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A series of environmental and geological problems have been caused by overexploitation of confined aquifers (i.e., deep
groundwater) in the Yinchuan region, northwest China. Accordingly, the characteristics of confined water were analyzed
and collected from 33 sampling wells in spring of 2011, to determine the factors that influenced the composition and
evolution of confined water, using principal component analysis (PCA), correlation analysis, groundwater evolution, and mineral
dissolution/precipitation analysis. PCA showed that the hydrochemistry of confined water is controlled mainly by the dissolution
of minerals, mixing between the confined aquifer and polluted phreatic water, and effects of ion exchange in the study area. The
following management actions recommended were essential, in order to enable the sustainable exploitation of confined water: (1)
gradually decreasing the amount of groundwater pumped from confined aquifer in the central part of the depression cone, (2)
upgrading the quality of phreatic water, and (3) increasing artificial recharge of the groundwater system by flood waters in the
Helan leaning pluvial plain.

1. Introduction

Groundwater resources, which are found in the loose sed-
imentary aquifers, often have good quality, are not easy
to be polluted, are widely distributed, have large amount
of exploitation, and have little variability among years [1].
They therefore serve as major sources of freshwater in many
countries around the world, supporting so many needs for
agriculture, industry, andmunicipal drinking [1, 2]. However,
with the soaring water demands for increasing industriali-
sation and urbanisation, the groundwater exploitation rises
sharply, forming depression cones in some areas in the world;
leakage recharge from other aquifers then occurs which is
inevitable, providing an alternative source to compensate the
increasing groundwater withdrawal [1, 3, 4].

However, the groundwater hydrochemistry of sediment
aquifers can be affected by multiple natural factors, such
as chemical reactions between groundwater and sediments,
biochemical reactions, and surface water-groundwater inter-
actions, along with agriculture irrigation [4, 5] and other

human activities [6–11]. Whether treated or not, industrial
and municipal wastewaters are constant pollution sources
that will pollute phreatic aquifer and then influence hydro-
chemistry of confined water [4, 5, 9, 11]. And this may be
especially serious in areas where groundwater was concen-
trated and exploited from deep aquifers, such as the study
area [4]. Diverse phenomena such as mix pumping from
several aquifers with different quality, heating and cooling
water by ground-source heat pumps, underground storage
of waste, injecting industrial effluents into aquifers, and the
artificial recharge of aquifers (e.g., protecting depression
cone in cities by groundwater injection well) [12] can be
considered as point sources of pollution for deep aquifers.
Additionally, shallow aquifers may be polluted by nonpoint
sources, such as the infiltration of chemical fertilizers and
pesticides used in agriculture via leaching into irrigation
water [4, 5], and then leakage recharge deep aquifers as
nonpoint sources in depression cones [3, 4]. Such pollution
sources and groundwater exploitation from deep aquifers
will exert great influence over groundwater resources of
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deep aquifers by profoundly altering their hydrochemistry,
causing many problems such as the deterioration of wetlands
[13], land subsidence [14], seawater intrusion [15, 16], a
decline in groundwater levels, and building damage [14].
Once a sediment aquifer deteriorated, the time and cost of
restoration to its original condition may be excessive [15].

As studied in our former paper published in “Water”
[4], confined water of the Yinchuan region of northwest
China, existing in Quaternary loose sediment aquifers, is the
main water source of industrial use and municipal drinking
[4]. As the groundwater quality of phreatic aquifers has
been deteriorated in general [4], so industrial and drinking
needs in Yinchuan city seek for confined water since 1970s.
And ∼8.7 × 107m3/a groundwater has been exploited in
a concentrated manner from the confined aquifers by 212
wells, forming a depression cone in the vicinity of Ningxia
University [4].

Given the confined aquifer’s roof depth of 25–60m and
a relatively continuous clay layer that exists between the
confined aquifer and phreatic aquifer across thewhole region,
the recharge of the confined aquifer therefore occurs mainly
via groundwater runoff from boundaries of the study area
and leakage recharge from phreatic aquifer in the depression
cone [17]. So, the confined water is not easily polluted by
the external environment, under typical conditions.However,
widespread contamination has lowered the quality of phreatic
water in irrigation farmland areas (just matching the study
area), by domestic sewage (more than 6.0 × 107m3 in 2011),
industrial effluent (about 1.0 × 108m3 in 2011), and chemical
fertilizers in point sources and nonpoint sources [4]. The
main causes of confined aquifers contamination are aquifer
deterioration due to leakage recharge from phreatic aquifers
in the depression cone and mixed pumping from several
aquifers in some irrigation wells (including polluted phreatic
aquifer and confined aquifer).

Along with the aforementioned factors, increased pump-
ing of groundwater from the confined aquifer adds a fun-
damental pressure to groundwater quality and management.
Over time, artificial perturbations of pumping (i.e., fluctu-
ations in the rate and frequency) have greatly influenced
the natural hydrochemical patterns of confined water in
the Yinchuan region. Human interventions have also caused
complicated spatial-temporal changes in the quantity and
quality of confinedwater in the depression cone, giving rise to
a unique artificial-natural ecosystem. These pressures make
the dynamics of confined water hydrochemistry in the region
relatively more complex.

As the hydrochemistry and influence factors of phreatic
water have been discussed [4] and from the close connection
of phreatic water and confined water in the study area, along
with the given complexity, numerous studies can provide
a comprehensive understanding of confined water hydrol-
ogy, especially regarding the interactions between confined
aquifers and phreatic aquifers. For instance, multivariate
statistical techniques, such as principal component analysis
(PCA), have been used widely in hydrogeological studies
to reduce the complexity of large-scale data sets and thus
identify relationships among numerous factors. Some studies
have done so to analyze temporal changes in surface or

groundwater characteristics [18–22], while others have used
PCA to analyze the relationship between a pollutant and
other physicochemical parameters [23] or to describe the
characteristics of a given aquatic system [24–26].

So, in this context, in order to determine the composition
and formation of confined water and the effect analysis of
phreatic water on it, the hydrogeological processes involved
in recharge, runoff, and discharge of sedimentary aquifer of
the Yinchuan region have been analyzed by multifactorial
statistical analysis and serve as a simple example to provide
suggestion for the status change, evolution, and protection
of groundwater ecological environment under groundwater
concentrated exploitation in other arid/semiarid area. Such
an approach can provide a means to explain the current
status of groundwater variability, to determine the factors
that influence the quality of confined water in Yinchuan,
and then to develop sound groundwatermanagement options
to preserve the quantity and quality of water resources
and avoid the undesirable impact of phreatic water on the
confined aquifer. Our specific objectives were to (1) calculate
saturation indices to analyze the dissolution/precipitation of
minerals; (2) assess the chemical characteristics of confined
water in order to identify factors that affect the region’s
confined water chemistry; (3) use PCA to identify the main
drivers of confined water hydrochemistry; and (4) use cor-
relation analysis to identify several relevant hydrochemical
relationships.

2. Study Area

2.1. Location. The study area is located in the middle of the
Yinchuan plain, northwest China. It measures 31∼44 kmwide
from the front of Helan Mountain in the west to the Yellow
River’s western bank in the east and 38 km long from south
to north, with a total area of 1555 km2 (Figure 1).

The Yinchuan region has an arid to semiarid climate
within the north temperature zone, with long winters, short
summers, low rainfall, frequent droughts, ample sunshine,
high wind and evaporation, and dramatic temperature
changes. According to monitoring data from 1951 to 2010,
the mean annual precipitation is 191.9mm, with 70% of it
concentrated from July to September, and the average annual
evaporation is 1582.8mm, more than 8 times the amount of
precipitation [27].

2.2. Hydrogeology. The study area’s elevation is in the range
of 1100∼1150m above mean sea level and is higher in the west
and lower in the east. Landforms show a zonal distribution,
sloping from the leaning pluvial plain at the foot of Helan
Mountain in the west, to the pluvial-alluvial plain of the
Yellow River and alluvial-lacustrine plain and alluvial flat in
the east (Figure 1).

The Yinchuan plain was formed by deposition of river,
lake, and flood sediments over a Cenozoic fault basin. It is
a graben basin, based on evolution of the Helan tectonic
belt that experienced numerous rising and sinking processes
between theMesoproterozoic and Cenozoic eras [17, 28].The
pore water aquifers can be divided into two main aquifer
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Figure 1: Location of the study area and landforms in Yinchuan, Ningxia Province, China, according to [4].

Single phreatic
water zone

Multilayered structure—phreatic aquifer

Multilayered structure—the first confined aquifer

Multilayered structure—the second confined aquifer

Multilayered structure—the first aquitards

Multilayered structure—the second aquitards

The Yellow Rivereast

Figure 2: The conceptual scheme of hydrogeological cross section from A to A.

systems: a single phreatic water zone and an area with a
multilayered structure, that is, the study area [4] (Figure 2),
characterized by three aquifer layers within a depth of 250m:
moving down from the surface they are phreatic aquifer,
upper confined aquifer, and lower confined aquifer, and these
aquifers are separated by nearly continuous, 3∼10m-thick,
low permeability aquitards [17].

The hydrogeological research focuses on the relationship
between the confined and phreatic aquifers. The distribution
of groundwater levels of the confined water is consistent with
topography, and groundwater flows mainly from west to east
in nature (Figure 3), but the specific runoff directions and
conditions vary somewhat across the region.

In order to supply the consumption of industrial and
drinking water in Yinchuan city, a long-term, concentrated
exploitation of groundwater (212 wells) from the confined

aquifer has been implemented at the rate of 8.7 × 107m3/a
for more than 50 years [4], and a depression cone has formed
in the area bounded by Luhuatai and Gaomiao in the north,
Fengying village and Pingjibu in the south, the West Main
Canal in the west, and Daxin town in the east, with an area of
412.37 km2 in 2011. So, the lateral direction of groundwater
flow changes greatly at the center of the depression cone,
and the hydraulic gradient increases significantly, a range of
0.06%–5.1%. As the groundwater level difference, phreatic
water recharges the confined water in the vertical direction
in a large amount about 9.1 × 107m3/a, while confined water
supplies the phreatic aquifer in other areas in very small
amount [4].

The roof depth of the confined aquifer is ∼25–60m, with
a relatively continuous clay layer between the confined and
phreatic aquifers in the study area with a typical thickness



4 Journal of Chemistry

10
96

1102

11
02

1102

1108
11

08

1108

11
14

1114

11
20

1120

11
26

C01

C02

C03

C04
C05

C06

C07

C08
C09

C10

C11

C12

C14

C15

C17 C18
C19

C20
C22

C24
C25

C26
C27

C29

C30

C32

C33

C13

C16

C21
C23

C28

18580000 18590000 18600000 18610000 18620000 18630000

4250000

4260000

4270000

4280000

Groundwater level
Sampling well Study area

EW
N

S

Flow direction

(km)
0 5 10

Figure 3: Hydrogeological map of confined aquifer and sampling wells in the study area (m).

of 3–10m (maximum 50m) that decreases from west to east.
Recharge of the confined aquifer therefore occurs mainly via
leakage recharge by the phreatic aquifer in vertical direction
and also runoff from the single phreatic water zone, at the
boundary of confined aquifer with the single phreatic water
zone in west (∼3.6 × 107m3/a) (Figure 3), accounting for ∼
24% of the total recharge.

The main pollution source of confined water in the study
area is the polluted phreatic aquifer, which has itself been
contaminated seriously by industrial waste, sewage, pesti-
cides, and fertilizers, infiltrating into groundwater [4]. These
sources can be classified according to the three basic forms
of groundwater pollution: point sources, nonpoint sources,
and linear sources. Point source pollution refers mainly to
industrial wastewater from factories, such as the Yinchuan
chemical fertilizer plant and Helan paper mill. Another point
source is agriculture, such as sewage ponds, garbage dumps,
septic tanks, and fish ponds that use fertilizers. Key linear
pollution sources are drainage ditches, accepting domestic
sewage from families and industrial wastewater from mills.
The important ditches in the region are the four-two main
ditch, the 2nd and 4th drainage ditches, and the three-
one branch ditch. Discharge of industrial effluent (about
1.0 × 108m3 in 2011) and domestic sewage (more than 6.0
× 107m3 in 2011) through these channels flow into the
Yellow River, polluting groundwater along the seepage path
of unlined ditches in infiltrating manner. Nonpoint source
pollution refers to the chemical fertilizers and toxic pesticides
used in agriculture (about 5–10 g/m2), which contaminated

shallow groundwater indirectly (phreatic water in the study
area) [4].

3. Materials and Methods

3.1. Sampling Locations and Analytical Procedures. Ground-
water samples of confined aquifer were taken from 33 wells in
2011, before the summer-autumn irrigation period.Theywere
labeled with a 3-character code, CAB, where C represents
confined water and AB is the two-digit number of the sam-
pling station (Figure 3). Physicochemical parameters such as
pH and temperature were measured in situ. Sampling water
was collected in precleaned 1 L plastic polyethylene bottles,
after 3 times thorough rinse of the bottle with sampling water.
Handling and preservation of samples followed the standard
examinationmethods for drinking water tomaximize quality
and consistency [29]. We checked those measurements by
calculating percent charge balance errors (% CBE):

% CBE = ∑ cations − ∑ anions
∑ cations + ∑ anions

× 100%, (1)

where all cations and anions are expressed as milliequiva-
lents/L. All samples had small relative errors (% CBE) of
< ±5%; therefore all 33 samples were used in analyses (see
Supplementary Data in Supplementary Material available
online at http://dx.doi.org/10.1155/2016/3812125).

3.2. Multivariate Statistical Analysis. Multivariate statistical
techniques, such as PCA, can provide “unbiased methods” to
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Table 1: Descriptive statistics of hydrochemistry in Yinchuan, China.

Parameters Confined water Phreatic water National standard
Category Minimum Maximum Mean SD CV / /
pH 8.06 8.43 8.21 0.16 0.02 7.57 6.5–8.5
TH 129 441 244 71 0.29 662 450
TDS 307 799 472 162 0.34 889 1,000
Ca2+ 11.5 94.1 44.4 19.8 0.45 111.5 —
Mg2+ 5.8 73 37.1 13.4 0.36 107.0 —
K+ 1.0 3.5 2.0 0.6 0.30 7.2 —
Na+ 27.2 168 75 48 0.64 147.0 200
Cl− 19.9 258 67 58 0.87 138.0 250
SO
4

2− 17.7 175 84 45 0.54 294.0 250
HCO

3

− 195 484 285 61 0.21 — —
NO
3

− 0.0 2 0.1 0.4 3.46 17.9 20
NH
4

+ 0.0 0.9 0.1 0.2 3.52 0.1 0.20
F− 0.1 0.7 0.2 0.1 0.66 1.3 1
Units: mg/L (except for pH).
“Phreatic water” is the quality of phreatic water located in the central of the depression cone.

detect associations between samples and/or variables, using
standardized data [30]. Such associations among physico-
chemical variables, based on similar magnitudes and varia-
tions in chemical and physical compositions, may reveal the
effects of water-rock interaction, climate, and human activity
on groundwater quality. In order to avoid misclassification
of the water quality variables due to wide differences in the
dimensions of sample data, we standardized measurements
with a 𝑧-scale transformation [18, 31]; this tends to increase
the influence of main factors with small variance, and
vice versa. All mathematical and statistical analyses were
performed using the statistical software SPSS 16.0 [32]. The
experimental 32 × 12matrix was analyzed using PCA, and the
resulting principal components (PCs) and varimax rotated
PCs (VFs) were analyzed in detail.

4. Results and Discussion

4.1. Hydrochemical Characteristics. Analysis of the 13 hydro-
chemical variables of confined water in the study area is sum-
marized in Table 1. The groundwater samples were weakly
alkaline, with a pH range of 8.06–8.43. There was no signif-
icant variation of major ions concentrations among samples,
with variation coefficients varying from 0.21 (HCO

3

−) to
0.87 (Cl−). For example, the concentration of TDS varied
from 307 to 799mg/L (mean 472mg/L). Samples with TDS
< 500mg/L were mainly from the western part of the region,
the west of the Fengdeng-Yinchuan-Wangyuan band, while
samples in the central and eastern parts usually had TDS of
500–1000mg/L (Figure 4). Only one sample, C31 (the Helan
paper mill), had abnormally excessive TDS for the study area,
TDS > 1.5 g/L, indicating that it was polluted by domestic
sewage and industrial wastewater, so it was removed from
this research. Measures of all major ions did not exceed
China’s acceptable limits for groundwater quality [33], except
for Cl− (C31, C32) and NH

4

+ (C03, C05, C30, and C31),
indicating that these samples are potable. TH measured as

CaCO
3
varied from 129 to 441mg/L (mean 244mg/L) and

150 to 300mg/L in most areas, indicating slightly hard water.
Generally, the groundwater samples from the depression cone
contained high HCO

3

− and smaller concentrations of all
other ions, which were more abundant in other areas due to
mineral dissolution and cation exchange along the paths of
groundwater flow [34].

Piper trilinear diagrams are used to easily distinguish
hydrochemical patterns among groundwater quality data [32,
34, 35]. In terms of cations, most samples fell in the central
zone of the left delta-shaped region of our Piper diagram
(Figure 5), suggesting that some stations had sodium-type
water while most were mixed-type. For anions, most samples
were located in the left zone of the lower right delta-shaped
region, indicating the dominance of bicarbonate-type water,
while some stations had mixed-type.

4.2. CorrelationAnalysis. Thecorrelations amongwater qual-
ity variables (Table 2) can reveal several relevant hydrochem-
ical relationships [32]. Measures of the major ions, except
for K+, HCO

3

−, and Mg2+, were significantly and positively
correlated with TDS. Concentrations of Cl−, SO

4

2−, and
Na+ were positively related with each other, with correlation
coefficients (𝑟) ranging from0.662 to 0.885 and the significant
at the 0.01 level, implying there may be a common cause of
increases in these ions. Similarly, concentrations of Ca2+ and
Mg2+ were strongly and positively correlated with TH (𝑟 =
0.825 and 0.555, resp., and the significant at the 0.01 level), as
hardness is an approximate measure of Ca2+ and Mg2+, and
concentrations of Ca2+ andMg2+ were weakly and negatively
correlated (𝑟 = −0.012). TH was also strongly correlated with
SO
4

2− (𝑟 = 0.562) and HCO
3

− (𝑟 = 0.756) by significant
at the 0.01 level (Table 2), implying that TH includes both
temporary and permanent hardness.

We found that Na+ was positively, significantly correlated
with Cl− (𝑟 = 0.885) by significant at the 0.01 level, indicating
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Table 2: Correlation matrix of the 13 physicochemical water parameters. The values are the correlation coefficients (𝑟).

pH TH TDS Ca2+ Mg2+ K+ Na+ Cl− SO
4

2− HCO
3

− NO
3

− NH
4

+ F−

pH 1
TH −0.277 1
TDS −0.484∗∗ 0.674∗∗ 1
Ca2+ −0.372∗ 0.825∗∗ 0.706∗∗ 1
Mg2+ 0.058 0.555∗∗ 0.153 −0.012 1
K+ −0.094 0.581∗∗ 0.205 0.359∗ 0.500∗∗ 1
Na+ −0.459∗∗ 0.259 0.883∗∗ 0.461∗∗ −0.222 −0.119 1
Cl− −0.463∗∗ 0.438∗ 0.873∗∗ 0.622∗∗ −0.141 0.113 0.885∗∗ 1
SO
4

2−
−0.474∗∗ 0.562∗∗ 0.895∗∗ 0.519∗∗ 0.231 0.207 0.783∗∗ 0.662∗∗ 1

HCO
3

−
−0.222 0.756∗∗ 0.476∗∗ 0.482∗∗ 0.629∗∗ 0.29 0.141 0.081 0.406∗ 1

NO
3

−
−0.184 −0.093 −0.196 −0.087 −0.036 0.273 −0.202 −0.128 −0.163 −0.148 1

NH
4

+
−0.261 0.063 0.26 0.063 0.019 −0.041 0.286 0.391∗ 0.244 −0.187 0.012 1

F− −0.114 −0.399∗ 0.188 −0.093 0.57∗∗ −0.38∗ 0.509∗∗ 0.236 0.237 −0.257 −0.208 −0.013 1
∗∗Correlation = significant at the level 0.01 (2-tailed).
∗Correlation = significant at the level 0.05 (2-tailed).
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halite dissolution may be the major reaction influencing
water chemistry of confinedwater in the study area. However,
this finding is not consistent with the plots in Figure 6(a),
as their concentrations were below the theoretical line (Cl−
versus Na+ = 1 : 1 expressed in mmol/L). Thus, the greater
increase of Na+ can be explained by the weathering of albite.
The dissolution of albite can be expressed as follows:

2NaAlSi
3
O
8
+ 2H
2
CO
2
+ 9H
2
O

→ Al
2
Si
2
O
5
(OH)
4
+ 2Na+ + 2HCO

3

−

+ 4H
2
SiO
4

2−

(2)

In addition, the ratios of HCO
3

− and Ca2+ in most
samples were larger than two (Figure 6(b)), indicating that
the effect of calcite dissolution on water chemistry is not
obvious, and HCO

3

− comes from other sources, such as
albite dissolution and ion exchange. The ion exchange can be
expressed as follows: Ca2+ ions in solution were replaced with
Na+ from the solid surface, resulting in the deviation of Ca2+
out of the theoretical range (Figure 6(b)) and the surplus of
Na+ (Figure 6(a)). Consider the following:

Ca2+ + 2NaX←→ 2Na+ + CaX
2

(3)

On the contrary, HCO
3

− is positively correlated
with Mg2+ (𝑟 = 0.629) and less correlated with Ca2+
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(𝑟 = 0.482), both with the significant at the 0.01 level
(Table 2). In addition, Mg2+ is weak negatively correlated
with Ca2+ (𝑟 = −0.012), which suggests the possibility of
dissolution and/or precipitation of calcite and dolomite.
Hypothetically speaking, if calcite and dolomite dissolution
were the only source of Ca2+ and Mg2+, the ratio between
HCO
3

− and Ca2+, Mg2+ should be within the range of 1 : 1
to 2 : 1, depending on the amount of CO

2
involved in the

reactions [36], because

CaCO
3
+H+ ←→ Ca2+ +HCO

3

− (4)

CaCO
3
+H
2
O + CO

2
←→ Ca2+ + 2HCO

3

− (5)

CaMg (CO
3
)
2
+ 2H+ ←→ Ca2+ +Mg2+ + 2HCO

3

− (6)

CaMg (CO
3
)
2
+ 2H
2
O + CO

2

←→ Ca2+ +Mg2+ + 4HCO
3

−

(7)

It is suggested that dolomite dissolution is probably the
source of Mg2+ and Ca2+ (Figure 6(c)) since some samples
are within the hypothetical range (HCO

3

− versus (Ca2+ +
Mg2+) = 1 : 1 to 2 : 1 expressed in mmol/L) and some are
above the hypothetical straight lines (HCO

3

− versus (Ca2+ +
Mg2+) = 1 : 1), meaning some Ca2+ or Mg2+ ions may have
resulted from other causes. From comprehensive analysis
of Figures 6(b) and 6(c), the superfluous ion is mainly
Mg2+, coming from the dissolution of metamorphic rock
(containing Mg2+), such as brucite and montmorillonite.

Ca2+ is also correlated with SO
4

2− (𝑟 = 0.592) by
significant at the 0.01 level, suggesting a possible effect

of gypsum dissolution on water chemistry. Consider the
following:

CaSO
4
⋅ 2H
2
O←→ Ca2+ + SO

4

2−
+ 2H
2
O (8)

However, the actual ratio between Ca2+ and SO
4

2− is not
1 : 1. Considering the dissolution of calcite and/or dolomite
that would introduce Ca2+ into groundwater, it is logical
to conclude that the deviation of plotted data from the 1 : 1
line (below the hypothetical 1 : 1 line) was caused by the
weathering of calcium-containing minerals, such as calcite
and dolomite. Some samples fell above the hypothetical 1 : 1
line, suggesting the cation exchange between Ca2+ and Na+
(Figure 6(d)).

Notably, the chemical reactionswithin a groundwater sys-
tem are numerous and highly complex. So assessment of the
exact reactions taking place demands more comprehensive
analyses of aquifer mineralogy and groundwater flow.

4.3. Major Ion Variation along Paths of Groundwater Flow.
Physiochemical parameters for sample points along flow
path can reveal changes in solutes that occur over time
and travel distance [37]. The regional evolutionary trend of
the predominant anions along the groundwater flow path
can be summarized as follows: HCO

3

−
→ HCO

3

−
+

SO
4

2−
→ SO

4

2−
+ HCO

3

−
→ SO

4

2−
+ Cl− → Cl− +

SO
4

2−
→ Cl− [34, 38]. As groundwater flows from the upper

to lower reaches, concentrations of Ca2+ and HCO
3

− tend
to decrease, while those of Na+, K+, Mg2+, SO

4

2−, and Cl−
increase [35].There are two different patterns of groundwater
evolution in the study area. Figure 7(a) illustrates the normal
groundwater evolution along a flow path (from C11 to C19).
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Figure 6: Plots of (a) Na+ versus Cl−, (b) Ca2+ against HCO
3

−, (c) Ca2+ + Mg2+ against HCO
3

−, and (d) Ca2+ versus SO
4

2− (mmol/L).

Concentrations of Na+, K+, Mg2+, Cl−, and SO
4

2− increased
down the gradient, while Ca2+ and HCO

3

− decreased from
38.4 to 26.9mg/L and from 245.1 to 212.7mg/L, respectively,
resulting in the transition of hydrochemical type fromHCO

3
-

Mg⋅Ca to HCO
3
-Na⋅Mg. However, the groundwater pattern

may be different if there is local recharge of the phreatic
aquifer along the flow path. Along the flow path from C07 to
C08, Mg2+, SO

4

2−, and Cl− decreased significantly, whereas
Na+, K+, and Ca2+ increased considerably, and HCO

3

−

remained relatively constant (Figure 7(b)). The second pat-
tern of groundwater evolution indicates that recharge water
with relative low concentrations of dissolved Mg2+, SO

4

2−,
and Cl− (due to the adsorption of continuous, 3–10m thick
aquitards, composed of clay and sand clay) could be mixed
with confined water before reaching sample well C08, and
ion exchange takes a notable role in this evolution. Also, the
hydrochemical type changed from HCO

3
-Mg⋅Ca to HCO

3
-

Na⋅Mg.The existence of two different groundwater evolution
patterns shows that groundwater quality in the study area is
influenced by regional groundwater flow and local recharge.

4.4. Saturation Indices. Due to the short contact time with
the aquifer minerals and/or insufficient mineral sources,
groundwater in recharge areas or those with a falling regional
flow is not usually saturated with calcite, dolomite, and
gypsum, while groundwater in discharge areas or those with
a rising flow may become saturated with these minerals. The
saturation index (SI) of calcite, dolomite, halite, and gypsum
for each sample was calculated using the following equation
[39]:

SI = log IAP
𝐾
, (9)

where IAP is ion activity product in a mineral dissolution
reaction, while𝐾 is representative of the equilibriumconstant
of mineral dissolution at the active temperature (this time
takes 10∘C, the average temperature for the study area). The
SI of gypsum and halite varied from −2.23 to −0.84 and from
−7.27 to−6.25, respectively (Figures 8(a) and 8(b)), suggesting
that the groundwater would tend to dissolve gypsum and
halite. However, the SI of calcite and dolomite ranged from
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Table 3: Schoeller index values of all samples.

Sample number C01 C02 C03 C04 C05 C06 C07 C08
CAI-I −0.92 −0.94 −0.20 −0.06 −1.09 −1.06 −0.65 −1.21
CAI-II −0.43 −0.43 −0.16 −0.02 −0.22 −0.15 −0.09 −0.15
Sample number C09 C10 C11 C12 C13 C14 C15 C16
CAI-I −0.82 −0.31 −0.62 −1.35 −0.78 −1.21 −1.30 −1.01
CAI-II −0.11 −0.08 −0.11 −0.19 −0.10 −0.14 −0.16 −0.13
Sample number C17 C18 C19 C20 C21 C22 C23 C24
CAI-I −2.14 −0.68 −0.84 −1.62 −3.64 −1.33 −1.60 −2.85
CAI-II −0.21 −0.39 −0.28 −0.42 −0.48 −0.40 −0.38 −0.28
Sample number C25 C26 C27 C28 C29 C30 C32 C33
CAI-I −3.58 −0.78 −0.74 −0.80 −0.44 −1.00 −0.01 −0.51
CAI-II −0.39 −0.16 −0.21 −0.16 −0.12 −0.31 −0.02 −0.09

0.28 to 1.28 and from 2.01 to 3.39, respectively, indicating that
the groundwater is in balance to be oversaturated with the
calcite and oversaturated with the dolomite (Figures 8(c) and
8(d)).

4.4.1. Cation Exchange. Cation exchange is a process that
commonly modifies the major ion chemistry of groundwater
[40] and significantly influences the evolution of hydro-
chemical compositions [41, 42]. It can be studied through
chloroalkaline indices proposed by Schoeller [41–43]. The
Schoeller indices such as CAI-I and CAI-II are calculated
using the following formulas:

CAI-I =
Cl− − (Na+ + K+)

Cl−
(10)

CAI-II =
Cl− − (Na+ + K+)

HCO
3

−
+ SO
4

2−
+ CO
3

2−
+ NO

3

−
(11)

where all ions are expressed in meq/L. If the indices were
negative values, this may indicate that Ca2+ and Mg2+ have
been removed from solution and Na+ and/or K+ have taken
their place. Since the indices are positive, the inverse reactions
have taken place. All of these samples had negative Schoeller
index values (Table 3), showing that Ca2+ andMg2+ had been
removed from solution and Na+ and/or K+ had taken their
place in all samples.

4.5. Principal Component Analysis (PCA). Bartlett’s spheric-
ity test confirmed that the 12 variables were not orthogonal,
but rather correlated (Bartlett 𝜒2 = 877, 66 df, 𝑃 ≤ 0.001).
This enables explanation of the variation in these hydrochem-
ical data using a lower number of variables. Additionally,
the Kaiser-Meyer-Olkin method (KMO) showed that the
measure of sampling adequacy (MSA) was 0.52, indicating
that the degree of correlation among the variables and the
appropriateness of factor analysis was moderate.

The variable pH varied little and was weakly correlated
with the others (𝑟 = −0.484 to 0.058), so it was eliminated
from analysis. PCA considered the hydrochemical variables
common to all 32 samples, including TH, TDS, K+, Na+,
Ca2+, Mg2+, HCO

3

−, SO
4

2−, Cl−, NH
4

+, NO
3

−, and F−.

Table 4: Loadings of variables on 4 significant varifactors (VFs) of
water quality measurements.

Variable VF1 VF2 VF3 VF4
TDS 0.97 0.16 −0.11 0.07
Cl 0.90 −0.13 0.05 0.25
Na 0.90 −0.29 −0.20 0.15
SO
4

0.85 0.18 −0.17 0.12
Ca 0.78 0.25 0.21 −0.26
TH 0.62 0.73 0.11 −0.15
HCO

3
0.36 0.71 −0.23 −0.36

K 0.20 0.58 0.55 −0.10
Mg −0.05 0.92 −0.12 0.11
F 0.29 −0.74 −0.31 −0.11
NO
3

−0.14 −0.05 0.85 0.06
NH
4

0.24 0.01 0.03 0.92
Eigenvalue 4.60 2.99 1.33 1.20
% of variance explained 38.3 24.9 11.1 10.0
% cumulative variance 38.3 63.2 74.3 84.3

The correlation matrix of the 12 variables (i.e., standardized
data) revealed several hydrochemical relationships relevant
to interpretation of the primary factors influencing current
water chemistry in the confined water [41, 42]. To reduce
the overlap between original variables in each PC, a varimax
rotation was conducted [18]. The total variance explained
by each VF, their loadings, and eigenvalues were shown in
Table 4. Based on the principle of eigenvalues > 1, 4 VFs were
obtained, accounting for 84.3% of the total variance in the
original data set (Table 4). The first two VFs explained most
of the variance, at 40.6% and 24.6%, respectively, while VF3
and VF4 explained 10.6% and 8.4%.

VF1was highly related to TDS, Cl−, Na+, SO
4

2−, Ca2+, and
TH, indicating that these variables may be influenced by a
common cause, namely, mineral dissolution during ground-
water flow.Major ions, such as Na+, Ca2+, SO

4

2−, and Cl−, are
important components of minerals such as halite, gypsum,
plagioclase, and mirabilite. With respect to the high values of
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Figure 7: Major ion variations along flow paths: (a) from C11 to C19; (b) from C07 to C08.

solubility product, Na+, Ca2+, SO
4

2−, and Cl− in the confined
aquifer have dissolution tendency, and the concentrations of
Na+, Ca2+, SO

4

2−, and Cl− have in turn increased. Based on
particle analysis and the Quaternary sediment history of the
study area, a very thick deposition of lake and alluvial facies
filled the Yinchuan basin, including the minerals of quartz,
halite, gypsum plagioclase, and mirabilite. Therefore, it is
inferred that PC1 reflected the dissolution of minerals such
as halite, gypsum, plagioclase, and mirabilite. Indeed, high
values ofVF1were associatedwith the central and east parts of
the study area, the lower reaches of groundwater flow (Figures
9(a) and 3).

Interestingly, VF1 values were lower in the central of the
depression cone, where the hydraulic gradient is relatively
large and phreatic water recharges confined water vertically
to a great extent, so the concentrations of ions there should
be relatively higher. Considering the adsorption of low
permeability aquitards, the groundwater quality of confined
water there is mainly affected by mineral dissolution and
adsorption action, resulting in better quality [4].

Loadings onVF2 showed thatMg2+, TH,HCO
3

−, K+, and
F− were most important for VF2, representing dissolution
of minerals (e.g., magnesite, dolomite, and potash feldspar)
that contain Mg2+, HCO

3

−, and K+. In addition, the strongly

negative correlation of F− with VF2 (𝑟 = −0.74) indicated
the potential precipitation of minerals (fluorite) containing
F− and Ca2+. Sampling stations in the southwest (the fine-
grained zone) had high VF2 scores, but the scores of other
area were relatively small. This suggests that there has been
strong dissolution of minerals with Mg2+, HCO

3

−, and K−
in this area, with mixing action with phreatic water in
the process (Figure 7(b)). The spatial pattern of VF2 scores
was different from that of VF1; that is, the distribution of
high VF2 scores was concentrated in the southwest, where
groundwater flows relatively slow and the dissolution of
carbonate minerals is common (Figure 9(b)). In the central
of the depression cone, considering the adsorption of low
permeability aquitards, minerals precipitation (represented
in Section 4.4), and the ion exchange, the groundwater
quality of confined water will be better [4].

VF3 was greatly influenced by NO
3

−, as the mean NO
3

−

concentration of confined water in the study area is 0.1mg/L
(Table 1) and that of phreatic water is 2.1mg/L [4]; it can be
inferred to the mixing action between the confined aquifer
and phreatic water polluted by nitrate fertilizers and the
drainage ditch sewage used in agricultural irrigation [44].
Interestingly, small VF3 values were associated with the
depression cone, indicating a low effect of nitrate pollution,
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Figure 8: Saturation indices of minerals of confined water: (a) gypsum, (b) halite, (c) calcite, and (d) dolomite.

while high NO
3

− concentrations were located in the south-
west (the fine-grained zone), because in the southwest area,
there are some large farms, so phreatic water has high NO

3

−

concentrations and will flow into confined aquifer at the west
boundary (Figure 2).Thehighest positive loading onVF4was
NH
4

+, implying an effect of human activity (e.g., domestic
sewage discharge and agricultural fertilizers) on confined
water from the polluted phreatic water.

4.6. The Comprehensive Analysis of the Aquifer System. In
general, the quality of confined water in the study area
was influenced mainly by mineral dissolution/precipitation,
mixing action, and cation exchange, compared with phreatic
aquifer by strong evaporation effect, mineral dissolution/
precipitation, and human activities [4]. Thus, the pollution
risk of confined water in the study area is mainly the leakage
recharge of polluted phreatic aquifer in the depression cone
as continuous infiltration type [4]. Although the confined
water has been exploited for more than 50 years and the
groundwater quality is also very good (e.g., the concentration
of TDS varied from 307 to 799mg/L, with a mean value
of 472mg/L), however, the quality of confined water has
been decreasing actually and confined aquifers will become
contaminated because the aquitard layers can only provide

a limited purifying effect. For example, for the typical sample
C08 (Ningxia University), in the central of the depression
cone, the concentration of TDS is 285mg/L in 1990s and
that increased to 341mg/L in 2000s. According to another
researcher, in present exploitation condition, the concentra-
tion of Cl− in the first confined aquifer will increase clearly
in the first 80 years (since 1970s), the increase will slow
between 80 and 150 years, and the concentration then will
become stable after 150 years, where there is excessive Cl−
(>250mg/L) in the vicinity of Ningcheng village (the central
of the depression cone), with an area of about 24.75 km2
[45]. According to the principle of adsorption, taking Cl−,
for example, the adsorption capacity of low permeability
aquitards in the depression cone was 2.22mg/kg in 1991 and
decreased insignificantly to 0.70mg/kg in 2011. It is obvious
that the adsorption capacity has been reducing from 1991 to
2011 and the average adsorption amount of every five years
also deceases from 100.1 × 105 kg/a to 59.1 × 105 kg/a, with the
total adsorption amount of 1.76 × 108 kg. The adsorption will
take effect for no more than 150 a in this pumping condition,
without taking any conversation measures.

In order to protect the groundwater quality in the study
area and hence to ensure the long-term, sustainable levels of
water extraction, regarding the phreatic aquifer and confined
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Figure 9: Spatial distribution of sampling stations by (a) VF1 scores and (b) VF2 scores.

aquifers as an entirety groundwater system, we recommend
that the following management actions must therefore be
undertaken: (1) Close enterprise wells of confined water
gradually in the central of depression cone, only keeping
on the drinking wells to reduce the exploitation intensity

and well density. To meet demand, the Xi’xia reservoir has
been constructed for these enterprises, which will save the
pumping amount of 3.6 × 107m3/a for confined water. (2)
Do not increase the amount of confined water pumped
from production wells and changing the exploitation rate by
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different times instead of the central one time, and additional
water source sites and groundwater mining of confined
aquifers should be planned in other places for future use.
So two prospective areas of new groundwater source sites
were delineated in the vicinity of Ligang and Zhangzhen
town, with pumping guarantee of 8.0× 104m3/d. (3) Establish
several artificial recharge zones in the Helan leaning pluvial
plain, using flood waters as the recharge water resources,
about 5.5 × 107m3/a for more than 52 gullies, to increase
the groundwater recharge in the recharge area of confined
water. (4) Improve the quality of phreatic water in the
depression cone by sewage treatment plant, and the second,
third, and fourth sewage treatment plants of Yinchuan have
been constructed with the total treatment of 2.0 × 105m3/d
wastewater, covering more than 87.07 km2 and about 7.0 ×
105 people, in which the third sewage treatment plant was
built specially for industrial effluents in the depression cone.
(5) Close and fill the wells mix pumping from phreatic
aquifer and confined aquifers, protecting confinedwater from
polluting, as the phreatic aquifer has bad quality.

From a management perspective and seen phreatic
aquifer and confined aquifers as a whole system [4], our sta-
tistical analyses will be useful for hydrological planning—this
approach avoids the undesirable location of new pumping
wells in the confined aquifer at places that show hydroge-
ological or hydrochemical features associated with polluted
phreatic aquifers and thus avoids and slows down further
deterioration of groundwater quality. And this study will
serve as a simple example to provide suggestion for the status
change, evolution, and protection of groundwater ecological
environment under groundwater concentrated exploitation
in other arid/semiarid area.

5. Conclusions

Confined water is an invaluable resource that supports
numerous activities in Yinchuan region, including industrial
and domestic uses. However, its quality has been deteri-
orating gradually by leakage recharge from the polluted
phreatic water. Although the Yinchuan region does not
have significant limitations on the quantity of groundwa-
ter resources, entirety two distinct quality problems have
been detected: phreatic water has high concentrations of
major ions and TDS that exceed China’s acceptable limits of
groundwater quality, and polluted phreatic water recharges
confined water largely in the depression cone, which will
deteriorate confined water slowly. This paper investigated
and assessed the hydrochemistry of major ions and trace
constituents in confined water, using statistical methods and
mineral dissolution/precipitation analysis, and the results can
be summarized as follows:

(1) Thequality of confinedwater varied slightly across the
Yinchuan region and its composition was relatively
simple, compared to that of phreatic water. TDS
and concentrations of major ions generally increased
along the groundwater flow path: from west to east.
Measures of all major ions do not exceed China’s
acceptable limits for groundwater quality except for

Cl− and NH
4

+ in scattered areas, indicating the
confined water is potable.

(2) The key factors affecting the evolution of groundwater
chemistry of confinedwater in the study area aremin-
eral dissolution and/or precipitation, cation exchange,
leakage recharge, and human activity (e.g., domestic
sewage discharge, agricultural fertilizers, and ground-
water exploitation). Based on the saturation indices,
the solubility products of calcite and dolomite were
at supersaturation, with a precipitation tendency,
and those of gypsum and halite were not saturated,
so those minerals will dissolve into confined water.
Because of the concentrated exploitation of confined
water, a depression cone has been formed in the
vicinity of Ningxia University, increasing leakage
recharge to confined water, which will accelerate the
evolution of groundwater chemistry in the confined
aquifer.

(3) Multivariate analysis of confined water quality was
used to identify different sources or processes that
are influencing confined water quality as natural or
human activities. Close examination of the four main
axes that resulted from PCA identified three key
processes that influence confined water quality in
the region: the dissolution/precipitation of minerals
including halite, gypsum plagioclase, mirabilite, mag-
nesite, dolomite, potash feldspar, and fluorite; mixing
between the confined water and polluted phreatic
water; and effects of ion exchange.

(4) In order to exploit large amounts of confined water
resources over long-term while avoiding its contam-
ination by polluted phreatic water and improve the
quality of the whole groundwater system, we recom-
mend gradual close enterprise wells in the central
depression cone, along with selectively exploiting
phreatic water as an alternative to meet industrial
water needs. Simultaneously, flood waters on the
Helan leaning pluvial plain could be used to increase
artificial recharge of the groundwater system.
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