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a b s t r a c t

Groundwater is the main source of water in the grassland in eastern China, this region is one of the 
largest coal bases in China. It is of great significance to study the influence of opencast coal mine 
exploitation on the chemical characteristics of groundwater in grassland and thus to evaluate the 
suitability of irrigation water based on changes in the chemical characteristics of water. To study the 
background values of the chemical characteristics of groundwater and thus to assess the effects of 
high-intensity coal mine exploitation on groundwater, the water samples in this study were obtained 
from the mining site, as well as from private wells and rivers. It is found that the dominant hydro-
chemical types of the local surface water and groundwater are the Ca2+-Mg2+-HCO3

– and Na+-Cl– 
types. The concentrations of Na+, HCO3

– and SO4
2– are relatively high in these water samples, and 

nearly all of them exceed those in the WHO and GB 5749-2006 standards. Both the shallow aquifer 
water and surface water samples exhibit high salinity, low and moderate alkalinity, and low con-
ductivity, which indicates that they can be used for irrigation. However, the quality of the deep 
groundwater samples is Permissible to Doubtful, and the coal seam aquifer water is not suitable for 
irrigation due to its high salinity, high alkalinity and high conductivity. To guarantee the safe usage 
of domestic and irrigation water, mine drainage is an important alternative to alleviate the local 
water usage contradiction. The post-processing drainage of coal seam aquifers should be fully taken 
into consideration. A groundwater monitoring network around the mining area, including urban 
areas, should be established and improved. The coal seam aquifer water source should be adequately 
avoided during future well drilling.
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1 Introduction

It is estimated that 38% of global irrigation areas use 
groundwater as a water source [1]. As shown in Fig. 1, 
groundwater accounts for 98.55% of the irrigation water 
used for grassland, farmland and orchard in Xilinhot City, 
which is located in the grassland of eastern China [2]. Irri-

gation water accounts for 51.95% of the city’s total water 
consumption, as shown in Table 1. The exploitation of 
opencast coal mines will have an effect on the groundwa-
ter reserve and hydro-chemical characteristics of the grass-
land area, while the chemical parameters of groundwater 
will affect its suitability as irrigation water. Therefore, it is 
necessary to study the hydro-chemical characteristics of the 
groundwater around the opencast coal mine and to assess 
its suitability for use as irrigation water. The grassland in 
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eastern Inner Mongolia is a water-deficient and ecolog-
ically vulnerable area that relies heavily on groundwater. 
The annual output in the Shengli No. 1 coal mine, which is 
located in this region, can reach up to 16 million tons, where 
most of the coal seams have Quaternary aquifers with a 
thickness of 18–40 m [3,4]. Therefore, this paper evaluates 
the hydro-chemical characteristics of groundwater and the 
suitability of irrigation in the surrounding area of the large 
opencast coal mine by using the surrounding area of the 
Shengli No. 1 opencast coal mine as the study area. It is 
extremely challenging to create a large opencast coal mine 
in a grassland region exhibiting such a water shortage and 
strong groundwater dependence. The Shengli No. 1 open-
cast coal mine has an annual output of 16 million tons, and 

most of its coal seams are suitable for opencast mining, even 
with an 18- to 40-m-thick Quaternary aquifer. Therefore, the 
analysis of the high-intensity exploitation of opencast coal 
mines can play a very important role in characterizing the 
chemical effects, classifying the irrigation grades and evalu-
ating the groundwater in grassland pastoral areas.

After the 1970s, water-rock equilibrium began to be 
researched based on the principles of mass conservation, 
Gibbs free energy and the Nernst equation, and the quan-
titative analysis and prediction of the geochemical charac-
teristics of groundwater were also initiated [5,6]. In recent 
years, researchers around the world have used different 
methods to analyze the chemical characteristics of the sur-
face water and groundwater in various basins. Bhuiyan et 
al. used a comprehensive method based on the combina-
tion of the pollution evaluation index, principal component 
analysis and cluster analysis to evaluate the pollution levels 
and sources of irrigation water and drinking water in Ban-
gladesh. The results showed that the water temperature, 
BOD, COD, Mn, Fe, Co, Ni, Cu and Pb contents in most 
water samples were higher than those in Bangladeshi and 
international standards [7].

At present, many scholars have studied the hydro-
chemical characteristics of groundwater. Marković et al. 
conducted a statistical analysis of the chemical data from 
Zagreb-area groundwater in Croatia. It was found that 
although the aquifers in the study area form a single hydro-
geological unit, their hydrogeochemistry exhibits obvi-
ous zonation, and the quality of deep underground water 
is better than that of shallow water. They also concluded 
that the weathering of carbonate and silicate rock plays an 
important role in the chemical composition of groundwater 
[8]. Shanyengana et al. discussed the groundwater salini-
zation process in the Namib Desert and Northern Namibia 
using a graphic method. They found that the total dissolved 

Fig. 1. The water consumption of various industries in Xilinhot 
City over the past five years.

Table 1 
Xilinhot 2011–2015 water consumption statistics table (unit: million m³)

Age Life-water quantity Primary industry quantity

Towns Rural Total Including 
ground water

Agricultural 
irrigation

Forest 
and fruits

Grassland Livestock Total Including  
ground water

2011 708 124 832 832 2765 654 0 392 3811 3811

2012 701 206 907 907 1759 514 0 407 2680 2680

2013 865 95 960 960 1683 550 0 390 2623 2623

2014 878 51 929 929 117 504 2646 557 3824 3824

2015 880 57 937 937 84 450 2336 583 3453 3403

Age Secondary industry quantity Tertiary industry 
quantity

Ecological water 
quantity

Total water 
consumption

Industry Building Total Including  
ground water

Total Including  
ground 
water

Total Including  
ground 
water

Sum 
total

Including  
ground water

2011 3256 352 3608 3478 483 483 472 212 9206 8816

2012 3042 382 3406 3277 487 487 435 214 7915 7565

2013 2860 370 3230 3080 460 460 460 110 7733 7233

2014 1302 60 1362 1212 532 532 515 315 7162 6812

2015 1162 15 1177 1000 525 525 555 265 6647 6130
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solid contents in groundwater vary greatly, and these con-
tents can reach up to 500% in deep water areas or in areas 
in which underground water has been overexploited. It 
was proposed that the effects of evaporation, the dissolu-
tion of evaporated rock and mixing with salt water are the 
main hydrogeochemical processes that lead to salinization 
[9]. Vanderzalm et al. studied the main recharge sources of 
groundwater in the central Australia shallow alluvial plain 
and its hydrogeochemical evolution process by using a 
graphic method and ternary mixture model [10]. The results 
showed that the shallow groundwater in the alluvial plain 
mainly comes from river infiltration in flood periods, adja-
cent basin lateral recharge and deep groundwater leakage 
recharge in different sections. Cloutier et al. also studied the 
hydrogeochemical evolution of groundwater and obtained a 
more comprehensive understanding of the evolution of the 
groundwater dynamic field and chemical field by combin-
ing multivariate statistical methods. Based on the analysis 
of groundwater hydro-chemical parameters, some scholars 
have also evaluated the irrigation suitability of groundwa-
ter, especially in water-deficient areas [11]. Neves et al. eval-
uated the groundwater quality and environmental impact of 
abandoned uranium mines in central Portugal from 1995 to 
2004. It was found that the concentrations of SO4

2–, Al– and 
Mn2+ were more than 50–120 times greater than those in the 
standard, resulting in the risk of soil degradation [12].

Singh et al. studied the major ion chemical characteris-
tics and geochemical processes dominating the water com-
position of the surface water, groundwater and mine water 
in the upstream watershed of the Damodar River Basin in 
India and also evaluated the applicability of various kinds 
of water with different salinity, sodium, magnesium and 
SAR values to domestic, industrial and irrigation purposes 
[13,14]. Singh et al. also surveyed the hydrogeochemistry 
of coal mine drainage and evaluated the geochemistry and 
solute capture processes of mine water as well as its appli-
cability to domestic, irrigation and industrial uses. Neogi 
et al. analyzed the water samples collected from various 
locations in the Karanpura coalfield mine, including their 
electrical conductivity values, total dissolved solids, total 
hardness, main anions, cations and trace metal ions, and 
evaluated the geochemical characteristics, acquisition pro-
cesses, and dissolution flux of the mine water [15]. Tiwari et 
al. collected 30 different samples in the Bokaro coalfield and 
these samples were qualitatively assessed in terms of the 
domestic and irrigation applications of water in the Bokaro 
coal mine [16].

However, no research has investigated the chemical 
characteristics of groundwater and assessed its irrigation 
suitability in the vicinity of an opencast coal mine. Because 
of its location and production [17], the Shengli No. 1 open-
cast coal mine is an ideal location for this study [18,19]. 
First, it is located in the vicinity of the Xilin River and 
the hydro-chemical characteristics of the area surround-
ing the coal mine are closely related to the changes in the 
hydro-chemical characteristics in the downstream area. Sec-
ond, all of the opencast stripped material of the Shengli No. 
1 mine began to undergo internal dumping in 2012, and the 
internally dumped abandoned materials are mainly clay 
and shale, which can easily chemically react with water. 
For the purpose of mine safety, it is of great significance 
to maintain the stability of the inner dump and its slope. 

Third, a pastoral area surrounds the mining area, and the 
local coal and animal husbandry industries are economic 
mainstays[20]. Therefore, it is very important to study the 
hydro-chemical characteristics of the groundwater in the 
areas surrounding the Shengli No. 1 opencast coal mine 
and evaluate its irrigation level for the development of the 
local economy. This study can also provide a reference for 
groundwater research in other mining areas under similar 
conditions.

2. Materials and methods

2.1. Study area description

The North Power Shengli No. 1 opencast coal mine 
(east longitude: 111°16′37″~111°19′24″, north latitude: 
39°50′04″~39°52′11″) is one of the largest opencast mines 
in China. As shown in Fig. 2, its annual output reached 25 
million tons in 2012 and 16 million tons in 2016. The main 
coal seams of the coal mine are the No. 5 and No. 6 coal 
seams, which have coal seam dip angles of less than 5°. The 
average thickness of the No. 5 coal seam is 18.16 m and the 
average thickness of the No. 6 coal seam is approximately 
36.64 m. Single bucket and truck mining technology has 
been adopted here.

Shengli coalfield is located in the middle of Xilingol 
Grassland, which has a semi-arid steppe climate with a 
large annual temperature range. The maximum recorded 
temperature is 38.3°C (July 25, 1955), and the minimum 
recorded temperature is -42.4°C (January 15, 1953). The 
annual average number of days with temperatures below 
-25°C is 40.15 d, the annual average precipitation is 
293.45 mm (1957–2004), and the annual average evapora-
tion is 1794.64 mm (1974–2004). The freezing period lasts 
from the beginning of October to the first third of Decem-
ber every year. As shown in Table 2, the maximum depth of 
frozen soil is 2.89 m (1969), and the average depth of frozen 
soil is 2.42 m. The southern mine area is located 5 km from 
downtown Xilinhot, while its eastern, northern and western 
areas are pastoral areas. The Xilin River flows through the 
area located 400 m from the eastern part of the mine area.

2.2. Hydrogeology

The Shengli No. 1 opencast mine is a hydrogeological 
unit of the Xilin hot Basin. The aquifers that influence the 
opencast mining area include Quaternary pore aquifer, Top 
conglomerate segment aquifer, No. 5 seam fracture confined 
aquifer and No. 6 seam fracture confined aquifer. In essence, 
stably aquifuge exist between the above mentioned four 
aquifers, and their lithologies are dominated by mud stone, 
sandy mud stone and fine siltstone. The recharge of quater-
nary pore aquifer in the Shengli No. 1 open-air area is pre-
dominantly composed of precipitation, as well as the lateral 
recharge of the Xilin River, snow and ice melt water, atmo-
spheric condensate and groundwater runoff. The recharge of 
the top conglomerate segment aquifer, No. 5 seam fracture 
confined aquifer and No. 6 seam fracture confined aquifer is 
mainly supplied by the concealed aquifer causing the infil-
tration of meteoric water into outcrops and the infiltration of 
transfluence into the local weak parts of the aquiclude.
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The Xilin River is the lowest erosional base in this area. 
The Xilin River valley alluvial plain is dominated by ground-
water runoff and evaporation discharge. Sewer drainage of 
Quaternary aquifers and coal seam aquifers is another drain-
age method in the region. Three faults are developed in the 
first mining area of the Shengli No. 1 opencast area. F1, F25 
and F29 are normal faults that are NE-trending, with dip 
angles of greater than 50°, which are mainly characterized by 
compresso-shear features. The fault zone is mainly composed 
of mud stone and plastic rock cemented with mud stone, 
with few cracks and an undeveloped fractured zone that can 
be considered an aquiclude. The Xilin hot reservoir, founded 
in 1958, is located 9 km to the south of Xilin hot City and cur-
rently has a total reservoir storage capacity of 19.0 Mm3. As 
shown in Fig. 3, its water level reaches up to 1011.87 m.

2.3. Groundwater sampling and ion analysis

Due to the reconstruction and extension of the mining 
area, most of the observation wells in the mining area were 

damaged, and there is no systematic long-term dynamic 
observation network for the groundwater environment 
around the mining area.

By analyzing the Shengli No. 1 opencast coal mine data 
to assess the hydrogeological conditions and characteristics 
of the mining area, we found 9 representative sites. These 
sites represent all of the important change points and import-
ant applied fields related to the groundwater circulation in 
this region: SL#1, 3, 5, 6, 7, 9, 11, 13 and 15 are the sites cor-
responding to coal mine water, coal seam direct infiltration 
water, Xilin River reservoir water, the groundwater used for 
landscaping near the reservoir, the vegetable base groundwa-
ter 2 km from the southeastern region of the mining area, the 
cow village pressure well, the well of the No. 1 herdsman’s 
family, the well of the No. 2 herdsman’s family, and the water 
drained outwards after undergoing mine water treatment, 
respectively. The water depths of SL#6, 7, 9, 11, and 13 are 15 
m, 9.2 m, 7.3 m, 93 m and 24  m, respectively. The water sam-
pling points for SL#6, 7, 9, 11 and 13 are 16 m, 80 m, 8.3 m, 94 
m and 25 m above the Earth’s surface, respectively. 

Fig. 2. Geographic location map of the North Power Shengli No. 1 opencast mine.

Table 2 
Major weather indicators and output details of the Shengli No. 1 open pit mine in the last ten years

Age Stripping/million m3 Coal Yield/megaton Rainfall Evaporation Temperature Pumpage/million m3

2007 38.50 6.19 150.5 1478.9 4.3 4.32 

2008 50.86 10.85 228.6 1482 3.68 6.54 

2009 59.33 10.53 240.8 1437.6 3.17 8.23 

2010 33.56 14.25 276.9 1331.5 2.76 6.93 

2011 78.31 24.42 226.7 1357.3 2.58 6.46 

2012 93.65 24.91 511.7 1214.7 1.57 6.44 

2013 37.36 17.89 273.4 1231 3.03 4.84 

2014 46.02 17.02 255.9 1414.3 4.66 2.75 

2015 35.34 12.08 412.8 1316.9 3.9 2.40 

2016 45.58 16.00 309 1346.2 3.42 2.61 
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The groundwater sampler is a 1.5 L sampling bottle 
with a 2 kg steel column bottle hanging below it, and it con-
tains ten holes with diameters of 1–2 mm that are located 
close to the mouth of the upper bottle. Before the water 
sampling process, the sampler cover cap is tightened. When 
the sampler comes in contact with the water surface in the 
drill, the rope is rapidly released as required every 1 m, 5 m 
or 10 m. After waiting 3–5 min, the bottle is quickly pulled 
to the ground and unscrewed, and the water is poured 
out quickly, thus avoiding prolonged contact with air and 
affecting the accuracy of the analysis.

3. Results

3.1. Anion and cation chemistry

The statistics of the water chemistry parameters are 
shown in Table 3. The majority of the water samples in the 
study area comprise HCO3

– and SO4
2–. The average concen-

trations of the four anions of HCO3
–, SO4

2–, Cl– and NO3
– are 

541.57, 232.05, 141.33 and 18.73 mol/L, respectively. To 
accurately compare these samples, the contribution per-
centages of various ions are shown in Fig. 4.

The concentrations of HCO3
– range from 332.3 mg/l 

(SL#13) to 674.20 mg/l (SL#15), and their ratios to the aver-
age value range from 0.61–1.24. The concentrations of SO4

2– 
range from 37.28 mg/l (SL#5) to 535.55 mg/l (SL#1), and 
their ratios to the average value range from 0.16–2.31. The 
concentrations of Cl– range from 58.08 mg/l (SL#13) to 192.25 
mg/l (SL#15), and their ratios to the average value range 
from 0.41–1.36. Two samples with the lowest HCO3

– concen-
tration are SL#13 and SL#5. There is no evidence indicating 
that HCO3

– can cause harm to the human body. According 
to the requirements of the WHO [21], safe and reasonable 
concentrations of HCO3

– are less than 300 mol/L. The bicar-
bonate concentration in the groundwater mainly depends on 
the alkalinity. When carbon dioxide in the atmosphere and 
the soil dissolves into the groundwater, it forms bicarbonate.

The concentrations of SO4
2– in these samples range 

from 37.28 to 535.55 mol/L. According to the Chinese 

national standard [22], the SO4
2– concentration of class III 

water should be less than 250 mol/L. Thus, samples SL#1, 
SL#3, SL#11 and SL#15 are not consistent with these drink-
ing water standards. It is interesting to note that of these 
four water samples, three were obtained within the mining 
area exhibit relatively high concentrations in the range of 
280.78–535.55 mol/L. However, the other sample is SL#11, 
whose concentration of SO4

2– reaches an astonishing 405.57 
mol/L. This concentration ranks only second to the seep-
age of the no. 5 coal in SL#1, which was obtained from the 
deep well of a herdsman’s family located far from the min-
ing area. Coal mining accelerates the strong oxidation of 
certain minerals (e.g., pyrite) in a rock, which influences its 
SO4

2– concentration. More surveys [23,24] of the background 
concentration values in deep water sources are required 
to clarify the reasons for the high SO4

2– concentration of 
SL#11 and to determine measures for its avoidance [25]. 
The changes in Cl– concentrations are very similar to those 
in HCO3

–, indicating that there was a strong correlation 
between them. Thus, this required the correlation analysis 
of the chemical ions in groundwater.

For these four kinds of cations, their concentrations rank 
at every sampling point is Na+ > Ca2+ > Mg2+ > K+, indicating 
that their ion concentration ratios are basically stable, and 
their average concentrations are 236, 73, 41 and 7 mol/L, 
respectively.

The concentrations of Na+ range from 100.5 mg/l (SL#5) 
to 422 mg/l (SL#3), and their ratios to the average value 
range from 0.43–1.78. The concentrations of Ca2+ range from 
29.43 mg/l (SL#3) to 115.29 mg/l (SL#9), and their ratios 
to the average value range from 0.40–1.57. The concentra-
tions of Mg2+ range from 15.37 mg/l (SL#3) to 70.41 mg/l 
(SL#1), and their ratios to the average value range from 
0.37–1.69. The concentrations of K+ range from 1.38 mg/l 
(SL#13) to 15.16 mg/l (SL#5), and their ratios to the average 
value range from 0.17–1.90. It can be seen that the discrete 
distribution of each cation falls within a relatively stable 
interval, wherein Na+ has the highest concentration in the 
groundwater of the study area and K+ has the lowest con-
centration in the groundwater of the study area [26]. From a 
macro-scale perspective, the local high Ca2+ concentrations 

Fig. 3. Comprehensive schematic diagram of the hydrogeological structure in the mining area.
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Table 3 
Water chemistry statistics table

Sample ID K+ Na+ Ca2+ Mg2+ HCO3
– Cl– SO4

2– NO3
– TDS NO2

–

SL#1 8.44 326 95.66 70.41 587.7 175.42 535.55 5.13 1516.54 0.03

SL#3 6.32 422 29.43 15.37 669.5 184.68 280.78 0.12 1281.92 0.02

SL#5 15.16 100.5 41.7 35.2 419.6 77.53 37.28 2.37 523.99 0

SL#6 11.44 108 76.04 39.67 506 105.73 55.32 4.5 658.86 0.01

SL#7 4.82 278 82.58 34.71 611.3 155.83 228.94 47.05 1143.76 0

SL#9 11.36 128 115.29 45.62 589.5 160.25 58 1.79 821.34 0

SL#11 3.52 278 71.14 54.54 484 162.23 405.57 5.08 1227.15 0.01

SL#13 1.38 122.5 70.32 24.3 332.3 58.08 96.49 99.26 641.9 0.01

SL#15 9.2 364 78.49 53.55 674.2 192.25 390.53 3.23 1435.16 0

Sample ID Total 
hardness

Salinity Free CO2 H2SiO3 Soluble 
SiO2

Conductivity Total 
Iron

Ammonia 
Nitrogen

Nitrate 
nitrogen

Nitrite 
Nitrogen

SL#1 529.31 1804.51 34.73 15.5 11.92 2390 0.26 0.14 1.16 0.009

SL#3 136.89 1609.97 10.22 15.08 11.6 2190 0.33 1.37 0.03 0.006

SL#5 249.33 729.59 32.69 17.38 13.37 945 0.18 0.19 0.53 0.001

SL#6 353.53 906.8 20.43 24.44 18.8 1197 0.05 0.07 1.02 0.002

SL#7 349.4 1443.29 44.95 22.66 17.43 1878 0.3 0.05 10.62 0.001

SL#9 476.09 1110.2 42.98 30.19 23.22 1484 0.18 0.3 0.4 0.001

SL#11 402.61 1464.31 10.22 15.16 11.66 2020 0.07 0.18 1.15 0.002

SL#13 275.85 804.72 12.26 16.77 12.9 1091 0.08 0.07 22.41 0.002

SL#15 416.89 1765.52 24.52 24.08 18.52 2390 0.05 0.05 0.73 0.001

Fig. 4. Pie chart of the concentration ratios of anions and cations.
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may due to the fact that most rocks contain minerals and all 
water-bearing units may be influenced by water-rock inter-
actions. The reason for the lowest K+ concentration may be 
that K+ can be easily consolidated by clay minerals. This 
change in ion concentrations is particularly evident at the 
regional scale [27,28], suggesting that there are many clay 
minerals in the study area.

According to the Shoka Lev classification method, SL#3 
and SL#7 are 7-B, SL#5 is 7-A, SL#1 and SL#15 are 14-B, 
SL#11 is 14-A, and SL#6, SL#9, and SL#13 are 4-A type water.

3.2.  Spatial distribution characteristics of water quality  
components

The spatial distribution of water quality constituents 
is shown in Fig. 5. This figure shows that the distributions 
of conductivity, salinity and total dissolved solids (TDS) 
are highly consistent, with values ranging from 1091–
1307 mg/L, 803–1804 mg/L, and 641–1511 mg/L, respec-
tively. In general, TDS significantly exceeded the limit in 
the mining area but remained at relatively low levels in 
the northern pastoral area and the eastern village. The total 
hardness levels in the mining area are low in the north-
ern pastoral area and high in the eastern village, which is 
mainly due to the high Ca2+ content of the SL#9 water sam-
ple [29–31].

4 Discussion

4.1. Analysis of groundwater chemical correlation

Correlation analysis can reveal the similarities and dif-
ferences between the chemical parameters of groundwater 
and the similarities and differences in their sources. The 
intensity of the correlation is expressed by the Pearson cor-
relation coefficient. The results of the Pearson correlation 
analysis are shown in Table 4.

The calculation results show that the correlation coeffi-
cients of Na+, SO4

2– and Cl– in the groundwater samples in 
the study area are very high. Their total regression equa-
tions are as follows:

2.7747 372.1, 0.92196Y x r= + =  (1)

21.9102 584.59, 0.94034Y x r= + =  (2)

36.7573 72.808, 0.8843Y x r= + =  (3)

wherein y, x1, x2 and x3 (in mol/L) are the total mass con-
centration of dissolved solids, the sodium ion mass concen-
tration, the sulfate ion mass concentration and the chlorine 
mass concentration, respectively. In addition, all of the 
Pearson coefficients between Na+ and HCO3

–, Cl–, SO4
2–, 

and TDS are greater than 0.8, further showing that sodium 
is the dominant cation. The Pearson coefficients between 
Mg2+ and Ca2+ and SO4

2– are slightly larger than 0.6, indi-
cating they exhibit a certain correlation. There is a signif-
icant correlation between HCO3

– and Cl–, whose Pearson 
coefficient reaches 0.91495. In addition, these data demon-
strate that NO3

– has a negative correlation with almost all 
other parameters. Considering that SL#5 is surface reser-
voir water, while SL#6 represents the shallow groundwa-
ter near the reservoir. These data indicate that their water 
quality has not been affected by any production activities, 
which is also why we chose these two samples to represent 
the background values of the regional surface water. The 
Na+ concentrations of samples 7 and 11 vary between 250–
300 mol/L, mainly because these are deep groundwater 
samples with relatively high concentrations. 

The ratio between ions is an important factor used to 
indicate the chemical characteristics of groundwater. γNa+/
γCl– is known as the genetic coefficient of groundwater, 
which is a hydrogeochemical parameter used for charac-
terizing the concentration of sodium ions in groundwater. 

Fig. 5. Spatial distribution maps of different water quality constituents: conductivity (A), salinity (B), TDS (C) and total hardness (D).
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Low-salinity water has a relatively high γNa+/γCl– coeffi-
cient (γNa+/γCl– > 0.85), while high-salinity water has a 
relatively low γNa+/γCl– coefficient (γNa+/γCl– < 0.85) [32]. 
In addition, the values of γSO4

2–/γHCO3
–, γCl–/γHCO3

–, 
γSO4

2–/γCl–, γMg2+/γCa2+ and γNa+/γCl– are also listed in 
Table 5. 

The value of γSO4
2–/γHCO3

– is generally considered to 
be an important chemical indicator in determining the water 
source. If it is greater than 1, the water source mainly comes 
from gypsum or salt. If it is less than 1, the water source is 
much more influenced by carbonate. The values of γSO4

2–/
γHCO3

– for samples from the researched area are all less than 
1, indicating that groundwater in this region is more affected 
by carbonate sources [33]. The values of γCl–/γHCO3

– and 
γMg2+/γCa2+ are in a relatively stable level, and their values 
for samples from other sites are greater than 1. The values of 
γSO4

2–/γCl– for SL#5, SL#6 and SL#9 are less than 1, indicat-
ing there are no rock strata with sulfate ions in these three 
sites. All these three rock strata are typical layer where sur-
face water exists, therefore it is certain that there are miner-
als that can produce sulfate in the deep part of strata. 

The values of γNa+/γCl– for 8 of the 9 groups of water 
samples from the researched area are greater than 1, indi-

cating that the Na+ concentration is basically greater than 
the Cl– concentration. Since the values of γNa+/γCa2+ and 
γNa+/γMg2+ are all greater than 1, it can be considered that 
Na+ was continuously released from the feldspar as the rock 
minerals are weathered and dissolved by hydrolysis and 
acid in the groundwater runoff process. 

As the North Power opencast mine is located in the 
Xilin hot basin hydrogeological unit, the gentle slope hills 
in the Xilin River west and valley alluvial plain transition 
zone, gentle slope hills in the west, valley alluvial plain 
in the east, junction area of gentle slope hills and valley 
alluvial plain in the central west. Surface topography of 
the opencast area appears to be high in the northwest and 
low in the southeast. Surface water flow direction is from 
the southeast to the northwest, so the velocity is slow. 
Especially when the water-bearing media contains more 
clay minerals (as shown in Fig. 3), and the adsorption 
effect is more obvious. Ca2+ and Mg2+ in groundwater are 
adsorbed and exchanged releasing Na+ into the under-
ground water. Moreover, annual evaporation in Xilin-
gol pastoral area is far greater than the rainfall and the 
surface salinization phenomenon is very serious. Since a 
large number of fractures connected surface and under-

Table 5 
The ion ratios in different samples

Sample ID γSO4
2–/γHCO3

– γCl–/γHCO3
– γSO4

2–/γCl– γMg2+/γCa2+ γNa+/γCl– γNa+/γCa2+ γNa+/γMg2+

SL#1 0.91 0.30 3.05 0.74 1.86 3.41 4.63

SL#3 0.42 0.28 1.52 0.52 2.29 14.34 27.46

SL#5 0.09 0.18 0.48 0.84 1.30 2.41 2.86

SL#6 0.11 0.21 0.52 0.52 1.02 1.42 2.72

SL#7 0.37 0.25 1.47 0.42 1.78 3.37 8.01

SL#9 0.10 0.27 0.36 0.40 0.80 1.11 2.81

SL#11 0.84 0.34 2.50 0.77 1.71 3.91 5.10

SL#13 0.29 0.17 1.66 0.35 2.11 1.74 5.04

SL#15 0.58 0.29 2.03 0.68 1.89 4.64 6.80

Table 4 
Pearson correlation analysis results

K+ Na+ Ca2+ Mg2+ HCO3
– Cl– SO4

2– NO3
– TDS NO2

– Total 
Iron

1 –0.33892 0.01548 0.18912 0.13669 –0.05944 –0.34646 –0.66357 –0.30795 –0.25449 –0.01336

1 –0.21401 0.12974 0.74682 0.82784 0.81407 –0.28152 0.92196 0.42254 0.43007

1 0.6328 0.13746 0.21688 0.1016 0.03625 0.12956 –0.10992 –0.18259

1 0.19411 0.40257 0.60754 –0.39894 0.47997 0.20284 –0.23465

1 0.91495 0.48054 –0.56411 0.73238 0.09442 0.45011

1 0.71451 –0.56786 0.8843 0.22196 0.34928

1 –0.24888 0.94034 0.56361 0.17363

1 –0.3131 –0.08956 –0.10689

1 0.45283 0.31318

1 0.32924

1
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ground space are formed, it will bring the sodium ion 
into the groundwater when it rains, which is one of the 
reasons why Na+ concentration is high in the vicinity of 
coal mine [34].

Fig. 6 illustrates that the discrete distribution effect of 
the data is excellent. We can accurately see that most of the 
data fall within a normal range, but a few abnormal data 
points appear in the Ca2+ and NO3

– plots. Ca2+ content is 
abnormally high in SL#9, reaching up to 115.29 mol/L, and 
abnormally low in SL#3 and SL#5, reaching values of 29.41 
and 41.7 mol/L, respectively, with a mean Ca2+ concentra-
tion of 73.41. Compared to the background values of coun-
tries such as India [35,36], United States [37,38], Iran [39,40] 
and regions of Xilinhot, which is located near the study area 
[41,42], the Ca2+ concentration in the study area is relatively 
high (41.7 mol/L), implying that the overall local Ca2+ con-
centration is high. The NO3

– concentration of SL#7 is 47.05 
mol/L, and the concentration of SL#13 is 99.26 mol/L, 
while the mean value is 18.73 mol/L. The ammonia nitro-
gen concentration of SL#3 is 1.37 mol/L, while the mean 
value is 0.27 mol/L.

Fig. 7 is the graphical representation of the main anions 
and cations in the water samples. These data are widely 
used to evaluate the relationship between the dissolved 
ionic components and the main water types [43]. The geo-
chemical data on the trilinear diagram show that all points 
in the cation triangle are distributed in the Na+ type region 
and the non-dominant ion area, while all points in the anion 
triangle are distributed in the HCO3

– type region and the 
non-dominant ion area. The data diagram in the center of 
the diamond field also shows an interesting phenomenon in 
which almost all chemical types of the water samples can be 
classified into two categories, namely, the Ca2+-Mg2+-HCO3

– 
type and the Na+-Cl– type. There are no coincident prop-
erties between these two chemical types. Therefore, these 
water samples either originated from different sources or 
were derived from the same source but experienced signif-
icant changes in their original chemical properties due to 
external effects.

Therefore, it is necessary to determine the specific rea-
sons for changes in water quality, combined with the specific 
sources of water sampling points, the geological conditions 
at sampling points, and the relationship between sampling 
points and the mining area, etc. The Radar chart can connect 
all of the important elements in groundwater together, and 
users of this chart can directly observe the concentrations 
of various ions and the proportional relationships between 
them. When combined with Google Earth, this tool can be 
used to clearly and quickly observe changes in the content 
of water quality as well as the geographical reasons for 
these changes, as shown in Fig. 8.

It can be clearly seen that the ion content distributions 
of 5 and 6 are quite similar, followed by 9 and 13, which 
merely differ from 5 and 6 in terms of their HCO3

– con-
tents. The contents of samples 11, 1, 15, 3 and 7 are sim-
ilar. From a geographical perspective, it can be seen that 

Fig. 6. Box plot analysis.

Fig. 7. Piper trilinear diagram analysis results.
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samples 5 and 6 are located 17 km away from the mine 
and located in the upstream region. As previously men-
tioned, these two points can be used as samples of surface 
water and unconfined water, respectively. Samples 9 and 
13 are similar. Sample 9 is located in the cow village 3 
km to the east of the mining area, and 13 is located in the 
pastoral area in the mining area 7 km to the northwest of 
the mining area. These four points are far from each other 
and separated by the mining area in the center. The rea-
son for their similar ion contents and distributions is that 
they all comprise shallow groundwater. To some extent, 
these four samples also represent the background values 
of the hydro-chemical characteristics in this local region. 
Samples 11, 1, 15, 3 and 7 are similar, wherein 1, 3 and 15 
are inner mine water samples. Analyzing them based on 
their water flow sequence reveals that the mine seepage 
water 3 outflows from the seepage point and through the 
mine bottom side slope, it then converges to the under-
ground water collecting pit, which is water sampling 
point 1. After undergoing a simple treatment in the water 
collecting pit, the water is discharged and comes to sam-
pling point 15. The above three points thus share a certain 
and unique source. The drilling data of the ten geological 
boreholes BK71-BK81 (as shown in Fig. 3) reveal that the 
distance between the no. 5 coal seam (aquifer) and the 
Earth’s surface ranges from 50–65 m. Thus, the similarity 
between 11 and 7 indicates that they are water from the 
same aquifer or underground water from the same aqui-
fer. Therefore, all 9 sampling points in this paper can be 
classified as four categories. Sample 5 is surface water, 
whereas 6, 9 and 13 are shallow groundwater, 7 and 11 
are deep groundwater, and 3, 1 and 15 are inner water of 
the mining area.

The cluster analysis method is used to analyze all of the 
elements, as shown in Fig. 9.

If all of the samples are divided into 2 categories, the 
first category comprises samples 1, 15, 7, 11 and 3, while 
the second category comprises samples 5, 13, 6 and 9. The 
former category can be classified as deep groundwater, the 
latter category can be classified as surface water and shal-
low groundwater with similar chemical properties.

If all of the samples are divided into 4 categories, the 
first category comprises samples 1 and 15, in which their 
only difference is that sample 15 represents sample 1 after 
undergoing a simple precipitation treatment. The second 
category comprises samples 7, 11 and 3, which can be iden-
tified as deep groundwater. The third category comprises 
samples 5, 13 and 6, which represent shallow groundwater 
or surface water. The fourth category comprises samples 9, 
on whose surface floating oil was recognizable during sam-
pling, indicating that its water quality is not good due to 
man-made pollution and that it thus can be characterized 
as unusual shallow water.

If one subdivides these samples again, it can be found 
that samples 7, 11 and 3 can be divided into two classes, 
wherein sample 3 is water in the no. 5 coal seam aquifer, 
while samples 7 and 11 are mixed groundwater containing 
water from the no. 5 coal seam aquifer and other aquifers.

The above analysis demonstrates that the chemical char-
acteristics of all samples are similar but gradually change. 
As the Piper trilinear diagram of all points is relatively con-
centrated and continuous, this process of change is contin-
uous. However, all the regions formed together by all of the 
points nearly gradually change across two types of different 
regions. Through mathematical and statistical analysis, we 
can also find that the major reason for the changes in the 
chemical characteristics of the water samples due to their 
different sources of aquifers.

4.2. Evaluation of irrigation suitability

The Shengli coal mine is surrounded by pastoral areas, 
as it is located in the world-renowned prairie of the Xilingol 
Grassland. Since it was mentioned above that the water in 
the study area is not suitable for drinking, it is worth dis-
cussing if this water is suitable for agricultural irrigation. 
The Na and SAR contents in groundwater samples can 
affect the replacement of cations in clay minerals, resulting 
in increased sodium or causing damage to the permeabil-
ity of the soil [44,45]. EC values can be used to reflect the 
TDS concentrations in groundwater [46]. Therefore, using 
the Na+, SAR and EC values as a classification standard, 
the Wilcox diagram [47] and the famous US Salinity Lab-
oratory classification diagram were used to evaluate the 

Fig. 8. Analysis results of Radar chart.

Fig. 9. Cluster analysis results.
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level of irrigation water [48]. The Wilcox diagram considers 
the percentages of both Na and EC, and it divides samples 
into five categories, namely, C1S1, C2S1, C2S2, C3S1 and 
C4S1, which correspond to Excellent to Good, Permissible 
to Doubtful, Good to Permissible, Doubtful to Unsuitable, 
and Unsuitable, respectively. The calculation formulas for 
SAR are shown as formulas (4) and (5), and the calculation 
results are shown in Table 6.

( )2 2

2

Na
SAR

Ca Mg

+

+ +
=

 (4)

2 2% 100%
K Na

Na
K Na Ca Mg

+ +
+

+ + + +

+
= ×

+ + +
 (5)

where SAR is the sodium adsorption ratio (mmolc·L
–1)1/2, 

and (Ca2+, Mg2+, Na2+Na+, K+) are the ion concentrations 
(mmolc·L

–1).
Fig. 10 shows that 4 of our samples clearly fall in the 

range of good to permissible, indicating that they can be 
used as irrigation water. These samples include sample 
No. 5 of the Xilin River Reservoir, sample 6 of the shallow 
groundwater near the reservoir, sample 9 from the cow 
village pressure well and sample 13 from the No. 1 Herds-
man. The vegetable base sample is permissible to doubtful, 
while the remaining 4 samples are all doubtful to unsuit-
able, including sample 1 of the pit water collected from the 
mining area, sample 3 of the no. 5 coal seam infiltration 
water, sample 15, which represents the mine water sample 
obtained after undergoing a simple treatment, and sample 
11 from the deep groundwater from the No. 2 Herdsman’s 
family.

Fig. 11 shows that samples 5, 6, 9 and 13 have high 
salinity and low alkalinity, two samples have high salinity 
and moderate alkalinity, one sample has high salinity and 
extremely high alkalinity, and the other two samples have 
extremely high salinity and high alkalinity. Thus, the results 
of these two evaluation methods are basically consistent.

The above analysis shows that the shallow ground-
water and surface water in the study area are good to 
permissible. The shallow groundwater around the min-
ing area can be used for irrigation in pastoral areas. The 
coal pit water and no. 5 coal seam aquifer well water are 
currently not suitable for direct irrigation applications 
due to their high salinity and alkalinity. However, after 
undergoing appropriate treatment, they can be used for 
agricultural irrigation. Therefore, based on this situation, 
joint efforts from the government, coal mining staff and 
herdsmen are required to ensure the safety of living and 
irrigation water, as well as the proper and clean mining 
of local coal resources. It is necessary to formulate plans 

and policies for water-saving irrigation, provide necessary 
financial support for water-saving projects, and establish 
and improve a groundwater monitoring network around 
the mining area. The layout of the drilling monitoring sys-
tem is shown in Fig. 12. The monitoring system is prin-
cipally based on a radial pattern of borehole distribution 
around the mining site. The boreholes outside the mining 
area are mainly used to maintain the water supply, with 
monitoring as a supplementary function, which improves 
efficiency and reduces the cost. The Quaternary pore aqui-
fer is partly connected with the aquifer of the top con-
glomerate section, and they communicate with each other. 
In the eastern region of the mining area, a 5th coal outcrop 
was exposed and the aquifer of the upper conglomerate 
section is absent. Moreover, there are abundant hydrologi-
cal boreholes in the quaternary system. Therefore, it is not 
necessary to arrange hydrogeological boreholes for verifi-

Fig. 10 Wilcox diagram.

Fig. 11. Famous US Salinity Laboratory classification diagram.

Table 6 
Calculation results of Na+, SAR and EC

Sample ID SL#1 SL#3 SL#5 SL#6 SL#7 SL#9 SL#11 SL#13 SL#5

SAR 8.69 22.12 3.9 3.52 9.12 3.6 8.49 4.53 10.93

EC 2390 2190 945 1197 1878 1484 2020 1091 2390

%Na+ 66.82 90.53 60.06 50.79 70.69 46.41 69.14 56.7 73.87
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cation. The exploration results show that the 5th coal seam 
group in the east has a relatively small range available for 
mining, so it is not necessary to arrange the observation 
section for the 5th coal seam group. In the dump along the 
roadside in the north, the upper dumping layer is thick, 
and the rock soil is softly consolidated. This characteris-
tic makes forming boreholes difficult and requires much 
ineffective drilling work, limiting the implementation of 
an exploration schedule. Moreover, the dumps along the 
roadside will be demolished in the next few years, there-
fore, this system does not allow for long-term observation. 
To the south of the roadside of the stope, due to the uplift 
of the strata and the partial development of the 5th coal 
seam group and the upper conglomerate section, the key 
area of this exploration is consistent with the direction of 
mining. Parameters such as the coordinates and the length 
of drilling are shown in Table 7.

In areas where the water quality is not good and water 
resources are limited, people should pay close attention 
to avoid penetrating the coal seam aquifer when digging 
wells to obtain reliable water. If necessary, measures may 
be needed to grout and seal the coal seam wall to prevent 
unqualified water from penetrating into the well. From a 
mining perspective, improvements and adjustments to the 
production process are required to reduce the amount of 
mine drainage, and water-saving measures should be taken 
within the mining area. The sewage from the mine must 
be processed to a level to be suitable for irrigation. Herds-
men should raise awareness of water conservation, adopt 
water-saving measures and tools advocated by the govern-
ment, and make reasonable decisions about the basic area 
that can be reached by a well and control their amount of 
livestock based on the type of pasture and the type of live-
stock.

5. Conclusions

The groundwater quality of the North Power Shengli 
coal mine district was examined to assess its suitability for 
drinking and irrigation purposes. The results of the chem-
ical analysis of groundwater samples revealed that the 
majority of the samples belonged to the Ca2+-Mg2+-HCO3

– 

and Na+-Cl– hydro-chemical facies. The surface water and 
groundwater have high concentrations of Na+, HCO3

– and 
SO4

2–, which almost exceed the maximum values of the 
WHO and GB 5749-2006 standards.

The distributions of major anions and cations and their 
ratios indicate that the groundwater in this region is more 

Table 7 
Parameter list of drilling coordinates and length

Hole 
label

X Y Z H Aquifer

KS1 420105 4871978 992 20 Quaternary pore 
aquifer

KS2 419810 4872439 1005 40 Top conglomerate 
segment aquifer

KS3 419328 4872716 1011 20 Quaternary pore 
aquifer

KS4 418873 4872413 1018 20

KS5 418572 4873398 1023 15 No. 5 seam fracture 
confined aquifer

KS6 416991 4872334 1061 108

KS7 416814 4872214 1070 150

KS8 418673 4873705 1024 20 Quaternary pore 
aquifer

KS9 418210 4873399 1032 30

KS10 416870 4872499 1032 40

KS11 418132 4874070 1044 70 Top conglomerate 
segment aquifer

KS12 417441 4873604 1045 70

KS13 416598 4873037 1068 100

KS14 416500 4872970 1070 110

KS15 417806 4874561 1045 140 No. 5 seam fracture 
confined aquifer

KS16 417435 4874558 1050 140

KS17 416839 4874555 1078 200

KS18 415994 4874547 1120 240

KS19 419894 4876605 1060 250 Top conglomerate 
segment aquifer

KS20 420854 4876616 991 20 Quaternary pore 
aquifer

KS21 421058 4877740 982 25

KS22 422575 4877061 976 100 No. 6 seam fracture 
confined aquifer

KS23 421698 4873883 982 97 No. 5 seam fracture 
confined aquifer

KSG1 417466 4873620 1045 50 Top conglomerate 
segment aquifer

KSG2 416864 4874570 1080 50 No. 5 seam fracture 
confined aquifer

KSG3 419129 4877852 1025 40 Top conglomerate 
segment aquifer

Fig. 12. Radial monitoring drilling layout.
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strongly affected by carbonate sources. The distribution of 
γSO4

2–/γCl– also indicates that there are sulfate-producing 
minerals in the deep part of the strata. Chemical correlation 
analysis shows that local high Na+ concentrations may be 
caused by the weathering and dissolution of rock minerals 
and the ion exchange of Ca2+ and Mg2+ in the soil. Local cli-
matic conditions are also an important reason for the high 
background value of groundwater. 

The detection of major ions (e.g., Ca2+, Na+ and SO4
2–) and 

the calculation of water quality parameters (SAR, EC and 
%Na+) indicate that the water from the shallow aquifer and 
surface water in this area are characterized by high salinity, 
low and medium alkalinity, and low conductivity and can 
thus be used for irrigation. However, the deep groundwater 
in this region (Permissible to Doubtful) has high salinity and 
alkalinity, and it is suitable for irrigation only after under-
going appropriate processing. The water from the coal seam 
aquifer is not suitable for irrigation due to its high salinity, 
high alkalinity and high conductance, but this does not mean 
that coal mining will result in groundwater being unsuitable 
for irrigation. In contrast, for the large coal bases in the steppe 
area, water drainage in the mining area is an important 
alternative to alleviate water use pressure. To establish and 
improve the groundwater monitoring network in the mining 
area and even around surrounding cities, the post-treatment 
of the coal seam aquifer drainage should be fully considered. 
When herdsman dig wells to fetch water, the drilling depth 
should be higher than the buried depth of the coal seam aqui-
fer. Otherwise, the drilling method of blocking the pore wall 
of the coal seam aquifer should be adopted to fully avoid the 
water source of the coal seam aquifer and ensure the safety of 
living and irrigation water.
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