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Abstract: Groundwater is one of the most important sources of water for drinking and irrigation
in arid and semi-arid regions of the world. In this study, 50 groundwater samples were collected
and analyzed for various chemical constituents (pH, TDS, Na+, K+, Ca2+, Mg2+, SO4

2−, Cl−, HCO3
−,

NO3
−, and F−) to identify the hydrogeochemical characteristics, and to evaluate its suitability for

drinking and irrigation uses in Zhongning area of Northwest China. Results showed that groundwater
was slightly alkaline in nature. Fluoride and nitrate concentrations in the groundwater of the study
region were much higher than its prescribed limits for drinking purposes. A factor analysis (FA)
was implemented to understand the contamination source of groundwater in the region, and the
results indicated that rock–water interaction, geogenic, and human-induced contamination were the
major factors influencing groundwater chemistry. An entropy-weighted water quality index (EWQI)
was employed to evaluate the water quality for drinking purpose. Mg2+, Ca2+, SO4

2-, HCO3
−, and

TDS played the leading roles in influencing the groundwater quality with high weights. Forty-eight
percent of groundwater samples were unfit for drinking purpose in the study area, due to poor
quality. Elevated concentrations of SO4

2−, Cl− and NO3
−-N in groundwater caused poor quality

and extremely poor quality water, which may be attributed to human activities. According to the
calculation of sodium percentage (Na%), sodium adsorption ration (SAR), and permeability index
(PI), the majority of the groundwater samples were suitable for irrigation. However, it should be
noted that 26% of the samples were unfit for irrigation because of the high salinity in the groundwater.
This is mainly attributed to the intense evaporation and the intensified irrigation activities in the
region. The findings in this study contribute to a better understanding of groundwater sustainability
for supporting water management and protection in the future.

Keywords: groundwater; sustainability; arid region; EWQI; hydrogeochemistry; Factor Analysis

1. Introduction

Groundwater is an indispensable resource for our planet, which supports over 97% of accessible
freshwater, half of the drinking water, and approximately half of the irrigation purposes [1]. As many
public health problems are derived from poor water and sanitation, water quality is as important as its
quantity, for satisfying basic human needs [2–5]. Chemical compounds in the water for irrigation may
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also have effects on soil and crops, especially in saline alkali soil areas [6]. Therefore, it is most essential
to understand the quality of available groundwater for ensuring a reliable supply for various purposes.

Physical and chemical characteristics of groundwater depend on both natural factors (such as
lithology, velocity, geochemical reactions, solubility of salts, and the quality of recharge water) and
anthropogenic activities (such as agriculture, industry, etc.) [7–9]. The variation and interactions of
these factors determine the complexity of groundwater management [10]. Because it is more efficient
to identify and eliminate the source of the contamination of waters rather than to install expensive
water treatment for the removal of chemical constituents [11], many researchers have been devoted
to elucidate the effects of natural processes and human pressures on groundwater chemistry [12–16].
Identifying the hydrogeochemical characteristics and groundwater quality can be helpful for revealing
the interaction mechanism between groundwater and the environment, and to provide new insights
into water protection and management [17–20].

Groundwater is at the core of sustainable development, and it is also critical for supporting
socio-economic development and maintaining healthy ecosystem in arid regions of China (Northwest
China) [21–23]. The common use of groundwater is for drinking, irrigation, and industrial purposes
in many parts of China [21]. Groundwater is the primary source for domestic water supply in
Ningxia Plain, Northwest China. It has been also considered a vital resource to ensure crop yields,
especially during dry periods. Over 2000 years of irrigation history in the alluvial plain of Yellow
River has made the aquifer system highly vulnerable to pollution because of high permissibility and
shallow water depth [23–25]. Chen et al. [26] found that 40.7% of groundwater samples with high
nitrate concentrations were unfit for drinking in the agricultural region. Zhongning area is in the
southwest part of Ningxia Plain. The economy of this region was dominated by agriculture. Although
the potential health risk from drinking groundwater in Zhongning area was assessed [26–28], basic
information on the groundwater hydrogeochemistry and the quality of the Zhongning area is still
unknown. The unclear effects of the geological and anthropic factors on water quality greatly constrain
the utilization and sustainable protection of groundwater in the area.

Groundwater chemistry has been utilized as a tool for water quality outlook. The water
quality index (WQI) is an efficient technique to express water quality by aggregating various water
quality parameters [29]. During the WQI calculating process, the weight of each parameter is
usually assigned by experts according to their practical experience, and valuable information about
hydrogeological conditions [30,31]. Information entropy proposed by Shannon can express the degree
of uncertainty [32]. A number of researchers and groundwater scientists believe that the WQI with
entropy weight (EWQI) is most significant method, which helps to minimize the large amount of
analysis data into a single digit [33]. However, it is not easy to distinguish contributions from natural
factors and anthropogenic inputs based on the chemical composition of groundwater alone. Factor
analysis (FA) helps to reduce the dimensionality of data sets, and a smaller number of variables can
be used to reflect the large numbers of observed variables [34,35]. It is very useful to ascertain the
critical information on chemical relationships essential to the deduction. This approach has proven to
be highly effective in studies of water quality, ecology, and water management [36–38].

In this paper, FA and EWQI were applied to clarify the factors controlling water chemistry
and water quality in the Zhongning area, to provide a general view of groundwater quality status
for drinking and irrigation purpose. It is expected to provide more information on groundwater
sustainability for decision makers.

2. Study Area

The study area is located in the southern part of Zhongning county in Ningxia, Northwest
China (between 37◦26′11′′ and 37◦35′54′′ N and 105◦34′18′′–105◦51′47′′ E, Figure 1), covering an area
of 201.18 km2. The climate of this region is arid with rare rainfall. The annual mean evaporation
(1828.6 mm) is about 10 times greater than that of precipitation (179.4 mm). Agriculture is the main
source of income for rural communities, and the major agronomic crops of cultivated land are rice,
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wheat, and corn. Wolfberry is the major cash crop in the region, which has long been used in traditional
Chinese medicine as a general health tonic. Water from the Yellow River has brought considerable
economic benefits to the surrounding communities.

The deposits of the alluvial aquifer are of Quaternary age and are primarily composed of fine
sands, coarse sand, and gravels [26]. The sandstones are dominated mainly by quartz, plagioclase,
feldspars, calcite, and dolomite. The phreatic aquifer is generally 40 m in thickness, and depth of
groundwater is very shallow, less than 3 m. Under these conditions, shallow wells are fairly common
in the region, owing to the low cost and ready access. Local residents drill boreholes within their
homesteads and farm lands to support domestic and irrigation water supply, especially during dry
periods. More importantly, nearly 10,000 people are dependent on untreated groundwater for their
drinking supply.

3. Materials and Methods

3.1. Sample Collection and Analysis

A total of 50 water samples were collected from hand-dug wells in different villages in April 2012.
The sampling locations recorded by a handheld GPS device (G120BD, Hezhong Sizhuang Technology
Co., Ltd., Beijing, China) in the field are presented in Figure 1. These shallow wells with a depth less
than 30 m were all private wells for drinking and irrigation purposes. Water was flushed for 5–10 min
before collecting samples, to eliminate the influence of static water. The pre-cleaned polyethylene
bottles were thoroughly rinsed with samples before collection. Immediately after sampling, pH, TDS
(total dissolved solids), and temperature were measured in the field by portable pH and TDS meters
(DDBJ-350F, INESA Scientific Instrument Co., Ltd., Shanghai, China). All the samples were kept
refrigerated at 4 ◦C before physicochemical analysis.
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Chemical analysis of major ions (Na+, K+, Ca2+, Mg2+, SO4
2−, Cl− and HCO3

−), NO3
−, and F−

were carried out in Laboratory of Environmental Monitoring of Zhongwei Station. Each groundwater
sample was analyzed by using standard methods recommended by the Ministry of Health of PRC
(People’s Republic of China) and Standardization Administration of PRC [39]. Na+ and K+ were
analyzed using flame atomic absorption spectrophotometry. Ca2+ and Mg2+ were measured using
EDTA (elhylene diamine tetraacetic acid) titration; SO4

2− and Cl−, F−, and NO3
−–N were measured

by ion chromatography; HCO3
− was analyzed by the titrimetric method. The replicates were within

±5% error, and repeated measurements of calibration standards were within ±1%.

3.2. Data Treatment and Water Quality Assessment Method

In this study, FA was applied to identify the water chemistry characteristics and certain
unobserved factors from the observed variables in groundwater samples by SPSS 20.0. Surfer 13
was used to visualize geographic information for mapping purposes. A Durov diagram [40] was
applied to define the hydrogeochemical features with the help of AqQA software (RockWare, Inc. 2004).
Correlation analysis was conducted using R (3.5.1, https://cran.r-project.org/bin/windows/base/)
between all the parameters, to thoroughly investigate the processes contributing to groundwater
quality in the study area.

3.2.1. Entropy-Weighted Water Quality Index

In order to avoid personal judgements, and to integrate more valuable information about water
quality, the improved method of water quality index (EWQI) that used the entropy weighted value
in calculations was employed in this paper. The calculation of EWQI values follows the following
steps [29,33,41].

Step 1 (construction of initial matrix). An initial matrix X can be constructed based on the chemical
analysis data. When m (i = 1, 2, . . . m) water samples were taken to evaluate the water quality, and
each sample had n evaluated parameters (j = 1, 2, . . . m). The eigenvalue matrix X can be obtained:

X =


x11 x12 . . . x1n
x21 x22 . . . x2n
. . . . . . . . . . . .
xm1 xm2 . . . xmn

 (1)

Step 2 (matrix normalization). Date pretreatment is useful for eliminating the influence caused by
the difference of different units of characteristic indices and different quantity grades. According to
attribution of every index, the feature indexes may be divided into four types: Efficiency type, cost
type, fixed type, and interval type. For the efficiency and cost types, the standardization treatments
were expressed as Equation (2). After transformation, the standard-grade matrix was written as
Y = (yij)(m×n):

yij =


xij − (xij)min

(xij)max − (xij)min
effciency type

(xij)max − xij
(xij)max − (xij)min

cos t type
(2)

Step 3 (calculation of entropy weight). The information entropy was expressed as:

ej = −
1

ln m

m

∑
i=1

Pij lnPij (3)

Pij = (yij + 10−4)/
m

∑
i=1

(yij + 10−4) (4)

https://cran.r-project.org/bin/windows/base/
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where ej was the information entropy of the jth index. 10−4 was used in the formula to ensure that the
formula was meaningful. The smaller the value of ej was, the bigger the effect of the j index. Then, the
entropy weight of j parameter can be obtained.

wj =
1− ej

n
∑

j=1
(1− ej)

(5)

Step 4 (calculation of EWQI value):

qj =
Cj

Sj
× 100 (6)

EWQI =
n

∑
J=1

wjqj (7)

where qj is a quality rating scale for the jth parameter. Cj is the concentration of each chemical parameter
in each water sample in mg/L; Sj is the limit for drinking groundwater of each parameter in mg/L, in
accordance with quality standards of the WHO (World Health Organization).

According to EWQI, groundwater is classified into five categories, ranging from “excellent
water” to “extremely poor water” [29,33,41]. The classification standards are listed in Table 1.
Groundwater with excellent and good water quality are suitable for drinking, and will rarely induce
health problems. Medium water quality indicates that some parameters are slightly beyond the
corresponding presumable limits, and it can be used for drinking conditionally. When the EWQI value
is greater than 150, groundwater becomes unfit for drinking, as some elements are seriously beyond
the acceptable limits.

Table 1. Groundwater quality classification for drinking based on the entropy-weighted water quality
index (EWQI) value.

EWQI Water Quality

<50 Excellent
50–100 Good

100–150 Medium
150–200 Poor

>200 Extremely poor

3.2.2. Evaluation of Groundwater Quality for Irrigation Purposes

To evaluate the suitability of groundwater for irrigation purposes, TDS was used to describe the
salts carried in the irrigation water. The sodium percentage (Na%), sodium adsorption ratio (SAR),
and permeability index (PI) were also calculated by using the standard formulas (Equations (8)–(10)).
All concentrations were expressed in meq/L.

Na% =
(Na + K)× 100

(Ca + Mg + Na + K)
(8)

SAR =
Na√

(Ca + Mg)/2
(9)

PI% =
Na+

√
HCO−3 × 100

Ca + Mg + Na
(10)
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4. Results and Discussion

4.1. Chemical Compositions of Groundwater

All of the parameters were statistically analyzed to provide general chemical characteristics in
groundwater. Table 2 exhibited the minimum, maximum, mean, and the standard deviation for each
parameter. The permissible limits for drinking purposes set by World Health Organization [12,42] and
Chinese regulation [43] were involved.

Table 2. Statistical analysis of physicochemical parameters of the groundwater samples.

Parameters Unit Min Max Mean SD WHO Guideline (2011) Chinese Guideline

pH - 7.0 8.5 7.8 0.28 6.5–8.5 6.5–8.5
TDS mg/L 468 2560 1225 515 1000 1000
Na+ mg/L 58.5 691 189 138 200 -
K+ mg/L 1.72 16.3 5.23 2.93 10 * -

Ca2+ mg/L 30.9 255 136 49.3 75 * -
Mg2+ mg/L 21.3 116 64.7 20.2 30 * -
Cl− mg/L 49.7 553 148 102 250 250

SO4
2− mg/L 82 986 328 218 250 250

HCO3
− mg/L 170 661 459 125 300 * -

NO3
−-N mg/L 2.66 103 17.9 18.3 10 20

F− mg/L 0.11 6.33 0.85 1.14 1.5 1.0

* Based on WHO guideline in 2004 [42].

Groundwater in this area was slightly alkaline to neutral, as the recorded pH values ranged from
7 to 8.5, with a mean value of 7.8. The pH values were within the permissible limits (6.5–8.5) set by
WHO and the Chinese standards at all sites. The TDS parameter is generally used as a measure of
water palatability, because high TDS may distort the taste of the water [11]. Freshwater with TDS
< 1000 mg/L is regarded as being suitable for drinking [11,42,43]. In the study area, the TDS values
ranged from 468 to 2560 mg/L with a mean of 1225 mg/L, and the results indicated that 62% of
groundwater samples exceeded the permissible limit for drinking purpose.

The concentration of cations was in the order of Na+ > Ca2+ > Mg2+ � K+. The sodium values
in groundwater ranged from 58.5 to 691 mg/L. Fourteen samples had high levels of Na+, exceeding
the permissible limit for drinking purposes, based on the WHO standards (>200 mg/L). Sodium
was dominant, but highly variable, because the standard deviations were larger than the mean value
(Table 2). Calcium and magnesium are common elements in water. The concentrations of Ca2+ and
Mg2+ were in the ranges of 30.9–255 mg/L and 21.3–116 mg/L, respectively. A total of 92% and 96% of
the samples had higher values of Ca2+ and Mg2+, which were beyond the acceptable limits of WHO
(75 mg/L, 30 mg/L), respectively. This implies that hard water (caused by compounds of Ca2+ and
Mg2+) may contribute to scaling in boilers and industrial equipment. The concentration of K+ was
quite lower, ranging from 1.72 to 16.3 mg/L in the study area. Higher K+ levels (>10 mg/L) were
observed in the three samples.

Anions dominances of the groundwater were observed as SO4
2− > HCO3

− > Cl−. Chloride is an
extremely stable element in water, which may be derived from weathering, the leaching of sedimentary
rock and soil, and domestic effluents [44]. The observed concentration of Cl− was between 49.7 and
553 mg/L, with a mean of 148 mg/L. The majority of the groundwater samples were suitable for
drinking, but the Cl− levels in six samples were beyond the permissible limit (250 mg/L). SO4

2−

concentrations were from 82 to 986 mg/L in the study area. The maximum permissible limit for
sulfate was 250 mg/L. A total of 58% of the samples were above the threshold for drinking purposes.
Interestingly, the groundwater samples showed large variations in both SO4

2− and Cl− (Table 2), and
abnormally high concentrations of SO4

2− and Cl− were measured in the W1, W34, W41, and W45
samples. The observation may imply the adverse impact of sewage or effluent on groundwater quality.
These findings were consistent with the results of the hydrogeochemical characteristics of groundwater
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carried out in the alluvial plain [9]. The levels of HCO3
− in the groundwater samples were between

170 and 661 mg/L, with a mean of 459 mg/L. Results showed that 90% of the groundwater samples
had higher levels of HCO3

−, exceeding the permissible limit (>300mg/L).
As an essential trace element in human body, fluoride concentration in drinking water should not

exceed 1.5 and 1.0 mg/L, as set by WHO and the Chinese standards, respectively. Long-term exposure
to high-fluorine water may cause adverse effects such as dental or skeletal fluorosis [45]. In the study
area, the concentrations of fluoride ranged from 0.11 to 6.33 mg/L, with a mean of 0.85 mg/L. Four
and 11 samples located in the southern part of the region were beyond the acceptable limits of 1.5 and
1.0 mg/L, respectively. This may be probably attributed to the dissolution of fluoride bearing mineral.

The nitrate concentration of groundwater in agricultural regions reached in high levels in recent
decades, due to the intensive application of chemical fertilizer [13,46,47]. As shown in Table 2, the
NO3

−-N concentrations in the groundwater samples ranged from 2.66 to 103 mg/L. Thirty and 14
samples showed higher concentrations when compared to acceptable limits for drinking purpose set
by WHO (10 mg/L) and Chinese regulations (20 mg/L), respectively. The nitrate concentrations in
W32 and W37 even reached to 67.9 and 103 mg/L, respectively. Both irrigation activities and fertilizer
application may be likely to create a blanket non-point source of nitrate, even though there was no
significant correlation between the nitrate level and the land use in the study area.

4.2. Hydrogeochemical Facies

The Durov diagram [40] is a useful graphical tool for representing hydrogeochemical data.
As shown in Figure 2, the majority of the samples, with respect to cations, were observed in B
(no dominant), and filed in the left triangle. The cations in the groundwater were predominated by the
mixed type. Only three samples were plotted in the field of D (sodium type in Figure 2), suggesting
the dominance of (Na + K) in the groundwater. On the contrary, distinct difference was detected in
anions for the groundwater. The red filled circles in the field of E belonged to the bicarbonate type,
indicating the dominant anion of HCO3

−. These samples were mainly characterized by fresh water
(TDS < 1000 mg/L), which were located in the recharge zone of the aquifer (the southern part of the
study area). The other samples (blue and green filled circles) belonged to the brackish water group
with the sulfate and mixed water type, indicating the combined influences of evaporation, water–rock
interaction, and/or human activities.
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4.3. Processes Regulating Groundwater Hydrogeochemistry

Distinguishing the lithogenic origin and anthropogenic effects have been recognized as necessary
step to support groundwater protection. In this study, FA was applied to define the dominant factors
affecting water signature variations in the aquifer system. Three eigenvalues above 1 were retained,
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which account for 82.6% of the total variance of the original dataset after the factors were extracted and
rotated (Figure 3). These were: (1) the water–rock interaction, represented by Factor 1, (2) the geogenic
contamination factor, represented by Factor 2, and (3) human-caused contamination, represented by
Factor 3. Each process explained 46.8%, 25.4%, and 10.4% of the total variance of the groundwater
chemistry in the study area, respectively.Water 2018, 7, x FOR PEER REVIEW  8 of 18 
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4.3.1. Water–Rock Interactions

Factor 1 had strong loadings on Na+, K+, Mg2+, Cl−, SO4
2−, and TDS (Figure 3a). The association

of these parameters reflected the occurrence of mineral precipitation, and can thus be termed
“water–rock interaction factor”.

The Gibbs diagram is widely used to study the relationship between water chemistry and aquifer
lithology [48]. The functional sources of the dissolved chemical constituents can be divided into
three distinct fields in this diagram, namely precipitation dominance, evaporation dominance, and
weathering dominance areas. The ratios of Cl/(Cl + HCO3) and (Na + K)/(Na + K +Ca) as a function of
TDS were drawn in Figure 4. The majority of the samples fell in the weathering field, demonstrating the
importance of soil and aquifer properties on groundwater chemistry. Significant effects of evaporation
were also detected in the study area. Given the intensified irrigation activities, it may be associated
with a shallow water depth in the agricultural region.
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The Na versus Cl plot showed clear enrichment of Na in the groundwater samples (Figure 5a).
The Na/Cl ratios in the study area varied from 0.8 to 4.6, with a mean value of 2.0. In general, the Na/Cl
ratio should be approximately equal to 1, if halite dissolution is the only source (Figure 6). The majority
of the samples having a higher Na/Cl ratio suggested another possible source of Na+ [15,49]. Silicate
weathering may take place under alkaline circumstances (Equations (11) and (12)). Cation exchange
processes may also be responsible for the exceeding Na+ in the groundwater [50]. The relation of (Ca2+

+ Mg2+ − SO4
2− − HCO3

−) (meq/L) to (Na+ − Cl−) (meq/L) can better indicate the involvement of
ion exchange between groundwater and its host environment. Negative values of (Ca2+ + Mg2+ −
SO4

2− − HCO3
−)/(Na+ − Cl−) are usually used to demonstrate the involvement of cation exchange,

inducing the ions absorbed on the surface of fine-grained materials of the aquifers to be replaced by
the ions in the solutions [51,52]. In Figure 5, the ratio of this trend in groundwater was −1.05, and the
correlation coefficient was 0.84. Results showed that 98% of the groundwater samples were in the field
of a reverse ion exchange reaction. This indicates that the reverse cation exchange between Na+ and
Ca2+ (Mg2+) has distinct impacts on the ion concentration of groundwater. Excessive Ca2+ and Mg2+

can exchange Na+ from the minerals in the aquifer, causing the concentration of Na+ to increase in
the groundwater.

3Na1/3Al7/3Si11/3O10(OH)2+30H2O + 6OH− → Na++7Al(OH)−4 +11H2SiO4 (11)

4NaAlSi3O8 + 4CO2 + 22H2O→ 4Na+ + 4HCO−3 + Al4(Si 4O10)(OH)8 + 8H4SiO4 (12)

In addition, TDS is associated with the ions’ presence in the water. According to the correlation
analysis (Figure 7), TDS showed a strong positive correlation with Na+ (rs = 0.82, p < 0.01), SO4

2– (rs =
0.94, p < 0.01) and Cl− (rs = 0.92, p < 0.01), indicating the dominant contributions of these elements for
water salinity. All groundwater samples were undersaturated with respect to gypsum (from −0.55
to −1.82) (Figure 6). Because the cation exchange between Na+ and Ca2+ or Mg2+ will lower the
concentration of Ca2+ dissolved in groundwater, the action might be a reasonable contributor to the
weak and moderate correlation coefficients between SO4

2− and Ca2+ (rs = 0.39, p < 0.05) (Figure 5b).
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4.3.2. Geogenic Contamination

The relevant score coefficients for Factor 2 were pH, Ca2+, HCO3
− and F−. It showed positive

correlation to pH and F–, and negative correlation to Ca2+ and HCO3
– (Figure 3b). The presence of

ions in groundwater was primarily caused by fluoride contamination, and can thus be termed as a
“geogenic contamination factor”.

Fluorine tends to accumulate in an alkaline environment [53,54]. In the study area, the higher pH
(mean of 7.81) provided favorable conditions for the dissolution of F-bearing minerals, resulting in the
enrichment of F- in the groundwater. This is in agreement with the finding of fluoride distribution in
China. According to the 2005–2015 national survey on groundwater quality, fluoride was a considerable
part of the geogenic origins of deteriorated water quality. Undrinkable groundwater accounted for
15.0% of the country’s >30 thousand monitored wells [54,55], suggesting that around 29 provinces and
26 million people were affected by high F groundwater [56]. As shown in Figure 6, the SI (saturation
index) values of fluorite (CaF2) were all less than zero, and that of calcite and dolomite were the
opposite. These values revealed that fluorite resulted from dissolution (13), and that calcite and
dolomite were in a precipitated state. In general, the increased concentration of Ca2+ can inhibit
the dissolution of CaF2. Under these conditions, it will cause more F- to dissolve, and more Ca2+ to
be removed from the groundwater by inverse cation exchange, and the precipitation of calcite and
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dolomite. The concentration of HCO3
− can accelerate the dissolution of fluoride in groundwater (14).

Similar results were detected in other studies [57–59].

CaF→ Ca2+ + 2F− (13)

CaF2 + 2HCO
−
3 → CaCO3 + H2O + CO2+ 2F− (14)

4.3.3. Human-Induced Contamination

Factor 3 had strong loading on NO3
−-N (Figure 3c). Nitrate in groundwater was mainly derived

from anthropogenic activities, and it can thus be termed an “human-induced interaction factor”.
China consumes about 30% of the global anthropogenic N fixation on only 7% of the world’s

land base [60]. More importantly, the average rate of fertilizer applicated in Ningxia (832.81 kg/ha)
were far beyond the average rate in the high fertilizer input region of China (339 kg/ha) [9,47]. As
shown in Figure 1, the communities in the study area were surrounded by farmland, determining that
they have a much higher concentration of farm runoff flowing into the shallow groundwater system.
A significant correlation of NO3

−-N with K+ and Cl− was used to indicate the effects of chemical
fertilizer application in arable areas [61–64]. However, it was difficult to distinguish the influences of
agricultural activities and waste water disposal on groundwater in the study area (Figure 7).

4.4. Groundwater Suitability for Drinking

EWQI was used to assess groundwater quality for drinking purposes in the study area. The role
and contribution of each parameter in water quality assessment were described, with the weights
based on entropy information. Parameters with a maximum entropy weight and a minimum entropy
value had the most effect on water quality. As shown in Table 3, Mg2+, Ca2+, SO4

2−, HCO3
− and TDS

had more significant effects on groundwater quality in the study area, because these ions had the lower
entropy values and higher entropy weights. The entropy weights were 0.159, 0.131, 0.13, 0.119, and
0.107, respectively. Fluoride had the lowest entropy weight (0.057), indicating its minimal influence on
drinking water quality. The influence of the parameters on water quality decreased in the order: Mg2+

> Ca2+ > SO4
2− > HCO3

− > TDS > Na+ > K+ > Cl− > NO3
−-N > F−.

Table 3. Entropy weights for the parameters.

Parameter Entropy Value

Na+ 0.092
K+ 0.073

Mg2+ 0.159
Ca2+ 0.131

SO4
2− 0.130

Cl− 0.073
HCO3

− 0.119
F− 0.057

NO3
−-N 0.060

TDS 0.107

The calculated EWQI values of groundwater were between 45.6 and 231, with a mean value
of 112. Of the 50 samples, one sample (W44) was of extremely good quality, and 25 were of good
quality, which were suitable for human consumption. However, 48% of the groundwater samples
cannot be directly used for drinking purposes. Eighteen samples had medium quality which should
be used for drinking purposes before proper treatment. Besides, two samples (W32 and W45) were
of poor quality, and four samples were classified as extremely poor-quality water (W1, W34, W37,
and W41). The spatial variation of groundwater quality for drinking purpose was shown in Figure 8a.
As mentioned above, the greater concentrations of SO4

2− and Cl− were measured in W1, W34, W41,
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and W45, and the samples of W32 and W34 were characterized by higher concentrations of NO3
−-N.

The greater EWQI values reflected the poor water quality in these sampling locations. Given the
scattered points, human activities may probably be responsible for water quality deterioration in these
sampling sites. Therefore, more attention should be paid on the variation of sulfate, chloride, and
nitrate concentrations in further groundwater management.Water 2018, 7, x FOR PEER REVIEW  12 of 18 
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Currently, the Chinese government has taken efforts to address the situation by implementing
various technical and financial programs to ensure drinking water safety. A major policy plan on water
pollution control and clean-up (“Water Ten Plan) was adopted in 2015 [65]. Due to the government-led
improvements in water supply and safe drinking water initiatives, it has had a profound influence
on the health and livelihoods of millions of Chinese people and the environment [66,67]. In 2017,
the addition of 54 chemical parameters was made to the revised national standard for groundwater
quality [43]. In this context, findings in this study will contribute to a better understanding of
groundwater sustainability in further water management and protection.

4.5. Groundwater Suitability for Irrigation

As the suitability of groundwater for irrigation purposes also depends on its chemical constituents,
the salinity hazard (TDS), SAR, Na%, and PI were used to assess the water quality for irrigation.
According to the calculated parameters, the groundwater can be classified into various classes, which
are shown in Table 4.
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Given the intense evaporation and shallow water depth, salt is prone to accumulate in soil in the
study area. It may induce salinity hazards, because the roots are unable to absorb water with high
concentrations of salt in soil. In general, water salinity is measured by the EC (electric conductivity)
or TDS [68]. As shown in Table 4, only one sample was good for irrigation, due to the relative lower
values of TDS. The majority of samples (36 samples, 72% of the total samples) were permissible for
irrigation (Figure 8b), but nine and four samples belonged to doubtful and unsuitable categories,
respectively. This is mainly attributed to the intense evaporation and intensified irrigation activities in
the region.

SAR is also considered to be an important parameter for determining the suitability of
groundwater for agricultural use. It can be used to indicate alkali/sodium hazards to crops, because
the parameter can express the degree of cation exchange reactions in soil when sodium replacing the
absorbed magnesium and calcium occurs [69]. Based on the classification by Richards [70], water
with SAR values of less than 18 indicated a suitability for irrigation, which did not have, or had a low
sodium hazard. The range of 18–26 indicated that the water was harmful for almost all types of soil. If
the SAR value was beyond 26, the water was unsuitable for irrigation. The SAR values were in the
range of 1.19–12.76 for all of the groundwater samples in the study area. As shown in Table 4 and
Figure 8c, 96% of samples belonged to the excellent category, and the remaining samples belonged to
the good category.

The sodium percentage is an important factor to indicate the sodium hazard in irrigation water.
Sodium tends to displace magnesium and calcium ions in the soil when the concentration of Na+ is
high in irrigation water. This exchange process decreases the permeability in soil, and eventually
restricts the air and water circulation [71]. Thus, irrigation water with a high Na % may deteriorate the
soil structure and reduce its aeration and permeability, causing adverse impacts on crop growth [72].
Wilcox [73] proposed the classification of water quality for irrigation water (Table 4). As shown in
Table 4 and Figure 8d, the majority of the groundwater samples were in the permissible category
for irrigation purposes. Only six samples had 60% to 80% sodium, showing adverse effects on soil
permeability and texture. Two samples (W45 and W48) were harmful for crops, because of their
unsuitable sodium percentages.

Table 4. Groundwater quality classification for drinking and irrigation purposes.

Classification Pattern Categories Ranges NO. of Samples

EWQI

Excellent <50 1
Good 50–100 25

Medium 100–150 18
Poor 150–200 2

Extremely poor >200 4

Salinity hazard (TDS)

Excellent <175 0
Good 175–525 1

Permissible 525–1400 36
Doubtful 1400–2100 9

Unsuitable >2100 4

Sodium adsorption ration (SAR)

Excellent 0–10 48
Good 10–18 2
Fair 18–26 0
Poor >26 0

Sodium percentage (Na%)

Excellent 0–20 0
Good 20–40 23

Permissible 40–60 19
Doubtful 60–80 6

Unsuitable >80 2

Permeability index (PI)
Class I >75 7
Class II 25–75 43
Class III <25 0
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In addition, PI values can present the permeability of the soil that is affected by Na+, Mg2+, Ca2+,
and HCO3

−, and the soil type. Doneen [74] proposed a permeability index (PI) and classified it into
three categories (Table 4). Based on the classification, water with >75% (Class I) PI was good for
irrigation, 25–75% (Class II) was suitable, and <25% (Class III) was unsafe water. The decrease of PI
has harmful effects on plant growth. It can be seen form Table 4 and Figure 8e that all the samples were
suitable for irrigation in the study area. A total of 14% and 86% of the groundwater were designated
as Class I and Class II, respectively.

A comparison of the spatial variation of these indices indicated that majority of the samples were
permissible for irrigation purposes. However, 26% samples were doubtful and unsuitable for irrigation,
because of the high salinity in the water. Therefore, more attention should be paid on groundwater
quality monitoring (particularly for water salinity) in the Zhongning area, for ensuring dependable
and affordable groundwater, and protecting the quantity available for future use.

5. Conclusions

The interpretation of hydrogeochemical characteristics of 50 groundwater samples in the study
area revealed that the groundwater was slightly alkaline in nature. The sequence of the abundance of
major ions was found to be in the order of Na+ > Ca2+ > Mg2+� K+ and SO4

2− > HCO3
− > Cl−. Factor

analysis determined three major factors controlling groundwater hydrogeochemistry. Water–rock
interaction factors had strong loadings on Na+, K+, Mg2+, Cl−, SO4

2−, and TDS. Except for halite
dissolution, the occurrence of reverse cation exchange caused an increase of Na+ from the minerals
into the groundwater. Na+, SO4

2−, and Cl−, were dominant contributors to water salinity, due to
the strong positive correlation between TDS and these parameters. Geogenic contamination factors
showed positive correlations to pH and F-, and negative correlations to Ca2+ and HCO3

−, which was
consistent with the dissolution of fluorite minerals. In addition, human-induced interaction factors had
strong loadings on NO3

−-N, indicating the possible effects of agricultural activities and/or sewages
disposal on groundwater quality.

The EWQI values of groundwater were in the range of 45.6–231, with a mean value of 112.
High weights of Mg2+, Ca2+, SO4

2−, HCO3
−, and TDS indicated the leading roles influencing the

groundwater quality. Results indicated that 48% of the groundwater samples cannot be directly used for
drinking purposes. Due to the greater concentrations of SO4

2−, Cl−, and NO3
−-N, two samples were

of poor quality, and four samples were classified as extremely poor-quality water. Human activities
should be responsible for the water quality deterioration. Moreover, the groundwater was suitable for
irrigation at most sites by using Na%, SRA, and PI approaches. However, 26% of the samples were
doubtful and unsuitable for irrigation, because of the high salinity in water. More attention should be
paid on groundwater salinity variations in future management for sustainable utilization.
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