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Abstract
Groundwater (GW) is an important source of freshwater in arid and semiarid areas. Some important industrial activities, 
such as coal mining, also consume GW. There have been few studies evaluating GW quality in the Selian coal mining area 
of Inner Mongolia. This study aimed to identify the hydrochemical phases and the sources of main ions in the GW of the 
Selian coal mining area. Water quality analysis was performed on 20 shallow GW samples collected from the study area. 
Statistical correlation analysis was performed on these water quality data. The quality of irrigation water was evaluated 
based on water quality indices such as the sodium absorption rate and sodium percentage. The risk of nitrate pollution in the 
study area to human health was evaluated by GW nitrate content. The results show that the dominant GW chemistry types 
in the study area are the mixed and Ca–HCO3 types. Correlation analysis indicates that rock weathering and leaching are the 
main natural drivers of GW hydrochemistry in this area. The irrigation risk analysis shows that GW in this area can be used 
for irrigation, although some caution is needed. The human health risk assessment shows that GW nitrate pollution poses 
more risk to children than to adults by a factor of 1.168. It is recommended that centralized treatment of drinking water is 
the optimal approach to managing this risk. The results of this study can act as a reference for the rational use of GW and 
for control of nitrate pollution in this area.

Keywords Groundwater quality · Nitrate pollution · Human health risk assessment · Irrigation water quality · Inner 
Mongolia

Introduction

Groundwater (GW) is an indispensable water resource and 
accounts for ~ 97% of available freshwater resources glob-
ally. Therefore, GW is very important for sustaining life, 
industry, and agriculture, especially in semiarid and arid 
areas with less rainfall and scarce surface water (Adimalla 
and Venkatayogi 2018; Adimalla and Wu 2019; Chen et al. 
2018; Khanoranga and Khalid 2019; Wu et al. 2017; Zhang 
et al. 2020b; Swain et al. 2021). Unsustainable utilization of 
GW resources can compromise other resources (Tahmasebi 
et al. 2018). The quality of GW has become an increasing 

concern globally. There have been many studies on assessing 
the quality of groundwater (Adimalla et al. 2020a; Ayogu 
et al. 2021; Dash and Kalamdhad 2021; Qiu 2010; Raja and 
Neelakantan 2021; Swain et al. 2022a; Zhang et al. 2020a, 
2020b). GW resources in mining areas are of particular 
importance for protecting the domestic water supply, sup-
porting economic development, and maintaining the eco-
logical balance (Chi et al. 2021; Feng et al. 2020a). Mining 
can result in serious consumption and pollution of GW and 
surface water flowing through mining areas. In addition, 
mining can also affect the domestic, industrial, and agricul-
tural water use in the mining area (Chi et al. 2021; Hamdi 
et al. 2021; Quintanilla-Villanueva et al. 2020). There has 
been a gradual increase in GW exploitation in recent years 
due to the impact of human activities such as mining and 
agriculture. It has been recognized for a long time that coal 
mining results in environmental pollution and water qual-
ity deterioration (Feng et al. 2020a; Jebastina and Arulraj 
2018; Ward et al. 2018). Therefore, identifying approaches 
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of minimizing damage to groundwater resources through 
the mining of coal and other anthropogenic activities is of 
great significance to ensure sustainable development and for 
achieving national energy security (Feng et al. 2020a; Luo 
and Wang 2019).

Agriculture is the sector that uses the most water glob-
ally (Xu et al. 2019a). Therefore, irrigation water quality 
and quantity have been a constant focus of policy makers 
and scholars. There have been many past studies on irriga-
tion water quality globally (Feng et al. 2020b; Hosseinifard 
and Aminiyan 2015; Li et al. 2018). The safety of water 
for agricultural irrigation depends to a large degree on GW 
resources. Past studies have shown that under the same type 
of cultivated land, the economic benefit that can be achieved 
through irrigated grain agriculture can exceed that of rain-
fed grain agriculture by a factor of 2–4 (Xu et al. 2019a). 
The sodium absorption rate (SAR), electrical conductivity 
(EC), and other indicators have been widely applied within 
the assessment of the quality of irrigation water since these 
indicators make full use of the information provided by 
water quality variables and present the overall water quality 
of irrigation water through clear standard values (Kawo and 
Karuppannan 2018; Tahmasebi et al. 2018; Xu et al. 2019a).

Nitrate pollution is evident in shallow GW of many arid 
and semiarid regions (Jianyao et al. 2007; Li et al. 2016b). 
Nitrate is a prevalent pollutant of GW and has a significant 
impact GW quality. Routes of nitrate in GW into the human 
body include the consumption of drinking water and water 
contact with skin (Gao et al. 2020; Feng et al. 2020a; Zhang 
et al. 2019). Therefore, there is value in exploring the risk 
posed by nitrate pollution in drinking water to human health 
(Qian et al. 2020; Feng et al. 2020a; Zhang et al. 2019). The 
assessment of the risk posed to human health by GW links 
water environmental pollution with human health (Bahita 
et al. 2021a, 2021b; Zhang et al. 2021b, 2019; Feng et al. 
2020a) and can quantitatively describe the risk to health of 
exposure to a polluted environment (Zhang et al. 2021a); 
Adimalla et al. 2020b; Zhang et al. 2019). GW pollution 
can affect human health (Li et al. 2016b; Zhang et al. 2019, 
2021b). In particular, the consumption of water with exces-
sive nitrate contents can lead to various health problems, 
including miscarriage, blue baby syndrome, methemo-
globinemia and gastric cancer, gastric wall damage, oral 
ulcers, and reproductive damage (Paladino et al. 2018; Wu 
et al. 2019; Zhang et al. 2019). Therefore, the study of the 
risk posed by nitrate pollution to human health is of great 
significance.

Hydrochemical characteristics of GW are widely used to 
describe the source of ions, the type of GW, the interaction 
between GW and rock, and the GW environment (Xu et al. 
2019a; Zhang et al. 2019). The determination of the hydro-
geochemical characteristics and quality of GW is helpful to 
reveal the mechanism of interaction between GW and the 

environment, and can provide new insights for the conser-
vation and management of water (Li et al. 2015; Qian et al. 
2012). In addition, the identification of spatial distribution 
characteristics of GW hydrogeochemical parameters is very 
important for the judgment of groundwater flow system and 
the determination of groundwater pollution sources (Zhang 
et al. 2019). Remote sensing (RS) and geographical infor-
mation systems (GIS), which are advancing expeditiously 
to generate rapid, continuous, and accurate results with high 
precision, are widely used in all fields of society and the 
environment (Guptha et al. 2021, 2022; Patel et al. 2022; 
Sahoo et al. 2021; Swain et al. 2022b, 2022c). In recent 
years, the use of GIS for groundwater pollution and risk 
assessment has also developed rapidly (Bahita et al. 2021a; 
Swain et al. 2022a).

The Selian mining area, Inner Mongolia, is in the center 
of the Ordos energy and heavy chemical industry and is an 
important coal production base in Ordos. However, a few 
studies have evaluated the quality of GW in this area. There-
fore, the aims of the present study were to: (1) investigate 
the mechanism of formation, hydrogeochemical character-
istics, and hydrochemical phases of GW in the study area; 
(2) evaluate the quality of irrigation water; (3) evaluate the 
non-carcinogenic health risk posed by nitrate-contaminated 
GW. The results of the present study can provide an impor-
tant basis for GW quality conservation and preservation in 
the study area.

Study area

As shown in Fig.  1, the Selian coal mining area 
(109°43′09″–109°49′50 ″W, 39°52′27″–39°59′50″N) is in 
Ordos City, Inner Mongolia Autonomous Region. The study 
area falls to the north of the Ordos Plateau with an elevation 
of 1391.5–1504.0 m, decreasing from south to north with a 
relative elevation difference of ~ 40 m. Cenozoic geologi-
cal forces destroyed the original geomorphic features of the 
plateau. The terrain of the study area is strongly cut with 
developed valleys, and has typical erosive hilly landform.

The Selian coal mining area falls within a monsoon, 
mid-temperate, semiarid, and semidesert climate zone, 
characterized by cold winters, a prevailing northwest wind 
in spring, hot summers, and cool autumns. The study area 
exhibits extreme temperature differences between summer 
and winter, and night and day, as well as low rainfall and 
high evaporation. The Selian coal mining area has an uneven 
spatial distribution of annual precipitation. Rainfall is highly 
seasonal, with 66% of annual rainfall falling in July, August, 
and September. The region experiences a long annual freez-
ing period from October to April of the following year. No 
annual surface water runoff and lakes (Nurs) occur in and 
around the study area. Surface water from rainfall collects in 
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the tributaries of the upper reaches of the Hantaichuan River 
to the south of the study area during the rainy season. This 
water then flows into the main river channel in the study area 
and finally northward into the Yellow River. A short period 
of flow or flood occurs in the Hantaichuan River only dur-
ing the rainy season, characterized by a short duration and 
large flow, whereas the river generally remains dry during 
the rest of the year.

According to hydrogeological survey, phreatic water 
is distributed widely in the study area. The lithology of 
the aquifer is mainly grayish yellow and brownish yel-
low alluvial proluvial sand gravel  (Q4

al+pl), residual slope, 
loess  (Q3−4), and aeolian sand  (Q4

eol). The thickness of 
the aquifer is 2.60–5.81 m, the elevation of the GW level 
is 1,297.03–1,378.38 m, the depth of GW is generally less 
than 10 m, and the aquifer has a moderate water yield and 
strong water permeability. In addition, the lower Cretaceous 
Zhidan group  (K1zh) aquifer partially merges with the upper 
phreatic aquifer, forming a unified aquifer rock mass. GW 
recharge is generally small due to low precipitation and poor 
supply conditions, although recharge increases significantly 
during the rainy season. The phreatic aquifer has a close 
hydraulic relationship with atmospheric precipitation and 
surface water, although it has a weaker relationship with the 
underlying confined aquifer. Phreatic water is mainly dis-
charged by evaporation, recharge of surface water, recharge 
of deep confined water, and lateral runoff, followed by arti-
ficial mining.

Materials and methods

Collection and analysis of samples

The present study identified the hydrogeochemical charac-
teristics of GW in the study area and assessed the risk of 
GW quality for agricultural irrigation and humane health. 
A sampling survey was conducted in the study area, and 
20 GW samples were collected during this period. In May 
2020, all samples were collected in the phreatic aquifer. 
Sampling was done using standard 125 mL polyethylene 
bottles. The sample bottles were rinsed with deionized 
water prior to sampling. During the collection of a water 
sample in the field, the sample bottle was first rinsed in 
triplicate using the source of the sample water, after which 
a sample was collected and the sample bottle sealed. The 
coordinates of each sample were recorded using a global 
positioning system (GPS). The well and GW depths of the 
sample well were also recorded. On-site measurements 
of pH, electrical conductivity (EC), and water tempera-
ture (T) were conducted. The samples were transported 
to a water quality analysis laboratory as soon as possi-
ble. The laboratory tests included determinations of  Na+, 
 K+,  Cd2+,  Cu2+,  Pb2+,  Zn2+ and  Mn2+ by flame atomic 
absorption spectrophotometry,  Ca2+ and  Mg2+ by ethylen-
ediaminetetraacetic (EDTA) titration,  SO4

2−and  Cl− by ion 
chromatography,  NO3

− by ultraviolet spectrophotometry, 

Fig. 1  Location of the study area (modified after: Feng et al. 2020a)
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 HCO3
− by acid–base titration, As by atomic fluorescence 

spectrometry, and  Cr6+ by Spectrophotometry.
Charge balance error (CBE) was calculated using Eq. (1) to 

validate the accuracy of the measurements and to estimate of 
the standard error of each sample (Adimalla and Qian 2021; 
Khanoranga and Khalid 2019; Xu et al. 2019a). CBE values 
within a limit of ± 5% were considered acceptable (Adimalla 
and Qian 2021; Xu et al. 2019a).

The concentrations of cations and anions were expressed in 
meq/L. The results indicated that the CBE values of all water 
samples ranged from − 2.73 to 2.69, thereby corroborating the 
reliability of the analysis.

Mineral saturation indices

At present, the saturation indices method is the most used 
method to judge and describe the saturation state of minerals 
relative to groundwater. Saturation indices (SI) are the most 
widely used index in groundwater hydrochemistry. When 
SI = 0, it indicates that the mineral and water reach the dis-
solution equilibrium state; When SI < 0, it indicates that the 
mineral and water are in unsaturated state, and the mineral has 
the trend of continuous dissolution in water; When SI > 0, it 
indicates that the mineral is in a supersaturated state and tends 
to precipitate from water (Xu et al. 2021b).

where IAP is the ion activity product; K is the equilibrium 
constant for a mineral at a given temperature.

Correlation analysis

Correlation analysis is a statistical method to study the rela-
tionship between variables (Zhang et al. 2021c). It is used to 
explore the correlation degree of dependent variables, and 
reveal the similarity and difference of sources among various 
variables (Zhang et al. 2021b). The correlation coefficient is 
calculated by the following formula:

where rij is the correlation coefficient between variable i and 
variable j, xi is the value of the i-th variable, yj is the value of 
the j-th variable, x is the average value of the i-th variable, y 

(1)CBE =

∑
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∑
anions∑

cations +
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× 100%.
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is the average value of the j-th variable, i and j are selected 
water sample index, n is the total number of water samples.

Evaluation of GW quality for agricultural irrigation

GW is widely utilized for agricultural irrigation in the study 
area. Irrigation water quality reflects its mineral composition 
and the effect of irrigation on soil and plants (Khanoranga 
and Khalid 2019; Xu et al. 2019a), and high concentrations 
of salts in irrigation water can lower agricultural productiv-
ity (Khanoranga and Khalid 2019; Xu et al. 2019a). There-
fore, the assessment of agricultural irrigation water quality 
is important to optimize agricultural production in the study 
area. The current study used the percentage sodium (Na%), 
sodium absorption ratio (SAR), comprehensive hazard 
coefficient (K), and Irrigation coefficient  (Ka) parameters 
to assess the quality of irrigation water (Adimalla and Qian 
2021; Li et al. 2016b; Xu et al. 2019a):

where M is total dissolved solids (g/L), and the concentra-
tions of all ions were expressed in meq/L.

Evaluation of GW quality for risk posed to human 
health

The presence of nitrate in drinking water poses a serious 
risk to human health through two main exposure routes 
(Adimalla and Qian 2021): (1) consumption of drinking 
water; (2) skin contact. The integrated human health risk 
assessment model was first proposed by the United States 
of America Environmental Protection Agency (US EPA) 
(2012). The present study considered both the skin and oral 
exposure pathways. The population that depends on GW can 
be divided into two categories according to differences in 
physiology and behavior: (1) children (< 17 years old); (2) 
adults (> 18 years old). The present study evaluated non-
carcinogenic risk based on the potential pollutant  (NO3

−) 
in GW.

(4)Na% =

(
Na+ + K+

)
× 100

Ca2+ +Mg2+ + Na+ + K+

(5)
SAR =

Na+√(
Ca2+ +Mg2+

)/
2

(6)K = 12.4M + SAR

(7)Ka =

⎧⎪⎨⎪⎩

288

5Cl−
if Na+ < Cl−

288

Na++4Cl−
if Cl− < Na+ < Cl− + 2SO2−

4
288

10Na+−5Cl−−9SO2−
4

if Na+ > Cl− + 2SO2−
4
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The non-carcinogenic risk of GW skin exposure can be 
determined as follows (Manassaram et al. 2010; WHO 2011):

In Eq. (8), CDIdermal is the daily exposure dose received 
through the consumption of drinking water [mg/ (kg × day)], 
T is the hourly contact duration (h/d), ED is the yearly contact 
duration (years), AT is the average daily contact duration (days, 
AT = ED × 365), EV is the hourly frequency of skin contact 
(hours/day), EF is the daily frequency of exposure (days/year), 
CF is the unit conversion factor (L/cm3), Ci is the target pol-
lutant concentration in GW (mg/L), K is the skin permeability 
parameter (cm/h), and BW was the average body weight (kg). 
In Eq. (9), Sa is the skin surface area and BH is the average 
height (cm). In Eq. (10),  RfDdermal is the reference dose of the 
pollutant [mg/(kg × day)] through the skin contact route and 
 HQdermal is the non-carcinogenic risk posed by the pollutant 
through skin contact. In Eq. (11),  ABSgi is the gastrointestinal 
absorption factor.

The non-carcinogenic risk posed by a pollutant through the 
oral route can be assessed as follows:

In Eq. (12) and Eq. (13),  CDIoral is the chronic daily intake 
dose [mg/(kg × day)] through the consumption of drinking 
water,  HQoral is the non-carcinogenic risk through consump-
tion of drinking water, IR is the rate of consumption of drink-
ing water (L/day), and  RfDoral is the reference dose of the pol-
lutant through drinking water [mg/(kg × day)]. The USEPA 
(USEPA, 2012) nitrate limit is 1.6 mg/kg/day. Table 1 lists 
the values of the parameters for the health risk assessment 
calculated in the present study.

The total non-carcinogenic risk  (HQtotal,I) of a specific pol-
lutant through both skin contact and consumption of drinking 
water is as follows:

(8)
CDIdermal = (Ci × K × Sa × T × EF × ED × EV × CF)∕(BW × AT)

(9)Sa = 239 × BH0.417 × BW0.517

(10)HQdermal = CDIdermal∕RfDdermal

(11)RfDdermal = RfDoral∕ABSgi
.

(12)CDIoral = (Ci × IR × EF × ED)∕(BW × AT)

(13)HQoral = CDI∕RfDoral.

Results and discussion

Groundwater chemistry

Table 2 describes the chemical properties of the GW sam-
ples. The GW in the phreatic aquifer was found to be alkaline 
with a low variation. The total dissolved solids of the GW 
ranged between 365.60 and 922.91 mg/L; however, TDS 
did not exceed 1,000 mg/L, showing that GW in this area is 
suitable for drinking water. The order of the main ions found 
in GW in the study area according to concentration was: 
 Ca2+  >  Na+  >  Mg2+  >  K+. Total hardness (TH) of the GW 
ranged between 205.17 and 570.48 mg/L, with  CaCO3 con-
tributing most to hardness. GW with high concentrations of 
 Ca2+ and  Mg2+ usually exhibits higher water hardness. The 
presence of  Ca2+and  Mg2+in GW can be attributed to the dis-
solution of minerals such as carbonate and gypsum. The rank 
of the main anions in GW according to concentration was: 
 HCO3

−  >  SO4
2−  >  Cl−  >  NO3

−. Trace elements such as  Cd2+, 
 Cu2+,  Pb2+,  Zn2+,  Mn2+,  Cr6+, and As in the study area are 
lower than the lower limit of detection, and As is 0.002 mg/L 
only in SQ-10. Therefore, these trace elements will not be fur-
ther studied.

As shown in Fig. 2, the spatial distribution characteristics 
of  Mg2+,  Ca2+, and  SO4

2− in the study area are similar, their 
content is generally high in the north and south sides and 
low in the middle, suggesting that they may have the same 
source. The distribution of  Cl− is similar to that of  Na+ and 
 K+, which is lower in the north and higher in the south, indi-
cating there are similar hydrogeochemical processes in the 
water–rock interaction system.  NO3

− (Fig. 2f) is high in the 
north and low in the south, which is opposite to the distribution 
of  HCO3

− (Fig. 2h).

Hydrochemical facies

The plotting of the main GW chemical compositions in a Piper 
diagram can assist in GW quality classification (Adimalla and 
Qian 2021; Li et al. 2016b; Xu et al. 2019a, 2019b, 2019c). 
Hydrochemical facies represent zones describing the dominant 
cations and anions affecting GW hydrochemistry (Adimalla 
and Qian 2021; Xu et al. 2019a). As shown in Fig. 3, cati-
ons of GW samples collected in the study region mainly were 

(14)HQtotal,I = HQoral,i + HQdermal,i.

Table 1  Exposure parameters of human health risk assessment in different groups

Exposure Parameter EF(days/year) ED(years) IR(L/day) BW(kg) BH(cm) T(h/d) ABSgi EV(day) CF(L/cm3) K(cm/h)

Children 365 6 1.5 25.9 117 0.4 0.5 1 0.002 0.001
Adult 365 30 3.62 73 165.3 0.4 0.5 1 0.002 0.001
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plotted in zone B, indicating there is no cation-dominated type 
in GW. Anions are mainly plotted in zone B followed by E, 
indicating that groundwater could be divided into two groups, 
in which no anion is dominant in the first group and in which 
bicarbonate is dominant in the second group. Almost all GW 
samples are plotted in zones 5 and 1, followed by zones 2 
and 3, illustrating that the dominant GW types are mixed and 
Ca–HCO3, followed by Na–Cl and Ca–Cl. The hydrochemi-
cal types identified could mainly be related to dissolution of 
minerals and salts within the aquifers.

Natural mechanisms driving groundwater quality

An improved understanding of the factors driving GW 
chemistry is important for the protection of GW quality 
and for the development of GW resources (Xu et al. 2021a, 
2019a). Gibbs diagrams (Fig. 4) were proposed by Gibbs 
(1970) for studying the mechanisms driving the chemical 
compositions of water. A Gibbs diagram consists of two 
sub-diagrams. The first represents the relationship between 
TDS and the weight ratio of  Na+ versus  (Na+ +  Ca2+). The 
second represents the relationship between TDS and the 
weight ratio of  Cl− versus  (Cl−  +  HCO3

−) (Li et al. 2016a). 
The Gibbs diagram represents three processes driving the 
chemical composition of GW (Li et al. 2016a; Zhang et al. 
2020b): (1) Rock Dominance; (2) Evaporation Dominance, 
and; (3) Precipitation Dominance.

As shown in Fig. 4, almost all GW samples are shown to 
fall within the rock dominance category, suggesting that the 
weathering of rock and leaching are the primary mechanisms 
driving GW chemistry in the study area. Large quantities of 
dissolvable salts and minerals are found in sediments as the 
sediments are produced by the weathering of parent rock. 
These soluble salts enter GW through soil infiltration of irri-
gation water and precipitation.

Sources of major ions

The Gibbs diagrams showed that GW quality in the study 
area fell within a rock dominance category. The bivari-
ate diagram of ions shown in Fig. 5 further supported the 
above result. The  Na+ versus  Cl− plot indicated a clear  Na+ 
enrichment in the GW samples (Fig. 5a). The GW ratios 
of  Na+/Cl− in the study area ranged from 0.63 to 2.53 with 
an average of 1.58. Generally, under a situation of halite 
dissolution being the sole source of GW quality, the  Na+/
Cl− ratio should approximate 1 (Li et al. 2016a; Xu et al. 
2021b; Zhang et al. 2020b). Most of the samples showed 
higher  Na+/Cl− ratios, thereby suggesting an additional 
source of  Na+. The weathering of silicate may occur under 
an alkaline environment [Eq. (15) and Eq. (16)]. Processes 
of cation exchange may also result in high concentrations 
of  Na+ in GW.Ta
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Fig. 2  Spatial distribution map of main ions: (a)  Ca2+, (b)  K+, (c)  Na+, (d)  Mg2+, (e)  SO4
2−, (f)  NO3

−, (g)  Cl−, and (h)  HCO3
−
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(15)
3Na1∕3Al7∕3Si11∕3O10(OH)2 + 30H2O + 6OH−

→ Na+ + 7Al(OH)−4 + 11H2SiO4

(16)
4NaAlSi3O8 + 4CO2 + 22H2O → 4Na+

+ 4HCO−
3 + Al4

(

Si4O10
)

(OH)8 + 8H4SiO4.

The ratio of  HCO3
− +  SO4

2− to  Ca2+ +  Mg2+ in GW 
would approximate 1 if the dissolution of carbonates 
and sulfate minerals is the main process affecting GW 
chemistry (Li et  al. 2016b; Zhang et  al. 2020b). As 
shown in Fig. 5b, almost all GW samples collected in the 
study area are plotted above the 1:1 line. The fact that 
 HCO3

− +  SO4
2− was dominant over  Ca2+  +  Mg2+ in the 

GW samples may be due to the weathering of carbonates 

Fig. 3  Piper diagram for 
groundwater samples

Fig. 4  Gibbs diagrams of 
groundwater samples
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and sulfate minerals as well as cation exchange. However, 
a few samples (SQ-10, SQ-16, and SQ-17) are plotted 
under the 1:1 line, showing that GW in this area under-
goes reverse cation exchange. The ratio of  Na+/Cl− further 
supported this assertion. The linear relationship between 
 Na+ +  K+-Cl− and  (Ca2+ +  Mg2+)-(HCO3

− +  SO4
2−) simi-

larly had a slope of − 1 under the condition of cation 
exchange being the primary processes affecting the chem-
ical composition of GW (Adimalla and Qian 2021; Xu 
et al. 2021b). As shown in Fig. 5c, the slope of the linear 
regression line was − 1.4377, diverging slightly from − 1. 
This result indicated that cation exchange and reverse 
cation exchange occur in the GW system, although these 
processes have little influence on GW quality in the study 
area.

The main mineral saturation indexes in groundwater 
samples were calculated and are shown in Table 3. The 
saturation index of gypsum and halite in groundwater was 
negative and in unsaturated state. This indicated that gyp-
sum and halite have a dissolution trend, which was consist-
ent with the above results. The saturation index of calcite 
and dolomite was positive with a precipitation tendency. 
However, the results of bivariate diagrams of major ionic 
concentrations show that a source of  Ca2+ and  Mg2+ was 
the dissolution of carbonate minerals. In fact, they were 
not contradictory. The dissolution of calcite and dolomite 
existed in the groundwater environmental system, while it 
was in a saturated state.

Analysis of the correlations between ions in GW

The geochemical processes driving the chemical compo-
sitions of GW in an aquifer can be identified through the 
assessment of the correlations between the various chemical 
constituents of GW samples (Xu et al. 2019c; Zhang et al. 
2020b).

As shown in Table 4, the concentrations of major ions 
in the GW samples were positively correlated with TDS, 
which could be attributed to the long residency of GW in the 
aquifer, thereby increasing aquifer water–rock interactions. 
A significant positive correlation was identified between the 
concentrations of  Na+ and  Cl−, and  SO4

2− was also posi-
tively correlated with both  Ca2+ and  Mg2+. These results 
indicated the main sources of these ions to be the dissolu-
tion of rock salt, gypsum, dolomite, and calcite. In addition, 
since the correlation between  Ca2+ and  SO4

2− exceeded that 

Fig. 5  Bivariate diagrams of major ionic concentrations in groundwater samples

Table 3  Calculation for mineral saturation index

Sample no Gypsum Halite Calcite Dolomite

SQ-01 − 1.68 − 6.92 1.06 2.15
SQ-02 − 1.43 − 7.41 1.05 2.21
SQ-03 − 1.38 − 7.13 0.95 2.04
SQ-04 − 1.6 − 7.08 1.02 2.33
SQ-05 − 2.04 − 7.51 0.98 2.18
SQ-06 − 1.42 − 6.73 1.03 2.24
SQ-07 − 1.19 − 6.80 1.02 2.14
SQ-08 − 1.43 − 6.79 0.82 1.78
SQ-09 − 1.73 − 6.38 0.94 1.98
SQ-10 − 1.50 − 6.38 1.05 2.35
SQ-11 − 1.49 − 6.98 1.28 2.72
SQ-12 − 1.69 − 6.20 0.69 1.78
SQ-13 − 1.46 − 6.98 0.96 2.18
SQ-14 − 1.45 − 7.18 0.94 2.04
SQ-15 − 1.65 − 7.11 1.06 2.58
SQ-16 − 1.33 − 6.93 0.85 1.88
SQ-17 − 1.28 − 6.91 0.79 1.76
SQ-18 − 1.22 − 6.45 1.29 2.75
SQ-19 − 1.32 − 6.8 0.97 2.09
SQ-20 − 1.59 − 6.73 0.55 1.44
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between  Ca2+ and  HCO3
−, dissolution of gypsum may be the 

main source of  Ca2+.
Na+ was negatively correlated with  Ca2+ and  Mg2+, 

indicating that the dissolution of gypsum, anhydrite, and 
calcite provides sufficient  Ca2+ and  Mg2+ and promotes 
cation exchange. There was a significant positive correla-
tion between  Mg2+ and  SO4

2−, which could be attributed to 
dolomite dissolution and dolomitization.

The suitability of groundwater for irrigation

The assessment of water quality is important within agricul-
tural irrigation. The present study evaluated the suitability 
of GW in the study area for agricultural irrigation through 
the use of the single indices (%Na, SAR), K, and  Ka. Table 5 
shows a summary of the values of these indices within the 
GW of the study area.

SAR and %Na are commonly used to quantify the 
potential sodium hazard of irrigation water. As per SAR, 
GW with SAR < 10, 10 < SAR < 18, 18 < SAR < 26, and 
SAR > 26 is classified as being of excellent, good, accept-
able, and unacceptable quality for use in agricultural irri-
gation (Krishnakumar et al. 2014; Ravikumar et al. 2013). 
GW with %Na < 30%, 30% < %Na < 60%, and %Na > 60% is 
classified as suitable, marginally suitable, and unsuitable for 
agricultural irrigation, respectively (Li et al. 2016a; Ravi-
kumar et al. 2013; Vasanthavigar et al. 2012). As shown in 
Table 5, the SAR of GW in the study area ranged between 
0.84 and 4.95 with a mean of 1.72 and a median of 1.37, 
indicating that GW was suitable for agricultural irrigation. 
The %Na of GW ranged between 15.39% and 63.49% with 
an average of 28.61% and a median of 25.89%, suggesting 
that the majority of GW in the study area was suitable for 
irrigation, some water was marginally suitable, and only one 
water sample was found to be unsuitable for agricultural 
irrigation.

Electrical conductivity (EC) of agricultural irrigation 
water is a measure of the salinity hazard posed by irriga-
tion water to crops. Salts contained in irrigation water can 

directly affect plant growth, and these salts also indirectly 
affect plant growth by influencing soil structure permeability 
and aeration (Adimalla and Qian 2021). GW with low and 
moderate salinities of less than 250 μS/cm and between 250 
and 750 μS/cm can be classified as excellent and suitable 
for agricultural irrigation, respectively, whereas GW with 
an EC in the range of 750–2,250 μS/cm was unsuitable for 
agricultural irrigation and should be used with caution. The 
use of GW with an EC exceeding 2,250 μS/cm for agricul-
tural irrigation will result in soil salinization and reduce crop 
productivity. In the present study, the EC of all water sam-
ples ranged between 750 and 2,250 μS/cm, indicating that 

Table 4  Correlation matrix 
of the physicochemical water 
parameters

Catalog PH TDS K+ Na+ Ca2+ Mg2+ Cl− SO4
2− HCO3

− NO3
−

PH 1 − 0.386 − 0.154 − 0.006 − .489* − 0.215 0.027 − 0.29 − 0.43 0
TDS 1 0.255 0.479* 0.638** 0.652** 0.632** 0.803** 0.326 0.187
K+ 1 0.541* − 0.241 0.033 0.616** − 0.007 − 0.113 − 0.069
Na+ 1 − 0.278 − 0.2 0.631** 0.17 0.203 − 0.307
Ca2+ 1 0.649** 0.037 0.605** 0.405 0.289
Mg2+ 1 0.34 0.686** 0.022 0.41
Cl− 1 0.296 − 0.234 0.269
SO4

2− 1 0.1 0.205
HCO3

− 1 − 0.598**
NO3

− 1

Table 5  Indicators for irrigation water quality assessment

Sample no. EC(μS/cm) %Na SAR K Ka

SQ-01 1186.26 27.48 1.46 8.82 26.54
SQ-02 1221.81 17.94 0.90 8.47 49.14
SQ-03 1252.79 22.08 1.16 8.92 34.41
SQ-04 1069.82 27.89 1.42 8.05 33.45
SQ-05 731.20 20.64 0.86 5.39 53.13
SQ-06 1423.61 29.44 1.73 10.56 21.16
SQ-07 1627.05 20.95 1.25 11.34 21.52
SQ-08 1367.88 37.61 2.28 10.76 24.93
SQ-09 1332.22 63.49 4.95 13.21 15.75
SQ-10 1514.41 32.78 2.04 11.43 12.25
SQ-11 1417.39 23.86 1.37 10.16 33.88
SQ-12 1539.55 45.26 3.15 12.69 11.52
SQ-13 1231.35 25.10 1.33 8.96 30.31
SQ-14 1246.59 22.52 1.18 8.91 44.30
SQ-15 1136.51 25.89 1.36 8.40 41.14
SQ-16 1479.00 17.95 1.00 10.17 23.04
SQ-17 1564.17 15.39 0.84 10.54 18.58
SQ-18 1845.82 30.95 2.09 13.54 16.00
SQ-19 1670.99 29.95 1.93 12.29 32.00
SQ-20 1266.12 34.95 2.00 9.85 24.00
Mean 1356.23 28.61 1.72 10.12 28.35
Median 1332.22 25.89 1.37 10.16 24.93
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although GW in the study area was acceptable for irrigation, 
it should be used with caution.

The US Salinity Laboratory (USSL) and Wilcox diagrams 
provide a simple method of relating salinity and alkalin-
ity for the assessment of irrigation water quality; therefore, 
these diagrams are widely used in research (Li et al. 2016a). 
In this study, these two diagrams of GW samples were drawn 
using Grapher 10, with the help of references of Xu et al.
(2019a) and Li et al. (2016a). As shown in Fig. 6, all water 
samples are plotted in zone C3S1, indicating that the GW 
of the study area was of high and low salinity and alkalin-
ity, respectively; thus, although GW of the study area was 
acceptable for agricultural irrigation, it should be used with 
caution.

A Wilcox diagram was used to assess the suitability of 
GW for irrigation (Li et al. 2016a). As shown in Fig. 7, most 
of the GW samples were categorized as being of good qual-
ity or acceptable for agricultural irrigation, although the GW 
should be used with caution. The suitability of two GW sam-
ples for irrigation was identified to range between permis-
sible to doubtful, suggesting poor suitability of GW in the 
study area for irrigation.

The K composition of water can reflect the salt and 
alkali hazard posed by that water. GW with K < 25, 
25 < K < 36, 36 < K < 44, and K > 44 is classified as of 
excellent, good, moderately unsuitable, and unsuitable for 
agricultural irrigation, respectively (Xu et al. 2019a). As 
shown in Table 5, the K values of the GW samples ranged 
from 5.39 to 13.54 with a mean of 10.12 and a median of 
10.16; therefore, all GW samples were classified as having 

excellent quality for agricultural irrigation. The quality of 
GW in the study area for agricultural irrigation was further 
confirmed by the fact that this evaluation method provides 
conservative results.

The  Ka value is based on the harm caused to 40 types 
of crops by sodium salt relative to the greatest harm 
resulting from exposure to an alkaline solution. GW with 
 Ka > 18, 6 <  Ka < 18, 1.2 <  Ka < 6, and  Ka < 1.2 is classi-
fied as excellent, permissible, moderately unsuitable, and 
unsuitable for use in agricultural irrigation, respectively 
(Xu et al. 2019a). Among the GW samples, 80% and 20% 
were classified as excellent and permissible, respectively, 
indicating that GW in the study area can be used for agri-
cultural irrigation.

The irrigation quality of groundwater in the study area 
is evaluated by using multiple indicators. Considering 
these indicators, there is no sodium hazard in groundwater 
irrigation, but the quality could be affected by high salin-
ity. The reason for the high salinity of groundwater is that 
the study area is located in the regional watershed, and 
its recharge source is mainly atmospheric precipitation. 
However, the vegetation in the study area is scarce, the 
precipitation is small, the recharge is poor. In addition, the 
climate is arid with strong evaporation, and the groundwa-
ter discharge mode is mainly evaporation, which leads to 
increase in the salinity of groundwater. Therefore, when 
using groundwater to irrigate farmland, measures should 
be taken to control the salt content in the water and prevent 
salt accumulation in soil.

Assessment of the risk posed by GW to human 
health

The non-carcinogenic risk posed by GW in the study area 
to adults and children through different exposure routes 
was evaluated according to the definition of the risk index Fig. 6  USSL diagram for irrigation water quality assessment

Fig. 7  Wilcox diagram for irrigation water quality assessment
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by the US EPA (2012). As shown in Table 6, the average 
health risk index of children who ingested nitrate through 
drinking water was 0.8533, exceeding that of adults by a 
factor of ~ 1.168. The health risk indices for children and 
adults ranged between 0.02895–3.9660 and 0.02479–3.3958, 
respectively. The percentages of water samples with a health 
risk index to children and adults ranging between 0.75 and 1 
were 10% and 5%, respectively. However, it was likely that 
the health risk index of GW in the study area exceeded 1 due 
agricultural activities or unsustainable exploitation, thereby 
posing a risk to human health. Therefore, the potential risk 
to human health posed by GW in the study area requires con-
sideration. About 25% of the GW samples showed a health 
risk index to children and adults exceeding 1. These results 
indicated that the risk posed by some GW in the study area 
to human health was unacceptable; therefore, there should 
be careful monitoring of the risk posed by GW to the health 
of children.

The average non-carcinogenic risk posed by nitrate to 
children through skin contact was 0.0021, exceeding that of 
adults by a factor of 1.428. The non-carcinogenic risks posed 
by nitrate to children and adults were 7.23165 ×  10−5–0.0099 
and 5.636 ×  10−5–0.006935, respectively. The non-carcino-
genic risk posed by nitrate through skin contact was far less 
than 1, indicating that the risk posed by nitrate to health 
through this route is minor. The non-carcinogenic risks 
posed by nitrate to children through the consumption of 
drinking water and skin contact exceeded those of adults by 
factors of 1.168 and 1.428, respectively. This result can be 
attributed to health of children being more sensitive to expo-
sure to environmental pollution per unit weight as compared 
to adults (Adimalla and Qian 2021; Ezekwe et al. 2012). 
Therefore, there should be increased focus on mitigating 
the risk posed by nitrate in the GW of the study area to the 
health of children.

The average total health risk index for nitrate exposure 
by children was 0.8554, exceeding that of adults by a factor 
of 1.168. The total health risk index values for children and 
adults ranged between 0.0290–3.9759 and 0.02484–3.4027, 
respectively. Approximately 20% of the samples showed a 
total health risk index for children and adults exceeding 1, 
thereby posing a risk to human health. It was evident that 
the majority of risk to human health posed by nitrate in GW 
was through the consumption of drinking water rather than 
skin contact, with the former accounting for 99.75% of the 

total risk. Therefore, it was recommended that water treat-
ment was the most effective approach to managing the risk 
posed by nitrate in GW to human health in the study area.

The results of human health risk assessment show that 
groundwater in the study area mainly poses risks to humans 
through drinking water, and the risk to children is higher 
than that to adults. The intensity and scope of nitrate pollu-
tion show significant characteristics of human activities. For 
instance, SQ-17 with the highest nitrate content is located 
in Qingdamen village (Figs. 1 and 2f), which is the largest 
agricultural village in the study area. Therefore, human agri-
cultural activities are the main source of nitrate in groundwa-
ter. After nitrogen fertilizer is applied to farmland, nitrogen 
not absorbed by plants enters shallow groundwater through 
leaching and infiltration. In addition, the excessive exploi-
tation of groundwater leads to the decline of water level, 
which intensifies the dissolution of residual nitrogen in soil 
during groundwater recharge. This also leads to the increase 
in nitrate content in groundwater. In general, the south of 
the study area is the recharge area of groundwater, with low 
nitrate content, while the north of the discharge area suf-
fered long-term evaporation and leaching has high nitrate 
content. Therefore, targeted measures should be taken, such 
as changing irrigation methods, controlling fertilizer con-
sumption, to reduce nitrate pollution in groundwater and the 
risk of nitrate to human health.

Conclusions

The present study analyzed the chemical compositions of 20 
shallow GW samples collected from the Selian coal mine 
area, Ordos, Inner Mongolia. The hydrochemical phases and 
main sources of ions in the GW were analyzed through cor-
relation analysis and Piper, Gibbs, and bivariant diagrams 
of major ions. The quality of irrigation water was evaluated 
according to the irrigation water quality indices, including 
the sodium absorption rate, sodium percentage, K, and  Ka. 
The risk posed by the nitrate content of GW in the study area 
to human health was evaluated. The main conclusions of the 
present study were as follows.

The main hydrochemical type of GW in the study area 
was mixed and Ca–HCO3, and rock weathering and leaching 
were identified as the main processes driving the chemical 
composition of GW in the study area. The values of water 

Table 6  Non-carcinogenic risk 
of nitrate for children and adults 
in drinking water and dermal 
contact pathway

Non-Carcinogenic Water Intake Risk Index Skin Contact Risk Index Total Risk of Two Expo-
sure Routes

Range Average Range Average Range Average

Children 0.02895–3.9660 0.8533 7.23*10–5-0.0099 0.0021 0.0290–3.9759 0.8554
Adult 0.02479–3.3958 0.7300 5.063*10–5-0.0069 0.0014 0.02484–3.4027 0.7321
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quality indices for irrigation, such as the sodium absorption 
rate and sodium percentage, indicate although GW in this 
area was suitable for irrigation, it should be used cautiously. 
According to the human health risk assessment model, the 
risks posed by nitrate in GW of the study area to the health 
of children through consumption of drinking water and 
skin contact exceeded those of adults by as much as a fac-
tor of 1.168. Drinking water was the main way for people 
to contact nitrate in GW. Therefore, the most effective way 
to reduce the risk of nitrate to human health is centralized 
water supply.
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