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CHAPTER 2: STRUCTURAL AND LANDSCAPE EVOLUTION OF THE PANNONIAN 

BASIN 
 
 
In the first part of this chapter the definition of major structural units of the Pannonian Basin 

is followed by a brief summary about the Neogene structural evolution of the area. This period 
directly precedes the neotectonic phase, therefore it had significant influence on the Quaternary 
evolution of the area. The neotectonic phase is introduced in more detail, for this is the period 
in the scope of this thesis. Special emphasize is put on geodynamic evidences of neotectonic 
deformation of the Pannonian Basin. Afterwards, an overview of the Quaternary climate 
oscillations and chronology are discussed and a chronology chart applied throughout this study 
is complied. Next, climate-related landscape evolution of the Pannonian Basin and main 
geomorphologic features are introduced. Finally, most important milestones of the Plio-
Quaternary drainage pattern evolution of the Western Pannonian Basin are described as 
changes of the flow direction of major rivers are possible indicators of differential vertical 
motions connected to the neotectonic phase.  

 
 
2.1. Location and major structural units of the Pannonian Basin 
 
The low altitude Pannonian Basin is ~800 km and 400 km wide in E-W and N-S direction 

respectively and has an average altitude of ~150 m asl. It is surrounded by elevated mountain 
ranges of the Eastern Alps (~2000 m asl.), Carpathians (~1500 m) and Dinarides (~1000 m). It 
comprises several subbasins separated from each other by basement highs (up to 1000 m asl.; 
Fig. 1-1). The Vienna and the Transylvanian Basins (VB and TrB) are not part of the 
Pannonian Basin sensu stricto, as they have had distinct geodynamic evolution (Horváth 1993). 
The lowlands of the Danube Basin (DB, also known as Little Hungarian Plain) and the Great 
Hungarian Plain (GHP) are separated by the uplifted basement units of the NE-SW tending 
Hungarian Mountain Range (HMR). The HMR consists of two parts, the Transdanubian Range 
(TR) in the W and the North Hungarian Range (NHR) in the E separated by the Danube valley 
(Fig. 1-1).  

The Pannonian lithosphere and crust is thinned (Horváth 1993), and characterised by high 
heat flow (Dövényi and Horváth 1988). The pre-Tertiary basement is made of mainly 
Mesozoic nappe piles of Eastern Alpine – Inner Carpathian and Dinaric origin, and is covered 
by up to 7 km of Neogene-Quaternary sediments (Horváth et al. 1988). Two major basement 
units were identified: the northern unit is called Alcapa (Eastern ALpine – Western CArpathian 
– PAnnonian); the southern one is the Tisza-Dacia (Géczy 1973, Kázmér and Kovács 1985, 
Csontos et al. 1992, Fig. 1-2). These microplates took shape during late Jurassic through 
Cretaceous to early Paleogene tectonic history at different paleo-geographic positions. During 
the Tertiary they got subsequently juxtaposed and transported to their present position within 
the embayment of the Carpathian loop (e.g. Balla 1985, 1987, Fodor et al. 1999). The Alcapa 
and Tisza-Dácia blocks were separated by the ~SW-NE trending Mid-Hungarian Shear Zone 
(MHSZ, Balla 1985), the major tectonic feature of the Intra-Carpathian area (Fig. 1-2, 2-1). 
Cenozoic sediments cover major part of this lineament that suffered repeated tectonic 
reactivations during the Tertiary and, most likely, during the Quaternary structural evolution of 
the area (Balla 1985, 1987, Csontos and Nagymarosy 1998, Gerner et al. 1999, Fodor et al. 
1999). 
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Differentiation of the Alcapa and Tisza-Dacia structural units is valid only until late early 
Miocene times (~18 Ma), after that coeval deformation affects all previous units (Fodor 2006). 
In neotectonic context three major crustal blocks appear to move differentially. For these Fodor 
et al. (2005b) introduced temporal names as Western and Northeastern Unit which 
approximately correspond to the western and eastern parts of the former Alcapa block, 
respectively. The Southeastern Unit coincides roughly with the early Miocene Tisza-Dácia 
block. In the following, for the Neogene syn- to post-rift tectonic history the terms Alcapa and 
Tisza-Dacia will be used and to describe crustal movements of the Plio-Quaternary neotectonic 
phase the new nomenclature of Fodor et al. (2005b) will be applied. 

 
 
2.2. Neogene structural evolution as a framework for neotectonic studies  
 
Table 2-1. shows the main Neogene structural events together with the standard and central 

Parathetys chronostratigraphic units. Ratschbacher et al. (1991) proposed interaction between 
tectonic escape of the North Pannonian (or Alcapa) unit and extensional collapse of the 
overthickened, unstable crust of the Eastern Alps. During the eastward escape (late-Eocene to 
early-Miocene), extensional deformation of the lithosphere took place behind the fold and 
thrust belt of the Carpathian arc (Horváth, 1993, Fodor et al., 1999). Differential movement of 
the Alcapa and Tisza-Dacia blocks resulted in dextral wrenching with opening of transtensional 
basins along the NE-SW trending Mid-Hungarian Shear Zone (e.g. Csontos et al. 1992, Fodor 
et al 1999). Late middle Miocene collision of the North Pannonian unit with the stable Europe 
was followed by the collision of the South Pannonian unit throughout late Miocene - Pliocene 
times (e.g. Fodor et al. 1999). As a consequence of the ongoing motion of the southern unit 
after the blocking of the boundaries of the northern unit, from late middle Miocene onwards, 
mostly sinistral (Horváth, 1986) and sinistrally transpressive displacements were recorded 
along the Mid-Hungarian Shear Zone (Balla et al. 1987). 

Royden et al. (1983) separated two main phases of subsidence in the Pannonian Basin. 
During the first, syn-rift phase extension was consequence of the rollback effect of the 
subduction of the European lithosphere beneath the Carpathians (late early Miocene to mid-
Miocene; two phases: syn-rift I. ~18-14 Ma and syn-rift II. ~14-11 Ma; Royden 1988, Tari 
1992, Csontos 1995, Fodor et al. 1999). Syn-rift extension took place mainly along reactivated 
Alpine thrust planes in the form of low angle detachment faulting. Strike-slip faults played an 
important role as transfer faults connecting areas of different amount of extensional 
deformation with each other, and with the outer compressional terrains (Tari et al. 1992).  

By the end of the middle Miocene gradual cessation of subduction brought about the 
termination of the syn-rift faulting (e.g. Matenco and Bertotti 2000). The second phase of 
subsidence was the post-rift phase (late Miocene – Pliocene; ~11-6 Ma). The boundary 
between syn- and post-rift successions is marked by a regional unconformity truncating the 
syn-rift strata, and sealing most of the rift-related faults by upper Miocene sediments (Csató 
1993, Horváth and Cloetingh 1996). According to Horváth (1995) this erosion event was 
coeval with a major water level drop enhanced by a short compressive event, which preceded 
the next rise of sea level during the post-rift phase. 

The post-rift period was characterised by thermal contraction of the updomed upper mantle 
and related subsidence of the thinned crust (Horváth and Royden 1981). In the rapidly 
subsiding post-rift basin a remnant of the Parathetys became isolated from the ocean by the 
emerging Carpathian arc, and the brackish to freshwater Lake Pannon was formed (Kázmér 
1990). Fluvially dominated delta sequences gradually filled up the basin transporting large 
amount of sediments from the elevated Carpathian nappes towards the basin interior (e.g. 
Pogácsás et al. 1992). The delta fronts prograded mainly from the northwest and northeast 
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towards the basin interior. Southward younging of the lacustrine Pannonian strata between ~9 
and 5 Ma also argues for the southward migration of the centre of a shrinking Lake Pannon 
(e.g. Magyar et al. 1999). By the end of the Miocene the Lake Pannon was filled up and all 
subbasins became fluvially dominated (e.g. Bérczi and Phillips 1985, Vakarcs et al. 1994). 
Total thickness of the Pannonian sediments can reach 6000 m in areas of major subsidence 
(e.g. Magyar et al. 1999).  

 

 
 
Table 2-1. Correlation of Neogene chronostratigraphic units after Rögl (1996) and major Neogene 
structural phases in the Pannonian Basin (details and references in the text). From the late Paleogene 
the Central Parathetys basins got partly and later completely isolated. Therefore different 
chronostratigraphic units were used in this area. After the isolation of the Lake Pannon in the post-rift 
phase, the Pannonian Basin became independent from other parts of the Central Parathetys. This led 
to differences between the chronostratigraphy of the Central Parathetys and of the Pannonian Basin. 
*The presence of the Pontian in the Pannonian basin is not obvious; in this study the entire late 
Miocene is called Pannonian. Paleo temperature changes were compiled after, Járainé-Komlódi 
(1966, 1969), Kordos and Ringer (1991) and Kaiser (1997). 
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Neogene-Quaternary volcanism 
 
The first, early Miocene phase of Neogene-Quaternary volcanism was coeval with the escape 

of the Alcapa and preceded the juxtaposition of the main structural units (Szabó et al. 1992, 
Seghedi et al. 1998). The second, middle Miocene to Quaternary phase occurred along the 
inner side of the Carpathian arc. The chemistry of the intermediate stratovolcanic complexes of 
this phase refers to subduction related magma generation (Seghedi et al. 2004, 2005). The third 
and final phase took place from the late Miocene to late Pleistocene (~7.5-0.1 Ma, Balogh et al. 
1981, 1986). Accordingly, this phase of volcanism began during the post-rift period and 
culminated during the Pliocene, coinciding with the gradual build-up of the neotectonic stress-
field (2.4 section). The alkaline basalt eruptions created several small volcanic fields scattered 
in the basin interior (e.g. Németh and Martin 1999a). The volcanism is suggested to be 
connected to the elevated asthenospheric dome beneath the thinned Pannonian lithosphere 
(Szabó et al. 1992, Seghedi et al. 1998). 

 
 
2.3. Neotectonic setting 
 

 
 
Fig. 2-1. Neotectonic behaviour of the Western Pannonian Basin after Bada et al. (2005a).  
A: Geometry and kinematics of main neotectonic structures connected to the late-stage inversion 
phase of the Pannonian Basin. B: Present-day crustal motions and tectonic stress field. V: Vienna, Bp: 
Budapest, VB: Vienna Basin, DB: Danube Basin, GHP: Great Hungarian Plain, HMR: Hungarian 
Mountain Range, MHSZ: Mid-Hungarian Shear Zone, PAL: Periadriatic Line MMZ: Mur-Mürz-
Žilina Line. Z-Z’ marks the location of the seismic reflection profile in Fig. 2-2. 

 
From the latest Miocene the termination of subduction rollback in the Eastern Carpathians 

and continuous push of the Adriatic plate led to a second structural inversion of the Pannonian 
Basin (Horváth and Royden 1981, Horváth 1995). In the new tectonic regime compression 
resulted in large-scale folding of the Pannonian lithosphere manifested by the presence of 
several uplifting regions co-existing with areas of accelerated subsidence in the basin interior 
(Horváth and Cloetingh 1996, Bada et al 1999, Fig. 1-2, 2-1). According to thermal modelling 
results of Dunkl and Frisch (2002), a 1-1.5 km thick Neogene cover has been removed from the 
inner hills of the Western Carpathian - Eastern Alpine region.  
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In accordance with Sengör et al. (1985), who defined “the time elapsed since the last major 
wholesale tectonic reorganization in a region” as “neotectonic period”, the second inversion 
phase of the Pannonian Basin can be termed as neotectonic phase. 

 
 
Timing of the inversion 
 
The onset of inversion was not contemporaneous in the whole Pannonian Basin. 

Compressional stresses extended gradually from the Southern Alps towards the basin interior 
(Tari 1992, Fodor et al. 1998, 1999, 2005a,b, Bada et al. 2005a,b). Márton et al. (2002) 
recognized folding, thrusting and strike-slip faulting of late Miocene sediments in NE Slovenia. 
In the Mecsek-Villány area Csontos et al. (2002) documented the onset of the last, still active, 
inversion phase as early as latest Pannonian. Accordingly in the SW Pannonian Basin the onset 
of inversion can be placed to the latest Miocene–earliest Pliocene (~6 Ma). 

In Southern and Central Pannonian Basin, inversely reactivated Miocene normal faults and 
positive flower structures along pre-existing strike slip-faults considerably deformed the late-
Pannonian to Quaternary strata (e.g. Csontos and Nagymarosy 1998, Horváth and Tari 1999, 
Sacchi et al. 1999, Bada et al. 2005a, Fodor et al. 2005a,b, Ruszkiczay-Rüdiger et al. 2006) 
Deformation is expressed in the form of a series of synclines and anticlines (Fig. 2-2). Shifting 
age and magnitude of the deformation suggests that the inversion gradually propagated 
eastward and during Plio-Quaternary times it has been extended to the entire Pannonian Basin 
(Bada et al. 2005b). In the Transdanubian Range significant erosion has been documented 
before, during and after the Pliocene basalt volcanism (Németh and Martin 1999b, Németh et 
al. 2003) implying an early Pliocene erosion event possibly connected to the beginning of basin 
inversion.  

 
Fig. 2-2. Interpreted seismic 
reflection profile transecting the 
Mid-Hungarian Shear Zone in SW 
Hungary (Bada et al. 2005a; Z-Z’ 
profile in Fig. 2-1). Basin inversion 
is related to positive reactivation of 
Miocene normal faults. 
Deformation is expressed as a series 
of synclines and anticlines in the 
late Pannonian strata. 

 
 
Geodynamic data about Quaternary to recent structural deformation 
 
Finite element modelling of Bada (1998) revealed that the most important source of recent 

stress in the Pannonian Basin is the counter-clockwise rotation and northward push of the 
Adriatic microplate (Fig. 2-1). New stress modelling of Bada et al. (2001) demonstrated that 
collisional forces arisen from Europe-Adria convergence and topographic forces associated 
with the uplifted Eastern Alps mutually control the deformation of the basin interior of a heated 
lithosphere with decreased rheological strength. 

According to high precision GPS measurements, the western part of the ALCAPA unit is 
moving towards east-northeast with a velocity of ~1,3 mm/year while its eastern part shows 
much slower motion with respect to the reference European plate (Grenerczy et al. 2000, 
Grenerczy and Kenyeres 2005; Fig. 1-2). This leads to internal shortening of ~1 mm/y between 
the Western and Northeastern Units, which is accommodated within a broad zone with 
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differential vertical movements and intense seismicity in the Central Pannonian Basin, target 
area of present study (Figs. 1-2, 2-1). 

Geodetic levelling data indicate >1 mm/yr present day uplift rate for the HMR region and 1-4 
mm/yr subsidence for the DB and GHP (Mike 1969, Joó 1993). Although precision of geodetic 
records for the determination of tectonic deformation rates is limited (Demoulin 2004), 
regional trends of vertical motions are clearly expressed by these data. 

Seismicity of the basin interior is moderate to low, earthquake hypocenters are restricted to 
the upper crust mainly between 7-15 km (Tóth et al. 2002). Earthquakes detected along 
seismoactive faults suggest that active deformation is still taking place (Fig. 1-3B).  

Spatial distribution of the total seismic energy release estimated by Gerner et al. (1999) 
suggests intense deformation in the Dinarides and of the Vrancea zone. Except for these two 
areas, deformation appears to be more intense in the Pannonian Basin than in the surrounding 
orogenic belts. They concluded that mainly strike-slip and thrust faulting, with the nearly 
complete absence or only local importance of normal faulting, characterize recent deformation 
in the Pannonian Basin (Fig. 2-1). According to Gerner et al. (1999) and Bada et al. (1999, 
2005a), seismicity mainly is controlled by neotectonic reactivation of Miocene faults 
originating from the syn-rift phase (Fig. 2-2). 

Seismic profiles in the Transdanubian Hills demonstrated significant tilting of the entire 
Pannonian sequence towards S-SE (e.g. Horváth and Tari 1999). Single-channel high 
resolution seismic profiling of Sacchi et al. (1999) below Lake Balaton revealed that all the 
layers are erosionally truncated and Holocene sediments of up to 5 m thickness overlie upper 
Pannonian beds unconformably. This late Miocene – Pleistocene hiatus was interpreted as a 
subaerial erosional surface, and together with the tilted Pannonian strata verify the latest 
Neogene – Quaternary uplift of the Transdanubian Range (Fig. 2-3).  

 

 
 

Fig. 2-3. 3D section across Transdanubia (after Horváth and Tari 1999). Uplift of the Transdanubian 
Range is evidenced by the tilt and erosional truncation of the Pannonian-Pliocene strata deposited on 
its flanks. White arrows indicate post-Pannonian uplift; black arrows show areas of subsidence. 

 
Tóth et al. (1997) and Tóth and Horváth (1999) recognised post-Miocene and latest 

Pleistocene strike-slip faulting beneath the Danube and the Tisza Rivers, respectively. The 
observed deformation falls in the strike of the Mid Hungarian Shear Zone (Fig. 2-1), which 
together with earthquakes detected between the Danube and the Tisza Rivers (Tóth et al. 2002) 
strongly suggest neotectonic reactivation of this fault zone.  
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2.4. Neogene climate and landscape evolution  
 
During the Neogene gradual climate deterioration can be observed (Table 2-1). At the 

beginning of the Miocene climate was still warm and wet, with a mean annual temperature of 
around 18 °C and precipitation of ~1500 mm. During the middle and late Miocene the climate 
got gradually dryer but still remaining warm (Kaiser 1997). During the late Miocene several 
abrasional terraces were formed on the shores of the Lake Pannon. By the end of the Miocene 
the arid conditions – coeval with the arid Messinian stage in the Mediterranean region – and 
the gradual cessation of the post-rift subsidence led to the disappearance of the Lake Pannon 
(e.g. Kázmér 1990).  

The temperate warm and semiarid conditions of the early Pliocene favoured pediment 
forming processes, hence gently dipping paleosurfaces were formed in the margins of the HMR 
(Kaiser 1997, Schweitzer 1997a). During late Pliocene times red clay and red soil formations 
covered the pediment surfaces, indicative of a relatively warm and humid climate, which got 
dryer in the second part of the late Pliocene (Schweitzer 1997a). The aridity of this period is 
also supported by a desert-like fauna (e.g. Schweitzer 1997a), occurrences of gravel with rock 
varnish (Schweitzer and Szöőr 1997) and wind abraded landforms in the TR (e.g. Cholnoky 
1918, Lóczy 1913). 

Increasing Neogene climate-oscillations characterised by warm temperatures and 
considerably varying humidity conditions can be taken as heralds of the major climate 
fluctuations of Pleistocene glaciations.  

 
 
2.5. Quaternary climate and geochronology 
 
During the Pleistocene in the mid-latitude climate zones colder and dryer, so called glacial 

periods were alternating with warmer and more humid interglacial phases. These larger periods 
are composed of shorter lived, cold stadial and warmer interstadial phases. The Quaternary 
geochronology is based on these climate oscillations, that is to say, on the stratigraphic record 
of these alterations. The first sign of climate deterioration in the sedimentary record appears 
locally at different time horizons. Accordingly, the correlation of the stratigraphic units with 
each other and their harmonization in an absolute chronologic frame is problematic. As a 
consequence several chronologic charts are in use parallel with each other in the international 
Quaternary research, and also within the Pannonian Basin. For the quantification of relative 
chronologic data a Quaternary chronology chart was compiled on the basis relative and 
absolute data of the Hungarian and international literature. The timescale presented in Table 2-
2. is the “best fit” option for the studied data sets, but still leaves space for debate.  

 
The Quaternary chronology chart (Table 2-2) 
 
The Quaternary era has two well known definitions: it is known as the “Ice Age” but its determination 

as “Human Age” is also worth to mention. To fix the lower boundary of this epoch usually the time-
markers of cooling climate and of human evolution are applied (Andersen and Borns 1994, Wilson et al. 
2000). 

The internationally defined date of the beginning of the Quaternary is at the top of the Olduvaian 
paleomagnetic zone, at 1.8 Ma. However this position of the Plio-Pleistocene boundary is uncertain from 
both climatic and paleo-anthropologic point of view. The onset of the late Cenozoic mid-latitude 
glaciations occurred around 2.4 Ma which is the date of appearance of the first major influxes of ice 
drifted detritus in the North Atlantic Ocean (Raymo 1992), and it roughly coincides with the age of the 
oldest modern human remains (“Homo” genus with increased brain-volume, Leaky 1995). Accordingly, a 
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longer time span for the Quaternary is increasingly accepted in the international literature (e.g. Andersen 
and Borns 1994, Wilson et al. 2000). 

 

 
 
Table 2-2. Quaternary chronology chart. The relative timescales used throughout this study are compiled 
with the paleomagnetic and oxygen isotope records. Compilation of different timescales was carried out 
using the following studies: Kretzoi and Pécsi (1979, 1982), Cooke (1983), Raymo (1992), Andersen and 
Borns (1994), Broecker (1995), Schweitzer (1997b), Vandenberghe (2000), Gibbard and Kolfschoten 
(2005). Paleomagnetic data after Hilgen (1991). Oxygen isotope record of Ocean Drilling Program (ODP) 
Site 677 in the eastern equatorial Pacific Ocean. This is the best high resolution oxygen isotope record of 
both benthonic and planktonic foraminifera covering the entire Pleistocene and latest Pliocene 
(Shackleton et al. 1990) and calibrated to the SPECMAP data Imbrie et al (1984).   

 
The Plio-Pleistocene boundary accepted by the Hungarian Stratigraphic Committee is at 2.4 Ma. This 

is the date of the first signs of climatic deterioration in the Pannonian Basin, and formerly it also 
coincided with the Matuyama-Gauss paleomagnetic reversal at 2.4 Ma. This reversal currently has shifted 
to 2.6 Ma (Shackleton et al. 1990, Hilgen 1991). At the internationally more accepted boundary at 1.8 Ma 
only minor climatic event could be recognised in the stratigraphic record of the Pannonian Basin. For 
these reasons in this thesis 2.4 Ma is used as the Plio-Pleistocene boundary (Tables 2-1 and 2-2). 

The first epoch of the Quaternary is the Pleistocene, which is subdivided into three ages. The lower 
boundary of the early Pleistocene coincides with the beginning of the Quaternary at 2.4 Ma. The end of 
the first and largest part of the Pleistocene has been attached to the end of the Matuyama reversed 
magnetic polarity kron currently at 0,78 Ma (Shackleton et al. 1990, Hilgen 1991). Around 1 Ma 
significant change of the oxygen isotope record for benthic foraminifera describes a transition from 
higher frequency - lower amplitude cycles to lower frequency – higher amplitude cycles (Table 2-2; 
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Imbrie et al 1984, Broecker 1992). This suggests the onset of a new climatic regime characterised by 
more pronounced and longer duration fluctuations, and is approximately the time span of the classical 
“Ice Age”: the last four major glacial cycles recognised via Alpine glacier advances by Penck and 
Brückner (1901) and via changes in the Earth orbital cycles by Milankovitch (1938). As numerous data 
has been fixed to the paleomagnetic record, it is reasonable to hold the boundary of the early and middle 
Pleistocene fixed to the date of paleomagnetic reversal at 0.78 Ma. This coincides with the suggestion of 
the most recent international publication on Quaternary chronology (Gibbard and Kolfschoten 2005).  

On paleontologic basis Schweitzer (1997b) suggested to constrain the lower Pleistocene to the period 
between 2.4 and 1.8 Ma, which does not seem to be reasonable taking into account the comparability of 
the data with the international results. To make a distinction in the presented chart I use the name earliest 
Pleistocene for this period, the first part of the early Pleistocene. 

The middle Pleistocene comprises the period between about 800 and 130 ka. This latter date is the 
beginning of the last interglacial (Riss-Würm/Eem, OIS stage 5e, Shackleton 1987; Table 2-2). Recently 
Schweitzer (1997b) suggested 300 ka for the middle-late Pleistocene boundary. However, the traditional 
paleontology-based definition of this boundary in Hungary (e.g. Jánossy 1979) also coincides with the 
beginning of the last interglacial, thus I accepted the 130 ka.  

The late Pleistocene started 130 ka ago. This is the shortest and best-known epoch of the Pleistocene 
including the maximum extent of the ice sheets on the northern hemisphere between 21 and 17 ka (Last 
Glacial Maximum, LGM). Around 10 ka the onset of fast warming ended the last glacial period, which 
meant the end of the Pleistocene and the beginning of the present, Holocene epoch (OIS 1). This is the 
shortest period of the geochronology, most probably a new interglacial stage still forming part of the 
Pleistocene “Ice Age”. However, due to its prominent importance in human life and evolution it has been 
defined as an independent age. 

Recent proposals of the commissions of Neogene and Quaternary stratigraphy (ICS/INQA) tried to 
standardize the term Quaternary (e.g. Gibbard 2004, Ogg 2004, Clague 2006). According to these there 
are several options including e.g. the elimination of the term “Quaternary”, or the decoupling the base of 
the Quaternary (2.6 Ma) from the Plio-Pleistocene boundary (1.8 Ma). However, none of these have been 
accepted nor widely applied in the literature so far.  

 
 
2.5.1. Quaternary climate oscillations and surface processes  
 
The Pannonian Basin is situated in the junction of three climate zones: oceanic, continental 

and mediterranean. Pleistocene climate oscillations led to the displacement of the boundaries of 
these climate zones, which induced complex response of the climatic factors and related 
surface processes in the basin interior.  

 
Glacial phases 
 
During glacial periods the area of the Pannonian Basin was situated south of the North-

European ice sheet. Only the highest ranges of the Carpathian chain were glaciated, the snow-
line was at an elevation between 1500-1900 m asl. (Zólyomi 1952, Willis et al. 2000). 
Consequently, no perennial snow covered the mid-altitude mountains and hills of the 
Pannonian Basin. The annual precipitation in the Pannonian Basin decreased to a 180-200 mm, 
and the mean annual temperature was around -3 °C (Kordos and Ringer 1991, Járainé Komlódi 
1966, 1969). Under these cool and dry, periglacial climate conditions pine (Picea, Larix) 
forests and subalpine meadows occupied the inner-Carpathian mountains like e.g. the area of 
the HMR. Deciduous trees could survive these phases in small refuge areas, from where they 
could spread relatively fast during interglacials and interstadials. Treeless loess steppe with 
tundra vegetation was typical on the lowlands, hills and pediments until ~250-300 m asl, above 
this height scattered trees and grove spots appeared (Zólyomi 1952, Járainé Komlódi 1966, 
1969, 1991).  
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Low temperatures and decreased vegetation led to a reduced chemical weathering coupled 
wit an increased physical weathering. Mass wasting became the main process of material 
transport. After Pécsi (1964) the expression “derasion” is as a synonym for mass wasting 
widely used in the Hungarian geomorphologic literature. It means areal denudation of slopes, 
gravitational and for frost-related slope movements like creeping and sliding. These processes 
led to further, but smaller scale pedimentation (Pécsi 1963). Rivers of decreased discharge 
were not able to transport the weathered material, therefore large amount of coarse-grained 
sediment accumulated on hillslopes, valley floors and near-source areas of the alluvial fans. 
Only fine grained sediments could reach the distal areas and the basin interiors (Nádor et al 
2003). This is the classical period of the accumulation of terrace gravel in the valleys (Büdel 
1948, Soergel 1939; see discussion on terrace formation in chapter 3). Karstification was slow, 
formation of caves, and related travertine accumulation was hindered by the harsh climatic 
conditions and by the restricted or absent forest vegetation (Scheuer 1999).  

During glacials the frequency of strong winds increased because of the changes of the 
atmospheric circulation in the vicinity of the Alpine and North European ice bodies (e.g. 
Cholnoky, 1913, Jámbor 2002). The discontinuous vegetation cover, the large amount of slope 
debris and the dried alluvial areas favoured the increase of deflation (e.g. Székely 1973). The 
prevailing wind directions – similarly to recent times – were controlled by the topography of 
the Alpine-Carpathian chain. N and NW winds dominated the western Pannonian Basin 
arriving from the gap between the Eastern Alps and the Western Carpathians (Lóczy 1913, 
Cholnoky 1918, Sümeghy 1923, Jámbor 2002). A secondary wind direction affects mostly the 
NE areas, coming from the lowered ranges of the NE Carpathians (Ádám et al. 1954, Borsy 
1987a, Jámbor 2002).  

Cumulative lines of evidence support Plio-Quaternary wind activity: basaltic mesas of 
Pliocene basalt volcanoes (Lóczy 1918, Cholnoky 1913), ventifacts and wind polished rock 
surfaces (Jámbor 1992, 2002, Fig. 2-4). Recent geomorphologic-tectonic studies (Csillag et al. 
2002, Fodor et al. 2003a,b, Fodor et al. 2005a,b) reinforce deflation as a considerable factor in 
Quaternary landscape evolution.  

Loess accumulation was typical on the treeless grassy steppes (e.g. Pécsi 1993). Wind-blown 
sand deposited mainly in the area of dried alluvial fans, where abundant source of unfixed fine 
grained material was available. Paleomagnetic data suggest that the onset of loess formation 
occurred at 0.9-1.0 Ma (Pécsi and Pevzner 1974). According to luminescence data, the loess 
record is very inhomogeneous and stratigraphic considerations usually do not allow 
recognising hiatuses. Luminescence ages proved that eolian dust accumulation ended after the 
last glacial maximum, as late as ~15 ka ago (Wintle and Packman 1988, Frechen et al. 1997, 
Novothny et al. 2002). Last major phase of eolian sand movement on the present wind-blown-
sand areas occurred during the last glacial maximum (Borsy et al. 1982), but smaller scale sand 
motion has been recognised during the Holocene as well (Ujházy et al. 2003). Boreholes in the 
GHP crossed buried eolian sand layers (Rónai 1985, Nádor 2003) referring to similar 
sedimentation during preceding glacial periods.  

Another important periglacial process is the frost-deformation or cryoturbation of 
unconsolidated sediments. In the active zone, the upper few meters below the surface, the 
annual freezing and thawing resulted in the formation of disturbed sediment bodies with frost 
sacks and disharmonically folded layers. These features, if present imply that the disturbed 
sediment (e.g. alluvial sand and gravel) together with the landform (e.g. river terrace) 
underneath are older than the last glacial maximum (e.g. Pécsi 1959b). 
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Fig. 2-4. Shaded relief map of the Western Pannonian Basin with the most important ventifact 
occurrences and major wind channels (after Jámbor 2002). Areas covered by wind-blown sand are dotted. 
DEM emphasizes the peculiar radial feature of the Transdanubian valley system including the Gödöllő 
Hills on the eastern side of the Danube. MV: major meridional valleys, LV: longitudinal valleys. For 
location see Fig. 1-1. VB: Vienna Basin, DB: Danube Basin, GHP: Great Hungarian Plain, TR: 
Transdanubian Range, NHR: North Hungarian Range, Bp: Budapest.  
 

Interglacial phases 
 
Present climate of the Pannonian Basin is temperate continental. The average annual rainfall 

is around 600-650 mm the mean temperature is 9-10 °C (Marosi and Somogyi 1990). In the 
lowlands decreased precipitation and higher temperature, in the mountains and towards the 
west increased precipitation and lower temperatures are characteristic. Under the mild climate 
conditions the coniferous forests retreated and deciduous forests spread quickly in the 
mountains and in the lowlands, too. Before the human intervention the hills and mountains 
were practically completely forested, and ~85% of the lowlands were covered by forest 
vegetation (e.g. Járainé Komlódi 1991).  

Interglacial climate is assumed to be similar to the present one. In accordance with the 
climate, the present landscape forming processes are also comparable to those of the 
interglacial periods. Today, and thus during interglacials the most important process of material 
transport is fluvial erosion. The interglacial rivers have more discharge, thus more capacity for 
sediment transport. In the valleys traditionally this is the period of river incision into the 
terraces (Büdel 1948, Soergel 1939; see discussion on terrace formation in chapter 3). 
Meandering rivers of this phase are widening their valley floors. On alluvial fans the 
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accumulated weathering products are transported from the proximal areas and redeposited in 
the distal regions. 

During interglacials deflation is reduced, firstly because of the decreased wind power and 
secondly as a consequence of the continuous vegetation cover. It could only affect terrains 
where the vegetation has been disturbed e.g. by anthropogenic effect in the Holocene (Borsy et 
al. 1982, Ujházy et al. 2003). Physical weathering became minor and chemical weathering 
more significant. Soil formation is characteristic on loess and sand areas covered by vegetation, 
hence loess-paleosol sequences are indicative of the Pleistocene climate oscillations.  

During interglacials higher temperatures and humidity along with the well developed forest 
vegetation led to the intensification of karstic processes (Scheuer 1999, Zámbó et al. 2002). 
Numerous cave systems have developed and spring activity led to travertine accumulation on 
hillslopes and valley floors. Travertine bodies are present at several horizons in the HMR. 
Location of the karstwater-springs and variations of their water output largely depended on 
tectonic processes, thus travertine formation could not be connected exclusively to interglacial 
phases (e.g. Schweitzer and Scheuer 1995). 

 
 
2.6. Plio-Quaternary sedimentation and main geomorphological features 
 
After the disappearance of the Lake Pannon (~5.4 Ma; e.g. Kázmér 1990, Magyar et al. 

1999) sedimentation continued in terrestrial environment, which is extremely variable both in 
time and space. The inversion-related topographic evolution – accelerated subsidence of the 
deepest subbasins and uplift of the mountains (Horváth and Cloetingh 1996) – is the main 
driving force defining the places of sediment accumulation and erosion during Plio-Quaternary 
times. Differential vertical motions within the Pannonian Basin during the Quaternary reach 
the magnitude of 1000 m (Rónai 1974). Considering the topography related features of 
sedimentation, a threefold division can be applied for the geomorphological and sedimentary 
environments (Jámbor 1998). 

1) In the lowlands subsidence continued during post-Miocene times (DB, GHP, SB and DrB 
on Figs. 1-1, 1-2; ~180-80 m asl.; 60% of the total area of the Pannonian Basin). In some 
subbasins fast subsidence led to the accumulation of more than 700 m of Quaternary sediments 
(MT, JB, KB on Fig. 1-1). Between these depressions, slower subsidence rate permitted the 
accumulation of only a 100-200 m thick Quaternary sequence (Rónai 1985). 

Plio-Quaternary clastic sedimentation occurred mainly in fluvial and fluviolacustrine 
environments such as proximal and distal fans, and alluvial plain facies including channel, 
floodplain and marsh deposits. Sediment accumulation was occasionally interrupted by short 
periods of eolian sedimentation and soil formation (Rónai 1985, Jámbor 1998, Nádor et al. 
2003, Uhrin, 2005).  

The low lying alluvial plains in subbasins of ongoing subsidence (JB, KB, MT, DrB, SB on 
Fig. 1-2) were locations of alluvial sedimentation until the river regulations in the 19th century. 
The older, already abandoned alluvial plains have higher topography are areas where 
subsidence ceased. In these flood-free terrains up to 50 loess have developed or the deflation of 
the fine-grained fluvial sediments created hummocky landscapes with sand sheets and sand 
dune formations (e.g. Kretzoi and Pécsi 1979, 1982, Pécsi 1980). 

2) The uplifting mid-altitude mountain ranges are elevated basement units with dissected 
landscape that separate the lowlands from each other (HMR, M-V; 350-1000 m asl.; Figs. 1-1, 
1-2). The Paleo-Mesozoic basement is at or close to the surface. Relatively thin Eocene to 
middle Miocene strata, mainly carbonate rocks (limestones, marls) or clastic sediments (clay-, 
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silt-, sandstone, conglomerate) cover unconformably the basement. In the north, lower to 
middle Miocene volcanic hills represent the Inner Carpathian Volcanic Chain (Fig. 1-2).  

The areal extent of Neogene sediments was probably significantly larger than today, as, 
according to Dunkl and Frisch (2002), thick sequences of late Miocene and younger ages are 
missing from the mountains. It is under debate whether the “peak regions” of the HMR had 
ever been covered entirely by Neogene sediments, or their cover had already been removed in 
the latest Miocene–early Pliocene period, before the onset of the Pliocene alkali basalt 
volcanism (Németh et al. 2003). This latter scenario would suggest that the uplift of the HMR 
started as early as latest Miocene. If proven, it would have significant influence on the timing 
of the onset of inversion in the Transdanubian area.  

Several typical topographic features suggest Plio-Quaternary uplift of the HMR: (1) 
dissected, tilted and significantly offset remnants of late Mesozoic–Paleogene etchplains, late 
Paleogene–Neogene pediments (Székely 1972, 1973, Pécsi 1980, Kretzoi and Pécsi 1982, 
Pécsi et al. 1985 Kaiser 1997) (2) upwarped deformation pattern of Quaternary fluvial terraces 
of the Danube river (Pécsi 1959b, Kretzoi and Pécsi 1982, Gábris 1994); (3) subsequently 
lower position of Plio-Quaternary travertine horizons; (4) several passage levels of 
hydrothermal cave systems in the Buda and Gerecse Hills (Schréter 1953, Schweitzer and 
Scheuer, 1995); (5) strongly incised topography of the HMR together with the absence of the 
younger cover sediments. In Neogene volcanic areas dissected and tilted remnants of primary 
volcanic landforms can also be recognised (e.g. Karátson 1996, Karátson et al. 2001, 2006).  

Ancient landforms may be covered by Quaternary sediments, isolated erosional remnants of 
formerly larger sediment bodies with a thickness rarely exceeding 10 m. Alluvial gravel and/or 
travertine are the most important examples of Quaternary cover successions (e.g. Pécsi 1959a, 
Jámbor and Korpás 1971, Schweitzer and Scheuer 1995, Ruszkiczay-Rüdiger et al. 2005a). 
Loess-paleosol sections and thin sheets of wind blown sand may overlie river terraces 
providing further opportunity for the determination of their age (e.g. Pécsi 1959b).  

3) Low hilly terrains (180-350 m asl.) form a wide, SW-NE trending transitional zone 
between the subsiding GHP and the uplifting HMR (Zala Hills, Transdanubian Hills and 
Gödöllő Hills; Figs. 1-1, 1-2). This area is characterised by the accumulation of a 1-2 km thick 
post-rift sedimentary succession. These strata are dipping towards the subsiding basin interior, 
and are erosionally truncated (Fig. 2-3). In southern Transdanubia, Pannonian sediments are 
frequently covered unconformably by Pliocene red clay formations of up to 50 m in thickness 
(Jámbor 1998). Significance of this formation is that it postdates the pediment formation and 
predates the loess deposition in the Pannonian Basin (Schweitzer and Szöőr 1997). Large areas 
in the low hilly region are covered by up to ~50 m loess and loess-like sediments intercalated 
by paleosol and eolian sand layers. These sediments overly the Pliocene red clays or directly 
cover older strata (e.g. Pécsi et al. 1985, Pécsi 1993). In other places where loess is absent, 
eolian sand is the most common sediment on the surface. Slight uplift of the transitional zone is 
indicated by its elevation and by the rolling hilly landscape dissected by incised streams.  

In this thesis, the expression “hills” are used also for parts of the “mid-altitude mountains”. 
These areas of moderate height have to be clearly distinguished from the high mountains of the 
Alpine-Carpathian chain because their climate, geomorphology and landscape processes are 
markedly different. 

 
Large-scale landscape features in the Transdanubian Hills 
 
There are two characteristic valley sets in the Transdanubian Hills: the first is formed by the 

so called “meridional valleys”, the other set received the name of “longitudinal valleys”. The 
“meridional valleys” are symmetrical, rectilinear and relatively wide valleys. In the SW (Zala 
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Hills) they are N-S directed, the feature after which they received the attribute “meridional”. 
North-eastwards this strike changes progressively into a NNW-SSE direction creating a fan-
shaped pattern, which is the most characteristic aspect of the Transdanubian valley network. 
The fan-shaped valley network continues in the Gödöllő Hills where the “meridional” valley-
set already runs from NW to SE. The incising Danube River separated the Gödöllő Hills from 
the major, Transdanubian part of this zone (Fig. 2-4).  

The „longitudinal valleys” crosscut the meridional valley system. Their cross section is 
typically asymmetrical, their strike is frequently curved or zigzagged (Fig. 2-4). These W-E to 
SW-NE striking depressions are called “longitudinal” as their orientation roughly coincides 
with the strike of the main structural elements of the HMR.  

Numerous theories were put forward to resolve the landscape evolution of this area, and to 
define the main processes, which led to the development of its drainage network. Several 
authors suggested structural control on the development of these valleys. One group supposed 
mostly normal faults preforming the valley-network (Sümeghy 1955, Marosi and Szilárd 1981, 
Brezsnyánszki and Síkhegyi 1987, Gábris 1987, Síkhegyi 2002). They assumed vertical 
displacement along the faults and SE tilting of crustal blocks. Another, smaller group favoured 
the theory of folding (Pávai-Vajna 1925, 1941, 1943, Strausz 1942, 1943 Urbancsek 1963, 
1977). They mapped E-W trending fold axes throughout the Transdanubian area. The third 
theory supposes NW vergent thrust faults along the longitudinal valleys (Schmidt 1951, 1952, 
Erdélyi 1961, 1962, Wein 1967, Némedi Varga 1977 for a summary refer to Gerner 1994). 

The majority of the evolutionary models of the area support a complex landscape evolution, 
by joint effect of structural and external forces. In the first half of the 20th century Lóczy 
(1913), Cholnoky (1918) and Pávai-Vajna (1925) suggested dominant effect of eolian erosion 
on development of the meridional valley system. In the second half of the last century major or 
exclusive role of fluvial erosion was emphasized (Bulla 1958, Kéz 1943, Láng 1954, Marosi 
1962, Lovász 1975), occasionally with subordinate importance of eolian activity (Pécsi 1986). 
Neotectonic investigations of Magyari et al. (2005) and Csontos et al. (2005) suggest 
considerable role of Quaternary reverse and strike-slip reactivation of earlier fault systems in 
the landscape evolution of the Transdanubian Hills, especially in the formation of the 
longitudinal valleys.  

In comparison with the Transdanubian Hills, the landscape evolution of the Gödöllő Hills 
received minor attention. Authors (e.g. Szentes 1943, Balla 1959, Láng 1967) ignored the 
geomorphic resemblance of the Transdanubian area and the Gödöllő Hills. Morphotectonic 
analysis of the Gödöllő Hills is presented in chapter 6. 

 
 
2.7. Plio-Quaternary drainage pattern evolution 
 
Disappearance of the Lake Pannon is the time when development of the modern drainage 

pattern of the Pannonian Basin started. By this time the Pannonian Basin was a relatively flat 
area, the highest regions of the present mountain ranges were represented as low hilly areas, 
probably slightly outstanding from the Pannonian sedimentary cover. On the extended 
lowlands, sedimentation occurred in fluviolacustrine environment (e.g. Magyar et al. 1999). 
Development of the drainage network adjusted to two axes: the paleo-Danube in the Western 
and the paleo-Tisza River the Eastern Pannonian Basin. Major shifts of river courses is a good 
indicator of regions of tectonic uplift and subsidence (e.g. Holbrook and Schumm 1999, 
Burbank and Anderson 2001, Schumm et al. 2002), thus provides information about the 
location and timing of Quaternary vertical motions. Here only the evolution of the Danube and 
its catchment area in the Western and Central Pannonian Basin will be described, the history of 
Tisza River is beyond the scope of this study. 
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During the Pliocene the paleo-Danube arrived from the Vienna Basin and flowed in a 
southerly direction across Western Transdanubia and led into the Slavonian Lake, last remnant 
of the Lake Pannon (Fig. 2-5; Szádeczky-Kardoss 1938, 1941, Sümeghy 1955, Somogyi 1961).  

The latest Pliocene - early Pleistocene onset of the uplift of the S Transdanubian - NE 
Slovenian region (“Keszthely-Gleichenberg Ridge” of Szádeczky-Kardoss 1938, 1941) 
diverted the Danube to an easterly flow direction across the subsiding Danube Basin (Fig. 2-5). 
This shift of the Danube influenced the entire Transdanubian drainage network, forcing the 
smaller streams to follow the main rivers and ultimately the Danube. Further to the east the 
Danube found its way through the hilly HMR using topographic depressions of the original 
volcanic landforms (Karátson et al. 2001, 2006). After crossing the HMR the paleo-Danube 
headed for the SE, towards the depression of the Makó Trough (MT) building a large alluvial 
fan in the area currently situated between the Danube and Tisza Rivers (Fig. 2-5). During the 
late early and middle Pleistocene the braided channel of the paleo-Danube shifted gradually on 
its own alluvial fan towards the west. Around the beginning of the last glaciation (~100ka) the 
Danube abandoned its alluvial fan and took its present day, N-S course across the Pannonian 
Basin (Borsy 1987b). 

 

 
 
Fig. 2-5. Drainage pattern evolution of the Western Pannonian Basin. Late Pliocene, Early Pleistocene 
and beginning of the late Pleistocene (after Sümeghy 1955 and Somogyi 1961). V: Vienna, Br: 
Bratislava, Bp: Budapest, Bg: Beograd. 1. Already existing part of the drainage network, 2. River 
courses developed in the given phase, 3. Present drainage network, 4. Marshy area, 5. Uplifting 
“Keszthely-Gleichenberg Ridge” in the early Pleistocene, 6. Political boundaries. 

 
At present Transdanubia belongs to the Danube catchment and almost the entire area situated 

to the east of the Danube drains its waters to the Tisza River. The Tisza currently discharges 
into the Danube north of the town of Belgrade, in Serbia.  

The propagation of the inversion-related compressional stress field towards the basin interior 
implies that the onset of uplift in SW Transdanubia preceded the deformation of the basin 
interior (e.g. Fodor et al. 1999, Bada et al. 2005b). This led to the described eastward shift of 
the paleo-Danube possibly during early Pleistocene or latest Pliocene times (Szádeczky-
Kardoss 1938, 1941). Later, when basin inversion was extended to the Central Pannonian 
Basin the uplift rate and consequently the elevation of the NE part of the HMR surpassed those 
of SW Transdanubia. Nevertheless, incision of the Danube kept pace with the uplift and carved 
its antecedent valley section of the Danube Bend (e.g. Cholnoky 1925, Kéz 1933, Noszky 



Chapter 2: Structural and landscape evolution...   31

1935). Accordingly, the date of the eastward shift and of the onset of the incision of the 
Danube into the HMR are important milestones of the timing of the neotectonic phase. Age of 
these events points to the onset of inversion related uplift in the SW and in the Central 
Pannonian Basin, respectively. 

 


