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Abstract

Neotectonic deformation in the western and central part of the Pannonian Basin was investigated by means of surface and
subsurface structural analyses, and geomorphologic observations. The applied methodology includes the study of outcrops,
industrial seismic profiles, digital elevation models, topographic maps, and borehole data. Observations suggest that most of the
neotectonic structures in the Pannonian Basin are related to the inverse reactivation of earlier faults formed mainly during the
Miocene syn- and post-rift phases. Typical structures are folds, blind reverse faults, and transpressional strike-slip faults,
although normal or oblique-normal faults are also present. These structures significantly controlled the evolution of landforms
and the drainage pattern by inducing surface upwarping and river deflections. Our analyses do not support the postulated
tectonic origin of some landforms, particularly that of the radial valley system in the western Pannonian Basin. The most
important neotectonic strike-slip faults are trending to east-northeast and have dextral to sinistral kinematics in the south-
western and central-eastern part of the studied area, respectively. The suggested along-strike change of kinematics within the
same shear zones is in agreement with the fan-shaped recent stress trajectories and with the present-day motion of crustal blocks
derived from GPS data.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The Pannonian Basin is situated within the
Alpine, Carpathian, and Dinaric mountain belts
(Fig. 1). The basin system was formed due to litho-
spheric extension during the Late Early to Late
Miocene times (Royden and Horvath, 1988). Based
on subsidence analysis and geophysical data, Royden
et al. (1983) separated the syn- and post-rift phases,
although recent structural analyses revealed a more
complex evolution (Fodor et al., 1999; Horvath et
al., in press). The syn-rift phase of ~18-12 Ma
resulted in the formation of numerous grabens filled
with relatively thin syn-rift sediments of marine to
brackish origin (Royden and Horvath, 1988; Tari,
1994; Csontos, 1995; Fodor et al., 1999). Crustal
extension was followed by a post-rift phase charac-
terised by thinning and updoming of the lithospheric
mantle, thermal contraction, and related subsidence
of the entire basin (Horvath and Royden, 1981).
Post-rift subsidence was compensated by intense
sedimentation in the brackish to freshwater Lake
Pannon during the Late Miocene (Jambor, 1989;
Juhész, 1991). Deltaic to littoral sediments progres-
sively filled up the lake, while all sub-basins became
fluvial dominated by the end of the Miocene
(Vakarcs et al., 1994).

The cessation of syn-rift faulting was ultimately
related to the end of thrusting along the Carpathian arc
(Horvath et al., in press), which occurred in the early
Late Miocene in the Eastern Carpathian segment (~9—
10 Ma, Matenco and Bertotti, 2000). At the same
time, however, the northern push exerted by the
Adriatic microplate and juxtaposed Dinaric units con-
tinued from the south. As the Pannonian Basin litho-
sphere had no free space to further extend to the east,
a new phase of deformation started. This phase was
termed as “inversion of the Pannonian Basin” (Hor-
vath, 1995; Bada et al., 1999), which term is often
used as an equivalent for the ‘neotectonic phase’ of
the area and will be adopted in the present paper.

The neotectonic deformation is connected to the
uplift of vast areas in the Pannonian Basin (Horvath
and Cloetingh, 1996). These regions form rolling hills
and low mountains and incorporate the North Hun-
garian Range, and almost the whole Transdanubia, a
region between the Danube and Drava rivers and the
Eastern Alps. The uplifting regions surround major

plains, which still show subsidence and continuous
sedimentation (Great Hungarian Plain, Danube, Drava
and Vienna Basins, Fig. 1). The uplifting areas under-
went complex denudation processes (Kretzoi and
Pécsi, 1982), interrupted only by local terrestrial sedi-
mentation. In consequence, neotectonic deformation
and landscape evolution were intimately linked in the
Pannonian Basin, and all process can be understood
only in a combined way. The presence of deformed
and non-deformed landforms offers valuable geomor-
phologic tools for neotectonic analysis. On the other
hand, the lack of syn-deformational marine or lacus-
trine sediments hampers the determination of struc-
tures and their timing. Thus the application of
‘classical’ structural geological methods alone is not
sufficient to establish neotectonic structural pattern.

In our paper we present a multidisciplinary
approach for neotectonic research from three different
areas within the uplifting ranges. We analysed subsur-
face structural pattern within the uplifted post-rift
sequence, then compared to surface structural and
geomorphologic data. Our objectives were to reveal
structural meaning of geomorphic indices and to
understand the role of structural deformation on land-
scape evolution. Our combined morphotectonic
approach seems to be essential to understand the
Quaternary evolution of the Pannonian Basin and
may be useful for neotectonic research in other areas
as well. In the Zala Hills, located in the southwest,
connection of prominent neotectonic folds and their
influence on surface morphology can be evaluated.
The Vértes Hills are situated at the axis of the elevated
Transdanubian Range, and show an example for the
transition from post-rift tension to neotectonic com-
pression. Recognition of neotectonic elements in the
easterly located Godol16 Hills are hampered by a thick
loess cover but assisted by good subsurface data set
and expressed geomorphic indices. The conclusions
of our analysis contribute to the more precise timing
of the onset of neotectonic phase, which still represent
an open question.

2. Geological setting and general aspects of
neotectonic deformation

Neotectonics of the Pannonian Basin has been
mainly characterised by contractional deformation
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Fig. 1. Digital elevation model of the Pannonian basin and surrounding orogens. DB: Danube Bend area. Dashed line indicates the boundary of
the thick post-rift sediments. Dotted line shows the area where Quaternary is more than 100 m thick. Rectangles with Z, V, G indicate the three
study areas, the Zala, Vértes and Godoll6 Hills, respectively, shown in detail on Figs. 2, 6 and 9. Vil.: Villany Hills. Fig. 1b shows simplified
recent stress trajectories, GPS velocities and some major structures (after Bada et al., 2001; Grenerczy and Kenyeres, 2004). Location of Fig 1a
is indicated by dotted frame. MMZ, PAL, PKB: Mur-Miirz Line, Periadriatic Line, Pieniny Klippen Belt.
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(Horvath, 1995; Bada et al., 1999). This structural
style was derived from scattered outcrop and subsur-
face structural observations, extrapolation of data on
recent deformation, and general trends of vertical sur-
face motions. Pure contractional structures (folds and
blind reverse faults) occurred in the south-western part
of the Pannonian Basin, in the eastern continuation of
the ‘Sava fold belt” (Pavai Vajna, 1925; Dank, 1962;
Horvath and Rumpler, 1984; Horvath et al., in press).
Structures are transpressional around the Mecsek—Vil-
lany Mts. (Benkovics, 1997; Wérum, 1999; Csontos
et al., 2002) and in the Slavonian Mts. (Jamicic, 1995;
Tomljenovi¢ and Csontos, 2001), as indicated by fault
kinematic studies.

The analysis of earthquake distribution, their focal
mechanisms, contemporaneous stress directions, and
GPS data represent the main tools to describe active
deformation of the area. Stress trajectories show a fan-
shape pattern of the maximum horizontal stress direc-
tions and trend to the N-NNE in the northern Dinar-
ides and southern Pannonian Basin then gradually
turning to the NE in the eastern territories and to E—
W towards the Eastern Carpathians (Gerner et al.,
1999). The Pannonian Basin is characterised by mod-
erate seismicity (Zsiros, 2000). Earthquake focal
mechanism solutions indicate that thrust and strike-
slip faulting is dominant, although normal faulting
also occurs mainly in the central Pannonian Basin
(Toth et al., 2002). Results of numerical stress model-
ling suggest that an active push from the south (inden-
tation of the Adriatic microplate), the complex
geometry and density distribution of the surrounding
orogenic belts provide the main boundary conditions
for the style of the recent stress field (Bada et al.,
1998, 2001). Recent crustal velocities determined by
GPS campaigns clearly indicate active deformation in
the Pannonian Basin. A differential motion of 1-1.3
mm/year is accommodated within the central-eastern
Transdanubian Range (Grenerczy et al., 2000),
between the three study areas.

Differential vertical motions resulted in remarkable
thickness variations of Plio—Quaternary sediments
(Roénai, 1974). Vertical motions are also reflected by
the style of sedimentation (Jambor, 1998; Sikhegyi,
2002) and supported by fission track data (Dunkl and
Frisch, 2002). In the Danube, Drava and Sava basins,
and below the Great Hungarian Plain subsidence con-
tinued after the Miocene, which resulted in a contin-

uous, alluvial Pliocene and Quaternary succession
(~1000 m and ~300-500 m thick, respectively,
Ronai, 1985).

All other areas underwent uplift and preserve less
than 100 m thick Plio—Quaternary formations (Sikhe-
gyi, 2002). In the more elevated Transdanubian and
North Hungarian Ranges, as well as in the Mecsek—
Villany Mts. the Pliocene is marked by a strati-
graphic hiatus. The thickness of Quaternary deposits
is only a few metres and they mainly consist of slope
deposits or a thin loess cover. It is to note that the
Late Miocene post-rift suite was already reduced
over these ridges. Between these areas and the still
subsiding plains a “transitional zone” can be defined.
Here the post-rift thickness reaches 1-2 km, and the
Plio—Quaternary suite can be 30-80 m. This
sequence locally starts with red clay beds (Tengelic
Fm.) (Schweitzer and Szo6r, 1997; Jambor, 1998),
covered by a loess—paleosol sequence with minor
fluvial and eolian sand intercalations (Pécsi and
Richter, 1996).

The “transitional zones” indicate that the locations
of expressed Plio—Quaternary and Late Miocene sub-
sidence do not always coincide. This shift in the
location of deposition centres and the results of sub-
sidence modelling led Horvath and Cloetingh (1996)
and Cloetingh et al. (1999) to conclude that Plio—
Quaternary subsidence is not the continuation of
post-rift subsidence. Instead, it was induced by intra-
plate compression and, hence, the spatial distribution
of subsiding and uplifting areas reflect lithospheric
folding and compressional neotectonic deformation
on a large wavelength.

The onset of uplift of the basin margins (and the
related neotectonic folding) is confined between the
youngest post-rift fluvial-deltaic sediments and the
oldest Pliocene and/or Quaternary cover. However,
the age of the topmost pre-Quaternary strata is not
easy to define. Post-rift lacustrine and overlying del-
taic to fluvial sediments show decreasing age trends
towards to southern Pannonian Basin from ca. ~9 to 5
Ma (Vakarcs et al., 1994; Magyar et al., 1999; Sacchi
and Horvath, 2002). Scattered bio- and sequence stra-
tigraphic data constraint the end of fluvial—terrestrial
sedimentation to Latest Miocene or locally to Early
Pliocene (~7-4 Ma). The oldest sediment deposited
after the onset of the uplift is the Late Pliocene(?) to
Early Quaternary Tengelic red clay (Koloszar and
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Marsi, 1999). The overlying loess sedimentation was
constrained as 1-1.2 Ma in the “transitional areas”,
(Pécsi and Pevzner, 1974; Koloszar and Lantos,
2001), but loess sedimentation can be much younger,
ca. 0.5-0.02 Ma in the mountain ranges (Frechen et
al., 1997). Thus the hiatus between ~7—4 to 1.2 (or
0.5) Ma occur, which includes the possible age of the
transition from post-rift to neotectonic phase.

In the uplifting areas, this time span is mainly
represented by landforms instead of sediments. The
most typical landforms of the western and central
Pannonian Basin are the long, linear “meridional”
valleys. Their length is variable with a maximum
of about 50 km, while width ranges from 0.5 to ~5
km. At a smaller scale, the valleys are rather parallel
and are organised with regular spacing. However, on
the scale of the whole Transdanubia, they show an
almost radial (fan-shaped) pattern (Fig. 1, Loczy,
1916; Cholnoky, 1920). In south-western Transdanu-
bia valleys are mainly N-S trending. Near Lake
Balaton valleys are oriented to NNW-SSE while
further to the NE up to the G6dollé Hills the valley
trends change to NW-SE.

Other typical features are the west—northwest
trending “longitudinal” valleys (Bulla, 1958; Marosi,
1962) and similarly directed flat depressions often
filled with lakes and/or wetlands (like Lake Balaton,
Fig. 1). Shape of the “longitudinal” valleys varies
from linear to curved or zigzagged. Their origin was
attributed to progressive beheading of the drainage
elements (Erdélyi, 1961).

The origin of drainage pattern represents a century-
long scientific debate in the Hungarian literature.
Several authors suggested neotectonic control on the
formation of the valleys and lake depressions (Szilard,
1967; Adam et al., 1969; Marosi and Szilard, 1981;
Brezsnyanszki and Sikhegyi, 1987; Gabris, 1987; for
a discussion see Gerner, 1994). However, exact nature
of tectonic control was not described only vaguely
attributed to ‘faults’ or ‘fractures’. Because landforms
occur in post-Middle Miocene formations, Plio—Qua-
ternary tectonic activity was inferred.

3. Methods

In order to identify neotectonic structures and
their possible morphological expression, we applied

a multidisciplinary approach. Industrial seismic
reflection profiles have been used to recognise struc-
tures, which deform the post-rift sediments and,
particularly, the highest imaged horizons. These
reflectors are located on the studied sections mainly
between 100 to 400 m below surface, above which
we have no direct evidence for deformation. The
thickness of visible post-rift sediments are always
much larger than the non-imaged part, which repre-
sents only a small portion (less than ~1 Ma) of the
post-rift phase. If some structures terminate within
the non-imaged sedimentary units, they might have
formed ~1 Ma earlier than the last post-rift sedi-
ments of the given location. Thus we consider that
the reconstructed structures are neotectonic, although
a “pre-neotectonic” timing cannot always be
excluded, ranging between ~7-4 Ma in the study
areas.

We locally used boreholes to fill information
gaps between the surface and the highest imaged
post-rift reflectors. In the Vértes Hills a new
surface geological map was applied to describe
tectonic and geomorphic features. We also investi-
gated fractures (mainly outcrop-scale faults) in
the post-rift sediments. With the aid of kinematic
indicators, paleostress fields have been locally
determined.

We compared the constructed sub-surface tectonic
maps to the surface morphology. Morphotectonic
elements were derived from traditional topographic
maps, digital elevation models (DEM) and field
morphotectonic observations. Particular attention
was paid to anomalies in the drainage network,
such as sudden changes in river course, reversal of
flow direction, river capture, as these features are
indicative of young structural deformation (Holbrook
and Schumm, 1999; Timar, 2003). Steep slopes,
elevated hills or larger flat-bottomed depressions
may also have tectonic significance. Displaced or
folded past landforms, like river terraces, planation
surfaces also indicates deformation (Pinter and Kel-
ler, 1995; Pinter et al., 2003). Coincident subsurface
structural pattern and surface morphological features
enabled us to validate the tectonic control on land-
forms. However, it is not always possible to differ-
entiate between active control of ongoing
deformation and passive control of older, inactive
structures.
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4. New results on neotectonic—geomorphic
evolution

4.1. Zala Hills

4.1.1. Morphology and origin of the “meridional’
valleys

The Zala Hills occupy the south-western part of
Hungary, between the Zala, Mura rivers, the
Keszthely Hills and the Marcali ridge (Fig. 2). This
area is of key interest for neotectonic study as it
contains the best-developed “meridional” valleys and

anticline, maximal
syncline r—_— igs:;oal’:s
in post-rift rocks st
topographic
/ fgra £ ventifact
nfm‘ms
om DEM
mha-valley

drainage divide [._ drainage divide

offers the best documented folding of the post-rift
sequence (Pavai Vajna, 1925; Dank, 1962; Horvath
and Rumpler, 1984). Higher density of valleys and
more dissected topography of the Zala Hills with
respect to its surroundings (Figs. 1 and 2) were inter-
preted as signs of active uplift due to Quaternary
folding (Kovacs, 1999; Sikhegyi, 2002).

Most prominent geomorphic features of the Zala
Hills are the ~N-S trending wide “meridional” valleys
and intervening ridges (Fig. 2). These valleys were
frequently attributed to fluvial erosion associated to
tectonic lineaments (Bulla, 1958; Somogyi, 1961;

Fig. 2. Post-rift folds, topographic lows and highs, watersheds placed on top of the drainage network and digital elevation model. Colours of
drainage indicate flow direction; red: flow to south, blue: flow to north, pale brown: variable flow direction, white: flow to east or west (Gerner,
Palotas unpublished data). Yellow sticks indicate maximal horizontal stress direction inferred from borehole breakout data (Windhoffer et al.,
2001). Lines A and B show the location of seismic profiles and topographic section of Fig. 4. Inset shows location of Fig. 5. For location see

Fig. 1.
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Pécsi, 1986). Gravel occurrences on some flat-lying
steps of valley slopes were classified into a terrace
system, although their fluvial origin was not always
demonstrated. Currently the lower Zala River, other
small creeks, wetlands and swamps occupy these
valleys. Presence of low topography intra-valley drai-
nage divides causes opposite flow directions (Fig. 2).
Tectonic origin of the “meridional” valleys was
suggested mainly on the basis of their pronounced
linearity (Jambor et al., 1993; Sikhegyi, 2002). How-
ever, several seismic reflection profiles across the
valleys and ridges show undisturbed post-rift (Late
Miocene) sediments up to the highest imaged horizons
(Fig. 3). The resolution of the seismic profiles would
permit to establish faults with 20 m offset, but such
structures cannot be traced beneath the valley sides.
The lack of noticeable faults was already emphasized
by mapping geologists Strausz (1942). We cannot
exclude the presence of small faults or joint systems
along valley margins. Nevertheless, we propose the
lack of considerable fault control and suggest a purely
erosional origin of the meridional valley system.
Ridges between the “meridional” valleys usually
terminate against the upper Zala River towards the
north, where they are narrowing to a spearhead shape.
Towards the south most ridges are gradually lowering

W E
Vertically exaggerated topography  N-S “meridional™—2om
Principalis valley_ ,,,

e et

= - ,
i % No seismically resolvable fault |
| __at valley margin _

Fig. 3. E-W seismic reflection profile crossing the western bound-
ary of the ‘meridional’ Principalis valley. Note lack of faults near
valley boundary.

and thinning (Fig. 2). Boundaries of the ridges are
straight or gently curved. These features led Cholnoky
(1920, 1936) and Pavai Vajna (1922) to propose that
the ridges represent large-scale yardangs, residual
landforms of deflational origin, a view what we
share with previous authors.

4.1.2. Neotectonic analysis of the Zala Hills

For neotectonic analysis, we analysed some
selected seismic reflection profiles and compared
the observed structures to digital elevation model
and drainage network. In Fig. 4 we present a N-S
trending section, typical for the area, where three
major anticlines and intervening synclines can be
detected. The anticlines have divers origin, con-
nected to transpressive or pure strike-slip faults or
to the inversion of a syn-rift half-graben (Belezna—
Liszo6 anticline, Hahot high, Budafa anticline, respec-
tively; Pavai Vajna, 1925; Dank, 1962; Horvath and
Rumpler, 1984; Josvai, 1996; Csontos and Nagy-
marosy, 1998; Horvath et al., in press). However,
all anticlines deform the complete post-rift sequence
including the highest imaged horizons thus they
represent neotectonic elements. All of them have
~E-W axes and the Budafa and Lovaszi anticlines
have overlapping periclinal terminations.

Recent stress data measured in southern Zala Hills
corroborate neotectonic folding with E-W axis (Fig.
2, Windhoffer et al., 2001). However, an approxi-
mately E-W compression prevails NW from the
Zala Hills. This latter direction is difficult to reconcile
with folding along E-W axes, which occur in the
south. One can attribute E-W compression due to
gravity forces originated by the uplifting Eastern
Alps (Bada et al., 2001) or to the presence of a
major shear zone, which bound crustal blocks of
different motion characteristics.

We adjusted a smoothed surface (an “envelope
surface”), which wraps a topographic profile near
the seismic line (location on Fig. 2). Topographic
highs and lows of the envelope surface correspond
to subsurface anticline and syncline hinges, a fact
already observed by Horvath (1995) (Fig. 4). This
correspondence suggests that topographic variations
are the result of surface folding, and the fold shape
can be approximated by the envelope surface.

Geological mapping of the Zala Hills revealed the
presence of numerous gravel occurrences at different
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topographic positions, but excluding the highest ele-
vations near the crest of the Budafa anticline (Strausz,
1949 and own observation). Pebble composition and
roundness data suggest that all gravel occurrences
belong to a former gently dipping alluvial fan of the
ancient Raba, and/or Drava rivers. Variations in eleva-
tion of the remnants of the former gravel carpet reflect
deformation since the formation of the alluvial fan.
Our qualitative estimates say that the envelope surface
of the topography broadly matches a surface adjusted
to the locations of the former gravel carpet. Thus we
consider the undulations (folding) of the envelope
surface as representative for the deformed geometry
of the gravel carpet.

The subsurface and topographic folds (and the
undulations of the gravel carpet) differ in fold ampli-
tude. Largest subsurface fold amplitude is around 1.5
km (west from Fig. 4, Josvai, 1996) while maximum
topographic folds are around 250 m in amplitude. This
difference demonstrates periods of folding before and
after the formation of the alluvial fan. The ratios of
fold amplitudes also suggest that pre-gravel folding
was larger. This time marker, the age of the alluvial
fan gravel is poorly constrained, between Late Plio-
cene and Early Quaternary (Strausz, 1949).

4.1.3. Drainage network and deformation

We also compared the distribution of subsurface
and topographic folds to drainage network on map
view (Fig. 2). The closely matching subsurface and
topographic anticline hinges frequently correspond to
drainage divides, both on the ridges and at intra-
valley position (Gyékényes—Lisz6, Budafa, Hahot
anticlines). Position of synclines is in accordance
with lower topography on the ridges and also matches
locations of wetlands, peat accumulations in wider
valley sections (Bajcsa, Pacsa synclines). These
widened valley segments may indicate lateral migra-
tion of creeks due to local fold-related subsidence.

On the other hand, some major creeks like the
Principalis channel, the Mura River and the Kerka
creek continue their course across anticlines without
apparent modification or flow reversal. The intra-
valley drainage divides west and east of the Marcali
ridge have no clear corresponding subsurface structure.
We attribute these anomalies to the variation in erosion
capacity of rivers and/or deflating wind. These pro-
cesses, alone or combined, can be powerful enough to
counterbalance the effect of subtle surface warping.

Another important observation is that the south-
ward flowing Lower Valicka, Cserta and Kerka
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creeks are deflected against the northern rim of the
Budafa anticline and turn westward (Fig. 5). The
deflected courses of the creeks follow subsurface
structural geometry as they flow in front of the
northern limb of the overlapping Budafa and
Lovaszi anticlines. This diversion was probably
caused by the continuous westward propagation of
the Budafa anticline, which have asymmetric shape
with long southern limb and short, steeper northern
limb.

L 16°30°
Z 46°40°

s

A topographic profile along the anticlinal crests
shows several broad valleys crossing the Budafa and
Lovaszi anticlines. Some of them are too wide to be
attributed to erosion of headward propagating small
creeks. We interpret these valleys as wind gaps, a term
used for dry valleys abandoned due to progressive
folding (Burbank and Anderson, 2001). Wind gaps
of the Budafa anticline could be incised primary by
the former Lower Valicka and Cserta creeks when
they still crossed the anticline hinge (Fig. 5). The
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Fig. 5. Digital elevation model of the southern Zala Hills above the Budafa and Lovaszi anticlines. Note deflected present-day Lower Valicka
and Cserta creeks against uprising anticlines. Different lines indicate possible former courses of the Als6—Valicka and Cserta creeks. B) Cross-
section placed closely along-strike of the fold hinges (A—A’ on Fig. A). Note wide valleys, which are interpreted as wind gaps (WG).
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abandonment of straight N—S valleys was likely due
to amplification of the Budafa and Lovaszi anticlines.
Only the integrated stream power of the deflected
Kerka, Cserta and Lower Valicka creeks were enough
to counterbalance tectonic uplift and to keep incising
across the Lovaszi anticline. The occurrence of wind
gaps and defeated creeks around laterally propagating
folds are similar to other well-documented examples
of active folds worldwide (Burbank and Anderson,
2001; Pinter et al., 2003; Giamboni et al., 2004).

4.2. Late Miocene to Quaternary faulting in the Vértes
Hills

The Vértes Hills are located in the central part of
the Transdanubian Range (Fig. 1). Tilted Mesozoic
carbonates, locally covered by sub-horizontal Eocene
sediments, form the elevated central part of this area.
During the Early and Middle Miocene the Vértes Hills
were dissected by normal and strike-slip faults (Fodor
et al., 1999). During these deformation phases the
Vértes Hills suffered denudation under sub-aerial con-
ditions (Kaiser, 1997). Consequently, a sub-horizontal
denudation surface originally of Cretaceous age was
exhumed and slightly modified. These flat landforms
dominate the highest part of the Vértes Hills and
marked in this study as P5 surface (Fig. 6).

Small occurrences of Late Miocene sediments sug-
gest a temporal lacustrine transgression over the entire
area (Csillag et al., 2004). Terrestrial sediments of
poorly constrained Late Miocene to Early Pliocene
age (Vértesacsa Formation) covered the lacustrine to
deltaic Pannonian sequence. Post-Miocene denudation
wrapped off the Pannonian to Early Pliocene (?) cover
from the Vértes Hills and re-exhumed the complex P5
Cretaceous—Miocene denudation surfaces. P5 surfaces
on Triassic dolomite remained relatively intact. On the
other hand, at least four pediment surfaces (P4-P1)
were cut into Late Miocene sediments in the foreland
of Vértes below the level of regional PS5 surface
(Kaiser, 1997; Csillag et al., 2002). P2 and P3 pedi-
ments covered by a thin dolomite colluvium or loess
can be traced over several kilometres while P4 and P1
have limited aerial extent (Fig. 6).

Two major fault zones deform the Triassic to Late
Miocene rocks (Fig. 6). The western zone separates the
Eastern Vértes Ridge (EVR) from the central part. The
eastern one represents the eastern fault scarp facing the

Vértes foreland. The main fault strands are trending
north to north-east, and have curved geometry. They
have normal kinematics according to the observed
small-scale faults and rare slickensides (Fig. 6b, c).
The main fault segments are connected by NW trending
fault splays that had dextral-normal kinematics as
shown by slickensides (Fodor et al., 2005).

Some major faults are also located in the Vértes
foreland buried by Late Pleistocene loess or colluviu-
mal sediments. The buried faults and the exposed scarp
together form the Eastern Vértes Fault Zone (EVFZ). A
borehole-based geological cross-section shows the
temporal evolution of the different fault branches
(Fig. 7). Activity along the Eastern Vértes Fault Zone
initiated in the Late Middle Miocene as indicated by
facies changes across fault branches. During the Late
Miocene lacustrine transgression, the EVFZ evolved
into a fault-controlled abrasional cliff indicated by
conglomerates and breccias draping the fault scarp
and by some syn-sedimentary dykes (Site Cs on Fig.
6). Some fault branches displace the Vértesacsa Fm.
and may have Pliocene to Early Quaternary age. Young
Quaternary slip can be excluded, because denudation
surfaces, e.g., the P2 pediment surface clearly cover
some of the fault branches without displacement. More
to the south-east, the Csaplar Fault runs along the
north-western slope of the Nyarjas Hill. Two phases
of displacement were reconstructed along this struc-
ture. The older normal (or oblique-normal) slip down-
faulted the Vértesacsa Fm. that now occurs only in
hanging wall position. During this first phase, kine-
matics of the Csaplar Fault can be sinistral-normal
extrapolating data from the EVFZ.

On the other hand, geomorphic observations sug-
gest a second phase of motion along the Csaplar Fault.
Its hanging wall, the Nyarjas Hill is somewhat higher
(20-50 m) than its surroundings and disturbs the
drainage pattern in the Vértes foreland, where most
of the linear creeks flow south-eastward. However,
some creeks near the Nyarjas Hill turn to the north-
west. Dolomite clasts derived from the eastern Vértes
scarp were found on top of the Nyarjas Hill (Fig. 6).
These clasts have likely been transported along a
denudation surface. We assume that this surface
belongs to the oldest surface P5 found also on top
of the dolomites of the Vértes Hills.

We reconstructed the possible geometry of the old
PS5 denudation surface descending from the Vértes
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scarp to the Nyarjas Hill. We measured dips of the
youngest P3-P1 pediment surfaces and using these
values we projected surfaces from the Nyarjas Hill
north-westward (Fig. 8). P1 surface may not represent
a real pediment because occurs only in some wide
valleys incised below pediment P2. It is more likely
that the dip values derived from P2 and P3 provide

valid approximations of the original geometry of the
older P5 denudation surface topping the Nyarjas Hill.
Surfaces having the same dip as pediments P2 or P3
clearly project above the highest PS5 surface of the
Vértes Hills (Fig. 8). Because this geometry would not
allow sediment transport from the source, we assume
that the Nyarjas Hill was uplifted after the transport
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Fig. 8. Reconstruction of supposed denudation surface upon which dolomite debris was transported from the Vértes scarp to the Nyarjas hill.
Lines indicate possible projections using different dip angles measured on surfaces P1-P3. Triangles indicate Triassic dolomite clasts derived

from the eastern Vértes scarp. Vertical exaggeration is 25 times.
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and deposition of dolomite clasts. The uplift was
likely caused by the inverse reactivation of the Csa-
plar Fault associated with slight northward tilt of the
Nyarjas hill (Figs. 7 and 8). This uplift can reverse
flow direction and explain drainage anomalies around
the hill.

The P5 surface truncates the youngest post-rift
sediment (Vértesacsa Fm.) and post-dates normal
faulting of the Csaplar Fault, thus likely has Late
Pliocene (?) to Early Quaternary age. Accordingly
the uplift of the Nyarjas Hill was probably caused
by latest Pliocene or Quaternary inverse reactivation
of the Csaplar Fault associated with slight northward
tilt of the Nyarjas Hill block (Figs. 7 and 8). This
event indicates a change of faulting style from ten-
sional to compressional or transpressional. Moderate
earthquake activity in the Vértes foreland (Kiszely,
2001) may indicate ongoing activity as well.

4.3. Neotectonic deformation of the Godéllo Hills

4.3.1. Geological and geomorphologic settings

The Go6dollo Hills are located in the central-north-
ern part of the Pannonian Basin, east of the Danube
River. The hills form ranges gradually lowering south-
eastward, towards the Great Hungarian Plain (from
340 to 100 m asl) (Fig. 9). The subsurface Mesozoic,
Palacogene—Early Miocene and syn-rift sediments are
covered by an extensive postrift (“Pannonian”)
sequence, with thickness up to 1.5 km. Overlying
the thin Early Pannonian lacustrine silt or calcareous
clay, the upper part of the post-rift suite is a large
prograding delta formation containing intercalated
sand, silt, clay sequences. The shift from lacustrine—
deltaic to fluvial sedimentation might have occurred
between 8—6 Ma (Miiller and Magyar, 1992) while
mammal bones and teeth prove fluvial sedimentation
up to the Middle Pliocene (~4 Ma, Mottl, 1939).

The post-rift unit is covered by up to 30 m thick
Quaternary sediments, mainly different loess units and
intercalated paleosols (Balla, 1959; Frechen et al.,
1997). Recently luminescence dating, radiocarbon
ages of charcoal and fossil gastropods demonstrated
that the upper part of the loess has an age around 100
ka and younger (Frechen et al., 1997; Novothny et al.,
2002). The lower part of the loess sequence was not
numerically calibrated but was tentatively correlated to
glacial phases and may represent loess up to ~400 ka

(Horvath, 2001). The hills are dominated by slope sedi-
ments formed mainly by the gravitational re-deposition
of the loess units (Balla, 1959; Fodor et al., 2001).

The slope distribution map, derived from DEM,
suggests that the Godollé Hills are formed by the
Valké and Uri ridges, and the Isaszeg channel in
between (Fig. 9). The area is characterised by a sys-
tem of southeastward flowing creeks. These are tribu-
taries of larger creeks, which dissect the two ridges
(Rakos, Also-Tapio, Kokai creeks). West from the Uri
ridge, the Pest plain was formed by the fluvial erosion
of the Danube.

Two wedge shaped ridges can be recognised on the
relative relief map of the area (Fig. 9). These ridges are
very narrow and relatively high at their NW part and are
gradually widening and lowering south-eastward.
Loess occurs on the ridges but is almost completely
missing in the Isaszeg channel where aeolian sand
dunes directly cover fluvial post-rift sediments. At
the northwestern termination of the Uri ridge and the
Isaszeg channel, wind-abraded pebbles (ventifacts)
were observed at a number of locations (Jambor,
1992, 2002; and own data). Pebbles with desert varnish
indicate (semi)desert environment, favourable for
deflation (Schweitzer, 1997). It is therefore suggested
that the Isaszeg channel represents a wind-deflated
valley, which acted as a wind channel throughout the
Quaternary. On the other hand, the ridges may repre-
sent yardangs, where their NW tips resisted against
deflation, protected post-rift sediments and enabled
loess deposition on the lee side of the ridges. The
Isaszeg channel is the easternmost “meridional valley”
and they share a common deflational origin.

4.3.2. Morphological and tectonic observations in the
Gédollo Hills

Using industrial seismic reflection profiles we con-
structed a subsurface map of structures (Fig. 9). Major
Miocene structural features of the G6dollo Hills are
(N)NW—(S)SE trending tilted blocks and related
asymmetric half grabens (Tari et al., 1992; Fodor et
al., 1999). Seismic sections demonstrate that normal
faulting mainly occurred during the syn-rift and early
post-rift stages (18-9 Ma, Fig. 10). In the northern
part of the Go6dollé Hills, however, a number of
NNW-SSE trending faults were slightly reactivated.
At the highest imaged level (at 100-300 ms TWT that
is between 200 and 0 m below sea level) the normal
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offset is very small, close to the resolution of the
seismic profiles (~10-20 m). Small anticlines parallel
to these faults can be considered as fault-related folds.
Amplitude of such deformation is small, less than 50
ms (ca. 50 m).

On the other hand, small anticlines occur exactly
above the tip of syn-rift faults and not in their hanging
wall below the Isaszeg channel (Fig. 10). We interpret
such anticlines as the result of inversion of earlier

normal faults. Reverse displacement was not suffi-
cient to compensate the earlier normal separation at
the level of basal post-rift layers, but produced dis-
tributed deformation, small folds and very modest
reverse offsets in the upper post-rift sediments.

In the northern part of the G6dollé Hills most of
the structures do not seem to influence the landscape
and drainage network. We suggest that the deforma-
tion could be of late Pliocene to earliest Quaternary
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H

(?) in age, pre-dating a denudation event and the
deposition of the middle to late Quaternary loess
series. On the other hand, the anticlines related to
the slip reversal could influence the drainage pattern.
Surface upwarping could have induced the disintegra-
tion of a former SE flowing creek within the Isaszeg
channel. Consequently an intra-valley drainage divide
formed by the separation of the Fels6—Tapi6 and
upper Rakos creeks. The Rakos creek was possibly
captured, and currently it drains into the Danube.

In the southern G&dollé Hills, an ENE trending
zone of drainage anomalies can be followed from the
Danube up to the Zagyva River (Fig. 9, Toéalmas
zone). Within this zone the Also-Tapio and Kokai
creeks cross the Uri and Valké ridges. Seismic sec-
tions clearly demonstrate the presence of a broad fault
zone located beneath the ‘anomalous’ creeks (Figs. 9
and 11) (Fodor et al., 2001). This Téalméas zone had a
complex Miocene deformation history (e.g., Tari et
al., 1992; Csontos and Nagymarosy, 1998); here we |
focus on Late Miocene and younger events. At the
lower, lacustrine part of the post-rift sequence (‘Lower
Pannonian’), syn-sedimentary thickening occurs
within the fault zone (Fig. 11). Individual segments
of the Toalmas zone change their fault polarity along
strike from north to south and again to north. These
features outline a flower structure and suggest trans- |
tensional strike-slip faulting during the early Late !
Miocene. Main structural features within the upper I
part of the post-rift sequence are folds with 30-250
m amplitude following en echelon geometry (Fig. 9).
Some faults show reverse slip or reverse drag fold at
higher post-rift reflections, while at depth they still
show normal separation. We interpret these features as
transpressive reactivation of the early Pannonian
transtensional fault system.

The diversion of the Als6-Tapid creek at Mende
can be explained by the raising anticline above the
southern branch of the Téalmas zone. The fold ampli-
tude is the largest at the location of creek diversion
(i.e., at Mende) and gradually decreases eastward ‘
where the creek could turn again to the SE. Further I
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250-320 ms TWT amplitude, with smaller folds on
major fold limbs (Fig. 11). The shape of the smoothed
envelope surface of the topography is similar to the
folded Pannonian strata, while elevations on the north
and south bound a wide valley, the Gombai creek
north of Pand. The E-W trending axis of the major
syncline closely coincides with the east flowing reach
of the Gombai creek (Fig. 9). Tributaries arriving from
the northern and southern slopes of the depression
flow over flanks of the syncline. The Gombai creek
has a wide alluvial plain indicating subsidence prob-
ably because of its position over an actively deform-
ing syncline hinge. The anticline south of Pand
corresponds to a local high characterised by a radial
drainage network indicative of active uplift during
valley incision.

4.3.3. Neotectonic significance of the morphotectonic
analysis

Based on its en echelon geometry, the Tdalmas
strike-slip zone is likely to have sinistral kinematics.
Large synclines in the southern Go6dollé Hills and
Jaszsédg basin can also represent en echelon folds.
These structures, together with the inversely reacti-
vated NNW-SSE trending faults in the north suggest
NE-SW oriented maximal and NW-SE oriented mini-
mal stress axes (Fig. 9). These stress axes agree well
with the recent stress field of the central Pannonian
Basin (Gerner et al., 1999), with earthquake focal
mechanism solutions (Téth et al., 2002), and with
post Mid-Miocene fault slip data from the neighbour-
hood of the Godoll6 Hills.

In the southern G6doll6 Hills, the presented sub-
surface and surface observations suggest that folding
affected the whole post-rift sequence including the
highest fluvial unit and could start in the Late Plio-
cene. Because fold amplitude is larger in the post-rift
suite than in the smoothed topographic surface, sev-
eral episodes of folding and denudation could be
envisaged during the Late Pliocene and Quaternary.

The distribution of historical earthquakes (Toth et
al., 2002) suggests active deformation in the southern
part of the Go6dollo Hills (Fig. 9). Earthquakes occur
along the Gombai creek where post-rift sediments do
not show faulting. We propose that these shocks are
related to folding of the E-W trending major syncline
and to slip on related blind reverse faults at depth. A
WSW-ENE trending cluster of earthquakes stretches

from the Danube up to the Zagyva River. These
events can be correlated to strike-slip motion along
the Toalmas zone. Another important earthquake zone
is located east of the G6dollé Hills, in the Jaszsag
depression. Latest Pleistocene to Holocene onset of
subsidence is indicated by the capture of the Zagyva
River from its original southward flow toward this
depression (Gabris, 2001; Timar et al., 2005—this
volume). We tentatively interpret earthquakes and
subsidence as sign of an east-trending syncline, simi-
lar to that of the southern Godollé Hills. Because the
Jaszsag fold lacks marked expression on seismic sec-
tions, the structure is probably at early stage of for-
mation. This recent folding may indicate north-
castward propagation of the Toéalmas zone.

5. Discussion
5.1. Structural styles and their geomorphic expression

Our results allow depicting a general model for the
style of neotectonic deformation and its relation to
surface processes within the uplifting western part of
the Pannonian Basin (Fig. 12). Syn- to post-rift faults
impose an important although passive control on the
landscape in form of steep fault scarps. They have
formed due to the presence of soft hanging wall
sediments contrasting to erosion-resistant footwall
rocks (Fig. 12). However, neotectonic activity of
such predominantly normal faults is difficult to assess.
The most common style of neotectonic deformation is
the inversion of earlier syn- to post-rift faults (Fig. 12)
with change of fault kinematics from normal to
reverse (Zala Hills) or from transtensional to trans-
pressional strike-slip faulting (G6do116 Hills). In most
cases reverse faults do not propagate to the surface:
the slip on reactivated single syn-rift fault strand at
depth was distributed into small-scale reverse fault
branches upwards. Apart from small-scale faulting,
the most characteristic neotectonic feature is folding
and related surface undulations. Consequently, surface
rupturing is scarce. In addition, the relatively fast late
Pleistocene loess or fluvial sedimentation could also
erase traces of surface ruptures. Folds can appear as
surface undulations, phenomenon also observed by
other studies (Horvath, 1995; Horvath et al., in
press; Csontos et al., 2005—this volume).
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At several sites in the Godolld, Vértes and Zala
Hills neotectonic surface warping induced river
piracy, formation of new watersheds along anticlinal
hinges, and the development of wind gaps (Fig. 12).
Gravitational sliding can be abundant on flanks of
uplift but they are only signs but not proof for neo-
tectonic deformation. Some denudation surfaces (e.g.,
pediments of the Vértes Hills) are unfaulted and thus
indicate the lack of surface rupturing faults. On the
other hand, deformed planation surfaces are good
candidates to image and quantify surface deformation.
Examples are folded alluvial fans (Zala Hills), uplifted
pediment surfaces (Vértes Hills) and river terraces
(Danube Bend area, Pécsi, 1959; Ruszkiczay-Ridiger
et al., 2005—this volume a,b).

5.2. Origin of some landforms in the western and
central Pannonian Basin

Our observations enabled us to provide new
insights on the questionable tectonic origin of some
landforms, particularly on the “meridional” and
“longitudinal” valleys and lakes. Some ENE trending
faults can be well correlated with “longitudinal” val-
leys. The best-documented examples are the Kapos
and Tamasi Lines (Fig. 13, Sikhegyi, 2002; Bada et

al., 2003), which together follow an Early to Mid-
Miocene shear zone of complex origin (Csontos et al.,
2005—this volume). Earthquake epicentre distribu-
tion (Toth et al, 2002) confirms recent faulting,
while landforms extend the activity back to the Qua-
ternary (Sikhegyi, 2002).

The depression corresponding to the Pacsa syn-
cline seems to continue eastward towards Lake Bala-
ton (Fig. 2). This observation may suggest that the
location of the large SW-NE tending lake was con-
trolled by surface down-warping (Fodor et al., 2005).
A fold-controlled rather than faulted origin of the lake
would be more in agreement with general neotectonic
structural style projecting data both from south-wes-
tern (this study) and south-eastern surroundings of the
lake (Sacchi et al., 1999; Csontos et al., 2005—this
volume).

Neotectonic folds and faults are perpendicular or
highly oblique to “meridional” valleys in the Zala and
Godollé and Veértes Hills (Fig. 13). In addition, the
radial “meridional” valley system cannot be reconciled
with the syn-rift fault pattern. While “meridional”
valleys are straight, syn-rift faults are curved to cor-
rugated, and show several oversteps, similarly to those
observed in modern rift systems (Patton et al., 1994).
Particularly in the south-western side of Lake Balaton
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the radial-linear valley system has little in common
with the geometry of Miocene normal faults. Accord-
ingly we suggest that the meridional valleys have no
noticeable control from neither neotectonic nor syn-
rift faults or folds although our analyses cannot
exclude that small-scale faulting or joint systems
could play a limited role in localisation of short seg-
ments of drainage. Denudation processes mainly
influence the shape of valleys and lakes. Concerning

the mechanism of denudation, we reinforce earlier
conclusions of Loczy (1916), Cholnoky (1920) and
many others in favour of a dominantly eolian (defla-
tion) origin of the Transdanubian valley system with
minor role of fluvial incision as well. We also suggest
that the formation of a number of lakes found in
‘longitudinal depressions’ was also connected to sur-
face warping and deflation effect of catabatic wind
(Fodor et al., 2003).
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Relatively good spatial correlation exists between
steep slopes of the Transdanubian Range and WNW
striking strike-slip and (N)NW trending normal faults
(e.g., Telegdi Roth Line, and Gerecse Hills, respec-
tively, Fig. 13). However, slope-controlling faults are
older (syn- to post-rift) structures that were exhumed
relatively recently during regional uplift. Undoubted
evidence for Plio—Quaternary reactivation will need
further arguments including the study of geomorphic
surfaces.

5.3. Timing of deformation

Time constraints of neotectonic deformation have
spatial variations in the Pannonian Basin. Despite the
preliminary character of such data, we formulate the
following working hypothesis. In the south-western
Pannonian Basin folding and strike-slip faulting could
locally be initiated within the Late Miocene (Mecsek—
Villany Mts., Csontos et al., 2002). Regional contrac-
tion started at the Miocene—Pliocene boundary in
southern Transdanubia suggested by the onlap geo-
metry of Pliocene over deformed Late Miocene (Sac-
chi et al., 1999; Sacchi and Horvath, 2002). In
Slovenia, Early Pliocene folding was post-dated by
erosion, subsequent transtensional basin formation
and regional vertical-axis rotation (Vrabec, 1999;
Marton et al., 2002). On the other hand, continuous
Pliocene to Quaternary folding was demonstrated near
the Slavonian Mts. (Tomljenovi¢ and Csontos, 2001).
and in the Zala Hills. In this latter area the young
(Quaternary?) folding is reflected by the deformation
of an earlier denudation surface and is also indicated
by the surface morphology, deflection of drainage,
occurrence of wind gaps.

The initial folding event could induce an early
uplift of southern Transdanubian Range. Volcanolo-
gic reconstructions of basalt occurrences and geo-
morphologic analyses revealed important denudation
taking place both before and after volcanism
(Németh and Martin, 1999; Csillag, 2004). Magmatic
rocks occur upon pre-Miocene rocks where Late
Miocene was eroded (maps of Loczy, 1916; Budai
et al., 1999). The pre-basalt denudation has occurred
in the Early Pliocene, before the major phase of
volcanism of 2-4.5 Ma (Balogh et al., 1983) and
marks the first sign of uplift and thus the beginning
of the inversion.

Both in the Vértes Hills and northern Go6dollé
Hills extensional or transtensional normal faulting
seems to continue after the Miocene, during the
final phase of fluvial post-rift sedimentation and
early episodes of denudation. In the Go6dollé Hills
the transtensional deformation lasted up to middle
Pliocene times. This timing is in contrast with simul-
taneous compressional or transpressional deformation
of the southern Pannonian Basin. Our observations
reinforce earlier suggestion of Tari (1994) that the
compressional/transpressional deformation gradually
progressed from the southwestern to central part of
the Pannonian Basin during the Pliocene. By the end
of the Pliocene inversion of extensional or transten-
sional faults and onset of surface uplift have started
in most part of the Pannonian Basin. These processes
led to the establishment of the present-day structural
pattern. This gradual propagation of inversion sug-
gests that the neotectonic deformations were progres-
sively dominated by the effect of the motion of the
Adriatic plate parallel with the decreasing influence
of the Carpathian subduction zones.

5.4. Regional geodynamic considerations

Finally we tentatively extend our detailed observa-
tions into a wide Alpine—Carpathian—Pannonian—
Dinaric framework. We discuss deformation and
motion of three major plate tectonic units through
their velocity field derived from GPS data, and the
observed neotectonic structures. Temporary names for
these units were adopted because of the still weakly
defined unit boundaries and also to avoid confusion
when ‘recycling’ names valid for Neogene tectonic
units.

Northward motion and counterclockwise rotation
of the Adriatic microplate can induce most of the
intra-Carpathian deformation (Anderson and Jackson,
1987; Bada et al., 1999, 2001; Oldow et al., 2002;
Weber et al., 2004). Present-day shortening of 2—4
mm/y between the Bohemian Massif and Adria is
now largely absorbed within the Alps and the north-
ern Dinarides (Grenerczy and Kenyeres, 2004). Late
Miocene to recent folding and thrusting were docu-
mented in the Southern Alps (Castellarin and Can-
telli, 2000), Sava fold belts (Placer, 1999; Vrabec
and Fodor, 2005) and Croatia (Tomljenovi¢ and
Csontos, 2001) and suggest persistent structural pat-
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tern for the last 6 Ma (Fig. 14). Because of the
obliquity of convergence and the rotation of Adria,
~N-S contraction was partly accommodated by
strike-slip faulting, resulted in transpression in Slo-
venia and Slavonia. The only exception is central
Slovenia where Quaternary deformation is reflected
by the opening of several transtensional basins (Vra-
bec and Fodor, 2005).

Within the Carpatho—Pannonian domain the
‘western unit’, containing the easternmost Alps,
southwestern Carpathians and western Pannonian
Basin, is still moving eastward with a differential
motion of ~1.3 mm/y with respect to stable Europe
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(Grenerczy et al., 2000). The unit is clearly bounded
by the Mur-Miirz—Zilina Line to the north, which
shows strong seismicity and several active faults near
the Vienna Basin (Hinsch and Decker, 2003; Decker
et al., 2005). The eastward motion of the ‘western
unit’ is accommodated in a broad zone stretching
from the Lake Balaton to the Danube and possibly
into the central Western Carpathians (Fig. 14). Short-
ening could induce regional surface uplift and
enhance the incision of the Danube River across
the northern Transdanubian Range (DB) (Ruszkic-
zay-Riidiger et al., 2005—this volume b). Further to
the east, the ‘north-eastern unit’ (including the NE
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part of the Pannonian Basin and the NE Carpathians)
shows one magnitude smaller motion (0.3 mm/y). Its
final docking may induce reverse faulting and earth-
quakes along its north-eastern edge within the Car-
pathian arc. The ‘south-eastern unit’ comprising the
SE Pannonian Basin and parts of the Southern and
Eastern Carpathians is currently moving eastward
(Grenerczy and Kenyeres, 2004). This motion can
be connected to the active deformation in the Vran-
cea zone near the south-eastern corner of the Car-
pathians (Matenco and Bertotti, 2000). The western
wedge-shaped part of this unit suffered transpres-
sional deformation (Csontos et al., 2002) due to
the push of the Dinarides from the south.

The motion between the ‘western’ and ‘south-
eastern units’ is accommodated in a wide zone,
which is close but not identical to the Miocene Mid-
Hungarian Shear Zone (MHZ) (Fig. 14). Because the
eastward motion of the ‘western unit’ is currently
accommodated before the Danube River, and the
‘eastern unit’ does not show such velocity gradient,
the kinematics of their broad accommodation zone
changes along strike. The zone has dextral-transpres-
sional character at its southwestern part in Slovenia as
demonstrated by structural analysis (Fodor et al.,
1998; Vrabec, 1999) and GPS data (Weber et al.,
2004). Slightly to the east, pure shortening induced
folding in the Zala Hills. An increasing sinistral slip
component of individual faults occurs from the Lake
Balaton towards the east (Bada et al., 2003). Post—
Miocene sinistral faults were identified at the eastern
Lake Balaton, (Vida et al., 2001; Csontos et al.,
2005—this volume), in the SE foreland of the Vértes
Hills. Further to the east, the Toalmas zone and related
folds in the southern Go6dollé Hills and Jaszsag
depression are located where the ‘south-eastern unit’
passed the blocked ‘western unit’ and pressed against
the relatively stable ‘north-eastern unit’. More to the
east, the ‘south-eastern unit’ has clear sinistral motion
with respect to the stable ‘north-eastern unit’ (Fig. 14).
This motion is reflected by a number of sinistral
transtensional or transpressional shear zones starting
with the Kapos Line and crossing the Great Hungarian
Plain (Pogacsas et al., 1989; Detzky-Lérincz et
al., 2002; Sikhegyi, 2002; Bada et al., 2005). Toth
et al. (1997), Timar (2003) and Windhoffer et al.
(2005—this volume) clearly demonstrated persistent
Quaternary activity along these fault zones.

6. Conclusions

Neotectonic deformation in the Pannonian Basin
took place in terrestrial environment and was partly
preserved in deformed landforms. The presented case
studies emphasise that the exact demonstration of
neotectonic structural elements requires the use of
complex methodology including geomorphology,
geology, and geophysics. Seismic reflection profiles
are of utmost importance to image subsurface struc-
tures. Established subsurface structures have to be
crosschecked by surface geologic or geomorphic
indices to validate neotectonic age of deformation.
The value of small-scale surface structural data is
somewhat limited because of the scarcity of outcrops
and dubious origin of some structures. Neotectonic
studies should involve the analysis of geomorphic
processes, like fluvial incision, eolian erosion, and
slope sedimentation. Separation of exogene forces
and deformation in landscape evolution is essential
for neotectonic studies.

Our study suggests that folding is the characteristic
neotectonic deformation style in the western—central
part of the Pannonian Basin. Folding might have
several episodes punctuated by denudation and by
formation of sub-planar landforms, which were in
turn deformed by subsequent folding phases. Surface
upwarpings kept substantial control on the drainage
network and induced the development of drainage
divides and river deflections. Folds are mainly con-
nected to the reactivation of Miocene normal or strike-
slip faults. They represent fault-related folds con-
nected to reverse slip on former fault planes, which
propagate upward into thick, mostly unfaulted post-
rift suite. On the other hand, neotectonic faults with
more than 15-20 m vertical separation are scarce in
the Upper Miocene post-rift sequences both on the
surface and on seismic sections. This observation is in
line with the fact that surface rupture across loose
Plio—Quaternary sediments was barely documented.

Contractional neotectonic deformation and related
uplift could start as early as the latest Miocene or
earliest Pliocene in the southern part of the Panno-
nian Basin. However, our study gives indications
that normal or transtensional faulting was maintained
in the central Pannonian Basin and change in fault
kinematics could occur during the Late Pliocene but
not earlier. Gradual expansion of compression-domi-
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nated areas indicates increasing influence of the
Adriatic plate motion as driving force for neotectonic
deformation.

Based on documented structural elements, histor-
ical earthquake distribution and GPS-calibrated velo-
cities, a three-plate structural-kinematic model is
suggested. The south-eastern Pannonian—Carpathian
block is moving eastward with respect to the north-
eastern block while the western Pannonian—Alpine
block is gradually pushed against the north-eastern
block. This model may account for most of the
observed neotectonic structures and related tectoni-
cally controlled landforms.

Acknowledgement

Considerable part of the research was carried out in
the Netherlands Research Centre for Integrated Solid
Earth Science (ISES) at the Vrije Universiteit Amster-
dam, the Netherlands (VU). Our activity was part of the
neotectonic research project of the Geological Institute
of Hungary. The research was also supported by the
Hungarian Scientific Research Fund (OTKA) projects
no. T.42799, F043715 and T034928. L. Fodor bene-
fited support from the Bolyai Janos Scholarship of the
Hungarian Academy of Sciences. Nicholas Pinter
(Southern Illinois University, Carbondale, USA)
played a very important role to introduce tectonic
geomorphology in Hungary and he stimulated fruitful
discussions. Zs. Ruszkiczay-Riidiger thanks the Eur-
opean Union for her Marie Curie Eurobasin fellowship
to the VU. The research of Timar was supported by the
grant TP 198/2005 (Ministry of Informatics and Tele-
communication and Hungarian Space Office). The pre-
sent paper benefited from the discussion of the
workshop of “Application of GPS in plate tectonics,
in research on fossil energy resources and in earthquake
hazard assessment” supported by the Joint US—Hungar-
ian Found (TéT-MAKA). Comments of two reviewers
improved the final version considerably.

Seismic reflection profiles are properties of the
Data Depository Office of the Geological Survey of
Hungary, Budapest. The high resolution digital eleva-
tion model (DDM10), constructed by the Mapping
Office of the Hungarian Defense Forces has been
used according to the contract between the office
and the Geological Institute of Hungary and. For

general mapping purposes, the Shuttle Radar Topo-
graphy Mission (SRTM), medium resolution elevation
dataset (Rabus et al., 2003) have been used.

References

Adam, L., Marosi, S., Szilard, J., 1969. The main features of
Quaternary morphogenesis in the hilly regions of Hungary.
Foldrajzi Kozlemények 17, 255-271 (in Hungarian).

Anderson, H., Jackson, J., 1987. Active tectonics of the Adriatic
region. Geophysical Journal of the Royal Astronomical Society
91, 937-983.

Bada, G., Cloetingh, S., Gerner, P., Horvath, F., 1998. Sources of
recent tectonic stress in the Pannonian region: inferences from
finite element stress modelling. Geophysical Journal Interna-
tional 134, 87-102.

Bada, G., Horvath, F., Fejes, 1., Gerner, P., 1999. Review of the
present day geodynamics of the Pannonian basin: progress and
problems. Journal of Geodynamics 27, 501—-527.

Bada, G., Horvath, F., Cloetingh, S., Coblentz, D.D., Toth, T.,
2001. Role of topography-induced gravitational stresses in
basin inversion. The case study of the Pannonian basin. Tec-
tonics 20, 343-363.

Bada, G., Fodor, L., Dunai, T., Windhoffer, G., Ruszkiczay-Riidi-
ger, Zs., Cloetingh, S., Horvath, F., Sacchi, M., Toth, L., 2003.
Lithosphere dynamics and present-day deformation pattern in
the Pannonian basin. EGS-AGU-EUG Joint Assembly, Nice.
Geophysical Research Abstracts 5, 5772.

Bada, G., Horvath, F., Téth, L., Fodor, L., Timar, G., Cloetingh, S.,
2005. Societal aspects of ongoing deformation in the Pannonian
basin. In: Pinter, N., Grenerczy, Gy., Weber, J., Medak, D.,
Stein, S. (Eds.), The Adria Microplate: GPS Geodesy, Tectonics,
and Hazards, NATO ARW Series, Kluwer Academic Publishers,
pp. 385-402.

Balla, Gy., 1959. Geomorphology of the Monor—Ceglédbercel loess
ridge. Foldrajzi Ertesité 8, 27—50 (in Hungarian).

Balogh, K., Arva-Sos, E., Pécskay, Z., Ravasz-Baranyai, L., 1983.
K/Ar dating of post-Sarmatian alkali basaltic rocks in Hungary.
Acta Mineralogica-Petrologica Segediensis 28, 75—-94.

Benkovics, L., 1997. Etude structurale et géodinamique des Monts
Buda, Mecsek et Villany (Hongrie). Ph.D. Thesis, Univ. Lille,
France.

Brezsnyanszki, K., Sikhegyi, F., 1987. Neotectonic interpretation of
Hungarian lineaments in the light of satellite imagery. Journal of
Geodynamics 8, 193-203.

Budai, T., Csillag, G., Dudko, A., Koloszar, L., 1999. Geological
map of the Balaton Highland, 1:50,000, Geological Institute of
Hungary, Budapest.

Bulla, B., 1958. On geographic research of Lake Balaton and
its surroundings. Foldrajzi Kozlemények 6, 313-324 (in
Hungarian).

Burbank, D.W., Anderson, S.A., 2001. Tectonic Geomorphology.
Blackwell Publishing, Oxford.

Castellarin, A., Cantelli, L., 2000. Neo-Alpine evolution of the
southern eastern Alps. Journal of Geodynamics 30, 251-274.



38 L. Fodor et al. / Tectonophysics 410 (2005) 15—41

Cholnoky, J., 1920. Hydrography des Balatonsees. In: Loczy, L.
(Ed.), Resultate der Wissehschaftlichen Erforschung des Bala-
tonsees, 1/2, Ed. Holzel Press, Wien.

Cholnoky, J., 1936. Geography of Hungary. A Fold és ¢€lete. Frank-
lin Press, Budapest (in Hungarian).

Cloetingh, S., Burov, E., Poliakov, A., 1999. Lithosphere folding:
primary response to compression? (from central Asia to Paris
basin). Tectonics 18, 1064—1083.

Csillag, G., 2004. Geomorphic levels of the Kal Basin, Hun-
gary. Annual Report of the Geol. Inst. of Hungary from 2002,
pp. 95—110 (in Hungarian).

Csillag, G., Fodor, L., Peregi, Z., Roth, L., Selmeczi, 1., 2002.
Pliocene—Quaternary landscape evolution and deformation in
the eastern Vértes Hills, (Hungary): the heritage and reactivation
of Miocene fault pattern. Geologica Carpathica 53, 206—208.

Csillag, G., Fodor, L., Miiller, P., Benkd, K., 2004. Denudation
surfaces, development of Pannonian formations and facies dis-
tribution indicate Late Miocene to Quaternary deformation of
the Transdanubian Range. Geolines 17, 26—27.

Csontos, L., 1995. Tertiary tectonic evolution of the Intra-Car-
pathian area: a review. Acta Vulcanologica 7, 1—13.

Csontos, L., Nagymarosy, A., 1998. The Mid-Hungarian line: a
zone of repeated tectonic inversion. Tectonophysics 297,
51-72.

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

Csontos, L., Magyari, A., VanVliet-Lanoé, B., Musitz, B.,
2005—this volume. Neotectonics of the Somogy Hills (part II):
evidence from seismic sections. Tectonophysics 410, 63—80,
doi:10.1016/j.tecto.2005.05.049.

Dank, V., 1962. Sketch of the deep geological structure of the south
Zala Basin. Foldtani KozIlony 92, 150—159 (in Hungarian).

Decker, K., Peresson, H., Hinsch, R., 2005. Active tectonics and
Quaternary basin formation along the Vienna Basin transform
fault. Quaternary Science Reviews 24, 307—-322.

Detzky-Lorincz, K., Horvath, F., Detzky, G., 2002. Neotectonics
and its relation to the Mid-Hungarian Mobile Belt. In: Cloe-
tingh, S., Horvath, F., Bada, G., Lankreijer, A. (Eds.), Neotec-
tonics and Surface Processes: The Pannonian Basin and Alpine/
Carpathian System, EGU St. Mueller Special Publication Series,
vol. 3, pp. 247-266.

Dunkl, I., Frisch, W., 2002. Thermochronological constraints on
the Late Cenozoic exhumation along the Alpine and west
Carpathian margins of the Pannonian Basin. In: Cloetingh,
S., Horvath, F., Bada, G., Lankreijer, A. (Eds.), Neotectonics
and Surface Processes: The Pannonian Basin and Alpine/Car-
pathian System, EGU St. Mueller Special Publication Series,
vol. 3, pp. 135-148.

Erdélyi, M., 1961. Hydrogeology of Kiilsé-Somogy. Hidrologiai
Kozlony 41, 445-528 (in Hungarian).

Fodor, L., Jelen, B., Marton, E., Skaberne, D., Car, J., Vrabec, M.,
1998. Miocene—Pliocene tectonic evolution of the Slovenian
Periadriatic Line and surrounding area—implication for
Alpine—Carpathian extrusion models. Tectonics 17, 690—709.

Fodor, L., Csontos, L., Bada, G., Gyorfi, 1., Benkovics, L., 1999.
Tertiary tectonic evolution of the Pannonian basin system and
neighbouring orogens: a new synthesis of paleostress data. In:
Durand, B., Jolivet, L., Horvath, F., Séranne, M. (Eds.), The
Mediterranean Basins: Tertiary Extension Within the Alpine
Orogene. Blackwell Sciences Special Publications of the Geo-
logical Society of London, Oxford, pp. 295—-334.

Fodor, L., Horvath, E., Magyari, A., Novothny, A., Ruszkiczay, Zs.,
Sikhegyi, F., Székely, B., Timar, G., Unger, Z., Weber, J., 2001.
Tectonic and non-tectonic control on landform evolution, drai-
nage pattern in a loess-covered area (Godollé Hills, central
Hungary): complex methodological approach. Abstract book
of the 3rd Stephan Miiller Conference, EGS, Balatonfiired.
18 pp.

Fodor, F., Bada, L., Csillag, G., Dunai, G., Horvath, T., Ruszkiczay-
Riidiger, E., Sikhegyi, Zs., Leél-Ossy, F., Cloetingh, Sz., Hor-
vath, S., 2003. Neotectonics of the Pannonian Basin: II. Inter-
play between deformation and landscape evolution. EGS—
AGU-EUG Joint Assembly, Nice, Geophysical Research
Abstract, vol. 5, p. 9671.

Fodor, L., Csillag, G., Németh, K., Budai, T., Cserny, T., Brezs-
nyanszky, K., Dewey, J.F., 2005. Tectonic development, mor-
photectonics and volcanism of the Transdanubian Range and
Balaton Highland: a field guide. In: Fodor, L., Brezsnyanyszky,
K. (Eds.), Proceedings of the Workshop on Application of GPS
in Plate Tectonics, in Research on Fossil Energy Resources and
in Earthquake Hazard Assessment, Occasional Papers, Geologi-
cal Institute of Hungary, Budapest, vol. 204, pp. 59—86.

Frechen, M., Horvath, E., Gébris, Gy., 1997. Geochronology of
Middle and Upper Pleistocene loess sections in Hungary. Qua-
ternary Research 48, 291-312.

Gabris, Gy., 1987. Relationships between the orientation of drai-
nage and geological structure in Hungary. In: Pécsi, M. (Ed.),
Pleistocene Environment in Hungary. Akadémia Press, Buda-
pest, pp. 183—194.

Gabris, Gy., 2001. Fluvial landscape formation processes in Hun-
gary (in Hungarian). Academic Doctoral Thesis, manuscript,
Budapest, Hungarian Academy of Sciences.

Gerner, P., 1994. Neotectonic models of SW Hungary based on the
Hungarian geological literature; a review. Foldtani K6zIony 124,
381-402 (in Hungarian).

Gerner, P, Bada, G., Dovényi, P., Cloetingh, S., Oncescu, M.,
Miiller, B., 1999. State of recent stress in the Pannonian
Basin: data and models. In: Durand, B., Jolivet, L., Horvath,
F., Séranne, M. (Eds.), The Mediterranean Basins: Tertiary
Extension Within the Alpine Orogen, Geological Society Spe-
cial Publications, vol. 156, pp. 269—294.

Giamboni, M., Ustaszewski, K., Schmid, S.M., Schumacher, M.E.,
Wetzel, A., 2004. Plio-Pleistocene transpressional reactivation
of Paleozoic and Paleogene structures in the Rhine-Bress trans-
form zone (northern Switzerland and eastern France). Interna-
tional Earth Sciences 93, 207-223.

Grenerczy, Gy., Kenyeres, A., 2004. GPS velocity field from the
Adriatic to the European Platform. In: Pinter, N., Grenerczy, Gy.
(Eds.), The Adria Microplate: GPS Geodesy, Tectonics, and
Hazards. NATO ARW, Veszprém, Hungary, pp. 52-55.
Abstract book.



L. Fodor et al. / Tectonophysics 410 (2005) 15—41 39

Grenerczy, Gy., Kenyeres, A., Fejes, 1., 2000. Present crustal
movement and strain distribution in central Europe inferred
from GPS measurements. Journal of Geophysical Research
105, 21835-21846.

Hinsch, R., Decker, K., 2003. Do seismic slip deficits indicate an
underestimated earthquake potential along the Vienna Basin
transform fault system? Terra Nova 15, 343—349.

Holbrook, J., Schumm, S.A., 1999. Geomorphic and sedimentary
response of rivers to tectonic deformation: a brief review and
critique of a tool for recognizing subtle epeirogenic deformation
in modern and ancient settings. Tectonophysics 305, 287—306.

Horvath, E., 2001. Marker horizons in the loesses of the Carpathian
Basin. Quaternary International 7677, 157—163.

Horvath, F., 1995. Phases of compression during the evolution of
the Pannonian Basin and its bearing on hydrocarbon explora-
tion. Marine and Petroleum Geology 12, 837—844.

Horvath, F., Cloetingh, S., 1996. Stress-induced late-stage subsi-
dence anomalies in the Pannonian Basin. Tectonophysics 266,
287-300.

Horvath, F., Royden, L., 1981. Mechanism for the formation of the
Intra-Carpathian Basins: a review. Earth Evolution Sciences 3,
307-316.

Horvath, F., Rumpler, J., 1984. The Pannonian basement: extension
and subsidence of an Alpine Orogene. Acta Geologica Hungar-
ica 27, 229-235.

Horvath, F., Bada, G., Szafian, P., Tari, G., Adam, A., Cloetingh, S.,
in press. Formation and deformation of the Pannonian Basin:
constraints from observational data. In: Gee, D., Stephenson, R.
(Eds.), European lithosphere dynamics, EUROPROBE. Special
Publications of the Geological Society of London, Oxford.

Jambor, A., 1989. Review of the geology of the s.l. Panno-
nian formations of Hungary. Acta Geologica Hungarica 32,
269-324.

Jambor, A., 1992. Pleistocene ventifact occurrences. Acta Geolo-
gica Hungarica 35, 407-436.

Jambor, A., 1998. A review of stratigraphy of Quaternary forma-
tions in Hungary. In: Bérczi, I, Jambor, A. (Eds.), Stratigraphy
of geological formations in Hungary. MOL Rt., Geological
Institute of Hungary, pp. 495—517 (in Hungarian).

Jambor, A., 2002. Ventifact occurrences in Hungary and their
geological significances. Foldtani Kozlony 132 (special issue),
101-116 (in Hungarian).

Jambor, A., Bihari, D., Chikan, G., Franyo, F., Kaiser, M.,
Radocz, Gy., Sikhegyi, F., 1993. Active Pleistocene fault
in Hungary 1:500,000 map and explanatory text (in Hungar-
ian). Manuscript, Archive of Dept. of Tectonics, Geol. Inst.
Hungary.

Jamici¢, D., 1995. The role of the sinistral strike-slip faults in the
formation of the structural fabric of the Slavonian Mts. (eastern
Croatia). Geologia Croatica 48, 155—160.

Josvai, J., 1996. Hydrocarbon prospect and exploration potential of
the Budafa—Oltarc-Magyarszentmiklos anticline (in Hungarian).
Manuscript, MSc Thesis, E6tvos University Budapest.

Juhasz, Gy., 1991. Lithostratigraphical and sedimentological frame-
work of the Pannonian (s.l.) sedimentary sequence in the Hun-
garian plain (Alfold, eastern Hungary). Acta Geologica
Hungarica 34, 53-72.

Kaiser, M., 1997. A geomorphic evolution of the Transdanubian
Mountains, Hungary. Zeitschrift fir Geomorphologie N.F. 110,
1-14.

Kiszely, M., 2001. Discriminating quarry-blasts from earthquakes
using spectral analysis and coda waves in Hungary. Acta Geo-
daetica et Geophysica Hungarica 36, 439—448.

Koloszar, L., Lantos, M., 2001. Magnetostratigraphic correlation of
the Quaternary sequences in south-eastern Transdanubia. Fold-
tani Ko6zIlony 131, 221-231 (in Hungarian).

Koloszar, L., Marsi, 1., 1999. The Quaternary sequences of the hilly
country nearby Uveghuta (eastern part of the Moragy Hills).
Foldtani Kozlony 129, 521-541.

Kovacs, A., 1999. Morphometric analysis of the Zala area, SW
Hungary. Manuscript. Southern Illinois University, Carbondale,
Illinois.

Kretzoi, M., Pécsi, M., 1982. Pliocene and Quaternary chronostra-
tigraphy and continental surface development of the Pannonian
Basin. In: Pécsi, M. (Ed.), Quaternary Studies in Hungary,
INQUA, HAS. Geogr. Res. Inst., Budapest, pp. 11—-42.

Loczy, L., 1916. Die Geologischen formation der Balatongegend
und ihre regionale Tektonik. In: Loczy, L. (Ed.), Resultate der
Wissehschaftlichen Erforschung des Balatonsees, 1/1/1, Ed.
Holzel Press, Wien.

Magyar, 1., Geary, D.H., Siit6-Szentai, M., Lantos, M., Miiller, P.,
1999. Integrated biostratigraphic, magnetostratigraphic and
chronostratigraphic correlations of the Late Miocene Lake Pan-
non deposits. Acta Geologica Hungarica 42, 5-31.

Marosi, S, 1962. Belsé-Somogy. Foldrajzi Ertesité 11, 61—-81 (in
Hungarian).

Marosi, S., Szilard, J., 1981. Formation of the Lake Balaton.
Foldrajzi Kozlemények 29, 1-30 (in Hungarian).

Matenco, L., Bertotti, G., 2000. Tertiary tectonic evolution of the
external east Carpathians (Romania). Tectonophysics 316,
255-286.

Marton, E., Fodor, L., Jelen, B., Marton, P., Rifelj, H., Kevri¢, R.,
2002. Miocene to Quaternary deformation in NE Slovenia:
complex paleomagnetic and structural study. Journal of Geody-
namics 34, 627-651.

Mottl, M., 1939. Middle Pliocene mammal fossils from the railway
cut of Godollé. Annals of the Geol. Inst. of Hungarian Kingdom
32, 255-350 (in Hungarian).

Miiller, P., Magyar, 1., 1992. Stratigraphic significance of the Upper
Miocene lacustrine cardiid Prosodacnomya (Kotcse section,
Pannonian basin, Hungary). Foldtani Kozlony 112, 1-38 (in
Hungarian).

Németh, K., Martin, U., 1999. Late Miocene paleo-geomorphology
of the Bakony—Balaton highland Volcanic Field (Hungary)
using physical volcanology data. Zeitschrift fir Geomorpholo-
gie N.F. 43, 417-438.

Novothny, A., Frechen, M., Horvéth, E., 2002. The loess profile at
Albertirsa, Hungary—improvements in loess stratigraphy by
luminescence dating. Quaternary International 96, 155-163.

Oldow, J.S., Ferranti, L., Lewis, D.S., Campbell, J.K., D’Argenio,
B., Catalano, R., Pappone, G., Carmignani, L., Conti, P.,
Aiken, C.L.V., 2002. Active fragmentation of Adria, the
North African promontory, central Mediterranean Orogen.
Geology 30, 779—-782.



40 L. Fodor et al. / Tectonophysics 410 (2005) 15—41

Patton, T.L., Moustafa, T.L., Shaarawy, A.R., 1994. Tectonic evolu-
tion and structural setting of the Suez Rift. In: Landon, S.M.
(Ed.), Interior Rift Basins, AAPG Memoir, vol. 59, pp. 7—55.

Pavai Vajna, F., 1922. A reply to critics on gas exploration in
Hungary. Foldtani K6zlony 51-52, 21-30 (in Hungarian).

Pavai Vajna, F., 1925. Uber die jiingsten tektonishcen Bewegungen
der Erdgebirge. Foldtani Ko6zIony 55, 282—297 (in Hungarian).

Pécsi, M., 1959. Development and Geomorphology of the Danube
in Hungary. Akadémia Press, Budapest (in Hungarian).

Pécsi, M., 1986. Various explanations for the origin of the meridio-
nal valleys and ridges in the Zala Hills. Foldrajzi Kozlemények
34, 3—11 (in Hungarian).

Pécsi, M., Pevzner, M.A., 1974. Paleomagnetic investigations in the
loess sequences of Paks and Dunafoldvar. Foldrajzi Kozlemé-
nyek 22, 215-224.

Pécsi, M., Richter, G., 1996. Lop. Herkunft-Gliederung-Landschaf-
ten. Zeitschrift fiir Geomorphologie, Supplementbénde 98, 391.

Pinter, N., Keller, E.A., 1995. Geomorphic analysis of neotectonic
deformation, northern Owens Valley, California. Geologische
Rundschau 84, 200-212.

Pinter, N., Sorlien, C.C., Scott, A., 2003. Fault-related old growth
and isostatic subsidence California Channel Islands. American
Journal of Science 303, 300—318.

Placer, L., 1999. Structural meaning of the Sava folds. Geologija 41,
191-221.

Pogacsas, Gy., Vakarcs, G., Barvitz, A., Lakatos, L., 1989. Post-rift
strike-slip faults in the Pannonian Basin and their role in the
hydrocarbon accumulation. Abstracts and Papers of the Techni-
cal Program 34th International Geophysical Symposium, vol.
34, pp. 601-611.

Rabus, B., Eineder, M., Roth, A., Bamler, R., 2003. The shuttle
radar topography mission—a new class of digital elevation
models acquired by spaceborne radar. Photogrammetric Engi-
neering and Remote Sensing 57, 241-262.

Ronai, A., 1974. Size of Quaternary movements in Hungary’s area.
Acta Geologica Hungarica 18, 39-44.

Ronai, A., 1985. Quaternary geology of the Alfold. Geologica
Hungarica. Series Geologica 21.

Royden, L.H., Horvath, F. (Eds.), 1988. The Pannonian Basin. A
Study in Basin Evolution, Am. Assoc. Pet. Geol. Memoir, vol. 45.

Royden, L.H., Horvath, F., Nagymarosy, A., Stegena, F., 1983.
Evolution of the Pannonian Basin System: 2. Subsidence and
thermal history. Tectonics 2, 91—137.

Ruszkiczay-Riidiger, Zs., Fodor, L., Bada, G., Leél-Ossy, Sz.,
Horvath, E., Dunai, T., 2005—this volume. Quantification of
Quaternary vertical movements in the central Pannonian
Basin: review of chronologic data along the Danube
River, Hungary. Tectonophysics 410, 157—172. doi:10.1016/
j.tecto.2005.05.048.

Ruszkiczay-Riidiger, Zs., Dunai, T., Bada, G., Fodor, L., Horvath,
E., 2005—this volume. Middle to late Pleistocene uplift rate
of the Hungarian Mountain Range at the Danube Bend,
(Pannonian Basin) using in situ produced *He. Tectonophysics
410, 173-187. doi:10.1016/j.tecto.2005.02.017.

Sacchi, M., Horvath, F., 2002. Towards a new time scale for the
Upper Miocene continental series of the Pannonian Basin (cen-
tral Paratethys). In: Cloetingh, S., Horvath, F., Bada, G., Lank-

reijer, A. (Eds.), Neotectonics and Surface Processes: The
Pannonian Basin and Alpine/Carpathian System, EGU St. Muel-
ler Special Publication Series, vol. 3, pp. 79—-94.

Sacchi, M., Horvath, F., Magyari, O., 1999. Role of unconformity-
bounded units in the stratigraphy of the continental record: a
case study from the Late Miocene of western Pannonian Basin,
Hungary. In: Durand, B., Jolivet, L., Horvath, F., Séranne, M.
(Eds.), The Mediterranean Basins: Tertiary Extension within the
Alpine Orogen, Geological Society Special Publications, vol.
156, pp. 357—390.

Schweitzer, F., 1997. On Late Miocene—Early Pliocene desert cli-
mate in the Carpathian Basin. In: Bremer, H., Loczy, D. (Eds.),
Geomorphology and Changing Environments in Central Eur-
ope, Zeitschrift fiir Geomorphologie, Supplementband, vol. 110,
pp. 95—-105.

Schweitzer, F., Szo6r, Gy., 1997. Geomorphological and stratigra-
phical significance of Pliocene red clay in Hungary. In: Bremer,
H., Léczy, D. (Eds.), Geomorphology and Changing Environ-
ments in Central Europe, Zeitschrift fiir Geomorphologie, Sup-
plementband, vol. 110, pp. 95—105.

Sikhegyi, F., 2002. Active structural evolution of the western and
central part of the Pannonian basin: a geomorphologic approach.
In: Cloetingh, S., Horvath, F., Bada, G., Lankreijer, A. (Eds.),
Neotectonics and Surface Processes: The Pannonian Basin and
Alpine/Carpathian System, EGU St. Mueller Special Publication
Series, vol. 3, pp. 203-216.

Somogyi, S., 1961. Hazank folyohalozatanak fejlédéstorténete. Fol-
drajzi Kozlemények 9, 2550 (in Hungarian).

Strausz, L., 1942. Angaben zur Tektonik des transdanubischen
neogens. Foldtani Kozlony 72, 119—-120.

Strausz, L., 1949. Gravels of SW Transdanubia. Foldtani K6zlony
79, 8—64 (in Hungarian).

Szilard, J., 1967. Kiils6 Somogy kialakulasa és felszinalaktana.
Foldrajzi Tanulmanyok 7 (in Hungarian).

Tari, G., 1994. Alpine tectonics of the Pannonian basin. PhD.
Thesis, Rice University, Texas, USA.

Tari, G., Horvath, F., Rumpler, J., 1992. Styles of extension in the
Pannonian Basin. Tectonophysics 208, 203—219.

Timar, G., 2003. Controls on channel sinuosity changes: a case
study of the Tisza River, the Great Hungarian Plain. Quaternary
Science Reviews 22, 2199-2207.

Timar, G., Stimegi, P., Horvath, F., 2005—this volume. Late Qua-
ternary dynamics of the Tisza River: evidence of climatic and
tectonic controls. Tectonophysics 410, 97—110. doi:10.1016/
j-tecto.2005.06.010.

Tomljenovi¢, B., Csontos, L., 2001. Neogene—Quaternary structures
in the border zone between Alps, Dinarides and Pannonian basin
(Hrvatsko zagorje and Karlovac basin, Croatia). International
Journal of Earth Sciences 90, 560—578.

Toth, L., Moénus, L., Kiszely, P., 2002. Seismicity in the Pannonian
Region— earthquake facts. In: Cloetingh, S., Horvath, F., Bada,
G., Lankreijer, A. (Eds.), Neotectonics and Surface Processes:
The Pannonian Basin and Alpine/Carpathian System, EGU St.
Mueller Special Publication Series, vol. 3, pp. 9-28.

Toth, T., Vida, R., Horvath, F., 1997. Shallow-water single and
multichannel seismic profiling in a riverine environment. Lead-
ing Edge, 1691—-1695.



L. Fodor et al. / Tectonophysics 410 (2005) 1541 41

Vakarcs, G., Vail, P., Tari, G., Pogacsas, Gy., Mattick, R., Szabo, A.,
1994. Third-order Middle Miocene—Pliocene depositional
sequences in the prograding delta complex of the Pannonian
Basin. Tectonophysics 240, 81—106.

Vida, R., Toth, T., Szafian, P., Fekete, N., Dovényi, P., Horvath, F.,
2001. Ultra-high resolution seismic mapping of a strike-slip fault
system. Abstract book for Stephan Miiller Topical Conference.
European Geophysical Society, Balatonfiired, Hungary. 69 pp.

Vrabec, M., 1999. Style of postsedimentary deformation in the Plio—
Quaternary Velenje Basin, Slovenia. Neues Jahrbuch fiir Geo-
logie und Paldontologie. Monatshefte 8, 449—463.

Vrabec, M., Fodor, L., 2005. Late Cenozoic tectonics of Slovenia:
structural styles at the northeastern corner of the Adriatic micro-
plate. In: Pinter, N., Grenerczy, Gy., Weber, J., Medak, D., Stein,
S. (Eds.), The Adria Microplate: GPS Geodesy, Tectonics, and
Hazards, NATO ARW Series. Kluwer Academic Publishers.

Weber, J., Stopar, B., Vrabec, M., Schmalzle, G., Dixon, T., 2004.
The Adria microplate, Istria Peninsula, GPS, and neotectonics in
the NE Slovene corner of the Alps. In: Pinter, N., Grenerczy,

Gy. (Eds.), The Adria Microplate: GPS Geodesy, Tectonics, and
Hazards. NATO ARW, Veszprém, Hungary, pp. 134-—135.
Abstract book.

Windhoffer, G., Bada, G., Dovényi, P., Horvath, F., 2001. New
crustal stress determinations in Hungary from borehole breakout
analysis. Foldtani Ko6zlony 131, 541-560 (in Hungarian).

Windhoffer, G., Bada, G., Nieuwland, D., Worum, G., Horvath,
F., Cloetingh, S., 2005—this volume. On the mechanics of
basin formation in the Pannonian basin: Inferences from ana-
logue and numerical modelling. Tectonophysics 410, 389—-415.
doi:10.1016/j.tecto.2004.10.019.

Woérum, G., 1999. Structure and tectonic evolution of the Mecsek—
Villany region based on the analysis of seismic profile (in
Hungarian). Manuscript, MSc Thesis, Eotvos University,
Budapest.

Zsiros, T., 2000. A Karpat-medence szeizmicitasa és foldrengésves-
z€lyessége: Magyar foldrengéskatalogus 456-1995 Seismologi-
cal Observatory, Geodetic and Geophysical Res. Inst. Hung.
Academy of Sciences, Budapest.



	An outline of neotectonic structures and morphotectonics of the western and central Pannonian Basin
	Introduction
	Geological setting and general aspects of neotectonic deformation
	Methods
	New results on neotectonic-geomorphic evolution
	Zala Hills
	Morphology and origin of the meridional valleys
	Neotectonic analysis of the Zala Hills
	Drainage network and deformation

	Late Miocene to Quaternary faulting in the Vrtes Hills
	Neotectonic deformation of the Gdll Hills
	Geological and geomorphologic settings
	Morphological and tectonic observations in the Gdll Hills
	Neotectonic significance of the morphotectonic analysis


	Discussion
	Structural styles and their geomorphic expression
	Origin of some landforms in the western and central Pannonian Basin
	Timing of deformation
	Regional geodynamic considerations

	Conclusions
	Acknowledgement
	References


