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With rapid economic development and the increasing demand for drinkingwater, a

large amount of groundwater is exploited, resulting in a high F− content in

groundwater, which is harmful to the environment and human body. In this

study, 5,464 data points of fluoride in shallow groundwater were collected, and

the F− content distribution, occurrence form and environmental impact of shallow

groundwater were discussed. The results showed that 1) the F− content in shallow

groundwater in China ranged from0 to 60mg/L, with amean content of 0.90mg/

L; the lowest average F− content in shallow groundwater in Southwest China was

0.36mg/L; South China (1.20mg/L), Northeast China (1.25mg/L) and Northwest

China (1.25mg/L) were considered high-fluoride areas, and North China (0.93mg/

L), East China (0.67mg/L) and Central China (0.80mg/L) were considered low-

fluoride areas. The mean F− content in groundwater differed between provinces

and cities. 2) The F− in shallowgroundwatermainly occurred in ionic, complex ionic

and organic fluoride molecular states. 3) The influence of a high F− content in

shallow groundwater on the environment wasmainly manifested in the increase in

water F− concentration and soil F− and vegetable F− content. The influence of a high

F− content on the human body was mainly manifested in an increase in urinary F−

content in children, a high prevalence of dental fluorosis in children, an increase in

skeletal fluorosis rate in adults with age, and an influence on cognitive function of

older adults. These results provide a basis for F− pollution control and high-fluoride

water treatment.

KEYWORDS

shallow groundwater, F-distribution, environmental effects, occurrence, form

Introduction

F− is one of the most essential trace elements for human growth, and an appropriate

amount of F− is conducive to preventing dental caries and promoting bone growth

(Sarinana-Ruiz, et al., 2017; Gao et al., 2020; Li et al., 2020). Both insufficient and excessive

F− cause great harm to human health. Specifically, a lack of F− tends to cause dental caries,
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and excessive intake leads to fluorosis (Katsanou et al., 2013;

Tarki et al., 2020; Nafouanti et al., 2021; Senarathne et al., 2021).

The common diseases caused by excessive F− intake are dental

fluorosis and skeletal fluorosis, which may lead to death in severe

cases (Xie et al., 1999; Mondal et al., 2016; Mohammadi et al.,

2017; Liu et al., 2021). F− can cause biochemical effects, such as

acute poisoning (vomiting, hemoptysis, hand and leg spasm,

cardiac arrest, etc.), long-term chronic poisoning (gene mutation,

allergic diseases, Alzheimer’s disease, etc.), and carcinogenic and

mutagenic effects, mainly due to the effect of fluorination (Liu

et al., 2015a; Patil et al., 2018; Kurdi 2016; Nikiforova 1982;

Maitra et al., 2021; Morales-Arredondo et al., 2016). All F− is

toxic. Acute fluorosis results when the daily intake of F− is higher

than 4 mg, and its toxicity is higher than that of lead and lower

than that of arsenic. Long-term F− accumulates in human teeth

and bones under a high-fluoride environment, which can damage

human soft tissue and intellectual development and even lead to

an increased risk of tumors and leukemia (Mumtaz et al., 2015;

Durrani and Farooqi, 2021; Senthilkumar et al., 2021). According

to the latest reports, long-term, excessive intake of F− has also

been linked to adverse cancer and distortion (Smith et al., 1979;

Seraj et al., 2012; Nikiforova 1982; Su et al., 2021). Moreover,

previous studies found that plants in environments with high F−

concentrations may have impacted growth, morphological,

photosynthetic and metabolic characteristics (Reddy and Kaur,

2008; Bhargava and Bhardwaj, 2010; Bustingorri et al., 2016;

Meng and Wu 1996; Gao et al., 1998; Elloumi et al., 2015; Zhong

et al., 2014; Adeyeye et al., 2021).

F− is soluble in water and readily absorbed by the body. The

World Health Organization allows the F− concentration in water

bodies to be 1.50 mg/L, and the allowable F− concentration in

drinking water in China is 1.00 mg/L. If the F− concentration in a

water body exceeds 1.00 mg/L, it is classified as high-fluoride

water. In 2017, 13.333 million people suffered from dental

fluorosis and 1.086 million from skeletal fluorosis in China. It

has been reported that F− can be distributed and accumulate in

tissues and organs with blood circulation. When internal F−

reaches a certain concentration, it can seriously affect fetal

brain development and osteogenic activity. Long-term F−

intake seriously inhibits the activity of protease and plasma

myeloperoxidase in human cells, the expression of the

phosphatidylinositol-3-kinase threonine protein kinase (PI3K-

Akt1) gene and protein synthesis and affects the metabolism of

calcium and phosphorus (Xie et al., 1999; Yao et al., 2005; Wang

et al., 2011; Fan et al., 2015; Xu et al., 2016; Hossain et al., 2021).

China is one of the largest high F− water areas worldwide.

Except for Shanghai, high-fluoride groundwater exists in almost

all provinces. High-fluoride water areas are mainly distributed in

arid and semiarid areas in northern China. Most of the F− water

concentrations are between 1.00 mg/L and 10.00 mg/L,

exceeding the maximum permissible concentration of

1.00 mg/L in standards for drinking water quality (GB 5949-

2006). Moreover, as detailed in this study, large amounts of data

have measured the F− content in shallow groundwater in China

(Lu et al., 2001; Zhou et al., 2005; Khair et al., 2014; Pi et al., 2015;

Sun et al., 2015; Liu et al., 2015a; Li et al., 2019). In addition, by

consulting the collected data and combining the results with

literature findings, we established 5,464 datapoints of the F−

concentration in shallow groundwater in China. With this

database, the distribution of F− in shallow groundwater in

China was determined based on the F− value of shallow

groundwater in different provinces and regional blocks, and

the occurrence form and environmental effect of F− were also

discussed. In this way, the majority of the population can more

intuitively understand F− in shallow groundwater in China, and

this study provides a theoretical basis for the follow-up treatment

of high-fluoride water. The purpose of this study is to quickly

understand the distribution of F− in shallow groundwater in most

regions of China through the establishment of a large number of

F− concentration composition databases, contribute to the

systematic assessment of the pollution behavior of F− in the

environment, provide guidance for the geochemical behavior of

F− in shallow groundwater in high-fluoride areas, and provide a

basis for decision-makers to formulate targeted prevention and

control measures of F− pollution.

Materials and methods

In this sample, the fluoride content of mine water in Panyi,

Paner, Pansan, Guqiao, and Xieqiao of Huainan was measured.

The data of fluorine content in other areas were obtained from

(Lu et al., 2001; Zhou et al., 2005; Khair et al., 2014; Liu et al.,

2015b; Pi et al., 2015; Li et al., 2019). A portable water quality

tester (WTWoxi315i type) was used for on-site measurement of

pH, total dissolved solids (TDS) and electrical conductivity (EC).

The concentrations of F−were tested using an ion chromatograph

(DIONEX, ICS-1500). The operating parameters of the

suppressor were adjusted (ASRS=4 mm, I=30 mA) and the

working pressure was set at 0.2 MPa. The mixed standard

solution was prepared with standard substances and its peak

height was measured. The standard curve was established with

the peak height as the ordinate and the ion concentration as the

abscissa, and the R2 was all greater than 0.999. Deionized water

was used as the inhibitor and the solvent for the diluted samples.

All samples were tested repeatedly for 3 times with a test accuracy

of 0.01 mg/L. The anion test method referred to Environmental

Protection Standards of China (HJ/T 84-2001).

IBM SPSS 20.0 software was used for statistical analysis of the

experimental data (range, mean and standard deviation).

Univariate analysis of variance (ANOVA) was used to

compare the F− content in different areas and temporal and

spatial differences, and to analyze the differences between

different groups at the 0.05 and 0.01 significance levels. When

the variances of the samples were homogeneous, least significant

difference (LSD) was used to analyze the difference between the
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two groups. When the samples did not meet the variance

homogeneity and normal distribution assumptions, the

nonparametric Kruskal–Wallis one-way rank test was used.

Pearson correlation analysis was used to test the linear

correlation between F− concentrations in groundwater in

different provinces, and the significance test method was a

sampling two-sided t test. Origin 2019 software was used to

draw all graphics, and all experimental data were expressed as the

mean ± standard deviation.

Abundance and distribution of F- in
shallow groundwater in China

Abundance of F− in shallow groundwater
in China

Some researchers have studied the content of F− in shallow

groundwater in China and achieved meaningful results (Guo

et al., 2007; Wang et al., 2009; Wen et al., 2013). For example,

Chen et al. (2021) found that the F− concentration in shallow

groundwater was generally more than 1.00 mg/L, with local

concentrations of 4.00 mg/L and individual concentrations of

more than 20.00 mg/L. When discussing the safety and

sustainable development of groundwater supply in China,

Wang et al. (2019) found that the F− content in groundwater

in cold areas of North China ranged from 0.10 mg/L to 22.00 mg/

L (with most sampling locations exhibiting concentrations below

8.00 mg/L), and in 90% of geothermal water, the concentration

was greater than 2.00 mg/L. Wang et al. (2009) and Wen et al.

(2013) found that the F− concentration in shallow groundwater in

China was high and tended to increase with increasing

transpiration. F− showed relatively high concentrations in

geothermal fluid; for example, the F− concentration in shallow

groundwater was 17.90–19.60 mg/L in the Yangbajing

Geothermal field, Tibet (Guo et al., 2007).

Among the 5,464 groundwater samples collected in this

study, the F− content in shallow groundwater in China was

between 0 and 60 mg/L, and the arithmetic mean value was

0.90 mg/L (Table 1). The mean F− concentration met the

standards for drinking water quality of 1.00 mg/L. Among all

samples, the F− content in 2,341 samples was in the range of

0.50–1.00 mg/L, which is a suitable F− water concentration,

accounting for 42.84% of all samples. Moreover, 26.1%

(1,425 samples) of the samples were in the range of

0.00–0.50 mg/L, indicating a low F− concentration, and the F−

content in shallow groundwater of 128 samples exceeded

4.00 mg/L, accounting for only 2.34% of all samples

(Figure 1A). The F− content in shallow groundwater in China

showed a lognormal distribution (Figure 1B). The mean F−

content in shallow groundwater in China in this study was

just between 0.50 and 1.00 mg/L, which met the standards of

the groundwater discharge in China, was higher than the F−

content in groundwater in Iran (0.47 ± 0.28 mg/L) (Mesdaghinia

et al., 2010), and was similar to that in Saudi Arabia (1.01 mg/L)

(Alabdulaaly et al., 2013).

F− content in shallow groundwater in
different provinces and cities in China

The mean F− content in shallow groundwater in 23 provinces

and cities in China is shown in Figure 2, and other provinces and

cities not investigated were F−-suitable areas. The mean F−

content in shallow groundwater in Jiangxi, Chongqing and

Yunnan provinces was below 0.50 mg/L, indicating low- F−

areas. The mean F− content in shallow groundwater in

Beijing, Liaoning, Shanxi, Shandong, Henan, Zhejiang, Gansu

and Guangdong provinces and cities was in the range of

0.50–1.00 mg/L, indicating medium-fluoride areas. The mean

F− content in groundwater in Anhui, Xinjiang, Tibet, Inner

Mongolia, Guangxi, Fujian, Ningxia, Shaanxi, Jiangsu, Tianjin,

Jilin, and Hebei was above 1.00 mg/L, indicating high-fluoride

areas, and the highest value of 60.00 mg/L was located in the

Ruijin Fluorite Mining Area in Jiangxi (Ding et al., 2005).

Because shallow groundwater in high-fluoride water areas

has been used as drinking water, long-term drinking of the water

by residents would lead to fluorosis (Yong and Hua 1991; Zhu

et al., 2006; Bo et al., 2007; Gao et al., 2013; Jianmin et al., 2015;

Zhang et al., 2018). Xu and Liu (2011) studied the distribution

and formation mechanism of F− in shallow groundwater in the

Huaibei Plain, Anhui Province. It was concluded that the F−

concentration in water was higher than 1.00 mg/L, the highest

value was 14.40 mg/L, and the probability of F− poisoning was

90% when drinking high-fluoride water for a long duration. Li

et al. (2017) monitored 42 phreatic water samples in Tongyu

TABLE 1 F- content in shallow groundwater in China, other countries and worldwide.

Country Range Arithmetic mean Number of samples

China 0–60 0.90 5,464

Iran 0.02–5.00 0.47 ± 0.28 5,314

Saudi Arabia 0.10–5.40 1.01 1,060

Global groundwater 0.01–48.00 — —
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County, Jilin Province, and found that the F− concentration in

this area was in the range of 0.73–3.48 mg/L, and the mean

content was 1.82 mg/L. In our database, 690 of the 5,464 shallow

groundwater samples were derived from high-fluoride water

areas, with a mean content of 1.30 mg/L.

F− content in shallow groundwater in
different regions of China

Figure 3 shows the mean F− content in shallow

groundwater in different regions of China, including North

China, South China, Northeast China, East China, Central

China, Southwest China and Northwest China. The lowest F−

content in shallow groundwater in Southwest China was

0.36 mg/L, which was lower than the standard for drinking

water of 1.00 mg/L. The mean F− water contents in South

China, Northeast China and Northwest China were 1.20 mg/

L, 1.25 mg/L and 1.25 mg/L, respectively, all exceeding

1.00 mg/L, indicating high-fluoride water areas. The mean

F− water content in North China, East China and Central

China was 0.93 mg/L, 0.67 mg/L and 0.80 mg/L, which was in

the range of 0.50–1.0 mg/L, which was suitable for residents to

drink and indicated a suitable F− water area. The high F−

content in shallow groundwater in South China, Northeast

China and Northwest China was mainly because these areas

are close to coastal areas and affected by marine transgression,

weather, drought, scarce rain and strong evaporation. In

FIGURE 1
F- concentration histogram (A) and distribution (B) of shallow groundwater in China.

FIGURE 2
Average fluoride content in shallow groundwater in various provinces in China.
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addition, flat terrain, slow groundwater movement and

hydrochemical conditions (pH, salinity, total dissolved

solids (TDS), other ions) also have some influence on F−

content, resulting in the enrichment of F− in shallow

groundwater (Zhao et al., 2007; Xu et al., 2013; Feng et al.,

2015; Lu et al., 2016).

Forms of F− in shallow groundwater in
China

F− exists in many forms in the environment. Due to the

limitations of monitoring methods, the impact of complex forms

of F− in water on the human body and environment is unclear.

Studies have shown that the occurrence of fluoride in groundwater

is related to the incidence rate of endemic fluorosis and has a

negative effect on the human body (Ren et al., 1996; Marimon et al.,

2013;Wang et al., 2015). There is no elemental form of F− in nature,

which usually exists widely in the form of ions (Rafique et al., 2008;

Ramachandran et al., 2012; Li et al., 2014; Zhang et al., 2016; Hu

et al., 2017). Moreover, F− also shows strong complexation and the

ability to replace hydrogen atoms in organic compound molecules

(Zhang et al., 2016). Wang et al. (2015) summarized that the forms

of F− in water mainly include ionic states, complex anionic states

and molecular states of organic compounds.

A large number of reports have shown that the forms of F− in

water is impacted by water F− chemical reactions, and the pH,

hydrochemical composition, hardness and temperature of water

are the decisive factors affecting water F− reactions (Chen and Yu

1990).

Ionic F−

The erosion and leaching of fluorinated rocks and minerals

(fluorite, cryolite and apatite) are the main sources of ionic F− in

groundwater. F− often forms soluble sodium and potassium salts.

The ionic state of F− is the most active form in water (Reddy et al.,

2010; Li et al., 2014). Some researchers found that ionic F− is

closely related to groundwater chemical conditions (pH,

mineralization) and hydrochemical types when discussing the

occurrence of F− in groundwater (Li et al., 2013; Sajil et al., 2014;

Na et al., 2016; Magesh et al., 2016; Hu et al., 2017; Emenike et al.,

2018).

Hu et al. (2017) studied the F− ion concentration and pH of

groundwater in the Huaibei Plain and found that F− was

detected only under alkaline conditions at pH>6. The F−

content increased with increasing pH in the pH range from

7 to 8 (Zhao et al., 2007; Selvam 2015). Li et al. (2013) found

that the chemical characteristics of high-fluoride groundwater

FIGURE 3
Provinces affected by drinking water fluorosis in various provinces in China (2017 years).
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in the Aksu area, Xinjiang, were as follows: there was a

significant positive correlation between the F−

concentration and Ca2+, Mg2+, and ρ(K++Na+)/ρ(Ca2+)
because F− easily reacted with Ca2+ and Mg2+ to produce

CaF2 and MgF2 precipitation, causing a decrease in the F−

concentration. Sajil Kumar et al. (2014) and Hu et al. (2017)

found that the F− concentration ion was high even when the

concentrations of Na+ and HCO3
− were high.

There was a significant positive correlation between F−

content and TDS by studying the change in TDS and other

ion contents (F− content) in the Kriya River Basin (Namaiti et al.,

2016) and the change in F− and TDS contents in Ogun State

(Abeokuta South) and Nigeria aquifers by Emenike et al. (2018).

High salinity and HCO3
−-Na+-type water in shallow water would

also increase the concentration of F− in groundwater (Magesh

et al., 2016).

Complex ionic F−

Bai et al. (2013) found that F− easily forms soluble

complexes with organic and inorganic ions in water, such

as [HF2]
-, [H2F3]

-, [AlF]2+, FeFn
3−n, [MnF]+, and [ZnF]+, which

can enhance its mobility in water and is mainly related to the

strong chemical activity of F−. Due to redox reactions,

dissolution precipitation and complex dissociation between

water and rock, water-soluble F− in soil is the main source of F−

for the production of complex F− (Wang et al., 2015). Sawant

et al. (1985) and Lang et al. (2016) detected F− complexes

using F−-selective electrodes. In addition, the formation of

complex F− was also related to the pH of hydrochemical

conditions.

Some researchers have found that Fe, Al, Mg, and Ca react

with F− to form stable complexes and precipitates in acidic

environments, but this complex reaction cannot occur in

alkaline environments (Chen et al., 2012; Bai et al., 2013; Ying

et al., 2014; Ye 2015). The complexation ability of F− increases

with increasing acidity. F− primarily exists in three forms,

namely, HF2
−, HF, and F−, when the pH is lower than 3,

while F− aluminum and F− complexes increase in

acidic environments at pH values above 5. Therefore, an

acidic environment is an important condition for the

formation of F− complexes in groundwater (Chen 2012; Ying

et al., 2014).

Due to the existence of F− in a complex anionic state, some

scholars have proposed the preparation of adsorbents through

complexation to remove F− from water. For example, Zhu et al.

(2011) synthesized a F− removal adsorbent, namely, an iron

hydroxide and aluminum hydroxide complex, by using the

strong adsorption of F− onto Fe (III) and Al (III). Ma et al.

(2011) synthesized Mg-Al-Fe composite hydrotalcite by the

coprecipitation method after calcination at 500°C to adsorb F−

in water.

Molecular F− in organic F− compounds

Molecular F− in organic fluorination refers to F− replacing

part or all of the hydrogen atoms connected to carbon atoms in

organic compounds. When the hydrogen atoms are completely

replaced, they are called perfluorinated organic compounds

(PFCs) (Hudlicky 1961). PFCs are a new anthropogenic

pollutant that migrate into groundwater through surface water

and widely exist in China’s groundwater system (Ma 2013).

PFCs are persistent organic pollutants produced by humans

and are mainly derived from factories producing clothing, carpet,

leather, waterproof and fire extinguishing agents, glass, steel and

other factories, which discharge domestic sewage, industrial

wastewater and waste gas into water bodies directly or

indirectly (Liu et al., 2015a). Mak et al. (2009) detected PFCs

in the water of major cities in China and found that the lowest

PFC in drinking water was observed in Beijing, at only 0.71 ng/L,

and that in Shanghai was the highest, reaching 130.00 ng/L. Qi

et al. (2016) sampled groundwater from 16 public drinking water

sources in the suburbs of Tianjin and found that perfluorobutane

sulfonate (PFBs) and perfluoro-octanoic acid (PFOA) were the

main PFC pollutants. The content of PFCs in groundwater

ranged from 0.32 to 8.30 ng/L, with a mean content of

2.40 ng/L. Chen et al. (2016) detected the content of PFCs in

rural areas in eastern China and collected 50 shallow

groundwater contents, with a total concentration of

5.30–615.00 ng/L, the highest of which was in a F-

industrial park.

In summary, F− is mainly stored in groundwater in ionic,

complex ionic and organic fluoride molecular states, and the

forms are also different under different conditions. In acidic

environments, F− is mainly present as ionic fluoride complexes,

and in alkaline environments, F− is mainly present as ionic

fluoride (Zuo et al., 2019; He et al., 2020). Organic molecular

F− is mainly derived from anthropogenic pollutants, but the

mechanism of toxicity is still unclear. Therefore, it is necessary to

understand the occurrence forms of F− in water, especially

organic molecular F−. Based on these findings, we can further

understand the mechanism of action to provide a theoretical

basis for the negative effect of endemic fluorosis on the human

body and F− removal.

Environmental effects of F- in shallow
groundwater in China

Since the 1970’s, with rapid economic development and the

increasing demand for drinking water, a large amount of

groundwater has been exploited, resulting in high F− content

in groundwater in China, which poses a threat to water safety. F−

in shallow groundwater in China mainly derives from the

dissolution of fluoride-containing rocks and minerals, as well

as fluoride-containing wastewater, waste gas and waste residue
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discharged from anthropogenic pollution (clothing, glass

production, phosphate rock processing, steel smelting, etc.)

into the water, resulting in an increase in F− content (Kim

et al., 2012; Lu et al., 2016; Fuge 2019). Some scholars (Sun

et al., 1993; Lan et al., 2008; Bao et al., 2019) have conducted

relevant investigations on the eco-environmental effects caused

by F− pollution in shallow groundwater in China, mainly

focusing on the content of F− in crops, the correlation

between F− and water, and geofluorosis.

For example, Sun et al. (1993) investigated the content

and correlation between irrigation water and surrounding

soil, grain and vegetables in fluorosis areas. The results

showed that there was a significant positive correlation

between the water F− content (5.35 mg/L) and soil water F−

content (41.00 mg/L), wheat F− content (1.75 mg/kg) and

spinach F− content (10.55 mg/L) (R1=0.92, P1<0.01;
R2=0.58, P2<0.01; R3=0.40, P3<0.01). Lan et al. (2008)

compared the F− content of vegetables in hot spring

fluorosis areas and non-fluorosis areas of high F−

groundwater. The F− content in vegetables in the fluorosis

area was higher than that in the non-fluorosis area, and the F−

fixation capacity of different parts was also different, such as

roots (3.56 mg/kg) > flowers (3.23 mg/kg) > leaves

(3.07 mg/kg) > stems (1.17 mg/kg). Bao et al. (2019)

analyzed perfluoroalkyl substances (PFASs) in the

groundwater of a fluorochemical park in Fuxin city and

found that the contents of PFB and PFOA were as high as

21.20 μg/L and 2.51 μg/L, respectively, far exceeding the latest

health warning issued by the U.S. Environmental Protection

Agency. Moreover, PFB and PFOA were also detected in

vegetables irrigated with groundwater.

If individuals in a certain area drink high-fluoride water for a

long time, they can develop systemic chronic fluorosis disease

(endemic fluorosis) (Srivastava et al., 2020). As shown in

Figure 4, fluorosis in most provinces and cities in China is

caused by drinking water fluorosis. Generally, when the F−

concentration in drinking water is in the range of

1.00–3.00 mg/L, it increases the risk of dental fluorosis, and

when the F− content in water is 4.00–6.00 mg/L, it easily

causes skeletal fluorosis (Smith et al., 1977; Smith et al., 1979).

According to the 2018 China Health Statistics Yearbook,

13,333,194 people suffered from dental fluorosis and

1,085,512 people suffered from skeletal fluorosis in 2017 in

China. As shown in Figure 4, Jiangsu, Henan, Shandong,

Hebei, Xinjiang and other provinces had the largest number

of people suffering from dental fluorosis, with more than

1 million cases, while the number of people suffering from

skeletal fluorosis in Inner Mongolia, Jiangsu, Shandong,

Shaanxi and other provinces also exceeded 10 thousand. Li

et al. (2005) collected blood samples from 60 newborns

delivered in Zhaozhou County, a high-fluoride area in

Heilongjiang Province. It was found that the serum

osteocalcin (BGP) content in umbilical cord blood of

newborns in the high-fluoride area was higher than that of

newborns in a normal area, and the calcitonin (CT) content

was lower than that of newborns in the normal area, revealing the

changes in bone metabolism of newborns in the high-fluoride

area. Zhai et al. (2019) investigated and analyzed the impact of

FIGURE 4
Number of patients with dental fluorosis and skeletal fluorosis in some provinces and cities in 2017 in China.
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changing F− precipitation on endemic fluorosis in Shandong

Province. Using the cross-sectional survey method, 732 children

aged 7-12 in fluorosis areas were investigated for dental fluorosis

and urinary fluoride. The detection rate of dental fluorosis was

73.2%, the detection rate of dental fluorosis in girls (77.4%) was

higher than that in boys (69.6%), and that in older adults group

(76.9%) was higher than that in the younger group (65.5%). The

urinary fluoride content of children with dental fluorosis (4.50 ±

2.70) was higher than that of children without dental fluorosis

(1.90 ± 1.50). Ding et al. (2011) randomly detected the urinary F−

content of 338 children in Hohhot, InnerMongolia, and explored

the relationship between urinary fluoride, children’s intelligence

and dental fluorosis. The results demonstrated that when the F−

content in drinking water was 1.31 ± 1.05 mg/L, the urinary

fluoride content was negatively correlated with IQ, and there was

a certain dose-response relationship with dental fluorosis. Chen

et al. (2008) examined and collected the clinical symptoms, signs

and X-ray examination of 1,517 adults over 30 years old in

Qingdao, Shandong Province. It was found that the detection

rate of X-ray skeletal fluorosis was as high as 15.00%, and with

increasing age, the probability of suffering from skeletal fluorosis

increased and the more serious the condition was. Some scholars

have also found that an appropriate amount of low-dose fluoride

in older adults can potentially protect cognitive function, but

excessive intakemay increase the risk of cognitive impairment (Li

et al., 2017). Therefore, in terms of drinking water safety and

public health, F− reduction and water improvement are still top

priorities in China’s development in the next few years.

Conclusion

Based on the analysis of the content distribution

characteristics, occurrence forms and environmental effects of

F− in shallow groundwater in China, the environmental

geochemical characteristics of F− in groundwater in China

were obtained.

(1) The mean F− concentration in shallow groundwater in China

was between 0.00 and 60.00 mg/L, and the mean value was

0.90 mg/L, which met the standard for drinking water and

was similar to the mean F- content of 1.01 mg/L in Saudi

Arabia but higher than that of 0.47 ± 0.28 mg/L in Iran.

(2) High-fluoride areas in different regions of China were divided

as follows: low-fluoride area, Southwest region (0.36 mg/L);

suitable F− areas, North China (0.93 mg/L), East China

(0.67 mg/L) and Central China (0.80 mg/L); and high-

fluoride areas, South China (1.20 mg/L), Northeast China

(1.25 mg/L) and Northwest China (1.25 mg/L).

(3) F− in China’s groundwater mainly exists in three forms:

ionic, ionic complex and organic fluoride molecular states. F−

is mainly present as ionic F− complexes in acidic

environments and as ionic F− in alkaline environments.

Organic molecular F− is mainly derived from new

anthropogenic pollutants, the toxicity mechanism of

which is still unclear.

(4) The environmental effects caused by F− pollution in shallow

groundwater in China were mainly concentrated in the

content of F− in crops, the correlation between F− and

water pollution, and endemic fluorosis. The higher the F−

content in water is, the higher the F− content in soil, wheat,

spinach and other vegetables. Moreover, the different parts

of plants displayed different F− fixation capacities, higher F−

concentrations were observed in plant roots than in flowers,

stems, and pages. In addition, the symptoms of endemic

fluorosis were found to cause people of different ages varied.

The symptoms of endemic fluorosis caused people of

different ages varied. (Fuhong and Shuqin, 1988; Li et al.,

2015; Liu et al., 2018).
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