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Abstract: Water scarcity in arid regions is exacerbated by water quality degradation from
anthropogenic contamination. In water-scarce regions, it is crucial to identify hydrochemical
characteristics and pollution sources for effective water resource management. In this study,
the Hei River—located in the Loess Plateau of China, which is an arid region with substantial
anthropogenic-induced environmental changes—was selected as the study area to investigate these
issues. The major ions of 242 streamflow and groundwater samples were measured during the 2014
and 2015 dry and flood seasons. Using a Piper diagram, a fuzzy membership function, a Gibbs diagram,
and a forward model, the hydrochemical facies and water quality of streamflow and groundwater
were investigated, and the main river solute sources and relative contributions were determined
using quantitative and qualitative methods. The total dissolved solids were 279.6 ± 127.8 mg·L−1

for streamflow and 354.0 ± 157.4 mg·L−1 for groundwater, indicating low salinity water. However,
the hydrochemical characteristics varied with season and location. Qualitatively, the atmospheric
inputs, human activities, and rock weathering all contributed solutes to the waters but with varying
contributions. The following are the mean contributions of analyzed solute source: silicate weathering
(45.1± 1.1%) > carbonate weathering (34.1± 1.6%) > evaporite dissolution (13.7± 2.4%) > atmospheric
input (5.4 ± 0.1%) > anthropogenic input (1.7 ± 0.1%). In general, water quality was satisfactory,
as the majority of samples conformed to drinking water standards. The samples had good water
quality because the river solutes were not heavily affected by anthropogenic activities and were
primarily controlled by rock weathering. However, localized areas of high anthropogenic impact were
identified. Such locations should be prioritized for pollution control and water resource management.

Keywords: water quality; controlling factors; forward model; water resources management

1. Introduction

Long-term focus on water problems has generally related to water quantity; however, since the
1990s, water pollution from human activities has increasingly threatened the majority of rivers [1,2].
Consequently, arid and semiarid regions are threatened by both limited water supply and water
quality deterioration [3,4]. Water quality deterioration indirectly reduces the amount of available
water, and thus exacerbates the water shortage crisis in arid regions [5,6]. As such, there is an urgent
need to develop appropriate water resource management strategies for arid regions, considering the
well-understood causes of water pollution.

To identify pollution sources, it is useful to analyze the hydrochemical characteristics of rivers and
groundwater and investigate major solute sources. The dissolved load compositions of the streamflow
and groundwater in a catchment area are derived from a variety of natural and artificial processes [7,8].
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Natural processes include atmospheric inputs and chemical weathering of silicates, carbonates, and
evaporites. Anthropogenic discharge may include untreated domestic water, urban rainwater, and
cultivated and returned water [9]. However, multiple discharge sources to river and groundwater
systems can complicate the identification of ion sources. Consequently, a combination of qualitative
and quantitative methods must be used to accurately identify and distinguish between the various
ion sources.

The Loess Plateau in China exhibits severe soil erosion due to its steep slopes, low vegetation
coverage, loose loess, and concentrated rainfall [10]. Thus far, extensive engineering and biological
measures have been implemented to reduce soil and water loss. Consequently, the land use structure has
been substantially changed by converting steep farmlands to grasslands or forestlands; simultaneously,
large areas of farmland have been converted to apple orchards for income improvement [11,12]. With
these changes in surface conditions, soil erosion has been effectively reduced; however, river flow has
significantly reduced as well, threatening the sustainability of the region [13,14]. Despite the direct
reduction of water quantity, fertilizer application strategies because of land use change also influence
water quality [15–17]. As such, investigations of water quality are important, especially considering
recent anthropogenic-induced environmental change. However, previous studies on water chemistry
in the Loess Plateau have been predominantly based on single sampling or limited river cross section
sampling [4,18]. Without sufficient data, it is difficult to characterize temporal and spatial changes in
hydrochemical characteristics at the catchment scale.

To improve our understanding of water quality in response to recent anthropogenic-induced
environmental change in the Loess Plateau, the Hei River was chosen as a case study area in which to
collect water samples in the dry and flood seasons of 2014 and 2015 to analyze water quality and solute
sources. Specifically, we asked the following questions: (i) How do hydrochemical characteristics and
water quality vary spatiotemporally? (ii) Where do the dissolved solutes come from? (iii) What is the
implication for water resource management? To answer these questions, we collected 242 water samples
from various river locations and throughout different seasons to identify spatial and temporal patterns
of hydrochemistry. After determining the main ion concentrations, the fuzzy membership function
was applied to analyze streamflow and groundwater water quality. Furthermore, stoichiometry, Piper
and Gibbs diagram, and a forward model were used to qualitatively and quantitatively identify the
contributions of different endmembers (e.g., rock weathering, atmospheric inputs, and anthropogenic
activities) of solute sources to the river. The results of this study have major implications for water
resource management throughout the Loess Plateau and similar regions with substantially changed
environmental conditions.

2. Materials and Methods

2.1. Study Area

The Hei River is located in the southern part of the Loess Plateau (Figure 1). The river has a
length of 168 km and the watershed has an area of 1506 km2. The catchment experiences a sub-humid
and temperate continental monsoon climate. The annual mean precipitation is 555.7 mm and the
annual mean temperature is 9.4 ◦C [10]. More than 55% of the annual rainfall occurs between July and
September in the form of rainstorms. The elevation decreases from west to east, ranging from 2459 to
1000 m. The lower reaches of the Hei River, located in a typical tableland–gully region of the Loess
Plateau, are dominated by flat tablelands covered by 150 m thick loess deposits. These deposits store
large amounts of subsurface water, and the loess sequence from top to bottom includes deposits such
as the Malan, Lishi, and Wucheng, where the Lishi and Wucheng loess act as an aquifer and aquitard,
respectively. Gullies dominate the upper reaches of the Hei River and deeply undercut the bedrock.
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Figure 1. Sampling sites of streamflow and groundwater along the Hei River. DEM, Digital Elevation 
Model. 

The relative contributions of rainfall and groundwater to the streamflow are characterized by 
seasonal and spatial variability in the river catchment, whereby contributions from groundwater are 
highest along the downstream reaches of the river [19]. Spatial variability in topography and its 
effects on the resulting flow paths may also affect the hydrochemical characteristics of the 
streamflow. Furthermore, as an agricultural watershed, where farmland, grassland, and forests 
account for 58%, 36%, and 5% of the total area, respectively [10], fertilizer application likely has a 
significant effect on streamflow hydrochemistry. 

2.2. Sampling and Analysis 

To reflect seasonal and spatial variabilities in hydrochemistry, streamflow and groundwater 
(from wells or springs) samples were collected along the river during both the dry (June) and flood 
(September) seasons in 2014 and 2015. Based on the relationship between precipitation and 
evapotranspiration, the months of June and September reflected the dry and flood seasons, 
respectively [19]. We collected 51 (June 2014), 45 (September 2014), 88 (June 2015), and 58 (September 
2015) samples during the four sampling campaigns. Prior to sample collection, to ensure the 
collection of fresh groundwater, well groundwater was first pumped for approximately 30 min. The 
pH and total dissolved solids (TDS) were measured in situ using a portable multi-parameter meter 
(SG78-FK-CN, Mettler Toledo). Water samples were stored in 150 mL polyethylene bottles at 0–4 °C. 

The cation concentrations, including K+, Na+, Ca2+, and Mg2+, were determined using coupled 
plasma–atomic emission spectrometry (ICP-AES) with a relative standard deviation (RSD) of <1%. 
The anion concentrations, including Cl−, SO42−, and NO3−, were determined by ion chromatography 
(DIONEX ICS-1100, Thermal Fisher Scientific, USA) with a detection limit of 0.1 ppm. The HCO3− + 
CO32− content in water samples was inversely calculated using the ion balance method [20]. 

2.3. Data Analysis 

First, spatiotemporal patterns were analyzed to determine hydrochemical characteristics, 
dominant water types, and water quality using geochemical data from the four sampling campaigns. 
Second, the controlling factors of the dissolved solutes were qualitatively and quantitatively 
analyzed. The main ions, hydrochemical facies, and sources of dissolved solutes were interpreted 
using a Piper diagram [21]. The fuzzy membership function was then used to evaluate the water 
quality according to the Environmental Quality Standard for Surface Water in China (Table 1); a 
previous study reported the detailed procedures and water quality standards used in this method. 

Figure 1. Sampling sites of streamflow and groundwater along the Hei River. DEM, Digital
Elevation Model.

The relative contributions of rainfall and groundwater to the streamflow are characterized by
seasonal and spatial variability in the river catchment, whereby contributions from groundwater are
highest along the downstream reaches of the river [19]. Spatial variability in topography and its
effects on the resulting flow paths may also affect the hydrochemical characteristics of the streamflow.
Furthermore, as an agricultural watershed, where farmland, grassland, and forests account for 58%,
36%, and 5% of the total area, respectively [10], fertilizer application likely has a significant effect on
streamflow hydrochemistry.

2.2. Sampling and Analysis

To reflect seasonal and spatial variabilities in hydrochemistry, streamflow and groundwater (from
wells or springs) samples were collected along the river during both the dry (June) and flood (September)
seasons in 2014 and 2015. Based on the relationship between precipitation and evapotranspiration, the
months of June and September reflected the dry and flood seasons, respectively [19]. We collected 51
(June 2014), 45 (September 2014), 88 (June 2015), and 58 (September 2015) samples during the four
sampling campaigns. Prior to sample collection, to ensure the collection of fresh groundwater, well
groundwater was first pumped for approximately 30 min. The pH and total dissolved solids (TDS)
were measured in situ using a portable multi-parameter meter (SG78-FK-CN, Mettler Toledo). Water
samples were stored in 150 mL polyethylene bottles at 0–4 ◦C.

The cation concentrations, including K+, Na+, Ca2+, and Mg2+, were determined using coupled
plasma–atomic emission spectrometry (ICP-AES) with a relative standard deviation (RSD) of <1%.
The anion concentrations, including Cl−, SO4

2−, and NO3
−, were determined by ion chromatography

(DIONEX ICS-1100, Thermal Fisher Scientific, USA) with a detection limit of 0.1 ppm. The HCO3
− +

CO3
2− content in water samples was inversely calculated using the ion balance method [20].

2.3. Data Analysis

First, spatiotemporal patterns were analyzed to determine hydrochemical characteristics, dominant
water types, and water quality using geochemical data from the four sampling campaigns. Second,
the controlling factors of the dissolved solutes were qualitatively and quantitatively analyzed. The
main ions, hydrochemical facies, and sources of dissolved solutes were interpreted using a Piper
diagram [21]. The fuzzy membership function was then used to evaluate the water quality according
to the Environmental Quality Standard for Surface Water in China (Table 1); a previous study reported
the detailed procedures and water quality standards used in this method.
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Table 1. The standards used for the water quality evaluation. The parameters are the overlapped data
from our measurements and those from the Environmental Quality Standards for Surface Water in
China. TDS: total dissolved solids.

Class Cl− SO42− NO3− TDS Suitability

I 50 50 8.9 300 Drinking,
aquiculture

II 150 150 22.1 500 Drinking,
aquiculture

III 250 250 88.6 1000 Drinking,
aquiculture

IV 350 350 132.9 2000 Industry
V 350 350 132.9 2000 Irrigation

The Gibbs diagram was used to qualitatively analyze the factors controlling the dissolved
solutes and to identify the roles that atmospheric inputs, rock weathering, evaporite dissolution,
and anthropogenic activities play regarding river chemistry [22]. Furthermore, a forward model was
used to separate the relative contribution of each source [23]. The mass balance equation for any
element, X, in the dissolved load can be expressed as follows:

[X]ws = [X]atm + [X]anth + [X]carb + [X]sil + [X]eva (1)

where ws is the water sample, atm is the atmospheric input, anth is the anthropogenic input, sil is
silicate weathering, carb is carbonate weathering, and eva is evaporite dissolution. Detailed calculations
for the forward modeling can be found in a previous study [4].

3. Results

3.1. River Hydrochemical Characteristics

The mean and standard deviation of the hydrochemical parameters for both the streamflow and
groundwater are listed in Table 2. Both streamflow and groundwater were weakly alkaline, with pH
ranges of 8.13–9.19 and 7.11–8.51, respectively. Although both are freshwater flows, the average TDS
range was 279.6 ± 127.8 and 354.0 ± 157.4 mg L−1 (mean ± sd), respectively. The dominant cation
concentrations had an order of Na+ > Ca2+ > Mg2+ > K+, while the dominant anion concentrations
had an order of HCO3

− > SO4
2− > Cl− > NO3

−. Sodium dominated the cations in both the streamflow
and groundwater, accounting for 45–72% and 45–73% of the total cation concentrations, respectively.
Bicarbonate dominated the anions in both the streamflow and groundwater, accounting for 41–54%
and 41–49% of the total anion concentrations, respectively.

Table 2. The mean and standard deviation (STD) of the ion concentrations in the streamflow
and groundwater.

Year pH TDS
Ion Concentration (mg·L−1)

HCO3− SO42− Cl− NO3− K+ Na+ Ca2+ Mg2+

2014 Dry Mean − 267.0/227.6 23.23/39.19 98.39/52.78 22.97/19.78 0.34/3.21 2.68/1.51 74.87/73.44 25.81/23.50 26.01/32.82
STD − 129.5/61 5.96/9.46 72.30/24.00 19.40/12.39 0.38/3.58 1.28/0.90 40.84/28.91 9.96/7.58 8.50/13.71

2014 Flood
Mean 8.48/7.65 371.0/501.2 257.88/385.68 81.31/105.74 18.03/31.61 2.08/3.72 2.78/2.34 59.90/85.65 52.19/56.18 29.71/36.23
STD 0.16/0.29 97.4/225.0 38.92/83.14 33.56/100.08 11.49/24.83 3.46/4.64 2.99/2.59 43.03/39.07 42.44/28.93 8.26/13.66

2015 Dry Mean 8.57/7.69 247.6/351.2 129.86/173.46 61.39/80.65 16.21/29.19 6.81/21.33 2.22/1.77 59.48/84.23 41.68/58.98 29.93/37.56
STD 0.22/0.34 128.0/115.6 124.36/126.66 28.55/51.33 12.01/23.54 2.39/28.34 2.41/1.43 37.44/34.96 34.06/36.50 9.46/10.35

2015 Flood
Mean 8.57/7.72 263.7/328.2 157.04/157.33 129.62/50.49 19.90/29.27 5.91/11.11 2.48/1.87 65.10/79.59 42.65/49.39 27.47/32.26
STD 0.24/0.34 116.8/125.5 108.89/123.01 49.61/76.43 14.93/28.62 2.90/8.97 2.06/1.57 41.23/39.49 31.37/31.84 7.60/11.78

XX/XX indicates the values for the streamflow/groundwater.

The concentrations of most ions exhibited similar trends to the TDS; thus, we assessed the
spatiotemporal patterns of hydrochemistry using TDS (Figure 2). In the dry season, the streamflow TDS
was characterized by high fluctuations in the upper and middle reaches of the Hei River, but gradually
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increased downstream into the lower reaches. Comparatively, the TDS gradually increased downstream
during the flood season (Figure 2a). For groundwater, TDS increased downstream regardless of the
season (Figure 2b). The groundwater TDS concentrations in 2014 and 2015 were similar for both the
dry and flood seasons, suggesting low interannual variability in major ion concentrations.Water 2019, 11, 2293 5 of 11 
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3.2. Hydrochemical Facies and Water Quality

We plotted the streamflow and groundwater data points from the different sampling campaigns
on a Piper diagram (Figure 3). Na+ and Ca2+ were the dominant cations, while HCO3

− and SO4
2−

were the dominant anions in both the streamflow and groundwater. However, the dominant ions
varied with the season. Specifically, the dominant cation and anion in the dry season were Na+ and
SO4

2−, respectively, while the dominant cation and anion in the flood season were Ca2+ and HCO3
−.

Accordingly, the dominant hydrological facies in the dry season were Ca–Mg–SO4–Cl and Na–SO4–Cl,
whereas the dominant hydrological facies in the flood season was Ca–Mg–HCO3. Furthermore,
the hydrochemistry of the streamflow and groundwater samples overlapped in different periods,
suggesting an influence from similar hydraulic processes in both water flows.

Water 2019, 11, 2293 5 of 11 

 

 
Figure 2. Spatial variations in the streamflow and groundwater TDS from 2014–2015. 

3.2. Hydrochemical Facies and Water Quality 

We plotted the streamflow and groundwater data points from the different sampling campaigns 
on a Piper diagram (Figure 3). Na+ and Ca2+ were the dominant cations, while HCO3− and SO42− were 
the dominant anions in both the streamflow and groundwater. However, the dominant ions varied 
with the season. Specifically, the dominant cation and anion in the dry season were Na+ and SO42−, 
respectively, while the dominant cation and anion in the flood season were Ca2+ and HCO3−. 
Accordingly, the dominant hydrological facies in the dry season were Ca–Mg–SO4–Cl and Na–SO4–
Cl, whereas the dominant hydrological facies in the flood season was Ca–Mg–HCO3. Furthermore, 
the hydrochemistry of the streamflow and groundwater samples overlapped in different periods, 
suggesting an influence from similar hydraulic processes in both water flows. 

 
Figure 3. Piper diagram of the anions and cations in the Hei River. 

Using water quality standards and our measurements, we categorized the water quality into five 
classes by applying the fuzzy membership function. Over 97% of the water samples belonged in class 
I to III, and were therefore considered satisfactory with respect to water quality standards. Spatially, 
class III water samples were predominantly located in the upper and middle reaches of the Hei River 
(Figure 4). Water samples from the upper and middle reaches were similar in quality to those from 
the lower reaches of the river for two potential reasons: first, river pollutant discharge originated 

Figure 3. Piper diagram of the anions and cations in the Hei River.

Using water quality standards and our measurements, we categorized the water quality into five
classes by applying the fuzzy membership function. Over 97% of the water samples belonged in class I
to III, and were therefore considered satisfactory with respect to water quality standards. Spatially,
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class III water samples were predominantly located in the upper and middle reaches of the Hei River
(Figure 4). Water samples from the upper and middle reaches were similar in quality to those from the
lower reaches of the river for two potential reasons: first, river pollutant discharge originated from
coal mining and washing sites located in the upper and middle reaches and, secondly, higher flow
rates or water volume in the lower reaches could dilute pollutant concentrations in the dissolved load
of the river water.
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4. Discussion

4.1. Factors Controlling Dissolved Solutes

4.1.1. Processes Controlling River Solutes

Since most water samples fell within the Gibbs diagram (Figure 5), it is unlikely that
anthropogenic activities significantly influenced solute concentrations in this river [24]. Rather,
most hydrochemical parameters fell within the fields defined by Na+/(Na+ + Ca2+) or Cl−/(Cl− +

HCO3
−) endmembers, which suggests that the river chemistry is predominantly affected by rock

weathering [25]. The average streamflow Cl/Na value of 0.3 was much lower than the average global
seawater ratio (Cl/Na = 1.15), which indicates that there were minimal contributions from sea salt
transported by atmospheric circulation.
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4.1.2. Stoichiometric Analysis of Streamflow

Stoichiometric solute ratios can be effectively used to track their sources [9]. If Na+ derives
predominantly from rock salt dissolution (evaporites), the Na/Cl equivalence ratio should be close
to 1:1 [26]. However, the majority of the data points in this study fell above the 1:1 line (Figure 6a),
indicating the additional input of Na+ from either sodium aluminosilicate (NaAlSi3O8) weathering
or anthropogenic inputs. The weathering of carbonate rocks or evaporites yields Ca2+, Mg2+, and
SO4

2− [4]. If Ca2+ and Mg2+ derive predominantly from carbonate weathering, the equivalence ratio of
(Ca2+ + Mg2+)/ HCO3

− should be close to 1:1 [27]. However, the majority of our samples fell above the
1:1 line during the dry season (Figure 6b), indicating additional impacts from exogenous acids. This
suggests either that Cl− and SO4

2− balanced excessive Ca2+ and Mg2+ during the dry season, or that
Na+ and K+ balanced the alkalinity of the river. In contrast, most samples fell close to the 1:1 line in
the flood season, suggesting that carbonate weathering was the main source of Ca2+ and Mg2+ at these
times. Both Ca2+ + Mg2+ and HCO3

− + SO4
2− can indicate the occurrence of carbonate and silicate

weathering. Therefore, the strong correlation between Ca2+ + Mg2+ and HCO3
− + SO4

2− indicated
contributions from both carbonate and silicate weathering to the riverine solute composition during
the flood season (Figure 6c).
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4.2. Source Contributions of Dissolved Solutes

The contributions of different sources (e.g., atmospheric input, anthropogenic input, and rock
weathering) to the solutes in the river are listed in Table 3. In general, carbonate and silicate weathering
were the primary sources of dissolved solutes in the streamflow. Solute contributions from evaporite
dissolution varied between seasons owing to climate variability, contributing 10.9 ± 1.6% in the dry
season and 16.5 ± 0.4% in the flood season. Solute contributions from the atmosphere were higher in the
dry season relative to the flood season. Anthropogenic inputs contributed 0.4 ± 0.1% and 3.0 ± 0.2% to
the river solutes in 2014 and 2015, respectively, suggesting a minor contribution towards determining
water quality.

Table 3. Contributions of different factors to the dissolved solutes (%).

Season Silicate
Weathering

Carbonate
Weathering

Evaporite
Dissolution

Atmospheric
Input

Anthropogenic
Input

Dry Season 47.6 ± 5.7 32.7 ± 7.4 10.9 ± 1.6 7.0 ± 0.3 1.8 ± 0.1
Flood Season 42.6 ± 0.4 35.6 ± 0.8 16.5 ± 0.4 3.7 ± 0.2 1.6 ± 0.2

All 45.1 ± 1.1 34.1 ± 1.6 13.7 ± 2.4 5.4 ± 0.1 1.7 ± 0.1
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4.2.1. Atmospheric Inputs

Riverine Cl− originates predominantly from sea salt aerosols and atmospheric dust [23],
the concentrations of which decrease with increasing distance from the ocean [28]. Measurements of
ionic concentrations in rainwater were collected from one site within the East Asia Acid Rain Network
near the study area (Table 4). The ratio of TZ+ from atmospheric inputs ranged between 2.7% and
7.4%. Atmospheric contributions to river solutes were larger in the dry season, with two potential
reasons (Table 3): (1) Streamflow runoff is lower during the dry season while evaporation is higher,
and (2) local air pollution is more severe during the dry season.

Table 4. Chemical composition of the rainwater samples.

Time
SO42− NO3− Cl− Na+ K+ Ca2+ Mg2+ pH EC

µmol L−1 mS·m−1

2014
Flood
season 145.0 116.8 22.4 143.4 10.6 129.1 19.9 6.9 6.9

Dry season 201.3 246.9 37.5 57.0 15.5 101.0 22.2 6.9 1.0

2015
Flood
season 53.2 13.3 19.9 113.9 15.5 134.9 29.6 7.0 3.8

Dry season 34.5 6.4 20.8 60.5 35.1 57.3 7.2 7.0 2.2

4.2.2. Anthropogenic Inputs

Anthropogenic activities can affect the major ion concentrations in water either directly, through
the discharge of fertilizers and untreated waste water, or indirectly, by changing the underlying surface
conditions [29]. Higher NO3/Na ratios compared with Cl/Na ratios indicate increased contributions of
effluent discharge to a river [30]. However, most water samples in this study fell below the 1:1 line for
NO3/Na versus Cl/Na (Figure 7), indicating that anthropogenic sources have a minor impact on river
chemistry. In addition, only 5 out of the 242 water samples had NO3–N contents higher than 10 mg
L−1, the drinking water standard set by the World Health Organization, providing further evidence
for the minor impacts of human activities. The forward model demonstrated that the contributions
of anthropogenic activities in the flood and dry seasons in 2015 were 3.4% and 2.6%, respectively,
higher than the respective contributions of 0.2% and 0.5% in 2014,. These minimal contributions
predominantly derive from agriculture and are due to the expansion of farmland in the study area [11].
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4.2.3. Rock Weathering

According to the Gibbs diagram, rock weathering was the main control on riverine solutes (Figure 5).
In agreement with this result, the Piper diagram showed that most samples were concentrated in
the silicate (basalt and granite), carbonate weathering, and evaporite salt (gypsum) fields (Figure 3).
In general, halite (Na+:Cl− = 1:1), gypsum (CaSO4·2H2O), and/or anhydrite were the principal sources
of SO4

2− and Cl−. Other than atmospheric inputs, Cl− concentrations in streamflow were mainly
derived from rock weathering. In addition to the hydrolysis of gypsum, the oxidation of pyrite can
also be a source of SO4

2−.
The estimated contributions from silicate, carbonate, and evaporite dissolution were 39.3–52.7%,

30.0–37.0%, and 4.3–21.1%, respectively. The mean contribution of the different weathering sources had
an order of silicate weathering > carbonate weathering > evaporite dissolution, owing to the fact that
the surrounding lithology is enriched in silicates (such as felspar, plagioclase, and pyroxenes) relative
to carbonates and evaporites [31]. However, the contribution rates of the different rock sources varied
between seasons (Table 3). For instance, we observed higher contributions from carbonate weathering
and evaporite dissolution in the flood season (35.6 ± 0.8% and 16.5 ± 0.4%, respectively) relative to
the dry season (32.7 ± 7.4% and 10.9 ± 1.6%, respectively), since carbonate weathering and evaporite
dissolution are more sensitive to hydrothermal conditions [32]. In contrast, silicate weathering occurred
in the dry season because slower flow rates extend the interaction time between water and silicate rock.
Overall, carbonate and silicate weathering were the primary sources of streamflow ions, accounting for
75.9–81.1% of the riverine solutes.

4.3. Implications for Water Resource Management

The overall water quality in the study area was found to be good, meeting the relevant standards
for drinking water and agricultural water use. The water quality of the Hei River is better than that of
other rivers on the Loess Plateau. For example, our previous study showed that over 30% of streamflow
or groundwater samples from the Wei River had water quality of Class V in the wet season [15]; the Fen
River had even worse water quality [16]. The dissolved solutes in this river mostly come from rock
weathering, and the effect of human activities is different than that in other rivers [4]. Specifically,
the Wei and Fen rivers support large areas of farmlands, a large population, and an industrial base,
while the Hei River is much smaller, with anthropogenic inputs mostly from agriculture and coal
mining. As such, pollutant control for the Hei River should focus on fertilizer application strategies
and management of wastewater from coal mining.

In addition, because of land use change and climate variability, streamflow has been decreasing
in recent decades, and will probably continue to decrease in the future [10,33]. As decreasing water
volume will contribute to the enrichment of pollutants in waters, urgent measures are needed to adjust
the hydrological cycle. With these considerations, the land use pattern should be adjusted considering
future sustainability under climate change. A minimal streamflow able to sustain the local ecology,
civil water demand, and good water quality should be defined.

5. Conclusions

To analyze the water quality and pollution sources in a river with substantial environmental
changes, the ion concentrations of 242 streamflow and groundwater samples collected from the Hei River
in the Loess Plateau were measured. Samples were collected in both the dry and wet seasons, covering
different reaches of the river to reflect spatiotemporal variability in river hydrochemistry. Overall, the
streamflow and groundwater were weakly alkaline and had low salinity, with dominant anion and
cation of Na+ and HCO3

−, respectively. The overall water quality was good for most water samples,
since streamflow hydrochemistry was primarily influenced by rock weathering with only minor effects
from anthropogenic activities. Contributions from silicate and carbonate weathering dominated the
riverine solutes, with fractional contributions of 75.9%−81.1%. Although atmospheric inputs and
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anthropogenic activities have had relatively minor effects on the riverine solutes, some localized areas
subject to concentrated anthropogenic impact were identified; these areas should be the focus for
pollution control and water resource management. In arid regions, limited water quantity is a key
factor in regional development; however, the anthropogenic-induced deteriorated water quality will
further worsen the situation. As such, the hot spot, hot moment, and pollutant sources of water
pollution should be identified for pollution control.
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