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The geochemical processes of groundwater in arid regions are generally
influenced by both natural hydrological processes and human activities.
However, impacts of water-rock interactions on groundwater recharge via
hydrological processes, controlled by both intermittent river water flow and
groundwater withdrawals, is still poorly understood. In this study,
327 groundwater chemistry datasets collected from the upper, middle
(including Gobi and riparian zones), and lower regions of the Ejina Delta in
Northwest China from 2001 to 2023 were analyzed. Our results revealed that
the total dissolved solids (TDS) concentration of groundwater in Ejina Delta
ranged from approximately 881.5 ± 331.6 mg/L in the upper regions to
1,953.6 ± 1,208.5 mg/L in the lower regions, with an increasing trend
observed. Ecological water conveyance (EWC), recharging aquifer through
intermittent river water flow, resulted in a decrease in TDS concentrations
from 2001 to 2023 mainly in the upper region. While irrigation notably
affected groundwater chemistry in the lower region, resulting in a substantial
increase in groundwater salinity. Groundwater chemistry in the Middle Gobi
region remained relatively stable over the study period. Generally, the
hydrochemical composition shifted from the Na-Mg-SO4-HCO3 and Na-Mg-
Ca-SO4-HCO3 types in the upper region to Na-Mg-SO4-HCO3 and Na-Mg-SO4-
Cl types in the lower region, with Na-SO4-Cl predominant in the Middle Gobi.
These shifts were likely be attributed to the interplay of water-rock interactions,
coupled with evaporation-crystallization processes. Inverse modeling using
PHREEQC revealed that in the upper-middle region, primary water-rock
interactions involved calcite dissolution and the precipitation of dolomite,
gypsum, halite, and sylvite salts, as well as cation exchange reactions
(2NaX+Ca2+→CaX2+2Na+). In contrast, the hydrogeological system in the
middle-lower region exhibited an opposite pattern of water-rock interactions.
Overall, ecological water conveyance partially facilitated water-rock interactions
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during lateral groundwater flow, while irrigation disrupted the natural
hydrogeochemical equilibrium, involving halite dissolution and opposite cation
exchange reactions compared to other regions.
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Highlights

• Groundwater salinity demonstrated an upward trend along
the flow paths.

• Groundwater chemistry is influenced by river infiltration,
evaporation, and human activities.

• Water-rock interactions control groundwater chemistry, with
spatial variations.

1 Introduction

Due to the limited precipitation and high potential evaporation
prevalent in endorheic basins within arid and semi-arid regions, a
discernible reduction in water storage has emerged (Wang et al.,
2018; Petch et al., 2023; Wan et al., 2023). Within these basins,
groundwater plays a crucial role as a vital source for drinking water,
social-economic developments, and the sustenance of natural
ecosystems (Wang et al., 2011b; Yu et al., 2017; Wang T. et al.,
2023). Notably, a widespread decline in groundwater levels in arid
zones has been documented in the United States, China, and
Australia (Scanlon et al., 2006; Döll et al., 2012; Famiglietti, 2014;
Liu M. et al., 2018), leading to land desertification (Wang X. et al.,
2022; Wang X. et al., 2023; Huang and Zhai, 2023; Yang et al., 2023)
and ecological degradation (Wang and Cheng, 1999; Yu et al., 2022;
Chen et al., 2023), which cause an increasing focus on groundwater
research around the world. Through the analysis of the impact of
geochemical processes on groundwater in the semi-arid regions of
southern India, Karunanidhi et al. (2020) identified geological
factors, agricultural irrigation, and industrial activities as key
determinants of groundwater chemistry. Rajmohan et al. (2021)
employed inverse geochemical modeling to simulate the saturation
of minerals in groundwater, and revealed the impact of evaporation
on groundwater salinity in the arid coastal aquifers of western Saudi
Arabia. To enhance ecological and social sustainability in arid
regions, it is of utmost importance to gain a comprehensive
understanding of groundwater recharge and replenishment
processes with hydrological models (Wang et al., 2013; Yao et al.,
2015; Mensah et al., 2022), with particular attention to the exchanges
between groundwater and ephemeral streams (Wang et al., 2017;
Wang J. et al., 2023).

Naturally, the chemical composition of groundwater is governed
by the foundational trio of atmospheric precipitation, rock
dominance, and evaporation-crystallization processes (Gibbs,
1970; Marandi and Shand, 2018), as well as the additional
influential factors such as ion exchange and microbial redox
reactions (Labarca and Borquez, 2020; Qin et al., 2021).
Additionally, beyond natural factors such as aquifer lithology,
groundwater chemistry is significantly influenced by the chemical

compositions of recharging water sources, groundwater velocity,
and interactions with other water bodies or aquifers (Helena et al.,
2000; Wang Y. et al., 2023). Consequently, an analysis of
groundwater chemistry has the capability to detect surface-
subsurface hydrological processes and the interactions between
water and its surrounding environment (Liu et al., 2021; Wang
et al., 2024). Previous studies have shown that groundwater in dry
endorheic basins undergoes salinization processes primarily driven
by rock dominance and evaporation-crystallization (Sami, 1992;
Wen et al., 2005; Meredith et al., 2009; Wang W. et al., 2023).
Moreover, other hydrochemical processes, such as simple mixing
and ion exchange, can be observed in riparian areas, influenced by
exchanges between river water and groundwater (Qin et al., 2012;
Wang et al., 2013; Yuan et al., 2020).

All of the three largest endorheic rivers in northwestern China,
the Tarim River (Tao et al., 2011; Qian et al., 2024), Heihe River
(Akiyama et al., 2007; Cheng et al., 2014; Yu et al., 2023) and Shiyang
River (Ma et al., 2005; Huo et al., 2008; Fang et al., 2022), are
suffering from water deficits and riparian ecosystem crisis (Li et al.,
2018; Chen et al., 2022). In this context, surface water replenishment
under ecological water conveyance (EWC) leads to a reduction in
water table depth (WTD), thereby facilitating the exchange between
lower salinity surface water and groundwater, which effectively
diminishes groundwater salinity and improves groundwater
quality (Tao et al., 2008; Yuan et al., 2022). A comprehensive
understanding of the hydrological cycle and the evolution of
associated water chemistry holds fundamental importance for
effective water resource managements and ecological restoration
in these endorheic river basins (Li et al., 2018; Guo et al., 2019).
Previously, the hydrochemical characteristics of river water and
groundwater (Yang et al., 2011), as well as the evolution of
groundwater chemistry (Zhu et al., 2008) in endorheic rivers of
northwestern China, have been determined through the analysis of
groundwater samples collected over relatively short time periods.
However, comprehension of the long-term changes in groundwater
chemistry and the driving mechanisms behind these changes
remains limited.

The shallow aquifer of the Ejina Delta is predominantly
recharged by the Heihe River (Wang et al., 2011a). The depth of
the shallow groundwater table in the Ejina Delta generally does not
exceed 6 m (Wang et al., 2014). However, in irrigated regions, the
water table depth can surpass 10 m due to extensive groundwater
extraction (Wang et al., 2011a). As indicated by Wang et al. (2014),
groundwater dynamics are influenced by both natural hydrological
processes (e.g., groundwater evapotranspiration and riverbank
filtration) and human activities (e.g., groundwater pumping
events and flood irrigation with surface water). The study by Wei
et al. (2023) further indicates that the main influencing factors of the
Ejina Delta shift from river water infiltration in the upper recharge
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area to cation exchange in the middle runoff area, and to
groundwater evapotranspiration and leaching in the lower
discharge area.

In this study, we analyzed 327 sets of groundwater samples
collected from the lower Heihe River basin between 2001 and 2023.
The objectives of this study are, therefore, as follows: 1) to detect the
spatio-temporal changes in groundwater chemistry in the lower
Heihe River basin, from upstream to downstream, as well as from
riparian areas to the Gobi Desert; 2) to identify the predominant
mechanisms that control the hydrochemical processes in arid river
basins with intermittent river flows. This is of significant importance
for maintaining sustainable development of regional groundwater,
meeting the ecological balance and human needs in arid inland river
basins (Hu et al., 2019; Wang et al., 2019).

2 Methods and materials

2.1 Study area

The Ejina Delta, on the northwestern Alxa Plateau, located in
the lower reaches of the Heihe River in northwestern China
(Figure 1), contends with an extremely arid climate, featuring a
scanty average annual precipitation of approximately 35 mm

(Wang et al., 2017) and a notably high average annual potential
evapotranspiration of around 1,500 mm (Du et al., 2016; Liu et al.,
2016). Over the period from 1961 to 2015, the mean annual air
temperature in this area was about 9.1°C, with a maximum
monthly mean air temperature of 27.1°C in July and a
minimum of −11.2°C in January (Wang et al., 2017). However,
the annual mean temperature from 1960 to 2017 in the Heihe River
basin experienced statistically significant (p < 0.05) increases of
0.36 ± 0.09°C/decade based on the monitoring of meteorological
stations (Peng et al., 2022).

Dominating the landscapes within the Ejina Delta is the Gobi
region, characterized by wind-eroded hilly terrain, alkaline land, and
desert (Wang et al., 2011a). Additionally, there are narrower strips of
riparian vegetation along rivers, representing another, albeit less
common, landform (Wang et al., 2011b). In recent years, the
riparian vegetation coverage within the study area has
significantly expanded, increasing from 1,619 km2 in
2002–2,914 km2 in 2020 (Zhang, 2023). The Ejina Delta is filled
with unconsolidated Quaternary sediments, extending to a depth of
several hundred meters (Wu et al., 2002). These sediments exhibit a
gradual transition from coarse sand and gravel-pebble deposits to
medium and fine sands from the southwest to the northeast within
the study area (Wang et al., 2013; Yao et al., 2015; Vasilevskiy
et al., 2022).

FIGURE 1
Map of the study area and distribution of sampling points. (A) Location of the Ejina Delta in the Heihe River basin, (B) Geographical map of the Ejina
Delta. Orange dashed lines represent the indicative boundaries between the upper, middle, and lower regions of the Ejina Delta, 5 km RZ-XR and 5 km
RZ-DR denote the 5 km range from the riverbank of Xihe and Donghe rivers, respectively.
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The Heihe River, originating from snowmelt and rainfall in the
Qilian Mountains, bifurcates into two ephemeral streams, the
Donghe and Xihe rivers, at the Langxinshan hydrological station.
Subsequently, it flows through the Ejina Delta and reaches the East
and West Juyan Lakes. The phreatic aquifer in the Ejina Delta is
mainly recharged by Donghe and Xihe rivers, regulated by
environmental flow controls (Wang et al., 2011a). In the latter
half of the 20th century, excessive development and utilization in
the middle and upper reaches of the Hei River led to a significant
reduction in the flow duration of the lower Hei River (Ejina River),
which directly caused a decline in groundwater levels and a decrease
in groundwater volume in the Ejina Delta (Jiang and Liu, 2010). This
resulted in a continuous deterioration of the ecological environment,
manifested by oasis shrinkage, vegetation degradation, and an
increase in the frequency of sandstorms (Zhang et al., 2011). To
improve the local ecological environment, an EWC project, known
as the Hei River “97” water diversion plan, was implemented from
the year 2000, which involved intermittent artificial water transfer to
the lower Hei River (Jiang et al., 2019). This EWC increased the river
flow in the Ejina Delta, directing two-thirds of the surface runoff to
the East River (Supplementary Figure S1) (Zhang J. et al., 2023).
Additionally, the inflow from the Hei River is fresh water with a TDS
concentration of about 300 mg/L (Kou et al., 2019). Its infiltration
promotes groundwater recharge, helping to sustain groundwater
resources and restore the groundwater ecosystem (Liu et al., 2022;
Zhang J. et al., 2023). However, the extraction of groundwater with
higher concentrations (TDS = 2,000 mg/L) for agricultural irrigation
(Zhang et al., 2019) has led to two main issues: in some areas, the
depth of the groundwater level exceeds 10 m, and it has also
exacerbated the salinization of groundwater (Wang et al., 2011a).

In summary, the hydrogeological conditions in the Ejina Delta
are notably intricate, characterized by uneven distribution of surface
runoff and relatively concentrated agricultural irrigation in the lower
region. As a result, significant spatiotemporal disparities exist in
both water table depth (WTD) and hydrogeochemical
characteristics of groundwater.

2.2 Data and methods

2.2.1 Sampling and data processing
The comprehensive water quality dataset spanning from 2001 to

2023 was compiled through meticulous literature review (Wang
et al., 2011a; Qin et al., 2012) and field sampling. This dataset
includes 327 groundwater samples collected from 192 locations
(Figure 1), ensuring strict adherence to ion balance without
outliers. These points, strategically placed in the riparian zones
and desert regions of the Ejina Delta, include automatic
monitoring wells for electrical conductivity (EC), water table
depth (WTD), and water temperature (Tw) measurements, as well
as local wells used for pastoral and irrigation (June, July and August)
purposes. Before sampling, the well was pumped until water quality
parameters such as pH, conductivity, and temperature have
stabilized, at which point sampling can be conducted (Asubiojo
et al., 1997). Water samples were collected in polyethylene bottles,
sealed with parafilm, and stored at 4°C before testing within 1 week
of collection (Liu et al., 2023).

Parameters measured in the field included major ion
concentrations, pH, EC, WTD, and Tw, using a portable
conductivity meter (HI98188, HANNA) and a handheld meter
(CyberScan PC300) for pH, EC, Tw, and Oxidation-Reduction
Potential (ORP). Total dissolved solids (TDS) concentrations
were computed by summing the concentrations of major ions,
which include cations (Na+, K+, Ca2+ and Mg2+) and anions (Cl−,
SO4

2− and HCO3
−). WTD data were recorded for selected

monitoring wells. Groundwater samples were analyzed for
cations using an inductively coupled plasma spectrometer (iCAP-
7400, Thermo Fisher, United States) and for anions using an ion
chromatograph (ICS2100, Thermo Fisher, United States) (Zhang
et al., 2021). HCO3

− quantification involved titration with a
0.01 mol/L sulfuric acid solution (Zhang et al., 2021). Before
analysis, groundwater samples were filtered through 0.45 μm
filter membranes and diluted to an EC of <1 mS/cm to prevent
potential instrument damage.

2.2.2 Analytical methods
The hydrogeochemical simulations were executed using the

PHREEQC software (Parkhurst and Appelo, 2013), with an
established uncertainty threshold set at 0.1. For the inverse
modeling, the “phreeqc.dat” database (Parkhurst and Appelo,
1999) was chosen to provide the thermodynamic data. In the
examination of water-rock interactions, the mineral saturation
index (SI) was used in order to describe the state of minerals in
relation to their solubility in water. Subsequently, quantities of
dissolution, precipitation, and migration-transformation of
minerals were determined through reverse geochemical
simulations. The formula for SI is expressed as follows (Zhang
et al., 2021):

SI � log10 IAP/K( ) (1)
where IAP represents the ion activity product, and K denotes the
reaction equilibrium constant.

During the process of hydrogeochemical simulations, this study
further delineated regions and selected hydrogeochemical
simulation paths based on the locations of sampling points. The
Ejina Delta were divided into upper, middle, and lower regions along
the direction of water flow, and laterally into riparian zone (within
5 km of the main river channel) andMiddle Gobi zone (Figure 2). In
the investigation of groundwater water-rock interactions, 81 sample
data points from 13 long-term automatic monitoring wells in
various zones were selected for analysis. 8 interaction paths
(U-X, U-M, U-D, X-L, M-LM-1, M-LM-2, D-LM, LM-L in
Figure 2) were established along the direction of water flow,
comprehensively covering the Ejina Delta region.

3 Results

3.1 Spatial variation of
hydrochemical variables

The multiyear mean TDS concentration of the groundwater in
the Ejina Delta was approximately 1,527.4 ± 1,059.5 mg/L from
2001 to 2023, revealing substantial spatial variations among different
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zones (Table 1). In the upper region, characterized by a relatively
uniform lithological structure and coarse-grained aquifers,
groundwater TDS concentrations are relatively low (881.5 ±
331.6 mg/L), dominated by Na-Mg-SO4-HCO3 and Na-Mg-Ca-
SO4-HCO3 hydrochemical types (Figure 3). Along with the flow
paths, the aquifer permeability gradually decreases, yet the Donghe
and Xihe riparian zones maintain comparatively low groundwater
TDS concentrations (900.8 ± 469.9 mg/L and 1,077.6 ± 541.0 mg/L,
respectively), governed mainly by the Na-Mg-SO4-HCO3 water
chemistry type. However, in the Middle Gobi, groundwater TDS
concentrations are approximately 1,143.2 ± 585.7 mg/L, with a
significant shift in the dominant water chemistry type occurs,
transitioning to Na-SO4-Cl. In the lower region, characterized by
the highest TDS concentrations (1,953.6 ± 1,208.5 mg/L), the
primary water chemistry types are Na-Mg-SO4-HCO3 and Na-
Mg-SO4-Cl.

The groundwater TDS concentration in the upper region is
relatively stable and low with values ranging from 0.61 × 103 to
1.20 × 103 mg/L and no apparent inter-annual trend (Figure 4).
In the middle region, the groundwater TDS concentration is
overall higher than that of the upper region, ranging from 0.57 ×
103 to 1.71 × 103 mg/L, indicating a higher degree of
mineralization (Figure 4). At the same time, the TDS
concentration in the Middle Gobi is higher than that of the
riparian zone, with no significant overall inter-annual trend.
The lower region has the highest and most variable groundwater
TDS concentrations, indicating the highest degree of
mineralization at the downstream delta (Figure 4). Although
the groundwater TDS concentration in the lower region
fluctuates in different years, there is an overall upward trend,
with concentrations ranging from 1.33 × 103 to 2.94 × 103 mg/L

(Figure 4). Additionally, the data from 2017, 2021, and
2023 show a declining trend in recent years (Figure 4).
However, it is noteworthy that the sampling in 2023 was
carried out in mid-March, coinciding with the EWC from the
middle and upper reaches to the lower reaches, which may result
in a generally lower TDS concentration in the groundwater
across the entire study area.

The multiyear average WTD in the Ejina Delta from 2001 to
2021 was around 3.8 ± 2.2 m, ranging from 0.7 to 12.7 m (Table 1).
Significant spatial variations in WTD were evident across Ejina
Delta, with the lowest WTD of 2.4 ± 0.6 m in the Xihe zone and the
highest WTD of 4.6 ± 2.7 m in the lower region. The Donghe zone,
with an average WTD of 2.9 ± 0.9 m, was followed by the upper
region at 3.2 ± 0.8 m, and the Middle Gobi at 3.4 ± 1.0 m. The lower
region exhibited the most pronounced fluctuations in WTD (SD =
2.7), while other zones showed minor fluctuations over the years,
with SD less than or equal to 1.0 m. The multiyear annual Tw of the
Ejina Delta during the period of 2009–2023 was 13.0°C ± 3.9°C,
varying from 0.7°C to 22.6°C across all these zones. The multiyear
annual Tw in the upper region was the lowest (11.0°C ± 3.4°C), while
the Xihe zone had the highest multiyear annual Tw (14.7°C ± 4.3°C).

The groundwater within the Ejina Delta consistently exhibited a
slightly alkaline nature, as evidenced by a stable multiyear annual pH
of 7.8 ± 0.4 (Table 1). Zonal heterogeneity emerged in the major ion
composition (Na+, K+, Mg2+, Ca2+, SO4

2−, Cl− and HCO3
−) across the

Ejina Delta from 2001 to 2023. The major ion concentration of
groundwater showed a persistent spatial variation with TDS
concentrations, ion concentrations in the lower region
approximately 2–3 times higher than those in the upper region.
Furthermore, the middle region, including the Donghe zone, Xihe
zone and Middle Gobi, had significantly lower multiyear annual

FIGURE 2
(A) schematic diagram of water-rock interaction analysis paths. AM wells stands for automatic monitoring well. (B, C) are the geological profiles,
which is modified from (Xi et al., 2010a; Wang et al., 2014).
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concentrations of Mg2+, Ca2+ and HCO3
−, which were 59.5 ±

29.0 mg/L, 56.6 ± 25.2 mg/L, 273.5 ± 93.0 mg/L, respectively.
In the entire area, Na+ exhibited the highest cation concentration

(289.7 ± 222.3 mg/L), while SO4
2− showed a relatively higher anion

concentration (592.1 ± 493.8 mg/L). However, noteworthy
differences in ion proportions were observed among the different
zones. Cl− and HCO3

− had similar proportions in the Ejina Delta,
representing 28.4 ± 11.7 meq% and 25.9 ± 9.7 meq%, respectively. In
the upper region, Mg2+ had the highest proportion among cations,
accounting for 40.5 ± 3.9 meq% (Table 1). In the Middle Gobi and

lower region, characterized by less river water recharge, the
proportion of Cl− was higher than HCO3

−, while in well-
recharged zones such as the upper region and the riparian zones,
HCO3

− was dominant than Cl−, which aligned with the prevalent
hydrochemical types of groundwater in these zones.

According to Supplementary Figure S2F, SO4
2− is the ion with

the most significant interannual variation in the groundwater of the
Ejina Delta, followed by Cl− and Na+. Furthermore, the variation
trend of SO4

2− aligns closely with that of TDS, indicating that the
dissolution of sulfate minerals plays a significant role in shaping the

TABLE 1 Hydrochemical characteristics of the groundwater in the Ejina Delta and different zones (2001–2023).

Parameters Ejina delta Donghe zone Xihe zone

Max. Min. Mean SD Max. Min. Mean SD Max. Min. Mean SD

WTD(m) 12.7 0.7 3.8 2.2 5.0 1.8 2.9 0.9 4.0 1.5 2.4 0.6

Tw(°C) 22.6 0.7 13.0 3.9 19.3 3.6 13.0 4.3 21.5 3.8 14.7 4.3

ORP(mV) 352.0 −165.0 138.0 107.8 286.0 −94.6 149.9 133.6 259.0 −4.8 163.2 75.4

EC(ms/cm) 21.6 0.6 2.8 2.4 5.9 0.6 1.8 1.1 4.3 0.7 2.0 1.0

pH 9.8 6.5 7.8 0.4 8.7 7.0 7.8 0.4 8.8 7.4 7.8 0.3

TDS(mg/L) 5,793.5 454.6 1,527.4 1,059.5 2,982.5 454.6 900.8 469.9 2,754.9 569.2 1,077.6 541.0

Na+(mg/L) 1,617.6 47.0 289.7 222.3 782.7 47.0 181.0 146.0 632.0 89.5 225.1 140.5

K+(mg/L) 233.6 1.0 12.5 16.2 35.0 4.0 9.9 5.5 36.0 4.9 11.0 5.9

Mg2+(mg/L) 483.3 8.0 107.2 90.6 121.5 14.2 56.2 25.2 223.0 27.5 66.0 33.3

Ca2+(mg/L) 328.8 4.9 89.2 56.5 123.5 12.4 56.2 23.0 104.9 12.4 54.8 19.0

SO4
2−(mg/L) 2,760.0 51.4 592.1 493.8 1,390.0 51.4 315.8 239.8 1,328.0 73.8 392.5 246.8

Cl−(mg/L) 2,155.1 38.7 269.2 249.7 421.2 45.6 144.2 84.2 558.1 54.3 181.6 119.2

HCO3
−(mg/L) 1,299.3 90.3 340.5 176.0 527.7 151.0 279.6 65.0 1,033.0 91.5 297.8 132.7

Parameters Upper region Middle Gobi Lower region

Max. Min. Mean SD Max. Min. Mean SD Max. Min. Mean SD

WTD(m) 4.9 2.2 3.2 0.8 6.2 2.0 3.4 1.0 12.7 0.7 4.6 2.7

Tw(°C) 17.0 5.6 11.0 3.4 18.1 3.0 12.7 3.5 22.6 0.7 12.8 3.8

ORP(mV) 352.0 89.5 215.6 98.1 274.0 −67.2 142.2 128.5 242.0 −165.0 122.2 102.4

EC(ms/cm) 3.4 0.9 1.5 0.7 6.3 0.8 2.2 1.3 21.6 0.7 3.6 2.9

pH 8.5 7.3 7.7 0.3 8.9 7.2 7.8 0.4 9.8 6.5 7.8 0.5

TDS(mg/L) 1825.3 606.8 881.5 331.6 2,688.3 551.2 1,143.2 585.7 5,793.5 536.2 1953.6 1,208.5

Na+(mg/L) 343.3 83.1 124.4 57.7 628.2 113.9 260.2 131.5 1,617.6 69.8 356.2 257.5

K+(mg/L) 20.0 5.7 7.7 3.3 17.4 1.5 11.7 3.5 233.6 1.0 14.3 21.5

Mg2+(mg/L) 143.0 51.3 76.5 29.0 128.1 11.6 56.3 28.4 483.3 8.0 146.0 106.0

Ca2+(mg/L) 127.3 52.4 71.8 21.4 150.6 13.1 58.8 33.6 328.8 4.9 115.3 62.2

SO4
2-(mg/L) 791.3 59.2 319.0 176.5 1,211.0 73.2 424.4 285.6 2,760.0 52.7 778.5 569.1

Cl−(mg/L) 262.0 59.7 139.9 63.5 1,067.5 67.1 212.3 167.1 2,155.1 38.7 348.2 297.8

HCO3
−(mg/L) 535.0 221.7 289.3 69.9 552.8 90.3 243.2 81.3 1,299.3 109.8 397.0 206.3

Note: SD represents standard deviations.
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chemical characteristics of groundwater across different regions
(Jiang et al., 2022). Apart from HCO3

−, Cl− and Na+, the other
ions generally experienced two peaks in 2011 and 2017, with the
highest values occurring in 2017. From 2001 to 2023, the
concentrations of major ions in the upper region and riparian
zones were lower, generally below 500 mg/L, and showed a
declining trend in both the upper region and the Xihe River
(Supplementary Figure S2). The concentrations of major ions in
the lower region were higher and exhibited an increasing trend.

In the groundwater chemistry dataset of this study, the number
of data from monitoring wells is 106, whereas the number of data
from irrigation wells stands at 221, which is more than double the
number of the monitoring wells (Supplementary Table S1). Focusing
on the water chemical components, the average concentration of
TDS in irrigation wells is 1,742.0 mg/L, significantly higher than that
in monitoring wells, which is 1,080.1 mg/L. This indicates that
irrigation promotes the evaporation-crystallization processes of
groundwater. Similarly, the concentrations of Na+, Mg2+, Ca2+,
SO4

2−, Cl−, and HCO3
− in groundwater from irrigation wells are

generally higher than those from monitoring wells (Supplementary
Table S1). Notably, the concentrations of Mg2+ and SO4

2− in
groundwater from irrigation wells are almost double those from
monitoring wells. Moreover, high concentrations of sodium and
chloride may indicate the impact of salinization in the area of the
irrigation wells, which is a common issue in the process of irrigation

water use, as irrigation can lead to the accumulation of salts in the
soil with the rising of groundwater level.

3.2 Temporal variation of
hydrochemical variables

3.2.1 Interannual variation of
hydrochemical variables

The temporal variation of TDS in the groundwater of Ejina Delta
exhibits a complex pattern, characterized by intricate fluctuations
over the past 23 years (Supplementary Table S2). The TDS
concentrations in the upper region declined from 1,200.6 mg/L in
2001 to approximately 600–800 mg/L after 2009, with an exception
in 2011 (TDS reached 1,012.2 mg/L). The Xihe zone displayed a
more pronounced decrease in TDS concentration, dropping from
1,347.3 mg/L in 2001 to 808.0 mg/L in 2023. Conversely, TDS
variations in the Donghe zone, Middle Gobi, and lower region
were intricate, featuring notably higher TDS concentrations during
2011–2017. For instance, the lower region exhibited a mean annual
TDS of 1,953.6 mg/L, rising to a peak of 2,938.9 mg/L in 2017,
followed by a decline to 1,333.9 mg/L in 2023 (Supplementary Table
S2). From 2001 to 2023, the predominant groundwater chemistry in
the Ejina Delta comprised Na-Mg-SO4-HCO3, Na-Mg-SO4-Cl and
Na-SO4-Cl. However, noteworthy deviations were observed in

FIGURE 3
Piper diagrams (Piper, 1944) depicting groundwater chemistry in the Ejina Delta (2001–2023) with hydrochemical type distinctions (the red line in
the bottom right). (A–E) represent Piper diagrams for the upper region, Middle Gobi, lower region, Donghe zone, and Xihe zone, respectively. 1-Alkaline
earths (Ca2+ +Mg2+) exceed alkalis (Na+ + K+); 2-Alkalis exceed alkaline earths; 3-Weak acids (CO3

2−+HCO3
−) exceed strong acids (SO4

2−+Cl−); 4-Strong
acids exceed weak acids; 5-Carbonate hardness >50% (alkaline earths and weak acid dominate); 6-Non-carbonate hardness >50%; 7-Non-
carbonate alkali >50%; 8-Carbonate alkali >50; 9-No cation-anion pair >50%.
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2009 and 2011, with Na-Mg-HCO3-Cl and Na-Mg-SO4-Cl
emerging as the primary water chemistry types, respectively.

The upper region generally shows lower TDS concentrations
(Supplementary Figure S3). Additionally the TDS concentration in
the middle region does not vary significantly, while in the lower
region exhibiting the greatest changes. Notably, during the year of
2017, TDS concentration of groundwater in the lower region was
very high (2.94 × 103 mg/L) (Figure 3) with a following decreasing
trend in 2023 (Supplementary Figure S3). Overall, the groundwater
TDS concentrations in 2010 and 2023 were lower.

Over the past 23 years, the overall groundwater table in the Ejina
Delta has exhibited fluctuations within a range of about 4 m, with
the riparian zones significantly higher than other areas. Notably, the
mean annual WTD in Donghe zone demonstrates a distinct
rebound, recovering from ~ 4 m in 2001 to over 2.5 m after
2012, while other regions show no significant trend.

Throughout the entirety of the Ejina Delta, the pH values,
groundwater temperature and concentrations of major ions
exhibited no significant changes over the 23-year study period.
However, Consistent with the temporal trends of TDS,
concentrations of Na+ and Cl− displayed notable decreases in the
upper region and Xihe zone. For instance, the Cl− concentration
decreased from 267.7 mg/L in 2001 to around 80 mg/L in recent
years. It is noteworthy that, despite a consistent decrease in SO4

2−

concentrations in the Xihe zone, there was a discernible relative
increase in the Donghe zone, rising from around 170 mg/L before
2009 to 361.3 mg/L in 2023 (Supplementary Table S2).

3.2.2 Seasonal variation of hydrochemical variables
Seasonal differences in hydrochemical characteristics were

observed in the Ejina Delta across different zones from 2001 to
2023 (Table 2). The annual hydrological cycle exhibited distinctive
patterns in groundwater TDS concentrations. Higher values were
observed during summer (1,589.4 ± 1,128.5 mg/L) and autumn
(1,506.3 ± 853.0 mg/L), while the lowest values occurred in
spring (1,120.4 ± 708.7 mg/L) (Table 2). Spatial variations were
significant, with the upper region and Xihe zone displaying similar
seasonal features, while the Middle Gobi, lower region, and Donghe
zone exhibited different and more complex seasonal patterns.

The groundwater TDS concentration in the Ejina Delta is
relatively lower in spring and significantly higher in summer,
demonstrating a distinct seasonal pattern (Figure 5). The spatial
distribution of groundwater TDS shows a gradient from the upper to
lower regions in all seasons, with the lowest concentrations in the
upper region, and the highest in the lower region. This is likely due
to evaporation crystallization, agricultural irrigation, and reduced
ecological water transfer replenishment, which may lead to the
enrichment of minerals in the groundwater of the lower region.

FIGURE 4
Map of regional spatial changes in TDS concentration from 2001 to 2023. The inverted triangle and triangle represent increasing and decreasing
trend of TDS concentration, respectively.
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TABLE 2 Seasonal hydrochemical variations in groundwater across the Ejina Delta (2001–2023).

WTD Tw ORP EC pH TDS Na K Mg Ca SO4 Cl HCO3

m °C mV ms/cm mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Ejina
Delta

Spring 2.7 ± 1.2
(n = 12)

8.7 ± 3.8
(n = 34)

130.9 ± 143.4
(n = 34)

1.7 ± 0.9
(n = 34)

7.5 ± 0.3
(n = 13)

1,120.4 ± 708.7
(n = 34)

213.5 ± 152.4
(n = 34)

11.0 ± 5.6
(n = 34)

76.1 ± 58.8
(n = 34)

70.0 ± 38.4
(n = 34)

457.2 ± 360.5
(n = 34)

152.1 ± 94.2
(n = 34)

285.5 ± 105.0
(n = 34)

Summer 3.7 ± 2.3
(n = 119)

13.7 ± 3.5
(n = 213)

141.0 ± 89.4
(n = 80)

3.0 ± 2.5
(n = 219)

7.7 ± 0.4
(n = 219)

1,589.4 ± 1,128.5
(n = 241)

310.4 ± 242.1
(n = 241)

13.1 ± 18.5
(n = 241)

110.9 ± 94.7
(n = 241)

90.9 ± 57.9
(n = 241)

611.8 ± 524.2
(n = 241)

287.8 ± 274.5
(n = 241)

334.4 ± 175.1
(n = 241)

Autumn 4.3 ± 2.0
(n = 47)

12.9 ± 0.8
(n = 4)

2.1 ± 0.6
(n = 5)

8.0 ± 0.3
(n = 49)

1,506.3 ± 853.0
(n = 52)

243.7 ± 130.0
(n = 52)

10.6 ± 5.6
(n = 52)

110.5 ± 85.3
(n = 52)

93.7 ± 57.9
(n = 52)

589.2 ± 408.9
(n = 52)

259.6 ± 165.7
(n = 52)

404.7 ± 200.4
(n = 52)

Upper
region

Spring 8.5 ± 4.1
(n = 2)

233.0 ± 168.3
(n = 2)

1.1 ± 0.2
(n = 2)

7.3±
(n = 1)

692.9 ± 17.5
(n = 2)

89.2 ± 0.7
(n = 2)

6.4 ± 0.9
(n = 2)

60.8 ± 0.6
(n = 2)

65.3 ± 2.4
(n = 2)

281.3 ± 1.7
(n = 2)

79.4 ± 16.5
(n = 2)

224.5 ± 3.9
(n = 2)

Summer 3.3 ± 0.9
(n = 7)

11.5 ± 3.3
(n = 12)

206.8 ± 79.3
(n = 4)

1.6 ± 0.7
(n = 12)

7.7 ± 0.2
(n = 12)

794.6 ± 313.1
(n = 14)

120.2 ± 67.3
(n = 14)

7.3 ± 3.7
(n = 14)

66.7 ± 23.2
(n = 14)

69.1 ± 20.9
(n = 14)

264.8 ± 176.5
(n = 14)

133.4 ± 64.5
(n = 14)

269.5 ± 30.7
(n = 14)

Autumn 3.0 ± 0.6
(n = 5)

8.0 ± 0.3
(n = 5)

1,200.6 ± 244.0
(n = 5)

148.2 ± 23.1
(n = 5)

9.4 ± 2.1
(n = 5)

110.0 ± 24.5
(n = 5)

81.8 ± 26.4
(n = 5)

485.8 ± 93.1
(n = 5)

182.6 ± 47.6
(n = 5)

370.8 ± 97.9
(n = 5)

Middle
Gobi

Spring 3.3 ± 0.5
(n = 4)

9.3 ± 3.7
(n = 12)

149.3 ± 134.9
(n = 12)

1.8 ± 0.9
(n = 12)

7.6 ± 0.3
(n = 4)

1,119.4 ± 604.0
(n = 12)

254.2 ± 138.0
(n = 12)

11.9 ± 2.2
(n = 12)

54.9 ± 27.2
(n = 12)

56.1 ± 32.9
(n = 12)

457.8 ± 294.8
(n = 12)

175.4 ± 95.6
(n = 12)

221.6 ± 46.7
(n = 12)

Summer 3.4 ± 1.2
(n = 14)

14.6 ± 2.0
(n = 23)

113.8 ± 118.5
(n = 3)

2.4 ± 1.5
(n = 23)

7.8 ± 0.4
(n = 23)

1,154.7 ± 614.1
(n = 33)

265.2 ± 136.8
(n = 33)

11.4 ± 3.9
(n = 33)

57.8 ± 30.5
(n = 33)

60.2 ± 35.6
(n = 33)

417.2 ± 299.3
(n = 33)

231.6 ± 192.9
(n = 33)

226.5 ± 55.0
(n = 33)

Autumn 3.7 ± 0.2
(n = 3)

12.6 ± 0.7
(n = 3)

2.1 ± 0.7
(n = 3)

7.6 ± 0.2
(n = 3)

1,120.2 ± 352.5
(n = 4)

235.2 ± 77.3
(n = 4)

13.5 ± 3.3
(n = 4)

49.1 ± 15.1
(n = 4)

55.1 ± 23.6
(n = 4)

384.3 ± 156.2
(n = 4)

163.3 ± 59.5
(n = 4)

446.0 ± 75.7
(n = 4)

Lower
region

Spring 3.1 ± 2.4
(n = 3)

8.5 ± 4.5
(n = 8)

79.7 ± 147.4
(n = 8)

2.3 ± 1.1
(n = 8)

7.3 ± 0.2
(n = 3)

1,668.2 ± 1,088.7
(n = 8)

267.7 ± 234.8
(n = 8)

13.6 ± 8.9
(n = 8)

142.3 ± 88.3
(n = 8)

112.6 ± 43.9
(n = 8)

738.1 ± 568.1
(n = 8)

200.9 ± 130.0
(n = 8)

392.4 ± 133.6
(n = 8)

Summer 4.4 ± 2.8
(n = 63)

13.1 ± 3.6
(n = 128)

128.1 ± 94.8
(n = 58)

3.6 ± 2.9
(n = 133)

7.7 ± 0.5
(n = 133)

2020.2 ± 1,266.6
(n = 136)

381.1 ± 276.2
(n = 136)

15.5 ± 24.1
(n = 136)

149.9 ± 109.1
(n = 136)

116.1 ± 62.7
(n = 136)

796.4 ± 592.8
(n = 136)

367.6 ± 323.9
(n = 136)

393.8 ± 208.6
(n = 136)

Autumn 5.1 ± 2.2
(n = 28)

2.5±
(n = 1)

8.1 ± 0.3
(n = 31)

1742.2 ± 950.5
(n = 32)

272.7 ± 132.5
(n = 32)

9.3 ± 4.7
(n = 32)

130.3 ± 97.5
(n = 32)

112.3 ± 65.3
(n = 32)

712.5 ± 467.8
(n = 32)

302.5 ± 174.7
(n = 32)

411.8 ± 215.5
(n = 32)

Donghe
zone

Spring 2.4 ± 0.4
(n = 3)

7.5 ± 2.6
(n = 7)

123.6 ± 175.8
(n = 7)

1.4 ± 0.2
(n = 7)

7.6 ± 0.3
(n = 3)

891.2 ± 213.0
(n = 7)

168.5 ± 85.0
(n = 7)

8.7 ± 1.9
(n = 7)

61.6 ± 26.1
(n = 7)

58.3 ± 21.4
(n = 7)

327.6 ± 91.6
(n = 7)

126.7 ± 38.2
(n = 7)

284.3 ± 55.7
(n = 7)

Summer 2.9 ± 0.9
(n = 17)

14.9 ± 2.9
(n = 20)

180.6 ± 60.7
(n = 6)

1.9 ± 1.3
(n = 20)

7.8 ± 0.4
(n = 20)

942.7 ± 544.6
(n = 24)

198.7 ± 166.9
(n = 24)

10.5 ± 6.3
(n = 24)

57.2 ± 25.7
(n = 24)

54.4 ± 23.7
(n = 24)

331.3 ± 282.3
(n = 24)

157.5 ± 96.0
(n = 24)

270.6 ± 50.8
(n = 24)

Autumn 3.6 ± 1.0
(n = 4)

13.7±
(n = 1)

1.9±
(n = 1)

8.0 ± 0.1
(n = 3)

666.1 ± 222.3
(n = 4)

96.7 ± 36.9
(n = 4)

8.2 ± 3.4
(n = 4)

40.7 ± 19.9
(n = 4)

63.2 ± 25.5
(n = 4)

202.4 ± 65.5
(n = 4)

94.9 ± 36.9
(n = 4)

325.4 ± 137.7
(n = 4)

Xihe zone Spring 1.6 ± 0.1
(n = 2)

9.2 ± 4.9
(n = 5)

138.1 ± 128.5
(n = 5)

1.2 ± 0.3
(n = 5)

7.8 ± 0.1
(n = 2)

738.3 ± 180.7
(n = 5)

141.6 ± 57.4
(n = 5)

9.9 ± 7.9
(n = 5)

47.6 ± 13.3
(n = 5)

53.4 ± 17.7
(n = 5)

258.3 ± 61.9
(n = 5)

82.8 ± 9.0
(n = 5)

293.9 ± 109.2
(n = 5)

(Continued on following page)
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In spring, the TDS concentrations in the upper region are the lowest
among the three regions (Figure 5A). The middle region shows
moderate TDS levels, and the lower region starts to show increased
concentrations, although not as high as in other seasons. The overall
distribution of TDS is relatively uniform, with a gradual increase
from the upper to the lower region. In summer, the map shows more
significant variation in TDS concentrations. There is a notable
increase in TDS levels in the lower region, suggesting a higher
degree of mineralization (Figure 5B). This could be attributed to
reduced dilution and increased mineral dissolution due to decreased
river flows, groundwater extraction for irrigation, and higher
evaporation rates during the warmer months. The sampling
mainly took place in the summer, and the number of irrigation
wells significantly exceeds that of monitoring wells. Additionally,
monitoring wells are relatively closer to the rivers, which further
explains the lower groundwater TDS concentrations observed in the
monitoring wells mentioned earlier. In autumn, the TDS
concentrations in the lower region seem to decrease slightly
compared to summer, possibly due to the end of the growing
season and reduced irrigation (Figure 5C). The TDS
concentrations in the upper and middle regions remain fairly
consistent with spring levels, maintaining a moderate level of
mineralization.

In the Ejina Delta, the hydrogeochemical composition
consistently featured Na-Mg-SO4-HCO3 predominance
throughout all seasons. Notably, during the summer and autumn
seasons, Na-Mg-SO4-Cl groundwater was also present, constituting
15.8% and 19.2%, respectively. Na+ dominated with milliequivalent
percentages of 47.8%, 48.4%, 44.1% during spring, summer, and
autumn, respectively. Simultaneously, SO4

2− maintained its role as
the primary anion, comprising milliequivalent percentage of 48.6%,
45.5%, 44.6% during these three seasons, respectively. Additionally,
Cl− and HCO3

− exhibited comparable milliequivalent percentages
around 22.5%–42.9% and 22.5%–31.1%, with slightly fluctuations
across different years.

The WTD and Tw in the Ejina Delta exhibit pronounced
seasonal characteristics. In general, Tw reached its lowest point in
spring (8.7°C ± 3.8°C) and peaks in summer (13.7°C ± 3.5°C). On the
other hand, WTD values are at their maximum in autumn (4.3 ±
2.0 m) and minimum in spring (2.7 ± 1.2 m). Notably, in the upper
region and Xihe zone, summer is the season with the highest WTD
values, reaching 3.3 ± 0.9 m and 2.5 ± 0.6 m, respectively.

Seasonal fluctuations in pH values are observed in the Ejina
Delta, showing a slight increase in autumn (approximately 8.0),
except for the Middle Gobi region where the trend is less
pronounced. In spring, major ion concentrations generally
exhibit a tendency to be lower (excluding K+), while reaching
their peak in summer (except for Ca2+ and HCO3

−, which peak
in autumn).

4 Discussion

4.1 Human activities amplifying interregional
disparities in groundwater chemistry

In arid inland river basins, groundwater and river water are
vital for sustaining desert riparian ecosystems and agriculturalT
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irrigation (Huang et al., 2020; Hu Y. et al., 2021). Human
activities and natural hydrological conditions are the key
determinants of groundwater level and quality (Mi et al.,
2016; Kou et al., 2019; Wang et al., 2019). Previous studies
have indicated that EWC replenishes riparian shallow
groundwater (Liu et al., 2022) and improves groundwater
quality (Chen et al., 2005; Wang et al., 2019), while
agricultural irrigation leads to groundwater depletion and
water quality degradation, as well as alters the
hydrogeochemical processes of groundwater (Fan et al., 2022;
Yan et al., 2023). However, our results reveal significant spatial
variations in the response of different zones within the Ejina
Delta to these human activities.

4.1.1 Spatial variability in groundwater TDS
responses to EWC

Differing from the predominantly fresh water in the Heihe
River, characterized by TDS concentrations around 354.0 ±
157.4 mg/L (Kou et al., 2019), the Ejina Delta features elevated
TDS concentrations in groundwater, measuring 1,527.4 ±
1,059.5 mg/L (Table 1). Consequently, a distinct spatial gradient
variation in regional groundwater depth and salinity is evident
(Wang W. et al., 2023), with a gradual increase from the upper
region, riparian zones, and Middle Gobi towards the lower region
(Supplementary Figure S4). During the period of 2001–2023, the
average TDS concentration in the groundwater of lower region has
exceeded that of the upper region, reaching up to 2.2 times higher.

FIGURE 5
Seasonal variation of TDS concentration in the Ejina Delta. (A–C) respectively represent the variation of TDS concentration in spring, summer,
and autumn.
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Moreover, the upper region and riparian zones demonstrate as
responsive areas sensitive to EWC, displaying distinct and regular
fluctuations in groundwater salinity. As a result, the TDS and major
ion concentrations in the upstream and Xihe zones have experienced
a notable decrease from 2001 to 2023 via river influence
(Supplementary Table S2). It is worth noting that, despite the
fact that the annual average discharge in the Donghe River
(14.2 m3/s) can be 2.5 times that of the Xihe River (5.6 m3/s)
during 1988–2020 (Zhang J. et al., 2023), its groundwater TDS
concentration does not exhibit a declining trend, as observed in the
Xihe river. Instead, it shows a more complex pattern, indicating that,
in addition to EWC, the groundwater chemical characteristics could
be subject to additional factors, such as differences in subsurface
flow pathways and geological conditions (Figures 2B, C), as
elucidated by Xi et al. (2010a). The distribution and water
chemistry characteristics of groundwater between these zones can
also be discerned through ecosystem, which is highly sensitive to
EWC in arid inland river basins (Huang et al., 2020; Qiu et al., 2023).

Conversely, primarily governed by groundwater evaporation
and lateral recharge (Wang et al., 2014), the groundwater TDS
concentration in the Middle Gobi has remained relatively stable,
indicating a less responsive zone to EWC. Meanwhile, due to the
concurrent influence of human activities such as irrigation in the
lower region (Wang Y. et al., 2022; Wang W. et al., 2023), the direct
impact of EWC on groundwater quality cannot be conclusively
identified, the expected changes in groundwater TDS concentrations
and its impacts on ecological system under EWC needs more
detailed groundwater evolution model analyses.

4.1.2 Groundwater TDS responses to irrigation in
lower region

From the perspective of groundwater storage (GWS), the
southwestern region of the Alxa Plateau is experiencing strongly
depletion due to long-term groundwater extraction, while the
northwestern area (Ejina Delta) benefits from water diversion
projects, groundwater depletion has been relieved (Wang et al.,
2019). However, contrasting the groundwater characteristics
between irrigation and non-irrigation periods reveals that
agricultural water usage also exerts varying degrees of influence
on groundwater in different zones of the Ejina Delta. Groundwater
TDS is higher during irrigation periods by approximately 17%
compared to non-irrigation periods in the lower region and
Donghe zone, accompanied by a decrease in WTD. Conversely,
the upstream exhibits the opposite trend, while the TDS difference in
the Xihe and Middle Gobi areas is relatively insignificant
(Supplementary Table S3).

This result confirms that long-term development of irrigation
could locally contribute to a decrease in WTD in arid inland river
basins (Ainiwaer et al., 2019; Wang W. et al., 2023), thereby
facilitating salt intrusion from the vadose zone into shallow
groundwater aquifers and promoting groundwater salinization (Li
et al., 2016). Therefore, the groundwater TDS concentration is
highest in the lower region across the Ejina Delta, ranging from
1,953.6 ± 1,208.5 mg/L during 2001–2023, peaking at approximately
3,000 mg/L in 2017. Simultaneously, the groundwater table in this
region was the lowest (WTD around 4.6 ± 2.7 m), which even
reached a depth of 6.3 m in 2011. As groundwater can be
recharged by ephemeral runoff seepage, irrigation return flow,

and subsurface lateral inflow (Wang W. et al., 2023), irrigation
plays a pivotal role in the extended phreatic water recharge to
groundwater (Meredith and Blais, 2019), assuming a critical
function in sustaining agricultural production and fostering
community stability in arid regions (Fernald et al., 2015).
However, groundwater depth, salinity, and major ion
concentrations could notably impact the composition and
distribution of the plant community (Zeng et al., 2020). The
Populus euphratica population exhibits a declining trend under
higher salinity environments (Zhang Y. et al., 2023).
Consequently, changes in groundwater TDS resulting from
irrigation could have indirect effects on ecosystem development.

4.2 Water-rock interaction mechanisms
constrain regional groundwater
hydrochemical processes

The groundwater chemistry characteristics in the Ejina Delta are
primarily governed by water-rock interactions and evaporation-
crystallization processes, with a relatively weak seasonal variability
(Figure 6). While the upper region is dominated by rock interactions
(Figure 6D), other areas experience the combined influence of both
processes. Notably, the lower region exhibits a stronger influence of
evaporation compared to other zones (Figure 6F).

In addition, a significant shift in the dominant hydrochemical
type across the Ejina Delta has been observed (Supplementary Table
S2). Specifically, there is a transition from the Na-Mg-SO4-HCO3;
Na-Mg-Ca-SO4-HCO3 types in the upper region to Na-Mg-SO4-
HCO3; Na-Mg-SO4-Cl types in the lower region. The hydrochemical
composition shifted to predominantly Na-SO4-Cl in the Middle
Gobi, indicating a complex pattern of hydrochemical type
transformation. Besides the pronounced influence of intense
evaporation, dilution, and human activities such as agricultural
drainage, the groundwater chemical characteristics are also
significantly controlled by mixing and water-rock interaction
(Wang W. et al., 2023). Therefore, we elucidate the
hydrochemical processes underlying the observed water
compositions through ionic ratio plots as indicated by Hagedorn
and Whittier (2015), encompassing phenomena such as mixing, ion
exchange, and chemical reactions.

The high groundwater Na/Cl ratios shown in Figure 7A serve as
indicators of robust water-rock interactions (Zhu et al., 2007), with
Na+ originating not only from halite dissolution (SI of NaCl:
−5.83 to −6.81; Supplementary Table S4 Eq. 1), but also
potentially from silicate weathering and cation exchange
processes (Ibe and Ebe, 2000). Among these, the Middle Gobi,
Donghe and Xihe zones exhibit relatively strong water-rock
interactions with Na/Cl values of 2.2, 1.9 and 2.0, respectively. In
contrast, the interactions are weaker in the upper and lower regions
(Na/Cl = 1.5 and 1.8, respectively). Moreover, Zhang et al. (2021)
demonstrated that an excess of combined Mg2+ and Ca2+

concentrations over HCO3
− in groundwater (Figure 7C) suggests

the potential contribution of gypsum (CaSO4) dissolution to the
presence of Ca2+. Additionally, the significant positive correlation
between SO4

2− and Ca2+ (R2 = 0.78, p < 0.01) in Supplementary Table
S5 strengthens this observation. This suggests that, along with the
dissolution of carbonate minerals (calcite and dolomite), Mg2+ and
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FIGURE 6
Gibbs (1970) diagrams of the processes controlling groundwater hydrochemistry. (A–F) respectively represent Gibbs diagrams for the Ejina Delta,
Donghe zone, Xihe zone, Upper region, Middle Gobi, and Lower region.

FIGURE 7
Ionic ratio plots illustrating hydrochemical processes across the Ejina Delta. (A–E) respectively represent different Ionic ratio plots.
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Ca2+ in groundwater also originate from the dissolution of evaporites
such as gypsum (CaSO4), resulting in a relatively balanced ratio of
(Mg2++Ca2+)/(SO4

2−+HCO3
−) (Figure 7D).

Furthermore, as indicated by Jankowski and Acworth (1997),
the linear regression slope of (Mg2++Ca2+ − (SO4

2-+HCO3
−))/(Na+-

Cl-) ratio of −0.78 in the Ejina Delta implies the involvement of
cation exchange reactions in groundwater hydrogeochemical
processes (Figure 7E). Therefore, a more comprehensive
understanding of the groundwater hydrochemical evolution
requires a quantitative analysis of the spatial variations in water-
rock interaction processes across the Ejina Delta.

4.3 Hydrogeochemical process revealed by
inverse geochemical modelling

Through inverse modelling using PHREEQC based on data from
13 monitoring wells, which is characterized by groundwater chemistry
that is consistent with the overall Ejina Delta chemistry (Supplementary
Figures S5, S6). We found that the groundwater across the study area
exhibits quasi-equilibrium conditions for calcite (SI: −0.28 ~ 0.27) and
dolomite (SI: −0.31 ~ 0.77), with an observed transition between
oversaturation and undersaturation (Supplementary Table S4).
Furthermore, Gypsum (SI: −1.68 ~ −0.85), rock salt (SI: −6.81
~ −5.83), and potash salt (SI: −7.42 ~ −6.74) exhibit undersaturation
conditions, with a decreasing trend in SI towards the lower region,
implying strong evaporation-crystallization processes under the arid
environment (Shen et al., 2021), or a potential dissolution trend for
these minerals along the groundwater pathway.

Based on the results of inverse modeling along the selected flow
path across the Ejina Delta, the calcite dissolution and precipitation
of dolomite, gypsum, halite, and sylvite salts, as well as cation
exchange reactions (2NaX+Ca2+→CaX2+2Na

+) were observe from
the upper region to the Middle Gobi and riparian zones (U-X, U-M,
U-D in Table 3). This trend led to an increase in concentrations of
HCO3

− and Na+ in groundwater, while other major ion
concentrations decreased along the flow path (Supplementary
Table S6). In contrast, water-rock interactions exhibited an
opposite pattern from the middle to the lower region (Table 3),

involving calcite precipitation and dissolution of dolomite, gypsum,
halite, and sylvite salts. This trend resulted in a significant increase in
major ions and TDS concentrations in the lower region
(Supplementary Table S6), accompanied by the intensification of
evaporation processes (Figure 6F).

It is noteworthy that along the LM-L flow path, Point
VIII2—located near the farmland in the downstream area
(Figure 1)—is characterized by unique water-rock interaction
phenomena, influenced by anthropogenic activities such as surface
water flood irrigation. These phenomena include distinctive cation
exchange reactions (with changes in NaX and CaX2 concentrations
of −2.59 mmol/L and 1.30 mmol/L, respectively), halite precipitation
(a reduction in halite by 0.43 mmol/L), carbon dioxide absorption (an
increase in CO2 by 6.18 mmol/L), and elevated concentrations of
major ions and TDS in the groundwater.

In summary, the intrinsic mechanisms of complex groundwater
variations, including WTD, TDS concentration and hydrochemical
types across the entire Ejina Delta, are significant intricate (Figure 8).
The EWC process plays a crucial role in temporally replenishing and
diluting groundwater in the upper region and riparian zones,
influencing interactions between groundwater and surface-water
(Mi et al., 2016; Yuan et al., 2020). This dynamic, combined with
the slow movement of groundwater in the upper-middle region of
the Ejina Delta, facilitates the effective dissolution of calcite during
vertical recharge and transport (Liu Y. et al., 2018). Simultaneously,
in the middle-lower region under the impact of evapotranspiration
(ET) (Li et al., 2012) and relatively weaker impact of EWC, leads to a
notable decrease in the proportion of Ca2+ and an increase in Cl−

among all ions. This is probably attributed to water-rock
interactions, involving the precipitation of calcite and CaX2, and
the dissolution of halite in the middle-lower region. In the lower
region, escalating human activities are progressively increasing
groundwater salinity, influenced by a composite interplay of
natural processes (e.g., evaporation) and human activities (e.g.,
EWC and irrigation as indicated by Yang et al. (2018)). It is
noteworthy that agricultural irrigation, by reducing the WTD,
can also promote evaporation-crystallization processes (Wang
et al., 2020). However, due to the heterogeneity of subsurface
geological conditions, variations in water-rock interactions and

TABLE 3 Inverse modelling of selected flow path across the Ejina Delta during the non-irrigation spring period (concentrations in mmol/L).

Path U-X U-M U-D X-L M-LM 1 M-LM 2 D-LM LM-L

Monitoring wells I1 to II2 I1 to II3 I1 to II7 I2 to II1 I3 to II3 I3 to II5 I7 to II5 I5 to II2

Calcite 2.41 2.56 0.73 −2.87 −1.59 −2.84 −1.01 −1.75

CO2(g) −0.21 −0.67 0.16 0.36 0.63 0.06 −0.76 6.18

Dolomit −1.23 −1.35 −0.26 1.62 0.93 1.35 0.26 2.86

Gypsum −0.52 −0.48 −0.23 1.32 3.61 2.97 2.72 0.81

Halite −0.08 −0.16 −0.55 0.72 3.08 2.72 3.11 −0.43

Sylvite −0.01 0.07 −0.02 0.04 0.06 0.03 0.11 0.06

CaX2 −1.17 −0.64 −0.13 −0.06 −1.74 −2.33 −2.85 1.30

NaX 2.33 1.28 0.25 0.12 3.48 4.66 5.70 −2.59

Note: Positive values (in black)—mineral dissolution, negative values (in red)—mineral precipitation. The Tw used in the simulation corresponds to the monthly mean values recorded by

automatic monitoring wells. The selected simulation points and flow paths are depicted in Figure 2.
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groundwater characteristics differ along various zones. This
necessitates a more systematic approach to sampling and modelling.

5 Conclusion

In this study, we sought to identify the spatiotemporal variation of
groundwater hydrogeochemistry across the Ejina Delta and reveal the
potential mechanism on the variations in the salinity and water types
of different zones. We found that the groundwater salinity increases
from upper to lower region under the impact of both natural processes
and human activities. The former primarily influences water levels
and quality by enhancing the interaction between surface water and
groundwater, resulting in a decreasing trend in groundwater TDS
concentrations in the upper region and Xihe zone during 2001–2023.
While, human activities such as EWC and agricultural irrigation alter
the hydrogeochemical processes of the groundwater in arid inland
river basins, and are more pronounced in downstream areas, which
reduces the WTD and affects evaporation-crystallization processes,
thus intensifying salinization in the groundwater of the lower region.

We further identified the influence of water-rock interactions on
groundwater hydrochemical characteristic and concluded that shifts in
groundwater types are likely attribute to mineral dissolution and
precipitation. Despite the inherent complexity of the process driving
groundwater hydrochemistry, our efforts were directed towards revealing
the impact of both rock and evaporation dominant processes on the
groundwater composition across the Ejina Delta. Human activities could
alter groundwater chemical processes by influencing the conditions of
water-rock interactions, including geological conditions, lithological
composition, groundwater connectivity, etc. EWC, to some extent,
facilitated water-rock interactions via the lateral flow of groundwater,
whereas irrigation has disrupted the natural hydrogeochemical
equilibrium. In arid regions, it is essential to consider the impact of

irrigation on groundwater chemistry, as well as the differences in
geological conditions and their influence on groundwater chemistry
through water-rock interactions.

Notably, our analysis did not consider the impact of solutes stored
in the vadose zone (Min et al., 2018), ecosystem changes under EWC
(Hu S. et al., 2021; Li et al., 2022), local mining industry, upstream
water resources management (Xi et al., 2010b) on groundwater
hydrogeochemistry. Nevertheless, our study on inverse modelling
of groundwater hydrogeochemical evolution process provides a
current overview of the water-rock interaction within the Ejina
Delta and reveals its heterogeneity. More detailed data on
groundwater chemistry, coupled with the application of machine
learning models (Haggerty et al., 2023), as well as establishing a
network for long-term, continuous monitoring of groundwater
variations, are critically important. The findings of this study offer
a theoretical foundation for elucidating the anthropogenic and natural
processes that govern changes in groundwater quality, thereby
facilitating the optimization of water resource allocation and the
management of groundwater quality in arid regions.
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