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Abstract: The Yaoba Oasis is an irrigated cropland entirely dependent on groundwater; previous in-
vestigations (1980–2015) revealed an over-abstraction of groundwater and deteriorating groundwater
quality. For further exploring the hydrodynamic behaviors and geochemical processes of groundwa-
ter during the irrigation season, groundwater samples were collected and analyzed using different
techniques including classical statistics, correlation analysis, Piper diagrams, and Gibbs diagrams.
The results indicated that Na+, K+, SO4

2− and Cl− were the main ions in groundwater, which were
significantly correlated with TDS. The water–rock interaction is manifested by the precipitation of
calcite and dolomite and the dissolution of rock salt and gypsum as an increase in TDS related to
evaporation. In addition, the increasing complexity of hydrochemical type is caused by the rapid
variation of hydrodynamic regime, irrigation and evaporation, which are subjected to the constraints
of salty water intrusion from the desert salty lake and infiltration of irrigation return flow. Existing
wells should limit overexploitation to halt the decline in groundwater levels and cut down irrigation
water to reduce the risk of groundwater contamination and restore ecological balance in desert oasis.

Keywords: desert oasis; groundwater chemistry; evolution law; salty water intrusion; irrigation
return flow

1. Introduction

An oasis is considered one of the cradles of civilization that has significantly con-
tributed to social progress and sustainable development. Some oases distributed world-
wide include those in Amu Darya in Central Asia, Isfahan Oasis and oases in the Syr Darya
River Basin in Western Asia, desert oases in the American West, desert oases in Australia,
and desert oases in the piedmont areas of Qilian Mountains, Tianshan Mountains, Kunlun
Mountains, Helan Mountains, and Yinshan Mountains in Northwestern China, among
others [1]. Groundwater resources are an integral part of the water system that sustains
life on Earth. Stable water flow and high water quality provide an important guarantee for
the industrial and agricultural development of oases in arid regions [2,3]. Oases sit in the
transition between arid and semi-arid regions with desert and semi-desert climates, and
they are usually supported by a stable water source supply. These landscapes combine
the optimal climate, hydrology, geology, and geomorphology [4,5] for the reproduction of
plants and animals and for different human activities. In arid regions, about 90% of the
population and over 85% of the social wealth are concentrated in oases that account for
less than 5% of the land area [6]. Oases have long been of interest to those studying the
water environment.

The desert oases in northwestern China are located along the margins of intermoun-
tain basins [7], where low precipitation and strong evaporation occur. Surface rivers are
usually underdeveloped, and water for crop irrigation is recharged from rainfall in high
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mountains. Since the 1970s, different hydrogeological and well completion technologies
have been used to turn oases into developed, highly stable, and well-irrigated agricultural
regions [8,9]. However, the uncontrolled expansion of irrigation areas, inefficient irrigation
systems, and excessive groundwater exploitation has caused a series of hydroecological
and environmental problems, such as groundwater funnel, groundwater pollution, soil
salinization, and desert lake shrinkage. For example, the groundwater level of Minqin
Oasis in Gansu Province decreases at an average rate of 0.4 to 1 m per year. In some
regions, the annual fall rate of groundwater level reaches 1.12 m, and the TDS increases
at a rate of 0.1–0.5 g/L per year. As a result, the shallow groundwater in this oasis no
longer qualifies for irrigation [10]. Systematic research has been conducted to determine
the chemical characteristics and mechanisms of groundwater recharge. Under natural con-
ditions, groundwater quality varies from the piedmont area to the oasis and to the desert.
Arid climate, groundwater burial depth, soil texture, irrigation system, and groundwater
exploitation have a dramatic impact on the chemical composition of groundwater and the
mechanisms of soil water and salt migration in oases [11–17]. Therefore, using long-term
groundwater dynamic observation data to study the changes of hydrodynamic conditions
and hydrochemical components in the process of groundwater exploitation can provide
technical support for water resources management and groundwater protection, which is a
compelling science research topic of groundwater resources in the desert oasis.

The Helan Mountains serve as a geographical division in China [18]. The Yinchuan
Plain, lying at the eastern foot of the Helan Mountains, is an important agricultural region
irrigated by water from the Yellow River. The Alxa Plateau at the western foot is a combina-
tion of desert grassland and agricultural area. In the piedmont desert region, agricultural
oases are irrigated by groundwater. Some of them include Yaobao Oasis, Chahaertan
Oasis, Xitan Oasis, and Chenjiajing Oasis. Growth in the immigrant population in Yaoba
Oasis has encouraged the drilling of water wells. Excessive groundwater exploitation
has already resulted in the instability of the ecosystem in these areas. In order to address
the problems of groundwater quality deterioration and soil salinization in Yaoba Oasis,
the Geological Brigade of the Hydrological Bureau of Inner Mongolia, Inner Mongolia
Institute of Hydraulic Research, and Chang’an University conducted a thorough survey of
the hydrogeology in Yaobao Oasis from 1980 to 2015 [19–23]. Some studies have evaluated
the spatial and temporal evolution of water quality in reservoirs as well as the mechanisms
of soil salinization. Since 2013, the government of Alxa League has made efforts to develop
a plan for groundwater management in the oasis irrigation area. Specifically, quota man-
agement for agricultural water, water intake licensing system, tiered water pricing system,
planting structure adjustment, and submembrane drip irrigation techniques have been
promoted [24]. In recent years, the area reclaimed from farmland has reached 1.5 × 107 m2,
and the amount of exploited groundwater decreases to 33 million cubic meters per year in
this region. Although the drop in water level has been limited to some degree, water quality
deterioration continues. There is a need to determine the temporal and spatial distribution
of groundwater quality parameters and analyze the relationship between groundwater
exploitation and groundwater salinization in oases areas.

In the present research, we collected samples from the Yaoba Oasis and performed
in situ and laboratory analysis to determine the chemical composition of groundwater.
In addition, we used Yaoba Oasis dynamic groundwater monitoring data from 1979 to
2020 to unveil the spatial and temporal evolution of groundwater hydrochemistry in this
water body for the past 40 years. For this purpose, data were analyzed using classical
statistics, correlation analysis, Piper diagrams, and Gibbs diagrams [25–31]. Our ultimate
goal was to determine the effect of human activities (groundwater exploitation, agricultural
irrigation) on groundwater chemistry. This information may provide solutions to different
problems including the increasing complexity of groundwater chemistry, groundwater
quality deterioration, and heterogeneity. The research findings will shed new light on
reasonable groundwater exploitation and the maintenance of healthy oasis ecosystems.
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2. Materials and Method
2.1. An Overview of the Study Area

Yaoba Oasis (E 105◦34′~105◦39′, N 38◦25′~38◦36′) covers an area of 81 km2, and it
is situated along the margins of the aggraded flood plain at the western foot of Helan
Mountains, with the Tengger Desert lying on the west. The oasis is a small, dustpan-shaped
endorheic basin that is lower to the west and higher to the northeast [32] (Figure 1). The
study area is located in the continental arid climate zone of northwestern China, where
there is little rain but strong wind and evaporation. The annual precipitation decreases from
north to south and from east to west. The annual precipitation in the north and south Helan
Mountains is approximately 400 mm and 200–300 mm, respectively. In addition, in the west
desert region, precipitation is less than 150 mm [24]. The southeast monsoon prevails in the
summer. Precipitation generally occurs in the form of torrential rain from July to September
every year. The annual evaporation is relatively weak in Helan Mountains range (around
1400 mm), strong in Tengger Desert (around 2000 mm).
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Figure 1. Map of the study region: (a) Yaoba Oasis in China; (b) Yaoba Oasis in Alxa Left Banner,
Inner Mongolia Autonomous Region; and (c) land use in Yaoba Oasis and water sampling wells.

A series of north–west, north–south and east–west trending faults are located west of
the Helan Mountains, resulting in a distribution pattern of structural platforms alternated
with sedimentary basins [33,34]. From the piedmont region to the center of the basin,
Yaoba Oasis is divided into the mountainous area, piedmont Gobi belt, oasis belt, and
desert belt (or saline belt). Yaoba Oasis is located in Quaternary sedimentary basin, where
the groundwater flow system presents significant variations. The aquifer beneath Yaoba
consists of Quaternary sediments, dominantly fluvial, which were laid down in a faulted
basin. The aquifer is underlain and bounded to the west, south and east by low permeability
Tertiary and older sedimentary rocks that are effectively non-aquifers.
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In Yaoba basin, Quaternary sediment is more than 200 m thick in the central part and
130 m thick in the surrounding area over the basement of Tertiary clay rock (Figure 2). The
sediment in the basin has a multi-layered structure and shows two obvious sedimentary
cycles from coarse to fine in the profile, which are composed of grayish yellow and brown
gray sand gravel, sand, and sandy clay. Generally, there is a broad scale of Quaternary
sediment grade from coarser-grained nearer to the Helan Mountains to finer-grained further
from the mountains [35–37]. According to this, the Quaternary water-bearing formation is
divided into two aquifer groups. The first group located at the top is 10–30 m thick, has a
burial depth of 10–40 m, and contains 1–3 unstably distributed aquifers. The second group
displays a more diverse lithology as medium fine sand, medium coarse sand, and pebbles
are found. In this case, thickness tends to decrease from 20–40 m to 10–15 m. This layer is
the primary target for groundwater exploitation for irrigation purposes. In this oasis, the
groundwater body is primarily recharged by runoff from the piedmont plain area of the
Helan Mountains, which flows from northeast to southwest. Later, groundwater discharges
along the desert in the southwest, forming low-lying lake areas. Apart from evaporation,
artificial exploitation has become the primary mechanism for the loss of pore water in the
Quaternary system.

Water 2022, 14, x FOR PEER REVIEW 4 of 18 
 

 

consists of Quaternary sediments, dominantly fluvial, which were laid down in a faulted 
basin. The aquifer is underlain and bounded to the west, south and east by low permea-
bility Tertiary and older sedimentary rocks that are effectively non-aquifers.  

In Yaoba basin, Quaternary sediment is more than 200 m thick in the central part and 
130 m thick in the surrounding area over the basement of Tertiary clay rock (Figure 2). 
The sediment in the basin has a multi-layered structure and shows two obvious sedimen-
tary cycles from coarse to fine in the profile, which are composed of grayish yellow and 
brown gray sand gravel, sand, and sandy clay. Generally, there is a broad scale of Qua-
ternary sediment grade from coarser-grained nearer to the Helan Mountains to finer-
grained further from the mountains [35–37]. According to this, the Quaternary water-
bearing formation is divided into two aquifer groups. The first group located at the top is 
10–30 m thick, has a burial depth of 10–40 m, and contains 1–3 unstably distributed aqui-
fers. The second group displays a more diverse lithology as medium fine sand, medium 
coarse sand, and pebbles are found. In this case, thickness tends to decrease from 20–40 m 
to 10–15 m. This layer is the primary target for groundwater exploitation for irrigation 
purposes. In this oasis, the groundwater body is primarily recharged by runoff from the 
piedmont plain area of the Helan Mountains, which flows from northeast to southwest. 
Later, groundwater discharges along the desert in the southwest, forming low-lying lake 
areas. Apart from evaporation, artificial exploitation has become the primary mechanism 
for the loss of pore water in the Quaternary system. 

 
Figure 2. Hydrogeological profile of Yaoba Oasis. 

2.2. Methods of Water Level Monitoring, Water Sample Collection, and Analysis 
A dynamic groundwater monitoring network for well-irrigated regions in Yaoba Oa-

sis, built in 1979, consists of 13 uniformly distributed monitoring wells that were used to 
monitor the groundwater of the Quaternary water-bearing formation. Continuous 
groundwater level records were available from six monitoring wells. 

Sampling points were determined by combining remote sensing images with GPS. 
In order to uniformly cover the entire study area, the sampling points were spread out 
using a checkerboard pattern considering the distribution of motor-pumped wells. The 

Figure 2. Hydrogeological profile of Yaoba Oasis.

2.2. Methods of Water Level Monitoring, Water Sample Collection, and Analysis

A dynamic groundwater monitoring network for well-irrigated regions in Yaoba
Oasis, built in 1979, consists of 13 uniformly distributed monitoring wells that were used
to monitor the groundwater of the Quaternary water-bearing formation. Continuous
groundwater level records were available from six monitoring wells.

Sampling points were determined by combining remote sensing images with GPS.
In order to uniformly cover the entire study area, the sampling points were spread out
using a checkerboard pattern considering the distribution of motor-pumped wells. The
sampling region covered an area of 81.2 km2, with each sampling point representing an
area of about 1.23 km2. Sample collection was performed between 5 and 7 June 2020, with
a total of 90 groundwater samples (Figure 1). Wells were pumped for at least 20 min to
allow the borehole to be purged before sampling.
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The polyethylene bottles that had been used for groundwater sampling and storage
were cleaned with water and then immersed in nitric acid solution (6 mol/L) in the
laboratory for about one week. After that, they were further immersed in distilled water
to wash away the residual nitric acid. Finally, the bottles were cleaned with Millipore
ultra-pure water and fully drained. One bucket (5 L) and two bottles (500 mL of each) were
used to collect groundwater samples at each sampling point, according to the HJ 493–2009
Water Quality Sampling-technical Regulation for the preservation and handling of samples.
Before sampling, the buckets and bottles were washed two to three times with the same
groundwater to be sampled. For sample collection purposes, recipients were completely
filled with groundwater, air was removed, and bottles were tightly sealed using paraffin
wax. PH value, free carbon dioxide, conductivity and water temperature are obtained
through field measurement. The accuracy of measurements for pH is ±0.01, for water
temperature is ±0.2 ◦C and for electrical conductivity is ±2%. The weather conditions
and lithology were recorded on the day of sampling. For quality control, samples were
delivered to the laboratory via a cooling box within 10 days after collection and analyses
were performed within 15 days.

The major components (e.g., Na+, K+, Ca2+, Mg2+, HCO3
−, Cl−, SO4

2−, CO3
2+, NO3

−,
pH, and total dissolved solids (TDS)) of the groundwater samples were measured at the
Key Laboratory of Subsurface Hydrology and Ecological Effects in Arid Region, Chang’an
University. Na+ and K+ were determined by flame atomic absorption spectrophotometry
(GFU-202); Cl− and SO4

2− were determined by ion chromatography (HLC-601); Ca2+

and Mg2+ were determined by EDTA titration; HCO3
− and CO3

2+ were determined by
acid–base titration; NO3

− was determined by potassium permanganate titration; pH was
determined using the potentiometric method; and TDS was calculated by the summation
of mass concentrations of all ions. The analytical precision for the measurement of major
ion composition is about ±5% with a detection limit of 0.01 mg/L, and the ionic balance
error of water samples was within ±5%. Standards and blanks were repeatedly run to
confirm the accuracy and precision of analysis.

2.3. Data Processing

Data were processed and screened using Excel. The chemical composition of ground-
water samples was statistically analyzed using SPSS 24.0. The spatial distribution of the
primary chemical constituents in groundwater was estimated by Kriging interpolation in
Sufer, with a 1 m spatial resolution. Piper diagrams were plotted using Origin to determine
the relationship between the concentrations of primary anions and cations in groundwa-
ter and assess groundwater hydrogeochemistry. Gibbs diagrams were used to identify
the mechanisms controlling the formation and evolution of groundwater chemistry and
analyze the origin of primary chemical constituents in groundwater.

3. Result and Analysis
3.1. Spatial Distribution of Hydrochemistry

The major dissolved components of groundwater in 90 wells were quantitatively
analyzed by statistical methods. As shown in Figure 3b, groundwater pH varied between
7.38 and 7.99 with an average of 7.71, indicating a weak alkalinity. TDS varied between
581.40 and 5845.60 mg/L, with an average of 1683.81 mg/L (Figure 3a). Therefore, this
area corresponds to slightly brackish groundwater (1000 mg/L < TDS < 3000 mg/L) [38].
The electrical conductivity varied between 0.74 and 5.79 ms/cm (Figure 3c), which is in
agreement with the observed level of mineralization.
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Isoconcentration contour maps of the main groundwater constituents were plotted
using Surfer11 and differential analysis (Figure 4). Data indicated that sodium and calcium
ions were the dominant cations in groundwater, while chloride and sulfate were the
dominant anions. It was also observed that Ca2+ and HCO3

− concentrations decreased
along the direction of groundwater runoff (Figure 5), while Na+, Mg2+, Cl− and SO4

2−

concentrations increased. Thus, an overall salinization trend was observed along this
direction. Due to groundwater exploitation and climate factors, island-shaped zones with
high Ca2+, Na++K+, Cl−, SO4

2−, HCO3
−, and Cl− concentrations were observed in Yaoba

Oasis. Six areas displayed high Na++K+ concentrations, two corresponded to high Ca2+

levels, five of them showed elevated SO4
2− concentrations, two zones presented high

HCO3
− levels, and four of them showed elevated Cl− accumulation. NO3

− was widely
present in groundwater used for agricultural irrigation. In some wells, F− and Mn2+

concentrations exceeded the limits for drinking water [29]. F-rich groundwaters are well
explained by the dissolution of granite containing fluorite, and the progressive dissolution
of fluorite is possible due to the decreasing calcium concentration [39]. This result indicated
the increasing complexity of groundwater chemistry along with groundwater quality
deterioration and heterogeneity. The hydrochemical action was intensifying.
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There are a large number of wells in the south of Yaoba Oasis that have elevated
nitrate with increased salinity, chloride, and sulfate (Figure 2). All these wells were within
the irrigated cropland and may indicate apparent degradation of the groundwater from
excess fertilizer and manure leached by irrigation return flow. Such irrigation return flow
carries high concentrations of NO3

− and dissolves large amounts of soluble salts as it filters
down through the vadose zone. At first, salts enter the shallow groundwater, increasing
the degree of groundwater mineralization. When these species travel to deeper areas, they
pollute groundwater, resulting in local regions of elevated groundwater mineralization.
Intensive and extensive use of pesticides and fertilizers over the years is another reason for
the increasing TDS and NO3

− in groundwater.
In the study area, TDS increased from 581.4 to 5845.80 mg/L along the direction of

groundwater runoff. In addition, three high values of TDS were observed as shown in
Figure 6a: (a) a slightly brackish water area with TDS of 2200–3000 mg/L in the north of the
oasis; (b) a slightly brackish water area with TDS of 2000–3000 mg/L in the middle of the
oasis, where some samples reached TDS values up to 4000 mg/L indicating the presence
of salty water; and (c) a salty lake in the desert located in the southwest part of the oasis,
where groundwater displayed the highest TDS values above 3000 mg/L. Apart from the
high TDS zones, areas with low levels of TDS were found. This indicated the presence of
freshwater. TDS in some wells along the margins of northwest–north–northeast–east and
in the middle of the oasis was below 1000 g/L.
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3.2. Spatial Evolution Law of Groundwater Hydrochemistry

The hydrochemical types map (Figure 6b) and Piper diagrams (Figure 7a) were plotted
for 90 wells of groundwater samples. Data indicated that hydrochemical types of ground-
water in the study area were highly diversified. The dominant types were Cl·SO4-Na·Mg,
Cl·HCO3·SO4-Na·Mg, SO4·Cl-Mg·Na, SO4·Cl·HCO3-Mg·Na, and Cl·SO4-Na. In addition,
it was observed that the hydrochemical type presented a complex pattern from northeast
to southwest along the direction of groundwater runoff. A transition was observed from
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HCO3·SO4-Na·Mg and Cl·HCO3·SO4-Na·Mg to Cl·SO4-Na·Mg and then to Cl·SO4-Na. In
the middle of the oasis, SO4

2−· and Mg2+ concentrations increased sporadically, resulting
in an island-shaped distribution of SO4·Cl-Mg·Na and SO4·Cl·HCO3-Mg·Na. As shown in
the Piper diagrams (Figure 7a), groundwater samples were distributed in a more diffuse
manner to the west than to the east and in the middle of the oasis. Instead of a simple
transition toward the Cl·SO4-Na type, HCO3

− concentration increased from the north-
ern area to the northwest, where the Cl·HCO3·SO4-Na·Mg type appeared. In addition,
the SO4·Cl-Mg·Na water was identified to the north of where the Cl·HCO3·SO4-Na·Mg
type was detected. Indeed, the Total Ionic Salinity (TIS) of waters ranges from 991.7 to
7869.4 mg/L (Figure 7b). The samples of ground waters fall into four groups (0~2000 mg/L,
2000~4000 mg/L, 4000~6000 mg/L and 6000 mg/L~8000 mg/L). Most data are located
between 2000 and 4000 mg/L.

Yaoba Oasis is a hydrogeological unit on the margins of the typical aggraded flood
plain. Here, the groundwater mainly comes from the underground water area belonging to
the Quaternary water-bearing formation. In well-irrigated areas, water is mainly exploited
from aquifers composed of gravel-bearing medium fine sand, medium coarse sand, fine
sand, and coarse sand. Groundwater runoff generally flows from northeast to southwest. In
the recharge zones located in the northeast oasis area, the runoff alternates rapidly, carrying
salts along with it. As dolomite and calcite were dissolved, Mg2+ and Ca2+ became the
main groundwater constituents. These ions and TDS were significantly correlated. The
dominant hydrochemical types corresponded to SO4·Cl-Ca·Mg and SO4·HCO3·Cl-Mg·Na.
As runoff slowed down in the middle of the oasis, the hydrochemical type Cl·SO4-Ca·Mg
appeared. In the discharge area in the southwest oasis zone, low groundwater flow rates
and elevated evaporation and concentrations were observed. Therefore, water was depleted
and salts remained. Thus, Na++K+, SO4

2−, and Cl− became the main ions in groundwater,
which were significantly correlated with TDS. Here, the dominant water was the SO4·Cl-
Ca·Na type.
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3.3. Hydrochemical Formation Mechanism of Groundwater

We performed Pearson correlation analysis [36,40] to determine the strength of cor-
relation among different chemical constituents present in the groundwater of the oasis
(Table 1). The correlation matrix indicates that correlation coefficient of major ions is posi-
tive except HCO3

− and TDS. TDS has a quite positive and closely correlation with SO4
2−,

Cl−, K++Na+, Mg2+, and Ca2+, whose correlation coefficients of chemical components are
more than 0.5. Moreover, the correlation coefficients between SO4

2− and K++Na+, SO4
2−

and Cl− is great than 0.95; there appeared to be a strong correlation. Under a high level
of mineralization, SO4

2−, Cl−, and Na+ contents increased significantly. In the piedmont
recharge area of the Helan Mountains, dolomite and calcite are dissolved. As a result, Mg2+
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and Ca2+ are the main ions in groundwater, which were significantly correlated with TDS.
In addition, groundwater runoff is able to dissolve dolomite and calcite, gypsum, halite,
potassium salts, and fluorite. Due to calcium ion adsorption and sodium ion desorption,
Na++K+, SO4

2− and Cl− were the main ions in groundwater, which were significantly
correlated with TDS.

Table 1. Correlation coefficients between different chemical parameters in the study area.

Item Ca2+ Mg2+ K++Na+ SO42− Cl− HCO3− NO3− TDS CO2 pH Electrical
Conductivity

Ca2+ 1
Mg2+ 0.811 ** 1

K++Na+ 0.551 ** 0.667 ** 1
SO4

2− 0.770 ** 0.833 ** 0.932 ** 1
Cl− 0.763 ** 0.876 ** 0.907 ** 0.932 ** 1

HCO3
− −0.310 ** 0.059 0.041 −0.07 −0.043 1

NO3
− 0.475 ** 0.398 ** 0.296 ** 0.423 ** 0.348 ** −0.124 1

TDS 0.751 ** 0.852 ** 0.952 ** 0.987 ** 0.974 ** −0.011 0.387 ** 1
CO2 0.301 ** 0.398 ** 0.154 0.273 ** 0.245 * 0.136 0.113 0.261 * 1
pH −0.426 ** −0.386

** −0.09 −0.262 * −0.227 * 0.088 −0.194 −0.234 * −0.636 ** 1
Electrical

conductivity 0.857 ** 0.959 ** 0.916 ** 0.960 ** 0.978 ** 0.017 0.414 ** 0.985 ** 0.343 ** −0.357 ** 1

Note: ** Significantly correlated at the 0.01 level (two-sided); * Significantly correlated at the 0.05 level (two-sided).

The Gibbs diagrams can be used to represent the relationship between TDS vs.
Na/(Na+Ca) and Cl/(Cl+HCO3) in rivers, lakes and oceans. The three mechanisms con-
trolling the chemical components in natural waters include atmospheric precipitation, rock
weathering, and evaporation. Recently, Gibbs diagrams have been extensively applied to
represent the controlling mechanisms of hydrochemistry in groundwater [40–44].

We plotted TDS vs. Na/(Na+Ca) and TDS vs. Cl/(Cl+HCO3) using the groundwater
sample data of the Yaoba Oasis, as shown in Figure 8.

Water 2022, 14, x FOR PEER REVIEW 11 of 18 
 

 

 
(a) (b) 

Figure 8. Gibbs diagram showing the mechanisms controlling groundwater chemistry in the study 
area. (a)major cations vs. TDS; (b) major anions vs. TDS. 

High TDS levels were found in groundwater of the Yaobao Oasis. The Na/(Na+Ca) 
and Cl/(Cl+HCO3) ratios varied within 0.6–1 and 0.2–0.8, respectively. Most groundwater 
samples were distributed in the middle to the upper parts of the Gibbs diagrams. Accord-
ing to our results, evaporation was the dominant mechanism controlling groundwater 
chemistry. Notably, around 80% of groundwater samples represented evaporation domi-
nance, evaporation made salinity accumulate by increasing Na+ and Cl– with relation to 
high concentration of TDS, and Cl/(Cl+HCO3) ratio rose correspondingly above 0.6 (Figure 
8). Since Yaoba Oasis sits on the eastern margin of the Tengger Desert, therefore, it reveals 
meteorological characteristics of arid climate with high evaporation and low rainfall. The 
Gibbs diagrams showed that as TDS increased, the Na/(Na+Ca) and Cl/(Cl+HCO3) ratios 
also increased. The groundwater samples were densely distributed in the upper part of 
the Gibbs diagrams. Thus, the groundwater chemistry in Yaoba Oasis was mainly con-
trolled by evaporation. Moreover, the groundwater discharge area (salty lake in the south-
west part of the oasis) significantly affected the chemical characteristics of groundwater 
in this area. 

Binary diagrams, saturation indices and any geochemical equilibrium models are im-
portant tools to reconstruct the groundwater–rock interaction process in these various en-
vironments [45–47]. It should be noted that the saturation indices (SI) of minerals are use-
ful for evaluating the extent to which water chemistry is controlled by equilibrium with 
solid phases [48,49], and according to the geological and mineral research data of the 
study area, the main dissolved minerals constituting the water-bearing sedimentary rocks 
are mainly calcite, dolomite, rock salt and gypsum. The PHREEQC geochemical model 
was used to calculate the saturation index (SI) for common minerals and the distribution 
of major ions. The calculation results show that calcite and dolomite is over-saturation (SI 
> 0), whereas rock salt and gypsum are undersaturated (Figure 9). Along the groundwater 
runoff direction, the behaviors of water–rock interaction are manifested by the precipita-
tion of calcite and dolomite and the dissolution of rock salt and gypsum with TDS increas-
ing. 

0.0 0.2 0.4 0.6 0.8 1.0
1

10

100

1,000

10,000

100,000

Boomerang contour

TD
S 

(m
g/

L)

Na/Na+Ca

Evaporation Dominance

Precipitation Dominance 

Rock Dominance

Groundwater samles

0.0 0.2 0.4 0.6 0.8 1.0
1

10

100

1,000

10,000

100,000

TD
S 

(m
g/

L)

Cl/Cl+HCO3

Evaporation Dominance

Precipitation Dominance 

Rock Dominance

Boomerang contour Groundwater samles

Figure 8. Gibbs diagram showing the mechanisms controlling groundwater chemistry in the study
area. (a) major cations vs. TDS; (b) major anions vs. TDS.

High TDS levels were found in groundwater of the Yaobao Oasis. The Na/(Na+Ca)
and Cl/(Cl+HCO3) ratios varied within 0.6–1 and 0.2–0.8, respectively. Most groundwater
samples were distributed in the middle to the upper parts of the Gibbs diagrams. According
to our results, evaporation was the dominant mechanism controlling groundwater chem-
istry. Notably, around 80% of groundwater samples represented evaporation dominance,
evaporation made salinity accumulate by increasing Na+ and Cl– with relation to high
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concentration of TDS, and Cl/(Cl+HCO3) ratio rose correspondingly above 0.6 (Figure 8).
Since Yaoba Oasis sits on the eastern margin of the Tengger Desert, therefore, it reveals
meteorological characteristics of arid climate with high evaporation and low rainfall. The
Gibbs diagrams showed that as TDS increased, the Na/(Na+Ca) and Cl/(Cl+HCO3) ratios
also increased. The groundwater samples were densely distributed in the upper part of the
Gibbs diagrams. Thus, the groundwater chemistry in Yaoba Oasis was mainly controlled
by evaporation. Moreover, the groundwater discharge area (salty lake in the southwest part
of the oasis) significantly affected the chemical characteristics of groundwater in this area.

Binary diagrams, saturation indices and any geochemical equilibrium models are
important tools to reconstruct the groundwater–rock interaction process in these various
environments [45–47]. It should be noted that the saturation indices (SI) of minerals are
useful for evaluating the extent to which water chemistry is controlled by equilibrium with
solid phases [48,49], and according to the geological and mineral research data of the study
area, the main dissolved minerals constituting the water-bearing sedimentary rocks are
mainly calcite, dolomite, rock salt and gypsum. The PHREEQC geochemical model was
used to calculate the saturation index (SI) for common minerals and the distribution of
major ions. The calculation results show that calcite and dolomite is over-saturation (SI > 0),
whereas rock salt and gypsum are undersaturated (Figure 9). Along the groundwater
runoff direction, the behaviors of water–rock interaction are manifested by the precipitation
of calcite and dolomite and the dissolution of rock salt and gypsum with TDS increasing.
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4. Discussion

The groundwater quality and chemical process is affected by several factors in the
oasis–desert region, such as geological conditions, runoff, land use types, groundwater
exploitation, and agricultural activities [43,50–52]. The chemical composition of ground-
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water in Yaoba Oasis was closely related to residual salts in the Quaternary sedimentary
environment. Since the late Pleistocene, a series of fan-fringing depressions that have
been formed under arid climate in Yaoba Oasis contain fine-grained deposits with high
salinity and lenticular distribution [53]. They provide a source of substances that increases
the degree of mineralization in shallow groundwater. Beyond that, the aforementioned
particular analysis of the chemistry data suggests that flood irrigation returns are seriously
degrading the quality of the groundwater in the aquifer. The infiltration of irrigation water
will increase the risk of groundwater contamination by nitrogen pollution and saliniza-
tion [54]. As a result, salt levels in soil increase with depth after 50 cm below surface. These
salts also contribute to groundwater salinization. In the vadose zone, a large amount of
irrigation water returns and infiltrates in areas with high permeability where no aquifers
are present. The infiltrating groundwater dissolves the salts in the rock, further entering
the aquifer. Because of this process, salt levels abruptly increase.

Groundwater chemical evolution is a long-term, complex process involving water–
rock interactions [55–57]. The groundwater chemical field in the oasis can reflect the
groundwater dynamic conditions to a certain degree. In the past 40 years, groundwater ex-
ploitation in Yaobao Oasis can be divided into three stages (Figure 6): (a) from 1980 to 1989,
the amount of groundwater exploitation was maintained between 22.611 and 25.295 million
cubic meters per year. In addition, because of climate factors, the level of groundwater at
the three monitoring wells changed 0.3 m per year. In this area, TDS showed concentrations
below 550.92 mg/L. From 1990 to 2013, the well-irrigated regions in the oasis expanded to
6.13 × 107 m2, and the amount of groundwater exploitation increased to 47.5781 million
cubic meters per year. The groundwater level declined at an annual average rate reach of
1.13 m/a (No. 13 well). In the middle and southwestern parts of the oasis, a highly mineral-
ized region of 20.8 km2 was formed. In the monitoring well, groundwater TDS increased
from 1292.56 to 2267.74 mg/L. From 2013 to 2020, the government implemented a series
of water conservation measures. After that, the groundwater level in the well-irrigated
regions decreased at a lower rate (0.213–1.09 m in total). The annual average drop rate of
groundwater level was 0.036–0.181 m. Some locations reported a small rise in groundwater
level (No. 11 well). Nevertheless, groundwater TDS in the monitoring well continued to
increase slowly, with an annual increase rate of 49.36 mg/L. Thus, groundwater quality
deterioration continued. The reason was that in the desert lake, the level of groundwater
was higher than that in the funnel area of the oasis. Moreover, the dynamic conditions for
the transport of highly mineralized salty water to the desert in the southwestern part of the
oasis remained the same.

Human factors that influence hydrochemical processes are mainly related to the types
and intensities of human activities [58]. Excessive groundwater exploitation has resulted
in the continuous drop of groundwater level in the oasis [59]. As shown in the well data
from 1989 to 2020, the groundwater level dropped at a rate of 0.22–0.3 m/a. The total
reduction in groundwater level in these years was 4.5–6.8 m (Figure 10). A descending
funnel is observed in the middle of the oasis. At the center of the funnel, the groundwater
level decreased to 1272.3–1278.1 m, which is smaller than that of the desert salty lake by
2.34 m. In the discharge area in the western part of the oasis, groundwater returns to
the zone where the present investigation was performed (Figure 11a). In the meantime,
the considerable hydraulic gradient in the descending funnel increases the probability
of overflow into the aquifer, which further enhances the mixing and leaching effects of
different types of water near the descending funnel. As the direction of groundwater
runoff changes, the salty water in the southwestern part of the oasis enters the study area.
Therefore, those regions with high TDS concentrations continue to increase. Because of this,
the area where groundwater salinization occurs also expands. This situation is exacerbated
by the infiltration of irrigation return flow under flooding irrigation and the leaching of
residual salts in the vadose zone (Figure 11b). For this reason, groundwater hydrochemistry
diversifies. In conclusion, groundwater exploitation has altered the groundwater flow field
and also the modes of water circulation and water–salt migration in the oasis. As a result,



Water 2022, 14, 3924 13 of 17

intensified water–rock interactions have become the most important driving forces behind
the groundwater chemical evolution in the desert oasis.
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To prevent further groundwater deterioration and maintain the oasis–irrigation ecosys-
tems in the arid areas, it is urgent to provide some feasible solutions for optimizing ground-
water resources allocation and improving groundwater environment [59]. Since 2013, the
government of Alxa League has made significant efforts to improve groundwater manage-
ment in the oasis irrigation area. Specifically, quota management for agricultural water,
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water intake licensing system, tiered water pricing system, planting structure adjustment,
and submembrane drip irrigation have been reinforced [60,61]. In recent years, the area
reclaimed from farmland has reached 1.5 × 107 m2, and the amount of exploited ground-
water has decreased to 33 million cubic meters per year in this region. Although the drop in
water level has been limited to some degree, the groundwater quality deterioration persists.
Our results indicate that the groundwater dynamic conditions for salty water intrusion
have not significantly changed. To protect and remediate the groundwater environment in
the oasis and allow the natural recharge process, the amount of groundwater exploitation
in the area should be restricted to 22 million cubic meters per year and groundwater level
maintained above that corresponding to the desert lake (1275 m). These two actions will
recover the balance between groundwater exploitation and recharge.

5. Conclusions

This study has revealed the temporal and spatial distribution of groundwater chemical
components, and its hydrogeologic and hydrochemical processes in Yaoba Oasis, China.
The conclusion is as follows:

(1) Water salinity in Yaoba Oasis increased in the direction of groundwater runoff. In
addition, Ca2+ and HCO3

− concentrations in groundwater decreased, while those
of Na+, Mg2+, Cl−, and SO4

2− increased over time. Moreover, the levels of TDS in
groundwater augmented, and according to hydrochemical data, the type of water
changed from HCO3·SO4-Na·Mg to Cl·SO4-Mg·Na and later to Cl·SO4-Na.

(2) Because of groundwater exploitation and climate factors, the hydrochemical types
displayed island-shaped distribution patterns from the northeast to the southwest. As
the hydrochemical type changed, complexity increased. Island-shaped distribution of
SO4·Cl-Mg·Na and SO4·Cl·HCO3-Mg·Na type water was observed near the descend-
ing funnel in the oasis. As a result of evaporation, the Cl·SO4-Na type water was
formed in the discharge area of the desert salty lake in the southwest part of the oasis.

(3) Groundwater quality deterioration in the oasis results from the joint action of the
infiltration of irrigation return flow and the intrusion of salty water in the desert lake
area. The former only makes a limited contribution to groundwater salinization, while
the latter is the main reason for groundwater salinization in the irrigated areas. The
high value area of soluble salt ions (Na+, Mg2+, Cl−, SO4

2−) and the island area with
abnormal groundwater hydrochemical type in the study area are basically consistent
with the groundwater depression funnel area of the oasis.

Herein, we report the groundwater chemical characteristics and evolution process
in Yaobao Oasis. On this basis, we proposed an optimization scheme for the reasonable
development and exploitation of groundwater resources, which primarily consider the
replacement of flooding irrigation with water-saving irrigation techniques. Our findings
provide scientific insights for sustainable agricultural development in the desert oases of
Northwestern China.
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