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A B S T R A C T

Lakes in arid regions are ecologically valuable yet highly fragile due to intense evaporation. To provide an extra
water supply for maintaining water balance in lakes, the Ecological Replenishment Water Program (ERWP) in
northwest China has significantly changed the hydrological and hydrochemical conditions for these lakes.
Descriptive statistics and water and mass balances, together with hydrogeochemical modeling were used in this
study to gain an understanding of the impacts of water replenishment (irrigation and drainage water) on evo-
lution for Shahu Lake. A virtual sample was introduced in NETPATH hydrogeochemical modeling to compute the
net chemical reactions in the lake water. Variations in TDS indicated that the lake evolved to be saline during
2004–2012 (stage I) and then tended to be fresh during 2013–2014 (stage II). Results highlighted that
groundwater outflow and chemical reactions were the overriding factors controlling chemical evolution in the
lake system, which greatly depend on the replenishment activities. The salinity reduction from the virtual
samples to the final samples were attributed to the precipitation of calcite and dolomite, dissolution of gypsum,
Na-K and Na-Ca exchange, and the CO2 degassing in the lake system at an annual scale of 0.11 g/L in stage I and
0.15 g/L in stage II. The quality of replenishment water was as important as quantity for rehabilitating lakes, as it
significantly determines the occurrence of chemical reactions in lake water. Findings from this paper can provide
insight into the evolution of arid lakes in response to replenishment activities and can help contribute to better
management of a valuable and fragile resource.

1. Introduction

Climate change and human activities pose great threats to global
lake systems in which people rely on the natural environment for their
livelihoods (Ballatore and Muhandiki, 2002). Taking the fragile en-
vironment into consideration, the situation is particularly acute in arid
regions (Chen et al., 2019; Chen et al., 2018; Huo and Li, 2013; Micklin,
2007; Su et al., 2016; Williams, 2000). Many lakes of great ecological,
historical, and cultural values in arid northwest China are under threat
of vanishing, where surface inflow to the lakes has decreased sig-
nificantly (Fang et al., 2018; Qian et al., 2013). Desiccation of Lop Nor
Lake is one of the most conspicuous examples (Guo et al., 2015; Ma
et al., 2010). In this regard, the authorities intervened to prevent the
situation from worsening by altering the natural hydrology of lakes.
The Ecological Replenishment Water Program (ERWP) has been created
to increase the flow of water into lakes for rehabilitation (Chen and

Qian, 2017; Jiang et al., 2018; Pang et al., 2017; Qiao et al., 2007;
Tang, 2009; Wang et al., 2017; Zhang et al., 2015; Zhu et al., 2014)
(Table 1). However, there are no generally accepted management
practices for the replenishment of lakes in different hydrogeological
settings. Changes in lake hydrology and water chemistry in response to
water replenishment (both quantity and quality) have not been well
understood.

Shahu Lake, the largest lake in Ningxia, northwest China, holds the
highest level of tourism attraction (5A class) owing to its unique desert
oasis scenery (Li et al., 2017; Wu et al., 2017). Nearly 21 million visitors
traveled to the lake in 2016 (Ningxia Statistical Bureau, 2017). The lake
provides economic, tangible and intangible benefits to the quality of life
for three million people who live in the surrounding towns and cities.
As a terminal lake in an arid environment, it is typically sensitive to the
local evaporation effects and replenishment activities. Since 2000, the
addition of water diverted from drainage ditches (before 2013) and the
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Yellow River (till now) have helped to maintain a relatively constant
lake water level. However, salinity (shown here as total dissolved so-
lids, TDS) in the lake water unexpectedly increased at an alarming rate
(0.23 g/L per year) which varied from 2.1 g/L in 2004 to 4.4 g/L in
2013. The precise cause of these changes is still unknown. Shahu Lake
evolved into a saline lake (> 3g/L) by Hammer (1986). Unfortunately,
a high rate of evaporation in these arid regions causes significant salt
accumulation in lakes. The growing level of salinity is compounded by
mass loading from dissolved salts in the additional inflow, and may
have detrimental effects on the survival of a large range of aquatic
organisms and plants in and around the lakes (Gutierrez et al., 2018;
Wurtsbaugh et al., 2017).

For terminal lakes with no surface outlet, like Shahu Lake, a com-
bination of processes involving evaporation, groundwater-lake ex-
change, various types of chemical reactions, and even water replen-
ishment, are inextricably intertwined in the systems (Gill et al., 2013;
Rodríguez-Rodríguez et al., 2006; Zhang et al., 2015; Zlotnik et al.,
2009). These processes result in nonlinear dynamic behaviors of the
chemical components in the lake water. Scientific knowledge con-
cerning the variability of groundwater exchange fluxes to and from
lakes and the associated effects of mass transfer has grown rapidly. This
has been studied using stable isotopes and/or conservative chemical
tracers such as chloride (Montalván et al., 2017; Négrel et al., 2003;
Sacks et al., 2014; Villegas et al., 2018). Unfortunately, effective
management policies have lagged. In most cases, lake-groundwater
interactions, the importance of mineral dissolution/weathering, redox
reactions and cation exchange in lakes have not been fully considered
by lake management policy makers (Ali and Khairy, 2016; Ballatore and
Muhandiki, 2002; Brkić et al., 2016; Burns et al., 2001; Huo et al.,
2016; Rosenberry et al., 2015). Although simulations can be helpful to
quantify intertwined processes, a lack of observed data in most regions
can greatly hinder model development. As a result, it remains uncertain
how hydrological and hydrochemical processes should be quantified
during the replenishment periods even though the replenishment water
on lake evolution has been widely reported. Faced with impending
severe water crises, there is an urgent need to guide lake managers, as
they attempt to achieve sustainable development, by providing them
with a deep understanding of the causes and effects of replenishing
activities on the hydrochemical behaviors of lake water.

In this study, we carried out hydrochemical analyses of water
samples from the Shahu Lake region. We examined the groundwater
and replenishment water by using correlation analysis, calculation of
water and mass balances, and hydrogeochemical modeling. This study
aimed to determine water chemistry changes in response to different
replenishing activities, and ascertain the contributions of lake-ground-
water interactions and chemical reactions on lake chemical evolution.
This is the first systematic study to evaluate the effects of water re-
plenishment on lake rehabilitation in an arid region, and the results can
be valuable in guiding future lake sustainable management.

2. Study area

Quaternary deposits have been extensively studied on the Yinchuan
Plain of Ningxia (Chen et al., 2018; Qian et al., 2012; Qian et al., 2013).
The multi-layer aquifer system is composed of, in order of depth, a
phreatic aquifer, an upper confined aquifer and a lower confined
aquifer. These are primarily composed of fine sand, silty-fine sand and
clayed sand. Quartz and plagioclase are the major minerals in the
quaternary strata. In the middle reaches of the Yellow River, the plain
was provided with rich water resources fed by the river for agriculture.
The irrigation systems date back more than 2000 years and are still
benefiting people in the plain. It is praised as “South China Beyond the
Great Wall” as hundreds of lakes scattered across the plain (Chen et al.,
2016; Qian et al., 2013). Shahu Lake (38°39′29.97″N, 104°04′58.66″E)
is the largest lake in Ningxia with a water surface area of 13.96 km2,
and is located in the low-lying northern part of the plain at an elevationTa
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of 1096–1100 m above the sea level (Fig. 1). It is shallow, with a mean
water depth of about 2.2 m. The lake has no natural surface runoff and
outflow. In this area, groundwater in the phreatic aquifer (15–25 m
thickness) generally flows from southwest to northeast (Fig. 1). Highly
permeable sediments and shallow water depths, usually less than 3 m,
promote a direct relationship between the lake and the groundwater
system (Chen and Qian, 2017). This is the main cause for the existence
of the lake in an arid region for several hundred years.

Meteorological data (2001–2016) from the Huinong meteorological
Station near Shahu Lake showed that the annual average temperature
was 9.6 °C, with a maximum temperature of 30.8 °C recorded in July.
The annual average precipitation in the study area was 175 mm
(Fig. 2a), with 75% of the rainfall falling from June to August. Eva-
poration observed during the same time period has an average of
1446 mm that is eight times greater than precipitation (Fig. 2b), with
the maximum rates observed during the summer months (May to Sep-
tember). The nature of the arid environment combined with Lake
Shahu’s status as a terminal lake makes the added replenishment water
and evaporation from lake surface dominate the gains and losses in the
water budgets (Chen and Qian, 2017).

The issue of how limited water is allocated among users is rising on
policy agendas, especially in arid environments (Bui et al., 2019; Gejl
et al., 2019; Nethononda et al., 2019; Reynolds et al., 2007; Shaad and

Burlando, 2018), and Shahu Lake is no exception. The water replen-
ishment history of Shahu Lake can be divided into two stages due to the
different water sources. The lake has received irrigation water from the
Yellow River through the Dongganqu channel since 2000 to promote
sustainability (Fig. 1). Drainage water, a compound mixture of irriga-
tion return flow, groundwater, and domestic and industrial sewage
(Qian et al., 2013), was also discharged into the lake via the No.3 drain
and Aiyihe in the absence of sufficient supply from irrigation water
(Fig. 1). Both irrigation water and drainage water were the main water
sources in the first stage which ended in early 2013. After 2013, the
lake was recharged solely by irrigation water, as lake managers con-
centrated on the ecological benefits of water transfer.

3. Material and methods

3.1. Sample collection

In this study, a total of 57 lake water samples were collected from
three different sampling sites during 2012–2014 (Fig. 1). In order to
describe the water-quality conditions, 23 groundwater samples and
three surface water samples (from the channel and drains) were col-
lected. The groundwater samples were taken from domestic-use wells
ranging in depth from 5 to 20 m. Before sampling, the wells were

Fig. 1. Location map of Shahu Lake and related water sampling sites (I-I' hydrogeological cross section).
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pumped for 3–5 min to remove any groundwater stored in the well
itself. In order to ensure that all samples represent groundwater and not
water from the well bore, water temperature, EC, and pH were con-
tinuously monitored during the purging using a portable water testing
kit (DDB-350, Leici company of China), and sample collection did not
start until these parameters were stable. The 1000 mL polyethylene
collection bottles were thoroughly rinsed 2–3 times with water to be
sampled, and samples were separated into two aliquots. One aliquot
was taken for cation analysis and was acidified so that the pH < 2
using 6 M ultrapure HNO3 due to the problems of absorption or pre-
cipitation. The other aliquot was stored as collected in the polyethylene
bottles for anion determination. All the samples were sealed and stored
in the laboratory at 4 °C prior to analysis.

Water samples were analyzed for K+, Na+, Ca2+, Mg2+, Cl−,
SO4

2−, HCO3
−, and CO3

2− concentrations at the Environmental
Monitoring Station Lab in Shizuishan city, Ningxia, China. Na+ and K+

were analyzed using flame atomic absorption spectrophotometry. Ca2+

and Mg2+ were measured using EDTA titration; Cl- and SO4
2- were

measured by ion chromatography; and HCO3
− and CO3

2− were ana-
lyzed using the potentiometric titrimetric method. TDS values of water
samples were obtained based on the analysis data in the lab. Proper
quality control procedures were followed to ascertain the quality of the
results. The calculated ionic error balance did not exceed±5%.

In previous research conducted by Qian et al. (2013), the isotopic
and chemical characteristics of 17 lakes in Yinchuan Plain were de-
termined. From the previous work, the data from 2004 relevant to
Shahu Lake were referenced for the present study. Additional hydro-
chemical data collected from the irrigation water (12 samples collected
monthly during 2013) and drainage water (9 samples collected in 2004
and 2010) by the Ningxia environmental protection agency were also
used for better understanding water-quality variation in the lake
system. Furthermore, two soil samples were collected near the lake.
Remove the roots of plants with a trowel, and take the samples from 20
to 25 cm below the surface ground. The samples were thoroughly mixed

and preserved by freeze-drying for further X-ray diffraction (XRD)
analysis. The XRD working condition included tube voltage of 40 KV,
tube current of 20 mA, and scans a range of 2°–70° with a rate of 10°/
min, in accordance with National Bureau of Standards (NBS) of the
United States. The obtained curves were retrieved in the Joint Com-
mittee on Powder Diffraction Standards (JCPDs) of X-ray diffraction
(XRD) to get the corresponding standard atlas (Jin et al., 2019).

3.2. Water budget calculations

The water balance equation for Shahu Lake was represented as:

= + + + − −V RI RD P GWI E GWOΔ (1)

where △V represents the change in water storage for the lake; RI re-
presents the replenishment inflow from irrigation water (Yellow River
water); RD represents the replenishment inflow from drainage water; P
is the precipitation; E is the evaporation from the lake surface; GWI
represents the groundwater inflow into the lake; and GWO represents
the groundwater outflow from the lake into the aquifer.

Human intervention and natural factors maintained lake levels with
nominal change over time. Because of this, the model can be simplified
to a steady-state situation. In this study, terms such as precipitation,
evaporation, and replenishment water recharge are measurable quan-
tities, while groundwater seepage from and into the lake are unknown
values. The direct precipitation input to the lake (P) and evaporation
from the lake surface (E) were obtained for each water year using data
from the Huinong meteorological Station located 5 km from the lake.
Data detailing the volume of replenishment water was collected from
the local Water Conservancy Bureau (Ningxia Water Conservancy
Bureau, 2010-2017). Villegas et al. (2018) noted that chemical balances
are helpful to determine unknown components when the concentration
of a chemical of interest is not the same for inputs and outputs. The
general equation for the chemical budget of Shahu Lake can be re-
presented mathematically (Donovan, 1994):

Fig. 2. Annual and monthly mean precipitation and evaporation in Shahu Lake.
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= + + + − +

VC

RI C RD C P C GWI C GWO C R

Δ( )

( ) ( ) ( ) ( ) ( )
L

RI RD P GWI GWO

(2)

where C represents a concentration of a chemical in the water. The
subscript for each concentration term refers to the water balance
components as defined above, while R represents chemical reactions
within the lake. The chemical composition of the water discharging
from Shahu Lake to groundwater was assumed to be the same as that of
the lake water (CGWO = CL). Conservative chemicals, which are defined
as nonreactive during the water cycle, are set as R = 0. Using this
assumption, the unknown groundwater-lake exchange quality and
quantity fluxes can be solved.

3.3. Hydrogeochemical modeling

Hydrogeochemical modeling is a useful tool for clarifying evolu-
tionary process in groundwater system. We performed inverse modeling
between two samples (the initial and final solution) along the flow
paths that revealed the occurrence of physiochemical processes (Ahmed
and Clark, 2016; Morán Ramírez and Ramos Leal, 2014; Rademacher
et al., 2001). Unlike previous studies, extensive evaporation can result
in salt accumulation in lakes. To compute the net chemical reactions in
the lake water, a “virtual sample” was introduced in this study (Fig. 3).
Given the calculated GWI and GWO from Eq. (2), the volume of water
from each endmember (RI, RD, P, E, GWI, GWO, and initial water) is
multiplied by each chemical parameter of that endmember, with their
sum representing the virtual chemical composition of the mth para-
meter. This demonstrates that the values of conservative parameter
between virtual and real samples are the same. The ionic delta for
nonconservative compositions depends mainly on the hydrochemical
reactions that occurred in the lake system. The impacts of reactions in
lake can be quantified using NETPATH code (El‐Kadi et al., 2011),
which analyzed differences between the virtual and real samples (final
sample) at the same time.

4. Results

4.1. Chemical composition

Basic statistics of the physicochemical data of water samples for the
lake, wells, river and discharge drains sampled within the study area
are summarized in Table 2. A Kruskal-Wallis nonparametric test
showed that there was no statistically significant difference in the

variances of the measured parameters for the three monitoring sites in
the lake (p = 0.024). This is consistent with the generally well-mixed
water in shallow lakes (Cui et al., 2016). As shown in Table 3, the
mineral composition of the soil samples was dominated mainly by
quartz (40–70%), plagioclase (15–25%), Na-feldspars (5%), illite
(2.5–6%), chlorite (3–5.5%), calcite and dolomite (2.2–15.5%). Small
levels of 0.2% gypsum and 0.3% amphibole were also reported.

4.1.1. Lake water
Shahu Lake is a typical of shallow lake, as it does not have thermal

stratification. Water quality data indicated that the water was mildly
alkaline with pH values ranging from 8.3 to 9.2. The relative abundance
of major dissolved ionic species was (Na++K+) > Mg2+>Ca2+ for
cations and Cl- > SO4

2−>HCO3
–>CO3

2− for anions. To reveal si-
milarities and differences among water samples, a Piper trilinear dia-
gram was created (Piper, 1944). As shown in Fig. 4, all the lake water
fell into Cl·SO4-Na·Mg facies even though there were significant changes
in water salinity among them. The lake experienced a rapid increase in
salinity with a mean annual ratio of 0.23 g/L in 2004–2013 and then
tended to decline in 2013–2014 (Table 2). Minimum and maximum
TDS values of the lake water were 2.1 g/L in Sep 2004 and 4.4 g/L in
Dec 2013.

4.1.2. Replenishment water
The replenishment water diverted from the Yellow River (irrigation

water) was fresh (HCO3-Ca·Na and HCO3-Na·Ca types) with a mean TDS
value of 0.39 g/L. It showed little temporal variation in the chemistry
(Fig. 4). The poor-quality drainage water that recharged the lake fell
into Cl·SO4·HCO3-Na·Mg facies. The mean TDS values detected from the
drainage ditches was 1.66 g/L. The mean values of the dominant ions
Na+ (0.46 g/L), Cl- (0.48 g/L), and SO4

2- (0.35 g/L) in mean drainage
water were higher than those in the irrigation water.

4.1.3. Groundwater
Groundwater in the region was also characterized by weakly alka-

line conditions with a mean pH of 7.6. Molar ion concentrations in the
groundwater decreased from (Na++ K+) > Ca2+>Mg2+ for cations
and HCO3

–>Cl-> SO4
2- for anions. Beneath agricultural lands, the

general zonation of groundwater type was indicative of both natural
factors and human activities (Qian et al., 2013). The mean groundwater
sample in Table 2 describes the origin of the chemical compositions for
recharging the lake. The TDS level of mean groundwater was 0.65 g/L.
As natural discharge from groundwater forms lakes in the Yinchuan
Plain, one can speculate that Shahu Lake contained fresh water during
the early stages of its formation.

4.2. Processes regulating lake water chemistry

4.2.1. Evaporation, precipitation and dissolution
A Gibbs diagram (Gibbs, 1970) was created to reveal the mechanism

controlling the dissolved salts composition in the water. The ratios of
Na+/(Na++Ca2+) and Cl−/(Cl−+HCO3

−) relative to TDS commonly
illustrate three-natural mechanisms in water: atmospheric precipita-
tion, rock weathering and evaporation process (Cui et al., 2016;
Elumalai et al., 2019; Ntanganedzeni et al., 2018; Prasanna et al., 2011;
Xiao et al., 2015). As is evident from Fig. 5, the majority of the
groundwater samples coincided with the rock dominated endmembers,
but lake water samples were mainly driven by evaporation. As water
evaporates, Ca2+, Mg2+, and HCO3

− that were removed through car-
bonate precipitation is believed to be the principal reaction responsible
for the lake’s chemical change (Guo et al., 2015), resulting in the in-
creased ratios of Na/(Na + Ca) and (Cl−+HCO3

−). Compared with the
major inflow sources (mean groundwater and irrigation water), lower
concentrations of Ca2+ in the lake water revealed the dominant de-
position of calcium in the lake system. According to the calculation of
the saturation index (SI), the values in all the lake water samples for

Fig. 3. Sketched map of the virtual sample in the lake system. As evaporation
increased water salinity, lake salinity can be discharged by groundwater out-
flow and chemical reactions for terminal lakes with no surface outlet. x0 and y0
denote the original masses of conservative and nonconservative parameters in
the initial water, respectively. The virtual water sample is only dependent on
mass loading from the inflow and mass transfer with the outflow (Δx'), which
can be used to quantify Δy' and the chemical reactions (Δy'') for non-
conservative parameters based on the hydrogeochemical modeling.
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calcite and dolomite were greater than zero, indicating that they re-
mained over-saturated. The positive correlation between HCO3

− and
Ca2+ (rs = 0.56, p < 0.05), and HCO3

− and Mg2+ (rs = 0.47,
p < 0.05, Fig. 6) further highlighted the precipitation of the Ca-car-
bonate and Mg-carbonate in the lake. Similar results were presented by
Wahed et al. (2014) for Lake Qarun in Egypt. However, the molar ratios

of (Ca2++Mg2+) vs. HCO3
− in most of lake water were above the 1:2

lines (Fig. 7a). This provides strong evidence for the additional con-
tribution of Ca2+ and/or Mg2+ from other sources and/or the deposi-
tion of carbon.

+ = ↓+ −CO  Ca  CaCO (calcite)3
2 - 2 

3 (Reaction 1)

Table 2
Statistics overview of the hydrochemical parameters of the water samples in the Shahu Lake region. L1-L20 were lake water samples.

Water type Unit lake water

L1a L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12
9/2004 8/2012 4/2013 5/2013 6/2013 7/2013 8/2013 9/2013 10/2013 11/2013 12/2013 3/2014

Temperature ℃ 23.1 25.1 7.8 11.6 18.7 27.2 26 22.3 19.6 10.0 8.0 6.2
pH – 8.5 8.5 8.6 8.6 8.9 8.7 8.8 8.7 9.2 8.3 8.5 8.7
K+ mmol/L 0.42 0.45 0.57 0.53 0.53 0.53 0.53 0.56 0.54 0.57 0.54 0.48

mg/L 16.5 17.7 22.4 20.5 20.6 20.8 20.8 21.7 21.1 22.1 21.1 18.9
Na+ mmol/L 23.8 42.3 49.0 45.1 46.3 45.8 43.6 44.2 49.0 46.1 55.7 46.4

mg/L 548 972 1126 1037 1066 1054 1002 1016 1128 1060 1281 1068
Ca2+ mmol/L 0.78 1.33 1.21 1.30 1.40 1.36 1.18 0.99 0.90 0.95 1.00 0.90

mg/L 31.23 53.02 48.57 51.93 56.03 54.30 47.23 39.73 36.17 38.07 39.97 36.13
Mg2+ mmol/L 5.00 8.67 10.1 12.7 10.5 11.1 11.5 9.13 8.17 9.88 9.33 7.46

mg/L 120 208 242 304 252 266 276 219 196 237 224 179
Cl- mmol/L 13.2 26.6 28.3 31.6 29.5 29.7 28.5 28.5 28 28.9 38.5 28.3

mg/L 470 945 1006 1122 1047 1055 1011 1013 995 1027 1366 1006
SO4

2- mmol/L 7.88 11.8 13.3 13.2 11.6 12.3 12.6 13.2 12.7 13.2 12.7 13.1
mg/L 756 1130 1275 1263 1117 1183 1209 1267 1221 1266 1221 1256

HCO3
− mmol/L 6.18 10.2 9.84 8.8 9.74 8.92 8.75 8.82 8.05 8.93 8.62 9.34

mg/L 377 619 600 537 594 544 534 538 491 545 526 570
CO3

2− mmol/L 0.09 – 0.42 0.33 0.48 0.64 0.66 0.72 0.93 0.76 0.83 0.45
mg/L 5.5 – 25.2 19.6 28.6 38.2 39.4 43.2 55.8 45.8 49.6 27.2

TDS mg/L 2136 3635 4045 4087 3884 3943 3872 3889 3899 4242 4466 3876
CBb (%) 1 2 5 4 5 5 4 −0.2 3.3 1.9 2 −1
SI (Calcite) – 0.81 0.93 1.21 1.29 1.66 1.47 1.46 1.29 1.53 0.79 0.95 1.10
SI (Dolomite) – 2.49 2.81 3.36 3.64 4.37 4.03 4.06 3.66 4.11 2.52 2.75 2.97
SI (Gypsum) – −1.51 −1.26 −1.28 −1.35 −1.35 −1.32 −1.39 −1.39 −1.47 −1.34 −1.34 −1.34

Water type Unit lake water lake water sourcec

L13 L14 L15 L16 L17 L18 L19 L20 mean irrigation water mean groundwater mean drainage water
4/2014 5/2014 6/2014 7/2014 8/2014 9/2014 10/2014 11/2014

Temperature ℃ 15.0 19.1 25.0 25.0 23.2 23.9 20.6 10.8 12.1 21.0 22.3
pH – 8.5 8.7 8.5 8.8 8.8 8.7 8.7 8.6 8.1 7.6 8.1
K+ mmol/L 0.54 0.54 0.47 0.53 0.55 0.54 0.54 0.5 0.05 0.06 0.3

mg/L 21 21 18.3 20.6 21.3 21.1 21.2 19.6 2.0 2.3 11.7
Na+ mmol/L 45 45 39 42.3 43.7 38.6 43.9 40.2 2.6 4.6 20.0

mg/L 1035 1035 897 973 1005 888 1010 925 60 106 460
Ca2+ mmol/L 1.01 1.01 1.22 1.14 0.98 0.93 0.72 0.78 1.52 2.10 1.21

mg/L 40.40 40.40 48.80 45.63 39.33 37.30 28.70 31.33 60.90 83.80 48.40
Mg2+ mmol/L 9.38 9.38 8.38 9.17 9.00 9.33 9.29 8.50 0.86 1.71 3.38

mg/L 225 225 201 220 216 224 223 204 20.6 41.1 81.1
Cl- mmol/L 29.1 29.1 25.9 26.8 27.3 23.9 24.9 25.8 1.83 2.6 13.6

mg/L 1032 1032 918 953 969 847 884 915 65 92 483
SO4

2- mmol/L 13.5 13.5 12.0 12.8 13.0 10.8 12.3 10.2 0.92 1.55 3.65
mg/L 1296 1296 1150 1224 1247 1040 1182 979 88 149 350.4

HCO3
− mmol/L 9.34 9.34 8.18 7.66 7.61 7.52 7.61 7.62 3.18 5.82 7.38

mg/L 570 570 499 467 464 459 464 465 194 355 450
CO3

2− mmol/L 0.54 0.54 0.47 0.77 0.74 0.72 0.74 0.75 – – –
mg/L 32.40 32.40 28.20 46.00 44.20 43.40 44.60 45.20 – – –

TDS mg/L 3967 3967 3512 3716 3775 3329 3626 3352 393 651 1659
CBb (%) −0.1 −0.1 −0.2 2 1 5 5 3 4 3 2
SI (Calcite) – 1.08 1.29 1.24 1.41 1.32 1.25 1.10 0.96 (0.14,1.14) (0.08,0.86) (-0.51,0.49)
SI (Dolomite) – 3.13 3.61 3.45 3.86 3.73 3.62 3.40 2.90 (0.02,2.21) (0.01,1.8) (-0.38,1.39)
SI (Gypsum) – −1.33 −1.37 −1.31 −1.34 −1.39 −1.47 −1.56 −1.48 (-1.88,-1.64) (-2.76,-0.33) (-1.61,-1.24)

aDenotes the data obtained from the previous study of Qian et al. (2013), bdenotes the charge balance error, and crepresents that the mean groundwater, mean
irrigation water and drainage water that used in the calculation and modeling.

Table 3
Analysis results of the sediments in the study area (%).

No. quartz plagioclase Na-feldspar calcite ankerite amphibole gypsum illite chlorite

TY1 43.9 24.6 4.3 15.0 0.5 0.2 6.0 5.5
TY2 73.1 14.4 4.5 1.9 0.3 0.3 2.5 3.0
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+ + = ↓+ +2CO  Ca  Mg  CaMg(CO ) (dolomite)3
2 - 2 2 

3 2 (Reaction 2)

4.2.2. Cation exchange
The ionic ratios in water can provide useful information that help

identify water with lithogenic origins and from anthropogenic effects
(Chen et al., 2017). Lake water displayed an excess of Na+ over Cl-

(Fig. 7b), implicating the contribution of silicate weathering and cation
exchange (McNeil et al., 2005). As reported by Stallard and Edmond
(1983), feldspars are more susceptible to dissolution than quartz. De-
spite the detected silicate mineral in the study area which implies

possibility of Na-feldspar weathering (Table 3), it is unlikely sodium
ions will increase under alkaline conditions. In addition, Griffioen
(2001) and Thorslund et al. (2014) documented that the transport of K
in water was mainly controlled by cation-exchange. These findings
suggest that the additional sodium in lake water may be governed by
possible Na-Ca, Na-K and Na-Mg exchanges. The exchange between Ca
(and/or Mg) and other cations may occur in the lake to balance against
the lost carbonate precipitation.

4.2.3. Effects on lake water salinity change
Shahu Lake receives inflow exclusively from irrigation water and

Fig. 4. Piper plots of the chemical composition of surface and groundwater samples.

Fig. 5. Gibbs plots indicating dominant processes for formation of lake water, groundwater and other water bodies in the study area.
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drainage water. Previous study has estimated the groundwater-lake
water exchange in the lake system and noted that the optimal volume of
replenishment water (1380 × 104 m3/a) could sustain the lake level at
a normal state (Chen and Qian, 2017). Data showed that before 2013,
the annual volumes of irrigation and drainage water were in the ranges
of 460–1274 × 104 m3 and 0–791 × 104m3. After 2013, it increased to
1142–2852 × 104 m3 with an annual mean value of 2080 × 104 m3

(Fig. 8). This shows an acceleration of the water cycle.
It is noteworthy that variations in TDS in the lake water were

markedly coincident with the replenishment activities. An appreciable
increase in TDS occurred, going from 2.1 g/L in 2004 to 3.6 g/L in
2012. The long-term electric conductivity (EC) trend obtained from the
Ningxia Water Conservancy Bureau (2010–2017) further demonstrated
the rapid water salinization during this period (Fig. 8). As the replen-
ishment water was changed to irrigation water in 2013, lake water
salinity tended to decrease. The slowed decline in TDS in 2013 indicate
a time lag effect (Fig. 7c). As mentioned earlier, the drainage water
inflow into the lake involved a large quantity of domestic and industrial

Fig. 6. Correlation relation among ions for the lake water, ** and * denote the significance level< 0.01 and< 0.05, respectively.

Fig. 7. Scatter diagram for the lake water samples, molar ratios of (Ca2++Mg2+) vs. HCO3
− (a); molar ratios of Na+ vs. Cl (b); TDS variation (c). The detailed

information about water chemistry for L1-L20 can be found in Table 2.
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sewage. Given the high contents of Cl− and SO4
2− in drainage water, it

profoundly affected the higher salinity in the lake before 2013. Con-
sequently, strong positive correlations of TDS with Cl- and SO4

2−

(rs = 0.80, p < 0.01; rs = 0.65, p < 0.01) were observed in the lake
water (Fig. 6). As a nonconservative element, chemical reactions may
alter the SO4

2- concentrations in the lake water even though it has si-
milar variations with TDS. Gypsum was likely to dissolve in lake water
to increase SO4

2- levels because of the related negative SI values
(Table 2). The dissolution of gypsum may also provide more Ca2+ for
carbonate precipitation and/or cation exchange.

4.3. Hydrological and hydrochemical processes in response to water
replenishment

4.3.1. Lake-groundwater interaction
The lake has an effluent-influent behavior with the aquifer, and

groundwater flows through the lake along the southwest-northeast di-
rection (Chen and Qian, 2017). Hydrologic alterations of the lake,
however, complicate groundwater movement. The fluctuations in lake-
groundwater exchange have further effect on the characteristics of
water and dissolved ions within, and from the lake. Two stages of hy-
drochemical variation in combination with replenishment activities
were considered: (1) water salinization during 2004–2012 (nine hy-
drological years, stage I), and (2) water freshening during 2013–2014
(two hydrological years, stage II). Chloride is considered a conservative
component in the lake. Assuming no chemical mass was lost in the
evaporation processes and the density of lake water was constant,
groundwater that flows in and out of lake during each stage could be
calculated based on the combination of water budget and chloride mass
balance equations (Eq. (1–2)). CL denotes the mean value of chloride in
a specific period in the lake water. The hydrochemical data for different
water bodies were presented in Table 2. Specifically, water sample L1
was the initial solution in stage I. The final solution in stage I and the
initial solution in stage II had the same sample of L3. The mean lake
water in 2013–2014 was regarded as the final solutions in stage II.

Table 4 shows the significant difference during the hydro-
geochemical evolution of the lake system. Groundwater represented as
a major component of recharge to balance the water budget. In stage I,
the annual groundwater inflow reached 855 × 104 m3 and the outflow
was 82 × 104 m3 in the Shahu Lake. As a result, the lake water accu-
mulated solutes from replenishment water and groundwater recharge
under the arid environment and there was a relative amount of salinity

discharge from the lake to the groundwater. In stage II, sufficient re-
plenishment water reduced groundwater recharge (345 × 104 m3/a)
and accelerated the groundwater discharge (235 × 104 m3). Chen and
Qian (2017) explained the lake-groundwater interactions in Shahu Lake
using numerical modeling. When the lake water levels declined due to a
shortage of replenishment water, increased recharge from groundwater
occurred. On the contrary, the large volume of replenishment water
accompanied by the lake water level enhanced water discharge into the
aquifer system. This suggests that groundwater-lake water exchanges
are highly sensitive to changes in the volume of water replenished into
the lake, which is consistent with the quantification in this study.

In addition, groundwater outflow needs to be a prominent focus for
understanding salinity balance in lake management. Assuming there
was no flow from the lake to groundwater (GWO = 0 in Eq. (1–2)), the
effect on lake water level variation could have been negligible due to
their small percentages (3% and 8% of the total lake water volume in
stage I in stage II). Using mass balances analysis, the magnitude of the
relative impact on salinity decline by groundwater discharge in the lake
system was quantified. At this time, the salinity of the lake water was
5.8 g/L and 4.6 g/L at the end of stage I and stage II, respectively. These
are greater than the values in the virtual samples (5.0 g/L and 3.9 g/L).
This indicated that the groundwater seepage helped to reduce the
salinity of the lake water at a mean annual rate of 0.09 g/L during stage
I and 0.35 g/L during stage II. Therefore, a holistic water replenishment
scheme considering groundwater-lake interaction can be necessary for
recognizing the water and mass balance in the lake.

4.3.2. Contribution of chemical reactions
To investigate the hydrochemical evolution of Shahu Lake during

the two stages, two inverse modelling scenarios were performed.
Considering the conservative behavior of chloride in the lake, the se-
lected chemical constraints (chemical elements) were K, Ca, C, Mg, Na,
and S in the NETPATH models. The phases included in the modeling
were selected based on the analysis of the chemical trends, calculated SI
values, and the mineralogy. Because this does not preclude the possi-
bility of reactions producing or consuming CO2 within the lake, CO2

was included among the plausible phases. A set of mineral and gas
phases (involving calcite, dolomite, gypsum, cation exchange and CO2)
were hypothesized to be the reactive phases in the system, and then the
mass transfers for possible combinations of the selected phases were
simulated. In each stage, positive values refer to mass entering (dis-
solution), while negative values represented mass releasing

Fig. 8. The temporal variation of TDS and the volumes of replenishment water during 2003–2018 in Shahu Lake.
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(precipitation) into the aqueous phase. The salinity changes between
the virtual samples and the final samples for each stage described the
corresponding contribution of chemical reactions for the water chem-
istry evolution. In the lake system, only one mass-balance reaction
model was consistent with the observed chemical characteristics for
each stage. As shown in Table 5, the salinity reduction from the virtual
samples to the final samples were attributed to the precipitation of
calcite and dolomite, dissolution of gypsum, Na-K and Na-Ca exchange,
and the CO2 degassing in the lake system at an annual scale of 0.11 g/L
in stage I and 0.15 g/L in stage II.

The lake water samples with a deficit of Ca2+ as compared to SO4
2-

can be explained by the prevalent precipitation of calcite. Calcite pre-
cipitation was the most abundant in the system, which occurred at
mean annual ratios of 0.74 mmol/L in stage I and 1.2 mmol/L in stage
II. Comparatively, the mean annual ratios of dolomite precipitation
were 0.21 mmol/L in stage I and 0.46 mmol/L in stage II. Carbonate
mineral precipitation and CO2 degassing were coupled in the two
stages, which is in agreement of other researches (Clark and Lauriol,
1992; Cosmo et al., 2019; Papadimitriou et al., 2004). Under the con-
ditions, 0.04 mmol/L dissolution of gypsum occurred annually in stage I
and 0.03 mmol/L in stage II, to release more Ca2+ into the lake water to
balance the deficit.

Cation exchange represents the interchange between an ion in so-
lution and another ion in the boundary layer between the solution and a
charged surface, such as clay minerals, organic matter, or amorphous
minerals (Chen et al., 2019; Edmunds et al., 2003; McNeil et al., 2005;
Sposito, 2000). Helfferich (1962) noted the following selectivity se-
quence of Ca2+>Mg2+>K+>Na+ for the common cations. In this
study, only Na-K and Na-Ca exchange were identified in controlling the
chemical evolution of Shahu Lake. In the study area, the fine-grained
sediments in the lakebed and the abundant reeds, and phytoplankton
(Chen and Qian, 2017) provided favorable conditions for the occur-
rence of cation exchange. The K-Na exchange explained relative excess
of sodium content in the lake with 0.02 mmol/L both in stage I and

stage II. Interestingly, the reversibility of Na-Ca exchange result in the
Na+ concentration in the lake water was demonstrated with an increase
(0.07 mmol/L) in stage I and a deficit (0.57 mmol/L) in stage II. Al-
though Na+ was enriched in the lake and drainage water, the Na+

concentration in the virtual sample was smaller than that in the final
sample during stage I. Except for the carbonate precipitation and CO2

degassing, the remaining Ca2+ was the primary cause for the Na+ in-
crease in stage I. To balance the solution, one Ca2+ ion would replace
two Na+ ions on soil particle surfaces to supplement the depletion of
Na+ in stage I. However, the cation exchange led to the elimination of
Na+ and the release of Ca2+ when large quantity of irrigation water
that was enriched with Ca2+ recharged into the lake during stage II.
This was similar with the observed processes of seawater intrusion
(Mountadar et al., 2018). The release of Ca2+ from the surface of clay
minerals into the lake water at a mean annual rate of 0.57 mmol/L was
dominant in stage II. Simultaneously, the carbonate precipitation in-
creased. This highlights the importance in the quality of replenishment
water on the mineral precipitation and cation exchange processes in the
lake system.

+ ↔ ++ +(1/2)CaX  Na NaX  (1/2)Ca2
2 (Reaction 3)

+ ↔ ++ +NaX K KX  Na (Reaction 4)

5. Discussion

Understanding the underlying causes of water level and water
salinity variation in lakes can help guide sustainable decision making. A
lake system can be compared to an iceberg which has both visible and
hidden parts. To explain it more clearly, a conceptual model was de-
veloped and shown in Fig. 9. Precipitation, surface runoff, replenish-
ment water, and evaporation (which decision makers or managers can
observe) are represented by the upper portion of the iceberg. The lakes
in arid regions receive low and inconstant annual rainfall and are

Table 4
The calculation results of lake water balance in stage I and stage II.

Stage Year RI RD P E calculated GWI calculated GWO

(104 m3) (104 m3) (mm) (104 m3) (mm) (104 m3) (104 m3 per year) (104 m3 per year)

Stage I 2004 783 150 148 207 1452 2027 855 82
2005 1274 791 76 106 1523 2127
2006 1231 0 233 325 1520 2121
2007 490 689 178 249 1345 1878
2008 800 341 210 293 1302 1817
2009 884 219 187 261 1564 2184
2010 805 0.6 213 297 1503 2098
2011 0 178 118 164 1443 2015
2012 460 0 186 259 1405 1961

Stage II 2013 1142 0 146 204 1425 1989 345 235
2014 2006 0 164 229 1430 1996

Table 5
Results of mass-balance modeling of chemical processes (mmol/L per year) in lake water using NETPATH. Processes refer to: a Na-Ca exchange, positive sign
indicated the Ca2+ adsorption and the release of Na+; b K-Na exchange, positive sign indicated the K+ adsorption and the release of Na+; c dissolution (positive sign)
or precipitation (negative sign) of dolomite, d dissolution or precipitation of calcite, e CO2 degassing (negative sign) or dissolution (positive sign) in lake water, f
dissolution or precipitation of gypsum.

Stage Solution TDS K+ Na+ Ca2+ Mg2+ Cl- SO4
2- HCO3

− a b c d e f
(g/L) (mmol/L) (mmol/L per year)

I initial solution-L1 2.1 0.42 23.8 0.78 5.00 13.2 7.88 6.18
final solution-L3 4.0 0.57 49.0 1.21 10.08 28.3 13.3 9.84 0.07 −0.02 −0.21 −0.74 −1.2 0.04
virtual solution 5.0 0.79 47.4 10.1 12.0 28.3 12.9 31.4

II initial solution-L3 4.0 0.57 49.0 1.21 10.08 28.3 13.3 9.84
final solution-mean water in 2013–2014

3.6 0.52 43.2 0.97 8.88 26.5 12.2 8.25 −0.57 −0.02 −0.46 −1.2 −0.32 0.03
virtual solution 3.9 0.56 45.4 3.09 9.8 26.5 12.2 13.1
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characterized by potential evaporation that is far greater than the
precipitation. The effect of replenishment water was highlighted in lake
water budgets as rainfall cannot ensure a sufficient water supply
without supplementation from the other water sources. Groundwater-
lake interaction and chemical reactions were represented by the much
large portion of the iceberg underwater, which significantly impacts the
hydrological and hydrochemical processes, respectively. Importantly,
both quality and quantity of replenishment water which relied on the
available water resources in the catchment, can trigger or change the
water exchange between lake and groundwater as well as the corre-
sponding chemical behaviors. The study we conducted at Shahu Lake
can be considered an in-situ test for modeling the effects of water re-
plenishment on lake rehabilitation. Understanding the invisible ele-
ments is vital for measuring effectiveness in lake management and
should not be simplified despite the difficulties in their determination.

Understanding the hydrochemical behaviors of lake water was
beneficial in recognizing this lake’s evolution, which can be applied to
other lakes, possibly bridging the knowledge gap between science and
policy. For Shahu Lake, despite possible errors that might be introduced
from the inter-monthly variation in water hydrochemistry, integrating
the hydrochemical data with the water budget is the best available
option to extract information for further management, as this study
demonstrated. Results from this study show that for complex systems,
lake management practices can be improved using the limited data
available. Importantly, when a high rate of evaporation accumulates
salt in Shahu Lake, groundwater outflow and chemical reactions con-
tributed to 44% and 56% of salinity reduction (2.7 and 3.4 million tons
each year) during the water salinization (stage I), and 70% and 30%
(10.8 and 4.6 million tons each year) during the water freshening (stage
II), respectively. The large quantity of saline discharge revealed pos-
sible causes for the massive ecological impacts on the lake system. The
results also suggest that it is not sufficient to evaluate the effectiveness
of management practices only based on changes in lake water levels.
Water quantity is as important as water quality in a lake for sustaining
ecological balance, even though it is indeed difficult to balance water
demands among different stakeholders in arid regions. Stress on water
resources due to rising freshwater supplementation and climate change
have already led to water scarcity in many places (Aeschbach-Hertig
and Gleeson, 2012; Mohanty, 2003). Even the Yellow River, the longest
river in the north China, is facing the problems of significant reductions
in streamflow and intensified competition for water resources (Miao
et al., 2011; Zhang et al., 2017). This may have a significant impact on

the availability of replenishment water resource for Shahu Lake and
other lakes in northwest China. Therefore, to fill the gap between lake
management and water resources allocation, the “invisible” elements in
hydrological and hydrochemical cycles should be emphasized in further
research and management, helping to prioritize lake management and
remediation practices. In lakes that are experiencing water quality de-
terioration, additional replenishment water resources are urgently re-
quired to serve the unmet needs for maintaining the ecological balance
of these lakes. Managers should understand that by adding replenish-
ment supplies, they may induce adverse impacts on groundwater
chemistry in the lake vicinity. As reported by Yechieli and Wood
(2002), the increased lake inflows were the main divers of increased
salinity to which the quality of the groundwater is highly attributed. To
better understand the complexities and uncertainties associated with
lake systems, long-term monitoring will provide valuable data which
can be useful for describing, examining and documenting changes in
lake regions.

6. Conclusions

This work represents the first comprehensive analysis of the hy-
drological and hydrochemical changes in Shahu Lake, which was im-
pacted by replenishment water. Results showed that the lake water can
be categorized as a Cl·SO4-Na·Mg type even though the lake experienced
a rapid increase and decline in salinity. The variation in TDS indicated
that the lake evolved to be saline during 2004–2012 (stage I), and be-
come increasingly fresh during 2013–2014 (stage II), which was con-
sistent with the replenishment activities. These changes in lake water
chemistry are controlled by replenishment activities, lake-groundwater
interactions and chemical reactions that involved: calcite and dolomite
precipitation, gypsum dissolution, ion exchange, and CO2 degassing. As
evaporation increased water salinity, groundwater outflow and che-
mical reactions were responsible for approximately 44% and 56% of
reduction in salinity during stage I, 70% and 30% during stage II.
Evaporative concentration was shown to be the major force responsible
for calcium and carbon removal in lake water under arid environmental
conditions. The quality of replenishment water was demonstrated to be
as important as quantity for rehabilitating lakes in arid regions as it was
one of the main factors controlling the variation in chemical reactions.
This study demonstrates that water chemistry is an indicator that re-
flects the hydrologic and hydrochemical processes of lake evolution,
but the “invisible” effects of groundwater-lake interactions and che-
mical reactions should be addressed with more research and manage-
ment practices.
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