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Abstract: Modern technological advancements in mining involve the implementation of environmental standards 
and protective measures that significantly contribute to preserving natural resources and preventing potentially 
harmful impacts on the environment. These advancements enable early identification and minimisation of risks. 
The mining industry plays a vital role in the economic development of society while simultaneously adhering to 
strategies for environmental preservation and public health protection. This is achieved through modern methods 
for monitoring environmental parameters and population health. Mining and geological exploration may lead to 
the presence of potentially toxic elements (PTEs), which in certain concentrations across various environmental 
media pose challenges to both the environment and human health. Environmental monitoring is a crucial strategy 
for achieving sustainable mining. Sustainable mining development through effective monitoring of water, soil, 
air, and biological indicators in mining areas ensures the preservation of ecological balance and public health in 
regions where mineral exploitation occurs.
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Foreword

Mining represents a key industrial sector that sig-
nificantly contributes to the development of society, 
the economy, and technology. The extraction of 
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minerals and metals provides essential resources for 
numerous industries, including construction, elec-
tronic equipment production, transportation, and 
renewable energy sources. This sector also drives 
technological innovations and infrastructural  
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development, promoting societal modernisation. 
Given the importance of preserving natural re-
sources and protecting the environment, mining ac-
tivities are conducted following the most advanced 
regulations and measures to ensure sustainability. 
These include environmental protection strategies, 
public health safeguards, and occupational safety 
and health measures for workers in the industry. 
Relevant institutions and various sectors, includ-
ing multiple ministries, actively contribute to inte-
grating environmentally responsible practices at all 
stages of mining processes. This approach seeks to 
balance economic growth with the preservation of 
natural ecosystems, ensuring the long-term protec-
tion of public health and the environment. Thanks 
to such initiatives, mining remains indispensable 
for sustainable economic and technological pro-
gress while necessitating continuous environmental 
monitoring.

The public health aspect of mining pertains 
to identifying, monitoring, and managing health 
risks associated with mining activities to preserve 
both the environment and human health. This in-
cludes assessing the impact of mining processes on 
the quality of surface water, soil, and air through 
integrated monitoring systems. Broadly speaking, 
monitoring is essential across many disciplines, 
from environmental protection and industry to 
healthcare and public policy, as it enables deci-
sion-making based on reliable data. Monitoring is 
defined as the continuous process of overseeing, 
observing, and collecting data about a particular 
process or condition to draw relevant conclusions 
(Knežević et al., 2015). Some of the approaches to 
controlling the environmental impact of mining, 
relevant to public health, include comprehensive 

environmental monitoring, soil monitoring, water 
monitoring, air monitoring, and biological moni-
toring. 

Environmental monitoring in a broader sense 
refers to a systematic process of collecting and 
analysing data on selected parameters characteris-
ing the state of the environment to detect changes 
in a timely manner, support decision-making, and 
prevent adverse environmental impacts (Ehlers 
& Kastler, 2009; European Commission [EC], 
2003). In the Republic of Serbia, public health 
significance is prioritised through monitoring 
parameters such as water, soil, and air quality, 
as well as biological monitoring. When planning 
environmental monitoring and selecting param-
eters, it is necessary to consider environmental 
characteristics and potential hazards, including 
their sources, spread, changes, and potential re-
cipients. During ore extraction, especially of me-
tallic ores, one anticipated hazard is the release 
of metals and metalloids classified as potentially 
toxic elements (PTEs). Monitoring methods and 
parameters for PTEs depend primarily on the 
medium (soil, water, air, or biological material) 
where these pollutants are tracked. Continuous 
exchange of substances occurs between water, 
sediments, soil, air, and living organisms, requir-
ing each of these media to be included in the 
monitoring plan (Nieder, 2024). 

Monitoring the quality of water, soil, and air 
in mining areas is an important element of public 
health strategies, which affect the preservation of 
the environment and public health within a multi-
disciplinary approach to monitoring risk factors 
for human health. In addition to the aforemen-
tioned types of monitoring, biological monitoring 
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stands out as an additional method significant 
for assessing the cumulative potential impact of 
risks originating from mining processes on the en-
vironment and potential 
effects on human health.

The aim of this paper 
is to examine the key ele-
ments and methods of en-
vironmental monitoring 
(surface water, air, soil) 
with the goal of preserv-
ing public health in Serbia, including potential 
methods of biological monitoring in mining areas 
and their application in assessing risks to human 
health.

Regulations governing  
the environmental monitoring  

process in the context  
of mining activities

The environmental monitoring process in the Re-
public of Serbia, in the context of mining activi-
ties, is regulated by a series of laws, by-laws, and 
regulations aligned with international standards 
and European Union (EU) directives. Key regula-
tions include the Law on Environmental Protection 
(Official Gazette of RS, no 135/04, 36/09, 36/09 
– other law, 72/09 – other law, 43/11 – CC, 14/16, 
76/18, 95/18 – other law, 94/24 – other law), which 
defines obligations for monitoring air, water, soil, 
and biodiversity quality, as well as procedures for 
environmental impact assessments and strategic 
environmental assessments. The Law on Mining 
and Geological Exploration (Official Gazette of RS, 

no 101/15, 95/18 – other law, and 40/21) mandates 
environmental oversight and remediation during 
and after the exploitation of mineral resources, 

along with the prepa-
ration of environmen-
tal impact studies. The 
Law on Water (Official 
Gazette of RS, no 30/10, 
93/12, 101/16, 95/18, 95/18 
– other law) regulates the 
protection and sustaina-

ble use of water resources, including the regular 
monitoring of surface and groundwater quality near 
mining facilities.

The Environmental Impact Assessment Law 
(Official Gazette of RS, no 94/24) prescribes pro-
cedures for assessing the environmental impact 
of projects, including the use of public hearings, 
conclusions from expert panels, and continuous 
monitoring during project implementation. The 
Waste Management Law (Official Gazette of RS, 
no 36/09, 88/10, 14/16, 95/18 – other law, and 35/23) 
regulates the management of mining waste and the 
monitoring of potential pollution from tailings and 
other waste materials.

The Republic of Serbia aligns its regulations 
in this field with EU directives, enabling the ap-
plication of the highest environmental protection 
standards in the mining sector. Key institutions 
overseeing the implementation of monitoring in-
clude the Environmental Protection Agency, the 
Ministry of Environmental Protection, and the En-
vironmental Protection Inspection, as mandated by 
Serbian regulations.

The implementation of legal provisions in the 
field of monitoring contributes to reducing the 

The public health aspect of mining 
pertains to identifying, monitoring, and 
managing health risks associated with 
mining activities to preserve both the 

environment and human health.
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potential negative impact of mining activities on 
the environment and public health, enables the 
timely identification and elimination of potential 
risks, and supports sustainable development and 
the protection of natural resources.

The Public Health Law of the Republic of Ser-
bia (Official Gazette of RS, no 15/16) defines the 
preservation of public health and the application 
of all environmental monitoring strategies as a key 
obligation of the state to ensure its protection.

Elements of environmental  
monitoring

Environmental monitoring is based on tracking 
specified parameters, which can be qualitative or, 
more commonly, quantitative. In environmental 
monitoring, chemical, physico-chemical, and bio-
logical parameters are most frequently tracked. Pre-
defined parameters can be measured or determined 
in situ or by sampling followed by subsequent anal-
ysis. Depending on the nature of the parameters, 
their values can be measured continuously or in-
termittently (Ruppen, 2021). The monitoring plan 
must define the geographical area where monitor-
ing is conducted, the parameters being tracked and 
the medium (environment), the plan and method 
for direct measurement or sampling, the conditions 
for storage and transportation of samples, sample 
processing, sample analysis, the plan for data pro-
cessing, the plan for data analysis, and the method 
of presenting and disseminating results. 

In the environmental monitoring process, it is 
essential to provide and plan the development of 
standard protocols for each monitoring phase, train 

personnel conducting the monitoring, ensure logis-
tical conditions for monitoring implementation, 
and obtain appropriate accreditation and certifi-
cation for institutions carrying out the monitoring 
(EC, 2003; Modoi, 2014).

Monitoring of surface water,  
soil, and air

These types of monitoring are essential for the 
preservation of public health. Protecting public 
health involves safeguarding the environment as 
well as maintaining the health of the population. 
Precisely defining the area under investigation and 
its characteristics is crucial for the effective imple-
mentation of these monitoring activities (Loredo et 
al., 2010). Defining the geographical area requires 
knowledge of its size and exact location. For surface 
water monitoring, it is also necessary to map the 
entire watershed, including the tributaries of water 
bodies located in mining areas (Wei et al., 2018). 
Additionally, it is essential to determine the posi-
tion of water body segments relative to the sites/
areas of ore extraction and processing, as well as 
waste disposal, and to define which sections are 
upstream and which are downstream of these lo-
cations (Modoi, 2014; Jiménez-Oyola et al., 2023; 
Ruppen et al., 2021). 

For professionally conducted water monitor-
ing, it is crucial to understand the composition 
and structure of rocks, soil, and tailings, primarily 
due to their potential interaction with surface wa-
ters. Tailings are by-products of mining processes, 
specifically ore extraction and processing, in the 
form of liquid sludge or suspensions. It is impor-
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tant to note that the chemical composition of sus-
pended particles depends on the composition of 
the ore, rocks, and soil, as well as the chemicals 
used during ore processing. For this reason, the 
properties of tailings will depend on their compo-
sition, acidity, salinity, particle size distribution, 
solid matter content, and consistency (Gorakhki 
& Bareither, 2016; Wang et al., 2014).  Responsible 
management of waste generated during ore ex-
traction is an integral part of the mining process. 
Proper waste management during ore extraction 
is a highly significant preventive measure in envi-
ronmental protection and an imperative practice 
for sustainable mining.

It should also be emphasised that the descrip-
tion of the characteristics of the mining area in-
cludes climatological data, primarily the average 
annual temperature, precipitation amount, and 
seasonal distribution of precipitation (Loredo et 
al., 2010). The amount of precipitation affects 
biogeochemical processes in the soil, and during 
prolonged dry periods, it can lead to a decrease 
in soil acidity and further mobilisation of po-
tentially toxic elements (PTE), causing them to 
transition into water (Modoi et al., 2014). A signif-
icant parameter for effectively conducting water 
monitoring is the flow rate in running waters, 
which is also closely related to climatic parameters 
(Nordstrom, 2011). 

In monitoring the quality of surface waters 
in mining areas, the concentration of substances 
of interest for a specific type of mine is primarily 
monitored. The defined parameters are tracked 
intermittently, through water sampling and subse-
quent analysis of samples. Additionally, parameters 
such as pH and electrical conductivity are moni-

tored in situ, through direct measurements, which 
can be either intermittent or continuous by setting 
up appropriate sensors and automatic data logging 
systems (Ruppen et al., 2021). For the surface water 
monitoring process, it is essential to define the 
exact sampling locations (sampling network), the 
time and frequency of sampling (sampling sched-
ule), as well as quality control of sampling (Behmel 
et al., 2016; Jiang et al., 2020). 

When preparing a soil monitoring plan, the 
soil type should be determined based on parti-
cle size (sand, silt, or clay), which represents the 
first step in the analysis. Additionally, monitoring 
the soil pH is extremely important, along with 
examining the chemical composition, including 
the content of organic matter, which significantly 
influences the soil properties in soil monitoring. 
Special attention should be given to the content 
and forms of elements such as aluminium (Al), 
iron (Fe), and manganese (Mn), as their oxides 
often serve as centres for the co-precipitation of 
other elements, which can indicate their behaviour 
in the soil (Rinklebe et al., 2019). It is important 
to know that the toxicity, mobility, and biological 
availability of potentially toxic elements (PTEs) 
are influenced by their form, or speciation, which 
depends on biogeochemical processes in the soil 
that, in addition to pH, are affected by numerous 
parameters, including some elements resulting 
from microbial activity (Frohne et al., 2014; Pon-
ting et al., 2021). 

According to Rinklebe and colleagues, when 
planning sampling, in addition to defining the lo-
cation and time, it is essential to understand the 
soil profile and define the depth from which the 
sample is taken (Rinklebe et al., 2019). Additionally, 
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Nieder and Benbi note that the concentrations 
of elements in soil particles are in constant equi-
librium with the water present in the soil pores, 
making them available to living organisms (Nieder 
& Benbi, 2023). Due to this dynamic of potentially 
toxic elements (PTEs) between the soil and water, 
it is necessary to map the hydrological character-
istics of the area and record potentially flooded 
areas (Ponting et al., 2021). According to available 
literature, innovations in soil monitoring are driv-
en by the rapid development of sensors and their 
application. However, sampling and subsequent 
sample analysis are still the methods that are rou-
tinely applied. 

The main challenges related to the mining 
industry concern mining waste dumps that can 
impact the environment. Due to their chemical 
nature, which includes a lack of nutrients and a 
high concentration of metals and metalloids, min-
ing waste dumps (landfills) can potentially have 
a negative impact on the environment, making 
safety measures in waste management processes 
extremely important. One of the effects of mining 
activities is soil degradation, which is particularly 
evident near mining sites (Ali et al., 2021). In these 
areas, the soil may potentially be contaminated 
with heavy metals and metalloids, so such phe-
nomena must be prevented. Modern methods of 
mining waste disposal include fraction separation, 
as well as thickening, dewatering, and compacting 
tailings (waste), which can reduce the potential 
environmental impacts of mining waste (Furnell 
et al., 2022; Onifade et al., 2024).

According to the Air Protection Act (Offi-
cial Gazette of the RS, no 36/09, 10/13, and 26/21 
– amended law), in order to ensure effective air 

quality management, an integrated system is es-
tablished for monitoring and controlling pollution 
levels, as well as for maintaining a database on air 
quality, known as air quality monitoring.

Air quality monitoring is one of the key in-
struments whose application contributes to the 
protection of public health and the environment. 
This practice is especially important in mining 
areas where industrial activities can significantly 
affect the concentration of pollutants in the air. 
The air quality monitoring system establishes a 
national and local network of measuring stations 
and/or measurement points for fixed air quality 
measurements. Mining activities are among the 
most significant human activities that can con-
tribute to dust and aerosol emissions, depending 
on the type of mine, covering large areas globally, 
and involving the presence of potentially toxic 
elements (PTE) (Csavina et al., 2012). The signifi-
cance of air monitoring lies in the timely detection 
of increased concentrations of pollutants, which 
enables quick interventions and the implementa-
tion of measures to protect the population. It is 
particularly important to emphasise that regular 
air quality monitoring allows for the assessment of 
long-term trends, thereby contributing to strategic 
planning and improving public health in Serbia.

Biological monitoring and mining

Biological monitoring is a method of tracking the 
concentration of specific parameters and is an im-
portant approach for assessing the impact of pol-
lutants, such as potentially toxic metals and met-
alloids, on human health and the environment in 
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mining areas. Mining activities often lead to the 
release of potentially toxic elements (PTEs), such 
as arsenic (As), cadmium (Cd), lead (Pb), as well as 
silver (Ag), mercury (Hg), and zinc (Zn) (Rakete et 
al., 2021). The use of biological monitoring allows 
for the identification of the presence of metals and 
metalloids and the assessment of the level of expo-
sure of living organisms.

Biological monitoring is the continuous, long-
term, or periodic tracking and assessment of bi-
ological and ecological 
changes (parameters) us-
ing specific methodologi-
cal approaches (Hirvonen, 
2008). Additionally, bio-
logical monitoring is the 
use of living organisms as 
bio-indicators of changes 
in the environment over 
space and time. The term 
“bio-indicators” was first introduced by Clements 
in 1920 to refer to organisms whose presence in a 
specific habitat indicates the ecological conditions 
of that habitat. For methodological reasons, biolog-
ical monitoring is divided into different categories 
depending on the type of environment in which 
changes are monitored, including: air monitoring 
(where lichens and mosses are used as bio-indi-
cators); aquatic environment monitoring (with 
bio-indicators such as algae, bacteria, fish, and other 
organisms indicating changes in water quality); and 
soil monitoring (where plants, i.e., vegetation, are 
used as bio-indicators) (Metcalfe, 1989).

Also, occasionally and most often of a pro-
ject-based nature, analyses of biological samples in 
the human population are conducted. For such meth-

ods, special consent from the subjects or the exist-
ence of legal regulations is required. In these cases, 
based on the analysis of biological samples such as 
blood, urine, hair, or saliva in the human population, 
it is possible to track the cumulative impact of these 
contaminants on the health of the population, as well 
as on ecosystems in the immediate vicinity of mining 
areas (Molina-Villalba et al., 2015; Rakete et al., 2021).

According to Nagajyoti, heavy metals and 
metalloids present in the soil cannot be degraded 

due to their persistence 
and stability, but instead 
bio-accumulate, gradually 
entering plants, animals, 
and humans through the 
air, water, and food chain 
(Nagajyoti, 2010). Arse-
nic, cadmium, hexavalent 
chromium, copper, lead, 
methyl mercury, nickel, 

and zinc are heavy metals that have the ability 
to bio-accumulate (U.S. Environmental Protec-
tion Agency [EPA], 2000). Additionally, according 
to the data from the Environmental Protection 
Agency (EPA), the bio-accumulation process is 
accompanied by bio-magnification, where con-
centrations of harmful substances increase as they 
move up the food chain, with predators at the top 
of the chain being most at risk due to consuming 
large amounts of contaminated organisms (EPA, 
2021). Bio-magnification factors represent the ra-
tio of metal concentration in the predator’s body 
compared to its prey, clearly tracking how metals 
move through the food chain and increase in con-
centration in the predator’s organism (Ciesielski 
et al., 2006). 

Today, in the Republic of Serbia,  
in accordance with regulations, the 

aforementioned types of monitoring in 
mining areas are key protective strategies 
for the preservation of the environment 

and public health as a whole.
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In the context of surface waters and soils in 
mining regions, biological monitoring is used to 
identify pollution sources and assess their long-
term effects (Costa & Teixeira, 2014). Specific or-
ganisms, such as fish, plants, and microorganisms, 
known as bio-indicators, enable early recognition of 
pollution in water and the presence of pollutants, 
which helps in assessing its consequences on the 
stability of ecosystems (Cakaj et al., 2024; Chovanec 
et al., 2003)‌. 

Biological monitoring is also, though very 
rarely, used to assess the exposure of the local 
population, particularly in areas where mining 
activities are conducted, which can potentially 
lead to increased concentrations of PTEs in the en-
vironment, in order to assess health risks for both 
mine workers and the local population (Michalak 
& Chojnacka, 2014). The use of biological mon-
itoring in mining areas contributes to a better 
understanding of the ecological and health risks 
associated with potentially toxic elements, thus 
enabling more effective environmental monitoring 
(EPA, 2022). Such application of the monitoring 
is carried out sporadically.

Sustainable development of mining 
and measures for environmental  

protection and public health

According to the literature, from a public health 
analysis perspective, there are two basic methods 
of ore extraction: surface and underground. 

Surface mining, according to the literature, 
provides greater efficiency and safety, but it can 
potentially disrupt environmental balances. Under-

ground mining is more environmentally acceptable 
(Sahu et al., 2015).

Considering the facts mentioned so far regard-
ing monitoring in various media, most authors 
define sustainable mining or sustainable devel-
opment of mining as a practice that achieves a 
balance between economic, ecological, and social 
factors (Laurence, 2011). It is concluded that sus-
tainable mining development involves achieving 
a balance between economic viability, technical 
feasibility, environmental responsibility, and social 
impact, with a focus on integrating the concept 
of sustainability into decision-making strategies 
(Pavan Kumar, 2014). Minimising environmental 
impact at all stages of the mine’s life cycle is crucial 
for supporting sustainable mining development, 
which is achieved through effective environmental 
management (Hilson & Murck, 2000). According 
to Laurence, safety in mining is achieved through 
responsible risk management, efficient monitor-
ing and reporting systems, continuous education, 
training, and capacity-building of the workforce 
employed in mining, as well as equipment and 
work processes (Laurence, 2005). All of these ac-
tivities represent measures that contribute to the 
protection of the environment and public health, 
thereby ensuring the long-term sustainability of 
mining projects.

Before the start of mining operations, the 
first and most significant measure is conduct-
ing an environmental impact assessment study, 
which is applied to projects in industries such as 
mining, energy, transport, tourism, agriculture, 
forestry, water management, waste management, 
public services, as well as projects in protected 
natural and cultural heritage areas. According to 
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the Law on Environmental Impact Assessment 
(Official Gazette of RS, no 135/04 and 36/09), the 
environmental impact assessment study anal-
yses the quality of the environment, sensitivi-
ty in a particular area, the impacts of existing 
and planned activities, and measures to prevent 
harmful effects on the environment and human 
health. Before opening a mine, the practice is that 
the company initiating the opening and operation 
of the mine is obliged to ensure that the study 
will thoroughly address and present all potential 
cumulative impacts of the project on the envi-
ronment. More importantly, for each detected 
potential impact, it is necessary to explicitly list 
measures for its minimisation, as well as moni-
toring plans for various media. Monitoring both 
the environment and the health of the population 
represents key aspects of sustainable mining, 
where regular implementation and continuity 
must be ensured to timely identify and minimise 
potential negative impacts on the environment 
and human health.

Improving safety and sustainability 
in mining – modern practices

In recent years, global attention in mining has been 
focused on improving the legal frameworks that 
regulate safety in the mining sector. This progress 
is the result of collaboration between governments 
and international organisations, which are aware 
of the need for a modern approach to addressing 
new challenges and reducing the negative impacts 
of mining activities on the environment and hu-
man health.

The International Council on Mining and Met-
als (ICMM) represents one of the important initia-
tives and brings together leading global companies 
in the mining and metallurgy sectors. Their set 
of core business principles promotes responsible 
mining practices, environmental sustainability, and 
worker safety (International Council on Mining & 
Metals [ICMM], 2024). In recent years, the global 
trend has been the improvement of legislation in the 
mining sector. It has been noted that many coun-
tries at the national level are improving legislation 
to address local specifics and challenges within the 
mining industry.

In practice, companies in the mining sector im-
plement various measures to ensure a safe working 
environment. This includes quality training pro-
grams to educate workers about the risks of mining 
work and protective and preventive measures, the 
application of modern technologies for automation 
and monitoring of working conditions in mines, as 
well as the use of personal protective equipment 
(Arbak, 2015; Agboola et al., 2020; Kursunoglu et 
al., 2022). In addition, creating effective emergency 
response plans and continuously monitoring the 
health of workers helps with prevention and timely 
treatment when necessary. A very important fea-
ture of responsible business practices in mining is 
also improving community awareness. Involving 
the local community in decision-making processes 
is also of great importance, and such actions by 
companies managing mines build trust and foster 
opportunities for cooperation between companies 
and communities. 

Following the development of mining, as well 
as methods for monitoring various environmen-
tal parameters, the continuous advancement of 
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technologies applied in this industry, and the inte-
gration of advanced technologies such as artificial 
intelligence and robotics, collectively reduce the 
level of worker exposure to hazards and optimise 
safety standards (Hyder et al., 2019). At the same 
time, the global trend towards sustainable prac-
tices in mining requires a reduction in potential-
ly negative environmental impacts (Gorman & 
Dzombak, 2018). In light of the increasing demand 
for resources, the mining industry will have obli-
gations to balance the sustainability of this sector, 
the protection of worker health, and market needs.

Conclusion 

Responsible management of mining activities, par-
ticularly in the context of potential projects being 
implemented worldwide, as well as within the ter-
ritory of the Republic of Serbia, requires a com-
prehensive approach that includes the application 
of the latest sustainable technological solutions 
in mining, the implementation of environmental 
protection measures, and transparent participa-
tion of all stakeholders in achieving responsible 
management of mining activities. A comprehen-
sive approach involves the application of modern 
technologies, the improvement of regulations, and 

the strengthening of cooperation between states 
and companies operating in this industry. This ap-
proach is key to achieving responsible mining that 
is safe for workers, the population, and the environ-
ment. The application of best available techniques 
for waste management, water treatment, and con-
trol of GHG emissions in mining areas enables the 
minimisation of their potentially negative impact 
on the environment and public health. Continuous 
environmental monitoring and the involvement of 
local communities in monitoring information re-
lated to mining operations contribute to improving 
public awareness of the technologies applied and 
safety measures. 

The integration of multi-sectoral cooperation 
between state institutions, scientific organisations, 
the civil sector, and local governments contributes 
to more efficient solutions to challenges or unfore-
seen events related to mining, while adhering to 
domestic and European standards in mining and 
environmental protection. In addition to techni-
cal measures, raising the level of awareness and 
consciousness among the population, as well as 
informing employees in this industry, plays a signif-
icant role in achieving the sustainability of mining 
and the preservation of natural resources and a 
safe environment.
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