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1. 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 
(Horváth, 1993). While the Pannonian basin area experienced a Late Miocene 
compressional phase on a large scale (Tari, 1994; Horváth, 1995), the Little 
Hungarian Plain is characterized by on-going subsidence (Joó, 1992) since the Early 
Miocene (Royden and Dövényi, 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 
(Körössy, 1987; e.g. well Mosonszentjános 1). At the western margins, the thickness 
of Upper Miocene sediments is around 1500 m (Körössy, 1987; well Mosonszolnok 2) 
and 1250 m (Körössy, 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 (ii) 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 (Jámbor, 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 (Jámbor, 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 mm/year (Joó, 1992; Ruszkiczay-Rüdiger 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. 
(Thamó-Bozsó et al., 2010) in a quarry close to Süttõ 75.3 +/-4.7 ka old fluvial loess 
deposits lie at 240.5 m a.s.l. (Novothny et al., 2011). At Salföld the surfaces lying at 
presently 140 m a.s.l. were exposed at 287 ka (Ruszkiczay-Rüdiger 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, Rába and Zala Rivers flow around the rapidly 
uplifting Hungarian Mountain Range. The river courses of the Váh and Rába 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) Süttõ : 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. (Thamó-Bozsó et al., 2010), 
(iv) Salföld : surface presently at 140 m a.s.l. was exposed at 287 ka (Ruszkiczay-Rüdiger 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. 
(Schönlaub, 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). 

 
 

2. 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). 
 
 

3. 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 geomorphological/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. 

 

4. 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 (Horváth et al., 2006). The initiation of basin formation can 
be defined by the first Ottnangian rhyolite tuff horizon that can be observed basin-
wide (Horváth, 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; Horváth 
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; Horváth 1995). 
The architecture of the pre-rift substrata is of special importance since it includes a 
set of several major faults (Szafián 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). 
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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) (Horváth, 1995; Horváth and Cloetingh, 1996). Due to the 
on-going subsidence in the Little Hungarian Plain (Joó, 1992) Pannonian 
(10.5 to 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 (Horváth and Cloetingh, 
1996), the center of the Little Hungarian Plain (located around the city of Győr) is still 
subsiding while at the same time the flanks of the basin are subject to uplift (Joó, 
1992; Tari, 1994; Appendix C). 
 
 

5. 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; Homolová, 
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-
Rüdiger 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 Nádor and 
Sztanó (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-Rüdiger et al., 2005). Aggradation and meandering occur in 
stable climate periods during both glacials and interglacials (Gábris, 1997; Mol et al., 
2000; Vanderberghe, 2003). The major fluvial deposits on the Seewinkel Plain that 
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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). 
 

 
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).  
 

6. 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. Timár and Rácz, 2002; Timár and Molnár, 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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7. 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 (Tóth 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-SeistecTM device was used with a signal generation frequency 
range of 1-10 kHz, a penetration of 20-40m and a resolution of 10-20cm (Tóth 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 Neusiedl 
(Appendix C).  
 
 
 

8. 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 20th century (e.g. Szontagh, 1904; Szádeczky-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. 
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9. 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. 
 

 
Tab. 1.: Results of the component analysis of samples from key outcrops in dry weight [g] and %. 
  
 

 
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. 
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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). 
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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 Zámolyi 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 Zámolyi 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 Zámolyi 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 
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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. 
  
 

11. Zusammenfassung 
 

Der westliche Rand der kleinen ungarischen Tiefebene wurde mit multidisziplinären 
Methoden untersucht. Als Ausgangsbasis diente die Sichtweise der digitalen 
Geomorphologie. Der Großteil der Methoden wurde bis jetzt in dem 
Untersuchungsgebiet noch nicht angewandt und lieferte neue Erkenntnisse auf dem 
Gebiet der spätmiozänen bis quartären 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 Geländemodellen, der 
Untersuchung der Dynamik von Flussläufen, 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 verfügt über die nötige Auflösung und Genauigkeit, um 
geomorphologische Landschaftsformen mit einem Relief von 2 m darzustellen. Es 
konnten gerade, in einem rhombischen Muster angeordnete Rücken identifiziert 
werden. Diese Rücken fügen sich in das lokale Störungsmuster ein, was – neben 
anderen Phänomenen – auf einen neotektonischen Ursprung hinweist. Die 
Hauptachse des rhombischen Musters verläuft NE-SW und subparallel zur 
sogenannten Neusiedlersee-Störung, einer Störung die in der früheren Literatur 
angenommen wird, dessen Existenz jedoch noch nicht eindeutig geklärt wurde. Mit 
der ALS-Methode konnte die mikro-topographische Spur von Seitenverschiebungen 
und Abschiebungen analysiert werden. 
 
Die neotektonische Aktivität der Störungen in der kleinen ungarischen Tiefebene 
wurde weiterführend in der Publikation Zámolyi et al. (Appendix B) durch die Dynamik 
des Gewässernetzes untersucht. Die Sinuosität alluvialer Flussläufe spiegelt sehr 
genau ihre Beeinflussung durch Tektonik wider (z.B.: Ouchi, 1985). Der 
Sinuositätsindex von fünf kleineren Flüssen am westlichen Rand der kleinen 
ungarischen Tiefebenewurde mit verschiedenen Basislängen berechnet. Diese 
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Herangehensweise trug der Maßstabsabhängigkeit der Methode Rechnung. 
Historische Karten (siehe Kapitel 6) wurden für die Rekonstruktion von anthropogen 
möglichst unbeeinflussten Flussläufen herangezogen. Berechnungen mit allen 
Basislängen lieferten die im Wesentlichen gleichen Ergebnisse und zeigten den 
Einfluss von Störungen mit hauptsächlich abschiebender Komponente auf die 
Flussläufe und somit deren aktuell vor sich gehende Anpassung. Diese Anpassung 
ist wahrscheinlich an die Reaktivierung miozäner tektonischer Elemente gebunden. 
 
Um die bereits erwähnten Resultate in einen beckenweiten Zusammenhang bringen 
zu können, wurde auch der östliche Rand der kleinen ungarischen Tiefebene 
strukturgeologisch untersucht (Appendix D). Das Kernthema der Studie Zámolyi et al. 
galt der gegenüberstellung der Orientierung von geomorphologisch bedeutenden 
Störungen versus Störungen ohne zuordenbare Oberflächenformen. 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 früheren, 
vererbten Störungsmustern interpretiert werden. Wenn man die heutige Höhe von 
fluviatilen Sedimenten auf beiden Seiten der kleinen ungarischen Tiefebene 
vergleicht, so kann man feststellen, dass die Uplift-Rate auf der östlichen Seite höher 
war, als auf der westlichen (Kapitel 1, Appendix C). 
 
Im eingereichten Manuskript Zámolyi 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 quartären 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 quartären Schottern im See 
entdeckt werden. So gibt die Interpretation der Daten Auskunft über die Geometrie 
der obermiozänen (oberpannonen) Schichten: Die stetige Mächtigkeitszunahme der 
oberpannonen Sedimente beginnt östlich der Hauptachse des Sees. Es konnte kein 
Mächtigerwerden der Schichten Richtung Nordosten, Richtung der Parndorfer Platte 
festgestellt werden. Dies weist entweder auf keine größere tektonische Aktivität oder 
eine postsedimentäre Bewegung entlang einer Störung hin. Dementsprechend und 
auch den Ergebnissen der Provenanzanalyse gemäß wurden zwei geologische 
Modelle präsentiert. Das erste Modell folgt der Annahme, dass die quartären Schotter 
durch locale Gerinne von Süden aus abgelagert wurden und dass sich der Seewinkel 
im späten Miozän abgesenkt hat. Im zweiten Modell werden die Schotter aus dem 
Norden von der Donau aus geschüttet und das Gebiet rund um die PArndorfer Platte 
snkt sich erst im Quartär ab. In beiden Fällen spielt die frühere  
Entwicklungsgeschichte des Beckens und die Reaktivierung älterer tektonischer 
Strukturen eine wichtige Rolle in der heutigen Landschaftsentwicklung des westlichen 
Randes der kleinen ungarischen Tiefebene. 
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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 Győr. 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; Szafián et al., 1999; Sperner et al., 2002; Fodor et al., 2005; Fodor, 2006; Kováč et al., 
2006; Bada et al., 2007; Lenhardt et al., 2007, Székely et al., 2009, Brückl, 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; Kováč et al., 
2011).  

 
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: Rába Fault, 3: Mojmirovice-Čertovica fault system, 4: Fertő Fault, 5: Ikva Fault, 6: Répce 
Fault, 7: River terraces with elevated margins, 8: Artificial drainage channel (Einser-Kanal or Hansági főcsatorna), 
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; Horváth, 
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 Hanság 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 (Horváth, 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 Horváth, 1988; Horváth, 1995; Gábris and Nádor, 2007; Kováč 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; Joó, 1992; 
Timár and Rácz, 2002). This Quaternary local subsidence occurs along partly reactivated 
strike-slip fault systems, such as the Rába-Mojmirovice-Čertovica 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; Zámolyi et al., 2010; Salcher et al, 2012). Additionally to local 
subsidence Pliocene to Quaternary long wavelength vertical movements (Decker and 
Peresson, 1996; Horváth and Cloetingh, 1996; Wagner et al., 2010) affect also the Danube 
Basin (Ruszkiczay-Rüdiger, 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-Rüdiger 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-Rüdiger 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 
(Szádeczky-Kardoss, 1938; Küpper, 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 Mönchhof). 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 
tilted 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 (Zámolyi 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. Fertő-, Rába-, Ikva- and 
Répce Faults, Fig. 1) were traced on seismic sections in the area south of the Lake Neusiedl 
region (Tari, 1994; Tari, 1996; Szafián 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 (Horváth, 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; Tóth 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; Häusler et al., 2014) 
and at the SW margin of the Leitha Mountains (Fodor, 1991). 
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Fig. 3: Geological overview map of the study area after Schnabel (2002). According to this map the Parndorf 
Plateau is covered by three different gravel deposits: Günz age gravels and young gravels of the higher and the 
lower level. In contrast, the gravel layer deposited on the Seewinkel Plain is shown as a homogeneous unit. 
Basement and Neogene faults are arranged in a NE-SW- and NW-SE-oriented pattern. Black arrows indicate 
Late Miocene to Pliocene extension directions (Fodor, 1991). The black dashed lines represent tectono-
geomorphic linear features derived from the analysis of an airborne laser scanned digital terrain model (Székely 
et al., 2009). 

 

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; Fábián 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 
Hügelland), and further to the south, but still of some importance for this study, the Sopron 
Hills (Ödenburger 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 
Neusiedl 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; Wiedl 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; Häusler 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 (Küpper, 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 Brennbergbánya. Mining documentation shows the abundance of normal 
faults in Upper Miocene sediments in this area, with displacements of up to ca. 80 m (Kisházi 
and Ivancsics, 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, Szádeczky-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 Szádeczky-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 
to profiles in Fig. 11. The contour lines of the lake bottom (after Bácsatyai et al., 1997) are shown in blue and 
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 Hanság 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; 
Häusler, 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 Fertő-tó, Fig. 1), situated at the Austrian-Hungarian 
border, currently has an area of approximately 285 km2 (Schmidt and Csaplovics, 2011; 
Király and Márkus, 2011) and a lake level of 115.5 m a.s.l. (Bácsatyai 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. (Bácsatyai 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 (Bácsatyai et al., 1997). 

The Hanság 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, (ii) 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 
(Timár 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; 
Schönlaub, 2000; Häusler, 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, Tóth, 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 (CuKα radiation, 40 kV, 40 mA, step size 0.0167, 5 s 
per step). The bulk samples were analyzed as oriented powders. The clay fraction (< 2 µm 
fraction) was separated by sedimentation and analyzed as oriented clay films on glass slides. 
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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 (Gräfe, 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 
of wave involved. For simplicity, two types of 
waves are depicted: longitudinal wave (L) and 
Rayleigh wave (R). The acoustic axis of each cone 
was below the 1st 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 (Gräfe, 2009). For the depth to time 
conversion the most robust velocity value derived 
from several measurement runs was used. 

 

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), 
(ii) 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. 6c) was taken at 125 m a.s.l, 2 m below the surface. The fraction 
between 63 and 400 µm 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 (Csapó, 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 (Szabó, 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. 7c 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 Neusiedl. 
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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 µm fraction) gives even more evidence that the uppermost samples 
are different. Illite 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).  

 
Table 2: Results of the heavy mineral analysis of the samples from the Late Miocene lake drilling cores 
(NDS 4 to 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. 

 
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. 

 

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. 

 
Fig. 11: Cross section of the study area with correlation of sediments within the Lake Neusiedl 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 
cross 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). 

 
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. Szádeczky-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 Neusiedl 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. Häusler (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 Óbrennberg-Kaltes Bründl 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 Rába (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/Rába 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 
(Csapó, 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 (Höggerl, 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 Neusiedl (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 Zámolyi 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 (Joó, 1992; Timár and Rácz, 
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 (Szádeczky-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 (Szádeczky-
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 Mönchhof) 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; Szádeczky-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 Ikva or Répce Rivers 
(Figs. 12a to 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.  

 
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 (Kováč 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 Győr (Joó, 1992, Gábris and 
Nádor, 2007, Lovász, 2007) (Fig. 1) the main channels of the tributaries migrated 
towards the East to their current positions (Fig. 12c, see also Lovász, 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 Szádeczky-Kardoss (1938), Tauber (1959b) 
and Husz (1965). Szádeczky-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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