
O.T3.2 Version 1
01 2022

Activity Leader PP4, University of Silesia in Katowice

Editor Sławomir Sitek
Date last release January, 2022

PILOT FEASIBILITY STUDY OF MARSCHEMES WITH INTEGRATEDENVIRONMENTAL APPROACH INPOROUS GEOLOGICAL CONDITIONS INPOLAND



2

Contributors Institution
Sławomir Sitek University of Silesia in Katowice
Krzysztof Janik University of Silesia in Katowice
Sabina Jakóbczyk-Karpierz University of Silesia in Katowice
Jacek Różkowski University of Silesia in Katowice
Marek Sołtysiak University of Silesia in Katowice
Kinga Ślósarczyk University of Silesia in Katowice
Dominika Dąbrowska University of Silesia in Katowice
Andrzej Witkowski University of Silesia in Katowice
Rafał Ulańczyk University of Silesia in Katowice
Hanna Rubin University of Silesia in Katowice
Piotr Siwek University of Silesia in Katowice
Marta Kondracka University of Silesia in Katowice
Tomasz Krzykawski University of Silesia in Katowice
Justyna Smolarek-Łach University of Silesia in Katowice
Jacek Wróbel University of Silesia in Katowice
Ewa Kaczkowska University of Silesia in Katowice
Katarzyna Stachniak University of Silesia in Katowice
Grzegorz Wojtal Tarnów Waterworks
Jakub Mukawa Tarnów Waterworks
Olha Halytsia Technical University of Munich
Anne Imig Technical University of Munich
Arno Rein Technical University of Munich
Johannes Sauer Technical University of Munich
Maria Vrachioli Technical University of Munich



3

Table of contents
Table of contents ...................................................................................3
List of Figures ....................................................................................... 5
List of Tables.........................................................................................7
Foreword.............................................................................................9
1. Summary......................................................................................10
2. Introduction..................................................................................13
3. Regulatory framework......................................................................15
4. Characterization of the pilot site.........................................................16
4.1. Selection and description of the pilot site..............................................16
4.2. Methods.......................................................................................26
4.3. Water demand and supply, water source for MAR.....................................33
4.4. Hydrogeological and aquifer characteristics.........................................41
4.5. Water quality ..............................................................................58
5. Risk management............................................................................66
5.1. Risk identification ........................................................................ 67
5.2. Risk assessment ...........................................................................69
5.3. Risk treatment.............................................................................71
5.4. Common comparison of risks ........................................................... 72
5.5. Responsible for risk assessment........................................................76
5.6. Conclusions on the conducted risk analysis..........................................77
6. Economic feasibility (CBA).................................................................78
6.1. Introduction to CBA.......................................................................78
6.2. Materials and methods...................................................................78



4

6.3. WTP survey.................................................................................81
6.4. Results ......................................................................................84
6.5. Assessment of socio-economic risks...................................................85
6.6. Conclusions on CBA.......................................................................87
References .........................................................................................88
Appendix A. Costs of MAR system’s extension...............................................92
Appendix B. Questionnaire......................................................................94
Appendix C. Social media advertisement.....................................................99
Appendix D. WTP Survey: Summary tables ................................................. 100



5

List of Figures
Fig. 4. 1. Morphology of the study area. A: 2D map, B: view of the surface in 3D...........................................17
Fig. 4. 2. Land use map of the study area (Corine Land Cover, 2018). ............................................................. 18
Fig. 4. 3. Long-term variability in annual and summer (June, July, August) air temperature and the
numbers of summer (≥25ᵒC) and heat (≥30ᵒC) days in Tarnów, years 1966 - 2018.........................................19
Fig. 4. 4. Location of the study area in relation to water bodies .......................................................................20
Fig. 4. 5. Geological map of the study area (according to Purchla, 1991 and Marciniec et al., 2006).........21
Fig. 4. 6. Hydrogeological map of the study area (based on Gorczyca, Gągólski, 2018; Gorczyca, Koziara,
2018) ........................................................................................................................................................................... 22
Fig. 4. 7. Scheme of MAR operation in the Świerczków well field. ...................................................................24
Fig. 4. 8. MAR system at the Świerczków well field and location of its potential expansion. .......................25
Fig. 4. 9. Map showing the location of new research boreholes drilled as part of the DEEPWATER-CE
project along with the location of existing wells and piezometers. ................................................................. 27
Fig. 4. 10. Location of the installed dataloggers..................................................................................................29
Fig. 4. 11. Location of the surface water and groundwater sampling points...................................................32
Fig. 4. 12. Location of the pilot area and administrative boundaries...............................................................33
Fig. 4. 13. Municipalities supplied with water by Tarnów Waterworks. ...........................................................36
Fig. 4. 14. Location of 13 profiles obtained using electrical resistivity tomography (purple lines). Green
dots represent location of the observation wells. Light purple area represent coal storage yard..........42
Fig. 4. 15. Inversion results of ERT_2 and ERT_3 measurements and shallow boreholes conducted near
ERT profiles at existing MAR site.....................................................................................44
Fig. 4. 16. Inversion results of ERT_11 measurements and shallow boreholes conducted near ERT profiles
at the potential MAR site.). .......................................................................................... 45
Fig. 4. 17. Inversion results of ERT_12 measurements conducted on the boundary with a coal storage yard
of Grupa Azoty S.A.....................................................................................................45
Fig. 4. 18. Calculated vertical seepage times (mean residence time of water MRT) through the
unsaturated (vadose) zone in the northern part of the pilot site, as part of an engineering thesis (Bugla,
2021)...........................................................................................................................................................................46
Fig. 4. 19. Percentage grain content of sediment samples from the bottom of infiltration ditches,
determined with a laser particle analyser. ...........................................................................................................49
Fig. 4. 20. Results of XRD mineralogical analysis of 8 samples of bed sediments from the ditches. ............51
Fig. 4. 21. Geological cross-section “A-B” through the well field based on data collected during drilling
new piezometers.......................................................................................................................................................53
Fig. 4. 22. Quantitative mineral composition of samples taken at different depths (0,5 to 10 m b.g.l.)
from the drilling core of DW-1g piezometer. ........................................................................................................54



6

Fig. 4. 23. Water table elevation for selected observation points. Comparison of manual measurements
(dots) with data from dataloggers (lines). ............................................................................................................ 55
Fig. 4. 24. Groundwater table contour map of the pilot site based on model results and field
measurements...........................................................................................................................................................56
Fig. 4. 25. Water temperature measurements at selected points at the pilot site. .......................................57
Fig. 4. 26. Electrical conductivity measurements at selected points at the pilot site..................................57
Fig. 4. 27. Time series of temperature, pH, EC, redox potential, dissolved O2 and concentrations of NH4,
NO2 and NO3 in the sampled groundwater from the abstraction well – US19..................................................58
Fig. 4. 28. Spatial distribution of NH4+ concentration in groundwater in the area of the Świerczków well
field based on the field campaign in July 2021.....................................................................................................59
Fig. 4. 29. Spatial distribution of NO3- concentration in groundwater in the area of the Świerczków well
field based on the field campaign in July 2021.....................................................................................................60
Fig. 4. 30. Ion concentrations in groundwater samples based on 4 sampling campaigns from 09.2020-
07.2021.......................................................................................................................................................................61
Fig. 4. 31. Spatial distribution of electrical conductivity in groundwater in the area of the Świerczków
well field based on the field campaign in July 2021. ...........................................................................................61
Fig. 4. 32. Time series of δ18O and δ2H in groundwater and surface water in the area of the Świerczków
well field. ...................................................................................................................................................................62
Fig. 4. 33. Maximum concentrations of detected PPCPs in water samples. A – pharmaceuticals; B –
personal care products and others; <LOQ – below the limit of quantification. ...............................................64
Fig. 5. 1. A part of the fault tree created for non-technical risks during the operational phase of MAR
(DEEPWATER-CE, 2021c)..............................................................................................73
Fig. 6. 1. Annual net present value of MAR scheme’s extension.................................................84



7

List of Tables
Table 4. 1. Distribution of land use in the study area (based on CLC 2018 database). ...................................17
Table 4. 2. Existing well fields in the pilot study area. ....................................................................................... 23
Table 4. 3. XRD measurement parameters. ..........................................................................................................28
Table 4. 4. Overview of dataloggers installed at the pilot site..........................................................................30
Table 4. 5. Sampling points for the water quality investigation........................................................................31
Table 4. 6. Water abstraction in the Tarnów region in 1998-2019. ...................................................................35
Table 4. 7. Changes in the volume of water abstraction from the water supply system in individual
administrative units in 1998, 2015 and 2019. .......................................................................................................37
Table 4. 8. Population changes in individual administrative units in 1998, 2015 and 2019...........................37
Table 4. 9. Parameters for field data acquisition for ERT survey......................................................................43
Table 4. 10. Parameters of the unsaturated and saturated zones based on the ERT cross-sections. .......... 44
Table 4. 11. Simplified logs and coordinates of boreholes drilled to take fly ash samples............................47
Table 4. 12. Leaching of selected chemical elements from soil samples in the Świerczków well field. .....47
Table 4. 13. Chemical composition of ashes deposited in the neighbourhood of the Świerczków well field......................................................................................................................................................................................47
Table 4. 14. Contents of selected trace elements in fly ashes deposited in the neighbourhood of the
Świerczków well field...............................................................................................................................................47
Table 4. 15. Leachability of selected elements from fly ashes deposited in the neighbourhood of the
Świerczków well field [mg/kg DM]........................................................................................................................48
Table 4. 16. Leachability of selected trace elements from fly ashes deposited in the neighbourhood of
the Świerczków well field [µg/kg DM]. ..................................................................................................................48
Table 4. 17. Chemical composition of samples taken from the bottom of the infiltration ditches. ............ 50
Table 4. 18. Content of selected trace elements in the bottom sediments from the infiltration ditches. .50
Table 4. 19. Leachability of main ions and silica from sediments collected from the infiltration ditches of
the Świerczków well field [mg/kg DM]. .................................................................................................................50
Table 4. 20. Leachability of trace elements from bottom sediments collected from the infiltration
ditches of the Świerczków well field [µg/kg DM].................................................................................................51
Table 4. 21. Technical features of new piezometers installed in March 2021.................................................52
Table 4. 22. Physical-chemical properties of water samples taken on a monthly basis. ...............................59
Table 4. 23. Ion concentrations measured in surface water, groundwater and precipitation water samples
based on 4 sampling campaigns..............................................................................................................................60
Table 4. 24. Comparison of two PHREEQC model scenarios results with chemical composition of 3 samples
taken from well, piezometer and the river...........................................................................................................65



8

Table 5. 1. Created risk groups divided into technical and non-technical risk (modified from Rodríguez-
Escales et al., 2018)...................................................................................................66
Table 5. 2. All identified risks divided into technical and non-technical.......................................67
Table 5. 3. Identified risks which were not taken into further consideration/analysis. ..................... 69
Table 5. 4. Risk Factor Matrix used to conduct the risk assessment.............................................70
Table 5. 5. Comparison of the output "risk rating" from the risk matrix and the "risk value" component
used in the MAR-RISKAPP macro calculations......................................................................73
Table 6. 1. Costs associated with MAR scheme’s extension......................................................79
Table 6. 2. Calculation of direct benefits. ......................................................................... 80
Table 6. 3. Binary Probit model results.............................................................................82
Table 6. 4a. Calculation of benefits based on WTP................................................................83
Table 6. 4b. Calculation of benefits based on WTP for the first five years.....................................83
Table 6. 6. NPV under different scenarios..........................................................................85
Table 6. 7. Matrix of socio-economic risks. ........................................................................ 86



9

Foreword
This output presents results of activities carried out at Polish pilot site and was prepared within the
DEEPWATER-CE project. The main objective of this output is to indicate the (positive) environmental, social
and economic effects of Managed Aquifer Recharge (MAR), with particular emphasis on two methods, i.e.
induced bank filtration and infiltration ditches, which were of particular interest in the Polish pilot area.
The activities described in the outputs are in line with the main objective of the DEEPWATER-CE project
which is to develop a comprehensive transnational approach for the adoption of MAR solutions in Central
European countries to mitigate climate change affecting water resources and to avoid user conflicts
regarding access to water.
This reports reflects the authors’ view and the funding authorities are not liable for any use that may be
made of the information contained therein. All chapters below were written by the University of Silesia in
Katowice, except chapter no. 6, which was written by the Technical University of Munich. Part of the data
for the work carried out was provided by the associated partner Tarnow Waterworks.
This project is funded by the European Regional Development Fund (ERDF) via the Interreg Central Europe
programme. The project's own participation was co-financed by the Ministry of Science and Education,
programme entitled "PMW" 2019-2022, contract no. 5016/INTERREG CE/2019/2.
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1.Summary
The aim of this output was to present the results and conclusions of the work carried out in the Polish pilot
area for the DEEPWATER-CE project.
The pilot area, selected based on the methodology developed within the project, is located in the Tarnów
region, southern Poland. Tarnów is a city with a population of about 100 000 people and is characterised by a
highly developed industry (mainly chemical). Approximately one hundred years of development of this kind
of industry motivated the city expansion but at the same time had a negative impact on the environment,
including groundwater. The results described below show, however, that by using Managed Aquifer Recharge
(MAR) it is possible to significantly improve the quality of groundwater and to increase its resources.
Of the six MAR methods of interest in the DEEPWATER-CE project, two methods were analysed in detail at
the Polish pilot site. The first of them is Induced Bank Filtration (IBF) and the second Infiltration Ditches.
The first method, IBF, is the process by which surface water infiltrates (through the bank of river or lake)
into aquifers, when the hydraulic head in the surface water is higher than in the adjacent groundwater
(Gillefalk et al., 2018). The term "induced" is used when infiltration does not take place naturally (which is
also possible) but through a planned human action, in this case by groundwater abstraction from wells next
to the surface water. River water infiltrating into the aquifer can be self-purified (quality improvement) by
physical processes such as soil filtration reducing suspended solids, biological processes such as removing
organic matter by microorganisms, or geochemical processes such as ion exchange.

The second method - infiltration ditches - can be implemented in the pilot area due to the favourable
permeability of the aquifer and its shallow subsurface location. The aquifer, composed of sands, gravels and
pebbles, facilitates rapid infiltration through the ditches bottoms which can represent a substantial part of
groundwater recharge.
At the Świerczków well field (pilot site), where the effectiveness of the MAR methods was tested, the water
inflow into the aquifer was estimated based on modelling studies. Results indicated that the ditches alone
account for 60% of the total pumped water at the well field. As in the case of the IBF, the water infiltrating
from the ditches into the aquifer may undergo the same physical, biological and/or chemical processes.
The MAR regulatory framework in Poland is not subject to specifically tailored laws or regulations at local,
regional or national level. The main legislative act in Poland concerning groundwater and surface water is
the Water Law Act, where MAR according to its terms, should be treated as an intentional additional
groundwater recharge, which is subject to the regulation related to the so-called “special water use”.
Therefore, any MAR facility in Poland has to comply with the provisions of the Water Law Act and several
other regulations derived from this act, mentioned in the Chapter 3.
In addition to the legal possibilities which may encourage the development of new MAR sites, it is important
to meet the technical and environmental conditions which may have a decisive influence on the investment
success. Studies and analyses carried out in the pilot area have shown that the water demand increase year
by year by a small (but constant) percentage. The total water abstraction by Tarnów Waterworks in recent
years is about 10 million m3 per year. A highly important problem is to ensure the continuity of water supply
in the situation of very large periodic fluctuations of abstraction (from 20 000 to over 40 000 m3/d) due to
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climate change. Particularly critical are the hot summer periods.
As a result of problematic climate change and the expected more frequent occurrence of extreme weather
events (droughts and floods), ensuring a rational and continuous supply of good quality drinking water to the
citizens will be a rising challenge. In this context, the MAR solutions proposed by the DEEPWATER-CE project
will help to increase groundwater resources that will provide a reserve for water supply during periods of
drought.
MAR systems, although they can significantly increase groundwater resources locally, can only be located in
regions with suitable hydrogeological and geological conditions. Both the subsurface parameters that
determine the aquifers ability to store the water and those that will subsequently allow it to be recovered
are of importance here. To achieve these aims, a series of geological, hydrogeological and geophysical
surveys were carried out in the pilot area. These provided information on the aquifer characteristics, and
helped to evaluate the ability of the aeration zone to recharge the aquifer naturally. Also, a monitoring
system to evaluate the effectiveness of the MAR system and to create an early warning system against
pollution from the industrial zone was designed and installed at the pilot site.
All the designed studies, which are briefly described in Chapter 4 and in more detail in the report D.T3.4.2,
are examples that can be replicable and useful for assessing the feasibility of implementing MAR solutions
and evaluating its effectiveness in other areas of Central Europe, where the infiltration ditches or/and bank
filtration are present or planned.
Another important issue, apart from ensuring adequate groundwater quantity and storage capacity, is
groundwater quality. In our case it is endangered by the industrial zone located to the east of the
Świerczków well field. Hazards include, directly adjacent to the well field, a combined heat and power plant
(CHP) with an unprotected coal storage, as well as ash deposits in small pits to the south of the well field.
However, based on the results of the pilot feasibility study conducted in the Świerczków well field, where
two MAR techniques are already implemented (infiltration ditches and IBF), it has been proven that the
existing MAR facility significantly improves the quality of groundwater abstracted by the wells. Our studies
have shown that groundwater flowing into the well field is of low quality and is not suited for human
consumption. Our research has also proved that the infiltrated water from the ditches dilutes concentrations
of most compounds to an acceptable level and thus significantly improves groundwater quality.
Another crucial part of the conducted feasibility study was a risk analysis that showed which risks can occur
during the operation of the investigated MAR facility but also during the construction of its potential
expansion. The analysis covered 74 various risks, divided into 12 groups, covering technical and non-
technical risks. They were related to e.g. to clogging, low water quality or floods, but also to economics,
social acceptance of MAR or legal constraints.
The results of two methods used for the analysis (Qualitative Risk Analysis Matrix and Probabilistic Risk
Assessment method - Fault Trees Analysis) showed that the most important risks for the analysed area are
those related to: 1) groundwater and surface water quality deterioration, 2) clogging of the wells and
infiltration ditches, 3) extreme fluctuations of river Dunajec water levels and 4) extreme groundwater table
fluctuations.
Based on the risk assessment and experiences gained during the field work, we propose that the MAR at the
well field Świerczków, or other similar sites in Central Europe, should adequately be monitored, including:

 Measurement of groundwater levels in wells and piezometers and surface water levels at the MAR
site and its surroundings in order to determine the local directions of groundwater flow and
delineate the zone of MAR impacts on native groundwater.
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 Installing data loggers for continuous measurement of temperature and water table fluctuations in
wells, piezometers and surface water will allow understanding the MAR reaction and its
effectiveness during extreme climate conditions such as drought or flood.

 Ion concentration in groundwater and surface water should be analysed 2-4 times per year.
 Physical-chemical parameters (temperature, pH, Eh, el. conductivity, O2 concentration) of surface

water and groundwater should be measured in situ; inorganic N ions (ammonia, nitrite and nitrate)
should be measured in situ using portable equipment or in the laboratory immediately after
sampling.

 Screening monitoring of groundwater and surface water should be performed in order to recognize
the pollution of water; it should cover a wide range of potential/known pollutants (e.g. heavy
metals, organic pollutants, pharmaceuticals and personal care products, pesticides, surfactants); if
any of the analysed pollutant is found in the water samples, then regular monitoring should be
established to assess the threat to abstracted groundwater.

Regular monitoring in the contaminated areas like Świerczków well field should include sampling of:
1) groundwater at the inflow to the well field area,
2) water from the river that is a source for recharge, as well as water from infiltration ditches,
3) groundwater at the production wells.

In order to obtain a full picture of the possibilities and potentials resulting from the use of MAR in the pilot
area, a Cost-Benefit Analysis (CBA) was also done. Results of this study regarding the MAR scheme’s
extension show that it is expected to increase the water withdrawal at the well field with simultaneous
monitoring and improvement of groundwater quality. Results of a survey with the local population of Tarnów
suggest that the non-use benefits of the MAR scheme are particularly important for the residents. Calculated
net present values indicate that the extension and operation of the existing MAR scheme is economically
feasible under all considered scenarios.
Based on our comprehensive research and further analysis, the pilot area can be considered a suitable region
for the application and development of Managed Aquifer Recharge (MAR). The use of MAR methods in the
area of research, apart from the very important and beneficial improvement of groundwater quality, also
positively influences the increase in groundwater resources with simultaneous non-negative impact on other
elements of the natural environment. This was demonstrated during the preliminary analysis of
Environmental Impact Assessment (EIA). The positive social and economic aspects and the acceptance by the
local community has also been demonstrated during the CBA analysis.
The output O.T3.2 “Pilot Feasibility Study of MAR schemes with integrated environmental approach in porous
geological conditions in Poland”, prepared in the following chapters, shows the individual stages of
conducting a comprehensive MAR feasibility study for solutions of Induced Bank Filtration and Infiltration
Ditches, which can be replicated by project stakeholders and other entities interested in the
implementation and development of MAR technology.
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2. Introduction
The idea of the DEEPWATER-CE project is based on the key role that Managed Aquifer Recharge (MAR) can
play in managing water resources in Central European countries to prevent and resolve potential user
conflicts on access to water. Solutions based on MAR have an unique potential to mitigate negative effects of
climate change on water resources, which will effectively contribute to stable and secure water supply in
the long run.
Expending this approach, the DEEPWATER-CE consortium has developed a decision support toolbox for
designating potentially suitable Managed Aquifer Recharge (MAR) locations in Central Europe (D.T2.4.3
DEEPWATER-CE, 2020a). The methodology chosen for the investigation of a potentially suitable MAR
location site selection was based on climatological, geological and hydrogeological criteria (mapping on the
general and specific level). All of these criteria show spatial variability and therefore the results have been
presented in form of maps. These have been published and made available digitally for project stakeholders
on the Global Groundwater Information System web portal managed by the International Groundwater
Resources Assessment Centre (IGRAC). The maps are also available to project stakeholders from the project
website (https://www.interreg-central.eu/Content.Node/DEEPWATER-CE.html).
In the case of Poland, one of the prospective areas where MAR has a high application potential is the Tarnów
region. For this pilot site, two MAR methods were selected for which a pilot feasibility study was done. These
are induced river and lake bank filtration (IBF) and infiltration ditches. The remaining 4 of the 6 MAR
methods considered in detail in the DEEPWATER-CE project were of interest and investigated in pilot areas
located in Hungary (underground dam), Slovakia (surface dam) and Croatia (aquifer storage and recovery,
infiltration pond).
The choice of these two methods (IBF and ditches) for further studies at Polish pilot site was determined by
the existence of a site in the study area where these two types of MAR already operate together,
successfully, for supplying drinking water to the population of Tarnów city. Therefore, according to the
authors, it was worth to analyse this area in more detail in order to demonstrate the qualitative and
quantitative advantages of this type of MAR methods for groundwater and to identify replicable elements,
which would help to carry out a feasibility study for the application of this type of MAR in other areas of
Central Europe. An additional feature of the pilot site in Poland is its specific location in the immediate
vicinity of a large industrial zone, which provides additional opportunities to assess the impact of the
potential application of MAR on improving groundwater quantity and quality.
The work carried out at the Tarnów pilot site on conducting a feasibility study for MAR represents the fourth
final step of the methodology developed in DEEPWATER-CE project (DEEPWATER-CE, 2020a). This stage was
elaborated in detail in the report D.T3.2.5 - Common methodological guidance for DEEPWATER-CE MAR pilot
feasibility studies (DEEPWATER-CE,2020b). The results obtained based on the above methodology are the
subject of this output O.T3.2 -pilot feasibility study of MAR schemes with integrated environmental approach
in porous geological conditions in Poland.
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The work carried out for the feasibility study included aspects related to the characterisation of the pilot
site based on a desk study and field investigations, legal regulations, water demand and supply, risk analysis
and cost-benefit analysis. Some of these issues were elaborated in more detail in separate reports that will
be available on the DEEPWATER-CE project website:
D.T3.4.1 - report on the desk analysis of the pilot feasibility study for MAR deployment in porous
aquifers located near industrial sites on contamination of aquifers (DEEPWATER-CE, 2021a).
D.T3.4.2 - report on the field work of the pilot feasibility study for MAR deployment in Tarnów area
(DEEPWATER-CE, 2021b).
D.T3.4.3 – compiled check list for the application of risk management protocol during the field works for MAR
in Tarnów shallow aquifers (DEEPWATER-CE, 2021c).
Therefore, in this document O.T3.2 we would like to mainly focus on indicating those elements of the
feasibility study that can or should be used for the MAR schemes of IBF and/or infiltration ditches. Based on
lessons learn at the Polish pilot site, similar areas in Central Europe can be analysed.
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3.Regulatory framework
According to the Water Law Act, any intentional artificial groundwater recharge is understood as a special
use of water. In Poland, the owner of the site where MAR is incorporated have to operate in accordance with
the following legal acts: 1) Water Law Act (Journal of Laws 2021, item 624); 2) Geological and Mining Law Act
(Journal of Laws 2021, item 1420); 3) Ordinance of the Minister of the Environment on hydrogeological
documentation and geological and engineering documentation (Journal of Laws 2016, item 2033); 4) Act on
sharing information on the environment and its protection, public participation in environmental protection
and on environmental impact assessments (Journal of Laws 2021, item 247); 5) Ordinance of the Prime
Minister on projects that may have a significant impact on the environment (Journal of Laws 2019, item
1839).
Any type of managed aquifer recharge has to be in accordance with the legal regulations described above. It
is required to obtain a water law permit for special use of water which must be preceded by the preparation
of an aquatic legal survey, which is made on the basis of hydrogeological documentation. The scope of an
aquatic legal survey is defined by the Water Law Act, and the scope of hydrogeological documentation is
defined by Regulation of the Minister of the Environment. Hydrogeological documentation is approved by the
Starosta (head of the county) if the water abstraction is less than 50 m3/h or by the voivodship marshal if the
water abstraction is greater than 50 m3/h. A permit for water abstraction is issued by the State Water
Holding Polish Waters. The decision on environmental conditions is issued by the head of the
commune/mayor or a mayor of the city.
In the case of the planning of devices enabling groundwater abstraction or artificial groundwater recharge
systems with a water capacity of not less than 1100 m3/h, it is necessary to conduct an environmental impact
assessment and obtain a decision on environmental conditions. The planning of devices enabling
groundwater exploitation or artificial groundwater supply systems, with a water withdrawal not less than 10
m3/h, is one of the projects that may have a significant impact on the environment. In this case, an
environmental impact assessment may be required by the authority administration.
A comprehensive comparison of the legal systems and regulations of the Central European countries involved
in the project (Hungary, Germany, Poland, Slovakia and Croatia) in relation to MAR is part of Work Package
T4 – Development of policy recommendations and national action plans and are described in the report
D.T4.1.2 – comparative transnational report of CE legislation and policies on MAR.
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4.Characterization of the pilot site
4.1. Selection and description of the pilot site
Site selection
Research on the selection of the pilot site started with the production of climate exposure maps, at the scale
of the whole country (area 312 685km2), in order to show areas where MAR will be more needed in the future
due to negative climate change. Then, by mapping the potential suitability of the areas based on
hydrogeological and geological parameters, a preliminary classification of suitability was made for the
Dunajec river basin (4854 km2). At that point, from the three pre-selected feasible areas for the application
of MAR, one area located in the Tarnów region was selected for more detailed investigation. In this area
further assessment of suitability was conducted, taking into account new (more specific) hydrogeological
and geological parameters and applying differently set threshold values in the O.T2.1 decision support
toolbox. In this region, sites with high potential suitability for two studied MAR methods (IBF and infiltration
ditches) were identified. The MAR feasibility study was performed for this area (27 km2) with special focus on
well field Świerczków where existing and operational MAR is located in close vicinity of an industrial zone.
The whole process of mapping and selection of the area for detailed investigation of the feasibility study is
presented in report D.T3.1.2 (DEEPWATER-CE, 2021d) and based on the methodology developed in the
decision support toolbox (DEEPWATER-CE, 2020a). All created maps are available online at Global
Groundwater Information System of IGRAC: https://ggis.un-igrac.org/maps/2171/embed.
Description of the pilot site
This subchapter describes the pilot area in the Tarnów region for introducing the reader into the specifics of
this site by characterising the different elements of the environment and land use, with particular emphasis
on the well field Świerczków (existing MAR: IBF and infiltration ditches) and the adjacent area to the north
(area of potential MAR system expansion) for which the main field research was carried out.
The study area is located within the river valleys of the Dunajec and the Biała Tarnowska (Fig. 4.1, Fig. 4.4),
which cover the flood and alluvial terraces of both rivers. The average width of the Dunajec valley in this
region is about 1000 m. The Biała Tarnowska valley has an average width of about 300 m. In the area of the
Świerczków well field (part of the area of detailed studies at the Polish pilot site), elevations of the river
terraces are approx. 190 - 200 m a.s.l. The land surface is nearly flat there, rising a bit in the southern part of
the well field. Larger elevation differences are mostly of anthropogenic origin and include flood banks,
gravel pits, drainage trenches or landfills. In the southern part of the area in study, in the region of
Zbylitowska Góra, there is an upland rising up to 230 - 260 m a.s.l.
The main land use type of the study area are anthropogenic areas (47%). These are areas related to the so-
called “urban fabric” and the industry of Tarnów, the most important of which is the big chemical plant in
property of Grupa Azoty S.A. It is situated in the immediate vicinity of the pilot site. The Świerczków well
field is also surrounded by two reclaimed ash landfills and a toxic waste reservoir (Wojtal et al., 2009;
Treichel et al., 2015). Several roads (for instance, the busiest no. 94) and railway lines (no. 115 and 91) pass
through the southern and central part of the study area.
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Agriculture is the second largest land use type (39%), including non-irrigated arable land (15,7%), pastures
(8,7%), land principally occupied by agriculture, with significant areas of natural vegetation (8,6%) and
complex cultivation patterns (6%). The remaining 14% is the natural vegetation (e.g. forests) and water
areas. The land use types were derived from the CORINE Land Cover database (Corine Land Cover, 2018).
Their detailed breakdown is presented in the Table 4.1 and on the Fig. 4.2.
The operating MAR system of the Świerczków well field and the potential MAR system expansion are located
within areas intended for water supply systems according to local spatial development plan (LSDP) of Tarnów
city. This area is covered by grassland.

Fig. 4. 1. Morphology of the study area. A: 2D map, B: view of the surface in 3D.

Table 4. 1. Distribution of land use in the study area (based on CLC 2018 database).
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Fig. 4. 2. Land use map of the study area (Corine Land Cover, 2018).
In terms of climate, the study area is located in the Southern Lesser Poland climatic region according to Woś
(2010) classification. This region is distinguished by the relatively frequent appearance of warm days.
Moderately cool days with frosts are approximately 8. Also very cool, sunny days with frosts occur quite
often, without any precipitation. The extreme precipitation above the daily total of 30 mm (1966-2018) has
been occurring more frequent with is the result of climate change
The weather of the area is mostly shaped by the polar maritime air masses which occur with an annual
frequency of 66%. The frequency of other air masses is much lower, reaching 18% for arctic air masses and
14% for polar continental air masses. The warm tropical air masses are noted during ca. 2-3% of days a year.
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Another factor having an important impact on the local climate are the weather fronts that mark the
transition zone between two air masses and lead to weather change and precipitation. The cold fronts have
higher frequency than warm fronts. The analysis of long-term weather observations for Tarnów from 1966-
2019 allows the conclusion that the average annual air temperature in this area is 8.9ᵒC and it has been
significantly rising since 1966, with the rate of 0.4ᵒC per decade (DEEPWATER-CE, 2021a). Thus the climatic
data for the Tarnów region clearly shows that the climate is warming up (Fig. 4.3). The general increase in
mean air temperature is related to increased high air temperatures rather than changes in air temperatures
below the freezing point. This region has the longest thermal summer in Poland - it lasts 114 days (the
number of days with average daily temperature above 15ᵒC). Tarnów annually receives an average of 725
mm of precipitation (1966-2019). The annual course of precipitation there is typically continental with a
clear maximum in the summer months (July) and minimum in winter (February).

Fig. 4. 3. Long-term variability in annual and summer (June, July, August) air temperature and thenumbers of summer (≥25ᵒC) and heat (≥30ᵒC) days in Tarnów, years 1966 - 2018.
The study area is located in the Baltic Sea drainage basin, the Vistula river basin, in the Upper Vistula water
region, within the Regional Water Management Board in Cracow. It is situated at the fork of the Dunajec and
Biała Tarnowska rivers and is located within two surface water bodies (SWB): the Dunajec river extending
from the Czchów reservoir to the estuary (code PLRW20001921499) and the Biała river extending from
Rostówka to the estuary (code PLRW200014214899) (Fig. 4.4). The western part of the research area, which
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belongs to SWB RW20001921499, is described as type no. 19 - a sandy-clay lowland river. Its length is 69.8
km, and the catchment area is 251,2 km2 (Fig. 4.4).

Fig. 4. 4. Location of the study area in relation to water bodies
Observed discharge rates of the Dunajec River at the water gauge station Zgłobice, located at km 38+560
(river kilometre - location of place on river calculated as distance from river mouth) of the river course, in
the years 1981-2017 were as follows: the lowest 8.80 m3/s, average low 18.7 m3/s, average annual mean
77.4 m3/s, average high 882 m3/s, highest 2510 m3/s. In the years 2016-2020: the lowest 20.8 m3/s, average
80.07 m3/s, highest 1030 m3/s. The calculated base flow for the 2016-2020 period ranged from 20.8 to 124
m3/s with a mean value of 40.44 m3/s. The complete section of the Dunajec River in the study area belongs
to a Natura 2000 protected zone (PLH120085 Dolny Dunajec). Subjects of protection are stones and gravel
beds of mountain streams and fish populations.
The SWB code RW20001424899, named "Biała od Rostówka do ujścia" (eastern part of research area), belongs
to type 14 - small flysch river. The Biała River is the right-bank tributary of the Dunajec River. The length of
the water body is 34,4 km, the catchment area is 125,8 km2 (Fig. 4.4). Discharge rates of the Biała River at
the water gauge station IMiGW Koszyce, located in km 2+000 of the river’s course, in the years 1971-2013
were: the lowest 0.60 m3/s, average low 1.38 m3/s, annual average 9.36 m3/s, average high 282 m3/s,
highest 836 m3/s and in the years 2016-2020: the lowest 0.92 m3/s, average 7.68 m3/s, highest 270 m3/s. The
calculated base flow for the 2016-2020 period ranged from 0.92 to 13.8 m3/s with an average value of 3.68
m3/s.
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The Świerczków well field is located directly on the right bank of the Dunajec river. Such location is
favourable for the development of IBF. Wells located directly at the Dunajec River can be fed by bank
filtration.
The shallow geology deposits in the study area are of Quaternary and Miocene age (Fig. 4.5). The occurrence,
form and thickness of the Quaternary sediments are mainly related to the glacial, fluvial and aeolian
activities. Their thickness depends mostly on the morphology of the terrain and the relief of the Miocene’s
top. Generally, the first 10 - 20 m (for northern and southern part, respectively) below ground level are the
Quaternary deposits.

Fig. 4. 5. Geological map of the study area (according to Purchla, 1991 and Marciniec et al., 2006).
The Quaternary deposit consist of loams (muds), silts and organic silts or clays in the upper part of the profile
(particularly in the northern part), and alluvial deposits in form of sands and gravels with a substantial
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fraction of pebbles in the lower part of the profile. Quaternary deposits lie on a clay Miocene bed (Wojtal et
al., 2009; Kruk et al., 2017). The youngest sediments are represented by the so-called “Anthropocene”:
embankments, landfills and anthropogenically transformed land. Directly at the Świerczków well site, on the
basis of data from hydrogeological well logs, the Quaternary deposits lies on an impermeable clay Miocene
strata. The thickness of the Quaternary is about 8-10 m. The Quaternary aquifer consists of sands, gravels
and pebbles. The aquifer lies on an impermeable clayey Miocene bed and is mostly covered with silts and
loams. The depth to the aquifer varies from 2 to 5 m b.g.s. (on the southern upland, the depth increases to
over 35 m b.g.s.) and its thickness is approx. 5 to 9 m (Fig. 4.6).

Fig. 4. 6. Hydrogeological map of the study area (based on Gorczyca, Gągólski, 2018; Gorczyca,Koziara, 2018)
The aquifer is mostly unconfined (Treichel et al., 2015). The depth to the groundwater table depends on the
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water level of the Dunajec and Biała Tarnowska rivers, the amount of groundwater abstraction, and the
intensity of aquifer recharge from precipitation. The aquifer’s recharge takes place in its entire catchment
area by direct infiltration of rainwater and in the periods of high surface water levels also by infiltration from
the rivers. The natural recharge based on the SWAT model for the year 2021 was determined to be 88-116
mm/year, which represents 13.5% of precipitation. Simulation scenarios for the following decades based on
climate model data 2021-2091 vary between 11.5% (E-REP4.5) -18% (C-REP8.5) of total precipitation. The
highest hydraulic conductivity of an aquifer occurs in the Dunajec valley, reaching up to several hundred
m/d. The groundwater level varies from 185 (Dunajec riverbed) up to 260 m.a.s.l. in the south. The
hydrodynamic system is typical for an interfluve area (Fig. 4.6). Groundwater flows in west and northwest
directions towards the Dunajec river, and east and northeast directions towards the Biała Tarnowska river.
The aquifer under natural conditions (without any abstraction of groundwater) is drained by these two
rivers. During flood periods, the hydraulic gradient in the aquifer close to the rivers is reversed and the
rivers become temporary losing-type and start to feed the aquifer. It should be noted that nowadays, the
flow rate in the Dunajec is regulated by water discharge on the dam in Czchów (the well field is located
about 30 km in a straight line from the dam). The Biała Tarnowska river is not regulated, therefore periodic
floods can be more pronounced (Wojtal, 2013).
The groundwater flow directly at the Świerczków well field is more complex due to operating abstraction
wells and artificial recharge by the infiltration ditches. In average, groundwater flows from SE to NW. The
new monitoring scheme established within the DEEPWATER-CE project, thanks to new installed piezometers,
will allow better recognition of the hydrodynamic conditions.
Existing infrastructure and MAR types in the pilot area
Drinking water as well as water for the industry and agriculture is supplied from surface and groundwater
sources in the pilot area. Some of the existing well fields has been using MAR solutions (Table 4.2).

Table 4. 2. Existing well fields in the pilot study area.
Well field name(well field owner) Type ofabstractedwater

MAR type Max.abstraction dueto the waterpermit (m3/d)

Meanabstractionin 2020(m3/d)

Main aim ofthe waterproduction
Świerczków

(Tarnów Waterworks)
Groundwater Infiltration

ditches &
IBF

8500 6505.85 drinking
water

Kępa Bogumiłowicka
(Tarnów Waterworks)

Groundwater IBF 11500 9165.52 drinking
water

Well field in Tarnów-
Mościce (Grupa Azoty

S.A.)
Groundwater none 9864 1083.45 drinking

water

Zbylitowska Góra
(Tarnów Waterworks

Surface
Water

none 40000 no data drinking
water

Mewa (Grupa Azoty
S.A.)

Surface
Water

none 79200 no data process
water

The most promising for implementing MAR seems to be well field Świerczków (Fig. 4.7). This well field,
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although adjacent to a large industrial zone threatening groundwater, provides, thanks to the existence of
infiltration ditches and IBF methods, water of a quality that meets drinking water standards. In the
DEEPWATER-CE project this was therefore of particular interest, where the process of improving
groundwater quality by using MAR was investigated by means of targeted field work and research. In
addition, analyses were also carried out on the possibility of expanding this area with additional wells and
ditches, in the area immediately north of the Świerczków well field. The experience gained from this pilot
action can also be used and applied in other areas in Poland or other Central European countries.
The Świerczków well field was established in 1910 as the main source of water for the city of Tarnów. The
facility was expanded several times by increasing the number of wells; other wells were taken out of service.
In the 1959, a system of enriching the aquifer through a system of infiltration ditches was implemented.
Recharge water was taken directly from the Dunajec river until the end of 1970s. At that time a pumping
station was installed on the bank of the Dunajec river, within the Świerczków well field area. In the 1970s,
after locating ash dumps in the immediate vicinity of the well field area and constructing a sheet pile wall in
the southern part of the well field (to avoid the leaching from the ash dumps), the artificial recharge duty
was taken over by Zakłady Azotowe, currently Grupa Azoty S.A (GA S.A.).prior to its application at the well
field Świerczków, the recharge water pumped from the Dunajec river is being passed through the
sedimentation tanks, which significantly reduce the amount of suspended solids and thus reduce clogging of
the infiltration ditches in the process. This system of artificial recharge is still operating. The amount of
water pumped for recharge ranges from about 3,200 m3/d (133 m3/h) to about 4,900 m3/d (about 204 m3/h),
which represents about 40% to >60% of the well field’s current discharge. The infiltration ditches are
cleaned (scraped) approximately every 3 years. Based on modeling studies, it was determined that more
than 70% of water abstracted at the Świerczków well field comes from MAR, and the remaining portion from
native groundwater.

Fig. 4. 7. Scheme of MAR operation in the Świerczków well field.
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The wells are connected to two siphon pipelines, the so-called southern and northern siphon. Both siphon
pipelines feed water to the collection well located behind the flood bank, where the water is fed by low
pressure pumps to a reservoir located at the pumping station of the well field. Before entering the water
storage tank the water is treated with chlorine dioxide only for disinfection purposes. The water from the
reservoir is then pumped by high-pressure pumps into the municipal network.
Originally, the water drawn from the well field was subject to de-ironing, and since 1967 de-ironing has been
abandoned due to a decrease in iron concentration. Currently the well field consists of 17 wells (Fig. 4.8). In
2020, water abstraction from the well field varied from 152,854 m3/month to 223,538 m3/month. In the last
5 years, the average water abstraction has been about 6,910 m3/d. The Świerczków well field has a water
permit until 2033. According to the permit, the well field can extract water at a maximum hourly quantity
of 380 m3/h, an average daily quantity of 8500 m3/d and maximum yearly quantity of 3 100 000 m3/y.

Fig. 4. 8. MAR system at the Świerczków well field and location of its potential expansion.
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4.2.Methods
This chapter presents all the methods applied during the pilot feasibility study. It covers methods for
geological, hydrogeological and water quality and pollution investigation.
The geological investigations in the pilot site were divided into geophysical survey, manual drillings,
mechanical drillings, and sampling of sediments from infiltration ditches beds using two methods. The first
field campaign was carried out in December 2019 and the investigation ended in the end of 2021.

Geophysical survey
Geophysical investigation conducted by means of ERT (Electrical Resistivity Tomography) aimed at a better
recognition of geological and hydrogeological conditions at the pilot site . Measurements were performed
using the LUND electrical imaging system with a Terrameter SAS 1000/4000 produced by ABEM Malå
(Guideline Geo). This instrument measures voltage responses (between two potential electrodes) created by
the transmitter current (between two current electrodes), while rejecting both DC voltage and noise. The
LUND electrical imaging system consists of 41 electrodes, where each electrode is used as a current and
potential electrode. The ratio V/I (voltage to current) is automatically calculated, displayed and recorded
by the Terrameter. The transmitter was operating at 500 mA with a resolution of 0.02 mW for a single
reading. The measurements were supplemented using the Wenner-Schlumberger electrode configuration
with 3 m electrode separations. This particular array was used because it is moderately sensitive to both
horizontal and vertical structures, and has better horizontal coverage and signal strength than other arrays.
Data were interpreted with RES2DINV software (Geotomo Software), which uses an iterative smoothness-
constrained least-squares method to create a model of resistivity of the subsurface. The resulting models
were based on 112 – 330 points for shorter profiles and 539 – 1035 points for the longer profiles. The root-
mean-squared error (RMS), which indicates the differences between the calculated and measured values of
apparent resistivity in the model, varied from 2.4 to 6.1%.

Drillings
Mechanical and manual boreholes were drilled in the pilot area to collect soil and water samples for testing,
and to establish a monitoring network (mechanical boreholes). The specific objectives of this work and a
description of the methods are described below.

Hand drillings
Manual drillings were done using Dutch auger, also known as mud auger (Fig. 4.9). The main aim of manual
drillings was to collect data necessary for preparing a map of infiltration time through the vadose zone in the
poorly identified northern part of the study area. The northern part of the well field is an area of a planned
expansion of existing MAR system. Hydrogeological and geological information on the uppermost few metres
is very important for an appropriate estimation of natural recharge (expressed by the effective infiltration
rate) and will facilitate the planning of potential MAR implementation.
Moreover, to the south of the Świerczków well field, from the area of the recultivated ash dump, fly ash
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samples were collected in order to examine their chemical composition and to conduct batch leaching tests.
Batch leaching tests allow to determine the mass of eluted substances from the sediment sample per kg of
dry mass of the sample. Sampling of sediments and assessment of their quality was based on the Regulation
of the Minister of Environment of 1 September 2016 on the manner of conducting assessment of
contamination of the earth surface (Journal of Laws 2016, item 1395), pursuant to the Act of 27 April 2001 -
Environmental Protection Law (Journal of Laws 2020, item 1219).

Fig. 4. 9. Map showing the location of new research boreholes drilled as part of the DEEPWATER-CEproject along with the location of existing wells and piezometers.
In order to collect ash samples from the waste disposal site located to the south of the pilot area, 3 shallow
boreholes were drilled (Fig. 4.9). Ash samples were collected at depth intervals of 0.5 m and then averaged.
Analysed parameters were the same as in the case of sediments collected at well field. The chemical
composition of collected sediments was analysed and batch leaching tests were conducted on them in
accordance with the PN-EN 12457 standard. Application of the standard made it possible to determine the
types and mass of leached components per 1 kg of dry mass. Considering the fact that the tests were
performed on waste, the obtained results were evaluated in accordance with the Regulation of the Minister
of Economy of 16 July 2015 on allowing waste to be stored in landfills (Journal of Laws 2015 Item 1277).
Another objective of this part of fieldworks was also collection of sediments from the bottom of the ditches.
Investigation of the grain size distribution may help to determine whether clogging is taking place in the
ditches. Samples were subjected to grain size analyses using two methods (Rutkowski, 2021) laser particle


