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A B S T R A C T   

This study investigated 324 groundwater samples collected from the southwest plain of Shandong Province 
during the dry and wet seasons. Groundwater fluoride in the study area and the influencing factors were 
characterized and discussed using statistical analysis, ion ratios, Piper diagrams, the saturation index (SI) and 
ArcGIS software. In addition, the risk posed by groundwater fluoride to human health was assessed. The results 
showed that groundwater in the study area had elevated fluoride concentrations, with average dry and wet 
season concentrations of 1.15 mg⋅L− 1 and 1.08 mg⋅L− 1, respectively. Groundwater fluoride showed consistent 
spatial variations during the dry and wet seasons, with a significant regionalization pattern of low concentrations 
in the east and high concentrations in the west. Groundwater F− was significantly negatively correlated with 
Ca2+ and positively correlated with pH, HCO3

− and Na+. Important factors identified as having an effect on 
groundwater F− in the study area included the balance of dissolution of fluorite and calcite, the weakly alkaline 
environment and cation exchange. In addition, hydrochemical types of high-fluoride groundwater in the study 
area were identified as mainly HCO3-Na and SO4⋅Cl-Na. The assessment of the risk of high groundwater fluoride 
to human health showed that children are more at risk compared to adults, with the risk during the dry season 
exceeding that over the wet season. It is recommended that water quality management in the study area pri-
oritize the formulation of measures to mitigate high concentrations of fluoride in groundwater .   

1. Introduction 

Fluoride is a trace element essential for human health and is widely 
distributed in the natural environment (Aghapour et al., 2018). Humans 
assimilate fluoride mainly through drinking water, and fluoride defi-
ciency can lead to dental caries, whereas excessive intake (F− > 1.5 mg 
L− 1) can result in endemic fluorosis (Marghade et al., 2020; Zuo et al., 
2019). High groundwater fluoride remains a challenge impacting the 
health of millions of people worldwide (Egor and Birungi, 2020; Mar-
ghade et al., 2020; McMahon et al., 2020; Narsimha, 2020). Therefore, 
the exploration of the distribution of high groundwater fluoride and the 
influencing factors is of great practical significance for regional devel-
opment of groundwater resources and drinking water safety (Li et al., 
2019). Fluoride in natural water bodies is mainly derived from geolog-
ical sources such as fluorite or the weathering of other fluorine- 

containing minerals (Hanse et al., 2019; Karunanidhi et al., 2020). 
The distribution of fluoride in groundwater is controlled by long-term 
hydrogeochemical evolution and the influence of anthropogenic activ-
ities such as industrial activities, over-abstraction of groundwater and 
the use of fluorine-containing agrochemicals (Kim et al., 2011; Li et al., 
2020; Xu et al., 2019). 

Research into high fluoride groundwater and related fluorosis in 
human populations is relatively mature. Some related recent reviews 
and studies include Ganyaglo et al. (2019) who assessed groundwater 
fluoride contamination and associated health risks in fluoride endemic 
areas in the upper eastern region of Ghana, and proposed some man-
agement strategies to guide future management of groundwater re-
sources for reducing the potential health risks to the population. Hossain 
and Patra (2020) studied the hydrogeochemical characteristics of 
fluoride-rich groundwater in different aquifers in Birbhum, India, and 
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the associated risks to human health, and concluded that the dissolution 
of minerals such as fluorite and biotite in laterite gneiss and granite 
gneiss is the main source of fluorine in groundwater. Li et al. (2020) 
analyzed the hydrogeochemical process controlling the mobilization 
and enrichment of fluoride in groundwater in the North China Plain, and 
concluded that cation exchange, precipitation/dissolution of carbonate, 
dissolution of fluorite, seawater intrusion and the release of pore water 
in clay sediments resulting from land subsidence are the main factors 
controlling the mobilization and enrichment of fluoride in groundwater. 
Zango et al. (2019) Evaluated the hydrogeochemical reactions control-
ling groundwater fluoride in the semi-arid region of northeast Ghana 
and the associated human health risk, and suggested that immediate 
action is needed to reduce high groundwater fluoride to manage health 
risks in the region. These studies have shown the main factors influ-
encing groundwater fluoride to include the dissolution of minerals, ion 
exchange, climatic conditions and hydrogeological and geological con-
ditions (Ganyaglo et al., 2019; Hossain and Patra, 2020; Li et al., 2020; 
Yadav et al., 2019; Zango et al., 2019). 

Reports have indicated the existence of high groundwater fluoride 
regions in many developing countries, including China, Ghana, India 
and parts of eastern and southern Africa (Karunanidhi et al., 2020; 
Ganyaglo et al., 2019; Hanse et al., 2019; Hossain and Patra, 2020; Li 
et al., 2019, 2020; Zango et al., 2019; Zuo et al., 2019). High fluoride 
groundwater in China is mainly distributed in the region north of the 
Yangtze River and to the west of the Changbai Mountains, particularly in 
the plains and basins of arid and semi-arid areas (Wang and Cheng, 
2015). Excessive fluoride content is an important factor affecting the 
quality of groundwater in China, directly impacting the safety of 
drinking water of local residents. Ingestion of high fluoride water can 
lead to endemic fluorosis, damage to soft tissue and neurotoxic effects 
that can result in cognitive decline in children (Ganyaglo et al., 2019). 
Therefore, further understanding of the distribution of high ground-
water fluoride and influencing factors is vital for managing the associ-
ated risks posed to human health. 

The southwest plain of Shandong Province is an area of endemic 
fluorosis in China. High-fluoride groundwater in this region poses a risk 
to the safety of drinking water and has impacted the development of the 
social economy (Hao et al., 2013; Xu et al., 2012). Previous studies have 
found that high-fluoride groundwater in this region is closely related to 
the local climate, topography and hydrogeological conditions (Liu et al., 
2018; Lu et al., 2014; Wan et al., 2013; Xu et al., 2020). However, 
research on high-fluoride groundwater in this region remains relatively 
limited, and there has been no research on the risk of high-fluoride 
groundwater to human health in this region. Therefore, the aims of 
this study were to characterize groundwater fluoride in the southwest 
plain of Shandong Province and the influencing factors and to assess the 
risk of high-fluoride groundwater to human health. The objectives of the 
present study were to: (1) further explore the characteristics and 
groundwater fluoride in the study area and influencing factors using 
groundwater quality data for the dry and wet seasons; (2) assess the risks 
of groundwater fluoride in the southwest plain of Shandong Province to 
human health. In addition, the present study has incorporated knowl-
edge on the mechanisms controlling groundwater fluoride in the 
southwest plain area of Shandong Province not considered in previous 
studies (Liu et al., 2018; Lu et al., 2014; Wan et al., 2013; Xu et al., 
2020). The results of the present study can act as a scientific reference 
for the management of groundwater resources, the treatment of high- 
fluoride groundwater and the protection of drinking water safety in 
the southwest plain of Shandong Province. 

2. Study area 

The southwest plain region of Shandong Province (Fig. 1) falls be-
tween the Yellow River flood plain and the piedmont alluvial plain to the 
west of the hilly area of central and southern Shandong and the Nansihu, 
Dushan, Zhaoyang and Weishan lakes in the southeast. The study area 

has a generally gently undulating terrain comprising from northeast to 
southwest piedmont clinoplain, alluvial lacustrine plain and Yellow 
River alluvial plain. The piedmont alluvial plain inclines from east to 
west and connects with the lake depression. The alluvial plain of the 
Yellow River slopes slightly from west to east, with an altitude of 40–60 
m. The study area falls within a warm temperate and semi-humid 
monsoon continental climate zone. Precipitation within the study area 
shows high inter-annual variability, with an average annual precipita-
tion of 695.2 mm. Precipitation during the wet season (June to 
September) accounts for ~70% of annual precipitation. The average 
annual potential evaporation of the study area is ~1800 mm. The study 
area contains many rivers, including 53 rivers flowing into Nansihu 
Lake, among which the larger rivers are the Baimar, Wanfu, Sihe, 
Dongyu and Zhuzhaoxin rivers. 

The study area contains developed alluvial and lacustrine facies 
strata, with the thickness of Quaternary and Neogene loose sediments 
ranging between 200 m and 500 m. Loose rock pore water is the main 
type of groundwater in the area. The Yellow River alluvial plains and 
alluvial lacustrine plains have a gently undulating terrain, with eleva-
tion decreasing from west to east. Aquifer lithology of the study area is 
fine sand and silt sand. The lithology of the aquifer in the piedmont 
clinoplain is mainly medium-coarse sand and gravel, followed by 
medium-fine sand and silt sand. The sand layer of the aquifer has a 
continuous and stable distribution, with a high water yield. The lithol-
ogy of aquifers in the piedmont clinoplain near the foothills is mainly 
sand and gravel, with coarse grains and slopes extending over large 
areas. Groundwater recharge occurs not only through vertical rainfall 
infiltration, but also through lateral recharge in mountainous areas, with 
good runoff conditions. 

Groundwater recharge, runoff and discharge in the area are affected 
by meteorology, hydrology, topography, lithology and human factors. 
The main source of groundwater recharge is atmospheric precipitation, 
whereas groundwater discharge occurs through evaporation and artifi-
cial mining. Loose rock pore water in the piedmont plain is recharged 
both by atmospheric precipitation and lateral runoff from upstream 
groundwater. Groundwater in the alluvial plain of the Yellow River 
flows gradually from west to east, whereas groundwater in the piedmont 
alluvial proluvial plain generally moves from east to west, with the two 
groundwater flows migrating to the Nansihu-Beijing-Hangzhou Canal. 

The high concentrations of groundwater fluoride in the study area 
are as a result of regional geological conditions. The eastern part of the 
study area comprises mountain and hilly area with a mainly granite, 
metamorphic rock and carbonate rock geology. The geology of the study 
area shows obvious high concentrations of fluoride, which acts as a 
source of fluorine within groundwater in the region. The alluvial plains 
of the Yellow River to the west have experienced seasonal flooding, and 
silt and clay minerals often remaining after a flood contain adsorbed 
fluorine, which has resulted in the accumulation of groundwater 
fluoride. 

3. Materials and methods 

3.1. Data sources 

The hydrochemical data used in the present study were provided by 
the 801 Institute of Hydrogeology and Engineering Geology, Shandong 
Provincial Bureau of Geology and Mineral Resources. A total of 162 
groundwater wells (Fig. 1) located in the southwest plain of Shandong 
were sampled both in the dry season (May, 2017) and wet season 
(September, 2017). During both seasons, water samples were collected 
from the same locations at a consistent depth. Groundwater samples 
were collected from relatively shallow Quaternary pore water, with the 
depths of most wells less than 80 m. GPS was used to identify and record 
the coordinates of each sampling point. Dry and sterilized polyethylene 
plastic bottles with capacities of 5 L were used for collecting and storing 
samples. The plastic bottles were rinsed with groundwater from the 
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sample well 2–3 times prior to taking the sample. After sampling, sam-
ple bottles were sealed and transported under refrigeration to the lab-
oratory for water quality testing as soon as possible. 

Total dissolved solids (TDS) and pH of groundwater were measured 
directly at the sampling site using portable instruments. The main cat-
ions (K+, Na+, Ca2+, Mg2+) and total hardness (TH) were measured by 
inductively coupled plasma-optical emission spectrometer (ICP), the 
ions SO4

2− , Cl− , NO3
− and F− were measured by ion chromatography and 

HCO3- was determined by titration. The ion charge balances of all 
groundwater quality data were calculated and the data were found to be 
credible. 

4. Methods 

Statistical analysis of data were conducted in SPSS software. A binary 
scatter diagram was constructed to analyze the relationships between F−

and the main chemical components so as to identify the factors con-
trolling groundwater fluoride. The AqQA software was used to construct 
Piper diagrams of groundwater chemistry types, and spatial variation of 
fluoride in groundwater was determined by the inverse distance weight 
method in ArcGIS 10.2 software. The saturation index (SI) reflects the 
dissolution or precipitation state of minerals and was calculated using 
the PHREEQC software. Finally, risk of high groundwater fluoride to 
human health in the study area was evaluated based on the health risk 
assessment (HRA) model recommended by the United States Environ-
mental Protection Agency (USEPA) (USEPA, 1989). Furthermore, 
sensitivity analysis was performed based on Monte Carlo simulation. 

4.1. Inverse distance weighting 

Inverse distance weighting (IDW) interpolation is a simple and 
widely used spatial interpolation method which calculates the weight 

for a weighted distance as the distance between the interpolation point 
and the sample point: 

z0 =
∑n

i=1

1
(Di)

pzi
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1
(Di)

p

}− 1
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In Eq. (1) and Eq. (2), z0 represents the estimated value, zi is the 
attribute value of the i-th (i = 1, 2, 3⋅⋅⋅n) sample, p is the power of the 
distance and Di is the distance. 

4.2. Saturation index 

The saturation index (SI) is the logarithm (base 10) of the ratio of 
ionic activity product (IAP) to solubility product constant (K): 

Table 1 
Parameters of health risk assessment model.  

Parameters Values 

Children Adults 

DRf (reference dose of fluoride)/mg⋅kg− 1⋅d− 1 0.06 0.06 
C (concentration of fluoride)/mg⋅L− 1 measured measured 
IR (drinking rate)/L⋅d− 1 1.5 2 
BW (Average weight)/kg 30 65 
AT (life expectancy)/a 365 × ED 365 × ED 
ED (exposure duration)/a 6 30 
EF (exposure frequency)/d⋅a− 1 365 365  

Fig. 1. Map showing the southwest plain region of Shandong Province, China as well as locations of groundwater sampling points.  
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SI = lg
IAP
K

(3) 

In Eq. (3), SI = 0 indicates that the mineral is in a state of dissolution 
equilibrium relative to the aqueous solution, whereas SI > 0 and SI 
< 0 represent the mineral in an oversaturated state (precipitation) and 
unsaturated state (dissolution), respectively. 

4.3. Health risk assessment 

The health risk assessment (HRA) for groundwater quality included 
four steps: (1) hazard identification; (2) dose-effect analysis; (3) expo-
sure assessment and; (4) risk characterization. Fluoride in groundwater 
acts as a toxic but non-carcinogenic substance (Aghapour et al., 2018; 
Liang et al., 2017; Zango et al., 2019). The risk assessment of a toxic 
substance is generally based on the reference dose (Ganyaglo et al., 
2019; Liang et al., 2018; Xu et al., 2019). Therefore, the non-carcinogen 
risk assessment model was used in the present study as: 

HQ =
ICD
DRf

(4) 

In Eq. (4), HQ is the non-carcinogenic risk index, ICD represents the 
average daily exposure dose of a non-carcinogenic substance 
(mg⋅kg− 1⋅d− 1) and DRf represents the reference dose of a non- 
carcinogenic substance (mg⋅kg− 1⋅d− 1). 

The fluoride 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 threshold of non- 
carcinogenic risk HQ is 1 (Adimalla and Qian, 2019; Zhang et al., 
2018). A HQ < 1 indicates that the health risk posed by non- 
carcinogenic substances is within an acceptable level, whereas a 
HQ > 1 indicates that non-carcinogenic health risk is unacceptable, with 

HQ positively related to health risk. 
Fluoride in groundwater mainly enters the human body through the 

consumption of drinking water. The formula for calculating the average 
daily exposure dose ICD is as follows: 

ICD =
C× IR× EF× ED

BW× AT
(5) 

In Eq. (5), C is the measured concentration of fluoride in ground-
water (mg⋅L− 1), IR is the drinking rate (L⋅d− 1), EF is the exposure fre-
quency (d⋅a− 1), ED is the exposure duration (a) and BW and AT are the 
average weights (kg) and life expectancies of residents (a), respectively.  
Table 1 shows the parameters for the groundwater fluoride health risk 
assessment model used in the present study. 

5. Results and discussion 

5.1. Statistical characteristics of groundwater fluoride 

Table 2 is a statistical summary of fluoride content of groundwater in 
the southwest plain of Shandong Province during the dry and wet sea-
sons. The groundwater fluoride concentration during the dry season 
ranged from 0.01 mg⋅L− 1 to 4.68 mg⋅L− 1, with an average of 
1.15 mg⋅L− 1, whereas that over the wet season ranged from 0.04 mg⋅L− 1 

to 4.61 mg⋅L− 1, with an average of 1.08 mg⋅L− 1. Dry season ground-
water fluoride concentrations of 60 groundwater sample (37.04%) 
exceeded the Class III fluoride limit of 1 mg⋅L− 1 in the "Standards for 
drinking water quality" (GB5749–2006) (SDWQ, 2006) and "Standards 
for groundwater quality" (GBT-14848–2017) (SGWQ, 2017) of China. 
whereas 50 groundwater samples (30.86%) exceeded the limit in the 
wet season. In addition, the fluoride concentrations of two groundwater 
samples exceeded 4 mg⋅L− 1 during the dry and wet seasons, respec-
tively. The large coefficient of variation (Table 1) of fluoride content 
indicated that groundwater fluoride is relatively unstable with a large 
spatial variability. 

5.2. Spatial variation of fluoride in groundwater 

GIS is a very effective spatial analysis tool, and is widely used in 
water resource planning, water quality analysis, health risk assessment 
and comprehensive groundwater utilization and management (Jang 
et al., 2016; Liang et al., 2016, 2019). As shown in Fig. 2, ArcGIS 10.2 
software was used to construct a map representing the spatial variation 
of groundwater fluoride in the study area. There were consistent spatial 
variations in groundwater fluoride concentration between the dry and 
wet seasons, with a general trend of gradually increasing fluoride con-
centration from east to west. Groundwater fluoride content in the 

Table 2 
Statistical results of fluoride in groundwater.   

Dry season (n = 162) Wet season (n = 162) 

Maximum 4.68 (mg⋅L− 1) 4.61 (mg⋅L− 1) 
Minimum 0.01 (mg⋅L− 1) 0.04 (mg⋅L− 1) 
Mean 1.15 (mg⋅L− 1) 1.08 (mg⋅L− 1) 
Standard deviation 1.15 1.04 
Coefficient of variation (%) 100 96.40 
0 < F-< 1 (mg⋅L− 1) n = 102 62.96% n = 112 69.14% 
1 < F-< 2 (mg⋅L− 1) n = 26 16.05% n = 18 11.11% 
2 < F-< 3 (mg⋅L− 1) n = 17 10.49% n = 16 9.88% 
3 < F-< 4 (mg⋅L− 1) n = 15 9.26% n = 14 8.64% 
4 < F-< 5 (mg⋅L− 1) n = 2 1.23% n = 2 1.23%  

Fig. 2. Spatial variation of fluoride in groundwater of the southwest plain region of Shandong Province, China: (a) dry season, (b) wet season.  

J. Liu et al.                                                                                                                                                                                                                                       



Ecotoxicology and Environmental Safety 207 (2021) 111512

5

piedmont alluvial plain and alluvial lacustrine plain in the east was less 
than 1 mg⋅L− 1, whereas that in the Yellow River alluvial plain in the 
west was higher than 1 mg⋅L− 1 and that in the southwest was mainly 
between 2 mg⋅L− 1 and 3 mg⋅L− 1. 

5.3. Hydrochemical types of groundwater 

The Piper diagram is a simple, effective and widely used hydro-
chemical classification tool and consists of a diamond and two triangles 
(Gao et al., 2019; Liu et al., 2020; Piper, 1944). The Piper diagram 
identified four hydrochemical types: (1) SO4⋅Cl-Ca⋅Mg (zone 1); (2) 
HCO3-Na (zone 2); (3) HCO3-Ca⋅Mg (zone 3) and; (4) SO4⋅Cl-Na (zone 
4). As shown in Fig. 5, groundwater sample points in the study area were 
mainly located in zones 2 and 3, with the main hydrochemical types 
being SO4⋅Cl-Ca⋅Mg and HCO3-Ca⋅Mg. In addition, changes of F− con-
tent occurred concurrently with change in water chemistry type. Water 
sample points with F− concentrations exceeding 3 mg L− 1 were mainly 
distributed in zones 2 and 4 in which the water chemistry types were 
HCO3-Na and SO4⋅Cl-Na, indicating that fluoride in groundwater of the 
HCO3-Na and SO4⋅Cl-Na water chemistry types was more easily 
enriched. 

5.4. Factors controlling groundwater fluoride 

The analysis of the relationship between F− and the main chemical 
components in groundwater is helpful for achieving a further under-
standing of the sources of groundwater fluoride in a study area (Li et al., 
2020; Narsimha, 2020; Yadav et al., 2019). As shown in Fig. 3a, there 
was a negative correlation between groundwater F− and Ca2+ during 
both the dry and wet seasons, with an R2 = 0.54 and R2 = 0.61, 
respectively, indicating that groundwater Ca2+ in the study area has an 

inhibitory effect on groundwater F− . As groundwater Ca2+ increases, the 
reaction shown in Eq. (6) will proceed to the left, thereby decreasing the 
content of F− . As shown in Fig. 3b, there was a positive correlation be-
tween groundwater F− and groundwater pH in both the dry and wet 
seasons, with an R2 = 0.60 and R2 = 0.60, respectively, indicating that 
an alkaline environment is more conducive to fluoride enrichment in 
groundwater. This phenomenon can be understood through combining 
Eq. (6) and Eq. (7). As groundwater pH increases, more Ca2+ is 
consumed, and the decrease in Ca2+ will push the reaction shown in Eq. 
(6) to the right, resulting in an increase in F− . High concentrations of 
HCO3

− will result in an alkaline groundwater environment. Fluoride- 
containing minerals in the aquifer, such as muscovite, biotite and fluo-
rapatite, exchange F− with OH− [Eq. (8) to Eq. (10)], resulting in an 
increase in groundwater F− . As shown in Fig. 3c, there was a positive 
correlation between F− and HCO3

− in groundwater. As shown in Eq. (11) 
and Eq. (12), an increase in HCO3

− content increases the pH of ground-
water, and this increase in groundwater pH resulted in an increase in 
groundwater F− (Fig. 3b). In addition, precipitation of calcite can 
explain the positive correlation between F− and HCO3

− in groundwater 
(Eq. 13) 

CaF2 ↔Ca2++2F− (6)  

Ca(OH)2 ↔Ca2++OH− (7)  

Biotite : KMg3(AlSi3O10)F2+2OH− →KMg3(AlSi3O10)(OH)2+2F− (8)  

Muscovite : KAl2(AlSi3O10)F2+2OH− →KAl2(AlSi3O10)(OH)2+2F− (9)  

Fluorapatite : Ca5(PO4)3F+ OH− →Ca5(PO4)3(OH) + F− (10)  

H2CO3 ↔H++HCO3
− (11) 

Fig. 3. Piper trilinear diagram of groundwater of the southwest plain region of Shandong Province, China.  
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H2O↔H++OH− (12)  

CaF2 + 2HCO3
− →CaCO3+2F− +H2O+ CO2 (13) 

As shown in Fig. 3d, there was a positive correlation between Na+

and F− in groundwater during both the dry and wet seasons, with an R2 

= 0.38 and an R2 = 0.46, respectively. The main sources of groundwater 
Na+ are the weathering of silicates such as albite and the dissolution of 
evaporites such as halite, as well as the cation exchange process. Since 
the weathering of sodium silicate minerals and dissolution of evaporite 
are not directly related to groundwater F− , the positive correlation be-
tween Na+ and F− may be due to cation exchange. The relationship 
between Na++K+-Cl− and HCO3

− +SO4
2− -Ca2+-Mg2+ is widely used to 

determine the cation exchange process in the groundwater system (Liu 
et al., 2019), with a ratio of the two close to 1 indicating that the cation 
exchange process has an important influence on the chemical charac-
teristics of groundwater (Li et al., 2016; Yang et al., 2016). 

As shown in Fig. 4, the water sample points were mainly distributed 
along the 1:1 line, indicating that cation exchange is an important 
hydrogeochemical reaction occurring in the groundwater system of the 
study area. The chlor-alkali index (CAI) can be used to further determine 

the existence of either direct cation exchange (Eq. 14) or reverse cation 
exchange (Eq. 15) (Li et al., 2018; Wu et al., 2018). Eq. (16) and Eq. (17) 
show the formulae for calculating the CAI (unit: meq L− 1). A CAI < 0 
and CAI > 0 represent the presence of direct and reverse cation ex-
change, respectively, in which groundwater Ca2+ is exchanged with 
groundwater Na+ in the aquifer, and vice versa, respectively. As shown 
in Fig. 4, the majority of water sample points were concentrated in the 
area of CAI < 0 (greater than 0 in Fig. 4), indicating that groundwater 
Ca2+ replaces groundwater Na+, resulting in an increase and decrease in 
Na+ and Ca2+, respectively. A decrease in Ca2+ promoted the reactions 
shown in Eq. (6), thereby increasing groundwater F− and explaining the 
positive correlation between Na+ and F− in groundwater. Previous 
studies have not noted the effect of cation exchange on groundwater 
fluorine content (Liu et al., 2018; Lu et al., 2014; Wan et al., 2013; Xu 
et al., 2020). In addition, the analysis of the correlation between F− and 
other chemical groundwater components explained the high fluoride 
content in sodium-type and bicarbonate-type groundwater from the 
perspective of water-rock interaction. 

Directly cation exchange : 2NaX+ Ca2+→2Na+ +CaX2 (14)  

Fig. 4. Relationship between fluoride and the main chemical components of groundwater of the southwest plain region of Shandong Province, China.  
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Reverse cation exchange : CaX2 +Na+→Ca2+ + 2NaX (15)  

CAI − 1 =
C1− − (Na+ + K+)

C1−
(16)  

CAI − 2 =
C1− (Na+ + K+)

SO2−
4 HCO−

3 + CO2−
3 + NO−

3
(17) 

SIFluorite over the dry season ranged from − 3.33 to − 0.12, with an 
average of − 1.64, whereas that over the wet season range from − 3.81 to 
− 0.06, with an average of − 1.64. The SI values of fluorite for all water 
samples were below 0, indicating that fluorite in the study area exists in 
an unsaturated state and has a tendency to continue to dissolve. The 
calculated SICalcite, SIDolomite and SIGypsum during the dry season ranged 
from − 0.06–1.57, − 1.86–2.78 and − 0.60 to − 0.41, with averages of 
0.48, 0.95 and 1.87, respectively, whereas that during the wet season 
ranged from 0.03 to 1.27, − 0.012–3.14 and − 3.13 to − 0.60, with av-
erages of 0.68, 1.40 and 1.83, respectively. In addition, the SICalcite and 
SIDolomite values of the majority of water samples exceeded 0, whereas 
the SIGypsum values of the majority of samples were below 0. As shown in  
Fig. 6a, groundwater F− concentrations during the dry and wet seasons 
increased with increasing SIFluorite, indicating that the dissolution of 
fluorite affects groundwater F− content. In addition, Fig. 6b and Fig. 6c 
show that the majority of water samples were located in the lower right- 
hand corner representing unsaturated and saturated fluorite and calcite, 
respectively, indicating that high groundwater F− is due to the over-
saturation of calcite or unsaturation of fluorite. The precipitation of 
calcite resulted in a decrease in the concentration of Ca2+ and an in-
crease in dissolved CaF2. Fig. 6d shows that the majority of samples fell 
within the zone representing unsaturated and saturated fluorite and 
gypsum, respectively, suggesting that dissolution of gypsum may result 
in a reduction in groundwater fluoride concentration. Overall, the high 
fluoride characteristics of groundwater in the study area were shown to 
be affected by the balance of mineral dissolution and precipitation. 

5.5. Assessment of the risk of groundwater fluoride to human health 

The calculated HRA of fluoride intake through drinking water indi-
cated that the HQ of children during the dry season ranged from 0.01 to 
3.34, with an average of 0.82. Among the water samples, 51 (31.48%) 

had an HQ exceeding 1. The calculated HQ for adults ranged from 0.01 
to 2.40, with an average of 0.59, with 21.60% of water samples with an 
HQ exceeding 1. During the wet season, the calculated HQ for children 
ranged from 0.03 to 3.29, with an average value of 0.77, with 27.16% of 
water samples having an HQ exceeding 1. The calculated HQ for adults 
ranged from 0.02 to 2.36, with an average of 0.55, and 32 (19.75%) of 
water samples showing an HQ exceeding 1. The calculated non- 
carcinogenic HQs for children exceeded those of adults, indicating 
that high groundwater fluoride concentrations pose a higher health risk 
to children as compared to that to adults. The average dry season HQs 
for children over the dry and wet seasons exceeded those of adults by 
factors of 1.39 and 1.4, respectively. In addition, the average dry season 
HQ exceeded that of the wet season, which could be attributed to higher 
precipitation during the wet season having a dilution effect on the 
chemical composition of groundwater. 

Fig. 7 shows the spatial distribution of HQ for groundwater fluoride 
in the study area. Consistent with the spatial distribution of groundwater 
fluoride concentration, the HQ of the Yellow River alluvial plain 
exceeded 1, indicating that the risk posed by groundwater fluoride to 
human health in this region is within an unacceptable range. In contrast, 
the HQ of the eastern part of the study area was below 1, indicating an 
acceptable groundwater fluoride risk to human health in this region. In 
addition, in the areas to the east of the city of Heze and within the 
counties of Dongming, Dingtao and Chengwu, the HQ of children 
exceeded 2, indicating that the risks posed by groundwater fluoride to 
human health in these regions were at dangerous levels. 

It is recommended that measures to manage high groundwater 
fluoride in the study area should be given priority to minimize risks to 
human health. These measures could include the standardization of 
water treatment facilities. In addition, the strengthening of groundwater 
quality monitoring and conducting assessments of groundwater quality, 
pollution risk and health risk could provide a scientific reference for 
regional management of groundwater safety. Furthermore, the promo-
tion of public awareness of the impact of water quality on human health 
could help to reduce the potential risks of high groundwater fluoride to 
the health of the population in the region. 

5.6. Study limitations and sensitivity analysis 

Domestic water use exposes people to many different factors that 
could potentially impact human health (Adimalla and Qian, 2019; Chen 
et al., 2016). In addition, there are many other sources of human fluo-
ride intake besides drinking water, which may result in the underesti-
mation of the risk posed by high groundwater fluoride to human health. 
Therefore, it should be noted that the present study may have under-
estimated the risk posed by high groundwater fluoride to human health 
in the study area. Furthermore, while the present study adopted the 
USEPA HRA model for assessing risks of high groundwater fluoride to 
human health, it should be considered that the lifestyles and habits of 
Chinese residents differ from those of people living in the West. There-
fore, errors within the parameters selected for the health risk assessment 
can be expected, resulting in a certain uncertainty between calculated 
health risk and the actual situation. 

Health risk assessment is usually accompanied by high uncertainty 
(Ganyaglo et al., 2019). Monte Carlo simulation is an effective method 
to characterize the randomness and uncertainty in risk assessment. In 
this study, Crystal Ball software was used for the Monte Carlo simulation 
and sensitivity analysis to determine the variables contributing to the 
risk assessment. The correlation coefficients of fluoride concentration 
were more than 0.85 and 0.80 for children and adults, respectively. The 
sensitivity analysis result showed that fluoride concentration was the 
most influential variable in the risk estimate. 

6. Conclusions 

Fluoride is widely distributed in the natural environment and is 

Fig. 5. Relationship between Na++K+-Cl− and HCO3
− +SO4

2− -Ca2+-Mg2+of 
groundwater of the southwest plain region of Shandong Province, China. 
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closely related to human health. The present study used 324 ground-
water samples collected from the southwest plain of Shandong Province, 
China during the dry and wet seasons to analyze groundwater fluoride 
characteristics and influencing factors, as well as the possible risks of 
high groundwater fluoride to human health. The main conclusions of the 
present study are listed below.  

(1) Groundwater of the southwest plain of Shandong Province is 
characterized by a high fluoride content, with an average dry and 
wet season concentrations of 1.15 mg⋅L− 1 and 1.08 mg⋅L− 1, 
respectively. The dry and wet seasons show consistent spatial 
distributions of groundwater fluoride, with obvious zoning 
showing lower groundwater fluoride in the east piedmont alluvial 
plain and alluvial lacustrine plain than that in the west Yellow 
River alluvial plain.  

(2) Groundwater F− shows a significantly negative correlation with 
Ca2+ and positive correlations with pH, HCO3

− and Na+. The 
balance of dissolution and precipitation of fluorite and calcite, 
the weakly alkaline environment and cation exchange are 

important factors affecting high groundwater F− in the study 
area. In addition, the main hydrochemical types of groundwater 
in the study area are HCO3-Na and SO4⋅Cl-Na.  

(3) The assessment of the risk of high groundwater fluoride to human 
health in the study area indicated that the intake of fluoride in 
groundwater through drinking water poses a non-carcinogenic 
risk to the health of children that is significantly higher than 
that of adults. The risk of high groundwater fluoride to human 
health is higher in the Yellow River alluvial plain in the western 
part of the study area than in that in the eastern part of the study 
area. In addition, the risk posed by high groundwater fluoride to 
human health is higher during the dry season than during the wet 
season.  

(4) Fluoride concentration is the most influential variable in the risk 
assessment. Management of high fluoride in groundwater in the 
study area should be prioritized to manage the risk to human 
health. In addition, public awareness of the risk posed by high 
groundwater fluoride to human health should be strengthened. 

Fig. 6. Plots of (a) F− versus saturation index (SI)Fluorite, (b) SICalcite versus SIFluorite, (c) SIDolomite versus SIFluorite and SIGypsum versus SIFluorite of groundwater of the 
southwest plain region of Shandong Province, China. 
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