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Abstract
The present work aimed to compare the effects of coal mining and agricultural land uses on the quality of surface water and 
groundwater in the Handan region in China. For this purpose, the natural water samples were collected from both a mining 
area and an area without mining in a similar geological setting. The results showed that the contents of total hardness (TH), 
NO3

−, SO4
2−, Ca, K, Co, Se, Rb, Fe and Ni in groundwater of the mining area (MGW) were significantly higher (1.6–6.1 

times) than those in non-mining area (AGW), exhibiting a decreasing trend with the increasing distance from the mining 
areas. Most elements in surface water from the mining areas (MSW) were higher (1.1–30.8 times) than the non-mining areas 
surface water (AGW). The medium and high-level pollution in mining area groundwater samples were 16.7% and 50%, 
while in non-mining area samples were 9.5% and 4.8%, respectively. The lithology of the aquifer [including coal and rock 
(Permian, Carboniferous, Triassic, Ordovician, and Quaternary)] and watercourses are the main controlling factor of the 
element variance in groundwater of the Handan area. The Fe and SO4

2− in the Handan water are derived from sulfide min-
eral oxidation and the evaporative concentration of sulfate in the aquifer, while the coal mining induced higher NO3

− in the 
mining area (MGW) as compared to the non-mining area (AGW). Interestingly, several samples from the mining areas have 
met the requirement of Se-supplementation in the water (average = 3.9 μg/L), which is higher than the Hebei groundwater 
(0.8 μg/L). The high Se in water is associated with the oxidation and leaching of selenium-rich coal and sedimentation of the 
coal ash. The concentration of Se, Sr, Rb, K, and NO3

− generally show a large decline with the distance from mining areas, 
while Co, Ni and Ca trend are less clear. Unexpectedly, the elevated concentrations of chloride caused a non-carcinogenic 
risk for potable groundwater use in both the areas, while Pb caused a carcinogenic health risk in the mining areas. The spa-
tial distribution of chemical constituents declines with the distance from mining areas. Noticeably, the elemental enriched 
coal-rock has caused the pollution of groundwater by rock weathering and percolation.

Keywords  Element distribution · Health risk · Hydrology · Pollution · Selenium · Source identification

Introduction

China is the largest coal producer and consumer in the 
world. Coal is the primary energy source in China and is 
also a source of useful elements that are used for a variety 
of purposes (Dai et al. 2012). Over recent decades, coal pro-
duction and consumption (mainly for combustion) in China 
has increased rapidly. Almost, 70% of the coal that is mined 
is directly used for energy production, while 5% is used in 
households (Ewing et al. 2010; Dai et al. 2012; Hussain 
et al. 2018).

During the mining and processing of coal, large amounts 
of hazardous and trace elements are released to the environ-
ment which may cause serious environmental and health 
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problems (Wang et al. 2010; Dai et al. 2012). Among the 
environmental factors, water quality is an important factor 
which is closely related to human health, is also inevitably 
affected through mining, i.e., coal and Cu-mining (Keller 
1979; Flaten 2001; Liu et al. 2003; Cao et al. 2014; Rzymski 
et al. 2017). Mining causes water pollution, including con-
tamination of potential sources of drinking water. The water 
quality and pathways of the natural water might be affected 
in the mining area due to the mining and dumping of wastes 
(Rzymski et al. 2017).

However, some studies pointed out that the discharging 
of mine drainage and leachate of water from the coalmine 
debris can cause the degradation of water quality, especially 
through increases in acidity and hardness and the dissolution 
of trace elements (Tiwary 2001; Dang et al. 2002; Bhuiyan 
et al. 2010; Sun et al. 2009). However, the extensive min-
ing and coal combustion also cause the degradation of the 
quality of surface water and shallow groundwater in areas 
used for stockpiling. However, the disposal of coal and coal 
combustion products, potentially increasing the health risks 
for local inhabitants who may use the water for domestic 
uses (Huang et al. 2009).

Although there is a large body of research that has focused 
on the extent and severity of heavy metals contamination in 
natural water around the mining areas (Tiwary 2001; Bhui-
yan et al. 2010), much less attention has been made to the 
impacts of mining on other major-ion and trace-element con-
centrations which are important for human health (Mertz 
2012; WHO 1996). These changes in chemical composition 
in natural waters may occur at a regional scale from the 
effects of mining in general, while regulatory monitoring 
is usually only concerned with assessing the impacts of a 
particular coalmine on its surrounding water environment.

Consequently, this study was undertaken to assess both 
the potential beneficial and adverse effects of coal mining 
on water quality in a mining area. Coal seams and their host 
rocks have the potential to increase the level of some benefi-
cial elements in the ambient environment, which may have 
positive effects on the surrounding areas to overcome the 
deficiency of useful trace elements in water and daily diet 
(Dreher and Finkelman 1992; Lussier et al. 2003; Huang 
et al. 2009; GSIH 2009). Conversely, the same seams and 
host rocks have the potential to introduce high concentra-
tions of extremely toxic elements like thallium and arsenic 
into the surrounding environment, potentially causing severe 
health impacts.

In the present study, typical samples of surface water and 
groundwater were collected from mining areas and non-min-
ing areas at various locations to compare the concentration 
characteristics and distribution differences of a range of ele-
ments. Additionally, an integrated assessment of water qual-
ity was undertaken using the water pollution index (WPI) 
to assess the local water contamination level. Furthermore, 

factor analysis (FA) and cluster analysis (CA) techniques 
were used to provide insights into associations of elements 
and of the factors that may influence their concentrations in 
water samples (Jolliffe 2002; Farnham et al. 2003; Panda 
et al. 2006). Therefore, the FA and CA analysis were applied 
to identify the similarities and differences in the element 
sources in two areas. Finally, a risk assessment of drinking 
groundwater was conducted based on the trace element and 
major ion contents of the water in mining and non-mining 
areas. The purpose of the investigation was to provide the 
information to help to develop a more in-depth understand-
ing of the complex impacts of mining and related activities 
on the water environment and of the potential public health 
impacts of mines on nearby communities.

Coal mining has been carried out in the Handan area for 
more than 130 years and this area has a mining history that is 
typical in the occurrence of the coal seams, characteristics of 
surface disturbances and of the living conditions of residents 
in North China. Due to the prolonged period of coal mining, 
it is hypothesized that the mining and related activities in the 
Handan mining areas has caused significant changes in the 
quality of both shallow groundwater and surface water bod-
ies. However, few comparative studies have been conducted 
on the pollution intensity and potential health risks related 
to coal wastes, and soil (Fang 2014; Appleton et al. 2006).

Consequently, the aim of this study was to assess the 
water quality in Handan area to determine the mode of 
occurrence of trace elements in water and their potential 
environmental and health impacts. For this purpose, the 
study selected the mining areas and non-mining area/natural 
areas of the Handan, Hebei Province in China. A total of 51 
representative samples were collected and analyzed for 44 
parameters (Tables 1, 2, 3).

Materials and methods

Characteristics of the study area

Handan Prefecture (113°28ʹ–115°28ʹE, 36°04ʹ–37°01ʹN) 
is located in southern Hebei Province in northern China, 
a region that has a warm temperate continental monsoonal 
climate. The study areas are situated between the Taihang 
Mountains in the west and the North China Plain in the east. 
The western part of Handan has a hilly topography with an 
altitude of 33–1900 m, which decreases in elevation from the 
west to the east. The region is an important source of coking 
and steam coal. Mining in Handan mainly takes place in the 
central and western parts of the prefecture, specifically from 
the Fengfeng coalmine and associated regions. The eastern 
boundary of the mining areas is roughly in line with the 
Beijing–Guangzhou railway transit (Fig. 1).
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Mining and agriculture areas coexist in an area of about 
957 km2. The region is underlain by sediments of Ordovi-
cian, Permian, Triassic, Tertiary, and Quaternary age, but 
the mineable coal seams occur in sediments of Carbonifer-
ous and Permian age (Fang 2014). In 2016, the annual output 
of raw coal, washing coal and coke in Handan were 22.4, 
29.5 and 14.6 million tons from 20 mines, respectively. Min-
ing does not take place to the west of the Fengfeng area, or 
in the vast alluvial plain in the east of this area, in which the 
Quaternary sediments are widely distributed (Fig. 1) (Fang 
2014). This plain is a traditional agricultural area where the 
staple crops of wheat, maize, millet, and other local food 
crops are grown.

The major waterways in the region are the Fuyang River, 
the Ming River, and a branch of the Zhang River, which 
flows through the study areas. The principal aquifers in the 
mining areas occur in the Permian–Tertiary sandstones and 
in Quaternary alluvial fans, while groundwater in the non-
mining area is mostly withdrawn from Quaternary alluvium. 
All the domestic and irrigation water is mainly from deep 
groundwater (from depths of 60–500 m).

Sampling and preparation of samples

A field visit was carried out in September 2018 in the study 
areas under the supervision of a qualified geoscientist. The 
following water samples were collected from the study areas: 
24 groundwater samples from the mining area (the MGW 
series of samples); 4 surface water samples from the mining 

area (the MSW series of samples); 21 groundwater samples 
from an area not used for mining (the AGW series of sam-
ples); and 2 surface water samples from an area not used for 
mining (the ASW series of samples) (Fig. 1). Each collection 
point was recorded using a handheld GPS (GARMIN Rino 
530HCx) to get an accurate position. The main purposes of 
GPS data were to show the sampling points on maps and 
their distribution pattern. Some of the parameters, i.e., pH, 
electrical conductivity (EC), total dissolved solids (TDS), 
salinity (SAL) and resistivity (RES) of the water samples 
were determined in situ using a pH tester (SevenGo SG2, 
Switzerland Mettler Toledo) and EC tester (SevenGo SG3, 
Switzerland Mettler Toledo). All the water samples were 
stored in polyethylene bottles that had been pre-cleaned 
with deionized water and kept at 4 °C for further analysis 
(Table S1 and Table S2). All the chemical analyses were 
undertaken using standard procedures (MEPPRC 2002b; 
Eaton et al. 2005).

Analytical methods and quality control

All the water samples were analyzed in the Institute of Geo-
graphic Sciences and Natural Resources Research, Chinese 
Academy of Sciences (IGSNRR, CAS). The chloride (Cl−) 
concentration was measured by the chloride ion-selective 
electrode method (Hirokazu et al. 1985). Nitrate (NO3

−) con-
centration was determined through UV spectrophotometry 
(MEPPRC 2002b). The alkalinity (HCO3

− and CO3
2−) was 

detected using the acid–base titration method within 3 days 

Fig. 1   Geological stratas of Handan study area and water sampling sites
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of sampling (MHPRC 1985; MEPPRC 2002b; Hussain et al. 
2014). The concentrations of major cations (Ca2+, K+, Mg2+, 
Na+, P, and SiO2) and anion (SO4

2−) were measured by induc-
tively coupled plasma optical emission spectrometry (ICP-
OES, Optima 5300 DV, PerkinElmer) with a detection limit 
of 0.001 mg/L. The total hardness (TH) was calculated by 
summation of the concentrations of Ca2+ and Mg2+. The major 
and trace element (Al, Ag, B, Ba, Be, Cd, Co, Cs, Cr, Cu, 
Fe, Ga, Hg, Li, Mn, Mo, Ni, Pb, Rb, Sb, Sr, Ti, Tl, U, V, and 
Zn) concentrations in water were determined through induc-
tively coupled plasma mass spectrometry (ICP-MS, DRC-e, 
PerkinElmer) directly. Selenium and arsenic concentrations 
were determined through hydride generation atomic fluores-
cence spectrometry (HG-AFS, AFS-9780, Beijing Haiguang) 
(MHPRC 1985; MEPPRC 2002b; Hussain et al. 2018).

For quality control, blank samples (2 distilled water), paral-
lel samples (after every 10 samples), and repeated measure-
ments (select one sample and repeated after every 15th sample) 
were used with each batch of samples (Table S3). A balance 
of ionic charge of water samples is shown in Fig. 2. The error 
percentage in the water samples ranged from ± 0.01 to ± 7.60%, 
indicating the high reliability of the analytical data (Shen et al. 
1993). The correlation coefficients of all the element stand-
ard curves reached 0.999. In all analyses, the relative standard 
deviation (RSD) was relatively low, and mostly less than 8%.

Degree of contamination

The degree of contamination (Cf) summarizes the combined 
effects of the water quality parameters and their impacts on 
human health and was determined through Eqs. 1 and 2 (Bhui-
yan et al. 2010; Hussain et al. 2015, 2019):

(1)Cfi =
(

CAi∕CNi

)

,

(2)Cf =
1

n

n
∑

i=1

Cf
i
,

where Cf is the contamination factor, CAi and CNi represent 
the analytical value and the upper permissible concentration 
indicated in the guidelines provided by Ministry of Health 
People Republic of China (MHPRC), respectively (MHPRC 
2006). The output Cf values must be assessed through vary-
ing contamination levels, i.e., low contamination (Cf < 1), 
medium contamination (Cf = 1–3), and high contamination 
(Cf > 3).

Identification of elemental sources

Factor analysis (FA)

To find out the source difference of the elements in between 
the groundwater of mining and non-mining area, a factor 
analysis (FA) was applied to the results of the chemical 
analyses. Factor analysis was measure through the princi-
pal component method. This assessment was undertaken to 
determine associations between chemical parameters and 
other variables and explain the significance of variation 
among the groups (Jolliffe 2002; Everitt and Dunn 2001). 
As the concentrations of chemical constituents measured in 
water samples varied over several orders of magnitude, each 
variable was normalized to ensure they were comparable in 
the FA assessment (Chen et al. 2007; Davis 1986). Finally, 
only factors with an eigenvalue greater than 1 were taken 
into account in the assessment of the FA results (Dragović 
et al. 2008; Franco-Uría et al. 2009).

Cluster analysis (CA)

Cluster analysis is often used to identify groups of sam-
ples on the basis of similarities within a class and may pro-
duce similar groupings to those produced by factor analysis 
(Panda et al. 2006). The levels of similar observations were 
merged to construct a dendrogram (Chen et al. 2007). In 
this study, Ward’s method was applied (linkage between 

Fig. 2   Total cations and anions 
relationship in the water sam-
ples of study areas, Handan
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groups), using a standardized m-space Euclidian distance as 
a similarity measure to produce dendrograms (Davis 1986). 
All statistical analyses in this study, including independent 
sample t tests, FA, CA and Pearson’s correlation coefficient 
analysis were performed using the statistical package IBM 
SPSS 22.0 software for Windows (SPSS Inc., USA). The 
sampling sites and concentration distribution maps were 
drawn by using ArcGIS software version 10.0.

Health risk assessment models

Exposure assessment

In the study areas, groundwater is the main source of house-
hold water. From this source, excessive inputs of chemical 
constituents may enter into the human body either through 
ingestion of water or by dermal contact (Wu et al. 2009), 
while the exposure dose of other intake pathways can be 
ignored (Hussain and Luo 2018). In this study, the dermal 
contact exposure pathway was neglected and only the inges-
tion of drinking water was considered to estimate the inhab-
itant’s exposure to specific chemical constituents in the water 
supply. The dose received through an individual ingestion 
pathway was calculated through Eq. 3 (USEPA 1989; Phan 
et al. 2010; USEPA 2004):

where ADD is the average daily dose from ingestion (mg/
kg day), Cw is the concentration of contaminants in water 
(mg/L), IR is the ingestion rate of water (L/day), ABSg is 
the absorption factor of oral ingestion (no dimension), EF 
is the exposure frequency (day/year), ED exposure duration 
(year), BW average body weight (kg), and AT average time/
life expectancy (day). The standard values for each variable 
are found in the USEPA (2004, 2011; Du et al. 2018) such as 
IR = 2 L/day, ABSg 100%, EF = 365 day/year, ED = 30 year, 
BW = 60 kg, and AT 25,550 days (70 years).

Non‑carcinogenic risk

The non-carcinogenic risk was characterized and quantified 
through hazard quotients (HQs) and was calculated through 
Eq. 4 as suggested by USEPA (1989):

where HQ is the hazard quotient (dimensionless), the RfD 
is the oral reference dose (mg/kg day), which represents an 
estimate of the daily intake and adverse effects (USEPA 
2010, 2019). If the HQ is equal to or higher than 1, there 
will be a potential health risk (Wang et al. 2005), and related 

(3)ADD =
Cw × IR × ABSg × EF × ED

BW × AT
,

(4)HQ =
ADD

RfD
,

protective measurements and interventions should be taken 
(Ahmed et al. 2015).

For the integrated health risk, the hazard index (HI) was 
introduced to evaluate the total non-carcinogenic risks and 
was determined through Eq. 5 (Li and Zhang 2010):

Carcinogenic risk

Carcinogen risk is an estimated incremental probability of 
an individual to develop cancer over a lifetime exposure 
to carcinogenic metals and was determined through Eq. 6 
(USEPA 1989):

where CR represents the carcinogenic risks over a lifetime 
and SF is a slope factor (mg/kg day) (USEPA 2010). The 
acceptable or tolerable risk levels for carcinogens suggested 
by the US-EPA range from 10−4 (1 in 10,000) to 10−6 (1 in 
1,000,000) (USEPA 2004).

Results

Hydrochemical characteristics of water

The physicochemical/hydrochemical properties of the water 
in the study areas are presented in Tables 1, 2, and 3. The 
water samples (both groundwater and surface water sam-
ples) in the mining areas and non-mining areas showed 
near neutral to slightly alkaline pH values (7–8.4 and 
6.96–7.9, respectively), suggesting the presence of carbon-
ate minerals in aquifer materials. The TDS of water sam-
ples in mining areas ranged from 219 to 1740 mg/L, vary-
ing from freshwater (TDS < 1000 mg/L) to brackish water 
(1000 < TDS < 5000 mg/L). The TDS in the non-mining 
areas was ranged 445–1836 mg/L, indicating that some sam-
ples exceeded the recommended WHO potable limit for this 
parameter (WHO 2011).

The total hardness (TH) of water in the mining area 
was 22.7–1521  mg/L, ranging from very soft water 
(TH < 75 mg/L) to very hard water (TH > 450 mg/L). How-
ever, most of the samples are relatively uniformly distributed 
with high TH values. Similarly, the hardness of the non-min-
ing area ranged 55.8 mg/L (very soft water) to 1106 mg/L 
(very hard water), indicating that there is a decreasing trend 
in TH values from the mining areas to the northeastern part 
of the non-mining areas. A similar west to the east trend was 
also observed (Fig. 6f). Furthermore, the hardness of water 
in the mining area was significantly higher than that of non-
mining areas, while no significant differences were observed 

(5)HI =

n
∑

k=0

HQ.

(6)CR = ADD × SF,
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in other physicochemical parameters (pH, EC, TDS, and 
SAL) between the two areas (p < 0.05). Overall, the natural 
water in mining areas was mainly fresh-hard water (82.2%) 
and brackish-hard water (14.3%), while in non-mining areas 
was fresh-hard water (60.9%) and fresh-soft water (34.8%) 
(Fig. 3).

The hydrogeochemical characteristics of water sam-
ples were also different in the two areas. A Piper diagram 
(Fig. 4) (Piper 1944) showed that the water types in the min-
ing areas were relatively diverse, with Ca, Ca–Mg, Ca–Na, 
HCO3, HCO3–SO4, and SO4 (65%) as the main composi-
tion-types, while Na–HCO3–Cl was the most prominent 
chemical composition in the non-mining areas (34.8%). 

The order of relative abundance of major cations in mining 
areas was Ca2+ > Na+ > Mg2+ > K+, while the anions were 
SO4

2− > HCO3
− > Cl− > NO3

−. The mean cation and anion 
levels in the non-mining areas were Na+ > Ca2+ > Mg2+ > K+, 
HCO3

− > Cl− > SO4
2− > NO3

− (Table 1).
The hydrochemical differences presented in the two 

regions can also be seen in a Gibbs plot (Fig. 5). This plot 
suggests that the primary factors that control the anion and 
cation composition in both the mining and non-mining areas 
are the rock weathering and evaporation (Fig. 5).

This is also consistent with what is known about the 
climate, terrain, and the lithology of aquifer materials 
in the Handan region. It was mentioned before that the 

Fig. 3   Evaluation of hardness in natural water of the selected ecoregions, Handan
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western mining area occurs in the Taihang Mountains 
and on an alluvial plain. Infiltrating rainfall from the 
mountainous area flows through extensive limestone 
deposits that contain sulfide minerals (such as pyrite), 
and the reaction of groundwater with these materials can 
increase the dissolved concentrations of Ca2+, SO4

2− and 
HCO3

− due to karstification (Fang 2014; Winograd and 

Thordarson 1975). The effects of evaporative concentra-
tion are revealed by the high TDS levels in unconfined 
aquifers (surface water) relative to the confined ground-
water flow-system with a high concentration of sodium 
and chloride ions (due to the precipitation of CaCO3). The 
evaporation dominance is also possible due to the effects 
of flood irrigation for agriculture, a process that increases 

Fig. 4   Major ions composition 
and distribution in the water 
samples of the study areas

Fig. 5   Hydrogeochemical characteristics and occurrence of ions in the study areas
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the elevation of the water table and increases evaporation 
and induces soil salinization (Wu et al. 2015). This is 
especially the case in the alluvial fan and alluvial-plain 
aquifers in the eastern part of the area where water infil-
tration and evaporation has induced change the chemical 
composition of groundwater (Na+ and Cl−) due to cation 
exchange processes in the subsurface (Fang 2014).

Variations among the chemical constituents 
in the waters of mining and non‑mining areas

The vast majority of elemental and ionic concentrations, 
especially Al, Rb, Se, Mn, SO4

2−, and NO3
− in the surface 

water samples from the mining area (MSW) are much higher 
(3.7–30.8 times) than those from the surface water of non-
mining area (ASW) except for concentrations of Ga, Ba, U 
and Cr (Fig. 6, Tables 1, 2, 3).

Fig. 6   Geochemical distribution of some selected trace elements and ions in Handan ecoregions
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In groundwater, there are significant differences in the 
concentrations of Cl−, HCO3

−, NO3
−, SO4

2−, Ca, K, Na, 
Li, B, Ti, V, Co, Se, Rb, Cr, Fe, Ni, Cu, As, and Mo (at 
p < 0.05) between the mining and non-mining areas. To be 
specific, the concentrations (range) of chemical constituents 
in groundwater of the mining area (i.e., for NO3

−, SO4
2−, Ca, 

K, Co, Se, Rb, Fe, and Ni for the MGW series of samples) 
were significantly higher (1.61–6.07 times) than those in 
non-mining area (the AGW series of samples). An assess-
ment of the spatial distribution of concentrations revealed 
that the concentrations of many chemical constituents 
decline from mining areas to the adjacent non-mining areas 
(Fig. 6). The highest concentrations of Se, Sr, Rb, and K 
are mainly concentrated in the central–northern part of the 
mining area. Nitrate concentrations, in particular, generally 
show large declines in water samples with distance from the 
mining area, while trends for Co, Ni and Ca are less clear. 
In contrast, the concentrations of Cl−, HCO3

−, Na, Li, B, 
Ti, V, Cr, Cu, As, and Mo in the mining area groundwa-
ter were significantly lower (0.14–0.8 times, p < 0.05) than 
those in the non-mining area (AGW). The highest concen-
trations of many chemical constituents (i.e., Na, B, V, Cr, 
Cu, As, and Mo) were occurred in the northeastern part of 
the non-mining area, whereas the highest concentrations of 
HCO3

− occurred in the central part of the non-mining area. 
Concentrations of Cl−, Li, and Ti are relatively evenly dis-
tributed in the non-mining area.

The concentrations of Se (9.3–25.8  μg/L) in several 
natural water samples (MSW1, 2 and MGW1, 3, 4, 9) 
from the mining area were close to or exceeded the Chi-
nese National Standards for Mineral water (for drinking) 
(CNSM ≥ 10 μg/L) (GAQS 2008) (Fig. 6a). The maximum 
level of MSW1 and 2 were 1.6 and 2.6 times higher than 
the Chinese national standards (CNSM). The concentrations 
of Sr (0.14–7.7 mg/L) in water from both areas were far 
higher than the CNSM standard (≥ 0.2 mg/L) (Fig. 6b). The 

maximum concentrations of Sr in the mining area (7.7 mg/L) 
and non-mining area (2.9 mg/L) were 38.5 and 14.5 times 
higher than the national standard.

Overall, the above results show there were large varia-
tions of most hydrochemical properties and of trace element 
concentrations in water in the region along an east–west 
transect. Concentrations of TH, NO3

−, SO4
2−, Ca, K, Co, 

Se, Rb, Fe and Ni in the groundwater of the western part of 
the mining area were higher than the water in the eastern 
part of a non-mining area, most likely due to a combination 
of geogenic and anthropogenic factors.

Drinking water quality assessment

Water samples MSW3, 4 and ASW1 satisfied the Grade I, 
II and III, water quality (CNSS) limits (MEPPRC 2002a) 
for all measured parameters. By contrast, samples MSW1 
and ASW2 exceeded the phosphorus water quality stand-
ard (2.8 and 0.4 mg/L, respectively) and selenium levels 
in MSW2 (26 μg/L) were worse than the Grade V criterion 
(Se ≤ 20 μg/L, P ≤ 0.4 mg/L). The high P in the surface water 
may be because of particulate matter.

Groundwater is the main source of drinking water in the 
region. In the mining area groundwater, the concentrations 
of TDS, TH, Cl−, NO3

−, Na+, and SO4
2− exceeded the CNSD 

limits (MHPRC 2006) (Table 4) by up to a factor of 5. In the 
non-mining area, the concentration of TDS, TH, Cl−, NO3

−, 
Na+, and SO4

2− were also higher than the standard limits. 
However, the concentrations of heavy metals in both the 
areas generally met the CNSD criterion (MHPRC 2006) and 
WHO drinking water quality standards with the exception of 
the high iron concentrations (Table 4, Fig. 6c).

The order of exceedances of water quality parameters was 
NO3

− > Fe > TH > SO4
2−, which mostly occurred in waters 

in the central part of the mining area. The order of con-
centration exceedances of water quality parameters in the 

Table 4   Distribution of water samples exceeding the drinking water standards in Handan area, China

Parameters CNSD INS Mining area Non-mining area

(MHPRC 
2006)

(WHO 2011) MGW % AGW​ %

TDS (mg/L) 1000 9, 11 8.33 17 4.76
TH (mg/L) 450 6, 7, 9, 10, 11, 17, 18, 19, 20, 21, 22, 23 50 1,2,3,4, 10,17,21 33.3
Cl− (mg/L) 250 250 9, 11 8.33 1,10,17 14.3
NO3

− (mg/L) 10 50 2, 5, 6, 7, 8, 9, 11, 12, 13, 15, 17, 18, 19, 20, 
21, 22, 23, 24

75 9,10,14,18 19

Na (mg/L) 200 200 11, 16 8.33 5,6,7,9,11,12,16,17,19,20 47.6
SO4

2− (mg/L) 250 500 7, 9, 10, 11, 17, 18, 21, 22 33.3 17,21 9.52
Fe (μg/L) 300 300 6, 7, 9, 10, 11, 13, 17, 18, 19, 20, 21, 22, 23 54.2 1,2,3,4,10,17 28.6
Mn (μg/L) 100 400 17 4.76
B (μg/L) 500 2400 17 4.76
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non-mining area (AGW) was Na+ > TH > Fe > NO3
− > Cl−, 

however, most of the exceedances occurred in waters in the 
southwestern part of the non-mining area near the mining 
area. Overall, the quality of drinking water in both study 
areas is poor.

Classification of water samples using a Ficklin plot

A Ficklin plot (Fig. 7; Ficklin et al. 1992; Caboi et al. 1999; 
Bhuiyan et al. 2010) indicated that most water samples 
(79%) from the mining area contained elevated metal con-
centrations under near-neutral pH conditions. By contrast, 
water samples from the non-mining area had near-neutral pH 
values and highly variable metal concentrations, with some 
concentrations being at levels of concern for both irrigation 
and potable uses.

Discussion

Water pollution evaluation

The degree of contamination (Cf) was used as a reference to 
estimate the extent of water pollution (Al-Ani et al. 1987; 
Hussain et al. 2018). In this study, the Cf index was com-
puted using the Chinese national standards (MHPRC 2006), 
and the distribution map is shown in Fig. 8.

It can be seen that the Cf values in surface and groundwa-
ter of non-mining areas were obviously lower than those in 
the western part of the mining areas. Based on the Cf clas-
sification (Edet and Offiong 2002; Backman et al. 1998), all 
the mining area samples (MSW series) could be considered 
to have a “medium” to a “high” level of contamination. By 
contrast, 16.7% and 50% of the mining area groundwater 

samples are classified as having a “moderate” and “high” 
level of contamination, respectively, while 33.3% would be 
classified as either being not contaminated or having a “low” 
level of contamination (Table 5). The samples with high 
Cf values are distributed throughout the mining area but 
are especially concentrated in the central parts of this area 
(Fig. 8). Similarly, in both ASW and AGW (non-mining 
area) samples, 85.7% are either “non-contamination” or 
have a “low” level of contamination, 9.5% have a “medium” 
level of contamination and 4.8% are highly contaminated 
(Table 5, Fig. 8).

Taking into account the results of the water quality and 
pollution evaluations together, the pollution situation of the 
natural water in both mining and non-mining area are not 
optimistic. However, the water quality of the non-mining 
area is generally better than that in the mining area. This is 
probably due to the presence of an aquitard that limits the 
infiltration of contamination into the confined aquifer in this 
area (Fang 2014).

Source identification

Factor analysis

The results produced by applying factor analysis to the 
water quality data are listed in Table 6. Five independent 
factors with eigenvalues > 1 were extracted for the mining 
area groundwater and non-mining area groundwater areas 
by a reduction of the initial dimensions of the data sets, 
which account for about 80% and 83% of the total variation, 
respectively. However, the small sample size (< 1000) may 
generate an error of up to 30% in the assessment (Osborne 
and Costello 2004).

Fig. 7   The trace metals and 
their existence in alkaline/acid 
nature in Handan water environ-
ment
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For the mining area (MGW), factors F1, F2, and F3 
accounted for 35, 19 and 10%, respectively (Table  6). 
F1 was heavily loaded with TDS, SAL, TH, Cl−, NO3

−, 
Ca, Mg, Na, SO4

2−, Fe, Co, Ni, and HCO3
−, while their 

distribution was relatively centralized (Fig. S1a). These 
ions and related parameters with higher concentrations in 
the groundwater are generally controlled by the recharge, 
lithology of the aquifer, and hydrodynamic conditions in 
the aquifer (Drever 1988; Omo-Irabor et al. 2008). The 
groundwater samples (i.e., MGW 7, 9, 11, 20, 21 and 
22), which had the highest positive scores on F1 (Fig. 
S1c), had chemical compositions that belonged to the 
Ca + Na–SO4–Cl and Ca–SO4 hydrochemical facies and 
have a high permanent hardness (Fig. 4). This facies may 

reflect the mixing and movement of water from carbonate 
rocks to magmatic rocks (Stetzenbach et al. 2001).

By contrast, the mining area groundwater (MGW series) 
samples 8, 14, 16 and 24 had the greatest negative F1 scores 
(Fig. S1c). These waters were of the Ca + Mg–HCO3 facies, 
which causes temporary hardness (Fig. 4). This characteris-
tic suggests that groundwater flowed through the aquifer pri-
marily composed of carbonate rocks (Winograd and Thord-
arson 1975). Meanwhile, the elevated concentrations of 
SO4

2− and Fe in mining areas (308.7 mg/L and 466.2 μg/L, 
respectively) are probably associated with the coal-rock 
aquifer, where the water undergoes redox reactions in the 
sulfide-rich coal seam (Bhuiyan et al. 2010; Fang 2014). 
However, the release and oxidation of ammonium ions from 

Fig. 8   The distribution of contamination (Cf values) in natural water from mining and non-mining areas

Table 5   Evaluation of water 
quality of the study areas based 
on categories of Cf index

Specific Category Degree of pollution Mining area 
(samples)

% Non-mining 
area (samples)

%

Surface water < 1 Low 0 0 2 100
1–3 Medium 2 50.00 0 0
> 3 High 2 50.00 0 0

Groundwater water < 1 Low 8 33.30 18 85.70
1–3 Medium 4 16.70 2 9.50
> 3 High 12 50.00 1 4.80
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clays in this area increased the concentration of NO3
− in 

water in the mining area (Luo et al. 2015; Le et al. 2019) 
(Fig. 6d), which could further enhance sulfide oxidation 
(Böhlke 2002). Additionally, a large amount of limestone 
exists in the mining areas (Fang 2014) in which the con-
centrations of some trace elements such as Ni are typically 
higher than many other lithologies as indicated by Drever 
(1988) and this factor could account for the higher con-
centrations of Ni and Co that were observed in F1 (mining 

areas) (Table 6). Overall, F1 can be attributed to the natural 
hydrogeochemical conditions within mining areas, which 
are closely related to the interaction of groundwater with the 
lithology of the aquifer (Farnham et al. 2003; Omo-Irabor 
et al. 2008).

In the mining area (MGW), the major elements in F2 
are Sr, Se, As, Al, Ti, V, Cr, Cd, Cs, Ba, U, and Mo which 
are positively correlated with each other, while Mn and Zn 
are negatively correlated (Table 6, Fig. 9a). The elements 

Table 6   Varimax rotated component matrix of factor analysis for groundwater samples

Significant values are in bold
Values in bold-italic indicate significant negative loadings

Parameter MGW AGW​

F1 F2 F3 F4 F5 F1 F2 F3 F4 F5

pH − 0.538 − 0.311 0.514 0.254 0.093 − 0.707 0.203 − 0.095 − 0.075 0.124
TDS 0.969 − 0.049 0.164 0.15 0.083 0.927 0.364 0.037 − 0.045 0.001
SAL 0.967 − 0.052 0.167 0.154 0.086 0.924 0.371 0.039 − 0.048 0.005
RES − 0.86 − 0.122 − 0.13 0.061 0.065 − 0.913 − 0.089 − 0.069 − 0.073 0.009
TH 0.971 − 0.084 − 0.06 − 0.116 0.011 0.96 − 0.149 − 0.175 − 0.059 0.093
Cl− 0.809 0.249 0.128 0.351 − 0.031 0.787 0.323 0.453 − 0.15 0.071
HCO3

− 0.446 0.139 0.397 − 0.539 0.128 0.58 0.28 − 0.694 0.08 0.045
NO3

− 0.57 − 0.444 − 0.308 0.077 − 0.543 − 0.034 − 0.237 0.623 − 0.037 0.223
Ca 0.946 − 0.215 − 0.033 − 0.055 − 0.103 0.856 − 0.429 0.023 − 0.031 0.047
K 0.216 0.436 − 0.099 − 0.605 0.493 0.146 − 0.198 0.793 0.302 − 0.098
Mg 0.728 0.311 − 0.117 − 0.249 0.33 0.912 0.107 − 0.317 − 0.074 0.117
Na 0.588 0.02 0.522 0.459 0.285 0.358 0.889 0.121 − 0.006 − 0.126
SiO2 − 0.144 0.281 0.534 − 0.281 − 0.449 0.341 − 0.639 0.533 0.251 − 0.09
SO4

2− 0.896 − 0.175 0.135 0.069 0.202 0.927 0.303 − 0.063 − 0.023 − 0.074
Sr 0.144 0.839 − 0.268 − 0.053 0.29 0.948 − 0.111 − 0.109 − 0.106 0.162
Se 0.218 0.571 − 0.181 0.232 − 0.021 0.065 − 0.519 0.156 0.065 0.626
As 0.328 0.824 − 0.183 0.339 0.047 0.245 0.695 0.586 − 0.155 0.123
Li 0.171 0.143 0.35 − 0.398 0.191 0.636 − 0.06 0.513 0.208 − 0.109
Al − 0.09 0.698 − 0.366 0.2 − 0.181 − 0.232 0.383 − 0.282 0.792 0.115
Ti − 0.056 0.511 0.536 − 0.25 − 0.402 0.425 − 0.074 0.207 0.744 − 0.15
V 0.282 0.749 − 0.182 0.205 − 0.281 − 0.511 0.613 0.44 − 0.137 − 0.076
Cr 0.263 0.505 − 0.167 − 0.301 − 0.299 − 0.098 0.346 0.205 0.232 0.682
Mn 0.035 − 0.357 − 0.465 0.251 0.449 0.798 0.528 0.03 − 0.118 − 0.019
Fe 0.951 − 0.196 − 0.034 − 0.054 − 0.098 0.908 − 0.337 − 0.037 0.089 0.024
Co 0.929 − 0.074 − 0.142 0.018 − 0.156 0.959 0.19 0.079 − 0.083 0.059
Ni 0.951 − 0.158 − 0.047 − 0.135 − 0.043 0.885 − 0.343 − 0.03 − 0.074 0.089
Cu 0.423 0.139 0.552 0.567 0.241 − 0.077 0.68 0.204 − 0.154 − 0.332
Zn − 0.255 − 0.395 − 0.518 0.273 0.387 − 0.006 − 0.261 − 0.306 0.028 − 0.353
Mo − 0.484 0.479 0.479 0.301 0.262 − 0.625 0.65 0.132 0.1 0.077
Cd − 0.419 0.601 0.426 0.281 0.02 − 0.589 0.614 0.089 0.097 0.112
Cs − 0.132 0.572 − 0.064 − 0.506 0.498 − 0.058 0.277 − 0.271 0.788 0.083
Ba − 0.244 0.813 − 0.361 0.167 − 0.199 − 0.414 0.118 − 0.179 − 0.35 0.476
U 0.322 0.581 − 0.223 0.224 − 0.023 0.625 0.609 − 0.387 0.114 0.08
Eigenvalues 11.534 6.427 3.359 2.824 2.316 13.96 5.859 3.582 2.382 1.593
% Variance 34.951 19.477 10.177 8.556 7.017 42.302 17.756 10.856 7.217 4.828
Cumulative  % 34.951 54.427 64.605 73.161 42.302 60.058 70.913 78.13 82.958
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As, V, Cr, Mo, Cd, U, and Se typically occur as soluble 
oxyanions in oxidizing waters, whereas Mn, Co, and Zn 
are generally more soluble under reducing conditions in 
groundwater (Hem 1985). Vanadium can exist as the oxy-
anion HVO4

2− under oxidizing conditions, but is present in 
solution as the oxycation V(OH)2+ under reducing condi-
tions which can be strongly adsorbed by the aquifer materi-
als under near-neutral pH conditions (Collier 1984; Jeandel 
et al. 1987; Domagalski et al. 1990). The redox-sensitive 
elements such as As, and Se occur as AsO4

2−, H2AsO4
− and 

SeO3
2−, HSeO3, while Cr exists as CrO4

2− (soluble) to the 
insoluble ion of Cr3+ (Langmuir 1997; Welch and Lico 
1998; Welch et al. 1988; Gui 2005). Uranium (UVI) generally 
occurs in groundwater as uranyl ions (UO2

2+) and uranyl-
carbonate complexes (such as UO2(CO3)2

2−, UO2(CO3)3
4−) 

(Langmuir 1978; Farnham et al. 2003).
These factors suggest that the factor F2 is associated with 

redox conditions within groundwater (Farnham et al. 2003; 
Chen et al. 2007). Correspondingly, combined with the fac-
tor scores (Table 6, Fig. S1c), the groundwater of MGW 
1, 3 and 4 were relatively oxidized compared to the more 
reducing water from MGW 8, 22 and 24.

F3 contains high loadings of pH, Na, SiO2, Ti, and Cu, 
while F4 contains high loadings of NO3

−, SO4
2−, Co, and 

Zn, which were significantly higher than those in the non-
mining area (Table 6, Fig.  9b), particularly in samples 
MGW 5, 11, 14 and 16 (Fig. 9d). Dissolved SiO2 is likely 

to have originated from the leaching of silicate minerals in 
the upper soil, which was closely related to the pH of the 
solution (Zeng 1999). Simultaneously, the moderate nega-
tive F5 loadings (Table 6) also indicated that the consider-
able NO3

− in this area was not from the agricultural activi-
ties. The positive NO3

−, SO4
2−, Co and Zn in mining area 

groundwater (F4) suggest that coal-mining activities (such 
as the effects of mine drainage) are the source of the elevated 
nitrate levels in the water in this area. The current study 
results are consistent with Azcue (2012), Tiwary (2001).

In the non-mining areas, the factors F1–5 account for 42, 
18, 11, 7 and 5% of the total variance, respectively (Table 6, 
Fig. S2c). In a similar manner to the mining area, the factor 
F1 of the non-mining area (AGW) also had high values of 
TDS, SAL, TH, Cl−, HCO3

−, Ca, Mg, SO4
2−, Sr, Li, Mn, 

Fe, Co, Ni, and U (Fig. S2a), which occurred as important 
parameters in AGW1, 3, 4, 10 and 17 (Fig. S2c). This factor 
could also be attributed to the variation in elemental com-
position of the aquifer materials through which groundwater 
flowed (Drever 1988; Farnham et al. 2003), while the nega-
tive F1 (in AGW) classified as Na–HCO3–Cl waters (Fig. 4), 
indicate significant salinity variations across the area (Fang 
2014). F2 was moderately loaded with Na, As, V, Mn, Cu, 
Mo, Cd, and U, which were significantly distributed in 
AGW5, 6, 7, 11, 17 and 19 (non-mining area) (Fig. S2a). F3 
had a strong loading of NO3

−, K, SiO2, As, and Li (Fig. S2b) 
which may be associated with anthropogenic pollution from 

Fig. 9   Hierarchical mean similarity dendrograms for the trace elements and ions in MGW (a) and AGW (b), Handan
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agricultural and domestic sources (Omo-Irabor et al. 2008). 
The factor F4 was dominated by positive loadings of Al, 
Ti, and Cs, while F5 had positive loadings of Se and Cr 
(Table 6) which may be due to leaching from overlying soils, 
especially from the clay minerals to the aquifer (Fig. S2).

Fuyang River and other losing streams flow through the 
non-mining areas, which, in addition to precipitation, are 
also important sources of recharge for the shallow ground-
water in the eastern alluvial plain (Niu 2007). NO3

−, K, and 
SiO2 are common pollutants in the agricultural areas. These 
pollutants may be from agricultural practices, whereas the 
elevated SiO2 concentrations in water are likely to have been 
derived from the use of silica fertilizer, which contains solu-
ble silica and is more prone to leaching into groundwater 
than solid silicate minerals. Arsenic is a common impurity 
associated with phosphate fertilizers (Zheng et al. 2007; 
Omo-Irabor et al. 2008) and could locally be a source of 
elevated As concentrations in groundwater. However, it is 
likely that the elevated Al and Ti concentrations are derived 
from leaching from clay minerals (Merritts et al. 1998; Zeng 
1996). These elements could transport into groundwater 
through the eluviation of soil sediments and rock–water 
interaction.

The non-mining area is located in the downstream of 
Handan urban areas where industrial sewage discharge 
or sewage irrigation may be one of the sources of Se and 
Cr in groundwater (Huang et al. 2009; Zhang et al. 2013). 
The high concentrations of iron in groundwater in the non-
mining area (32–557 mg/L) (Fig. 6c) are attributed to the 
leaching of iron-containing nodules occur abundantly in the 
Quaternary sediment. Additionally, commercial sewage may 
also enhance the ion exchange capacity between iron in soil 
and groundwater (Zhang et al. 2013).

Cluster analysis

The hierarchical cluster analysis was also performed to 
visualize elemental groupings in the two different ground-
water datasets, and the results were illustrated by the use 
of dendrograms (Fig. 9). Elements in the same group were 
expected to have either originated from a common source 
or to have been released into the water by similar processes 
(Lee et al. 2006).

In the mining area groundwater, five distinct grouping of 
parameters could be identified by cluster analysis (Fig. 9a). 
Cluster 1 contained TDS, SAL, SO4

2−, Cl−, Ca, Fe, Ni, TH, 
Co, Mg, NO3

−, Na, and Cu, and is likely to reflect the pro-
cesses of rock–groundwater interaction dominated by F1. 
Cluster 2 consists of Se, U, Al, Ba, As, V, and Sr, and cor-
responds with the oxidizing/reducing conditions reflected in 
F2. Cluster 3 consists of K, Cs, HCO3

−, Cr, and Li, which 
may reflect agricultural pollution (in a similar manner to F5). 
Cluster 4 contained Mn and Zn and is possibly associated 

with the oxidation of sulfide minerals due to underground 
mining activities (Bhuiyan et al. 2010), an association that is 
consistent with F4. Cluster 5 consisted of SiO2, Ti, Mo, Cd, 
pH, and RES, and is likely to indicate the influence of leach-
ing chemical constituents from soil horizons to the aquifer 
as reflected in F3.

The non-mining area (AGW) samples were also grouped 
into 5 clusters (Fig. 9b). Cluster 1 contained all the elements 
attributed to F1 loadings in the factor analysis, which may 
be associated with water–rock hydrogeochemical processes. 
Cluster 2 consisted of NO3

−, Se, Cr, SiO2, Li, K, Ti, and 
Zn, and appeared to be associated with areas where there 
is likely to be a large influence of domestic and agricultural 
pollution (in a similar way to F3 from the FA assessment 
of the non-mining area). Cluster 3 included Na, As and Cu, 
and possibly indicates the influence of industrial activities 
in the area. Cluster 4 (Al and Cs) and cluster 5 (Mo, Cd, V, 
pH, RES, and Ba) may indicate the leaching of soils and 
recharge to the aquifer from surface water, respectively. 
However, there were some differences between elemental 
groupings obtained from factor analysis and cluster analysis, 
which is possibly due to the effects of multiple sources and 
to the small sample size, which could lead to the forma-
tion of statistical artifacts as also suggested by Osborne and 
Costello (2004).

Sources of selenium‑rich water in mining areas

As previously stated, elevated selenium concentrations 
were observed in the mining area water samples (Fig. 6a) 
although Se concentrations in some sites in this area met 
the CNSM standard criteria (< 10 μg/L). Additionally, the 
average content of Se in the mining area was 4 μg/L and was 
much higher than the average concentration in groundwater 
(0.8 μg/L) of Hebei Province (GSIH 2009). Although Se is 
known to be an essential trace element for human health, 
small excesses or deficiencies of this element may cause 
severe disease (Tan et al. 2002; Rayman 2000; Selinus et al. 
2013; Fordyce et al. 1996). When ingested at optimal lev-
els, selenium is an important antioxidant and can protect 
the body from Keshan and Kashin–Beck disease as well as 
strengthen the body’s immune system (WHO 2004; Fordyce 
2007; Hussain et al. 2018).

Drinking water is also an important exposure pathway for 
the intake of selenium into the human body. Consequently, 
both low and elevated concentrations of Se in natural waters 
have received much research attention (Luo et al. 2002, 
2004; Zhao et al. 2017). However, the Se concentration in 
the mining area water is generally higher (Table 2) than the 
average concentration in global river waters (0.2 μg/L) (Seli-
nus et al. 2013), while concentrations higher than 10 μg/L Se 
are of particular health concern. Some studies suggest that 
the Se in natural water in the region is mainly derived from 
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the weathering and leaching of bedrock, especially from the 
Se-enriched strata (6–20 μg/g) of the Lower Cambrian and 
Silurian systems of southern China (Chen and Luo 1996; 
Li et al. 2005; Luo 2011). In northern China, the Cambrian 
outcrop to the west of Handan mining area (limestone) has 
a comparatively low level of Se (0.07–0.11 μg/g) by com-
parison with the average crustal concentration (0.08 μg/g) 
(Yan and Chi 2005).

However, the average Se content in coal in the mining 
area is 59.2, 1.9 and 3.6 times higher than average crustal 
content, the average Chinese coal, and the average world 
coal contents, respectively (Dai et al. 2003, 2012). The con-
tent of selenium in coal in the study area is significantly 
correlated with Sr (r = 0.4, p < 0.05), As (r = 0.6, p < 0.01), 
V (r = 0.5, p < 0.05), Ag (r = 0.5, p < 0.05) and U (r = 0.7, 
p < 0.01) (Table 7). Elevated concentrations of selenium also 
occur in sulfide, carbonate, and aluminosilicate minerals in 
the host-rocks for the coal seams (Dai et al. 2003; Ren et al. 
2006). The high concentrations of NO3

− in the mining area 
groundwater may have also contributed to the oxidation of 
sulfide minerals and the release of Se into solution/water 
(Böhlke 2002). In contrast, Se in reducing waters tend to 
be incorporated in insoluble minerals and precipitated as a 
solid phase, resulting in the lower Se content in AGW (non-
mining area).

The elevated concentrations and widespread distribu-
tion of selenium in surface water in the mining areas may 
also be influenced by the leaching of this element from coal 
waste-rocks of mining and fly-ash dumps in the area (Huang 
et al. 2009). Although Se concentrations in the mining area 
groundwater were elevated, most samples (with the excep-
tion of MGW 9) met the Chinese water quality standard 
for potable use. This suggests that leachate from coal waste 
materials does not have a large influence on selenium con-
centrations in water in this area. Additionally, the release of 
selenium into waterways is of environmental concern due 
to its ability to be biomagnified in food webs and to cause 
impacts on fish and bird populations. However, the optimum 
level could reduce the risk of Keshan and Kashin–Beck dis-
ease, Selenosis and prevent cardiac toxicity (Tacyildiz et al. 
2012).

Health risk associated with water in Handan

Non‑carcinogenic risks

Increasing the concentrations of pollutants in drinking water 
has the potential to increase public health risks if contami-
nated water is used for potable supply. The hazard quotients 
(HQ) of the selected elements from drinking water con-
sumption are presented in Table 8. The non-carcinogenic 
risk caused by the elements/ions in the mining area (MGW) 
are Cl− > P > NO3

− > Li > As > Sr, while in the non-mining 
area (AGW) are Cl− > Li > P > As > NO3

− > Mo, respec-
tively. The non-carcinogenic risk of most selected elements 
was less than the standard level (HQ = 1), with the exception 
of Cl− (average 15.3) and P (average 2.9) (Table 8), which 
could be a significant health hazard to the local residents, 
especially in the Fengfeng mining areas. Further, the inte-
grated health risk [hazard index (HI)] also exceeds the safety 
threshold and indicates a significant non-carcinogenic risk 
in both the mining areas (1.9–65.3) and non-mining areas 
(4.6–79.3) (Table 8). These factors suggest that there is an 
increased health risk in both the mining and non-mining 
areas of Handan, but especially to the inhabitants living 
nearby the Fengfeng mining areas (Wang et al. 2016).

Carcinogenic risks

The lifetime carcinogenic risk (CR) of As, Cr, Cd and Pb 
due to exposure from the ingestion of groundwater in the 
two areas is listed in Table 9. The average carcinogenic 
risk for all four heavy metals in both mining areas and 
non-mining areas was generally within the “acceptable” 
range of 10−6–10−4 or the “negligible” range of less that 
than 10−6, although Pb levels in samples MGW13, 20 and 
AGW14 were above the acceptable value (10−4) (Table 9). 
Therefore, the potential carcinogenic risk over a long life-
time exposure to groundwater should not be ignored. It is 
notable that NO3

− was not clearly identified as a carcinogen. 
The concentration of NO3

− in drinking groundwater of the 
western mining areas (especially Fengfeng mining areas) 
was significantly higher than the eastern non-mining areas 

Table 7   Pearson’s correlation 
coefficients between Se and 
several elements in MGW

*Correlation is significant at the 0.05 level
**Correlation is significant at the 0.01 level

Sr Se As V Ag U

Sr 1
Se 0.431* 1
As 0.790** 0.594** 1
V 0.663** 0.479* 0.860** 1
Ag 0.902** 0.497* 0.878** 0.767** 1
U 0.571** 0.656** 0.626** 0.513* 0.552** 1
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(Fig. 6d), which may have contributed to the incidence and 
mortality associated with local esophageal cancer (Fang 
2014; Appleton et al. 2006), however, their medical investi-
gation is necessary to identify the exact cause of esophageal 
cancer in this area.

Conclusions

The quality of surface water bodies and of groundwater in 
areas with and without mining was compared in the Handan 
region in China. The following conclusions can be drawn 
from this water quality investigation:

1.	 In groundwater in the mining area, the concentrations 
of TH, NO3

−, SO4
2−, Ca, K, Co, Se, Rb, Fe, and Ni 

were significantly higher (1.6–6.1 times, p < 0.05) than 
those in the area without mining and there was a trend 
of decreasing concentrations of these chemical constitu-
ents with distance from the mining area. By contrast, 
the concentrations of Cl−, HCO3

−, Na, Li, B, Ti, V, Cr, 
Cu, As, and Mo in groundwater in the mining area were 
0.14–0.8 times significantly lower (p < 0.05) than those 
in the area without mining. In surface water in the min-
ing area, NO3

− concentrations were more than 30 times 
higher than in surface water in the area without mining. 
Selenium concentrations in the mining area water were 
close to or exceeded the Chinese water quality standard 
(10 μg/L), and the average content of Se (3.9 μg/L) in 
all groundwater samples in the mining area was much 
higher than the average for groundwater of the Hebei 
Province (0.84 μg/L), possibly due to leaching from 
selenium-rich coal wastes and fly-ash dumps in the area. 
The elevated levels of Sr and other elements/ions in both 
mining and non-mining area water samples may be from 
the leaching of coal and calcium-rich minerals in both 
areas.

2.	 The quality of natural water in both the mining area and 
the area without mining is poor. The lower pollution 
level in the non-mining area is likely due to the presence 
of an aquitard that limits the infiltration of contaminants 
into the unconfined aquifer in this area.

3.	 The use of factor analysis and hierarchical cluster analy-
sis suggested that the hydrogeochemical conditions of 
the aquifer, including rock–groundwater interaction with 
coal are the main factors that control the concentrations 
of chemical constituents in groundwater in the area. 
These assessments have indicated that mining activi-
ties have affected the water quality in the mining area, 
whereas the water quality of the area without mining 
has been affected by agricultural and domestic pollution. 
The elevated concentrations of NO3

− in the mining areas 
may be caused by the release and oxidation of ammo-
nium ions from clay minerals and subsequent mine 
drainage, while nitrate concentrations may be lower in 
the non-mining areas due to the effects of denitrification 
under reducing conditions that are present in groundwa-
ter in these areas. The elevated levels of Fe and SO4

2− in 
the mining area are probably derived from the oxida-
tion of sulfide minerals in coal and dissolution of sulfate 
minerals, while lower SO4

2− in the area without mining 
may be due to the lack of sulfide mineral (gypsum) or 
may be due sulfate oxidation (the process is associated 
with the oxidation of ammonia).

4.	 The non-carcinogenic risk of chloride in the mining area 
(HQ = 15) and non-mining area (HQ = 25) and phospho-
rus in mining area groundwater (HQ = 3) exceed the 
safety threshold. However, the health risk assessment 
indicated that there is a potential carcinogenic risk for 
Pb in groundwater as the level of risk associated with 
this metal exceeded the 10−4 cancer risk threshold in 
groundwater in the mining area.

5.	 Concentrations of Co, Fe, Ni, Se, and Rb in water were 
found to be higher in the mining area than the area with-
out mining. Additionally, a number of other chemical 
parameters including TH, NO3

−, SO4
2− and Cl− were 

higher in water in the mining than the non-mining area 
and are considered to be potential health hazards for 
water users in the mining area. These chemical constitu-
ents are likely to have been introduced into the water in 
the mining area by the interaction of groundwater with 
the lithology of an aquifer. In particular, coal seams and 
their host rocks in the mining area contain very high 
levels of selenium, and the leaching of this element from 
these materials is likely to have caused higher concen-
trations of Se in the water in this area than elsewhere in 
Hebei Province.

6.	 Elevated concentrations of Se, Sr, Rb, and K in ground-
water and surface water bodies are mostly found in the 
central–northern part of the mining area. Nitrate con-

Table 9   The carcinogenic risks of groundwater ingestion in study 
area

Elements As Cr Cd Pb

SFo 1.50E + 00 4.10E + 01 6.10E + 00 8.50E − 03
Min 2.33E − 06 2.23E − 07 0.00E + 00 1.68E − 06

MGW Max 5.15E − 05 1.88E − 06 6.56E − 08 1.71E − 04
N = 24 Mean 1.40E − 05 9.03E − 07 2.56E − 08 3.73E − 05

SD 1.18E − 05 4.74E − 07 2.05E − 08 4.30E − 05
Min 8.71E − 06 6.03E − 07 7.03E − 09 0.00E + 00

AGW​ Max 5.83E − 05 3.47E − 06 2.41E − 07 3.11E − 04
N = 21 Mean 2.64E − 05 1.51E − 06 7.10E − 08 4.50E − 05

SD 1.21E − 05 8.25E − 07 6.25E − 08 6.60E − 05
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centrations in particular generally show large declines 
in water samples with distance from the mining area, 
while trends for Co, Ni and Ca are less clear. The spa-
tial distribution revealed that the concentrations of many 
chemical constituents decline from mining areas to the 
adjacent non-mining areas. Furthermore, the study rec-
ommended prohibiting coal mining and coal dumping 
near natural water bodies to limit potential impacts on 
human health and on environmental receptors.
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