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CHAPTER 8: SYNTHESIS - NEOTECTONICS AND LANDSCAPE EVOLUTION OF THE 

CENTRAL PANNONIAN BASIN 
 
 

Peculiar structural and geologic setting have made the Central Pannonian Basin an excellent 
natural laboratory for the study of neotectonics and Quaternary landscape evolution. The 
terraced section of the Danube valley cuts through the uplifting Hungarian Mountain Range 
(HMR) providing means for the quantification of valley incision and differential vertical 
motions. The Gödöllő Hills are an outstanding area for a morphotectonic investigation under 
negligible lithologic influence in the transitional zone between the uplifting HMR and the 
subsiding Great Hungarian Plain (GHP). GPS data indicate that active deformation between the 
Western and Northeastern Units of the Pannonian lithosphere is accommodated in the Central 
Pannonian Basin (Grenerczy et al. 2000), suggesting considerable neotectonic deformation 
(Fig. 1-2). A joint application of geomorphology, sedimentology, structural geology, 
geophysics, and geochronology led to the reconstruction of the Quaternary landscape evolution 
in the study area.  

 
 
8.1. Quaternary incision of the Danube – uplift of the Hungarian Mountain Range 
 
The downcutting of the paleo-Danube, after taking its present course between the Börzsöny 

and Visegrád Hills (e.g. Fig. 1-3), could keep pace with the uplift of the HMR. The Danube is 
the only river cutting through the HMR, thus its terraced valley provides a key area for the 
quantification of Quaternary vertical motions. The onset and rate of incision of the Danube into 
the HMR are among the most important milestones of landscape evolution of the Pannonian 
Basin. Dissection of late Tertiary planation surfaces was initiated with the incision of the 
Danube and its tributaries. Terrace ages are excellent tools to constrain the incision rates of the 
antecedent Danube and comparable uplift of the Transdanubian Range.  

 
Review of earlier chronological data 

 
A thorough revision of available chronological data from terraces of the Danube River 

revealed significant difference between the incision rates during an older period between 
9000/2400 ka and 360 ka, and during the last 360 ky. For the first time interval the calculated 
incision rates vary between 0.02 and 0.06 mm/y. However, exact age of the onset of incision is 
unknown, therefore these rates can only be regarded as tentative estimates for a scenario of 
constant uplift since the formation of the uppermost planation surfaces. Data series for the 
period after 360 ka are more reliable as they include absolute ages of travertines and syngenetic 
speleothems forming in connection with the former base level. Calculations demonstrated that 
the incision rate at the Danube Bend has been considerably higher (0.41 mm/y) than the rates 
obtained at the Gerecse and Buda Hills (0.23-0.14 mm/y; Figs. 3-9, 3-12). This is in good 
agreement with the concept of differential vertical motions with an uplift faster in the axis than 
along the margins of the HMR (e.g. Pécsi 1959b, Gábris et al. 1993, Gábris 1994). However, it 
is to be noted that the reliability of the calculated incision rates for the Danube Bend is limited, 
as no “in situ” age data have been available and, relative ages come from a tentative 
extrapolation from the adjacent valley sections. 

The coincidence of the maximal range of absolute ages and the time of the “break” in the 
calculated incision rates points to an artefact due to the lack of adequate chronological record 
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for older geomorphologic horizons. Proposing a scenario of constant incision/uplift rates, the 
extrapolation of the rates derived from the more reliable younger data set suggest a later onset 
of the uplift (~950 ka) than the “traditional” chronology (~2,4 Ma). Nevertheless, data may 
also point to an accelerating trend of vertical motions towards present since any time during the 
early Pleistocene. 

Terrace formation occurred in the uplifting environment of the Hungarian Mountain Range 
during an epoch of significant climate changes. Some terraces are well reconcilable with 
periods of climate change however, the resolution of the available data on terrace chronology 
does not allow differentiation between terraces formed mainly due to climate forcing or 
temporal changes in vertical motions (Fig. 3-12). Further research was necessary for a more 
accurate reconstruction of the timing and rate of incision of the Danube, particularly in the 
Danube Bend.  

 
Exposure age dating of strath terraces in the Danube Bend 
 
Exposure age dating using in situ produced cosmogenic 3He allowed determination of the 

minimum exposure ages of strath terraces in the Danube Bend. Considering the likely effects 
of erosion, a maximum incision or uplift of ~1.6 mm/y is proposed for a time span of ~270 ka 
(Fig. 5-4A). This uplift rate is in good accordance with geodetic levelling data indicating fast 
(>1 mm/y) present day uplift rate for the Danube Bend region (Mike 1969, Joó 1993). At the 
same time, it is about four times higher than values calculated on the basis of previous 
chronological data sets (0.41 mm/y).  

The presented exposure ages are minimum ages suggesting that the terraces of the Danube 
Bend were successively formed at least during the last two glacial cycles (Fig. 5-4A,B). It was 
not possible to find a direct link between the new terrace ages and specific climate events. 
Apparently, uplift of the area modified the regional effect of the climate and, hence terraces in 
the Danube Bend could have formed under various climatic conditions, including glacial 
minimums and interglacial maximums (Fig. 5-4A,B).  

 
Uplift rates in the HMR compared to other geological settings 

 
For an objective evaluation of the obtained uplift rates, a comparison with rates published for 

other regions in active orogens has been carried out (Table 8-1 and references therein). In 
Europe, reconstructed Quaternary uplift rates in the Alpine mountain belt vary between 0.2 and 
3 mm/y. Late Quaternary to recent uplift frequently reaches 1-1.5 mm/y. Uplift of the 
Himalayan range is faster, with rates up to 10-12 mm/y. The Western Pacific coast is emerging 
with rates between 0.5 to 10 mm/y, but mostly above 2 mm/y.  

The uplift rates between 0.14 and 0.23 mm/y in the Buda and Gerecse Hills, and 0.41 in the 
Danube Bend calculated from the “traditional” terrace chronology are comparable with the 
marginal zones of the orogens (e.g. Alpine Molasse Basin, Outer Flysch Carpathians), but 
considerably lower than the intense Quaternary tectonic deformation at the Himalayan collision 
zone or active margins in the W Pacific coast (Table 8-1 and references therein). The 
maximum uplift rate of 1.6 mm/y calculated on the basis of cosmogenic 3He exposure ages in 
the Danube Bend is comparable with rates available for the Alpine orogenic belt and with 
lower rates published for the Himalayan region. The Central Pannonian Basin is in the Alpine 
collision zone, where the built-up of compression dominated neotectonic stresses started only 
during late Pliocene-Quaternary times (e.g. Fodor et al. 2005a,b, chapter 7 in this study). The 
relatively fast uplift of the central part of the HMR is most probably the result of the 
neotectonic inversion and crustal shortening between the North-eastern and Western Units of 
the Pannonian lithosphere (Grenerczy and Kenyeres 2005; Fig. 1-2). Steep topography support 
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fast uplift but moderate height of the Danube Bend area suggest that the increase of uplift rates 
occurred in relatively recent times, according to this study, during the last ~300 ka. 

 
 

8.2. Morphostructural evolution of the Gödöllő Hills 
 
Structural investigation with preliminary DEM analysis and field studies was successful in 

revealing the responsibility of tectonic control on landscape evolution and in differentiating 
between landforms developed due to fluvial or wind erosion. Results and methods may be 
extended to the Transdanubian Hills, which has resembling structural, geologic and 
topographic setting. 

Independent landscape evolution of the Gödöllő Hills was linked to the appearance and 
incision of the Danube in the Pest Plain. This is the time when dissection of the former 
pediment surface could start. Compilation of earlier relative and absolute chronologies and 
new, cosmogenic 3He terrace ages (chapters 3 and 5), together with geomorphology and loess 
stratigraphy of the Gödöllő Hills (chapter 6) suggest that the Danube appeared in the area, as 
earliest, in the early Pleistocene with its major downcutting starting only in middle Pleistocene 
times (Fig. 6-17).  

Quaternary landscape evolution was governed by both structural and climate-related 
erosional processes. In the Gödöllő Hills both deflation and fluvial erosion – obedient to the 
structural dip towards the GHP – created NW-SE trending landforms. During the last decades 
this coincidence was hindering the differentiation between eolian and fluvial processes. 
Drainage anomalies can frequently be connected to neotectonic warping of the upper-
Pannonian-Pliocene strata (Figs. 6-18, 7-8). 

Considerable neotectonic deformation has been documented in form of inversion of earlier 
normal faults and transpressive reactivation of a syn- to post-rift transtensional strike-slip zone, 
the Tápió-Tóalmás Zone (TaTZ). The inversion is mainly expressed by the folding of the 
uppermost imaged horizons and verifies late Pliocene-Quaternary deformation (~4-0 Ma). The 
reconstructed NE-SW compressional-transpressional stress field for the neotectonic phase (Fig. 
7-7) is in good accordance with recent stress field data (Gerner et al. 1999, Tóth et al. 2002, 
Bada et al. 2006). The uplift of the anticlinal hinges led to enhanced surface erosion, 
development of intra valley drainage divides (Rákos Capture), river deflections (e.g. Alsó-
Tápió, Kókai Creeks) and radial drainage networks (#2-7 on Figs. 6-18, 7-7, 7-8).  

The surface of the NW-SE striking Valkó and Úri Ridges developed in wind-shielded 
position, where dry phases were the periods of loess accumulation. Fluvial erosion, valley 
incision and soil formation took place during wet climate spells (Fig. 6-17). The NW-SE 
trending rectilinear margins of the Ridges show no tectonic control, instead, they were shaped 
mostly by deflation. Minor amplitude of surface undulations respective to the amplitude of 
folding of the upper Pannonian layers reflects the denudation of the surface, which was more 
intensive in the deflated Isaszeg Channel than in the fluvially dissected Ridges. According to 
this study (and Fodor et al. 2005a,b, Ruszkiczay-Rüdiger et al. 2006), the Isaszeg Channel 
acted as a wind channel during the Pleistocene glaciations. It represents the easternmost 
member of the fan-shaped “meridional” valley-set (Fig. 2-4), which has been cut from the 
Transdanubian area by the incision of the Danube. The deflected valley sections of the Alsó-
Tápió and Kókai Creeks (#3, #4 on Figs. 7-7, 7-8), which developed in front of growing 
anticlines connected to the transpressional TaTZ, can be interpreted as members of the 
“longitudinal” valley system. 
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Location Uplift rate 
(mm/y) Time span Method Reference 

Outer Flysch Carpathians 0.2-2.0 since middle 
Pleistocene river terraces Zuchiewitz 1998 

E Swiss Alps, central part 1.6 recent precise levelling Persaud and Pfiffner 2004 
and references therein 

E Swiss Alps, central part 0.6-0.7 since 20 Ma fission track, 
thermochronology Persaud and Pfiffner 2004 

E Swiss Alps, Molasse 
Basin 0.6 recent precise levelling Persaud and Pfiffner 2004 

and references therein 
W French Alps 0.8* 190 ka fluvial terraces Brocard et al. 2003 

N Appennines  1.5 late Quaternary
fission track, 

U/Th-He 
thermochronology

Simoni et al. 2003 

Gulf of Corinth, Greece 3 late Quaternary marine terraces Pirazzoli et al. 2004 

NE Sicily - Calabria 0.9-1.7 125 ka marine terraces 
Westaway 1993, Catalano 
and De Giudi 2003, Antonioli 
et al. 2006 

Seine and Sonne Rivers, 
NW France 0.06** since middle 

Pleistocene fluvial terraces Antoine et al. 2000 

W Turkey 0.2 since middle 
Pleistocene fluvial terraces Westaway et al. 2004, 2006 

E Kaukasus 0.6-0.3 1 Ma 
K-Ar dating of 

volcanism, 
stratigraphy 

Mitchell and Westaway 1999

Indus River, NW 
Himalayas 2-12 

late 
Pleistocene-

Holocene 
fluvial terraces Burbank et al. 1996 

Nanga Parbat region, NW 
Himalayas 5-10 Quaternary fission track, 

thermochronology Zeitler et al. 1982 

Higher Himalaya, Nepal 4-8 late Quaternary fluvial terraces Lavé and Avouac 2001 

Karakoram 2 Quaternary fission track, 
thermochronology

Zeitler et al. 1982, Zeitler 
1985 

Kashmir Basin 4-10 Quaternary fission track, 
thermochronology Burbank and Johnson 1982 

Taiwan 5-7 
3-10 Holocene fluvial and marine 

terraces 
Chen and Liu 2000 
Hsieh et al. 2004 

Coastal Range, E Taiwan 7.5 late Quaternary marine terraces Lundberg and Dorsey 1990 

pacific coast, Japan 1.6 late Quaternary marine terraces Ota and Yamaguchi 2004 

Papua New Guinea, 
Huon peninsula 3.3 late Quaternary marine terraces Ota and Yamaguchi 2004 

New Zeeland 0.5 
2.3 late Quaternary marine terraces Kim and Sutherland 2004 

Ota and Yamaguchi 2004 
 
Table 8-1. Some typical uplift rates published for active orogens outside the Pannonian Basin. * incision 
rate with no direct tectonic implication, ** not part of the Alpine orogenic belt.  
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8.3. Timing of neotectonic deformation in the Central Pannonian Basin 
 

The quantitative chronological and morphostructural approach enabled to define the style 
and, to certain extent, the timing of neotectonic deformation and its genetic relationship with 
landscape evolution. Ages of the uppermost horizons of the Danube valley and deformation of 
the post-rift sedimentary strata in the Gödöllő Hills suggest that neotectonic deformation in the 
Central Pannonian Basin started during the Pliocene, not earlier than ~4Ma. This is in 
accordance with the earlier studies (e.g. Horváth 1995, Bada et al. 1999, Fodor et al. 1999) who 
suggested that by the end of the Pliocene structural inversion have propagated to major part of 
the Pannonian Basin. 

Appearance of morphologic expressions of the vertical deformation could be placed into 
middle Pleistocene times: 3He exposure ages suggest that the formation of the Danube Bend 
started, at the latest, at ~270 ka (chapter 5) and the assumed minimum age of deflected valleys 
in the Gödöllő Hills is ~450 ka (chapter 6). Accordingly, the morphologic expression of 
neotectonic folding appeared with a considerable delay after the onset of structural inversion. 
Two main scenarios can be lined up to explain this time gap between subsurface and surface 
deformation. On one hand, denudation processes were more pronounced during Pliocene - 
early Pleistocene times, thus erosion could smooth away topographic consequences of 
structural warping. On the other hand, the progressive built-up of the neotectonic stress-field 
was manifested in a gradually faster deformation, which led to an acceleration of vertical 
motions towards present. This accelerating trend is supported by faster middle to late 
Quaternary incision rates of the Danube (Figs. 3-9, 3-12) both at the marginal (at least ~0.2 
mm/y) and axial (at least 0.4 mm/y; up to ~1.6 mm/y) zones of the HMR during the last ~300-
350 ka. Young age of the Danube Bend suggested by the 3He exposure ages allow for fast rate 
of vertical motions only from late middle Pleistocene times.  

Landscape dissection and watershed re-organization above anticlinal hinges in the Gödöllő 
Hills (e.g. Rákos Capture, Danube-Tisza watershed, Pánd Antiform) are small-scale examples 
for the Quaternary surface deformation of the Central Pannonian Basin (Figs. 7-7, 7-8). Only 
the incision of the Danube could keep pace with the uplift of the Hungarian Mountain Range 
forming the drainage divide between the alluvial Danube Basin and Great Hungarian Plain. 

 
 
8.4. Climatic vs. tectonic control on Quaternary landscape evolution 
 
The review of terrace chronology and the results of 3He exposure age dating suggest that no 

direct correlation exists between climate and terrace formation in the Central Pannonian Basin 
(Figs. 3-12, 5-4). Apparently, tectonic forcing overrode regional effect of climate changes. The 
subsiding areas (DB, GHP) are characterised by continuous alluvial sedimentation, while in the 
uplifting areas (HMR) fluvial dissection of the landscape and, in the larger valleys, formation 
of up to 8 terrace horizons occurred. 

The study of the Gödöllő Hills demonstrated that both climate-controlled erosion processes 
and vertical motions triggered by neotectonic warping were important in landscape evolution 
of the transitional zone between the HMR and the GHP. This is an area of moderate uplift 
induced by the warping of the upper Pannonian sediments. The characteristic valley pattern 
lacks structural preformation (Figs. 7-5, 7-7), instead, deflation created large-scale yardangs 
(Ridges) separated by wide wind channels (“meridional valleys”, Isaszeg Channel). The 
surface of the Ridges shows evidences of several climate-related phases of loess and paleosol 
formation and fluvial incision (Fig. 6-17). Flow direction of the creeks was determined by the 
structural tilt towards the subsiding GHP locally disturbed by neotectonic warping, which 
deviated the streams from the consequent SE strike (e.g. Fig. 7-8). 
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In the HMR, characterised by considerably faster uplift than the transitional zone and mostly 
basement type lithologies, fluvially dissected landscape is characteristic. Major tributaries of 
the Danube followed the incision of the trunk channel and formed narrow and deep valleys, 
e.g. in the Danube Bend area (Fig. 3-5A).  
 

 
8.5. Final remarks and considerations for future research 
 
Quaternary tectonic and surface processes can only be understood by joint application of 

various methodologies. This study has shown that geochronology completed with quantitative 
geomorphologic and structural investigations are together suitable tools for the determination 
of the style of neotectonic deformation, and its role in landscape evolution.  

In the Pannonian Basin further “absolute” chronological data are necessary from terraces of 
the Danube and its tributaries to achieve a more accurate timing and rating of vertical motions 
connected to the neotectonic phase. Terrestrial in situ cosmogenic nuclides (TCN) are adequate 
for the exposure age dating of both strath surfaces and alluvial gravel in aggradational terraces, 
which can enable to constrain fluvial incision and uplift rates at several valley sections. TCN 
burial ages of alluvial sediments would allow new insights in terrace chronology and also in 
the sedimentation-subsidence history of the adjacent basins.  

Further study of seismic reflection profiles will allow a more precise timing of neotectonic 
inversion. Combination of structural mapping and morphometry may provide new insights in 
tectonic and climate controlled landscape evolution at other geologic and tectonic settings, too.  

Timing of deflation processes is difficult as sedimentary cover is usually missing from eolian 
landforms. Exposure age dating of wind polished surfaces and ventifacts is under way and will 
hopefully provide age constraints for at least the last major phase of wind erosion. 

A complex stratigraphic and chronologic study of terrace sediments and loess-paleosol 
sections is necessary for a more accurate terrace- and loess chronology. Currently, novel 
absolute age data frequently contradict the “traditional” chronology (see chapter 3 and 
references therein), but are still too scarce to set up a “modern” terrace chronology. The 
establishment of a reliable chronostratigraphic framework is the among the most challenging 
perspectives for further research. 


