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A B S T R A C T   

Fluoride contamination in groundwater is a worldwide phenomenon. Excess fluoride in drinking water causes 
serious health risks, and as a result, fluoride contamination of water resources is a global concern. In this study, 
an attempt has been made to provide the distribution of fluoride and related non-carcinogenic health hazards to 
local individual groups (males, females, and children separately) in the fluoride endemic region of Patiala, 
Punjab located in the Northern Indo-Gangetic Plain (IGP). The study shows that the dissolved groundwater 
fluoride concentration ranged between 1.5 and 9.2 mg/L with ~98% of the sampling locations having fluoride 
levels higher than the permissible limit. Samples collected from deeper aquifers (>284 m bgl) showed ~27% 
more fluoride contamination compared to those collected from <284 m bgl. Maximum incidence of elevated 
fluoride concentrations was observed in the eastern part of the study area in-sync with groundwater movement. 
The hazard quotient of fluoride (HQFluoride) calculated to assess the non-carcinogenic health risk was higher than 
the unitary value in all individual groups suggesting a prevalence of distressful fluorosis and chronic health risk. 
Results show that the children are the most vulnerable to fluoride toxicity followed by males and females. Our 
results are consistent with the recent trends in an increase in dental, skeletal fluorosis, and liver functional 
damage problems reported in children and adults of the studied region. The study area, therefore, needs the 
urgent attention of policymakers and government agencies to implement proper water management and cost- 
effective fluoride remedial measures to reduce the current and future chronic health risks associated with 
high fluoride intake.   

1. Introduction 

Sustainable groundwater supply is among the most critical issues as 
2.5 billion people worldwide are dependent on groundwater resources 
(Grönwall and Danert, 2020). However, groundwater availability and 
quality are constantly changing due to various natural and anthropo
genic causes (Nizam et al., 2021; Rashid et al., 2021;, 2019, 2018; 
Shukla and Sen, 2021). Among the various water quality parameters 
fluoride is an important contaminant that causes serious health risks and 
has received significant attention (Rashid et al., 2020). It is well estab
lished that high levels of fluoride in groundwater mainly originate from 
the interaction of meteoric water and surface runoff with 
fluoride-bearing minerals (Kimambo et al., 2019; Marimon et al., 2007), 
hence, its origin is mostly geogenic in nature. In addition to the geogenic 
sources, fluoride can also be derived from anthropogenic sources such as 
chemical fertilizers, industrial effluents, sewage plant discharge, 

deposition from combustion sources, landfill leachate, and excessive 
groundwater pumping can also cause significant fluoride enrichment in 
groundwater (Iqbal et al., 2021; Podgorski et al., 2018; Rasool et al., 
2017; Talpur et al., 2020). 

Fluoride is classified as among the twelve most hazardous contami
nants by the US Agency for Toxic Substances and Disease Registry 
(ATSDR, 2003) because of its high reactivity and toxicity. Ingestion of 
fluoride above the optimum level (>1.5 mg/L, (WHO, 2011) can cause 
severe dental and skeletal fluorosis in humans and animals (Dehghani 
et al., 2019; Sahu et al., 2017; Yousefi et al., 2019;, 2018a). Fluoride has 
the inherent capability of replacing the calcium content of teeth and 
bones making them fragile and ultimately causing osteoporosis, partic
ularly in adult and old-aged persons (Ibrahim et al., 2011; Mohammadi 
et al., 2017). The health impacts of fluoride are not acute but chronic, 
which means that prolonged exposure to high fluoride doses is required 
to adversely affect human beings. Recent studies reported high levels of 
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fluoride intake would cause detrimental health effects such as hyper
tension (Yousefi et al., 2018b), neurological defects and nervous system 
damage (Jiang et al., 2019), destructive gene effects (Cao et al., 2016), 
damage of kidney, liver, and thyroid gland (Yang et al., 2019), and may 
even cause carcinogenic disease in lungs, bones, bladder, and uterus 
(Alexander and Olsen, 2007; Yang et al., 2000). It is noteworthy to 
mention that an optimum amount of fluoride (0.5–1.5 mg/L) in drinking 
water is also essential to prevent the teeth from demineralization and 
plaque bacterial activity producing acid in the dental cavity. Consid
ering the beneficial effects of fluoride, fluoridated drinking water has 
been supplied to the public as a natural cure for dental caries problems 
in several countries (Aoun et al., 2018). 

Fluoride contamination of groundwater resources has been reported 
in more than 30 countries including India (Maliyekkal et al., 2006; 
Podgorski et al., 2018). In India, around 120 million people accounting 
for ~9% of the total population in India are at fluorosis risk due to 
groundwater fluoride consumption (Podgorski et al., 2018). A regional 
survey by Central Ground Water Board (CGWB, 2010) revealed 19 In
dian states are severely contaminated with high levels of groundwater 
fluoride. The most affected groundwater fluoride endemic regions are 
the northwestern states of Rajasthan, Gujrat, Punjab, Haryana, and 
Delhi and southern states of Andhra Pradesh, Telangana, Karnataka, and 
Tamil Nadu (CGWB, 2010; Podgorski et al., 2018) where fluoride con
centration is many folds higher than the maximum permissible limit 
(>1.5 mg/L). 

This study is focused on the state of Punjab, India considered a global 
hotspot of groundwater fluoride contamination. The concentration 
ranges reported from various districts in the state of Punjab are as fol
lows: 0.5–2.7 mg/L at Mansa (Sharma et al., 2021b), 0.05–1.38 mg/L at 
SBS Nagar (Mittal et al., 2020), 0.29–4.79 mg/L at Bathinda, 0.37–2.3 
mg/L at Barnala and 0.08–2.75 mg/L at Ludhiana (Kumar et al., 2021), 
1–3 mg/L at Bathinda and 0.3–2.5 mg/L at Faridkot (Sharma et al., 
2021a), with the highest levels reported in the districts of Patiala (9.2 

mg/L) and Fatehgarh Sahib (11.6 mg/L) (Virk, 2018). According to the 
annual water quality report from the State Government of Punjab, 
Patiala district is among the worst affected fluoride endemic region that 
documented 65% of the total fluorosis cases of Punjab due to ground
water fluoride intake (AWQR, 2021). Therefore, the aim of this study is 
to investigate the concentration and spatial distribution of fluoride in 
groundwater and its probabilistic health hazards to human individuals 
(male, female, and children) in the district Patiala, Punjab, India. 
Further, fluoride contamination and fluoride exposure risk are 
compared with major global hotspots to depict the current and future 
vulnerability of non-cacogenic and chronic health risks due to high 
fluoride intake in the local residents. 

2. Materials and methods 

2.1. Study area 

The study area for the investigation is Patiala district, which is part of 
Northern IGP located in the Malwa region of Southern Punjab, India 
(Fig. 1). It has an aerial coverage of about 3218 km2 lying between 29o 

49’ and 30◦ 40’ N latitudes and 75◦ 58’ and 76◦ 48’ E longitudes. The 
land surface has a gentle slope of 0.8 meters per kilometer in the 
northeast-southwest direction. Geology of the Patiala district mainly 
includes Indo-Gangetic alluvium comprising of sandy clay extending up 
to an average depth of ~4.2 m followed by 9 m thick hard clay resting on 
17.9 m thick coarse grey sand body (Kumar et al., 2007). The compo
sition of the subsurface lithology, however, is heterogeneous in char
acter consisting of gravel, pebble, and kankar deposited by the Ghaggar 
River. Groundwater is mainly contained in sand and gravel under both 
phreatic and confined conditions up to the depth of 49–400 m below 
ground level (bgl) (CGWB, 2013). Depth of the water table, in general, is 
shallower in the vicinity of the canals and rivers varying between 4.4 
and 20.6. m bgl. The subsurface water movement in Patiala follows the 

Fig. 1. Land-use and land-cover map showing groundwater sampling location in Patiala district, Punjab, India.  
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direction of the land surface slope (CGWB, 2013). The local climate of 
Patiala district is tropical steppe, semi-arid having very hot summer and 
cold dry winter except during monsoon. The total population of the 
Patiala districts is ~1.8 million (2011 Census) which is mainly depen
dent on agriculture. About 82% of the total area of the Patiala district is 
under intensive agricultural cultivation, while 4% is under forest cover, 
and the rest 16% is available for of non-agricultural use (CGWB, 2013). 
The main recharge sources of underground aquifers in the study area are 
meteoric water, irrigation canals and rivers (Joshi et al., 2018). Artificial 
recharge and rainwater harvesting programs have been also introduced 
in Patiala to cope with the rapid drawdown of groundwater level 
(CGWB, 2013; Singh and Virdi, 2015; WRED and CGWB, 2018). 

2.2. Sampling details and fluoride analysis 

Total 173 samples of groundwater were collected following random 
technique from shallow and deep aquifers from different localities in the 
Patiala district of Punjab, India (Fig. 1). Briefly about 200 ml of samples 
were collected directly in precleaned high-quality polyethylene (HDPE) 
bottles from tube wells and hand pumps installed at a varying depth 
ranging between 43 and 443 m bgl. Prior to sample collection, tube wells 
and handpumps were flushed out for 5–10 min to minimize the standing 
water interference inside the metal casing. Each sampling bottle was 
rinsed thrice to remove any background contamination. Samples were 
filtered through a 0.45 μm Millipore filter and collected in pre-cleaned 
250 ml HDPE bottles and capped firmly to avoid interference with at
mospheric CO₂. All the samples were stored in a dark place at 4 ◦C until 
the laboratory analysis. 

Dissolved fluoride concentration in groundwater samples was 
analyzed using Ion Chromatograph at the Punjab Water Supply and 
Sanitation Department (PWSSD) Laboratory, Mohali (Punjab). The 
detection limit of the instrument was calibrated at 0.1 mg/L. Data 
quality and reproducibility of the analysis was monitored by running 
calibration standard (from Sigma Aldrich) of 5.0 mg/L at regular in
terval and the average value obtained was 5.14 ± 0.26 (n = 8, 1 SD, RSD 
= 0.18). Ten replicates were measured to monitor the reproducibility of 
the analysis and the results showed an average reproducibility of 101 ±
4% (n = 10, 1 SD). The overall accuracy of the standard analyzed was 
<3% with a precision better than ≤2%. The analysis results of all the 
samples are shown in Table S1. 

2.3. Human exposure health risk assessment 

Fluoride can enter the human body through three different path
ways: ingestion (food, and drinking), inhalation (breathing), and dermal 
contact. However, drinking is the major pathway of groundwater fluo
ride exposer accounting for about 75–90% of the total intake (Fawell 
et al., 2006; WHO, 2010). Moreover, the non-carcinogenic fluoride 
health effect associated with inhalation and dermal exposure routes is 
negligible (Mukherjee et al., 2019). Therefore, health risk due to 
ingestion of excess fluoride through drinking water was estimated 
following the standard protocol (USEPA, 1993). In this method, first, 
Chronic Daily Intake (CDI) of fluoride in an individual is calculated 
using the equation given as follows: 

CDI(mg / kg / d) =
[Fc × DID × TEF × ED]

[ABW × AET]
(1)  

where Fc: Fluoride content in groundwater samples (mg/L); DID is 
Daily: Ingestion Dose of drinking water (L/day); TEF: Total Exposure of 
drinking water; ED: Exposure Duration; ABW: Average Body weight; and 
AET: Average Exposure Time (calculated as the product of the number of 
years and number of days) and the values of the parameters are provided 
in Table 1. Finally, fluoride health impact due to ingestion of fluoride 
contaminated water which is a non-carcinogenic health risk is calculated 
in terms of Hazard Quotient of fluoride (HQFluoride) using the following 

equation: 

HQFluoride =
CDI
RfD

(2)  

Where RfD is the reference dose for chronic oral exposure of fluoride 
taken as 0.06 mg/kg/d prescribed by USEPA (1993). Calculated CDI and 
HQFluoride results calculated for human individual are given in Table S2. 

3. Results and discussion 

3.1. Fluoride concentration and spatial distribution 

Dissolved fluoride in the groundwater samples collected from Patiala 
varies between 1.5 and 9.2 mg/L with an average value of 2.8 ± 1.6 mg/ 
L (n = 187, 1 SD, Fig. 2a). Surprisingly, 98% of the total samples 
analyzed exhibit fluoride concentration above the 1.5 mg/L drinking 
water specification set by the Indian standard (BIS, 2012).In general, 
fluoride concentration of 1.5–2 mg/L is common throughout the study 
region, whereas, higher groundwater fluoride levels (> 2.5 mg/L) are 
mainly concentrated in eastern parts of the study area with few discrete 
patches in central and western parts. According to the 2021 Punjab 
Government annual report (AWQR, 2021), the southern part (Malwa 
Region) of Punjab is most vulnerable to groundwater fluoride contam
ination. Fluoride concentration in districts of Northern Punjab (Majha 
and Doaba region) is below the BIS guideline for drinking water but 
exceeded the permissible limit in several districts (Bathinda, Faridkot, 
Fatehgarh Sahib, and Patiala) of Southern Punjab (Fig. 2b) with the 
largest incidences of fluoride contamination observed in the Patiala 
district (AWQR, 2021). Groundwater fluoride contamination in Patiala 
district has drastically increased over the past two decades. For instance, 
groundwater fluoride concentration in Patiala was within the permis
sible limit (range: 0.06–0.66 mg/L) during the year 2003 (Kumar et al., 
2007), later exceeded 1.5–9.8 mg/L in 2021, and posed a serious threat 
to local residents’ health and the ecosystem (Ahada and Suthar, 2018; 
Gupta et al., 2014; NAPCC, 2011), The ranges and mean concentration 
of fluoride observed in groundwater of the Patiala district is comparable 
or higher than the fluoride endemic hotspots of the South Asia (viz. 
Bangladesh, China, Iran, Pakistan, Vietnam including India) and Europe 
(Sweden and Tunisia) (Table 1). The mean fluoride concentration is 
highest across the IGP despite of similar subsurface geology and climatic 
condition (Mukherjee et al., 2020; Samal et al., 2020; Yadav et al., 
2019). In contrast, groundwater from Africa (Kenya and Tanzania), 
North America (Mexico), and South America (Argentina) exhibit much 
higher fluoride content due to hot climate and distinct subsurface li
thology enriched in fluoride bearing minerals. However, groundwater 

Table 1 
Numerical values of the parameters used in the calculation of the fluoride health 
risks.  

Parameter Physical 
significance 

Values Units Reference 

Fc Fluoride 
concentration 

1.5 - 9.2 mg/L This study 

DID Daily ingestion 
dose 

Males: 4 Females: 
3 Children: 1 

L/day Naz et al. (2016) 

TEF Total exposure 
frequencies 

365 day/ 
year 

Ahada and 
Suthar (2019),  
USEPA (1999) 

ED Exposure 
duration 

Males: 64 
Females: 67 
Children: 12 

year WHO (2013) 

ABW Average body 
weight 

Males: 65 
Females: 55 
Children: 15 

kg ICMR (2009) 

AET Average 
exposure time 

Males: 23360 
Females: 24455 
Children: 4380 

day WHO (2013)  
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fluoride concentration in parts of the South Asian region viz. Faryab in 
Afghanistan may exceed up to 79 mg/L (4.2 ± 8.4), even higher than 
present study and as well as Africa and America due to arid climate and 
diversified geological and anthropogenic factors (Hayat and Baba, 
2017). It is interesting to note that fluoride contamination is more 
persistent in Patiala compared to all regional and global sites as all of the 
groundwater samples exhibit similar or higher than the threshold value 
(1.5 mg/L) of the safe drinking water. 

The significant spatial variation observed in groundwater fluoride 
concentration in the present study suggests that the heterogeneity in 
fluoride distribution could be due to varying source input, and different 
controlling factors, viz. local hydrogeology, subsurface lithology and 
redox condition, pH and dissolution and precipitation of F-bearing 
minerals as well as rain water composition (Ali et al., 2019; Nizam and 
Sen, 2018; Rasool et al., 2017). Groundwater sampling depth recorded 
during the sampling plotted against the dissolved fluoride revealed 
significant but limited control of depth on fluoride content of the aquifer 
systems of the Patiala region (Fig. 3). Several groundwater samples 
exhibited high fluoride concentration collected from deeper aquifers. 
For instance, groundwater sampled from >284 m bgl in Sahal, Chatar 
Nagar, Gandian, Ghagar Sarai, Salempur Jattan and Salempur Sekhan 

localities have very high fluoride concentrations (>6.5 mg/L). This 
coupled with the weak positive Pearson correlation (R = 0.18, p < 0.05) 
between fluoride concentration and sampling depth suggests the fluo
ride vulnerability in deeper aquifers is much likely attributed to down
ward migration of the anthropogenic/geogenic contaminants as 
observed in Bist Doab region in Northwest India, and central part of the 
IGP (Kumar et al., 2019; Lapworth et al., 2017). Nevertheless, a signif
icant population of groundwater samples collected from shallow aqui
fers (depth: 70 m bgl) also contain high fluoride concentration (2.6 mg/L 
at Akbarpur) apprehends the presence of additional local factors over 
geogenic control in groundwater fluoride enrichment. For instance, 
prolonged application of pesticides and phosphate fertilizers in agri
cultural production activates fluoride leaching from the cultivation field 
to the underlying groundwater system which can be distributed through 
groundwater movement (Kabata-Pendias and Pendias, 2000). Most in
cidences of elevated fluoride concentration observed in the southeastern 
part of Patiala are consistent with the transfer of fluoride through 
groundwater movement along the gradient of the land surface elevation. 
Therefore, excessive groundwater abstraction for irrigation and inten
sive fertilizer application for enhanced agricultural production, which is 
the main industrial venture in the Patiala region could have enhanced 
massive fluoride leaching to the groundwater under favorable oxygen
ated environment (Ahada and Suthar, 2018; Mohapatra et al., 2021). 

3.2. Non-carcinogenic health risk due to excess fluoride intake 

The persistence of high levels of fluoride beyond the permissible 
limit observed in most of the groundwater samples in the study area 
makes it inadequate for drinking purposes due to the negative health 
impact of fluoride contamination in drinking water (Agnihotri et al., 
2014). Fig. 4.a summarizes the health effects on the local population in 
the study region depending upon different levels of fluoride exposure 
through groundwater ingestion. None of the samples fall in class-I sug
gesting that there is no risk of dental decay problems. Similarly, there is 
no risk of crippling fluorosis associated with Class-V in the study area. 
There are only 3 samples accounting for about 2% of the total samples 
belonging to Class-II having fluoride concentration within the optimum 
requirement (0.5–1.5 mg/L) for good human health. In contrast, Class 
-III and Class-IV together constitute the largest population (~98%) of 
the groundwater samples implying that prolonged ingestion of 
groundwater may pose detrimental health risk such as mottling of teeth, 
crippling of bones, calcification of ligaments, and other neural and 
hormonal problems to the local individual soon in near the future 

Fig. 2. Spatial distribution of (a) dissolved fluoride concentration in Patiala district and (b) comparison of average groundwater fluoride levels with other districts of 
Southern Punjab, India. 

Fig. 3. Relationship between fluoride concentration and sampling depth of 
groundwater (aquifer) in Patiala district, Punjab, India. 
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(Fawell et al., 2006). 
Chronic daily intake (CDI) of fluoride through groundwater inges

tion in the Patiala region was in the ranges of 0.09–0.57, 0.08–0.50, and 
0.10–0.61 mg/kg/day for males, females, and children, respectively 
(Fig. 4b). The maximum CDI value observed in both the adults and 
children at Salempur Jattan locality is consistent with the highest fluo
ride concentration (9.22 mg/L) recorded in groundwater samples of this 
region. Similarly, groundwater samples from other localities namely 
Bhatonia Kalan, Gandian, Chatar Nagar, Ghagar Sarai, and Salempur 
Sekhran contained higher fluoride concentration (>7 mg/L) also 
showed very high CDI value >0.4 mg/kg/day. The CDI range for human 
individuals recorded in this study is significantly higher than those re
ported from the entire Malwa region (0.04–0.14 mg/kg/day), which 
makes Patiala the main fluoride hotspot in Punjab (Ahada and Suthar, 
2019). Significant differences in the CDI estimates of the Patiala region 
in the current study and previous findings could be due to differences in 
the sampling depth as the previous study results were based on limited 
samples collected from shallow aquifers ranging between 7 and 41 m 
bgl. 

For a better assessment of non-cariogenic fluoride health risk to the 
human individual residing in the Patiala district, the magnitude of 
hazard index i.e., HQFluoride was calculated for different age groups 
(Fig. 5). HQFluoride ≥1 means there is a high chance of development of 
fluoride-induced health hazards to the individuals living in the fluoride 
endemic region, whereas HQFluoride <1 suggests no health risk. The 
range of HQFluoride values in the study region was 1.5–9.5 (mean: 2.9), 
1.4–8.4 (mean: 2.5) and 1.7–10.2 (mean: 3.1) for males, females, and 
children, respectively. The HQFluoride range is up to 3 times higher for 
both children (0.67–5.63) and adult (0.29–2.41) compared to those re
ported in southern Punjab (Ahada and Suthar, 2019). Similarly, the 
groundwater fluoride health risk to human individuals in the current 
study is higher or similar to most of the global fluoride endemic hotspots 
viz. China (Chen et al., 2017), Iran (Yousefi et al., 2018a), Kenya 
(Mwiathi et al., 2022), Pakistan (Noor et al., 2021), Mexico, (Fernán
dez-Macias et al., 2020), Tunisia (Guissouma et al., 2017), and Vietnam 
(Nguyen et al., 2021) including Northern and Sothern India (Ahada and 
Suthar, 2019; Kumar et al., 2019; Shukla and Saxena, 2020). However, 
largest magnitude of the HQFluoride observed for children followed by 
males and females (respectively) implying most risk vulnerability to 
children than the adults is consistent with all aforementioned studies. In 
general, individuals residing in fluoride endemic regions with excess 
groundwater fluoride concentrations are more prone to fluoride toxicity. 
Greater fluoride exposure health risks in children compared to adults are 

usually attributed to the lower body size of the children that accumu
lates more contaminants (He and Wu, 2019). The HQFluoride in the cur
rent study exceeded the unitary value in all of the groundwater samples 
for both the adults and children demonstrating that the local inhabitants 
in the district of Patiala are under distressful fluorosis health problems. 
However, the severity of the fluoride toxicity may vary depending on its 
concentration in groundwater, ingestion rate, the longevity of fluoride 
exposure as well as local climate (air temperature: a key driver of daily 
water intake). For instance, exposure to groundwater fluoride levels 
above the safe limit led to the development of dental fluorosis (1.5–3 
mg/L), skeletal fluorosis (3–6 mg/L), and bone crippling (>6 mg/L) in 
human individuals (WHO, 1994). Prolonged uptake of low level of 
fluoridated water (0.8 mg/L) can also lead to the development of dental 
fluorosis (Brouwer et al., 1988). 

Non-carcinogenic fluoride exposure risks to human individuals 
estimated in the Patiala region in the current study are consistent skel
etal and non-skeletal fluorosis (collectively known as hydrofluorosis) 
problems reported in the fluoride endemic Malwa region of south Pun
jab (Ahada and Suthar, 2019). For instance, dental fluorosis survey data 
of school children (<18 years) and adults from fluoride endemic dis
tricts, viz. Bathinda and Patiala revealed the widespread prevalence of 
dental fluorosis of varying grades. Both children and adults from Bath
inda showed the development of white striation and opaque-yellow 
patches residing in areas with normal groundwater fluoride levels 
whereas dark brown patches with structural damage in dental enamels 
were observed in individuals residing in high fluoride areas (Chahal and 
Chahal, 2016a, 2016b). Compared to adults, children and teenagers 
showed more cases of dental fluorosis than skeletal fluorosis because of 
developing teeth that require fluoride for dental growth, but higher 
concentrations disturb the tooth enamels. Similarly, 40% of the total 
1600 children examined in Patiala city showed the prevalence of dental 
caries problems (Kaur et al., 2020). The fluorosis problem in the Patiala 
district is expected to worsen in the future since 80% of its total villages 
had groundwater fluoride concentrations higher than the permissible 
limit (Singh et al., 2021). This has been reflected as the largest number 
of hydrofluorosis cases (65% of total Punjab) reported in the year 2021 
in Patiala (AWQR, 2021). Large dental fluorosis problems due to high 
fluoride intake in children compared to adults has been reported (~60 
and 31% of the children) in China and Pakistan, respectively (Chen 
et al., 2017; Rashid et al., 2020). Similarly, ~9% of the total Indian 
population are at fluorosis risks among which, 62 million population are 
children (Podgorski et al. 2018, and references therein). In Tunisia, two 
third of the population is facing dental caries problems whereas 25% of 

Fig. 4. (a) Effect of the fluoride toxicity due to different levels of fluoride intake. (b) Statistical summary of chronic daily intake (CDI) of fluoride compared to CDI 
range for adults and children estimated for groundwater samples collected from the entire Malwa Region, South Punjab, India (Ahada and Suthar, 2019). 
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the population is living under dental fluorosis risk (Guissouma et al., 
2017). Prevalence of fluoride concentration in excess of 4 mg/L in 23% 
of the total groundwater samples in the study region further suggests 
skeletal risk particularly to the adults living in the study region, For 
instance, individuals exposed to high groundwater fluoride comparable 
to our region in Iran reported ~18% higher skeletal fluorosis cases than 
those residing in region with low fluoride concentration (Mohammadi 
et al., 2017). Recent findings from central India revealed about 8% of the 

population suffering from skeletal fluorosis due to high groundwater 
fluoride (4–4.5 mg/L) intake (Sonali et al., 2013). Similarly, increased 
skeletal fluorosis stress has been observed all over the globe and re
ported in fluoride endemic hotspots of the 24 countries including India 
(Srivastava and Flora, 2020 and references therein). Moreover, domestic 
animals in the fluoride endemic regions have been reported to be 
affected by hydrofluorosis risks in several states of India but underex
plored in the case of Punjab, which is among the largest domestic ani
mals users in agricultural sectors of India (Choubisa, 2018). Therefore, 
groundwater fluoride intake is one of the major potential causes of the 
public health deterioration in the study region. 

3.3. Implication for chronic health risk 

Long-term ingestion of high fluoride often gives rise to chronic health 
disease, viz. respiratory failure, liver damage, paralysis, blood pressure 
problem, and chronic fluoride poisoning that causes anaemia, cachexia, 
and weight loss (Ibrahim et al., 2011). High fluoride intake also 
adversely affects the male’s fertility and reproduction (Ortiz-Pérez et al., 
2003). For instance, decreased birth rate with increasing fluoride con
centration reported in 30 regions of the U.S. having groundwater fluo
ride concentration in excess of 3 mg/L (Freni, 1994). Similarly, fluoride 
uptake of 2–4 mg/L negatively affects children’s visuos-patial abilities 
and reaction times that cause lower Intelligence Quotient (IQ) scores in 
real-time tests (Aravind et al., 2016; Saxena et al., 2012; Wang et al., 
2007). In addition, few studies showed bone cancer (osteosarcoma) and 
neurotoxicity mainly in children (compare to adults) due to excess 
ingestion of fluoride. Although such cases are not common, further 
research is required particularly in regions like Patiala where both 
shallow and deep aquifers are severely contaminated. Moreover, a 
recent study examined the relationship between fluoride and liver 
function in adults from normal and seven fluoride endemic regions of 
Punjab (including Patiala) found an increased alteration in liver func
tions due to cellular damage in fluorotic patients living in fluoride 
endemic regions (Shashi and Bhardwaj, 2011). Closure resemblance in 
fluoride concentration and hydrofluorosis problems in human indicate 
that the situation would become alarming in near future due to wide
spread occurrence of high levels of fluoride in groundwater systems of 
Patiala as well as other regions of Southern Punjab and need urgent 
attention to implement proper water management plan to cope with the 
current scenario of fluoride contamination. 

Table 2. 

4. Conclusions 

This study gives an overview of the high resolution (depth wise) 
spatial distribution of groundwater fluoride concentration and its 
human health hazards in one of the endemic fluorosis regions (Patiala 
district) of the Northern IGP, India. The fluoride level in groundwater 
samples was up to six-fold higher than the maximum permissible limit 
prescribed by WHO and BIS. Of all the groundwater samples analyzed, 
about 98% of samples showed fluoride concentrations >1.5 mg/L. 
Aquifers at deeper depth show more contamination than at shallower 
depth plausibly due to downward movement of the contamination 
through the subsurface. Overall, fluoride contamination observed in 
groundwater of the Patiala district is comparable or higher than most of 
the fluoride endemic hotspots of the South Asia (except few local hot
spots in Afghanistan) and Europe including India, but lower than African 
and American countries. Groundwater fluoride concentration and 
probabilistic health risk in the local individual groups (male, female, and 
children) marked by using GIS mapping revealed persistent fluoride 
health hazard. The HQFluoride index shows children and teenagers are 
most vulnerable to fluoride toxicity (and health risk) followed by males 
and females, which is consistent with most of the previous studies across 
the globe. About 23% of the samples contain >4 mg/L fluoride and 
revealed high probable risk of skeletal fluorosis and other chronic health 

Fig. 5. Summary of fluoride exposure health risk (HQFluoride) on (a) male (b) 
female and (c) children due to groundwater ingestion in Patiala district, Pun
jab, India. 
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diseases with continued consumption of the untreated groundwater 
intake in the Patiala region. Therefore, this study provides valuable data 
that will help the government and water management agencies in the 
formulation of better policies and remedial measures to protect the local 
human individuals exposed to groundwater in the studied region. 

5. Limitation and future research outlook 

This study provides a comprehensive overview of the fluoride dis
tribution in shallow and deep aquifers and associated fluorosis and 
chronic health risk to human individuals in parts of the Northern IGP. 
The study however lacks information on visual health effect. Therefore, 
local surveys are required to be conducted to document the effect of the 
groundwater in local residents and animals due to varying ground 
fluoride ingestion. Moreover, the average groundwater fluoride con
centration in the study region is comparable or higher than most of the 
fluoride endemic regions of India and other parts of the world despite 
the fact that the region is exclusively underlain by alluvium with no 
fluoride rich formation in the basement. It is therefore critical to 
constrain the mechanism and role of different factors (natural versus 
anthropogenic) driving such a high fluoride release in the aquifer sys
tems of the Patiala district for better implication of preventive measures. 
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