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Abstract: The Yangtze River Economic Belt (YREB) is the core region for the security of mineral
resources in China and is a strategic water source containing rich water resources. Coordinating the
security of mineral resources and water resources in the YREB is a key problem. Establishing and
optimizing the water ecological environment (WEE) is crucial for addressing this problem in mining
cities, which are the main bases for the supply of mineral resources. This study applies the cloud
model, CV-TOPSIS, the standard deviation ellipse, and the coupling coordination degree model to
evaluate the WEE and the coordinated development state, and to optimize the WEE. The results
show that: (1) the WEE of mining cities in the YREB is generally good; (2) the protection of WEE
in most mining cities has achieved significant results recently, and the results in the downstream
are more remarkable than those in the mid-upstream; (3) the coordinated development of WEE in
regenerative mining cities is better than that of mature and declining cities; and (4) most mining
cities still belong to the lagging type of water environment (heavy metal pollution has been better
treated and the threat of water ecological security caused by heavy metal pollution is low). This study
suggests improvements to the sewer system, promotes WEE management in the mid-upstream, and
propels the transformational development of mature and declining mining cities in advance.

Keywords: Yangtze river economic belt; mining city; water ecological environment; cloud model;
CV-TOPSIS; coupling coordination degree model

1. Introduction

The Yangtze River Economic Belt (YREB) has become a major national strategic devel-
opment area in China. The YREB accounts for more than 40% of the population and gross
domestic product (GDP), and approximately 40% of total imports and exports in China. The
YREB, which integrates mountains, rivers, forests, farmland, and lakes, has a prominent
position in the ecological environment, and is an important ecological treasure-house in
China. Additionally, it is a strategic and extremely rich water resource, and an impor-
tant ecological safety barrier area, with soil and water conservation, and flood regulation
and storage.

The report of the 19th Party Congress proposed a coordinated regional development
strategy for “grasping great protection and not engaging in great development” to promote
the development of the YREB [1]. The ecological environment of the YREB can only be
optimized, and cannot be allowed to deteriorate. Water ecological environment (WEE)
protection has become an overarching strategic issue with regard to the sustainable develop-
ment of the YREB. However, due to the influence of the traditional economic development
path [2], WEE in the YREB remains severe [3].
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Meanwhile, the YREB is rich in mineral resources, and the exploitation and utilization
of these resources are of great significance to the security of China’s mineral resources.
Copper, tungsten, tin, and antimony account for 65.9%, 86.15%, 71.45%, and 88.06%,
respectively, of the strategic production of metallic ore in the YREB in 2016. Compared
with the reserve ratio, their mining intensity is relatively high, especially antimony; the
mining intensity of iron, aluminum, and gold is moderate (Figure 1).
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Figure 1. Proportion of reserves and output of strategic metal minerals in the YREB in 2016.

There are 98 mining cities in the YREB, which are faced with prominent environmental
problems [4]. The quality of the aquatic environment of mining cities in the YREB is related
to their own healthy economic and social development, and has a vital impact on the entire
Yangtze River basin and the country. Mining cities should take the lead in “grasping great
protection and not engaging in great development”. Therefore, evaluating and optimizing
the WEE of mining cities in the YREB is crucial to achieve high-quality development.

The contribution of this study is mainly reflected in three aspects. First, an index
system for water ecological environment is constructed, which conforms to the characteris-
tics of mining cities in the YREB. Second, CV-TOPSIS, cloud model, a standard deviation
ellipse model, and a coupling coordination model are used to evaluate and optimize WEE
in mining cities in the YREB. Third, the diverse characteristics of WEE in mining cities
are analyzed from different timescales, spaces, and stages. The findings of this study are
important for the protection of WEE and economic development of mining cities in the
YREB, while providing an informative reference for policy makers.

2. Literature Review

Existing related research mainly focuses on evaluating the water environment and the
ecological environment quality. Research on the water environment quality is relatively
mature, including the evaluation of key indices and a comprehensive index [5,6]. The water
environment comprises spaces surrounding people or surrounding water bodies, and it can
directly or indirectly affect human life and development [7]. Dos et al. (2018) selected the
concentration of pollutants, such as chemical oxygen demand (COD) and ammonia nitrogen
(NH4-N), as the key indices for evaluating water environmental quality [8]. Avila et al.
(2018) regarded the quantity of Escherichia coli as an indicator of fresh water quality, and
believed that the growth in the quantity of Escherichia coli increases the risk of disease [9]. Li
et al. (2011) explored the water environment quality using the proportion of water quality
sections in the basin, such as the proportion of water above class III (inclusive), and inferior
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class V water quality [10]. The calculation of a composite index based on the construction
of an index system has also been applied in many studies [11-13], and pollutants, such as
COD, NH4-N, DO, and TN, have been considered in the literature [14-16].

With the introduction of the “five-in-one” strategy for ecological civilization, environ-
mental protection has been raised to unprecedented heights. Recently, studies on ecological
and environmental protection have increased significantly [17,18], including studies related
to WEE protection. Water ecosystems support a wide range of organisms, including bacte-
ria, fungi, algae, plants, invertebrates, and fish [19]. Zuo et al. (2021) selected total water
resources per capita, waste water discharge per 10,000 yuan of GDP, sewage treatment
rate, and other indicators for constructing China’s provincial ecological civilization evalu-
ation index system [20]. Liu et al. (2018) selected total water resources per capita, waste
water discharge, and other indicators for building an ecological environment assessment
system [21]. Li et al. (2021) selected industrial wastewater emissions per CNY 100 million
GDP, industrial SO, emissions per CNY 100 million GDP, and smoke and dust emissions
per CNY 100 million GDP as the indicators for environmental evaluation [22].

The development of mining cities in the YREB has attracted attention in many stud-
ies [23-27], including sustainable development of the WEE. Li et al. (2016) studied the
distribution characteristics of heavy metal pollution in a copper mining area of Yalong River
through field sampling surveys, combing with GIS and remote sensing technology [28].
Zhang et al. (2011) and Dong et al. (2014) regarded the tributaries of the Yangtze River
as the research subjects for evaluating heavy metal pollution [29,30]. Chen et al. (2021)
considered Huainan city, which is one of the mining cities in YREB, as the research subject
for evaluating the genesis and dominant processes of groundwater salinization [31].

The coupling coordination degree model has been used in various fields of ecological
civilization construction [32-35]. Additionally, some scholars have chosen one aspect
of the system to study. Li et al. (2021) and Yang et al. (2020) assessed the coupling
and coordinated development state of the rural production-living—ecological function by
considering the territorial space system as the research subject [10,36]. Zuo et al. (2021)
evaluated the coordinated development state of the economy, society, and nature in the
ecological civilization system [20]. Dong and Li (2021) evaluated the coupling coordination
degree of “up-mid-downstream” of China’s wind power industry chain [37]. Therefore,
this study analyzes the coordinated development of the WEE system of mining cities in the
YREB by referring to the coupling coordination degree model. Additionally, the TOPSIS
model is used.

The TOPSIS model selects a limited number of evaluation indicators based on the
characteristics of the evaluation object. Subsequently, it chooses the ideal value for each
indicator before calculating the distance between each solution and the ideal value. This
allows it to determine the best solution by considering the strengths and weaknesses of each
evaluation object [38—40]. Similar to TOPSIS, stable preference ordering towards ideal solutions
(SPOTISs) and the characteristic object method (COMET) use reference objects to determine
preferences for any alternatives. They mainly focus on being resistant to the rank reversal
phenomenon [41,42]. The main advantage of the TOPSIS algorithm over other methods is that
it makes full use of raw data. Additionally, its results accurately reflect the gaps between the
various assessment options. Furthermore, the simpler data handling and ease of computational
processing of TOPSIS makes it widely applicable [43-45]. Consequently, the model has been
used extensively used in assessing river health [4648].

Throughout the existing literature, the evaluation of the water environment has increas-
ingly attracted the attention of scholars, and some research focusing on WEE protection
of the provinces and cities in the YREB exists. However, the focus on protecting WEE of
mining cities in the YREB is insufficient, especially the different characteristics of WEEs.
Based on this, the main innovation points of this study include: (1) constructing a unique
index system for evaluating WEEs for mining cities in the YREB; (2) analyzing the di-
verse characteristics of WEEs of mining cities in diverse times, spaces, and stages; and
(3) analyzing the coordinated development state in WEE systems.
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3. Study Area and Method
3.1. Study Area

Mining cities are those established near to or within regions rich in mineral resources,
and have ore mining, processing, and/or smelting as the main industry [49]. Based on
the ideas of distribution pattern, occurrence characteristics, and the development stage,
combined with the principle of data accessibility, 19 mining cities were selected as the study
areas (Figure 2). The names, regions, development stages, and codes of each mining city
are shown in Table 1. The first letter, M or D, denotes mid-upstream or downstream, the
second letter, M, D, or R, denotes mature, declining and regenerative, and the third letter
(for example, A, B, and C) denotes the ordinal.
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Figure 2. Study areas.
Table 1. List of study areas.
Scope City Stage Code
Anshun Mature MMA
Ganzhou Mature MMB
Yichun Mature MMC
Mid-upstream Huangshi Declining MDA
Xinyu Declining MDB
Pingxiang Declining MDC
Jingdezhen Declining MDD
Huzhou Mature DMA
Chuzhou Mature DMB
Suzhou Mature DMC
Huainan Mature DMD
Yicheng Mature DME
Haozhou Mature DMF
Downstream Chizhou Mature DMG
Tongling Declining DDA
Huaibei Declining DDB
Maanshan Regenerative DRA
Xuzhou Regenerative DRB

Sugian Regenerative DRC
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The specific selection criteria were based on the following ideas: (1) prefecture-level
cities were considered for the site selection. There are 44 mining cities at prefecture level in
YREB, and about 50% (19) of the total mining cities were selected based on the accessibility
of data. (2) Focus was placed on non-growing mining cities that were not growing with
reference to their development stages. Growing mining cities are in the rising stage of
resource development, and the impacts of mineral resource development on the WEE have
not been highlighted. In contrast, mature, declining, and regenerating mining cities face
greater problems of ecological environment and economic transformation. Hence, the
present study mainly focused on such mature mining cities.

3.2. Research Framework

For achieving a better WEE of mining cities in the YREB, this study attempted to
answer the following three questions: (1) what is the level of WEE systems of mining
cities in the YREB? (2) What are the temporal and spatial distribution characteristics of
WEE systems of mining cities in the YREB? (3) What is the coordinated development
state of WEE systems of mining cities in the YREB? Therefore, based on the problem-
oriented background, the cloud model, coefficient of variation (CV)-TOPSIS, the standard
deviational ellipse (SDE) model, and the coupling coordination degree model are used to
answer these questions. The research framework is shown in Figure 3.
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Figure 3. Research framework.

3.3. Construction of an Index System

In April 2018, the Chinese President convened a symposium to promote the develop-
ment of the YREB, stressing the need to solidly promote the control of water pollution, the
restoration of water ecology, and the protection of water resources. In 2020, academician
Wang Jinnan proposed “five-water integration” of water resources, water environment,
water ecology, water disasters, and water regulation. Whether it is the “three waters” or
“five waters”, the top priorities are given to water resources, water environment, and water
ecology. The YREB is very rich in water resources and, hence, the present study focuses
on the WEE protection, which includes both water environment and water ecology. Water
environment focuses on indicators of discharge of a water pollutant and its management,
and water ecology focuses on indicators that are more likely to have a negative impact on
aquatic plants and animals.

The wastewater discharge of various mines in YREB has a great impact on WEEs in
the river basin. Our research group summarized the impact factors of mineral resources
development on the WEEs of each province and city in the YREB, based on the investigation.
It can be observed that surface water and groundwater pollution in mining cities is relatively
serious, especially the latter (Table 2). Water sources and reservoirs are polluted to varying
degrees, and aquatic life and human settlements are facing great challenges. There were
mining agglomerations in mining cities that discharged the sewage directly into the Yangtze
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River. For example, Dongchuan district, which is located in the mining city of Yunnan
Province, connected a sewage pipe to the Yangtze River; Huidong County of Liangshan Yi
Autonomous Prefecture, which is in the mining city of Sichuan Province, fed the wastewater
of mineral separation into the tail water of a power plant and dumped it into the Jinsha
River. These behaviors polluted the water body and threatened the water environment of
the Yangtze River.

Table 2. Identification of water pollution impact factors in provinces (cities), YREB.

Province Surface Water Pollution Groundwater Pollution Water Source and Reservoir Pollution
Guizhou AKO AXx e AXx e
Yunnan Ak O Ak O -
Sichuan JANAL W) AXx O -
Chonggqing JAN A2 0] AXx o A0
Hunan AKO AXx e AXx O
Hubei AV AXx o A
Jiangxi - - -
Anhui AKO Ak AXx O
Zhejiang VAN: SV JAR:2 2 VAN SV
Jiangsu AKO Ake® A%
Shanghai AKO JANAS 2 JAN A2l

(Degree of impact: A remarkable, A slight; aging of impact: % long term, 3% short term; category of impact:
® irreversible, © reversible).

Water pollution in mining cities has a strong negative impact on the quantity and
quality of aquatic animals and plants [50,51]. The group incidents and safety problems
of agricultural products, such as cadmium rice and heavy metal vegetables, caused by
heavy metal pollution are increasing annually, threatening the safety of aquatic organisms
and anthropogenic settlements. For example, cadmium rice appeared in Hunan, Jiangxi,
Guangdong, and Guangxi, and there were 161 batches of unqualified food in Guangxi. In
2016, the heavy metal emissions from non-ferrous metal mining and dressing in the YREB
totaled 323.87 kg, among which cadmium, plumbum, and arsenic amounted to 22.27 kg,
47.32 kg, and 253.36 kg, respectively, accounting for 6.97%, 14.61%, and 78.22% of the heavy
metal emissions, respectively (Figure 4).

0,

= cadmium

® plumbum

® arsenic

Figure 4. Proportion of heavy metal pollution in the YREB.

The construction of the index system is the core of WEE quality evaluation [52]. Based
on the above considerations and combined with the principles of scientific, operability, and
authoritativeness of data sources, the index system for evaluating the WEE of mining cities
in the YREB can be constructed from two aspects: water environment and ecology. Given
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the impact of industrial development in mining cities, indices of water environment di-
mension are selected from the discharge of industrial wastewater, industrial sulfur dioxide,
industrial (tobacco) dust, industrial COD, and ammonia nitrogen. China is promoting new
infrastructures, and the length of sewage pipelines is considered as a part of the infrastruc-
ture for water environmental management. Given the particularity of mineral resources
development and utilization in mining cities, the emphasis of the water ecology dimension
is placed on the heavy metal pollution that affects the safety of aquatic organisms and
humans; thus, the indicators of discharge of mercury, cadmium, plumbum, and arsenic
were selected. The indicators and their attributes are shown in Table 3.

Table 3. Evaluation index system of the WEE system.

Dimensionality Indicator Attribute Weight
Discharge of industrial wastewater (10 kt) - 0.120789

Discharge of industrial sulfur dioxide (t) - 0.107262

W . Length of sewage pipelines (km) + 0.226373
ater environment Discharge of industrial (tobacco) dust (t) - 0.108185
Discharge of industrial COD (t) - 0.09297

Discharge of industrial ammonia nitrogen (t) - 0.068896

Discharge of mercury (mg/t) - 0.067365

Discharge of cadmium (g/t) - 0.067581

Water ecology Discharge of plumbum (g/t) - 0.068432
Discharge of arsenic (g/t) - 0.072146

3.4. Cloud Model

The cloud model is a decision-making method that can establish the transformation
between qualitative and quantitative concepts. Additionally, it can reflect the randomness
and fuzziness of comprehensive evaluation [53]. The cloud model has been previously
used for risk assessments [54] and disaster assessments [55]. Considering the characteristics
of the evaluation of WEE systems, the cloud model can be applied. This method reflects the
qualitative concept quantitatively by cloud digital features (Ex, En, He). Ex is the expected
value of the evaluation results; En is entropy reflecting the fuzzy degree of the evaluation
results; and He is hyper-entropy reflecting the discreteness of entropy. This method uses
the reverse cloud generator to convert accurate values into cloud model parameters and
uses the forward cloud generator to convert cloud parameters into cloud droplets, and
finally forms a cloud chart [56]. The following steps should be used to draw the cloud chart
using Python software.

Build the standard cloud:

Exo — Qmin"'z'Qmax
E?’ZO — Qmax;Qmin , (1)
Heo =b

Vo ()’
Ex}’ = ] > ] 2’
i o)

Qmax, Qmin represent the upper and lower limits of the evaluation interval, respectively;
(U]?, Ex]Q) represent the cloud droplets; and b is a constant that represents the standard
value of super entropy. The value of b is 0.001 [57].

2
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Calculate the indicator cloud parameters:

R 1 vk
Xj = g Li=1 %
k 2
5]2 = k11 Yi (xl] - X)
Ex; = X;
e ©
Enj = \/;E iz |xij — X
. — 2 2
He] = ’Sj En}‘

Xjj is sample data; Xj is sample mean; S]2 is the sample variance; Ex; is the expected value;
En; is entropy; and He; is hyper-entropy.
Calculate the comprehensive cloud parameters:

Ex = Z;-‘:l Ex;jz;

En =, /ijl Enjzzj , 4)

He = i—1 Hejz;

where Z; represents the weight of the index combination obtained by the coefficient of
variation (CV) method. Ex is the expected value of the comprehensive cloud parameters;
En is entropy; and He is hyper-entropy.

Cloud models are relatively new tools for studying uncertain knowledge and convert-
ing qualitative concepts and quantitative dates [58]. As the fuzzy cloud model evaluations
can effectively evaluate WEE systems, the present study applied the method to the evalua-
tion of WEE systems, and the specific classification standard is shown in Table 4.

Table 4. Standard for classification of WEE systems.

Level Interval Partition Standard Cloud Parameter Description
1 [0, 0.25) (0.125, 0.0736, 0.001) Bad
2 [0.25,0.5) (0.375, 00.0736, 0.001) Normal
3 [0.5,0.75) (0.625, 0.0736, 0.001) Good
4 [0.75,1) (0.875, 0.0736, 0.001) Very Good

The three numbers in the standard cloud parameters are (Ex, En, He) where Ex is the
expected value of the evaluation results; En is the entropy reflects the fuzzy degree of the
evaluation results; and He is the hyper-entropy that reflects the discreteness of entropy. The
value of He is 0.001 refers to the reference. For example, for level 1, 0.125 is the expected
value, 0.0736 is the entropy, and 0.001 is the hyper-entropy.

3.5. Standard Deviational Ellipse Model

The SDE model analyzes the distribution characteristics of discrete point data using
a rotated ellipse with a long axis, to denote the main orientation of a discrete data [59].
SDE can elucidate the center of gravity shift tendencies in an area using a standard planar
coordinate system (X, Y) with any discrete point having the coordinates (x;, y;). The long
half axis of the ellipse represents the direction of data distribution, and the short half axis
represents the range of data distribution. The larger the value difference between the long
and short half axes, the more obvious the data directionality. In contrast, the closer the long
and short half axes are, the less obvious the directivity. The short half axis indicates the
range of data distribution. The shorter the short half axis, the more obvious the centripetal
force is. In contrast, the longer the short semi axis, the greater the degree of dispersion of the
data. The SDE model has been previously used for ecological environment assessment [60]
and environmental management [61].
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The SDE model reflects the spatial distribution characteristics of WEE quality from
multiple angles. SDE was selected for this study because it reveals changes in the spatial
distribution range of WEE quality through the comparative areas of the standard elliptical
difference. The calculation formula is as follows:

Ellipse center coordinates:

n ’_72
SDE,= #, 5)
T (i = Y)°

x; and y; are the spatial position coordinate of each feature, and X and Y are the
arithmetic mean center.

Direction of ellipse:
_A+B

tan 0 c (7)
A=Y F-Y T ®)
2 2
B (L 2 - T ) (0w o
C=2) ", % (10)

where 6 represents the azimuth of the ellipse, x; and y; are the difference between the mean
center,and X and Y.
Length of XY axis:

no(= _ 5aing)2
oy — \/E\/Zi_l(xlcosfl yising) / 1)

no(= ~ i 0\2
oy = \fz\/xi_l(xlcosz—l—ylsm@ , (12)

0y and oy, represent the standard deviation along the x and y axes, respectively.

3.6. Coupling Coordination Degree Model

The coupling coordination degree model can be used to evaluate the coupling and coor-
dination state of water ecology and the water environment, and to identify the short board
factors. On the basis of data standardization, CV-TOPSIS and the coupling coordination
degree model are used for calculations. The specific steps include:

1.  Data standardization and weight calculation. The range method is used to standardize
the data, and the coefficient of variation method is used to calculate the weight of
each index (Table 3).

2. The CV-TOPSIS method is used to calculate the comprehensive evaluation value.

Calculation specification matrix:

A — (13)

1y n > 7
\/ Li=1Yij

Calculate the weighted gauge matrix:

Ujj = wi-zij, (14)
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Calculate the distance between each scheme and the ideal solution as the evalua-

tion value:
2
o \/2?4 (uij - UJO)

1 \/271 (ul-j - u;?)z + \/2?1 (ui,- — u;)2

where the ideal solution is: U;‘ = max(lll, u,..., Uj); the negative ideal solution is:
U]0 = min(lll, U2 ey LI])

(15)

3. Calculation of coupling coordination degree.

B _ EN; x EC} ’
© LNy +ECH 2 S
where EN/, EC are the evaluation value of the water environment and water ecosystem

calculated by the weighted TOPSIS method.
Calculate coupling co scheduling;:

(16)

D — \/Bi x (&EN? + BEC}), 17)
where “a” and “B” represent the importance of the water environment and water ecology,
which are equally important in WEE protection. Therefore, « and f are defined as 0.5
and 0.5, respectively, in this study. The classification standard of reference [62] and the
classification of coupling coordination degree of the WEE are shown in Table 5.

Table 5. Classification of coupling coordination degree of the WEE.

Range Grade
(0,0.4] Unbalanced
(04, 0.5] Basic balanced
(0.5,0.8] Moderate coordination
(0.8, 1] High coordination

3.7. Data Sources

The data were collected from 2007 to 2019. The data of indicators of the water environ-
ment dimension are mainly obtained from China’s urban statistical yearbook, provincial
and municipal statistical yearbooks, and a small part of environmental data are obtained
through investigation and interpolation. The data of indicators of water ecological dimen-
sion are mainly calculated by referring to The Manual on the Production and Emission
Coefficient of Industrial Pollution Sources in the First China Pollution Source Survey. The
mining volume of main metal mineral resources in mineral resources of mining cities
are mainly obtained through the China Mining Yearbook and the mineral resources de-
velopment and utilization database of the Ministry of Natural Resources, and the heavy
metal emission coefficient of the mineral resources is obtained through The Manual on
the Production and Emission Coefficient of Industrial Pollution Sources in the First China
Pollution Source Survey.

4. Results
4.1. WEE Assessment

Based on the cloud model theory, the cloud model parameters Ex, En, and He are
calculated and determined. Figure 5 shows that the WEE index and water environment are
generally suitable, and the water ecology is highly suitable in mining cities in the YREB
in 2019. The He of the water ecology dimension is the largest (0.161), indicating that its
uncertainty is higher than that of the water environment dimension. It can be observed
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(Ex. En.He) = (0.689.0.273,0.112)

Bad

that the overall level of water ecology of mining cities in the YREB is better than that of
water environment, but the former takes greater fluctuation risk than the latter. Therefore,
we should improve the water environment quality of most mining cities and pay attention
to the water ecological safety of some key mining cities.
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Figure 5. WEE cloud maps in mining cities in the YREB. (a) WEE index. (b) Water environment.
(c) Water ecology.

The WEE of the mid-upstream and downstream mining cities is acceptable (Figure 6).
Ex (0.71) of downstream mining cities is greater than that of mid-upstream mining cities
(0.641), indicating that the WEE of the former is slightly better than that of the latter.
Similarly, He (0.128) of downstream mining cities is greater than that of mid-upstream
mining cities (0.122), which indicates that the WEE fluctuation risk of downstream mining
cities is greater.

(Ex, En, He) = (0.710,0. 185, 0. 252)
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Figure 6. WEE cloud maps in mid-upstream and downstream mining cities in the YREB. (a) Mid-
upstream mining cities. (b) Downstream mining cities.

4.2. Temporal and Spatial Distribution Characteristics of the WEE

Table 6 and Figure 7 show the standard deviation ellipse of the WEE of mining cities
in different regions. From the center of gravity transfer perspective, the center of gravity of
the WEE of mid-upstream mining cities is transferred from MDC to MMC from 2007 to
2019, and the center of gravity of the WEE moved 0.04° longitudinally and 0.2° latitudinally.
The center of gravity of the WEE of downstream mining cities has always been DMB, and
the center of gravity of the WEE has moved 0.19° longitudinally and 0.02° latitudinally.
Considering the coverage, MDC and MDB are the main areas of the WEE of mid-upstream
mining cities, and DMB, DMC, and DRA are the main areas of the WEE of downstream
mining cities. From 2007 to 2019, the length of the long semi axle in mid-upstream and
downstream mining cities decreased from 4.98 km to 4.42 km, and from 2.35 km to 2.12 km,
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respectively. The length of the short semi axle in mid-upstream mining cities increased
from 1.54 km to 1.57 km, and decreased from 1.10 km to 1.02 km in downstream mining
cities. This indicates that the WEE of mid-upstream mining cities is shrinking in the main
direction and expanding in the secondary direction, while the WEE of downstream mining
cities is shrinking in the main and secondary directions. The long and short axis ratios of
downstream mining cities is significantly higher than those in the mid-upstream, indicating
that the WEE quality of downstream mining cities is better. The standard deviation ellipse
azimuth is used to reflect the main trend direction of spatial distribution. The ellipse
azimuth of mid-upstream mining cities is expanded from 75.01° to 73.32°, and the ellipse
azimuth of downstream mining cities is expanded from 146.85° to 153.23°. The ellipse axis
shows a clockwise rotation trend.

Table 6. Standard deviation ellipse parameters of the WEE of mining cities in different regions.

Region Year 2007 2011 2015 2019
Key City MDC MDC MMC MMC
Center 113.77° E, 27.75° N 113.81° E, 27.91° N 114.17° E,27.83° N 114.17° E, 27.95° N
Elliptical area/ km? 24.08 23.73 21.46 21.74
Mid-upstream Length of long half shaft/km 4.98 5.14 4.24 4.42
Length of short half shaft/km 1.54 1.47 1.61 1.57
Long and short axis ratio 0.31 0.29 0.38 0.36
Rotation 75.01 74 74.06 73.32
Key City DMB DMB DMB DMB
Center 117.94° E, 32.41° N 117.88° E, 32.36° N 117.89° E, 32.37° N 117.75° E, 32.39° N
Elliptical area/km? 8.14 7.59 7.28 6.82
Downstream Length of long half shaft/km 2.35 221 217 2.12
Length of short half shaft/km 1.1 1.09 1.07 1.02
Long and short axis ratio 0.47 0.49 0.49 0.48
Rotation 146.85 149.06 151.83 153.23

Standard deviation ellipse

The center of gravity

2007 2007
® 201 [ 2ou
@ 2015 [ 2015

2019 o

III Middle and upper reaches
Lower reaches

0 120240 480 720 960
e Km

Figure 7. Standard deviation ellipse of the WEE of mining cities in different regions.
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Table 7 and Figure 8 show the standard deviation ellipse of the WEE in mining cities
at different stages. From 2007 to 2019, the center of gravity of the WEE in mature, declining,
and renewable mining cities changes little, and the change of the longitude and latitude is
not evident. In mature cities, the lengths of the long and short semi axles are shortened
from 5.70 km to 5.03 km, and 2.67 km to 2.52 km, respectively. There is little change in
the declining mining cities. In regenerative mining cities, the length of long semi axle is
expanded from 1.77 km to 1.92 km, with shortening from 0.26 km to 0.22 km considering
length of the short semi axle. It indicates that the WEE of mature mining cities is shrinking
in the main and secondary directions, while renewable mining cities are expanding in
the main direction and shrinking in the secondary trend direction. It can be seen that
the long-short axis ratio of mature mining cities is greater than that of the declining and
regenerative, indicating that the WEE of mature mining cities is better. The standard
deviation ellipse azimuth is used to reflect the main trend direction of spatial distribution.
The ellipse azimuth of mature and declining mining cities are reduced from 59.80° to 53.43°,
and 28.49° to 28.43°, respectively, but that of the regenerative mining cities is expanded
from 160.13° to 161.99°. The elliptical axis of mature and declining mining cities rotate
counterclockwise, and the elliptical axis of regenerative mining cities shows a clockwise
rotation trend.

Table 7. Standard deviation ellipse parameters of the WEE of mining cities in different stages of
the YREB.

Stage Year 2007 2011 2015 2019
Center 116.53° E, 30.70° N 116.33° E, 30.79° N 116.24° E, 30.33° N 116.52° E, 30.94° N
Elliptical area/ km? 47.79 47.27 46.79 39.76
Mature Length of long half shaft/km 5.7 5.86 5.54 5.03
Length of short half shaft/km 2.67 2.57 2.69 2.52
Long and short axis ratio 0.47 0.44 0.49 0.5
Rotation 59.8 59.93 54.97 53.43
Center 115.81° E, 29.72° N 115.94°E,29.81° N  115.68° E,29.56° N 115.88° E, 29.90° N
Elliptical area/km? 14.11 14.38 13.34 14.59
Declining Length of long half shaft/km 3.36 3.26 3.27 3.36
Length of short half shaft/km 1.34 14 1.3 1.38
Long and short axis ratio 0.4 0.43 0.4 0.41
Rotation 28.49 29.78 29.77 28.43
Center 118.11° E, 33.42° N 118.23°E,33.11° N  118.26° E,33.03° N  118.22° E, 33.02° N
Elliptical area/km? 2.58 2.64 2.62 2.56
. Length of long half shaft/km 1.77 1.86 1.87 1.92
Regenerative Length of short half shaft/km 0.46 0.45 0.45 0.42
Long and short axis ratio 0.26 0.24 0.24 0.22
Rotation 160.13 162.53 163.05 161.99

Figure 9 shows the WEE index of mining cities in 2007, 2011, 2015, and 2019. From
the perspective of time change, the WEE index of many mining cities shows an upward
trend, and the WEE index is the largest in 2015 or 2019. In terms of the spatial distribution,
most mid-upstream mining cities had the highest WEE index in 2015, accounting for
approximately 71.43%; 50% of the downstream mining cities have the highest WEE index
in 2019. Among them, the mid-upstream mining cities with the highest WEE index in
2015 accounted for 62.5%. It can be seen that the WEE quality of most mining cities has
been continuously optimized over the past five years. The WEE quality of downstream
mining cities is better than that of mid-upstream mining cities in 2019, and improved
extensively than that in 2007. The three mining cities with the largest increase in the WEE
index in 2019 compared with 2007 are DME (126.38%), DMB (126.78%), and DRA (99.56%).
Simultaneously, according to the development stage types of mining cities with the highest
WEE index, the WEE index of mature mining cities is the highest. The above results further
verify the results of the standard deviation ellipse.
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Figure 8. Standard deviation ellipse of the WEE of mining cities in different stages.
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Figure 9. WEE index of mining cities in 2007, 2011, 2015, and 2019.

4.3. Coupling Coordination Degree

Generally speaking, the coupling coordinated development between the water envi-
ronment and water ecology in mature and renewable mining cities is in a well-coordinated
development state in the initial stage, and the trend of coupling coordination is basically
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balanced (Figure 10). From 2015 to 2019, the overall level of water environment and water
ecology coupling coordination degree of renewable mining cities is higher than that of
mature mining cities. The average value range of the coupling coordination degree of
renewable mining cities is [0.7501, 0.9228], and the average value range of mature mining
cities is [0.6644, 0.8238]. The water environment and water ecology of declining mining
cities fluctuates frequently, and the average value range of the coupling coordination degree
in past five years is [0.0602, 0.8758] (Figure 11).

2007
2019 ! 2008
08—

2018 \ 2009
2017 —{ / 2010

, ¥
) 2011
2015\_,’/ 2012

2014 2013

Mature mining cities Regenerative mining cities Declining mining cities

Figure 10. Average value of the coupling coordination degree in different types of mining cities from
2007 to 2019.

2016

Mature mining cities Regenerative mining cities Declining mining cities

Figure 11. Average value of the coupling coordination degree in different types of mining cities from
2015 to 2019.

The coupling coordination degree of mining cities is shown in Figure 12. The average
coupling coordination degree of DMF reaches 0.795, the highest among the mature mining
cities. In 2008, the coupling coordination degree of DMF reaches 0.8182, achieving a good
coordination stage and maintaining a stable trend compared with other mature mining
cities. The coupling coordination degree of MDB and MDC are higher than those in
declining mining cities. However, the coupling coordination degree in DDA is lower
than 0.4, which demonstrates the unbalanced of WEE. MDA, MDD, and DDB are in
moderate coordination. The coupling coordination degree of DRA is higher than DRB and
DRC. The average coupling coordination degree of DRB is higher than 0.8, which is in a
high coordination. The coupling coordination degree between DRA and DRB increased
slightly, and the average coupling coordination degree of DRC reaches 0.7649, which is in a
moderate coordination.
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Figure 12. Average value of the coupling coordination degree of each mining city from 2007 to 2019.

Most mining cities still belong to a lagging water environment. Table 8 shows that
17 mining cities belong to a water environment lag type, accounting for 89.5%, and 2 belong
to a water ecology lag type, accounting for 10.5%.

Table 8. Lag types of water environment and water ecology coordinated development of mining
cities in the YREB in 2019.

Lag Type Quantity Mining Cities
MMA, MMB, MMC, MDB,
Wat . ¢ 17 MDC, MDD, DMA, DMB,
ater environmen DMC, DMD, DME, DMF,
DMG, DDB, DRA, DRB, DRC
Water ecology 2 MDA, DDA

5. Discussion

The WEE of mining cities in the YREB is generally good, but there is still room for
improvement. Efforts should be made to improve the construction of sewage pipelines
in mining cities for optimizing the quality of the water environment. According to the
weight data, the indicator of length of sewage pipeline accounts for the highest proportion
in the index system of the WEE, which is in line with China’s saying that “black odor is in
the water, the root is on the shore, the key is the outlet, and the core is the pipe network.”
Optimizing the construction of sewage pipelines in mining cities under the background
of China’s new infrastructure is one of the starting points for improving the quality of
the WEE. Conversely, mining cities that fall behind in the construction of water ecological
civilization should be the point of focused. This also indicates the necessity of analyzing
spatial distribution characteristics for locating these mining cities.

Compared with 2007, WEE protection in most mining cities has achieved remarkable
results. This agrees with the findings of Yang (2019) that the ecological quality in most
regions of the Yangtze River Basin has remained the same or increased [63], and of Zhou
(2021) and Deng (2021) that the emissions of water pollutants COD and NH;3-N in the YREB
have been decreasing year by year [64,65]. In November 2012, the construction of ecological
civilization was evidently proposed in the 18th National Congress of the Communist
Party of China, and then The Water Pollution Prevention and Control Action Plan, The
Ecological Environment Protection Plan of YREB, The Outline of The Regional Integration
Development Plan of The Yangtze River Delta, The Yangtze River Water Protection Law, and
other documents were intensively issued, which indicates the direction for WEE protection
of mining cities in the YREB. This also reflects the advantage of the party and government
leaders of the Communist Party of China in “concentrating on major events” [66], and
“joint protection and no large-scale development” of the YREB has been implemented. The
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WEE quality of mature mining cities in the downstream is better than that of other types of
mining cities in 2019, and the maturity has made greater progress than that in 2007, which
is consistent with the fact that nonferrous and ferrous metals in the mid-upstream of the
YREB play an important role in local economic and social development and a positive role
in China’s resource protection. In addition, mature mining cities in the downstream have
achieved remarkable results during the construction of sewage pipelines.

The coordinated development of water environment and water ecology in regenerative
mining cities is better than that in mature and declining mining cities. Transformation is
the only way for China’s mining cities for achieving sustainable development [67]. Both
mature and declining mining cities are facing transformation, and regenerative mining
cities have basically completed economic transformation. Developing mining cities into
tourist destinations has been adopted by many cities [68], such as regenerative mining
cities Lijiang City and Shangri-La County. The transformation of mining cities is often
planned after they enter a recession [69], i.e., most mature and declining mining cities plan
the economic transformation late, and mining development remains their focus. Therefore,
the focus should be on coordinated development of water environment and water ecology
in regenerative mining cities.

Most mining cities still belong to the lagging type of water environment. Heavy
metal pollution has been well treated, and the threat to water ecological security caused
by heavy metal pollution is low. Huang (2020) also mentioned that the pollution of Cd,
Pb, As, Cu, and Zn in the YREB have been reduced [70], and Yan (2021) noted that heavy
metal pollution in surface water in the YREB has decreased in recent years [71]. These
studies all confirm our conclusion. Heavy metals are toxic, persistent, and bio-aggregative.
Aquatic ecosystems have attracted much attention worldwide because of their heavy metal
pollution [72,73]. In The 12th Five Year Plan for Comprehensive Prevention and Control of
Heavy Metal Pollution, China defined 138 key protection areas and 4452 key prevention
and control enterprises to tackle heavy metal pollution by classification and zoning. The
comprehensive assessment results of the implementation of the above plan show that in
2015, the total discharge of major heavy metal pollutants in China decreased by 27.6%
compared with 2007, and less than 3 heavy metal-related environmental emergencies
occurred annually from 2012 to 2015 [74].

6. Conclusions and Recommendations

Based on the above research, the following conclusions were drawn: (1) the WEE
of mining cities in the YREB is generally good, but efforts should be made to improve
the construction of sewage pipelines in mining cities, and attention should be paid to
mining cities that lag in constructing ecological water civilization. (2) Recently, remarkable
results have been achieved in WEE protection of most mining cities. The WEE quality
of mature mining cities in the downstream is better than that of other types of mining
cities in 2019, which is greater than that in 2007. (3) The coordinated development of
water environment and water ecology in regenerative mining cities is better than that in
the mature and declining cities. (4) Most mining cities still belong to the lagging type of
water environment. Heavy metal pollution has been well treated, and the threat to water
ecological security caused by heavy metal pollution is low.

To solve the WEE problems existing in the development of mineral resources, “joint
protection and no large-scale development” should be followed, and the relationship
between development and the bottom line should be coordinated. The specific recommen-
dations are as follows.

(1) Improve the sewage pipe network system of mining cities. The improvement of urban
and rural drainage pipe network construction should be accelerated to establish 100%
coverage and collection of sewage pipe network in city proper as soon as possible.
WEE protection awareness of rural residents should be improved by public service
advertising. Both the treatment of rural domestic sewage and the toilet revolution
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and the treatment of livestock and poultry manure should be promoted scientifically
and reasonably.

(2) Promote the treatment of the WEE in the mid-upstream mining cities further. The mid-
upstream in the YREB has the most mines and is rich in strategic metal minerals. While
developing strategic metal minerals and ensuring the safety of China’s resources, a
strict environmental protection system should be implemented. For 306 key mining
agglomeration areas in the YREB, the discharge of wastewater and solid waste from
various activities should be strictly controlled for ensuring that the discharge of
various pollutants meets the discharge standards, and curbing the water environment
pollution in mining areas and parks. Ecological compensation for the ecological
functional areas in the mid-upstream should be increased to alleviate the economic
and social pressure of WEE treatment.

(3) The transformational development of mature and declining mining cities should
be arranged in advance. The efficiency of resource development and utilization
and industrial technology should be improved in mature mining cities, and the
resource industrial chain should be extended for cultivating resource deep-processing
industrial clusters and build leading enterprises. Meanwhile, the adjustment and
upgrading of resource processing industrial structure should be accelerated, and
the formation of corresponding pillar alternative industries should be promoted. In
declining mining cities, the problem of urban internal dual structure and left over
by history, such as accelerating the comprehensive treatment of hidden dangers of
geological disasters, should be solved. With China’s policy support, the development
of alternative industries should be vigorously supported to constantly enhance their
sustainable development capacity.

There are limitations to the analysis performed in this study. In establishing the water
ecological indicator system, the quantities of fish, shrimp, and microorganisms are more
informative indicators of the water quality. However, this data is rarely available owing
to the degree of work involved in determining the numbers of these aquatic organisms.
Therefore, mercury, cadmium, lead, and arsenic emissions were used as the indicators of
water quality from a different perspective. In future studies, we will focus on the biological
accounting of aquatic organisms, as well as explore the means to improve the water
environment while assessing the impact of various policies on this specific environment.
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