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FOREWORD

The world is facing a range of crises that require policymakers to base their decisions on scientific data and
evidence to effectively address them. Issues such as climate change, loss of biodiversity, degradation of
natural resources (e.g. land and water), ongoing conflicts, persistent inequalities, and economic disruptions
are progressively weakening the ability of agri-food systems to ensure food security and nutrition for all.
Research plays a vital role in providing evidence and technical expertise, acting as a facilitator and policy
broker in the development of agri-food strategies, investment planning, innovation policies, and other
important policy processes. Additionally, research is essential for generating the knowledge, evidence, and
resources required to promote responsible and inclusive innovation. It also offers support to a range of
stakeholders, including farmers' organizations, businesses, and civil society groups. Integrating research
with long-term policy strategies can enhance the acceptance and adoption of innovations in the agri-food
sector, particularly when these innovations are promoted through inclusive platforms. To achieve a
sustainable impact at scale, it is essential to improve collaboration in agri-food research and innovation.
Scientific events and gatherings can be crucial in reaching this objective.

The International Agriculture Symposium AGROSYM has served as an annual forum for sixteen years,
facilitating global scientific discussions on agriculture, food, rural development, the environment, and
forestry. This symposium offers an excellent opportunity to share ideas, strengthen existing networks,
establish new academic connections, and stimulate dialogue among academia, public institutions, the
private sector, and civil society organizations. Participants engage in discussions about recent global and
regional trends in the agri-food sector. The multidisciplinary findings presented at AGROSYM contribute
to the dissemination of knowledge and best practices among all stakeholders in the agri-food chain,
including farmers, extension agents, researchers, and policymakers. Additionally, the symposium
emphasizes the importance of agriculture and food science as vital components of many national research
strategies, impacting the broader community as well.

This Book of Proceedings from the 16" International Scientific Agricultural Symposium “AGROSYM
2025” encompasses articles which illustrate a wide range of research and insights across the comprehensive
spectrum of agricultural disciplines. These articles address the following themes: 1) Plant production, 2)
Plant protection and food safety, 3) Organic agriculture and agroecology, 4) Environmental protection and
natural resources management, 5) Animal husbandry, 6) Rural development and agro-economy, and 7)
Forestry and agroforestry.

We wish to express our heartfelt appreciation to all authors, reviewers, and colleagues who assisted in
preparing this Book of Proceedings. Our special thanks go to co-organizers, partners, and sponsors for their
unwavering support and collaboration.

We hope this multidisciplinary and international collection of research findings serves as a valuable
resource for all stakeholders and encourages continuous dialogue and exchange to facilitate the transition
towards sustainable, resilient, and inclusive agri-food systems.

East Sarajevo, 1 November 2025
Dr. Hamid El Bilali, CIHEAM Bari, Italy — Editor in Chief, President of the Scientific Committee

Prof. Dr. Sinisa Berjan, University of East Sarajevo, Bosnia and Herzegovina & Prof. Dr. Zeljko
Dolijanovic, University of Belgrade, Serbia — Vice-presidents of the Scientific Committee
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Abstract

Understanding tracer behavior in groundwater is crucial for accurately interpreting flow
dynamics, residence times, and hydrogeochemical processes, thereby supporting effective
aquifer recharge and potential pollution sources. Fluoride (F-) in groundwater is a significant
geochemical constituent which mobility and distribution are governed by a range of
hydrogeochemical factors. This paper reviews the behavior of fluoride in groundwater and
evaluates its potential as an environmental tracer. Although fluoride in groundwater
predominantly occurs because of natural geochemical processes, mainly the dissolution of F-
bearing minerals such as fluorite and apatite, it can also originate from anthropogenic sources.
These include industrial emissions, phosphate fertilizer application, and mining or processing
of phosphate and fluorite ores, particularly in oxic shallow aquifers near contaminated sites. It
is generally not redox-sensitive, remaining as fluoride across a range of redox conditions. Key
controls on fluoride concentrations include pH, alkalinity, calcium availability, mineralogy, and
the presence of competitive anions like bicarbonate and phosphate. Owing to its conservative
behavior under many conditions, fluoride has been used as a natural tracer to infer groundwater
origin. The conducted literature review concludes that fluoride, though usually considered as a
contaminant of health concern, can serve as an informative geochemical tracer in hydrogeology
when its controlling factors are known and examined.

Keywords: fluoride, groundwater.
Introduction

Fluoride in groundwater represents both a valuable resource and a potential contaminant,
depending on its concentration and hydrogeochemical context. As an anion (F°), fluoride is
primarily introduced into groundwater through the weathering and dissolution of fluorine-
bearing minerals, usually fluorite (CaF-), fluorapatite (Cas(PO.):F), and certain silicate minerals
such as biotite and hornblende (Nordstrom & Jenne, 1977; Edmunds & Smedley, 2013). The
release of fluoride is enhanced by extended water—rock interaction, elevated temperatures, and
geochemical conditions that increase mineral solubility. Globally, fluoride concentrations in
groundwater typically range from just a few micrograms to several milligrams per liter. In some
regions with specific geological settings and climatic conditions, concentrations can exceed 10
mg/L (WHO, 2017). Elevated levels are particularly common in arid and semi-arid regions,
where low recharge rates, prolonged groundwater residence time, and evaporative
concentration favor fluoride enrichment (WHO, 2006). The global median fluoride
concentration in groundwater is about 0.3 mg/L, but roughly 10% of tested sources exceed the
World Health Organization (WHO) guideline value of 1.5 mg/L for safe drinking water (WHO,
2017). Chronic exposure to such concentrations has been linked to dental and skeletal fluorosis,
making fluoride both a geochemical concern and a public health issue. While the health impacts
of fluoride contamination have been widely studied, less attention has been paid to its
geochemical behavior as a tracer of groundwater processes. Unlike redox-sensitive elements,
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fluoride remains stable across a broad range of conditions, often behaving conservatively in
aquifers. Its concentration is influenced by factors such as pH, alkalinity, calcium availability,
mineralogy, and the presence of competing anions like bicarbonate and phosphate. Because of
these characteristics, fluoride can provide valuable insights into groundwater origin, residence
time, and flow dynamics, as well as potential anthropogenic influences from industrial
emissions, fertilizer use, or mining activities. Understanding the dual role of fluoride, as both a
contaminant of concern and a potential geochemical tracer, offers opportunities to better link
hydrogeochemical research with groundwater management. Tracer studies are increasingly
used in hydrogeology to improve aquifer characterization, assess recharge processes, and
identify pollution pathways. Positioning fluoride within this framework can contribute to a
more detailed understanding of groundwater systems, especially in regions where its
concentrations are naturally elevated. The objective of this paper is to review the
hydrogeochemical behavior of fluoride in groundwater and to evaluate its potential use as an
environmental tracer. In doing so, the paper aims to bridge the gap between studies that treat
fluoride solely as a contaminant and those that consider its broader geochemical significance
for understanding groundwater origin, flow, and contamination pathways.

Materials and Methods

Fluoride’s only stable oxidation state in aqueous environments is —1, and it remains as the
fluoride ion (F~) under both oxic and anoxic conditions (Langmuir,1997; Edmunds & Smedley,
2013; Smedley & Kinniburgh, 2002). Therefore, fluoride mobility in groundwater is governed
by mineral solubility equilibrium and adsorption—desorption processes, rather than redox
chemistry. Its behavior is particularly sensitive to pH, calcium concentration, and the presence
of competing anions such as bicarbonate and phosphate (Smedley & Kinniburgh, 2002;
Edmunds & Smedley, 2013; Kim & Jeong, 2005).

Fluoride solubility is controlled by equilibrium with fluorite (CaF2), a poorly soluble mineral.
In calcium-rich waters with near-neutral to slightly alkaline pH, fluoride concentrations in water
may be limited by fluorite precipitation. Conversely, in sodium-bicarbonate type waters, often
characterized by low calcium content, high alkalinity, and elevated pH, fluoride tends to
accumulate due to reduced precipitation and enhanced desorption from mineral surfaces
(Apambire et al., 1997; Edmunds & Smedley, 2013).

In this study, the key geochemical controls on fluoride mobility in groundwater are explored
and its use as a tracer of subsurface processes is evaluated. Selected case studies from varied
geological settings illustrate the applicability of fluoride as a tool for understanding
groundwater flow, origin, and evolution.

Results and Discussion

Fluoride concentrations in groundwater can be in a wide range of variability globally, with
values ranging from below 0.5 mg/L in fresh recharge zones to well above 5 mg/L in arid,
geothermal, or anthropogenically influenced regions (McMahon et al., 2020; Podgorski & Berg,
2022). These concentrations are governed by a complex interplay of natural geochemical
factors and, to a lesser extent, anthropogenic activities.

Under oxic conditions, fluoride occurs primarily as a product of mineral weathering. Geogenic
sources include fluorite, fluorapatite, and micas, particularly in igneous and metamorphic rocks
(Edmunds & Smedley, 2013; Apambire et al., 1997). In such environments, groundwater with
high pH and low Ca** content, commonly Na—HCOs type waters, exhibit enhanced fluoride
mobility due to desorption and suppressed fluorite precipitation (Cao et al., 2023). These
conditions are typical in arid and semi-arid zones, such as the East African Rift, North China
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Plain, and parts of India and Argentina (Rango et al., 2012; Cao et al., 2023; Aullon Alcaine et
al., 2020).

Anthropogenic sources also contribute to elevated fluoride in localized areas. Industrial
emissions (e.g., aluminum smelting), phosphate rock mining, and the use of phosphate
fertilizers can result in fluoride enrichment, particularly in oxic settings (Cronin et al., 2000;
Schlesinger et al., 2020). These contributions are typically limited in spatial extent and
secondary to geogenic controls. Under anoxic conditions, fluoride remains stable due to its
redox-independence, but its concentrations may increase with longer residence times, mineral
dissolution, and lack of adsorption capacity. Confined aquifers, particularly those with elevated
bicarbonate and depleted calcium, may accumulate fluoride to levels exceeding 1.5 mg/L, as
documented in parts of China’s Datong Basin (Edmunds & Smedley, 2013). Fluoride’s co-
occurrence with elements such as arsenic, boron, and lithium, especially under alkaline and
oxidizing conditions, further supports its use as a geochemical tracer (Aullon Alcaine et al.,
2020; McMahon et al., 2020). Because it is unaffected by redox processes, does not biodegrade,
and reflects cumulative geochemical interaction, fluoride is effective for tracing groundwater
origin, flow paths, and evolution.

The combined evidence indicates that fluoride’s utility as both a contaminant and a tracer
depend on understanding the mineralogy, water chemistry, redox status, residence time and
recharge of groundwater. Fluoride quantification alongside other geochemical indicators allows
identification of different aquifer zones with distinct recharge origin or lithological signatures,
especially in complex hydrogeological settings. In arid and semi-arid regions, evaporation
further concentrates fluoride, often alongside sodium and chloride (Edmunds & Smedley,
2013). High fluoride levels in these conditions are indicative of both evaporative concentration
and geochemical maturity. In oxic aquifers, particularly in shallow and well-recharged settings,
fluoride is primarily geogenic. Although fluoride is redox-independent, elevated concentrations
are often found under anoxic conditions particularly in deep, stagnant, or confined aquifers with
long residence times, due to extended water—rock interaction rather than redox-driven processes
(Smedley & Kinniburgh, 2002). Under reducing conditions, fluoride can be released via
desorption from iron and manganese oxides or through sustained dissolution of F-bearing
minerals, especially when Ca?" is removed through calcite precipitation (Cao et al., 2023;
Edmunds & Smedley, 2013). Anthropogenic fluoride in anoxic aquifers is less frequent but can
result from industrial leachates (e.g., phosphate effluents, coal ash ponds) that infiltrate into
confined zones. These pollution plumes are often limited in extent and are more difficult to
remediate due to slow flow and minimal dilution in confined settings. Figure 1 presents fluoride
concentrations in groundwater from reviewed representative aquifer types. Volcanic settings
(e.g., East African Rift) show the highest levels (around 10 mg/L), followed by sedimentary—
evaporative basins (e.g., China, Texas, around 6 mg/L) and crystalline aquifers (e.g., India, Sri
Lanka, around 4 mg/L). These variations reflect the influence of geology and water—rock
interaction on fluoride concentration and mobilization.
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Figure 1. Typical Fluoride Concentrations in Groundwater by Aquifer Type

In the Republic of Serbia, the maximum allowable concentration of fluoride in drinking water
is set at 1.2 mg/L, as stipulated in List IIla of the Rulebook on the Hygienic Safety of Drinking
Water (Official Gazette RS, No. 42/98, 44/99, 28/19), while for bottled water, the permitted
limit is 1.0 mg/L. According to the Decree on Limit Values of Pollutants in Water, fluoride is
also classified as a pollutant in groundwaters, listed under Annex Il. Furthermore, the Decree
on Emission Limit Values for Pollutants in Wastewater prescribes a maximum discharge
concentration of 30 mg/L of total fluoride into surface waters from wastewater treatment
processes (Annex 4a.1). In addition, the Rulebook on Permitted Quantities of Hazardous and
Harmful Substances in Soil and Irrigation Water (Official Gazette RS, No. 23/94) defines the
maximum fluoride content as up to 300 mg/kg in soil and 1.5 mg/L in irrigation water. In the
Republic of Serbia, fluoride is not included in the official program for regular monitoring of
surface and groundwater quality, although it is classified as a pollutant under national
environmental legislation.

Conclusions

Fluoride's occurrence in groundwater is governed by well-defined geochemical processes,
particularly its mobilization under alkaline, low-calcium conditions and its conservative
behavior in the absence of redox sensitivity (Edmunds & Smedley, 2013; Jayawardana et al.,
2010; Smedley & Kinniburgh, 2002). These same properties that make fluoride a contaminant
also make it useful as a natural groundwater tracer. Elevated fluoride levels are frequently
associated with prolonged water—rock interaction, ion exchange, evaporative concentration, and
geothermal influences (Apambire et al., 1997; Podgorski & Berg, 2022). When used in
conjunction with other hydrochemical parameters, fluoride can help identify sources of
recharge, and reveal subsurface processes such as lithological influence or mixing of
geochemically distinct waters (Rao, 1997; McMahon et al., 2020). It is important to emphasize
that secondary processes (e.g., calcium influx or pH changes) may alter fluoride concentrations,
its widespread measurement and sensitivity to geochemical conditions make it an accessible
and powerful tracer (Belitz et al., 2022).
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