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Abstract 

Nitrate contamination of groundwater is a growing concern in tropical island settings, where shallow 
aquifers serve as the primary drinking water source. This study assessed nitrate concentrations, 
spatial distribution patterns, and compliance with drinking water guidelines across 35 sampling 
wards in five districts of Unguja Island, Zanzibar. Groundwater samples were collected from wells 
and boreholes (depths 1.03-28.43 m) and analyzed for nitrate using ion spectrophotometry alongside 
physicochemical parameters (pH, electrical conductivity, temperature and chloride). Nitrate 
concentrations ranged from 0.3 to 331.6 mg/L (overall mean: 34.7 mg/L). While the overall mean fell 
below the World Health Organization (WHO) and Tanzania Bureau of Standards (TBS) threshold of 
50 mg/L, it exceeded the U.S. Approximately 22.9% of sites exceeded the WHO limit, and 65.7% 
exceeded the EPA limit. Approximately 22.9% of sites exceeded the WHO limit, and 65.7% exceeded 
the EPA limit. The highest concentrations were recorded at Kivunge (170.1 ± 132.89 mg/L), Mtoni 
(134.9 ± 131.8 mg/L), and Pwani Mchangani (112.58 ± 97.28 mg/L). North A district had the highest 
mean concentration (65.5 mg/L), followed by West (42.1 mg/L) and South (40.5 mg/L). Statistical 
analysis revealed significant inter-district differences (p < 0.05) but weak correlations between nitrate 
and well depth (r = -0.012) or electrical conductivity (r = 0.104), suggesting localized anthropogenic 
sources rather than natural hydrogeological controls. The results call for district-specific monitoring 
programs, improved sanitation infrastructure, and regulation of fertilizer use to protect public health 
in Zanzibar. The results call for district-specific monitoring programs, improved sanitation 
infrastructure, and regulation of fertilizer use to protect public health in Zanzibar. 

Keywords: nitrate contamination; groundwater quality; drinking water standards; health risk 
assessment; spatial distribution 
 

1. Introduction 

Groundwater nitrate contamination has become one of the most widespread water quality 
problems worldwide. The principal anthropogenic sources include synthetic nitrogen fertilizers, 
livestock manure, domestic sewage, and septic system effluents (Rivett et al., 2008; Spalding & Exner, 
1993). In developing countries, this problem is compounded by rapid population growth, limited 
wastewater treatment capacity, and intensifying agricultural practices (Groundwater Pollution in 
Africa, 2006). Chronic exposure to elevated nitrate levels in drinking water has been linked to 
methemoglobinemia in infants, colorectal cancer, thyroid disease, and adverse reproductive 
outcomes (Temkin et al., 2019; Ward et al., 2018). 

The World Health Organization (WHO) sets the guideline value for nitrate (as NO3-) in drinking 
water at 50 mg/L, while the U.S. Environmental Protection Agency (EPA) enforces a more stringent 
maximum contaminant level (MCL) of 10 mg/L as nitrate-nitrogen (equivalent to approximately 44.3 
mg/L as NO3-)(Chambers et al., 2024; Lin et al., 2023). Many countries, including Tanzania, adopt the 
WHO threshold through the Tanzania Bureau of Standards (TBS). However, the Zanzibar Water 
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Quality (JWQ) standard aligns with the more conservative EPA limit of 10 mg/L, reflecting the 
archipelagoʹs dependence on groundwater and the heightened vulnerability of its population 
(Codalli et al., 2024; Ndimbo et al., 2024). 

Small island developing states (SIDS) face particular challenges in groundwater management. 
Their freshwater lenses are thin, permeable, and susceptible to contamination from surface sources 
(White & Falkland, 2009). Zanzibar (Unguja Island) typifies this vulnerability. The island is situated 
on coralline limestone with high hydraulic conductivity, implying that contaminants introduced at 
the surface can rapidly reach the water table. Groundwater supplies approximately 95% of the 
domestic water demand on the island. Population density, limited centralized sewerage, widespread 
use of pit latrines and septic tanks, and increasing fertilizer application on smallholder farms create 
multiple pathways for nitrate to enter the aquifer (Alghamdi et al., 2023; Sishu et al., 2023). 

Despite this vulnerability, systematic data on groundwater nitrate levels across Zanzibar remain 
scarce. Existing studies have focused on broader water quality parameters or on single localities 
(Groundwater Pollution in Africa, 2006). No island-wide assessment comparing nitrate 
concentrations against multiple regulatory thresholds and examining spatial heterogeneity across 
districts has been published to date. This data gap hampers evidence-based policy formulation for 
groundwater protection (Hou et al., 2023; Prabagar et al., 2020). 

This study addresses this gap by (i) documenting nitrate concentrations and physicochemical 
parameters across 35 wards in five districts of Unguja, (ii) evaluating compliance with WHO/TBS and 
EPA/JWQ drinking water standards, (iii) analyzing spatial patterns and inter-district differences, and 
(iv) exploring correlations between nitrate and hydrogeological variables to infer contamination 
drivers. The findings are intended to inform targeted monitoring and management strategies for 
groundwater protection in Zanzibar. 

2. Materials and Methods 

2.1. Study Area 

Unguja Island (Zanzibar) lies approximately 35 km off the coast of mainland Tanzania in the 
Indian Ocean (6.1 ° S, 39.3° E). The island has an area of 1,666 km2 and a population of approximately 
900,000. The climate is tropical humid, with two rainy seasons: the long rains (Masika, March–May) 
and the short rains (Vuli, October–December). The mean annual rainfall ranges from 1,500 to 2,000 
mm. The geology consists predominantly of Miocene-Pleistocene coralline limestone overlain by 
sandy soils, creating an unconfined aquifer system with a shallow water table (typically 1-30 m below 
ground level). Agricultural activity, primarily clove, coconut, and rice cultivation, with an increasing 
use of synthetic fertilizers, dominates rural areas. Sanitation infrastructure is limited; most 
households rely on pit latrines or unlined septic tanks. 
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Figure 1. A deteriorated open well in a Chwaka village, Central District, Zanzibar. Such wells are vulnerable to 
surface contamination from agricultural runoff and domestic waste. 

Sampling was conducted across 35 wards distributed among five administrative districts: North 
A (8 wards), North B (7 wards), Central (9 wards), South (7 wards), and West (4 wards). Sites were 
selected to capture a range of land uses (agricultural, peri-urban, and coastal) and hydrogeological 
settings. Within each ward, between one and five wells or boreholes in active use for domestic water 
supply were sampled (Ndimbo et al., 2024). 

2.2. Sample Collection 

Groundwater samples were collected from private wells and boreholes with depths ranging 
from 1.03 m to 28.43 m. Before sampling, each well was purged by removing at least three well 
volumes (where feasible) to obtain representative aquifer water. Samples were collected in acid-
washed, pre-rinsed 500 mL high-density polyethylene (HDPE) bottles. Samples designated for nitrate 
analysis were filtered through 0.45 micrometre membrane filters and stored at 4 degrees C in 
insulated coolers during transport. Field parameters (pH, electrical conductivity, and temperature) 
were measured in situ using a calibrated portable multi-parameter probe (Adene et al., 2025; Zeuner 
et al., 2025) 

2.3. Analytical Methods 

Nitrate (NO3-) was determined by UV-Vis spectrophotometry using the cadmium reduction 
method (APHA Method 4500-NO3- E) on a UV-Vis spectrophotometer. Chloride was measured by 
argentometric titration. Quality assurance included the analysis of calibration standards, method 
blanks, field duplicates (10% of samples), and matrix-spiked samples. Recovery rates for spiked 
samples ranged from 92% to 108% (Khafaga et al., 2025). All analyses were performed in accordance 
with the American Public Health Association (APHA) Standard Methods for the Examination of 
Water and Wastewater (“American Public Health Association (APHA),” 2004). 

2.4. Data Analysis 

Descriptive statistics (mean and standard deviation) were calculated for each sampling site and 
district. One-way analysis of variance (ANOVA) with Tukey post hoc tests was used to assess inter-
district differences in nitrate concentrations. Pearson correlation coefficients were computed to 
examine relationships between nitrate and well depth, electrical conductivity, and pH. Compliance 
with WHO/TBS (50 mg/L) and EPA/JWQ (10 mg/L) guidelines was evaluated by calculating the 
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proportion of sites exceeding each threshold. Spatial visualisation of nitrate distribution was 
performed using ArcGIS 10.8. Statistical analyses were conducted in Python script with a significance 
level of alpha = 0.05 (Fallahzadeh et al., 2024; Nawaz et al., 2025). 

3. Results 

3.1. Physicochemical Characteristics 

Table 1 presents the physicochemical characteristics of groundwater in the five districts. The pH 
ranged from 7.0 (Chutama, North A) to 8.4 (Bwejuu, South), with a mean of 7.8, indicating slightly 
alkaline conditions consistent with the calcareous geology of Zanzibar. The electrical conductivity 
(EC) varied from 288 µS/cm (Bumbwisudi, West) to 11,500 µS/cm (Matemwe, North A). Sites with 
EC above 2,000 uS/cm (e.g., Matemwe, Pwani Mchangani, Kiwengwa, Chwaka, Bweleo, Jambiani 
Kikadini) are predominantly located in coastal wards, suggesting seawater intrusion into the 
freshwater lens. The water temperature ranged from 26.0 to 30.1 °C, which is typical of shallow 
tropical aquifers. 

Table 1. Physicochemical characteristics of groundwater across five districts of Zanzibar (N = number of samples 
per site). 

District Sampling Site N Well Depth 

(m) 

EC 

(uS/cm) 

pH Temp. 

(C) 

NO3- (mg/L) 

North A Kidoti 4 25.68 787.5 7.5 27.50 56.08 +/- 29.49 

 Mkokotoni 5 7.32 864.0 7.8 27.04 11.06 +/- 23.17 

 Kivunge 3 20.47 1256.7 7.4 27.57 170.10 +/- 

132.89 

 Matemwe 3 4.03 11500.0 8.0 29.00 93.00 +/- 54.18 

 Pwani Mchangani 4 3.80 6175.0 7.9 30.13 112.58 +/- 

97.28 

 Chutama 3 17.70 646.7 7.0 27.50 42.40 +/- 33.62 

 Moga 1 10.20 720.0 7.6 27.20 14.00 +/- 9.89 

 Kinyasini Ngaba 2 8.05 700.0 7.5 27.80 24.65 +/- 1.91 

North B Muwanda 3 1.03 687.0 7.1 26.00 19.50 +/- 29.58 

 Kiwengwa 4 5.68 5200.0 7.9 27.40 24.55 +/- 16.47 

 Makoba 4 17.90 692.5 7.5 28.05 34.53 +/- 32.04 

 Mangapwani 4 15.43 3375.0 7.4 27.50 16.05 +/- 27.07 

 Kiombamvua 4 10.18 382.5 7.5 27.40 10.18 +/- 4.18 

 Upenja 3 28.43 443.3 8.1 27.90 5.87 +/- 2.46 
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 Kilombero 1 26.50 1140.0 7.9 27.80 1.30 +/- 0.92 

Central Bungi 4 13.03 600.0 7.7 26.60 9.95 +/- 12.47 

 U/U/Kaepwani 4 7.20 3943.0 7.6 27.43 5.07 +/- 4.44 

 U/U/Kaebona 3 16.37 583.0 7.6 26.20 9.30 +/- 8.49 

 Pongwe 4 393.00 8600.0 7.9 27.40 51.95 +/- 46.59 

 Uroa 4 8.00 4553.0 8.0 27.05 3.73 +/- 1.19 

 Chwaka 4 3.73 5793.0 7.9 27.33 37.68 +/- 25.15 

 Cheju 3 11.27 633.3 7.8 26.57 6.83 +/- 4.83 

 Ndijani 2 21.00 355.0 8.2 27.25 0.95 +/- 1.20 

 Ubago 1 11.70 600.0 8.0 27.10 2.40 +/- 1.69 

South Kitogani 4 4.78 1515.0 7.7 26.20 23.83 +/- 34.48 

 Muyuni C 4 23.13 547.5 8.3 27.05 21.48 +/- 35.15 

 Kizimkazi 

Dimbani 

4 8.33 1137.5 8.2 27.00 24.10 +/- 24.36 

 Tasani 4 19.70 1120.0 7.9 28.55 87.65 +/- 

162.66 

 Bwejuu 4 4.75 1870.0 8.4 29.20 92.68 +/- 69.47 

 Jambiani Kikadini 1 2.20 6100.0 8.3 27.20 0.30 +/- 0.21 

 Mzuri 4 23.00 692.5 8.1 28.00 33.38 +/- 24.70 

West Mtoni 2 10.00 910.0 8.0 28.20 134.90 +/- 

131.80 

 Kombeni 4 13.00 1072.5 7.8 27.68 5.85 +/- 2.60 

 Bweleo 4 9.85 4728.0 8.1 28.10 23.70 +/- 27.10 

 Bumbwisudi 4 7.35 288.0 8.0 26.35 4.00 +/- 3.50 

3.2. Nitrate Concentrations Across Districts 

Nitrate concentrations exhibited substantial spatial variability, ranging from 0.3 mg/L (Jambiani 
Kikadini, South) to 331.6 mg/L (individual sample, Kivunge, North A). The overall mean across all 
35 sampling sites was 34.7 mg/L. The mean nitrate concentrations at each sampling site, along with 
their standard deviations and regulatory threshold lines, are presented. The North A district recorded 
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the highest district-level mean (65.5 mg/L), driven by three wards with extremely elevated 
concentrations: Kivunge (170.1 ± 132.89 mg/L), Pwani Mchangani (112.58 ± 97.28 mg/L), and 
Matemwe (93.00 ± 54.18 mg/L). The West district followed with a mean of 42.1 mg/L, strongly 
influenced by Mtoni (134.9 ± 131.8 mg/L). The South district averaged 40.5 mg/L, with Bwejuu (92.68 
± 69.47 mg/L) and Tasani (87.65 ± 162.66 mg/L) as the primary hotspots. North B (16.0 mg/L) and 
Central (14.2 mg/L) had the lowest district means. 

The box plot in Figure 1 illustrates the distribution of site-level mean nitrate concentrations by 
district. North A showed both the highest median and the widest interquartile range, reflecting the 
co-occurrence of severely contaminated and relatively clean sites within the same district. The 
median for Central was the lowest among all districts, and its narrow spread indicates more 
uniformly low contamination. The West district, despite a low median, contained a single extreme 
outlier (Mtoni), which inflated its mean. 

 
Figure 1. Box plot of mean nitrate concentrations by district. The boxes show the interquartile range (IQR); the 
horizontal line within the box is the median; the whiskers extend to 1.5 × IQR; and points beyond the whiskers 
are outliers. 

3.3. Compliance with Drinking Water Guidelines 

Figure 4 summarizes guideline compliance. Against the WHO/TBS threshold of 50 mg/L, 27 of 
35 sites (77.1%) had mean concentrations within the acceptable range, while 8 sites (22.9%) exceeded 
it. Against the stricter EPA/JWQ limit of 10 mg/L, only 12 sites (34.3%) were compliant; the remaining 
23 sites (65.7%) exceeded this threshold. The disparity between the two standards is notable: a 
majority of Zanzibar sampling sites would be classified as non-compliant under the EPA criterion 
that Zanzibar itself has adopted. 
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Figure 3. Proportion of sampling sites compliant with (left) the WHO/TBS guideline of 50 mg/L and (right) the 
U.S. EPA/JWQ guideline of 10 mg/L. 

3.4. Statistical Analysis of Spatial Distribution 

One-way ANOVA indicated significant differences in nitrate concentrations among the five 
districts (F = 3.42, p = 0.019). Tukey post hoc comparisons showed that nitrate levels were significantly 
higher in North A than in Central (mean difference = 51.21 mg/L, p = 0.013) and North B than in West 
(mean difference = 50.19 mg/L, p = 0.026). Other pairwise comparisons did not reach statistical 
significance, consistent with the localized nature of contamination hotspots within otherwise lower-
contamination districts. 

3.5. Correlations with Hydrogeological Parameters 

Pearson correlation analysis revealed no significant linear relationships between nitrate 
concentration and well depth (r = − 0.012, p = 0.945) or between nitrate and EC (r = 0.104, p = 0.551) 
(Figure 5). The absence of a depth–nitrate relationship is noteworthy: in many aquifer systems, 
shallower wells tend to show higher nitrate levels because they are closer to surface contamination 
sources, whereas deeper wells may benefit from denitrification along longer flow paths (Rivett et al., 
2008). The lack of such a pattern in Zanzibar suggests that the karst limestone aquifer provides rapid 
vertical transport regardless of depth or that contamination sources are so localized and intense that 
depth alone does not predict nitrate levels. 
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Figure 4. Scatter plots of nitrate concentration versus (a) well depth and (b) electrical conductivity. The dashed 
lines are linear regression fits. Pearson r values shown. Pongwe (well depth = 393 m, possible data entry error) 
was excluded from panel (a). 

4. Discussion 

4.1. Severity of Nitrate Contamination 

The mean nitrate concentration of 34.7 mg/L across the 35 sampling sites is below the WHO/TBS 
guideline but well above the EPA/JWQ limit officially adopted by Zanzibar. More telling than the 
mean, however, is the extreme range: the maximum recorded value of 331.6 mg/L at Kivunge exceeds 
the WHO limit by more than six times. Such concentrations pose acute health risks, particularly 
methemoglobinemia, in bottle-fed infants (2022). The finding that nearly two-thirds of the sites 
exceed 10 mg/L (the Zanzibar standard) implies that a large proportion of the population relying on 
these wells may be chronically exposed to elevated nitrate concentrations (Chaudhary et al., 2025; 
Mamun & Sharif, 2024). 

Maximum nitrate concentrations in Zanzibar are higher than those in groundwater nitrate in 
other regions. Burow et al. (2010) reported a median nitrate of 4.4 mg/L in California public supply 
wells, with less than 12% exceeding 44.3 mg/L. In the Virginia Coastal Plain, Focazio et al. (2002) 
found a mean nitrate below 5 mg/L. In the River Nile, Abdalla and Khalil (2018) reported a maximum 
nitrate of 66 mg/L in shallow wells. Zanzibarʹs maximum of 331.6 mg/L and district means exceeding 
50 mg/L (North A) place it among the more severely contaminated settings reported in the literature 
for tropical island or coastal aquifers (Kasem et al., 2023) 

4.2. Spatial Heterogeneity and Contamination Drivers 

The pronounced spatial heterogeneity, with contamination hotspots interspersed among 
relatively clean sites, points to localized rather than diffuse sources. The three most contaminated 
wards (Kivunge, Pwani Mchangani, and Mtoni) share certain features: proximity to intensive 
smallholder agriculture using synthetic fertilizers, high population density with poor sanitation, and 
shallow, permeable soils. Kivunge, in particular, is situated in an area of intensive vegetable and spice 
farming with heavy nitrogen fertilizer application (Aleku et al., 2024). 

The weak correlations between nitrate and both well depth and EC further support an 
anthropogenic source interpretation. If nitrate were primarily controlled by natural 
hydrogeochemical processes (e.g., dissolution of geological nitrogen or marine aerosol deposition), 
one would expect stronger correlations with EC and pH. Similar findings have been reported in other 
karst and coral island aquifers (Erisman et al., 2008; Wongsanit et al., 2015). Similar findings have 
been reported in other karst and coral island aquifers (Erisman et al., 2008; Wongsanit et al., 2015). 

The elevated EC values at coastal sites (Matemwe, Pwani Mchangani, Kiwengwa, Chwaka) 
likely reflect seawater intrusion rather than nitrate-related contamination. At Matemwe, for instance, 
EC reached 11,500 uS/cm while nitrate was 93 mg/L, suggesting co-occurrence of salinity intrusion 
and nitrate pollution from separate sources. This dual contamination, both nitrate and salinity, 
compounds the threat to drinking water quality in coastal Zanzibar communities (Muniasamy et al., 
2024; Soula et al., 2025). 

4.3. Public Health Implications 

The health implications of the observed nitrate levels are concerning. Methemoglobinemia risk 
is highest for infants under six months who consume formula prepared with nitrate-contaminated 
water. At concentrations above 50 mg/L, this risk becomes clinically significant (2022). Eight of the 35 
sites exceeded this threshold, and in Kivunge, the mean concentration (170.1 mg/L) was more than 
three times the World Health Organization (WHO) guideline. Chronic exposure to nitrate at levels 
between 10 and 50 mg/L has also been associated with an increased risk of colorectal cancer (Ward et 
al., 2018) and thyroid dysfunction (Temkin et al., 2019), although epidemiological evidence for these 
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endpoints remains inconclusive. Given that many of the sampled wells are the sole water source for 
households without access to treated piped water, the exposure pathway is direct and continuous. 

4.4. Comparison with Other Sub-Saharan African Studies 

Groundwater nitrate contamination is a recognized problem across sub-Saharan Africa, 
particularly in areas with rapid urbanization and limited sanitation. Xu and Usher (2006) 
documented widespread nitrate pollution in African aquifers and identified on-site sanitation as a 
leading cause. Kalonga (2024) found nitrate level exceeding WHO limits in urban groundwater in 
Dar es Salaam, Tanzania. Zanzibar results add to this evidence base with the additional dimension 
of a small island setting where the aquifer is thin, unconfined, and has limited capacity for natural 
attenuation. 

4.5. Limitations 

Several limitations should be noted. First, the study reports site-level mean concentrations; 
individual sample values showed high standard deviations at many sites, suggesting temporal 
variability that a single sampling round may not fully capture. Second, the well depth of 393 m 
reported for Pongwe appears to be a data recording error and should be verified. Third, source 
attribution is inferential and based on spatial patterns and literature rather than isotopic or tracer 
analysis. Nitrogen and oxygen isotope ratios of nitrate (delta-15N and delta-18O) would enable 
definitive source discrimination between fertilizer nitrogen, sewage nitrogen, and atmospheric 
deposition and should be pursued in follow-up studies. 

5. Conclusions 

This study provides the first multi-district assessment of groundwater nitrate contamination 
across Zanzibar. The data show that while the island-wide mean nitrate level (34.7 mg/L) falls below 
the WHO/TBS guideline, it exceeds the Zanzibar-adopted EPA standard by more than threefold. 
Nearly two-thirds of the sampled sites failed to meet this local standard. Contamination is spatially 
heterogeneous, with severe hotspots in the North A (Kivunge, Pwani Mchangani, Matemwe), South 
(Bwejuu, Tasani), and West (Mtoni) districts. The lack of correlation between nitrate and 
hydrogeological parameters (well depth, EC) points to localized anthropogenic sources, primarily 
agricultural fertilizers and inadequate sanitation, as the main drivers. 

Based on these findings, the following actions are recommended: (1) Establish a routine 
groundwater monitoring network prioritizing identified hotspot wards. (2) Develop district-specific 
pollution control plans that address the particular combination of agricultural and sanitation 
pressures in each area. (3) Promote best management practices for fertilizer application, including 
soil testing and precision dosing. (4) Invest in improved sanitation infrastructure, particularly 
replacing unlined pit latrines with sealed systems in areas overlying the shallow aquifer. (5) 
Implement public health education campaigns targeting caregivers of infants and pregnant women 
in high-nitrate wards. (6) Conduct isotopic studies to definitively apportion nitrate sources and guide 
intervention priorities. 
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