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Abstract The seasonal and spatial changes in the chemical composition of the water in abandoned mine drainages and

rivers in Yudong River area in the years of 2017–2018 were analyzed. The effects of mine water drainage on the

seasonality and physicochemical properties of the river water after mine closure were evaluated, and the feasibility of

irrigation using river water and the degree of pollution to farmland were assessed using the Water Quality Standard for

Farmland Irrigation. The results show that the mine water has low pH value (\ 3.5–4) and high levels of total hardness,

SO4
2-, Fe, Al, and Zn. In addition, the pH of the mine water is negatively correlated with the presence of other metal ions.

The correlation coefficient between the chemical oxygen demand (COD) and Fe reached 0.989. While the pollution levels

of Pinglu and Baishui rivers were low, the confluence region of the two rivers was seriously polluted. However, only the

levels of Fe and Cd slightly exceeded the Surface Water Environmental Quality Standard after the confluence of Yudong

and Chongan rivers. Overall, the heavy pollution type of the confluent river is consistent with mine water pollution. The

water quality is slightly better in the dry season compared than in the high-water period. Sulfate and Fe content decreased

by 39 and 16 mg/L, respectively, and Cd content decreased two-fold. Despite these findings, this study shows that from

2017 to 2018, the pH and Cd content of the rivers at the confluence exceeded the irrigation limit and the water quality

continued to deteriorate, which may pose a soil contamination risk. Long-term use of the river for irrigation water may

cause toxic elements such as Cd, Fe, Mn, SO4
2-, Al, and F- to enter the food chain, thereby endangering the life and health

of villagers in Yudong River area.

Keywords Yudong River (Guizhou) � Closed coal mine � Surface water pollution � Irrigation water quality � Soil and crop

hazards

1 Introduction

In recent years, following the imperative for ‘‘clean, green,

and low-carbon’’ energy revolution (Huang et al. 2017),

China has introduced policies to vigorously integrate coal

resources and seal highly polluted, extensive, and poorly

maintained mines (Xie et al. 2017). These closures have

been accompanied by the development of environmental

and geological disasters, impacting a large area. The con-

cealment of the mines and their long incubation period are

causing serious damage to sustainable development and the

national economy. This paper studies the impact of mine

water on surface water following the closure of a coal mine

in Yudong River mining area of Kaili City, Guizhou

Province.

The large-scale exploitation of coal resources in Yudong

River area began in the early 1980s. The Permian Liang-

shan Formation of the regional coal-bearing strata features

a coal seam with a thickness of 0.6–1.3 m and a dip angle
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of less than 10�. The methods used in coal mines are based

on inclined and flat wells. More than 80 recorded coal

mines have been worked in Yudong River area. Most have

been closed, and only a few remained and are integrated.

Production has been stopped at all mines. In the study area,

16 coal mines were merged and reorganized, and 26 pri-

vately owned mines were closed by the government or

were closed on their own. Further, 16 unnamed small kilns

remain; most are privately owned, small-scale, and

have henhouse-like structures that have been abandoned

for a long time. Coal mines are associated with large

amounts of pyrite (FeS2), which, after mine closure,

becomes exposed to air or immersed in oxygen-rich water,

forming acidic mine water with sulfate-rich ions and

severely low local pH values (pH up to 2), producing a

series of oxidation reactions (Masindi et al. 2016). The

pyrite reacts with H2O and O2, releasing H? and Fe2?, and

the Fe2? is converted into Fe3? by O2 oxidation. As the pH

values decrease, Fe3? activity increases and further acts on

pyrite as below(Nordstrom 2015; Masindi 2016):

2FeS2 sð Þ þ 2H2O lð Þ þ 7O2 gð Þ
! 2Fe2þ aqð Þ þ 4SO2�

4 aqð Þ þ 4Hþ aqð Þ ð1Þ

2Fe2þ aqð Þ þ 4Hþ aqð Þ þ 2O2 gð Þ
! 2Fe3þ aqð Þ þ 2H2O ð2Þ

FeS2 sð Þ þ 14Fe3þ aqð Þ þ 8H2O lð Þ
! 15Fe2þ aqð Þ þ 2SO2�

4 aqð Þ þ 16Hþ aqð Þ ð3Þ

The ferrous ions are then oxidized and hydrolyzed to

precipitate ochre, which can flood the riverbed and destroy

benthic animals and plants as below (Francisco M. Baena-

Moreno et al. 2020):

4Fe2þ aqð Þ þ 10H2O lð Þ þ O2 gð Þ
! 4Fe OHð Þ3 sð Þ þ 8Hþ aqð Þ ð4Þ

Acidic mine water is widely distributed and pollutes the

immediate environment, threatening human safety and

health (Park et al. 2019). The research area of this study

falls in the area of Yudong River, a tributary of Chongan

River in the upper reaches of Qingshui River in Yangtze

River Basin. There are five drinking water reservoirs and

58 coal mines in the upper reaches of the river. From July

2017 to August 2018, eight mine water samples and eight

river water samples were collected to measure various

water quality indicators. The main objectives of this study

are as follows: analyzing the physical and chemical prop-

erties and their seasonal changes in the mine water from

2017 to 2018; determining the seasonal and spatial varia-

tion in river water quality; evaluating the physical and

chemical effects of mine water on river water quality after

mine closure; and evaluating the feasibility and environ-

mental impact of irrigation using river water.

2 Materials and methods

2.1 Study area

Yudong River originates in Dapo, Lushan, Kaili, and it

mainly includes Baishui River (main trunk) and Pinglu

River (tributary). After its confluence to make Chahe

River, it flows into Wangjiatun, Wanshui, Kaili, and it

enters into Chongan River. The landform has a middle and

low mountain topography with erosion and corrosion. The

interior is mostly a basin with a gentle slope, and a karst

landform is presented. The terrain is generally high in the

southeast and low in the northwest, featuring a low gully in

the middle. Its highest point is 1230 m above sea level and

1200 m west of Shuishan, and the lowest point is at the

estuary of Yudong River into Chong’an River. The mines

polluting Yudong River Basin in the study area are mainly

distributed across two areas. The first area is located in the

area of Shangbao and Datian to Yanjiao (west of Lushan

and Dafengdong), and the second area is concentrated in

the middle and lower reaches of Baishui and Pinglu rivers.

The aquifers in the study area are mainly divided into

four layers, according to their occurrence conditions,

hydraulic characteristics, hydraulic properties, and geo-

logical groundwater structure (Fig. 1); these are a Cenozoic

Quaternary sand gravel pore aquifer, a Permian Maokou

Formation-Qixia Formation clastic limestone karst fissure

aquifer, a Carboniferous Baizuo Formation dolomite karst

Fig. 1 Schematic diagram of the stratigraphic structure and the

aquifer of the top and bottom plates of the Liangshan Formation (P1q,

Qixia Formation; P1l, Permian Lower Liangshan Formation; C1b,

Carboniferous system Lower Liangshan Formation)
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fissure aquifer, and a Devonian Upper Yaosuo Formation

bioclastic limestone karst fissure aquifer.

The average annual precipitation in the study area is

1264.7 mm, and it is unevenly distributed, with a con-

centration from May to October. Atmospheric precipita-

tion is the main source of groundwater recharge through

surface infiltration. The topography determines the distri-

bution of groundwater recharge and discharge areas, as

well as the trend in groundwater flow. The surface karst

depressions and falling water caves are of recent vintage

and can directly accept atmospheric the precipitation

infiltration recharge by injection, osmosis, and seepage. In

addition, Pinglu and Baishui rivers are leaking through

exposed areas in the Qixia-Maokou Formation limestone,

replenishing the limestone aquifer of the Qixia Formation.

The water runoff (pipe flow) is mainly caused by erosion

and dissolution, and gap flows are formed by mutual

communication among fractures, generally from south to

north. The gap flows combine to form tube flows and an

underground river, which is exposed in low-lying areas. As

the groundwater collects, it flows into the northern Chon-

gan River. The lowest erosion reference plane for the

groundwater discharge in the area is Chongan River

(? 582 m), near the northern estuary. Most of the exposed

and semi-exposed carbonate mountainous areas have

developed surface karst, such as karst depressions, karst

buckets, and other negative topography, which are supplied

by infiltration of atmospheric precipitation. The karst water

flows for a long distance before draining into the local river

valley as a karst spring or underground river. The karst

water in this area is characterized by point recharge,

tubular runoff, and concentrated discharge.

A total of 21 drainage points were found in the study

area, distributed across sections of three rivers: Baishui

River, Pinglu River, and Jiangkou River (from Cha River

to Chongan River). The preliminary statistics indicate that

the total discharge is approximately 2660 m3/h, the dis-

charge of the drainage point of Baishui River is 630–865

m3/h, Pinglu River’s discharge reaches 1305 m3/h, and

Jiangkou River section has a concentrated discharge of

approximately 200 m3/h. The coal mine water mainly

drains through wellbores (inclined wells and adits), karst

caves, dark rivers, and karst fissure drainage points before

flowing into the Yudong River. Among the 21 drainage

points in the study area, there are 14 wellbore drainage

points, five karst caves drainage points, three dark river

drainage points, and two karst drainage points.

2.2 Study methodology

Eight mine water samples and eight river samples were

collected in the study area. A map of the distribution of the

sampling points is shown in Fig. 2. Each water sample was

collected using a pre-cleaned 1.5 L polyethylene bottle.

The pH was tested using a multi-function portable tester

(Shanghai Raytheon PHS-25), and the samples were

returned to the laboratory as quickly as possible. The water

samples were then filtered in the laboratory using a 0.45-

lm polyester fiber filter membrane and divided into two

parts. For one part, HNO3 was used to adjust the pH

value to be below 2 to determine the metal cation content

through inductively coupled plasma mass spectrometry

(ICP-MS). The other part remained acid free, and an ion

chromatograph (IC) was used to determine anion content.

The chemical oxygen demand (COD) was determined

using the dichromate method (GB/T 11,914), and the total

hardness was tested using the EDTA titration method.

2.3 Standard limit

The standard limit of mine water discharge is based on

the relevant limits in the Coal Industry Pollutant Emission

Standard (GB20426–2006) and the Guizhou Province

Environmental Pollutant Emission Standard (DB

52/864–2013). According to the Water Function Zoning

of Guizhou Province, Yudong River is part of the

Chongan River Kaili Protection Area. Therefore, the

applicable river water quality standard is the Class III

water standard and centralized drinking water-supple-

mentary project standards in surface water sources in the

Surface Water Environmental Quality Standard

(GB3838–2002). The irrigation water for farmland is

referenced in the Water Quality Standard for Farmland

Irrigation (GB5084–2021), and the limits for each eval-

uation standard are shown in Table 1.

3 Results and discussion

3.1 Chemical analyses of mine water

The Piper diagram of the mine water’s chemical compo-

sition shows that SO4
2- is the main anion in the sample,

and it is concentrated in the Ca, Fe, and Al fields (Fig. 3).

Due to the natural conditions of the mine, the types of

mineral resources, and the form of existence, the water type

characteristics of different mine types also change (Feng

et al. 2010). Among all water samples in the wet and dry

seasons, the anions Cl-, HCO3
-, NO2

-, and NO3
- have

low concentrations, and high acidity is also not conducive

to the stability of HCO3
-. Therefore, the dominant aqueous

phases of mine water in the study area are Ca–SO4, Fe–

SO4, and Al–SO4. Conversely, the main mine water type

suggests that the main pollutants in the mine water are Fe,

Al, and SO4
2-.
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The water samples from the eight mines taken from July

2017 to August 2018 were statistically analyzed, and the

results are shown in Table 2. The maximum and minimum

values for TH, SO4
2-, Fe, and Al differ by nearly 100-fold,

and the degree of data dispersion is high, indicating that

mine water quality fluctuates greatly at different points.

Most of the water quality indicators have a skew value

greater than 0, indicating positive skewness. The reason for

this trend is that few variable values are excessively large,

so the value on the right side of the mean is less than the

value on the left, which indirectly reflects the large dif-

ference in the quality of the mine water (Atanackovic et al.

2013). The result of the kurtosis is similar to that for

skewness and can reflect the distribution of random vari-

ables (Cain et al. 2017). The kurtosis values of different

mine water parameters further indicate that the parameter

of the water quality does not follow a normal distribution,

and the water quality at different points is quite different

(Ðorić et al. 2009). The results of analyzing the Pearson

correlation between different indicators show that pH and

Fig. 2 Distribution map of sampling points

Table 1 Evaluation criteria limits

Sample pH SO4
2-(mg/

L)

Fe (mg/

L)

Mn

(mg/L)

Cu (mg/

L)

Cd (mg/

L)

Cr (mg/

L)

Zn (mg/

L)

F (mg/

L)

Cl (mg/

L)

TDS

(mg/L)

COD

(mg/L)

Mine water 6–9 – 1.0 4.0 – 0.1 – 2.0 – – – –

Surface

water

6–9 250 0.3 0.1 1.0 0.005 0.05 1.0 1.0 250 – 20

Irrigation

water

5.5–8.5 – – – 0.5 0.01 0.1 2 2 350 1000 150
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Fig. 3 Water chemistry characteristics of mine water
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Table 2 Descriptive statistics of the mine water samples

Parameter July, 2017 Dec, 2017

Min. Max. Mean Skewness Kurtosis Min. Max. Mean Skewness Kurtosis

pH 2.78 6.63 3.89 1.530 0.884 3.05 6.93 4.10 1.531 0.853

CODCr (mg/L) 5 99 36 1.288 1.293 5 78 28 1.295 1.351

TH (mg/L) 139.046 1326.313 671.733 0.492 - 0.480 135.084 1208.407 637.496 0.399 - 0.689

Fe (mg/L) 9.14 752.95 287.70 0.834 - 0.117 6.34 714.52 258.37 0.964 0.201

Ca (mg/L) 72.940 269.253 196.982 - 1.013 - 0.060 68.346 238.849 175.132 - 0.980 - 0.190

Al (mg/L) 0.034 155.524 55.115 1.062 0.091 0.032 144.253 50.478 1.076 0.210

Mg (mg/L) 17.698 92.306 52.647 0.394 - 1.428 10.783 85.436 44.580 0.480 - 0.905

K (mg/L) 2.865 15.965 9.441 0.351 - 1.740 2.231 12.502 7.068 0.076 - 0.849

Na (mg/L) 0.554 3.517 1.771 0.519 - 0.115 0.578 2.816 1.398 0.808 0.520

Mn (mg/L) 0.136 2.510 1.467 - 0.578 0.353 0.119 2.038 1.171 - 0.582 0.982

Sr (mg/L) 0.1110 3.8760 1.4041 1.626 3.610 0.1005 3.6435 1.2857 1.736 3.995

Zn (mg/L) 0.049 1.473 0.732 - 0.014 - 0.969 0.063 1.056 0.616 - 0.225 - 1.969

Ni (mg/L) 0.0534 1.2250 0.5600 0.693 0.930 0.0501 1.1834 0.5174 0.885 1.402

Co (mg/L) 0.0125 0.5127 0.2332 0.578 1.009 0.0097 0.4834 0.2111 0.764 1.373

Li (mg/L) 0.0244 0.2857 0.1225 1.098 - 0.336 0.0213 0.2609 0.1129 1.078 - 0.396

Pb (mg/L) 0 0.150 0.071 - 0.061 - 1.862 0.000 0.090 0.040 0.330 - 1.729

Cr (mg/L) 0 0.0975 0.0427 0.559 - 1.132 0.0089 0.0935 0.0408 0.753 - 1.074

Be (mg/L) 0.0008 0.0998 0.0371 0.899 0.066 0.0006 0.0912 0.0334 0.912 - 0.059

Ba (mg/L) 0.0142 0.0388 0.0237 1.010 - 0.044 0.0125 0.0375 0.0220 1.070 1.322

Cd (mg/L) 0 0.049 0.022 0.678 1.949 0 0.035 0.016 0.335 1.342

Cu (mg/L) 0 0.036 0.021 - 0.317 - 1.419 0 0.071 0.025 1.598 3.688

Ti (mg/L) 0.0070 0.0276 0.0171 0.266 0.167 0.0057 0.0252 0.0147 0.547 0.067

SO4
2- (mg/L) 221.846 2903.843 1363.788 0.768 - 0.173 198.547 2684.352 1201.760 0.923 0.511

Cl- (mg/L) 7.09 19.50 14.84 - 1.033 - 0.392 6.07 17.46 12.36 - 0.570 - 1.263

HCO3
- (mg/L) 0 21.36 3.44 2.446 6.065 0 23.08 3.79 2.383 5.715

NO3
- (mg/L) 0 7.776 2.809 0.794 - 0.855 0.005 7.042 2.515 0.805 - 0.880

F- (mg/L) 0.4 2.0 1.0 0.793 - 1.081 0.3 1.8 0.9 0.999 - 0.610

NO2
- (mg/L) 0 0.010 0.003 1.348 2.295 0 0.008 0.002 1.994 4.550

S2- (mg/L) 0 0.009 0.003 0.664 - 2.156 0 0.008 0.003 0.670 - 2.131

Parameter Mar, 2018 Aug, 2018

Min. Max. Mean Skewness Kurtosis Min. Max. Mean Skewness Kurtosis

pH 2.98 6.78 4.10 1.455 0.463 2.51 6.52 3.81 1.438 0.735

CODCr (mg/L) 5 99 36 1.288 1.293 5 99 36 1.288 1.293

TH (mg/L) 126.088 1225.646 624.645 0.425 - 0.386 135.504 1350.746 685.867 0.522 - 0.462

Fe (mg/L) 7.23 709.11 252.01 1.042 0.301 7.54 760.38 292.10 0.825 - 0.025

Ca (mg/L) 59.065 238.547 172.253 - 1.034 - 0.182 95.612 293.647 212.089 - 0.713 0.010

Al (mg/L) 0.029 138.073 48.670 1.059 0.200 0.035 164.209 56.928 1.117 0.305

Mg (mg/L) 13.640 78.061 40.902 0.604 - 0.974 16.549 108.351 61.642 0.286 - 1.452

K (mg/L) 1.852 11.059 6.357 0.136 - 0.657 4.210 19.067 11.056 0.685 - 0.823

Na (mg/L) 0.427 3.043 1.339 1.156 1.737 0.483 4.542 2.039 0.826 0.997

Mn (mg/L) 0.082 2.016 1.084 - 0.281 0.702 0.136 2.510 1.467 - 0.578 0.353

Sr (mg/L) 0.0837 3.3049 1.1526 1.824 4.440 0.1054 3.9463 1.4691 1.502 3.257

Zn (mg/L) 0.024 1.135 0.564 - 0.012 - 0.987 0.102 1.960 0.897 0.612 -0.509

Ni (mg/L) 0.0461 1.0546 0.4845 0.674 0.886 0.0588 1.3376 0.5905 0.863 1.444

Co (mg/L) 0.0083 0.4673 0.2020 0.789 1.449 0.0146 0.5629 0.2511 0.685 0.992

Li (mg/L) 0.0199 0.2496 0.1075 1.046 - 0.305 0.0296 0.3109 0.1337 1.140 - 0.263
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HCO3
- are significantly correlated at a level of 0.01,

showing that the regional type of chemistry of the water is

not likely to be an HCO3 type. The pH is negatively cor-

related with other metal ions. SO4
2- has a strong correla-

tion with Fe, Al, and Zn, surpassing the significance test at

a confidence level of 99%, which provides important evi-

dence for the biological or chemical oxidation of the sulfide

minerals (Mosley et al. 2018).

AMD typically has a low pH and a high concentration of

dissolved metal ions and sulfates. This is largely due to the

physical destruction of the coal and bedrock, which is often

exposed to oxygen and water (Silva et al. 2012). Under the

combined action of non-biological oxidation and bio-oxi-

dation, the exposed sulfide minerals produce large amounts

of H? and metal ions in mine water (Tolonen et al. 2014).

Ullrich et al. analyzed the bacterial community of drainage

sediments in the overflow area of abandoned coal mines

and identified thiobacillus ferrooxidans such as Ferrovum,

which can effectively convert insoluble metal oxides into

dissolved metal ions (Ullrich et al. 2016; Brantner and

Senko 2014).

Figure 4 shows the physicochemical properties of M3

sampling points in the wet and dry seasons in different

years. The pH (3.07–3.25) and Fe (709.11–760.38 mg/L)

concentrations in the M3 sample obviously exceed the

mine water discharge limit specified in the Coal Industry

Pollutant Emission Standard (GB20426–2006). Moreover,

the acidic water had a higher total hardness

(1326.313–1208.407 mg/L) and sulfate concentration

(2486.348–2903.843 mg/L). The water quality was better

during the wet season (July 2017/August 2018) than the dry

season (December 2017/March 2018). The main reason for

this was that the rainfall supplemented the groundwater

during the wet season, and a large amount of groundwater

poured into the mouth of the mine, discharging a large

amount of mine water in the process. In addition, during

the dry season, the amount of water falls due to evapora-

tion, and the solubility of the soluble salts is reduced for

various metals such as Fe and Al, resulting in improved

water quality (Appelo and Postma 2005; Nordstorm and

Alpers 1999). However, the fluctuation is small.

In the study area, 28 centralized stacking sites were seen

for coal gangue, and no treatment measures were taken.

According to the researches of He et al. (2018) and Zhao

et al. (2016) on static and dynamic leaching of coal gangue,

the leaching filtrate has a low pH and is characterized by

the strong release of metal ions. These findings are con-

sistent with the leaching results of this study (Table 3).

According to the climatic conditions of Kaili, the leaching

amount of coal gangue in the dry season is significantly

lower than that in the wet season. In both the dry and wet

seasons, the coal gangue leaching solution falls along with

the surface runoff and diffuses contaminants such as H?,

Fe, Cu, Zn, and Cd into the water, thereby causing pollu-

tion of the surface water and groundwater. Compared to

mine water, the quantity of coal gangue leaching water is

small, but it is characterized by high acidity, high Fe and

Cd, and high pollution toxicity, greatly damaging local

water, soil, vegetation, and crops (Rashed 2010).

The water sources that are filled with mine water in the

study area are mainly derived from atmospheric precipi-

tation, groundwater, and goaf water accumulation (Fan

et al. 2019; Yu et al. 2020). Atmospheric precipitation is

the main source of groundwater supply in the mining area.

Table 2 continued

Parameter Mar, 2018 Aug, 2018

Min. Max. Mean Skewness Kurtosis Min. Max. Mean Skewness Kurtosis

Pb (mg/L) 0 0.120 0.059 - 0.127 - 1.565 0.000 0.210 0.111 - 0.169 - 1.421

Cr (mg/L) 0.0072 0.0896 0.0383 0.743 - 0.982 0.0095 0.1181 0.0488 0.912 - 0.336

Be (mg/L) 0.0008 0.0864 0.0316 0.909 - 0.013 0.0012 0.1132 0.0414 0.968 0.382

Ba (mg/L) 0.0107 0.0365 0.0211 0.910 - 0.064 0.0163 0.0422 0.0256 1.052 - 0.128

Cd (mg/L) 0 0.038 0.014 1.270 2.188 0.010 0.065 0.032 0.787 - 0.100

Cu (mg/L) 0 0.068 0.021 2.006 5.028 0.012 0.046 0.028 0.249 - 1.901

Ti (mg/L) 0.0046 0.0219 0.0124 0.742 0.170 0.0083 0.0251 0.0180 - 0.898 2.116

SO4
2- (mg/L) 209.085 2486.348 1154.688 0.846 0.080 230.543 2835.497 1427.337 0.584 - 0.602

Cl- (mg/L) 5.31 16.73 12.10 - 0.796 - 1.143 8.16 21.38 14.37 0.090 -2.330

HCO3
- (mg/L) 0 24.91 4.07 2.403 5.827 0 18.36 3.03 2.369 5.641

NO3
- (mg/L) 0 6.587 2.403 0.764 - 0.960 0 8.057 3.053 0.680 - 1.058

F- (mg/L) 0.3 1.6 0.8 0.793 - 1.171 0.5 2.2 1.2 0.764 - 0.953

NO2
- (mg/L) 0 0.009 0.003 1.877 4.501 0.002 0.015 0.005 1.865 3.469

S2- (mg/L) 0 0.008 0.003 0.736 - 1.894 0 0.010 0.005 - 0.444 - 2.090
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However, because the top and bottom of the mine have a

certain water-blocking effect, the groundwater can only

increase during the large summer rainfalls. The ground-

water mainly comes from the bedrock fissure water and

karst fissure water overlying or underlying coal seams. The

cracks caused by the coal mining is infiltrated, dripped,

drenched into the mining roadway, or poured into the

roadway in the form of water inrush, thus becoming a

direct water-filling water source. The mine water in the

study area is mainly discharged from wellheads such as

abandoned adits, wind shafts, and inclined shafts, which

are the primary sources of pollution inputs to Yudong

River. In the early stages of Yudong River area, there was

abandoned coal mines, and more goafs were formed. When

the atmospheric precipitation infiltrates into the goaf and

the water level is higher than the well elevation, the

groundwater flows out along the wellbore and become the

main channel of the discharged mine water.

3.2 Irrigation water quality

An analysis of the water type in Yudong River is shown in

Fig. 5. Compared to the constituents of the water chemistry

in mine water, SO4
2- and HCO3

- are the main anions in

river water samples and are concentrated in the Ca and Fe

fields (Selvakumar et al. 2017). Therefore, the dominant

aqueous phases of the river water in the study area are Ca-

SO4 and Ca-HCO3. The mine water was found to have a

higher degree of mineralization than the river water and to

contain more soluble solid materials. The high contents of

Fe and Al in the mine water had an impact on the type of

water chemistry type.

From 2017–2018, the water quality of eight river sam-

ples was measured (Fig. 6). According to the Class III

water standard and centralized drinking water-supplemen-

tary project standards for surface water sources in the

Surface Water Environmental Quality Standard

(GB3838–2002), the only uncontaminated sample of the

eight samples was R1. R1 is located at the mouth of the

river, and there are no mines around; therefore, this sample

can also be used as the initial baseline value for the river.

At R2 and R8, Fe exceeds the standard. At R3, Mn exceeds

the standard. At R4, sulfates and Mn exceed the standard.

At R5 and R6, the pH, Fe, sulfate, Mn, and Cd all exceed

the limit value. R7 is in a tributary of Pinglu River, and R2,

R3, and R4 are in tributaries of Baishui River. The dis-

charge points of the mines are scattered along the tribu-

taries, and there is a great distance between the mines. The

river displays notable confluence, dilution, and degradation

effects. These processes make the samples less polluted,

and only a few indicators exceed the limit. R8 is located on

Chongan River. The large gap between the water quantities

of Chongan River and Yudong River alleviates the amount

the exceeded standard. R5 and R6 are located at the con-

fluence of Pinglu River and Baishui River. Although they

receive pollutants from each tributary, the mine drainage is
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Table 3 Results of coal gangue leaching water quality

Sample pH Fe (mg/L) Mn (mg/L) Cu (mg/L) Zn (mg/L) Cd (mg/L)

G1 3.06 422 1.56 0.350 1.10 8.88

G2 3.03 388 2.72 0.068 1.02 3.68
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concentrated at the confluence, as the areas include Qiao-

tou mine, Banpo mine, Jiangkou mine, and other large

mines. Mine water drains at this stage, and the superposi-

tion and accumulation of the two parts cause the river to

seriously exceed the standard. Compared to that at R1, the

Fe content in the R5 section increased by 128.5 mg/L, and

SO4
2- increased by 672.4 mg/L. The water quality in the

dry season is better than that in the flood season, and the

quality of the river water quality gradually worsens. For

example, the sulfate content at R6 decreased by 39 mg/L in

the dry season compared to the value in the wet season, the

Fe content decreased by 16 mg/L, the F-content decreased

by 67%, and the Cd content was halved. Under normal

circumstances, large precipitation occurs during the wet

season, and the water pollution is diluted (Acikel and

Ekmekci 2018). However, in Yudong River area, the main

factors limiting the quality of river water are mine water

drainage and low-quality inflows. During the flood season,

the mine hole in Yudong River area features a large drai-

nage and poor water quality, and the amount of coal

gangue leaching water quantity increases, resulting in more

serious pollution across all sections during the wet season

(Wang et al. 2013).

Evaluations of water quality are important for charac-

terizing the suitability of water for any purpose. According

to the Water Quality Standard for Farmland Irrigation

(GB5084–2021), the water quality parameters pH

value and Cd content of R5 and R6 exceed standard water

quality values. The pH value at R5 and R6 is consistently

lower than the irrigation standard (pH = 5.5–8.5), and in

the wet season, the pH value at R4 and R5 is even lower

than 4.8. Most agricultural products and plants, such as

mung bean, red bean, eucalyptus, and milk vetch, tolerate

soil acidity levels between 6.5 and 7.5 (Yuan and Xu

2012). When the acidity is high, H? will compete with

various cations (such as Ca2?) at the protoplasmic mem-

brane of the cell, resulting in enhanced cell membrane

permeability and inhibiting the selective permeability of

the cell membrane to nutrients (Yu 2018). H? also causes

inactivation of the plant enzyme system, limits respiration,

directly harms plant roots, inhibits plant growth, and even

causes plant death (Li et al. 2019). Use of this section of

river water may break the original buffer system of the soil

and intensify soil acidity.

Regarding Cd content, R5 and R6 exceeded the irriga-

tion limit value of 0.01 mg/L in both the wet and dry

seasons. In fact, according to the Toxic Substances and

Disease Registry (ATSDR Substance Priority List 2019),

Cd is among the top ten priority substances to monitor. Cd

is highly toxic and has a half-life of 10–30 years in the

human body; thus, it degrades only slowly. Cd may even

cause renal failure, diabetes, osteoporosis, and other issues

(Rahimzadeh et al. 2017). The main sources of carbohy-

drates are currently wheat and rice, which are highly

enriched crops. If excessive water is used for irrigation, it

may directly affect human health (Zhu et al. 2016; Nisarat

et al. 2015).

Apart from Cd, R5 and R6, other parameters, such as Fe,

Al, and sulfate, are not referenced in the irrigation stan-

dards, but as the main pollutants in mine water, they are

found in high concentrations in river water. For example,

Fe2? is oxidized and hydrolyzed, forming Fe (OH)3, which

floods the riverbed or covers the surfaces of water bodies,

resulting in the death of most aquatic organisms, such as

algae and benthic plants (Eduardo et al. 2013). As high-

concentration river water is irrigated into the surrounding

farmland system, the plant roots absorb Fe, affecting their

normal growth (Digesti and Weeth 1976). In general, sul-

phate is non-toxic, but when it is ingested in large quan-

tities, it can cause diarrhea, dehydration, and changes in

methemoglobin and sulfur hemoglobin levels in humans

and animals (Gomez et al. 1995). Due to osmotic regulat-

ing pressure, some freshwater species are directly killed by

excessive sulphate concentrations (Soucek and Kennedy

2005). In addition, when farmland is irrigated with high-

acidity water, the concentration of Al in the soil solution

increases, which directly inhibits the absorption of water

and nutrients by the plant roots, reduces the chlorophyll

content of plants, and affects plant photosynthesis (Exley

2012). Furthermore, during irrigation process, plants are

prone to bivalent manganese poisoning. Because the

manganese content is too high, it inhibits the activities of

enzymes such as cytochrome oxidase, ascorbate oxidase,

and nitrate reductase, interfering with the normal activity

of the enzyme system in plant cells and inhibiting physi-

ological and biochemical processes such as photosynthesis

(Larseen and Garmichad 2000). By analyzing the
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correlation between physical and chemical properties of

river water (Table 4), the results show that pH and metal

ions are significantly correlated at the 0.05 level, and both

are negatively correlated. In other words, the increase in

water acidity accelerates the deterioration of water quality.

The sampling results for acid mine water at M3 and

river water from July 2017 to Aug. 2018 (to assess the

correlation between mine water and river water in a

relatively short period of time) are shown in Table 5. It

should be noted that the constituents of the polluted river

water are mostly consistent with the main pollutants in the

acid mine water, such as Fe, Al, SO4
2-, F-, Cd, and so

forth, and the overall trends in time and space are consis-

tent. This is mainly because the mine drainage is the main

cause of river pollution. For example, at the confluence of

Pinglu River tributary and Baishui River, the main coal

Fig. 6 Changes in water quality of the samples of Yudong River during the wet season and dry season in 2017 and 2018
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mines in the surrounding area are Qiaotou mine, Jiangkou

mine, and Banpo mine. The water drainage from these

three mines during the wet season reached 290, 214.76, and

711.52 m3/h, respectively. The lowest water drainages at

these mines during the dry season were 22.7, 18, and 45.5

m3/h, respectively. Mine drainage is affected by the sea-

sons, and drainage during the wet season is about 13 times

more than that during the dry season, which also affects the

water quality of the river in different seasons.

In villages around the Yudong River area, irrigating

farmland with surface water from the tributary confluence

during the summer may pose a significant risk to soil and

crops. Using this type of water for irrigation will not only

lead to soil degradation but may also hinder soil growth

and plant metabolic activities, and could even cause toxic

elements such as Cd, Fe, Mn, SO4
2-, Al, and F- to enter the

food chain, thereby jeopardizing human health (Ogunlaja

et al. 2019). Currently, Kaili has built three coal mine

wastewater treatment stations for the three large mine

water outlets in the Yudong River Basin, which are at

Yudong Coal Mine, Pingluhe Coal Mine, and Wuliqiao

Coal Mine. To increase the pH of the mine water and

reduce the concentration of pollutants (Fe and Mn), the

treatment stations implemented the process of neutraliza-

tion combined with aeration and filtration, but the treat-

ment volume was insufficient and the sludge treatment

volume was large.

4 Conclusions

There are many goaves in Yudong River area. After most

of the mines closed in 2017, atmospheric precipitation still

infiltrated them. When the water level exceeds the wellbore

level, the mine water flows out along the wellbores and

becomes the main source of pollution in Yudong River.

This study shows that in the study area, even after the

mines were closed, the pollution of Yudong River from

mine water persisted. By analyzing the water pollution

components of mines at different points and periods, the

results showed that the main pollutants of mine water are

pH, Fe, Al, Mn, Cd, F, and SO4
2-, exceeding the standard

limit values. The most polluted section of Yudong River is

concentrated where Baishui River and Pinglu River con-

verge. After Yudong River merges into Chongan River,

most water quality indicators meet water quality standards

due to dilution, but Fe and Cd still exceed the standards.

During the wet season, mine water and surface water pol-

lution are the heaviest, and the water quality continues to

decline over time. The low pH, high Cd levels (exceeding

the standard limit for irrigation water) and high Fe, SO4
2-,

and TDS contents (not included in the irrigation standard)

indicate that the water quality problem in the study area is

serious. When used for irrigating farmland, the water

requires special care, and the long-term use of this water

not only pollute the surrounding soil and crops but also

endanger human health.

Table 4 Correlation between the pH and chemical parameters of samples (p\ 0.05)

Chemical parameter Ca Mg SO4
2- F- Fe

pH value - 0.916 - 0.909 - 0.917 - 0.729 - 0.832

Chemical parameter Al Mn Zn Cu Cd

pH value - 0.732 - 0.934 - 0.849 - 0.974 - 0.857
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Table 5 Chemical composition of mine water (M3) and river water (Ri) in the Yudong River area from July, 2017 to Aug, 2018

Sample Time pH CODCr (mg/L) Hardness Ca (mg/L) Mg (mg/L) HCO3
- (mg/L) SO4

2- (mg/L)

M3 2017.07 3.12 99 1326.313 269.253 92.306 0 2903.843

2017.12 3.20 78 1208.407 238.849 85.436 0 2684.352

2018.03 3.25 99 1225.646 238.547 78.061 0 2486.348

2018.08 3.07 99 1350.746 293.647 108.351 0 2835.497

R1 2017.07 8.16 11 95.087 54.247 13.305 164.75 47.354

2017.12 8.21 9 90.015 52.257 11.964 159.02 42.357

2018.03 8.37 7 88.997 50.455 10.536 157.15 41.005

2018.08 8.06 12 100.625 59.425 15.479 167.27 49.626

R4 2017.07 6.23 4 184.351 111.078 19.908 36.61 285.923

2017.12 6.30 3 172.930 90.026 20.002 30.58 279.653

2018.03 6.51 2 167.052 88.358 19.010 28.45 274.543

2018.08 6.02 6 190.753 120.567 21.013 38.03 289.213

R5 2017.07 4.78 9 329.322 142.909 31.046 6.10 538.000

2017.12 5.22 6 301.246 129.988 29.353 5.52 502.170

2018.03 5.38 4 292.986 124.257 27.867 5.01 499.010

2018.08 4.52 10 335.458 149.225 34.596 6.70 541.235

R6 2017.07 4.53 18 413.638 162.630 35.856 0 713.308

2017.12 4.75 11 400.543 149.259 33.203 0 699.320

2018.03 4.88 9 395.782 144.698 31.135 0 687.960

2018.08 4.41 20 415.015 167.154 38.872 0 719.753

R7 2017.07 6.23 4 184.351 111.078 19.908 36.61 285.923

2017.12 6.21 5 168.453 99.258 18.875 34.87 270.901

2018.03 6.37 4 164.024 95.961 17.200 32.47 258.970

2018.08 6.01 6 188.586 117.534 20.905 37.12 288.976

R8 2017.07 6.68 0 125.765 69.739 19.561 195.26 55.846

2017.12 6.83 0 111.981 60.987 17.997 186.39 50.987

2018.03 6.92 0 105.287 57.457 15.980 184.67 43.802

2018.08 6.74 0 129.204 73.584 21.235 198.13 57.965

Sample Cl- (mg/L) F- (mg/L) Fe (mg/L) Al (mg/L) Mn (mg/L) Zn (mg/L) Cu (mg/L) Cd (mg/L) Cr (mg/L)

M3 8.86 2.0 752.95 122.135 1.683 1.473 0.017 0.049 0.0975

6.07 1.7 714.52 109.847 1.297 0.963 0.015 0.035 0.0935

6.34 1.6 709.11 105.243 1.305 0.931 0.016 0.038 0.0896

9.42 2.0 760.38 124.073 1.683 1.960 0.016 0.065 0.1181

R1 7.09 0 0.228 0.1677 0.0109 0.0007 0 0.004 0.0000

6.23 0 0.172 0.1425 0.0107 0.0006 0 0.003 0.0001

5.98 0 0.160 0.1196 0.0101 0.0006 0 0.003 0

7.27 0 0.241 0.1721 0.0130 0.0008 0 0.005 0.0003

R4 7.09 0.2 0.288 0 0.4709 0.0090 0.007 0.003 0.0001

6.57 0.2 0.201 0 0.4698 0.0074 0.006 0.002 0.0001

6.01 0.2 0.200 0 0.4503 0.0071 0.005 0.002 0.0001

7.40 0.4 0.290 0 0.4821 0.0100 0.005 0.004 0.0002

R5 15.95 1.2 85.934 4.6440 0.8647 0.3098 0.014 0.017 0.0150

13.89 1.0 69.660 4.0270 0.7526 0.2754 0.012 0.016 0.0137

13.21 0.9 67.255 3.9850 0.7124 0.2699 0.010 0.012 0.0129

16.24 1.5 85.215 4.7635 0.8900 0.3305 0.016 0.024 0.0245
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