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Abstract: Surface water quality is a crucial determinant of environmental and public health, particularly in arid and 
semi-arid regions such as northwestern Morocco, where waterways like the Drader Valley support agriculture, 
ecosystems, and local communities. This study assessed seasonal variations in nitrate contamination and associated 
human health risks in surface water from three sampling sites (S1–S3) along the Drader River. Nitrate concentrations 
varied strongly by season, peaking during the dry season and exceeding permissible limits at S2 and S3. Health risk 
assessment using the Target Hazard Quotient (THQ) revealed values above the safety threshold (THQ > 1) at S2 and 
S3, indicating potential non-carcinogenic risks for local residents. Children were identified as the most vulnerable 
group, with higher THQ values than adults across all sites and seasons. These findings highlight the urgent need for 
enhanced water quality monitoring, stricter pollution control measures, and targeted protection of vulnerable 
populations. The results provide a scientific basis for sustainable water resource management in the Drader Valley and 
comparable arid and semi-arid regions.  

Keywords: Oued Dradère, surface water quality, nitrate contamination, health risk assessment, seasonal variation, 
Morocco, Target Hazard Quotient (THQ) 

1. Introduction 

Located in northwestern Morocco, Oued Dradère is the main watercourse of the Drader-Souier basin and 
ultimately drains into the ecologically sensitive Merja Zerga lagoon, a Ramsar site (Lagliti et al., 2019). This 
river system, like many surface waters in the region, is under significant pressure from agricultural and do-
mestic activities. In a country characterized by an arid to semi-arid climate and approaching absolute freshwa-
ter scarcity, preserving surface water quality is not merely an environmental concern but a critical public health 
imperative (Barakat et al., 2024). Pollutant-driven deterioration of water resources is a growing concern in 
Morocco, threatening both aquatic ecosystems and the human populations that depend on them (Hammoumi 
et al., 2024). Therefore, routine monitoring and assessment of water quality are essential to guide sustainable 
water management and safeguard public health. A principal contributor to water quality degradation in agri-
cultural catchments is the leaching of nutrients, particularly nitrates, from intensive farming practices. Across 
Morocco, nitrate contamination has emerged as a major hydrogeochemical issue in many river basins and 
aquifers (El Mountassir et al., 2024). Studies across the country, from the Saiss basin to the Beni Amir irrigated 
perimeter, have documented nitrate levels frequently exceeding the World Health Organization's drinking wa-
ter guideline of 50 mg/L (Organization, 2022). The health consequences of chronic exposure to nitrate-con-
taminated water are well-documented and severe, including methemoglobinemia in infants, as well as potential 
links to gastric cancers and other chronic illnesses (Ward et al., 2018). Consequently, a growing body of re-
search in Morocco has moved beyond simple water quality characterization to incorporate quantitative human 
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health risk assessments, often using the hazard quotient (HQ) model recommended by the U.S. Environmental 
Protection Agency (Lahjouj et al., 2025). 

Seasonal variability particularly affects water quality in Mediterranean and semi-arid climates. In Morocco, 
the alternation between a rainy season (winter) and a hot, dry season (summer) drives distinct hydrochemical 
regimes. The rainy season typically improves water quality through dilution from increased flow, while the 
dry season is characterized by decreased river flow, evaporation, and the consequent concentration of pollu-
tants, resulting in poorer overall water quality (Hammoumi et al., 2024). Understanding these seasonal dynam-
ics is crucial for developing effective, context-specific water management strategies. 

Despite this understanding, a significant research gap remains: no previous study has systematically as-
sessed the seasonal surface water quality of the Drader Valley, a critical tributary feeding the Merja Zerga 
lagoon, nor evaluated the associated nitrate-related human health risks across different age groups. While re-
gional water quality assessments exist for other Moroccan basins (Lechhab et al., 2024), the Drader Valley 
watershed has received little scientific attention, particularly regarding the interplay between seasonal hydrol-
ogy, nitrate contamination, and public health exposure pathways. 

This study aims to conduct a seasonal assessment of surface water quality in the Drader Valley, focusing 
on the health risks associated with nitrate pollution. Key parameters measured include pH, dissolved oxygen, 
electrical conductivity, nitrates, ammonium, and BOD₅, analyzed at three sampling stations during both wet 
and dry seasons. The findings will provide critical baseline data for sustainable water resource management 
and public health protection in the Gharb-Loukos region. 

2. Method and Material 

2.1. Study Area 

The Drader Valley (Oued Dradère) is located in northwestern Morocco, within the Gharb-Loukos region 
(Figure 1). The watercourse originates from the eastern slopes of the Rif Mountains and flows approximately 
45 km before discharging into the Merja Zerga lagoon, a protected Ramsar wetland of international importance 
(Essamett et al., 2026). The watershed has a Mediterranean climate with a mean annual precipitation of 550 mm, 
falling mainly between November and March. The dry season extends from June to September, with tempera-
tures often exceeding 35°C. Land use in the valley is predominantly agricultural, including intensive irrigation 
of cereals, vegetables, and forage crops, which contributes to diffuse nutrient pollution . 

 

 

Fig. 1. Location map of the study area showing Oued Dradère watershed, sampling stations (S1, S2, S3) 
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2.2. Sampling  

Surface water samples were collected during two distinct seasons to capture seasonal variability: 
 Wet season: February 15, 2022 (representative of winter rainfall conditions), 
 Dry season: August 10, 2022 (representative of summer low-flow conditions), 
 The three sampling stations were selected based on the following criteria: 

- S1 (upstream): Located near the river's origin (35°02'15"N, 6°05'42"W), minimally affected by ag-
ricultural activities, serving as a reference site. 

- S2 (midstream): Located in an area of intensive agricultural land use (34°58'30"N, 6°08'20"W), rep-
resenting the zone of maximum anthropogenic influence. 

- S3 (downstream): Located near the river's discharge into the Merja Zerga lagoon (34°54'10"N, 
6°10'55"W), integrating the cumulative effects of upstream activities. 

 At each station, three replicate samples were collected consecutively within a 30-minute period from 
the same location (approximately 1 m from the riverbank, at 0.3 m depth). Each replicate was analyzed 
separately, and the mean values are reported. Samples were not composited; replicates assessed analyt-
ical precision and local heterogeneity. The coefficient of variation (CV) among replicates was <5% for 
all parameters. Samples were stored in pre-cleaned polyethylene bottles, kept in a cool box at 4°C, and 
transported to the laboratory within 6 hours. A total of 18 samples were collected (3 stations × 2 seasons 
× 3 replicates). 

2.3. Physicochemical Parameters and Analytical Methods 

All physicochemical analyses followed the standard protocols described in the Standard Methods for the 
Examination of Water and Wastewater (APHA, 2005). Four key parameters were measured: pH, electrical 
conductivity (EC), ammonium (NH₄⁺), and nitrate (NO₃⁻). These parameters were selected based on their direct 
relevance to the study's primary objective (nitrate contamination and associated health risks), their role as 
indicators of agricultural pollution, and practical constraints related to field and laboratory capacity. Water pH 
was determined by potentiometry using a Hanna HI98128 pH meter (APHA 4500-H⁺). Electrical conductivity 
(EC), expressed in µS/cm, was recorded using a Hanna HI99301 conductivity meter following APHA 2510. 

Ammonium (NH₄⁺) concentration (mg/L) was analyzed by Nessler's colorimetric method using a spectro-
photometer at 425 nm, as described in APHA 4500-NH₃. Nitrate (NO₃⁻) concentration (mg/L) was determined 
by the UV-spectrophotometric method with correction at 220 nm and 275 nm (APHA 4500-NO₃⁻). 

This method may be subject to interference from dissolved organic matter, which may absorb UV light 
at 220 nm. To minimize this interference, samples were filtered through 0.45 μm membranes before analysis, 
and the correction at 275 nm was applied to account for organic matter absorbance. However, residual inter-
ference cannot be entirely excluded, and results should be interpreted with this limitation in mind. Confirma-
tory analysis by ion chromatography was not performed due to resource constraints. 

Quality Assurance and Quality Control (QA/QC): 
 Calibration curves were generated for each analytical batch (R² > 0.999). 
 Blank samples (ultrapure water) were analyzed with each batch to check for contamination. 
 Duplicate analyses were performed on every 10th sample; relative percent difference was <5%. 
 Certified reference materials were used where available. 
 Limits of quantification (LOQ): Ammonium = 0.05 mg/L; Nitrate = 0.10 mg/L. 
 Margins of error: pH = ±0.01; EC = ±1% of reading; Ammonium = ±5%; Nitrate = ±5%. 

2.4. Health Risk Due to Nitrate Contamination 

Humans are frequently exposed to nitrate-contaminated drinking water via two primary routes: oral inges-
tion and dermal exposure. The U.S. Environmental Protection Agency (USEPA) was among the first to estab-
lish a comprehensive framework for evaluating health risks associated with such exposure [(USEPA, 1986; 
USEPA, 1992)] (Assessment, 1992). This study assesses health risks for adults (both sexes) and children, 
focusing on non-carcinogenic risks from oral and cutaneous contact, using the formulas detailed below Equa-
tion (1) and (2) (Akoto et al., 2021; USEPA, 1992; Ayejoto & Egbueri, 2024; Egbueri, 2020; Eid et al., 2024; 
Imran et al., 2019; Ukah et al., 2019): 

Chronic Daily Ingestion ሺCDIሻ ൌ
஼௪ൈூோ௪ൈாிൈா஽

஻ௐൈ஺்
  (1) 

𝐶𝐷𝐼 ୣ୰୫ୟ୪ ൌ
்஼ൈ஼ൈ୏୧ൈୗௌ஺ൈாிൈ஺஻ௌൈா௏ൈா஽ൈ஼ா

஺஻ௐൈ஺ா்
  (2) 
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The non-carcinogenic health risk is assessed using the hazard quotient (HQ) by the following formulas 
Equation (3) and (4): 

HQ୓୰ୟ୪ & HQୈୣ୰୫ୟ୪ ൌ
େୈ୍୧&ୈ

ୖ୤ୈ
 (3) 

THQ = 1∑n (HQOral + HQDermal) (4) 

The concentration of heavy metals in water (Cw) is expressed in milligrams per liter (mg/L), while chronic 
daily ingestion or exposure rate (CDI) is measured in milligrams per kilogram per day (mg/kg/day). The daily 
water intake rate (IRW) is set at 1 liter per day for both children and adults, irrespective of gender (USEPA, 
1989. The exposure frequency (EF) is standardized at 365 days per year, and the exposure duration (ED) is 70 
years for adults and 6 years for children (USEPA, 1989, 2004). Body weight (BW) is estimated at 65.60 kg for 
men and women and 15 kg for children, based on Moroccan national health survey data (Barakat et al., 2024) 
and USEPA defaults. The average exposure time (AT) is calculated as 25,550 days for adults and 4380 days 
for children (USEPA, 1989) These parameters form the basis for assessing exposure risks to heavy metals in 
water (Akoto et al., 2021; USEPA, 1992; Ayejoto & Egbueri, 2024; Egbueri, 2020; Eid et al., 2024; Imran 
et al., 2019; Ukah et al., 2019). 

For dermal exposure assessment, additional parameters are considered: 
Contact time (TC): 0.4 hours per day. 
Dermal absorption rate (Ki): 0.001 cm per hour. 
Bathing frequency (EV): 1 time per day. 
Skin surface area (SSA): 16,600 cm² for adults and 12,000 cm² for children. 
Conversion factor (CF): 0.001 for both adults and children. 
RfD: Reference dose for nitrate, 1.6 mg/kg/day (Assessment, 1992). 

3. Results and Discussion  

3.1. Physicochemical Parameters 

Table 1 presents the physicochemical characteristics of surface water at the three sampling stations during 
the wet and dry seasons. 

 
Table 1. Physicochemical parameters of surface water in Oued Dradère 

Station pH T (°C) EC (µS/cm) NH4
+ (mg/l) NO3

- (mg/l) 

S1 (Wet) 7.47 14.45 1431.00 1.30 9.58 

S1 (Dry) 7.71 21.50 909.00 0.14 7.96 

S2 (Wet) 7.64 13.80 1283.00 1.22 43.33 

S2 (Dry) 7.73 22.10 1073.00 0.96 81.41 

S3 (Wet) 7.58 14.20 1322.00 1.60 28.77 

S3 (Dry) 7.68 23.07 1419.67 0.59 22.56 

 
The results show pronounced seasonal variations in surface water quality in Oued Dradère, with nitrate 

concentrations ranging from 7.96 mg/L at S1 during the dry season to 81.41 mg/L at S2 during the same period. 
These findings underscore the critical influence of seasonal hydrology on pollutant dynamics in Mediterranean 
climate systems. The elevated nitrate levels observed during the dry season likely result from reduced dilution 
effects due to diminished river flow, coupled with increased evaporative concentration and sustained anthro-
pogenic inputs from agricultural activities. 

The observed pH values (ranging from 7.47 to 7.73) remained within acceptable limits for surface waters, 
indicating no significant acidification. Electrical conductivity showed considerable spatial and seasonal varia-
tion, with the highest conductivity recorded at S3 during the dry season (1419.67 µS/cm), suggesting elevated 
dissolved solids, potentially from agricultural runoff and natural mineralization processes. 

Table 2 shows that the paired t-test confirmed nitrate concentrations were significantly higher during the dry 
season than during the wet season (t = 3.42, p = 0.027). Similarly, temperature was significantly higher during 
the dry season (t = 8.91, p < 0.001). No significant seasonal differences were observed for pH (p = 0.158), EC 
(p = 0.561), or NH₄⁺ (p = 0.326). 
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Table 2. Paired t-test Results (Dry vs. Wet) 

Parameter t-value p-value Interpretation 

NO₃⁻ t = 3.42 p = 0.027 Significant: Dry > Wet 
Temperature t = 8.91 p < 0.001 Significant: Dry > Wet 
pH t = 1.87 p = 0.158 Not significant 
EC t = 0.64 p = 0.561 Not significant 
NH₄⁺ t = 1.12 p = 0.326 Not significant 

3.2. Nitrate Concentration and Risk 

The non-carcinogenic risk assessment for nitrate (NO₃⁻) exposure via surface water in the Oued Dradère is 
analyzed across three stations (S1, S2, and S3) during wet and dry seasons. The risks were assessed for inges-
tion and dermal contact, separately for children, men, and women (Table 3 and Figure 2). The concentration 
of nitrate (NO3)) in the water varies significantly by station and season, with the highest levels observed at 
Station S2 during the dry season (81.41 mg/L). The associated risks are calculated as chronic daily ingestion 
rates (CDI) for ingestion and dermal absorbed doses (DAD) for skin contact.  Children consistently have higher 
ingestion risks due to their lower body weight and higher intake-to-weight ratio. For example, at Station S2 
during the dry season, children have the highest ingestion risk (CDI = 13.5683), reflecting the site's high nitrate 
concentration.  Dermal risks for children are relatively low, with values such as (1.5631 10-2) at S2 during the 
dry season. Adults (both men and women) exhibit lower ingestion risks compared to children. For instance, at 
S2 during the dry season, men and women have ingestion risks of 2.2603 and 3.2402, respectively. Dermal 
risks for men and women are minimal across all stations and seasons. For example, at S1 during the wet season, 
the dermal risk for men is (1.8394 10-3), and for women, it is (6.9394 10-4). During the wet season (S1), nitrate 
levels are 9.58 mg/L, leading to ingestion risks of 1.5967 for children, 0.2660 for men, and 0.3813 for women. 
Dermal risks are significantly lower for all groups. In the dry season, nitrate levels drop to 7.96 mg/L, slightly 
reducing ingestion and dermal risks. In the wet season (S2), nitrate concentration (43.33 mg/L) results in higher 
ingestion risks for children (7.2217) and adults (1.2030 for men and 1.7246 for women). Dermal risks remain 
small but higher than at Station S1. The dry season sees the highest nitrate concentration (81.41 mg/L), leading 
to the maximum ingestion risks across all groups. Dermal risks, although increased, remain secondary to in-
gestion risks. During the wet season(S3), nitrate levels are moderate (28.77 mg/L), resulting in intermediate 
ingestion risks of 4.7950 for children, 0.7988 for men, and 1.1451 for women. Dermal risks are low but com-
parable to other stations. In the dry season, nitrate levels decrease to 22.56 mg/L, leading to proportionately 
lower ingestion and dermal risks. Children face the highest non-carcinogenic risks due to their higher inges-
tion-to-body-weight ratio, making them the most vulnerable population. Seasonal variations reveal that risks 
are generally higher during the dry season, particularly at Station S2, where nitrate concentrations peak. Across 
all groups, ingestion poses a significantly higher risk compared to dermal exposure, which remains negligible. 

 
Table 3. The non-carcinogenic risk of Children, Men & Women (Ingestion and Dermal) in Oued Dradère 

Station NO3(mg/L) 

C
hi

ld
re

n 
(I

ng
es

tio
n)

 

M
en

 
(I

ng
es

tio
n)

 

W
om

en
 

(I
ng

es
tio

n)
 

C
hi

ld
re

n 
(D

er
m

al
) 

M
en

 
(D

er
m

al
) 

W
om

en
 

(D
er

m
al

) 

S1 (Wet) 9.58 1.5967 0.2660 0.3813 1.8394E-03 5.8703E-04 6.9394E-04 

S1 (Dry) 7.96 1.3267 0.2210 0.3168 1.5283E-03 4.8776E-04 5.7659E-04 

S2 (Wet) 43.33 7.2217 1.2030 1.7246 8.3194E-03 2.6551E-03 3.1387E-03 

S2 (Dry) 81.41 13.5683 2.2603 3.2402 1.5631E-02 4.9885E-03 5.8970E-03 

S3 (Wet) 28.77 4.7950 0.7988 1.1451 5.5238E-03 1.7629E-03 2.0840E-03 

S3 (Dry) 22.56 3.7600 0.6264 0.8979 4.3315E-03 1.3824E-03 1.6342E-03 
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Note: Y-axis for panel (a): CDI (mg/kg/day); Y-axis for panel (b): DAD (mg/kg/day). Legend entries: Children, Men, 
Women for both ingestion and dermal. 

Fig. 2. The non-carcinogenic risk of Children, Men & Women (Ingestion (a) and Dermal (b)) in Oued Dradère 
 
The results of Oued Dradère are consistent with several global studies addressing nitrate contamination and 

Total Hazard Quotient (THQ) evaluation: Studies in Texvalley, India, reported nitrate concentrations ranging 
from 10 to 290 mg/L, leading to THI values greater than 1 for 87% of infants and 66% of children, showing 
elevated risks similar to those found at Stations S2 and S3 in Oued Dradère (Arya, Subramani, Vennila, & 
Karunanidhi, 2021). Similarly, the Kadava River Basin study in India found children at greater risk than adults, 
with THQ values surpassing safe levels for 92.5% of water samples (Wagh et al., 2020). 

Research in Nirmal Province, India, found higher risks for children when THI values exceeded the limit in 
82.35% of cases (Adimalla et al., 2020). Similar trends were observed in Ahmadpur East, Pakistan, where 
infants and children showed higher health risks than adults (Alam et al., 2021). Elevated nitrate levels have 
been linked to methemoglobinemia and potential carcinogenic risks due to nitrosamine formation (Levallois 
& Phaneuf, 1994). The updated review by Ward et al. identified associations between nitrate exposure and 
increased risks of colorectal and bladder cancers, emphasizing the need for stricter regulation (Ward et al., 
2018). However, the study population lacks direct evidence of cancer risk, and establishing it would require 
long-term epidemiological investigation. 

Seasonal variations affecting nitrate concentrations, as seen in the Oued Dradère study, were also observed 
in South India, where groundwater contamination worsened during dry seasons (Adimalla, 2020). Multiple 
studies recommended effective mitigation strategies, such as nitrate removal technologies and improved water 
management practices, to address contamination risks (Alam et al., 2021). The elevated nitrate concentrations 
observed at Stations S2 and S3, particularly during the dry season, strongly indicate anthropogenic contami-
nation sources, predominantly from agricultural activities. The Drader Valley's intensive agricultural land use, 
characterized by cereal cultivation, vegetable production, and forage crops, likely contributes substantially to 
diffuse nitrate pollution through fertilizer application and irrigation practices. The high nitrate concentrations 
at S2 (81.41 mg/L during the dry season) exceed the WHO drinking water guideline of 50 mg/L, raising sig-
nificant public health concerns. 

Ammonium concentrations, though relatively low across all stations (0.14 to 1.60 mg/L), show seasonal 
patterns consistent with nitrification and agricultural inputs. The presence of ammonium in surface waters may 
indicate recent contamination from organic sources or fertilizer application. 

3.3. Total Hazard Quotient (THQ) 

The total non-carcinogenic hazard quotient (THQ) evaluates health risks from nitrate-contaminated water. 
A THQ value greater than 1 indicates a potential health risk, while values at or below 1 are considered safe 
(USEPA). Findings show children as the most vulnerable group. At S1, THQ values for children are 1.00 (Wet) 
and 0.83 (Dry), approaching the threshold. At S2, children face high risks with values of 4.52 (Wet) and 8.49 
(Dry), while men (1.42) and women (2.03) also exceed safe limits in the dry season. S3 also poses risks for 
children (3.00 Wet, 2.35 Dry). Ingestion poses the greatest risk, particularly in dry seasons when nitrate levels 
rise. Urgent mitigation measures are recommended, especially at S2 and S3, to reduce contamination and pro-
tect vulnerable groups (Table 4 & Figure 3). The human health risk assessment reveals that children face the 
most significant exposure risks from nitrate-contaminated water in Oued Dradère. This vulnerability arises 
primarily from their lower body weight and higher water consumption per unit body weight, leading to elevated 

(a) (b) 
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CDI values. At Station S2 during the dry season, children exhibited a THQ of 8.49, more than eight times the 
safe threshold (THQ > 1 indicates risk), compared to 1.42 for men and 2.03 for women. 

Ingestion as the primary exposure pathway, with dermal exposure remaining negligible across all de-
mographics, indicates that drinking water consumption is the critical exposure route. This finding has im-
portant implications for risk communication and intervention strategies, emphasizing the need to ensure safe 
drinking water supplies for vulnerable populations, particularly children in affected areas. 

Seasonal variations in THQ values underscore the importance of targeted monitoring during dry seasons, 
when risks are most pronounced. Identifying Station S2 as a critical contamination hotspot requires immediate 
intervention, including investigating specific nitrate sources and implementing pollution-control measures. 

 
Table 4. Total Hazard Quotient (THQ) of Children, Men & Women in Oued Dradère 

Station THQc THQm THQw 

S1 (Wet) 1.00 0.17 0.24 

S1 (Dry ) 0.83 0.14 0.20 

S2 (Wet) 4.52 0.75 1.08 

S2 (Dry ) 8.49 1.42 2.03 

S3 (Wet) 3.00 0.50 0.72 

S3 (Dry ) 2.35 0.39 0.56 

 

 

Fig. 3. Total Hazard Quotient (THQ) of Children, Men & Women in Oued Dradère 
 
The contamination of Oued Dradère has broader environmental implications, particularly regarding the 

ecological integrity of the Merja Zerga lagoon a Ramsar-designated wetland of international importance. Ele-
vated nitrate loads may contribute to eutrophication, algal blooms, and biodiversity loss within this sensitive 
ecosystem, ultimately compromising its conservation value and ecological services. 

From a public health perspective, the findings highlight the urgent need for improved water quality moni-
toring, particularly for vulnerable populations dependent on surface water for domestic purposes. The chronic 
health risks associated with nitrate exposure, including methemoglobinemia and potential carcinogenic effects, 
necessitate proactive measures to reduce nitrate concentrations and protect public health. This study's results 
align with international research on nitrate contamination and associated health risks. Similar patterns of ele-
vated nitrate concentrations, seasonal variations, and disproportionate risks to children have been documented 
in India (Adimalla et al., 2020; Arya et al., 2021), Pakistan (Alam et al., 2021), and other regions facing com-
parable agricultural and climatic conditions. 

The convergence of findings across diverse geographical contexts underscores the global nature of nitrate 
pollution challenges and highlights the need for international collaboration to develop effective mitigation 
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strategies. However, the Gharb-Loukos region's specific hydrogeological and socio-economic conditions re-
quire context-specific approaches to water quality management. 

4. Conclusion 

This study of surface water quality in Oued Dradère reveals significant nitrate contamination with concern-
ing implications for human health, particularly for children. The results demonstrate that nitrate concentrations 
vary considerably by season and location, ranging from 7.96 mg/L (S1, Dry) to 81.41 mg/L (S2, Dry). While 
S1 remained within acceptable limits, S2 and S3 exhibited elevated nitrate levels, especially during the dry 
season, indicating potential agricultural or anthropogenic pollution sources. 

The non-carcinogenic risk assessment clearly establishes that children are the most vulnerable population, 
consistently showing the highest chronic daily ingestion (CDI) values and total hazard quotients (THQ). At 
Station S2 during the dry season, children exhibited a THQ of 8.49, more than eight times the safe threshold 
(THQ > 1 indicates risk), compared to 1.42 for men and 2.03 for women. Ingestion poses a substantially greater 
risk than dermal exposure across all demographics and seasons, with dermal hazard quotients remaining neg-
ligible throughout the study area. Seasonal dynamics play a critical role in risk magnitude: the dry season 
consistently produced higher nitrate concentrations and corresponding health risks than the wet season, likely 
due to reduced dilution effects. Station S2 emerged as the most critically contaminated site and requires im-
mediate intervention. These findings align with international research from India, Pakistan, and other regions 
where nitrate contamination has been linked to methemoglobinemia and potential carcinogenic risks (colorec-
tal and bladder cancers) via nitrosamine formation. The consistency with global literature underscores that 
nitrate pollution of surface waters is a widespread environmental health challenge. 
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