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High-F groundwater has caused serious human health problems worldwide. In this paper, a typical
saline-fresh water mixing zone (SFMZ) in a coastal plain (south of Laizhou Bay, China) was chosen as
an example to analyze and summarize the distribution characteristics and enrichment mechanism
human health risks of high-fluorine groundwater. Thirty-two groundwater samples have F
concentrations that exceed the drinking water guideline value of the World Health Organization
(WHQO; 1.5 mg/L), Thirty-two groundwater samples exceeded the drinking water guideline value of
the WHO (1.5 mg/l) and 43 groundwater samples exceeded the National Sanitary Standard for
drinking water of China (1.0 mg/L), accounting for 68.1 and 91.5% of the total groundwater samples.
The groundwater quality is relatively poor in this study area, and the water is unsuitable for human
consumption. High-F groundwater is mainly found in the central and northem parts of the study area,
and the concentrations increase in the direction of water flow. High-F groundwater is mainly found in
the central and northem parts of the study area, and the concentrations increase in the direction of
water flow. According to the analysis, the groundwater environment, saline water intrusion (SWI),
evaporation and cation exchange are the main factors influencing the enrichment of F in the SFMZ
The neutral and weakly alkaline environment is conducive to the enrichment of F'. Cation exchange
and evaporation are the most important factors in the enrichment of F. Human activity is not the main
source of groundwater F. Na™ and HCO5™ are adequately abundant in the groundwater environment
in the study area, creating conditions that are conducive to the dissolution of fluorite and the release of
F into the groundwater. An increase in the Na™ concentration and a decrease in the Ca?*
concentration can promote further dissolution of fluorite and other F-containing minerals, thereby
releasing F into the groundwater. Fluorite dissolution is prevalent in the groundwater environment,
which can lead to an increase in the F concentration. This study is helpful to the development of
strategies for the integrated management of high-F groundwater in coastal plains. The health risk
assessment shows that long-term exposure to high-F groundwater can pose a great threat to four

age clusters, especially for children and infants. The HQ values for shallow groundwater range from
0.32t02.89,0.39t0 3.61,0.56 10 5.11, and 0.42 to 3.85 for adults, teenagers, children and infants,
respectively. The groundwater in this study area is not for imigation and animal huslbandry, which may
indirectly affect human health.
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1 INTRODUCTION

Fluorine (F), a halogen element, has the potential to cause large-
scale health effects through exposure via drinking water. Regional
fluorosis, which can result in skeletal fluorosis, skeletal cancer and
neurotoxicological effects, has been found in people living in
environments with high levels of F, and chronic poisoning occurs
as a result of long-term and excessive intake of F (Ghosh et al.,
2015; Thapa et al., 2018; Jia et al, 2019). The World Health
Organization (WHO), 2011 released that the drinking water
guideline value of F is 1.5mg/L. The safe concentration of
fluorine in drinking water is less than 1.0 mg/L according to
the National Sanitary Standard for drinking water in China (GB
5749-2022). Worldwide, some reports have noted that long-term
ingestion of high-F groundwater can lead to water-derived
fluorosis in some countries, such as Kenya, Pakistan, South
Africa, South Korea and China (Kim et al, 2012; Li et al,
2016; Yadav et al., 2019; Mcmahon et al., 2020; Rashid et al.,
2020; Mwiathi et al., 2022; Table 1). Therefore, human health risk
assessment of high-F groundwater is important.

The origin and enrichment mechanism for high-F
groundwater and its environmental and health risks have
been hot topics in recent years, and eExcessive F contents
in groundwater have been found to depend on many factors,
such as geological and hydrogeological conditions, the physical
characteristics of aquifers, groundwater hydrochemistry,
temperature, age, residence time and water-rock interaction
(Chen et al., 2019; Chen et al., 2020a; Tarki et al., 2020).
Because of adsorbed F in aquifers, which is a significant source
of F in groundwater (Patel et al., 2014), dissolution and
precipitation, adsorption and desorption, evaporation and
concentration are the main hydrogeochemical processes that
control F behavior in groundwater systems in arid and
semiarid areas (Liu et al., 2015; Li et al, 2019). Multiple
researchers have documented that high-F groundwater
favors soft and alkaline conditions with high Na®
concentrations and low Ca®* concentrations (Chen et al.,
2014; Chen et al., 2020a). In coastal areas, groundwater F
enrichment is related to the high pH values, high levels of Na®,
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HCO;", total dissolved solids (TDS), and salinity and low
levels of Ca** caused by seawater or brine intrusion. High-F
groundwater and seawater intrusion have the same
distribution pattern, evolution tendency, and associated
processes, such as cation exchange (Chen et al., 2014; Wang
et al., 2015; Jia et al., 2019; Chen et al., 2020b).

In this paper, Southern Laizhou Bay (SLB), a typical coastal
plain, was chosen as the study area. Saline water with a wide
range of TDS values in SLB hasve formed since the late
Pleistocene due to the geological environment, paleoclimate
and other unique hydrological conditions (Han et al., 2014).
Because of excessive exploitation of fresh groundwater, saline
water intrusion (SWI) has occurred, and a saline-fresh water
mixing zone has formed (Yang et al, 2021). However, the
research of high-F groundwater in the mixing zone has not
been paid attention to. 47 Thus, forty-seven groundwater
samples were collected from the SFMZ to obtain
hydrochemical data, including F. The distribution
characteristics and origin of high-F groundwater in the
study area are summarized. Furthermore, the groundwater
quality index (WQI) and human health risks are calculated to
discuss whether the groundwater is suitable for human
consumption. Our findings are relevant to high-F
groundwater investigation and assessment in the regions as
well as other coastal plain around the world.

2 MATERIALS AND METHODS
2.1 Background of Study Area

2.1.1 Location and Climatic Conditions of Study Area
Study area in the southern Bohai Sea and northern Weibei
Plain, Shandong Province, China (Figure 1). The landform
types consist of hilly areas, piedmont plain and inclined plain
(coastal plains) from south to north (Figure 1A), with ground
surface elevations ranging from 500 m to 1~2 m (Figure 1B).
The study area belongs to warm temperate subhumid monsoon
climate. The average annual precipitation is approximately
731 mm, and 70-80% of the rainfall occurs between June and

TABLE 1 | The F~ concentration of groundwater in parts of the world.

Number Region

1 Dargai, Pakistan

2 Kenya Rift Valley, Kenya
3 Sindh, Pakistan

4 Batkhela, Pakistan

5 Loess Plateau, China

6 You’Xi County, China
7 South Korea

8 Laxemar, Sweden

9 Buzhuang Town, China
10 Kenli District, China

1 Yuncheng Basin, China
12 Hotan Qasis, China

13 Tianjing, China

14 Qinhuangdao, China
15 Liaodong Bay, China

F~ concentration (mg/L) References

0.50 ~ 8.65 Rashid et al., (2020)
0.01 ~ 2385 Mwiathi et al., (2022)
0.23 ~ 6.80

0.32 ~ 2.40 Noor et al., (2022)
0.12 ~ 13.30 Su et al,, (2021)
0.19 ~ 3.04 LU et al., (2016)
0.00 ~ 40.8 Chae et al., (2007)
0.30 ~ 4.20 Berger et al., (2016)
0.65 ~ 9.87 Chen et al., (2020a)
019 ~ 1.27 Chen et al., (2020b)
1.50 ~ 6.60 Currell et al., (2011)
1.12 ~ 9.40 Huang et al., (2022)
0.05 ~1.27 Xu et al., (2021)
0.05 ~ 4.58 Xu et al., (2021)
0.05 ~ 4.26 Xu et al., (2021)
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FIGURE 1 | (A) Location map of the study area. Also shown are the landform types in the southern Laizhou Bay. (B) The locations of the sampling site and
groundwater level in the study area. The shaded area refers to the saline-fresh water mixing zone (DEM and DEM data is derived from global bathymetric data, Yang et al.,
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August September. The mean annual evaporation is 1,648 mm,
with 50% of the total evaporation capacity occurring from
March to June.

The aquifer group in the study area is Quaternary aquifer
group and belongs to Weibei Plain hydrogeologic subdivision,
which is divided into two parts: freshwater hydrogeological
subarea with low salinity of piedmont alluvial plain and saline
water hydrogeology subarea of coastal alluvial and marine
plain. The functional areas of groundwater are divided into
the groundwater flow zone, intense groundwater mixing zone
and groundwater-seawater interaction zone (Yang et al,
2021). In this study, groundwater quality types are divided
into four classes based on total dissolved solids (TDS): fresh
water (TDS < 1 g/L), brackish water (1 g/L < TDS < 3 g/L),
saline water (3 g/L < TDS < 50 g/L), and brine (TDS > 50 g/L)
(Liu et al,, 2017). The main hydrochemical types of fresh
water are CI.LHCO3-SO,4-Ca-Na, Cl-Ca-Na, HCO3-Ca-Na and

TABLE 2 | The weight, relative weight and WHO standards of each of the
parameters used for the WQI determination.

Parameter WHO standards Weight (wi) Wi
K* 12 3 0.081
Na* 200 4 0.108
Ca?* 75 4 0.108
Mg2* 20 3 0.081
cr 250 5 0.135
S0, 250 4 0.108
HCO5~ 200 3 0.081
F 15 5 0.135
NOs-N 50 5 0.135
TDS 1,000 4 0.108
Total 37

HCO;5-S04-Cl-Na. The hydrochemical types of brackish
water, saline water and brine are Cl-Na.Ca, Cl-Na-Mg,
Cl.SO4-Na and CI-Na.

The main land use types are artificial surface and cultivated
land. Groundwater is often used for irrigation and animal
husbandry. Generally, groundwater flows from north to
south. Because of groundwater overexploitation, several
groundwater depression zones have formed, which have
changed the groundwater flow field in the study area.
Under these conditions, saline intrusion has
occurred, which shows a wedge-shaped intrusion pattern
and seriously affect groundwater quality and water safety.
The process of saline water intrusion is not a single process by
which saline water replaces fresh water but a mutual mixing
process between saline water and fresh water (Liu et al., 2017).

water

2.2 Groundwater Samples and Chemical
Analysis
Based on present studies on the groundwater environment in
this study area, 47 groundwater samples were collected from
May to June 2021 (Figure 1). The groundwater samples were
collected and stored in polyethylene bottles (1,200 ml) in a
low-temperature environment, and all samples were sent to
the laboratory for testing and analysis soon after collection.
Hydrochemical data were obtained by using test
instruments, such as an ultraviolet (UV)-visible
spectrophotometer (T9CS), inductively coupled plasma
optical emission spectroscopy instrument (iCAP 7,400),
atomic fluorescence photometer (XGY-1011A), ion
chromatograph (ICS-600), inductively coupled plasma mass
spectrometer (Thermo iCAP RQ), and ion meter (PXSJ-216)
(Supplementary Table S1).
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FIGURE 2 | The spatial distribution of main ions in study area (Ca®*, Na*, CI", HCO3~, NOg-N and TDS).

TABLE 3 | Minimum, median, maximum and average values of chemical variables in 47 groundwater samples.

K* Na* Ca* Mg?* cr S0, HCO3~ F NO;-N CODw, DS pH
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Max 24.55 1,548.41 448.45 293.30 2,171.16 992.15 927.22 5.41 134.25 6.86 5,082.00 8.72
Min 0.51 39.37 27.33 11.78 32.29 39.13 148.01 0.59 0.96 0.59 266.00 6.94
Average 3.22 350.16 134.88 105.40 461.85 261.31 499.07 2.28 40.39 1.77 1749.85 7.68
Median 1.00 268.35 118.50 83.81 322.24 178.71 477.40 2.31 35.17 1.562 1,489.00 7.63
2.3 Hydrogeochemical Characteristics SIi = Wi x qi 3)
Groundwater Quality Index WQI = ) sli 4)

The WQI, which is the most widely reliable comprehensive analysis for
evaluating drinking water quality, is used to evaluate the groundwater
quality (Abbasnia et al,, 2019; Nong et al., 2020; Singh et al., 2020;
Alshehri et al,, 2021; Igbal et al., 2021). The determined WQI values
were then classified into five categories: excellent (WQI < 50); good
(WQI = 50-100); poor (WQI = 100.1-200); very poor (WQI =
200.1-300); and unsuitable for drinking water (WQI > 300) (Njuguna
et al,, 2020; Githaiga et al., 2021).

Wi = Wi/ ) Wi M
qi = (Ci/Si) x 100 )

where Wi represents the relative weight, wi represents the weight, that
is, often allocated to each parameter (Table 2), > wi represents the
sum of the weights of all 11 parameters, Ci represents the detected
concentration for each parameter in each sample, Si represents the
WHO maximum allowable limits for each parameter, and SIi
represents the water quality subindex of the ith parameter.

2.4 Human Health Risk

Because F is a noncarcinogenic risk factor, a noncarcinogenic
evaluation risk model is chosen to discuss the human health
risks (Rashid et al., 2019; Rashid et al., 2021).
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5)
(6)

where C is the average mass concentration of pollutants in
water, mg/L;IR is the intake rate, L/d; EF is the exposure
frequency, d/a; ED is the duration of exposure, a; BW is
human body mass, kg; AT is the average time of exposure, d;

D = (C x IR x EF x ED)/(BW x AT)
HQ = D/RfD

and RD is the reference dose of chemical pollutants in the
drinking water exposure route, mg/(kg-d). The key parameters
for calculating the health risks of fluoride are shown in
Supplementary Table S2. The health risk level of HQ was
divided into four levels: (1) HQ < 1, no risk; (2) 1 < HQ <
5, low risk; (3) 5 < HQ < 10, medium risk; and (4) HQ > 10,
high risk.
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3 RESULTS AND DISCUSSION National Sanitary Standard for drinking water of China (1.0 mg/L),
. accounting for 68.1 and 91.5% of the total groundwater samples.
3.1 Groundwater Quality Types and These results indicate that high-F groundwater is distributed widely
Hydrochemical Types in the study area, which is mainly found in the central and northern
The hydrochemical characteristics of the groundwater  parts of the study area and that the F concentrations generally

environment are presented in Supplementary Table S1. The
groundwater environment shows a neutral and weakly alkaline
environment (pH = 6.94 ~ 8.72). The TDS values are 266.00 ~
5,082.00 mg/L and 1749.85 mg/L on average, which can indicate
that the water quality is fresh water, brackish water and saline
water. Na* (39.37 ~ 1,548.41 mg/L, 350.16 mg/L on average) and
Ca®" (27.33 ~ 448.45 mg/L, 134.88 mg/L on average) are the main
cations, while CI' (3229 ~ 2,171.16 mg/L, 461.85mg/L on
average), HCO;  (148.01 ~ 927.22mg/L, 499.07 mg/L on
average) and SO,” (39.13 ~ 992.15mg/L, 261.31 mg/L on
average) are the dominant anions (Table 3). All ion
concentrations seriously exceeded the WHO standard values.
The distribution of the main ions shows an obvious enrichment
characteristic in the downstream direction of groundwater flow.
The high HCO;™~ groundwater samples are distributed on both
sides of the river (Figure 2). The hydrochemical types are HCO;-
CaeNa, HCO;eCl-NaeMgeCa and HCO;eCl-Na in fresh water;
HCOjeCl-CaeMg, HCOzeCl-Na, CléHCO;-Na and Cl-Na in
brackish water; and Cl-Na and Cl-NaeMg in saline water
(Figure 3).

3.2 Distribution Characteristics and

Formation of High-F Groundwater

3.2.1 Distribution Characteristics of High-F
Groundwater

The F~ concentration is 0.59 ~ 5.41 mg/L. The average value is
2.28 mg/L, and the median value is 2.31 mg/L (Table 2). Thirty-two
groundwater samples exceed the drinking water guideline value of
the WHO (1.5 mg/L), and 43 groundwater samples exceeded the

increase in the direction of groundwater flow (Figure 4). The
conditions of  geology, hydrogeology, groundwater
hydrochemistry, water-rock interactions and human activities can
lead to the formation of high-F groundwater (Chen et al., 2019; Chen
et al.,, 2020a; Tarki et al., 2020).

3.2.2 Formation mechanism of high-F groundwater
Alkaline water can favor the dissolution of F-containing
minerals (Lii et al, 2016). The Pearson correlation
coefficient between F~ and pH is 0.351, which indicates a
positive correlation (Supplementary Table S2). The
groundwater environment in the study area is neutral and
weakly alkaline, which is conducive to the enrichment of F".
The reason is that the surface charge of minerals is neutral or
biased negative in alkaline environments, which is not
conducive to the adsorption of F. The competitive
adsorption of OH™ and F leads to the release of F into
groundwater (Ca(OH), — Ca’" + 20H, CaF, — Ca’* +
2F) (Guo et al, 2012). Neutral and weakly alkaline
environments are conducive to the enrichment of F but
are not the main factor. In addition, HCO;~ is a strong
competitively adsorbed ion in alkaline environments (Su
and Puls.,, 2001). The Pearson correlation coefficient
between F and HCO;™ is 0.349. In this study area, HCO;~
is at a high concentration (148.01 ~ 927.22 mg/L, with an
average of 499.07 mg/L), which is conducive to the release of
F in CaF, attached to mineral surfaces into the groundwater
(CaF, + 2HCO;3;™ = CaCOj3 + 2F + H,0+ CO,), resulting in an
increase in the groundwater F concentration.

Frontiers in Environmental Science | www.frontiersin.org

May 2022 | Volume 10 | Article 901637


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Liu et al. Coastal High-Fluorine Groundwater Research
1 N 500 = ,
7
71O F-(mgL) : 57
0.8 — \ - o ’
- 1 N 7
0.6 ! 400 < x //\z.’
K i : O AX\CI;I ’
1 @%, ’
0.4 — | T ’,
1 o ¢
-1 4
1 4
0.2 - § 3 300 - o R
=
— 1 an 4
— = 4
< a7 -1 , 4
O 1 & ’
! 8 200 .’
-0.2 — T
1 4
i | e
1
-0.4 — \ T
- 1
-0.6 — : 100 -
- 1
-0.8 | ; 7 O F- (mg/L)
= 1
! 0 T T T T T T T T T 1
1 I | 1 | I | 1 | I | 1 | I | 1 | I | 1 | I
0 100 200 300 400 500
1.2 -1 0.8 -06 -04 -0.2 0 02 04 06 038 1 o
CAI2 Mg2T (mg/L)
FIGURE 6 | Scatterplots of CAl one versus CAl two to verify cation FIGURE 7 | Ca* versus Mg®* to evaluate the role of calcite and dolomite
exchange. dissolution in groundwater chemistry, and Sl fyorite VS. F'.

In most arid regions of the world, the F~ concentrations in
groundwater are generally increased by evaporation (Rashid
et al., 2018a). Gibbs diagrams showing TDS values against the
content ratios of Na*/(Na* + Ca®*) have been widely employed
to estimate the three significant natural factors controlling
groundwater chemistry (Rashid et al., 2018b): rock weathering,
precipitation and evaporation. Most of the groundwater
samples fall into plot in the evaporation dominance area,
indicating that evaporation and/or evaporite dissolution
have a significant effect on the formation of dissolved
solutes (Figure 5). The Gibbs diagram shows that most of
the samples have Na'/(Na" + Ca®') ratios exceeding 0.5,
indicating that cation exchange has significant effects on
groundwater chemistry.

Cation exchange, which can drive the enrichment of F in
groundwater, is an important process in areas impacted by
SWI (Rashid et al., 2018b). CAI 1 {[Cl'- (Na™+K")]/Cl'} and
CAI2{[CI- (Na"+K")]/[SO4* + HCO5™ +NO;™ + CO5”]} can
illustrate the possibility of cation exchange (Schoeller, 1967; Su
et al., 2021). The CAI one and CAI two values of groundwater
samples vary from -1.174 to 0.582 and from -0.001 to 0.0001,
respectively. Only 14 groundwater samples (approximately
33.3% of the total samples) exhibit negative CAI one and
CAI two values, indicating that the cation exchange of Ca*"
and Mg*" relative to Na* and K" in groundwater in the aquifer
may not be prevalent and that reverse cation exchange (2NaX
+ Ca** — CaX, + 2Na") is likely dominant in the study area
(Figure 6). This process can lead to a decrease in the Ca*"
concentration (Chen et al., 2020b).

The role of calcite and dolomite dissolution in groundwater
chemistry can be determined by the Ca**/Mg’" ratio (Li et al.,
2018). As shown in Figure 7, almost all groundwater samples
with high F~ concentrations plot below the Ca*"/Mg** = 1:1
line, which  suggests that dolomite dissolution
(CaMg(CO;5),—~Ca’ +Mg** +2C0O5”) is prevalent in high-F
groundwater. The Pearson correlation coefficients between
F and Na" and between F~ and Ca** are 0.497 and -0.340,
respectively. Moreover, the SI g,qite Values are 0.08 ~ —1.48
(only one sample is > 0.0) (Figure 7), which indicates that the
potential for fluorite dissolution is high in the groundwater
environment (CaF,—Ca’*+2F). The increase in Na®*
concentration and decrease in Ca®" concentration can
promote further dissolution of fluorite and other
F-containing minerals, thereby releasing F~ into the
groundwater (Su et al, 2013; Liu et al, 2015; Li et al,
2019). In high-F groundwater, dolomite dissolution and
increasing F~ concentrations can lead to decreasing SI guorite
values (Figure 7), hindering further fluorite dissolution.

3.3 Effects of Human Activity on F

Human activity, such as irrigation and agricultural
development, is an important factor that influences
groundwater quality. Long-term agricultural activities in
irrigation districts, including the unreasonable use of
pesticides and fertilizers and the deterioration of irrigation
water quality, have further worsened the groundwater
quality, mainly reflected in the high NO;-N concentration
(Zhang et al,, 2021). According to investigations, the main
human activity is agricultural irrigation, which can lead to an
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increase in NO;3;-N. The Pearson correlation coefficient
between F° and NO;-N is -0.185. Hence, there is no
obvious  relationship  between @~ NO;-N  and F
(Supplementary Table S2, Figure 5). It can be speculated
that human activity is not the main source of groundwater F.

3.4 Groundwater Quality Index

The WQI results are given in Supplementary Table S1, and
the values range from 41.64 in sample $2105097 to 489.34 in
sample $2105095. Only one groundwater sample is classified
as excellent-quality water. Two groundwater samples are
classified as good-quality water. Twenty-seven groundwater
samples (57.45%) are classified as poor-quality water. Eleven
groundwater samples (23.40%) are classified as very poor-
quality water. Moreover, 6 groundwater samples are classified
as unsuitable for drinking water. The qualities of a total of
93.62% of the groundwater samples are classified as poor or
worse. Figure 8 shows that poor-quality groundwater is
widespread in this study area. Groundwater classified as
very poor quality and unsuitable for drinking water is
distributed in the downstream groundwater region.

3.5 Human Health Risks

To comprehensively analyze the impacts of high-F groundwater on
human health comprehensively, four age groups were considered in
this study: adults (>16 years old), teenagers (6—16 years old), children
(2—6years old) and infants (<2years old) (Su et al, 2021,
Supplementary Table S2). The HQ values for adults, teenagers,
children and infants were 0.32~2.89 (1.22 on average, 1.23 in
median), 0.39~3.61 (1.52 on average, 1.54 in median), 0.56~5.11
(2.15 on average, 2.18 in median) and 0.42~3.85 (1.62 on average,

1.65 in median), respectively. The HQ results suggest that 28 samples
(59.6) for adults, 32 samples (68.1%) for teenagers, 43 samples (91.5%)
for children and 35 samples (74.5%) for infants are greater than 1. Only
one sample’s HQ value (children) is greater than 5 (medium risk).
Obviously, the noncarcinogenic risks caused by high-F groundwater
become greater with decreasing age as a whole. It can be concluded that
groundwater is not suitable for human drinking, especially for children.
Moreover, the groundwater in this study area is not for irrigation and
animal husbandry, which may indirectly affect human health.

4 CONCLUSION

This study aims to study the distribution characteristics and
health risks of high-F groundwater in coastal plains. The main
conclusions of the study are as follows:

1) All ion concentrations seriously exceeded the WHO standard
values. High Ca®", Na* and Cl' concentrations are generally
distributed on the west side of the river and are clearly higher
in downstream areas. Based on the WQI values, 2.13% of the
groundwater samples are of excellent quality, 4.26% are of
good quality, 57.45% are of poor quality, 23.40% are of very
poor quality, and 12.77% are unsuitable for drinking purposes.
The groundwater quality is relatively poor in this study area,
and the water is unsuitable for human consumption.

2) TheF concentration ranged from 0.59 to 5.41 mg/L. The average
value was 2.28 mg/L, and the median value was 2.31 mg/L. High-
F groundwater is mainly found in the central and northern parts
of the study area, and the concentrations tend to increase in the
direction of water flow. Evaporation and cation exchange are the
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main factors influencing the enrichment of F. Fluorite dissolution
is prevalent in this groundwater environment, which can lead to
an increase in the F concentration.

3) The health risk assessment shows that long-term exposure to
high-F groundwater can pose a great threat to four age clusters,
especially for children and infants. The HQ values for shallow
groundwater range from 0.32 to 2.89, 0.39 to 3.61, 0.56 to 5.11,
and 042 to 3.85 for adults, teenagers, children and infants,
respectively. Given the freshwater resources are scarce in most
coastal zones, this work’s findings will promote a better
understanding that fresh or low salinity groundwater may not
be suitable for irrigation and animal husbandry, which may
indirectly affect human health in saline-fresh water mixing zone.
In addition, it is important to recognize the potential for fluorine
pollution along the groundwater flow due to the overextraction.
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