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ARTICLE INFO ABSTRACT
Keywords: Access to potable water is a significant concern due to the increasing global threat posed by
Fluoride fluoride contamination in groundwater sources. This study investigated the concentrations of
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Health risk assessment
Groundwater

Bongo district

fluoride (F7), the suitability of groundwater for human consumption, the physicochemical
characteristics affecting the water quality, and non-carcinogenic adverse health risks to both
children and adults in the Bongo district in Northern Ghana. The findings revealed that the
groundwater had a mean pH, salinity, TDS, conductivity, and turbidity below the WHO guideline
values with a mean fluoride concentration of 1.76 mg/L above the guideline limit of 1.5 mg/L.
The study also found that there was no strong relationship between fluoride and the measured
water parameters, which may be attributed to poor control of distribution, transport mechanisms,
and sources. The WQI scores ranged from 42.62% to 70.72%, indicating that all borehole water
samples were of good and excellent quality. The average chronic daily intake showed that chil-
dren are often more exposed to the harmful impact of fluoride than adults. The average HQ > 1
indicates the probability of dental and skeletal fluorosis after continuous exposure over time in
adults and children. The study recommends taking immediate action to mitigate high ground-
water fluoride concentrations, implementing appropriate water management strategies, and
raising public awareness of the health risks. These measures can guide future groundwater
management practices and help policymakers address contamination and protect local
communities.

1. Introduction

Water, a crucial resource for humanity and the environment, has long been regarded as abundant and a gift of nature, with various
sources and forms of consumption. In traditional Ghanaian communities, where the most dependable water supply is underground
water, numerous sources such as hand-dug wells, boreholes, and hand pumps are generally utilized to meet the demand for drinking
water. However, the quality of these sources can be adversely impacted by a combination of both human and natural processes [1]. For
water to be considered appropriate for drinking, its physicochemical attributes such as pH, total dissolved solids (TDS), electrical
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conductivity (EC), and fluoride concentration must fall within acceptable standards [2]. The Water Quality Index is a numerical
representation or scoring system that combines various water quality parameters to give an overall assessment of the suitability of the
water for human consumption. Researchers have employed various water quality indices over the years, such as the National Sani-
tation Foundation Water Quality Index (NSFWQI), the Canadian Council of Ministers of Environment Water Quality Index
(CCMEWQI), the Oregon Water Quality Index (OWQI), and the Weight Arithmetic Water Quality Index (WAWQI) [3]. Among these,
the use of weights and relative weights in the weight arithmetic water quality index allows it to prioritize the importance of different
parameters based on their significance on human health and recommended standards. This offers WAWQI, the distinct advantage of
comprehensively reflecting the varying impacts of different parameters on the overall assessment of water quality. This has led to its
wide application in numerous groundwater quality studies across the globe and the country such as [4-11].

Fluoride is one of the pollutants detected in the groundwater of semi-urban and rural regions in the 21st century. Groundwater
contamination by geogenic fluoride is a significant concern that poses a challenge to the availability of safe drinking water. It can cause
dental fluorosis, bone strength reduction, and osteosarcoma, among other adverse effects [1,12]. Fluoride is a critical element for
facilitating bone growth and development, and its presence in potable water has attracted considerable attention globally [13-17]. The
prevalence of fluoride in water supplies beyond the 1.5 mg/L recommended by the WHO is a global challenge. Approximately 250
million individuals across several nations are at risk of severe illness due to its accumulation in groundwater [18,19]. Long-term
exposure to high fluoride concentrations in fluoride-endemic areas can interfere with the body’s processes of calcium and phos-
phorus, leading to calcium deficiency, hormonal imbalance, cognitive decline, and dental cavities [18,19].

Anthropogenic causes of fluoride contamination in groundwater include fly ash deposition and the application of phosphate fer-
tilizers. Basic pH, low Ca®" concentrations, and high bicarbonates are among the geochemical factors, that can create favorable
conditions for fluoride enrichment in groundwater [18,20,21]. Ghana is a country in the world with numerous groundwater fluoride
hotspots. The northern parts of the country are highly fluoridated because they have volcanic and sedimentary rocks belonging to the
Voltaian and Birimian Supergroups that are intruded by granitoids [22,23]. The high water rock relationship, ion exchange processes,
and mineral breakdown of Bongo phosphorite, granite, and gneisses rocks with the two main naturally occurring fluoride minerals
being biotite and muscovite and Voltaian deposits such as silicates and alkalis have been identified as the causes of increased
groundwater fluoride concentrations in the district [20,24,25]. The water types identified in the region exhibit hydrochemical facies
comprising primarily of Ca-Na-HCOj3 (70%) and secondarily of Ca—-Mg-HCOs3 (30%). The Ca-Na-HCO3 water types originate from
fractured bedrocks of the Upper Birimian metavolcanic and the K-feldspar-enriched Bongo granitoid. Conversely, the Ca—-Mg-HCO3
water types are found within the Upper Birimian volcanic/metavolcanic sequences [26].

In fluoride-endemic locations such as the northern sector of Ghana, access to potable water remains a challenge [27]. Borehole
water in these communities contains high concentrations of fluoride, leading to dental fluorosis [28]. Over the past decades, previous
research on groundwater quality in the country has reported excessive fluoride concentrations above 10 mg/L in the Northern and
Savannah Regions of Ghana [20,24,27-35]. Based on the elevated levels of fluoride reported, fluoride exposure from groundwater
poses serious long-term health risks to children and the younger generation [23,25]. Few authors have reported the health conse-
quences of drinking water with high fluoride concentrations in the Upper East Region of Ghana [32,36]. Increasing attention is
required to assess the quality of drinking water in these areas [37]. Therefore, to fill the research gap, a comprehensive assessment of
the adverse consequences of fluoride contamination in the groundwater of localities in this region must be conducted. WAWQI was
employed in this study because of its wide usage and ability to provide a comprehensive assessment of water quality which is based on
the impact of parameters on human health. The findings of this study will provide valuable information that could enhance the quality
of drinking water in the community. It would expand the scope of the existing literature on the negative effect of fluoride in drinking
water on human health and provide information on the potential health consequences associated with high concentrations of fluoride
in drinking water in the district. The objectives of the study are as follows.

. To investigate fluoride concentrations in borehole water in the Bongo district of the Upper East Region of Ghana.

. To assess the suitability of the borehole water for human consumption.

. To evaluate the critical physicochemical characteristics that affect the quality of drinking water in the Bongo district.

. To assess the non-carcinogenic adverse health risks to both children and adults associated with the consumption of fluoride-
contaminated water in the Bongo district.

A WN R

2. Materials and methods
2.1. Description of the study area

The Upper East Region of Ghana consists of nine districts, including Bongo. The study area’s latitude and longitude are 10° 54’ 28"
north and 0° 48’ 29" west. The map of Bongo district is illustrated in Fig. 1. With a total area of 459 square kilometers, the district shares
borders with Burkina Faso to the east and north, the Bolgatanga municipal district to the south, the Kassena-Nanka district to the west,
and the Bolgatanga district. The Bongo district is situated in the Birimian Supergroup with the Bongo granitoids as its predominant
rocks.

The Bongo district is one of the driest locations, and its topography is mainly flat and low-lying, with outcrops of granite rocks. In
addition to protruding throughout the landscape, granite rocks are a source of materials used in the building industry. The study area is
mostly covered by monzonite and granitoids that are rich in K-feldspar (Bongo granite). In the study area, granitoids predominate as
rock types. The study area is in both the Guinea Savannah agroecological zone and Ghana’s semi-arid climate zone. Wet
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Fig. 1. Map of the Bongo district.

(June-October) and dry (November-February) seasons are experienced in the study’s area. In general, the dry season in Ghana is cold
or locally known as harmattan and laced by northeast trade winds. The area experiences a single-season precipitation pattern that
begins in May/June and finishes in October/November. Between June and September is when the most rainfall occurs. With an annual
mean of 935 mm, the yearly rainfall ranges from 600 to 1400 mm. Groundwater within the Bongo area is extracted from bedrock
fragments, often at drilling depths of 40-60 m. The aquifer flows from north to south and is limited by the amount of mica and clay it
contains. It has high static water levels (2-16 m below ground level, m b.g.1.). The geography and thickness of the weathered mantle
affects the aquifer’s supply.

2.2. Groundwater sampling and techniques

Twenty (20) samples were collected from various boreholes in the Upper East district of Bongo, Ghana. The borehole water valve
was opened, water was allowed to flow to the ground for some time, and then a clean polyethylene sample bottle was uncovered and
placed directly under the tap for sample collection. It was rinsed with the borehole water before being filled and immediately covered
with a cap. The borehole water samples were collected in polyethylene bottles that had been prewashed (with mild soap and water,
dilute HNOs, as well as distilled water, respectively). The sample bottles were labeled B1-B20 to represent the study area. The samples
were then dispatched to the KNUST Chemistry laboratory in a cold storage box and kept in a freezer at a temperature of 4 °C until
analysis.

The pH was measured using a pH meter of model 209 (Mettler Toledo). The electrode was then washed with distilled water after the
pH meter had been placed in buffer solutions with pH values of (4, 7, and 9). The electrode was placed in a beaker containing 50 ml of
the water sample.

The turbidity meter 2100 N was used to measure the cloudiness in each sample. A Nessler with 10 ml of each sample was filled, then
covered and inserted into the instrument’s cell compartment. The RATIO configuration was chosen by pressing the corresponding key,
and then the NTU measurement unit was chosen by holding down the UNITS EXT key. The displayed value on the device screen was
determined and noted in the nephelometric turbidity unit after a short period (NTU).

All groundwater samples were measured for conductivity, total dissolved solids, and salinity using a multipurpose conductivity
meter, the HANNA HI 9032.

A Palintest photometer was used to measure the fluoride concentration. Two tablets’ reagents were added to the borehole water
samples for the Palintest fluoride measurement to cause the color to develop, which is a criterion of the fluoride concentration using a
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Palintest photometer. Twenty (20) test tubes were filled with water samples to the 10 ml mark. The two reagent fluoride tablets were
ground and added one at a time until they were dissolved. Five minutes were allocated for full-color formation before reading with a
fully automated wavelength and comparing the concentration of fluoride to the calibration graph.

2.3. Water quality index analysis (WQI)

The weight arithmetic water quality index was employed in this study. The WQI was calculated using Equations (1) and (2), to
determine whether underground water samples from the Bongo district were suitable for a particular use based on the assigned weight
(wy) and relative weight (wi) in Equation (3). This approach assessed WQI according to the purity rating scale by evaluating the
maximum calculated water quality indicators. From Equation (3), the relative weight (Wi) was calculated based on the maximum
recommended limits reported [38-40]. Each component received an assigned weightage ranging from 1 to 5, depending on the extent
of the threat to human health (Table S1) [41]. The five (5) categorized sections that make up the water quality index are excellent
water (<50), good water (50-100), poor water (100-200), extremely poor water (200-300), and groundwater that is unfit for human
consumption (>300) [38,41].

WQI= (Wi x g;) ¢}
gi= 5 x 100 @
Wi
AT ®
Where.

WQI = Water quality index

qi — quality rating.

W; = relative weight

wj = assigned weight of each parameter.

C; = concentration of each parameter.

Si = drinking water standards for each parameter,
n = number of parameters.

Table 1
Physicochemical parameters of groundwater water from Bongo district.
Sample ID F (mg/L) pH Turbidity (NTU) TDS (mg/L) Conductivity (ps/cm) Salinity (mg/L)
Bl 0.75 6.97 0.77 48.10 46.60 0.00
B2 1.70 6.69 0.56 106.70 103.80 0.30
B3 1.90 6.95 0.27 36.00 35.00 0.00
B4 2.00 6.72 0.45 71.60 69.70 0.10
B5 1.80 7.04 0.60 66.10 64.40 0.10
B6 1.47 6.67 0.10 43.60 42.20 0.00
B7 1.50 6.71 0.32 53.70 52.70 0.00
B8 1.07 7.05 0.86 89.50 87.00 0.20
B9 2.00 6.75 0.00 50.00 48.60 0.00
B10 1.90 6.75 0.23 46.10 44.60 0.00
B11 1.70 7.08 0.17 33.30 32.40 0.30
B12 1.75 6.87 0.50 38.20 37.20 0.00
B13 1.95 6.93 0.84 84.50 59.00 0.00
B14 2.20 6.71 0.70 69.30 54.00 0.00
B15 1.45 7.03 0.23 64.21 47.60 0.10
B16 1.65 6.88 0.22 60.70 58.80 0.00
B17 2.50 6.98 0.76 49.50 64.60 0.20
B18 1.85 7.07 0.10 97.60 43.80 0.00
B19 2.10 7.02 0.48 79.30 52.90 0.00
B20 1.90 6.98 0.58 85.70 57.60 0.20
Mean 1.76 6.89 0.44 63.69 55.13 0.08
Min 0.75 6.67 0.00 33.30 32.40 0.00
Max. 2.50 7.08 0.86 106.70 103.80 0.30
StDev 0.39 0.15 0.27 21.42 17.23 0.11
UCL 1.94 6.96 0.56 73.71 63.19 0.13
LCL 1.58 6.82 0.31 53.66 47.06 0.02
MRL 1.50 6.5-8.5 1 500 400 600

StDev = standard deviation, UCL = 95% upper confidence limits, LCL = 95% lower confidence limits, and MRL = maximum residual guideline levels.
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2.4. Health risk assessment (HRA)

Evaluating the likelihood of adverse non-cancer effects in humans exposed to groundwater physicochemical characteristics is
useful for assessing health risks [18]. This evaluation was characterized as non-carcinogenic risk (NCR), which was based on assessing
the level of fluoride exposure [16,38]. Ingestion was considered to be the most prominent route of fluoride exposure in this study [36].
The chronic daily intake (CDI) through the oral route was revised for children and adults based on equation (4) [16,18,32,36,38].

C x DI x EF x ED
COI= "W x AT @
Where,

C=F" concentration.

DI = Daily water intake.

EF = Exposure frequency.

ED = Exposure duration.

AT = Average time.

BW = Body weight.

RfD = Oral reference dose.

A modified overview of the parameters and units of C, DI, EF, ED, BW, and AT used in equation (1) for children and adults can be found
in Table S2.

The hazard quotient (HQ) was also estimated to determine the possible non-carcinogenic risk (NCR) [16,32]. If HQ > 1, it indicates
harmful non-carcinogenic health risks, while HQ < 1 is within the allowable threshold [42]. Equation (5) was used to assess the HQ.

_cpI

HQ_ﬁ

%)
where RfD is the oral reference dose. RfD values in mg/kg/day for fluoride are shown in Table S2.

2.5. Data analysis

Microsoft Excel 2019 was used to compute the descriptive statistics and a single parametric t-test was used for the statistical
analysis of data. Minitab statistical software 20 was used to compute the Pearson correlation and the principal component analysis
(PCA). Descriptive analysis, such as 95% confidence intervals (UCL, LCL), mean, maximum, minimum, mean, and standard deviation,
were used to summarize data from the physicochemical parameters. The upper and lower confidence limits provide a range of values
that are likely to contain the standard limit value at an error rate of 5%. Pearson correlation was used to determine the association
between fluoride concentration and other physicochemical parameters, as well as whether they are interdependent. The PCA tool was
used to estimate the source of groundwater pollution, whether it is from anthropogenic sources, or natural sources by compressing a
large dataset into components.

Table 2
Water quality index (WQI) of groundwater samples.

Sample ID WQI Water Condition
Bl 44.86 Excellent water
B2 57.66 Good water

B3 52.09 Good water

B4 58.14 Good water

B5 58.35 Good water

B6 42.62 Excellent water
B7 47.58 Excellent water
B8 53.67 Good water

B9 49.14 Excellent water
B10 51.46 Good water
B11 47.63 Excellent water
B12 53.84 Good water
B13 64.65 Good water
B14 64.85 Good water
B15 46.25 Excellent water
Bl6 48.76 Excellent water
B17 70.72 Good water
B18 50.65 Good water
B19 60.53 Good water
B20 59.67 Good water
Min 42.62 Excellent water
Max 70.72 Good water
Mean 54.16 Good water
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3. Results and discussion
3.1. Assessment of fluoride and physicochemical characteristics of groundwater

The quality of groundwater in the Bongo district was assessed by correlating the mean values of each physicochemical parameter
with WHO standards, amongst others. The mean, maximum residual guideline levels (MRL), minimum, and maximum fluoride
concentrations, and physical and chemical properties are given in Table 1. The fluoride concentration range was within 0.75-2.50 mg/
L in the borehole water samples. The average fluoride, F~ concentration in Bongo was 1.76 + 0.39 mg/L mg/L, which was higher than
the WHO recommended threshold of 1.5 mg/L. Also, the 95% UCL and LCL was 1.94, and 1.58 mg/L obtained was higher than the
maximum residual guideline level of 1.5 mg/L for fluoride. The variation in F levels in the study could be attributed to differences in
geological factors, such as the weathering of fluoride-bearing minerals, and anthropogenic activities, such as industrial discharges and
agricultural practices that release fluoride into groundwater. A relatively higher range of F~ concentrations as reported in comparative
studies in India (0.2-6.9 mg/L) [18,43], Ethiopia (1.1-18 mg/L) [44], China (0.44-2.06) [45], and Sri-Lanka (0.02-2.50) [18,44-46].

The minimum and maximum pH values in this study were 6.67 and 7.08, respectively. The average pH was 6.89 + 0.15 which was
within the WHO range of 6.5-8.5 [40]. The upper and lower confidence limits of 6.97 and 6.82 lie within the WHO guideline value.
The variation in pH might be due to differences in the industrial discharge of acidic effluents, the presence of carbonates and bi-
carbonates, and the buffering capacity of the soil and rocks in the study area. Similar average pH values were reported in the
groundwater of endemic regions such as Bihar, India (7.8) [13], Central Guizhou, China (7.90) [47], and Vea catchment, Northern
Ghana (7.31) [48]. Low or acidic pH conditions have been reported to influence the overload of F~ in borehole water [47,49].
Turbidity shows the aesthetic appearance and acceptability (colorless and transparent) of drinking water supplies. Borehole turbidity
varied from 0.00 to 0.86 NTU, with a mean of 0.44 + 0.27 NTU. The 95% UCL and LCL of turbidity values of 0.56 and 0.31 NTU fall
with turbidity values below the guideline value of 1 NTU, indicating that all analyzed samples were clear. Differences in the rates of
runoff, soil erosion, or human activities such as construction and mining, which can introduce suspended particles into the ground-
water to cause cloudiness or haziness, might have accounted for the variation in turbidity of groundwater in the study. High turbidity
values of 7.2 NTU were reported for groundwater in Chitral, Northern Pakistan [50]. A minimum value of 0.13 NTU was disclosed in
Ghana’s Upper West region [51]. Low turbidity below 1.0 NTU indicates the absence of organic and inorganic particles such as dis-
solved dyes from clays of the earth, and algae [52]. Water-related diseases can occur because turbid water serves as a breeding ground
for harmful microorganisms [53]. Maximum (106.7 mg/L), minimum (33.30 mg/L), and average (63.69 + 21.42 mg/L) TDS levels
were below the WHO limit of 500 mg/L [40,54]. The 95% UCL and LCL were 73.71 and 53.66 mg/L, respectively. The TDS values
obtained were lower than the maximum permissible limit of 500 mg/L. Differences in weathering processes and human activities such
as agricultural practices in the Bongo district could have contributed to the variation in the levels of TDS during this study. Recently,
lower mean TDS values of 0.15 and 1.53 mg/L were observed in the Upper East Region of Ghana [36]. High TDS in groundwater is
frequently associated with higher concentrations of bacteria, nutrients, pesticide residues, and toxic metals in the water [53]. The
borehole samples’ electrical conductivity (EC) ranged from 32.40 to 103.80 ps/cm with an average EC of 55.13 + 17.23 ps/cm. The
95% UCL and LCL 63.19 and 47.06 ps/cm obtained for the EC values were lower than the WHO MRL of 400 ps/cm. The variation in

Table 3
Chronic daily intake (CDI) and non-carcinogenic risks via ingestion exposure of groundwater in Bongo district for adults and children.
Sample ID CDI (mg/kg/day) HQ
Children Adults Children Adults

Bl 0.08 0.03 1.25 0.54
B2 0.17 0.07 2.83 1.21
B3 0.19 0.08 3.17 1.36
B4 0.20 0.09 3.33 1.43
B5 0.18 0.08 3.00 1.29
B6 0.15 0.06 2.45 1.05
B7 0.15 0.06 2.50 1.07
B8 0.11 0.05 1.78 0.76
B9 0.20 0.09 3.33 1.43
B10 0.19 0.08 3.17 1.36
B11 0.17 0.07 2.83 1.21
B12 0.18 0.08 2.92 1.25
B13 0.20 0.08 3.25 1.39
B14 0.22 0.09 3.67 1.57
B15 0.15 0.06 2.42 1.04
Bl6 0.17 0.07 2.75 1.18
B17 0.25 0.11 4.17 1.79
B18 0.19 0.08 3.08 1.32
B19 0.21 0.09 3.50 1.50
B20 0.19 0.08 3.17 1.36
Mean 0.18 0.08 2.93 1.26
Minimum 0.08 0.03 1.25 0.54
Maximum 0.25 0.11 4.17 1.79
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conductivity could be linked to differences in the dissolved mineral content. Groundwater from the Vea catchment in northeastern
Ghana had an average EC value of 26.00 ps/cm [48]. Electrical conductivity is affected by the availability of inorganic elements, such
as chlorine byproducts, alkaline substances, bicarbonate, and sulphur materials, in addition to dissolved salts. Total dissolved solids
and conductivity are directly correlated, indicating that EC increases with an increase in TDS [53]. Groundwater salinity in this study
ranged from 0.00 to 0.30 mg/L, with an overall mean of 0.08 + 0.11 mg/L. The 95% UCL and LCL salinity values of 0.13 and 0.02 mg/L
obtained were lower than the WHO MRL of 600 mg/L [40]. In comparison to our study, Northeastern Ghana groundwater has an
average concentration of dissolved salt of 0.15 mg/L [48].

3.2. Water quality index (WQI)

The quality status for the groundwater samples ranged from excellent water at 42.62 to a good water quality of 70.72 in Table 2.
The mean water quality status of the Bongo district was 54.16, indicating good quality. The WQI showed that 35 % of the borehole
samples had an excellent quality status, whereas 65 % had a good water quality status. The good and excellent quality status of water in
this study indicates that it is suitable for consumption, irrigation, and industrial applications [55]. In comparison, groundwater
samples from the Aksu River Basin, Southeast Turkey [41] were also reported to have good and excellent water quality status.
Furthermore, comparative studies of groundwater samples from Gilgit Baltistan, Northern Pakistan [56], and Kahk City, Iran [16]
reported poor water quality.

3.3. Health risk evaluation of fluoride

The level of chronic daily intake (CDI) for the borehole samples in the Bongo district was calculated for exposure assessment.
Fluoride CDI levels in children ranged from 0.08 to 0.25 mg/kg/day (mean 0.18 mg/kg/day) and in adults from 0.03 to 0.11 mg/kg/
day (mean 0.08 mg/kg/day). The acceptable upper consumption level (UL) of fluoridated water associated with the detrimental
consequences of dental and skeletal fluorosis was established at 0.12 mg/kg/bw/day for children and adults [57,58]. Children mean
CDI levels were higher than the safe limit of 0.05 mg/kg/day, whereas adults mean CDI levels were lower than the safe limit of 0.13
mg/kg/day [32]. In comparison to our study, the Kahk community in Iran reported relatively high fluoride exposure levels for both
adults and children (0.008 and 0.023 respectively) [16] and Tunisia (0.08 and 0.24) [59].

Table 3 displays the non-carcinogenic risk (HQ) values considering the groundwater oral pathway for adults and children. The table
shows that the HQ estimated range of fluoride exposure by consumption of water in the Bongo district was 1.25-4.17 (average 2.93)
for children and 0.54-1.79 for adults, respectively (average 1.26). Children had higher CDI and HQ exposure than adults, which may
be attributed to differences in body weights [16,18]. This study’s findings are in agreement with previous research [13,16,18,32,36,59,
60]. According to Table 3, all borehole water samples consumed by children and adults in the Bongo district had mean HQs that
exceeded one. This suggests that after long periods of exposure, both children and adults may develop non-carcinogenic adverse effects
of fluoride, such as dental and skeletal fluorosis, in the oral consumption of drinking water from boreholes in the Bongo district. In
agreement with the current study, similar HQ findings have been reported in other studies [13,16,32,45,54,61]. Because children are
more vulnerable to fluoride non-cancer risks than adults, special precautions should be taken to protect them.

3.4. Pearson’s correlation

The pearson correlation shows the relationship between fluoride concentrations and the physical and chemical properties shown in
Table S3 is revealed by Pearson correlation. F~ has a weak negative correlation with pH, turbidity, TDS, conductivity, and salinity, as
shown in Table S3. High fluoride concentrations does not correlate with an increase or decrease in turbidity, TDS, salinity, and
conductivity. The negative relationship could be that the presence of F~ is associated with an increasing trend in groundwater’s
alkaline pH [62]. The pH of the water samples was positively and weakly correlated with turbidity, TDS, and salinity and negatively
and weakly correlated with conductivity. Turbidity showed a moderate positive correlation with TDS, conductivity, and salinity. TDS
was positively correlated with conductivity and salinity, whereas conductivity was positively correlated with salinity. The weak
significant negative correlation among fluoride, turbidity, conductivity, pH, TDS, and salinity signifies an inverse relationship, which
implies the possibility that ion exchange and redox reactions did not occur in groundwater samples [38].

The positive significant association among the physicochemical parameters indicates similar sources of enrichment, the same
transportation behaviors, and mutual reliance. Negatively correlated components could come from a different or unrelated source and
be independent [63]. The lack of a strong relationship with measured parameters may be attributed to poor distribution, transport
mechanism, and non-point sources.

3.5. One sample t-test and confidence level

The one-sample t-test is a statistical hypothesis tool used to evaluate the statistical significance of whether the average fluoride
concentration and measured physicochemical parameters of borehole water samples differ from their maximum guideline levels
(MRL), as shown in Table S4. The confidence interval in Table S4 is a statistical evaluation test that shows that the reported water
sample parameters are 95% certain to include estimated (higher or lower) intervals of the mean within the guideline values. The
statistical decision to accept or reject a sample mean population compared with the MRL can be best determined by the p-value, mean,
t-stat, t-critical values, and upper and lower confidence intervals.
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The negative t-stat for pH, turbidity, TDS, conductivity, and salinity shows that the mean population of these parameters is
significantly less than their standard values. A positive t-stat of 2.97 for fluoride showed that the mean of the borehole samples in the
Bongo district was significantly greater than the standard value of 1.5. Because the negative t-stat values are lower than the t-critical
values, it shows the mean of pH, turbidity, TDS, conductivity, and salinity are significantly less than their specific standards. The low p-
value in the pH, turbidity, TDS, conductivity, and salinity parameters is less than the significance level of 0.05, which means that the
mean of the measured parameters is significantly less than their guideline values. The upper and lower confidence intervals for fluoride
confirm that the mean water samples contain fluoride levels significantly greater than the MRL of 1.5 mg/L. The one-sample t-test and
the confidence intervals show a clear significant difference between the means of the measured parameters and their MRL. Based on
this evaluation, there is sufficient statistical evidence to show that the mean physicochemical parameters were below their reference
values, whereas the mean fluoride parameter was above their safe limit for human consumption.

3.6. Principal component analysis (PCA)

Principal component analysis (PCA) using varimax rotation under the Kaiser normalization principle and varimax rotation was
used on the water quality properties to condense the number of dimensions from six (6) water quality parameters revealed in twenty
(20) water samples as large data sets based on significant eigenvalues greater than one by condensing a large collection of water quality
parameters into two (2) significant principal components (PC1 and PC2) that cumulatively retained 39.42 % of the proportion of the
data. Table S5 displays PCs, factor loadings, percentages of variance, and cumulative percentages for each variable and component.
Interpreting the factor loadings involves finding variables that are highly (>0.75), moderately (0.50-0.75), and weakly (0.50) asso-
ciated with each component [64].

By examining the factor loadings of the physicochemical parameters on each PC, it is possible to understand PCs in terms of
hydrogeochemical processes, such as water rock interaction. The first PC with the highest eigenvalue and maximum proportion
frequently represents the most important process or set of processes influencing the hydrogeochemistry of borehole water samples in
the Bongo district [28] (see Table S5).

The first principal component factor (PC1) showed 39.42% of the total variation. Highly positive-loaded variables included salinity,
TDS, and conductivity, while weakly loaded variables included pH, TDS, and F~ ion. The strength and direction of conductivity and
TDS loadings in PC1 were associated with urban runoffs, especially subsurface runoff that eroded road boundaries during rainfall,
which may account for the presence of dissolved mineral content and solids. The weak loading of the F~ anion appears to be inactive in
borehole water under a neutral pH region because of its weak solubility, and it is absorbed into exchangeable minerals such as kaolinite
clay or the earth. The hydroxyl group does not, however, favor the desorption of the F~ exchange process in clay particles made of
illite, kaolinite, chlorite, and smectites in this study due to the neutral pH [28,32,38,65]. As a result, the low pH loading may also be
due to the mineral dissolution reactions’ lack of exchangeable protons, which could cause the pH to drop. In addition to the dryness of
the climate, the decreased pH may also be caused by a lack of precipitation and evapotranspiration processes. Although the levels of all
the parameters under investigation varied, no relationship was found between them (Fig. 2A and B).

The second component confirms a weakly negative association with F~, pH, and turbidity, and a weak correlation with TDS, and
conductivity with a variable proportion of 20.17 % and a cumulative percentage of 59.59 %. The cumulative percentage indicates that
the F~ has a moderate influence on the safety of groundwater samples collected. The weak load of F~ could be attributed to the
unfavorable natural solubilization and distribution of alkaline earth fluoride in groundwater and minor anthropogenic activities
(fertilizer and pesticide application) or natural activities that contribute to the quality of borehole water [66]. Weak and negative
factor loadings of TDS, F~ anion, conductivity, salinity, pH, and turbidity are non-point sources of pollution that could be linked to
agricultural activities, rainfall, runoff, and organic contaminants.

3.7. Limitations of this study

Heavy metals and some emerging contaminants such as pharmaceutical residues and antibiotics could be studied to draw a proper
pollution profile for the area. Bioaccessibility and bioavailability studies should be evaluated to explain the synergistic effects of risk
assessment models. Plants, animals, and soil around the study area should be monitored for the presence of high levels of fluoride in
drinking water sources to identify the mass accumulation of fluoride and to emphasize that water is the only channel of transport for
fluoride transport. The small sampling points for the study area are due to the availability of few groundwater samples coupled with
factors such as water scarcity, malfunctioning boreholes with no maintenance, and a low population density over the 459 square
kilometers, which is also a rural area. Consequently, we recommend the utilization of the Gibbs and Chadha diagrams respectively, to
explore geochemical phases for a greater understanding of fluoride geochemistry within the study area. These limitations must be
acknowledged because they present an opportunity for future research to fill research gaps and improve the understanding of
groundwater quality in the studied area.

4. Conclusion

o This study successfully assessed the quality of water in boreholes in Bongo, with a focus on fluoride concentrations, and evaluated
the potential adverse health impacts on both children and adults.

e According to the study’s findings, fluoride concentrations in 80 % of the groundwater samples exceeded the WHO standard of 1.5
mg/L, while TDS, conductivity, salinity, turbidity, and pH were within their respective standard limits.
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Fig. 2. (A) Scree plot of PCs and (B) loading plot of PC1 and PC2.

e The borehole water contamination was mainly caused by geogenic processes, primarily the breakdown of bongo rocks such as
quartzite, dolomite, and mudrock into the underground water supplies of the study area based on water rock interactions at the
water table, with an insignificant impact due to human activities, according to the multivariate statistical data.

o The one-sample t-test and confidence interval show that the mean fluoride and water parameters population is statistically different
from the guideline values.

e The borehole water quality index (WQI) varied from good to excellent status, making it suitable for household, agricultural, and
industrial use.

e Children and adults are more likely to experience negative health effects from consuming fluoride-contaminated water, according
to the exposure assessment for fluoride pollution of borehole water samples in the Bongo district.

e According to the CDI and HQ values, children are more susceptible than adults to the negative effects of high fluoride levels in
water. The average non-carcinogenic exposure was alarming and greater than the USEPA limit (HQ > 1) in children and adults at
Bongo.

e With a focus on fluoride pollution and its associated harmful health effects on both adults and children, the study findings provide
benchmark statistics and knowledge on the quality criteria and suitability of groundwater in the Bongo district.

e This research recommends that groundwater supplies in the Bongo district and other areas experiencing fluoride prevalence should
be exposed to economical and practical techniques for water treatment before intake.
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