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The occurrence of geothermal resources in Poland relates to four main hydrogeothermal provinces: the Polish Lowlands, the
Carpathians, the Carpathian Foredeep and the Sudetes, each characterized by different geological conditions. Recognition
of Poland’s geothermal potential on a regional scale is good, yet, in order to evaluate the capabilities of utilising geothermal
waters taking into account specific local conditions, a detailed geological, hydrogeological and thermal analysis is required in
each case. Sometimes, the results of this analysis provide new insights into the geological structure and hydrogeological
conditions in the region of specific resources, and indicate alternative approaches to resource evaluation. We summarise the
geological conditions around geothermal water resources in Poland, and also illustrate local variability in selected
hydrogeothermal parameters in the area of Wisniowa, located in the Outer Carpathians, and in Poddebice, a central part of
the Polish Lowlands. Selected examples of the effects of the research carried out in these areas of Wisniowa and Poddebice
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show situations where the results of making a borehole can be unpredictable.
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INTRODUCTION

Geothermal waters are a source of clean and ecological re-
newable energy, the effective management of which brings a
number of benefits: environmental, economic and social. They
are part of the natural riches of a given region. A large advan-
tage is the possibility of using geothermal waters for various
purposes: from heating to balneotherapy and recreation and
other purposes. A key sector of geothermal energy manage-
ment in Poland is heating; work is in progress in Poland on the
possibility of managing existing low-temperature geothermal
energy resources in order to produce electricity. A wide range of
geothermal waters and energy applications means that areas
using this kind of renewable energy become attractive to tour-
ists. This also relates to air quality improvement caused by geo-
thermal resources management for energy-producing pur-
poses. However, geothermal resources are distributed un-
evenly and not every area is characterized by prospective geo-
thermal potential. The economic effectiveness of geothermal
investments is influenced by many factors. The most important
issues are related to hydrogeothermal conditions prevailing lo-
cally, particularly as regards the discharge and the wellhead
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temperature of the exploited water. Only stable discharge and a
sufficient wellhead temperature combined with relatively low
Total Dissolved Solids (TDS) may guarantee the successful life
of geothermal project. An important geological parameter influ-
encing the economic viability of geothermal installations is the
depth to the groundwater horizon, which affects geothermal pa-
rameters, e.g. water temperature, but also the costs of deep
drilling.

Due to the location of natural resources in the subsurface,
there is an appreciable amount of risk and uncertainty associ-
ated with exploration for such resources whether they are pe-
troleum, mineral, groundwater or geothermal. There is a strong
need in the geothermal sector to reduce risk and uncertainty,
especially during the exploration stage (Witter et al., 2019).

Geothermal studies conducted in Poland since the 1980s
have enabled good regional assessment of Poland’s geother-
mal potential. An important contribution here were the Geother-
mal Atlases published from the 1990’s until 2013 (Gérecki et al.,
2015b), which enabled recognition of the geothermal potential
of ~90% of Poland: the Polish Lowlands, the Carpathians and
the Carpathian Foredeep. Despite information on the occur-
rence of geothermal waters in the Sudetes region dating to the
twelfth century, it deals with point sources, and the Sudetes
area has not yet received monographic treatment. In seven
places, thermal waters have been found that issue from the
granites and gneisses of the crystalline substrate. Published
monographic atlases are an effective form of mapping the oc-
currence of geothermal waters in different Polish regions and a
basis for preparing further local studies of promising areas at
the local scale.
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The unpredictability of hydrogeological and geothermal pa-
rameters in various regions of Poland is indicated by research of
the AGH University of Science and Technology regarding the
geothermal potential around Wisniowa and Poddebice. The
Wisniowa area is located in the Outer (flysch) Carpathians, re-
gionally characterized by a low geothermal potential, stemming
from a particularly low potential of water output over most of the
area (Gorecki et al., 2013, 2015a). The complex geological
structure of this region makes it additionally difficult to designate
hydrogeothermal parameters. Geological documentation of the
Wisniowa 1 borehole geological documentation inspired closer
analysis of the possibilities geothermal energy utilisation in this
area. During drilling (in 1990-1991) brine with an output of
180 m*h at 85°C started to outflow spontaneously and abruptly.

Such water parameters point to the possibility of wider man-
agement. In turn, in the area of Poddebice, a geothermal heat
plant has been in operation since 2010, which produces fresh
waters with low mineralisation (0.4 g/L). While designing
Poddebice GT-2 borehole, there were no premises to specify
such low water mineralization, particularly because little more
than 10 kilometres away, a geothermal plant operates in
Uniejow, where water with mineralisation of ~6—8 g/L has been
produced for 20 years.

GEOLOGICAL BACKGROUND OF GEOTHERMAL
WATER RESOURCE LOCATIONS IN POLAND

Poland is characterized by low-temperature geothermal re-
sources, defined as heat obtained from the geothermal fluid in
the ground at temperatures of 150°C or less. These kinds of
geothermal resources are typically for direct-use applications,
such as district heating, greenhouses, balneotheraphy etc.
Geothermal resources are strictly geologically determined. Po-
land is situated at the interface between three main European
geostructural units (EGS): the Precambrian East European
Platform, the Paleozoic units of Central and Western Europe
(Caledonian and Variscan) and the Carpathian range (part of
the Alpine system). Each of these structures is characterized by
distinct geothermal conditions. Sedimentary rocks cover almost
the whole territory of Poland, the main exception being the
Sudetes Mts., where mostly crystalline and metamorphic rocks
occur. Geothermal energy in Poland is accumulated in four
geothermal provinces: the Polish Lowlands, the Carpathians,
the Carpathian Foredeep and the Sudetes Region. Each of
these provinces is characterized by different geological condi-
tions and different geothermal water parameters.

One of the most prospective regions for geothermal energy
development in Poland is connected with the Polish Lowlands.
Water in these areas is characterized by favourable tempera-
tures (reaching >90°C) and favourable values of well dis-
charges (to several hundred m*h). The principal resources of
geothermal waters in the Polish Lowlands are present in Meso-
zoic rocks. Geothermal waters have accumulated primarily in
Lower Jurassic and Lower Cretaceous strata (Gérecki et al.,
2015b). The Polish Lowlands also is one of the most prospec-
tive areas for geothermal energy utilization in an Enhanced
Geothermal System (Sowizdzat et al., 2013; Sowizdzat, 2016,
2018). Reservoirs favourable for EGS, Carboniferous and
Lower Triassic sandstones, are located in the central part of Po-
land (the Mogilno-£6dz Trough region and small parts of the
Kujawy Swell and Fore-Sudetic regions).

In the Carpathian Foredeep, aquifers of the Cenomanian,
Upper Jurassic, Devonian—Carboniferous and Miocene are
most prospective. However, in these aquifers, the most favour-

able parameters for the location of geothermal intakes occur in
small areas and narrow depth intervals. The Cenomanian aqui-
fer is an exception, as high discharges (to 250 m*/h) can be ex-
pected over the whole area of its occurrence (the central part of
the Carpathian Foredeep). Zones with increased potential well
dischar%es are sporadically encountered in the Ug)per Jurassic
(tens m°/h) and in the Miocene aquifers (>100 m°/h). The best
hydrogeological and geothermal parameters, that indicate the
possibility of using the Miocene-hosted geothermal water, occur
in the depth interval 500-1500 m b.s.I. The remaining depth in-
tervals seem of low prospectivity because of low temperatures
or weak hydrogeological parameters that determine low dis-
charges at geothermal water intakes (Gorecki et al., 2012).

In the Carpathians the best reservoir and exploitation prop-
erties for geothermal water utilization occur in the Inner
Carpathian — Podhale Region, represented by: favourable res-
ervoir parameters and lithology, usually high yields, and a re-
gional extent of the aquifer, as well as recent recharge and low
TDS. Podhale is a region in the Western Carpathians where
geothermal waters have been utilized recently and will be uti-
lized in the future, mostly for heat generation but also for recre-
ation and balneotherapy. The reservoir rocks for the geother-
mal waters are mainly Triassic carbonates, and locally Jurassic
sandstones and carbonates. The most prospective aquifer oc-
curs within Middle Triassic limestones and dolomites and in
overlying Middle Eocene carbonates at depths of 1-3.7 km
(Hajto, 2011). In the remaining parts of the Carpathians, reser-
voir parameters are much worse. Geothermal aquifers in the
Quter Carpathians are characterized by usually small and
non-renewable resources as well as by high mineralization,
which excludes their wider use. These waters occur usually in
small closed structures, which restricts the possibility of higher
outflows (Chowaniec, 2009).

Quite different geothermal conditions are present in the
Sudetic Geothermal Region. This region in SW Poland, including
the Sudetes Mts. and the Fore-Sudetic Block and limited to the NE
by the Odra Fault, contrasts with the rest of Poland’s geological
setting. Instead of large sedimentary basins of the Polish Low-
lands and the Carpathian foredeep or folded flysch strata of the
external Carpathians, the Sudetes Mts. consist mainly of old crys-
talline rocks overlain by younger deposits. Precambrian and
Lower Paleozoic gneisses and schists with scattered marble inter-
calations are intruded by Upper Carboniferous granitoids which
form structures such as the core of the Karkonosze—Izera Massif.
In synclinal structures the crystalline rocks are overlain by
Phanerozoic strata (Silurian—Quaternary). Geothermal waters oc-
cur in this region only within the crystalline rocks. Most of the lim-
ited hydrogeothermal investigations carried out so far in the Polish
part of the Sudetes were restricted to zones of occurrence of ther-
mal waters utilized for therapeutic purposes, or to a few areas in
which prospection has been carried out for such waters (Fistek,
1989; Dowgiatto, 2002; Ciezkowski, 2011). However, the Sudetic
region is characterized by favourable thermal conditions. In
Cieplice, water at 86.7°C was obtained from 2002.5 m depth. For
this reason, the Cieplice area in the Sudetic geothermal region has
been studied to identify a prospective location for the HDR project
in Poland (Wojcicki et al., 2013) as well as to identify an appropri-
ate location for binary systems (Bujakowski et al., 2014).

The occurrence of geothermal resources depends region-
ally on geological conditions. In Poland, we can distinguish four
regions characterized with different hydrogeothermal condi-
tions (Table 1). The highest geothermal potential relates to the
Polish Lowlands and Podhale area, being a part of the
Carpathians (Fig. 1). Much lower perspectives relate to the area
of the Carpathian Foredeep (due to low well outflows) and the
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Predicted geothermal parameters in various regions of Poland

Table 1

Polish Lowlands

Carpathian Foredeep

Carpathians

Sudetes

Geothermal reservoir

sedimentary

sedimentary

sedimentary

crystalline, metamorphic

Temperature [°C]

30-130

20-120

20-120

max. 86.7

Discharge of wells [m*/h]

high, locally reaching
>33/o

usually <20, the excep-
tion being the

from low in Outer
Carpathians to up to 550

from several to several

[g/L]

cally exceeding 300

places exceeding 300

Cenomanian aquifer — (Inner Carpathians — tens
max. ~250 Podhale)
Water mineralization varied, locally high, lo- varied, locally high, in from several to 120 to ~10

Perspective areas

Mid-Polish Trough

central part

Podhale

Cieplice and other

remaining part of the Carpathians. In the Sudetes, geothermal -

waters occur in patches, and geothermal reservoirs, unlike in
other regions, are built of crystalline rocks.

In 2018 the installed geothermal capacity of six geoDHs
was 74.6 MW and geothermal heat production was 250.4 GWh,
while total production amounted to 289.5 GWh. The oldest and
largest geothermal heating plant in Poland is located in the
Podhale Region (Fig. 1). The total maximum artesian water flow
rate produced by 3 wells is ~297 L/s of 82-86°C water. In 2018
the installed geothermal capacity was 38.8 MW (total 77.9 MW)
while geothermal heat production amounted to 141.5 GWh
(509.5 TJ). 5 out of 6 operating geothermal heating plants in Po-
land are located in the Polish Lowlands: Pyrzyce (maximum
geothermal water flow rate was 100 L/s at 61°C, installed ca-
pacity 22 MW, including 6 MW geothermal), Mszczondéw
(16.6 L/s at 42.5°C, installed capacity 8.3 MW, including
2.7 MW absorption heat pump and 1 MW compressor heat
pump), Poddebice (32.2 L/s at 71°C, installed capacity 10 MW
geothermal capacity), Uniejéw (33.4 L/s at 68°C, 3.2 MW geo-
thermal capacity) and Stargard (50 L/s at 87°C, 12.6 MW geo-
thermal capacity; Kepinska, 2019).

METHODOLOGY OF STUDIES

Studying the geothermal potential of a given area involves
analysis of several fundamental hydrogeological and geother-
mal parameters. Knowledge of the general characteristics of
the study area is necessary, together with analysis of available
source materials, including borehole records. Geological condi-
tions determine the existence of potential geothermal reser-
voirs. ldentification of reservoirs is preceded each time by anal-
ysis of regional geological structure, and often the making of
three-dimensional structural or structural-parametric models.
The results of spatial modelling, based on analysis of available
source materials (archival materials, as well as borehole, labo-
ratory and geophysical data, including seismic data) reflect the
structural system and lithological — reservoir variability of rocks
making up the regional geological profile. At the Faculty of Ge-
ology, Geophysics and Environmental Protection, AGH Univer-
sity of Science and Technology, such modelling is performed
using the Petrel program. A three-dimensional structural geo-
logical model of the area of Poddebice has been built on the ba-
sis of regional structural and thickness maps developed in the
form of regular interpolation grids with 250 x 250m spacing (2D
grid). The structural model includes 5 stratigraphic units (Upper
Triassic, Lower Jurassic, Middle Jurassic, Upper Jurassic,
Lower Cretaceous).The static model procedure comprises the
following (Dubrule, 2003):

development of structural maps in the format of regular
interpolation grids on the basis of seismic and borehole
data and digital archival maps;

— creation of a 3D structural model, using RSI and inter-
pretation of disjunctive tectonics;

— development of a fault model;

— development of a grid skeleton as a result of employing
the pillar gridding procedure;

— creation of stratigraphic zones as a result of introducing
stratigraphic surfaces to the model, and transformation
into irregular 3D Horizon grids, where the mesh shape
depends on the results of the pillar gridding procedure.

Another important aspect comprises the thermal character-
istics of the area. Direct temperature measurements made in
deep boreholes are a fundamental source of information about
a depth heating regime. The quality of information on tempera-
ture distribution along the borehole profile, and hence, reliabil-
ity, is closely related to technical conditions of making the mea-
surements. The most useful method of obtaining thermal data
in boreholes is the measuring/profiling of temperatures made in
quasi-stationary conditions, i.e. after completion of drilling and
with sufficient thermal stabilisation of the borehole, usually after
12—-14 days (Plewa, 19943, b).

In order to estimate water intake output, formulae of classi-
cal hydrogeology are used, which are also utilized in basic cal-
culations of underground water filtration for inflow to a fully and
partially penetrating well in set filtration conditions. Calculations
of an inflow to a well involves the adoption of a calculation
scheme, which usually introduces simplifications by compari-
son with actual conditions of underground water stream flow
(Kulma, 1995). As regards steady-state filtration, the best
known and commonly used is the Dupuit equation. It assumes
the existence of a hydrological well with a small diameter, work-
ing with output and water table depression unchanging in time.
An aquifer has an unconfined expansion, constant thickness
and shows a permanent value of the filtration index. The water
table before well pumping is disposed horizontally, while lami-
nar movement of underground waters towards the hole can be
treated as flat-radial (equipotential surfaces are sides of a cylin-
der). When analysing possibilities of utilising thermal waters at
the current stage, the output of a water intake is not a fixed
value, depending on a number of factors including the
hydrogeological reservoir and exploitation parameters. The re-
sults of calculations of predicted water intake outputs closely
depend on the parameters of well exploitation adopted, and,
firstly, the length and diameter of an exploitation filter and the
assumed value of an exploitation depression. Sizes of exploita-
tion outputs, with which an intake of deep groundwaters may
work, should be determined by several stages of measuring of
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pumping and by the size of water resources, and by this means
the size of operational expenses are subject to evaluation. The
project is then approved and decided upon by a competent
geological administration.

According to the modified form of Darcy’s law for fixed radial
flow, the efficiency equation (Dupuit-Thiem formula) takes the
form:

Q, =27 k* mp= SR (1]

In—
P

where: Q— discharge of production borehole [m®/s]; k— hydraulic con-
ductivity coefficient [m/s]; mp — thickness of groundwater layer (lim-
ited by working length of screen) [m]; S — permissible drawdown [m]; r
— radius of production filter [m]; R — radius of depression cone [m].

Radius of depression cone was calculated using Sichardt’s
formula:

R =3000+ S* vk 2]
where: S — drawdown [m]; k — hydraulic conductivity [m/s].

To determine the possibilities of utilising geothermal waters, it
is also necessary to analyse the chemical composition of water
mineralisation. For utilising their thermal energy, groundwaters
should have as low mineralisation as possible. The level of ther-
mal water mineralisation and the specific constituents determine
use for recreational and balneological purposes. Medicinal and
geothermal waters differ in terms of their total dissolved constitu-
ents as well as in their kind and quantitative relations, and they
also differ in terms of physico-chemical properties. Medicinal wa-
ter is poorly mineralized, and it is currently required to document
<1000 mg of dissolved solid constituents per dm?, including one
or more specific medicinal constituents, at or above the concen-
trations listed in Table 2.

Mineral waters contain at least 1000 mg of dissolved ingre-
dients in 1 dm?®, including especially chlorides, sulphates as well
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Table 2

Classification of specific water types (Journal of Laws, 605, 2006)

Minimum content of constituents Water type
1 mg iodides iodide
1 mg sulphides or other sulphur compounds sulphurous
2 mg fluorides fluoride
10 mg iron ferrous
70 mg metasilicic acid silica
1000 mg unbound carbon dioxide “szczawa”
250-999 mg unbound carbon dioxide carbonic acid
Temperature of at least 20°C at the outflow from an intake thermal
Radioactivity of at least 74 Bg/dm3 radon

as sodium, calcium and magnesium bicarbonates, occurring in
particular waters in different quantities.

The usefulness of geothermal waters for recreational or me-
dicinal purposes is determined mainly by such parameters as
temperature and water mineralisation. Conditions to be met in
order for geothermal waters to be used for balneological and
recreational baths include also water intake output, water pres-
sure and depth of aquifer occurrence. In accordance with the
requirements for waters used for bathing (Ponikowska, 1995,
2002; Ponikowska and Ferson, 2009), mineralisation of water
used for recreational purposes cannot exceed 30 g/dm® (at
temperatures of 24-30°C), and for medicinal purposes:
50 g/dm? (at temperatures of 28-42°C; Fig. 2). The higher water
temperature and mineralisation allowed in medicinal pools
compared with recreational pools reflects the fact that medicinal
baths are more stimulating and have to be supervised by a phy-
sician, whereas recreational baths, due to the lack of such su-
pervision, cannot be so stimulating.

The analytical results obtained are the basis for developing
a geothermal water intake in a given region. Depending on the
investor's needs and the geothermal water parameters ob-
tained, water can be used for various purposes. A key sector in
Poland is heating, though the concept of managing geothermal
resources is used also for the construction of recreational or
balneological centres based on geothermal waters. Utilisation
of geothermal energy for heating purposes is determined
mainly by such parameters as temperature and output, and
here requirements for waters used for heating purposes are
higher than in the case of waters used for recreational and
balneological purposes (Fig. 3). Minimum output of geothermal
water from an intake supplied to one recreational pool should
range from 3 to 5 m*h (Paczynski and Plochniewski, 1996). In
using waters for heating purposes, output should be at least
several tens of m*/h.

In areas with abandoned oil wells, possibilities of well recon-
struction can be assessed. The costs of drilling an exploratory
or production borehole for geothermal waters are high and usu-
ally constitute 50-80% of funds allocated for the construction of
a geothermal installation, including necessary surface infra-
structure. In some cases, existing abandoned oil wells can be
used, particularly as the costs of adapting them for geothermal
purposes can be several times lower than the costs of drilling
new wells. Wells designed for reconstruction should meet sev-
eral technical criteria, stemming from the structure and techni-
cal condition of an abandoned well, which commonly is a
long-term influence on aggressive conditions in the rock mass,

causing e.g. corrosion of subsurface equipment in the well. Per-
meability of reservoir rocks in the vicinity of a well also deterio-
rates, in consequence of blocking of that zone with small parti-
cles, limiting inflow of reservoir waters to the well. In order to
ameliorate damage to hydraulic conductivity, intensification
processes are performed. Evaluating the construction of a well
and its technical condition involves analysis of several parame-
ters, including the method of well abandonment, the technical
condition of the casing, the condition of cementation, the results
of geophysical measurements, and so on.

Sometimes the construction of an oil well can make it im-
possible to adapt it into a geothermal borehole, and in such a
case the costs spent on re-opening old oil wells can be compa-
rable to the costs of drilling of a new borehole (Nian and Cheng,
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2018; Westphal and Weijermars, 2018). Analysis of the techni-
cal possibilities and profitability of reconstructing each borehole
is necessary.

STUDY RESULTS

WISNIOWA — THE AREA OF THE CARPATHIANS

The idea of utilising waters and geothermal energy in the
area of Wisniowa was inspired by the Wisniowa 1 borehole,
drilled in years 1990-1991, from which brine started to flow
spontaneously and immediately, with parameters indicating the
possibility of a wide range of applications. The well was origi-
nally drilled to prospect for hydrocarbons. Core samples
showed no signs of hydrocarbons.However, spontaneous brine
outflow was obtained in amounts of 5.2 up to 8.0 m*h from
3698 m depth b.g.l., and in amounts of 180 m*/h at a tempera-
ture of 85°C from 3793 m depth b.g.l. After technical difficulties,
such as a pressure increase up to 300 atmospheres and a brine
outflow fracturing a pit embankment, the well was abandoned.
At that time, no analysis was conducted with regard to manag-
ing waters made available by this borehole. Only after many
years, on the initiative of local authorities, AGH University of
Science and Technology researchers evaluated the possibili-
ties of producing and utilising thermal waters in the Wisniowa
area (Gorecki et al., 2015a).

Wisnhiowa is located at the southern edge of Skole Nappe
(Fig. 4), within the Strzyzowska Depression that is filled with
folded Eocene—-Oligocene strata. North of the Strzyzowska De-
pression, at the edge of the Skole Nappe there extends a zone
of “Ropczyce Folds”, comprising a thick succession of
inoceramus beds, below which there are siliceous marls and
older Cretaceous strata. South of the zone being analysed, the
Skole Nappe lies beneath the Sub-Silesian and Silesian

Nappes (Oszczypko et al., 2008). Below the Skole Nappe,
there are variable thicknesses of Zgtobice unit rocks, and be-
low, autochthonous Miocene is locally recognized. A Mesozoic
succession is formed mainly of Jurassic strata, and these un-
derlain with Paleozoic rocks, whereas in a southern deep zone
there are probably Mesopaleozoic and para-autochthonous
flysch deposits (Fig. 4; Machowski et al., 2013).

Due to the complex geological structure, simply establishing
the nature of a water-bearing unit caused problems. A potential
water-bearing unit may be formed of Lower Cretaceous Spas
shales, made up of fine-grained and compacted sandstones
and hard marls and shales. The Spas shales are characterized
by high plasticity , whereas sandstone reservoir levels are char-
acterized by anomalous reservoir pressure gradients (Plezia,
1992). However, it seems more likely that the water which
flowed spontaneously out of the Wisniowa 1 borehole after the
Spas shales were penetrated came from another reservaoir, lo-
cated at a lower level. Given the complex geological structure of
the study area, underground waters may migrate, e.g. along
fault zones. This premise, together with the poor reservoir pa-
rameters of the Spas shale sandstones, suggests Upper Juras-
sic carbonates, lying more deeply, as potentially prospective.
Those formations, represented by marls and limestones, were
drilled in the Szufnarowa 1 borehole (Oxfordian) at
4540-4697 m depth b.g.l. and in the Nawsie 1 borehole
(Kimmeridgian + Oxfordian) in the interval 3098-4440 m b.g.l.
The Lower Cretaceous reservoir may also be permanently sup-
plied with waters from an Upper Jurassic reservoir as a result of
hydraulic connection between them. In such a case, those res-
ervoirs should be treated jointly (together with autochthonous
Miocene strata).

The research led to three different scenarios of geothermal
reservoir management, dependent upon the acquired
hydrogeothermal reservoir parameters.

In an optimistic scenario, it is assumed that geothermal wa-
ters come from a pore-fracture reservoir built of Lower Creta-
ceous, Miocene and Upper Jurassic strata, remaining in hy-
draulic contact with one another. Waters in this reservoir are
characterized by a temperature at the outflow of ~85°C (over
90°C in the reservoir) and a high output of ~180 m*h. Minerali-
sation of waters accumulated at this reservoir level reaches
~15 g/dm®. In this case, after conducting detailed
physico-chemical analyses of the water one can consider the
possibility of water dilution and its discharge to surface water
courses (exploitation in a single-well system). However, in order
to ensure reservoir renewal in the face of such high outputs
(180 m*/h), it is recommended to produce water in a double-well
system (which makes it necessary to make an injection well).

A realistic scenario assumes that geothermal waters have
accumulated in a fractured carbonate Upper Jurassic reservoir
and are characterized with high temperature at the outflow of
~125°C, and output of ~40 m%h and mineralisation of
~100 g/dm?®. Due to higher water mineralisation, it is necessary
to utilise it by injecting it again into the rock mass with installa-
tion of an operation in a geothermal double system (1 produc-
tion well and 1 injection well). Therefore, in both variants, it is
necessary to plan an installation producing geothermal water
with one production well and one injection well. In the pessimist
scenario, Lower Cretaceous sandstones of Spas shales with
poor reservoir parameters form the reservoir rock, which trans-
lates into a water intake output <1 m*/h. In this scenario, it is as-
sumed that spontaneous outflow obtained when drilling the
Wisniowa 1 well in 1990s was temporary and after stabilisation
of reservoir parameters, problems with water outflow will occur.
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Fig. 5. Three-dimensional structural geological model of the L6dz Basin in the area of Poddebice

Location of 3D model shown on Figure 6

Despite the lack of water, the reservoir is characterized by a
high temperature of ~90°C, such that one can consider utilisa-
tion of the energy potential by means of a borehole heat
exchanger.

PODDEBICE, IN THE POLISH LOWLANDS

The Poddebice GT-2 borehole is located in the central part
of Permian—Mesozoic geological unit called the Mogilno—6dz
Trough, which is a part of a larger syncline — the
Szczecin—+.6dz—Miechéw Trough. The geological structure of
the Mogilno—.6dz Trough is complex, the effect of advanced
salt tectonics (Wiktorowicz, 2014). This causes local disconti-
nuities in geological successions, sudden changes in deposit
thickness, especially in the area of anticlinal structures, which
were formed during the Late Triassic and Late Cretaceous peri-
ods, as well as around the Cretaceous/Paleogene boundary,
during the Laramide inversion (Dadlez et al., 2000). The anticli-
nal structures in the area of Poddebice were caused by salt tec-
tonics, which were active during deposition of Mesozoic strata.
A simplified 3D geological model of the £.6dz Basin, with special
emphasis on tectonic elements in the Lower Cretaceous rocks
is shown in Figure 5. The shape of the Lower Cretaceous top is
the result of local salt tectonics, when plastic salt strata, while
moving upwards, created the forms of the Koto and Poddebice
anticlines (Dadlez et al., 1994). The oldest strata recognized

during drilling are fine-grained Lower Triassic sandstones and
mudstones interbedded with limestones, overlying a Zechstein
succession. The overburden comprises evaporitic and clastic
R6t anhydrites, dolomites and mudstones. The Muschelkalk is
developed in a pelitic limestone and marl facies. The Upper Tri-
assic is made up of fine-grained sandstones interbedded with
claystones. Muddy sandstones with rare mudstone interlayers
are characteristic of the Triassic deposits in this area. The maxi-
mum Triassic thickness is ~2000 m. Above the Triassic, there
are Lower Jurassic sandstones with claystone interbeds some
~37 m thick. Dogger (Middle Jurassic) strata are represented
mainly by dolomites and mudstones with thin glauconite sand-
stone interlayers. Upper Jurassic (Malmian) formations have
thicknesses of up to ~600 m and are mainly of carbonate facies,
as limestones, marls, dolomites and mudstones, wih subordi-
nate sandstones. The Lower Cretaceous commences with
Hauterivian dark brown mudstones interbedded with
claystones, 7 m thick, representing the shelf of environments
(Tadych et al., 2010). The Hauterivian strata and Upper Juras-
sic marls constitute a natural seal between the Lower Creta-
ceous geothermal reservoir and the underlying Jurassic aqui-
fer. Above the Hauterivian there are grey, fine- and me-
dium-grained terrestrial sandstones of Albian, Aptian and
Barremian age, which form a geothermal aquifer. The Upper
Cretaceous comprises marls, creamy-grey limestones and ar-
gillaceous limestones with dark claystone interlayers. The
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Fig. 6. Map of the TDS at the top surface of the Lower Cretaceous succession in the Mogilno-t6dz Trough
(central part of Polish Lowlands)

Cenomanian is characteristically developed as limestones and
cream-coloured marly limestones, similar to Upper Albian
strata. The middle part of the Turonian formations is
marl-claystone, whereas the upper part is argillaceous lime-
stone, with flint interlayers. The Coniacian, Santonian and
Campanian are represented by grey marly limestones and
marls. Only the oldest Maastrichtian strata are preserved, youn-
ger ones having been eroded away. These are mainly marly
limestones and mudstones in the overburden. At 10 m b.g.l. the
Cretaceous succession comprises yellow medium-grained
sand (Posyniak, 2015). In the area of the Poddebice GT-2 well,
there are no Paleogene and Neogene deposits, because of gla-
cial erosion, the intensity of which was magnified by epeirogenic
movements. In the area of Poddebice, the main geothermal
reservoir comprises fine-grained and, in places, me-
dium-grained Lower Cretaceous sandstones, which are char-
acterized by relatively high porosity.

The Poddebice GT-2 borehole was drilled in 2009/2010,
reaching a depth of 2101 m, at the top of the Upper Triassic. As
artesian outflow of 116.5 mh of fresh geothermal water
(0.432 g/dme’) was obtained from Lower Cretaceous strata from
1957-2059 m b.g.l. (Tadych et al., 2010). The mineralization
composition provided valuable information on TDS distribution
at the top of the Lower Cretaceous in the Mogilno—+.6dz Trough
(Fig. 6).

Geothermal water in Poddebice is under artesian pressure
—the static water table is at an altitude of 26 m a.g.l. Quartz con-
stitutes 95% of the sandstones, with subordinate glauconite,
feldspars and clay minerals, and they have a silica cement. The
approved exploitation resources of Poddebice GT-2 well have
been determined at Q = 252 m*h, with exploitation depression
at the level of 85.3 m b.g.l. (Table 3). The geothermal water
temperature measured at the outflow is 71°C (Tadych et al.,
2010). The water is of exceptional quality, characterized by mi-
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Table 3

Table of selected petrophysical-reservoir parameters of Lower Cretaceous strata relating
to a geothermal water intake in the Poddebice GT-2 borehole (based on Tadych et al., 2010)

Parameter

Value

Borehole depth

2101 m

Water type/mineralisation

HCO3-Na-Ca / 432 mg/L (considerable SiO, content)

Water temperature at outflow 71°C
Total thickness of Lower Cretaceous deposits 108 m
Aquifer 1962-2063 m b.g.l.
Aquifer thickness 98 m

Intergranular porosity (total)

16—23% (no secondary porosity)

Effective porosity

13.7-17.0% (average: 16.2%)

crobiological purity and low mineralisation, which allows for it to
be used directly, without any modifications, for rehabilitation
treatment (Kepinska et al., 2017).

DISCUSSION

One of the inherent challenges of the geosciences is incom-
plete knowledge of the geological and hydraulic properties (ge-
ometries, temperature distribution, permeability, etc.) of the
subsurface (Witter et al., 2019). In areas with complex geologi-
cal structure orin places with scarce availability of geological in-
formation, determination of hydrogeothermal parameters is dif-
ficult. Commonly, interpretation of an area begins with the con-
struction of a geological working model. Structural geology can
play a key role in exploration for geothermal resources. As new
input data is added, the modeling results are improved. This
technique generates a geological interpretation of high uncer-
tainty and results in working models that are inherently
non-unique (Bond, 2015). The results obtained are constrained
only after the geothermal reservoir has been accessed by bore-
holes. In some cases, the results of drilling a borehole can be
unpredictable, as in the surprises encountered in the
Poddebice and Wisniowa regions.

Wisniowa is located within the flysch Outer Carpathians,
characterized by complex nappe-and-thrust geological struc-
ture, a situation that is difficult from the point of view of geother-
mal water management. Complex geological structure makes it
difficult to specify hydrogeological conditions and the evaluation
of the size and distribution of basic reservoir parameters, partic-
ularly in deeper intervals of the geology. Considerable
lithological changeability of rocks, observed both horizontally
and vertically, as well as the lack of a sufficient data make it im-
possible to define water circulation conditions, including the
defininition of potential zones of deep groundwater reservoir
supplies, their renewal, and the stability of forecasted outputs at
geothermal water intakes over a longer period of time. These
features seem to suggest a low geothermal potential of the re-
gion. But, there are indications (spontaneous brine outflows)
which suggest that there may be significant geothermal re-
sources in the region.

The analysis conducted near Wisniowa does not give a
clear answer with regard to the geothermal potential of the re-
gion. It indicates three different scenarios of geothermal reser-
voir management, dependent upon acquired hydrogeothermal
reservoir parameters: optimistic, realistic and pessimistic. The
area of Wisniowa is a geothermal puzzle; this is why it belongs
to a group of towns which received co-financing to make an ex-
ploratory borehole from the state budget. The results of such a

borehole will constrain the hydrogeothermal parameters and le-
gitimacy of the inferred solutions.

The results of the geothermal borehole in the Poddebice
area were similarly unpredictable. Although Poddebice is lo-
cated in a region with a less complicated geological structure
than Wisniowa, the results of the Poddebice GT-2 borehole
came as a surprise. The occurrence at deep geological levels of
waters with very low mineralization 0.432 g/dm3 was an impor-
tant outcome, which showed that in the central Polish region
(Mogilno—+-6dz Trough) no clear rules are observed in the verti-
cal distribution of water mineralization, relative to the
hydrochemical vertical gradient. Waters with the highest miner-
alisation (>90 g/dm®) lie deepest, i.e. below ~2000 m, but at
those depths one can also expect fresh waters, as confirmed by
drilling of the Poddebice GT-2 borehole. The highest values of
mineralisation most probably relate to salt structures and occur
in the northeastern part of the trough, whereas fresh waters oc-
cur in the southern part of the trough. Water mineralisation
across the area of the Mogilno-£.6dz Trough ranges from 0.2 up
to 100.8 g/dm?® (Gorecki et al., 2010; Sowizdzat et al., 2017).

Poddebice is located in the Polish Lowlands, and thus in
area with good borehole control and relatively predictable geo-
logical structure. Furthermore, a geothermal plant in Uniejow,
producing geothermal water from Lower Cretaceous sand-
stones at 1.9-2.1 km below ground level, is located nearby.
Water with the temperature of up to 68°C and output of
120 m3/h, with maximum drawdown of 26 m, is characterized by
mineralisation of ~6—8 g/dm?®. As the result of water flow in the
level operated, the well’s supply derives most probably from the
east and the south-east. Within the area of supply, the water
flow is from the Lower Cretaceous outcrop to the direction of the
water intake. Water supply derived from the overlying Upper
Cretaceous aquifer is not excluded; it remains negligibly low.
The mineralisation of the Lower Cretaceous water increases
sharply to the north-west, i.e. to the area of the Uniejow 1 well
where the general TDS totals 21.9 g/dm?® (Fig. 6). This phenom-
enon may be related to the elevation of the Lower Cretaceous
succession between Poddebice and the Uniejow 1 well, result-
ing in the accumulation of dense groundwaters high in TDS in
the vicinity of the latter which, due to the structural elevation
(barrier) does not flow down towards Poddebice, or towards the
town of Uniejow as the mineralisation of exploited water, of so-
dium chloride type, varies between 6.7-8.8 g/dms.

Based on regional hydrogeological analysis of the
Poddebice area, the recharge area of the Lower Cretaceous
aquifer is most likely located in the east, and is associated with
sub-Cenozoic subcrops of Lower Cretaceous strata around
t6dz, ~15 km east of the Poddebice GT-2 borehole.
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In realising a geothermal project, an important step is the
quantification of the geological risk values (Schumacher et al.,
2020); however, in some situations risk assessment is difficult,
as examples from Poddebice and Wisniowa show.

CONCLUSIONS

Increasing energy prices and poor air quality in many re-
gions of Poland is the main reason for focus on alternative en-
ergy sources for heating. For many regions of Poland, a solu-
tion that can bring significant environmental benefits is the effi-
cient development of geothermal resources. The best geother-
mal conditions in Poland occur in the area of the Polish Low-
lands and Podhale (Inner Carpathians). At Podhale, geother-
mal water intakes with high yield and of high water temperature
have been used for 25 years for heating. In the Polish Lowland
the best geothermal prospects relate to Lower Jurassic and
Lower Cretaceous successions. Waters in those reservoirs are
characterized by favourable temperatures (reaching >90°C)
and high borehole outputs (up to several hundred m*/h).

The hydrogeothermal conditions occurring in geothermal
regions are constant, though knowledge of them may change,
for instance, by drilling of a new exploratory borehole, conduct-
ing additional laboratory tests, geophysical exploration, etc. In
some cases, in areas of complex geological structure or in
places with scarce availability of geological information, as in
the Carpathians, determination of hydrogeothermal parameters
is difficult. In areas with less complex geological structure (e.g.
the Polish Lowland), estimation of hydrogeothermal conditions
is more precise, which translates into a lower geological risk for
potential investors, although there are cases of overestimation
or underestimation of geothermal resources. The results of
geological studies are sometimes surprising, as it is not every-
where possible to fully predict the effects of drilling boreholes.
This pertains most to areas of complex geological structure, al-
though, in some cases, the parameters of waters exploited in
areas of presumed predictable geology are astonishing.

The Polish Lowlands include, inter alia, a geothermal plant
in Poddebice, from which fresh waters are produced from a
Lower Cretaceous reservoir. This phenomenon of particularly
low TDS (0.4 g/dm®) has been researched, due to proximity of

Uniejow, where waters with much higher mineralisation have
been exploited from the same reservoir for many years. The
mineralisation value of the Lower Cretaceous waters increases
sharply to the north-west, i.e. in the area of the Uniejow 1 well
where it totals to 21.9 g/dm?®. This phenomenon may reflect the
elevation of the Lower Cretaceous succession between
Poddebice and the Uniejow 1 well area, resulting in the accu-
mulation of dense groundwaters high in TDS in the vicinity of
the latter, which due to the structural elevation (barrier) does not
flow down towards Poddebice town, or towards Uniejow as the
mineralisation of exploited water there varies between
6.7-8.8 g/dm®, of sodium chloride type.

Before the Poddebice GT-2 well was drilled, it was thought
impossible to predict such a value of geothermal water mineral-
ization. In this case, the results were very positive, because the
low mineralisation of the geothermal water creates more oppor-
tunities for its use. However, geological risk means that geo-
thermal parameters can also be overestimated.

The Outer Carpathians and the Carpathian Foredeep, due
to their complex geological structure, are characterized by a
considerably lower geothermal potential resulting mainly from
lower potential water output. However, local analyses suggest
that in some regions there is a chance of providing waters of
suitable temperature and output, for example near Wisniowa,
where during drilling for hydrocarbons a sudden brine outflow
occurred with an output of 180 m*/h and a temperature of 85°C.
This does not clearly demonstrate a geothermal potential for
the region, but rather three different scenarios of geothermal
reservoir management, dependent upon the acquired
hydrogeothermal reservoir parameters. These scenarios will be
tested in the near future when a geothermal borehole will be
drilled to constrain the hydrogeothermal parameters and the lo-
cal geothermal potential.

In geothermal exploration, as in analogous subsurface in-
dustries, uncertainty is likely to have the most significant effect
on the final interpretation of the most important geothermal fac-
tors, i.e., temperature and water flow rate.
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