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A B S T R A C T   

This study documents the volcanic evolution of the Miocene silicic Bükk Foreland Volcanic Area (BFVA), 
Northern Hungary (Central Europe) at an event-scale. The BFVA is a deeply eroded and dissected volcanic field 
dominated by multiple, several 10-m thick, valley-filling silicic ignimbrite units, which are chemically and 
texturally very similar to each other. Hence, establishing lateral correlation is a real challenge due to the sporadic 
and small-scale outcrops and lack of stratotypes. Detailed field observations allowed us to identify eleven lith-
ological members including fourteen eruption events and establish a nearly complete lithostratigraphic corre-
lation between fifteen outcrops across the BFVA. Primary pyroclastic material of each member was sampled, and 
volcanic glass was analyzed for major and trace element composition. The geochemical results confirm the field- 
based classification of the members and enable the correlation of distinct outcrops. The major and trace element 
composition of the glassy pyroclasts of each member of the BFVA served as basis to create a field-wide chemical 
reference database for regional correlational studies. Here, a new lithostratigraphic classification scheme con-
sisting of one formation and eleven members is presented, which reflects the challenges unraveling the stra-
tigraphy of ancient volcanic terrains. The field-based event-scale lithostratigraphy of the BFVA suggests a wet, 
partly sea-covered depositional environment in the close vicinity of the eruption centers providing favorable 
conditions to ‘fuel’ silicic explosive phreatomagmatism. On the contrary, paleosol horizons formed after almost 
each major eruption event or sequence suggests an overall near-coast terrestrial environment for the BFVA, 
where the emplacement of the pyroclastic material occurred.   

1. Introduction 

In ancient volcanic areas correlating outcrop-scale pyroclastic de-
posits, and establishing a comprehensive lithostratigraphic framework is 
a real challenge because:  

- outcrops suitable for establishing firm genetical interpretations are 
rare (Martí et al., 2018; Németh and Palmer, 2019), 

- extensive weathering can significantly overprint primary sedimen-
tary structures (Németh and Palmer, 2019), 
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- any tectonic movements may affect the original setting, in the case 
presented here they fragmented, uplifted or downfaulted the area, 

- the scattered occurrence of the outcrops makes it difficult to recog-
nize lateral or vertical facies changes. 

Thus, a workflow and classification strategy are needed that is 
generally applicable to most ancient volcanic areas of the world and is 
consistently lithostratigraphy-based and process-oriented. 

Large-scale silicic volcanism occurred in the Carpathian-Pannonian 
region (Central Europe) during the Miocene (Márton and Pécskay, 
1998; Lukács et al., 2018). The pyroclastic deposits of this explosive 
volcanic flare-up crop out most continuously in the Bükk Foreland 
Volcanic Area (BFVA hereafter; Figs. 1, 2) but can be traced across the 
whole basin, found in boreholes, and in scattered and isolated occur-
rences on the surface as well. Occasional tephra deposits are also re-
ported outside the Pannonian basin, however their stratigraphic 
correlation and link to volcanic sources are under debate (Lukács et al., 
2018; Rybár et al., 2019; Brlek et al., 2023). In the BFVA the thick ig-
nimbrites were most likely confined to broad, deep valleys or basins, 
hence, regional correlation (e.g., based on topographic elevation levels) 
will always have some uncertainty (cf. Lebti et al., 2006; Best et al., 
2009). 

In ancient volcanic areas, volcano-stratigraphic reconstruction is 
challenging due to significant weathering, vegetation cover and tectonic 
shifting. Moreover, recognizing pauses in the volcanism, represented by 
paleosols or erosional paleosurfaces, is also difficult (Németh and 
Palmer, 2019). The concept and terminological background of our field- 
focused study is based on previous works (cf. Lucchi, 2013; Martí et al., 
2018; Németh and Palmer, 2019). Recognition of major unconformities 
makes it easier to define a volcanic lithostratigraphic unit as an 
unconformity-bounded stratigraphic unit (UBSU; Lucchi, 2013). How-
ever, in many cases more than one eruption center can produce pyro-
clastic deposits accumulating in areas located in between volcanic 

centers, even without distinct erosional surfaces separating them (cf. 
Lucchi, 2013). This is a real problem in volcanic areas characterized by 
eruptions from adjacent calderas with roughly coeval or partially 
overlapping activity (e.g., Taupo Volcanic Zone, New Zealand; Wilson, 
1993) as such volcanic sources can produce volumetrically significant 
amounts of deposits covering extensive regions. Furthermore, besides 
major first-order lithostratigraphic units, minor or moderate UBSUs may 
often occur, not necessarily representing a significant time gap between 
eruptions (Martí et al., 2018), or could only represent changing eruptive 
style, intensity, or nature of the volcanism (Németh and Palmer, 2019; 
Báez et al., 2020). Unfortunately, such second- or third-order un-
conformities are sometimes not easily recognizable (Martí et al., 2018). 

Another problem is related to the classification of volcanic deposits 
affected by reworking processes. Reworked volcanic material, such as 
deposits from gravity flows (e.g., in fluvial systems) or suspension (e.g., 
in aeolian and lacustrine systems), are even more difficult to link to 
primary volcanic processes. Chemically such deposits can be identical to 
their source pyroclastic deposit, thus reworked tephras cannot be clas-
sified as different eruption units despite their distinct lithological fea-
tures (cf. Németh and Palmer, 2019). The eruption units of the BFVA are 
sparsely mapped outside its area, thus investigation of lateral facies 
changes is restricted to a ca. 40 × 10 km area. This makes it difficult to 
obtain a stratigraphic classification based on lateral facies changes (cf. 
Martí et al., 2018; Németh and Palmer, 2019). 

In the BFVA the most recently published stratigraphic classification 
distinguishes ‘eruptive units’ (Lukács et al., 2018, 2022) based exclu-
sively on zircon U-Pb dating and zircon trace element geochemistry 
(Table 1). As these authors mentioned, the succession of an ‘eruption 
phase’, within which an ‘eruptive unit’ is emplaced, may contain de-
posits from several eruption events that occurred within a short period 
of time (Lukács et al., 2018). This might be a problematic approach 
because “short” means thousands to hundreds of thousands of years 
from the perspective of the Miocene, which is potentially within the time 

Fig. 1. Distribution of Miocene silicic pyroclastic rocks within the Carpathian-Pannonian region (Central Europe). The map was modified after Pécskay et al. (2006), 
Szakács et al. (2018), and Hencz et al. (2021a). Bükk Foreland Volcanic Area (Fig. 2) is indicated by rectangle with red outline. Buried pyroclastics are penetrated by 
drillings. (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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scale of recurrent moderate volume silicic explosive events known 
worldwide, such as those along the Taupo Volcanic Zone in New Zealand 
with at least seven caldera-forming events accompanied with several 
dozens of silicic lava dome over 350 ky time span (Wilson, 1993, 2001). 
The distinguished ‘units’ of the BFVA were named mainly as ‘ignimbrite 
units’ (Lukács et al., 2018). In contrast, our aim was to identify, if 
possible, every single eruption in the volcanic record. Although field 
volcanological features of the area were not fully explored, our approach 
can be used to improve the existing schemes together with some ad-
vances in geochemical fingerprinting of pyroclastic rocks. 

This paper documents and interprets the whole silicic volcaniclastic 
sequence of the BFVA including reworked pyroclastic deposits. We 
propose a far more detailed record of volcanic eruption events than 
currently considered, separated by long enough inter-eruption periods 
to allow the formation of prominent erosional surfaces and/or paleosols. 
We present and discuss a complete event-scale volcano-stratigraphic 
record of the BFVA based on field observations, focusing on the deposits 
interlayered between the thick ignimbrites. Geochemical examination of 
volcanic glass of the recognized eruption products (including thick ig-
nimbrites) was carried out to point out the major and trace element 
fingerprints of these voluminous Miocene explosive eruptive flare-up 

events. The novelty of this approach over the North Pannonian basin 
is a combination of detailed field study of the event stratigraphy and 
precise geochemical data including major and trace elements in volcanic 
glass. 

2. Geological background 

The large-scale Miocene silicic magmatism was preceded by the 
subduction of an oceanic microplate (Vardar or Magura) under the 
ALCAPA (ALpine-CArpathian-PAnnonian) and Tisza-Dacia microplates 
(Szabó et al., 1992; Kovács and Szabó, 2008). The subducting plate 
carried volatiles (mainly H2O), which re-fertilized the lithospheric 
mantle above (Kovács and Szabó, 2008). The eastward movement and 
rotation of the microplates caused lithospheric thinning in the middle 
part of the ALCAPA (Fig. 1; Csontos et al., 1992), followed by upwelling 
of the asthenosphere and partial melting (Seghedi et al., 2004). The 
resulting melt ascended through faults (formed during the movement of 
the microplates; Csontos et al., 1992) followed by early to late Miocene 
ignimbrite flare-up (Márton and Pécskay, 1998; Szakács et al., 1998). 

The whole Miocene volcanic succession of the BFVA is volumetri-
cally dominated by thick silicic ignimbrites (Fig. 2), a region inferred to 

Table 1 
Review of the stratigraphic units of the BFVA proposed in previous publications compared to this study.  

Old lithostratigraphic complexes based 
on field observations and 
paleomagnetism (Szakács et al., 1998) 

Old geologic 
formations (Gyalog 
and Budai, 2004) 

Old chronostratigraphic units based 
on zircon U–Pb dating (Lukács et al., 
2018) 

Formal lithostratigraphic 
units (Lukács et al., 2022) 

New members based on 
lithostratigraphy and volcanic glass 
geochemistry (this study) 

UTC - Upper Tuff Complex Galgavölgyi Rhyolite 
Tuff Formation 

Harsány ignimbrite unit Harsány Rhyolite Lapilli 
Tuff Formation 

Harsány Member 
Tibolddaróc unit Tibolddaróc Member 

Tar Dacite Tuff 
Formation 

Demjén ignimbrite unit Tar Dacite Lapilli Tuff 
Formation 

Jató Member 

MTC - Middle Tuff Complex Bogács unit Bogács Dacite Lapilli Tuff 
Formation 

Bogács Member 

ULTC - Upper Lower Tuff Complex – – – Kács Member 
– Mangó ignimbrite unit – Cserépfalu Member 
Gyulakeszi Rhyolite 
Tuff Formation 

Tihamér Rhyolite Lapilli 
Tuff Formation 

Kisgyőr Member 
– Tufakőbánya Member 

– – Ostoros Member 
LLTC - Lower Lower Tuff Complex Eger ignimbrite unit Eger Member 
– – Csv-2 unit Wind Member  

Fig. 2. Locations of the BFVA and the investigated outcrops. The locations are shown with black numbered dots; their coordinates are given in Table 2. The main 
pyroclastic complexes studied are shown after Szakács et al. (1998). Main settlements are shown with grey polygons. 1: Eger, Wind Brickyard, 2: Eger, Homok street, 
3: Eger, Tufakőbánya, 4: Ostoros, Arany János street, 5: Sály, Latorvár, 6: Egerszalók, Skanzen, 7: Kistálya, cellars, 8: Szomolya, cellars, 9: Kács, cellars, 10: 
Cserépfalu, cellars, 11: Bogács, valley, 12: Sály, Dankótelep, 13: Bogács, cellars, 14: Tibolddaróc, cellars, 15: Demjén, Nagyeresztvény. 
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be mostly within a proximal/medial depositional area (Szakács et al., 
1998; Lukács et al., 2010). Eruption centers were tentatively located in 
close vicinity to the BFVA based on indirect clues resulting from 
geological mapping, whereas their original landforms are not recog-
nizable today (Szakács et al., 1998; Hencz et al., 2021a). 

Besides the voluminous ignimbrites (several tens of meters in 
thickness in some cases, e.g., Karátson et al., 2022), fallout deposits of 
several Plinian eruptions have been recognized and mapped throughout 
the BFVA (Capaccioni et al., 1995; Biró et al., 2020; Hencz et al., 2021a, 
2021b). Between the thick ignimbrites, paleosols (Biró et al., 2020; 
Hencz et al., 2021b), various syn-eruptive to inter-eruptive reworked 
and redeposited volcaniclastic layers have been recognized (Capaccioni 
et al., 1995; Szakács et al., 1998). Primary pyroclastic successions often 
display textural evidence of phreatomagmatic explosive origin (Szakács 
et al., 1998; Biró et al., 2020; Hencz et al., 2021b). Recently, the volcanic 
evolution of the BFVA was separated into eight ‘eruption phases’ 
(Table 1; Lukács et al., 2018, 2021), and later a formal lithostratigraphic 
classification was proposed dividing the whole pyroclastic sequence into 
four ‘lapilli tuff formations’ (Table 1; Lukács et al., 2022). Zircon U-Pb 
age-based geochronological methodology was used almost exclusively 
(with some occasional Ar-Ar ages) by the cited authors for dating the 
thickest and most voluminous ignimbrites. 

Recent studies confirmed the complex nature of the silicic volcanism 
in the BFVA: in addition to magmatic explosive activity, phreato-
magmatic eruptions were also common (Capaccioni et al., 1995; Szakács 
et al., 1998; Biró et al., 2020). The findings imply that eruption centers 
were located in a wet lowland setting, likely as a chain of calderas (Biró 
et al., 2020, 2022; Karátson et al., 2022). 

The magmatic system of the BFVA can be characterized as a multi- 
level magmatic reservoir (Póka et al., 1998; Harangi et al., 2005; 
Lukács et al., 2005, 2018). Volcanism may have been fed by magmatic 
bodies stalled in the crust and in the vicinity of the mantle-crust 
boundary (Lukács et al., 2005, 2009; Seghedi et al., 2005; Czuppon 
et al., 2012). Crustal anatexis was invoked previously to explain the 
formation of silicic melts of the BFVA (Póka et al., 1998). Later, the 
origin of the erupted melts was explained by a complex process 
involving partial melting of the mantle, extensive magma fractionation, 
and mixing with crustal melts (Kovács and Szabó, 2008). Recent studies 
imply that the upper part of the magmatic system was located in the 
upper crust, at 4–7 km depths (Hencz et al., 2021c). Geochemical studies 
of the pyroclastic deposits resulted in the identification of slight differ-
ences between the thickest ignimbrite units (Póka et al., 1998; Harangi 
et al., 2005; Lukács et al., 2018, 2021), or chemical variations in a 
specified ignimbrite unit (Czuppon et al., 2012). This study makes a step 
forward using new state-of-art geochemical data to establish a proper 
chemostratigraphy and link it to lithostratigraphy. 

3. Methodology 

3.1. Protocol of lithostratigraphic classification 

In this study we use the definitions of stratigraphic unit and lithology 
as follows. The UBSU scheme was hybridized with the recommendations 
of Németh and Palmer (2019) and Martí et al. (2018), thus the lithos-
tratigraphic division used here is based on a) to d) below: 

a) The lithology of each volcaniclastic layer is determined in the field 
and using a code to indicate the main lithological features of the layer 
(details in Supplementary Material 1) as suggested by Branney and 
Kokelaar (2002). 

b) Units are defined as a pack of successive layers with the same li-
thology, or different lithology (e.g., emplacement mechanism) but 
consisting of primary volcaniclastic deposit only, or reworked volcanic 
material only, never containing material of mixed origin. In this way, it 
is ensured that they are genetically identical and were deposited under 
similar conditions and via the same emplacement mechanism. As a 
result, when units consist of only primary volcaniclastic deposits, they 

contain only geochemically identical products of a single eruption. For 
example, a Plinian sequence containing pyroclastic fallout deposits, 
dilute PDC deposits and ignimbrite (e.g., Hencz et al., 2021a) is classi-
fied as one unit regardless of the number or repetition of layers with the 
same lithological classification (e.g., Biró et al., 2020), and with no 
unconformity (e.g., paleosol) in between the layers. Units are labelled 
differently in the case of each member (e.g., Wi-1, Eg-1, Eg-2, Os-1, etc.) 
to avoid confusion. On the contrary, the presence of a paleosol always 
marks a boundary between two units because it reflects interruption in 
the volcanic activity. Paleosols were identified based on the following 
properties: clayish, dark-brown, or grey, sometimes calcified root- 
bearing horizon with some weak paleotopography on the top (Sol-
leiro-Rebolledo et al., 2003). The underlying soil-forming rock is a py-
roclastic rock or reworked tephra, thus, volcanic fragments can often be 
found in the lower part of the paleosol. 

c) A pyroclastic sequence is grouped within the same member 
alongside its reworked upper counterpart (i.e., several units build up a 
member, but the pyroclastics are typically deposited from the same 
eruption or are reworked sediments from the same eruption). A paleosol 
marks a boundary not only between units, but between members, too. 
When no paleosol developed between two units, such as between the 
Eger Member and Ostoros Member, we relied on variations in 
geochemical composition of volcanic glass to distinguish them into 
separate members. 

d) Correlation of different outcrops was made based on results of 
previous works (Biró et al., 2020; Hencz et al., 2021a) and new field- 
observed volcanological characteristics or volcanic glass geochemical 
properties of the units. Only slight lateral facies variations were detected 
for the identified units, which can be explained by the limited areal 
extent of the study area (~400 km2), and possibly due to the almost 
negligible paleoaltitude differences, probably a rather flat paleotopog-
raphy can be inferred (i.e., scarcity of gullies, valley-ponded or ignim-
brite veneer deposits, or topography-driven undulation of pyroclastic 
fallout deposits). 

The commonly used initial nomenclature for units exposed in the 
BFVA was proposed in the work of Gyalog and Budai (2004) and 
included the following formations: Gyulakeszi Rhyolite Tuff Formation, 
Tar Dacite Tuff Formation, and Galgavölgyi Rhyolite Tuff Formation. 
Attempts to renew the classification were published recently (see 
Table 1; Lukács et al., 2018, 2022). In this work, we present a new 
classification scheme based on detailed field mapping (lithostratig-
raphy) verified by analysis of volcanic glass geochemistry (major and 
trace elements). Such a classification is consistent with the recommen-
dations of the International Commission on Stratigraphy (https://stra 
tigraphy.org/guide/litho) in terms of lithostratigraphy-based forma-
tion and member classification. 

In this study, a particular attention has been paid to the documen-
tation of ash aggregates and the high volume of fine ash in order to 
identify eruptions which incorporated significant amount of external 
H2O vapor. Note that in this work, phreatomagmatism is used to depict 
such eruptions showing the beforementioned signs of water influence, 
not its ordinary content, such as a water mediated fragmentation style 
(White and Valentine, 2016). 

3.2. Volcanic glass geochemistry 

Sampling was carried out preferably from the lowermost part of the 
pyroclastic rocks/layers where it was possible. Fresh glass fragments 
from the juvenile material of pyroclastic rocks were mounted in epoxy, 
polished, and analyzed for major and trace elements in GEOMAR (Kiel, 
Germany) using electron microprobe and in the Institute of Earth Sci-
ences at the Christian-Albrecht University of Kiel by LA-ICP-MS. Details 
of the analytical methods are provided in Supplementary material 2. 
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4. Results 

Through a detailed field examination of the pyroclastic succession of 
the BFVA (Fig. 2), formation and member level classification could be 
created. The distinguished members can be grouped in one single for-
mation, defined here as the Bükk Foreland Formation (the Hungarian 
name should be Bükkalja Formáció) because of 1) the homogeneity in 
dominant grain size distribution (lapilli tuff) despite the heterogeneity 
of the volcanic sequence as a whole, and 2) the easily identifiable base 
and top surfaces, i.e. prominent, first-order lithostratigraphic bound-
aries within the volcanic sequence (similar, for example, to the Cassia 
Formation in Idaho/Nevada, USA, containing several members: Knott 
et al., 2016). The proposed members, along with newly designated 
stratotypes including their geographic coordinates and radiometric ages 
(if available), are summarized in Table 2. Members which are newly 
described by physical volcanology in this study are Ostoros Member, 
Tufakőbánya Member, Cserépfalu Member, Kács Member. In addition to 
the physical volcanological revision of the remaining members, the 
description strongly relies on previous works referenced in the text for 
each member. 

In this section, we present the volcanological characteristics of each 
lithostratigraphically defined member of the Bükk Foreland Formation, 
which can be described very generally as follows. It consists of pyro-
clastic rocks dominated mainly by lapilli originated from magma 
pockets, which generated explosive eruptions and produced PDCs and 
pyroclastic fallout events. The formation also contains a large volume of 
phreatomagmatic pyroclastic deposits and several reworked pyroclas-
tics, as well as paleosols. In the next section, general description and 
interpretation of the proposed eleven members of the Bükk Foreland 
Formation is given, completed by special features of each pyroclastic 
unit. The location of the outcrops can be found in Fig. 2, and their co-
ordinates in Supplementary Material 3. 

4.1. Volcanic lithostratigraphy of the Bükk Foreland Formation 

4.1.1. Wind member 
Description: The lowest massive lapilli tuff (mLT), deposited directly 

onto Oligocene – lower Miocene sandstones (Eger Formation) crops out 
in the Wind Brickyard stratotype location (Fig. 3). The massive lapilli 
tuff (Wi-1) contains max. 5–10 cm sized pumice clasts, and mainly 
cognate lithics 2–5 cm large (Fig. 4b, c). The total thickness of the lapilli 
tuff is ca. 20 m. The upper part of the lapilli tuff is heavily weathered 
with a clayish paleosol on the top. Fresh quartz and feldspar (often 
sanidine) phenocrysts are common in the lapilli tuff, the biotite phe-
nocrysts are strongly weathered. 

Interpretation: This deposit (mLT) is an ignimbrite (Wi-1; Figs. 3, 4) 
is clearly visible at two localities (Eger, Homok street and Eger, Wind 
Brickyard: Karátson et al., 2022). Earlier it was known only from 
boreholes (Csv-2, Lukács et al., 2018). The Wind Member potentially has 
a large regional distribution, because recently the same ignimbrite was 
identified in Croatia, cropping out several hundred kilometers from the 
BFVA (Brlek et al., 2023). The age of the eruption is 18.057 ± 0.018 Ma 
based on recent sanidine Ar-Ar dating (Karátson et al., 2022), and 
18.0754 ± 0.028 Ma based on CA-ID-TIMS U-Pb zircon dating (Brlek 
et al., 2023). 

4.1.2. Eger member 
Description: The ignimbrite of the Wind Member is overlain by the 

pyroclastic succession of one of the largest ignimbrite-forming eruption, 
Eger Member, the main unit being an unwelded ignimbrite described by 
Capaccioni et al. (1995) and Karátson et al. (2022). The basal, inter- 
ignimbrite transition sequence overlying the Wind Member was docu-
mented first by Karátson et al. (2022). On top of the paleosol (Fig. 4a) 
there is a few cm thick, fine-grained, matrix-supported tuff with plant 
remnants (leaves, stems; dsT). It also contains small (mm size), core-rim 
type accretionary lapilli (cf. Van Eaton and Wilson, 2013: layered, 
concentric ash aggregate, with a coarser inner part, and a very fine outer 
rim). Above this, with a sharp contact, a ca. 30 cm thick, clast-supported, 
pumice-rich lapilli tuff/lapillistone (dsLT) crops out, capped by a thick 
(60–80 m), massive, poorly sorted lapilli tuff (mLT), which contains 
large-sized pumice blocks (20 cm typically) as well as medium-sized 
(over 10 cm typically) volcanic and metamorphic lithics. The phenoc-
rystal assemblage is dominated by quartz and plagioclase, but biotite is 
also common. On top, alternating stratified lapilli and ash, fine-grained 
and coarse-grained layers occur (Eg-2). The coarse-grained layers 
consist of similar sized pumice lapilli with subordinate ash matrix 
(sLpum,acc). Plan-parallel bedding is the most common, whereas un-
dulating beds or crossbedding are rare. Commonly, lenses of pumice and 
subordinate lithics with slightly rounded shape occur at the lowermost 
part of the thicker beds (mLpum and lensL). Some beds are extremely 
fine-grained, and diffusely stratified. Internally some of them contain ca. 
0.5 cm sized, core-rim type (Van Eaton and Wilson, 2013) accretionary 
lapilli. Pumice lapilli contain abundant quartz phenocrysts. 

Interpretation: The fine-grained tuff (dsT) overlying the paleosol that 
formed on top of the ignimbrite of the Wind Member originated from a 
dilute, H2O-rich turbulent, relatively cold (~150–300 ◦C) PDC (indi-
cated by the presence of ash aggregates and paleomagnetic properties; 
Karátson et al., 2022). The following well-sorted lapilli tuff/lapillistone 
(dsLT) unit was deposited as a fallout pyroclastic deposit from a stable 
eruption column, which later destabilized, collapsed, and caused a PDC 

Table 2 
The new volcanic members and their stratotype localities with available age estimates. The members documented for the first time in this work are highlighted in bold.  

New members Stratotype locality Coordinates Age (Ma)* Age measurement method Age measurement reference 

Wind Member Eger, Wind Brickyard 47◦53′48.6”N 20◦23′57.4″E 18.2 ± 0.3 zircon U-Pb Lukács et al., 2018 
18.057 ± 0.018 sanidine Ar-Ar Karátson et al., 2022 
18.0754 ± 0.028 CA-ID-TIMS U-Pb zircon Brlek et al., 2023 

Eger Member Eger, Homok street 
or 
Eger, Tufakőbánya, lower quarry 

47◦53′40.9”N 20◦24′03.2″E 
47◦53′09.4”N 20◦23′59.1″E 

17.5 ± 0.3 zircon U-Pb Lukács et al., 2018 
17.25 ± 0.11 plagioclase Ar-Ar Karátson et al., 2022 
17.327 ± 0.023 CA-ID-TIMS U-Pb zircon Brlek et al., 2023 

Ostoros Member Ostoros, cellars 47◦51′39.2”N 20◦26′18.1″E n.d. – – 
Tufakőbánya Member Eger, Tufakőbánya, upper quarry 47◦53′08.6”N 20◦24′14.5″E n.d. – – 
Kisgyőr Member Eger, Tufakőbánya, upper quarry 47◦53′08.6”N 20◦24′14.5″E 17.055 ± 0.024 ID-TIMS 

zircon U-Pb 
Lukács et al., 2018 

Cserépfalu Member Cserépfalu, cellars 47◦56′40.1”N 20◦32′30.9″E 17.14 ± 0.12 (?) zircon U-Pb Lukács et al., 2018 
Kács Member Kács, cellars 47◦57′04.4”N 20◦37′25.5″E n.d. – – 
Bogács Member Kács, cellars 47◦57′04.4”N 20◦37′25.5″E 16.816 ± 0.059 ID-TIMS 

zircon U-Pb 
Lukács et al., 2018 

Jató Member Bogács, cellars 47◦53′47.2”N 20◦31′38.3″E 14.88 ± 0.014 ID-TIMS 
zircon U-Pb 

Lukács et al., 2018 

Tibolddaróc Member Tibolddaróc, cellars 47◦55′27.0”N 20◦37′49.8″E 14.7 ± 0.2 zircon U-Pb Lukács et al., 2018 
Harsány Member Tibolddaróc, cellars 47◦55′27.0”N 20◦37′49.8″E 14.358 ± 0.015 plagioclase Ar-Ar Lukács et al., 2018  

* Published age constraints are adopted to the new scheme presented in this study. 

M. Hencz et al.                                                                                                                                                                                                                                  



Journal of Volcanology and Geothermal Research 445 (2024) 107960

6

(ignimbrite). This ignimbrite, previously named “Eger Ignimbrite”, is 
17.25 ± 0.11 Ma old (plagioclase Ar-Ar, Karátson et al., 2022). Based on 
field observations, in the eastern BFVA this member is absent, thus the 
eruption center might be in the west/southwest of the BFVA (Karátson 
et al., 2022). Recently, the ignimbrite was recognized in the Kalnik re-
gion (Croatia) 300 km southwestward and correlated to the BFVA oc-
currences using zircon geochemistry and high precision zircon U-Pb ages 

(17.327 ± 0.023 Ma, Brlek et al., 2023). Occurrences over such large 
distances suggest a voluminous, significant explosive eruption. On top of 
this ignimbrite a reworked sequence is found (Eg-2), which mostly 
consists of components of the ignimbrite (mLT) below. The co- 
ignimbrite ash was most probably impacted by external water as indi-
cated by the presence of abundant core-rim type accretionary lapilli in 
the reworked deposit (sLpum,acc; cf. Van Eaton and Wilson, 2013). 

Fig. 3. Transition from the Oligocene pre-volcanic Eger Formation to the Eger Member. For lithologic abbreviations see Supplementary Material 1. Purple dot 
represents relative stratigraphic position of previously dated sample (K22: Karátson et al., 2022; Table 2). Labelled green stars show the stratigraphic position and 
name of geochemically analyzed samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Representative pictures showing the field characteristics of the Wind and Eger Members. a. Outcrop in the Homok Street in Eger, where the transition 
between Wi-1 and Eg-1 is revealed. b. Typical outcrop of Wind Member at the top of the Oligocene sequence of Eger Formation. c. Close-up view of Wi-1. The outcrop 
here is significantly weathered (see brownish iron precipitation). For lithologic abbreviations see Supplementary Material 1. 
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Reworking could take place through energetic hyper-concentrated 
flows, as suggested by the presence of pumice and lithics in lens (cf. 
Di Capua and Scasso, 2020). 

4.1.3. Ostoros member 
Description: This newly-defined member consists of deposits with six 

different lithologies (Fig. 5; Os-1 and Os-2). The lowermost deposit starts 
with a cross-bedded, fine-grained tuff (xsT), with diffuse transition to 
the upper massive, quartz-free, pumice-bearing, poorly sorted lapilli tuff 
(mLT) deposited with erosional contact. This lapilli tuff is inversely 
graded, the largest pumice clasts are found in the uppermost part. Above 
it, a 10 cm thick lapilli tuff crops out, which consists of mainly core-rim 
type accretionary lapilli, and subordinate fine ash matrix (dsLTacc; 
Fig. 6a). Over this, a 5–6 m thick fine-grained lapilli tuff follows 
(mLTpip,acc), which contains abundant, 4–5 cm large, complexly- 
layered (fine- and coarse-grained internal layers alternating; terminol-
ogy after Van Eaton and Wilson, 2013), often deformed accretionary 
lapilli close to its base (Fig. 6b, c). These lapilli are present mainly 
concentrated in gas segregation pipes, although the matrix also contains 
randomly occurring, complexly layered accretionary lapilli along with 
abundant core-rim type accretionary lapilli. Accretionary lapilli frag-
ments are also present. Pumice clast size is in the range of a few centi-
meters, whereas lithics are typically in the mm range. The deposit is 
dominated by a fine ash matrix. At the uppermost part of the lapilli tuff, 
core-rim type accretionary lapilli are grouped in fan-shaped gas segre-
gation pipes, complexly layered accretionary lapilli are rare (Fig. 6d; Os- 
1). A volcanogenic sand unit crops out in high stratigraphic position (Os- 
2), and contains reworked material (e.g., clasts from the lower, accre-
tionary lapilli-bearing lapilli tuff). At its lowermost part, accretionary 
lapilli, and 5–6 cm large, slightly rounded pumice clasts and subordi-
nately lithics can be seen (sVSacc). On top, a brownish grey paleosol 
developed (PS). 

Interpretation: This member differs from the Eger Member not only 

in its complexity, but also in the absence of quartz in the phenocryst 
assemblage. The member starts with a dilute, turbulent PDC deposit 
(xsT), followed by a more typical ‘dry’, magmatic ignimbrite (mLT). 
Without any erosional surface it is overlain by a phreatomagmatic 
fallout deposit (dsLTacc). The core-rim type accretionary lapilli were 
created from ash aggregates which fell into the water-rich co-ignimbrite 
ash (Van Eaton and Wilson, 2013). The abrupt change in the eruption 
style from purely magmatic to phreatomagmatic could be caused by 
caldera wall collapse allowing water invasion to the eruption center, a 
scenario described earlier for the Jató Member (Biró et al., 2020). Then, 
the eruption column collapsed, and a phreatomagmatic ignimbrite 
deposited (mLTpip,acc). The abundance of complexly layered accre-
tionary lapilli as well as the fragments of accretionary lapilli suggests 
that the deposit originated from a moist pyroclastic density current (Van 
Eaton and Wilson, 2013). On top, the primary pyroclastic material 
shows reworking (sVSacc) by energetic, secondary processes reflecting 
abundant water (e.g., hyperconcentrated flows, lahars). 

4.1.4. Tufakőbánya member 
Description: Tufakőbánya Member is composed a ca. 1 m thick well- 

sorted, pumice clast-supported lapilli tuff deposited with a maximum 
clast diameter of 5–6 cm (dsLT; Fig. 5), described schematically by 
Capaccioni et al. (1995). With diffuse transition, this is overlain by a 2 
m-thick stratified tuff-lapilli tuff sequence (sTacc, sLTacc; Fig. 6e). Some 
layers are well-sorted, others poorly sorted. The layers vary in thickness 
from a few centimeters to 40 cm. Fine-grained tuffs (sTacc) often contain 
0.5–1 cm-sized core-rim type accretionary lapilli (Fig. 6f). The sequence 
continues with several beds of different lithologies (Tu-2), consisting of 
reworked volcanic materials (dsLpum,lit, sLlit, dsLpum). Pumice clasts 
show normal to inverse grading. The deposits are poorly sorted and 
typically quartz-free. Two very characteristic, lithic-rich, 10 cm thick, 
undulating marker horizons are present, making lateral correlation 
(sLlit) easier. Internal stratification in each layer is common. There is a 

Fig. 5. Lithostratigraphic section between Eger and Kisgyőr Members for all described outcrops. For lithologic abbreviations see Supplementary Material 1. Purple 
dot represents relative stratigraphic position of previously dated samples (L18: Lukács et al., 2018; Table 2). Labelled green stars show the stratigraphic position and 
name of geochemically analyzed samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

M. Hencz et al.                                                                                                                                                                                                                                  



Journal of Volcanology and Geothermal Research 445 (2024) 107960

8

poorly sorted, diffusely bedded, brownish-grey, clayish volcanogenic 
sediment with rounded, dark-colored volcanic lithics deposited in lenses 
(mVClit). On this deposit dark brown paleosol was formed which often 
contains calcified roots or other plant remnants. 

Interpretation: The lower part of the member probably consists of 
primary volcanic material. The field characteristics of the deposit sug-
gest that it is a sequence of well-sorted pyroclastic fallout (dsLT) and 
fine-grained, poorly sorted, dilute PDC deposits (sTacc, sLTacc, dsT). 
The core-rim type accretionary lapilli occurring in the fine-grained 
layers suggests input of external water which caused minor phreato-
magmatic fragmentation. There is no primary volcanic deposit in the 
upper sequence of the member; all layers have varying thickness sug-
gesting a dynamic process, which could include fluvial processes or 

laharic mass flow events (cf. Lavigne et al., 2000; Segschneider et al., 
2002). 

4.1.5. Kisgyőr member 
Description: From a volcanological point of view, this member was 

studied in detail by Hencz et al. (2021a), and earlier by Capaccioni et al. 
(1995) and Biró et al. (2017). The sequence starts with a well-sorted, 
clast-supported lapilli tuff/lapillistone (dsLT) layer with mm-sized 
quartz crystals and up to 15 cm large lithics and pumice (Figs. 7, 8). 
Thickness of layer decreases from 90 to 20 cm westward (Hencz et al., 
2021a). The capping sediment is a cross-bedded fine tuff (xsT) with mm- 
sized pumice clasts, showing diffuse transition to the following massive 
lapilli tuff (mLT) with large (>20 cm) pumice and lithic clasts in an ash 

Fig. 6. Field pictures with close-ups of Ostoros and Tufakőbánya Members a. A layer containing abundant accretionary lapilli in the middle part of Os-1 of the 
Ostoros series. b. Field appearance of Os-1. The lower mLT also contains large pumice clasts as seen in the lower right of the image. c. Extremely large, complexly 
layered accretionary lapilli in the mLTpip,acc lithology pyroclastics of Os-1. d. Top of Os-1. The fan-shaped gas segregation pipes are enriched in core-rim type 
accretionary lapilli. e. Stratified sequence of Tu-1. f. Close-up photograph of a fine-grained layer of Tu-1. Arrows mark some small-scale, core-rim type accretionary 
lapilli. For abbreviations see Supplementary Material 1. 
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matrix. The lapilli tuff shows fiamme-like welding characteristics 
(mLTfiam), more common in the eastern outcrops (e.g., at Sály – 
Latorvár, Fig. 2). The phenocryst population is dominated by light 
purple, euhedral-subhedral quartz, biotite, and plagioclase (Ki-1 in 
Figs. 5, 7). Covering the lapilli tuff, volcanogenic sandstone or claystone 
(sVSpum) crops out (Ki-2), which consist of up to 20 cm thick layers of 
sand or mud-sized components. Outsized pumice clasts (over 10 cm in 
diameter) are commonly found in this unit. In some of the layers, slightly 
rounded pumice clasts are segregated in lenses. 

Interpretation: The member starts with a pyroclastic fallout (dsLT), 
followed by a deposit generated by a turbulent, dilute PDC from a 
destabilized eruption column (xsT). Then, due to complete column 
collapse, a massive ignimbrite (mLT) closes the succession reaching up 
to 240 m thickness (in boreholes, Lukács et al., 2010) in the east, and 
about 50 m in the vicinity of Eger, west from the BFVA. The eruption 
center was likely located to the east of the BFVA as inferred from 
thickness and granulometric characteristics of the fallout layer (Hencz 
et al., 2021a), confirming the hypothesis of Lukács et al., (2010). The 
layered volcanogenic clayish layers deposited on top of the ignimbrite 
(sVSpum) can be a result of resedimentation by lahar(s) (Lavigne et al., 
2000; Segschneider et al., 2002), like it is observed on top of the 
Tufakőbánya Member. The age of this member is 17.055 ± 0.024 Ma 
(zircon U-Pb, Lukács et al., 2018). 

4.1.6. Cserépfalu member 
Description: Never identified before, this member consists of a 

stratified tuff (sT) followed by a cross-stratified tuff (xsT), and finally a 7 
to 10 m thick, massive, relatively fine-grained lapilli tuff (mLTpip,acc) 
with gas segregation pipes and abundant, large (>3 cm), complexly 
layered and core-rim type accretionary lapilli (Figs. 7, 8a, b, c; Cs-1). The 
massive lapilli tuff contains pumice clasts (5 cm on average), and 

subordinate lithic clasts (in the mm range). Quartz, biotite, and feldspar 
phenocrysts rarely occur. The outer crust of the complexly layered 
accretionary lapilli is heavily weathered and have an orange-brown 
colour (Fig. 8b). A paleosol was found at the top of the layer. 

Interpretation: The member on top of the underlying paleosol starts 
with a pyroclastic fallout (sT), then a deposit from a dilute PDC follows 
(xsT), and the succession ends with a several meters thick accretionary 
lapilli-bearing phreatomagmatic ignimbrite (mLTpip,acc). The accre-
tionary lapilli are complexly layered suggesting a phreatomagmatic 
origin for the ignimbrite. Thus, the member represents a typical Plinian, 
or rather Phreatoplinian (sensu lato) sequence (fallout – dilute PDC – 
PDC deposit). The age of this member (17.14 ± 0.12 Ma based on zircon 
U-Pb dating, Lukács et al., 2018) is very close to Kisgyőr Member 
(17.055 ± 0.024 Ma, zircon U-Pb, Lukács et al., 2018), thus, in recent 
works (Lukács et al., 2018, 2022) these outcrops was classified as 
identical occurrence to the outcrops of Kisgyőr Member. 

4.1.7. Kács member 
Description: The Kács Member (containing units Ka-1, Ka-2, and Ka- 

3) was described by Hencz et al. (2021b) based on granulometric and 
paleomagnetic measurements. Here, the Kács Member is presented as a 
single member, despite some geochemical properties (see below) sug-
gest that it is composed of 3 different units with slightly different 
compositions. On this basis, there are three units but because of there is 
only one single outcrop of Ka-1 and Ka-2 in the whole BFVA, the three 
units were grouped together into one member (Fig. 7). The lower part of 
the member consists of well-sorted, clast-supported lapilli tuff horizons 
(Ka-1). Fine-grained tuff – lapilli tuff layers are present between coarse- 
grained lapilli tuff layers (sLT). The pumice clasts are 3–4 cm in diameter 
in the coarser layers, and 4–5 mm large in the finer ones. The layers 
consist of cm-sized pumice lapilli and subordinate lithic clasts. Crystals 

Fig. 7. Lithostratigraphic section between Kisgyőr and Bogács Members for each outcrop. Some analogue deposits are tentatively correlated. For lithologic ab-
breviations see Supplementary Material 1. Purple dot represents relative stratigraphic position of previously dated sample (L18: Lukács et al., 2018; Table 2). 
Labelled green stars show the stratigraphic position and name of geochemically analyzed samples. (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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and crystal fragments are rare, and plagioclase is the most common 
mineral. It was deposited on top of a well-developed paleosol, but the 
deposit below the paleosol is unknown. Thus, the underlying pre-soil 
deposit cannot be determined. The unit above this (Ka-2) starts with a 
poorly sorted massive lapilli tuff (mLT), followed by coarse-grained tuff 
and lapilli tuff layers (sLT). On the top of the unit, stratified accretionary 
lapilli-bearing tuff (sTacc), and a poorly sorted, accretionary lapilli- 
bearing, highly weathered, massive lapilli tuff occur (mLTacc). On its 
top another paleosol (PS) horizon formed which in turn is followed by a 
well-sorted, clast-supported, strongly weathered lapilli tuff (dsLT; Ka-3). 
It contains quartz phenocrysts. Diffuse internal stratification is present. 
The uppermost part of the unit consists of diffusely stratified normal- 
graded coarse tuff (dsT), whose grain size decreases upwards. On the 
top, well-developed paleosol (PS) was formed (Fig. 8d). 

Interpretation: The sequence’s lowest part represents layers origi-
nating from pyroclastic fallout (sLT), followed by a hiatus in the eruptive 
activity. The coarse-grained, poorly sorted characteristics of the lapilli 
tuff deposited next suggests a PDC origin (mLT). Then, a repeatedly, but 
partly collapsing eruption column caused dilute, turbulent PDCs (sLT, 
sTacc), whereas the presence of accretionary lapilli suggests the inter-
vening external water, and a resulted moist eruption column. On top, a 
paleosol formed, then from another eruption a stable eruption column 
produced a diffusely stratified pyroclastic-fall sequence (dsLT, dsT), 
which was followed again by a paleosol. There are stratigraphic profiles 
without any hiatus between the Cserépfalu and Bogács Members 

(Fig. 7). If other outcrops also represent this part of the stratigraphic log, 
the Kács Member can be identified as a meter or a few meters thick fine- 
grained tuff containing accretionary lapilli. We assume that this 
sequence is eroded elsewhere, thus only its proximal part is preserved in 
the geological record. There were not any age constraints published 
recently. 

4.1.8. Bogács member 
Description: The Bogács Member starts with a mantle-bedded, 

diffusely stratified, clast-supported lapilli tuff (dsLT) with up to 5 cm 
large pumice and 1 cm large lithic clasts (Figs. 7, 8d; Bo-1). The thick-
ness of the layer is about 20 cm in the case of western outcrops 
(Cserépfalu – cellars, Bogács – valley), and reaches about 80 cm at Kács – 
cellars site, its easternmost outcrop. A stratified, poorly sorted tuff with 
cross-bedding and undulating layer thickness (xsT) follows with a sharp 
lower contact. This deposit has a diffuse contact to the capping, massive, 
pumice-bearing lapilli tuff (mLT), which contains subordinate quartz 
phenocrysts, whereas biotite, amphibole and plagioclase are the typical 
mineral assemblage. Maximum pumice clast size is 20 cm, and the lithics 
are up to 5 cm in diameter. The lapilli tuff shows welding characteristics 
upward, i.e., a few meters from the contact, where the bottom of the unit 
is visible: the pumice clasts are flattened, often showing fiamme struc-
tures (mLTfiam). The total thickness of this lapilli tuff horizon is greater 
in the east (up to 100 m in boreholes): at the Cserépfalu – cellars site, for 
example, its thickness is about 15 m. In the upper part of this lapilli tuff, 

Fig. 8. Field pictures and details of Cserépfalu, Kács and Bogács Members a. Densely stratified, volcanogenic sandstone sequence of Ki-2 (Fig. 7). In several places, 
larger, white-colored pumice clasts are visible. b. In Cs-1, large, complexly layered accretionary lapilli with a yellowish-brown, fine-grained outer crust. c. Abundant 
presence of accretionary lapilli in Cs-1. Often these are enriched in gas segregation structures. d. Well-sorted lapilli tuff (dsLT), cross-laminated tuff of undulating 
thickness (xsT), and massive lapilli tuff (mLT), which shows upward gradual welding at the base of Bo-1 (Fig. 7). For abbreviations see Supplementary Material 1. 
(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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dark grey-colored scoria clasts also occur. At the top (Bo-2) a well- 
sorted, fine-grained fine tuff with sharp contact crops out. It contains 
abundant, large (max. 3 cm in diameter) accretionary lapilli (dsLTacc). 
Quartz is subordinate, biotite, amphibole and feldspar are abundant. It is 
highly weathered, clayish, unlikely to be interpreted as an entirely pri-
mary volcanic deposit. 

Interpretation: The member represents again a complete Plinian 
eruption sequence (dsLT-xsT-mLT), where a high-grade ignimbrite 
(mLTfiam) closes the eruption. The welding of the ignimbrite starts a 
few meters above the lower boundary of the ignimbrite forming fiamme 
structures. Towards the top of the ignimbrite most of the lithics are ju-
venile grey-colored mafic scoria clasts, whose presence should be 
considered as evidence of magma mingling as described earlier (Szakács 
et al., 1998; Czuppon et al., 2012). Based on the thickness variation of 
the basal Plinian fallout deposit (dsLT; 20 cm in the west, 80 cm in the 
east) an eruption center east-southeast of the BFVA can be tentatively 
inferred, which was suggested at a nearby location based on AMS data of 
the welded ignimbrite (Szakács et al., 1998). The top of the ignimbrite is 
rarely preserved. In most cases, the post-volcanic erosion significantly 
impacted this part of the ignimbrite: the deposit (dsLTacc, dsTacc) 
sitting on top is highly weathered, clayish, however, accretionary lapilli, 
suggestive of magma-water interaction can be observed (Capaccioni 
et al., 1995). The zircon U-Pb age of the welded ignimbrite (i.e., 16.816 
± 0.059 Ma) and the capping phreatomagmatic (probably partly rede-
posited) sub-unit (16.7 ± 0.3 Ma: Lukács et al., 2015) are analytically 
indistinguishable, therefore they can be considered as belonging to the 
same member, the Bogács Member. The closing unit can be interpreted 
as a co-ignimbrite phreatomagmatic ash, or as a final-stage phreato-
magmatic phase of the volcanism of the Bogács Member. 

4.1.9. Jató member 
Description: Biró et al. (2020) introduced this unit as a newly defined 

member. Their results are summarized here (Fig. 9). The lower part 
consists of coarse tuff layers and 2–20 cm thick lapilli tuff layers with a 
laterally constant thickness (sLT). These layers are well-sorted and 
contain mainly pumice fragments, sparse lithics and phenocrysts (bio-
tite, feldspar, green amphibole, but quartz is absent). In the upper part, 
the layers are fine-grained, showing undulating thickness (Fig. 10a, b). 
The basal part of the layers is coarser-grained, whereas the upper part is 
finer-grained, showing normal gradation. In the upper part accretionary 
lapilli are abundant (sTacc; Fig. 10c, d). The uppermost deposit is a 
massive, 3–4 m thick lapilli tuff with pumice clasts up to 2 cm in 
diameter. This lapilli tuff contains gas segregation pipes in the lower 
part, and accretionary lapilli at the base (mLTpip,acc; Fig. 10b). The 
uppermost 1–2 m is highly weathered, brown in colour. On top is a 
brown paleosol (PS). At Demjén – Nagyeresztvény locality, the identical 
(Lukács et al., 2015, 2018) massive, thick, but relatively fine-grained 
lapilli tuff shows characteristics of welding (e.g., fiamme structures) in 
its middle part (mLTfiam). 

Interpretation: The lower ca. 2 m thick part of this member origi-
nated from a stable Plinian eruption column and deposited as pyroclastic 
fallout layers (sLT). Then, the dominant fragmentation type changed 
abruptly, and phreatomagmatism took over: dilute PDCs spread across 
the terrain from a gradually collapsing eruption column due to the in-
fluence of incoming external water (sTacc). Finally, the eruption column 
collapsed, and a fine-grained, partly phreatomagmatic ignimbrite 
deposited (mLTacc, mLTpip,acc). As Biró et al. (2020) suggested, the 
eruption type was sensu lato Phreatoplinian. Based on zircon U-Pb 
dating (14.880 ± 0.014 Ma, Lukács et al., 2018), the ignimbrite of the 
Jató member is similar in age to the slightly welded ignimbrite 
(mLTfiam) of Demjén – Nagyeresztvény. 

4.1.10. Tibolddaróc member 
Description: The Tibolddaróc Member is an about 3 m thick 

Fig. 9. Lithostratigraphic section between Bogács and Harsány Members for all described outcrops. Some analogue deposits are correlated. For lithologic abbre-
viations see Supplementary Material 1. Purple dot represents relative stratigraphic position of previously dated samples (L18: Lukács et al., 2018; Table 2). Labelled 
green stars show the stratigraphic position and name of geochemically analyzed samples. (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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succession, which consists of fine-grained and coarse-grained lapilli tuff 
layers (Fig. 9; Ti-1). The lower part reveals a well-sorted sequence 
(dsLT), whereas the upper part poorly sorted lapilli tuffs (mLT). Besides 
biotite and feldspar, quartz is subordinate. The whole member is highly 
weathered, especially at its lower part. On the top, following a strati-
graphic hiatus (ca. 1 m does not crop out), a well-developed paleosol 
(PS) was formed. 

Interpretation: This member may be distinguished from the older 
Jató and the younger Harsány Members due to the age difference ac-
cording to the published, though overlapping zircon U-Pb ages 
(Demjén/Jató: 14.88 ± 0.04 Ma, Tibolddaróc: 14.7 ± 0.2 Ma, Harsány: 
14.3 ± 0.2 Ma; Lukács et al., 2018). Based on field characteristics, the 
member originated from a stable Plinian eruption column, and depos-
ited as a pyroclastic fallout sequence (mLT). The poorly sorted upper 
part is an ignimbrite (mLT) that deposited from a collapsing Plinian 
eruption column. 

4.1.11. Harsány member 
Description: The Harsany Member lies on top of the abovementioned 

paleosol and is a 20 cm thick, well-sorted, clast-supported lapilli tuff or 
lapilli stone deposit (sLT), which is present only at Bogács village due to 
the erosional effect of the overlying massive, quartz-rich, large (>20 cm) 
pumice-bearing lapilli tuff (mLT; Fig. 9; Ha-1) of the Tibolddaróc 
member. The total thickness of this member cannot be inferred because 
the top level is eroded everywhere. 

Interpretation: The Harsány Member represents a Plinian sequence 
starting with a Plinian fallout deposit (sLT) followed by an ignimbrite 
(mLT). This member is observed only in the easternmost part of the 
BFVA. Based on the solely eastern occurrences, an eastern eruption 
center might be inferred. However, a distal fallout attributed to this 
member was recognized recently in the westernmost part of the Mátra 
Mountains (Lukács et al., 2021). The zircon U-Pb age of this member is 
14.3 ± 0.2 Ma (Lukács et al., 2018). 

Fig. 10. Field pictures and details of deposits of the Jató Member: a. main lithological subunits of Ja-1. b. Transition of the massive lapilli tuff and stratified tuff at the 
top of Ja-1. Several coarse-grained zones (gas segregation pipes) are present at the base of the massive lapilli tuff. c. An sTacc lithology layer of Ja-1, where the core- 
rim type accretionary lapilli is reverse graded within the layer. d. Horizontal section of an sTacc lithology layer of Ja-1. The core-rim type of accretionary lapilli 
appears in masses. Amorphous or broken accretionary lapilli are also frequently seen. For abbreviations see Supplementary Material 1. 
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4.2. Major and trace element volcanic glass chemistry 

Pyroclastic samples for geochemical study were collected from the 
lower part of the pyroclastic layers wherever it was possible. Thus, the 
results do not represent the whole sequence (i.e., geochemically het-
erogeneous eruptions may have occurred, see Szakács et al., 1998, 
Czuppon et al., 2012, Brlek et al., 2023), but they give a general picture 
about the geochemical properties of the volcanic glass of the analyzed 

unit. Variations of FeO vs. TiO2, Nb vs. Y, Nb/Y vs. Ta/Yb, and Th vs. Zr/ 
Sr ratio were used for discrimination of the studied members (Fig. 11a, 
b, c, d). Relative chronological position versus major or trace element 
compositions and ratios were plotted next to the stratigraphic column to 
illustrate the variations of the geochemical characteristics over time 
(Fig. 12). 

All pyroclastic deposits are high-K (>4 wt% K2O), high-SiO2 rhyo-
lites with nearly similar (75–78 wt%) SiO2 composition. Most samples 

Fig. 11. Major and trace element composition of studied samples: a: FeO vs. TiO2 plot; b: Nb/Y vs. Ta/Yb plot; c: Nb vs. Y plot; d: Th vs. Zr/Sr plot. Note the well- 
defined and distinct groups of each member. e: Spider plot of trace elements of each member. There are significant negative anomalies in case of Nb, Sr, and Ti. 
Ostoros Member magmatic and Ostoros member phreatomagmatic shows identical run, furthermore Jató Member – Demjén and Jató Member are also identical. 
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are calc-alkaline, but alkaline samples are also present. The dilute 
phreatomagmatic PDC deposit of the Tufakőbánya Member shows 
slightly scattered major and trace element compositions, especially for 
TiO2 (Fig. 11a). Groups can be distinguished on the FeO vs. TiO2 plots, 
because SiO2 in Harker diagrams shows very low variability between 
members. Different outcrops of the Jató Member (Bogács-Tibolddaróc 
vs. Demjén) show slightly different SiO2, FeO and TiO2 contents, which 
only partly overlap on the discrimination plot. This slight difference of 
geochemical composition can be also observed in trace elements, e.g., 
Nb/Y ratio (Fig. 11c). However, we assume that despite this difference, 
these outcrops represent the same eruption (or at least different phases 
of the eruption) based on recent zircon U-Pb age (Demjén: 14.94 ± 0.14 
Ma vs. Bogács-Tibolddaróc: 14.880 ± 0.014 Ma; Lukács et al., 2018) and 
the identical phenocryst assemblage (biotite, feldspar, green amphibole; 
latter is unique in the BFVA), where quartz is absent in contrast to most 
of the other members of the BFVA. 

As seen in Fig. 12 (i.e., major and trace element variations over 
time), consistent changes in the geochemical compositions during the 
volcanic evolution of the BFVA cannot be recognized. The element ratios 
are also changing randomly between members. Since most eruption 
centers of the members can be poorly constrained (see Biró et al., 2020, 
2022; Hencz et al., 2021a; Karátson et al., 2022), classification based on 
source area is not possible either. 

Spider diagrams (Fig. 11e) of the pyroclastic deposits of the BFVA 
show strong enrichment of some LILEs (large ion lithophile elements, 
like Cs, Ba, Rb) as well as Pb, U and Th relative to HFSEs (high field 
strength elements, like Nb, Ta) and light rare earth elements (e.g., La and 
Ce). Negative anomalies of Sr and to lesser extent Ba and Eu suggest 
plagioclase (Sr, Eu) and sanidine (Ba, Sr) crystallization. Depletion in Ti 
suggest titanomagnetite and ilmenite crystallization. Samples from both 
localities of the Jató Member have highly similar trace element distri-
bution and distinctively high Cs content (>600 ppm) than the other 
pyroclastic deposits. In the case of Harsány Member, the lowest Sr 
content (ca. 1.5 ppm on average) can be noticed. Weak Zr negative 
anomaly and sub-chondritic Zr/Hf in all samples suggests zircon 
crystallization. 

5. Discussion 

5.1. Eruption event-scale stratigraphy of the BFVA 

At least 13 large explosive eruption events occurred during the vol-
canic evolution of the BFVA, as witnessed by their deposits identified in 
the field. The most voluminous pyroclastic deposits are rhyolitic ig-
nimbrites, which can reach 300–350 m in total thickness in boreholes 
drilled in the middle part of the BFVA (Szakács et al., 1998; Lukács et al., 

Fig. 12. The complete field-based stratigraphic column of the BFVA. The ignimbrites of the reddish-colored of Bogács Member suggests that ignimbrite is welded 
(left panel). Next to the member names, the mean geochemical concentrations of major elements and trace element ratios (with standard deviation marked with solid 
lines) are depicted (right panel). Kács Member contains 3 points, see text for details. 
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2010). However, these core samples were recovered from 50 to 60 year- 
old boreholes, and they are either not available for examination and 
further analyses or are damaged; even if descriptions and basic docu-
mentation are accessible, these do not provide high-resolution infor-
mation which necessary for an event-scale study. 

The thickest ignimbrite is probably that of the Kisgyőr Member (ca. 
80–100 m), which shows welded facies at its east occurrences (e.g., Sály 
– Latorvár) and nonwelded facies in the west (e.g., Eger – Tufakőbánya). 
Its eruption center can be inferred in the eastern vicinity of the BFVA as 
its thickness increases eastwards together with the thickness of the basal 
fallout layer (Hencz et al., 2021a; see also in Fig. 13c). Similar system-
atic increase of fallout pumice thickness from west to east has been 
confirmed for the similar-magnitude (VEI ≥ 7) ignimbrite of the Eger 
Member outlining an eruptive vent south of Eger, i.e., southwest of 
BFVA (Karátson et al., 2022). 

Although, Plinian-type eruptions dominated the volcanism produc-
ing ignimbrites (some of them, e.g., the above-mentioned ones, are 
likely caldera-forming), there are also some less voluminous pyroclastic 

deposits which can be identified. Between the thick and massive ig-
nimbrites, there are several deposits formed from dilute PDCs (e.g., Tu-1 
of Tufakőbánya Member) suggesting smaller-scale eruption events in 
terms of volume and areal distribution. Many members contain deposits 
of phreatomagmatic silicic eruptions (Walker, 1981; Sheridan and 
Wohletz, 1983; Morrissey et al., 2000; Németh and Kósik, 2020), which 
may have been a common process during the volcanism of the BFVA 
(Szakács et al., 1998; Biró et al., 2020). Related, significant-volume 
phreatomagmatic ignimbrites (cf. Wilson et al., 2006; Porreca et al., 
2008; Trolese et al., 2017) are also present. The presence of 10–70 cm 
thick fallout deposits and thin dilute PDC deposits suggest and confirm 
the assumption that BFVA lay in medial to distal position (15–50 km far; 
Szakács et al., 1998; Lukács et al., 2010; Biró et al., 2020; Hencz et al., 
2021a; Karátson et al., 2022) relative to the eruption centers that were 
presumably located at the southern margin of the BFVA (Fig. 13c). 

The frequently observed reworked pyroclastic rocks can be con-
nected to syn-eruptive terrestrial erosional and depositional processes, 
such as mass flows, sheet wash, or remobilization/redeposition by linear 

Fig. 13. Concluding figure of the new proposed stratigraphic systematics of the BFVA using all available age data (L18: Lukács et al., 2018; K22: Karátson et al., 
2022). In the lithostratigraphic column (left panel) thick brown lines represent the second-order unconformities (paleosols), separating the members. a and b: the 
most relevant geochemical plots (Nb/Y vs. Ta/Yb and Nb vs. Y) used for member discrimination. c: inferred eruption centers (mostly located in the Vatta-Maklár 
Trough) for each member based on the spatial distribution of their pyroclastics. ‘?’ symbolizes the members with a highly questionable position for the eruption 
center. Location of the eruption center of Kisgyőr Member was inferred by Hencz et al. (2021a), Jató Member by Biró et al. (2020), Eger Member by Karátson et al. 
(2022), and Bogács Member by Szakács et al. (1998) and Biró et al. (2022). Radius of each source-representing circle is proportional with the hypothetical volume of 
the erupted pyroclastic material based on field observations (e.g., layer thicknesses, spatial distribution). (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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fluvial stream flows. In the BFVA, unequivocally underwater-deposited 
pyroclastics (containing remains of marine fauna or flora) were not 
identified. 

5.2. Correlation using field volcanology and glass geochemistry 

Glass major and trace element geochemistry is widely used in vol-
canic stratigraphy for regional correlation purposes (Lebti et al., 2006; 
Lowe, 2011; Karátson et al., 2016; Lowe et al., 2017), especially in 
tephrochronology (e.g., Shane et al., 1998; Wulf et al., 2004, 2016; Al-
bert et al., 2012; Danǐsik et al., 2021). Although, we do not focus here on 
regional correlation, it is possible to make some considerations on 
lithostratigraphic correlation of the field-examined and identified de-
posits thanks to their geochemical fingerprints, separating pyroclastic 
units and linking them to different lithofacies. 

Similar major and trace element compositions were obtained from 
glasses sampled from both the Ostoros magmatic and Ostoros phreato-
magmatic ignimbrites (Fig. 11). The REE distribution patterns are also 
strictly similar in both cases (Fig. 11). They also show identical grouping 
on the discriminant plots (Fig. 11a, b, c, d). As already mentioned, no 
unconformity (e.g., erosional surface, paleosol) is visible between the 
magmatic and phreatomagmatic ignimbrites. Merely a 10 cm thick 
lapilli tuff layer was found interbedded in between, mainly consisting of 
abundant core-rim type (Van Eaton and Wilson, 2013) accretionary 
lapilli. The lower and upper contact of this layer is rather transitional 
than sharp, and there is not any sign of significant time gap between the 
eruptions. Adding the chemical similarity to the picture, it can be 
concluded that both ignimbrites of the Ostoros Member were fed by the 
same magma batch from the same eruption center, deposited possibly 
during one single eruption event, whereas an abrupt change in eruptive 
style occurred during the eruption due to changing external factors (i.e., 
access of external water to the erupting vent). Consequently, the 
magmatic and phreatomagmatic ignimbrites of this succession can be 
classified as belonging to the same member (Ostoros Member). 

There is some recently published evidence according to which the 
ignimbrite at Demjén – Nagyeresztvény locality is identical with the 
ignimbrite of the Jató Member (Biró et al., 2020): very similar zircon U- 
Pb ages (14.92 ± 0.08 Ma for Td-H unit, i.e., the ignimbrite of the Jató 
Member, and 14.88 ± 0.014 Ma for Demjén – Nagyeresztvény; Lukács 
et al., 2015, 2018), zircon and bulk rock trace element geochemistry, 
zircon textures, and presence of green amphibole in the phenocryst 
population (Lukács et al., 2015, 2018; Biró et al., 2020). However, 
regarding trace elements or trace element ratios shown in this paper (e. 
g., Nb/Y vs. Ta/Yb; Fig. 11b), the rocks exposed at these two sites are not 
completely overlapping (see Fig. 11b). The physical appearance of the 
ignimbrite at Demjén – Nagyeresztvény is simple: its thickness is over 
20 m, and in the middle part it is welded and contains fiamme. At Bogács 
cellars, the ignimbrite at the identical stratigraphic position is 5–6 m 
thick and fine-grained. Because only a small slice of the whole sequence 
is exposed in Demjén, existence of unconformities cannot be excluded, 
which may reflect a geochemical ‘gradient’ in the ignimbrite (i.e., few 
days- to weeks-long interruption in the volcanism, then resumed activity 
from a slightly distinct magma batch). The zircon U-Pb dating is not able 
to resolve such eruption-scale differences (see discussion of zircon U-Pb 
vs. Ar-Ar dating for other ignimbrites, e.g., Karátson et al., 2022). Hence, 
although the ignimbrite of the two sites may be handled as erupted from 
the same eruption center, based on identical phenocrystal assemblage 
and zircon geochemistry (Lukács et al., 2022), nearly at the same time 
(Lukács et al. (2018)), the member possibly comprises subsequent flow 
units with slightly different geochemical compositions. Presumably, 
more flow units can be separated within this member in the vicinity of 
the Mátra Mountains, where this member is more widespread (“Tar 
Dacite Lapilli Tuff Formation”: Lukács et al., 2022). 

The geochemically studied samples reveal some distinct geochemical 
features allowing their discrimination (Nb vs. Y, and Nb/Y vs. Ta/Yb; 
Fig. 13 a, b). The Nb and Y turned out to be useful discriminant elements 

in the classification (Figs. 12, 13b). In some cases, bimodal distribution 
of the Nb/Y ratio can be observed (e.g., Harsány Member, Bogács 
Member). There is a wide range of Nb content in the analyzed glass of 
the Tufakőbánya. The Ta/Yb and Nb/Y ratios show bimodality and 
carries the same trace element fingerprint as the underlying Ostoros 
Member (both the magmatic and phreatomagmatic ignimbrites). Other 
glass compositions of Tufakőbánya Member differ from any other 
members of the BFVA. A possible scenario is that a dynamic medium 
(river, mass flow) picked up the unconsolidated ignimbrite fragments of 
the Ostoros member and mixed them with the products of a younger 
pyroclastic flow or fallout material coming from another eruption and 
deposited the ‘mixed’ material at the current place. 

5.3. Lithostratigraphic scheme of the BFVA - implications on stratigraphic 
systematics of ancient pyroclastic successions 

The BFVA is a mosaic-like, poorly exposed, tectonically fragmented 
ancient silicic volcanic terrain ca. 400 km2 large, located today under 
continental climate, with deeply eroded valleys cut into the unwelded to 
welded pyroclastics, dense vegetation and soil cover, and showing 
extensive weathering (Biró et al., 2022). This makes the detailed 
volcanological reconstruction very difficult. 

Proposing and adopting a lithostratigraphic scheme to a volcanic 
field is always challenging and controversial (see Section 2 and Martí 
et al., 2018; Németh and Palmer, 2019). In this work, we chose an 
applicable system of lithostratigraphic systematics of an important 
volcaniclastic sequence for a relatively small area, which can be later 
used both for local refinement (in the northern Pannonian basin) and 
regional correlation. The UBSU scheme of Lucchi (2013) was hybridized 
with the recommendations of Németh and Palmer (2019). As it can be 
seen in the detailed stratigraphic columns (Figs. 3, 5, 7, 9), we have built 
our classification based on the identification of the most relevant lith-
ological features of the layers, i.e., at individual bed (of flow, fall, etc.) 
level. Then, the lithologies were grouped into 3 types: (1) paleosol, (2) 
primary volcanic, and (3) reworked. Those primary volcanic deposits 
not interrupted by unconformity (cf. Lucchi, 2013; similarly to those 
certainly belonging to the same eruption with typical characteristics of a 
Plinian eruption sequence, McPhie et al., 1993; Branney and Kokelaar, 
2002), were grouped into one lithostratigraphic unit. Similarly, 
reworked volcaniclastics without UBSU and/or deposited via identical 
conditions were also classified as a single unit. After this grouping, all 
units that are not separated by paleosol have been assigned to a member 
(Fig. 13). Thus, a pyroclastic succession is enrolled into the same 
member together with its reworked, overlying counterpart, and, there-
fore, the presence of paleosols plays a critical role in our classification 
scheme. In the case when no paleosol was formed between two units (e. 
g., between Eger Member and Ostoros Member), the geochemical dif-
ferences in the volcanic glass were used to place them in different 
members. Finally, all members were classified into one single lithos-
tratigraphic formation: the Bükk Foreland Formation. Thus, the process 
of the classification of the pyroclastic succession from the smallest 
separable entity to the largest one was as follows: lithologies – units – 
members – formation (Fig. 12). This new classification (Fig. 13) is quite 
like the one used in the case of the Cassia Formation (Snake River Plain, 
Yellowstone hotspot, USA; Knott et al., 2016). Geochemical finger-
printing of the members using volcanic glass trace elements was also 
successful (Fig. 13a, b). The possible location of the eruption centers, 
estimated from the field distribution of pyroclastics of each member, is 
shown in Fig. 13c. 

Kács Member is an exception of the scheme, where three different 
units can be found (Kács Member lower – Ka-1, middle – Ka-2, upper – 
Ka-3) separated by paleosols without continuously visible transitions, 
and slightly different geochemical fingerprint. However, the areal dis-
tribution of this member is very limited (one single outcrop in Kács 
village). Thus, the ‘paleosol-rule’ is not considered in this case, and the 
member-classification was simplified. 
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Overall, using fifteen well-documented outcrops (some of them are 
proposed as type locality for the given member), we were able to create 
an event-scale lithostratigraphic column despite the challenging condi-
tions. The proposed nomenclature allows the member-level discrimi-
nation in the glass geochemistry plots, hence glass geochemistry dataset 
corroborated by field descriptions can be used as a master database for 
future regional correlations. 

5.4. Paleogeographical and paleoenvironmental settings of the BFVA 
volcanism 

Based on the results presented above, the paleogeographic setting of 
the BFVA and adjacent areas is characterized by a twofold depositional 
environment: in the pyroclastic succession there are signs to the pres-
ence of a sea cover in the close vicinity of the eruption centers often 
interacting with the volcanism, and there is also evidence of a terrestrial 
environment at the site of pyroclastic emplacement. Outside the BFVA, 
to the west (Mátra Volcanic Area; Figs. 1, 2) an analogous sequence to 
the Jató Member (the “Tar Dacite Tuff Formation” in Di Capua et al., 
2021, or the “Tar Dacite Lapilli Tuff Formation” in Lukács et al., 2022) 
was described as composed of submarine volcanogenic sediments, 
which were deposited into a shallow sea (Di Capua et al., 2021). How-
ever, the BFVA was fully, or, at least, periodically terrestrial, as sug-
gested by eleven paleosol horizons at different levels in the Bükk 
Foreland Formation and by the lack of interbedded marine sediments. 
Paleosols occur at various time horizons and can be found above almost 
every voluminous ignimbrite. There is no sign of underwater deposition 
in the succession, on the contrary, the presence of common sub-vertical 
gas segregation pipes is evident, a feature typical of terrestrial deposi-
tion of hot pyroclastic material (Cas and Wright, 1991). Previous studies 
have already shown that signs of phreatomagmatism could be identified 
in several pyroclastic deposits of the BFVA (Biró et al., 2020 and refer-
ences therein). The presence of high amount of water vapor in the 
eruptional column is remarkably common in the interbedded sequences 
between the thick ignimbrites (Figs. 6c, f; 8b, c; 10c, d). These include 
the Eger Member, the newly documented Ostoros member (Os-1), the 
Tufakőbánya Member (Tu-1), the middle unit of the Kács Member (Ka- 
2), top of the Bogács Member (Bo-2), and the Jató member (Ja-1). 
Hence, in the case of seven members there is evidence of water-rich 
eruption columns, which implies the recurring transgressions of the 
Central Paratethys Sea in the close vicinity, which heavily impacted the 
eruption style of explosive eruptions in the BFVA. 

A comparable, active volcanic area, which is thought to be analogous 
to the BFVA from a volcanological and paleoenvironmental point of 
view is the Taupo Volcanic Zone (TVZ) in New Zealand (as suggested by 
Biró et al., 2020). Phreatomagmatism was recognized and documented 
in the case of TVZ in early works (Self and Sparks, 1978; Self, 1983; 
Wilson, 1993, 2001; Van Eaton and Wilson, 2013). These publications 
highlighted the possible causes of phreatomagmatism, i.e., the origin of 
the external water, which has been explained by caldera lakes in most 
cases, based on, among others, the presence of diatomites in the pyro-
clastic deposits (Van Eaton and Wilson, 2013). A similar process was 
described on Santorini, Greece, where seawater-induced phreato-
magmatism was responsible for producing the phreatomagmatic pyro-
clastics of the Minoan Tuff, namely seawater could enter the erupting 
vent through the collapsed caldera wall during the eruption (Bond and 
Sparks, 1976; Friedrich and Eriksen, 1988). In the case of the 1906 
eruption of Vesuvius, shifting of the eruption style from magmatic- 
dominant to phreatomagmatic-dominant fragmentation was induced 
by the tapping of the hydrothermal system (Bertagnini et al., 1991). 

In the case of the BFVA, the phreatomagmatic eruption mechanisms, 
recurring from time to time, can be well explained by the paleoenvir-
onmental setting of the area. During the Early to Middle Miocene, the 
broader area to which the BFVA belongs was an intensively sinking 
back-arc basin (Balázs et al., 2016). Subsidence caused multiple trans-
gressions in the Central Paratethys, resulting in intermittent, long-term 

sea cover in the Carpathian-Pannonian region (Kováč et al., 2017). The 
subsiding area was occupied by a sea bay, considered to have been an 
inland sea of the Carpathian-Pannonian region in continuous connection 
with the wider Paratethys and the ocean (Kováč et al., 2007). Hence, the 
impact of seawater on volcanism may have been a regional feature: large 
amounts of surface water were continuously available in the form of 
seawater at, or in the close vicinity of eruption centers, a conclusion also 
supported by paleogeographic and paleoenvironmental reconstructions 
for the Middle Miocene (Kováč et al., 2007, 2017). 

In more detail, during this period, the areas inside the Carpathian- 
Pannonian basin were controlled by a transtension-related tectonic 
stress field oriented in NE – SW direction (Horváth et al., 1986), which 
led to the formation of several half-graben structures (Balázs et al., 
2016). The subsidence of the basin, coeval with a global sea level rise, 
resulted in a stepwise transgression of the Central Paratethys in the SE – 
NW direction in three phases: 16.3–16.2 Ma, ~ 14.7 Ma, 13.6–13.4 Ma 
(Kováč et al., 2007). As a result, the physiographic appearance of the 
Carpathian-Pannonian region was that of an archipelago surrounded by 
both shallow and deep seas. Sea coverage of the broader vicinity of the 
BFVA was proved earlier by Di Capua et al. (2021) based on micro-scale 
investigation of volcanogenic sediments and limestones around the 
Mátra Mountains (few tens of kilometers westward from the BFVA). The 
area of both the Bükk Mountains and BFVA may have been emergent 
from this marine environment, forming low-topography terrestrial en-
vironments near sea-level during the time of the volcanism (Bérczi et al., 
1988; Szakács et al., 1998; Kováč et al., 2017). This reconstruction is 
supported by the large number of paleosols documented in the BFVA 
stratigraphic column, which could develop only under terrestrial con-
ditions. Based on these considerations, the eruption centers in the 
eastern, southern, and western vicinity of BFVA (Fig. 13c; located along 
the Vatta-Maklár Trough, at maximum a few tens of kilometers from the 
BFVA; Szakács et al., 1998; Lukács et al., 2010; Biró et al., 2020; Hencz 
et al., 2021a; Karátson et al., 2022) might have been flooded from time 
to time by water depending on how sea cover was available in the sur-
rounding areas. Thus, the vents could be opened in a shallow-water or in 
a flat wetland area (Biró et al., 2020). Such a local setting, as well as the 
general paleoenvironmental situation, allowed a significant amount of 
water to be available for water-influenced explosive eruptions. 

6. Conclusions 

This study documents and interprets the pyroclastic succession of the 
Miocene silicic volcanism of the Bükk Foreland Volcanic Area (BFVA), 
Northern Hungary. An event-scale lithostratigraphic column was con-
structed based on detailed field volcanological investigation corrobo-
rated with glass major and trace element geochemistry, documenting 
each exposed sequence and depositional unit, and thus unraveling the 
complete volcanic succession, at least that which left marks in the 
geological record on the surface. Analysis of the documented pyroclastic 
units, reworked pyroclastics, and frequent paleosols suggest that:  

1) the BFVA comprises a narrow strip of medial to distal occurrences of 
primary and reworked pyroclastic material relative to the source 
vents inferred to be located south-southeast of the study area, 
currently subsided in the Pannonian basin, and.  

2) a paleoenvironment with at least partial sea cover at eruption centers 
and, at the same time, a terrestrial emplacement of the volcanic 
products and subaerial landscape evolution occurred in the area of 
present-day BFVA. The widespread, long-lasting proximity of sea 
water induced silicic phreatomagmatism (sensu lato) frequently be-
sides the most voluminous, ignimbrite-forming “dry” magmatic 
eruptions. 

Another major outcome of this study is the presentation of an 
example of how to undertake a lithostratigraphy-based classification in 
poorly exposed, deeply eroded, ancient volcanic terrains, highlighting 
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the importance of field-based investigation in constraining first-order 
geological framework, thereby creating the basis for more detailed 
studies. In combination with analysis of volcanic glass geochemistry our 
approach proved to be very effective in discriminating between volcanic 
eruption events, even under the strongly weathered conditions of cur-
rent BFVA. 

The compilation of a detailed volcanological description reinforced 
by glass geochemistry is available as a database in Supplementary Ma-
terial 4 (Tables S1-S5). The dataset can be used for correlational pur-
poses for Miocene tephras inside and around the Pannonian basin, as 
well as in the broader areas of Central Europe and the wider Mediter-
ranean region. 

CRediT authorship contribution statement 
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Investigation, Writing – review & editing. Károly Németh: Conceptu-
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Pécskay, Z., Karátson, D., 2021c. Uniform “water” content in quartz phenocrysts 
from silicic pyroclastic fallout deposits – implications on pre-eruptive conditions. 
Eur. J. Mineral. 33, 571–589. 
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Kováč, M., Andreyeva-Grigorovich, A., Bajraktarevic, Z., Brzobohatý, R., Filipescu, S., 
Fodor, L., Harzhauser, M., Nagymarosy, A., Oszczypko, N., Pavelic, D., 2007. 
Badenian evolution of the Central Paratethys Sea: paleogeography, climate and 
eustatic sea-level changes. Geol. Carpath. 58, 579–606. 
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