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a b s t r a c t

Analysis of hydrochemical characteristics and controlling factors of streamflow and groundwater in arid
regions is important for water security. In this study, we collected samples of streamflow and ground-
water from the Wei River in China, analyzed their hydrochemical characteristics, and identified the major
solute sources using ion concentrations, d15NeNO3

� and d18OeNO3
�. The major downstream ion contents

were greater than the corresponding upstream values and the ion content in streamflow during the wet
season is much higher than that during the dry season. The water quality during the wet season was
unsatisfactory as approximately one third of the water samples were categorized as the worst water
quality based on excessive nitrates and carbonate weathering. Rock weathering contributed the greatest
proportion of solutes to both streamflow and groundwater. Evaporite dissolution and carbonate
weathering dominated solutes in the wet and dry seasons, respectively. Human activities cannot be
ignored in certain areas. Fertilizer application accounts for 43% of the total anthropogenic solute inputs.
These results point to the increasing impact of agriculture on water quality.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Surface water in human-impacted ecosystems receive solutes
(i.e. nutrients and pollutants) from both point and non-point
sources, affecting water quality and altering ecosystem structure
and function at various space and time scales (Azzellino et al.,
2008). Rivers are critical surface water resources that supply pub-
lic water to cities and sustain the ecological health of constituent
riparian and aquatic communities (Birol, 2008). Over the past few
decades, increasing human activities, including upstream water
diversion, resort and recreational activities, urban and agricultural
runoff, legacy mining effects, and treated wastewater discharge,
have led to increasing pressure on river water quality and a greater
need for management intervention (UNEP, 2016; Wen et al., 2015).
A critical first step towards the sustainable management of river
water quality is problem identification through river monitoring
e by Dr. J€org Rinklebe.
programs. While most river monitoring programs measure chem-
ical concentrations (e.g., nitrate, sulfate) to quantify nutrient or
solute loads that may impact water quality (Gibbs, 1970; Mateo-
Sagasta et al., 2018), some programs use environmental isotopes
(e.g., d15N-nitrate, d18O-nitrate) to identify their sources in a given
area.

The sources of solutes in rivers may be natural or anthropogenic
(Grosbois et al., 2001; Meybeck, 1998; Roy et al., 1999; Xiao et al.,
2016). Natural sources may include atmospheric inputs and the
chemical weathering of silicates, carbonates and evaporites, while
anthropogenic sources may stem from human activities in the
agricultural, industrial, and domestic sectors (Flintrop et al., 1996;
Han et al., 2010; Li et al., 2014). The identification of such sources
can be performed using awide range of qualitative and quantitative
methods. Qualitative, methods, such as Piper diagrams (Piper,
1944), Gibbs plots (Gibbs, 1970), and factor analysis, may be used
to assess water chemistry and rock weathering, respectively, for
putative sources. Quantitatively, chemical concentrations or envi-
ronmental isotopes may be considered in a system of mass balance
equations to quantify the contributions of different sources. For-
ward modeling using chemical concentrations can isolate the
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contribution of each source of the dissolved solutes, which is
helpful for the assessment of overall water chemistry (Ollivier et al.,
2010; Stallard and Edmond, 1987). Source analysis based on envi-
ronmental isotopes considers the proximity of isotopic values be-
tween dissolved solutes and putative sources (Cortecci et al., 2002;
Phillips and Gregg, 2003). Environmental isotopes are more useful
than simple chemical concentration monitoring because isotopic
ratios can change even when chemical concentrations remain sta-
ble. The combined use of chemical concentration and isotope-based
methods therefore enables the robust assessment and identifica-
tion of river solute sources.

TheWei River is the largest tributary of the YellowRiver in China
(Fig. 1). Rapid industrialization since the 1980s has resulted in
progressively declining river water quality, which fell to its lowest
record level in 2004. Since 2008, the Chinese government has
invested 2.13 billion US dollars per year for comprehensive man-
agement of the Wei River. As a result, the water quality has rating
improved between 2010 and 2014 from inferior V to inferior IV.
However, because of significant reductions in streamflow and the
impact of human activities in recent years, the water quality of
streamflow and groundwater continue to pose environmental
health concerns. Although several recent studies have analyzed the
water chemistry or quality for certain transects (Lu et al., 2010; Qu
et al., 2017; Wang et al., 2011; Yu et al., 2016), temporal and spatial
variations in hydrochemistry and their controlling factors have
rarely been addressed.

The objectives of this study were to assesses the current water
quality of the streamflow and groundwater of the Wei River and
analyze the controlling factors of water quality. We sampled
streamflow and groundwater in both the wet and dry seasons,
employed qualitative and quantitative modeling for assessing and
identifying solute sources, and identified the processes and
mechanisms controlling water quality. Our findings will inform
current and future water quality management programs for the
Wei River and other similar areas.
Fig. 1. Location of the Wei River and sampling sites. Streamflow and groundwater were c
season (W.Groundwater and W. Streamflow).
2. Materials and methods

2.1. Study area

The Wei River (Fig. 1) extends 818 km fromwest to east, an area
of 134,766 km2. Based on a continental monsoon climate, the mean
annual precipitation and potential evapotranspiration are 501.9 and
1015.0mm, respectively (Ning et al., 2017). Low annual precipita-
tion and high potential evapotranspiration lead to severe water
shortages. The Guanzhong Plain within the Wei River catchment is
a densely populated area (480 people/km2) and an important in-
dustrial and agricultural production base with a total irrigated area
of 920,000 ha. The high population density and rapid economic
development in this area require large amounts of water. These
societal pressures result in high utilization of streamflow and
groundwater, which may increase water pollution.

The north-bank tributaries originating from the Loess Plateau
have loess deposits up to 350m deep and are long with high
streamflow sediment concentrations. In contrast, the south-bank
tributaries originating from the Qinling Mountains have clear and
rapid water flows (Sun, 2014). The elevation of the catchment de-
creases fromwest to east, ranging from 336 to 3,929m. The aquifer
is largely composed of feldspar, aluminosilicates, and carbonate
(calcite, dolomite) minerals. The relative proportions are 34.8e40%
for quartz, 5e20% for feldspar, 11.7e15% for calcite, and 10e15% for
clay minerals. The landforms include mountainous areas, loess
hills, loess tablelands, and alluvial valley plains. The landscape is
dominated by farmland, grassland, and forestland, which account
for 47%, 31%, and 21% of the total area, respectively (Yu et al., 2016).
2.2. Sample collection and analysis

To analyze spatiotemporal variations in the hydrochemistry of
streamflow and groundwater, we collected water samples during
the dry season (April 2013) and wet season (August 2017) from
ollected for the mainstream in both dry (D.Groundwater and D. Streamflow) and wet
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various point along the entire Wei River (total length of 818 km).
We collected 27 streamflow samples and seven groundwater
samples during the dry season, and collected 70 streamflow sam-
ples and 11 groundwater samples during the wet season (Fig. 1).
The streamflow samples were collected using pre-washed plastic
bottles and the groundwater samples were collected from wells
that are 10e30m deep after pumping each well to evacuate three
times the volume of standing water in the pipe. After the water
samples were collected, they were filtered in situ through 0.45-mm
Whatman® nylon filters to remove any insoluble particles. A 60-mL
aliquot was stored in a pre-cleaned high-density polyethylene
bottle and acidified to a pH level less than two using 6-M ultrapure
HNO3 for cation analysis. A 30-mL aliquot of acidified water was
collected for anion analysis and trace-element identification. We
measured pH, temperature, and total dissolved solids (TDS) in situ,
sealed the collected samples in 100-ml polyethylene plastic bottles
and stored them at 4 �C. HCO3

� and CO3
2� levels were measured via

acid-base titration (Mitamura et al., 2003). SO4
2�, Cl�, F� and NO3

�

levels were determined using ion chromatography (ICS-1100, Dio-
nex). The major cations, namely Naþ, Mg2þ, Kþ, Ca2þ, Fe, As, Cr, Cd,
and Cu, were analyzed using a total Spectral Plasma Spectrometer
(ICP-MS, Thermos Fisher Scientific) at the Water Environment
Research Lab of Northwest A&F University. The stable nitrogen and
oxygen isotopes in the nitrates (d15NeNO3

� and d18OeNO3
�) were

analyzed at the Third Institute of Oceanography of the State Oceanic
Administration following the denitrifying bacterial method using
stable isotope mass spectrometer (Gas-Bench-Mat253, Thermos
Fisher Scientific). The water samples were pre-processed by con-
verting NO3 into gaseous N2O for detection using a continuous-flow
isotope ratio mass spectrometer (IRMS, Isoprime100). In this paper,
isotope ratio values are reported in parts per thousand (‰) relative
to N2 (air) and Standard Mean Ocean Water for d15NeNO3

� and
d18OeNO3

�. The analytical precisions levels for d15NeNO3
� and

d18OeNO3
� are ±0.2‰ and ±0.3‰, respectively.
2.3. Interpreting the controlling factors of hydrochemistry

To compare the ionic compositions of streamflow and ground-
water, we plotted the data in a Piper diagram. We then classified
water quality using fuzzy membership functions according to the
Environmental Quality Standard for Surface Water and Groundwater
in China (Tables S1 and S2), based on the method described by
Zhang et al. (2012).

Next, qualitative analysis was performed to identify major
controlling factors, and quantitative analysis was performed to
break down the contributions of various factors to the dissolved
solutes. For qualitative analysis, a Gibbs plot and factor analysis was
employed to identify the major controlling factors of streamflow
and groundwater hydrochemistry. Specifically, a Gibbs plot was
employed to investigate the contributions of different sources, such
as atmospheric inputs, human activities, and rock weathering, to
hydrochemistry by plotting TDS versus Na/(Na þ Ca) and TDS
versus Cl/(Cl þ HCO3). Principal component analysis (PCA) was
employed to transform inter-correlated hydrochemical indicators
into uncorrelated variables (Villegas et al., 2013). PCA was per-
formed for ten indicators: Kþ, Ca2þ, Naþ, Mg2þ, Cl�, SO4

2�, HCO3
�,

NO3
�, F�, and TDS. To identify sources of nitrate, the isotopic com-

positions of nitrogen and oxygen in the nitrates (d15NeNO3,
d18OeNO3) were compared to published values.

For quantitative analysis, a forward model for mass budget
calculation was adopted to calculate the contributions of atmo-
spheric inputs, human activities, and rock weathering (e.g., car-
bonate, silicate, and evaporite) to the dissolved solutes. The mass
budget equation for any element X is defined as follows:
Xwater ¼Xatm þ Xeva þ Xsil þ Xcarb þ Xanth; (1)

where water represents surface water or groundwater and atm,
anth, sil, carb and eva refer to atmospheric input, anthropogenic
input, silicate weathering, carbonate weathering, and evaporite
dissolution, respectively. To calculate each component on the right
side of Equation (1), additional pertinent data and equations are
required as detailed in Section 3.2.

The mass balance of stable isotope was used to calculate the
contribution of each source to the nitrates in water as follows:

d15N¼
Xn

i¼1

fi � d15Ni; (2)

d18O¼
Xn

i¼1

fi � d18Oi; (3)

1 ¼
Xn

i¼1

fi; (4)

where i refers to the number of nitrate sources and fi refers to the
fraction of a specific nitrate source.

To interpret the potential impacts of surface water-groundwater
flow paths on solutes, we analyzed the surface water-groundwater
relationship using the chloride mass balance method as follows:

Qs $Cls ¼ Qu$Clu þ ðQs � QuÞ$Clv; (5)

where Qs is the total water flux; Qu and Qs-Qu are the fluxes of the
two endmembers; and Cs, Cu, and Cv are the chloride concentra-
tions in different types of water.
3. Results

3.1. pH and total dissolved solids

Table S3 lists the pH, TDS, and ion concentrations of streamflow
and groundwater. The pH values range from 7.26 to 9.27 with a
mean of 8.10. The TDS range from 194.3 to 2136.8M with a mean of
666.4M, indicating slight alkalinity and high salinity. Furthermore,
these values vary with the seasons and are noticeably different for
streamflow and groundwater. In the wet season, the pH values
(mean± 1 SD) of streamflow and groundwater are 8.16± 0.31 and
7.63± 0.21, respectively, and the TDS values were 551.9± 283.2 and
812.1± 405.7M, respectively. During the dry season, the pH values
of streamflow and groundwater are 8.38± 0.36 and 7.87± 0.27,
respectively, and the TDS values are 667.6± 337.8 and
748.2± 581.7M, respectively.
3.2. Hydrochemical composition and water type

The concentrations of major cations in the streamflow and
groundwater were similar between the two seasons in the order of
Ca2þ> Naþ> Mg2þ> Kþ, while the anions were in the order of
HCO3

�> SO4
2� > NO3

�>Cl�. During the dry and wet season, the
dominant cation was Ca2þ, accounting for 38± 10% to 86 ± 19% of
the TZþ (TZþ¼Naþ þKþ þ 2Mg2þ þ 2Ca2þ), while the dominant
anion was HCO3

�, accounting for 37± 6% to 61± 20% of the TZ�

(TZ�¼NO3
�þF�þCl�þ2SO4

2�þHCO3
�). The water chemistry type

changed from CaeMgeHCO3 in the dry season to CaeMgeSO4eCl
in the wet season (Fig. 2). Additionally, the streamflow and
groundwater data overlapped, possibly which may be a result of



Fig. 2. Piper diagram of chemical compositions for streamflow and groundwater.
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streamflow-groundwater interactions.
3.3. Spatiotemporal variations in water chemistry and quality

To explore the spatial patterns of hydrochemistry, the major
ions of streamflow concentrations were plotted against longitude
to illustrate the eastward flow of the Wei River (Fig. 3). During the
wet season, the concentrations of major ions in the middle and
lower reaches are greater than those in the upper reach. The up-
stream concentrations changes lightly from the dry season to the
wet season compared to the middle and lower reaches. However,
the spatial variability in the dry season was smaller than in the wet
season. In particular, the concentration of NO3

� in streamflow dur-
ing thewet season is significantly higher than that in the dry season
(standard deviations of 95.63 and 2.32, respectively) (Table S3).
This indicates that streamflow in the dry season is less affected by
human activities.

Regarding temporal streamflow, 29% of the samples belong to
class V in the wet season, but 97% of the samples belong to classes
IeIII in the dry season (classes I, II, and III accounted for 30%, 37%,
and 30% of the total samples, respectively). For groundwater, 36% of
the samples belong to class V in the wet season. The samples in the
dry season for class I, II and V accounted for 25%, 50%, and 25%,
respectively (Table 3). It appears that the wet season has worse
overall water quality compared to the dry season because more
water samples belong to class V for the wet season. Spatially, we
calculated the percentages of different classes among the total
number of water samples for both the dry and wet seasons. For
streamflow, the upstream samples of classes IeIII, IV, and V account
for 24%, 0%, and 3% of the total number of streamflow samples,
respectively, and the corresponding values are 24%, 1%, and 18%,
respectively, for the middle reach, and 28%,1%, and 0%, respectively,
for the lower reach. For groundwater, the upstream samples of
classes IeIII and V account for 38% and 12% of the total number of
groundwater samples, and the corresponding values were 13% and
5%, respectively, for the middle reach, and 22% and 10%, respec-
tively, for the lower reach.

4. Discussion

4.1. Controlling factors for dissolved solutes

To identify the dominant process controlling dissolved solutes,
Gibbs diagram and Na-normalized molar ratios were employed
(Gaillardet et al., 1999). Most water samples had low Na/(Na þ Ca)
and Cl/(Cl þ HCO3) levels, but moderate TDS, indicating typical
rock-dominated waters solutes (Fig. 4a and b).

To clarify the major lithologies contributing to dissolved solutes,
the Na-normalized molar ratios method was adopted. This method
divides the main sources of ions into evaporite dissolution, silicate
rocks, and carbonate rocks. The elemental ratio adjusted by Naþ can
effectively eliminate dilution effects (Gaillardet et al., 1995;
Gaillardet et al., 1999). The wet-season samples were affected by all
the three types of rock salts. In contrast, most dry-season ground-
water samples fell in the upper right section (Fig. 4c and d), indi-
cating that the dissolved solutes are largely affected by carbonate
weathering.

4.2. Contributions of different sources to dissolved solutes

The contributions of different factors, namely atmospheric in-
puts, human activities, and rock weathering, to the dissolved sol-
utes were quantified using a forward model (Fig. S1). Overall,
silicate weathering accounts for 33± 4% of streamflow and
groundwater solutes, with no detectable seasonal differences.
Carbonate weathering and evaporite dissolution exhibit significant



Fig. 3. Spatiotemporal variations in streamflow hydrochemistry in wet and dry season. Major anion contents in wet season (a) and dry season (b), major cation contents in wet
season (c) and dry season (d).
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seasonal changes, with the former accounting for 51± 21% of
groundwater solutes, with a strong seasonal signal during the dry
season. The latter accounts for 46± 5% of groundwater solutes with
a stronger seasonal signal during the wet season. Human activities
account for 10± 5% of dissolved solutes in streamflow. The effects of
atmospheric inputs and human activities for other water types and
seasons are negligible.

4.2.1. Atmospheric inputs
The contributions of atmospheric inputs were largely calculated

from rainfall chemical compositions. In practice, Cl� is commonly
used to calculate the proportion of dissolved solutes derived from
the atmosphere because it is stable and conservative (Moon et al.,
2007). To estimate the contributions of atmospheric inputs, all
samples with low Cl� levels are assumed to obtain Cl� from the
atmosphere (Hyonjeong et al., 2009; Rai et al., 2010). When the
lowest Cl� level (Cl�min) in the sample is greater than the rainwater
Cl� concentration, the total amount of atmospheric input can be
calculated and corrected using the following formulas:

Xrain�¼Xrain � Cl�min

.
Cl�rain; (6)

Xrw * ¼ Xrw � Xrain�; (7)
where Xrain is the concentration of X in rain and Xrain* represents
the corrected concentration. Xrw is the concentration of X in
streamflow or groundwater and Xrw* represents the corrected
concentration.

Precipitation chloride data was obtained from the East Asia Acid
Rain Network. The contributions of atmospheric inputs account for
8± 3% of streamflow in the dry season and 5± 3% of streamflow in
the wet season. Despite slight seasonal variations, the effects of
atmospheric inputs on streamflow and groundwater are low
overall, which is intuitive based on the fact that the Wei River is
located far from the ocean.

4.2.2. Human activities
Human activities always contribute to variations in water

chemistry and quality. The Guanzhong Plain is an important agri-
cultural and industrial production base and the most densely
populated area in the catchment. According to the National Bureau
of Statistics of China, 26.7 million tons of fertilizer (converted to
pure nitrogen) were applied in the research area from 2004 to 2013
with utilization rates of 30e40% for nitrogen fertilizer, 10e25% for
phosphate fertilizer, and 40e60% for potassium fertilizer. These
activities inevitably affect the water quality in the Wei River. The
pollutants from human activities are typically characterized as
being rich in K þ, Ca2þ, SO4

2�, Cl�, and NO3
� (Redwan and Abdel

Moneim, 2016); however, K þ, Ca2þ, SO4
2�, Cl� are also products of



Fig. 4. Gibbs diagram of streamflow and groundwater hydrochemistry for (a) cation ratios and (b) anion ratios. (c) Mg/Na versus Ca/Na and (d) HCO3/Na versus Ca/Na for streamflow
and groundwater.
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rock weathering. Therefore, NO3
� was considered as an indicator of

human activities in this study.
According to the PCA results (Table 1), the scores of Kþ and NO3

�

are very similar for factor 2 of streamflow during the wet season,
representing the influence of excessive application of nitrogen and
potassium fertilizers. Because chloride concentrations are typically
stable in nature, but can be increased by human activities, we
compared the concentrations of Cl� to those of NO3

� to identify
nitrate sources qualitatively (Fig. 5a). The concentrations of both
Cl� and NO3

�in the headwater region are low, indicating that they
are not influenced by intensive human activities. However, as the
river flows through farming and urban areas, the concentrations of
Cl� and NO3
� increase based on the application of fertilizer (high

NO3
� and low Cl�) and manure (high NO3

� and high Cl�). Addi-
tionally, dual-isotope comparisons between nitrogen and oxygen in
various wet-season samples indicated that fertilizers, soil nitrogen,
manure, and sewage are potential main nitrate sources, but the
former two sources likely contribute relatively large amounts of
nitrate (Fig. 5b).

Because nitrates represent human activities, we quantified the
contributions of anthropogenic inputs to nitrate in streamflow and
groundwater in different seasons using a forward model. Anthro-
pogenic inputs make the greatest contribution to streamflow ni-
trates during the wet season with an average contribution of



Table 1
Varimax loading of the variables for each factor in wet and dry season.

Variable Streamflow Groundwater

Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3

Dry season SO4
2- 0.93 0.3 �0.02 0.71 0.69 0.11

Cl� 0.88 0.38 �0.05 0.76 0.64 0.07
Mg2þ 0.83 0.52 �0.03 0.23 0.91 0.28
TDS 0.86 0.48 0.09 0.85 0.53 0.04
Ca2þ 0.53 0.16 0.65 0.82 0.57 0.05
Naþ 0.87 0.44 �0.11 0.88 0.46 �0.07
HCO3

� �0.15 0.02 0.88 0.95 0.24 �0.06
Kþ 0.45 0.72 �0.15 0.69 0.68 0.22
F� 0.78 0.09 0.21 �0.01 �0.2 �0.97
NO3

� 0.15 0.89 0.29 0.86 0.09 0.46
Eigenvalue 4.95 2.26 1.37 5.4 3.09 1.3
%Total variance 49.53 22.56 13.67 54.04 30.94 13
Cumulative % variance 49.53 72.09 85.76 54.04 84.98 97.98

Wet season SO4
2- 0.96 0.10 0.15 0.96 0.06 �0.11

Cl� 0.96 0.17 0.14 0.96 �0.01 0.03
Mg2þ 0.95 0.11 �0.1 0.83 0.22 �0.47
TDS 0.89 0.30 0.21 0.93 0.27 �0.11
Ca2þ 0.84 0.15 �0.26 0.67 �0.58 �0.09
Naþ 0.71 0.45 0.21 0.83 0.3 �0.16
HCO3

� 0.07 0.83 0 0.44 0.44 0.62
Kþ 0.37 0.69 0.09 0.63 �0.37 0.39
F� 0.15 0.16 0.89 �0.01 0.9 0.2
NO3

� 0.1 0.47 �0.52 0.66 �0.35 0.47
Eigenvalue 5.53 1.27 1.16 5.47 1.82 1.07
%Total variance 49.17 17.75 12.7 42.08 26.05 15.48
Cumulative % variance 49.17 66.92 79.6 42.08 68.13 83.61

Bold and italic values indicate strong and moderate loadings, respectively.

Fig. 5. (a) Mixing diagram of NO3
�and Cl�concentrations for streamflow in the wet season. (b) Dual isotope comparison for d15NeNO3

- and d18OeNO3
- for streamflow in the wet

season. Boxes represent ranges in isotopic signatures of N and O for different nitrate sources. (c) Stoichiometry plots of groundwater in dry and wet season.
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10± 5%. Their contributions to streamflow and groundwater ni-
trates during the dry season are relatively small (Fig. S1). Further-
more, we quantified the contributions of different human activities
to nitrate concentrations based on the mass balance of nitrate
isotopes and found that the mean contribution was the highest for
chemical fertilizer (42.7%), intermediate for soil nitrogen (31.2%),
and smallest for sewage and manure (26.1%) (Table 2). The nitrate
content in streamflow and groundwater during the wet season is
over 20 times greater than that in dry season. It seems that the
nitrate in water bodies is washed out of soil by surface runoff,
meaning the nitrate in streamflow and groundwater may be
dominated by agricultural activities. Nitrogen and oxygen stable
isotopes support this hypothesis. Specifically, dual-isotope com-
parisons of nitrogen and oxygen in various wet-season samples
indicated that fertilizers, soil nitrogen, manure, and sewage are
plausible main nitrate sources, but the former two sources likely
contributed the majority of nitrates (Fig. 5b). Therefore, it can be
concluded that the nitrate in streamflow and groundwater stems
from agricultural activities, but flows into the Yellow River to in-
crease water pollution in the middle and lower reaches of the river.
4.2.3. Rock weathering
PCA revealed that factor 1 of streamflow and groundwater for

the wet season is highly correlated with Ca2þ, Naþ, Mg2þ, Cl�, SO4
2�,

and TDS (Table 1) with contributions to the total variance of
49± 28% and 42 ± 18%, respectively. This indicates a major contri-
bution from evaporite dissolution during the wet season. In gen-
eral, halite (Naþ: Cl�¼ 1:1) and gypsum (CaSO4$2H2O) or
anhydride are the main sources of SO4

2� and Cl�. In addition to
atmospheric precipitation input, Cl� in streamflow and ground-
water is also derived from rock weathering. In addition to the hy-
drolysis of gypsum, SO4

2� may also be derived from the oxidation of



Table 2
Proportional contributions of three potential nitrate sources to streamflow and groundwater in the Wei River during the wet season.

Category Site Chemical Fertilizer (%) Soil organic N (%) Sewage and Manure (%)

Streamflow S1 45± 1.4 31± 1.4 24± 0
S2 35± 1.2 40± 1.2 25± 1.2
S3 65± 16 9± 5.8 26± 15.6
S4 26± 1.6 49± 1.2 25± 1.6
S5 21± 2 23± 3.2 56± 2.8
S6 48± 1.6 42± 1.6 10± 1.6
S7 24± 1.2 39± 1.2 37± 1.2
S8 73± 1.6 2± 1.9 25± 1.0
S9 70± 8.5 10± 6.1 20± 7.8
S10 20± 1.2 67± 1.2 13± 1.2
Average 42.7 31.2 26.1

Groundwater G1 46± 4.0 44± 10.0 10± 6.0
G2 14± 7.4 28± 2.8 58± 7.5
G3 21± 15.0 48± 25.2 31± 10.2
G4 90± 1.7 6± 2.1 4± 2.1
G5 13± 11.7 27± 18.1 59± 6.4
Average 36.8 30.6 32.4

Table 3
Water quality classification by the fuzzy membership function.

Water samples Number of samples within class Total

I II III IV V

Streamflow Wet season 17 25 6 2 20 70
Dry season 8 10 8 0 1 27

Groundwater Wet season 2 4 1 0 4 11
Dry season 2 4 0 0 1 7

Total 29 43 15 2 26 115
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pyrite as follows:

4FeS2 þ 15O2 þ 14H2O ¼ 8H2SO4 þ 4Fe ðOHÞ3 (8)

However, there is no pyrite and little sulfuric acid in the pre-
cipitation in the Yellow River basin (Larssen et al., 1999). Therefore,
only rock salt and gypsum dissolutionwere considered in this study
when calculating evaporite dissolution as follows:

Cle ¼Clriver � Clrain; Nae ¼ Cle; Halite% ¼ Cle
�
llitelatotal; (9)

SO4e ¼ SO4river � SO4rain; Cae ¼ SO4e; Gypsum%

¼ SO4e

.
eypsumatotal; (10)

where Clriver and Clrain are the concentration of Cl in the river and
rain, respectively. Cle represents the Cl in river water after correc-
tion for rain inputs. Halite% is the contribution rate of halite
dissolution to the solute in evaporite. SO4river and SO4rain are the
concentrations of SO4 in the river and rain, respectively. SO4e rep-
resents the SO4 in river water after correction for rain inputs.
Gypsum% is the contribution rate of gypsum dissolution to solute
the in evaporite.

The contributions of evaporite dissolution are 42± 18% and
49± 28% for wet-season streamflowand groundwater, respectively,
and 32± 15% and 9± 2% for dry-season streamflow and ground-
water, respectively. Evaporite dissolution contributes more to dis-
solved solutes during the wet season compared to the dry season.
The evaporite dissolution rate was estimated to be 40 to 80 times
greater than that of granite and 4 to 7 times greater than that of
carbonate. Despite the low overall content, evaporite dissolution
has a significant effect on the chemical composition of waters (Xiao
et al., 2016). High temperature and rainfall during the wet season in
the study area accelerate evaporite dissolution.
The concentration of silicon in the middle reaches of the Yellow
River is 282e347 mM (Fan et al., 2014). Additionally, the aquifer
medium of the groundwater system contains many minerals,
including feldspar, alum inosilicates, and carbonate (calcite, dolo-
mite) minerals. Therefore, streamflow and groundwater may be
affected by the weathering of silicates and carbonates. Based on our
forward model, silicate weathering exhibits no significant seasonal
differences, but it contributes to streamflow and groundwater
solutes with an average contribution of 33± 4%.

Stoichiometric approaches are often used to trace the source of
groundwater solutes qualitatively (Han et al., 2010). Under natural
conditions, the (Ca þ Mg)/HCO3 equivalent ratio from carbonate
weathering is equal to one. According to Fig. 5c, the ratio of
(Ca þ Mg)/HCO3 equivalent for most dry-season water samples is
close to one, whereas the ratio of wet-season groundwater samples
is greater than one, indicating that the Ca2þ andMg2þ in dry-season
groundwater are largely affected by carbonic acid (Sarin et al.,
1992). Additionally, factor 1 in the factor analysis exhibits high
loadings of TDS, Ca2þ, Naþ, and HCO3

�- during the dry season, ac-
counting for 54% to the total variance (Table 1). The forward model
reveals that groundwater during the dry season is dominated by
carbonate weathering, but it is largely affected by evaporite disso-
lution during the wet season. The contributions of carbonates
weathering were respectively 51± 21% and 8± 6% for the dry and
wet season. Leaching experiments on carbonate weathering con-
ducted under different climatic conditions have shown that the
weathering of carbonates is more pronounced under dry and cold
conditions. In a continental monsoon climate, the dry season has
low temperatures and the wet season has high temperatures.
Therefore, there are seasonal variations in the dissolution of
groundwater carbonates.
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4.3. Impacts of streamflow-groundwater interactions

Streamflow-groundwater interactions have a significant impact
on solute transport in water. Dry-season streamflow-groundwater
relationships are dominated by one-way flow paths from ground-
water to surface water, which was confirmed through in-situ ob-
servations and our previous studies using water-stable isotopes (Li
et al., 2019; Li et al., 2017). Based on the chloride mass balance
method, we investigated streamflow-groundwater relationships
more extensively. As average values for each reach, during the dry
season, groundwater recharges streamflow by 51%, 81%, and 54%
for the upper, middle, and lower reaches, respectively, while the
other contributions came from upstream river flow. During the wet
season, the streamflow recharged groundwater by 73%, 50%, and
72% for the upper, middle and lower reaches, respectively. The flow
path during the dry season runs from groundwater to streamflow,
but that during the wet season is from streamflow to groundwater.

Seasonally varying streamflow-groundwater relationships can
help us to interpret temporal variations in water chemistry and
quality. Wet-season groundwater is dominated by streamflow,
which largely stems from rainfall-derived surface runoff, which
flushes the soil surface strongly and carries additional solutes.
Therefore, wet-season streamflow and groundwater have higher
ion concentrations and lower water quality compared to dry-
season streamflow and groundwater. Spatial variations in water
chemistry and quality are strongly related to river discharge. As
discharge increases along the flow path from the upper reach to the
lower reach, streamflow can carry more solutes into the river. As a
result, the ion concentrations in the middle and lower reaches are
greater and more variable than those in the upper reach.

4.4. Attribution of water quality

The hydroparameters responsible for water quality during the
wet season are different from those during the dry season. Spe-
cifically, excessive NO3

� causes a deterioration in the quality of
streamflow with 42% of samples exceeding the water quality
standard for NO3

�. Additionally, NO3
�, SO4

2� and TDS simultaneously
result in poor groundwater quality, with 36%, 36%, and 36% of
samples exceeding the water quality standards for these three ions,
respectively. For streamflow, PC2 accounts for 17.75% of the vari-
ance with high loadings of HCO3

�, Kþ, and NO3
�. For groundwater,

PC1 is dominated by Naþ, SO4
2�-, Cl�, Ca2þ, Mg2þ, and TDS, ac-

counting for 42.08% of the variance. NO3
� has high loadings for PC3

and is responsible for 15.48% of the variance. The inter-correlated
elements within each PC may stem from the same source
(Table 1). For example, NO3

� largely originates from anthropogenic
activities (Sun et al., 2011). According to the National Bureau of
Statistics, the application of compound fertilizers, potash fertilizers
and vegetable fertilizers continuously increased during the period
of 2000e2015 in the study area. Therefore, the HCO3

�, Kþ, and NO3
�

may originate from compound fertilizers, such as NH4HCO3 and
KNO3, whereas SO4

2� and Mg2þ may originate from vegetable fer-
tilizers, such as MgSO4. Additionally, Naþ and Cl� ions in ground-
water may originate from manure application (Kim et al., 2009).

In summary, according to the results of our forward model,
dissolved solutes are dominated by rock weathering, which is
consistent with previous studies conducted in the study area (Xiao
et al., 2016). However, regarding water quality, carbonate weath-
ering (e.g. calcite and dolomite), manure application, and fertilizers
are the major sources of groundwater pollution during the wet
season, whereas impacts on streamflow quality during the wet
season are dominated by fertilizers. Regarding the impacts of hu-
man activities, which were investigated based on nitrates, the
contribution of fertilizer application is much greater than that of
sewage (Table 3). Agricultural activities play an important role in
altering water chemistry and quality. Therefore, they should be the
focus of efforts to improve water quality, especially by improving
poor fertilizer utilization efficiency.

5. Conclusions

Regions with water shortages are often threatened by water
quality degradation, which is of greater concern in arid regions. We
considered the Wei River in northwest China as a study area to
analyze water chemistry, quality, and solute sources in streamflow
and groundwater. The major ion concentrations in the middle and
lower reaches were greater than those in the upper reach, and the
values during the wet season were much higher than those during
the dry season. Although water quality degradationwas dominated
by rock weathering, dissolved solutes also originated from human
activities , particularly agriculture. Although anthropogenic inputs
make small contributions to solutes, they can deteriorate water
quality significantly through nitrate loading, especially during the
wet season. Our results suggest that pollution from non-point
sources can be severe during the wet season in arid regions
because of intense rainstorms and excessive fertilizer application.
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