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A B S T R A C T   

Although groundwater is the primary drinking water source in northern of China, little is known about gener-
ation mechanisms and related health risks of high fluoride groundwater at the geomorphic transition zones. 
Thus, 419 groundwater samples were collected from Zhangjiakou region, where is a typically geomorphic 
transition zone of the North China Plain and the Inner Mongolia Plateau, to conduct the hydrochemical analysis, 
geochemical modeling, multivariate statistical analysis, and health risks assessment. From the results, F− con-
centration in groundwater had a range of 0.05–9.71 mg L− 1. About 37.1% and 26.2% of groundwater samples 
from Bashang region (BSR) and Baxia region (BXR), respectively, were over the 1.50 mg L− 1, which were mainly 
distributed in the groundwater flow retardation area and/or evaporation discharge area. Thermodynamic sim-
ulations demonstrated that F-bearing minerals dissolution and Ca2+/Mg2+ removal via calcite/dolomite pre-
cipitation primarily governed high-F- groundwater formation in the whole study area. Competitive adsorption, 
evaporation, evaporites dissolution and salt-effect also affected F− enrichment in BSR. Desorption in alkaline 
environment, ion exchange and human activities played a vital role in F− enrichment at BXR. The multivariate 
statistical analysis revealed that the origin of F− contamination was geogenic in BSR; whereas, it was geogenic 
and anthropogenic in BXR. Besides, more than 71.8%, 51.0%, 36.1% and 25.5% of the study area exceeded the 
acceptable level (health index>1) for infants, children, adult males, and females, respectively. The health risks 
for different groups of people varied significantly and ranked: infants > children > males > females, suggesting 
that younger people were more susceptible to fluoride contamination. Meanwhile, females were more resistant to 
fluoride contamination than males. These findings are vital to providing insights on high-F- groundwater for-
mation, investigate the situation of health risks, and conduct the integrated management for high fluoride 
groundwater in geomorphic transition zones at northern China.   

1. Introduction 

Groundwater accounts for 98% of accessible freshwater and serves as 
major source of drinking water for over two billion people in the world, 
especially in arid and semi-arid areas (Famiglietti, 2014; Hu et al., 
2019). However, the enrichment of the specific elements, which caused 
by geogenic processes and anthropogenic activities, have threatened the 
water quality, as well as been hazardous to human health (Kumar et al., 
2018; Li et al., 2018). Fluoride is one of the most popular inorganic 
contaminants in worldwide drinking groundwater (Ayoob and Gupta, 
2006; Sunkari and Abu, 2019). Long-term intake of high-F- 

contaminated groundwater can result in dental and skeletal fluorosis (e. 
g., bone deformities and dental fluorosis) (Mukherjee and Singh, 2022; 
Sunkari et al., 2021a). More than 260 million people from 25 countries 
are under the hazards of F− contamination by using groundwater as 
drinking water (Hossain and Patra, 2020), such as India (Kumar et al., 
2020; Rao et al., 2021), Pakistan (Parvaiz et al., 2021; Rashid et al., 
2020). China (Li et al., 2020; Xiao et al., 2022), Iran (Yousefi et al., 
2018), Argentina (Zabala et al., 2016), South Africa (Elumalai et al., 
2019), and United States (McMahon et al., 2020). According to the 
statistical data, more than 41 million people are under the fluoride 
threat in China (Ministry of Health of China, 2010). WHO has 
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recommended the guideline value of 1.5 mg L− 1 for F− in groundwater 
(WHO, 2011). In China, the maximum contaminant levels of F− are 1.0 
mg L− 1 in both standard for drinking water quality (GB/T5749-2006) 
and standard for groundwater quality (GB/T14848-2017). 

Generally, the geogenic sources of fluoride in groundwater are 
diverse and complex, which are mostly associated with the mineralog-
ical composition of the underlying bedrocks, including magmatic and 
metamorphic rocks and to a lesser extent in the sedimentary deposits 
(Berger et al., 2016; Liu et al., 2017; Sunkari et al., 2021b; Zango et al., 
2019). High-F- groundwater is mainly contributed by the dissolution of 
F-bearing minerals such as fluorite (CaF2), fluorapatite (Ca5(PO4)3F), 
biotite (K(Mg,Fe)3AlSi3O10(OH,F)2), topaz (Al2(SiO4)F2), sellaite 
(MgF2), muscovite (KAl2(AlSi3O10) (OH,F)2), hornblende ((Ca,Na)2(Mg, 
Fe,Al)5(Al,Si)8O22(OH)2) and quartzite in the bed rocks (Brahman et al., 
2013; Feng et al., 2012; Kalpana et al., 2019). The hydrochemical pro-
cesses of controlling the formation and mobilization of high-F- ground-
water have been studied in the previous studies (Kumar et al., 2006; Li 
et al., 2018; Su et al., 2021a; Wang et al., 2009; Wu et al., 2018). The 
main natural processes/factors leading to fluoride enrichment in 
groundwater include water-rick interaction reactions in regions of 
magmatic and metamorphic rocks (Edmunds and Smedley, 2013), 
adsorption-desorption processes (Ma et al., 2017), ion exchange (Deh-
bandi et al., 2018), mixing with geothermal fluids in volcanic regions 
(Wu et al., 2015) and evapotranspiration (Li et al., 2015). Other factors, 
such as pH, temperature, salinity, depth of aquifers, and groundwater 
residence time can affect the occurrence and enrichment of F− in 
groundwater (Ozsvath, 2006). In arid and semi-arid areas, evaporation 
rate, calcite precipitation, and mixing also promote the fluoride 
enrichment in aquifers (Currell et al., 2011; Wang et al., 2019). Addi-
tionally, anthropogenic inputs can also aggravate F− contamination in 
groundwater via precipitation, agricultural irrigation, industrial waste 
residues leakage, as well as surface water infiltration (Teng et al., 2018). 

Zhangjiakou region is located in the northwest of Hebei Province, 
northern China, which is the transition zone of North China Plain (NCP) 
and Inner Mongolia Plateau (IMP), making its topographical particu-
larities special (Wang et al., 2021a). Groundwater is the major source of 
drinking water supply in this area, especially in places with scarce sur-
face water resources (Wang et al., 2012). According to the previous 
study, fluoride concentration in groundwater of Zhangjiakou region can 
be more than 2 mg L− 1. The investigation of endemic fluorosis in this 
area was first conducted in 1990s, and the results demonstrated that 
approximately 197,000 and 9900 residents suffered from dental fluo-
rosis and skeletal fluorosis, respectively (Jiang et al., 2020). However, 
there are little researches relating to high-F- groundwater formation 
mechanisms in this area. Zhangjiakou region is the upstream of the 
Guanting reservoir basin, which plays an important role in water con-
servation and ecological environment supporting its downstream areas 
which belong to Beijing-Tianjin-Hebei Urban Agglomeration. Under-
standing the high-F- groundwater formation mechanisms and related 
risks to human health in Zhangjiakou region is vital to accelerating the 
development of Jing-Jin-Ji ecological coordination circle. 

Thus, this study aims to: (1) identify the diversity of major hydro-
geochemical processes and high-F- groundwater occurrence in the study 
area; (2) uncover the formation mechanisms of fluoride-enriched 
groundwater in the transition zone of NCP and IMP; and (3) evaluate 
human health risks of consuming F− contaminated GW. The findings are 
helpful to policymakers in designing targeted defluorination and water 
improvement strategies at the administrative district spanning two 
different geomorphic units. 

2. Materials and methods 

2.1. Study area 

Zhangjiakou region is situated at the junction of the NCP and IMP, at 
39◦30′-42◦10′ N, 113◦50′-116◦30′ E, containing 13 counties and 4 

districts and covering an area of approximately 36,860 km2 (Fig. 1). It is 
a typical semi-arid area with the average annual precipitation of 
330–400 mm, and the average annual evaporation is around 1713 mm. 
The overall terrain decreases in altitude from northwest to southeast, 
which is surrounded by mountains, plateaus and basins, resulting in the 
two neighboring sites belonging to two different geomorphic units: (1) 
Bashang region (BSR), located in northern of Zhangjiakou region, be-
longs to IMP with an elevation of 1250–2293 m; (2) Baxia region (BXR), 
located at central and southern of Zhangjiakou region, belongs to the 
intermediate zone between IMP and NCP with an elevation of 470–1740 
m. 

Inland River (11,656 km2 basin area) and Luan River (926 km2 basin 
area) are two major surface water systems in BSR. More than 70 inflow 
lakes are located all over BSR. Yongding River (17,952 km2 basin area), 
Chaobai River (5611 km2 basin area) and Daqing River (433 km2 basin 
area) are three major surface water systems in BXR. Precipitation is the 
major recharge source for groundwater in the study area; the middle and 
lower reaches of the rivers, such as Chaobai River and Yongding River, 
can also be the recharge source for groundwater through infiltration 
processes. The rivers and inflow lakes are the major discharge areas for 
overland flow and groundwater. 

2.2. Geology and hydrogeology 

The geologic units are almost complete from Archean to Cenozoic 
strata except for the Miocene strata in the study area (Fig. 1). The 
Quaternary loose sediments, which consist of clay, silt, fine sand, coarse 
sand, and gravel, are widely distributed in the undulating plateau, lake- 
mire (BSR), intermontane basins and alluvial-pluvial fan (BXR) (Zhang 
et al., 2020). Proterozoic metamorphic rock (e.g., gneiss), Archean 
dolomite and Cretaceous sandstone are also well developed in BSR and 
BXR (Fig. 1). For BSR, Paleogene basalts are mainly distributed in the 
midwestern of Zhangbei County, which has developed a formation of 
basalt platform. For BXR, Ordovician limestone and Cambrian limestone 
outcrop in the south of Yuxian and Yangyuan County. Depending on the 
bedrock types, pore types and development of aquifer materials, 
groundwater in the study area can be classified into four types: (i) loose 
rock pore water; (ii) bedrock fissure water; (iii) carbonate rock 
fissure-karst water and (iv) clastic rock fissure-pore water (Table S1). 

For BSR, groundwater generally flows from the south to the north 
(Fig. 1). The pore water in unconsolidated sediments is widely distrib-
uted in the undulating high plains and hilly gullies. The aquifer mate-
rials consist of sand gravel and cobble, and the average hydraulic 
conductivity of unconfined aquifers is 19.11 m d− 1. The bedrock fissure 
water is distributed in lava platforms and hilly areas, where the aquifer 
mediums are complicated and variable. The clastic rock fissure-pore 
water is distributed in southwestern of Kangbao County, Shangyi 
County, Zhangbei County and southern of Guyuan County. Aquifer 
materials mainly consist of sandstone and granite (Jiang et al., 2022). 
Please find the details in Table S2. For BXR, the groundwater in BXR 
generally flows from the northwest to the southeast (Fig. 1), which flows 
into center of the basins or the rivers in the middle of the basins. The 
pore water in unconsolidated sediments is widely distributed in the 
alluvial-pluvial fan, river alluvial plain of the intermontane basin, and 
intermontane valleys. The Quaternary sediments, which consist of fine 
sand, medium-coarse sand, coarse sand, and gravel, are widely distrib-
uted throughout this area. The average hydraulic conductivity of un-
confined aquifers is 31.50 m d− 1. Besides, carbonate rock karst water, 
bedrock fissure water and clastic rock fissure-pore water are all also 
developed and dispersedly distributed. Please find the details in 
Table S3. 

2.3. Sampling and analysis 

In total, 419 unconfined groundwater samples were collected from 
the study area with the sampling depths ranging from 30 m to 70 m 
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(Fig. 1). Sampling wells were pumped for 10 min at least in order to 
eliminate the influence of stagnant water before collecting fresh 
groundwater samples. Water samples for laboratory analysis were 
filtered and collected through 0.45 μm membranes in 300 mL clean and 
pre-conditioned polypropylene bottles: the samples for cation analysis 
were acidified by adding reagent-quality HNO3 to pH < 2; the samples 
for anion analysis were collected directly after filtering. The blank 
samples were also collected once per day. All the samples were stored in 
darkness at 4 ◦C before analysis. According to WHO recommended 
guideline values (1.50 mg L-1), safe limits (1.00 mg L− 1) in the drinking 
water quality standard (GB/T5749-2006) in China, F− concentration 
ranges were divided into three groups in this paper: (1) low-F- ([F]<
1.00 mg L− 1); (2) moderate-F- (1.00 ≤[F]≤1.50 mg L− 1); and (3) high-F- 

([F]> 1.50 mg L− 1). 
Within one week after sampling, the samples were sent to Hebei 

Water Environment Monitoring and Experiment Center for analysis. The 
alkalinity was measured by the Gran titration method on the day of 
sampling. SO4

2− , Cl− , F− and NO3
− were measured by ion chromatog-

raphy (IC) (CIC-D160, ShengHan, Qingdao, Shandong, China). Na+, and 
K+ were measured by atomic absorption spectrophotometer (AAS) (PE- 
PinAAcle 900T, PerkinElmer, Shelton, CT, USA), and SiO2, Ca2+, and 
Mg2+ were measured by Inductively Coupled Plasma Optical Emission 
Spectrometer (ICP-OES) (PE Avio 500, PerkinElmer, Shelton, CT, USA). 
HCO3

− and total hardness were measured by titration following the 
relative standard methods DZ/T 0064.49-1993 and GB/T5750.4- 
2006.7.1, respectively. The specific information for measurement 
methods and detection limit is shown in Table S4. 

2.4. Quality control (QC) and quality assurance (QA) 

The quality assurance and quality control (QA/QC) of the ion de-
terminations were conducted according to the national standard (Min-
istry of Ecological and Environment, 2020). During the analysis, 
analytical precision was assessed using three replicate samples for water 
and the average value was included in the results. The ionic charge 
balance error (ICBE) was calculated to identify precision and accuracy 
with the method of Matthess (1982) (Eq. (1)): 

ICBE=

∑
C −

∑
A

∑
C +

∑
A
× 100% (1)  

where ICBE indicates the ionic charge balance error; ΣC and ΣA denote 
to the value of all cations and all anions, respectively (meq L− 1). To 
guarantee the accurate analysis, the values of ICBE should not exceed 
±5% (Singhal and Gupta, 2010), whereas values greater than ±10% are 
unacceptable. In this study, the ICBE values were all within ±5% 
(Table S5), which means that the quality of the groundwater data was 
found to be correct (Rashid et al., 2020). 

2.5. Data analysis 

Spearman correlation analysis was used to identify the inter-ion re-
lationships. Hydrochemical diagrams, Gibbs diagrams, and bivariate 
analysis were applied to evaluate the geochemical processes for occur-
rence and enrichment of fluoride in groundwater. The spatial distribu-

Fig. 1. Illustration of Zhangjiekou region and the spatial distribution of sampling sites. The areas where above the red line are BSR; below the red line are BXR. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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tion maps of fluoride in groundwater and total hazard index in the study 
area were generated by ArcGIS 10.4 through inverse distance weight 
(IDW) interpolation method. IDW is a conventional and widely used 
interpolation method, which calculates the weight for a weighted dis-
tance as the distance between the interpolation point and the sample 
point (Liu et al., 2021). The scatterplots of (HCO3

− + SO4
2--Ca2+-Mg2+) 

VS. (Cl− -Na+-K+) and chloro-alkaline indices (CAI-1 and CAI-2) were 
used to illustrate the impacts of cation exchange on F− enrichment 
(Schoeller, 1977; Zabala et al., 2015). If cation exchange is vital to 
affecting the ionic composition of groundwater, there will be a linear 
relationship between (HCO3

− + SO4
2--Ca2+-Mg2+) and (Cl− -Na+-K+) with 

a slope of − 1 (Su et al., 2019). If CAI-1 and CAI-2 are negative, the ion 
exchange will occur between the dissolved Na+ and K+ in the ground-
water and the adsorbed Mg2+ and Ca2+ in the sediments, conversely, the 
exchange will occur in the reverse order (Li et al., 2015). The CAI-1 and 
CAI-2 are calculated via the following equations (Eqs. (2) and (3)). 

CAI − 1= [Cl− − (Na++K+)]/Cl− (2)  

CAI − 2= [Cl− − (Na++K+)]/(SO2−
4 +HCO−

3 +Cl− +NO−
3 ) (3)  

2.6. Multivariate statistical analysis and geochemical modeling 

The raw datasets were transformed by centered log-ratio (CLR), 
which the details were shown in Sunkari et al. (2020). After the CLR 
transformation, R-mode factor analysis (FA), which was extracted by 
principal component analysis (PCA) method, was applied to the log- 
transformed data to determine their inherent latent characteristics (Su 
et al., 2021a; Sunkari et al., 2020). In total, 16 hydrogeochemical pa-
rameters, including pH, TH, TDS, alkalinity, salinity, EC, K+, Na+, Ca2+, 
Mg2+, HCO3

− , Cl− , SO4
2− , F− , NO3

− , and SiO2 (Table S6 and S7), were 
extracted based on eigenvalues greater than 1. Meanwhile, the varimax 
rotation was used to optimize these principal components (PCs). The FA 
and PCA were performed by SPSS 23.0. 

PHREEQC 3.0 was applied to evaluate the mineral saturation phases 
with saturation index (SI) calculation (Parkhurst and Appelo, 2013). The 
llnl. dat database was chosen for the SI calculation of fluorite, gypsum, 
calcite, dolomite, and halite. Meanwhile, the newest BASIC scripts li-
brary of reaction rates for geochemical modeling, including the updated 
PHASES document and RATES blocks, was also used in this study (Zhang 
et al., 2019a). The negative value of SI represented that groundwater 
was under-saturated with respect to the mineral and vice versa. 

2.7. Human health risk assessment 

In this study, the non-carcinogenic risk for human health was 
assessed by the human health risk assessment (HHRA) model proposed 
by USEPA (USEPA, 2002). The health risks of drinking water con-
sumption and dermal contact pathways were evaluated separately for 
infants, children, and adults (males and females). Exposure assessment 
of oral contact pathways is calculated by doses received through 
drinking water intake. The daily intake through oral (EDIoral, mg kg− 1 

day− 1) and hazard quotient from the oral pathway (HQoral) (Wu et al., 
2020) are calculated by: 

EDIoral =
Cw × IR × EF × ED

ABW × AET
(4)  

HQoral =
EDIoral

RfDoral
(5)  

where Cw (mg L− 1) denotes the average concentration in groundwater; 
IR (L day− 1) is the human ingestion rate of water; EF (day year− 1) is the 
exposure frequency; ED (year) is the average exposure duration; ABW 
(kg) is the average body weight, and AET (365 × ED, day) is the average 
exposure time; RfDoral is the reference dose of fluoride by drinking water 
(mg kg− 1 day− 1). 

Exposure assessment of dermal contact is expressed by estimated 
daily intake through dermal (EDIdermal, mg kg− 1 day− 1) and hazard 
quotient from the dermal pathway (HQdermal) with the following for-
mulas (Eqs. (6)–(8)): 

EDIdermal =
Cw × Ki × SA × T × EF × ED × EV × CF

ABW × AET
(6)  

RfDdermal =
RfDoral

ABSgi
(7)  

HQoral =
EDIoral

RfDoral
(8)  

where Ki is the dermal adsorption parameters (cm h− 1); SA is the skin 
surface area for contact (cm2); T is the contact time (h day− 1); EV is the 
bathing frequency (times day− 1); CF is the conversion factor; ABSgi is the 
gastrointestinal absorption factor (ABSgi = 0.5 in this study). RfDdermal is 
the reference dose of fluoride by dermal intake (mg kg− 1 day− 1). The 
oral intake reference dose of F− is 0.06 mg kg− 1 day− 1, and the dermal 
intake reference dose of F− is 0.03 mg kg− 1 day− 1 (USEPA, 2002). The 
details of the parameters used in this study are given in Table S8. 

The total hazard index (HI) is the summation of HQoral and HQdermal, 
which is used to estimate the final health risk of F− contamination. HI >
1 represents that groundwater is safe to consume, and HI < 1 represents 
adverse health effects by water consumption (USEPA, 2002). The HI 
values for the fluoride health risk assessment are calculated by (Eq. (9)): 

HI =HQoral + HQdermal (9)  

3. Results 

3.1. General geochemistry of groundwater 

As shown in Table S5, the pH of groundwater was 5.68–9.23 with the 
average of 7.64 in BSR, 6.98–9.31 with the average of 7.86 in BXR, 
respectively. For BSR, the TDS ranged from 159.93 to 6802.79 mg L− 1 

(average 968.22 mg L− 1). The cations were in an order of Na+

(8.70–1727.90 mg L− 1, average 165.05 mg L− 1)> Ca2+ (7.11–374.12 
mg L− 1, average 90.62 mg L− 1)> Mg2+ (3.99–550.97 mg L− 1, average 
56.35 mg L− 1)> K+ (0.01–106.50 mg L− 1, average 4.31 mg L− 1); the 
dominant anions were in an order of HCO3

− (78.93–1848.82 mg L− 1, 
average 355.51 mg L− 1)> Cl− (5.67–1629.87 mg L− 1, average 202.13 
mg L− 1)> SO4

2− (4.30–1088.80 mg L− 1, average 131.77 mg L− 1)> NO3
−

(0.03–1466.80 mg L− 1, average 128.44 mg L− 1). Moreover, F− con-
centration in groundwater had a range of 0.05–7.79 mg L− 1 (average: 
1.35 mg L− 1), and 37.1% of the groundwater samples were higher than 
1.50 mg L− 1. Compared to groundwater chemistry of BSR, the range of 
ionic concentrations, TDS and other parameters were less in BXR 
(Table S5). For BXR, the TDS ranged from 89.87 to 2660.60 mg L− 1 

(average 476.54 mg L− 1). The cations were in an order of Na+

(2.30–675.70 mg L− 1, average 80.31 mg L− 1)> Ca2+ (8.02–272.54 mg 
L− 1, average 53.06 mg L− 1)> Mg2+ (1.23–232.28 mg L− 1, average 
31.66 mg L− 1)> K+ (0.50–36.10 mg L− 1, average 2.65 mg L− 1); the 
dominant anions were in an order of HCO3

− (52.44–1061.70 mg L− 1, 
average 304.10 mg L− 1)> SO4

2− (3.20–640.00 mg L− 1, average 79.98 
mg L− 1)> Cl− (2.84–1323.11 mg L− 1, average 56.09 mg L− 1)> NO3

−

(0.03–165.30 mg L− 1, average 26.17 mg L− 1). Besides, F− concentration 
in groundwater had a range of 0.05–9.71 mg L− 1 (average: 1.20 mg L− 1), 
and 26.2% of the groundwater samples were higher than 1.50 mg L− 1. 

According to the Gibbs diagrams (Gibbs, 1970), most samples in BSR 
and BXR were within the rock-weathering dominance zone, demon-
strating rock weathering was the dominant mechanism for governing 
groundwater chemistry (Fig. S1). Besides, some high-F- groundwater 
samples in both BSR and BXR fell within the evaporation-crystallization 
zone (Fig. S1a and c), signifying that evaporation-crystallization might 
also affect groundwater chemistry. As shown in Fig. S2, most samples 
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from BSR and BXR fell in or near the silicate dominant area and 
carbonate-silicate weathering line. Some samples, particularly the 
samples with high-F- concentration, fell in or near the evaporates 
dominant area. Moreover, the numbers of the samples falling in or near 
evaporates dominant area from BSR were more than those from BXR 
(Fig. S2). 

According to Fig. S3, most samples from BSR presented a good cor-
relation with halite dissolution by plotting around 1:1 line (Fig. S3e), 
conversely, most samples from BXR were above the 1:1 line (Fig. S3f). 
According to Spearman correlation analysis, the correlation between F−

and Na+ (ρ = 0.48, p ≤ 0.05) and SO4
2− (ρ = 0.32, p ≤ 0.05) have proved 

contribution of evaporites dissolution and salt-effect to high-F- 

groundwater chemistry in BSR (Fig. S4). In addition, the competitive 
adsorption also affected the groundwater geochemistry in the study 
area. A slight tendency of positive relationship existed between F− and 
HCO3

− (R2 = 0.39) in the BSR (Fig. S5), however, for BXR, the changes of 
F− were irregular with increasing concentration of HCO3

− (R2 = 0.03) 
(Fig. S6). 

3.2. Hydrochemical facies 

According to the piper diagram (Piper, 1944) (Fig. 2), HCO3–Ca, 
HCO3–Na, HCO3–Mg and were the dominating groundwater types, 
which accounted for 45.4%, 27.2% and 12.9% of the groundwater 
samples, respectively, in the study area. Concretely, for BSR, F− con-
centration was generally less than 1 mg L− 1, and about 21.0% of BSR 
groundwater samples were HCO3–Ca type with F− concentration 
exceeding 1 and 1.5 mg L− 1, which located in the north of Guyuan 
County and Kangbao County (Fig. 3). In addition, F− concentrations in 

HCO3–Na type groundwater and HCO3–Mg type groundwater were 
0.30–2.87 mg L− 1 and 0.43–4.45 mg L− 1, respectively. For BXR, 36.5% 
of groundwater samples were HCO3–Ca type with F− concentration less 
than 1 mg L− 1; only 8.6% of the samples were HCO3–Ca type with F−

concentration exceeding 1 mg L− 1 and even 1.5 mg L− 1, which mainly 
locating at Zhuolu County (Fig. 3). F− concentrations in HCO3–Na type 
groundwater and HCO3–Mg type groundwater were 0.56–5.92 mg L− 1 

and 0.20–2.38 mg L− 1 in BXR, respectively. 

3.3. Distribution of fluoride in groundwater 

The spatial distribution of F− was shown in the Fig. 4. Overall, the 
low F− area took up 56.6% of the whole study area, meanwhile, the 
moderate- and high-F- areas in BSR were larger than those in BXR. For 
BSR, the moderate- and high-F- region took up 25.8% and 29.8% of the 
area, respectively. Specifically, moderate- and high-F- areas were mainly 
found in the hilly areas dominated by high-F bearing magmatic rocks 
(Kangbao County, 1.01–7.79 mg L− 1), lacustrine plateau areas (northern 
of Zhangbei, Guyuan and Shangyi County, 1.02–4.52 mg L− 1), and 
basalt platform (midwestern of Zhangbei County, 1.02–1.74 mg L− 1). 
For BXR, the moderate- and high-F- regions took 29.6% and 10.9% of the 
area, respectively. These areas were mainly distributed in the inter-
mountain basin dominated by carbonatite (Zhuolu and Yu County, 
1.00–5.92 mg L− 1), erosion-accumulation lacustrine platforms (Yan-
gyuan County, 1.08–8.28 mg L− 1), piedmont diluvial fan areas 
(Zhangjiakou City, Wanquan and Chicheng County, 1.01–5.51 mg L− 1), 
alluvial plain areas (Huailai and Huai’an County, 1.00–9.71 mg L− 1) 
(Fig. 4). High-F- groundwater in BSR was more widely distributed than 
those in BXR, demonstrating the discrepancy of groundwater fluoride 

Fig. 2. Piper diagram of groundwater samples from the two neighboring regions.  
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contamination in two neighboring sites. 

3.4. Geochemical processes for fluoride release 

According to the F/Cl ratio VS. [F] results (Fig. S7), the F− release in 
groundwater caused by evaporation was more outstanding in BSR than 
that in BXR. The impacts of cation exchange on F− release in ground-
water were also strong in the study area. As shown in Fig. 5, 74.2% of 
and 96.6% of the samples in BSR and BXR fall into the negative zone of 
CAI-1 and CAI-2, respectively (Fig. 5a and b). Meanwhile, the negative 
correlations between HCO3

− + SO4
2--Ca2+-Mg2+ and Cl− -Na+-K+ were 

more significant in groundwater from BXR (R2 = 0.96) than those from 
BSR (R2 = 0.18) (Fig. 5c and d). 

All groundwater samples were unsaturated with respect to fluorite 
(SIfluorite < 0, from − 4.21 to − 0.07) (Table S9). A strong positive cor-
relation between F− and SIfluorite was observed in both BSR and BXR 
(Fig. S8 and S9), illustrating that fluorite dissolution was a vital con-
trolling factor for F− enrichment in the study area. In Fig. S8b and S9b, 
calcite in 95.2% of groundwater samples from BSR and 95.3% of 
groundwater samples from BXR were oversaturated, respectively. SIcal-

cite (vary from − 1.23 to 1.42) and SIdolomite (vary from − 3.63 to 0.65) 
synchronously increased from negative to positive, meanwhile, SIgypsum 
values (vary from − 1.96 to 3.83) for all groundwater samples were 
keeping below zero whether calcite and dolomite were undersaturated 

or oversaturated (Fig. S8c-d, S9c-d). Moreover, the areas with calcite 
dissolution dominance (above 1:1 line) mostly belonged to the low- and 
moderate-F- areas in BSR and low-F- areas in BXR, respectively; dolomite 
dissolution (below 1:1 line) was important to the most high-F- areas in 
BSR and BXR (Fig. S8e and S9e). 

3.5. Health risk assessment of F−

According to the results of HHRA, the human health risks of F− due 
to drinking water intake were much more than dermal/skin contacts in 
both BSR and BXR. As shown in Table S10, the average values of HQoral 
were 1.97, 1.54, 1.17 and 1.02 for infants, children, males, and females, 
respectively; while, the average values of HQdermal were 0.01, 0.03, 0.01 
and 0.01 for infants, children, males, and females, respectively. In BXR, 
the average HQoral values were 1.85, 1.44, 1.10 and 0.95 for infants, 
children, males, and females, respectively; while, the average HQdermal 
values were 0.01, 0.02, 0.01 and 0.01 for infants, children, males, and 
females, respectively. 

The average HI values for infants, children, males, and females were 
1.86, 1.46, 1.11, 0.96 in the Zhangjiakou region, respectively 
(Table S10). Specifically, the area with the HI > 1 for infants was about 
71.8% of the region, which mostly located in northern of the boundary 
between BSR and BXR (including Kangbao, Zhangbei, northern of 
Shangyi and Guyuan Counties), and most of the center, southwestern 

Fig. 3. Spatial distribution of hydrochemical types of groundwater in Zhangjiakou region. The areas where above the red line are BSR; below the red line are BXR. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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and southeastern of BXR (Fig. 6a). For children, the area with the HI > 1 
was about 51.0% of the study area, and the spatial distribution was 
similar to it of infants (Fig. 6b). For males and females, the HI values of 
more than 36.1% and 25.5% of the regions were exceeding the accept-
able level, which mostly located at Kangbao County, northern of 
Shangyi, Zhangbei and Guyuan Counties belonging to BSR, and the 
center of Huaian, Huailai, Chicheng and Yu Counties, southwestern of 
Yangyuan County belonging to BXR (Fig. 6c and d). 

4. Discussion 

4.1. Controlling factors of major hydrogeochemical processes 

The major geochemical processes occurring in the aquifers of the two 
neighboring sites may be quite diverse due to the discrepancy in land-
forms, aquifer lithology, and hydrochemical characteristics. As shown in 
Fig. S1 and S2, silicate weathering and carbonate dissolution were the 
dominant mechanism for governing groundwater chemistry in the study 

area. Elevation, temperature, and landform on evaporation and evapo-
rites dissolution are major impact factors for groundwater chemistry in 
BSR, resulting in an obvious downward deviation of their representative 
points from the silicate–carbonate line (Chen et al., 2021). Additionally, 
as the result of Fig. 5, there was an ion exchange occurring between the 
adsorbed Na+ and K+ in the sediments and the dissolved Mg2+ and Ca2+

in the groundwater, leading to the formation of HCO3–Ca, HCO3–Mg 
types groundwater in BXR. Halite is a typical evaporite and its dissolu-
tion is important to identify the salinization source in groundwater (Jia 
et al., 2017). In this study, halite dissolution is the major source of Na+

and Cl− for groundwater in BSR (Fig. S3e), but not for groundwater in 
BXR. The obvious deviation of water samples in BXR (Fig. S3f) from the 
halite dissolution line may be caused by silicate dissolution, alkaline 
inputs, and/or cation exchange (Su et al., 2019). Thus, a mixed process 
silicate weathering, carbonate dissolution, evaporation and/or evapo-
rites dissolution are the principal mechanisms for groundwater forma-
tion in BSR; while rock-weathering and ion exchange are the dominant 
mechanisms for groundwater formation in BXR. 

Fig. 4. Spatial distribution of F− in the Zhangjiakou region. The areas where above the red line are BSR; below the red line are BXR. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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4.2. Principal impact factors for high-F- groundwater occurrence 

In Zhangjiakou region, the high fluorine magmatic rocks are mainly 
distributed in the upstream recharge areas of high-F- groundwater, 
which have an excellent groundwater cycle. In these recharge areas, the 
hydraulic gradients are about 15‰–20‰, which is beneficial to 
groundwater migration and results in a low level of F− concentration. 
For the runoff areas, the groundwater runoff conditions become poor 
due to an increase of clay minerals proportion. It can increase the resi-
dence time of F-bearing groundwater, which leads to F− enrichment 
through multiple geochemical processes (Xiao et al., 2022). For the 
discharge areas, the hydraulic gradients are about 2.5‰–5‰, which 
makes the groundwater runoff slower and the residence time longer. 
Compared to recharge and runoff areas, the evaporation in the discharge 
areas is stronger, which results in an enrichment of F− in shallow 
aquifers (Nawale et al., 2021). 

Specifically, for BSR, the high-F- groundwater are mainly distributed 
in plateau lacustrine-mire area and plateau low-lying area, where the 
terrain is generally flat and the depths of groundwater are less than 4 m, 
and easily being impacted by slow groundwater runoff condition and 
evaporation. According to the review of Wang et al. (2021b), this high-F- 

groundwater occurrence can be concluded as evaporation-concentration 
type. For BXR, deep valleys are well developed in mountain area, 

meanwhile, the mountain area connects with basin, which is beneficial 
to exchange and cycle of groundwater. The high-F- groundwater in this 
area is mainly distributed in the intermountain basin, piedmont area of 
downstream of high-F bearing magmatic rocks, and runoff retardation 
zones along the rivers (Fig. 3). These areas generally belong to low-lying 
areas, small enclosed basins and lacustrine-mire discharged areas, where 
the hydrodynamic conditions are beneficial to water-rock interaction. 
The well-developed compacted clay minerals in these areas also promote 
the release of F− to the adjacent aquifers from solid phases through the 
expulsion of F-bearing pore waters contained within the compacting 
sediments, which is called compaction-release process (Wang et al., 
2021b). 

Therefore, the distribution of high-F- groundwater has a close rela-
tionship to the geomorphic characteristics, groundwater flow, discharge 
areas of groundwater runoff, and intensive evaporation areas in the 
study area. Leaching-enrichment and evaporation-concentration are the 
basic pattern for high-F- groundwater occurrence in BSR; leaching- 
enrichment and compaction-release are the basic pattern for high-F- 

groundwater occurrence in BXR. 

Fig. 5. Scatterplots for interpreting ion exchange in groundwater at the study area. (a) and (b) denote CAI-2 VS. CAI-1 in groundwater from BSR and BXR, 
respectively; (c) and (d) denote (HCO3

− + SO4
2--Ca2+-Mg2+) VS. (Cl− -Na+-K+) in groundwater from BSR and BXR, respectively. 
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Fig. 6. Distributions of HI for (a) infants, (b) children, (c) males, and (d) females in the study area.  
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4.3. Mechanisms of high-F- groundwater formation 

4.3.1. Alkaline environment 
Clay minerals and hydroxy-minerals are abundant in quaternary 

sediments of both IMP and NCP, providing mediums for adsorption and 
desorption of fluoride, and extremely depending on pH values (Mwiathi 
et al., 2022). Alkaline environment contributes to desorption of fluoride 
into groundwater, and further increase the F− concentration in 
groundwater. In the study area, the average pH of groundwater from 
BSR and BXR are 7.64 and 7.86, respectively, which have been above the 
point of zero charge (PZC) of minerals in the aquifer sediments, leading 
to the surface charge of solids being neutral or negative, and promoting 
desorption of fluoride and depressing F− adsorption (Singh et al., 2013). 
Due to the similar ion radius (ROH = 0.136 nm, RF = 0.133 nm), the 
replacement between F− and OH− plays another important role in 
fluoride release (Su et al., 2019). Moreover, desorption processes of 
Fe-oxides, Al-oxides, oxyhydroxides, and hydrous metal oxides can also 
increase F− concentration (Xiao et al., 2015). Hydroxy-minerals, such as 
muscovite and biotite, are also widely distributed in both BSR and BXR, 
which are regarded as potential sources for fluoride release by providing 
the appreciable amounts of exchangeable F− (Khattak et al., 2022). 

4.3.2. Competitive adsorption 
There was a slight tendency of positive relationship between F− and 

HCO3
− in the BSR (Fig. S5b), by reason of competitive adsorption (Han 

and Currell, 2022). For BSR, the average HCO3
− concentration in the 

high-F- samples (496.68 mg L− 1) was greater than that in low-F- samples 
(297.47 mg L− 1), whereas, for BXR, the changes of F− concentration 
were irregular with increasing concentration of HCO3

− (Fig. S6b). As a 
strong competitor, HCO3

− can compete with F− for available adsorption 
sites and depresses the adsorption of fluoride by sediments (Zabala et al., 
2016). Meanwhile, the adsorbed fluoride may be further released from 
sediments into the groundwater under alkaline environment with high 
HCO3

− concentration. These conclusions have been supported by other 
researches on high-F- groundwater (Su et al., 2019; Zabala et al., 2016). 
Therefore, the high-F- groundwater samples in BSR have higher pH 
values and HCO3

− concentrations than the low-F- groundwater samples. 
However, this phenomenon does not exist in the BXR samples, illus-
trating that the competitive adsorption between F− and HCO3

− in BXR is 
not as significant as that in BSR. 

4.3.3. Evaporation 
Evaporation under arid and semi-arid climate can increase the con-

centrations of Ca2+, HCO3
− and other species in the aquifers, resulting in 

an over-saturation of calcite and dolomite, and ultimately promoting the 
fluorite dissolution (Rashid et al., 2020; Wang et al., 2021c). It has been 
supported by the SI values of calcite and dolomite, the variation between 
F− and other typical hydrochemical parameters (e.g., Ca2+, Mg2+ and 
HCO3

− ), and F/Cl ratio VS. [F] in this study (Fig. S5-S7). Two assump-
tions have been proposed in the previous studies to interpret the vari-
ation between F− and F/Cl: 1) evaporation enriches F− and F/Cl equally, 
so the F/Cl ratio is expected to remain stable (Olaka et al., 2016); and 2) 
the dissolution of fluoride bearing minerals/evaporites (halite) does not 
provide additional Cl− or F− into the groundwater (Li et al., 2018). 
Reliant on the SI values of halite/fluorite (SIfluorite < 0 and SIhalite < 0), 
the first assumption is more suitable for this study. Therefore, evapo-
ration has a notable effect to high-F- groundwater formation in BSR; 
however, it is insufficient to high-F- groundwater formation in BXR, as 
well as F− release in low and moderate-F areas of the study area. 

4.3.4. Evaporite dissolution and the salt-effect 
The dissolution of evaporites (halite and gypsum) may promote F−

enrichment in groundwater, and meanwhile, facilitate the precipitation 
of fluoride with other salts in the form of crystalline (Li et al., 2018). As 
mentioned in section 4.1, the contribution of gypsum and halite disso-
lution to groundwater in BSR was greater than that in BXR (Fig. S6). It 

illustrates the contribution of dissolution and evaporites leaching to 
fluoride release in groundwater of BSR is more than that in BXR. 

According to the study of Gao et al. (2019), increased salt concen-
tration by the additional dissolution of NaCl or Na2SO4 may induce 
decrease in the SI of fluorite. According to the Spearman correlation 
analysis, these are positive relationships between F− , Cl− and SO4

2− in 
both BSR (F– VS. Cl− : ρ = 0.22, p ≤ 0.05; F– VS. SO4

2− : ρ = 0.32, p ≤
0.05) and BXR (F– VS. Cl− : ρ = 0.16, p ≤ 0.05; F– VS. SO4

2− : ρ = 0.80, p 
≤ 0.05) (Fig. S4). Moreover, the average values of salinity and TDS in 
BSR (salinity: 1.15 g L− 1; TDS: 0.97 g L− 1) are higher than those in BXR 
(salinity: 0.62 g L− 1; TDS: 0.48 g L− 1) (Table S5), which can further 
elevate the ionic strength, decrease the SI of fluorite, and further in-
crease the solubility of F− in the groundwater (Su et al., 2021a; Zhang 
et al., 2021). Thus, the salt-effect on fluoride enrichment in unconfined 
aquifers of BSR is more obvious than that in BXR, and further elevates 
fluoride concentration in phreatic water of BSR. 

4.3.5. Ion exchange 
Besides anion exchange mentioned in section 4.3.1, cation exchange 

can also contribute to F− release by exchange of Na + adsorbed on the 
clay minerals with Ca2+ and Mg2+ in groundwater (Khattak et al., 2022). 
The negative correlation relationship between (HCO3

− +

SO4
2--Ca2+-Mg2+) and (Cl− -Na+-K+) for the samples in BXR (R2 = 0.96) is 

more significant than it in BSR (R2 = 0.18) (Fig. 5). It indicates that 
cation exchange is an essential hydrochemical process for the enrich-
ment of dissolved Na+, and thereby further promoting F− release in 
groundwater of BXR. According to chloro-alkaline indices analysis, 
74.2% of and 96.6% of the groundwater samples in BSR and BXR are 
falling into the negative zone (Fig. 5c and d), respectively, demon-
strating an exchange between dissolved Mg2+ and Ca2+ in the ground-
water with adsorbed Na+ and K+ in the sediments (Parvaiz et al., 2021). 
The cation exchange of dissolved Ca2+ and Mg2+ with adsorbed Na+ can 
decrease Ca2+ concentration and further promote the hydrolysis process 
of fluorite in the direction of dissolution, resulting in F− enrichment in 
groundwater (Huang et al., 2022). As mentioned in section 2.1, BXR 
belongs to the intermediate zone between Inner Mongolian Plateau and 
North China Plain, which containing the geogenic characteristics of 
NCP. Thus, high-F- groundwater formation mechanism caused by ion 
exchange in groundwater of BXR is consistent with the study of Li et al. 
(2020). The potential ion exchange processes can occur as follows (Eq. 
(10)–(13)). 

Anion exchange: 

CaF2+2OH− = Ca(OH)2+2F− (10) 

Cation exchange: 

CaF2+Na2CO3= CaCO3+2Na++2F− (11)  

CaF2+2NaHCO3= CaCO3+2Na++2F− +H2O + CO2 (12)  

(Na++K+)− dissolved+(Mg2++Ca2+)− absorbed→Ca2+

+(Mg2++Ca2+)− dissolved
+(Na++K+)− absorbed

(13)  

4.3.6. Calcium, magnesium, and F-bearing minerals dissolution equilibrium 
Generally, the dissolution equilibrium of F-bearing minerals and the 

removal of Ca2+ are two principal factors for interpreting F− enrichment 
during the dissolution of F-bearing minerals. 

I. F-bearing minerals dissolution equilibrium. 
Strong positive correlations between F− concentration and SIfluorite 

have been observed in both BSR and BXR (Fig. S8f and S9f), illustrating 
fluorite dissolution should be a vital controlling factor for F− enrichment 
in the study area (Eq. (14)). 

CaF2⇌Ca2++2F− (14) 

According to the calculation results of SUPCRTBL and PHREEQC, the 
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equilibrium constant (Ksp) of fluorite is 10− 10.059 (at 22 ◦C), and the 
reaction rate constant (k) (initial pH = 8, 22 ◦C) is 5.90 × 10− 11 mol m2 

s− 1 (Palandri and Kharaka, 2004; Zimmer et al., 2016). The majority of 
low- and moderate-F- groundwater samples are under the fluorite 
dissolution line (Fig. S5g and S6g), demonstrating that F− concentration 
in these areas is mainly constrained by fluorite dissolution. However, 
most high-F- groundwater samples are above the fluorite dissolution 
line, which illustrates that their formation mechanisms should be mul-
tiple. Additionally, hydrolysis of other F-bearing minerals, such as 
muscovite and biotite, can also trigger an increase of F− in aquifers. The 
log values of Ksp for muscovite and biotite (replaced by Fluorphlogopite 
in SUPCRTBL) are 13.862 and 23.860, respectively. The specific hy-
drolysis reactions are shown as follow (Eq. (15) and (16)). 

Biotite: 

KMg3AlSi3O10F2+8H+⇌Al3++3Mg2++K++2F− +4H2O + 3SiO2 (15) 

Muscovite: 

KAl3Si3O10(OH, F)2+9H+⇌3Al3++K++F− +5H2O + 3SiO2 (16)  

4.4. Calcium and magnesium dissolution equilibrium 

As the studies of Schafer et al. (2021) and Ali et al. (2019), calcite 
precipitation is vital to the occurrence and enrichment of F− by directly 
controlling Ca2+ concentration and simultaneously affecting fluorite 
dissolution. In this study, 95.2% of groundwater samples from both BSR 
and BXR are oversaturated with respect to calcite; 95.2% of ground-
water samples from BSR and 96.6% of groundwater samples from BXR 
have positive SIdolomite values (Fig. S8 and S9b). According to Fig. S8e 
and S9e, 62.3% of high-F- groundwater samples from BSR and 63.3% of 
high-F- groundwater samples from BXR are above the 1:1 line, respec-
tively. The reaction conditions are inadequate for MgCO3 to precipitate 
due to the inactive kinetics of dolomite at neutral or slightly alkaline 
conditions (Chen et al., 2021; Su et al., 2021a). Thus, calcite and dolo-
mite dissolution contribute to the release of Ca2+ and Mg2+ in ground-
water, and therefore induce the precipitative removal of Ca2+ as calcite 
while Mg2+ remains dissolved in groundwater. 

Gypsum dissolution is another reason for excess release and removal 
of Ca2+ in groundwater (Li et al., 2018; Su et al., 2021b). As shown in 
Fig. S8c-d and S9c-d, SIgypsum values for all samples are below zero 
whether calcite and dolomite are unsaturated or oversaturated in the 
aquifers, indicating gypsum dissolution and calcite precipitation 
simultaneously occurred in groundwater from both BSR and BXR. 
Meanwhile, the oversaturation of calcite (SIcalcite > 0) and dolomite 
(SIdolomite > 0) contributes to the removal of Ca2+ and further motivates 
gypsum dissolution. Thus, the hydrolysis of fluorite in groundwater is 
sensitive to Ca2+ concentration (Singaraja et al., 2014). 

4.4.1. Anthropogenic activity 
The Spearman correlation coefficient between F− and NO3

− is more 
significant in BXR (ρ = 0.50, P ≤ 0.05) than it in BSR (ρ = 0.01, P >
0.05), indicating that the impacts of agricultural activities on fluoride 
release in BSR are not as obvious as it in BXR (Fig. S4) (Yang et al., 
2016). The industry is comparatively underdeveloped in BSR, whereas, 
it develops rapidly in Xuanhua County and Zhangjiakou city in recent 
years. The discharge of industrial wastes from factories, such as the 
power plants and steelworks, can aggravate F− contamination and 
threaten the groundwater safety in Yang River basin (Shao et al., 2020; 
Zhang et al., 2019b). Thus, the anthropogenic activities is one of the 
reasons for high-F- groundwater formation in BXR, but not in BSR. 

4.5. Identification of potential contamination sources 

After CLR, four factors which explained 82.6% of the hydrochemical 
data variance in BSR and 77.7% of the hydrochemical data variance in 
BXR, respectively, have been established (Table S6 and S7). For BSR, the 

factor 1 (eigenvalue of 8.677, 54.2% of the data variance) shows strong 
loadings with salinity (0.993), TDS (0.987), Cl− (0.942), Mg2+ (0.938), 
Na+ (0.934), SO4

2− (0.918), HCO3
− (0.88), TH (0.881) and alkalinity 

(0.878) (Table S6). The substantial contributions of factor 1 are mostly 
coming from the natural processes, including evaporation, evaporites 
dissolution and salt-effect (Kumar et al., 2020). Factor 2 (eigenvalue of 
2.22, 13.9% of the data variance) shows strong loadings with Ca2+

(− 0.82), K+ (0.663), and pH (0.61). It indicates that carbonate weath-
ering (e.g., dolomite and calcite) at weak alkaline environment is the 
reason for increase of K+ and decrease of Ca2+, meanwhile, causing the 
increase of F− concentration in groundwater from BSR (Su et al., 2021a). 
Factor 3 (eigenvalue of 1.25, 7.8% of the data variance) loads strongly 
with SiO2 (0.702) and NO3

− (− 0.474), representing a mixing process of 
nature and anthropogenic activities, including silicate dissolution (e.g., 
biotite and muscovite) and agricultural pollution (Rashid et al., 2020). 
However, according to the results of Spearman correlation between F−

and NO3
− (ρ = 0.01, P > 0.05), the correlation between anthropogenic 

activities and F- contamination is insignificant (Fig. S4). Meanwhile, 
factor three only explains 7.8% of the data variance. Thus, the anthro-
pogenic activities should not be significant for fluoride enrichment in 
BSR. Factor 4 (eigenvalue of 1.07, 6.7% of the data variance) loads 
strongly with EC (0.665) and F− (0.56), which can be illustrated as the 
dissolution of F-bearing minerals. Overall, the results of FA demonstrate 
that the origin of contaminants in BSR is geogenic. 

For BXR, the factor 1 (eigenvalue of 7.563, 47.3% of the data vari-
ance) shows strong loadings with TH (0.931), Cl− (0.919), Ca2+ (0.873), 
Mg2+ (0.848), TDS (0.828), salinity (0.828), K+ (0.749), SO4

2− (0.704), 
Na+ (0.642), and NO3

− (0.527) (Table S7). Na+, Ca2+, K+, Mg2+, Cl− , 
SO4

2− , TH, TDS, and salinity imply the ion strength, which mainly 
originate from water-rock interaction, evaporation, cation exchange, 
evaporites dissolution. Whereas, as discussed in section 4.3, the impacts 
of evaporation and evaporites dissolution for origin of those parameters 
in groundwater from BXR is not as obvious as those from BSR. NO3

− in 
factor 1 represents the anthropogenic source of nitrate in groundwater 
of BXR, which is mainly caused by agricultural activities (Zhang et al., 
2020b). Combined with Spearman correlation results, the contribution 
of NO3

− in BXR (ρ = 0.50, P ≤ 0.05) is more significant than it in BSR 
(Fig. S4). Factor 2 (eigenvalue of 2.019, 12.6% of the data variance) 
shows strong positive loadings of HCO3

− (0.928) and alkalinity (0.926) 
(Table S7), indicating that alkaline environment and the hydrochemical 
activities under such environment (e.g., ion exchange and desorption) 
are vital to groundwater chemistry formation in BXR (Su et al., 2021a). 
Factor 3 (eigenvalue of 1.477, 9.2% of the data variance) shows strong 
positive loadings of SiO2 (0.891) and F− (0.871). It implies that 
water-rock interaction, including dissolution of silicate (e.g., biotite and 
muscovite) and F-bearing minerals, can affect the groundwater chem-
istry and high-F- groundwater formation in BXR (Rashid et al., 2020). 
Factor 4 (eigenvalue of 1.316, 8.2% of the data variance) loads strongly 
with pH (0.78) and EC (0.311), demonstrating that the environmental 
conditions can also affect the release of F− during geochemical pro-
cesses. Thus, the results of FA demonstrate that the origin of contami-
nants in BSR is geogenic and anthropogenic. 

4.6. Practical implication 

F-bearing groundwater has threatened the health of residents in the 
study area for infants, children, and adults (males and females). About 
63.0%, 55.1%, 41.5%, and 36.5% of the samples for infants, children, 
males, and females, respectively, exceeded the acceptable level (HI > 1). 
The human health risks ranked in the order of infants > children > adult 
males > adult females, meaning that younger people are more suscep-
tible to non-carcinogenic health risks than other groups. It is in accor-
dance with the findings of Chen et al. (2021) and Su et al. (2021b), 
which are also conducted in the arid and semi-arid areas. Meanwhile, in 
this study, females have shown a better anti-risk ability than males at the 
regions of F− contaminated groundwater (Table S10), which is different 
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from the study of Nawale et al. (2021). The parameters selection in 
HHRA model is the major reason for impacting risk assessment results. 

In this study, the geomorphic, geological, and hydrogeochemical 
conditions have affected high-F- groundwater formation mechanisms, 
particularly in the transition zone of two different geomorphic units. 
Thus, the defluorination and water improvement projects in an admin-
istrative region within the geomorphic transition zone should prepare 
with targeted strategies depending on discrepancy of F− enrichment 
mechanisms. Besides the conventional water treatment approaches (e. 
g., ion exchange, reverse osmosis and electrodialysis) (Bhatnagar et al., 
2011; Palahouane et al., 2015), the water treatment technologies based 
on natural purification processes, such as aquifer recharge management 
and riverbank filtration, have become the new options for groundwater 
quality improvement (Hu et al., 2016; Kalpana et al., 2019; Liu et al., 
2017). High-precision water quality monitoring systems and environ-
mental quality assessments can also provide scientific foundations for 
reducing health risks triggered by high-F- groundwater consumption. 

5. Conclusion 

This study revealed the high-F- groundwater formation mechanisms 
and related health risks in Zhangjiakou region, where is the transition 
zone of NCP and IMP. The following conclusions can be made from the 
results of hydrochemical analysis, geochemical modeling, multivariate 
statistical analysis, and health risks assessment:  

(1) The F− concentration in groundwater samples exceeding 1.5 mg 
L− 1 from BSR and BXR were approximately 37.1% and 26.2%, 
respectively. High-F- groundwater mainly existed in the area of 
groundwater flow retardation and/or evaporation discharge 
area, or discharge areas along the groundwater flow path.  

(2) Generally, the origin of F− contamination was geogenic in BSR; 
whereas, it was geogenic and anthropogenic in BXR. F-bearing 
minerals dissolution and Ca2+ removal by calcite precipitation 
are the basic mechanisms for high-F- groundwater formation in 
the study area. Competitive adsorption, evaporation, evaporites 
dissolution and salt-effect are the dominant mechanisms for high- 
F- groundwater formation in BSR. Whereas, desorption in alkaline 
environment, ion exchange and human activities played a vital 
role in F− enrichment at BXR.  

(3) More than 71.8%, 51.0%, 36.1% and 25.5% of the study area 
exceed the acceptable level for infants, children, adult males, and 
females, respectively. It indicates that younger people are more 
susceptible to non-carcinogenic health risks than other groups. 
Females show a better anti-risk ability than males at the regions 
of F− contaminated groundwater.  

(4) For groundwater management, the defluorination and water 
improvement projects in such areas with multiple geomorphic 
units should prepare with targeted strategies depending on 
discrepancy of F− enrichment mechanisms. 

These findings are vital to understanding the F− occurrence mecha-
nisms in groundwater and related health risks at such a transition zone 
of two different topographical features. It is also important to water 
conservation and ecological environment of its downstream areas which 
belong to Beijing-Tianjin-Hebei Urban Agglomeration. 
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