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ABSTRACT

The current paper focuses on the construction of an integrated 3-D model comprising the most important fault systems of the Vienna pull-
apart basin. The model is constructed from geological interpretations of 3-D seismic data, digitized structural maps of the pre-Tertiary
basin floor, Quaternary thickness maps, earthquake and digital elevation data. The spatial model is used for the assessment of the
Miocene and Quaternary fault kinematics. The results indicate several important differences between Miocene and active tectonics,
although both deformations occurred under grossly similar boundary conditions.

Miocene deformation is characterized by the formation of a thin-skinned pull-apart basin, which subsides at a major left overstep of the sinistral
Vienna Basin transfer fault extending from the Eastern Alps (Mur-Murz Fault) into the Outer Carpathians. Large-scale fault modeling of this
basin indicates that the position of both oversteps and the pull-apart is spatially linked to the morphology of the overthrust autochthonous
European basement below the thin-skinned fault system. The thickest growth strata inside the pull-apart accumulate adjacent to the Steinberg
normal fault system, which forms the major kinematical linkage between the overstepping strike-slip faults. Main subsidence during the Lower
Sarmatian and the Lower Pannonian occurs in the centre of the pull-apart between the Steinberg and Bockfliess Faults.

During Quaternary deformation many of the Miocene faults are reactivated. Quaternary sedimentary basins, tectonic geomorphology and
seismicity patterns highlight the recent sinistral transfer fault, which is located at the eastern border of the Miocene pull-apart. This active
strike-slip fault shows up as an almost linear feature without major oversteps continuing from the Mur-Murz Fault into the Little
Carpathians. Small-scale releasing bends along this fault are aligned with negative flower structures, which contain thick Quaternary
basins (Mitterndorf- and Lassee Basin). Active normal faulting with slip rates far below the Miocene ones occurs at faults in the hanging-
wall of the Steinberg Faultin the central Vienna Basin and likely on the Steinberg Faultitself. These faults seem to be kinematically linked to
the active strike-slip fault via a common detachment plane. The normal faults, however, do not link between major overstepping fault
segments as previously in the Miocene but can be understood as part of a large scale asymmetric flower structure.

Die Arbeit enthalt ein integriertes 3-D Modell der wichtigsten Stérungssysteme des Wiener Beckens, das aus geologischen
Interpretationen von 3-D Seismik, digitalisierten Strukturkarten des Beckenuntergrundes, Quartarméachtigkeitskarten, Erdbebendaten,
sowie einem digitalen Gelandemodell abgeleitet wird. Das raumliche Modell bildet die Grundlage fiir die Bewertung der Kinematik der
abgebildeten Stérungssysteme. Die Interpretation der in ihrem raumlichen Zusammenhang visualisierten Daten deutet darauf hin, dass
sich miozane und quartare Kinematik im Wiener Becken zwar ahnlich sind, sich in einigen wichtigen Punkten aber unterscheiden.

Die miozane Kinematik ist durch die Bildung eines thin-skinned pull-apart Beckens an einer linksseitig Ubertretenden sinistralen
Transferstérung zwischen Ostalpen (Mur-Mirz-Stérung) und Karpaten gekennzeichnet. Die grofRraumige Stérungsmodellierung im
Bereich des Wiener Becken zeigt, daR die Position dieses Beckens zwischen Alpen und Karpaten durch die Untergrundstruktur des
Uberschobenen europaischen Plattenrandes bestimmt wird. Zwischen Unterem Sarmat und Unterem Pannon akkumulieren die
machtigsten syntektonischen Sedimente in der Hangendscholle des Steinberg-Bruchsystems, der die kinematische Verbindung
zwischen den Ubertretenden Seitenverschiebungen herstellt. Die machtigsten Sedimente liegen zwischen dem Steinberg-Bruch und dem
BockflieRer Stérungssystemim Zentrumdes pull-apart Beckens.

Im Quartar sind viele der miozénen Stérungen weiterhin aktiv. Die aktive sinistrale Transferstorung ist jedoch an den Ostrand des Wiener
Beckens verlagert, wie sich aus stérungsgebundenen quartaren Sedimentbecken, Geomorphologie und Seismizitat ableiten lasst. Das
quartére und rezente Transfersystem setzt sich geradlinig und ohne pull-apart Ubertritt in einer NE-streichenden Stérungszone in die
Kleinen Karpaten fort. Kleinere Releasing Bends an der Transferstérung sind durch Abschiebungen in negativen Blumenstrukturen
(negative flower structures) und machtige quartare Becken (Mitterndorfer Becken, Lasseer Senke) markiert. Die fortgesetzte, gegentiber
dem Miozén jedoch wesentlich langsamere Bewegung von Abschiebungen im zentralen Wiener Becken deutet auf die anhaltende
kinematische Koppelung des Steinberg-Bruches mit der seismisch aktiven Transferstérung Giber einen gemeinsamen Abscherhorizont hin.

1. INTRODUCTION

The understanding of processes, which are linked to crustal physical quantifications need as many quantitative constraints
deformation more and more relies on various balancing for the setup of appropriate models as possible. One major group
techniques as well as on physical modeling. Such structural and of important input data is the spatial geometry of geological



surface and subsurface structures. Well-defined three-
dimensional geometries of faults and stratigraphic horizons in
many cases put constraints on kinematical interpretations of the
processes, which are tight enough to discriminate between
alternative interpretations of formational mechanisms of certain
tectonic structures. Such well-elaborated spatial data therefore
already by themselves contain important kinematical and partly
even mechanical information on the processes active. The
integration of various datasets in a coherent 3-D data model is not
only regarded as a simple visualization tool but rather as a firm
basis for interpreting structural processes. Spatial visualization is
capable to shed light on the relation between structures, which is
sometimes not clearly detectable in map or cross sections.
Furthermore visualization serve as a tool to detect relations
between different data sets, which otherwise are hidden or unclear.
The purpose of this paper is to present an elaborated example
of spatial data integration from the surface and subsurface of the
Vienna Basin and the adjacent areas in Eastern Austria. Major
parts of the presented digital three-dimensional data base have
been created in the last three years using various sources of
geological and geophysical subsurface data including structural
maps (Kroll and Wessely, 1993; Wessely et al., 1993; Krdll et al.,
2001), 3-D seismic and well data by OMV, and earthquake data
(ZAMG, 2001, 2004). Data inte-
gration was performed to backup

faults. Strike-slip faults are characterized by NNE-oriented
extensional duplexes with overstepping NE-striking sinistral
faults, which are connected by N(NE)-striking oblique sinistral
faults. Such geometries are characteristic for both surface faults
and fault polygons depicted in subcrop maps and seismic data
(Decker, 1996). The main structures causing the rapid
subsidence of the Miocene pull-apart basin are faults located
close to the W and NW boundary of the basin such as the
Leopoldsdorf and the Steinberg Faults with up to 4.2 and 5.6 km
normal offset, respectively. These faults are kinematically linked
to the strike-slip systems and associated with growth strata,
which date the normal fault activity as Karpatian to Pannonian (c.
17 -8 Ma; Sauer etal., 1992; Fodor, 1995; Lankreijer et al., 1995).
The faults are thought to root in the Alpine-Carpathian floor thrust
(Royden, 1985; 1988; Wessely, 1988; 1993). The Miocene offset
along the fault system in the Mur-Mirz-Vienna Basin area has
been estimated with 30 -40 km (Fig. 2; Linzer etal., 2002).

The following chapters describe detailed spatial structural
models from the southern and central Vienna Basin with data
covering two distinct structural settings in the basin. These are
the major strike-slip system in the southern Vienna Basin and
the normal fault system close to the western boundary of the

central Vienna Basin.

interpretations on the active tectonics
of the Vienna Basin Transfer Fault.
The results of these studies have
been published elsewhere (Hinsch
and Decker, 2003; Decker et al,
2005; Hinsch et al., 2005). In the
present paper we focus on the
methodology of spatial data mo-
deling and on the workflow leading to
coherent 3-D data models containing
data of different types, origins and
reliabilities. Data examples and
resulting interpretations are discus-
sed in the frame of existing models of
the Vienna Basin system focusing on
some important differences between
the Miocene and recent kinematics of
the transfer system.

1.1. REGIONAL BACKGROUND

The Miocene Vienna pull-apart
basin evolved between two left-
stepping segments of a major
sinistral transform system with basin
subsidence starting during the Early
Miocene (Sauer et al., 1992). The
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FIGURE 1 : Tectonic map of the Vienna Basin and its surrounding. Synthesized from Geological Maps

of Austria (1:50.000), former Czechoslovakia (1:200.000), Fuchs and Grill (1984) and Kroll and Wessely

slip duplexes and by en-echelon
normal faults connected to strike-slip

(1993). The position of the 3-D seismic data volumes from OMV Austria AG, on which work has been done,
isindicated (southern block = 3D Moosbrunn, northern block =3D SAYMATZDUE).



2. ASSESSING THE SPATIAL FAULT AND HORIZON
GEOMETRY IN THE VIENNA BASIN

In this paragraph the database, the interpretation and the
structural modelling leading to a subsurface spatial model of the
Vienna Basin and surroundings are described. Main inputs come
from 3-D seismic interpretations of data, which have been
provided by OMV AG, Austria. Additional published data is
integrated to provide a framework for visualization and regional
kinematical interpretation. Data is integrated in the discrete
modeling software GOCAD after being constructed or
elaborated by other applications. These processing steps are
discussed in the following chapters.

2.1. FAULT AND HORIZON MAPPING IN THE sOU-
THERN VIENNA BASIN (3-D SEISMIC BLOCK
MOOSBRUNN)

The time migrated 3-D reflection seismic block Moosbrunn
images the Miocene basin fill of the southern Vienna Basin with a
coverage of ¢. 190 km? and a recording time of 3 s TWT (Fig. 2).
Stratigraphic ties ofimaged horizons are provided by 3 wells (Fig.
2; all data by OMV AG, Austria). The 3-D block has been
thoroughly mapped with respect to fault geometries and
stratigraphic horizons. The main objective of that work was to
map the seismotectonically active faults by integrating the
seismic interpretation with near surface data on the tectonic
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FIGURE 2:3-D seismicinterpretation in the southern Vienna Basin (3D Moosbrunn of OMV Austria AG), for location see Figure 1.
a) Seismic section (left) and interpretation (right) revealing a negative flower structure. Vertical exaggeration is approx. 2.5 at 2s TWT (modified from Hinsch

etal., 2005).

b) Time slice (left) and interpretation revealing a complex fault system of strike slip and normal faults attributed to sinistral transtensional movements on a

master faultat depth.



geomorphology and Quaternary sediments, which accumulated
in fault-bounded basins. The main results are published by
Decker et al. (2005) and Hinsch et al. (2005). Additional detailed
stratigraphic interpretations of the eastern part of the 3-D block
revealed a refined sequence stratigraphy framework for the
Miocene of the southern Vienna Basin (Strauss et al., 2004,
2005). The stratigraphic architecture derived from these
analyses provide good time constraints for the complex history of
faulting in that part of the Vienna Basin.

Figure 2 shows examples of the 3-D seismic data Moosbrunn
and its interpretation. Cross-lines reveal a negative flower
structure with boundary faults, which converge to depth (Fig. 2a).
The central part of the structure is vertically displaced forupto 1s
TWT with respect to the boundaries of the fault zone. Throughout
the cube Neogene sediments are imaged by continuous
reflectors, while the pre-Neogene basement is somewhat noisy
without major reflections. According to Wessely et al. (1993) the
basement is formed by Austroalpine
thrust sheets (Calcareous Alps:
west of the 3-D survey; Paleozoic
Grauwacken Unit: central part of the
basin; Austroalpine crystalline units:
eastern part).

Fault traces of the depicted flower
structure have been systematically
mapped in cross-lines at a spacing of
125 m. In complex areas more cross-
lines with closer spacing were used.
The correlation of fault traces
considered faults mapped in cross-
lines, time slices and seismic attribute
maps. Map-views of the fault system
display a major fault zone in the
central part of the block and several
branch faults (Fig. 2b). Intense
fracturing along the major faults is
indicated by low reflectivity and offset
non-continuous reflections. Several
minor faults branch off from the main
fault zone in an en-echelon-pattern.
The poor reflectivity imaged in a large
part of the northern portion of the time
slice, however, is due to seismic
acquisition rather than to structural or
stratigraphic changes. The lower
quality results in fault traces, which
are somewhat more ambiguous than
those mapped in the southern part of
the block.

In order to quantify vertical fault
displacements and to visualize fault
offsets a stratigraphic horizon has
been mapped in the seismic data
(Fig. 2a). The horizon chosen is
the top of the Upper Sarmatian
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(c. 11.5 M yrs), which can be mapped in all fault-bounded blocks
of the seismic data by seismic pattern and sequence analysis
with adequate accuracy.

2.2. FAULT AND HORIZON MAPPING IN THE CEN-
TRAL VIENNA BASIN (3-D SEISMIC BLOCK SEYRING-
MATZEN-DURNKRUT)

The 3-D block SAYMATZDUE of OMV AG is a merged time
migrated 3-D reflection seismic dataset covering large parts of the
central Vienna Basin with an extent of about 840 km®. The fault
and horizon model presented here is mainly based on an
interpretation campaign, which was conducted on in-house
systems of OMV (Hinsch, 2003). In order to get information on the
Miocene to younger deformation history that is imaged in the
seismic data a lower Sarmatian and a lower Pannonian horizon,
which is relatively close to the surface (0 - 750 ms TWT), is
mapped. Figure 3 shows an example of the seismic interpretation.

10 15 km

10 15 km

FIGURE 3: 3-D seismic interpretation in the central Vienna Basin. Seismic section (top) and
interpretation (lower) revealing a part of the extensional fault of the Miocene pull-apart evolution. 1.Lw.-Pa.
=Top First Lower Pannonian; Lw.-Sarm = Top Lower Sarmatian; Vertical exaggerationis approx.2.4 at2s
TWT. 1: Aderklaa-Bockfliess Fault System; 2: Bisamberg Fault; 3: Alpine floor thrust.



Horizon mapping is amended by an ample fault trace interpretation
(Fig. 3b), which is used to obtain a generalized fault model.
Cross-sections display a major east-dipping normal fault
(Bisamberg Fault) with syn- and antithetic normal faults deforming
the hanging wall (Aderklaa-Bockfliess Fault System, Fig. 3). The
fault system offsets the pre-Neogene basement for about 2.2 s
TWT (c. 3000 m; Fig. 3, km 8). Faults rooting in the former main
thrust of the alpine wedge, which is probably imaged in the lower
left part of the section. The five antithetic faults depicted show
distinct timing of fault activities during the Miocene with faults
becoming systematically younger towards NW (Fig. 3b). Offset
marker horizons show that slip at the south-eastern fault
terminated between the Upper Sarmatian and the Lower
Pannonian, which is not offset by the fault. The three antithetic

Vienna Vienna
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FIGURE 4:Modeling of faults and horizons from 3-D seismicinterpretation data.
a) Oblique view of an exaggerated digital elevation model of the area displayed in b-c. The city limits of

Vienna are given for orientation purposes. Vertical exaggeration =12.

b) Oblique view of the fault traces interpreted in reflection seismic surveys in the southern and central

Vienna Basin used for construction of fault surfaces.
c) Fault surfaces created from fault trace information, partly generalized.

d) Combined display of faulted horizons and fault surfaces, giving an instant visualization of fault

faults further NW offset the Lower Pannonian, but terminate in the
overlying sequence, and the north-western fault is traced upwards
tothe top of the seismically imaged layers (i.e., to c. 200 ms TWT).

2.3. MODELING OF MAPPED FAULTS AND HORIZONS

All fault traces interpreted from seismic data are imported into
GOCAD (Fig. 4b). The fault surfaces are created according to the
description in Appendix 3, accordingly not all fault traces have
been regarded and the fault surface model is a generalized one
(Fig. 4c). In order to visualize fault offsets stratigraphic horizons,
which have been mapped in the seismic data are also used to
create modeled surfaces in GOCAD (Fig. 4d).

2.3.1. CALCULATION OF LOWER SARMATIAN TO
LOWER PANNONIAN VERTI-
CAL THICKNESS

The two mapped horizons in the
Central Vienna Basin (Top Lower
Sarmatian and Top First Lower
Pannonian Horizon, Fig. 5 a, b) are
used to calculate their vertical
distance. This vertical thickness is a
first approximation of the sediment
thickness between these horizons.
Normal faults, which were active
between the Lower Sarmatian and
the Lower Pannonian are highlighted
by thick growth strata along faults.
Thickness values cannot be cal-
culated for the areas between the
hangingwall cut-off of the lower
horizon and the footwall cut-off of the
upper horizon (Figs. 5c¢, 6). For these
areas values are interpolated and
the resulting vertical thickness
calculation is only an approximation
of the true stratigraphic thickness.
The final map of vertical thickness is
displayed in Figure 5d. Normal faults,
which were active between the
Lower Sarmatian and the Lower
Pannonian (i.e., during an estimated
time span of 2 - 3 Ma; compare Rogl,
1996), are highlighted by thick
growth strata along faults.

The map of vertical thickness

! e between the top First Lower Pan-

nonian horizon and top Lower
Sarmatian (Fig. 5) displays a
depocenter of growth strata on the
hanging wall of the west-dipping
Bockfliess Fault with up to 1100 m
sediments. Additional thick accu-

kinematics. In the northern data block the original picked horizon (Lower Pannonian) is displayed, showing

that the modeled fault surfaces representa generalization. In the southern data block the displayed horizon

(Upper Sarmartian)is refitted to the modeled faults.

mulations of sediments are indicated
north of the Matzen Faults on the



northernmost limit of the map in the hanging wall of the east-
dipping Steinberg Fault. The Bockfliess and Steinberg Faults are
thus the most active faults in the time span represented by the
vertical thickness.

Growth strata thickness is used to approximate slip rates of the
normal faults during the Late Miocene (i.e the Lower Sarmatian
to Lower Pannonian). A gross estimate of normal slip rates
reveals a maximum 0.37 - 0.55 mm vertical slip per year for the
Bockfliess Fault (max. growth strata thickness 1100
accumulated during 2 - 3 Ma) and 0.20 - 0.30 mm for the
Markgrafneusiedl Fault (max. 600 m growth strata). We are
aware that the calculation of slip rates from stratigraphic
thickness does not account for sediment compaction and
calculated values are to low. Further
uncertainties come from the quality of

the large scale structure of the Vienna Basin fault system
additional fault surfaces have been constructed.

Three major normal faults, the Leopoldsdorf Fault, an eastern
branch fault of the Leopoldsdorf Fault, and the Steinberg Fault
have been constructed in areas outside the available 3-D seismic
data (Fig. 7b). These faults are constructed from the fault heaves
of the surface representing the base of Neogene basin fill, which
cover the entire Vienna Basin (Kroll and Wessely, 1993, Fig. 8b,
Tab. 1). These faults are linked to the fault segments mapped in
the 3-D seismic data. These basin-wide fault data is amended
with a surface representing the top of the autochthonous pre-
Miocene sediments on the Bohemian Massif below the Alpine
thrust sheets and the Vienna Basin as described in the following.

time to depth conversion. However,
calculated values are in the same
order than vertical slip rates calcu-
lated from well data for the Bisam-
berg, Aderklaa and Markgrafneusied|
faults (Wagreich and Schmid, 2002),
ranging from 0,1-0,4 mm/yr. These
velocities are slightly lower than
values calculated from the seismic
horizons, because their transect of
wells does not cross the depocenter.
Another interesting fact to note is,

that the Bockfliess Fault is west- e

ﬂ Top Lower Sarmatian

Top 1st. Lower Pannonian

!
1

dipping while its linear prolongation ﬂ
to the north, the Steinberg Fault is Faulted
eastdipping. e A

2.4. INTEGRATION AND COM-
PILATION OF EXISTING DATA

Published surface and subsurface
data is integrated into the 3-D
structural database obtained from
seismic interpretation and structural
modeling. This is done to allow
combined spatial visualization of the
different data sets to back-up
kinematical interpretations of the
faults active in the upper crust.

Data derived from published and

1). The data has been digitized and
geo-referenced to allow import into
GOCAD. Contour lines are used to

unpublished subsurface maps (Tab. ﬁ

(=)
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Lower Pannonian horizon

d
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Top 1st. Lower Pannonian
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[ NN

create GOCAD surfaces by DSI

FIGURE 5: Calculation of vertical thickness between two Miocene horizons.

interpolation (see Appendix).

2.5. LARGE SCALE STRUC-
TURE OF THE VIENNA BASIN
AREA

In order to assess and visualize

a) Depth structure of the Top Lower Sarmatian horizon. The horizon has been fitted to the modeled faults.

b) Depth structure of the Top First Lower Pannonian. This horizon has also been fitted to the modeled faults.
c) Vertexes of the First Lower Pannonian horizon (red) superposed on the map-shape of the Top Lower
Sarmatian Horizon. Vertexes of the hanging wall close to the faults have been deleted to avoid
miscalculated thickness values (c.f. Fig. 6).

d) Contour map of calculated vertical thickness between Top Lower Sarmatian and Top First Lower
Pannonian. Areas of null values close to faults have been interpolated.



Data Data type / description Source

SRTM derived Digital Elevation Model Digital Elevation data with 90 m | USGS-NIMA (2003) Fig. 7a
horizontal resolution

Base of Quaternary gravels / Mitterndorf Basin Contour map, scale 1:25.000 Berger (1987) Fig. 7b
Base of Quaternary gravels / Marchfeld area Contour map, scale 1:50.000 DOKW (1984) Fig. 7b
Base of Quaternary gravels / Zohor Basin Series of cross-sections, Kullmann (2000) Fig. 7b

scale 1:100.000

Base of the Neogene basin fill of the Vienna Basin | Contour map with fault heaves, scale | Kréll  and

Wessely | Fig. 8b

1:200000 (1993)
Base of the molasse in Lower Austria and | Contour map with fault heaves, scale | Krdll et al. (2001) Fig. 8b
adjacent areas 1:200000.

TABLE 1 :Table 1 Overview of major dataimported into GOCAD.

2.5.1. GENERALIZED TOP OF THE EUROPEAN PLATE
The molasse sediments of the foreland basin in front of the
Alpine thrust system overly the autochthonous Mesozoic
sediments and the crystalline basement of the European lower
plate. Both the foreland basin and the European plate dip south
below the Alpine thrust sheets and the Vienna Basin (compare
cross sections by Wessely, 1987 and Kréll et al., 2001). Thus, the
base of molasses sediments mimic the shape of the top of the
European plate. Furthermore, the molasse is relatively thin
underneath the alpine wedge, hence the surface representing
the molasses basin base also approximates the trend the basal
detachment of the Alpine thrust system (Table 1, Fig. 8b).

In order to model this plane, the surface representing the base
of the molasse sediments (Krdll et al., 2001) is smoothed and
generalized by utilizing GOCADs DS| smoothing to fit a very
rough triangulated surface through the original contoured
surface (Fig. 9a). In a second working step, this generalized
trend is extrapolated and the surface extended. The resulting
surface now represents the trend of the European plate
underneath the Vienna Basin (Fig. 10).

Because flexural bending of the lower plate is not regarded in
the extrapolated part of the surface, the generalized surface is
just a first order approximation of the top of the European
platform. Thus, with increasing distance of extrapolation the
modeled surface becomes more speculative and probably is
situated in a position too high and with too shallow dip. Deep
seismic profiles, refraction data and gravity modeling could be

Horizon 1 calculated
values

calculated OK

values v \ 4

OK

Horizon 2

path for calculating
vertical thickness

FIGURE 6: Diagram illustrating the calculation of vertical thickness
between two horizons. The distance from horizon 1 to horizon 2 is
measured and projected onto the lower horizon. With normal offset along a
fault, areas without overlap of the two horizons exist. Furthermore areas
where the distance is measured across the fault produce too small
distances. These values have to be deleted. No data areas on the lower
horizon can then be interpolated.

included for a more suitable representation of the collision
interface. However, close to the Alpine thrust front general trends
are still valuable for kinematic interpretations.

2.5.2. MODELING OF THE GENERALIZED VIENNA
BASIN TRANSFER FAULT

Another large scale tectonic feature is approximated by
modeling a generalized Vienna Basin Transfer Fault. It has been
proposed by Hinsch et al. (2005) that the recent active transfer
fault is rather a linear feature than having a pull-apart step-over
geometry like in Miocene times (see also discussion in section
3). In order to represent the principal displacement zone of the
Vienna Basin Transfer Fault a single plane has been
constructed, even though the real fault system is branching
upwards into several splay faults. The generalized fault plane
was modeled in GOCAD and constrained by mapped fault cuts in
the subsurface, surface fault traces and the seismicity pattern
(Fig. 9b), as listed below:

a) Within the Vienna Basin, the position the transfer fault is well
determined by the fault cuts in the base of the Miocene surface
(Table 1, Fig. 9b) and by the principal displacement zone mapped
in seismic data in the southern Vienna Basin (Figs. 4, 9b).

b) South of the Vienna Basin, the surface expression of the fault
corresponds to faults mapped in the Murz Valley. Within the
Vienna Basin the seismically principal displacement zone
mapped in the subsurface corresponds to morphological fault
scarps (scarps a and c, Fig. 7). North of the Vienna Basin, the
surface expression of the fault zone is more subtle and difficult to
interpret in the digital elevation model. Changes in surface
gradients and valley shapes have been utilized to map the
position of suspected faulttraces.

c) The regional seismicity pattern lines up events along the Mur-
Murz fault, along the eastern border of the Vienna Basin and its
linear prolongation towards the Little Carpathians (earthquake
data from ZAMG, 2001, 2004). The hypocenters of earthquakes
recorded in the last 50 years were utilized and used as constraints
to determine the position of the Vienna Basin Transfer Fault.

In a subsequent step the generalized fault plane was vertically
delimited by the generalized top of the European Plate,
assuming, that the Vienna Basin Transfer Fault is thin-skinned in
character and limited to the Alpine thrust wedge (Royden et al.,
1983, see also discussionin section 3).



3. CONSTRAINTS ON MIOCENE TO ACTIVE TECTONICS

The interpretation of the data presented in this study partly
constrains the fault history in Miocene times. The tectonic activity
in the central Vienna Basin for the interval Lower Sarmatian to
Lower Pannonian is imaged by the syntectonic sedimentation, as
mapped by the vertical thickness map (Fig. 5d). Obviously, the
Bisamber-Steinberg fault system is the main active fault within this
period. This observation is in good agreement with observations
from backstripping histories on several wells in the Vienna Basin
and deduced fault activity (Wagreich und Schmid, 2002).

Additionally, the interpretation and the faults modeled in this
study support a thin-skinned evolution of the Vienna Basin in
Miocene times. The apparent increasing age of the fault activity
in the Bisamberg and Aderklaa-Bockfliess Fault system, as
imaged in Figure 3, can be interpreted as a geometrical
indication for thin-skinned normal faulting: The Miocene strata
affected by these faults display a drag on the Bisamberg Fault
and a rollover syncline in the area of the Aderklaa-Bockfliess
Fault System forming an antithetic set of faults, which are
regarded as hanging wall collapse structures. The antithetic
faults become progressively older towards southeast as shown
by the position of the upper fault tips in the sedimentary
sequence (Fig. 3). Such behavior is typical for the hanging wall
moving over a bend of the underlying listric master fault and
through an active axial surface attached to the bend (Xiao and
Suppe, 1992). Movement results in a series of antithetic faults
with older inactive faults located further off from the master fault,
and the youngest (or active) fault attached to the kink of the
master fault. The observed rollover syncline and the fault age
relationship therefore is regarded to point towards a kink or bend
in the fault geometry of the Bisamberg master fault. This kink or
bend is likely caused by the conjunction of the main synthetic
normal fault and the main detachment system, as inferred from
the seismic interpretation (Fig. 3). The geometry of the fault
system supports the idea that the normal faults root in the former
Alpine floor thrust as a common detachment horizon.

An interesting feature seen in the combined spatial data
covering the entire basin is the obvious spatial relationship
between the shape of the generalized top of the European Plate
and the position of the Vienna Basin. The south-western part of
the Vienna Basin Transfer System is the Mur-Murz Fault (Figs. 1,
10), a major strike-slip fault formed during lateral extrusion of
East Alpine crustal blocks (Ratschbacher et al., 1991; Linzer et
al, 1997; 2002; Peresson and Decker, 1997). This fault passes
over a region, where the top of the European Plate forms a
relative high before entering the Vienna Basin (“South Bo-
hemian Basement Spur”, Wessely, 1987). The basin itself is
situated at a position, where the basement forms a low and
retreats towards the north (Fig. 10, note the colour-coding for
surface azimuth). At this point, the Leopoldsdorf Fault System
represents the main step-over of the pull-apart basin and opens
the basin over the retreating basement. Within the basin and at
its western border all main faults, the Bisamberg, the Bockfliess
and the Steinberg Fault run parallel to the contours of the de-
tachment plane (Fig. 10). These spatial relationships strongly

support the idea that the major faults of the Vienna Basin are
guided by and root in the detachment system of the European-
Alpine interface, as proposed by Royden et al. (1983). By this
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FIGURE 7: a) Oblique view of shaded Digital Elevation Model derived
from SRTM data. Elevated areas and terraces in the Vienna Basin are
delimited by linear scarps a: Rauchenwarth plateau, b: Ganserndorf
terrace, c: Schlosshofterrace (cf. Deckeretal., 2005; Hinsch et al., 2005).

b) Oblique view of base of Quaternary gravels, colored for gravel
thickness and faults interpreted from seismic data. Scarps from Figure 7a
are indicated. 1: Mitterndorf Basin, 2: Obersiebenbrunn Basin, 3: Lassee
Basin, 4: Zohor Basin.



geometry the pull-apart basin is comparable to the thin-skinned
asymmetric basins modeled with analogue materials above a
detachment horizon by Rahe etal. (1998). In all their models a long-
lived cross-basin fault evolves after the initial basin phase. The fault
has changing dip direction and links the strike-slip faults at the entry
points of the basin. As shown in Figure 5, the Bockfliess Faults and
the Steinberg Fault are the major active faults in the central Vienna
Basin in Lower Sarmatian to Lower Pannonian times. These faults
can be compared to the major cross-cutting fault system of the
mature pull-apart basin of the analogue model. Additionally, this
observation suggests a major upper Miocene strike-slip fault
leaving the Vienna Basin at its north-eastern tip, which continues
into the outer West Carpathians (cf. Decker etal., 1997).

Recent active tectonics of the Vienna Basin seems to differ
from the Miocene times in several aspects. Although geological
data indicate that most of the major Miocene faults in the Vienna
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FIGURE 8: a) Oblique view of colored Digital Elevation Model showing the
easternmost Eastern Alps, the eastern Molasse Basin and the Vienna Basin.
b) Surfaces modeled from published data in the subsurface of the area
displayed in e: The base of the Neogene sediments in the Vienna Basin
(Kréll and Wessely, 1993) and the base of the Neogene sediments in the
Molasse Basin of LowerAustria (Krdlletal., 2001).

basin are presently active, the main seismotectonic activity
obviously shifted to the eastern border of the basin. This is shown
by the distribution of Quaternary fault-bounded basins, geo-
morphological features and the seismicity pattern (Figs. 7, cf.
Decker et al., 2005 their Fig. 1 for seismicity pattern). Figure 7a
displays an oblique view of the SRTM digital elevation model
showing the central Vienna Basin as relatively flat area between
the Little Carpathian Mountains and the easternmost Alps. The
topography inside the basin is dissected by linear scarps (Fig.
7a). Stripping away the DEM allows viewing the distribution of
Quaternary gravels underneath (Fig. 7b). The base of
Quaternary gravels is color-coded for sediment thickness and
slightly translucent to visualize the faults underneath. The fault

Hypocenters
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FIGURE 9: a) Construction of surface expressing the general trend of
the base of the molasse basin. This surface is considered to approximate
the generalized top of the European plate and the trend of the main alpine
thrust detachment.

b) Construction of an interpreted generalized Vienna Basin Transfer Fault
(VBTF). The fault is constrained by the fault pattern in the base of the
Miocene basin fill (grey surface, cf. Fig. 8), by faults picked in reflection
seismic data, by the interpreted surface trace from geomorphology (blue)
and by hypocenter localizations (colored spheres, adapted after ZAMG,
2001,2004).



scarps and dissected fluvial terraces
clearly demonstrate the Quaternary
activity of the underlying faults. The
thickest Quaternary gravels accu-
mulated in elongated basins along
the eastern boundary of the basin
(Fig. 7b, location points 1, 3, 4).
These elongated basins are sub-
sided below the drainage level and
thus are not of erosional origin. As
imaged in the seismic data (Fig. 2a)
and visualized in 3-D (Fig. 7b) these
basins lie on top of the negative
flower structures mapped in the 3-D
seismic data and represent the
principal displacement zone of the
recent Vienna Basin Transfer Fault.
Thus, the recent transfer system s a
rather straight strike-slip fault at the
eastern border of the Vienna Basin
than a left stepping pull-apart fault.
Such a straight active transfer faultis
also indicated by the seismicity
pattern, which highlights a linear
zone extending from the Vienna

Surface azimuth
90° 180° 270° 360°

FIGURE 1 0O: Oblique integrated visualization of all modeled faults (LF = Leopoldsdorf Fault and SF =
Steinberg Fault) with generalized VBTF and the surface representing the top of the European
platform/Alpine detachment, which is colored for its azimuth. The opening of the Miocene Vienna Basin

pull-apart coincides with a change of trend in the European platform surface.

Basin into the Little Carpathian

Mountains. The generalized Vienna

Basin Transfer Fault in Figures 9b and 10 accounts for this
interpretation. However, detailed studies on Quaternary and
active tectonics of the fault continuing into the Slovak Republic
are needed to confirm the proposed model.

The negative flower structures along the fault zone (Fig. 2) are
associated with a gentle releasing bend along the main dis-
placement zone. The fault surfaces created for the Moosbrunn
area depict the geometry of a negative flower structure with only
few fault branches at depth but several intersecting faults in the
upper part of the basin. Patterns are typical for a strike-slip system
with branch fault geometries indicative for sinistral slip. The branch
line at which the basin boundary faults converge into a principal
displacement zone (PDZ) lies in a depth of c. 4 km, i.e., close to the
base of the Miocene sediments. Such upward branching of
basement strike-slip faults entering into sedimentary layers is a
common observation at interfaces of heterogeneous materials and
has been shown by analogue modeling (Richard et al., 1995). A
releasing bend geometry might also explain the continued activity
of the normal faults of the Leopoldsdorf system west of the main
fault, which results in the tilting of Quaternary fluvial terraces
throughout the Vienna Basin (Decker et al., 2005). The normal
faults still seem to be kinematically coupled by the existing
detachment horizon. Thus, the faults inside the basin can be
regarded as an asymmetric part of a crustal scale negative flower
structure as the detachment horizon is linked with the transfer fault
zone (cf. Hinsch et al., 2005). The pre-existing Miocene faults in
the Vienna Basin allow an asymmetric hanging wall collapse
towards the releasing bends along the transfer fault.

Releasing bend kinematics might well explain the presence of
extensional features, even though that the present Pannonian
system seems to be mostly under compression (Horvath and
Cloetingh, 1996; Bada et al. 2001). Sinistral strike-slip kinematics is
in good agreement with the regional NW-SE maximum horizontal
stress (Reinecker and Lenhardt, 1999). However, in detail
Reinecker and Lenhardt postulate a radial stress pattern around the
Bohemian Basement spur, deducted from several stress indicators.
Of these, two indicate E-W oriented maximum horizontal stress in
and east of the Vienna Basin. This direction would not favor sinsitral
strike-slip faulting along the SE-NW trending Vienna Basin Transfer
Fault. However, these indicators are of low quality (as stated in
Reinecker and Lenhardt, 1999) and contradicting measurements
exist, supporting NNW-SSE directions of maximum horizontal
stress (Marsch et al., 1990, c.f. Decker et al. 2005). More reliable
stress indicators are needed to clarify this contradiction.

Kinematic observations from GPS do indeed support the
present activity as sinistral strike slip motion (Grenerczy et al.
2000; Grenerczy, 2002). The crustal block south of the Vienna
Basin Transfer Fault (Alpine-North Pannonian or Styrian Block)
still or again seems to move in NE directions in respect to the
Bohemian Massif. A detailed strain analysis reveals a smoothed
SW-NE slip vector (Grenerczy, 2002, his Fig. 15), which is ab-
solutely parallel to the mapped Vienna Basin Transfer Fault. Dis-
regarding possible inaccuracies from the GPS data, the SW-NE
vector does not indicate a step-over geometry of the fault system
(in which case the vector should be SSW-NNE), thus supporting a
model of a straight transfer fault system as presented in this paper.
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APPENDIX

MAP CONVENTIONS

Modeling and data integration in this project was done using
GOCAD (Geological Object Computer Aided Design). GOCAD
uses orthogonal X, Y and Z axes to locate atomic objects (i.e.
objects defined via discrete vertexes). Therefore, all data in this
project is transferred to a metric system with orthogonal
projection. We use Transverse Mercator projection (Gauss-
Kruger) and the Datum MGI Austria (Militar Geographisches
Institut, tie point: Hermannskogel) with a central meridian
16°20°E and false easting of 750.000 but no false northing
(Easting thus conforms with the Austrian Bundesmeldenetz
[BMN] coordinates); Unlike BMN coordinates we use a 7-digit
northing. This is done do avoid confusion of X and Y numbers in
sequential coordinate lists in GOCAD.

DEPTH CONVERSION

Depth conversion of interpretations done on reflection seismic
data in two-way-traveltime (TWT) are achieved by the following
relation:

Z=V,(e™-1)/k

with V, a starting velocity [m/s]; k a constant, which tunes the
increase of velocity with depth, t = OneWayTravel Time [s]. By com.
parison to time-depth values from wells in the Vienna Basin the
parameters V, and k have been estimated: V,=1780and k=0.7.

This simple approximation provides good results for increasingly
compacted sediments down to approximately 3 s TWT. Sharp
changes in the velocity structure (e.g. the basement sediment
interface) are not represented. Geometries in the basement or
deep parts of the basin therefore should be interpreted with care.
Original TWT values are saved with the original fault traces and
horizon surfaces as point related properties in order to allow future
enhancements in depth conversion.

MODELING OF GOCAD SURFACES

The following paragraph gives a short description on the general
procedure for the creation of horizon and fault surfaces in order to
provide anidea on the accuracy of the modeled spatial data.

In general, data is imported into GOCAD as X, Y, Z point set.
Apart from regular grid data like DEM or horizon data from 3-D
seismic interpretation software, data points are heterogeneously
distributed (e.g., dense data points along digitized contour lines,
heterogeneously distributed well data etc.). In GOCAD, there are
two main possibilities of constructing TINs (Triangulated
Irregular Networks, called T-surfs in GOCAD). The firstapproach
includes the data points into the surface as vertexes of the
triangles (direct triangulation). The second approach utilizes a
homogenous triangulated surface, which is smoothly fitted to the
data points (interpolation). Direct triangulated surfaces from
heterogeneously distributed data often display kinky surfaces
with irregular triangles and artifacts. Therefore, the interpolation
approach is usually chosen for surface creation.

For interpolated surfaces, there are several factors influencing
the geometry of the final surface. The size of the triangles in the

initial homogenous triangulated surface is determined by
distance of the vertexes of the curve outlining the data and by the
densification type used for this initial mesh construction (cf.
GOCAD manual). Geometry interpolation of surfaces in GOCAD
is based on the DSI algorithm (Discrete Smooth Interpolation;
Mallet, 1992), which iteratively aims for a minimization of the
curvature in the surface. Interpolation settings influencing the
surface shape are the number of iterations for DSI and the fitting
factor, which determines whether the final surface is rather
smooth or closely fits to the data points (cf. GOCAD manual).

Interpolated surfaces never fit perfectly to the data points.
Often the initial surface displays already acquisition inaccuracies
and artifacts, which are smoothed out by this procedure.
However, sharp changes in the geometry of the real data points
might be lost, if not edited manually.

For horizon surfaces it is possible to calculate the vertical error
between original data points and interpolated surface. The error
value is stored as point-related property with the surface. The
allowable error depends on the scale of original data sources
(map scale and contour interval, well spacing, seismic resolution
and interpretation density) and should be in the order of tens of
meters to a hundred meters at maximum. These modeling errors
come to several additional sources of inaccuracy like
incorrectness of the original data, errors in the digitization and
geo-referencing process. Thus, the accuracy of the modeled
surfaces is always a function of the original data quality and the
purpose forwhich itwas intended.

Presented modeled fault surfaces are somewhat more ambi-
guous than horizon surfaces.

Faults are mainly interpreted as fault traces on series of
sections throughout 3-D seismic data. Individual traces are
imported into GOCAD (Fig. 4) and sorted into groups which are
interpreted to belong to one fault segment. The grouped fault
traces are edited manually where necessary to eliminate
doubtful interpretations and to allow for a smooth surface
interpolation. Cross-checking with the seismic data at this stage
is done where possible and required. Surface construction then
utilizes the indirect DSI interpolation approach, smoothing a
surface through the grouped fault traces. In the next step, the
individual surfaces are extended and intersected. Cutting
relationships are defined as interpreted from the seismic data or,
where ambiguous, adapted to the overall interpretative
conceptual model. In this context, extension of the fault surfaces
is also conducted in the Z-direction, where interpretation permits.
The upper boundary is defined by the datum of the seismic data
(i.e. 130 m a.s.l.) and the lower by the time domain extend of the
data(i.e.3or4 sec. TWT, Fig.4 c,d).

Not all fault traces could be used for the generalized and
simplified fault model, thus, at the scale of presentation, not every
individual branch fault is represented. Instead some distinctive
splays are combined and are now represented by just one fault
surface. This results in modeled generalized fault surfaces
crossing continuous reflectors in the seismic data at some places.
In real world these areas likely represent sediments between en-
echelon faults or relay ramps between normal faults (Figs. 3, 4 d).



