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Understanding the hydrochemical evolutionary mechanisms of surface water

and groundwater in saline-alkali wetlands in arid and semi-arid regions

is necessary for assessing how wetland water resource utilization and

restoration processes may affect the natural interface between wetland

salinity and water. The Momoge National Nature Reserve (MNNR) is an inland

wetland in northeastern China that is mainly fed by irrigation water and floods

from the Nenjiang River. The purpose of the present study is to describe

the spatial distribution characteristics of surface water and groundwater

hydrochemistry and salinity in the MNNR and analyze the main processes

controlling these parameters. The composition of stable isotopes (δ2H and

δ18O) and water chemistry, including the levels of Na, K, Ca, Mg, HCO3,

SO4, and Cl, of 156 water samples were analyzed. The results show that the

lake water in the MNNR is at a risk of salinization owing to a high degree

of evaporation. The analysis of the ion ratio and mineral saturation index

showed that the ions in water are primarily derived from aquifer leaching,

and the precipitation of Ca2+ and Mg2+ resulted in lower Ca2+ and Mg2+

levels in lake water than in groundwater. Hydrogen and oxygen stable isotope

and deuterium excess analyses show that evaporation is the dominant factor

controlling the hydrochemistry and salinity of lake water in the MNNR. Long-

term effective monitoring of lake water and groundwater must be developed

to provide an early warning for the salinization of lake water and a scientific

basis for the protection and restoration of wetland ecosystem functions within

the MNNR.
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Introduction

Wetland ecosystems have a variety of unique functions
and structures between terrestrial and aquatic ecosystems.
Inland saline-alkali wetlands are an important type of wetlands.
They are mostly distributed in arid, semi-arid, and sub-
humid transition areas and characterized by inundation or
shallow-surface water environments, where saline-alkali soils
and halobiotic communities develop and constitute a unique
geographical complex of inland saline-alkali land ecosystems
(Sun et al., 2000; Zhao et al., 2021). Multiple threats from climate
change, population growth, land use, and hydraulic engineering
have resulted in inland wetlands being exposed to the risk of
increased saline inflows (Fowler et al., 2014; Herbert et al., 2015).
Salinization is an important factor that affects and drives the
ecological characteristics of the water environment in saline-
alkali wetlands. The salinization of wetland water bodies in
arid and semi-arid regions has attracted attention worldwide
(Lyons et al., 2007; Nachshon et al., 2014; Liu et al., 2018a;
Chamberlain et al., 2020). Owing to the stress of wetland
water salinization, the metabolism and carbon sequestration of
wetland aquatic plants have been seriously affected, resulting in
a gradual weakening in the functionality of wetlands as carbon
pools (Wen et al., 2017).

Climate, topography, water-rock interactions, and surface
water-groundwater (SW-GW) interactions play important roles
in the variation in salinity and hydrochemistry of wetlands.
Owing to the influence of these factors, the increase in
water salinity may be a slow process, lasting thousands to
tens of thousands of years (Skrzypek et al., 2013). High
evapotranspiration directly affects the salinity of wetland water
and contributes to the formation of soluble salts, which are
incorporated into wetland water by groundwater or tidal flow
(Alvarez Mdel et al., 2015). Wetlands are often located at
lower elevations, which exposes them to the risk of secondary
salinization because of rising water table levels. Furthermore,
highly dynamic surface-groundwater interactions in wetlands
drive the salinity, which can have positive or negative impacts
on wetland ecology (Jolly et al., 2008; Xin et al., 2022). Stable
isotopes and major ions in water are important tracers for
understanding the process of salinity change, and they can be
used to analyze the causes of water salinity in coastal or inland
wetlands (Galliari et al., 2021).

The saline-alkali soil region in western Jilin Province, China,
is a plain surrounded by mountains and watersheds. The source
of soil salinity is the accumulation of soluble salts in the parent
rock where groundwater flows from the surrounding uplands
to the depressions. The Momoge National Nature Reserve
(MNNR) is located in northwest Jilin, where groundwater from
the surrounding uplands converges. In 2013, it was included
in the list of wetlands of international importance under the
Ramsar Convention. The main geochemical processes that
control the salinity and hydrochemical characteristics of the

MNNR surface water and groundwater need to be explored.
The objectives of this study are to (1) explore the salinity
and hydrochemical distribution characteristics of surface water
and groundwater in the MNNR and (2) determine the main
geochemical processes that drive water chemistry and salinity in
water bodies within the MNNR.

Materials and methods

Study area

The MNNR is located in the western region of Jilin
Province, China, with an area of approximately 1,440 km2

and a geographic range between 45◦42′25′′–46◦180′′ N and
123◦27′0′′–124◦4′33.7′′ E (Figure 1). The MNNR is a typical
reserve established to protect inland wetlands and aquatic
ecosystems in northeastern China. It is an important migratory
stop for the endangered species Grus leucogeranus and was
included in the list of wetlands of international importance in
2013. The altitude of the reserve is between 100 and 171 m,
which is high in the northwest and low in the southeast. The
uplands in the western MNNR surround many small and large
lakes, while the eastern region is relatively flat with an elevation
difference of 2–5 m.

Lake distribution

MNNR is located on the western edge of the Songnen
Plain in the northern region of the Songliao subsidence belt.
Due to the Mesozoic rifted basin and the combined action
of paleogeography and paleoenvironment, alluvial, lacustrine
plains, and scattered lakes were formed. At the beginning of
the Quaternary Period, the Songnen Plain sank slowly, and
erosion was strengthened, causing transported gray-white sand
and gravel to be deposited at the bottom of the Quaternary
loose layer of the Songnen Plain. In the Early Pleistocene,
the western part of the Songnen Plain continued to sink and
formed a large ancient lake. In the Late Pleistocene, due to
the slow uplift of the watershed, the subsidence center of the
Songnen Plain continued to shrink and migrate westward. As
a result of the Wurm glacial stage, the cold climate spread
to the Songnen Plain, and the resulting cold and dry state
caused the ancient lake to gradually decline. The lake area
shrank, and it was divided into scattered small lakes. The
rivers that entered the plain became unconfined, and the
paleohydrological network underwent major changes, forming
inland river systems and lakes, accompanied by extensive saline-
alkali flatlands. Driven by severe cold and high pressure, the
anticyclonic winds were strong, and wind erosion formed
ancient sand dunes, sand ridges, and wind-eroded depressions,
which became the present day saline-alkali lake bubbles. Since
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FIGURE 1

Location of the study area and distribution of sampling points.

the Late Pleistocene, the lake area has gradually decreased and
been divided into smaller lakes. Therefore, MNNR is a lacustrine
alluvial plain formed by the combined action of lakes and rivers.
The continuous development and multiple river diversions have
resulted in numerous lakes.

Meteorology and hydrology

MNNR is located in a semi-arid region and has a
temperate continental monsoon climate with an average annual

temperature of 4.2◦C. The highest temperature occurs in
July, with an average of 23.5◦C, and the lowest temperature
occurs in January, with an average of –17.4◦C. The average
annual precipitation is 391.8 mm. Generally, precipitation
is concentrated from June to September, reaching 300 mm
and accounting for 76.6% of the annual precipitation. The
average annual evaporation is 1585.1 mm, with the highest
evaporation in May.

The MNNR is bounded by two natural rivers to the south
and east. The Nenjiang River, to the east, flows through the
reserve for 111.50 km, with a drainage area of more than 300
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km2. The Taoer River, to the south, flows through the reserve
for 60 km and then joins the Yueliangpao Reservoir. There are
two seasonal rivers that flow through the reserve: the Erlongtao
and Huerda rivers (Figure 1). Many lakes have developed within
this reserve under the combined influence of topography and
surface runoff. The west is dominated by brackish lakes dammed
by piedmont fan-edge depressions, the east is dominated by
floodplain freshwater lakes affected by floods, the middle is
dominated by low plains, and the lower reaches of the river form
a number of water passages from north to south, developing
a series of beaded freshwater lakes. The Qianhang Drainage
Station on the northern boundary of the reserve begins to
discharge farmland water into the reserve annually in May and
continues to discharge downstream through the sluice gate of
Baihe Lake.

Sample collection and field monitoring

Groundwater and surface water in the reserve were sampled
three times during one hydrological year in 2019 (Figure 1).
The samples included (1) groundwater from 43 wells, (2)
surface water from 18 lakes, and (3) water from major rivers
flowing into the reserve. The samples were collected before
the wet period (June), during the wet period (September),
and during the dry period (November). All groundwater
samples were collected after pumping three times the volume
of water in the pipe. Groundwater sampling was concentrated
in the central and western parts of the reserve as there
are few boreholes in the eastern floodplain of the MNNR.
Twenty-one sub-basins were divided based on the topography
to ensure that groundwater sampling points were evenly
distributed in each sub-basin in these areas. During the
sampling campaign, the groundwater table was measured at
each sampling point. These results provided a basis for assessing
the effects of precipitation and hydrodynamic conditions on the
isotopic and chemical compositions of lake and alluvial aquifer
groundwater.

A total of 156 water samples were analyzed for stable isotope
(δ2H and δ18O) and hydrochemical characteristics. The pH,
dissolved oxygen (DO), electrical conductivity (EC), and total
dissolved solids (TDS) were tested and recorded on-site using
multi-parameter water quality analyzers (HANNA HI98121
and HI98129, Italy). Laboratory analysis was completed at the
Northeast Institute of Geography and Agroecology, Chinese
Academy of Sciences. The δ2H and δ18O values of the
water samples were measured using a stable isotope mass
spectrometer (MAT253, United States), and the measurement
results were corrected with Vienna Standard Mean Ocean Water
(VSMOW). The accuracies of δ2H and δ18O were found to
be 0.3h and 0.1h, respectively. The K+, Na+, Ca2+, and
Mg2+ concentrations of the water samples were determined
using inductively coupled plasma spectrometry (ICP-OES735E,

United States), and HCO3
−, Cl−, and SO4

2− were determined
using ion chromatography (ICS-2100, United States).

Data analysis

The varying trends of precipitation, temperature, and
evaporation in the MNNR from 1960 to 2019 were analyzed.
The local deuterium excess was calculated using the equation
proposed by Dansgaard (1964). Using the weighted linear
regression model in SPSS software, a correlation analysis
of the main ions and environmental parameters in surface
water and groundwater in MNNR was conducted, based on
which the causes of water salinity were inferred. The possible
hydrogeochemical processes and the causes of surface water and
groundwater chemistry were determined using a Piper diagram,
main ion relationship analysis, and mineral saturation index
calculation.

Results

Hydrochemical characteristics

Alkaline water occupied most of the depression wetlands
in the MNNR, and the pH varied from 7.17 to 9.44. The
groundwater was practically neutral, with a pH ranging from
6.93 to 7.88. The groundwater and surface water varied from
freshwater (0.11 g/L) to brackish (3.97 g/L). The TDS of the
Nenjiang River water were between 0.10 and 0.15 g/L, while the
TDS of groundwater and lake water (including reservoirs) was
considerably higher than that of river water. The average TDS of
the sampling points in November was 0.80 g/L, which was nearly
0.20 g/L higher than that in September (0.61 g/L). In addition,
the groundwater TDS at each sampling point did not change
significantly during the three sampling campaigns. Water in
the Nenjiang River was dominated by HCO3

−, Ca+, Mg2+,
and Na+, and the types of cations varied seasonally. The lake
water was dominated by HCO3

− and Na+, which accounted for
approximately 80% of the main ions in the lake water. HCO3-
Na•-Ca type water occurred continuously in the reservoir water.
Finally, most of the groundwater was dominated by HCO3

−,
Na+, and Ca+, and the cations in a small fraction of the
groundwater were dominated by Mg2+ (Table 1 and Figure 2).

Distribution of H and O stable isotopes

The local meteoric water line (LMWL) was determined to
be δ2H = 5.75δ18O-16.85 by fitting the annual stable isotopes for
precipitation measured data from 2019. The slope of the LMWL
was smaller than that of the global meteoric water line (GMWL),
reflecting the semi-arid characteristics of the area. Evaporation
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TABLE 1 Average concentration of chemical components in water (mg/L).

Time Water type HCO3
− + CO3

2− Cl− SO4
2− Na+ + K+ Mg2+ Ca2+ TDS Hydrochemical type

Jun. Lake 537.68 47.3 51.22 201.7 15.26 22.81 735.8 HCO3-Na

Reservoir 219.54 30.71 30.88 44.31 12.32 36.66 371.31 HCO3-Na·Ca

Groundwater 512.01 42.21 22.69 85.66 26.41 72.23 505.2 HCO3-Na·Ca

River 65.88 17.75 6.13 7.57 5.03 18.02 120.88 HCO3-Mg·Ca

Sep. Lake 699.26 71.55 43.37 266.47 16.46 20.6 749.59 HCO3-Na

Reservoir 222.33 31.24 21.66 48.71 112.33 33.4 258.06 HCO3-Na·Ca

Groundwater 508.74 55.07 30.5 94.5 27.97 55.63 518.04 HCO3-Na·Ca

River 89.3 17.04 5.32 11.39 5.07 20.01 107.85 HCO3-Ca

Nov. Lake 840.7 87.61 79.04 345.67 18.73 24.39 975.79 HCO3-Na

Reservoir 240.1 32.84 20.13 51.96 13.23 37.18 275.4 HCO3-Na·Ca

Groundwater 481.16 73.62 44.93 122.42 30.06 74.47 586.074 HCO3-Na·Ca

River 124.44 22.01 9.34 22.7 7.28 23.09 146.65 HCO3-Na-Ca

FIGURE 2

Piper diagram of different water bodies in the study area.

of precipitation from the surface accounts for a large proportion
of the local water vapor source. The average values of δ2H and
δ18O in the groundwater, lake water, and river water were –
76.3, –9.1, and –50.8% and –4.7, –55.5, and –5.3%, respectively
(Figure 3). The isotope values of groundwater, lake water, and
river water in the MNNR were distributed along the LMWL,

indicating the interaction between different water bodies was
driven by precipitation recharge. The large water surface and
arid climate contributed to the strong surface evaporation that
occurred in the lake and the tail of the Erlongtao River, resulting
in strong δ2H and δ18O enrichment, while the stable isotopes of
groundwater and Nenjiang River water were relatively depleted.
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FIGURE 3

Relationship between δ18O and δ2H in different water bodies within MNNR.

Source of water solute

Driven by topography, groundwater flows from the
northwest to southeast in the study area. During this process,
water and rock interactions are dominated by leaching from
fresh groundwater, with a TDS of approximately 0.5 g/L. Owing
to the fine particle size of wetland sediments, the effect of
groundwater recharge was weaker than that of the concentration
caused by evaporation. This led to a significant increase in the
TDS of the isolated wetland to 2.3 g/L. However, for Baihe Lake
and other lakes fed by irrigation drainage, the effect of water
mixing was stronger than that of the concentration, and the
TDS of the lake water became stable at approximately 150 mg/L
due to the large amount of freshwater input from the irrigation
channel. The TDS concentrations correlated with that of Cl−

and Na+ in groundwater (R > 0.90) (Figure 4), indicating
the dissolution of halite in the aquifer. However, the TDS
concentrations were primarily correlated with that of HCO3

−

and Na+ in the lake water (R = 0.99), which was different from
groundwater. This indicated that groundwater is not the only
recharge source of lake water and that river water may be a
larger potential source. HCO3

− is continuously input into the
lake water from the river water and gradually accumulates under
strong evaporation. In addition, pH was an important factor
affecting the water chemistry of lake water, and it significantly
correlated with the concentrations of HCO3

− and Na+, and the
pH range of lake water, resulting in HCO3

− dominating the
carbonate balance.

The results of the relationship between the main ions
(Figure 5) show that the groundwater points of HCO3

− and
SO4

2− against Ca2+ and Mg2+ were distributed around the
1:1 line, indicating the dissolution of calcite, gypsum, and other

carbonate and sulfate minerals. However, the Ca2+ and Mg2+

concentrations in the lake water were considerably lower than
those in the groundwater, and the proportion of Na+ in the lake
water markedly increased. This was due to the precipitation of
Ca2+ and Mg2+ in the lake water during repeated evaporation
processes, which is the main process forming the saline-alkali
soil in the MNNR.

Discussion

Mineral dissolution and precipitation

The saturation index (SI) of minerals in water is helpful in
determining the dissolution and precipitation state of minerals
to describe the hydrochemical origin and salinization process
of the water body. The absence of Ca2+ and Mg2+ in the
surface water (Figure 5) was due to the precipitation of calcite
and dolomite (Figures 6A,B), as they were oversaturated in the
surface water because of high evaporation. The Ca2+ produced
by the dissolution of anhydrite and gypsum could not resist
the precipitation of calcite and dolomite (Figures 6C,D). The
SI values of halite in the groundwater and lake water were
negative and similar, indicating that halite still had the potential
to dissolve further and produce more Na+ and Cl− (Figure 6E).

Indication of d-excess characteristics

Studies have shown that evaporation leads to the fractional
enrichment of 2H and 18O in water bodies, which is
accompanied by an increase in TDS (Jin et al., 2018;
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FIGURE 4

Correlation matrices of hydrochemistry and environmental parameters (A: lake water; B: groundwater; the number of * from 1 to 4 indicate the
significance levels less than 0.05, 0.01, 0.001, and 0.0001 respectively).

FIGURE 5

Scatter plot of the relationship between main ions in groundwater and lake water.

Chen et al., 2020). The positive correlation between TDS and
δ18O in the MNNR lake water (R2 = 0.4031) was not evident
in the groundwater (Figure 7A). As the degree of evaporation
increased, the δ18O in the lake water reached 2.26h, and

the TDS reached 2,499 mg/L. In contrast to the d-excess
proposed by Dansgaard (1964), the LMWL equation was
used to calculate the local d-excess. The local d-excess and
TDS of lake water were negatively correlated (R2 = 0.2197),
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FIGURE 6

Saturation indices (SI) of water samples for selected minerals. (A) Calcite; (B) dolomite; (C) anhydrite; (D) gypsum; (E) halite.

whereas the d-excess and TDS of groundwater were not
significantly correlated (Figure 7B). The d-excess is important
for identifying the mechanism of water salinization. After
seawater evaporates, underground and surface runoff form
through the hydrological cycle, and depression lake wetlands
form in the discharge area. After the lake water evaporates
again, the d-excess continues to decrease, and the salinity
increases owing to continuous accumulation. This negative

correlation between d-excess and TDS can explain the effect of
evaporation on the stable isotopes, salinity, and the on-going
salinization of the water body. The lake water in the MNNR
undergoes salinization due to evaporation, and the groundwater
salinity is mainly affected by aquifer leaching in the water flow
path.

The precipitation, evaporation, and temperature data from
Baicheng Station, a meteorological station near the study area,
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FIGURE 7

Relationships between TDS and H and O stable isotope parameters. (A) TDS and δ18O; (B) TDS and d-excess.

showed that from 1960 to 2019, the annual precipitation was
in the range of 123–726 mm, with a gradual trend of decline.
The annual evaporation was in the range of 1,137–2,240 mm.
The 60-year average annual evaporation is nearly 4.4 times
the average annual precipitation, which confirms the semi-arid
climatic conditions and strong evaporation in the region. As
evidence of global warming in the MNNR, the annual average
temperature in the study area has gradually increased at an
average rate of 0.053◦C per year, but the annual evaporation in
the study area has exhibited a decreasing trend (Figure 8). This
is due to a decrease in the amount of solar radiation due to a
decrease in the number of sunshine hours globally.

Ecological consequences of wetland
salinization

Salinization poses a significant threat to the structure and
ecological functions of inland and coastal wetlands. Climate
change, human modification, or destruction of the natural
hydrological cycle has changed the balance of water and salinity,
resulting in increased soil and water salinity in a number of
wetlands at a higher rate than natural levels (Skrzypek et al.,
2013). Natural changes in wetland salinity may occur over time
scales of 10,000 years, whereas secondary salinization caused
by anthropogenic factors may only occur over several decades.
By analyzing the hydrochemical and isotopic characteristics of
groundwater and surface water in the Manas River Basin, Liu
et al. (2018b) concluded that mineral dissolution, transpiration,
and agricultural irrigation activities are the main causes of
groundwater salinization, which is consistent with the findings
of this study. Elevated soil salinity during secondary salinization
has the potential to increase the link between soil respiration
and moisture content (Drake et al., 2014). Through laboratory-
controlled experiments on peat deposits in coastal wetlands,
van Dijk et al. (2015) found that soil and water salinization

have an important impact on soil biogeochemical processes, and
sediment cation exchange and brackish water supply can alter
nitrogen and phosphorus availability and methane production
rate Albecker et al. (2019) found that changes in water salinity
affect frog skin microbial communities, thereby increasing the
survival and health of the host frog These and other studies
have displayed the causes of wetland salinization and the
possible consequences for wetland ecology. From macro-to
micro-perspectives, salinization plays an important role in the
wetland carbon cycle, biological community distribution, and
biogeochemical processes. Thus, the importance of freshwater
wetlands should be clearly recognized. The effective monitoring
and assessment of the sali process of freshwater wetlands are two
important steps in protecting their ecological environment.

Protect wetlands from salinization

As freshwater demand increases, the control and
remediation of freshwater salinization becomes increasingly
important (Vörösmarty et al., 2010). Moreover, once
salinization or secondary salinization occurs in freshwater
wetlands, the original plant community is irreversibly degraded
(Wang et al., 2019), causing the wetland to gradually change
from an oasis to a desert. Researchers have attempted to use a
variety of methods to slow the process of wetland salinization,
providing several good case studies (Zalidis, 1998; Litalien and
Zeeb, 2020; Wang et al., 2021). However, as each anthropogenic
source of freshwater salinization is associated with a specific
set of ions, there is currently no global standard for evaluating
the salinization of freshwater wetlands (Schuler et al., 2018;
Hintz et al., 2022). In the future, establishing standards and
legislation for wetland salinization may be an effective way
to slow the process of wetland salinization, as they play an
important positive role in wetland salinization assessment and
the reduction of anthropogenic impacts.
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FIGURE 8

Variation of precipitation, evaporation, and temperature in the study area from 1960 to 2019.

Conclusion

A portion of the lake water in the MNNR has been converted
to brackish water or is near the threshold range for fresh and
brackish water. In addition, the location and climatic conditions
of the MNNR place it at risk for lake salinization. Groundwater
brings salinity into depression lakes through aquifer leaching
along the flow path, and semi-arid climatic conditions and high
evaporation lead to the precipitation of Ca2+ and Mg2+ in lake
waters. Although the discharge of irrigation water dilutes the

water and forms drainage channels in certain downstream lakes,
reducing the risk of lake salinity, it may increase the downstream
nitrogen and phosphorus loads. Lakes lacking recharge water
sources and drainage channels have now become brackish.
Long-term effective monitoring of lake water and groundwater
should be suggested to provide early warning of salinization
of lake water within the MNNR, and active measures such
as formulating relevant evaluation standards and regulations
should be taken to avoid further salinization, which has a large
impact on wetland ecosystems.
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