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Abstract

The Mura-Zala sedimentary Basin is a Neogene basin with many competing geopotentials, spanning parts
of Slovenia, Austria, Croatia and Hungary. Here we present the 3D regional geological model of the Slovenian
part of the Mura-Zala Basin, which was developed to integrate the latest information on the geological
structure of NE Slovenia and to publish the model in an open-access mode for easier and faster assessment of
geopotentials. This was achieved through the harmonisation of thelegacy geological models, the reinterpretation
of 145 borehole logs, the construction of the 3D numerical geological model in JewelSuite™, and delivering
it into a 3D-Explorer environment. The model comprises nine lithostratigraphical units. The Pre-Neogene
basement rocks are covered by the Haloze Formation; the Spilje Formation — Badenian and Sarmatian; the
Lendava Formation - turbidites and slope; the Mura Formation — delta front and delta plain; and the alluvial
Ptuj-Grad Formation. The model has two principal shortcomings, related to currently unavailable seismic
reflection data faults were not implemented, and the Quaternary formations were not delimited. The model
is useful for regional-scale studies and may reduce geological risks related to exploration in NE Slovenia. It
will also support a better assessment of geopotentials and a more feasible approach to their development, and,
eventually, will enable the harmonized management of our subsurface in 3D space. This can be achieved using
the 3D-Explorer platform which enables the creation of arbitrary vertical cross-sections, horizontal slices and
virtual boreholes.

Izvlecek

Mursko-zalski sedimentacijski bazen je neogenski bazen s Stevilnimi konkurenénimi geopotenciali, ki se
razsirja v Sloveniji, Avstriji, Hrvaski in na Madzarskem. V ¢lanku predstavljamo 3D regionalni geoloski model
slovenskega dela Mursko-zalskega bazena. Razvit je za prikaz najnovejsih informacij o geoloski zgradbi SV
Slovenije in objavo v prosto dostopni obliki, ki omogoca lazjo in hitrejSo oceno geopotencialov. To smo dosegli z
uskladitvijo predhodnih geoloskih modelov, reinterpretacijo 145 geofizikalnih popisov globokih vrtin, izdelavo
3D matemati¢nega modela s programom JewelSuite™ in njegovo implementacijo v orodju 3D-Explorer. Model
prikazuje devet litostratigrafskih enot. Pred-neogenske kamnine v podlagi bazena so prekrite s Halosko
formacijo, Spiljsko formacijo - sarmatij in badenij, Lendavsko formacijo - pobo¢je in turbiditi, Mursko formacijo
- deltno ¢elo in ravnica ter aluvialno Ptujsko-grajsko formacijo. Model ima dve poglavitni slabosti, kot posledica
nedostopnosti seizmi¢nih podatkov vanj niso vklju€eni prelomi in sedimenti kvartarne starosti niso razmejeni.
Model je primeren za regionalne Studije in zato lahko zniza geolo$ko tveganje pri raziskavah v SV Sloveniji. S
tem, ko podpira boljSo oceno geopotencialov in primernejsi pristop k njihovem razvoju, bo s¢asoma omogoc¢il
usklajeno upravljanje naSega podpovrsja v tridimenzionalnem prostoru. Raba 3D-Explorerja omogoca izdelavo
poljubnih navpiénih in vodoravnih prerezov ter navideznih vrtin.

Introduction by a major system of Neogene basins resting on a

highly deformed and complexly faulted substrate of

The Pannonian Basin is a Tertiary sedimentary = Mesozoic, Paleozoic, and Precambrian rocks of the

basin, which is considered to be a continental Inner Carpathian foldbelt. Shared by several Central

back-arc basin of the Carpathian orogeny (JELEN & and Eastern European countries,the Pannonian Basin
RireLs, 2005; HorvATH et al., 2015). It is characterised  features a variety of vast and diverse geopotentials.



140

Dejan SRAM, Nina RMAN, Igor RIZNAR & Andrej LAPANJE

The Slovenian part of the Mura-Zala Basin
(Fig. 1) is located on the western margin of the
Pannonian Basin and continues on to Austria,
Croatia and Hungary (NADor et al., 2012).

In the past, the basin was called the Mura
Depression (Voncina, 1966; RovpeEn & HORVATH,
1988; Mio¢ & ZNIDARCIC, 1989; Gosar, 1995) or
the Mura Basin (Krars & Kravrs, 2000), and the
Medimurje-Zala Basin (in VrzeL (2012) after Z17Ek
(2006)).

The Mura-Zala basin is important for oil and
gas production (e.g. PLENICAR, 1954; BADER, 1976;
Diurasek, 1988; Mio¢ & ZNmareic, 1996; Lucic et al.,
2001; Dorron, 2006; Kureva & VULIN, 2011; MARKIC,
2013),for gasstorage (e.g. Gosar,2005), thermal water
(e.g.Rmanetal,, 2012,2015; HorvAtH et al., 2015), coal
(e.g. Marki¢ et al., 2011), CCS (e.g. PrEsECNIK, 2008;
VanGkiLDE-PEDERSEN et al,, 2009), and its extensive
groundwater reservoirs (e.g. Nosan, 1973; ZLEBNIK
& DroBNE, 1999; Krary & Krars, 2000; RaJver et al,,
2012; Szécs et al., 2013). New types of geopotentials,
such as CO, and natural gas storage are competing
with traditional uses, for example as a source of
drinking and thermal water, and for oil and gas.
Therefore, sustainable management of subsurface
geopotentials requires an understanding of geology
and geological structures, which can be facilitated
by visualizing these reservoirs in 3D. Understanding
3D spatial relationships is a major challenge for
spatial planning and licensing authorities, who
need a clear picture of the subsurface on order to
mitigate possible conflicts among the many users
and countries involved.

Several geological studies provide a large
public data repository as a web tool that is freely
accessible online (see http://akvamarin.geo-zs.si/t-
jam_boreholes/ or http://transenergy-eu.geologie.
ac.at/). However, their value and attractiveness for
stakeholders is rather poor due to the lack of an
effective tool for visualising subsurface data in 3D.

The 3D regional geological model of the
Slovenian part of the Mura-Zala Basin presented
in this paper was developed by the Slovenian
members of the project GeoMol (THE GroMoL
TEaM, 2015). The model aims to:

e publish available 3D spatial information on the
geological structure of NE Slovenia,

e present the data using the latest
lithostratigraphical characterisation of the Basin,

e enable open, faster and easier assessment of
geopotentials.

This was achieved by reinterpretation and
harmonisation of existing geological models,
reinterpretation and digitalisation of log data,
development of the 3D numerical geological
model, and its implementation in the 3D-Explorer.
This way, the opportunity to identify new areas
for development of various geopotentials is
freely available to everybody, without any special
software.

Geological setting

The Mura-Zala Basin extends across most of
north-eastern Slovenia (Fig. 1). Basin fill consists
of Neogene sediments belonging to the Central
Paratethys paleogeographic domain (RoyDEN
& HorvaTH, 1988). Regional stages in use for the
Central Paratethys are therefore used to describe
the formations in the model (PiLLER et al., 2007).

The lithostratigraphy of the Mura-Zala
Basin was first interpreted for purposes of oil
and gas research in the 1950s-1960s (PLENICAR,
1954; Cicit, 1958; VoncCiNa, 1966), which was
followed by a geological mapping for the Basic
Geological Map of Yugoslavia (PLENICAR, 1968,
Mio¢ & Znmarcic, 1978, 1998; ANICIC & JURISA,
1984; Znmarceie & Mioc¢, 1987; Markovi¢c & Mioc,
1988). The determination of Miocene formations
was based on lithological, biostratigraphical and
geophysical markers (NarrapLIN, 1966; GRANDIC
et al., 1986; Turk, 1993; Mio¢ & ZNIDARCIC, 1996).
Previously, earlier Miocene formations were also
jointly named the Murska Sobota Formation
(Fm.) while all Pontian to Quaternary sediments
were named the Mura Fm. (Turk, 1993; KraALJ
& Krari, 2000). The stratigraphy was upgraded
during the latest regional reinterpretations based
on a dynamic process approach and focusing
on the evolution of sedimentary environments
performed in several transnational projects,
such as the AT-SLO project TRANSTHERMAL
(Larange et al, 2007), the HU-SLO project
T-JAM (NApor et al., 2012), and the AT-HU-SK-
SLO project TRANSENERGY (RmaN & LAPANJE,
2013), as well as separately (Luci¢ et al., 2001;
Fopor et al., 2002, 2005; JeLEN et al., 2006; Pavsic
& Horvart, 2009). Currently, the most important
publication on the regional lithostratigraphical
settings is the Surface lithostratigraphic and
tectonic structural map of the T-JAM project
area, northeaster Slovenia, at 1:100,000 (JELEN
& RireLs, 2011), where the Neogene units are
reinterpreted.

The Mura-Zala Basin was formed at the
western margin of the continental rift that was
active from the Late Ottnangian to the mid-
Badenian (MArToN et al, 2002; JeLEN et al.,
2006; Maros et al., 2012). An ENE - WSW to E
— W oriented Ottnangian extension produced
cascading subsidence along the dextral-
transtensional Donat Fault zone in the south,
and along the Raba extensional corridor (also
left lateral transfer zone) in the north (Fig. 1).
Along these fault zones, sub-basins were formed
in half-grabens (JELEN & RireLs, 2005; JELEN et
al., 2006). The Mura-Zala Basin is characterized
by two ENE - WSW trending sub-basins: the
Haloze — Ljutomer — Budafa Sub-basin in the
south along the Ljutomer and Donat Faults,
and the Radgona - Vas Sub-basin in the north
along the Raba Fault. A basement high named
the Murska Sobota extensional block separates
the two sub-basins. The northern and southern
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Fig. 1. Contour map of the pre-Neogene basement with major tectonic features (adapted from reports of JELEN et al., 2006, Maros et
al,, 2012). The extent of the Slovenj Gradec Sub-basin is only schematic and no information was available for Croatia.

margins of the Mura-Zala Basin are formed by
the South Burgenland Horst and the Kozjansko —
Zagorje tectonic block, respectively. The Pohorje
and Murska Sobota extensional blocks formed
along roughly N - S trending listric extensional
faults between the Rédba and Donat Fault zones.
The Maribor Sub-basin formed above the faulted
boundary between the two blocks. The Eastern
Mura — Orseg Sub-basin subsided along the
Bajan Fault running along the eastern side of the
Murska Sobota block, roughly along the border
between Slovenia and Hungary.

The lithostratigraphical description, sedimentary
environmental and dynamic infill of the basin is
summarised from Fopor et al. (2011), JELEN & RIFELS
(2011) and Maros et al. (2012). The oldest Neogene
sediments belong to the Early to mid-Miocene
(Ottnangian to Early Badenian) Haloze Fm. The
continental muddy breccias and conglomerates at the
bottom of the sub-basins represent the initial phase
of their filling, but higher up, the sediments soon
turn into fine-grained deposits of marine character.
The upper part of the Haloze Fm. includes also tuff
and shallow marine deposits, e.g. Lithotamnian
limestone, corresponding to a deposition in a short
tectonic inversion and simultaneous sea level drop
in the Early Badenian. These sediments have mostly
low permeability.

The Spilje Fm. begins with the mid-Miocene
(Badenian) transgression due to eustatic sea
level rise and continuing the subsidence of the
sub-basins. Shorelines shifted far inland and a
connectionbetween the Central and Mediterranean
Paratethys was established. Poorly-permeable fine
grained mud-rich turbidites deposited along the
basin margins, and hemipelagic mud in the deepest
parts of the sub-basins. Shallow marine deposition

prevailed throughout the mid-Miocene (Badenian
and Sarmatian) on the Murska Sobota extensional
block, as well as to the south and north of the basin
margins. Transgression was interrupted by the
Late Badenian regression phase, which produced
erosional surfaces in previously submerged areas.
Coarse-grained clastic sediments of heterolithic
facies were derived from the uplifted basement.
Even limestones formed along the new shorelines
that were established after regression. These
shallow-water and coarse-grained deposits are
generally highly permeable. After this short-lived
regression, the deposition of low-permeability
sediments continued and the western parts of
the sub-basins were filled up by the end of the
Sarmatian, by which time the connection with the
rest of the Tethys was also severed.

In the Late Miocene (Pannonian), the area
turned into a vast lake system. Rivers from the
rising Eastern Alps continuously filled the still
subsiding sub-basins with prograding deltas.
Continuous subsidence and the Pannonian
transgression led to the submergence of the
Murska Sobota extensional block. Deposition of
hemipelagic marl took place in the deepest parts
of the sub-basins, and deltas prograded from the W
and NW.The Lendava Fm. comprises turbidites fed
from the prograding delta, which are overlain by
fine-grained slope deposits. The sandy turbidites
occur as isolated permeable bodies, whereas the
fine-grained slope deposits represent a very low-
permeability horizon covering the turbidites.

Well-permeable  coarse-grained turbiditic
sandstone and limestone of the Spilje and Lendava
Fms. store significant quantities of oil and gas
(HasenauTTL et al., 2001) and oil-prone thermal
water (Krars & Kravry, 2000).
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The deltaic sediments of the Mura Fm. are
divided into delta front and delta plain facies. The
delta front is represented by permeable tabular
sand bodies deposited at the delta mouth, which
are the most extensive and widely exploited
geothermal aquifers in the region (Krari, 2001;
Krars & Krary, 2012; Rman et al., 2012; RMAN,
2014). The delta plain sediments are mostly fine-
grained silts with occurrences of coal (MaRrkIC
et al, 2011). Permeable gravel lenses originating
in distribution channels connect this part of the
sequence with the delta front facies. The age of
strata in the Mura Fm. generally decreases from
W to E in the direction away from the former land
surface.

In Pliocene, sediment deposition overwhelmed
the subsidence, and delta plain sedimentation
changed to an alluvial type of deposition,
producing the Ptuj-Grad Fm. A phase of tectonic
compression in Pliocene (ToMmLiENOVIC & CSONTOS,
2001) induced inversion and folding that was
restricted mainly to the Donat Fault zone. Alluvial
sediments slowly covered the deltas and indicated
a new organization of the drainage system in
the Paratethyan domain. The Ptuj-Grad Fm. is
quite permeable but does not contain extensive
geothermal or freshwater aquifers (ZrLeBNik, 1978;
Szoécs et al, 2013; Rman, 2014). The youngest
sediments are mostly gravelly alluvial deposits of
the Drava and Mura rivers. They are of Quaternary
age and an important drinking water resource
(ANpJELOV et al., 2006).

Methodology
Modelling procedure

Building a 3D geological model is a continuous
process that includes several steps, depending on
the type. Data pre-processing includes collecting,
structuring and reinterpreting data. Maps and
cross-sections are digitized and managed as vector
data in GIS software where necessary. The final
step is to integrate all this data into software for
the 3D modelling process (KaurmManN & MARTIN,
2008). These steps are repeated each time new data
is available. For a geological model, the process can
be performed each time a new borehole is drilled,
a new reflection seismic profile is made or a new
geological map is published. In order to be able to
update the existing model as quickly as possible, we
have followed several methodological steps (Fig. 2).

We created a 3D model using several different
software applications: MS Office Excel for the
borehole database, AutoCAD (InTernET) for
constructing cross-sections, ArcMap (ESRI,
2014) for processing two dimensional data, and
JewelSuite™ (Baker Huches, 2014) for handling
3D models from previous studies and constructing
the final three dimensional model. Building a
model uses the data both ways, as a continuous
exchange between software formats is necessary
due to their reprocessing.
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Fig. 2. Organigram of the methodology used to produce a 3D
geological model (modified after Kaurmann & MarTiN, 2008).

Initially, we used mostly vector data (points,
polylines and polygons) to create cross-sections.
Some were derived from the raster data (by
digitizing maps) but the raster data (digital surface
map — CIAT, 2004) was also used. We collected four
types of available source data:

e Published geological surface map (Mio¢ &
Margovic, 1998; JELEN & RIFELJ, 2011),

e Models from previous studies of the area
(LaransE et al., 2007, Fopor et al., 2011, Maros et
al., 2012, Rman, 2013),

e Digital surface map (CIAT, 2004) and
e Borehole lithological logs.

The information on boreholes was first collected
and organized in an MS Excel database, and later
harmonized and reinterpreted. Additionally, we
created six interpretative cross-sections using
AutoCAD: three in SW-NE and three in the
NW-SE direction (Fig. 3). They are deliberately
spatially equally distributed over the study area
and intersect the most representative boreholes.
These sections constituted the main input for
the building of the 3D model, together with the
453 formation penetration points (FPP) from 145
reinterpreted borehole logs (see Table 3). Boreholes
are very unevenly distributed over the model area,
clustered in and around urban areas as well as in
areas richer in oil and gas, and according to other
geopotential probability, i.e. near Lendava, Gornja
Radgona and Murska Sobota (Fig. 3).

Together with these cross-sections, the 3D
models from previous studies were imported into
the JewelSuite™ software. Based on all of the
data, polylines in the three dimensional space
were created. Additionally, boreholes (X, Y, Z,
inclination and azimuth) and their formation
penetration points were also imported. Using
a combination of newly created polylines, the
digitized surface geological map, and information
on the horizontal extent of formations (from FPP),
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as well as the cross-sections derived from the modelling (blue lines), which appear in Figure 5.

we created pinchout lines for all formations and
defined their terminations (Fig. 4a). The pinchout
lines were created using the JewelSuite™
and ArcMap simultaneously, being iteratively
connected with the polylines, and determining
the shape of the layers. These newly connected
polylines were triangulated to a triangular mesh
using a linear interpolation method (Fig. 4b).

Meshes of individual layers were additionally
vertically fitted using the reinterpreted borehole
data (FPP). The resulting model is a three
dimensional trimesh layer model. Subsequently,
the stratigraphic boundary surfaces were
converted to regular gridded surfaces with a cell
size 0of 500 x 500 m in order to have the possibility
of using it with other software later (e.g. with
FeFlow, ArcMap).

Extent and boundaries of the model

The 3D model covers NE Slovenia, with
smaller parts entering Austria, Hungary and
Croatia (Fig. 3). Geographically, the model is
referenced in UTM 33 N projection using WGS84
datum. It extends 121 km in the E - W direction
and 91 km in the N — S direction, over a total area
of 5404 km?. To the NW, the model is bounded by
the state border between Slovenia and Austria,
while it extends to the NE along the border of
Fig. 4. Digitized polylines from cross-sections with FPP (a) and the TRANSENERGY pilot area (Fuks & Janza,
created trimesh from polylines (b) for one layer. 2013). Its eastern and southern boundaries
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are controlled by the extent of the model from
Rman (2013), which was constrained by the data
available and the trace of the Ljutomer Fault. The
western model boundary follows the groundwater
bodies that close the Mura-Zala Basin.

Vertically, the model stretches from the Earth's
surface down to the base of Neogene rocks.
Enhanced digital surface data from the Shuttle
Radar Topography Mission (CIAT, 2004) was used
for the Earth surface. The base of Neogene rocks
forms a basement surface of the Basin, whose
geometry was adopted from earlier works (Fopor
etal,2011; Maros et al.,2012). Maximum elevation
in the model is approximately 1500 m a.s.l. and
the minimum approximately 6600 m b.s.l,, being
modelled north of Lendava.

Datasets and delineated units

Key stratigraphic units of the Mura-Zala
Basin were reinterpreted using earlier geological
models, existing mainly in 2D format: i) the pre-
Neogene basement depth map (Laranse et al,
2007), ii) the 1:100,000 Basic Geological Map of
Yugoslavia and Slovenia, iii) the 1:100,000 Surface
litostratigraphic and tectonic structural map of
the T-JAM project area in northeastern Slovenia
(JeLEN & RireLs, 2011), iv) the geological model
of the T-JAM project (Fopor et al., 2011), v) the
geological model of the TRANSENERGY project
(Maros et al.,, 2012), and vi) the geological model
of the PhD thesis of Rman (2013). A comparison of
the defined formations is given in Table 1.

This new geological model of the Mura-Zala
Basin comprises eight lithostratigraphical units,

from pre-Quaternary deposits to the Haloze Fm.
(Table 2).

Well logs from 145 boreholes (see locations in Fig.
3) were reinterpreted using lithological descriptions
of cores and drilling chips, and available
paleontological data to distinguish between
sedimentary paleo-environments within the same
formations that were not effectively separated in
previousmodels. Since each formation was deposited
in a distinct sedimentary paleo-environment,
various sedimentological and hydrogeological
characteristics can be used for classification instead
of the very similar lithology of alternating mud (silt
- clay), silt, and sand (Table 2). As clastic sediments
prevail, spontaneous potential, resistivity and
natural gamma-ray logs were used owing to their
strong dependence on grain-size variation. Finally,
as the architecture of the Quaternary sediments
is currently under interpretation, they were not
included in this geological model.

. Due to time constrains the subdivision of the
Spilje Fm. into Badenian and Sarmatian was
performed on only 20 borehole logs used to create
the six interpretative cross-sections. The division
is based on the occurrence of Lithotamnian
limestone.

The number of boreholes that reached different
formation does not decrease with depth, from
Ptuj-Grad Fm. to pre-Neogene basement rocks.
This is because that not all formations occur over
the entire study area, and therefore some boreholes
in the western part of the model penetrate, for
example, only the outcropping Spilje Fm., while
others that should stratigraphically lie above it
are not developed.

Table 1. Comparison of formation definitions with previous projects.

TRANSENERGY
T’I[-‘IlltillzgliL pilot area -
L . MAN
Formation Subdivision e Ll (R supraregional | (Vagos et al.,
(LAPANJE et al., al., 2011) (Maxos et al 2012 (2013)
2007) ’ ’
2012) Fuks et al.
2013)
Ptuj-Grad Fm. / yes yes yes yes
delta plain not
. yes . yes yes
facies not subdivided
Mura Fm.
delta front subdivided os os os
facies Y Y Y
slope facies not yes yes yes
Lendava Fm. bdivided
turbidites subdivide yes yes yes
S ¢ not
armatian age es es
- & not Y Y subdivided
Spilje Fm. .
. not subdivided
Badenian age . yes yes
subdivided
Haloze Fm. / yes yes yes
pre-Neogene
rocks / yes yes yes yes yes
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Table 2. Characteristics of separated formations in the 3D regional geological model as summarised from Maros et al. (2012). Note
that Quaternary deposits were not distinguished.

Lithological D
Formation description Distinguishing criteria sand Sedimentary Time Porosity
(after JELEN & RIFELJ, of borehole logs environment period
2011) content
alternation of gravel,
sandy, silty and
clayey gravel, sand, AP,
Ptuj-Grad gravely and silty Z?l?ic;f;ielgri(z}ﬁ)gcal Latest
Frn sand, silt, sandy and determination 15% alluvial plain Pannonian to 10%
’ silty clay, basaltic e Pliocene
tuff, tuffite and superposition
basalt, isolated coal
occurrences
specific lithology
alternation of silty and paleontological
clay, clay, silt, determination,
gravely, sandy and alternation of fining- .
clayey silt, sand, silty | and coarsening- upward 50% delta plain 10%
and gravely sand, sand bodies from
sandy gravel and coal | geophysical borehole earliest
Mura Fm. logs, coal occurrences Pannonian to
specific lithology Late Pontian
alternation of sand/ | and paleontological
sandstone, silt, marl, |determination, thick,
clayey marl, clay, coarsening-upward sand 70% delta front 12-14%
marly, sandy and bodies from geophysical
silty clay, coal borehole logs, coal
occurrences
superposition and the
sandy silt, marly presence of approx. 200
clay, occasional sand | m thick uniform silt 5% slope Early Pontian 5%
bodies horizon without distinct
stratification
Lendava specific lithology
Fm. alternation of sand/ and palheon"cological
. determination, sand 30% . o
sandstone, silt, sandy, bodies with oceasional (turbidites deep lacustrine Late 7% (turbidites
silty and clayey marl, . o/ i1t o turbiditic Pannonian 10%, silt 5%)
clay gravel, predominately 50%, silt 5%)
non-graded from
geophysical borehole logs
alternation of sand,
sandstone, sandy
and silty marlstone,
stlll;h?l;?grsli ty specific lithology Sarmatian shallow | Mid Badenian
clay, conglomerate and paleontological 50% (and deep) marine, |to Early 7%
locaily sandy * | determination fluvial, terrestrial | Pannonian
. . algal and oolitic
Spilje Fm. limestone, dolomite,
coal
alternation of silty
S;II?dcslt?Izy ;gjﬁiy specific lithology 30%, shallow Badenian shallow Farly .
7 and paleontological areas more - Badenian to 5%
algal limestone, determination ermeable (and deep) marine Sarmatian
conglomerate, p
dolomite, coal
alternation of
sandy and silty cp 1s .
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As many as 453 formation penetration points
were available from the 145 reinterpreted
borehole logs (Table 3). Despite the fact that
only 59 boreholes penetrated to the pre-Neogene
basement rock, the total length of penetrated
layers amounts to 156,436 m.

Lack of seismic sections and other data on
the structural inventory of the area meant that
the fault network could not be considered in this
model. Publications imply that displacements
along the faults affect mostly older Miocene
sedimentary rocks and are estimated to measure
a few tens of metres vertically, which is generally
much less than laterally (ZrEBniK, 1978; GOSAR,
1995). The Ljutomer Fault (Fig. 1) is one of the
most important faults in the investigated area. It
is a large active strike-slip fault in a transpressive
regime with a complex multiphase history (Mio¢
& MAaRrkovi¢, 1998; PrLAcER, 1999; MARTON et al.,
2002; Fopor et al., 2005; Pracer, 2008). The Ptuj
— Ljutomer - Budafa half-graben along it formed
the Haloze — Ljutomer - Budafa Sub-basin by
the Late Pontian. The Ptuj and Ljutomer parts
remained a sub-basin and were renamed the
Ptuj — Ljutomer Sub-basin, while the Haloze and
Budafa parts were positively inverted to the Bo¢
— Ormoz - Selnica — Lovaszi — Budafa antiform
approximately in the Pliocene. The antiform
consists of several anti- and synclines and
was pushed on the Ptuj - Ljutomer Sub-basin
(SacusenHoreEr et al., 2001; Fopor et al, 2002;
JeLEN & RireLs, 2006). The low-permeability
layers of the Haloze, Spilje and Lendava Fms.
were tilted into a subvertical position along the
western part of the fault near Ptuj, therefore they
form a lithological boundary which significantly
restricts groundwater flow from south to north
(ZrEBNik, 1975, 1978; Jeren & Rirens, 2006;
Krasine, 2013). This supports our decision to set
the south boundary of the 3D model along the
Ljutomer Fault trace. To the south-east of the

model, we also included some area south of this
fault, as the Neogene layers plunging eastward
show some folding, but are not expected to form
a hydraulic barrier for groundwater flow in the
Mura and younger Fms.

Results and Discussion
Lithostratigraphical horizons

The pre-Neogene basement map and the Earth
surface topography were used as input boundary
constraints in the model. Between those two
boundaries, eight Neogene lithostratigraphical
boundaries were modelled. Thicknesses of
formations is highly variable in space and can
locally be far greater than the average thickness,
depending largerly on the sedimentary and
paleogeographical environment, as explained in
Geological Settings.

The average thickness of modelled formations
is 381 m, varying from 201 m for the Lendava Fm.
- slope to 638 m for the Mura Fm. — delta plain
(Table 3). The Lendava Fm. slope sediments do not
exceed 650 m; while maximum thickness of the
Ptuj-Grad Fm., the Mura Fm. — delta front, and the
Lendava Fm. — turbidites vary from 952 to 1161 m
(Table 3). Areas of maximum formation thickness
do not coincide in space. For example, the Ptuj —
Grad Fm. reaches its maximum thickness at the
southern boundary of the model (in the Ptuj -
Ljutomer Sub-basin) along the Ljutomer Fault
(Fig. 5), whereas the Mura Fm. - delta front
sediments are thickest in the SE part of the model
near the SLO-HU border (Fig. 6).

The Mura Fm. — delta plain, the Spilje and the
Haloze Fms. reach maximum thickness at 1533
to 2005 m (Table 3), but since they largely consist
of low-permeability sediments this does not,
unfortunately result in favourable geopotentials.

Legend
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ch represent a moderately
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2D visualization of the model

Four arbitrary cross-sections in various
directions were made across the resulting regional
geological model (Fig. 7). In order to gain a
better spatial perspective of the entire modelled
area, the model is also displayed in the form of
a fence diagram (Fig. 8). While this visualization
is useful in recognition and differentiation of
spatial relationships in the model, it is still
unsuitable for further application. Therefore, the
3D regional geological model was transferred to
newly developed open-access GST 3D Explorer
platform, as described in the following section.

3D visualization of the model

Transnational data exchange is very difficult in
practice because it is complicated and constrained by
diverse data policies, database systems and software
solutions. In order to overcome this issue, the
regional-scale 3D geological model of the Mura-Zala
Basin has been converted for use in the 3D browser-
analysis tool for visualisation and query, called
the 3D-Explorer. This free online tool is based on a
software development technology called GST (Geo
Sciences in Space and Time) and is available through
the web portal http://www.geomol.eu/3dexplorer. The
aim of the project is to distribute open-source multi-
dimensional geo-information from different sources
as a joint and harmonised picture merged from
different national repositories (THE GroMoL TEaw,
2015). This tool interconnects the geological models
that are maintained and continuously updated by
the Geological Surveys with interested stakeholders,
who are free to explore and query the subsurface
at arbitrary depths and locations. Further technical
details and instructions for use are described in the
GeoMol project final report (Tee GEoMor Teawm, 2015,
pages 158-165 and references therein).

The 3D-Explorer requires web a browser such
as Firefox, Chrome, Opera or Safari. A public
login without any username or password provides
open access to the available 3D models. The input
data can be dynamically visualised either as a set
of stratigraphical surfaces (formation base and
top horizons), point data, or volumes. A preferred
spatial reference system with arbitrary coordinate
transformation can be chosen.Topographic maps can
be added to the visualization to facilitate orientation
in space in addition to current coordinates, which
are displayed at the cursor position. Exaggeration
of the z-scale can be set to improve one's insight
into the geometry of the 3D model (Fig. 9a). The
slice-through feature enables fast creation of model
cut-outs as a series of arbitrary vertical cross-
sections and horizontal slices (Fig. 9b). Finally, a
virtual borehole feature can generate information
on depths of modelled units below any arbitrary
point on the surface. All these visualizations can be
exported for further use.

Quality of the model and open issues
for further work

The 3D geological model is in a continuous
stage of development. It was built according
to a methodology that allows updating and
improvements each time new data is available.
The model was built with available data, hence
its quality could not be verified by information
from new/unused boreholes or cross-sections at
this stage. Therefore, we challenge all interested
parties to test and evaluate it with their own
data, and provide us with feedback on possible
improvements.

It became apparent that comparing the average
and maximum thicknesses between borehole

Legend
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Ptuj-Grad Fm.

Delta plain - Mura Fm.

Delta front - Mura Fm.
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Shallow and deep
marine - Spilje Fm.
(Sarmatian)

Shallow and deep
marine - Spilje Fm.
(Badenian)

[ Shallow and
deep marine -
Haloze Fm.

| Basement rocks

Fm. - Formation

Vertical exaggeration is 3x

Fig. 8. Perpendicular fence diagram of the Mura-Zala Basin fill superimposed on the pre-Neogene basement. View from SW.
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logs and the model is not a straight forward
process. The boreholes were available only for the
Slovenian part of the model, but the model also
includes parts of Austria, Hungary and Croatia
(Fig. 3), which caused noticeable discrepancies
between compared values. Across the state border
the model was constructed based on data from
previous models (see Methodology), and therefore
exhibits a higher level of uncertainty compared
to the central part of the model. Another issue
arise in the Croatian territory, where the model
was built based only on data from the surface
geological maps (Mio¢ & Markovic, 1998; JELEN &
RireLy, 2011).

We verified the Slovenian part of the model by
comparing the modelled average and maximum
formation thickness to data from borehole logs
(Table 3). Discrepancies of maximum formation
thickness range from 107 % to 232 %, for Lendava
Fm. - turbidites and Haloze Fm., respectively.
Surpluses of the rest, except for the Spilje Fm.,,
are attributed to the fact that the boreholes do
not penetrate the synclinal axis of the Ptuj-Grad
Fm. in the Ptuj — Ljutomer Sub-basin (Figs. 1, 3,
5). The largest discrepancy occurs for the Haloze
Fm., penetrated only by 25 boreholes. The surplus
occurs in areas where no boreholes reach the
Haloze Fm.
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Table 3. Comparison of average and maximum formation thicknesses evaluated from borehole log information and the model, and

the number of boreholes penetrating each formation.

Difference (%)
. . No. of boreholes penetrating the Borehole log Model (model/borehole
Formation Subdivision Sy sorn log)
average | max | average | max | average | max
Ptuj - Grad / 45 367 939 312 1161 85 124
Fm.
Mura Fm. delta plain 59 552 1240 638 2005 116 162
delta front 68 262 541 273 952 104 176
Lendava Fm. slope 65 155 482 201 650 130 135
turbidites 55 412 1077 408 1150 99 107
Spilje Fm. Sarmatian 299 1820
7 485 1978 / /
Badenian 517 1533
Haloze Fm. / 25 368 733 404 1700 110 232
pre-Neogene
basement / 59 / / / / / /
rocks

Comparison of average formation thicknesses
ranges from 85 % to 130 % (Table 3). The largest
discrepancy is observed for the Ptuj-Grad Fm. and
Lendava Fm. — slope. We assume that the thicker
Lendava Fm. - slope layer probably reduced the
thickness of Ptuj-Grad Fm.

The major drawback with our model is that
it currently does not include faults. Since many
structural traps are fault-controlled, the absence
of faults is a major shortcoming, for the assessment
of oil and gas reservoirs or storage sites among
others. Unfortunately, the Ljutomer Fault could not
be introduced into the model: due to significantly
different degrees of deformation along the fault
(Fopor et al., 2002, Fig. 12), lack of quality seismic
reflection data and other information along the
fault, especially for the area south of the fault,
made it impossible to interpret the geometry
and offset of its stratigraphic horizons with a
reasonable degree of accuracy. Therefore, the
southern boundary of the model was assigned to
follow its trace. However, in areas where density of
borehole data is high enough, like in Lendava and
the surroundings, our model reveals flexures and
stair-like structures in the modelled stratigraphic
surfaces that we interpret as resulting from offsets
along the fault planes.

The quality of the modelled 3D lithostratigraphical
boundaries can be assessed as very good along the
six input cross-sections, in areas with high borehole
density and in the vicinity of boreholes with
information on formation penetration points. The
model properly describes the regional geometry in
the selected scale due to a reliable conceptual model,
which is constructed based on previous studies of this
area (see Methodology).

Several issues still remain: well-permeable
shallow marine coarse-grained clastic rocks and
limestone of the Spilje Fm., which may form
important hydrocarbon or hydrogeothermal

reservoirs, could not be better distinguished
in the model due to a lack of seismic reflection
data. The boundary between the Badenian
and Sarmatian part of the Spilje Fm. is poorly
constrained, with delineation based only on
paleontological data and six interpretative
cross-sections. The slope facies of the Lendava
Fm. is very heterogeneous, which sometimes
made it difficult to interpret its regional extent
and separate it into two units — the turbidites
and the slope. Moreover, where turbidites of the
Lendava and Spilje Fms. are in direct contact
— which is the case in deeper parts of the basin —
they are difficult to differentiate. Consequently,
the boundary between these formations is
sometimes unreliable.

The Quaternary sediments were not modelled
as a separate formation owing to two issues:
their irrelevance for the evaluation of deep
geopotentials, and because lithostratigraphical
reinterpretation is still in process. Therefore, the
current model needs to be combined with the
latest open-access surface geological map of JELEN
& RireLs (2011) in order to identify areas where
Quaternary sediments overlie the Neogene units.
The cross-sections and virtual boreholes derived
from the model must be treated with discretion in
such areas.

Usability of the model

The presented 3D regional geological model
is intended for use as a general overview of
the geological setting of NE Slovenia. The key
formations that hold out at least some perspective
for various geopotentials are delineated in the
entire area of the Slovenian part of the Mura-
Zala Basin based on the overall average rock
composition at a regional scale. Consequently, the
model should not be used for detailed local studies.
Potential users of the model are notified about
this in a disclaimer that appears when accessing
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the 3D-Explorer. Generally, the level of detail of
the provided information is not suitable for any
visualisation or query at a scale more detailed
than 1:80,000.

The model is very useful for creating virtual
boreholes and cross-sections at an arbitrary
position in space, which enables quick preliminary
testing whether a specific site of interest may have
any geopotentials. Realistic assessments of investor
expectations can be made quickly, e.g. whether
they might find thermal water or not, and at what
depth the aquifer is expected to occur. This should
indirectly result in reduced geological risk, more
feasible approaches to exploration, and lower
financial investments. Similarly, this 3D model
may serve as a source of input data for regional
hydrogeological, geothermal, hydrogeochemical,
etc. numerical models that enable the appraisal of
volumes and capacities of reservoirs, simulation
of regional groundwater flow, heat and mass flow,
and similar.

The presented model currently exhibits a 3D
layer shape. In the future, should be upgraded to a
3D solid model with assigned properties, such as
porosity and hydraulic conductivity. That way the
model will be far more usable and efficient, and
speed up the evaluation of various geopotentials.

Conclusions

The presented 3D framework regional
geological model of the Slovenian part of the
Mura-Zala Basin represents a starting point for
future developers, users and managers of our
subsurface. This is the first 3D geological model
in Slovenia that is published according to the
principles of open-access, and incorporates the
latest lithostratigraphical information about
the area. In the long-term, the model will enable
better assessment of geopotentials since better
forecasting of subsurface geological structure
facilitates faster and easier delineation of
favourable areas for the exploitation of various
commodities, like groundwater and raw materials,
or for locating waste disposal sites. Therefore,
focused and harmonized management can be
achieved when various authorities begin to use the
model to visualise 3D spatial distribution of the
main lithostratigraphic units that hold various
geopotentials.

Obtaining and interpreting the archived seismic
reflection data is a key to any significant future
improvement of the model. The incorporation
of such will enable the inclusion of faults and
individual high-permeability horizons, which will
greatly improve the model's reliability. Another
issue arises from the transboundary character
of the Mura-Zala Basin (NADor et al., 2012). The
delineated units have been harmonised as much
as possible with the Austrian and Hungarian
geologists,butasizeablegapininformationappears
along the border with Croatia. Continuation of

geological structures and geopotentials to Croatia
is undisputable (for example see Borovi¢ et al., in
print), which is why new transboundary projects
are desperately needed to harmonize the data at
the triple-state junction of Slovenia, Croatia and
Hungary.

We would like to invite all interested parties to
test the model, available at http://www.geomol.
eu/3dexplorer/, to evaluate it with their own
data, and provide us with feedback on possible
improvements.
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