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Abstract: The characterization of deep geothermal reservoirs of sedimentary basins is supported by outcrop analogue studies since reservoir
characteristics are strongly related to the sedimentary facies and thus influence the basic direction of geothermal field development and applied
technology. Permeability and thermal conductivity are key parameters in geothermal reservoir characterization and the data gained from outcrop
samples serve to understand the reservoir system.

New thermophysical data from the Meso- and Cenozoic sedimentary rocks of Budapest include carbonates and siliciclastics of Triassic, Eocene,
Oligocene and Miocene age as well as Pleistocene travertine, exposed on the western side of the river Danube in the Buda Hills. Field and
laboratory analyses revealed distinct horizons of different geothermal potential and thus, enable to identify and interpret corresponding exploration
target horizons in geothermal prone depths in the Budapest region as well as in sub-basins of the Pannonian Basins System exhibiting geothermal

anomalies.



Kurzfassung: Aufschlussanalogstudien dienen der Charakterisierung tiefer geothermischer Reservoire in Sedimentbecken, da die
Reservoireigenschaften der Gesteine sehr stark an die Sedimentfazies gebunden sind und damit die unterschiedliche geothermische ErschlieBung
bestimmen. Permeabilitdt und Warmeleitfahigkeit stellen die wesentlichen Parameter der geothermischen Reservoircharakterisierung da und die
Daten, die von Aufschlussproben gewonnen werden kénnen dienen dem besseren Verstindnis des gesamten Reservoirsystems.

Die aktuelle Studie liefert neue thermophysikalische Daten meso- und kénozoischer Sedimentgesteine aus Aufschlussanalogstudien im westlichen
Stadtgebiet von Budapest (Buda). Die beprobte Sedimentabfolge beinhaltet Karbonate und Siliziklastika triassischen und tertidren Alters sowie
pleistozédne Travertine. Geldndearbeiten und Laboranalysen ermdglichten die Identifizierung unterschiedlicher Reservoirgesteine, welche in den
verschiedenen Teilbecken des Pannonischen Beckensystems aufgrund der entsprechenden Teufe und Temperaturen fiir die geothermische Nutzung

von grof3er Bedeutung sind.

Keywords: Deep geothermal systems, thermophysical rock properties, thermofacies, Buda Hills, Hungary

Schlusselworter: Tiefe Geothermie, thermophysikalische Gesteinseigenschaften, Thermofazies, Buda Berge, Ungarn

1. Introduction

The detailed knowledge of sedimentary features from microscopic to regional scales is regarded as crucial in reservoir characterization and
prediction of deep geothermal systems. Generally, in the early stages of geothermal reservoir exploration, characterization of the reservoir is
accomplished by evaluation of possibly available drilling data and seismic surveys. However, for reservoir prognosis, the main geothermal

parameters such as permeability, thermal conductivity, and reservoir heat flow have to be quantified with respect to an integrated structural 3D
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model of the subsurface. Outcrop analogue studies serve to predict such subsurface petrophysical and thermophysical properties (Aretz et al. 2013,
Homuth et al. 2014), and based on detailed facies analysis, the geothermal exploration concept becomes more precise and descriptive.

Here, we present data from the Buda Hills of the Budapest municipal area which serve to quantify the geothermal potential of Meso- and
Cenozoic rocks from outcrop analogues and may contribute to establish integrated structural 3D reservoir models of the Hungarian sub-basins of the

Pannonian Basins System.

2. Materials and methods

The Meso- and Cenozoic sedimentary succession of Budapest is built up by carbonates and clastic sediments of Triassic, Eocene, Oligocene and
Miocene age as well as Pleistocene travertine, exposed in the Buda Hills on the western side of the river Danube. The Buda Hills represent the
easternmost part of the Transdanubian Range (Fig. 1) built up by sedimentary rocks that are located in geothermal prone depth in the different
Hungarian sub-basins of the Pannonian Basins System.

All lithologies were sampled to gain representative data from all rock types. The measurements of the petro- and thermophysical properties were
conducted on oven dried plug samples (35 mm length and diameter) drilled from the rock samples. Separate measurements of skeletal density
(Helium Pycnometer AccuPyc 1330) and envelope density (DryFlo Pycnometer GeoPyc 1360) enabled the calculation of porosity. Permeability
measurements were carried out using a gas mini-permeameter which utilizes pressured differential air flow through a plug sample. Permeability is
calculated by incorporating the injection pressure pi, the mass flow rate Mi and the ambient atmospheric pressure pa (Goggin et al. 1988). Thermal
conductivities of the different rock types were measured by an optical scanning device applying the method after Popov et al. (1999). The

investigated rocks were classified applying the thermofacies concept introduced by Sass & Gotz (2012).



3. Geological setting, stratigraphy and lithotypes

The Pannonian Basin belongs to the key areas in central Europe with a high geothermal energy potential (D&vényi et al. 2002). Lithospheric
extension during the Miocene created the complex basin system characterized by high geothermal gradients (4-8°C/100 m).

The formation of this basin system upon the Palacozoic-Mesozoic basement and the remnants of the older Palacogene basins started in the Early
Miocene (Late Egerian-Eggenburgian), thus representing a Neogene-Quaternary basin-fill history (for review see Rasser et al. 2008, Nagymarosy &
Héamor 2012). The most complete successions are found in tectonically controlled sub-basins (Horvath & Tari 1999) with a maximum thickness of
7000 m and even more (Békés and Mako sub-basins). Continuing deposition is documented by recent fluviatile and eolic sedimentation. The
present-day Pannonian Basin has an extremely thin continental crust and lithosphere compared to its surrounding areas (Royden 1988) and high
values of heat flux (between 80 - 110 mW/m?) were measured in the interior sub-basins (Dévényi & Horvath 1988). Against the background of this
basin history, two settings have to be considered with respect to exploitation of geothermal energy: (1) the Palaco-Mesozoic faulted basement and
(2) the Neogene basin fill.

In the study area in Budapest both Mesozoic carbonates and Neogene sedimentary rocks are represented forming a complex system of geothermal
reservoirs. The sedimentary succession of the Buda Hills starts with Triassic carbonates (Fig. 2). Sediments of the Jurassic, Cretaceous and
Palaeocene are completely eroded. The Cenozoic succession begins with coastal marine deposits of Eocene age, and is followed by a deepening-
upward carbonate sequence. In the Oligocene coastal sandstones and conglomerates and basinal siltstones and clays were formed. The Miocene
period is characterized by various types of shallow marine, fluvial to terrestrial sediments (Nagymarosy & Hamor 2012). Pleistocene travertines are

the youngest sediments studied.

Triassic Dolomites and Limestones



The Buda Hills, representing the easternmost part of the Transdanubian Range, expose Middle to Upper Triassic platform carbonates including the
Upper Anisian to lowermost Carnian Budadrs Dolomite, the Carnian F6dolomit (Hauptdolomit), the Norian to Rhaetian Dachstein Limestone and

Upper Triassic cherty limestones and dolomites (Matyashegy Limestone) of basinal facies (Haas & Budai 1999).

Eocene Limestone and Marl

The Eocene succession of the Buda Hills (Kdzmér 1985) includes Priabonian shallow marine limestones (Szépvolgy Limestone Formation) rich in
foraminifera (e.g., Nummulites, Discocyclina) and Lithothamnium overlain by calcareous marls of outer ramp facies (Buda Marl Formation).
Globigerina wackestones are characteristic of the outer ramp setting, while Bryozoan pack-/floatstones indicate a shallower storm-dominated setting

(Kleb et al. 1993).

Oligocene Sandstone and Clay
In the Buda Hills, the Oligocene is represented by medium- to coarse-grained sandstones and conglomerates (Harshegy Sandstone) displaying a
great variation in colour from yellowish-brown to dark red. These coastal deposits are a stratigraphic equivalent of pelagic clays (Kiscell Clay
Formation), characterized by sandstone intercalations in the lower part as well as locally turbiditic layers (Nagymarosy 1987).

In some parts of the Buda Hills, the Harshegy Sandstone shows a discordant contact to the underlying Late Triassic Dachstein Limestone. In
other parts it overlies an up to 100 m thick anoxic black shale unit (Tard Clay Formation), representing a hydrocarbon source rock. Upsection,

coastal deposits are represented by the Egerian Torokbalint Sandstone Formation.

Miocene Sandstone and Limestone
In the Budapest region, coastal sandstones of Early Miocene age are represented by the Pecten-bearing Budafok Sandstone Formation. Middle and

Late Miocene deposits are characterized by shallow-water carbonates. The Badenian Leitha Limestone Formation is built up by porous algal
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limestones, calcarenites, and sandy limestones with a diverse mollusk fauna. Fine- to coarse-grained oolitic and bioclastic limestones are
characteristic of the Sarmatian Tinnye Limestone Formation (Nagymarosy & Hamor 2012). The major fabric constituents of the most common
lithotype, the oolitic limestone, comprises well to moderately rounded calcitic ooids and visible but evenly scattered small pores of 0.1 to 1 mm-
size. Microscopic analyses revealed that the carbonate constituents from a sedimentological point of view are not ooids but micrite-coated grains,
i.e. micro-oncoids (Torok 2002). The bioclastic lithotype is characterised by a grainstone fabric containing gastropods (Cerithium) and other

carbonate constituents such as oncoids, shells and intraclasts.

Travertine
Most Hungarian travertines were deposited from springs in lacustrine environments during the Pleistocene (Torok 2003, Jambor 2012). A great
variety of microfacies types were described from the Buda Castle Hill (T6rok 2003) and from the Budakalasz area (Kele et al. 2003) distinguishing

two main lithotypes: a) laminated porous travertine and b) less porous massive travertine (T6rok 2003, Torok & Vasarhelyi 2010).

Due to the wide variety of sedimentary facies types exposed in the Buda Hills, the study area is well suited to test the thermofacies concept

introduced by Sass & Go6tz (2012) as exploration tool for deep geothermal reservoirs linked to sedimentary basins.

4. Petrophysical and thermophysical rock properties
Different lithologies, including very dense limestones to highly porous ones, dolomites, sandstones and clays, were studied. Selected physical
parameters of these sedimentary rocks are given in Table 1. Thermophysical rock properties are displayed in Table 2.

The Triassic carbonates (Hauptdolomit, Budadrs Dolomite, Matyashegy Limestone) have values of thermal conductivity in the range of 1,9 to 3,5

W/(m-K). Matrix permeabilities measured with a gas permeameter span in the range of 107" to 10"'> m? (Fig. 3). Additionally, these carbonates are

6



strongly fractured and show a different degree of karstification increasing the fluid migration. The formation permeability will be strongly enhanced
on a reservoir scale. Thus, hydrothermal exploration of such carbonate reservoirs in geothermal prone depths of about 5 km known from the Zala
and Danube basins of W Hungary (western part of the Transdanubian Range and Little Plain) is seen very promising.

Eocene marls show a medium range of thermal conductivity with values of 2,0 to 2,5 W/(m-K) and low matrix permeabilities (1071 to 1071® m?).
The low permeability can be significantly enhanced by fractures and fissures. The tectonical fracturing was followed by thermal dissolution related
to upwelling fluids and the formation of cave size cavities (Leél-Ossy 1995) and is well documented in outcrops and in core drillings (Kleb et al.
1993).

Oligocene sandstones (Harshegy Sandstone) show relatively low porosities (Table 1). The Oligocene clay (Kiscell Clay) represents the bathyal
counterpart with high clay and moderate silt content (Nagymarosy & Hamor 2012) and is characterized by a very low permeability.

Clastic sediments of Palacogene and Neogene age (Fig. 3) are grouped into impermeable and low heat conducting clays (e.g., Kiscell Clay), and
permeable, high heat conducting sandstones (e.g., Harshegy Sandstone). Thus, hydrothermal exploration of permeable sandstone reservoirs in
geothermal prone depths known from different sub-basins in Hungary (e.g., Central Great Plain) is also seen very promising.

Miocene bioclastic limestones (e.g, Tinnye Limestone) reveal low values of thermal conductivity in the range of 0,9 to 1,5 W/(m-K). On the
other hand, they are characterized by high permeabilities (1071 to 10"'* m?). Thus, auto-convective thermal water circulation is expected here.
Depending on their occurrence in the deep subsurface, they might be considered as reservoir rocks. Direct heat use with laminar flow conditions in
the reservoir formation and with no need for artificial stimulation is reasonable. Also the reinjection of the thermal water after heat extraction will
be very feasible regarding these parameters. The hydrogeological prerequisites are not discussed in this paper.

Travertines show a medium range of thermal conductivity with values between 2,4 and 2,6 W/(m-K) and high permeabilities up to 10"!! m? (Fig.
3). Travertines and Eocene marls are not considered as deep geothermal reservoir rocks: travertines due to their occurrence in the shallow

subsurface (low temperature), and marls due to their low permeabilities.



5. Discussion

The general geothermal potential of Hungary, based on temperature data from over 3000 oil and gas boreholes, was discussed and summarized by
Doévényi et al. (2002) highlighting the medium to high enthalpy areas in western and southeastern Hungary. In both areas the Mesozoic basement is
at depth of 3000-4000 m (i.e. 150-200 °C) and located in the vicinity of major fault zones.

The Mesozoic basement of western Hungary is dominated by limestones and dolomites (Zala and Danube basins) with an effective porosity of 1-
3 % and permeabilities up to 100 mD (ca. 1x10"'" m?), calculated from flow rate measurements during borehole tests (Dovényi et al. 2002).

In the Great Plain the effective porosity of Tertiary (Neogene) sandstones, mainly built up by delta-plain deposits overlying the Meso- and
Palaeozoic basement, decreases with depth, but the clastic succession retains remarkable porosity even at depths of 2500-3000 m. The permeability
is 400-500 mD (ca. 4 — 5 x10"'!' m?) on average, with extreme values of 100 and 800 mD (ca. 8x10°'! m?), at a depth of 2500 m and close to the
subsurface, respectively (Dovényi et al. 2002).

The here presented thermophysical rock properties of the sedimentary succession exposed in the Buda Hills (Fig. 2) clearly identify two main
target horizons for future utilization of deep geothermal reservoirs: (1) Triassic fractured and karstic dolomites and partly karstic limestones, and (2)
Tertiary permeable sandstones. Both potential reservoir rock types are widespread in the sub-basins of the Pannonian Basins System exhibiting
geothermal anomalies, e.g. Great Plain, Zala and Danube basins, Little Plain (Haas, 2001, 2012; Fig. 1) and are thus very promising exploration
targets with respect to hydrothermal power generation utilizing geothermal energy of deep sedimentary basins.

Applying the thermofacies concept of Sass & Go6tz (2012), permeable sandstones of the Tertiary basin fill (Harshegy Sandstone; Fig. 3) can be
directly utilized as hydrothermal systems, whereas low permeable Triassic carbonates (Hauptdolomit, Budadrs Dolomite, Matyashegy Limestone;
Fig. 3) might be characterized as hydrothermal and transitional (stimulated) systems, resp. depending on the degree of fracturing and karstification.
Due to the high fracture porosity and the well developed and interconnected fracture system and cavity network in the Buda Hills (Esteban et al.

2009), this area is well suited for hydrothermal systems.



Comparing permeability data gained from outcrop samples in the present study and those calculated from borehole measurements (D&vényi et al.
2002), shows the value of outcrop analogue studies to be applied to subsurface characterization and interpretation of geothermal reservoirs. Data
from outcrops match the reservoir conditions quite well and thus lead to a conservative estimation of the reservoir utilization. By adding information
on secondary porosities (Moench 1984, Sen 2002), karstification (Esteban et al. 2009, Goldscheider et al. 2011), and the distinct stress field (Smith
& Davies 2006) higher reservoir capacities can be inferred. Additionally, a database including all thermophysical rock properties with each
parameter measured on the same samples (Fig. 3) is an important base to establish integrated structural 3D reservoir models of the Hungarian sub-

basins of the Pannonian Basins System.

6. Conclusions

A first assessment of the geothermal potential of the Pannonian Basin presented by Dévényi et al. (2002) did not include measured thermophysical
data from identified target formations. However, thermophysical rock properties are crucial to assess the potential of a distinct geothermal reservoir
rock formation. Outcrop analogue studies serve to establish a sufficient database to characterize rocks of a corresponding deep geothermal reservoir
in regions exhibiting geothermal anomalies. The here presented data enable to (1) identify and interpret exploration target horizons in the Budapest
region as well as in other areas of the Transdanubian Range, (2) are important attributes for reservoir modelling and thus contribute to establish
integrated structural 3D reservoir models for a reliable reservoir prognosis, and (3) lead to a first assessment of enhanced geothermal system needs,

and on sustainable reservoir utilization.
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Figure captions

Fig.1: Location map of the study area and medium to high enthalpy areas in western (Zala and Danube basins) and southeastern Hungary
(southeastern Great Plain, e.g. Békés Basin). Sedimentary rocks exposed in the Transdanubian Range are located in geothermal prone depth in

the Hungarian sub-basins of the Pannonian Basins System. In these areas geothermal power generation is very promising.

Abb. 1: Arbeitsgebiet und Mittel- und Hochenthalpieregionen im Westen (Zala und Donau Becken) und Siidosten Ungarns (siidostliche
ungarische Ebene, z.B. Békés Becken). Sedimentgesteine, die im transdanubischen Mittelgebirge aufgeschlossen sind, befinden sich in den
ungarischen Teilbecken des Pannonischen Beckensystems in Teufen von mehreren Kilometern mit Temperaturen tiber 120 °C, die eine

geothermische Nutzung zur Stromerzeugung ermoglichen.

Fig. 2: Lithostratigraphic units of the Buda Hills, Budapest (Hungary). Abbreviations used: J — Jurassic, C — Cretaceous, P — Palacocene, Plio.

— Pliocene, Pl. — Pleistocene, Hol. - Holocene.

Abb. 2: Lithostratigraphische Einheiten der Buda Berge, Budapest (Ungarn). Abkiirzungen: J — Jura, C — Kreide, P — Paldozan, Plio. — Pliozén,

Pl. — Pleistozan, Hol. - Holozén.
Fig. 3: Thermophysical properties (error bars not plotted) of sedimentary reservoir rocks of the Buda Hills (Budapest, Hungary) and thermofacies

classification after Sass & Gotz (2012), showing the general geothermal system characterization which depends on the major heat transfer

mechanism (convective VS. conductive).
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Abb. 3: Thermophysikalische Eigenschaften (ohne Fehlerbalken dargestellt) sedimentidrer Reservoirgesteine der Buda Berge (Budapest, Ungarn)
und Thermofazies-Klassifikation nach Sass & Gotz (2012), welche ein geothermisches System in Abhéngigkeit vom Wiarmetransport

(konvektiv/konduktiv) beschreibt.

Table 1. Selected physical parameters of studied rocks (data compiled from Kleb et al. 1993, Hajnal 2002, Gorog 2007a, Gorog 2007b, Torok 2007,
Papay & Torok 2010).

Tabelle 1. Ausgewihlte petrophysikalische Eigenschaften der untersuchten Sedimentgesteine (Daten aus Kleb et al. 1993, Hajnal 2002, Gorog
2007a, Gorog 2007b, Torok 2007, Papay & Torok 2010).

Table 2. Thermophysical parameters (mean values) of investigated sedimentary rocks, Buda Hills.

Tabelle 2. Thermophysikalische Parameter (Mittelwerte) der untersuchten Sedimentgesteine, Buda Berge.
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Table 1. Selected physical parameters of studied rocks (data compiled from Kleb et al. 1993, Hajnal 2002, Gérég 2007a, Gorog 2007b, Torok 2007, Papay &

Térék 2010)
Lithology Age Apparent Apparent Water Uniaxial Uniaxial Modulus of Modulus of
density, | density, water | absorption | compressive compressive elasticity, dry elasticity, water
dry saturated (%) strength, dry strength, water (MPa) saturated (MPa)

(kg/m3) (kg/m3) (MPa) saturated (MPa)

Travertine Pleistocene 2348 2418 11.8 28.5 15.8 1480 1140

Tinnye Miocene 1573 1802 31.2 5.3 4.4 900 500

Limestone

Kiscell Clay Oligocene 1954 2189 - 1.89 - 198 -

Harshegy Oligocene 2190 2370 8.2 51.2 38.4 9700 8200

Sandstone

Buda Marl Eocene 2475 2564 3.5 44.9 29.1 7440 6670

Hauptdolomit Triassic 2630 2688 2.2 56.0 31.0 5270 4760

Budaors Triassic 2711 2776 2.4 61.6 - 8190 -

Dolomite

Matyashegy Triassic 2630 2652 0.8 98.3 74.6 3240 2800

Limestone
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Table 2. Thermophysical parameters (mean values) of studied sedimentary rocks, Buda Hills.

*The emor is 3 to 5 %.

Lithology Age Permeability Thermal Location Sample
[m? Conductivity numbsers
[W[m-K)]*

Travertine Pleistocene | 1.1-10% 2.6 V1 n=3
8.4.10%4 2.4 ™2 n=3
Tinnye Limestone Miocene 5.8 - 107 1.1 SK18 n=5
3.2.10" 1.2 SH2C n=5
17-10" 1.2 SK3 n=8
Kiscell Clay Oligocene 7.9-10 1.5 KC1 n=11
3.0-10% 1.0 KC2 n=8
Harshegy Sandstone Oligocene 3.1-10" 26 H1 n=5
5.5.10" 2.8 H2 n=6
19.10% 2.8 H3 n=6
Buda Marl Focene 9.0 - 10°% 2.4 BAM1 n=11
3.8-10% 2.3 BM2 n=9

Hauptdolomit Triassic 44108 3.4 MD n=10
Budairs Dolomite Triassic 2.9.10% 2.0 BD n=14
Matysdshegy Limestone | Triassic 1.3 - 10" 2.4 ML1 n=7
1810 25 ML2 n=6
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