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Abstract
In mining areas, fresh groundwater plays an essential role in meeting the water needs for coal production, agriculture, animal 
husbandry, and human consumption. The objective of this study is to obtain a deeper understanding of the groundwater 
evolution processes, and to assess the groundwater quality and its suitability for domestic and irrigation purposes in Chenqi 
coalfield, located in the Hulunbuir grassland of Inner Mongolia, China. 21 groundwater samples were collected from three 
different landforms (high plain, plain, and river valley) for major ions and trace metals analyses. General hydrochemistry, 
correlation, and hierarchical cluster analysis methods were employed. The results show that the groundwater is predomi-
nantly of the  HCO3–Na·Ca type and  HCO3–Ca·Na in the plain and river valley areas, and of the Cl·(HCO3·SO4)–Na·Ca in 
the high plain area. The groundwater circulation is regulated by natural processes: in the plain and river valley areas, rock 
weathering, dissolution of silicates (especially plagioclase), and reverse cation exchange are the major hydrogeochemical 
processes occurring, whereas, in the high plain area, evaporation and dissolution of halite, silicates, and gypsum are the main 
hydrogeochemical processes. Besides, mining activities have a certain impact on groundwater quality due to the change of 
groundwater circulation conditions. Groundwater in the plain and river valley areas is suitable for drinking and irrigation 
purposes, with low concentrations of all parameters. However, in the high plain area, total hardness (TH), high total dissolved 
solids (TDS), and  Cl− and  SO4

2− concentrations limit the suitability of the groundwater for drinking purposes, while high 
EC and Na concentration makes it unsuitable for irrigation. These results aid in sustainable management of water resources 
in the study area, and provide a reference for the sustainable utilization of water resources and the rational exploitation of 
natural resources in other coal mining areas of the world.
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Introduction

The global demand for freshwater has raised significantly 
in recent times owing to population explosion, industrial 
development, and intensive irrigation activities (Rajesh et al. 
2015). The availability of freshwater is particularly crucial 
in mining areas (Li et al. 2013; Roisenberg et al. 2016); 
however, mining activities threaten the quality and quantity 
of groundwater resources in many parts of the word. For 
example, Choubey (1991), Gupta (1999), Singh (1988), and 
Tiwary (2001) studied the impacts of coal mining on the 
water quality and water regimes in certain locations in India. 
Similar investigations of the effects of mining on ground-
water quality have been conducted in Turkey (Agartan and 
Yazicigil 2012; Arkoc et al. 2016), China (Wu et al. 2017a, 
b) and in some other countries (Nair et al. 2017; Utom et al. 
2013). These studies have shown that groundwater quality 
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has been significantly influenced by the effects of coal 
mining.

In addition, the quality of groundwater can also be 
affected by a range of climatic and geological factors and by 
anthropogenic pollution. The hydrochemical characteristics 
of groundwater are a key indicator for assessing its quality 
and possible changes therein (Huang et al. 2017). The water 
chemistry in any given area depends on both the geological 
and hydrogeological conditions and the intensity of human 
activities (Towfiqul Islam et al. 2017; Li et al. 2017a, b; Wu 
et al. 2017b), which vary significantly in different environ-
ments. Therefore, it is essential that a full understanding is 
developed of the hydrogeochemical processes occurring in 
a groundwater resource to effectively manage the system.

The Piper trilinear diagram (Piper 1944) is a traditional 
method for classifying groundwater on the basis of its chem-
ical composition and is still widely utilized (Hutchins et al. 
1999; DelgadoOuteiriño et al. 2009). The Gibbs diagram 
(Gibbs 1970) uses the relationships between TDS and Na/
(Na + Ca) and Cl/(Cl + HCO3), respectively, to assess the 
probable sources of chemical constituents in groundwater 
(Huang et al. 2017). This plot in combination with other 
mathematical statistical methods can help to identify the 
processes that have influenced the developed of groundwa-
ter quality.

Correlation relationships between chemical elements can 
also be used to study the effects of water–rock interaction on 
groundwater chemistry (Redwan et al. 2016). Another com-
monly used method is hierarchical cluster analysis (HCA), 
which is a powerful statistical method that has been used to 
understand the sources of chemical constituents and the fac-
tors that have influenced groundwater quality in many parts 
of the world including Turkey (Kurunc et al. 2016), India 
(Patel et al. 2016), and Malaysia (Fulazzaky et al. 2010).

In China, which is the focus of the current study, much 
research has been conducted to assess groundwater quality 
and its suitability for domestic and irrigation purposes (Li 
et al. 2012; Chen and Feng 2013). The coal industry is of pri-
mary concern to the quality of groundwater here, as there are 
a large number of coal mines in China. Coal is comfortably 
China’s primary energy source, contributing up to 70% of 
the national energy production (Zhang et al. 2009). With the 
rapid development in the country’s economy, coal mines in 
the eastern grasslands have gradually been exploited. How-
ever, these grasslands are an ecologically vulnerable zone, 
and it is difficult to guarantee the harmonious development 
between human beings and the environment (Huang et al. 
2017; Li et al. 2017a, b). It is, therefore, of key importance 
to obtain a full understanding of the evolution processes and 
the groundwater quality in the mining areas.

The present study relates specifically to the Chenqi coal-
field, located in the largest grassland in China—namely, the 
Hulunbuir grassland in Inner Mongolia. Here, groundwater 

is the main source of domestic drinking and irrigation water, 
but the groundwater evolution processes in this region and 
the water quality are little documented and understood.

Against this backdrop, therefore, the aim of this study 
is to identify the groundwater evolution processes, and to 
assess the suitability of water quality for domestic and irriga-
tion purposes in the Chenqi coalfield. The results obtained 
provide a reference for the better management of ground-
water resources and for the rational exploitation of natural 
resources in the study area.

Materials and methods

Location, climate, and hydrology

The study area in the Chenqi coalfield is located at a latitude 
of 49°06′N–49°42′N and longitude of 119°08′E–120°18′E 
(Fig. 1). Chenqi coalfield is one of the four large coal fields 
in Hulunbuir city and is characterized by its low-sulfur con-
tent and its high calorific value. The study covers an area of 
3995 km2, with an east-to-west length of about 80 km and a 
north-to-south width of about 50 km. The average elevation 
of the undulating plain ranges from 600 to 750 m above the 
mean sea level. There are three types of landforms in this 
area: high plain (I), plain (II), and river valley (III) (Fig. 1). 
Animal husbandry (such as cattle and sheep rearing), plant-
ing (such as wheat and oilseed rape), and coal mining are the 
three traditional pillar industries in this area.

The study area belongs to a temperate continental 
semiarid climatic zone characterized by long cold winter 
and short hot summer. The annual mean temperature is 
– 1.5 °C, with the lowest temperature occurring in Janu-
ary and the highest temperature occurring in June. Typi-
cally, the ground is covered with snow for about 6 months a 
year from early November to early May. The average annual 
rainfall is 346.8 mm and the average annual evaporation is 
1329.0 mm. The rainy season is from June to September. 
Rainfall during the rainy season accounts for 90% of the 
annual precipitation.

In this area, the surface water system is part of the Argun 
River system. The major rivers are the Hailaer River flow-
ing from east to west and the Mo River, which is a branch of 
the Hailaer, flowing from north to south. Both the Hailaer 
and Mo rivers merge into the Argun River. The run-off of 
the Hailaer River is about 34.76 × 108 m3/a, and that of the 
Mo River is about 0.994 × 108 m3/a. The surface water from 
these rivers is one of the major water sources for domestic 
and irrigation purposes in this area.
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Geology and hydrogeology

Quaternary formations, including Holocene alluvium and 
diluvium (Q4

al+pl) and an upper Pleistocene ice accumulation 
layer (Q3

fgl), cover the whole study area. The Holocene allu-
vium and diluvium are widely distributed with a thickness 
of 3–20 m in the Hailar and Mo river valley areas and in 
the plain area, and the strata are chiefly composed of white 
sandy pebbles and clay-bearing sandy gravels. The upper 
Pleistocene ice accumulation layer covers the whole high 
plain area with a thickness of 1–42 m, which mostly consists 
of yellow silty soil and medium fine-grained sand.

Porous-medium aquifers in unconsolidated Quaternary 
sediments and pore-fissure aquifers in Cretaceous bed-
rock are the major sources of groundwater in the area. The 
groundwater in the Quaternary shallow aquifer is used 
mainly for domestic and irrigation purposes, whereas that 
in the Cretaceous deep aquifer is not used. Groundwater in 
this area generally flows from northeast to southwest and is 
recharged primarily by atmospheric precipitation.

Water sampling and laboratory analysis

Twenty-one groundwater samples (G1–G21, seven sam-
ples each from the three landforms with different surface 
elevations) were collected from different locations in the 

shallow aquifers in July 2017. Pre-existing wells were used, 
as these are easy to sample. The exact sampling locations 
were recorded utilizing a portable GPS device (Fig. 1). 
Groundwater samples were collected after pumping wells 
of 10–80 m depth for 2–3 min to remove the stale water. The 
sampled water was stored in 1 L white plastic bottles. They 
were rinsed 2–3 times using the fresh groundwater to be 
sampled before sampling. Then, the sampling bottles were 
sealed, labeled, and delivered to the laboratory for phys-
icochemical analysis within 24 h. All groundwater samples 
were measured and analyzed for pH, electric conductivity 
(EC), total hardness (TH), total dissolved solids (TDS), 
major ions  (K+,  Na+,  Ca2+,  Mg2+,  Cl−,  SO4

2−,  HCO3
−,  F−, 

 NO3
−,  NO2

−), trace metals (Cu, Mn, Cr, Hg, Pb, Cd, As), 
and chemical oxygen demand  (CODMn). TDS and pH were 
measured in situ utilizing a portable meter (Shanghai Sanxin 
Company, Shanghai, China). Before testing, all groundwater 
samples were filtered through a 0.45 μm membrane filter 
in the laboratory to remove suspended particulates. Major 
anions  (SO4

2−,  Cl−,  NO3
−,  NO2

−, and  F−) were measured 
employing anion chromatography with anion columns 
(Thermo Company, Waltham, USA), while major cations 
 (K+,  Na+,  Ca2+, and  Mg2+) were analyzed using cation 
chromatography with cation columns. The EDTA titrimetric 
method was used for TH analysis and  CODMn was meas-
ured by titrating with potassium permanganate. Inductively 

Fig. 1  Map of hydrogeology and sampling locations
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coupled plasma mass spectrometry (ICP-MS) was utilized to 
measure the trace metals content of the samples. The charge 
balance errors for all the groundwater samples were cal-
culated to check the analytical accuracies. The calculated 
charge balance errors (%CBE) for all groundwater samples 
were within the upper error limit of 5% (Wu et al. 2014).

Results and discussion

General hydrochemistry

The analysis results of physicochemical parameters of the 
groundwater samples from the three landforms are given in 
Table 1.

The table shows that the pH of all groundwater samples 
ranged from 6.52 (slightly acidic) to 7.78 (slightly alkaline), 
with a mean of 7.38. The TDS of the groundwater samples 
ranged between 108.85 and 2240.34 mg/L with a mean of 
754.69 mg/L, and the EC of the groundwater samples var-
ied from 168.19 to 3540.00 μS/cm with an average value 
of 1081.65 μS/cm. Both TDS and EC were highest in the 
high plain area, where the groundwater is brackish (defined 
as having a TDS within the range of 1000–10,000 mg/L) 
and most of the groundwater has unacceptable quality for 
irrigation, with EC > 2250 μS/cm. In the plain and river val-
ley areas, all groundwater samples could be classified as 
being fresh water (TDS < 1000 mg/L), which indicates that 
the groundwater is suitable for domestic and irrigation uses 
according to the WHO (2017) guidelines. The TH of ground-
water in this study varied from 75.33 to 831.05 mg/L with 
a higher value in the high plain compared to the plain and 
river valley areas. Consequently, according to the Chinese 
Standards for Drinking Water Quality (2006), this indicates 
that the groundwater is soft (TH < 150 mg/L)-to-slightly 
hard (TH within the range of 150–300 mg/L) in the plain 
and river valley areas and is very hard (TH > 450 mg/L) in 
the high plain area (Li et al. 2010). Long-term drinking of 
hard or very hard water may lead to ailments such as car-
diovascular disease, anencephaly, and other health problems 
(Chabukdhara et al. 2017). Therefore, the groundwater in the 
high plain area is not considered to be suitable for potable 
use. The variations in the EC, TH, and TDS concentrations 
in the different groundwater samples may be attributed to 
variations in the lithology and hydrogeological processes in 
the study area (Mahato et al. 2018).

The predominant cations in the groundwater samples 
were  Ca2+,  Mg2+, and  Na+. The concentration of  Na+ varied 
from 9.50 to 501.20 mg/L with an average of 163.27 mg/L, 
the  Ca2+ concentration ranged from 22.22 to 194.39 mg/L 
(avg. 64.46  mg/L), and the  Mg2+ concentration varied 
from 1.70 to 133.46 mg/L (avg. 33.72 mg/L). The concen-
trations of  Ca2+,  Mg2+, and  Na+ were highest in the high Ta
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plain area. The order of major cation concentrations in the 
water samples was  Na+ > Ca2+ > Mg2+ in the high plain and 
plain areas, and  Ca2+ > Na+ > Mg2+ in the river valley area. 
On average, the concentrations of  Na+,  Ca2+, and  Mg2+ 
accounted for 93.3–99.7% (avg. 98%) of the total cations 
 (TZ+) in the groundwater, and are likely derived from the 
dissolution of silicates containing minerals such as plagio-
clase, albite, and anorthite (Singh et al. 2010). The concen-
trations of  Ca2+ and  Mg2+ determine the hardness of the 
groundwater.

The predominant anions in the groundwater samples were 
 HCO3

−,  Cl−, and  SO4
2− with minor amounts of  NO3

− and 
 F− also present in the high plain samples. The major anion 
in the river valley and plain areas was  HCO3

−. Taking all 
groundwater samples into account,  HCO3

− concentrations 
varied from 115.10 to 741.35 mg/L (avg. 338.77 mg/L), 
 Cl− concentration ranged from 2.00 to 779.77 mg/L 
(avg. 169.09  mg/L), and  SO4

2− concentration ranged 
from < 0.75 mg/L to 506.89 mg/L (avg. 133.20 mg/L). The 
concentrations of  HCO3

−,  Cl−, and  SO4
2− were much higher 

in the high plain area than in the plain and river valley areas. 
The order of major anion concentrations in the water sam-
ples in the high plain area was  Cl− > SO4

2− > HCO3
− and 

concentration of  Cl− accounted for 42.5–57.4% (avg. 51%) 
of the total anions  (TZ−). In the plain and river valley areas, 
the order was  HCO3

− > Cl− > SO4
2− and  HCO3

− accounted 
for 72.2–93.7% (avg. 85%) of  TZ−. HCO3

- in the groundwater 
is likely from the dissolution of silicate minerals such as 

anorthite and albite,  SO4
2− may be from the dissolution of 

anhydrite  (CaSO4) or gypsum  (CaSO4·2H2O), and  Cl− may 
be from the dissolution of halite (Singh et al. 2010).

The concentration of  F− in the groundwater samples 
ranged from 0.17 to 1.28 mg/L (avg. 0.53 mg/L). Except 
for two groundwater samples in the plain area with a higher 
concentration of  F−, its concentration was generally low 
in this area (Table  1). The  NO3

− concentration ranged 
from < 0.018 mg/L to 41.19 mg/L with a mean of 3.78 mg/L 
and only one water sample located in a village has a very 
high concentration, indicating that concentrations of this 
anion easily meet the 50 mg/L threshold for  NO3

− in pota-
ble water recommended by the WHO (2017). Consequently, 
there appears to be negligible impacts of human land use on 
groundwater quality in this area.

Hydrogeochemical facies

The Piper trilinear diagram is a graphical representation of 
hydrochemical data which is helpful in determining connec-
tions between different dissolved constituents and for clas-
sifying groundwater based on its chemical characteristics 
(Tiwari et al. 2017). The method was applied to the results 
of the current study (Fig. 2), and shows that the groundwa-
ter samples fall into zones IV, III, and II, demonstrating the 
dominance of weak acids  (HCO3

−) over the strong acids 
 (SO4

2− and  Cl−) in the plain and river valley areas and of 
the alkalis elements  (Na+ and  K+) over the alkaline earth 

Fig. 2  Piper trilinear diagram of 
the water samples
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elements  (Ca2+ and  Mg2+) in the plain and high plain areas. 
The combined  SO4

2− and  Cl− concentration in the plain and 
river valley areas is very low compared to groundwater from 
the high plain area. This suggests that gypsum and halite are 
not dominant minerals in the lithology. The low combined 
concentration of these ions may also be due to less human 
activity in the plain and river valley areas. Groundwater 
samples were mainly classified as Cl·(HCO3·SO4)–Na·Ca 
type in the high plain area, and as  HCO3–Na·Ca type and 
 HCO3–Ca·Na types in the plain and river valley areas. This 
indicates that the main processes occurring in the plain and 
river valley areas are the dissolution of silicate minerals such 
as albite and anorthite and the dissolution of halite, silicate 
minerals, and gypsum in the high plain area.

Ion correlation analysis

In the groundwater, different chemical constituents in 
groundwater are not independent, and correlations among 
different parameters can be used to explore the sources of 
the groundwater (Singh et al. 2010). A Pearson correlation 
matrix of physicochemical parameters of the groundwater 
samples was calculated (Table 2).

As shown in the table,  Ca2+ is strongly correlated with 
 SO4

2− (with correlation coefficients of 0.866, p < 0.05), 
suggesting that the dissolution of gypsum is the dominant 
process controlling the groundwater chemical characteris-
tics in high plain area. Meanwhile,  Na+ is also strongly cor-
related with  HCO3

− (with correlation coefficients of 0.984 
(p < 0.01) and 0.904 (p < 0.01), respectively) in the plain and 
river valley areas, suggesting that the dissolution of silicate 
minerals is an important contributing factor to the ground-
water chemistry in these areas.

Hierarchical cluster analysis (HCA) of groundwater

Hierarchical cluster analysis (HCA) is a widely used sta-
tistical tool for analyzing the origins and influencing fac-
tors of groundwater chemistry. There are two HCA modes, 
known as the R and Q modes. HCA was employed to the 
data obtained in the present study based on the Ward method 
(Dolnicar 2002) (Fig. 3). The R-mode HCA was used to 
classify the nine groundwater quality variables into two clus-
ters. Cluster 1 indicates natural processes of groundwater, 
which are responsible for the presence of  NO2

−,  F−,  NO3
−, 

 Ca2+, and  Mg2+. Cluster two suggests processes of gypsum, 

Table 2  Pearson correlation 
among physicochemical 
parameters of groundwater

*Correlation is significant at the 0.05 level (two-tailed)
**Correlation is significant at the 0.01 level (two-tailed)

K+ Na+ Ca2+ Mg2+ Cl− SO4
2− HCO3

−

The high plain area
 K+ 1
 Na+ − 0.816* 1
 Ca2+ 0.21 0.247 1
 Mg2+ 0.04 -0.205 0.392 1
 Cl− − 0.431 0.664 0.739 0.454 1
 SO4

2− 0.213 0.134 0.866* 0.584 0.694 1
 HCO3

− − 0.203 − 0.034 − 0.503 − 0.343 − 0.535 − 0.732 1
The plain area
 K+ 1
 Na+ 0.707* 1
 Ca2+ 0.623 0.850** 1
 Mg2+ 0.728* 0.921** 0.743* 1
 Cl− 0.686 0.991** 0.868** 0.901** 1
 SO4

2− 0.454 0.833* 0.623 0.726* 0.774* 1
 HCO3

− 0.745* 0.984** 0.888** 0.936** 0.987** 0.733* 1
The river valley area
 K+ 1
 Na+ − 0.171 1
 Ca2+ 0.745* 0.257 1
 Mg2+ 0.251 0.358 0.808* 1
 Cl− 0.238 0.780* 0.696 0.721* 1
 SO4

2− 0.357 0.612 0.747* 0.713* 0.927** 1
 HCO3

− − 0.114 0.904** 0.441 0.614 0.752* 0.571 1
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silicate, and halite dissolution, which are responsible for the 
presence of  Na+,  Cl−, SO4

2-, and  HCO3
−. Overall, it appears 

that the groundwater chemical constituents in this area are 
regulated by natural processes based on the R-mode HCA.

The Q-mode HCA was utilized to classify all the ground-
water samples into two clusters. Samples G8–G21 belong 
to cluster 1, and the remaining samples (G1–G7) belong 
to cluster 2. The concentrations of TDS, TH,  Na+,  SO4

2−, 
and  Cl- in cluster 2 are much higher than those in cluster 
2. As shown in Fig. 1, the cluster 1 samples were collected 
from the high plain area with a low groundwater renewal 
rate, where groundwater flows slowly due to the low per-
meability of sediments in the area which mostly consist of 
silts and fine-grained sands. The remaining samples were 
collected from the plain and river valley areas close to the 
groundwater discharge area (the Mo River). Groundwater 
recharge rates are also likely to be much higher in these 
areas. Therefore, it appears that groundwater evolution is 
to a large degree controlled by the nature of the geological 
formations and the local hydrogeological conditions.

Due to the limitation of sampling conditions, the size of 
groundwater samples is only 21, which is small for such a 
large area (Formann 1984; Dolnicar 2002). It may affect the 
accuracy of clustering results due to the high data dimen-
sionality. Therefore, sampling should be continued later if 
conditions permit.

Water–rock interaction

From the preceding discussion, it may be inferred that 
groundwater chemistry is mostly controlled by natural pro-
cesses in the study area. Consequently, a Gibbs diagram was 
used to investigate the natural factors that influenced the 
chemical composition of groundwater in the area (Huang 

et al. 2017; Li et al. 2016). The Gibbs diagram indicates 
whether the chemical composition of groundwater in an 
area is dominantly influenced by the effects of evaporation, 
by water–rock reactions, and or by the effects of precipita-
tion. In addition to the Gibbs diagram, the ratio of  Mg2+/
Na+ and  Mg2+/Ca2+ can also be used to determine whether 
evaporation and rock interaction are likely to be influencing 
groundwater quality (Li et al. 2018).

A Gibbs diagram and Mg/Na versus Mg/Ca diagrams 
were applied to the data obtained in this study and the 
results’ area is shown in Fig. 4a, b, respectively. These dia-
grams suggest that rock weathering is the main mechanism 
controlling the chemical constituents of groundwater in the 
plain and river valley areas, whereas groundwater quality 
in the high plain area appears to be mainly governed by 
evaporation and rock weathering in some localized areas.

An important process of water–rock interaction is min-
eral dissolution (Li et al. 2018) and the assessment of ionic 
milliequivalent ratios can indicate which minerals are likely 
to have the largest influence on groundwater quality. For 
example, the dissolution of halite is often indicated by a 1:1 
value of the ratio of  Na+ vs  Cl−, the dissolution of calcite, 
dolomite, and gypsum is indicated by a 1:1 value of the ratio 
of  (Ca2+ + Mg2+) vs  (HCO3

− + SO4
2−), and the dissolution of 

silicate, especially plagioclase, is indicated by the ratio of ∑ 
cations  (Ca2+ + Mg2+ + Na+ –  Cl−) vs  HCO3

− (Kim 2003).
As shown in Fig. 5a, b, the milliequivalent ratios of 

 Na+ vs  Cl− and  (Ca2+ + Mg2+) vs  (HCO3
− + SO4

2−) in most 
water samples are close to 1:1, suggesting that the dis-
solution of halite and gypsum is the main processes that 
release these ions into groundwater in the high plain area. 
However, the ratio of  Na+ vs  Cl– and  (Ca2+ + Mg2+) vs 
 (HCO3

− + SO4
2−) in samples deviates from the theoretical 

1:1 line, suggesting that silicate dissolution is a possible 

Fig. 3  Cluster dendrograms: a R-mode cluster and b Q-mode cluster
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Fig. 4  Principal processes influencing the chemical composition of groundwater determined by: a a Gibbs diagram and b a plot of Mg/Na versus 
Mg/Na

Fig. 5  Plots of a  Na+ versus  Cl−, b  (Ca2+ + Mg2+) versus  (SO4
2− + HCO3

−) and c ∑cations versus  HCO3
−
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source of  Na+ and  HCO3
− in the groundwater. Figure 5c 

suggests that the dissolution of silicates, especially pla-
gioclase, is the dominant reaction that gives rise to the 
elevated concentrations of  Ca2+,  Na+, and  HCO3

− present 
in groundwater in the area. This is further supported by 
a mineralogical analysis of sandy sediments in the area 
which indicate that they are predominantly composed of 
quartz and plagioclase. In addition, there are some devia-
tions from the 1:1 line, which shows that other processes 
such as cation exchange reaction may also occur here.

The extent to which groundwater is saturated or under-
saturated with respect to a number of key minerals can 
also influence the chemical composition of groundwater. 
The saturation indices (SI) of major minerals (Li et al. 
2013) were calculated and are shown in Fig. 6. If SI is 
greater than zero, the minerals in groundwater are over-
saturated with respect to that mineral and it may be pre-
cipitated from solution. Conversely, if SI is less than zero, 
the groundwater is unsaturated with respect to the mineral 
and it may be dissolved (Wang et al. 2017).

Figure 6a shows that the SI values of the dolomite were 
positive in five of the groundwater samples and the SI val-
ues of the calcite were positive in three of the groundwa-
ter samples collected from the high plain area, indicating 
that groundwater is saturated with respect to these mineral 
phases in the area. However, the corresponding SI values 
were negative in the remaining groundwater samples, indi-
cating the potential for carbonate minerals to be leached 
(if present) from sediments elsewhere in the study area. As 
shown in Fig. 6b, both gypsum and halite are unsaturated 
in all groundwater samples, showing that these minerals 
may also continue to dissolve in groundwater if they are 
ubiquitous in the study area.

Cation exchange

Another important process for controlling the chemical 
constituents in groundwater is cation exchange (Zhu et al. 
2011; Wu and Sun 2016). To study the occurrence of cation 
exchange, Schoeller (1965) proposed two chloro-alkaline 
indices: CAI-1 and CAI-2, which can be calculated by the 
following formula:

Both indices are positive if an exchange between  Na+ in 
the groundwater and  Ca2+ in the aquifer materials occurs, 
as expressed in Eq. (3), whereas negative values indicate 
reverse cation exchange, as expressed in Eq. (4). As shown 
in Fig. 7a, the CAI-1 and CAI-2 values of all groundwater 
samples from the plain and river valley areas were negative, 
demonstrating that reverse cation exchange between ground-
water and rock materials is likely to be another important 
process influencing groundwater quality in the area:

Furthermore, when cation exchange occurs, the relationship 
between milliequivalent concentrations of  (Na+ + K+ − Cl−) 
and [(Ca2+ + Mg2+) − (HCO3

− + SO4
2−)] should be linear with 

a slope of −1 (Wang et al. 2017). Figure 7b shows that their 
relationship can be fitted to the straight line Y = − 0.9036X 
– 0.1477 with a high correlation coefficient of 0.9723 

(1)CAI-1 =
CI−(Na+ + K+)

CI−

(2)CAI-2 =
Cl− −

(

Na+ + K+
)

HCO−
3
+ SO2−

4
+ CO2−

3
+ NO−

3

.

(3)2Na+ + (Ca,Mg)X2 = (Ca,Mg)2+ + 2NaX

(4)(Ca,Mg)2+ + 2NaX = 2Na+ + (Ca,Mg)X2.

Fig. 6  Saturation indices: a calcite versus dolomite and b gypsum versus halite
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(p < 0.01), which strongly suggests the occurrence of cation 
exchange in this area.

Mining activities

Mining activities can affect geochemical characteristics and 
groundwater quality (Li 2018). The annual output of all the 
coal mines in the study area is about 50 million tons, one 
of which is an open pit mine with an annual output of 35 
million tons (Fig. 1). Due to the long-term mining of coal 
mines, the shallow groundwater around them has been basi-
cally drained. To analyze the influence of coal mining on 
groundwater, groundwater samples near the mining area 
were compared with samples far from mining area. In the 
plain area, there are four samples (G10, G12, G13, and G14) 
near the mining area and three samples (G8, G9, and G11) 
relatively far from the mining area. As shown in Fig. 8, the 
concentration of  Na+,  HCO3

−, and TDS in groundwater near 
the mining area is higher than that far from mining area. The 
groundwater level around the mining area decreases and the 
thickness of aeration zone increases due to the drainage of 
groundwater by mining activities. Silicate minerals in the 
aerated zone dissolve continuously, which increases the con-
centration of  Na+,  HCO3

− in groundwater under the continu-
ous leaching of atmospheric rainfall. As a result, the TDS 
concentration in groundwater increased. Therefore, mining 
activities have a certain impact on groundwater quality.

Water quality assessment

The concentrations of chemical constituents in groundwa-
ter samples from this area were compared with the Chinese 
Standards for Drinking Water Quality (2006) and the WHO 
(2017) guidelines for drinking water quality. The pH of all 

groundwater samples was within the desirable limit for drink-
ing (6.5–8.5). For drinking purposes, WHO (2017) guidelines 
state that the maximum permissible TDS is 1000 mg/L and 
Chinese national guidelines state that the maximum permis-
sible TH is 450 mg/L. The TDS and TH values of the ground-
water samples were above the permissible limits only in the 
high plain area. The  Cl− and  SO4

2− concentrations were very 
low in the groundwater collected from the plain and river val-
ley areas, and were both within the WHO acceptable limit for 
drinking purposes (250 mg/L for each ion). In the high plain 
area, however, these concentrations were well over the limit. 
 F− concentrations were below the Chinese limit (1 mg/L) for 
all the samples except G12 and G13. The concentrations of 
trace metals analyzed in all samples were very low and all 
below the permissible limits. Overall, it is inferred that the 
groundwater in the plain and river valley areas close to the 

Fig. 7  Relationship between different indices: a CAI-1 versus CAI-2 and b [(Ca2+ + Mg2+) − (SO4
2− + HCO3

−)] versus  (Na+ + K+ − Cl−)

Fig. 8  The column diagram of  Na+,  HCO3
−, and TDS
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Mo river is suitable for domestic uses at present, whereas 
groundwater in the high plain area must be treated before it 
can be used for drinking. The better quality of the plain and 
river valley water is most likely due to less human and animal 
activities in this area.

The electrical conductivity (EC) and Na content play an 
important role in classifying water for irrigation purposes 
(Mahato et al. 2018). Irrigation water with a high salt content 
not only directly affects plant growth, but also indirectly affects 
plant growth by increasing the osmotic pressure of the soil 
solution, thus affecting the structure, permeability, and aera-
tion of the soil (Singh et al. 2010).

The sodium adsorption ratio (SAR), or alkali hazard, is 
determined by the absolute and relative concentration of cati-
ons, and is calculated according to the formula:

Percent Na (Na%) is widely utilized for assessing the suit-
ability of groundwater quality for irrigation purpose (Wilcox 
1955), and is calculated according to the formula:

(5)
SAR =

Na+
√

Ca2++Mg2+

2

.

(6)Na% =
Na+ + K+ × 100

(

Ca2+ +Mg2+ + Na+ + K+
)
.

The quantity of bicarbonate and carbonate ions 
 (HCO3

− and  CO3
2−) in excess of alkaline earths  (Ca2+ and 

 Mg2+) also affects the suitability of groundwater for irriga-
tion purpose. Residual sodium carbonate (RSC) can quantify 
the effects of carbonate and bicarbonate, and is calculated 
according to the following:

Water quality classification standards for irrigation 
purpose, based on SAR, EC, Na%, and RSC, are given in 
Table 3.

In this study, the calculated RSC value was < 2.5 meq/L 
except G1, G13, and G14, indicating that the groundwater 
is suitable for irrigation use. The SAR values of all ground-
water samples ranged from 0.41 to 10.78, indicating that 
they are almost of excellent quality. As shown in the USSL 
diagram (Fig. 9a), groundwater samples fall into zones 
C1S1, C2S1, and C3S1 in the plain and river valley areas 
and zones C4S1, C3S2, and C4S2 in the high plain area. 
The Na% of all groundwater samples except G1, G2, G4, 
and G14 varied from 18.4 to 58.4%. As shown in the Wilcox 
diagram (Fig. 9b), the groundwater samples fall within the 
“excellent”-to-“good” quality zones in the plain and river 
valley area and within the “doubtful”-to-“unsuitable” quality 
zones in the high plain. Overall, the groundwater is suitable 

(7)RSC = HCO3
− + CO3

2− −
(

Ca2+ +Mg2+
)

.

Table 3  Water quality 
classification standards for 
irrigation purpose

SAR EC Irrigation water quality Na % RSC Irrigation water quality

< 10 250 Excellent quality < 30 < 1.25 Suitable
10–18 250–750 Good quality 30–60 1.25–2.5 Marginally suitable
18–26 750–2250 Acceptable quality > 60 >2.5 Unsuitable
> 26 > 2250 Unacceptable quality

Fig. 9  Diagram of a USSL and b Wilcox
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for irrigation only in the plain and river valley areas and not 
in the high plain area.

A high salt content in groundwater is a common phenom-
enon in arid and semiarid regions, where groundwater loss 
through evaporation is high. There are plenty of croplands in 
the high plain area where the groundwater drainage is poor. 
Long-term irrigation can, therefore, raise the water table 
close to the surface, which will cause the salts accumula-
tion in the soil by evaporation (Mahato et al. 2018). This is 
evidenced by the fact that the local climatic conditions with 
the average annual evaporation being much greater than the 
average annual rainfall. High EC values can cause saline 
soils, and high Na concentration can lead to an alkaline soil. 
Consequently, if such groundwater is used for irrigation, 
these factors could cause a deterioration in soil quality and 
a reduction in agricultural production over the long term. In 
addition, the accumulation of salts can increase the concen-
trations of TDS and major ions, making the groundwater 
nonpotable as mentioned previously.

Conclusions

The conclusions drawn from this study can be summarized 
as follows:

1. Groundwater in the study area ranges from slightly 
acidic to slightly alkaline. EC, TDS, and TH are much 
lower in the plain and river valley areas. The predomi-
nant ions are  Na+,  Ca2+,  Mg2+,  HCO3

−,  Cl−, and  SO4
2−. 

The dominant hydrochemical facies in the high plain 
area is Cl·(HCO3·SO4)–Na·Ca and in the plain and river 
valley areas is  HCO3–Na·Ca type and  HCO3–Ca·Na.

2. The use of hierarchical cluster analysis suggests that the 
evolution of the chemical composition of groundwater 
is significantly controlled by the nature of local geologi-
cal and hydrogeological conditions. In addition, more 
groundwater samples are needed to ensure the accuracy 
of cluster analysis results.

3. A geochemical assessment of the groundwater qual-
ity data suggests that rock weathering, the dissolution 
of silicates (especially plagioclase), and reverse cation 
exchange are the main processes regulating the chemical 
constituents of the groundwater in the plain and river 
valley areas. In the high plain area, however, evaporation 
and the dissolution of halite, silicate minerals, and gyp-
sum are the major hydrochemical processes occurring. 
In addition, mining activities have a certain impact on 
groundwater quality due to the change of groundwater 
circulation conditions.

4. The quality assessment indicates that the low values of 
EC, TDS, TH, and other water quality variables in the 
groundwater samples collected from the river valley and 

plain areas make them suitable for human consumption. 
On the other hand, the groundwater in the high plain 
area has relatively high values of these variables must be 
treated before it can be used for drinking. Furthermore, 
the groundwater in the plain and river valley areas is 
suitable for irrigation, with low values of SAR, RSC, 
and Na%. However, high EC and Na concentration result 
in the groundwater in the high plain area being unsuit-
able for irrigation.

The results are of great significance to groundwater 
management in the study area. Although groundwater in 
the plain and river valley areas is of good quality, it is vul-
nerable to human contamination; hence, it is strongly rec-
ommended that reasonable management measures be taken 
before undertaking groundwater and coal exploitation.
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