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Abstract: The overall geochemical composition of natural-water regimes reflects the response to long-
term interactions between the water and the surrounding environment in the process of its circulation.
Their characteristics can reflect both aquatic ecological health and the tracer of the water source, as
well as the water budget. In this study, Hulun Lake, a remote lake in a cold and arid area of China, was
chosen in order to analyze its geochemical characteristics, including the major ions, stable isotopes
(3D and 5'80) and dissolved organic matter (DOM) in its lake water, river water and groundwater.
The major ions in the water were dominated by Na* + Ca?*-CO32~ and the concentration of ions in
the groundwater was significantly higher than that in the lake and river water, implying a dry climate
and relatively little human disturbance. The §D and §'80 values for both the groundwater and the
river water were similar and both were close to the global meteoric water line (GMWL), indicating
that their sources were mainly supplied by atmospheric precipitation. However, the §D and §'80
values for lake water were below the GMWL, indicating strong evaporation. The concentration of
DOM in the lake water was significantly higher than that in the river water and groundwater, which
was affected by the growth of aquatic organisms, and the three-dimensional fluorescence spectrum
characteristics also proved that the contribution of biomass sources was greater.

Keywords: geochemical characteristics; dissolved organic matter; source; Hulun Lake

1. Introduction

The chemical composition of natural water is generally determined by the result of
long-term interaction between water and its surroundings in the process of circulation [1,2].
In the process of the mutual transformation and migration of water bodies, substances dis-
solved in water are exchanged synchronously with the amount of water [3]. Among them,
K*, Ca?*, Na*, Mg2+, HCO;3~, CO32~,50,4% and Cl~ in lake water are the most basic and
key water-chemistry-characteristic indicators [4]. The composition of these natural elements
affects other elements in the water body, such as fluorine and arsenic [5,6]. The study of
lake-water chemistry, including its chemical content characteristics and spatial distribution,
is of great significance to determine the geochemical source of water ions, the chemical
weathering effects of the region and their relationship with the hydrogeochemistry [7,8].
In addition to the content characteristics of ions, the ratio characteristics of different ions
and the total ionic salinity can also reflect the source and exchange characteristics of water
bodies [9].

Water 2022, 14, 3696. https:/ /doi.org/10.3390/w14223696

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w14223696
https://doi.org/10.3390/w14223696
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-9503-6871
https://doi.org/10.3390/w14223696
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w14223696?type=check_update&version=1

Water 2022, 14, 3696

2 of 14

In addition to the natural-water-chemical-ion characteristics of water bodies, Dissolved
Organic Matter (DOM) in water is also another kind of water body index with important en-
vironmental significance [10]. DOM is a mixture of soluble organic compounds with specific
chemical compositions and complex structures, which generally exists in environmental
media such as water bodies and sediments [11,12]. Its content and composition directly
or indirectly affect the quality of the water environment, the growth and metabolism of
aquatic organisms, the migration and transformation of chemicals and pollutants and the
bioavailability [13-15].

Lakes are important ecological nodes in the water ecosystem, and a key factor in
ensuring their ecological health is having sufficient water [16]. The water in lakes is
replenished from sources such as rainfall, river inputs and groundwater [17]. At the same
time, lakes also serve as sources of water to replenish surrounding groundwater and lose
water due to transpiration [18]. In the process of the recharge and loss of lake water, the
chemical characteristics of natural water in lake-water bodies also change. For the source
and destination of lake water, the hydrogen and oxygen isotopes of the water and natural-
water chemistry are usually used for analysis [19-21]. The chemical method is mainly used
to distinguish different natural-water sources through the distribution characteristics of
potassium, calcium, sodium, magnesium and inorganic anions carried by different water
sources, while hydrogen and oxygen isotopes are mainly used to retrieve the transpiration
of lake water. However, there are still some uncertainties in these two methods. The
chemical method can be used to distinguish water bodies from different sources, but it
cannot effectively identify recharge dynamics, while the hydrogen-and-oxygen-isotope
method is not effective in identifying the transpiration of flowing rivers and buried water
bodies. DOM from different sources have different material composition, chemical structure
and functional groups. These natural organic products are produced in and migrate with
the water source; they are not affected by transpiration [22]. The use of DOM in tracing can
compensate for the two methods above to identify the flow dynamics.

A popular method for the characterization of dissolved organic matter in natural
water is the use of three-dimensional excitation—emission-matrix fluorescence spectra
(3D-EEM) combined with the PARAFAC method [23]. Fluorescence spectroscopy coupled
with parallel-factor analysis (PARAFAC) has been widely used to characterize DOM. Char-
acterization is based on the intensity and location of independent fluorescent components
identified in models constructed from excitation-emission matrices (EEMs) [24]. In the
ideal case, in which fluorescence conforms to Beer’s Law, this process can lead to the math-
ematical identification and quantification of independently varying fluorophores [25].The
main characteristics of three-dimensional fluorescence-spectroscopy-analysis technology
are its fast analysis speed, reduced sample consumption, lack of damage to samples and
large amount of information, which can be used to qualitatively or semi-quantitatively
analyze the organic matter in samples to a certain extent and can effectively identify the
sources and destinations of water bodies combined with the PARAFAC method [26,27].

Hulun Lake is the fifth-largest freshwater lake in China and the largest lake in the
north of China, with a maximum water depth of about 8 m and a water-storage capacity
of 13.85 billion m3 [28]. It has special hydrological, hydro-chemical and hydro-ecological
characteristics. It is a very rare natural-lake ecosystem with biodiversity and ecological
functions in a cold and arid area. According to the water-level-monitoring data for Hulun
Lake from the past 50 years [29], from 2001 to the present, the water supply of the lake has
been much lower than the water consumption and the water level has been continuously
decreasing with the shrinking lake area, which has seriously affected the biodiversity and
ecological balance of the lake regime. This rapid decline in the water level may have been
caused by the interaction between artificial factors (such as grassland degradation due to
overgrazing) and natural factors (such as rainfall, runoff, evaporation, etc.). Therefore, it is
of importance to identify the status and causes in the Hulun Lake regime. The purpose of
this paper is to analyze the sources and destinations of Hulun Lake’s water regime in depth
from multiple perspectives, using the traditional natural-water-chemistry characteristics
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and stable isotopes combined with the novel DOM analysis method in order to provide
technical support for the protection of Hulun Lake. Furthermore, this study may also offer
insights into water chemistry and its environmental implications for remote-lake regimes
in cold and arid areas.

2. Materials and Methods
2.1. Sampling

In July 2021, samples were collected from Hulun Lake and its inflow rivers and
groundwater (Figure 1). Lake-water samples and river-water samples were collected from
10 cm under the water surface. The groundwater was collected from the wells around
Hulun Lake and two parallel samples were collected from each location. After the sample
collection, the basic physical and chemical properties, including temperature, pH value,
dissolved oxygen (DO) and other basic parameters, were measured on site using an in
situ multi-parameter instrument (IQ150, Spectrum, the US) and the field environment was
recorded. The collected samples were brought back to the laboratory for analysis in a
portable refrigerator at 04 °C.
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Figure 1. Sampling locations in the Hulun Lake regime.

2.2. Sample Treatment and Analysis

In the laboratory, the collected water samples were first filtered by a 0.45-micrometerfilter
membrane. The filtered water samples were used for the determination of DOM content
using a Multi N/C 2100s TOC analyzer (calculated by TOC). Each sample was measured
3 times. Potassium hydrogen phthalate solution was used as the standard solution to draw
the standard curve, with a detection limit of 0.06 mg/L and a relative standard deviation of
less than 3% in the range of 0-100 mg/L. The 8D and 5'80 were examined using an isotope-
ratio mass spectrometer (L2140-I, Picarro, USA) (measuring range: 1000-50,000 ppm; Preci-
sion: 8D < 0.100%o; 680 < 0.0.025%o ). The concentrations of K*, Ca®*, Na*, Mg2+, HCO;7,
CO3%7,504%~ and Cl~ were measured using an ion-chromatography instrument (Metrohm
Eco IC, Switzerland).

The 3D-EEM used Edinburgh FS5 fluorescence spectrometer with excitation light
source: photodiode (EPL); bandpass: excitation wavelength Ag, = 5 nm, emission wave-
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length Agy, = 5 nm; response time set to automatic; scanning-wavelength range: Agx = 200
to 500 nm, Agy, = 250 to 600 nm. The 3D-fluorescence spectral data were imported into
MATLAB R2019a, and the sample was Raman- and Rayleigh-normalized after subtracting
the spectral signal of the blank water sample (ultrapure water). Finally, the DOM Fluor
toolkit was used to perform PARAFAC analysis in MATLAB software. A normality test
was conducted before extracting components and abnormal values were eliminated after
the test. A paired f-test was used to assess the differences in components.

2.3. Quality Assurance and Data Analysis

To ensure the accuracy of the method, parallel samples and replicate analysis were
conducted on all samples. The relative standard deviation for each group of replicates was
less than 10%, and the recovery of the reference material for all metals was between 85%
and 110%. All samples had two replicates and each replicate was tested twice for different
parameters. Therefore, each parameter had four measured data. For each parameter of
measured data, a normal-distribution test was conducted prior to the measurement of mean
calculations and comparison. Abnormal values were eliminated through a statistical test.
A significance level of 0.05 was used. Calculations and statistical analyses were performed
on Surfer 12 and Origin 2019.

3. Results and Discussion
3.1. Water Chemistry

First, the concentration of total ionic salinity (TIS) of the water was calculated based on
the concentrations of K+, Ca?*, Na*, Mg?*, HCO;~, CO3%2~, SO4%~ and Cl~ (Figure 2). The
results showed that the groundwater had the highest TIS content among the three water
bodies, with the average value of 1750.42 £ 132.43 mg/L. Secondly, the average value
of TIS in the lake water was 1250.402 + 55.43 mg/L. The river water had the lowest TIS
content, with an average of only 352.89 4 36.52 mg/L. As a source of drinking water, the
TIS in water contains minerals required by the human body, such as calcium, magnesium,
sodium and potassium. However, at the same time, it should be noted that in addition to
these beneficial cations, the water also contains anions, such as SO42~ and Cl~. Therefore,
the ion composition must also be analyzed in detail.
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Figure 2. The concentration of total ionic salinity of the water in the Hulun Lake regime.

As shown in Figure 3, the dominant cation in the chemical composition of the
groundwater, river water and lake water in Hulun River basin is Na*, with concentra-
tions of 17.28~1185.69 mg/L, 1.84~22.09 mg/L and 26.58~308.63 mg/L, respectively. The
dominant anion in the river water and lake water is HCO3~, with concentrations of
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Concentration (mg/l)

800

95.39~229.78 mg/L and 414.78~641.14 mg/L, respectively. Therefore, the chemical type
of the river and lake water is sodium bicarbonate. The dominant anions in the river wa-
ter and lake water are HCO3;~ and SO,42~, with concentrations of 23.18~1223.43 mg/L
and 17.86~1201.75 mg/L. While there are differences in anion concentrations between the
groundwater, river and lake, the order of the average anion concentrations is
HCO;~ > SO4>~ > CI~ > CO32~. In the different water bodies, the cation concentra-
tions are generally higher in alkali metal ions (Na*, K*) than in alkaline-earth-metal ions
(Ca%*, Mg?*). The average concentration order of cations in groundwater and river water
is Na* > K* > Ca?* > Mg?*, while that in lake water is Na* > K* > Mg?* > Ca?*.
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Figure 3. Cations (a) and anions (b) in the water in the Hulun Lake regime.

The order of the average concentration of the same cation is groundwater > lake water
> river water and the average concentration of CO32" is in the order of groundwater > lake
water > river water, which is the same as that of cations. For the mean value of the same
ion concentration, the order of the three water bodies is essentially the same, except for
CO532~. The ion concentration in the river water is significantly lower than those in the
groundwater and lake water, which is due to the long transport distance and flow time of
the river, the small fluctuation in the annual flow and the strong self-purification ability
of the river. The reason for the narrow variation range of ion concentration and the high
ion concentration is that Hulun Lake is a closed lake, and the ion concentration of the
lake water increases after long-term evaporation and concentration. The ion-concentration
standards of the groundwater around Hulun Lake are quite different, which indicates that
there are significant differences in the chemical composition of the groundwater.

Piper diagrams are often used to examine the chemical composition and chemical
phases in water samples in hydrogeological studies. Figure 4 shows that there is no
significant difference in the anion- and cation-composition characteristics in the Hulun
Lake regime, indicating that the hydrological connectivity in the Hulun Lake regime is
good. Overall, the cations in the waters of the basin are mainly K* + Na* and the anions
are mainly HCO3;~ + CO32~. However, it is worth noting that the concentrations of anions
at different locations in the groundwater are more dispersive than those of the cations.
Furthermore, the concentrations of SO~ and CI~ in some of the groundwater are higher,
which may be related to the geological background and human activities [30,31]. In order
to further elucidate the ionic-composition characteristics of the three water bodies, the
Langelier saturation index (LSI) was used to characterize the saturations of the water
bodies. The results showed that the LIS values of the groundwater ranged from 1.32 to 4.37
and that the average value was 2.7, indicating that the CaCOj in the water body was in a
supersaturated state, while the LIS values of the lake water and river water were 1.5 and
1.2, respectively, suggesting a relatively balanced state.
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Figure 4. Cations (a) and anions (b) diagram for the water in the Hulun Lake regime.

3.2. 6D and 6180

Figure 5 shows that the 8D value of the river water is —103.72~—83.47 %o, the 5180
value is —13.69~—9.89%. and the average values are —90.85%0 and —11.40 %., respectively.
The 8D value of the groundwater is —115.98~—84.51%o, the 680 value is —15.03~—10.25%o
and the average values are —93.04%. and —12.22%.. The 8D value of the lake water is
—98.08~—57.49%, the §'80 value is —13.21~—5.15%0 and the average values are —67.04 %o
and —7.15%o, respectively. The 8D and §'80 values of the lake water are the highest,
followed by those of the river water. The 8D and $'80 values of the groundwater are
the lowest, indicating that the 5D and 5'80 in the lake water are concentrated with the
evaporation of surface water. Although they are both derived from the surface water, the
8D and §'80 values in the lake water are significantly higher than those in the river water.
This is because the upstream river water may be recharged by the groundwater and the
river water is significantly influenced by the groundwater.
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Figure 5. 5D and §'80 for the water in the Hulun Lake regime.

Differences in 5D and 5'80 in water bodies are mainly due to the influence of pre-
cipitation origin, precipitation type and isotope-fractionation degree. There are always
some differences in slope and intercept between the local atmospheric precipitation line
and the global atmospheric precipitation line in different areas. The global meteoric water
line (GMWL) in this study was obtained through the regression fitting of the 5D and §'80
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data of the precipitation from 1988 to 1992 at Qigihar Station of the Global Network of Iso-
topes in Precipitation (GNIP, https:/ /www.iaea.org/services/networks/gnip) (Figure 6),
which is close to the study area and has similar climatic conditions. The equation is
8D =7.595'80-0.03 (n = 50, R2 = 0.98).
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Figure 6. The relationship with the meteoric water line for the 6D and 5180 in the water from the
Hulun Lake regime (the dotted line is fitted with data from Hulun Lake).

According to the relationship between the 5D and the §'80 in the lake water, river
water and groundwater in the Hulun Lake regime, it can be seen that the 5D and §'%0
in the river water and groundwater can generally fall on the GMWL in the Hulun Lake
area, indicating that the main water source of each water body is derived from atmospheric
precipitation. However, the lake water is significantly different from the two types of
water above and its D and §'80 values are below the atmospheric precipitation line,
GMWL. Through fitting the §D and 5'80 data of the Hulun Lake water, it was found
that the line slope of the lake-water fit was 5.09, which was lower than the slope of the
GMWL. This shows that the open-water environment of Hulun Lake makes the lake water
subject to strong evaporation, which can lead to excessive isotope fractionation. This is
consistent with the fact that Hulun Lake is located in an arid and semi-arid region, where
the evaporation is greater than the rainfall.

3.3. DOM

As shown in Figure 7, the mean value of DOM is 15.44 + 2.14 mg/L. The con-
centrations of DOM in the lake water are significantly higher than those in the river
water and groundwater, ranging from 14.49 mg/L to 38.04 mg/L, with an average of
21.69 £ 5.14 mg/L, followed by the river water, ranging from 12.17 mg/L to 18.62 mg/L.
The concentration of DOM in the groundwater is similar to that in the river water, with an
average value of 13.87 & 4.32 mg/L, but there is a large difference between the different
sites, with values ranging from 3.58 mg/L to 35.20 mg/L.
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EEM-PARAFAC is used to characterize the fluorescence components of groundwater,
river water and lake water. The fluorescence components in this study were compared
with the previously reported PARAFAC components in the natural environment, and the
sources of groundwater, river water, and lake water were effectively evaluated (Table 1).

Table 1. Comparison of peaks for each fluorescence component in different waters.

Tvpe of Water This Study Compared with Traditional Peaks
M Component Ex(max)/Em(max) Traditional Peaks Substance Represented
G d CU1 240,325/400 A, M Humus-like, aquatic organisms
roundwater cuU2 255,365/475 A, C Humus-like
Ri W, CR1 235,310/415 A, M Humus-like, aquatic organisms
tver Water CR2 260,370/485 A, C Humus-like
CL1 250,330/435 A, C Humus-like
Lake Water CL2 225,280/345 T Tryptophan-like, protein-like
CL3 270,400/495 No correspondence High molecular weight, aromatic

group, fulvic acid, etc.

The fluorescence spectra of the groundwater, river and lake water were analyzed by
EEM-PARAFAC. Two fluorescence components (CU1, CU2 and CR1, CR2) of the ground-
water and river water and three fluorescence components (CL1, CL2, CL3) of the lake
water are obtained. Corresponding to the traditional fluorescence peak [32], as shown in
Figure 7, the selection of each component number does not mean that EEMs only contain
these fluorophores, but selects the most representative fluorophores, which effectively
characterize the compositions of different water samples.

The spectra of fluorescence components of groundwater, river water and lake water an-
alyzed by PARAFAC and their excitation-emission-wavelength loads are shown in Figure 8.
Two fluorescence components, CU1 (Ex/Em = 240,325/400) and CU2 (Ex/Em = 255,365/475),
are released from the groundwater. CU1 has two excitation peaks when the emission wave-
length Em is 400 nm, representing the traditional A peak and M peak, respectively; the M
peak is considered to be related to the humus that may come from aquatic organisms [33].
However, some studies have shown that marine humus may not de derived from the
ocean and, rather, that they may be a kind of substance that is terrestrial or spontaneously
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produced by terrestrial (or aquatic) organisms or organic matter in the aquatic environ-
ment [34]. The component CU2 corresponds to the mixture of peak A and peak C of the
traditional humic-like peaks. They are often the main fluorescence peaks in the low-salinity
waters of the terrestrial environment, mainly derived from terrestrial humus. Their spectral
characteristics are similar to those of terrestrial higher plants and are also related to organic
matter degraded by microorganisms [13,35,36]. The two fluorescence components released
from river water are very similar to those from groundwater, among which the component
CR1 (Ex/Em = 235,310/415) is similar to the groundwater component CU1 and the compo-
nent CR2 (Ex/Em = 260,370/485) is similar to the groundwater component CU2, which
mainly arises from the discharge of humic-like waste water and microbial degradation [37].
Three fluorescence components are resolved from the lake water; the component CL1
(Ex/Em = 250,330/435) is similar to the groundwater component CU2 and the river-water
component CR2, both of which are common terrestrial humus components [38,39]. The
component CL2 (Ex/Em = 225,280/345) is a protein-like fluorescence peak [40], which is
associated with a tryptophan-like fluorophore (traditional T peak) [41]. Component CL3
(Ex/Em = 270, 400/495) represents a class of high-molecular-weight substances, including
aromatics, fulvic acid and some substances that can be chemically degraded by light, but no
corresponding traditional peaks were found [42]. In summary, the groundwater and river
water are homologous and mainly composed of humus-like substances, which are derived
from the discharge of human factors, terrestrial input and microbial transformation, while
the lake water is composed not only of humus-like substances, but also of protein-like
substances and some high-molecular-weight substances.
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Figure 8. Three-dimensional spectral-fluorescence characteristics of different waters.

3.4. Implications of the Water Geochemstry

Surface water and groundwater are important components in the water cycle and the
transformation relationship between them is the key link in the water cycle [43], which
affects the formation and structural characteristics of regional water resources [44,45]. In
the process of the mutual transformation and migration of water bodies, the geochemical
composition and DOM of the natural water in water bodies are also synchronized with the
exchange of water volume. In a typical inland lake, the water is replenished by atmospheric
precipitation, river water and groundwater, but no river can flow out. A Mg-HCO;
composition is typical of waters interacting with serpentinite rocks and the Ca-HCO3
chemical composition can be controlled by the dissolution of Ca-rich phases forming the
metabasalts [5,9]. The anions of the river water are all distributed in the rock-weathering
area and the cations are between the rock weathering and evaporation, indicating that the
dominant ions in the river water are mainly controlled by rock weathering and are affected
little by evaporation. The distribution characteristics of groundwater ions are similar to
those of the lake water, but they are more discrete than the lake water. From the TIS and
anion and cation diagrams of the three types of water, it can be seen that both the TIS and
the ionic composition in the river water were characterized by a natural water chemistry,
which was mainly affected by natural precipitation. However, the concentration of the TIS
in the groundwater was relatively high and the anion is dominated by HCO3~ + CO32".
The average C1™ /(Cl~ + HCO3 ™) values of the groundwater, river water and lake water
were 0.28, 0.13 and 0.18, respectively, in the range of 0.1~0.4. They are mainly located
in the rock-weathering and evaporative-crystallization areas, which are affected by the
combined action of the two, while the dominant ions in groundwater and lake water are the
same, indicating that the two are closely related. [9]. Although the concentrations of SO,
and CI~ are high in the groundwater, they may be derived from different sources. SO4%~
may contribute to aqueous solutions only through the oxidative dissolution of pyrite [46],
which proceeds very fast in the early stages of granite dissolution (for alkalinity lower than
30 mg HCO3/Kg), leading to a steep increase in SO4%~ concentration [47]. C1~ is generally
believed to be affected by human activities. The 8D and $'80 in the Hulun Lake regime are
below the GMWL, implying strong evaporation, while the river water and groundwater
are both above the GMWL, indicating that atmospheric precipitation is the main recharge
source for the river water and groundwater. For the DOM in the water, the vast Hulun Lake
provides a good ecological water environment. The water body is retained for a long time
and a certain amount of microorganisms and plankton in the water body are formed during
the growth and death process [48]. The DOM ensures that the TOC content in the water
body is the highest and the contribution of its biomass source components is relatively
high. Because the river water is in a flowing state and is replenished by fresh atmospheric
precipitation, the biomass in the water body is relatively small and the content of DOM
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is relatively low. For the groundwater, because the water is filtered by rocks and shading
inhibits the biological activity, its DOM content is the lowest.

4. Conclusions

The cation concentration of different water bodies is generally formed of alkali metal
ions (Na*, K*), higher than alkaline-earth-metal ions (Ca?*, Mg?*). The average concentra-
tion order of cations in groundwater and river water is Na* > K* > Ca?* > Mg?* and that
of lake water is in the order of Na* > K* > Mg?* > Ca?*. There is no significant difference
in the anion and cation composition characteristics for Hulun Lake and its inflow rivers
and groundwater, indicating that the hydrological connectivity in the Hulun Lake regime
is good. The TIS and LSI results showed that the CaCOj in the groundwater was super-
saturated, indicating that it was greatly affected by underground rock weathering, while
the lake and river water were in ion equilibrium. The D and §!80 in the river water and
groundwater generally followed the GMWL. However, the 5D and 80 values of the lake
water were below the GMWL, implying that the open-water environment of Hulun Lake
makes the lake water subject to strong evaporation. The concentration of DOM in Hulun
Lake’s water is significantly higher than that in the river water and groundwater and, in
addition to humus-like substances, it features biodegradable components, indicating that
biological growth in lake water is the main source of DOM.
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