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Abstract: To study the disparity of river hydrochemical characteristics and water quality in different 

regions of the city, this paper took the Tuo River in the center of Suzhou, Northern Anhui, China 

and the Bian River on the edge of the urban area as the research objects, used Piper trigram, Gibbs 

diagram, and hydrogen and oxygen isotope content characteristics to analyze the geochemical 

characteristics of surface water in the study area, and then the improved fuzzy comprehensive 

evaluation method was used to evaluate the water quality. The results showed that the 

hydrochemical types of the two rivers were SO4-Cl-Na type, and the contents of Na+, K+, SO42−, Cl−, 

Ca2+, total phosphorus (TP) in the Bian River at the edge of the city were much higher than those in 

the Tuo River at the center of the city (ANOVA, p < 0.001). Gibbs diagram showed that the ion 

composition of the two rivers was mainly affected by rock weathering. The results of correlation 

analysis and water quality evaluation showed that Bian River was greatly affected by agricultural 

non-point source pollution, and its water quality was poor, class IV and class V water account for 

95%, while, for Tuo River, due to the strong artificial protection, class II and class III accounted for 

40.74% and 59.26%, respectively, and the overall water quality was better than that of Bian River. 

The evaluation results of irrigation water quality showed that the samples from Tuo River were 

high in salt and low in alkali, which could be used for irrigation when the soil leaching conditions 

were good, while Bian River water samples were high in salt and medium in alkali, which was 

suitable for irrigation of plants with strong salt tolerance. 

Keywords: surface water; hydrochemical characteristics; water quality types; water quality 

evaluation 

 

1. Introduction 

Water is not only an indispensable material resource for human survival and development but 

also an important material basis for sustainable development [1]. In recent years, with the continuous 

development of urbanization and industrialization, the total amount of available water resources is 

decreasing [2], especially in the semi-humid and arid water shortage areas [3,4]. Over the past few 

decades, river flows have continued to decline, especially in developing countries such as China and 

India, due to climate change and human activities [5,6]. Therefore, the sustainable development of 
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human society and ecosystem needs to study the river water quality under the influence of natural 

and human activities [7]. 

Hydrochemical characteristics are the result of long-term interaction between the water body 

and the surrounding environment in the process of circulation, which can indicate the history of 

water formation and migration [8,9]. In addition, water quality assessment is an important link in the 

study of aquatic ecological environment quality and is the basis for the protection and rational 

development and utilization of river water resources [10]. In previous years, many scholars have 

done a lot of analysis and research on the water quality of rivers. Kun et al. [11] studied the ion 

components of surface water and groundwater in the Fen River Basin and showed that evaporite 

dissolution was the main example source of water, and it was also affected by humans and cation 

exchange. Seth et al. [12] studied the effects of urbanization on the hydrochemistry of base flow 

within the Chattahoochee River Basin (Georgia, USA), found that the concentration of sulfate, 

chloride, bicarbonate, and sodium increased with the degree of urbanization. By evaluating the water 

quality of the Wei River, a major river in Guanzhong, China, Lu et al. [13] identified the main 

pollutants as mercury-containing compounds and proposed that domestic and industrial wastewater 

discharge regulations should be strictly enforced in the region. Misaghi et al. [10] took the Ghezel 

Ozan River as the research object and used the improved water quality index method to evaluate its 

water quality according to its main use, which provides a reference for the rational utilization of 

water resources. 

Suzhou, Anhui Province, is located in the semi-humid area of the Huanghuai region and 

epitomizes the rapid urbanization and modern agricultural cities in China. Tuo River running 

through the city center and Bian River in the edge area of the city were selected as the research objects, 

and the environmental hydrogeochemical characteristics of the two rivers were studied. Through the 

comparative analysis and evaluation of water quality, the environmental quality of the rivers in the 

area was clarified, which is of great significance for the environmental protection of surface water 

and the rational development and utilization of water resources in different areas in the process of 

urbanization [14]. 

2. Materials and Methods  

2.1. Study Area  

Suzhou is located in the Huaibei plain of the Huanghuai region. It is a large industrial and 

agricultural city in the north of Anhui Province (Figure 1b), with a total area of 9787 km2 and a 

population of 6.5 million. There are two large rivers in the center and the edge of the city, namely 

Tuo River and Bian River (Figure 1c). The total length of the Tuo River is 243 km, and the drainage 

area is 2983 km2. It flows in from the northwest of Suzhou and flows out from the southeast. It passes 

through the residential area and commercial entertainment area of Suzhou. The annual average flow 

is 3.03–56.79 m3/s and the annual average water level elevation is +13.13–25.03 m. The Bian River, 

with a total length of 127.2 km and a drainage area of 6562 km2, the annual average flow, and the 

annual average water level elevation are, respectively, 3.52–72.10 m3/s and +14.73–26.56 m; the main 

function of Bian River is to prevent external flooding and waterlogging disasters, and to take into 

account agricultural irrigation and shipping. The study area has four distinct seasons, with dry and 

cold winters and hot summers. The annual average temperature is 14–14.6 °C, the historical highest 

temperature is 40 °C, and the lowest temperature is −12.5 °C. The annual rainfall is 774–855 mm, and 

the annual evaporation is 832.4 mm.  

In the study area, the thickness of Quaternary loose layer of Cenozoic is 200–250 m (Figure 2),  

which is composed of sand, sandy clay and clay; the shallow part is phreatic aquifer, about 25–30 m 

thick, water level +24–25 m, and the buried depth of clay aquiclude is about 30 m [15]. Below the 

Quaternary loose layer are Ordovician and Carboniferous carbonate rocks (dolomite and limestone), 

and Permian clastic rocks (mudstone, siltstone, fine sandstone and sandstone) [16]. Precipitation is 

the main recharge source of the aquifers. 



Water 2020, 12, 950 3 of 22 

 

Figure 1. Geographic location and land cover of the study area and sampling stations. (a) China; (b) 

the location of study regions; (c) the location of sampling sites and land use.  

 

Figure 2. Hydrogeological profile of A—A’. 
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2.2. Sampling and Testing 

In order to study the hydrochemical differences between central river (Tuo River) and marginal 

river (Bian River) in Suzhou, in July 2019, 47 water samples were collected, 27 of them in the Tuo 

River and 20 in the Bian River. The location of the sampling points is shown in Figure 1. According 

to relevant standards in Surface Water and Sewage Detection Technology (HJ/T91-2002), Water and 

Wastewater Detection and Analysis Methods (Fourth Edition), each sample was taken at about 0.5 m 

below the surface water. All sampling sites were located by GPS, and field measurements of 

conductivity (EC), pH, and total soluble solids (TDS) were made using portable devices from OHAUS 

(Shanghai, China). Portable instruments to test pH and TDS were ST20 and ST20T-B, respectively. 

The measurement accuracy of ST20 reaches 0.05 pH, and that of ST20T-B reaches 1 mg/L. All samples 

were sent to the laboratory within 24 h and stored in a 4 °C refrigerator. 

After the water sample was filtered by a 0.45 μm filter membrane, the content of Na+, K+, Ca2+, 

Mg2+, Cl−, F−, and SO42− in the water were tested by an ion chromatograph (ICS-600-900). The contents 

of CO32− and HCO32− were determined by acid-base titration. The stable isotopes of hydrogen and 

oxygen were determined by LGR-LWIA-45EP. The accuracy of hydrogen and oxygen was 0.2%. Total 

nitrogen (TN) was measured by potassium persulfate digestion UV spectrophotometric (HJ 636-

2012), total phosphorus (TP) determination using the Ammonium molybdate spectrophotometric 

method (GB 11893-89), and determination of the chemical oxygen demand (COD) using the 

dichromate method (HJ 828-2017). Before the test, the stability of the test instrument was tested with 

the standard sample of known concentration, and the parallel sample was set, and the relative 

deviation of the parallel sample was less than 5%. 

2.3. Software 

ArcGis (version 10.6, Esri, Redlands, CA, USA) was used for mapping sample locations and land 

use. Excel (version 2016, Microsoft, Redmond, WA, USA) was used to conduct statistics on the 

original data, and R (version 3.6.2, UoA, Auckland, New Zealand) and OriginPro (version 9.1, 

Originlab, Northampton, MA, USA) were used for visual analysis of the data. A one-way ANOVA 

test was carried out to determine significant differences, at a significant level of 0.05. Pearson 

correlation analysis was to assess water quality parameter associations. 

2.4. Improved Fuzzy Comprehensive Evaluation 

There are many water quality evaluation indexes if only using a single index for water quality 

evaluation is not comprehensive enough [17]. The fuzzy comprehensive evaluation method is a 

common method for a comprehensive evaluation of water quality. It is based on fuzzy mathematics 

and applies the principle of fuzzy relation synthesis to deal with the phenomenon of “fuzzy”, and it 

makes a comprehensive evaluation after quantifying some fuzzy and uncertain factors [18]. When a 

certain indicator is polluted in the traditional fuzzy evaluation method, the evaluation result will be 

affected to some extent [19]. Therefore, this paper used the improved fuzzy comprehensive 

evaluation method for water quality evaluation. The steps of the improved fuzzy comprehensive 

evaluation method were as follows: 

(1) Establish Factor Subsets and Evaluation Language Set 

First, consider the pollution indicators that affect water quality and establish a set of evaluation 

factors U = {U1, U2, …Un}; 

Then, according to the China Surface Water Environmental Quality Standard (GB 3838-2002), 

establish an evaluation set V = {Ⅰ, Ⅱ, Ⅲ, Ⅳ, Ⅴ}. The evaluation factors (TN, TP, COD, SO42−, Cl−) 

and evaluation sets selected in this paper were shown in Table 1.  
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Table 1. Chinese surface water environmental quality standards about TN, TP, COD, SO42−, Cl−. 

Grade Classification 
Parameters（Unit: mg/L）  

TN TP COD SO42− Cl− 

Ⅰ Excellent suitable for drinking water 0.2 0.01 15   

Ⅱ Good suitable for drinking water 0.5 0.025 15   

Ⅲ Moderate suitable for drinking water 1 0.05 20 250 250 

Ⅳ Poor suitable for drinking water 1.5 0.1 30   

Ⅴ Unsuitable suitable for drinking water 2 0.2 40   

(2) Establish a Fuzzy Relationship Matrix 

The membership function is the foundation of a fuzzy comprehensive evaluation. At present, 

the “reduced half trapezoidal stepwise method” is generally used to calculate the membership 

function. According to the evaluation standard of China Surface Water Environmental Quality 

Standard (GB 3838-2002), surface water is divided into five levels. The formula for the grade of 

membership of water quality is as follows: 
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In the formula, xi is the measured concentration of the i-th evaluation index, sij is the j-level 

standard value of the i-th evaluation index, and rij is the membership degree of the i-level evaluation 

index to the j-level water quality.  

The fuzzy relation evaluation matrix R can be determined from the membership function 

established above, namely:   

 

  



Water 2020, 12, 950 6 of 22 























54321

2524232221

1514131211

nnnnn rrrrr

rrrrr

rrrrr

R


 (4) 

 (3) Determine the Weight Coefficient Matrix 

Different factors have different influences on water quality, so it is necessary to calculate the 

weight of each factor to make the evaluation model more scientific. The steps to determine the 

entropy weight coefficient were as follows: 

Standardize the measured data. The data consist of n evaluation indexes and m evaluation 

objects that form an X matrix: 
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Standardize and get the judgment matrix Y: 
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The formula of entropy weight is:  
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(4) Calculation of Comprehensive Evaluation Results 

The purpose of a fuzzy comprehensive evaluation is to comprehensively evaluate the impact of 

all indicators on the evaluation water body, get comprehensive and correct evaluation results, and 

determine the water quality grade, that is to say, W and R fuzzy matrices are used for composite 

operation, namely:  

R×WB   (9) 

The result B of the composite operation is the membership degree of each water sample 

concerning the water quality of different levels, among which the grade of the highest membership 

degree is the water quality grade of the water sample. 
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2.5. Water Quality Evaluation of Irrigation Water 

Sodium percentage (%Na) is an important indicator of sodium hazard. The higher the Na% 

value, the greater the risk of alkali damage. Higher Na% may affect soil structure, reduce soil 

permeability, and cause soil compaction, thereby blocking gas exchange between soil and 

atmosphere [10,20]. The calculation formula is as follows: 

+

2+ 2+ + +

Na
%Na= 100%

Ca +M g +Na +K
  (10) 

Sodium absorption ratio (SAR) is an important parameter to consider the suitability of the 

surface water for irrigation purposes, which can reflect the degree of sodium replacing the absorbed 

magnesium and calcium occurs in soil. When irrigated with water containing high concentrations of 

Na+, the damage is greater because the Na+ is adsorbed into the soil, causing the polymer to disperse 

and the permeability to decrease [21]. The calculation formula is as follows: 

+

2+ 2+

Na
SAR=

(Ca +Mg )/2
 (11) 

3. Results 

Through the statistical analysis of the pH, COD, TN, TP, EC, TDS, Na+, K+, Ca2+, Mg2+, F−, Cl−, 

SO42−, HCO3−, and CO32− of the water samples collected from Tuo River and Bian River, the relevant 

parameters are shown in Table 2.  

Table 2 shows that, except for pH, the average content of water quality parameters of the Tuo 

River was less than the Bian River. The changes of cations in both rivers were as follows: Na+ > Mg2+ > 

K+ > Ca2+. The anion changes in both rivers were: SO42− > HCO3− > Cl− > CO32− > F−. Further analysis of 

water quality parameters of urban central and marginal rivers by one-way ANOVA analysis can be 

seen from Figure 3: The contents of Na+, K+, SO42−, Cl−, Ca2+, and TP in the Bian River were much 

higher than that in the Tuo River (ANOVA, p < 0.001). The concentrations of Na+, K+, SO42−, Cl−, Ca2+, 

and TP were enriched in the river disturbed by human activities, indicating that the intensity of the 

disturbance by human activities in the Bian River should be greater than that in the Tuo River [22]. 

The contents of Na+, SO42−, and Cl− in the two rivers were significantly different. The average contents 

of these three ions in the Tuo River were 175.93 mg/L, 231.52 mg/L, and 112.03 mg/L, respectively; in 

the Bian River, they were 241.10 mg/L, 306.81 mg/L, and 151.04 mg/L. The contents of Na+ and SO42− 

in the Bian River exceeded the limits of Na+ and SO42− (< 200 mg/L and < 250 mg/L) in the World 

Health Organization (WHO) guideline value (2011) [23] and the Chinese national standard (GB5749-

2006), while the content of Cl− was not exceeded.  
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Table 2. Statistical analyses of the major ions of Bian River and Tuo River. C.V: Coefficient of variation. 

Samples 

of Bian 

River 

Na+ 

(mg/L) 

K+ 

(mg/L) 

Mg2+ 

(mg/L) 

Ca2+ 

(mg/L) 

F− 

(mg/L) 

Cl− 

(mg/L) 

SO42− 

(mg/L) 

HCO3− 

(mg/L) 

CO32− 

(mg/L) 

pH 

- 

TDS 

(mg/L) 

EC 

(µS/cm) 

TN 

(mg/L) 

TP 

(mg/L) 

COD 

(mg/L) 

B1 294.85 24.83 57.05 17.07 1.06 163.30 359.43 260.64 33.69 8.76 953 1910 1.84 0.12 20.57 

B2 282.28 25.43 57.69 17.68 1.07 163.97 347.61 250.62 29.36 8.52 929 1833 1.80 0.15 15.05 

B3 284.28 25.13 57.46 17.88 1.01 162.05 347.32 243.41 36.84 8.58 921 1848 2.15 0.17 20.57 

B4 273.04 25.08 56.99 17.63 1.00 158.68 327.15 253.43 28.57 8.61 891 1818 1.72 0.16 18.06 

B5 316.12 30.45 68.46 21.10 1.20 186.40 388.43 254.63 28.96 8.57 875 1788 2.27 0.16 18.06 

B6 254.01 25.87 57.28 17.74 0.99 155.44 313.13 239.81 31.72 8.63 862 1752 3.10 0.17 21.11 

B7 251.35 26.14 57.81 17.40 1.00 154.98 314.89 230.39 35.07 8.57 845 1724 2.42 0.18 22.61 

B8 245.15 26.16 57.63 17.56 0.96 151.41 308.93 222.18 35.07 8.67 832 1674 5.17 0.17 25.65 

B9 239.27 26.41 58.05 17.25 0.95 151.14 303.67 220.17 32.71 8.62 819 1646 4.56 0.13 28.10 

B10 233.49 26.59 57.99 17.04 0.96 148.05 295.64 221.38 30.74 8.72 810 1634 4.32 0.14 30.62 

B11 234.23 26.82 58.40 16.75 0.95 147.14 297.69 197.94 37.83 8.75 795 1600 2.02 0.13 31.18 

B12 234.25 27.30 59.23 16.91 0.94 144.98 300.21 219.57 30.93 8.60 780 1614 2.10 0.13 34.62 

B13 223.18 26.85 58.04 16.86 0.91 143.89 285.64 219.57 28.96 8.60 776 1576 3.23 0.13 25.59 

B14 221.43 27.46 57.98 16.83 0.88 143.97 286.91 219.97 26.80 8.56 766 1549 1.68 0.13 30.11 

B15 220.52 27.12 58.10 16.95 0.93 144.70 286.75 201.74 36.25 8.65 771 1579 1.60 0.15 29.10 

B16 196.32 28.62 58.78 16.83 0.90 136.78 266.75 186.72 38.22 8.69 732 1437 2.75 0.12 32.66 

B17 177.92 29.83 58.94 16.50 0.88 130.81 249.97 176.10 32.12 8.76 682 1375 2.06 0.09 33.65 

B18 214.72 28.36 60.06 17.63 0.94 145.53 285.71 198.14 35.47 8.57 745 1530 1.71 0.12 32.12 

B19 216.48 27.99 59.54 17.62 0.92 143.58 286.07 206.95 35.07 8.76 747 1522 3.31 0.15 36.14 

B20 215.15 27.68 58.97 17.38 0.91 144.03 284.39 214.96 27.98 8.47 738 1506 3.79 0.11 31.11 

Min 177.92 24.83 56.99 16.50 0.88 130.81 249.97 176.10 26.80 8.47 682 1375 1.60 0.09 15.05 

Max 316.12 30.45 68.46 21.10 1.20 186.40 388.43 260.64 38.22 8.76 953 1910 5.17 0.18 36.14 

Mean 241.40 27.01 58.72 17.43 0.97 151.04 306.81 221.92 32.62 8.63 813 1646 2.60 0.14 26.83 

SV(%) 13.94 5.48 4.04 5.31 7.64 7.74 10.56 10.28 10.48 0.96 8.45 8.60 38.89 16.74 22.81 
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Table 2. CONT. 

Samples 

of Tuo River  

Na+ 

(mg/L) 

K+ 

(mg/L) 

Mg2+ 

(mg/L) 

Ca2+ 

(mg/L) 

F− 

(mg/L) 

Cl− 

(mg/L) 

SO42− 

(mg/L) 

HCO3− 

(mg/L) 

CO32− 

(mg/L) 

pH 

- 

TDS 

(mg/L) 

EC 

(µS/cm) 

TN 

(mg/L) 

TP 

(mg/L) 

COD 

(mg/L) 
T1 200.42  19.55  56.78  16.74  0.89  120.85  261.57  250.83  32.12  8.96  715 1445 2.38 0.11 22.59  
T2 198.22  19.01  56.99  16.79  0.92  120.50  259.44  142.24  25.61  9.02  709 1407 2.78 0.12 24.61  
T3 195.08  19.19  57.10  16.34  0.96  119.42  258.81  139.44  18.52  8.85  661 1398 2.21 0.09 21.57  
T4 194.30  19.28  56.99  15.99  0.94  118.88  258.12  226.38  31.52  8.72  666 1379 2.80 0.09 23.58  
T5 193.09  19.12  56.78  15.61  0.96  116.27  257.97  100.17  27.39  9.14  646 1343 2.90 0.11 20.57  
T6 192.99  19.06  56.63  15.55  0.95  118.37  256.81  211.96  46.11  8.92  634 1138 1.76 0.09 28.38  
T7 193.84  19.21  56.79  15.52  0.95  119.72  258.28  194.73  30.74  8.24  624 1023 2.41 0.08 21.08  
T8 189.64  21.72  57.43  15.84  0.98  113.92  249.67  196.53  53.40  8.45  678 1345 2.31 0.09 20.32  
T9 179.54  20.89  55.52  16.00  0.93  112.50  238.36  238.00  22.86  8.76  649 1316 2.19 0.09 15.80  
T10 187.91  22.57  57.53  15.15  1.11  115.65  287.44  195.93  45.71  8.30  610 1246 2.29 0.08 20.56  
T11 176.33  21.83  54.76  14.26  0.88  112.70  232.39  239.41  20.69  8.65  632 1184 3.00 0.07 26.60  
T12 176.28  22.09  54.91  14.84  0.95  111.33  231.03  211.16  36.45  8.92  638 1270 2.43 0.10 21.07  
T13 177.31  21.98  55.25  15.78  0.92  112.81  235.55  243.01  21.08  8.54  631 1263 2.25 0.08 19.56  
T14 175.30  21.94  54.63  15.74  0.94  111.47  232.40  199.94  44.73  8.71  633 1295 2.39 0.09 23.08  
T15 182.24  25.84  57.93  20.63  0.89  117.64  253.89  236.20  23.05  8.53  605 1238 2.28 0.08 21.06  
T16 165.91  23.63  53.92  15.46  0.93  107.83  219.44  202.14  38.42  8.58  622 1248 2.29 0.08 19.56  
T17 161.41  24.30  52.93  15.70  0.96  106.02  207.19  218.37  31.92  8.88  598 1202 2.96 0.06 21.07  
T18 164.69  24.72  52.25  14.91  0.98  110.07  212.14  180.91  44.73  8.92  614 1239 2.35 0.07 22.58  
T19 173.08  26.20  54.74  14.94  1.00  115.03  221.58  213.16  35.07  8.92  614 1234 2.13 0.08 21.98  
T20 158.99  25.15  52.47  16.31  0.96  104.52  200.53  197.53  42.76  8.88  608 1231 2.99 0.08 29.15  
T21 158.90  25.01  52.71  17.17  0.96  105.58  204.54  222.58  33.30  8.68  615 1222 2.72 0.07 19.50  
T22 158.85  25.55  52.51  17.33  0.97  105.76  197.77  228.59  30.54  8.80  604 1218 2.03 0.06 28.63  
T23 157.78  25.29  51.93  17.21  0.94  105.33  201.53  235.60  25.61  8.94  621 1260 1.22 0.06 18.06  
T24 159.78  25.75  52.40  16.37  0.98  106.93  203.79  247.62  21.08  8.78  630 1261 2.09 0.07 16.55  
T25 158.06  25.67  52.21  16.07  0.95  104.10  200.59  269.86  14.78  8.63  621 1233 2.10 0.07 17.31  
T26 158.74  25.19  51.85  16.44  0.95  104.90  204.04  219.37  35.07  8.92  611 1246 2.98 0.07 26.86  
T27 161.59  25.47  52.45  17.60  0.96  106.65  206.21  235.60  29.55  9.11  618 1243 2.77 0.08 27.37  
Min 157.78 19.01 51.85 14.26 0.88 104.10 197.77 100.17 14.78 8.24 598 1023 1.22 0.06 15.80 
Max 200.42 26.20 57.92 20.63 1.11 120.85 287.44 269.86 53.40 9.14 715 1445 3.00 0.12 29.15 

Mean 175.93 22.79 54.76 16.16 0.95 112.03 231.52 211.01 31.96 8.78 634 1264 2.41 0.08 22.19 
SV(%) 8.34 11.33 3.78 7.36 4.37 4.97 10.92 17.24 30.03 2.50 4.62 6.72 16.9 16.74 16.32 
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In the Eutrophication Indexes TN, TP, and COD, the average contents of TN and COD in the 

two rivers exceed the three types of water defined in China Surface Water Environmental Quality 

standard (GB 3838-2002). The types of land use, water conservancy conditions, and environmental 

management are closely related to water quality [24–26], In this study, the content of N and P in the 

water body of Bian River was relatively high, and the land-use types shown in Figure 1c around Bian 

River are mostly cropland, while those around Tuo River are mostly urban areas with a small amount 

of cropland, which is consistent with the relevant research; that is, the content of N and P in the river 

located in the agricultural area is relatively high [27,28]. 

 

Figure 3. Values of water quality parameters in the Bian River and Tuo River (*** and **** mean 

significant different). 

4. Discussion 

4.1. Sources and Influencing Factors for Major Ions 

4.1.1. Processes Controlling River Solute 

Natural process and human factors control the ion composition of river water samples [29]. In 

the 1970s, Gibbs designed a semi logarithmic coordinate diagram (Gibbs diagram) to distinguish the 

influence of rock weathering, evaporation, and precipitation on the chemical composition of water 

by studying the chemical composition of the world's surface water [30]; Gibbs diagram can be used 

to intuitively judge the influence of these factors on the main chemical composition of river water 

[31]. The area of atmospheric precipitation in the Gibbs chart is at the lower right, where the TDS of 

water sample point is relatively low and Na+/(Na+ + Ca2+) or Cl−/(Cl− + HCO3−) is relatively high. To 

the left of the middle is the rock weathering zone, where the TDS of water sample point is medium 

and the ratio of Na+/(Na+ + Ca2+) or Cl−/(Cl− + HCO3−) is about 0.5. The water sample point distributed 

at the upper right belongs to evaporation concentration area with high TDS and high Na+/(Na+ + Ca2+) 

or Cl−/(Cl− + HCO3−) value [32,33]. 

The Gibbs diagrams of the water samples in the study area are shown in Figure 4. From Figure 

4a, it can be seen that all the water samples of Tuo River and Bian River in the study area were 
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concentrated in the dominant area of rock weathering, indicating that the main ion content of the two 

rivers was mainly dominated by rock weathering. However, in Figure 4b, the water sample points of 

the two rivers fell outside of the solid line, which showed that other influence factors, such as cation 

exchange, evaporation, and human factors, had a certain influence on the main ions in the water [34]. 

The natural rivers and lakes are commonly controlled significantly by evaporation [35]. Taking the 

shallow groundwater around Suzhou city as the research object, it is concluded that rock weathering 

is the main source of ions in this area [15]. However, in this study, the hydrochemical formation 

mechanism of surface water is similar to that of groundwater, indicating the interaction between 

groundwater and surface water.  

 

Figure 4. Gibbs diagrams indicating the Tuo and Bian River naturel evolution mechanisms. (a) TDS 

vs Cl−/(Cl− + HCO3-−); (b) TDS vs Na+/(Na+ + Ca2+). 

To further illustrate the effects of rock weathering (silicate weathering, carbonate, and Evaporite 

dissolution), Na-normalized Ca2+ versus Mg2+ is presented in Figure 5a and Na-normalized Ca2+ 

versus HCO3− is presented in Figure 5b.  

 

Figure 5. The normalized diagram (a) Mg2+/Na+ vs Ca2+/Na+; (b) HCO3−/Na+ vs Ca2+/Na+. 

It is determined that the high values of the Ca2+/Mg2+ ratio indicate the domain of the bicarbonate 

dissolution [36], while low values of this ratio mean the dissolution of silicates [37,38]. Through the 

use of bivariate diagrams of Figure 5, samples of river water (Bian and Tuo) are concentrated and 

mainly affected by silicate weathering; there is a partial influence of evaporate dissolution. 

Piper trigram can analyze the hydrogeochemical composition and type of surface water and 

reveal its evolution process [39]. It can be seen from Figure 6 that all water sample points were 
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concentrated in zone Ⅳ. The content of alkali metal ions was higher than that of alkaline earth metal 

ions, and the content of strong acid roots was higher than that of weak acid roots; the results showed 

that the hydrochemical types of Tuo River and Bian River were the SO4-Cl-Na type. It can be seen 

from the cation distribution of the two rivers that all the water sample points were located in the D 

region in Figure 6, which were Na+ dominates. From their anion distribution, it can be known that all 

water sample points fell in zone B, which is the mixing zone. As shown in Figure 6a, the proportion 

of Ca2+ + Mg2+ flowing along the river gradually increases; however, the proportion of (Cl− + SO42−) in 

the flow direction of Tuo River decreased (Figure 6b). 
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Figure 6. Piper diagram for Bian River (a) and Tuo River (b); the red arrow represents river direction. 
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4.1.2. Correlation Analysis of Water Quality Parameters 

Correlation analysis among the water quality parameters in the water can facilitate 

understanding the relationships among those parameters, determining the sources of pollutants [40]. 

Meanwhile, correlation analysis was often used to reveal consistencies and differences between the 

ion sources [41]. Correlation analysis was conducted on the nutrition indicators (TP and TN) and 

major hydrochemical parameters of surface water in the study area, and the results are shown in 

Figure 7.  

 

Figure 7. Correlation matrices between nutrition indicators (TP and TN) and major hydrochemical 

parameters, (a) Bian River; (b) Tuo River. 

Because the shallow groundwater in the study area is usually about three meters deep, surface 

water replenishes groundwater during the rainy season and shallow groundwater replenishes the 

river during the dry season [15].As can be seen from Figure 7a, Ca2+ had a good correlation with Mg2+, 

F−, Cl−, SO42−, and HCO3−, indicating the diversity of sources of calcium ions. However, in Figure 7b, 

Ca2+ are not well correlated with other water quality parameters; this may indicate the monotony of 

Ca2+ source in the Tuo River. Fluorite has been reported to be the primary source of fluoride 

concentrations in groundwater [7]. The correlation between F− and Ca2+, Cl−, SO42−, Na+ and HCO3− 

indicated that the dissolution of rock minerals may be an important source of fluoride ions, while the 

correlation between F− and TP suggested that agricultural non-point source pollution may be another 

important source of fluoride ions in the Bian River. Studies have shown that there are some fluorine-

containing compounds in phosphate fertilizer [42]. From Figure 7b, we can know that there was a 

significant negative correlation between K+ and Na+ in the Tuo River, indicating that there may be 

inhibition between K+ and Na+. There was no significant correlation between F− and TP in the Tuo 

River, indicating that the Tuo River was less polluted by agricultural non-point sources. In addition, 

the main cations and HCO3− and CO32− did not show a good correlation; this shows that carbonate 

minerals have little effect on the main ions in the Tuo River. 

4.1.3. Analysis of River Replenishment Sources 

Generally, the composition of river ions is restricted by the source of replenishment, evaporation 

and mixing, and can reflect different characteristics of hydrogen and oxygen isotopes. Hydrogen and 

oxygen isotopes can trace the environmental information carried by the hydrogeochemical process 

of rivers and play an important role in the study of river water source and water cycle [43]. Hydrogen 

and oxygen isotopes are the intrinsic components of water molecules, which generally do not change 

with the change of water rock interaction when the temperature is low. They are ideal natural tracers 

[8]. 
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By studying the natural meteoric waters from many parts of the word, Craig [44] found that 

there is a linear relationship between δD and δ18O in surface water, which is expressed as δD = 8.0δ18O 

+ 10, which is called the Global Meteoric Water Line, referred to as GMWL. D-excess (d = δD − 818O), 

that is to say, the intercept of Global Meteoric Water Line, can reflect the degree of imbalance of 

evaporation and condensation process of regional atmospheric precipitation [45]. The larger the d 

value is, the more positive the values δD and δ18O are; the stronger the imbalance of evaporation and 

condensation is, and the smaller the d value is, the weaker the imbalance. The values of δD, δ18O, and 

d-excess in the study area are shown in Table 3. 

Table 3. Content characteristic statistics of oxygen and hydrogen isotope. 

Parameters Unit 
Tuo River Bian River 

Min Max Mean Min Max Mean 

δD ‰ −45.72 −30.94 −37.72 −33.94 −29.19 −31.59 

δ18O ‰ −5.55 −2.40 −3.78 −3.76 −2.32 −3.20 

d-excess ‰ −12.18 −1.36 −7.52 −11.56 −0.93 −5.97 

It can be seen from Table 3 that the d values of Tuo River and Bian River were significantly 

smaller than the d values of the Global Meteoric Water Line (10‰), indicating an evaporative effect, 

leading to the enrichment of hydrogen and oxygen isotopes; meanwhile, the d value of Bian River is 

larger than that of Tuo River, indicating that the evaporation of Bian River is stronger than that of 

Tuo River, which may be due to the wide Bian River and the long-term exposure to sunlight at the 

edge of the city. The water evaporation lines of Bian River and Tuo River were obtained by the linear 

fitting. Now, the GMWL and Bian and Tuo River water evaporation lines were drawn on the δD-δ18O 

coordinate map, as shown in Figure 8. The δD and δ18O of Tuo River (R2 = 0.9012) show good linearity, 

while those of Bian River (R2 = −0.0099) are poor, and, combined with Figure 3, the contents of Na+, 

K+, SO42−, Cl−, Ca2+, and TP in the Bian River were much higher than that in the Tuo River (ANOVA, 

p < 0.001); it can be concluded that the Bian River δD and δ18O content was affected by many factors, 

such as land use, hydrological, and anthropogenic activities. From Figure 8, it can be seen that the 

sampling points of the two rivers fell below the GMWL, and the slope of the evaporation line was 

also significantly lower than that of the GMWL, which showed that the collected water samples for 

summer precipitation recharge water bodies or the evaporation effect of atmospheric precipitation 

was produced before the formation of surface water, which was consistent with the evaporation 

characteristics and sampling time (summer) of surface water in temperate climate zone. 

 

Figure 8. Relationship between oxygen and hydrogen isotope composition of the Tuo and Bian 

Rivers. 
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4.2. Water Quality Evaluation of the Study Area 

4.2.1. Water Quality Grade Evaluation 

In this paper, the improved fuzzy comprehensive evaluation method was adopted, and the 

China Surface Water Environmental Quality Standard (GB 3838-20002) was used as the evaluation 

standard. The five parameters of TN, TP, COD, Cl−, and SO42− were selected to check the water quality 

of the two rivers. Based on the improved fuzzy comprehensive evaluation method, the measured 

data were calculated step by step. 

Taking the B3 test data as an example, the membership degree can be calculated according to 

Formulas (4) to determine the fuzzy relation matrix:  

R = 

⎝

⎜
⎛

0 0 0.0268 0.9732 0
0 0.8795 0.1205 0 0
0 0 0.743 0.257 0
0 0 0 0 1
0 0 0 0.31 0.69⎠

⎟
⎞

COD
TN
TP

SO4
2-

Cl-

 

According to the entropy weight method, the weight of different evaluation factors in fuzzy 

comprehensive evaluation was calculated by Formula (8): 

W = (0.1854,0.1410,0.2606,0.1803,0.2328) 

In line with Formula (9), the membership degree of B3 to various quality levels of surface water 

was calculated: 

B = W × R =（0,0.1240,0.2156,0.3195,0.3409） 

According to the principle of maximum membership, 0.3409 was the maximum of the five 

numbers. Thus, B3 belonged to class Ⅴ. 

In accordance with the above steps, the water quality evaluation results of Bian River and Tuo 

River are shown in Table 4 and Table 5, respectively. The results of Tuo River and Bian River are 

plotted as Figure 9. We can see that, among the surface water samples of the Tuo River flowing 

through the center of the urban area in the study area, class II and class III accounted for 40.74% and 

59.26%, respectively. The water quality of these two types of water was relatively good, which were 

suitable for fish breeding, landscape entertainment, and industrial and agricultural water use. 

Among the surface water samples of Bian River in the urban fringe area, 35% were of class IV water 

and 60% were of class V water. Generally speaking, the water quality of Bian River was poor. 

 

Figure 9. Radar chart of fuzzy comprehensive evaluation results. 
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Based on the water quality requirements of agricultural and industrial water, it may only be 

used for general agricultural irrigation or after selection or treatment according to the purpose of 

water use. There are agricultural activities near the two rivers in the study area. In order to evaluate 

the agricultural value of the two rivers in the study area more reasonably and effectively, it was 

further used for irrigation water quality analysis. 

Table 4. Fuzzy comprehensive evaluation results of the water quality in the Bian River. 

Sample Ⅰ Ⅱ Ⅲ Ⅳ Ⅴ 
Water Quality 

Level 

B1  0.0000  0.1222  0.2124  0.3001  0.3652  Ⅴ 

B2  0.0000  0.3793  0.0267  0.3535  0.2404  Ⅱ 

B3  0.0000  0.1240  0.2156  0.3195  0.3409  Ⅴ 

B4  0.0000  0.2299  0.2141  0.3397  0.2163  Ⅳ 

B5  0.0000  0.1908  0.2108  0.0908  0.5076  Ⅴ 

B6  0.0000  0.1333  0.0760  0.3618  0.4289  Ⅴ 

B7  0.0000  0.1340  0.0721  0.3003  0.4936  Ⅴ 

B8  0.0000  0.1390  0.0781  0.1860  0.5968  Ⅴ 

B9  0.0000  0.1394  0.0875  0.5111  0.2620  Ⅳ 

B10  0.0027  0.1382  0.1008  0.2793  0.4789  Ⅴ 

B11  0.0040  0.1369  0.0970  0.2490  0.5130  Ⅴ 

B12  0.0071  0.1339  0.0923  0.3180  0.4487  Ⅴ 

B13  0.0086  0.1324  0.1561  0.4622  0.2408  Ⅳ 

B14  0.0112  0.1325  0.1169  0.5367  0.2054  Ⅳ 

B15  0.0075  0.1335  0.1172  0.5876  0.1542  Ⅳ 

B16  0.0186  0.1223  0.1543  0.2196  0.4851  Ⅴ 

B17  0.0271  0.1140  0.2505  0.1676  0.4409  Ⅴ 

B18  0.0063  0.1347  0.1192  0.4635  0.2764  Ⅳ 

B19  0.0091  0.1319  0.1185  0.1949  0.5456  Ⅴ 

B20  0.0084  0.1326  0.1216  0.4505  0.2869  Ⅳ 
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Table 5. Fuzzy comprehensive evaluation results of the water quality in the Tuo River. 

Sample Ⅰ Ⅱ Ⅲ Ⅳ Ⅴ Water Quality Level 

T1  0.1054  0.2562  0.2196  0.2801  0.1387  Ⅳ 

T2  0.1067  0.2550  0.2097  0.2290  0.1997  Ⅱ 

T3  0.1106  0.2510  0.3394  0.1764  0.1226  Ⅲ 

T4  0.1125  0.2491  0.2879  0.2279  0.1226  Ⅲ 

T5  0.1220  0.2396  0.2912  0.2138  0.1333  Ⅲ 

T6  0.1144  0.2472  0.2695  0.2170  0.1519  Ⅲ 

T7  0.1095  0.2521  0.3391  0.1767  0.1226  Ⅲ 

T8  0.1305  0.2319  0.3827  0.1323  0.1226  Ⅲ 

T9  0.1356  0.3413  0.2751  0.1254  0.1226  Ⅱ 

T10  0.1242  0.2374  0.2912  0.2246  0.1226  Ⅲ 

T11  0.1349  0.2675  0.2839  0.1743  0.1394  Ⅲ 

T12  0.1398  0.2657  0.2994  0.1724  0.1226  Ⅲ 

T13  0.1345  0.2699  0.3513  0.1218  0.1226  Ⅲ 

T14  0.1393  0.2630  0.2745  0.2005  0.1226  Ⅲ 

T15  0.1170  0.2446  0.3918  0.1240  0.1226  Ⅲ 

T16  0.1525  0.2845  0.3509  0.0895  0.1226  Ⅲ 

T17  0.1590  0.3017  0.3696  0.0471  0.1226  Ⅲ 

T18  0.1444  0.3049  0.3050  0.1231  0.1226  Ⅲ 

T19  0.1265  0.3010  0.3175  0.1324  0.1226  Ⅲ 

T20  0.1645  0.3117  0.1851  0.1110  0.2277  Ⅱ 

T21 0.1606  0.3062  0.2338  0.0716  0.2277  Ⅱ 

T22 0.1600  0.3226  0.2396  0.0646  0.2133  Ⅱ 

T23 0.1615  0.3531  0.3162  0.1155  0.0537  Ⅱ 

T24 0.1557  0.3854  0.2646  0.0716  0.1226  Ⅱ 

T25 0.1660  0.3666  0.2803  0.0645  0.1226  Ⅱ 

T26 0.1631  0.3049  0.2218  0.1469  0.1632  Ⅱ 

T27 0.1567  0.3063  0.2018  0.1561  0.1791  Ⅱ 

4.2.2. Water Quality Evaluation of Irrigation Water 

If there are too many dissolved ions in the irrigation water, it will affect the physical and 

chemical properties of the soil and plant growth, and reduce the productivity of the soil [46]. The 

USSL diagram can comprehensively reflect the effects of SAR and EC values on the soil, and the 

Wilcox diagram can simultaneously represent the effects of Na% and EC on the soil and crops. 

Therefore, the USSL diagram and Wilcox diagram were used to evaluate irrigation water in the two 

rivers. 

Wilcox diagram can be divided into five areas: excellent good irrigation water quality area, good 

irrigation water quality area, allowable suspected area, suspected reserve area, and unavailable area. 

According to the %Na value calculated by Formula (10), the Wilcox diagram of Figure 10b can be 

obtained. It can be seen from the figure that all water sample points of the two rivers belonged to the 

allowable suspected area. Although this kind of water used for irrigation may cause the risk of alkali 

damage, the risk is relatively small, and appropriate measures can be taken to prevent alkali damage. 

Irrigated water with higher conductivity (EC) can cause soil salinization. According to the 

conductivity, the irrigation water body can be divided into C1 low salinization (EC < 250 μS/cm), C2 

medium salinization (250−750 μS/cm), C3 high salinization (750−2250 μS/cm), and C4 is higher 

salinized (>2250 μS/cm). The SAR value obtained by Formula (11), combined with EC, gave the USSL 

diagram (Figure 10a). For the Tuo River, most of the water sample points (92.6%) falled in C3S1 area 

with high salt damage. If the soil leaching conditions are good, it can be used for irrigation. For the 

Bian River, most of the water samples (99%) fell into the C3S2 area with high salt and medium alkali 

damage, which was suitable for irrigation of plants with strong salt tolerance. It can be seen from 

Figure 10 that the EC Value of Bian River decreases successively from sample No. 1 to No. 20. 
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Figure 10. USSL diagram (a) and Wilcox diagram (b). 

4.3. Implications for Water Resource Management 

The result of this study has implications for urban surface water management. The result of 

water quality evaluation shows that Tuo River has better water quality than Bian River; according to 

Figure 3, the average content of sulfate in the Bian River is 306.81 mg/L, which is far beyond the 

quality standards of surface water in China (250 mg/L) and drinking water under the guidance of the 

World Health Organization (250 mg/L). Zheng et al. [47] studied the δ34S-SO4 content of the main 

surface water in this area and found that coal mining had a certain impact on the sulfate content in 

this area.  

Therefore, the management of non-point agricultural pollution and discharge of mining 

wastewater in the Bian River should be strengthened. At the same time, the water quality of Tuo 

River is better, which may be due to the fact that Tuo River is located in the urban area. In order to 

ensure the ecological water use of urban rivers, the upstream and downstream of Tuo River are 

equipped with sluice gates (Figure 1c).  

In addition, peri-urban zones are transitional areas with unique structures that link urban and 

rural ecosystems, which can provide raw materials, energy, and food for the city, and also absorb 

industrial and domestic pollutants and wastes generated by the city [48]. Therefore, in the process of 

urbanization, it is necessary to optimize urban functional zoning and regularly monitor the health of 

urban water environments.  

5. Conclusions 

Based on the data of stream hydrochemistry, the main hydrochemistry process and water 

quality of Bian River and Tuo River are analyzed. The results are as follows: 

(1) The content of cations in the Tuo River and Bian River of the study area changed to Na+ > 

Mg2+ > K+ > Ca2+, and the content of anions changed to SO42− > HCO3− > Cl− > CO32− > F−. The contents 

of main ions and nutrition indexes in the Bian River are higher than those in the Tuo River, especially 

the contents of Na+, K+, SO42−, Cl−, Ca2+, and TP (ANOVA, p < 0.001).  

(2) The hydrochemical types of the two rivers were the SO4-Cl-Na type. The chemical 

composition of the two rivers was mainly mainly affected by silicate weathering; there is a partial 

influence of evaporate dissolution. The results of correlation analysis show that Bian River is greatly 

affected by agricultural non-point source pollution. The analysis of hydrogen and oxygen isotopes 

shows that precipitation is the supply source of the Bian River and Tuo River. 

(3) The results of fuzzy comprehensive evaluation showed that the water quality of the Tuo 

River water sample was good, which was suitable for fish breeding, landscape entertainment and 

industrial and agricultural water; while that of the Bian River water sample was poor, which may 

only be suitable for general agricultural irrigation or need to be selected or treated according to the 
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purpose of water use. The evaluation results of irrigation water quality showed that the water 

samples of the Tuo River were high in salt and low in alkali. When the soil leaching conditions were 

good, they could be used for irrigation, while the water samples of the Bian River were high in salt 

and alkali, suitable for irrigating plants with strong salt tolerance. 
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