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Abstract

Access to safe drinking water remains a major public-health challenge in developing countries,
where the consumption of poor-quality water contributes to the prevalence of waterborne
diseases. This study assesses the physicochemical and bacteriological quality of borehole water
in the city of Garoua (northern Cameroon) and examines user perceptions and practices. The
methodology combined a cross-sectional survey of 340 households with laboratory analyses of
34 boreholes. The results reveal a marked reliance on groundwater, with 32.36% of households
relying exclusively on boreholes. In physicochemical terms, the water is generally acidic (mean
pH of 5.67), with electrical conductivity peaking at 2120 puS/cm, reflecting heterogeneous
mineralization. Alarming nitrite concentrations (up to 410 mg/L) were detected, far exceeding



drinking-water standards. Microbiologically, although contamination was sporadic, the
presence of Escherichia coli at certain water points (F19 and F29) and of fecal streptococci (up
to 10 CFU/100 mL) confirms fecal pollution of anthropogenic origin. The study highlights an
apparent association between educational attainment and awareness of health risks. However,
despite a high level of awareness (91.43%), the vulnerability of boreholes to surface infiltration
(from latrines and inadequate waste management) remains a concern. These findings
underscore the urgent need for regular water-quality monitoring and improved sanitation
infrastructure to protect the health of Garoua’s population.

Keywords: Groundwater quality, Borehole water, Cameroon, Microbiological contamination

1 Introduction

Water is essential to all forms of life on Earth. It is a vital resource whose quality is
critical to human health [1]. Despite the vast volume of water available on the planet, only about
2.5% of the Earth’s total water is suitable for domestic, industrial, and agricultural use, posing
a major challenge in meeting humanity’s water needs. Surface waters, such as lakes and rivers,
supply only a small proportion of drinking water, whereas groundwater meets approximately
45% of global water demand, with figures exceeding 75% in Africa [2].

Indeed, this proportion can reach up to 100% in some regions of the world, and it
exceeds 75% in Africa [3], [4]. Water quality has a direct impact on health: according to the
World Health Organization (WHO), approximately 80% of diseases are attributable to water
quality, affecting more than 1.1 billion people without access to adequate drinking water and
2.4 billion without appropriate sanitation [5], [6], [7].

More than 2 million people, mostly children under five in developing countries, die
every year from diarrheal diseases. Nearly 90% of these diseases are attributable to poor
drinking-water quality and inadequate sanitation [8]. According to international guidelines, safe
drinking water should pose no appreciable health risk. Socio-demographic factors such as age,
sex, and educational attainment influence water-consumption practices and the perception of
health risks. Several studies have shown that households with higher levels of education tend
to adopt better water-storage and treatment practices [9].

In physicochemical terms, parameters such as pH, conductivity, salinity, total dissolved
solids, and the concentration of major ions (Na*, K*, Ca*", Mg?", NO2.~, HCOs"), among others,
are essential for evaluating water potability and compliance with national and international
standards [10].

In parallel, microbiological surveillance, including mesophilic aerobic bacterial flora,
total and fecal coliforms, E. coli, fecal streptococci, and staphylococci, constitutes a critical
indicator of fecal and anthropogenic contamination and serves as a reference for public health
[11].

This work presents an integrated study combining household surveys with
physicochemical and microbiological analyses of borehole water, aimed at assessing water
quality and public awareness of the health risks associated with its consumption. The results
are intended to inform local water-resource management strategies and to propose preventive
measures adapted to local communities.

2 Materials and Methods

2.1 Study area and sampling
This study was conducted in Garoua, the capital of Cameroon’s North Region, within the
Garoua 1, 2, and 3 municipal subdivisions (arrondissements). It followed a descriptive, cross-
sectional, and analytical design, using a questionnaire to collect data from borehole-water users
together with water samples for laboratory analysis. For physicochemical analyses, water
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samples were collected in clean, sterile containers. Samples intended for bacteriological
analysis were collected under strict aseptic conditions to prevent contamination. Sampling was
carried out by geographic cluster, grouping households by neighborhood, which facilitated
random selection and ensured the representativeness of the results. Sample size was determined
using the Schwartz formula, with a precision level of 5%. In total, 340 households and 34
boreholes were included in the study.

2.2 Data-analysis software

All data collected through the household surveys and water analyses were processed using
Microsoft Excel (2019) and Origin 8.1. These software packages, used for descriptive and
inferential statistical analysis, enabled the calculation of frequencies, proportions, means, and
standard deviations, as well as correlation tests and group comparisons according to socio-
demographic variables [12]. The physicochemical and microbiological results of the sample
analyses were processed in accordance with the standardized protocols described in the
Materials and Methods section, ensuring the reproducibility and reliability of the
measurements. This approach allowed for the coherent integration of data from the different
stages of the study, supporting a comprehensive analysis of water quality and its associated
factors.

2.3 Analytical procedures
2.3.1 Household survey methods

To obtain household-level information, a cross-sectional survey was conducted on a
representative sample of households in the study area. Sample size was determined using the
Kish (1965) formula for population surveys, accounting for the estimated prevalence of water
use and a 5% margin of error [13]. Respondents were selected through stratified random
sampling by neighborhood. Data were collected using standardized, pretested questionnaires
administered by trained enumerators and recorded on digital tablets via KoboToolbox to ensure
the reliability and traceability of the information [14].

The age and sex of respondents were recorded directly from household members during the
survey. Age was recorded in completed years and grouped into classes for analysis (15-20, 20—
25, 25-30, 30-35, 35-40, 4045, 45-50, 50-55, 5560 years). Sex was recorded as male or
female. These socio-demographic variables were used in descriptive analyses to assess
differences in water consumption and knowledge according to age and sex [14].

Educational attainment was recorded for each respondent according to the national
classification: none, primary, secondary, and higher education. This information was obtained
by self-report during the interview. The data were analyzed to establish correlations between
educational attainment and the perception of water quality, knowledge of waterborne diseases,
and consumption practices [15], [16].

Water consumption was documented according to source: public water-supply networks,
traditional wells, boreholes, and surface-water sources. Respondents were asked about the
frequency of use of each water type (daily, weekly, or occasional). Enumerators also verified
on-site the presence and condition of water points to supplement the self-reported data. This
approach made it possible to relate water consumption to its source and to assess potential
contamination risks [17], [18].

Knowledge of waterborne diseases (cholera, diarrhea, typhoid) was assessed using a
standardized questionnaire including multiple-choice questions on transmission routes,
symptoms, and preventive measures [18]. Scores were assigned to each respondent and



correlated with educational attainment to determine the effect of education on awareness of
waterborne diseases. Scores were assigned to each respondent and compared across
educational-attainment categories to explore differences in awareness of waterborne diseases.

2.3.2 Physical analyses

Measurement of borehole water temperature

Water temperature was measured directly in the field using a calibrated digital thermometer
with a precision of 0.1 °C. Measurements were taken by immersing the thermometer probe in
the borehole water for 2 minutes to allow the reading to stabilize. Temperature is used to assess
the physical condition of the water and to interpret the solubility of dissolved gases and minerals
[19], [20].

Measurement of water pH

pH was determined using a portable pH meter (Hanna HI98128), calibrated before each series
of measurements with buffer solutions at pH 4, 7, and 9. The electrode was immersed in the
sample for 1 to 2 minutes until the reading stabilized. pH is used to assess the acidity or
alkalinity of water and its potential corrosivity [21], [22].

Measurement of total dissolved solids (TDS)

Total dissolved solids (TDS) were determined by filtering samples through a 0.45 pm
membrane, followed by evaporation at 105 °C in an oven until a constant weight was reached.
The residue mass was expressed in mg/L. This method estimates the overall concentration of
dissolved minerals and the potability of the water [23].

Measurement of borehole water electrical conductivity (o)

Electrical conductivity was measured with a portable conductivity meter (HACH HQ440),
previously calibrated with a standard solution of 1413 uS/cm. The electrode was immersed in
the sample for 1 minute. Conductivity reflects the total concentration of dissolved ions and is
directly correlated with salinity and TDS [24].

Measurement of borehole water salinity (S)
Salinity was calculated from electrical conductivity using Equation 1.
S(g/L)=0.64 X6 (IMNS/CM) .nvinniiii e (Equation 1)

Measurements were supplemented by argentometric titration in selected samples for validation
purposes. This analysis provides the dissolved-salt content, which is essential for evaluating the
water’s suitability for domestic and agricultural use [24], [25].

2.3.3 Chemical characterization of borehole water

The major ions (Ca*, Mg?*, Na*, K*, Cl-, NOs~, NO:", HCOs") were analyzed using standard
titration and spectrophotometric methods. Samples were filtered (0.45 pm) and stored at 4 °C
prior to analysis. Major-ion concentrations were measured to assess overall chemical
composition and hydrochemical classification of the waters.

Measurement of nitrite (NO2)

Nitrite was determined using the sulfanilamide and N-(1-naphthyl)ethylenediamine
dihydrochloride colorimetric method (Griess reaction). Absorbance was measured at 540 nm
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using UV-Visible spectrophotometry. This method is sensitive to low concentrations and is
used to assess microbiological pollution and organic contamination [26].

Measurement of potassium content (T(K))

Potassium concentration was measured by flame photometry in accordance with APHA (2017)
standards. Samples were filtered and, where necessary, diluted to obtain a suitable measurement
range. Potassium is an important major ion for assessing the mineral quality of water [27].

Measurement of sodium content (Na*)

Sodium was analyzed by flame photometry with calibration against standard references.
Filtered samples were diluted beforehand to fit the instrument’s linear range. Sodium content
is an indicator of salinity and of suitability for human consumption [28], [29].

Measurement of total hardness

Total hardness was determined by complexometric titration with 0.01 M EDTA in the presence
of Eriochrome Black T as indicator. Hardness is expressed in mg/L CaCOs and reflects the
combined dissolved calcium and magnesium concentration [30], [31].

Measurement of calcium hardness (TC)

Calcium hardness was assessed by EDTA titration following precipitation of magnesium with
ammonium oxalate. Results are expressed in mg/L CaCOs and allow the calcium contribution
to total hardness to be distinguished [32].

Measurement of magnesium hardness (TM)

Magnesium hardness was obtained as the difference between total hardness and calcium

hardness. This indirect approach is standard practice for the physicochemical analysis of
freshwater [32].

Method for measuring water alkalinity (TA)

Alkalinity was determined by acid titration (0.02 M HCI) to the endpoint indicated by methyl
red and phenolphthalein. It is expressed in mg/L CaCOs and reflects the water’s buffering
capacity against acids [33].

2.3.4 Bacteriological analysis methods
Measurement of mesophilic aerobic bacterial flora

Mesophilic aerobic bacterial flora was assessed by the plate-count method on Plate Count Agar
(PCA) in accordance with ISO 6222:1999. Water samples were collected in sterile bottles,
transported to the laboratory at 4 °C, serially diluted, and incubated at 30 °C for 48 h. Colony-
forming units (CFU) were counted and expressed as CFU/mL. This method assesses the overall
microbial load of the water and its general hygienic condition [34].

Measurement of total coliforms

Total coliforms were determined using the multiple-tube method or membrane filtration in
accordance with ISO 9308-1:2014. Samples were filtered through a 0.45 pm membrane and
incubated on MacConkey or TTC agar to detect lactose-fermenting colonies at 37 °C for 24 h.
Results were expressed as CFU/100 mL. This is a standard method for assessing overall
bacterial contamination [35].



Measurement of fecal coliforms

Fecal coliforms were measured using the multiple-tube (Most Probable Number, MPN)
technique or membrane filtration with incubation at 44 °C on mFC agar. Blue-green colonies
were counted after 24 h and results expressed as CFU/100 mL. This method identifies fecal
contamination and the associated health risks [35], [36].

Measurement of Escherichia coli

Detection of E. coli was performed by membrane filtration in accordance with ISO 9308-
1:2014, followed by incubation on Chromocult agar. Characteristic red or dark-blue colonies
were counted after incubation at 44 °C for 24 h and expressed as CFU/100 mL. This
measurement is essential for assessing the sanitary quality of drinking water [37], [38].

Measurement of fecal streptococci

Fecal streptococci were enumerated by membrane filtration on KF (Kanamycin-Furfural) agar
or Slanetz-Bartley agar, incubated at 37 °C for 48 h. Red colonies were counted and expressed
as CFU/100 mL. This parameter complements coliform counts in identifying fecal
contamination and assessing health risks [39], [40].

Measurement of staphylococci

Staphylococci were detected on Baird-Parker agar supplemented with tellurite, incubated at 37
°C for 24-48 h. Shiny black colonies surrounded by a zone of opalescence were counted and
expressed as CFU/100 mL. This analysis detects the presence of pathogenic staphylococci
capable of causing infection and indicates anthropogenic contamination [41], [42].

3 Results and Discussion
3.1 Household survey results

The survey results were analyzed according to age group, sex, educational attainment, water
source, borehole-water consumption, and knowledge of waterborne-disease transmission in
relation to educational attainment.

3.1.1 Results by age and sex

Figure 1 presents the mean, frequency, and standard deviation for the surveyed population. The
overall mean age was 32.19 years, with a standard deviation of 13.58 years across both sexes.
The frequency distribution by age class (%) was as follows: Class 1: 12.94%, Class 2: 32.65%,
Class 3: 13.53%, Class 4: 9.12%, Class 5: 4.71%, Class 6: 4.71%; Class 7: 6.18%, Class 8:
7.06%, Class 9: 5.29%, Class 10: 2.65%, Class 11: 1.18%. The distribution of participants by
age group and sex reveals a heterogeneous demographic structure, characterized by a strong
representation of young adults and notable differences between men and women [43], [44].

The results show a strong concentration of respondents in the [20-25] and [25-30] age brackets,
with a particularly marked peak among women in the [20-25] bracket (66 female participants
versus 45 male participants). This predominance of young adults suggests that this age group
constitutes the main population engaged in water quality surveys [45], [46].

This finding is consistent with work in participatory environmental science, which shows that
certain age groups, particularly young adults and middle aged individuals, are often the most
engaged in environmental data-collection activities [47], [48]. Moreover, several studies
indicate that engagement with environmental issues is often linked to factors such as
educational attainment and awareness, which tend to be higher in these age groups [49].
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Comparative analysis reveals significant variation by sex. Women predominate in certain
younger age brackets ([15-20], [20-25], [35-40], [45-50]), while men are more strongly
represented in certain older brackets ([S0-55], [55-60]). These results reflect differentiated
participation by gender, which depends on the social and environmental context of the study
area [50], [51]. Some studies report greater male involvement in meetings or activities related
to water management, whereas others show stronger female involvement, reflecting women’s

central role in domestic water management and their direct exposure to water-quality issues
[52].

Furthermore, research conducted in West Africa indicates that women often display greater
environmental sensitivity, particularly with respect to water quality and health risks [53], [54].
This may explain their strong representation in certain active age groups within our sample.
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Fig. 1 Frequency distribution of surveyed age groups and sex

3.1.2 Results by educational attainment

Table I presents the distribution of the surveyed population according to educational attainment.
This distribution reveals a strong predominance of educated individuals, with higher education
being the most common level (45%, n = 153) [55], [56], followed by secondary education
(36.47%, n = 124). By contrast, respondents with only primary education (13.82%, n =47) and
those with no formal schooling (4.71%, n = 16) were poorly represented [57]. This finding
shows an over-representation of educated individuals within the sample studied. This pattern
suggests that participation in the water-quality survey was strongly influenced, on the one hand,
by respondents’ educational capital, and, on the other, that it reflects greater environmental
awareness among educated individuals—an effect likely reinforced by the fact that the sampling
site is located in an urban area [59]. This high level of educational attainment also suggests a
greater capacity to engage with survey instruments, particularly technical or semi-structured
questionnaires [60], [61]. Educated individuals often demonstrate a better ability to interpret
questions, provide coherent responses [62], [63], and appreciate the scientific relevance of the
study.



Table 1 Distribution of respondents according to educational attainment

Percentage (%) Count
No formal schooling 4.71 16
Primary 13.82 47
Secondary 36.47 124
Higher 45.00 153
Overall total 100.00 340

3.1.3 Results on water consumption by source

Figure 2 presents the results on drinking-water sources used in the study area. The analysis
reveals a diversity of water-supply sources, dominated by boreholes (32.36%) as the primary
source, followed by tap water (29.71%), combined borehole-and-tap use (19.41%), a
combination of Borehole—Well and Borehole—Well-Tap sources in smaller proportions, and
finally wells alone (=2.65%), with other marginal sources such as marigot (seasonal-pool) water
(<2%) used only very rarely [60], [64]. This distribution shows that more than 80% of
households rely on either boreholes, tap water, or a combination of the two, reflecting a
dependence on so-called “improved” sources typical of urban settlements [65]. The
predominance of boreholes suggests a strong reliance on groundwater, which is typical of areas
where piped drinking-water networks are insufficient or unreliable [66]. Several studies in sub-
Saharan Africa show that boreholes constitute the main source of drinking water in urban and
peri-urban settings owing to their accessibility, relative protection from direct contamination,
and independence from public infrastructure [67], [68].

The substantial share of combined uses (particularly borehole + tap) highlights an adaptive
strategy adopted by households in response to supply constraints [69], [70]. This behavior is
widely documented in the literature as a form of water-access security, health-risk management,
and economic optimization. The low proportion of well use suggests either a decline in well-
water quality or a progressive shift away from wells in favor of boreholes, which are perceived
as safer.

Hydrological studies show that traditional wells are more vulnerable to physicochemical and
microbiological contamination, particularly in densely populated areas [71], [72]. These
findings are consistent with several studies showing that populations in developing countries
often rely on a combination of water sources rather than a single source; that boreholes
predominate in areas with limited public-network coverage; that the level of water-service
provision directly influences supply behavior; and that access to an improved source does not
always guarantee the sanitary quality of the water consumed. Moreover, the World Health
Organization (WHO) and UNICEF, through the Joint Monitoring Programme (JMP),
emphasize that the use of so-called “improved” sources (boreholes, taps) must be accompanied
by quality monitoring (analysis and/or treatment) to ensure that the water is genuinely potable.
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3.1.4 Results on borehole-water consumption

Analysis of Figure 3 shows a strong predominance of positive responses regarding borehole-
water consumption (78.24% “Yes” versus 21.76% “No”). This distribution reflects a majority
acceptance among participants of the practice in question, likely related to perceptions of water
quality, patterns of use, or an associated practice [73], [74]. The high proportion of “Yes”
responses indicates a dominant trend within the study population, suggesting a positive
perception, a widely adopted practice, or broad awareness of the phenomenon under study. In
water-quality studies, this type of result is often associated with relative confidence in the water
source used, or with the widespread adoption of certain practices (treatment, use, storage, etc.).

The non-negligible proportion of negative responses (21.76%) nevertheless reveals
heterogeneity in perceptions or behaviors [75], [76]. This minority may be explained by
differences in access to resources, socio-economic variation, or individual experiences related
to water quality.

In the literature, it is frequently observed that even when a majority adopts a given practice, a
substantial fraction of the population remains outside that trend, often for structural or cultural
reasons [77], [78].

These results are consistent with several studies in environmental health showing that
populations can display majority adherence to certain water-related practices, particularly when
these are perceived as beneficial; however, a non-negligible fraction (20-30%) adopts different
behaviors, reflecting inequalities in access or perception, since the perception of water quality
is often subjective and influenced by personal experience, educational attainment, and the social
environment [79].



Work by the WHO and UNICEF (JMP) also emphasizes that user perception does not always

reflect the actual quality of the water, which can lead to risky behavior despite apparent
confidence [80].

This distribution suggests an overall favorable trend regarding the phenomenon studied, but
also points to a need for targeted intervention for the minority population, as well as the need
to verify the consistency between perception and reality through physicochemical and
microbiological analyses.

Yes
No

21,76%

78,24%

Fig. 3 Borehole-water consumption

3.1.5 Results on knowledge of waterborne-disease transmission according to
educational attainment

Table 2 presents the population’s level of knowledge regarding the transmission of waterborne
diseases. Among the 340 households surveyed, the analysis reveals a significant relationship
between educational attainment and the adoption of behaviors favorable to water-quality
management. The high proportion of positive responses among individuals with secondary or
higher education corroborates findings in the literature, according to which education improves
the perception of health risks, access to information, and the adoption of water-treatment
practices [81], [82]. In contrast, the variability observed among respondents with no formal
schooling highlights their vulnerability and the need to strengthen tailored awareness-raising
strategies [83]. These results confirm that educational attainment is a key lever in policies for
sustainable water management and the prevention of waterborne diseases.
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Table 2 Knowledge of waterborne diseases according to educational attainment

No Yes Total
No formal schooling 8 8 16
Primary 8 39 47
Secondary 8 116 124
Higher 5 148 153
Overall total 29 311 340

3.2 Physical characterization of borehole water
3.2.1 Temperature results

Figure 4 presents the temperature values recorded for the 34 boreholes included in the study.
The results show values ranging from 24.0 °C to 27.3 °C, with a relatively narrow thermal range
(=3.3 °C). This homogeneity reflects the thermal stability characteristic of aquifers in a tropical
setting, where groundwater tends to reflect the mean annual air temperature. These observations
are consistent with the findings of Freeze and Cherry (1979), who showed that groundwater
temperature generally remains stable except where hydrogeological or anthropogenic
disturbances occur. Similarly, Appelo and Postma (2005) note that temperature variations
observed in aquifers are often related to depth, recharge dynamics, and the geological nature of
the medium.

Moreover, the slight fluctuations observed between boreholes (with lower values around 24—
24.5 °C and higher values above 26.5 °C) may be attributed to local differences in
hydrogeological conditions. Lower temperatures could reflect zones of recent recharge, where
the infiltration of cooler meteoric water influences the thermal regime, whereas higher
temperatures could be associated with deeper boreholes or zones of low water circulation that
favor gradual warming.

These results are also consistent with the observations of the World Health Organization (2017),
which indicate that in tropical regions groundwater temperature generally ranges between 25
and 30 °C, with no direct impact on potability but with important implications for the water’s
physicochemical and microbiological properties. These findings align with the work of Bain et
al. (2014), who showed that in developing countries, elevated groundwater temperatures can
promote microbial proliferation, particularly where hygiene conditions and borehole protection
are inadequate.

Thus, although temperature is not a limiting parameter with respect to potability standards, it
acts as an indirect factor in water-quality degradation by influencing physicochemical and
biological equilibria. The relative homogeneity observed in this study suggests an overall stable
aquifer system, although local variations highlight the importance of considering the
environmental and structural factors specific to each borehole.
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3.2.2 pH results

Analysis of the pH values measured in borehole water (Figure 5) reveals a range from 4.64 to
6.87, indicating overall acidic to slightly acidic conditions. The majority of samples show
values below 6.5, the recommended threshold for drinking water, reflecting a predominance of
acidic conditions within the aquifer [84]. This acidity is typical of groundwater in humid
tropical environments, where intense soil-leaching processes lead to depletion of basic cations
(Ca?*, Mg?*, K") and a relative accumulation of acidifying elements [85]. These observations
are consistent with the work of Appelo and Postma (2005), who demonstrated that aquifers
developed in silicate rocks frequently produce acidic waters owing to their low buffering
capacity. The observed acidity may also be attributed to dissolved carbon dioxide (COx)
originating from microbial respiration and the decomposition of organic matter in the soil. This
process promotes the formation of carbonic acid, thereby lowering pH [86]. This interpretation
is consistent with the conclusions of Freeze and Cherry (1979), who emphasize the determining
role of water—soil-atmosphere interactions in regulating groundwater pH [87].

The lowest pH values (=4.6-5.0) could reflect zones of active recharge, where infiltration of
CO:q-enriched meteoric water intensifies acidity, whereas values closer to neutral could indicate
prolonged water—rock interaction allowing partial neutralization [88].
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Fig. 5 pH variation in borehole water

3.2.3 Total dissolved solids (TDS) results

Analysis of total dissolved solids (TDS) in borehole water (Figure 6) reveals notable spatial
variability, reflecting differences in the degree of mineralization among the aquifers studied.
The observed concentrations suggest an overall predominance of weakly to moderately
mineralized water, although some points show higher values indicating a stronger influence of
mineral-dissolution processes. This heterogeneity can be attributed to several
hydrogeochemical factors, including the lithological nature of the geological formations
crossed and the residence time of water within the aquifer during water—rock interactions.
According to the models described by Appelo and Postma, an increase in total dissolved solids
is generally associated with enhanced mineral dissolution, particularly in aquifers rich in
silicates or carbonates [89]. Furthermore, recent studies conducted between 2025 and 2026 on
tropical groundwater confirmed that variations in TDS are strongly correlated with recharge
dynamics and anthropogenic activities particularly agriculture and urbanization which promote
the input of dissolved ions (nitrates, sulfates, chlorides) [90]. This work, including recent World
Health Organization updates on drinking-water quality, emphasizes that high TDS
concentrations can alter the organoleptic properties of water (taste, turbidity) and limit its
acceptability, although they do not always constitute a direct health risk [91]. In addition, recent
research has shown that water with elevated TDS levels can promote infrastructure corrosion
and alter the bioavailability of certain trace elements [92]. The results obtained are therefore
consistent with recent observations, confirming that TDS is a key indicator of overall
groundwater quality, reflecting both natural processes and anthropogenic influences affecting
the aquifers [93].
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3.2.4 Electrical conductivity of borehole water (o)

The results presented in Figure 7 show the electrical conductivity (o) of borehole water (F1 to
F34), expressed in pS-cm™. Most boreholes show low-to-moderate values, ranging from 19 to
431 uS-cm™, whereas some boreholes, F14 (905 pS-cm™), F24 (1158 uS-em™), F25 (930
uS-cm™), and especially F30 (2120 uS-cm™), show markedly elevated conductivity, indicating
an increased concentration of dissolved ions. This variability suggests marked heterogeneity in
the mineralization of borehole water, likely related to local geological composition, the
influence of infiltration from ion-rich shallow water tables, or localized anthropogenic inputs
such as leaching from agricultural soils [94] (Adekunle et al., 2020; Mbithi et al., 2019). The
elevated values detected are consistent with conductivity studies conducted in similar boreholes
in tropical settings, where local variations can exceed 1000 pS-cm™ (WHO, 2017; Kaseva et
al., 2001). These observations confirm that, although most boreholes yield water with
conductivity compatible with potability standards, some boreholes show elevated ionic levels
that could affect quality [95].
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Fig. 7 Electrical conductivity variation in borehole water

3.2.5 Salinity of borehole water (S)

The results presented in Figure 8 reflect the salinity of borehole water (F1 to F34), expressed
via electrical conductivity in pS-cm™, which serves as a direct indicator of the total
concentration of dissolved ions. Most boreholes (F1-F12, F15-F19, F21, F22, F27, F32-F34)
show low-to-moderate values (9-215 uS-cm™), indicating weakly mineralized water generally
compliant with potability standards, consistent with the observations of Kaseva et al. (2001)
and Mbithi et al. (2019) on the natural variability of groundwater in tropical zones. However,
some boreholes show elevated salinity, such as F14 (452 uS-cm™), F24 (572 puS-cm™), F25
(460 uS-cm™), and F30 (1070 uS-cm™), indicating a high concentration of dissolved ions,
which may result from local geological influences, intrusion of brackish water, or leaching from
salt-rich soils, in line with the work of Adekunle et al. (2020) and WHO (2017). These results
corroborate the earlier conductivity analyses and suggest that areas with elevated salinity are
also more likely to be affected by anthropogenic impacts or localized contamination, as
observed for the microbiological indicators (fecal streptococci and staphylococci) [96].
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3.3 Chemical characterization of borehole water
3.3.1 Nitrite results

The results presented in Figure 9 show nitrite (NO2~, mg/L) concentrations in borehole water
(F1 to F34), revealing a heterogeneous distribution. Three main points emerge. First, most
boreholes show low-to-moderate concentrations (10-100 mg/L), suggesting either minimal
contamination or natural nitrite accumulation in groundwater, consistent with the observations
of Kaseva et al. (2001) and Mbithi et al. (2019). Second, some boreholes show markedly
elevated concentrations, notably F14 (340 mg/L), F24 (330 mg/L), F25 (160 mg/L), and F30
(410 mg/L), indicating substantial localized nitrite inputs, likely related to the infiltration of
domestic or agricultural effluents, or to intense nitrification in the surrounding soils, as
corroborated by Adekunle et al. (2020). Third, these elevated concentrations far exceed the
recommended thresholds for drinking water (WHO, 2017), highlighting a potential risk to
human health, including gastrointestinal disorders and effects associated with the formation of
nitroso compounds. The correlation with the previous salinity and conductivity results, which
show that the most highly mineralized boreholes (F14, F24, F30) also display the highest nitrite
concentrations, together with the similarity to the microbiological results (fecal streptococci
and staphylococci), confirms that these boreholes are exposed to combined chemical and
microbiological contamination. These observations highlight the need for integrated monitoring
and targeted water-treatment measures to ensure sanitary safety, particularly for boreholes with
elevated nitrite concentrations.
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3.3.2 Potassium content results (T(K))

Analysis of the distribution of potassium in the 34 boreholes (Figure 10) reveals marked spatial
variability, with concentrations ranging from approximately 4 to 86 mg/L. Most points,
however, fall within a natural geochemical background range of 5 to 20 mg/L, consistent with
the natural weathering of potassium-bearing silicate minerals such as potassium feldspars and
micas, a process widely documented in basement aquifers in tropical settings [97], [98]. In
contrast, the markedly higher values observed at certain boreholes (approximately 30 to 86
mg/L) deviate significantly from this natural background and are consistent with anthropogenic
enrichment, particularly the infiltration of residues from potassium fertilizers (KCl) applied in
agriculture a mechanism whose importance in the salinization and potassium enrichment of
aquifers has been clearly demonstrated by Buvaneshwari et al. (2020) [99] in a semi-arid
agricultural context, and corroborated by Griffioen (2001), who showed, using the potassium
adsorption ratio, that groundwater beneath agricultural infiltration zones displays significantly
higher values than that beneath forested or undisturbed land. These anthropogenic inputs,
combined with the relatively high solubility and mobility of potassium compared with other
major cations during the weathering of crystalline rocks, suggest that the boreholes with the
highest concentrations constitute “hot spots” warranting priority monitoring and further
hydrogeochemical characterization to confirm the agricultural or domestic origin of this
contamination and to guide sustainable resource-management measures [100].
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3.3.3 Sodium content results

The distribution of sodium concentrations across the 34 boreholes studied (Figure 11) reveals
spatial heterogeneity even more pronounced than that observed for potassium, with values
ranging from less than 10 mg/L to nearly 750 mg/L (F29), a ratio exceeding 100 between
extremes. Most boreholes (approximately 75%), however, show concentrations below 50 mg/L,
consistent with a natural geochemical background attributable to the weathering of sodium
plagioclase in the surrounding gneissic or granitic rocks a process frequently reported as the
main source of sodium in basement aquifers in tropical zones. In contrast, a subset of boreholes
stands out with markedly higher concentrations: F13 (~240 mg/L), F17 (~140 mg/L), F23 (~365
mg/L), F26 (~250 mg/L), F27 (~130 mg/L), F29 (~750 mg/L), and F31 (~170 mg/L), several
of which exceed the WHO guideline value of 200 mg/L set for the organoleptic acceptability
of drinking water. These anomalies may be explained by several non-exclusive mechanisms:
first, saline intrusion or upwelling of more mineralized water; second, an anthropogenic input
such as domestic wastewater; and third, reverse cation exchange within the aquifer’s clay
matrix, releasing adsorbed sodium in exchange for calcium or magnesium, or a prolonged water
residence time favoring more extensive weathering of sodium silicate minerals. The partial
coincidence of sodium and potassium peaks (notably at boreholes F13, F23, F26, and F29)
reinforces the hypothesis of a common origin, likely related to diffuse pollution of agricultural
or domestic origin superimposed on the natural geological background, and justifies further
hydrogeochemical characterization—including hydrochemical facies analysis and mineral
saturation indices—for these points before the water is used for consumption.
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Fig. 11 Sodium variation across samples

3.3.4 Total hardness results

Examination of total hardness (CaCOs, mg/L) usefully complements the sodium and potassium
profiles discussed above. Nearly all boreholes show very low values, generally below 5 mg/L,
which would classify these waters as soft to very soft, with the notable exception of borehole
F29, which shows an extreme peak (~20 mg/L) coinciding precisely with the absolute maxima
of sodium (~750 mg/L) and potassium observed in Figure 11. This convergence strongly
suggests, for this single point, a common origin related either to mixing with more mineralized
water (deep saline intrusion or local evaporite dissolution) or to localized anthropogenic
contamination (concentrated domestic or agricultural effluents), rather than to a simple diffuse
silicate-weathering process. Conversely, the other boreholes with high sodium but low hardness
(F13,F17,F23,F26) illustrate a typical decoupling between alkalis (Na*, K*) and alkaline earths
(Ca**, Mg*"), consistent with a base-exchange mechanism within the aquifer’s clay matrix,
whereby adsorbed sodium is released into solution in exchange for the fixation of calcium and
magnesium—a phenomenon recently identified as a major control on Na-dominant
hydrochemical facies in both basement and sedimentary aquifers [101], [102]. This hypothesis
is further reinforced by recent work confirming that, in crystalline settings, potassium is the
parameter showing the greatest variability and the most pronounced seasonal significance,
whereas total hardness remains primarily governed by background geological processes [102],
and by a study conducted in the Egyptian Western Desert associating low hardness with sodium
dominance linked to silicate weathering rather than carbonate dissolution [103]. Taken together,
these elements point toward a coherent interpretation of the three parameters (Na, K, hardness):
a natural hydrogeochemical background dominated by cation exchange and the weathering of
sodium-potassium silicates, punctuated by one or more anthropogenic hot spots, foremost
among them F29.

19



20

-
4]
]

Hardness (mg/L)
=
|

Fig. 12 Total hardness of borehole water

3.3.5 Calcium hardness (TC)

Analysis of calcium hardness, presented in Figure 13, shows that across the 34 boreholes, TC
values remain predominantly below 5 mg/L, with the exception of borehole F29, which displays
an extreme peak of approximately 19.5 mg/L, nearly identical to the total hardness value
measured at the same point (~19.8 mg/L), indicating that the magnesium contribution there is
negligible and that total hardness is almost exclusively of calcium origin. This finding,
combined with the previously noted coincidence of the sodium (~750 mg/L) and potassium
maxima at the same borehole, points toward a congruent dissolution process involving mixed
evaporite minerals (gypsum, CaSO.-2H-0, associated with halite, NaCl, and probably sylvite,
KCl) rather than two independent mechanisms. This interpretation is directly supported by
recent studies on aquifers affected by salt-bearing formations, which demonstrate that a
significant proportion of samples showing a Ca—Cl facies results from the dissolution of halite
deposits associated with gypsiferous formations, producing a simultaneous enrichment in
calcium, sodium, and chloride [104], as well as by a study of fossil groundwater in the Egyptian
Western Desert reporting a moderate-to-strong correlation between sodium and calcium
attributable to the joint dissolution of calcite, gypsum, and halite within the same aquifer system
[105]. Conversely, for most of the remaining boreholes where calcium hardness remains low
despite sometimes notable sodium concentrations (F13, F17, F23, F26), the Ca—Na decoupling
supports the previously proposed hypothesis of base exchange on clay minerals, a mechanism
also identified as dominant in crystalline aquifers, where calcium remains preferentially
controlled by plagioclase weathering outside any evaporitic zone [106]. Overall, the combined
pattern across the four parameters (Ca, Na, K, total hardness) identifies F29 as a singular point
of mixing or complex mineral contamination.
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3.3.6 Water alkalinity (TA)

Examination of alkalinity, presented in Figure 14, decisively complements the cross-analysis
of the four preceding parameters and reveals geochemically informative concordances and
discrepancies. Borehole F14, already identified as a singular point of co-enrichment in
potassium (~61 mg/L), sodium (~65 mg/L), total hardness (~7.5 mg/L), and calcium hardness
(~5.2 mg/L), also shows the second-highest alkalinity value (~1.3 mg/L), confirming the
consistency of a shared carbonate/silicate weathering process coupled with bicarbonate
mineralization at this location, in line with the HCOs;—Ca-Mg facies widely reported as the
dominant geochemical signature in basement aquifers under tropical conditions [106].
Conversely, borehole F29, which showed the absolute maxima in sodium (~750 mg/L), total
hardness (~19.8 mg/L), and calcium hardness (~19.5 mg/L), displays here a low alkalinity value
(~0.2 mg/L), producing a marked discordance between alkalinity and hardness. According to
the principle that an alkalinity value far lower than total hardness indicates the existence of non-
carbonate hardness associated with sulfates and/or chlorides rather than bicarbonates [107], this
strongly supports the previously proposed hypothesis of an evaporitic origin (congruent
dissolution of gypsum and halite/sylvite) for this point, rather than a classic carbonate origin—
a hypothesis further supported by recent studies showing that joint enrichment in Ca**, Na*, and
CI7/SO+* without a proportional increase in alkalinity is characteristic of Ca—Cl and Ca—Na—
SOs facies derived from the dissolution of salt-bearing formations [104]. Finally, the isolated
and maximal alkalinity peak observed at borehole F3 (~2.2 mg/L), unaccompanied by
corresponding anomalies in Na, K, or hardness, suggests a localized and independent process,
likely related to recharge enriched in biogenic CO: (a zone of high root activity or soil organic
matter) or to an input of bicarbonate of agricultural origin (calcium-magnesium amendments),
rather than to deep water—rock interaction. This cross-analysis illustrates the diagnostic value
of the alkalinity/hardness pair in distinguishing, within a single set of boreholes, carbonate-
related processes (silicate-carbonate, coherent and multi-parametric, as at F14) from non-
carbonate evaporitic processes (discordant with respect to alkalinity, as at F29).
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Fig. 14 Alkalinity of borehole water

3.4 Bacteriological characteristics of borehole water
3.4.1 Mesophilic aerobic bacterial flora results

The results of the bacteriological analysis of the water samples are presented in Figure 15. The
distribution of total bacterial flora abundance across the boreholes reveals marked spatial
heterogeneity in microbiological contamination, with loads ranging from 0 to 210 CFU/mL
[108]. The highest values, observed at boreholes F23 (210 CFU/mL) and F13 and F15 (=140
CFU/mL), reflect substantial contamination, likely related to infiltration of surface water
carrying organic matter and fecal micro-organisms [109]. These results are consistent with the
work of Akoachere et al. (2019) and Bonsor et al. (2018), who showed that in urban and peri-
urban areas of sub-Saharan Africa, proximity to latrines, waste-disposal sites, and agricultural
activities promotes the percolation of microbial contaminants into groundwater [110].
Similarly, the intermediate concentrations observed at some boreholes (F27, F31, F29) suggest
moderate contamination, possibly attenuated by natural soil self-purification processes such as
mechanical filtration and adsorption [111], [112], as described by Hillel (2004) and more
recently confirmed by Lapworth et al. (2020).

Conversely, the low or negligible loads observed at boreholes such as F3, F17, and F21 indicate
either better sanitary protection of the structures or favorable hydrogeological conditions
limiting microbial survival and transport. These observations corroborate the conclusions of
Howard et al. (2003) and MacDonald et al. (2021), who emphasize that borehole depth, the
integrity of the well apron, and the nature of the geological substrate play a decisive role in
reducing bacterial contamination [113]. In addition, the observed variability may also be
influenced by seasonal and climatic factors, particularly rainfall, which increases soil leaching
and facilitates the transfer of contaminants toward aquifers [114], as demonstrated by Taylor et
al. (2019).
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Overall, these results confirm that the microbiological quality of borehole water in the study
area is strongly dependent on local environmental conditions and anthropogenic practices
[115],[116]. The presence of high loads at several catchment points constitutes a non-negligible
indicator of health risk for consumers [117], in line with WHO (2017) recommendations, which
stipulate that water intended for human consumption should not contain indicator micro-
organisms of contamination [118]. This study therefore highlights the need to implement
sustainable water-resource management strategies, including the protection of catchment
perimeters, improved sanitation infrastructure, and regular monitoring of groundwater
microbiological quality.
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Fig. 15 Total bacterial flora abundance across boreholes

3.4.2 Total coliform results

Total coliforms have long been used as indicators of microbiological water quality because they
can be indirectly associated with fecal pollution [60], [119]. Figure 16 presents the total
coliform counts in the water samples analyzed. Of the 34 boreholes, 9 tested positive for total
coliforms. Bacterial abundance varied considerably, with the highest count (54 CFU/100 mL)
recorded at borehole F29 and the lowest (0 CFU/100 mL) at most other boreholes [120].
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Fig. 16 Total coliform abundance in borehole water

3.4.3 Fecal coliform results

Figure 17 presents the variation in fecal coliform abundance across the boreholes analyzed. The
distribution of total coliform abundance in borehole water reveals overall low but spatially
heterogeneous microbiological contamination [121], with values ranging from 0 to 54 CFU/100
mL. Most boreholes (F1-F7, F9, F13—-F15, F17, F21-F23, F25, F27, F31) showed no detectable
contamination, reflecting either the apparent absence of recent contamination or the
effectiveness of natural soil self-purification processes [122]. However, some boreholes
showed non-negligible levels, notably F29 (54 CFU/100 mL), F31 (32 CFU/100 mL), F11 (28
CFU/100 mL), F9 (16 CFU/100 mL), and F33 (16 CFU/100 mL), indicating localized episodes
of fecal or environmental contamination. These results suggest localized infiltration of organic
matter of anthropogenic origin, possibly linked to proximity to latrines, agricultural activities,
or defects in borehole protection [123].

These observations corroborate the work of Akoachere et al. (2019) and Bain et al. (2014), who
showed that the presence of total coliforms in groundwater is a reliable indicator of vulnerability
to fecal contamination, particularly in areas with high population density and limited sanitation
coverage [110]. In addition, the peaks observed, notably at borehole F29, could be associated
with hydrogeological conditions favoring rapid microbial transport, such as permeable or
fissured soils, consistent with the findings of Lapworth et al. (2020) on the dynamics of
microbial contaminant transfer in shallow aquifers [110].

Furthermore, the low concentrations (2 to 10 CFU/100 mL) recorded at some boreholes (F17,
F19, F23, F27) may reflect diffuse contamination attenuated by natural self-purification
mechanisms [ 124], notably filtration, microbial predation, and bacterial die-off, as described by
Hillel (2004). The absence of coliforms at several boreholes may also reflect better catchment
conditions, such as greater depth, sound structural sealing, or greater distance from pollution
sources [125], consistent with the observations of Howard et al. (2003).

Overall, although most boreholes show acceptable microbiological quality, the presence of total
coliforms at some water points constitutes a health-related warning sign [126], in accordance
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with WHO (2017) recommendations, which call for the absence of these indicators in water
intended for human consumption. These results highlight the need for regular monitoring of
microbiological quality, as well as the implementation of borehole-protection measures and
sanitation improvements to reduce contamination risks and protect public health [110].

Overall, the results of both total and fecal coliform analyses reveal heterogeneous
microbiological contamination, dominated by localized anthropogenic inputs, underscoring the
importance of a multi-parameter approach for a reliable assessment of groundwater quality.
These observations are consistent with WHO (2017) recommendations, which emphasize the
need to use specific microbiological indicators in addition to overall parameters [127]. These
results therefore confirm the urgency of strengthening borehole-protection measures, including
the establishment of sanitary perimeters, adequate management of potential pollution sources,
and awareness-raising among local populations, in order to limit the health risks associated with
consuming this water [128].
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Fig. 17 Fecal coliform abundance in borehole water

3.4.4 Escherichia coli results

Figure 18 shows the presence of E. coli at two sampling points (F19 and F29). Analysis of
Escherichia coli concentrations in borehole water reveals overall low but locally significant
fecal contamination, with values ranging from 0 to 2 CFU/100 mL [129]. Most boreholes
showed a complete absence of E. coli, reflecting satisfactory microbiological quality and the
absence of recent fecal contamination at these water points. However, the detection of E. coli
at certain boreholes (values of 2 CFU/100 mL) constitutes a critical indicator of recent fecal
pollution, given that this bacterium is recognized as a specific and reliable bio-indicator of
contamination by human or animal fecal matter [130].

These results are consistent with the work of Bain et al. (2014) and WHO (2017), who
emphasize that the presence of Escherichia coli in drinking water, even at low concentrations,
constitutes a health risk, as it may be associated with the presence of enteric pathogens [131].
Moreover, the localized distribution of this contamination suggests point-source infiltration of
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microbial pollutants, likely favored by deficiencies in borehole protection (absence of a
watertight apron, proximity to latrines) or by hydrogeological conditions facilitating rapid
transfer of micro-organisms [60], as demonstrated by Lapworth et al. (2020).

The concordance between the presence of E. coli, total coliforms, and high total-flora loads at
certain boreholes confirms the anthropogenic origin of the contamination and highlights the
vulnerability of these water points [132]. This relationship has been widely described by
Akoachere et al. (2019), who showed that the simultaneous detection of these microbiological
indicators strengthens the reliability of fecal-pollution diagnosis [133]. Conversely, the absence
of E. coli at several boreholes, despite the occasional presence of total flora, suggests that these
points may be subject to non-fecal environmental contamination or to effective self-purification
processes [134].

Overall, these results confirm heterogeneous microbiological contamination of borehole water,
with localized but concerning fecal inputs. In accordance with WHO (2017) recommendations,
which require the total absence of E. coli in water intended for human consumption, boreholes
with positive results should be considered non-compliant and require urgent corrective
measures [135]. This study therefore highlights the importance of regular microbiological
monitoring, strengthened sanitary protection of boreholes, and improved sanitation practices to
reduce health risks for the population [136].
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Fig. 18 Escherichia coli abundance in borehole water

3.4.5 Fecal streptococci results

Figure 19 presents the distribution of fecal streptococci concentrations (CFU/100 mL) across
the boreholes (F1 to F34). The results show elevated bacterial loads of 6 CFU/100 mL each at
boreholes F13 and F19. Borehole F23 showed moderate contamination of 4 CFU/100 mL.
Borehole F31 showed the maximum value of 10 CFU/100 mL, while the remaining boreholes
showed 0 CFU/100 mL, indicating no detectable contamination. These results indicate sporadic
contamination by fecal streptococci [137]. This variability is consistent with the observations
of WHO (2017) and earlier studies (Mbithi et al., 2019; Adekunle et al., 2020), which show that
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groundwater contamination depends on proximity to fecal-contamination sources (latrines,
animal waste) [138], as well as on borehole depth and integrity and on local hydrogeological
conditions favoring infiltration [139].

Boreholes F13, F19, and F31 exceed the recommended thresholds for drinking water (0
CFU/100 mL according to the WHO), indicating an increased risk of fecal contamination. This
may be related to direct infiltration or to sealing defects. The presence of fecal streptococci
underscores the risk of waterborne-disease transmission [133], [140]. Contaminated boreholes
require treatment measures such as chlorination, filtration, or temporary restriction of use [141].

Fecal streptococcus (UFC/100mL)

Fig. 19 Variation in fecal streptococcus abundance across boreholes

3.4.6 Staphylococci results

Figure 20 presents the enumeration of staphylococci in the boreholes. The results show the
distribution of staphylococci in borehole water (F1 to F33). Most boreholes (F1-F6, FO—F14,
Fl16, F18, F20, F22, F24, F26, F28, F30, F32-F33) showed no detection, whereas some
boreholes showed moderate-to-high contamination: F7 and F17 with 2 CFU/100 mL, F21 with
4 CFU/100 mL, F23, F25, and F27 with 6 CFU/100 mL, and F29 with 4 CFU/100 mL. This
heterogeneous distribution confirms that staphylococcal contamination of borehole water is
localized and sporadic [142], [143], consistent with the observations of Mbithi et al. (2019) and
Adekunle et al. (2020), who showed that skin- or fecal-derived micro-organisms can enter
groundwater through point-source infiltration or casing defects [144], [60]. These results also
corroborate earlier analyses of fecal streptococci in the same area (WHO, 2017; Kaseva et al.,
2001), where contamination was likewise localized and strongly dependent on environmental
and hydrogeological conditions [145]. The presence of staphylococci at certain boreholes thus
underscores the importance of regular monitoring and targeted treatment measures, such as
chlorination or filtration, to ensure the sanitary safety of water intended for consumption [146],
[147].
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4 Conclusion

This study shows that borehole water in Garoua does not uniformly meet drinking-water quality
expectations, despite boreholes being the main alternative to an inadequate public distribution
network. Physicochemically, the water is generally acidic (mean pH 5.67) and, at several
boreholes, carries nitrite concentrations well above WHO guidance (up to 410 mg/L), indicating
localized chemical vulnerability likely linked to soil-leaching processes and anthropogenic
inputs. Microbiologically, although contamination was sporadic, the detection of Escherichia
coli and fecal streptococci at specific boreholes is consistent with localized fecal contamination
pathways, rendering the affected water points unsuitable for direct consumption under WHO
guidelines. Notably, high overall awareness of waterborne-disease risk (over 90% of
respondents) did not consistently translate into protective household practices, revealing a gap
between knowledge and behavior that awareness campaigns alone are unlikely to close.
Addressing this will require a combined approach: routine borehole-water-quality monitoring,
physical protection of vulnerable boreholes, improved sanitation infrastructure, and household-
level support for water treatment. These findings illustrate the broader challenge of managing
groundwater safety in rapidly urbanizing, sanitation-constrained settings, and support the case
for integrated, locally targeted groundwater-management strategies in Garoua and comparable
urban centers.
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