21 18 1.4 0.76 0.38
Vilyvitány VILY-1 60/46 2.00 % 13.10 0.07 0.21 18 1.7 0.60 0.42
Megyer-hill SP-MH1 61/57 1.86 % 13.20 0.04 0.20 40 1.4 0.61 0.50
Hn1_1483.7–
1405.5 m

Hn1-7 50/38 1.44 % 13.11 0.05 0.20 27 1.5 0.84 0.29

Lénárddaróc LENDAR 78/57 2.00 % 13.05 0.05 0.20 35 1.5 0.71 0.41
Harsány Unit Hn1_1538.2–

1534.2 m
Hn1-1d 50/43 1.56 % 14.24 0.06 0.22 21 1.7 0.57 0.14

a low-MSWD weighted mean.
b weighted mean age uncertainity; cpropagated uncertainity is calculated by quadratic adding of uncertainity of ages and 1.5 % external error of LA-ICP-MS measurements; SE = Standard Error, r = szigma, SD = Standard

Deviation, MSWD = Mean Standard Weighted Deviation
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Fig. 3. 206Pb/238U zircon dates (in Ma) of the studied samples analysed by LA-ICP-MS and CA-ID-TIMS: (a) Samples belong to the Sátoraljaújhely (SAU) Unit and the sample
Hn1-1d (inset); (b) Samples belong to the Hegyköz Unit; C. Samples belong to the Szerencs Unit; D. Samples belong to the Vizsoly Unit. LA-ICP-MS eruption ages are given as
the weighted means of the youngest data (green bars) populations with internal 2 s uncertainties (dark grey)/propagated external 2 s uncertainties (light grey). Numbers in
brackets after the ages correspond to the number of dates included in the youngest population out of the measured Miocene concordant dates. CA-ID-TIMS dates are indicated
by orange bars at their corresponding LA-ICP-MS dates and/or by crystal identification numbers. Preferred CA-ID-TIMS eruption ages are depicted with an orange line that is
extended in yellow to the other samples of the unit. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3 (continued)
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5.4. Volcanic glass and bulk rock chemical composition

We analysed bulk rock compositions from all units, including
nearly all samples used for zircon geochronology as well as addi-
tional samples that were previously regarded as part of the units
(data in Supplementary Data, Table S3). Chemical composition of
volcanic glass shards of nine fresh, unaltered samples was also
determined: four samples from the Hegyköz Unit, one from the
Szerencs Unit, three from the Vizsoly Unit and the LENDAR sample
(data in Supplementary Data, Table S3).

All studied samples are rhyolitic in composition with glasses
having 73.1–78.1 wt% SiO2, (normalized to 100 % anhydrous com-
position; original totals are mostly between 94 and 98 wt%), 11.1–
15.8 wt% Al2O3 and total alkali content of 6.5–9.3 wt%, while bulk
rocks have 73.0–77.9 wt%, 12.8–14.7 wt%, 8.0–10.6 wt% values,
respectively. Both bulk rocks and glasses show typical enrichments
in Cs, Rb, Th, Pb and K, while variable negative anomalies can be
identified in case of Ba, Nb, Sr, P, Zr, Eu and Ti (Fig. 7). Rare earth
element diagrams show enriched LREE, relatively flat HREE and
strong, but variable negative Eu-anomaly that correspond to (La/
Yb)N ratios of 4.8–10.5 and Eu/Eu* values of 0.08–0.48 for bulk
rocks and 1.33–10.14 and 0.008–0.49 for glasses, respectively.
The main features of the trace element patterns of the glasses
and bulk rocks are similar (Supplementary Data, Sheet 3) with
minor differences towards more evolved compositions in the
glasses. The SAU samples did not contain fresh glass; however,
their bulk rock trace element data have notable similarities with
the LENDAR bulk rock sample (Supplementary Data, Sheet 3). Sam-
ples related to the Hegyköz Unit show strikingly similar glass
chemical and bulk rock compositions (Supplementary Data, Sheet
3), suggesting their common origin.

The SiO2 shows no systematic variation with trace elements of
glasses. The lowest SiO2 content (73–75 wt%) is shown by the
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ASZ-HO04, while all the other samples have similar ranges
between � 75–78 wt%. On the contrary of bulk rock data (Supple-
mentary Data, Sheet 3), the ASZ-HO01 glasses yield extremely
high Rb and high K2O contents that are not consistent with mag-
matic fractionation processes, therefore these data were not used
in the interpretations (Fig. 7). ASZ-HO01 and ASZ-HO04 show dif-
ferences in other elements, too and are both distinct from the
VIZS-1 sample (Fig. 7). The remaining samples show a positive
correlation between Rb, B, U and Nb and a negative correlation
between these elements and Ba, Sr, Eu. The eruption units can
be clearly distinguished based on trace element data, such as
Ba, Sr, U, Eu/Eu*, La/Yb (Fig. 7). Only the LENDAR glasses have sig-
nificant within-sample heterogeneity. A few of them partially
overlap with the Hegyköz glasses, while the other glasses have
a more evolved composition with low Ba and Sr contents. It is
noteworthy that glass shards with a composition close to that
of the Hegyköz sample, have similar trace element patterns to
the bulk rock (Supplementary Data, Sheet 3). Glass shards from
Szerencs Unit show a bimodal compositional signature, although
both groups differ from those of the other eruptive units, partic-
ularly in the very low Ba and Sr contents.
6. Discussion

6.1. Identification of silicic explosive eruption units

6.1.1. Eruption chronology of large silicic eruption episodes
Previous K-Ar dating (Pécskay et al., 1986, 1987, 2006; Pécskay

and Molnár, 2002; Zelenka et al., 2012) suggested long-lasting sili-
cic explosive volcanism in the Tokaj Mts. from 15.2 Ma to 11.2 Ma.
Between the major eruptions, andesitic to rhyolitic magmas built
up lava domes and composite volcanoes presumably in or associ-



Fig. 4. CA-ID-TIMS geochronology: Age-ranked individual zircon 206Pb/238U dates
and Bayesian eruption age estimates (B, grey bars) following Keller et al. (2018).
Vertical bar heights represent 2sigma analytical and calculated uncertainties.
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ated with the caldera structures formed during the explosive erup-
tion events fed by silicic magmas. Our new zircon U-Pb age data
refine this timespan, pointing to shorter and younger volcanic
activity occurring in this area. The youngest population ages
obtained from in-situ LA-ICP-MS dates yielded four age groups,
which provide a first-order estimate of the eruption ages. Bulk
single-grain ID-TIMS zircon dates of the representative samples
from these units refine the eruption ages derived from the in-situ
dating.

The new zircon U-Pb dating indicates four distinct periods of
major explosive eruptions of silicic magmas in the Tokaj Mts.,
two of them presumably associated with caldera formations. The
oldest eruption products of this area belong to the SAU, where
Table 2
Zircon-based eruption age estimates using CA-ID-TIMS U-Pb dates. Internal (int) uncertaint
analytical, tracer calibration and decay constant uncertainties (Jaffey et al., 1971). *Bayesia
distribution. n = number of analyses used from all analyses, r = sigma.

Sample youngest zircon Bayesian age*

Age (Ma) 2r int/ext (Ma) n Age (Ma) 95 %

- int

VIZS-1 11.542 0.135/0.135 6/6 11.571 0.03
SZE-4 11.963 0.016/0.021 6/6 11.954 0.03
ABV-17 12.278 0.015/0.020 4/5 12.279 0.02
MIK 13.103 0.018/0.024 5/6 13.092 0.04
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ID-TIMS yields an age of 13.092 + 0.019/-0.043 Ma; Fig. 4 and
Table 2), while the in-situ ages are between 13.1 ± 0.2 Ma and
13.24 ± 0.2 (Fig. 3A and Table 1). Notably, these ages are much
younger than the existing K-Ar ages (around 15 Ma; Pécskay and
Molnár, 2002; Pécskay et al., 2006). This can be explained by the
variously altered nature of the host rocks and their main mineral
phases, while zircon is resistant and preserved the primary fea-
tures. The silicic pyroclastic rocks of the SAU are considered to rep-
resent the oldest volcanic products in this area, since they
deposited either directly on pre-Cenozoic basement rocks or
within the (late) Badenian marine sedimentary deposits. We
obtained an indistinguishable zircon U-Pb age for the Hn1-7 drill
core sample (13.1 ± 0.2 Ma; Table 2), which is derived from a
120 m thick massive ignimbrite bed in the borehole Hn-1
(Fig. 2), at the western margin of the TM (Fig. 1).

In addition, the same zircon U-Pb age (13.1 ± 0.2 Ma) was
obtained also for the pyroclastic flow deposit at Lénárddaróc
(Kakarcsó Hill, 5.22.LD4 = LENDAR sample) � 100 km westward.
Thus, this eruption product is not part of the 14.4 Ma Harsány
eruption as previously thought based on the bulk rock composition
(Lukács et al., 2022). In the surrounding area, no volcanic rocks of
similar age have been found; the only 13.1 Ma pyroclastic rocks are
those of the SAU, which has similar geochemical composition as
the older Harsány ignimbrite. If the LENDAR sample belongs to
the SAU with an eruptive centre in the eastern TM, a large
caldera-forming eruption would likely be required to produce a
several tens of kilometre runout of the pyroclastic density currents.
Far-running (>100 km) pyroclastic flows related to large, caldera-
forming eruption were documented by Roche et al. (2022) for the
Peach Spring Tuff (USA) and Takarada and Hoshizumi (2020) for
the Aso-7 (Japan) eruptions as well as by Brlek et al. (2023) for
the 18.1 and 17.3 Bükkalja eruptions. Such a long runout can be
related to large, caldera-forming eruptions with high mass flow
rates and channelization by palaeovalleys. Correlation between
the thick SAU and the distal Lénárddaróc pyroclastic flow beds ten-
tatively suggests that this eruption could have been enormous,
yielding potentially several hundreds of cubic kilometre volcanic
material. The age of the SAU eruption (13.1 Ma) defines the onset
of the volcanism of the Tokaj Mts., which started later compared
to the volcanic activity westward, in the Börzsöny–Visegrád Mts.,
Central Slovakian Volcanic Field, Mátra (ca. 15–16 Ma; Pécskay
et al., 2006, Chersnysev et al., 2013) and also well after the large
explosive volcanic events at Bükkalja (18.1–14.4 Ma; Lukács
et al., 2018).

Some 800 ky later, another significant explosive eruption series
occurred, resulting in the deposition of the Hegyköz Unit. Several
pyroclastic samples thought to belong to this unit were dated, with
in-situ ages ranging between 12.3 ± 0.2 Ma and 12.6 ± 0.2 (Table 1.;
Fig. 3B). High-precision ID-TIMS zircon analyses of the sample
ABV-17 from this unit yielded an age estimate of 12.279 + 0.016/
-0.022 Ma (Fig. 4 and Table 2), which is resolvably younger than
the one obtained by in-situ dating of the same sample (12.6 ± 0.2
Ma; Fig. 3B). Interestingly, comparing individual in-situ dates of
y includes analytical uncertainty only, external (ext) uncertainty includes propagated
n eruption age estimates following Keller et al. (2018) using a truncated normal prior

weighted mean

Confidence Interval n Age (Ma) 2r int/ext (Ma)

/ext (Ma) + int/ext (Ma)

0/0.032 0.017/0.021 6/6 11.579 0.016/0.021
4/0.036 0.017/0.022 4/6 11.974 0.008/0.016
2/0.025 0.016/0.021
3/0.044 0.019/0.025 3/6 13.109 0.010/0.018



Fig. 5. Epsilon Hf (e Hf) values of representative samples from the four units of the TM silicic explosive volcanic rocks and the Hn1-1d drill core sample are plotted with the
closest/overlapping U-Pb spot dates (outliers and spots with discordant dates are not involved). The zircon e Hf value range of the Harsány ignimbrite (Lukács et al. 2018) is
shown for comparison.
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the selected grains with their bulk ID-TIMS dates, there are two
grains (z1 and z8, Fig. 3B) which differ significantly and give
bulk-grain dates younger than the corresponding spot dates
by � 300 (z1) and � 600 ky (z8). However, there is no systematic
spot position and no recognizable CL texture that would explain
this difference (Supplementary Data, Sheet 2). We ruled out analyt-
ical bias causing the discrepancy by repeated in-situ analysis of
mounted grains from the sample and concluded that the difference
is geological. Therefore, we suggest that both sets of dates are accu-
rate and that the age difference may be related to volumetrically
minor older zircon domains, not clearly recognizable on CL images,
which were included in the sampling volume of in-situ analyses
but did not shift bulk-crystal dates toward significantly older ages,
either because of their minor volume or due to effective dissolution
during chemical abrasion. We propose that the 300 ky range of
eruption ages obtained for the Hegyköz Unit samples by in-situ
dating may be the result of slightly older (antecrystic) grains or
similarly unidentified older domains, which may indicate that they
belong to a common eruption event or closely spaced events
within a maximum of 300 ky around 12.3 Ma. This is supported
by the observations in drill core (Fig. 2) where the pyroclastic rocks
of the Hegyköz Unit are separated by rhyolitic lava intercalations.
These volcanic products occur exclusively in the northern part of
the Tokaj Mts. and presumably had a source in that area. In the
Hn-1 borehole, the redeposited facies of this eruption unit can be
identified as a 28 m thick volcaniclastic deposit (HN1-17; Fig. 2;
Supplementary Data, Table S1). The cumulative 100–150 m thick-
ness of the Hegyköz ignimbrites and the occurrence of the individ-
ual lithoclast-rich flow channels in the upper subunit suggest
relatively less voluminous eruptions compared to SAU. They were
also presumably closely related to lava dome volcanism (Szepesi
et al., 2019).

The third explosive eruption period is connected to the Szerencs
caldera identified beneath the present surface by geophysical sur-
veys at the southwestern margin of the TM (Heged}us et al., 2002;
Zelenka et al., 2012). Pécskay and Molnár (2002) suggested, based
on K-Ar results, that the caldera-forming eruption occurred
between 12.2 Ma and 11.3 Ma. This age is confirmed by our zircon
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dating, with a more accurate result of 11.954 + 0.017/-0.034 Ma by
ID-TIMS and 12.0 ± 0.2 Ma by LA-ICP-MS (Fig. 3C, 4, Table 1, 2). This
eruption started with pyroclastic falls in a marine environment fol-
lowed by massive ignimbrite units reaching several hundred
metres in thickness at Szerencs. Remarkably, the pyroclastic
deposits derived from the Szerencs eruption were not recorded
in the Hn-1 borehole, instead the volcanic eruption could have
affected mostly the areas southward.

The fourth silicic explosive eruption episode (Vizsoly Unit) is
identified at the western margin of the volcanic area. The in-situ
zircon U-Pb eruption ages are between 11.6 ± 0.2 and 11.7 ± 0.2
Ma, while the ID-TIMS results yield an eruption age estimate of
11.571 + 0.017/-0.030 Ma (Fig. 3D, 4; Table 1, 2). This is a massive
unwelded ignimbrite, up to 100 m in thickness, with unknown
source which was likely close to Vizsoly. In the Hn-1 borehole, a
similar age for the sample of the uppermost, 10 m thick pyroclastic
bed was obtained (Hn1-21; 11.6 ± 0.2 Ma; Fig. 2; Table 1). Note-
worthy, further smaller eruptions, although from different magmas
occurred also right coevally with the Vizsoly eruptions as shown by
the ASZ-HO01 and ASZ-HO04 samples.

In summary, on the grounds of zircon U-Pb ages, we propose
that four major rhyolitic explosive eruption phases occurred in
the Tokaj Mts. between 13.1 and 11.6 Ma. They might involve sin-
gle events, or several eruptions closely spaced in time, within a
maximum of a few hundred ka. Two of them (SAU and Szerencs
U.) appear to have been large and associated with caldera forma-
tion. The major explosive eruption phases were separated by sev-
eral hundred thousand years when rhyolitic lava domes and
andesitic volcanic edifices were developed. The new zircon ages
suggest a shorter timespan (1.5–2 My) of the volcanism in Tokaj
Mts. and importantly, they imply that it started later (13.1 Ma
instead of 15.2 Ma) than the previous K-Ar ages (Pécskay et al.,
2006) showed. Additionally, the lowermost pyroclastic unit in
the Hn-1 borehole gave a significantly older age (14.2 ± 0.2 Ma),
which chronostratigraphically resembles the 14.4 Ma Harsány
Unit, the youngest silicic explosive eruption unit of the Bükkalja
volcanic field (Lukács et al., 2015, 2018). This early Badenian age
is in agreement with the paleontological founding just below the



Fig. 6. Trace element and trace element ratio (Th/U, Yb/Dy, Eu/Eu*, Ce/Ce*) variations in the zircon of various explosive eruption units of the TM.
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Fig. 7. Trace element characteristics of glass shards from the TM explosive eruption units (note that no fresh glass was found in the SAU, however, the fresh LENDAR glasses
from a distal pyroclastic deposit can represent this eruption unit). Trace elements and trace element ratios can be effectively used to distinguish the samples from different
units. Note also the compositional bimodality of the Szerencs Unit. Primitive mantle and chondrite composition values are from Sun and McDonough (1989).
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pyroclastics that shows nannofossils indicating NN5 biozone
(14.9–13.5 Ma; Bodor and Fodor, 2013). This is confirmed also by
their overlapping e Hf isotope data (Fig. 5; Supplementary Data,
Sheet 3). This 4-meter-thick horizon (with relatively small
pumices) suggests distal facies and could have originated from
the same source as the Harsány Unit. Therefore, we propose that
this pyroclastic bed is not a product of the Tokaj Mts. volcanism.
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6.1.2. Eruption product correlation by combined zircon and glass trace
element compositions

Zircon fingerprinting, i.e. a combination of in-situ U-Pb ages and
chemistry (trace element and/or Hf isotopic composition) is a pow-
erful tool to recognize scattered volcanic products and correlate
them to a given eruption episode (Lukács et al., 2021). In the case
of the Early- to Mid-Miocene large silicic volcanism of Bükkalja,
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this technique was successfully used to link distal deposits to prox-
imal ones even when the host pyroclastic rocks were thoroughly
altered. More recently, this methodology was applied to volcanic
occurrences around the Pannonian Basin (in Croatia, Austria and
Romania; Bercea et al., 2023; Brlek et al., 2023; Šegvić et al.,
2023) and this enabled to correlate these deposits to the main
eruption units identified by Lukács et al. (2018) in Bükkalja. Here,
we used this technique in combination with the glass composition
of unaltered samples to check whether the erupted magmas in
Tokaj Mts. possess unique compositional characteristics, which
can be used for correlation purposes. Multivariate mathematical
techniques (principal component analysis, linear multivariate dis-
criminant analysis) were applied taking into account as many vari-
ables as possible and useful. Pre-defined groups were made based
on the zircon U-Pb ages and we checked whether they are also dis-
tinct based on their zircon trace element composition, i.e. the
erupted magma had a unique geochemical fingerprint. Note that
the Vizsoly Unit as represented by the VIZS-1 sample was treated
as a distinct group even though the ASZ-HO01 and ASZ-HO04 sam-
ples gave the same zircon U-Pb ages. Zircon trace element data
proved that they cannot be derived from eruption of the same
magma. To avoid spurious results, we omitted all variables which
showed high correlation with others and involved also trace ele-
ment ratios that appeared to be distinctive based on bivariate plots
(Fig. 6). Thus, the following trace elements and trace element ratios
were involved in the multivariate calculations: Hf, U, Y, Nb, Nd, P
Table 3
Weights of the selected variables on the linear discriminant functions in the multivariate li
bi, are the discriminant components (i.e., 1, 2, or 3), the features (i.e., logP, logY, etc.), scal

Coefficients for linear discriminant functions

bLDA1 bLDA2

log P 1.6102 �0.38
log Y 1.9225 5.06
log Nb 1.0916 1.61
log Nd �1.0253 �1.85
log Hf 12.6032 �1.51
log U �3.1195 �5.07
log Eu/Eu* 3.1797 �1.49
log Th/U 0.9714 2.70
log Yb/Dy �4.4704 1.57

Fig. 8. (a) The multivariate linear discriminant analysis distinguishes the eruptive un
variables are illustrated by vector arrows (variables are in log unit). (b) The distal Lénár
trace element similarities along with the same zircon U-Pb age suggest that they derived
samples, Hidegoldal (Abaújszántó); HEGY = Hegyköz; SAU = Sátoraljaújhely; LENDAR =
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and Eu/Eu*, Th/U, Yb/Dy. We applied a logarithmic transformation
of these variables. The weights on the linear discriminant functions
indicate how these variables contribute to discriminate the defined
groups in the multivariate space (Table 3).

Among the applied variables, U, Hf, Y, the Yb/Dy ratio and the
Eu/Eu* are the most significant to discriminate the four eruption
units as well as the ASZ-HO samples (Fig. 8). The five pre-defined
zircon groups can be readily distinguished in the space of the 1st
and 2nd linear discriminant functions. The ASZ-HO samples indeed
differ from the zircon population of the Vizsoly Unit. The two older
eruption units can be distinguished primarily based on their U and
Y content, whereas the Szerencs Unit is characterized by very low
Eu/Eu* values. The Vizsoly Unit has a transitional, but well-
distinguished position between the SAU and Szerencs Units. Plot-
ting the LENDAR zircon data on the LDA1 vs. LDA2 discriminant
diagram, a perfect overlap is found with the SAU samples, clearly
proving that this distal eruption product derived from the SAU
eruption (Fig. 8).

Zircon trace element characteristics reflect the compositional
feature of the long-standing crystal-mush reservoir, whereas the
glass trace element data indicate the nature of the erupted melt-
dominated fractions of these reservoirs. Nevertheless, the similar
compositional characters, particularly in the U, Y and Eu/Eu* of
the zircon (Fig. 6) and glass (Fig. 7) suggest that the highly differ-
entiated melt composition controlled the zircon trace element con-
tent. Glass trace element values are usually effectively used to
near discriminant analysis result [i.e., LDAx ¼ Pn
i¼1bLDAx;i � ðyi � aiÞ, where x, yi, ai and

ing factors (i.e., average values), and the LDA coefficients, respectively].

bLDA3 a

76 0.8825 6.7410
37 �4.1712 7.9394
12 1.3136 2.2118
85 2.7581 0.7854
81 �0.5672 9.2245
47 0.5273 7.0484
78 �0.6469 �2.9374
02 �3.1530 �0.5631
54 �4.6738 1.1661

its based on zircon trace element compositions. The relative weights of the used
ddaróc pyroclastic beds show remarkable compositional overlap with the SAU; the
from the same eruption. Eruptive units: SZE = Szerencs; VIZS = Vizsoly; HO = ASZ-HO
Lénárddaróc. Symbols are explained in Fig. 6.
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distinguish eruption units, but only if no subsequent alteration
affected the original features. In the latter case, zircon is the only
witness of the erupted magma (e.g., SAU) likely reflecting the melt
composition. Since zircon trace element composition as well as U-
Pb age suggest that the LENDAR deposit derived from the SAU
eruption, the LENDAR glass is used to represent the erupted melt
component of SAU. In-situ glass trace element data confirm that
the four silicic explosive eruptions were fed by geochemically dis-
tinct magmas (Fig. 7). Each eruption unit is characterized by coher-
ent trace element content, except for the Szerencs samples, where
a compositional bimodality is recognized (both in glass and zircon
trace element compositions).

6.2. Petrogenesis of silicic magmas

6.2.1. Origin of the erupted crystal-poor magma
The Tokaj Mts. volcanic area is a unique example of the andesi-

tic to dacitic volcanism in the Pannonian Basin with a strong con-
tribution of rhyolitic magmas. In other Mid-Miocene to Quaternary
volcanic complexes of this region, rhyolites are scarce and interme-
diate magmas dominate (Lexa et al., 2010). Based on a detailed
fieldwork and zircon geochronological study, four main explosive
eruption periods involving silicic magmas were distinguished.
Although most of the volcanic products are variably altered (zeoli-
tization, silicification), fresh samples were also found. They are all
crystal-poor (crystal content is up to 12 vol%) high-silica (SiO2 > 70-
wt%) rhyolites with variable amounts of quartz and feldspars,
minor biotite and occasionally pyroxenes. Such magmas can repre-
sent residual melts of extreme fractional crystallization at shallow
depths (Blundy and Cashman, 2001). Modelling results based on R-
MELTS (Gualda et al., 2012) confirm the low-pressure crystalliza-
tion providing 120–150 MPa values, which are consistent also with
the haplogranitic ab-qz-or ternary phase diagram results (Tuttle
and Bowen, 1958, updated by Johannes and Holtz, 1996; Blundy
and Cashman, 2001), where the composition of the Vizsoly glasses
(the only one where ASI < 1.1) fall between the 100–200 MPa min-
imum points (Supplementary Data, Sheet 3).

The evolution of the evolved silicic melt before the large explo-
sive eruptions in Tokaj is modelled on the basis of the relative con-
centrations of Sr, Ba and Rb (Halliday et al., 1991; Anderson et al.,
2000; Bachmann and Bergantz, 2004). Strontium shows low val-
ues, less than 50 ppm in most of the glasses (the only exception
being the ASZ-HO04 samples, where Sr is between 90 and
100 ppm) and extreme low values (<5 ppm) in the Szerencs glass
Fig. 9. Glass Sr vs. Rb distribution (both elements are in ppm) of the studied TM silicic ex
and Halliday, 1998; Bishop Tuff: Chamberlain et 2014; Huckleberry Ridge Tuff, Yellows
Westgate et al., 2013; Pearce et al., 2020; ASO-4: Keller et al., 2021; Bükkalja: Lukács et
extent, in the Lénárddaróc (LENDAR) glasses that represent the SAU eruption.
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populations (Fig. 9). Such extreme low Sr content in rhyolites is
rare (Halliday et al., 1991), examples are the Bishop Tuff
(Chamberlain et al., 2014) and Glass Mt. in the Long Valley caldera
(Davies and Halliday, 1998) and the Huckleberry Ridge Tuff (HRT)
of the Yellowstone caldera (Swallow et al., 2019). Other large rhy-
olitic systems, such as Oruanui, Taupo (Allan et al., 2017), Aso-4
(Keller et al., 2021) and Toba, Indonesia (Westgate et al., 2013;
Pearce et al., 2020) along with the data from the Bükkalja volcanic
field, Pannonian Basin (Harangi et al., 2005; Karátson et al., 2022)
have typically higher glass Sr content (>30 ppm; Fig. 9), i.e., they
have less evolved character. Rubidium concentration in the Tokaj
glasses is within a relatively narrow range of 170 ppm to
270 ppm, while Ba has wider compositional variation from a few
ppm up to 900 ppm. The Rb shows a negative correlation with
the Sr values, whereas there is a positive correlation between Ba
and Sr (Fig. 9). Notably, the glass composition is relatively homoge-
neous within-samples, except for the distal LENDAR ignimbrite,
where variable composition is found and the Szerencs Unit rhyo-
lites, where a bimodality is recognized. The coherent glass compo-
sitional features suggest that the eruptions occurred from well-
homogenized, melt-dominated bodies. The Szerencs eruption
could involve separated melt lenses with slightly different rhyolitic
compositions (Fig. 9) as shown also for the Younger Toba tuff
(Westgate et al., 2013; Pearce et al., 2020), the Whakamaru erup-
tion (Saunders et al., 2010) and the Huckleberry Ridge Tuff, Yellow-
stone (Swallow et al., 2019).

The variation in Sr-Ba-Rb concentrations suggests that Sr and Ba
were compatible during the latest magma evolution, while Rb
remained incompatible. The extremely low Sr (<10 ppm) in the
Szerencs and in some of the LENDAR glasses requires high bulk
DSr values (e.g., up to 50 in case of Glass Mt., Halliday et al.,
1991) consistent with progressive feldspar crystallization. This is
reflected also by the very low Eu/Eu* values (<0.1) in both the
glasses and zircon of these samples, implying that zircon crystal-
lization occurred even well after the major feldspar fractionation
from a highly evolved silicic melt. Trace element model calcula-
tions were performed using the logarithmic Ba/Rb and Sr/Rb ratios
to estimate the relative proportions of plagioclase and sanidine
during the latest crystallization (Fig. 10). We used the same parti-
tion coefficients as provided by Anderson et al. (2000) and initial
melt compositions of Sr = 50 ppm, Rb = 150 ppm and
Ba = 1050 ppm. The result reproduces well the Tokaj glass compo-
sition data, suggesting crystallization at different plagioclase/sani-
dine ratios, but similar parental magma composition, akin to that
plosive units compared with data of selected large silicic eruptions (Glass Mt: Davies
tone: Swallow et al., 2019; Oruanui, Taupo: Allan et al., 2017; Younger Toba Tuff:
al., 2018). Note the strong Sr depletion in the Szerencs eruption unit and to a lesser



Fig. 10. Glass Sr/Rb vs. Ba/Rb plot to illustrate the crystal fractionation in the
studied TM silicic explosive units (symbols as in Fig. 9). The rhyolitic magmas
evolved by dominant feldspar crystallization with various amounts of sanidine and
plagioclase similarly as the Huckleberry Ridge Tuff, Bishop Tuff and the Toba
magmas, whereas in other large silicic eruptive products no significant sanidine
crystallization occurred. The ASZ-HO04 glasses appear to reflect biotite fractiona-
tion. Fractional crystallization vectors of plagioclase, sanidine and biotite were
calculated using the distribution coefficients given by Anderson et al. (2000). The
TM glasses can be modelled via crystallization of plagioclase/sanidine ratio of 1.3
(SAU) and 0.5 (Szerencs Unit) at about 10–15% quartz and minor biotite. Reference
data of comparative rhyolitic systems as in Fig. 9.
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shown by the Bükkalja rhyolites. The Szerencs silicic magma could
have crystallized at a lower plagioclase/sanidine ratio (0.5) than
the SAU–LENDAR and Vizsoly magmas (plag/san = 1.3) with about
10–15 % quartz and minor biotite. Melt lenses in the Szerencs
magma reservoir could be cogenetic, separated at slightly different
evolutionary stages from the same evolving magma. Biotite crys-
tallization had a stronger control on the evolution of the ASZ-
HO04 magma. Such extremely evolved silicic magmas can repre-
sent interstitial melts in a high crystallinity (crystals are 60–
80 vol%) shallow seated magma body (Bachmann and Bergantz,
2004; Hildreth, 2004). The low crystal content implies effective
segregation from the crystal network and limited further crystal-
lization prior to eruption. Since model calculation implies 20–
30 % crystallization to reproduce the melt composition from an
already rhyolitic parental melt and crystal content of the erupted
magma is less than 10–15 %, these evolved melts could have lar-
gely originated within the crystal mush and melt extraction was
presumably rapid. Remobilization and fast melt segregation char-
acterized the Oruanui magma reservoir with an inference that this
took place mostly within 200 years (Allan et al., 2017). Such
magma storage re-establishment results in either a single large
melt-dominant body, which can be inferred for most cases in the
TM silicic magma reservoirs, whereas before the 12.0 Ma Szerencs
eruption, distinct melt lenses could have been developed and con-
tributed to the erupted magma body.
6.2.2. The nature and residence time of the silicic crystal mush body
The state and evolution of the silicic crystal mush can be con-

strained by in-situ zircon U-Pb dates, Hf isotopes and trace element
composition data. Zircon from the four explosive units shows well-
developed magmatic zonation in CL images with only rare clearly
identifiable xenocrystic cores, which are mostly in samples from
the SAU with xenocrystic core ages between 760 and 200 Ma (Sup-
plementary Data, Sheet 2). Compared to other rhyolitic rocks in
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this volcanic area, the relative rarity of old grains and xenocrystic
domains in zircon from all other units is an important observation.
Interestingly, Kohút et al. (2021) defined an age interval from
12.07 ± 0.37 to 11.44 ± 0.39 Ma based on 39Ar-40Ar dating of the
obsidians from the Zemplín-Tokaj (Brehov, Cejkov, and Viničky),
north of our study area, that contain dominantly restitic zircon
with distinct age ranges, which were correlated with the ages of
the nearby pre-Cenozoic bedrocks (Kohút et al., 2019). Only a
few Miocene ages between 15 and 13 Ma were observed. In con-
trast, our studied samples contain few xenocrystic zircon domains.
This difference between the rhyolite lava and pyroclastic rocks can
point to the different magma evolution and to more time for zircon
growth under zircon saturation state before the explosive erup-
tions. Furthermore, this suggests either hot, zircon-corrosive mag-
mas or no/little crustal contamination during the magma evolution
of the studied pyroclastic rocks. Zircon saturation temperature cal-
culated from glass composition following the Watson and Harrison
(1983) method is in the range 750–760 �C for the Szerencs and Viz-
soly samples, whereas it is between 730 and 740 �C for the
Hegyköz. An anomalously low temperature (around 700 �C) was
obtained from the Lénárddaróc (LENDAR) glasses that could repre-
sent the oldest SAU. These temperature results, beside the crystal-
poor nature of the rocks suggest that dissolution is unlikely (so
xenocrysts are easier to preserve) and can be used as pre-
eruptive magma temperature estimates (Miller et al., 2003). The
relatively low temperature is consistent with the highly evolved
melt compositions produced at haplogranitic minimum points as
reflected by the glass trace element data.

The residence time (defined as the difference between the old-
est zircon crystallization date and eruption ages, i.e., the interval
when the melt was continuously present in the magma reservoir)
of the silicic crystal mush bodies is inferred from the range of zir-
con dates. Considering the measured rim spot dates and taking into
account ± 0.2 Ma uncertainties on these individual analyses, we
can infer 1.1 My, 1.4 My, 0.8 My and 1.4 My zircon crystallization
timescale for magmas of the SAU, Hegyköz, Szerencs and Vizsoly
Units, respectively (Figs. 3, 4). These very long timescales presum-
ably overestimate the real residence of the silicic magmas because
of the presence of older antecrysts. A better constraint can be
expected from the CA-ID-TIMS dates. They give 265 ky, 199 ky,
87 ky and 46 ky crystallization age ranges for these units and they
can be regarded as minimum values. Thus, we can infer at least 46–
265 kys, probably several 1000s thousand years of magma resi-
dence time for the studied eruptive units. This is consistent with
the reported up to 900 kyr magma residence times for silicic, cal-
dera forming volcanic systems (e.g. 19–250 ky, Yellowstone,
Gansecki et al., 1998; Bindeman et al., 2001; Vazquez and Reid,
2002; Stelten et al., 2015; Long Valley, 50-390ky, Davies and
Halliday, 1998; Simon and Reid, 2005; 9-250 ky, Taupo Volcanic
Zone, Brown and Fletcher, 1999; Charlier et al., 2005; Klemetti
et al., 2011; <160 kyr, Toba, Vazquez and Reid, 2004; 180 ky, 80–
900 ky, La Garita, Bachmann et al., 2007).

Trace element content and Hf isotope values of zircon provide
information about the origin and evolution of the silicic magma
bodies before the explosive eruptions in the Tokaj Mts. Epsilon
Hf values show little variation within the eruption units, but a
major change can be observed between the 12.3 Ma Hegyköz
and the 12.0 Ma Szerencs Units (Fig. 5). The oldest, SAU zircon
yields the most negative ƐHf values (-8.8 ± 0.5), while higher values
are typical for the Hegyköz samples (-6.4 ± 0.6 to �5.3 ± 0.6). A dis-
tinctly higher and mostly overlapping values characterize the Szer-
encs (ƐHf = 0.1 ± 0.6) and Vizsoly (ƐHf = 0.2 ± 0.7) zircon
populations. These isotope values have two important implica-
tions: (1) The zircon ƐHf values suggest that the crustal silicic
magma reservoirs fed the large explosive volcanic eruptions in
the Tokaj Mts. between 13.1 and 11.6 Ma contained distinct mag-



Fig. 11. Chondrite-normalized (Sun and McDonough, 1989) rare earth element patterns of the glass shards from the Bükkalja and Tokaj (TM) rhyolites compared to those of
the so-called ‘cold-wet-oxidized’ and ‘hot-dry-reduced’ silicic magmas as defined by Bachmann and Bergantz (2008). Glasses of the Demjén and Eger units from the Bükkalja
volcanic field show an overlap with the range of the ‘cold-wet-oxidized’ silicic magmas consistent with the occurrence of amphibole in these rocks. On the other hand, glasses
from the TM rhyolites are distinct and have features akin to the REE-patterns of the ‘hot-dry-reduced’ silicic magmas. The less hydrous character of the TM rhyolites is
reflected by the lack of amphibole and the sporadic occurrence of pyroxene.
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mas with variable mantle/crustal components. The youngest
12.0 Ma Szerencs and the 11.6 Ma Vizsoly rhyolite magmas show
remarkable isotopic similarity although they can be clearly distin-
guished by glass trace element characteristics. (2) The initial silicic
magmas involved a significant crustal component, i.e., they could
have been generated either by anatexis of lower crustal material
or by notable crustal contamination of mantle-derived mafic mag-
mas. With the lack of knowledge on the deeper part of the crustal
material and its isotopic signature, the origin of these magmas can-
not be constrained unambiguously. Nevertheless, within 1 My, a
significant change in the silicic magma genesis occurred. The origin
of the 12.0–11.6 Ma rhyolites (Szerencs and Vizsoly) can be
explained by a larger contribution from mantle-derived magmas
in comparison to the older units.

The zircon trace element signature of the Tokaj samples differs
notably from that observed for the Bükkalja rhyolites (Supplemen-
tary Data, Sheet 3; Lukács et al., 2015, 2018, 2021). In general, they
have pronounced negative Eu-anomaly (low Eu/Eu* values: <0.2),
high Y (up to 7000 ppm) and U (up to 5000 ppm) contents and rel-
atively constant Yb/Dy ratio at low values (2–4). The very low Eu/
Eu* values of zircon are consistent with the notion stated above
that strong feldspar crystallization occurred even in the crystal
mush and only a minor further magma differentiation occurred
after the melt extraction. The compositional features of zircon
are consistent with the glass trace element characteristics and
imply that the evolution of silicic magmas occurred at distinct con-
ditions. Several units of the Bükkalja area, such as the Demjén and
Eger ignimbrites show compositional features suggesting that
amphibole played a role in the magma evolution, whereas glass
compositions of the TM rhyolites reflect a liquid line of descent
involving dominant feldspar crystallization in addition to pyroxe-
nes (Fig. 10). For the TM rhyolites, the zircon oxybarometry
(Loucks et al., 2020) results indicate redox conditions along the
QFM buffer curve, i.e. a relatively reduced condition. Based on
the distinct evolutionary paths, Christiansen (2005) and
Christiansen and McCurry (2008) divided rhyolites occurring in
the western Cordillera of the USA into two types, denoted as
cold–wet–oxidized and warm–dry–reduced categories. Deering
et al., (2008, 2010) also detected these two main rhyolite groups
in the Taupo volcanic zone, where the relative proportions of
amphibole, orthopyroxene and clinopyroxene phases governed
the compositional evolution, i.e., under relatively wet (hydrous)
and oxidized and relatively dry (less hydrous) and reduced states.
Rare earth element patterns of glasses from the Bükkalja and Tokaj
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silicic volcanic rocks suggest that this compositional and evolu-
tionary dichotomy can be observed also in the rhyolites of the Pan-
nonian Basin (Fig. 11).

6.3. Geodynamic condition of the silicic volcanism

Large-volume explosive eruption of silicic magmas occurs
mostly in subduction zone tectonic setting with thick continental
crust, although extension contributes effectively to the formation
of the crustal magma reservoir (Hildreth, 1981). However, exten-
sive rhyolitic volcanism can be formed also at a tectonic setting
with thinned crust and lithosphere behind a subduction zone
(e.g., back arc rift of Taupo zone behind the oblique subduction
along the southern segment of the Tonga-Kermadec arc, Hikurangi
subduction margin; Cole, 1990; Houghton et al., 1995; Gravley
et al., 2016; Wilson and Rowland, 2016). There are also examples
of intraplate continental settings, presumably hot-spots with man-
tle plume (e.g., Snake River Plain rhyolites ending with Yellow-
stone, Christiansen, 1984; Branney et al., 2008; Huang et al.,
2015; Camp and Wells, 2021). The Pannonian Basin was formed
by large-scale continental lithospheric extension developed pro-
gressively from southwest to northeast during a period between
22 Ma and 9 Ma (Fig. 12; Horváth et al., 2006, 2015; Balázs et al.,
2016). The driving force of the extension was thought to be the
subduction roll-back along the northeastern–eastern Carpathians
(Fig. 12; Csontos et al., 1992; Nemčok et al., 1998; Mat�enco and
Bertotti, 2000; Horváth et al., 2006), although gravitational poten-
tial energy derived from the Alpine orogeny was also invoked in
association with lateral extrusion of the ALCAPA microplate from
the compressive Alpine regime (Ratschbacher et al., 1991a,
1991b; Bada and Horváth, 2001; Ustaszewski et al., 2008). On
the other hand, new numerical models emphasise the role of local-
ized mantle flows (Horváth et al., 2015; Balázs et al., 2016; Fodor
et al., 2021).

In the region of the northeastern Pannonian Basin, a complex
tectonic setting was formed around 13–11 Ma (Fig. 12c). Previ-
ously, thrusting of deep-water flysch units occurred from the Oli-
gocene and accelerated during the Early to Middle-Miocene
resulting in a shortening of � 340 km (Roure et al., 1993;
Nakapelyukh et al., 2018), coevally with subduction roll-back and
the extension of the Pannonian Basin (Royden et al., 1982, 1983;
Royden and Faccenna, 2018). Volcanism occurred close to the
northeastern Carpathians thin-skinned fold-and-thrust belt, which
is an accretionary prism developed along the convergence zone



Fig. 12. Conceptual model for the origin of the TSM volcanism at the convergence zone between the Eurasian plate and the ALCAPAmicroplate of the Pannonian Basin. (a) 18–
16 Ma: rhyolite ignimbrite flare-up, lithospheric extension behind the slab-rollback, retreating subduction (b) 16–13 Ma: Progressive lithospheric extension, slab-rollback,
ongoing large silicic explosive events, andesite-dacite volcanism (c) 13–11 Ma: convergence terminated, final slab roll-back, vertical slab descent, lithospheric thinning near
the orogenic zone, andesite-rhyolite volcanism.
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between the East European Platform and the amalgamated
ALCAPA–Tisza–Dacia domain (Horváth and Berckhemer, 1982;
Csontos et al., 1992; Oszczypko et al., 2006). Based on tectonic
observations, (U-Th)/He and fission track dating, contraction
stopped in the external front of the wedge at around 12 Ma
(Nakapelyukh et al., 2018; Roger et al., 2022). At that time, the
frontal convergence terminated, and this probably led to steepen-
ing of the subducted slab, which reached a near-vertical position
(Fig. 12c). The final back-stepping of the slab and its steepening
could be connected to a major lithospheric thinning/extension
phase just behind the accreted flysch units (e.g. Balázs et al.,
2016). This is reflected by the very rapid subsidence and sedimen-
tation in the Transcarpathian Depression including the East Slo-
vakian Basin between 13.5 Ma and 11.6 Ma (ca. 3 km thick
sedimentary pile; Rudinec, 1989; Kováč et al., 1995; Subová
et al., 2022).

Accurate zircon U-Pb dating, Hf-isotope as well as trace element
compositional data presented in this paper can help to understand
better the reason of volcanism in this unusual setting, i.e. close
vicinity to an orogenic convergence zone. Petrogenesis of the
age-progressive silicic volcanism in the Bükkalja and the TM may
reflect the evolution of the lithospheric thinning, subduction
dynamics, i.e., the process of slab roll-back, the later slab steepen-
ing and the changing mantle flow dynamics (Fig. 12). The major
rhyolitic ignimbrite flare-up between 18.1 Ma and 14.4 Ma was
governed primarily by the lithosphere extension behind the
retreating subduction zone (Fig. 12a, b; Lukács et al., 2018). The
proposed ages of the explosive eruptions between 13.1 Ma and
11.6 Ma in the TM also notably coincide with progressive litho-
spheric thinning, but close to the subduction zone, during the last
phase of orogenic convergence, termination of subduction and
slightly predate the presumed slab detachment (Balázs et al.,
2016; Nakapelyukh et al., 2018; Roger et al., 2022). Glass rare-
earth element patterns as well as zircon trace element characteris-
tics of the silicic explosive volcanic products suggest different
magma type compared to most of the Bükkalja rhyolites (Fig. 11
and Supplementary Data, Sheet 3). The TM silicic magma was typ-
ically more reduced in redox state and possibly less hydrous
(H2O < 4 wt%). Such features are typical of extensional environ-
ments, i.e., at thinning lithosphere where the primary mafic melts
are produced by near-adiabatic decompression melting in the
mantle, in contrast to the subduction zones where wet and oxi-
dized magmas are generated by hydrous melting (Bachmann and
Bergantz, 2008). These contrasting characters can be reflected also
in the evolved silicic magmas formed along distinct crystal frac-
tionation paths governed by the water content of the magma.
The Demjén and Eger ignimbrites in the Bükkalja volcanic field
have a clear amphibole signature (‘wet’ magma differentiation),
whereas rare earth element signature of the TM rhyolites implies
strong plagioclase ± pyroxene crystallization (‘dry’ magma differ-
entiation). Such two magma types were described in the Taupo
volcanic zone, where their presence was explained by variable
fluid fluxes into the mantle (Deering et al., 2010). Accordingly,
the 13.1–11.6 Ma TM silicic volcanism could have occurred at a
magma generation environment characterized by relatively low
fluid flux, which is consistent with the terminating subduction at
the Carpathian orogenic zone, and it seems to be more plausible
with a stronger connection to the ongoing lithospheric thinning
at the northeastern margin of the Pannonian Basin and the passive
upwelling of asthenospheric mantle. The Hf-isotope variation from
strong negative to around zero values imply a decreasing crustal
and/or increasing mantle component in the erupted magmas at
about 12 Ma that strengthens the extension-related connection
of the volcanism.

Tectonic features of the TSM, i.e. volcanism in a graben struc-
ture (Gyarmati, 1977) provides additional support to this interpre-
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tation. Furthermore, presently there is a thin (about 70–80 km)
lithosphere and high heat flow in this area that require a former
massive extension process. While the early phase of extension of
the TcB was accommodated by Early to Middle Miocene metamor-
phic core complex formation (Soták et al., 2000), later on (ca. 13–
12 Ma), contemporaneously with the TM volcanism, further subsi-
dence and extension occurred closely related to the dynamic
changes during the terminating phase of the subduction, which
modified the slab geometry and induced mantle flow (Fig. 12c).
The last phase of the slab roll-back (from ca. 13.5 Ma), and the
related mantle flow was followed by progressing slab steepening
when the descending subducted lithosphere became almost verti-
cal (from ca. 12 Ma). These processes could have exerted a pull in
the lithosphere of the upper plate leading to thinning and acceler-
ated subsidence as well as an uprise of the asthenospheric mantle
near the steepening slab (TcB). This mantle reorganization could
explain some of the geochemical signatures in the TM rhyolites,
e.g., the prevailing ‘hot-dry-reduced’ magma character and the
increasing mantle component in the erupted magmas at around
12 Ma. The tectonic situation could be similar what is going on cur-
rently at the Vrancea zone of southeastern Carpathians, Romania,
where major subsidence occurs forming several basins above the
vertically descending slab, which undergoes progressive detach-
ment (Gîrbacea and Frisch, 1998; Wortel and Spakman, 2000; Tăr
ăpoancă et al., 2004; Mat�enco et al., 2007; 2022). Northern Borneo,
Malaysia is another setting of subduction termination environ-
ment, where lithospheric drip was invoked as a driving process
(Pilia et al., 2023). In summary, the large-volume explosive silicic
volcanism in the TM provides an example of rhyolitic volcanism
in a thinning continental lithosphere regime at the final stage of
subduction.
7. Concluding remarks and perspectives for distal tephra
correlations

In the Pannonian Basin, the 18.1–14.4 Ma silicic ignimbrite
flare-up was followed by another notable period of rhyolitic vol-
canism. New zircon U-Pb dating suggests that this occurred
between 13.1 and 11.5 Ma in the Tokaj Mts., where four major
pyroclastic units were identified. Two of them were likely related
to caldera collapse and resulted in large volume
(presumably > 100 km3) of erupted volcanic material (the
13.1 Ma SAU and 12.0 Ma Szerencs eruptions), whereas the other
two likely represent multiple smaller events. This volcanism was
associated with rhyolitic extrusive activity as well as massive
andesitic volcanism. The significant increase of e Hf values in zir-
con with time implies that mantle-derived magmas became dom-
inant, possibly along with progressive lithospheric thinning. This
was likely related to the latest stage of subduction, when the ver-
tically descending slab exerted suction in the overlying lower
lithosphere. In the surrounding basin areas, such as in the Tran-
scarpathian basin (e.g. Kaličiak and Žec, 1995; Vass et al., 2005),
the Transylvanian basin as well as in the Carpathian foredeep, sev-
eral Badenian to Sarmatian (14–11 Ma) tuff beds were recognized,
but only few of them were dated even though they have great
stratigraphic significance. De Leeuw et al., (2013, 2018) used Ar-
Ar dating mostly on K-feldspar for tuffs from the Transylvanian
basin and got ages such as 13.32 Ma, 12.37 Ma, among others.
Vasiliev et al. (2010) dated the Oarba tuff and obtained 11.62 ± 0.
04 Ma age. For the Slănic section, Eastern Carpathians, 13.32 Ma
and 13.7 Ma Ar-Ar ages were published for two distinct tephra lay-
ers (Bojar et al., 2018; De Leeuw et al., 2018). In the Polish Car-
pathian Foredeep, the Badenian–Sarmatian sedimentary sections
contain also severeal tuff layers, a few of them were already dated,
resulted in 13.62 and 13.76 Ma (Bukowski et al., 2010) and
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13.06 Ma ages (Śliwiński et al., 2012). Furthermore, Danišík et al.
(2021) described a tephra layer (Gorelka tephra) in a palaeovalley
of the Don river, southwestern Russia and dated to 11.5 ± 0.5 Ma by
coupled U-Pb and U-Th/He method. They proposed that this vol-
canic material could be related to one of a gigantic eruptions in
the Carpathian arc, although they were not able to find the proxi-
mal counterparts. This age strikingly fits with that determined for
the Vizsoly ignimbrite, although the glass trace element composi-
tions are distinct. The zircon fingerprint technique (Lukács et al.,
2021), i.e. the combined use of U-Pb dates and trace element con-
tent of zircon grains could be a viable technique to correlate these
tephra layers and construct a robust geochronological framework
of large eruption events and distal volcanic material in the
Carpathian-Pannonian region and its surroundings. Identification
and documentation of eruption ages and trace element composi-
tional characteristics of zircon, a resistant mineral phase, for vari-
ous large rhyolitic eruptions in a time span from 18.1 Ma to
11.5 Ma (Lukács et al., 2015, 2018, 2021 and this study) is a
promising tool to correlate these distal tephra layers and as a result
constrain the ages of the host sediments.
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Studencka, B., 2007. Badenian evolution of the Central Parathethys sea:
paleogeography, climate and eustatic sea level changes. Geol. Carpath. 58,
579–606.
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C. (2007). Large-scale deformation in a locked collisional boundary: Interplay
between subsidence and uplift, intraplate stress, and inherited lithospheric
structure in the late stage of the SE Carpathians evolution. Tectonics, 26,
TC4011, doi:10.1029/2006TC001951.
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