L=
P
View metadata, citation and similar papers at core.ac.uk broughttoyouby i CORE

provided by DSpace at VU

TECTONOPHYSICS

ELSEVIER Tectonophysics 252 (1995) 433-451

Quantitative subsidence analysis and forward modelling of the
Vienna and Danube basins: thin-skinned versus thick-skinned
extension

Anco Lankreijer **, Michal Koval °, Sierd Cloetingh ?, Pavol Pitonak ©,
Matej H1o8ka ¢, Cees Biermann *

® Institute of Earth Sciences, Vrije Universiteit, De Boeleluan 1085, 1081 HV Amsterdam, Netherlands
b Department of Geology und Paleontology Comenius University, Mlynska dolina G, 84215 Bratislava, Slovakia
€ Geological Institute, Slovak Academy of Sciences, Banskd Bystrica, Slovakia
d Geologicky ustav S.A.V., Dibravskd cesta 9, 84226 Bratislava, Slovakia

Received 5 September 1994; accepted 25 January 1995

Abstract

We present the results of a quantitative study of the tectonic evolution of the Vienna and Danube basins by comparing
tectonic subsidence histories derived from backstripping of more than 90 wells from Slovakia, Hungary and Austria, with the
predictions from forward tectonic modelling. Subsidence analysis and forward modelling, using a modified, non-uniform,
extension model address the tectonic relations between different depocentres and the nature of tectonic subsidence.

We derived stretching values for the Vienna basin between 1.04 and 1.30 for the crustal extension (§) and between 1.00
(in the northern part) and 1.60 (southern part) for the lithospheric extension ( 8). The Danube basin is characterized by
crustal extension values (8) between 1.09 and 1.30 and lithospheric extension values ( 8) between 1.00 (northern part) and
1.60 (southern part).

The Vienna basin shows a trend from thin-skinned extension in the northwestern part to whole lithospheric extension in
the central-southern part. The subsidence history of the northwestern part of the Danube basin also reflects a thin-skinned
extensional basin formation mechanism. The central and southern parts of the Danube basin show an important component
of lithospheric extension.

The basin evolution is strongly influenced by the rotating stress field through Miocene times, expressed in different
phases of fault reactivation that are observed in the subsidence history.

1. Introduction area junction (Fig. 1). They can be characterized as
intramontane basins with a polyphase history. The

The Vienna and Danube basins are situated in the depocentres attain a maximum sediment thickness of
Eastern Alpine, Western Carpathian and Pannonian more than 5500 m in the Vienna basin and more than

8500 m in the Danube basin (Kilényi and Sefara,
1989). The two basins are separated by the horst
* Corresponding author. structure of the Malé Karpaty Mts., but had a com-
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mon evolution until Middle Miocene times (Kovag et
al., 1993a, ¢).

The Vienna basin is commonly regarded as a
typical example of thin-skinned tectonics. Royden
(1985) proposed thin-skinned pull-apart extension of
the nappe pile as a mechanism for subsidence in the
Vienna basin. A 50-km sinistral strike-slip motion
has been proposed (Roth, 1980) along the border
faults of the basin.

During the last decade a large number of studies
have generated a more complete dataset of the Vi-
enna basin (e.g., Tomek and Thon, 1988, Slovakian
territory; Wessely, 1988, Austrian territory) and the
Danube basin (e.g., Vass et al., 1990). Seismic sec-
tions (Wessely, 1988) give evidence for folding and
overthrusting of the Egerian—-Eggenburgian strata
(27-18.5 Ma). Tomek and Thon (1988) demon-
strated from seismic interpretations the existence of
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deep, north-dipping, low-angle normal faults of
Pliocene age in the Vienna basin. In the Austrian
domain the Steinberg fault and Leopoldsdorf fault
extend into the basement. Based on these observa-
tions, Wessely (1988) suggested a modification to
the interpretation of Royden et al. (1983) with re-
spect to the tectonic level to which extension oc-
curred in the Vienna basin. Recent seismic interpre-
tations (Horvéth, 1993) revealed that in the Little
Hungarian Plain (Southern Danube basin) preexist-
ing compressional faults were reactivated as low-an-
gle normal faults, leading to tectonic unroofing of
the metamorphic basement.

An increase of thermal subsidence with increasing
distance from the thrust front has been described
(Royden and Ddvényi, 1988), which exhibits a trend
from thin-skinned (close to the thrust front) to whole
lithospheric extension (in the Central Pannonian
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Fig. 1. Map showing the locations of the basins relative to the Carpathian arc and the Pannonian Basin Sysiem. Box indicates study area
(Fig. 2). Profile shown in Fig. 8. L.H.P.= Little Hungarian Plain; P.K.B = Pieniny Klippen Belt.
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Basin System), but extension in both the Vienna and
the Danube basin was considered by these authors to
be limited to the upper few tens of kilometres.

As a part of the Pannonian basin, the Danube
basin and especially the Vienna basin have been
used frequently to test quantitative tectonic models
for extensional basin formation, yielding different
estimated amounts of extension. Stegena et al. (1975)
proposed a model involving subcrustal erosion,

yielding 15-20% of extension (Horvith et al., 1975).
Sclater et al. (1980) and Royden and Ddvényi (1988)
applied a modified stretching model (non-uniform
stretching model), evoking different amounts of ex-
tension in the crust and the lithosphere, where & is
the crustal and 3 is the lithospheric extension value,
producing extension values for the Vienna basin
(8= 1.25, 8= 1.00) and the Danube basin (§ = 1.25
and B=1.25-2.0).
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Fig. 2. Map showing the locations of the wells and the different subareas in the Vienna basin and Danube basin. Explanation of
abbreviations, Mountain ranges: MK = Malé Karpaty Mountains, P/ = PovaZsky Inovec Mountains, 7r = Tribe¢ Mountains, LM = Leitha
Mountains; Vienna basin: WN = Wiener-Neustadt basin, M = Mittemdorfer graben, S = Schwechat depression, Z = Zisterdorfer depression,
K = Kity graben, JS = Jablonica Senica depression, ZP = Zohor~Plavecky graben; Danube basin: DV = Dobra Voda depression, Ba =
Béanovce depression, Bl = Blatné depression, Ri= Ri¥hovce depression, Ko = Komjatice depression, Ze = Zeliezovce depression, Ga =

Gabdikovo basin.
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Recently new concepts on the formation of the
Northern Pannonian basin system and surrounding
regions have been proposed, like extrusion tectonics
(Ratschbacher et al., 1991) and subduction—de-
lamination (Morley, 1994), which are able to explain
extensional basins in an overall compressional set-
ting.

In the following we apply models incorporating
lateral heat flow (Pitman and Andrews, 1985) and
non-uniform stretching (Royden and Keen, 1980) to
the new geological observations to reevaluate the
tectonic histories of the basins.

A large number of wells allows us to study the
subsidence history in both basins in detail, and to
distinguish different tectonic events and their impact
on a basin or subbasin scale. Forward modelling is
used to quantify the extensional events in terms of
crustal extension (8) and lithospheric extension ( 8)
values. This approach enables us to study the changes
in 8/ ratio throughout the basins.

The presented subsidence data are compared with
palaeogeographical and palaeostress data to distin-
guish tectonic events and their impact on basin evo-
lution.

2. Tectonic history

Three major tectonic phases are recognized in the
basin evolution, each corresponding to a distinct
tectonic regime and palaeostress field orientation.
The overall north to south and east to west migration
of depocentres (Vass et al., 1988) in these basins
during the Neogene illustrates the effects of the
changing tectonic setting. This migration is also
reflected in the geothermal gradient which is highest
along the eastern flanks of the Vienna basin (Krél et
al., 1985).

The Eggenburgian transgression (22 Ma) ad-
vanced from the Alpine foredeep eastwards, crossed
the flysch accretionary wedge in the present northern
part of the Vienna basin and from here extended
along the front of the Central Western Carpathians
following the Pieniny Klippen Belt. The northern
margin of the W—-E-trending Lower Miocene basin
consisted of elevated flysch nappes of the Magura
Group (Kov4Z et al., 1989a, b). The southern margin
was built up from uplifted Alpine and Central West-

ern Carpathian units forming at present the basement
of the southern part of the Vienna basin, Danube
basin and the Malé Karpaty Mts. (Kov4l et al., 1991;
Seifert, 1992). The Lower Miocene sediments over-
lying the Flysch Zone in the Vienna basin were
deposited in a piggy-back basin setting. The sedi-
ments overlying the Central Carpathian units were
deposited in a wrench—furrow-type basin. The evolu-
tion of the whole sedimentary area was controlled by
a NW-SE-oriented compressional palacostress field
(Nem&ok et al., 1989; KovaZ et al., 1989b; Marko et
al., 1991; Fodor, 1995).

Important palaeogeographical changes were
recorded at the end of the Lower Miocene (17.5 Ma)
in the zone between the Eastern Alps, where the
overthrust movements stopped (Jificek, 1979), and
the northward advancing Western Carpathians, where
the overthrust movements in flysch accretionary
wedge were still forced by subduction—collision pro-
cesses (Tomek and Hall, 1993). The basin geometry
was controlled by a N-S-oriented palaeostress field
(Nemc&ok et al., 1989; Vass et al., 1990; Koval et al.,
1993a). A dominant role in the basin evolution was
played by the NE-SW-trending sinistral strike-slip
faults (Fig. 3), trending along the Malé Karpaty
Mountains and the front of the Magura Nappe Group
(Roth, 1980).

In the Vienna basin the subsidence accelerated
and the basin enlarged to the south during the Lower
Miocene. Pelitic and psammitic turbidite sediments
of basinal facies reach a maximal thickness of over
2000 m in the north (§piéka, 1969; Jifitek and
Seifert, 1990). Southwards, they pass into psam-
mitic—pelitic facies coarsening upward, overlain by
large alluvial-delta fans of the Aderklaa and Jablonica
conglomerates (Kovag, 1986; Wessely, 1983).

In the Danube basin the deposits of Karpathian
age are preserved along the western flanks of the
basin, in the north of the basin, in the Jablonica and
Blatné depressions and in northwestern Hungary, in
the Sopron area. Some Karpathian (lower Badenian)
deposits are present also along the Raba fault zone,
in a narrow zone, covering the pre-Neogene base-
ment of the Little Hungarian Plain (Tari et al., 1992)

The counter-clockwise rotation of the western part
of the Carpathians (Tdnyi and Kovag, 1991), due to
changes of the structural pattern led to changes in the
palaeogeography in the Vienna and Danube basins at
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Fig. 3. Tectonic sketch map of the Vienna and Danube basins, illustrating the interactions of the different strike-slip systems and their
relations to the individual subbasins. St: = Steinberg fault, Sr = Schratteberg fault, R = Raba fault.

the beginning of the Middle Miocene (16.5 Ma). The
early Badenian transgression from the Mediterranean
invaded the southern part of the Danube basin (Little
Hungarian Plain) and the entire Vienna basin.

The early Badenian evolution of the Vienna basin
continued to be controlled by N-S-oriented com-
pression (Nem&ok et al., 1989). The lower Badenian
deposition represents a separate sedimentary cycle
displaying in marginal parts an angular discordance
with the Karpathian strata. The steep morphology of
the eastern margin documents the coarse clastic fan-
deltas, talus cones and debris aprons up to 400 m

thick, deposited on the slopes of the Leitha and Malé
Karpaty Mts. during the lower and middle Badenian
(Vass et al., 1988; Sauer et al., 1992).

In the southern part of the Danube basin (Little
Hungarian Plain) the measured palaeostress field
documents a NNW-SSE- to NW-SE-oriented com-
pressional field (Vass et al., 1993). This activated the
NW-SE-trending normal faults on the northern mar-
gin of the lower Badenian Danube basin (Zeliezovce
depression), where 1200 m of clays, siltstones and
sandstones were deposited (Adam and Dlabag, 1969).

In the Middle Miocene, the oblique collision be-
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tween the North European Platform (Bohemian Mas-
sif) and western part of the Carpathians terminated
(Jifi¢ek, 1979; Csontos et al., 1992). The movement
of the overriding Carpathian plate changed to a
northeastward direction, which is documented by the
palaeostress field with a NE-SW-oriented principal
compression axis (Nemdok et al., 1989; Csontos et
al.,, 1991). The Middle Miocene depocentres of the
Vienna and Danube basins opened in a transtensional
regime, controlling the ENE-WSW sinistral strike-
slip faults and the NE-SW-oriented normal faults
(Tari et al., 1992; Kova€ et al., 1993¢). In this time,
the Lower Miocene deposits, situated between the
Vienna basin and the northern part of the Danube
basin (Jablonica and Dobrd Voda depressions) have
been incorporated into the rising Malé Karpaty horst
structure (Kovac et al., 1991). In the central parts of
the Vienna basin (e.g., Zisterdorf, Gajary and Kiity
depressions) the Badenian and Sarmatian pelitic—
psammitic deposits reach a maximal thickness of
2500-3000 m (Jifi¢ek and Seifert, 1990).

The middle Badenian marine transgression in-
vaded the northern part of the Danube basin. Rapid
subsidence in the Blatné, RiShovce and Komjatice
depressions was followed by deposition of 2000—
3000-m-thick pelitic and psammitic sequences dur-
ing the middle and late Badenian. During the Sarma-
tian, where the subsidence rapidly decreased, 300-
600 m of pelitic—psammitic sediments were de-
posited (Adam and Dlaba&, 1969).

A southward shift of depocentres was determined
for the Late Miocene. During this time the central
depression of the Danube basin (Gab¢ikovo depres-
sion) developed. The present depth of this basin
exceeds 8500 m (Kilényi and Sefara, 1989). The
basins were filled up with sediments transported by
rivers from the rising. Alpine—Carpathian orogen. In
deltaic to lacustrine environments clays and sands
were deposited, reaching a thickness up to 1000 m in
the Vienna basin and 4000 m in the Danube basin
(Adam and Dlaba&, 1969; Jificek and Seifert, 1990;
Vass et al., 1990).

During the Pliocene the uplift of the Eastern Alps
and Western Carpathians accelerated, leading to ero-
sion of the Miocene deposits in the northern parts of
basins. Subsidence in the central and southern part
led to further accumulation of river and lake deposits
in the Vienna and Danube basins. Prominent exam-

ples are the Mitterndorfer and Zohor—Plavecky
Mikulas, grabens in the Vienna basin and the
Gabclikovo depression in the Danube basin, where
the Pliocene deposits reach a thickness of up to
1200 m (GaZa, 1984).

3. Subsidence analysis

We have reconstructed the subsidence history of
the Vienna and Danube basins by backstrippin% more
than 90 wells using stratigraphic data from Spicka
(1969), Biela (1978a, b) and Nagymarosy (1981).
The backstripping procedure removes the effect of
sediment loading and compaction from the basement
subsidence, allowing quantification of tectonic basin
subsidence (Bond and Kominz, 1984). The amount
of decompaction is calculated using empirical poros-
ity /depth relations for the specific lithology of each
layer. Local isostatic behaviour of the lithosphere is
assumed. The input for this computation is specify-
ing of stratigraphic data: sediment type, age, thick-
ness and lithologic characteristics bearing on poros-
ity /depth relations as well as density for each lithol-
ogy (cf. Kooi and Cloetingh, 1989; Peper and Cloet-
ingh, 1992). We have not incorporated palacowater-
depth changes in this study since sedimentological
data indicate no significant changes in palacowater-
depth. We have also refrained from the incorporation
of changes in relative sea level, since both basins
have been separated from the world ocean after 10.5
Ma (Steininger et al., 1988).

3.1. The Vienna basin

The Vienna basin consists of a system of horsts
and grabens. The uplifted blocks along the western
and eastern basin margin are separated from deep
depressions by faults with large displacements. The
central axis of the basin is marked by an elevated
zone with a sigmoidal shape which disappears in the
southern part of the basin (Wessely, 1988; Sauer et
al., 1992).

Geographically the Vienna basin is subdivided in
three parts. The northern part covers the area north
of the Kuty graben (Fig. 2). The central part extends
from the Kuty graben to the Schwechat depression,
including the Zistersdorf depression. The southern-
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most part of the Vienna basin, which is not included
in this study, covers the area south of the Schwechat
depression, including the Wiener-Neustadt basin and
the Mitterndorfer depression (Fig. 2).

The pre-Neogene basement of the western part of
the Vienna basin is built up of the Flysch Zone on
top of the accretionary wedge, in front of the
palaeoalpine orogen (Eli¥ et al., 1990). The nappe
pile of the Northern Calcareous Alps, tectonically
overlaying the Central Alpine and Central Western
Carpathian units, represents the basement of the
eastern part of the Vienna basin (Wessely, 1992).

In order to eliminate the influence of movements
of individual fault blocks we established seven sub-
areas, based on the locations of the wells in the basin
and the overall shape of the subsidence curves (Fig.
2). In the northern part of the Vienna basin, we
distinguished between the Stefanov area (I, 1) and
the area of Studienka (IV). On the eastern side of the
basin, built up mainly of units of the Northern
Calcareous Alps, we distinguished the Studienka (I1T)
and Malacky (V) areas. Area III is located in the
northern part of the Vienna basin and area V repre-
sents the northern part of the central Vienna basin,
Area VI represents the southern part of the central
Vienna basin, located in Austria. The basement of
area VII, located on the western flanks of the basin,
consists of flysch nappes. The tectonic subsidence
patterns for the different wells are depicted in Figs.
4a-4f.

The first sediments deposited in the Vienna basin
are of Eggenburgian age (22 Ma). This phase of
shallow subsidence lasted until the end of Ottnan-
gian. For Karpathian times (17.5-16.5 Ma) the sub-
sidence curves document a rapid increase of subsi-
dence. With the exception of some wells on the
northwestern flanks (Moravian part VII) and on the
northeast edge of the Vienna basin (Stefanov area I)
all wells display a contemporaneous onset of 300—
600 m of tectonic subsidence along the eastern flanks
of the basin.

The change from one subsidence mode to the
other is more abrupt in areas situated on the eastern
margin of the central depression (Studienka III and
Malacky V). In the central parts of the basin (areas
1II, V and VI) subsidence then changes to a more
gradually decreasing mode during the next 10 Ma
(Fig. 4). The subsidence curve has a concave shape,

which is steeper in areas located more to the south.

On the northwestern flanks of the Vienna basin
(Moravian /Flysch part VII) a shift of the onset of
tectonically controlled subsidence to early Badenian
is observed, similarly as found for some wells in the
Austrian part of the basin (area VI). For the Bade-
nian a gradually decreasing subsidence mode is ob-
served.

In some of the wells situated in the northeastern
part of the Vienna basin (Stefanov area I, Ib, and
Studienka II area) a second phase of increased subsi-
dence occurs in the late Badenian—early Sarmatian
causing 100-300 m tectonic subsidence between
14.0 and 13.0 Ma.

The third phase of increased subsidence at the end
of the Late Miocene and beginning of the Pliocene
(7-4 Ma) is recorded in the central part of the
Vienna basin and in some wells in the southern part
of the basin (Malacky area V and Austrian part VI).

The most important differences in the subsidence
history displayed in Fig. 4 occurred after the first
phase of subsidence increase. In the northernmost
areas, tectonic subsidence abruptly stops at 17 Ma,
only to be renewed by the small event at 14-13.5
Ma. In contrast to the subsidence record on the
western and eastern flanks of the basin and in its
central-southern part, subsidence only slowly de-
creases after 17 Ma.

The structural and palaeogeographical analyses of
the Vienna basin (Jifi¢ek and Tomek, 1981; Royden,
1985; Wessely, 1988; Tomek and Thon, 1988;
Jificek, 1988; Jificek and Seifert, 1990; Fodor et al.,
1990; Koval et al., 1993¢) indicate a major wrench-
ing event which opened the Vienna basin during the
Karpathian. NE-SW left-lateral strike slips located
in the basement along the eastern margin of the basin
played the most important role (Fig. 3). Reactivation
of early Badenian faults with the same orientation
(Roth, 1980) trending along the western flanks of the
basin occurred (Fig. 3). During the Middle Miocene,
NE~-SW and NNE-SSW normal faults with large
displacements played a dominant role.

The wells Lednice (Led) and Josefov (Jo), situ-
ated in the Moravian part (Flysch Zone, area VII) of
the Vienna basin show a very shallow subsidence,
possibly relating to a thin-skinned origin. The wells
Bfeclav (Br) and Hru$ky (Hr), in the same area,
show a subsidence history very similar to that estab-
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lished for the Austrian part of the basin (area VI).
The wells are situated above the Steinberg fault,
which penetrates the basement of the basin
(Bohemian Massif). A similar situation occurs at the
Schrattenberg fault (Wessely, 1988). It is likely that
the subsidence was here mainly controlled by plat-
form flexure due to Carpathian nappe pile overthrust-
ing.

The second phase of tectonically controlled subsi-
dence (14-13.5 Ma) is contemporaneous with the
sigmoidal bending (sinistral strike slip) of the Klip-
pen Belt in the central part of the Western Carpathi-
ans (Koval and HSk, 1993). Sedimentation in the
northwestern part of the basin was controlled by
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ENE-WSW-trending sinistral strike slip faults and
NE-SW normal faults. This caused the opening of
the Kovalov depression in the northern part of the
Vienna basin and the widening of the Moravian
central depression. The subsidence of this part of the
basin was accompanied by a marine transgression to
the northernmost regions of the Vienna basin (Jificek
and Seifert, 1990).

The last, Pontian to Pliocene, phase (7-4 Ma) of
accelerated subsidence corresponds to the opening of
the grabens along the eastern margin of the Vienna
basin: the Wiener-Neustadt basin, Mitterndorf and
Zohor-Plavecky Mikuld¥ grabens. They are sepa-
rated by large faults from the eastern margin—Leitha
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Fig. 4. Diagrams showing the tectonic subsidence history for the different subareas in the Vienna basin. Note the different patterns,

coherency inside study areas and coeval onset of warping.
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and Malé Karpaty Mts. The documented extension is
continuing to the present day, accompanied by seis-
micity (Gutdeutsch and Aric, 1988).

3.2. The Danube basin (Danube lowland and Little
Hungarian Plain)

The Danube basin consists of subbasins (Figs. 2
and 3), e.g., four fingerlike protrusions, from west to
east; the Blatné, the RiShovce, the Komjatice and the
Zeliezovce depressions and a depression in the cen-
tral part of the basin (Gab&fkovo depression) (Vass
et al., 1990).

The pre-Neogene basement of the Danube basin is
formed by the Central Western Carpathian unit in the
northern part (Fusdn et al., 1987) and the Central

Alpine and North Hungarian Pelso units (Fiildp et
al., 1987) in the southern part.

The tectonic subsidence patterns for the different
wells are depicted in Fig. 5. Based on the locations
of the wells in the basin and the shape of the
subsidence curves seven sub-areas were distin-
guished: the Blatné depression (I), Ri¥fiovce depres-
sion (II), the western flanks of the Danube basin
(I11), the Komjatice depression (IV), the Zeliezovce
depression (V), the Hungarian central and southern
parts of the basin (VI) and the area of neovolcanites
(VID.

In the Eggenburgian (22 Ma), sedimentation be-
gan only in the northwestern part of the Danube
basin. This phase of shallow subsidence (area 1)
lasted until the end of the Ottnangian. Rapid subsi-
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dence during the Karpathian (17.5-17 Ma) can be
observed in some wells on the western flanks of the
basin (Blatné depression and area IID). This is fol-
lowed by a short period without tectonic subsidence
until the middle Badenian (15.5 Ma).

During the early Badenian, subsidence begins in
the Zeliezovce depression (area V) situated on the
eastern margin of the Danube basin. The tectonic
subsidence is almost restricted to one initial phase
with relatively high subsidence rates lasting from
16.5 until 15.5 Ma.

Rapid tectonic subsidence is documented in the
Blatné depression (area I) during the middle Bade-
nian (15.5-15 Ma). This is followed by a period of
gradual slow to zero tectonic subsidence until the
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Fig. 5. Diagrams showing the tectonic subsidence history for the different subareas in the Danube basin.

last, less pronounced, phase of increased subsidence
at about 7-4 Ma.

In the central part of the Danube basin the second
phase of increased subsidence lasts from 15.5 until
14 Ma, followed by a period of gradual subsidence.
A last phase of rapid subsidence occurs again from
about 7 until 4 Ma, recorded in most of the subsi-
dence curves for this area.

At 15.5 Ma the subsidence in the RiShovce and
Komjatice depressions (areas Il and IV) starts. These
areas show a general decreasing trend in subsidence
starting in the middle Badenian. Similarly to other
areas at about 7-4 Ma a phase of increased tectonic
subsidence is observed.

The last phase of enbanced subsidence lasting
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Fig. 5 (continued).

from the Late Miocene until the Pliocene (7-4 Ma)
culminated during the Pontian. This phase is con-
nected with the subsidence of the central part of the
Danube basin, suggesting a tectonic control.

4. Interpretation

The structural and palaeogeographical analyses
document a common evolution of the present Vienna
basin, northern part of the Malé Karpaty Mts., north-
western part of the Danube basin (Blatné depression)
and the eastward-situated Banovce depression during
the Early Miocene (Kova¢ et al., 1989a, 1991, 1993a,
b; Nemdcok et al., 1989; Marko et al., 1990, 1991;
Fodor et al., 1990).

Opening of the Eggenburgian basins was con-
trolled by ENE-WSW-trending dextral strike-slip
faults and NW-SE normal faults associated with
N-S sinistral strike slip faults and NE-SW-trending
back thrusts. The transpressive regime, with a NW~
SE-oriented main compression axis, is mirrored in
the small size of basins and slow subsidence as
documented by the backstripping analysis (Fig. 5).

The northwards escape of the Central Western
Carpathians during the Karpathian indicate a major
wrenching event which opened the Vienna basin.
This event, characterised by a palaeostress field with
N-S-oriented main compression was recognised also
in the northwestern part and western flanks of the
Danube basin. The most important role is played by
NE-SW left-lateral strike-slip faults in the basement
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along the western margin of the basin. Right-step-
ping faults caused gradual closing of the Dobra Voda
and Jablonica depressions (at present belonging to
the northern part of the Malé Karpaty horst structure).
Left-stepping faults opened the Blatné depression
(Fig. 3).

The oblique collision of the Western Carpathians
was accompanied by a counter-clockwise rotation
during the early Badenian (Tdnyi and Kov4Z, 1991).
During this phase, an interruption of deposition in
the northwestern part of the basin (Blatné depres-
sion) occurs. In the more southward-situated Zelie-
zovce depression, however, the tectonic subsidence
is restricted to this phase with relatively high subsi-
dence rates. The sedimentation was affected by a
NNE-SSW- to NE-SW-oriented compression (Vass
et al.,, 1993). A dominant role was played by the
NW-SE- to NNE-SSW-running normal faults. Acti-
vation of N—S to NNE-SSW sinistral strike-slip
faults and WSW-ENE dextral strike-slip faults can
not be excluded (Kovad and Hék, 1993).

Following the eastward migration of the Alpine—
Carpathian collision with the North European plate
during the Miocene, associated with migration of the
last overthrusting along the Carpathian front (JiffCek,
1979) a rotation of the palaeostress field is observed
in the Central Western Carpathians during the
Miocene. From the middle Badenian onward, sedi-
mentation in the depocentres of the northern parts of
the Danube basin was affected by a palaeostress field
with a NE-SW-oriented main compression (Nemcok
et al., 1989; Csontos et al., 1991; Nemdcok, 1993;
Vass et al., 1993). In the Blatné depression, ENE-
WSW sinistral strike-slips developed, and the earlier
NE-SW-oriented faults were reactivated as normal
faults, similar to the Vienna basin (Marko et al.,
1991; Koval et al., 1993a). The difference between
the rapid subsidence in the Blatné depression and a
long period (10 Ma) of slowly increasing subsidence
in the RiShovce and Komjatice depressions from the
middle Badenian to Pannonian can be explained by a
preferred activation of normal faults in the last two
depressions. A similar, preferential activation of
NE-SW normal (listric) faults (P&nickovd and
Dvofakova, 1985; Tari et al., 1992; Vass et al..
1993) is suggested by the resuits of the backstripping
analysis of the western flanks, Hungarian central and
southern part of Danube basin during the Middle and

Late Miocene (Fig. 5). Apart from this phase which
affected the entire basin, the last phase of increased
subsidence (7-4 Ma) is more pronounced in the
Hungarian part, suggesting a tectonically controlled
acceleration of subsidence during the Pontian, even
during the Pliocene.

Recent results of deep seismic investigations of
the Danube basin (HruSecky et al., 1993) document a
NNE-SSW-trending strike-slip fault zone in the cen-
tral, Gablikovo depression with a negative flower
structure in the Sarmatian and Pannonian sediments.
The backstripping analysis presented above, shows
an active phase of tectonic subsidence in the nearest
situated well Koldrovo K-2 (area 1V) for the Sarma-
tian /Pannonian and Pontian /Pliocene boundaries.

The subsidence patterns of the Blatné depression
(area I) and the Zeliezovce depression (area V) are
remarkably different from the other subbasins. In this
respect they show distinct phases of increased subsi-
dence, followed by periods of relatively slow subsi-
dence. In contrast in the Ri$hovce and Komjatice
depressions (areas II and IV), as well as in the
Hungarian central and southern parts of the Danube
basin (area VII), the gradually decreasing subsidence
trend is the most prominent feature.

According to the pure-shear stretching model
(McKenzie, 1978), the rapid increase of subsidence
can be explained in terms of extensional phases,
whereas the gradual decreasing subsidence is at-
tributed to thermal subsidence. The subsidence pat-
tern is consistent with asymmetrical subsidence
(Wernicke, 1985) along a large-scale SE-dipping
fault system along the western margin of the Danube
basin (Fusdn et al., 1987; Dank and Fuldp, 1990;
Tari et al., 1992). Asymmetrical extension along this
fault system explains the absence of a thermal phase
in the Blatné depression and the absence of an initial
phase in the eastward-situated Ri¥hovce, Komjatice
and Gabcikovo central depressions. The western part
of the basin (area II) forms an intermediate area,
with both initial and thermal subsidence.

5. Forward models

In the following section we present the results of
forward modelling of basin subsidence. Adopting a
modified McKenzie stretching model, incorporating



A. Lankreijer et al. / Tectonophysics 252 (1995) 433451

the effects of laterally changing stretching parame-
ters. We developed for the Vienna and the Danube
basins a first-order model, to test our hypotheses on
the basin evolution and underlying lithosphere. Cal-
culated subsidence curves for varying crustal and
subcrustal stretching and different basin geometries
(basin width, thickness of the crust and lithosphere)
are compared with the subsidence histories recon-
structed from backstripping analysis.

5.1. Vienna basin

The subsidence patterns derived from backstrip-
ping in the Vienna basin demonstrate a trend of
increasing thermal subsidence in a southward direc-
tion. Throughout the entire basin an initial subsi-
dence phase can be observed. Fig. 6a shows a com-
parison of the observed subsidence and the subsi-
dence predicted by the forward model. For the north-
ern part of the Vienna basin (areas 1 and IT) a model
with 6 (crustal extension factor) from 1.04 (4%
extension) to 1.10 (10% extension) and B (sub-
crustal extension) of 1.0 (no subcrustal extension)
produced the curve of Fig. 6a. The 1.04 > 6> 1.05

NORTHERN PART VIENNA BASIN
(thin-skinned extension)

Subsidence data from area II
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% 1.2 ~ deled tectonic subsid B
----=--- observed tectonic subsidence
14 | .
1.6 | .
250 200 150 100 5.0
a) age (Ma)

445

is an average for extension in the entire 30-km-thick
crust. Seismic profiles and structural interpretation
(Tomek and Thon, 1988; Wessely, 1988; Cekan et

, 1990; Hamilton et al., 1990) suggest that exten-
sion only occurred in the uppermost 4 km of the
crust (thin-skinned extension). Limiting the exten-
sion to the upper 4 km of the crust implies that the
extension factor for this part of the crust should be
much larger in order to produce the same amount of
subsidence.

For the central and southern part (area VI), a
model of whole lithospheric extension has been
adopted, in order to explain the large amount of
thermal subsidence and the initial 700 m of tectonic
subsidence. This is consistent with Wessely’s sug-
gestion that extension in this part of the Vienna basin
is not restricted to the allochthonous thrust sheet, but
extends into the autochthonous basement.

We developed a model with a relatively narrow
basin (30 km) adopting B (subcrustal extension)
between 1.4 and 1.6 and & (crustal extension) of 1.2
to 1.3. This geometry allows a rapid (20 Ma) equili-
bration of the thermal anomaly induced by litho-
spheric stretching due to high lateral heat flow. This

SOUTHERN PART VIENNA BASIN

(deep extension)

Subsidence data from area VI

Fig. 6. Thin-skinned versus whole lithospheric extension in the Vienna basin. Comparison between subsidence trends in the northern and
southern part of the basin and results from forward modelling. (a) Comparison between observed subsidence in area Il and subsidence
history derived from forward modelling of a thin-skinned model. (b) Comparison between observed subsidence in area VI and subsidence
history derived from forward modelling of a whole lithospheric extension model.
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produces the pattern of gradually decreasing post rift
subsidence. The subsidence patterns predicted by this
model are compared to the observed subsidence pat-
tern in Fig. 6b. Geological data and seismic profiles
(Wessely, 1988; Tomek and Thon, 1988; Rumpler
and Horvith, 1988) support the geometry of this
model.

It should be noted that the numbers presented here
are the result of a simple 2-dimensional model.
Therefore the trend and not the exact magnitude of
extension is of prime importance here. The mod-
elling suggests for the Vienna basin a transition from
thin-skinned extension in the northeastern part to
whole lithospheric extension in the central and
southern parts.

The youngest extension phase (7.0—4.0 Ma) in the
Vienna basin has not been incorporated in our mod-
elling. This does, however, not affect the predicted
evolution before 7.0 Ma.

A model invoking thin-skinned extension predicts
subsidence curves (Fig. 6a) which are consistent with
the data in areas II and IV. The modelled extension
values are in relative accordance with values ob-
tained by Royden and D&vényi (1988) for the Vi-
enna basin as a whole (6= 1.25 and 8= 1.00)
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5.2. Danube basin

Fig. 7 shows the results of the modelling of the
Danube basin. The model for the Blatné depression
is based on two crustal extension phases, starting at
respectively 18 Ma and 16 Ma and both lasting for |
Ma. We attributed a crustal extension factor (§) of
1.10 to the first and 1.14 to the second extension
phase in order to obtain the best fit to the maximum
observed subsidence in this area. Here also an initial
crustal thickness of 30 km was adopted. The sub-
crustal extension factor was taken to be 1.00.

For the RiShovce depression we adopt a sub-
crustal extension phase, with a 8 between 1.4 and
1.6. The extension phase starts at 15 Ma and lasts for
I Ma. The crustal extension factor (§) for both
extension phases is estimated between 1.15 and 1.3.

Both models produce a good fit to the observed
subsidence histories and support the existence of
thin-skinned extension in the northern part of the
Vienna basin and the Blatné depression and whole
lithospheric extension in the southern parts of both
basins. It should be noted that the models do not
account for flexural-isostatical responses of the
lithosphere and only a relatively simple basin geome-

deep extension)
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Fig. 7. Thin-skinned versus whole-lithospheric extension in the Danube basin. Comparison between subsidence trends in two parts of the
basin and results derived from forward modelling. (a) Comparison between tectonic subsidence in the Blatné depression and results from
forward modelling of a thin-skinned plate, using two subsequent stretching phases with a crustal extension factor 6 and a no-subcrustal
extension ( 8 = 1.00). (b) Comparison between tectonic subsidence in the eastern (Risnovce) part of the Danube basin and results derived
from forward modelling of extension, with 8 (subcrustal extension) between 1.4 and 1.6 and & (crustal extension) between 1.15 and 1.30.
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try has been used. The 8 and o factors are first-order
indications for the amount of extension. High-quality
seismic data are required to provide better con-
straints on the basin-geometry and the stratigraphic
infill necessary for the construction of a model incor-
porating flexure and finite strength of the lithosphere
during extension (Kusznir and Egar, 1989; Kooi et
al., 1992; Janssen et al., 1993; Van der Beek et al.,
1994; Van Balen et al., 1995).

The crustal extension values are is good agree-
ment with the estimates obtained by Royden and
Dovényi (1988) for crustal extension in the western
Danube basin (1.23) and the central and eastern
Danube basin (2.08-1.75). However, the concept of
non-uniform stretching and especially the important
role of subcrustal stretching for the Danube basin
was not taken into account in this previous study.

6. Discussion and conclusions

The subsidence curves for the Vienna and Danube
basins exhibit differences inside the specified areas
due to small-scale block movement superimposed on
a large-scale trend of different behaviour of the
lithosphere. The block movements creating the
graben and horst structures of the Vienna and Danube
basins basement (Péni¢kova and Dvofdkova, 1985;
Hamilton et al., 1990) do not obscure the general
subsidence trends. The timing of the main subsi-
dence phases in both the Vienna and the Danube
basins are remarkably similar.

The Early Miocene sedimentation started in a
transpressive regime with N—S compression, and
NW-SE compression documented in front of the
western part of the Carpathians (Nem&ok et al.,
1989), due to Miocene rotation (Tidnyi and Kovad,
1991).

The first, Karpathian extensional phase (17.5-16.5
Ma) in the Vienna basin and along the western
margin of the Danube basin coincides with the end
of the oblique collision between the Bohemian Mas-
sif and the overriding Carpathians. It is marked by
the last overthrust movements in the western part of
the Western Carpathians loop (Jifi¢ek, 1979) fol-
lowed by the evolution of the foredeep along the
whole Western Carpathian front (Oszczypko and
Slaczka, 1989). This phase opened the grabens

(pull-apart) with depocentres in the northern part of
the present Vienna basin and in the Blatné depres-
sion following the zone of tectonic escape of the
Carpathian lithospheric fragment. The principal dis-
placement zone was along the Malé Karpaty Mts. as
shown by geophysical data (Fusén et al., 1979).

Detachment of the subducting slab (Tomek and
Hall, 1993) was followed by mantle upheaval and
partial melting of crust, documented by the Miocene
volcanic activity (Lexa et al., 1993) in the Western
Carpathian hinterland. Mantle upheaval coincides
with the second extensional phase (15.5-15.0 Ma) of
tectonic subsidence, recorded in the northwestern
(Blatné) part of the Danube basin and the onset of
gradually decreasing subsidence in the Vienna and
the central and southern parts of the Danube basin.

The tectonic subsidence in the northeastern part of
the Vienna basin during the late Badenian—-Sarma-
tian (14.0-13.5 Ma) can be considered as migration
of subsidence to an external zone of mantle up-
heaval. During this time the last overthrust move-
ments took place in the eastern part of the Western
Carpathian front (Jificek, 1988) associated with the
large subsidence in the eastern part of the foredeep
during the early Sarmatian (Oszczypko and Slaczka,
1989).

The last extensional phase (7-4 Ma), which can
not be observed in all wells, can be related to
thermal collapse associated with uplift of the orogen
and accelerated subsidence in the Pannonian basin
(Royden et al., 1983; Becker, 1993). An alternative
explanation invokes the evolution of a secondary sag
basin not superimposed on the other grabens in the
Wernicke model (1985) of heterogeneous stretching.

In the northernmost areas of both basins the ob-
served subsidence patterns reflect a shallow exten-
sion mechanism that can be interpreted as a thin-
skinned pull-apart basin origin. For the southern part
of the Vienna basin thin-skinned tectonics alone can
not easily explain the observed subsidence pattern.
Our forward modelling indicates that lithospheric
extension and post rift subsidence due to cooling of
the extended lithosphere is a very plausible mecha-
nism to explain the concave shape of the subsidence
curves in the southern parts (Figs. 6b and 7b).

Royden (1985) proposed thin-skinned pull apart
extension of the nappe pile as a mechanism for
subsidence of the Vienna basin, regarded as a typical
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example of thin-skinned tectonics. Based on the
observation that some of the faults (e.g., Steinberg,
Leopoldsdorf fault) extend into the basement Wes-
sely (1988) already suggested a modification of this
interpretation with respect to the tectonic level to
which extension occurred.

*He / *He ratio’s measured in geothermal waters
from northwestern Hungary indicate a substantial
component of mantle-derived helium (Dedk et al.,
1988), indicating mantle involvement and a conduit
to the mantle.

Our modelling results on the depth of extension in
the Vienna basin partly agree with Royden and
Dovényi (1988), confirming their observation of an
increase in the depth of extension away from the
Carpathian thrust front. In contrast to their findings
our analysis demonstrates the existence of whole
lithospheric extension in the Vienna and Danube
basins.

Heat-flow values predicted for our values of litho-
spheric extension are in good agreement with the

observed heat-flow of 65 mW /m? (Vienna basin)
and 80 mW /m? (Danube basin) (Kral et al., 1985).

Subduction-zone roll back (Royden et al., 1983)
is regarded as one of the driving mechanisms for
extensional basins in the overall compressional set-
ting of the Carpathians. This mechanism produces
different overall amounts of extension in the litho-
sphere with respect to the crust. The existence of
large-scale detachment zones (Tomek and Hall, 1993;
Tomek, 1993; Fig. 8) underneath the Vienna basin
also points towards a non-uniform extension model
(Royden and Keen, 1980).

A subduction—delamination model has been pro-
posed for this region (Morley, 1994) explaining the
difference in crustal and subcrustal extension, but a
migration of extension towards the foreland, which is
commonly associated with this model, has not been
observed.

Our subsidence analysis supports a non-uniform
extension model (Wernicke, 1985) for the Vienna
and Danube basins, where a decoupling exists be-

North European platform § Central Western Carpathian TRANSDANUBIAN
Basement > Basement CENTRAL RANGE
Flysch zone Northern § (Central Alpine Basement)
NW Basement  (Calcareous | 5 SE
Alps ©
FOREDEE = DANUBE- LITTLE HUNGARIAN PLAIN BASIN

VIENNA BASIN

'}

orth European platform £33

Bohemlan Masslf

Central Western

Carpathlan-Tatric m Fiysch Zone

] Central Western ] Pelso Unit
Carpathlan-Veporic

Penninlc - Vahlc

@ Northern Calcarecus
Alps

Neogene sediments

Fig. 8. Idealized sketch of cross-section through the Carpathians and the related basins, partly based on deep seismics (Tomek, 1993), for

location see Fig 1. Approximate lenght of profile 250 km.



A. Lankreijer et al. / Tectonophysics 252 (1995) 433451 449

tween lithospheric and crustal extension. The exten-
sion is (at least in the upper part) accommodated
along strike-slip faults. A mechanism of reactivation
of older faults (Tari et al., 1992) accommodates the
rotating stress field (Nemd&ok et al., 1989; Csontos et
al., 1991).

For the Danube basin evolution, a similar process
is expected, with an east-dipping listric fault below
the Danube basin and minor faults branching of to
the surface creating the individual subbasins. A simi-
lar model has been proposed for the Pannonian basin
(Gyorfy, 1992).

Taking into consideration the Moho depth, thick-
ness of the lithosphere, heat flow and thickness of
Miocene deposits in the Vienna and Danube basins
(Babuska et al., 1987, Meissner and Stegena, 1988;
Dévényi and Horvéth, 1988; Jificek and Seifert,
1990; Becker, 1993), the low-angle extensional fault
model appears to be capable to explain the Vienna
and Danube basin evolution.
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