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Abstract. The paper addresses the multifaceted challenges faced by post-mining regions, including environmental 
degradation, resource management, and socio-economic revitalization. Focusing on the city of Prijedor (Republic 
of Srpska, Bosnia and Herzegovina), the study proposes a holistic approach to land reclamation that integrates 
geoscientific data, hydrogeological analysis, and artificial intelligence (AI) techniques to identify optimal loca-
tions for spa and wellness development. The methodology combines fuzzy logic and evolutionary algorithms to 
process uncertain and multi-criteria datasets, such as aquifer characteristics, mineral water composition, geological 
formations, and infrastructure accessibility. The resulting model supports strategic planning by classifying zones 
based on their suitability for water resource exploitation and therapeutic use. Beyond ecological and economic 
considerations, the research highlights the importance of psychophysical health and complementary medicine. 
The envisioned transformation of former mining sites into “oases of wellness” includes facilities for yoga, medita-
tion, reiki, and balneotherapy, promoting holistic regeneration of both land and community. This interdisciplinary 
framework exemplifies how AI-driven geoscientific strategies can foster sustainable development, turning de-
graded landscapes into centers of health, tourism, and environmental balance – honoring the past while shaping a 
resilient and innovative future.
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Introduction

Common practice following mineral exploitation 
involves land reclamation, with the reclaimed areas 
most often repurposed for agricultural or forest use 
(Haigh et al., 2020; Terekhov et al., 2021; Szafarc-
zyk and Gawalkiewicz, 2023; Gaćina et al., 2024). 
However, in recent years, there has been a growing 
trend of utilizing these spaces for geotourism – a 
form of tourism focused on locations of significant 
geological and geographical value.

This concept also includes former mining sites 
that are transformed into tourist attractions. Ex-

amples of transforming former mining sites into 
tourist and spa complexes are numerous. Notable 
cases include Salina Turda in Romania, converted 
into an underground park and spa, as well as simi-
lar projects in China, Australia, Bulgaria, Malaysia, 
and Austria, where former quarries and mines now 
host luxury hotels and therapeutic facilities (Carron 
Mero et al., 2018; Singh and Ghosh, 2021; Ghazi et 
al., 2021; Pardave et al., 2023; Štrba et al., 2023).

Mining-urban regions, such as the city of Prije-
dor, face challenges in preserving natural resources, 
revitalizing degraded areas, and finding sustainable 
development models. In this context, groundwater 

https://doi.org/10.52215/rev.bgs.2025.86.3.151
https://doi.org/10.52215/rev.bgs.2025.86.3.151


152

and mineral waters represent a strategic resource 
that can play a key role in the transition from exploi-
tation to regeneration – from mine to spa. The Pri-
jedor area is characterized by a complex hydrogeo-
logical structure, the presence of karst and confined 
aquifers, as well as registered mineral waters rich in 
sulfates in the zone of the “Bukova kosa” open-pit 
mine (Stepanović and Bajić, 2025). These elements 
indicate multiple potentials – for both water supply 
and the development of health-tourism capacities.

Modern approaches to water resource manage-
ment increasingly incorporate artificial intelligence, 
especially in areas requiring the processing of com-
plex, uncertain, and multi-criteria data (Bajić et al., 
2024). In this regard, fuzzy logic enables modeling 
of imprecisions in hydrogeological parameters, 
while evolutionary algorithms, such as genetic algo-
rithms and Particle Swarm Optimization, offer ef-
ficient methods for location optimization, interven-
tion planning, and investment priority assessment.

In contemporary sustainable development ap-
proaches, there is a growing emphasis on holistic 
strategies that integrate ecological, technological, 
social, and health aspects. In this paper, the term 
holistic is used in two contexts to clearly define its 
significance.

From a scientific perspective, a holistic approach 
involves viewing the system as a whole, taking into 
account the interconnections between geological, 
hydrogeological, infrastructural, ecological, and 
economic factors. Such an approach enables bet-
ter understanding of the complex processes shaping 
mining and spa regions, as well as informed deci-
sion-making in reclamation planning and natural 
resource management.

From a medical and health perspective, a holistic 
approach refers to a comprehensive view of human 
health, encompassing physical, mental, emotional, 
and spiritual well-being. In this context, reclaimed 
mining areas are not seen merely as technically re-
stored spaces, but as potential oases of peace, in-
tended for yoga, meditation, reiki, balneotherapy, 
and other forms of complementary medicine. These 
amenities contribute to individual psychophysical 
health, strengthen social cohesion, and promote 
healthy lifestyles.

The city of Prijedor, with its rich hydrogeological 
resources and presence of mineral waters, represents 
an ideal setting for the application of holistic recla-
mation strategies. The aim of this paper is to identify, 
with the support of artificial intelligence, potential 
locations for integrated water resource management, 
development of spa complexes, and promotion of 
psychophysical health – thus enabling a transition 
from a mining to a regenerative development model.

Study Area: Prijedor, Republic of Srpska, 
Bosnia and Herzegovina

Hydrogeological characterization of the Prijedor 
area. The city of Prijedor represents a complex hy-
drogeological system (Fig. 1) encompassing multi-
ple groundwater sources, various types of aquifers, 
and zones with potential mineral waters (Stepanović 
and Bajić, 2025). This diversity makes it an ideal 
candidate for the application of advanced analy-
sis and planning methods based on artificial intel-
ligence. The most significant groundwater sources 
are “Prijedorčanka” and “Tukovi-Mataruško Polje,” 
located on the right and left banks of the Sana River. 
These sources provide water supply for approxi-
mately 70,000 residents, including the urban core 
and suburban settlements. At the “Prijedorčanka” 
groundwater source, Quarternary deposits are pre-
sent, within which a confined aquifer system has 
developed. Underlying these deposits is a Pliocene 
complex, composed of sands, clays and marly stra-
ta, forming the overburden of the aquifer horizon 
represented by Triassic limestones. The aquifer is 
of the artesian type, with a dynamic water level 
ranging between 40 and 50 m below the ground-
water surface. The aquifer has no natural discharge. 
Groundwater abstraction is performed exclusively 
through production wells. The “Tukovi” ground-
water source is associated with a confined aquifer 
system developed within the alluvial deposits of the 
Sana River. The ”Mataruško polje” source is situ-
ated in Triassic limestones and dolomites which are 
markedly karstified and extensively fractured (un-
confined aquifer). The basal contact of the alluvial 
sequence is underlain either by Pliocene clay-rich 
sediments or, alternatively, by direct lithological 
contact with the Triassic limestones. Well capaci-
ties vary, with some sources reaching flow rates of 
up to 140 l/s. The groundwater is characterized by 
a hydrocarbonate-calcium type, with low minerali-
zation and a stable microbiological profile. A sub-
stantial part of the system requires modernization, 
as water losses in the network exceed 80%. It is 
also essential to establish a continuous monitoring 
system, particularly in light of climate change and 
ongoing urbanization.

Open-pit mine “Bukova Kosa”. The “Bukova 
Kosa” open-pit mine (Fig. 1) contains coal of au-
tochthonous limnic origin, formed from preserved 
plant material. These seams belong to the produc-
tive horizons of the Palančište basin, with quality 
and thickness indicating good productivity. Over-
lying the Jurassic mélange are Neogene sediments, 
while detailed studies distinguish three zones: basal, 
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coal-bearing, and overburden. The basal zone con-
sists mainly of gray to green clays; the coal-bearing 
zone, segmented by faults, extends about 500 m 
along strike and 200 m down dip at elevations of 
+250–280 m.a.s.l. Above it lies a heterogeneous 
overburden of variegated clays and marlstones, up 
to 50 m thick. Coal extraction is expected to con-
tinue until the end of 2026.

Mineral waters and their genesis in the Prijedor 
area. Mineral waters represent a specific segment 
of groundwater, whose physico-chemical charac-
teristics make them suitable for various uses, from 
balneology to industrial exploitation. In the Prije-
dor area, particularly in the “Bukova Kosa” (Fig. 1) 
open-pit zone, mineral waters have been registered 
with pronounced concentrations of sulfate, magne-
sium, and calcium ions, indicating their potential 
therapeutic value (Stepanović and Bajić, 2025). Ac-
cording to conducted analyses, sulfate concentra-
tions in some samples exceed permissible values, 
reaching over 1700 mg/l. Additionally, elevated 

levels of magnesium (up to 193 mg/l) and calcium 
(up to 490 mg/l) have been recorded, indicating a 
high degree of mineralization. These waters belong 
to the sulfate-hydrocarbonate class, calcium-mag-
nesium group, and are considered very hard waters 
with potential for balneological use. The precise 
determination of the depth of mineral water occur-
rence, as well as the acquisition of more compre-
hensive data regarding their quantity and quality, is 
envisaged to be addressed through future hydrogeo-
logical investigations.

The genesis of these waters is associated with 
Miocene sediments rich in organic matter and 
sulfur, formed within the Palančište lake basin 
(Fig. 1). Processes such as oxidation of sulfide 
minerals, peat decomposition, and biochemical 
desulfatization contribute to the formation of SO4

2– 
and H2S ions, which are characteristic of sulfur-
ous mineral waters. These processes occur in deep 
zones under the influence of tectonic movements, 
further confirming the geothermal potential of the 
region.

Fig. 1. Hydrogeological characterization and spatial distribution of groundwater resources of Prijedor region. The map is accord-
ing to: topographic maps, sheets 372-3-4 and 422-1-2, scale 1:25 000 and basic geological map of SFRY, Prijedor and Kostajnica 
sheets, scale 1:100 000.
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The therapeutic potential and application of sul-
fate mineral waters are traditionally linked to the 
treatment of: skin diseases (dermatitis, psoriasis), 
rheumatic and orthopedic conditions, respiratory 
problems (bronchitis, asthma) and cardiovascular 
disorders. The presence of hydrogen sulfide (H2S) 
further enhances the therapeutic value, especially in 
the form of inhalations and baths. Given the similar-
ities with well-known spa centers (e.g., Mataruška 
Banja and Brestovačka Banja in Serbia), waters 
from the “Bukova kosa” zone, have the potential to 
serve as the foundation for the development of a lo-
cal spa complex.

Regarding reclamation and exploitation poten-
tial, the completion of coal extraction opens the 
possibility for repurposing the mining area. Mineral 
waters can become a key resource for reclamation 
through the construction of spa and wellness cent-
ers, development of health tourism, as well as bot-
tling and commercial distribution.

Land reclamation and geo-economic potential in 
the Prijedor area. Areas affected by mining activi-
ties, especially open-pit operations, pose environ-
mental challenges but also offer opportunities for 
innovative approaches to land repurposing. In the 
context of the city of Prijedor, the completion of ex-
ploitation at the “Bukova Kosa” open-pit site opens 
the possibility for reclamation and the development 
of new functions – primarily spa tourism based on 
the use of local mineral waters.

The ecological and legal framework for reclama-
tion, as defined by the Mining Law and the Law 
on Geological Research of the Republic of Srpska, 
requires concessionaires to repurpose land within 
one year after exploitation, following an approved 
reclamation plan. This includes technical measures 
such as terrain leveling, waste removal, and slope 
stabilization and biological measures like afforesta-
tion, agrobiological treatments, and vegetation res-
toration. All activities must comply with sustainable 
development principles, considering local ecologi-
cal, economic, and social factors.

The presence of sulfate-rich mineral waters in 
the mining zone offers strong potential for spa tour-
ism and the development of a wellness complex. 
Repurposing this land brings multiple benefits: 
therapeutic use of mineral waters, ecological resto-
ration, economic growth, and increased tourist ap-
peal. Global experience confirms that former mines 
can successfully become spa and geotourism desti-
nations. Applying AI in reclamation planning ena-
bles data analysis, site optimization, and scenario 
simulation, using fuzzy logic for zone classification 
and evolutionary algorithms for optimal solutions. 

This approach supports regional diversification, re-
duces reliance on mining, and attracts investment 
in tourism, health, and infrastructure, aligning with 
modern holistic concepts of wellness.

Reclaimed mining areas, such as the surround-
ings of the “Bukova Kosa” open-pit site, can be 
transformed into oases of peace-spaces dedicated 
to recovery, relaxation, and personal development. 
Such complexes typically incorporate facilities 
aimed at promoting physical and mental well-being. 
Yoga centers contribute to improved flexibility, res-
piratory function, and overall balance, while medi-
tation areas support stress reduction and cognitive 
stability. Reiki treatments are applied as energy-
based therapies to restore psychophysical equilib-
rium, and balneotherapy utilizes mineral waters for 
therapeutic baths, inhalations, and compresses. Ad-
ditional modalities, including aromatherapy and re-
flexology, complement these interventions. Collec-
tively, these features enhance psychophysical health 
and increase the functional and socio-economic 
value of reclaimed areas, integrating ecological res-
toration with health-oriented development. AI can 
further improve planning and management by ena-
bling personalized therapeutic protocols, predicting 
demand, optimizing resource use, and ensuring sus-
tainability through smart monitoring systems.

With proper planning and strategic application 
of these technologies, Prijedor can become a mod-
el of successful transition from a mining-based to 
a regenerative development model – one that not 
only restores natural resources but also improves 
health, quality of life, and the identity of the local 
community.

Methodology: Application of Fuzzy Logic 
and Evolutionary Algorithms

Water resource management in complex hydro-
geological environments, such as the Prijedor area, 
requires methods capable of processing uncertain, 
multi-criteria, and often incomplete data. Tradi-
tional approaches based on deterministic models 
often fail to capture all variables affecting the qual-
ity, quantity, and availability of groundwater. In this 
context, artificial intelligence – particularly fuzzy 
logic and evolutionary algorithms, offers power-
ful tools for enhancing decision-making processes 
(Bajić et al., 2025).

The application of fuzzy logic in hydrogeology 
enables working with imprecise and linguistically 
defined data, which is especially useful in hydro-
geological analyses where parameters such as “high 
permeability,” “moderate vulnerability,” or “prox-
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imity to pollutants” are difficult to quantify (Bajić, 
2015). In the context of Prijedor, fuzzy models can 
be used for: classifying zones based on suitability 
for mineral water exploitation, assessing aquifer 
vulnerability and integrating geological, hydro-
chemical, and infrastructural factors. A fuzzy clus-
tering algorithm can group locations according to 
their suitability for reclamation, considering multi-
ple input parameters such as aquifer depth, sulfate 
concentration, distance from pollution sources, in-
frastructure availability, etc.

Evolutionary algorithms, such as Genetic Al-
gorithms (GA) and Particle Swarm Optimization 
(PSO), are used to solve optimization problems in 
complex systems, with foundational work by Hol-
land (1975) and Kennedy and Eberhart (1995). In 
this study, their application includes: optimization 
of locations for mineral water extraction, planning 
sanitary protection zones and identifying optimal 
sites for spa facility construction. These algorithms 
simulate natural processes of evolution and collec-
tive behavior, searching for the best solution within 
the space of possible options. For example, GA can 
generate multiple extraction scenarios and evaluate 
which provides the best balance between resource 
availability, environmental protection, and econom-
ic costs.

By combining fuzzy logic and evolutionary al-
gorithms, it is possible to develop an integrated AI 
model for the city of Prijedor, aimed at strategic 
planning for the use of groundwater and mineral 
waters. Such a model would consist of three key 
components (Fig. 2).

Database – includes geological, hydrogeologi-
cal, hydrochemical, and infrastructural parameters, 
such as mineral water composition, aquifer depth 
and capacity, geothermal characteristics, site acces-
sibility, and existing/planned infrastructure.

Fuzzy classification system – uses imprecise and 
multi-criteria data to categorize territory based on 
suitability for exploitation, reclamation, and spa de-
velopment. This system enables flexible decision-
making under uncertainty, considering local varia-
tions in resource quality and infrastructure condi-
tions; Fuzzy logic enables modeling of uncertainty 
and linguistic variables, which is particularly useful 
in hydrogeological analyses where parameters such 
as “high mineralization” or “moderate vulnerabili-
ty” are not strictly numerical (Klir and Yuan, 1995). 
To classify the territory of Prijedor based on suit-
ability for mineral water exploitation and spa de-
velopment, a fuzzy clustering algorithm is applied. 
This method allows grouping of locations based on 
multiple imprecise and interdependent parameters. 
Input parameters include: aquifer depth, concentra-

tion of the ion of interest, proximity to pollution 
sources (roads, septic tanks and farms), geological 
structure, infrastructure accessibility (water supply 
network, roads) and aquifer sanitary vulnerability. 
Each parameter is transformed into a fuzzy set using 
a trapezoidal fuzzy number: A = (a1, a2, a3, a4) and a 
membership functions:

where: a1 – lower bound where membership starts 
to increase, a2 – lower bound of the core (full mem-
bership begins), a3 – upper bound of the core (full 
membership ends), a4 – upper bound where mem-
bership returns to zero.

The fuzzy clustering algorithm (Fuzzy C-Means) 
operates as follows: initialization of the number of 
clusters c (locations are classified into fuzzy zones: 
Zone A – high suitability; Zone B – moderate suit-
ability; Zone C – low suitability) and initial cluster 
centers.

Calculation of membership degree: 

Updating cluster centers:

where: ui,j – membership degree of data point xi to 
cluster j; c – total number of clusters; xi – feature 
vector of data point i; vj – centroid (center) of clus-
ter j; m – fuzziness coefficient (typically between 
1.5 and 2.5), which controls the level of member-
ship ambiguity; vj – updated centroid of cluster j; 
n – total number of data points; uij

m – weighted 
membership degree; xi – data point;

Evolutionary algorithm for investment decision 
optimization – simulates various development sce-
narios and identifies the most efficient investment 
strategies, balancing ecological risks, economic 
benefits, and social impact. The algorithm can be 
used to rank locations by priority and dynamically 
adjust plans based on new data and environmental 
changes. An objective function is defined as:

f(x) = w1·R(x) – w2 P(x) + w3 E(x)
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wehere: R(x) – resource availability, P(x) – pollu-
tion risk, E(x) – economic potential; w1, w2, w3 – 
weighting coefficients based on project priorities.

The result of this model would be an interac-
tive GIS map highlighting priority locations for 
reclamation, exploitation, and spa complex devel-
opment. Each location would be accompanied by 
a risk assessment (e.g., pollution, hydrogeological 
instability) and benefit evaluation (e.g., therapeutic 
potential, economic viability, accessibility), ena-
bling transparent and informed decision-making in 
the planning process. Based on the model results, 
the implementation of the solution follows, that is, 
a development vision is proposed which relies on 
data, technology, and sustainability principles, ena-
bling the transformation of the mining landscape 
into a space dedicated to healthcare, tourism, and 
economic development.

Results and Discussion: Application of the 
AI Model in the Prijedor Area

The implementation of the AI model for land rec-
lamation and spa tourism development in the 
post-mining area of Prijedor requires a carefully 
planned, interdisciplinary approach. The initial 
phase involves forming a professional team com-
posed of geoscientists, including hydrogeologists, 
IT experts, urban planners, balneology specialists, 
and representatives of local authorities to ensure 

coordinated application of the model. Based on 
detailed hydrogeological and hydrochemical data 
from previous research, as well as geological, in-
frastructural, and demographic data that were col-
lected, digitized and standardized into a unified da-
tabase compatible with GIS and AI tools, a model 
was developed that uses a combination of fuzzy 
logic and evolutionary algorithms to identify prior-
ity locations for land reclamation and spa complex 
development in the Prijedor area (Fig. 1). The ap-
plication of this AI-based model in the Prijedor area 
demonstrates the potential of combining geoscien-
tific expertise with advanced computational tech-
niques to support sustainable land use planning. By 
integrating fuzzy logic and evolutionary algorithms, 
the model not only identifies optimal locations for 
spa and wellness development but also provides a 
flexible decision-support tool adaptable to changing 
environmental and socio-economic conditions. Ul-
timately, the model serves as a blueprint for trans-
forming post-mining landscapes into regenerative 
spaces, aligning with the broader vision of resil-
ience, innovation, and community well-being. The 
model consists of four steps, described below.

Step 1 involves integrating the following input 
parameters into the model: aquifer depth (karst vs. 
confined types), concentrations of sulfate, mag-
nesium, and calcium ions, proximity to pollution 
sources (barns, roads, septic tanks), geological for-
mations (Miocene sediments, Triassic limestones), 
infrastructure accessibility (distance to water sup-

Fig. 2. Fuzzy-evolutionary framework for spa site optimization.
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ply network and access roads), and aquifer sanitary 
vulnerability. These parameters were converted 
into fuzzy sets with linguistic values (“High,” “Me-
dium,” “Low”) and used for suitability zone clas-
sification.

In this initial stage, key hydrogeological and in-
frastructural factors were assessed using linguistic 
values and transformed into fuzzy scores to enable 
flexible modeling under uncertainty (Zadeh, 1957; 
Saaty, 1977). This approach supports multi-criteria 
integration for classifying zones suitable for miner-
al water exploitation and spa development. Table 1 
summarizes the parameters, their ratings, and cor-
responding fuzzy values. The analysis shows that 
sanitary vulnerability (0.95) and ion concentrations 
(0.90) are the most influential, while proximity to 
pollution sources is least favorable (0.20). These 
findings underscore the need for additional protec-
tive measures in highly vulnerable zones.

Step 2 involves fuzzy zone classification. Using 
a fuzzy clustering algorithm, three suitability zones 
were identified (Fig. 3a): Zone A – high suitability 
for exploitation and spa development (area around 
the “Bukova Kosa” pit); Zone B – moderate suit-
ability, requiring additional protection and monitor-
ing; and Zone C – low suitability, due to pollutants 
or unfavorable geological conditions. This classi-
fication enables spatial visualization and supports 
decision-making based on multi-criteria analysis.

In this stage, the study area was categorized into 
three zones integrating multiple hydrogeological 

and infrastructural parameters, providing a spatial 
framework for identifying areas most favorable for 
mineral water exploitation and spa development. 
Table 2 summarizes the characteristics of each zone, 
including suitability class, average fuzzy score, and 
the dominant parameter influencing classification. 
These values provide a quantitative complement to 
GIS-based visualization, with illustrating the spatial 
distribution of Zones A, B, and C (Fig.  3a).

Step 3 focuses on location optimization using 
evolutionary algorithms. A genetic algorithm was 
applied to identify optimal sites for mineral water 
extraction and spa facility construction. The objec-
tive function considered three key criteria: maximiz-
ing resource availability, minimizing pollution risk, 
and enhancing economic potential. Results indicate 
that the most promising locations include the north-
ern part of the “Bukova Kosa” pit characterized by 
high mineralization and good accessibility and the 
area around the “Prijedorčanka” source, which of-
fers stable water quality and existing infrastructure.

The optimization outcomes are summarized in 
Table 3. The highest suitability score (0.91) was re-
corded for “Site C,” recommended for the develop-
ment of a thermal resort. “Site A” demonstrates a 
balanced combination of resource availability and 
accessibility, while “Site B” requires additional pro-
tective measures.

Zones (A, B, C) refer to broad suitability catego-
ries identified during step 2 (Fuzzy classification), 
where the entire study area was classified as high, 

Table 1. Input parameters and fuzzy ratings

Parameter Linguistic rating Fuzzy Score

Aquifer depth Medium 0.5
Ion concentrations (Sulfate, Mg, Ca) High 0.9

Proximity to pollution sources Low 0.2
Geological structure Medium 0.6

Infrastructure accessibility High 0.85
Aquifer vulnerability High 0.95

Table 2. Zone classification

Zone Suitability class Average fuzzy score Dominant parameter

A High 0.85 Ion concentrations
B Moderate 0.6 Aquifer depth
C Low 0.35 Pollution proximity
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moderate, or low suitability for mineral water ex-
ploitation and spa development. In contrast, Sites 
(A, B, C) represent specific locations within these 
zones that were selected during step 3 (Optimiza-
tion) using evolutionary algorithms. While zones 
provide a general spatial framework, sites are pre-
cise points optimized for development based on 
resource availability, pollution risk, and economic 
potential. Sites are not displayed on the GIS map 
(Fig. 3a) because their exact coordinates are subject 
to further validation and regulatory approval. Pre-
senting them at this stage could create misleading 

expectations or conflict with legal and environmen-
tal constraints.

Step 4 outlines the development vision (Fig. 3b). 
Based on the model results, the proposed plan in-
cludes the construction of a spa complex with in-
tegrated wellness facilities, the establishment of a 
water quality and quantity monitoring system, in-
tegration with the municipality’s spatial plan, and 
the promotion of geotourism and local ecological 
awareness. This vision is grounded in data, tech-
nology, and sustainability principles, enabling the 
transformation of the mining landscape into a mul-

Fig. 3. Fuzzy zone classification (a); AI-enhanced planning for post-mining land reuse and wellness tourism (Legend: left – “Bu-
kova Kosa” open-pit mine; right – healing landscapes) (b).

Table 3. Optimization results for selected locations

Location Suitability score Recommended use

Site A 0.82 Wellness center
Site B 0.76 Eco spa
Site C 0.91 Thermal resort

Table 4. Recommended development actions and benefits

Action Expected benefit Priority

Construct access roads Improved accessibility High
Install water treatment Enhanced water quality Medium

Develop Spa infrastructure Increased tourism potential High
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tifunctional space for health care, tourism, and eco-
nomic growth.

Building on previous analyses, key actions for 
implementation were defined. Table 4 summarizes 
the recommended activities, expected benefits, and 
priority levels. Constructing access roads and devel-
oping spa infrastructure are high-priority measures, 
as they directly enhance accessibility and tourism 
potential. Installing water treatment systems en-
sures long-term resource safety and quality.

The following section provides an overview 
of the entire workflow and highlights key insights 
derived from the analysis. The sensitivity analysis 
presented in Table 5 demonstrates how variations 
in fuzzy scores for key parameters influence zone 
classification outcomes. Parameters with high ini-
tial scores, such as aquifer vulnerability and ion 
concentrations, exert the greatest impact when 
adjusted, often causing shifts between high- and 
moderate-suitability zones. In contrast, changes in 
low-scoring parameters, such as proximity to pollu-
tion sources, have minimal effect on classification. 
These findings confirm that hydrochemical and vul-
nerability factors are dominant drivers in determin-
ing suitability for mineral water exploitation and 
spa development.

Incorporating the model’s results into local and 
regional spatial plans, while ensuring alignment 
with legislation governing water protection, miner-
al resources, and tourism, is essential for long-term 
integration. To support effective implementation, 
capacity-building programs should be organized 
for local stakeholders – including administrators, 
investors, and professionals empowering them to 
work confidently with the model. Finally, estab-
lishing a system for continuous monitoring, evalua-
tion, and adaptive refinement will allow the model 
to evolve in response to new data, technological 
advancements, and environmental changes. This 
comprehensive approach enables a sustainable, in-
telligent, and inclusive transformation of the mining 

landscape into a space for health, tourism, and local 
development.

Conclusion

The exploration of groundwater and mineral wa-
ters in the Prijedor area reveals that this region 
possesses significant hydrogeological and geo-
economic potential, especially in the context of 
the completion of mining activities and the need 
for sustainable development. The conducted re-
search indicates the possibility of transforming the 
mining landscape into a space for health, tourism, 
and regeneration – from mine to spa. The Prijedor 
case study demonstrated that an integrated model 
for strategic planning can be created, one that not 
only contributes to the preservation of natural re-
sources but also opens new opportunities for local 
economic development.

This investigation represents a step toward 
integrating technology, ecology, and economy 
in service of sustainable development in mining-
urban regions, with Prijedor serving as an exam-
ple that can inspire similar communities. Beyond 
ecological and economic benefits, the reclamation 
of mining areas through the use of artificial intel-
ligence can have profound social and health sig-
nificance. By incorporating features that promote 
psychophysical well-being – such as yoga, medita-
tion, reiki, and balneotherapy – reclaimed spaces 
become centers of holistic regeneration. Such an 
approach not only contributes to individual health 
but also strengthens the local community through 
the promotion of healthy lifestyles, mental bal-
ance, and spiritual well-being. The integration 
of complementary medicine into spa complexes 
represents a step toward a new health paradigm, 
in which natural resources are used not only for 
treatment but also for prevention, relaxation, and 
personal development.

Table 5. Sensitivity analysis of parameters

Parameter Base score Adjusted score Impact on zone classification

Aquifer depth 0.5 0.65 Remains Zone B
Ion concentrations 0.9 0.7 Shifts from Zone A to Zone B
Pollution proximity 0.2 0.4 Remains Zone C
Geological structure 0.6 0.75 Shifts from Zone B to Zone A

Infrastructure accessibility 0.85 0.6 Shifts from Zone A to Zone B
Aquifer vulnerability 0.95 0.8 Remains Zone A



160

Acknowledgments: This research has been sup-
ported by the Ministry of Science, Technologi-
cal Development and Innovation of the Republic 
of Serbia (contract number: 4451-03-136/2025-
03/200126). Also, the authors would like to thank 
the editor and the anonymous referee for their sug-
gestions, which have helped improve the quality 
and clarity of the paper.

References 

Bajić, D. 2015. Fuzzy optimization in the hydrodynamic analy-
sis for the purposes of groundwater control system design. 
Unpublished Ph.D. thesis, University of Belgrade, Faculty 
of Mining and Geology, 296 pp.

Bajić, D., S. Bajić, J. Trivan, Lj. Figun, J. Milovanović. 2024. 
A teamwork-based protocol for a holistic approach to se-
lecting a sustainable mine mewatering management plan. – 
Sustainability, 16, 23, 10424; https://doi.org/10.3390/
su162310424.

Bajić, D., D. Pamučar, M. Stepanović, D. Polomčić. 2025. A 
holistic approach towards multiple-criteria decision-mak-
ing for selecting the sustainable groundwater source pro-
tection management plan. – Water Resources Management; 
https://doi.org/10.1007/s11269-025-04331-2.

Carron Mero, P., G. Herrera Franco, J. Briones, P. Caldevilla, 
M. J. Dominguez-Cuesta, E. Berrezueta. 2018. Geotourism 
and local development based on geological and mining sites 
utilization, Zaruma-Portovelo, Ecuador. – Geosciences, 8, 
6, 205; https://doi.org/10.3390/geosciences8060205.

Gaćina, R., S. Bajić, T. Šubaranović, B. Dimitrijević, Č. Beljić, 
D. Bajić. 2024. Application of the VIKOR method for se-
lecting the purpose of recultivated terrain after the end of 
coal mining. – C. R. Acad. Bulg. Sci., 77, 7, 1031–1041; 
https://doi.org/10.7546/CRABS.2024.07.10.

Ghazi, M. J., M. Hamdollahi, M. Moazzen. 2021. Geotourism 
of mining sites in Iran: an opportunity for sustainable ru-
ral development. – International Journal of Geoheritage 
and Parks, 9, 1, 121–142; https://doi.org/10.1016/j.ijge-
op.2021.02.004.

Haigh, M., P. Woodruffe, M. D’Aucourt, E. Alun, G. Wilding, 
S. Fitzpatrick, E. Filcheva, M. Noustrova. 2020. Success-
ful ecological regeneration of opencast coal mine spoils 
through forestation: From Cradle to Grove. – Minerals, 10, 
5, 461; https://doi.org/10.3390/min10050461.

Holland, J. H. 1975. Adaptation in natural and artificial sys-
tems: an introductory analysis with applications to bio
logy, control, and artificial intelligence. – The MIT Press, 

Cambridge, Massachusetts, 232 p.; https://doi.org/10.7551/
mitpress/1090.001.0001.

Kennedy, J., R. Eberhart. 1995. Particle swarm optimization. 
In: Proceedings of ICNN’95 – International Conference 
on Neural Networks, Perth, WA, Australia, 1942–1948; 
https://doi.org/10.1109/ICNN.1995.488968.

Klir, G. J., B. Yuan 1995. Fuzzy sets and fuzzy logic: theory and 
application. Upper Saddle River, Prentice Hall Inc 592 p.

Law on Mining of the Republic of Srpska, Official Gazette of 
the RS, No. 62/18. National Assembly of the Republic of 
Srpska.

Law on Geological Research of the Republic of Srpska, Offi-
cial Gazette of the Republic of Srpska No. 64/22. National 
Assembly of the Republic of Srpska.

Pardave, L. W, C. A. R. Reyes, C. S. Galvis. 2023. A geo
mining theme park in the Vetas-California mining district 
(Santander): an inegrated approach for assessng the geo-
tourism and geoeducation potential. – Rev. Inst. Investig. 
Fac. Minas. Metal. Clenc. Geog. R, 26, 52; https://doi.
org/10.15381/iigeo.v26i52.25391.

Saaty, T. L. 1977. A scaling method for priorities in hierarchi-
cal structures. Journal of Mathematical Psychology, 15, 3, 
234–281; https://doi.org/10.1016/0022-2496(77)900033-5.

Singh, R. S., P. Ghosh. 2021. Geoturism potential of coal 
mines: an apprisal of Sonepur-Bazari open cast project, In-
dia. – International Journal of Geoheritage and Parks, 9, 
2, 172–181; https://doi.org/10.1016/j.ijgeop.2021.02.007.

Stepanović, M., D. Bajić. 2025. Potencijal korišćenja mineral-
nih voda na području grada Prijedora u Republici Srpskoj 
(Potential utilization of mineral waters in the Prijedor area, 
Republic of Srpska). – Tehnika, 80, 3, 280–286; https://doi.
org/10.5937/tehnika2503280S.

Szafarczyk, A., R. Gawalkiewicz. 2023. An Inventory of open-
cast mining excavations recultivated in the form of water 
reservoirs as an example of activities increasing the reten-
tion potential of natural environment: a case study from 
Poland. – Geology, Geophysics & Environment, 49, 4, 
401–418; https://doi.org/10.794/geol.2023.49.4.401.

Štrba, L., A. Vravcova, M. Podolakova, L. Varcholova, B. 
Kršak. 2023. Linking geoheritage or geosite assessment 
sesults with geoturism potential and development: a lit-
erature review. – Sustainability, 15, 12, 9539; https://doi.
org/10.3390/su15129539.

Terekhov, Y., Y. Litvinov, V. Fenenko, C. Drebenstedt. 2021. 
Management of land reclamation quality for agricultural 
use in opencast mining. – Mining of Mineral Deposits, 15, 
1, 112–118; https://doi.org/10.33271/mining15.01.112.

Zadeh, L. A. 1975. The concept of a linguistic variable and its 
application to approximate reasoning. – Information sci-
ences, 8, 3, 199–249; https://doi.org/10.1016/0020-025 
5(75)90036-5.

The published material was presented at the National Conference
with international participation GEOSCIENCES 2025.

https://doi.org/10.3390/su162310424
https://doi.org/10.3390/su162310424
https://doi.org/10.1007/s11269-025-04331-2
https://doi.org/10.3390/geosciences8060205
https://doi.org/10.7546/CRABS.2024.07.10
https://doi.org/10.1016/j.ijgeop.2021.02.004
https://doi.org/10.1016/j.ijgeop.2021.02.004
https://doi.org/10.3390/min10050461
https://doi.org/10.7551/mitpress/1090.001.0001
https://doi.org/10.7551/mitpress/1090.001.0001
https://doi.org/10.1109/ICNN.1995.488968
https://doi.org/10.15381/iigeo.v26i52.25391
https://doi.org/10.15381/iigeo.v26i52.25391
https://doi.org/10.1016/0022-2496(77)900033-5
https://doi.org/10.5937/tehnika2503280S
https://doi.org/10.5937/tehnika2503280S
https://doi.org/10.794/geol.2023.49.4.401
https://doi.org/10.3390/su15129539
https://doi.org/10.3390/su15129539
https://doi.org/10.33271/mining15.01.112
https://doi.org/10.1016/0020-0255(75)90036-5
https://doi.org/10.1016/0020-0255(75)90036-5

