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Abstract: The role of geothermal energy is smaller in the global energy mix than what its potential
would indicate, but it can be improved by incorporating geothermal energy potential assessments
into spatial planning. For adequate decision support and sustainable utilisation, subregion-scale
assessments should be applied due to the high variability in geothermal characteristics. Different
GIS tools were used for the interpretation and integration of the different spatial data into one model
showing areas with their geothermal characteristics on maps. Considering the present study site with
a size of 83 km x 103 km located in NE Hungary, 39 2D reflection seismic sections and high-resolution
geological data of 137 thermal wells were interpreted in OpendTect and then in ArcGIS to define
spatial differences in geothermal potential. It was found that nine geothermal subregions (GSRs)
can be distinguished in the present study site based on the applied GIS algorithms. Each GSR was
characterised and land-use structure was studied based on Corine Land Cover 2018. The exploitation
of water with at least 30 °C is possible in all GSRs, while the maximum achievable temperature and
reservoir geometry vary; a subregion-scale delineation framework is required for regional planning.

Keywords: reflection seismic interpretation; geothermal subregions; GIS tools; Corine Land Cover 2018

1. Introduction

Geothermal energy utilisation is considered to be a renewable resource generally with
low environmental impact, and increasing its ratio in the energy mix is an important part
of energy strategies [1,2]. Maximising efficiency and minimising environmental effects—
mainly the significant water level drop—the widest possible utilisation should be carried
out [3-8]. One of the ways to ensure this is to rely on geological and geothermal studies on
regional and subregional scales and its incorporation into spatial planning linking together
with further socio-economic and land-use characteristics. For decision making, sharp and
clean outcomes, such as geothermal favourability maps, are the most useful [2,9].

Various forms of geothermal plays exist, and there are several tools and examination
possibilities to study the systems [10], such as logging methods along deep boreholes/wells
(e.g., thermal, electrical, self-potential measurements), magnetic and gravity measurements
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(anomaly detection), seismic methods and even traditional remote sensing and gamma-
ray spectrometry. Kanra et al. [11] summarised these methods in their review study and
also emphasised that geothermal explorations are similar to CH explorations due to the
similarities of the two energy resources. Reflective seismics is the primary geophysical
method for understanding deep geological structures, studying the propagation, reflection
and return of mechanical waves generated on the surface [2], which is in a way similar to
remote sensing.

The identification of sand bodies suitable for water production is based on the inter-
pretation of reflection seismic data and deep borehole data [12-15]. Reservoir structure,
e.g., boundaries of sand bodies, can be tracked horizontally on 2D seismic sections resulting
in the frame of 3D models. The 3D model allows us to determine the spatial distribution
of the (hydro-geothermal) energy stored in the water, i.e., the energy density, and, with
the help of a database supplemented with other features, to delineate areas of different
potentials. Seismic surveys are useful not only for determining the major geometry of
reservoirs but also for inferring finer internal reservoir structures that cannot be determined
solely from borehole data.

In Hungary, Upper Pannonian porous reservoirs are among the most important
geothermal energy sources [16-19]. This unconsolidated sediment series is relatively
homogeneous with a significant sand content and relatively high porosity. The depth of
these sediments makes possible the exploitation of water with a temperature of at least
30 °C which is the lower limit of thermal water definition in Hungary.

Many recent studies have focused on the geothermal conditions of the Pannonian
region including the geological and hydrological conditions, temperature distribution and
determining the size of the reserved heat. Apart from research focusing on the entire or
almost entire Pannonian area [20-24], the role of research focusing on the Great Hungarian
Plain is also significant, the data density of which becomes scarce or almost zero north of
the Derecske Trough where the thickness of the layers is significantly smaller than that of
the layers in the southern part of the Great Hungarian Plain [12,25-27]. Regional and local
research has traditionally been more significant in the vicinity of hydrocarbon occurrences
and in the south-eastern Great Hungarian Plain, characterised by higher yield and wellhead
temperatures [4,28-30], and recently in the southern and Transdanubian parts as a result of
cross-border cooperation [31-35].

There are also significant thermal water utilisation centres north of the Derecske
Trough [7,36]. This less-studied marginal area has a more diverse development in the sandy
Upper Pannonian formation, which has an impact on the exploitability due to reservoir
geometry and is thus worth examining. Negative impacts on productivity are well-known
in the vicinity of bathing areas and other large-scale users in most parts of Hungary
including this north-eastern area [4,7,37]. However, those negative impacts could be
mitigated and avoided by applying the results of complex studies and spatial planning for
a more sustainable geothermal energy resource management based on detailed geological
and hydrogeological models. Therefore, we consider reservoir descriptions based on the
widest possible seismic and deep borehole geophysical measurements necessary [38—41].

The aim of the study was to map the pattern of the geological structure of the geother-
mal reservoirs and define geothermal subregions with different characteristics and analyse
potential geothermal energy utilisation profiles in perspective of land use in a certain
study area.

2. Materials and Methods
2.1. Geological Background

In general, fairly good geothermal reservoirs can be found in Miocene to Quaternary
basin fill sediments and in Mesozoic karstified carbonates, which can be explained on
the basis of the geodynamic evolution of the Pannonian Basin [18]. Studying the regional
details, however, reveals differences in exploiting the above reservoirs. Fodor [42] identified
twelve deformation phases from the Jurassic until the Pliocene with at least two rotation
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phases. According to stress field analyses, NE-SW, N-5 and NW-SE compression alternated
with N-S and NW-SE extension with extrusion towards E and NE. As a result, various micro-
and macro-tectonic structures were formed. Later stress fields sometimes re-activated the
preserved earlier structures while forming their own structural features as well. Due to this
complex tectonic history, the size, type and orientation of structural elements (e.g., folds
and multiple superposed folds, horizontal and transfer faults, normal and thrust faults,
positive and negative flower structures in transpression and transtension zones) can be
extremely diverse anywhere in the Pannonian Basin. As a result, it is essential to identify
the basic characteristics and roles of the structural elements when geothermal subregions
are determined and typified.

Neogene magmatism induced by the structural evolution of the Pannonian Basin
produced volcanic and volcanic-sedimentary depositions now found at variable depths in
the Tiszantul region. Repeated volcanic activities during the Miocene resulted in a variable
lithology in the region. The presence of volcanic features can be explained by subsequent
compressive motions with NNW vergence, forming volcanic depressions [43,44]. There are
certain areas where these Tertiary volcanites form the bedrock of the Pannonian sediments
(Figure 1); however, in most cases, pre-Neogene crystalline rocks are the bedrock features.
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Figure 1. Schematic geological cross-section of the Pannonian sediments accumulated in Lake Pannon.
SP and res refer to self-potential and resistivity, respectively, of the rocks along the borehole section.
(Modified after [15]).

In distal, deep parts of the basin of Lake Pannon, fine sediments were accumulated
which are basal marls in significant amount and are considered to be the opening features
of the variable Lower Pannonian sedimentary series [14,20]. It is followed by features
deposited on the seafloor, which are turbidites generated mostly owing to slope movements
and have a cyclically fining-upward characteristic, vertically upwards and towards the
shore margins. This characteristic is visible on the geophysicial well logs, i.e., self-potential
and resistivity logs, showing several fining-upward patterns.

The delta-related sedimentary series of the Lower Pannonian sediments deposited in
a deltaic slope palaecoenvironment are typically fine-grained with sigmoidal boundaries
and may include lenticular sand bodies. Lower Pannonian clayey assemblages have a
high self-potential and low resistivity, which are locally modified by sand lenses in the
opposite direction.
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The term Upper Pannonian refers to a sedimentary unit characterised by delta front
and delta plain facies, accumulated in Lake Pannon (Figure 1). As a result of relative water
level changes, several delta front and delta plain facies units can be seen within a vertical
column; however, erosion modified them in some places. Slight differences in the age
of these facies can be seen throughout the basin: delta units become younger from the
marginal areas towards the basin centre corresponding to the stages of infilling [14,20].

Relative vertical movements, such as subsidence and uplift, played a decisive role in
the development of a highly complex Pannonian sedimentation. According to the compre-
hensive basin analysis of [29], Late Pannonian geological evolution was controlled by a
complex system of climatic factors and intrabasinal tectonic movements with the dominance
of tectonic movements and climatic factors in the development of the greater sedimentary
units (3rd-order sequences) and the smaller units (4th-order sequences), respectively. Ac-
cording to [29], the absence of convincing analogies hinders the correlation of water level
changes within the basin with the global sea-level changes during the Pannonian stage.

Considering the Late Pannonian geological development of the basin, the pre-sedimentary
state and the syn- and post-sedimentary development are mostly treated separately. Syn-
sedimentary development is characterised by variable palaeoenvironments and relative
water level changes and influenced by local morphology and climate. In contrast, post-
sedimentary development is dominated by tectonic movements, compaction and sub-
sidence. The above post-sedimentary factors may also influence syn-sedimentary de-
velopment. The rate of crustal heating processes and the rate of subsidence should be
considered as well, as lower geothermal gradient values are typical in areas with fast and
long-term subsidence.

The 83 km x 103 km study area is a Quaternary plain in NE Hungary, in the Pannonian
Basin (Figure 2). Belts of crystalline rocks, Mesozoic carbonates and siliciclastic rocks
and flysch compose the pre-Neogene basement of the basin, the depth of which varies
between 1000 m and 5500 m [45,46]. The structurally complex (with major faults, imbricated
zones, nappe boundaries) basement units are partially covered by Neogene volcanic rocks,
the depth of which varies between 500 m and 3000 m [43,44]. The average thickness of
the overlying Pannonian sediments varies between 500 m and 2500 m [47]. The covering
Quaternary sediments have a thickness of 200-400 m.

The marginal position of the study area and the cyclic character of the relative water
level changes in the Pannonian development caused the order of the Pannonian formations
to be somewhat different from what would be expected based on the general concept.
For example, delta slope and delta front sediments, known as Lower and Upper Pannonian
sediments, respectively, occur repeatedly in a vertical profile because they are interfingered.
Elsewhere, delta front and delta plain sediments are pinching out; however, this influences
geothermal potential and utilisation only moderately. Consequently, the subregion-scale
division presented in this paper could be more useful for potential thermal water users
than a facies-based one.

2.2. Data Management and Analysis

The delineation of geothermal conditions was based on 39 seismic reflection sections
and 137 thermal water well data (Figure 3). The vast majority of the sections were obtained
from the State Geological, Geophysical and Mining Data Store in SEGY format. These were
completed with non-digital sections found in the literature or used in our earlier research.
From the large number of sections available [48], 30 seismic sections were selected which
are parallel with and perpendicular to the main structural directions typical for Hungary.
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Figure 2. Location of the study area in NE Hungary with Surface Geological Unit Lithology map
(1:1M) (based on [45]).
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Figure 3. Study area and the location of the used datasets: thermal water wells and 2D reflection
seismic sections.
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The 2D reflection seismic sections had a depth of 5000 ms on two-way time (TWT)
scale, the vertical reference level was at 50 m above sea level, and time-depth conversion
was calculated based on VSP measurement of Monostorpalyi D1 located on the south-east
corner of the study area.

OpendTect, an open-source software, is used for interpreting and visualizing seismic
data, seismic attribute extraction, seismic picture conversion and seismic image visualiza-
tion and interpretation because of its complete characteristics [49,50].

To understand the structure and evolutionary history of the area, the isochronous
surfaces and seismic stratigraphic units were determined [26,29,39,51,52]. In addition
to these, interpretation was carried out to define tectonic elements and the presence of
volcanic units. The location of the bedrock boundary of the Upper Pannonian sediments
was investigated providing the reservoir geometry and identifying whether tectonic or
volcanic elements have an influence on them. In zones where seismic reflections are
interrupted, tectonic anomalies, e.g., normal fault, reverse fault, flower structure or others,
are mapped. Moreover, the types of the various sedimentary units can be mapped based on
the seismic patterns, that is, the reflection seismic signs (discordant units, relative positions).

The interpretation of the reflection levels was aided by stratigraphic series extracted
from the hydrogeological logs of thermal wells in the area and by deep borehole geophysical
curves (Figure 4). Their distribution is mainly aligned to the spatial locations of the thermal
spas and is therefore less favourable compared to the spatial distribution of the seismic
sections. Since some of the thermal water wells were terminated in the Upper Pannonian
reservoir, data from other exploration wells were used to determine the bedrock of the
thermal water reservoir more accurately. For both the stratigraphy and the geophysical
curves, the purpose of the drilling also limits the level of detail; thus data harmonisation
between groups was limited.

100 ms (TWT)

Upper
Pannonian

Lower
Pannonian

(=
%)
§

A A

Neogene
volcanites and |l

pre-Tertiary

basement

Figure 4. Deep borehole geophysical log of thermal water well (Hajduboszormeny-B270, projected)
and 2D seismic reflection section (PO-87) interpretation to delineate Upper Pannonian lower and
upper boundaries.

In addition to the stratigraphic series, the hydrogeological logs also contain data
from the depth temperature measurements. The geothermal gradient can be determined
from these data, and the official average geothermal gradient values are also included in
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the thermal well cadastre [48]. Based on the measured data and previous studies [7,38],
the vertical heat transport process in the study area is dominated by thermal conduction,
with a linear temperature gradient. Water level and pressure tests for the wells indicate
that the area is in a gravity regime, with slight overpressure in the layers due to gas content
and compression, which decreases over time during water production.

2.3. GIS Calculations to Delineate Geothermal Subregions and to Provide Land Cover Type
Characterisation

Calculations were carried out using a raster calculator, the resolution of which is
500 m x 500 m. The digital elevation model is based on the 1:10,000 Hungarian topograph-
ical map. Based on seismic and deep borehole data, the depth map of the upper and lower
boundary of Upper Pannonian sediments was composed. The thickness map of the Upper
Pannonian sediments was drawn from the difference between the two maps mentioned
above. Based on the data of geothermal wells at least 500 m deep [48], the geothermal
gradient (GG) map of the study area was prepared. Using the distribution of geothermal
gradient values, the map of the depth required to reach the temperature of 30 °C was drawn
based on Equation (1). The temperature distribution of the lower and upper boundaries of
the Pannonian sediments was determined based on Equation (2):

z = (30 — 10.5)/GG, 1)

T =10.5 + GG x depth/1000, @)

Recognised depositional anomalies and important tectonic and volcanological features
are projected on the surface as well. Technically, it meant multiple export and import steps
for each thematic feature group from 3D environment of OpendTect to 2D environment
of ArcGIS. While seismic interpretation and well log interpretation were carried out in
OpendTect, further GIS processing steps were performed in ArcGIS (Figure 5).

>

well data ; seismic data data from
. interpretation interpretation literature
: tempera- depth of
th1ckn§ss N of boun-
of units reservoir daries
¥
5 ; : mapping -
reservoir geometry and mapping tectonic sedimentary mapping
isati i ies” p : interfingering
heat characterisation anomalies i romaliest ermg

GIS

processings

Figure 5. Flow chart of data management and processing to delineate geothermal subregions.

Since the available heat utilisation methods depend mainly on the temperature of
the extractable water, maximum temperature was taken into account primarily and, sec-
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ondly, the boundary-forming effects of the elements hindering or modifying the horizon-
tal water supply of reservoirs appearing in the seismic image in the course of defining
geothermal subregions.

Land use was analysed in the defined subregions based on the Corine land cover
(CLC) database for the year 2018. This classification based on remote sensing gives uniform
and thematically comprehensive data on land cover and trends throughout Europe [53].
The dataset has a role in protecting ecosystems, halting biological diversity loss, tracking
climate change impacts, monitoring urban land take, assessing agricultural developments
and dealing with water resources directives. In the present study, CLC2018 map [54]
was used to determine land cover type structure of the geothermal subregion areas by
clipping one with the other. With the percentage of the different classes, the character of
the subregion could be described.

Besides land use, the possibilities of geothermal energy utilisation were reviewed
using the Lindal diagram (Figure 6), in which the utilisation methods are assigned to
temperature ranges [55,56]. The most important ways of utilising thermal water in the
expected temperature range are balneotherapy (20-50 °C), agricultural heating (20-80 °C),
heating and water heating (40-120 °C), industrial (drying) processes (60-150 °C) and binary
power plant (>90 °C).

balneotherapy @ bathing
@ agriculture

B communal

W industry

space heating

food industrial processes

drying processesin light industry

binary power plants

T T T T T 1

0 20 40 60 80 100 120 140 160
temperature (°C)

Figure 6. Thermal water utilisation diagram in simplified form (based on [55,56]).

3. Results
3.1. Interpretation of Seismic Sections

Sedimentary and tectonic elements, which can be considered anomalies from the
aspect of geothermal reservoir modelling, were mapped in the reflection images. These are
sub-marine canyon systems on the top of Lower Pannonian, prograding delta slope units
with the typical sigmoidal pattern, buried Neogene volcanic bodies, normal and reverse
faults and flower structures (Figure 7).

These may be significant local factors since they are very different from continuous
horizontal units of the Pannonian sedimentary rocks parallel to each other. The size of
canyon system units reaches 500 m in thickness and 4 km horizontally in the study area.
The size of delta slope sigmoidal units may vary in a wide range but can exceed 800 m
vertically and 8 km horizontally.

For the entire study area, the locations of all here-identified tectonic and sedimen-
tary anomalies and the interfingering zone mapped by [14] are summarised on a map
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(Figure 8). The map also contains the location of the Ebes Thrust, Hajdu Trench and
Derecske Trough zones.

(b)

(d)

Figure 7. (a) Seismic pattern of sub-marine canyon sedimentary units (PO-7) and (b) prograding
delta slope with sigmoid sedimentary facies groups (PO-16), (c) tectonic fault (DE-72) and (d) buried
volcanic dome (NY-6).
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Figure 8. Location of tectonic and sedimentary anomalies and interfingering in the study area based
on reflection seismic interpretation and analysis and literature data.
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3.2. Interpretation of Temperature and Depth Maps

The upper boundary of the Upper Pannonian sediments as primary reservoirs can be
found between —203 m and —1103 m in the study area (Figure 9). This variation is the result
mainly of the pattern caused by post-sedimentation processes. The boundary is found
deeper in areas with significant subsidence indicated by the former and current course of
river Tisza, while in the eastern part of the study area, the boundary is found at a smaller
depth. The position of the lower boundary of the Upper Pannonian sediments depends
on the syn-sedimentary morphology and tectonics in addition to post-tectonic movements
(Figure 10). The maximum depth of this lower boundary is —298 m in the central zones,
and the minimum depth is found in the southern zones at —1950 m. The pattern of the
lower boundary is more variable than that of the upper boundary, with the occurrence of
small depressions as well. The thickness of the Upper Pannonian sediments is between 0
to 1400 m (Figure 11). The smallest values occur in the western part of the area, while the
highest values occur in the Derecske Trough.

21°K 21°30'E. 22°K
L

FEEN
48°N-

F47°30'N
47°30'N
0 5 10kn
[ = =
T T T
2376 21°30'F 22°F
Legend
[ state border  Depth of upper boundary of Upper Pannonian
\-conntiyborder max: 1103 m
study area min:-203 m
(@)
21°E 21°30'E 2°E
L
[48°N
48°N
F47°30'N
47°30'N+
= 0 5 10km
T T T
21°E 21°30'C 22°E
Legend
: state border  Calculated temp of Upper Pq ian at upper b dary
county border TRSAG
| study area min: 22 °C

Figure 9. (a) Depth of upper boundary of the Upper Pannonian and (b) calculated temperature of the
Upper Pannonian at its upper boundary surface.
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Figure 10. (a) Depth of lower boundary of the Upper Pannonian and (b) calculated temperature of
the Upper Pannonian at its lower boundary surface.
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Figure 11. (a) Thickness map of Upper Pannonian and (b) the depth map of 30 °C isotherm.

Geothermal gradient ranges between 49.77 °C/km and 64.63 °C/km (Figure 12).
Higher values are found in the central part of the study area, while the lowest values
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appear along the Tisza, where the rate of subsidence has been significant even in recent
times resulting in a cooling effect. The minimum temperature calculated for the upper
boundary of the Upper Pannonian sediments is 22 °C in the central part of the study area,
i.e., it does not exceed 30 °C, which defines thermal water. In contrast, the maximum
values occur along the Derecske Trough and the Tisza. In these areas, therefore, thermal
waters can be obtained not only from the Upper Pannonian reservoir but also from the
sand bodies of the fluvial sediments above it. The temperature of the lower boundary
of the Upper Pannonian sediments is found between 30 °C and 122 °C, with minimum
values in the eastern part of the study area and maximum values in the southern part,
in the Derecske Trough.

21°30'E
1

F48°N
48°N+

F47°30'N
47°30'N+

| I
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Figure 12. Geothermal gradient map (GG) of the study area calculated based on thermal well data.

3.3. Geothermal Subregions of the Study Area

Nine geothermal subregions were delineated based on available temperature and
reservoir geometries. Significant geological and geothermal information on the subregions
is summarised in Table 1. The land-use categories for each geothermal subregion are
presented in Figure 13 and Table 2.
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Table 1. Summarised description of the delineated geothermal subregions (from GSR1 to GSR2).

Subregion Max. Reservoir Temp.  Max. Reservoir Depth Reservoir Thickness Seismic Character
Generally well mapped parallel
GSR1 55 °C to 790 m to 145 m to reflections, fault structures and
85 °C 1280 m 670 m volcanic domes disturbed the
geometry
45°C to 600 m to 0mto Tector}lcally not dlsturb?d
GSR2 o Pannonian sequences, uplifted
83 °C 1200 m 680 m . .
basement, thinned out sediments
GsRa 46°Cto 600 m to 20m to fonls sysiaens, pnsaiel rfietion
70°C 1000 m 620 m systems, paratiel retiectio
units
csra 2°Cto 580 m to 220 m to Foilded g:attelin. of ;efﬂecl’tﬂon :mlts
70°C 1000 m 680 m and medium-sized fault systems,
volcanic domes
- 55°C to 790 m to 70 m to Larﬁe delta sg.sf’ferclli l;m’;h slltgmo;dal
86°C 1200 m 640 m pattern, modified by faults and a
large sub-marine canyon system
Interfingering, parallel reflection
66 °C to 880 m to 70 m to .. § . .
GSR6 105 °C 1600 m 890 m units disturbed by medium-sized
tectonic faults
GSR7 72°Cto 1000 m to 600 m to chfbsetsaﬁihrf; ZZ?S;ZrEpll;;Z?lel
99 °C 1490 m 930 m y ) VP
reflection units
Minimal presence of tectonic faults
GSRS 59 °C to 850 m to 534 m to and volcanic domes without
97 °C 1500 m 1000 m significant effect on the reflection
units
First-order tectonic faults cause
5RO 84°C to 1200 m to 780 m to deeft’}fﬁi‘i 9; th‘} lt’}"’l‘seg‘entra“d
122°C 1933 m 1390 m \cening ot the L ppe

Pannonian sediment, divergent
strata pattern

3.3.1. GSR1

The area has relatively favourable geothermal conditions with its maximum reservoir
temperatures (up to 85 °C in the western part of the area); however, the effect of the
basement and the volcanites varies in terms of both reservoir thickness (145 m to 670 m)
and maximum temperature. Basement morphology separates it from the surrounding
subregions, and the supply of reservoirs in the marginal zones of the subregion is less
favourable than in the central zones due to the nearby boundaries. Arable cultivation
dominates the subregion, but it has high diversity in its eastern area. Besides Nyiregyhaza,
the county centre, there are several small towns with spas. The screening of bath wells is
usually installed in deeper zones providing water with temperatures above 60 °C; their
energy utilisation is partially solved, and increasing the number of spas is not justified. Due
to the motorway crossing the subregion, significant industrial investments have arrived and
are coming to the region, the lower temperature heat demands of which will be met with
the help of geothermal energy, primarily in the vicinity of Nyiregyhaza and Hajddinanas.
Most possible utilisations will be related to greenhouse heating, husbandry and the food
industry (e.g., drying, sterilisation, canning industry).
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Figure 13. Land-use categories based on Corine Land Cover 2018 and the delineated geothermal
subregions (from no. 1 to no. 9) within the study area.

Table 2. The share of land-use categories in each geothermal subregion (from GSR1 to GSR9) in
percentage (The two highest values of each GSR are bold).

Category GSR1 GSR2 GSR3 GSR4 GSR5 GSR6 GSR7 GSRS8 GSR9
Artificial surfaces 8.0 6.2 3.8 6.5 3.6 2.3 8.8 13.8 5.9
Arable lands 61.2 48.0 50.7 41.3 49.1 59.2 75.6 53.8 479
Pastures 13.0 12.8 8.2 4.7 11.3 4.6 6.3 39 8.0
Other agricultural 6.3 27 28 9.0 13 12 3.1 43 6.5

areas
Forests 6.7 5.1 7.4 26.7 3.7 0.7 0.8 13.3 21.0
Shrubs and sparse 32 20.4 238 11.1 22.7 25.5 0.1 8.2 96
vegetation
Inland marshes 0.5 2.0 1.0 0.6 6.2 2.6 2.3 1.0 0.9
Surface water bodies 1.1 2.8 2.3 0.2 2.0 4.0 3.0 1.7 0.3
3.3.2. GSR2

The subregion is located close to the marginal areas of the former Pannonian Lake, and
the tectonic movements of the nearby mountains cause a diverse pattern of the basement
and thus that of the Upper Pannonian layers. For this reason, the horizontal continuity of
reservoirs, and thus water supply, could be limited. The characteristic maximum reservoir
temperature is 60-75 °C, higher values occur in a small basin in the south, while lower
values are associated with the north-west regions and an uplifted area. Tiszadjvaros is an
industrial centre in the subregion but mainly uses non-renewables and biomass for heating.
The economic potential of the rest of the settlements is small, mainly related to agriculture,
which could be the main user of geothermal energy (e.g., husbandry). There are several
extended protected areas in the subregion, which limit the advance of investments.
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3.3.3. GS5R3

The subregion is characterised by a thin Upper Pannonian sediment series, the thick-
ness of which increases towards the south. However, the depth of the bottom of the
sediment series is medium; therefore the maximum temperature of thermal waters is
around 70 °C in the south and 45 °C in the north-east. The area has low population expect
the only one town in the eastern half and a small population; thus the heat demand is very
low. Besides the arable lands, pastures and meadows are important mainly for extensive
husbandry and nature conservation. Consequently, thermal water is suitable for bathing,
agricultural production and possibly heating mainly in the eastern part of the subregion.

3.3.4. GSR4

The subregion is characterised by shallow-depth Upper Pannonian reservoirs with
the lowest reservoir temperatures in the study area with maximum values of 46 °C in
the central and 70 °C in the southern part of the subregion. The impact of tectonics and
former volcanism on the extent of the reservoirs is significant. The subregion has a varied
topography and a significant proportion of forest areas, and agricultural production takes
place on plots with smaller average sizes. Settlements in the central part of the subregion
are small in size, with a small heat demand; therefore, comparing the possibilities and
needs, geothermal utilisation can be primarily for bathing purposes or as auxiliary energy
in drying processes.

3.3.5. GSR5

The subregion is characterised by a thick delta with a large horizontal extent. The delta
front, which is considered to be Upper Pannonian, is relatively thin, but sand bodies also
appear in the delta slope. These sand bodies, however, have a limited size and water supply.
The temperature of these deeper sand bodies is up to 86 °C, but the reservoir temperature
of more appropriate reservoirs may be significantly lower locally. On the eastern side of
the area, there is a national park, which can be considered an area practically without
heat demand. Agricultural areas can be found in the western part, where geothermal
energy utilisation may occur, but mainly in the form of lower temperature and water-
intensive agricultural utilisations, as well as existing bathing purposes due to the geological
conditions and heat demands.

3.3.6. GSR6

The subregion is characterised by Upper Pannonian sediments with medium thickness
and with interfingering clayey sediments and sand bodies with a limited size in the lower
zones. In the northern part of the subregion where a national park can be found, thermal
water utilisation is expected only in the core settlement, Hortobagy, where some thermal
wells already exist with the wellhead temperature up to 61 °C. In the southern part, where
there are bath wells and agricultural areas as well, it is possible to increase geothermal
heat utilisation, even with higher temperatures (>90 °C) mainly in agriculture and food
processing. In the case of the deepest and warmest sand bodies, the limits of the horizontal
extent of the reservoirs have to be taken into account due to interfingering; thus it is
especially recommended to re-inject used thermal water.

3.3.7. GSR7

The subregion is located within the zone of the Ebes Thrust, which separates it from
the reservoirs to the west of it. The subregion has favourable temperature conditions
(maximum temperatures are in the range of 72-99 °C from north to south), but water
production only provides the water supply of the Hajdiiszoboszlo spa, causing a significant
effect on reservoir pressure and supply. Since the spa produces water from several thermal
reservoirs and its operating and development are primary in the region, further use of
thermal water in significant amounts that is not related to bathing is unlikely.
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3.3.8. GS5R8

The subregion is characterised by deepening reservoirs and rising temperatures to-
wards the south from 59 °C to 97 °C. On the western side of the subregion, agricultural
areas can be found; in the central part of the subregion, the county centre, Debrecen, has a
complex urban structure with residential, industrial and recreational areas. In the eastern
part of the area, small settlements are found with mixed land use. Thermal water reservoirs
are used significantly in the northern part of Debrecen for bathing purposes, especially
in the deeper zones, which have to be protected from overuse. In the western and south-
ern areas, geothermal conditions are favourable for both agricultural and industrial use,
and the most diverse use of geothermal energy can be developed here in the study area
from low-temperature agricultural use to high-temperature industrial use.

3.3.9. GSR9

The subregion is characterised by significantly deepening boundaries towards the
Derecske Trough, and the most favourable values of the presented research are found
here. The best values appear in the axis of the trough where the horizontal interconnec-
tivity of the reservoirs is low due to former tectonic events. In the northern part of the
area, there is no significant heat demand because of the small population and forestry-
and agriculture-based economy. There is a series of small settlements along the landscape
borders in the central and western parts; to the south of them, arable cultivation dominates.
In accordance with high temperatures (up to 122 °C in the axis of the trough), a wide range
of geothermal energy utilisation can be imagined, even a binary power plant, of which
heating and agricultural utilisation are the most likely; however, the fragmented reservoirs
might supply a limited amount of water without re-injection.

4. Discussion

The delineation of nine geothermal subregions was carried out in the present study.
From the eight land-use classes formed based on CLC 2018 categories, the arable lands
category has the highest proportion in each geothermal subregion. The categories with the
second highest geographical shares show a more varied picture. The shrubs and sparse veg-
etation category has the second highest proportion, considering the area, in four subregions,
which are GSR2 (20.4%), GSR3 (23.8%), GSR5 (22.7%) and GSR6 (25.5%), the forest areas
category is second in two subregions, GSR4 (26.7%) and GSR9 (21%), the artificial areas
category also in two subregions, GSR7 (8.8%) and GSRS (13.8%), and finally, the pastures
category is in one subregion, GSR1 (13%).

Geothermal energy utilisation is typically not directly linked to arable land cultivation
activities. However, it can play a role in crop storage, drying and, in some cases, other
processing operations. The shrubs and sparse vegetation category includes a national park
and other protected areas where demands and development are limited. In areas belonging
to these categories, a considerable need for geothermal energy utilisation may not be
expected. On the contrary, the geothermal energy utilisation associated with conventional
agriculture is related to the heating of greenhouses and livestock farms and the processing
of vegetables and fruits. They are emerging in additional agribusiness categories, whose
growth at the expense of arable crops could mean an increase in geothermal heat demand.
These could be expected mainly in the subregions GSR1, G5SR4, GSR8 and GSR9, which
are characterised by diverse land use, while adequate potential has been demonstrated
only in GSR1, GSR8 and GSR9. Based on the results of the study, the CLC database can
provide spatial information on areas where geothermal energy utilisation is preferred or
prohibited. Application of CLC or other land-use databases seems to be useful for both
thermal water-based geothermal energy utilisation and shallow geothermal heat pump
systems [40,57-60].

The entire study area is suitable for the supply of thermal water at temperatures above
30 °C, while 50 °C is available in most subregions except certain parts of GSR2, GSR3 and
GSR4 and can be used for some agricultural purposes and drying of agricultural crops in
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addition to forestry. Temperatures above this level are also found in the vicinity of several
spa towns, but here the priority is often given to spa exploitation, especially in the case of
spas. Here, in the peripheral areas of dynamically developing cities, the thermal needs of
certain industrial operators may also be considered. In the south, temperatures are high
enough to be used for heating and in small binary power plants.

The spatial delineation of subregions cannot be fully algorithmised due to their multi-
factorial nature and because 2D reflection seismology interpretation is a rather qualitative
tool providing direct information only along 2D sections instead of continuous 3D surfaces.
The parts around subregion boundaries are more like transition zones rather than sharply
separated examples of two separate areas. The geographical micro-region characters are
well aligned with the boundaries of some subregions, but for some subregions, they are
less strong [61].

5. Conclusions

A detailed understanding of geothermal characteristics helps to optimise geothermal
energy use. This study area is a good example of the justification for planning on the basis
of subregional delimitation, as the characteristics of close settlements can vary greatly. This
can be well studied using a dense network of 2D reflection seismics and a large amount of
deep-drilling data. Based on the results obtained, the variability of the basement, such as
tectonics, the presence of volcanic centres and basement outcrops, has a significant influence
on the hydrogeological and geothermal properties of the reservoirs on a subregional scale.

Delineation of geothermal subregions provides help in the first phase of regional
planning. In the case of a certain project aiming at actual geothermal energy utilisation,
study must be carried out similarly to the presented series of methodological steps, such
as data management, interpretation and calculations, based on similar types of input
data. Important to note that geothermal potential estimations on different scales should be
harmonised with each other.

For future research, the use of more detailed land cover categorisation is recommended
in which various remote sensing applications, such as satellite and unmanned aircraft
systems (UAS), can be involved besides other land development data sources. Further con-
siderable issues are the environmental impact of the extracted water, gas, salt and heat and
the treatment and utilisation possibilities of the treated water even in agriculture [36,62,63].
The presented results may be involved in the investigation focusing on how the potential
and needs meet.
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