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Groundwater resource management is crucial for promoting sustainable development in
areas with surface water scarcity, such as Hua County in China. This paper aims to estimate
groundwater recharge and evaporation during the pre- and post-rainy seasons in Hua
County. The non-equilibrium evaporation model was established to quantify the degree of
evaporation. Ternary end-member mixing analysis (EMMA) was used to evaluate the
contributions of recharge sources to groundwater recharge. The concentrations of major ions
in surface water and groundwater showed some differences, which may be due to differences
in their lithological classes and hydrogeochemical evolution. The ion concentrations of both
surface water and groundwater were observed to be lower in the post-rainy season, because
rainfall infiltration during the rainy season diluted ion concentrations. The Gibbs diagram,
end-member diagram, and d2H versus d18O diagram all revealed that groundwater was
affected by evaporation to some extent, especially in the pre-rainy season. The non-equi-
librium evaporation model showed that the remaining proportions of evaporation calculated
using 18O and 2H were 0.96 and 0.94%, respectively, during the pre-rainy season and 0.97%
and 0.96%, respectively, during the post-rainy season. According to EMMA, the mean
contributions of subsurface lateral flow, precipitation infiltration, and river percolation to
groundwater were 47%, 28%, and 25%, respectively, during the pre-rainy season and 57%,
30%, and 13%, respectively, in the post-rainy season. The findings of the present study
demonstrated that integration of hydrochemistry and isotopic signatures supports better
understanding of groundwater recharge and evaporation processes.

KEY WORDS: Water–rock interaction, Non-equilibrium evaporation model, End-member mixing
analysis, Deuterium excess, Hua County.

INTRODUCTION

Groundwater is the most widely used freshwa-
ter resource, particularly in areas where surface
water resources are in short supply (Vadiati et al.,
2018; Castano–Sanchez et al., 2020; Lall et al., 2020).
Identifying groundwater recharge sources is usually
difficult due to their complexity and invisibility
(Gong et al., 2021). Indeed, intensive human activi-
ties and global climate change have severely affected
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groundwater circulation and quality in several re-
gions worldwide, resulting in several serious water
resources problems, including groundwater short-
age, groundwater pollution, and groundwater-re-
lated disasters (Wu et al., 2013; Chen et al., 2016;
Ashraf et al., 2017; Shukla & Saxena, 2021; Snousy
et al., 2022; Wei et al., 2022; Liu et al., 2022). Water
resource-related problems are particularly serious in
northern and northwestern China due to the dry
climate conditions, low rainfall amounts, and intense
human activities (Li & Qian, 2018; Li et al., 2019).
Hua County is situated in the southern region of the
Guanzhong Plain in northwest China, where the
mean annual evaporation is greater than the rainfall,
and surface water resources are in short supply,
making groundwater the major source of water for
domestic, industrial, and agricultural purposes (Li
et al., 2016a). Clarifying the recharge and evapora-
tion of groundwater in Hua County can provide a
basis for sustainable use of local water resources and
provide theoretical support for groundwater man-
agement in similar climatic regions.

Groundwater recharge can be evaluated by
several approaches, including water balance, Dar-
cian equations, water table fluctuation, tracer, and
numerical modeling approaches (Wang et al., 2015,
2022). However, Darcian equations, water
table fluctuation, and numerical modeling ap-
proaches require comprehensive understanding of
the specific hydrogeological conditions and exten-
sive data. Tracers can be applied to estimate
groundwater recharge without extensive hydrogeo-
logical data, but their results may be uncertain. A
combination of different information sources (e.g.,
hydrochemistry and isotope compositions) can
effectively improve the reliability of groundwater
recharge assessment. The hydrochemical composi-
tions of a water body are the results of long-term
interaction between it and its surrounding environ-
ments (Sefie et al., 2018; Liu et al., 2020a; Mu et al.,
2023). Accordingly, assessing the hydrochemical
characteristics of groundwater can determine, to
some extent, the sources of major ions and their
formation processes in groundwater (e.g., mineral
dissolution and water filtration, mixing, and evapo-
ration), as well as other important water cycle
information. Based on factor and cluster analyses,
Sun (2014) found that the hydrochemical charac-
teristics of the Wolonghu coal mine aquifer were
primarily controlled by mineral dissolution and sili-
cate mineral weathering, while the working face
water was probably recharged by water from the

loose layer and coal-bearing sandstone. Yang et al.
(2022) demonstrated, using factor analysis, that
hydrochemical components of groundwater in the
eastern plain regions of Hotian were dominated by
evaporation and concentration, as well as water–
rock interactions and surface water filtration. Al-
though hydrochemical methods can be used to
identify the sources of groundwater recharge and
formation processes, quantification of these pro-
cesses remains challenging. Combining hydrochem-
ical and isotopic methods is, therefore, required to
provide a comprehensive explanation of groundwa-
ter recharge and evaporation processes.

Stable 2H and 18O isotopes are useful tools for
identifying groundwater recharge sources (Gat,
1996; Liotta et al., 2006; Halder et al., 2015; Cheng
et al., 2017; Elaid et al., 2020). Liu and Yamanaka
(2012) demonstrated, using hydrochemical and iso-
topic methods, that rainfall, river infiltration, and
mountain block recharge were the major sources of
groundwater recharge in the Ashikaga area of cen-
tral Japan, of which river infiltration contributed
significantly to groundwater along the river by about
94%. Mohammed et al. (2014) combined isotopic
and hydrochemical methods to determine the
groundwater recharge relationships in the Allier
River valley in France. In addition, the evaporation
degree of groundwater can be determined by
assessing stable 2H and 18O fractionation during the
evaporation process. For example, Qian et al. (2014)
showed that most lakes in the Yinchuan Plain have
an evaporation proportion exceeding 25% calcu-
lated based on the non-equilibrium evaporation
model. Therefore, the combination of hydrochemi-
cal and isotopic (2H and 18O) methods can help
determine effectively the evaporation and recharge
rates of water bodies.

Although the combination of hydrochemical and
isotopic methods is a valuable approach for a sys-
tematic understanding of groundwater evaporation
and recharge processes, there is a lack of studies that
have used this approach inHuaCounty.We recognize
that a single sampling event cannot fully represent the
recharge and evaporation in the study area or capture
their variations, and so we chose to sample separately
in the pre- andpost-rainy seasons. Therefore, the aims
of this paper were (1) to evaluate the hydrochemical
characteristics and hydrogeochemical processes of
groundwater in Hua County; (2) to determine the
isotopic compositions (2H and 18O) of river water and
groundwater and their indications of groundwater
recharge and evaporation during both seasons; and
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(3) to quantify themean contribution of river, rainfall,
and subsurface lateral flow to groundwater recharge
in both seasons, as well as the extent of groundwater
evaporation.

RESEARCH AREA

Study Site

Hua County is in the southern region of the
Guanzhong Plain, China. The Qinling Mountains
and Weihe alluvial plain are in the southern and
northern regions of Hua County, respectively
(Fig. 1). The landform of the area is classified into
inclined pluvial and pluvial–alluvial plains in the

southern and northern parts (Du et al., 2023; Wu &
Sun, 2016; Guo et al., 2023). The pluvial–alluvial
plain can be divided further into three sections: the
flood plain, the first terraces, and the second terraces
of the Wei River. Hua County is in a region with
longitude and latitude ranges of 109�39¢14¢¢–
109�49¢02¢¢E and 34�27¢24¢¢–34�36¢37¢¢N, respec-
tively, and with semi-humid continental monsoon
climate (Li et al., 2016b).

Climatic and Hydrologic Characteristics

The Wei River is the largest river in the study
area, with its three main tributaries flowing from the
Qinling to the Wei River. A fertilizer plant exists in

Figure 1. Location of study area and sampling points.
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Hua County; it discharges industrial wastewater,
leading to the pollution of surrounding river water
and groundwater (Wu & Sun, 2016). The tempera-
ture in Hua County varies from � 16.5 �C to 43 �C,
with mean annual temperature of 13.4 �C (Wu &
Sun, 2016), whereas rainfall and evaporation are
characterized by uneven temporal distributions, with
mean annual rainfall and mean evaporation of 581.2
and 830.7 mm, respectively, of which 50% and 65%,
respectively, occur mainly over the July–September
and April–August periods, respectively (Li et al.,
2016a; Wang & Li, 2022).

Geological and Hydrogeological Characteristics

The long geological history of the region has led
to the formation of thick layers of loose sediments in
Hua County, providing ample capacity for ground-
water storage (Li et al., 2016a). The groundwater in
Hua County is primarily found in the Quaternary
loose layer, which is classified into phreatic and con-
fined aquifers. The phreatic aquifer supplies water for
drinking and irrigation purposes in rural areas, while
the confined aquifer supplies less water, mainly for
centralized urban areas and industries (Wu & Sun,
2016). The unconfined aquifer thickness ranges from
38 to 51 m, and it consists of coarse and alluvial sands

formed in Late Pleistocene and Holocene (Q3
al and

Q4
al) (Fig. 2), with good sorting ability and high per-

meability (Li et al., 2016a). Quartz, illite, plagioclase,
and calcite are the main minerals of the Quaternary
strata (Chen et al., 2021). The confined aquifer was
deposited in the Early and Middle Pleistocene (Q1

l

and Q2
al), with its top buried at a depth of about 50 m.

The thickness of confined aquifer varies between 14
and 40 m (Xu, 2011). Due to the large burial depth of
the confined aquifer, only the unconfined aquifer can
be connected directly to the ground surface and re-
ceive recharge such as rainfall and river infiltration.
The hydraulic connection between the phreatic
aquifer and the confined aquifer is weak (Xu, 2011),
and so only the phreatic aquifer is considered in this
paper. The basic groundwater recharge sources in
Hua County are subsurface lateral flow, rainfall
infiltration, river seepage, and irrigation return flow,
while groundwater is discharged by pumping, evapo-
ration, and lateral runoff (Wang & Li, 2022).

MATERIALS AND METHODS

Data Collection and Analysis

In this investigation, 59 groundwater and 17
river water samples were collected in the pre-rainy

Figure 2. Hydrogeological cross section of the study area (revised after Li et al., 2016b).
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season (March–April) in 2018, and 63 groundwater
and 10 river water samples were collected in the
post-rainy season (November) in 2018. The
groundwater samples were collected at a depth of
4.5–10.5 m. The coordinates of all sampling points
were obtained using a portable GPS device (Fig. 1).
All samples were stored in duplicate in 2.5 L poly-
ethylene plastic bottles for hydrochemical charac-
terization, and the water samples stored in 3 ml glass
containers were filtered through 0.22 lm polyether-
sulfone membrane for isotopic analyses. TDS (total
dissolved solids), EC (electrical conductivity), and
pH were determined in situ using portable meters,
while the other hydrochemical indicators were tes-
ted at the Shaanxi Institute of Geological Engi-
neering Investigation�s laboratory. The analyzed
indices used in this research included K+, Mg2+,
Ca2+, Na+, HCO3

�, SO4
2�, CO3

�, and Cl�. Of these,
K+ and Na+ were determined with a flame pho-
tometer (GFU2202) (the detection limit was
0.02 mg/L with uncertainty of about 3%); Mg2+,
Ca2+, CO3

�, and HCO3
� were determined by titri-

metric method (the detection limit was 0.01 mg/L
with uncertainty of about 3%); and SO4

2� and Cl�

were analyzed using ion chromatography
(HLC2601). (The detection limit was 0.02 mg/L with
uncertainty of about 3%.) The balance error
(%CBE) values were within ± 5% for all water
samples, indicating reliable analytical results. dD
and d18O were analyzed with a liquid water isotope
analyzer (Picarro L2140-i) with analytical errors less
than 0.5& and 0.1&, respectively. The isotopic
measurements were obtained as:

d %ð Þ ¼ Rsample � Rstandard

Rstandard
� 1000 ð1Þ

Calculation of Groundwater Evaporation Losses
based on Isotopic Fractionation

Water on earth is formed through multiple
water cycle components, including evaporation,
condensation, infiltration, and runoff (Shi et al.,
2003). Indeed, isotopic fractionations occur during
the different states of water because certain ther-
modynamic properties of the water molecule are
related to the hydrogen and oxygen atom masses
(Shi et al., 2003). Evaporation and condensation are
two significant components of the atmospheric water
cycle. During water evaporation and condensation,

the hydrogen and oxygen isotope contents change
slightly and referred to as isotopic fractionation (Hu
et al., 2007). Hydrogen and oxygen isotopes of water
are, therefore, good tracers for studying evaporation
and condensation processes. In this research, oxygen
and hydrogen isotopes were used to quantify
groundwater evaporation based on the Rayleigh
fractionation principle, according to the following
equation:

Rl ¼ R0
l � f ðav�l�1Þ ð2Þ

where Rl denotes heavy-to-light isotope ratio in
samples, Rl

0 denotes initial heavy-to-light isotope
ratio in water samples, av-l is the fractionation
coefficient from gas to liquid phases, and f denotes
the remaining fraction of evaporation.

Evaporation in nature predominantly occurs as
free evaporation, which is a non-equilibrium or dy-
namic process. Temperature is the main factor
influencing isotopic fractionation under equilibrium
conditions, while under non-equilibrium conditions,
in addition to temperature, relative humidity and
wind speed also influence isotope fractionation.
Therefore, the fractionation factor was determined
in this study by considering both the equilibrium and
kinetic fractionation coefficients, according to the
following equations:

al�v ¼ el�v þ Debl�v ð3Þ

av�l ¼ 1=al�v ð4Þ

where al-v is the fractionation coefficient from liquid
to gas phases, el-v is the equilibrium fractionation
coefficient, and Debl-v is the kinetic fractionation
coefficient.

Majoube (1971) demonstrated that the equilib-
rium fractionation coefficients for d18O and d2H
depend mainly on temperature, thus:

lnel�v
2H ¼ 24:844� 103=T2 � 76:248=T þ 52:612

� 10�3

ð5Þ

lnel�v
18O ¼ 1:137� 103=T2 � 0:4156=T � 2:0667

� 10�3

ð6Þ

where T denotes water surface temperature. The
kinetic fractionation coefficient is related to the
relative humidity and can be calculated as:
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Debl�v
2H ¼ 12:5� ð1� hÞ=1000 ð7Þ

Debl�v
18O ¼ 14:2� ð1� hÞ=1000 ð8Þ

where h denotes atmospheric humidity. In this pa-
per, temperature and atmospheric humidity values
were obtained from the Huashan meteorological
station. The mean temperature and relative humid-
ity data in the sampling period were 17.2 �C and
45.87% in March–April and 13.5 �C and 61.13% in
November, respectively.

Estimation of Contribution Ratio of End-Members

The EMMA (end-member mixing analysis) was
first proposed by Hooper et al. (1990) to determine
the contribution of potential water sources. This
analysis has been applied extensively by several
scholars (e.g., Peng et al., 2016, 2018; Li et al.,
2017, Liu et al., 2020b). Wang and Li (2022) high-
lighted four major groundwater recharge sources in
Hua County, namely subsurface lateral flow, irriga-
tion return flow, rainfall infiltration, and river seep-
age. However, irrigation activity in Hua County
starts mainly in the late April and continues to May
each year (Li et al., 2016a), and there was no irri-
gation during the sampling period of this study. In
addition, we considered the portion from irrigation
return flow during the irrigation period as part of
groundwater lateral runoff. Therefore, only three

groundwater recharge sources were considered in
this study, namely rainfall, groundwater lateral in-
flow, and river seepage, and were used as end-
members of mixing to investigate groundwater re-
charge characteristics in Hua County.

According to Liu and Yamanaka (2012),
EMMA should follow the following assumptions: (1)
steady concentration of the selected end-member
substance; (2) linear mixing process; and (3) sub-
stances are conservative tracers. Indeed, chloride
(Cl�) in groundwater is a conservative tracer.
Therefore, the relationship between d18O and Cl� in
all samples was drawn in this study using an EMMA
diagram. If the isotopic components of the mixed
groundwater (D1) were plotted in the triangle de-
fined by samples A, B, and C (Fig. 3a), it indicates
that groundwater is recharged from three different
water sources. In addition, the mixing ratio depends
on the relative size of the triangles AD1B, BD1C,
and AD1C. The EMMA model can be expressed as:

ðd18OÞg ¼ ðd18OÞsfs þ ðd18OÞpfp þ ðd18OÞlfl ð9Þ

Cl�g ¼ Cl�s fs þ Cl�p fp þ Cl�l fl ð10Þ

fs þ fp þ fl ¼ 1 ð11Þ

where fs, fp, and fl are proportions of infiltrated river,
rainfall, and subsurface lateral runoff, respectively.

However, when samples lie outside the triangle
confined by the end-members, it indicates that

Figure 3. Schematic diagram of the end-member mixing model.
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groundwater was recharged by only two sources, and
the contribution of end-members to groundwater
recharge is assessed using the approach proposed by
Liu et al. (2004). As shown in Figure 3b, a new tri-
angle was formed by joining the anomalous water
sample D2 with the two end-members closest to D2.
A vertical line was made through point D2. The
contribution of A and C is the CE-to-AE lengths
ratio, and the model is expressed as:

ðd18OÞg ¼ ðd18OÞAfA þ ðd18OÞCfC ð12Þ

Cl�g ¼ Cl�AfA þ Cl�CfC ð13Þ

fA þ fC ¼ 1 ð14Þ

where fA and fC are the proportions of any two end-
members in infiltrated river, infiltrated rainfall, and
subsurface lateral inflow.

RESULTS AND DISCUSSION

General Hydrochemical Characteristics

It is necessary to understand the major ion
hydrochemical characteristics of groundwater before
studying the evaporation and recharge characteris-
tics. The values of the major physicochemical
parameters of water samples from different seasons
in Hua County are shown in Table 1. The mean pH
of groundwater and river water in either season
exceeded 7.5 and 8, respectively, which were slightly

alkaline. The possible reason for the higher mean
pH of river water compared to groundwater is the
existence of aquatic plants or algae in the surface
water causing, which can increase pH (Wang et al.,
2017). Before the rainy season, Na+ showed the
highest concentration of 102.89 mg/L in surface
water, followed by Ca2+, and the smallest concen-
tration of K+. The ion concentrations in groundwa-
ter were ranked according to their means as Ca2+

>Na+ >Mg2+ >K+. The high concentration of
Ca2+ in groundwater originated mainly from the
dissolution of minerals such as calcite and feldspar,
which are of geogenic origin and abundant within
the aquifer of the study area (Li et al., 2014). Na+

probably originated from cation exchange and halite
dissolution, owing to the prevalent occurrence of
halite as a mineral in Hua County and cation ex-
change has been reported as hydrochemical mech-
anism (Li et al., 2014). In addition, Mg2+ is a
common element in the environment. For anions,
the means of HCO3

�, SO4
2�, and Cl� were 364.27,

126.91, and 57.13 mg/L in groundwater and 246.75,
175.22, and 93.89 mg/L in surface water, respec-
tively, in the pre-rainy season. The high concentra-
tion of HCO3

� was derived from dissolution of
carbonate minerals. The above analysis shows that
the ion concentrations in river water and ground-
water show some differences. Both lithological
classes and geochemical evolution and the degree of
hydraulic connection between river and groundwa-
ter may be responsible for the large differences in
hydrochemical properties of river water and
groundwater. The means of major ions were lower in

Table 1. Statistical analysis of major physicochemical indices (units: mg/L except pH dimensionless and EC lS/cm)

Parameters Groundwater Surface water

Pre-rainy season Post-rainy season Pre-rainy season Post-rainy season

Min Max Mean Min Max Mean Min Max Mean Min Max Mean

pH 7.12 8.16 7.68 6.99 8.19 7.77 7.31 8.78 8.14 7.72 8.39 8.06

TH 100 1021 399 115 981 374 125 445 313 140 415 303

TDS 240 1684 615 212 1948 577 212 968 680 204 1008 642

EC 376 2970 1023 305 3050 959 296 1623 1092 320 1803 1010

K+ 0.98 27.80 4.60 0.12 27.60 4.02 1.38 12.70 8.96 1.63 12.20 7.35

Na+ 11.40 248.00 57.45 6.42 263.00 47.02 6.20 155.00 102.89 7.12 166.00 92.62

Ca2+ 36.10 256.00 110.40 36.10 230 104.34 30.10 126.00 87.35 44.10 124.00 87.48

Mg2+ 2.43 141.00 30.02 4.86 151.00 27.39 4.86 32.80 23.12 7.29 31.60 20.54

Cl� 7.09 238.00 57.13 5.67 354.00 47.95 10.60 170.00 93.89 7.09 195.00 92.24

SO4
2- 19.20 648.00 126.91 4.80 394.00 109.86 52.80 283.00 175.22 33.60 197.00 106.18

HCO3
- 128.00 921.00 364.27 85.40 744.00 331.67 85.40 378.00 246.75 85.40 433.00 284.44

CO3
2- 0 0 0 0 0 0 0 42.00 6.49 0 0 0
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the post-rainy season, suggesting that rainfall may
recharge groundwater.

Total hardness (TH) reflects Mg2+ and Ca2+

concentrations in water (Chakraborty et al., 2021).
The means of TH in groundwater and surface water
were 399 and 313 mg/L, respectively, during the pre-
rainy season and 374 and 303 mg/L, respectively,
during the post-rainy season. Groundwater in both
periods exhibited higher TH than surface water
resulting from dissolution of dolomite and calcite,
indicating that groundwater experienced stronger
water–rock interaction. EC in groundwater ranged
376–2970 lS/cm with mean of 1023 lS/cm in the pre-
rainy season and 305–3050 lS/cm with mean of 909
lS/cm in the post-rainy season (Table 1). TDS level
was influenced by several factors working together
(Li et al., 2011). Low TDS values were observed in
the southern mountain front of Hua County, which
is the upstream area of groundwater in Hua County,
whereas the low TDS values may be the result of
weak evaporation and insignificant water–rock
interactions (Zhou et al. 2012).

Hydrogeochemical Processes

Assessing the hydrogeochemical characteristics
is of great importance for explaining the origin and
formation processes of groundwater. Gibbs diagram
(Gibbs, 1970) has been used to analyze the evolution
of surface water and recent studies have is used it
extensively analyze the evolution of groundwater (Li
et al., 2016c; He et al., 2019, 2021). All groundwater
samples plotted within the middle region of the
Gibbs diagram (Fig. 4), indicating that groundwater
hydrochemistry in Hua County is dominated by rock
weathering and dissolution in both seasons. In
addition, samples were very close to the upper part,
and one groundwater sample plotted in the evapo-
ration dominance area. Generally, groundwater
samples revealed an overall trend of upward
expansion toward the evaporation dominance area,
demonstrating influence of evaporation on ground-
water to some extent. Solutes in groundwater ini-
tially originate from mineral dissolution due to
water–rock interaction, with carbonate reaching
saturation as dissolution filtration and evaporation,

Figure 4. Gibbs diagrams of water samples.
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explaining the overall trend of groundwater samples
toward the evaporation dominance area of the
Gibbs diagram. For the surface water samples in the
study area, all of them plotted in the rock dominance
zone with a trend toward the evaporation domi-
nance zone.

Assessing ionic ratios and their interrelation-
ships can provide further insights into the origin and
formation processes of groundwater chemical com-
ponents (Gong et al., 2021). End-member diagrams
of Mg2+/Na+ and HCO3

�/Na+ with Ca2+/Na+ molar
ratios can be used to identify the potential sources of
chemical composition in surface water and ground-
water (Gaillardet et al., 1999). As depicted in Fig-
ure 5, most groundwater samples plotted between
the silicates- and carbonates-dominated areas in
both seasons, indicating influences of silicates and
carbonates weathering on hydrochemistry in Hua
County. The groundwater samples showed a rela-
tively wide range, indicating mixing between differ-
ent rocks. The hydrochemical characteristics of
groundwater were also influenced, to some extent,
by evaporite dissolution, more particularly in the
pre-rainy season (Fig. 5). Figure 5 also shows that
surface water samples mostly plotted between the
evaporites- and silicates-dominated areas and were
closer to evaporites areas than groundwater samples.

Furthermore, many scholars reported that ground-
water in the study area is mainly controlled by car-
bonate weathering dissolution and influenced by
silicate weathering dissolution (Chen et al., 2021;
Wang & Li., 2022).

Stable Isotopic Signatures

The isotopic compositions of rainfall are an
important component of stable isotope research
(Kazantseva et al., 2022; Qian et al., 2013). Indeed,
Craig (1961) revealed a linear correlation between
d18O and d2H in precipitation, known as the global
meteoric water line (GMWL). The relationship be-
tween d18O and d2H in rainfall can be expressed as:

d2H ¼ 8d18O + 10 ð15Þ
Qin et al. (2005) demonstrated a correlation

between d2H and d18O in rainfall in Xi�an near the
study area. This relationship can be described by the
local meteoric water line (LMWL), thus:

d2H ¼ 7:5d18O + 6:1 ð16Þ
There are some differences in the slope and

intercept of LMWL compared with those of
GMWL. The slope of the LMWL was slightly less

Figure 5. Relationships between different ions in water samples: (a) HCO3
�/Na+ vs Ca2+/Na+; (b) Mg2+/Na+ vs Ca2+/Na+.
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than 8, which may be due to the characteristics of
Hua County. Indeed, Hua County is located in the
northwest inland, where annual evaporation exceeds
annual rainfall, which is more influenced by evapo-
ration during the landing process (Jin et al., 2015).
Moreover, rainfall isotopes are susceptible to non-
equilibrium fractionation, resulting in heavy isotope
enrichment. In this study, the observed d2H and
d18O values in surface water and groundwater were
plotted and compared with the GMWL and LMWL
(Fig. 6).

Figure 6 reveals enrichment in d18O and d2H in
river water in Hua County. In the pre-rainy season,
d2H and d18O exhibited a range of values from
� 62.64& to � 46.17& and from � 9.34& to
� 5.75&, respectively, with means of � 56.91& and
� 7.80&, respectively. In the post-rainy season, d2H
and d18O ranged from � 63.26& to � 49.17& and
from � 9.51& to � 7.29&, with means of � 57.00&
and � 8.28&, respectively. In addition, almost all
surface water samples plotted below both the
LMWL and GMWL (Fig. 6), identifying evapora-
tion trends in surface water in the study area. The
samples in the pre-rainy season were distant from
the LMWL, suggesting greater evaporation. The
increase in d2H and d18O values in surface water in
the pre-rainy season can potentially be attributed to
low recharge rate, slow renewal, direct interaction
with surface environment, and sort residence times.

Most groundwater samples in both seasons
plotted along the LMWL and GMWL, suggesting
that groundwater was predominantly recharged by
rainfall, and there was no obvious trend toward
evaporation. The means of d2H and d18O were

� 64.77& and � 9.42&, respectively, in the pre-
rainy season and � 64.51& and � 9.32&, respec-
tively, in the post-rainy season. The means of d18O
and d2H in both seasons were similar, with no sig-
nificant increase or decrease. Some groundwater
samples showed different distributions along the
LMWL, suggesting a variety of recharge sources
with different isotopic signatures.

Deuterium Excess

The deuterium (D) excess is a second-order
variable of d2H and d18O, and it is significantly
influenced by evaporation (Dansgaard, 1964).
Strong evaporation results in a decline in the value
of D-excess (Wang et al., 2020). The D-excess in
groundwater reflects the degree of isotope exchange
and evaporation during water–rock interactions
(Yang et al., 2011; Liu et al., 2016). The D-excess
can be expressed as: d = d2H–8d18O. Indeed, the
global mean of the D-excess is 10&. According to
the results of this study, D-excess values in ground-
water ranged from 3.11& to 12.68& and 5.59& to
12.88&, respectively, with means of 10.58& and
10.18& in the pre- and post-rainy season, respec-
tively. The means were close to the global means,
suggesting that secondary evaporation had a minor
impact on groundwater in Hua County. In addition
to evaporation, mixing of groundwater with other
water sources (e.g., irrigation or river percolation)
may also affect its isotope values (Abu Jabal et al.,
2018). Moreover, the mean D-excess values in river
water in the pre- and post-rainy seasons were 5.51&
and 9.27&, respectively, suggesting that river water
was more affected by secondary evaporation, par-
ticularly during the pre-rainy season. These findings
are consistent with those revealed above.

Calculation of Evaporation Proportions

The ratio of heavy-to-light isotope in the initial
groundwater sample is a crucial parameter in non-
equilibrium evaporation model. Groundwater flow
direction in Hua County is generally south to north
and west to east. Therefore, the means of 2H and
18O isotopes of two groundwater samples in the
southwestern part of Hua County were selected as
initial isotopic levels.

The remaining proportions of evaporation cal-
culated from groundwater samples in both seasons

Figure 6. Plots of d2H versus d18O of all water bodies.
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are reported in Table 2. Although there were a few
anomalies (i.e., residual evaporation ratio> 1), the
overall results were reasonable. According to the
results, the evaporation proportions of groundwater
were low, below 6% in both seasons. The possible
reasons are that the temperature during the sam-
pling period was below 18 �C and the depth of the
groundwater table was generally greater than 4 m in
Hua County, which limit the evaporation process. In
addition, the evaporation degrees calculated based
on 18O and 2H were highly consistent, demonstrating
the effectiveness of the method used in this study for
quantifying evaporation in Hua County. The mean
remaining proportions of evaporation based on 18O
and 2H were 0.96% and 0.94%, respectively, in pre-
rainy season and 0.97% and 0.96%, respectively, in
post-rainy season. It is evident that there was a lower

evaporation degree in the post-rainy season, which is
consistent with the above analysis.

Characteristics of Groundwater Recharge

The lateral groundwater runoff, rainfall infil-
tration, and river water infiltration were considered
in this study as the three main end-members that
contribute to groundwater recharge. The rainfall
end-member was derived from the mean rainfall
data collected by the Hua County Meteorological
Bureau as reported by Li et al., (2016a). In addition,
samples W-32 and X1-02 (upstream groundwater)
were selected as end-members of subsurface lateral
flow in the pre- and post-rainy season, and W38 and
X2-30 represented the means of river water param-

Table 2. Calculated remaining proportions of evaporation from groundwater

Pre-rainy season Post-rainy season

No. f18O (%) f2H (%) No. f18O (%) f2H (%) No. f18O (%) f2H (%) No. f18O (%) f2H (%)

W-01 0.97 0.94 W-37 0.96 0.95 X1-02 1.11 1.16 X1-37 0.98 0.95

W-02 0.96 0.92 W-39 0.94 0.92 X1-03 1.01 1.03 X1-38 0.93 0.90

W-03 0.96 0.91 W-44 0.96 0.91 X1-05 1.03 1.06 X1-39 0.93 0.90

W-04 0.95 0.91 W-46 0.94 0.92 X1-08 0.95 0.94 X1-40 0.98 0.98

W-05 0.90 0.84 W-47 0.90 0.85 X1-09 0.98 0.98 X2-02 0.96 0.95

W-06 0.99 0.96 W-50 0.93 0.91 X1-10 1.00 1.01 X2-03 0.99 1.00

W-07 0.95 0.91 W-52 0.94 0.90 X1-11 0.97 0.96 X2-04 1.05 1.09

W-08 1.02 1.03 W-53 0.95 0.92 X1-12 1.01 1.03 X2-05 0.97 0.93

W-09 0.99 1.00 W-54 0.93 0.91 X1-13 0.95 0.93 X2-07 0.98 0.94

W-10 0.99 0.98 W-56 0.93 0.86 X1-14 1.06 1.07 X2-08 0.92 0.93

W-11 0.95 0.92 W-57 0.99 0.97 X1-15 1.00 0.99 X2-11 0.93 0.89

W-12 1.03 1.04 W-58 0.92 0.88 X1-16 0.98 0.98 X2-12 0.94 0.92

W-13 0.94 0.90 W-60 0.99 0.99 X1-18 0.95 0.95 X2-14 0.94 0.92

W-14 0.96 0.93 W-61 0.93 0.88 X1-19 1.02 1.03 X2-15 0.95 0.94

W-15 0.96 0.93 W-62 0.93 0.88 X1-20 1.00 1.02 X2-16 0.90 0.87

W-16 0.94 0.92 W-63 0.95 0.91 X1-21 1.02 1.03 X2-17 0.92 0.89

W-19 0.94 0.90 W-67 0.95 0.90 X1-22 0.96 0.93 X2-18 0.99 1.00

W-20 0.96 0.93 W-68 0.95 0.94 X1-23 1.02 1.04 X2-19 0.95 0.95

W-21 0.92 0.88 W-69 0.96 0.96 X1-24 0.96 0.95 X2-20 0.97 0.96

W-24 0.95 0.94 W-70 1.03 1.05 X1-25 0.94 0.92 X2-21 0.92 0.90

W-25 0.97 0.95 W-71 0.94 0.91 X1-26 1.00 1.01 X2-22 0.85 0.81

W-27 0.97 0.96 W-73 0.95 0.94 X1-27 1.00 0.98 X2-23 0.95 0.92

W-28 1.02 1.04 W-74 0.99 0.99 X1-28 0.93 0.89 X2-24 0.96 0.94

W-29 0.96 0.95 W-75 0.97 0.96 X1-29 0.95 0.94 X2-25 1.04 1.07

W-32 1.10 1.16 W-76 0.97 0.97 X1-30 0.96 0.93 X2-26 0.96 0.97

W-33 1.02 1.03 W-78 0.96 0.94 X1-31 0.94 0.97 X2-27 0.95 0.93

W-34 1.00 0.99 W-79 0.97 0.96 X1-32 0.96 0.93 X2-28 0.98 0.97

W-35 1.02 1.03 W-80 0.92 0.88 X1-33 0.97 0.94 X2-29 0.98 0.98

W-36 0.96 0.96 X1-34 0.95 0.93 X2-33 0.96 0.94

X1-35 0.90 0.88 X2-36 0.98 0.97

X1-36 0.96 0.94

Mean 0.96 0.94 Mean 0.97 0.96
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eters, and so they were used as end-members of river
water.

Figure 7 illustrates the correlation between Cl�

and d18O for the two seasons. Based on the results,
majority of the groundwater samples lie within the
triangular part consisting of the three end-members.
The contributions of these end-members to
groundwater recharge in Hua County were calcu-
lated using Eqs. 8–10. Groundwater samples falling
outside the triangle were calculated according to
Eqs. 11–13. It should be noted that one groundwater
sample plotted away from the triangular area and
cannot simply be assumed to be recharged by two
end-members. This sample was collected near the
Wei River, and a higher Cl� value than the other
samples could reasonably be interpreted as being
recharged by the Wei River only or being influenced
by localized effluent. According to the results, the
contribution ranges of subsurface lateral flow, river
water, and rainfall to groundwater recharge in the
pre-rainy season were 17–86%, 0–86%, and 0–65%,
respectively, with means of 47%, 25%, and 28%,
respectively, whereas in the post-rainy season, cor-
responding end-members contributed 19–87%, 0–
50%, and 4–67% to groundwater recharge, with
means of 57, 13, and 30%, respectively.

It is revealed that the subsurface lateral flow
was the dominant contributor to groundwater re-

charge in Hua County in both seasons, which is in
line with the contribution results obtained by Li
et al. (2016a) in the Shidi River of Hua County.
Based on the means, the contributions of the three
end-members to groundwater in both seasons fol-
lowed the order of lateral groundwater
flow> rainfall infiltration> surface water percola-
tion. This finding is consistent with that obtained by
Wang and Li (2022) using the water balance method,
demonstrating that the selected surface water, sub-
surface lateral flow, and rainfall end-members in
Hua County were effective in the calculation of
contribution to groundwater recharge. In addition,
the outcome of this paper revealed a slight increase
in the contribution of precipitation to groundwater
recharge in the post-rainy season, which is consistent
with actual conditions.

LIMITATIONS OF THE STUDY

It should be noted that there are uncertainties
when estimating the recharge contribution via the
EMMA. The first is the selection of end-member
samples, which is still subjective in spite of adequate
consultancy to experts and relevant literature. The
second is the consideration of recharge sources.
Here, we chose only three main sources of recharge,

Figure 7. End-member mixing diagram of Cl� and d18O: (a) pre-rainy season; (b) post-rainy season.
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but there still are some minor sources requiring
attention such as condensation of water vapor in the
atmosphere and soil because there is significant
temperature difference in the night and during
daytime. In addition, there are uncertainties in the
model itself. The model assumes there are no
hydrochemical reactions before the mixing of dif-
ferent sources, thus overestimating the mixing pro-
portion. However, the use of this model provides a
referenceable relative value, and the findings are
highly consistent with previous reports, which we
believe are reasonable. In future studies, we plan to
collect more high-precision hydrogeological data to
set up numerical models to further quantify the
absolute recharge amount of each recharge source.

CONCLUSIONS

The purposes of this paper were to evaluate the
hydrochemical and isotopic features of river water
and groundwater in Hua County and to quantify
groundwater recharge and evaporation in different
seasons based on hydrochemical and isotopic
methods. The following main conclusions were ob-
tained.

(1) Under the influence of rainfall, ion con-
centrations in surface water and groundwater de-
crease in the post-rainy season. The hydrochemical
characteristics of surface water and groundwater
show some differences, which may be due to dif-
ferent lithological classes and hydrogeochemical
evolution. Groundwater hydrochemistry in Hua
County is primarily dominated by rock weathering
and mineral dissolution, and it is impacted, to some
extent, by evaporation.

(2) The river water samples exhibit deviation
from the GMWL and LMWL and are obviously
affected by evaporation, while groundwater samples
are distributed along the GMWL and LMWL. In
addition, D-excess values of groundwater in both
seasons were similar to the global mean, indicating
low impact of secondary evaporation on groundwa-
ter in Hua County.

(3) Influenced by climate, groundwater evapo-
ration in the pre-rainy season was higher than in the
post-rainy season, but overall evaporation is not
significant. The remaining evaporation ratios calcu-
lated using the non-equilibrium evaporation model
based on 2H and 18O were 0.94% and 0.96%,
respectively, in the pre-rainy season and 0.96% and
0.97%, respectively, in the post-rainy season.

(4) The EMMA using isotope and chloride
tracers reveals that subsurface lateral flow had the
highest contribution to groundwater recharge, with
47% and 57% in the pre- and post-rainy season,
respectively. The contributions of rainfall and river
water to groundwater were similar in the pre-rainy
season, at 28% and 25%, respectively. After rainfall,
the contribution of rainfall increased to 30%, while
the contribution of surface water was only 13%.
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