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Abstract: Groundwater plays an important role in ecological environment protection in arid and
semi-arid areas. Therefore, understanding the characteristics of hydrochemical evolution is of great
significance for the sustainable use of groundwater in the area of the Tailan River Basin. The Tailan
River Basin is located in an arid, ecologically sensitive area in western China. In this study, we
collected 42 groups of representative water samples from the Tailan River Basin and analyzed the
chemical distribution in the groundwater using mathematical statistics, Piper and Gibbs diagrams,
ion ratio analysis, and hydrogeochemical simulation methods. We also discussed the water–rock inter-
actions in the groundwater hydrochemical evolutionary process. The results were as follows: (1) The
chemical types of groundwater changed from HCO3·SO4-Ca·Na to SO4·Cl-Na·Ca, Cl·SO4-Na, and
Cl-Na, and the total dissolved solids content increased from less than 1 g/L to more than 40 g/L from
the gravel plain to the fine soil plain. (2) The Gibbs diagram, the ion ratio analysis, and the saturation
index showed that the groundwater chemical characteristics in the study area were mainly controlled
by water–rock interactions, as well as evaporation and concentration. Along the runoff of groundwa-
ter, halite and gypsum were dissolved. Nevertheless, dolomite and calcite precipitated. The relation-
ship between the chlor-alkali index and [(Na+ + K+)-Cl−] and [(Ca2+ + Mg2+)-(HCO3

− + SO4
2−)]

indicated that cation exchange also affects the chemical composition of groundwater in the area.
(3) Through reverse hydrogeochemical simulation, the main water–rock effect of the groundwater
runoff process revealed by qualitative analysis was quantitatively verified.

Keywords: groundwater; hydrochemical characteristics; evolution law; Tailan River Basin

1. Introduction

The northern part of China has an arid and semi-arid climate in which surface wa-
ter resources are scarce and intermittent, typically more in summer and less in winter.
Groundwater is the main water source supporting agricultural, industrial, and ecological
needs in northwest China [1,2]. In particular, Xinjiang Province is an important agricultural
production base and an important ecological barrier area in northwest China [3–5]. The
Tailan River Basin is located in the Aksu region of Xinjiang, south of the Tianshan Moun-
tains and northwest of Tarim Basin, deep in the hinterland of Eurasia [6]. In recent years,
with the growth of population and agriculture, groundwater extraction has increased [7].
The regional “water-quality shortage” caused by geochemical processes [8] has become
increasingly prominent [9], severely restricting local economic development. Few stud-
ies regarding the chemical characteristics and influencing factors of groundwater in this
region have been reported. Therefore, it is of great significance to carry out research on
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groundwater chemistry to reveal the change process and hydrochemical evolution law of
the water environment in the study area. Understanding the interrelation between local
groundwater and the environment will provide a theoretical basis for rational develop-
ment and utilization of local groundwater resources, protection, and improvement in the
ecological environment.

The traditional methods of assessing groundwater chemistry cannot accurately quan-
tify geochemical processes [10]. Methods such as multivariate statistical analysis and
reverse hydrogeochemical modeling are often used to determine the evolution of ground-
water chemical composition [11,12]. The combination of traditional groundwater chemistry
research methods and groundwater chemical evolution simulation is one of the most
widely studied methods of groundwater chemical evolution [13–15]. Wu Qiong et al. used
hydrochemical diagrams, descriptive statistics, ion ratio analysis, and saturation index
methods to analyze the characteristics, distribution, and causes of groundwater chem-
istry in Alar City, Xinjiang [16]. Ding Qizhen analyzed the characteristics and influencing
factors of groundwater chemistry in Barkol Basin, Xinjiang, by using multivariate statis-
tical methods. The results showed that groundwater chemistry was determined by the
evaporation and concentration of Na+, Ca2+, Mg2+, Cl−, SO4

2−, total hardness (TH), and
total dissolved solids (TDSs), which are main load variables and are influenced by the
leaching of HCO3

− [17]. Li Lin analyzed the distribution characteristics of the chemical
types of surface water and groundwater in the Tarim River by means of ionic ratios and the
Piper diagram, as well as the stable isotope method, and discovered that the water–rock
interaction in this area was determined by the dissolution or precipitation of minerals,
oxidation–reduction, and cation exchange [18]. Remi et al. analyzed the characteristics of
groundwater hydrochemical evolution by using mathematical statistics, Piper and Gibbs
diagrams, ion ratio analysis, and mineral stability field maps, as well as reverse hydro-
geochemical simulation, in the Aksu plain region of Xinjiang [19]. Multivariate statistical
analysis of minor and trace elements in water samples shows that groundwater quality is
mainly controlled by geological factors, followed by human influence [20,21].

In this study, hydrogeological surveys have been carried out in the Tailan River Basin.
The regional hydrogeological characteristics have been basically identified. Unfortunately,
there was a lack of in-depth understanding of the hydrochemical origin and hydrochemical
evolution of groundwater, as well as water–rock interactions of different geomorphic units.
This paper discusses the geochemical characteristics, hydrogeochemical simulation, and
origin of groundwater from the gravel plain to the fine soil plain by means of mathematical
statistics, ion ratio analysis, and saturation index to explain the hydrogeochemical process
determined by the chemical evolution of groundwater in the Tailan River Basin.

2. Materials and Methods
2.1. Study Area

The Tailan River Basin is located in Wensu County, Aksu Prefecture, Xinjiang Province,
with geographical coordinates between 80◦21′44′′ and 81◦10′14′′ E and 40◦41′41′′–42◦15′13′′ N,
which contain a mountainous area and a plain area. The total area of the basin is 5800 km2,
including the mountainous area of 1300 km2 and the plain area of 4500 km2 (Figure 1). This
region is a typical continental climate with four distinct seasons, a large temperature difference
between day and night, sufficient light, and dry air. The meteorological data of the study area
show that the annual average temperature near the mountainous area is 7~9 ◦C, and in the
plain oasis area the annual average temperature is about 10 ◦C. The annual precipitation in
the mountainous area is between 500 mm and 700 mm, while it is only 62 mm in the plain
area. The average annual evaporation is about 1800 mm.

The terrain in the northwest in the study area is higher than that in the southeast, and
the geomorphic units in the Tailan River Basin are gravel plain, alluvial inclined plain, and
fine soil plain (Figure 2).



Water 2023, 15, 3917 3 of 15Water 2023, 15, x FOR PEER REVIEW 3 of 15 
 

 

 
Figure 1. (a,b)—location maps of the area; (c)—study area, sampling point distribution, and 
simulated route. Note: WG—west side groundwater; G—groundwater; and S—surface water. 

The terrain in the northwest in the study area is higher than that in the southeast, and 
the geomorphic units in the Tailan River Basin are gravel plain, alluvial inclined plain, and 
fine soil plain (Figure 2). 

 
Figure 2. (a)—geomorphic features; (b)—hydrogeological profiles. 

  

Figure 1. (a,b)—location maps of the area; (c)—study area, sampling point distribution, and simulated
route. Note: WG—west side groundwater; G—groundwater; and S—surface water.

Water 2023, 15, x FOR PEER REVIEW 3 of 15 
 

 

 
Figure 1. (a,b)—location maps of the area; (c)—study area, sampling point distribution, and 
simulated route. Note: WG—west side groundwater; G—groundwater; and S—surface water. 

The terrain in the northwest in the study area is higher than that in the southeast, and 
the geomorphic units in the Tailan River Basin are gravel plain, alluvial inclined plain, and 
fine soil plain (Figure 2). 

 
Figure 2. (a)—geomorphic features; (b)—hydrogeological profiles. 

  

Figure 2. (a)—geomorphic features; (b)—hydrogeological profiles.

2.2. Hydrogeology

The lithology changes from gravel to medium coarse sand, fine silt, and sandy soil. The
surface water is mainly formed by the melting of snow and ice in mountains, atmospheric
precipitation, and bedrock fissures. The river water seeps down into groundwater after
passing mountains. The gravel plain area is a single aquifer structure. The lithology is sand
gravel, and the groundwater depth is more than 50 m. The groundwater aquifer gradually



Water 2023, 15, 3917 4 of 15

extends from a single layer into a multi-layer structure, and the groundwater overflows
to the surface in the middle and lower part of the inclined plain. Due to the continuous
decline in the water table in recent decades, the overflow zone has disappeared. The fine
soil plain is a multi-layer aquifer structure with flat terrain, slow groundwater runoff, and
a groundwater depth usually less than 5 m. The direction of groundwater runoff on the
west side of the Tailan River is north–south, and the direction of groundwater runoff on the
east side of the river is located in the Awati Depression belt; the direction of groundwater
runoff gradually changes from north–south to east–south [19].

2.3. Sampling and Analysis

In order to understand the overall spatial changes in groundwater geochemistry in the
study area, while avoiding the effects of peak summer meltwater on water chemistry, water
samples were collected in the summer and autumn of 2022. The chemical composition of the
dry season water is roughly close to the annual average for the region [22]. Hydrochemical
samples were collected from different water bodies. Surface water comes from the river
water of the Tailan River. Groundwater is mainly collected by hand drilling and local
wells. There were 37 groups of groundwater and five groups of surface water. Professional
measuring tools (RTKs) were used to determine the sampling location and elevation, and
the depth of groundwater was measured using a water level meter.

To avoid other impurities remaining in the sample bottle, we washed the sample bottle
three times with the water sample to be collected and filtered the water sample through a
0.45 µm filter membrane. Nitric acid was added to the cationic water sample and kept sealed
until the pH of the water sample was less than 2. The collected samples were stored in an
incubator at 4 ◦C, and all samples were analyzed by the second Hydrologic Engineering
Geology Brigade within three weeks. Strict testing standards were adopted to ensure data
quality, and the ion charge balance error of each sample was kept within±5%. All parameters
were determined in the laboratory according to the standard procedure (ref. [23] test method
for drinking natural mineral water). The physicochemical parameters measured include pH,
HCO3−, SO4

2+, Cl−, NO3
−, Mg2+, Ca2+, Na+, K+, total dissolved solids (TDSs), total hardness

(TH), and total alkalinity (TA). K+ and Na+ were determined via flame atomic absorption
spectrophotometry, and the detection lines were 0.05 mg/L and 0.01 mg/L, respectively. TH,
Ca2+, Mg2+, CO3

2−, and HCO3
− were determined using ethylenediamine tetraacetic acid

disodium titration with a detection line of 1.0 mg/L. Cl− was determined via the silver nitrate
volumetric method with a detection line of 1.0 mg/L; SO4

2− was determined via barium
sulfate turbidimetry, and the detection line was 5.0 mg/L; and pH was determined via the
glass electrode method, and the detection line was 0.01.

3. Results and Discussion
3.1. Water Chemical Characteristics

The descriptive statistics of the chemical components of each water sample are shown
in Table 1. The pH value of the water samples in the study area ranges between 7 and 8.86,
indicating that all water samples are weakly alkaline. The pH of the groundwater is mostly
below 8.5. According to the WHO, the recommended maximum permissible limit for the
pH of groundwater is 8.5. The pH values of the surface water and groundwater in the
gravel plain are similar, ranging from 7.96 to 8.44, indicating that their sources are close.
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Table 1. The results of statistical analysis of hydrogeochemical composition of surface water and
groundwater in the Tailan River Basin.

Location Sample
Number

ρB/(mg/L)
pH

K Na Ca Mg Cl SO4 HCO3 NO3
Total

Hardn
Total
Alkal TDSs

Gravel
plain

G1 3.21 30.05 40.80 15.12 36.04 76.25 119.03 5.09 163.98 97.60 260.99 8.26
G2 3.98 39.81 63.36 17.51 56.74 126.47 156.46 9.99 230.32 128.31 386.10 8.05
G3 3.44 33.46 42.27 11.51 39.66 68.86 118.55 2.59 152.85 97.21 261.28 8.34
G4 2.98 29.01 31.34 11.47 29.75 52.79 115.70 1.72 125.35 94.88 215.18 8.41

East of
alluvial
inclined

plain

G10 6.46 338.11 108.33 52.95 288.38 395.95 387.85 57.80 487.82 318.05 1384.10 7.65
G15 6.18 247.35 112.29 26.76 354.64 325.79 168.68 11.70 390.55 150.36 1164.56 8.86
G19 5.70 248.16 68.99 28.68 225.76 232.21 326.01 7.37 290.02 267.34 972.51 7.97
G20 7.16 289.68 114.71 42.95 396.78 415.63 192.83 3.25 462.80 158.13 1363.34 7.87
G23 9.14 651.85 138.85 60.19 890.85 480.19 146.29 0.86 593.83 119.96 2304.22 8.16
G25 33.95 2461.54 421.09 94.87 3014.46 2235.22 178.46 0.88 1442.02 152.36 8353.95 8.31
G30 93.19 7130.75 641.66 363.65 10976.16 1899.05 229.80 2.58 3099.33 188.45 21219.37 7.00
G31 57.41 5702.58 802.08 364.87 8830.58 1554.71 220.02 1.35 3504.90 180.43 17422.23 8.29
G33 30.09 2922.74 631.64 85.14 3617.35 3142.67 204.13 9.82 1927.70 173.42 10535.28 8.35
G34 101.22 6579.89 585.52 214.06 7819.85 5567.86 476.72 2.28 2343.28 390.94 21106.75 8.28
G35 58.14 5052.50 581.51 182.43 7305.62 3812.03 281.14 2.35 2203.08 230.55 17132.80 7.79
G38 41.34 3074.40 202.53 81.49 4158.18 1679.47 481.61 2.96 841.18 400.96 9481.80 8.44
G39 106.11 9997.17 800.08 385.54 15355.99 5354.00 691.85 4.23 3585.01 567.36 32344.82 7.83
G40 93.19 9188.35 547.42 373.38 13334.53 4604.28 440.05 2.67 2904.06 360.86 28361.18 7.94
G41 35.50 5077.54 759.97 207.98 7802.12 3199.28 195.58 3.26 2753.85 160.38 17180.17 8.19

Fine
soil

plain

G42 141.38 14196.20 1347.50 520.55 21650.88 4807.81 260.36 1.90 5507.70 213.51 42794.49 7.18
G43 88.81 7656.58 739.92 195.81 12181.95 3513.10 158.91 3.68 2653.71 130.31 24455.62 7.15
G44 73.47 4101.01 707.84 188.52 6064.37 3359.32 255.47 1.88 2543.56 209.50 14622.26 8.07
G45 202.72 11128.89 1804.68 1337.85 21810.47 3345.62 149.13 3.07 10014.00 122.29 39704.80 7.84
G46 102.25 5385.18 931.42 809.40 9752.65 1816.87 134.46 2.11 5657.91 110.26 18864.99 7.78
G47 69.82 7130.75 1281.32 572.84 13174.94 3101.00 124.68 12.27 5557.77 102.24 25393.02 7.50
G48 117.69 12751.56 972.52 440.88 21278.51 3223.31 146.68 21.39 4243.43 120.29 38857.82 7.37
G49 50.10 5928.87 900.34 378.25 10807.71 1939.18 220.02 4.05 3805.32 180.43 20114.45 7.08
G51 100.32 11086.12 1411.66 856.23 20994.79 3146.42 158.91 1.51 7049.86 130.31 37674.99 7.16

West of
alluvial
inclined

plain

WG1 11.66 139.73 108.28 70.05 232.65 395.52 317.81 5.00 558.78 260.62 1116.80 8.16
WG3 11.62 251.19 169.44 148.74 501.82 749.00 320.26 0.98 1035.45 270.65 1996.75 8.34
WG4 6.94 143.45 125.69 61.11 180.54 381.74 292.42 0.91 564.66 239.79 1045.68 7.33
WG5 10.00 156.39 111.89 97.06 177.32 383.65 537.84 1.68 678.95 441.06 1205.23 7.71
WG6 13.13 316.52 195.71 102.16 368.83 767.69 464.49 1.23 909.27 380.91 1996.29 8.13
WG7 8.61 380.40 129.55 162.82 818.22 665.15 157.65 1.49 991.16 129.28 2243.58 7.53
WG8 9.04 487.27 240.62 291.41 817.09 1661.11 183.35 2.91 1800.52 150.36 3598.22 8.05
WG9 6.95 315.24 212.55 128.43 567.43 836.51 217.58 2.33 1059.48 178.43 2175.91 7.72

WG10 11.75 539.25 136.52 124.42 971.80 575.64 133.72 0.89 851.21 109.65 2426.24 7.45

Surface

S3 1.63 9.76 37.41 6.35 11.93 43.29 90.32 2.80 119.55 74.06 159.19 8.44
S6 2.35 12.90 39.70 3.16 19.86 29.45 122.24 4.23 112.16 100.24 168.55 7.96
S9 19.89 1191.88 360.94 127.70 1755.48 1467.14 136.90 9.21 1427.00 112.27 4991.48 8.42

S10 21.09 1249.53 370.96 139.87 1968.26 1639.58 134.46 11.44 1502.10 110.26 5456.52 8.42
S12 44.76 2554.42 436.36 259.96 4029.85 2395.56 41.64 13.58 2156.32 34.15 9741.74 7.97

The alkaline intensity of groundwater is higher in the gravel plain than in the inclined
plain, and it is higher in the inclined plain than in the fine soil plain. Only a few water
samples in the study area had lower TH indices than normal, and the overall hardness of
the water body was found to be higher than the WHO drinking water quality standards [24].
The NO3

− content ranged from 0.8 to 57.8 mg/L, and only one sample at the end of the
gravel plain had a NO3

− content greater than 50 mg/L, which may be caused by local
industrial and agricultural pollution. In general, the mass concentration of groundwater
TDSs increased from 215 mg/L to 42,794 mg/L from the gravel plain to the fine soil
plain, indicating that groundwater salt accumulation was relatively rapid during runoff,
especially after entering the fine soil plain. The changes in ion concentration in the direction
of runoff are similar between surface water and groundwater. The relationship between the
ion concentration in the groundwater of the gravel plain is Ca2+ > Na+ + K+ > Mg2+ and
HCO3

− > SO4
2− > Cl−. The relationship between the ion concentration in the groundwater

east of the inclined plain and the fine soil plain is Na+ + K+ > Ca2+ > Mg2+ and Cl− > SO4
2−

> HCO3
−. The relationship between the ion concentration in the groundwater in the west

of the alluvial inclined plain is Na+ + K+ > Ca2+ > Mg2+ and SO4
2− > Cl− > HCO3

−. The
concentrations of Na+, Mg2+, Cl−, and SO4

2− vary greatly from the gravel plain to the fine
soil plain, indicating that these ions are susceptible to external factors, such as terrain and
hydrogeological conditions (Figure 3).
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3.2. Spatial Distribution Characteristics of Water Chemistry

The distribution of hydrochemical types in the Piper diagram helps to explain the
evolution of groundwater hydrochemistry along the flow path [25]. The Durov diagram
also shows the salinity and pH of different water chemical types [26]. The chemical types of
groundwater are mainly HCO3·SO4-Ca·Na, SO4·Cl-Na·Ca, Cl·SO4-Na, and Cl-Na types in
the study area, which demonstrate the characteristics of multi-type water chemistry (Figure 4).
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The surface water and groundwater of the gravel plain are the HCO3·SO4-Ca·Na
type, and the salinity mass concentration is less than 1000 mg/L, reflecting the low content
of the total dissolved solids in the recharge area. From the gravel plain to the inclined
plain, due to the finer aquifer particles and weaker water permeability, the chemical
types of groundwater in the deep water evolved into saltier SO4·Cl-Na·Ca and Cl·SO4-Na
types with a mass concentration of mineralization greater than 1000 mg/L. At the end of
the inclined plain on the east side, the maximum salinity mass concentration can reach
10,000 mg/L, and the chemical type of groundwater gradually changes to the Cl-Na type.
It is worth noting that the overall salinity mass concentration of the inclined plain on the
west side is lower than that on the east side. These findings reveal that the groundwater
on the west side is buried deeper; its runoff rate is fast; and it does not easily evaporate,
concentrate, or dissolve. In the fine soil plain, the mass concentration of salinity increased
and was recorded as greater than 20,000 mg/L. Cl− and Na+ were the dominant ions, and
the chemical type of groundwater was characterized as the Cl-Na type. This reflects the
chemical characteristics of groundwater with high salinity in the discharge area.

3.3. Hydrochemical Origin Analysis
3.3.1. Genetic Mechanism of Groundwater

A Gibbs diagram was used to explain the genetic mechanism of the chemical compo-
nents of water. In the Gibbs diagram, if the TDS value is high and the Na+/(Na+ + Ca2+) or
Cl−/(Cl− + HCO3

−) ratio is also high (close to 1), the ion control mechanism is evaporation
crystallization; if the TDS value is moderate and the ratio of Na+/(Na+ + Ca2+) or Cl−/(Cl−

+ HCO3
−) is less than 0.5, the ion control mechanism is the water–rock interaction; and if

the TDS value is low and the Na+/(Na+ + Ca2+) or Cl−/(Cl− + HCO3
−) ratio is close to 1,

the hydrochemical component control mechanism is atmospheric precipitation [27].
The chemical composition of groundwater in the study area is mainly dominated by

the water–rock process and the evaporation crystallization process (Figure 5). Specifically,
the chemical composition of groundwater in the gravel plain is dominated by water–rock
interactions. The chemical composition of groundwater in the inclined plain is controlled by
both water–rock and evaporation–crystallization processes. The groundwater in the fine soil
plain is distributed in the evaporative crystallization domain, and some minerals may have
reached supersaturation and precipitated out. Moreover, the groundwater level is shallow,
and the influence of evaporation and concentration is strong. Therefore, the groundwater
chemistry in this region is mainly controlled by evaporation and crystallization.
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3.3.2. Major Ion Proportional Relationship

In the process of groundwater circulation, the proportion coefficient between the
contents of each component has obvious regularity, which can describe the chemical origin
and formation process of groundwater more deeply [28,29]. Figure 6 shows the correlation
of major ions in groundwater in the study area. It can be seen from Figure 6a that the
groundwater sample points are mostly distributed along the Na+/Cl− ratio line (halite
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dissolution line), and the content of Na+ at the groundwater sample points in the gravel
plain and most of the eastern inclined plain is slightly higher than that of Cl−. This indicates
that there are other sources of Na+ in groundwater besides the dissolution of halite; for
example, aluminosilicate minerals such as albite also affect the Na+ concentration (Formula
(3)). The excess Na+ may also come from cation exchange in aquifers (Formula (1)). The
content of Na+ in groundwater samples of the fine soil plain and some inclined plains in
the west is slightly lower than that of Cl−, which may be the result of cation exchange in
the aquifers (Formula (2)).
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concentrations to bicarbonate and sulfate; (d): The ratio of calcium and magnesium ion concentrations
to bicarbonate; (e): the ratio of chlor-alkali index 2 to chlor-alkali index 1; (f): the ratio of ion
concentrations of calcium and magnesium minus bicarbonate and sulfate to sodium and potassium
minus chlorine.

The relationship between Ca2+ and SO4
2− in water samples from the study area shows

a linear change (Figure 6b), indicating that gypsum dissolution is the main source of Ca2+

and SO4
2− in groundwater. Incline plain groundwater samples deviate downward from

the Ca2+/SO4
2− to a 1:1 line, indicating SO4

2− enrichment or Ca2+ depletion, which may be
the result of cation exchange (Formula (2)) or carbonate precipitation reducing Ca2+ content
in the groundwater. It can be observed from the relationship between (Ca2+ + Mg2+) and
(HCO3

− + SO4
2−) that groundwater samples from the gravel plain and the east-inclined

plain are distributed along the 1:1 line (Figure 6c), indicating that the dissolution of calcite,
dolomite, and gypsum is a potential source of major ions in the process of groundwater
mineralization. The water samples of the east-inclined plain are mostly below 1:1, indicating
that (Ca2+ + Mg2+) may decrease with cation exchange (Formula (2)).

Ca2+ or Mg2+ + 2NaX→2Na+ + CaX2 or MgX2 (1)

2Na+ + CaX2 or MgX2→Ca2 + or Mg2+ + 2NaX (2)

NaAlSi3O8 + 8H2O→Na+ + Al(OH)4
− + 3H4SiO4 (3)

Most of the water sample points in the fine soil plain are above the 1:1 line, indicat-
ing that (Ca2+ + Mg2+) may increase with cation exchange (Equation (1)). As shown in
Figure 6d, most sample points deviate upward from the (Ca2+ + Mg2+)/HCO3

− to the
1:1 line, indicating that Ca2+ and Mg2+ in groundwater not only come from dolomite and
calcite but also from other sources, such as gypsum dissolution.

Chloro-alkaline index indices (CAIs) are usually used to characterize the intensity
of ion exchange during the chemical evolution of groundwater. If CAI-1 and CAI-2 are
both less than 0, positive ion exchange occurs (Formula (4)), and the Ca2+ or Mg2+ in the
groundwater displaces the Na+ in aquifer minerals; if CAI-1 and CAI-2 are greater than
0, negative ion exchange occurs (Formula (5)), and Na+ in the groundwater displaces the
Ca2+ or Mg2+ in the aquifer minerals [30]. In addition, the greater the absolute value of the
chlor-alkali index, the higher the degree of ion exchange [31].

CAI− 1 =
Cl− −

(
Na+ + K+)

Cl−
(4)

CAI− 2 =
CI− − (Na+ + K+)

HCO−3 + SO2−
4 + CO2−

3 + NO−3
(5)

Negative cation exchange occurs in most of the groundwater in the fine soil plain and
the west-inclined plain. In addition, positive cation exchange occurs in the groundwater
in the fine soil plain, which is consistent with the above description. In addition, the rela-
tionship of [(Na+ + K+)-Cl−] and [(Ca2+ + Mg2+)-(HCO3

− + SO4
2−)] can also be used to

represent cation exchange (Figure 6e). [(Na+ + K+)-Cl−] represents the increase or decrease in
(Na+ + K+) except for the dissolution of halite. [(Ca2+ + Mg2+)-(HCO3

− + SO4
2−)] represents

the increase or decrease in (Ca2+ + Mg2+) in addition to the dissolution of calcite, dolomite,
and gypsum [32]. If the linear relationship between the two is −1, cation exchange occurs.
Most of the groundwater samples are distributed near the slope of −1 and along the right
side; this shows that there is more Na+ and less Ca2+ + Mg2+ in the groundwater, indicating
that positive cation exchange occurs widely in the study area. There is more Ca2+ + Mg2+ and
less Na+ in the groundwater of some fine soil plain and inclined-plain areas on the west side;
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this indicates that negative cation exchange occurs, which is consistent with the conclusion of
the chlor-alkali index (Figure 6f).

3.4. Hydrogeochemical Simulation Analysis

PhreeqC can be used to calculate the saturation index of the main minerals in ground-
water; judge the dissolution state of halite, gypsum, calcite, dolomite, and other minerals
in groundwater; and carry out a reverse hydrogeochemical simulation to further determine
the actual contribution of each major mineral in the groundwater evolution process. The
PhreeqC version used in this study was 3.7.3, and the thermodynamic database was LLNL.

3.4.1. Mineral Saturation Index

The saturation index of minerals can intuitively show the dissolution equilibrium state
of a certain component in groundwater. Figure 6 shows the saturation index relationship
of major minerals such as halite, gypsum, calcite, and dolomite in the groundwater of the
study area. When SI > 0, it indicates that the mineral phase is in a supersaturated state.
When SI = 0, it means that the mineral phase is in equilibrium. SI < 0 indicates that the
mineral phase is in a dissolved state.

The data in Table 2 reveal that halite and gypsum are mostly found in an unsaturated
state from the gravel plain to the fine soil plain, while only a small part of the fine soil
plain is in a saturated state, indicating that the dissolution of halite and gypsum is a major
source of Na+, Cl−, Ca2+, and SO4

2− in the process of groundwater mineralization in the
study area. The majority of the calcite and dolomite saturation indices are positive, and
the calcite and dolomite in the groundwater are either saturated or over-saturated in most
areas. This suggests that the dissolution of calcite and dolomite minerals is not the main
source of Ca2+, Mg2+, and HCO3

− in the process of groundwater mineralization (Figure 7).

Table 2. List of saturation indices of major minerals in the study area.

Location Eigenvalue Anhydrite Aragonite Calcite Dolomite Gypsum Halite Sylvite

Gravel plain
groundwater

Min −2.45 0.40 0.54 0.99 −2.15 −7.61 −8.16
Max −1.87 0.49 0.64 1.07 −1.57 −7.22 −7.78

Average −2.19 0.45 0.59 1.03 −1.89 −7.45 −8.00
Stdev 0.24 0.04 0.04 0.04 0.24 0.17 0.16

East-sloping plain
groundwater

Min −1.73 0.04 0.19 0.49 −1.42 −5.86 −7.06
Max −0.30 1.46 1.60 3.10 −0.01 −2.62 −4.21

Average −0.32 1.40 1.54 2.93 −0.03 −2.78 −4.37
Stdev 0.50 0.42 0.42 0.79 0.49 1.20 1.05

Fine soil plain
groundwater

Min −0.60 0.06 0.20 0.18 −0.30 −3.38 −4.72
Max −0.19 1.16 1.31 2.50 0.09 −2.32 −3.79

Average −0.38 0.53 0.67 1.38 −0.09 −2.74 −4.27
Stdev 0.13 0.36 0.36 0.77 0.13 0.37 0.32

West-sloping plain
groundwater

Min −1.43 −0.09 0.06 0.40 −1.13 −6.20 −7.08
Max −0.77 1.24 1.38 2.99 −0.47 −4.94 −6.17

Average −1.17 0.62 0.76 1.75 −0.86 −5.58 −6.59
Stdev 0.22 0.49 0.49 0.95 0.22 0.48 0.29
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Figure 7. Plots of saturation index vs. ion concentration for the major minerals and ions in the
groundwater in the study area. Note: dashed lines represent zero values; (a): the saturation of Halite
is related to sodium and potassium concentrations; (b): The saturation of gypsum is related to the
concentration of calcium and sulfate; (c): the saturation of calcite is related to the concentration of
calcium and bicarbonate; (d): The saturation of dolomite is related to the concentration of calcium,
magnesium and bicarbonate.

3.4.2. Reverse Hydrogeochemical Modeling

Some researchers have used PhreeqC for species saturation calculations and EQ3/6
visualization package 8.0a to model rock dissolution reaction pathways [33,34]. Reverse
hydrogeochemical simulation uses the material balance model to estimate the amount of
mineral precipitation or dissolution between two different points on the groundwater flow
path [35] and explains the formation and evolution of hydrochemical composition through
the identification and quantitative hydrogeochemical reaction of water and rock [36].

In this study, to further verify the hydrogeochemical process from the recharge area to
the discharge area, a simulation path was selected based on the hydrogeological data of the
study area and the existing hydrochemical analysis results, and PhreeqC was used to conduct
a reverse hydrogeochemical simulation to quantitatively represent the water–rock interaction
process. According to previous data and the groundwater level map (Figure 1), the general
runoff direction of groundwater is from northwest to southeast, from gravel plain to fine soil
plain, and combined with the evolution of water chemical types, a simulated path covering
recharge–runoff–discharge is determined: G2–G25–G51 (Figure 2b).
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The selection of possible mineral phases is a key step in the success of reverse hydro-
geochemical simulation, which is mainly based on hydrochemical analysis, rock mineral
identification, and characteristics of water-bearing media [37]. According to the above
hydrochemical analysis, the main mineral phases in the study area are calcite, dolomite,
halite, and gypsum. In the process of hydrochemical evolution, cation exchange is essential
and should be regarded as a mineral phase. Considering that CO2(g) is continuously
dissolved into groundwater, CO2(g) should also be considered as a possible mineral phase.
In hydrochemical analysis, the dissolution of albite and anorthite will affect Na+ and Ca2+

and should be considered as a possible mineral phase. According to the results of water
chemistry determination, Na, Ca, Mg, C, S, and Cl were set as constraint variables.

The simulation results shown in Table 3 were analyzed as follows:

(1) G2–G25: Along the runoff from the gravel plain to the inclined plain, the main
water–rock process that caused the change in groundwater chemical composition
was calcite, with a precipitation of 1.31 × 10−2 mmol/L. The dissolution amounts of
halite, gypsum, and calcite were 4.18 × 10−2, 8.36 × 10−2, and 6.60 × 10−3 mmol/L,
respectively. The positive cation exchange results were 1.69 × 10−2 mmol/L Ca2+

leaving groundwater and 3.37 × 10−2 mmol/L Na+ entering groundwater. The dis-
solved amount of CO2 was 9.61 × 10−5 mmol/L due to the precipitation of carbonate
and the dissolved amount of halite and sulfate gypsum. At the same time, under the
influence of positive cation exchange, Na+, Cl−, and SO4

2− were increased, and the
hydrochemical type evolved from the HCO3·SO4-Ca-·Na type to the SO4·Cl-Na·Ca.
Cl·SO4-Na type.

(2) G25–G51: Along the runoff from the inclined plain to the fine soil plain, the follow-
ing water–rock interactions mainly occurred between the two points: the precipita-
tion of calcite occurred, and the precipitation amount was 1.32 × 10−1 mmol/L;
dolomite, halite, and gypsum were dissolved in 6.58 × 10−2, 1.89 × 10−1, and
2.38 × 10−2 mmol/L, respectively. The negative cation exchange results were
9.45 × 10−2 mmol/L Ca2+ entering groundwater and −1.89 × 10−1 mmol/L Na+

leaving groundwater. Because both halite and gypsum are continuously dissolving,
and halite has a higher dissolution capacity than gypsum, the TDS level rose as the
amount of Na+ and Cl- in the groundwater increased. With this, the hydrochemical
type changed from the Cl·SO4-Na type to the Cl-Na type.

Table 3. The results of the reverse hydrogeochemical simulation.

Phase Formula G2–G25 (mmol/L) G25–G51 (mmol/L)

CaX2 CaX2 −1.69 × 10−2 9.45 × 10−2

Calcite CaCO3 −1.31 × 10−2 −1.32 × 10−1

CO2(g) CO2 9.61 × 10−5 2.04 × 10−4

Dolomite CaMg(CO3)2 6.60 × 10−3 6.58 × 10−2

Gypsum CaSO4:2H2O 4.18 × 10−2 2.38 × 10−2

Halite NaCl 8.36 × 10−2 1.89 × 10−1

NaX NaX 3.37 × 10−2 −1.89 × 10−1

Sylvite KCl 7.8 × 10−4 1.81 × 10−3

It should be noted that the dissolution of dolomite is inconsistent with the above
conclusion that the saturation index is in a saturated state, which may be caused by the
groundwater dissolving CO2 in the runoff process, making it continue dissolving dolomite
and lagging precipitation [38–41].

4. Conclusions

Using traditional hydrochemical research methods and hydrogeochemical simulation,
this study analyzed the hydrogeochemical evolution process of groundwater from gravel
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plain to fine soil plain in the Tailan River Basin. Based on the results of this study, the
following conclusions were made:

(1) The chemical types of groundwater in the study area have obvious zonation, which
reflects the evolution of groundwater recharge, runoff, and discharge in arid inland
basins. From the gravel plain to the fine soil plain, in the direction of runoff, the
chemical type of groundwater changed from the HCO3·SO4-Ca Na type of fresh
water to the SO4·Cl-Na·Ca, Cl· SO4-Na, and Cl-Na types of salt water. The medium
particles of the aquifer in the gravel plain and inclined plain were relatively coarse,
and the groundwater regeneration and alternations were relatively fast. In these
plains, water–rock interaction and mainly positive cation exchange processes con-
trolled hydrochemical components. The medium particles of the aquifer in the fine
soil plain were relatively fine; the regeneration and alternation rate of groundwater
was relatively slow; and the hydrochemical components were mainly affected by
evaporation, concentration, and, more significantly, negative cation exchange.

(2) The relationship between ion ratio and saturation index showed that the ion compo-
nents of groundwater mineralization are mainly released from the dissolution of halite
and gypsum, the precipitation of dolomite and calcite, and positive and negative
cation exchange.

(3) Based on the reverse hydrogeochemical simulation, the main water–rock interactions of
groundwater in the direction of the runoff were the dissolution of halite and gypsum,
precipitation of calcite and dolomite, cation exchange, and dissolution of carbon dioxide.
In particular, the dissolution of halite and gypsum and positive cation exchange are
the main interactions from the gravel plain to the inclined plain. The fine soil plain
is dominated by negative cation exchange, and the simulation results quantitatively
validated the results of qualitative analysis on the main water–rock interaction.

This study will deepen researchers’ understandings of the groundwater cycle and
hydrochemical evolution of the Tailan River. The research data obtained can be used as
a reference for understanding the groundwater cycle and hydrogeochemical evolution of
intermountain basins in other similar arid areas.
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