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This study investigated fluoride contamination in groundwater and associated health risks in the Badin district of
Pakistan. Fifty-seven groundwater samples were analyzed for fluoride, turbidity, iron, and total dissolved solids
(TDS). Pollution indices and health risk models were employed to assess contamination levels and potential
health impacts. Results showed that 47 % of samples exceeded the WHO fluoride limit of 1.5 mg/L, with a
mean concentration of 1.92 mg/L. Spatial analysis revealed high contamination in northern and southern areas.
Health risk assessments indicated that children, particularly females, faced the highest risk of fluorosis. TDS, tur-
bidity, and iron levels also exceeded WHO limits in significant portions of the samples. This investigation
uniquely combines multiple pollution indicators, spatial analysis, and age-specific health risk assessments, pre-
senting vibrant insights for targeted interventions, policy development, and resource allocation to address this
critical public health issue in fluoride-endemic regions.
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1. Introduction

The right to safe and clean drinking water is a basic human entitle-
ment, vital for sustaining good health and well-being for all individuals
(Arcentales-Ríos et al., 2022; Ghani et al., 2022; Iqbal et al., 2023a;
Kapani et al., 2024; Talpur et al., 2024a). Groundwater serves as a critical
source of drinking water for numerous rural communities across the
globe (Iqbal et al., 2021; Ullah et al., 2022a; Zhu et al., 2022). As global
changes continue resulting change in precipitation patterns and nega-
tively impact both the quality and quantity of groundwater, the escalat-
ing demand forwater poses a significant risk to the health of the poorest
segments of the population. (Jat Baloch et al., 2021). Groundwater is
susceptible to contamination due to its passage through aquifers,
which are themselves at risk of pollution. As a result, pollutants can per-
meate these aquifers from both surface and subsurface sources, leading
to potential water quality degradation (Baloch et al., 2020; Talpur et al.,
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2024b). Various sources can lead to the pollution of groundwater, in-
cluding agricultural runoff, industrial activities, the mishandling of
waste materials, and natural processes such as the weathering of
mineral-bearing rocks. (Baloch et al., 2022; Liu et al., 2023; Zheng
et al., 2019).

The occurrence of fluoride in groundwater happens as fluoride ions
(F−) are released from rock minerals via weathering processes, subse-
quently becoming dissolved in the water within underground aquifers
(Iqbal et al., 2023b). Weathering processes involvingminerals like fluo-
rite (CaF2) and apatite (Ca5(PO4)3F), which contain fluoride, lead to the
release of fluoride ions into groundwater as these minerals break down
and dissolve (Salve et al., 2008; Talpur et al., 2020). The weathering
process that releases fluoride ions from minerals into groundwater is
driven by an array of physical, chemical, and biological factors. These
include fluctuations in temperature, variations in pressure, and
the presence of water and oxygen, all of which contribute to the
breakdown of fluoride-containing minerals (Rashid et al., 2020). The
chemical reaction demonstrating the weathering process of fluorite
(CaF2) is as follows (CaF2 + H2O → Ca2+ + 2F− + 2OH−). In this
reaction, the dissolution of fluorite in the presence of water leads to
the release of calcium ions (Ca2+), fluoride ions (F−), and hydroxide
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ions (OH−) into the groundwater. This process contributes to the
uptake of fluoride ions into the water supply (Mukherjee and Singh,
2018). Also, the dissolution of apatite, which contains fluoride, is
showing in this chemical reaction (Ca5(PO4)3F + H2O → Ca2+ +
5PO4

3− + F− + 3OH). This reaction shows how apatite (Ca5(PO4)3F)
interacts with water, resulting in the release of calcium ions (Ca2+),
phosphate ions (PO4

3−), fluoride ions (F−), and hydroxide ions (OH−)
into the groundwater. This process is another way through which
fluoride can become part of the water supply (Srinivasamoorthy et al.,
2012). The rate and intensity of these chemical reactions are
influenced by a range of factors, including the nature of the rock
minerals, the composition of the water, and the prevailing weathering
conditions. Each of these elements contributes to how readily fluoride
can release from minerals into the groundwater. (Brindha et al., 2011;
Zango et al., 2021).

The contamination of water sources with fluoride poses a consider-
able public health challenge, as it carries ongoing risks to human health
(Kapani et al., 2024; Thapa et al., 2019; Yousefi et al., 2018; Zhang et al.,
2023). The World Health Organization (WHO) recommends a maxi-
mum fluoride concentration of 1.5 mg.L−1 in drinking water to prevent
adverse health effects. However, in numerous areas, especially within
developing nations, fluoride concentrations in groundwater often sur-
pass this guideline, posing a risk to the health of local populations
(Iqbal et al., 2023b; More et al., 2021; Talpur et al., 2020). Many devel-
oping countries face constraints in resources and access to advanced
water treatment technologies, which makes it challenging to ade-
quately address groundwater contamination. As a result, communities
in these regions are frequently compelled to rely on water sources
that do notmeet safety standards, leading to the consumption of poten-
tially unsafe water (Ayoob and Gupta, 2006; Talpur et al., 2020; Ullah
et al., 2023). The health effects of fluoride in drinking groundwater
can vary depending on the level of exposure and duration (Mekal
et al., 2023; Yousefi et al., 2019). Dental fluorosis stands as the most
prevalent health effect, marked by discoloration and damage to the
teeth. In its more severe forms, this condition can result in the loss of
teeth and associated discomfort. A graver condition, skeletal fluorosis,
manifests through damage to bones, causing joint pain, rigidity, and a
heightened susceptibility to bone fractures (Ullah et al., 2022b;
Yousefi et al., 2018). In extreme cases, skeletal fluorosis may result in
debilitating bone deformities. Beyond dental and skeletal fluorosis, pro-
longed exposure to excessive fluoride levels can elevate the risk of var-
ious other health issues (Iqbal et al., 2023b; Keramati et al., 2019).
Research has indicated a potential link between fluoride exposure and
a heightened risk of osteosarcoma, a form of bone cancer (Bassin et al.,
2006; Gelberg et al., 1995). There is evidence to suggest that exposure
to fluoridemight be correlatedwith a higher incidence of thyroid issues,
renal impairment, and neurological conditions. (Rashid et al., 2018;
Talpur et al., 2020).

This study presents a comprehensive and multifaceted approach to
examining fluoride contamination in the Tando Bago subdistrict of
Badin, Pakistan. What sets this research apart is its innovative integra-
tion of multiple pollution indicators (PI, FPI, FRI) to assess the severity
and spatial distribution of fluoride contamination, along with age- and
gender-specific chronic daily intake (CDI) and hazard quotient (HQ)
calculations, offering unprecedented insights into vulnerable popula-
tion segments. The study incorporates a holistic analysis of co-
occurring contaminants (TDS, turbidity, iron), employs advanced spatial
mapping techniques, and considers socio-economic factors within a de-
veloping region context. However, it's important to acknowledge the
study's limitations. The researchwas confined to a specific geographical
area, potentially limiting the generalizability of findings to regions with
different geological and socio-economic characteristics. Reliance on a
single round of sampling doesn't account for potential seasonal varia-
tions in groundwater quality. Additionally, while the health risk
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assessment provides valuable insights, it doesn't consider potential syn-
ergistic effects of multiple contaminants or long-term chronic exposure
impacts. Despite these constraints, this integrated approach not only
provides a more accurate assessment of the current situation but also
serves as a model for future studies in similar geopolitical contexts. By
offering a multidimensional perspective on fluoride contamination,
this research aims to inform targeted interventions, policy develop-
ment, and resource allocation to address this critical public health
issue effectively, with far-reaching implications for groundwater man-
agement, public health policy, and sustainable development in
fluoride-endemic regions worldwide. Future research could build on
this foundation by conducting longitudinal studies, expanding geo-
graphical coverage, and performing more extensive toxicological
assessments.

2. Methodology

2.1. Study area

The Badin district, situated in the southern part of Sindh, Pakistan,
is geographically positioned at 24.8°N latitude and 68.5°E longitude, as
depicted in Fig. 1. Covering an area of 5521 km2, it is home to approx-
imately 1.8 million people. The district is predominantly agrarian, with
most of its inhabitants relying on agriculture as their mainstay. The
land here is exceptionally fertile, supporting a variety of crops such
as rice, sugarcane, wheat, and cotton. Additionally, fishing and live-
stock rearing contribute significantly to the livelihoods of the
locals. Characterized by a semi-arid climate, Badin experiences hot
summers, mild winters, and a monsoon season that extends from
June to September, bringing with it the bulk of the yearly precipitation
(Ahmed et al., 2013). The district borders the Arabian Sea, and its
coastline is dotted with coastal mangrove forests and wetlands,
which provide a habitat for a diverse range of flora and fauna. Despite
its rich natural resources, Badin is comparatively underdeveloped,
with an infrastructure that is lagging and basic services that are scarce.
The population predominantly resides in small villages and rural com-
munities, where access to healthcare, education, clean drinking water,
and other fundamental necessities is often inadequate (Talpur et al.,
2020).

2.2. Samples collection and analysis

Groundwater samples were systematically collected from Tando
Bago, a subdistrict of the Badin district. A total of 57 samples were col-
lected into 200 mL sterile bottles from boreholes and wells between
15 and 40 m deep. Each bottle was clearly marked with the collection
date, time, and specific location. To preserve the consistency of the sam-
ples and prevent from chemical changes, each sample was acidified on-
site with 65 % HNO3 to achieve a pH < 2. Prior to analysis, samples
underwent pre-treatment to eliminate suspended solids and organic
matter using filtration. These samples were then conveyed to the
Pakistan Council of Research in Water Resources (PCRWR) Laboratory
in Badin for detailed quantitative examination.

2.3. Quality control and quality assurance

To ensure the reliability and accuracy of the results, strict quality
control and quality assurancemeasures were implemented throughout
the study. All sampling equipment was cleaned and calibrated before
use. In the laboratory, method blanks, certified reference materials,
and internal standards were used to monitor analytical performance.
All analyses were performed in triplicate, and the relative standard de-
viation wasmaintained below 5 %. The ion balance error was calculated
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Fig. 1. Groundwater sampling locations in Tando Bago sub-district, Badin district, Sindh, Pakistan.
for each sample and only samples with an error of less than ±5 % were
accepted for further analysis. Additionally, inter-laboratory comparison
tests were conducted with a certified environmental testing laboratory
to validate our results.

2.4. Pollution index (PI)

The PI was employed to assess groundwater contamination,
which primarily relies on the concentration of elements compared
to reference concentrations. The PI calculation employs the
following formula: Eq. (1) (Masood et al., 2022; Nephalama and
Muzerengi, 2016).

PI CF SF 1

Wherein “CF” is the concentration of fluoride (mg.L−1) in each
sample, and “SL” indicates fluoride standard limit of 1.5 mg.L−1 in the
drinking water (WHO, 2011).

2.5. Fluoride pollution index (FPI)

The FPI was determined by aggregating the weighted values of
specific groundwater parameters: fluoride concentration, bicarbonate
concentration, sodium-to‑calcium ratio, and pH. The FPI values are
interpreted as follows: 1 to 2 represent low pollution, 2 to 3 signify
medium pollution, and 3 to 4 indicate high pollution. Eq. (2) was
implied to calculate the FPI (Haji et al., 2021).

FPI WF WHCO3
WNa Ca WpH N 2
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The WF, WHCO3, WNa/Ca, and WpH are the assigned weight to the
fluoride, bicarbonate, ratio between sodium and calcium, and pH, as
presented in Table 3.WhereasN represents the total number of ground-
water parameters.

2.6. Human health risk assessment (HHRA)

Toassess thepotential health risks associatedwithfluoride exposure,
the chronic daily intake (CDI) and hazard quotients (HQ) were calcu-
lated using Eq. (3) and Eq. (4), for non-carcinogenic health risk assess-
ment (Jat Baloch et al., 2022a; Jat Baloch et al., 2022b; USEPA, 2005).

CDI CF IR Bw 3

HQ CDI RFD 4

The risk exposure factors for fluoride concentration (CF) differ
among various population groups, with each group having specific
values for daily water consumption (IR) and body weight (BW). For
male infants, the IR is 0.08 L/daywith a BWof 7.7 kg,whilemale children
have an IR of 1.2 L/day and a BWof 16.4 kg. Male teenagers exhibit an IR
of 2 L/day and a BW of 35.4 kg, whereas male adults have an IR of 3.1 L/
day and aBWof 66 kg. In comparison, female infants have an IRof 0.08 L/
day and a BW of 7.4 kg, with female children showing an IR of 1.2 L/day
and a BW of 16 kg. Female teenagers consume 2 L/day of water, with a
BW of 33.8 kg, and female adults have an IR of 2.1 L/day and a BW of
59 kg. Pregnant women have a daily water consumption of 2.4 L/day
with a BW of 59 kg, while breastfeeding women consume 3.1 L/day of
water, alsowith a BWof 59kg. Across all these groups, the oral reference
dose (RfD) for fluoride remains consistently set at 0.06mg/kg/day (Aziz
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et al., 2012; Ghani et al., 2022; Iqbal et al., 2023a; Iqbal et al., 2021; Iqbal
et al., 2023b; Jat Baloch et al., 2021; Ullah et al., 2022b).

2.7. Statistical analysis and mapping

Statistical analyses and visualizations were performed using SPSS
and JASP software. These analyses included calculating standard indices,
such asmean, standard deviation, and range, for the various parameters.
Additionally, spatial distribution maps were created using ArcMap 10.4
software.

3. Results and discussion

3.1. Effect of TDS, turbidity, and iron

Total Dissolved Solids (TDS), turbidity, and iron are critical ground-
water quality parameters that significantly influence the suitability of
the groundwater, as shown in the spatial distribution of these parame-
ters in Fig. 2.

Elevated TDS levels, ranging from 630 mg.L−1 to 2944 mg.L−1 with
an average of 1533mg.L−1, can have detrimental effects on the organo-
leptic properties of water, such as taste and odor, and can also impact
the chemical stability of water, leading to scaling and corrosion in
water distribution systems (Salari, 2024). These effects can result in
Fig. 2. Spatial distribution of TDS, Turbidity, and Iron con

170
reduced consumer acceptance, increasedmaintenance costs, and poten-
tial health risks associated with the leaching of metals from corroded
pipes. The (WHO, 2011) guidelines suggest a TDS concentration below
1000 mg.L−1 to ensure palatability and minimize health concerns
(Derso Mengesha et al., 2018), but 42 % of the samples in this study
exceed this limit. The high TDS levels can be attributed to both natural
factors, such as rockweathering andmineral dissolution, and anthropo-
genic activities, including industrial effluents and agricultural runoff
(Sassane and Touati, 2024; Yao et al., 2024). These sources can intro-
duce a variety of dissolved inorganic salts and organic matter into the
groundwater, contributing to the elevated TDS concentrations
(Thirumoorthy et al., 2024).

Turbidity, ameasure of the degree of cloudiness ormurkiness caused
by suspended particles like clay, silt, organic matter, and microorgan-
isms (da Silva et al., 2024; Qian et al., 2024), exhibits a wide range of
values in this study, from 0.75 to 361 NTU with an average of 23.2
NTU. High turbidity levels can have significant implications for public
health and water treatment processes. Suspended particles can provide
a favorable environment for the growth and proliferation of pathogenic
organisms by shielding them from disinfectants and serving as a nutri-
ent source (Stevenson and Bravo, 2019; Szpak et al., 2020). This can
increase the risk of waterborne diseases and compromise the effective-
ness of water treatment processes, necessitating higher doses of
disinfectants and more advanced treatment techniques. Moreover,
centrations across groundwater sampling locations.
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elevated turbidity can diminish the aesthetic appeal of water, causing
visible cloudiness and reducing consumer satisfaction (Tomperi et al.,
2022). The (WHO, 2011) guidelines mention that turbidity should not
exceed 5 NTU for drinking water to ensure its safety and suitability for
consumption, but approximately 18 % of the analyzed samples surpass
this threshold. Factors contributing to increased turbidity levels include
soil erosion, surface runoff, and inadequate or inefficient water treat-
ment processes (Abirhire et al., 2020). These factors can introduce
suspended particles into the groundwater, leading to the observed
high turbidity values.

Iron, a naturally occurring element in groundwater, can have signif-
icant effects on water quality when present in elevated concentrations.
The analyzed data reveals iron concentrations ranging from 0.001 to
2.14 mg.L−1, with an average value of 0.32 mg.L−1. High iron levels
can cause discoloration of the water, giving it a reddish-brown appear-
ance and staining laundry and plumbing fixtures (Hu et al., 2018; Lytle
et al., 2020). This can lead to aesthetic issues and reduced consumer ac-
ceptance of the water. Additionally, elevated iron concentrations can
impart a metallic or bitter taste to the water, further affecting its palat-
ability (Mirlohi, 2022; Rahman et al., 2020). The presence of iron can
also facilitate the growth of iron bacteria, which form slimy coatings
in pipes and can cause clogging, reduced water flow, and unpleasant
odors (Hu et al., 2018; Qiu et al., 2018). These bacteria may also create
favorable conditions for the growth of other microorganisms, poten-
tially posing health risks. The (WHO, 2011) recommend a maximum
iron concentration of 0.3 mg.L−1 for drinking water and this study con-
tains 31 % of the samples exceed this limit.

3.2. Groundwater pollution indicator

The pollution index (PI) is an effective tool for assessing the toxicity
level of drinking groundwater (Masood et al., 2022; Nephalama and
Muzerengi, 2016). The value of PI below 1 indicates no pollution,
while a value above 1 suggests a certain level of contamination. In this
study, the PI of drinking groundwater samples from Tando Bago ranged
from 0.15 to 4.53, with a mean of 1.28 and a standard deviation of 1.01
Table 1 and Fig. 3. The analysis revealed that 30 samples (53 %) had PI
values above 1, indicating high fluoride contamination, while the re-
maining 27 samples (47 %) had PI values below 1, suggesting less con-
tamination or fluoride levels within the permissible limit. These
findings highlight the significant groundwater contamination in the
study area. However, it is crucial to consider that the pollution index
may vary depending on factors such as location, water source, and in-
dustrial and agricultural practices in the surrounding area. Therefore,
while the PI serves as a useful indicator of groundwater quality, a com-
prehensive assessment should consider the specific environmental
conditions and potential sources of contamination to develop effective
management strategies and ensure safe drinking water for the
population.

3.3. Fluoride pollution indices

The fluoride contamination in the Tando Bago showed that 47 % of
the samples had fluoride concentrations exceeding the permissible
limit of 1.5 mg.L−1 set by the (WHO, 2011). The average fluoride con-
centration was 1.92 mg.L−1, with a range of 0.23 to 6.8 mg.L−1 and a
standard deviation of 1.61 mg.L−1. Additionally, 7 % of the samples
were in the marginal range from 1.40 to 1.47 mg.L−1, while the
Table 1
The measure of the pollution index.

Pollution index (PI)

PI Range Class No of samples % of samples

PI <1 No pollution 27 47
PI >1 Pollution 30 53
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remaining 46 % were below the safe limit. The spatial distribution of
fluoride contamination, as shown in Fig. 1 and compared to the
(Talpur et al., 2020) study and the Fluoride Risk Index (FRI) in Table 2,
revealed that the northern and southern parts of the study area have a
high, very high, and extremely high risk of fluoride contamination.
Whereas the central part has very low, low, and high levels of fluoride
risk (Haji et al., 2021). To provide a more comprehensive evaluation,
the Fluoride Pollution Index (FPI) was applied Table 3. The FPI ranged
from 1.4 to 2.8, with an average of 2.28. The results showed that 64 %
of the samples fell in the medium range, while the remaining 36 %
were in the low range. None of the samples were classified as high in
the FPI ranking.

The FRI, FPI, and spatial distribution map collectively provide strong
evidence of fluoride pollution in the groundwater of the Tando Bago
subdistrict. Excessivefluoride in drinkingwater can have adverse effects
on human health, as fluoride is a naturally occurring chemical element
in the earth's crust, present in many minerals and rocks, and can leach
into groundwater sources (Iqbal et al., 2023b; Talpur et al., 2020).
Given the potential health risks associated with fluoride contamination,
it is crucial to monitor groundwater quality regularly and implement
appropriate management strategies to ensure safe drinking water for
the population in the affected areas.

3.4. Human health risk assessment (HHRA)

3.4.1. Chronic daily intake (CDI)
The CDI of fluoride was estimated for different age groups of males

and females, as shown in Fig. 4. The average CDI (mg/kg/day) for the
male groups was as follows: infants = 0.02, children = 0.14, teen-
agers = 0.10, and adults = 0.09. For the female groups, the average
CDI was infants = 0.02, children = 0.14, teenagers = 0.11, adults =
0.06, pregnant women = 0.07, and breastfeeding women = 0.10. The
overall male (M) and female (F) CDI vulnerability trend line shows
the following order of exposure: F-children > M-children > F-
teenagers > M-teenagers > Breastfeeding women > M-adult > Preg-
nant women > F-adult > F-infant > M-infant. This trend indicates the
daily exposure to fluoride-contaminated drinking water for different
age and gender groups. Children appear to have the highest exposure
to fluoride, while infants have the lowest exposure. Teenagers have
the second-highest level of exposure, followed by breastfeeding
women, adult males, pregnant women, and adult females, all of which
are in the mid-range of daily exposure. These findings highlight the im-
portance of considering age and gender when assessing the potential
health risks associated with fluoride exposure through drinking water.
Children and teenagers may be more vulnerable to the adverse effects
of fluoride due to their higher exposure levels and the critical stages of
growth and development they are undergoing.

3.4.2. Hazard quotient (HQ)
The quantitative outcomes and spatial distribution of HQ among

males and females in different age groups as shown in Fig. 5, Fig. 6,
and Fig. 7. The HQ classifications, such as HQ < 1, suggest a safe level
with no health risk, whereas HQ ≥ 1 implies potential chances of
fluoride-induced health risk (Nizam et al., 2022; Taiwo et al., 2023). In
male population average HQ > 1 resulted infant = 1.75 %, children =
63.13 %, teenager=59.64%, and adult=54.38 %, respectively. Similarly
in female population infant = 1.75 %, children = 64.91 %, teenagers =
61.40 %, adult = 42.10, pregnant women = 47.36 %, and breastfeeding
women = 54.38 %, respectively. Groundwater samples that resulted in
HQ > 1 were mostly located in the northern and southern zones of
the fluoride endemic study area. These zones are considered to have
the potential skeleton and dental fluorosis risk among the local popula-
tion, whereas the central part is under the safe limit. The HQ trendline
indicates potential risks to human health as follows: F-children >
M-children > F-teenagers > M-teenagers > Breastfeeding women >
M-adult > Pregnant women > F-adult > F-infant > M-infant.
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Fig. 3. Spatial distribution of fluoride, FPI, and PI in groundwater samples from Tando Bago.
An investigation conducted in Showt city, West Azerbaijan, Iran,
assessed the potential health risks associated with fluoride exposure
through drinking water. The study resulted in HQ for different age
groups as HQ > 1 for 54.44 % of children, 31.82 % of teenagers, and
22.73 % of adults (Yousefi et al., 2019). Another investigation was con-
ducted by (Chen et al., 2017) on fluoride health risk assessment of in-
fants and children groups in Northwest China. They found infants
were the most vulnerable group with HQ > 1 of 72 % and children
60 % of total samples. (Brahman et al., 2014) Studied in Nagarparker,
Sindh, Pakistan. They classified the population into three groups, includ-
ing 7 to 15 years, 16 to 25 years, and 26 to 50 years. Results indicated
Table 2
The measure of the fluoride risk index (FRI).

Fluoride risk index (FRI)

Fluoride Rang Risk class No of samples % of samples

0.23–0.45 Very low 5 8.77
0.5–0.93 Low 17 29.82
1.04–1.47 Medium 8 14.04
1.61–1.95 High 6 10.53
1.04–1.47 Very high 3 5.26
1.47 > Extremely High 18 31.58
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that younger age groups were at higher risk of fluorosis than the other
groups. Fluoride human health risk in Khushab, Punjab, Pakistan, re-
ported by (Iqbal et al., 2023b). They quantified non-carcinogenic health
risk assessment, and HQ valued that adults and children are at high risk
of skeleton fluorosis, whereas potential issues of dental fluorosis in in-
fants.Moreover, above the permissible limit, fluoride leads to spinal dis-
orders, and continual exposure to damages boons and teeth (Yousefi
et al., 2018).

Health risk in the category for the female group, including pregnant
and breastfeeding women, represented in Fig. 5 and Fig. 6. In 47 % of
samples with an average HQ= 1.31 resulted for the pregnant women,
and 54 % of samples with an average HQ = 1.69 for breastfeeding
women; these are alarming indications. Duringpregnancy, highfluoride
intake can result in maternal anemia, leading to embryonic outcomes,
4 High 0 0

Table 3
The measure of the fluoride pollution index (FPI).

Fluoride pollution index (FPI)

FPI Rang Class No of samples % of samples

1–2 Low 21 36
2–3 Medium 37 64
3–
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Fig. 4. CDI of fluoride across different age groups for males and females.
such as miscarriages, congenital malformations, intra-uterine death,
and abortions (Goyal et al., 2020). Additionally, high fluoride intake
during pregnancymay impact the developing fetus' brain development,
potentially leading to a lower IQ of the baby (Li et al., 2008). An investi-
gation was conducted on breastfeeding duration and fluoridated water
intake (Ha et al., 2019). They divided children into groups of
breastfeeding duration, such as 0 < 1 month, 1 to 6 months, 6 to
24 months, and > 24 months. The outcome of this study indicates that
early exposure to high fluoride among children through breastfeeding
resulted in dental caries at the early age of 5 to 6 years.

3.5. Prolong implications of fluoride exposure

Long-term fluoride exposure through drinking groundwater leads to
chronic health conditions: weight loss, liver damage, imbalanced blood
pressure, respiratory failure, paralysis, and cachexia. Similarly, chronic
fluoride exposure can negatively impact male fertility and reproductive
ability (Ortiz-Perez et al., 2003). A study by Freni (1994) reported a
decreased birth rate in 30 regions of the US, which was directly propor-
tional to the level of fluoride contamination in drinking water (Freni,
Fig. 5. HQ values for fluoride exposure across d
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1994). Fluoride intake levels between 2 and 4mg/L can affect children's
visuospatial abilities, including skills like mental rotation, spatial
reasoning, visual memory, and spatial visualization. These abilities are
important for everyday tasks like solvingpuzzles, readingmaps, and un-
derstanding geometry. They are also closely connected to cognitive
functions like attention, working memory, and problem-solving
(Aravind et al., 2016; Nizam et al., 2022; Saxena et al., 2012; Wang
et al., 2007). Moreover, neurotoxicity and osteosarcoma (bone cancer)
were also reported in children compared to other age groups; however,
such cases are uncommon, requiringmore research (Nizam et al., 2022;
Shashi and Bhardwaj, 2011).

3.6. Recommendations

To improve the quality of drinking groundwater and mitigate the
health risks associated with fluoride contamination in the Tando Bago
subdistrict of Badin district, implementing advanced water treatment
technologies is recommended. Reverse Osmosis (RO) systems can effec-
tively remove dissolved solids, including fluoride ions, from groundwa-
ter. These should be installed at centralizedwater treatment facilities or
ifferent age groups of males and females.
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Fig. 6. Spatial distribution of HQ values for different age groups of females.
community-level water purification plants to provide safe drinking
water to the affected population. Additionally, the cost-effective Acti-
vated Alumina Adsorption method, which involves passing water
through a bed of activated alumina that selectively adsorbs fluoride
ionswith the adsorbent regenerated periodically, can be employed. An-
other efficient and environmentally friendly approach is Electrocoagu-
lation, a process that uses electrical currents to coagulate and remove
fluoride ions from water, implementable at various scales.

Concurrently, public awareness and education campaigns should be
developed to disseminate information on the health risks associated
with fluoride exposure and the importance of consuming safe drinking
water. Training local health workers, schoolteachers, and community
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leaders to deliver awareness programs and promote healthy water con-
sumption practices is crucial. Utilizing various media channels, such as
radio, television, and social media, can effectively reinforce themessage
and reach a wider audience.

Moreover, establishing a comprehensive groundwater quality
monitoring program is essential to regularly track fluoride levels
and other contaminants. Conducting periodical health surveys can as-
sess the prevalence of fluoride-related health effects in the
population and evaluate the effectiveness of interventions. Employing
Geographic Information Systems (GIS) can map the spatial distribution
of fluoride contamination, identifying high-risk areas for targeted inter-
ventions.
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Fig. 7. Spatial distribution of HQ values for different age groups of males.
Fostering collaboration between government agencies, non-
governmental organizations (NGOs), and local communities can pool
resources and expertise for effective implementation of interventions.
Engaging with research institutions and universities can further studies
on fluoride contamination and develop innovative solutions tailored to
the local context. Seeking funding and technical support from interna-
tional organizations and donor agencies can aid in scaling up successful
interventions and ensuring their sustainability.

By adopting a multi-faceted approach that combines technological
solutions, public awareness, monitoring, and collaborations, the quality
of drinking groundwater can be significantly improved, and the health
risks associated with fluoride contamination can be effectively miti-
gated in the Tando Bago subdistrict.

4. Conclusion

This study provides a comprehensive assessment of fluoride con-
tamination in the groundwater of Tando Bago subdistrict, Badin district,
Pakistan, and its associated health risks. Key findings include:

• 47 % of groundwater samples exceeded the WHO fluoride limit of
1.5 mg/L, with a mean concentration of 1.92 mg/L.

• Spatial analysis using the Fluoride Risk Index (FRI) identified high to
extremely high-risk zones in the northern and southern areas of the
study region.

• Health risk assessment revealed children (HQ > 1 for 63–65 %) and
teenagers (HQ > 1 for 60–62 %) as the most vulnerable groups, with
females at slightly higher risk.

• Elevated levels of TDS, turbidity, and iron were also observed, further
compromising groundwater quality.
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These results highlight significant public health concern, particularly
the risk of dental and skeletal fluorosis among the local population. The
study underscores the urgent need for:

• Implementation of advanced water treatment technologies, such as
reverse osmosis or activated alumina adsorption, to reduce fluoride
levels in drinking water.

• Development of a comprehensive groundwater quality monitoring
program to track fluoride and other contaminants over time.

• Public awareness campaigns to educate the local population about the
health risks associated with fluoride exposure and the importance of
safe drinking water.

• Collaboration between government agencies, NGOs, and research in-
stitutions to develop and implement sustainable solutions for safe
water provision.

Future research should focus on evaluating the effectiveness of
various fluoride removal techniques in the local context and assessing
the long-term health impacts of chronic fluoride exposure in the af-
fected population. This study serves as a crucial basis for informed
decision-making and policy development to address the critical issue
of fluoride contamination in the Tando Bago subdistrict and similar af-
fected areas.
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