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Abstract: Reclaimed water is useful for replenishing dried up rivers in North China, although
changes in water quality could be an issue. Therefore, it is essential to understand the spatio-temporal
variation and the controlling factors of water quality. Samples of Yongding River water were collected
seasonally, and 24 water quality parameters were analyzed in 2015. All waters were alkaline,
and nitrate-nitrogen was the main form of nitrogen, while phosphorus was mostly below detection
level. The water quality parameters varied in time and space. Cluster analysis showed a distinct
difference between winter and the other seasons and between the natural river section and the section
with reclaimed water. Based on the analysis of Gibbs plots, principal component analysis, and ionic
relationships, the water chemistry was controlled by dissolution of rocks in natural river section,
the quality of replenished water, the effects of dilution, and the reaction of aqueous chemistry in
the reclaimed water section. The positive oxidation environment in most of the river water was
conducive to the formation of nitrate-nitrogen by nitrification, and not conducive to denitrification.
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1. Introduction

North China is an important area of political, economic, and cultural development, while it has
been facing serious water shortages. Under the influence of continual droughts, rapid socio-economic
development, and a large consumption of water resources, surface runoff is significantly reduced,
leading to a large number of dry rivers [1,2]. Beijing, the capital of China, has been confronted with
severe water scarcity for the last 30 years. The annual average rainfall of Beijing is 584.7 mm, which is
mainly concentrated from June to September [3]. The city’s total water consumption was 3.82 billion m3
in 2015, while the surface water resources were 932 million m3, and the gap was filled by excess use of
groundwater [2]. Although the south-to-north Water Diversion (1 billion m?/year) largely alleviated
water scarcity, water demand was not fully met. Yongding River, one of the seven major river systems
in the Haihe River Basin, flows through Inner Mongolia, Shanxi, and Hebei provinces, Beijing, Tianjin,
and two municipalities. Therefore, three reservoirs on the upstream of Yongding River have been used
as the water supply for the city since the 1980s. The river channel about 70 km on the downstream had
been dry as a result of the impoundment of the three reservoirs.
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At present, reclaimed water is the “second source of water” in Beijing [3,4], the utilization
rate of which has reached to 61%, with the resources of about 800 million m3, used for industrial
(160 million m?) [2], agricultural (200 million m?) [5], rivers and lakes landscape (400 million m?) [6],
and municipal (greenfield irrigation, car washing, road dust) (40 million m3) purposes [2]. The dry
Yongding River section, whose ecological water demand was about 130 million m3, had been
replenished since 2010 [7]. The reclaimed water (15 X 10* m3/ day) from the nearby sewage treatment
plants was used as the main supplementary water source, through 20 km of circulating pipeline and
three pumping stations. The recovered surface water area of Yongding River was about 2.7 million m?.
Reclaimed water is derived from treated wastewater used for a certain purpose after treatment. Due to
the different treatment processes and discharge standards, some chemical components in reclaimed
water are too high, which may cause the potential risk of environmental pollution. The effluents
discharged from wastewater treatment plants (WWTPs) could be an important source of nutrient
loading and contribute to water eutrophication [8] due to excess nutrients [9,10]. Further, it caused the
risk of groundwater contamination by infiltration [11], and led to an increase in salt content in the soil,
which affected plant growth and caused accumulation of heavy metals in the soil [12,13].

The characteristics of water quality could be identified by multivariate analysis and ionic
relationships. The reduction of a large number of water parameters, especially the key ones, could be
ascertained by principal component analysis, and the influencing factors of water chemistry could
be further inferred [14-18]. Concurrently, the spatio-temporal variations of water quality could also
be understood according to the cluster analysis [19-21]. In addition, the dissolved ions and their
relationships were effective tools to deduce dissolution of minerals [22-25]. The comprehensive use
of multiple methods would be more useful to confirm the characteristics and governing factors of
water chemistry. The dry Yongding River section replenished by reclaimed water would face complex
environmental issues, and therefore it is important to understand the water quality character and
influencing factors. This study can further be beneficial for recovering the river by the reclaimed water.

The main objectives of our study are (1) to understand the physical and chemical compositions of
the river water; (2) to illustrate the spatio-temporal variations of water chemistry; and (3) to identify the
controlling factors of water chemistry evolution in Yongding River replenished by the reclaimed water.

2. Materials and Methods

2.1. Study Site

Yongding River is the largest river in the Haihe River Basin [26]. The study site, with an
obvious continental climate, is located between the eastern humid zone and the western arid area,
where average annual rainfall is about 556-560 mm, with large variations, mainly concentrated
from June to September (from 1954 to 2010). The average relative humidity and annual potential
evapotranspiration is 57% and 1890 mm, respectively. The terrain of Yongding River in Beijing
section was high in north and low in south. The river above the Sanjiadian Reservoir is 92 km
long, with an average slope of 3.1%, having a mountain erosion structural landform. The middle
section (from Sanjiadian Reservoir to the Lugou Bridge), with a length of about 17 km, gradually
falls from the mountains into the low mountains and plains. The downstream (from Lugou Bridge to
Lianggouzhuang), with a length of 61 km, gradually widens and becomes the sandy river floodplain.
The upper reaches of the Yongding River in Beijing contain mountain brown soil; the middle reaches
that pass through urban area are mostly brownish yellow clay of volcanic rocks and carbonate rocks,
and the main parent soil material is alluvial sediment, primarily in fluvo-aquic soil.

Since the 1980s, the following section of the reservoir had been dry for many years, where the
main river section is about 17.4 km, and the river ecosystem had been transformed into a terrestrial
ecosystem from 1980 to 2010. In order to recover the river, replenishment of the reclaimed water to the
Yongding River has been carried out from 2010 [27]. The main source of replenishment is reclaimed
water, followed by rainwater and surface runoff in rainy season (300 x 10* m?/year, obtained from
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Beijing Water Conservancy Planning and Design Institute). There is a small tributary with perennial
water from the surrounding residential area in the left bank of the river, located between the monitoring
station YDO5 and YDO6 (Figure 1), which is mainly composed of the emissions of cooling water from
Beijing Jingxi Gas Thermal Power Co., Ltd. (Beijing, China). The sluice gate of Sanjiadian Reservoir
has been closed from the 1980s, and the dry river section is not replenished by the reservoir (Figures 1
and 2). The illustration of the replenishment of the reclaimed water to Yongding River is shown in
Figure 2. Firstly, the reclaimed water from the surrounding WWTPs is replenished to the lower reach
of the river (station YD10), and then to the upstream with three replenishment points through the
pumping stations and water pipes. The replenishment is only from May to October, and the three
outlet flows (red arrow positions in Figure 2) are 4 x 10%, 8 x 10%, and 3 x 10* m3/day, respectively
(Figure 2). The pipes of the three outlet flows are directly set at nearly the bottom of the river, which
only could be seen in dry seasons.
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Figure 1. The location of study site and sampling map of river water.
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Figure 2. The illustration of the replenishment of reclaimed water to Yongding River (a) represents the
dry river channel before the replenishment; (b) represents the river replenished by the reclaimed water,
and the background imagines are obtained from the Google earth software).

2.2. Methods

2.2.1. Water Sampling

In order to investigate the water quality and the controlling factors of river water in Yongding
River, samples along the river were collected during spring (April), summer (July), autumn (October),
and winter (January) in the year 2015. The study site and monitoring stations are shown in Figures 1
and 2. The natural river section (relative to the river section of reclaimed water) on the upstream
included three stations (YDO01, YD02, and YDO03), and where YDO03 is a reservoir. Downstream, the
river section replenished by the reclaimed water (treated wastewater) included seven stations (from
YDO04 to YD10). The natural river section could be the controlling part for further understanding the
river replenished by reclaimed water.

2.2.2. Analytical Techniques

pH, water temperature (I, °C), dissolved oxygen (DO), electric conductivity (EC), and
oxidation-reduction potential (ORP, Eh) were measured by the portable multi-parameter water quality
analyzer (American Hach HQ-40d) produced by Hach Company (Loveland, CO, USA). Water samples
were collected, then taken back to the laboratory under 4 °C cold storage, and analyzed within 24 h.
Bicarbonate (HCO3 ™) was determined by titration under addition of sulfuric acid (0.02 mol/L), and
endpoint titration with methyl orange as indicator. Water samples were filtered through a 0.45 pm
Millipore membrane filter before analysis. The main cations including potassium (K*), sodium (Na*),
calcium (Ca?*), magnesium (Mg?*), and other trace metals were measured by inductively coupled
plasma spectroscopy (ICP-OES), with a detection limit of 0.01 mg/L and 0.01 ug/L (trace elements).
The main anions including fluoride (F~), chloride (C17), sulfate (SO427) and nitrate (NO3 ™) were
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measured by ion chromatograph (Thermo Fisher IC52100) produced by DIONEX company (Sunnyvale,
CA, USA), and the detection limit was 0.01 mg/L. Ammonia nitrogen (NH3-N), nitrite nitrogen
(NO,-N) and soluble reactive phosphorus (SRP) were measured with AMS’s Smartchem 200 batch
analyzer produced by Alliance company (Paris, France), with detection limits of 0.01 mg/L.

2.2.3. Data Analysis

The data of cations and anions require a balance error of less than 5% before being allowed
for further analysis, otherwise the data would be re-measured until the equilibrium error is met.
The saturation index of rock mineral was calculated by PHREEQC software. The normality of water
chemistry data was checked first using SPSS16.0 software from International Business Machines
Corporation (Armonk, NY, USA), then, the data (except pH) were log-transformed and standardized
before further analysis [28,29]. Analysis of Variance (ANOVA), hierarchical clustering analysis (HCA),
and principal component analysis (PCA) were all done using SPSS (SPS516.0 for Windows). The other
graphs were completed using Origin 8.5 software from OriginLab Corporation (Hampton, MA, USA).

The pE represents the negative logarithm of electron activity, which is calculated in Equation (1)

as [30]
EhF

PE = 5303RT

where, F is Faraday’s constant (96.42 Kv-1 g’l equivalent), R is the gas constant (8.314 Jmol ! deg’l),
and T is the absolute temperature in Kelvin.

)

3. Results and Discussion

3.1. Physical and Chemical Compositions

The results of physical and chemical compositions of water samples in Yongding River are given
in Table 1. The pH value ranged from 8.32 to 10.32, with mean value of 9.46, which showed that all
waters were alkaline. The water temperature ranged from 1 to 31.2 °C, with an average of 15.0 °C,
which was mainly influenced by temperature change. The value of EC was not high, with an average of
832 uS/cm (the variation: from 391 to 1278 uS/cm). The mean value of DO was higher than 10 mg/L,
and ranged from 6.49 to 18.0 mg/L. The values of ORP were mostly positive, except three samples
(YD10 in spring, YD02 and YDO8 in summer), which indicated oxidation water environment. Nitrogen
and phosphorus are the main nutrients in river water, and the order of nitrogen forms in natural river
water and water replenished by reclaimed water was the same: NO3-N > NHj3-N > NO,-N, which
implied that the nitrate-nitrogen was the main form. The phosphorus in most samples was below the
detection level, except YDO06 in spring (0.18 mg/L) and summer (0.13 mg/L). The order of dominance
of major anions in both sections was the same: HCO3~ > SO42~ > Cl~. The order of major cations in
natural river water was Na* > Mg?* > Ca®* > K*, and the order in river water replenished by reclaimed
water was Na* > Ca?* > Mg?* > K*. The order of trace metal elements in both was consistent: Sr > Ba
> Li > Fe >Se. The highest value of C.V. in natural water was SiO,, and the one in the other section was
NO,-N.

Some parameters in river water replenished by reclaimed water were clearly higher than the ones
in the natural river water, which included DO, EC, metallic element (K*, Ca?*, Sr, Ba, Li, Se), anions
(Cl~,S0427), and nitrogen forms (NH3-N, NO,-N, NO3-N). The opposite ones included Fe and SiO»,
and the other water chemistries were close in both sections.

According to surface water environmental quality standards (GB3838-2002) in China [31], Class I
is for the source of water, the National Nature Reserve; Class Il is for centralized drinking water surface
water source with the first level protected areas, rare aquatic habitat; Class Il is for centralized drinking
water surface water source with second level protected areas; Class 1V is for the general industrial
water area and entertainment water area with indirect contact; Class V is for the agricultural water
area and the general landscape requirements of the waters. Based on this standard, the average pH
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exceeded the standard value; DO met the surface water Class I; NH3-N met Class II; Total phosphorus
in YDO6 in Spring and Summer exceeded Class V; and F~ met Class IV. The standard for reclaimed
wastewater reused as scenic water (CJ/T 95-2000) in China includes two categories [32]: Class I is
for entertainment landscape water with non-systemic contact with skin; Class II is for ornamental
landscape water that does not involve the liquid coming into contact with skin. Most parameters met
Class II.

Table 1. The results of physical and chemical composition of Yongding River water samples

Natural River Water River Replenished by Reclaimed Water
Parameters
Min Max Mean SD C.V. (%) Min Max Mean SD C.V. (%)
pH 8.58 10.32 9.55 0.62 6.52 8.32 10.15 9.38 0.59 6.30

T (°C) 1.0 24.0 13.7 8.48 61.96 14 31.2 16.4 9.15 55.95
EC (uS/cm) 391 1003 755 165.85 21.97 430 1278 910 220.77 24.27
DO (mg/L) 6.49 14.68 10.43 242 23.18 7.15 18.00 11.30 2.54 22.48
ORP (mv) —6.00  230.70  124.59 75.25 60.40 —121.70 21520  124.08 84.43 68.05
NH;3-N (mg/L) 0.10 0.42 0.26 0.10 39.80 0.04 1.70 0.36 0.30 81.68
NO;-N (mg/L) 0.00 0.03 0.01 0.01 95.35 0.00 0.35 0.05 0.09 168.52
NO3-N (mg/L) 0.37 1.59 0.76 0.38 50.67 0.39 14.11 214 3.38 157.64
F~ (mg/L) 0.24 3.05 1.19 1.13 94.83 0.07 3.45 1.17 1.21 103.5

Cl™ (mg/L) 28.78 160.55 60.46 39.92 66.02 19.92 214.18 77.60 54.12 69.74
S04%~ (mg/L) 32.86 188.91 80.99 47.35 58.47 61.21 688.27 18747  141.94 75.71
HCO;™ (mg/L) 198 415 325 74.15 22.83 116 387 230 76.39 33.22
K* (mg/L) 1.83 6.15 3.47 1.30 37.39 3.01 17.52 9.14 4.67 51.13
Na* (mg/L) 30.37 106.50 59.00 23.26 39.42 18.63 101.00 59.28 25.41 42.87
Ca%* (mg/L) 4.50 15.37 9.55 2.82 29.50 12.70 78.20 31.26 15.35 49.12
Mg%r (mg/L) 11.26 36.97 25.83 9.43 36.53 9.95 51.73 24.69 9.62 38.95

Al (mg/L) 0.01 0.07 0.03 0.02 66.95 0.00 0.06 0.02 0.01 76.92
B (mg/L) 0.05 0.17 0.10 0.04 36.32 0.02 0.15 0.07 0.03 47.14
Sr (ug/L) 140.4 296.4 185.2 43.3 23.37 214.6 3083.0 714.2 611.2 85.57
Ba (ug/L) 10.2 41.4 27.7 85 30.57 249 87.3 49.4 155 31.31
Fe (ug/L) 0.9 32.8 10.8 9.7 90.2 1.1 32.0 10.0 74 741
Li (ug/L) 6.1 18.7 115 41 36.2 39 52.9 16.6 12.6 75.7
Se (ug/L) 0.0 16.2 7.8 41 52.1 24 17.6 9.8 4.0 41.0

SiO; (mg/L) 0.01 7.47 2.42 2.44 100.83 0.01 4.77 0.64 1.01 157.82

3.2. Spatial and Temporal Variation of Water Quality

3.2.1. pH, T, EC, DO, and ORP

The variations of pH, T, EC, DO, and ORP are shown in Figure 3. The pH values in summer and
autumn were higher than the ones in spring and winter, except for station YD06. A significant temporal
variation was found in YD06, and the highest pH in spring, while the lowest one was in winter, and the
value was close in summer and autumn. A significant seasonal variation of water temperature was
ascertained, showing highest temperature in summer, lowest in winter, and moderate in spring and
autumn. Water temperature increased gradually along the river, while it was lower in the natural river
section than that in the reclaimed water section. The EC in the natural river section was higher in
winter and lower in summer, while the median was in spring and autumn. The peak and valley value
was found in YDO06 in winter (1278 uS/cm) and YDO1 in summer (391 puS/cm), respectively. The EC
in river section of reclaimed water was high in spring and summer, and low in autumn and winter,
except for the extreme values. The peak value of DO occurred in YD06 in summer, and the next to
highest one was in YD07 in autumn, while the lowest was in YD02 in summer. The obvious seasonal
variation of DO in natural river section was the occurrence of high values in winter and low values
in summer, while the reverse trend was observed in river section of reclaimed water. The apparent
seasonal variation of ORP was: autumn > winter > spring and summer. The lowest ORP value was
found in YD10 in spring (—12.7 mV), and the next lower one was in YDO08 in summer (—87.3 mV).
In winter, the ORP of natural river section was higher than in the section of reclaimed water, while the
result was opposite in other seasons.
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Figure 3. Spatial and temporal variation of pH, T, EC, DO, and ORP in Yongding River.

3.2.2. Nitrogen and Phosphorus
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Figure 4. Spatial and temporal variation of Nitrogen in Yongding River.

7 of 21

Spatial and temporal variations of nitrogen in Yongding River are presented in Figure 4. The value
of NH;3-N was lower in spring, and higher in summer and autumn. The peak NH3-N value appeared
in YDO06 in summer, and the valley value appeared in YDO5 in spring. NH3-N in natural river sections
was mostly lower than the one in the section of reclaimed water. The NO,-N was quite low in river
water, except for the value of YDO6 in spring (0.35 mg/L). The NO3-N in most stations ranged from 0
to 2 mg/L, except for YD06 and YDO7. The highest and the second highest values appeared in YD06 in
autumn and winter, respectively. The peak values of three nitrogen forms were all found in YDO06 in
different seasons. Phosphorus only occurred in YDO06 in spring and summer, which was not described
in the figure.
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3.2.3. Major Cations and Anions

Spatial and temporal variations of major cations and anions are depicted in Figure 5. F~ in spring
was quite low, and the content was very different among monitoring stations. The C1~ and SO42~ in
natural river water were higher in summer. The peak values of C1~ and SO42~ occurred in YD04 in
autumn, and the next highest appeared in YD10 in summer and YDO06 in autumn, respectively. The
higher value of C1~ in YDO06 and YDO7 in four seasons was another apparent feature. The SO42~ in
winter was lower than in other seasons. The HCO3 ™~ in autumn was higher, and quite low in summer,
and the value in natural river section was higher except in summer. The significant variation of K*
was the peak value in YD06 and YDO07 in four seasons. Na* was similar to K* except the peak value of
YDO1 in autumn. The Ca?* in natural river water was obviously higher than in the section of reclaimed
water. The Ca?* gradually increased from YD04 to YD07, then decreased slowly from YDO0S8 to YD10,
and the peak value occurred in YD06 in summer. The peak of Mg?* appeared in YDO04 in summer,
and the valley occurred in YDO01 in summer. Meanwhile, the content in winter was high and low
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Figure 5. Spatial and temporal variation of major cations and anions in Yongding River.

3.2.4. Trace Metallic Elements

Spatio-temporal variation of trace metallic elements is shown in Figure 6. Similar variation of
Al was identified in four seasons, which was the valley stage from YD04 to YD06. The peak value
appeared in YDO03 in autumn. B content was low in winter and high in summer, where peak and
valley occurred in YDO01 in autumn and YDO05 in spring and winter, respectively. Li content was low in
winter, where a rising stage occurred in YD04 and YDO5 in all seasons. The peak of SiO; appeared
in YDO1 in summer, and there are two other next highest peaks in YD03 and YDO08. The peak and
valley of As occurred in YD04 in winter and YDO3 in spring, respectively. An increasing of Sr sharply
occurred from YD04 to YDO06, and the maximum value appeared in YDO05 in spring, while other values
were quite low. Seasonal variation of Ba was not significant, and spatial variations increased along the
river except in station YDO03. The clear variation was that the increasing and peak value occurred in
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reservoir (YDO03), and the content in YDO1 and YDO02 on upstream natural river section was very low,

while higher values of YD09 and YD10 occurred downstream.

0.08 0.20 006 8
[—o— spring o Spring o Spring o & Spring
I—O— Summer| [~O— Summer -O— Summel 7L \ —O— Summer
Autumn | Autumn Autumn \ Autumn
006 7 Winter {— Winter L Winter \\ l-7— Winter
- 6 |
\
° o
g ; 2 I\
) B 24l I\
; I\
% o f o I\
N /% @ 3f [
A). \
S\ | )
L A\ o-u 2r | 2
a : [ A
\ /- sl Yo} | \
1 \o Xy A o\e |
Jut N /Q\J‘ \\O
0 |
of e §>€>U\9
0.00
123456780910 123456780910 123456780910 123456780910
= . 100 < 35
[o—Spring 5 Spring [-o— Spring ]
245 ["O— Summer f-o— Summer {-O— Summer [=~Sprng | o
Autumn || 3000 Autumn Autumn | O 3ot 2 e/
Wi Wint utumn |/
b Winter Lo Winter . b Winter winar | /
20t 251 Q
R 2000 o

o}

Sriugll)
Ba(uglL)

\’

/o

N,
N
0} 1000
| P

o géz>ﬂ

As(ug/L)

vV
o-o

0
123456780910

monitoring statiaons

0
123456782910

123456738910
monitoring statiaons

4
123 45678910
monitoring statiaons

monitoring statiaons

Figure 6. Spatial and temporal variation of trace metallic elements in Yongding River.

3.3. Cluster Analysis and Spatio-Temporal Similarity

In order to identify the seasonal variation, the results analyzed by cluster analysis are shown
in Figure 7. Four seasons were classified into two groups both in the natural river section and the
reclaimed water section. Group A included spring, summer, and autumn, and Group B included
winter in both sections. The distinct groups showed significant seasonal variation, and winter was
particularly apparent from other seasons. The water temperatures described in Figure 3 presented the
normal decrease in winter, which was a critical factor influencing some chemical reactions.
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Figure 7. Temporal cluster analysis in the natural river section (a) and the section replenished by

reclaimed water (b).

Therefore, the parameters with significant difference, which were identified by t-test of two
independent samples using SPSS, are shown in Table 2. In the natural river section, the ones including
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T and As were clearly higher in Group A than in Group B, and the others including EC, DO, and
NO;-N were opposite. In the reclaimed water section, the parameters T, C17, SO42~, Na*, Mg2+, and B
in Group A were remarkably higher than in Group B, in contrary to ORP. Saturated dissolved oxygen
in pure water is usually 10 mg/L under the conditions of 25 °C and an atmospheric pressure [33,34].
The solubility of DO in winter would increase due to the lower temperature and higher atmospheric
pressure [33,34]. The DO content in river water is influenced by many factors, such as hydrodynamic
conditions, phytoplankton photosynthesis, and degradation of organic matter [35-38]. Most DO
contents of river water in our research were more than 10 mg/L [33]. This could be influenced by the
photosynthesis of phytoplankton (aquatic plant and algae). Meanwhile, the organic degradation in
summer with high temperature would consume more oxygen than in other seasons. In our study,
the BODs was not analyzed, but the close value (BODs: 20 mg/L) could be obtained from the discharge
standard (CJ /T 95-2000) in China. Usually, the decomposition of 162g carbohydrates needs to consume
192 mg oxygen in water. As a result, the organic with 20 mg/L would consume 23.7 mg/L of DO [35].
Therefore, the DO in summer was lower than in other seasons in our study. DO is the main constituent
of the oxidation capacity, therefore, higher ORP occurred in winter. Although the reclaimed water had
high content of major ions, the content would be diluted by the rainfall and surface runoff.

Table 2. The parameters with significant difference of temporal clusters in Yongding River

T EC DO NO3-N As
NR  GroupA  17.882  684.112 9.252 0.59 2 12742
GroupB  1.10° 967.33>  13.97P 129P 8.00P

T ORP Cl— S0,4%~ Na Mg B

RR  GroupA  20.80° 110182 88502 217422 65852 27752  0.08°
GroupB  3.03P 165.79°  44.89P 97.62° 39.56° 1553  0.04P

Notes: NR represents the natural river water, and RR represents the river section replenished by reclaimed water;
Means of the same parameter in two groups with the different letter are significantly different (p < 0.05).

Spatial variation and similarity were analyzed by HCA analysis (Figure 8). All the monitoring
stations were classified into four groups, which included Group A (YDO01, YD02, and YDO03), Group B
(YD04 and YDO05), Group C (YD06) and Group D (YD07, YD08, YD09, and YD10). The difference of
major ions in the four groups was compared using ANOVA analysis. Most of the parameters except Li,
Sr, and B were higher than others. The major ions in the reclaimed water section were higher than
the ones in the natural river section. The small tributary from the residential area on the upstream
of station YD06 may lead to the increase of the most water quality parameter (Table 3). As a result,
the YDO06 belonged to the separate group.

Case () 5 10 15 20 25
labe] F————===== e Fmmm Fmm—mm———— e +
YDO8 .

VD09 :'7 :Group D

YDO7 :

YDI10 :— -

YDO1 -

YDO02 :'—| : o
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YDO04 | 2 Group B

YDOS5 .

YDO06 : Group €

Figure 8. Spatial cluster analysis of monitoring stations in Yongding River.
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Table 3. Difference between spatial clusters using ANOVA analysis.
Groups EC K* Na* Ca?* Cl— SO42~ HCO3;~ NH3;-N NO,-N NO;-N SiO, B Li Sr Ba
Group A 7552 3.472 59.00 9,552 60462  80.992 3252 0.26 2 0.01°2 0.772 2422 0102 1145° 185.20 2 27.68 2
GroupB  1002P 5962 58.58 3406 69152  256.88P 2440 0272  0.01° 0.752 040> 0082 33262 1461553  41.28P
GroupC 1141 15703 84263 52002  11645P  256.97P 290 P 0.69° 0.21° 9.21b 0.82> 0072  11.40P 601.15P 44.20P
Group D 806 9.09®  5338b  24672Pc 67902 135392b  208ab 0332 0.032 1.07 2 0.71° 0.06 b 9.63b 368.773bc  54.712b

Note: Means of the same parameter in four groups with the different letter are significantly different (p < 0.05).
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The water quality parameters with significant changes among four groups are shown in Table 3,
and the ones with no significant changes are not listed. In the reclaimed water section, the most
parameters showed the trend of first increase and then decrease, which included EC, K*, Na*, Ca?%t,
Cl~, HCO3~, NH3-N, NO;-N, NO3-N, and SiO;. Group C contained only the station YDO6, where the
increase of most ions was caused by the import of the small tributary on the left bank (Figures 1 and 2),
whose flow is mainly composed of the emissions of cooling water from Beijing Jingxi Gas Thermal
Power Co., Ltd. (Beijing, China). The concentration of ions in Group D was reduced due to the effect
of dilution by the mixing of tributary and the river water in main channel. In addition to the effects of
dilution, the reduction of NH3-N may be caused by the absorption of phytoplankton or nitrification.
NO3-N had two reduction pathways of reaction, the first was the absorption of phytoplankton, and
the second was transformed to N, by the denitrification. On the other hand, according to the result of
Table 1 and Figure 3, the oxidation environment was good for nitrification and against denitrification.
Therefore, the major reactions were the absorption of phytoplankton and nitrification for nitrogen.
The variation of major cations including Na*, K*, and Ca?* may be influenced by the possible ion
exchange process.

3.4. Principal Components and Controlling Factors

In order to infer the controlling factors, the four spatial clusters were analyzed by principal
component analysis (Table 4). The components would be retained if the corresponding
eigenvalue >1 [39], then the critical related parameters would be kept according to the explaining
proportion >0.60 [40]. In Group A (the natural river water stations), seven principal components totally
explaining 93.93% were retained. PC1 had high and positive loading with EC, DO, NO,-N, NOs-N, Se,
and Sr, while negative loading with T; PC2 was highly related to K, Na*, Mg2+, B, and Li; PC3 was
highly and positively correlated with C1~, SO4%~, and SiO,; PC4, PC5, and PC6 had high and positive
loading with Al, Fe, F~, and Ba; PC5 was highly related to ORP and HCO3;~. High and positive
loading occurred with major ions and anions, as well as trace metallic elements, which showed the
main chemical composition and dissolution of major minerals [41]. Loading with NO,-N, NOs-N,
DO, and ORP indicated that the oxidation water environment and nitrification reaction formed the
nitrate [42].
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Table 4. Results of spatial clusters (Group A, Group B, Group C, and Group D) using principal component analysis.
Parameters Group A Group B Group C Group D
PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC1 PC2 PC3 PC4 PC5 PC6 PC1 PC2 PC3 PC1 PC2 PC3 PC4 PC5 PCoé
pH -059 033 025 —0.02 013 038 050 058 042 -017 026 0.08 062 094 020 -029 -005 015 030 019 -0.09 0.23
T -089 012 020 012 -033 -0.03 -0.03 059 -045 015 017 -035 052 097 007 022 050 -030 052 —040 0.04 0.26
EC 088 005 —-035 —-0.04 0.09 005 -008 019 —-083 —028 033 024 015 025 048 048 001 065 0.06 0.06 042 031
DO 082 —-0.03 -0.05 —-0.15 041 007 017 -010 -026 087 013 031 018 081 026 053 —-0.08 —011 019 085 —0.14 —-0.16
ORP 021 020 —-045 043 0.8 002 011 -028 082 010 011 033 032 -036 —-092 015 -014 —-020 —-0.03 0.69 0.14 —0.63
NH;3-N -027 -0.01 -002 077 001 043 026 032 064 -017 001 -029 060 037 007 093 —-024 012 -019 087 0.09 022
NO,-N 078 —025 013 0.00 -021 -034 001 -058 —0.14 —-0.09 —0.34 —-056 —-0.12 -0.14 099 -0.08 005 —0.05 011 —0.11 0.88 —0.04
NO3-N 09 014 013 -0.04 0.08 -008 -0.16 027 -018 010 085 016 0.03 -024 -068 —-069 016 028 —-0.01 —-0.09 071 —0.09
F~ -021 0.09 009 -014 003 094 -014 011 -0.10 080 049 —-0.20 0.23 013 001 051 040 -018 057
Cl~ -028 002 09 -0.07 —-018 —-0.01 —-006 013 02 001 09 —-0.03 0.09 028 089 —-036 029 017 084 0.05 029 0.05
S0,%~ -019 006 09 -010 -0.27 —-0.12 -0.10 0.04 012 02 094 009 -0.03 0.06 —045 -089 026 021 088 —0.19 0.08 0.13
HCO3™ 011 -0.07 -0.09 —-0.06 097 004 -011 -0.01 048 054 032 047 034 098 007 -018 008 —-039 —-010 0.09 012 -0.73
K* 025 089 015 0.06 —0.04 —-004 009 08 020 —-0.01 —019 0.04 043 -024 09 011 082 030 030 0.06 030 -0.07
Na* -0.10 092 -017 -011 0.05 0.02 -005 097 004 -022 010 0.08 -0.01 —-0.01 100 -0.09 08 021 015 —012 021 0.32
CaZ* 055 047 035 022 02 002 047 -026 —-086 038 —0.12 0.06 -008 000 -025 097 016 084 015 -0.14 -0.07 0.12
Mg?* 004 066 —-057 —-020 -0.19 -036 —-018 095 —-014 —-024 014 0.06 —-008 080 022 057 082 019 008 —046 —-0.23 0.03
SiO; 014 -019 08 —-0.14 018 032 -002 033 —-0.06 —071 034 —-025 038 —087 010 049 039 —-054 —-024 —-0.10 —-0.17 0.63
Al -0.06 -0.07 -026 090 0.02 -019 -0.16 0.04 08 036 02 002 021 037 -010 -093 003 -037 072 016 —0.13 -0.13
B -026 09 000 -0.04 011 0.04 -003 094 011 -022 019 014 -0.05 041 -002 024 092 -0.02 013 —022 —-0.16 0.8
Li 018 082 —-019 -0.07 —-0.09 035 016 09 —-036 008 008 0.06 021 062 077 016 072 —-019 029 -0.13 0.05 —0.03
Se 070 046 —-020 -0.01 -022 -0.16 -003 -0.79 —-0.16 —-0.18 —-033 036 —028 097 -019 016 —0.04 078 —-0.05 028 012 025
As -054 039 -063 —-0.03 020 017 025 012 -013 017 006 093 -014 -022 -0.13 097 083 -010 -011 018 017 -0.16
Sr 067 051 011 010 -005 -038 027 -017 -0.89 035 —0.07 0.08 0.03 012 -056 082 064 056 032 —0.17 016 0.03
Ba -0.04 -0.02 -025 —-012 -0.11 -0.15 094 019 -002 -085 —-024 —-0.02 039 022 008 -015 —0.02 —0.08 —0.03 —047 —-0.76 0.22
Fe 002 —-0.09 0.04 097 0.00 -015 -0.09 -055 075 —-020 0.03 0.06 -029 050 084 —0.22
Eigenvalues 6.74 513 383 261 250 159 109 824 583 487 209 208 114 954 733 712 527 376 313 3.09 258 228
Variance 2454 1917 1571 11.03 848 795 7.06 2710 2256 1530 14.74 857 3976 3055 29.68 2196 15.65 13.03 12.86 10.73 9.49
Cumulative 2454 4371 5941 7044 7892 86.87 9393 2710 49.67 6496 79.70 8843 9701 39.76 7032 100.00 21.96 37.61 50.65 63.50 74.23 83.72

Note: Variance and cumulative are in %; the components with loadings (>0.60, bold numbers) were considered important ones.
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In Group B, six principal components (explaining 97.10%) were kept. PC1 was highly related
to K*, Nat, Mg2+, and Li, while negative loading with Se; PC2 had high and positive loading with
ORP and Al, while negative loading with EC, Ca, and Sr; PC3 was high and positively related to DO
and F, and negatively with Ba; PC4, PC5, and PC6 had high and positive loading with NO3-N, C1~,
SO42’, As, pH, T, and NH;3-N. In Group C, three components totally explained the data. PC1 had
high and positive loading with pH, T, and DO, while negative loading with EC; PC2 was highly and
negatively related to ORP, NO3-N, and Cl~, and positively related to NO,-N, K*, Na*, and Fe. PC3 had
positive and high loading with NOs-N, Ca?*, As, and Sr, negative loading with NO3-N, S042~, and Al.
In Group D, six components (explaining 83.72%) were ascertained. PC1 had positive and high loading
with K*, Na*, Mg2+, B, and As; PC2 was highly and positively related to EC, Ca?*, and Al, while it
was negatively related to pH; PC3 had positive and high loading with SO42~ and HCO3;~; PC4, PC5,
and PC6 were highly and positively related to DO, ORP, NH3-N, NO;-N, and NO3-N, while being
negatively related to Ba. The monitoring stations in Group B, Group C, and Group D all belonged to
the river section replenished by reclaimed water, therefore, the high and negative loading with major
cations and anions could be explained by the origin of treated wastewater (reclaimed water). Some
parameters may be different among the three groups as a result of large spatial variability. The relation
with ORP and nitrogen forms was different among different groups. Positive relation in Group B and
Group D indicated that nitrification reaction was the controlling process of nitrogen forms. The NH3-N,
NO,-N, and NOs3-N in Group B were higher than the ones in Group C and Group D, which indicated
that the degree of nitrification was greater [42,43].

3.5. Ionic Relationship and Hydro Geochemical Process

3.5.1. Gibbs Plot and Controlling Mechanism

The mechanisms governing the water chemistry in surface water composition could be identified
by the Gibbs plot [44]. Figure 9 presents the Gibbs plot of spatial clusters. No samples were found
in evaporation crystallization and precipitation dominant zone, and all samples lied on the rock
dominance zone. TDS of samples had smaller extent variation, while Na* /Na*+Ca?" had bigger one.
Group A with bigger variation of Na*/Na*+Ca?* was located to the right, which showed low content
of Ca?*. On the other hand, the river section recharged by reclaimed water—including Group B, Group
C, and Group D—had smaller variation and was located to the left. Most values of C1~ /CI~+HCO3~
ranged from 0 to 0.5, and samples were located to the left. Gibbs plot shows the controlling factors
of surface water chemistry (river, ocean) which are not influenced by strong human activity [44].
The water in Group A was controlled by water-rock interaction, while the river water in other groups
(Group B, Group C, and Group D) was governed by the water chemistry of reclaimed water. This
result also could be confirmed by the higher concentration (2.42 mg/L) of SiO; in Group A and lower
value (0.40-0.82 mg/L) in other groups.
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Figure 9. Gibbs plot of spatial clusters (Group A, Group B, Group C, and Group D) of
monitoring stations.

3.5.2. Bivariate Plot and Dissolution Reaction

The ratio and bivariate relationship of different ions could be used to infer the mineral dissolution.
Figure 10 shows the major ratio and relationship of samples in Yongding River. The Ca?*/Mg?*
(Figure 10a) of most samples was less than 1, which indicated the effects of dissolution of calcite and
magnesium minerals, or cation exchange reaction causing calcium reduction; only one sample (YDO05)
has a value slightly greater than 2; the other samples were greater than 1 but less than 2, indicating
the dissolution of calcite [22]. The Ca2++Mg2+ vs. Cation (Figure 10b) of samples were located above
the equilibrium line, indicating that the dissolution of carbonate and calcite is the main source [24,25].
Na*+K* vs. Cl~ (Figure 10c) of most waters were located below the equilibrium line, indicating
that sodium and potassium ions were also affected by dissolution of salt rocks [45]. The HCO3;~ vs.
Na*+Ca2* (Figure 10d) of most of the samples were located above the equilibrium line, indicating that
sodium and calcium ions were much smaller than bicarbonate, confirming the dissolution of carbonate.
Figure 10e shows that the natural water samples were mainly located above the equilibrium line, which
showed the dissolution of carbonate, while the samples of the section replenished by reclaimed water
were mainly located below the equilibrium line, indicating the effects of evaporation. The Ca?*+Mg?*
vs. HCO;3~+S042~ (Figure 10f) of all water samples were located below the equilibrium line, indicating
that the possible ion exchange between (Na*, K*) and (Ca%*, Mg?*) or the precipitation of Ca?* and
Mg?* [46,47].
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Figure 10. Plot of ratio of Ca?* /Mg?* (a), bivariate plot of cation vs. Ca?*+Mg?* (b), C1~ vs. Na*+K*
(c), HCO3 ™~ vs. Na*+Ca?* (d), HCO3 ™~ vs. SO4>~+Cl~ (e), and Ca®*/Mg?* vs. SO42~+HCO;3~ (f) in

four groups.

The saturation of water samples in river water is given in Table 5. It is possible to determine

the potential dissolution or precipitation process in the aqueous solution.

The SI of gypsum

(CaSOy, CaSO4-2H,0) and halite (NaCl) was negative, while the SI of calcite (CaCO3) and dolomite
(CaMg(CO3),) is positive. Positive SI value indicated that the mineral relative to the aqueous in a
supersaturated state; a negative value indicated unsaturated state; a zero value indicated equilibrium
state. This indicated the dissolution process of gypsum and salt rock, and the precipitation of calcite
and dolomite may occur in both sections. The more Na* and K* in Figure 10c, and more SO4%~ in
Figure 10f confirmed the potential dissolution process of gypsum and salt rock. Figure 10a,b,d showed
the combination of carbonate and calcium and magnesium ions in the water, combined with saturated
index of CaCOj3; and CaMg(CO3),, the precipitation process of carbonate could be further confirmed,
which led to less Ca?* and Mg?* in Figure 10f.

Table 5. Saturation index (SI) of samples in monitoring stations in Yongding River

Rock YD01 YDO02 YDO03 YD04 YDO05 YDO06 YDO07 YDO08 YD09 YD10
CaSOy4 -3.09 —-249 -287 -207 231 -1.79 —2.21 —2.62 —243 —2.49
CaCOs 0.72 0.99 1.00 1.19 0.78 0.66 0.43 1.31 1.40 0.95

CaMg(CO3), 1.62 2.30 2.16 242 1.23 0.80 0.47 2.40 2.67 1.64
CaSO4-2H, O —2.84 —224 -—-262 —-182 205 —1.53 —1.96 —2.36 —-2.18 —2.24
NaCl -755 —6.83 728 -7.06 —7.80 —6.59 —7.31 —7.85 —7.65 —7.44
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3.5.3. Nitrogen Forms and Redox Environment

The availability of electrons for transfer between species was characterized by ORP, which could
be measured in the field in surface water. The species of nitrogen in water were strongly affected by the
redox environment [48,49]. In Figure 11, the ORP were mostly positive except for three samples, with
positive values ranging from 47.4 to 214.6 mV, and the corresponding DO with variation from 7.21 to
18.0 mg/L. Results showed oxic condition in most of the river water. The concentration of Fe was low
in river water, with the average of 10.2 pug/L. With the increase of ORP, the NO3-N of most samples
changed little except five samples (one in Group D and four in Group A). The oxic environment was
conducive to the stable form of NO3-N, and did harm to denitrification [50]. As a result, the variation
of NO3-N may be controlled by mixing/dilution and the absorption of aquatic plants.
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Figure 11. Relationship of ORP and major redox species (DO, NO3-N and Fe) in Yongding River.

pH was another important factor affecting the fate of NO3-N, and the pH-pE (computed by
Equation (1)) plot could evaluate the multiple influences of pH and ORP. The pH-pE plot for spatial
clusters was described in Figure 12. Most samples were located near the line (NO3~/NO, ™ = 1), where
the stable nitrogen form was nitrate (NO3; ™, +5). This result strongly correlated to the oxic environment
in the natural river section and the section recharged by reclaimed water, where the concentration of
DO was more than 10 mg/L. Several samples were found in the bottom part of diagram, where the
stable nitrogen form was gaseous nitrogen (N, 0), which meant denitrification did not occur.
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Figure 12. pH-pE diagram of spatial clusters of samples in Yongding River.

4. Conclusions

This research focused on understanding the characteristics and major influencing factors of
river water, and the major conclusions are as follows: all the waters are alkaline, and the NO3-N
was the main nitrogen form, and the phosphorus of most samples is below detection level. The
spatio-temporal variation was the occurrence of peak and valley of major water quality parameters,
which was further confirmed by cluster analysis. Four seasons were divided into two groups both
in the two river sections, and the same result of four seasons except winter belonging to one group
was obtained. All the monitoring stations were classified into four groups. Based on the analysis of
Gibbs plots, PCA, and ionic relationships, it is found that the rock dominance was the main controlling
factor, which included dissolution of calcite, carbonate, salt rock, silicate, and poor magnesium
minerals. The obvious variation of major cations could be explained by the cation exchange reaction.
The oxidation environment in most river water was conducive to the stable form of NO3-N, and
did harm to denitrification. Nitrogen content of reclaimed water should be further reduced before
discharge in order to avoid the eutrophication in river water.
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