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Abstract Lithofacies associations of the first-stage
volcanic activity of the Miocene Borzsony Mountains,
North Hungary, have been reconstructed in the light
of detailed volcanological mapping, volcanic glass geo-
chemistry and evaluation of palacogeographic data. In
the deeply eroded hilly area, near-vent primary and
distal/reworked ring-plain volcaniclastics, preserved in
a mosaical pattern, have been identified. Facies dis-
tribution reveals two probable facies continua: (a) a
shallow-marine silicic explosive to resedimented vol-
caniclastic; and (b) a subaerial debris-flow to fluvial-
and shallow-marine debris-flow/turbidite association.
Facies characteristics and distribution allow us to (a)
substantiate small-sized calderas, the eroded rims or
proximal palaeoslopes of which have been preserved
by volcaniclastic breccias (mostly debris-flow depos-
its); (b) reconstruct a well-developed volcaniclastic
apron, spread mostly to the north and representing a
south-to-north transport direction. Palaeogeographic
interpretation of facies successions indicates a shallow-
water initial explosive stage and a subsequent, rapidly
evolving, emergent ring plain stage fed by different
types of volcaniclastic debris flows.
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Introduction

The Borzsony Mountains situated in the central part
of North Hungary are part of the Neogene to Pleisto-
cene Inner Carpathian calc-alkaline volcanic chain
(Fig. 1; e.g. Downes and Vaselli 1995). The Middle
Miocene dacitic-andesitic volcanism of the region may
have been due either to subduction or extensional
regimes, or both (Balla 1981; Lexa and Konecny
1974), resulting from complex plate movements in the
Tertiary (Szab6 et al. 1992; Csontos 1995).

Although there have been many papers on the vol-
canic activity of the BoOrzsony Mountains in general
(e.g. Pant6 1970; Balla and Korpas 1980; Karatson
1995; Karétson et al. 2000), the related ore mineralisa-
tion (Csillag-Teplanszky et al. 1983; Korpas and Lang
1993) and timing of volcanism (Béldi and Kékay 1970;
Korpas and Lang 1993; Karatson et al. 2000), no
detailed research deciphering the complex deposi-
tional system from a modern volcanological viewpoint
has been carried out.

In this paper, we focus on the most problematic
initial, dominantly explosive dacitic volcanic activity of
the BoOrzsony which occurred in the coeval Lower
Badenian archipelago (e.g. Bédldi and Kékay 1970), a
characteristic palaecoenvironment for the majority of
calc-alkaline volcanoes of the northern Carpathian
region (cf. Koneécny and Lexa 1984). Studying the
volcaniclastic successions of the first stage (in the
sense of Karatson 1995 and Karétson et al. 2000), we
describe many exposures, interpret thin sections, anal-
yse the chemical composition of volcanic glasses in
detail and re-evaluate previous results. Our main aim
was to reconstruct the dominant initial volcanic-sed-
imentary processes of the Borzsony which was wide-
spread over the Carpathian volcanic arc in the Middle
Miocene. Our objectives were threefold: (a) to define
the pre-emergent depositional system of the shallow
marine environment; (b) to define the possible emer-
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Fig. 1 Geologic setting of the Borzsony Mountains

gent depositional system; and (c) to interpret the accu-
mulation history in terms of edifice construction and
destruction.

Geological setting and palaeogeography

The Borzsony Mountains overlie a basement of dou-
ble character: the crystalline Veporids (mostly in Slov-
akia) to the north and Mesozoic carbonates related to
the Transdanubian Mountains (in Hungary) to the
south. These rocks are covered by various sedimentary
formations of Oligocene (sandstone, clay) and Lower
to Middle Miocene age [“schlier” (fine-grained silt),
sandstone, gravel; e.g. Korpds et al. 1998]. All these
successions were deposited predominantly in normal
marine littoral-sublittoral environments.

The direct prevolcanic gravel beds composed of
quartzite, metamorphic and locally pumice pebbles
(the latter originating from the initial explosive activi-
ty) also indicate a shallow marine environment. To
the north, these beds reveal traces of rock borer clams
and contain Ostrea fragments (Karatson et al. 2000).
To the south, the initial volcaniclastics at Kismaros vil-
lage are rich in mollusc fossils, indicating a 30- to
120-m-deep marine environment (Baldi and Koékay
1970; Borza 1973; Karatson et al. 2000). On the other

hand, Baldi and Koékay (1970) also reported fine tuff
intercalations with leaf imprints, suggesting dry land in
the near vicinity. All these palacogeographic data, tak-
ing the obvious effects of sudden, voluminous, explo-
sive eruptions into account, suggest a rapid volcanic
infill, and thus a rapid change in the environment and
the sedimentary system.

As the simplified geological map of the Borzsony
Mountains (Fig. 2) shows, the Middle Miocene (pre-
dominantly Badenian) volcanic rocks are grouped into
three stages (Karatson 1995; Karatson et al. 2000).
The deposits of the first stage (“Paleo-Borzsoény™) are
widespread, and are found in the low (400-600 m
a.s.l.), peripheral terrains; they include garnet-bearing
biotite amphibole dacites interpreted as derived from
more or less exposed lava domes, and pumice-rich to
pumice poor, garnet-bearing dacitic volcaniclastic
deposits ranging widely in grain size. The products of
the second and third stage are mostly small lava
domes and lava flows, among which the “High
Borzsony” dome complex (7-900 m a.s.l.) with its ero-
sional depression is the most prominent (see Fig. 2).
Whereas the evolution of the later stages from volca-
nological, petrographic and geochemical points of
view has been clarified (Kardtson et al. 2000), the
origin of the first-stage volcaniclastic deposits, as well
as the volcanic structure they relate to, have remained
more obscure.

Traditionally, the pumiceous volcanic successions of
the Pannonian Basin were divided into the “lower”,
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Fig. 2 Geologic sketch map of the Borzsony Mountains (simpli-
fied after Kardtson et al. 2000) displaying localities appearing in
the text. Contour lines 50 m

“middle” and “upper” rhyolite tuff horizons (Noszky
1930), having average ages of 19, 16.5 and 13 Ma (Ha-
mor et al. 1987). Whereas the “lower” and “upper”
tuffs are mostly rhyolitic (cf. Péka 1988), the middle
counterpart is dacitic and was named Tar Dacite Tuff
(Hamor 1985). The dominant view until recently was
that the volcanism of the Borzsony started at around
15 Ma (e.g. Korpas and Lang 1993), and there are
only isolated occurrences of the “middle” tuff in bore-
holes (e.g. Hont village); however, Karatson et al.
(2000) showed that the majority of the first-stage vol-
canic products were deposited in the Early Badenian,
ca. 16.5-16.0 Ma ago, chronologically correlating to
the middle tuff. Nevertheless, the few modern geo-
chemical data available have not allowed a larger-
scale comparison thus far. On the other hand, the
interpretation of the volcanic structure of the first
stage has also remained tentative. While Balla and
Korpés (1980) and Korpas and Lang (1993) proposed
a large number (5-8) of single and overlapping calder-
as, Kardtson (1995) argued for a maximum of three
caldera rim segments belonging either to a few smaller
or a single compound caldera. The reason for the
uncertainty lies partly in the post-tectonic effects (e.g.
Czaké and Nagy 1976) that have masked both possible
caldera morphology and gravimetry, and partly in the
subordinate occurrences of caldera-related deposits,
such as lag breccias, mesobreccias and welded or
ponded ignimbrites. Given these complications, Karat-
son et al. (2000) interpreted the reconstructed caldera
rims as retreated, eroded topographic margins pro-
tected from significant erosion by covering, distal,
resedimented breccias related in part to caldera for-
mation. We have tried to clarify the relationship
between the proposed caldera rims and the pumiceous
volcaniclastic lithofacies associations by collecting
detailed field data.

First-stage volcaniclastic successions
of the Borzsony Mountains

Terminology

The ring-plain system is a volcaniclastic apron that
consists mostly of resedimented pyroclastics as debris-
flow, debris-avalanche and occasionally fluvial depos-
its that form related lithostratigraphic units (e.g. Cro-
nin and Neall 1997). Ring-plain accumulation occurs
during both constructional and destructional phases
(e.g. Cas and Wright 1987; Cronin and Neall 1997).
The terms non-welded, pyroclast-rich, submarine
mass-flow, probably pyroclastic-flow deposits are used
where a shallow subaqueous origin of pyroclast- (pre-
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dominantly pumice-) bearing mass flow-deposited sed-
iments is relatively well-supported by the fossils and
by facies relations to shallow-marine siliciclastic
deposits. This conforms to the suggestion of McPhie
et al. (1993).

We use the term volcanogenic sand(stone) for fine-
grained volcaniclastic sediments where the pyroclastic
origin is not well established or supported, due to low
content of pumice fragments and high content of vol-
canic lithic and siliciclastic grains in the beds. This
term is chosen to point out the difference between
shallow subaqueous deposits related to explosive activ-
ity and more distal, more epiclastic products (cf.
McPhie et al. 1993).

Volcaniclastic debris flows or lahars are defined as
rapidly flowing mixtures of rock debris and more or
less muddy water (other than stream flow) from a vol-
cano (e.g. Smith and Lowe 1991). Debris flows are
non-Newtonian fluids with high yield strength
produced by sediment concentrations much greater
than those of stream flows (Pierson and Costa 1987;
Costa 1988). Although deposits of debris flows are
thought to aggrade progressively (Major and Iverson
1999; Vallance 2000), cross-bedding or horizontal
stratification are missing (Smith 1986). The deposits
are poorly sorted and composed of particles ranging
from clay to large boulder size and showing minor
imbrication. Both clast-supported and matrix-sup-
ported framework occur, but the former is less
frequent (Smith 1986). They are commonly non-grad-
ed, with sharp but rarely erosive contacts (Fisher 1971;
McPhie et al. 1993). In contrast, inverse to normal
grading has been reported from lahar deposits of the
Ellensburg Formation, Washington (Schmincke 1967).

Hyperconcentrated stream flows or flood flows con-
tain sediment concentrations intermediate between
debris flow and stream flow (Beverage and Culbertson
1964; Smith 1986; Pierson and Costa 1987). Typically
clast-supported deposits of hyperconcentrated stream
flows are commonly poorly to moderately sorted,
composed of horizontal strata, often displaying normal
grading. Clast imbrication, if any, is less developed
than in stream-flow deposits (Smith 1986). Both debris
flow and hyperconcentrated stream flow can occur in
a single event at different time and space (e.g. Pierson
and Scott 1985; Pierson et al. 1990; Cronin et al. 1997;
Lecointre et al. 1998; Cronin et al. 1999).

Debris avalanches are defined as rapid gravity-
driven mass flows containing a large volume of inco-
herent material of unsorted rock and sediment inde-
pendent of interstitial fluid (e.g. Schuster and Crandell
1984). Debris avalanche deposits may contain both
debris derived from the source area and debris eroded
during flow, although debris flows and hyperconcen-
trated stream flows may also have this property (Cran-
dell et al. 1984; Palmer and Neall 1989; Palmer and
Walton 1990; Glicken 1991; Palmer and Neall 1991).
Volcanic debris-avalanche deposits are commonly
non-graded and very poorly sorted, with angular—sub-
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angular clasts ranging in grain size from a few cen-
timetres to several tens of metres or larger (Ui 1983;
Siebert 1984; McPhie et al. 1993). They often display
features characteristic of hydrothermal alteration and
contain jigsaw-fit and/or prismatically jointed blocks
(e.g. Ruapehu: Turoa diamicton; Lecointre et al.
1998). Syn-eruptive volcanic debris-avalanche deposits
may include a small proportion of juvenile magmatic
clasts, but these are difficult to distinguish from other
volcanic lithics (McPhie et al. 1993).

In the absence of primary deposit morphology, it
may be difficult to distinguish between deposits of vol-
canic debris avalanches and debris flows (lahars). The
textural characteristics of these two types of deposits
may overlap and, especially in ancient formations, can
be very similar. Further complication arises from the
fact that subsequent to explosive eruptions, pumiceous
material may mix with debris to various extent (e.g.
Pierson et al. 1996; Thouret et al. 1998). In this paper,
we interpret a debris-flow deposit as having originated
from debris avalanche if it exhibits a large number of
jigsaw-fit structures on centimetre and even millimetre
scale, has no sorting at all, and shows no internal sed-
imentary features. Where slightly graded character,
weak internal stratification and occasionally pumi-
ceous matrix were found, pumiceous pyroclastic-flow-
initiated or pyroclastic-flow-related debris-flow/lahar
origin has been interpreted. On the other hand, in
most cases it is extremely difficult to distinguish
between deposits of subaerial and subaqueous (e.g.
fan-delta) debris-flow deposits. The interpretation at
the current level and exposure conditions in the
Borzsony Mountains has only been supported by
larger-scale lithofacies relations.

Our study is based on 26 actual and composite sec-
tions in the northern, eastern, southern and southwest-
ern sector of the Borzsény Mountains (Figs. 3, 4, 5, 6,
7, 8, 9, 10, 11, 12; selected photomicrographs of thin
sections in Fig. 13; for locality, see Fig. 2). The reason
for making composite logs was the relative lack of
large and well-exposed outcrops (typical of the region
under temperate continental climate). These logs were
produced by careful mapping of valley bottoms up to
the top of hillsides. Detailed facies analysis is based
on the mapped areas and bed-by-bed descriptions of
key outcrops. According to textural and compositional
characteristics, the studied deposits are grouped into
different lithofacies, which are described below.

Pre-emergent stage

P1., S: Non-volcanic sand(stone), mud(stone) and
gravel beds, localities 88, 105, 155, 254 (Figs. 3, 4)

These deposits (Egyhdzasgerge Formation and Nagyo-
roszi Pebble; Korpas et al. 1998) directly underlie and
are sometimes intercalated with the initial volcanic
products. They consist of well-sorted quartzofeldspatic

sand and aleurite, occasionally with biotite and amphi-
bole crystals. Stratified and wavy beds are common.
Intercalated, stratified or cross-stratified gravel beds
include quartzite, metamorphic, metasedimentary, car-
bonate, andesite and pumice pebbles (the latter two,
up to 5 cm in size, make up 5-8% of the deposit by
volume). Mollusc and Ostrea fossils are common.

Interpretation The well-sorted siliciclastic deposits
reflect a dominantly non-volcanic sedimentation in a
shallow-marine basin, where substantial sediment
influx occurred. Thick sequences of the North
Borzsony interpreted as submarine fan deltas (Korpds
et al. 1998) may represent a southeastern prograding
sediment infill, which was most likely influenced by
the early volcanism since the deposit contains a signif-
icant amount of volcanic clasts. The source of the vol-
canics 1S uncertain, because the limited maximum size
of andesite and pumice pebbles allows not only a local
but also a neighbouring origin, in accordance with the
widespread areal distribution of the “middle tuff”
eruptions of the Pannonian Basin.

P2., PBLT: Pumiceous, block bearing, bedded
dacite/rhyodacite lapilli tuff, localities 40, 43, 85, 90, 91,
116, 117, 129, 155, 255, 266, 277 (Figs. 5, 6, 7, 8)

This unit is probably the most widespread
(80-100 km?) and comprises unsorted or moderately
sorted deposits with fine-grained matrix (<40-60
vol.%) and lapilli- and block-sized pumice and lithic
clasts. Pumice clasts are yellowish white to whitish
grey, centimetre-sized (up to 15 cm), subangular and
subrounded and contain millimetre-sized biotite and
quartz phenocrysts. Lithic clasts are brown to dark
grey, commonly oxidised, altered, millimetre to cen-
timetre sized (up to 30 cm), subangular and angular
and contain amphibole, pyroxene and less frequently
biotite phenocrysts. Block-sized lithic clasts with pris-
matic jointing may occur. The matrix contains abun-
dant millimetre-to-centimetre-sized lithic and pumice
clasts and, less frequently, crystal fragments. Garnet
phenocrysts are common. The deposit has two facies:
massive (e.g. 40, 117, 155, 266) and stratified (e.g. 40,
43, 85, 116, 129, 155); the latter is composed of thin
alternating layers of fine ash or volcanogenic sand and
pumice (fragment)-rich tuff. In some of the massive
beds, up to 2-m-thick flow units with normally graded
lithics and reversely graded pumices occur (90, 91,
155, 257: e.g. Fig. 7, 8). At locality 255 there occurs an
underlying, undulating volcanogenic sandstone bed
rich in centimetre-sized mollusc fossils; in the South
Borzsony, at locality 155 (Kismaros), intercalated mol-
lusc-bearing fine-grained marine volcaniclastic deposits
were reported by Béldi and Kdkay (1970).

Interpretation The large number of relatively fresh,
stretched pumice fragments both on millimetre and



Fig. 3 Detailed lithological
log of 105 locality (Szivsza-
kasztd, Nagy Valley). See text
for facies symbols
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Fig. 4 Composite sketch log
of 155 locality west of the
village of Kismaros (after
Baldi and Koékay 1970,
strongly modified and com-
pleted). See text for facies
symbols

B Pebble, conglomerate

centimetre scale suggests that these deposits must
have been directly related to silicic eruptive centre(s).
The unsorted and commonly massive structure of indi-
vidual units reflects deposition from mass flows, prob-
ably debris flows and/or high-concentration turbidity

AN GRAIN, Amount of fine matrix
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currents fed by explosive eruptions. Since there is no
clear evidence of welding or any hot emplacement,
however, it is very difficult or probably impossible to
distinguish between primary pyroclastic-flow deposits
and their diluted counterparts in a slightly distal stage,
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Fig. 5 Detail of 40 locality (Kiralyrét): stratified, pumice-rich,
resedimented syn-eruptive volcaniclastics

Fig. 6 The Nagy-K&-Hill eroded, retreated caldera rim (upper
part of 91 locality) has been preserved from intense erosion by
volcaniclastic debris-flow deposits. Psmfl resedimented pumi-
ceous mass-flow deposit; Ngdfl flow unit of normally graded
debris-flow deposit; Fsfl interlayered fluvial streamflow bed; Df!
slightly graded debris-flow deposit

a problem which has been widely addressed recently
(e.g. Cas and Wright 1991; Cole and DeCelles 1991;
Fritz and Howells 1991; White 2000; Martin and
White 2001). The marine fossiliferous sediments, occa-
sionally underlying and interceding with this litho-
facies, suggest that this lapilli tuff most likely depos-
ited in subaqueous conditions. Overall, our proposed
classification non-welded, pyroclast-rich, submarine
mass-flow, probably pyroclastic-flow deposit, cor-
responds to the term used by McPhie et al. (1993) for
deposits where subaqueous and primary (or syn-vol-
canic) origin is well established.

Fig. 7 Close view of the resedimented pumiceous mass-flow
deposit in Fig. 6. Normally graded lithic clasts (Nglcl) and
reversely graded pumice clasts (Rgpcl) suggest a flow unit. Note
the intense erosion of less resistant pumice-rich horizon (with
hammer)

P3., VS: Volcanogenic, bedded, pumiceous sand,
sandstone and gravel, localities 40, 43, 90, 91, 105, 129,
147 C, 155, 255, 264, 287, 296 (Figs. 3, 4, 10, 12)

These are moderately or well-sorted deposits (collec-
tively called Nagy Valley Volcanogenic Sandstone by
Kardtson et al. 2000) with a dominant fine matrix
(<60-80 vol.% ) and occasionally lapilli-sized lithic and
pumice clasts. Yellowish white to yellow, millimetre-
to-centimetre-sized (up to 3 cm), altered, subrounded
to rounded pumices with poorly developed texture,
make up to 25 vol.% of the deposits. Varicoloured,
commonly oxidised, altered subangular and subround-
ed, millimetre-to-centimetre-sized lithics (up to 5 cm)
contain amphibole, pyroxene and less frequently
biotite phenocrysts. Quartz pebbles in the North and
East Borzsony are common. Mollusc fossils may occur
(localities 105, 155, 255). The deposit exhibits stratifi-
cation, minor cross-stratification and occasional grada-
tion on a centimetre-to-decimetre scale.

Interpretation The frequent features characteristic of
traction transport such as bedding, stratification, low-
angle cross-stratification, good sorting as well as rhyth-
mic fine/coarse units suggest deposition from dilute
volcaniclastic mass flows in a subaqueous environ-
ment. The shallow marine origin is supported by inter-
bedded, fossiliferous volcanogenic sandstone and mud-
stone as well as fossiliferous character of the
lithofacies itself; however, it is hard to reconstruct
whether the deposits were directly developed from
dilution of eruption-fed volcaniclastic mass flows or
reworking of volcaniclastic mass flows during inter-
eruption periods. The highly variable pumice content
in the deposits as well as the presence of both angular
and rounded pumice fragments suggest both direct
eruption-related origin and true epiclastic reworking.
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Fig. 8A-D Interpretative 339
sketches from the Nagy-K&
Hill caldera rim (90, 91 local-
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Most likely, there was a continuum between these end
members as pointed out by several workers (Fritz and
Howells 1991; Cole and DeCelles 1991; Cas and
Wright 1991). The deposit can be named, according to
McPhie et al. (1993), as (reworked?) subaqueous vol-
caniclastic mass-flow deposit. The relevant mass flows
may have been low-density volcaniclastic turbidity cur-
rents.

Emergent stage

El., WB-PLT: Pumiceous, lithic-rich, weakly bedded
rhyodacite/dacite lapilli tuff, localities 40, 89, 90, 91,
117(?), 155 (upper part, reported by Bdldi and Kokay
(1970) (Fig. 5)

Limited mostly to the upper sections of a few expo-
sures, this is an unsorted or moderately sorted deposit
with a fine matrix (<40-50 vol.%). White to whitish
grey centimetre-sized (up to 12 cm) pumices are domi-
nantly angular and subangular and contain millimetre-

sized biotite and quartz phenocrysts. Brownish to
greyish, altered, millimetre-to-centimetre-sized lithic
fragments (up to 40 cm) are subangular and angular
and contain amphibole, pyroxene and, less frequently,
biotite phenocrysts. Block-sized clasts with frequent
prismatic jointing may occur. The matrix is rich in
pumice-, lithic and, less frequently, crystal fragments
including garnet. Stratification is not observed, but,
except for 89, weak gradation may occur. At locality
40 (Kirélyrét), a 1.5-m-thick volcaniclastic breccia
which consists of subangular to angular, predomi-
nantly cogenetic biotite amphibole dacite clasts up to
30 cm in size is embedded in the deposit.

Interpretation This deposit significantly differs from
the previous ones. It does not contain fossils and has
thicker beds. These features are characteristic of sub-
aerially emplaced, loose, non-welded pyroclastic-flow
deposits. The large number of angular pumice clasts
fits with the primary origin. In addition, on a millime-
tre-to-centimetre scale, the deposit shows little signs
of hydrothermal alteration, corresponding to subaerial



emplacement where hydrothermal alteration is limit-
ed, compared with subaqueously emplaced deposits.
At the same time, since there are no gas segregation
pipes, nor welding, the interpretation is somewhat
ambiguous. Subaqueous deposits which are direct
products of silicic ignimbrite-forming eruptions may
not be distinguished from subaerial ones. Several
workers pointed out that water even few tens of
metres deep (that depth was reconstructed for the
Borzsony Mountains: Baldi and Kékay 1970; Karatson
et al. 2000) can easily be flashed out by an emplacing
pyroclastic mass flow (e.g. Cas and Wright 1991;
Legros and Druitt 2000). However, in the Borzsony
Mountains, the WB-PLT deposits do not intercalate
with marine units nor do they contain fossils; hence,
the interpretation that they were deposited from sub-
aerial pyroclastic flows appears to be most likely. This
is in accordance with the Kirdlyrét volcaniclastic brec-
cia which is interpreted as a lag breccia.
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Fig. 9A,B Interpretative sketches from Nagy-K&szikla Hill (129
locality). A Detail of the lower part; B upper part. See text for
facies symbols

E2., DS: Diamicton sheet, volcaniclastic breccia,
localities 85, 90, 91, 94, 105, 107, 129, 147 C, 183, 274,
287, 298, etc. (Figs. 3, 4, 6,7, 8, 9)

This lithofacies is a widespread, well-exposed breccia
(Nagy-K6Hill Volcaniclastic Breccia; Karédtson et al.
2000) in the Borzsony Mountains. It blankets the
higher-elevated marginal areas and their broad vicini-
ty, covering as much as 60 km? in the northern and
southeastern sectors. Beds are tabular or lobate with
convex upper surfaces. Complete vertical sequences
are not known, but various types can be studied in
many outcrops (the listed localities indicate the best
exposures). The described occurrences are up to a few
tens of metres high and extend a few hundreds of
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Fig. 10A-C Exposures from the North and East Borzsony
Mountains showing facies variations of Nagy Valley volcano-
genic sandstone. Black andesite clasts; white pumice clasts. A
Interpretative sketch of Hosszui-bére hillslope quarry (43 local-
ity); B interpretative sketch of Drégely Castle Hill (upper part,
detail: 107 locality); C composite sketch log of Német Valley
stream bed (147 C locality). See text for facies symbols

metres laterally. They contain commonly subrounded
and subangular, less frequently angular, dense andesite
and subordinate dacite lapilli and decimetre- and mil-
limetre-sized blocks. Hydrothermally altered dense
volcanic lithic clasts are found in some cases, forming
jigsaw-fit structures on a millimetre-to-centimetre
scale, and the matrix is rich in free, broken minerals,
mainly feldspars and amphibole. In the matrix, small,
subrounded, strongly altered pumice fragments may
be present. Reverse and less frequently normal grada-
tion of lithic clasts in 5- to 10-m-thick beds are com-
mon. Dense channel fills and sandy bedforms (see
below) are frequently intercalated. In many places,
two major sublithofacies of DS beds are distinguished:
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Volcaniclastic conglomerate
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=] g?t]e-gmned volcaniclastic Hyperconcentrated flow
P Pumice clast Channelised debris flow

1. DSm is a matrix-supported lithofacies with sub-
rounded to subangular dense megablocks up to 3 m
in diameter (localities 85, 90, 91, 298). The matrix
does not display any internal stratification. In cer-
tain beds there are common (up to 10-20 vol.% vis-
ual estimation) small, rounded and subrounded
pumice clasts up to a few centimetres in diameter
(localities 85, 129). The large blocks do not have an
oriented distribution in the overall DSm; instead,
they float in the fine-to-coarse-grained sandy
matrix.

2. The DSc lithofacies is a more clast-rich (clast-sup-
ported), slightly better sorted, occasionally weakly
bedded and graded member of the DS units (e.g.
localities 85, 90, 91, 105, 129). The matrix of these
beds does not or only occasionally contains pumice
fragments.

Interpretation The DS lithofacies displays features
typical of debris-flow deposits: poor sorting, lack of
stratification, graded to non-graded beds with erosive
contacts in some places and tabular beds without ero-
sive contact in other places (Nemec and Steel 1984;



Fig. 11 Detail of the 298 locality: basal zone of a small-scale
debris avalanche with angular blocks and abundant varicoloured,
altered lapilli in the matrix. Note lack of stratification
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Fig. 12 Submarine volcaniclastic mass-flow beds (Svmfl) and
subsequent hyperconcentrated-flow (Hypfl), fluvial stream flow
(Fsfl) and debris-flow (Dfl) deposits at 287 locality near the
Nagy Valley
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Smith 1988; Walton and Palmer 1988; Palmer and
Neal 1991; Cronin et al. 1997; Lecointre et al. 1998).
Thickness of beds and large clasts indicate deposition
from large, high-competence debris flows.

The common association of such deposits is a distal
(re)deposition of pyroclastic-flow material by debris
flows that are generated on a broad, terrestrial ring
plain around a large silicic eruptive centre during
mostly inter-eruptive periods. Pumice-rich DSm beds
suggest direct or indirect relations to ignimbrite-form-
ing eruptions, where either diluting pyroclastic flows
are transformed into debris flows, or pyroclastic-flow
deposits are subsequently mobilized into debris-flow
then hyperconcentrated stream-flow systems in valleys
that drain the volcano slopes (Pierson et al. 1996;
Major and Iverson 1999; Cronin et al. 2000).

This transformation could be facilitated in the
Borzsony Mountains by frequent heavy rains under
the coeval, Middle Miocene climate. On the basis of
palaecoecological and palaeobotanical data, Andre-
dnszky (1951), Baldi (1960) and Pélfalvy (1974) pro-
posed a balanced subtropical climate with ca. 19-20°C
annual mean temperature and ca. 1000-mm annual
rainfall for the South Borzsony. Pyroclastic flow trans-
formation into debris flows/lahars occurred most likely
along the marginal, coastal areas of the emerging vol-
canic island, where lagoons and wide river mouths
gave a substantial source of water to either dilute the
passing pyroclastic flows or remobilize loose pyroclas-
tic-flow deposits in inter-eruptive periods. Syn- and
inter-eruptive debris-flow deposits, however, cannot
be distinguished at the present outcrop conditions.
DSm beds, having a large amount of matrix and
unbroken pumices, are thought to be more directly
related to eruptive activity than DSc beds (especially
beds that display better sorting and more rounded
clasts).

The large number of dense, angular, monolitholog-
ical lava rock fragments in some DS beds (localities
85, 90, 129, 298) suggest relations to small-scale dome
collapses after/during silicic ignimbrite-forming erup-
tions. On the other hand, in some beds, jig-saw fit
structures, broken minerals and angular—subangular
rock fragments can be explained by debris avalanche-
generated debris-flow origin. Large debris-avalanche
deposits are not found, but in one case (locality 298:
Fig. 11), angular, broken, varicoloured but largely
monolithological clasts suggest small-scale avalanche
originating from rockslide or rockfall (cf. Kerle and
van Wyk de Vries, in press). All these events may
have been associated with small- to medium-sized cal-
dera formation during the eruptive periods (cf. Pinatu-
bo: Newhall and Punongbayan 1996; Shiveluch: Bel-
ousov et al. 1999), a problem which is discussed in
detail later.

Progressive deposition from diluted block-and-ash
flows and small avalanches, and disaggregation of
larger, brecciated clasts, together with erosion and
incorporation of rip-up clasts, resulted in the transfor-
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Fig. 13A-D Seclected photomicrographs of thin sections of the
first-stage volcaniclastics of the Borzsony Mountains. A 155
lower part (W of the village of Kismaros): massive pumiceous
lapilli tuff (PBLT). Pu pumice; am amphibole; pl plagioclase; py
pyroxene. Note pumiceous matrix. 1 N; short picture size
2.3 mm. B 85 lower part (Kemence valley): graded pumiceous
lapilli tuff (PBLT). Pu pumice; gr garnet; py pyroxene (mostly
hypersthene). Note clastic matrix. 1 N; short picture size
2.3 mm. C 100 (Nagy valley): lithic-rich volcanic sandstone (V).
Pyo andesite lithic clast with pyroxene and plagioclase crystals
in a glassy groundmass; aml opacitised amphibole; am2 amphi-
bole with plagioclase+pyroxene transformation zone; pl plagio-
clase fragments. Note crystal-rich clastic texture. 1 N; shorter
picture size 2.3 mm. D 129 (Nagy-Koszikla Hill): clast-rich
debris-flow deposit (DSc). o indicates hydrothermally altered
andesite lithic clast; am amphibole; p/ plagioclase. Note jigsaw-
fit texture of broken plagioclase crystals. 1 N; shorter picture
size 2 mm

mation to normal debris flows. As flow continued,
underlying sediment was completely mixed with the
primary components of the debris flows, producing
deposits that are homogeneous sandy silt or even mud
(northern part of the field area, e.g. localities 147 C,
274, 287). In this way, the eruption-associated hot
flows could be transformed to debris flows then fluvial
stream flows or shallow-water turbidites in more distal
areas (e.g. Lecointre et al. 1998; Cronin et al. 2000).
Unconsolidated, loose pyroclastic material was also
transformed in this way during inter-eruptive periods.
In the North Borzsony, the transformed DS (and SB,
see below) deposits have a northern geographic posi-
tion relative to the more primary ones (e.g. at locality
85) and the region has a northward-descending slope.
Consequently, a transport direction from the southern-
lying source areas (calderas) to the northern volcanic
apron is inferred.

E3., SB: Sandy bedforms with fine- to coarse-grained
volcanic material, localities 90, 91, 129, 147 C, 274, 287
(Figs. 8, 9)

This deposit can be found mostly interlayered between
DS beds. It is a weakly bedded, occasionally pumi-
ceous, fine- to coarse-grained, mostly clast-supported
sandstone frequently with larger oversized, subangular
and subrounded clasts (up to 10 cm in diameter).
Small (up to a few centimetres in diametre) pumice
fragments may form stringers which pinch out in a
few tens of metres of distance.

Interpretation Poorly developed stratification, clast-
supported texture, significant debris content with small
clast size, pumice stringers, inverse grading and lack
of internal scour surfaces, as well as lack of any
marine fossils, indicate deposition from hyperconcen-
trated stream flows rather than submarine volcano-
genic sand deposition (e.g. Smith 1986; Scott 1988;
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Palmer and Neall 1991; Cronin et al. 1997; Lecointre
et al. 1998).

E4., Ch: Channel fills, localities 90, 91, 129 (Figs. 3, 9)

This deposit is a lenticular, unsorted, coarse-grained
conglomerate and can also be found mostly interlay-
ered between DS beds. It laterally pinches out in short
distances (few tens of metres). The clasts are large (up
to 1 m), dense volcanic fragments with a minor com-
ponent of sandy matrix between.

Interpretation Fluvial channel fills and channelised
debris-flow deposits represent main drainage pathways
in the ring plain. Unfortunately, their orientation is
not significant, probably because of the small number
of exposures.

E5., FS: Fluvial sandstone, mudstone, localities 91, 105,
107, 129, 147 C, 289 (Figs. 3, 4, 9, 10B, C, 12)

This is a volcanogenic to non-volcanogenic sandstone
and mudstone series with well-bedded structure. Lami-
nated beds 5-15 cm thick frequently showing cross-
stratification are common. The mostly centimetre-
sized clasts are subrounded to rounded and
heterolithic. Plant fossils were reported at Kismaros
village from the southern part of the mountains (Baldi
and Kokay 1970). The deposits may be interbedded
with DS beds or develop from volcanogenic, shallow
subaqueous sandy beds.

Interpretation The well-bedded, cross-stratified,
graded beds of sand- and mudstones containing semi-
rounded, heterolithic, volcanogenic clasts are charac-
teristic of terrestrial fluvial sedimentary environments.
The fluvial deposits seem to correspond to normal ter-
restrial sedimentation on a broad ring plain during
inter-eruptive stages.

Geochemistry of volcanic glasses

On polished thin sections, a large number of volcanic
glass shards were studied from the volcaniclastic units
(both from primary and reworked deposits). In gener-
al, the volcanic glasses are pumice shards with elon-
gated, stretched, woody appearance. They often show
oriented texture determined by small feldspar laths.
Alteration processes have gradually changed the com-
position of glass shards from outside to inside and
along cracks.

For determining the chemical composition of the
volcanic glasses, JEOL 8600 Superprobe electron
microprobe was used on oxide 9 standard with ZAF
correction method and with 5-20 beam diameter, on
polished thin sections. In general, the occasional fresh
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Table 1 Major element compositions (microprobe) of selected pumiceous glass shards (individual measurements)

Sample B-90 B-90 B-43 B-129 B-105u B-105u B-155u B-155u
no.? 1 2 3 4 5 6 7 8
SiO, 70.59 70.67 76.02 68.53 66.26 63.15 67.12 68.26
TiO, 0.25 0.25 0.18 0.12 0.37 0.43 0.31 0.43
AlL,O4 14.24 13.71 11.22 12.75 15.95 14.02 15.26 13.89
FeO,yal 1.88 2.33 1.70 1.29 5.08 5.64 2.67 2.84
MnO 0.03 0.04 0.06 0.00 0.13 0.14 0.06 0.08
MgO 0.22 0.27 0.08 0.02 1.41 1.42 0.57 0.61
CaO 2.52 1.87 0.87 1.52 424 3.72 3.36 2.44
Na,O 2.31 0.76 1.30 2.34 2.85 1.76 3.45 2.64
K,O 3.47 322 5.86 5.18 2.46 2.60 2.97 3.64
Total 95.52 93.11 97.29 91.77 98.74 92.87 95.76 94.83
Rock type  Rhyo-dacite, Rhyo-dacite, Rhyolite  Rhyo-dacite  Rhyo-dacite  Dacite, Rhyo-dacite  Rhyo-dacite
rhyolite rhyolite rhyo-dacite

Measurements carried out on JEOL 8600 Superprobe with oxide
9 standard, 15 kV acceleration voltage, ZAF correction method
and 10- to 25-um beam diameter

pumice glass shards (90-95 vol.% of total) have
composition varying predominantly between dacite
and rhyodacite (average SiO, content 68.8 wt.%;
Table 1).

As far as individual sites are concerned, the SiO,
content of the Nagy-Koé Hill pumiceous deposits (lo-
calities 90, 91) fits with the recently determined data
from the same locality (68-70 wt.%; Karétson et al.
2000). In addition, we have obtained rhyolitic com-
position (>75 wt.% SiO,) at Hosszui-bérc (locality 43).
These data first imply that careful searches for fresh
pumices can yield much more silica-rich composition
than the typical “middle tuff” (i.e. Tar Dacite Tuff) of
the Pannonian Basin (67%) and even the “lower” and
“upper” rhyolite tuffs (71 and 72% on average,
respectively: data from Pdka 1988). In other words,
chemical composition cannot be associated with sim-
ple, uniform events. Secondly, since these rhyodacitic—
rhyolitic compositions were measured in the highest
(400-600 m a. s. 1.) levels of the Paleo-Borzsony, it is
obvious that the rhyolite tuff horizons (Fig. 1) are not
confined to the buried part of the Pannonian Basin or
the margins of the Carpathian Volcanic Chain, as sug-
gested by many (Péka 1988; Korpas et al. 1998;
Hamor 1998). Instead, during the Middle Miocene, a
diverse explosive activity, various both volcanologi-
cally and geochemically, took place in the Carpatho-
Pannonian region, building up a significant part of the
calc-alkaline volcanic mountains.

Depositional systems
Shallow subaqueous stage

The initial volcanic products of the Borzsény Moun-
tains were deposited in a shallow marine basin (e.g.
Baldi and Kokay 1970; Korpas and Lang 1993) as suc-
cessive beds of voluminous submarine pumiceous vol-

2For locality, see Fig. 2. Samples 1, 2 Nagy-K&é Hill; 3 Hoss-
zibérc; 4 Nagy-Ko6szikla Hill; 5, 6 Szivszakaszté (Nagy Valley);
7, 8 West Kismaros

caniclastic mass-flow deposits. The shallow-water envi-
ronment appears to have been maintained for the
volcanic activity over a significant time interval
according to palaecomagnetic results (16.5-16.0 Ma for
the PBLT; see above). The volcanic eruptions, in the
light of interbedded, volcanogenic, pumice-containing
sandstone layers, were coeval with ongoing marine
sedimentation. The unchanged environment is wit-
nessed by common fossil record (mollusc, Balanus) in
the first volcaniclastic units (Karatson et al. 2000).

As for the mode of deposition of volcaniclastic
mass flows in general, recent discussion calls attention
to the fact that, in a subaqueous environment, the
lack of sedimentary features characteristic of hot dep-
osition during emplacement does not necessarily imply
a reworked origin (e.g. Wright and Mutti 1981; Cas
and Wright 1991). However, since in the Borzsony
Mountains no hard evidence has been found to sup-
port hot, gas-rich state of pumiceous volcaniclastic
mass flows, we conclude that most of the deposits rep-
resent either a dilute state of a passing volcaniclastic
flow, or the eruptions that produced them were char-
acterised originally by low particle concentration.
Interbedded volcanogenic, stratified, pumiceous sand
and sandstone beds seem to represent deposition by
even more dilute volcaniclastic mass flows, i.e. low-
concentration turbidity currents (cf. White 2000).

The problem is more complex when eruptive cen-
tres of the original pyroclastic flows are to be defined
and localised. Since there are no welded and ponded
ignimbrites, no distinct ignimbrite beds or flow units
thicker than 15 m, no pumices larger than 15 cm in
diameter and there are complications in the gravimet-
ric maps (Kardtson et al. 2000), we cannot infer defi-
nitely the source vents. However, given the sub-
sequent lag breccia at the upper part of locality 40
(Kirélyrét), the probable caldera structures in a later
phase (see below) and segregation pipes in similar and
coeval deposits of the Holdvildg valley in the neigh-



bouring Visegrad Mountains (ca. 15 km southward of
the Borzsony), a near-source origin of the submarine
products is very likely.

A rapid volcanic infill in the Borzsony Mountains
is indicated by the appearance of subsequent, several
tens-of-metres-thick subaerial successions in many
exposures and the disappearance of marine fossils,
replaced in places by leaf imprints. This change in pal-
aeoenvironment can also be inferred by comparing
the total thickness of pumiceous deposits to the pro-
posed <120-m water depth (Béldi and Kdkay 1970). In
the south, the level difference of lowest (locality 155)
and highest (locality 129) occurrence of pumiceous
beds is 180 m, whereas in the east, between localities
255 and 43, it is 220 m. The distance between the two
sections is 12 km (see Fig. 2). The deposit thickness,
despite absolute height data differences (due to the
tectonic tilting or faulting of the High Borzsony; Kar-
atson 1995; Karatson et al. 2000), is conspiciously con-
sistent and exceeds the calculated water depth, sup-
porting the conclusion of an upfilled marine basin and
replacing subaerial conditions.

Emergent ring-plain stage in relation to edifice
construction and destruction

The upfill of the shallow-marine environment is also
shown by facies characteristics (e.g. fluvial deposits,
wavy, sandy bedforms, channel and scour fills) typical
of a subaerial ring-plain system. The emerged, subaer-
ial environment was probably composed of a number
of silicic centres and their aprons. Given the similar
lithology and age (cf. Kardtson et al. 2000), the vol-
canic complex is proposed to have evolved continu-
ously from the submarine to the subaerial stage.

How can the coeval palaeovolcanoes of the erup-
tions be reconstructed? Apart from early-stage dacitic
lava domes (see Geological setting and palaeogeogra-
phy and Fig. 2), there are no direct evidence for
larger-scale structures of the volcaniclastic sequences
(i.e. unambiguous caldera morphology, concentric,
negative gravimetry, well-developed horizons of lag
and caldera collapse breccia); therefore, indirect
evidence in the area would be more important. As
mentioned previously, there are some ridge sections in
the periphery of the mountains that can be considered
as caldera rim fragments (cf. Fig. 2). Karatson et al.
(2000) proposed these sections to belong to a few
medium-sized calderas (6-8 km in individual diam-
eter). Since caldera rims are strikingly incomplete
(half or even shorter sections) and face the interior of
the mountains, a tectonic or erosional coalescence of
calderas was assumed (Karatson 1995, 1999). Although
this scenario may be correct, it can hardly be substan-
tiated due to strong post-eruptive tectonic movements
in the North Hungarian Mountains (cf. Fodor et al.
1999) and 5- to 700-m-deep erosion in the area (Kar-
atson 1996). Thus, it is better to focus on the proposed
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caldera rim deposits which are the only clue in the
field to be related to palaeovolcano destruction proc-
esses.

Features of these deposits (Fig. 2) that suggest rela-
tions to explosive eruptions and possible caldera for-
mation are: (a) moderate to high pumice content in
the DSm matrix; (b) intercalation of pumiceous vol-
caniclastic mass-flow deposits (WB-PLT) between
breccia horizons (the latter having clast diameter up
to 3-4 m); (c) frequent monolithological breccia com-
position; and (d) frequent prismatic jointing of clasts
indicating hot primary origin. Since all or some of
these features are found both on the northern (locality
85) and southeastern (localities 90, 91, 129) proposed
caldera rims, and since these rims are the highest
elevations in the Paleo-Borzsony (see Fig. 2), they
should be the remnants of eroded caldera rims or
proximal palaeovolcano slopes. On the other hand,
since the rim breccia exposures represent valley filling
debris-flow deposits, the actual 6- to 8-km caldera
diameters should have been much smaller (some kil-
ometres) at the time of volcanic activity. This implies
small caldera or explosive crater origin (and erosion
calderas/erosion craters at present: for terminology,
see Karatson et al. 1999). In other words, when using
the term calderas, we cannot associate large-scale cal-
dera-forming processes.

In summary, the emergent stage can be recon-
structed as a volcano complex that consists of a few
medium-sized subaerially erupting silicic centres which
underwent minor or moderate edifice destruction gen-
erating various types of debris-flow deposits. These
deposits, subsequent to upfilling the marine basin(s),
accumulated (a) on a well-developed (ca. 15x15 km?)
ring-plain (including mostly the northern and also the
southern occurrences in Fig. 2), (b) along marginal
marsh- and lagoon-system and (c) in the surrounding
shallow-marine environment.

Conclusion: general features

During the first volcanic stage of the Borzsony Moun-
tains, the initial eruptions, occurring in a shallow-ma-
rine environment, produced subaqueous eruption-fed
pumiceous volcaniclastic mass flows transforming into
more dilute volcaniclastic mass flows in distal areas (1
in Fig. 14). Eruptive centres may have been located
inside the mountains as developing silicic volcanoes.
Subsequently, the infilled shallow marine basin(s) con-
tinuously evolved to a rugged volcanic archipelago.
Subaerially erupted pyroclastic-flow-generated debris
flows rapidly built up an emerging ring-plain system
(2 in Fig. 14; e.g. Turbeville et al. 1989; Turbeville
1991; Cole and Ridgway 1993; Bahk and Chough
1996). Debris flows (lahars) were frequently generated
also in the inter-eruptive periods under the recon-
structed subtropical climate. In the nearby, submarine
environment, pyroclastic flows and debris flows most
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1 Shallow-marine stage

Ongoing silicic (rhyolitic, rhyo-dacitic), Plinian

eruptions
started in a shallow-marine environment
{&”’\'C Shallow-marine pyroclastic flows
<y ) transforming into
A et pumiceous submarine mass flows
Yy (P2 & P3 lithofacles associations)

water level

Shallow-marine progading =
volcaniclastic delta fronts
(P1 & P3 lithofacles associations)
Shallow-marine (30 - 120 m) siliciclastic
sedimentation (P1 lithofacies association)

|7

2 Subaerial stage

Subaerial pyroclastic flows and/or debris avalanches
with transition into debris flows, lahars and

hyperconcentrated streamflows
SE (E1 & E2 lithofacies associations) Ring plain with debris-flow and
alluvial sedimentation;
ble transition into
Cydlic dome forming and collapse, possi
minor caldera forming subaqueous debris flows

(E2 - E5 lithofacies associations)

Fig. 14 Proposed palacogeography for the first volcanic stage of
the Borzsony Mountains (modified after Martin 2000)

likely transformed into subaqueous volcaniclastic
debris flows, then turbidity currents (e. g, Whitham
1989; Cole and DeCelles 1991).

Despite the reconstructed palaecogeographic change,
which, although geologically brief, may have been
continuous and transitional in individual places, the
deposits transformed from subaerial eruptions display
appearance similar to that developed directly from
shallow-marine eruptions. Theoretically, there could
be two end-member sequences: (a) subaqueous pumi-
ceous volcaniclastic mass flow-redeposited pumiceous
volcaniclastic mass flow—subaqueous reworked volcan-

iclastic debris flow continuum; (b) pyroclastic flow-de-
bris flow (lahar, hyperconcentrated stream flow)-nor-
mal fluvial stream flow—subaqueous debris-flow
continuum (e.g. Brantley and Waitt 1988; Waresback
and Turbeville 1990). These two sequences which rep-
resent different palaeogeographic conditions may have
mixed with each other and are difficult to distinguish.
On the basis of the Borzsony example, we conclude
that in similar, poorly exposed areas displaying tran-
sitional facies conditions, it may be the large-scale
facies relations rather than individual outcrop features
that help reconstruct palacogeography.

Acknowledgements The research was supported by D.K.s
Magyary Postdoctoral Scholarship and Hungarian National
Funds OTKA F015629,T032774 and FKFP 0175/00. K.N. thanks
U. Martin and J.D.L. White for useful discussions. Helpful
reviews by S.J. Cronin and V. Koneccny improved the paper.
We are grateful to S. Jézsa for help in thin-section photography
and to D.K.’s students for their field assistance during the 1999
summer practical.

References

Andrednszky G (1951) Contributions to the knowledge of Terti-
ary flora in Hungary. Bull Hung Geol Soc 81:320-325 (in
Hungarian)

Bahk JJ, Chough SK (1996) An interplay of syn- and intererup-
tion depositional processes: the lower part of the Jangki
Group (Miocene), SE Korea. Sedimentology 43:421-438

Balla Z (1981) Neogene volcanism of the Carpatho-Pannonian
Region. Earth Evol Sci 3-4:240-248

Balla Z, Korpés L (1980) Volcano-tectonics and evolution of the
Borzsony Mountains. Ann Rep Hung Geol Inst 1978:75-101
(in Hungarian with English abstract)

Bdldi T (1960) Biogeography of the Middle Miocene Szokolya
fauna of the Borzsony Mountains. Bull Hung Geol Soc
90:27-45 (in Hungarian with English abstract)

Béldi T, Koékay (1970) The fauna of the Kismaros tuffite and
the age of the Borzsony andesitic volcanism. Bull Hung Geol
Soc 100:274-283 (in Hungarian with German abstract)

Belousov A, Belousova M, Voight B (1999) Multiple edifice fail-
ures, debris avalanches and associated eruptions in the Holo-
cene history of Shiveluch volcano, Kamchatka, Russia. Bull
Volcanol 61:324-342

Beverage JP, Culbertson JK (1964) Hyperconcentrations of sus-
pended sediment. Am Soc Civ Eng Hydraul Div J
90:117-128

Borza T (1973) Stratigraphical and paleontological investigations
in the vicinity of Hont (northern Borzsény Mountains). Bull
Hung Geol Soc 103:27-40 (in Hungarian with English
abstract)

Brantley SR, Waitt RB (1988) Interrelations among pyroclastic
surge, pyroclastic flow, and lahars in Smith Creek valley dur-
ing first minutes of 18 May 1980 eruption of Mount St.
Helens, USA. Bull Volcanol 50:304-326

Cas RAF, Wright JV (1987) Volcanic successions: modern and
ancient. Unwin Hyman, London

Cas RAF, Wright JV (1991) Subaqueous pyroclastic flows and
ignimbrites: an assessment. Bull Volcanol 53:357-380

Cole RB, DeCelles PG (1991) Subaerial to submarine transitions
in early Miocene pyroclastic flow deposits, southern San Joa-
quin basin, California. Geol Soc Am Bull 103:221-235

Cole RB, Ridgway KD (1993) The influence of volcanism on
fluvial depositional systems in a Cenozoic strike-slip basin,
Denali fault system, Yukon Territory, Canada. J Sediment
Petrol 63:152-166



Costa JE (1988) Rheologic, geomorphic, and sedimentologic dif-
ferentiation of water flood, hyperconcentrated flows, and
debris flows. In: Baker VR, Kochler RC, Patton PC (eds)
Flood geomorphology. Wiley, New York, pp 113-122

Crandell DR, Miller CD, Glicken H, Christiansen RL, Newhall
CG (1984) Catastrophic debris avalanche from the ancestral
Mount Shasta Volcano, California. Geology 12:143-146

Cronin SJ, Neall VE (1997) A late Quaternary stratigraphic
framework for the northeastern Ruapehu and eastern Ton-
gariro ring plains, New Zealand. N Z J Geol Geophys
40:185-197

Cronin SJ, Neall VE, Palmer AS (1997) Lahar history and haz-
ard of the Tongariro River, northeastern Tongariro Volcanic
Centre, New Zealand. N Z J Geol Geophys 40:383-393

Cronin SJ, Neall VE, Lecointre JA, Palmer AS (1999) Dynamic
interactions between lahars and stream flow: a case study
from Ruapehu volcano, New Zealand. Geol Soc Am Bull
111:28-38

Cronin SJ, Lecointre JA, Palmer AS, Neall VE (2000) Transfor-
mation, internal stratification, and depositional processes
within channelised, multi-peaked lahar flow. N Z J Geol
Geophys 43:117-128

Gsillag-Tepldnszky E, Csongrddi J, Korpas L, Pentelényi L,
Vet6-Akos E (1983) Geology and mineralization of the cen-
tral area in the BOrzsony Mountains. Ann Rep Hung Geol
Inst 1981:77-127 (in Hungarian with English abstract)

Csontos L (1995) Tertiary evolution of the Intra-Carpathian
area: a review. In: Downes H, Vaselli O (eds) Neogene and
related magmatism in the Carpatho-Pannonian Region. Acta
Vulcanol 7:1-14

Czaké T, Nagy B (1976) Correlation between the data of photo-
tectonic map and prospecting for ore deposits in the
Borzsony Mountains (N Hungary). Ann Rep Hung Geol Inst
1974:47-60 (in Hungarian with English abstract)

Downes H, Vaselli O (eds) (1995) Neogene and related magma-
tism in the Carpatho-Pannonian Region. Acta Vulcanol 7:290

Fisher RV (1971) Features of coarse-grained, high-concentration
fluids and their deposits. J Sediment Petrol 41:916-927

Fodor L, Csontos L, Bada G, Gyorfi I, Benkovics L (1999) Ter-
tiary tectonic evolution of the Pannonian Basin system and
neighbouring orogens: a new synthesis of palacostress data.
In: Durand B, Jolivet L, Horvdth F, Séranne M (eds) The
Mediterranean basins: Tertiary extension within the Alpine
Orogen. Geol Soc Lond Spec Publ 156:295-334

Fritz WJ, Howells MF (1991) A shallow marine volcaniclastic
facies model: an example from sedimentary rocks bounding
the subaqueously welded Ordovician Garth Tuff, North
Wales, U.K. Sediment Geol 74:217-240

Glicken H (1991) Sedimentary architecture of large volcanic
debris avalanches. In: Fisher RV, Smith GA (eds) Sedimen-
tation in volcanic settings. SEPM Spec Publ 45:99-106

Hémor G (1985) Geology of the Nograd-Cserhdt area. Geol
Hung Ser Geol 22:1-216

Hémor G (1998) Stratigraphy of the Hungarian Miocene. In:
Bérczi I, Jdmbor A (eds) Stratigraphy of the geological for-
mations of Hungary. Mol-MAFI, Budapest, pp 437-452

Hamor G, Ravasz-Baranyai L, Halmai J, Balogh K, Arvané-Sés
E (1987) Dating of Miocene acid and intermediate volcanic
activity in Hungary. Ann Hung Geol Inst 70:149-154

Kardtson D (1995) Ignimbrite formation, resurgent doming and
dome collapse activity in the Miocene Borzsony Mountains,
North Hungary. Acta Vulcanol 7:107-117

Karatson D (1996) Rates and factors of stratovolcano degrada-
tion in a continental climate: a complex morphometric analy-
sis for nineteen Neogene/Quaternary crater remnants in the
Carpathians. J Volcanol Geotherm Res 73:65-78

Karatson D (1999) Erosion of primary volcanic depressions in
the Inner Carpathian Volcanic Chain. Z Geomorphol
Suppl-Bd 114:49-62

Kardtson D, Thouret JC, Moriya I, Lomoschitz A (1999) Ero-
sion calderas: origins, processes, structural and climatic con-
trol. Bull Volcanol 61:174-193

793

Kardtson D, Marton E, Harangi S, J6zsa S, Balogh K, Pécskay
Z, Kovdcsvolgyi S, Szakmany G, Dulai A (2000) Volcanic
evolution and stratigraphy of the Miocene Borzsony Moun-
tains, Hungary: an integrated study. Geol Carpath 51:1-19

Kerle N, van Wyk de Vries (in press) The 1998 debris avalanche
at Casita volcano, Nicaragua: investigation of structural
deformation as the cause of slope instability using remote
sensing. J Volcanol Geotherm Res

Konecny V, Lexa J (1984) Geological map of the Central Slova-
kia Neogene Volcanic Field. Geol Inst Slovakia Bratislava
(with English explanations)

Korpés L, Lang B (1993) Timing of volcanism and metallogene-
sis in the Borzsony Mountains, northern Hungary. Ore Geol
Rev 8:477-501 .

Korpas L, Csillag-Teplanszky E, Hdmor G, Odor L, Horvéth I,
Fiigedi U, Harangi S (1998) Explanations for the geological
map of the Borzsony-Visegrad Mountains. Hung Geol Inst,
Budapest, pp 216

Lecointre JA, Neall VE, Palmer AS (1998) Quaternary lahar
stratigraphy of the western Ruapehu ring plain, New Zea-
land. N Z J Geol Geophys 41:225-245

Legros F, Druitt TH (2000) On the emplacement of ignimbrite
in shallow-marine environments. J Volcanol Geotherm Res
95:9-22

Lexa J, Konecny V (1974) The Carpathian Volcanic Arc: a dis-
cussion. Acta Geol Acad Sci Hung 18:279-294

Major JJ, Iverson RM (1999) Debris-flow deposition: effects of
pore-fluid pressure and friction concentrated at flow margin.
Geol Soc Am Bull 110:1424-1434

Martin U (2000) Eruption and Deposition of Volcaniclastic
Rocks in the Dunedin Volcanic Complex, Otago Peninsula,
New Zealand. PhD thesis, University of Otago, Geology
Department, Dunedin, New Zealand, pp. 390

Martin U, White JDL (2001) Depositional mechanism of density
current deposits from a submarine vent at the Otago Pen-
insula, New Zealand. In: Kneller B, McCaffrey B, Peakall J,
Druitt T (eds) Sediment transport and deposition by particu-
late gravity currents. IAS Spec Publ (Oxford) 31:245-261

McPhie J, Doyle M, Allen R (1993) Volcanic textures: a guide
to the interpretation of textures in volcanic rocks. University
of Tasmania, CODES Hobart, 196 pp

Nemec W, Steel RJ (1984) Alluvial and coastal conglomerates:
their significant features and some comments on gravelly
mass-flow deposits. In: Koster EH, Steel RJ (eds) Sedimen-
tology of gravels and conglomerates. Can Soc Petrol Geol
Mem 10:1-31

Newhall CG, Punongbayan E (1996) (eds) Fire and Mud. Erup-
tions and Lahars of Mount Pinatubo, Philippines. Philippine
Institute of Volcanology and Seismology, University of
Washington Press, 1126 p

Noszky J (1930) Oligocene-Miocene strata of the NE part of
the Hungarian Mountains. Part II. The Miocene (in Hungari-
an). Ann Mus Nat Hung 27:160-236

Pélfalvy 1 (1974) The record of fossil plant found in Middle
Miocene sediments of the Borzsony Mountains. Ann Rep
Hung Inst Geol 1974:75-94

Palmer BA, Neall VE (1989) The Murimotu Formation,
9500-year old deposits of a debris avalanche and associated
lahars, Mount Ruapehu, North Island, New Zealand. N Z J
Geol Geophys 32:477-486

Palmer BA, Neall VE (1991) Contrasting lithofacies architexture
in ring-plain deposits related to edifice construction and
destruction, the Quaternary Stratford and Opunake For-
mations, Egmont Volcano, New Zealand. Sediment Geol
74:71-88

Palmer BA, Walton AW (1990) Accumulation of volcaniclastic
aprons in the Mount Dutton Formation (Oligocene-Mio-
cene), Marysvale volcanic field, Utah. Geol Soc Am Bull
102:734-748



794

Pant6 G (1970) Tertiary volcanism of the northern part of the
Borzsony Mountains. In: Kubovics I, Panté G (1970) Volca-
nological studies in the Matra and Borzsony Mountains.
Akadémiai Kiad6, Budapest, pp 163-302 (in Hungarian)

Pierson TC, Costa JE (1987) A rheologic classification of sub-
aerial sediment-water flows. In: Costa JE, Wieczoreck GF
(eds) Debris flows/avalanches: processes in sedimentology
and hazard mitigation. Geol Soc Am Rev Eng Geol 7:1-12

Pierson TC, Scott KM (1985) Downstream dilution of a lahar:
transition from debris flow to hyperconcentrated streamflow.
US Geol Surv Water Resour Res 21:1511-1524

Pierson TC, Janda RJ, Thouret J-C, Borrero CA (1990) Pertur-
bation and melting of snow and ice by the 13 November
1985 eruption of Nevado del Ruiz, Colombia, and con-
sequent mobilization, flow and deposition of lahars. J Volca-
nol Geotherm Res 41:17-66

Pierson TC, Daag AS, Perla JDR, Regalado TM, Solidum RU,
Tubianosa BS (1996) Flow and deposition of posteruption
hot lahars on the east side of Mount Pinatubo, July—October
1991. In: Newhall CG, Punongbayan E (eds) Fire and mud.
Eruptions and lahars of Mount Pinatubo, Philippines. Philip-
pine Institute of Volcanology and Seismology, Univ Wash-
ington Press, Seattle, pp 921-950

Poka T (1988) Neogene and Quaternary volcanism of the Car-
pathian-Pannonian region: changes in chemical composition
and its relationship to basin formation. In: Royden H, Hor-
vith F (eds) The Pannonian Basin: a study in basin evolu-
tion. AAPG Mem 45:257-277

Schmincke H-U (1967) Graded lahars in the type sections of the
Ellensburg Formation, south-central Washington. J Sediment
Petrol 37:438-448

Schuster RL, Crandell DR (1984) Catastrophic debris ava-
lanches from volcanoes. Fourth Int Symp Landslides Proc
Toronto 1:567-572

Scott KM (1988) Origins, behavior, and sedimentology of lahars
and lahar-runout flows in the Toutle-Cowlitz River system.
US Geol Surv Prof Pap 1447-A:A74

Siebert L (1984) Large volcanic debris avalanches: character-
istics of source areas, deposits and associated eruptions. J
Volcanol Geotherm Res 22:163-197

Smith GA (1986) Coarse-grained nonmarine volcaniclastic sed-
iment: terminology and depositional process. Geol Soc Am
Bull 97:1-10

Smith GA (1988) Sedimentology of proximal to distal volcani-
clastics dispersed across an active foldbelt: Ellensburg For-
mation (late Miocene), central Washington. Sedimentology
35:953-977

Smith GA, Lowe DR (1991) Lahars: volcano-hydrologic events
and deposition in the debris flow: hyperconcentrated flow
continuum. SEPM Spec Publ 45:59-69

Szabé C, Csontos L, Harangi S (1992) Review of Neogene and
Quaternary volcanism of the Carpathian-Pannonian region.
In: Ziegler PA (ed) Geodynamics of rifting, vol I. Case stud-
ies on rifts: Europe and Asia. Tectonophysics 208:243-256

Thouret JC, Abdurachman KE, Bourdier JL, Bronto S (1998)
Origin, characteristics, and behavior of lahars following the
1990 eruption of Kelud volcano, eastern Java (Indonesia).
Bull Volcanol 59:460-480

Turbeville BN (1991) The influence of ephermal processes on
pyroclastic sedimentation in a rift-basin, volcaniclastic-allu-
vial sequence, Espanola basin, New Mexico. Sediment Geol
74:139-155

Turbeville BN, Waresback DB, Self S (1989) Lava-dome growth
and explosive volcanism in the Jemez Mountains, New Mexi-
co: evidence from the Plio-Pleistocene Puye Alluvial Fan. J
Volcanol Geotherm Res 36:267-291

Ui T (1983) Volcanic dry avalanche deposits: identification and
comparison with nonvolcanic debris stream deposits. J Volca-
nol Geotherm Res 18:135-150

Vallance JV (2000) Lahars. In: Sigurdsson H (ed) Encyclopedia
of volcanoes. Academic Press, London, pp 601-616

Walton AW, Palmer BA (1988) Lahar facies of the Mount Dut-
ton Formation (Oligocene-Miocene) in the Marysvale Vol-
canic Field, southwestern Utah. Geol Soc Am Bull
100:1078-1091

Waresback DB, Turbeville BN (1990) Evolution of the Plio-
Pleistocene volcanogenic-alluvial fan: The Puye Formation,
Jemez Mountain, New Mexico. Geol Soc Am Bull
102:298-314

White JDL (2000) Subaqueous eruption-fed density currents and
their deposits. In: Mueller WU, Chown EH, Thurston P (eds)
Processes in physical volcanology and volcaniclastic sedimen-
tation: modern and ancient. J Precamb Res 101:87-109

Whitham AG (1989) The behaviour of subaerially produced
pyroclastic flows in a subaqueous environment: evidence
from the Roseau eruption, Dominica, West Indies. Mar Geol
86:27-40

Wright JV, Mutti E (1981) The Dali ash, Island of Rhodes,
Greece: a problem in interpreting submarine volcanogenic
sediments. Bull Volcanol 44:153-167



