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Introduction

The Little Hungarian Plain is a sub basin of the Pannonian basin and is located at the
transition zone between the Eastern Alps and the Western Carpathians. It is an
extensional basin that evolved along low angle normal faults due to the lateral
extrusion of the Eastern Alps and subduction roll-back beneath the Carpathians
(Horvath, 1993). While the Pannonian basin area experienced a Late Miocene
compressional phase on a large scale (Tari, 1994; Horvath, 1995), the Little
Hungarian Plain is characterized by on-going subsidence (Jo06, 1992) since the Early
Miocene (Royden and Dévényi, 1988). Upper Miocene strata in the central part of the
Little Hungarian Plain reach a thickness of up to 2400 m as deducted from well data
(Korossy, 1987; e.g. well Mosonszentjanos 1). At the western margins, the thickness
of Upper Miocene sediments is around 1500 m (Korossy, 1987; well Mosonszolnok 2)
and 1250 m (Korossy, 1987; well Pinnye 2).

Due to ongoing subsidence the basin morphology of the central part of the Little
Hungarian Plain is characterized by a very low relief. Only at the margins can we
observe pronounced hills or remnants of distinct river terraces. If we compare the
geomorphologic appearance of the Little Hungarian Plain to the adjacent Vienna
Basin (Fig. 1), we see that in the Vienna Basin several terrace remnants can
morphologically be observed in the central parts of the basin (Decker et al., 2005).
This fact indicates Quaternary faulting which can be further supported by
sedimentologic evidence (i.e. stratigraphic correlations of the downthrown parts,
dating of strata by fossil finds, etc...). It is important to note that the fault planes of the
Quaternary faults bounding the terraces can be observed close to the surface
(Beidinger and Decker, 2011). In contrast, the morphologic expression of terraces in
the central part of the Danube Basin is very minimal due to (i) the on-going
subsidence and the capabilities of the rivers to transport enough sediment into the
basin and because (i) subsidence is accommodated along reactivated basement
faults with no fault planes close to the surface (Fig. 1 and Appendix B).

Fig. 1.: Quaternary thickness map of the Vienna Basin and the Danube Basin modified after Decker et al.
(2005) and Scharek et al. (2000) on an SRTM hillshade. Faults after Schnabel (2002). Note the
differences in relief and thickness of Quaternary sediments between the Vienna Basin and the adjacent
Danube Basin.
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The morphology of the basin margins is more pronounced. The main boundaries are
formed by the Rust Hills, Leitha Mountains and the Male Karpaty Mountains in the
West and by the Hungarian Mountain Range (including the Transdanubian Range
and Vértes Hills) in the East.

At the end of the Middle Miocene the Hungarian Mountain Range formed a peninsula
with roughly the same shape as present (JAmbor, 1980). This palaeogeographic
setting changed in the early Late Miocene accompanied by the transition from shallow
marine environment to the brackish Lake Pannon which covered the entire Hungarian
Mountain range (Jambor, 1980; Magyar et al., 2013). The uplift of the region can be
divided into several phases and began at the end of the Middle Miocene. The present
day uplift rate is +1 to 1.5 mml/year (Jo0, 1992; Ruszkiczay-Rudiger et al., 2005). As a
result of uplift the pre-existing fault pattern within the crystalline rock is revealed by
exogenous processes (see appendix D). Thus, the older fault pattern influences the
orientation of modern valleys. As a further effect of uplift fluvial deposits can be
observed in elevated positions along the eastern margin of the Little Hungarian Plain
(Fig. 2): In the Vértes Hills 79 ka old fluvial sediments are located at 237 m a.s.l.
(Thamo-Bozsé et al., 2010) in a quarry close to Suttd 75.3 +/-4.7 ka old fluvial loess
deposits lie at 240.5 m a.s.l. (Novothny et al., 2011). At Salféld the surfaces lying at
presently 140 m a.s.l. were exposed at 287 ka (Ruszkiczay-Rudiger et al., 2011).
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Fig. 2: Shaded SRTM DTM of the western part of the Pannonian Basin with certain sections of the
present river courses highlighted. Note that the Danube, Raba and Zala Rivers flow around the rapidly
uplifting Hungarian Mountain Range. The river courses of the Vah and Réba Rivers erode the eastern
margins of their valleys indicating on-going subsidence in the depo-center of the Danube Basin (red dot).
The callouts mark the locations at which following geochronologic data were derived: (i) Halbthurn : 75
ka fluvial sediments at 124 m a.s.l. (Appendix C), (ii) Suttd : 75.3 ka fluvial loess at 240.5 m a.s.l.
(Novothny et al., 2011), (iii) Vértes: 79 ka fluvial sediments at 237 m a.s.l. (Thamd-Bozsé et al., 2010),
(iv) Salféld : surface presently at 140 m a.s.l. was exposed at 287 ka (Ruszkiczay-Rudiger et al., 2011).
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In the West, the Leitha Mountains emerged as a low-topography island or platform of
metamorphic rocks during the formation of the Vienna Basin in the Karpatian (~16
Ma). Evidence for this is derived from the predominantly biologically dominated
sedimentation of Middle Badenian limestone in the southwestern part of the Leitha
Mountains (Wiedl et al., 2014). After the deposition of Upper Badenian limestones a
major subsidence in the NE-part of the Leitha Mountains occurred (Wiedl et al.,
2014). However, the highest Quaternary fluvial deposits (>300 ka) in the area are
located on the Parndorf Plateau at an elevation of ~160 m a.s.l., and 75 ka old fluvial
sediments lie at 124 m a.s.l. (Appendix C). Interestingly, lower Middle Miocene fluvial
gravel deposits can be found in the Rust Hills at an elevation of ~206 m a.s.l.
(Schénlaub, 2000).

Previous literature states that the Quaternary gravels on top of the Parndorf Plateau
are genetically equivalent to the gravels in the Seewinkel Plain (e.g. Schnabel, 2002;
Tauber, 1959). Current thesis suggests that there is a significant age difference in
deposition between the gravels on the Parndorf Plateau and the Seewinkel Plain
(Appendix C). The sediments located at higher elevations (~160 m a.s.l.) on the
Parndorf Plateau are older (>300 ka) than the sediments at lower elevation of
124 m a.s.l. in the Seewinkel Plain (75 ka) (Appendix C).

. Aim

The aim of the study is to provide possible answers to key questions in the landscape
evolution of the western margin of the Little Hungarian Plain. For this, digital
geomorphology was used as the basic approach, complemented by the integrated
analysis of geomorphologic observations with seismic and well data.

The key questions were:

- Can we spot the surface expression of tectonic features in such a low relief area?

- Can we observe on-going subsidence and tectonic activity in recent river
dynamics?

- How did such a conspicuous landscape feature as the Parndorf Plateau form? Is
it tectonically influenced?

- What possibly caused the formation of the Neusiedler See?

- How are the gravel deposits in the Seewinkel Plain related to the gravels on the
Parndorf Plateau?

- What is the provenance of the gravels?

The methods applied to develop hypotheses to solve these questions included the
integration of already available data from literature with freshly derived results from
new measurements. The location of the study area at the border of three different
countries and a plethora of available data from international co-operations (i.e. 2000
DANREG project) indicated the crucial role of gathering of data in an adequate spatial
database and integrated analysis. Based on the results new multidisciplinary methods
were devised to acquire new data for the identified focus points.

The low relief of the study area requires adequate digital data. The technique of
Airborne Laser Scanning (ALS) provides digital terrain models (DTM) with the
necessary high resolution and precision. Available ALS data from 1999 and 2004
were merged and processed to retrieve a DTM for geomorphologic and structural
geologic analysis (see Appendix A).
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The focus of digital terrain analysis shifted towards the fluvial dynamics and river
sinuosity. In this case, accurately georeferenced historic maps allowed for the
analysis of river courses not influenced by anthropogenic activity (see chapter 6). The
river sinuosity of the streams of the Little Hungarian Plain was not assessed and
interpreted previously.

Both above mentioned digital geomorphologic studies revealed that the landscape is
highly influenced by reactivation of older, subsurface structural features. Geophysical
methods, especially shallow lake seismic measurements were used along with lake
drilling to reveal the relationship between Early to Late Miocene geodynamics and
modern landscape. Existing industrial seismic data and information from deep, as well
as shallow exploration wells were utilized to complete the new measurements.
Luminescence dating and provenance analysis were included and as consequence a
model of the deposition sequence of Lower Miocene sediments and Quaternary
fluvial deposits in the study area was developed (Appendix C).

. Geomorphologic analysis

For the geomorphologic analysis of the low relief surface of the Little Hungarian Plain
an Airborne Laser Scanning derived digital terrain model (ALS DTM) was used
(Appendix A). Regarding geo- and environmental sciences, the ALS technique was
first widely used in forest management for determining forest canopy heights or the
estimation of biomass (e.g. Nelson, 1984). Flood management and topographic
applications followed later (e.g. Hill et al., 2000) and by 2003 geomorphologic studies
were conducted based on ALS data (e.g. Hooper et al., 2003). The ALS survey of the
Seewinkel Plain was carried out in 2004 with first processing results published in
2006 (Attwenger and Chlaupek, 2006), followed by hydrological analysis (Bitenc,
2007) and geomoarphological/structural geologic interpretation in 2008/2009
(Appendix A).

From the integrated analysis of the ALS DTM indications were derived for a
neotectonic origin of the mapped linear elevated ridges (Appendix A). Taking this into
consideration, a possible deep-seated influence of these linear features could not be
excluded in such a basin environment and thus this topic was chosen as next
investigation step. The specific geodynamic setting and depositional environment
leading to this way of thinking is elaborated in the next chapters 4 and 5.

Basin evolution

The Danube Basin is regarded as a back-arc basin that formed during the extensional
collapse of the overthickened Alpine nappe stack and coeval subduction roll-back
beneath the Carpathians (Horvath et al., 2006). The initiation of basin formation can
be defined by the first Ottnangian rhyolite tuff horizon that can be observed basin-
wide (Horvath, 1995). The Danube Basin displays a well-defined succession of pre-rift
basement, syn-rift (18-13 Ma), and post-rift (13-6 Ma) sequences (Tari, 1994; Horvath
and Cloetingh, 1996; Fodor, 2005).

The pre-rift basement consists of Mesozoic or Palaeozoic rocks that were deformed
during the Eoalpine orogenic phase in the Cretaceous (Tari, 1994; Horvath 1995).
The architecture of the pre-rift substrata is of special importance since it includes a
set of several major faults (Szafian et al., 1999 and citations therein) bounding the
basement highs. Reactivation of major faults of Miocene age highly influences
modern river dynamics (see also Appendix B).

6
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A characteristic of not only the Danube Basin but the entire Pannonian basin is the
fact that the syn-rift sedimentary sequence is relatively thin compared to the thick
post-rift succession (Tari, 1994). In the following, the post-rift geodynamic evolution is
of further interest: After a brief compressional phase at the end of the Middle Miocene
(12-9 Ma) filling up of the basin continued until the latest, neotectonic compressional
event (5.3 Ma to present) (Horvéath, 1995; Horvath and Cloetingh, 1996). Due to the
on-going subsidence in the Little Hungarian Plain (Jo6, 1992) Pannonian
(10.5to 7.8 Ma) sediments show a continuous thickening towards the center of the
basin (Tari, 1994; Appendix C).

As a consequence of large-scale deformation of the hot and rheologically weak
lithosphere during the neotectonic compressional phase (Horvath and Cloetingh,
1996), the center of the Little Hungarian Plain (located around the city of Gydr) is still
subsiding while at the same time the flanks of the basin are subject to uplift (Joo,
1992; Tari, 1994; Appendix C).

River dynamics

At the end of the Middle Miocene the Vienna Basin and the adjacent Pannonian
Basin both belonged to the Central Paratethys and were isolated from the Eastern
Paratethys at around 11.6 Ma (ter Borgh et al., 2013) which coincides with the
Sarmatian/Pannonian boundary. From approximately 10 Ma on sediment supply rates
gradually exceeded the subsidence rates and the paleo-Danube shelf progressed
continuously into the Lake Pannon, the brackish successor of the Central Paratethys
(Magyar et al., 2013). Due to this gradual regression of the Lake Pannon, fluvial
processes became more and more dominant in the Little Hungarian Plain. The
terrestrial/fluvial environment remained dominant in the area until present (e.g.
Harzhauser et al., 2007). In this row of events, regional uplift plays a major role: Ter
Borgh et al. (2013) suggest regional uplift of the Carpathians and adjacent areas to
cause the isolation of the Central Paratethys. Another uplift event affected the region
at ~4 Ma (Wagner et al., 2010). The causes triggering this event are not entirely clear.

In the Pleistocene the area was not directly affected by glaciation (e.g. van Husen,
2011; van Husen and Reitner, 2011) and was part of the European periglacial zone
during the Middle and Late Pleistocene (van Husen and Reitner, 2011; Homolova,
2012; Vanderberghe et al., 2014). The indications for periglacial conditions are
preserved in cryoturbated sediments (Fig. 3), as well as ventifacts (Sebe et al., in
press). In this epoch cool treeless-steppe periods alternated with a forest-steppe
environment (Katona et al., 2012 and citations therein). Although aeolian processes
are reported to play a major role in landscape formation during this time (Ruszkiczay-
Rudiger et al., 2011; Sebe et al., in press) in the eastern part of the Pannonian basin
the existence of a long-lasting, large meandering river could be verified during 47 to
24 ka (Cserkész-Nagy et al., 2012). Taking into consideration the work of Nador and
Sztané (2010) we can conclude that this is not an isolated observation and that rivers
in the Pannonian basin were probably significantly larger during the Pleistocene than
at present. From observations on fluvial deposits in the Netherlands, Germany and
Poland Mol et al. (2000) deduce main phases of development of meandering rivers in
the Early Glacial, Late Glacial and Holocene. Strong variations in discharges and thus
incision or rapid aggradation are linked to strong permafrost, absence of vegetation
(Mol et al., 2000) as well as to climatically unstable periods between glacials and
interglacials (Ruszkiczay-Rudiger et al., 2005). Aggradation and meandering occur in
stable climate periods during both glacials and interglacials (Gabris, 1997; Mol et al.,
2000; Vanderberghe, 2003). The major fluvial deposits on the Seewinkel Plain that

7
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could be dated to ~ 75 ka by Infrared Luminescence (Appendix C) indicate a stage of
major sediment supply at the end of MIS 5 corresponding to the transition from the
last interglacial to the last glacial (Helmens, 2014).

L % - PR ERAY ST a B Ragsiagee T T : ‘
Fig. 3: Cryoturbated quaternary sediments at Friedrichshof in the central part of the Parndorf Plateau.
The view is towards ESE, the folding rule of 1 m length serves as scale. View towards E.

Taking the above considerations into account, we can conclude that after ~75 ka the
drainage pattern in the Little Hungarian Plain was in a stable enough state to be able
to record tectonic influence. The assessment of river sinuosity was chosen as the
appropriate method to investigate this possible influence (Appendix B).

Historic maps and river sinuosity

Application of historic maps in geomorphology and environmental sciences is crucial
to gain the invaluable insight in spatiotemporal variations of the given study areas
(Raper, 2000). The feasibility of using historic maps depends on various factors: (i)
level of detail of the maps, (ii) precise drawing and interpretability of map elements,
and (iii) possibility of accurate georeferencing. All these factors have to satisfyingly
full-filled to be able to integrate historic maps. Due to these circumstances this
approach is still on the rise (e.g. Timar and Racz, 2002; Timar and Molnar, 2003;
Tschegg, 2012; James et al., 2012; Petrovszki et al., 2012). For the Little Hungarian
Plain this approach was first utilized during this thesis (Appendix B).

To be able to derive river sinuosity without the effects of the most recent
anthropogenic impact, exactly geo-referenced historic maps were used to reconstruct
the original channel geometries that in essence presumably prevailed since ~75 ka
(Appendix B). The Little Hungarian Plain was covered by two comprehensive
topographic mapping campaigns in historic times: The first military survey of the
Habsburg Empire (1782-1785) and the second military survey (1819-1869)
(Kretschmer et al., 2004). For digitization of the historic river courses and river
sinuosity calculations the second military survey was chosen considering the level of
detail of mapping and the accuracy of georeferencing (Appendix B).
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. Geophysics

A key part of the western margin of the Little Hungarian Plain is covered by the Lake
Neusiedl which renders geologic investigations and the digital geomorphologic
approach difficult. This area is important due to its transitional position between the
Leitha Mountains and the Little Hungarian Plain. Thus, shallow lake seismic
measurements were conducted to gain an insight into the subsurface geometry of the
sediments beneath the lake (Appendix C).

Lake seismic measurements were applied to study the sedimentation and faulting
processes by the 1980ies in the United States (e.g. Johnson, 1980). Van Rensbergen
et al. (1998) used high resolution seismic measurements to investigate the
Quaternary stratigraphy of Lake Annecy (France).

The Lake Balaton is the closest lake to the study area that was investigated between
1993 and 2007 using high resolution shallow lake seismic (Toth et al., 2010). Different
seismic facies, unconformities, tilted and deformed layers were clearly distinguishable
in the lake seismic sections and the data quality and quantity allowed for the
generation of comprehensive neotectonic maps (e.g. Bada et al., 2010). For most of
the campaign the IKB-Seistec™ device was used with a signal generation frequency
range of 1-10 kHz, a penetration of 20-40m and a resolution of 10-20cm (Téth et al.,
2010). Based on the good experiences at Lake Balaton and the vicinity the same
equipment was used to study the sediment geometry beneath Lake Neusied|
(Appendix C).

Luminescence dating

Sediments samples were taken for Luminescence dating to clarify the question on the
connection between the fluvial gravel deposits on top of the Parndorf Plateau and the
gravels in the Seewinkel Plain. Also, scientific literature on this region starting from
the first half of the 20" century (e.g. Szontagh, 1904; Szadeczky-Kardoss, 1938) up
to more recent (e.g. Tauber, 1959) is not clear on the topic of tectonic versus erosive
formation of the relatively steep dipping flanks of the Parndorf Plateau.

The samples derive from three locations: Nickelsdorf (Parndorf Plateau),
Frauenkirchen and Halbthurn (both from the Seewinkel Plain). They were taken from
sand lenses within fluvial gravels (Appendix C). The coarse grain feldspar fraction of
the samples was dated with the infrared stimulated luminescence (IRSL) method (e.g.
Preusser, 2003).

IRSL dating provides us with the date of last exposure to sunlight. If the signal is not
re-set we can exactly determine the date of last deposition and burial of the sediment
(e.g. Rittenour, 2008). Fluvial sediment can contain remnant signals of the previous
deposition cycle due to partial bleaching of the mineral grains and thus the age of
deposition can be over-estimated (e.g. Prescott and Robertson, 1997; Cunningham et
al., 2015). With the application of the single-aliquot regenerative-dose (SAR) protocol
(e.g. Wallinga et al., 2000; Wintle, 2008) sensitivity changes are monitored and
corrected. Thus, the possible influence of partial bleaching is reduced.



Zamolyi Andréas: “Quaternary landscape evolution of the Little Hungarian Plain”

Sedimentology

To complete the previously mentioned geophysical and geochronological methods,
sedimentological analysis was conducted on lake drilling cores and in outcrops at the

eastern shore of the Lake Neusiedl (Appendix C).

The lake drilling cores penetrated up to 3 m beneath the surface of the lake bottom.
The description of the lake drilling cores followed standard procedures (Appendix C).

Heavy mineral analysis was carried out on samples of the lake drilling cores and of

the IRSL samples (Appendix C).

In order to be able to support heavy mineral analysis key outcrops were sampled for
component analysis (Fig. 4). Material between 11 and 14 kg was gathered and the
fraction coarser than 5 mm was sorted according to lithology. Results are shown in

table 1 and figure 5.

Rock type QOutcrops [g] Outcrops [weight %]
Halbthurn (KIR1) Bezenye Nickelsdorf Halbthurn Bezenye  Nickelsdorf
Quartz 6430 4820 6030 45 41 51
polycrystalline Quartz 0 540 20 0 5 0
Quartzites 502 1010 960 4 9 8
Granite 40 320 140 o] 3 1
Sandstone 1345 970 700 9 8 6
Gneiss 710 60 150 5 1 1
limestone, dolomite 330 260 0 2 2 0
Breccia 0 140 50 o] 1 0
Basalt/Andesite 107 30 20 1 0 0
fraction <5mm 4740 3480 3800 33 30 32
14254 11630 11870 100 100 100

Tab. 1.: Results of the component analysis of samples from key outcrops in dry weight [g] and %.
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Fig. 4.: Results of the component analysis of samples from key outcrops in dry weight %.
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A significant difference in the distribution of the components can be observed
between the samples from Nickelsdorf on the Parndorf Plateau and the samples from
the Seewinkel Plain (Halbthurn, Bezenye). The sample from Nickesldorf contained no
carbonatic components. This lack of limestones and/or dolomites is either due to
weathering (deposition of gravels at Nickelsdorf prior to 300 ka according to Appendix
C) or because the gravels on the Parndorf Plateau derive from a different source
area. Figure 5 and 6 show selected examples of the components found in the
material from Nickelsdorf (Fig. 5) and Bezenye (Fig. 6).

Fig. 5.: Some selected components from the Parndorf Plateau (outcrop at Nickelsdorf). 5a.:Mylonitic
quartzite with well developed layering. 5b.: Granite. 5c.:Location map. 5d.: Breccia clast, possibly a
remnant of a pegmatite. 5e.: Sandstone. 5f.: Quartz pebble.

11
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Fig. 6.: Some selected components from the plain below the Parndorf Plateau (outcrop at Bezenye).
6a.:Quartzite with recognizable layering. 6b.: Sandstone. 6c.:Location map. 6d.: Micritic limestone (Folk,
1962). 6e.: Biomicritic limestone (Folk, 1962). 5f.: Oomicritic limestone (Folk, 1962).

12
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10.Summary

The western margin of the Little Hungarian Plain has been investigated by
multidisciplinary methods using the digital geomorphologic approach as a starting
point. The majority of the methods were not applied in the study area up to now and
helped to gain new insights into the Late Miocene to Quaternary evolution of the area.

The key questions raised at the beginning of the study (chapter 2) were addressed by
digital terrain analysis, river dynamic investigation, integration of historic maps,
geophysical measurements and sedimentologic analysis. The detailed description of
the methods and the results can be found in 3 published papers (Appendix A, B and
D) and one submitted manuscript (Appendix C).

In the paper Székely et al. (Appendix A) the Seewinkel Plain, a key lowland area of
the western margin of the Little Hungarian Plain, is investigated with the Airborne
Laser Scanning (ALS) technique. This method is an emerging technique for
geomorphologic and structural geologic analysis (see chapter 3) and has been
applied for the first time in the Little Hungarian Plain. The method provides the
necessary resolution and accuracy to distinguish features with a relief of up to only
2 m. Linear ridges arranged in an orthorhombic pattern were detected. These ridges
fit into the local fault pattern which — along with other phenomena — indicates a
probable neotectonic origin. The main axis of the orthorhombic pattern runs NE-SW
and thus sub-parallel with the so called Lake Neusiedl Fault, a fault that was inferred
by previous literature but is still debated. With the ALS method the micro-topographic
expression of strike-slip and normal faulting was assessed.

The neotectonic activity of the faults in the Little Hungarian Plain has been further
studied in the publication of Zamolyi et al. (Appendix B) by means of river dynamics.
River sinuosity is a highly indicative method when investigating the tectonic influence
on changes in channel geometries of alluvial rivers (e.g. Ouchi, 1985). The river
sinuosity index was calculated for five smaller rivers of the western margin of the Little
Hungarian Plain using different window sizes. This approach adheres to the scale-
sensitivity of the method. Historic maps (chapter 6) were utilized to reconstruct the
river courses least influenced by anthropogenic activity. Calculations with all window
sizes yielded the essentially same results showing the influence of faults with a major
normal movement component on the river courses. On-going channel pattern
adjustment in the Little Hungarian Plain was demonstrated. It is most probably linked
to the reactivation of major Miocene tectonic elements.

To place above mentioned findings into a basin-wide context, structural geologic
analysis of the eastern margin of the Little Hungarian Plain was carried out (Appendix
D). The study Zamolyi et al. focused on the orientation of geomorphologically
significant faults versus faults without geomorphologic expression. The results show a
slight but significant difference of 10-15° in fault pattern orientation between the
uplifting Hungarian Mountain Range (Bakony Mountains in particular) and the
surrounding areas. This can be interpreted as selective denudation of inherited fault
patterns. When comparing the recent elevation of fluvial sediments on both margins
of the Little Hungarian Plain we can observe that the rate of uplift at the eastern
margin was higher than at the western margin (Chapter 1, Appendix C).

In the submitted manuscript Zadmolyi et al. (Appendix C) key phases in the formation

of the landscape of the western margin of the Little Hungarian Plain are assessed.

Luminescence dating helps to pinpoint the time of deposition of the Quaternary

gravels on the Parndorf Plateau and the lowlands of the Seewinkel Plain. High-

resolution lake seismic measurements combined with lake drilling provide insight into

the important area beneath the Lake Neusiedl. No continuous layer of Quaternary
13
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gravels could be detected in the lake. Thus, the interpretation of the data reveals the
geometry of the underlying Upper Miocene (Upper Pannonian) strata: Constant
thickening of the Upper Pannonian sediments starts eastward of the central axis of
the lake. No thickening of sediments could be detected towards the NE, towards the
Parndorf Plateau indicating either no major tectonic movement or post-sedimentary
faulting. Accordingly and in line with results from provenance analysis, two geologic
models are presented. The first model favors the deposition of the Quaternary gravels
from local tributaries from the South and a Late Miocene subsidence of the Seewinkel
Plain. The second model includes the deposition of gravels by the Danube River from
the North and a Quaternary subsidence of the areas surrounding the Parndorf
Plateau. In both cases earlier basin evolution history and reactivation of older tectonic
features plays an important role in shaping the modern landscape of the western
margin of the Little Hungarian Plain.

Zusammenfassung

Der westliche Rand der kleinen ungarischen Tiefebene wurde mit multidisziplinaren
Methoden untersucht. Als Ausgangsbasis diente die Sichtweise der digitalen
Geomorphologie. Der Grol3teil der Methoden wurde bis jetzt in dem
Untersuchungsgebiet noch nicht angewandt und lieferte neue Erkenntnisse auf dem
Gebiet der spatmiozénen bis quartaren Beckenentwicklung der kleinen ungarischen
Tiefebene.

Die zentralen Fragen die zu Beginn der Untersuchungen aufgeworfen wurden (siehe
Kapitel 2), wurden mit Hilfe der Analyse von digitalen Geldndemodellen, der
Untersuchung der Dynamik von Flussldufen, Integration historischer Karten,
geophysikalischer Messungen und sedimentologischen Analysen behandelt. Eine
detaillierte Beschreibung der Methoden und einzelnen Ergebnisse sind in drei
publizierten Artikeln (Appendix A, B und D), sowie in einem eingereichten Manuskript
(Appenidx C) dokumentiert.

Im Artikel Székely et al. (Appendix A) wurde der Seewinkel, eine wichtiges
Flachlandgebiet am westlichen Rande der kleinen ungarischen Tiefebene mit
Airborne Laser Scanning (ALS) untersucht. Diese Methode findet immer mehr
Verbreitung in den Bereichen der Geomorphologie und Strukturgeologie (siehe
Kapitel 3) und wurde in der kleinen ungarischen Tiefebene zum ersten Mal
angewendet. Die Methode verfugt Uber die noétige Auflosung und Genauigkeit, um
geomorphologische Landschaftsformen mit einem Relief von 2 m darzustellen. Es
konnten gerade, in einem rhombischen Muster angeordnete Ricken identifiziert
werden. Diese Rucken fugen sich in das lokale Stérungsmuster ein, was — neben
anderen Phanomenen — auf einen neotektonischen Ursprung hinweist. Die
Hauptachse des rhombischen Musters verlauft NE-SW und subparallel zur
sogenannten Neusiedlersee-Storung, einer Storung die in der friheren Literatur
angenommen wird, dessen Existenz jedoch noch nicht eindeutig geklart wurde. Mit
der ALS-Methode konnte die mikro-topographische Spur von Seitenverschiebungen
und Abschiebungen analysiert werden.

Die neotektonische Aktivitat der Stérungen in der kleinen ungarischen Tiefebene
wurde weiterfihrend in der Publikation Zamolyi et al. (Appendix B) durch die Dynamik
des Gewaéssernetzes untersucht. Die Sinuositat alluvialer Flusslaufe spiegelt sehr
genau ihre Beeinflussung durch Tektonik wider (z.B.: Ouchi, 1985). Der
Sinuositatsindex von funf kleineren Flissen am westlichen Rand der kleinen
ungarischen Tiefebenewurde mit verschiedenen Basislangen berechnet. Diese
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Herangehensweise trug der Malistabsabhangigkeit der Methode Rechnung.
Historische Karten (siehe Kapitel 6) wurden fir die Rekonstruktion von anthropogen
maoglichst unbeeinflussten Flussldufen herangezogen. Berechnungen mit allen
Basislangen lieferten die im Wesentlichen gleichen Ergebnisse und zeigten den
Einfluss von Stérungen mit hauptsachlich abschiebender Komponente auf die
Flusslaufe und somit deren aktuell vor sich gehende Anpassung. Diese Anpassung
ist wahrscheinlich an die Reaktivierung miozéaner tektonischer Elemente gebunden.

Um die bereits erwdhnten Resultate in einen beckenweiten Zusammenhang bringen
zu koénnen, wurde auch der oOstliche Rand der kleinen ungarischen Tiefebene
strukturgeologisch untersucht (Appendix D). Das Kernthema der Studie Zamolyi et al.
galt der gegenuberstellung der Orientierung von geomorphologisch bedeutenden
Storungen versus Storungen ohne zuordenbare Oberflachenformen. Die Ergebnisse
zeigten einen kleinen jedoch bedeutenden Unterschied von 10-15° zwischen dem
von Uplift betroffenen ungarischen Mittelgebirge (insbesondere dem Bakonygebirge)
und den umgebenden Bereichen. Dies kann als selektive Denudation von friiheren,
vererbten Stérungsmustern interpretiert werden. Wenn man die heutige Hohe von
fluviatiien Sedimenten auf beiden Seiten der kleinen ungarischen Tiefebene
vergleicht, so kann man feststellen, dass die Uplift-Rate auf der dstlichen Seite hdher
war, als auf der westlichen (Kapitel 1, Appendix C).

Im eingereichten Manuskript Zamolyi at al. (Appendix C) wurden die wichtigsten
Phasen der Landschaftsentwicklung des westlichen Randes der kleinen ungarischen
Tiefebene untersucht. Datierung mit Hilfe der Lumineszenzmethode konnte das
Ablagerungsalter der quartaren Schotter auf der Parndorfer Platte und dem Flachland
des Seewinkels feststellen. Hochfrequente Seeseismik in Verbindung mit
Seebohrungen lieferten neue Einblicke in das wichtige Gebiet unter dem Neusiedler
See. Es konnte keine durchgehende Schicht von quartaren Schottern im See
entdeckt werden. So gibt die Interpretation der Daten Auskunft tber die Geometrie
der obermioz&nen (oberpannonen) Schichten: Die stetige Méachtigkeitszunahme der
oberpannonen Sedimente beginnt ostlich der Hauptachse des Sees. Es konnte kein
Machtigerwerden der Schichten Richtung Nordosten, Richtung der Parndorfer Platte
festgestellt werden. Dies weist entweder auf keine grol3ere tektonische Aktivitat oder
eine postsedimentare Bewegung entlang einer Storung hin. Dementsprechend und
auch den Ergebnissen der Provenanzanalyse gemafld wurden zwei geologische
Modelle prasentiert. Das erste Modell folgt der Annahme, dass die quartaren Schotter
durch locale Gerinne von Siuiden aus abgelagert wurden und dass sich der Seewinkel
im spaten Miozén abgesenkt hat. Im zweiten Modell werden die Schotter aus dem
Norden von der Donau aus geschuttet und das Gebiet rund um die PArndorfer Platte
snkt sich erst im Quartdar ab. In beiden Fallen spielt die frihere
Entwicklungsgeschichte des Beckens und die Reaktivierung alterer tektonischer
Strukturen eine wichtige Rolle in der heutigen Landschaftsentwicklung des westlichen
Randes der kleinen ungarischen Tiefebene.
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The NW corner of the Little Hungarian Plain, which lies at the junction of the Eastern Alps, the Pannonian
Basin and the Western Carpathians, is a neolectonically active region linking the extrusional tectonics of the
Eastern Alps with the partly subsiding Little Hungarian Plain, The on-going deformation is verified by the
earthquake activity in the region. An extremely flat part of the area, east of Neusiedlersee, the so-called
Seewinkel, has been investigated with Airborne Laser Scanning (ALS, alse known as airborne LiDAR)
techniques, resulting in a digital terrain model (DTM) with a 1 m grid resolution and vertical precision of
better than 10 cm. The DTM has been compared with known and inferred neotectonic features.
Potential neotectonic structures of the DTM have been evaluated, together with geological maps, regional
Airborne Laser Scanning tectono-geomorphic studies, geophysical data, earthquake foci, as well as geomorphological features and the
Neotectonic activity Quaternary sediment thickness values of the Seewinkel and the adjacent Parndorfer plateau. A combined
DT™M evaluation of these data allows several tectonic features with a relief of <2 m to be recognized in the DTM.
Pannor_nan Basin The length of these linear geomorphological structures ranges from several hundred meters up to several
Tectnnic geamorphoalogy kilometers, The most prominent feature forms a 15 km long, linear, 2 m high NE-SW trending ridge with
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gravel occurrences having an average grain size of ca. 5 cm on its top. We conclude this feature to represent
the surface expression of the previously recognized Ménchhof Fault. In general, this multi-disciplinary case
study shows that ALS DTMs are extremely important for tectono-geomorphic investigations, as they can
detect and accurately locate neotectonic structures, especially in low-relief areas.

© 2008 Elsevier B.V. All rights reserved.
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Mur—Miirz-Leitha-Zilina fault system
Neusiedlersee Fault

1. Introduction Pfiffner, 2004), although normally it is difficult to observe this in the
field, especially in densely populated alluvial plains with strong
anthropogenic surface modifications. On topographic maps, these
features are sometimes present, but the interval between the contour
lines is typically spaced too far, making it hard to identify them. Digital
terrain models (DTMs) may help, but their resolution is often not
enough to allow satisfactory results.

Airborne Laser Scanning (ALS, also known as airborne LiDAR) is a
relatively new and promising technology that is capable of providing
very high quality DTMs with a vertical precision of better than 10 cm,
at which scale active faulting can be detected, even in low relief areas

Neotectonic evaluation of low relief areas, such as alluvial plains,
are typically based on seismic profiles, because of the lack of outcrops.
The active status of detected faults characterized by low, but present
seismicity is an important issue for the safety of vulnerable industrial
facilities, including hydroelectric and nuclear power plants.

The determination of the fault pattern helps to recognize
principally uplifting and subsiding structural units, which is extremely
important for long-term prognosis of sites of denudation in low-relief
areas. The activity of the majority of the faults in alluvial regions

cannot be proven by seismic studies, because the topmost part of
seismic sections is typically muted. However, it is known that almost
all active faults have a topographic expression (e.g., Persaud and

* Corresponding author. Vienna University of Technology, Christian Doppler
Laboratory for Spatial Data from Laser Scanning and Remote Sensing, Institute of
Photogrammetry and Remote Sensing, Gusshausstr. 27-29, A-1040 Vienna, Austria. Fax:
+43 158801 12299.

E-mail address: balazs.szekely@ipf.tuwien.ac.at (B. Székely).

0040-1951/% - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.tecto.2008.11.024

(Cunningham et al., 2006). A further advantage of ALS technology is
that DTMs can also be determined in vegetated areas if the leaves do
not cover the ground fully, allowing some laser beams to reach the
ground surface. Consequently, tectonic faults can be detected in these
regions as well (Prentice et al., 2003).

To locate possible faults in the Seewinkel, a meadow and vineyard
area east of Neusiedlersee (Lake Neusied| or, in Hungarian, Fertd-to),
we analyzed an ALS DTM (Attwenger and Chlaupek, 2006; Attwenger
et al., 2006) with a grid resolution of 1 m and vertical precision of
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better than 10 cm. The data were integrated with existing earthquake
foci, geological maps, geomorphological investigations and geophysi-
cal data.

2. Geodynamic and geomorphic setting
2.1. Geodynamic environment

Due to its special geodynamic situation, the Pannonian Basin has
been studied intensively in recent years (Gerner et al., 1999; Szafidan
et al., 1999; Kovac et al., 2002; Sperner et al., 2002; Fodor et al., 2005;
Fodor, 2006; Bada et al., 2007; Lenhardt et al., 2007). Most studies
mainly focussed on two aspects: large-scale consequences of the
Alpine-Carpathian orogeny on the basin evolution and, at smaller
scales, the effects of post-Miocene basin inversion. The post-Miocene
and neotectonic deformation pattern was very inhomogeneous in
both space and time, with some areas subsiding while others, despite
their relatively low relief, seem to have been uplifted at unexpectedly
high rates (Bada et al., 2007).

These very localized differential vertical crustal movements and
the complex tectonic relationship between two extremely low relief
areas, the Great Hungarian Plain (GHP) and the Little Hungarian Plain
(LHP), separated by the rapidly uplifting (ca. 1 mm/year; Jo6, 1992)
hilly Transdanubian Range (TR), recommend the area for the
application of ALS data for recognising tectonic structures and their
interpretation (Fig. 1). Although the geomorphologies of the GHP and
LHP seem to be similar, their post-Miocene evolution clearly indicate
that the surface processes forming their landscapes were different;
the tectonic regimes and the sedimentary environments of the two
areas differed considerably during most of the last few million years.

The study area lies in the Neusiedlersee region, situated exactly at
the boundary of three important European geodynamic domains; the
Eastern Alps, the Western Carpathians and the Pannonian Basin
(Fig. 1). This location, lying in the center of the ALCAPA region
(Neubauer et al., 1997; Fodor, 2006), makes it an important site for
investigating the interaction of Alpine (Tollmann, 1976; Peresson and
Decker, 1997; Linzer et al., 2002) and Carpathian (Csontos et al., 1992;
Sperner et al., 2002; Plasienka, 2003; Fodor et al., 2005) collisional
tectonics, lateral extrusion (Ratschbacher et al., 1991), which
essentially ended in the late Pannonian, the related pull-apart
formation of the Vienna Basin (Decker, 1996; Decker et al., 2005) as
well as the evolution of the Pannonian Basin (Royden, 1988; Fodor et
al., 2005; Horvath et al., 2006), including the subsidence of the LHP
(Hoggerl, 1980; Job, 1992).

The LHP, a sub-basin of the Pannonian Basin (Horvath, 1995;
Lankreijer et al., 1995) has had a complex geological history since the
early Paleogene. After the onset of the second major continental
collision phase of the Eastern Alps, during Eocene-Oligocene times,
the area east of the convergence zone was dominated by extension.
Roll-back of the subducted oceanic slab beneath the European
foreland provided a weak boundary, allowing the eastward lateral
extrusion of the Eastern Alps in the Early Miocene (Ratschbacher et al.,
1991; Linzer et al., 1997), enhanced by the gravitational collapse of the
overthickened orogenic crust (Horvath, 1995). The evolution of the
extensional sub-basins (e.g. LHP) started in the early Miocene along
fault systems with a mainly normal component (Szafian et al., 1999).
The northeastward movement of lithosphere in the Pannonian Basin
and the linked Carpathian mountain belt stopped at the Tornquist-
Teisseyre zone, triggering a new, compressive deformation phase
which is also referred to as the inversion of the Pannonian Basin
(Fodor, 2006). In contrast to adjacent areas, the LHP preserved its
basin characteristics after this convergent deformation phase (Hor-
vath and Cloetingh, 1996; Fodor et al., 2005). However, the major fault

systems partly underwent a left-lateral strike-slip dominated reacti-
vation. Recent measurements through the Central European GPS
Geodynamic Reference Network indicate a movement of the Alpine
and North Pannonian units towards the east (Grenerczy et al., 2005).

The study area lies between two major structural features that
have been traced in seismic sections and earthquake activity: the
Raba-Mojmirovice-Certovica fault system and the Vienna Basin
transform faults (Lenhardt et al, 2007; Figs. 1 and 2). The latter
includes the Mur-Miirz-Leitha-Zilina fault system (MMLZ, also
known as Mur-Miirz-Zilina, Mur-Miirz-Leitha [-Little Carpathian
or -Malé Karpaty] fault; Reinecker and Lenhardt, 1999; Székely et al.,
2002; Bada et al, 2007). At the westernmost margin of the LHP,
predominantly left-lateral deformation has occurred from post-
Miocene times up to the recent (e.g, Reinecker and Lenhardt, 1999;
Bada et al, 2007). Whereas the MMLZ in the Alpine region was
confined to a rather narrow zone, displacement in the foreland of the
Leithagebirge has been accommodated by faults distributed in a 15—
20 km wide zone. However, the exact position of these faults is poorly
known because of the low relief (typically below 20 m over some
10 km radius). Fault activity since at least Miocene times is clearly
indicated by structural geological field observations and earthquake
focal mechanisms (Decker, 1996; Reinecker and Lenhardt, 1999, Téth
et al,, 2002, Lenhardt et al., 2007). The Eastern Alps (an area of strike-
slip displacement) are separated by MMLZ from the LHP; the latter has
a tendency for reverse faulting since the Pliocene (Bada et al., 2007).
However, the detailed neotectonic behavior and location of the faults
within the LHP is difficult to decipher. Previous workers have faced
considerable problems because of the scarcity and poor quality of the
data and the lack of outcrop (e.g. Strausz, 1942). As a result, the
evolving concepts of tectonic geomorphology and the development of
high-resolution DTMs derived from ALS represent an important
advance in the study of neotectonic structures in low relief areas.

Due to the complex fault pattern and their poor exposure, the
nomenclature is often inconsistent and sometimes confusing. This is also
partly due to Neusiedlersee, which has made seismic surveying difficult
until recently (Hodits, 2006). Furthermore, the cold war made compre-
hensive, across-border surveys impossible. In this paper, where appro-
priate, we have followed the established nomenclature, but we have
added clarifying names where necessary, to avoid confusion (Fig. 2).

Although some small faults, such as the Fert, Ikva and Répce faults
have been identified from subsurface data (Szafian et al., 1999), there
are hardly any comprehensive tectonic studies from the Neusiedlersee
area. This is in marked contrast to the much better investigated Vienna
Basin to the west (Decker et al., 2005 and references cited therein) and
the Pannonian Basin to the east (Horvath et al., 2006).

2.2. A review of the previous tectonic studies in the Neusiedlersee area

Early structural observations in the wider Neusiedlersee area
originated from the strongly faulted Brennberg coal mines, in the
western part of the Sopron Hills. There, NW-SE, as well as broadly E-W
striking normal faults were documented (Wolf, 1870). Vendl (1933)
applied tectonic observations from the Brennberg area to the Ruster
Hiigelland and described N-S trending faults. Szadeczky-Kardoss
(1938) investigated the tectonics of the Neusiedlersee area and
recognized their importance in lake formation. He described a fault
along the southwestern boundary of the Parndorfer Platte, a NE-SW
striking fault east of the Hackelsberg and a N-S trending fault at Rust.
Kiipper (1955) mapped NE-SW striking normal faults at the eastern
boundaries of the Leithagebirge and Hackelsberg, and later those of the
Ruster Hiigelland (Kiipper, 1957). Tollmann (1955), working in the
southeastern part of the Leithagebirge, defined NE-SW trending faults
and smaller WNW-ESE trending faults. Tauber (1959c¢) presented

Fig. 1. Location and overview map (a) of the study area with localities mentioned in the text (c). Red lines (a and b) indicate selected faults of the area according to Lenhardt et al.
(2007). LHP: Little Hungarian Plain; VB: Vienna Basin. Background in (a): SRTM DTM (Farr et al., 2007). Coordinates: Austrian Bundesmeldenetz, M34.
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Fig. 2. A summary of lineaments and fauits described by previous authors (Buchroitner 1984; Schnabel, 2002; Horvith et al,, 2006) together with the earthquake pattern (Lenhardt,

2000; Téth et al,, 2007) and the linear features evaluated in this study. VB: Vienna Basin.

seven sections of the Seewinkel that were interpreted from well data
and proposed offsets of 200 m and 100 m for the Neusiedl and
Monchhof faults, respectively. The active phase of the faults was
presumed to have been between middle Pannonian and late- to post-
glacial times.

The first tectonic overview of the central part of the Alpine-
Carpathian-Pannonian region was presented by Kiipper ( 1960), Schmid
(1968) found several NE-SW trending faults at the eastern side of the
Leithagebirge. Apart from NE-SW trending faults, Herrmann (1973) also
proposed NW-SE trending faults. Decker and Peresson ( 1996) describe a
roll-over structure that was interpreted as evidence of Sarmatian/
Pannonian synsedimentary extension from a sand pit west of the Ruster
Hiigelland, although this has recently been questioned by Spahic et al.
(2008).

The regional tectonic context and timing of Miocene to present-day
deformation phases was summarized by Decker (1996). The main
subsidence of the Vienna Basin was related to movements along sinistral
strike-slip faults between the Karpatian (17 Ma) and late Pannonian
(8 Ma). The main phase of the lateral extrusion ended in the late
Pannonian (Decker, 1996).

Tari {1996) used seismic and well data to investigate the tectonic
evolution of the NW part of the Pannonian Basin and observed a
pattern of broadly NE-SW as well as NW-SE trending faults. In a NW-
SE trending section, south of the Neusiedlersee, Tari (1996) and
Szafian er al. (1999) both reported three normal faults, the Ferto,
Répce and Ikva faults. Due to this normal faulting, the pre-Cenozoic
sediments lie more than 3600 m below the surface in the SE part of the
investigated area (Kréll et al, 1993). These 2D seismic studies,
oriented at high angles to the strike of the faults cannot detect any
strike-slip faulting component.

Although the main movement along faults is thought to have
occurred during the late Miocene (Tari, 1996), the surface expression in
late Pleistocene sediments (e.g. Fodor et al, 2005) as well as seismic
activity (Toth et al., 2002; Lenhardt et al., 2007) implies a late Quaternary
reactivation. Similar observations have been described from the Vienna
Basin, where moderate seismic activity, subcrop data and geomorpholo-
gical features indicate that virtually all active structures in the Vienna
Basin are reactivated Miocene structures (Decker et al,, 2005). GPS data
indicate slip rates around 1 mm/year along the strike-slip faults
(Grenerczy et al.,, 2005; Caporali et al., 2008). The dominance of strike-

25



Zamolyi Andréas: “Quaternary landscape evolution of the Little Hungarian Plain”

B. Székely et al. / Tectonophysics 474 (2009) 353-366 357

slip movements is supported by the very small thickness (4-7 m) of
Quaternary sediments in the Neusiedlersee area (Szontagh, 1904; Tauber,
1959¢). In contrast, eastwards from the Seewinkel, in the Gyor area, more
than 250 m of Quaternary sediments have accumulated (Jod, 1992; Timar
and Récz, 2002).

2.3. Overview of the geomorphological units of the Neusiedlersee area

The present regional topography in the wider Neusiedlersee area is
the result of five major processes, partly discussed above: (i) crustal
thickening during the Alpine orogeny (Tollmann, 1976; Peresson and
Decker, 1997; Linzer et al., 2002), (ii) lateral extrusion of crustal
fragments towards the east (Ratschbacher et al., 1991), (iii) formation
of the Vienna pull-apart basin by left-lateral strike-slip faults related to
lateral extrusion (Decker, 1996; Decker et al., 2005), (iv) normal
faulting connected to the formation of the Pannonian Basin (Horvath
et al., 2006) and (v) terraces and other relict landforms formed by
erosion and sedimentation of the Danube and its tributaries (Sza-
deczky-Kardoss, 1938; Kiipper, 1955; Grill et al., 1968; Hausler et al.,
2007). A combination of these geological processes has formed several
distinct geomorphological units with characteristic elevation ranges
(with reference to level zero at Trieste, Italy), representing important
geomorphological features in the low-relief Neusiedlersee area.

a) Leithagebirge (Leitha Mountains) The Leithagebirge is a NE-SW
trending, 33 km long, <10 km wide, hilly landscape, separating the
Vienna Basin from the Neusiedlersee area. Its elevation ranges
between 118 m and 484 m a.s.l. (Sonnenberg), rising abruptly from
the surrounding, extremely low-relief areas. The Leithagebirge,
which is a NE-SW striking horst (Schnabel, 2002), comprises
Lower Austroalpine schists, gneisses and amphibolites, covered by
early Mesozoic quartzites and dolomites. The metamorphic rocks
are covered at the rim by Langhian to Tortonian clastic sediments
and limestones (Pistotnik et al., 1993). The Leithagebirge shows
some relict planation surfaces (e.g. Schmid 1968) which are
dissected by intermittent and perennial rivulets at high angles to
its longitudinal orientation.

Ruster Hiigelland (Rust Hills) The Ruster Hiigelland represents a
N-S trending, narrow (22 km long, <3.5 km wide) hilly area (118-
283 m as.l.) at the western boundary of the Neusiedlersee. It
comprises schists, gneisses and amphibolites of the Lower
Austroalpine tectonic unit that are almost completely covered by
Burdigalian to Tortonian clastic sediments and limestones (Fuchs,
1965; Pistotnik et al., 1993). Analogous to the Leithagebirge, the
Ruster Hiigelland is also a tectonic horst; probable normal faults at
the eastern side, towards Neusiedlersee, have been covered by
young sediments (Fuchs, 1965; Kiipper, 1957).
Neusiedlersee/Ferto-t6 (Lake Neusiedl) Neusiedlersee, which lies
across the Austro-Hungarian border, is the largest lake in Austria
and the second largest steppe lake in Central Europe (285 km?,
including the adjacent reed areas), although the maximum depth
is only about 1.8 m (Bdcsatyai et al., 1997). Continuous measure-
ments of the lake level have been made since 1932, during which
the minimum lake level was 114.50 m a.s.l. (July 1949) and the
maximum value reached 116.08 m (May 1941) with a mean
elevation of 115.30 m (BYC, 2007). Due to its shallowness and the
flat surrounding area, even small variations of the lake level have
an impact on large areas. Artificial regulation of the lake level
started in the 16th century and has continued with an ever rising
intensity into recent time. Water-level variations before the 20th
century range between 113.6 m (dried out between 1865 and 1870)
to a maximum above ca. 117.7 m, indicated by lake sediments and
geomorphologic features (Draganits et al., 2007). The lake basin
comprises tectonically slightly tilted and faulted Pannonian clastic
sediments (Fuchs and Schreiber, 1985; Hodits, 2006) that are only
locally covered by lake sediments (Szontagh, 1904; Tauber, 1959a;
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Bacsatyai et al,, 1997). It is important to note that the lake area lacks

the thin cover of Quaternary fluvial gravel above the Pannonian

sediments that is characteristic of the Parndorfer Platte, Seewinkel
and Hanség (Tauber, 1959a).

Parndorfer Platte (Parndorf Plateau) The Parndorfer Platte (130-

184 m as.l) represents a fairly even relict surface that rises

relatively steeply above the surrounding landscape by about 10-

45 m, with the highest relief values between Neusiedl am See and

Weiden (Fig. 1). The surface dips gently towards the SE (from

184 m in the NW to 144 m in the SE) corroborating sedimento-

logical observations of imbricated gravel deposits (Szadeczky-

Kardoss, 1938). In particular, the SW margin (towards the lake),

and also the SE and NE boundaries, are steep and relatively

straight, suggesting a tectonic origin (Schnabel, 2002). Noticeable
features are systems of strikingly straight, NW-SE trending dry

valleys in the southeastern part of the paleosurface (Fig. 3).

Generally, the plateau consists of Pannonian freshwater sands and

minor gravels, overlain by a thin layer of younger Danube gravel that

only locally may reach up to 20 m thickness {Tauber, 1959¢; Lipiarski
etal, 2001). Due to the high infiltration capacity of the gravel cover,
the plateau hardly shows any surface runoff. The geological map
associates these gravels with the Giinz, Mindel and Riss glaciations

(Fuchs et al., 1985); however, this correlation lacks unequivocal

geochronological data and should be treated cautiously.

Seewinkel The Seewinkel is bounded by Neusiedlersee to the west,

by the Parndorfer Platte to the northeast and by the Hansag to the

south. The Seewinkel is a very flat area, with elevations ranging
between 118 and 130 m a.s.l. Similar to the Parndorfer Platte, the

Seewinkel consists of slightly tilted and faulted relatively fine-

grained, clastic, Pannonian sediments (Tauber, 1959¢; Fuchs and

Schreiber, 1985), covered by a thin layer of Quaternary fluvial

gravel from the Danube (Szadeczky-Kardoss, 1938). The gravels

thin out towards the northwest, almost completely disappearing
below Neusiedlersee, but increase towards the southeast, reaching

a thickness of about 20 m at the Austro-Hungarian border (Tauber,

1959a). Additionally to the fluvial gravel and sand, this area

comprises loess, as well as mud from episodic shallow lakes

(Tauber, 1959b; Husz, 1965). Relatively low precipitation

(<600 mm/a) in combination with high evaporation rates during

hot, continental summers result in locally high concentrations of

salt in the episodic shallow lakes and surroundings.

f) Hansag/Waasen The Hansag is a low-lying, extremely flat area
bounded by the Seewinkel to the north, by Neusiedlersee to the
west and by the Ikva and Répce rivers to the south. In the
investigated area, the altitude lies below 118 m a.s.l. Before it was
drained by channels and dams, it was part of Neusiedlersee,
forming an extensive swamp (Draganits et al., 2007). Today, the
area is mainly dry. The peat on top of fluvial gravels reaches
thicknesses of up to 2 m.
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3. Data and methods
3.1. ALS: data acquisition and processing

The increasing availability of Airborne Laser Scanning (ALS), an
active remote sensing technique, has revolutionized the field of
topographic surveying because it allows a very dense and accurate
sampling of the landscape (Kraus, 2007). ALS utilizes a narrow laser
beam for a high frequency range determination to illuminate the
surface of the objects, and the back-scattered signal is measured in
various ways (cf. Wehr and Lohr, 1999; Wagner et al., 2004, 2006;
Doneus and Briese, 2006; Pfeifer and Briese, 2007). In order to allow
an extensive acquisition of the topography, the laser beam is
continuously deflected across the flight path such that the landscape
is acquired in strips. ALS strips are typically flown with an overlap, to
guarantee complete coverage of the area.
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Fig. 3. A combination of SRTM DTM (Farr et al,, 2007} and ALS DTM (Attwenger and Chlaupek 2006; Attwenger et al, 2006) colour coded between 0 and 255 m asl. including
shading. Note the parallel dry valleys in the Parndorfer Platte and the elongated features in Seewinkel. See further discussion in the text.

Based on the range measurement, the angle of deflection and the
observation of the position and orientation of the aircraft, ALS allows a
direct 3D determination of points on the object surface within one
coordinate frame. The position and orientation of the aircraft is
measured by a Position and Orientation System (POS) that allows the
direct georeferencing of the dynamically moving sensor platform. The
POS typically consists of a Global Navigation Satellite System {(GNSS)
receiver and an Inertial Measurement Unit (IMU). An improvement of
the georeferencing of the data can be made using strip adjustment
techniques (cf. Burman, 2000; Filin, 2002; Kager, 2004). These use the
redundant observations present within the overlapping regions of the
ALS strips and external pass information in order to improve the
georeferencing (relative and absolute) of the ALS data.

The typical point density of current ALS systems operating at a flying
height of 500 m to 1500 m is 1 point/ m? or denser. In our survey, carried
out in November 2004, the average pointdensity lies well above 1 point/
m?, although in a few places the actual density fell to 0.9 point/m?
{Attwenger and Chlaupek, 2006; Attwenger et al., 2006). The applied
ALS sensor utilized a pulsed laser for the range determination and the
first and last echo per emitted laser pulse has been determined.

3.2, Data accuracy

During ALS data acquisition, neither interpretation nor classifica-
tion of the recorded echoes is performed. Consequently, the resulting
point cloud represents reflections from different object surfaces, such
as the terrain, building roofs and the vegetation. Based on the first
reflections per emitted laser beam (first echo points) a digital surface

model (DSM) can be determined representing the top level surface of
all the objects present during data acquisition. However, for a detailed
analysis of the terrain surface a DTM, describing the bare earth surface,
is required. Even though ALS systems can distinguish between
different echoes at different ranges, the resulting last echo point
cloud still includes echoes from off-terrain objects. Thus the last echo
points have to be classified into terrain and off-terrain points by
“filtering” the data, for which several methods have been developed
(cf. Sithole and Vosselman, 2004).

For high-accuracy DTM generation it is also essential that the
georeferencing accuracy of the range measurements is maximised,
prior to the determination of the surface models. Consequently, the
direct georeferencing using the observations from the POS is followed
by strip adjustment (cf. Burman, 2000; Filin, 2002; Kager, 2004). This
process allows to check and improve the precision (relative accuracy)
as well as the accuracy of the data. Subsequently, with the refined ALS
data, the surface model generation can be performed. The typical
resulting horizontal and vertical precision of the resulting surface
models is 0.3 and 0.1 m, respectively.

In our study, these processing steps were all performed and a DSM
was derived from the first echo dataset. For the generation of the DTM,
the software package SCOP++ (SCOP+ -+, 2007) was used to filter the
data (i.e. the classification of the last echo data into terrain and off-
terrain points) and to interpolate a DTM. Furthermore, an older ALS
DTM, from 1999, was merged with the 2004 ALS DTM. The final DTM
was derived with a horizontal resolution of 1 m. The absolute height
accuracy is ca. 0.1 to 0.2 m, while the relative height accuracy (vertical
positions relative to other points in the vicinity) is better than 0.1 m.
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Fig. 4. 3D visualization of first echo point cloud of a small E-W strip north of lllmitz. The
vertical exaggeration (V.E.) is ca. 50. The vegetation (here: grapevine) can be separated
from the points of the ground. The positive topographic form is the Gols-Illmitz feature.
Compare the relief of the ground to the height of the trees. The “narrow” positive ridges
are paved roads. The profile is taken near to the standing point of Fig. 7a. The view
direction is subparallel to the axis of the profile.

From a geomorphological viewpoint, the natural surface has been
reconstructed and represented quite well by the DTM, although only
data from a discrete echo ALS sensor system with limited first and last
echo recording capability was available. As Fig. 4 demonstrates,
reflections from the bare earth can be clearly distinguished from
signals from the vegetation.

3.3. DTM data integration

To make the detected features comparable with other geomor-
phological characteristics of the area around Seewinkel, we integrated
several other digital elevation data sets with our ALS-derived DTM.
Three different data sets were used: (1) the 10 m resolution DTM of
the Austrian National Mapping Authority (Bundesamt fiir Eich- und
Vermessungswesen; BEV) created from stereo aerial photographs, (2)
a small part of the DDM10, a 10 m resolution DTM of Honvéd
Térképészeti KHT, Hungary, derived from contour lines of 1:25,000
topographic maps, and (3) SRTM (Farr et al., 2007) as an overview.
These have been integrated into GIS for visualization and map
generation purposes. Generation of the profiles used was based
exclusively on the ALS DTM, because of its far higher accuracy.

4. Evaluation of ALS data and synthesis
4.1. Observed geomorphological features in the ALS DTM

The very low relief topography of the Seewinkel area is characterized
by two types of features: (1) shallow depressions and (2) elongated
ridges a few meters high (Fig. 5). Some of the depressions host very
shallow, partly perennial and partly ephemeral playa lakes (Fig.1). Inthe
south, the depressions are considerably shallower than their north-
eastern counterparts. The depressions, which vary from tens of meters
to several hundred meters in length, typically have rounded or oval
forms, although elongate depressions also occur. Some depressions are
connected by reaches or artificial channels, although watercourses are
very rare over the whole area.

The depressions are spatially rather scattered, without any obvious
pattern. Riedl (1965) suggested that the shallow lakes formed as relict
pingos, a common periglacial landform (French, 2007). A periglacial
interpretation is supported by ice-wedge casts and other soft-
sediment deformation structures in gravel pits in the Seewinkel
(Riedl, 1965). Additionally, the artesian ground water conditions, their
elevated salt contents and the existence of faults in the Seewinkel area
{Tauber et al., 1958; Tauber, 1959c; Husz, 1965) are thought to support
the formation of hydrologically open pingos (Weise, 1983). Alterna-
tively, the depressions may be former thaw lakes that formed by
thermokarst processes in a periglacial environment (French, 2007).

The other features of this area are elongate ridges a few meters
high (Figs. 5 and 6) in two main orientations, hereafter descriptively
referred to as ‘long ridges’ and ‘short ridges’ to avoid yet any
implications on their formation or composition. Long ridges (from 1
to 15 km in length) are NE-SW or NNE-SSW oriented, whilst short
ones are typically NW-SE directed. The latter, though often shorter
than 1 km, sometimes seem to be spatially associated as if they are
dissected parts of previously continuous, longer ridges. The long
ridges are almost never cut by playa lakes or other depressions, while
the shorter ones are broken up by closed, often dry depressions. In the
area where the playa lakes are abundant, the ridges are rare; but if
present, the short type occurs (Figs. 5 and 6).

One of the longest ridges is a Y-shaped, bifurcating positive form
consisting of several branches of ridges splitting towards the north
(Fig. 6). This feature extends from north of lllmitz to Gols and to
Maonchhof, separating the area of playa lakes into eastern and western
parts. This ridge is here called the Gols-Illmitz feature.

Both ridges types have widths of 300-500 m. Long ridges are
relatively widely spaced, sometimes forming an undulating surface,
while short ridges may be closely spaced and hence sometimes form
small elevated areas (Figs. 5 and 6). The village of Podersdorf is
situated on such an elevated small plateau.

In the field, it is difficult to document their actual extent and they
are scarcely recognizable on topographic maps. However, long straight
linear features, such as roads and vineyard rows enhances their optical
appearance (Figs. 7 and 8). Their smooth surface is partly due to
modern agriculture, although historical reports and maps, from when
the area was used as pasture, indicate that the geomorphology was
very similar then {see historical maps in Timar et al., 2006).

4.2, Field observations

Field work was carried out to characterize the ridge structure and
composition. Attention was paid to the geomorphological appearance
of the lineaments mapped in the ALS DTM, as well as noting the
distribution of surface clastic material. As the area is very poorly
exposed, house construction pits and animal holes provided the best
opportunities to study the ridge material. No real outcrops, from
which structural observations could be made, occur near the ridges.
However, ploughing to depths of up to 50 cm allowed the observation
of changes in the grain size of the topmost layer. At places, abundant
gravelly material covers the vineyards while fine-grained material was
excavated from animal holes a few hundred meters away.

Macroscopic observations indicate that gravels are abundant along
the ridge crests and occur less frequently in lower level areas (Fig. 9).
Generally, the gravels are polymict, with both siliciclastic and
carbonate clasts.

4.3, Auxiliary data

Although extensive geophysical measurements have been made in
the area during the last decade, most of the data are not publicly
available. The gravity field shows a distinct NE-SW trending positive
Bouguer anomaly of 4-6 mgal at the eastern margin of the
Neusiedlersee, NE of Podersdorf (Zych et al., 1993). Figdor and Roch
(1984) measured a 1 km long, NW-SE trending gravimetric profile SW
of Frauenkirchen (approximately 16°52'09.49", 47°49'36.75", 118 m).
Kohlbeck et al. (1993, 1994, 2000) and Szarka et al. (2003) provided
maps and profiles of several geoelectric and VLF measurement
campaigns. More recently, a high-frequency lake seismic survey,
conducted in cooperation between the University of Vienna (H.
Hausler) and the Edtvos University, Budapest (1. Tach), provided
important new insights on the continuation of the Neusiedlersee Fault
within the lake (Hodits, 2006). The thickness of Quaternary sediments
on the Parndorfer Platte was derived from aerial geophysical
measurements (Lipiarski et al., 2001).
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Fig. 6. Digitally enhanced image of the ALS DTM of Seewinkel with the identified linear features. Numbered features: 1: Geoelectric anomaly found by Szarlea et al. (2003) in the lake;
2: Schotterinsel; 3: Fiinfschoppen; 4: Gols-[llmitz feature. See discussion in the text (localities Gols, Illmitz and Podersdorf are also indicated for better orientation).

Bacsatyai et al. (1997) conducted a detailed geodetic survey and
constructed a digital bathymetric surface of the lake bottom.
Reinecker & Lenhardt (1999) and Lenhardt et al. (2007) provided a
catalog of earthquake data in the Eastern Alps-Pannonian-Carpathian
region from 1267 to 2004; Lenhardt (2000) gave a description of the
relevant earthquakes in the Seewinkel region.

5. Discussion

Although an anthropogenic origin could be considered for the
elongated topographic features visible in the ALS DTM, it is clear that
they are far too large and linear (up to 15 km long, 500 m wide and 2 m
high) to be man-made. Volumetrically it would be equivalent to the full
load of 500,000 large trucks that makes this interpretation unlikely.

In winter, the predominant NW-oriented wind can push ice,
causing it to pile-up sediments along the eastern shore-line, forming
an ice-pushed ridge (Seedamm; Bernhauser, 1962), usually comprising
sand of variable grain sizes, although sandy gravels are also common
(Bernhauser, 1962; Husz, 1965). An analogous origin for some of the
shorter NE-SW trending features has been proposed, assuming higher
lake levels in Holocene times (Bernhauser, 1962). However, the overall
shape and extremely linear character of the ridges compared to very
recent ice-push ridges east of Neusiedlersee (Bernhauser, 1962)
makes this unlikely,

Selective erosion by water or wind could contribute to ridge-
formation. However, fluvial erosion can be excluded, because of the
exceptionally low density of rivers and the abundant playa lakes.
Eolian selective denudation by deflation of the fine-grain fraction of
the sediment, leaving mainly gravel behind, may have occurred. The
course of the longest and most prominent ridge is oriented almost
normal and almost parallel to the two prevailing wind directions (NW
and NE; Dobesch and Neuwirth, 1979). Despite this, the linear features
lie in an angle of at least 100-110° to the typical orientation of
topographic features in the Transdanubian area (e.g. Gerner et al.,
1999) thought to have been formed by the prevailing Pleistocene
katabatic wind direction funneling in the nearby water gap of the river
Danube between the Little Carpathians and the Leitha Mts {see Gerner
et al., 1999 for references). As the ridges in the Seewinkel have high
gravel contents, they cannot be sand dunes.

The spatial coincidence of different phenomena, including sedi-
mentological, seismological, geophysical and geomorphic observa-
tions argue for a neotectonic explanation.

5.1. Orientation of faults
Classic lineament mapping, based on satellite remote sensing data

(Buchroithner 1984; Fig. 2}, reveals NNE-SSW and NW-SE orienta-
tions in the area. Recently, Horvath et al. (2006) compiled a series of

Fig. 5. Selected profile locations in the colour-coded ALS DTM. The roads are clearly distinguishable from the ridges {here the Gols-Illmitz feature}; the Podersdorf plateau shows
different characteristics compared to the profile of the Gols-Ilimitz feature. The profile shapes of the latter object changes along the lineament as well. The positions of the two panels

of Fig. 9 are also indicated.
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Fig. 7. Field observations of the Gols-Illmitz feature. (a) The vineyard rows enhance the positive topographic form. (b} An additional reliel element is enhanced by the paved road
{vehicles provide scale). {c) Sophisticated processing of the ALS DTM to enhance the section of the Gols-Illmitz feature: whitish bright shades indicate the positive form. Orange dots
indicate the standing points and the view directions {orange arrows) of panels (a) and (b). Note the roads (thin linear features) and the ladder-shaped ridges to the W.

geodynamic maps of the Pannonian Basin and surrounding areas,
including a map of morphostructural elements derived from global
SRTM data (Farr et al., 2007). Despite the low relief of the area, the
same lineament orientations were seen in the two interpretations. By
analogy with structural observation in the former Brennberg lignite
mines, SW of the Neusiedlersee, conjugate extensional faults, giving
horst and graben structures (Vendl, 1933), as well as book-shelf-type
extensional faults were geophysically recorded in Neusiedlersee
(Hodits, 2006). Strike-slip faults, which are common in the western
part of the LHP (Lenhardt et al., 2007), may also be expected in the
area.

The lineament pattern shows several tectonic, and some non-
tectonic directions, characterized by various ages. The majority of the
mapped lineaments in the ALS DTM are NE-SW oriented, parallel to
the MMLZ and are probably related to on-going Alpine lateral escape
(Ratschbacher et al., 1991). This model is supported by earthquake foci
data (Lenhardt, 2000; Tath et al., 2002; Lenhardt et al., 2007).

Directions present within the feature-group mapped in the ALS
DTM coincide with directions of tectonic features that have been
observed in the Pannonian Basin in similar low relief areas, such as
blind reverse faults, transpressional strike-slip faults and normal
faults (Fodor et al., 2005).

In his aforementioned study, based on well data, Tauber {1959c)
recognized two NE-SW trending faults in the Seewinkel area. According

to his sections, the Neusiedlersee Fault dips at only 20-25° towards the
southeast and the Monchhof Fault, with a dip of 20-40°, is only slightly
steeper. The significant difference in depth of equivalent, essentially
horizontal Pannonian strata in the Podersdorf 1 and Podersdorf 2
boreholes (Fuchs and Schreiber, 1985), lying to the west and east of the
Monchhof Fault, may also indicate a normal faulting component in a
generally left-lateral strike-slip regime.

A resistivity map by Fritsch and Tauber (1963) shows a NE-SW
trending anomaly, parallel to the Monchhof Fault, but slightly towards
the NW, in a similar position as the lineaments (especially parts of the
Gols-Illmitz feature) indicated by the ALS data. The increased
resistivity was attributed to the flow of ground water with low salt
contents along faults. Fodor et al. (2005) also recognize a left-lateral
strike-slip fault in the area of the Monchhof Fault. However, due to the
lack of outcrop and the low-relief geomorphology of this structure, its
exact location varies considerably according to different authors
(Fig. 2).

Tollmann (1985) also inferred the Neusiedlersee Fault as a major
structural feature, running parallel to the NW-rim of the Parndorfer
Platte, from Neusiedl am See to Morbisch am See. The exact location of
the fault was poorly constrained before Hodits (2006) used lake
seismic data to confine its position, verifying the direction proposed
by Tollmann (1985) and Schnabel (2002). Faulting occurs in the
uppermost strata, indicating that the fault is still active.
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Fig. 8. One of the many abundant gravel occurrences on top of the Gols-Ilimitz feature.
Near to the sharp separation line of the high gravel abundance there is a small
topographic escarpment. The inset shows the size distribution of the gravels.

Geoelectric mapping (Kohlbeck et al., 1993, 1994, 2000) and Szarka
et al. (2003) in the lake, somewhat more to the east, off-shore of
Podersdorf, also supports this structural direction. The resistivity
pattern shows a NE-SW trending, elongated resistivity contrast
(Fig. 6). Resistivity contrasts and varying resistivity patterns were

784000 786000

296000

295000

also recorded in the southern part of the lake, south of the [llmitz-
Fertorakos line aligned with the aforementioned direction.

5.2. Location of lineaments

The linear elevated areas mapped in the ALS DTM occur in
Pleistocene fluvial sediments. Consequently, if they are of tectonic
origin, they must be younger than late Miocene, which was a
structurally very active period in this region (Decker, 1996). According
to the earthquake data (Lenhardt et al., 2007), higher seismic activity
occurred at the eastern boundary of the Little Carpathians, which is
the along-strike continuation of the investigated area, than at the
western margin, along the Pottendorf Fault (Fig. 1), representing the
southeastern boundary of the Vienna Basin. Recent seismic activity in
the Seewinkel is further indicated by several historical, as well as
instrumentally recorded earthquakes (Lenhardt, 2000). Of special
importance was the Halbturn earthquake of 11th February 1989
(magnitude 4.1), which formed at ca. 10 km depth. Moment tensor
solutions indicate the generation of a steeply dipping, NW-SE
trending normal fault that forms the SW boundary of the Parndorfer
Platte (Lenhardt, 2000).

Note that at its present-day water level, Neusiedlersee has a
concave eastern part that coincides with the strike of the mapped
lineaments. Although the water level has changed continuously with
time, the position of this part of the shoreline has been relatively
constant, because of the high relief along this side in comparison with
the surrounding area. This supports the notion of a fault in this area.
The small escarpment at the SW margin of the lake is also completely
aligned with the features in question, though here the geological
setting is very different to that of the Seewinkel (Fig. 10).

The spatial distribution of the lake bathymetry (Bacsatyai et al,, 1997)
also shows bimodality: in the southern part the water is shallower than
farther the north, and the change is aligned with ALS DTM elongated
features. A small gravelly sandbank (the Schotterinsel) lying in the
middle of the lake formed an island showing abundant gravel on its top
in 1964, when the lake level was extremely low. Further banks (the
Fiinfschoppen) lie farther to the west; these features, together with the
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298000

298000
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field observation ALS-DEM 125m
@ small gravelsize ® few/ no gravels
@ trgegravelsize @ high amount of gravels nem
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Fig. 9. The spatial distribution of gravel occurrences along a few sections. Green circles represent the abundance of the gravel on a relative (and somewhat subjective) scale. Pale to
orange scale of the small inner dots indicate the maximum size of gravels observed. Note that the high gravel abundance appears also along topographically deeper areas. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. An interpretative sketch of the correlation of the Gols-1limitz feature and other
tectono-geomorphic elements of the surroundings. The dashed straight line (at places
masked out intentionally for clarity) connects the sudden geomorphic, and also
sedimentological, changes of the Parndorfer Platte with topographic escarpment SW of
the Neusiedlersee. The main part and a NE branch of the Gols-Ilimitz feature (that can
be identified at places as the Maénchhof fault) is almost perfectly aligned with the
dashed line. The rainbow-coloured part is a processed version of the ALS DTM, the
surrounding is the SRTM DTM. See further discussion in the text.

Schotterinsel, conform to the direction defined by the high resistivity
anomaly mentioned above. An eolian formation from the gravelly spots
in the area is disproved by the gravel abundance at the lake bottom.

Hausler et al. (2007) discuss the positional issue of the Ménchhof
Fault. They cite Figdor and Roch (1984), who carried out gravity
measurements along a 1 km long profile, found an NW-SE trending
anomaly SW of Frauenkirchen that the latter authors interpreted as
the possible position of the fault. This coincides with one of the
features in our ALS DTM evaluation.

Although drainage networks are usually good indicators for active
tectonics, this is scarcely possible in the present instance. The study area
can be divided into two distinct parts from this viewpoint; a southern,
extremely low relief area, practically without a drainage network,
reflected in the existence of playa lakes and a northern area, in which the
position of the rare perennial water courses has presumably been
influenced by human activity since Roman times.

In contrast, the adjacent Parndorfer Platte has an interesting dry
valley pattern, comprising elongated features trending NW-SE,
showing an abrupt orientation change at a NE-SW trending line,
hereafter referred to as Zurndorf-Gols zone. This is in line with the
Gols-Illmitz feature to the south. Furthermore, the variation in
thickness of Quaternary sediments on the Parndorfer Platte (Lipiarski
et al,, 2001) also changes approximately at the Zurndorf-Gols zone.
Two instrumentally registered earthquakes during the 1980 occurred
in this zone {Lenhardt, 2000). According to the online maps of the
DANREG 2000 project {Scharek et al., 2000), the topmost layers in the
northwest and southwest part of the Parndorfer Platte are covered by

two slightly different lithological units. The boundary, again, coincides
with the Zurndorf-Gols zone.

In the south easternmost part of the study area, a 5 km long and 300 m
wide ridge has similar characteristics to the extensively analyzed features
near the lake (Fig. 6). Although there is no comparable geophysical
information, we suggest that neotectonic processes may have formed this
ridge.

A number of elevated, 150 m wide, 600-800 m long ridges aligned in
NW-SE direction have also been observed west of the Gols-Illmitz
feature, forming a fishbone-like structure. Farther north, a 900 m wide
elevated strip with the same strike as at Podersdorf (hereafter referred
to as Podersdorf High) begins on the western lake shore and extends
almost to the Gols-Illmitz feature, then, after a northward offset of
1.1 km, seems to continue further to the SE, with a characteristic width of
450 m. This latter feature is partly disrupted by depressions in a
seemingly regular pattern.

The aforementioned pattern of ladder-shaped ridges (Fig. 6)
observed in the ALS DTM belongs to one deformation system. One of
the possible interpretations includes sets of conjugate faults. The small
relief may also result from the slightly increased cementation of the
faults zones due to fluid flow, increasing erosion resistance. A further
possibility is the assumption that these faults within porous clastic
sediments must represent deformation bands that — per definition —
form zones of reduced porosity which characteristically show low
erodibility (Aydin, 1978). This interpretation would endorse the
selective erosional explanation of the Gols-lllmitz feature discussed
above and would imply a precedence of faulting to the erosion.

6. Conclusions

A neotectonic interpretation of ALS DTM data has been undertaken
in an extremely low relief area in the NW part of the Little Hungarian
Plain. Linear elevated ridges, with a relief of only some 2 m, are the
most prominent features in the area. Two meters microtopography
seems insignificant, but it has a pronounced impact on microclimate
and freezing/thawing in the intermediate season, factors extremely
important for the local wine production.

In spite of intense agricultural re-working of the ground, the linear
geometry of these elongated ridge-like features is clearly visible in the ALS
data. Their length ranges from hundreds of meters up to 15 km. A
comparison of these surface structures with field data, as well as
geological maps, previous tectono-geomorphic evaluations, geophysical
data, earthquake foci integrated in a GIS, supports their neotectonic origin.

Most of the structures, especially their spatial pattern, are only
revealed by detailed analysis of the high-resolution ALS DTM.
Generally, the longer features trend in NE-SW direction, with shorter
ones oriented NW-SE. The longest NE-SW trending ridge, which
extends from Gols to [llmitz, has been analysed in detail, showing that
it coincides exactly with the Monchhof Fault defined by previous
borehole and seismic data. Recent earthquake foci suggest that the
fault is tectonically active. So on-going surface deformation, or active
deformation in the near geological past is possible. The determination
of the exact surface location of this fault and the geomorphologic
expression of its neotectonic activity is greatly enhanced by ALS data.

In summary, the Zurndorf-Gols zone and the Gols-Illmitz feature
have a common origin which is actually the Monchhof Fault postulated
by Tauber (1959c). This fault is seismically active and geophysically
proven at places; from the directional point of view parallel to the
Neusiedlersee Fault and with the major strike-slips of the MMLZ.

The study also shows that this fault extends at least from
Fertordkos through Neusiedlersee up to Zurndorf at the northeastern
edge of the Parndorfer Platte (Fig. 10). Interpreting the results of Tari
(1996), who investigated the tectonic evolution of the NW part of the
Pannonian Basin, based on seismic and well data, we conclude that his
pattern of broadly NE-SW as well as NW-SE trending faults are
related to the geomorphic features considered in this study. From the
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aforementioned Fert6, Répce and lkva faults (Tari, 1996; Szafian et al.,
1999) we interpret the Fertd Fault as SW continuation of the
Monchhof Fault (Figs. 2, 3 and 10). The Vistuk Fault (Lenhardt et al.,
2007) and the Malé Karpaty Fault (Kovac et al., 2002) are possible
candidates for the northeastward continuations of the Ménchhof Fault
and Neusiedlersee Fault, respectively.
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15. Appendix B

Zamolyi, A., Székely, B., Draganits, E., Timéar, G. 2010. Neotectonic control on
river sinuosity at the western margin of the Little Hungarian Plain.
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This study invesligates the influence of neotectonic aclivity on river channel patterns in low-relief areas. Our
study area, the westernmost part of the Little Hungarian Plain, belongs to the Danube catchment in the
transition zone between the Eastern Alps and Western Carpathians. This area evolved within the Pannonian
back-arc basin during the Neogene and was also affected by the major lateral tectonic extrusion of the
Eastern Alps.

Water course analysis has been carried out on the Leitha, Répce, Rabca, Ikva and Wulka rivers, to detect a
possible relationship between their river courses and any on-going tectonic activity that is otherwise difficult
to detect in this poorly exposed low-relief area. In order to derive channel geometries hardly modified by
human activity (i.e. prior to the major river control works of the last 150 years), calculations of river channel
properties were based on georeferenced historical map sheets of the Second Military Survey of the Habsburg
Empire. These recorded the channel patterns and geomorphologic situation around 1840,

Classic sinuosity values from the reconstructed river courses have been derived using several window sizes.
The calculated values show surprisingly strong local variations, considering the low-relief and lithological
homogeneity of the area. The spatial distribution of the pronounced sinuosity variations coincides with the
location of Late Miocene faults well-known from seismic data. On-going active tectonic activity along these
faults is further indicated by the local earthquake record and geomorphic parameters derived from high-
resolution digital elevation models. In conclusion, river sinuosity calculations represent a sensitive tool for
recognizing neotectonic activity in low-relief areas.
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1. Introduction characterized by a very low-relief energy, of less than 10 m/km?

(Go6czan, 2002) and a relatively homogenous cover of clastic sediments
(Scharek et al., 2000a). Due to the location, at the boundary of the
Eastern Alps, Western Carpathians and Pannonian Basin, on-going
tectonic activity is expected, but difficult to locate.

Under certain conditions, alluvial rivers tend to evolve as single
meandering channels, This behaviour is influenced by tectonic
movements, reflected in river channel parameters, Within a given
range of channel gradients, the meander pattern changes as vertical
tectonic movements influence the valley slope (Fig. 3). This process is

The assessment of possible tectonic activity in low-relief, densely
populated areas is of special importance when estimating infrastruc-
ture vulnerability. However, detection in such areas is very difficult
because very few applicable methods exist, especially if the area is
characterized by low seismicity. A possible method is provided by
geomorphologic evaluation: analysis of alluvial river dynamics has
been found to be an appropriate tool {Ouchi, 1985). Even the smallest
changes in the topography affect the sinuosity of low gradient rivers

{Holbrook and Schumm, 1999), providing hints on on-going micro-
topographic changes.

The study area, the Little Hungarian Plain (LHP, Kisalféld in
Hungarian), situated at the westernmost margin of the Pannonian
Basin (PB), belongs to the Danube River catchment area (Fig. 1a). It is

* Corresponding author. Space Research Group, Department of Geophysics and Space
Science, Institute of Geography and Earth Sciences, Edtvds University, Pizmdny Péter
sétany 1/A, H-1117 Budapest, Hungary.

E-mail address: andras@zamolyiinfo (A Zamalyi).

0169-555%/% - see front matter @ 2009 Published by Elsevier B.V.
doi: 10.1016/j.geomorph.2009.06.028

largely independent of river size, once the fluvial system enters the
meandering stage. In this way, not only large rivers are suitable for
analysis, but — as shown in this study —-smaller creeks and reaches can
also be evaluated, so long as they are essentially free of human
influence.

In this paper, we analyze the smaller water courses of the LHP to
find indications of on-going vertical movements. As the topography of
the study area has been subject to anthropogenic influence since the
Neolithic, including flood-control measures since the beginning of the
19th century, the river channels seen today are far from being in their
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Fig. 1. Location (Fig. 1a) and overview of the study area (Fig. 1b). Elevation af pre-Tertiary basement after Kilényi and Sefara (1989). Rivers are shown in their modern, regulated
state. The studied rivers are the Leitha, Wulka, Ikva, Répce, Kis-Rdba and Ribca Rivers. Numbers 7, 8 and 9 in the grey boxes in Fig. 1b refer to the respective figures with detailed
maps.
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natural condition. To reconstruct an almost uninfluenced state,
historical maps made during the Austro-Hungarian Empire were
used to delineate river courses.

Classic sinuosity values were calculated for six streams in the LHP
and compared with the results from industrial seismic sections (from
ELTE database, originated from MOL national archive; see also
Horvath, 1995; Tari, 1994; Rumpler and Horvath, 1988). In this novel
approach, data from historical maps and geological-geophysical
observations were combined to reveal the interaction of surface
processes with basin evolution.

2. Tectonic and geomorphic setting

The WNW-part of the Pannonian Basin is bordered by the sinistral
Vienna Basin Transfer Fault zone; this is geomorphologically accom-
panied by hilly and tectonically elevated horst structures (Leitha and
Rust Hills; Schnabel, 2002; Fig. 2). A crystalline complex, the
easternmost outcrop of the Eastern Alps, the Sopron Hills, forms the
western margin of the LHP. The study area within the LHP is bounded
in the east by the confluence of the Danube and the Raba rivers at Gyor

760000

780000

(Fig. 1b). To the south, it stretches as far as the southernmost tip of the
Répce River. The Leitha River, within the Vienna Basin, marks the
boundary to the west. Since the majority of the studied rivers originate
in Austria, but reach their recipient in Hungary, there are both German
and Hungarian names for the rivers; Table 1 provides a summary of
river names in both languages and their hydrological data. Of the five
rivers studied (Leitha, Répce, Rabca, Ikva and Wulka), the Wulka, lkva
and the Répce originate in the foothills of the Eastern Alps (Figs. 1b
and 2). The Wulka River crosses the Eisenstadt basin and forms an
estuary to Neusiedlersee. The Ribca, representing the continuation of
the Répce, flows into the southern branch of the Danube at Gyor
(Fig. 1b). The Leitha River is more complex, since it is formed by the
confluence of two rivers of almost equal size, one coming from the
Northern Calcareous Alps (Schwarza River), the other from Lower
Alpine tectonic units (Pitten River). The alluvial part of the river
course is divided by a water gap at the northern tip of the Leitha Hills,
forming an antecedent valley. Upstream from this point, the Leitha
drains a narrow band of the SE Vienna Basin; in the downstream
direction, it crosses the LHP and also reaches the southern branch of
the Danube (Fig. 1b).

Fig. 2. Shaded DEM of the study area without interpretation for geomorphological overview. Recent streams are shown in thin grey, thick grey lines represent the river courses
digitized from historical maps. 1: Leitha Hills, 2: Rust Hills, 3: Parndorf Plateau, 4: Sopron Hills (coordinates: Austrian BMN-grid).
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Table 1

Summary of river basin characteristics of the rivers in the study area. Hungarian data: EDUKOVIZIG (2008), Austrian data: BMLF, (2003).

River names Total length Total catchment area Mean annual discharge Gauge station Elevation [m] a.s.l.
2 2

Hungary Austria [lkm] [km] [m*/s] Origin River mouth
Lajta Leitha 186 2379 10.59 Mosonmagyar6var 906 118

Wulka Waulka 39 400 116 Donnerskirchen/ 482 115

Neusiedlersee

Tkva Spittelbach® 64 1188 1.03 Pamhagen 467 115

Répce Rabnitz® 199 4816 15 Gyor 700 110

Rébca

Kis-Rdba Kleine Raab 41 - - - 140 114

2 Magda (1832).

® Downstream of the confluence of the Répce River with the Kis-Rdba tributary, the Répce is called Ribca. The naming convention in Austria does not follow this rule.

The rivers in the study area have mean annual discharge values in
the range of 2 to 10 m3/s and a total relief of 300-700 m, of which
only 30-50 m are located in the LHP sections (Table 1). They flow
through different lithologies, including crystalline and metamorphic
rocks, carbonates and Neogene sediments. After entering the Neogene
Vienna Basin and the Little Hungarian Plain, they evolve into alluvial
rivers flowing on gravel deposits of mainly Wiirmian age. The Wulka
and the Ikva have their main catchment areas within Pannonian
sediments. Tributaries with a mean discharge of the same order of
magnitude as the studied rivers are atypical in the study area, because
the former area of the Neusiedlersee (Draganits et al., 2006, 2008)
and the neighbouring Seewinkel are practically free of any water
courses. Furthermore, the rivers crossing the surrounding area
(Leitha, Répce, Rabca, Tkva and Wulka) have no tributaries SE of the
axis of the Gols-Illmitz topographic feature (Fig. 5; Székely et al.,
2009). North of the Seewinkel, an elevated area, the Parndorf Plateau
(Parndorfer Platte), stretches in a NW-SE direction, dissected by SE-
oriented dry valleys. The plateau rises to approximately 10-45 m
above the surrounding area and forms a relic fluvial surface gently
tilted towards the SE. The main body of this plateau consists of
Pannonian freshwater sand deposits with a thin cover of Quaternary
gravels of the Danube.

The current sedimentological environment developed from a
previous palaeogeographic setting (see Magyar et al., 1999 and
Kovac et al., 2006 for overviews). The evolution of the LHP started
in the Lower Miocene with the formation of pull-apart basins in the
northern part (Rumpler and Horvath, 1988; Vass et al., 1990). The
basin was covered by Lake Pannon from approximately 10.8 to 9.5 Ma.
The lake then retreated towards the SE, due to large delta-systems
filling-up the lake with clastic sediments (Vakarcs et al., 1994). At
around 9 Ma, the study area was dominated by alluvial plains of the
early Danube and its tributaries. At 5 Ma, the lake shoreline lay at the
southern rim of the Great Hungarian Plain (Magyar et al., 1999).

Due to the pull-apart geometry of the LHP, on-going subsidence
was accommodated along transfer faults and major high- and low-
angle normal faults. Those faults that lie within the deeper parts of the
LHP have been clearly revealed by industrial seismic surveys (Tari,
1994; Horvath and Cloetingh, 1996; Szafian et al., 1999). Simulta-
neously with the deltaic filling-up of the basin, differential uplift
characterized the evolution of the region. The basement topography
(Fig. 1b) reflects earlier vertical displacements marked by horst and
graben structures. This differential uplift continues now: vertical
crustal movements with values of up to —2.2 mm/a have been
recorded in the northern part of the Little Hungarian Plain near Gyor
(Joo, 1992; Job et al., 2006). Towards the east, terraces of the Danube
identified with geomorphological and geochronological methods
indicate rapid incision by the Danube (Ruszkiczay-Riidiger et al.,
2005) into the uplifting northeastern part of the Transdanubian Range
(reaching ca. + 1.0 mm/a; Joo, 1992) .

3. Data and methods

The mosaic of uplifting and subsiding zones has considerably
affected the river courses in the region: they react as sensitive sensors,
modifying their courses according to the meso- and micro-topo-
graphic changes due to the differential uplift/subsidence patterns.

The detection of their geomorphic expression in low-relief areas
can be improved by interdisciplinary methods. Analysis of high-
resolution LiDAR DTM data shows a pattern of long NE-SW trending
ridges cross-linked by shorter NW-SE trending ridges in the western
part of our study area. Both of these features are of tectonic origin
(Székely et al., 2009). The tectonic activity of at least some parts of
these faults has been revealed by structural field data; this highlighted
the influence of strike-slip faulting on the recent stress field (Csontos
et al, 1991).

3.1. Fault data

The following fault and lineament datasets have been used: the
1:200,000 scale neotectonic map of the DANREG 2000 project
(Scharek et al., 2000b), the 1:500,000 scale map of morphostruc-
tural elements of the Pannonian Basin (Horvath et al., 2006), the
faults mapped on the 1:200,000 scale maps of the Austrian geologic
survey at the western margin of the study area (Schnabel, 2002)
and the 1:500,000 scale map of Landsat lineaments (Buchroithner,
1984; Figs. 5, 7, 8, and 9a). In the southern Vienna Basin, data from
Hinsch et al. (2005a) and Salcher et al. (2008a,b) were integrated.
Additionally, industrial seismic sections from earlier hydrocarbon
explorations have been used extensively (Figs. 8 and 10). Deeper
parts of the sections indicate fault activity during the Miocene, but
the uppermost 300 m of the seismic sections used for hydrocarbon
exploration are usually muted and thus scarcely usable to document
neotectonic or active tectonic movements on faults. Fault indica-
tions in the remaining part of the sections were used in the
evaluation.

3.2. Topographic data

In this study, river sinuosity has been used for the detection of
vertical movements possibly induced by neotectonic faulting. In areas
with a long tradition of water regulation, river courses that have not
been influenced by anthropogenic activity must be used in the
calculations. Georeferenced historical maps are one source of such
data. The map sheets of the Second Military Survey of the Habsburg
Empire (Janké et al., 2005) represent the first comprehensive
cartographic work conducted on a predefined geodetic basis and
projection system (Timar and Molnar, 2003). The map sheets were
continuously produced for the territory of the entire Empire within a
time frame of fifty years (1806 to 1869) at a scale of 1:28,800
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Fig. 3. Channel pattern adjustment of a meandering river affected by vertical tectonic movements. The self-organizing behaviour of the river tends to keep the channel slope constant
(modified after Ouchi, 1985; Timadr, 2003) resulting in increased sinuosity when the valley slope increases in down-stream direction (b) and leading to channel straightening and

incision when the valley slope increases in the opposite direction (c).

(Kretschmer et al., 2004). The georeferenced versions of the maps
(Timar et al., 2006) were used for analysis. Errors have arisen for
several reasons: (1) in the 19th century, no geodetic adjustments of
the high accuracy triangulation measurements were made; (2) the
projection used by the engineers during surveying was not exactly the
Cassini projection, although this formed the basis of rectification for
integration into a geographic information system; (3) several minor
error sources lie in the folding and deformation of the paper sheets
during storage. The general error has been set at ca. 50 m in the study
area (Timar et al., 2006). The topography on the map sheets was
displayed using Lehmann-hachures. Steep slope angles are shown as
dark, broad stripes, whereas gentle slopes appear as light, thin
strokes; slope angles were measured with a goniometer (Janko et al,,
2005). This method provides a plastic impression of the landscape but
lacks exact elevation data. However, river courses, along with their
anthropogenic influences, were accurately mapped and the influence
of possible errors from the projection on channel morphology is
considered to be very low. Thus the 150 year old georeferenced river
courses can be reconstructed with reasonable accuracy (see Fig. 9b).

3.3. The applied method of sinuosity analysis

Generally, a fluvial system reacts to tectonic influences by changing
its longitudinal and cross-sectional profiles, channel pattern and/or
sediment discharge. Several studies have documented the influence of
vertical crustal movements on the channel pattern (e.g., Ouchi, 1985;
Jorgensen, 1990; Holbrook and Schumm, 1999). Changes of the valley
slope above a certain threshold may cause the channel pattern to shift
between a braided, meandering, anastamosing or straight channel
pattern. If conditions allow a meandering state in the river, minor
intra-pattern variations occur, increasing the sinuosity of the channel
(Friend and Sinha, 1993). Faults influencing the valley slope will affect
the sinuosity of the channel, since the river tries to keep the channel
slope constant in a self-organized manner (Fig. 3). A normal fault
downthrowing in the upstream direction causes a straightening of the
channel whilst downstream downthrowing faults result in increased
meandering (Ouchi, 1985; Keller and Pinter, 1996; Holbrook and
Schumm, 1999; Bridge, 2005).

A quantitative measure of the variation of the meandering pattern
is the classic sinuosity index (SI; Leopold et al., 1964), given by the

ratio of along-channel distance to the shortest path-length. However,
tributaries, increasing the discharge and sediment load, may influence
the channel pattern.

The SI values have been calculated here using the digitized
planforms of water courses using the ESRI ArcGIS package. An
appropriately small distance, d (here 50 m) has been chosen to define
the overall resolution of the study. We inferred that with shorter
distances than d no change occurs, or is detectable. Thus the water
courses have been equidistantly resampled along their tracks, with
the new vertices spaced at d distance (Fig. 4).

Since the sinuosity analysis is scale-sensitive, i.e. the size of the
reference shortest path-length, termed as the window size, does
matter (e.g. Lancaster and Bras, 2002), several window sizes were
used. However, in our study, instead of keeping the reference straight
line constant, the along-track distance was used as the window size.
The window sizes (sx) were multiples of distance d, with k set at
values of 10, 20, 30, 50, 70 and 100; thus if k = 20, then s, = 1000 m).
The distance I; between the associated vertices of the ith segment was
determined, and the sinuosity indices SIi(i) = sy /I; were calculated.
The SI(i) values were assigned to the midpoint of the along-track
distance (situated at (k/2 + 1)th vertex); in other words, the reference
point is always a point {(and also a resampled vertex) of the original
channel.

4. Results of the sinuosity analysis

In this study, we focus on the changes in sinuosity in (i) the vicinity
of faults and/or morphostructural elements, (ii) areas with high
sediment accumulation rates and (iii) areas with a thin or no
Quaternary cover. In the following, the sinuosity pattern of the
analysed rivers is evaluated in the light of known tectonic features. At
the end, possible tectonic influence on the river planforms is assessed.

4.1. The Leitha River

The Leitha River, which runs across the southwestern part of the
Vienna Basin, is formed south of Lanzenkirchen at the confluence of
the Schwarza, originating in the Northern Calcareous Alps, and the
Pitten, with its source in the crystalline area of the Lower Austroalpine
units (BMLF, 2003). The studied section of the river starts at the
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Fig. 4. Applied method of sinuosity analysis. Fig. 4a shows the original river course digitized from historical maps. In Fig. 4b the resampled rivercourse is displayed resulting from the
new vertices placed with d spacing along the rivercourse. The shown section is the same as in Fig. 4a. Fig. 4c summarizes the calculation of the Sl-values for k=20. Using larger
window sizes results in an increasing smoothing effect; sections with high sinuosity will be difficult to detect.

confluence and ends where the river joins the Moson-Danube. In the
upper part of the river, several intersections with mapped normal
faults occur (Schnabel, 2002) at two of which an influence on the river
sinuosity is clearly visible (Fig. 5a). At location 1, the normal fault dips
upstream and causes a decrease in Sl values in a section with
otherwise relatively high sinuosity (Fig. 5a). At location 2, the increase
of sinuosity following sections with rather low SI values is probably
the effect of a supposed normal fault (Fig. 6). The earthquake
epicenters from the years 1995 to 2007 (Tdth et al., 2007) document
on-going faulting at these locations.

Further downstream, where the Leitha River crosses the surface
trace of the Vienna Basin Transfer Fault (Decker et al., 2005; Hinsch
et al., 2005a,b; Lenhardt et al., 2007), a very sinuous section occurs,
characterized by Slsp-values between 1.2 and 3.5, with most values
between 1.6 and 1.8 (Fig. 5b). After turning 90° to the SE, which
represents the typical direction of streams draining the LHP and which
is also parallel to the NE-rim of the Parndorf Plateau, the sinuosity falls
to below 1.2, sometimes approaching unity. The only exception is a
45km long section near Zurndorf, where it exceeds 1.6, locally
reaching 4.4. This section coincides with morphostructural features
recognized by previous authors; this is further analysed in the
discussion.

4.2, The Wulka River
The Wulka River, which is the smallest of the investigated rivers,

originates in low grade metamorphic schists and crosses the
Eisenstadt Basin, comprising almost 1500 m of Tertiary and Quatern-

ary deposits (Kilényi and Sefara, 1989). On entering the basin, the
sinuosity values along the river show three distinct regions with high
values (Fig. 7). Two of these are located at the basin margin (Fig. 7:
Locations 1 and 3) and coincide with mapped morphostructural
elements (Horvith et al, 2006). Furthermore, location 1 coincides
with mapped Landsat lineaments (Buchroithner, 1984). The increase
in sinuosity in the center of the basin lies in the vicinity of the mapped
Landsat lineaments. However, verification was not possible at this
location (Fig. 7: location 2).

4.3. The Ikva River

The fault data of Schnabel (2002) and Scharek et al. {2000b) show
a supposed normal fault W of Fertészentmiklos that dips upstream.
Upstream, the SI values form a peak, apparently related to an inferred
fault (Scharek et al., 2000b; Schnabel, 2002; Fig. 8: location 1). Further
downstream, at location 2 (33 km), SI values correspond to an
intersection with a morphostructural element (Horvath et al., 2006).
The decrease in sinuosity here suggests a normal fault dipping
upstream (Fig. 8: location 2). In seismic sections, normal faulting of
pre-Pannonian strata can be observed. The continuation of this normal
fault zone into Pannonian and younger deposits is not clearly visible,
due to the poor resolution of the seismic survey, but river dynamic
data point towards possible fault activity (Fig. 8). In the surrounding
region downstream, the Sl values calculated with different window
sizes show somewhat contrasting behaviour: overall, the values of the
Slzp curve (corresponding to a 1500 m window) increase almost
continuously to 385 km, while Sl;, (500 m) exhibits an undulating
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pattern, with four marked domains of higher sinuosity (1.2 to 2.0)
separated by ca. 1 km long sections with lower sinuosity values (ca.
1.1). This difference also underlines the importance of the window
sizes: while the long-wavelength component clearly indicates the
generally more sinuous zone, the individual features are outlined by
the signal of Sl At location 3, where the behaviour of the curves of
the SI values are the most contrasting, another morphostructural
element underlies the Ikva River at a section with relatively high Sl
values of ca. 2.0 (Fig. 8).
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4.4. The Répce River

The Répce River, which forms at the confluence of the Spratzbach
and Thalbach creeks in Austria, flows through gneissic units of the
foothills of the Eastern Alps and crosses the Répce Fault Zone, a major
sinistral strike-slip structure (Fiilép, 1990; Tari, 1996; Szafian et al.,
1999) forming two prominent wide bends. In Fig. 10, a marked
correlation of sinuosity values can be observed above a distinctive
horst, the Pinnye high, exceeding 500 m relief in the basement. A zone

Horvath et al. (2006):

= == morphostructural element

Buchroithner (1984):

Landsat lineament
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Fig. 7. Shaded DEM overlain with calculated sinuosity values of the Wulka River. Three locations with abrupt changes in sinuosity can be separated as the river crosses the Eisenstadt

basin {coordinates: Hungarian EOV-grid).
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of high sinuosity on both edges of this pre-Neogene high (Sl:p= 1.6 to
the NW and Slsg=2.0 to the SE) can be observed (Fig. 9).

4.5. The Rabca River

Downstream of the confluence of man-made channels and the Kis-
Raba River, the Répce River is called the Rabca River (Table 1). This
part of the river is strongly influenced by anthropogenic activity in the
immediate surroundings of the confluence. The river course derived
from the topographic map sheets of the Second Military Survey shows
this influence clearly and thus it is not suitable for quantitative
analysis. However, further downstream, the river system tends to
regain its natural state and changes in sinuosity values, possibly
correlatable with the mapped morphostructural elements identified
by Horvath et al. (2006).

Summarizing the variations in sinuosity values, note that the
majority of sinuous sections, except for the upstream sections of the
Répce and Leitha rivers, are (S)SW-(N)NE oriented. This may imply a
general, possibly tectonic trend. Since tectonic movements cannot be
separated clearly into purely vertical and horizontal components, the
planform pattern of the studied rivers is not only influenced by
differential uplift, but also by strike-slip movements. It should be
emphasized that in some cases angles of intersection of the fault and
the river may also be subject to tectonic influence (e.g. river channel
deflections along transform fault zones). In the study area, this occurs
at several places. For instance, the course of Ikva River changes
through almost 90° at two locations that closely coincide with tectonic
faults (Fig. 8). Certain rivers run parallel to supposed faults and
morphostructural elements: upon crossing the Pinnye high the Répce
River changes its course, which can be attributed to an increase in
valley slope due to on-going subsidence in the juxtaposed Csapod (SE)
and Nagycenk basins (NW; Fig. 9, points marked by A and A’).

5. Discussion

Results of extensive studies carried out in recent decades show
that the planform of meandering alluvial rivers is controlled by several
factors. Beside the aforementioned tectonic effects and discharge, the
sediment load plays an essential role (Schumm and Khan, 1972).
Although grain size coarsening of the transported sediment is
generally interpreted as the effect of tectonic activity along the river
course, an approach based merely on this observation can be
erroneous. In certain cases, the grain size is an indicator for sediment
supply as the river crosses a lithological boundary or an indicator for
depositional areas where the river leaves the coarse-grained sediment
and only the fine-grained load is transported farther (Holbrook and
Schumm, 1999).

Since relevant tributaries in most of the area of the LHP are lacking,
sediment load can change only gradually: abrupt increases along the
channel do not occur and hence variations in the Sl values cannot be
related to changes in discharge or sediment load. Therefore, in the
study area it is reasonable to assume that sinuosity variations,
especially if they appear along confined sections, are related to, or
strongly coupled with differential uplift/subsidence pattern.

A good example for obvious tectonic control on the river pattern is
the Répce near Bilk (Fig. @). The overall relief of the area is low, 22 m
(186 m to 164 m) within 8 km, while, as we stated before, the Pinnye
High rises more than 500 min 1 km in the NW and drops even more in
the SE. Rumpler and Horvath (1988) and Tari (1994 ) interpreted these
basement faults as Miocene structures. The variations in Sl values and
the opposing deflections strongly correlate with the buried antiform.
Furthermore, a few earthquake foci aligned with the flanks of the
Pinnye high (Téth et al., 2007) indicate tectonic activity. Consequently,
we conclude that, at this point, the river channel responds to on-going
faulting that re-activates Miocene fault structures by bending and
changing its sinuosity.

46



Zamolyi Andras: “Quaternary landscape evolution of the Little Hungarian Plain”

A. Zdmolyi et al. / Geomorphology 122 (2010} 231-243 241

Another, more striking, although more complex example is the SW-
NE directed upper reach of the Leitha River. The river flows within the
Vienna Basin Transfer Fault zone, a major strike-slip dominated fault
zone (Decker, 1996; Decker et al., 2005; Hinsch et al,, 2005a; Lenhardt
et al., 2007) that forms the SE-margin of the Vienna Basin pull-apart.
This master fault, which is offset by left-lateral step-over structures,
continues up to the outer Carpathian flysch units and has proven
neotectonic activity (Hinsch et al., 2005a; Lenhardt et al., 2007). Thus,
within the southern Vienna Basin, geomorphology is influenced by on-
going deformation along the master fault and its associated fault splays
(Hinsch et al., 2005a,b; Zamolyi et al., 2006, Hélzel et al., 2008; Salcher
et al,, 2008a,b) resulting in slightly tilted regions (Zamolyi et al, 2006),
fault scarps and hanging valleys (Hinsch et al., 2005b).

The spatial pattern and the high number of earthquake foci support the
interpretation of increased sinuosity at location 2 (Fig. 5): here, the Leitha
River crosses an actively deforming zone linked to the Pottendorf Fault.

The continuation of the Pottendorf Fault, also known as the
Engelhartstetten and Lassee Faults (Decker et al., 2006; Beidinger
et al.,, 2007), coincides with the generally highly sinuous section of the
Leitha that runs down to the turning point of the river, where it leaves
the Vienna Basin Transfer Fault zone.

The only short sinuous section downstream from this point is near
Zurndorf, which is, in our interpretation, due to the river crossing the

continuation of the Gols-Illmitz morphostructural feature (Székely
et al., 2009; Fig. 5).

Although the Wulka River runs sub-parallel to the upstream reach
of the Leitha River, the tectonic setting here, on the opposite side of
the Leitha Hills, is very different (Fig. 7). High Sl values at locations 1,2
and 3 may indicate fault activity. However, verification with additional
data is not possible in a satisfactory manner.

Further to the SE, within the LHP, the almost perpendicular
deflections of the lkva River fit well into a NW-SE and SW-NE
oriented fault pattern. This agrees with the overall large-scale
evidence of on-going faulting and the relative movements of the
differentially uplifting areas (e.g. Fodor et al., 2005; Horvidth et al.,
2006: Jod et al., 2006). The similarly low SI values (Sl =1.1) of the
lower reach of the Leitha River and of the entire alluvial section of the
lkva and Répce rivers, despite their differing discharge values, also
indicate a congruent hydrological regime. In most cases, short sections
with increased sinuosity can be reliably linked to either faults detected
in seismic sections or mapped morphostructural elements, Further-
more, the spatial pattern of these sinuous sections shows a coherent
picture, suggesting that they formed by on-going deformation.

In the Pannonian Basin, rivers with such small discharge values
have not yet been studied with the methods documented here.
However, the results are very similar to observations in the

38
A window size [m]: =——1500 o
347 —1000
500
3.01
261

sinuosity
— L]
-] [

—_
=
i

1.0

TT T T T T T

-

LI I e i B B O e S B e e

66 67 68 69 70 T 72 73 74 75 76 77 78

54 55 56 57 58 59 60 61 62 63 64 65
km along river

& Fre-Neognne

wpd -
T T TTTTT

LIS U0 L B e S B

Fig. 10. Sinuosity diagram of the Répce River superposed on an industrial seismic section showing marked variations at the edges of the pre-Neogene Pinnye high.
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geomorphologically comparable Great Hungarian Plain, where the
Tisza River drains a large part of the eastern Pannonian Basin (Mike,
1975; Timar, 2003; Timar et al., 2005). Timar (2003) demonstrated a
correlation between sinuosity changes in the entire alluvial part of the
river with vertical crustal movements. The results gave insights into
the geomorphical responses to tectonic forcing along the channel of a
major river in one-dimension, paving the way for river sinuosity
analysis in the Pannonian Basin.

6. Conclusions

Correlation of river sinuosity variations using verified fault data from
geological and geophysical mapping demonstrated channel pattern
adjustment in the LHP.

The calculated SI values, depending on the window size, are found
to be representative for the investigated rivers in the study area.
Comparison of the sinuosity distribution along the river courses with
geological and geomorphological features reveals that changes in
sinuosity values reflect neotectonic features. Therefore, the neotec-
tonic origin of some morphostructural elements mapped earlier is
supported by the sinuosity analysis. The change of river sinuosity at
the boundaries of major tectonic elements of Miocene age indicates
and supports the idea of reactivation of these structures, as previously
suggested by seismic data interpretation (Szafian et al., 1999; Tari,
1994; Rumpler and Horvath, 1988).

This technique only reveals fault segments with vertical move-
ment. However, large-scale river channel deflections highlight strike-
slip dominated faults. Their existence is not surprising, in this
tectonically complex boundary area between the Eastern Alps,
Pannonian Basin and Western Carpathians.

This investigation considerably improved our tectonic-geomor-
phological understanding of the W Pannonian Basin and the location
of active faults, providing a link between the small-scale hydrological
processes and the tectonic regime at the sub-basin scale. The
importance of our contribution is the recognition of a pattern of
active tectonic faults in a badly exposed, low-level area by the
integration of calculated SI values of several separate rivers.
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insights from shallow lake seismic and well data.
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Abstract

The western margin of the Little Hungarian Plain is a key boundary and interference zone
between the Eastern Alps, Pannonian Basin and Western Carpathians. Geological
investigation of this low-relief area is hampered by the scarcity of outcrops and thus direct
observation of sedimentological or tectonic features. This region is characterized by gentle
hills, plateaus and depressions, of which several are covered by lakes — including one of
Austria’s largest lakes, Lake Neusiedl. In this study we combine local data from shallow-lake
drilling and seismic investigation with regional data from industrial seismics and core data to
gain new insights into the latest Pannonian (Late Miocene) and Quaternary evolution of this
area.

Shallow lake seismic data show the erosionally truncated Pannonian sediments dipping and
thickening towards southeast, towards the modern depocenter of the Little Hungarian Plain
near Gyér. Overlying Quaternary fluvial sediments show a very similar thickening trend, thus
indicating continuous subsidence. Strike-slip and extensional faults are common in the
Pannonian deposits, but hardly visible in Quaternary sediments. Drill cores from locations
along the lake seismic lines were analyzed concerning their lithostratigraphy, grain-size,
mineralogy and heavy minerals and compared with outcrop samples from the surrounding
plains and the nearby plateau, to decipher the complex tectonic and fluvial depositional
history of the region.

Significant differences in the elevation of the top of Pannonian sediments between the
surrounding plains and the plateau indicate post-Pannonian vertical tectonic movements
creating the present morphology of the region. Luminiscence ages of samples from the
Quaternary fluvial gravels on top of the Pannonian sediments indicate a significantly higher
age compared to the gravels in the plain, suggesting ongoing tectonic subsidence and
associated effects on river dynamics.
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Introduction

The transition between the easternmost Alps and the Western Carpathians (Fig. 1) forms a
complex deformation zone which has been active since the Miocene (Decker and Peresson,
1996; Szafian et al., 1999; Sperner et al., 2002; Fodor et al., 2005; Fodor, 2006; Kovac et al.,
2006; Bada et al., 2007; Lenhardt et al., 2007, Székely et al., 2009, Brickl, 2011). In this
period the tectonic processes in this area, resulting from the continental collision of the
Eurasian and African plates (McClusky et al., 2003), are dominated by the lateral escape of
crustal blocks (Ratschbacher et al., 1989) and extensional collapse (Sperner et al., 2002).
Subduction retreat along the Carpathian mountain range, acting as a weak lateral boundary,
provided the setting for the formation of two sedimentary basins in this area: the Vienna
Basin and the Danube Basin (Fig. 1). A marked difference between these basins is their
diverse character of basin formation. While the Vienna Basin is interpreted as a thin-skinned
pull-apart basin (Royden, 1988), the Danube Basin is regarded as a back-arc basin that
formed along low-angle normal faults in the Early Miocene (Tari, 1994, 1996; Kovac et al.,
2011).

........
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Fig. 1: Location of the study area in the transition zone between Eastern Alps and Western Carpathians. Note the
distinct shape of the Parndorf Plateau and its location relative to the Lake Neusiedl and the Seewinkel Plain
(background: SRTM digital elevation model; coordinate grid: UTM 33N). T.R.: Transdanubian Range, 1: Vienna
Basin Transfer Fault, 2: Raba Fault, 3: Mojmirovice-Certovica fault system, 4: Fertd Fault, 5: Ikva Fault, 6: Répce
Fault, 7: River terraces with elevated margins, 8: Artificial drainage channel (Einser-Kanal or Hansagi f6csatorna),
9: Angerbach rivulet, 10: Deepest topographic point of Austria (Huber-Bachmann et al., 2012).

Here, we focus on the impact of the younger, mainly Late Miocene to Quaternary evolution of
the Danube basin which belongs to the Pannonian Basin system (Royden, 1988; Horvath,
1993). Our study area is located in the southern Danube Basin, an area referred to as the
Little Hungarian Plain. It comprises the following regions (Fig. 1): (i) the Lake Neusiedl, one
of Austria’s largest lakes; (ii) the Hansag area, a historical continuation of the Lake Neusiedl|
to the southeast; (iii) the Seewinkel Plain located to the east of the lake; (iv) the Parndorf
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Plateau, an elevated area to the northeast of the lake; and (v) the Leitha Mountains and Rust
Hills to the northwest and west of the lake.

Up to approximately 10 Ma, the study area was covered by the Lake Pannon, a brackish
remnant of the Middle Miocene Paratethys Sea (Magyar et al., 1999). The depositional
processes of the Lake Pannon and the Danube and its tributaries, considerable tectonic
activity as well as erosive features show complex interactions preserved in the sedimentary
record and landscape. So far, no consistent landscape evolution model of the western
margin of the Little Hungarian Plain has been worked out yet — probably because of the
complex tectonic and sedimentological history, the lack of well constrained age data as well
as poor outcrop situation. An additional challenge is the difficult data access and evaluation
due to its location in the border area of three different countries (Fig. 1) resulting in different
languages, terminologies and relative age interpretations.

The aim of this study is the investigation and interpretation of the latest Pannonian (Late
Miocene) and Quaternary evolution of the study area based on the integration of
geomorphologic, geophysical, tectonic and sedimentological data. We address the following
key points: (i) origin and age of the sediments of specific geomorphological units (e.g.
Parndorf Plateau, Seewinkel Plain), (ii) geological processes controlling the modern
sediment pattern and the formation of the Lake Neusiedl, (iii) timing of deformation and
deposition of the main sedimentological units in the study area.

Geodynamic setting

The westernmost margin of the Danube Basin (Fig. 1) is probably still affected by the last
major phase in the evolution of the Pannonian Basin system, an ongoing NE-SW
compression (Horvath, 1995). This deformation results in subsidence in the central part of
the basin and uplift at its flanks dividing the basin into elevated areas and depressions
(Rumpler and Horvath, 1988; Horvath, 1995; Gabris and Nador, 2007; Kovac et al., 2011).
The Little Hungarian Plain was filled up with Pannonian (Upper Miocene) sediments during
the post-rift subsidence phase of the Pannonian Basin (Magyar et al., 1999 and Magyar et
al., 2013). Due to this on-going subsidence the thickness of the Pannonian and Quaternary
sediments (Fig. 2) increases towards the East in the study area (Tauber, 1959a; Jod, 1992;
Timar and Racz, 2002). This Quaternary local subsidence occurs along partly reactivated
strike-slip fault systems, such as the Raba-Mojmirovice-Certovica fault system in the Danube
Basin and the Vienna Basin transfer fault system in the Vienna Basin (Fig. 1) (Lenhardt et al.,
2007; Székely et al., 2009; Zamolyi et al., 2010; Salcher et al, 2012). Additionally to local
subsidence Pliocene to Quaternary long wavelength vertical movements (Decker and
Peresson, 1996; Horvath and Cloetingh, 1996; Wagner et al., 2010) affect also the Danube
Basin (Ruszkiczay-Rudiger, 2007). As a consequence uplifted areas with incised river valleys
can be found next to sediment-filled lowlands at the eastern margin of the Danube Basin
(Ruszkiczay-Rudiger et al., 2005). Here, the incision of the Danube into the Transdanubian
Range and Vértes Hills (see Fig. 1 for location) provides a concise time marker for the onset
of the Pliocene to Quaternary drainage pattern and landscape evolution of the Danube Basin
after the regression of the Lake Pannon. Based on compiled geochronologic data
(Ruszkiczay-Rudiger et al., 2005) the onset of incision is estimated to 1.8 Ma before present.
From this time onwards fluvial deposition and erosion of the Danube and its tributaries
(Szadeczky-Kardoss, 1938; Kupper, 1955; Grill et al., 1968) contributed considerably to the
landscape evolution.
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Fig. 2: Thickness of Quaternary sediments in the
study area, which comprise mostly fluvial gravels,
occasionally overlain by loess deposits of various
thickness (e.g at Monchhof). While the gravel
deposits continuously increase in thickness
towards the East in the Seewinkel Plain and
adjacent Little Hungarian Plain, their thickness on
the Parndorf Plateau shows no trend of thickening
in any direction. This sediment geometry supports
the view that the plateau was an elevated area
before significant subsidence in the Little
Hungarian Plain started. Note that significant
thickening can only be observed East of the line
Nickelsdorf — Wallern. Data have been compiled
from Tauber (1959a), counterflush well data
(Bohrarchiv, Austrian Geologic Survey), Fahrion
(1944), DANREG 2000 project (Scharek et al.,
2000b), Don (1991, 1993).

River terraces within the Vienna Basin are highly influenced by neotectonic faulting (Decker
et al., 2005; Hinsch et al., 2005; Beidinger and Decker, 2011; Beidinger et al., 2011) forming
tited and vertically displaced terraces with distinct morphological scarps (Fig. 1). Active
tectonics in the Little Hungarian Plain is also suggested from vertically separated gravel
deposits of similar relative age (Schnabel, 2002) that cover a high-relief topography of
Pannonian sediments. Ongoing tectonic activity in this area influences the drainage pattern
and channel morphology of local tributaries (Zamolyi et al., 2010), as well as micro
topographic features (Székely et al. 2009).

The most prominent deformation structures of the Little Hungarian Plain consist of NE-SW
trending normal faults that initiated during the Karpatian (Early Miocene) by the reactivation
of Cretaceous thrust faults (Tari, 1996). Several of these faults (e.g. Fert6-, Raba-, Ikva- and
Répce Faults, Fig. 1) were traced on seismic sections in the area south of the Lake Neusiedl|
region (Tari, 1994; Tari, 1996; Szafidn et al., 1999). The direction of extension in the
Karpatian was ESE-WNW and rotated towards NNE-SSW in the Badenian (Middle Miocene;
Fodor, 1996). Present extension in the area is oriented NNW-SSE and is a consequence of
the inversion phase of the Pannonian Basin (Horvath, 1995). This phase started in post
Sarmatian times (Late Miocene, i.e. younger than 11.63 Ma) and is still on-going with small
variations in intensity and extension direction (Csontos et al., 1992; Bada et al., 2007).
Geological maps (Scharek et al., 2000a; Schnabel, 2002) display a NE-SW- and NW-SE-
oriented fault pattern in the Lake Neusiedl region (Fig. 3). Some of these faults can be linked
to seismic activity (Lenhardt et al., 2007; Téth et al., 2007) and some linear geomorphologic
features probably are the expression of neotectonic processes (Székely et al., 2009). Normal
faults with E-W and NW-SE extension have been observed in Badenian sediments and
basement rocks of the Rust Hills (Spahic et al., 2011; Rath et al., 2011; Hausler et al., 2014)
and at the SW margin of the Leitha Mountains (Fodor, 1991).
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Geomorphologic overview

During the Pleistocene, the study area was not directly exposed to glaciation, which did
cover major parts of the European Alps (e.g. van Husen, 1987; van Husen, 2011). However,
fluvial, coarse grained deposits and periglacial features do suggest strong climatic impact on
sedimentation and geomorphology during distinct cold periods (e.g. Heinrich et al., 2000;
Salcher and Wagreich, 2010; Fabian et. al., 2014). Anthropogenic impact primarily involved
the drainage of wetlands (Draganits et al., 2007).

In general the landscape of the study area (Fig.1) can be divided into three main
morphological categories: (i) elevated regions with a hilly relief comprising crystalline
basement rocks and their Mesozoic cover, (ii) fluvial terraces (plateaus), and (iii) depressions
(partly filled with lakes).

Elevated regions

The first category includes the Leitha Mountains (Leithagebirge), the Rust Hills (Ruster
Hugelland), and further to the south, but still of some importance for this study, the Sopron
Hills (Odenburger Gebirge). The Leitha Mountains are a NE-SW trending, 33 km long and
approximately 10 km wide, hilly landscape, separating the Vienna Basin from the Lake
Neusied| area (Fig. 1). Elevations range between 118 m to 484 m above sea level (a.s.l.),
rising abruptly from the surrounding low-relief areas. Geologically, the Leitha Mountains
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represent a NE-SW striking horst comprising Lower Austroalpine schists, gneisses and
amphibolites overlain by Triassic quartzites and dolomites (Schnabel, 2002). At the rim of the
Leitha Mountains these metamorphic rocks are covered by Badenian to Sarmatian clastic
sediments and limestones (Pistotnik et al. 1993; Wied| et al., 2014).

The Rust Hills form a narrow, N-S trending, 22 km long, <3.5 km wide ridge (118-283 m
a.s.l) at the western boundary of the Lake Neusiedl (Fig.1). They comprise schists,
gneisses and amphibolites of the Lower Austroalpine tectonic unit that are almost completely
covered by Karpatian to Sarmatian clastic sediments and limestones (Fuchs, 1965; Pistotnik
et al.,, 1993). Analogous to the Leitha Mountains, the Rust Hills are also regarded as a
tectonic horst, bordered by N-S trending normal faults which affect both the Neogene cover
and the basement rocks (Fuchs, 1965; Scheibz, 2010; Spahic et al., 2011; Hausler et al.,
2014).

The Sopron Hills (Fig. 1) represent the easternmost outcrop of Eastern Alpine rocks mainly
bearing Lower Austroalpine gneisses and mica schists, covered by Tertiary sediments at the
rim (Kdpper, 1957). Topographic elevations range between 250 m and 520 m a.s.l. The
metamorphic rocks as well as the Neogene cover rocks in the Sopron Hills are intensely
deformed by brittle faults. Most dominant are NW-SE striking high angle faults, which
probably formed as dextral strike slip faults, later reactivated as normal faults; another
important fault set are E-W striking high-angle faults (Draganits, 1996). Both fault orientations
are still reflected in the drainage system of the Oberpullendorf Basin. These brittle faults
have been documented best in the former coal mines in the western part of the Sopron Hills
at Ritzing and Brennbergbdnya. Mining documentation shows the abundance of normal
faults in Upper Miocene sediments in this area, with displacements of up to ca. 80 m (Kishazi
and lvancsics, 1977).

Fluvial terraces and plateaus

The Parndorf Plateau (Parndorfer Platte, 130-184 m a.s.l.) represents a fairly even surface
comprising Pannonian fine clastic sediments with a thin cover of fluvial deposits. It is
elevated about 25-45 m above the surrounding lowland (Fig. 1) and gently dips towards the
SE (from c. 184 m in the NW, to 144 m a.s.l. in the SE) following the overall trend of the
Pannonian sediments in the Little Hungarian Plain (Lipiarski et al., 2001). Towards the NW,
the Parndorf Plateau has a narrow connection to terraces of similar altitude in the Vienna
Basin, while in all other directions it drops along steep slope breaks (commonly >11°)
towards the surrounding Upper Pleistocene to Holocene surfaces (Fig. 3). Based on the
elevation of fluvial sediments, Szadeczky-Kardoss (1938) considered the Parndorf Plateau
as the direct continuation of the River Danube’s highest (and thus oldest) terrace level in the
Vienna Basin, the Laaerberg Terrace. Tauber (1959b) corroborated Szadeczky-Kardoss's
(1938) considerations concerning the provenance and Early Pleistocene age of the gravel
layers of the Parndorf Plateau, based on the relatively high content of garnet in the heavy
mineral fraction compared to lower terrace levels. Noticeable geomorphological features are
straight, NW-SE trending dry valleys dissecting the southeastern part of the plateau (Fig. 4).
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Fig. 4: Layout of lake seismic measurements and locations of IRSL samples. The profile lines A-B and C-D refer
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have an interval of 0.1 m. The deepest point of the lake bottom lies at 113 m a.s.l. Background: SRTM digital
elevation model; coordinate grid: UTM 33N. 1: Dry valleys in the southeastern part of the Parndorf Plateau.

The Seewinkel Plain (114-130 m a.s.l.) is a very low relief area, bounded by the Lake
Neusiedl to the west, by the Parndorf Plateau to the northeast and by the Hansag depression
to the south (Fig. 1). Similar to the Parndorf Plateau, the area is characterized by fluvial
deposits on top of Pannonian sediments (Fahrion, 1944; Tauber, 1959a; Tauber, 1959c;
Hausler, 2007). Gravels pinch out towards the west and diminish around the eastern shore of
Lake Neusiedl (Fig. 2 and 3). The thickness of the Quaternary deposits increases towards
the east to up to 25 m at the boundary to Hungary (Fig. 2; Tauber, 1959a), following the
same thickening trend as the underlying Pannonian sediments (Fuchs and Schreiber, 1985).

Depressions

The Lake Neusiedl (Neusiedler See or Fert6-t6, Fig. 1), situated at the Austrian-Hungarian
border, currently has an area of approximately 285 km? (Schmidt and Csaplovics, 2011;
Kiraly and Markus, 2011) and a lake level of 115.5 m a.s.l. (Bacsatyai et al., 1997). The
water level of the lake varied considerably in the past with a historical maximum around
117.7 m a.s.l. (Draganits et al., 2007). The entire lake is very shallow (1-1.7 m maximum,
Fig. 4), with the deepest part of the lake bottom at around 113 m a.s.l. (Bacsatyai et al.,
1997). The lake has no natural outlet, but for about 100 years the water level has been
regulated by an artificial drainage channel (Fig. 1). At present the main tributaries are the
Wulka River and to a very limited extent the Angerbach rivulet (Fig. 1). The lake is
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surrounded by an extensive reed belt except for the eastern shore. According to Tauber and
Wieden (1959) hardly any recent sedimentation takes place in the open water area of the
lake. Sediments are rather transported from the open water area to the reed areas to build
up freshwater sapropel of up to several decimeters in thickness. Fine-grained sediments of
Pannonian age underlie the freshwater sapropels (Tauber, 1959a and this study). The
deepest part of the lake forms a roughly NNE-SSW depression ending close to the
southernmost tip of the Rust Hills (Bacsatyai et al., 1997).

The Hanség depression is a low-lying, extremely flat area bounded by the Seewinkel Plain to
the north and by the Lake Neusiedl to the west (Fig. 1). This area was part of the Lake before
anthropogenic drainage and formed a continuous, L-shaped water body with the modern
Lake Neusiedl (Draganits et al., 2007).

Methods

In order to investigate the geology and depositional history of the study area, we applied a
suite of geophysical and geological methods: (i) shallow lake seismic measurements and
interpretation, (i) lake drilling and sedimentological characterization of the drill cores, (iii)
acoustic velocity measurements of the sediments from the drill cores, (iv) heavy mineral
investigations and (v) infrared stimulated luminescence (IRSL) dating. The data were
consecutively analyzed together with outcrop descriptions and existing information compiled
from the literature and scientific reports (including provenance studies, bore logs and
industrial seismics).

Shallow lake seismic data

We use shallow lake seismic data to study the stratigraphy and deformation structures in a
study area with extremely low relief, poor outcrop situation and a large lake. Lake seismic
data were acquired in September 2008 during an international geophysical field course
(Timér et al., 2009) using an IKB-Seistec™ single-channel boomer source (1 to 10 kHz)
equipped with eight hydrophones arranged vertically in a cone receiver having a fixed offset.
The grid of lake seismic measurements covers the NE part of Lake Neusiedl with a spacing
of approximately 1 km (Fig. 4). The orientation of the grid has been planned orthogonal to a
suspected NE-SW trending fault system within the lake (Tauber, 1959d; Tollmann, 1985;
Schonlaub, 2000; Hausler, 2007) as well as to faults of similar orientation localized in
tectonic-geomorphological studies (Székely et al., 2009). The seismic navigation file was
created by a GPS tracking device measuring every four seconds. Processing of the seismic
data in the time domain included the removal of the low-frequency trend, correction of minor
static shifts due to the motion of the boat and equipment by waves, and the removal of
artifacts due to the impedance contrast between water and the lake bottom. Changes in the
speed of the boat towing the source/receiver arrangement can cause significant changes in
the geometry of the reflectors (e.g. flattening due to decreasing speed, Té6th, 2003).
However, the studied sections are not affected by such velocity effects, because the speed
of the boat in these sections was very constant. Therefore, corrections in this regard were
not considered to be essential and have not been carried out. Lake seismic data were
interpreted in the time domain using the Petrel standard seismic interpretation software
(www.slb.com). Characteristic marker horizons were mapped in time domain.

In order to be able to correlate the sedimentary bedding interpreted on the lake seismic
sections with the stratigraphy at the Seewinkel Plain, industrial seismic sections (OMV, 1970)
were combined with counterflush (CF) well log data (Fahrion, 1944; provided by the drill core
archive, Austrian Geological Survey). The CF wells were placed systematically across the
entire Seewinkel Plain during May 1943 and April 1944. The results of these wells that were
part of a general prospection in the area were documented in a report by Fahrion (1944). In
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the present paper these wells were used for the evaluation of the Quaternary thickness map
of the region (Fig. 2).

Lake drilling and drill core sedimentology

Interpretation of lake seismic data helped to locate key sites for a lake drilling campaign,
which was conducted in 2009 in cooperation with the company UWITEC (www.uwitec.at). A
floating aluminum sampling platform was used with a base plate placed on the bottom of the
lake to ensure stable positioning and drilling. Sediment cores were retrieved by a
“Niederreiter” piston corer applying rising and dropping hammer action. The bolt tip allowed
for continuous sampling and minimized the effect of crumbling sediment. The cores were
taken in 1 m long parts with core diameters of 9 cm or 6 cm. After acquisition, the cores were
stored within metal cylinders and later extruded by a hydraulic pump into Plexiglas pipes.
Drill cores were sampled in the eastern part of the lake near the village of Podersdorf,
reaching a maximum depth of 3 m (Fig. 4).

Documentation of the drill cores was based on standard sedimentologic methods including
lithofacies characterization, analysis of fossil content, color description by Munsell color
charts, grain size measurements using a Sedigraph ET5100 and heavy mineral analysis of
samples from given locations in the core. Table 1 summarizes the sampling locations.

Bulk and clay mineralogical compositions were established by x-ray diffraction using a
PanalyticalX'Pert PRO diffractometer (CuKa radiation, 40 kV, 40 mA, step size 0.0167, 5s
per step). The bulk samples were analyzed as oriented powders. The clay fraction (< 2 um
fraction) was separated by sedimentation and analyzed as oriented clay films on glass slides.

59



Zamolyi Andréas: “Quaternary landscape evolution of the Little Hungarian Plain”

'S8109 Bulj|Up 8| 8yl Wol) sjJuswainseaw azis ulelh Jo Sjnsal pue suonedo| ajdwes Jo MaIAIBAQ T d|gel
BU g¢ LIS 06¢€ 8l 0'¢h 006 01-¢€-2-SAN
BU 2Tl S¥8 LT (¥4 008 0Ll 6-€-2-SAN
BU  BF%l LLL VL (¥4 S'69 049 8-€-4-SaN
BU g§§ 0¢o gIC 8l 0l9 0'8s L€-4-SAN G0 T8 g¢¢ £l (44 S'v8 0'ce ¥-1-9-SAN
B/U 28 VEB v8 (¥4 G'zs 5'0% 9-€-/-SAN Ge'0 6l L'A9 0L 02 VL G'¥s £-1-9-SAN
Bu g1l g4l L0. 6 S'ov XA §-€-2-SAN Ve 109 6¢C¢ 89 £e Lle G'6l Z-1-9-SaN
B/U 9¢ [ A o 4 (¥4 0ze 5'8C P-€-2-SAN 60 9¢ GSF¥ B899 Ll ge ¥0 L-1-9-SAN  |-9-SAN
BU ¢¢ €69 ¥Ig Ll 0've 0lc £-€-4-SaN
BjU g9/ V¥8 6L £z Sl 06 Z-¢-4-SON €0 Zog Lsg L' Ll §'6S 0°sg #-€-6-SAN
B/U 0Z¢ 815 79l £ Sy gl b-¢=/-SAN ¢£-/-SON 8l'0 9/¢ 805 91II 9l ek oor £-€-G-SaN
¢lo Ve  ¥Ie gaf (¥4 098 g'Z8 9-2-/-SON 00 9lv 645 S0 0z 0ege €62 Z-€-G-SaN
6L0 296Gl 508 ¢V ¥ 0¢s 50 §-2-2-S0N ¥e0 €9¢ 2¢9 00 zZ 09l GClh L-€-6-SON  €£-6-SAN
620 20z ¥6. ¥O0 9z 00% 0iv ¥-2-2-SON 8c’0 ¥¢C 99. |0 (¥4 oi8 g8l $-2-6-SAN
00 &¥Z O0¥L VI L (IR £og €-2-4-SON 620 09Z f0L ¢¢ zZ 9vr g8y £-Z-6-SaN
6L'0 &8 v¥F LY ¥ Al g6 2-2-4-SON 8L'o0 0l 949 [lZ 0z 082 Lve Z-Z-§-SaN
220 VAL gel ¥6 ¥ 9 ge b-2-4-8AN Z-/-SON 620 ¥8 TS T 6l gL 0c L-2-6-SAN Z-§-SAN
BU g% L¥F 905 6l 0Z6 098 G-1-/-SON 920 €Z7C 9¢. T% 6l €16 £'88 ¥-1-G-SAN
B/U g€l L'€9 G&Tl (¥4 069 GGG P-1-4-SAN al'o g8l 6y |62 6l 208 Gl £-1-G-SaN
B/u g9l 00F T¢¥ 51 0'v¥ 0Ly £-1-4-SaN 620 06 025 0¢ £ 0'¥s GG Z-1-6-SaN
B/U ¢¥C B6C BGZ 51 00c 09l Z-}-4-SON ¥e¢0 B69¢ §29 L0 0z 0oz (A L-1-6-SAN  |-6-SAN
B/u 2’19 §9¢ 8l 0z orl 0Ll b-1=2-SAN  }-4-SAN

9.0 102 79l [L¢ 9z S'v8 0z8 £-€-+-SAN

FLO 2L L€S  L'SE 9l 006 598 2-€-9-SAN W0 V. 809 1'ZE £ 099 0°¢9 Z-€-¥-SAN
Zl'0 622 1L'sy 062 8l 0¢8 56 9-€-9-SAN lZ0 60 LS ¥ Ll 01 0vl L-¢-#-SAN  €-7-SAN
80 ¢iZ 019 8L 5] 8y 0L §-€-9-SAN 9z0 L0 Lv 96 Ll 016 0°¢6 L-Z-#-SAN
820 0¢2 00L 04 (¥4 209 018 P-€-9-SAN 0c0 80 €6 B¢CH 0z 0'st ocy Z-Z-¥-SaN
00 L9l S99 ¥l 8l 0'6% G ¥y £-€-9-SaN 9z0 %1 9. BOG 0z 0ze 08l £-Z-+-SAN
0 2ZL 06Z £8% Sl ¢lc 0ee Z-€-9-SAN Flo 91 19 €76 Ll 0l 08 P-Z-F-SAN  Z-#-SAN
€20 98 06 P9% 8l g9l 0zl L-€-9-SAN  €-9-SAN Z¢0 90 6S¢ 696 8l ol8 0'8s ¥-1-+-SAN
¥L'0 ¥8 L9 069 Ll 006 Z'98 £-2-9-SaN v0 €6 CT9l S¥. 114 oSy Gy £-1-#-SaN
9¢'0 ¥0E Gi¥ CTCZ Ll 0% 09r 2-2-9-SaN 6L'L 0¢e 68l L8y 8z ocl 06 Z-l-#-SaN
¢l'0 ¢8F Sve ¢l ZZ GGl A L-2-9-SAN 2-9-SAaN gc’l 918 e L'l £e 09 (1 L-l-#-SAN  |-#-SAN
[%] FAeo s pues (%] [%w] Aep ws pues (%]
201 [%] azis ueaf S§S0| J2jem WO 0} wWd woly ‘ou 3jdwes -ou alod 201 [%] azis ueah sso|Jajem WO 0)  wd woly -ou3dwes -ou aloo

60



Zamolyi Andréas: “Quaternary landscape evolution of the Little Hungarian Plain”

Acoustic velocity measurements

In order to obtain a detailed velocity profile to link seismic to well data, ultrasonic
measurements were carried out on the core samples using a Proceq TICO ultrasonic
instrument (measurement layout shown in Fig. 5). This device has two metal cylinders with
approximately 6 cm diameter. One cylinder acts as an emitter of ultrasonic waves at 50 kHz,
and the other records the travel time of the emitted waves. Proceq TICO uses the pulse
velocity method to provide information on the uniformity of the investigated material. The
measurements were carried out in a tandem arrangement (Gréafe, 2009) with a coupling
paste. A standard material (concrete block) and the air temperature were measured at the
beginning of each major measuring phase. Several measurement runs were conducted for
the same section of core and the most robust velocity measurement was used for the depth
to time conversion.

Fig. 5: Arrangement of acoustic velocity
measurements showing the different set of
acoustic velocities derived and their possible
: causes. Velocities measured depend on the type
sediment / oS \or = of wave involved. For simplicity, two types of

W ] : waves are depicted: longitudinal wave (L) and
[plexiglass] . L Rayleigh wave (R). The acoustic axis of each cone
air A A was below the 1%t critical angle, thus the
longitudinal wave was recorded. Additional factors
that lead to the recording of different velocities are
scattering and absorption as well as noise due to
the grain size of the sediment and air within the
pore space (Grafe, 2009). For the depth to time
conversion the most robust velocity value derived
from several measurement runs was used.

emitter

Heavy mineral investigation

The samples for heavy mineral analysis were derived from three different regions: (i)
samples from the Upper Pannonian strata of the lake drilling cores near Podersdorf (Fig. 4),
(i) one sample from a sand body within the gravels of the Parndorf Plateau (NIC 1), and (iii)
two samples from few dm thick sand lenses within the gravels of the Seewinkel Plain (FAU 1,
KIR 1) (Fig. 4). The sand bodies within the sediments on the Parndorf Plateau and in the
Seewinkel Plain are both embedded within the uppermost gravel layers. The sample NIC 1
was taken at 147 m a.s.l, 8 m below surface, FAU 1 was taken at 123 m a.s.l, 1.5 m below
surface, and KIR 1 (Fig. 6¢) was taken at 125 m a.s.l, 2 m below the surface. The fraction
between 63 and 400 um was used to investigate the heavy mineral assemblage of the
samples. Heavy mineral separation and counting followed standard procedures (Mange and
Maurer, 1992; Wypyrscyk et al., 1992).

For provenance analysis, our heavy mineral data were compared with those from the
Seewinkel Plain (Husz, 1965), from Danube terraces (Csap0, 1998; Frasl, 1955), from the
catchment of the Répce, also called Rabnitz (Nebert et al., 1980; Schocklitsch, 1962), and
from Danube tributaries in the Vienna Basin (Szabd, 1961).

Infrared stimulated luminescence dating (IRSL)

Samples NIC 1, FAU 1 and KIR 1 (Fig. 4) were used for IRSL dating of sand bodies within
the gravel layers on the Parndorf Plateau and in the Seewinkel Plain. NIC 1 was taken 10 m
below the topographic surface of the Parndorf Plateau, FAU 1 was located 1.5 m and KIR 1
2 m below the modern topographic surface of the Seewinkel Plain. The samples were dated
in the luminescence laboratory in Vienna using a single-aliquot regenerative-dose infrared
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stimulated luminescence protocol (Wallinga et al., 2000; Blair et al., 2005) of the potassium-
rich, coarse grain feldspar fraction. Dose rates were determined by laboratory gamma
spectrometry. The quartz grains were not suitable for OSL measurements due to very low
strength of the luminescence signals.
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Infrared stimulated luminescence dating (IRSL)

Samples NIC 1, FAU 1 and KIR 1 (Fig. 4) were used for IRSL dating of sand bodies within
the gravel layers on the Parndorf Plateau and in the Seewinkel Plain. NIC 1 was taken 10 m
below the topographic surface of the Parndorf Plateau, FAU 1 was located 1.5 m and KIR 1
2 m below the modern topographic surface of the Seewinkel Plain. The samples were dated
in the luminescence laboratory in Vienna using a single-aliquot regenerative-dose infrared
stimulated luminescence protocol (Wallinga et al., 2000; Blair et al., 2005) of the potassium-
rich, coarse grain feldspar fraction. Dose rates were determined by laboratory gamma
spectrometry. The quartz grains were not suitable for OSL measurements due to very low
strength of the luminescence signals.

Results
Seismic interpretation

In total more than 110 km of seismic lines of the sediments beneath the Lake Neusiedl have
been measured (Fig. 4). Using the acoustic velocity measurements, it was possible to
convert drilling core depth in seismic time and thus correlate distinct sedimentary
successions of the lake drilling cores with characteristic reflectors of the lake seismic
sections (Fig. 7). The conversion of the thickness of the sedimentary layers from meters to
seconds was done by stretching or squeezing the thickness value with the respective
measured acoustic velocity. For layers that yielded no conclusive velocity measurement
results (i.e. due to open cracks within the drill core) velocities from analogous layers were
used.

A multitude of sedimentological and tectonic features could be documented in the lake
seismic data, including (i) presence/absence of gravels, (ii) thickness variations, (iii) erosional
truncation of beds, (iv) channel structures, (v) tilting of sedimentary bedding and (vi) normal
faults (Figs. 7 and 8). However, the major fault postulated by Tauber (1959d) in the northern
part of the lake could not be detected.

The dip of the Pannonian strata is generally low. No consistent tilting of the Pannonian beds
could be observed in SW-NE orientation (Fig. 8a and 8c). In one section, oriented along the
longitudinal axis of Lake Neusiedl, strata dip towards SW, away from the Parndorf Plateau
(Fig. 8a). In a parallel section, 2 km to the SE, no significant tilting can be observed. In a
perpendicular NW-SE section the sedimentary bedding dips towards the SE and terminates
with a marked angular unconformity towards the bottom of the lake (Fig. 7b to c). The dip of
reflectors in the close surroundings of the lake drilling locations was converted to true dip
based on the results of the acoustic velocity measurements (see section 4.3). Accordingly,
the dip data for the bedding in that area are around 2° towards SE (Fig. 3). Further to the
west, the tilted bedding changes to a sub-horizontal undulating surface.

Across the entire area covered with seismic data, no indication of significant thickening of
sediments was detected (Figs. 7 and 8). The top of the entire stack of Pannonian sediments
displays erosional truncation and toplaps (Figs. 7 and 8). In some parts, especially close to
the western shore, the sedimentary bedding is cut by channels of various sizes (Fig. 7¢ and
7d). Figure 7d shows indications of a point bar system. The seismic data together with the
lake drilling samples, and Quaternary thickness maps from literature (Figs. 7 and 8, Fig. 2)
support the observation that no significant Quaternary gravel layer exists in the northern part
of Lake NeusiedlI.
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Description of lake drilling cores

The four lake drillings at the lake bottom of Lake Neusiedl (NDS 4 — NDS 7) reached
depths between 2.6 and maximum 3 m due to high compaction of the sediments.
Table 1 provides an overview of the analyzed samples and summarizes the results of
the grain size measurements. No significant amount of gravels could be observed in
any of the drill cores, supporting the lack of significant gravel deposits within the lake
as also observed in the lake seismic data. Paleontological analysis yielded no age
indicative fossils in the sediments of the lake drilling cores (pers. comm. M.
Harzhauser, 2011). However, the combination of seismic sections with well data and
the calculation of true dip values as described in chapter 5.1 allowed the correlation of
the reflectors onto adjacent onshore industrial seismic sections (OMV, 1970) as well
as nearby CF well data in the Seewinkel Plain (Fig. 11). This correlation indicates a
probable Late Pannonian age of the sediments beneath the lake bottom, which is
also supported by our mineralogical findings and data by Szontagh (1904), Blohm
(1974) and Fuchs and Schreiber (1985).

The mineralogy of drilling NDS 7-1 was investigated in detail. Eight samples were
taken at 0-4 cm, 11-14 cm, 16-20 cm, 28-31 cm, 41-44 cm, 55.5-59 cm, 68-71.5 cm
and 86-92 cm depth. The uppermost 20 cm of the drilling is dark gray, silty clay,
followed by light gray to greenish clayey silt interbedded with layers of fine to medium
sand. The bulk samples consist of muscovite, chlorite, quartz, feldspar (albite and
microcline), calcite and dolomite throughout the profile. However, the uppermost two
samples are slightly different, showing very broad calcite and dolomite peaks with a
pronounced magnesium-calcite peak in between. Calcite and dolomite show better
crystallization downhole, and the magnesium-calcite peak disappears at a depth of
60 cm. Furthermore, the upper two samples contain less feldspar than the rest. The
clay fraction (< 2 um fraction) gives even more evidence that the uppermost samples
are different. lllite and chlorite are the dominant clay minerals until a depth of 20 cm.
The deeper samples show, additional to illite and chlorite, pronounced peaks of
smectite and some minor kaolinite.

The Pannonian deposits below the uppermost 20 cm display cm to maximum 1.3 m
thick layers of clay to coarse sand, including isolated cm-sized gravel clasts (see
Fig. 9 for detailed sedimentological logs). The colors range from grey to greenish
grey; irregular orange oxidation spots are common. Sub-horizontal lamination is the
only visible sedimentary structure. Relatively large detrital white mica flakes and low
calcite contents are characteristic for the Pannonian sediments.

Heavy mineral data

The heavy mineral data represent assemblages from lacustrine Upper Pannonian
strata (lake drilling cores) as well as from Quaternary fluvial sediments (Parndorf
Plateau and Seewinkel Plain; Table 2).

Zircon Tur. Rutile Apatite Garnet Chloritoid St. Epidote Chromium Hbl. Amp. Sil. Zoisite Kyanite Titanite Hbl.  Biotite
Spinell  (grey) (brown|

NDS 4-2-2 13 130

5 47
70 76
27 29
37 130
13 46

12 33
4 12
46 25
17 10
27 35
10 13
50 43
16
21 34
7 11
17 15
7 7
10 13
9 12

49
18
1

~No|l-whMo|lo~|loo|oo|r o

pes.
%

NDS 5-2-2

pes.
%
pes.
%
pes.
%
pes.
%
pes.
%
pes.
2 3 0%

[NR=}

NDS 6-3-3

NN[O =[N N(w oo o N[ s
[ e N [ - [N N I N .

NDS 7-3-7

KIR 1 133
43
80
35
12

11

FAU 1

[SRICENNR T RENY PR N -y PN 7- R G |

U0 =W 0= w = &= W[ o
= =l=m N w|lo 2|2 Nne oo =
= W
w &

Ny
o o
e =I=Rl == P N P R B Ol P )
=)
ooloo|jooloo|loo|jo-|oo
N
o oloo|l=nloo|o = e o
w wlo =|=Nnloo|o=|oo|o =
o oloojloo|loo|loo|loo|lo =2
oo oo oo =|= wo oo =

NIC 1

(3]

Table 2: Results of the heavy mineral analysis of the samples from the Late Miocene lake drilling cores
(NDS 4to 7) and from the Quaternary outcrop samples in the Seewinkel Plain (KIR 1, FAU 1) and
Parndorf Plateau (NIC 1). Tur. = Tourmaline, St. = Staurolite, Hbl. = Hornblende, Amp. = Amphibole, Sil.
= Sillimanite, pcs. = pieces.
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Heavy mineral assemblages from the lake drilling cores (Table 2) show high
abundances of garnet, apatite, staurolite and epidote. Some common heavy minerals
include zircon, tourmaline, zoisite/clinozoisite, kyanite and transparent amphibole.
This means that the heavy mineral spectrum is dominated by metamorphic minerals.
Minerals of the ultrastable ZTR (zircon, tourmaline, rutile) group in regard to transport
and weathering (Hubert, 1962) range up to a few percent in maximum (Fig. 10a).
Chloritoide, chromium spinel, titanite, brown amphiboles are also present but in very
low quantities. It is important to note that staurolite dominates over chloritoid and that
sillimanite and kyanite are quite abundant. All in all, heavy minerals from a low- to
higher grade metamorphic source area dominate the assemblages.

In the ternary plot (Fig. 10a) the 3 samples from the Quaternary gravels plot very near
the Upper Pannonian samples, indicating either reworking or the same, mainly
metamorphic hinterland.

clay-silt sand gravel 114 m(as.l.) clay-silt sand gravel 114 m (as.l.)
om c ¥ om  f,m, ¢ | acoustc ¥
™ olive green-grey silty clay velocity Light grey silty clay, organic remains.
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T Srey sy fine sand: sepesit 1 Srump il g evel st
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Light greenish grey silty-clayely 3 Grey clayly sit;
fine sand; some mica orange oxidation speckles
_ Greenish gray clay;
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3m T T NDS4 oxidation areas a T
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ic W m c acoustic W
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Whitish grey clay; some oxidation Grey lamination of silt,
in lower part fine sand and some clay
b 7] Olive grey clayly sit;
Greenish grey clayly silt; up to 0.5mm mica up to 0.5mm
mica; root at 1.8m T
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Fig. 9: Sedimentological logs of the lake drilling cores. Note that no significant gravel layer could be
observed in the lake drilling cores. The red rectangle shows the sample locations for heavy mineral
analysis. Results of the acoustic velocity measurements are indicated in light grey for each section.

The sample from the Parndorf Plateau (NIC 1) shows high abundance of garnet,
staurolite, epidote. Green hornblende is also common, but in significantly lower
amounts compared to the samples from the Seewinkel Plain (KIR 1, FAU 1).
Additionally, zircon, tourmaline, fibrolithic silimanite, zoisite/clinozoisite, kyanite are
common. Rutile, transparent amphibole, titanite and apatite are present in very low
amounts (Table 2). In comparison with the Parndorf Plateau, the heavy mineral
assemblages from the Seewinkel Plain (KIR 1, FAU 1) are dominated by green
hornblende and garnet, and contain higher amounts of fibrolithic sillimanite and
titanite, but less amphiboles (Table 2).
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Plotting logratio-diagrams of the main heavy minerals epidote group and chloritoide
versus garnet, as well as green amphibole versus staurolite (Figs. 10b and 10c)
results in a separation of Quaternary samples from Pannonian samples. The amount
of green hornblende is higher or equal to the amount of staurolite in the Quaternary
samples, whereas in the Pannonian samples the amount of green hornblende is less
or equal to the amount of staurolite, except for one sample.
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Fig. 10: Heavy mineral analysis
diagrams showing a) A ternary plot
ZTR (zircon, tourmaline, rutile) versus
low-grade  metamorphic  (epidote
group and chloritoide) versus higher-
grade metamorphics (garnet and
staurolite), b) logratio-diagram of the
main heavy minerals epidote
group+chloritoide versus garnet and
green amphibole versus staurolite of
recent samples and c) of Upper
Miocene samples. Data of this paper
(KIR 1, FAU 1, NIC 1 and NDS sampl
es) are compared to data from
literature (Frasl, 1955;
Wieseneder and Maurer, 1958;
Szabo, 1961; Schoklitsch, 1962;
Husz, 1965; Fuchs, 1974).

Quaternary fluvial sediments of the Parndorf Plateau and the Seewinkel Plain
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In the gravel layers of the Parndorf Plateau and the Seewinkel Plain three main
lithofacies classes were recognized: (a) poorly sorted massive gravels, (b) laminated
and cross bedded sands and (c) alternating open- and filled framework gravels.

The fluvial sediments of the Seewinkel Plain generally consist of loose, sandy,
medium to coarse gravels often intercalated of cm to few dm thick and some couple
of meters long bodies of medium to coarse sand. These sand bodies appear
commonly laminated often showing thin stringers of pebbles. Gravel clasts appear
generally rounded to well-rounded. Periglacial features within the fluvial sediments of
the Seewinkel Plain are rare and represent involutions within the top decimeters.
Loess deposits are virtually absent in the Seewinkel Plain. Paleo-groundwater levels
were frequently observed in outcrops of the Seewinkel Plain at a few meters depth,
represented by distinct, yellow to dark brown and blackish layers of grain-supported
gravels (Fig. 6c).

Lithological logs from CF wells in the Seewinkel Plain highlight the clear lithological
contrast between the fluvial Quaternary strata and the Upper Pannonian sediments
(Fahrion, 1944). The Quaternary sediments comprise sand lenses and gravels with
an average thickness of 10 m and with a thickening trend towards the East (Fig. 2).
The CF wells encountered Upper Pannonian strata below the Quaternary but did not
pass through the entire Pannonian strata. The Upper Pannonian is formed by a
sequence of clays, clayey marls, and sand layers with varying thickness. Precise
biostratigraphic dating of the above mentioned strata was not successful due to the
lack of fossils (Fahrion, 1944). Two selected drillings near Neusiedl (CF N 6) and
Frauenkirchen (CF FR 28) are shown in Figure 11 to delimit the top of Upper
Pannonian sediments.

- A B
o 177 m—
g 160 m—| Parndorf plateau NIC1
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Fig. 11: Cross section of the study area with correlation of sediments within the Lake Neusied| to an
onshore industrial seismic section (OMV, 1970) rendered feasible by the acoustic velocity
measurements and the link of seismic to well data. Sediments in the lake correspond to Upper
Pannonian strata onshore. The deepest reflector that was still identified as upper Pannonian (Upper
Miocene) with the help of the counterflush well CF N 6 is shown as “Base of the drilled upper
Pannonian”. The counterflush well CF FR 28 also ended within upper Pannonain strata. Note that two
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topographic sections (indicated in Figure 4) and the IRSL sample locations have been projected onto the
Ccross section.

On the Parndorf Plateau, Quaternary sediments appear as a thin layer of only up to
few meter thickness on top of Upper Miocene strata. Fluvial gravels are characterized
by a similar fluvial depositional character as those observed in the Seewinkel Plain,
but show a higher matrix content, a higher grade of chemical weathering and
frequent, large-scale periglacial features (such as involutions or sand wedges). The
higher grade of weathering is supported by analysis of the individual components
which shows that limestone or dolomite clasts are almost completely absent. The
crystalline components from the Parndorf Plateau include a granulite clast with
garnets bearing a biotite rim and fine-grained granites (pers. comm. F. Neubauer,
2014). Similar to the sediments of the Seewinkel Plain, they appear generally loose
and are not cemented. Meter-thick loess deposits were observed for example at the
southern scarp of the plateau (Fig. 6b and 4). If occurring, they appear clearly thinner
on top of the plateau.

IRSL ages of Quaternary fluvial sediments of the Parndorf Plateau and the Seewinkel
Plain

IRSL-dating (Fig. 4, Table 3) of the sample NIC 1 from the Parndorf Plateau indicates
an age in excess of the method (> 300 ka). The luminescence signal of this sample
was in saturation and thus only yielded a minimum actual equivalent dose (De) and
age. The samples from the Seewinkel Plain show potassium-feldspar IRSL ages of
102 £11 ka (FAU 1) and 76 = 8 ka (KIR 1) (Table 3).

Sample ID NIC 1 KIR 1 FAU1
UTM X (m) 654116 651159 644800
Coordinates y (m) 5312846 5300405 5301258
De (Gy) >600 228 221
uncertainty 10 11
Measured radionuclide
concentrations
% K 1.08 1.06 1.40
error (%K) 0.02 0.01 0.02
Th (ppm) 2.00 514 8.83
error (ppm) 0.07 0.15 0.24
U (ppm) 0.38 1.23 2.28
error (ppm) 0.01 0.03 0.04
Total dose rate, Gy/ka 1.97 2.23 2.92
error 0.19 0.1 0.27
AGE (ka) > 300 102 76
error 11 8

Table 3:

Overview of IRSL age measurement results.
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Discussion and conclusions
Age and provenance of the sedimentary units

The IRSL and mineralogical data presented in this study, together with heavy mineral
spectra and lithological information of certain pebbles from the gravel layers are used
to identify the age and possible provenance areas of the investigated sedimentary
units. Previously, age correlation was almost exclusively based on the altitude of
terraces, diagenetical alteration of the sedimentsand on heavy mineral composition
(e.g. Szadeczky-Kardoss, 1938; Tauber, 1959a; Fuchs et al., 1985; Wessely, 2006).
This is, however, especially problematic in a tectonically active area such as the Little
Hungarian Plain (Székely et al., 2009).

The distribution of sediments in the study area can be outlined as follows: Pannonian
(Upper Miocene) strata occur throughout the study area, with a gradual thickening
towards the depocenter of the Danube Basin further to the East (Mattick et al., 1996).
Detailed mineralogical analysis of one drill core (NDS 7) from Lake Neusied! indicates
that only the uppermost few centimeters represent Holocene lake sediments. Higher
smectite and feldspar contents, in addition to well crystallized carbonates suggest a
significantly older, i.e. Pannonian age of the strata below. These findings together
with the seismic data indicate the absence of continuous gravel deposits on top of the
tilted sedimentary strata beneath the Lake Neusiedl.

In contrast, continuous Quaternary sediments, predominately sandy gravels, are
found on both the Parndorf Plateau and the Seewinkel Plain. The measured IRSL
ages from sand bodies within these gravels indicate Late Pleistocene deposition of
the (upper) gravels in the Seewinkel Plain and a Middle Pleistocene or older
deposition of the gravels on the Parndorf Plateau. Hausler (2010) provided an OSL
age of 95 + 10 ka from sediments in the Seewinkel Plain from the upper part of a
gravel pit east of Wallern (Fig. 1), supporting our geochronological data.

Bernhauser (1962) distinguishes three main types of gravel deposits depending on
elevation above sea level. The younger layers above 120 m a.s.l. comprise gravels
with predominantly quartz components. The layers below 120 m a.s.l. also contain
calcitic components. The third main type is observed only below 120 m a.s.l. and
contains a variety of crystalline components most probably from the Leitha Mountains
or the Rust Hills, but possibly also from the Sopron Hills (Bernhauser, 1962). A
lithological inspection of individual components of the gravel horizons was performed
in this study to retrieve indications on the provenance of the Quaternary units. Certain
components from the KIR 1 sample were identified as gneisses and greenschist
facies mylonites similar to Lower Austroalpine metamorphic rocks from the Wechsel
unit (pers. comm. F. Neubauer, 2014) in the southwest of the study area (Fig. 1).
However, similar greenschist facies mylonites are also found in the Mesozoic
basement rocks in the Leitha Mountains (Erkmen, 2012). Thus, the inspection of
gravel components from the chosen samples does not give clear indications on the
exact source area.

Heavy mineral assemblages from (Upper) Pleistocene sediments indicate high
amounts of garnets and staurolite, minor epidote and chloritoid, and varying, but
significant amounts of green hornblende, attesting to a significant higher grade
metamorphic source. The high abundance of garnet in the samples from the
Seewinkel Plain (FAU 1, KIR 1) accompanied with the presence of fibrolithic
silimanite and kyanite point to upper greenschist metamorphic to lower amphibolite
facies rocks and minimizes the possibility of the Leitha Mountains as a source for the
sediments of this area (Fig. 1). The Leitha Mountains and adjacent Rust Hills also
contain mica schists, but almost no garnet (Tauber, 1959a). The presence of
staurolite and kyanite in all samples principally could derive from the metamorphic
rocks of the Sopron Hills, which contain staurolite, andalusite and kyanite schists in
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higher tectonic levels (Draganits, 1998), and include certain occurrences of fibrolithic
silimanite within the Obrennberg-Kaltes Briindl Series. A southern provenance would
be further supported by the lack of chromium spinel that could originate from Gosau
units in the Eastern Alps (Wagreich and Marschalko, 1995) and the minor amounts of
epidote, which predominate the Upper Pleistocene fill of the Mitterndorf basin within
the southern Vienna Basin (Salcher, 2008). However, the composition of these
samples fall also into the variation of recent and Pleistocene sands of the Danube
River (e.g. Frasl, 1955; Salcher, 2008).

The recent sands of the southerly derived Répce (Rabnitz) and Raba (Raab) Rivers
show similar high amounts of garnet, but plot further to right in the logratio-diagrams
due to higher amounts of green hornblende and/or lower amounts of staurolite.
Therefore, no clear distinction between Danube derived and southerly-derived
(Répce/Réba Rivers) deposits can be made using heavy minerals. Reworking from
older, i.e. Pannonian sediments (see below) cannot be excluded.

Upper Pannonian sediments from the strata below the Lake Neusiedl show a rather
similar heavy mineral assemblage (Fig. 10c), with high amounts of garnet and
staurolite together with epidote and varying amounts of green hornblende, and
significant traces of kyanite and silliminate. Green hornblende is significantly lower
than staurolite, forcing almost all Pannonian samples to plot to the left of the zero-line.
Therefore, a clear distinction can be made between Upper Pannonian and
Quaternary strata, indicating changes in sediment transport and provenance during
the last 5-6 Ma.

Lithologically, the central area of the Sopron Hills with exposures of Austroalpine
basement units of higher metamorphic grade represents a source area compatible
with this heavy mineral spectrum (Draganits, 1998). Investigations from the
Oberpullendorf Basin (Fig. 1) provide largely similar heavy mineral spectra from these
Neogene sedimentary units (Schoklitsch, 1962). Pannonian sediments from the
catchment of the Répce at Bubendorf/Drassmarkt also show a rather similar heavy
mineral assemblage strongly dominated by garnet, but higher epidote percentages
(Nebert et al., 1980; Schoklitsch, 1962). In the eastern part of the Oberpullendorf
basin, directly southwest of the Lake Neusiedl, Schoklitsch (1962) distinguishes two
heavy mineral assemblages within the Pannonian sediments. A tourmaline-zircon
dominated assemblage in younger Pannonian sediments, and a garnet and staurolite
dominated assemblage in older Pannonian sediments, which correlates to the
assemblages from the drilling cores from the Lake Neusiedl.

A major difference between the Upper Pannonian and the Quaternary samples in our
study area is that the latter have more abundant hornblende and fibrolithic silimanite.
This may indicate changing amounts of amphibolites within the source area, but may
be also related to lower stability of hornblende during transport (Nebert, 1980; Mange
and Maurer, 1992). It should also be noted that staurolite is present in all the
sediments of the Danube-terraces further downstream in the Little Hungarian Plain
(Csapo, 1998).

The role of (active) tectonics in shaping the geomorphology of the Eastern Little
Hungarian Plain

Slow, regional vertical crustal movements are still affecting the western margin of the
Little Hungarian Plain (Hoggerl, 1989; Wolfartsberger, 2011). A regional uplift (i.e.
100 ka to 1 ma) is indicated by staircase terrace formation and stream incision. The
uplift rate is suggested to be in the order of 100-200 m/ Myr (Salcher et al., 2012)
which is very similar to adjacent regions (Wagner et al., 2010; Gusterhuber et al.,
2012). On top of this uplift, local tectonics plays a major role in the study area. This is
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suggested e.g. by distinct, straight scarps and horst-and-graben like features
represented by the Lake Neusiedl depression and the elevated highs limited by
straight scarps surrounding the Lake Neusied! (e.g. Székely et al. 2009; Rath et al.,
2011).

The top of the Upper Miocene (Pannonian) strata in the lake area and the adjacent
Seewinkel Plain is located at around 110 m a.s.l. The top Pannonian of the Parndorf
Plateau is up to 50 m higher, clearly showing a dip towards SE. Székely et al. (2009)
speculated about a neotectonic influence on linear features in the Little Hungarian
Plain (see also Fig. 3). In fact, NNE-SSW trending grabens which were discovered in
the Tertiary basement in a depth of more than 1500 m (Kilényi and Sefara, 1989; Tari,
1994) are parallel to the straight SE margin of the Parndorf Plateau. Further evidence
for neotectonic activity was provided by Zamolyi et al. (2010) who showed that
planform geometries of local Danube tributaries in the Little Hungarian Plain are
affected by normal faulting. Young tectonic activity in that region is related to the
onset of basin inversion phase at approximately 4.5 Ma years ago in the adjacent,
more eastern parts of Pannonian Basin (Fodor et al., 2005 and citations therein).
However, inversion did not affect the whole basin at the same time (Fodor et al., 2005
and citations therein). It is likely that the Parndorf Plateau and the Seewinkel Plain at
the western margin of the Little Hungarian Plain are subject to a similar extensional
deformation regime as the eastern margin. This is especially true when considering
the ongoing subsidence of the Little Hungarian Plain (Joo, 1992; Timar and Récz,
2002). Cloetingh et al. (2005) suggested that the regional-scale depressions and
horst-like structures in the Pannonian Basin originate from stress induced deflection
of the lithosphere. Analogous to this assumption, the elevated areas and depressions
in the Little Hungarian Plain may be interpreted as horst and graben structures, which
are the consequence of this extensional regime even though the resulted topographic
wavelength is much shorter. However, it has to be noted that in contrast to other
locations (e.g. the Lassee Fault in the Vienna Basin; Beidinger and Decker, 2011),
outcrop evidence of normal faults displacing the Quaternary sediments at the margins
of the Parndorf Plateau has not been found (yet).

The overall dip of Upper Pannonian strata around 2° towards the East (observed in
the lake seismic and in industrial seismic sections; Fig. 3 and 11) are likely to be the
consequence of the early/middle Miocene extensional to transtensional regime
(Decker and Peresson, 1996). Fodor et al. (2005) report such a deformation style at
the eastern margin of the Little Hungarian Plain (Vértes Hills, Transdanubian Range;
Fig. 1) which initiated in the Late Miocene (Sarmatian, 11-13 Ma) and persisted up to
Middle- to Late Pliocene. Thus, differences in elevations between the Parndorf
Plateau and the Seewinkel Plain might be regarded as the result of local vertical
crustal movements and post-Pannonian normal faulting.

Quaternary landscape evolution models

The recent configuration of the Lake Neusiedl region is mainly the result of processes
related to local uplift and subsidence and associated processes of erosion and
accumulation. The role of climate for deposition is difficult to decipher. Ages from the
exposed, upper levels of the Seewinkel Plain (e.g. FAU 1, KIR 1) exclusively fall into
the early stages of the last glacial period. However, we cannot exclude the
occurrence of older remnants. Ages and the stratigraphic context (i.e. lack of
unconformities) suggest that the sedimentation of these upper levels of the Seewinkel
Plain took rather place during a relatively short depositional phase. Such a distinctive
and limited time period for deposition (i.e. few tens of thousands of years) is
regionally uncommon for an active basin setting, were generally longer records of
climatic and/or tectonically driven sequences are preserved (e.g. Decker et al., 2005;
Salcher and Wagreich, 2010). Remarkably, the deposits do not seem to reach the
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area of the Lake Neusiedl hosting only much older, Upper Miocene sediments. The
sediment distribution roughly coincides with the shore on the lake's eastern side. In
accordance, the regional distribution of gravel shows that the fluvial sediments where
already deposited on the eastward tilted Pannonian sediments, progressively limiting
accumulation space of any fluvial stream to the west. The lack of gravels beneath
Lake Neusiedl cannot be explained by erosional processes. This view is also shared
by Tauber (1959a).

The gravels on the Parndorf Plateau are significantly older than the upper levels of
the gravel deposits in the Seewinkel Plain and they are located approximately 45 m
higher (measured from Top Pannonian/Base Quaternary). However, Quaternary
sediments are that old that no exact IRSL age could be derived from the plateau. An
interpretation as Danube terrace can clearly be derived from sediment provenance
and depositional geometry (Szadeczky-Kardoss, 1938; Tauber, 1959b) and is also
suggested by the connection to terraces of similar altitude across the Leitha River.
Elevation and tilt suggests that it might be the continuation of the highest and oldest
terrace system preserved in the Vienna Basin more to the west (Szadeczky-
Kardoss, 1938). We suggest that the steep, southeast margins of the Parndorf
Plateau are scarps of reactivated basement faults; a scenario recently described from
Danube terraces in the Vienna Basin (e.g. Decker et al., 2005; Beidinger et al., 2011).

Fluvial sediments on top of the Parndorf Plateau might not have reached the area of
modern Lake Neusiedl. In fact, outcrops at or near the scarp’s slope (e.g. at
Edmundshof and Mdnchhof) suggest no or only very minor (few dm-thick) coverage
of fluvial sediments (Fig. 6a and 6b) unconformably resting on top of Pannonian
strata. The former floodplain of the Danube might therefore not have been extensive
enough to cover the area of the modern lake. This view is supported by the lack of a
continuous gravel layer within the lake. However, channel features are most likely
present in the Upper Miocene strata within the lake as interpretation of the shallow
lake seismic sections indicates. Similar features were also mentioned by Hodits
(2006).

The age of scarp initiation and formation along the Parndorf Plateau remains even
vaguer. A paleosol complex interbedded with thick loess deposits that outcrop along
the scarp slope may suggests an age which clearly exceeds the Late Pleistocene
(Fig. 6b).

While the provenance of the fluvial deposits on the Parndorf Plateau can clearly be
attributed to the catchment of the Danube, provenance is less clear for the younger
sediments in the Seewinkel Plain.

In conclusion two possible scenarios for the deposition of the Quaternary sediments
in the Little Hungarian Plain are presented suggesting either (1) an origin from the
South (e.g. Répce) or (2) from the North, the Danube.

Scenario (1): The Danube deposited its sediments on the area of the recent Parndorf
Plateau and shifted towards the north (Wessely,2006 and citations
therein; Szadeczky-Kardoss, 1937) (Figs. 12a and b). The northward shift of the
Danube into the gate of Devin (Fig. 12b) can be explained by a major incision phase
probably linked to the uplift of the Western Carpathians and the Leitha Mountains
(Wessely, 1961; Wessely, 2006). Caused by subsequent post-Pannonian normal
faulting and subsidence the Parndorf Plateau formed an elevated region, probably at
the time of the deposition of the gravels in the Seewinkel Plain (Fig. 12b). In this
model it is assumed that the gravel layer of the Seewinkel Plain was deposited by
local tributaries from the South similar to the modern lkva or Répce Rivers
(Figs. 12ato c). Fuchs (1974) states that the composition and depositional geometry
of gravels within the Seewinkel Plain point towards an origin from the South, which
would fit with the occurrence of staurolite (this study), gravel components from the
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Wechsel unit (this study) and the fact that the quartz of the Seewinkel sediments is
not suitable for OSL dating, which is in contrast to samples from the Danube River.
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Fig. 12: Map view of the two possible evolution models of the study area. The age constraint for the
beginning of the first phase is derived from data on the filling up of the Lake Pannon (Kovag et al., 2006;
Magyar et al., 2013). The onset of the second phase (~640 Ka) is controlled by the northward migration
of the Danube from the Gate of Bruck to the Gate of Devin (Wessely, 2006). The last phase is set to
~100 Ka due to the age of the gravel deposits in the Seewinkel Plain (this paper). The grey arrows
indicate the migration of the river channels towards the East, towards the modern depocenter of the Little
Hungarian Plain. 1: Leitha Mountains, 2: Western Carpathians, 3: Rust Hills, 4: Sopron Hills, 5: Parndorf
Plateau, 6: Seewinkel Plain, 7: Lake Neusiedl.
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Later on, upon deepening of the depocenter around Gyér (Jod, 1992, Gabris and
Nador, 2007, Lovasz, 2007) (Fig. 1) the main channels of the tributaries migrated
towards the East to their current positions (Fig. 12c, see also Lovasz, 2007) and the
distinct orientation of the modern drainage pattern evolved.

Scenario (2): The Danube developed a wide floodplain spreading across the whole
Seewinkel Plain and on the area of the not yet elevated Parndorf Plateau (Fig. 12d)
up to the Late Pleistocene. Thus, in this scenario the gravel deposits on the Parndorf
Plateau are younger than in scenario (1). This scenario is based based on foreset
orientations and component analysis of Szadeczky-Kardoss (1938), Tauber (1959b)
and Husz (1965). Szadeczky-Kardoss’s (1938) measurements indicate a WSW to SE
directed palaeo-current direction. During the deposition of the gravels in the
Seewinkel Plain in the Late Pleistocene (100 ka) local normal faulting created the
present-day relief including the Parndorf Plateau (Fig. 12f).

Based on current data none of the two scenarios can be excluded. Further age dating
of critical sediments and a detailed provenance analysis including pebble types and
single grain mineral chemistry may solve this question.
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of the fault pattern of the Bakony Mountains: some tectonic geomorphological
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Abstract

A morphometric analysis of the fault pattern of the Bakony Mountains:
some tectonic geomorphologicalimplications

The unique tectonic setting of the Pannonian Basin was recognised as early as 1900. In particular, the evolution and
geologic characteristics of the outcropping pre-Cenozoic mountain ranges have been subject to detailed studies and
prolonged discussions. Among these efforts, the Transdanubian Range occupies an important position because its well-
preserved outcrops, (which are rare in the Pannonian Basin) make it possible to collect direct measurements of the fault
striations and fault plane orientations. The tectonic position of the Transdanubian Range provides the key to the link up of the
Carpathian—Pannonian system to the Eastern Alps. Itis interpreted as the uppermost thrust sheet of the Alpine nappe system
that wasemplaced in the Cretaceous.

A key advance was made by the pioneering approach of MEszAros, who compiled a 1:100,000-scale structural and
economic-geologic map of large parts of the Transdanubian Range in 1982 (northern and southern Bakony and Balaton
Highlands). This detailed work puts a major emphasis on the mapping of structural features, distinguishing their sense of
movement and constraining the time of their activity. Unfortunately, the map itself has never been published. However, parts
of the map which were important for mining activities taking place at that time were produced in a summary paper (MESZAROS
1983). This study focuses on the correlation of the fault pattern with geomorphologic features. Integration of the original map
of 1982 into a GIS environment and subsequent tectonic geomorphological analysis reveals the close relationship between
tectonics and the landscape evolution of the Bakony Mountains (P£cs1 1987). A selected set of study areas provides results for
further characterisation of the structural elements.

A total of five hundred faults were subdivided and, segmented into two basic groups: one group consists of faults with
spatially-related geomorphologic surface expression and the other group comprises tectonic elements not directly related to
characteristic morphological features. These groups were further analysed on the basis of the properties assigned to them by
MgszARros (direction of fault movement and age); the orientation patterns were compared to fault datasets from different
authors for the whole of Transdanubia.

Orientation analysis of various classes of faults reveals a surprisingly uniform angular distribution: the overall orientation
pattern in the Bakony shows a slight but significant difference with respect to the general orientation in Transdanubia.
Azimuthal distribution of the faults mapped by MEszARoS is bimodal and can be interpreted as orthorhombic sets of faults.
Additionally, the strike of geomorphologically significant faults differs from the strike direction of geomorphologically non-
visiblefaults by 15 to 20 degrees.

Keywords: Transdanubian Range, Bakony Mountains, structural geologic map, tectonic geomorphological analysis, azimuthal

distribution

Osszefoglalds

A Pannon-medence egyedi tektonikus kdrnyezetét mar az 1900-as években felfedezték. Kivaltképp a kibukkand pre-
kainozoos kozéphegységek foldtani fejlédése és felépitése részletes tanulmanyokra és hosszu vitdkra adott alkalmat. A
kozéphegységek kozill a Dunantuli-kdzéphegységnek jut kiemelkedSen fontos szerep, tobbek kozott, mert jol
hozzatérhets feltardsai vetSsikok és vetSkarcok kozvetlen mérését teszik lehet6vé. A Dundntuli-kozéphegység
szerkezetfoldtani helyzete kulcsfontossdagu informécidt szolgaltat a Karpat—Pannon térség és a Keleti-Alpok kozotti
atmeneti zénakutatdsdban. Eztma az alpi takarck legfelsd, krétdban ttolodott egységének tartjak.

MEszAROs 1982-es eléremutatd szerkezetfoldtani dsszedllitdsa egy fontos alaptérképet szolgdltat kutatdsaink
szamdra. Az 1: 100 000-es 1éptékii szerkezet- és gazdasdgfoldtani térkép a Dunantili-kozéphegység nagy részét lefedsi,
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f6leg az Fszaki-6s aDéli-Bakonyra és a Balaton-felvidékre 8sszpontositva. Ez arészletes munkakiilon figyelmetszentel a
szerkezeti elemek osztdlyozdsanak, nemesak kiilonbséget téve sokféle vetGtipus kzott, hanem azoknak koroldsat 1s
dokumentdlva. Magat a térképet sosem publikdltdk, viszont a folyamatban 1évS banydszati tevékenység szdmdra fontos
részleteket és részlettérképeket egy Osszefoglalé cikkben tette kizzé (MiszAros 1983 ). Jelen munkaban a vetSk és
geomorfologiail elemek kizott kapesolatra dsszpontositottunk. Az 1982-ben késziilt eredeti térkép térinformatikai
integraciéja és teklonikus geomorfoldgini elemzése a Bakonyvidék (PEcst 1987) szerkerzetldldiani és felszinfejlédése
kozéitti szoros Osszetliggésre enged kovetkeztetni. A kivalasztott elemzési teriiletek a szerkezetfGldtani elemek tovabhi
jellemzését teszik lehetdve.

Osszesen félezer vetdt osztalyoztunk kétalapvets szempont szerint, szikség esetén a vets vonalit felszabdalva: az elsd
csoport olyan vetSket foglal magdba, melyeknek geomorfologiai megnyilvanuldsuk dokumentdlhaté; a mdsodik csoport
nem mutat kbzvellen dsszefiiggést jellegzetes geomaorfoldgiai vallozdsokkal. Ezeketa csoportokat tovabb bontottuk a
MiiszArOs dltal hozzdrendelt tulajdonsdgok (vetd mozgdsdnak irdnya és kora) alapjdn és csapdsiranyukat Gssze-
hasonlitotiuk més szerzGk szerkezet[6ldiani adatbdzisaival az egész Dundnlili-kézéphegység lerliletére.

A killénboz6 vetGosztdlyok csapisiriny-elemzése meglepden egyveretll eloszldsokat mutat: az dltalunk elemzett
vet§-adatbdzisokban a Bakonyban fekvd 6sszes vetd enyhe, de 361 kimutathaté irdnvbeli eltérést mutat az egész
Dunantilon megfigyelhets eloszldshoz képest. A MiszAros-féle térképen dokumentilt vetk csapasirany-eloszldasa
bimodalis és romboéderes térbeli elrendezést mutat, A geomorfoldgiailag megnyilvinuld MriszAros-féle vetbk

csapdsiranya az egyéb veldk csapasiranyaldl 15-201okottérel.

Teirgyszavak: Dundntili-kiizéphe gység, Bakony, szerke zetfoldiani térkép, tektonikus geomorfologiai elemzéy, csapdsirdny-eloszlds

Bevezetds

A Dunantiali-kézéphegység (1. dbra) és azon beliil a
Bakonyvidék (PEcst 1987) takards felépitését méar a milt
szdzad clején felismerték (Unric 1907, STrRavsz 1942),
Késtbb czeket az ismercteket béviterték. Igy példdul
KAzMER (1984) ¢s KAzMER & KovAcs (1985) a Dundntili-
kozéphegység kelet felé irdnyuld kiszokése mellett érveltek
a Periadriai-vonal és a Deferegpental—Anterselva—Valles-
vonal mentén 400 km-re eredeti elhelyezkedésétol.
Szeizmikus szelvények kiértékelése és felajult, miocénben
keletkezett mélyszerkezeti elemek  (Erképezése  (pl.
RuMPLER & HORVATH 1988, TARI 1996} a (ektonik usan ak(iv
Bakonyvidék képél tdmaszjak ald. Recens vertikdlis
kéregmozgasok meghatdrozasara irdnyuld  geodéziai
mérésck credményei a Bakonyvidék teriiletére 0,3 és 0,5
mm/¢v kicmelkedést mutatnak (Jod 1992).

Ez a fildtam kérnyezet messzemenden alkalmas aszerke-
zetfildtani folyamatok geomorfoldgiai megnyilvanulasainak
vizsgalatira. A MiiszAros édltal Ssszedllitott szerkezetfoldtani
érkép (2. dbra) nemcsak arészletessége és teriileti kiterjedése
miall bizonyult alkalmas alapiérképnek, hanem a veldk
osztalyozisa miatt alcsoportok képzésére is alkalmas, A vetdk
fekvése, futdsa és kinematikdja a kiilszini fejtésckben &
béanyavagatokban vépzett megfigvelések alapjan nagy térbeli
pontossdggal dokumentilt (Mr:szAros 1983).

A tanulmanyban nagy hangsillyal szerepel az oldal-
eltolodasok jellemzése és korolasa (1. tdbldzat). Féleg a
bauxit-eléfordulisok elhelyezkedésében latta az oldalel-
mozduldsok meghatarozo szerepél (MeszAROs 1983). A
NyFENy-KDK-i csapasi jobbos oldalelioléddsok kelet-
kezését Tar1 (1996) az albaira teszi. Felijulasukat tobb
szerzd amiocénbe helyezi (CsoNTos etal. 1992, Fopor et al.
2005, Sasvarietal, 2007). Az oldaleltoloddsokat szakitasos

1. tahlazat. MEszAros altal kor és jelleg szerint megkillinbozietett vetdtipusok.
Table 1. Tipes offaulis from the map of MESziros differentiated by age and fault ivpe

Szerkezeti elem Kor Jelleg
Szinklinalis
Antiklinalis
Vetd altaliban mepillapitott] feltételezert
Toresvonal jura megallapitot/feliciclezell; széles dorzsbrecesa-zomaval rendelkeak
Oldaleliolodas megillapitoll; nem cgycrielmi ranyid

keso-nengeén

megallapitotl

késd-neogén megdllapiloli; jobbos

késo-neopén feltételezert, balos

késo-neogén feltételezett, jobbos

késo-neogen fedett balos

késo-neogén fedett jobbos
megillapitott/feltételezell; halos srerkezetel tagold
megallapitott/leliételeceil: jobbos seerkecetet tagolo
fedett; jobbos/balos szerkezetet tagold
megillapitort/feltételezett jobbos/balos szerkezetet megszabéd
fedett jobbos/balos szerkezetet megszabo

szubhercini megillapitott/feltételezett: fiatalabb mozgisok sorin vetavé felujult jobbos [balos

Feltolodis

megallapitott/feltételerett

Attolodds

87



Zamolyi Andréas: “Quaternary landscape evolution of the Little Hungarian Plain”

Féildiani Kézlony 140/4(2010) 44]

17°30E : 18°E

1. Abra. a) A kutatasi terdlet
attekintd térképe (hattér fr-
nyékolt DDMI10  dombor-
zatmodell) a Bakony déli
reszenek [Obb posztpaleozoos
szerkezeti elemeivel (DUDKO
1991) €s a cikkben eldfordulo
fontosabb helyrajzinevekkel

| = Kab-hegy, 2 =(3uldcs, 3= Szent
Gydray-hegy, 4 = Badacsony. 5 =
Kali-medence, 6 = Marcal-me-
dence. Szirke halterrel rendel-
kezd szamok: 7 - Dunantuli-
kizephegyseg, 8-12 = Bakony-
videk, 8 = Bakonyalia, ¢ = [iszaki-
Bakeny, 10 = Déli-Bakeny, 11 =
Balalon-lelvidék, 12 - Keszthelyl
hegyséa,

b) MrszARos (1982) szerke-
zeti vonalai ugyanazon a
hattéren dsszehasonlitaskép-
pen

Figure 1. a) Overview map of
the study area (background:
hiflshaded DDMIO  digiial
elevation model) with the main
post-palaeozoic struciures
(Dupke 1991) and important
location names mwentioned in
the text

1 =Kab Hill, 2 ={uddes, 3 =8zent
Gydrgy Hill, 4= Badacsony, 3 - Kali
Basin, 6=Marcal Basin). Numbers
with grev background: 7 = Trans-
danubian Range, 8§-12 = Bakony
Mountains, § = Bakony Promontory,
b= Northern Bakony, [(1= Southern
Bakory, 11 = Bataton Highlands, 12
=Keszthely Mountaing

by Structural  features  of
MEszdras (1982 on the same
background for comparison
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torésekként értelmezi, melyek az eoalpi fels6-kelet-alpi
takardrendszeren beliil nyes6dtek le (TAr1 1996).

A Bakonyvidék részteriiletein mér kordabban végeztek
részletes geomorfolégiai elemzéseket. JORDAN et al. (2003,
2005) szisztematikus digitdlis domborzati modell elemzést
hajtottak végre a Kali-medence teriiletén (1. dbra). Meg-
allapitottak, hogy a Kéli-medence alapja egységesen DNy-
felé billen. Lejtokitettség-elemzésiik E-D és ENy-DK
iranyitottsagai szerkezeti elemekre enged kovetkeztetni
(JorDANetal. 2005).

Foldtani hattér

A Bakonyvidéket szdmos szerz6 az észak-panndniai
terrénhez sorolja (BALLA 1984) és kiprésel6dését az alpi
teriiletrél a kora-miocénben nagyméretii eltolddasok (Raba-
vonal, Balaton-vonal) mentén tekinti valdszindinek
(KAzMER & KovAcs 1985, Tar1i 1991, CsoNTos et al. 1992).
Eredeti elhelyezkedése miatt a Bakony mind a Déli-Alpok,
mind az Eszaki-Alpok szerkezeti jegyeivel rendelkezhet,
vagyis pikkelyes és takards szerkezeti felépitése is lehet
(Bupatretal. 1999; 1. dbra).

A Bakonyvidék szerkezetileg (mostani elhelyezkedését
alapul véve) az LK-DNy-i csapasi, hosszanti alpi feltold-
dasokat elvetd, K-Ny-i csapasu oldaleltolédasok altal tagolt
és miocén medencékkel szabdalt teriilet. Ezek a harantiranyt
oldalelmozduliasok a Bakonyvidék markdans és fontos
szerkezeti elemei. MESZAROS (1983) térképén kiemelt szere-
petjuttat a harantiranyd, tdlnyomoan jobbos eltolédasoknak.
Néhany ilyen eltolédasos zonat mar kordabban felfedeztek (pl.
Litéri-vetd, Telegdi Roth- és Herendi-vetS, 1asd 1. dbra),
fekvésiik és elhelyezkedésiik bizonyitottnak tekinthetd
(PAvAI-VAINA 1930, TELEGDI RoTH 1935, KOKAY 1976).
Néhany egyéb jobbos oldaleltolddas MEszARroS térképén
abrazolt futdsat viszont nem sikeriilt kés6bbi szerz6knek
megerssiteniiik. Igy példaul a Padragkati-, illetve a Széci-
vonal Bupal et al. (1999) térképén sokkal rovidebb, mint a
MeszAros-féle térképen taldlhat6 hasonld futdsi és jellegti
vetSk. Fopor et al. (2005) vizsgalatai alapjan a Padragkati-
vonal alitéri attolédasos szerkezetben végzidik el. Az Urkiiti-
vonal Dupko (1991) és Bupal et al. (1999) szerint végig-
kovethetd a Balaton partvonaldig. Az oldaleltolodasok mellett
a feltoldddsos szerkezetek Balaton partvonaldval szinte
parhuzamosan futnak és egy viszonylag keskeny zénara
korlatozédnak. Fiatalabb szerkezetfoldtani fejlédését tekintve
a pannéniai iiledékeket is érinté deformacié egy ENy—DK-i
extenzids fesziiltségteret mutat, amely normal vetSk mentén
alakultki(Bubpaietal. 1999, Kiss & Fopor 2007).

A felszinfejléd és fontosabb allomasai

A Dunantili-k6zéphegység domborzata dsszetett tekto-
nikus fejlédése miatt erGsen tagolt és tobb geomorfold-
giailag kiilonboz6 egységre oszlik. Ezek kozott szerepelnek
(1) maradvanyfelszinek, (i1) etchplainek (CsiLLac 2004),

(i11) karsztfelszinek, (iv) sasbérc- és arok-szerkezetek, (v)
késG-miocén bazaltvulkanizmushoz kothetd felszini formak
(JunAsz 2002).

Jelenleg a késG-permig lehet a felszinfejlddési folya-
matokat visszavezetni (CSILLAG 2004). Geomorfoldgiailag
jelentSs felszinformat a kréta és a kozéps6-eocén soran
kialakult etchplainek képeznek, melyek szubszekvens
er6zios folyamatok sordn részben lepusztultak (CSILLAG
2004).

A kainozoos tektonikus mozgdsokhoz kéthet6 felszini
formdk az eocén tengerobol kialakuldsa sordan részben
eltemetddtek. Az 6blot koriilvevd szdrazulatokon a lepusz-
tulas kiilonb6z6 mértékben hatott. Maga a teriilet egésze
vetdkkel tagolt sasbérc és arok jelleglinek képzelhetd el
(DubicH & Kopek 1980). Az oligocén pedimentacids és
er6zios folyamatok sordn ezek a sasbéreek atformalddtak
(CsiLLaG 2004). A miocénben a meglévd felszinformak
eltolodasok mentén (pl. Telegdi Roth-vets; SASVARI et al.
2007) elnyirédtak (KOKAY 1996), és transzpresszids szerke-
zetek mentén jelents kiemelkedés is végbement (CSILLAG
2004). A szarmata sordn a kiemelkedés folytatddott, ami
erésen megnovekedett erdzids folyamatokhoz vezetett. A
késé-panndniaiban kovetkezd lepusztuldsi folyamatot
(Kokay 1996, Csmiac 2004) a pliocén vulkanizmus
jelent6sen befolyasolta. E vulkanizmus els6 fazisa sordan a
lavafolyasok mdar erodalt felszini formdkat toltottek ki és igy
részt vettek a felszin aktiv formdlasaban. A masodik fazisban
maguk a vulkédni felépitmények pusztultak le (CSILLAG
2004).

Fontos megjegyezni, hogy a kréta—kozépss-eocén
etchplainek olyan mértékben atalakultak, hogy mar nem
mutatkoznak a mai geomorfolégiaban (CsiLLAG 2004). A
tertilet csaknem 1 mm/ év jelenkori emelkedését figyelembe
véve (Joo 1992) az er6zids folyamatok feltehetGen egy, a
neoalpi szerkezeti mozgdsok altal feldarabolt Gsfelszint
takarnak ki a szarmata—panndniai iiledékfedd aldl (JAMBOR
1980, CsiLLaG 2004). A teriilet relativ kiemelkedése (a
Kisalfoldhoz és a Balatontol délre esd teriiletekhez képest,
lasd Joo 1992) a volgyek fokozatos hatravagodasat eredmé-
nyezi, és hozzdjarulhat egyes morfostrukturalis elemek
kihangsilyozddéasahoz.

Alapadatok

MrszAros 1982-ben szerkesztett térképének szines,
eredeti, kéziratos példanyat szkennelés utan megfeleld
szamu illesztGponttal EOV koordinatarendszerbe illesz-
tettiikk. Az ezen araszteres alapon késziilt digitalizalt vektor-
adatbazis magaba foglalja a litol6giai poligonokat, a
szerkezeti elemek polivonalait és a rétegd6lések pontszeri
adatait a hozzatartoz6 attribatumokkal egyiitt (2. dbra).
MEszARros bakonyi szerkezetfoldtani térképét TARI szeiz-
mikus szelvényekbdl levezetett szerkezetfoldtani térképével
(TARrT 1996), és a zalai teriilet presenon felszinével és szerke-
zeti vonalaival (JocHA-EDELENYI 2005) vetettiik Ossze. Az
Eszaki- és Déli-Bakony és a Balaton-felvidék teriiletén
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Dupko (1991) altal szerkesziett szerkezetfoldtani térképpel
egészitettiik ki acsapasiriny-elemzéseket (1. dbra, a).

Avdrmyékoll globdlis SRTM domborzati modell alapjdn
készillt morlostrukturahis elemek (érképét (HorRVATH ¢t al.
200064, b) tsszehasonlitasi adatbazisként hasznaltuk. Mivel
az idézett két mii szempontunkbdl azonos adatbdzist ir le
(ITorvATII ¢t al. 2006a magat az adatbdzist és az credmé-
nycket, HorvaTii ctal. 2006b pedig a digitalis képeket tartal-
MAZZA).

A geomorfoldgiai elemzés kiinduldsi adataként a teriilet
18 m felbontast digitalis domborzati modellje (Honvéd
Térképészeti KHT, Magyarorszag) szolgalt, amely 1:50 000-
es szintvonaltérképek adatainak interpoldcidjabol készilt.

Alkalmazott modszerek

A teriilet elemzése sordn t6bb szempontot is figyclembe
vettiink: (1) a teriilet foldtani és gcomorfoldgial fojlédés-
torténetét, (1) geomorfoldgiai jellemzok halmozdddsdnak
vizsgalatat és (iii) tisztdn erdzids és szerkezetfildtanilag
meghatarozott felszini formiak megkiillnbozeetését. Ezek

kéziil a harmadik szempontot tekintettiik a jelen kutatiasban
alegfontosabbnak. B megkiilonboztetés sordn feltételeztiik,
hogy MEszAROS szerkezellBldtani (érképe lerepi megligye-
1éseken alapszik, és minl ilvel adattartalmat (ényként
fogadjuk el. bbdl kiindulva a domborzatmodell elemzése
kifejezetten az ezen a térképen taldlhatd vetdk osztalyo-
zdsdra ¢snem a vetdk helyének vizsgiélatarairanyult (1. dbra,
b). Tovibba ¢ szerkezetfoldtani térkép tartalmat hasznaltuk
vonatkoztatdsi alapként, amelyhez a t6bbi szerzd szerkezeti
elemeit hasonlitottuk. Ezaltal tébbek kizitt szamszerGsitett
adatot tudunk szolgéltatni a térkép mindségének meg-
itélésére. Az iisszes, MiiszArROs 1982-es szerkezetfdldtani
térképén talalhato vetdt, tekintet nélkiil a vélhetden lerepen
megligyell elmozduldsi jellegiikre, kél csoportba oszlotluk:
(1) geomorfoldgiailag megnyilvanuld és (i1) eeyéb. Sriikség
eselén a veldt két vagy (6bb szakaszra hontotiuk (3. dbra). A
MrszAros-féle vetGk daraboldsi alapjaként cgy kompozit-
képet hasznaltunk, mely a teriilet lejtdszogtérképebdl, az
drny¢kolt domborzatmodcellbél ¢s a magassiagi szintvona-
lakbol dlle. A 3. dbrdn jol kivehetd, hogy egy vetd mentén a
domborzat jelentésen viltozhat, a vetd egy darabon
viilgyben, illetve annak kbzvetlen kizelében fut, késébb

Meszaros féle veldk:

geomorfologiailag
megnyilvanuld

egyéb

3. abra. A Meszaros-féle vetdk darabolasanak bemutatdsa a kutatasi terillet egy példaként

kiemell reszLeriilelen

Bzl a geomorioldgiailag megnyilvanuld és meg nem nyilvanuld szakaszokra tirlénd darabolast az epésy
Bakony és Balalon-leividék lerlilelére elveperlik és ax igy kelelkezell kelléle szakaszesoporiol a
tovibbiakban kiilon elemezziik. Hattér: drnyekolt DDM L0 domborzatmodell és hozzatartozo

srintvonalak 10m szintkizzel

Figure 3. Splitting schewme of the MESZAROSfalis shown as an example for a part of the study area
Thissplit into segments with and withowt geomorphologie surface expression was done for the entire Bakony
and Balaton Highland area. The bwo distinet groups were firther anatvsed separately. Background:
hitlshaded DDM {0 digital elevation model and related contour iines with 10 mverticalspacing
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viszont nem kothetd futdsahoz semmilyen jellegzetes
geomorfoldgiai felszinforma. Mint kés6bb 14tni fogjuk, ez a
megfigyelés jol mutatkozik a két kategéridhoz tartozé
lejtészogeloszlason is. A geomorfoldgiailag megnyilvanuld
vetszakaszok lejt6szogeloszldsa bimodalis trendet mutat,
vagyis mind a volgyfenékhez kotheté alacsony lejts-
szogeket, mind a volgy oldalaihoz kothetd meredek lejt6szo-
geket tartalmaz. A geomorfolégialag meg nem nyilvanuld
vetdszakaszok lejtészogeloszldsa sokkal egyveretiibb,
tdlnyomdan sik teriiletre utalé alacsony lejtoszogértékeket
tartalmaz. A kompozitképen ezaltal megbizhatéan ki
lehetett valasztani a megfeleld kategoriaba esé vetdszaka-
szokat. A dontéshozatal JorDAN et al. (2003) eljarasa alapjan
tortént, ami feltételezi, hogy szerkezeti elemek, illetve
szerkezetfoldtanilag meghatdrozott felszinformak jelleg-
zetesen linedris elemekként mutatkoznak. Ilyen elemek
lehetnek eltolédasok esetében egyenes gerincvonalak,
egyenes volgyek, egyenes, valtakozé meredekség lejtok.
Normal vetSk esetében egyenes, meredek lejtdk, vagy alejt6
meredekségében bekovetkez6 valtozas, amely szintén egy
linearis trendet kovet (JORDAN et al. 2003). A tobbi szerzd
vetdadatbazisat nem hasonlitottuk 6ssze a kompozitképpel,
mivel jelen dolgozatnak e vizsgalatnem képezi targyat.

Kivalasztott teriileteken, geomorfoldgiailag megnyil-
vanulé vetdszakaszok mentén a digitalis domborzati
modell alapjan a volgyek keresztmetszetét vizsgaltuk a V,—
index segitségével (KELLER & PINTER 1996). A V,—index a
volgy keresztmetszeti alakjat szamszer(Gsiti (4. dbra). A
volgykeresztmetszet alakjanak egyik sz¢€ls6 esete a teknd-
volgy és KELLER & PINTER (1996) szerint a volgy fenekén
kanyarg6 és oldalirdnyban erodalé folyéra utal. A mésik
sz&1s6 eset a szurdokvolgy, mely a volgyben lezajlo erds
bevagodasra és egyuttal a teriilet erds (relativ) emelkedé-
sére utal.

A Titologiai egységek geomorfolégiai jellemzését az
egész térképszelvény teriiletére alkalmazott magassag-
hisztogramokkal egészitettiik ki, mivel ez a geomorfoldgiai
elemzés egyik alapvetd technikdja. Ezt a vizsgélatot érde-
mes megtenni, mert egyes kdzettipusok (pl. karbonatos

M, [ _ 2,
/ﬂ_ ‘ V.= (M- M) + (M, - M) ‘ 400 m
M v 300m
I D B 200m
100 m
M

v 5km ‘

4. dbra. A V;-index szamitdsa (KELLER & PINTER 1996
utan)

Az éabra egy sematikus vOlgykeresztmetszetet mutat két
killonbdz6 magassagu volgyoldallal. M, vdlgyfenék magas-
saga, M. jobb vdlgyoldal magassaga, M, bal volgyoldal
magassaga, V, volgyfenék szélessége

Figure 4. Calculation of the V-index or valley floor width
to height ratio (modified afier KELLER & PINTER 1996)

The figure shows a schematic cross section of a valley with
valley flanks showing different elevations. M,: elevation of
valley floor, M;: elevation of right valley flank, M,: elevation of
left valley flank, V: width of the valley floor

//////

kus kézetek) esetén fontos jelenségekre utalhatnak a
magassag-hisztogramok tulajdonsagai. Ez még akkor is
igaz, ha— mint esetiinkben — a teriiletet jelentds részben
érintette és érinti a bevezetésben mar emlitett differencialis
kiemelkedés. A magassag-hisztogramokat a digitalis dom-
borzatmodellbdl szdmoltuk MEszAROS térképén dbrazolt
egységes litologidja teriiletekre. A domborzatmodellb6l a
kivalasztott litoldgiai egység teriiletére es6 részt kivagtuk és
az azon a teriileten taldlhaté magassagi értékeket abrazoltuk
hisztogram form4jéaban.

Diszkusszio

Magassdg-hisztogramok

A magassageloszlasokat kivalasztott, f6bb litoldgiai
egységekre készitettiik el: a fels6-tridsz (Fédolomit, Dach-
steini Mészk$ Formacid), alsé-jura (Kardosréti Mészko)
karbonatokra, felsé-tridsz margarétegekre (Veszprémi
Formadcid), oligocén képzddményekre (Csatkai Formacio),
miocén képzodményekre és bazaltos egységekre.

A karbondatos litoldgiai egységek (5. dbra) esetében
jellegzetes bimodalis eloszlds mutatkozik: az eloszlds
cstcsai 300 és 400 m tengerszint feletti magassdgok koriil
fekszenek. Ez ugyan szerkezetfoldtanilag befolyésolt elren-
dezés — ugyanis BalatonfiiredtS] nyugatra a Fédolomit egy
FEK-DNy tengelyfi szinklindlis magj4ban telepiil (BUDAT et
al. 1999) — viszont nem kothetd az altalunk vizsgalt vets-
mintazathoz.

Az oligocén €s miocén képzGdmények magassag-
eloszlasa (6. dbra) szintén enyhén bimodalis. Az egységek
f6 magassagi tartomanya 200 és 230 m kozott fekszik, de
egy alarendelt cstcs 300 m, illetve 350 m tengerszint feletti
magassagnal vildgosan elkiiloniil. Az oligocén képzdd-
mények MESZAROS térképén megoszlanak a Bakony ENy-i
sz€&lén fekvs Marcal-medence alacsony térszinei (1. dbra)
és a Bakonyvidék dombsaganak magasabb fekvést
teriiletei kozott, amit a differencialis kiemelkedésnek
tulajdonitunk. A miocén esetében megfigyelhetd, hogy a
Bakonyvidéken taldlhaté félarkokban telepiil. Egy szép
példa erre a Veszprém északi hataraban talalhaté miocén
el6fordulas.

A margarétegek (7. dbra) 150 &s 320 m tengerszint feletti
magassag kozott egyenletesen oszlanak el. Elterjedésiik a
Balaton-felvidék kozépso részén jellegzetes; a délkeleties
lejtés és a kdzettipus nagyobb erdzids érzékenysége hata-
rozzameg ahisztogram alakjat.

Noha a bazalt (8. dbra) az el6bbiekben targyaltaknél
jelentSsen kisebb teriiletet foglal el, hisztogramja széles,
Iényegében egycstcsd, de enyhén mégis bimodalis jelleget
mutat. A cstcs a tantihegy-jelleghez kothets, mig a széles
eloszlas és a masodlagosan gyakori magassagok a vulkani
képz&dmények korbeli és genetikai sokféleségéhez
kapcsolhaték. fgy példaul a 100 és 200 m kozé esé
magassagi tartomanyt a Tihanyi-félsziget, valamint a
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5.dbra, A karbonatoskozetek elhelyezkedése és magassagi hisztogramija
Figure 3. Position and elevation histogram of carhanate lithology
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Litoldgiai egységek
[ oligocen Csatkai F. ‘ Miocén kepzodmények

520000
6. abra. A margajellegli kozetek elhelyezkedése és magassigi hisztogramja
Figure 6. Position and elevation histogram of marly lithology
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7. dbra. Azoligocén és miocén képzddmeényck clhelyezkedése ¢s magassagi hisztogramja
Figure 7. Position and elevalion histogram of Oligocene and Miocene formations

Bazalt. bazalttufa magassagi hisztogramia

540000

8. abra. A bazalt, bazalttufa elhelyvezkedése és magassagi hisztogramja
Figure 8. Position and elevation histogram of basaltic units
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Szigliget alacsonyan fekvd bazaltos térszinei alkotjdk. 280
és 460 m kozou nagyjabdl egyenleles az eloszlas,
ami a szabdlyos kiap alaka Kab-hegy (599 m; 1. dbra)
kovetkezménye.

Veték csapdsirdny-elemzése

A kbvetkez8kben a csapasirany-vizsgdlat credményeit
elemezzilk. A kiinnyebb attekmtés érdekében egy réviditett
nevezéklistat vezettiink be, amelyet a 2. (dbldzal Gsszegez. A
3. idbldazar Attekintést nydjt az elemzésben szerepld
MiiszAros-féle vetok szakaszainak hosszarol €s darabszi-
mairdl, mutatva a statisztikai elemzés robusziussagal. A
feldolgords és kivalasztds utdn a [elszinlormahoz kithetd
veldik csoporijaba 695 szegmens tlartozotl 1420 km dssz-
hosszal. Az egyéb veidk kategdridjaba 429 szegmens voll
sorolhatd 867 ki dsszhosszal.

HOOB, HOOT: egész Dundntil és Bakonyvidék. Mdr a
06T és a ITO6B jeli csoportok Gsszehasonlitdsa is tanul-
sdgos ecredményt hoz. Mindkét csoport keletkezéstol fiigget-
len, viszont geomorfolégiailag megnyilvanuld lineamen-
sck, melyek egy adatbazisbol szarmaznak, csupdn teriileti-
leg osztottuk fel Gket. Az Fszaki- és Déli-Bakonyra leszii-
kitett lineamens-rendszerben az EENy—DDK kissé keletie-
sebh ésegy elkiiloniils FNy—-DK-i komponens is megjelenik
(Y. dbra, b).

HOOT, M83T: egész Dundnnil éx MES7AROS-féle veidk.
Az M83T érdemi eltérést mutal a HHOGT-151: a 1106T-ben

1. tablazat. A felhasznalt vetok tartalma és aszGvegben hasznalt roviditése
Tuble 2. Descriptions and used abbreviations of the fmvestigated faulls

kevésbé jellemzéek a konjugdlt irdnyok (9. dbra, a és c). A
HO6T 16 EENy—DDK irdnyt lineamenseihez képest az
MS83T tilnyomérészt FNy—DK (aldrendeliebben NyENy—
KDK), konjugdlt iranynak pedig IEK—DDNy csapisi
lineamenscsoport (ekinthetd. Bz uiéhbi a HOGT-ben rend-
kiviil aldrendelt. Az ME3G iranyeloszlasa még sokkal
inkdbb csticsosabb, itt ENy-DK irdny dominél &s erds a
konjugdltirdnynak interpretalt EEK-DDNy-i irdny.

ME3YL, MS3G, ME3E: a MESZAROS-féle veldk és a dom-
borzat dsszefliggése. Az ME3T és MS83G lineamensek
iranyeloszlasaban a feltoléddsok érdemben befolyasoljak az
irdnyeloszlas konjugdlt voltit (9. dbra, d—f). Az irodalom a
geologiai szerkezetlejlddés soran a bakonyi fellolddasok
aktiv [dzisdt eoalpinak tekinti (Tarl 1993), arz oldal-
eltoloddsok elvetik a lelloloddsok szerkezeti vonalail
(MFEszArROS 1983, Dupko 1991). llyenforman a feltoladasok
képzddése ¢s 6 aktiv fAzisa az oldalelmozduldsokhorz
képestsokkal régebbi,

Feliételezziik, hogy a geomorfolégiailag aktiv vonalak
vagy fiatalabbak, vagy valamilyen okbdl felgjultak és
kipreparalddtak. A kipreparaléddst nem tartjuk véletlen-
szertinek a vonalak erdsen irdnyitott irdnyeloszlasa miatt. A
Bakonyvidék kiemelkedése kivetkeztében az er6zié altal
lepusztitott felszinen kirajzolddnak az egykor fedelt
vetdrendszerek. A feltolddasok geomorfoldgial megnyil-
vanuldsal vagy a felloléddsok felszini folyamatok altali
kiprepardloddsanak koszonheljitk, vagy a fellolddasok
mentén feldjulticktonikus mozgasnak. A geomorfoldgiailag

Tarlalom Hieei nd;_{t u'n.rtlct.c. Wk Hivatkozis Részesoport Ravidités
Imerelardnya
ik Osszes vetd MB31
Szerkezetfoldtani térképerds s Mrsziros (1983) geomorfoldgiailag megnyilvianulo MB83G
1: 100 000 Lol F R
cgych M83F
SRTM—DDM -n terkeperetl Pannon-medence, Howvin et al, (2006) | 2 & Dunimh‘ll eridletere HO6T
morlostrukturahs clemek 1: 100 000 - 1: 1 000 000 a Bakony leriiletére HO6GB
Szeizmikus szelvények értelmezése | Dundnmil, TART (1996) feltoldddsok. normal vetdk, jobbos/balos 196
alapjan 1: 1 000 000 ’ eltoloddsok
i s Zala. i g | o
1lidroldgiai térképezés 1: 500 000 JocHA-LDELENYT (2005) | vetdk lraldban Jos1
Sackezitipkiins tikipesis B'al:zt?&feludek. Dupko (1991) feltollod'.i.sok. normil vetok, jobbos/balos D91
1: 363 636 cholodisok

3.tablazat, AMEszAROS-fale vetok statisztikailag jelentos osztalyokra bontott darabszamaés az ezekbe az osztalyokbatartozo vetok dsszhossza
Table 3. Numbers andtatal length of segments, which fall within statistically meaningfil classes of the MESZAROS faults

Tipus ME3T MB3G MY3E
Balos fiatalabb mozgasok sordn vetové felijult szubhercini 6 db 5 db 2.db
oldaleltolddis 33.36 km 27,18 km 6.18 km
Feltolédds 47 db 33 db 17 db
75.31 km 55,43 km 20,3 km
e ; ) g 91 db 53 db 65 db
Jobbos késo neogen oldalclolodis 396.04 km 163.04 km 234.25 km
o 15 db 8 db 9 dh
Velikel megszabd jura (orésvonal sséles dirzshrecesa zondval 26,61 ki 10.25 km 16.35 km
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Harvath et al. (2008)
— D unantal

Meészaros (1983)
Bakony

Mészaros (1983)

jobbos feltolodas
késdneogen

oldaleltolodas

egyéb

Horvath etal. (2008)
N == Dunantil

Horvath et al. (2008)
Bakony

geomorfologiailag megnyilvanuld

Mészaros (1983)
Bakony (geomoarfoldgiailag
megnyilvanulo)
Bakony (egyéb vetd)
= Bakony (Gsszes vetd)

jura
torésvonal
darzsbreccsaval

9, abra. A feldolgozoll MfszARDS-[éle velok rozsadiagrammyjai €s az Osszehasonlitashoz felhasznall morfostrukturalis
elemek (HorvArH etal, 2006) elemek irdnyeloszlasa O- 1807 kidzdt, 5°-0s felosztashan

Figure 9. Rose diagram ofihe analysed MESZAROS-fatulls andthe morphostructural elements (HORATH et af. 2006) between Oand

1807, binsizeis 3°

megnyilvianulé és a twibbi vetd kozote jol kimutathatd
kiilonbség van. A feltolodisok esetében ez 20°-0s, a job-
baos késO-neogén vetdk esetében 5-10°-os eltérés mutatkozik.

M83G, T96, DYI: a MEszAros-féle vetdk és mds szerzdk
dltal térképezett verk. Ebben az tsszedllitdsban tovibbi
oszlalyokra bontotluk a MEszZAROs-[Ele veldkel és Ossre-
hasonlitottuk Gkel mds szerzok szerkezetfoldiani adat-
bazisaival (10, dbra).

MrszAros geomorfoldgiailag megnyilvanuld késo-

neogén jobbos oldaleltolddasainak csapasiranya jé Ossz-
hangban van Tar1 (1996) ltal szeizmikus szelvényeken
interpretilt jobbos vetSivel (/0. dbra, a). Fontos megfi-
gvelni, hogy az M83G osztdlyon beliil a jobbos vetdk két
csapasirdnyra oszlanak: egy KDK &s egy DK irdnyi cso-
porira, Ugyanakkor a '196-0s csapasiranyaiban is meg-
figyelhet egy enyhén bimodalis eloszlds (K és KDK). A
D91-be tartozé vetdk fleg a TY6-o0s oszidly keleti irdny i
vetdivel esnek egybe és az M83G KDK csapdsirdnyt vetéi
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1)

a) = e b) T
Mészaros (1983)  Meszaros (1883) Mészaros (1983)
——— kE&SONE0YEN jobbOS geomorfoldgiailag
cldaleltolodasak megnyilvanuld feltolddas
Tari (1295) Mészaros (1983) felGjult balos oldaleltolodasok
m—_j0DbOS eltolodasok eqyéb feltolodas geomorfolégiailag
megnyilvanuld
Dudko (1991} Tari (1995) o
——— j0bbos eltolodasok feltoladasok — OyED

10. abra. AMszARos-Ele velOk Gsszehasonlitisa mas szerzok szerkezetfdldtani elemeivel
Fignre 10, Comparison of the MESZAROS: falts with fait interpretations from other authors

egy kortilbelul 12°-0s elforduldst mutatnak a'196 és D91
osztdlyokba lartozd vetdkhiz képest.

Az ME3G, ME3E és '196-0s oszidlyokba lartozo fello-
16dasok egyveretl eloszlast mutainak (10, dbra, b), viszont
itt is ¢szrevehetd cgy 5-77-0s cltérés az M83G €s a tibbi
osztaly kzott.

Végiil az M83G és ME3E feldjult balos vetéi kziitt ¢z az
5-7%-oscltérés megintmutatkozik (10, dbra, ¢).

Visindex

A vislgykereszimetszelre szamoll Veindex érickei 0,06
&5 20,8 kozott valtakoznak. A kivalasztott teriileteken két (6
trend figyelhetd meg: cgyrészt az alacsony, szurdokvilgyre
tipikus V, -Criékek szimmetrikus vilgykereszimetszeteknél
mutatkoznak (pl. Ajkatol keletre, a Csinger-patak mentén;
11 dbra). Masrészt a magas, tekndvilgyekre jellegzetes

.V y- " - -
Veindex: @ 01-12 QO 27-50 @® 82-14.1
@ 13-26 ® 51-81 @ 142-208

o

A4l

20
o0
) LR RS (S R TR ) AT e L L, SR
e H
m o
2 =22, sselvény
=21, szelviny
O .. ./ AV S
=20, szelveny
Ch e --b-sos-om-i---lem 10, szElvény
2 == 18. szelveny
a =17, szelvény
'ﬁﬁﬂ 400 00 g 00 400 S0 B0 000 1380 1400
m
Meszaros fele vetok:
geomorfolégiailag  __ modostrukturalis slemek
megnyiivanuld (HURVAIH ct al. 2006)
egych . szelvenyszam

11. abra. A Csinger-patak volgyének domborzati keresztszelvényei és azok fekvése azarnyékolt domborzatmodellen
A kereszrszelvénvek szimaiatérképinézeten is megjelennek az arraa szelvényre szamolt Vindexszinnel kbdolt értékével egyirt
Figure 11, Cross sections of the valley of the Csinger Stream. The focation of the cross sections is indicated on the hillshaded digital

alevation model

The pumbers of each crosssectfon are alsoshown on the mapview along with the colorcoded Voindexvaluey
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értékek aszimmetrikus volgykereszimetszetekkel parosul-
nak (pl. Szentgdl kiszelében a Cinca vilgyében &s Ajka-
rendek kizelében a Borsod-vilgy menién; 12, &s 13. dbra).
Bdr a volgyaszimmelria egyes szerz0k szerint wialhal
defldcids eredetre is, jelen tanulmédnyban kifejezetten a
MeszAROS altal ¢szleli, illetve interpretalt vetdket ¢s az
azokhoz kisthets formakat vizsealjuk. fey definicié szerint a
formdkat tektonikus eredetiinek tekintjilk, nem zarva ki azta

Ichetdséget, hogy cgyes csctckben a formék kialakuldsihoz
eolikus folyamatok is hozzdjarulhattak.
Kovetkeztetések

A MeszAros-[¢le szerkezetfldtani (Eck¢épbol eléallitott
térinformatikai vektoradatbazis tovabbi szerkezetfoldiani ¢s

/

=23 sselvény

\ //’ / =27, szelvény

‘ =26, szelvény |
==25. szclveény |

=24 szelvény,

m e mE W mm nEm vAm Tam o wEm

m

558000

=—91. szelvény
=—090. szalvany
=—89. szelvény|

Mészaros-féle vetdk: ke

geomoriologiailag

— mognyivanul . Mz fostruklurilis elemek

(HORVATH el al. 2006)

szclvenyszam -

El

cgyeh

-—38, szelvény |

Veindsx: @ 0,1-12 O 27-50 @ 82-14.1
© 13-26 @ 651-81 @ 142-208

12. abra. A Cinca vilgyének domborzati keresziszelvényei és azok fekvése az arnyékolt domborzatmodellen

Alkeresziszelvényelszamai a térképi nézeten is mepjelennek azarraaszelvényse szamolt V-indexszinnel kidolt értékével epylitt

Figure 12, Cross sections of the valley of the Cinca Stream. The location of the cross sections is indicaied onthe hillshaded digtal elevation model
Thenumbers of each crosssection ave also shown on the mapview along with the colorcoded Vi-index values

- N N —

M wne wnoe  amn  omn  an Men  swa  ene  Ans

e geomorfolégiailag megnyilvanuld Mészaros-vetdk
Meszaros-vetok |23] szelvények sorszama
. morfotektonikus elemek (Horvath et al., 2006)
Vrindex o p1.12 o
e 13-26 o

82-141
14,2-208

27-50 @
51-81

13. abra. A Széles-volgy domborzal keresziszelvényei ésazok fekvése az drnyékoll domborzatmodellen

Alkereszlszelvenyek szamai a érkeépi nézelen is megjelennek azarraaszelvényre szamoll F-ndexszinnel kidoli érlékével eaylill

Figure 13, Cross sections of the Széles Valley, The location of the cross sections is indicated on the hillshaded digitalelevation model
The numbers of each cross section are also shown on the map view along with the eolorcoded Ve-index value
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geomorfologiai vizsgélatok elvégzésére megfelels pontos-
sagd. A térkép a Bakonyvidék kutatdsdnak egy fontos
allomdsat képviseli. A MEszAros dltal alkalmazott vets-
osztalyozas a maga koraban el6remutaté jellegti volt, noha a
térkép foldtani tartalma nem korunk modern felfogésait
tikrozi.

A térinformatikai vektoradatbdzis ¢és mas szerzok
szerkezetfoldtani, ill. morfostrukturdlis adatbazisainak
osszehasonlitis4bol kimutathat6, hogy az Eszaki- és Déli-
Bakony szerkezeti elemeinek {6 csapasirdnya az egész
Dunantdl morfostrukturalis elemeinek csapasiranyahoz
képest 10-15°-kal elfordul (HO6B és M83T jelii csoportok a
9. dbra a részén). MESzAROS geomorfoldgiailag megnyil-
vanul6 jobbos eltoldddsai is legalabb egy ilyen nagysag-
rendbe es6 mértékkel (15°) vannak elforgatva mas szerzok a
Bakonyvidék nyugati elSterében fekvS jobbos vetSivel
szemben (/0. dbra, a). A morfostrukturalis elemek irdny-
eloszlasat tekintve fontos szem eldtt tartani, hogy ezen
elemek keletkezése részleteiben nem tisztazott — lehet a
tektonika, vagy mas hatasok eredménye. Jelen tanulmény-
ban az iranyok kozotti eltérést indikacid szinttinek tekintjiik,
mélyebb okat tovabbi foldtani, geomorfoldgiai, illetve
morfometriai vizsgdlatokkal kell kutatni.

A MrszAros-féle térképen taldlhato vetdk és a dom-
borzat kozott a Bakonyvidék teriiletén statisztikailag kimu-

tathat6 osszefiiggés 1étezik. Geomorfoldgiailag megnyilva-
nulé és nem megnyilvanuld szerkezeti elemek jol elkiilonit-
het6 csoportokat alkotnak (9. dbra, c és 10. dbra). Ezért a
szerkezeti elemek kipreparalédasa sem tekinthetd teljesen
véletlenszertinek.

A V-index eset€ben a tekndvilgyekre jellemzd értékek
csupan akkor figyelhetSk meg, ha a volgy egyik oldala joval
alacsonyabb a madsikndl és igy erSsen aszimmetrikus
volgykeresztmetszetek keletkeznek. Az dsszes tobbi vizs-
galt volgy szurdokvolgyekre jellemz6 értékeket mutat. Az
értékek alapjan a legjellegzetesebb szurdokvolgyek karbo-
natos kézetekben és a MEszARoS térképén abrazolt vetdk
mentén fordulnak eld.

Koszonetnyilvanitas

A kutatast a T47104 szama OTK A-palyazat keretében
végeztiik. Koszonjiik HORVATH Ferencnek a MEszAros-féle
térkép eredeti példanyanak rendelkezésiinkre bocsdjtasat.
ZAMOLYT Andrast a Bécsi Egyetem FA536001 [Karpatian
Tectonics] projektje tAmogatta. SZEKELY Baldzs a kutatd-
munka egy részét Békésy Gyorgy posztdoktori 6sztondijas-
ként végezte. Koszonjiik Kiss Adrienn és CsiLag Géabor

o 2

szakszert és gondos biralatat.
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Admission to PhD program of study at University of Vienna (joint
degree contract with E6tvos University, Budapest)

Admission to PhD program of study at E6tvds University, Budapest

Proposed PhD thesis title: “Quaternary landscape evolution of the
Little Hungarian Plain”

Graduation at University of Vienna, diploma thesis title:
“Tectonic geomorphology of Serifos (Cyclades, Greece).

Specialization field: structural geology, metamorphic petrology, GIS.

ERASMUS - exchange semester at the E6tvds University, Budapest
faculty of natural sciences, Department of General and Historical
Geology.

Scientific coordinator: Dr. Csontos Laszl6. Passing of five subjects
related to the field of the diploma thesis (Structural Geology,
Geomorphology, GIS, and Remote Sensing).

Participation on the 5th School of the European Mineralogical Union
and ERASMUS Intensive Program on Ultra High Pressure
Metamorphism, at E6tvés University, Budapest.

First partial exam on the subject of earth sciences at University of
Vienna. Specialization: structural geology, metamorphic petrology,
geomorphology.

Immatriculation at University of Vienna, faculty of natural sciences,
earth sciences class.

A — level exam (,Fadinger* grammar school Linz, Austria).
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Professional Experience (University-related):

Tutor at 1st FP7 EUFAR Training Course

ADvanced Digital Remote sensing in Ecology and earth Sciences Summer School, 2010
Tihany (Hungary) Tasks: defining geomorphologic/geologic targets, flight planning,
organization of field data acquistion

Lecturing tutor at University Vienna

University lecture: “GIS and 3D modelling” (creation of geological
maps/databases in ArcGIS)

Geological mapping practice: 2005 St. Michael, 2003 Alt Aussee (Austria), 2002
Sondershausen (Germany)

Lecturing tutor at Edtvds University, Budapest

University lecture: “Digital elevation models (DEM) in geology” (creation and

analysis of DEMs)

Geophysical field practice: 2006, 2007, 2008 Balaton Highlands (Central Hungary)

2009 Zala Hills (SW-Hungary)

Professional Experience (General):

January 2012 to current:

March 2011

Junior Geoscientist at OMV Austria Exploration & Production,
Production Geology Department, Ganserndorf.

— January 2012:Employee of University of Vienna, scientific collaborator in the project Qartaba

March 2007
— March 2011:

January 2006:

Anticline (Structural evolution of the Qartaba Anticline, Lebanon) funded by
OMV (Geologic and geomorphologic analysis of study area in ArcGIS
environment based on remote-sensing data, digital elevation models and field
work).

Employee of University of Vienna, scientific collaborator in the projects
Karpatian Tectonics | and Il (Miocene tectonic evolution of Vienna Basin and
adjacent areas) funded by OMV (Creation of a tectonic model from seismic,
borehole and outcrop data).

Professional co-translator of the school-atlas “Geography from Space”
(“Iskolai Uratlasz — Foldrajz a vilaglrbdl”), published by the Hungarian Space
Office (Magyar Urkutatasi Iroda), GeoData Services Ltd. and Geospace
Austria.
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January 2005

— April 2005:  Scientific collaborator in the Austrian Research Fund (FWF) project “Celts in
the Hinterland of Carnuntum” of the Department for Prehistory and Early
History, University of Vienna (Geomorphological aerial photo interpretation
and drainage pattern evolution analysis in the Vienna Basin using ArcView
software).

March 2004
— March 2007: Employee of GeoData Services Ltd.; field of work:

- Participation in the project “Remote-Sensing Control of area-based
subsidies” of the European Union for parts of the member state Germany.
Satellite image orthorectification, spatial database creation and maintenance.

- Digitalization of municipial facilities maps (City of Mainz, Germany), resolving
of inconsistencies in the dataset, digital map drawing, and translations.

Language SKills:

Hungarian (native language), German (native language), English (fluent writing and speaking)

Other SKills: Driving licence (category B), Software: ArcGis Desktop 9.1 to 10, ArcView 3,
Landmark Geographix 2007.2, Erdas Imagine, ENVI, CoreIDRAW & PHOTOPAINT, MS
Office, Surfer, Bentley Microstation.

Project Reports:

Decker, K., Beidinger, A., Hoprich, M., Lee, E.Y., Zamolyi, A.(2011): “Tectonics of the Slovak
part of the Vienna Basin and the adjacent Western Carpathians during the Lower Miocene.”
OMV Final Report Karpatian Tectonics .

Beidinger, A., Hoélzel, M., Hoprich, M., Zamolyi, A., Decker, K. (2009): “Tectonic evolution of
the Vienna Basin and the Waschberg Zone during the Early Miocene.” OMV Final Report
Karpatian Tectonics I.

Selected Publications:

Zamolyi, A., Draganits, E., Doneus, M., Fera, M. (2012): Palaoflusslaufentwicklung der Leitha
(Ostosterreich) — eine Luftbildperspektive. In: Doneus M. & Griebl M., Die Leitha — Facetten
einer archaologischen Landschaft. Archaologie Osterreichs Spezial, 3, 11-23.

Dorninger, P., Székely, B., Zamolyi, A., Roncat, A. (2011): Automated Detection and
Interpretation of Geomorphic Features in LIDAR Point Clouds. Osterreichische Zeitschrift fur
Vermessung und Geoinformation (VGI), begutachteter Beitrag, 99, 2; 60 - 69.

Zamolyi, A., Székely, B., Draganits, E., Timar, G. (2010): Neotectonic control on river sinuosity
at the western margin of the Little Hungarian Plain, Geomorphology, 122, 231-243.

Hélzel, M., Decker, K., Zamolyi, A., Strauss P., Wagreich, M. (2009): Lower Miocene structural
evolution of the central Vienna Basin (Austria), Marine and Petroleum Geology, 27, 666-681.

Székely, B., Zamolyi, A., Draganits, E., Briese, C. (2009): Geomorphic expression of
neotectonic activity in a low relief area in an Airborne Laser Scanning DTM: A case study of
the Little Hungarian Plain (Pannonian Basin), Tectonophysics, 474, 1-2, 353-366.
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Selected Conference Abstracts:

Zamolyi, A., Lee, E.Y., Beidinger, A., Hoprich, M., Strauss, P., Decker, K. (2010): Miocene
deformation of the central Vienna Basin (Austria-Slovakia). Geophysical Research Abstracts,
11, 10097, ISSN 1029-7006.

Beidinger, A., Decker, K., Zamolyi, A., Lee, E.Y., Hoprich, M., Strauss, P. (2010): Oligocene to
Miocene kinematics of the Outer West Carpathians and the Vienna Basin area. Geophysical
Research Abstracts, 11, 6804, ISSN 1029-7006.

Zamolyi, A., Székely, B., Biszak, S. (2010): Assessing the accuracy of the Second Military
Survey for the Doren Landslide (Vorarlberg, Austria). Geophysical Research Abstracts, 12,
9974, ISSN 1029-7006.

Zamolyi, A., Székely, B. (2009): Structural geological environment of the Doren landslide
(Vorarlberg, Austria) derived from LIDAR DTM analysis. Geophysical Research Abstracts, 11,
12903, ISSN 1029-7006.

Beidinger, A., Decker, K., Zamolyi, A., Holzel, M., Hoprich, M., Strauss, P. (2009): Palinspastic
reconstruction of the Alpine thrust belt at the Alpine-Carpathian transition - A geological
Sudoku. Geophysical Research Abstracts, 11, 12015, ISSN 1029-7006.

Zamolyi, A., Decker, K., Holzel, M., Strauss, P., Wagreich, M. (2008): Variations in
deformation characteristics along the front of the Alpine-Carpathian wedge (Waschberg-
Zdanice Unit, Austria-Czech Republic). 6th Meeting of the Central European Tectonic Studies
Group (CETeG) — 13th Meeting of the Czech Tectonic Studies Group (CTS), Proceedings and
Excursion Guide, ISBN 978-80-89343-01-0.

Selected Presentations:

“GIS supported seismic mapping — Examples and experiences”. Invited oral presentation,
Department of Geological Sciences, Masaryk University, Brno, 2010.

“Tectonic Evolution of the Vienna Basin and the Waschberg Unit during the Early Miocene”.
Invited oral presentation, Austrian Geologic Society (OGG) lectures at University of Vienna,
2008.

104





