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Abstract: Fluoride (F⁻) and nitrate (NO₃⁻) are common inorganic constituents of drinking water and can cause 

significant public health effects when present at inadequate or excessive concentrations. This study determines the 

levels of fluoride and nitrate in drinking water collected from 18 stations across Tunceli Province, Türkiye, during 2021, 

and evaluates the non-carcinogenic health risks for four age groups (infants, children, adolescents, and adults). Fluoride 

and nitrate concentrations were measured using spectrophotometric methods and Estimated Daily Intake (EDI) and 

Hazard Quotient (HQ) values were calculated. Fluoride concentrations ranged from 0.06 to 0.31 mg L⁻¹ and were below 

the WHO guideline value, with all HQ values <1. Nitrate concentrations varied more widely (0.45–64.38 mg L⁻¹), and 

exceedances of WHO limits were recorded at several rural stations. Infants and children exhibited HQ>1 values, 

indicating potential health risks associated with nitrate exposure. The findings highlight spatial heterogeneity in water 

quality across Tunceli and emphasize the need for age-specific monitoring programs and improved groundwater 

protection strategies. 
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Tunceli, Türkiye’de İçme Sularındaki Florür ve Nitratın Sağlık Üzerine Etkileri  

Özet:Florür (F⁻) ve nitrat (NO₃⁻), içme sularında yaygın olarak bulunan ve hem eksik hem de aşırı maruziyet durumunda 

halk sağlığı açısından önemli riskler oluşturabilen bileşiklerdir. Bu çalışma, Tunceli ilindeki 18 istasyondan 2021 yılında 

alınan içme suyu örneklerinde florür ve nitrat düzeylerini belirlemekte ve dört yaş grubuna (bebekler, çocuklar, ergenler 

ve yetişkinler) yönelik kansere yol açmayan (non-carcinogenic) sağlık risklerini değerlendirmektedir. Konsantrasyonlar 

spektrofotometrik yöntemlerle analiz edilmiş; tahmini günlük alım (EDI) ve tehlike katsayısı (HQ) değerleri 

hesaplanmıştır. Florür seviyeleri 0.06–0.31 mg L⁻¹ aralığında olup WHO (2017) sınır değerlerini aşmamıştır ve tüm HQ 

değerleri 1’in altında kalmıştır. Nitrat seviyeleri ise 0.45–64.38 mg L⁻¹ aralığında değişmiş, bazı kırsal istasyonlarda 

WHO limitlerinin aşıldığı görülmüştür. Nitrat için bebek ve çocuklarda HQ>1 değerleri elde edilmiş ve bu durum hassas 

gruplarda potansiyel sağlık riski ortaya koymuştur. Sonuçlar, Tunceli’de içme suyu kalitesinin mekânsal değişkenlik 

gösterdiğini ve özellikle nitrat kaynaklı riskler için yaşa özgü izleme programları ile su kaynaklarının korunmasına 

yönelik stratejilerin önemini vurgulamaktadır.. 
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1. Introduction 

Access to clean and safe drinking water is essential for public health and is widely recognized as a fundamental 
human right (Arcentales-Ríos et al., 2022; Ghani et al., 2022; Iqbal et al., 2023a). Reliance on groundwater for drinking 
purposes is particularly high in rural areas where alternative water sources are limited (Ullah et al., 2022a; Zhu et al., 
2022). However, global climate variability and changing precipitation patterns are increasingly affecting both the quantity 
and quality of groundwater, placing additional stress on water supply systems, especially in economically vulnerable 
communities (Jat Baloch et al., 2021). 

Fluoride contamination in groundwater typically originates from the prolonged interaction between water and 

fluoride-bearing rocks. Minerals such as fluorite (CaF₂) and apatite (Ca₅(PO₄)₃F) are highly susceptible to weathering, 
thereby elevating fluoride levels in groundwater (Iqbal et al., 2023b; Salve et al., 2008). These geochemical processes 
alter groundwater composition and may compromise its safety for human consumption. The National Research Council 

(NRC) has proposed age-specific guidelines for fluoride intake, ranging from 0.1–0.5 mg L⁻¹ for infants to a maximum 

tolerance of 4 mg L⁻¹ for adults (WHO, 2017). Prolonged exposure to high fluoride levels (>10 mg L⁻¹) has been linked 
to health problems such as hypertension, neurological disorders, reproductive complications, and skeletal deformities 
(Pitts et al., 2017; Bordoni, 2021). To balance protective and harmful effects, the WHO (2017) recommends maintaining 

fluoride concentrations in drinking water between 0.5 and 1.5 mg L⁻¹, with an optimal level of around 1.0 mg L⁻¹ to 
prevent dental caries while minimizing the risk of fluorosis (Velez et al., 2023; Filho et al., 2021). 

Like fluoride, nitrate is one of the most widespread contaminants in groundwater systems, mainly due to its high 
solubility and mobility. In recent decades, nitrate accumulation in drinking water has become a global environmental and 
public health concern. High nitrate levels are associated with adverse health outcomes, particularly among infants, 
including carcinogenic effects, hepatotoxicity, and methemoglobinemia (blue baby syndrome), a potentially life-
threatening condition caused by reduced oxygen transport in the blood (Dehghani et al., 2018). Recent epidemiological 
evidence has also linked nitrate contamination to increased risks of certain cancers, reproductive disorders, and even 
diabetes. Outbreaks of waterborne diseases have been associated with nitrate-contaminated drinking water sources 
(Zhan et al., 2011; Qasemi et al., 2020), and nitrate enrichment in surface waters contributes to eutrophication and algal 
blooms, further degrading water quality (Lin, 2019). To mitigate these risks, many countries have established maximum 

allowable limits of 10 mg L⁻¹ for nitrate-nitrogen (NO₃-N), equivalent to 50 mg L⁻¹ nitrate (WHO, 2017; Mohsenibandpei 
et al., 2016). Agricultural runoff, septic system failures, landfill leachates, urban stormwater, livestock operations, and 
industrial effluents are among the main contributors to nitrate contamination (Bhatnagar et al., 2019; Amouei et al., 2012).   

The Tunceli region of Eastern Anatolia, Turkey, is rich in surface water resources, including rivers, lakes, springs, 
mineral waters, and waterfalls (Kutlu et al., 2017). Both surface and groundwater systems are critical not only for drinking 
purposes but also for agricultural production and ecological balance. Nevertheless, data on the spatial distribution and 
health impacts of fluoride and nitrate in the region remain scarce. To address this gap, the present study investigates 
fluoride and nitrate concentrations in drinking water collected from 18 locations across Tunceli Province and evaluates 
the associated non-carcinogenic health risks. The findings are expected to provide a scientific basis for policymakers 
and support the design of effective, locally adapted water quality management strategies. 

2. Materials and Methods 
 
This study involved water quality assessment at 18 different sampling locations across Tunceli Province. These 

stations (St), labeled St1 to St18, are shown in Figure 1, while their precise names and GPS coordinates are listed in 
Table 1. Tap water samples were collected during 2021 using thoroughly cleaned high-density polyethylene (HDPE) 
containers to avoid contamination. 

 

 
 Figure 1. Location of the sampling stations in Tunceli Province. 
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          Table 1. Sampling locations in Tunceli 

Station Village District Latitude (N) Longitude (E) 

St1 Hasan Gazi Village Pülümür 39.45800°N 40.00131°E 

St2 Hacılı Village Pülümür 39.46800°N 39.95641°E 

St3 Kopuzlar Village Tunceli 38.99800°N 39.48945°E 

St4 Karyemez Tunceli 39.88900°N 39.46121°E 

St5 Başakçı Village Tunceli 39.03300°N 39.36889°E 

St6 Geçimli Village Tunceli 39.03200°N 39.26639°E 

St7 Altınçevre Village Tunceli 39.02700°N 39.24299°E 

St8 Kızılkale Village Tunceli 38.94600°N 39.75531°E 

St9 Kavaktepe Village Tunceli 38.96300°N 39.71958°E 

St10 Beşoluk Village Tunceli 38.97300°N 39.77384°E 

St11 Gümüşgün Village Tunceli 39.02000°N 39.67779°E 

St12 Pertek Tunceli 38.86700°N 39.32694°E 

St13 Pertek Tunceli 38.86700°N 39.32694°E 

St14 Gövdeli Village Tunceli 39.91200°N 39.11847°E 

St15 Konaklar Village Ovacık 39.35200°N 39.21639°E 

St16 Arpaderen Village Çemişgezek 39.01400°N 38.85926°E 

St17 Cene Village Çemişgezek 39.04200°N 38.91330°E 

St18 Vişneli Village Çemişgezek 39.01800°N 38.89690°E 

Prior to sampling, the HDPE containers were washed with a non-phosphate detergent, rinsed with deionized water, 
soaked in 10% nitric acid for at least 24 hours, and finally rinsed three times with the water to be sampled. For nitrate 
analysis, samples were stored in dark containers at 4 °C and transported to the laboratory within 24 hours to minimize 
microbial degradation. For fluoride analysis, no specific preservation was required due to its stability; however, samples 
were also refrigerated and analyzed promptly. All sampling and handling procedures followed the Standard Methods for 
the Examination of Water and Wastewater (APHA, 2017). 

Fluoride and nitrate concentrations were determined using a spectrophotometric approach with a Hach Lange DR 
3900 spectrophotometer (320–1100 nm) and Hach Lange LCK 323 Cuvette Test Kits (Hach, Germany). Fluoride was 

quantified by the SPADNS colorimetric method (SM 4500-F⁻ D), which measures the absorbance of a red zirconium–

fluoride complex at 570 nm. Nitrate was measured using the cadmium reduction method (SM 4500-NO₃⁻ E), in which 
nitrate is reduced to nitrite in a cadmium column, followed by a diazotization reaction that produces a pink azo dye 
measured at 543 nm. 

To ensure analytical accuracy and precision, routine quality assurance and control protocols were applied. 
Duplicate samples were analyzed, with measurement errors ranging between 4% and 7%. 

For health risk assessment, the study population was divided into four age groups: infants (<2 years), children (2–
6 years), adolescents (6–16 years), and adults (>16 years). Daily fluoride exposure for each group was estimated using 
Equation (1), while non-carcinogenic risk was assessed using Hazard Quotient (HQ) (Equation (2); Yousefi et al., 2018). 
An HQ value < 1 indicates negligible risk, whereas HQ> 1 reflects a potential health risk, particularly fluorosis. The risk 
assessment framework is summarized in Table 2. 
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Table 2. In this research, multiple parameters were analyzed to assess potential health impacts from drinking water 

consumption (EPA, 1992) 

Parameter Risk exposure factors  Values for groups  

  Infant Children Teenagers Adults 

Fluoride Cf mg L-1 - - - - 

 Cd Ld-1 0.08 0.85 2 2.5 

 B kg 10 15 50 78 

 RfD mg K-1 d-1 0.06 0.06 0.06 0.06 

      

Nitrate  Cf mg L-1 - - - - 

 Cd L d-1 0.08 0.85 2 2.5 

 B Kg 10 15 50 78 

 Rf D mg kg -1 d-1 16 1.6 1.6 1.6 

 

EDI=
𝐶𝑓∗𝐶𝑑 

𝐵𝑥
 (1) 

HQ=
𝐸𝐷𝐼

𝑅𝑓
  (2) 

To analyze the spatial variation of fluoride levels, variance was calculated using the non-parametric ranking 
method, the Wilcoxon rank sum test. A comprehensive quality control process was applied to all data used in the 
study. The Kolmogorov-Smirnov (K-S) and Shapiro-Wilk (S-W) tests were used to assess the normality of the 
fluoride datasets during the rainy season, depending on the size of the dataset. 

For nitrate, the Estimated Daily Intake (EDI) and Hazard Quotient (HQ) were calculated using the following 
equations: 

EDI (mg/kg/day) = (C × IR × EF × ED) / (BW × AT) 

Where: C is the concentration of nitrate in drinking water (mg/L), IR is the ingestion rate (L/day), EF is the 
exposure frequency (days/year), ED is the exposure duration (years), BW is the body weight (kg), and AT is the 
averaging time (days). 

HQ = EDI / RfD 

Where: RfD for nitrate is 1.6 mg/kg/day, as recommended by the US EPA.  

The nitrate concentrations were evaluated in relation to the World Health Organization (WHO) guideline, 

which sets a maximum permissible limit of 50 mg L⁻¹ in drinking water, and the US EPA standard of 44 mg L⁻¹. 
Similarly, fluoride concentrations were assessed with respect to the WHO guideline range of 0.5–1.5 mg L⁻¹ (optimal 

~1.0 mg L⁻¹) and the maximum permissible limit of 1.5 mg L⁻¹ established by both WHO and the US EPA. 

 
3. Results 
 
3.1 Fluoride 
The spatial distribution of fluoride concentrations in drinking water is given in Table 3, together with the Estimated 

Daily Intake (EDI) and Hazard Quotient (HQ) values for four age groups. Graphical representations are shown in Figures 

2 and 3. 

 

 

 

 

 

 

 

 



 

Yüzüncü Yıl Üniversitesi 

Fen Bilimleri Enstitüsü Dergisi 

 

https://dergipark.org.tr/tr/pub/yyufbed  

 

  
 
 

427 
 

Table 3. Fluoride concentrations, Estimated Daily Intake (EDI), and Hazard Quotient (HQ) 

Station F (mg/L) EDI Infant EDI Children EDI Teenager EDI Adult HQ Infant HQ Children HQ Teenager HQ Adult 

St1 0.08 0.0006 0.004 0.003 0.002 0.01 0.075 0.053 0.042 

St2 0.06 0.0004 0.003 0.002 0.001 0.008 0.056 0.04 0.032 

St3 0.06 0.0004 0.003 0.002 0.001 0.008 0.056 0.04 0.032 

St4 0.25 0.002 0.014 0.014 0.008 0.033 0.236 0.166 0.133 

St5 0.06 0.0004 0.003 0.002 0.001 0.008 0.056 0.04 0.032 

St6 0.11 0.0008 0.006 0.004 0.003 0.014 0.103 0.073 0.058 

St7 0.16 0.0012 0.009 0.006 0.005 0.021 0.151 0.106 0.085 

St8 0.08 0.0006 0.004 0.003 0.002 0.01 0.075 0.053 0.042 

St9 0.06 0.0004 0.003 0.002 0.001 0.008 0.056 0.04 0.032 

St10 0.12 0.0009 0.006 0.004 0.003 0.016 0.113 0.08 0.064 

St11 0.06 0.0004 0.003 0.002 0.001 0.008 0.056 0.04 0.032 

St12 0.12 0.0009 0.006 0.004 0.003 0.016 0.113 0.08 0.064 

St13 0.06 0.0008 0.006 0.004 0.003 0.014 0.103 0.073 0.058 

St14 0.06 0.0008 0.0056 0.004 0.003 0.013 0.094 0.066 0.053 

St15 0.11 0.0024 0.0175 0.012 0.009 0.041 0.292 0.206 0.165 

St16 0.1 0.0004 0.0034 0.002 0.001 0.008 0.056 0.04 0.032 

St17 0.31 0.002 0.014 0.01 0.008 0.033 0.236 0.166 0.133 

St18 0.06 0.0008 0.0068 0.004 0.003 0.013 0.113 0.08 0.064 

Min 0.06 0.0004 0.003 0.002 0.001 0.008 0.056 0.04 0.032 

Max 0.31 0.0024 0.0175 0.014 0.009 0.041 0.292 0.206 0.165 

Mean 0.1 0.0008 0.006 0.004 0.003 0.014 0.102 0.072 0.058 

 
 

          

The Estimated Daily Intake (EDI) values for fluoride ranged approximately from 0.0004 to 0.0024 mg/kg/day across 

the sampling stations, with children exhibiting the highest exposure levels among the age groups. Corresponding HQ 

values were 0.01437 for infants, 0.010284 for children, 0.072593 for adolescents, and 0.058167 for adults (Figure 2). 
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Figure 2. Estimated Daily Intake (EDI) of fluoride for four age groups in Tunceli  
 
The highest HQ was observed in children (P95 = 0.10), which is below the non-carcinogenic risk threshold (HQ = 

1). Figure 3 indicates mean HQ values of 0.14 (infants), 0.07 (adolescents), and 0.05 (adults) (Figure 3). 

 
 

Figure 3. Hazard Quotient (HQ) values for fluoride exposure for four age groups in Tunceli 
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3.2 Nitrate 
 
Nitrate concentrations measured in 2021 ranged from 0.45 to 64.38 mg/L (Table 4). Only Station 16 exceeded the 

WHO permissible limit of 50 mg/L. 
 

Table 4. Nitrate concentrations, Estimated Daily Intake (EDI), and Hazard Quotient (HQ) 

Station NO3 (mg/L) EDI Infant EDI Children EDI Teenager EDI Adult HQ Infant HQ Children HQ Teenager HQ Adult 

St1 0.45 0.0006 0.025 0.018 0.014 0.002 0.015 0.011 0.009 

St2 1.02 0.0014 0.056 0.04 0.032 0.637 0.637 0.025 0.02 

St3 1.62 0.0022 0.091 0.064 0.051 1.012 1.012 0.04 0.032 

St4 1.22 0.0016 0.069 0.048 0.039 0.762 0.762 0.03 0.024 

St5 6.51 0.0087 0.368 0.26 0.208 4.068 4.068 0.162 0.13 

St6 5.1 0.0068 0.289 0.204 0.163 3.187 3.187 0.127 0.102 

St7 4.19 0.0056 0.237 0.167 0.133 2.618 2.618 0.104 0.083 

St8 5.88 0.0079 0.332 0.235 0.188 3.675 3.675 0.147 0.117 

St9 14.34 0.0192 0.819 0.573 0.458 8.962 8.962 0.358 0.287 

St10 1.86 0.0025 0.105 0.074 0.059 1.162 1.162 0.046 0.037 

St11 1.2 0.0016 0.068 0.048 0.038 0.75 0.75 0.03 0.024 

St12 21.4 0.0286 1.212 0.856 0.684 13.37 13.37 0.535 0.428 

St13 15.41 0.0206 0.873 0.614 0.492 9.631 9.631 0.382 0.308 

St14 7.84 0.0105 0.444 0.31 0.248 4.9 4.9 0.196 0.157 

St15 49.98 0.067 2.832 1.999 1.6 31.23 31.23 1.249 1.0 

St16 64.38 0.0862 3.648 2.575 2.06 40.23 40.23 1.609 1.289 

St17 7.03 0.0094 0.398 0.281 0.228 4.393 4.393 0.175 0.14 

St18 7.27 0.0097 0.411 0.29 0.234 4.543 4.543 0.181 0.145 

Min 0.45 0.0006 0.025 0.018 0.014 0.002 0.015 0.011 0.009 

Max 64.38 0.0862 3.648 2.575 2.06 40.23 40.23 1.609 1.289 

Mean 12.04 0.0153 0.682 0.481 0.385 7.508 7.509 0.3 0.241 

 
Nitrate EDI values ranged from 0.0006 to 0.0862 mg/kg-day in infants, with mean values of 0.682 mg/kg-day for 

children, 0.481 mg/kg-day for teenagers, and 0.385 mg/kg-day for adults (Figure 4). 
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Figure 4. Estimated Daily Intake (EDI) of nitrate for four age groups in Tunceli  

The Hazard Quotient (HQ) values for nitrate varied from 0.002 to 40.23 for infants, 0.015 to 40.23 for children, 
0.011 to 1.609 for teenagers, and 0.009 to 1.289 for adults, reflecting substantial variability in exposure risk across the 
sampling stations, indicating potential non-carcinogenic risks in some rural areas (Figure 5). 

 

 
 

Figure 5. Hazard Quotient (HQ) values nitrate exposure for four age groups in Tunceli 

4. Discussion 
Children exhibited the highest susceptibility to fluoride exposure, which is consistent with their physiological 

development, including incomplete skeletal ossification (Wang et al., 2020; Guissouma et al., 2017). Fluoride mobility in 
groundwater is influenced by pH, temperature, anion exchange, and Ca²⁺/HCO₃⁻ balance (Yidana et al., 2012). Its high 
solubility enables significant variation even within small hydrogeological zones (Zango et al., 2021). “Variations in 
geological formations and salinity levels can substantially influence groundwater chemistry, leading to rapid changes in 
water quality in many regions of Eastern Anatolia (Dehghani et al., 2019).” 
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Globally elevated fluoride levels have been reported in Chile, Argentina, the Middle East, Asia, and parts of Europe 
(Brindha & Elango, 2011; Abanyie et al., 2023). In Türkiye, fluoride concentrations vary regionally and maintaining 
concentrations within 0.5–1.0 mg/L is considered optimal for dental health while preventing fluorosis (Tokatlı & Güner, 
2020). 

Excessive fluoride intake is strongly associated with dental fluorosis, while insufficient intake increases the risk of 
dental caries (Rasool et al., 2017; Aslani et al., 2019). As drinking water constitutes the primary exposure pathway, 
routine monitoring, risk mapping, public awareness, and local mitigation strategies are essential. Additionally, elevated 
fluoride can adversely impact aquatic ecosystems (Iqbal et al., 2023b; Talpur et al., 2020). Previous studies have shown 
that the spatial distribution of fluoride and other ions in groundwater is strongly controlled by regional hydrogeochemical 
processes (Guo et al., 2012). Fluoride concentrations often exhibit considerable spatial and temporal uncertainty, 
highlighting the need to incorporate local variability into health risk assessments (Ijumulana et al., 2021). 

Although nitrate concentrations in most stations of Tunceli remained within the World Health Organization (WHO) 
guideline value, localized exceedances—particularly at Station 16—indicate potential risks for certain communities. 
Infants and children were the most affected age groups, as reflected by their higher EDI and HQ values. This increased 
sensitivity is associated with their lower body weight, higher water consumption per kilogram of body mass, and limited 
metabolic capacity to detoxify ingested nitrate. “Due to its high solubility and mobility, nitrate can easily migrate through 
groundwater systems, and its removal using conventional treatment methods remains challenging (Bhatnagar & 
Sillanpää, 2011). Nitrate contamination has been widely documented in agricultural regions, where elevated levels pose 
potential health risks, particularly for vulnerable age groups (Zhai et al., 2017). 

The presence of HQ values exceeding 1 at several rural stations (Stations 5–10 and 12–18) suggests that nitrate 
exposure may pose non-carcinogenic health risks for sensitive populations. These findings align with international 
studies reporting similar concerns in rural or agricultural regions. For instance, Chen et al. (2017) documented nitrate 
levels of 2.66–103 mg/L in northwestern China, many exceeding WHO limits. Arumi et al. (2006) observed HQ values 

up to 3.1 in infants in Chile, while Sadler et al. (2016) identified HQ₉₅ values above 1.0 for Indonesian communities 
relying on unprotected groundwater sources. Mohammadi et al. (2017) reported that nitrate concentrations in Bandar-e 
Gaz, Iran, were mostly within acceptable limits, reflecting substantial regional variability. 

The spatial heterogeneity observed in Tunceli is likely influenced by topography, agricultural activities, livestock 
waste, and surface–groundwater interactions. Elevated nitrate levels in rural areas may reflect fertilizer use, manure 
leaching, or seasonal runoff. Furthermore, the Karstic and fractured geological structure in parts of the region may 
facilitate the rapid transport of nitrate into groundwater, increasing contamination risks during rainfall or snowmelt 
periods. 

Overall, the results indicate that nitrate contamination in Tunceli is not a widespread issue, but localized hotspots 
require urgent attention—particularly where vulnerable populations rely on untreated groundwater. Establishing regular 
monitoring programs, reducing agricultural nitrogen inputs, protecting recharge zones, and improving sanitation and 
livestock management practices would significantly reduce exposure risks. Public awareness campaigns targeting 
households that rely on well water may also contribute to reducing nitrate-related health impacts. 

 

5. Conclusion 

This study provides a comprehensive assessment of fluoride and nitrate levels in drinking water across Tunceli 
and its surrounding settlements, revealing substantial spatial and demographic variations in exposure and potential 
health risks. Fluoride concentrations ranged between 0.06–0.31 mg/L, while nitrate levels varied from 0.0025 to 64.38 
mg/L. Although most samples complied with international guideline values, specific stations—particularly Station 16 for 
nitrates showed elevated concentrations that may pose a concern for sensitive populations. 

Health risk assessment demonstrated that children are the most susceptible group to fluoride exposure, whereas 
infants and children exhibited the highest vulnerability to nitrate, with HQ values exceeding 1 in several rural locations. 
These outcomes emphasize the importance of considering age-specific physiological differences when evaluating 
exposure risks. 

 

The observed spatial heterogeneity in water quality likely reflects underlying hydrogeochemical processes, 
agricultural practices, livestock activities, and seasonal hydrological dynamics. The combined influence of these factors 
highlights the need for continuous monitoring, localized mitigation strategies, and integrated watershed management 
approaches to ensure safe drinking water supplies. 

Overall, the findings underscore the critical importance of strengthening water quality surveillance programs, 
enhancing public awareness, and implementing environmentally sustainable resource management practices. 
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Coordinated, multidisciplinary efforts at regional and national levels are essential to safeguard public health, protect 
aquatic ecosystems, and promote long-term sustainability of drinking water resources in Tunceli and comparable 
regions. 
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