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Abstract
The Tibetan Plateau (TP) is known as the “Asian Water Tower” and provides vital drinking water for
residents of China and Southeast Asian countries. However, large-scale regional research on water quality
in this climate-sensitive and eco-fragile area is still lacking. Considering that drinking from �uoride-
contaminated water has posed serious health concerns worldwide, especially in Asian counties, it is
urgent to clarify the spatial-temporal distribution characteristics, in�uencing factors, and health risk of
�uoride in surface water in the TP. In this study, a total of 2697 surface water samples from major rivers
and typical lakes in the TP were systematically analysed. Overall, �uoride concentrations ranged from
0.005 mg L−1 to 6.240 mg L−1 and varied among water periods, water basins and even water types.
Pearson’s correlation analysis showed that the distribution of �uoride concentration was closely related
to regional climate and positively correlated with anthropogenic activities. Probabilistic health risk
assessment revealed that potential hazards in the Inner basin remained highest for all age groups (HR>1),
especially for infants and adults (HR>3), while the risks in most other water basins were acceptable (HR <
1). In addition, more than 75% of the residents affected by the surface water in the TP were assessed as
having a low �uoride exposure health risk. Our �ndings can provide scienti�c support for �uorosis
prevention, as well as guide water resource utilization in the TP and adjacent region.

1. Introduction
Fluoride is widely distributed in the natural environment and closely affects human health (Liu et al.,
2021). In general, 80−90% of the �uoride in the human body is concentrated in the bones and teeth.
Appropriate absorption of �uoride is bene�cial to human growth and bone metabolism (Meng et al.,
2021). However, excessive �uoride intake leads to dental �uorosis, skeletal �uorosis and other diseases,
which seriously affects health (Yin et al., 2021). Numerous studies have shown that high �uoride
concentrations in drinking water (> 1.0 mg L−1) can cause dental �uorosis and even bone �uorosis
(Ahada et al., 2019; Narsimha et al., 2018).

Drinking water with a high �uoride concentration remains a challenge impacting the health of millions of
people worldwide (Marghade et al., 2020; Narsimha et al., 2018). Drinking water �uorosis occurs widely
worldwide and is prevalent to varying degrees in more than 50 countries and regions in Asia (India,
Bangladesh, China, Thailand, Sri Lanka, etc.), Europe (Russia, Bulgaria, Italy, etc.), Africa, the Americas
and Oceania (Zhang et al., 2016). China used to have one of the most serious epidemics of drinking-type
�uorosis, with 1115 counties, 75,287 villages, and 72.07 million people affected (Zhang et al., 2020).

The Tibetan Plateau (TP) is one of the areas where both brick tea-type �uorosis and drinking-type
�uorosis are prevalent (Lou et al., 2020). Researchers considered drinking brick tea to be the main cause
of �uorosis in the TP because the average �uoride content of brick tea in this area is approximately 800
mg kg−1, which is far above the national safe threshold of brick tea �uoride concentration (300 mg kg−1)
(Zhang et al., 2019; GB 19965, 2005). Therefore, previous studies on �uorosis in the TP were mainly
focused on brick tea, ignoring the endemic of drinking-type �uorosis, which may mislead �uorosis
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prevention and treatment in the TP. In addition, it has been con�rmed that compared with other �uorosis
endemic areas, the same quantity of brick tea �uoride intake in the TP causes more severe �uorosis
symptoms (Liu et al., 2020), which suggests that the superposition of �uoride intake via other pathways,
such as through drinking water, makes �uorosis more serious. Unfortunately, to date, no data on the water
�uoride concentration in the TP are available in the published literature.

The TP is the cradle of major Chinese river systems, including the Yellow River, Yangtze River, and
Mekong River. Moreover, several important rivers in Southeast Asia, such as the Ganges, Indus, and
Salween rivers, originate in this region. The TP is considered the “Asian Water Tower”, providing fresh
water for nearly one-third of the world’s population (Qiao et al., 2021) and playing a vital role in
maintaining human health and economic and social development. The water quality of the TP has a
profound in�uence not only on China but also on all of southeast Asia. Therefore, it is of great
signi�cance to study the distribution and in�uencing factors of water �uoride in the TP.

Currently, the distribution of surface water �uoride is thought to relate to both natural and anthropological
factors. Hydrochemical characteristics in�uenced by regional climate, topography and anthropogenic
activities (Yin et al., 2021; Zhang et al., 2019; Liu et al., 2020; Ma et al., 2021). The temporal and spatial
distribution of water resources and changes in water quality caused by climate conditions have
generated a lot of research interest from scientists and governments in various countries (Zhang et al.,
2021). However, most studies have focused on the impact of climate change on the amount of water, and
relatively few studies have concentrated on changes in water quality (Ran et al., 2021; Duan et al., 2020).
There is almost no discussion on the impact of climate change on �uoride distribution in water. Climate
change affects the regional surface water cycle by changing the temporal and spatial distribution of
meteorological factors such as air temperature and precipitation, in�uencing the migration and
transformation of compounds and ions in the water (Gomiero et al. 2014; Rocha et al., 2015). Moreover,
the change in topography in the plateau region leads to an uneven distribution of surface elements and
makes the region prone to endemic diseases (Xu et al., 2018; Hettithanthri et al., 2021). Anthropogenic
activities, such as e�uent dischange, agriculture, will also in�uence hydrochemical characteristics (Kulk
et al., 2021; Markogianni et al., 2016).

In this study, the �uoride concentrations in the surface water of major rivers and typical lakes in the TP
were systematically analysed to clarify the spatial-temporal variation in �uoride and to estimate the
health risks posed by surface water. Simultaneously, the possible anthropological activities, regional
climate, and topography factors affecting the concentration and distribution of �uoride in the TP were
discussed. This study is the �rst attempt to investigate the distribution characteristics, in�uencing
factors, and human health risks of �uoride in the surface water over the TP, and it can provide a scienti�c
basis for �uorosis prevention, water resource utilization, agricultural production, and animal husbandry in
the plateau region.

2. Materials And Methods
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2.1. Study area
The study area includes the Qinghai Province and the Tibet Autonomous Region (78°23'24"−103°4'12" E;
26°51'−39°12'36" N) comprising the main area of the TP (60.6%). It covers an area of 1.9507 million
square kilometres and 118 counties with a total population of 9.43 million (Fig. 1). The TP is the highest
of “the three steps of China's terrain”, with an average elevation of 4400 m (Wang et al., 2017). Several
famous rivers originate here, including the Yangtze, Yellow River, Brahmaputra, Salween, and Indus rivers.
The area also has a high density of lakes, and the lakes in the TP account for 57% of the total lake area
and 69% of the inland lake area in China (Pi et al., 2020; Lu et al., 2020). The annual average air
temperature of the TP ranges from −6°C in the northwest to 20°C in the southeast (Dong et al., 2020). The
annual precipitation is uneven, decreasing from the southwest (2000 mm) to the northwest (less than 50
mm) (Wu et al., 2019).

The main sources of surface water in the TP are precipitation and melting water, with a small interannual
variation in river �ow (Nury et al., 2021; Wang et al., 2020). In general, the annual �ow is mainly
concentrated in June to October (rich period), accounting for 75–80% of the annual main �ow, and the
dry period ranges from December to April, while the remaining months represent �at periods (Liu et al.,
2021). It is worth mentioning that water periods in this study were determined by actual measurements in
each month, and the speci�c time of the three periods may slightly change according to different natural
factors, such as temperature, precipitation or vegetation cove (Xu et al., 2021).

2.2. Data sources

2.2.1. Water quality data
Water quality data in this study were derived from the China National Eco-environmental Monitoring
Network (http://www.cnemc.cn/). The dataset contained 2697 monthly samples from 69 monitoring (61
river sampling sites and 8 lake sampling sites) throughout the TP, covering a full 5-year (2016−2020)
period.

2.2.2. Watershed landscape and meteorological data
To obtain the water basin dataset over the TP, we used the dataset of river basin maps over the TP from
the National Tibetan Plateau Data Center (TPDC) (Zhang et al., 2019). The study area was divided into 10
water basins according to the river network (Brahmaputra, Ganges, Hexi, Indus, Inner, Mekong, Qaidam,
Salween, Yangtze and Yellow River) and elevation (Fig. 2, Fig. 3). Elevation were obtained from the
Resource and Environment Science and Data Center (https://www.resdc.cn/). Slope data were
transformed from elevation by using the ArcGIS Surface Toolset.

Local meteorological data of the TP were obtained from the Chinese Meteorological Forcing Dataset
provided by the TPDC (Yang et al., 2019). The dataset has a high spatial resolution of 0.1°, with gridded
near-surface meteorological data developed speci�cally for studies of land-surface processes across the
TP. The dataset contains air temperature (℃) and precipitation (mm d−1) data.
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2.2.3. Night light index
In this study, the analysis data of the night light index come from the visible light imaging linear scanning
system of the U.S. National Polar Orbiting Satellite Visible Infrared Imaging Radiometer (VIIRS)
(https://earthdata.nasa.gov/). The spatial resolution of the VIIRS is 0.75 km, and the spatial resolution of
the night lighting products is 0.5 km.

2.3. Statistical analysis
ArcGIS 10.4 software was used to present the spatial distribution of the surface water �uoride
concentration. Statistical analysis was conducted in SPSS software (IBM SPSS Statistics 26), and the
Pearson's rank correlation coe�cient was constructed to analyse the relationship between �uoride and
in�uencing factors. In addition, the human health risk of surface water �uoride in the study area was
assessed based on the health risk assessment model recommended by the United States Environmental
Protection Agency (USEPA) (USEPA, 1989), and the sensitivity analysis was applied with the Monte Carlo
method using the Crystal Ball software (Oracle Crystal Ball version 11.1.2.3).

2.4. Human risk assessment
In this study, the potential human health risk of �uoride was assessed for different age groups due to
different behavioural and physiological attributes (USEPA, 2008). According to the differences in
environmental exposure behaviour among different age groups, we divided the potentially affected
population into four groups: infants (0−3 years old), young children (4–6 years old), children (7–12 years
old), teenagers (13–18 years old) and adults (>18 years). Fluoride in water acts as a toxic but
noncarcinogenic substance (Yuan et al., 2020). The risk assessment of a toxic substance is generally
based on the reference dose (Li et al., 2020).

Fluoride in water enters the human body through ingestion, dermal absorption and inhalation. However,
inhalation is not included in this study. Some toxicological data, such as the inhalation reference dose for
�uoride and the transfer e�ciency from water to air, are unavailable in the database and published
literature. Considering the two other exposure pathways, we estimated the daily exposure dose of �uoride
through water ingestion and dermal absorption. The formulas for calculating the average daily exposure
doses Ii and Id are as follows, and the values of the parameters are shown in Table 1 (Duan, 2012).

Ii =
C × IR × EF × ED

BW × AT

1

Id =
C × SA × Kp × F × ETs × EF × ED × 10 −3

BW × AT

2



Page 6/25

where Ii represents the estimated average daily exposure dose of �uoride through ingestion (mg kg−1

d−1);

Id represents the estimated average daily exposure dose of �uoride through dermal absorption (mg kg−1

d−1);

C is the measured concentration of �uoride in groundwater (mg L−1);

IR is the drinking rate (L d−1);

EF is the exposure frequency (d a−1);

ED is the exposure duration (a);

BW is the average weights (kg).

AT is the life expectancies of residents (d);

SA is the average skin surface area (cm2);

Kp is the dermal permeability constant: 10−3 (cm h−1);

F is the fraction of surface skin contact with water: 0.4 (unit-less);

ETs is the exposure time in the shower (h day−1); and

10−3 is the number of L per cm−3.

The noncarcinogen risk assessment model was used in the present study as follows:

HR =
∑ I
DRf

3
where HR is the noncarcinogenic risk index andDRf represents the reference dose of a noncarcinogenic

substance (mg kg−1 d−1). The �uoride reference dose for human health risk by exposure through
consumption of potable water is 0.06 mg kg−1 d−1.

The USEPA health risk assessment guidelines indicate that the threshold of noncarcinogenic risk HR is 1
(Li et al., 2020). An HR value < 1 indicates that the health risk posed by noncarcinogenic substances is
within an acceptable level, whereas an HR > 1 indicates that the noncarcinogenic health risk is
unacceptable.

All data sources in this study shown in Supplementary Table 1.
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Table 1 Human exposure parameters of �uoride

Parameters Infants

(0-3)

Young Children

(4-6)

Children

(7-12)

Teenagers

(12-18)

Adults

(>18)

IR 0.49 0.78 1.09 1.59 2.71

EF 365 365 365 365 365

ED 1.5 5.0 9.5 15.0 52.0

BW 9.21 16.65 28.15 47.3 58.55

AT 548 1825 3468 5475 18980

SA 0.45 0.72 1.04 1.47 1.60

ETs 0.069 0.078 0.100 0.120 0.083

3. Results And Discussion

3.1. Spatial-temporal variation in surface water �uoride in
the Tibetan Plateau
The overall statistical characteristics of �uoride in surface water in the TP are shown in Table 2. In total,
2697 monthly water �uoride data points at 69 sites were analysed. From 2016 to 2020, the average
�uoride concentration showed a downwards trend, decreasing from 0.408 mg L−1 to 0.278 mg L−1. In
general, the median concentration was approximately 0.23 mg L−1, and the standard deviation was
approximately 0.68. The concentration varied greatly among sampling sites. The maximum
concentration exceeded 4.0 mg L−1 each year, while the minimum value stayed at approximately 0.005
mg L−1.

Table 3 is a statistical summary of the �uoride content of surface water in the TP among the dry, �at and
rich periods. The �uoride concentration during the dry periods ranged from 0.003 mgL−1 to 4.560 mgL−1,
with the lowest 5-year average value being0.292 mgL−1. The 5-year average contents in �at and rich
periods were 0.437 mgL−1 and 0.376 mgL−1, respectively, while their maximum and minimum values were
approximately 6.0 mgL−1 and 0.01 mgL−1, respectively. The highest concentration came from Namco
every year from 2016 to 2020, exceeding the �uoride limit of 1 mgL−1 in the "Standards for drinking water
quality" (GB5749, 2006) and the �uoride limit of 1.5 mgL−1 in the "Standards for surface water quality"
(GB3838, 2002) of China.

Table 2 Overall statistics of �uoride concentration in surface water of the TP from 2016 to 2020.
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Year Average

(mgL−1)

Max

(mg⋅L−1)

Min

(mgL−1)

Standard

deviation

Median

(mgL−1)

Sample sizes

(N)

2016 0.408 4.730 0.010 0.663 0.238 623

2017 0.359 4.830 0.003 0.653 0.236 814

2018 0.368 6.080 0.003 0.738 0.231 544

2019 0.333 6.240 0.006 0.777 0.245 446

2020 0.278 4.091 0.006 0.597 0.179 270

Table 3 Fluoride concentration in dry, �at and rich periods on the TP.

Parameters 5-year average

(mgL−1)

Max

(mgL−1)

Min

(mgL−1)

Median

(mgL−1)

Standard

deviation

Sample sizes

(N)

Dry period 0.381 4.560 0.003 0.227 0.612 1079

Flat Period 0.366 6.240 0.009 0.227 0.621 777

Rich period 0.395 6.080 0.013 0.226 0.728 841

3.1.1. Spatial differentiation of surface water �uoride in the
Tibetan Plateau
Our results showed that the TP surface water quality displayed spatial variation among the 10 water
basins. Sampling sites were set according to the population and water basins. Therefore, the number of
sampling sites were unevenly distributed among water basins. For example, 32% of the sampling sites
were in the Brahmaputra Basin, compared with barely 3% in the Inner Basin (Fig. 2).

To analyse the characteristics of surface water �uoride in the TP, we divided the water basins into three
categories according to the location of the sampling sites and the distance between sampling sites, the
main river stream and the population areas: (1) Uniform type, including Brahmaputra, Ganges, Indus,
Salween, Yangtze and Yellow River Basins. The sampling sites covered the main stream and densely
populated areas and represented the whole water basin well. (2) Scatter type, containing the Hexi,
Mekong, and Qaidam Basins. The sampling sites in this type were few and scattered and did not fully
cover the densely populated areas. (3) Inner type, a separate classi�cation of the Inner Basin according to
its inner lake density, river scarcity, and underpopulation.

The mean concentrations of the water basins were in the following order: Inner > 1 mg L−1 > Qaidam >
Mekong > Salween > Yellow River > Indus > Yangtze > Brahmaputra > Hexi > Ganges.
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As shown in Fig. 3, the surface water �uoride in the Uniform-type region was lower than 0.50 mg L−1.
However, various spatial distributions were shown among water basins. The �uoride concentration in the
Salween Basin remained evenly distributed at approximately 0.30 mg L−1, while that in the Brahmaputra
Basin was unevenly distributed, with concentrations under 0.25 mg L−1 upstream and downstream and
relatively higher concentrations in the central region (approximately 0.4 mg L−1). The southwestern region
of the TP, where the Indus and Ganges Basins are located, mainly had low values (< 0.25 mg L−1). The
values of two important water basins in China, the Yellow River and Yangtze River, were also under the
�uoride limit of the SDWQ.

In the Scatter-type regions, sampling sites were concentrated in the middle and lower reaches of the
Mekong Basin in our study area, which had concentrations ranging from 0.25 mg L−1 to 0.5 mg L−1. The
smallest basin in this study was Hexi. Although there was only one sampling site there, it maintained
quite a low value (<0.25 mg L−1). The landscape of the Qaidam Basin is an arid desert, and the waters
there are mainly inner lakes and their in�ows. According to our research, the �uoride concentration in the
south-central Qaidam Basin ranged from 0.25 mg L−1 to 1.00 mg L−1.

Extremely high values appeared in the Inner-type region, where surface water was sampled at two typical
inner lakes (Namco and Siling Co). Fig. 3 shows the water �uoride concentration in the Namco.
Consistent with a study by Zhang et al. (Zhang et al., 2008), the concentration of the major ions in the
Namco’s water was higher than that in the stream water.

The �uoride concentration in lakes was higher than that in rivers in the TP in this study, with average
values of 1.36 mg L−1 and 0.29 mg L−1, respectively. Five typical lakes (Yamzhog Yumco, Longyangxia
Reservoir, Bangong Co, Namco and Siling Co) in this study were taken into consideration to explore large
differences between lake and river concentrations. We analysed rivers, lakes and lake-in�ows in the same
water basin according to their �ow direction and con�uence area. Fig. 4 clearly shows that �uoride
concentrations in lakes were higher than rivers and lake-in�ows in the same water basin. The �uoride
concentrations in the Yamzhog Yumco and Longyangxia Reservoirs, with average values of 0.64 mg L−1

and 0.35 mg L−1, respectively, were 2-3 times higher than those in their in�ows. Meanwhile, the average
values of rivers in the Brahmaputra, Yellow River and Indus Basins remained at approximately 0.2 mg L−1.
The mean (4.11 mg L−1) and median (4.28 mg L−1) �uoride concentrations in the Namco were
considerably high. Compared to rivers, the other typical lake (Siling Co) in the Inner Basin also had a
considerably high average concentration (0.61 mg L−1).

Studies related to �uoride in surface water in the TP published from 2010−2021 were collected, including
�uoride data in a total of 18 lakes and 18 rivers (Table 4). It clearly shown that �uoride concentration in
lakes were exceedingly higher than it in rivers. In addition, a comparison between the three inner lakes
(Yamzhog Yumco, Namco, and Qinhai Lake) and their in�ows showed that �uoride concentrations were
concentrated after water �owed into the lake (Fig. 5), which was consistent with our study.
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There may be several in�uencing factors according to the literature. Evaporation plays a certain role in
the increase in ions in lake water (Wang et al., 2020). The lakes in the TP are mainly inland; thus, �uoride
is concentrated in the lakes as water evaporates. It has also been reported that the water ion composition
of the Nam Co is dominated by evaporation and crystallization (Ma et al., 2016). The geological
conditions of con�uence and rock weathering affect river water ion concentrations (Yu et al., 2021).
Additionally, weathering is a main factor causing the increase in all ions in the lake water and most ions
in the river water (Wu et al., 2016). According to the existing research on water in the TP, the chemical
composition changed after the river �owed into the lake, and the main positive ions changed from
(Ca++Mg+) to (Na++Mg+) (Wang et al., 2010). Water F− was positively correlated with Na+ and presented
a signi�cantly negative relationship with Ca2+ (Liu et al., 2021). A series of complex chemical processes
occurred in the lake water, accumulating �uoride to some extent.

Table 4 Fluoride concentration in lakes and rivers in the TP (mg L−1)
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Lake River

Pengco 5.53 Yan et al., 2018 Yairuzangbo 0.42 An et al., 2017

Bangeco 0.47 Yan et al., 2018 Yajian river 0.382 Zhe et al., 2016

Yagenco 0.66 Yan et al., 2018 Puzong river 0.154 Qu et al., 2017

Siling Co 0.50 Yan et al., 2018 Xiangda river 0.197 Qu et al., 2017

Xueyuanco 5.45 Yan et al., 2018 Gamalin river 0.214 Qu et al., 2017

Dawaco 1.43 Yan et al., 2018 Kaluxiong river 0.2 Qu et al., 2017

Dajiaco 24.35 Yan et al., 2018 Kadongjia river 0.162 Qu et al., 2017

Qiduoco 0.21 Yan et al., 2018 Quqing river 0.184 Qu et al., 2017

Angren lake 16.36 Yan et al., 2018 In�ow of Namco 0.38 Wang et al., 2010

Langco 0.74 Yan et al., 2018 Buha river 0.2 Jin et al., 2010

Gahai 1.15 Yan et al., 2018 Yairuzangbo 0.16 Liu et al., 2018

Yamzhog yumco 0.69 Zhang et al., 2012 Maqu 0.23 Li et al., 2020

Pumo yumco 0.83 Zhang et al., 2012 Chumaer river 0.5 Jiang et al., 2015

Chenco 0.81 Zhang et al., 2012 Tuotuo river 0.35 Jiang et al., 2015

Kongmuco 0.14 Zhang et al., 2012 Dang river 0.21 Jiang et al., 2015

Bajiuco 1.12 Zhang et al., 2012 Zhimenda 0.17 Jiang et al., 2015

Yamzhog yumco 0.82 Qu et al., 2017 Shaliu river 0.31 Ji et al., 2021

Pumo yumco 0.83 Qu et al., 2017 Palongzangbo 0.18 Zhang et al., 2020

Chenco 0.97 Qu et al., 2017      

Kongmuco 0.20 Qu et al., 2017      

Bajiuco 1.08 Qu et al., 2017      

Mapang yumco 1.17 Wang et al., 2010      

Laangco 2.98 Wang et al., 2010      

Namco 5.79 Wang et al., 2010      

Qinhai Lake 1.00 Tian et al., 2019      

Qinhai Lake 7.60 Zhang et al., 2010      

Yamzhog yumco 0.66 Tian et al., 2019      

Namco 4.02 Tian et al., 2019      
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3.1.2. Temporal differentiation of surface water �uoride in
the Tibetan Plateau
Regarding the timeline changes in �uoride concentration, our analysis showed that the �uoride
concentration in the three different periods (dry period, �at period, and rich period) remained relatively
stable, changing little in general. However, there were still some variabilities. The �uoride concentration in
the whole Ganges Basin showed a higher value (0.25 mg L−1−0.50 mg L−1) in the �at period of 2018 than
in other periods during 2016−2020. In areas with a high population density, such as the central
Brahmaputra Basin, the northeastern Yellow River Basin, and the middle Mekong Basin, the �uoride
concentration in the three periods of 2020 presented a lower value than that in the same periods during
2016−2019. This may have been due to decreases in anthropogenic activities in 2020 due to COVID-19,
illustrating that anthropogenic activities may affect surface water �uoride.

In addition, there was a downwards tendency in �uoride concentration each year. For instance, Fig. 6
shows that �uoride concentrations in the Yellow River Basin during all three water periods had an obvious
declining trend. The lake �uoride value showed the same decrease, which may be related to the increase
of lake water storage caused by climate change (Zhu et al., 2020; Yan et al., 2018). Researchers have also
revealed that major ions decreased in response to regional climatic change in Tibetan lakes (Qiao et al.,
2019).

3.2. Effects of anthropogenic factors and natural
characteristics on surface water �uoride
To identify the in�uence of anthropogenic, climate condition, and topographical factors on surface water
�uoride, Pearson’s rank correlation analysis was conducted for surface water �uoride content in 8
different basins (Brahmaputra, Ganges, Indus, Mekong, Qaidam, Salween, Yangtze, and Yellow River) and
5 key factors (night-light intensity, air temperature, elevation, precipitation, and slope), while the Hexi and
Inner Basins were eliminated due to few sampling sites (Table 6).

The night light index, which is used to measure the intensity of anthropogenic activities, has been widely
used in the �eld of environmental sciences (Zheng et al., 2022). Therefore, the night light index was used
to represent the in�uence of anthropogenic activities in our study. The contrast between bright and dark
areas in night-light images makes it a powerful tool to study intensive anthropogenic activities and their
effects (Stathakis et al., 2018). Night light intensity showed a positive relationship with �uoride
concentration in high population density areas (Brahmaputra, Mekong, Salween, and Yellow River
Basins). In particular, the correlations in the Brahmaputra and Salween Basins were 0.477 and 0.972,
respectively (P<0.05). The results suggest that anthropogenic activities may increase the water �uoride
concentration in high population density areas on the TP.

Concerning regional climate, surface water �uoride concentration had a weakly negative relationship with
precipitation and an insigni�cant positive relationship with elevation, while air temperature was
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negatively related to surface water �uoride (r = −0.296, P<0.05). Precipitation was negatively related to
�uoride in nearly all the water basins. During precipitation, water in�ows via surface and subsurface
processes from soil and thus may signi�cantly modulate water quality and ion concentration (Wu et al.,
2019). Therefore, precipitation intensity and frequency directly affect water quality. Air temperature was
positively correlated with �uoride in the northeastern area but negatively related in the remaining areas.
Water temperature changes with air temperature changes. Generally, air temperature can affect the
density, surface tension, viscosity and morphology of water bodies and change the distribution of the
water temperature layer, the rate of chemical reaction and biodegradation in water bodies, which
fundamentally controls the physical and chemical properties and biological characteristics of the water
bodies (Giri et al., 2021).

Among numerous topographical factors, surface elevation and slope were the most essential and were
recognized as the key factors (Xu et al., 2018). As for the relationship between elevation and �uoride, the
southeastern TP, including the Mekong (r = 0.646), Salween (r = 0.301), and Yangtze (r = 0.955, P<0.05)
Basins, presented a signi�cantly positive relationship. These three basins are close to the �rst and second
steps of China's terrain, with rapid terrain declines and e�cient water con�uence resulting in a diluted
�uoride concentration. However, the northeastern TP (Yellow River and Qaidam Basins) revealed a
negative but unobvious correlation. The slope showed negative but insigni�cant correlations with water
basins.

Table 5 Pearson’s rank correlation coe�cients of anthropogenic and natural drivers to the �uoride at nine
major river basins in TP

Correlation Night light intensity Air temperature Precipitation Elevation Slope

All basins 0.043 -.296* -0.158 0.172 0.003

Brahmaputra 0.477* -0.323 -0.241 -0.178 0.175

Ganges -0.716 -0.116 -0.214 0.077 -0.479

Indus -0.452 -0.241 0.169 -0.132 -0.341

Mekong 0.386 -0.118 -0.216 0.646 -0.226

Qaidam -0.124 0.769 -0.729 -0.791 -0.337

Salween 0.972* -0.557 -0.673 0.301 0.278

Yangtze -0.103 -0.571 -0.443 0.955* -0.826

Yellow River 0.255 0.225 -0.540* -0.312 0.225

*P < 0.05

3.3. Health risk of �uoride in surface water in the Tibetan
Plateau



Page 14/25

3.3.1. Health risk assessment
The health risk attributable to �uoride varied by absorption approach, age and water period (Table 6). The
HR value via the ingestion absorption pathway ranged from 0.07 to 0.37, while the health risk via the
dermal absorption pathway was low (0.50× 10−4 < HR < 1.39×10−4). The highest water health risk was
associated with the dry periods, followed by the rich periods and the �at periods. With little variation
among water periods, the dry period lasts the longest in a year and pose the highest health risks. From an
age group perspective, infants and adults suffered more health risks, while the HR value for teenagers
was signi�cantly lower than that for other age groups. Overall, the average health risk was quite low
(HR<1) and had a small impact on health.

Table 6 HR values for the �ve age groups.

    Rich
period

Flat
period

Dry
period

Average

Ingesting Health Risk Infant (0-3) 0.12 0.09 0.16 0.37

Young Children (4-
6)

0.09 0.07 0.13 0.29

Children (7-12) 0.08 0.06 0.12 0.26

Teenager (13-18) 0.07 0.05 0.10 0.22

Adults (>18) 0.11 0.08 0.16 0.36

Dermal Health Risk
(×10−4)

Infant (0-3) 0.54 0.50 0.52 0.51

Young Children (4-
6)

0.80 0.74 0.77 0.76

Children (7-12) 0.63 0.58 0.60 0.60

Teenager (13-18) 1.39 1.29 1.34 1.33

Adults (>18) 1.13 1.05 1.09 1.08

Figure 8 presents the �uoride health risk distribution of TP water basins by age group. The lowest health
risk was associated with nearly all age groups in the Hexi Basin, where the HR value ranged from 0.11 to
0.18. The health risk in the Inner Basin remained the highest for all age groups, especially for infants and
adults (HR>3).

3.3.2. Sensitivity analyses
Uncertainties in the distribution of surface water �uoride concentration, concentration–response
functions and valuation methods affected the health risk estimates. Monte Carlo simulations were
adopted to estimate 95% uncertainty intervals from 5000 draws of parameters and concentrations
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throughout the health risk assessment (Yin et al., 2021). The Crystal Ball software was used for
simulation and sensitivity analysis to determine the variables contributing to the health risk assessment.

The correlation coe�cients of �uoride concentration and concentration–response function parameters
are shown in Fig. 9. The drink rate (IR) and concentration (C) contributed the most (over 90%) to both
ingestion and dermal absorption, while the exposure frequency had little in�uence in all age groups. The
correlation coe�cients of body weight (BW) were similar for the two pathways in the same age groups,
with values of approximately 3.75% for infants, 3% for young children, 7% for children, 4% for teenagers
and 5% for adults.

3.3.3. Potential affected population
More than 70% of the population in the TP inhabits uniform type areas. Approximately 20% of the
population in the TP lives in the scatter type areas, while barely 200 thousand residents are spread
throughout the inner type areas (Fig. 10). To calculate how many people are exposed within the sampling
range, we added population data from all the towns within 5 km of a sampling site. Approximately 300
thousand residents live within 5 km of a sampling site in the scatter type areas, and approximately 50
thousand residents live within 5 km of a sampling lake in the inner type areas.

For the uniform type areas, the sampling sites covered the main stream and densely populated areas,
which can well represent the �uoride of the whole basin. The population in both the uniform type areas
and the scatter type areas had a low health risk, which means that more than 75% of the population on
the TP was safe in terms of surface water �uoride. However, residents living near the Namco and Seling
Co were more likely to suffer diseases related to �uoride. As analysed above, the �uoride concentration in
the lakes was generally high (>1 mg L−1) in the TP, and the inner lake was the main water body in the
inner type areas. It is obvious that residents in the inner type areas suffered a high health risk and had a
strong possibility of contracting diseases. With barely 200 thousand permanent residents, the Inner Basin
is one of the least densely populated regions in the TP. Furthermore, residents living near lakes in other
regions of the TP also suffered a relatively high health risk in this study. This should be taken seriously,
and the government needs to adopt safety measures for all inner lakes in the TP.

As analysed above, the �uoride concentration and health risk of rivers remained at a low level. The
con�uence area of the river increases as the river �ows, the proportion of new water in the total water
becomes increasingly higher, and the �uoride from the source water is diluted. Therefore, the �uorosis in
downstream areas had little relation to the water resources in the TP. According to the relevant literature,
India, China and other downstream areas have shown varying degrees of �uorosis. Whether the existing
low �uorine content in the source water will play a role in the �uorosis caused by other factors
downstream needs to be further studied.

4. Conclusion
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The �uoride concentration in surface water in the TP ranged from 0.005 mg L−1 to 6.240 mg L−1. The
spatial distribution was in the following order: Inner > 1 mg L−1 > Qaidam > Mekong > Salween > Yellow
River > Indus > Yangtze > Brahmaputra > Hexi > Ganges; and lakes > rivers. No appreciable change in
�uoride concentrations among dry, �at, and rich periods was observed; however, a tendency for
decreasing �uoride levels with increasing years in the surface water in the TP was obviously present.

In general, the �uoride concentration in the surface water in the TP was positively related to
anthropogenic activities and was negatively correlated with regional climate factors, including
precipitation and air temperature, which was consistent with our results showing that the �uoride
concentration decreased by year. The topography showed an uncertain relationship. Consequently, the
distribution of the �uoride concentration in the surface water in TP is compounded by antagonistic and
synergistic effects of various factors, but the speci�c mechanism of this compound in�uence needs to be
further studied.

The health risk by ingestion was higher than that by dermal absorption, with values of 0.07−0.37 and
0.50 ×10−4 <HR <1.39 ×10−4, respectively. The drink rate and concentration contributed more than 90% to
the sensitivity of the health risk for both ingestion and dermal absorption. Unacceptable surface water
health risks barely occurred in the Inner Basin and regions near the lake, and more than 75% of the
population in the TP was safe in terms of surface water �uoride. Although surface water is not the main
cause of �uorosis, it should be taken seriously. Fluoride accumulates in humans, and an increase in
surface water �uoride intake can aggravate serious �uorosis in the TP, which has not been addressed in
previous studies.

Nevertheless, our study has some limitations, and further research is needed. First, although the water
sampling data in our study cover the main streams and typical lakes of the TP, due to the large number of
tributaries, it is not yet possible to represent the water quality of the region with a high accuracy. In
addition, there are many other sources of human �uoride intake in addition to surface water, such as
groundwater and meltwater, which may result in an underestimation of the risk posed by total water
�uoride to human health. Therefore, it should be noted that the present study may have underestimated
the risk posed by water �uoride to human health in the plateau area.
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Figure 1

Spatial distribution of national monitoring stations in theTP surface waters.
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Figure 2

Water basins and population density.

Figure 3

Spatial patterns of annual average and 5-year average water �uoride in the TP during 2016−2020.

Figure 4

Sampling distribution and boxplot of �uoride in different water basins among rivers, lakes and in�ows.

Figure 5

Fluoride concentration in lakes and theirin�ows from existing research.
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Figure 6

Variability inwater �uoride in dry, �at, and rich periods during 2016−2020.

Figure 7

Distribution of the night light index, air temperature, precipitation, and slope, and spatial interpolation of
�uoride concentration.

Figure 8

Health risk by age in different basins.

Figure 9

Sensitivity analysis of age groups for health risk assessment of surface water ingestion and dermal
contact.
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Figure 10

Population in the Tibetan Plateau by county.
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