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Human health risk assessment and spatial distribution
of ﬂuoride from shallow groundwater in a region
of southwest China
Kai Zhang, Xiaonan Li, Xinhui Zheng, Changdi Qiang and Xinghao Zhang

ABSTRACT
This article took ﬂuoride in shallow groundwater of a township in southwestern China as the research
object. Fifty sampling points were set up in the studied area. The ﬂuoride was tested by the ion-selective
electrode method. The health risk model recommended by the United States Environmental Protection
Agency was used. Based on the Chinese population, human health risk assessment was performed for
ﬂuoride in shallow groundwater in the studied area, and the Kriging interpolation method was used to
simulate the spatial distribution of ﬂuoride concentration in the area. The research showed the following.
(1) The concentration of ﬂuoride in the shallow groundwater samples in the studied area was 0.06–
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0.78 mg/L, with an average value of 0.35 mg/L, which was in line with the limit value (1.00 mg/L) in the
standards for drinking water quality (GB 5749–2006), but its maximum value was 0.78 mg/L, which was
1.86 times of the background value. (2) The average hazard index of children and adults were 0.27 and
0.15, respectively, which were less than 1, and the risk was at an acceptable level; the noncarcinogenic
risk of children was 1.8 times that of adults; the average values of total risk quotient for groundwater
ﬂuoride intake by children and adults were 0.27 and 0.15, respectively, and 1.19E-03 and 7.26E-04 by
skin, respectively. This indicated that of the two routes, oral intake was the main route of exposure to
ﬂuoride. The noncarcinogenic risk values of ﬂuoride in rural and urban areas were similar, and both were
less than 1. (3) The high-value areas of ﬂuoride were mainly concentrated in the southeast of the area,
which was mainly affected by the superposition of natural factors and industrial park sewage discharge.
Through human health risk assessment and spatial distribution of ﬂuoride in regional groundwater, it can
provide a theoretical basis for regional groundwater pollution prevention.
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HIGHLIGHTS

•
•
•
•

The human health risk assessment model was optimized concerning China’s population parameters.
Health exposure via multiple routes was assessed using the HHRA model.
Employed Kriging model to identify ﬂuoride spatial distribution.
The impact of water quality on human health should be conducted with vigorous propaganda to
heighten public awareness.

INTRODUCTION
Groundwater is the natural resource on which human

impact of human activities, groundwater pollution has

beings depend for survival all over the world (Wu et al.

become increasingly serious (Li et al. ). About 80% of

). With the rapid development of industry and the

diseases in the world are caused by poor water quality, of
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which 65% are caused by endemic ﬂuorosis (Felsenfeld &

The combination of geostatistics and geographic infor-

Roberts ; WHO ; Miri et al. ; Adimalla &

mation system (GIS) technology can be used to identify

Venkatayogi ; Karami et al. ; Narsimha &

the spatial relationship between environmental parameters

Sudarshan ). Fluoride is a nonmetallic chemical

and the impact of human health (Abbasnia et al. ) and

element, and it is also one of the essential trace elements

to visualize its spatial distribution. Aghapour et al. ()

in the human body. It has two sides (Zhang ). Long-

used GIS to analyze the experimental results, which

term intake of drinking water with a low ﬂuoride

showed that the levels of F in groundwater in the western

concentration (<0.50 mg/L) can lead to mild to moderate

and southern parts of the study area were less than

tooth decay in children, while high ﬂuoride concentration

0.50 mg/L, which was the recommended value for control-

(>1.50 mg/L) can lead to ﬂuorosis (e.g. skeletal ﬂuorosis)

ling dental caries (0.50–1.00 mg/L). Fallahzadeh et al.

(Biglari et al. ), destroying blood cells, mucous

() used GIS to investigate the distribution of F in drink-

membranes and intestines (Ozsvath ). Therefore, it is

ing water in Yazd Province, Iran, and the results showed

necessary to evaluate the human health risk and clarify

that Ashkeesal had the highest F  concentration and more

the spatial distribution of risks for groundwater ﬂuoride in

attention should be paid to the health of residents. Li et al.

the studied area.

() used GIS software to explore the distribution of F 

In recent years, research into human health risk assess-

in drinking water in the studied area. The results showed

ment of ﬂuoride and its spatial distribution has been

that high F  concentration was found in GJ and QX, and

increasing. Human health risk assessment models are used

the drinking water with high F concentration came from

to assess the adverse health effects on humans in the present

wells in suburbs or mining areas. Xu & Zhang () used

and the future through exposure to chemicals and environ-

GIS spatial analysis tools to visually display and statistically

mental factors (Patterson et al. ). Ganyaglo et al.

analyze the spatial distribution characteristics of risks of

() conducted a human health risk study on groundwater

different exposed populations.

ﬂuoride in eastern Ghana, and the results indicated that all

This study collected the shallow groundwater of a

age groups in the studied area may face noncarcinogenic

township in southwestern China as the research object

health risks. Hanse et al. () used a human health risk

and used the local groundwater background value to evalu-

model recommended by the United States Environmental

ate the ﬂuoride pollution situation. The USEPA human

Protection Agency (USEPA) to conduct a risk assessment

exposure risk model was selected, and the model par-

of ﬂuoride in groundwater in 8 blocks of Karbi Anglong.

ameters were referenced to the Chinese population

The results showed that the hazard quotient (HQ) ranges

parameters in the Technical Guidelines for Risk Assess-

for adults and children were 0.06–10.70 and 0.20–35.00,

ment of Contaminated Sites issued by the Ministry of

respectively. Zhang et al. () evaluated the health risks

Environmental Protection in 2014 (HJ25.3-2014) (Ministry

of ﬂuoride exposure to Chinese residents in improved drink-

of Environmental Protection of the PRC ). The par-

ing water. The results showed that 95% of children’s

ameters were revised to evaluate the noncarcinogenic risk

noncarcinogenic risks exceeded safe level 1. The aforemen-

of ﬂuoride to children and adults in the region and its non-

tioned studies all used the USEPA health risk assessment

carcinogenic risk to different functional areas. The Kriging

model for the risk assessment of ﬂuoride. It can be seen

interpolation method was introduced to simulate the

that this model was widely accepted in risk assessment, so

spatial distribution of ﬂuoride in the studied area to ﬁt

this article chose it as the evaluation model. However,

the continuous distribution map of ﬂuoride concentration

most of the model parameters were not modiﬁed according

in the studied area, to accurately predict the pollution situ-

to the national environment. In the application process, the

ation, which was helpful to assess the human health risk

model parameters should be adjusted according to

and spatial distribution characteristics of ﬂuoride in detail

the actual human exposure characteristics to evaluate the

and accurately, and to provide a theoretical basis for the

human health risk caused by groundwater ﬂuoride in the

monitoring and prevention of ﬂuoride in shallow ground-

studied area.

water in this area.
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for domestic water and a small amount for irrigation.
There is no industrial mining value. There is an underground

Study area

watershed in the area from the southwest to the northeast.
The watershed and the mountain regions of the northwest

The study area is located in the northeast of the central part

and southeast have the highest groundwater potential

of Guangxi Province, and its geographical coordinates are

energy, while the two main rivers are the lowest potential



0



0

between 24 25 32.69″–24 29 22.17″ north latitude and

energy locations. The groundwater in the studied area is

109 390 00.59″–109 470 35.11″ east longitude. It belongs to

composed of two mountainous areas and watersheds

the transition zone from the south subtropical to the

ﬂowing into two surface rivers. According to survey stat-

middle subtropical zone, with the mild climate and abun-

istics, the existing factories in the studied area are mainly

dant rainfall, but uneven distribution, the drought and

located in the southeast part of the middle, with a total of

ﬂood are obvious. During the rainy season, rainwater will

14 factories. Among them, there is a large industrial park

bring a lot of soluble substances from the soil surface to

in the middle, and several industrial factories are concen-

the soil environment and eventually into groundwater

trated in the industrial park. Besides this, there is a large-

through leaching. There is a Longsheng-Yongfu fault zone

scale food factory and paper mill outside the industrial

in the studied area, and no obvious adverse geological

park, which are located on the west side of the industrial

effect is seen on the site. Because the area is surrounded

park and the southwest side of the research area. The sche-

by mountain forests, groundwater in mountain forest areas

matic diagram of the location of the research area is shown

is not easy to collect and is rarely used directly by

in Figure 1.

humans. Therefore, this study only selected regional groundwater with human activities for research. The groundwater
in the area is mainly replenished by atmospheric precipi-

Sample collection

tation and irrigation water inﬁltration. It consists of a
ﬁssure hole (karst) water and bedrock ﬁssures. It is only

Based on local actual conditions and meeting Kriging inter-

used for fetching water from scattered small wells, mainly

polation simulation requirements, a total of 50 groundwater

Figure 1

|

Schematics of the study site.
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samples were collected in this study, including 20 monitor-

groundwater collector is put into the well to collect a

ing well water samples, 19 self-jetting water samples, and

small amount of water for the ﬂuoride test and analysis.

11 nonjetting water samples. The northwest of the area is

After that, the water sample is poured out for testing, sufﬁ-

a mountain forest area. The groundwater in the mountain

cient water sample is taken again and sealed in a plastic

forest area is not easy to collect and is rarely used directly

bucket (1.00 L) and brought to the laboratory for testing.

by people. The two mountainous regions in the northwest

(2) When the sampling point is self-sprayed spring water,

and southeast are the locations with higher groundwater

the water sample is directly collected at the center of the

potential energy, while the two major rivers are the lowest.

spring mouth, discarded after testing for ﬂuoride, after

The pollutants in the areas with the higher potential

which a sufﬁcient amount of water sample in a plastic

energy of underground water will migrate with the under-

bucket is recollected and sealed for testing. (3) When the

ground water ﬂow ﬁeld, which may eventually gather and

sampling point is spring water that is not self-spraying, the

accumulate in the two river areas. Therefore, three sampling

remaining water is pumped away ﬁrst and then the new

points (self-jetting wells) were selected in a relatively clean

water is replaced, and the ﬁeld test and sampling are per-

area in the northwest. The average value of the water quality

formed. The collected groundwater samples were labeled

index was taken as the background value of the groundwater

and sealed and sent to the laboratory within 24 hours for

environmental quality in the studied area. The distribution

analysis at 4  C. All precautions should be taken during

of sampling points and background points are shown in

sampling, handling, transportation, storage and analysis to

Figure 2.

avoid contamination of samples according to the American

According to the Groundwater Environmental Monitor-

Public Health Association (APHA ).

ing Technical Speciﬁcation (HJ-T 164-2004) (Ministry of
Environmental Protection of the PRC ): (1) when the

Sample testing

sampling point is a groundwater monitoring well, the
groundwater level is measured by the groundwater level

The ﬂuoride ion-selective electrode was used to electrochemi-

gauge ﬁrst, the water is pumped from the well, and the

cally determine the ﬂuoride concentration in groundwater

Figure 2

|

Sampling point distribution map.
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samples, and the detection limit was 0.02 mg/L. Sodium

route, and C is the concentration of the pollutant in water

ﬂuoride was a stock solution (100 ± 0.50 mg/L) and was

(mg/L). IR indicates the rate of water intake through

serially diluted with distilled water to prepare a series of stan-

drinking water (L/d). The water intake rate for adults is

dard ﬂuoride solutions (0.10–10.00 mg/L). The total ion

1.50 L and for children under 12 years it is 0.70 L. EF and

strength adjusting buffer grade III (TISAB III) was added to

ED are the exposure frequency (d/a) and exposure duration

all standards and samples at a ratio of 10: 1 to adjust the

(a), respectively. The EF of adults and children is 365 days

ionic strength and reduce interference from other ions.

a year, the ED of adults is 30 years and that of children

Before measuring the ﬂuoride concentration, 20 ml of

is 12 years. The average BW for adults and children is

groundwater was extracted and 2 ml of TISAB was added.

60 and 15 kg, respectively. AT is the average time for non-

Analysis of the blanks, spiked and duplicate samples were

carcinogenic effects (d). The average time of adults and

carried out to check accuracy and precision (reproducibility)

children is 10,950 days and 4,380 days, respectively.

value of the instrument. The error of the results was ±2%.

HQoral represents the risk quotient of noncarcinogenic

The samples were analyzed in triplicate, and the averages

risks through the oral intake route, and RfDoral represents

were recorded (Mukherjee et al. ).

the reference dose of noncarcinogenic pollutants through
the oral intake route, with a value of 0.06 (mg/kg/d) (IRIS
).

Quality control

The noncarcinogenic risk calculation for the skin intake

The reagents and re-distilled water used for solution prep-

is shown in formula (3):

aration (or dilution) were analytical pure water (Merck
Millipore) and microporous water with the highest purity,
respectively. Quality assurance was achieved by implementing the standard laboratory procedures and quality control
techniques described in APHA (APHA ).

Intakederm ¼

DA × EV × SA × EF × ED
BW × AT

(3)

DA ¼K × C × t × CF

(4)

SA ¼ 238 × H0:416 × BW0:517

(5)

Health risk assessment
According to the health risk assessment model rec-

HQderm ¼

Intakederm
RfDderm

(6)

ommended by the USEPA and the actual situation of
human health in China and referring to USEPA () and

Intakederm represents the average daily exposure dose

Wu & Sun (), the human health risk assessment of the

(mg/kg/d) ingested through the skin per unit weight, EV is

shallow groundwater ﬂuoride in the studied area was con-

the daily exposure frequency of skin contact events (1/d)

ducted. Two exposure routes, oral intake and skin contact,

and the EV allocation for adults and children is 1. DA rep-

were selected to evaluate adults and children, respectively.

resents the exposure dose (mg/cm2) for each event and

The calculation of the noncarcinogenic risk of oral

can be estimated using the equation as shown in formula

intake is shown in formulas (1) and (2):

(4). K is the skin’s permeability coefﬁcient (cm/h), C is the

Intakeoral

C × IR × EF × EW
¼
BW × AT

(1)

tact time of a shower (h/d). According to the statistical

HQoral ¼

Intakeoral
RfDoral

(2)

concentration of pollutants in water (mg/L) and t is the consurveys, adults and children need about 0.4 h per day (Wu
& Sun ). CF is a conversion factor equal to 1.00 ×
103. SA stands for the skin surface area and can be
estimated using an empirical formula, as shown in forAmong them, Intakeoral represents the average daily

mula (5). H represents a person’s height, and the BW

exposure dose (mg/kg/d) per unit weight by the oral

parameter value is consistent with the foregoing. RfDderm
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Software platform

through the dermal route, with a derived value of 5.82 ×
102 (mg/kg/d) (Staff ).

All the sampling data were analyzed using SPSS 19.0.0 statisti-

The calculation of the total noncarcinogenic risk is

cal software (SPSS, Chicago, USA). Spatial autocorrelation
analysis, editing geographic information, spatial interpolation

shown in formula (7):

simulation and cross-checking were analyzed using ArcGIS
HI ¼ HQoral þHQderm

(7)

10.0 (Gamma Design Software, Plainwell, USA).

The total noncarcinogenic risk is represented by the
hazard index (HI). HI < 1 indicates that the noncarcino-

CONCLUSION AND DISCUSSION

genic risk is acceptable, while HI > 1 indicates that the
Distribution characteristics of groundwater ﬂuoride

risk has exceeded an acceptable level.

The results of the character analysis of basic data of ﬂuoride
using SPSS are presented in Table 1. It can be seen from
Kriging interpolation

Table 1 that the ﬂuoride in the groundwater samples in
the studied area was 0.06–0.78 mg/L, with an average

Kriging interpolation, also known as spatial local interp-

value of 0.35 mg/L, which was in line with the National

olation, is a linear, unbiased and optimal estimation

Standards for Drinking Water Quality (GB5749-2006) (Min-

method for unknown sampling points of regionalized vari-

istry of Health of the PRC ) (1.00 mg/L). In the areas

ables based on spatial autocorrelation using the raw data

with the ﬂuoride concentration lower than 0.50 mg/L, atten-

of the regionalized variables and the structure of the semi-

tion should be given to preventing the prevalence of dental

variance function (Huang et al. ; Liu et al. ; Shi

caries in residents. However, the maximum ﬂuoride was

et al. ). Its formula is expressed as (Wang et al. )

0.78 mg/L, which reached 1.86 times the background

follows:

value, and 34% of points exceeded the background value,
indicating that its pollution trend was more obvious; the dis-

Z(x0 ) ¼

n
X

persion coefﬁcient was 0.54, which belonged to medium

λi Z(xi )

(8)

i1

variation, indicating that the accumulation of ﬂuoride was
obvious. Besides, it can be seen from the normality test

where Z(x0) is the sample content of the point to be estimated, n is the number of sampling points, Z(xi) is the

that the K-S test P-value of the ﬂuoride was greater than
0.05, which obeyed the normal distribution.

content of the ith sampling point and λi is a set of weight
coefﬁcients that are estimated unbiased and have the smal-

Health risk assessment of ﬂuoride

lest estimated variance.
The Kriging interpolation method should be based on

The detection results of various samples of groundwater

the spatial autocorrelation test and a suitable interpolation

were brought into the model formula for calculation, and

method ﬁtted by the variogram model (Li et al. ).

the results are shown in Figures 3 and 5.

Table 1

|

Basic data characteristic analysis table

Water quality
factor

Concentration range
(mg/L)

Mean

Dispersion
coefﬁcient

Background value
(mg/L)

Out-of-standard rate (based
on background value)

K-S normal test
P-value

Fluoride

0.06–0.78

0.35

0.54

0.42

34%

0.37
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This study evaluated the noncarcinogenic health risks of

and 0.33, respectively. Based on the background concen-

oral intake (drinking) and skin intake (showering) ﬂuoride

tration of ﬂuoride, the HI values of children and adults

to a township population in southwestern China. The results

were 0.33 and 0.18, respectively, indicating that the overall

are shown in Figure 3. The average HI values of children

noncarcinogenic risk to children and adults was relatively

and adults in the studied area were 0.27 and 0.15, respect-

high. Care should be taken to prevent the accumulation of

ively, which were less than 1, indicating that the shallow

ﬂuoride from leading to high overall risk.

groundwater ﬂuoride in the studied area was generally

Children were found to have a higher noncarcinogenic

acceptable for noncarcinogenic risk to the human body.

risk of ﬂuoride compared to adults. Descriptive statistics of

The highest values of HI in children and adults were 0.61

HQ and HI values for the intake and skin contact pathways

Figure 3

|

Health risks of groundwater ﬂuoride at different ages.
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of children and adults are shown in Figure 3. In the studied

occurrence of noncarcinogenic high-risk conditions for chil-

area, children’s noncarcinogenic risk quotients for ground-

dren with groundwater ﬂuoride should be prevented.

water ﬂuoride intake orally and through skin were greater

Besides, the average risk quotient of noncarcinogenic

than adults, so the total noncarcinogenic risk index caused

risk of oral intake of groundwater ﬂuoride in children and

by ﬂuoride was also greater than adults, 1.80 times that of

adults was 0.27 and 0.15, respectively, and the average risk

the adults. It can be concluded that children are at the

quotient of noncarcinogenic risk of skin intake was 1.19E-

highest risk, followed by adults. Children are a vulnerable

03 and 7.26E-04, respectively, indicating that the noncarci-

group. Compared to adults, children have a higher intake of

nogenic risk of oral intake of groundwater ﬂuoride in the

ﬂuoride, resulting in higher potential risks than adults.

studied area was higher than that of the skin route. There-

Research by Ahada & Suthar () found that children

fore, oral intake of drinking water was the main route of

were smaller than adults, and they accumulated more pollu-

exposure to ﬂuoride (WHO ). The pollutants in ground-

tants, making them more at risk for ﬂuoride intake. The

water mainly enter the human body through two ways:

research conducted by Zhang et al. () found that chil-

direct drinking and skin contact. These two ways bring

dren’s high risk was due to low body weight, which led to

more than 90% pollutants in the human body (Wang et al.

higher exposure doses, which was consistent with our ﬁnd-

). Among them, direct drinking is the main way for

ings. Besides, children are in an important period of

the human body to absorb pollutants in water. Compared

growth and development, their metabolism is stronger

with this, the impact of other ways can be ignored. Kumar

than that of adults and their sensitivity to ﬂuoride is

et al. () found that the average daily potential dose of ﬂu-

higher than that of adults. Because ﬂuoride is sensitive to

oride ingested by drinking groundwater was higher than that

developmental stages (in particular, the prenatal and post-

absorbed by the skin in comparison with the risk assessment

natal adult stages, the ﬁrst year of life and adolescence),

of the groundwater quality in Khar Pradesh. Zhang et al.

children living in areas with the increased ﬂuoride content

() found that the daily intake of ﬂuoride in drinking

often experience normal physical maturity and bone for-

water was three orders of magnitude higher than that

mation problems (Vyeltishchyev ). Zhang et al. ()

absorbed by skin, and the noncarcinogenic risk of ﬂuoride

conducted a health risk assessment of groundwater in a

absorption through the skin was negligible, and the intake

buckwheat ﬁeld in Yunnan. The results showed that chil-

was the main route of exposure.

dren’s noncarcinogenic risk was 1.30 times that of adults,

There are two functional areas in the studied area: urban

and their sensitivity to groundwater pollution factors was

and rural. As shown in Figure 4, the average concentrations

higher than that of adults. These support our ﬁndings that

of ﬂuoride in shallow groundwater in urban and rural areas

children are more sensitive to ﬂuoride than adults. The

were 0.27 mg/L and 0.36 mg/L, respectively. The average

Figure 4

|

Average ﬂuoride concentration in different functional regions.
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concentration was 0.35 mg/L. The results showed that the

autocorrelation: when |Z|  2.58, P  0.01, it is very signiﬁ-

average concentration of ﬂuoride in shallow groundwater

cant; when |Z|  1.96, P  0.05, it is signiﬁcant; when |Z| <

in urban areas was lower than that in rural areas, and the

1.96, P > 0.05, it is not signiﬁcant (Fan et al. ).

high concentration values were mostly concentrated in

As can be seen from Table 2, the Moran’s I value of the

rural areas. This result may be related to wastewater dis-

ﬂuoride was close to 1, so it showed a signiﬁcant cluster and

charged by industrial parks, food factories and paper mills

had a positive correlation. The spatial autocorrelation of

in rural areas. Besides, as shown in Figure 5, the HQ and

these data was very signiﬁcant, so the Kriging interpolation

HI of children in urban and rural areas was higher than

can be used to predict their spatial distribution.

that of adults, indicating that children were at high risk,
and the HI values in both functional areas were less than
1, indicating that the noncarcinogenic risk of ﬂuoride in
shallow groundwater in urban and rural areas was
acceptable.

Analysis of spatial variation structure
The theoretical models of variograms mainly include circle,
spherical, Gaussian and exponential models (Zhong et al.
). The selection of the semivariance function model of

Variogram model ﬁtting
Spatial autocorrelation analysis
The spatial autocorrelation analysis of ﬂuoride was performed using the spatial autocorrelation (Moran’s I) tool
in the ArcGIS spatial statistics tool.
Moran’s index (Moran’s I ) is one of the commonly used
methods to calculate spatial autocorrelation. When Moran’s
I > 0, the observation data have a positive spatial correlation. When Moran’s I < 0, the observation data have a

ﬂuoride is presented in Table 3.
According to Table 3, the C0/sill of the four models for
the simulation of ﬂuoride spatial distribution was less than
75%, which meant that the change of ﬂuoride content in
groundwater in this area was more affected by regional factors than nonregional factors. The mean value and root
mean square of the prediction error of the four models
were not much different, and the mean value of the prediction error of the Gaussian model was the closest to 0, but the
mean square root of the prediction error of the exponential
model was closer to 1, so it was difﬁcult to directly

negative spatial correlation. When Moran’s I ¼ 0, the observation data are random (Cai et al. ). When calculating
the Moran index, it is also necessary to judge the signiﬁcance of the spatial autocorrelation according to the
Z-value and the P-value. The basis for determining the spatial

Figure 5

|

Health risks of groundwater ﬂuoride in different functional areas.
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Spatial autocorrelation test results

Test data

Moran’s I

Z-value

P-value

Fluoride

0.66

6.42

0.00
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Analysis table of spatial variation structure of ﬂuoride

Model

Nugget
constant C0

Sill

C0/sill (%)

Error mean

Root-meansquare error

circle

2.00E-03

4.00E-03

5.43E-01

2.10E-02

1.02E þ 00

spherical

2.00E-03

4.00E-03

5.29E-01

2.30E-02

1.02E þ 00

Gaussian

2.00E-03

3.00E-03

6.29E-01

1.70E-02

1.03E þ 00

exponential

1.00E-03

4.00E-03

2.42E-01

4.00E-02

9.86E-01

determine the best model. However, the prediction error of

under the four models, and the determined coefﬁcients of

each model was close to 0, and the root mean square was

the four models were all above 0.9, which was closer to 1

also close to 1. It can be considered that the spatial distri-

compared with the exponential model.

bution prediction of ﬂuoride distribution in groundwater

In summary, the exponential model was similar to the

by four models was close to the real situation. Further

other four models in the mean and the root mean square

screening can be carried out by cross-test results.

of prediction error, the simulation effect on the close dis-

Figure 6 shows that there was no signiﬁcant difference
between the predicted value and the measured value

Figure 6

|

tance

point

was

Cross-test charts of ﬂuoride: (a) circle model; (b) spherical model; (c) Gaussian model; and (d) exponential model.
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of

determination was higher. Therefore, the exponential
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model was used to spatially interpolate the shallow ground-

colors were displayed. The results of spatial distribution

water ﬂuoride in the studied area, and the prediction was

and environmental superposition of shallow groundwater

closest to the actual situation.

ﬂuoride in the studied area are shown in Figure 8.
Figure 8 shows that the highest area of groundwater ﬂu-

Anisotropy analysis

oride concentration was located in the southeast, which
decreased uniformly from southeast to northwest, and the

Anisotropy refers to the difference in the nature of things

side of industrial production formed a ﬂuoride concen-

due to different directions (Thomsen & Anderson ).

tration subcenter. The groundwater ridge divides the

Therefore, anisotropy should be considered when perform-

groundwater in the studied area into two areas, northwest

ing spatial interpolation. Figure 7 shows that the variation

and southeast. The weathering of the acidic bedrock in the

of ﬂuoride in shallow groundwater in the studied area in

southeast and the lithological partial clay in the ground-

the northwest and southeast directions was slightly higher

water caprock, and the ion exchange of groundwater and

than in other directions, but overall did not show a signiﬁ-

minerals are the reasons for ﬂuoride accumulation. Hallett

cant difference, and anisotropy was not added.

et al. () studied groundwater ﬂuoride in India and
found that the excessively high local groundwater ﬂuoride

Spatial distribution of ﬂuoride

concentration was the result of weathering of the bedrock

Combined with this study, the prediction results of ﬂuoride

() used piper graph classiﬁcation, correlation analysis,

concentration were divided into ten intervals at equal

principal component analysis, and other methods to study

intervals. From high to low, red, cinnabar, vermilion,

groundwater ﬂuoride in northern Ghana. It was found that

and the development of weathering layers. Salifu et al.

hemerocallis yellow, bright yellow, ochre, lotus green,

the main reasons for the local groundwater ﬂuoride exceed-

bamboo moon, hair moon and sand blue, a total of ten

ing the standard were the dissolution of minerals and the ion

Figure 7

|

Fluoride anisotropy test.
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Prediction map of noncarcinogenic risk spatial distribution of ﬂuoride and environmental overlay map.

exchange between groundwater and minerals. The interval

industrial coal combustion. The wind direction in the

of decreasing groundwater ﬂuoride in the studied area was

studied area was dominated by northeasterly and northerly

more uniform, and the enrichment area was more concen-

winds, so the coal-ﬁred ﬂue gas adheres to the soil, and

trated. It was more like the result of free diffusion from

the area of pollution caused by inﬁltration into groundwater

line sources. If the groundwater ﬂuoride in the studied

should be located in the southwest of the pollution source.

area only came from the dissolution of bedrock, it should

However, no matter whether in the urban area or the agri-

be shown that both the northwest and southeast are high-

cultural area, there was no trend of increasing ﬂuoride in

value areas, decreasing toward the middle.

the downwind area of the local dominant wind direction.

It can be seen that ﬂuoride was not only generated by

There was a side of industrial production where ﬂuoride

natural factors, but coal combustion also caused ﬂuoride

was enriched under the joint action of factory wastewater

pollution in groundwater. Li & Zhang () analyzed the

discharge and natural dissolution of rocks, forming a

changes in groundwater ﬂuoride in Zhangjiakou City from

subcenter of groundwater ﬂuoride pollution. The concen-

2008 to 2010. The results showed that the main sources of

tration of ﬂuoride in the northwest was low, and care

local groundwater ﬂuoride were geological factors and

should be taken to prevent the health risks of low
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concentrations of ﬂuoride. In summary, there was pollution

pollution in shallow groundwater and provide a scientiﬁc

from groundwater ﬂuoride in the industrial park.

basis for the treatment of ﬂuoride.

CONCLUSION
This study investigated the human health risk assessment
and spatial distribution of ﬂuoride in shallow groundwater
in a region of southwest China. Although the ﬂuoride
concentration in the studied area did not exceed the acceptable limit (1.00 mg/L), the over standard rate of ﬂuoride
based on the background value was 34%, and the tendency
of pollution was more obvious. The human health risk
assessment model was used to evaluate the noncarcinogenic
risk to local children and adults exposed to groundwater ﬂu-
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