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The cumulative incision rates of ~50–70 m/Ma integrating over the last ~3 Ma have been derived from published terrace-chronological data of the Danube river in the Western Pannonian Basin. An apparent acceleration
of uplift rates was observed for shorter timescales culminating at ~200 m/Ma over the last ~140 ka. An examination of the change of the incision rates through time revealed that the incision rate was fairly constant at
~50 m/Ma from ~3 Ma to ~140 ka, and the faster rates are valid only for the last ~140 ka. These ﬁndings
suggest that the long-term uplift rate of the northwestern limb of the Transdanubian Range is ~50 m/Ma, and
the apparent acceleration of river incision during the Late Pleistocene is considered as the result of faster, most
probably climate-driven incision during the last glacial cycle, outpacing the long-term uplift rate. The observed
upper crustal neotectonic faults are not suﬃcient to accommodate the deformation necessary for the reported
Pliocene to Quaternary vertical motion. The geodynamic model for the explanation of the magnitude and pattern
of surface uplift in the western Pannonian Basin involves a complex interplay between (1) deep lithosphereasthenosphere dynamics, (2) structural inversion governed by the northward drift of Adria, (3) inherited geological structures and (4) climate driven surface processes (denudation and sediment loading).

1. Introduction
Diﬀerential vertical movements of rock masses can be induced by
variable plate tectonic forces (Burov and Cloetingh, 1997; Viveen et al.,
2012; Fuchs et al., 2014) associated to crustal thinning or thickening
and its isostatic compensation (Cloetingh et al., 2013). Furthermore,
mantle ﬂow-induced vertical stresses and thermal eﬀects control dynamic topography (Lithgow-Bertelloni and Silver, 1998; Demoulin and
Hallot, 2009; Horváth et al., 2015; Balázs et al., 2017).
If denudation does not counterbalance the positive vertical motion
of rocks, the surface undergoes uplift. In this scenario older landforms
and related deposits occupy progressively higher topographic positions.
The formation of a terrace system is one expression of such a process
(Demoulin et al., 2017). Terrace formation is the result of the sensitive
interplay between tectonic and climatic forces (Maddy et al., 2001;
Starkel, 2003; Antoine et al., 2007; Finnegan et al., 2014; Olszak,
2017), with terrace aggradation and river incision being inﬂuenced by
climate oscillations controlling river discharge and sediment load
(Vandenberghe, 2015; Bridgland and Westaway, 2008).
Vertically displaced or warped terrace staircases record the amount

⁎

of deformation relative to a reference level, usually the modern riverbed or the channel thalweg. The age determination of deformed
terraces enables the quantiﬁcation of the rate of river incision (Maddy
et al., 2001; Gibbard and Lewin, 2009; Štor et al., 2019). Assuming that
the reference level does not change through the deformation, the incision rate is a good approximation of the surface uplift rate. This approach presumes that the incision rates are in equilibrium with external
forcing over a wide range of timescales (Finnegan et al., 2014).
The present study aims at the quantiﬁcation of the Late Pliocene to
Quaternary uplift rates in the Pannonian Basin, where two subsiding
basins are separated by a hilly ridge, the Transdanubian Range (TR).
Our study area at the NW side of the TR represent the transitional zone
between the subsiding Danube Basin and uplifting TR, a key position for
the understanding of the neotectonic deformation aﬀecting the
Pannonian Basin (Fig. 1). A noteworthy feature of the TR is its ca.
600–700 m of Late Miocene to Recent uplift in the absence of high
oﬀset thrusts or reverse faults and therefore this pronounced non-isostatic motion coupled with the overall kilometre-scale diﬀerential vertical movements aﬀecting the entire Pannonian Basin needs further
explanations.
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Fig. 1. (A) Present-day tectonics of the western part of the Pannonian Basin after Bada et al. (2007). Ongoing northward motion of the Adriatic microplate (“Adria
push”, 2.0–2.5 mm/a) results in 1.1–1.5 mm/a ENE directed movement of the Western Pannonian Basin unit towards the relatively stable Western Carpathians to the
northeast (Vrabec et al., 2006; Bus et al., 2009). Simpliﬁed fault pattern after Fodor et al. (2005) and Bada et al. (2007). V: Vienna, Bp: Budapest, VB: Vienna Basin,
DB: Danube Basin, GHP: Great Hungarian Plain, TR: Transdanubian Range, DrB: Drava Basin PAF: Periadriatic Fault, MHSZ: Mid-Hungarian Shear Zone, MMZ:
Mur–Mürz Fault, VBTF: Vienna Basin Transform Fault. Locations: 1: Nová Vieska; 2: Buda Hills; 3: Balaton Highland; 4: Danube Bend; 5. Nickelsdorf; 6. Veľké
Ripňany; 7. Trnava; 8: Stará Garda Cave; 9:Hainburg Hills; 10:Schlosshof and Gaenserndorf terraces; 11: Caves of the Central Styrian Karst; 12: Udin Boršt; 13:
Snežna jama; 14: Koralpe. (B) Location of Fig. 1A in Europe. (C) Longitudinal sketch of some representative terrace levels along the Danube river (modiﬁed after
Pécsi, 1959). Dotted lines indicate subsurface horizons. Upwarped pattern of the terraces is indicative of surface uplift. Yellow shadow shows the study area. For
location see light blue coloured section of the Danube river on Fig. 1A. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)

dating methods like cosmogenic radionuclides (CRN), optically stimulated luminescence (OSL) and revised paleontological data.
Aiming at a better understanding of the driving forces of the vertical
deformation of the Pannonian lithosphere a high resolution seismic
reﬂection proﬁle along the Danube River is studied. The structures
occurring on the proﬁle are constrained by surface structural and
borehole data (Csillag et al., 2018; Fodor et al., 2018) and enable the
identiﬁcation of the style of structural deformation and of the magnitude of faulting contributing to the observed deformation. By the
synthesis of the estimated incision rates, surface structural and shallow

The Danube is the only river cutting through the TR, with the
highest preserved terrace levels at ~180 m above the present ﬂoodplain. Accordingly, the terraced valley of the Danube river provides a
unique opportunity for the quantiﬁcation of uplift-related incision rates
because the incising Danube River is not sensitive to global sea level
changes due to its intracontinental setting (Ruszkiczay-Rüdiger et al.,
2005a; Gábris and Nádor, 2007; Mațenco et al., 2016). The incision
rates are quantiﬁed using the robust terrace chronological dataset
provided by Ruszkiczay-Rüdiger et al. (2016 and 2018). The quantiﬁed
terrace chronology relies on the combined application of multiple
2
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interpretation and structural analysis (Fodor et al., 2005; Horváth et al.,
2015; Ruszkiczay-Rüdiger et al., 2007) documented the ongoing differential vertical movements manifested in multi-wavelength folding
(Tari, 1994) with a maximum of 1 km of amplitude taking into account
the eﬀects of diﬀerential compaction (Balázs et al., 2018). The onset of
positive structural inversion is considered diachronous in diﬀerent parts
of the Pannonian Basin, migrating in time from its Adriatic margin
towards the basin centre (Tari et al., 1999; Fodor et al., 2005;
Ustaszewski et al., 2014; Mațenco et al., 2016). This pattern is primarily
controlled by the counter-clockwise rotation and northward movement
of the Adriatic microplate towards the Alpine and Dinaridic margins of
the Pannonian Basin (Fig. 1A, Tomljenović and Csontos, 2001; Vrabec
and Fodor, 2006). This compression is transferred towards the thinned
and weak Pannonian crust (Bada et al., 2007). The Danube Basin and
the Great Hungarian Plain shows continuous subsidence. An unconformity is observed near the boundary of the Miocene and Pliocene
in the entire Pannonian Basin (e.g., Sacchi et al., 1999; Horváth et al.,
2015), between 5 and 6 Ma in the Danube Basin (Šujan et al., 2016).
This unconformity, being angular and locally erosional near the basin
margins and passing to a correlative conformity towards the basin
centre, is related to the onset of basin-scale inversion but the entire
process is lasting until recent times. The uplift of the basin margins and
the TR caused local erosion and sediment re-distribution towards the
subsiding basins. The post-6 Ma diﬀerential vertical movements are
indicated by sediment thickness values and stress-ﬁeld modelling
(Rónai, 1985; Bada et al., 2007; Kronome et al., 2012; Šujan et al.,
2018). According to GPS velocities, the recent shortening rate is
1.3 ± 0.2 mm/a in the western Pannonian Basin, between the Eastern
Alpine foothills and the Danube Bend area (Bus et al., 2009; Fig. 1).

seismic data, this study contributes to the assessment of the leading
tectonic and deeper geodynamic processes that control ongoing kilometre-scale diﬀerential vertical movements in the Pannonian Basin.
2. The study area
2.1. Geological background
Formation of the Pannonian Basin was controlled by the eastward
retreat of the Carpathian arc. It started about 20 Ma ago, and resulted in
the extrusion and rotation of crustal or lithospheric blocks from the
Alps and Dinarides (Ratschbacher et al., 1991; Maƫenco and
Radivojević, 2012; Horváth et al., 2015). Back-arc extension led to the
formation of a series of Miocene extensional half-grabens and pull-apart
basins (Tari, 1994; Fodor et al., 1999). (Fig. 1; Balázs et al., 2017). Synrift faulting and half-graben formation ceased diachronously across the
Pannonian Basin, in late Middle and in early Late Miocene times in the
western and eastern basin parts, respectively (Fig. 1; Tari, 1994, Balázs
et al., 2017).
Late Miocene basin evolution is connected to the development of the
large, brackish, isolated Lake Pannon (from ~11.5 Ma; Magyar et al.,
2013). Deep basin facies, shelf slope and deltaic sediments progressively ﬁlled the lake. In the case of the Danube Basin up to 600 m paleowater depth has been calculated based on the decompacted height of
the shelf-slope clinoforms (Balázs et al., 2018). Subsequently, the Danube Basin and the Gerecse Hills became ﬂuvially dominated about
8.5 Ma ago, and during the subsequent 4 million years the shelf margin
of the lake prograded ca. 400 km to the SE across the entire Pannonian
Basin (Magyar et al., 2013). Several lines of arguments suggest that the
TR was almost completely covered by Upper Miocene deltaic sediments
of the Lake Pannon or by the subsequent ﬂuvial deposits (Magyar et al.,
2017; Sztanó et al., 2016). By the end of the Miocene, the area was part
of an alluvial landscape and uplift of the northern TR started in postMiocene times (Tari et al., 1999).
The alluvial plain of the Danube Basin is still subsiding, hosting a
considerable thickness of Quaternary sediments (~450 m; Šujan et al.,
2018). Our study area comprises the Győr-Tata Terrace Region (or
Győr-Tata Terraces) and the Gerecse Hills. The slightly uplifted GyőrTata Terrace Region between the Danube Basin and the TR is still
characterised by a lowland landscape with more relief only at its
eastern, more elevated and dissected segment (Figs. 1C, 2A, B). The
hilly and erosionally dissected region of the Gerecse Hills has steeper
topography with outcropping Mesozoic carbonates and Paleogene and
Neogene siliciclastic lithologies. The most incised section of the Danube
valley in Hungary, the Danube Bend lies at the SW–NE trending axis of
the TR (Fig. 1A, C). Accordingly, the terrace remnants mapped along
the Danube River show a concave geometry relative to the modern river
proﬁle, and they are indicators of subsequent stages of uplift-driven
river incision, with higher values towards the axis of the TR (Pécsi,
1959; Gábris and Nádor, 2007; Ruszkiczay-Rüdiger et al., 2005a, 2016)
(Fig. 1C).
Tilted Miocene layers along the range margins also refer to diﬀerential uplift of the TR relative to the adjacent subsiding sub-basins
(Horváth and Cloetingh, 1996). Historical earthquakes (Tóth et al.,
2002) and the diﬀerentially uplifted position of Upper Miocene sediments (Magyar et al., 2017) may suggest the reactivation of some Late
Miocene structures.

2.3. Post Middle Miocene structural evolution of the Gerecse Hills
The Late Miocene deformation was controlled by an extensional
stress ﬁeld with E–W to NW–SE minimal stress axis (Bada et al., 1996;
Fodor et al., 1999; Sipos-Benkő et al., 2014). This stress ﬁeld with
normal or oblique-normal slip reactivated all faults with NNW–SSE to
NE–SW strike inherited from Jurassic to middle Miocene deformation
phases (Fodor et al., 2018). Such faults showing curved traces and
anastomosing geometry were mapped on the surface or inferred from
borehole data west from the Által-ér creek (Budai et al., 2018). Surface
observations, and interpreted seismic sections from the Danube Basin
demonstrate that these faults resulted in paleotopographic and facies
diﬀerentiation (Magyar et al., 2017; Sztanó et al., 2016). These faults
clearly post-date the main syn-rift faulting and graben formation of the
Danube Basin, but their origin remains enigmatic.
The faulting has diverse time constraints, depending on the stratigraphic composition of the footwall and hanging wall; this is reﬂected
in the colour code of Fig. 3. Variable observations, including abrasional
gravel, small sedimentary dykes (Fodor et al., 2018), one possible paleotsunami (Sztanó et al., submitted), and sediment transport direction
(Bartha et al., 2015) demonstrate syn-sedimentary Late Miocene activity of the range-bounding fault system of the Gerecse Hills; this
faulting occurred between 9.4 and 8.7 Ma (Magyar et al., 2017).
Nevertheless, several faults cut through the entire Upper Miocene
sequence. In this case, the lower time constraint for fault slip is given by
the youngest deposits in the hanging wall. When only a thin sequence is
present, and the footwall is composed of pre-Miocene rocks, faulting
could start as early as ~9.4 Ma. When the hanging wall has the complete Miocene stratigraphy, faults were still active after the deposition
of the last Upper Miocene units, locally deposited between 8.7 and
8.0 Ma (Magyar et al., 2017). Just north of the Gerecse Hills, across the
Danube the youngest, slightly faulted ﬂuvial sediments were deposited
around 7 Ma. In other parts of the Danube Basin post-rift sediments
accumulated under the same conditions up to 6 Ma (Šujan et al., 2020).
Thus all the mapped faults were active either during the Late Miocene
(~9.4–6 Ma) or during the neotectonic deformation, which started

2.2. Inversion of the Pannonian Basin
During the Late Miocene the basin-scale geodynamic environment
substantially changed from syn-rift extension through post-rift subsidence, to large-scale basin inversion of the Pannonian Basin. This
resulted in diﬀerential vertical movements, in large-scale contractional
structures in its southwestern part and in dominantly strike-slip kinematics elsewhere (Fodor et al., 2005; Bada et al., 2007). Seismic
3
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Fig. 2. (A) Longitudinal proﬁles representing the position of the fQ2a and fQ2c (a), and the fQ6 (b) terraces along the Danube in the Győr-Tata Terrace Region.
Yellow dots are sampled locations studied by Ruszkiczay-Rüdiger et al. (2016, 2018). Grey dashed line is the envelope slope of the fQ6 terrace. GH: Gerecse Hills. (B)
Digital elevation model of the study area, with the locations used for age determination (Ruszkiczay-Rüdiger et al., 2016, 2018). The pink line is the path of the
seismic reﬂection proﬁle of Fig. 6. Black lines a and b show the locations of the proﬁles which appear on inset A. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

Rüdiger et al., 2005a), thus terrace age-elevation datasets can be integrated and discussed together. The terraces in Hungary are numbered
from fQ1 (lowest) to fQ9 (highest), and form up to 11 levels; Csillag
et al., 2018, Ruszkiczay-Rüdiger et al., 2018). In the Győr-Tata Terraces, terrace levels have developed up to horizon fQ6, but the terrace
sequence is not complete. The fQ6 terrace appears as a train of ﬂat-top,
gravel-covered mounds. This terrace is clearly oppositely tilted compared to the present-day Danube proﬁle: the relative elevation of the
fQ6 terrace, shows a gradual increase from west (~37 m above the
Danube) to east (~96 m), from the Danube Basin towards the Gerecse
Hills (Fig. 2A,B).
The most complete terrace staircase in the Hungarian Danube valley
has developed in the Gerecse Hills, with the valley ﬂoor at
103 ± 1 m a.s.l. and the highest level at ~285 m a.s.l. (fQ9), Table 1,
Fig. 3). The terraces are frequently covered by travertine deposits of up
to 30–40 m in thickness. Travertines often display spring-mounds and
ponds of lacustrine environment (Scheuer and Schweitzer, 1988; Kele,
2009; Török et al., 2017). On the northern side of the Danube (Hron
Upland, Slovakia, Fig. 2), opposite the Gerecse Hills up to 6 terrace
levels could be described with a relative height of ~80 m for the highest
terrace (Šujan and Rybár, 2014).
In the Danube Bend the Danube is incising into Miocene volcanic
rocks (Fig. 1A; Ruszkiczay-Rüdiger et al., 2005a) and formed a staircase
of terraces with the highest elevations diﬀerences up to the fQ9 level. At
this valley section the terraces above the fQ2c level are mostly uncovered strath terraces.
In this study terrace age-elevation data pairs published by
Ruszkiczay-Rüdiger et al. (2016 and 2018) are used to quantify river
incision and related surface uplift rates in this area. This terrace-

around 6 Ma (Bada et al., 2007; Horváth et al., 2015).
The numerous travertine deposits, ranging in age from Late Pliocene
to Quaternary, could also indicate the location of active deformation at
the time of carbonate precipitation (Fig. 3A; Pécsi et al., 1982; Kele,
2009; Sierralta et al., 2010; Török et al., 2017, 2019). Except for the
well-studied Süttő locality, where clear sign of active faulting, namely a
WNW-trending ﬁssure ridge has been demonstrated (Török et al.,
2019), detailed structural data are missing, and the mapping work did
not prove clear sign of Quaternary deformation. For instance, closely
orthogonal sediment-ﬁlled fractures could derive either from tectonic
faulting or from surface processes, like sliding (Török et al., 2017). In
all other outcrops Quaternary deposits are non-faulted, although the
presence of Quaternary deformation could not be excluded due to poor
outcrop conditions.
The recent stress ﬁeld is diﬀerent from the Miocene one; the regional stress-ﬁeld data (Bada et al., 2007) and few nearby earthquake
focal mechanism solutions (Madarás et al., 2012; Wéber and Süle, 2014;
Hók et al., 2016; Wéber, 2016) suggest strike-slip type deformation
with NE–SW compression and perpendicular extension. The change in
the stress ﬁeld is not well constrained but thought to be connected to
the onset of neotectonic deformation around the Miocene-Pliocene
boundary. The neotectonic stress ﬁeld would have induced new kinematics on the Late Miocene to Pliocene faults; dextral and reverse slip
on NeS and NW–SE striking faults, respectively.

2.4. Terraces of the Danube in Hungary
The terraces of the Győr-Tata Terraces and the Gerecse Hills form a
coherent system at subsequent river sections (Pécsi, 1959; Ruszkiczay4
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Fig. 3. (A): Digital elevation model of the eastern Győr-Tata Terraces and western Gerecse Hills with the terraces and studied locations (Ruszkiczay-Rüdiger et al.,
2016, 2018). 1: Kőpite Hill, 2: Roman Quarry, 3: Les Hill; 4: Csúcsos Hill, 5: Süttő, 6: Betlehem Quarry, 7: Vértesszőlős, 8: Kender Hill, 9: Tata, 10: Neszmély. 11.
Grébics Hill, 12. Mocsa. Late Miocene fault pattern with possible post-Miocene reactivation, (after Fodor et al., 2018, revised by this study). Position of the
multichannel seismic survey along the Danube is indicated by dotted lines (Fig. 6A-C). Travertine occurrences are outlined after Scheuer and Schweiter, (1988) and
Budai et al. (2018). Note that downstream from the Tata Lake the present day Által-ér creek ﬂows in an artiﬁcial channel. (B) Explanatory sketch showing the colour
code for diﬀerent fault types mapped on Fig. 3A. For colours the reader is referred to the web version of this article.

chronological dataset relies on in situ produced cosmogenic 10Be depth
proﬁles and 26Al/10Be burial durations and on optically stimulated luminescence dating (OSL, in most cases the post-IR IRSL (pIRIR290)
method was applied). The numerical ages were compiled with revised
paleontological ages and were compared to published magnetostratigraphic and U-series data of travertines covering the terraces
(Ruszkiczay-Rüdiger et al., 2016 and 2018). The studied locations appear in Figs. 2 and 3. Terrace elevation and age data with references are
summarized in Table 1 and in Fig. 4. More detailed description is in
Supplementary material 1, section S1 and Supplementary material 2,
Table S1.

instruments of Delft University of Technology, the Netherlands. A 20
cu-inch airgun was used as a source and a 24-channel streamer with
3.125 m hydrophone interval was towed behind the ship. Seismic data
processing was carried out at Eötvös Loránd University in Hungary and
followed the standard processing steps, such as bandpass ﬁltering
(0–30–90–9150 Hz), FK ﬁltering, spiking deconvolution, normal
moveout correction and stacking. Here we present a 27 km-long seismic
section, located to the north of the eastern Győr-Tata Terraces and
western Gerecse Hills and displayed in two-way travel time with an
approximate vertical exaggeration of 24 (Fig. 6).

3.2. Quantiﬁcation of incision rates
3. Methodology
Although slightly diﬀerent aspects of the incision are documented
by the diverse chronological tools, together they determine the incision
rate of the Danube quite well. Chronological data derived directly from
the terrace material are relevant to the deposition and subsequent
burial of the terrace (CRN burial durations, OSL and paleontological
ages) or refer to the time of terrace abandonment (CRN depth proﬁle
ages). The age of travertines overlying terrace sediments provides a
minimum age constraint to terrace abandonment, and can thus be used
to estimate maximum incision rates. Similarly, minimum terrace ages
allow for the determination of maximum incision rate.
The sample locations and the position and elevation of the terraces
are reported in accordance with Ruszkiczay-Rüdiger et al. (2016, 2018)

3.1. Multichannel seismic survey
High-resolution multichannel seismic proﬁles were measured on the
Danube River on its W–E trending section between 17.82° E and 18.73°
E in 2008. This method is particularly suitable to image the sedimentary layers and structures within the uppermost 300–500 m below the
surface with a vertical resolution of ~12 m (6–16 m). The reﬂectivity
and signal to noise ratio of the seismic data substantially decreases
beneath the Late Miocene unconformity, thus our interpretation is focused on the Miocene to Quaternary sedimentary basin ﬁll.
Seismic data acquisition was carried out using the marine surveying
5
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et al., 2018). MIS stages after Lisiecki and Raymo (2005). * interpolated terrace elevation values from previous and subsequent terraces in the Danube valley; ** the best constrained uplift rates referring to the Gerecse
Hills section of the valley, calculated using the mean terrace base elevation; 1: Ruszkiczay-Rüdiger et al. (2016); 1a: Ruszkiczay-Rüdiger et al. (2016) revised by this study; 2: Ruszkiczay-Rüdiger et al. (2018); 3: Ujházy
et al. (2003), here the dated formation is a terrace covering aeolian sand; 14C data were recalibrated using IntCal13 (Reimer et al., 2013); 4: earlier subdivision of the former tIII and tII levels (Gábris and Nádor, 2007;
Gábris et al., 2012; Ruszkiczay-Rüdiger et al., 2016); paleontology, v.: vertebrate data, g.: gastropod data. For names and coordinates of the dated locations Refer to Table S1a, b and c, Fig. 2B,3A. For an overview of
terrace positions and ages see Fig. 4.

Holocene

Late Pleistocene

Middle Pleistocene

255–270
216–232

171–185

tIV

tVI
tV

273–285

fQ5

fQ8
fQ7

Early Pleistocene

tVII

Elevation of
terrace surface
(m, a.s.l.)

191–205

fQ9

Pliocene

Terrace label
before 2018

fQ6

Terrace
label

Stage

Table 1
Terrace chronological data of the Hungarian Danube valley.
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Fig. 4. Periods of terrace formation in the northern TR in the Danube valley according to CRN, OSL and paleontological data plotted in function of the terrace
elevation. Rectangles represent the age and elevation range covered by the terrace and overlying travertine levels. The data and references appear in Table 1. MIS
stages after Lisiecki and Raymo (2005). Geomagnetic timescale after Cohen and Gibbard (2016). For colours the reader is referred to the web version of this article.

related to local base-level diﬀerences. This normalised dataset was used
during the quantiﬁcation of the incision rates in the study area.
Two approaches were applied for the calculation of the incision
rates:
1) The cumulative incision rate corresponds to the incision rates
averaged over the entire timespan deﬁned by the terrace age and its
elevation above the river (Fig. 5A). This method enables comparison
with published incision/uplift rates covering similar periods of time.
However, it may integrate periods with diﬀerent incision rates and
does not allow to recognise their temporal variations.
2) The temporal incision rates are calculated for certain time-slices of
the incision history to exclude artefacts of integrating over periods
of diﬀerent incision signals (Fig. 5B). These calculations are possible
only when the terrace record is detailed enough for the identiﬁcation of possible breakpoints in the uplift history. For this purpose,
the terrace-chronological data are merged in order to obtain an
age–elevation data pair with uncertainties for each terrace level
(Table 2).
In order to ﬁnd the best ﬁt incision rate for the integrated age-elevation dataset the linear, least-squares ﬁtting was applied (WilliamsonYork bivariate ﬁtting; Cantrell, 2008). This method is suitable for estimating the best ﬁt straight line to data accounting for uncertainties
present in both the x and y variables (age and elevation uncertainties).
When the linear ﬁt is successful for certain set of age-elevation data
pairs, its slope is equivalent to the incision rate relevant to that period
of time.

Fig. 5. Geometry and relevance of numerical ages of terrace-related sediments
to quantify the rate of river incision. (A): Determination of the cumulative incision rate. (B): Basic concept of the determination of the temporal incision rate.
For the calculation of the temporal incision rates all relevant age-elevation
data-pairs were considered (see details in the text). Note that the cross section is
not to scale and number of terraces is fewer than in the study area. For colours
the reader is referred to the web version of this article.

4. Results
4.1. Structural interpretation of the seismic section

(Tables 1, S1B, Fig. 4). The elevation of the base of the terrace material
at each level and the base of the present day Danube alluvium as reference level (~93 m a.s.l. at the Gerecse Hills and 95–97 m at the GyőrTata Terraces) were used for the calculation of the incision rates (Tables
1, 2, S1, Fig. 5). The elevation of the base of the terraces was determined using borehole and ﬁeld data (Csillag et al., 2018). In the
Által-ér valley (tributary of the Danube, incised between the Gerecse
Hills and the Győr-Tata terraces, Figs. 2, 3), the elevations of dated
pediments, terraces and related travertines were converted to the elevation values of the relevant Danube terraces to exclude anomalies

The high-resolution seismic proﬁle (Fig. 6), measured from the
Gerecse Hills (east) and the Danube Basin (west), shows the characteristic tectonic features of this transitional zone. Late Miocene sediments are uniformly tilted towards the Danube Basin (Fig. 6A). These
sediments are aﬀected by a series of faults with small normal oﬀsets (ca
20 m). Late Miocene horizons are onlapping on a marked unconformity
separating the Late Miocene and underlying pre-Miocene clastics and/
or Mesozoic rocks while the higher reﬂections are erosionally truncated
towards the east. Two high-angle faults are visible in the centre of the
7
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Table 2
Simpliﬁed, merged age-elevation data of the terraces in the Gerecse Hills used for temporal uplift rate calculations.
Terrace label

Gerecse Hills
fQ9
fQ8
fQ7
fQ6
fQ5
fQ4
pQ4-3b
fQ3b
fQ3a
Győr-Tata Terraces
fQ6 west
fQ6 middle
fQ6 east
Both areas
fQ2c
fQ2b
Base of Danube
alluvium

Mean elevation of terrace base
(m, a.s.l.)

Uncertainty (m)

Mean age
(Ma)**

Uncertainty (Ma)

Mean cumulative uplift rate
(m/Ma)

Uncertainty
plus (m/Ma)

Uncertainty
minus (m/Ma)

267.5
245
217.5
195
174
158
153
145
133.5

2.5
5
2.5
5
4
5
5
5
1.5

2.94
2.40
2.29
1.50
0.96
0.51
0.47
0.29
0.20*

0.49
0.20
0.11
0.40
0.13
0.10
0.04
0.05
0.05*

59
63
54
68
84
127
127
181
203*

+12
+6
+3
+25
+18
+26
+12
+36
+68

−8
−5
−2
−14
−12
−19
−10
−26
−41

134
145
190

2.5
2.5
2.5

1.5
1.5
1.5

0.4
0.4
0.4

29
37
67

+11
+13
+24

−6
−8
−14

122.5
114.5
93

2.5
0.5
3

0.14
0.11
0.00

0.01
0.02
0.00

206
204

+16
+49

−13
−33

*No age data are available; the tentative ages were calculated using the extrapolation of the ages from the subsequent terrace levels. These numbers are not
considered for the calculation of temporal incision rates.

it was interpreted as a northwest-trending graben in the southeast, but
it seems to be more like a faulted syncline below the Danube.
The Szágodó Fault zone and the associated morphological ridge
cutting the eastern end of the seismic section continues south-eastward.
On both sides of the ridge the stratigraphy is similar; Mesozoic is covered by Paleogene and Late Miocene sediments. The displacement increases east from the Süttő travertines, where a NeS trending cross
fault displaces Late Miocene against Cretaceous rocks.

section within the Late Miocene sediments. Further to the east, near the
borehole An-K-4 a westward dipping Late Miocene moderately dipping
normal fault cutting through the imaged Late Miocene package (Dunaalmás Fault) and a smaller oﬀset antithetic fault are present (Figs. 3,
6B).
Late Miocene–Quaternary sediments in the eastern part of the section (Fig. 6C) show a synclinal geometry and onlap on the ﬂanks of the
underlying top-Paleogene unconformity, a structure called here as the
Bikol Syncline. Two small-oﬀset pop-up structures create gentle anticline geometries within the Late Miocene sediments and other steep
faults also occur; the lowermost Upper Miocene reﬂectors either cover
the structures or onlap on their sides.
In the easternmost part of the section, horizons are elevated above a
basement high cross-cut by a series of high angle faults (Fig. 6C); it is
named here as Szágodó Fault Zone or Szágodó Ridge. The fault zone
seems to have a complex architecture on the seismic line; north-dipping, steep reverse fault in the south, sub-vertical, potentially strike-slip
fault branches in the core, and north-dipping apparently normal fault at
the northern boundary. Altogether, fault branches create a fault-related
antiform (Figs. 3A, 6C) reﬂected on the base-Miocene surface.

4.3. Incision rates and their spatial and temporal patterns
4.3.1. Cumulative incision rates
In the Győr-Tata Terraces cumulative incision rates vary between
~19 and ~86 m/Ma (Table S1b) for the highest, fQ6 level, being relevant during the last 1.5 ± 0.4 Ma. Incision rates show a decreasing
trend towards the subsiding Danube Basin (spatial changes of incision
rates are discussed in section 5.2). Incision rates for the younger terraces fQ2c and fQ2b reach values as high as ~200 m/Ma, relevant for
the last ~140 ka (Table 2).
In the Gerecse Hills, the terrace-chronological data enabled the estimation of cumulative incision rates for terraces older than 1 Ma in the
range of from ~50 to ~70 m/Ma. Over the last ~1.0 Ma cumulative
incision rates show an increasing trend up to ~200 m/Ma (Figs. 7,
Tables 1, 2), similarly to the Győr-Tata Terraces. However, this gradual
increase of the incision rates might be a bias due to higher incision rates
of the younger terraces integrated in the cumulative rates for longer
timespans. Accordingly, it is important to study diﬀerent time slices of
the incision history to reveal possible temporal changes of the incision
rates.

4.2. Correlation of structures below the Danube and in the Gerecse Hills
The Dunaalmás Fault near the borehole An-K-4 can be correlated to
the map-scale faults depicted on earlier maps (Fodor et al., 2018;
Fig. 3A). Borehole data demonstrate that this fault has considerable
displacement in the pre-Cenozoic level; it represents the western
boundary fault of the Gerecse Hills.
The next structure to the east of the An-K-4 borehole is diﬃcult to
correlate to any of the faults mapped in the Gerecse Hills. It is probably
a strike-slip fault terminating against another fault, running towards
ENE. The small anticline on the pre-Late Miocene surface at 22–23 km
(Fig. 6C) is interpreted as a transpressional strike-slip and can be followed towards the southeast in the Gerecse Hills, where the top of
Cretaceous seems to depict an antiform (near sample site nr. 10 on
Fig. 3A). All these structures die out within the Late Miocene sequence.
The Bikol Syncline recognised on the seismic section can be connected to a similar structure further to the southeast. The topographically lowest zone of the syncline is occupied by Paleogene and
Late Miocene sediments, while these were mostly eroded from the more
elevated eastern parts. The nature of this structure diﬀers along strike;

4.3.2. Temporal incision rates
Fitting a trend-line to the terraces from the fQ9 to the fQ2c level, the
resulting incision rate is 51 ± 5 m/Ma for the ~3 Ma–140 ka period in
the Gerecse Hills (Fig. 8). In the Győr-Tata Terraces this period is represented by the single west-east trending fQ6 terrace train. Here a
simple linear regression was used to estimate the incision rates at the
western (Győr) middle (Bana) and eastern (Grébics) sections of this
terrace providing incision rates of 9 +4/−2 m/Ma, 17 +7/−4 m/Ma and
50 +20/−11 m/Ma, respectively (green lines on Fig. 8). These rates are
relevant for the period between 1.5 ± 0.4 Ma and ~ 140 ka. It is to be
noted that cumulative incision rate at the easternmost part of the Győr8
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Fig. 6. Interpreted multichannel seismic proﬁle measured on the Danube River in the proximity of the Győr-Tata Terraces. For location see Figs. 2B, 3A. Seismic
proﬁle is highly vertically exaggerated (ca. 24×). The base Upper Miocene (Pannonian) unconformity (yellow horizon no. 1) is constrained by well data (An-K-4).
Note the erosional truncation of the Late Miocene marker horizons towards the Gerecse Hills (red arrows). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

5. Discussion

Tata Terraces during this time interval is indistinguishable from that of
the Gerecse Hills.
During the last ~140 ka a fourfold increase (to 207 ± 1 m/Ma;
Fig. 8) of the uplift rate can be calculated both in the Gerecse Hills and
in the western Győr-Tata Terraces.

5.1. Structural deformation
The seismic section along the Danube complete our knowledge on
the age of deformation in the western Gerecse Hills and their foreland.
In the western part of the seismic section the faults belonging to this
system clearly die out within the Upper Miocene sequence (Fig. 6B)
suggesting their negligible neotectonic activity. East from the An-K-4
borehole, some faults and the initial stage of the Bikol syncline only
9
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stress axis, their contractional character is plausibly postulated. The
orthogonal ﬁssure ridge and sediment-ﬁlled fracture system of the Süttő
travertine complex (Török et al., 2019) corroborate Quaternary age of
the antiformal Szágodó Ridge. One set of fractures is perpendicular to
the structure, (parallel to postulated σ1 maximal stress axis), while the
other one is parallel to the ridge and may express local extension on top
of the antiformal ridge. Finally, a number of islands occurring in the
Danube upstream from the antiformal Szágodó Ridge could be related
to its ponding eﬀect (Fig. 3A).
All these observations show that evidence for post-Miocene faulting
is scarce both on the seismic line and on the surface. The above described, potentially neotectonic structures did not cause a large
(> 100 m) deformation within the entire area. The largest neotectonic
deformation feature remains the westward or north-westward tilt (1–2°)
of the Upper Miocene strata at the Győr-Tata Terraces and the western
Gerecse Hills (Fig. 6A, B), which uniformly aﬀected the entire Miocene
suite. The fQ6 terrace train is tilted in similar direction but with smaller
value (Fig. 2A) suggesting a latest Pliocene to Quaternary age for the
tilt. However, this structure has dozens of km wavelength, much larger
than the study area. All the other scarce upper crustal faults and folds
do not seem to be large enough to accommodate the diﬀerential vertical
displacement observed between the western and eastern part of the
area.

Fig. 7. Terrace ages plotted against the cumulative incision rates in the Gerecse
Hills. CRN: Cosmogenic Radionuclide data, Lum: Luminescence data, Pal:
Paleontological data. Data are available in Table 1. For colours the reader is
referred to the web version of this article.

5.2. Spatial and temporal change of the incision rates
The terrace chronological data supports the reconstruction of two
periods of diﬀerent incision rates. The ﬁrst period from ~3 Ma to
~140 ka is characterised by an incision rate of 51 ± 5 m/Ma in the
Gerecse Hills. Terraces older than 1.5 ± 0.4 Ma (fQ6 terrace) are not
present in the Győr-Tata Terraces, therefore until then this area must
have been close to base level or subject to bevelling under slow uplift
(Bufe et al., 2016). Between ~1.5 Ma and ~ 140 ka, incision rates
suggest that uplift was ~5 times faster in the Gerecse Hills compared to
the westernmost part of the Győr-Tata Terraces (51 ± 5 m/Ma and 9
+4
/−2 m/Ma, respectively; Figs. 8 and 9). After ~140 ka incision rates
are uniformly fast in the study area (207 ± 1 m/Ma). Unlike it was
described for several river systems in Europe (Gibbard and Lewin,
2009), our dataset suggests no signiﬁcant change in the incision rate in
the Gerecse Hills during the time of the mid-Pleistocene climate transition (Clark et al., 2006) (Figs. 4, 8).
At the same time, cumulative incision rates in the Gerecse Hills
show a gradual increase with time (Fig.7). In Fig. 9. both temporal rates
and cumulative rates for all locations are plotted along the Danube
river. For terraces older than ~2 Ma (fQ7-fQ9) the two approaches
show similar rates in the Gerecse Hills. During the last 1.5 ± 0.4 Ma
(fQ6-fQ3) steadily increasing cumulative incision rates manifest strong
inﬂuence of the short term, fast incision rate in the Late Pleistocene: the
younger is the terrace the closer is its cumulative incision rate to the
value relevant for the last ~140 ka. In other words, cumulative incision
rates for periods longer than ~140 ka are biased towards faster values
due to integrating both the slower, long-term incision rate and the last
period of faster incision.
It is an open question whether the acceleration of the incision
during the last ~140 ka is a result of an acceleration of uplift or it is a
rate biased by a short-term, climate-triggered incision event temporally
exceeding the pace of rock uplift (as suggested by DiBiase, 2014). This
period coincides with the last glacial cycle, and is shorter than the time
gap between most of the terrace-chronological data available for the
previous period. Accordingly, the fast incision rates during the last
~140 ka either represent the presence of alternating periods of faster
and slower uplift, or accelerated incision due to climate change, and
most probably do not record a real acceleration of the long-term uplift.
Therefore, we consider the 51 ± 5 m/Ma incision rate, resulting from
the trend-line ﬁtted to the dataset between ~3 Ma and ~ 140 ka as a
valid approximation of the long-term uplift rate of the Gerecse Hills.

Fig. 8. Temporal uplift rates in the Gerecse Hills and in the Győr-Tata Terraces.
For age-elevation data refer to Table 2). Note the gradual increase of uplift rates
from west to east in the Győr-Tata Terraces for the fQ6 terrace. For colours the
reader is referred to the web version of this article.

slightly deform the base of the Upper Miocene. The oldest Miocene
layer has an age of ca. 8.7 Ma, therefore this deformation could be
coeval or slightly predate this time and has no neotectonic slip.
The Upper Miocene strata are onlapping on the western limb of the
Bikol Syncline, and the same layers are uniformly tilted to the west and
truncated by the river on the eastern limb of the fold. Although the
west-dipping reﬂectors could be interpreted as original clinoforms of a
west-prograding small slope, this interpretation is unlikely, because no
correlative formation has been documented in any cores of the Gerecse
Hills. In addition, seismic data and paleogeographic reconstruction
suggest the presence of such slope west (basin-ward) from the Gerecse
paleohigh (Sztanó et al., 2016) as is seen on Fig. 6. between reﬂectors 2
and 3. Thus the tilted geometry suggests a pre- and a post-Late Miocene
deformation phase; the latter being the case on the eastern limb (Szágodó Ridge). These data point to post-Miocene folding, and the Quaternary age cannot be excluded.
The Dunaalmás and Szágodó Fault zones cut through the entire
imaged Miocene sequence and above the Szágodó Ridge the entire
Miocene package was homogenously broadly west-tilted (Figs. 3A,B,
6C). The age of this deformation clearly post-dates the youngest preserved sediments of ~8 Ma, but the deformation is not well-constrained; its Plio-Quaternary activity cannot be excluded nor proved.
While the Szágodó Fault zone and the Bikol syncline can be followed on
the surface, and while they are perpendicular to the recent maximal
10
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Fig. 9. Spatial and temporal diﬀerences of
incision rates along the Danube river in the
study area from east to west. Note increasing bias of cumulative rates towards
faster values with shorter integration times
and approaching the GH (indicated by
green arrows). For details please refer to the
text. Full symbols mean incision/uplift rates
calculated from the terrace ages and their
uncertainties, open symbols mean maximum incision/uplift rates derived from
minimum ages. Numbers indicate the terrace numbers fQ9-2b. Cumulative incision
rate data as presented by Tables 1, S1a,b.
Temporal incision rates as in section 4.3.1
and Fig. 8, (blue and pink shadows indicate
the uncertainties). Dated locations appear
on Fig. 2A, B and on Fig. 3A. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the
web version of this article.)

European continent.

If this fairly constant uplift rate estimated for the last 3 Ma can be
extended tentatively until 6 Ma, the sediments of the Lake Pannon must
have covered the Gerecse Hills up to 429–460 m a.s.l. This is well in
agreement with the ~9 Ma old Upper Miocene sediments described up
to 375 m a.s.l. in the Gerecse Hills (Magyar et al., 2017), considering
that most probably the Upper Miocene sediments have covered the
Gerecse Hills almost entirely in a thickness > 100 m, just the younger
part of the succession must have eroded from the higher parts of the
range.

5.4. Comparison of uplift/incision rates to published data
5.4.1. Uplift and incision rates in the TR and its surroundings
On the northern side of the Danube (Hron Upland, Slovakia; Fig. 2B)
the number and relative elevation of the terraces, especially that of the
higher horizons, is lower compared to the Gerecse Hills. Novel authigenic 9Be/10Be age determination of the locally highest terrace at a
relative elevation of ~80 m, suggests that the age of terrace abandonment took place at ~1.4 Ma (Vlačiky et al., 2017, Nová Vieska site,
Fig.1A, site 1). The ~57 m/Ma incision rate for the last 1.4 Ma to the
north of the Danube is similar to the values calculated for the Gerecse
Hills.
In the eastern margin of the TR, U/Th dating of karstwater-related
speleothems suggest 150–320 m/Ma incision rate of the Danube during
the past 300–200 ka (Leél-Össy et al., 2011; Szanyi et al., 2012, Buda
Hills, Fig. 1A, site 2) Before that time, the data suggest a relatively
stable karstwater level and moderate uplift rates up to 50 m/Ma.
In the SW part of the TR 10Be exposure age determination of aeolian
denudation surfaces indicate an uplift rate of ~50 m/Ma relevant for
the last ~1.6 Ma, and ~ 50–80 Ma for the last ~0.9 Ma (RuszkiczayRüdiger et al., 2011, Balaton Highland, Fig. 1A, site 3). In this region
basalt volcanism preserved past surface positions and landforms
(Martin and Németh, 2004; Csillag, 2004) enabling the estimation of
~50 m/Ma for cumulative surface denudation rate for the last ~3–4 Ma
period (Ruszkiczay-Rüdiger et al., 2011).
The reported incision rates are in agreement with the recent, GPSbased, < 350 m/Ma uplift rate at the axis of the TR (Grenerczy et al.,
2005; Bus et al., 2009). However, the maximum uplift rate of 1600 m/
Ma inferred from 3He concentrations measured on strath terraces at the
Danube Bend (Ruszkiczay-Rüdiger et al., 2005b, Fig. 1A, site 4) appear
to be largely overestimated due to insuﬃcient consideration of the effect of surface denudation. The results of the presented study support
the conclusions of Ruszkiczay-Rüdiger et al. (2016) suggesting that the
previously measured 3He concentrations of the Danube Bend terraces
should rather be interpreted as surface denudation rates and are not
suitable for the calculation of the age of terrace abandonment.
We can also extend the comparison to other parts of the Pannonian
Basin. On the western margin of the Danube Basin, the minimum luminescence (IRSL) age of > 300 ka of a sand lens within the upper part
of the gravel body of a former terrace of the Danube enabled the estimation of a maximum uplift rate of < 87 m/Ma (Zámolyi et al., 2017;
(Fig. 1A, site 5, Parndorf Plateau, Nickelsdorf). Šujan et al. (2016) used
authigenic 10Be/9Be age determination of terraces on the northern part

5.3. Dependence of cumulative incision rates on the measurement interval
Finnegan et al. (2014) argue that river incision rates into bedrock,
determined from dated landforms such as terraces, are inﬂuenced by
the timescale over which they are measured due to the intermittency of
river incision: in general, incision rates increase with decreasing measurement interval. They compiled a global set of incision records and
found a negative power-law dependence of incision rate on the considered timescale, up to 104–107 yrs. Therefore, they suggested a
steady-state behaviour of river incision over long measurement intervals. This negative power law dependence of cumulative incision rates
of measurement timescale is well observable in our dataset as well
(Tables 1, 2, Figs. 7, 9). However, the calculation of temporal incision
rates (Fig. 8) suggest the existence of a breakpoint at ~140 ka: until this
time the river incision occurred at a fairly constant rate. The faster
incision rates are valid only over the last ~140 ka and this period of
faster incision rate is responsible for the gradually increasing cumulative incision/uplift rates, as it is demonstrated by Fig. 9).
Accordingly, our ﬁndings are in agreement with Finnegan et al.
(2014), supporting that increased incision rates over periods of time as
short as ~140 ka may bias the cumulative incision rates relevant over
106 year timescales. This conclusion is irrespective of the tectonic or
climatic forcing of the faster incision rates. Therefore, we emphasize
that systematic terrace age determinations on several subsequent terrace horizons are necessary for the calculation of temporal incision
rates; as such a dataset enables the distinction between the long-term
incision/uplift rates from shorter-term rates biased by temporally faster
rates. On the same line of evidences, we suggest that cumulative incision and uplift rates commonly used for the characterisation of spatial
and temporal trends of incision and uplift worldwide can be misleading,
particularly for time slices only slightly longer than the period of increased incision rate, which divides longer periods of slower uplift,
stagnation, bypass or deposition. In order to examine the validity of the
above suggestion, rates calculated by this study are compared to published cumulative rates from the neighbouring areas and also from the
11
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of the Danube Basin, suggesting incision rates of ~26 and ~ 4 m/Ma
(Veľké Ripňany and Trnava, Fig. 1A, sites 6 and 7, respectively). On the
north-western margin of the Danube Basin, Šujan et al. (2017) tentatively calculated a maximum uplift rate of ~26 m/Ma for the last
1.7 Ma based on 26Al/10Be burial ages of cave sediments (Malé Karpaty
Mts, Fig. 1A, site 8). Neuhuber et al. (2018) used 26Al/10Be isochron
burial age dating on the sediment inﬁll of a cave, between the Vienna
and Danube Basins (Hainburg Hills, Fig. 1A, site 9). Further to the west,
the combined CRN and luminescence age determination of Danube
terraces in the Vienna Basin suggest diﬀerential incision rates of ~81
m/Ma and ~23 m/Ma during the last 340 ka and 250 ka, respectively
(Braumann et al., 2019; Schlosshof and Gaenserndorf terraces; Fig. 1A,
site 10). They calculated an incision/uplift rate of 36–44 m/Ma for the
last ~3.9 Ma. In the Internal Western Carpathians an uplift rate of
30–40 m/Ma was calculated for the last ~3 Ma (Bella et al., 2014) and
20–30 m/Ma relevant for the last 1.6–2.2 Ma (Bella et al., 2019) based
on burial age data of cave sediments.
In the Eastern Alps, not far from the western margin of the Danube
Basin, Wagner et al. (2010) also dated buried cave sediments and
documented an incision rate of ~100 m/Ma over the last 4 Ma (Fig. 1A,
site 11). SW from the Pannonian Basin, in Slovenia, the uplift rate
quantiﬁed by CRN burial age determination was 46–60 m/Ma for the
last ~1.86 Ma (Mihevc et al., 2015, Udin Boršt karst, Fig. 1A, site 12)
and 200–400 m/Ma in the Snežna jama during the last ~3.5 Ma
(Kamnik Alps; Häuselmann et al., 2015; Fig. 1A, site 13).

Table 3
Published incision/uplift rates in Europe in diﬀerent tectonic settings. For a
more detailed description refer to Supplementary section S2 and Table S2.

5.4.2. Incision/uplift rates in a European context
A number of cumulative incision/uplift rates were collected from
the European record, in order to reveal whether it is possible to ﬁnd an
inverse relationship between the incision/uplift rates and the time span
over which the data were integrated. This overview encompasses cumulative incision/uplift rates from the Pannonian Basin (described in
section 5.3) and data reported in diﬀerent climatic and tectonic regions
over Europe. Table 3 shows the referenced uplift /incision rates, which
are plotted against the time they are integrated for in Fig. 10.
For timespans integrating over more than ~2.6 Ma most of the incision/uplift rates remain lower than 100 m/Ma. During the Early
Pleistocene (~2.6–0.8 Ma) the rates still mostly remain below 100 m/
Ma, but with a slightly increasing tendency towards higher values.
During the Middle Pleistocene the increasing trend leads to values
mostly up to 300 m/Ma. The Late Pleistocene is characterised by higher
values, with some exceptionally high estimates up to 2200 m/Ma, but
mostly under 600 m/Ma. These tendencies can be observed regardless
of the tectonic setting of the studied areas and are similar to those
observed in our study area. The faster short-term incision rates, as also
recorded in the study area, may be a result of the non-steady-state
behaviour of river incision and may not reﬂect faster uplift over this
time (DiBiase, 2014; Finnegan et al., 2014). However, this eﬀect would
be similar regardless if the change of incision rate is a true change of
uplift rates or just an artefact.
Although the locations of the fastest young incision mostly coincide
with tectonically active areas, an overall trend of faster incision/uplift
rates over shorter time-spans is valid throughout the dataset irrespective of climatic and tectonic setting of the studied areas, as it was
proposed by Finnegan et al. (2014).
Our study is a good example how the apparent acceleration of uplift/incision towards present might be an artefact of a relatively short
period of faster incision rate integrated by the longer-term cumulative
incision rate data. The uplift/incision rates in the compiled European
dataset might also be similarly biased. This eﬀect can only be revealed
by a systematic approach in order to obtain a good resolution incision
history with temporal incision rates, via age-elevation data pairs for
several abandoned river levels.

Cumulative uplift/incision rate (m/Ma)

Reference

Not Alpine

setting

Alpine

Relevant time range: > 2601 ka to present
4
35
40
50
52
53–88
90
100
200–400
250–550

Šujan et al., 2016
Bella et al., 2014
Neuhuber et al., 2018
Ruszkiczay-Rüdiger et al., 2011
Calvet et al., 2015
Delmas et al., 2018
Malcles et al., 2020
Wagner et al., 2010
Häuselmann et al., 2015
Giachetta et al., 2015

Relevant time range: 2600–801 ka to present
26
26
40–60
55–60
57
50–80
33–173
153–160
92
70–100
120
98–206
200

Šujan et al., 2016
Šujan et al., 2017
Mihevc et al., 2015
Antoine et al., 2007
Vlačiky et al., 2017
Ruszkiczay-Rüdiger et al., 2011
Schaller et al., 2016
Calvet et al., 2015
Cunha et al., 2008
Häuselmann et al., 2007
Delmas et al., 2018
Peters and van Balen, 2007

Relevant time range: 800–201 ka to present
23
81
10–300
70–80
80–140
120
153–159
200
150–320
230
380–560
800
1200
1800

Braumann et al., 2019
Braumann et al., 2019
Peters and van Balen, 2007
Viveen et al., 2012
Rixhon et al., 2011, 2014
Istrate and Frînculeasa, 2010
Schaller et al., 2016
Demoulin and Hallot, 2009
Szanyi et al., 2012
Temovski et al., 2016
Lewis et al., 2017
Garcia-Castellanos et al., 2000
Häuselmann et al., 2007
Palyvos et al., 2007

Relevant time range: 200–61 ka to present
120
200–300
300
450
600
800
960

Necea et al., 2013
Delmas et al., 2018
Istrate and Frînculeasa, 2010
Pennos et al., 2019
Scotti et al., 2014
Brocard et al., 2003
Temovski et al., 2016

Relevant time range: 60 ka to present
520
400–2200
2200

Cunha et al., 2008
Necea et al., 2013
Saillard et al., 2014

5.5. Links between the tectonic forcing factors and the observed vertical
deformation pattern
Our study is in agreement with previous inferences highlighting that
the several hundred meters uplift of the Transdanubian Range occurred
in the absence of measurable crustal thickening (Bada et al., 2007),
therefore its origin must be connected to deep lithospheric and asthenospheric processes. Here, we give an overview on the latest model
results explaining the origin of the observed tectonic topography of the
Pannonian Basin.
Miocene back-arc extension and preceding orogenic evolution of the
Pannonian Basin led to one of the hottest and hence, weakest crust and
lithosphere in Europe containing rheological heterogeneities (Horváth
and Cloetingh, 1996). Such heterogeneities, some of the former syn-rift
12
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Fig. 10. Cumulative incision/uplift rates throughout
Europe plotted against the time over which the rate
is integrated. Mean uplift rates and no uncertainties
are considered for simplicity. All studies are referred
to in Tables 2, 3, S2. and described in sections 5.4.1
and S2. Inset A shows the data between 6 Ma and
present, inset B shows the 3 Ma to present timespan
in more detail. For colours the reader is referred to
the web version of this article.

rift” phase. The development of small-scale convective cells along the
previously ascended asthenosphere is superimposed on the overall postrift cooling in the basin centre. This mechanism leads to diﬀerential
vertical movements of the surface (Balázs et al., 2017). Additional
asthenospheric ﬂow towards the Pannonian Basin has been inferred by
seismic shear wave splitting analysis (Kovács et al., 2012; Qorbani
et al., 2016,). A systematic NW–SE fast orientation in the entire Eastern
European region is interpreted as a result of asthenospheric ﬂow governed by the subduction of the Hellenic slab (e.g., Faccenna et al.,
2014). Local upwelling of the asthenosphere is also inferred by volcanological models, and by the study of xenolits below the TR and the
margins of the Pannonian Basin (Kovács and Szabó, 2008; Török, 2012;
Harangi et al., 2015;). However, solely thermal eﬀects are not enough
to create the observed Quaternary subsidence and uplift values in the
Danube Basin – TR system.
Modelling the post-rift evolution of the weak Pannonian lithosphere
showed that eﬀective lateral heat transport from the elevated asthenosphere beneath the basin induces 30–80 m/Ma uplift rate and erosion
near the basin margins (Balázs et al., 2017). These values are on the
same order of magnitude as the observed long-term uplift rates in the
study area. The modelled vertical tectonic motion is also coupled with
the rate of erosion and sedimentation applied in similar models (Burov
and Cloetingh, 1997). Similarly, Malcles et al. (2020) quantiﬁed the
uplift rate for the last ~4 Ma in the southern French Massif Central and
concluded that signiﬁcant part of the calculated ~90 m/Ma uplift was
forced by surface processes (erosion and sediment accumulation).
Besides the main driving forces, such as stress transfer by the
Adriatic indentation and the inferred asthenospheric ﬂow, the diﬀerential vertical motions in the Pannonian Basin are also enhanced by the
sediment redistribution from the exposed basement highs towards the
local depocenters (Fig. 11). Sediment re-distribution towards the depocenters of the Pannonian Basin led to the deposition of 6–7 km thick
Late Miocene to recent sediments including Quaternary succession up
to 400–700 m in the Great Hungarian Plain and the Danube- and Drava
Basins (Rónai, 1985; Kronome et al., 2012). This basin-scale mass
transfer results in elastic ﬂexure of the thermally weakened lithosphere,
which enhances diﬀerential vertical movements (Balázs et al., 2017).
The magnitude of Quaternary surface deformation and sediment redistribution should be compared with the accommodation rate in the
Danube and Drava Basins of ~170 m/Ma and ~ 120 m/Ma, respectively
(Šujan et al., 2018; Saftič et al., 2003) and the uplift rate of ~30
and ~ 50 m/Ma in the south-eastern and north-western margins of the
Danube basin (TR and Malé Karpaty, this study and Šujan et al., 2017,

grabens were inverted and folded in km-scale folds by the slightly radial
compression with NeS to NE–SW direction exerted by the push of the
Adriatic plate. The weak Pannonian lithosphere was particularly prone
to localized deformation even under relatively low diﬀerential stresses
(Burov and Cloetingh, 1997). Numerical and analogue experiments
inferred that far-ﬁeld stresses lead to a dominant 300–400 km wavelength lithospheric-scale folding of the weak Pannonian lithosphere,
where the fold axes are thought to be perpendicular to the direction of
compression (Horváth and Cloetingh, 1996; Dombrádi et al., 2010).
Interestingly, the SW–NE strike of the uplifting Transdanubian Range is
oblique to or parallel with the main compressional direction, and do not
satisfy the idea of orthogonality of fold axes and shortening direction.
On the other hand, the axis of the uplifting TR is parallel with the main
inherited structural trends of the basin (Fig. 11A), such as the MidHungarian Shear zone and similarly striking Cretaceous thrusts (Tari
et al., 1999).
3D analogue experiments of Dombrádi et al. (2010) analysed the
eﬀect of low strain rate compression on multiple oblique weak zones in
the crust representing inherited structures. The modelling explained the
observed multi-wavelength folding of the crust as well as the reactivation of strike-slip faults, conﬁrming the crucial role of inherited
weak zones. However, ﬁeld mapping (Fig. 3A) and geophysical imaging
(Figs. 6 and 11B) did not conﬁrm high-oﬀset crustal faulting in the
northern TR and no such features were reported from other parts of the
TR. Few normal faults demonstrated in the northern Danube Basin
(Vojtko et al., 2008) are not in line with contraction. The observed
deformation pattern (e.g., large-scale tilting and lack of faulting) suggests that Adria-driven shortening and structural inversion alone might
not be the main and only driver of the vertical deformation observed in
the study area. Similar conclusion was proposed by Legrain et al.
(2015) having studied the post-Miocene landscape rejuvenation at the
Eastern Alps (Koralpe, Fig. 1A, site 14) They suggested thinning of the
mantle part of the lithosphere by slab breakoﬀ or delamination to explain the observed increase in rock uplift.
The above mentioned models aim to explain the ﬁrst-order neotectonic deformation pattern, but the amplitude of the observed kilometre-scale diﬀerential vertical movements has remained enigmatic. A
principal limitation of those models was the absence of surface processes, in terms of erosion and sedimentation and the models did not
take into account the Late Miocene to recent thermal eﬀects of the lithosphere and asthenosphere. Thermo-mechanically coupled numerical
experiments inferred that the initial syn-rift extension could be followed by further asthenosphere dynamics during the classical “post13
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Fig. 11. (A) Simpliﬁed lithospheric-scale cross-section over the western part of the Pannonian Basin. For location see Fig. 1A. The study area and the location of the B
inset of this ﬁgure are indicated by red and purple rectangles, respectively. The section shows the main tectonic and surface processes that control the neotectonic
phase of basin evolution. The model takes into account the increased intraplate stress governed by the northward push of the Adriatic microplate and associated
induced gravitational stresses (Horváth and Cloetingh, 1996; Bada et al., 2007; Bus et al., 2009; Dombrádi et al., 2010). It also considers the asthenosphere dynamics
induced diﬀerential vertical movements facilitated by sediment re-distribution and associated lower crustal ductile deformation (Balázs et al., 2017). Crustal
thickness is compiled after Horváth et al. (2015), lithosphere-asthenosphere boundary (LAB) is drawn after Tari et al. (1999). DrB – Dráva Basin, TR – Transdanubian
Range, DB – Danube Basin. Large arrows in the asthenosphere indicate mantle ﬂow oblique to the section (Qorbani et al., 2016). M1-M2: Lower- to Middle Miocene;
M3-Q: Late Miocene to Quaternary. (1) This study, (2) Šujan et al., 2018; (3) Šujan et al., 2017; (4) Saftić et al., 2003. (B) Seismic reﬂection proﬁle showing the dip of
the Late Miocene strata towards the Danube Basin, and their truncation towards the TR (for location refer to Figs. 1A, 11A). (C) Thematic sketch of the evolution of
the TR since the Late Miocene (simpliﬁed after Sztanó et al., 2016). Note post-Miocene uplift and denudation of the TR and subsidence of the adjacent basins. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

patterns it is essential to implement further 3D numerical experiments,
which couple all the above mentioned factors into one integrated
model.
The studied Danube terraces in the transition between the uplifting
TR and the subsiding Danube Basin provide an essential record of the
surface expression of the above described tectonic processes, although
their amplitudes varied in time and space. An enlargement of the area
aﬀected by the uplift could be described sometime between 1.9 Ma and
1.1 Ma, with no considerable change of the uplift rate in the Gerecse
Hills. This might be a result of the ampliﬁcation of deep lithospheric
processes coupled with the gradual northward migration of regional
neotectonic inversion.

respectively) (Fig. 11). Furthermore, pressure gradient can develop by
erosional unloading of elevated regions and coeval sediment loading in
depocenters (Burov and Cloetingh, 1997). This mechanism would induce lower crustal ﬂow from the Danube Basin and Great Hungarian
Plain towards the Transdanubian Range, enhancing diﬀerential vertical
movements (Fig. 11).
Lithospheric ﬂexure and crustal deformation is also linked to climatic variations (Burov and Cloetingh, 1997). A more humid climate
facilitates sediment re-distribution and, therefore, enhances elastic
ﬂexure and also raises the pressure diﬀerences in the lower crust, which
ﬁnally lead to an increase of the rate of diﬀerential vertical movements.
Simpliﬁed thermo-mechanical models infer that doubling the erosion
and sedimentation rate results in additional 200 m of uplift at the exposed margins of the depocenters (Balázs et al., 2017). For an improved
understanding of the region's ongoing diﬀerential vertical movement
14
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6. Conclusions

doi.org/10.1016/j.gloplacha.2020.103263.

The incision rate of the Danube river in the Gerecse Hills, at the
margin of the Transdanubian Range, quantiﬁed by the compilation of
terrace chronological data suggest a steady uplift rate of ~50 m/Ma
during Late Pliocene – Quaternary times. The apparent acceleration of
river incision during the Late Pleistocene is considered as the result of
temporally faster incision outpacing the long-term uplift rate.
The calculation of temporal incision rates revealed that cumulative
incision rates are biased towards higher values on a million-year
timescale even by a short period (last ~140 ka) of faster incision. This
trend of biased rates stemming from integrating short period of fast
incision/uplift into the longer term cumulative rates is observable in the
European record of cumulative incision/uplift rates as well.
Accordingly, these data must be used with caution for the calculation of
uplift rates and to derive trends of their change.
Seismic and ﬁeld data do not indicate large-oﬀset Quaternary brittle
structures that could accommodate the observed kilometre-scale differential vertical movements in the vicinity of the Danube Basin.
Furthermore, the SW–NE strike of the uplifting Transdanubian Range is
oblique to the main compressional direction. We propose that the large
wavelength uplift and subsidence anomalies in the area are controlled
by the joint eﬀect of crustal and deep Earth processes. Structural inversion governed by the indentation of the Adriatic promontory is
complemented by stress variation due to diﬀerential sediment loading
and further asthenosphere dynamics.
Despite a considerable increase of sediment ﬂux in the sedimentary
succession of the northwestern part of the Danube Basin recorded at
~1.2 Ma (Šujan et al., 2018) may correspond to the onset of major
Alpine glaciations (mid-Pleistocene climate transition), no simultaneous change in the uplift rate was recorded along the Danube in
Hungary. However, the enlargement of the uplifting area from the TR to
its north-western margin recorded by the onset of terrace formation in
the Győr-Tata Terrace Region (between 1.5 ± 0.4 Ma) might be related
to ongoing diﬀerential loading of the redistributed sediments and
elastic ﬂexure of the weak Pannonian lithosphere.
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