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Abstract: The excessive exposure to high concentrations of fluoride in drinking water can lead
to a serious disease called fluorosis. The upstream region of the Yongding River is an eco-
logical protection area for Beijing. Some studies have reported that there is a high concen-
tration of fluoride in the groundwater in this area. However, there are few data on the distri-
bution of fluoride in surface water and health risk assessments in this area. In this study, the
fluoride concentrations were determined by using the spectrophotometric method using data
from 2013 to 2017 from 9 surface water quality monitoring stations in the upper reaches of the
Yongding River. The health risks of fluoride were assessed using the approach developed by
the United States Environmental Protection Agency (US EPA). The results indicated that the
fluoride content in the drinking water ranged from 0.30 to 1.50 mg L™, with an average of 0.86
mg L™". In total, 22.7% of the analyzed samples exceeded the Chinese limit of 1.0 mg L™ for
fluoride, and 5.5% of samples had less than the permissible limit of 0.5 mg L. Higher fluoride
concentrations and fluorosis hotspots were found to be predominately located downstream of
the Yanghe River close to the Guanting Reservoir, where 71.4% of samples exceeded the
limit of 1.0 mg/L™". The spatial distribution of high fluoride concentrations was found to be
primarily determined by industry. The hazard quotient (HQ) index for children, teenagers and
adults indicated that 19.6%, 15.6%, and 5.1% of the samples in the upper reaches of the
Yongding River, respectively, posed health hazards to the associated groups. Furthermore,
the HQ index more than 1 for children, teenagers and adults had values of 64.3%, 56.1%, and
19.4%, respectively, in samples from the downstream region of the Yanghe River. Therefore,
there are potential risks of dental and skeletal fluorosis in the upper river reaches of the
Yongding River. It is imperative to take measures to reduce the fluoride pollution in surface
water and control fluorosis. Action should be taken to improve the disposal of industrial waste.
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1 Introduction

Fluoride is widely distributed in nature and is considered a necessary compound for human
health, with a guideline indicating a moderate amount of fluoride intake (Ayoob and Gupta,
2006). However, excessive exposure to high concentrations of fluoride in drinking water can
lead to a serious disease called fluorosis, which is categorized as a skeletal and dental dis-
ease (Li et al., 2017; Abiye et al., 2018). It has been reported that 200 million people in 25
countries worldwide had an excessive fluoride intake and were under the threat of fluorosis
in 2004 (Wambu et al., 2014; Mohammadi et al., 2017; Azhdarpoor et al., 2018; Emenike et
al., 2018). Therefore, in 2011, the World Health Organization (WHO) indicated that the
guideline value for fluoride in drinking water should not exceed 1.5 mg L™ (WHO, 2011).
Specifically, the WHO permissible limit of fluoride was reduced from 1.5 to 1.0 mg L™ due
to prevalent endemic fluorosis in India and China (Ayoob and Gupta, 2006; Li et al., 2009;
Zhang et al., 2017; Yadav et al., 2019).

Spatial and temporal dynamics of fluoride in drinking water can contribute to dealing
with problems for improving drinking water quality (Li et al., 2019). Many studies have
reported the spatial and temporal distributions of fluoride contamination in groundwater
worldwide (Ayoob and Gupta, 2006; Suthar ef al., 2008; Ali ef al., 2016; Zhang et al., 2017,
Ali et al., 2019; Yadav et al., 2019). For example, Ali et al. (2016) investigated the spatial
distribution of fluoride contamination in groundwater in the world and indicated that there
was a serious issue of fluoride contamination in groundwater in India, China, Ethiopia,
Kenya and Argentina. Many studies on fluoride contamination in groundwater in China have
also been presented (Lin et al., 2004; Ni et al., 2010; Xiao et al., 2015; Zhang et al., 2017).
Xiao et al. (2015) studied the spatial variability of fluoride and its geochemical control with
other dissolved ions in the middle Loess Plateau. Chen et al. (2012) investigated the spatial
and temporal variation in fluoride content in groundwater using a geographic information
system (GIS), which is one of the suitable tools for displaying the spatial and temporal dis-
tribution of drinking water quality, in Yuanmou County, Southwest China. Furthermore,
many studies have reported the presence of fluoride in several surface water bodies, such as
lakes and rivers, throughout the globe and have found that fluoride concentrations in most
rivers were generally below 1.5 mg/L (Ali et al., 2016).

The upstream region of the Yongding River is an ecological protection area for Beijing,
and the watershed area drains into Guanting Reservoir (Figure 1). The reservoir is a backup
drinking water source for Beijing during water shortages and has a storage capacity of 4.16
billion m® (Guo et al., 2014; Yang et al., 2019). Thus, efforts should be made to ensure good
water environmental conditions in Guanting Reservoir (Wang et al., 2018). Some studies
have reported that there is a high concentration of fluoride in the groundwater in this area
(Lin et al., 2004; Li et al., 2017; Zhang et al., 2017; Li et al., 2019). Li et al. (2017) found
that the groundwater fluoride concentrations ranged from 0.18 to 5.59 mg/L and that ap-
proximately 63% of the groundwater fluoride samples exceeded the WHO guidelines for
drinking water (1.5 mg/L) in North China. However, there are few data on the fluoride con-
centrations in surface water in this area (Zhang and Che, 2008; Wang et al., 2010).

A health risk assessment is a useful tool to estimate the probability of adverse health ef-
fects in humans who may be exposed to chemicals in contaminated water, either now or in
the future (Yousefi et al., 2018). The method has been applied in different studies of health
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risk evaluations for fluoride pollution in groundwater (Zhang et al., 2017; Emenike et al.,
2018; Samuel et al., 2018; Li et al., 2019; Yousefi et al., 2019). In this study, a health risk
assessment was performed to estimate the probability of adverse health effects from fluoride
exposure in surface water on human health in the upper reaches of the Yongding River. The
objectives of this research were to (1) provide a comprehensive description of the spa-
tial-temporal variation in the fluoride concentration in the upper reaches of the Yongding
River and (2) estimate the human health risk attributed to fluoride intake for infants, children,
teenagers and adults.

2 Materials and methods
2.1 Study area

This study was conducted in the Zhangjiakou area, which is located in the upper reaches of
the Yongding River (39°30'N—42°10'N, 113°50'E-116°30'E) at an altitude from 500 m to
800 m in Hebei Province, China. It covers an area of 36,796 kmz, consisting of 25.3% of
arable land, 29.9% of forest land, and 28.8% of grassland with a population density of 120
people/km?®. It falls into the category of typical continental arid and semiarid areas, charac-
terized by a temperate monsoon climate with an annual mean temperature of 6°C-8°C and
an annual average precipitation of 393.2 mm. Approximately 70%—-80% of the annual pre-
cipitation occurs from June to September.

The upstream region of the Yongding River is an ecological protection area for the city of
Beijing, and its tributaries include the Yanghe River and Sanggan River in the Zhangjiakou
area. The Yanghe River is an important receiver of polluted water generated in the Zhangji-
akou area. The total length of the Yanghe River in the Zhangjiakou area is 106 km. The
Qingshui River is one of the major tributaries of the Yanghe River, and it has a total length
of 82 km, a river width of 7-22 m and a depth of 0.5-2.3 m, and most of the beaches are
used for farming. In 2022, the Winter Olympic Games will be held in a county (Chongli)
located upstream of the Qingshui River. The total length of the Sanggan River in the Zhang-
jiakou area is 157 km. After the Yanghe River and the Sanggan River converge, the river
segment is called the Yongding River, which flows into Guanting Reservoir.

2.2 Determination of fluoride concentration in water

In this study, a total of 393 samples were taken from 9 water sampling points from 2013 to
2017 (Figure 1). The distribution of sampling points in the upper reaches of the Yongding
River is shown in Figure 1. There were 2 sampling points in the Qingshui River (Y1: up-
stream, Y2: downstream); 3 sampling points in the Yanghe River (Y3: upstream, Y4 and Y5:
downstream); 3 sampling points in the Sanggan River (Y6 and Y7: upstream, Y8: down-
stream); and one in the Yongding River (Y9). Three duplicate samples were collected once
per month (except during the freezing months) from every sampling point. All samples were
collected in clean polythene bottles. Samples were in lab filtered through 0.22 um nylon
filters to remove the particles before analysis. The samples were then transported to the
laboratory, stored at 4°C and analyzed within 48 h after sampling. The fluoride concentra-
tion of the samples was determined using ion chromatography (Li et al., 2017). Repeated
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Figure 1 Distribution of sampling points in the upper reaches
of the Yongding River

fluorosis at drinking water concentrations between 0.9 and 1.2 mg L™'; the effects are based
on drinking water intake and exposure to fluoride from other sources (WHO, 2011). There-
fore, the threshold value of fluoride in the Chinese drinking water standard is 1.0 mg L™
(Chinese Standards for Drinking Water Quality, GB5749-2006). The fluoride concentration
data collected in this work were included in the final health risk assessment according to the
Chinese drinking water standard.

The hazard quotient index (HQ) was used to assess the noncarcinogenic potential of the
health risk assessment of fluoride in this study (Yousefi et al., 2018). The health risk as-
sessment of fluoride in surface water was performed according to US EPA guidelines
(Yousefi et al., 2019). We divided the population into four age groups based on water con-
sumption and body weight as follows: infants (less than 2 years), children (2 to <6 years),
teenagers (6 to <16 years), and adults (>16 years). The estimated daily intake (EDI) of fluo-
ride was calculated in these groups using Eq. (1):

EDI = ﬁ @)
where C;is the daily average consumption of drinking water, and C; is the fluoride concen-
tration in drinking water. B,, is the body weight. The unit of BDI is mg kg ' day '. The av-
erage water consumption in infants, children, teenagers, and adults was 0.08, 0.85, 2 and 2.5
L day ', respectively. Body weight of infants, children, teenagers, and adults was selected as
10, 15, 38, and 60 kg, respectively, for China (RGPFHCS, 2012). The HQ can be calculated
by using Eq. (2):

HO =" @
RD

where RfD is the reference dose of daily human exposure. The reference dose of fluoride in
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this study was 0.06 mg kg™ 'd”', which was obtained from the database of the Integrated Risk
Information System, US EPA (Yousefi et al., 2019). If the HQ is less than 1, there is no
health risk to consumers. If the HQ is higher than 1, it indicates that the noncarcinogenic
health risk assessment exceeds “the acceptable level” and could damage human health.

2.4 Statistical analysis

Statistical analyses were conducted using the SPSS 19 software package (SPSS, Chicago).
Multiple comparisons were carried out by analysis of variance (ANOVA) to identify sig-
nificant differences between the different regions (LSD, P<0.05).

3 Results

3.1 Fluoride concentration in surface water

Table 1 shows the fluoride concentrations in the study area. In general, the fluoride concen-
trations ranged from 0.30 to 1.50 mg L', with an average value of 0.86+0.27 mg L™". The
average fluoride concentration was lower than the Chinese drinking water standard (1.0
mg Lfl). However, the average fluoride concentration in the downstream stretch of the
Yanghe River (sampling points: Y4, Y5) was higher than 1.0 mg L™'. There were significant
differences in the fluoride concentrations of different rivers (Table 1). The average concen-
trations of fluoride in the Yanghe River and Yongding River were higher than the concen-
trations in the Qingshui River and Sanggan River.

Table 1 also shows the frequency of different fluoride concentrations in the study area. In
general, 282 of the samples (71.8%) were in the range of 0.5-1.0 mg L', 5.5% of the sam-
ples had values lower than the permissible limit of 0.5 mg L™', and 22.7% of the samples
had values that exceeded 1.0 mg L™". Although 9.1% of the samples had values greater than
1.0 mg L™ in the upstream reach of the Yanghe River, 71.4% and 67.4% of the samples had
values greater than 1.0 mg L™' downstream of the Yanghe River. Only 2.6% of the samples
downstream were greater than 1.0 mg L™ in the Qingshui River. In the Sanggan River, only
8.9% and 2.1% of the samples upstream and downstream, respectively, were greater than 1.0
mg L™". However, 29.6% of the samples were lower than the WHO standard (0.5 mg Lfl).

Table 1 Fluoride concentration and frequency in the studied regions

. Sampling Sample Fluoride concentration (mg L™ Frequency (%)
River h b SD
site - number naximum Minimum Mean <0.5mgL" 0.5-1.0mgL" >1.0mgL"
. L Y1 37 0.97 0.42 0.71d" 0.11 2.7 97.3 0
Qingshui River
Y2 38 1.17 0.43 0.72d 0.13 7.9 89.5 2.6
Y3 33 1.10 0.59 0.83bc  0.13 0 84.9 9.1
Yanghe River Y4 49 1.50 0.43 1.18a 0.29 2.0 26.5 71.4
Y5 49 1.49 0.32 1.13a  0.29 2.0 30.6 67.4
Y6 44 0.86 0.30 0.58¢ 0.13 29.6 70.5 0
Sanggan River Y7 45 1.47 0.46 0.82¢ 0.18 2.2 88.9 8.9
Y8 48 1.13 0.46 0.76¢cd 0.13 2.1 95.8 2.1
Yongding River Y9 50 1.45 0.38 0.90b 0.20 2.0 74.0 24.0

* Mean + standard deviations in each column followed by the same letter are not significantly different (LSD test;
P<0.05)



WANG Tao et al.: Distribution of fluoride in surface water and a health risk assessment in the upper Yongding River 913

3.2 Temporal variation in fluoride concentrations

The seasonal variations in the fluoride concentrations between different rivers can be seen in
Figure 2. The concentrations of fluoride in the Qingshui River did not vary significantly
from January to December (Figures 2a and 2b). However, there were significant seasonal
variations in the concentrations of fluoride in the Yanghe River. In general, the concentra-
tions of fluoride in July were higher than the concentrations of the other months in the up-
stream region of the Yanghe River, while higher concentrations of fluoride were observed
from April to June (Figures 2c—2e). In contrast to the tributaries, lower concentrations of
fluoride were found from July to September, although there was significant seasonal varia-
tion in the Yongding River (Figure 21).
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Figure 2 Seasonal changes in the average concentrations of fluoride in different rivers: (a) upstream of Qing-
shui River; (b) downstream of Qingshui River; (c) upstream of Yanghe River; (d) downstream of Yanghe River;
(e) downstream of Yanghe River; (f) upstream of Sanggan River; (g) upstream of Sanggan River; (h) downstream
of Sanggan River; (i) Yongding River

Annual variations in the concentrations of fluoride in the Zhangjiakou area in the upper
reaches of the Yongding River were investigated over a long time scale. Individual yearly
comparisons between different rivers can be seen in Figure 3. The concentrations of fluoride
in the Qingshui River decreased gradually from 2014 to 2017, being the highest in 2014 and
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were the lowest in 2017 (Figure 3a). Although the concentrations of fluoride in the upstream
region of the Yanghe River did not vary significantly from 2013 to 2017, there was a grad-
ual significant decline in the downstream stretch of the Yanghe River. The concentrations of
fluoride in the downstream stretch of the Yanghe River were the lowest in 2016 (Figure 3b).
Moreover, there were significant variations in the concentrations of fluoride in the upstream
region of the Sanggan River from 2013 to 2017 (Figure 3¢). However, the concentration of
fluoride in 2017 was higher than the concentration in 2016 (Figure 3d).
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Figure 3 Annual variations in the average concentrations of fluoride in different rivers

3.3 Spatial variation in fluoride concentrations

In addition to the temporal variations in fluoride concentrations, we investigated the spatial
variations in fluoride concentrations across the Zhangjiakou area in the upper reaches of the
Yongding River. The spatial distributions of the fluoride concentrations were mapped from
2013 to 2017 (Figure 4). Generally, the higher concentrations of fluoride were distributed in
the downstream region of the Yanghe River (Xuanhua, Xiahuayuan), where the high density
of industrial activity easily polluted the surface water. The lower concentrations of fluoride
were mainly distributed in the upstream region of the Yanghe River (Shangyi, Huaian, and
Wangquan), Qingshui River (Chongli) and Sanggan River (Yangyuan, Yuxian) (Figure 4).
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Figure 4 Spatial variations in fluoride concentration from 2013 to 2017 in the upper reaches of the Yongding
River

3.4 Risk assessment of fluoride

The HQ associated with fluoride concentration on different age classifications (0—2 years,
2—6 years, 6—16 years, and >16 years) was calculated according to the US EPA guidelines
(Yousefi et al., 2018). The HQ values for the different age classifications are presented in
Table 2 and Figure 5. The hazard quotient index for children, teenagers and adults indicated
health hazards in 19.6%, 15.6%, and 5.1% of the samples from the upper reaches of the
Yongding River, respectively. The mean HQ values in the study area ranged from 0.08 to
0.16 for age 0-2 years. The mean HQ values for age 2—6 years varied from 0.54 to 1.12 in
the study area. The mean HQ values for age 6—16 years varied from 0.50 to 1.04 in the study
area. The mean HQ for age >16 years varied from 0.40 to 0.82 in the study area (Table 2).
The highest HQ values were found for age 2—6 years, while the lowest HQ values were
found for 0-2 years in the study area (Figure 5). Furthermore, there were significant differ-
ences between the HQ values in different rivers. The HQ values in the downstream region of
the Yanghe River were higher than the values in the other rivers (Table 2).

No risk was observed for the 0-2 years age class in the study area because all of the HQ
values for the 0-2 years age class were lower than 1 (Table 2). Although the age classifica-
tions of 2—6 years, 6—16 years, and >16 years had overall low percentage risks, much higher
risks were observed at specific locations (Y4 and Y5). Table 2 reveals that 63.3% and 65.3%
of the HQ values for the age class of 2—6 years in the downstream region of the Yanghe
River were greater than 1, respectively. Additionally, 55.1% and 57.1% of the HQ values for
the age class of 6-16 years in the downstream region of the Yanghe River were greater than 1,
respectively. This result suggested that the age range of children and teenagers of 2—-16
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Table 2 Hazard quotient values for different regions over four age groups (infants, children, teenagers and

adults)
Infants Children Teenagers Adults
River Sampli- Sample
ng site number Frequer‘l*— Freque- Freque- Freque-
HO o™ M gm0 ey B ney )
Qingshui  Y! 37 0.100.01c" 0 0.67+0.10d 0 0.63£0.09d 0 0.50+0.07d 0
River Y2 38 0.10+0.02¢ 0 0.68+0.12d 2.6  0.63x0.11d 2.6  0.50+0.09d 0
Y3 33 0.11£0.02b 0  0.78+0.12bc 6.1  0.73£0.12bc 0  0.57£0.09bc 0
Y;invge}r‘e Y4 49  0.16£0.04a 0 11240282 63.3  1.04+0.26a 57.1  0.82£0.20a  26.5
Y5 49  0.15+0.04a 0 1.0740.28a 653  1.0040.26a  55.1  0.79+0.20a 122
Y6 44 0.08+£0.02d 0 0.54%0.12¢ 0 0.50+0.12¢ 0 0.40+0.09¢ 0
Sanggan
River Y7 45  0.11£0.02b 0 0.77+0.17c 6.7  0.72%0.16c 22  0.57+0.13¢ 2.2
Y8 48 0.10£0.02c 0  0.72+0.12cd 2.1  0.67+0.1lcd 0  0.53£0.09cd 0
Yongdi- g 50 0.12£0.03b 0  0.85+0.19b 16.0 0.79+0.18b 10.0  0.63x0.14b 2.0
ng River

* Mean + standard deviations in each column followed by the same letter are not significantly different (LSD test;

P<0.05)

** The frequency of samples with HQ value more than 1 to total sample.

[ JInfants [ ]Children [ ]Teenagers [ | Adults

107 @ (Y1) 134(b) (Y2) 129 () (Y3)
0.8 124 1.0
0.8 ] $
0.6 0.9
o o o
==} % =1 % 0.6 $
0.4 0.6 0.4
0.2
0.2 0.3 =
s S —— 0.0
0.0 T T T T 0.0 T T T T T T T T
Infants Children Teenagers Adults Infants Children Teenagers Adults Infants Children Teenagers Adults
167 (d) (Y4) 181 () (Y9) 107 (0 (Y6)
= < 1.5 i
1.24 T 0.8
- 1.2
o | ] o '_—T_l o 0.6 4
T 0.8 T 0.9 T
0.4
o L Te
0.4 - 03] 0.2
0.0 0.0 T 0.0
Infants Children Teenagers Adults Infants Children Teenagers Adults Infants Children Teenagers Adults
1.8 124 1.64 ..
1e] ®@ (T () (Y8) @ (Y9)
: 1.04
1.4 1.24
1.2 0.8
g 10] g g
08 0.6 0.8
0.6 % 0.4
] 0.4
0.0 0.0 0.0

Infants Children Teenagers Adults

Infants Children Teenagers Adults

Infants Children Teenagers Adults

Figure 5 Health quotient values for different age groups in the studied regions: (a) upstream of Qingshui River;
(b) downstream of Qingshui River; (c) upstream of Yanghe River; (d) downstream of Yanghe River; (¢) down-
stream of Yanghe River; (f) upstream of Sanggan River; (g) upstream of Sanggan River; (h) downstream of
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was more likely to suffer from health complications associated with the consumption of wa-
ter with a high concentration of fluoride in the downstream reach of the Yanghe River. Ad-
ditionally, adults >16 years were expected to be affected, as 26.5% and 12.2% of the sam-
ples exceeded 1 in the downstream region of the Yanghe River, respectively.

4 Discussion
4.1 Sources of fluoride in the study area

Natural sources of fluoride occur from the erosion of fluoride-rich minerals, especially gran-
ites and volcanic rocks, and these represent the normal route of fluoride in waters (Yousefi
et al., 2019). Anthropogenic activities also play an important role in the process by which
fluoride is transported into waters (Mohammadi et al., 2017; Ghaderpoori et al., 2018).
These activities included aluminum smelters, industrial plants that manufacture hydrofluoric
acid, metal extraction and mining, electric and electronic industries, phosphate fertilizer
plants, textile dyeing, plastics factories and thermal power plants (Ayoob and Gupta, 2006;
Yousefi et al., 2019). In the study area, volcanic rocks are relatively developed and have a
large distribution area. Therefore, high fluoride concentrations (5.8-12.4 mg L") have been
observed in groundwater (Zhang and Che, 2008). This result indicated that natural sources
of fluoride through erosion of the fluoride-rich minerals were an important source of fluo-
ride in this area. However, the fluoride concentrations (0.30-1.50 mg L_l) in surface water
were much lower than the concentrations in groundwater. Furthermore, the higher concen-
trations of fluoride, which were above 1 mg L', were only distributed in the downstream
region of the Yanghe River (Xuanhua County and Xiahuayuan County), where the high
density of industrial activity can easily pollute surface water. The gross industrial output
value in this area accounted for 37.5% of the gross industrial output value of Zhangjiakou
city in 2016. Therefore, it could be concluded that industrial activity was an important
source of fluoride pollution in the downstream stretch of the Yanghe River.

4.2 Comparison with other studies in the Haihe River basin

The Yongding River is an important river in the Haihe River basin and is crucial for provid-
ing safe drinking water and ecological services to Beijing and Tianjin. However, it has been
one of the most seriously polluted regions in China because of its shortage of water re-
sources and serious water pollution (Liu et al., 2010; Guo et al., 2014). To date, some stud-
ies have investigated the fluoride pollution of drinking water in this area (Guo et al., 2012;
Lietal., 2012; Hu et al.,2013; Su et al., 2013; Jia et al., 2018). For example, Su et al. (2013)
investigated fluoride pollution in groundwater in Datong Basin and found that the fluoride
concentrations in groundwater ranged from 0.1 to 8.3 mg/L (mean 2.2 mg/L), with 51% of
the samples containing fluoride concentrations that exceeded 1.5 mg/L. Zhang et al. (2008)
investigated fluoride pollution in Guanting Reservoir and found that the fluoride concentra-
tions in the surface water ranged from 0.4 to 1.6 mg/L. Wang et al. (2010) investigated the
fluoride concentrations of surface water in Baiyngdian Lake, which is located in the down-
stream region of the Yongding River. They found that the fluoride concentrations in surface
water ranged from 0.33 to 1.06 mg/L, with an average of 0.85 mg/L. In this study, the fluo-
ride concentrations ranged from 0.30 mg L™' to 1.50 mg L™', with an average of 0.86+0.27
mg L' It could be concluded that the fluoride concentrations in surface water were much
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lower than the concentrations in groundwater. The fluoride concentrations of surface water
in the upper reaches of the Yongding River were higher than the concentrations in the
downstream reaches.

4.3 Potential risk for the supply of drinking water

The potential health risk of dental and skeletal fluorosis in relation to fluoride consumption
from drinking water for children and adults can exist (Yousefi et al., 2019; Zhou et al.,
2019). In general, some scientists have confirmed that young people, including infants and
children, are more exposed to the health risk caused by fluoride (Guissouma et al., 2017).
Fluorosis usually develops in children below the age of 8 years because their skeletal tissues
are still developing (Wambu et al., 2014). In our study, the risk of fluoride exposure among
residents was characterized by comparing the HQ values. Children and teenagers in the age
range of 2—16 years were more likely to suffer from health complications associated with the
consumption of water with a high concentration of fluoride in the downstream section of the
Yanghe River. This observation was consistent with the spatial distribution pattern of fluo-
ride concentrations in the downstream region of the Yanghe River, where the highest fluo-
ride concentration was found, as shown in the GIS map (Figure 4). Therefore, the use of
surface water as a drinking water source in this area should be avoided during the Beijing
Winter Olympic Games.

Fluorosis is generally found in the plains of arid and semiarid areas (Lin et al., 2004). The
upstream region of the Yongding River is classified as a typical continental arid and semi-
arid area. It is an ecological protection area for Beijing, where rivers flow into Guanting
Reservoir. The reservoir is a backup source of drinking water for Beijing during water
shortages and has a storage capacity of 4.16 billion m* (Yang et al., 2019). To ensure drink-
ing water safety in Beijing, efforts should be made to ensure good water environmental con-
ditions in Guanting Reservoir. However, some studies have reported that there is a high flu-
oride concentration in the groundwater in the upper reaches of the Yongding River (Lin et
al.,2004; Li et al., 2017; Zhang et al., 2017; Li et al., 2019). In this study, a large amount of
surface water with a high fluoride concentration entered Guanting Reservoir. This input
could lead to serious fluoride pollution in Guanting Reservoir. Industrial activity was an
important pollution source of fluoride in this area. Therefore, efforts will be made to reduce
the input of fluoride generated from industry, such as reducing the ratio of the mining and
mineral processing industry, replacing thermoelectricity with wind power, and improving
industrial sewage treatment capacity, in the downstream stretch of the Yanghe River to pro-
tect the water quality in Guanting Reservoir.

5 Conclusions

This study was conducted in a typical arid and semiarid area situated in the upper reaches of
the Yongding River in North China. The results were as follows:

(1) The fluoride concentrations ranged from 0.30 mg L™ to 1.50 mg L™', with an average
value of 0.86+0.27 mg L™". Although 9.1% of the samples from the upstream region of the
Yanghe River had values that exceeded 1.0 mg L™, 71.4% and 67.4% of the samples from
the downstream region of the Yanghe River had values that exceeded 1.0 mg L™".

(2) There were significant seasonal variations in the concentrations of fluoride in the
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Yanghe River. The concentrations of fluoride in July were higher than the concentrations in
the other months in the upstream region of the Yanghe River, while higher concentrations of
fluoride were observed from April to June. In addition to the temporal variations in fluoride
concentrations, the higher concentrations of fluoride were mainly distributed in the down-
stream region of the Yanghe River. Therefore, an enormous amount of fluoride flows into
Guanting Reservoir and leads to severe local and widespread fluoride pollution.

(3) The hazard quotient (HQ) index for children, teenagers and adults indicated that
19.6%, 15.6%, and 5.1% of the samples in the upper reaches of the Yongding River, respec-
tively, posed health hazards to the associated groups. No risk was observed for the age class
of 0-2 years in the study area. Children and teenagers in the age range of 2—16 years were
more likely to suffer from health complications associated with the consumption of water
with a high concentration of fluoride in the downstream region of the Yanghe River. Based
on the results, it is imperative to take measures to reduce the fluoride concentration in sur-
face water.
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