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Abstract: Hulun Lake, located in a remote, semi-arid area in the northeast part of Inner Mongolia,
China, shares a transboundary basin with Mongolia and supports a unique wetland ecosystem that
includes many endangered species. Decadal scale decreases in the lake stage and increased salinity
make an understanding of the lake’s water and salt sources critical for appropriate design of strategies
to protect and manage the lake. Multiple tracers (chloride, and 6'80 and 6?H in water) in samples
collected from lake water, rivers, and nearby water wells were used in conjunction with an annual
water balance based on historic data to better understand the lake’s major water and salt sources.
The average annual water balance was conducted for two time periods: 1981-2000 and 2001-2013.
The contribution of river discharge to the annual lake input decreased by half (from 64% to 31%)
between the two time periods, while the volumetric contribution of groundwater discharge increased
four-fold (from about 11% to about 50% of the total lake input). Significant evaporation was apparent
in the stable isotope composition of the present-day lake water, however, evaporation alone could
not account for the high lake water chloride concentrations. Limited domestic well water sampling,
a regional salinity survey, and saline soils suggest that high chloride groundwater concentrations
exist in the region south of the lake. The chloride mass balance suggested that groundwater currently
contributes more than 90% of the annual chloride loading to the lake, which is likely four times
greater than the earlier period (1981-2000) with lower groundwater input. The use of water and
chloride mass balances combined with water isotope analyses could be applied to other watersheds
where hydrologic information is scarce.
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1. Introduction

Lakes and reservoirs are critical water resources for local ecosystem conservation and
socioeconomic development, especially in arid and semi-arid regions. However, climatic changes and
recent overallocation of water resources have affected the hydrological cycle of these water systems,
leading to decreased water availability, decreasing water levels (in groundwater and surface water),
water quality deterioration, and land desertification [1,2]. Sustainable management of water resources
requires an understanding of the inputs and outputs to a water system and the dynamics of how
groundwater and surface water interact with each other.

Hulun Lake, located in a remote, semi-arid area in the northeast part of Inner Mongolia, China
(Figure 1a), is the fifth largest lake in China. It supports a unique wetland ecosystem that includes many
endangered species, and is a Ramsar Wetland of International Importance included within UNESCO’s
World Network of Biosphere Reserves [3]. An approximately four-meter water level decline (observed
since 2001) has resulted in a rapidly shrinking lake size [4]. Sparse discharge data indicate inflow
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from the two rivers (Kelulun River and Wuerxun River) that flow into the lake has decreased from
1.75 billion m? in 1999 to 0.25 billion m3 in 2011 [5]. Low river flows have contributed to decreased
water levels, which have caused Hulun Lake to become endorheic (i.e., lacking any surface water
outflow). No outflow has occurred through Hulun Lake’s outlet (the Xinkai River) since 2000 [3], and
lake water salinity has increased from 1466 mg/L in 1999 to 2395 mg/L in 2011 [6]. Moreover, the lake
has suffered from visible eutrophication, impacting its ecological function [7].

Concern over the declining lake water level and deteriorated water quality have prompted
research [3,5,8-11] which has linked decreased water level to climate change. However, few lake water
budget studies were conducted due to sparseness of available hydrologic and geologic information.
Although a significant groundwater contribution to Hulun Lake’s annual water balance has been
implicated [8-10], no clear lines of evidence have been used to evaluate the relative magnitude of
groundwater contribution to lake input, nor the potential groundwater contribution to increasing lake
salinity. In particular, although the stable isotopes of water can provide good insight into lake water
balances and associated processes [12-14], they have not been applied to the Hulun Lake watershed.

Isotopic investigations are widely acknowledged as powerful approaches to study the hydrologic
cycle in ungauged or poorly gauged watersheds [15]. A combination of hydrochemical tracers and
stable isotopes approaches can provide insight into hydrological processes, including apportionment
between water sources (including groundwater contribution), and their contribution to lake water
balances [16-22]. In particular, the increase in the values of stable isotopes in water (5°H and 5'80)
with the increasing extent of evaporative losses [23] can be incorporated into isotope-mass balance
determinations to quantify water balances [24]. Similarly, conservative ions, such as chloride, can
provide an independent line of evidence to estimate evaporative loss when it is reasonable to assume
increased chloride concentrations result from evaporation only [25].

The objective of this study was to advance the understanding of the role of groundwater in the
Hulun Lake water balance and how this role has changed over time, and to evaluate the relative sources
of salt, or chloride, to the present-day lake. The sparse hydrologic data were applied to construct
water budgets over two time periods. The sparse historic data were combined with stable isotopic
composition and chloride concentrations in samples collected from the lake, nearby wells, and the two
inflowing rivers in 2014.

2. Materials and Methods

2.1. Study Area

Hulun Lake, located in a remote, semi-arid area in the northeast part of Inner Mongolia, China
(Figure 1a), is the fifth largest lake in China, with a maximum area of 2339 km? and a maximum water
depth of 8 m in 1963 [26]. Although the lake is located in China, about 64% of the lake’s total basin is
located in Mongolia [27]. Lake level data between 1981 and 2013 showed variable, but overall steady
levels between 1981 and 2000, and steadily decreasing levels between 2000 and 2011, with a total lake
level decrease of about four meters [4].

Although largely ungauged, discharges from Kelulun and Wuerxun Rivers (Figure 1b) are the
main lake water sources, and have been historically thought to be the main control on the lake water
level and size [9]. Most of the Kelulun River’s basin is located within the Khentii Mountains in
Mongolia. The Wuerxun River’s source is Beier Lake, which is an important natural fishery (Figure 1).
The intermittent Xinkai River, located at the northeastern extent of Hulun Lake (Figure 1c), provides
a sporadic outlet from Hulun Lake, transmitting the lake discharge to the Hailaer River, which
flows north from its intersection with the Xinkai River, marking the border between China and Russia.
The Xinkai River outlet occurs when Hulun Lake’s elevation exceeds 544.8 m a.s.l. (above sea level) [21].
At lower lake water levels, there is no lake outlet, and Hulun Lake is a closed, or endorheic basin, with
evaporation providing the main source of water loss. There has been no outflow from Hulun Lake
since 2000 [3].
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Figure 1. (a) Study area in country-scale map, with a green star indicating the location of the
International Atomic Energy Agency’s Global Network of Isotopes in Precipitation (Qiqihar station);
(b) Hulun Lake basin showing two major rivers (Kelulun River and Wuerxun River) that flow into
Hulun Lake, and the Xinkai River, which intermittently provides an outlet for Hulun Lake to the
Hailaer River; (c) River, domestic water well, and lake sampling site locations. The arrow near Hailaer
River shows the flow direction of Hailaer River. The Xinkai River is an intermittent connection between
Hulun Lake and the Hailaer River.

The study area is located in a semi-arid steppe area of the mid-temperate zone, with a climate
influenced by the prevailing westerly winds and the East Asian monsoon. In the past 50 years, mean
annual precipitation ranged between 247 and 319 mm, with 80-86% of the annual precipitation falling
between June and September. Mean annual air temperature is 0.3 °C, with the highest average monthly
temperature in July 20.3 °C, and the lowest average monthly temperature in January —21.2 °C. Mean
annual evaporation ranged between 1400 and 1900 mm, which is 5-6 times greater than the mean
annual precipitation [28].

Hulun Lake is mainly surrounded by broad lacustrine and alluvial plains scattered with stable
and semi-stable sand dunes along the southern and eastern shores. Mesozoic volcanic rocks form low
mountains (maximum elevation of 850 m a.s.l.) that are located along a fault system on the northwest
axis of the lake [28]. Extensive wetlands in the peripheral lake areas and shallow (hand-dug) domestic
water wells suggest that a shallow groundwater table is present in the lake periphery.

2.2. Field Sampling and Analytical Methods

Water samples were collected from the lake, the two inflowing rivers, and the domestic water
wells west and south of the lake between June and August of 2014 (Figure 1c). The samples were field
filtered through 0.45-um filters and stored in tightly capped plastic bottles for transport. Chloride
analyses were conducted by ion chromatography using an ICS-90 chromatograph (Dionex, Sunnyvale,
CA, USA) with an analytical uncertainly of +1%. The hydrogen and oxygen stable isotope analyses
were conducted using a CO,-Hj equilibration unit coupled with an Isotope Ratio Mass Spectrometer
(IRMS; Finnigan MAT Delta S, ThermoFisher, Waltham, MA, USA). The standard deviation in this
analysis was 0.1 for §'80 and 1.0 for *H. The isotope values are expressed as deviations in per mill
(%) relative to standard values of Vienna Standard Mean Ocean Water (VSMOW), shown as below:
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Although the Kelulun River was sampled at one location (Figure 1) on four dates, the Wuerxun
River (which is not easily accessed) was sampled only once.

2.3. Average Annual Lake Water Balance

An average annual water balance was conducted on Hulun Lake using available hydrologic data
to evaluate the role of groundwater in the lake hydrological system. Historic river discharge data for
the Kelulun and Wuerxun Rivers, monthly pan evaporation, and precipitation data were available
from the Hulunbeier Hydrological Station in Inner Mongolia, China (Supplementary data). Surface
water runoff in the Hulun Lake basin was assumed to be negligible given the high degree of vegetation
coverage, permeable soils in this area, and absence of visual evidence. The lake inflow thus includes
precipitation, two rivers (Kelulun and Wuerxun), and groundwater. Lake water outflow consists of
mainly evaporation and periodic discharge via the Xinkai River (i.e., when the Hulun Lake stage
elevation exceeds 544.8 m a.s.l.). The average annual water balance equation of Hulun Lake can be
expressed as:

AS=(P—E) A+ Qin— Qout +AV ()

where AS is the variation in annual lake water storage (m?), estimated as the change in lake level
multiplied by the lake area; A is the lake area (m?) interpreted by Landsat image; P is the annual
volume of precipitation (m); E is the annual volume of lake evaporation (m); Q;,, is total annual river
discharge (m?) from the Kherlen and Wuerxun Rivers as interpolated by sparse data; Qo is the annual
discharge of the Xinkai River (which was assumed to have an annual discharge of 1.44 x 108 m> when
the lake level exceeded 544.8 m [26]); and AV (m?) is the annual groundwater component of the water
balance, which is the only component that cannot be directly measured or indirectly estimated using
available data.

Hulun Lake evaporation was estimated by using monthly pan-evaporation data from the
Hulunbeier Hydrological Station, and an empirical correlation coefficient of 0.61 estimated from
measured pan evaporation and open lake evaporation during a long-term field experiment at Hulun
Lake from 1974 to 1984 [8].

2.4. Estimation of Evaporative Loss Based on the Stable Isotope Composition

The use of stable isotopes in water to quantify evaporative losses is essential in remote and
semi-arid areas, where evaporative losses are significant and data are scarce. This approach takes
advantage of the fractionation effect on hydrogen and oxygen that occurs at the interface between liquid
and vapour during evaporation. The calculation of evaporative loss based on stable isotopes in residual
water was initially founded on the Craig-Gordon model [29], which described the change in stable
isotope composition of residual water and vapour during the evaporation process. The Craig—Gordon
model has been reformulated to express these changes as a ratio of evaporation (E) to inflow (I) [30-33].
In this reformulated case, the ratio of evaporation to inflow in a lake is:

where ¢}, is the isotopic composition of residual lake water (i.e., Hulun Lake, %o), ¢; is the isotopic
composition of inflowing water (%), 8" is the limiting isotope composition (or the isotopic composition
after which further evaporation does not result in increased isotopic enrichment of the residual water,
defined below, in %), and m is the slope calculation factor (also defined below) [34,35].

The limiting isotopic composition enrichment factor, J * which is a function of air humidity (), the
isotope composition of moisture in ambient air (J4), and the enrichment factor (¢), is defined as [34,35]:
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Since the isotopic composition of moisture in ambient air (§ 4 in Equation (4)) is difficult to measure
in the field, the value is usually estimated from the isotopic composition of local precipitation (Jp)

based the isotopic equilibrium between ép and 64 [31-36].
ba=(Op—¢")/a* ®)

where a* is the equilibrium liquid-vapour isotope fractionation factor, and ¢* is the temperature-
dependent equilibrium isotope fractionation factor.
The slope calculation factor () in Equation (3) is defined [37,38] as:

m—= h_10€00 (6)
€
1= h+ 15

where ¢ is the kinetic isotope fractionation factor [30].
In Equations (4) and (6), ¢ is a “total isotope fractionation factor, equal to the sum of the equilibrium
isotope fractionation factor (¢*) and the kinetic isotope fractionation factor (g)” [39]:

e=¢" +e 7)

The temperature-dependent equilibrium isotope fractionation factor, ¢, is defined as € = 1000(1 — &™),
where a * is given below as a function of the interface temperature (°K) [40] for each isotope as follows:

10*In(a™) = 1158.8 x T 16201 x () 4 70a8a x (L) — 161,04 429992 x (12 ®)
RN T =7\ 108 ' 109 ‘ ' T
for 2H, and

103 In(at) = —7.685 + 6.7123 x <103> — 1.6664 x (106> +0.35041 x (109) )
T T2 T3
for 5180.
The kinetic enrichment factors for each isotope, ¢, are dependent on the boundary layer conditions
and the humidity deficit:
gr = 12.5(1 —h) x 1072 (10)

for 52H, and
g =14.2(1—h) x 1073 (11)

for 5180.

A freely available and validated software, Hydrocalculator, was used to calculate the evaporative
loss from lake water based on the equations above [41]. The stable isotopic composition of precipitation
(6p) was estimated as average values measured in precipitation from the nearest International
Association of Atomic Energy’s Global Network of Isotopes in Precipitation station (Qigihar, China
(Figure 1); 6p?H = -113.94%0, 5p'80 = —15.00%0 [42]). The isotopic compositions of inflowing water for
Hulun Lake was estimated as the intersection of the evaporation line with the LMWL (Local Meteoric
Water Line) (6;°H = —88.94%q, ;180 = —11.70%0), which was taken to represent the weighted mean
composition of water input to the lake [24]. Values for mean air temperature (T = 0.3 °C) and relative
humidity (k = 0.6) measured at the Hulunbeier Hydrological Station were used. The stable isotopic
composition of moisture in ambient air (J4) was estimated by £" and « *, where e* was 111.31%0 for
5?H and 11.78%q for 'O, a* was 1.1113 for 5°H and 1.0118 for 5'%0.
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3. Results and Discussion

3.1. Changes in Hydrological Budget and Net Groundwater

Lake water level variations between 1981 and 2013 were separated into two periods: 1981-2000
(when lake levels were relatively stable [4]) and 2001-2013 (when lake levels showed an overall decline
of about 4 m) for the water balance calculations (Table 1). The water was balance reflected in the lake
level changes, and was significantly different for the two periods. In particular, the annual difference
in water storage (AS) changed from a surplus in the earlier period (when outflow to the Xinkai River
occurred sporadically) to a deficit in the later period, when outflow to the Xinkai River was infrequent,
and lake levels gradually declined. The contribution of river water to the annual lake inputs (Q;;,)
decreased from 63.6% in the earlier period to 30.7% in the later period. The relative contribution of
precipitation to the annual water budget decreased slightly from 24.9% in the earlier period to 19.4%
in the later period. In contrast, evaporation increased by 8%, from 20.4 x 10% m3 in the earlier period,
t0 22.0 x 108 m3 in the latter period.

Table 1. Average annual water budget components in the entire period of 1981-2013, and also separated
into two periods (1981-2000 (when lake stage was stable), 2001-2013 (when lake stage was declining))
for Hulun Lake (in 10% m3). The change in lake storage (AS), volume of river discharge into the lake
(Qin), volume of river outflow discharge (Qou), contribution from precipitation (P), and loss from
evaporation (E) are considered. The residual amount is the estimated contribution from groundwater
discharge into the lake AV (GW). Negative values for storage mean a net decrease in storage over the
year. The fraction of total lake input is included for the three main lake water sources (Q;,, P, and

AV (GW)).
Year AS Qin Qout P E AV (GW)
Water budget (108 m® —0.6 10.8 0.3 4.8 21.1 5.2
19812013  vaterbudget (10°m7) -~
% of total lake input - 52.2 - 23.0 - 24.8
Water budget (108 m® 1. 14.5 0.6 7 20.4 24.
1981-2000 0a er budget ( ( m®) 8 5 0 8
% of total lake input - 63.6 - 24.9 - 114
Water budget (108 m® —4, 4 - ) 22. 9
2001-2013 0a er budge (Q m”) 3 5 35 0 8
% of total lake input - 30.7 - 19.4 - 49.9

* —indicates that the values do not apply.

Although the calculated contribution of groundwater (AV) increased from 11.4% in the earlier
period to 49.9% in the later period (Table 1), the increase was apparently insufficient to mitigate lake
water storage losses (AS) in the face of significantly decreased river flows, decreased precipitation, and
increased evaporation. The increased contribution of groundwater in the latter period, when the lake
level was lower, reflected an increased hydraulic gradient between regional groundwater table and
lower lake level.

3.2. Isotopic Composition and Chloride Concentrations in Present Day Hulun Lake and Its Water Sources

The chloride concentrations and isotopic (580 and §?H) compositions of lake, river, and well
water are shown in Table 2, and a dual isotope plot of §'80 and 8?H is shown in Figure 2. The LMWL is
defined by the precipitation data from the nearest International Association of Atomic Energy’s Global
Network of Isotopes in Precipitation station in Qiqihar, China [42]. The three types of water samples
are plotted distinctly on the dual isotope plot. The domestic water well samples are plotted along
the LMWL, reflecting meteoric water that has recharged the groundwater without undergoing any
significant precipitation. The wide range in domestic well water isotopic composition (i.e., 5180 values
ranging from —15.91%0 to —9.41%, and 6?H values ranging from —120.87%o to —72.02%) suggested
groundwater has been recharged at varying temperatures or elevations, with the samples with lower
values (e.g., W9 and W10) likely representing groundwater that was recharged at significantly higher
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elevation [43], perhaps in the mountains northwest of Hulun Lake. Six domestic well water samples
form a cluster on the dual isotope diagram (i.e., with '80 values ranging from ~~12.33%¢ to —11.40%o,
and 8?H values ranging from -93.05%o to -86.86%o) near the river water samples, and seem to represent
more local recharge. The lake water samples fall on a line that originates from the cluster of domestic
well water and river water samples, with a slope (5.32) that is less than that of the meteoric water line
(7.59) and is consistent with lake evaporation in a semi-arid climate [44].

Table 2. Measured 580, §2H and Cl for lake, river, and domestic well water samples. Sample locations
are shown in Figure 1. Lake water samples were collected on 4 July 2014, and domestic well water
samples were collected on 30 July 2014.

Sample Type (and Date) 8180 (%0) 82H (%o) Cl (mg/L)
Lake water
L1 —72.83 —8.55 140.6
L2 —71.87 —8.21 141.9
L3 —66.23 —7.27 189.3
L4 —66.59 —7.83 177.3
L5 —65.88 -7.16 172.6
L6 —65.71 —7.66 181.1
L7 —66.36 —7.61 179.1
L8 —65.97 —7.34 173.7
L9 —65.71 —-7.33 187.2
L10 —65.7 —7.47 182.9
L11 —65.91 -7.12 180.3
L12 —67.24 —7.38 173.5
L13 —65.75 —7.49 176.8
L14 —63.44 -7.12 116.9
L15 —65.21 —7.25 181.6
Kelulun River
R1 (25 June 2014) —11.84 —94.48 5.0
R1 (26 June 2014) —12.35 —95.99 5.7
R1 (4 July 2014) —10.98 —85.72 25.8
R1 (3 August 2014) —10.46 —84.00 21.0
Wuerxun River
R2 (4 July 2014) —11.24 —87.56 12.6
Domestic well water (south of Hulun Lake)
W1 —11.74 —89.43 330.7
W2 —11.90 —90.52 400.7
W3 —11.98 —89.61 357.8
Domestic well water (west of Hulun Lake)
W4 —11.40 —86.86 35.6
W5 —9.41 —72.02 28.7
We —12.33 —93.05 49.8
w7 —13.34 —100.54 17.0
W8 —11.64 —89.38 65.6
W9 —14.25 —105.24 17.2
W10 —15.91 —120.87 384

A cross plot of chloride concentrations vs. 5180 values of lake, river, and domestic well water
samples is shown in Figure 3. Higher chloride concentrations and §'80 values were found in the lake
relative to the rivers, which is consistent with more extensive evaporation of the lake water relative
to the rivers. The domestic well water samples, which did not show any evidence of evaporation
(Figure 2), are plotted in two zones in Figure 3. Zone I contains domestic well water samples with a
wide variety of isotopic compositions (thought to represent varying recharge elevation) but consistently
low chloride concentrations (i.e., less than 70 mg/L). These samples (W4 to W10 in Table 2) are from
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domestic water wells on the west side of Hulun Lake. In Zone II, relatively high chloride values
(>330 mg/L) occurred in three wells south of the lake (W1 to W3 in Table 2), however, the stable
isotope values are not different from the samples in Zone I (Figure 2). The high chloride concentrations
in the Zone II water samples reflect another source of chloride such as rock-water interaction in
regional groundwater flow. A similar effect was studied in Australia, where researchers distinguished
between evaporation-induced increases in chloride concentrations and rock-water interaction using
a suite of isotopic and geochemical tools [45-47]. The southern region of Hulun Lake has salt-rich
solonchak soil, suggesting the discharge of, and potential presence of, salt-rich groundwater [26].
The possibility of high chloride concentrations in the south of Hulun Lake is discussed after the
chloride mass balance below.

-50
,-’/ \,\\{\e
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110 + +river
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Figure 2. Dual isotope diagram of §'0 and §*H in lake, river, and domestic water well samples.
The local meteoric water line (LMWL) is shown for the International Atomic Energy Agency’s Global
Network of Isotopes in Precipitation, Qiqihar station [42].
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Figure 3. A cross plot of 5180 values and chloride concentrations in lakes, rivers and wells. Zone I
and Zone II are divided based on the significant difference in chloride concentrations in western and
southern wells, respectively.
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3.3. Evaporative Loss Calculations as an Indication of Saline Groundwater Discharge to Hulun Lake

3.3.1. Evaporative Loss Calculations and Their Uncertainty

The ratio of evaporation to inflow (E/I) was calculated using each of *H and §'30 (Table 3).
The mean E/I ratios ranged from 0.20 to 0.51 in samples taken from different locations on the lake,
which are consistent with relatively high evaporation rates relative to inflow in lakes [41]. Although
the E/I values vary between 5°H and 8'30, they were linearly correlated with one another (with an R
value of 0.72), and differences between E/I values calculated with 5>H and §'80 are common studies
on evaporative loss [34-40]. In general, the values calculated using §'80 (in this case, ranging between
0.20 and 0.33; Table 3) are considered more reliable than those calculated using 52H [40,41], and are
used below.

The E/I values calculated using Hydrocalculator [41] were not particularly sensitive to climatic
values. The calculated values of E/I only differed by ~0.009 for §’H, and ~0.001 for 5'80, for each
degree of temperature change. A similar, small range of uncertainty occurred when humidity was
varied, where difference of 1% resulted in a difference in the E/I value of ~0.005 for 580 and ~0.017
for 82H. The assumption of isotopic equilibrium between precipitation (6p) and moisture in ambient
air (04) is a source of uncertainty in E/I. However, the dependence lies primarily in the limiting isotope
enrichment factor (5°) and moisture in ambient air (54) [41,42]. In our case, change in § 4 estimation of
10%o in 6?H input values caused a difference in the E/I value of 0.147, and a change in 84 input values
of 1% in 8'80 caused a difference in the E/I value of 0.020.

3.3.2. Evidence of Groundwater Discharge with High Salinity to Hulun Lake

Chloride can be used as a conservative tracer to indicate evaporation of water since it is not
affected by geochemical processes except at very high concentrations, i.e., when chloride mineral
solubilities are exceeded. Assuming that dissolved chloride and stable isotopes are transported in a
similar manner in the lake, and their concentration variations depend only on evaporation and mixing
of the lake water sources, then the relationship between calculated evaporative loss from lake water
(E/I) and chloride concentration can be estimated as follows [48]:

E/I=[1-Cl;/Cl] (12)

where Cl; and Cl} are chloride concentrations in the inflow and lake water respectively. Using the
E/I ratios calculated from the water isotope data, the initial weighted mean chloride concentration in
inflowing water from all water sources can be estimated as:

Cl[:(l—E/I)XClL (13)

Since the use of §'80 is more reliable than 5*H for evaporation calculations (as discussed above),
the E/I ratios calculated using 5180 (Table 3) were used to estimate the average chloride concentrations
of Hulun Lake’s total inflow. The resulting calculated chloride concentrations for the combined input
from rivers, precipitation, and groundwater ranged from 78.4 to 131.2 mg/L, with an average value of
120.1 mg/L (Table 3).
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Table 3. The evaporation to inflow (E/I) ratios calculated by §°H and §'80 values in Hulun Lake with
mean values and potential error estimated as absolute value of differences between E/I for §*H and
§180. The calculated Cl is the average chloride concentration of all inputs, as deduced by the E/I ratios

of 5180.
. EIT Calculated Total
Site Name - - Inflow [CI] (mg/L)
Calculated Using §*H Calculated Using §'80 Mean &
L1 0.33 0.20 0.27 112.5
L2 0.36 0.23 0.30 109.3
L3 0.56 0.32 0.44 128.7
L4 0.55 0.26 0.41 131.2
L5 0.58 0.33 0.46 115.6
L6 0.59 0.28 0.44 130.4
L7 0.56 0.28 0.42 129.0
L8 0.57 0.31 0.44 119.8
L9 0.59 0.31 0.45 129.2
L10 0.59 0.3 0.45 128.0
L11 0.58 0.33 0.46 120.8
L12 0.52 0.31 0.42 119.7
L13 0.58 0.29 0.44 1255
L14 0.69 0.33 0.51 78.4
L15 0.61 0.32 0.47 123.5
Average 0.55 0.29 0.42 120.1

The estimated average chloride concentration for total inflow to the lake (i.e., 120.1 mg/L) is
much higher than the measured river chloride concentrations (i.e., average of 14.4 mg/L (std. dev. 10.6,
n = 4) in the Kelulun River, and 12.6 mg/L for a single sample the Wuerxun River; Table 1), and also
higher than chloride concentrations in precipitation (e.g., 5.8 mg/L measured in northern China) [48].
Recent lake sediment sampling in Hulun Lake revealed low sediment chloride concentrations do not
indicate lake bottom sediments as a chloride source [49]. The remaining component of lake water
input that could be responsible for relatively high lake water chloride concentrations is groundwater
discharge, which is estimated to be 24.8% of total annual input (Table 1, 1981-2013). As discussed
above, the three domestic water wells sampled south of the lake (W1, W2, and W3; Figure 1) had
elevated chloride concentrations ranging from 330 to 400 mg/L (Table 2), with an average value of
363 mg/L, suggesting groundwater discharge to Hulun Lake could be a significant source of chloride.
This is discussed below in the context of a chloride mass balance.

3.4. The Chloride Mass Balance on Hulun Lake Inflow

Inflow to Hulun Lake is thought to be comprised of three main water sources: precipitation, the
two rivers and groundwater. As the chloride concentration in precipitation and the two rivers were
measured, and the estimated volumetric contribution of each of the three main sources of water to
the lake have been estimated (2000-2013; Table 1); a chloride mass balance can be used to estimate an
average chloride concentration in groundwater discharge to the lake as follows:

N Q[XCZ]—QRXCZR—QPXCZP
Qew

Clew (14)
where CIj, Clgw, Clg, Clp are chloride concentrations of the total combined inflow, groundwater, river
water, and precipitation, respectively. Similarly, Q;, Qcw, Qr, Qp are the relative contributions (%) of
total inflow, groundwater, river water (Qr = Q;;,), and precipitation, respectively. The annual water
budget estimated the relative contributions of river discharge (52.2%), precipitation (23.0%), and
groundwater (24.8%) for the period of 1981 to 2013 (Table 1), and an average chloride concentration of
120.1 mg/L for total inflow (Table 3) was previously calculated. The average chloride concentration in
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river water average was 12.5 mg/L (Table 2) and in precipitation the average value was estimated as
5.80 mg/L [49].

An average chloride concentration of 452.5 mg/L was calculated for groundwater based on the
chloride mass balance (Equation (14)), which is reasonably similar to the average observed value of
363 mg/L in groundwater in the southwest of the lake. Thus, groundwater apparently contributes
most of the annual loading of chloride to Hulun Lake (93.5%) relative to precipitation (1.1%) and river
flow (5.4%). Assuming the average chloride groundwater concentration has not changed since 1981,
the four-fold increase in groundwater discharge to Hulun Lake in the period from 2001 to 2013 has
been associated with a four-fold increase groundwater loading of chloride (Table 1). This corresponds
to an increase from an estimated 1.18 x 10° tons (1981-2000) to 4.03 x 10° tons (2001-2013).

Finally, when the range of chloride concentrations and 5'80 values for the combined lake input
(i.e. the minimum, maximum, and average; Table 3) are subjected to evaporation (which affects
chloride concentration and water isotopes differently), the range of predicted values is similar to that
measured in lake samples (Figure 4), consistent with the water and chloride balances presented here.

& Lake
500
+ Average values in rivers
O Average precipitation values
400 o Average western water wells (W4-\W10; Table 2)
o 2 Average southern water wells (W1-W3; Table 22
#® Calculated chloride concentrations in total input
300 A
-
<)
—_ 10l . \\
G 200 - GaporBEIOR \
e S PR N
R 1
|I\\-"'Z:::: """" 1\‘AA JI
r-° " \ e 'A ]
100 - '.\ e N
/\,1\?; .- S
o~ AT
0 D T T + T T T
-16 -14 12 -10 -8 5
520 (%)

Figure 4. 8180 vs. chloride concentrations including the minimum, average, and maximum values for
total input into Hulun Lake (filled black symbols; Table 3), measured Hulun Lake values, and average
values for each of the main three inputs (precipitation, river flow, and groundwater) that are thought to
contribute to the combined input (with solid arrows indicating likely inputs, and the dashed arrow
represents potential sources). The dashed lines represent 5'80 and chloride concentration evolution
with increasing evaporation modeled by E/I ratios as described in Section 2.4 (with T = 0.3 °C, and
humidity = 60%).

3.5. Additional Evidence for High Chloride in Groundwater Supplies South of Hulun Lake

The evidence of high chloride concentrations occurring in groundwater south of Hulun Lake
is supported by a previous study that mapped salinity in groundwater and lake water by field
measurements of salinity in domestic water well samples and in Hulun Lake (Figure 5). This study
measured relatively high salinity in domestic water wells in the region south of the lake, which
is consistent with high chloride concentrations in groundwater in this region, and a significant
contribution of chloride in groundwater discharge to Hulun Lake. Although the source of salinity is
not known, its widespread nature suggests rock-water interaction.
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[ ] Lake border

*  Lake sampling sites

Well sampling sites
Salinity (g/L)
Value

High : 1.22

Low: 0.34

Figure 5. The spatial distribution of salinity (g/L) in domestic water well samples around Hulun
Lake. Unpublished data (collected in 2008), College of Water Resources and Civil Engineering, Inner
Mongolia Agricultural University.

4. Conclusions

@)

@)

®)

S

The estimated average annual water budget for Hulun Lake was significantly different between
the two time periods that were evaluated (1981-2000 and 2001-2013). The later time period was
characterized by decreased average annual contributions of river discharge (from 63.6% to 30.7%)
and precipitation (from 24.9% to 19.4%) to the lake, an increased evaporative loss from the lake
(from 20.4 to 22.0 x 108 m3), and decreased lake storage. As a result of the changes in lake inputs,
the estimated proportion of the annual contribution of groundwater to the lake increased almost
four-fold (from 11.4% to 49.9%) between the two periods.

Although the relatively high 5'80 and 6*H values for the present-day lake were consistent with
significant evaporation of water from combined total input water from rivers, precipitation,
and groundwater, the chloride concentrations were higher than could be accounted for by
evaporation alone.

A chloride mass balance suggested high chloride concentrations in groundwater discharge is
responsible for more than 90% of the annual chloride loaded into the lake. Elevated chloride
concentrations in domestic water well samples from the region south of Hulun Lake and a
regional groundwater salinity survey suggest high groundwater chloride concentrations occur in
the region south of Hulun Lake.

The combined use of stable isotopes in water, in combination with water and chloride mass
balances, could be applied to other watersheds where hydrologic information is scarce.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/5/363/s1.
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