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Abstract. The presented paper comprises the first successful
attempt towards compiling the full 3D horizontal and cellular
model of the Danube Basin created in the frame of the
international TRANSENERGY project. In this article we are
presenting only one of the five pilot areas of the TRANS-
ENERGY project — the Danube Basin.

The 3D model is built on alarge amount of geological
(mapping, stratigraphic, wells) and geophysical (seismic, geo-
magnetic, gravitational) data, completed by structural and
geodynamic studies in all participating countries (Slovenia,
Austria, Hungary and Slovakia). After gathering and processing
all available data a unified stratigraphical framework was
compiled for all participating countries, followed by defining
the main structural features and finally creating the model.

Our 3D model contains 8 horizons (Quaternary, Upper and
Lower Pannonian, Sarmatian, Badenian, Neogene volcanites,
Lower Miocene and Paleogene and the Pre-aienozoic basement)
subdivided into 37 formations. The structural pattern of the area
was simplified after several consultations into a scheme of 7
approximately SW-NE and 4 roughly NW-SE to W-E faults.

The 3D model is also the first attempt to visualize the
Neogene volcanic bodies buried below younger sediments,
including hypothetical Gab¢ikovo volcano.

Keywords: Danube Basin, international cooperation, cross-
border geology, 3D geological model, structural model, buried
volcanoes

2.1. Introduction

The aim of the TRANSENERGY project was to
support the harmonized geothermal water and geothermal
energy utilization in the western part of the Pannonian
Basin and its adjacent basins (e.g. Vienna Basin), which
are situated in the transboundary zone of Austria,
Hungary, Slovak Republic and Slovenia. The so called
supraregional model includes the entire project area of
the NW Pannonian Basin and the adjacent areas, encom-
passes the main geothermal reservoirs and manages the
complete area in a uniform system approach. The supra-
regional model area was further divided into several sub-
regions of enhanced hydrogeothermal utilization poten-
tial, designated as pilot areas, usually forming geological
or hydrogeological units which have been identified and
investigated in a more detailed way. In the Supra regional
area five pilot areas were chosen, where local models had
been developed. They focused on the local transboundary

problems, and the detailed geological characteristics of
the areas. The areas were the following: Vienna Basin,
Danube Basin, Komdrno-Stirovo area, Lutzmannsburg-
Zsira area and the Bad Radkersburg-Hé6dos area (Fig.
2.1).

As a starting step we collected all available seismic
(160 sections) and well data (1672 wells). After this step
it was necessary to define the technical framework for the
project (file exchange formats, scale of maps etc.).
Finally the WGS1984 UTM Zone 33N as the common
coordinate system and Transverse Mercator as the
common projection were chosen.

The next step was the harmonization of stratigraphic
data, e.g. the time-consuming process of correlation of
different formations. These formations describe some-
times the same lithologic and temporal geological units of
a partner country with different synonyms, but more often
the different names can cover slightly different rock
lithologies as well. The most problematic question was
the harmonization of the Post-Oligocene formations of
the Paratethys. The most valuable sources for this task
were the Geological Map of Western Carpathians and
adjacent areas (Lexa et al. eds., 2000), the DANREG
project maps and explanatory notes (Csdszar et al., 2000)
and the T-JAM project (Fodor et al., 2011). The complete
harmonized stratigraphical chart is published in Maros et
al. (2012).

The 3D geological models for each one of the pilot
areas were made separately: the Vienna Basin in Austria,
the Danube Basin in Slovakia, the Komarno-Stirovo and
Lutzmannsburg-Zsira areas in Hungary and the Bad
Radkersburg-Hédos area in Slovenia.

The final products scales of the Supra regional and
Pilot areas models are the following:

® Supra regional area 1:500 000, Surface geology
1: 200 000

® Pilot areas:

o Danube Basin 1:200,000;
Vienna Basin 1:200,000;
Lutzmannsburg-Zsira 1:100,000;
Bad Radkersburg-Hédos 1:200,000;
Komarno-Stirovo 1:200,000.
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Fig. 2.1 Localization of the supraregional (orange line) and the pilot areas: 1 - Vienna Basin; 2 - Danube Basin; 3 - Ko-
mdrno-Stirovo area; 4 - Lutzmannsburg-Zsira area; 5 - Bad Radkersburg-Hodos area (modified after Maros et al., 2012)
2.2. Methodology 2.3), as well as other published works. In this phase we

The primary aim of the geological model of the
Danube Basin pilot area was to create a 3D geological
framework accurate enough for hydraulic modelling,
however we realized, that such a model itself would be
valuable for further research. The model is based on
seismic and borehole data, partially on other sources
(published results, maps). The Danube Basin pilot area is
located in three countries (Slovakia, Hungary and
Austria) and was modelled in the frame of geological
horizon models of the TRANSENERGY territory (Maros
et al., 2012). The pilot area covers 1,2340 km?, has a
slightly elongated shape with length ca. 140 km in SW-
NE and width ca. 110 km in NW-SE direction.

The steps of creating the model we can be summa-
rized as follows:

1. Creation of the common framework for all parti-
cipants: since the TRANSENERGY Supra area covers
parts of four states, the work on the model started with
unifying the different local stratigraphic charts for all four
states (Slovakia, Hungary, Austria and Slovenia). In this
phase we also needed to agree on horizons to be model-
led, coordinate system and projection, scale of outputs,
exchange formats to be used etc.

2. Data compilation and processing: collecting the
existing seismic and well data (Tab. 2.1, Figs. 2.2 and

had consulted concepts as well as details with experts due
to the optimization (simplification in fact) of the later
fault model and stratigraphy.

3. Pre-modelling data processing:

® calculation of time-to-depth for the seismic
profiles;

¢ redefinition of the borehole data according to the
unified stratigraphic legend;

® converting and entering the data into the 3D
modelling software.

4. Creation of the 3D model in main steps:

e creation of non-faulted horizons;

® creation of the fault model;

® combining non-faulted surfaces with fault model
into a faulted 3D model;

® input and refining lithological and stratigraphic
content of 3D "space" between horizons (zones).

5. Creation of outputs: visual (maps, sections) as well
as text outputs, presentations.

During the work we used common text and tabular
editing tools (MS Office, OpenOffice), vector and
bitmap-based graphical software (Corel, Inkscape, GIMP),
Maplnfo and partly also ArcGIS for map and GIS based
tasks. The 3D modelling itself was realized with software
Petrel 2008.
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The Pésztori volcanic body also shows very clear
magnetic anomaly and it is specific from the petrographic
point of view, since it - or at least its topmost parts - is
built of alkalic rocks (trachytes) and is probably gene-
tically related to nearby alkali basalts (Harangi, 2001).
The shape of the Pasztori volcanic body due to the
complicated seismic record is not known, we in general

respected the idea of Mattick et al. (1996) of a buried,
probably subaqual volcano situated on the hanging wall
of a remarkable SE-dipping normal fault, where the
products of the multi-phase volcanic activity are inter-
layering with the sedimentary fill on the continously sub-
siding basement.
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Fig. 2.5 The modelled top surface of the Paleogene - Early Miocene horizon 2D (above) and 3D (below, from SSW)



2. Geological Model of the Danube Basin...

The most problematic among these volcanic com-
plexes is the biggest one assumed in the wider vicinity of
Gab¢ikovo village. It is the deepest part of the Danube
Basin with estimated depths up to 8 km (Kilényi et al.,
1991) so the subsidence of the basin floor in these area
was so extreme, that all wells terminated in the Panno-
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nian - thus all complexes below are practically hypo-
thetic, we have no (and obviously never will have) rock
samples from these complexes. However, based on the
nearest borehole data from the well Msz-1 (village
Mosonszolnok, Hungary) situated already on SW-NE
elongated morphologic elevation we suppose similar
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Fig. 2.6 The modelled top surface of mainly neovolcanic bodies in 2D (above) and 3D (below, from SSW)






2. Geological Model of the Danube Basin...
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Fig. 2.7 The modelled top surface of Badenian sediments in 2D (above) and 3D (below, from SSW)

Horizon: Early Pannonian basin fill

The Pannonian (Late Miocene and Pliocene) geohistory
of the project area is characterized by the presence of the
Lake Pannon, isolated from a large open sea Paratethys
about 12 Ma ago. The lake reached its largest extent
between 10-9.5 Ma, than it was gradually infilled by sedi-
ments carried from the surrounding Alps and Carpathians
from the NW. The Vienna Basin was the first major sub-
basin to be infilled, where the open lacustrine sedimen-

tation was replaced by the deposition of deltaic, and later
alluvial units 9.5-10 Ma ago. Then the shelf-slope system
started to prograde across the large, deep Danube Basin.
The lower part of the Pannonian basin fill - in fact only this
part belongs to the previous “Pannonian s. s.” in the
Slovakian/Austrian realm — contains clayey-silty deposits
of subaqueous slopes, shallow water clay and marl, fine-
grained sand, silt; variegated clay and limestone.
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Fig. 2.8 The modelled top surface of Sarmatian in 2D (above) and 3D (below, from SSW)
In our model we defined the Lower Pannonian e Mplf: shallow-water clay/silt (Late Miocene -

horizon as the Ivdnka Fm. in Slovakia which is correlated ~ Pannonian) - Algy6-Szak—Csédkvar Clay Marl, Csér Silt,
with numerous dominantly marly beds in Hungary (Pere-  Zsdmbék Marl and Ivanka Fms.

marton, Endréd, Zsambék, Szolnok, Algy6, Békés, Csik- ® Mpc: near-shore psephite/psamite (Late Miocene -
var Marl Fm., partly also the lower part of Tihany, [jjfa]u Pannonian) - Kisbér-Zamor-Kalla-Dids Gravel, Békés
formations). All these formations formed from shallow  Conglomerate, PieStany Mb. of the Ivinka Fm.

water to lacustrine environment, the Ivdnka Fm. also ® Mptb: turbidite (Late Miocene - Pannonian) —
contains prograding deltaic lobes. Szolnok sandstone Fm.









2. Geological Model of the Danube Basin...

used the mentioned DANREG outputs, where the same
task was once already solved by an international team of
experts. Because of the differences in the interpretations
and terminology, and also of often small thickness of the
deposits, we were not able to divide this horizon into
zones.

2.4.2. Structural pattern

The recent structure of the Danube Basin is a product
of the Middle Miocene to Pannonian tectonic history,
mainly. Due to the huge thickness of basin fill (exceeding
8 km in the central parts) there are many different views
of the probable structural patterns. The main fault direc-
tion in the area is SW-NE (see Figs. 2.11. and 2.12.) com-
bined with numerous and usually not well detectable
faults of roughly perpendicular direction (S-N or SE-NW).

Fig. 2.12 Faults of the area in the 3D model on the basal Pre-
Tertiary surface

The basement is dissected by them to a set of eleva-
tions and depressions (Fig. 2.13): in Slovakia there are
four main depressions defined by NE-SW faults (from
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N to S): Blatné, Risiiovce, Komjatice and Zeliezovce de-
pressions. Except the northernmost and the oldest Blatné
Depression, the other depressions are directing into the
Central, so-called Gab¢ikovo Depression near the Slova-
kian-Hungarian border, whose depth exceeds 8,500 m.
This depression is continuing further to the SW into the
Kenyeri - Gy6ér Trough. On the NW side of the Mihdlyi
Ridge an other fault-defined depression, the Csapod
Trough of smaller depth is located.

Among these depressions expressively elevated areas
- ridges - are located. Since some of them reach the sur-
face - mostly outside the studied area in the mountains
Malé Karpaty, Povazsky Inovec, Tribe¢, Mid-Hungarian
Range and Leitha Mts. - another ones stay buried as the
Mihélyi (-Ulany?) ridge and the Levice and Komarno
elevations.

The fault pattern used in the model is strongly simpli-
fied for the purposes of further use in the hydrogeological
model. The fault model is based on the seismic record, in
the areas with poor coverage by seismic profiles we
considered also different available sources (Hrusecky,
1999; Pénickova at el., 1984; Fusan et al., 1987; Tari
1994, Dudko et al., 2000, Csaszar et al., 2000, Maros et
al., 2012) as well as personal consultations with experts
(our thanks belong especially to M. Kovd¢ and M.
Pereszlényi).

Since the model was created on seismic and well data
of different quality and density, while some modelled
faults well correspond to known fault lines, many of them
are hypothetical, created for reasons of steep basement
morphology, or on the other hand, some smaller faults are
neglected or joined together into one fault zone for the
optimization of the model. At the beginning of the project
the team of geologists working on modelling agreed to
deal with only those faults which have a vertical dislo-
cation at least 500 meters. However, in many cases we
could not follow this, because of the fading out or forking
of the fault planes, or simply because geologically impor-
tant lines (for example the Réba line) had less vertical
dislocation.

The faults finally included in the model can be
divided into two main groups according to their direc-
tions: NE-SW faults and faults roughly perpendicular to
them of NW-SE or W-E directions. Since the majority of
seismic profiles is oriented roughly in the NW-SE direc-
tion, faults perpendicular to that direction are much better
traceable than faults parallel to them. Thus, we should
expect much more faults in NE-SW directions but we
were not able to incorporate them into our model.

Faults of NE-SW direction incorporated into the model,
as they are shown in Fig. 2.13:

A. Normal fault on the SE slopes of the Malé Karpaty
Mts. continuing into Austrian territory in the area of lake
Neusiedl and Leitha Mts., created by joining of main and
some smaller faults together, active to recent;

B. Two curved normal faults on the S and SE side of
the Blatné Depression; simplified from more faults (e.g.
the Povazie fault system), terminated at the end of Sar-
matian;
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Fig. 2.13 Structural scheme of the modelled area: main elevated areas (numbers in rectangles): 1 - Malé Karpaty Mts.; 2 - Leitha
Mts.; 3 - Povaisky Inovec Mts.; 4 - Tribe¢ Mis.; 5 - Levice High Block; 6 - Mihdlyi (-Ulany?) Ridge; 7 - Komdrno High Block; 8 -
Transdanubian High Block; main depressions (numbers in circles): 1 - Blatné Depression; 2 - Risiiovce Depression; 3 - Komjatice
Depression; 4 - Zeliezovce Depression; 5 - Gabctkovo Depression; 6 - Csapod Trough; 7 - Kenyeri-Gyér Basin; for faults: see text

C. Normal fault NW of the Csapod Trough — hypo-
thetical, dipping to the SE, terminated mainly at the end
of Sarmatian, some parts in the Pannonian;

D. Ripiany - Galanta fault - very steep normal fault
on SE side of the PovaZsky Inovec Mts. dipping to the
SE, active to recent;

E. Mojmirovce fault - very steep normal fault dipping
to the SE delimiting the elevation of the Tribe¢ Mts.,
active to recent;

F. Réba - Hurbanovo - this south-dipping tectonic
surface is one of the geologically most important ones in
the area, which was originally a Mesozoic overthrust
plane of the Transdanubicum onto the Austroalpine and
Tatric-Veporic units, but during the early Middle Mio-
cene was rejuvenated and functioned as an extensional
listric plane in opposite direction; in the model we
modelled this fault as a complicated curved normal- to
reverse fault cut by NW-SE strike-slip faults, terminated
at the Pannonian;

G. normal faults in the E part of the area to the NW
(Surany fault) and SE of the Levice High Block;

We were able to define only four major faults in NW-
SE direction (H. in Fig. 2.13):

® the problematic Ludina line in the northernmost
part of the area cutting the NE-SW directed Malé Kar-
paty, Blatné Depression, Inovec and probably even Moj-
mirovce faults. The character of the fault is unclear, we
modelled it as a steep normal fault dipping to the SW, in
the N part with a dextral strike-slip component;

¢ two parallel NW-SE and one rather W-E directed
normal faults with dextral strike-slip component dipping
to the NE or N, respectively; all three appear in the
Transdanubic block, the two NW-SE faults cut the
Kenyeri-Gy6r Trough, Mihalyi Ridge and Csapod Trough,

the third and southernmost W-E fault after cutting the
Mihdlyi Ridge continues off the studied area.

These faults are dividing the area into higher or
deeper level blocks, whose relative positions are summa-
rized in Fig. 2.13.

One of the most important outputs of the modelling
were cross sections demonstrating the resume of the geo-
logical structure of the area (Fig. 2.14).

2.5. Conclusions

The whole TRANSENERGY project area - called the
supra area - was subdivided into five partial basins called
pilot areas, where the State Geological Institute of Dionyz
Stir was entrusted with the work on the Danube Basin
pilot area. For the purposes of the project we created a 3D
geological model of the area as an input for hydrogeo-
logical model, but its partial results have their specific
importance and can be evaluated independently.

The 3D model was built from all available data (409
wells and 82 seismic sections) known from the area
regarding many published works about the structure of
the basin. For the purposes of the model a unified and
simplified stratigraphical scheme was compiled derived
from the Slovak, Hungarian as well as Austrian local
stratigraphic charts, which can be considered an impor-
tant result. However similar attempt already was made in
the framework of the project DANREG, our harmonized
stratigraphic scheme is based more on lithology and
genetic features and can be considered more universal.

The 3D geological model itself is the historically first
attempt of its kind to visualize the whole Danube Basin in
3D and in the future can serve as a base for further, more
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Fig. 2.14 Cross sections created based on the 3D geological model
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Pleistocene - Holocene: sediments in general

variegated clay, limestone
Late Miocene - Pannonian: turbidite

Middle Triassic sediments in general
Early Triassic: siliciclastic and carbonate formations

Middle-Late Permian: continental siliciclastic formation

leucophyllite, quartzite, quartz schist)

granodiorite and tonalite, leucocratic granite, diorite

geological boundary
nappe overthrust plane

normal fault

] borehole

Late Miocene - Pliocene: fluvial-lacustrine-continental sand, silt, clay marl; mottled clay; lignite; gravel

Late Miocene (Late Pannonian): lacustrine, sediments of delta plain: clay marl, silt, fine-grained sand; calcareous clay,
variegated clay, lignite,dolomite; freshwater limestones, boglime and travertine
Late Miocene - Pannonian:clay silt deposite on underwater slope, shallow-water clay marl, fine-grained sand, silt;

Late Miocene - Pannonian: lacustrine calcareous marl — clay marl; sandstone

Sarmatian: shalow-marine — brackish-water, mollusc-bearing clay - clay marl; sand-sandstone, calcareous
Badenian: shallow-marine and open basin foraminiferal mollusc-bearing clay marl, clay

Miocene, Badenian - Pannonian: trachyte agglomerate, tuff

Badenian: subvolcanic andesite, andesite pyroclastics, andesite dyke

Oligocene: fluvial-lacustrine-paludal clay, clay marl, sand-sandstone, gravel, conglomerate

Late Triassic - Carnian: basinal marl and limestone, bituminous limestone, dolomite

Paleozoic: medium-grade polymetamorphic formations with Alpine overprint (gneiss, mica schist, phyllite, pegmatite,

Early Paleozoic?: Veporic unit - gneiss, schist, phyllite, marble

Ordovician - Carboniferous: Low-grade metamorphic formations (slate, calc-phyllite, quartz phyllite, quartz
metasandstone, metaconglomerate, basic metatuffite, limestone)

Early Paleozoic?: Tatric unit - gneiss, schist, phyllite, marble, amphibolite
Early Paleozoic?, Carboniferous: Tatric unit - gneiss, shist, phyllite, marble, amphibolite, biotitic and two-mica granite,

Early Paleozoic?:Austroalpine units - gneiss, schist, phyllite, marble, amphibolite

Legend to Fig. 2.14

precise models. Based on the formerly compiled unified
stratigraphic chart we agreed on the horizons to be
modelled, however during the work two additional
horizons were created (Paleogene - Early Miocene and
Neogene volcanites). The final model contains horizons
defined by their age - except the Neogene volcanites
(bottom to top):

® Pre-Cainozoic basement surface (divided into 15
zones);

* Paleogene - Early Miocene (divided into 7 zones);

® Neogene volcanites - not age-specific horizon
(divided into 3 zones);

® Badenian sedimentary fill - without volcanites
(divided into 3 zones);

® Sarmatian - without volcanites (containing only
one zone);

e Early Pannonian - comprising “Pannonian s.s.”
(divided into 4 zones);

e Late Pannonian - comprising Pontian and Pliocene
(divided into 2 zones);

® (Quaternary (undivided).

The structural pattern of the area was simplified after
several consultations into a scheme of 7 approximately
SW-NE and 4 roughly NW-SE to W-E faults.

The model is also the first attempt to visualize the
Neogene volcanic bodies buried below younger sediments.
In addition to well and seismic data the geophysical -
mostly geomagnetic - anomalies were considered for their






