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Abstract: There has been a growing concern over the occurrence of fluoride (F−) in groundwater
and the impact of F− exposure on human health issues over the past decades. So, this study
conducted a regional–scale assessment of the occurrence and trend of groundwater F− distribution
[2014–2018] integrated with locally field–based investigations on F− exposure to a few selected
families (10 households and 35 respondents) and reason behind their consumption of F− containing
water (n = 18). In the local study, water samples were collected from multiple sources around the
selected households by dividing them into consumptive and non–consumptive use. Results revealed
that across the state of Andhra Pradesh, the occurrence of F− is more than the permissible limit in
groundwater, and it has been increasing over the years (2014–2018) (average SD is 0.55), and the
local study showed that the groundwater had an average of 1.5 mg/L F−, while other sourced water
had an average of <1 mg/L F−. Most interestingly, nine families are consuming non–F− containing
water (<0.52 mg F−/day) which is commercially available, while only one family is consuming F−

containing groundwater and being exposed to >3 mg F−/day. This disparity in fluoride exposure is
dependent on economic stability and health exposure policies.

Keywords: groundwater; fluoride; drinking water; health impact; fluorosis; economic instability

1. Introduction

Groundwater is a crucial source of drinking water for human populations worldwide,
contributing 0.6% of the total freshwater resources [1,2]. However, due to the rapid growth
of industries, urban zones, and population sizes, the burden on the environment is affecting
groundwater quality and quantity [3]. Alongside anthropogenic groundwater contamina-
tion, there are pre–existing geogenic pollutants polluting groundwater which have severe
health implications [3,4]. Among them, F− is one of the abundant groundwater pollutants
across the globe, mostly in tropical and dry climatic regions [5], like African (37–46%) and
Asian (51–59%) countries [3]. Among Asian countries, India has severe groundwater F−

issues in parts of Rajasthan, Gujarat, West Bengal, Hyderabad, and Andhra Pradesh [6].
The occurrence of F− in groundwater is dependent on the presence of fluoride–bearing
minerals like apatite, hornblende, and pyroxenes [7], geochemical processes at a high pH
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(alkaline media) like the exchange of hydroxyl ions and carbonate dissolution [8,9], and
climate factors [10,11].

Globally, more than 2.5 billion people rely on groundwater for safe drinking water
supply, out of which a major percentage of people are suffering from inaccessibility to
safe drinking water [12]. The occurrence of F− in groundwater of more than 1.5 mg/L
(World Health Organization (WHO), 2017) [13] degrades the groundwater quality and
is unsuitable for any dietary consumption [5]. The consumption of high F− has severe
health implications like dental and skeletal fluorosis [4,5,14]. Along with the occurrence
of fluoride in groundwater, the prevalence of F− containing groundwater for human
consumptive use is dependent on the stakeholders, as well as local people’s knowledge and
awareness [15]. The removal of F− from drinking water or safe water supply is dependent
on the public water supply scheme; even so, other measures are possible, such as the
installation of tube wells in fresh groundwater aquifers [15], the installation of treatment
filters at a community level or in households or using commercially available treated fresh
water [15]. However, the installation of treatment tank/filters and commercially available
fresh water completely depends on the local governmental policy implementations and
recommendations or largely may depend on economic stability [16]. The present study was
conducted to illustrate a (1) broader understanding of the trend of groundwater F− content
in the topical dry region of India (Andhra Pradesh state), which eventually (2) integrated
with a local–scale focused study (Neerukonda village, Guntur, Andhra Pradesh) where we
investigated the occurrence of F− in multiple sources of household water along with the
essential micro and macro nutrients and (3) the possible daily intake of F− through drinking
water and the reason behind the exposure. The novelty of this study is the integration of the
long–term variability in and occurrence of F− in groundwater and the eventual integration
with the level of exposure at the household level and the potential role of other influencing
factors like awareness and socioeconomic conditions. In detail, for the regional–scale
groundwater F− trends, the study considered 2969 groundwater data samples from 2014 to
2018, while for the local–scale focused study, a total of 18 water samples were collected,
and a total of 10 families were surveyed with a total of 35 respondents, where we collected
data on source–dependent water consumption and daily water intake through which we
calculated the daily F− exposure rate. More specifically, ultimately, we tried to find the
reason behind the consumption of fluoridated water though a detailed qualitative survey.

2. Materials and Methods
2.1. Study Area

Physiographically, Andhra Pradesh state can be divided into 3 distinct zones, viz.,
the coastal plains, eastern ghats, and western pediplains. The three major river basins of
Andhra Pradesh are Krishna, Godavari, and Pennar. The area of interest lies under the hard
rock aquifer zone. The decadal mean rainfall of the selected area is ~1000 mm (2014–2015),
which varies across the season with a high in monsoon season and a low in non–monsoon
season. The deltas of rivers are very extensive and characterized by considerable thickness
of alluvium. The narrow coastal region is formed from deposited alluvium and varies
under unconfined to semi–confined to confined structure. The shallow unconfined aquifers
usually lie within a depth of <20 m below ground level (m bgl), and deep aquifers are
around 100 m bgl [17].

More specifically, the focused field–based study was conducted at Neerukonda village,
Guntur, and the location lies between the northern latitudes of 15◦18′ to 16◦0′ and the
eastern longitudes of 79◦10 to 80◦55′ (Figure 1a). Neerukonda village is known for its
abundant water resources. It has been found that the water level is highest during the
monsoon season from June to September and lowest during the summer season from
March to May. The average water level during the monsoon season was 2.5 m bgl, while
the average water level during the summer season was only 1 m bgl. The coefficient of
variation (CV) for water levels was 1.23 m, indicating moderate variability in water levels.
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Figure 1. (a) Location of the study area showing Neerukonda village in Andhra Pradesh and sampling
points. (b) Trend of fluoride levels (>1.5 mg/L and <1.5 mg/L) in Andhra Pradesh.

The Krishna River and the Prakasam Barrage play crucial roles in meeting the needs of
the villagers. Groundwater in the village is obtained through bore wells and hand pumps.
The villagers depend on groundwater for their domestic purposes also. The depth of the
bore wells varies from place to place, with some bore wells reaching a depth of up to 60 m.
The quality and quantity of groundwater varies depending on the location of the wells
and the geological formation of the area. The main source of groundwater recharge is
monsoonal rainfall. The village receives most of its rainfall during the monsoon season,
which usually lasts from June to September with an average rainfall of 1000 mm, mostly
during July and August.

2.2. Sample Collection and Analysis

For the regional–scale study, the groundwater F− content data were collected from the
National Rural Drinking Water Program (NRDWP), Department of Drinking Water and
Sanitation, Ministry of Jal Shakti, Government of India. We collected a total number of
datapoints of 2969, which are evenly distributed across the years from 2014 to 2018. The
data were refined by Tukey’s method where we removed outliers from the data set by
dividing the data into 3 interquartile ranges [18]. For the focused study at Neerukonda
village, a total of 18 water samples were collected with classifications based on the source
and usability. We divided them as follows: sample nos. H2 to H10 are groundwater but
not used by the villagers for drinking; GW1 is groundwater from a well which is used as
drinking water; W1, W2, and W3 are dug wells not in use; P1 and P2 are pond water which
are not used for drinking but for other household purposes; T1 and T2 are the panchayet
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water tank for supply drinking water to the local people; and D1 is an outside supply
source. The total number of groundwater sources is 13 (W1, W2, W3, H2, H3, H4, H5, H6,
H7, H8, H9, H10, GW1), while GW1 is the only one that is being used by the respective
owner as a drinking water source.

The water samples were collected (November 2022) by following the standard protocol
of Woods (1981) into 15 mL sterilized polypropylene centrifuge tubes. Total dissolved solids
(TDS), pH, and turbidity were eventually measured immediately after collection in the field.
The P200–02 pH meter (model no–200–02) was used to measure the pH, while the TDS–3 m
was used for the TDS measurement. The samples were preserved and stored in a freezer at
a −4 ◦C temperature for further assessment. The essential macro– and micro–nutrients (F−,
Cl−, NO3−, NO2−, Br−, PO4

3−, and SO4
2−) all of the samples were analyzed in a High–

Performance Ion Chromatography HPIC (Dionex Integrion, Thermo Scientific, Waltham,
MA, United States of America (USA)). The instrument was first calibrated using an anion
standard (Dionex Seven Anion Standard, Thermo Scientific, USA), directly traceable to
NIST SRM. The samples were analyzed thereafter with check standards (Dionex Seven
Anion Standard, Thermo Scientific, USA) as quality checks at the laboratory of the School
of Environmental Science and Engineering, Indian Institute of Technology, Kharagpur.
The precision of the analysis was better than 10% (5.4% to be precise) (March 2023). The
methodological steps followed in this study are outlined in Figure 2.
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3. Results
3.1. Regional Scale Study on Occurrence of Fluoride in Groundwater

Regionally, we have divided the groundwater samples (n = 2969) into two categories
based on classification as safe (F− < 1.5 mg/L) and unsafe (F− > 1.5 mg/L) for drinking.
Based on the linear trend analysis, we found a trend that safe drinking water sources
decreased in number, while unsafe groundwater samples increased over the years from
2014 to 2018 (Figure 1b). The overall trend has also shown a positive and increasing trend
(Figure S1). The average F− content of unsafe groundwater was more than 2.5 mg/L
(except 2015 because of less data points) across the mentioned years with maximum range
3.8 to 5.4 mg/L from 2014 to 2018 (excluding 2015). The existing groundwater fluoride
concentration lies within the range of 0.3 to 12.9 mg/L based on reported studies [19–23].
As it is closely related to the geological formation of granite/gneiss, conglomerate, and
quartz, our area of interest is more vulnerable to groundwater fluoride contamination
(geological map, Figure 3). Our respective study location in Guntur district is surrounded
by the groundwater fluoride–contaminated areas and districts of Andhra Pradesh and
Telangana from the north or west to the south, of which the eastern part is surrounded
by the Bay of Bengal. In the southwest of Guntur District, Vinukonda Mandal and the
Macherla–Karempudi area is located near Krishna River where the fluoride contamination
is 3.28 to 4.27 mg/L [24]. In the south–central part of Andhra Pradesh, the Guntur district
is located near the seacoast, where the fluoride content varies from 1.3 mg/L to 12.9 mg/L.
Here, soil–water–rock interactions together with dissolution, ion exchange, and evaporation
are the major processes which help in the mobilization of F− in groundwater [25].

3.2. Assessment of Physicochemical Parameters of Water in the Study Area

The physicochemical parameters are described to relate whether the water samples
are suitable for drinking or only for other household uses in relation to the permissible
limit recommended by WHO (2017) (Tables 1 and 2) [13]. The F− contents of the only two
household samples (H2, H3) are higher than the permissible limit, and these sources are
not recommended for drinking purposes. The average concentration of F− in groundwater
is 0.7 mg/L with a range of 1.84 to 0.10 (SD ± 0.7) mg/L. The descriptive statistics of
different water parameters are shown (Table 1), and box–and–whisker plots for medians
and interquartile ranges are also presented in Figure 4. According to the guidelines set
forth by the WHO (2017) [25], the optimal pH range for potable water falls between 6.5
and 8.5, with a preference for values between 7.0 and 8.0. However, the groundwater
of Neerukonda village demonstrates an alkaline pH ranging from 7.50 to 9.25, with an
average of 8.07 (SD ± 0.37). The TDS varies within a range of 2.3 to 48.6 (mg/L), with an
average of 6.5 (mg/L) (SD ± 1.6). Furthermore, turbidity levels in the groundwater samples
across the area range from 72 to 734 nephelometric turbidity units (NTU), culminating in
an average value of 392 NTU (SD ± 0.5). The average Cl− content of water samples is
higher than the permissible limit (avg. 261.4 mg/L) with a recorded high of 922 mg/L
and low of 12.1 mg/L (Table 1). The correlation among all physicochemical parameters
of the water was measured to understand their relations and the trends across different
sources of water in the study area. The study found a positive correlation between fluoride
and chloride levels (R2 = 0.58) (Figure 5a), and also a positive trend was observed with the
nitrite (R2 = 0.41) (Figure 5b). A positive trend but weak correlation between fluoride and
bromide (R2 = 0.08) was found (Figure 5c). A fragile relationship between fluoride and
nitrate levels was observed (R2 = 0.001) with a negative trend (Figure 5d). Fluoride and
phosphate levels showed a weak negative correlation (R2 = 0.03) and a decreasing trend
(Figure 5e). The correlation between fluoride and sulphate levels (R2 = 0.63) indicates a
strong positive relationship with an increasing trend (Figure 5f). The correlation reveals
a very weak positive relationship between fluoride and pH, and the trend is static and
minimally increasing (Figure 5g). Further, the correlation value (R2 = 0.40) indicates a high
positive relationship between fluoride and TDS with a sharp increasing trend (Figure 5h).
Finally, the study reported a negative correlation between fluoride and turbidity (R2 = 0.08),
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which is also showing a decreasing trend. (Figure 5i). The outcomes of water quality
tests carried out on diverse sources of water in Neerukonda are summarized. The data
provide measurements of F−, Cl−, NO3−, NO2−, Br−, PO4

3−, and SO4
2− levels found in

samples taken from drinking water, tanks, ponds, wells, and household water (Table 2).
The results obtained from the testing play a crucial role in assessing the safety of these water
sources and help in identifying potential health hazards associated with the consumption
of the water.
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Table 1. Distribution of chemical constituents of groundwater along with descriptive statistics.

pH Turbidity
(NTU)

TDS
(mg/L)

F−

(mg/L)
Cl−

(mg/L)
NO2−

(mg/L)
Br−

(mg/L)
NO3−

(mg/L)
PO43−

(mg/L)
SO42−

(mg/L)

Minimum 7.5 2.3 72 0.10 12.1 0.71 0.60 0.98 1.39 0.39

Maximum 9.25 48.6 734 1.84 922.8 4.01 15.31 256.87 1.75 333.54

Mean 8.07 6.5 392 0.70 261.4 1.59 2.89 64.59 1.51 91.40

Coefficient of
Variation (CV) 0.38 10.6 186 0.49 273.0 1.05 3.44 70.33 0.16 94.74

Standard Deviation
(±SD) 0.05 1.6 0.5 0.70 1.0 0.66 1.19 1.09 0.10 1.04

Standard Error
(±SE) 0.09 2.5 43.8 0.11 64.3 0.25 0.81 16.58 0.04 22.33

Permissible Limit 6.5 to 8.5 1 500 1 250 —- —- 45 200

Maximum
Permissible Limit
(BIS, 2012) * [26]

No
relaxation

(NR)
5 2000 1.5 1000 —- —- NR 400

Maximum
Permissible Limit
WHO (2017) [13]

6.5–8.5 5 1000 1.5 250 3 —- 50 0.01 250

Note: * Bureau of Indian Standard (BIS, 2012) [26].

Table 2. Distribution of ions in consumptive and non–consumptive water sources.

Source Water
Sample ID

Fluoride
(mg/L)

Chloride
(mg/L)

Nitrite
(mg/L)

Bromide
(mg/L)

Nitrate
(mg/L)

Phosphate
(mg/L)

Sulphate
(mg/L)

Outside
Supply D1 0.10 12.16 0.90 0.60 0.98 NA 7.74

Tanks
T1 0.54 112.53 NA 1.06 1.62 NA 43.00

T2 0.50 57.68 0.95 1.57 13.37 NA 20.59

Ponds
P1 0.21 93.89 NA 2.00 4.50 1.40 15.42

P2 0.27 86.24 0.78 0.77 11.96 NA 0.39

Wells

W1 0.43 444.76 1.96 3.61 45.08 1.75 100.33

W2 0.41 301.41 1.45 1.51 256.87 NA 105.04

W3 0.44 166.64 0.71 1.66 105.63 NA 68.54

Household
Water

H1 0.78 87.56 0.77 1.06 55.95 NA 42.09

H2 1.84 922.77 4.02 5.00 54.87 NA 333.54

H3 1.54 747.45 3.74 0.89 62.39 1.44 255.64

H4 1.39 696.49 1.03 5.77 88.69 NA 245.67

H5 0.42 415.42 1.90 3.90 89.63 1.47 136.39

H6 0.86 198.30 NA 15.31 144.10 NA 82.42

H7 0.58 109.28 0.72 1.63 24.75 NA 41.50

H8 1.13 89.44 1.66 0.93 12.17 NA 32.29

H9 0.29 74.99 2.24 1.88 179.15 NA 81.00

H10 0.86 88.52 1.09 2.85 11.00 NA 33.62

Note: NA = Not Available.
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3.3. Assessment of Local Scale Occurrence of Fluoride in Water

The water samples from the study area were collected from different water sources
including a deep well, surface water bodies (pond), and household tanks. Fluoride con-
centration was detected, and the descriptive statistics of the fluoride concentrations along
with other physicochemical parameters of water are provided in Table 1. The average F−

concentration of the study area across all sources is 0.7 mg/L. The fluoride concentration
ranged from 0.10 to 1.84 (SD ± 0.7) (Table 1). However, the variation in fluoride concentra-
tion depending on the sources was observed in different sampling locations of the study
area. The highest fluoride concentrations were observed (>1.5 mg/L) in two locations out
of all the samples (H2 and H3) in Neerukonda. The fluoride concentrations in two other
samples ranged between 1.5 and 1.0 mg/L, whereas the remaining 14 samples showed
a concentration of below 1 mg/L (Table 3) (Figure 6a). Sector–wise, the trend in fluoride
concentration showed a different pattern for different water sources (Figure 6b). The trend
of fluoride in household and tubewell water samples showed a decreasing trend, while an
increasing trend was observed for surface water bodies and well water (Figure 6b). But as
an aggregate of all water sources, a positive trend in fluoride concentration was observed
in the study area (Figure 7). It is important to note that the WHO (2017) recommendation
states that fluoride concentration in drinking water should be maintained between 0.5 and
1.5 mg/L [13]. Therefore, the samples with fluoride concentrations greater than 1.5 mg/L
could be of high concern, and appropriate measures should be taken to ensure the safety of
drinking water.

Table 3. Distribution of F− concentration of groundwater in Neerukonda, Guntur District.

Serial No. F− (mg/L) No. of Water Samples Water Sample ID Remarks

1 >1.5 2 H2, H3 Unacceptable for
drinking purpose

2 1.5–1.0 2 H4, H8 Fairly acceptable

3 <1.0 14
D1, T1, T2, P1, P2,

W1, W2, W3, GW1,
H5, H6, H7, H9, H10

Acceptable for
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Figure 7. Overall fluoride concentration in the study area showed a positive trend.

3.4. Intake of Fluoride and Its Future Status

Freshwater is one of the main basic needs for human consumption, but this valuable
resource is under threat due to natural and anthropogenic drivers. This study revealed
the consumption pattern of drinking water by surveying ten families from Neerukonda
and exposed their fluoride consumption pattern. In addition, the study also revealed the
future intake capacity of fluoride, which will further shed light on major health cautions.
It has been observed from all families that family-1, which relies on underground tap
water (D1) as their primary source of drinking water, has the highest consumption of F−

(~7.5 mg/day, 2684 mg/year) (Table 4) (Figure 8a,b). On closer examination of family-1′s
data, it can be inferred that the use of underground tap water as a source of drinking
water indirectly results in a high level of fluoride intake. Family-10 is the second highest
(~828 mg/year) fluoride consumer in drinking water, whereas family-2 (767 mg/year),
family-4 (606 mg/year), family-5 (~667 mg/year), and family-8 (706 mg/year) have a
consumption rate between 600–770 mg/year (Table 4, Figure 8b), and the remaining families
have a lower consumption pattern (300–550 mg/L) (Table 4, Figure 8b). Upon a closer
examination of Table 5 summarizing characteristics regarding family-1, it was reported that
their water consumption amounts to a minimum of 3–4 L, resulting in a fluorine uptake of
3.8–3.5 mg/L, exceeding the permissible limit by two–fold. Over time, this accumulation of
fluoride can result in severe health complications. It is worth noting that these individuals
lack formal education, emphasizing the critical need to raise awareness regarding the risks
associated with their water consumption habits.
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Table 4. Fluoride intake of each family in Neerukonda, Guntur District.

Family
ID

Number of
Members

Total Water
Consumed by

Family
(L/Day)

Source Sample Name
Amount of

Fluoride
(mg/L)

Total Intake of
F−/Family/Day

(L)

Intake of
Family/Year

(L)

Family-1 2 9.4 Underground
Tap water H1 0.78 7.4 2684.4

Family-2 5 21 Drinking water H2 0.10 2.1 752.7

Family-3 2 10 Drinking water H3 0.10 0.98 358.4

Family-4 4 17 Drinking water H4 0.10 1.7 609.3

Family-5 4 19 Drinking water H5 0.10 1.9 681

Family-6 2 10 Drinking water H6 0.10 0.98 358.4

Family-7 3 15 Drinking water H7 0.10 1.5 537.7

Family-8 4 20 Drinking water H8 0.10 1.96 716.9

Family-9 4 16 Drinking water H9 0.10 1.6 573.5

Family-10 5 23 Drinking water H10 0.10 2.3 824.4

Table 5. Intake of fluoride by the individuals of family-1.

Family
ID

Family
Members Age Total Water

Consumed Source
Amount of

Fluorine
(mg/L)

Total Intake
per Day
(mg/L)

Total Intake
per Year
(mg/L)

Family-1
Member 1 71 4.9 L Underground

tap water
0.78 3.84 1399.32

Member 2 57 4.5 L 0.78 3.53 1285.1

3.5. Source–Based Fluoride Concentration and Their Zonation

The fluoride concentration in different water sources was reported. It was found that
the water which is used by most of the families (‘Household Water’ H1, H2, H3, H4, H5,
H6, H7, H8, H9, and H10) has a remarkable concentration of fluoride and the average is
about 0.98 mg/L and maximum is 1.84 mg/L, which constitutes 43% of the total fluoride
across all water sources (Table 6, Figure 9a). Tank water shows the second highest fluoride
rate (~0.5 mg/L), and it covers 23% of all sources (Figure 9a). Well water also shows an
average fluoride concentration of 0.43 mg/L, and it covers 19% of the total (Figure 9a).
Surface water bodies and drinking water source show relatively low F− concentration, and
they constitute 11% and 4% of all sources respectively (Table 6, Figure 9a).

Table 6. The maximum, minimum, and average value of fluoride in different samples in Neerukonda.

Source Sample Name Average Maximum Minimum

Outside supply D1 0.098 0.098 0.098

Tanks T1, T2 0.52 0.54 0.5

Ponds P1, P2 0.24 0.3 0.2

Household
water

H1, H2, H3, H4,
H5, H6, H7, H8,

H9, H10
0.98 1.84 0.3

Wells W1, W2, W3 0.43 0.44 0.40
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A household survey was conducted to record the water intake of different age groups.
A subsequent analysis of age–based intake of fluoride was conducted (Figure 9b). The
highest consumption was found in the 50–80 age group (Figure 9b). The survey revealed
a common misconception that boiling drinking water can solve the problem of excessive
fluoride content. However, the reality is that boiling can increase the fluoride concentration
as the water evaporates and the fluoride ions remain behind. As a result, the remaining
water becomes more concentrated with fluoride. To estimate the minimum and maximum
exposure doses of fluoride, the mean, minimum, and maximum range of water fluoride
levels was calculated (Table 6, Figure 9a). The study revealed the fluoride content in
different water sources of Neerukonda (Figure 9). It identified the risk–free zones and risk
zones for varying water sources and suggested what purpose the water can be used for at
different fluoride concentration levels (Figure 10). Well water falls under high–risk zone
which can be used only for household or domestic purposes and should be avoided for
drinking needs (Figure 10). Water from other sources like deep groundwater and tanks can
be used for drinking purposes as mentioned (Figure 10). The red dashed line shows the F−

of 1 mg/L and red solid line shows the F− concentration is more than 1.5 mg/L (Figure 10).
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3.6. The Main Source of Water in the Study Area

The water supply in Neerukonda village predominantly relies on water tankers
sourced from the nearby village of Rayapudi, which, in turn, draws its water from the
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Krishna River. This water source is recognized for its reliability and accessibility, with some
individuals opting to directly purchase water from this facility. To ensure quality, the water
transported by tankers undergoes filtration through advanced state–of–the–art systems
within the NTR Sujala (Nandamuri Taraka Rama Rao (NTR)) water system (Figure 11a).
Each tanker has a capacity of 4 KL and is made available on a daily basis. While certain
households in Neerukonda have the means to afford the supplied drinking water from
NTR Sujala, priced at INR 7 for a 20 L container, others, particularly those with an unstable
income, rely on groundwater for their drinking water requirements.
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4. Discussion
4.1. Present Status of Groundwater in Comparison with the Existing Study

Fresh groundwater has now become the sole source of drinking water across most
parts of the world, especially water–scarce regions. The water is degrading in terms of
quality and quantity, and the natural or geogenic and anthropogenic drivers are the major
forces to do so. The source of water in Neerukonda is primarily groundwater, which is
contaminated with fluoride due to the geological composition of the region [6]. The excess
fluoride content in drinking water is a result of the leaching of fluoride–rich minerals
from the surrounding rocks and soil [27–29]. The positive relationship of pH with fluoride
represents an important determining factor for F− availability in groundwater [30,31].
The correlation suggests that a positive correlation of F− with relatively high pH tends to
mobilize F− from mineral surfaces (Figure 5g). The fluoride contamination of groundwater
is a pervasive issue across India, and a similar situation has been observed in Neerukonda.
For instance, Nalgonda in Telangana grappled with excessive fluoride in its water sources,
leading to health adversities mirroring those in Neerukonda [28]. In Jhabua, Madhya
Pradesh, and Agra, Uttar Pradesh, similar challenges arose as families with limited means
faced difficulties in accessing safe drinking water due to fluoride contamination [32–34].

Studies across different regions of Andhra Pradesh have revealed varying levels
of fluoride in different hydrogeological conditions. The results revealed in this study
show substantial variations in fluoride concentrations across the varying water sources
which are in line with other parts of the Andhra Pradesh [19,21,22,35]. These findings
hold significance not only at a local level but also within the broader regional context of
water quality and public health. One of the focus areas was the Vamsadhara River Basin,
where groundwater displayed fluoride levels ranging from 1.0 to 3.4 mg/L [35]. Notably,
disparities were observed between clayey and sandy soils, suggesting that geological
composition plays a crucial role in fluoride concentration [36]. The Anantapur district
of Andhra Pradesh, which exhibited groundwater with less than 4 mg/L of fluoride,
originated from diverse geological formations [36]. To address this issue, a sustainable
approach was proposed, involving the construction of upstream check dams. This method
aims to recharge and dilute fluoride levels, presenting a potential solution for similar
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areas facing similar challenges. Significant seasonal fluctuations in fluoride levels were
noted in the southeastern part in Ranga Reddy District [37]. These fluctuations were
linked to the presence of specific ions, namely Ca2+ and HCO3

− [37]. However, the study
did not offer specific sustainable solutions for managing fluoride levels in this region.
In Nalgonda District, while groundwater contained less than 5 mg/L of fluoride, the
potential for fluorosis remained a concern [7]. A sustainable solution has been proposed
involving water harvesting through small dams [7]. Additionally, they recommended
concentrating recharge at the dam site and employing local gypsum treatment to mitigate
fluoride–related issues [7]. Furthermore, the findings in Prakasam’s Marripudi village
indicated fluoride levels of less than 11 mg/L, leading to dental and musculoskeletal
fluorosis [38]. The proposed sustainable measure centered around increasing awareness
among the local population about water quality issues and their connection to fluorosis
and arsenicosis [38]. These research outcomes extend beyond Andhra Pradesh, offering
insights into the broader global challenge of managing groundwater quality. The strategies
proposed in this study provide a blueprint for regions facing similar issues across Andhra
Pradesh. Moreover, this study underscores the pressing need to enhance the awareness
and knowledge of local communities concerning fluoride content and its impact on health.
It is crucial to recognize that this issue extends beyond human populations, affecting
mouthless animals as well. This emphasis on education emerges as a vital component in
addressing the multifaceted dimensions of fluoride contamination. In essence, this research
not only contributes to a deeper understanding of groundwater quality dynamics but
also offers practical guidance for effective involvement, emphasizing the significance of
community education in mitigating the widespread effects of fluoride contamination. This
research in Neerukonda highlights the importance of adhering to global guidelines, such
as WHO standards (2017), to ensure safe water, a principle also embraced in Agra [39,40].
These examples underscore the urgent need for a coordinated, nationwide effort to combat
fluoride contamination, utilizing research insights from Neerukonda as a valuable reference
for addressing this critical issue affecting communities throughout India.

4.2. Global Overview of Fluoride Occurrence and Associated Health Impacts

The comprehensive table (Table S1) presents a global overview of regions facing
elevated F− levels in water, thereby posing significant health risks such as dental and
skeletal fluorosis. The correlation between F− concentrations and adverse health effects,
including a potential reduction in intelligence in children, is a prominent focus. The data
underscore the urgency for implementing water treatment techniques to mitigate the health
hazards associated with excessive F− content.

Examining specific case studies across the world has revealed different challenges. In
Karonga, Malawi, groundwater with F− concentrations spanning from 0.30 to 2.0 mg/L
poses threats to dental health, impacting vital sectors like international trade, fishing,
and agriculture [41]. The main source of F− in groundwater is dissolution of fluorite
(CaF2−) [41]. South Iran highlights heightened F− levels (0.8–3 mg/L) in groundwater
where the source of F− has been attributed to limestone layers [42]. Vyeboom, South Africa,
witnessed F− levels of 0.44–0.9 mg/L, resulting in skeletal fluorosis, particularly linked
to agricultural and industrial activities [43]. A high level of F− (max. 13 mg/L) has been
determined in water in Ethiopia that caused dental and skeletal fluorosis [44]. One study
recommends the implementation of treated surface water for extensive populations [45].
In Riyadh, Saudi Arabia, the local water authority recommends fluoridation in water
treatment plants [46], while Serbia delves into correlations between F− levels in hair, well
water, and tap water, emphasizing dental fluorosis prevalence [47]. In Sihong County
and Jiangsu Province, China, a F− range of 0.6–4.5 mg/L has been observed which had
an adverse effect on intelligence on children and caused high dental fluorosis [48]. In
Texas, the Woodbine aquifer has high F− levels above 4 mg/L, affecting farming and
industry [49]. Further, in Sonora, Mexico, groundwater F− has been found between 0.5
and 7.6 mg/L, causing fluorosis among the local people [50]. This highlights how both
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nature and human activities contribute to F− issues in water. It stresses the importance of
customized, long–term solutions for managing water and keeping public health in mind.

4.3. Study Unveiled the Possible Reasons and Factors behind the Fluoride Exposure

We have conducted a thorough survey where we have checked the availability of
groundwater resources and secondary water resources for drinking and other household
usage. During the survey we have checked with 10 families in detail regarding their water
consumption pattern and reason behind the selection of drinking sources, as all of the
groundwater has a reasonable amount of F−. An economic imbalance regarding exposure
to fluoride in drinking water can exacerbate existing health disparities and widen the gap
between those with access to safe drinking water and those without. A review by WHO has
recommended that at least 8 L water per capita/day is a minimum need for maintaining
daily life [51]. But the economic burden associated with accessing safe drinking water can
disproportionately affect economically unstable populations, leading to potentially harmful
exposures to fluoride and other contaminants [52]. Addressing these disparities in access
to safe drinking water is critical for promoting equitable health outcomes and reducing
health inequalities within communities [53]. Individuals with higher economic stability and
awareness have access to safer drinking water while those who are economically unstable
and unaware are at higher risk [25,54,55]. The study findings indicate that family-1 is
economically unstable, while families 2 to 10 are economically stable, and this economic
imbalance has significant implications for the community’s health and well–being. Families
(2 to 10) having higher annual income are using externally sourced groundwater with
low fluoride content. Annually, as per the Government of India, the gross annual per
capita income is INR 219,518 (Ministry of Statistics and Program Implementation; https:
//www.pib.gov.in/PressReleasePage.aspx?PRID=1942055 (accessed on 14 January 2024)).
Family-1 does not have any regular income and is surviving on a government pension
plan, i.e., “YSR Pension Kanuka”, which is a Social Security Scheme by the Panchayat Raj
and Rural Development Department, Government of Andhra Pradesh (The benefit under
each pension for Old Age Pension (OAP), Single Women, Weavers, Widow, Fisherman,
Toddy Tappers, PLHIV (ART Pensions), Traditional Cobblers is INR 2250 per month and
for Disabled, Transgender, Dappu Artists pensions is INR 3000 per month), with an annual
remuneration of INR 27,000, which is barely the minimum amount to meet all their needs.
The families 2 to 10 are spending an average of INR 176 per month and INR 2142 per year
on water. This amount may be considered high for some families, and it highlights the
economic burden associated with accessing safe drinking water. Due to their economic
instability, family-1 is unable to access safe drinking water, and they are exposed to higher
levels of F−.

4.4. Exposure to Fluoride Contamination and Associated Health Impacts

Exposure to excessive amounts of fluoride ions in drinking water can lead to a variety
of health problems, including dental fluorosis, skeletal fluorosis, arthritis, bone damage,
osteoporosis, muscular damage, fatigue, joint–related problems, and chronic health is-
sues [56–58]. To mitigate these risks, WHO (2017) has regulated the upper limit for fluoride
in drinking water to be 1.5 mg/L [13]. However, different countries may set their own
standards based on their unique circumstances. As per the BIS (2012), the permissible limit
of fluoride in groundwater is 1 mg/L, whereas up to 1.5 mg/L is the acceptable limit [26]
where an alternative source is unavailable, which leads to neural disorders, dental and
skeletal fluorosis, and even high chances of myopathy [58]. Therefore, it is possible that
some people in Neerukonda village are experiencing health problems due to the high
fluoride levels in the groundwater. The survey in Neerukonda found that some people, due
to excess fluoride intake, may experience several health problems including dental fluorosis
(Figure 11b), skeletal fluorosis, which causes back pain and knee pain, and gastrointestinal
effects. The Government of Andhra Pradesh has taken several measures to mitigate the
issue, including setting up community–based water treatment plants and providing alter-
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native sources of safe drinking water [59–61]. However, the problem persists, and more
efforts are needed to ensure that the people of Neerukonda have access to clean and safe
drinking water.

4.5. Limitations of the Study

The area selected for the study has a F− concentration of 1.1 to 1.5 mg/L in house 4 and
house 8 and more than 1.5 mg/L in house 3 and house 2. The study focused only on fluoride
concentration in groundwater and did not consider other sources of exposure such as food,
air, and dental products that could affect human health. The range of F− concentration
in houses 4, 8, 3, and 2 show the prevalence of health effects such as dental fluorosis and
skeletal damage. In addition to the F− contamination of drinking water, other food sources
were not considered, which may also have some contribution to dental fluorosis (DF),
urinary fluoride (UF) concentration, body mass index (BMI) loss, and intellectual quotient
(IQ) in children. In addition, the 24 h monitoring of UF concentration could provide better
results. The rate of water consumption was collected through a household survey, which
may lead to some degree of inaccuracy.

5. Conclusions

The present study was conducted to understand the trends of groundwater F− con-
centration in the topical dry region of India on a regional scale (State Andhra Pradesh)
integrated with a local–scale focused study (Neerukonda village, Guntur, Andhra Pradesh).
The study investigated the occurrence of F− in multiple sources of household water along
with the potential daily consumption of fluoride via drinking water and the rationale for
this exposure. The regional–level study has unveiled the high level of fluoride (maximum
range: 3.8 to 5.4 mg/L) across the state on the temporal scale from 2014 to 2018. Similarly,
the study conducted in Neerukonda village of Guntur district highlights the significance of
monitoring the levels of fluoride in drinking water sources to ensure community safety and
well–being. The survey conducted in the village has provided a comprehensive analysis of
the water quality and identified potential risks to public health. The findings of the study
reveal that F− exposure is higher in economically unstable families (average is 0.98 mg/L
and maximum rate is 1.84 mg/L) who rely on F− containing groundwater for drinking
and household use, while those who consume water from an external source on a paid
basis experience less F− exposure. Family-1 is economically unstable, while families 2
to 10 are economically stable, and this economic imbalance has significant implications
for the community’s health and well–being. The potential source of fluoride has been
identified as geogenic in nature as the area is located near the geological formation of gran-
ite/gneiss, conglomerate, and quartz, which is more vulnerable to groundwater fluoride
contamination. The study focused only on fluoride concentration in groundwater and did
not consider other sources of exposure such as food, air, and dental products that could
affect human health. In addition, the rate of water consumption was collected through a
household survey, which may lead to some degree of inaccuracy. So, this study suggests
that proper management practices and public awareness programs are crucial to promote
the use of safe and clean drinking water sources, particularly among economically unstable
families. Despite the limitations of the study, it provides valuable insights into the water
quality situation in Neerukonda village and can serve as a reference for future research
and policy–making decisions in the field of water management and public health. Further
research is needed to provide a more comprehensive understanding of the issue, especially
in other communities and across different sources of exposure.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w16040577/s1, Figure S1: Average fluoride trend in Andhra
Pradesh (AP) (2014–2018); Table S1: Global occurrence of fluoride contamination in water and
associated health effects.
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