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Abstract:

Keywords:

Neogene to Quaternary volcanic/magmatic activity in the Carpathian-Pannonian Region (CPR) occurred be-
tween 21 and 0.1 Ma with a distinct migration in time from west to east. It shows a diverse compositional
variation in response to a complex interplay of subduction with roll-back, back-arc extension, collision, slab
break-off, delamination, strike-slip tectonics and microplate rotations, as well as in response to further evo-
lution of magmas in the crustal environment by processes of differentiation, crustal contamination, anatexis
and magma mixing. Since most of the primary volcanic forms have been affected by erosion, especially in
areas of post-volcanic uplift, based on the level of erosion we distinguish: (1) areas eroded to the basement
level, where paleovolcanic reconstruction is not possible; (2) deeply eroded volcanic forms with secondary
morphology and possible paleovolcanic reconstruction; (3) eroded volcanic forms with remnants of original
morphology preserved; and (4) the least eroded volcanic forms with original morphology quite well preserved.
The large variety of volcanic forms present in the area can be grouped in a) monogenetic volcanoes and b)
polygenetic volcanoes and their subsurface/intrusive counterparts that belong to various rock series found in
the CPR such as calc-alkaline magmatic rock-types (felsic, intermediate and mafic varieties) and alkalic types
including K-alkalic, shoshonitic, ultrapotassic and Na-alkalic. The following volcanic/subvolcanic forms have
been identified: (i) domes, shield volcanoes, effusive cones, pyroclastic cones, stratovolcanoes and calderas
with associated intrusive bodies for intermediate and basic calc-alkaline volcanism; (ii) domes, calderas and
ignimbrite/ash-flow fields for felsic calc-alkaline volcanism and (iii) dome flows, shield volcanoes, maars, tuff-
cone/tuff-rings, scoria-cones with or without related lava flow/field and their erosional or subsurface forms
(necks/ plugs, dykes, shallow intrusions, diatreme, lava lake) for various types of K- and Na-alkalic and ultra-
potassic magmatism. Finally, we provide a summary of the eruptive history and distribution of volcanic forms
in the CPR using several sub-region schemes.
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1. Introduction

Volcanism in the Carpathian-Pannonian Region (CPR)
was active since the early Miocene through various phases
in variable geotectonic and magmatic settings. As a re-
sult the CPR today is considered to be a well-defined,
but relatively small region where changes of geotectonic
and magmatic situations from subduction related arc vol-
canism to back-arc intraplate volcanism took place in a
confined region. While modern arc and back arc settings
are tempting areas to pursue volcanic research that com-
monly have a strong natural hazard element, such young
volcanic regions prevent access to cores and deep zones of
volcanoes due to their young age. The CPR in this respect
provides an advantage due to its mature and commonly
erosion-modified volcanic landforms to see the deeper ar-
chitecture of formed volcanoes as well as their succession.
In addition the confined nature of the CPR provides a
unique opportunity to study nearly every possible mani-
festation of known volcanism. Such small size is compara-
ble with a small modern volcanic arc segment such as the
Caribean or Vanuatu volcanic arc, but the CPR in the same
area provides an opportunity to see not only deep into its
eroded volcanic landforms’ deeper structures, but also in

*E-mail: geoljalx@savba.sk

a laterally short distance small-volume monogenetic vol-
canoes to mighty stratovolcanoes and extensive ignimbrite
sheets likely associated with large calderas. In this paper
we provide a summary of known volcanic features docu-
mented in the past decades in the CPR. Such documenta-
tion has a strong scientific value to identify key elements
of volcanism in a collisional zone that was active since the
early Miocene until present and which, in certain parts, is
considered still active. The time aspect of understanding
CPR volcanic history and its volcanism is significant due
to the fact that the CPR represents a nearly completed
sequence of volcanism associated with subducting litho-
spheric slabs, back-arc extension, and post-subduction in-
traplate volcanism as a reflection of gradual geotectonic
changes over the last 21 million years. Such complete vol-
canic history of a syn- and post-collisional tectonic regime
related volcanism is rare, and therefore makes the CPR a
unique region that could be compared with other geotec-
tonically similar volcanic regions.

The review of volcanic forms in the Carpathian-Pannonian
Region (CPR) presented here is meant to complement
previous geological, geophysical and petrological inves-
tigations. Reviews have been published treating the
space/time evolution of volcanic activity [1, 2], geotectonic
evolution [3] and petrology and geodynamic setting of vol-
canic activity [4-7]. That is the reason that these subjects
are covered only in the extent necessary for a proper un-
derstanding of volcanic form presentation.
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Figure 1. Distribution of volcanic formations in the Carpathian/Pannonian Region (CPR). Numbers indicate sub-regions discussed in the text.

Modified after Figure 1, Pécskay et al. [2].

Knowledge of volcanic form patterns provides informa-
tion about the spatial availability of magma, evolution
of magma in various size chambers and ascent of magma
through geologically contrasting fragments of the crust.
Distribution, storage, ascent, and eruption of magmas
were complex, resulting in a remarkable variety of com-
positions generating various volcanic forms. Naturally,
volcanic forms reflect also an environment of their evo-
lution that was mostly terrestrial and partly subaqueous
(e.g. shallow marine). Further complication comes with
the extent of erosion. Based on the level of erosion we
distinguish: (1) areas eroded to the basement level, where
paleovolcanic reconstruction is not possible; (2) deeply
eroded volcanic forms with purely erosional morphology,
where paleovolcanic reconstruction is still possible; (3)
eroded volcanic forms with remnants of original morphol-
ogy preserved and recognizable; and (4) the least eroded
volcanic forms with original morphology quite well pre-
served.

Our presentation is based on trustworthy data for all
the volcanoes in the time interval they have evolved (i.e.,
<21 Ma), outlining their distribution, their compositional

ranges and similarities. While timing of volcanic activ-
ity is known from a map-based stratigraphy and detailed
geochronology [1, 2], paleovolcanic reconstruction of vol-
canic forms is based on several decades of practice and
collaboration. We provide characteristics of volcanic forms
and a summary of the eruptive history and volcanic form
distribution in the CPR using seven sub-region schemes
as in Figure 1: 1 — Styermark + Burgenland + Little
Hungarian Plain + Balaton Highlands; 2 — Central Slo-
vakia Volcanic Field + Borzsony-Visegrad-Pilis-Burda +
Cserhat-Métra + Biikk foreland + Southern Slovakia —
Northern Hungary; 3 — Moravia + Pieniny; 4 — Tokaj-
Zemplin + Slanské vrchy + Vihorlat-Gutin + Beregovo
+ Oas + Gutai; 5 — Apuseni; 6 — Tibles-Rodna; 7 —
Célimani + Gurghiu + Harghita + Persani. For each
of the sub-regions we consider also succession, composi-
tional characteristics, extent of erosion and vent distribu-
tion patterns.
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2. Geotectonic setting

During Neogene time the Carpathian orogenic arc rep-
resented a continental margin or evolved island arc with
variable parts of older continental crust. The arc migrated
northward, northeastward and eastward due to subduction
of oceanic and suboceanic crust of fore-arc flysch basins
until it collided with the margin of the European Platform.
The collision gradually evolved from the west to the east.
The arc retreat into the area of former flysch basins was
compensated by formation of inter-arc and back-arc ex-
tensional basins with two microplates involved — Alcapa
and Tisia (Tisza) -Dacia [3]. This geotectonic framework
and distribution of blocks of older continental crust influ-
enced essentially spatial and time distribution of Neogene
to Quaternary volcanic structures and their compositional
evolution (Figure 1). Volcanic and/or intrusive activity
took place since 21 Ma till 0.1 Ma with a distinct migration
in time from west to east (Figure 2). Volcanic forms show
diverse compositions that were generated in response to
complex syn- and post-collisional tectonic processes [1, 2]
involving subduction with roll-back, collision, slab break-
off, delamination, strike-slip tectonics and block rotations
of two microplates [4—7]. Major groups of calc-alkaline
rock-types (felsic, intermediate and mafic varieties) have
been distinguished and several minor alkalic types also
pointed out, including K-alkalic, shoshonitic, ultrapotas-
sic and Na-alkalic. Geodynamic and petrological models
have clarified many of the petrogenetic processes [4-7].
In most cases the geochemical fingerprint of initial con-
tributions from different magma sources are obscured by
further evolution of magmas via differentiation, assimila-
tion and mixing processes during ascent and storage in
crustal magma chambers.

Volume and composition of magmas are essential factors
in evolution of volcanic forms. Pécskay et al. [2] have dis-
tinguished the following groups of volcanic forms based
on their spatial extent and essential compositional char-
acteristics:

e Felsic calc-alkaline volcanic forms represented
mostly by rhyolitic to dacitic welded and/or
non-welded ash-flow tuffs, fallout tuffs and their
reworked counterparts and minor domes and
dome/flow complexes extended throughout most of
the Pannonian and Transylvanian Basins, as well
as at their margins. They associated with early ex-
tension and basin formation in the intra-Carpathian
areas.

e Intermediate calc-alkaline volcanic forms in the
intra-Carpathian region associated with advanced
stage of back-arc extension; they are composed of

mostly medium to high-K type andesites, compa-
rable with andesites of continental margins. Rocks
vary from basaltic andesites to rhyolites, often in
the bi-modal type of suites. The most frequent vol-
canic forms are monogenetic volcanic cones, com-
posite stratovolcanoes, effusive fields, dome/flow
complexes and subvolcanic intrusive complexes.

e Intermediate calc-alkaline volcanic forms extending
linearly along the internal side of the Carpathian
orogenic arc associated with subduction and/or slab
break-off. They are composed of medium-K an-
desites, similar to andesites of evolved island arcs
and continental arcs. Their petrography varies
from predominant basalts to andesites to subordi-
nate dacites and rhyolites. The most frequent vol-
canic forms are composite stratovolcanoes, effusive
fields, dome/flow complexes, subvolcanic intrusive
complexes and monogenetic volcanic forms.

e Shoshonitic rocks are represented by rare occur-
rences in the western and eastern parts of the CPR.
Their generation is subject to debate of petrolo-
gists. In fact, consensus has not been reached yet.
Their source is ascribed to the lithospheric mantle.

e Rare K-trachytic and ultrapotassic volcanic forms
occur in the south-western corner of the CPR and
Little Hungarian Plain, but also in the south-
eastern part in Banat (SW Romania). Their source
is in the lithospheric mantle.

e Na-alkalic volcanic forms include nepheline basan-
ites, alkali basalts and their differentiated coun-
terparts such as nepheline tephrites, trachybasalts
and trachyandesites. They are spread over most of
the western CPR as isolated clusters of outcrops
organized in more or less extended monogenetic
volcanic fields of maars, diatremes, tuff cones, cin-
der/spatter cones and lava flows. Their source is
both in the asthenospheric and lithospheric mantle.

3. Methodology

Analysis of volcanic forms characteristic for the Tertiary to
Quaternary volcanic complexes and/or fields of the CPR
is not as easy as it is in the case of active volcanoes. With
the exception of the youngest ones, their original form has
been modified, obscured and/or completely eliminated by
erosion. lts extent is a function of time, climatic condi-
tions and geotectonic setting that has controlled subse-
quent uplift or subsidence — erosion in areas of subsequent
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Figure 2. Timing of volcanic activity in sub-regions as shown in Figure 1. Based on Figure 2, Pécskay et al. [2].

uplift has been much faster, reaching to subvolcanic lev-
els while subsequent subsidence has resulted in burial by
younger sedimentary deposits. As a consequence, mor-
phological aspects could be used to define volcanic forms
only in the case of Quaternary volcanoes and partially
in the case of the Pliocene and Late Miocene ones. In-
stead, our analysis of volcanic forms is based on system-
atic geological mapping accompanied by facies analysis

and paleovolcanic reconstruction.

Most of the areas of Tertiary to Quaternary volcanic forms
in the CPR have been mapped in the scale of 1:25 000.
These maps accompany open-file reports in archives of
geological surveys while published maps have been re-
duced to the scale of 1:50 000. In the course of detailed
geological mapping the approach has changed and, be-
side rocks, petrography recognition of genetic types of
volcaniclastic rocks and principles of facies analysis were
introduced. Principles of the facies analysis of volcanic
forms and their application in geological mapping had
been developed more than 50 years ago [9] and subse-
quently applied successfully to the Gutin volcanic range
in Transcarpathia (Ukrainian part of the Carpathian vol-
canic arc) [10]. These principles were applied in lithos-
tratigraphy, geological mapping and paleovolcanic recon-
struction of the central Slovakia Volcanic Field [11, 12].
Subsequently they have been applied also in other areas

of CPR, especially by authors of this paper. Naturally,
principles of facies analyses developed by Maleev [9, 13]
have been further elaborated along with advances in clas-
sification and understanding of volcaniclastic rocks [13-22]
(and relevant references in these textbooks).

Detailed geological mapping with recognition of volcani-
clastic rock facies has served as a basis of facies analysis.
Volcaniclastic rocks have been assigned to genetic types
(type of eruption, mobilization, transport and deposition
of material) on the basis of their composition, degree of
sorting, shape, texture and other characteristics of frag-
ments. Subsequently, facies associations were used to
interpret environment of deposition and eruption styles of
the former volcanoes.

Under the term “paleovolcanic reconstruction” we under-
stand reconstruction of the former volcano and its evolu-
tion, including types of volcanic eruptions and processes
that modeled its form. Individual facies and types of frag-
ments point to the type of eruption, mobilization, transport
and deposition. Facies associations point to the eruption
styles of the volcano and enable its division into central,
proximal, medial and distal zones. Finally, facies succes-
sions imply evolution of the volcano. Paleovolcanic recon-
struction is problematic or even impossible in the case of
deeply eroded volcanoes.

Timing is an important aspect of paleovolcanic reconstruc-
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tion. It puts limits on time needed to build up the stud-
ied volcanoes and provides information on time of their
exposure to processes of erosion. Timing also elucidates
migration of volcanic activity in time and space (Figure 2).
Timing of individual volcanoes and volcanic complexes
and/or fields in the CPR has been evaluated by Pécskay
et al. [2] using more than 2 000 K/Ar datings of volcanic
rocks, providing reference to original papers where results
are interpreted in the context of succession and relation-
ship to biostratigraphically dated sedimentary rocks (Fig-
ure 2). We shall refer to these data where appropriate in
discussion of volcanic forms and/or evolution of volcanic
fields and sub-regions.

Petrology of volcanic rocks involved in volcanic structures
is beyond the scope of this paper. However, evolution of
volcanoes and volcanic forms, respectively, has been in-
fluenced heavily by composition of magmas and their evo-
lution in the course of volcanic activity. Attention is paid
also to this aspect in discussion of volcanic forms and/or
evolution of volcanic fields and sub-regions. General in-
formation concerning petrology of volcanic rocks in the
CPR and their compositional variability has been widely
reported recently [5-7, 23-27].

4. Terminology

In the case of most volcanological terms, a consensus has
been reached and we follow terminology used by promi-
nent authors of textbooks and reviews [13, 14, 16-22, 28—
33]. As far as volcanic forms are concerned, such a con-
sensus has not been always reached with those authors,
and we shall define each type of volcanic form before pro-
ceeding with its characterization in the CPR. However,
there are a few terms related to classification of volcanic
forms that need to be clarified here, before their system-
atic treatment.

Volcanic form: The term has been introduced to the vol-
canological literature by Cotton [34] in his famous book
“Volcanoes as landscape forms” where it refers to the vol-
cano morphology as the landscape form. Schmincke [21]
avoided this term and used the term “volcanic edifices”
instead. However, this term is limited to constructional
volcanic forms [35]. Francis [32] defines volcanic form as
a landscape form resulting from both constructive volcanic
processes and destructive volcanic and/or erosional pro-
cesses. A scoria cone for instance is a result of construc-
tive volcanic processes providing pyroclastic and effusive
material to form a scoria cone (edifice) and tephra blan-
ket and/or a lava field around the cone. In contrast, a
maar results from dominantly “destructive” volcanic pro-
cesses forming a subsidence crater surrounded by a tephra

rim and distal tephra blankets. A volcanic neck results
from a long lasting erosion of a formerly constructive vol-
canic feature. For mature stratovolcanoes, both construc-
tive and destructive processes occur, shaping the volcanic
cone which is striving to reach a steady state profile [35].
Volcanic forms are therefore not understood here as purely
surficial features, and thus they are not synonyms for vol-
canic landforms. Instead, they involve lithologic content
and internal structure as well. For instance, comagmatic
intrusive bodies are usually considered as their part or,
when the volcano is deeply eroded, as special types of
“volcanic forms”. Unlike Cotton [34] and Francis [36], we
use “volcanic form” here in a broad sense to express that
a volcano of any type consists of a surface feature and
its associated sub-surface components, both having their
own morphological, compositional and structural charac-
teristics. The usage of this term allows characterization of
old volcanoes that are today erosionally dissected, forming
surface expressions (e.g. hills) that are strongly different
from the original volcanic landforms. It also includes the
exhumed subsurface parts (core/vent structures) of various
volcanic landforms. Therefore, “volcanic form” is adequate
to denominate with a common term all volcanic features
and volcanism-related subsurface features exposed at the
surface at the present time in the CPR as a result of a
long-lasting (21 Ma) volcanic and erosional history.

According to their eruptive history, volcanic forms can ba-
sically be classified as monogenetic and polygenetic.

1. Monogenetic volcanic forms (or monogenetic volca-
noes) are defined as volcanoes formed during single events
(eruptions) of short-lived (days to years) volcanic activ-
ity, without subsequent eruptions [18, 32, 37-39]. Such a
definition fits especially volcanic forms found in basaltic
monogenetic volcanic fields and satellite edifices dis-
tributed on flanks of larger composite volcanoes. However,
the same definition is applicable also to volcanic forms
made of intermediate and felsic lavas — monogenetic vol-
canic cones of explosive, stratovolcanic or effusive type,
solitary extrusive domes and solitary intrusions. Evolu-
tion of basic to intermediate composition volcanic cones
may take a longer time and the best criterion to distin-
guish between monogenetic and polygenetic ones might
be the presence or absence of a significant period of ero-
sion implying a longer lasting break in volcanic activity.
Here we slightly differ from the concepts of Francis [32],
Connor and Conway [37] and Walker [40] that use a long
lasting eruptive activity and larger size of these cones as
a sole argument to classify them as composite or poly-
genetic volcanic forms, respectively. Those simple cones
of Francis [32] under the heading “polygenetic volcanoes”
that resulted from prolonged volcanic activity without a
significant break fulfill the definition of monogenetic vol-
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canoes. As an example, we can quote the volcano Izalco
in El Salvador whose ca. 650 m high cone of the strato-
volcanic type has been built up during almost continuous
eruption of the Strombolian type lasting 196 years be-
tween 1770 and 1966 A.D [41, 42].

A number of specific monogenetic volcanic forms occur in
the CPR, as presented below.

2. Polygenetic volcanic forms (polygenetic volcanoes)
have experienced more than one, usually many, erup-
tive events during their history [32] They usually as-
sociate with a long lasting and complex eruption history
of a volcanic system [35]. Such volcanic systems can ei-
ther consist of a single volcanic edifice, or nested vol-
canic edifices. Distinction from monogenetic volcanoes
is rather conventional. However, many of the relatively
small-volume volcanoes in a basaltic volcanic field can
exhibit very complex volcanic architectures, and in many
cases their eruption history shows signs of multiple and
recurring activity over long periods of time [43]. The tran-
sition between small-volume but complex basaltic volca-
noes and long-lived but relatively small-volume compos-
ite volcanoes is rather gradual [22, 44]. Among poly-
genetic volcanoes Francis [32] has distinguished simple
cones, composite cones, compound volcanoes and volcano
complexes. Shield volcanoes are mostly also polygenetic.
Polygenetic volcanoes with upward-concave outer slopes
are commonly referred to as stratovolcanoes.

In turn, polygenetic volcanoes can further be classified in
composite and compound types.

2a. Composite volcanic forms (or composite volcanoes)
have had more than one evolutionary stage in their ex-
istence, but the locus of volcanic activity has been es-
sentially confined to a single vent or a group of closely-
spaced central vents, hence the volcanoes still retain a
simple conical or shield-like overall symmetry [32]. Ac-
cording to Davidson and DeSilva [35], they are products
of multiple eruptions spanning tens to hundreds of thou-
sand of years.

2b. Compound volcanic forms (or compound volcanoes)
are polygenetic volcanoes that have formed from coalesced
products of multiple, closely spaced vents [35]. As a re-
sult, they are characterized by a more complex landform
that cannot be approximated by a simple conical morphol-
ogy. Cotton [34] and MacDonald [28] have used the term
“multiple volcano” for the same type of volcanic form.

A large variety of polygenetic volcanic forms has been de-
scribed in the CPR. Their further classification is based
on the prevailing lithology reflecting the type of dominant
eruptive activity (explosive or effusive). Further classifi-
cation criteria includes the type of activity at the end of
volcano history, different from the dominant activity-type
and the occurrence of major events during eruptive history

(i.e. caldera formation, edifice collapse).

Intrusive forms (intravolcanic intrusions, subvolcanic in-
trusions, hypabyssal intrusions) are subsurface-solidified
magma bodies that have been emplaced in an environment
of older rocks [45] in both the pre-volcanic basement and
the surface volcanic edifice itself. Some of them might
have reached the surface (feeder dikes and necks). They
occur as solitary bodies (equivalents of monogenetic vol-
canic forms) or in groups. Intrusions can be found associ-
ated with all types of volcanoes. However, their presence
is more characteristic for the central zones of polygenetic
volcanoes. Intrusions are classified as “intravolcanic” if
they are emplaced in comagmatic volcanic products and
as “subvolcanic” if they are emplaced in basement rocks
of the volcano. They are found at surface when exhumed
or in subsurface mining works or drill-holes in volcanic
areas of the CPR. However, intrusions occur also in areas
of Neogene magmatism in the CPR without being associ-
ated with surface volcanic activity. The term “hypabyssal
intrusions” is more appropriate in those cases. Because
we address here the Neogene volcanism in the CPR as
a whole, we consider all of these types of intrusions as
special types of “volcanic forms”, whether associated with
volcanic forms having a surface expression or not. In the
case of intrusions resulting from a single datable intru-
sive event, they are considered as being equivalent with a
monogenetic volcanic form and are described in the sec-
tion addressing such forms.

Fields of volcanic forms (or volcanic fields). Individual
volcanic forms generally occur in groups forming volcanic
fields. Volcanic fields can be characterized and named
according to the prevailing volcanic forms they include.
Monogenetic volcanic fields are composed of mostly mono-
genetic volcanic forms and they can be described using
shape, size, and volcano density as parameters. Com-
monly they show an areal extent. Polygenetic volcanic
fields (volcanic complexes according to Francis [32]) con-
sist of spatially, temporally, and genetically related ma-
jor and minor volcanic edifices with their associated lava
flows and volcaniclastic rocks. Frequently they consist
of aligned volcanic forms organized in volcanic ranges (or
“chains”, as traditionally used in the East Carpathians)
forming a part of the Carpathian volcanic arc. Longer
volcanic ranges (e.g. the Céalimani-Gurghiu-Harghita vol-
canic chain — no. 7 in Figure 1) can be subdivided in
segments (e.g. Calimani, Gurghiu and Harghita segments
—no. 7a, 7b and 7c in Figure 1). However, polygenetic
fields of areal extent also occur in the back-arc region
(e.g. Central Slovakia Volcanic Field, Borzsony-Visegrad-
Pilis-Burda volcanic field, Apusent volcanic field — no. 2a,
2b and 5 respectively in Figure 1).

One special type of volcanic field is that in which the
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dispersion and accumulation of volcanic products is con-
trolled by a structural-morphological feature, such as a
graben, instead of being controlled by individual central
volcanoes so that individual volcanic sources are either
located (and possibly deeply eroded) outside the field
considered or cannot be readily identified. Such fields
are commonly named in the relevant literature as volcano-
tectonic depressions (or grabens). They can be subdivided
into subtypes according to the prevailing lithology of the
volcanic fill of the depression (lavas, volcaniclastic rocks
or mixed).

Assemblages of individual intrusions that cannot be as-
sociated with volcanic fields are termed “intrusive com-
plexes” and they can be viewed in analogy with volcanic
fields as “intrusive fields".

5. Volcanic forms  of the
Carpathian-Pannonian Region (CPR)

This part of our paper is devoted to a systematic descrip-
tion of volcanic forms occurring in the CPR. Volcanic forms
are highly variable in size, age, extent of denudation, rock
types, composition of lavas and other properties.

In the first step we divide volcanoes (volcanic forms) into
monogenetic and polygenetic ones using criteria already
mentioned in the terminology part. Assignment of volcanic
forms to one of these categories is not always straightfor-
ward.

In the second step we use a division based on essential
compositional characteristics (e.g. Na-alkalic or basic, in-
termediate, felsic calc-alkaline). Such a division has two
reasons: (1) it corresponds to the first order lithostrati-
graphic division of volcanic products; and (2) composition
of magma stands behind contrasting eruption styles and
different volcanic form assemblages.

5.1. Monogenetic volcanoes

In the CPR, monogenetic volcanoes are characteristic es-
pecially for alkali basalt monogenetic volcanic fields and
sporadic occurrences of ultrapotassic rocks where maars,
tuff-rings, tuff-cones, scoria-cones with related lava flows
and flow fields, necks and/or plugs, dikes and sills, dia-
tremes and rare small shield and dome-flows have been
recognized.

Monogenetic volcanoes associated with calc-alkaline
basaltic andesite and andesite magmas are represented
by solitary domes, dome-flows, tuff cones, small simple
cones, dikes, sills, laccoliths, irreqular protrusions and
stocks. Surficial forms occur usually at parasitic vents
of mature stratovolcanoes and in areas of bimodal an-

desite/rhyolite volcanic activity with multiple vents. Soli-
tary intrusions may associate with parasitic vents of an-
desite stratovolcanoes; however, they are characteristic
especially for strongly uplifted and deeply denudated ar-
eas, as the zone where Carpathian volcanic arc overlaps
with the internal zone of the accretion prism.
Calc-alkaline felsic extrusive lava domes and dome-flows
with associated pyroclastic rocks as well as minor intru-
sions could form fields of dispersed monogenetic volcanic
forms similar as the alkali basalt volcanic fields.

It is important to note that many of the described mono-
genetic volcanic forms, if incorporated into the structure
of polygenetic volcanoes, represent their integral part.

5.1.1. Maars

Maars are small, so called “negative” volcanoes, and form
a “hole-in-the-ground” morphology (Figure 3) [39, 46-48].
The formation of a maar volcano is directly related with
some sort of subsidence generated by mass-deficit be-
neath the surface [49-51] as a consequence of explosive
interaction between hot magma and water and/or water
saturated sediments [52, 53].

Maar volcanoes, gradually subside long after their forma-
tion as a result of resettling of the water-soaked debris
accumulated in the volcanic conduit beneath the crater
that is commonly referred to as a diatreme [54, 55].

Maar volcanoes are also unique sedimentary traps [39, 56].
Their crater can act as a deep and sheltered sedimen-
tary micro-basin that collects sediments from a continental
catchment area [57].

5.1.2. Maars related to Na-alkalic rocks

Maar volcanoes in the Pannonian Basin are common [58]
due to a long lasting production of Na-alkalic mafic mag-
mas through the Late Miocene to Pleistocene time [1, 5,
24, 25, 27, 59]. Such intraplate, intracontinental magma-
tism released mafic magma along weakness zones (e.g.
commonly along deep and old structural weakness zones
of the basement) that encountered a shallow subsurface
zone of water-saturated filled sedimentary basins in the
region [5]. The various thickness of the shallow marine
and fluvio-lacustrine siliciclastic Neogene sedimentary in-
fill [60-65] over the fractured, commonly karstic Mesozoic
and Paleozoic carbonatic and metamorphic rock units [66—
68], provided a combined aquifer that the rising mafic
magma interacted with. As a result, the Pannonian Basin
was a playground of phreatomagmatic volcanism through
the Late Miocene to Pleistocene [58, 69, 70]. Maar volca-
noes are formed by both soft-and-hard-substrate environ-
ment, and as a result generated various maars. In areas
where the water-saturated soft-substrate infill was thick
(e.g. Little Hungarian Plain Volcanic Field-Figures 1-
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Figure 3. Volcanic forms of alkali basalts.

1c, 9), broad maars formed, that are inferred to be tran-
sitional to tuff rings [58]. In areas where hard-substrate
aquifers were closer to the surface, deep maars formed [58].

Recognition of maar volcanoes in the CPR is however not
always easy. Due to the fast erosion of the crater rim de-
posits, maars that preserved their original morphology are
relatively rare in the CPR. Maars with recognizable sur-
face morphology are common in southern Slovakia (Fig-
ure 1-2e), such as the Hajnactka, JelSovec and Pincina
maars (Figure 4) that also act as a major accumulation
sites of maar lake sediments [71-76]. Evidence for the
presence of former maar volcanism and existence of maar
volcanoes is abundant in the CPR especially due to the
great exposures of diatremes [58] representing the sub-
surface part of a volcano (Figure 3), correctly referred to as
a maar-diatreme volcano [77, 78]. It seems that much evi-
dence points to the fact that the phreatomagmatic volcanic
fields, including their maars, were probably dominated by
soft-substrate aquifer controlled, shallow and broad maars
with occasional mixed aquifer controlled maars that formed
over fracture-controlled aquifers. Another paper in this
volume presents some detailed account on the potential
analogy for the Pannonian Basin phreatomagmatic volca-
noes [79].

5.2. Tuff-rings / tuff-cones

Tuff rings and tuff cones (Figure 3) are also phreatomag-
matic monogenetic volcanic forms [80]. They represent end
members of a spectrum where magma interacts with an in-
creasing abundance of external water [80, 81]. In the case
where the magma and water interaction is controlled by
shallow surface water, the resulting volcanic landform will
be a tuff ring [51]. It seems that there is a gradual tran-
sitlon among maars and tuff rings, and in many cases, the
distinction between these two landforms cannot be drawn
easily. Sensu stricto, maars should have a crater floor
that has subsided below the syn-eruptive surface, and

scoria cone

diatreme (neck)

tuff cone
exposed due to erosion
-

therefore the pre-volcanic rock units must crop out in the
crater wall [51]. In the case of a tuff ring formation, such
subsidence is not expected, due to the shallow surface
magma and water interaction that cannot create signifi-
cant mass deficit beneath the surface and cause collapse of
the crater floor. Tuff cones are clearly constructional vol-
canic landforms and commonly associated with hydromag-
matic Surtseyan-style emergent volcanism in shallow sub-
marine or sub-lacustrine settings. The abundance of the
water in the surface results in an eruptive condition which
is wet, and potentially an eruptive environment which is at
least partially subaqueous [82, 83]. The dump conditions
over the vent and the abundant free condensed water in
the deposition surfaces provide a deposition environment
of the pyroclasts that is very unique. Textural features
of soft-sediment movements such as oversteepened and
plastered beds, mud cracks, and plastic deformation fea-
tures beneath larger pyroclasts are among key features
tuff cones can preserve in their sedimentary record [84-86].
Before a subaqueous volcano emerges above the water ta-
ble, the accumulating pyroclastic deposits will accumulate
on a subhorizontal depositional surface from a radially
moving pyroclastic density currents. A pyroclastic mound
with subhorizontal bedding and characteristic wet depo-
sitional features will be later buried by steeply dipping
beds to complete the evolution of the tuff cone [82, 87].

5.2.1. Tuff-rings / tuff-cones related to Na-alkalic rocks

In older phreatomagmatic volcanic fields such as many in
the CPR area, the distinction of such forms is not straight-
forward. The above mentioned process was likely operat-
ing in many cases of the CPR monogenetic fields, espe-
cially in those areas where the thick Neogene sedimen-
tary infill provided substantial water saturated sediments
to fuel phreatomagmatism. Due to the advanced stages
of erosion in many CPR monogenetic volcanic fields, the
preserved volcanic landforms nearly in each case repre-
sent proximal facies, the core of a phreatomagmatic vol-
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Figure 4. Sections of the maars Jel$ovec and Pincina in southern Slovakia — examples of maars with diatomite resp. alginite deposits of maar

lakes with no subsequent volcanic activity [74, 358].

cano without definitive reference points outside of the pre-
served core of the volcano [58]. This makes it highly spec-
ulative to distinguish between shallow soft-substrate con-
trolled maars from tuff rings in the CPR area. While this
problem still persists, the textural study of the preserved
pyroclastic rocks can help to define the preserved vol-
canic landforms. Pyroclastic rocks of maars in any sub-
strate environment are expected to be rich in accidental
lithic fragments. Their origin clearly represents the depth
of explosion locus. In case of the explosion locus in the
shallow soft-substrate, the pyroclastic rocks then should
contain a high proportion of fragments derived from these
rock units. In the case of such textural characteristics and
other field evidences of potentially shallow craters and
broad, lensoidal shape volcanic landforms, we can inter-
pret it as an erosional remnant of a shallow maar. While
the same 3D architecture of a preserved volcanic landform
with pyroclastic rock units is rich in glassy juvenile pyro-
clasts, we can establish it as an erosional remnant of tuff
rings [88].

It seems that tuff rings are more common in the Little
Hungarian Plain Volcanic Field (Figure 1-1c), Styermark
(Figure 1-1a), and Slovenia [58, 88] than in the Bakony-
Balaton Highland Volcanic Field (BBHVF, Figure 1-1d),
where shallow maars prevail [58]. Either way, the fact that
the majority of the pyroclasts are glassy juvenile parti-

cles, and that the accidental lithic fragments are derived
from the immediate underlying pre-volcanic soft-substrate
suggests that the magma fragmentation level in these vol-
canoes of the CPR was shallow.

Recognition of tuff cones in old eroded terrains such as
the CPR is not easy. Key features for reconstructing a
tuff cone origin are the evidence to support the volcanic
erosional remnant as a constructional landform, the pyro-
clastic rocks, rich in chilled glassy pyroclasts, a very small
proportion of accidental lithic fragments and abundant ev-
idence of soft sediment movement and water saturated de-
positional environments. A general link between subaque-
ous (lacustrine, shallow marine) non-volcanic sedimentary
environment and coeval phreatomagmatic volcanic succes-
sions can also help to establish the eruptive environment.

In the CPR area, tuff cones have been identified from
southern Slovakia (Figure 5) and some indications of tuff
cones known from the Steyermark and Slovenian mono-
genetic volcanic fields [58, 75, 89]. It is unlikely that tuff
cones were formed in the BBHVF. Phreatomagmatic vol-
canoes of the LHPVF are also more consistent with their
tuff ring origin.
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Figure 5. Castle hill in Filakovo, southern Slovakia — remnants
of a tuff-cone with exposed internally dipping succes-
sion [359].

5.2.2. Tuff-cones related to intermediate calc-alkaline
rocks

As in the case of monogenetic alkali basalt volcanic fields
(see above), tuff-cones associated with andesitic volcanic
activity are products of phreatomagmatic eruptions. Rem-
nants of two eroded tuff-cones have been identified during
geological mapping of volcanic fields in Slovakia.

One of the tuff cones is close to KoSicky Kle¢enov in Slan-
ské vrchy (Figure 1-4b) and may represent a parasitic vent
of the Bogota or Strechov andesite stratovolcano of Sar-
matian age [90, 91]. A flat lava topped hill, remnant of a
former lava lake, shows at marginal slopes inward dipping
stratified palagonite tuffs of proximal facies with frequent
blocks, some of them creating bomb-sags. Bogota and
Strechov volcanoes initiated their evolution in a shallow
marine environment and the tuff-cone represents a product
of a Surtseyan type eruption.

The second one is close to the town Ziar nad Hronom in
the Central Slovakia Volcanic Field (Figures 1-2a, 6) and
is related to activity of basaltic andesites during the early
Pannonian time [92, 93]. It is preserved only its northern
part, the rest being eroded and covered by alluvial de-
posits of the river Hron. The tuff cone is formed of strati-
fied and sorted fine to coarse palagonite tuffs with a vari-
able proportion of juvenile basaltic bombs and lapilli as
well as accidental lithic fragments predominantly from the
shallow underlying lithologies (mostly pebbles of various
andesites, quartzite, quartz, gneiss and limestone). The
volcanic successions are characteristic of wet surge de-
posits alternating with fall deposits. Notable are the im-
pact sags of bombs and large lithic blocks. This suggests

phreatomagmatic eruptions initiated by interaction of as-
cending magma with water in the sand and gravel horizons
of the Middle to late Sarmatian volcano-sedimentary com-
plex of the Ziarska kotlina basin. The volcano evolved in
two stages: the initial phreatomagmatic stage forming the
tuff cone was followed by the effusive stage, generating
lava flow and corresponding feeder-dikes.

tuff cone base surge deposits

lava flow

older rhyolite tuffs

Figure 6. Paleovolcanic reconstruction of the calc-alkaline basalt
monogenetic volcano Sibeni¢ny vrch in the Central Slo-
vakia Volcanic Field [219].

5.3. Scoria-cones with or without related
lava flows

Scoria cones are rather simple and small-volume volcanic
forms having an edifice volume of a cone around 0.05 km?,
a few hundred meters in basal diameter, and rarely ex-
ceeding 400 meter elevation from their base [94]. Scoria
cones can be (1) as parasitic cones on larger polygenetic
volcanoes or (2) as parts of monogenetic volcanic fields
(Figure 3).

The “simple” scoria cone is characterized by a conical
structure with a bowl-shaped crater at the top [95]. The
scoria cone growth largely invokes models of emplacement
and accumulation of pyroclasts through ballistic trans-
portation (no-drag) [96]. The majority of the scoria cone
growth models operate with the transportation and ac-
cumulation of few cm to few dm sized (scoria or cinder)
pyroclastic fragments [95, 96] that behave in a granular
fashion after deposition [97, 98].

The eruption mechanism of scoria cones is dominated by
magmatic fragmentation which is generally governed by
the speed of the rising magma, which determines the vis-
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cosity and the gas content of the magma [99, 100] pro-
ducing Hawaiian [101, 102] and Strombolian-style erup-
tions [38, 103]. In general, the Strombolian-style magma
fragmentation occurs at shallow depth (upper part of the
magma column), when the over-pressurized and segre-
gated gas-bubbles break and burst out from the rising,
mostly mafic, magmas [38, 103-105]. In spite of this
general trend of scoria cone eruption and growth, sco-
ria cones are far more complex volcanoes [98], and evolve
through various eruption styles from Hawaiian lava foun-
taining [106], violent Strombolian [107] to intermittent
phreatomagmatic eruptions such as maar-forming [104,
108] can take place during their relatively short lived (days
to years) eruption period [109]. As a result, the shape of
the scoria cone will depend on these variations of the
eruption style.

In addition, scoria cones can be active over years [38,
109-111], commonly forming fissure-controlled chains of
cones [112, 113}, and producing relatively large-volume
complex volcanic edifices that clearly document polycyclic,
or even polymagmatic eruptive nature [38].

5.3.1. Scoria-cones related to Na-alkalic rocks

Scoria cones in the CPR are moderately to strongly
eroded volcanic forms [58, 114]. There is no scoria cone
known to be preserved in its nearly original morpholog-
ical features. They are heavily vegetated, covered, and
in many cases their original morphology is obscured by
post-volcanic mass movements that are not directly related
to volcanic processes. There are a few relatively well-
preserved scoria cones in the BBHVF [114] as well as in
southern Slovakia (Figures 1-2e, 7) [75, 76, 115, 116] and
in the Persant Mts., Romania (Figure 1-7d) [117]. These
cones still can be recognized, in spite of the significant
slope angle reduction from the theoretical 30 degrees to
about 15 degrees. These cones still retain some recogniz-
able crater morphology [114]. The preserved volcanic vol-
umes of the scoria cones of the CPR area are rather small,
and the potential original size of the cones are estimated
to fall in the small end of the cone volume spectrum.

Scoria cones are also point sources of extensive lava flows
in many fields (Figures 7, 8) [118-122]. The longest pre-
served lava flow in the Southern Slovakia — Northern Hun-
gary monogenetic volcanic field that were likely sourced
from a small cone is less than 10 km [75]. With this lava
flow length, this eruption would mark an average lava flow
length, typical for many scoria cone-dominated volcanic
fields. In spite of these preserved elongated lava flows,
the erosion level due to the relatively old age of the cones
prevent finding widespread lava flow fields composed of
linear flow channels. In the northern Hungarian and west-
ern Pannonian Basin monogenetic volcanic fields, it has

been inferred that many lava-capped buttes represent lava
lakes that were confined between tephra rings, and that
occasional overspill of lava initiated some lava flows [43].
These lava flows were then likely to form lava fields in
the lowlands. While this model seems to be logical and
expected in cone-dominated fields, there is little evidence
to support such a scenario. Large lava dominated shield-
like volcanoes from the BBHVF and Southern Slovakia
are still relatively small in volume in comparison to other
similar lava shields in central Mexico, Argentina, or north-
ern Africa. At this stage there is not enough geological
evidence to draw a better picture of the lava field evolu-
tion associated with the monogenetic fields in the CPR
region.

Extensive lava fields, commonly associated with lava
shield volcanoes in the CPR, preserved very little evidence
on their original surface features. Lava plateau surfaces
however occasionally exhibit ropy lava surface textures
such as on the Fekete-hegy in the BBHVF (Figures 1-
1d, 9). These lava flow surfaces indicate pahoe-hoe lava
flow origin, however, they are not common. This either
would mean that they are not preserved or the lava flows
are dominantly not pahoe-hoe types. Lava flow surfaces in
the BBHVF and in the northern Hungarian monogenetic
volcanic fields resemble angular block-dominated, rugged
surface morphology typical for aa lava fields, thus the lava
flow fields associated with monogenetic volcanic fields in
the CPRarea are likely rather aa or blocky types. The
presence of scoria cones in the CPR area can also be in-
ferred on the basis of preserved thin veneers of scoriaceous
ash and lapilli. Lava capped buttes are commonly host-
ing pyroclastic rock units that are strongly welded, ag-
glutinated, and gradually transformed into coarse grained
scoria lapilli succession. This type of preserved rock is
inferred to be an erosional remnant of a core of a scoria
cone. It can be inferred that many of the CPR necks and
plugs are deeply eroded cores of former scoria cones.

5.3.2. Scoria cones related to intermediate calc-
alkaline rocks

In one case we have identified remnants of such a cone
in the northern part of the Tokaj Mts. at the Hun-
gary/Slovakia boundary (Figure 1-4a/b). The cone is now
dissected by a creek and its internal parts are exposed
to observation. It rests on shallow marine clays of the
Sarmatian age and its lowermost part is formed of alter-
nating fine to coarse grained tuff and lapilli tuff horizons
formed by initial hydromagmatic explosive eruptions. The
subsequent Strombolian type eruptions built a 100 m high
scoria cone, being also the point-source of subsequent aa-
to block-type lava flows.
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Figure 7. Left: complex of cinder/scoria cones Bugefi in southern Slovakia and related lava flows; right: details of the scoria cone Medvedia

vySina at the Slovakia/Hungarian boundary [359].

5.4. Domes / Dome-flows

Lava domes are mounds of volcanic rocks that form and
amass on the surface over a vent [123] with steep slopes
extruded from and accumulated above the volcanic vent,
while dome-flows are defined as domes that have expe-
rienced some flow away from the vent [124-127]. They
form as viscous magma cools following its extrusion onto
the surface. The form of lava domes varies with viscos-
ity from tholoids and spines (upheaved plugs) surrounded
by crumble breccias in the case of extreme viscosity to
conical domes with spines of the Peléean type covered
by crumble breccias in the case of high viscosity and to
domes and dome-flows or coulees in the case of medium to
lower viscosity (Figure 10) [36, 126, 128]. Their final shape
is a function of lava viscosity, volume and time of extru-
sion. They may have a steady or episodic growth with em-
placement times ranging from hours to many decades [125].
There are subaerial and subaqueous domes; in a subaque-
ous environment, the outer shell generates hyaloclastites,
a term applied to glassy volcaniclastic rocks formed by
non-explosive fragmentation in the presence of water (e.g.

Batiza and White, [129)).
5.4.1.

A few simple small-sized monogenetic volcanic forms dis-

Dome/Dome-flows related to K-alkalic rocks

playing a flat dome morphology, with the aspect ratio
(height/diameter ratio) different from common taller vol-
canic domes of felsic rocks with higher aspect ratio, occur
in the South Harghita Mts. (Bixad and Luget)(Figure 1-
7¢) and in the southern part of the Apuseni Mts. (Uroiu)
in Romania (Figure 1-5). They show a wide flat top with-
out an obvious crater depression. The basal outline is
quasi-circular or slightly elongated, suggesting the dome-
flow type of volcanic form. They resulted from a single
extrusion event of moderately viscous alkaline magma of
shoshonitic composition and of similar age (Pleistocene).
They apparently were controlled by an east-west strik-
ing South Transylvanian Fault system [130]. The lack of
breccia envelops around the actual massive rock core in
all these cases, leaving their nature open to alternative
interpretations, namely that they might represent shallow
unroofed intrusions. However, their frequent porous tex-
ture and the presence of fumarole-stage minerals in the
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Figure 8. Volcanic forms of alkali basalt monogenetic volcanic field in Southern Slovakia — Northern Hungary [363]. Classification of volcanic

forms in northern Hungary is not available yet.

pores are arguments for their extrusive origin.

5.4.2. Dome/Dome-flows related to intermediate calc-
alkaline rocks

Isolated simple-shaped or compound lava domes occur in
places in the Harghita Mts. range and at the north-
eastern periphery of South Harghita Mts. (East Carpathi-
ans) as the expression of rare monogenetic activity of calc-
alkaline magmas (Figures 1-7c, 11-7c). Sumuleu-Ciuc is

Its overall conical dome
shape and almost circular map outline (ca. 1 km in diam-
eter) is complicated by lateral bulges suggesting a mul-
tiphase extrusion history during its extrusion.

one of the relevant examples.

It is com-
posed of amphibole-biotite andesite. Remnants of a former
breccia envelope or of a crumble/talus breccia apron are
mapped sporadically at the lower peripheries of the dome.

A similar-sized and-shaped solitary dome — Murgul Mare
— was emplaced at the south-western periphery of the
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Figure 9. Volcanic forms of the Bakony-Balaton Highlands alkali
basalt monogenetic volcanic field, Hungary.

South Harghita Mts. in the vicinity of two shoshonitic
domes (Figure 1-7c) to which it strongly contrasts by its
higher height/diameter ratio. Its simple conical shape sug-
gests an extrusion event developed through the central
vent during one single eruptive event. No breccia oc-
currence has been reported so far related to the dome
suggesting a primary absence or erosion of the presumed
clastic envelope of the dome. Its composition is high-K
calc-alkaline amphibole-biotite dacite.

The two domes — Sumuleu-Ciuc and Murgul Mare — share
their particular peripheral position with respect to the
main volcanic range axis. They are the result of a small-
volume, unique effusive eruption of viscous volatile-poor
magma. None of these domes preserved any summit fea-
tures suggesting crater depressions.

Solitary extrusive domes of andesite to rhyolite compo-
sition (Figure 12) occur in the Tokaj, Zemplin, Bere-
govo and Oas areas (Figures 1, 11 — areas 4a, 4d and
4e) [10, 131-133]. Presence of unstable phenocrysts as-
sociations and frequent enclaves point to the involvement
of magma mixing in the origin of the rocks. Individual ex-
trusive domes may exceed 1 km in diameter forming rec-
ognizable rounded hills. Their internal parts are formed
of massive rock with blocky jointing, often showing incip-
ient flow-banding. Hematitization of mafic minerals and
groundmass magnetite suggests interaction with exsolved
steam during the final stage of crystallization. At some
domes, domains of massive rock are separated by sub-
vertical zones of brecciation implying relative movement
of blocks during dome growth. At marginal parts of the
domes, massive rock grades into blocky breccias.

Two solitary dome-flows of biotite-amphibole andesite
composition occur in the central part of Kremnické vrchy
Mts. in the Central Slovakia Volcanic Field (Figures 1-

2a, 13) [134]. They rest on the eroded surface of an older
effusive field infilling the Kremnica graben. In both cases
the substrate slope has driven growing domes into a lat-
eral outflow, creating lava flows up to 100 m thick with
an extended cover of blocky breccia, up to 1 to 2 km dis-
tance. Domes themselves are deeply eroded and formed
by massive andesite with blocky jointing, and glas close
to contacts.

Several lava domes and associated volcaniclastic rocks
that evolved in a shallow marine environment during the
Early Badenian time in the southern part of the Central
Slovakia Volcanic Field (Figures 1-2a, 13) also qualify
as monogenetic volcanic forms. Extensive brecciation due
to contact with water, occurrence of peperitic breccias and
extensive deposits of submarine breccia flows (Figures 14)
are characteristic features [135].

At the western foot of the Diel stratovolcano in eastern
Slovakia (Figures 1, 11 — area 4c) a basaltic andesite
lava dome represents a rare case of a monogenetic para-
sitic vent [136]; it is 300 m in diameter and is formed of
massive rock with platy jointing, showing a fan-like inter-
nal structure.

5.4.3. Dome/Dome-flows related to felsic calc-alkaline
rocks

Lava domes and dome-flows are the most frequent volcanic
forms of felsic calc-alkaline composition. Rhyolite domes,
dome-flows and lava flows have been analyzed and de-
scribed in the Central Slovakia Volcanic field [137, 138].
They form solitary volcanic forms as well as a continuous
field next at the eastern part of the Ziar volcano-tectonic
depression (Figures 1-2a, 13). In analogy with basaltic
monogenetic volcanic fields, they are monogenetic vol-
canoes: the products of a small volume subaerial single
eruption occurring either as dispersed vents, or as indi-
vidual vents. They are of the Middle to Late Sarmatian
age (125-11.0 Ma) [137]. A moderate degree of erosion
enables the study of their internal structure, as well as
their paleovolcanic reconstruction. All of the domes are
endogenous as they have been fed internally [28]. They
represent upheaved plugs, Peléean type domes (most fre-
quent), low domes and dome-flows [36, 126, 128] (Fig-
ure 15). In one case we have observed a regular 50 m thick
lava flow extending for 5 km distance implying a relatively
low viscosity. Internal parts of extrusive domes are formed
of massive and/or spherulitic rhyolite, often with banded
texture showing fan-like orientation. This implies growth
by viscous injection of incoming lava into the central part
of the dome and its lateral spreading. Dome flows may
reach the length 1 to 2 km having thicknesses up to 100 m.
Rhyolitic domes are usually glassy close to the margins
and at the surface of the domes. There are extensive accu-
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Figure 10. Essential types of andesite extrusive domes in the CPR.

mulations of glassy crumble breccias, some of them serving
as perlite deposits (Lehdtka pod Brehmi and Jastraba in
the Central Slovakia Volcanic Field, Figures 1-2a and 13).
Some of the domes have been eroded down to the level
of feeding intrusive roots, showing funnel-like shape with
glassy inward dipping margins at the contact with older
rocks.

Extrusive domes and dome-flows in other sub-regions of
the CPR (Tokaj, Zemplin, Beregovo, Oas, Figure 1-4e)
generally do not differ from those described in the Central
Slovakia Volcanic Field [10, 132, 133, 139]. However, some
of the domes were growing in a subaqueous environment.
Pichler [140] described extreme brecciation of submarine
lava domes due to contact with water at the island of
Lipari, and he used the term acid hyaloclastites for the
resulting glassy breccias. In the CPR extreme marginal
brecciation of this type has been observed at the perlite
deposit Palhaza in the northern part of the Tokaj Mts. in
Hungary (Figures 1, 11 — area 4a) [141, 148]. Extensive
accumulation of perlitic hyaloclastite breccias at the mar-
gin of a dome/cryptodome is in this case accompanied by
zones of peperitic breccias at contacts with deformed soft
sediments. Massive perlite/pitchstone with obscured in-
ward dipping columnar jointing forms internal parts of the
dome/cryptodome.

An isolated rhyolite dome-flow (Orasu Nou) from the
southern part of the Oas Mts. (Figures 1-4e, 16) is an-
other example of extensive quench fragmentation devel-
oped in an extrusive dome grown in a submarine environ-
ment. The strongly flow banded, vesicular glassy lavas
are surrounded by both the in situ and resedimented
hyaloclastites preserving the original lava flow foliation
or showing abundant perlite spheroids [142]. The perlite
spheroids expose a wide range of sizes and shapes, from
mostly spherical 1 cm - 20 cm, to 1 m macro-perlite ovoid
shapes.

massive lava

Dome-flow
coulee

Dome volcanoes

The growth of felsic extrusive domes and/or dome-flows
is usually accompanied by explosive processes that, along
with the lava extrusion, represent one eruptive cycle [18,
143, 144]. Products of such an eruptive cycle, along
with contemporaneous reworked material, build up the
monogenetic felsic extrusive volcanoes (Figure 15) devel-
oped in the Sarmatian Jastrabad Formation (Central Slo-
vakia Volcanic Field, Figures 1-2a and 13) [145, 146]
The early stage in their evolution was either dominated
by phreatomagmatic eruptions due to the contact of ris-
ing magma with groundwater or was dominated by vul-
canian to sub-plinian type of eruptions in the case of
dry bedrock. Phreatomagmatic eruptions led to the for-
mation of tuff-rings in the central zone surrounded by
a fine-grained pyroclastic rim originated from pyroclas-
tic fall and base surge, and reworked tuffs in proximal
and distal zones. Vulcanian and sub-plinian type erup-
tions and related pumice flows and pyroclastic surges
created pumice-dominated tuff-cones in the central zone
surrounded by pumiceous pyroclastic flow, surge and fall
originated pyroclastic rock units and in the proximal and
distal zones reworked pumiceous pyroclastic successions.
Evolution of the volcanoes continued with extrusion of vis-
cous lava. The growth of the dome was accompanied by
extensive brecciation, accumulation of dome top breccias
at its slopes and eventually also by the gravity driven
block-and-ash flows. Periods of the vulcanian type explo-
sive activity created horizons of pumice flow and fall de-
posits that alternate in the proximal zone with reworked
pyroclastic rocks and epiclastic volcanic breccias. Re-
worked tuffs and epiclastic volcanic conglomerates and
sandstones were deposited in the distal zone.
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Cryptodomes

Cryptodome is a variety of lava dome or shallow laccolith
that has grown just beneath the surface [123], commonly in
sedimentary or pyroclastic rocks (Figure 17). Alternatively
it has also been termed as “intrusive” dome [29, 147]. The
growth of a cryptodome typically lifts up overlying rocks
and the growing dome can eventually reach the surface.
Internal structure of cryptodomes is often “onion-skin”
concentric implying ballooning as the principal mecha-
nism of growth [123].

In the CPR, cryptodomes have been identified in the Sar-
matian Jastrabd Formation in Central Slovakia Volcanic
Field (Figures 1-2a and 13) [134] and in Tokaj Mountains
(Figure 1-4a) at Palhdza in NE Hungary where a com-
plex association of Miocene rhyolitic shallow intrusions,
cryptodomes and endogenous lava domes were emplaced
into and onto soft, wet pelitic sediment in a shallow sub-
marine environment [148]. In the Central Slovakia Volcanic
Field the cryptodomes are up to 2 km in diameter, em-
placed in a thick succession of rhyolite tuffs. Their internal
part is massive, affected by interaction with exsolved fluids
(oxidation, subsolidus recrystallization). Massive rhyolite
grades at marginal parts into breccias showing textures
typical for processes of hydraulic fracturing. Apparently,
in this case brecciation is not a result of crumbling due to
extension of solidified carapace but a result of fluid escape
from a crystallizing cryptodome. Escaping fluids altered
overlying tuffs into zeolites [149].

5.5. Shield volcanoes

A shield volcano is a low relief edifice made up of rela-
tively fluid lava flows, having low angle flank slopes [32,
40]. Shield volcanoes are typically of effusive origin. Thin
pahoe-hoe and aa-type lava flows dominate in their struc-
ture. They display typical upward-convex outer slopes
and generally low slope angles due to low viscosity of
lavas [32]. Most of the shield volcanoes are classified
as polygenetic volcanic forms, however, small shields, re-
ferred to as scutulum, occurring in the framework of mono-
genetic volcanic fields are classified as monogenetic vol-
canic forms [40].

5.5.1. Shield volcanoes related to Na-alkalic and ultra-
potassic rocks

In the CPR there are two relevant examples of these types
of volcanic forms:

An ultrapotassic lamproite well-preserved shield volcano
(198 m a.s.L), revealing a sequence of vesicular lava flows
possibly intercalated with some fallout scoria deposits was
found in Banat region, south-western Romania (Figure 1).
It is symmetric, with a 750 m diameter base and a craterial

area of ca. 150 m wide (Figure 18). This isolated lamproite
volcano, dated at 1.32 Ma, is situated at the southeastern
margin of the Pannonian Basin on flat-lying Miocene sed-
imentary rocks which overlie older crystalline basement,
along an important NE-SW fault system [150-152].

A slightly eroded alkali basaltic volcano, 2.4-2.6 Ma old,
located along the South Transylvanian fault system south-
west of the Apuseni Mountains (Figure 1-5) [130, 153]
suggests a shield volcano. Presently, the volcano is cov-
ered by Quaternary deposits, exposed only in quarries. It
has been quarried since the 17th century and is described
as being generated in several eruptive episodes. Bedded
tuffs overlie Pliocene sands and argillaceous sands in the
northern part [154, 155]. The paroxismal activity corre-
sponds to massive outpouring of lavas while the presence
of rare scoria, volcanic bombs and scoriaceous lapilli at the
top of volcano may suggest insignificant strombolian ac-
tivity [156]. A detailed volcanological study of the volcano
is still missing in order to determine if it is monogenetic
or polygenetic.

5.5.2. Shield volcanoes related to intermediate calc-
alkaline rocks

Some small-sized (commonly 3-5 km in diameter) effu-
sive volcanic edifices occurring in the Calimani-Gurghiu-
Harghita volcanic range (East Carpathians) (Figures 1, 11
— area 7) display a cone topography which can be char-
acterized as shield morphology. One typical case is the
6.8 Ma amphibole andesite Borzont volcano in the south-
ern Gurghiu Mts. (Figures 1, 11 — area 7b), located in
between two large composite volcanoes (Seaca-Tatarca
in the north and Sumuleu in the south) [1, 157, 158].

In the northernmost part of the North Harghita volcanic
range (Figures 1, 11 — area 7c), another effusive cen-
ter (Rachitis), developed as a monogenetic volcanic event
building up a flat shield-like cone, made of aphanitic
amphibole andesites, 5.8 Ma in age [1, 157]. Although
the outer slopes are not obviously upward-convex, as at
Borzont, they are neither typically upward-concave as in
the case of composite volcanoes; its lithology and effu-
sive monogenetic nature inclined us to classify it among
the shield forms. In the south-easternmost part of the
Calimant volcanic area (Figure 1-7a) there is a rare, large
(~10 km in diameter) ~85 Ma old calc-alkaline basalt
shield volcano whose lavas have columnar jointing and
marginal vesicular clinker (Sdarmas basalts) [159].

No crater remnants can be recognized at the mentioned
volcanoes. In most cases autoclastic breccias which might
have been associated with these effusive centers were pre-
sumably removed by erosional processes.
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5.6. Intrusive forms

5.6.1. Intrusive forms related to Na-alkalic and ultra-
potassic rocks

Alkali basaltic volcanic forms are associated with intru-
sive necks and plugs common in eroded monogenetic vol-
canic fields across the CPR [58, 73]. Some of them are
well exposed, forming cliffs and/or lava capped hills (Fig-
ure 19). Others are covered and only in open pit quar-
ries it is possible to closely examine the architecture of
such volcanic remnants. By definition necks/plugs sensu
stricto should show almost vertical contacts with the sur-
rounding pre-volcanic basement rocks, while remnants of

lava lakes should show inward dipping contacts with py-
roclastic rocks of the tuff cone. While pointed hills with
cliffs are characteristic forms of necks/plugs s.s. [160, 161],
lava-capped buttes are characteristic of remnants of lava
lakes [58].

Volcanic necks and plugs are commonly columnar-jointed
(Figure 19) with polygonal section columns of three to
eight, mostly five to six sides. The column width varies
from 1 to 5 dm. The columns are normally reqular by
size and orientation, having growth-marks on their outer
surfaces. Orientation of columns can be diverse from
sub-horizontal to vertical arrays with gradual changes.
The changing column orientation is related to the ther-
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Figure 14. Paleovolcanic reconstruction of submarine andesite lava domes and related facies of volcaniclastic rocks in the southern part of

the Central Slovakia Volcanic Field [219].

mal stress influencing the cooling of the trapped magma.
In general, the cooling front is perpendicular to the col-
umn orientation [162-165]. Dikes associated with mono-
genetic alkalic volcanoes are commonly described from
deeply eroded volcanic fields [38, 103, 166].

Extensive intrusive bodies are not normally expected to
be associated with monogenetic volcanoes due to their
short eruption duration and the limited magma volume
involved [167]. Recently however, in many locations,
a potential relationship between shallow magmatic in-
trusive processes and phreatomagmatic volcanism have
been suggested on the basis of 3D architecture of vol-
canic rock facies exposed beneath the syn-eruptive paleo-
surface [103, 168]. In particular, monogenetic volcanic
fields exhumed down to their deeper volcanic conduit
zones showed volcanic facies architecture closely resem-
bling shallow dike and sill complexes beneath the volcanic
edifice at the surface [168]. Kone&n( and Lexa [169] have
reported on a laccolith-like intrusion emplaced in the maar
filling (Figure 20).

A diatreme is the subsurface part of a maar volcano [47,
170]. To express the close relationship between maar
and diatreme, they are commonly referred to as maar-
diatreme volcanoes [171]. Diatremes are vital parts of a
maar-diatreme volcano (Figure 3), and can be envisioned
as vertical pipes filled with volcanic debris located be-
neath the maar crater [171]. Diatremes “store” potentially
the most valuable information on how the magma and wa-

ter interacted and how the resulting fragmented rocks are
transported away from their fragmentation site to the de-
position sites surrounding the craters. The mode of trans-
portation of pyroclast from the explosion site is much un-
der debate and involves various processes generating flu-
idisation, debris jet formation and various vertically mov-
ing pyroclastic density current activities [78, 172-177].

Necks and plugs

The main problem with many necks and plugs in the CPR
is that they are usually located in areas where no other
independent volcanic stratigraphy data are available to
establish the origin of this volcanic feature. Without drill
core, shallow surface geophysical, volcanic stratigraphy
and age data, the interpretation of volcanic erosion rem-
nants forming butte-like hills covered by basaltic rocks
can be very speculative. In locations in southern Slovakia
and the western Pannonian Basin [58] lava-capped buttes
have been associated with minor pyroclastic rocks, com-
monly massive lapilli tuffs with mixed pyroclasts suggest-
ing their vent-filling origin (Figure 21). If such pyroclastic
assemblages have been identified, the volcanic plug and
neck origin can be confirmed. In any other cases the inter-
pretation is rather speculative. Outward dipping columns
would be a characteristic feature for remnants of lava lakes
and such an orientation of columns has been observed at
several localities of central and southern Slovakia (Fig-
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Figure 15. Synthetic paleovolcanic reconstruction of rhyolite extrusive dome monogenetic volcanoes in the CPR [219].

ure 19) [160] and Balaton Highland in Hungary [58].

Dikes

Erosional dike remnants are common in the CPR as cross
cutting exposed volcanic conduits and vent facies (Fig-
ure 3). In spite of the abundance of dikes in the preserved
cores of monogenetic volcanoes, relatively few dikes are
known as an individual volcanic feature outside of the
core of erosional remnants of monogenetic volcanoes in
the CPR. Dikes suspected to represent magmatic bod-
ies intruded along fissure networks of the country rocks
are narrow basaltic rocks that commonly form chains of
basalt-capped hills [178-180]. Due to the vegetation cover
and the possible narrow thickness of these dikes [180],
the lateral correlation and therefore the correct inter-
pretation of these bodies in the CPR area is problem-
atic [58, 179]. A laterally traceable dike swarm has been
reported from the western margin of the BBHVF (Fig-
ures 1-1d and 9) [58, 179, 181, 182]. This dike swarm
follows a NW-SE strike and a slightly curving line that
connects to erosion remnants of phreatomagmatic mono-

genetic volcanoes [168]. The uncertainty of recognizing
dikes as km-scale linear features within CPR monogenetic
volcanic fields could either be the artifact of the ad-
vanced erosion and current vegetation cover, or be the
sign that feeder dikes were rather narrow and short, and
their preservation potential is poor over millions of years
of further evolution of the region.

Individual dikes, however, are common in association
with diatremes and other near-vent pyroclastic succes-
sions of monogenetic volcanoes [87, 183-186]. They com-
monly form swarms in a chaotic fashion. Their width
rarely exceeds the dm-scale range. Dike margins com-
monly display peperites [187], where the coherent mag-
matic body interacts with the host wet pyroclastic succes-
sion [188, 189]. Blocky and globular peperites have been
reported from the western Pannonian Basin [190] and in
southern Slovakia [191, 192]. Dikes intruding Neogene
siliciclastic sediments are common in the western edge of
the BBHVF and form arrested dike networks commonly
with peperitic margin, indicating the water-saturated and
unconsolidated nature of the host sediments at the time
of dike intrusion [193].
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Figure 17. Scheme of a cryptodome (intrusive lava dome) em-
placed in a succession of rhyolite tuffs in Central Slo-
vakia Volcanic Field [137].

Dike-sill complexes and shallow intrusive bodies

In the western Pannonian Basin Neogene siliciclastic sed-
imentary basins have been penetrated by alkaline basaltic
magma forming dike and sill complexes [168]. The erosion
in these areas of exhumed dike and sills represent syn-
eruptive depth of at least 100 meters beneath the syn-
volcanic surface as supported by independent 3D corre-
lation of volcanic units preserved. The basanitic sills are
irreqular in shape and their lateral extent is highly vari-
able suggesting complex conditions upon their emplace-
ment [168]. Individual sills can reach a thickness of a
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Figure 18. Google Earth image of the 1.32 Ma ultrapotassic lam-
proite Sumiga volcano, Banat, Romania. Presently the
volcano is covered by Quaternary deposits and agricul-
tural crops.
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Figure 19. Selected lava necks/plugs in the Northern Hungary —
Southern Slovakia alkali basalt monogenetic volcanic
field [359]. Note that the lava body at the Somoska
castle hill represents a root of a lava lake.

few tens of meters and they commonly form dome-like
structures with rosette-like radial columnar joint patterns.
The margins of sills and dikes are commonly irregular,
peperitic, showing evidences of magma and wet, water-
saturated sediment interaction [190]. Complex changes
from various types of peperite to non-peperitic margins
of intrusive bodies have been interpreted as results of in-
homogeneities in water content and rheology of the sili-
ciclastic deposits during intrusion.
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Figure 21. Architecture of lava buttes in the Bakony-Balaton High-
lands Volcanic Field, Hungary.

Diatremes

In CPR a direct access to diatremes is possible since
erosion is advanced and the diatremes are exposed (Fig-
ure 22), such as in many Miocene to Pliocene phreatomag-
matic volcanic fields in the Pannonian Basin [58, 73].
Many of the Pannonian Basin diatremes are exposed cut-
ting through a typical soft-substrate country rock envi-
ronment dominated by sand, gravel and silt of the Neo-
gene shallow marine to fluvio-lacustrine silicilastic suc-
cession [75, 194]. The meso- to micro-scale textural fea-
tures of the exposed diatremes show evidence of the coarse
mixing between the rising basaltic magma and the host
water-saturated sediments [190]. Disrupted peperitic-
domains are common, as well as plastically deformed

chunks of mud and semi-baked silt in a dm-to-m scale size.
Many quarries exposing diatreme fill made few of these
diatremes world-class sites to understand the emplace-
ment mechanism of mafic magma into water-saturated sed-
iments forming peperitic feeder dikes [190]. The preserved
rocks of the CPR diatremes are various lapilli tuffs and tuff
breccias with a dominantly massive texture [195]. Large
blocks of country rocks from underlying hard-substrate can
be recognized. Cross-cutting dikes and bulbous sill-like
magmatic bodies are present in large diatremes in south-
ern Slovakia and western Hungary [168]. The diatreme
filling pyroclastic rocks are rich in accidental lithic frag-
ments, rounded basaltic lapilli, cored bombs and irregular-
shaped mud chunks indicating active conduit processes,
particle mixing and syn-volcanic mass reorganization typ-
ical for many diatremes worldwide. Diatremes in the CPR
also contain exotic deep-seated crustal and upper mantle
xenoliths indicating rapid ascent of magma from its het-
erogeneous and commonly metasomatized source [59, 196—
198].

Hajnacka

1 - palagonitied hf beaccin with blacks of Eary
Miocere sediments. 2 = subsided block of maar f a)

1 = palagonitized 1ulf breccia: 2 = broccia with scora
fragments; 3 - dike; 4 ~ Early Miocens sediments; 3 -
ash wlls, b) fine wils, c) coarse wif, d) palagonitized scron

st Dreccia, o) lapdil fulf with ecceia fragmants, f)

apgiutinated bombs with scona matrix: 3 — dikes and

short sills: 4 - Eardy Miocans sadiments; 5 - acres

Figure 22. Diatremes Surice and Hajnagka in southern Slo-
vakia [192]. Diatreme filling is exposed due to a deep
erosion of surrounding soft Tertiary sedimentary tocks.
Note that upper part of the Surice diatreme represents
a subsided maar complex.

5.6.2. Intrusive forms related to intermediate calc-
alkaline rocks

Intermediate calc-alkaline intrusions associated with vol-
canic structures are usually andesitic or dioritic, depend-
ing on the intrusion level. They are either (I) “intravol-
canic”: (la) closely related to volcanic core-complexes
(calderas or craters) associated with hydrothermal alter-
ation and mineralization processes [159, 199-202], (Ib) in-
trusions tectonically controlled in earlier volcanic struc-
tures [203-206] or (Il) “hypabyssal”, emplaced in basement
rocks [207]. Most of the intrusions associated with volcanic
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activity are buried and reached only through drilling or
mining works. Unroofed intrusions are found only inside
the calderas [158, 159, 201]. The larger subvolcanic in-
trusions (I) have irregular shapes that are difficult to be
properly characterized, however fitting the volcanic edi-
fice, mostly like stocks; other associated smaller size in-
trusions are represented by necks, sills and dikes.
Intermediate calc-alkaline subsurface intrusions show a
large petrographic range from basalts (gabbro-diorite) to
andesite (diorite) to rhyolites (granite) and a wide range
of textures, commonly related to the depth of cooling.
They usually form independent bodies piercing various
basement lithologies (metamorphic or sedimentary) [207-
210]. The independent intrusions are mostly outcropping
in strongly eroded terranes [211]. Few complex studies
involving K/Ar, Ar/Ar dating, and U-Pb dating on zircon
crystals from successive mineralized and barren intrusions
(e.g. Apuseni Mts.) established their age relationships
with mineralization events in an interval of ~1.5 Ma be-
tween 12.5-11 Ma [212, 213].

Dikes

Dikes are discordant, commonly near vertical, sheet-like
bodies of magmatic rocks, cutting discordantly through
country rocks [214]. In the CPR they cut exposed volcanic
vent area rocks and volcanic deposits outside of the vent
areas, or they cut basement rocks [159, 200, 207]. Some
of the dikes were feeders of volcanic, especially effusive
eruptions. Their thickness varies from decimeters to tens
of meters, length reaching in extreme case to kilometers
(Cserhat Mts. in N Hungary, Figures 1, 11 — area 2c).
Often they show chilled margins with columnar or platy
jointing.

Irregular protrusions or plugs

Irreqular protrusion or plug is a solidified lump of mag-
matic rock filling a volcanic vent or crater [214]. Interme-
diate composition plugs are rare in the CPR. As examples,
we can mention dacitic plugs filling the diatreme-vent ed-
ifice of Rosia-Montana volcano in the Apuseni sub-region
(Figures 1, 11 — area 5) [215] and the lava body at the
top of the Vihorlat stratovolcano in eastern Slovakia (Fig-
ures 1, 11 — area 4c) [216].

Sills

Asill is a sheet-like magmatic body usually emplaced con-
formably in the stratified basement deposits [217]. In the
CPR they mostly occur in basement rocks and rarely as
intrusions in the vent or outside-vent areas [207, 210, 218].
In mature andesite stratovolcanoes they occur frequently
along the volcanic/basement boundary [219] and/or take
part in the structure of volcanic core complexes (an as-

semblage of volcanic and intrusive rocks in central zones
of andesite stratovolcanoes affected by areal alteration)

Laccoliths

A laccolith is an intrusion of igneous rock in the Earth’s
crust which has a sub-horizontal base and spreads and
forces the overlying strata into a dome [184, 220-223]
It is found in the CPR as an exposed subvolcanic in-
trusion in the sedimentary basement in the Visegrad
area in Hungary (Figure 1-2b) [209], Salgétarjan area at
the Hungary/Slovakia boundary (Figure 1-2e) [224], the
Lysa Strdz — Oblik zone in eastern Slovakia (Figure 1-
4b) [225, 226], and in the “Subvolcanic zone” of the East-
ern Carpathians (Figure 1-6) [207]. Laccoliths take part
also in the structure of volcanic core complexes [219].

Stocks

A stock is a quasi cylindrical or irreqular solidified sub-
surface magmatic body with no clear connection to a vol-
canic vent [214]. Such kinds of intrusions are known in
the central part of composite volcanoes in CPR, however
rarely exposed by erosion, and mostly found in mining
works [90, 131, 159, 201, 205, 218, 227, 228]. Diorite por-
phyry stocks are responsible for alterations and intrusion-
related mineralizations in the central zones of mature an-
desite stratovolcanoes. Several individual stocks have
been described crosscutting the basement in the “Subvol-
canic zone” of Eastern Carpathians (Figure 1, 11 — area
6) [207].

5.6.3. Intrusive forms related to felsic calc-alkaline
rocks

Dikes

Felsic dikes in the CPR show a great variability. Rel-
atively thick and short dykes associate with lava domes
and apparently represent their roots in areas of deeper
erosion. They are formed of massive, usually flow-banded
rhyolite with blocky to columnar jointing (sub-horizontal),
often glassy when close to contacts with surrounding
rocks. Another type of dike is fault-controlled, relatively
thin and long. Characteristic is the platy jointing parallel
with the contacts. Frequently they occur at marginal faults
of local horsts. The third type of dike associates with low
sulfidation epithermal systems. They are emplaced at the
same faults as epithermal veins and affected by silicifi-
cation and adularization processes. Thicker dikes of this
type show holocrystalline groundmass and should be clas-
sified as granite porphyry, rather than rhyolite.
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6. Polygenetic volcanoes

In contrast to monogenetic volcanoes, polygenetic volca-
noes have been created by longer-lasting, often recurrent
and voluminous eruptions [35]. Among alkali basalt and
ultrapotassic volcanic forms only a part of maar/diatreme
volcanoes fulfill this definition. Only those are considered
as polygenetic volcanoes, which show increased complex-
ity and evidence for recurrent eruptive activity (see below).

Most polygenetic volcanoes are of intermediate compo-
sition and such the polygenetic volcanoes are the most
widespread in the world [32] as well as in the CPR [2].
Besides alkali basalt monogenetic volcanic fields, poly-
genetic volcanoes of the stratovolcanic type dominate in
all other sub-regions (Figure 1). Intermediate composition
polygenetic volcanic forms are represented also by dome-
flow fields and polygenetic lava fields with no obvious
central volcanic features in volcanotectonic depressions —
grabens. Subvolcanic and hypabyssal intrusive complexes
represent subsurface equivalents of polygenetic volcanoes.

Felsic rocks commonly tend to occur as monogenetic vol-
canic forms (see above). However, they may build up
polygenetic volcanic forms as well. We classify several
(compound) dome-flow complexes as polygenetic. Felsic
calderas and related ignimbrite deposits are other types
of polygenetic volcanic forms occurring in the CPR. Felsic
rocks also occur as an integral part of some calc-alkaline
intermediate composite volcanoes.

Well-preserved felsic and intermediate calc-alkaline and
alkali mafic polygenetic volcanoes are also found in the
Pannonian basin buried by Miocene to Pliocene sedimen-
tary rocks. Their presence is documented by geophysical
data as well as by petrological data and K/Ar dating on
cores [229].

6.1. Maar/diatreme volcanoes

Complex maar/diatreme volcanoes with recurrent eruptive
activity that can be classified as polygenetic are associ-
ated only with Na-alkalic rocks in CPR. In general, maar-
diatreme volcanoes are considered to be monogenetic
phreatomagmatic volcanoes.  During their short-lived
eruption usually small magma volumes are involved pro-
ducing small-scale volcanic landforms [38, 40]. In spite of
this simple model, current research showed numerous evi-
dences that volcanoes considered earlier as monogenetic,
including maar-diatremes, can be complex both from a vol-
canic edifice and chemical point of view [103, 109]. This
paradox can be solved through the introduction of an in-
termediary type in volcano classification where complex
monogenetic volcanoes are somehow distinguished from
sensu stricto monogenetic and purely polygenetic volcanic

landforms [109]. This problem is critical while interpret-
ing large maar-diatreme volcanoes that evidently repre-
sent complex volcanic features which cannot be explained
to have been formed in a single eruptive episode [109].

The CPRis the home of many such complex maar-diatreme
volcanoes that occur in the BBHVF (Figures 1-1d, 9) and
in the Northern Hungary — Southern Slovakia (Négrad-
Gemer) volcanic field (Figures 1-2e, 8).

Complex maar-diatreme volcanoes would clearly be differ-
ent from a typical polygenetic volcano, and would also be
distinguishable from a sensu stricto monogenetic volcanic
landform. (see Terminology). The CPR has numerous
complex maar-diatreme volcanoes [43, 230, 231]. These
are fairly large volcanic complexes, with multiple vents,
commonly in nested array. Their eruption style usually
show great variations besides a single eruptive episode,
as fluctuating from phreatomagmatic to magmatic and vice
versa. Styles may change as a response to the chang-
ing magma flux and external water availability. It seems
that in the CPR such complex volcanoes formed over areas
where larger magma volumes were generated and rising
melts were captured in deep structural zones as poten-
tial pathways to the surface during eruption. They were
“switched on and off” during the total time-span of an
individual volcanic field. Good examples for such volcan-
ism are the Fekete-hegy [43] and Bondoré in the central
part of the Balaton Highland (Figures 1-1d and 9) or the
Ostra Hora and Bulhary (Figures 8,23) in southern Slo-
vakia [232, 233]. In addition, the multiple groundwater
sources and surface water availability provided good sup-
port to form diverse volcanic landforms. Also, given the
fact that the Pannonian Basin was filled with thick Neo-
gene water-saturated sediments, the rising magma likely
followed a complex path in the uppermost hundreds of
meters below the surface. Laterally shifting vents and/or
rejuvenating vents more or less in the same location have
created complex phreatomagmatic volcanoes over time.

6.2. Stratovolcanoes

Polygenetic volcanoes of the stratovolcano type — or
simply stratovolcanoes — are relatively large, long-Llived,
mostly constructional volcanic edifices with upward-
concave outer slopes, comprising lava and volcaniclastic
products erupted from one or several more closely-spaced
vents, including their reworked medial to distal equiva-
lents [35]. They can be (1) simple, corresponding to one
evolutionary stage, showing a high degree of symmetry, (2)
composite, corresponding to several evolutionary stages
separated by periods of erosion, but still with a moderate
degree of symmetry, or (3) compound (multiple) represent-
ing coalesced edifices of several closely-spaced simple
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Figure 23. Evolution of the Bulhary polygenetic maar/diatreme vol-
cano, southern Slovakia [360].

and/or composite volcanoes [28, 32, 34, 35]. The life-span
of stratovolcanoes varies with increasing complexity from
thousands of years to hundreds of thousand years [35].
Radiometric dating of the most complex compound strato-
volcanoes in the CPR, involving several periods of erosion,
however, points to life-spans up to ~3 Ma [2].

Stratovolcanoes and their erosional remnants show a pro-
nounced facies zonality that allows for their recogni-
tion and paleovolcanic reconstruction even in instances
when deep erosion has eliminated their characteristic mor-
phological aspects. Traditionally, the central, proximal
and distal zones [29] or central, proximal, medial and dis-
tal zones [234] are recognized. Davidson and DeSilva [35]
have replaced these terms with terms based on facies as-
sociations: (a) main vent association, (b) cone-building
association and (c) ring plain association, corresponding
more or less to the central, proximal and medial zones of
Mathisen and McPherson [234]. Facies associations pro-
grade outward with increasing size of stratovolcanoes.

Stratovolcanoes in the CPR show a great variability in
size and complexity from simple cones of the dominantly

pyroclastic, stratovolcanic or effusive type to large com-
posite and compound stratovolcanoes involving variably
incorporated monogenetic volcanic forms, calderas, domes
and dome-flows of differentiated rocks and intravolcanic
and/or subvolcanic intrusive complexes. Most of the stra-
tovolcanoes evolved in terrestrial conditions and their dis-
tal zones are represented by fluvial, lacustrine facies.
Some of the stratovolcanoes grew close to the coast of
the coeval Miocene Parathethys Sea, hence they grade
into shallow marine facies at the distal zone.

Stratovolcanoes are formed dominantly of intermediate
calc-alkaline rocks of andesitic composition. However,
mafic and felsic rocks may occur as minor constituents.
Kone¢n( and Lexa [235] have classified andesite strato-
volcanoes of the Central Slovakia Volcanic Field on the
basis of their lithology and complexity. Their classifi-
cation (Figure 24) with minor changes is applicable to
andesite stratovolcanoes in the whole CPR.

6.2.1. Pyroclastic stratovolcanoes

Dominantly pyroclastic stratovolcanoes of pyroxene to am-
phibole pyroxene andesites in their central zone display
cone building facies — vent breccias, coarse pyroclastic
breccias, agglomerates, rare tuffs and horizons of scree
with primary dips of 20 — 30° (Figure 24). In the proxi-
mal zones with primary dips around 15 — 20° these rocks
are accompanied by block-and-ash-flow deposits and rare
coarse debris flow deposits. Block-and-ash-flow and as-
sociated debris flow and mudflow deposits dominate in
the medial zone, with primary dips around 10°. Mudflow
deposits, reworked tuffs and epiclastic volcanic conglomer-
ates and sandstones are characteristic for the distal zone
ring-plain facies. Lithology of pyroclastic rocks points to
explosive activity dominantly of the strombolian and vul-
canian types. Block-and-ash flow deposits imply a tem-
poral growth of extrusive domes. Celovce volcano in the
southern part of the Central Slovakia Volcanic Field (Fig-
ures 1, 11 — area 2a, Figure 13) is of this type [135, 200].
Only the central zone facies association of mostly coarse
pyroclastic breccias and agglomerates is preserved of the
Kamienka volcano in the Vihorlat Mts. in Eastern Slo-
vakia (Figures 1, 11 — area 4c) [216].

At some of the pyroclastic stratovolcanoes, differentia-
tion of magma has lead to the late stage emplacement of
tholoids and/or lava domes of more silicic lava accompa-
nied by block-and-ash-pyroclastic flows (Figure 24). Ly-
sec volcano in the southern part of the Central Slovakia
Volcanic Field is of this type (Figures 1, 11 — area 2a,
Figure 13) [135, 200].

An early transition to summit dome growth results in stra-
tovolcanoes whose final form is determined by extrusive
domes and related pyroclastic deposits including coarse
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Figure 24. Integrated schemes of andesite stratovolcano types in
the CPR [219].

block-and-ash-flow deposit dominated fans that grade
outward into a typical volcanic ring-plain acting as an
accumulation zone of volcanic material of distal primary
pyroclastic flows, and their reworked counterparts — debris
flows, mud flows, hyperconcentrated mud flows and normal
stream flow deposits. Remnants of such the stratovolca-
noes are exposed at ridges of the Bérzsony Mts. [236-238]
and Visegrad Mts. [239] in Hungary (Figures 1, 11 — area
2b).

6.2.2. Stratovolcanoes sensu stricto

Stratovolcanoes sensu stricto (limited meaning of the
term) are those volcanic cones that are composed of al-
ternating pyroclastic rocks and lava flows [40]. It is a

common feature of longer lasting volcanic eruptions that
during their early phase lava is richer in volatiles and
volcanic eruptions are dominantly explosive [28]. Corre-
sponding stratovolcanoes, formed dominantly of pyroxene
and amphibole-pyroxene andesites, have been mostly ex-
plosive during their early stage of evolution, showing fa-
cies associations corresponding to the strombolian and
vulcanian, rarely sub-plinian types of eruptions. How-
ever, diminishing explosivity has lead later to alternating
explosive and effusive activities and finally to dominantly
effusive activity during the late stage of the volcanoes that
created a cover of lava flows (Figure 24) similar to mostly
effusive volcanoes described below. At this stage agglom-
erates, agglutinates and thin lava flows with dips of 20-
25° accumulate in the central and proximal zones, while
thicker lava flows and coarse epiclastic volcanic breccias
with primary dips of 10-15° are characteristic of the me-
dial zone. Epiclastic volcanic breccias, conglomerates and
sandstones make up the distal zone sequences [200]. Indi-
vidual stratovolcanoes differ by relative proportion of the
explosive and effusive stages products. An initial hydro-
magmatic explosive stage has been observed at volcanoes
that have started their activity in the shallow marine en-
vironment. In more eroded volcanoes, dikes, sills and lac-
coliths were observed in their central zones that represent
intrusive counterparts to the late stage effusive parts of the
stratovolcano.

Stratovolcanoes of this type are the most frequent in the
CPR region. Polana and Remata stratovolcanoes in the
Central Slovakia Volcanic Field (Figures 1, 11 — area
2a, Figure 13) [200] and the majority of stratovolcanoes
in the Slanské vrchy and Vihorlat mountain ranges of
Eastern Slovakia (Figures 1, 11 — areas 4a,b) [91], Gutin
Mts. of Transcarpathia in Ukraine (Figures 1, 11 — area
4c) [10, 132] and the Calimani-Gurghiu-Harghita range in
Romania (Figures 1, 11 — area 7) [202] belong to this type.

6.2.3. Effusive stratovolcanoes

Stratovolcanoes of this type differ from the previous ones
in relative proportion of the explosive and effusive stages
(Figure 24). Explosive activity of the strombolian and/or
vulcanian type plays a substantial role only at the early
stage of the stratovolcano evolution. Later on effusive ac-
tivity dominates — effusive rocks dominate in their struc-
ture and morphology. This aspect is reflected in lower
primary dips in the central and proximal zones and in a
higher resistance to erosion due to thick accumulation of
lava flows in their proximal zone. However, they still pre-
serve the upward-concave morphology due to syngenetic
erosion and accumulation of epiclastic volcanic rocks in
the medial and distal zones. That makes them differ-
ent from shield-like composite volcanoes described below.
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Primary dips of effusive stratovolcanoes reflect viscosity of
lava flows and in turn their composition [35]. More silicic
lavas create steeper cones. Tokaj Hill volcano in NE Hun-
gary represents an example. Here, dacitic lava created an
effusive cone with unusually steep slopes.

Stratovolcanoes of this type are almost as frequent as
the preceding ones in the CPR region. Flochovd and
Vtécnik stratovolcanoes in the Central Slovakia Volcanic
Field (Figures 1, 11 — area 2a, Figure 13) [200] and a
large part of stratovolcanoes in the Tokaj Mts. of NE
Hungary (Figure 1-4a) [139], in the Slanské vrchy and
Vihorlat mountain ranges of Eastern Slovakia (Figure 1-
4b) [91], Gutin Mts. of Transcarpathia in Ukraine (Fig-
ure 1-4c) [10] and the Calimani-Gurghiu-Harghita range
in Romania (Figure 1-7) [202] belong to this type.

6.2.4. Stratovolcanoes with late-stage intrusive activ-
ity

A characteristic feature of large and mature andesite
stratovolcanoes is the late-stage emplacement of in-
travolcanic and subvolcanic intrusions (Figure 24). In-
travolcanic sills and laccoliths have intruded along and
above the basement-volcanic complex boundary due to
the density contrast (basement density is higher and vol-
canic complex density is lower than density of andesite
magma) [200]. Emplacement of subvolcanic sills and lac-
coliths is limited to stratovolcanoes with sedimentary rock
basement. An important event in the evolution of andesite
stratovolcanoes represents the emplacement of subvol-
canic/intravolcanic stocks of diorite porphyry. Emplace-
ment of high-level stocks initiates hydrothermal processes
that alter the internal parts of volcanoes and create ep-
ithermal mineralizations [240]. Extensive alteration en-
ables fast erosion in the central zone of the volcano and
can be a cause of its sector collapse (see below).

Only few andesite stratovolcanoes in the CPR have
been eroded deeply enough to expose their intravol-
canic/subvolcanic intrusive complex and associated alter-
ation/mineralization. These are Polana and Javorie stra-
tovolcanoes in the Central Slovakia Volcanic Field (Fig-
ures 1,11 — area 2a, Figure 13) [241, 242], Zlata Baiia stra-
tovolcano in the Slanské vrchy mountain range in East-
ern Slovakia (Figures 1, 11 — area 4b) [90] and Popritny
stratovolcano at the Slovakia/Ukraine state border (Fig-
ures 1, 11 — area 4c) [10]. At less eroded stratovolcanoes
their intrusive complexes are not exposed. However, their
presence in depth is inferred on the basis of alterations,
drilling or interpretation of geophysical data. In this way,
intrusive complexes have been confirmed at many of the
above mentioned stratovolcanoes in the Slanské vrchy and
Vihorlat mountain ranges in Eastern Slovakia, Gutin Mts.
in Ukraine and in the Calimani-Gurghiu-Harghita Mts. in

Romania (Figures 1, 11 — areas 4b, 4c and 7 respectively).

6.2.5. Collapsed stratovolcanoes

Volcano instability has been recently recognized as a sig-
nificant catastrophic landform modification process [243-
245]. Current research has recognized that nearly every
volcanic setting shows results of volcano failure and their
associated large volume volcanic debris avalanche de-
posits and typical hummocky terrains [246-251]. Volcano
instability has not only been recognized on terrestrial vol-
canoes, but increasing amount of evidence indicates its im-
portance of landscape evolution of volcanic islands around
the globe [252-254].

Edifice failure in the form of lateral collapse has been
pointed out at two large stratovolcanoes in the Calimani-
Gurghiu-Harghita volcanic range (East Carpathians),
Rusca-Tihu (Calimani Mts.) (Figures 1, 11 — area 7a)
and Varghis (North Harghita Mts.) (Figures 1, 11 — area
7¢) [8]. These destructive events resulted in the generation
of large-volume debris avalanche deposits spread out over
large territories and of horseshoe-shaped depressions left
behind at the edifice center. They strongly marked both
the further evolution of the volcanoes and the topography
and hydrography of their environs. The main character-
istics of the two debris avalanche events are summarized
in Table 1. The Rusca-Tihu volcano sector collapse oc-
curred at ca. 8 Ma b.p. as a consequence of gravitational
instability resulting from rapid growth of the stratovol-
canic edifice through high-frequency eruptions of basaltic
andesite magma. It was followed by intensification of vol-
canic activity which “healed” the debris avalanche depres-
sion. The failure event was directed sectorially (sector
collapse) toward the west, south-west and south, prob-
ably due to tectonic uplift of the basement beneath the
northern flank of the volcano. In contrast, the volcano
collapse event at Varghis volcano at ca. 5 Ma cannot be
related to a particular eruptive event, nor was it followed
by significant post-collapse activity, so that its horseshoe-
shaped depression is still recognizable in the present-day
volcano topography. The resulting debris avalanche de-
posit covers large surfaces to the south and south-west of
the volcano, including areas later covered by products of
the younger South Harghita volcanoes (Figure 1-7c). The
direction of the debris avalanche transport as well as of
the collapse itself was determined by the NNE-striking
horst-and-graben structure whose extension beneath the
Harghita volcanoes was documented geophysically.

The recent identification of debris avalanche deposits
(DADs) originating from the southern edge of the Ignis
volcano (1306 m, highest of the Gutdi Mts., Figure 1-
4f, 16) is closely connected to an important strike-slip
fault system [255]. The flank failure event has left an
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Table 1. Summary of characteristics of the debris avalanche de-
posits in the Céalimani-Gurghiu-Harghita volcanic range
(acc. to Szakacs and Seghedi, [8]).

Volcano  Surface covered Volume Runout distance Drop

(km?) (km3) (km) (km)
Rusca-Tihu 870 26 55 1.4
Varghis 520 13 45 13

E-W-oriented horseshoe-shaped scar with an estimated
volume of material removed of at least 0.35 km? and an
estimated area covered of at least 4,345 km?. The de-
posit is a mega breccia with a variable amount of coarse
matrix with jigsaw-fractured blocks, large boulders, and
several southward-elongated hummocks up to 1800 m dis-
tance from the scar. Between 720-850 m altitudes the
DADs contain megablocks of 5-12 m thick and up to 100 m
long of layered fine-grained poorly consolidated pyroclas-
tic materials of interlayered ash and lapillistone of fallout
origin, and clay beds rich in vegetation remnants (known
as the “Chiuzbaia flora” of similar age as the surrounding
lava flows, i.e. ca. 10-7 Ma) and diatoms.

6.2.6. Stratovolcanoes with caldera or volcanic graben

Evolution of large mature stratovolcanoes is eventually
interrupted by evolution of calderas or volcanic grabens.
Calderas are large volcanic depressions, more or less cir-
cular in form, the diameter of which is many times greater
than included vents [45]. They generally associate with
some kind of a roof collapse of an underlying shallow
magma chamber [256] that can be caused by a volumi-
nous explosion of the Plinian type or a large scale out-
flow of lava. Volcanic grabens (or sector grabens, [256])
represent caldera-like volcanic depressions heavily influ-
enced by regional extension tectonics. Volcanic grabens
hosted by a single composite stratovolcano should be dis-
tinguished from volcano-tectonic grabens or depressions
that in turn usually host products of more than one in-
dividual volcano. Calderas and volcanic grabens asso-
ciate especially with those stratovolcanoes whose mag-
matic system has created a shallow magma chamber in
which differentiation has taken place towards felsic mag-
mas of lesser density, enriched in volatiles. Evolved rocks
form dome-flow complexes or thick units of ignimbrites in
caldera/graben filling and take part in the emplacement
of coeval intravolcanic/subvolcanic intrusions. Formation
of a caldera or volcanic graben may, or may not be the
last event in the evolution of the stratovolcano. Post-
caldera or post-graben volcanic activity creates new vol-
canic cones, often with vents at marginal faults that cover
the caldera/graben rim. Subsidence of large calderas as-
sociated with silicic magma chambers is often followed by

resurgent updoming in their central part caused by em-
placement of silicic magma underneath the dome. Such
calderas are termed resurgent calderas [45, 257-259].

The Calimani caldera structure (Figures 1, 11 — area 7a,
Figure 25), ca. 9 km in diameter, represents the final major
volcanic episode of the Calimant stratovolcano [159], be-
ing the largest in the Calimani-Gurghiu-Harghita range,
Romania. Its last products, mainly lava flows, partially
cover the row of NNE-trending older stratocones in the
west, the “Dragoiasa dacite Formation” and the volcani-
clastic deposits of the older Rusca-Tihu volcano and the
“Lomas Formation” in the east and south. The pre-caldera
Calimant edifice consists of large-volume andesitic lavas.
Flow directions of the lavas were dependent on local to-
pography, with south- and east-directed slopes, originat-
ing from at least four independent vents. A huge volume
of lava, estimated to be in excess of 10 km?, was erupted
in a relatively short period of time (ca. 300 Ka), as con-
strained by K-Ar data [157]. The caldera, with a current
summit rim altitude of ca. 2000 m a.s.l., was a result of
the collapse initiated by this large-volume effusive erup-
tion. The horseshoe shape of the caldera is inferred to be
related to a half-block tilting downward the southeastern
part from a NE-SW oriented hinge, resulting in a trap-
door type caldera. Post-caldera volcanism is represented
by few andesitic stratovolcanic cones in the interior of the
caldera followed by extensive hydrothermal alteration. A
large monzodioritic-dioritic resurgent subvolcanic intru-
sion is exposed in an area of about 11 km? in the central
part of the caldera. Three dacitic domes located on the
caldera rim and outer slopes are also late post-caldera
features.

Fancel/Lépusna in the northern part of Gurghiu Mts. (Fig-
ures 1,11 — area 7b) is the second caldera of the Calimani-
Gurghiu-Harghita range (Romania), formed at ca. 8 Ma on
top of a former typical stratovolcanic cone during a large-
volume Plinian-type explosive eruption of amphibole an-
desite composition. Its pumice fall and pumice-and-ash-
flow deposits and their reworked counterparts are largely
exposed to the north and east of the caldera [158]. Post-
caldera activity includes intrusions in the southward-open
semicircular caldera interior. The Bacta dome complex at
its south-eastern periphery (see below, section 6.2.3.) can
also be viewed (in one version of possible interpretations)
as a result of the post-caldera volcanism; its age range is
consistent with such a view.

An extensive caldera associates with a mostly effusive
composite volcano in Matra Mts. in Hungary (Fig-
ures 1, 11 — area 2¢) [260]. The caldera,10 km in diameter,
hosts a diorite porphyry intrusive complex with associated
base-metal epithermal mineralization and two late stage
rhyolite lava domes. A complex of andesite lava flows fill-
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Figure 25. Simplified volcanological sketch of the Calimani and northernmost Gurghiu Mts. (according to Seghedi et al. [159]).

ing the caldera is affected by propylitic alteration.

The Polana stratovolcano of the Sarmatian age (around
125 Ma? [241]) in the eastern part of the Central Slo-
vakia Volcanic Field (Figures 1-2a, 13) shows relatively
well preserved morphology with extensive caldera and
central intrusive complex. No collapse features and as-
sociated volcanic activity has been observed. In this case
the caldera is a result of extensive erosion. The strato-
volcano rests on remnants of an older denudated andesite
stratovolcano that hosts a small caldera associated with
rhyodacite extrusive and explosive volcanic activity. Di-
ameter of the caldera is about 3 km. Together they form
a compound polygenetic volcano [241].

The Javorie stratovolcano in the eastern part of the Cen-

tral Slovakia Volcanic Field (Figures 1-2a, 13) represents
a stratovolcano with volcanic graben [242]. It is a large
compound andesite stratovolcano 30 km in diameter with
partially preserved morphology and a sectorially devel-
oped volcanic graben in its central and northeastern parts
(Figures 13, 26). The volcano evolved in five stages that
took place in the time interval of 14.4-12.3 Ma (Konec¢ny
and Pécskay, unpublished data): (1) formation of a large,
dominantly effusive pyroxene and amphibole pyroxene an-
desite stratovolcano; (2) initial subsidence of the graben
accompanied by effusive activity of mafic andesites giving
rise to a complex of lava flows and hyaloclastite brec-
cias; (3) continuing subsidence of the graben accompa-
nied by emplacement of pyroxene-amphibole andesite to



Jaroslav Lexa, loan Seghedi, Karoly Németh, Alexandru Szakéacs, Vlastimil

Konec¢ny, Zoltan Pécskay, Alexandrina Fllép, Marinel Kovacs

dacite extrusive domes and related pyroclastic/epiclastic
breccias; (4) emplacement of diorite porphyry to monzo-
diorite stocks hosting advanced argillic alterations and
Au-porphyry mineralization; and (5) post-graben activity
giving rise to dominantly effusive stratovolcanic complex
grading outward into accumulations of epiclastic volcanic
breccias in the medial zone and epiclastic volcanic con-
glomerates and sandstones in the distal zone.

Stratovolcana with volcanic graban

comaffiow complox

pri-graten
_iratovoicane

Stratovolcane with a caldera and vol I ic int

post-caloers dorall
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Figure 26. Schematic paleovolcanic reconstruction of composite
stratovolcanoes with volcanic graben resp. caldera in
the Central Slovakia Volcanic Field [219]. The Javorie
stratovolcano (the upper one) is shown before the post-
graben andesite stage. The Stiavnica stratovolcano
(the lower one) is shown before the resurgent horst up-
lift and associated rhyolite activity.

The Stiavnica stratovolcano in the Central Slovakia Vol-
canic Field with its 50 km diameter and area of over
2000 km? is the largest volcano in the CPR (Figures 1-
2a, 13, 26, 27). However, its primary morphology is not
preserved due to extensive erosion and differential up-
lift and subsidence. The stratovolcano hosts a resurgent
caldera 20 km in diameter and extensive subvolcanic in-
trusive complex. The Stiavnica stratovolcano evolved in
five stages [200, 262, 263] during the time interval 15.9-
10.7 Ma [2]: (1) formation of a large pyroxene and am-
phibole pyroxene andesite compound polygenetic volcano
whose stratovolcanic complex in the proximal zone grades
outward into accumulations of epiclastic volcanic breccias
in the medial zone and shallow marine epiclastic vol-
canic conglomerates and sandstones in the distal zone;

(2) break in volcanic activity and extensive denudation
of the volcano, contemporaneous emplacement of subvol-
canic intrusive complex of diorite, granodiorite, granodi-
orite porphyry and quartz-diorite porphyry, dominantly
by the mechanism of underground cauldron subsidence;
subhorizontal discontinuities among crystalline basement,
Late Paleozoic and Mesozoic sedimentary rocks and vol-
canic complex were used as primary zones of detachment;
the early emplacement of diorite in the northern part of the
intrusive complex was soon followed by the emplacement
of granodiorite pluton extending over the area of 100 km?;
subsequent emplacement of granodiorite to quartz diorite
porphyry stocks and dike clusters took place around the
pluton; emplacement of the extensive system of quartz-
diorite ring dikes and sills reaching into the lower part of
volcanic complex concluded its evolution; (3) subsidence
and formation of a caldera 20 km across accompanied by
voluminous extrusion of differentiated biotite-amphibole
andesites giving rise to a dome-flow complex filling the
caldera in thickness up to 500 m; (4) renewed explosive
and effusive activity of undifferentiated andesites in the
caldera and along its marginal faults giving rise to sev-
eral post-caldera volcanoes of smaller size; (5) uplift of a
resurgent horst in the central part of the caldera accom-
panied by emplacement of rhyolite dikes and epithermal
veins at its faults. Thanks to the uplift of the resurgent
horst, erosion has reached basement and exposed the sub-
volcanic intrusive complex (Figure 27). Association of the
caldera with the pluton-size subvolcanic intrusion allows
for a use of the term “volcano-plutonic complex”.

6.3. Polygenetic volcanoes with shield mor-
phology

This category of volcanic forms include those simple poly-
genetic volcanoes (as defined by Francis, [32]) that re-
semble shield volcanoes in their external shape while
their rock composition and internal make-up do not dif-
fer from those of lava-dominated stratovolcanoes. Mac-
Donald [28] has used for this type of polygenetic vol-
canoes the term “lava cones”. A number of intermedi-
ate composition calc-alkaline volcanoes in the Calimani-
Gurghiu-Harghita range (Figures 1, 11 — area 7) recorded
as stratovolcanoes [202] display unusual topographic fea-
tures. Instead of upward-concave outer slopes typical for
stratovolcanoes, they have rather upward-convex profiles
characteristic for shield volcanoes. Relevant examples are
from North Harghita (lvo-Cocoizas) and South Harghita
(Luci-Lazu) (Figures 1, 11 — area 7c). Both of them are
lava-dominated in their cone facies portion, as their neigh-
boring edifices display the typical upward concave stra-
tovolcano morphology. Considering similarities between
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Figure 27. Volcano-plutonic complex of the Stiavnica stratovolcano in the Central Slovakia Volcanic Field. Modified after Lexa et al. [201].

the eruptive products of these composite volcanoes their
contrasting morphology (stratovolcano versus shield mor-
phology, respectively) still needs to be explained.

6.4. Dome/flow complexes

A dome/flow complex is a special type of compound poly-
genetic volcano. It is an assemblage of nested lava domes,
dome-flows and related pyroclastic and epiclastic volcanic
rocks spaced so closely in space and time that they are
considered rather as one polygenetic volcano instead of
a group of monogenetic volcanoes. Dome/flow complexes
with relatively closely spaced vents and longer lasting re-
current explosive and/or extrusive activity fulfill the defi-
nition of the polygenetic volcanic form as defined by Fran-
cis [32], Davidson and De Silva [35] and Németh and Mar-
tin [22]. Dome/flow complexes are formed by viscous lavas
of intermediate or felsic calc-alkaline composition.

6.4.1. Intermediate composition dome/flow complexes

Intermediate composition dome/flow complexes in the CPR
occur as autonomous polygenetic volcanoes (Ciomadul

volcano in South Hargita Mts., Figsures 1, 11 — area 7¢)
or as parts of compound andesite stratovolcanoes show-
ing morphological individualization; that is the case of the
dome/flow complex in the volcanic graben of the Javorie
stratovolcano and dome/flow complex filling the Stiavnica
caldera in the Central Slovakia Volcanic Field (Figures 1-
2a and 13).

The 7.0-75 Ma old dome complex (Bacta) showing no
crater remnants in its present day topography is located
at the south-eastern periphery of the Fancel-Lapusna
caldera (Gurghiu Mts., Figures 1, 11 — area 7b) [158]. It is
questionable whether it represents an individual volcanic
form or if it is part of the edifice of the larger Fancel-
Lapusna volcano. Its polygenetic nature (interpretation
favored by the authors) is suggested by the K/Ar age
data ranging ca. 0.5 Ma which is larger than any pos-
sible monogenetic activity. However, given the limited
resolution of the K/Ar dating method at such ages, the
monogenetic nature of the dome complex cannot be ruled
out.

Ciomadul (at the southern tip of South Harghita Mts., East
Carpathians, Figures 1, 11 — area 7c), the volcano with the
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most recent eruption in the whole CPR, is a typical exam-
ple of a dome complex resulted from extrusion of viscous
(high-K dacitic) magma. Following a quite low frequency
dome-forming eruption stage spread out over ca. 1 Ma,
during which a central tightly-packed dome assemblage
formed surrounded by isolated peripheral domes, two late-
stage explosive events shaped the fresh-looking present
day volcano topography whose prominent features are the
two craters: the older Mohos (filled with a peat-bog) and
the younger Sf. Ana (hosting a crater lake). The oldest
domes (Balvanyos, Puturosul, Haramul Mic) are strongly
eroded while those of more recent ages (e.g. Dealul
Cetdtii, Haramul Mare, Ciomadul Mic) show their initial
dome morphology intact. Talus breccias are present at
Dealul Cetatii. The larger and shallower Mohos crater
resulted from a phreatomagmatic eruption of unknown age
(probably close to that of the Sf. Ana crater). The most re-
cent eruption of (sub) plinian/phreatoplinian type occurred
through the Sf. Ana crater sometime in the interval of 42-
11 Ka, according to radiocarbon ages [264, 265]. The py-
roclastic deposits of these explosive eruptions partly cover
the previous dome rocks, while reworked tephra was trans-
ported farther away around the dome complex as debris
flow deposits or redeposited in local lacustrine environ-
ments.

The dome/flow complex in the volcanotectonic graben of
the Javorie stratovolcano (Figure 13, 26) is composed
of amphibole-pyroxene and pyroxene-amphibole plugs,
lava domes and dome-flows [242]. Marginal parts of
domes grade into thick accumulations of crumble breccias.
Among lava domes there are accumulations of block-and-
ash pyroclastic flow deposits and mostly coarse epiclastic
volcanic breccias.

The dome/flow complex filling the Stiavnica caldera (Fig-
ure 13, 20) is as extensive as the caldera, i.e. 20 km in
diameter with thickness of up to 500 m. Extensive dome-
flows, domes and rare plugs of biotite-amphibole andesites
are accompanied by thick zones of crumble breccias, rare
block-and-ash-flow deposits and mostly coarse epiclas-
tic volcanic breccias [262]. Pumice flow deposits and re-
worked tuffs occur locally. Primary morphology of lava
domes is obscured by extensive erosion.

The complex of Early Badenian garnet-bearing andesite
extrusive domes and related volcaniclastic rocks in the
Borzsony Mts., Visegrad Mts. in Hungary and Burda hills
in Slovakia (Figures 1, 11 — area 2b) evolved in a shallow
marine environment [238, 239, 266]. Contact with water
is reflected in extensive, often almost complete, breccia-
tion of lava domes. Gravitationally unstable accumula-
tions of crumble breccias enabled mobilization of slumps
and subaqueous breccia flows whose deposits dominate in
the complex, partially in the form of relatively low angle

aprons around lava domes (compare Figure 14). In the
distal zone, breccias wedge out in a succession of con-
glomerates and sandstones.

6.4.2. Felsic dome/flow complexes

Felsic dome/flow complexes may associate with calderas
and may represent the central zones of silicic explosive
volcanoes (ignimbrite shields) [45]. The dome/flow complex
is not composed of domes and dome-flows only. Aprons
of blocky breccias, block-and-ash pyroclastic flow de-
posits, debris avalanche/flow deposits, phreatomagmatic
and phreatoplinian type pyroclastic flow, surge and fall
deposits variably take part in their structure too (Fig-
ure 28). Mutual overlapping of edifices is a characteristic
feature.

The dome/flow complex of the Middle to Late Sarmatian
Jastraba Formation in the Central Slovakia Volcanic Field
(Figures 1-2a and 13) is associated with a subsidence of
the Ziarska kotlina volcano-tectonic depression. A com-
plex of overlapping edifices is up to 400 m thick and in-
cludes [134, 146]: (1) early rhyodacite domes with associ-
ated pumice flow/fall deposits and debris flow deposits; (2)
a succession of phreatomagmatic/phreatoplinian tuffs and
pumiceous tuffs; (3) overlapping edifices of extrusive vol-
canoes as defined in the part 1.3.2 above; (4) cryptodomes
emplaced in the succession of tuffs; (5) a horizon of re-
worked tuffs, tuffaceous sediments and lacustrine silici-
clastic deposits corresponding to a break in volcanic activ-
ity; (6) the youngest pumiceous fall-out tuff and overlying
lava flow.

Silicic dome-flow fields showing recurrent activity occur in
the Central Slovakia Volcanic Field (Figures 1-2a and 13)
and Tokaj Mts. in northeastern Hungary (Figures 1, 11 —
area 4a). Dome/flow fields in Tokaj Mts. are quite ex-
tensive [139]. Clusters of extrusive domes and dome-flows
associate with aprons of breccias, often perlitic, reworked
breccias and extensive accumulations of tuffs in the sur-
rounding area. Only few modern volcanological analyses
have been carried out in this region [148].

6.5. Polygenetic lava fields

In the CPR there are several occurrences of polygenetic
lava fields of the intermediate calc-alkaline composition
that do not show relationship with a polygenetic volcano
of the stratovolcanic type. With few exceptions they take
part in filling of volcano-tectonic depressions and we as-
sume that they have been created by fissure eruptions
along marginal faults of such depressions. As they oc-
cur in areas of subsidence, lava flows often associate with
hyaloclastite breccias, autochtonous or reworked and rare
hydromagmatic pyroclastic rocks. Effusive complexes in
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Figure 28. Scheme of a felsic dome/flow complex. Based on the structure of the Jastraba Formation in the Central Slovakia Volcanic Field [219].

the filling of the Javorie stratovolcano volcanic graben
and Kremnica volcano-tectonic graben in the Central Slo-
vakia Volcanic Field (Figure 13) are described elsewhere.
Rare necks, feeder dikes and extensive pyroxene andesite
lava fields accompanied by hyaloclastite breccias make
up the volcanic complex in Cserhat Mts. and in the east-
ern part of Matra Mts. in Hungary (Figures 1, 11 —
area 2c) [260, 267]. Quite extensive andesite lava fields
with hyaloclastite breccias have been observed also in the
northern part of Tokaj Mts. (Figures 1, 11 — area 4a). In-
dividual lava flows are 15-50 m thick, coarse hyaloclastite
breccias representing anywhere between 30 to 90% of their
volume. An origin in the shallow marine environment is
proven by interfingering with fauna-bearing marine sedi-
ments and peperitic breccias at lava/sediment contacts.

A lava field of this type extends over an area of ca. 80 km?
in the northern part of Gutai Mts., Romania (Figures 1, 11
— area 4f), where it represents the youngest part of a
volcano-tectonic graben filling. The thickness of the ef-
fusive complex is variable, reaching 500 m in the center
of the graben. The effusive complex evolved in a terres-
trial environment. However, hyaloclastite breccias and
phreatomagmatic pyroclastic rocks at its base indicate
that its evolution started in a shallow subaqueous en-
vironment.

6.6. Felsic calc-alkaline caldera volcanoes
and related ignimbrite fields

Calderas are large volcanic depressions, more or less cir-
cular in form with a diameter many times greater than
that of the included vents. Their formation is related
to some form of roof collapse over an underlying shal-
low magma reservoir related to large-volume eruptive
events [45]. Calderas may occur on top of large composite
or compound volcanoes or as volcanic forms independent
of the central-type pre-existing volcanic form. The latter
are called caldera volcanoes given the fact that their over-

all topography is dominated by the large (up to 20-40 km
across) collapse-related depression. As a rule caldera vol-
canoes include an extensive ignimbrite field surrounding
the caldera.

A felsic caldera volcano with associated ignimbrites occurs
west of Gutai Mts. in northern Romania (Figure 1, 11 —
area 4e). The 15.4 Ma caldera-related rhyolite ignimbrites
belong to the group of eroded volcanic forms with rem-
nants of original morphology preserved [268]. The unidi-
rectional caldera outflow can be traced at the surface and
underground from the West to the East along the south-
ern part of the Gutai Mts. for 20 km. The original wedge
morphology shows upwards and downwards displacements
along the major faults crosscutting the southern part of the
mountains (Figure 29). The distalmost outcrop of the ign-
imbrites is located towards the East, near the Firiza Lake.
The incomplete caldera ring (with a diameter of approxi-
mately 10 km) was outlined by the south-western corner
of the Gutdi Mts. and the eastern complex system of faults
from the Ilba valley. Despite the lack of the visible caldera
morphology, the caldera fill can be spatially located on the
basis of numerous and reliable drill core data. It consists
of ca. 350 m thick densely welded ignimbrites topped by
several meters of ash fall tuffs and a ca. 350 m thick suc-
cession of reworked pyroclastic rocks, mostly volcaniclas-
tic conglomerates and sandstones as well as pumice-rich
layers interbedded with deep water sediments (Figure 29).
The buildup of this syn-volcanic succession was triggered
by caldera subsidence and the outcrops from all over the
area show complex mass movements entraining unconsol-
idated pyroclastic rocks.

Large-volume eruptions of felsic calc-alkaline magma at
the early stages of Neogene volcanic evolution in the
CPR generated widespread ignimbrite fields in the intra-
Carpathian regions. They are mostly covered by younger
sedimentary rocks of the Pannonian Basin and are ex-
posed in only limited areas at the basin margins, such as
in the Biikk Foreland (Northern Hungary) (Figures 1, 11
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Figure 29. A model of the felsic caldera west of Gutai Mts., Romania.

— area 2d), but encountered in many boreholes. These
rhyolitic to dacitic ignimbrite sheets consist of numerous
flow units and their reworked counterparts (e.g. debris
flow deposits), as well as thin Plinian ash-fall deposits
located commonly at the base of the ash-flow deposits.
Both welded and non-welded ignimbrites (ash-flow tuffs)
are recorded. Traditionally, three main phases of explo-
sive volcanic activity resulting in three tuff complexes are
distinguished within the Pannonian Basin in the Lower
to Middle Miocene time interval. Their large volumes
and widespread occurrence strongly suggest that they re-
sulted from caldera-forming eruptions. Two caldera lo-
cations have tentatively been identified by using trans-
port direction indicators and geophysical data in an area
south of the Biikk Foreland [269]. Due to the complexity
of the ignimbrite piles, it is very likely that the caldera-
type volcanic centers were long-lived. Being buried under
younger sediments, their detailed investigation is strongly
limited; hence their actual volcanic forms and features of
the presumed caldera volcanoes are as yet largely un-
known.

A widespread tuff complex, traditionally named ,the Dej
Tuff”, occurs throughout the whole Transylvanian Basin
(between Apuseni Mts. at the west and the Calimani-
Gurghiu-Harghita range at the east in Romania), encoun-
tered in outcrops along its rims and in boreholes in the
basin interior. Most of the ca. 15 Ma old tuff complex up
to 116 m thick consists of numerous submarine-deposited
tuff layers of rhyolite composition resulting from reworked
loose tephra deposited as subaqueous volcanic debris flow
deposits and high- to low-concentration volcaniclastic tur-
bidite deposits [270]. In only few outcrops primary slightly
welded ignimbrites are found, suggesting the origin of the
large-volume rhyolitic tephra in the Plinian type erup-
tions, related probably to a caldera formation. Detailed
study of chemical sequences demonstrated the occurrence
of at least three large eruptive events, while a regional
grain-size distribution study revealed the position of the
caldera-type eruptive centers outside the Transylvanian
Basin in the NW direction at a distance of at most 110-
120 km [270]. The caldera structure suggested a source

area for the ignimbrites occurring in the western Gutai
Mts. [268] is a likely candidate for the ,Dej Tuff” centers
as well. In such a hypothesis, the west-Gutai ignimbrites
are the primary proximal land-deposited facies, while the
,Dej Tuff is the reworked distal submarine facies of the
same large caldera-type polygenetic volcanic edifice.

6.7. Polygenetic intrusive forms - intrusive
complexes

Closely spaced, usually co-magmatic intrusions form in-
trusive complexes. Individual intrusions are of the uni-
form or variable composition, mostly intermediate calc-
alkaline, and in a lesser extent mafic and felsic calc-
alkaline composition. Degree of their crystallinity de-
pends on the cooling rate that in turn depends on
the size of intrusion and depth of its emplacement.
Rocks vary from basalts/andesites/dacites/rhyolites with
glassy groundmass in the case of minor intrusions
through basalt/andesite/dacite/rhyolite porphyry and
gabbro/diorite/granodiorite/granite porphyry to equigran-
ular gabbros/diorites/granodiorites/granites in the case
of large stocks and plutons. Respecting their relation-
ship with comagmatic volcanic activity we distinguish: 1)
deeply eroded hypabyssal intrusive complexes with ques-
tionable relationship to volcanic activity; 2) subvolcanic
intrusive complexes related most often to mature compos-
ite andesite stratovolcanoes; 3) volcano-plutonic intrusive
complexes uniting pluton-size subvolcanic intrusive com-
plex with a highly evolved polygenetic volcano into one
magmatic system.

6.7.1. Hypabyssal intrusive complexes

Intrusions that should be considered as hypabyssal are
represented by various size bodies. They are mainly
laccoliths and/or associated stocks, sills and dikes (Fig-
ure 30). Columnar jointing of decimeter size is characteris-
tic for the dikes and sills while the larger intrusions show
irregular jointing. Most of the laccoliths are marginally
surrounded by a complex sill and dike system. These
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large intrusions, reaching up to 10 km across, could be
a result of a single phase or of multiple phases of intru-
sion. Since in the CPR the stock or laccolith intrusions
usually pierce various basement lithologies, their timing
could be so far established only using K/Ar dating for
each area in the CPR (e.g. Pécskay et al, [2] and ref-
erences therein). K/Ar age determinations on different
phases suggest a 1-2 million year life-span for emplace-
ment of a major intrusive complex. Hypabyssal intrusive
complexes occur in the CPR primarily in flysch-type sedi-
mentary rocks along the internal margin of the Carpathian
accretion prism (Figure 1, 11 — areas 3 and 6), including
crystalline basement in the Rodna massive of northern Ro-
mania (Figure 1-6), due to extreme uplift during the final
stage of the Carpathian arc formation.

=] Precambrian metamorphic deposits [ Dacits laceolilh intrusion
: Palengens sedimentary deposits Andesile laccolith intrusion

Figure 30. Profiles in several laccolithic intrusions in Rodna -
Bérgau region: a. Dacite laccolith on the Cobasel val-
ley in the Rodna Mts. (after Krautner et al., [361]); b and
c. Heniu andesite laccolith in the Bargau Mts. (after
Teodoru et al, [362]).

6.7.2. Subvolcanic intrusive complexes

Most of the stock or laccolith intrusions associated with
volcanic activity are buried, only being reached by drilling
or mining works in central zones of mature andesite stra-
tovolcanoes. Unroofed subvolcanic intrusions are found
only inside several calderas [158, 159, 271], erosionally
deepened central volcanic depressions (e.g. Varghis, East
Carpathians Figure 1-7c) and areas of larger post-volcanic
uplift (e.g. Tisovec intrusive complex east of the Central
Slovakia Volcanic Field, Figure 1-2a). Further comments
are given in the section 6.2.4.

6.7.3. Volcano-plutonic intrusive complexes

The concept of a volcano-plutonic intrusive complex was
developed by Cloos [272] who united for the first time the
volcano and underlying pluton into one magmatic sys-
tem. Nowadays we consider as volcano-plutonic those
subvolcanic intrusive complexes that include pluton-size
intrusions. Their relationship with a major polygenetic
volcano is obvious. Volcano-plutonic intrusive complexes
are usually complex, including dikes, sills, stocks and plu-
tons of variable petrographic composition. While radially
oriented dikes and cone sheets (curvilinear inward dip-
ping dikes) tend to be mafic, ring dikes and central plu-
tons show more silicic composition [273]. These composi-
tional differences are explained by mechanism of their em-
placement in brittle crust [274]. A space for cone sheets
and radial dikes is made by uplift of the central block
due to overpressure of incoming undifferentiated magma.
A space for ring dikes and central plutons is made by
underground cauldron subsidence of a cylindrical crustal
block with outward dipping walls into underlying magma
chamber filled by differentiated magma of lesser density.
This mechanism is common with the subsidence of col-
lapse calderas and that is a reason why volcano-plutonic
complexes frequently associate with calderas.

The sole polygenetic volcano in the CPR that hosts a
volcano-plutonic intrusive complex in the subvolcanic level
is the Stiavnica stratovolcano in the Central Slovakia Vol-
canic Field (Figure 1-2a and 13). For this stratovolcano
there are characteristic also a large caldera and a late
stage resurgent horst and details are given in the rele-
vant section 6.2.6.

6.8. Volcanic complexes in volcano-tectonic
depressions/grabens

One of the specific features of intermediate composi-
tion volcanic complexes and/or fields in the CPR is their
spatial and temporal coincidence with back-arc exten-
sion [23, 93, 213, 275, 276]. Due to this coincidence,
extension-controlled grabens in volcanic areas show a
spatial relationship with major volcanic centers and are
filled by volcanic fields, hence the term “volcano-tectonic
depressions/grabens”. They are large, bigger than major
volcanoes, hosting overlapping volcanic forms of variable
composition related to several vents; such grabens include
buried central and proximal zones of pre-graben volcanic
forms along the graben axis [45], volcanic complexes re-
lated to dispersed volcanic vents and/or fissure eruptions
and intrusive complexes; and creation of temporary lakes,
reflected in the presence of hyaloclastites, hydromagmatic
volcanic products, volcanisedimentary rocks and/or sedi-
mentary rocks. There are many such buried volcanic forms
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in the Pannonian Basin that extend to a much larger area
than outcropping volcanoes [1, 2, 229].

A N-S trending Kremnica volcano-tectonic graben is situ-
ated in the northern part of the Central Slovakia Volcanic
Field (Figures 1-2a and 13). It is up to 15 km wide and
amplitude of relative subsidence reaches 1,500 m [277].
Subsidence of the graben took place during the Late
Badenian to Early Sarmatian time (14.0-12.5 Ma, [134]). A
pre-graben volcanic complex represents denudation rem-
nants of a large andesite stratovolcano with a diorite and
andesite porphyry intrusive complex. The lower part of
the graben filling, in thickness 400-500 m, is formed by a
succession of mafic andesite lava flows with hyaloclastite
breccias and hydromagmatic pyroclastic rocks. An effusive
complex of thick amphibole-pyroxene andesite lava flows
in thickness 300-500 m and two biotite-amphibole an-
desite dome-flows makes up the upper part of the graben
fill. Centers of the post-graben Sarmatian andesite strato-
volcanoes were situated at its marginal faults. The south-
ern part of the graben was later a site of rhyolite volcanic
activity giving rise to extensive dome-flow complex and of
basaltic andesite volcanic activity giving rise to a tuff cone
and several dikes and sills [134].

Despite the recent positive relief, volcanic forms in Tokaj
Mts. of NE Hungary (Figures 1, 11 — area 4a) evolved
in a major N=S trending graben [139]. Alternating an-
desite, dacite and rhyolite volcanic activity during the
Upper Badenian and Sarmatian time (13.5-11.0 Ma, [2)),
mostly from dispersed volcanic centers, has created a very
variable volcanic complex. Remnants of andesite strato-
volcanoes and effusive complexes with hyaloclastite brec-
clas associate with rare dacite lava domes and lava cones,
several rhyolite dome/flow complexes, extensive rhyolite
ignimbrites and subordinate horizons of marine sediments.

Volcanic forms in the Apuseni Mts. (Figures 1, 11 —
area D) are spatially limited to NW-SE trending volcan-
otectonic grabens [278]. At the northwest, remnants of
andesite stratovolcanoes and related volcaniclastic and
volcano-sedimentary rocks fill the grabens [150]. At the
southeast volcanic core complexes of altered andesites,
intravolcanic/subvolcanic diorite porphyry intrusions and
rare dacite lava domes hosting porphyry and/or epither-
mal mineralizations occur [213, 278].

The northern part of the Gutai Mts. (Figures 1, 11 —
area 4f) extending over an area of 35x25 km consists of
a thick pile of volcanic products of the Pannonian age
(10.6-9.0 Ma, [2)) filling a graben (Figure 1-4f). Drilling
has confirmed thickness of a volcanic complex more than
1000 m above the Paleogene basement (Figure 31). Lava
flows consisting of basaltic andesites and andesites seem
to be predominantly on top, reaching up to 500 m thickness
in the centre of the area and thinning laterally. Volcano-

sedimentary succession underneath lava flows consists of
volcaniclastic rocks, sedimentary deposits and subordi-
nate lava flows. Autoclastic and hyaloclastite deposits
represent lateral facies of coherent lavas. Thick and
coarse heterolithic breccias consisting of phreatomagmatic
deposits besides lavas and hyaloclastites suggest com-
plex reworking processes associated with major erosional
events. Among them, the debris flow deposits seem to be
predominant. Fine-grained volcaniclastic rocks occur fre-
quently in the succession, mostly interbedded with sed-
imentary deposits (sometimes with fossil flora content).
They are interpreted as distal facies attributed to uniden-
tified sources. The wide range of volcaniclastic deposits
interbedded with sedimentary rocks and a lack of any ev-
idence of volcanic centers suggest that fissure-fed erup-
tions in a submarine environment have been responsi-
ble for the origin of the complex succession of lavas and
volcaniclastic rocks interbedded with marine sedimentary
rocks. The thick lava plateaus at the top of the graben fill-
ing may be attributed to subaerial volcanism. No volcanic
sources have been identified with the exception of a sub-
aerial crater [279] and two inferred “calderas” tentatively
outlined exclusively on a morphology basis.

7. Characteristics of volcanic fields
| sub-regions

To discuss volcanic evolution and volcanic form distribu-
tion in volcanic fields of the CPR we have divided the
region into seven sub-regions identified in the Figure 1
by corresponding numbers:

1. Styermark (a) + Burgenland (b) + Little Hungarian
Plain (c) + Bakony-Balaton Highlands (d);

2. Central Slovakia Volcanic Field (a) + Borzsony —
Visegrad — Pilis — Burda (b) + Cserhat-Matra (c) +
Biikk foreland (d) + Southern Slovakia — Northern
Hungary (e);

3. Moravia (a) + Pieniny (b);

4. Tokaj — Zemplin (a) + Slanské vrchy (b) + Vihorlat
— Gutin (c) + Beregovo (d) + Oas (e) + Gutai (f);

5. Apusenti;
6. Tibles — Rodna;

7. Calimani (a) + Gurghiu (b) + Harghita (c) +
Persani (d).

Their spatial distribution and structure, including volcanic
forms is given in the Figure 11.
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Figure 31. Section through the volcano-tectonic graben in the northern part of Gutai Mts., Romania.

7.1. (a) Styermark + (b) Burgenland + (c) Lit-
tle Hungarian Plain + (d) Bakony-Balaton High-
lands

Volcanic fields in the western Pannonian Basin are Late
Miocene to Pleistocene alkaline basaltic intracontinental
fields [230, 280-282]. They consist of erosional remnants
of maars, tuff rings, scoria cones, lava flows and fields [58].
Four individual fields have been separated on the basis of
their location: Bakony-Balaton Highland Volcanic Field
(BBHVF) in Hungary (Figures 1, 11 — sub-region 1d, Fig-
ure 9), Little Hungarian Plain Volcanic Field (LHPVF) in
Hungary (Figures 1, 11 — sub-region 1c), Burgenland -
Styria Volcanic Fields (BSVF) in Austria (Figures 1, 11 —
sub-regions 1a, b) and Northern Slovenian Volcanic Field
(NSVF) in Slovenia. Research on the volcanic history of
the BBHVF and LHPVF has concluded their extensively
phreatomagmatic origin [58]. In contrast, we know very
little about the eruption mechanism, eruptive environment
and style in the case of the Austrian and Slovenian vol-
canic fields (the wider Grad area in the Goric¢ko region
of the Mura depression). Preliminary research however,
indicates their similarity to those volcanic fields located
in western Hungary [58]. Time and space distribution of
monogenetic volcanism in the western Pannonian Basin
seems to show a generally random pattern [1, 58].

The earliest known volcanic rocks of the Miocene se-
ries are located in Weitendorf (14.0+£0.7 Ma) and at
Gossendorf (13.0+£1.0 Ma). Both of them are trachyan-
desites (absarokites?). Their ages are supported by the
biostratigraphic record. The most reliable age however
was determined on the Na-alkalic rocks of Pauliberg, from
Burgenland, which is clearly part of the alkali basaltic vol-
canism in the western margin of the Pannonian Basin with
an "isochrone age” of 11.5+0.7 Ma marking the onset of
alkali basaltic volcanism about 10-13 Ma ago [281, 283].
The onset of volcanism is well established in the BBHVF
about 8 Ma ago [282]. The main phase of the volcanism

in the BBHVF falls in the 4 to 3 Ma time period, while in
the LHPVF the peak of activity took place slightly earlier
about 5 Ma ago [280, 284]. The volcanism ceased in the
western Pannonian Basin in the Pliocene, however newly
obtained ages suggest that the volcanism must have been
active until the early Pleistocene, around 2.3 Ma ago or
even less [230, 284].

At the onset of the eruption of monogenetic volcanoes in
the western Hungarian fields, magma began to interact
with a moderate amount of groundwater in the water-
saturated Neogene fluvio-lacustrine sand beds [58]. As
the eruptions continued, the craters grew both vertically
and laterally and the repeated phreatomagmatic blasts
fractured the deeper hard rock substrate around the ex-
plosion locus, giving the karst water (or water of any
fracture-controlled aquifer) free access to the explosion
chamber. The appearance of maar volcanoes and their
deposits in the western Pannonian Basin are inferred to
be strongly dependent on the paleo-hydrological condi-
tions of the near-surface porous media as well as the deep
fracture-controlled aquifer [58]. The seasonal variability of
water-saturation of the karstic systems as well as the cli-
matic influence on surface and/or near sub-surface water
are recently considered as potentially controlling param-
eters of the style of explosive volcanism on the evolution
of individual volcanic fields.

Shallow but broad maar volcanoes are inferred to have
been formed due to phreatomagmatic explosions of magma
mixing with water-saturated clastic sediments in areas
where thick Neogene siliciclastic units build up shallow
pre-volcanic strata (such as in the LHPVF, [88, 285]. Such
volcanoes have often formed late magmatic features in
their maar basins such as scoria cones and lava lakes. To-
day these volcanoes are preserved as lens-shaped volcanic
successions usually capped by solidified lava lakes [88].
Pyroclastic successions of phreatomagmatic volcanoes of
this type are rich in sand, silt and mud from sediments fill-
ing Neogene siliciclastic basins [88]. Deep-seated xeno-
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liths are rare. In areas where the Neogene sedimentary
cover was thin, deep maar crater formation has been in-
ferred on the basis of the present day 3D architecture of
phreatomagmatic pyroclastic rock facies. The abundance
of sand and silt in the matrix of lapilli tuff and tuff brec-
cia units with high proportion of angular accidental lithic
fragments from deep-seated hard rock units suggests that
these volcanoes must have had deeper fragmentation sites
that allowed excavation of country rocks at deeper regions.
The presence of abundant deep-seated xenoliths in such
volcanic erosional remnants suggests that water must have
been available in those zones in fractures. This type of
maar volcano is interpreted to be developed in areas where
relatively thin Neogene fluvio-lacustrine units rested on
the Mesozoic or Paleozoic fracture-controlled (e.g. karst
water-bearing) aquifer [231]. Most likely they were gen-
erated during times when the fractures were filled with
water (e.g. spring).

In the western Hungarian monogenetic volcanic fields,
each of the identified volcanic eruptive centers repre-
sents a proximal zone of a former volcano. Nearly all
of the known volcanoes had at least a short period
of phreatomagmatic activity in their vent opening stage
as recorded in the preserved fine grained, accretionary
lapilli bearing, massive to mega-ripple bedded pyroclastic
rocks formed by pyroclasts deposited by base surges and
phreatomagmatic falls associated with intermittent initial
vent breccias [58].

In the central part of the BBHVF erosion remnants of sco-
ria cones and shield volcanoes give evidence of a smaller
impact of the groundwater and surface water in control-
ling volcanic activity [286]. The age distribution of scoria
cone remnants suggest a peak in their formation about
3 Ma ago, which coincides well with a dryer period of the
environmental history of the region suggesting a potential
link of the large-scale climatic changes and eruption style
variations over a long time period in this region [286].

Exposed diatreme-filling rocks in the erosion remnants
in the western Pannonian Basin are rich in sedimen-
tary grains as well as mineral phases that derived from
Neogene shallow marine to fluvio-lacustrine sedimen-
tary units in areas where such units are not preserved
anymore suggesting their existence and a near intact
sedimentary cover over the basement in syn-volcanic
time [194, 287]. The general abundance of such clasts
in the pyroclastic rocks also indicates the importance
of soft substrate environment to where phreatomagmatic
volcanoes were erupted commonly forming “champagne-
glass” shaped maar/diatremes especially in the LHPVF.
The presence of intra-vent peperite, subaqueous dome
and/or cryptodome, shallow intrusions as well as hyalo-
clastite facies in craters indicate that maar/tuff ring volca-

noes have been quickly flooded by ground and/or surface
water, suggesting that they were erupted close to the level
of the paleo-groundwater table.

The Neogene alkaline basaltic volcanic erosional rem-
nants of the western Pannonian Basin are exposed from
former subsurface to surface levels of maar-diatreme vol-
canoes. Today the lower parts of the exhumed diatremes
are commonly covered by Quaternary talus flanks. The
deepest levels of exposures are located in the western
and the southern part of the area. In the western part
of the BBHVF (Figures 1-1d and 9) the Neogene sedi-
mentary cover was easily eroded, exhuming the diatremes.
The most deeply eroded regions are those where no sub-
sequent lava caps sheltered the volcaniclastic sequences.
The Balatonboglér, Szigliget, Tihany Peninsula allow the
study of the deepest level of the volcanic centers, exposing
diatreme facies. Probably the eruptive centers of Balaton-
boglar (Boglér Volcano), Kereki-domb, Var-hegy of Zanka,
Harmas-heqy and Véndek-hegy represent the deepest ex-
posed level of the phreatomagmatic eruptive centers [58]
and are inferred to be exposed lower diatreme levels. In
this area there are no exposed irregular shaped, wall-rock
fragment rich dikes [78], like those widely reported from
other monogenetic maar-diatreme volcanic fields such as
e.g. Hopi Buttes in the southwest US [288]. Such deeper
levels of exposures and preserved outcrops are more com-
mon in the northern part of the Pannonian Basin, in south-
ern Slovakia and northern Hungary [191]. In the BBHVF,
the Téti-hegy and Hegyesd are good examples where such
relationships between feeder dike and host diatreme fill-
ing pyroclastic rocks do exist, although their contact is
not exposed. The best example of individual plug as ex-
posed sub-volcanic feeder dike is Hegyes-t(i where a small
remnant of vent filling mixture of volcanic and siliciclastic
debris is preserved and intruded by the plug, indicating,
that explosive fragmentation preceded the formation of the
basanite plug [281].

Most of the BBHVF buttes represent upper diatremes,
similar to the Hopi Buttes [288] or Western Snake River
subaerial volcanic centers [188, 289] in the state of Idaho,
USA. Surface volcanic edifices are preserved in areas
of low erosion, and include volcanoes produced by both
phreatomagmatic and magmatic eruptions. These vents
resulted from eruptions triggered by magmatic explosive
fragmentation. Vent remnants of these volcanoes are con-
centrated in the northern and central part of the BBHVF
(Kab-hegy, Agar-tet6, Halap, Hegyesd, Figure 9).

Erosion remnants of scoria cones are commonly strongly
modified after erosion [94, 290], and their original volcanic
landform can only hardly be recognized [95, 97, 291]. In
spite of the general assumption of the fast erosion of scoria
cones, there are remarkable well-preserved scoria cones
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known from the central part of the BBHVF [58, 114]. These
scoria cone remnants are about 3-2.3 Ma old and still
retain their original crater morphology and some part of
their constructional edifice [114].

The preserved phreatomagmatic pyroclastic successions
and their distributional pattern suggests that the original
maar sizes in the western Pannonian region range from a
few hundreds of meters up to 5 km in diameter (Fekete-
hegy - 5 km; Tihany - 4 km; Bondoré - 2.5 km; Badacsony
- 2.5 km). However, the largest centers probably represent
maar volcanic complexes with interconnected large basins
similar to some maars known from South-Australia and
Victoria [292, 293]. The average maar basins are inferred
to have been 1-1.5 km wide originally, which is within the
range of most maars worldwide [51, 294].

The maar vents from the western Pannonian region ap-
pear as hybrids of phreatomagmatic and magmatic vol-
canic edifices and formed by initial maar or tuff ring form-
ing events. The gradual exhaustion of water source to fuel
the magma/water interaction led to "drier” phreatomag-
matic, then pure magmatic fragmentation of the upris-
ing melt, often building large scoria cones inside of the
phreatomagmatic volcanoes similar to several examples
from Eifel in Germany [295], Auckland Volcanic Field in
New Zealand [296] or from Durango, Mexico [297]. The
typical examples of such volcanoes are located in the
southwestern part of the BBHVF, in the Tapolca Basin
(Badacsony, Szent Gyorgy-hegy, Hajagos-hegy, Fekete-
heqy, Figures 9, 21).

Proximal base surge beds commonly contain abundant ac-
cidental lithics. In the eastern side (Tthany maar volcanic
complex) the major accidental fragments are Permian red
sandstone, Silurian schist (e.g. Lovas Schist Formation)
Mesozoic carbonates (dolomites, marls, limestones), and
Pannonian sandstone [58]. Commonly the large (up to
75 cm in diameter) fragments are Silurian schist or Per-
mian red sandstone fragments. The matrix of the surge
beds contains a high proportion of sand from the Pannon-
ian sandstone beds. In the western side of the BBHVF
and in the LHPVF the main accidental lithic fragments
are from the Pannonian siliciclastic units. Both the large
fragments (up to 25 cm in diameter) and the matrix are
rich in sandstone fragments. In smaller proportion (less
than 20 vol% of total accidental lithics), there are schist
fragments and small carbonate fragments. In the middle
part of the area (Fekete-hegy, Bondord, Pipa-hegy) the
Mesozoic carbonates are the major part of the accidental
lithics (min. 85 vol% of total accidental lithics). In distal
facies the base surge beds become finer-grained. Clear
distal facies of surge beds are visible from the Tihany
Peninsula. Characteristic surge features such as sand-
waves, dunes, impact sags, and u-shaped valleys are com-

mon (Tihany Peninsula, Fekete-hegy, Bondord, Szigliget,
Figure 9). Fall deposits associated with surge beds are
also common (Fekete-hegy).

Current research in the western Pannonian Basin's
phreatomagmatic volcanoes has documented clear evi-
dence of polycyclic monogenetic volcanism at Fekete-
hegy [43], Bondoré [230] and Tihany [231]. These volca-
noes are complex phreatomagmatic to magmatic volcanic
edifices, erupted over a long time, leaving behind pyro-
clastic successions separated by well-marked unconfor-
mities.

The general features of the volcanic fields of the western
Pannonian Basin are very similar to other eroded volcanic
fields where magma erupted into wet environments such
as Fort Rock Christmas Valley, Oregon [298], Snake River
Plain, Idaho ..[87, 189, 291], Hopi Buttes, Arizona [288,
299-301], and Saar-Nahe (Germany) [184].

7.2.  (a) Central Slovakia Volcanic Field +
(b) Borzsony - Pilis — Visegrad + (c) Cserhat
- Matra + (d) Biikk foreland + () Southern
Slovakia — Northern Hungary

Evolution of volcanic activity and inventory of volcanic
forms in individual sub-regions differ. The first three sub-
regions represent products of intermediate composition; in
the sub-region 2a felsic and rare alkali basalt volcanic ac-
tivity also took place. In the sub-region 2d felsic volcanic
forms are exposed and the sub-region 2e represents an
alkali basalt monogenetic volcanic field.

The Central Slovakia Volcanic Field (CSVF) (Figures 1, 11
— sub-region 2a, Figure 13) is of the Badenian through
Pannonian age (16.5-8.5 Ma) [2, 200]. It has evolved in
the area of pronounced horst and graben structure. Vol-
canic rocks belong to the high-K orogenic volcanic suite.
Scattered andesite (often garnet-bearing) extrusive domes
and related extrusive and reworked breccias represent
initial Early Badenian andesite volcanic activity (16.5-
16.3 Ma). Two andesite pyroclastic volcanoes were sub-
sequently formed in the SE part of the CSVF, while large
composite andesite stratovolcanoes were built in the re-
maining parts of the CSVF during the Middle to Late
Badenian time (15.5-14.0 Ma). During the Late Bade-
nian time (14.0-13.0 Ma) evolution of the stratovolcanoes
continued by the subsidence of grabens and caldera as-
sociated with activity of both — relatively mafic undiffer-
entiated basaltic andesites/pyroxene andesites and differ-
entiated volcanic rocks — hornblende and biotite-bearing
andesites to dacites. Granodiorite, diorite and various
porphyries were emplaced at deeper levels and basement.
Rhyodacite domes and related pumice tuffs of the Early
Sarmatian age occasionally occur. Renewed activity of
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less differentiated andesites during the Sarmatian time
(13.5-125 Ma) formed at the south discontinuous com-
plexes on the slopes of older stratovolcanoes, while in
the northern part of the CSVF it formed new volcanoes,
with centers situated on marginal faults of grabens (Fig-
ure 13). An extensive Middle to Late Sarmatian rhyolite
volcanic activity (12-5-11.0 Ma) gave rise to a dome/flow
complex and related volcaniclastic rocks in the western
part of the CSVF along the N-S to NE-SW trending
fault system. A small Pannonian age basalt /basaltic
andesite stratovolcano at the North and scattered basalt
flows and intrusions in the central part of the CSVF are
the latest products of the calc-alkaline volcanism. Scarce
nepheline basanite / trachybasalt volcanic activity during
the Pliocene created two necks and a small lava plateau.
A sole Late Pleistocene nepheline basanite scoria cone
with related lava flows represents the youngest volcano
in Slovakia (0.11 Ma, [302))

Volcanic forms of the Borzsény — Pilis — Visegradd sub-
region (Figures 1, 11 — sub-region 2b) evolved in three
stages during the Early Badenian to Late Badenian time,
around 16.0, 16.0-14.5 and 14.5-13.5 Ma respectively [239].
Phreatomagmatic explosive activity and dacitic extrusive
domes of the first stage evolved in a shallow marine en-
vironment [266]. Subsequent andesite extrusive activity
took place in the shallow marine to terrestrial environ-
ment. Edifices of individual vents mutually overlap. Ex-
tensively brecciated extrusive domes associate with aprons
of coarse breccias and thick units of subaqueous brec-
cia flow deposits, respectively block-and-ash pyroclastic
flow deposits in the proximal-medial zone that grade out-
ward into fine epiclastic volcanic breccias, conglomerates
and sandstones in the distal zone. Horizons of reworked
tuffs among units of breccias and epiclastic volcanic rocks
imply periods of vulcanianc and/or phreatoplinian explo-
sive eruptions. Strongly eroded remnants of pyroxene
to amphibole-pyroxene andesite stratovolcano, overlying
the extrusive dome complex in Borzsony Mts., represent
the third stage. Lava flows and block-and-ash pyroclas-
tic flow deposits (implying a temporary growth of extru-
sive domes) and coarse epiclastic volcanic breccias of the
proximal/medial zone grade outward into a succession of
fine epiclastic volcanic breccias, conglomerates and sand-
stones in the distal zone. Deep erosion in the central
zone exposed a core (vent) complex of altered andesites,
andesite porphyry intravolcanic intrusions and diorite por-
phyry stocks [303].

Two stages of volcanic activity have been recognized also
in the Cserhat — Matra sub-region (Figures 1, 11 — sub-
region 2c) [2, 267]. During the Early Badenian time (15.9-
14.8 Ma), effusive activity of pyroxene andesites created in
the Cserhat Mts. a complex of lava flows and hyaloclastite

breccias including feeder dikes and rare necks. In Méatra
Mts., andesitic volcanic activity started already in the late
Lower Miocene time by emplacement of submarine lava
flows and hyaloclastite breccias [304] among sedimentary
rocks. Following deposition of distal facies ignimbrites at
the Lower/Upper Miocene boundary (16.5 Ma, [2]), evo-
lution of an extensive, dominantly effusive stratovolcano
took place during the Lower Badenian time whose ac-
tivity was concluded by subsidence of a caldera, em-
placement of subvolcanic intrusions accompanied by hy-
drothermal processes and extrusions of rare rhyolite lava
domes [260]. Sarmatian pyroxene andesite effusive activ-
ity (13.2-11.8 Ma, [260]) created a post-caldera effusive
complex capping ridges of Métra Mts.

A felsic ignimbrite field is exposed in the Biikk Foreland
(Figures 1, 11 — sub-region 2d). It represents only a
small part of widespread horizons covered by younger sed-
imentary rocks of the Pannonian Basin [269]. Ignimbrites
represent 3 stratigraphic horizons with ages 18.5-17.9,
175-16.0 and 14.5-13.5 Ma respectively, corresponding
to the lower, middle and upper rhyolite tuff horizons rec-
ognized traditionally in the Pannonian Basin [305, 306].
While rhyolite ignimbrites of up to 750 m in thickness
(as recorded in boreholes) at inferred near-source ar-
eas represent the lower horizon, overall dacitic pyroclas-
tic rocks up to ca. 500 m in thickness (as recorded in
boreholes) represent the middle horizon, while the patchy
outcropping and much thinner rhyolite ignimbrites and
tuffs up to ca. 220 m in thickness (as recorded in bore-
holes) represent the upper horizon. Their large volumes
and widespread occurrence strongly suggest that they re-
sulted from caldera-forming eruptions. Two caldera loca-
tions have tentatively been identified by using transport
direction indicators and geophysical data in an area south
of the Biikk Foreland [269].

The northern Hungary — Southern Slovakia sub-region
(Figures 1, 11 — sub-region 2e), sometimes referred to
also as Nograd-Gomer Volcanic Field, represents an al-
kalt basalt monogenetic volcanic field (Figure 8). Beside
alkali basalt volcanoes, garnet-bearing andesite laccoliths
emplaced in the Early Miocene sedimentary complex are
present in this sub-region. Alkali basalt volcanic activity
took place during the Pliocene and Pleistocene time in
6 stages dated to 8.0-6.4, 5.4-3.7, 2.9-2.6, 2.3-1.6, 1.5-1.1
and 0.6-0.4 Ma respectively [160]. Two lava flows and two
maars in the western part of the field belong to the oldest
phase. Maar sediments are represented by diatomaceous
clays resp. alginites, reflecting oxidative resp. eutrophic
conditions in maar lakes [307]. Volcanic activity of sub-
sequent phases took place in the terrestrial environment
of gradually uplifted highlands [160, 233, 308]. The uplift
contemporaneous with volcanic activity was responsible
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for the observed occurrence of older volcanic products on
ridges (an inversion of relief) and younger volcanic prod-
ucts in valleys, as well as for generally radial orienta-
tion of lava flows following existing valleys. Lava flows
are formed dominantly by massive lava with platy, blocky
and/or columnar jointing. Their uppermost part is formed
of vesicular lava of the aa or pahoe-hoe type. Spatter
and/or scoria cones formed of agglutinates, agglomerates
and lapilli tuffs are in the source areas of many lava flows.
Other volcanic centers and/or sources of lava flows in more
eroded parts of the region are represented by dikes and
lava necks cutting underlying sedimentary rocks. Maars
and tuff-cones are situated at a lower elevation and are
generally younger (the older ones were eroded to the
level of underlying diatremes). Early phreatomagmatic
eruptions caused by contact of uprising magma with wa-
ter saturated Early Miocene sedimentary rocks in the
depth around 700-1000 m created maars surrounded by
tuff-rings filled by temporary lakes [232]. Subsequently,
due to a decreasing water/magma ratio at the level of
the deep aquifer with time, a transition towards the Surt-
seyan type of hydromagmatic eruptions took place as lava
interacted with water in maar lakes (instead of the deep
aquifer), building up tuff-cones. Especially their inward
dipping tuff successions have survived the subsequent ero-
sion. The late stage in evolution of maars was marked by
transition towards mixed Surtseyan-strombolian eruptions
(mixed strombolian bombs with palagonite tuff in proximal
base surge deposits), and finally towards Hawaiian erup-
tions creating small spatter cones, lava flows and/or lava
lakes forming, nowadays, conspicuous cliffs with columnar
jointing.

Diatremes represent exposed conduits of former maars
(now eroded). Their filling corresponds to the above men-
tioned phases in maar evolution [232]. The early phreatic
phase is represented by mega-breccias of the Miocene
sedimentary rocks cemented by a sandy matrix with tuffa-
ceous admixture. The following phreatomagmatic phase
is represented by palagonite tuffs with sandy admixture
and fragments of the Miocene sedimentary rocks, vesicu-
lated chilled basalt, and maar sediments. The late phase
transition towards strombolian eruptions was marked by
increasing content of scoriaceous basalt fragments. The
youngest basalt dikes cutting diatreme filling are feed-
ers of closing Hawaiian-type eruptions. At the shallow
level of diatremes there are usually crudely stratified and
sorted subsided parts of the maar filling. The volcanic
field includes also polygenetic maar-diatreme volcanoes.
One of them, the Bulhary maar-diatreme volcano has been
analyzed by Kone¢n( and Lexa [169]. The volcano evolved
in 5 stages: (1) maar formation by phreatomagmatic erup-
tions; (2) emplacement of a laccolith-like intrusive body

into maar/diatreme filling; (3) creation of hyaloclastite
breccias and phreatomagmatic tuffs with spatter due to
a direct contact of magma with water in the maar lake; (4)
several cycles of the Surtseyan and Hawaiian type erup-
tions; () final Hawaiian type eruptions giving rise to the
capping horizon of cinder and spatter (Figures 20, 23).

7.3. (a) Moravia + (b) Pieniny

Eastern Moravia and Pieniny in Southern Poland (Fig-
ures 1, 11 — sub-regions 3a, b) are two areas where nu-
merous small andesite intrusions occur as hypabyssal in-
trusive complexes in the environment of deformed flysch
deposits that are a part of the Carpathian accretion prism.
Emplacement of intrusions was post-tectonic. Intrusions
occur in deeply eroded areas. It is probable that they
have never been connected with surficial volcanic activity.
In eastern Moravia (Figures 1, 11 — 3a) high-K biotite-
pyroxene-amphibole basalt to andesite (shoshonitic tra-
chybasalt to trachyandesite) intrusions occur as sills,
dykes and irreqular intrusive bodies [309]. Their age is
13.5-11.0 Ma [2].

In the Pieniny area (Figures 1, 11 — 3b) pyroxene-
amphibole andesite small- to moderate-size dikes and
sills form a belt extending for 20 km [210]. Two phases of
emplacement have been recognized: The first phase dike
swarm is parallel with the Carpathian arc and segmented
by transversal faults that have been used for emplacement
of the second phase intrusions. At contacts with surround-
ing sedimentary rocks some of the dikes and sills show
extensive brecciation of the hyaloclastite type, however
peperitic breccias have not been observed due to already
solidified nature of sedimentary rocks. Age of the intru-
sions falls in the interval of 13.3-10.8 Ma [210].

7.4. (a) Tokaj — Zemplin + (b) Slanské vrchy
+ (c) Vihorlat - Gutin + (d) Beregovo + (e) Oas
+ (f) Gutai

Four volcanic alignments parallel with the Carpathian arc
are distinguished in the area of NE Hungary, E Slovakia
and Transcarpathia (SW Ukraine) [10, 90, 91, 131, 132,
139, 216]:

(1) Bimodal andesite — rhyolite volcanic forms of the Late
Badenian to Early Pannonian age (14.5-9.5 Ma, [2]) asso-
ciated with a system of horsts and grabens Tokaj — Zem-
plin — Beregovo — Oas south of the Transcarpathian Basin
(Figures 1, 11 — sub-regions 4a, b, d, e). Volcanic forms
evolved in the terrestrial and shallow marine environment.
Characteristically, there are small andesite volcanic cones
and effusive complexes with hyaloclastite breccias and hy-
dromagmatic volcanic products alternating with extensive
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rhyodacitic and rhyolitic pumiceous tuff horizons, less fre-
quent dacite, rhyodacite and rhyolite domes, dome-flows
and dome/flow complexes and horizons of marine sedimen-
tary rocks. A larger andesite stratovolcano with a caldera
and exposed volcanic core complex including a hydrother-
mal system occurs in the southern part of Tokaj Mts. [310].

In the Telkibanya area (northern part of Tokaj Mts.) vol-
canic activity started in the marine environment with de-
position of clays by emplacement of dacitic to rhyolitic
pumiceous density current deposits in thickness up to
400 m and emplacement of dacitic and andesitic subvol-
canic intrusions [310]. Volcanic activity continued during
the Sarmatian time by emplacement of rhyolitic pumiceous
density current deposits alternating with tuffaceous clays
and sandstones and andesite lava flows associated with
hyaloclastite and peperite breccias. Subsequently an an-
desite to dacite composition stratovolcano formed includ-
ing a caldera hosting late stage rhyodacite and rhyolite
extrusive domes.

(2) Pyroxene andesite stratovolcanoes of the Early to Late
Sarmatian age in the northern part of the Slanské vrchy
mountain range (Figures 1, 11 —sub-region 4b) and south-
eastward buried under younger sedimentary rocks of the
Transcarpathian Basin. Stratovolcanoes are of the domi-
nantly effusive type with early explosive activity and core
complexes of altered rocks due to emplacement of late
stage subvolcanic intrusions. The largest one, Zlata Baria
stratovolcano at the north includes diorite porphyry stocks
associated with epithermal mineralization. Volcanoes at
the southern part of Slanské vrchy started their activity
in the shallow marine environment. At the base of volca-
noes there are hydromagmatic pyroclastic rocks and their
reworked equivalents.

(3) Mostly hornblende-pyroxene andesite extrusive domes
and andesite/diorite porphyry shallow intrusions of the
Middle Sarmatian age (around 12.5 Ma, [2]) in the align-
ment Kapusany — Vinné — Mukatchevo (Figures 1, 11 —
sub-regions 4b, c). Diameter of individual bodies reaches
up to 2 km. Extrusive lava domes associate with aprons
of breccia and debris flow deposits in their surroundings.
Intrusions are emplaced in flysch-type sedimentary rocks.
Their form is close to laccoliths. A possibility that some of
the intrusions represent cryptodomes cannot be excluded.

(4) Mostly pyroxene andesite stratovolcanoes of the Mid-
dle Sarmatian to Early Pannonian age (12.5-9.1 Ma, [2])
forming the conspicuous alignment of the Vihorlat and
Gutin mountain ranges northeast of the Transcarpathian
Basin (Figures 1, 11 — sub-region 4c). Volcanoes are of
the stratovolcanic and dominantly effusive types, with a
variable proportion of pyroclastic rocks, especially during
the early stage of their evolution. The largest ones include
core complexes of altered rocks and minor intrusions in the

central zone. Some of the stratovolcanoes in the eastern
part of the Gutin Mts. show late stage effusive complexes
of mafic andesites. Dikes, sills and small irregular intru-
sions of andesite to rhyodacite composition occur in flysch
along the northern limit of the volcanic range.

The various types of igneous rocks building up the Oas
and Gutédit Mts. (Figures 1, 11 — sub-regions 4e, f) were
attributed to the felsic, extensional/back-arc type volcan-
ism (ca. 15.4 Ma) and to the intermediate, arc type vol-
canism (13.4-7.0 Ma), respectively [311]. The volcanism
was initiated on a basement consisting of several over-
thrust units composed of Paleogene flysch deposits be-
longing to the Pienides [312]. It developed simultane-
ously with the evolution of the Oas and Baia Mare basins
(located at the NE part of the Pannonian Basin) during
the Badenian, Sarmatian and Pannonian ages, volcanic
products being accordingly in contact relationships with
coeval sedimentary deposits or components of widespread
volcano-sedimentary successions.

The felsic volcanism is represented by the rhyolitic ign-
imbrites known as a marker horizon in the south-western
part of the Gutai Mts. The lithology and structure of
the ignimbrite sequence suggest the caldera-related on-
set of volcanism in Gutai Mts. The caldera was located in
the south-western extremity of the mountains, where the
thickest ignimbrite deposits are topped by a thick suc-
cession of reworked pyroclastic rocks of mass flow ori-
gin related to the ignimbrite volcanism, interbedded with
deep water sediments [268, 313]. The whole succession
described as the caldera fill counts ca. 700 m. A similar
succession of rhyolitic volcaniclastic rocks of pyroclastic
origin interbedded with deep water sediments was iden-
tified in drill cores in the central northern part of Oas
Mts. [314] lacking the primary pyroclastic deposits. The
geological data were not sufficient to account for a certain
type of volcanic source.

The intermediate volcanism started in Sarmatian (13.4-
121 Ma, [315])) in two southern areas located in the
East and West parts of the Gutait Mts. It spread after-
wards, during the Pannonian (12.0-7.0 Ma, [2]) towards the
North, North-West and North—East. Mostly extrusive, it
shows a calc-alkaline, medium K character, with typical
subduction-related signatures and crustal contamination
as the major petrogenetic processes [316]. Most of the vol-
canic forms identified in the Oas and Gutai Mts. belong
to this intermediate volcanism although most of the vol-
canic deposits are largely overlapping or are buried and
therefore, difficult to be attributed to a certain volcanic
source or form. Intrusive forms have also been identified
at the surface, in boreholes and mining works.

Common volcanic forms in both the Oas and Gutai Mts.
(Figures 1, 11 — areas 4e,f) are the volcano-tectonic de-
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pression fillings (Figures 16, 31) [317]. They show ex-
tensive lava sheet/lava plateau usually interbedded with
thick sequences of volcaniclastic and sedimentary de-
posits. Flat-topped, they suggest a fissure-control of the
volcanism and an active subsidence developed through-
out most of the time interval of the volcanic activity, trig-
gering the subaqueous emplacement of part of the thick
pile of volcanic rocks. The volcaniclastic deposits identi-
fied within these successions show evidence of magmatic
and phreatomagmatic explosive phases associated with
the non-explosive fragmentation, as well as with exten-
sive reworking. Extrusive domes can also be identified
on the basis of morphology, internal structure and asso-
ciated volcaniclastic and sedimentary deposits. The vol-
canic forms in the Oas Mts. show typical dome morpholo-
gies, ranging from small, flat-topped monogenetic domes
or dome-flow to composite domes surrounded by sedimen-
tary deposits, all of them accounting for subaqueous em-
placement[133, 318]. Some of the volcanic structures show
proximal fragmental deposits such as hyaloclastite lavas
and hydromagmatic pyroclastic rocks passing to complex
reworking successions interbedded with sedimentary de-
posits, mostly in a medial to distal position with respect
to the eruptive centers. Similar volcanic forms also oc-
cur in the Gutai Mts., most of them suggesting the same
subaqueous emplacement. Along the southern border of
the mountains there is an alignment of monogenetic and
polygenetic domes showing complex relationships with the
surrounding deposits [142]. Most of them are spatially
connected with primary volcaniclastic rocks such as hyalo-
clastite and pyroclastic deposits and reworked volcani-
clastic deposits of mass flow origin consisting of both ex-
plosive and non-explosive volcanic debris. Debris flow de-
posits are largely represented and probably connected to
other mass movements (such as debris avalanches) related
to major destructive phases of the volcanic structures.

Effusive cones are sparse volcanic forms in the Oas and
Gutéi Mts.: e.g. Rotundu volcanic edifice, in the northern
part and Mogosa volcano in the southern part of Gutai
Mts. [317]. They consist of lava flows passing laterally
into in situ and reworked autoclastic and hyaloclastite de-
posits. Mapping the volcanic products belonging to these
structures is often difficult because they overlap with other
products belonging to unknown volcanic centers.

Subvolcanic and shallow-level intravolcanic intrusive
rocks of irregular shapes and various sizes (from tens of
meters up to 6 km long) developed on over 3000 m vertical
extent (based on drill core data). Their morphologies sug-
gest dykes, sills and apophysis of laccolites crosscutting
the Paleogene flysch-type basement, the Neogene sedi-
mentary deposits, as well as the volcanic suite. Hundreds
of small intrusions crop out mostly in the south-eastern

part of the Gutai Mts. The main intrusive magmatism de-
veloped contemporaneously with the paroxysm of the vol-
canism in Oas and Gutdi Mts. (11.8-9.2 Ma). Important
epithermal ore deposits are associated with the intrusions
in the central part of the Oas Mts. and in the southern
part of the Gutai Mts., respectively.

7.5. Apuseni

Most of Neogene calc-alkaline magmatic rocks in the
Apuseni Mountains (Figures 1, 11 — sub-region 5) crop out
in a WN-ESE graben-like intra-mountain basins, of which
the ca. 100 km long Zarand-Brad Basin is the longest.
Its evolution is related to the brittle tectonics during the
Paleogene-Neogene interval [319, 320] as a consequence
of its behavior as a solitary rigid lithospheric block (Tisia
block). The horst/graben structures are mostly visible
along the western edges of the Apusent Mountains (Fig-
ure 1) as a consequence of the Neogene extensional devel-
opment of the neighboring Pannonian Basins [321, 322],
as well as of the translational and clockwise rotational
movements of the Tisia block [323-325]. Development of
the Neogene volcanism was closely related to this exten-
sional evolutionary stage of the Apuseni Mountains, as
part of the Tisia block [5, 213, 275, 276]. The Békés Basin
represents a prolongation of the Zdrand basin to the west
beneath the Pannonian Basin and it records buried ig-
neous rocks as well (Figure 11 — sub-region 5) [326-328].
Dominant NW-SE oriented development of the igneous
activity is in connection with coeval Miocene sedimenta-
tion in the extension-controlled basins [278, 329].

The knowledge of the volcanic forms in the Apuseni Moun-
tains was closely related to mining and exploration works
of porphyry-copper, base-metal and gold-silver ore de-
posits since pre-Roman times [330, 331]. The volcanic
rocks are associated with sedimentary deposits, mainly
Sarmatian, within the NW-trending tectonic graben-type
basins, widening toward NW along normal and listric
fault systems [323]. The outcrops of the oldest volcanic
rocks are aligned along the western margins of the largest
basin (Zarand Basin) and are represented by isolated
lava domes and various volcaniclastic deposits dominantly
characteristic for medial or distal ring plain facies. As-
sociation of reworked fine volcaniclastic deposits, some-
times inferred as fallout tuffs, with terrigeneous deposits
also generated volcano-sedimentary deposits [329]. The
first obvious volcanic structure is a composite volcano sit-
uated at the edge of the basin [150]. This partly eroded
composite volcano was firstly described by Berbeleac et
al. [332, 333] as a collapse-type caldera and was named
after a town situated inside the eroded edifice. The edifice
is quasi-symmetric (16-18 km in diameter) with a central
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eroded vent area (9%x4 km). The volcano was built up in
two sub-aerial phases (14.0-12.5 Ma and 11.0-10.0 Ma)
from successive eruptions of normal calc-alkaline pyrox-
ene and then amphibole pyroxene andesite lavas and py-
roclastic rocks. In the initial phase, scattered individ-
ual volcanic lava domes associated marginally with lava
flows and/or pyroclastic block-and-ash flows were formed.
The second phase attests a succession of strombolian to
sub-plinian explosive eruptions and extrusion of volcanic
domes from a central vent area, associated with secondary
debris flow deposits at the periphery. Several andesitic-
dioritic bodies and associated hydrothermal and mineral-
ization processes occur in the volcano central core com-
plex area [199, 333]. Around the volcano at its western
and eastern parts the ring plain facies consists of volcanic
epiclastic, terrestrial detritic deposits and coal.

Towards the south-east of the largest Zarand basin, an-
other eroded volcanic structure (Caraciu -composite vol-
cano?) bordering the south-west flank of the basin was
recognized. Its central part is a dome-like extrusion of
amphibole andesite, well preserved morphologically, that
is surrounded by older lava flows and volcaniclastic de-
posits cut by dikes and irreqularly shaped intrusive bodies
or breccia [334].

The series of several eroded basins at the eastern periph-
ery of the Apusenit Mts. are shallower than the Zarand —
Bekes basin, and are aligned from NNE to SSE. They
are associated with four calc-alkaline and adakite-like
calc-alkaline volcano-intrusive areas (Figures 1, 11 — sub-
region 5) The northernmost and southernmost areas are
characterized mostly by individual volcanic centers and in-
trusive bodies, while two central areas show multiple vent
volcano-intrusive complexes. The volcano-intrusive rela-
tionships are well described based on numerous mining
works in the area [218, 227], as well the age relationships.
The volcanic rocks erupted in successive events between
14.7-7.4 Ma [157, 213, 278]. Several calderas or craters
have been described here in earlier works [203, 218] al-
though they are not properly justified. With few excep-
tions modern volcanological studies are missing. Recent
intense exploration of the Rosia Montana Au-Ag deposit
(northernmost basin) evidenced an eroded volcanic dia-
treme of dacite composition. The funnel shaped edifice
formed by phreatomagmatic fragmentation, subsequently
followed by a couple of plug protrusions. During the last
phase, various intrusive hydrothermal breccias cut all the
assemblage followed by extensive hydrothermal alteration
and mineralization processes [215, 335, 336].

Lavas are typical for calc-alkaline andesites and extrusive
dome flows for the adakite-like calc-alkaline andesites
and dacites. Such kinds of lava domes cover volcaniclas-
tic deposits and are better preserved in the morphology

(e.g. Cetras-1081 m, Buha, 902 m in the south-central
basin) [218] suggesting that they were much resistant to
the erosion than the prior lavas and volcaniclastic deposits
(Figure 32). The most mafic basaltic andesites at Detu-
nata (northernmost basin) shows two pipe-like columnar-
jointed sub-circular necks that stand ca. 100 m above the
surrounding topographic surface [203]. The intrusive bod-
ies are various: dikes, domes, sills, micro-laccoliths or
intrusive breccias; only some of them represent the root
area of the volcanoes.

Dubita hill Aursita hill Cetras Peak Momeasa valley

m
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b — nacks, dikes and iregular intrusions

Figure 32. N-S profile in the eroded Sacaramb basin (after Berbe-
leac [364] with modifications).

7.6. Tibles - Rodna

The metamorphic and sedimentary basement was pierced
by shallow exhumed calc-alkaline hypabyssal intru-
sions showing various compositions as basalts-basaltic
andesites-andesites (some garnet- bearing)-dacites and
rhyolites in the 11.5-8.0 Ma interval [207, 337, 338]. Their
emplacement was controlled by sinistral transtensional
stress regimes at 12-10 Ma along an transcurrent fault
system and oblique convergence of Tisia—Dacia with the
NW-SE striking European margin [339]. The spatial dis-
tribution of intrusive bodies however is not along the
main trace of the transcurrent fault. They were controlled
by secondary conjugate extensional faults (NW-SE and
NE-SW) located both to the North (Toroiaga) and South
(Poiana Botizei, Tibles, Rodna-Bargdu) of the main fault
trace (Figures 1, 11 — area 6). Even a detailed assess-
ment on the estimation of intrusion depths is still missing,
however the recent integrated thermochronological (fission
track and (U-Th)/He analysis) data suggests an important
amount of exhumation of ca 5-7 km in areas with subvol-
canic bodies between 13-7 Ma in a similar time interval
with dated rocks [211]. A possible relationship with vol-
canism especially of the larger bodies (~10 km across)
cannot be entirely excluded. Such bodies may repre-
sent magma chambers to feed volcanism on the surface,
as proven also by the large amount of cognate enclaves
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in the large basaltic andesite - andesite intrusions that
indicate clinopyroxene and amphibole fractionation typi-
cal for crustal magmatic chambers [340]. Volcanic deposits
possibly emplaced on the surface may have been eroded
away completely due to the strong uplift. The shape of the
bodies is laccolith-like, no matter if they are intruding in
metamorphic or Tertiary sedimentary deposits (Figure 30).
They present laterally a swarm of sills and dikes. Some
large intrusions are pierced by younger dikes of different
composition [207].

7.7.  Calimani + Gurghiu + Harghita + Persani

The Calimani-Gurghiu-Harghita volcanic range (CGH —
Figures 1, 11 — sub-region 7) represents the south-eastern
segment of the Carpathian Neogene mostly calc-alkaline
volcanic arc. It consists of a SE-striking row of closely
spaced stratovolcanoes developed in the 11- <0.05 Ma
time interval. Its peculiar time-space evolution pattern
particularizes CGH with respect to all other volcanic ar-
eas in CPR by displaying an obvious along the range
migration of volcanic activity trough time from NW to
SE (Figure 2). The overall gradually decreasing height,
width and volume of volcanic edifices in the direction of
migration, enhanced along the terminal South Harghita
sub-segment, points to a progressively diminishing vol-
canism involving decreasing magma volumes and output
rates [341-344]. The volcanic edifices, most of which are
typical stratovolcanoes, a few polygenetic composite vol-
canoes with shield topography, some peripheral isolated
monogenetic domes or polygenetic dome complexes, show
a general facies distribution in a concentric yet asym-
metrical arrangement with a central core-complex facies
(including shallow, in places unroofed intrusions and re-
lated hydrothermal alteration areas), a lava-dominated
proximal cone facies and peripheral medial to distal vol-
caniclastic ring-plain and fluvial facies (Figure 11 — sub-
regions 7a,b,c). The asymmetrical facies distribution (the
volcaniclastic ring-plain facies is much more developed
westward) is strongly influenced by eastward buttress-
ing by the Carpathian fold-and-thrust belt and by axial
buttressing by neighboring volcanoes. Because the tight
spatial packing of composed volcanoes, medial facies vol-
caniclastic deposits are merged or interfingered at neigh-
boring volcanoes and often cannot be distinguished on the
maps. Cone-facies-ringplain facies boundaries are pro-
grading during volcano edifice growth; hence frequently
higher-position lava flow units overlap lower-position vol-
caniclastic sequences at cone peripheries causing earlier
misinterpretation of the overall volcanic structure [202].

Long-Llived large-volume volcanic edifices became unsta-
ble during volcano evolution and buildup. In two cases

(Calimani caldera and Fancel-Lapusna volcanoes) the in-
stability was resolved by caldera formation (Figures 1, 11
— sub-regions 7a, 7b and Figure 25) [158, 159]. Lateral
edifice failure and related debris avalanche formation op-
erated as an alternative re-equilibration process, as seen
at two other volcanoes (Rusca-Tihu in the Cdlimani Mts.
- Figure 25 and Varghis in the North Harghita Mts., Fig-
ures 1, 11 — sub-region 7¢) [8, 159]. Still other volcanoes
reequilibrated by interacting with their basement, which
contained plastically deformable rocks. Volcano spread-
ing, a particular type of volcano-basement interaction, has
been pointed out for a large group of volcanoes in the
Gurghiu and North Harghita sub segments of CGH. This
process consists of subsidence of the central part of the
edifice, lateral spreading and peripheral uplift as the main
volcano deformation features. Basement deformation in-
clude squeezing out of the plastic layer (Middle Badenian
salt in our case) from below, its lateral displacement and
consequent enhanced salt diapirism, formation of detach-
ment surfaces and lateral displacement of tilted basement
blocks along it, as well as outward-verging reverse fault
swarms at periphery [345]. Due to the buttressing effect
to the east, north and south, as well as due to the differ-
ent basement rock rheologies (only brittle lithologies in
the east, and brittle plus ductile lithologies in the west)
volcano spreading was sectorial and asymmetrical with
preferential westward orientation (toward the Transylva-
nian Basin). Volcano spreading has not been reported as
yet from other volcanic areas in CPR. In the Persani Mts.
(Figures 1, 11 — sub-region 7d) the volcanism took place in
two stages (1.2-1.5 Ma, and ca. 0.65 Ma) building up small
monogenetic volcanoes or fields with maars, scoria cones
and lava flows in an area of ca. 22x8 km [117, 346]. The
first stage opened with phreatomagmatic explosive activity
followed by a less energetic explosive strombolian or effu-
sive phase [158]. Thinly bedded pyroclastic deposits with
plan-parallel, ondulatory or cross lamination and frequent
bomb-sags are testimony of near-vent phreatomagmatic
explosion-derived dilute density currents and co-surge
fall-out deposition resulting from the interaction of as-
cending magma with a shallow aquifer. A number of maar
and tuff-ring volcanoes were generated [158]. The second
stage was initially phreatomagmatic but shortly turned to
dominantly strombolian, combined with lava outpourings.
Lava spatter (agglutinate) deposits and lava flows are top-
ping various first-stage deposits of the largest maar [346].
Thin lake sediments with occasional tephra intercala-
tions or palesoil separate the above mentioned sequences.
Abundant ultramafic xenoliths [347] and the presence of
amphibole megacrysts are obvious features of the Persani
alkali basaltic field. Alkalic basaltic rocks from Persani
Mts. are similar to other continental intraplate alkali
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basalts and plot in the trachybasaltic field [348], but have
distinctively higher La/Nb and lower Ce/Pb ratios than
the other alkaline basalts in the Pannonian Basin, sug-
gesting a subduction-related component in their source
region [23, 348, 349].

8. Discussion

Volcanic forms in the Carpathian-Pannonian Region show
a great variability in the space and time that reflects such
essential aspects as geotectonic setting, magma compo-
sition, rate of magma production, magma volume, envi-
ronment of volcanic activity, age of volcanic activity and
degree of erosion. Some of these aspects are interrelated,
e.g. geotectonic setting with magma composition, degree
of erosion with age and geotectonic setting, etc. Based
on information presented in the previous sections of the
paper we shall discuss these aspects.

Geotectonic setting and its changes with time were funda-
mental factors governing magma composition, volume and
rate of production and, indirectly, volcanic forms and their
associations in volcanic fields. Based on published re-
views [3, 5, 24, 25, 350-353] volcanic activity took place
in the arc type and back-arc type geotectonic settings,
both of them related to the Neogene subduction in front
of the advancing Carpathian arc. The back-arc geotec-
tonic setting changed its parameters with time. During
the Lower Miocene time (up to the early Middle Miocene
time in the eastern part of the CPR) the initial stage back-
arc extension took place in the area with a thick conti-
nental crust and magmas reaching the surface in large
volumes were of felsic calc-alkaline composition. Nat-
urally, corresponding volcanic forms were caldera volca-
noes with associated extensive ignimbrite fields and re-
lated dome/flow complexes. During the Middle Miocene
time the advanced stage of back-arc extension took place
causing thinning of the crust. Magmas reaching the sur-
face were mostly of intermediate calc-alkaline composition
(andesites and minor basaltic andesites). However, differ-
entiation of these magmas in crustal magma chambers by
AFC processes led to magmas of dacitic composition and
related crustal anatexis even to smaller volumes of felsic
magmas. Corresponding volcanic forms were dome/flow
complexes and extensive composite andesite stratovolca-
noes forming volcanic fields associated with the basin
& range (horst/graben) type structures (Central Slovakia
Volcanic Field, Borzsony-Visegrad, Cserhat-Matra and
Apuseni sub-regions, Figure 1, 11 — sub regions 2a, 2b,
2¢, 5). A long-lasting supply of magma created compound
polygenetic volcanoes with multiple evolutionary stages
involving formation of calderas, emplacement of subvol-

canic intrusive complexes, evolution of resurgent domes
and evolution of dome/flow complexes of intermediate to
felsic composition. Owing to relationship with back-arc
extension, volcanoes do not show linear alignment. Their
spatial distribution is controlled by major extension faults
and volcano-tectonic depressions. Since the Late Miocene
time (in the west) to Pleistocene time (in the east) exten-
sion in the Pannonian Basin was governed by continuing
subduction in the Eastern Carpathians. An extension en-
vironment created conditions for the generation of local
asthenospheric plumes responsible for generation of mag-
mas of the Na-alkalic and ultrapotassic composition. Low
magma production rates caused the evolution of mono-
genetic volcanic fields. Interestingly enough, there is the
Persani alkali basalt monogenetic field whose activity was
contemporaneous with neighboring calc-alkaline andesitic
volcanic activity in the Southern Hargita mountain range
(compare sub-regions 7c and 7d in the Figure 11).

The arc-type geotectonic setting was also variable in
space and time [1, 3, 5, 24, 25, 284, 350-354]. First of
all, subduction involving roll-back and verticalization be-
fore the final slab break-off migrated along the Carpathian
arc from the west eastward. While in the west it started at
the early Lower Miocene and finished at Middle Miocene,
in the east it started in the Middle Miocene and has not
finished completely yet. This is reflected in the progres-
sive age pattern of volcanic activity (Figure 2). Arc-type
magma generation took place only for a very short time
during the final slab break-off with the exception of the
central segment (Slanské vrchy and Tokaj Mts. at the
west to Gutai Mts. at the east), where magma produc-
tion depth had been reached by the subducting slab be-
fore its verticalization and final break-off. Volume and
composition of magmas along the arc are variable. In
the western segment volumes of magma produced were
almost negligible and volcanic arc extends over the in-
ternal part of the accretion prism with a strong uplift.
Corresponding “volcanic” forms in this case are relatively
small hypabyssal intrusive complexes of high-K andesites
in eastern Moravia (Figures 1, 11 — sub region 3a) and
Pieniny area in southern Poland (Figure 1, 11 — sub-
region 3b) [210, 309]. A similar geotectonic setting is char-
acteristic of the so called “subvolcanic zone” between the
Gutai and Célimani mountain ranges in NE Romania (Fig-
ures 1, 11 — sub-region 6). However, production of magma
was higher and hypabyssal intrusive complexes are quite
extensive, including dikes, sills, laccoliths and subordi-
nate irregular intrusions [337, 338]. Evolution of high-K
calc-alkaline magma in shallower magma chambers lead
also to compositional/petrographic variably from basalts
to rhyolites (gabbro porphyry to granite porphyry). Due
to a considerable post-volcanic uplift no volcanic rocks are
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preserved and their original presence is doubtful. As men-
tioned above, in the central segment, the subducting slab
reached the magma-generation depth before its vertical-
ization and final break-off. This is reflected in migration
of the volcanic arc towards the subduction zone with time
and separation of volcanic arcs by the Transcarpathian
inter-arc basin. Alignment of volcanoes is mostly paral-
lel with the Carpathian arc. A conspicuous N-S apparent
alignment of volcanoes in the Slanské vrchy and Tokaj
mountain regions (Figures 1, 11 — sub-regions 4a and
4b) follows the eastern margin of the ALCAPA continen-
tal microplate, however, volcanoes are of different age and
have their counterparts buried under younger sedimen-
tary rocks of the Transcarpathian basin. For the southern-
most alignment Tokaj — Beregovo — Oas (Figsures 1, 11
— sub-regions 4a, 4d, 4e) at the boundary of the arc and
back-arc domains there is a characteristic bimodal suite
of andesitic and rhyolitic volcanism with dacites as prod-
ucts of differentiation and mixing. Due to the evolution of
volcano-tectonic grabens, a part of volcanic activity took
place in the shallow marine environment. Correspond-
ing volcanic forms of andesitic volcanic activity are mostly
small, dominantly effusive stratovolcanoes, effusive com-
plexes associated with hyaloclastites and hydromagmatic
products and minor andesite/diorite porphyry intrusions.
Dacitic volcanic activity created a number of extrusive
domes with associated breccias. Rhyolitic volcanic ac-
tivity created dome/flow complexes and solitary extrusive
domes and cryptodomes and extensive ignimbrites. For
the shallow marine environment there are characteristic
pumiceous density flow deposits and reworked pumiceous
tuffs [10, 133, 310, 317, 318]. Larger volumes of mostly
mafic medium-K magmas are characteristic for the younger
volcanic alignments northeastward (Slanské vrchy — sub-
region 4b and Vihorlat-Gutin — sub region 4c). Corre-
sponding volcanic forms are stratovolcanoes sensu stricto
and dominantly effusive stratovolcanoes, often with late
stage emplacement of subvolcanic intrusions. Dacite and
rhyolite extrusive domes are sporadic with an exception
of the alignment of KapuSany-Vinné-Mukatchevo (Fig-
ure 11 — between sub-regions 4b and 4c). Minor intru-
sions occur also in underlying flysch deposits. A large
volume of mostly mafic magmas was characteristic also
for the eastern segment of the volcanic arc — alignment
of volcanoes Calimani-Ghurghiu-Hargita. Volcanic activ-
ity at this segment shows a pronounced migration with
time (Figure 2) [1, 2] and relatively short duration at each
part — what is explained by magma generation stimu-
lated by a progressive slab break-off starting at the north
and still going on at the south (the Vranca seismic zone).
Corresponding volcanic forms are polygenetic stratovolca-
noes with calderas and late stage intrusions at the north

that gradually lose complexity and volume going south-
ward [338, 342, 343]. A more silicic magma of the youngest
volcanic activity at the southern tip of the volcanic align-
ment resulted in the formation of a dome complex.

An interesting aspect of andesitic volcanoes in the arc-
type geotectonic setting is their density along the arc.
While there are segments with very low, respectively low
density of “volcanoes” (hypabyssal intrusions) at the west
and between the central and eastern segments of the
Carpathian volcanic arc, the central and especially east-
ern segments show high density of closely spaced, often
overlapping volcanoes, implying temporary high magma
production rate. The average spacing of volcanoes in the
Vihorlat-Gutin volcanic chain (sub-region 4c in the Fig-
ure 11) is 12 km and in the Célimani-Ghurghiu-Hargita
volcanic chain (sub-region 7 in the Figure 11) only 10 km.
Spacing of volcanoes in the most active recent island arcs
and continental margins varies in the range 20 to 35 km.
We explain the unusually high magma production rate by
acceleration of magma generation processes due to the
slab break-off (compensation of its subsidence by faster
upflow of asthenospheric material stimulating its decom-
pression partial melting).

Intermediate calc-alkaline polygenetic volcanoes in the
CPR evolved in two types of geotectonic setting — the arc-
type as well as the back-arc type setting. It is interesting
to analyze their differences. We shall base our discussion
on the comparison of the central Slovakia Volcanic Field
(sub-region 2a in the Figure 11) in the back-arc setting
and Vihorlat-Gutin and Calimani-Ghurghiu-Hargita vol-
canic chains (sub-regions 4c and 7 in the Figure 11) in
the arc setting. For composite/compound andesite stra-
tovolcanoes in the back-arc setting there is characteris-
tic relatively large size, long lasting evolution at several
stages, higher degree of explosivity (larger proportion of
pyroclastic rocks), higher proportion of differentiated rocks
including late stage rhyolites due to evolution of magmas
in shallow crustal magma chambers, presence of calderas
and volcanic grabens, extensive subvolcanic intrusive com-
plexes and related hydrothermal processes. Activity of the
largest Stiavnica stratovolcano including a caldera and
volcano-plutonic complex lasted for over 4 million years
and involved around 2000 km* of magma [262]. Composite
andesite stratovolcanoes in the arc setting show generally
more mafic composition and dominantly effusive nature,
mostly limited extent of differentiation and corresponding
limited extent or absence of extrusive domes and explo-
sive activity and less complex internal structure. Subvol-
canic intrusive complexes are of limited extent and mostly
dioritic composition. Hydrothermal processes are rare and
often of the high-sulfidation type, related to the emplace-
ment of diorite porphyry subvolcanic stocks. Calderas are
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rare and associate only with the largest volcanoes. They
are mostly small to medium size and their activity lasted
for a shorter time [2].

The CPR volcanic forms are erosion modified volcanic
landforms. Due to age differences and variable geotec-
tonic setting, degree of erosion of primary volcanic forms
shows extreme variability. Owing to their prominent relief,
stratovolcanoes are subject to degradation by erosion, al-
ready during their long-lasting activity. Davidson and De
Silva [35] distinguish 5 stages in erosional history of stra-
tovolcanoes: (1) fresh young cones with pristine lava flows
and visible summit crater; (2) young cones with small qul-
lies on flanks and lava flows still visible and summit crater
degraded; (3) cones with well established qullies, barely
visible lava flows, summit crater obliterated and construc-
tional surfaces disappearing; (4) cones deeply incised by
valleys with considerable relief, no visible lava flows, large
planezes, little original surface left; (5) barely recogniz-
able cones of lower relief with radial symmetry as the only
clue to volcanic origin. In the CPR the degree of erosion of
the youngest volcanoes in Southern Hargita (sub-region
7c in the Figures 1 and 11) corresponds to stage 3, and
older volcanoes in the arc-setting correspond to the stage
4. To the same stage is assigned also the Polana Strato-
volcano in the Central Slovakia Volcanic Field (Figure 13).
Degree of erosion of other stratovolcanoes in the back-arc
setting corresponds to stage 5. Many of the older (16.5-
15 Ma), deeply eroded stratovolcanoes in the CPR do not
show even that radial symmetry. In the extreme case, rem-
nants of volcanic forms in grabens and the presence of sub-
volcanic intrusive complexes remain the only clues to the
former existence of stratovolcanoes. In many cases local
basins acted as depocenters for volcanic detritus and they
are the only messengers for the type of volcanism during a
specific time period. Degree of erosion of volcanic forms in
the CPR was strongly influenced by post-volcanic uplift,
respectively, subsidence. The most uplifted parts along
the internal side of the accretion prism have been eroded
down to the hypabyssal level. On the other side, many of
the volcanoes and volcanic products situated in the Pan-
nonian basin were buried under a thick cover of younger
sedimentary rocks. Volume of buried volcanic rocks may
be even equal to the exposed ones. A stronger uplift of
Apuseni Mts. (sub-region 5 in Figure 11) stands behind a
much deeper erosion of volcanic forms down to the subvol-
canic level (they are preserved in volcano-tectonic grabens
only) if compared with the Central Slovakia Volcanic Field
(sub-region 2a in Figure 11).

Overall morphology of stratovolcanoes is strongly in-
fluenced by climatic conditions. In dry and cold con-
ditions the rate of erosion is relatively low, aggrada-
tion/degradation ratio is high and the resulting strato-

volcano edifice shows a relatively large cone with a sur-
rounding ring-plane of limited extent. In contrast, in hu-
mid and temperate climatic conditions the rate of erosion
is high and the resulting stratovolcano shows a relatively
small cone with an extensive ring plane around it. During
the life-span of stratovolcanoes in the CPR, climatic con-
ditions have changed from warm humid during the Bade-
nian time to temperate, dryer and seasonal during the
Sarmatian time, semiarid during the Late Sarmatian, tem-
perate humid during the Pannonian time, temperate semi
arid during the Early Pliocene, warm humid during the
Late Pliocene and to alternating cold semiarid and tem-
perate humid during the Quaternary time [355, 356]. The
observed difference between older Badenian stratovolca-
noes with extensive aprons of epiclastic volcanic rocks and
younger Sarmatian stratovolcanoes with a lesser extent
of these aprons probably reflects the observed climatic
changes.

9. Conclusion

This work is a result of geological mapping and a great
variety of investigations over recent decades that improved
understanding of very complex volcanism associated with
Tertiary geotectonic evolution of the Carpathian arc and
Pannonian Basin. However, many uncertainties and prob-
lems still exist which have to be solved in the future. We
expect that upcoming research will focus not only on new
petrological, geochemical and geophysical investigations,
but also on detailed fieldwork as a key to paleovolcanic
reconstruction. In this respect we consider this work as
our heritage to the next generation, as a starting point for
the further investigations.

Acknowledgments

This paper is to be presented in the XIX Congress of the
Carpathian Balkan Geological Association in Thessaloniki
on September 23-26, 2010. To attend the XIX CBGA
congress, JL was invited by the Organizing Committee of
the Congress, KN was supported by the Massey Univer-
sity Leave & Ancillary Appointments Committee granted
fund (LAAC10/37). IS thanks the Institute of Geodynamics,
Romanian Academy and the Organizing Committee of the
Congress for support. ZP acknowledge the financial sup-
port provided by the Hungarian national Scientific Fund
(OTKA No. K 68153). JL acknowledges support of the
VEGA grant 2/0171/08. Constructive comments by anony-
mous journal reviewers and Managing Editor, Katarzyna
Cyran helped to improve the quality of the manuscript.

255




Neogene-Quaternary Volcanic forms in the Carpathian-Pannonian Region: a review

References

[1] Pécskay Z., Lexa |, Szakécs A., Balogh K., Seghedi
I, Kone¢ng V., Kovacs M., Mérton E., et al,, Space
and time distribution of Neogene-Quaternary vol-
canism in the Carpatho-Pannonian region, Acta Vul-
canologica, 1995, 7, 15-28

Pécskay Z., Lexa J., Szakéacs A., Seghedi I., Balogh
K. Kone¢ngy V. Zelenka T, Kovacs M., et al,
Geochronology of Neogene-Quaternary magmatism

12

in the Carpathian arc and Intra-Carpathian area: a
Review, Geol. Carpath., 2006, 57, 511-530

[3] Csontos L., Nagymarosy A., Horvath F., Kovac M.,
Tertiary evolution of the Intra-Carpathian area: a
model, Tectonophysics, 1992, 208, 221-241

[4] Konetng V., Kovd¢ M., Lexa |, Sefara |., Neogene
evolution of the Carpatho-Pannonian region: an in-
terplay of subduction and back-arc diapiric uprise
in the mantle, European Gophysical Society Spe-
cial Publication Series, 2002, 1, 165-194

[5] Seghedi I., Downes H., Szakacs, A., Mason, P.R.D.,
Thirlwall, M.F., Rosu, E., Pecskay, Z., Marton, E.,
Panaiotu, C., Neogene-Quaternary magmatism and
geodynamics in the Carpathian-Pannonian region:
a synthesis, Lithos, 2004, 72, 117-146

[6] Harangi S., Downes H. Seghedi I, Tertiary-

Quaternary subduction processes and related mag-
matism in Europe. In: Gee D.G. Stephenson RA.
(Eds.), European Lithosphere Dynamics, Geological
Society of London, London, 2006, 67-190

[7] Harangi S., Lenkey L., Genesis of the Neogene to

Quaternary volcanism in the Carpathian - Pannon-
ian region: Role of subduction, extension, and man-
tle plume, Geol. S. Am. S., 2007, 418, 67-90

[8] Szakacs A., Seghedi I, Large volume volcanic de-
bris avalanche in the East Carpathians, Romania.
In: Leyrit H., Montenat C. (Eds.), Volcaniclastic
rocks, from magmas to sediments, Gordon Breach
Science Publishers, Amsterdam, The Netherlands,
2000, 131-151

[9] Maleev E.F., On the method of geological mapping of
pyroclastic and effusive rocks, Razvedka Nedr, 1951
(tn Russian)

[10] Maleev E.F., Neogene volcanism of Transcarpathia,
Moscow, 1964, (in Russian)

[11] Kone¢ng V., Planderové E. Strati-
grafické ¢lenenie neovulkanitov stredného Sloven-
ska (Stratigraphy of the Central Slovakia Volcanic
Field), Zapad. Karpaty, Ser. Geol,, 1983, 9, 1-203
(in Slovak)

[12] Konetny V., Lexa J., Geological map of the Central

Lexa .,

Slovakia Neogene Volcanic Field, Geologicky tstav
D. Stdra, Bratislava, 1984

[13] Maleev E.F., Volcaniclastic rocks, Moscow, 1963 (in
Russian)

[14] Fisher RV, Proposed classification of volcaniclastic
sediments and rocks, Geol. Soc. Am. Bull,, 1961, 72,
1395-1408

[15] Fisher R., Rocks composed of volcanic fragments,
Earth Sci. Rev,, 1966, 1, 287-298

[16] Fisher RV. Schmincke H.U. Puyroclastic Rocks,
Springer, Heidelberg, 1984

[17] Cas R., Wright J., Volcanic Successions, Modern and
Ancient, Allen and Unwin, London Boston Sydney
Wellington, 1987

[18] Wohletz K., Heiken G., Volcanology and geother-
mal energy, University of California Press, Berkeley,
1992

[19] Sigurdsson H., Houghton B.F., McNutt S.R., Rymer
H., Stix J., (Eds.), Encyclopedia of Volcanoes, Aca-
demic Press, San Diego, 2000

[20] McPhie J., Doyle M., Allen R, Volcanic Textures.
A gquide to the interpretation of textures in volcanic
rocks, Tasmanian Government Printing Office, Tas-
mania, 1993

[21] Schmincke H.U., Volcanism, Springer Verlag, Hei-
delberg, 2004

[22] Németh K., Martin U., Practical Volcanology, Occa-
sional Papers of the Geological Institute of Hungary,
Budapest, 2007, 207, 1-221

[23] Seghedi I, Downes H., Vaselli O. Szakacs A,
Balogh K. Pécskay Z., Postcollisional Tertiary-
Quaternary mafic alkalic magmatism in the
Carpathian-Pannonian region: a review, Tectono-
physics, 2004, 393, 43-62

[24] Harangi S., Neogene to Quaternary volcanism of the
Carpathian-Pannonian Region - a review, Acta Ge-
ologica Academiae Scientiarum Hungaricae, 2001,
44, 223-258

[25] Harangi S., Neogene magmatism in the Alpine-
Pannonian Transition Zone - a model for melt gen-
eration in a complex geodynamic setting, Acta Vul-
canologica, 2001, 13, 25-39

[26] Kovécs I., Csontos L., Szabé C., Bali E., Falus G.,
Benedek K., Zajacz Z., Paleogene-early Miocene
igneous rocks and geodynamics of the Alpine-
Carpathian-Pannonian-Dinaric region: an inte-
grated approach. In: Beccaluva L., Bianchini G., Wil-
son M., (Eds.), Cenozoic Volcanism in the Mediter-
ranean Area, 2007, 93-112

[27] Szabé C., Falus G. Zajacz Z., Kovécs I, Bali,
E., Composition and evolution of lithosphere be-
neath the Carpathian-Pannonian Region: a review,



Jaroslav Lexa, loan Seghedi, Karoly Németh, Alexandru Szakéacs, Vlastimil

Konec¢ny, Zoltan Pécskay, Alexandrina Fllép, Marinel Kovacs

Tectonophysics, 2004, 393, 119-137

[28] MacDonald G.A., Volcanoes, Prentice-Hall, Engle-
woods Cliffs, N.J, 1972

[29] Williams H., McBirney A.R., Volcanology, Freeman,
Cooper & Co., San Francisco, 1979

[30] Wright J.V,, Smith AL, Self S., A working terminol-
ogy of pyroclastic deposits, J. Volcanol. Geoth. Res.,,
1980, 8, 315-336

[31] Schmid R., Descriptive nomenclature and classifica-
tion of pyroclastic deposits aand fragments: recom-
mendations of the [IUGS Subcommission on the Sys-
tematics of Igneous rock. Geology, 1981, 9, 41-43

[32] Francis P, Volcanoes, a planetary perspective, Ox-
ford University Press, Oxford, 1993

[33] White J.D.L., Houghton B.F., Primary volcaniclastic
rocks, Geology, 2006, 34, 677-680

[34] Cotton C.A., Volcanoes as landscape forms, Whit-
combe and Tombs Ilmited, Wellington, New Zealand,
1944

[35] Davidson J., de Silva S., Composite volcanoes. In:
Sigurdsson H., Houghton B.F., McNutt S.R., Rymer
H., Stix J. (Eds.), Encyclopedia of Volcanoes, Aca-
demic Press, San Diego, 2000, 665-681

[36] Francis P, Volcanoes, a planetary perspective, Ox-
ford University Press, Oxford, 1993

[37] Connor C.B., Conway F.M., Basaltic volcanic fields.
In: Sigurdsson H., Houghton B.F., McNutt S.R,
Rymer H., Stix J. (Eds.), Encyclopedia of Volcanoes,
Academic Press, San Diego, 2000, 331-343

[38] Valentine G.A.,, Gregg T.K.P,, Continental basaltic
volcanoes - Processes and problems. J. Volcanol.
Geoth. Res., 2008, 177, 857-873

[39] Németh K., Monogenetic volcanic fields; their ori-
gin, sedimentary record, relationship with polyge-
netic volcanism, and how monogenetic they are. In:
Canon-Tapia E., Szakacs A., (Eds. ) What is a vol-
cano? Geological Society of America, 2010 (in press)

[40] Walker G.P.L., Basaltic volcanoes and volcanic sys-
tems, In: Sigurdsson H. Houghton B.F., McNutt
S.R., Rymer H., Stix J. (Eds.), Encyclopedia of Vol-
canoes, Academic Press, San Diego, 2000, 283-290

[41] Rose W.I, Jr, Stoiber R.E., The 1966 eruption of
Izalco volcano, El Salvador, J. Geophys. Res., 1969,
74, 3119-3130

[42] Carr M.J., Pontier N.K., Evolution of a young para-
sitic cone towards a mature central vent: Izalco and
Santa Ana volcanoes in El Salvador, Central Amer-
ica, J. Volcanol. Geoth. Res., 1981, 11, 277-292

[43] Auer A, Martin U, Németh K. The Fekete-hegy
(Balaton Highland Hungary) "soft-substrate” and
"hard-substrate” maar volcanoes in an aligned vol-
canic complex - Implications for vent geometry, sub-

surface stratigraphy and the palaeoenvironmental
setting, J. Volcanol. Geoth. Res., 2007, 159, 225-245

[44] Németh K. Cronin S.J., Haller M.J, Brenna M,
Csillag G., Modern analogues for Miocene/Pliocene
alkali basaltic phreatomagmatic fields in the Pan-
nonian Basin: “soft-substrate” aquifer controlled
phreatomagmatism in intraplate volcanic fields,
Cent. Eur. J. Geosci., 2010, in press

[45] Lipman PW.,, Calderas. In: Sigurdsson H., Houghton
B.F., McNutt S.R,, Rymer H., Stix J. (Eds.), Ency-
clopedia of Volcanoes, Academic Press, San Diego,
2000, 643-662

[46] Lorenz V., Some Aspects of the Eruption Mechanism
of the Big Hole Maar, Central Oregon, Geol. Soc.
Am. Bull,, 1970, 81, 1823-1830

[47] Lorenz V., McBirney AR., Williams H., An investi-
gation of volcanic depressions. Part Ill. Maars, tuff-
rings, tuff-cones and diatremes. NASA Progress Re-
port (NGR - 38-003,012). Clearinghouse for Fed-
eral Scientific and Technical Information, Spring-
field, Houston, Texas, 1970

[48] Lorenz V., On the formation of Maars, Bulletin of
Volcanology, 1973, 37, 183-204

[49] Lorenz V., Collapse structures in the Permian of the
Saar-Nahe area, Southwest Germany, Geologische
Rundschau, 1971, 60, 924-948

[50] Lorenz V., Formation of phreatomagmatic maar-
diatreme volcanoes and its relevance to kimberlite
diatremes, Phys. Chem. Earth, 1975, 9, 17-27

[51] Lorenz V., On the growth of maars and diatremes and
its relevance to the formation of tuff rings, Bulletin
of Volcanology, 1986, 48, 265-274

[52] Zimanowski B., Buttner R., Lorenz V., Hafele H.G.,
Fragmentation of basaltic melt in the course of ex-
plosive volcanism, J. Geophys. Res. Sol. Ea., 1997,
102(B1), 803-814

[53] Kurszlaukis S., Buttner R., Zimanowski B., Lorenz V.,
On the first experimental phreatomagmatic explosion
of a kimberlite melt, J. Volcanol. Geoth. Res., 1998,
80(3-4), 323-326

[54] Lorenz V., Syn- and posteruptive hazards of maar-
diatreme volcanoes, J. Volcanol. Geoth. Res., 2007,
159, 285-312

[55] Suhr P, Goth K. Lorenz V., Long lasting subsi-
dence and deformation in and above maar-diatreme
volcanoes - a never ending story, Zeitschrift
der Deutschen Gesellschaft fiir Geowissenschaften,
2006, 157, 491-511

[56] Manville V., Németh K., Kano K., Source to sink: A
review of three decades of progress in the under-
standing of volcaniclastic processes, deposits, and
hazards. Sediment. Geol., 2009, 220, 136-161

257




Neogene-Quaternary Volcanic forms in the Carpathian-Pannonian Region: a review

258

[57] Pirrung M., Fischer C., Buchel G., Gaupp R, Lutz H.,
Neuffer F.O., Lithofacies succession of maar crater
deposits in the Eifel area (Germany), Terra Nova,
2003, 15, 125-132

[58] Martin U., Németh K., Mio/Pliocene phreatomag-
matic volcanism in the western Pannonian Basin,
Geologica Hungarica Series Geologica, Geological
Institute of Hungary, Budapest, 2004

[59] Falus G., Szabé C., Vaselli O, Mantle upwelling
within the Pannonian Basin: evidence from xenolith
lithology and mineral chemistry, Terra Nova, 2000,
12, 295-302

[60] Magyar |, Geary D.H., Muller P., Paleogeographic
evolution of the Late Miocene Lake Pannon in Cen-
tral Europe, Palaeogeogr. Palaeocl., 1999, 147, 151-
167

[61] Saccht M., Horvdth F., Magyart O, Role of
unconformity-bounded units in the stratigraphy of
the continental cord; a case study from the late
Miocene of the western Pannonian Basin, Hungary.
In: Durand B., Jolivet L., Horvédth F., Ranne M. (Eds),
The Mediterranean basins; Tertiary extension within
the Alpine Orogen., Geological Society of London,
United Kingdom, London, 1999, 357-390

[62] Horvath F., Bada G., Szafidn P, Tari G., Adam A,
Cloetingh S., Formation and deformation of the Pan-
nonian basin: constraints from observational data.
In: Gee D.G., Stephenson RA. (Eds.), European
Lithosphere Dynamics, Geological Society, London,
Memoirs, 2006, 32, 191-206

[63] Saccht M., Horvath F., Towards a new time scale for
the Upper Miocene continental series of the Pan-
nonian basin (Central Paratethys), Stephan Mueller
Special Publication Series, 2002, 3, 79 - 94

[64] Juhdsz E., Phillips L., Miiller P, Ricketts B., Téth
MA., Lantos M., Kovacs L., Late Neogene sed-
imentary facies and sequences in the Pannonian
Basin, Hungary. In: Durand B., Jolivet L., Horvath
F., Ranne, M. (Eds.), The Mediterranean basins; Ter-
tiary extension within the Alpine Orogen., Geolog-
ical Society of London, London, United Kingdom,
1999, 335-356

[65] Miiller P, Stratigraphy of the Pannonian sediments.
In: Bérczi |, Jambor A. (Eds.), Stratigraphy of geo-
logical units of Hungary, Budapest, 1998, 485-493
(in Hungarian)

[66] Budat T., Haas J., Triassic sequence stratigraphy
of the Balaton Highland, Hungary, Acta Geologica
Hungarica, Budapest, 1997, 40, 307-335

[67] Juhasz A., Toth T.M., Ramseyer K., Matter A., Con-
nected fluid evolution in fractured crystalline base-
ment and overlying sediments, Pannonian Basin, SE

Hungary, Chem. Geol., 2002, 182, 91-120

[68] Haas J., Mioc P, Pamic J., Tomljenovic B., Arkai
P., Berczi-Makk A., Koroknai B., Kovacs S., et al,
Complex structural pattern of the Alpine-Dinaridic-
Pannonian triple junction, Int. J. Earth Sci., 2000, 89,
377-389

[69] Fodor L., GCsillag G., Németh K., Budai T, Cserny
T., Martin U, Brezsnyanszky K. Dewey J., Tec-
tonic development, morphotectonics and volcanism
of the Transdanubian Range and Balaton Highland:
a field guide to the workshop on "Application of
GPS in plate tectonics, in research on fossil en-
ergy resources and in earthquake hazard assess-
ment”, Budapest, 24-08-01-09/2002, Annual Reports
of the Geological Institute of Hungary - 2003, 2004
(in press)

[70] Németh K., Martin U., Large hydrovolcanic field in
the Pannonian Basin: general characteristics of the
Bakony- Balaton Highland Volcanic Field, Hungary.
Acta Vulcanologica, 1999, 11, 271-282

[71] Vass D., Konetng V., Tunyi I, Dolinsky P., Balogh
K., Hudé&tkova N., Kovalova-Slamkovd M., Belacek
B., Origin of the Pliocene vertebrate bone accumula-
tion at Hajnacka, southern Slovakia, Geol. Carpath.,
2000, 51, 69-82

[72] Fejfar O., Heinrich W.D., Importance of two sites
of fossil vertebrates, lvanovce and Hajnacka, for
mammalian paleontology in European Pliocene and
Early Pleistocene: present stage of knowledge and
problems, Vestnik Ustredniho Ustavu Geologického,
1985, 60, 213-224

[73] Konetng V., Lexa J., Pliocene to Pleistocene alkali
basalt diatremes and maars of Southern Slovakia:
a common model for their evolution, Terra Nostra,
2000, 6, 220-232

[74] Vass D., Elecko M., Konetng V. Alginite; a raw
material for environmental control, Geology Today,
1997, 13, 149-153

[75] Konetny V., Lexa J., Balogh K. Konetngy P, Al-
kali basalt volcanism in southern Slovakia; volcanic
forms and time evolution, Acta Vulcanologica, 1995,
7,167-171

[76] Konet¢ny V., Balogh K., Orlicky O., Lexa J., Vass D.,
Anonymous, Evolution of the Neogene-Quaternary
alkali basalt volcanism in central and southern Slo-
vakia (West Carpathians), Special Publications of
the Geological Society of Greece, 1995, 4, 533-538

[77] Martin U., Németh K., Lorenz V., White J.D.L., In-
troduction: Maar-diatreme volcanism. J. Volcanol.
Geoth. Res., 2007, 159, 1-3

[78] Lorenz V., Kurszlaukis S., Root zone processes in
the phreatomagmatic pipe emplacement model and



Jaroslav Lexa, loan Seghedi, Karoly Németh, Alexandru Szakéacs, Vlastimil

Konec¢ny, Zoltan Pécskay, Alexandrina Fllép, Marinel Kovacs

consequences for the evolution of maar-diatreme vol-
canoes, J. Volcanol. Geoth. Res., 2007, 159, 4-32

[79] Németh K., Cronin S.J., Haller M.J., Brenna M.,
Csillag G., Modern analogues for Miocene/Pliocene
alkali basaltic phreatomagmatic fields in the Pan-
nonian Basin: “soft-substrate” aquifer controlled
phreatomagmatism in intraplate volcanic fields,
Cent. Eur. J. Geosci., 2010, (in press)

[80] Sheridan M.F., Wohletz K.H., Hydrovolcanism - Ba-
sic considerations and review, J. Volcanol. Geoth.
Res., 1983, 17, 1-29

[81] Wohletz K.H., Explosive magma-water interactions:
Thermodynamics, explosion mechanisms, and field
studies, B. Volcanol., 1986, 48, 245 - 264

[82] White ]J.D.L., Pre-emergent construction of a lacus-
trine basaltic volcano, Pahvant Butte, Utah (USA),
B. Volcanol., 1996, 58, 249-262

[83] White J.D.L., Eruption and reshaping of Pahvant
Butte volcano in Pleistocene Lake Bonneville. In:
White J.D.L., Riggs N.R. (Eds.), Volcaniclastic sedi-
mentation in lacustrine settings, Balckwell Sciences,
Oxford, 2001, 61-80

[84] Sohn Y.K., Hydrovolcanic processes forming basaltic
tuff rings and cones on Cheju Island, Korea, Geol.
Soc. Am. Bull,, 1996, 108, 1199-1211

[85] Sohn Y.K., Chough S.K., The Ilchulbong tuff cone,
Cheju Island, South-Korea - Depositional processes
and evolution of an emergent, surtseyan- type tuff
cone, Sedimentology, 1992, 39, 523-544

[86] Sohn Y.K., Chough S.K., The Udo Tuff Cone, Cheju
Island, South-Korea - Transformation of pyroclastic
fall into debris fall and grain flow on a steep volcanic
cone slope, Sedimentology, 1993, 40, 769-786

[87] Brand B.D., White C.M., Origin and stratigraphy of
phreatomagmatic deposits at the Pleistocene Sinker
Butte Volcano, Western Snake River Plain, Idaho, J.
Volcanol. Geoth. Res., 2007, 160, 319-339

[88] Martin U., Németh K., Eruptive and depositional
history of a Pliocene tuff ring that developed in a
fluviolacustrine basin: Kissomlyo Volcano (Western
Hungary), J. Volcanol. Geoth. Res., 2005, 147, 342-
356

[89] Konetny V., Lexa |., Balogh K., Neogene-Quaternary
alkali basalt volcanism of Slovakia; review of vol-
canic forms and evolution, Geol. Carpath., 1999, 50,
112-114

[90] Kalitiak M., Baiiacky V., Jacko S., Janotko J., Karoli
S., Molnar J., Petro L., Priechodskd Z., et al, Ex-
planatory notes to the geological map of Slanské
vrchy Mts. and Kosicka depression - northern part,
1:50 000, Geologickd sluzba SR., Bratislava, 1991
(in Slovak)

[91] Kalitiak M., Zec B., Review of Neogene volcanism
of Eastern Slovakia, Acta Volcanologica, 1995, 7, 87
- 96

[92] Simon L., Lexa J., Kone¢ny V., Pannonian basalt
volcano Sibenitny vrch, Central Slovakia Geol.
Carpath., 2002, 53, (CD-version)

[93] Lexa J., Kone&ny V., Geodynamic aspects of the Neo-
gene to Quaternary volcanism. In: Rakis M. (Ed.),
Geodynamic development of the Western Carpathi-
ans, Geologicka sluzba SR, Bratislava, 1998, 219-
240

[94] Vespermann D., Schmincke H.U., Scoria cones and
tuff rings. In: Sigurdsson H., Houghton B.F., McNutt
S.R, Rymer H., Stix J. (Eds.), Encyclopedia of Vol-
canoes, Academic Press, San Diego, 2000, 683-694

[95] Wood C.A., Morphometric evolution of cinder cones,
J. Volcanol. Geoth. Res., 1980, 7, 387-413

[96] McGetchin T.R,, Settle M., Chouet B.A,, Cinder cone
growth modeled after Northeast Crater, Mount-Etna,
Sicily, J. Geophys. Res., 1974, 79, 3257-3272

[97] Hooper D.M., Sheridan M.F., Computer-simulation
models of scoria cone degradation, J. Volcanol.
Geoth. Res., 1998, 83, 241-267

[98] Riedel C., Ernst G.G.J., Riley M., Controls on the
growth and geometry of pyroclastic constructs, .
Volcanol. Geoth. Res., 2003, 127, 121-152

[99] Parfitt E.A.,, A discussion of the mechanisms of ex-
plosive basaltic eruptions, J. Volcanol. Geoth. Res.,
2004, 134, 77-107

[100] Parfitt E.A., Wilson L., Neal C.A,, Factors influenc-
ing the height of Hawaiian lava fountains: Implica-
tions for the use of fountain height as an indicator of
magma gas content, Bull. Volcanol., 1995, 57, 440-
450

[101] Wilson L., Parfitt E.A, Head JW., Explosive
Volcanic-Eruptions .8. The Role of Magma Recycling
in Controlling the Behavior of Hawaiian-Style Lava
Fountain, Geophys. J. Int.,, 1995, 121, 215-225

[102] Parfitt E.A., A study of clast size distribution, ash
deposition and fragmentation in a Hawaiian-style
volcanic eruption, J. Volcanol. Geoth. Res., 1998, 84,
197-208

[103] Keating G.N., Valentine G.A., Krier D.J., Perry FV,,
Shallow plumbing systems for small-volume basaltic
volcanoes, Bull. Volcanol., 2008, 70, 563-582

[104] Martin U., Németh K., How Strombolian is a "Strom-
bolian” scoria cone? Some irregularities in scoria
cone architecture from the Transmexican Volcanic
Belt, near Volcan Ceboruco, (Mexico) and Al Haruj
(Libya)., J. Volcanol. Geoth. Res., 2006, 155, 104-118

[105] Blackburn E.A., Sparks R.S.J., Mechanism and dy-
namics of strombolian activity. J. Geol. Soc. London,

259




Neogene-Quaternary Volcanic forms in the Carpathian-Pannonian Region: a review

260

1976, 132, 429-440

[106] Di Traglia F., Cimarelli C., De Rita D., Gimeno Tor-
rente D., Changing eruptive styles in basaltic explo-
sive volcanism: Examples from Croscat complex sco-
ria cone, Garrotxa Volcanic Field (NE Iberian Penin-
sula), J. Volcanol. Geoth. Res., 2009, 180, 89-109

[107] Pioli L., Erlund E., Johnson E., Cashman K., Wallace
R., Rost M., Granados H.D., Explosive dynamics of
violent Strombolian eruptions: The eruption of Pari-
cutin Volcano 1943-1952 (Mexico), Earth Planet. Sc.
Lett., 2008, 271, 359-368

[108] Weinstein Y., A transition from Strombolian to
phreatomagmatic activity induced by a lava flow
damming water in a valley, J. Volcanol. Geoth. Res.,
2007, 159, 267-284

[109] Valentine G.A., Perry FV, Krier D., Keating G.N.,
Kelley R.E. Coghill AH., Small-volume basaltic
volcanoes: Eruptive products and processes, and
posteruptive geomorphic evolution in Crater Flat
(Pleistocene), southern Nevada, Geol. Soc. Am.
Bull.,, 2006, 118, 1313-1330

[110] Foshag W.F., Gonzalez RJ., Birth and development
of Paricutin volcano, Mexico, United States Geolog-
ical Survey Bulletin, 1956, 965-D, 355-489

[111] Luhr J.F, Simkin T., Paricutin. The volcano born in
a Mexican cornfield, Geosciences Press, Phoenix,
1993

[112] Carracedo J.C., Rodriguez Badiola E., Soler V., The
1730-1736 eruption of Lanzarote, Canary slands: a
long, high-magnitude basaltic fissure eruption, J.
Volcanol. Geoth. Res., 1992, 53, 239-250

[113] Thordarson T., Self S., The Laki (Skaftar-Fires) and
Grimsvotn Eruptions in 1783-1785, Bull. Volcanol,,
1993, 55, 233-263

[114] Kereszturi G., Németh K., Structural and morpho-
metrical irreqularities of eroded scoria cones at
Bakony—Balaton Highland Volcanic Field, Hungary.
Geomorphology, 2010, (in press)

[115] Dobosi G., Fodor RV., Goldberg S.A., Late-Cenozoic
alkalic basalt magmatism in northern Hungary and
Slovakia; petrology, source compositions and rela-
tionship to tectonics, Acta Vulcanologica, 1995, 7,
199-207

[116] Szabé C., Bodnar R.J., Changing magma ascent rates
in the Nograd-Gomor volcanic field northern Hun-
gary/southern Slovakia; evidence from CO (sub 2)
-rich fluid inclusions in metasomatized upper man-
tle xenoliths, Petrologiya, 1996, 4, 240-249

[117] Seghedi 1, Szakacs A. The Upper Pliocene-
Pleistocene effusive and explosive basaltic volcan-
ism from the Persani Mountains, Romanian Journal
of Petrology (Bucuresti), 1994, 76, 101-107

[118] Hare A.G., Cas RA.F., Volcanology and evolution of
the Werribee Plains intraplate, basaltic lava flow-
field, Newer Volcanics Province, southeast Australia,
Aust. J. Earth Sci., 2005, 52, 59-78

[119] Németh K. Suwesi K.S. Peregi Z., Gulacsi Z.,
Ujszaszi J., Plio/Pleistocene flood basalt related
scoria and spatter cones, rootless lava flows, and pit
craters, Al Haruj Al Abyad, Libya, Geolines, 2003,
98-103

[120] Risso C., Nemeth K. Combina AM. Nullo F.,
Drosina M., The role of phreatomagmatism in a Plio-
Pleistocene high-density scoria cone field: Llan-
canelo Volcanic Field (Mendoza), Argentina, J. Vol-
canol. Geoth. Res., 2008, 169, 61-86

[121] Stephenson PJ., Burch-Johnson AT, Stanton D.,
Long lava flows in North Queensland: context, char-
acteristics, emplacement. In: Chapman Conf. Long
Lava Flows, Townsville, Australia, 1996, 86-87

[122] Stephenson P.J., Burch-Johnston AT, Stanton D.,
Whitehead PW., Three long lava flows in north
Queensland, J. Geophys. Res. Sol. Ea., 1998,
103(B11), 27359-27370

[123] Fink H.J., Anderson SW., Lava domes and coulees.
In: Sigurdsson H., Houghton B.F., McNutt S.R,
Rymer H., Stix J. (Eds.), Encyclopedia of Volcanoes,
Academic Press, San Diego, 2000, 307-319

[124] MacDonald G.A., Volcanoes. Prentice-Hall, Engle-
woods Cliffs, N.J., 1972

[125] Delmelle P, Stix J., Volcanic gases. In: Sigurdsson
H., Houghton B.F., McNutt S.R.,, Rymer H., Stix J.
(Eds.), Encyclopedia of Volcanoes, Academic Press,
San Diego, 2000, 803-815

[126] Williams H., The history and character of volcanic
domes, Univ. Calif. Berkeley Pub. Bull., Dept. of Ge-
oll Sci., 1932, 21, 51-146

[127] Leyden R. Staukuppen und verwandte Bildungen,
Zeitschrift fir Vulkanologie, 1936, 16, 225-247

[128] Blake S., Viscoplastic models of lava domes. In:
Fink J.H. (Ed.), IAVCEI Proceedings in Volcanology,
Springer Verlag, Heidelberg. 1989, 88-126

[129] Batiza R,, White J.D.L., Submarine lavas and hyalo-
clastite. In: Sigurdsson H., Houghton B.F., McNutt
S.R, Rymer H., Stix J. (Eds.), Encyclopedia of Vol-
canoes, Academic Press, San Diego, 2000, 361-381

[130] Szakécs A., Seghedi I, Volcaniclastic sequences
around andesite stratovolcanoes, East Carpathians,
Romania. Workshop Guide, Romanian Journal of
Petrology (Bucuresti), 1996, 77, 1-55

[131] Kalitiak M., Banacky V., Bodnar J., Dubéciovd A.,
Jacko S., Janocko J., Jetel J., Karoli S., et al, Ex-
planatory notes to the geological map of Slanské
mountains and KoSice depression - southern part, 1:



Jaroslav Lexa, loan Seghedi, Karoly Németh, Alexandru Szakéacs, Vlastimil

Konec¢ny, Zoltan Pécskay, Alexandrina Fllép, Marinel Kovacs

50 000, Geol Surv Slovak Rep., Bratislava, 1996 (in
Slovak)

[132] Pécskay Z., Seghedi I, Downes H., Prychodko M.,
Mackiv B., K/Ar dating of Neogene calc-alkaline
volcanic rocks from Transcarpathian Ukraine, Geol.
Carpath. 2000, 51, 83-89

[133] Kovacs M., Fiilsp A., Neogene volcanism in Oas
Mts., Eastern Carpathians, Romania, Geol. Carpath.,
2002, 53, 208-210

[134] Lexa J., Halouzka R, Havrila M., Hanzel V., Kube$
P., Lis¢ak P., Hojstricova V., Explanation to the geo-
logical map of the Kremnické vrchy Mts. 1 : 50 000,
Geol Surv Slovak Rep., Bratislava, 1998

[135] Vass D., Konetny V. Sefara J., Prista$ ], Skvarka
L., Geologicka stavba Ipe[skej kotliny a Krupinskej
planiny, Geologicky tstav D. Stdra, Bratislava, 1979,
(in Slovak with English summary)

[136] Kaliciak N., Pécskay Z., Kone¢ny V., Lexa |, Anony-
mous, Evolution of the Vihorlat Neogene volcanic
range based on K/Ar dating, Special Publications
of the Geological Society of Greece, 1995, 4, 523-
526

[137] Lexa J., Halouzka R., Havrila M., Hanzel V., Kubes
P, Lis¢ak P., Hojstri¢ova V., Explanation to the geo-
logical map of the Kremnické vrchy Mts; 1 : 50 000,
Geol Surv Slovak Rep., Bratislava, 1998

[138] Lexa J., Forms of rhyolite bodies in the surroundings
of Ziar nad Hronom, Geologicke Préce, Spravy, 1971,
56, 67-80 (in Slovak)

[139] Gyarmati P, A Tokaj-hegység intermedier vulka-
nizmusa, Magyar Alami Foldtani Intezét, Budapest,
1977, 58, 1-195 (in Hungarian)

[140] Pichler H., Acid hyaloclastites, Bull. Volcanol., 1965,
28, 293-310

[141] Zelenka T., Geology of the perlites in the Palhaza
region, Nemzetkozi Perlit Konferencia kiadvanya,
2008, 51-76

[142] Fulop A., Kovacs M., Pannonian acid volcanism
in Gutai Mts. (East Carpathians, Romania): vol-
canological features, magmatological and tectonical
significance, In: Popov P. (Ed.), Plate tectonic as-
pects of the alpine metallogeny in the Carpatho-
Balkan region, Proceedings of the annual meeting
UNESCO-IGCP Project 356, Sofia, 1996, vol. 2, 57-
67

[143] Heiken G., Wohletz K., Tephra deposits associated
with silicic domes and lava flows. Geol. Soc. Am.
Spec. Pap., 1987, 212, 55-76

[144] Cas RAF., Allen RL., Bull SW, Clifford B.A., Wright
JV., Subaqueous, rhyolitic dome-top tuff cones: a
model based on the Devonian Bunga Beds, south-
eastern Australia and a modern analogue, Bull. Vol-

canol., 1990, 52, 159-174

[145] Konetng V., Lexa J., Hojstritova V., The Central Slo-
vakian volcanic Field: a review., Acta Vulcanologica,
1995, 7, 63-78

[146] Bezak V., Lexa J., Genetic types of rhyolite volcani-
clastic rocks in the surroundings of Ziar nad Hronom,
Geologicke Préce, Spréavy, 1982, 79, 83-112 (in Slo-
vak)

[147] Williams H., The history and character of vol-
canic domes. University California Berkeley Publi-
cation, Bulletin of Department of Geological Sci-
ences, 1932, 21, 51-146

[148] Németh K., Pécskay,Z., Martin U., Gméling K., Mol-
nar F., Cronin S.J., Huyaloclastites, peperites and
soft-sediment deformation textures of a shallow sub-
aqueous Miocene rhyolitic dome-cryptodome com-
plex, Péalhdza, Hungary. In: Thomson K. Petford
N., (Eds.), Structure and Emplacement of High-Level
Magmatic Systems, The Geological Society of Lon-
don, Bath, UK., 2008, 61-83

[149] Lexa J., Kodéra P, Biroit A, Kraus I, MikuSova
J., Fallick A.E., Gregor M., Rhyolite volcanites of
the Ziar tectonis depression as a potential source
of mineral raw materials. In: Beranek M., Pdastor
J., (Eds.), Zbornik prednasok z medzinarodnej kon-
ferencie Nerastné suroviny Slovenska a ich vyuZzi-
vanie. Slovenskd banicka spoloénos{, Bratislava,
2009, 104-106

[150] Seghedi |., Szakacs A., Rosu E., Pécskay Z., Gméling
K., Note on the evolution of a Miocene compos-
ite volcano in an extensional setting, Zarand Basin
(Apuseni Mts., Romania), Cent. Eur. J. Geosci., 2010,
in press

[151] Seghedi I., Matenco L., Downes H., Mason P.R.D.,
Szakacs A., Pécskay Z., Tectonic significance of
changes in post-subduction Pliocene-Quaternary
magmatism in the south east part of the Carpathian-
Pannonian Region, Tectonophysics, 2010, http://
dx.doi.org/10.1016/].tecto.2009.12.003.

[152] Seghedi I., Ntaflos T., Pécskay Z., The Gataia Pleis-
tocene lamproite: a new occurrence at the south-
eastern edge of the Pannonian Basin, Romania, Ge-
ological Society London Special Publication, 2008,
293, 83-100, DOI:10.1144/SP293.5

[153] Downes H., Seghedi |, Szakacs A., Dobosi G., James
D.E., Vaselli O., Rigby I.J., Ingram G.A,, et al., Petrol-
ogy And Geochemistry Of Late Tertiary Quaternary
Mafic Alkaline Volcanism In Romania, Lithos, 1995,
35, 65-81

[154] Adda K., Lukarecz és vidékének geoldgiai vis-
zonyai. (Az 1896. évi részi. folvételekrdl) (Geology
of Lukaretz and its environs (according to detailed

261




Neogene-Quaternary Volcanic forms in the Carpathian-Pannonian Region: a review

262

mapping in 1986)), Budapest, 1897

[155] Mateescu S., Quaternary volcanism in the north-
western part of Banat, Rev. Muzeul de Geolgie
st Mineralogie, Universitatea Babes-Bolyai, Cluj-
Napoca, 1937, 6, 72-97 (in Romanian)

[156] Ilinca G., Marincea S., Russo-Sandulescu D., lancu
V., Seghedi I, Mineral occurences in the south-
western Banat, Romania. Excursion Guide. Second
Symposium on Mineralogy, Timisoara, Romanian
Journal of Mineralogy, Bucuresti, 1993, 76, suppl.
2

[157] Pécskay Z., Edelstein O., Seghedi ., Szakdcs A,
Kovacs M., Crthan M., Bernad A., K-Ar datings of
Neogene-Quaternary calc-alkaline volcanic rocks in
Romania, Acta Vulcanologica, 1995, 7, 53-61

[158] Seghedi I., Szakacs A. Snelling N.J., Pecskay Z.,
Evolution of the Neogene Gurghiu Mountains vol-
canic range (Eastern Carpathians, Romania), based
on K-Ar geochronology, Geol. Carpath., 2004, 55,
325-332

[159] Seghedi |, Szakacs A., Pecskay Z., Mason PR.D,
Eruptive history and age of magmatic processes in
the Cédlimani volcanic structure (Romania), Geol.
Carpath., 2005, 56, 67-75

[160] Koneng V., Lexa J., Balogh K., Neogene-Quaternary
alkali basalt volcanism of Slovakia; review of vol-
canic forms and evolution, Geol. Carpath., 1999, 50,
112-114

[161] Koneény V., Lexa J., Paleovolcanic reconstruction of
Neogene volcanoes in the central Slovakia volcanic
field, Geol. Carpath., 1999, 50, 109-112

[162] Budkewitsch P., Robin P-Y., Modelling the evolution
of columnar joints. J. Volcanol. Geotherm. Res., 1994,
59, 219-239

[163] DeGraff J.M., Aydin A. Surface morphology of
columnar joints and its significance to mechanics and
direction of joint growth, Geol. Soc. Am. Bull., 1987,
99, 605-617

[164] Lyle P, The eruption environment of multi-tiered
columnar basalt lava flows, J. Geol. Soc. London,
2000, 157, 715-722

[165] Spry A.H., The origin of columnar jointing particu-
larly in basalt flows. Journal of the Geological So-
ciety of Australia, 1962, 8, 191-216

[166] Valentine G.A., Keating G.N., Eruptive styles
and inferences about plumbing systems at Hidden
Cone and Little Black Peak scoria cone volcanoes
(Nevada, USA), Bull. Volcanol., 2007, 70, 105-113

[167] Walker G.P.L., Basaltic-volcano systems. In:
Prichard H.M., Alabaster T., Harris N.BW., Nearly
C.R., (Eds.), Magmatic Processes and Plate Tec-
tonics, Geological Society of London Special

Publications, 1993, 76, 3-38

[168] Németh K., Martin U., Shallow sill and dyke complex
in western Hungary as a possible feeding system of
phreatomagmatic volcanoes in "soft-rock” environ-
ment, J. Volcanol. Geoth. Res., 2007, 159, 138-152

[169] Koneény V., Lexa J., Evolution of the phreatomag-
matic/extrusive/intrusive complex of the Bulhary
maar-diatreme volcano in Southern Slovakia, Ge-
olines, 2003, 15, 47-51

[170] Hearn B.C.)., Diatremes with kimberlitic affinities in
North-Central Montana, Science, 1968, 159, 622-
625

[171] Lorenz V., Formation of maar-diatreme volcanoes,
Terra Nostra, 2000, 6, 284-291

[172] Gernon T.M., Gilbertson M.A., Sparks R.S.J,, Field
M. Gas-fluidisation in an experimental tapered bed:
insights into processes in diverging volcanic con-
duits, J. Volcanol. Geoth. Res., 2008, 174, 49-56

[173] Gernon T.M., Gilbertson M.A., Sparks R.S.J,, Field
M., Gas-fluidisation in an experimental tapered bed:
Insights into processes in diverging volcanic con-
duits, J. Volcanol. Geoth. Res., 2008, 174, 49-56

[174] Walters A.L., Phillips J.C., Brown RJ., Field M., Ger-
non T, Stripp G., Sparks RS.J., The role of fluidi-
sation in the formation of volcaniclastic kimberlite:
Grain size observations and experimental investiga-
tion, J. Volcanol. Geoth. Res., 2006, 155, 119-137

[175] Ross P.S., White J.D.L, Zimanowski B., Buttner
R., Rapid injection of particles and gas into non-
fluidized granular material, and some volcanological
implications, Bull. Volcanol., 2008, 70, 1151-1168

[176] Ross P.S., White J.D.L., Zimanowski B., Buttner R,
Multiphase flow above explosion sites in debris-
filled volcanic vents: Insights from analogue experi-
ments, J. Volcanol. Geoth. Res., 2008, 178, 104-112

[177] Ross P.S., White ]J.D.L., Debris jets in continental
phreatomagmatic volcanoes: A field study of their
subterranean deposits in the Coombs Hills vent com-
plex, Antarctica, J. Volcanol. Geoth. Res., 2006, 149,
62-84

[178] Bence G. Bernhardt B., Bihari D. Bélint C,
Csészar G., Gyalog L., Haas J., Horvath |, et al., A
Bakony hegység foldtani képz8dményei. Magyarézé
a Bakony hegység fedetlen foldtani térképéhez 1:50
000. Foldt. Int. alkalmi kiadv., 1990 (in Hungarian)

[179] Budat T, Csillag G. (Eds.), Geology of the Balaton
Highland: explanatory booklet for the geology map
of the Balaton Highland, scale 1:50 000, Occasional
Papers of the Geological Institute of Hungary, Ge-
ological Institute of Hungary, Budapest, 1999

[180] Bence G., Bihari D., Lantos M., Geomagnetic mea-
surements to detect basaltic volcanic vents in the



Jaroslav Lexa, loan Seghedi, Karoly Németh, Alexandru Szakéacs, Vlastimil

Konec¢ny, Zoltan Pécskay, Alexandrina Fllép, Marinel Kovacs

Balaton Highland, Annual Report of the Hungarian
Geological Institute, 1988, 1988, 363-369

[181] Fodor L., Csillag G., Németh K, Budai T., Cserny
T., Martin U., Brezsnyanszky K., Dewey J., Tectonic
development, morphotectonics and volcanism of the
Transdanubian Range: a field quide, Occasional Pa-
pers of the Geological Institute of Hungary, 2005,
204, 59-86

[182] Budai T, Csillag G., Dudko A., Koloszar L., Geolog-
ical map of the Balaton Highland, Magyar Allami
Foldtani Intézet, Budapest, 1999

[183] Németh K., Martin U., Haller M.J., Alric V.L., Ceno-
zoic diatreme field in Chubut (Argentina) as evi-
dence of phreatomagmatic volcanism accompanied
with extensive Patagonian plateau basalt volcanism?
Episodes, 2007, 30, 217-223

[184] Lorenz V. Haneke J., Relationship between dia-
tremes, dykes, sills, laccoliths, intrusive-extrusive
domes, lava flows, and tephra deposits with un-
consolidated water-saturated sediments in the late
Variscan intermontane Saar-Nahe Basin, SW Ger-
many. In: Breitkreuz C., Petford N. (Eds.), Physical
Geology of Subvolcanic Systems - Laccoliths, Sills,
and Dykes, Blackwell Sciences, Oxford, 2004, 75-
124

[185] Cassidy J., France S.J., Locke C.A., Gravity and mag-
netic investigation of maar volcanoes, Auckland vol-
canic field, New Zealand, J. Volcanol. Geoth. Res.,
2007, 159, 153-163

[186] Ort M.H., Dallege T.A., Vazquez J.A,, White J.D.L.,
Volcanism and sedimentation in the Mio-Pliocene
Bidahocht Formation, Navajo Nation, NE AZ. In:
Duebendorfer E. (Ed.), Geologic Excursions in north-
ern and Central Arizona. Field trip Guidebook for
Geological Society of America Rocky Mountain Sec-
tion Meeting, Arizona, Geological Society of Amer-
ica, Flagstaff, Arizona, 1998, 35-57

[187] Skilling I.P., White J.D.L., McPhie J., Peperite: a
review of magma-sediment mingling, J. Volcanol.
Geoth. Res., 2002, 114, 1-17

[188] Godchaux M., Bonnichsen B., Syneruptive magma-
water and posteruptive lava-water interactions in
the Western Snake River Plain, ldaho, during the
past 12 million years. In: Bonnichsen B., White CM.,
McCurry M. (Eds.), Tectonic and magmatic evolution
of the Snake River Plain Volcanic Province, Idaho
Geological Survey, University of Idaho, Moscow,
Idaho. 2002, 387-435

[189] Németh K., White C.M., Intra-vent peperites related
to the phreatomagmatic 71 Gulch Volcano, western
Snake River Plain volcanic field, Idaho (USA), J. Vol-
canol. Geoth. Res., 2009, 183, 30-41

[190] Martin U., Németh K., Blocky versus fluidal peperite
textures developed in volcanic conduits, vents
and crater lakes of phreatomagmatic volcanoes in
Mio/Pliocene volcanic fields of Western Hungary, J.
Volcanol. Geoth. Res., 2007, 159, 164-178

[191] Koneéng V., Lexa J., Kone&ng P., Volcanic and sub-
volcanic lava bodies-Structural aspects, Geolines,
2004, 17, 121-127

[192] Kone¢ny V., Lexa )., Konetn§ P., A guidebook to
the southern Slovakia alkali basalt volcanic field.
Field Guide - Second International Maar Con-
ference (Hungary - Slovakia - Germany - 15-29
September, 2004), Geological Survey of the Slovak
Republic Bratislava, Slovak Republic, 2004

[193] Németh K., Martin U., Shallow sub-surface sill and
dyke complexes in Western Hungary as a possi-
ble feeding system of phreatomagmatic volcanoes in
"soft rock” environment, J. Volcanol. Geoth. Res., 159,
2006, 138-152

[194] Németh K., Martin U., Csillag G., Calculation of ero-
sion rates based on remnants of monogenetic al-
kaline basaltic volcanoes in the Bakony—Balaton
Highland Volcanic Field (Western Hungary) of
Mio/Pliocene age, Geolines, 2003, 15, 93-97

[195] Németh K., Martin U, CGCsillag G. Eroded
maar/diatrema structures from the Bakony-Balaton
Highland Volcanic Field, Annual Report of the Ge-
ological Institute of Hungary, 2003, 83-99 (in Hun-
garian)

[196] Kovacs |., Zajacz Z., Szabo C., Type-Il xenoliths and
related metasomatism from the Nograd-Gomor Vol-
canic Field, Carpathian-Pannonian region (northern
Hungary-southern Slovakia), Tectonophysics, 2004,
393, 139-161

[197] Zajacz Z., Szabdé C., Origin of sulfide inclusions
in cumulate xenoliths from Nograd-Gomor volcanic
field, Pannonian Basin (North Hungary/South Slo-
vakia), Chem. Geol., 2003, 194, 105-117

[198] Bali E., Szabd C., Vaselli O., Torok K., Significance
of silicate melt pockets in upper mantle xenoliths
from the Bakony-Balaton Highland Volcanic Field,
Western Hungary, Lithos, 2002, 61, 79-102

[199] Berbeleac I., Iliescu D., Andrei J., Ciuculescu, O.,
Ciuculescu, R., Relationships between alterations,
porphyry copper-gold and base metal-gold hy-
drothermal vein mineralizations in Tertiary intru-
sions, Talagiu area, Zarand Mountains, Romanian
Journal of Mineral Deposits, 1995, 76, 31-39

[200] Koneény V., Lexa J., Hojsritova, V., The Central Slo-
vakian volcanic Field: a review, Acta Vulcanologica,
1995, 7, 63-78

[201] Lexa J., Stohl J., Konetng V., The Banska Stiavnica

263




Neogene-Quaternary Volcanic forms in the Carpathian-Pannonian Region: a review

264

ore district: relationship between metallogenetic
processes and the geological evolution of a strato-
volcano, Mineralium Deposita, 1999, 34, 639-654

[202] Szakécs A., Seghedi I, The Calimani-Gurghiu-
Harghita volcanic chain, East Carpathians, Roma-
nia: Volcanological features, Acta Vulcanologica,
1995, 7, 145-153

[203] lanovict V. Giusca D., Ghitulescu T.P., Borcos M.,
Lupu M., Bleahu M., Savu H., Geological evolution
of the Metaliferi Mountains, Editura Academia Re-
publica Socialistd Romania, Bucharest, 1969 (in Ro-
manian)

[204] Bostinescu S., Porphyry copper systems in the south
Apuseni Mountains, Romania, Annuaire de l'Institut
de Géologie et Géophysique, 1984, 64, 163-174

[205] Borcos M., Lang B., Bostinescu S., Gheorghita J.,
Neogene hydrothermal ore deposits in the volcanic
Gutai Mountains, part lll, Révue Roumain de Géolo-
gie et Géographie, série Géologie, 1975, 19, 21-35

[206] Kovacs M., Edelstein O., Gabor M., Bonhomme M.,
Z., P, Neogene magmatism and metallogeny in Oas-
Gutai-Tibles Mts.; a new approach based on radio-
metric datings, Romanian Journal of Mineral De-
posits, 1997, 78, 35-45

[207] Pécskay Z., Seghedi I., Kovacs M., Szakacs A., Filop
A., Geochronology of the Neogene calc-alkaline in-
trusive magmatism in the “Subvolcanic Zone” of
the Eastern Carpathians (Romania), Geol. Carpath.,
2009, 60, 181-190

[208] Udubasa G., Edelstein O., Pop N., Radut M., Istvan
D., Kovacs M., Pop V., Stan D, et al, The Tibles
neogene igneous complex of North Romania: some
petrologic and metallogenetic aspects, Annales In-
stitutul Geologie si Geofizica, Bucharest, 1983, 59,
285-295

[209] Bendd Z., Korpas L., How much time is needed for
laccolith formation? A new approach based on a
case study from Csddi-hegy, Dunabogdény, Hun-
gary, Acta Geologica Hungarica, 2005, 48, 299-319

[210] Birkenmajer K. Pécskay Z., K-Ar dating of the
Miocene andesite intrusions, Pieniny Mts, West
Carpathians, Bulletin of Polish Academy of Sci-
ences, Earth Science, 1999, 47, 155-169

[211] Groger H.R., Fugenschuh T.BM., Schmid SM.,
Foeken J.PT., Tertiary cooling and exhumation
history in the Maramures area (internal eastern
Carpathians, northern Romania): thermochronology
and structural data. In: Siegesmund S., Fiigen-
schuh B., Froitzheim N. (Eds.), Tectonic Aspects of
the Alpine-Dinaride- Carpathian System, Geologi-
cal Society London, London, 2008, 169-195

[212] Kouzmanov K., von Quadt A., Peycheva I, Hein-

rich CA., Pettke T, Rosu E. Geochemical and
time constraints on porphyry ore formation in Barza
magmatic complex, Apuseni Mountains Romania. In:
Cook N.J,, Ozgenc I, Oyman T. (Eds.), Au-Ag-Te-Se
deposits. Proceedings of the 2006 Field Workshop,
IGCP Project 486 (24-29 September, 2006), lzmir,
Turkey. 2006, 96-102

[213] Rosu E., Seghedi I, Downes H., Alderton D.H.M.,
Szakécs A., Pécskay Z., Panaiotu C., Panaiotu C.E.
et al, Extension-related Miocene calc-alkaline mag-
matism in the Apuseni Mountains, Romania: ori-
gin of magmas, Swiss Bulletin of Mineralogy and
Petrology, 2004, 84, 153-172

[214] Marsh B.D., Magma chambers., In: Sigurdsson H.,
Houghton B.F., McNutt S.R., Rymer H., Stix J. (Eds.),
Encyclopedia of Volcanoes, Academic Press, San
Diego, 2000, 191-206

[215] O’Connor GV, Minut A, Leary S.F., The geology
and exploration of the Rosia Montana gold deposit,
Rosia montana, Transylvania, Romania. In: Ediopou-
los et al. (Eds.), Mineral Exploration and sustainable
development, Millpress: Rotterdam, 2003, 1213-
1216

[216] Zec B., Kalitiak M., Konetng V., Lexa J., Jacko S.M,,
Banacky V., Karoli S., Potfaj M., et al.,, Vysvetlivky
ku geologickej mape Vihorlatskijch a Humensk{ch
vrchov 1 : 50 000, Geol Surv Slovak Rep., Bratislava,
1997, (in Slovak with English summary)

[217] Holmes A., Pinciples of Physical Geology, Van Nos-
trand Reinhold (UK) Co.Ltd., Wokingham, Berks,
1978

[218] Berbeleac ., Petrographic and metallogenetic study
of Valisoara (Porcurea) Metalifert Mountains, An-
nales Institutul Geologie si Geofizica, Bucharest,
1975, 46, 1-191 (in Romanian)

[219] Konen( V., Lexa ], Structure of the neogene stra-
tovolcanoes in central Slovakia. Proceedings, XVth
CBGA congress, Athens, Geolological Socirty of
Greece Special Publications, 1995, 4, 539-544

[220] Dixon J.M., Simpson D.G., Centrifuge Modeling Of
Laccolith Intrusion, J. Struct. Geol., 1987, 9, 87-103

[221] Mock A., Ehling B.C., Breitkreuz C., Anatomy of a
laccolith complex - geometry and texture of por-
phyritic rhyolites in the Permocarboniferous Halle
Volcanic Complex (Germany), Neues Jahrbuch Fur
Geologie Und Palaontologie-Abhandlungen, 2005,
237, 211-271

[222] Dini A, Innocenti F., Rocchi S., Tonarini S., West-
erman D.S., The magmatic evolution of the late
Miocene laccolith-pluton- dyke granitic complex of
Elba Island, Italy. Geol. Mag., 2002, 139, 257-279

[223] Friedman J.D., Huffman A.C.J. (Eds.), Laccolith com-



Jaroslav Lexa, loan Seghedi, Karoly Németh, Alexandru Szakéacs, Vlastimil

Konec¢ny, Zoltan Pécskay, Alexandrina Fllép, Marinel Kovacs

plexes of southeastern Utah; time of emplacement
and tectonic setting; workshop proceedings, US Ge-
ological Survey Bulletin, 2158, 1998, 1-229

[224] Koneény V., Lexa J., Koneéng P, Volcanic and sub-
volcanic lava bodies - Structural aspects, Geolines,
2004, 17, 121-127

[225] Kalitiak M., Baiiacky V., Jacko S., Janocko J., Karoli
S., Molnar J., Petro L., Priechodskd, Z., Sytev A.
et al., Explanatory notes to the geological map of
Slanské vrchy Mts. and Kosické depression - north-
ern part, 1:50 000, Geologickd sluzba, Bratislava,
1991, (in Slovak)

[226] Kalitiak M., Zec B., Review of Neogene volcanism of
Eastern Slovakia, Acta Volcanologica, 1995, 7, 87-96

[227] Borcos M., Volcanicity/metallogeny in the South
Apuseni Mts. (Metaliferi Mts). In: Borcos M., Vlad
S. (Eds.), Field trip guide-Plate tectonics and met-
allogeny in the East Carpathians and Apuseni Mts.,
Geological Institute of Romania, Bucharest, 1994,
32-43

[228] Konetny V., Lexa J., Kone¢ng P, Volcanic and sub-
volcanic lava bodies - Structural aspects, Geolines,
2004, 17, 121-127

[229] Zelenka T., Balédzs E., Balogh K., Kiss J., Kozak M.,
Nemesi L., Pécskay Z., Piispoky Z. et al., Buried
Neogene volcanic structures in Hungary, Foldtant
Kozlony, 2004, 47, 177-219

[230] Kereszturt G., Csillag G., Németh K. Sebe K.,
Balogh K., Jager V., Volcanic architecture, eruption
mechanism and landform evolution of a Pliocene in-
tracontinental basaltic polycyclic monogenetic vol-
cano from the Bakony - Balaton Highland Volcanic
Field, Hungary, Centr. Eur. J. Geosci., 2010, in press

[231] Németh K. Martin U, Harangi S., Miocene
phreatomagmatic volcanism at Tihany (Pannonian
Basin, Hungary), J. Volcanol. Geoth. Res., 2001, 111,
111-135

[232] Koneény V., Lexa |, Pliocene to Pleistocene alkali
basalt diatremes and maars of Southern Slovakia:
a common model for their evolution, Terra Nostra,
2000, 6, 220-232

[233] Konetny V., Lexa J., Konetn§ P, A guidebook to
the southern Slovakia alkali basalt volcanic field.
Field Guide - Second International Maar Con-
ference (Hungary - Slovakia - Germany - 15-29
September, 2004) Bratislava, Slovak Republic, Ge-
ological Survey of the Slovak Republic, Bratislava,
2004

[234] Mathisen M.E., McPherson J.G., Volcaniclastic de-
posits: implications for hydrocarbon exploration. In:
Fisher RV, Smith G.A. (Eds.), Sedimentation in Vol-
canic Settings, Tulsa, Oklahoma, USA, 1991, 27-36

[235] Kone¢ng V. Lexa J., Structure of the neogene
stratovolcanoes in central Slovakia. Proceedings,
XVth CBGA congress, Athens, Geological Society
of Greece Special Publication, 1995, 4, 539-544

[236] Kardtson D. Németh K. Székely B., Ruszkiczay-
Riidiger Z., Pécskay Z., Incision of a river curva-
ture due to exhumed Miocene volcanic landforms:
Danube Bend, Hungary. Int. J. Earth Sci., 2006, 95,
929-944

[237] Székely B., Karatson D., DEM-based morphometry
as a tool for reconstructing primary volcanic land-
forms: examples from the Borzsony Mountains, Hun-
gary, Geomorphology, 2004, 63, 25-37

[238] Kardtson D., Németh K., Lithofacies associations of
an emerging volcaniclastic apron in a Miocene vol-
canic complex: an example from the Borzsony Moun-
tains, Hungary, Int. J. Earth Sci., 2001, 90, 776-794

[239] Kardtson D., Olah I, Pécskay Z., Marton E., Ha-
rangt S., Dulat A, Zelenka T., Késik S., Miocene
volcanism in the Visegrad Mountains (Hungary): an
integrated approach to regional volcanic stratigra-
phy, Geol. Carpath., 2007, 58, 541-563

[240] Hedenquist JW. Mineralization associated with
volcanic-related hydrothermal systems in the
circum-Pacific basin. In: Horn M.K. (Ed.), Trans.
of the 4th Circum-Pacific Energy and Mineral Re-
sources Conf., Singapore, 1987, 513-524

[241] Dublan L., Bezdk V., Biely A, Bujnovskg A,
Halouzka R., Hrasko L., Kohlerovd M., Marcin D,
et al, Vysvetlivky ku geologickej mape Polany 1: 50
000, Geol Surv Slovak Rep., Bratislava, Bratislava,
1997 (in Slovak with English summary)

[242] Konen( V., Bezak V., Halouzka R., P, Mihalikova A.,
Marcin D., Iglérova [ Panacek A., et al., Vysvetlivky
ku geologickej mape Javoria, Geol Surv Slovak Rep.,
Bratislava, Bratislava, 1998

[243] Francis P, Self S., Collapsing Volcanos, Sci. Am.,
1987, 256, 91-97

[244] Francis PW.,, Wells G.L., Landsat Thematic Map-
per observations of debris avalanche deposits in the
Central Andes, Bull. Volcanol., 1988, 50, 258-278

[245] McGuire W.J., Volcano instability: a review of con-
temporary themes. In: McGuire W.]., Jones A. (Eds.),
Volcano Instability on the Earth and Other Planets,
Geological Society of London, London, 1996

[246] Reid M.E., Sisson TW. Brien D.L, Volcano col-
lapse promoted by hydrothermal alteration and ed-
ifice shape, Mount Rainier, Washington, Geology,
2001, 29, 779-782

[247] Siebert L., Large volcanic debris avalanches: Char-
acteristics of source areas, deposits, and associated
eruptions, J. Volcanol. Geoth. Res., 1984, 22, 163-197

265




Neogene-Quaternary Volcanic forms in the Carpathian-Pannonian Region: a review

266

[248] Blong R.., Pleistocene Volcanic Debris Avalanche
From Mount Hagen, Papua-New-Guinea, Australian
Journal of Earth Sciences, 1986, 33, 287-294

[249] Glicken H., Sedimentary architecture of large
volcanic-debris avalanches. In: Fisher RV, Smith
G.A. (Eds.) Sedimentation in Volcanic Settings, So-
ciety for Sedimentary geology, Tulsa, Oklahoma,
1991, 99-106

[250] Belousov A., Belousova M., Voight B., Multiple edi-
fice failures, debris avalanches and associated erup-
tions in the Holocene history of Shiveluch volcano,
Kamchatka, Russia, Bull. Volcanol., 1999, 61, 324-
342

[251] Ui T, Takarada S., Yoshimoto M. Debris
avalanches., In: Sigurdsson H., Houghton B.F., Mc-
Nutt S.R,, Rymer H., Stix J. (Eds.), Encyclopedia of
Volcanoes, Academic Press, San Diego, 2000, 617-
626

[252] Bachelery P, Labazuy P, Lenat J.F., Submarine and
subaerial debris avalanches deposits in Reunion is-
land. C R Acad. Sci. Il A, 1996, 323, 475-482

[253] Cantagrel J.M., Arnaud N.O., Ancochea E., Fuster
J.M., Huertas M.}, Repeated debris avalanches on
Tenerife and genesis of Las Canadas caldera wall
(Canary Islands), Geology, 1999, 27, 739-742

[254] Hurlimann M., Ledesma A, Marti ], Conditions
favouring catastrophic landslides on Tenerife (Ca-
nary Islands), Terra Nova, 1999, 11, 106-111

[255] Seghedi I. A. F., Late Miocene debris-avalanche de-
posit at the Gutai shield volcano, NW Romania. Re-
evaluation of geological mapping and mineral de-
posits. AGU Joint Assembly, Toronto, Canada May
25-28, 2009, V32A-06

[256] Williams H., Calderas and their origin, University of
Calififornia Publication, Department of Geological
Sciiences, 1941, 25, 239-436

[257] Smith R.L, Bailey RA, Resurgent cauldrons. Geol.
Soc. Am. Mem., 1968, 116, 83-104

[258] Acocella V., Cifelli F.,, Funiciello R., Analogue mod-
els of collapse calderas and resurgent domes, J. Vol-
canol. Geoth. Res., 2000, 104, 81-96

[259] Acocella V., Cifelli F.,, Funiciello R.,, The control of
overburden thickness on resurgent domes: insights
from analogue models, J. Volcanol. Geoth. Res., 2001,
111, 137-153

[260] Zelenka T., Pécskay Z., Kiss J., Miocene vulcanism
of the Métra Mountains (N-Hungary). Pancardi, 2,
Abstracts, 2001, 16

[261] Dublan L., Bezédk V., Biely A, Bujnovskj A,
Halouzka R., Hrasko L., Kohlerovda M., Marcin D,
Onatila D., Scherer S., Vozarova A., Vozér |., Zakovéa

E., Vysvetlivky ku geologickej mape Po[ang 1:50

000 (Explanatory notes to geological map of Polana
1: 50 000), Geol Surv Slovak Rep., Bratislava, 1997,
1-238 (in Slovak with English summary)

[262] Koneény V., Lexa I, Halouzka R, Hdék J., Vozar J.,
Dublan L., Nagy A., Simon L., Het al., Vysvetlivky
ku geologickej mape Stiavnickych vrchov a Pohron-
ského Inovca (Stiavnick( stratovulkén, Geol Surv
Slovak Rep., Bratislava, 1998, (in Slovak with En-
glish summary)

[263] Konetn() V., Evolutionary stages of Banska Stiavnica
Caldera and its post-volcanic structures, Bull. Vol-
canol., 1971, 35, 95-116

[264] Juvigne E., Gewelt M., Gilot E., Hurtgen C., Seghedi
I, Szakacs A., Gabris G. Hadnagy A, et al, An
Eruption at About 10,7000 Yr Bp (C-14) in the East-
ern Carpathian Mountains (Romania), C R Acad. Sci.
II'A, 1994, 318, 1233-1238

[265] Moriya I, Okuno M., Nakamura T, Ono K. Sza-
kdcs A. . S., Radicarbon ages of charcoal fragments
from the pumice flow deposit of the last eruption
of Ciomadul volcano, Romania, Summaries of Re-
searches Using AMS at Nagoya University, 1996, 7,
252-255 (in Japanese)

[266] Konetny V., Lexa J., Processes and products of shal-
low submarine andesite volcanic activity. Abstracts,
International Volcanological Congress, Ankara, 1994

[267] Péka T., Seghedi I., Mérton E., Zelenka T., Pécskay
Z., Miocene volcanism of the Cserhat Mts (N Hun-
gary): Integrated volcano-tectonic, geochronologic
and petrochemical study, Acta Geologica Hungar-
ica, 2004, 47, 221-246

[268] Fulop A., The onset of the volcanism in Gutai Moun-
tains. Paleovolcanological and paleosedimentologi-
cal reconstructions, 2003 (in Romanian)

[269] Szakécs A., Zelenka T., Marton E., Pécskay Z., Péka
T., Seghedi I, Miocene acidic explosive volcanism
in the Biikk Foreland, Hungary; identifying eruptive
sequences and searching for source locations, Acta
Geologica Hungarica, 1998, 41, 413-435

[270] Szakécs A., Petrological and tephrological study of
the Lower Badenian volcanic tuffs from the north-
western Transylvanian Basin. PhD Thesis, Univer-
sity of Bucharest, 2000 (in Romanian)

[271] Lexa )., Post-Caldera epithermal veins of the Sti-
avnica Stratovolcano, Guidebook Series - Society of
Economic Geologists, 1999, 31, 249-257

[272] Cloos H., Hebung - spaltung - vulkanismus, Geolo-
gische Rundshau, 1939, 30, 405-527

[273] Richie J. E., Scotland, the Tertiary volcanic districts.
3rd edition - revised volume by MacGregor A.C.
and Anderson FW., Geol. Survey and Museum Ed-
inburgh, Edingburgh, 1961



Jaroslav Lexa, loan Seghedi, Karoly Németh, Alexandru Szakéacs, Vlastimil

Konec¢ny, Zoltan Pécskay, Alexandrina Fllép, Marinel Kovacs

[274] Anderson E.M., The dynamics of the formation of
cone sheets, ring dykes and cauldron subsidenced.
Royal Society of Edinburg Proceedings, 1936, 56,
128-157

[275] Seghedi I, Balintonti I, Szakacs A., Interplay of tec-
tonics and neogene post-collisional magmatism in
the Intracarpathian region, Lithos, 1998, 45, 483-497

[276] Seghedi I, Bojar AV., Downes H., Rosu E., Tonarini
S., Mason P.R.D., Generation of normal and adakite-
like calc-alkaline magmas in a non-subductional en-
vironment: A Sr-O-H isotopic study of the Apuseni
Mountains Neogene magmatic province, Romania,
Chem. Geol., 2007, 245, 70-88

[277] Nem&ok M., Lexa J., Evolution of the basin and range
structure around the Ziar mountain range, Geol.
Carpat., 1990, 41, 229-250

[278] Rosu E., Pécskay Z., Stefan A., Popescu G., Panaiotu
C., Panaiotu C.E., The evolution of the Neogene vol-
canism in the Apuseni Mountains (Romania): con-
straints from new K/Ar data, Geol. Carpath., 1997,
48, 353-359

[279] Karétson D., Berndd E., Geomorphological and geo-
logical evidences for one of the oldest crater remnant
known in the Carpathians: Mt. Rotunda, Gutii Mts.
Revue Roumaine de Géologie, Géophysique et Géo-
graphie — ser. de Géographie, Bucharest, 1994, 38,
115-121

[280] Wijbrans J., Nemeth K., Martin U., Balogh K., Ar-
40/Ar-39 geochronology of Neogene phreatomag-
matic volcanism in the western Pannonian Basin,
Hungary, J. Volcanol. Geoth. Res., 2007, 164, 193-
204

[281] Balogh K., Németh K., Itaya T., Molnar F., Stew-
art RB., Thanh N.X,, Hyodo H., Dardczi L., Loss of
40Ar(rad) from leucite-bearing basanite at low tem-
perature: implications on K/Ar dating, Cent. Eur. J.
Geosci., 2010, in press

[282] Balogh K., Németh K., Evidence for the neogene
small-volume intracontinental volcanism in western
Hungary: K/Ar geochronology of the Tihany Maar
volcanic complex, Geol. Carpath., 2005, 56, 91-99

[283] Balogh K., Lobitzer H., Pécskay Z., Ravasz C., Solti
G., Kelet-stajerorszédgi és burgenlandi tercier vulka-
nitok K/Ar kora, Annual Report of the Hungarian
Geological Institute, 1988, 1988, 451-468

[284] Balogh K., Pécskay Z., K/Ar and Ar/Ar geochrono-
logical studies in the Pannonian-Carpathians-
Dinarides (PANCARDI) region, Acta Geologica
Academiae Scientiarum Hungaricae, 2001, 44, 281-
301

[285] Németh K., Martin U., Magyar I, Field guide to
Pliocene phreatomagmatic volcanoes along the Raba

Fault Zone, Western Hungary. International Union
of Geological Sciences — Subcommission on Neo-
gene Stratigraphy: Regional Committee on Mediter-
ranean Neogene Stratigraphy - "Patterns and Pro-
cesses in the Neogene of the Mediterranean Re-
gion”, 2005

[286] Kereszturi G., Németh K. Csillag G. Kovacs J.,
Balogh K., The role of external environmental fac-
tors in changing eruption styles of monogenetic vol-
canoes in a Pliocene continental volcanic field in
western Hungary, J. Volcanol. Geoth. Res., 2010 in
press

[287] Németh K., Martin U, Late Miocene paleo-
geomorphology of the Bakony-Balaton Highland
Volcanic Field (Hungary) using physical volcanol-
ogy data, Zeitschrift fiir Geomorphologie, 1999, 43,
417-438

[288] White ).D.L., Maar-diatreme phreatomagmatism at
Hopi Buttes, Navajo Nation (Arizona), USA, Bull.
Volcanol., 1991, 53, 239-258

[289] Godchaux M.M., Bonnichsen B., Jenks M.D., Types
of phreatomagmatic volcanoes in the Western Snake
River Plain, Idaho, USA, J. Volcanol. Geoth. Res.,
1992, 52, 1-25

[290] Valentine G.A., Krier D.J., Perry FV., Heiken G,
Eruptive and geomorphic processes at the Lathrop
Wells scoria cone volcano, J. Volcanol. Geoth. Res,,
2007, 161, 57-80

[291] Awdankiewicz M., Reconstructing an eroded scoria
cone: the Miocene Sosnica Hill volcano (Lower Sile-
sia, SW Poland), Geol. Q., 2005, 49, 439-448

[292] Griffin W.L,, Wass SY., Hollis J.D., Ultramafic xeno-
liths from Bullenmerri and Gnotuk maars, Victo-
ria, Australia: Petrology of a sub-continental crust-
mantle transition, J. Petrol,, 1984, 25, 53-87

[293] Jones RN., McMahon T, Bowler J.M., Modelling
historical lake levels and recent climate change
at three closed lakes, Western Victoria, Australia
(c.1840-1990), J. Hydrol.,, 2001, 246, 159-180

[294] Buchel G., Lorenz V., Schmincke H.U., Zimanowski
B., Quaternary Volcanic Fields Of The Eifel,
Fortschritte Der Mineralogie, 1986, 64, 97-141

[295] Houghton B.F., Schmincke H.U., Mixed deposits of
simultaneous strombolian and phreatomagmatic vol-
canism; Rothenberg Volcano, East Eifel volcanic
field, J. Volcanol. Geoth. Res., 1986, 30, 117-130

[296] Houghton B.F., Wilson CJ.N., Rosenberg M.D.,
Smith LLE.M., Parker RJ., Mixed deposits of com-
plex magmatic and phreatomagmatic volcanism: An
example from Crater Hill, Auckland, New Zealand,
Bull. Volcanol., 1996, 58, 59-66

[297] Aranda-Gomez J.J., Luhr J.F, Pier J.G., The La-

267




Neogene-Quaternary Volcanic forms in the Carpathian-Pannonian Region: a review

268

Brena-El-Jaguey-Maar Complex, Durango, Mexico,
Geological Evolution, Bull. Volcanol., 1992, 54, 393-
404

[298] Heiken G.H., Tuff rings: examples from the Fort
Rock-Christmas Lake Valley Basin, South-Central
Oregon, J. Geophys. Res., 1971, 76, 5615-5626

[299] Vazquez J.A., Ort M.H., Facies variation of eruption
units produced by the passage of single pyroclastic
surge currents, Hopi Buttes volcanic field, USA, .
Volcanol. Geoth. Res., 2006, 154, 222-236

[300] White J.D.L., Depositional architecture of a maar-
pitted playa - sedimentation in the Hopi Buttes Vol-
canic Field, Northeastern Arizona, USA, Sediment.
Geol.,, 1990, 67, 55-84

[301] White J.D.L., Basic elements of maar-crater deposits
in the Hopi Buttes volcanic field, Northeastern Ari-
zona, USA, J. Geol,, 1989, 97, 117-125

[302] Simon L., Maglay J., Datovanie sedimentov pod-
loZia lavového pridu vulkdnu Putikov vrch metddou
opticky stimulovanej luminiscencie (Dating of edi-
ments underlying a lava flow of the Putikov vrch vol-
cano by the method of opticaly stimulated luminis-
cence), Mineralia Slovaca, 2005, 37, 279-281

[303] Korpas L., Lang B., Timing of volcanism and metallo-
genesis in the Borzsony Mountains, northern Hun-
gary, Ore Geol. Rev., 1993, 8, 477-501

[304] Zelenka T., Pécskay Z., Kiss J., Miocene vulcanism
of the Métra Mountains (N-Hungary), Pancardi, 2,
Abstracts, 2001

[305] Pantd G., Ignimbrites of Hungary with regard to their
genetics and classification, Bull. Volcanol., 1963, 25,
175-181

[306] Panté G., The role of ignimbrites in the volcanism
of Hungary, Acta Geologica Academiae Scientiarum
Hungaricae, 1962, 6, 307

[307] Vass D., Ogujanova-Rumenova N., Konetny V., Sed-
imentology and paleoecology of Southern Slovakian
basalt maar lakes. In: Németh K., Martin U., Goth
K., Lexa J. (Eds.), Abstract Volume of the Second In-
ternational Maar Conference, Occasional Papers of
the Geological Institute of Hungary, Budapest, 2004

[308] Konetny V. Lexa J., Balogh K., Konetng P, Al-
kali basalt volcanism in southern Slovakia; volcanic
forms and time evolution, Acta Vulcanologica, 1995,
7,167-171

[309] Prichystal A., Badenian potassium trachyandesites
at the contact of the Bohemian Massif and West
Carpathians. In: Magmatism and rift basin evolution.
Czech Geological Institute, Praha, 1998, 85-85

[310] Zelenka T., Gyarmati P, Kiss J., Vértessy L., Horvath
I, Marton E., Pécskay Z., Paleovolcanic reconstru-
cion in the Tokaj Mountains. Geologica Hungarica

ser. Geologica, Magyar Allami Féldtani Intézet, Bu-
dapest, 2010, (in press)

[311] Kovacs M., Fiilsp A., Neogene volcanism in Gutai
Mts. (Eastern Carpathians). A review. Studia Uni-
versitatis Babes-Bolyai, seria Geologia, 2003, 48,
3-16

[312] Sandulescu M., Geotectonics of Romania. (In Roma-
nian). Bucuresti Edit, Tehnica, 1984

[313] Filop A., Geometry of 15.4 Ma rhyolitic ignimbrites
from Gutai Mts., Eastern Carpathians, Romania, Ro-
manian Journal of Mineral Deposits, 2002, 80, 38-40

[314] Fulop A., Crithan M., Badenian and Sarmatian
acidic volcaniclastics of pyroclastic origin from Oas
Mts., Eastern Carpathians (Northwestern Romania),
Révue Roumaine de Geologie, 2002, 46, 61-72

[315] Edelstein O., Bernad A., Kovacs M., Crihan M., Péc-
skay Z., Preliminary data regarding the K-Ar ages
of some eruptive rocks from the Baia Mare neogene
volcanic zone, Révue Roumaine de Geologie, 1992,
36, 45-60

[316] Kovacs M., Petrogenesis of the subduction-related
igneous rocks from central- southeastern area of the
Gutai Mts, Cluj-Napoca Edit, Dacia, 2001 (In Ro-
manian)

[317] Kovacs M., Fiilép A., Pécskay Z., Neogene calc-
alkaline magmatism in Oas-Gutai Mts,, Eastern
Carpathians, Romania. Time and space evolution.
Proceedings XVIlIth Congress of the Carpatho-
Balkan Geological Association, Belgrade, 2006, 290-
294

[318] Fulop A., Kovacs M., Features of domes from Oas
- Gutai Mts., Romanian East Carpathians and their
implications. European Science Foundation EURO-
PROBE TESZ, PANCARDI and GEORIFT Projects
Joint Meeting, Romanian Journal Tectonics and Re-
gional Geology, 1999, 77, 37

[319] Royden L.H. Horvath F. (Eds.), The Pannonian
Basin; a study in basin evolution, AAPG Memoir,
45, 1988

[320] Séndulescu M., Cenozoic tectonic history of the
Carpathians. In: Royden L.H., Horvath F. (Eds.), The
Pannonian Basin: A study in basin evolution, AAPG
Memoir, 45, 1988, 17-25

[321] Tari G., Dovényi P, Dunkl I., Horvédth F., Lenkey L.,
Sefanescu M., Szafian P, Téth T., Lithospheric struc-
ture of the Pannonian Basin derived from seismic,
gravity and geothermal data. In: Durand B., Jolivet
L., Horvath F.,, Ranne M., (Eds.), The Mediterranean
basins; Tertiary extension within the Alpine Oro-
gen., Geological Society of London: London, United
Kingdom, 1999, 215-250

[322] Fodor, L., Csontos, L., Bada, G., Gyorfi, I, Benkovics,



Jaroslav Lexa, loan Seghedi, Karoly Németh, Alexandru Szakéacs, Vlastimil

Konec¢ny, Zoltan Pécskay, Alexandrina Fllép, Marinel Kovacs

L., Tertiary tectonic evolution of the Pannonian
Basin system and neighbouring ogens; a new syn-
thesis of palaeostress data. In: Durand B., Jolivet
L., Horvath F., Ranne M., (Eds.), The Mediterranean
basins; Tertiary extension within the Alpine Oro-
gen., Geological Society of London: London, United
Kingdom, 1999, 295-334

[323] Csontos L., Benkovics L., Bergerat F., Mansy J.L.,
Worum G., Tertiary deformation history from seismic
section study and fault analysis in a former Euro-
pean Tethyan margin (the Mecsek-Villany area, SW
Hungary), Tectonophysics, 2002, 357, 81-102

[324] Panaiotu C., Paleomagnetic constraints on the geo-
dynamic history of Romania, Reports on Geodesy,
1998, 7, 205- 216

[325] Patrascu S., Panaiotu C., Seclaman M., Panaiotu
C.E., Timing and rotational motions of Apuseni
Mountains, Romania: palaeomagnetic data from
Tertiary magmatic rocks, Tectonophysics, 1994, 233,
163- 176

[326] Balla Z., Neogene volcanic rocks and their sig-
nificance in geodynamic reconstructions in the
Carpathian region, Geotectonics, 1981, 15, 255-265

[327] Gyorfil., Csontos L., Structural evolution of SE Hun-
gary and Neogene basins of the Apuseni mountains
(Romania), Romanian Journal of Tectonics and Re-
gional Geology, Bucharest, 1994, 75, 19-20

[328] Takdcs E., Szalay I., Bodoky T., Hegediis E., Kéntor
J.I, Timér Z,, Varga G., Berczi |, et al., International
deep reflection survey along the Hungarian Geotra-
verse, Geophys. Trans., 1996, 40, 1-44

[329] Istocescu D., Geological study of the western part of
the Crisul Alb valley and Codru and Highis border,
Studii Tehnicul si Economice, Series ], Bucharest,
1971, 8, 1-201 (in Romanian)

[330] Udubasa G., Rosu E., Seghedi I., lvdscanu PM., The
“Golden Quadrangle” in the Metaliferi Mts., Roma-
nia: What does it mean? Romanian Journal of Min-
eral Deposits, 2001, 79, 24-34

[331] Neubauer F., Lips A., Kouzmanov K., Lexa J., lvas-
canu PM., Subduction, slab detachment and miner-
alization: The Neogene in the Apuseni Mountains
and Carpathians. Ore Geol. Rev., 2005, 27, 13-44

[332] Berbeleac I, David M., Zamarca A., Petrological and
petrochemical data on the Tertiary volcanics from
the Eastern part of the Zarand Mountains, D.S. Inst.
Geol. Geofiz. (please expand), 1984, 48, 27-46

[333] Berbeleac I, Neacsu V., Zamarcd A. Bratosin
I, Geochemistry and mineralogy of altered rocks
and pyrites associated with the porphyry copper-
gold mineralization of the Tertiary subvolcanic from
Talagiu, Zarand Mountains, Romanian Journal of

Mineral Deposits, 1992, 75, 55-64

[334] Jude R, Tabacu-Borcea M., lonescu O., Geologic and
petrographic study of the igneous rocks belonging
to the Caraciu volcano area (Metaliferi Mountains),
Annales Institutul Geologie si Geofizica, Bucharest,
1973, 40, 7-71 (in Romanian)

[335] Kouzmanov K., von Quadt A., Peycheva |, Harris
R.C., Heinrich C.A., Rosu E., Ivascanu P.M., Miocene
magmatism and ore formations in the South Apuseni
Mountains, Romania: New genetic and timing con-
straints. In: Andrew C.J. et al. (Eds.) Proceedings
of the Ninth Biennal SGA Meeting, Dublin, 2007,
865-868

[336] Wallier S., Ray R., Kouzmanov K., Petke T., Heinrich
C., Leary S., O'Connor G., Tamas C., et al., Magmatic
fluids in the breccia-hosted epithermal Au-Ag de-
posit of Rosia Montana, Romania, Econ. Geol., 2006,
101, 923-954

[337] Papp D.P, Ureche |, Seghedi I, Downes H., Dallai
L., Petrogenesis of convergent margin calc-alkaline
rocks and the significance of low-isotope oxygen ra-
tio: the Rodna-Bargau Neogene subvolcanic area
(Eastern Carpathians), Geol. Carpath. 2005, 56, 77-
90

[338] Seghedi I., Szakédcs A., Mason P.R.D., Petrogenesis
and magmatic evolutions in the East Carpathians
Neogene volcanic arc (Romania), Acta Volcanologica
1995, 7, 135-145

[339] Tischler M., Groger H.R., Fiigenschuh, B., Schmid,
S.M., Miocene tectonics of the Maramures area
(Northern Romania): implications for the Mid-
Hungarian fault zone. Int. J. Earth. Sci., 2006, 96,
473-496 DOI:10.1007/s00531-006-0110-x

[340] Nitoi E., Munteanu M., Marincea $., Paraschivoiu V.,
Magma-enclaves interaction in the East Carpathi-
ans subvolcanic zone, Romania: petrogenetic impli-
cations. J. Volcanol. Geoth. Res., 2002, 118, 229-259

[341] Szakédcs A., Seghedi I, Pécskay Z., Peculiarities
of South Harghita Mts as terminal segment of the
Carpathian Neogene to Quaternary volcanic chain.
Revue Roumaine de Geologie, Geophysique et Ge-
ographie, Serie de Geologie, 1993, 37, 21-36

[342] Szakdcs A., Seghedi I, loane D. Rogobete M.,
Time-space evolution and magma production rates
in the Calimani-Gurghiu-Harghita volcanic chain
(East Carpathians), Romanian Journal of Stratigra-
phy, 1995, 76, 55-56

[343] Szakdcs A., loane D., Seghedi I, Rogobete M.,
Pécskay Z., Rates of migration of volcanic activ-
ity and magma output along the Calimani-Gurghiu-
Harghita volcanic range, East Carpathians, Roma-
nia, Przeglad Geologiczny, 1997, 45, 1106

269




Neogene-Quaternary Volcanic forms in the Carpathian-Pannonian Region: a review

270

[344] Karétson D., Timér G., Comparative volumetric cal-
culations of two segments of the Carpathian Neo-
gene/Quaternary volcanic chain using SRTM eleva-
tion data: implications for erosion and magma out-
put rates. Zeitschrift fiir Geomorphologie N. F., 2005,
140, 19-35

[345] Szakécs A., Krézsek C., Volcano-basement interac-
tion in the East Carpathians: Explaining unusual
tectonic features in the Eastern Transylvanian Basin,
Romania, J. Volcanol. Geoth. Res., 2010, in press

[346] Panaiotu C.G., Pécskay Z., Hambach U., Seghedi
I, Panaiotu C.C,, Itaya C.ET.,, Orleanu M., Szakéacs
A., Short-lived Quaternary volcanism in the Persani
Mountains (Romania) revealed by combined K-Ar
and paleomagnetic data, Geol. Carpath., 2004, 55,
333-339

[347] Vaselli O., Downes H., Thirlwall M.F., Dobosi G.,
Coradossi N., Seghedi I, Szakécs A. Vannucci
R., Ultramafic xenoliths in Plio-Pleistocene alkali
basalts from the eastern Transylvanian Basin; de-
pleted mantle enriched by vein metasomatism, J.
Petrol., 1995, 36, 23-53

[348] Downes H., Seghedi I, Szakacs A., Dobost G., James
D.E., Vaselli O., Rigby LJ., Ingram G.A,, et al., Petrol-
ogy and geochemistry of late Tertiary/ Quaternary
mafic alkaline volcanism in Romania, Lithos, 1995,
35, 65-81

[349] Embey-Isztin A., Dobosi G., Mantle source char-
acteristics for Miocene-Pleistocene alkali basalts,
Carpathian-Pannonian region; a review of trace ele-
ments and isotopic composition, Acta Vulcanologica,
1995, 7, 155-166

[350] Szabd C., Harangi S., Csontos L., Review of Neo-
gene and Quaternary Volcanism of the Carpathian
Pannonian Region, Tectonophysics, 1992, 208, 243-
256

[351] Koneény V., Kovat M., Lexa J., Sefara |., Neogene
evolution of the Carpatho-Pannonian region: an in-
terplay of subduction and back-arc diapiric uprise in
the mantle, EGS expand Special Publication Series,
2002, 1, 165-194

[352] Harangt S., Downes H. Seghedi I, Tertiary-
Quaternary subduction processes and related mag-
matism in the Alpine-Mediterranean region. In: Gee
D.G., Stephenson RA., (Eds.), European Lithosphere
Dynamics, 2006, Geological Society, London, 167-
190

[353] Harangi S., Lenkey L., Genesis of the Neogene to
Quaternary volcanism in the Carpathian - Pannon-
ian region: Role of subduction, extension, and man-
tle plume, Geol. S. Am. S., 2007, 418, 67-90

[354] Pecskay Z., Lexa |, Szakacs A., Seghedi I, Balogh

K., Kone¢ny V., Zelenka T, Kovacs M., et al,
V., Geochronology of Neogene magmatism in the
Carpathian arc and intra-Carpathian area, Geol.
Carpath., 2006, 57, 511-530

[355] Kaiser M., A geomorphic evolution of the Transdanu-
bian Mountains, Hungary, Zeitschrift fir Geomor-
phologie, 1997, 110, 1-14

[356] Moreno G.J., Fauquette S., Suc J.P, Vegetation, cli-
mate and palaeoaltitude reconstructions of the East-
ern Alps during the Miocene based on pollen records
from Austria, Central Europe, J. Biogeogr., 2008, 35,
1638-1649

[357] Vass D., Kone¢ny V., Eletko M., Kozat J., Molnér A.,
Zakovi¢ M., Diatomite deposit in the JelSovec basalt
maar and possibility of its exploitation, Mineralia
Slovaca, 1998, 30, 333-356 (in Slovak)

[358] Vass D., Konetny V., Elecko M., Kozac J., Molnar A,
Zakovic M., Lozisko diatomitu v bazaltovom maare
pri Jelsovci a moznosti jeho vyuzitia, Mineralia Slo-
vaca, 1998, 30, 333-356 (in Slovak)

[359] Konetng V. Lexa J., Konetngy P, A guidebook to
the southern Slovakia alkali basalt volcanic field.
Field Guide - Second International Maar Con-
ference (Hungary - Slovakia - Germany - 15-29
September, 2004) Bratislava, Slovak Republic, Ge-
ological Survey of the Slovak Republic, Bratislava,
2004

[360] Kone¢ny V., Lexa )., Evolution of the phreatomag-
matic/extrusive/intrusive complex of the Bulhary
maar-diatreme volcano in Southern Slovakia, Ge-
olines, 2003, 15, 47-51

[361] Krautner H.G., Kréutner F., Szasz L., Udubasa G.,
Istrate G., Geological map scale 1 :50000, Rodna
Veche, Geological Institute of Romania, Bucharest,
1978

[362] Teodoru I, Teodoru C., Popescu-Tismana A., Geo-
logical and petrographic studies in South Bargdu
Mountains, Dari de Seama ale Sedintelor, Institutul
Geologie si Geofizica, Bucharest, 1973, 59, 155-173
(tn Romanian)

[363] Konetny V., Lexa J., Balogh K., Neogene - Quater-
nary Alkali Basalt volcanism in Central and South-
ern Slovakia (Western Carpathians), Geolines, 1999,
9, 67-75

[364] Berbeleac I, Iliescu D., Andret J., Ciuculescu O., Ciu-
culescu R, Relationships between alterations, por-
phyry copper-gold and base metal-gold hydrother-
mal vein mineralizations in Tertiary intrusions, Ta-
lagiu area, Zarand Mountains, Romanian Journal of
Mineral Deposits, 1995, 76, 31-39





