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Abstract: Water environment monitoring is an important way to optimize the allocation and sus-
tainable utilization of regional water resources and is beneficial for ensuring the security of regional
water resources. In order to explore hydrochemical distributions in a mountain–oasis ecosystem in
Central Asia, surface water and groundwater samples from the Kaidu River basin were collected over
four seasons. pH values, major ions, total dissolved solids (TDS) and stable isotopes were determined
during the period from 2016 to 2017. The results showed: (1) that most water bodies in the study areas
were mildly alkaline and that hydrochemical distributions showed significant seasonal and spatial
variation; (2) that δD and δ18O in surface water and groundwater showed enrichment in summer and
autumn and poverty in spring and winter, with higher δ18O values appearing in the oasis area and
lower δ18O values appearing in the mountain area; (3) that most of the water bodies in the study areas
were of HCO3

−Ca2+ type, with the hydrochemical types of groundwater presenting obvious spatial
inconsistency relative to surface water; (4) that rock weathering was the main factor controlling
hydrochemical composition in the study areas and that human activities had an influence on the
groundwater environment in the oasis area; (5) and that surface water–groundwater interactions
also displayed spatial inconsistency, especially in summer. The interaction between river water and
groundwater was more obvious in the traditional oasis area, especially in spring and summer. The
results will be important for regional water resource management and sustainable water utilization.

Keywords: hydrochemistry; stable isotopes; spatial–temporal variation; surface water and ground-
water relationship

1. Introduction

Water is one of the most precious natural resources for human survival and is an
irreplaceable strategic resource for national economic development. The shortage of water
resources has become a “bottleneck” factor restricting economic growth and social progress
in many countries and regions [1–3]. As an important part of and the most active element
in the natural environment, water plays a decisive role in the process of natural evolution.
As the most important restrictive resources in arid inland areas, water resources are directly
related to the sustainable development of regional economies, societies and ecological
environments, particularly in arid inland areas of Central Asia [1,2]. The relatively odious
climate environment (characterized by such factors as fluctuating temperature, scarce
precipitation and strong evaporation) leads to unequal spatial and temporal distributions
of water resources in inland areas of Central Asia [3], which further increases the disparity
between supply and demand for regional water resources. With the increases in population,
economic growth, social progress and the development of industrial and agricultural
production and especially with the rise of modern industry and the expansion of cities,
human demand for water resources is increasing [4]. In order to meet the growing demand
for water, human beings have taken various measures to expand the development of
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water resources. This has achieved short–term economic benefits but it has also had a
serious impact on the ecological environment. The problems of water shortage and water
insecurity are becoming more and more serious, especially in inland areas of Central
Asia [4]. Nowadays, groundwater contamination is a critical issue in many countries,
since it is directly related to water usage, food safety, and human health [5]. Evaluation
of water quality is of great importance in the management of water supplies [6]. Water
quality is considered a severely limiting factor in relation to public health and economic
development [7]. However, studies of typical mountain–oasis ecosystems in Central
Asia are relatively underdeveloped. Under the combined influence of regional climate
change and large–scale human activities, it has become important for regional sustainable
development to explore hydrochemical compositions and relationships in varietal water
bodies, especially in Central Asia [4,8].

In arid areas of Central Asia, investigation of the spatial distribution of dissolved ion
concentrations in multiple water bodies is important for understanding the origin, migra-
tion, and evolution of groundwater salinity, which is helpful in further understanding the
hydrological circulation process in arid areas [9]. In addition, monitoring the hydrochemical
composition of surface water in arid areas is essential for improving recognition of water
and sediment discharge and variation in global hydrochemical flux [10]. Therefore, hydro-
chemical information for various water bodies can reflect the basic characteristics of inland
river basins, which is of great significance for maintaining regional water security, the
rational utilization of water resources and sustainable development [11]. In the past several
decades, hydrochemical information on inland river systems in Central Asia [11–13], North
Africa [14] and arid inland areas of China [15–18] has been fully recorded and analyzed.
The projection of temporal and spatial distribution characteristics of river water chemistry
provides unique insights into the protection of the ecological environment, the rational
utilization of water resources and the hydrological function of inland river basins.

In 1944, Piper created the Piper ternary diagram for use in the identification of hydro-
chemical composition types [19]. This method plays an important role in distinguishing
hydrochemical types in India [1,10], Northeast China [20,21] and Northwest China [22–24].
In arid inland areas of China, many recent studies have investigated the variation in the
temporal and spatial distributions of hydrochemical compositions (e.g., in the Hexi Cor-
ridor Area [25], the Tarim inland river basin [26] and the northern Xinjiang inland river
basin [27]) and indicated that groundwater and river water in these regions is alkaline. In
the arid inland areas of China, rock weathering, evaporation–crystallization processes and
human activities are likely linked to hydrochemical variation in regional water bodies [28].
In the Hexi Corridor Area of China, a number of studies have analyzed the characteristics
of the water environments among multiple water bodies in the Shiyang River, Heihe River
and Shule River basins. These studies indicated that the main ions in this region were Ca2+

and HCO3
− and that rock weathering had a significant influence on regional hydrochemi-

cal distribution [29–31]. Downstream of the Tarim River Basin, the results of groundwater
hydrochemical monitoring in the oasis area suggested that Na+, Mg2+, and HCO3

− [26]
were relatively enriched and that the chemical composition of groundwater was mainly
controlled by rock dominance and evaporation–crystallization processes. In Northern Xin-
jiang, surface water was mostly of the Ca2+-HCO3

− type, which is consistent with studies
of the Urumqi River basin [27]. In the Urumqi basin, the hydrochemical process of the
slowflow period was controlled by water–rock interactions, while precipitation processes
had a significant influence on the hydrochemical processes in the quickflow period. These
studies further improved understanding of regional hydrological processes in inland arid
areas of Central Asia.

Mountains and oases are the basic geographical landscapes of inland arid areas in
Central Asia and their combinations are referred to as mountain–oasis systems (MOSs) [32].
Not only is this a regional geological and topographical framework, it also determines the
climatic conditions, ecosystem model, and human activities in Central Asia [33]. Water
resources are considered as important restrictive resources and variation driving factors
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of the MOS, and its environmental change often leads to significant variation in the MOS.
In Central Asia, some projects have evaluated the ecological service function, ecological
security, the landscape and land use change of the MOS [34,35]. However, the spatial–
temporal variation mechanism of hydrochemical of surface water and groundwater in
the MOS of Central Asia is still unclear, especially in the southern Tianshan Mountains of
China. The Kaidu river basin is a typical mountain–oasis ecosystem in Tianshan Mountains,
and its oasis area is of great significance to the economic and social development of the
whole South Tianshan Mountains [36]. Recently, with the increase of population, the
expansion of oasis scale and the unreasonable utilization of water resources, the regional
water environment has deteriorated, and the relationship between surface water and
groundwater has become increasingly complex, which seriously threatens the security
of regional ecological environment and the sustainable development of economy and
society [37]. It is urgent and necessary to systematically analyze and explore regional water
environment of this study area.

Therefore, this research project systematically analyzes and reveals the hydrochemical
characteristics of surface water and groundwater in the Kaidu river basin based on four
whole basin sampling. The main objectives of this study are: (1) to analyze the spatial
and seasonal variation of main ions and isotopes of surface water and groundwater, (2) to
determine hydrochemical types of various water bodies, (3) to explore mainly control-
ling mechanism for regional water environment, and (4) to identify the transformation
relationship between regional surface water and groundwater. The results of this project
will further enrich the understanding of regional hydrological process of mountain–oasis
ecosystem in the alpine region of Central Asia, and provide a certain reference for the
effective management and rational utilization of water resources in the study area.

2. Materials and Methods
2.1. Study Area

The study area is a typical mountain–oasis ecosystem in Central Asia, which is lo-
cated in the south slop of the Central Tianshan Mountains in Xinjiang, China (between
41◦48′–42◦16′ N and 86◦08′–87◦26′ E) and covers an area of 5941.49 km2 (Figure 1) [38]. The
annual temperature of the study area is 7.9 ◦C, and average annual precipitation is less than
150 mm. There are significant differences in temperature and precipitation between moun-
tainous and oasis areas in the study area. Based on the Koppen classification of climate, the
oasis area of the study area belongs to subtropical temperature cold desert climate pattern
(B Wk) of the arid desert climate pattern (B W), the average annual temperature is lower
than 18 ◦C and the potential evaporation capacity is greater than the annual precipitation
(about 100 mm). In the mountain area, the climate pattern belongs to the alpine cold climate,
where average annual precipitation is larger than the oasis area. The temperature and
precipitation presented obviously vertical belt distribution [39,40]. The main rivers in the
study area include the Kaidu River, the Huanghuigou River and the Qingshui River, which
all originate from the Tianshan Mountains and are supplied by alpine precipitation, bedrock
fissure groundwater and glacier/snow melt water. Oasis region of this study area, with a
total farmland area of 2583 km2, is an important gathering area of population, industry and
irrigated agriculture in Xinjiang Province, which is suitable for pepper, tomato, corn, wheat
and other crops [41]. Recently, continuous expansion of oasis area caused by the rapid
increase of regional population, the unsustainable use of regional water and land resources,
and the adverse effects caused by regional climate change have led to the increasingly
fragile ecological environment and the continuous deterioration of water environment in
the study area.
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Figure 1. Location of the study area and distribution of samples.

2.1.1. Climate Pattern

Climate change has been confirmed to have significant effects on the regional water
environment and hydraulic connections [39]. Over the past decade, mainly climate factors
in the study area fluctuated significantly (Figure 2). On the whole, annual temperature in
the study area showed an increasing trend, and precipitation presented some fluctuation,
while the potential evaporation showed a relatively smooth trend. Inconsistent inter–
annual variation was observed between the mountain areas and the oasis areas. The
temperature in the mountainous area was relatively lower than that of the oasis area,
while increasing trend of the mountainous area was higher than that of the oasis area,
especially since 1998 (the increased temperature in the mountain area caused more ice and
snow melt water recharge river water and groundwater, further influence regional water
environment). The precipitation of the oasis areas was generally higher than that of the
mountainous areas, but the increase rate of precipitation of the mountainous areas was
more obviously than that of the oasis areas, which will bring more supply water resource
to the surface/ground water. Potential evaporation showed inconsistent variability trend
with temperature and precipitation. Potential evaporation in the mountainous areas had
not significantly variability during past 60 years, while potential evaporation in the oasis
areas was higher than that in the mountainous areas, especially in the last 20 years [34,35].

2.1.2. Social and Economic Characteristics

With the rapid increase in population, food pressure has led to significant changes in
regional land−use and land−cover (LUCC) patterns. The main land use types in the study
area were grassland and water area in the mountains area. In the oasis region, cultivated
land, industrial land and some grassland occupied large proportion. The LUCC in the
study area indicated (Figure 2d), the land use types in the mountainous area presented
stable trend, while the LUCC of the oasis area shown obviously variation. In the Oasis
region, some grassland and forests were change to cultivated land, and the oasis area
expanded nearly three times during past 20 years (Figure 2).
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Figure 2. Characteristics of economic, social and climatic factors in the study area. (a) average
annual temperature in mountainous and oasis areas; (b) average annual precipitation in mountainous
and oasis areas; (c) potential evapotranspiration in mountainous and oasis areas; (d) land–use and
land–cover change in mountainous and oasis areas; (e) changes in oasis area from 1995 to 2018;
(f) population and GDP changes in the study area from 1995 to 2018).

2.2. Sample Collection and Analysis
2.2.1. Sample Collection

To reveal spatiotemporal variations in regional water environment in the study area,
119 surface water and groundwater samples were collected in the mountain and oasis areas
during April 2016 (representing spring), July 2016 (summer), September 2016 (autumn) and
January 2017 (winter), respectively. There were 48 groundwater samples and 46 river water
samples, 13 precipitation samples, and 12 glacier water samples. In order to present the
hydrochemical spatial variations in more detail, this study divided oases region into three
types: transition zone (oasis and desert transition area), oasis area (traditional oasis area)
and lakeside area (newly opened oasis near Bosten Lake) according to previous studies [28].

Fixed sampling points were selected for sampling river water and groundwater sam-
ples in different seasons. Due to the traffic accessibility in the study area is poor, the selected
sample points need to ensure that water samples can be collected throughout the year.
The details of sampling location are shown in Table 1. In this study, shallow groundwater
(<20 m) was selected as the groundwater sampling point, flowing natural water surface was
selected as the river water, precipitation samples collected from the hydrological station,
and glacier samples were collected from the glacier observation station in the Tianshan
Mountains. Isotopic water samples were stored in 5 mL glass bottles and immediately
sealed with parafilm sealing membrane to reduce evaporation. Before the hydrochemical
river sample collection, the plastic sampling bottle (500 mL) was cleared three times with
the collected samples. In order to avoid contact the water sample with the atmosphere
during the sampling of glacier water, the surface part of the glacier was always removed.
All groundwater samples were collected after the field parameters were stable to eliminate
the influence of stagnant water. Water samples for ion concentration analysis were collected
in plastic bottles that were sealed immediately after collection and stored at −18 ◦C. Prior
to analysis, samples were transferred into a refrigerator at 4 ◦C to thaw gradually so that
evaporation did not occur.
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Table 1. Information of surface and ground water samples in the study area.

Type of Sample Regions Samples Longtitude Latitude Number of
Samples

Surface water

River water

Traditional
oasis area O1 86.55 42.05 4

Lakeside area O2 86.62 41.98 4

Transition zone
O3 86.14 42.23 4
O4 85.97 42.23 4

Mountain area

M1 86.24 42.45 4
M2 86.27 42.65 4
M3 84.95 43.13 4
M4 84.95 43.13 4
M5 84.13 43.01 4
M6 83.72 42.87 4
M7 83.75 42.91 3
M8 83.72 42.86 3

Precipitation P1 86.27 42.65 7
P2 84.13 43.01 6

Glacier water G1 84.41 42.53 12

Groundwater

Traditional
oasis area

La1 86.65 41.91 4
La2 86.50 41.97 4
La3 86.53 42.02 4
La4 86.62 41.98 4

Lakeside area
Lb1 86.69 41.90 4
Lb2 86.65 41.87 4

Transition zone

Lc1 86.76 42.29 4
Lc2 86.16 42.32 4
Lc3 86.01 42.29 4
Lc4 86.29 41.99 4

Mountain area
MG1 86.30 42.87 4
MG2 84.43 43.09 4

2.2.2. Sample Testing and Laboratory Analysis

The δ18O and δD values and major ions values of water samples were measured
at the State Key Laboratory of Desert and Oasis Ecology, Xinjiang Institute of Ecology
and Geography, Chinese Academy of Sciences. δ18O and δD values were measured by
the Liquid Water Isotope Analyzer (Model DLT–100, Los Gatos Research, San Jose, CA,
USA), its accuracy levels were 0.1‰ and 0.3‰, respectively. The measurement results
were reported by the Vienna Standard Mean Ocean Water (V−SMOW). Dual−column
instrument (Dionex DX−100, Dionex, Sunnyvale, CA, USA, analytical errors were: Ca2+

(±0.4 mg/L), Mg2+ (±0.7 mg/L), Na+ (±0.1 mg/L), K+ (±0.1 mg/L), Cl− (±0.1 mg/L),
SO4

2− (±0.3 mg/L), HCO3
− (±0.3 mg/L)) was used to measure the major ion concentration

of surface and ground water. Some parameters (pH, water temperature and the total
dissolved solids (TDS)) were tested in situ using a portable multiparameter instrument
(Manta 2) adjusted with a standard solution.

2.3. Analysis Method

The piper ternary diagram, Gibbs diagram, and environmental isotope tracing meth-
ods are common methods to explore the hydrochemical characteristics of different water
bodies and the influence of main weathering processes [18]. The EMMA (end member
mixing analysis) method was applied in research to identify the relationship between
different water bodies [8]. The three–component method [8] was used to calculate the ratios
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of interaction between groundwater and various recharging water sources. The method
can be described by the following equations:

Q =
n
∑

m=1
Qm

QCb
Q =

n
∑

m=1
QmCb

m b = l, . . . , k
(1)

where Q is total groundwater discharge, Qm is the discharge of component m, and Cm
b is

the tracer b incorporated into the component m.

3. Results
3.1. General Hydrochemical Characteristics of the Study Area
3.1.1. pH and TDS

In this study, the range of pH values in river water samples were 7.44~8.30, which
indicated that the river water in the study area was alkaline and showed significant seasonal
variation. The average pH value of river water showed an obvious order: winter (8.16)
> spring (8.01) > autumn (7.87) > summer (7.80). The river water pH displayed higher
values in winter and spring and lower values in summer and autumn. In winter and spring,
Higher pH value was associated with less precipitation and concentrated river water
concentration, and the dilution effect of summer precipitation and snow melting water
were the main reasons for the lower pH of the river water [8]. The rivers samples of the
mountainous areas and oasis areas presented inconsistent seasonal variation patterns. As
for the oasis region, pH value of river water showed an order of summer > autumn > winter
> spring in the traditional oasis area. The lakeside area was winter > summer > autumn
> spring, while the transition zone was summer > winter > spring > autumn. However,
in the mountain area, the order of pH seasonal variation was winter > spring > autumn >
summer. The pH value of river water also showed significant spatial inconsistency. The pH
value of river water in the transition zone was generally higher than that in other areas.
Comparing different seasons, in the spring, the spatial variation of river pH in the study
area was as follows: the transition zone > the mountainous area > the traditional oasis
area > the lakeside area. In summer and autumn, the performance was: the transition
zone > the traditional oasis area > the lakeside area > the mountainous area. In winter,
the performance was: the transition zone > the mountain area > the lakeside area > the
traditional oasis area.

The pH values of groundwater samples ranged from 7.75 to 8.28, indicating that the
groundwater in the study area was also alkaline. The average pH value of groundwater
showed a seasonal order of winter (8.11) > spring (8.01) > summer (7.97) > autumn (7.81).
The seasonal variation of groundwater pH in most areas of the study area was winter
> spring > summer > autumn, except for the pH of groundwater in the transition zone
(winter > summer > spring > autumn). As for spatial variation, the groundwater pH of
the oasis area was generally higher than that of the mountain area (except in winter). The
higher groundwater pH values in the oasis area are closely linked to the local irrigation
agriculture development, and the irrigation water washes salt from surface soil into the
groundwater system [42]. In the oasis area, the pH of groundwater of the transition zone
and lakeside area were relatively higher than that of the transition zone throughout whole
year. The pH values of precipitation samples in the study area ranged from 5.94 to 7.38 and
showed a seasonal order of spring (6.52) > autumn (6.43) > summer (6.18). The pH values
of glacier water samples ranged from 6.73 to 7.68. The average pH values of glacier water
samples showed a seasonal order of spring (7.38) > summer (6.78) > autumn (6.87).

The TDS values of river water samples in the study area ranged from 64.45 to
798.00 mg·L−1. The average value of river water TDS showed an obvious seasonal order
of winter (337.88 mg·L−1) > spring (327.62 mg·L−1) > autumn (273.36 mg·L−1) > summer
(236.82 mg·L−1). Lower TDS values was associated with the dilution effect of summer
precipitation and snow melting water. The TDS value of river water in the traditional oasis
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area showed a order of spring > winter > autumn > summer. The variation trends of the
lakeside area and transition zone were similar, which seasonal order were winter > spring
> autumn > summer. The variation trend of TDS value of river water in the mountainous
area was similar as that in the traditional oasis area. The spatial distribution of river TDS
was also inconsistent. Among them, the TDS value of river water in the lakeside area
was generally higher than that in other areas, while the TDS value of river water in the
mountainous area was relatively lower than that in the oasis area. The higher river water
TDS levels in the lakeside area may be closely related to the interaction between river water
and lake water, which has a higher TDS value [43,44]. In addition, in the oasis area, the TDS
value of river water in spring, summer and autumn presented a relatively similar spatial
distribution pattern, that was, the lakeside area > the traditional oasis area > the transition
zone, while the TDS value in the transition zone in winter was significantly inconsistent
with that in other areas.

The TDS values of groundwater samples in the study area were in the range of
119.58~1077.00 mg·L−1. The seasonal variation of TDS of groundwater in the study area
was similar to that of river water. In the traditional oasis area, the TDS value of ground-
water was winter (606.32 mg·L−1) > autumn (482.76 mg·L−1) > spring (522.00 mg·L−1) >
summer (451.09 mg·L−1). In the lakeside area, the TDS value of groundwater was winter
> spring > summer > autumn. In the transition zone, the TDS of groundwater presented
spring > winter > summer > autumn. The seasonal variation of groundwater TDS in
mountainous area was the same as that in oasis area, which was winter > spring > autumn
> summer. For spatial distribution, the TDS value of the mountainous area was relatively
lower than that of the oasis regions (irrigation agriculture has an obvious influence on the
groundwater system [45]), while the oasis regions showed an obvious spatial variation of
the groundwater TDS was the transition zone > lakeside area > traditional oasis area in
spring and summer.

As for precipitation, TDS values of precipitation samples ranged from 18.30 to
141.40 mg·L−1 and included 56.20 to 141.40 mg·L−1 in spring, 18.30 to 75.20 mg·L−1 in
summer and 70.60 to 130.10 mg·L−1 in autumn. The average TDS values of precipitation
samples showed a seasonal order of autumn (104.07 mg·L−1) > spring (88.48 mg·L−1) > sum-
mer (37.72 mg·L−1). The TDS value of glacier water ranges from 60.00 to 95.00 mg·L−1, with
relatively weak seasonal fluctuation. The average TDS value of glacier water showed a sea-
sonal order of summer (70.00 mg·L−1) > autumn (67.09 mg·L−1) > spring (66.70 mg·L−1).

3.1.2. Major Ions Concentrations

The average, maximum, and minimum values of the content of inorganic ions in all
samples are presented in Table 2. In river water samples, the variation of ion concentration
shows significant seasonal variation. In general, HCO3

− and Ca2+ were the main anions
and cations, accounting for 72% and 60% of the total anions and cations, respectively.

In river water samples, the fluctuation range of ions is relatively small, which is related
to the relatively stable runoff composition pattern in this study area. Among them, the
fluctuation of bicarbonate ions and calcium ions in mountain river samples are relatively
obviously, which mainly closely related to the interaction between water and rocks in
the process of alpine precipitation and melting water replenishing surface river water.
Significant fluctuations in river water Cl− was observed in the lakeside oasis area and
similar phenomena were observed in the SO4

2−, Na+ of the river water samples. The
fluctuation of ion values in the river water samples of Lakeside area may be related to the
interaction between the lake and the river.
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Table 2. Statistical summary of hydrochemical variables of surface and groundwater in different
seasons.

Season Type pH TDS
(mg/L)

Ca2+

(mg/L)
Mg2+

(mg/L)
Na+

(mg/L)
K+

(mg/L)
HCO3−
(mg/L)

Cl−
(mg/L)

SO42−
(mg/L)

Spring

groundwater
max 8.22 771.00 64.60 26.37 100.48 5.54 305.95 64.58 174.13
min 7.77 204.00 4.31 2.15 4.96 0.94 111.87 2.85 10.99
ave 8.01 522.00 35.07 12.91 49.01 3.01 193.94 37.36 72.15

river water
max 8.23 444.00 68.83 14.33 16.82 2.45 217.40 23.62 63.42
min 7.59 255.00 33.32 7.39 6.74 1.50 78.13 6.13 15.93
ave 8.01 327.62 49.82 10.74 11.49 2.46 180.83 11.31 39.16

precipitation
max 7.38 141.40 17.74 1.43 6.18 2.87 52.00 17.10 18.94
min 6.17 56.20 10.32 0.39 1.09 0.76 29.41 7.13 4.20
ave 6.52 88.48 15.36 0.82 2.64 1.31 37.85 12.42 7.96

glacier
water

max 7.68 71.10 7.89 0.40 2.31 2.38 50.53 3.16 1.80
min 7.07 62.30 4.12 0.35 0.76 0.69 31.53 0.86 1.26
ave 7.38 66.70 6.00 0.38 1.53 1.54 41.03 2.01 1.53

Summer

groundwater
max 8.10 645.00 99.91 31.06 106.69 5.01 313.89 101.06 201.72
min 7.75 137.90 18.93 5.43 6.23 0.69 109.40 2.74 11.24
ave 7.97 451.09 50.45 14.93 53.37 2.73 189.22 42.19 82.88

river water
max 8.19 353.00 56.77 11.71 10.94 1.86 188.65 14.64 54.32
min 7.44 114.80 13.99 1.34 0.68 0.44 49.61 0.82 8.98
ave 7.80 236.82 38.67 7.35 5.90 1.23 137.54 5.44 27.15

precipitation
max 6.73 75.20 11.63 0.55 1.02 1.27 41.43 15.47 3.34
min 5.94 18.30 2.85 0.13 0.09 0.21 11.79 0.93 1.02
ave 6.18 37.72 5.75 0.25 0.41 0.67 22.66 5.21 1.81

glacier
water

max 6.84 95.00 4.44 0.58 0.05 0.63 35.92 2.26 3.49
min 6.73 60.00 2.62 0.33 0.00 0.14 23.95 1.16 1.27
ave 6.78 70.00 3.07 0.42 0.03 0.29 32.09 1.51 1.91

Autumn

groundwater
max 7.92 1049.35 81.41 28.34 219.32 7.57 182.10 121.91 423.75
min 7.70 149.50 15.21 4.87 5.37 0.61 110.70 2.61 12.16
ave 7.81 482.76 41.44 13.60 70.96 2.68 159.57 50.38 113.73

river water
max 7.99 434.00 63.10 16.05 36.66 3.17 275.44 20.34 60.50
min 7.69 142.10 31.42 2.91 5.29 0.80 112.00 1.74 8.41
ave 7.87 273.36 46.45 10.48 11.80 1.64 170.40 9.09 36.87

precipitation
max 6.47 130.10 3.88 0.31 0.89 3.06 63.58 49.81 11.49
min 6.40 70.60 3.76 0.14 0.16 0.45 52.59 6.84 1.68
ave 6.43 104.07 3.81 0.21 0.48 1.59 58.77 31.01 7.20

glacier
water

max 6.91 78.34 3.95 0.46 0.31 0.56 35.66 1.83 2.52
min 6.84 60.84 3.05 0.34 0.12 0.32 34.00 1.28 1.41
ave 6.87 67.09 3.36 0.39 0.22 0.41 34.70 1.45 1.82

Winter

groundwater
max 8.23 1077.30 66.05 60.68 113.62 5.49 314.23 118.61 207.06
min 7.97 119.58 19.91 2.14 6.27 1.88 147.47 9.77 38.63
ave 8.11 606.32 44.92 24.22 55.56 3.62 225.33 53.12 100.17

river water
max 8.30 798.00 67.56 34.76 17.54 2.35 214.63 24.29 69.75
min 7.91 64.45 21.41 0.52 2.52 0.37 49.87 0.0 7.49
ave 8.16 337.88 44.19 11.53 7.85 1.61 170.83 16.07 32.82

In precipitation, HCO3
− and Ca2+ were the main anions and cations, accounting for

66% and 73% of the total anions and cations. As for glacier water samples, the total mass of
HCO3

− and Ca2+ were the main anion and cation, accounting for 90% and 70% of the total
anions and cations. In comparison, the ion variability range of precipitation and glacier
samples were relatively smaller and their mean values were smaller than in river water
and groundwater samples.

As for groundwater, the total mass of cations was mainly Na+, accounting for more
than 40% of the total mass of cations especially in the Oasis region, while Ca2+ was the
second largest substantive cation. The relatively high sodium values of groundwater in the
oasis region are associated with salt rinsing and flushing dissolution during agricultural
irrigation, where agricultural irrigation water washes the salts in the surface soil and seeps
into the groundwater. HCO3

− and SO4
2− were the main anions in groundwater samples.

On the whole, the ion concentration fluctuation of groundwater was remarkable greater
than that of river water, while groundwater in oasis area was greater than that in the
mountainous areas, while the concentration of HCO3

−, Ca2+, K+, and Mg2+ for river water
samples of the lakeside area were higher than that of groundwater (Figure 3).
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Figure 3. Box diagram of pH, TDS and main ions concentration in different water bodies in mountain-
ous and oasis areas (MR: river water of mountain area, MG: groundwater of mountain area; TR: river
water of Traditional oasis area, TG: groundwater of Traditional oasis area; LR: river water of lakeside
area, LG: groundwater of Lakeside area; ZR: river water of Transition zone, ZG: groundwater of
Transition zone.).

Generally speaking, the ion concentration of groundwater was generally higher than
that of river water, and the ion variability of water samples in the mountain regions was
relatively smaller than that of the oasis regions.

3.2. Seasonal and Spatial Variations of Stable Isotope

3.2.1. δD and δ18O in River Water

In this study, river water δD ranged from −99.36 to −61.44‰, with an average of
−70.39‰, and δ18O ranged from −15.06 to −9.15‰, with an average of −10.70‰ (Table 3).
The fluctuation of δ18O and δD in spring was relatively larger than that in winter, which
may be related to the replenishment process of river water by snowmelt water with rich
isotopes in spring. On the whole, δ18O and δD of river water presented an obvious
seasonal variation, which was more negative in summer and enrichment in spring. In
spring, dryness, less precipitation and vigorous evaporation led to the enrichment of stable
isotopes in the river water. In summer, more precipitation and a large amount of ice melt
water (with low isotopes) recharged to river water, which resulted in the dilution of stable
isotopes in river water samples [4,17,26].
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Table 3. δD and δ18O of surface and groundwater in different seasons.

Spring Summer Autumn Winter
Max Min Ave Max Min Ave Max Min Ave Max Min Ave

δD
(‰)

groundwater −59.60 −94.24 −69.12 −53.69 −94.05 −68.55 −51.29 −69.63 −63.86 −60.23 −75.81 −68.31
river water −61.44 −99.36 −79.49 −58.35 −71.06 −63.97 −57.52 −73.24 −66.76 −61.41 −76.14 −70.69

precipitation −38.47 −76.00 −60.95 6.22 −56.9 −24.15 −13.79 −61.32 −40.13
glacier
water −70.05 −153.40 −111.72 −60.19 −67.34 −63.11 −66.34 −70.2 −67.96

δ18O
(‰)

groundwater −9.01 −13.86 −10.43 −7.85 −13.54 −10.33 −7.5 −10.75 −9.74 −9.53 −11.7 −10.38
river water −9.15 −15.06 −11.62 −9.34 −11.01 −10 −9.39 −10.82 −10.35 −9.52 −11.75 −10.75

precipitation −6.02 −11.12 −8.74 0.24 −9.49 −3.94 −2.7 −9.13 −6.74
glacier
water −9.97 −20.31 −15.14 −9.65 −10.57 −10.04 −10.33 −10.8 −10.5

The stable isotope composition of river water samples in the study area showed an
obvious spatial variation (Figure 4). The stable isotope of river water in the mountainous
area was lower than that in the oasis area, while the stable isotope of river water in the
traditional oasis area was higher than that in other areas. The relatively high temperature
and the strong evaporation potential in the oasis area may be the main reasons for the
relatively high enrichment of stable isotopes in the regional river water. In spring, the δ18O
values of river water showed an order was the traditional oasis area > the transition zone >
the lakeside area > the mountain area. In summer, the increasing order of river δ18O was
the traditional oasis area > the lakeside area > the transition zone > the mountains area. In
autumn, this trend was the transition zone > the mountain area > the traditional oasis area
> the lakeside area. However, the spatial distribution of stable isotopes in river water in
winter was similar to spring.

3.2.2. δD and δ18O in Groundwater

Groundwater samples δD ranged from −51.29 to −94.24‰, with an average of
−67.29‰. Groundwater δ18O ranged from−7.85 to−13.86‰, with an average of−10.19‰.
The seasonal variation of stable isotopes of groundwater was opposite to that of river water.
It is relatively depleted in winter and spring and enriched in autumn. The range of ground-
water δ18O and δD indicated that the groundwater in the study area is significantly affected
by surface water in summer, while relatively consistent stable isotope values indicated that
the transformation of surface water and groundwater was weaker in winter.

As with the river water, the stable isotopes of groundwater in the study area also
presented obviously spatial inconsistency. The stable isotopes of groundwater in the
mountainous areas were relatively lower than those in other areas, except in winter. δ18O
and δD values in the lakeside areas was relatively higher, especially in autumn (Figure 4).
In spring and summer, groundwater δ18O values showed a trend of the transition zone >
the traditional oasis zone > the lakeside zone > the mountainous area. In autumn, this order
was the lakeside zone > the mountainous area > the traditional oasis zone > the transition
zone. The spatial variation of groundwater δ18O in winter was opposite to that in other
seasons, which was the mountainous area > the transition zone > the lakeside zone > the
traditional oasis zone. The variation of δD value was basically consistent with that of δ18O.

3.2.3. δD and δ18O in Precipitation and Glacial Water

Precipitation samples δD ranged from −76.00 to 6.22‰, with an average of −41.74‰,
and δ18O ranged from −11.12 to 0.24‰, with an average was −6.47‰. The average δD
and δ18O values of precipitation samples were ranked in descending order: summer >
autumn > spring. As for glacier water, δD of glacier water samples ranged from −153.40 to
−60.19‰ with an average of −80.93‰, and δ18O ranged from −120.31 to −9.65‰ with an
average was −11.89‰. The mean δD and δ18O values descending order of glacier water
samples were consistent with precipitation.
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3.3. Hydrochemical Types in Surface Water and Groundwater

Hydrochemical types of various water bodies in study area belonged to the HCO3
−Ca2+

type (Figure 5). Hydrochemical type of river water was relatively simple, except for river
water of the mountain regions in spring. As Figure 4 shown, river water samples collected
from the mountain region during spring most located in Ca2+ terminal element in the
cation diagram, and distributed along the HCO3

−SO4
2− line in the anion diagram, mainly

concentrated in the HCO3
− terminal element. Therefore, the hydrochemical type of the

mountain river water in spring can be identified as the HCO3
−-SO4

2−-Ca2+ type.
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Unlike river water, the hydrochemical types of groundwater in the study area pre-
sented more complex. The groundwater in the mountainous areas showed the HCO3

−Ca2+

type, while the hydrochemical type of groundwater in the oasis area showed obviously
seasonal fluctuation. The fluctuating of hydrochemical types of groundwater in the oasis
area indicated that groundwater in the oasis area was more sensitive to the influence by
external environment than that in the mountainous area.

In the traditional oasis area, the cation map of groundwater was distributed along the
Ca2+-Na+ line in spring and summer, and the anion was concentrated at the end of HCO3

−

terminal. The hydrochemical type in this period was defined as the HCO3
−Ca2+-Na+ type.

In autumn, cations gathered at the Na+ + K+ terminal, anions were located in the HCO3
−-

Cl− line and tended to SO4
2− terminal, which belonged to the SO4

2−-Cl−-Na+ type. In
winter, anions were more dropped into HCO3

− terminal element, and hydrochemical type
belonged to the HCO3

−Ca2+-Na+ type. In the lakeside area, the cation of water samples in
spring, summer and autumn were located in the terminal element of Na+ + K+, the anions
were in the middle and lower position, and the hydrochemical type belonged to HCO3

−-
Cl−-Na+ type. In winter, the cations fell in the middle and lower position, and most anions
located in the terminal element of HCO3

−, which indicated the hydrochemical type was
the HCO3

−-Na+-Mg2+ type. In the transition zone, the groundwater hydrochemical type
belonged to the HCO3

−-SO4
2−-Ca2+-Na+ type. The hydrochemical types of precipitation

and glacier water were similar, both of which belonged to HCO3
−Ca2+ type.
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4. Discussion
4.1. Factors Controlling Hydrochemical Processes

Gibbs diagram is an important method to determine the source of the main chemical
components in natural water. It can clearly point out the impact of precipitation control,
rock weathering and evaporation concentration on the hydrochemical process [45,46]. As
shown in Figure 6, most of water samples fell in the low value area of Cl−/(Cl− + HCO3

−)
in the Gibbs diagram, while the TDS value was distributed between 100 and 1100 mg/L,
indicating that hydrochemical composition of most water bodies in the study area were
mainly controlled by rock weathering. It is worth noting that some groundwater samples
of the oasis areas fell outside the three typical control areas. In the Gibbs diagram, the
ratio of Na+/(Na+ + Ca2+) of these samples were greater than 0.5. Previous studies [36–38]
suggested that this phenomenon was caused by the interference of human activities. Ir-
rigated agriculture was widely distributed in oasis region of the study area, which had
an obvious influence on the regional groundwater environment. In the area of human
disturbance of Gibbs diagram, groundwater samples in the oasis area and lakeside area
were obvious more than those in the transition zone, which indicated that the groundwater
environment in the traditional oasis area and lakeside area were more obviously disturbed
by human activities.

4.2. Relationship between Surface Water and Groundwater

As an important part of hydrological system, the interaction between surface water
and groundwater has been observed in various topographical and climatic landscapes. In
order to manage water resources, it is necessary to understand the interaction between
groundwater and surface water. The study area is not only an important oasis agricultural
area in Xinjiang, but also a concentrated area of population and cities. The large–scale
development of agricultural activities and the increase of domestic water demand leads
to the complex relationship between surface water and groundwater in the study area.
EMMA (end member mixing analysis) method is a widely used hydrological segmentation
method, which has been applied to study the relationship between different water bodies.

According to the EMMA method (Figure 7), this study explores the relationship
between surface water and groundwater in the study area, based on TDS and δ18O values
of groundwater and surface water samples (river water and precipitation and snow melt
water) during difference seasons. In a word, most groundwater samples were located
in the triangle area composed of precipitation, river water and previous groundwater
samples, which indicated that there was an obvious relationship between surface water
and groundwater in this area (river water and precipitation and snow melt water).

In spring, there was a small number of river water samples in mountainous areas plot-
ted in the triangle composed of the average values of tracer TDS and δ18O of groundwater,
river water and precipitation, which indicated that significant transformation relationship
between the groundwater and surface water (precipitation and river water). In summer,
most of the river water in mountainous areas fell into the triangle area composed of ground-
water, snow melt water and precipitation, which indicated the river water recharged by
groundwater, snow melt water and precipitation in this period. However, groundwater
in mountainous areas was far away from surface water samples, which suggested the
interaction between groundwater and surface water (river water, precipitation and snow
melt water) was not obvious in summer. In autumn, most of river water and groundwater
samples in mountainous areas were located in the triangular region, indicated that the
interaction between surface water and groundwater was obvious.
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Figure 7. The EMMA map between surface water and groundwater base on the tracers of TDS and
δ18O in the study area. (a) the EMMA map in mountain in spring; (b) the EMMA map in mountain
in summer; (c) the EMMA map in mountain in autumn; (d) the EMMA map in oasis in spring; (e) the
EMMA map in oasis in summer; (f) the EMMA map in oasis in autumn.

In the oasis area, the river water and groundwater samples fell into the triangular
field composed of three ends (precipitation, groundwater and river water) during spring,
indicated that groundwater was a mixture of three streamflow composition. In summer,
most of the groundwater and river water samples in the oasis area located at the periphery
and edge of the triangle area composed of groundwater, river water, and precipitation,
indicated that the relationship between surface water and groundwater was weak in this
period. In autumn, rivers and groundwater in mountainous and oasis areas dropped in the
middle of the triangular region (groundwater, ice melt water and precipitation), indicated
an obvious transformation relationship between surface water and groundwater were
observed in this period.

According to three–component method, the ratios of interaction between groundwater
and various recharging water sources was calculated. Figure 8 indicated the groundwater
in the oasis area was mainly controlled by groundwater in the previous season. In ad-
dition, river water and precipitation also occupied a certain supply proportion, and the
contribution of river water to groundwater was greater than precipitation. The hydraulic
connections between groundwater and surface water also presented obvious seasonal
inconsistencies. In spring, groundwater in the lakeside area and the traditional oasis area
was significantly affected by the river water. In the spring, the large-scale development of
groundwater caused by agricultural drought and water shortage for agricultural irrigation
often leads to the decline of shallow groundwater, further leading to more river water
contributed regional groundwater. In summer, groundwater in the transition zone was
more significantly affected by precipitation, while precipitation had weak influence on
groundwater in the traditional oasis area. In autumn, the contribution of precipitation in
traditional oasis areas on groundwater (the contribution rate was 16.4%) was greater than
that of river water. In the traditional oasis area, the interaction between river water and
groundwater is more obviously, especially in spring and summer, which require governor
to pay more attention to regional water environment of river water in this area and reduce
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the risk of river water pollution, and avoid the deterioration of groundwater environment
caused by the river water replenishing groundwater.
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Figure 8. Recharge ratio of surface water and groundwater in the oasis area during different seasons
(G: groundwater in previous season, R: river water, P: precipitation). (a) Recharge ratio of surface wa-
ter and groundwater in the oasis area in spring; (b) Recharge ratio of surface water and groundwater
in the oasis area in summer; (c) Recharge ratio of surface water and groundwater in the oasis area
in autumn.

4.3. Ion Ratio of Dissolved Minerals and Cation Exchange

The ionic ratios can reflect the dissolution of different minerals produces different
types or ratios of ions, and further help analyze the effects of the dissolution of different
minerals on groundwater chemistry [47]. In order to further explore the ionic ratios of
dissolved minerals, this study mapped the Scatter plots of major ions (Figure 9). All surface
water and groundwater were further divided on the basis of the plots of (Ca2+ + Mg2+)
versus (Na+ + K+). As Figure 9a shown surface water samples of this study were mainly
controlled by the dissolution of silicate and carbonate, with precipitation and glacial water
being affected more strongly. Groundwater samples were mainly affected by evaporation,
while a few groundwater samples in the transition zone and the mountainous areas were
controlled by the dissolution of carbonate (Figure 9b). The silicate weathering or a cation
exchange can reflected by the Na+/Cl− ratio [45,47].

As shown in Figure 9c,d, Na+ and Cl− equivalent concentrations in surface water
samples and some groundwater samples were mostly lower than 5 meq/L and generally
near the 1:1 line, mainly controlled by the rock salt dissolution, but the Cl− equivalent
concentration of river water in the transition zone was high, corresponding to the chlorine
hydrochemical type in the transition zone. In some samples of the traditional oasis and
lakeside areas, the concentration of Na+ was significantly higher than the Cl− concentra-
tion, mainly attributable to Na+ overflow, there should also be other anions to balance
the excess sodium ions, this indicates that Na+ has other major sources apart from rock
weathering. Silicate weathering, anthropogenic input, and ion exchange may contribute to
the redundant Na+ [48].
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in groundwater; (k) Na+ versus SO4
2− in surface water, (l) Na+ versus SO4

2− in groundwater; (m)
[(Ca2+ + Mg2+) – (HCO3

− + SO4
2−)] versus (Na+ + K+ – Cl−) in surface water, (n) [(Ca2+ + Mg2+) –

(HCO3
− + SO4

2−)] versus (Na+ + K+ – Cl−) in groundwater; (o) CAI-1 versus CAI-II in surface water,
(p) CAI-1 versus CAI-II in groundwater. (MR: river water of Mountain area, MG: groundwater of
Mountain area; TR: river water of Traditional oasis area, TG: groundwater of Traditional oasis area;
LR: river water of Lakeside area, LG: groundwater of Lakeside area; ZR: river water of Transition
zone, ZG: groundwater of Transition zone, Pre: precipitation, G: glacier).

The ratio of (Ca2+ + Mg2+)/(HCO3
−+ SO4

2−) can reflect the calcite weathering. If the
water sample hydrochemistry is mainly controlled by the dissolution of calcite (CaCO3),
dolomite (CaMg(CO3)2), and gypsum or anhydrite (CaSO4), then (Ca2+ + Mg2+) and
(HCO3

−+ SO4
2−) should be distributed near the 1:1 line [49]. The equivalent concentration

ratio of (HCO3
− + SO4

2−)/(Ca2+ + Mg2+) in the water samples in the study area were
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around the 1:1 line(Figure 9e,f). To further clarify the type of dissolved carbonate rock, the
(Ca2+ + Mg2+) and HCO3

−plot was generated, as shown in Figure 9g,h.
The (Ca2+ + Mg2+) and HCO3

−plot was displayed in Figure 9g,h, a large number
of water samples were distributed around the y = x line, which shows that the geochem-
ical composition of water samples is mainly controlled by the dissolution of calcite or
dolomite [46,50].

In naturally, Ca2+ and SO4
2− were derived from weathering of gypsum, the molar

ratio of Ca2+/SO4
2− usually be 1:1 [51]. Figure 9i,j showed the relation between Ca2+ and

SO4
2−. It was observed that most of river water samples and groundwater samples were

mainly distributed close to the y = x + 2 line. While the groundwater samples of the lakeside
area were mostly located near the y = x line, which indicated groundwater of the lakeside
area was mainly affected by the dissolution of gypsum. The sources of Na+ and SO4

2− in
samples could be inferred from the Na+/SO4

2− plot in Figure 9k,l. Sample distribution
along the y = x line was symmetrical, but still varies significantly [47]. In particular, SO4

2−

equivalent concentrations of some river water was higher than that of Na+, thus Na+ and
SO4

2− may be strongly affected by human activities [10].
Cation exchange is a common chemical reaction between groundwater and water–

bearing rock formations [52]. When cation exchange occurs forward Na+ And K+ in
groundwater replace Ca2+ and Mg2+ in minerals [53]. The scatter plot between the ionic
charge of [(Ca2+ + Mg2+)-(HCO3

− + SO4
2−)] and (Na+ + K+ − Cl−) was used to verify

whether cation exchange had a significant effect on the chemical composition of groundwa-
ter. This conjecture is verified when its ratio is approximately −1. As shown in Figure 9m,n,
all water samples in the study area were located around the −1:1 line, indicating that
cation exchange has a significant effect on the development of river water and groundwater
chemical composition in the study area.

The chlor-alkali index (CAI) canfurther indicate the direction along which cation
exchange occurs, with two indicators: CAI-1 for (Cl− − Na+ − K+)/Cl− and CAI-II for
(Cl− − Na+ − K+)/(HCO3

− + SO4
2− + Cl− + NO3

−). When CAI > 0, the cation exchange
action is forward; when CAI < 0, the cation exchange action is reverse [54]. As shown in
Figure 9o,p, CAI < 0 for most samples in groundwater and river water, Ca2+ + Mg2+ in
water replaced Na+ and K+ in minerals.

4.4. Effects of Human Activities

In this study, some of the ions such as SO4
2−, Ca2+, and Na+ showed characteristics

clearly beyond the control of natural causes, which indicated a strongly influence of
human activities on regional groundwater samples. In contrast to natural causes, human
activities release agricultural fertilizers, industrial wastewater, and domestic sewage into
groundwater, resulting in the input of large amounts of SO4

2−, Cl−, and NO3
− [55]. Among

naturally produced ions, NO3
− is generally produced in small amounts by nitrification,

and several studies have shown that higher concentrations of NO3
−. in groundwater

are generally associated with agricultural activities [55]. The end–element diagram of
(NO3

−/Na+) and (Cl−/Na+) is used to analysis the impact of agricultural activities on river
water and groundwater (Figure 10a,b).As a whole, agricultural activities have relatively
stronger influence on the river water in the oasis area, especially in the transition zone and
the lakeside area. However, the influence of agricultural activities on the lakeside area river
water was more obviously than in other areas especially in winter. The groundwater in
the oasis area was also obviously affected by human activities, especially in the transition
zone and the lakeside area. The strong influence of agricultural activities on the transition
zone groundwater is greatly influenced by agricultural activities is closely related to the
geological environment of the area. The transition zone is located at the junction of the
mountain and oasis areas and regional soil is dominated by gravel, with large porosity and
strong infiltration, so human activities (such as farming and fertilization) can easily cause
the variation of groundwater environment. The lakeside area is located in the junction
region of the Kaidu river and the Bosten lake and the interaction between river water,
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groundwater and lake water was more frequently. Naturally, NO3
− and other elements

from surface tillage to migrate to the groundwater system [56]. In this study, long history
of farming of the traditional oasis area caused the cultivation layer is thick and the soil gap
is small, the groundwater is buried deep and the surface water seeps slowly. Therefore,
the interaction between surface water and groundwater in this region was weak and
the influence of human activities on the traditional oasis region was relatively weak. In
addition, the groundwater in the oasis area is also affected by the evaporation especially in
the summer.
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Figure 10. Plots of (a) Cl−/Na+ versus NO3
−/Na+ in river water, (b) Cl−/Na+ versus NO3

−/Na+ in
groundwater; (c) NO3

−/Na+ versus SO4
2−/Ca2+ in river water, (d) NO3

−/Na+ versus SO4
2−/Ca2+

in groundwater. (TR: river water of Traditional oasis area, LR: river water of Lakeside area, ZR: river
water of Transition zone; TG: groundwater of Traditional oasis area; LG: groundwater of Lakeside
area; ZG: groundwater of Transition zone).

In this study, the ratio diagram of (SO4
2−/Ca2+) and (NO3

−/Na+) was adopted to
comprehensively represent the pollution of groundwater by two major types of pollution,
sulfur–containing fertilizers and industrial wastewater and nitrate–containing fertilizers
and domestic wastewater [56]. Results shown river water and groundwater of the oa-
sis region were mainly contaminated by sulphate–containing fertilizers and industrial
wastewater (Figure 10c,d).

4.5. Differences from the Other Regions

In order to further analyze the heterogeneity of hydrochemistry distribution in the
inland arid areas of China, the Hexi Corridor (including Shiyang river basin, Heihe river
basin and Shule river basin), Tarim Basin and the inland river basins on the northern slope
of Tianshan Mountain (Urumqi river basin and Yili river basin) were selected as compare
region to reveal difference of main hydrochemistry factors and influencing factors in these
regions [57].

In general, the river water in the inland area of northwest China was slightly alkaline,
and its pH value was between 7 and 10. The TDS value of river water was generally higher
(between 19 to 30,000 mg·L−1). Compared with other regions in China, the hydrochemical
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types mainly belonged to Na+-SO4
2−, Mg2+-SO4

2− and Ca2+-HCO3
− type. Table 4 sug-

gested obviously spatial inconsistencies for hydrochemical compositions were observed in
the Northwest China. The pH value of river water in the Tarim basin was generally higher
than that in other regions, while the pH value of river water in the Urumqi river basin on
the north slope of Tianshan Mountain fluctuates greatly, and the pH value of inland river
in the Hexi Corridor was relatively smaller. Comparing with three regions, it is found that
the main ions in inland river water of the northwest China were Ca2+, Na+, Mg2+, HCO3

−

and SO4
2−. The river water chemical types of the Hexi Corridor and the Tarim Basin were

similar to Na+-SO4
2− and Mg2+-SO4

2− type, while the Urumqi river basin was completely
inconsistent with other regions, which was Ca2+-HCO3

− type.
Compared with surface river water, the groundwater environment in the arid inland

area of Northwest China was more complex. The pH value of groundwater was similar
to that of river water, which was weakly alkaline. However, pH value of groundwater
in inland river of the north slope of Tianshan Mountain and Tarim River Basin were
significantly higher than that of river water, which may be related to the more extreme
arid environment. The TDS value of groundwater of the northwest China presented a
larger range, with 20 to 30,000 mg·L−1. In the northwest arid area, the hydrochemical type
of groundwater in most inland river basin belonged to Ca2+-HCO3

− type, except for the
Hexi corridor region, which was generally Mg2+-SO4

2−, Ca2+-Mg2+-HCO3
−-SO4

2−, or
Na+-Mg2+-SO4

2−-Cl− type. The δ18O and δD values of surface water and groundwater
showed significant spatial inconsistency in the northwest regions, of which surface water
stable isotope were generally smaller, with δ18O between −30‰ and 4‰ and δD between
−250‰ and 5‰. Although the stable isotope value of river water in Hexi corridor was
small and fluctuating, which may be related to the complex streamflow components of
inland rivers in this region. The stable isotopes of groundwater in the arid inland area of
the northwestern China were generally greater than those of surface water [18,25,58].

As a typical mountain–oasis ecosystem, the study area (combined alpine and oasis
climate pattern) is located in the central part of the northwestern arid region and the
transition zone [44]. Hydrological circulation process of the study area is not only affected
by natural environment, but also controlled by human disturbance to a certain extent.
The pH value range of surface water in the study area was similar to that in the Tarim
river basin, while the TDS value range of surface water was similar to that of the Hexi
corridor region. In this study area, the TDS value of groundwater ranged from 19 to 1077
mg·L−1, which was lower than that in other regions except for the Urumqi river basin.
However, the hydrochemical types of river water in the study area were relatively stable,
which were consistent with those in the Urumqi river basin. The hydrochemical types
of groundwater were relatively complex. The hydrochemical types of groundwater in
mountainous areas were Ca2+-HCO3

− type consistent with those in the whole northwest
region. The groundwater in oasis areas presented different hydrochemical types in different
seasons, such as HCO3

−-Ca2+-Na+ type, SO4
2−-Cl−-Na+ type, HCO3

−-Ca2+-Na+ type and
HCO3

−-Na+-Mg2+ type. The hydrochemical process in the study area was controlled by
rock weathering and human activities, which was similar to the Urumqi river basin.
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Table 4. Differences of hydrochemical characteristics in different regions of Northwestern China.

Location
Surface Water Groundwater

ReferencespH TDS (mg/L) δ18O (‰) δD (‰) pH TDS (mg/L) δ18O (‰) δD (‰)

Hexi corridor
region

Shiyang River 7.0~8.4 64~353 −10.0~−1.8 −60.6~−14.5 7.0~8.5 231~20,897 −11.3~−5.0 −86.2~−28.5 [58]
Heihe River 7.2~8.1 31~2157 −29.7~1.9 −216.3~38.7 7.2~8.1 293~5157 −9.7~−3.7 −58.0~−42.0 [25]
Shule River 7.2~7.8 19~980 −29.0~3.8 −233.1~36.5 7.6~7.9 117~2382 −11.9~−6.9 −63.1~−9.4 [18,59]

North slope of
Tianshan

Urumqi River 6.0~8.5 125~304 −36.2~0.0 −67.5~−44.0 7.0~7.9 128~245 −9.0~−8.9 −61.0~−57.0 [27]
Yili River 7.2~8.4 303~321 −11.6~−10.9 −77.0~−72.0 [46,60]

Tarim Basin
Tarim River 7.4~8.5 253~3220 −25.74~8.48 −96.1~51.9 7.2~8.8 450~27,495 [9,17,26]

Yarkant River 7.4~8.3 273~3344 6.4~8.6 522~9014 [61]
Study area 7.4~8.3 64~798 −15.0~−9.2 −99.4~−61.4 7.7~8.3 19~1077 −13.8~−7.8 −94.2~−51.3
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Variation of controlling factors usually results in water environment variability. Com-
pared with the main control factors of water chemistry in different regions, rock weathering
and evaporation concentration were the main influencing factors of water environment
changes in arid areas of northwest inland [58]. The influence of rock weathering on the
Tarim River and the Shule River were obvious. In addition, the inland river baisn of
northwestern China were affected by different degrees of human activities, especially in
the oasis regions [26,61].

5. Conclusions

Most surface water and groundwater was mildly alkaline. HCO3
− and Na+ were

the main anions and cations for different water body. Hydrochemical distribution had
significant seasonal and spatial variation in the study area. The stable isotopes of surface
water and groundwater in the study area also presented significant spatial inconsistency.
Higher δ18O values appeared in most of water samples collected from the oasis area and
lower δ18O values appeared in the mountain area.

Most of water bodies in the study areas belonged to HCO3
−Ca2+ type. The hydro-

chemical type of groundwater presents obviously spatial inconsistency than that of surface
water. HCO3

−Ca2+ type mainly observed in groundwater samples of mountainous area,
while the groundwater in oasis area showed variability hydrochemical types in different
seasons. River water samples were mainly controlled by the dissolution of scarbonate, and
groundwater samples were mainly affected by evaporation. Agricultural activities had
influence on the groundwater environment in the oasis area.

The surface water–groundwater interaction also displays spatial inconsistency in this
study, especially in summer. In oasis area, groundwater was mainly controlled by previous
season groundwater, river water and precipitation also occupied a certain supply propor-
tion.The hydraulic connections between groundwater and surface water also presented
obvious seasonal inconsistencies. The transformation of river water and groundwater in the
traditional oasis area is more obvious, so attention should be paid to the water environment
of the surface river water in this area to avoid the polluted river water affecting the regional
groundwater system.
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