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Abstract

The well ILZ Thermal 1 was drilled in the year 1998 to a final depth of 1,906.0 m. Located about 15 km
west of the town of Fiirstenfeld in the Eastern Styrian Neogene Basin, it perforated Miocene sediments
until 1,466.0 m comprising Lower Pannonian to Karpatian sequences. Those are underlain by dolomites
of the Graz Paleozoic until 1,906.0 m comprising the basement

Formations were investigated regarding their reservoir characteristics including lithological,
hydrogeological and geothermal parameters to define the geothermal system in the area of the well.
A focus thereby lies on the Paleozoic basement not only because of highest data density from well logs
and cuttings but also because of highest expectable temperatures for geothermal energy utilization.

Lower Pannonian and Sarmatian sediments consist of an interlayering of gravels and sands to fine-
grained deposits. The Lower Pannonian can be correlated regionally with the “Feldbach-Formation”,
whereas the Upper Sarmatian corresponds to the “Gleisdorf-Formation”. Lower to Middle Sarmatian
sediments might be correlated with the “Rollsdorf-“ or “Grafendorf-Formation”. Major potential
aquifers for drinking water supply are formed by several coarse developed horizons, making up a total
aquifer net thickness of 153.8 m with an average resistivity-derived porosity of around 20%.

The Badenian series starts with the much finer developed “Bulimina-Bolivina/Rotalia-Cibicides Zone”
(BB/RC-Zone). Below, the “Sandschaler Zone” is dominated by coarse sandstones with few shaly to
marly intercalations and hence presents major potential for geothermal utilization with temperatures
of up to 46.5°C, calculated from a geothermal gradient of 45.5°C/km. Porosities range between 22-
25% and transmissivity was calculated to 3.15*10° m?/s. The water of the Sandschaler Zone is a
sodium-bicarbonate type with a content of total dissolved solids (TDS) of 5.01 g/I.

The Sandschaler Zone is underlain by the Lower Badenian Lageniden Zone, consisting of the upper fine
and impermeable “Tonmergel Series” and the lower much coarser developed Base Conglomerate,
which forms, together with the Karpatian Conglomerate-rich Group, the second important geothermal
aquifer. Those are characterized by a more or less very homogeneous very coarse conglomeratic
development with minor thin shaly and marly intercalations. However, porosities range between 11-
15% and transmissivity was determined to 6.61*10> m?/s. The water is typed as a sodium-chloride-
bicarbonate water with very high mineralization of 17.9 g/I. This, together with very high CO,- and
226Ra-content might cause problems when extracted and for utilization, especially in balneology, unless
treated requiring additional costs. Temperatures reach 76.5°C at 1,466.0 m.

Finally, the basement is formed by dolomites of the Graz Paleozoic and can be subdivided into three
major zones. The upper light to dark gray dolomites and marls (1) are assigned to the “Flosserkogel”
Formation of the “Rannach” Facies (Lower to Middle Devonian) and are developed very
heterogeneously. Major geothermal potential lies in the uppermost part and around 1,600 m with
permeabilities of > 100 mD and 60 mD, respectively. Temperatures gain 76-83°C, but again a very high
water mineralization (TDS = 17.6 g/I) and high CO,- and ?**Ra-content might lead to problems. The
Paleozoic water itself was classified as sodium-bicarbonate type.

The lower dark gray dolomites (3) show a very homogeneous development with abundance of breccias
increasing towards depth and therefore can be assigned to the Schockl Facies through correlation with
the lower dolomites of the well Arnwiesen 1. Although temperatures reach 96.5°C at the final depth,
those dolomites are not regarded as potential aquifers due to permeabilities of < 50 mD. The upper
and the lower zone are separated by a fault zone (2), which represents the major structure for
convective heat transport in the geothermal system with a permeability of > 260 mD.

All'in all, geothermal resources can be classified as low enthalpy resources and total heat in place was
calculated to nearly 10° MJ or 2.8*10° kWh. The temperature range would allow application in
agriculture (e.g. green houses), domestic hot water supply, balneology, radiators, for example.
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Zusammenfassung

Die Tiefbohrung ILZ Thermal 1 wurde im Jahr 1998 bis auf eine Endtiefe von 1,906.0 m niedergebracht.
Sie befindet sich in der Marktgemeinde llz, ca. 15 km westlich der Stadt Fiirstenfeld im Oststeirischen
Neogenbecken. Dabei wurden miozdne Sedimente von Unterpannon bis Karpat durchbohrt, welche
von Dolomiten des Grazer Paldozoikums unterlagert werden.

Alle Formationen wurden hinsichtlich ihrer Reservoireigenschaften untersucht. Dabei wurden
detaillierte lithologische, hydrogeologische und geothermische Analysen durchgefiihrt um Aussagen
Uber die Nutzbarkeit der Thermalwasser als alternative Energiequelle treffen zu konnen.

Die unterpannonischen und sarmatischen Ablagerungen werden von einer Wechsellagerung von
Sanden und Kiesen und feinkdrnigen Ablagerungen aufgebaut. Das Unterpannon kann aus regional-
geologischen Uberlegungen der ,Feldbach-Formation”, das Obersarmat der ,Gleisdorf-Formation”
zugeordnet werden. Das Unter- bis Mittelsarmat entspricht eventuell der ,Rollsdorf-“ oder
»,Grafendorf-Formation”. Sand- und Kieshorizonte mit einer gesamten Nettomachtigkeit von 153.8 m
und einer durchschnittlichen Widerstandsporositdit von 20% bilden die vielversprechendsten
Horizonte fiir eine potenzielle TrinkwassererschlieRung.

Das Baden beginnt mit der sehr feinkdrnig entwickelten Bulimina-Bolivina/Rotalia-Cibicides Zone. Die
darunterliegende Sandschalerzone wird von Grobsandsteinen mit wenigen feinkdrnigen Ein-
schaltungen dominiert und bildet deshalb eine Zone geothermischen Potenzials. Die Temperaturen
erreichen 46.5°C, resultierend aus einem berechneten geothermischen Gradienten von 45.5°C/km. Die
Porositit liegt bei 22-25% mit einer Transmissivitit von 3.15*10° m?/s. Das Thermalwasser wurde als
Natrium-Hydrogenkarbonat-Typ mit einer Summe an gel6sten Stoffen von 5.01 g/l klassifiziert.

Die Sandschalerzone wird von der unterbadenischen Lagenidenzone unterlagert, bestehend aus der
feinkdrnigen Tonmergelserie und dem grobkdrnien Basiskonglomerat, welches zusammen mit der
darunterliegenden karpatischen konglomeratreichen Serie einen zweiten geothermischen Aquifer
bildet. Die Porositdt variiert zwischen 11-15% mit einer Transmissivitit von 6.61*10° m?/s.
Temperaturen erreichen max. 76.5°C. Das Thermalwasser wurde als Natrium-Chlorid-Hydrogen-
karbonat-Typ klassifiziert mit einer Summe an geldsten Stoffen von 17.9 g/l. Die sehr hohe
Mineralisierung und ein sehr hoher CO,- und ?*Ra-Gehalt wiirden Probleme bei der Férderung und
Nutzung darstellen und zuséatzliche teure und technisch aufwendige MaRnahmen erfordern.

Das Grundgebirge wird von Dolomiten des Grazer Paldozoikums aufgebaut, wobei dieses in der
Bohrung in drei Zonen gegliedert werden kann. Die Hangendfolge (1) wird von hell- bis dunkelgrauen
Dolomiten und Mergeln gebildet und wird der Flésserkogel Formation der Rannach Fazies zugeordnet
(Unter- bis Mitteldevon). Das grofSte geothermische Potenzial liegt dabei im hangendsten Bereich und
um 1,600 m mit Permeabilitdten > 100 mD bzw. 60 mD. Die Temperatur liegt bei 76-83°C, wobei jedoch
eine sehr hohe Gesamtmineralisierung von 17.6 g/l und ein sehr hoher CO,- und 2**Ra-Gehalt des
Natrium-Hydrogenkarbonat Wassers voraussichtlich dieselben Probleme verursachen wirden.

Die Liegendfolge (3) wird von homogenen dunklengrauen, grobkérnigen Dolomiten gebildet, wobei
der Anteil an brekziosen Komponenten zur Endteufe zunimmt. Diese werden der Schockl Fazies
zugeordnet, basierend auf einer Korrelation mit Dolomiten der Bohrung Arnwiesen 1. Obwohl
Temperaturen von bis zu 96.5°C bei Endteufe erreicht werden, werden diese Dolomite aufgrund
niedriger Pemeabilitdten nicht als potenzielle Aquifere angesehen. Die Hangend- und die Liegendfolge
werden von einer Storungszone (2) getrennt, welche mit einer Permeabilitdt von > 260 mD die
Hauptstruktur fur konvektiven Warmefluss in diesem geothermischen System bildet.

Die geothermischen Reserven werden als Niedrig-Enthalpie-Reserven klassifiziert mit einem Gesamt-
wirmeinhalt von ca. 10'° MJ bzw. 2.8*10° kWh. Die Temperaturbereiche wiirden eine theoretische
Nutzung z.B. im Bereich der Landwirtschaft, Warmwasserversorgung, Balneologie, Heizung erlauben.
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1 Introduction

In times of climate change and energy revolution, geothermal energy plays an essential role as
emission-poor, alternative form of energy. Geothermal energy generally extracts the heat stored in
the Earth’s interior over the medium water and heat is available in large amounts (12.6*10%¢ MJ after
Armstead, 1983). Geothermal energy is also accounted as renewable, especially when the water is
reinjected into the subsurface. Another essential advantage is, that geothermal energy practically is
available everywhere shallower or deeper depending mainly on the geotectonic position and
subsequent geothermal gradient, respectively. Major fields of applications are for example electricity
production, space and district heating, agricultural purposes or balneology.

Geothermal energy is used by human kind since thousands of years especially as hot waters for
cooking, heating or probably most prominent as curative waters for recreation in spas of the Roman
Empire, in the Far East (China, Japan, Tibet), Turkey, Native Americans, etc. First scientific background
for geothermal energy was discovered by Agricola (1556), who observed a temperature increase with
depth in mines and the first geothermal gradient was measured in 1791 by Alexander von Humboldt
in a mine in Freiberg, Germany with 3.8°C per 100 m (Stober & Bucher, 2012).

Industrial utilization of geothermal energy started in 1827 in Larderello, Italy, where Francesco Larderel
used the energy for extraction of Boron and for operation of pumps and machines. In 1913 the first
power plant with an electrical potential of 250 kW was installed and with development of deeper wells,
dry steam with 200°C was used for electricity production. In 1939, the potential already gained 66 MW.
In the first half of the 20™ century lots of other countries followed Italy and also started with utilization
of geothermal energy for different purposes, e.g. USA, Iceland, New Zealand, Mexiko (Stober & Bucher,
2012).

Today, referring to data from the World Geothermal Congress 2015 in Melbourne, Australia, the total
installed capacity increased to over 12,000 MW worldwide in terms of electricity production (Bertrani,
2015) and over 70,000 MW for direct utilization (Lund & Boyd, 2015).

Geothermal energy in Austria is mainly used for balneology, especially in the Eastern Styrian Basin,
where utilization of geothermal energy started in the 1970s from abandoned oil exploration wells. 2.2
GWh of electricity and about 1,800 GWh for direct purposes were produced in 2015 in Austria
(Goldbrunner, 2015). Most prominent examples are Bad Blumau, Bad Waltersdorf or Bad Radkersburg
amongst others.

Therefore, the community of Iz also decided to realize a geothermal project in the 1990s with the main
purpose of perforating the dolomitic basement and using those deep geothermal resources for in
balneology and agriculture. Due to very high mineralization, CO,- and ?*°Ra-content of those waters,
which would have led to problems in production and utilization, shallower and subsequently cooler
horizons were opened (Goldbrunner et al., 2000). Finally, the project was abandoned due to lack of
financial resources.

As a consequence, within this thesis geophysical logging data are reanalyzed with state of the art
software solutions and to investigate the waters using methods commonly applied in geothermal
energy exploration. Additionally, sediment-petrographic methods (optical microscopy, X-ray
diffraction) are used for more detailed lithological descriptions of the basement dolomites. From that,
the main objective of this thesis is the investigation of geological and geothermal parameters for
potential utilization of those resources and possibly to revive the project. A further aim should be to
address directly to responsibilities of the region for even starting explorations for new projects and
subsequently promoting the utilization of geothermal energy as a renewable, alternative energy.

In the first chapter, a general introduction to the state of the art of geothermal energy is given including
characterization of a geothermal system and their occurrences regarding geotectonic position.
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Furthermore, methods for classification of geothermal systems and subsequent fields of applications
are treated. Finally, actual numbers and statistics regarding geothermal use worldwide, economic and
environmental considerations are given leading to a short overview of geothermal energy utilization
in Austria, focusing on the Styrian Neogene Basin.

The second chapter represents a geological overview of the Styrian Neogene Basin comprising tectonic
evolution of the basin and lithological and structural characterization of the basement and the
Neogene sedimentary infill resulting in a model of basin development presented in literature as it is
assumed today.

The third chapter gives a short introduction to the well ILZ Thermal 1 with geographic location, some
historical remarks, drilling and completion data. Methodology used for investigations within this thesis
finalizes this chapter.

The main part presents all results gained during investigations. The chapter is split into three major
parts according to the characteristics defining a geothermal system: Detailed lithological/structural,
geothermal and hydrogeological/-geochemical investigations were carried out and results are
presented separately. Finally, in the last chapter those results are interpreted and correlated to define
the geothermal system of llz, to introduce the well into regional geology and to give an overview of
most promising sections for geothermal production.
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2  Geothermal Energy — State of the Art

This first chapter represents a short introduction to the state of the art of geothermal energy including
the characterization of a geothermal system and its components and their occurrences in different
geodynamic settings. Furthermore, different classifications of geothermal systems with subsequent
economic uses are given leading to some economic and environmental facts and finishing with specific
worldwide and central European (especially Austria) uses of geothermal energy.

2.1 Characterization of a Geothermal System

Geothermal systems generally occur everywhere in the Earth’s subsurface within different geodynamic
settings and therefore can be defined by various combinations of geological, physical and chemical
characteristics, creating a variety of different systems (Dickson & Fanelli, 2004). Most favorable zones
for geothermal use are zones with high temperature resources such as active or geologically young
volcanic zones (Duffield & Sass, 2003) e.g. Pacific “Ring of Fire”, Iceland or African rift system. A further
definition was given by Hochstein (1990) who described a geothermal system as “convecting water in
the upper crust of the Earth, which, in a confined space, transfers heat from a heat source to a heat
sink, usually the free surface.”

In general, a geothermal system consists of 3 main characteristics (Fig. 2.1; Dickson & Fanelli, 2004):

1. Heatsource
2. Reservoir
3. Fluid/Water

Hot spring
or
steam venl

\‘ Impermeable caprock
. {lhermalconduciion]

Flow of heat
(conduction)

13
,msgmeblz roc!
(thermal gonduction)

Fig. 2.1: Schematic model of an ideal geothermal system. (Dickson & Fanelli, 2004)

2.1.1 The Thermal Regime of the Earth

Geothermal energy has its origin in the heat produced naturally in the Earth’s interior, whereas two
principal sources of heat production can be distinguished:
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a) Residual heat from the Earth’s formation

This type of heat is derived from the fact, that temperatures rise with depth increasing to around 5000
K in the Earth’s core in about 6370 km depth (Fig. 2.2; Dziewonski & Anderson, 1981). This residual
heat is, with a mean surface temperature of 14°C, continuously transported from inside the Earth to
the surface and further to space resulting in a slow but steady cooling of the Earth e.g. cooling of the
mantle by 300-350°C within 3 billions of years (Stober & Bucher, 2012).

| | | 400
5000 —
inner S
core
4000 — o
= 1 e
e 1
7] W
¢ 3000 @
£ L o200 @
}g‘ 4 mperature upper | -~
£ mantle Q
2000~ lower M~ I &
mantle S
| - 100
1000 —
leF’HE.M . L -, \i\\ -0
0 1000 2000 3000 4000 5000 6000
distance from centre / km

Fig. 2.2: Temperature and pressure distribution in the Earth’s interior. (Dziewonski & Anderson, 1981)

The heat flux expressed as the potential per square meter irradiated from the surface has a mean value
of about 87 mW/m? but ranging from between 65 mW/m? on continents and 101 mW/m? in oceans
(Pollack et al., 1993).

The geothermal gradient, i.e. the increase of temperature with depth, is given with an average value
of 25-30°C/km in continental crust (Stober & Bucher, 2012).

b) Radiogenic heat production

Heat is also produced especially in the continental crust due to the decay of the radiogenic elements
potassium (*°K), uranium (*8U, 2*°U) and thorium (***Th) which contribute about 50% to the total heat
flux of 42 TW (Stacey & Loper, 1988) on the Earth’s surface. The other 50% are derived from the Earth’s
interior. (Vacquier, 1991; Turcotte & Schubert, 2002)

This radiogenic heat production depends on the composition of the crust i.e. is higher in felsic rocks
(e.g. granite) and is much lower in mafic rocks (e.g. gabbro) and hence can vary greatly along the crust
(Stober & Bucher, 2012).

Combining both heat sources, the total heat flux on the surface consists of a more or less constant
contribution from the core and mantle and a varying contribution from the crust (Stober and Bucher,
2012). A value for the total heat content of the Earth was given by Armstead (1983) with 12.6*10%* MJ.

10
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IM

Heat sources for geothermal systems hence can be represented either by this “normal” temperature
increase with depth especially in low-temperature areas or by a shallow magmatic intrusion creating
an anomalously high geothermal gradient (Dickson & Fanelli, 2004).

Heat transport and thermal properties of rocks

Heat can be transported by either a) convection i.e. with a mass flow (magma, water) through
structures (faults, fractures, etc.) or b) by conduction through the rock (Fig. 2.1). This rock specific
thermal conductivity A is together with the radiogenic heat production rate and the specific heat
capacity c one essential parameter to be analyzed in geothermal studies. The specific heat capacity is
defined as the ability of rocks to store heat per mass unit or in other words how much energy is needed
to heat up 1 kg of the specific material by 1 K (Stober & Bucher, 2012).

2.1.2 Reservoir Characterization

A geothermal reservoir is a lithology were the thermal waters can circulate and are stored, whereas
the striking parameters determining reservoir quality are effective rock porosity and permeability. The
greater the effective porosity and subsequent permeability, the higher is the possible production rate
of water and further energy (Duffield & Sass, 2003).

Hence, a geothermal reservoir can be characterized by two main features determining reservoir
quality: a) The lithology itself and b) its pore volume/permeability and structures permitting fluid flow.

Major reservoir lithology types are siliciclastic (sandstones) and carbonate (limestone or dolomite)
sedimentary rocks whereas the type of lithology itself also has a great influence in pore space structure
and distribution. Additionally, metamorphic and igneous rocks, in a minor role, also can represent good
reservoirs according to their jointing and other potential cavities.

Siliciclastic rocks

Unconsolidated siliciclastic sediments are classified into clay, silt, sand and gravel by grain size.
Generally, they show a well-defined intergranular porosity and hence the fluid flow can be described
as laminar but is strongly dependent on clay content and grain sorting (Holting & Coldewey, 2013).

60

Tofaf
Porgg;
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Fig. 2.3: Classification of sediments by grain size and resulting trends for intergranular porosity. (Modlified after Hélting &
Coldewey, 2013)
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The general trends are as shown in Fig. 2.3:

- Total porosity decreases with increasing grain size but most of the pores in clays are occupied
by irreducible capillary- or clay-bound water, hence effective porosity is very low

- Effective porosity/permeability increases with decreasing clay content

- Effective porosity/permeability increases with better grain sorting resulting in increasing pore
throat radii.

As a conclusion, it can be said that well-sorted sandstones like eolian sands represent a perfect
reservoir rock, whereas shales or siltstones due to their low permeability often act as
impermeable beds covering or underlying the reservoir (Fig. 2.1; Dickson & Fanelli, 2004).

Carbonate rocks

Carbonate rocks in terms of reservoir rocks include limestones and dolomites and are very sensitive to
chemical processes e.g. carstification, dolomitization, dissolution, leaching, etc. which create
secondary porosity and hence a very complex and irregular pore and/or fracture system leading to
turbulent fluid flow conditions (Tab. 2.1; Lucia, 1999).

Carbonate pore types

Intergranular Moldic Cavernous
Intercrystalline Intrafossil Fracture
Shelter Solution-enlarged fracture

Tab. 2.1: Petrophysical classification of carbonate pore types. (Adapted from Lucia, 1999)

Those secondary structures are the striking hydraulic spaces for permitting fluid flow in carbonates but
also in crystalline rocks, respectively (Holting & Coldewey, 2013). Similar to siliciclastic rocks, the
decisive criterion in terms of reservoir quality is, if the structures are connected to each other and
hence contribute to effective porosity and further permeability (Lucia, 1999).

2.1.3 Water Characterization and Fluid Flow

Water in liquid or vapour phase depending on temperature and pressure is the main medium which
transfers the heat through convection within a geothermal system. For providing such a convection,
not only pore spaces as mentioned under section 2.1.2 but also large-scale structures (e.g. faults) are
necessary for connecting a confined reservoir with the surface or with deeper areas. Faults generally
act as pathways for meteoric waters which infiltrate from the surface (point A in Fig. 2.4) for recharging
the reservoir naturally (B) where the waters are heated up (C), ascend along other faults due to
decreased density (upflow area, D) and finally discharge again on the surface as hot springs, geysers,
etc. (outflow area, E; Fig. 2.4; Dickson & Fanelli, 2004).
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Fig. 2.4: Left: Boiling curve of water (Curve 1) and temperature profile along a typical water circulation route in a
geothermal system (Curve 2). Right: Schematic cross-section through a geothermal system showing regional faults acting as
pathways for fluid flow (Dickson & Fanelli, 2004).

Water characterization

1. Origin of water — Isotope hydrology

Beside meteoric water (and sea water), which is generally dominating in geothermal systems (Dickson
& Fanelli, 2004), water can also have a magmatic (= “juvenile water”) origin as well as can be liberated
by diagenetic processes and/or metamorphic reactions. Latter ones, together with water bound in
mineral structures (e.g. micas or amphiboles) usually do not play a significant role in geothermal
systems. For classifying waters in terms of origin and history, isotopic analyses are executed. In the
water molecule (H,0) the most important stable hydrogen isotopes are *H and 2H or D (Deuterium)
and for oxygen °0 and *20.

In isotopic studies, ratios of these isotopes are analyzed because that gives information about the
history and origin of the water, e.g. the D isotope is slightly heavier than the 'H so when water
evaporates, the molecules with the lighter isotopes are preferred whereas the heavier ones are
enriched in the reservoir (sea, lake, etc.). Processes like this, known as “isotope fractionation” occur at
all phase transitions and are strongly temperature dependent (Hélting & Coldewey, 2013). Hence, the
isotopic ratios 6D and 60 can be used to classify waters due to their origin (Fig. 2.5):
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/’/ Magmatic | |,
/ primary HO
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Fig. 2.5: 6D/5'80-values for classification of waters of different origin (Taylor, 1967).
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The 8D/8'0 — values are calculated from the ratios of the isotopic composition of a water sample
which can be measured by simple mass spectrometry (Holting & Coldewey, 2013):

5D = (D/lH)sample - (D/lH)VSMOW

@i pvsmow

18 18
( 0/160)sample - ( 0/160)VSM0W

67°0 = 18
C %16 pIvsmow

As already visible from equations 4 and 5, the measured isotopic composition of a sample is compared
to an international standard value which is the isotopic composition of sea water (VSMOW = Vienna
Standard Mean Ocean Water). Therefore, the VSMOW plots at 0/0 in the isotope diagram (Fig. 2.5).
The composition of meteoric waters (rain water) strongly depends on temperature and latitude where
they are formed and the fractionation processes affect hydrogen and oxygen analogously resulting in
a linear relation between 8D and 880, the so-called “meteoric water line” (MWL; Hélting & Coldewey,
2013).

6D =860 + 10

Hydrothermal or in general thermal waters generally plot on the right side of the MWL reflecting an
oxygen isotope exchange between bicarbonate dissolved in the water and host rock (Fig. 2.6; Holting
& Coldewey, 2013).
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Fig. 2.6: Oxygen isotope exchange of some geothermal waters relative to the MWL (Marini, 2000; after data from Craig,
1963)

2.  Water classification and composition

Thermal waters are in most cases highly mineralized waters due to water-rock interactions. The
solubility of minerals is strongly affected by temperature, pressure, pH-value, redox potential and
other species dissolved in the water. Therefore, specific minerals precipitate or dissolve when exposed
to specific conditions. This can be used to reconstruct the environment in a deep geothermal system.
Dissolved minerals occur in water as cations and anions which gives the water the ability to conduct
electricity (electrical conductivity in S/m) depending on temperature and electrical conductivity of the
ions (ion charge). The total amount of cations and anions dissolved in a water is known as “Total
Dissolved Solids” or TDS given in mg/l or mg/kg (Stober & Bucher, 2012).
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Major solutes are sodium (Na*), potassium (K*), calcium (Ca?*), magnesium (Mg2*) and ammonium
(NH4*) amongst others for cations and chlorine (Cl'), (bi-)carbonate (COs*, HCOs or H,COs) and sulfate
(SO4*) amongst others for anions, respectively. Eventually, waters are classified based on their ionic
composition.

Because of temperature dependence of dissolution/precipitation, reactive constituents (= species that
participate in water-rock reactions) dissolved in the water or on the other side mineral precipitates
stable in a specific range of temperature (Fig. 2.7; Reyes, 1990) can be used as geothermometers, i.e.
to estimate the temperature in a reservoir if no measurements are available (Stober & Bucher, 2012).

MINERALS TEMPERATURE °C
2Q0 Qo

1 L P Gl T T i L L1

Chalcedony

Mordenite

™7 Calcite not stable above 320° C.

Calcite

Pyrite

Chlorite |  =————-—
Illite | = =—————
Albite

Adularia

Quartz

Sphene
Wairakite

Prehnite

Epidote
Biotite
Actinolite

Garnet

Fig. 2.7: Some hydrothermal alteration minerals commonly used as geothermometers and their temperature stability ranges
(Reyes, 1990).

Generally, solubility of monovalent cations is directly proportional to temperature (e.g. halite),
whereas solubility of bivalent cations is inversely proportional (e.g. anhydrite, CaSOa; Aguilera, 2014).
Basic requirements for the application of geothermometers are a) the assumption that the water
resided for a long time in the subsurface, b) thermal equilibrium between water and rock or c) no
mixing with surface waters i.e. closed system (Stober & Bucher, 2012; Fournier et al., 1974).

Gases and other constituents

In addition to minerals, gases (e.g. Hz, H3S, CHs, CO;) also act as reactive constituents and hence can
also be dissolved in water. Gas solubility (A) depends on the properties of the gas itself, on water
temperature, on TDS and the partial pressure (p) of the gas and can be described by the Henri-Dalton-
Equation (Stober & Bucher, 2012):

A=K xp
where K’ is a temperature-dependent proportionality factor.

At last, inert or non-reactive constituents or tracers such as He, Ar, N5, Cl, B, Rb, Cs amongst others do
not participate in water-rock interactions and therefore indicate possible origin of waters (Aguilera,
2014).

In summary, dissolution of species can give the water properties completely different from those of
pure water and to know about those properties but also about behavior of water in a geothermal
production process, the analysis and knowledge of dissolved species is inevitable.
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2.2 Global Occurrences of Geothermal Systems

Geothermal systems generally occur everywhere in the Earth’s subsurface, but most preferred systems
for exploitation are those where high temperatures occur in shallow crustal areas, i.e. zones with an
anomalously high geothermal gradient. Such zones are recent or young active volcanic zones (e.g.
“Pacific Ring of Fire”) over subduction zones, spreading/rifting zones (e.g. Iceland, African Rift System)
or Hot Spot settings (e.g. Hawaii, Iceland).

Fig. 2.8 shows a map of the Earth’s lithospheric plates and locations of active volcanic zones where
high temperature resources can be expected and that subsequently the most important geothermal
systems occur along plate boundaries (Dickson & Fanelli, 2004).

PACIFIC

1 1 1 1 1 1

Fig. 2.8: Map showing Earth’s main lithospheric plates with recent active volcanic zones (red triangles) in different
geodynamic settings coinciding with high temperature resources (Duffield & Sass, 2003).

Apart from those zones, low temperature geothermal systems also occur within plates far away from
active volcanic zones. Those are simply based on a normal to slightly raised geothermal gradient and
low to medium temperature resources occur in deep crustal regions, e.g. Central Europe.

2.3 Classification of Geothermal Systems

Geothermal systems can be classified according to three different criterions, whereas the most
common one is the classification after heat content or enthalpy (Dickson & Fanelli, 2004). The other
two criterions are a) after economic feasibility based on the definitions for geothermal resources and
reserves and b) after the dominating fluid phase within the system i.e. water, steam or even lack of a
fluid.
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2.3.1 Classification after Economic Feasibility

Muffler & Cataldi (1978) defined a geothermal resource as “...that part of the accessible resource base
that could be extracted economically and legally at some specified time in the future.” This simply
means all the heat stored in the Earth’s subsurface until a specific depth that possibly can be extracted.
On the other hand, a geothermal reserve or “identified geothermal resource”, according to Dickson &
Fanelli (2004), is “that part of the resource of a given area that can be extracted legally at a cost
competitive with other commercial energy sources and that are known and characterised by drilling
or by geochemical, geophysical and geological evidence.”

—ai}—— Geological assurance

Identifed A Indi: 1. [

Probable Possible

T
(Economic at future time)

Residual

Econonmic feasibilily =

Resource base

Resource

Energy which could be extracted economically
and legally in the near future

Reseve

] That part of resources which can be edracted
economically and legally a1 present

' Depth

Fig. 2.9: Definition of geothermal resources and reserves and classification of geothermal resources according to economic
feasibility and geological assurance (from Muffler & Cataldi, 1978).

Fig. 2.9 illustrates the definitions of geothermal resources and reserves and classifies them according
to economic feasibility and geological assurance. It shows that economic feasibility is inversely
proportional to the depth of a resource and that the limit between an economic reserve and a
“subeconomic” resource generally lies at about 3 km. Deeper resources might be economic in future
with the development of new, cheaper technologies in exploration and especially production.

2.3.2 Classification after dominating Fluid Phase Content

The second criterion for classifying geothermal environments is based on the phase in which the
geothermal fluid occurs within the system. Possibilities, therefore, if the fluid is water as in most cases
are the occurrence as steam, liquid water or a mix of both. The phase in which the fluid occurs majorly
depends on temperature and amount of fluid (Duffield & Sass, 2003). If a fluid is completely lacking in
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a system, it is called “hot-dry-rock” (HDR). Combining all those possibilities, four types can be
distinguished (Fig. 2.10; White, 1973; Duffield & Sass, 2003):

"AVAILABLE" WATER OR STEAM ———

m Normal-temperature saturated rock
rock

H Moderate-temperature saturated rock

High-temperature High-temperature
steam-saturated rock water-saturated rock

DEPTH
TEMPERATURE

Fig. 2.10: Classification of geothermal systems after dominating fluid phase and temperature (Duffield & Sass, 2003).

1

Normal to warm temperature systems:
Reservoirs containing water between 20°C and 100°C.

High temperature water dominated systems:
Reservoirs containing liquid water from < 125°C to > 225°C, which is controlled by reservoir
pressure. Those are the most frequently occurring systems in the world.

High temperature steam dominated systems:
Reservoirs containing steam and liquid water, whereas steam occurs as majorly dry or
superheated, steam which is also controlled by reservoir pressure. Examples are Larderello,
Italy or The Geysers, California.

Hot-dry-rock systems:

Concerning geothermal systems, heat source is the only
parameter of the three described under 2.1 which needs to be
natural (Dickson & Fanelli, 2004). HDR means hot, low
porous/permeable rocks in depth where the fluid and
pathways for it are lacking. Therefore, those two are created
artificially by pumping cold, high-pressure water over an
injection well down into the hot rock (1 in Fig. 2.11), causing its
hydraulic fracturing and loading with water. The water then
travels through the rock (2), is heated up and then is extracted
with a production well (3; Garnish, 1987).

A first experiment w_as executed in Los Alamos (!\lew I\/'Iex!c.o) Fig. 2.11: llustration of a HDR
but then was terminated because of economic unviability system with surface power plant

(Duffield & Sass, 2003). (from Dickson & Fanelli, 2004).

Such geothermal systems, where a certain degree of initial natural permeability is further
stimulated by hydraulic fracturing or directional drilling, then are called “Enhanced
Geothermal Systems” (EGS). Projects are currently running in Japan and especially Europe
(Tenzer, 2000; Duffield & Sass, 2003).
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2.3.3 Classification after Heat Content or Enthalpy

The classification of geothermal systems based on heat content or enthalpy, what is directly
proportional to temperature (Tab. 2.2), is the most common one and therefore already gives a first
estimation of how much heat can be extracted from a system (Dickson & Fanelli, 2004). The
classification contains 3 subdivisions of geothermal systems but temperature limits vary greatly in
literature:

Temperature (°C)

(a) (b) (c) (d) (e)
Low enthalpy resources <90 <125 <100 <150 <190
Intermediate enthalpy resources 90-150 125-225 100-200 - -
High enthalpy resources > 150 >225 > 200 > 150 > 190

Tab. 2.2: Classification of geothermal resources after heat content/enthalpy proportional to temperature (°C). (From Dickson
& Fanelli, 2004. Sources: (a) Muffler & Cataldi, 1978; (b) Hochstein, 1990; (c) Benderitter & Cormy, 1990; (d) Nicholson,
1993; (e) Axelsson & Gunnlaugsson, 2000)

From this classification, the fields of utilization of geothermal energy can be inferred directly.

2.4 Utilization of Geothermal Energy and worldwide Overview

Application of geothermal energy can be divided into two big groups: a) indirect or electrical or b)
direct applications. The field, for which a geothermal resource is suitable for utilization is directly
obtained from the classification of geothermal systems after enthalpy/temperature and is summarized
in the LINDAL-Diagram (Fig. 2.12).
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Fig. 2.12: LINDAL-Diagram for illustration of application of geothermal energy according to temperature (From Stefansson &
Fridleifsson, 1998; after Lindal, 1973).
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The LINDAL-Diagram shows, that for electricity generation only high temperature resources (> 90°C)
are applicable, whereas low- to medium graded resources are used for all other direct applications
(Mburu, 2010).

2.4.1 Electricity Generation

At the World Geothermal Congress (WGC) in April 2015 in Melbourne, Australia data concerning the
actual state of worldwide geothermal power production was presented by Bertrani (2015).

By this date, a total worldwide installed capacity was 12,635 MW and the amount of produced energy
was 73,549 GWh. This is an increase of almost 16% in installed capacity compared to the data
presented during the previous WGC in 2010. A short forecast, including all currently running projects,
was also given by Bertrani (2015), assuming an installed capacity of 21,443 MW until 2020 (Fig. 2.13).

World Geothermal Electricity
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Fig. 2.13: Development of worldwide geothermal power generation from 1950 until 2015 (Bertrani, 2015).

Leading countries for installed capacity are USA, Philippines, Indonesia, Mexico, New Zealand, Iceland,
Kenya and Japan (Fig. 2.14), whereas the biggest increases since 2010 were reported from Turkey
(+336%) or Kenya (+194%) for example.

2015 Geothermal Installed Capacity (MW)

<100 MW Installed

100-500 MW Installed

. >500 MW Installed
North America: - k)

3.45GW v

Guatemala: 52 MW 3

USA: 3,450 MW
El Salvador: 204 MW -
Nicaragua: 159 MW -~
Costa Rica: 207 MW

Mexico: 1,017 MW

| Latin America: |
1.64 GW

Europe: |
2.13GW
Germany: 27 MW
. Austria: 1 MW
Iceland: 665 MW
- s

France: 16 MW. 1/
Italy: 916 MW \

Portugal: 29 MW Turkey: 397 MW

Russia: 82 MW

[“asia Pacific: |
4.81GW

- Japén 1519 MW

. China: 27 MW

L. phil .
Ethiopia: 7 MW .*thppmes. 1,870 MW
ol Papua Nuova Guinea: 50 MW
@ kenya: ssamw i i, A
Indonesia: 1,340 MW
Sdtions Australia: 1 MW lNew Zeland: 1,005 MW

0.6 GW

Fig. 2.14: Worldwide distribution of geothermal power generation in terms of installed capacity (Bertrani, 2015).
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2.4.2 Direct Applications

Direct applications use low- to medium enthalpy resources and therefore are manifold what can be
seen in the LINDAL-diagram in Fig. 2.12. Most common and most important uses are in heat pumps for
air conditioning, urban space and district heating, balneology, agriculture and aquaculture.

Urban space and district heating

Heating of houses by geothermal resources including heat pumps are probably the most important
direct application of geothermal energy. The geothermal fluid is extracted over production wells and
then is guided either directly or over heat exchangers into the local pipeline network and enters
buildings, where another heat exchanger and pipes distribute the warm water within each household.
The cold geothermal fluid is either drained or guided back to the plant, in most cases consisting of a
geothermal doublet, and reinjected into the reservoir.

Vent A

- SG.C 35°C
Peaking station A

Heatin
Storage tanks Jj 9

Pumping
station
Reykir field

4]
o Mixi
Lineshaft 89°C 8| Vaoc 35°C
pumps W\/ ]

1500 kg/s
A 47 Heating
Vent

Ellidaar field Lineshaft A
180 kals pumps
125°C 125°c || Vso°C /\/\/\/ 35C
Mixing Heating
Laurganes field Lineshaift Drains
290 kgls pumps

Fig. 2.15: lllustration of an urban space or district heating network exemplified by the Reykjavik district heating system
where the water enters the units with a temperature of about 80°C (Gudmundsson, 1988).

Most important examples for this type of direct application are a) the Reykjavik district heating system
(Fig. 2.15), Iceland, covering 200,000 people what is about 67% of the total Icelandic population and
almost 100% of the city (Lund & Boyd, 2015) or b) in a smaller scale in the region around Paris and the
Aquitaine Basin, southwestern France, where 60-80°C warm water is produced from 1.5-2 km deep
wells for providing heat to about 200,000 households (Duffield & Sass, 2003).

In addition to large scale district heating systems, ground-coupled heat pump systems for separate
units also play a major role in space conditioning.

Agricultural uses

Major agricultural use of geothermal energy is greenhouse heating for cultivation of out-of-season
flowers and vegetables and reaching best growth conditions. Greenhouses are heated either by hot
water circulating through a pipe system in or on the floor, on the walls or in benches (Fig. 2.16 a-d) or
by forced air circulation derived from heat exchangers (Fig. 2.16 e-h; von Zabeltitz, 1986).
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a)
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Fig. 2.16: Greenhouse heating systems with natural air movement caused by hot water pipes (a-d) or forced air convection
(e-h). (von Zabeltitz, 1986)

Further agricultural applications are seed or wood drying, cultivation of fungi or fruit/vegetable
dehydration. Aquacultural applications mainly include establishing perfect growing environment for
fish (sturgeon, caviar, carp, catfish,...) or even crocodiles or caimans as tourist attractions in the USA
(Dickson & Fanelli, 2004).

Balneology

Geothermal resources are used worldwide for recreation in spas and is even the dominating field of
utilization in the Styrian Neogene Basin and is therefore described in more detail below (section 2.6).

Direct uses worldwide

Geothermal heat pump systems are without doubt the major direct use in the world, followed by
balneology and urban space heating (Fig. 2.17 a). Fig. 2.17 b shows the development of direct
geothermal energy utilization since 1995 and illustrates a steadily increasing installed capacity as well
as energy used. Leading countries in terms of direct-use installed capacity are China, USA, Sweden,
Turkey, Germany, France, Japan and Iceland making up 75.6% of total worldwide direct utilization
(Lund & Boyd, 2015).
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Fig. 2.17: Worldwide direct uses of geothermal resources in terms of installed capacity in MWt (a) and development with
total numbers of capacity in MWt and utilization in TJ/yr from 1995-2015 (b; Lund & Boyd, 2015).
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2.5 Economic Considerations and Environmental Impacts

2.5.1 Economic Considerations

When talking of economic investment for using a geothermal resource, two general types of costs must
be considered: a) Initial installation costs, when setting up a geothermal project/plant including wells
(about 55%; WEC, 2013), pipeline/electricity network, utilization plant amongst others and b)
operation or maintenance costs when the project/plant already runs. Generally, while installation
costs are very high, even higher than for conventional fossil energy sources, operational costs, i.e.
energy that is needed for running a geothermal plant, are lower than those for fossil ones or other
renewables. Therefore, energy efficiency of geothermal energy is given by the savings gained from low
operational costs, i.e. the shorter amortization time than for fossil energy (Dickson & Fanelli, 2004).

The costs for producing electricity from different energy sources are expressed as “Levelised costs of
electricity” or LCOE and are defined as “the price that must be received per unit of output as payment
for producing power in order to reach a specified financial return — or simply, the price that a project
must earn per MWh to break even” (WEC, 2013). In the following, data concerning costs of different
energy sources compared to geothermal energy are derived from the World Energy Council (WEC,
2013) in cooperation with Bloomberg New Energy Finance:
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Fig. 2.18: LCOE development of geothermal electricity production in Flash- and Binary Cycle Power Plants (WEC, 2013).

LCOE for geothermal electricity production currently varies between 50 and 100 USS/MWh, depending
on production type (flash vs. binary plants, Fig. 2.18). Compared to other sources of energy,
geothermal electricity production shows quite low LCOE in the range of coal or Combined Cycle Gas
Turbine (CCGT), whereas additional costs for CO; emissions for fossils are not included in Fig. 2.19.
Furthermore, a very high capacity factor (up to 95%) makes geothermal energy much more efficient
compared to other renewables. The capacity factor of an electric power plant is defined as the ratio
between the energy really produced within a period of time and the energy which could have been
produced if the plant would have run on full load.
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LCOE and capacity factors for different energy sources
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Fig. 2.19: Diagram showing the LCOE (blue) and capacity factors (orange) for different types of both, renewable and fossil
energy sources. Data from WEC (2013).

For conclusion, geothermal energy is the only renewable energy which can cope with the efficiency
(LCOE vs. capacity factor) of fossil energy sources or nuclear power.

2.5.2 Environmental Impacts

In general, direct as well as electric utilization of geothermal energy is free of emissions of CO;, NOy,
SO, other harmful gases or dust particles, whereas installation of a geothermal plant (from exploration
over drilling until construction of a pipeline network and the plant itself) is combined with a certain
amount of emissions due to raw material production and transportation and other services (Stober &
Bucher, 2012).

During production, environmental impacts increase significantly if the geothermal fluids containing
CO,, H,S, NHs, CH4 and other dissolved substances (e.g. B, As, Hg) are released to the environment
instead of being reinjected (Dickson & Fanelli, 2004). But as shown in Fig. 2.20 for CO,, emissions are
far below those of fossil energy sources, especially oil and coal.

1200

Geothermal Fossil

€02 emissions (ke/MWh)

Fig. 2.20: CO, emissions in kg per MWh for different geothermal power plants compared to fossil energy sources. Data from
Fridleifsson, 2001.
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Further possible environmental impacts are shown in Tab. 2.3 with probability of occurrence and
severity of consequences (Lunis & Breckenridge, 1991):

Impact Probability of occurrence = Severity of consequences
Air quality pollution L M
Surface water pollution M M
Underground pollution L M
Land subsidence L L-M
High noise level H L-M
Well blow-out L L-M
Conflicts with cultural and archaeological L-M M—-H
features

Social-economic problems L L
Chemical or thermal pollution L M—-H
Solid waste disposal M M—-H

Tab. 2.3: Possible environmental impacts of geothermal energy utilization with concerning probability of occurrence and
severity of consequences. L=Low, M=Middle, H=High, from Lunis & Breckenridge, 1991.

2.6 Geothermal Energy in Austria

A short overview of geothermal energy utilization in Austria and especially in the Styrian Neogene
basin should finalize this first introductory chapter to geothermal energy.

Geothermal energy utilization in Austria is mainly occurring in the Upper Austrian Molasse Basin and
in the Styrian Neogene Basin (Fig. 2.21), whereas some minor utilization occurs within the Eastern Alps
and the Vienna Basin, where warm natural springs are used for balneology (e.g. Villach, Bad Gastein,
Bad Voslau amongst others; Goldbrunner, 2015).

Upper Austrian Molasse Bgsi

Oberdsterreichisches Molaséebecken *
(Alpenvadand) .

Vorarlberger
.fhemtal

Styrian
eogene Basin

Fig. 2.21: Geothermal activity in Austria, especially in the Upper Austrian Molasse Basin and the Styrian Neogene Basin (red
boxes). Modified from Goldbrunner (2015).
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Geothermal energy in Austria is exploited from deep reservoirs by wells (in total 75 with a cumulative
length of about 130 km; Goldbrunner, 2015) of partially more than 3,000 m depth (e.g. Flrstenfeld,
Stegersbach in the Styrian Neogene Basin; Goldbrunner et al., 2010) with temperatures not exceeding
110-130°C (Goldbrunner, 2015) and therefore can be classified as low to medium enthalpy systems.
Subsequent major economic applications are ground-coupled heat pump systems (about 70,000 units),
balneology (27 spas), district heating (9 systems), greenhouse heating and in medium temperature
reservoirs also electricity production (e.g. Simbach-Braunau in Upper Austria (decommissioned) or Bad
Blumau in the Styrian Basin; Tab. 2.4; Goldbrunner, 2015).

Bad Waltersdorf 63 D,B, G

Bad Blumau 110 E, D, B, CO,
Loipersdorf 61 B,D
Bad Radkersburg 70 B,D

Tab. 2.4: Examples of geothermal energy utilization with temperatures in the Styrian Neogene Basin. E=Electricity
production, D=district heating, B=balneology, G=greenhouse heating, CO,=substantial use of carbon dioxide. Data from
Goldbrunner et al., 2010 and Goldbrunner, 2015.

Electricity generation in Austria declined from 3.8 GWh in 2010 to 2.2 GWh in 2015 because of the
closure of the Simbach-Braunau plant in the Upper Austrian Molasse Basin, whereas direct utilization
for 2015 is numbered with 1,816.26 GWh for energy production or 903.4 MWt for installed capacity
(Goldbrunner, 2015) and is distributed as shown in Fig. 2.22.

Direct utilization in Austria

District heating Industrial
5-6% _ 0.1%
Greenhouse Balneology
0.2% 1.1%

Heat Pumps
93%

Heat Pumps m District heating m Greenhouse  m Balneology Industrial

Fig. 2.22: Distribution of direct geothermal energy utilization in Austria in % of installed capacity. Data from Goldbrunner,
2015.

As a conclusion, major applications of deep, low to medium temperature geothermal systems in
Austria are district heating systems, especially in the Upper Austrian Molasse Basin and balneological
uses in the Styrian Neogene Basin. Ground-coupled heat pumps comprise about 93% of total direct
utilization and number of projects is still increasing (+40% since 2010; Goldbrunner, 2015).
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3 Regional Geology of the Styrian Neogene Basin

3.1 Introduction

The Styrian Neogene Basin is a sedimentary basin in the southeastern part of Styria, Austria (Fig. 2.25)
filled with Miocene, mainly clastic sediments. The Styrian Basin is a subbasin of the Pannonian Basin
System and is separated from the Western Pannonian Basin, which opens up towards east to Hungary,
by the NE-SW trending South Burgenland Swell. Internally, it is subdivided into a Western and an
Eastern Styrian Basin, which again are separated by the N-S trending Middle Styrian Swell. Further
smaller subbasins (e.g. Flrstenfeld, Gnas subbasins) and bays are divided by subordinate basement
swells (e.g. Auersbach swell; Fig. 3.1; Kollmann, 1965; Kroll, et al., 1988; Gross et al., 2007).

Flrstenfeld
Subbadin
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«1 ] sarmatian sediments
- Badenian sediments

- Karpatian sediments

- Ottnangian sediments
- Miocene volcanic rocks
|:| Plio-/Pleistocene volcanic r.

- Basement

Fig. 3.1: Geological map of the Styrian Neogene Basin with the approximate location of iz (modified after Gross et al.,
2007).

The extension of the basin is about 100 km in NE-SW direction and 60 km in NW-SE direction (Gross et
al., 2007). Central parts of the basin can reach depths of up to 4,000 m as estimated by Sachsenhofer
et al. (1996) from gravimetric and seismic studies. Towards N, NW, W and SW the basin overlies
crystalline rocks of the Lower and Middle Austroalpine Units and Upper Austroalpine low-grade
metamorphic phyllites and carbonates of the Graz Paleozoic, which also comprise the basement rocks
underlying the Miocene sediments. Basement rocks also crop out within the basin in the Sausal
Mountains. Penninic units of the Kdszeg Mountains, Hungary, define the border of the basin towards
NE (Gross et al., 2007).
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Sedimentation in the Styrian Basin started in Ottnangian times about 18 Ma ago and lasted until
Badenian times (about 13 Ma) in the Western Styrian Basin and until Pannonian times (about 8 Ma) in
the Eastern Styrian Basin (Fig. 3.2; Piller et al., 2004). This is represented by the distribution of
outcropping sediments on the surface today, which is shown in Fig. 3.1. Ottnangian and Karpatian
sediments are very restricted to the S-SW and NE margins of the basin whereas Badenian and
Sarmatian sediments dominate in the shallower Western Styrian Basin and western part of the Eastern
Styrian Basin and Pannonian sediments dominate in the major part of the Eastern Styrian Basin.

Direct information about sedimentary infill and subsurface structure of the Styrian Basin is derived
from classical geological mapping and deep drilling projects (currently 28 wells with a total length of
about 48,000 m according to Goldbrunner, 2015) which started in the 1970s by the “Rohdél-
Aufsuchungs AG” (RAG, Crude Oil Mining Company; Kollmann, 1965) for the purpose of hydrocarbon
exploration and then for geothermal production (Goldbrunner, 2015). Indirect information is provided
by geophysical borehole measurements, seismic, magnetic and gravimetric studies (e.g. Kréll et al.,
1988).
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Fig. 3.2: Stratigraphic chart of the sedimentary infill of the Styrian Neogene Basin (Gross et al., 2007, modified after Piller et
al., 2004)
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3.2 Basin Tectonics

The Styrian Neogene Basin is a result from a lateral eastward extrusion of Alpine nappes and crustal
wedges in a late stage of the Alpine orogenesis (Ebner & Sachsenhofer, 1995) starting in the Late
Oligocene to Miocene. This so-called “continental escape” movement occurred along E-W trending
sinistral strike-slip faultsin the N and NW (e.g. Noric Depression) and the dextral Periadriatic Lineament
in the S and SW (Fig. 3.3; Genser & Neubauer, 1989; Neubauer & Genser, 1990; Ratschbacher et al.,
19913, b; Ebner & Sachsenhofer, 1991). Those lineaments define the margins of the Alpine crustal
wedge on which the Styrian Basin formed as an extension basin (Ebner & Sachsenhofer, 1995),
indicated by a synrift horst-graben structure affecting the basement (Fig. 3.5).

Fig. 3.3: Tectonic map of the Alpine-Carpathian-Dinaride region with location of the Styrian Neogene Basin (ST) within the
Pannonian Basin System (modified from Ebner & Sachsenhofer, 1995 after Royden, 1988). N=Noric Depression,
PL=Periadriatic Lineament, TW=Tauern Window, L=Lavant Line, B=Balaton Line, R=Raaba Line, VB=Vienna Basin.

Sediments in the Styrian basin can be distinguished in an Ottnangian — Karpatian synrift phase and a
subsequent postrift phase (Sachsenhofer et al., 1996). The boundary between Early Miocene synrift
and Middle Miocene postrift sediments is formed by the so-called Styrian Unconformity which is
thought to be connected to block tilting and erosion at the boundary Early-Middle Miocene (Friebe,
1991).

3.3 Structure and Lithology of the Pre-Neogene Basement

The Pre-Neogene basement of the Styrian Basin comprises five tectonic units, which in different
locations, underlie the Neogene sedimentary basin fill (Fig. 3.4). The lowest of the five units are
metamorphic rocks of the Penninic “Rechnitz Group”, restricted to the NE part of the basin and
underlying crystalline rocks of Lower and Middle Austroalpine units, which occupy the major part of
the basement. Those again are overlain by Upper Austroalpine Paleozoic phyllites occurring mainly in
tectonic heights and basement swells (e.g. Middle Styrian Swell, South Burgenland Swell). Upper
Austroalpine limestones and dolomites of the Graz Paleozoic as the fourth tectonic unit build up the
major part of the basement in the Firstenfeld subbasin, where also the thickest Neogene sedimentary
infill of 2,747.7 m in the whole Styrian Basin was reached by the well Firstenfeld Thermal 1 (Fig. 3.5;
Goldbrunner, 1988). Those carbonates underwent a brittle deformation and hence represent
important thermal aquifers in geothermal exploration (Goldbrunner et al., 2010).
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. Legend
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Fig. 3.4: Structural map of the Pre-Neogene basement indicating basement lithologies, depths of basement rocks and
geothermal wells. The cross section is shown in Fig. 3.5. (Modified from Goldbrunner et al., 2010)

The fifth tectonic basement unit are Permomesozoic rocks of the Radkersburg Group, which are
restricted to the most southeastern part of Styria but actually are not part of the Styrian Basin. Because
of their occurrence in the Raabgraben, SE of the South Burgenland Swell, they are already part of the
Western Pannonian Basin but are mentioned here because Triassic carbonates also represent
important geothermal aquifers in this area (Fig. 3.5; Goldbrunner et al., 2010).

Fortsetzung
NNW sSE[ N s|nw SE|NNE o
o Blumau  Firstenfeld propes
< Hartberg

- Waltersdorf 1 1/1a2 Thermall

FTTTTIT1Y
i,

Oststeirisches Becken
Legende
oo 3 e
x:’“ﬁ SSW/| WNW esg| [ soms

Fig. 3.5: Geological N-S cross section through the Styrian Neogene Basin along the line shown in Fig. 3.4 (Goldbrunner et al.,
2010).
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3.4 Neogene Basin Evolution

The Neogene sedimentary evolution of the Styrian Basin was mainly affected by ingressions and
regressions of the Paratethys Ocean, which developed after the closure of the Tethys Ocean after the
collisions of Eurasia, India and Africa around the Eocene/Oligocene boundary. Paleogeographically, the
Central Paratethys extended from the Bavarian Molasse Zone in the west to the Carpathians in the
east (Gross et al., 2007). Therefore, the Styrian Basin formed an embayment at the southwestern coast
of the Ocean and sedimentary provenance is given by the Alps in the hinterland. Due to the location
of the well ILZ Thermal 1 in the Firstenfeld subbasin in the Eastern Styrian Basin, the focus of the
subsequent summary of basin evolution lies on this region.

3.4.1 Lower Miocene (18 — 16 Ma)

Sedimentation started during Ottnangian times (about 18 Ma ago) with the deposition of syn-rift
limnic-fluviatil sediments including basal red paleosoils and breccias, conglomerates and bituminous
marls with thin coal seams derived from fluviatile flooding surfaces, moorlands and coastal areas
(“Limnic Series” in Fig. 3.2; Polesny, 2003). Those reach a thickness of up to 300 m in the Firstenfeld
subbasin (Kollmann, 1965; Sachsenhofer & Littke, 1993) as documented from the well Ubersbach 1
(RAG). A shallow marine environment with thicknesses reaching 1000 m is proposed for the Gnas
subbasin by Sachsenhofer & Ebner (1995) based on seismic data. On the margins of the basin, proximal
fan-delta complexes are known from the Bays of Weiz (“Beds of Naas”), Eibiswald (Radl Formation,
Lower Eibiswald beds) or Friedberg-Pinkafeld (“Breccia of Zobern”; Fig. 3.4; Kollmann, 1965).

[ no sediments known RS bryozoan-/serpulid-biostrome
[ fuvial, partly limnic coarse-clastics

D limnic-fluvial - Karpatian/Badenian volcanic rocks
limnic, brackish discharge direction

I marine [ transgression

B ‘Leitha Limestone” today's basement boundary

Fig. 3.6: Paleogeographic facies maps for the Lower Miocene (Ottnangian (a) — Karpatian (b); modified after Gross et al.,
2007)

Karpatian syn-rift sedimentation was affected by a marine ingression from the S (Fig. 3.6 b),
synsedimentary fault tectonics and volcanic activity. Tectonic activity led to the uplift of the Middle
Styrian Swell and reached its climax in late Karpatian times. A coeval acid to intermediate volcanic
activity occurred in the Eastern Styrian Basin forming huge shield volcanoes (e.g. Gleichenberg) as
islands in its southern part (Ebner & Sachsenhofer, 1995) and then shifted northwards (e.g.
Walkersdorf-llz) in Early Badenian times (16 Ma; Fig. 3.7 a). Shallow location of magma chambers
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induced high heat flows of over 300 mW/m? as calculated by Ebner & Sachsenhofer (1995). The
calcalkaline character points to a subduction-related magmatism (Ebner & Sachsenhofer, 1991).
Petrographically the volcanic rocks are K-rich trachyandesites to rhyolites, which locally represent
geothermal reservoirs due to their permeability (e.g. Bad Gleichenberg; Goldbrunner et al., 2010).

The marine ingression led to the deposition of several hundred meters thick calcareous mudstones
and siltstones with sandy, turbiditic intercalations in the southern part of the Eastern Styrian Basin
(“Styrian Schlier” in Fig. 3.2; e.g. Friebe, 1990) where water depths of 500-600 m are estimated from
seismic data for the central Gnas subbasin (RAG). Towards north, to the margin of the basin, the marine
environment graded into a fluvial fan environment in the Fiirstenfeld subbasin and towards N-NE to
the Bay of Friedberg-Pinkafeld with further transgression of the shoreline (Fig. 3.6 b). Subsequent
deposition of conglomerates (e.g. Ebner, 1988; Goldbrunner, 1988) led to the formation of the
Karpatian Conglomerate-rich Group and the Sinnersdorf Formation (Fig. 3.2), where freshwater
conglomerates interfinger with fine-grained sediments containing volcanic ashes altered to bentonites
(Ebner & Gréf, 1977, 1982; Ebner, 1981).

After a sea level highstand in the late Karpatian, which correlates with a global highstand
(Schreilechner, 2007), a regression led to an eustatic low stand at the end of the Karpatian. Together
with the climax of tectonic movements causing block tilting and rotations, erosion commenced to form
the “Styrian Unconformity” (Friebe, 1991).

3.4.2 Middle Miocene (16 —11.5 Ma)

In the Lower Badenian, subsidence rates decreased from about 30 cm/100 yrs in the Karpatian to
below 10 cm/100 yrs initiating the post-rift phase (Ebner & Sachsenhofer, 1995). Karpatian volcanic
complexes of the southern Eastern Styrian Basin were covered with marine sediments after an eustatic
sea level rise (Friebe, 1990; Rogl, 1998; Kovac et al., 2004), whereas andesitic to shoshonitic volcanic
activity continued in the north (Walkersdorf-llz) and in the area of the Middle Styrian Swell
(Weitendorf-Wundschuh; Ebner & Sachsenhofer, 1991). Sea level rise led to the flooding of the entire
Styrian Basin and parts of the South Burgenland Swell establishing shallow marine conditions in the
major part of the basin. Limnic and fluvial sediments are only known from the Western Styrian Basin
(Fig. 3.7 a; Ebner & Graf, 1979).

Fig. 3.7: Paleogeographic facies maps for the Middle Miocene (Lower Badenian (a) — Lower Sarmatian (b); legend see Fig.
3.6; modified after Gross et al., 2007)
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In the Furstenfeld subbasin and the Bay of Friedberg-Pinkafeld, sea level fluctuations can be
distinguished into three transgressive-regressive sequences of the 3™ order (Schreilechner, 2007) and
therefore, together with varying subsidence rates, lead to complex facies shifts in the Badenien (Friebe,
1990). From N to S, a delta system with coal seams developed in the Bay of Friedberg-Pinkafeld
(Tauchen Formation in Fig. 3.2), whereas coarse marine conglomerates (“Base Conglomerate”) were
deposited in the central Fiirstenfeld basin and the northern margin of the Gnas subbasin (Ebner, 1988).
Towards S, open marine conditions caused pelitic with subordinate turbitic sedimentation (Gross et
al., 2007). On basement highs (e.g. Middle Styrian Swell, South Burgenland Swell) and on slopes of
Karpatian shield volcanoes coral patch reefs and rodolith-platforms developed (Fig. 3.7 a) forming,
together with siliciclastic shallow marine sediments, the WeilRenegg Formation (Friebe, 1990), which
locally show enhanced permeabilities for geothermal exploration (Goldbrunner et al., 2010).

With sea level transgression and regression cycles during middle and late Badenien times, marine shaly
(“Tonmergel Series”) and sandy sediments with thicknesses of up to 1,000 m were deposited in the
Eastern Styrian Basin. Especially sandy formations of the “Lageniden Zone”, the “Sandschaler Zone”
and the “Bulimina-Bolivina-Zone” show good aquifer properties in the Firstenfeld subbasin for
geothermal exploration (Goldbrunner et al., 2010).

An eustatic sea level lowstand ended the full marine environment of the Paratethys (Rogl & Steininger,
1984) and caused erosional unconformities at the Badenien/Sarmatian boundary (~13 Ma; Harzhauser
& Piller, 20044, b).

In the Lower Sarmatian, a transgression again led to the establishment of shallow marine conditions
with deposition of pelitic sediments intercalating with limestones and permeable sands and gravels in
a lagoonal facies at the basin margin and the Eastern Styrian Basin (“Beds of Waldhof”, Rollsdorf
Formation; Krainer, 1984; 1987a; Goldbrunner et al., 2010). At the boundary to the Upper Sarmatian,
sea level regression caused the sedimentation of an about 30 m thick distinct interlayering between
gravels and sands with marls (“Carinthian Gravel”; Winkler, 1927a; Skala, 1967; Goldbrunner et al.,
2010). Sea level fluctuations in the Upper Sarmatian deposited carbonate siltstones, marls, sands and
oolitic carbonaceous sandstones which form the Gleisdorf Formation (Fig. 3.2). Sarmatian sediments
can also reach total thicknesses of over 1,000 m (Goldbrunner et al., 2010).

3.4.3 Upper Miocene (11.5-7 Ma)

Upper Miocene or Pannonian sediments only occur in the Eastern Styrian Basin, whereas Lower
Pannonian sediments dominate. A sea level fall at the Sarmatian/Pannonian boundary caused the se-

Fig. 3.8: Paleogeographic facies maps for the basal (a) and upper (b) Lower Pannonian (legend see Fig. 3.6; modified after
Gross et al., 2007)
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paration of the Central from the Eastern Paratethys, which led to the formation of the “Lake Pannon”
(Kazmer, 1990; Magyar et al., 1999; Régl 1999; Sacchi & Horvath, 2002; Kosi et al., 2003; Harzhauser
et al., 2004). Basal Pannonian sediments include coal bearing coarse clastics followed by limnic-
brackish pelites and limnic-deltaic pelite-sand alternations with coal seams, summarized in the
Feldbach Formation (Fig. 3.2; Fig. 3.8 a; Gross, 2000; 2003). A subsequent regression in the upper
Lower Pannonian changed conditions into a fluvial regime with development of alluvial fans,
meandering and braided rivers (Paldau Formation) and finally delta systems in the SE (Fig. 3.8 b;
Winkler, 1927; Krainer 1987 a, b; Gross, 1998).

Middle to Upper Pannonian sediments only occur in areas close to the Styrian border and in
Burgenland to the east and include alternations of coal bearing mud, sand and gravel (“Beds of
Loipersdorf”/”Beds of Stegersbach”).

Total thicknesses of up to 600 m make the Pannonian coarse clastic sediments significant porous
aquifers for thermal waters and especially in shallower areas for drinking water (Goldbrunner et al.,
2010).

3.4.4 Pliocene and Quaternary

After Pannonian sedimentation ended in the Styrian Basin, erosion started and is active until present
times. A second volcanic phase started in the Pliocene and lasted until the Early Pleistocene (3.8 — 1.7
Ma; Stradner Kogel, Kloch; Balogh et al., 1994). Products of this phase are Na-rich nephelinitic to
basanitic lava flows and pyroclastic rocks related to pipes, calderas and maar lake deposits (Ebner &
Sachsenhofer, 1995). Volcanic rocks are under-/overlain by fluvial “Pre-/Post-basaltic Gravels” and
residual soils (Fig. 3.2; Winkler-Hermaden, 1957).
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3.5 Summary of Basin Evolution

The Styrian Basin developed as an extensional basin on top of a crustal wedge which was laterally
extruded due to continental escape tectonics in a late stage of Alpine orogeny. Sedimentary evolution
started with beginning subsidence in Ottnangian times and lasted until the Upper Pannonian, whereas
an Ottnangian-Karpatian syn-rift phase is followed by a Badenian-Pannonian post-rift phase. Highest
subsidence rates were reached during Karpatian times with about 30 cm/100 yrs reaching total present
basin depths of up to 4,000 m (Fig. 3.9; Ebner & Sachsenhofer, 1995). Sedimentation ended in Upper
Pannonian due to beginning uplift.
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Fig. 3.9: Summary of the Neogene evolution of the Styrian Basin. (Ebner & Sachsenhofer, 1995; Badenian sea level changes
according to Friebe, 1993; Sarmatian and Pannonian sea level changes are highly tentative.)

Sedimentation itself is mainly affected by sea level changes establishing different facies conditions
from limnic in the Ottnangian over marine during Karpatian and Badenian and back to brackish-limnic
in the Sarmatian and Pannonian (Fig. 3.9).

Finally, two major volcanic events took place during basin history, i.e. a first intermediate volcanic
phase with heat flow rates of over 300 mW/m? from the Karpatian until Early Badenian and a second
basaltic phase from the Pliocene until Pleistocene (Fig. 3.9; Ebner & Sachsenhofer, 1995).

Concerning geothermal exploration, brittle deformed carbonate rocks of the Graz Paleozoic
(basement), Karpatian volcanic rocks and coarse clastic rocks of Neogene sedimentary infill, especially
Badenian, represent significant aquifers for thermal water resources (Goldbrunner et al., 2010).
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4  General Data of the Well ILZ Thermal 1

4.1 Introduction and History

The geothermal well ILZ Thermal 1 (Fig. 4.1) was drilled in the year 1998 by the Austrian drilling
company “Stoffner — Trans Globe Energy GmbH” in the cadastral community Dérfl of the market
community llz, Styria, Austria. Geological and technical planning and supervision was executed by
“Geoteam — Technisches Biiro fiir Hydrogeologie, Geothermie und Umwelt Ges.m.b.H.” During planning
and drilling phases, extensive geoscientific investigations were carried out including deep seismics,
geophysical well logging, macro- and microscopic cutting analyses and correlation with vicinal wells
(Goldbrunner et al., 2000). First presentation of some data gained through those investigations
happened by Scheifinger et al. (1999).

Fig. 4.1: Image showing the well ILZ Thermal 1 (from www.geoteam.at).

Primary goal of the well was the extraction of thermal waters from dolomites of the Paleozoic
basement for use in balneology. Drilling began on February 27%, 1998 and was finished on June 27,
1998 with a final depth of 1,906.0 m. The Paleozoic carbonates were hit at a depth of 1,465 m. First
problems arose with a high CO, content of waters from the Paleozoic aquifer, which led to carbonate
precipitation on the drilling equipment due to pressure drop and degasification (Eisner & Goldbrunner,
1999). A second problem occurred due to enhanced content of 22°Ra, reaching the 20 fold of the limit
for drinking waters and therefore would have needed to be removed selectively and disposed specially
(additional costs) for utilization in balneology. Therefore, the decision to perforate higher horizons
with lower mineralization was made (Goldbrunner et al., 2000).

Tab. 4.1 shows an overview of the most important data of the well:

General Data of the Well ILZ Thermal 1
Location (Fig. 4.2)
Country Austria
Province Styria
Community ¥4
WGS84-Coordinates 47°5.233' N

15°54.4' E

Altitude 297 m.a.s.l.
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Drilling
Start 27.2.1998
End 27.6.1998
Final Depth 1,906.0 m (Drill bit)
1,906.8 m (Geophysics)
Company STOFFNER Trans Globe Energy GmbH
Equipment IDECO SBS DIR 705 (W 8)
System Rotary Diesel

Tab. 4.1: Overview of general data of the well ILZ Thermal 1. WGS84 Coordinates according to Google Earth; reference for
altitude is the Adriatic sea (modified from Goldbrunner et al., 2000).

7I/j if { —”A\h

10 ;?n 5
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Fig. 4.2: Topographic map (left; www.austrianmap.at) and satellite image (right; Google Earth) with location of the well.

Eventually, due to lack of financial funding, projects for utilization of this geothermal resource were
abandoned.

4.2 Technical Drilling Data

The well was drilled after a classical telescoping method in four drilling sections starting from 23" down
to 8 4" in the Paleozoic aquifer from 1473.5 — 1,906 m which was left as open hole. The upper three
sections were cased with 18 5/8” —9 5/8” pipes, which were cemented in the ring space (Tab. 4.2, Fig.
4.3).

Depth [m] Diameter
0.0-10.0 23"
Drilling 10.0-392.0 17 %"
392.0-1,473.5 12 %
1,473.5-1,906.0 8 %"
0.0-9.5 185/8”
Casing 0.0-390.6 13 3/8”
0.0-1,469.0 95/8”
1,469.0 - 1,906.0 Open Hole

Tab. 4.2: Compilation of drilling and casing diameters (modified from Eisner & Goldbrunner, 2000).
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Fig. 4.3: Drilling and development scheme of the well (modified after Goldbrunner et al., 2010).

After the drilling stage, first attempts to recover the water from the Paleozoic aquifer were made but
due to the problems described under section 4.1 a bridge plug was set at 1,074 m and potential water-
bearing horizons were perforated in the Badenian “Lageniden Zone” between 1,029.0 — 1,006.5 m
(cumulative length 9.1 m; Tab. 4.3) with 7"’ shots. Due to similar hydrochemistry with the Paleozoic
waters, the Lower Badenian waters also were not suitable for utilization and the decision was made to
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perforate higher horizons in the Middle Badenian “Sandschaler Zone”. Again, a bridge plug was set at
821 m and perforations between 807.1 — 721.1 m with a cumulative perforation length with 23.9 m
(Tab. 4.3) were executed with 4 4” shots (Fig. 4.3; Goldbrunner et al., 2010).

Perforated Horizons Depth [m] Perforation Length [m]
Lageniden Zone 1,029.0-1,022.9 6.1
1,009.5 — 1,006.5 3.0
b3 9.1
807.1-3806.1 1.0
804.9 - 801.0 3.9
789.4-787.3 2.1
784.2 —783.3 0.9
770.9-770.1 0.8
Sandschaler Zone ~63.8_760.8 30
750.6 — 745.5 5.1
739.6 —737.6 2.0
727.2-724.4 2.8
723.4-721.1 2.3
b3 23.9

Tab. 4.3: Perforation intervals and cumulative perforation lengths for the Lageniden and the Sandschaler Zone (data from
Eisner & Goldbrunner, 2000).

The lower mineralized water was confirmed to be suitable for utilization and therefore 4 %" stainless
steel pipes and filter pipes in 5 separate filter lines (F1-F5) with a cumulative length of 63 m (Tab. 4.4)
were installed. Additionally, a cement bridge and a second bridge plug at 814 m was placed above the
first bridge plug and the ring space along the filter section was filled with an Inside Gravel Pack (grain
size: 0.4-0.8 mm). Finally, the section was completed with a stainless steel Packer (Fig. 4.3;
Goldbrunner et al., 2010).

Filter Line Nr. Depth [m] Filter Length [m]
F1 808.0 — 795.8 12.2
F2 789.7-777.5 12.2
F3 771.4 —759.2 12.2
F4 753.1-734.8 18.3
F5 728.6 —720.5 8.1
b3 63

Tab. 4.4: Filter line intervals for the Sandschaler Zone (data from Eisner & Goldbrunner, 2000).

4.3 Methodology

4.3.1 Geophysical Well Logging

Geophysical well logging measurements were executed in the well ILZ Thermal 1 from March 7, 1998
until June 28™, 1998 in three separate sections of the well with different logs measured. Tab. 4.5 shows
a summary of those measurements representing the base for investigations of this thesis.
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SECTION 1

DEPTH 9.5-392 m
LOGGING Gamma Ray
(7.3.1998) Dual Laterolog

4-Arm Caliper Log
Deviation/Azimut Log

SP Log
SECTION 2
DEPTH 392-1,473.5m
LOGGING Gamma Ray

(23.5.1998) Dual Laterolog
4-Arm Caliper Log
Deviation/Azimut Log

SECTION 3
DEPTH 1,473.5-1,906.0 m
LOGGING Gamma Ray

(28.6.1998) Dual Laterolog

4-Arm Caliperlog

Deviation/Azimut Log

Compensated Densilog

Digital Array Acousticlog

Digital Spectralog

Simultaneous Acoustic and Resistivity Imaging
Log

Tab. 4.5: Compilation of well logging measurements executed in the well ILZ Thermal 1 (modified from Goldbrunner et al.,
2000).

Log data were provided by “Geoteam — Technisches Biiro fiir Hydrogeologie, Geothermie und Umwelt
Ges.m.b.H.”, data preparation was executed with MS Excel and data analysis with the software
Interactive Petrophysics 4.2 from LR Senergy.

4.3.2 Cuttings

During drilling, cuttings were taken each 2.5 to 5 m (Goldbrunner et al., 2000). For this thesis,
representative cutting samples were only taken from the Paleozoic basement for petrographic
analyses including macro- and microscopic description as well as X-ray diffraction. This should give a
more detailed insight into lithological features of the basement carbonates for a possible stratigraphic
classification and correlation.

Samples were selected according to macroscopic parameters such as color impression, brightness,
grain size and grain shape. A more detailed macroscopic description then was made with the help of a
10x magnifying lens and hydrochloric acid (HCI).

Thin sections were produced for 6 samples for a microscopic description, which was executed on an
Olympus BX40 microscope in combination with RAMAN spectroscopy at the Department for Resource
Mineralogy of the Montanuniversitaet Leoben.
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X-ray diffraction was executed on the same 6 samples with a X’Pert® Powder Diffractometer from
Panalytical at the Department for Petroleum Geology at the Montanuniversitaet Leoben. The
diffractometer works with a Cu-radiation source and two detectors, i.e. a sealed Xe proportional
detector and a X’celerated Scientific RTMS silicon-based detector. For data processing and qualitative
as well as quantitative analyses the software package ADEM V6 by Wassermann X-ray analytical
equipment was used (http://erdoelgeologie.unileoben.ac.at/).

4.3.3 Hydrogeological/-geochemical Investigations

Data of analyses of the thermal waters from the Paleozoic basement and the Lageniden Zone were
provided by Geoteam Ges.m.b.H (Goldbrunner, 2000; Goldbrunner et al., 2010) including main
element and isotope analyses, whereas data from the water of the Sandschaler Zone were taken from
Arsenal Research (2000). Those include, beside main element and isotopes, also trace element,
radioactive and gas analyses.

Data processing and analysis was executed with MS Excel.
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5 The Geothermal Environment of the Well ILZ Thermal 1

This chapter presents the results of the investigations executed on the well ILZ Thermal 1 and is
subdivided according to the main parameters determining a geothermal system, i.e. reservoir
characterization including lithological, pore space and structural analyses, heat conditions with
potential heat source and transport and finally characterization of the thermal waters.

The focus of investigations lies on the Paleozoic basement, from which major log data are available
and cutting samples were taken for a detailed description. The Neogene sedimentary infill is described
only based on log data.

Finally, results are compared with data already available from previous investigations executed by e.g.
Scheifinger et al. (1999) or Goldbrunner et al. (2000) and are compiled for a complete characterization
of the geothermal environment.

5.1 Reservoir Characterization

For the characterization of reservoir parameters i.e. lithology, porosity, permeability several methods
were applied reaching from available borehole geophysical measurements to macro- and microscopic
analysis of cuttings and X-ray diffraction. A short overview of important reservoir parameters with
analyses executed are given in Tab. 5.1.

Parameter Logs/Methods

Lithology Macro- and microscopic description of cuttings
Laboratory: X-ray diffraction (XRD)
Logs: GammaRay (GR), Photoelectric Factor (PE), Sonic, Density,
Spectral GammaRay

Porosity Logs: Sonic, Density, PE, Dual Laterolog

Permeability/Transmissivity Logs: Spontaneous Potential (SP), Dual Laterolog
Field: Pumping tests

Tab. 5.1: Compilation of logs and methods used for characterization of reservoir parameters.

5.1.1 Neogene Basin Fill (0—1,466.0 m)

For lithological characterization of the Neogene sedimentary infill (Karpatian — Pannonian) available
GR-, Resistivity- and SP-logs were used in combination of already executed macroscopic cutting
analyses from Goldbrunner et al., 2000.

A completion log of the well ILZ Thermal 1 showing GR and resistivity logs with lithological, stratigraphic
and hydrogeological results can be found in the appendix (Appendix A). To avoid multiple references
in the text this completion log represents the major supplement for this chapter.

For an interpretation and stratigraphic correlation, results were compared with investigations and
descriptions derived from literature (e.g. Ebner & Sachsenhofer, 1995; Piller et al., 2004; Gross et al.,
2007).
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5.1.1.1 General Observations and Calculations

Itis known from previous work and from literature, that the Neogene sedimentary infill consists mainly
of siliciclastic sediments ranging from shales to gravels/conglomerates with some marly intercalations
(Goldbrunner et al., 2000). Therefore, a model was developed, which describes this succession
according to two parameters: a) shale content (Vi) derived from the GR-log and b) content of coarse
siliciclastics (1-Vsh).

Vqh was calculated from the GR-log according to three different models (Asquith & Krygowski, 2004):

a. Llarionov (1969) for Tertiary rocks:
Vsp, = 0.083 * (237*6r — 1)
b. Stieber (1970):
Igr

Vep = —8
sh 3_2*IGR

c. Clavieretal. (1971):
Vi = 1.7 — [3.38 — (Igg — 0.7)%] /2
Where the Gamma Ray Index (lgr) has to be calculated previously directly from the log:
I _ GRlog - GRmin
oR GRmax - GRmin

With: GRieg = GammaRay value of the formation from the log
GRmin = Minimum GammaRay (of clean sands) from the log

GRmax = Maximum GammaRay (of shale) from the log

The final value for Vq, used for lithological characterization then was derived from the mean value of
Vsh, Larionov aNd Veh, stieber. Lithologies were then classified as shales (Vsn > 0.4-0.5), sandy shales (0.05-0.1
< Vsh < 0.4-0.5) and sands/conglomerates (Vsh < 0.05-0.1).

The value from Clavier et al. (1971) responds only to low GR-values and therefore to low shale content
and stays constant at about 0.17 when GR-values exceed about 125 API. Hence, together with the SP-
log this was used to identify beds with low shale content and furthermore potential permeable water-
bearing horizons.

Porosities (@) for those clean sand/gravel beds were calculated from the Dual Laterolog using the
Archie (1942) equation (Asquith & Krygowski, 2004):

a*R,
Rp

0= ( )1/m

Where: a = tortuosity factor = 0.62 for unconsolidated sands (Humble formula) of Pannonian
and Sarmatian sands/gravels; = 0.81 for consolidated sandstones/conglomerates of
Badenian to Karpatian;
m = cementation exponent = 2.15 for unconsolidated sands (Humble formula); = 2.0
for consolidated sandstones
Rw = formation water resistivity (Ohmm; section 5.3.4.1)
Rp = deep resistivity reading from Dual Laterolog

Another immediate observation was made concerning the Dual Laterolog compared with the GR-log.
Both show an inverse trend, i.e. high GR-values coincide with low resistivity or high conductivity values,
respectively. This leads to the assumption, that formation conductivity is mainly controlled by clay
minerals/shale content rather than by formation water. This is confirmed especially until the Upper
Badenian “Bolivina-Bulimina/Rotalia-Cibicides Zone” (571.6 — 637.4m), where deep resistivity (RD) is
higher than shallow resistivity (RS) throughout indicating low mineralized waters compared to the
drilling mud. Below this zone, RD decreases below RS throughout the rest of the well pointing to higher
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mineralization with depth. Exceptions occur in shale-rich zones, where RD and RS become similar due
to unability of the drilling mud to infiltrate into the formation.

5.1.1.2 Pannonian (2.5—-79.0m)

Lower Pannonian sediments are those which lie on top of the Neogene sedimentary infill and more or
less crop out on surface just below 2.5 m thick Quarternary sediments (Goldbrunner et al., 2000). They
reach a total thickness of 76.5 m. The dominating lithology in the upper part are shaly sands with a
mean shale content of 15% and ranging between 5-23%, whereas several thin (< 1 m) sandy to gravelly
intercalations (e.g. at 17.5 m) with potential of drinking water are indicated by the Clavier-value and
the SP-log, but are not assigned in the lithology log because of low thickness.

An about 2 m thick shale horizon (Vs» = 40-50%) with coal seams occurs at 45 m and is followed by an
about 4.5 m thick clean sand/gravel with a shale content even below 1% and hence a great potential
for water with a calculated mean porosity of 22.3%.

The lower part again is dominated by shaly sands showing the same characteristics as those in the
upper part, whereas shale content increases slightly (fining downward) from around 10% to over 20%
and is terminated by a coal bearing horizon. The only interruptions of this trend again are some thin
sand to gravel intercalations (e.g. at 63 or 70 m).

The base of the Pannonian and simultaneously the transition to the Sarmatian is formed by an about
3 mthick, clean (Vsn = 1%), coarse siliciclastic gravel, stratigraphically assigned to the “Muhldorf Gravel”
(Stiny, 1918; Winkler, 1927; Winkler-Hermaden & Ritter, 1949). With a mean porosity of 21.7%, this
gravel also represents a significant potential aquifer.

5.1.1.3 Sarmatian (79.0—-571.6 m)

Sarmatian sediments with a total thickness of 492.6 m can be subdivided into an Upper Sarmatian and
a Lower to Middle Sarmatian succession. Dominating lithologies as well as sedimentation trends
continue from the Pannonian and get even more distinct.

Upper Sarmatian (76.0 —362.7 m)

Below the “Miihldorf Gravel”, Upper Sarmatian deposits start with a 21 m thick succession of shaly
sand intercalated with subordinate sandy to gravelly horizons, which can be compared to those of the
Pannonian in terms of shale content. This again is terminated by a 1.5 m thick shale with a shale
content of nearly 50%.

Those cycles i.e. sand/gravel — shaly sand (+ with coarse intercalations) — shale, each with a thickness
of approximately 25-30 m continue throughout the Upper Sarmatian and reach their climax in a large
cycle starting from about 185-190 m and terminating with the top of the “Carinthian Gravel” (Winkler,
1927; Skala, 1967) at 330 m. Major difference between the Upper Sarmatian and Pannonian cycles are
the presence of fossils and some low-shale interlayered oolites, especially between 110-130 m and
195-210 m. Coal seams occur in shale-rich zones at 145, 180, 195 and 230 m (Goldbrunner et al., 2000).

Porosities in clean sand/gravel beds also continue from the Pannonian reaching values of 21-22%.
Exceptions are formed by the oolitic layers which are similar to the clean sands/gravels in terms of
shale content but show a higher resistivity resulting in lower porosities of 13-17%.

Between the small cycles and the large cycle, two sequences with egg-shaped patterns of the GR-log
occur from 135-185 m indicating transgressive-regressive cycles and confirming an intensely oscillating
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Sarmatian sea level. Those are characterized by a fining downward followed by a coarsening downward
succession, i.e. a sand/gravel — shaly sand — shale — shaly sand — sand/gravel.

All those cycles show a distinctive bell-shaped pattern of the GR-log indicating fining downward
sequences and also pointing to sea level fluctuations. The large cycle with a total thickness of nearly
150 m mentioned above, as a representative, starts with a 27 m thick, fossil-bearing, succession of
coarse sands and gravels with two shaly interlayers. Shale content in those clean sands are in the range
of < 1% to max. 5%. This succession is followed by an about 60 m thick shaly sand package with steadily
increasing shale content and passes over to a shale with Vg, exceeding 50% at 260-275 m and reaching
maximum values of 75-77% at 294-300 m. The whole cycle terminates with an abrupt decrease of the
shale content to below 10% indicating the 32 m thick basal “Carinthian Gravel” of the Upper Sarmatian
deposits. This formation is characterized by two about 15 m thick clean sands/gravels with a * constant
shale content ranging between 5-10% separated by a 2 m thin shale layer (Vsh up to 61%). The cylinder
shaped pattern of the GR-log indicates a fluviatile to beach sand depositional environment. Porosities
range between 19 and 21% and hence, those gravels also represent major potential water-bearing
horizons.

Further aquifers occur at the top of the large cycle between 185-212 m as well as the sands/gravels
separating the two egg-shaped successions at 150-155 m with a cumulative thickness of 62 m.

Lower to Middle Sarmatian (362.7 —571.6 m)

Lower to Middle Sarmatian deposits start with a silty to sandy dominated succession (Vs = 10%) with
some interlayered shaly and coaly horizons. Due to high shale content, calculated porosities are not
representative but are assumed to be in the same range as Upper Sarmatian deposits and therefore
could represent potential aquifers. From a depth of 422.5 m shale content increases steadily to over
40% in another fining downward pattern with coarse intercalations to be terminated by a 10 m thick
silty to sandy bed.

From that downward, Lower Sarmatian sediments are characterized by an interlayering of shales and
fine sands. At the base between 546 and 571.6 m a package of four sandy/gravelly beds with
thicknesses of 2.5-5 m each separated by thin shales is indicated by the cylinder shaped pattern of the
GR-log and hence point to a fluviatile or beach sand depositional environment and therefore a sea
level low stand. They already show an advanced degree of consolidation to sandstones/conglomerates
and could represent horizons with good aquifer properties.

5.1.1.4 Badenian (571.6 —1,240.0 m)

Badenian sediments reach a total thickness of nearly 670 m and can be subdivided into an Upper,
Middle and Lower Badenian succession. The Upper Badenian shale-rich “Bulimina-Bolivina/Rotalia-
Cibicides Zone” can be seen as a major impermeable separating horizon between the overlying
Sarmatian and Pannonian sediments and all underlying formations in terms of water mineralization,
what can be observed in the Dual Laterolog. This zone is followed by the Middle Badenian coarse clastic
“Sandschaler Zone” representing a major aquifer for geothermal exploration (see section 4.2). The
Lower Badenian “Lageniden Zone” is subdivided into the upper shale dominated “Tonmergel Series”,
which separates the aquifers of the overlying “Sandschaler Zone” from the aquifers of the lower “Base
Conglomerate”.

The Styrian Unconformity, which separates the Badenian and Karpatian sediments cannot be identified
from the logs and only poorly from cuttings but is revealed by seismics.
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Upper Badenian

Bulimina-Bolivina/Rotalia-Cibicides Zone (571.6 — 637.4 m)

This zone is lithologically dominated by shaly to fine sandy marls with a mean shale content of 30-40%
throughout. One major coarser intercalation occurs from 605-608 m, where shale content decreases
to about 10% in a fining upward pattern indicating a marine transgression. Further minor intercalations
also occur in the upper part but are not indicated in the log because of low significance. Those
intercalations are composed of mainly quartz sand/gravel with minor dark siltstone and pyrite
(Goldbrunner et al., 2000). In the lower part coarse intercalations decrease and shaly to fine sandy
marls are developed throughout.

Middle Badenian

Sandschaler Zone (637.4 —807.3 m)

Compared to the Upper Badenian, the Middle Badenian “Sandschaler Zone” shows a much coarser
development comprising mainly silty to fine gravelly sandstones with some thin shaly to marly
intercalations.

The succession starts with two egg-shaped transgressive-regressive cycles from 650-702 m with
transitions from coarse sandstones (Vs = 5-10%) representing potential water bearing horizons to
shales and marls (Vs up to 50%) which form the major fine intercalations in the whole Middle
Badenian.

Below those two cycles, the “Sandschaler Zone” is dominated by an interlayering between mainly
coarse and minor fine silty to shaly sandstones and marls. Minimum shale contents are about 5-10%
in the coarse sandstones and reach average maximal values of 30-40% in the shaly sands. In the upper
part, between 702 and 750 m, of the succession several potential aquifers with thicknesses of up to 10
m and porosities of around 22-25% occur, whereas the lower part, from 750-807.3 m the shale content
increases resulting in a dominance of shaly sands with thin coarse intercalations.

The potential aquifers identified between 702 and 807.3 m by log analysis are those, which were
perforated for geothermal production when the well was completed (see section 4.2).

Lower Badenian - Lageniden Zone

,Tonmergel” Series (807.3 — 966.1 m)

The “Tonmergel Series”, as the name already proposes, is dominated by highly consolidated shaly to
silty marls with few intercalations of coarse sandstones to conglomerates (e.g. at 807 or 847.5 m),
especially in the upper shale rich part (807.3 — 868.0 m), where the mean shale content is about 43%
but maximal values of over 80% are reached.

This upper part is followed by an about 35 m thick package of shaly sand, where average V., decreases
to 31%. Few coarse intercalations are indicated by lower GR values and spikes in the Dual Laterolog.

In the lower part, mean shale content increases again to 40%, whereas coarse intercalations cannot
be observed largely.

In conclusion, the “Tonmergel Series”, similar to the Upper Badenian “Bulimina-Bolivina/Rotalia-
Cibicides Zone”, can be seen as an impermeable separating horizon between the waters of the
overlying “Sandschaler Zone” and the underlying “Base Conglomerate”.

Base Conglomerate (966.1 —1,240.0 m)
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The start of the “Base Conglomerate” is indicated by a sharp increase in resistivity and an immediate
decrease of the GR and therefore shale content to 5-7% at a depth of 975 m. From that downward,
the upper part of the succession consists of mainly shaly to silty sands and marls with coarse sandy to
conglomeratic intercalations. A first major 29 m thick coarse horizon with water potential occurs from
1,018 — 1,037 m, which was also perforated for geothermal production during completion of the well
(see section 4.2). With an average shale content in this horizon of 6.2% and even dropping below 5%,
an average porosity of 11.4% was calculated using the Archie equation. Probably the real porosity is a
little bit lower because of overestimation due to the shale content. Major components of the partly
well rounded conglomerates are grey dolomite and quartz gravels (Goldbrunner et al., 2000).

This aquifer is underlain by an about 2 m thin shaly marl acting as an impermeable bottom layer and
is followed by a thicker shaly sand. Below this package from approximately 1,057 m downward, the
rest of the “Base Conglomerate” is dominated by coarse sandstones to conglomerates with some
intercalating silty to shaly marls with thicknesses of a few meters. Those even get less towards the
base. Major intercalations with shale contents above 60% and higher are indicated by peaks in the GR-
log and occur at 1,100, 1,113 and around 1,150 m.

The conglomerates of this lower part show more or less constant shale content with a mean value of
12.2% and an average porosity of 15.7%, what again is thought to be slightly overestimated.
Nevertheless, they represent extensive potential aquifers. Cuttings reveal, that dolomitic components
decrease in those conglomerates and are replaced by crystalline parts such as mica and sericite schists
and gneiss, apart from quartz (Goldbrunner et al., 2000).

5.1.1.5 Karpatian (1,240.0 - 1,466.0 m)

The transition from the Badenian “Base Conglomerate” to the Karpatian “Conglomerate-rich Series”
cannot be identified from the logs but slightly from an increase of carbonate components and the
occurrence of red sandstones from the cuttings (Goldbrunner et al., 2000). Furthermore, a N-S
reflection seismic section (I1L9301) reveals the location of the Styrian Unconformity, which separates
the Karpatian from the Badenian.

The development of the Karpatian succession is dominated by coarse conglomerates with slightly
varying shale content indicated by variations in the GR-log. Based on this variations, the whole
Karpatian can be subdivided into 4 sub-successions:

a) Upper shaly conglomerates (1,240.0 — 1,300.0 m)

Those slightly silty to shaly conglomerates show a constant average shale content of 12.4% and a
calculated porosity of 17.2%.

A thin shale horizon with very high gamma radiation occurs at 1,273.0 — 1,274.5 m, which can be
correlated with a bentonite bed of the adjacent well Blumau 2 (Goldbrunner et al., 2000).

b) Upper clean conglomerates (1,300.0 — 1,353.0 m)

At a depth of about 1,300.0 m, gamma radiation decreases slightly resulting in a constant lower shale
content until a depth of about 1,353.0 m. V¢, decreases to an average of 8.5% with a porosity of 16.0%.

c) Shaly sands succession (1,353.0 — 1,395.0 m)

This succession is characterized by an intensely varying gamma radiation. A first thick shaly sand (Vs =
15-20%) package is terminated by an approximately 2 m thin shale horizon with high radiation and
shale content at 1,372-1,374 m.

Below this shale, an alternating sequence of 2 clean (Vsh = 5-10%) and shaly (Vs = 15-20%) sandstones/
conglomerates is indicated by the oscillating GR-log. Porosity in the clean sand horizons is about 15%.
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d) Lower clean conglomerates (1,395.0 — 1,457.0 m)

From 1,395.0 m downward a more or less constant low gamma radiation indicates clean
conglomerates throughout. Average shale content is with 5.7% even lower than in the upper clean
conglomerates and porosity was calculated to be 15.1%.

Those lower conglomerates are distinctively characterized by a red coloration (Tab. 5.4) due to a very
fine grained matrix. Main components are grey, white and pink carbonates with subordinate quartz
and mica. Towards the base the red coloration decreases and the amount of grey dolomitic
components increases already indicating the Paleozoic basement.

As a conclusion, the whole Karpatian “Conglomerate-rich Series”, with few exceptions in the shaly
sands succession, represents a major potential aquifer with porosities ranging around 15%.
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5.1.2 Paleozoic Basement (1,466.0 — 1,906.0 m/Final Depth)

The basement of the well ILZ Thermal 1 starts at 1,466.0 m and can be followed until the final depth
of the well to 1,906.0 m, making a total thickness of 440 m. It consists mainly of carbonates, which can
be accounted stratigraphically to the Graz Paleozoic.

For first lithological characterizations, well logs including GR, spectral GR, PE, density, sonic and
resistivity logs were used (Appendix A, B). Based on well logs and on cutting analyses, the basement
can be subdivided into three large units:

l. Upper light to dark grey dolomites and marls (1,466.0 — 1,666.0 m)
. Phyllitic and faulted zone (1,666.0 — 1,702.3 m)
M. Lower dark grey dolomites (1,702.3 — 1,906.0 m)

For a more detailed description of the lithologies, representative cutting samples were taken for the
lower Karpatian and for the whole Paleozoic basement and described macroscopically as well as
microscopically and with XRD, especially for the separating phyllitic/faulted zone.

Concerning pore structure (total and fracture porosity) and hydraulic conductivity with transmissivity
analyses of the zones, again well logs and cuttings in combination with models derived from literature
were used.

5.1.2.1 Separate Analyses of PE-, Density- and (spectral) GR-log

The PE-, density-, and (spectral) GR-log were considered separately to get an overview of present and
dominating lithologies. For comparison, literature values of significant minerals and water are given in
Tab. 5.3.

I PE —log:

Especially the PE-log gives representative indications, because it is more or less not influenced by
porosity but strongly influenced by mineralogy. Values vary between a minimum of about 2.1 b/e and
a maximum of about 4.2 b/e, whereas the mean value lies at about 3.1 b/e. The distribution is shown
in the histogram in Fig. 5.1 and shows that the majority of all values ranges around the mean value
indicating dolomite as the dominating lithology.

Histogram PE-log

Fig. 5.1: Histogram of the whole PE-log (b/e) showing majority of the values between 3.0 b/e and 3.2 b/e.
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A second high value around 2.9 b/e points to an abundance of alkali-feldspars or a mixture of dolomite
with phases of a lower Photoelectric Factor (PEF) such as quartz, mica or even water. Considering the
distributions for the three units mentioned before separately, it is confirmed that dolomite is the
dominating lithology for the upper and the lower unit, whereas for the phyllitic/faulted zone higher
PEFs are reached (Fig. 5.2).

a)  Histogram PE (1,466.0 - 1,666.0 m) b)  Histogram PE (1,666.0 - 1,702.3 m) c) Histogram PE (1,702.3 - 1,906.0 m)

Fig. 5.2: Separate PE-log (b/e) histograms for a) upper light to dark grey dolomites and marls, b) phyllitic/faulted zone and c)
lower dark grey dolomites.

The higher PEFs in the phyllitic/faulted zone again point to an abundance of minerals with PEFs around
3.6 b/e — 4.0 b/e or a mixture of phases. However, it is obvious that lithology changes significantly
between 1,666.0 and 1,702.3 m.

ji. Density —log:

The same trends are observed considering the distribution of the density-log (Fig. 5.3). The majority of
values range between 2.78 g/cm?® and 2.82 g/cm3, which again indicates a dominance of dolomite.
Because of the higher sensitivity of the density to porosity, the presence of water results in slightly
lower values than the 2.87 g/cm? indicated in literature (Tab. 5.3).

Histogram Density

Fig. 5.3: Frequency distribution of density values (g/cm?) for the whole basement.

If the three units are analyzed separately again, the lithology change from the PE-log is confirmed and
even gives a more concrete idea of the lithology dominating. In the upper and lower units again values
range around 2.80 g/cm3, whereas in the phyllitic/faulted zone the density decreases to 2.62 — 2.66
g/cm?3, indicating the abundance of minerals like quartz, feldspars or illite. A second high at 2.72 - 2.74
g/cm?3 points to higher ratio of calcite (Fig. 5.4).
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Histogram Density (1,466.0 - 1,666.0 m) b) Histogram Density (1,666.0 - 1,702.3 m) ¢) Histogram Density (1,702.3 - 1,906.0 m)

Fig. 5.4: Density (g/cm?3) histograms for a) light to dark grey dolomites and marls, b) phyllitc/faulted zone and c) lower dark
grey dolomites.

Low values (< 2.50 g/cm3) only occur in the upper light to dark grey dolomites and can be referred to
the low density/high porosity zone from 1,510 — 1,540 m.

jiii. ~ GR—log:
A further hint for lithological characterization especially for the phyllitic/faulted zone gives the GR-log.

In the upper light to dark grey dolomites and marls, GR-radiation in general stays constantly low with
a mean value of 44 API-units. Zones with slightly higher radiation (= 80 API) can only be observed
between 1,520 and 1,540 m and at an about 2 m thin horizon at 1,582 — 1,584 m (Fig. 5.5 a). Towards
the base radiation also increases slightly with values reaching 60 API-units. The result of this trend is a
low shale content below 10%, with an average of 5.6%. In the zones with higher radiation shale content
increases to about 12-14% and therefore were interpreted as marls (Fig. 5.5 d).

a) Histogram GR (1,466.0 - 1,666.0 m) b) Histogram GR (1,666.0 - 1,702.3 m) < Histogram GR (1,702.3 - 1,906.0 m)
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d) Histogram V,, (1,466.0-1,666.0 m) e) Histogram V., (1,666.0 - 1,702.3 m) f) Histogram V,, (1,702.3 - 1,906.0 m)

L2 A 45 A a5 DS B g B B 1Q\eqﬁ\s o 8

ks
2o ,hu“’l\ ‘391\3;\.“"\ vm.“r’\ ‘0‘&“\%‘@91\1 ‘osﬁ‘\&u.@\m,ﬂw\\ i
o @B @B o oF o @Bl B e

Fig. 5.5: Frequency distribution of GR-values (API-units, a-c) and shale content (V. d-f) for the upper light to dark grey
dolomites and marls (a, d), phyllitic/faulted zone (b, e) and the lower dark grey dolomites (c, f).

At about 1,666 m a sudden strong increase in GR-radiation to over 200 API-units and indicates the
lithological change to a zone with very high shale content or a zone with high abundance of K-, Th-and
U-bearing phases. The high in the distribution of GR-values between 220 and 230 API-units points to
an abundance of K-feldspar, whereas slightly lower values between 180-210 API-units probably again
indicates a mixture of phases including dominance of high GR-minerals like feldspar, illite, mica with
some low GR-minerals like dolomite, calcite and quartz (Fig. 5.5 b). The high gamma radiation results
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in very high shale contents of even more than 90% in some sections but with an average of 60% (Fig.
5.5¢e).

For the lower dark grey dolomites, gamma radiation decreases again suddenly at about 1,702.5 m to
values even below those of the upper dolomites ranging between 20 to 40 APl-units (Fig. 5.5 c). This
also indicates a very low shale content throughout the whole lower zone. The average shale content
was calculated to 3.9%. The only exceptions form two thin beds with elevated shale content at a)
1,727-1,732 m with Vg, reaching 18% and b) 1,811-1,813 m with Vi, reaching 26%. Beside those two
marly intercalations, the lower zone therefore is thought to be formed of more or less clean dolomites.

iv. Spectral GR — log:

The spectral GR-log was then used for a more accurate lithological description in terms of mineralogy
and depositional environment, especially of the phyllitic/faulted zone. The spectral GR-log measures
the contributions of radiation coming from potassium (K in %), thorium (Th in ppm) and uranium (U in
ppm) decays to total gamma radiation separately. Therefore, lithologies and especially minerals
containing those can be identified. Furthermore, they can be indicators of the depositional
environment of sedimentary rocks.

K typically is incorporated in clay minerals, K-feldspars, mica and evaporates (Tab. 5.2; Schén, 2015)
and is thought to originate from erosion and further can be reworked and transported for long
distances (Baker Atlas, 1985). Th is a very stable element and will not be dissolved and is incorporated
in acid to intermediate rocks. It is deposited only with detrital sediments, where it is adsorbed by clay
and heavy minerals and never with chemical sediments (e.g. carbonates) due to alteration. Therefore,
Th is an important clay indicator in carbonate reservoirs (Schén, 2004) and is also assumed to be a
marine element (Baker Atlas, 1985). U also is high in acid rocks with an average of 4.65 ppm but unlike
Th it is unstable and forms soluble salts which can be transported due to weathering and alteration.
Those can then be incorporated into sediments in three ways (Schon, 2004):

- Precipitationin a reducing environment (pH = 2.5-4.0) in stagnant, anoxic waters forming black
shales or “radioactive carbonates” (Baker Atlas, 1985).

- Adsorption by organic matter

- Chemical reaction in phosphorites

K [%] U[ppm] Th[ppm]
Orthoclase 11.8-14.0  0.2-3.0  0.01-7.0

Microcline 10.9 0.2-3.0 0.01-7.0
Muscovite 7.8-9.8 2-8 0-25
lllite 3.5-8.3 1-5 10-25

Tab. 5.2: K-, Th- and U-content of some important minerals for this study. After Schon (2004); data from Baker Atlas (1985);
Schlumberger (1982) and Hurst (1990).

A summary of trends concerning K-, Th- and U-content distribution in carbonate rocks with their
potential to act as indicators for depositional environment is shown in Fig. 5.6.
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K, Th and U near zero < clean carbonate and
precipitation in an oxidizing environment.

High U, low K and Th = Precipitation in reducing
environment, phosphates or stylolithes.

High K and Th, low U = Clay content, marl
——
High K, low Th, variable U = carbonates with algal
origin or glauconite.
= —|

Fig. 5.6: General trends for K-, Th- and U-content distribution in carbonate sediments and their potential indication towards
depositional environment. Modified after Schlumberger (1982).

In the Paleozoic basement of the well ILZ Thermal 1 several changes in K-, Th- and U-content
distribution can be observed. In the upper part of the upper zone, all three stay low until a depth of
about 1,518.5 m with average contents K=0.86%, U = 3.02 ppm and Th = 3.04 ppm. Because Th content
generally can increase to higher values than U (Tab. 5.2), U content can already be seen as slightly
enhanced. From 1,518.5 until about 1,536 m an increase of Kand Th to 1.6% and 6.75 ppm, respectively
together with a slight decrease of U to 2.70 ppm indicates higher clay content and marl. In the lower
part of the upper zone until 1,666.0 m, K and Th again decrease to 0.65%/2.5 ppm and stay more or
less constant with some fluctuations. U-content, on the other side, first increases downward with
maximum values of up to 9 ppm at 1,583.5 m which is followed by a lower U zone with an average of
2.6 ppm. A sudden increase at 1,600 m to 6.5 ppm is then followed by a decreasing downward until
1,655 m. Although fluctuating but this enhanced U-content throughout points to the deposition of the
carbonates in a reducing environment, which is confirmed by the high abundance of pyrite found in
cuttings.

K/Th cross-plot for the
Paleozoic basement

- ppm

™

72 96 12

00150 150250
GR-API

Fig. 5.7: K/Th cross-plot for identification of mineral phases. Red points are those from the high GR phyllitic/faulted zone.
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The phyllitic/faulted zone (1,666.0 — 1,703.2 m) is characterized by a strong increase of K and Th to
average contents of 8.1% K and 15.8 ppm Th. U-content is with an average of 3.15 ppm comparatively
low and therefore again high clay content and marls can be interpreted for this zone from the spectral
GR-log. K/Th ratios were be used in a cross-plot for potential identification of K- and Th-bearing mineral
phases. Fig. 5.7 shows the K/Th cross-plot for the whole Paleozoic basement, whereas blue and
turquoise points represent the upper and lower dolomites with low gamma radiation and the green to
mainly red points represent the high GR phyllitic zone.

Th/K ratios range between 1 and 6.3 with an average of 2.15 indicating the dominance of mainly mica
and illite with probably subordinate mixed layers and glauconite for K- and Th-bearing minerals.

In the lower dark dolomites, a similar distribution as in the lower part of the upper zone with low K-
and Th-contents and varying U-content is reached. Until a depth of about 1,733 m, K and Th vary
stronger before they get constant and low until 1,810 m. From there downwards a stronger fluctuation
is observed again, but all in all K- and Th-content stays low at average values of 0.5% and 2.0 ppm,
respectively. U-content varies strongly throughout the whole lower zone with peak values of up to 7
ppm and a mean value of 2.8 ppm in the upper part. U-peaks together with the constantly low K- and
Th-content again indicates deposition in a reducing environment. A 2 m thick horizon, from 1,811.5 —
1,813.5 m with very high U- (13.5 ppm) and a comparatively enhanced K-content (2.9%) might indicate
the abundance of glauconite or organic matter. In the lowest part U also fluctuates strongly between
2 and 6 ppm.

As a short conclusion, comparatively high U-contents together with low K- and Th-contents in the
upper light to dark grey dolomites and marls and the lower dark grey dolomites point to a deposition
of those carbonates in a reducing environment. The strong increase of K and Th in the phyllitic/faulted
zone indicates high clay content what is confirmed by the K/Th cross-plot identifying mica and illite as
the dominating phases creating the radiation from K and Th.

5.1.2.2 Combined Analysis of PE- and Density-log
Calculations

It was known/assumed from previous studies (e.g. Scheifinger et al., 1999; Goldbrunner et al., 2000),
that main lithologies forming the basement are dolomites with calcite fracture fillings apart from the
phyllitic/faulted zone. Together with shale, dolomite, calcite and pore space this creates a model
describing the basement consisting of four components. Shale content was calculated according to the
same models already used for the Neogene basin fill described in section 5.1.1.1. For the remaining
three components, a combined quantitative analysis for estimation of percentage of dolomite, calcite
and porosity was executed using the PE and density log, whereas the volumetric photoelectric cross
section U (b/cm?3) must be applied (Schon, 2011):

Ulog = Ugot * Vaor + Ucar * Vear + Uwater * @

Piog = Pdol * Vaor + Peat * Vear + Pwater * D

Where: U = PE * pe; pe = electron density = piog, Pdol, Pecal, Pwater according to data from Baker Atlas
(1985) and Schlumberger (2000) in Schon (2011).
PEicg, piog = PE and density of formation (reading from log)
PEdol, PEcai, PEwater, Pdol, Peal, Pwater = PE and density values for dolomite, calcite and water from
literature and water analysis (Tab. 5.3)
Vyoi, Veal = fraction of dolomite and calcite
@ = porosity
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Those two equations together with the balancing equation
1=Vior +Vear + 0

form an equation system, where the three unknowns V4o, Vearand @ can be determined. The solution
of the system can either be executed graphically via cross-plots or numerical. After numerical solution
for dolomite, calcite and porosity, shale content (Vsn) was added and recalculated to 100%.

Both methods were applied for lithological analyses and results are presented in the following.

PE (b/e) p (g/cm?) GR (API) At (us/m)
Quartz 1.81 2.65 0 167
Orthoclase 2.86 2.56 =220 226
Microcline 2.86 2.59 =220
Albite 1.68 2.62 0 161
Anorthite 3.13 2.76 0 148
Muscovite 2.40 2.83 =270 154-161
lllite 3.45 2.64 250-300 211%*
Dolomite 3.14 2.87 0 138-144
Calcite 5.08 2.71 0 151-161
(Salt) Water 0.36 Section 5.3.4.2 616*

Tab. 5.3: Some physical properties for important rock-forming and for this study significant minerals and water used for
numerical solution of the equation system and lithological interpretation (modified from Schén, 2011; data after Baker
Atlas, 1985; Schlumberger, 2000). For water density see reference. *) Values from www.spec2000.net/12-phidt.htm.

Numerical solution

Numerical solution of the system was used to construct a lithology log, which is shown in the logs in
the appendix. For the upper light to dark grey dolomites and marls, dolomite is again confirmed to be
the dominating lithology with an average ratio of 81%. Calcite makes about 8.2% and with the average
shale content from 3-6% (Fig. 5.5 d), 5-8% remain for porosity. The zone between 1,510-1,540 m is the
only deviation from this trend, where dolomite content decreases slightly to 73.4%, shale content
increases to over 10% and porosity also increases slightly to an average of 7.5% but can reach maximal
values of over 20% at 1,526 m.

From 1,666-1,703.2 m in the phyllitic/faulted zone, dolomite decreases strongly to about 22% due to
the sudden increase in shale and even decreases relative to calcite, which increases to an average of
15%. Porosity also decreases to 3%, whereas in the hanging part at the transition from the upper
dolomites and marls to the phyllitic/faulted zone, a zone of higher porosity (= 10%) is observed.

The lower dark grey dolomites, are again dominated by 85.3% of dolomite against 7.4% of calcite and
4% of shale. Therefore, porosity is very low with an average of 3.3%. Exceptions from this trend again
form the two thin marly intercalations at 1,730 and 1,812 m.

Graphical solution

Graphical solution is shown in Fig. 5.8 and shows the same trends as described above. Dominating
lithology is dolomite with porosities ranging between 0 and 10%. Only a few exceptions, where
porosity rises to over 20% can be accounted to the high porosity zone at 1,526 m. Even higher values
(up to 40%) are interpreted as outliers.
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PE/Bulk density
cross-plot

Bulk Density - g/fcm?

Fig. 5.8: PE/Bulk density cross-plot for graphical solution of combined lithological analyses. Red points represent
phyllitic/faulted zone (SS=sandstone, DOL=dolomite, LS=limestone, ANHY=anhydrite).

Points of the phyllitic/faulted zone, indicated by high gamma radiation (red), show a trend towards
higher PE and lower bulk density. Some nearly reach the limestone (LS) line which confirms the higher
percentage of calcite. Apart from that, the theoretical location of illite is also indicated in the diagram
and also confirms the abundance of illitic material in this zone.
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5.1.2.3 Cuttings Analyses

Representative cutting samples were taken for the whole basement and lithologies where subdivided
according to macroscopic parameters like color and grain size. Macroscopic descriptions of the samples
are shown in Tab. 5.4 together with images and depths. For scale, the black line in the images is 2 cm.

Depth [m] Image Macroscopic Description

Coarse sandy to fine gravelly dominantly red carbonates
showing strong HCl-reaction and subordinate grey
dolomites with calcitic joint fillings. Abundant crystalline
components from mica schist including mainly quartz and
muscovite.

Karpatian
1
\I—\
~
(o))
o
o

Coarse sandy to medium gravelly light to medium grey
dolomites and white calcites with reduced ratio of red
carbonates but still abundance of crystalline components.
Red oxidation of components suggests Fe-content.

1,466.0 -
1,472.5

Medium to coarse sandy, light grey, splintered dolomites
and fine to medium gravelly white marly components. No

(7] o a
= red and crystalline components but strong increase of
<§t oxidized components and even abundance of pyrite.
o
=
] Coarse sandy to fine gravelly, light to medium grey,
E 1,502.5 - granular dolomites and white calcites. Abundance of
o 1,515.0 brecciated components with dolomitic clasts in a fine
—
8 grained marly ground mass.
>
o
(G] Coarse sandy to fine gravelly dark grey dolomites. Slightly
x 15175 greenish to black color impression suggests abundance of
g i 52(') 0 chlorite and other clay minerals. Those also contain small
'C_> e red grains with metallic luster which were identified as
= rutile with RAMAN.
1=
-
&
& Medium to coarse sandy, medium grey, splintered and
S 1,5225- . . N

1550.0 granular dolomites with some oxidation and abundance of

T pyrite.
Comparable to 1,571.5-1,520.0 but much finer and
1,540.0 splintered throughout, what suggests high clay minerals

content.
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1,575 -
1,595

1,582.5

1,597.5-
1,602.5

1,605.0 -
1,642.5
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Coarse sandy to fine gravelly, very dark, granular dolomites
with calcite joints and some oxidation.

Medium to coarse sandy, medium grey, splintered and
granular dolomites with brecciated components and some
oxidation.

Medium to coarse sandy, black to greenish, splintered
components similar to 1,517.5-1,520.0. Oxidation, pyrite
and rutile observable.

Coarse sandy to fine gravelly, medium grey, granular
dolomites with brecciated components.

Coarse sandy to medium gravelly, dark grey, granular and
clean dolomites with calcite joints.

Medium to coarse sandy, light grey, splintered dolomites
with abundance of pyrite and rutile suggesting clay
content.

PHYLLITC/FAULTED ZONE

1,665.0 —
1,702.5

1,672.5

Medium sandy, light grey, splintered and granular
dolomites with very fine components of phyllitic and
probably crystalline phases.

Coarse sandy to fine gravelly, medium grey, granular
dolomites. Content of light splintered components lower.
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Medium to coarse sandy, light to medium grey, splintered

1 .0-
16:;)705 and granular dolomites and subordinate calcite. Abundance
e of pyrite and rutile again suggests clay content.
Fine to medium sandy, light grey and dominantly splintered
1,705.0 - . . .
17375 dolomites. High abundance of very fine components

indicates clay or marl.

Dominantly fine gravelly medium to dark grey, clean
dolomites, getting darker towards base. Content of
brecciated components also increases.

Fine to medium gravelly, light to medium grey, clean
dolomites with very high content of brecciated
components.

LOWER DARK GREY DOLOMTIES

Dominantly fine gravelly, medium to dark grey, clean
dolomites with still increasing ratio of breccias.

1,855.0—
1,905.0

Fine to medium gravelly, dark grey, clean dolomites with
very high content of brecciated components.

Tab. 5.4: Macroscopic descriptions of cuttings with images and depths (black lines in images are 2 cm).

Microscopic and XRD investigations of the phyllitic/faulted zone

Because of lithological uncertainties concerning the phyllitic/faulted zone due to heterogeneity and
partially very fine grain sizes, thin sections and X-ray diffraction analyses were executed for the
samplesat 1,672.5,1,687.5 and 1,697.5 m. For a reference the same was also executed on a clean dark
dolomite sample from 1,635.0 m.

I ILZ 1,635:

The microphotographs in Fig. 5.9 show the clean massive dolomites with xenomorph grains and grain
sizes of a few tenth of millimeters. In most grains, cleavage is well visible and opaque phases are pyrite
throughout (Fig. 5.9 a). Breccia content in this sample is very low but is shown here representatively
for the lower zone, where brecciated components have the same development but much higher ratio.
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Those breccias consist of dolomite clasts (light grey) of up to 1 mm in a very fine grained medium to
dark grey marly ground mass, which cannot be resolved more detailed.

Fig. 5.9: Microphotographs of clean dolomite with some pyrite (a) and breccia (b) from the sample at 1,635 m. Image
lengths are 2 mm both.

XRD analyses finally confirmed the mineralogy showing the dominance of dolomite represented by the
main peak at d = 2.88 A. Further dolomite peaks are clearly visible and are indicated in the
diffractogram (Fig. 5.10). The marly ground mass of the brecciated components is represented by a
small amount of mica/illite at d = 9.96 A° and calcite at d = 3.03 A. Additionally, a small amount of
quartz at d = 3.33 A is present. The sample was measured on an aluminum sample holder which can
also be seen in the diffractogram with two peaks at d = 2.34 and = 2.03 A.

Dol = Dolomite

I/M = Mica/lllite

Qtz = Quartz

Cal = Calcite

Al = Aluminum sample holder

000

2000

M

Fig. 5.10: X-ray diffractogram of sample ILZ 1,635.

Comparing those values to literature values, it is evident that the diffractogram is slightly shifted to
lower d-values of about 0.01-0.02 A, what proceeds also in the further diffractograms shown. Hence,
only new peaks will be indicated separately in the particular diffractogram. Nevertheless, the peaks fit
very well and the investigations give appropriate results for qualitative and quantitative mineralogical
composition.
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i.  1LZ1,672.5:

The sample at 1,672.5 m depth is characterized by a first occurrence of micaceous/illitic components
of several mm grain size (Fig. 5.11 a, b) derived from a phyllite or mica schist, which also show
deformation indicated by the kink bands. Opaque phases in those grains are mainly rutile as identified
by RAMAN-spectroscopy.

Fig. 5.11: Microphotographs of the sample ILZ 1,672.5 showing representative features. For further explanation, see text.

Oxidation structures, which were already observed macroscopically, form rims of about 0.2 mm
thickness around mainly dolomite grains (Fig. 5.11 c). The red color points to the oxidation of Fe from
pyrites and is thought to be derived from the storage under atmospheric conditions of the cuttings
over the years since drilling. Pyrites in dolomites also seem to form perfectly idiomorph grains of a few
tenth of millimeters grain size under transmitted light (Fig. 5.11 d, e) but when observed with reflective
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light a slight disintegration on the rims already can be observed (Fig. 5.11 f). Additionally, the undulose
extinction of quartz (Fig. 5.11 e) confirms a high degree of deformation.

Dal = Dolomite

I/M = Mica/lllite
Dol Qtz = Quartz
Fsp = Feldspar

:::::

20000

I/m Qtz

//ﬂol ﬂﬂ‘z\\ j/nﬂ lil/is’p ﬁ}L
- ff LN «jb\u JL o ;rd\ i

Theta

Fig. 5.12: X-ray diffractogram of sample ILZ 1,672.5.

XRD analysis still shows a dominance of dolomite in this sample but illite/mica 001 and 002, quartz 101
and 100 and feldspar, mainly orthoclase or microcline at d = 3.47 and 3.23 A, peaks are already
significantly increased compared to ILZ 1,635 (Fig. 5.12).

iii.  ILZ1,687.5andILZ 1,697.5:

Those two samples show very similar characteristics, both in terms of microscopic features and X-ray
diffraction, respectively. Dolomite within these samples mainly occurs subordinate as massive as well
as fine grained and in brecciated components as described in Fig. 5.9 b. Major components are clasts
from phyllites and mica schists containing crystalline components such as feldspars, mainly orthoclase
and microcline, quartz and muscovite.
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Fig. 5.13: Microphotographs of the samples ILZ 1,687.5 and ILZ 1,697.5 showing characteristic features of the
phyllitic/faulted zone.

Feldspars are very well observable in Fig. 5.13 a and b in idiomorph grains of up to 1 mm size. In the
center of the grains alteration to maybe kaolinite is evident what also explains the abundance of
kaolinite in the X-ray diffractogram. Furthermore, rutile grains are again visible in the phyllitic
components (Fig. 5.13 ¢, d) and a large mica schist clast is shown in Fig. 5.13 e and f, where the
porphyryclastic fabric is represented by quartz and feldspars with low interference colors surrounded
by muscovite of high interference color.

Dol = Dolomite

e i Mineral d-value [A]
s Dol gioz':::g;::e lllite/Mica 001 10.02
o Mic = Microcline I“itelMica 002 4,98
= f,:';Pi"’r'if:e lllite/Mica n. b. r. 2.98
n. b.r. = non basal reflection Kaolinite 001 7.20
= Quartz 100 4.25
= Quartz 101 3.33

- Orthoclase 3.47;3.31
% Microcline 3.235

Calcite 3.03; 2.28

Dolomite 2.89; 2.19; 2.02

Pyrite 1.63

Fig. 5.14: X-ray diffractogram of sample 1,697.5 representing the lower part of the phyllitic/faulted zone and table of major
peak positions (d-values in A) for the most significant phases.
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XRD analysis confirms mineralogical composition with clearly visible illite/mica 001 and 002 peaks,
kaolinite 001, quartz 100 and 101, feldspar, calcite, dolomite and even a small pyrite peak (Fig. 5.14).
The illite/mica peaks are highly developed suggesting a high content of those phases and high illite
crystallinity. The non-basal reflection at 2.98 A or 29.98° 20 identifies the illite as a 2M illite with
detrital origin, formed out of mica. Furthermore, high and distinct feldspar peaks give the opportunity
to distinguish between different feldspars including most abundant phases orthoclase and microcline
with their characteristic peak positions.

As a conclusion, the upper zone of the basement is characterized by an intercalation of light to dark
grey dolomites, whereas changes in lithology occur abruptly. Light dolomites generally show a smaller
grain size and are rich in splintered and platy components indicating content of clay minerals and
therefore marl, whereas dark grey dolomites show a clean development and occur in coarse grains
with white calcite joints.

Exceptions are the very dark to greenish horizons at 1,517.5-1,520.0, 1,540.0 and 1,582.5 m, indicating
high clay content. Especially the upper two horizons might be influenced by hydrothermal alteration
because of their location within the high porosity zone between approximately 1,510 and 1,540 m. The
lower horizon at 1,582.5 m also is visible in the logs with slightly enhanced gamma radiation.

The phyllitic/faulted zone is characterized by very fine grained, light grey and splintered components
of different origin. Dolomitic components occur together with phyllitic (mica) and crystalline ones
containing mainly feldspar and quartz. Microscopic, RAMAN and XRD analyses revealed a more
detailed insight into this zone and its mineralogical composition. Dolomites occur as different facies
types from fossil-free mudstones to packstones and brecciated components (Goldbrunner et al., 2000).
Additional high abundance of mica schist clasts with characteristic fabric elements (kink bands, quartz
and feldspar porphyroclasts, undulose quartz extinction) suggests high faulting and deformation
especially in the lower part of this zone between 1,687.5-1,702 m and maybe even an influence until
1,737.5 m as indicated by macroscopic description of cuttings.

The lower zone shows a much more homogeneous development than the upper and the phyllitic/
faulted zone consisting of medium to dark grey, granular dolomites with calcite filled fractures.
Content of breccias (dolomitic components in a fine mainly calcite to marly ground mass) increase
towards the base or the final depth of the well, respectively.

Last but not least, pyrite content throughout the whole basement indicates deposition of those
carbonates in a reducing environment.

5.1.2.4 Pore space evaluation

Porosity, hydraulic conductivity and transmissivity of the basement were analyzed using well log data
and interpreted with state-of-the-art literature models for the determination of those parameters.

Pore spaces in those carbonates were distinguished into a) total porosity and b) fracture porosity. Total
porosity was calculated separately from the density- and sonic-log and from the combined solution of
the equation system from density- and PE-log presented in section 5.1.2.2. From those results, a mean
value was calculated to represent total porosity.

Effective porosity and subsequent fracture porosity, hydraulic conductivity and transmissivity was
derived from the Dual Laterolog after the model presented by Vasvari (2011).
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i. Total porosity

Total porosity was calculated from porosity logs like density-, sonic- and resistivity-logs. Results are
shown in Appendix B. Calculation of porosity from density- (@p) and sonic (@s) -log (Wyllie time-average
equation; Wyllie et al., 1958) is very similar with utilization of literature values for rock matrix and pore
fluid:

Atgpg—At
Sonic-derived porosity (Wyllie equation): Os = Atlog—A:‘“
fluid —Alma

Pma—Plo,
Q)D =20

Density-derived porosity: lr—
ma~— P fluid

Where: Atiog, Piog = interval transit time and bulk density reading of the formation (from the log)
Atma, Pma = interval transit time and density of the matrix (Tab. 5.3).

Atquid, Priiia = interval transit time and density in the pore fluid (Tab. 5.3)

Resistivity-derived porosity was calculated after the same method as already used for the Neogene
basin fill, whereas values within the phyllitic/faulted zone are not thought to be representative
because of high shale content.

Separate observation of the porosities derived from the different logs (Fig. 5.15) shows, that the sonic
log with an average of 8.2% gives much higher values than the density and the dual laterolog with 3.2%
and 1.5%, respectively. Those difference can be explained by methodological reasons. Density is
thought to be the most confident model for total porosity, whereas the sonic log depends strongly on
compaction, fractures and their orientation what influences matrix slowness (Schén, 2011). The dual
laterolog is assumed to be critical because of shale influence, especially in the phyllitic/faulted zone.

a) Density porosity histogram b) Sonic porosity histogram c) Resistivity porosity histogram

Fig. 5.15: Frequency distribution of porosity values derived from a) density-, b) sonic- and c) resistivity-logs.

However, for the entire basement, averaging all porosity calculations, the mean total porosity is pretty
low with 4.2% but can be subdivided into several zones with higher and lower porosity (Appendix B).
Starting from 1,468 m high porosity of over 10% might be influenced from the overlying Karpatian
conglomerates but decreases to below 5% until 1,475 m. This is followed by an about 10 m thick low
porosity zone with a mean value of 4.5%.

An about 8 m thick zone from 1,485 m until 1,493 m shows enhanced porosity, reaching values of over
10%, mainly due to a decrease of density. Afterwards porosity decreases again to below 5% and stays
more or less constant with an average of 3.9% until 1,510 m.

Another high porosity zone is observed until about 1,540 m, indicated by drops of density to below 2.5
g/cm3, increases of slowness to nearly 300 psec/m and even caliper outbursts point to a less
consolidated, permeable zone. Porosity fluctuates strongly in this zone with maximal values of over
20% and minimal values of 5-6%. However, a mean porosity of 7.7% for this zone is not too high but

65



W. Hasenburger — The Geothermal Well ILZ Thermal 1

nevertheless regarding the thickness of 30 m, this can be seen as a major potential aquifer for
exploration.

From there downwards, porosity decreases and stays more or less constantly low with an average of
4.5% until the transition to the phyllitic/faulted zone at 1,666 m. A sudden increase in slowness at
around 1,666 m to over 260 psec/m results in a very high sonic porosity of about 20% but is decreased
to an average of 7.5% when taking into account other porosity calculations, what can be compared to
the upper highly porous zone. With a thickness of only about 6.5 m, this zone is much thinner and is
assumed to be formed by the accumulation of water above the upper impermeable part of the low
porosity phyllitic/faulted zone.

The phyllitic/faulted zone as well as the lower dark grey dolomites are evolved very homogeneously in
terms of porosity. Porosity is very low throughout the rest of the well with averages of 2.3% in the
phyllitic/faulted zone and 3.3% in the lower dark grey dolomites.

ji. Fracture porosity after Boyeldieu & Winchester (1982):

Fracture porosity in hard rocks such as the present basement carbonates, is in most cases significantly
contributing to effective porosity and hence to hydraulic conductivity and transmissivity of an aquifer.
Total porosities calculated before also include isolated intergranular pores, which do not contribute to
effective porosity.

Two methods were used to investigate fracture parameters to determine fracture porosity: Utilization
of a) the Dual Laterolog together with the model presented in Vasvari (2011) and b) the Schlumberger
Log interpretation charts.

With the help of the Dual Laterolog (deep (RD) and shallow (RS) looking resistivity) together with
drilling mud conductivity, water-filled fracture zones in a non-conductive massive rock can be
investigated. Beside fracture porosity, aperture of horizontal and vertical fractures, fracture density
and furthermore hydraulic conductivity and transmissivity can be estimated (Vasvari, 2011). Results
are presented in the fracture porosity log in Appendix C.

In order to apply this method, first of all, resistivity (RS, RD, Rmu) must be transformed to conductivity
(Cus, Cudy Cnua):

Cris [S/m] = 1/RS i Cua [S/m] = 1/RD i Cnua [S/m] = 1/R

mud
Fracture porosity can then be estimated using the equation after Boyeldieu & Winchester (1982):
m|Crrs — Crra

@ frac = Cor

Where: m = cementation exponent (Tab. 5.5; John, 1999).

Results (appendix C) show, that fracture porosity follows the trend of resistivity-derived porosity in
major parts throughout the basement indicating a high contribution of fracture porosity if compared
to resistivity-derived porosity and even to total porosity (Tab. 5.6).

Pore System m
Inter-granular/inter-crystalline 2.0
Fractures 1.4
Vugs 2.3
Moldic >3

Tab. 5.5: Cementation exponents m commonly used for different pore systems (after John, 1999).
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One exception from this trend is observed in the upper high porosity horizon between 1,510 and 1,530
m where fracture porosity drops to below 0.5% whereas total porosity, as already mentioned above,
increases strongly resulting in @ @fac/Drora-ratio of only about 10% (Tab. 5.6). This leads to the
assumption, that intergranular pores dominate rather than fractures, maybe partly due to slightly
enhanced shale content.

The same trend is observed in the upper part of the phyllitic/faulted zone from 1,666-1,682 m, but
here the lithological change to phyllite and fine grained faulted material is thought to be responsible
for the dominance of intergranular porosity. But because of generally low total porosity in this interval,
fractures get a significant contribution of about 25%. High fracture porosity with a ratio of 68% in the
lower part of this zone between 1,682 and 1,700 m (Tab. 5.6) is thought to represent especially a high
fracture density and large apertures of vertical fractures due to intensive faulting and even indicating
a sub-vertical fault.

Depth [m] ¢frac [%] ¢resistivity [%] ¢frac/¢resistivity ¢total [%] ¢frac/¢total

1,470-1,510 1.6 1.7 0.94 5.9 0.27
1,510-1,530 0.8 2.3 0.35 8.0 0.1
1,530-1,598 1.4 1.5 0.93 4.3 0.33
1,598 - 1,666 13 1.8 0.72 4.8 0.27
1,666 — 1,682 0.6 2.2 0.27 2.4 0.25
1,682-1,700 15 2.1 0.71 2.2 0.68
1,700 - 1,885 1.2 1.2 0.99 3.3 0.36

Tab. 5.6: Intervals of homogeneous fracture porosities compared to resistivity-derived porosity and total porosity. Values are
arithmetic means.

jii. Fracture porosity after Schlumberger (2000):

Using the Schlumberger Log Interpretation Charts more or less same results for fracture porosity,
assuming a cementation exponent m of 1.4, are obtained.
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Fig. 5.16: Evaluation of fracture porosity using the Schlumberger Log Interpretation Charts.

Fracture porosity after Schlumberger (2000) ranges between about 0.5 and 1.8%, except the 2.5% for
the high porosity interval 2, which is thought to be overestimated. Reasons therefore might be a
possible influence of inter-granular or inter-crystalline porosity or other pore structures like vugs or
moldic, what would change the cementation exponent (Tab. 5.5). However, other values fit well with
little deviations if compared to fracture porosity after Boyeldieu & Winchester (1982) and therefore
can be interpreted as representative.
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iv. Fracture apertures after Sibbit & Faivre (1985) and fracture densities:

Sibbit & Faivre (1985) developed a model for estimating the aperture of horizontal () and vertical (&)
fractures from parameters gained by the Dual Laterolog:

i Crrs—C
Vertical fracture aperture: & = —LLS_4 LLd
4*x10™**Cppy
i Crrs—C
Horizontal fracture aperture: g = — b b
1.2x10™**Cp,

Where: C, =conductivity of non-fractured host rock in S/m.

For determination of Cp, the lowest measured values from the Dual Laterolog were used and
subdivided into four zones (Tab. 5.7; Appendix C). For using this model, a conductivity contrast of Cr,/Cp
>10%is assumed for the calculation of horizontal fracture apertures. To reach this contrast and to yield
reasonable results, the constant in the formula for €, had to be increased by two magnitudes from
1.2*10% to 1.2*102.

Zone Depth Cp [S/m]
1 1,469.0-1,667.0 0.0035
2 1,667.0—-1,695.0 0.013
3 1,695.0-1,797.5 0.0025
4 1,797.5-1,890.0 0.0043

Tab. 5.7: Subdivision of basement for determination of Cp.

To get an idea of dominating fracture orientation, Shaogui et al. (2006) defined a parameter Y,
determining the dip of fractures based on a three-dimensional model. If Y is greater than 0.1, sub-
vertical fractures dominate, if Y is between 0 and 0.1, inclined fractures dominate and if Y is negative,
sub-horizontal fractures dominate (Vasvari, 2011):

Rp —Rs
\,RD * RS

Furthermore, fracture densities (dsac) i.e. number of fractures per meter, was estimated using the
equation from Vasvari (2011):

1000 * @ frqc
£

frac

Where: € = mean fracture apertures

Results (appendix C; Tab. 5.8) show, that vertical fractures generally have a higher aperture than
horizontal fractures, whereas exceptions are again observed in the high porosity zone and in the
phyllitic/faulted zone. Furthermore, vertical fractures with apertures ranging from 1 to 8 mm show a
much more heterogeneous distribution than horizontal ones with apertures between 1 and 2 mm
throughout. In the uppermost part, between 1,530 — 1,667 and in the lower zone, where clean
dolomites are the dominating lithology, fracture structure is characterized by many small sub-
horizontal fractures and few but larger vertical fractures, whereas sub-horizontal fractures dominate
as indicated by the highly negative Y-value.
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Depth[m] g,[mm] &, [mm] dsacy [M?]  dirach [Mm™?] Y

1,470-1,510 7.32 1.55 2.2 10.3 -0.12
1,510-1,530 1.82 3.81 4.4 2.1 -0.02
1,530- 1,666 5.90 1.75 2.3 7.7 -0.09
1,666 — 1,682 2.11 1.10 2.8 5.5 0.02
1,682-1,700 7.95 1.87 1.9 8.0 0.07
1,700 - 1,885 5.00 1.06 2.4 11.3 -0.11

Tab. 5.8: Calculated mean fracture apertures, densities and estimation of fracture orientation for homogeneous intervals.

In the high porosity zone between 1,510 — 1,530 m, horizontal fractures show their largest apertures
with close to 4 mm throughout the whole basement. High abundance of small vertical fractures results
in a Y-value close to zero but still negative pointing to a slight dominance of sub-horizontal fractures
(Tab. 5.8).

In the upper part of the phyllitic/faulted zone, fracture porosity as already indicated does not play a
significant role, what is confirmed by both, small horizontal and vertical fractures. An increased vertical
fracture density and a slightly positive Y-value assumes a higher influence of dipping fractures. In the
lower part, vertical fractures reach apertures of nearly 30 mm, especially between 1,691 — 1,696 m
and Y-values also increase to over 0.1, indicating large sub-vertical fractures, what confirms the
assumption of a steep to sub-vertical fault in this zone. Goldbrunner et al. (2000) estimated the angle
of this fault to 75°, resulting in a net thickness of around 5 m of this fault, if it is assumed to stretch
from 1,682 — 1,702 m.

V. Hydraulic conductivity and transmissivity

Hydraulic conductivity of fractures can easily be estimated by the “cubic law for fluid flow in a rock
fracture”, assuming ideal fractures with flat, smooth surfaces of uniform aperture and of infinitive
length for laminar flow of a viscous, incompressible liquid (Witherspoon et al., 1980; Bear, 1993).
Hydraulic single fracture conductivity k¢ in m/s then is calculated with the following equation:
prg &
* —
n 12

kf =
Where: p = water density (kg/m3)
g = gravitational acceleration = 9.81 m/s?
n = dynamic viscosity of water (Pa*s)

With this hydraulic fracture conductivity, the effective hydraulic conductivity k (m/s) of a formation
and furthermore the transmissivity T (m?/s) can be calculated including the hydraulic conductivity of
the hard rock k;, which was assumed to be very weakly to non-conductive after classification DIN
18130-1 (Hélting & Coldewey, 2013) with a value of 10° m/s:

b
k=ke gtk

Where: | = mean fracture spacing (m) = 1/d#ac

First of all, hydraulic fracture conductivities were calculated separately for horizontal and vertical
fractures but then a vector sum of both was formed to determine total effective hydraulic conductivity
and transmissivity with thicknesses of the separate intervals in m:

T = thickness * k
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Depth Thickness ke, v ks, h k T
[m] [m] [x 10° m/s] [x 10° m/s] [x 10 m/s] [x 10 m?/s]
1,470-1,510 40 15.7 0.5 2.8 11.2
1,510-1,530 20 3.8 1.8 0.5 1.0
1,530-1,666 136 104 1.1 1.6 21.8
1,666 - 1,682 16 3.1 1.6 0.6 0.96
1,682 -1,702 20 31.6 1.3 9.4 18.8
1,702 - 1,885 183 8.6 0.5 1.2 22.0

Tab. 5.9: Calculations of hydraulic conductivity and transmissivity of the basement carbonates in homogeneous intervals.

Due to generally larger apertures, vertical fractures also show much higher hydraulic conductivities
than horizontal ones (Tab. 5.9), especially in the faulted zone. However, fracture conductivities are in
the range of 10 to 10 m/s resulting in total effective hydraulic conductivities of 10® m/s which is
classified as permeable to weakly permeable after DIN 18130-1. Transmissivities also follow this trend
with values of 10™ to 10° m?/s, whereas highest transmissivities are reached in the clean carbonate
horizons and in the faulted zone. For comparison, Goldbrunner et al. (2010) determined the
transmissivity of the basement carbonates to be 4*10° m?/s and Vasvari (2011) to 7.3*10° m?/s.
Hence, calculating a mean value for the whole basement from the results above yields an average
transmissivity of 12.6%10° m?/s, what fits very well to those literature values.

Conclusively, if fractures are assumed to be the determining permeable structures for aquifer
potential, according to this analysis, the whole basement can be seen as an interesting aquifer,
although only showing permeable to weakly permeable conductivities.

The so-called “high porosity zone” from 1,510-1,530 or even 1,540 m is one of two exceptions and high
total porosity is thought to be due to the increased shale/marl content bearing a large amount of
capillary-bound water, which is not contributing to effective porosity (cf. section 2.1.2).

The second exception is the upper part of the phyllitic/faulted zone between 1,666 and 1,682 m, where
both fracture porosity and total porosity is low and therefore can be interpreted as an impermeable
horizon.
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5.2 The Thermal Regime

Within a geothermal environment, two major parts are distinguished to describe the thermal regime:

a) Heatsources
b) Heat transport

5.2.1 Heat Sources

As already described in section 2.1.1, two principal sources of heat can be distinguished: a) the residual
heat from the Earth’s interior and b) radiogenic heat production mainly in the crust.

In the Pannonian Basin and especially in the Eastern Styrian Basin elevated geothermal gradients and
high heat fluxes are thought to result from a high level of the Earth’s mantle, which was actually proved
geophysically by deep seismics by Schmoéller (1991), who determined the location of the Mohorovicic-
discontinuity at 19 km depth. This crustal thinning is due to the extensional regime resulting from the
continental escape tectonics. Heat flux within the Styrian Basin is the highest in all Austria reaching
values of > 100 mW/m? (Fig. 5.17).
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Fig. 5.17: Terrestrial heat flux in Austria (modified after GBA, 2016).

Geothermal gradient:

The geothermal gradient in the Eastern Styrian Basin is also elevated and ranges between 4-5 K/100 m
(Goldbrunner et al., 2010). For the well ILZ Thermal 1, the geothermal gradient was calculated from
data provided by Goldbrunner et al. (2010) from borehole temperature measurements. Mean annual
surface temperature according to ZAMG (2015). Those data then were inter- and extrapolated until
the final depth assuming a linear increase of temperature with depth (Tab. 5.10; Fig. 5.18).

Results gave a geothermal gradient of 45.54 °C/km, what fits very well to literature values.
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Depth [m]
0
764 +43
1,004.5 * 24.5
1,778
1,906

Temperature [°C]
8.7
46.0
56.0
89.7
96.5

Formation

Surface

Sandschaler Zone
Lageniden Zone

Graz Paleozoic/Basement
Graz Paleozoic/Final depth

Tab. 5.10: Temperature data of borehole measurements used for calculation of the geothermal gradient. Temperature at

final depth is already extrapolated.

Geothermal Gradient

calculated from measured water temperatures by Goldbrunneretal., 2010
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Fig. 5.18: Geothermal gradient interpolated from borehole measurements.

Radiogenic heat production:

A second heat source is the heat produced by the radiogenic decay of K, Th and U, which occurs mainly
in crust. The amount of heat produced can be determined in the laboratory by time consuming
methods such as XRF or gamma-ray spectrometry (Blicker & Rybach, 1996) but Rybach (1986)
developed a formula to calculate the amount of heat A in pW/m?3 produced in the subsurface by
radioactive decay from the spectral gamma ray log measuring the contributions of those isotopes to

total gamma activity:

AW /m®) =107° % p * (9.52 cy + 2.56 c7p, + 3.48 k)

Where: p = rock density in kg/m3
cu = concentration of uranium in ppm
Crh = concentration of thorium in ppm
¢k = concentration of potassium in %.
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Results (Fig. 5.19; appendix D) show what can be expected from the basement: Low radiogenic heat
production in the upper light to dark grey dolomites and in the lower dark grey dolomites with values
of around 0.8 — 1.1 uW/m3. In the phyllitic/faulted zone, because of high abundance of crystalline
components bearing especially K and Th, radiogenic heat production increases to over 2.0 pW/m?3,
whereas highest values of up to 3.5 uW/m? are reached around 1,675 m and at 1,691 m.

a) Heat production (1,466.0 - 1,666.0 m) b) Heat production (1,666.0 - 1,702.0 m) ¢} Heat production (1,702.0 - 1,906.0 m)

(24,25

Fig. 5.19: Frequency distribution of heat production values in uW/m? for the upper light to dark grey dolomites and marls
(a), the phyllitic/faulted zone (b) and the lower dark grey dolomites (c).

5.2.2 Heat Transport — Thermal Conductivity

Heat can be transported in the subsurface in two ways: a) Through convection by fluid flow and b)
through conduction based on the thermal conductivity of rocks.

Concerning convective heat transport, it cannot be quantified how much heat is transported by the
water circulating through the rocks, what is dependent on the permeable zones described in section
5.1.2.4. Generally, convective heat transport is significant because of the very high heat capacity cp of
water. Hence it is assumed, that heat is in fact transported to a certain degree in the clean carbonates
and especially in the lower phyllitic/faulted zone, where the fault might form a major pathway for fluid
flow.

Heat transported by conduction through the rocks, on the other hand, can be quantified and results in
specific thermal conductivity A of rocks. For comparison, a compilation of thermal properties of
significant rocks, minerals and water from literature is given in Tab. 5.11.

Mineral/Rock/Fluid A[W/mK]  Cp[ki/kg K]
Dolomite 5.5 0.93
Dolomite (rock) 4.38; 4.68 1.0
Calcite 3.59 0.79
Limestone 2.29 0.93
Quartz 6.5 0.70
Sandstone/Conglomerate 2.47 1.64
Muscovite 2.28 +0.07 0.76
lllite 19

Kaolinite 2.6 0.93
Orthoclase 2.31 0.61
Microcline 2.49 0.68
Shale 2.07 1.18
Marl 2.21 1.15
Water 0.50-0.59 4.2

Tab. 5.11: Thermal properties of significant minerals, rocks and water. Data taken from Schén (2004) after Cermak & Rybach
(1982), Brigaud et al. (1989, 1992), Jessop (1990), Clauser & Huenges (1995), Clauser (2006).
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Thermal conductivity can be examined on rock samples by laboratory experiments, but also equations
for estimating this parameter on carbonate rocks based on formation factor F, calculated from the
resistivity log, were introduced by Gegenhuber (2013) and Gegenhuber & Schreilechner (2014):

1.

a) Dolomite:  A[Wm K™ =11.10+2—-56.68 (1) * +7.21
1.

b) Limestone: A [Wm™'K~'] = 3229 x> — 2865« (2) * +4.04

Where: F = Ro/Rw

In this thesis, equation (a) was used for estimating thermal conductivity conditions in the basement.
Results in form of a log are shown in appendix D and in Fig. 5.20.

a) Thermal conductivity (1,466.0 - 1,666.0) b)Thermal conductivity (1,666.0 - 1,702.0 m) c) Thermal conductivity (1,702.0 - 1,906.0 m)
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Fig. 5.20: Frequency distribution of thermal conductivity in W/m K for the upper light to dark grey dolomites and marls (a),
the phyllitic/faulted zone (b) and the lower dark grey dolomites (c).

In the upper light to dark grey dolomite and marl series, thermal conductivity ranges between 3.9 and
4.5 W/m K, which fits with literature values of dolomite, whereas zones of lower conductivity are found
in marly and water rich horizons e.g. around 1,525 m. A very low thermal conductivity zone from 1,603
— 1,605 m can be correlated with an enhanced electrical conductivity and therefore fracture porosity
zone (appendix C) with low shale content and hence indicates a water-bearing horizon in clean medium
to dark grey dolomites (Tab. 5.4).

The phyllitic/faulted zone is characterized by a generally lower thermal conductivity. At the transition
to the upper dolomites (1,666-1,668 m) values of below 1 W/m K confirm a water-bearing highly
porous and permeable zone, which was already indicated by high fracture porosity, electrical
conductivity and slowness. Below this, thermal conductivity increases again to an average of 3.2-3.8
W/m K but then decreases in the lower part to below 3.0 W/m K, pointing to a higher abundance of
low conductivity phases such as feldspar or mica, which were also proven already by optical
microscopy and XRD (section 5.1.2.3).

The lower dark grey dolomites show a more or less constant thermal conductivity, what would be
expected from clean dolomites, ranging between 4.3 and 4.9 W/m K. Exceptions are observed between
1,727 — 1,731 m and around 1,812.5 m where low conductivity can be correlated with high radiogenic
heat production in shale-rich, marly intercalations.

5.2.3 Estimation of Geothermal Resources

For quantification of heat and energy resources available in geothermal reservoirs, the USGS
volumetric model “Heat in Place” (Muffler & Cataldi, 1978) was used. First of all, potential aquifers in
the well ILZ Thermal 1, based on reservoir characterization, were identified:

- Sandschaler Zone (702.5 - 807.3 m)
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- Base Conglomerate of the Lageniden Zone (966.1 — 1,240.0 m)
- Karpatian “Conglomerate-rich Series” (1,240.0 — 1,466.0 m)

- Upper clean dolomites (1,530.0 — 1,666.0 m)

- Lower dark grey dolomites (1,702 — 1,906.0 m)

The USGS “Heat in Place” model estimates the amount of heat or energy H stored in a porous reservoir
i.e. rock matrix and in the pores filled with water after the following relation (Muffler & Cataldi, 1978;
Hurter & Schellschmidt, 2003):

H=((1=0)*pm*cm+Dxpy, *cy,)*(Ty —Ty) x A% Az

Where: @ = porosity (section 5.1)
Pm, Pw = density of rock matrix and water in kg/m3 (section 5.1.2.2)
Cm, Cw = specific heat capacity of rock matrix and water in J/(kg K); (Tab. 5.11)
T1 = temperature at top of aquifer in °C (section 5.2.1; Appendix A)
To = surface temperature in °C = 8.7°C (section 5.2.1)
A = area under consideration in m?
Az = net aquifer thickness in m (Appendix A)

For this calculations, an area A of 500x500 m with the well in the center is considered with the
assumption, that lateral extent of homogeneous formations is constant in terms of thickness. Net
aquifer thicknesses were derived by summing up the thicknesses of potential water-bearing horizons
shown in appendix A. To calculate the total resource Q, the heat H stored in the reservoir is multiplied
with a geothermal recovery factor R depending on parameters derived from production and reinjection
technology i.e. reinjection temperature T, of water in a reinjection well. Assuming a reinjection
temperature of 25°C (Hurter & Schellschmidt, 2003), the recovery factor is calculated after Lavigne
(1978):

T, — T,
R=033: 7T
(T1 — To)
and finally
QUl=H=R
Az ¢ Pm Pw Cm Cw Tl H R Q

Aquifer ml [ [ke/m*] [ke/m*] [/kgKl D[/kgKl [Cl [x10)] []  [x10%J]

Sandschaler Zone 46.0 0.22 2650 993.9 1640 4182 41.7 1.6 0.17 2.7
Base Conglomerate = 199.5 0.11 2650 1002.8 1640 4187 53.7 9.7 0.21 20.5

Karpatian 1855 015 2650  1002.8 1640 4192 662 115 024  27.3

Upperbasement (.., (045 2870 9803 1000 4200 794 7.0 025 17.9
dolomites

Lower basement ) (033 2870 9803 1000 4200 87.2 117 026 305
dolomites

Tab. 5.12: Estimation of geothermal resources stored in potential aquifers of the well ILZ Thermal 1.

According to the results shown in Tab. 5.12 a total heat content of nearly 10%° MJ or converted 2.8*10°
kWh is stored in the considered aquifers. This only represents a very rough estimate of producible
energy, because especially values for the thermal recovery factor are influenced by much more
parameters and therefore can only be conjectured in this stage. Furthermore, if it comes to utilization
of a geothermal resource, further engineering parameters like conversion efficiency, plant life or plant
load factor (Garg & Combs, 2010; 2011) get important. However, a first estimation of geothermal
resources can be done and roughly assuming a project life of 50 years this results in a capacity of 6.3
MW.
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5.3 Thermal Water Characterization

In this last chapter, the results of the analyses of available data concerning the thermal waters
investigated are presented. Chemical and physical data of the waters of the Sandschaler Zone, the Base
Conglomerate of the Lageniden Zone and the Paleozoic basement are available and discussed in the
following. Data of the thermal water from the Paleozoic basement from the well Bad Blumau 2 used
for indirect purposes and electricity production are also available for comparison.

5.3.1 Data Presentation and Reliability Check

The base of all calculations and investigations within this chapter are thermal water analyses
concerning mainly electrolyte content and other physical parameters presented in Goldbrunner et al.
(2010) for the waters of the Lageniden Zone, the Paleozoic basement and Bad Blumau and from
Arsenal Research (2000) for the water of the Sandschaler Zone. A compilation of those data is shown

in Tab. 5.13:

Sandschaler Zone Lageniden Zone Graz Paleozoic Bad Blumau

NHa* 46 9.1 6.9 30.0
@~ Na' 1,400.0 5,560.0 5,380.0 5,570.0
2 Eo K* 36.0 174.0 170.0 138.6
S= Mg 3.0 12.6 7.5 4.6
Ca?* 10.0 43.0 315 30.2
3 Cations 1,453.6 5,798.7 5,595.9 5,773.4
2 —  HCOs 3,243.8 7,505.1 8,786.5 8,090.0
s® o 313.6 4,320.0 3,000.0 3,620.0
<= SO” 0.31 284.0 230.0 506.4
3 Anions 3,557.7 12,109.1 12,016.5 12,216.4
DS (mg/) 5,011.3 17,907.8 17,612.4 17,989.8
K(mS/cm) 25°C 5.2 20.0 18.18 20.07

Tab. 5.13: Electrolyte composition (TDS = Total Dissolved Solids) of major cations and anions of thermal waters from the well
ILZ Thermal 1 and Blumau 2 and electrical conductivity K measured at 25°C.

A first look on the data already reveals the similarity of the deeper waters of the well ILZ Thermal 1
with the water from Bad Blumau in terms of mineralization with a TDS content of nearly 18 g/l. Only
the water from the Sandschaler Zone shows a much lower mineralization with around 5 g/I, what
confirms the Lower Badenian “Tonmergel Series” to act as a major separating, impermeable layer
between deeper and shallower groundwater, preventing mixing of them.

Before start of work and calculations, the reliability of these data was checked based on the principle
of electro-neutrality, where positive charges of cations (meqg/l) must compensate negative ones of

anions (meq/l):
R AOED RS
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Therefore, a balancing error is calculated to verify this electro-neutrality after the following equation:
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Tab. 5.14: Reliability check of data by calculating a balancing error based on electro-neutrality.

For this calculation, the concentration of electrolytes must be transformed from mass concentration
w in mg/l to equivalent concentration m in meq/Il. An error of + 2% is accounted as acceptable for
amount of substance concentrations c of >2 mmol/l (DVWK, 1979; 1992).
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g g
mol/y— WU/ eq;1_ _wl/ : _ MM
c [ /l] - MM [g/mOl] ’ m [ /l] - MMeq [g/eq] W|th MMeq = 2
Where: MM = mole mass
MMeq = equivalent mole mass
z = charge of ion

Deviations from perfect electro-neutrality i.e. an error of 0.0% might be due to inability of quantitative
analyses to reach perfectly exact results or presence of trace substances which were not included into
the analyses or cations in chemical complexes, which were not dissolved during sample preparation
and analyses (HOlting & Coldewey, 2013).

Nevertheless, results in Tab. 5.14 show, that even with the very high mineralization of deeper
groundwater with nearly 250 mmol/l, balancing errors stay below + 2% and therefore data are
accounted as reliable and further investigations can be executed.

5.3.2 Classification of Thermal Waters

Groundwater, no matter if deep or shallow, are generally classified based on their ionic composition.
For this purpose, several graphical solutions are available:

- PIPER-diagram
- SCHOELLER-diagram
- GIGGENBACH-diagram

i. Classification after the PIPER-diagram (Piper, 1953):

The PIPER-diagram uses cationic and anionic composition separately, plotted in two ternary diagrams,
to be finally combined in a diamond diagram to give a specific water type (Fig. 5.21). For this solution,
equivalent concentrations of main cations (Na*, K*, Mg*, Ca?*) and anions (HCOs, CI, SO;*) are
recalculated to 100% (Tab. 5.15) and then plotted in the diagrams.

Sandschaler Zone Lageniden Zone | Graz Paleozoic Bad Blumau 2
meq/| % meq/I % meq/I % meq/| %
Na*+K"* 61.82 98.81 | 246.30 98.72 | 238.37 99.09 | 245.83 99.24
Mg? 0.25 0.39 1.04 0.42 0.62 0.26 0.38 0.15
Ca? 0.50 0.80 2.15 0.86 1.57 0.65 1.51 0.61
Z Cations 62.56 100.00 249.48 100.00 240.55 100.00 247.71 100.00
HCOs 53.16 85.73 | 123.00 49.05 | 144.00 61.69 | 132.59 54.06
cr 8.85 14.26 | 121.86 48.59 @ 84.63 36.26 A 102.12 41.64
SO.* 0.01 0.01 5.91 2.36 4.79 2.05 10.54  4.30
Z Anions 62.02 100.00 @ 250.78 100.00 233.42 100.00 245.25 100.00

Tab. 5.15: Recalculation of equivalent concentration to percentage for use in the PIPER-diagram.

In terms of relative composition, all waters show similar characteristics concerning cation with a
dominance of sodium and potassium of over 98% and very low calcium and magnesium (Tab. 5.15).
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Concerning anions, chloride and especially bicarbonate (85% in the Sandschaler Zone) dominate but
with varying ratios. Sulfate only plays a subordinate role with highest content in the water from Bad
Blumau with over 4%. In the water from ILZ, sulfate is slightly above 2% (Tab. 5.15). This elevated
sulfate content in deeper waters points to a stronger magmatic or juvenile influence.

PIPER-Diagram /\

‘ Sulfate calcic waters |

Bicarbonatized | X
calcic/magnesian ; PR )
waters ana R, A

Chlorinated sodic
waters (sea water)

+ -

Bicarbonatized sodic
waters
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r Y
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cr

Fig. 5.21: Graphical classification of deep groundwaters of the well ILZ Thermal 1 and Bad Blumau 2 in the PIPER-diagram.

Graphical solution in the PIPER-diagram (Fig. 5.21) again shows the dominance of sodium, potassium
and bicarbonate and chloride, respectively and therefore the waters are classified as indicated in Tab.
5.16.

Water Type

Sandschaler Zone  Na-HCO; - water
Lageniden Zone Na-CI-HCO; - water
Graz Paleozoic Na-HCO; - water
Bad Blumau 2 Na-HCO;-Cl - water

Tab. 5.16: Water classification based on ionic composition after Piper (1953).
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ii. Classification after the SCHOELLER-diagram:

In contrast to the PIPER-diagram, the SCHOELLER-diagram plots absolute equivalent concentrations of
different components and component pairs on a logarithmic scale. The purpose of this diagram is more
to illustrate similarities of compositions between several waters rather than to classify waters (Fig.
5.22).

Schoeller-Diagram

1000.00

100.00

Y AVZN

meq/|

0.10
Lageniden Zone
0.01
=@—=Graz Paleozoic k
=—fi—Sandschaler Zone
== Blumau 2/GP
0.00 T ‘ T ‘ T ‘
Mg ca Mg+Ca Na+K Cl HCO3 S04

Fig. 5.22: lllustration of the waters in the SCHOELLER-diagram.

Fig. 5.22 shows, that especially the water from the Lageniden Zone, the basement and from Bad
Blumau are very similar both, in terms of composition pattern and even in absolute equivalent
concentration. Therefore, it is assumed, that this water is related to each other in terms of
composition, physical and chemical properties and probably even in origin.

The water from the Sandschaler Zone also shows a similar composition pattern but is lower mineralized
than the other ones.
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fii. Classification after the GIGGENBACH-diagram (Giggenbach, 1988):

The GIGGENBACH-diagram is a ternary diagram, classifying thermal water based on their anionic
composition using mass concentrations in mg/kg. The main purpose of this diagram is to identify
possible origins and other influencing processes like mixture with magmatic/juvenile waters, steam
heated waters, influence of groundwater and maturity of waters.

Waters rich in sulfate are thought to be highly influenced by mixtures with magmatic/juvenile waters
or heated by steam rich in H,S resulting in very acid waters due to oxidation of H,S. Deep thermal
groundwater or peripheral waters are indicated by a high content in HCOs", whereas maturity of water
or water in equilibrium with the environment is indicated by dominance of chloride, because chloride
is the anion with greatest solubility i.e. remains in the water when all other constituents have been
precipitated resulting in more or less pure “mature” water.

Fig. 5.23: Classification of waters in the GIGGENBACH-diagram.

Results in Fig. 5.23 show, that all waters plot in the field of peripheral waters, confirming those as deep
thermal groundwater, non-influenced by magmatic waters or steam and also not mature.

For “quantification” of maturity, Giggenbach (1988) also introduced a maturity index | calculated from
cation composition in order to apply cation geothermometers for the estimation of the temperature
in the reservoir.

1= 0315 1og () — tog (£)
= 0. * _ = R
o8 Mg 08 Na

Where: K, Mg, Na are mass concentrations in mg/I.

Generally, a maturity index of > 2.66 define a mature water in equilibrium and cation geothermo-
meters can be applied giving reliable results. If | is between 2.0 and 2.66, the water is in partial
equilibrium, cation geothermometers can be applied but further methods for confirmation should be
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used. If | < 2.0, the water is termed as immature and cation geothermometers do not give reliable
results.

For the waters from ILZ and Bad Blumau the following maturity indexes were obtained (Tab. 5.17):

|
Sandschaler Zone 1.93
Lageniden Zone 1.86
Graz Paleozoic 1.93

Bad Blumau 2 2.07
Tab. 5.17: Maturity indexes of the waters from ILZ and Bad Blumau.

Maturity indexes of the waters from ILZ all lie below 2.0 and therefore cation geothermometers were
not applied. Furthermore, equilibria for cation geothermometers are thought to be reached only at
temperatures > 150°C (Fournier, 1981) and hence application at temperatures below 100°C is not
recommended. Temperatures at Bad Blumau reach 110°C (Legmann, 2003), what is thought to be the
reason for the slightly enhanced maturity index indicating water in partial equilibrium.

Because other data were not available for the waters, other geothermometers, e.g. SiO; —
geothermometer, also were not applied.

5.3.3 Isotope Hydrochemistry

Isotope data (8D, 56'®0) are available for the water of the Sandschaler Zone from Arsenal Research
(2000) and for the Paleozoic water from Goldbrunner (1999; Tab. 5.18):

6D [%o] 5180 [%o]
Sandschaler Zone -69.50+1.0 -10.19%0.1

Graz Paleozoic -62.78 -8.18
Tab. 5.18: Isotope analyses for the Sandschaler Zone and the Graz Paleozoic. Data from Arsenal Research (2000) and
Goldbrunner (1999).

The water from the Sandschaler Zone plots on the global meteoric water line (MWL, Fig. 5.24) together
with other shallow water samples from the Eastern Styrian Basin, e.g. Bad Waltersdorf or Bad Blumau
indicating a meteoric water influence.

The water from the Paleozoic basement, on the other side, plots below the meteoric water line
indicating a non-meteoric influence or at least altered groundwater by water-rock interactions. The
water from the basement together with other deep thermal water samples of the region (e.g.
Flrstenfeld, Bad Blumau 1 and 2) lies on a mixing line intersecting the MWL at the point cloud of the
shallow water samples.

Isotope composition also seems to be independent from lithology at least in the shallow waters. At
Bad Waltersdorf shallow waters are also derived from carbonates of the Graz Paleozoic from 1,100-
1,300 m depth, whereas in the well Bad Blumau 3, the water comes from the Sarmatian at 650-1,000
m (Goldbrunner et al., 2010).
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Isotope plot
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Fig. 5.24: Isotope plot of the waters of ILZ Thermal 1 relative to the global meteoric water line and compared to other waters
of the Eastern Styrian Basin. Modified after Goldbrunner (1999).

On the other hand, the deeper water from the Firstenfeld well comes from the Sandschaler Zone
between 1,650 and 1,900 m and the water from Bad Blumau 2 and 1A from Paleozoic carbonates in
2,360-3,000 m depth. Here, probably a slight lithological influence is evident because the shallower
water from Fiirstenfeld in the sandstones shows far higher isotopic ratios than the carbonate hosted
waters from ILZ and Bad Blumau.

The interpretation therefore is, that isotope composition is mainly a result of water-rock reactions
increasing with temperature and depth and deeper thermal waters are more or less closed off from
meteoric influence.

5.3.4 Physical Properties

Physical properties of the waters are results from laboratory and in field measurements executed by
Arsenal Research (2000), especially for the Sandschaler Zone water. Results obtained are presented
here. Further important physical properties (density, electrical conductivity, pH, hardness), especially
for the Lageniden Zone and the Paleozoic were estimated and calculated from electrolyte content
using models presented in literature, because analyses data were not available. Those results were
also important for porosity calculations which use water properties, e.g. resistivity- (ARCHIE-equation),
density-derived porosity.
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5.3.4.1 Electrical Conductivity

Electrical conductivity of the waters was measured and presented at 25°C (Tab. 5.13) by Arsenal
Research (2000) and Goldbrunner et al. (2010), but because of temperature dependence, it is
important to use resistivity values (Rw) at formation temperatures for porosity calculations.

Electrical conductivity at formation temperatures T (Tab. 5.10; Goldbrunner et al., 2010), therefore
was calculated using the model presented by McCleskey et al. (2012), but first of all the viability of this
model was checked by comparing results with measured values.

After McCleskey et al. (2012), electrical conductivity (k) can be calculated using the following relation:

K=zli*mi

Where: \; = ionic molal conductivity of the i" ion
m; = molality (mol/kg) of the i" ion

Molality was calculated using amount of substance c (Tab. 5.14) and water densities from section
5.3.4.2. lonic molal conductivities of the several ions are also presented in McCleskey et al. (2012):

A(T) *1

1= 2°(T) —
) 1+ B =1

Where: A%, A = temperature-dependent functions (Tab. 5.19)
B = empirical constant (Tab. 5.19)
| = lonic strength of water
zi = ionic charge of the i ion (Tab. 5.14)

1 2
I=§*Zmi*zi

lon A°(Tin °C) A (Tin°C) B

NH;*  0.003342 T?+1.285T+39.04 0.00132 T?+0.6070 T+11.19 0.3
Na* 0.003763 T2+ 0.8770 T+ 26.23  0.00027 T+ 1.141 T + 32.07 1.7
K* 0.003046 T2+ 1.261 T+40.70  0.00535 T>+0.9316 T+22.59 1.5
Mg* 0.01068 T2+ 1.695T +57.16 0.02453 T2+ 1.915 T + 80.50 2.1
Ca* 0.009645 T?+1.984T +62.28 0.03174 T?>+2.334 T+ 132.3 2.8
HCO; | 0.000614 T>+0.9048 T+21.14 -0.00503 T+ 0.8957 T+10.97 0.1
Cl 0.003817 T?+1.337 T+40.99  0.00613 T?+ 0.9469T + 22.01 1.5

SO~  0.01037 T?>+2.838 T +82.37 0.03324 T2+5.889 T + 193.5 2.6
Tab. 5.19: A9, A and B parameters for calculation of electrical conductivity after McCleskey et al. (2012).

Kmeasured (Zsoc) Kcalculated (Zsoc) Tf Kcalculated (Tf) Rw (Tf)

[mS/cm] [mS/cm] [°C] [mS/cm] | [Ohmm)]
Sandschaler Zone 5.2 5.12 45.2 7.49 1.33
Lageniden Zone 20.0 19.98 56.0 34.37 0.29
Graz Paleozoic 18.18 18.06 89.7 49.81 0.20

Tab. 5.20: Calculated electrical conductivity and resistivity of waters at formation temperatures.

Results presented in Tab. 5.20 were the basal resistivity values for interpolation of water resistivity for
all temperatures and depths using the following equation after Arps (1953):
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T, +21.5

Ry (T,) = R, (Ty) * T, + 215

Those results, finally were used in the Archie equation for obtaining resistivity-derived porosity.

5.3.4.2 Density

Density measurements of the waters were not available at all, but are important for the calculation of
density-derived porosity apart from consistent literature values. Hence, the density of the three
different waters were also calculated based on the salt content after Aeschbach-Hertig:

p (Tm) = p(T) « (1+ ) fremy)

Where: p (T, m;) = temperature-/substance-dependent density
p (T) = density of pure water at temperature T
Bi = specific contraction coefficient (Tab. 5.21)
m; = mass concentration (mg/l)

Salt Bi[10°1/mg] MM [mg/meq]
NacCl 0.719 58.44
Na(HCO3) 0.728 84.01

Tab. 5.21: Specific contraction coefficients and equivalent mole masses for the different salts (after Aeschbach-Hertig).

Because of dominance of Na*, ClI"and HCOs™ in the waters, only NaCl and Na(HCOs) were regarded as
the salts dissolved in the water. Hence, ClI" and HCO5; were apportioned to Na® according to their
equivalent concentration to gain 100% and then were recalculated to mass concentration using the
equivalent mole mass of the salts.

p (Te) NaCl : Na(HCOs) p (Te, my)
[kg/I] m; [mg/1] [%] [kg/1]
Sandschaler Zone 0.990 498.2 : 4399.5 14 : 86 0.9935

Lageniden Zone 0.985 7,066.7 :10,158.3 50:50 0.9974
Graz Paleozoic 0.965 5,128.5:12,286.7 37.5:62.5 0.9775

Tab. 5.22: Calculated densities for the waters at formation temperatures.

The density and viscosity estimates for the Paleozoic water (Tab. 5.22) finally was used for the
calculation of density-derived porosity, hydraulic conductivity and in the combined lithological
analysis.

5.3.4.3 pH-Value

Data of measurements of the pH of the water were only available for the Sandschaler Zone from
Arsenal Research (2000), who determined a field pH of 6.98.
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The pH of the deeper thermal waters can only be estimated using the fact, that carbonate is dissolved
as the bicarbonate (HCOs’) ion indicating a pH between around 6.5 and 10.5 (Fig. 5.25). But this, of
course, is just a very rough estimate.

Carbonate as:

Fractions

Fig. 5.25: Diagram for the estimation of the pH from carbonate fractions.

5.3.4.4 Hardness

Concerning hardness, again only data from the water of the Sandschaler Zone was available from
Arsenal Research (2000), who determined the hardness of the water to be 2.09 °dH.

Hardness can be calculated from the concentration of Mg?* and Ca?*, which is available for all waters.
Hence, hardness was calculated after the equation presented in Holting & Coldewey (2013):

Mcao + 1.4+ mMgo
10

Hardness (°dH) =
Whereas:
Mcao = Megz+ * 1.4 Mpgo = Mypg2+ * 1.643

Mass concentrations m; are in mg/l and coefficients are obtained from the proportions of the mole
masses between Ca?*/Mg?* and CaO/MgO, respectively.

Hardness (°dH) Classification

Sandschaler Zone 2.09 Very soft
Lageniden Zone 8.95 Middle hard
Graz Paleozoic 6.15 Soft

Tab. 5.23: Calculation of hardness after Holting & Coldewey (2013) and classification after Klut & Olszewski (1945).

First of all, results in Tab. 5.23 show that calculations fit perfectly with data gained from Arsenal
Research (2000) and therefore results for the deeper waters are assumed to be reliable. Furthermore,
as expected, hardness of the deeper waters is much higher than from the Sandschaler Zone, whereas
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the water from the Lageniden Zone is with 8.95 °dH the hardest, due to highest Ca and Mg-
concentration.

5.3.5 Gas content

Gas analyses were also executed by Arsenal Research (2000) for the water of the Sandschaler Zone.
Results of this analysis is shown in Tab. 5.24 with a dominance of nitrogen, methane and carbon
dioxide. Especially the high concentration of methane indicates contact with organic matter.

Gas mg/l mmol/l Vol.-%
CO, (dissolved) 386.7 8.786

CO; 204 4.64 19.4
N2 292 104 43.9
H> <0.05
CH,4 139 8.64 36.3
0, <0.05
He <0.05
Ar 2.82 0.088 0.37
2 638 23.8 100.0

Tab. 5.24: Gas analysis for the water of the Sandschaler Zone. Data from Arsenal Research (2000).

For the deeper thermal waters, no gas analyses were executed but carbonate precipitation during
degassing due to pressure drop indicates a very high CO, content, what could represent a problem
during production and utilization (Eisner & Goldbrunner, 1999). Therefore, further investigations
would be necessary.
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6 Interpretation

Final interpretation of results comprises two major parts:

1. Introduction of the well ILZ Thermal 1 to regional geology and stratigraphic correlation by
comparison with nearby wells and regional geological considerations.

2. Hydrogeological and geothermal interpretation, showing major potential aquifers for drinking
water or even thermal water utilization.

6.1 Stratigraphic Correlation and Regional Geology

For stratigraphic correlation and introduction of the well into regional geology, available data from
wells in the vicinity (Tab. 6.1) and descriptions of formations from literature were used.

Well Distance [km] Source

Arnwiesen 1 10.8 Ebner (1988)

Walkersdorf 1 4.4 RAG (1965)

Ottendorf Thermal 1 4.4 Eisner & Goldbrunner (2003)
Fiirstenfeld Thermal 1 14.3 Goldbrunner (1988)

FF1 18.0 Bochzelt & Goldbrunner (2000)
FF 2 16.9 Bochzelt & Goldbrunner (2000)

Tab. 6.1: Nearby wells used for stratigraphic correlation and introduction into regional geology with distance to the well ILZ
Thermal 1 and reference of data.

Using lithological and stratigraphic profiles from those different wells, a geological W-E profile was
compiled from Arnwiesen 1 to Flrstenfeld, introducing the well ILZ Thermal 1 into regional geology
(Appendix E).

6.1.1 Basement

Starting with the basement, carbonate lithologies are assigned to the Graz Paleozoic according to
regional geological considerations and literature. Dolomites of the Graz Paleozoic were also hit in the
wells Arnwiesen 1, Walkersdorf 1 and Fiirstenfeld Thermal 1, making up the basement of the
Flrstenfeld subbasin (Ebner, 1988; RAG, 1965; Goldbrunner, 1988). Distinction between different units
within the Paleozoic basement were only reported from Arnwiesen 1 by Ebner (1988), who
distinguished an Upper to Middle Devonian hanging zone, correlated with limestones from the
Rannach Nappe (340.6 — 409 m below surface), against black schists (“Arzberg Series”; 409 — 497.5 m)
and dolomites (497.5 — 951.7 m) possibly from the Schockl Nappe in the lower part. The wells
Walkersdorf 1 and Firstenfeld Thermal 1 only hit the uppermost part of those carbonates and also
were assigned to the Rannach Nappe (RAG, 1965; Goldbrunner, 1988).

Therefore, the upper light to dark grey dolomites and marls from ILZ Thermal 1 are also assigned to
the Rannach Facies of the upper nappe system, using the recently introduced facies concept by Gasser
et al. (2010). Based on lithological descriptions therein, the upper dolomites and marls possibly can be
correlated with the Dolomite Member of the Dolomite-Sandstone Series (Fligel & Neubauer, 1984) or
the Flosserkogel Formation (Fligel & Hubmann, 2000) consisting of early diagenetic, yellow dolomites,
limestones and sandstones (Gasser et al., 2010).

88



W. Hasenburger — The Geothermal Well ILZ Thermal 1

The great differences and lithological change from light to dark grey dolomites and marls in the upper
zone to very homogeneous, dark grey brecciated dolomites in the lower zone also suggests a
stratigraphic change. Therefore, the lower zone is assigned to the Schockl Facies, described as dark
gray carbonates and black schists, deposited in an euxinic environment by Gasser et al. (2010). Maybe
those dolomites can be correlated with the dark brecciated lower dolomites from Arnwiesen 1, which
were described and assigned to the Raasberg Formation by Ebner (1988). The only vagueness remains,
to which extent, a separating phyllitic or schist horizon between the upper and the lower zone as
described in Arnwiesen 1 or also in Blumau 1a (Ebner, 1988) plays a role. It is suggested, due to very
high gamma radiation and high abundance of crystalline components resulting from cuttings analyses,
that those were introduced by faulting activity from a crystalline basement below the dolomites
especially between 1,682 and 1,702 m. The total thickness of the Graz Paleozoic, i.e. the depth where
this crystalline (probably Austro-Alpine) basement might start, cannot be estimated because it was not
hit any other well below the dolomites.

The light color of cuttings from the phyllitic/faulted zone could be due to bleaching or argillitization
(illite from mica and kaolinite from feldspar) by high hydrothermal activity within the fault, whereas a
hydrothermal aureole might extend even from 1,645 until 1,737.5 m. However, with this interpretation
the age of the basement dolomites is assumed to be Lower to Middle Devonian with parts reaching
maybe Upper Devonian introducing ILZ Thermal 1 into the dolomite complex of the interpretation from
Ebner (1988).
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6.1.2 Neogene Basin Fill
Karpatian

Neogene basin fill in the well ILZ Thermal 1 starts with a 226 m thick homogeneous succession of clean
sandstone/conglomerate with few thin shaly/marly intercalations, which can be correlated with the
“Conglomerate-rich Group” of Piller et al. (2004). Those conglomerates also were described in all wells
east of ILZ with increasing thickness from west to east. Karpatian sediments are missing in Arnwiesen
1 at all. This confirms the location of this area in a marginal facies of the basin during Karpatian times
with fluvial sedimentation (Ebner & Sachsenhofer, 1995). Fine-grained calcareous mud- and siltstones
with sandy, turbiditic intercalations termed the “Styrian Schlier” (Ebner & Sachsenhofer, 1995) was
perforated only in Walkersdorf 1. The “Styrian Schlier” neither was hit in ILZ nor in the other wells
indicating a very local distribution. Sea-level low-stand and tectonic events (“Styrian phase”) finally
caused the formation of the “Styrian Unconformity” separating Karpatian from Badenian sediments
(Friebe, 1991).

Badenian

The Karpatian “Conglomerate-rich Group” is overlain by Badenian sediments with a total thickness of
nearly 670 m. The whole succession starts with a coarse conglomeratic development, which is
correlated to the “Base Conglomerate” of the Lageniden Zone, also reported from the wells in
Firstenfeld. Formation terms in the Styrian Basin follow the biostratigraphic subdivision from the
Vienna Basin based on foraminiferan ecostratigraphy (Lagenidae, Bulimina/Bolivina Zone; Gross et al.,
2007). This confirms again the marginal position with a fluvial environment in the Firstenfeld subbasin
(Ebner, 1988), whereas major parts of the Styrian Basin were occupied by a shallow marine
environment after an eustatic sea level rise in the Early Badenian (Friebe, 1990; Rogl, 1998; Kovac et
al., 2004). Andesitic volcanism also occurred in the area of Walkersdorf/llz at this time and Flugel
(1988) even postulated the dimensions of this volcanite body in his underground map of the basement
of the Styrian Basin. However, volcanites were not hit in ILZ and therefore the extent of Badenian
volcanites, which were only hit in Walkersdorf 1, is thought to be smaller than postulated.

Deposition of nearly 160 m thick fine-grained shales, silts and marls are correlated with the “Tonmergel
Series” and already indicate a sea level rise with the shift of the depocentre into the Firstenfeld
subbasin with marine conditions (Ebner & Sachsenhofer, 1995). Sea level fluctuations and diverging
subsidence (Friebe, 1990) during the Middle Badenian then led to the deposition of dominantly coarse
sandstones intercalating with fine-grained sediments summarized in the “Sandschaler Zone”. The Late
Badenian again was affected by a sea level rise resulting in an off-shore, fine-grained sedimentation
represented by the “Bulimina-Bolivina/Rotalia-Cibicides Zone”. Correlation of the Miocene from the
Sandschaler Zone upwards was possible by using Gamma Ray data from nearby wells (Ottendorf Th1,
FF 1 and FF 2; data from Geoteam Ges.m.b.H.) showing very good accordance especially between ILZ
and Walkersdorf (Fig. 6.1).
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upwards, for introduction of ILZ Thermal 1 into regional geology (data from Geoteam Ges.m.b.H.).
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However, the whole Badenian succession can be assigned to that what was termed as “marl, silt/sand,
gravel” by Piller et al. (2004).

Sarmatian

After a sea level lowstand and erosional phase at the Badenian/Sarmatian boundary, Lower Sarmatian
sediments start with the intercalation of coarse sandy and fine-grained sediments, whereas cylinder
shape of the GR indicates a beach sand environment. From that upward, the whole Lower to Middle
Sarmatian is dominated by an oscillating sea level indicated by deposition of fine-grained to coarse
sediments in overall shallow marine conditions (Ebner & Sachsenhofer, 1995). If this succession can be
correlated with the Rollsdorf or the Grafendorf Formation as described by Krainer (1984; 1987) or if it
should be termed separately, remains elusive.

Nevertheless, the Lower to Middle Sarmatian succession is terminated by a 32.7 m thick sand/gravel
package which can definitely be assigned to the “Carinthian Gravel” deposited from fluvial
environment due to a marine regression (Winkler, 1927; Skala, 1967). The Upper Sarmatian starts with
a large coarsening upward cycle, terminated by an oolitic horizon, which is also observable very well
in the other wells and hence was used as a marker for correlation. Cycles like this, but in a smaller
extent, dominate the Upper Sarmatian indicating a strongly fluctuating sea level and are summarized
in the “Gleisdorf Formation” (Friebe, 1994). Coaly strata occur throughout the Sarmatian especially in
fine-grained horizons separating coarse gravels and sands.

Pannonian

The base of Pannonian sediments is formed by a 3 m thick sand/gravel horizon, which can be correlated
with the “Mihldorf Gravel” and also is well visible in the GR-logs of the other wells. This gravel is
overlain by a dominantly pelitic succession with coal assigned to the limnic-brackish “Eisengraben
Member”, which in turn is overlain by a succession of dominantly shale, silt and sand with coal seams
forming the limnic-deltaic “Sieglegg Member”, both part of the “Feldbach Formation” (Gross, 2000;
2003).

6.2 Hydrogeological and Geothermal Interpretation

For the identification of potential water-bearing horizons, geophysical well logging measurements
were used. Therefore, straight forward trends of logs defining water-bearing horizons are a decrease
in gamma activity, a decrease in the SP-log and the splitting of shallow and deep resistivity.

Furthermore, horizons until the top of the Badenian (571.6 m) were declared as potential horizons for
drinking water, whereas depths of more than 300 m are very rare for drinking water exploration.

Water-bearing horizons starting from the Sandschaler Zone (637.4 m), on the other side, were declared
as potential deep-seated aquifers for thermal water exploration and utilization.

6.2.1 Drinking Water Potential

Based geophysical logging measurements, 10 aquifers for drinking water potential were identified until
a depth of 571.6 m, whereas aquifers with thicknesses of < 2 m were not considered in Tab. 6.2
(Appendix A).
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Horizon N°  Depth (m) Net thickness (m) Lithology  Porosity (%)

1 48.0-52.1 4.1 Sand 22.6
2 76.2-78.5 2.3 Gravel/Sand 21.7
3 133.4-135.7 2.3 Sand 22.6
4 150.0-155.7 5.7 Sand/Gravel 21.1
184.2-193.8
5 199.7-204.6 17.4 Sand/Gravel 21.2
209.5-212.4
6 308.6-318.6 10.0 Shaly sand 22.8
7 330.0-417.3 60.3 Gravel/Sand 20.8
8 466.6-476.5 9.9 Sand/Silt 30.4
9 491.1-515.9 24.8 Sand/Silt 31.9
546.6-549.5
552.3-556.6
10 559 4-564.3 17.0 Sand 28.3
566.7-571.6

Tab. 6.2: Potential aquifers for drinking water exploration in the well ILZ Thermal 1. Porosities are calculated after Archie
(1942). See also section 5.1 and appendix A.

Those 10 aquifers with a total net thickness of 153.8 m were identified showing drinking water
potential, whereas aquifers below 300-350 m are thought to be too deep for economic drinking water
production. Therefore, the most interesting aquifers are especially those which lie above the Upper
Sarmatian large coarsening upward sequence (< 212.4 m; aquifers 1-5) and maybe to a certain degree
the aquifers of the “Carinthian Gravel” (308.6-362.7 m; aquifers 6 and partly 7). Archie (1942)
porosities of deeper horizons of up to 32% are thought to be overestimated because of higher shale
content and might lie in the same range as upper horizons.

6.2.2 Potential for Geothermal Energy

Major sequences for the utilization of geothermal waters are in the lower part of the Sandschaler Zone,
the Base Conglomerate of the Lageniden Zone, the Karpatian Conglomerate-rich Group and in the
Paleozoic Basement.

From all reservoirs, the Sandschaler Zone, although with lowest temperatures, is probably the one with
highest potential for geothermal utilization due to water characteristics. Production of the waters from
the Lageniden Zone and from the Paleozoic basement would require special treatment because of very
high mineralization with a content of total dissolved solids of up to 18 g/l and a very high CO, content.

Nevertheless, a transmissivity of 3.15*10® m?/s (Tab. 6.3; Eisner & Goldbrunner, 2000) in the
Sandschaler Zone is by a magnitude lower than most of the other reservoirs in the Lageniden Zone,
the Karpatian and in the basement and already mentioned, temperature is also far lower with about
42-46.5°C.

The “Base Conglomerate” of the Lageniden Zone and the Karpatian “Conglomerate-rich Group” show
very similar reservoir characteristics, both consisting of coarse conglomerates and sandstones
regarding lithology with porosities ranging between 11 and 15 % (Tab. 6.3). Transmissivity was
determined by Eisner & Goldbrunner (2000) only for the Lageniden Zone with 6.61*10° m?/s, what is
thought to be similar in the Karpatian. Temperatures in those reservoirs reach 54°C at the top of the
Lageniden Zone and up to 76.5°C at the base of the Karpatian (1,240.0 m).

The Paleozoic basement is more complex in terms of identifying potential geothermal reservoir zones
because of the development of several lithofacies with different reservoir characteristics. In Tab. 6.3,
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a compilation of all lithofacies is shown, trying to summarize those to four different facies based on
color impression, grain size and grain habitus:

- Light (to medium) gray, fine-grained dolomites with splintered habitus (often rich in clay/marl)
- Medium gray, fine- to medium-grained dolomites with splintered or granular habitus

- Dark gray, coarse dolomites with granular habitus

- Very dark gray to black and very coarse dolomites with granular habitus

y Depth | Netthi Lithology i Porosity| Hydraulic ili issivi
[m] [m] PE [b/e] |Density [g/cm] rel [%] [m/s] [mD] [m?/s]
© Sandschaler Zone | 707.6-807.3 273 Intercalation of caarse tofine sandstones with fine sitty| na. 22265 2225 na. na 3.15710°
@ o shaly sandstones and marls
§ | tmeenisenzoner [0 s Coarse sandstones to conglomerates with thin silty to - ~ w1 | s - - .
S |Besec shaly intercalations decreasing towards the base
z ¢ dstones ta conglomerates with few thin sif
Karpatian  |1,2400-1466.0| 1363 08rse sandstones to conglomerates with Tew thin sfity | - na. 66.1-76.5 15 na. na na.
to shaly intercalations
1,466.0- 1,475.0 9 262 248 76.7 102 4.09%10° 136.7 3.7710°
« , -
= 14750-15000] 25 298 274 76.9-78.0 55 3.16%10° 1044 7.3°10°
E
T 15000-15160| 16 2% 273 7.4 59 1.36%10° 4.4 22710°
[}
2
= 1,516.0- 1,520.0 4 296 273 78.8 5.9 3.60%107 17 14+10°
£ containing rutile; greenish color impression
k=] Medium gray, splintered and granular dolomites with
2 15200-15525| 325 pyrite; very fine, greenish horizon at 1,540.0 with 300 2712 72.0804 62 8.17%107 260 26°10°
= splintered dolomites and high clay content
g Coarse, very dark, granular, clean dolomites with calcit » 5
& 15525-15750 o oyt g fean Colomtisswinonetel  Goe 273 0.4815 23 1.48+10° 453 324410
_z:s Medium to coarse grained, medium gray, splintered
d granular dolamites with breccias; black t ish . .
2 15750- 1,585.0 i et b e 318 280 315824 N 1.81710° 559 362710°
= splintered horizon at 1,582.5 containing pyrite and
o -
0 ) 20 rutile similar to 1,540 and 1,516-1,520
'S 5 15850-16025| 75 Coarse, medium gray, granular dolomites with brecdias | 3.10 278 2.6 5.0 2.00710° 612 150M0°
N a 7 7
v . very dark, dean, granular dolomites with v 2
(=] 5 16025-16450| 425 S/ LY L S SR RN GRS 301 278 82.7-846 48 1.71710° 517 7.27710%
calcite joints
[¥] : tales - e
= e e Fine-grained, light gray, splintered dolomites with 556 = GieEe | L P s
© i clay/marl containing pyrite and rutile s : -8 - L4z g 226°10
a Fine-grained, light gray, splintered and granular
N @ dolomites with abund f ol | and erystall
© £ 1,665.0- 1,670.0 5 e 317 268 5.7 8.4 120°10% 352 6.00°10°
e g components {mica, feldspar, quartz) containing pyrite
(G) = and rutile
@
=
£ Fine-grained, light gray, splintered and granular
< 16700-16820) 12 dolomites with abundance of clay/mar| and crystalline | 3.80 264 86.1 28 6.23"10° 19 7.48"107
g components (mica, feldspar, quartz) containing pyrite
= and rutile; coarse, medium gray dolomites at 1672.5 m
= Medium gray dolomites, coarser with very high
z 1,6820-17020] 20 abundance of crystalline components contsining pyrite | 3.83 267 86.3-87.2 22 9.15°10° 263.1 183°10°
\ fi light lintered dol te ith M
17020-17375| 355 efyTine; TEnt gray; splinterec.dolomiteswi 311 281 47.2.88.8 34 9.08%107 256 3.2210°
- probably high day/marl content
m
Coarse, dark gray, granular, clean dolomites with ? .
@ o 17375-17200| 525 e 315 282 8.8912 3 1.71°10° 467 8.9510°
< increasing braccisted components
& E Coarse, medium gray, granular, dolomites with high
s 1,790.0- 1,785.0 5 4 ‘ : 285 282 1.4 36 6.404107 195 320110°
: B content of breccias
[ Coarse, medium to dark gra lar dolomites with
2 , gray, granular dolomites wi 7 z
307 281 81,5802 35 21+ 322 26+
H 1,795.0- 1,855.0 0 high breccia content T e
— " . .
Coarse, dark gray, granular, clean dolomites with high -
298 280 94.2.96.5 36 79 149 95710°
1,8550- 15060 51 breccia content e 25

Tab. 6.3: Summarizing table showing geothermal aquifer potential of the Neogene sequences (Sandschaler Zone, Lageniden
Zone and Karpatian) and of the Paleozoic basement with net thicknesses, lithological descriptions, geophysical data and
amongst all, hydrogeological and reservoir characteristics.

Concerning hydrogeological characteristics, total porosity (including intergranular porosity) is shown
but also hydraulic conductivities calculated from fracture porosities representing effective porosity.
Additionally, formation permeability was tried to calculate for better interpretation using the following
equation:

Where: k = permeability (m?)
k = hydraulic conductivity (m/s)
n = dynamic viscosity of water (Pa s)
p = density of water (kg/m3)
g = gravitational acceleration = 9.81 m?/s
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Dynamic viscosity is temperature dependent and was estimated using the Andrade-equation (Raman,
1923; Andrade, 1934):

n (Pas) =Axe’lr

Where: A, b = empirical constants (A =9.64*10%Pa s; b = 2036.8 K
T = absolute temperature (K)

For getting the permeability in mD, the simple conversion 1 D = 10"*2 m? was used.

Results reveal, that most promising horizons for geothermal production are especially in the upper
part of the basement in the light to medium gray dolomites between 1,466 and 1,500 m with
permeabilities over 100 mD and temperatures of up to 78°C. A second potential zone occurs between
1,575 and 1,645 m in medium to very dark gray, clean dolomites comprising permeabilites between
50 and 60 mD and total porosities of up to 5 %. Temperature here already reach nearly 85°C.

High total porosity zones occur between 1,520 and 1,552.5 m with 6.2 % and at the transition from the
phyllitic/faulted zone to the upper zone from 1,665-1,670 m with even 8.4 %. Both zones show
generally low permeabilities and transmissivities compared to the other zones and therefore are
interpreted to be characterized by high contribution of intergranular porosity and probably also
clay/marl content.

Probably the most promising horizon is the fault zone itself from 1,682-1,702 m with a permeability of
263.1 mD and an expected temperature of around 87°C. Therefore, the fault zone also represents the
major structure in the subsurface permitting fluid flow and contributing to convective heat transport.

The lower dark dolomites of the Schockl Facies show a homogeneous development at all with lower
permeabilities between 20 and 46 mD and porosities of 3.0 to 3.6 % and therefore are not interpreted
as major reservoirs.
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7 Conclusions and Discussion

The well ILZ Thermal 1, located on the western margin of the Firstenfeld subbasin of the Eastern
Styrian Neogene Basin, was drilled until a final depth of 1,906.0 m perforating Miocene sediments as
basin fill until 1,466.0 m and dolomites of the Graz Paleozoic as basement until final depth. A
summarizing litho-stratigraphic chart with net thicknesses and regional geological correlation is shown
in Tab. 7.1.

Litho-stratigraphy Depth Net thickness
Pannonian 0-79m 79 m
Lower Pannonian
Feldbach-Formation -76m 76 m
Sieglegg-Member -65m 65m
Eisengraben-Member 65-76m 11m
Muhldorf Gravel 76-79m 3m
Sarmatian 79-5716m 492.6 m
Upper Sarmatian
Gleisdorf-Formation 79-330m 251m
Carinthian Gravel 330-362.7m 32.7m
Lower to Middle Sarmatian
Rollsdorf-Formation (?) 362.7-571.6 m 208.9 m

Transgression

Badenian 571.6-1,240 m 668.4m
Upper Badenian
Bulimina-Bolivina/

Rotalia-Cibicdes Zone 571.6-637.4m 65.8 m
Middle Badenian
Sandschaler Zone 637.4-807.3 m 169.9 m

Lower Badenian
Lageniden Zone
Tonmergel Series 807.3—-966.1m 158.8 m
Base Conglomerate 966.1-1,240m 2739 m

NEOGENE ——

Transgression — Styrian Unconformity

Karpatian 1,240-1,466 m 226 m
Conglomerate-rich Group

........... Transgression

5
>

Rannach Facies 1,466 —-1,668 m 202 m
- '% Upper light to dark gray dolomites
= § and marls
25
g N Phyllitic/faulted Zone 1,668 —1,702 m 3am
V]
Schockl Facies 1,702 -1,906 m (F.D.) 204 m

—

Lower dark gray dolomites

Tab. 7.1: Summarizing litho-stratigraphic table with depths and net thicknesses of formations in the well ILZ Thermal 1
(F.D.=Final Depth).
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The Neogene sedimentary basin fill comprises depositions from the Lower Pannonian until Karpatian.
In the Lower Pannonian “Feldbach-Formation” shaly sands dominate with minor shale as well as coarse
sand to gravel intercalations. A 3 m thick coarse gravel horizon (76-79 m; “Mihldorf Gravel”) forms
the transition to the Sarmatian. Sarmatian deposits are characterized by an interlayering of shales to
shaly sands and coarse sands to gravels, which is an expression of a highly oscillating Sarmatian sea
level indicated by distinctive bell- and egg-shaped pattern of the GR-log. The only interruption of those
cycles is the 32.7 m thick “Carinthian Gravel” (330-362.7 m) separating Upper Sarmatian from Lower
to Middle Sarmatian sediments. Due to regional considerations, the Upper Sarmatian can be assigned
to the “Feldbach-Formation”, whereas the Lower to Middle Sarmatian maybe to the “Rollsdorf-“ or
“Grafendorf-Formation” strictly following the stratigraphic chart of Piller et al. (2004). But to clarify
this question, further lithological investigations and comparisons with outcrops or similar successions
of other wells are necessary. Minor oolites and coal seams also occur throughout the Sarmatian
succession.

Several potential water-bearing horizons were identified for drinking water supply within the Lower
Pannonian and Sarmatian with a total net thickness of 153.8 m. Most promising horizons are thick and
clean sand/gravel packages with porosities ranging between 19-22%.

The Badenian succession consists of four formations starting with the Bulimina-Bolivina/Rotalia-
Cibicides Zone showing a finer development comprising shales and marls, siltstones and shaly sands.
This zone is interpreted as a major impermeable horizon separating Lower Pannonian and Sarmatian
aquifers from Middle Badenian aquifers of the Sandschaler Zone underlying the BB/RC-Zone. The
Sandschaler Zone shows a much coarser development of coarse sandstones with porosities ranging
between 22-25% and minor fine, shaly intercalations. Transmissivity was determined to 3.15*10° m?/s
(Eisner & Goldbrunner, 2000). The geothermal gradient within the well was calculated to be 45.5°C/km
from measured water temperatures and is thought to be representative for the immediate area.
Hence, temperatures reach 46.5°C in the lowest parts (about 800 m) and therefore this zone already
shows a certain potential for geothermal energy production as a “very” low enthalpy resource with
possible applications in balneology, snow melting, heat pumps, green houses, soil warming, fish
farming, food processing amongst others after the Lindal-Diagram (see section 2.4). Total heat in place
was estimated to 2.7*10% MJ and water was classified as sodium-bicarbonate water after the PIPER-
diagram with a content of TDS of 5.01 g/I.

The Sandschaler Zone is underlain by the shale- and marl-dominated “Tonmergel Series”, part of the
Lower Badenian “Lageniden Zone”. Due to this development, this zone again is interpreted as an
impermeable zone separating the aquifers from the “Sandschaler Zone” from the underlying “Base
Conglomerate” and Karpatian “Conglomerate-rich Group”. Both are characterized by a more or less
homogeneous very coarse, conglomeratic development with minor shaly to marly intercalations and
therefore can be seen as one aquifer. Porosities are also pretty homogeneous ranging between 11-
15% throughout and transmissivity was determined to 6.61*10° m?/s. A major difference to the water
of the Sandschaler Zone is water mineralization: With a content of TDS of 17.9 g/I, the waters from the
Lageniden Zone and probably also from the Karpatian are much higher mineralized and can be
classified as sodium-chloride-bicarbonate water. Additionally, a very high CO,- and ??°Ra-content might
lead to problems in production and especially utilization, unless treated specially what would produce
additional costs. However, temperatures are around 54°C at the top of the “Base Conglomerate” (970
m) and reach 76.5°C at the base of the Karpatian (1,466 m). This temperature range, still in the area of
a low enthalpy resource, allows applications in domestic hot water supply, green houses, radiators,
snow melting, sludge digestion, wool washing amongst others. Total heat in place for the “Base
Conglomerate” and the Karpatian was estimated to 4.78*10° MJ.

Finally, the basement underlying the Neogene sedimentary basin fill can be assigned to the Graz
Paleozoic due to the dolomitic development throughout. The thickness cannot be estimated, because
the well ends at a depth of 1,906 m in those dolomites. It is suggested, that those are underlain by an
Austro-Alpine crystalline basement but further investigations, e.g. seismics, deeper exploration wells,
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could reveal the answer to this question. Nevertheless, the dolomitic basement of the well ILZ Thermal
1 can be subdivided into three successions:

i) Upper light to dark gray dolomites and marls — Rannach Facies
i) Phyllitic/faulted zone
iii) Lower dark gray, brecciated dolomites — Schockl Facies

The upper succession shows a very heterogeneous development consisting of light to dark gray, fine
to coarse, marly to clean dolomites. Marl and clay mineral (mainly illite containing rutile as accessory
phase) content generally is higher in light, fine-grained dolomites. Abundance of pyrite throughout the
basement suggests deposition in an euxinic environment. Due to this development, the upper
succession can be correlated with the Dolomite Member of the Dolomite-Sandstone-Series of Fliigel &
Neubauer (1984) or with the Treffenberg Subformation of the Flésserkogel Formation of the Rannach
Facies using the newer classification of Fligel & Hubmann (2000) and Hubmann & Messner (2007).
This interpretation reveals the age of those dolomites to Lower to Middle Devonian and deposition in
a peritidal facies (Fenninger & Holzer, 1978).

Regarding geothermal potential, the same problem as in the Lageniden Zone with a very high water
mineralization of 17.6 g/I TDS and a very high CO,- and ?*°Ra-content is present. The Paleozoic waters,
in contrast, are classified as sodium-bicarbonate waters. Nevertheless, highest permeabilities are
reached in the uppermost part with > 100 mD and around 1,600 m with 60 mD, what represent the
most promising horizons. Temperatures there reach 76-83°C and total heat in place was estimated to
1.8*10° MJ permitting application in chemical extraction, food processing, green houses, radiators
amongst others.

The lower succession, in contrast, shows a much more homogeneous development consisting of dark
gray, coarse dolomites with brecciated components increasing towards the base, i.e. the final depth of
the well. Therefore, a stratigraphic change is proposed and correlation of those dolomites with the
dark, brecciated dolomites of the Schockl Facies described in the well Arnwiesen 1 by Ebner (1988)
seems possible. A further correlation with the Raasberg or Schénberg Formation can only be suggested
based on lithological descriptions in Ebner et al. (2001).

Concerning geothermal potential, the lower zone is also developed very homogeneously in terms of
hydraulic conductivity/permeability with values ranging between 20-46 mD, what is considered to be
too low for economic production and therefore is not regarded as a potential geothermal aquifer. Total
heat in place, however is 3.1*10° MJ and temperatures reach 96.5°C in the lowermost part what would
already be suitable for application in a binary power plant for electricity production.

The upper and the lower successions are separated by a phyllitic and faulted zone indicated by very
high gamma activity, whereas the major fault stretches from 1,682-1,702 m as indicated by
microscopic cuttings and hydrogeological analyses. Within the fault, crystalline mineral phases such as
mica, feldspar and quartz as shown in thin sections and XRD are highly abundant and are thought to
have been introduced from a crystalline basement below. High fracture porosity and subsequent
hydraulic conductivity/permeability of > 260 mD also defines the fault as a major pathway for fluid
flow and hydrothermal activity.
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