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The relationship between ignimbrite lithofacies and topography in a
foothill setting formed on Miocene pyroclastics — a case study
from the Biikkalja, Northern Hungary

TamAs BIRO!, MiryAs HENCZ!, Tamis TELBISZ!, ZoutAn CSERI! and
DAvip KARATSON!

Abstract

Units with extremely variable erodibility are typical in the succession of pyroclastic-dominated volcanic
fields. Welded ignimbrites are usually resistant to erosion, thus, they often appear as positive landforms,
i.e., mesas or tilted plateaus after millions of years of denudation. The Biikkalja Volcanic Area being part of
the most extended foothill area of the North Hungarian Mountains, is composed predominantly of Miocene
ignimbrites, where the frequency distributions of elevation a.s.l., slope, aspect, as well as topographic openness,
were investigated using a 30 m resolution SRTM-based digital surface model at four sample areas located at
different relative distances from the assumed source localities of the ignimbrites, showing both non-welded
and welded facies. The degree of dissection was also examined along swath profiles. The topography of the
sample area closest to the source localities is dominated by slabs of moderately dissected welded ignimbrites,
gently dipping towards SE. Farther away from the source the topography is dominated by erosional valleys
and ridges, resulting in a narrower typical elevation range, a higher proportion of pixels with greater than 5°
slope, higher frequencies of NE and SW exposures, and more significant incision resulted in more frequent
pixels with positive topographic openness less than 1.5 radians here. Higher thicknesses and emplacement
temperatures of ignimbrites, often showing welded facies are more common closer to the source vent. Thus,
the erosional pattern around calderas can be used to draw conclusions on the spatial extent of the most intense
ignimbrite accumulation, i.e., the location of eruption centres even in highly eroded ignimbrite fields.
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Introduction

Pyroclastic successions developed around
caldera clusters often host units showing
contrasting resistance to erosion. Welded
ignimbrites are usually characterized by
extremely low erodibility, often form-
ing plateaus existing for millions of years,
sometimes as inverted relief (Apawms, B.A.
and Coorkr, F.J. 2020; Van Wyk pE VRIEs, B.
et al. 2022). Tilted ignimbrite plateaus exceed-
ing 10*°km? lateral extent dissected by can-
yons at their edges due to fluvial erosion are

well-known landforms of many ignimbrite
fields around the Earth: among others at the
western edge of the Central Andes (SzEKELy,
B. et al. 2014), at the Taupo Volcanic Zone at
the North Island of New Zealand (LEoNARD,
G.S. et al. 2010) or around many calderas in
the United States (e.g., the Pajarito Plateau
at the eastern flank of the Valles Caldera;
Crowg, B.M. et al. 1978). The Biikkalja study
area presented in this paper does not belong
to the largest ignimbrite fields in a global
comparison, but its in-depth volcanological
research and the long-term erosion since Mi-
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ocene times makes it a perfect study area that
can provide valuable results for analysing
the geomorphological evolution of ancient,
deeply eroded ignimbrite fields hosting pla-
teaus of welded ignimbrites.

The Biikkalja is the most extended foothill
of the North Hungarian Mountains, forming
a gradually descending (from 400 to 130 m
a.s.l.) hilly region between the Mesozoic car-
bonate block of the Biikk Mountains and the
Quaternary fluvial sediments of the Great
Hungarian Plain (Figure 1, Dosos, A. 2002;
Hevesi, A. 2002). The Biikkalja exposes the
thickest (often exceeding 500 m) and most com-
plex succession of silicic pyroclastics of Miocene
age in the northern part of the Pannonian
Basin (SzakAcs, A. et al. 1998; LukAcs, R. et al.
2018, 2022). Moreover, the surface occurrence
of the Miocene pyroclastics at the Biikkalja is
the largest in Northern Hungary, covering an
area of about 10 x 40 km (LEss, Gy. et al. 2005).
Consequently, the Biikkalja has been the focus
of both volcanological and geomorphological
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studies in recent decades: Volcanological re-
search has explored the stratigraphic units of
the Biikkalja pyroclastic succession, the char-
acter of the volcanism, as well as the spatial di-
mensions and age of individual eruptive events
(Caracciont, B. ef al. 1995; SzakAcs, A. ef al.
1998; LukAcs, R. et al. 2007, 2015, 2018, 2022;
Biro, T. et al. 2020; Hencz, M. et al. 2021a, b;
KarAtson, D. et al. 2022).

Geomorphological studies on the Biikkalja
have been carried out in detail to investigate
the connection between structural geology,
lithology, landscape evolution and landforms,
focussing on the following questions: how
lithology is related to the drainage network
(VAG6, J. 2012; PecsmAny, P. 2021), which litho-
logical conditions enhance the preservation of
relict surfaces (VAG6, J. and HeGepGs, A. 2011),
how the deep structure revealed by seismic sec-
tions is reflected in the course of major fluvial
valleys (PEcsmANy, P. and VAco, . 2020), and
where fault-bounded structural basins are de-
veloped in the area (PEcsmANy, P. et al. 2021).

Fig. 1. Topography of the Biikkalja Volcanic Area (BVA) and its vicinities. Inset map shows the location of the
Biikkalja. Coordinates are in HD 1972 EOV coordinate system.



Bird, T. et al. Hungarian Geographical Bulletin 71 (2022) (3) 213-229. 215

The relation between the large-scale topog-
raphy including the valley and hydrological
network of the Biikkalja and the volcanologi-
cal units was investigated in details by VAco,
J. (2012). However, the link between the to-
pography and the proposed source localities
of the ignimbrites (e.g., SzaxkAcs, A. et al. 1998;
LukAcs, R. et al. 2015; Hencz, M. et al. 2021a)
that influence the lateral variations in thickness
and lithofacies of pyroclastic units has not been
investigated in-depth. Therefore, the aim of the
present study is to quantify the differences in
the statistical distributions of the most obvi-
ous topographic parameters of the ignimbrites
such as elevation a.s.1,, slope, aspect, and topo-
graphic openness, in relation to their source
localities. In our analysis, special emphasis is
given to the welded (i.e., closer to the source
localities) or non-welded (i.e., farther to the
source localities) character of the ignimbrites.

Geological background

Geomorphology and geology of the Biikkalja
Volcanic Area

The Biikkalja is a hilly area between the Biikk
Mountains and the Great Hungarian Plain, ex-
tending about 60 km in NE-SW and 20-30 km in
NW-SE, typically with elevations between 130
and 350 m a.s.l. Its current topography, which
is characterized by dips about 5° from the Biikk
Mountains. towards the Great Hungarian Plain,
is interpreted as a result of pedimentation in
three stages, between ~20-14, ~8.0-5.5, 2.0-1.8
Ma (Dosos, A. 2002). During these periods, un-
der typically a semi-arid climate, the slopes of
the Biikkalja underwent parallel retreat due to
areal water erosion. Today, only several km?-
sized patches of the 2" and 3" pedimentation
periods have remained, forming an older relict
surface between 243-426 m and a younger one
between 151-243 m elevation a.s.l. (VAG6, ]. and
HecepUs, A. 2011).

The Biikkalja exposes various Paleogene to
Quaternary formations: The Oligocene Kiscelli
Clay Formation is overlain by Oligocene-Lower
Miocene shallow marine beds of variable grain-

size belonging to the Eger Formation (LEss,
Gy. et al. 2005). The Paleogene-Lower Miocene
sedimentary deposits is in turn overlain by a
several 100 m-thick pyroclastic succession em-
placed between ~18.2-14.3 Ma from dozens of
large explosive eruptions of dominantly high-K
rhyolitic magmas (Figure 2, SzakAcs, A. et al.
1998; LukAcs, R. et al. 2018, 2022; KARATSON,
D. et al. 2022). The current surface occurrence
of the pyroclastic succession is confined to a
~10 x 40 km region with NE-SW elongation. To
keep the nomenclature simple, in this study,
the term Biikkalja Volcanic Area (BVA hereaf-
ter) is used to refer to the surface occurrence of
pyroclastics, which is smaller than the whole
area of the Biikkalja. The Miocene pyroclas-
tic succession is overlain by the Pannonian
Edelényi Variegated Clay and the Nagyalfoldi
Formation, which consists of sediments depos-
ited in shallow-sea or by fluvial processes in
the gradually filling Pannonian Lake (LEss, Gy.
et al. 2005). The southernmost slopes and larger
valleys of the Biikkalja are covered by loess and
other Quaternary sandy sediments, which have
been redeposited by fluvial processes (Less, Gy.
et al. 2005).

From a structural geological point of view,
the Biikkalja is located between the Mesozoic
carbonate mass of the Biikk Mountains,
characterized by intensive uplift causing re-
moval of ca. 1 km thick Paleogene-Neogene
sedimentary succession during the Pliocene-
Pleistocene (between 2 and 3 Ma; Dunkr, 1.
et al. 1994), and the Vatta-Maklar Trench that
is interpreted as a “transtensional half-gra-
ben” (PETRIK, A. 2017) and has been subsiding
from the beginning of the Miocene onwards
displaying a SW-NE elongation (PETrIK, A.
2017). The Biikkalja is also dominated by
faults with SW-NE strike, the most significant
of which being the K6koté Fault, which can
be traced on the surface from the SW edge
of Eger town to the eastern edge of Bogécs
village (Figure 3, PETRrIK, A. 2017). Layers of
hanging wall blocks displaced along the lis-
tric faults are characterized by 2-5° dip and
SE dip direction (PETRIK, A. 2017).

The pyroclastic succession of the BVA con-
sists of layers from dozens of eruptive events
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Fig. 2. Generalised lithological column of the BVA after Hencz, M. et al. (2021c) and LuxkAcs, R. et al. (2022).
“W!” marks the ignimbrites which tend to be welded. Thicknesses of stratigraphical units and symbols of
components are not to scale.

(see Figure 2, SzakAcs, A. et al. 1998; LukAcs, R.
et al. 2018; Biro, T. et al. 2020), which, accord-
ing to the latest stratigraphic classification,
belong successively to the Tihamér Rhyolite
Lapilli Tuff, the Bogacs Dacite Lapilli Tuff,
the Tar Dacite Lapilli Tuff and the Harsany
Rhyolite Lapilli Tuff Formation (LuxAcs, R.
et al. 2022). The pyroclastic deposits include
layers of fallout origin, ignimbrites emplaced
from pyroclastic density currents, and sub-
ordinately epiclastics formed by the resedi-
mentation of the primary pyroclastic material
mostly by fluvial processes (Caraccioni, B.
et al. 1995; SzakAcs, A. et al. 1998; LukAcs, R.
et al. 2007, 2015, 2018; Biro, T. et al. 2020;
Hencz, M. et al. 2021a, b). The pyroclastic lay-

ers deposited from distinct eruptive events are
generally bounded by palaeosols, suggesting
that the BVA was a subaerial region, where py-
roclastic material was deposited during erup-
tive events punctuated by quiescence periods
lasting for 10°-10° years, in which soil forma-
tion may have occurred (see Figure 2, Biro, T.
et al. 2020). In terms of thickness, the pyroclas-
tic succession is dominated by ignimbrites,
of which there are at least 8 in the area, each
20-50 m thick (LukAcs, R. et al. 2018). Some
of these (Wind, Eger, Harsany ignimbrite) are
characterized by massive lapilli tuff facies and
do not show welding or cementation, while
others (Mangd, Bogacs, Demjén) show welded
lithofacies to some extent (see Figure 3).
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Fig. 3. Volcanological map of the BVA with assumed source localities of the Mang6 and Bogacs ignimbrites and

indicators of source localities. Sources: Volcanological map — 1:100 000 Geological map of Hungary (© MBFSz

Térképek — https://map.mbfsz.gov.hu/fdt100/) and LuxAcs, R. et al. (2022). Thickness data on the basal fallout

deposit of the Mango and Bogacs ignimbrites — Bir6, T. et al. (2017), Hencz, M. et al. (2021a, b). Flow directions

based on AMS data — SzaxAcs, A. et al. (1998), Cser, Z. (2017). Source locality of the Mangé ignimbrite — Hencz,

M. et al. (2021a). Major faults — PETRIK, A. ef al. 2016, PETrIK, A. 2017. KF = K6kot6 Fault; SzBF = Szomolya-Bogacs
Fault; MF = Mang6 Fault.

Lithofacies and source localities of the Mango
and Bogics ignimbrites

From a geomorphological point of view, it
is very important that the most significant
ignimbrites have a welded facies character-
ized by hard, high-density, erosion-resistant
lithology due to compaction after emplace-
ment as a result of >500 °C depositional
temperature and significant load stress (e.g.,
FreUNDT, A. et al. 2000). In general, the thick-
ness of ignimbrites is the most significant at
the vicinity of the source vent and in the main
valleys, which is manifested by the appear-
ance of welded facies at such settings (FRre-
uNDT, A. et al. 2000). Welded ignimbrite litho-
facies can be extremely resistant to erosion,

often forming positive/inverted landforms,
e.g., mesas, due to millions of years of deg-
radation (Apawms, B.A. and Cooreg, E.J. 2020;
VaN Wyk pE VRIEs, B. et al. 2022). At the BVA,
the Mango, Bogacs and Demjén ignimbrites
show welded lithofacies (see Figure 2, LUKAcs,
R. et al. 2015, 2018; HeEncz, M. ef al. 2021a).
The exact location of the eruption centres
that produced the BVA pyroclastic succes-
sion is unknown for most units, as the vent
areas are no longer detectable in the topog-
raphy due to several millions of years of ba-
sin subsidence and sediment accumulation
around the Biikk Mountains (SzaxAcs, A.
et al. 1998). However, the assumed location of
the eruption centre of the Mang6 and Bogéacs
ignimbrites, which are characterized by ex-
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tensive welded facies, thus, representing hin-
dered erodibility, have been inferred based
on multiple proxies: i) flow directions (i.e.,
direction of lateral shear during emplace-
ment) (SzakAcs, A. et al. 1998), ii) the lateral
variations of basal fallout deposit thick-
ness and iii) maximum grain-size of lithics
(Hencz, M. et al. 2021a).

The Demjén ignimbrite occurs only in the
south-western area of the BVA at greater
thickness (>20 m) and shows welding, while
in the central and eastern areas of the BVA at
Bogacs and Tibolddardc (see Figure 3) it is less
than 10 m thick and fine-grained, discriminat-
ed as the ‘Jaté member’ (Biro, T. ef al. 2020).
Consequently, it plays only a very minor role
in affecting the topography of the BVA.

The thickening of the basal fallout layer of
the Mangd ignimbrite from 0.2 m in the vicin-
ity of Eger to 0.7 m at Saly, and the increase of
the maximum lithoclast size, clearly indicate
that this ignimbrite was derived from a source
area located southeast of the BVA at the south-
ern vicinity of Miskolc (see Figure 3, HENcz,
M. et al. 2021a). The proximity of the eastern
region of the BVA to the source locality is also
confirmed by the presence of Mangé ignim-
brite with a dominantly welded lithofacies in
the Kisgy0r area (previously identified as the
Kisgy6r Member (Less, Gy. et al. 2005; Hencz,
M. et al. 2021a).

The source locality of the Bogacs ignimbrite
has been reconstructed from anisotropy of
magnetic susceptibility (AMS) directions about
10-15 km south of Tibolddaréc, also support-
ed by a positive Bouguer anomaly (SzakAcs, A.
et al. 1998). By considering the thickness vari-
ations of the basal fallout layer of the Bogacs
ignimbrite which ranges from ~0.2 m to 0.8 m
from Bogacs to Kécs (Bir6, T. et al. 2017; HEncz,
M. et al. 2021Db) the previous localization of the
source vent can be slightly shifted and the
source region is detected ~10 km from Kisgydr
towards the south (see Figure 3).

Thus, both the Mangé and the Bogacs
ignimbrites are supposed to have been orig-
inated from source localities at the south-
eastern vicinity of the BVA. The aim of the
present study is to investigate how the topo-

graphic features of the BVA are influenced by
the location of the source area of the Mangé
and Bogacs ignimbrites, with regard to the
distribution and lithofacies variations of the
two ignimbrites, in particular, welding.

Methods

The analysis of the topography was per-
formed on the SRTM surface model with 1”
(30 m) resolution (NASA 2013) with QGIS
3.18 (QGIS Development Team 2022). A two-
fold methodology was used to study the to-
pography: 1) The frequency distributions of
elevation a.s.l.,, slope, aspect, positive and
negative topographic openness of four sam-
ple areas (Figure 4) differing in distance from
assumed ignimbrite source localities were
compared. 2) The topographical features
were also investigated along swath profiles.

The four sample areas were delineated
by considering the location of assumed
source regions of the Mangé and Bogacs
ignimbrites, the distribution of the Miocene
pyroclastics (map.mbfsz.gov.hu/fdt100/;
© MBEFSz Térképek), the welded or non-
welded character of pyroclastics (PENTELENYI,
L. 2005), the location of the main valleys
and the spatial heterogeneity of Bouguer
anomaly (map.mbfsz.gov.hu/gravitacios_
anomalia/; © MBFSz Térképek). This latter
parameter shows the relative depth of the
Mesozoic carbonatic basement (Figure 5,
PETRIK, A. 2017), i.e., the amount of Neogene-
Quaternary uplift at the BVA. The north-
eastern boundary of sample area 1 was set
to the north-eastern limit of the LPC (Lower
Pyroclastic Complex sensu SzaxAcs, A.
et al. 1998; see Figure 2) distribution. Further
east, pyroclastic outcrops are rare, so their
surface distribution is a matter of some un-
certainty (LEss, Gy. et al. 2005). The bound-
ary between the 1 and the 2™ sample area
is defined by the valley of the Kacs Stream
(Kdcsi-patak), west of which the Bouguer
anomaly changes, a positive anomaly being
observed in the central part of the BVA. The
boundary between the 2* and the 3 sample
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Fig. 4. Sample areas and swath profiles investigated in this study

area is located along the valley of the Hor
Stream (Hor-patak). To the west of this, in
the area of the 3" sample area, a small parallel
negative Bouguer anomaly is observed NW
of the Vatta—Maklar Trench. Furthermore, in
the 3 sample area, the surface distribution of
the pyroclastics is split into two 3-5 km wide
bands, between which Oligocene and Lower
Miocene sedimentary formations are exposed
along the so-called Kékotd Fault (see Figure
3, PETRIK, A. 2017). The boundary between
the 3™ and the 4™ sample area is the widest
stream valley in the Biikkalja, the Eger Valley.
Here, the Bogdcs ignimbrite is not observed,
and the LPC and UPC (Upper Pyroclastic
Complex sensu Szakics, A. et al. 1998; see
Figure 2) are not clearly separated (LukAcs,
R. et al. 2022; KarATson, D. et al. 2022). The 4™
sample area is also distinct with respect to the
Bouguer anomaly, because it shows a slight
positive anomaly like the 2" sample area.
Slope and aspect maps were generated by the
‘Slope” and “Aspect’ tools located in the GDAL

Dem Utility of the QGIS. Topographic open-
ness (sensu Yokovyama, R. et al. 2002) is defined
as the mean of 8 zenith (positive topographic
openness) or nadir angles (negative topo-
graphic openness) within a defined horizon-
tal distance (known as the radial limit) from
each cell of a digital elevation model. Positive
and negative topographic openness were cal-
culated by the “Topographic Openness’ tool of
the QGIS according to Daxter, C. (2020). The
radial limit was 1,000 m, the number of sectors
was 8 for each analysis. Bin sizes of histograms
were specified as follows: 10 m for elevation a.s.
1., 2° for slope and 0.1 radian for topographic
openness. Circular frequency diagrams also
known as ‘rose diagrams’ were produced from
aspect data by using Georose program (Yong
Technology 2014). Bin size was set to 10°.

In addition to the analysis of the four sam-
ple areas, the LPC areas within the 1%, 2" and
3 sample areas were also analysed specifi-
cally. The same topographic parameters were
analysed, restricted to the surface distribu-
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Fig. 5. Elevation a.s.l., Bouguer anomaly, slope, aspect and topographic openness map of the BVA. The Bouguer
anomaly map was compiled after the 1:500 000 Bouguer anomaly map of Hungary (© MBFSz Térképek — https://
map.mbfsz.gov.hu/gravitacios_anomalia/).

tion of the LPC (see Figure 3). In the case of
sample area 3 only the northern occurrence
of the LPC was considered (which is located
towards the north from the Eger-Bogacs
line), because the southern one is rather in-
fluenced by faulting (see Figure 3).

Swath profile analysis — a refined version of
the classic, line-based cross-section analysis —
was also carried out. Swath profiles describe
the topography of a greater zone by comput-
ing the average, maximum, minimum eleva-
tion a.s.l. and the 1** and 3™ quartiles of the
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frequency distribution constructed from the
elevation values of the pixels of the surface
model within a swath with known orienta-
tion (for details of the methodology consult
TeLsisz, T. et al. 2011a, 2013). The differences
between the curves of the 1** and 3™ quartiles
show the variability of the topography. Four
of the swaths along which the analysis was
carried out had an area of 1.6 x 6 km and the
azimuths of their longer sides were gener-
ally 140° (clockwise). In addition, a 5" swath
profile was also considered covering the LPC
from the SW to the NE margin of the BVA
(see Figure 4). Length and width of this swath
profile was 30 000 and 670 m, respectively.

Results

Maps and histograms of elevation a.s.l., slope,
topographic openness and aspect

The four sample areas show relevant differ-
ences for each of the topographic parameters
studied, either the derived maps (see Figure 5)
or the frequency diagrams (Figures 6 and 7),
or the swath profiles are considered (Figure §).
The differences between sample areas 1, 2 and
3 are even more pronounced when only the
LPC area is considered.

For each sample area, the frequency dis-
tribution of elevation a.s.l. resulted in a sin-
gle-peaked curve. For sample areas 1 and 4,
most of the elevation values are between 150
and 250 metres. The average elevation value
is slightly higher for sample area 3, where
values are typically observed between 175
and 300 m. The highest average elevation is
observed at sample area 2 with half of the
values above 250 metres. If only the area of
LPC is considered, the distributions are dif-
ferent from the previous ones. The values of
LPC elevation a.s.]. are the most scattered for
sample area 1. Values between 150 and 250 m
are most typical, but values between 250 and
350 m are also frequent. Sample area 3, in
contrast, shows a distribution characterized
by a single peak, with values between 225
and 275 m being the most frequent.

For each sample area, the distribution curve
of slope values is generally similar, although
slight differences are evident. The most com-
mon slope value is below 10 degrees for all
sample areas. However, sample area 1 has
a higher relative frequency below 6° and a
lower relative frequency above 6° than the
other 3 sample areas. Most pixels above 10°
are observed at sample area 2. The frequency
distribution curves for sample areas 3 and 4
are closely similar. If only the LPC areas are
considered, the individual sample areas show
broadly similar distributions to the previous
ones, but the differences between the sample
areas are again more remarkable.

As for negative topographic openness,
each sample area shows a distribution curve
with an individual peak. For sample areas 2,
3 and 4, the most frequent values are closely
around 1.5 radians (rad for short hereafter),
while for sample area 1 the peak is slightly
higher. The curve for sample areas 3 and 4
is also quite similar. In comparison, sample
area 1 has more values above 1.5 rad, while
sample area 2 has more values below 1.5 rad.
Considering only the LPC areas, sample areas
1,2 and 3 are quite distinct in terms of the dis-
tribution of negative topographic openness:
although all three sample areas show a sin-
gle-peaked distribution, the relatively small-
er values (<1.5 rad) are observed for sample
area 2, while the largest values (>1.5 rad) are
observed for sample area 1. Sample area 3
shows a transition between these, with val-
ues around 1.5 rad being the most common.

In terms of positive topographic openness,
all four sample areas show a substantially
similar distribution: the most frequent value
is found around 1.55 rad, but there is also a
smaller adjacent peak at 1.5 rad beside the
main peak. Each sample area differs in terms
of the ratio of the two peaks to each other
and the significance of the range below 1.45
rad. The minor peak at 1.5 rad is most pro-
nounced for sample area 3 and least signifi-
cant for sample area 1. The frequency distri-
bution of sample area 2 differs from the other
three in that the relative frequency of values
below 1.45 rad is notable. The difference be-
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tween sample areas 1, 2 and 3 is most evident
in the positive topographic openness values
obtained for the LPC areas. For sample area
1, a significant peak is observed at 1.55 rad.
In contrast, sample area 2 shows a flat tail,
with values between 1.45 rad and 1.55 rad
being virtually uniformly frequent. Sample
area 3 shows a transition between the two.

Based on aspect values, sample area 1 is
considered to be unimodal, dominated by
aspect values between 70° and 200°. The
relative frequency of pixels facing to NW is
much lower here. In contrast, pixels facing
NE and SW are the most prominent at the
other three sample areas. It is important to
note that sample area 2 differs slightly from
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this group, as S-facing pixels are also fre-
quent in addition to NE and SW directions.
Similarly, sample area 4 has a significant con-
tribution of E-facing pixels in addition to the
dominant NE and SW directions.

Topographic swath profile analysis

The different character of the topography of
the study areas is also evident by considering
the swath profiles (see Figure 8). The most
important information that can be derived
from the swath profiles is the different rela-
tive degree of dissection of the LPC surfaces
in the northern and north-western forefronts
of the Bogacs ignimbrite occurrences along
swath 1, 2 and 3. The degree of the dissection
is indicated by the difference between the
Q1 and Q3 curves on the one hand, and the
standard deviation along the profile on the
other. It is obvious that the LPC shows the
smallest topographic variability along swath
1, even though this is the steepest slope. The
highest variability is observed for swath 2.
Furthermore, it is also apparent that be-
tween swath 1 to 3 the relative height of the
Bogdcs ignimbrite with respect to the LPC
surface gradually decreases from ~40 m to
less than 20 m. Swath profile 5 shows the top-
ographical change of the LPC from the SW to-
wards the NE edge of the BVA. It shows, that
although the standard deviation of elevation
a.s.l. is higher at the NE part of the BVA, the
valleys are generally deeper at its SW part.

Discussion

Foothill geomorphology principally affected by
ignimbrite lithofacies

Present results show that the elevation a.s.l,,
slope, aspect and topographical openness
of sample areas 1 and 3, 4 show a marked
difference: the dominant features of the
topography of sample area 1 are the tilted
slabs facing S, SE and are characterized by
relatively minor fluvial dissection, while the

other sample areas show a topography sig-
nificantly dissected by fluvial erosion.

The frequency distribution of elevation a.s.l.
at sample area 1 shows an asymmetric distri-
bution, which is different from the other three
sample areas. The distribution of elevation
a.s.l. at the other 3 sample areas shows a sym-
metrical distribution. This type of frequency
distribution is typical of the relief dissected
by fluvial erosion (e.g., TeLBIsz, T. et al. 2011b).
The most frequent value in sample area 1 is
less than 5° in the frequency distribution of the
slope, which is especially evident when con-
sidering only the LPC surface. It is worth not-
ing that the predominant components of the
valley network here are the steep-sided valleys
with a NW-SE orientation, which separate the
tilted slabs protected by the Mang¢ ignimbrite.
Only in the NW vicinity of the Bogacs ignim-
brite surficial occurrence there are minor val-
leys inclined or perpendicular to this direc-
tion. Thus, the lack of well-evolved, multidi-
rectional valley network results in the lack of
abundant higher slope values compared to the
other sample areas. Further on, the dominance
of the tilted welded ignimbrite slabs is also
reflected in the aspect distribution. The tilted
slab formed by the Mang¢ ignimbrite is still
more or less present at sample area 2, but is
much more dissected due to the more intense
incision resulting in the higher proportion of
slope values greater than 10°. For sample areas
3 and 4, the south and southeast sloping slabs
are absent and are replaced by erosional val-
leys with a multidirectional network having a
predominant influence on aspect values, too.
The difference of sample area 1 on the frequen-
cy diagram of topographic openness from the
other sample areas is also due to this reason.
In areas where the degree of dissection is lim-
ited, the frequency distribution of topographic
openness will be dominated by a pronounced
peak. On the other hand, where the topogra-
phy is composed of valleys and ridges, the fre-
quency distribution of topographic openness
becomes two-peaked, i.e., the peak at lower
values of negative topographic openness is
typical of ridges, while the peak at relatively
higher values is typical of valley bottoms (see
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Figure 5 in Yokoyama, R. et al. 2002). In fact,
sample area 1 has higher values than the other
three sample areas both regarding negative
and positive topographic openness, indicat-
ing that there is a relatively lower degree of
erosional dissection here.

By taking into consideration the relative
location of various sample areas from the
source localities of the Mangé and Bogacs
ignimbrites, a pronounced difference be-
tween sample area 1, which is the closest to
the vent area (within 10-20 km), and sam-
ple areas 3 and 4, which are further away
by 30-40 km, is evident. The dominance of
tilted slabs of welded ignimbrites in the to-
pography around Kisgy6r and their absence
in the SW part of the BVA has already been
recognised by PENTELENYI, L. (2005), VAGY, J.
(2012), and VAc6, J. and HeGgepGs, A. (2011). It
has also become evident that the occurrences
of the Bogacs ignimbrite are characterized by
the highest relative relief in the BVA (>100
m/km?), and that the surface of the welded
lithofacies of the Mangé ignimbrite (Kisgyor
Ignimbrite member sensu PENTELENYI, L.
2005) typically exhibits low slope values as a
consequence of the tilted plateau morphology
(VAGH, J. and HeGepUs, A. 2011). However, a
systematic study of the topographic features
of the BVA along its NE-SW extension, taking
into account that the ignimbrites of the NE
areas (Mango and Bogdcs), which are closer
to the source localities tend to be welded, has
not been carried out so far.

The stratigraphic succession of pyroclastic-
dominated volcanic fields frequently con-
tains units of extremely variable erodibility
(e.g., friable vs. densely welded ignimbrites),
which has a crucial influence on the extent,
shape and temporal variability of both small-
and large-scale landforms i.e., from river ter-
races to several 100 km?-large ignimbrite pla-
teaus (Yokoyama, S. 1999; KarATson, D. ef al.
2009; SzEkeLy, B. et al. 2014; Apams, B.A. and
CooprER, F.J. 2020). Present results show that
the topography of the BVA is fundamentally
controlled by spatial variations of the litho-
facies of the Mang6 and Bogacs ignimbrites
related to the distance from their source area.

Both the Mangé and Bogdcs ignimbrites
have their highest relative thickness, often
exceeding 30 m, in sample area 1, and in the
same area, both ignimbrites display a typical
welded lithofacies characterized by fiamme
structures and low porosity (PENTELENYIT, L.
2005, HEncz, M. et al. 2021a, b). At the west-
ern part of the BVA associated with sample
areas 3 and 4 the Mang¢ ignimbrite is still
more than 20 m thick, however, it shows
non-welded, rather friable lithofacies (e.g.,
at the eastern vicinity of Eger; Biro, T. et al.
2017; Hencz, M. et al. 2021a). Towards SW,
the Bogacs ignimbrite is thickening gradually
and even disappears approximately in the
central part of sample area 3, east of Ostoros
(see Figure 3). Consequently, the topography
of sample area 1, which is relatively closer to
the source region, is characterised by slabs
tilted south-east by up to 10° dip angle, and
composed of welded lithofacies of the Mango
and Bogacs ignimbrites. This is particularly
evident in the case of the LPC surface, which
is dominated here by the welded Mango ig-
nimbrite, which has preserved its less dis-
sected, slab-like appearance despite the fact
that the topographic gradient, i.e., the degree
of tilting from the original presumably near-
horizontal bedding (Bir6, T. ef al. 2020), is the
most significant here.

Although the distinct topography of the
SW and NE parts of the BVA can be ex-
plained by the lateral facies variations of the
Bogacs and Mang¢ ignimbrites, the results
suggest that the topography of the BVA is
also influenced by the total amount and di-
rection of vertical movements.

The effect of vertical movements on fluvial
dissection at the BVA

The degree of dissection does not vary unidi-
rectionally between sample areas 1 and 4. In-
stead, it was observed that sample area 2 has a
greater relative depth of valleys than sample ar-
eas 3 and 4, despite the fact that here the Mang6
ignimbrite still has a welded facies (PENTELENYI,
L. 2005). Sample area 2 has the highest average
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elevation a.s.l. and shows a positive Bouguer
anomaly compared to the other sample areas
(see Figures 6 and 8). Both the higher average el-
evation a.s.l. and the positive Bouguer anomaly
suggest a more intense uplift here than at all
other sample areas. As a consequence, valley
incision is also most intense here and both the
LPC outcrop and the Bogdacs ignimbrite are the
most intensively dissected here. This is prob-
ably also in relation to the fact that this is the
region of the BVA where the largest number
of fairy chimneys (tent rocks or beehive rocks)
carved by water erosion from unconsolidated
ignimbrite occur (Borsos, B. 1991). The forma-
tion of the fairy chimneys in this region was
probably facilitated by the more intense uplift
and related effective fluvial incision.

Conclusions

The frequency distributions of elevation
a.s.l., slope, aspect as well as positive and
negative topographic openness were inves-
tigated at the Biikkalja Volcanic Area (BVA)
using a 30 m resolution SRTM-based digital
terrain model at four sample areas located at
different relative distances from the assumed
source localities of the ignimbrites showing
welded facies. At these sample areas we also
investigated the degree of dissection along
swath profiles. Based on the results obtained,
the following conclusions can be drawn:

All morphometric parameters investigated
show a remarkable difference between sam-
ple areas located closer and further away
from the source localities. The topography
of the sample area closest to the source lo-
calities (i.e., the eastern part of the BVA) is
dominated by slabs of moderately dissected
welded ignimbrites, gently dipping towards
SE. This topography appears as an asym-
metric curve in the frequency distribution of
elevation a.s.l.,, showing a slight overplus for
the higher values, increasing the frequency of
less than 5° slope values and SE-facing pix-
els, and resulting in a distribution of single-
peaked positive and negative topographic
openness with higher frequencies for larger

values than in case of the other sample areas.
The topography of the sample areas farther
away from the source localities (i.e., in the
western part of the BVA) is dominated by
erosional valleys and ridges, resulting in a
narrower typical elevation range, a higher
proportion of pixels with greater than 5°
slope compared to sample area 1, and high-
er frequencies of NE and SW exposures. At
these sample areas, the more significant in-
cision has resulted in more frequent pixels
with positive topographic openness less than
1.5 radians.

The increasing dissection of the BVA from
NE towards SW is principally controlled by
the change in the lithofacies of the Mango
and Bogacs ignimbrites, via the dominance
of welded facies within sample areas 1 and 2,
the decrease in thickness, and the disappear-
ance of welded lithofacies in the SW direction.

In addition to the location of the ignimbrite
source regions, the degree of dissection at
the BVA is also influenced by the relative
amount of vertical uplift, as the most dis-
sected sample area coincides with the region
with the largest positive Bouguer anomaly
and average elevation a.s.L

The overall implication of the present study
is that the degree of dissection of millions of
years old ignimbrite fields is fundamentally
determined by the thickness and lithofacies
(welded vs non-welded) of the ignimbrites
that may show a large lateral variability. Since
higher thicknesses and temperatures, and con-
sequently welded facies, are more common
closer to the source vent, the erosion pattern
can be used to draw conclusions on the spatial
aspects of the most intense ignimbrite aggra-
dation, i.e., the location and vicinity of erup-
tion centres in deeply eroded ignimbrite fields.
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