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Abstract: Excessive exploitation and massive coal mine closures have brought about extensive goafs
in Shanxi where 8780 coal mines have been abandoned in the last 20 years. Acid mine drainage (AMD)
poses severe environmental impact and has become a prominent problem in Shanxi abandoned coal
mine areas, which has aggravated the shortage of water resources and threatened the safety of the
local drinking water supply. The purpose of this review is to protect the precious water resources and
maintain sustainable use in Shanxi coal mines and downstream. By retrieving and analyzing about
90 domestic and international publications, a critical review of the AMD research results in Shanxi
abandoned coal mines is conducted from the perspective of the formation mechanism, migration
and transformation, prediction, treatment and management. The results shows that pyrite is the
prerequisite for the formation of AMD, oxygen is the inducement, water is the carrier, and Fe3+ and
microorganisms are the catalyst. The roadway system and geological structure are the dominant
control factors. Finally, current difficulties and future research are pointed out. It is necessary
to further strengthen the systematic research on the geological and hydrogeological conditions of
abandoned coal mines, and explore an efficient, cheap, environmental technology, and construct the
pollution risk assessment model for the AMD treatment. This study provides a scientific basis for the
comprehensive treatment and management of AMD in abandoned coal mines in Shanxi.
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1. Introduction
Nowadays, acid mine drainage (AMD) problems in abandoned coal mines have become a worldwide environmental concern. For example, in the Rio region of Spain, AMD
has been a continuous pollution source of the Tinto River [1]. AMD formed by a large number of abandoned coal mines in the USA and all of the world has polluted rivers with a total
length of about 23,000 km [2,3], causing serious environmental consequences [4–7]. AMD
in the closed pits of the Witwatersrand mine in South Africa has become an important issue
of national concern [8–10]. The AMD problems of abandoned coal mines are widespread
in other countries such as the Makum coal mine in India [11], the Gangreung coal mine
in South Korea [12], and the Douro coal mine in Portugal [13], which have caused serious
damage to the local water resources and the water environment. In China, according to
statistics from the China Coal Industry Association, the number of coal mines has been
reduced from more than 80,000 in the peak period to about 5800 at the end of 2018 [14,15].
Unfortunately, the closed coal mines in China have caused a series of water environmental
problems such as destruction of water resources and deterioration of water quality [16,17].
Therefore, it is necessary to conduct research on AMD in abandoned coal mines globally.
Over the years, AMD research on the impact, formation, migration, prediction and
treatment has received extensive attention from scholars both nationally and internationally.
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For example, Banks and Banks [18] evaluated the environmental impact of AMD emissions
from abandoned coal mines in the UK using relevant water quality data, and pointed out
that AMD had already resulted in groundwater pollution and the pollution degree had
become more serious as the water level continued to rise. Wood et al. [19] found that the
surface water pollution was the most serious in the first few decades by 32 monitoring
drainage points of the abandoned coal mine in the Midland Valley of Scotland. Studies
have shown that the groundwater in Hongshan and Zhaili coal mines in Zibo, Shandong,
China, was in cross strata pollution, resulting in the scrapping of hundreds of water supply
wells, which directly threatening the water quality of Xuzhou’s water supply source and
the Grand Canal from Beijing to Hangzhou [20–22]. In the Green Valley coal mines (GVS) in
Indiana, AMD caused an increase in the Total dissolved solids (TDS)of the entire area [23],
SO4 2− reached up to 63,000 mg/L, and metals such as Pb, Zn, Cd, Cr, Ni, Be, and V also
increased significantly [24]. AMD outflowed from a large number of abandoned coal mines
in the Stockett–Centerville area of the USA’s polluted surface rivers [25]. AMD has had
an irreversible impact on the environment. Plenty of studies have showed that AMD is
produced as a result of the oxidation of pyrite with water and oxygen [26,27]. For the
migration, Nassery and Alijani [28] confirmed that AMD from abandoned coal mines in
the Zirab area in northern Iran promoted the dissolution of carbonate rocks, which was
the main factor for the geochemical evolution of groundwater. Jiang et al. [29] studied and
concluded that the oxidation of sulfide in coal-measure strata and the oxidation of sulfide
in mineral deposits respectively input 0.27% and 20.5% SO4 2− by the sulfur isotopes in
the Wujiang River Basin. He et al. [30] confirmed that the continuous discharge of AMD
from a closed coal mine in Hunan, China, into rivers has caused biological migration in the
water system. Sun et al. [31] collected sediment samples for geochemical and microbial
community analysis, and concluded that AMD generated from the upstream abandoned
coal mines in southwestern China [32]. Wang et al. [33] selected small watersheds where
AMD was relatively concentrated in the Zhijin abandoned coal mine area in Guizhou and
studied the migration and transformation process of sulfate in AMD in karst areas. For
prediction, Grodner [34] established a numerical model of groundwater flow in the Sigma
coal mine in South Africa using MODFLOW (USGS, Reston, VA, USA), and predicted the
water level rise of the AMD after the pit was closed. Bernd E [35] studied the chemical
properties of groundwater around an abandoned open-pit coal mine in central Germany.
Xu [36] studied the chemical reaction in the water flow path of closed coal mines and
revealed the law of hydro-geochemical conversion using PHREEQC software (USGS,
Reston, VA, USA). Many scholars have selected typical abandoned coal mines to predict
the spatiotemporal process of the water level rebound [37–41]. A lot of efforts have been
made to treat AMD. Sun [42] studied the rise mechanism of AMD water level in closed coal
mines and proposed effective measures to protect water resources. Gitari et al. [43] treated
the AMD of a coal mine using fly ash, achieving the goal of waste treatment. Song et al. [44]
carried out a two-year in situ source treatment of AMD from an abandoned coal mine
in central Tennessee, USA by using remote sensing and biogeochemical technology, and
achieved successful results at a high cost. It can be seen that the treatment solution is only
suitable for specific project situations [45]. Zhang et al. [46] treated AMD by using Na2 CO3 modified fly ash, the research results provide technical support for the comprehensive
utilization of AMD. Liu and Sun [47] clarified the groundwater pollution problem caused by
a closed coal mine, and put forward some effective technical means and feasible prevention
methods. Wei et al. [48] proposed that the development trend of the combination of directed
source control and terminal treatment technology was a hotspot of AMD research in China
in the future. All these results can provide theoretical basis for regional and local AMD
evaluation and management.
Located in northern China, Shanxi Province is rich in coal resources, with six major
coalfields including Datong, Ningwu, Xishan, Hedong, Qinshui and Huoxi from north to
south (Figure 1). The output of raw coal accounts for 1/4 of the whole country. It is an
important energy and heavy chemical base in China, and plays a significant role in the

Water 2021, 13, 8

technology was a hotspot of AMD research in China in the future. All these results can
provide theoretical basis for regional and local AMD evaluation and management.
Located in northern China, Shanxi Province is rich in coal resources, with six major
coalfields including Datong, Ningwu, Xishan, Hedong, Qinshui and Huoxi from north to
3 of 21
south (Figure 1). The output of raw coal accounts for 1/4 of the whole country. It is an
important energy and heavy chemical base in China, and plays a significant role in the
sustainable development of the economy and society and energy security. There are 8
large
river basins
in Shanxi.
to statistics,
theenergy
coal mine
areas
in Shanxi
are
sustainable
development
of theAccording
economy and
society and
security.
There
are 8 large
2
61,050
km , accounting
for 39.1% to
of statistics,
the total area
of the
region.
the years,
withkm
the2 ,
river basins
in Shanxi. According
the coal
mine
areas Over
in Shanxi
are 61,050
continuing
coal
resources
in Shanxi,
environmental
such
accountingexploitation
for 39.1% ofof
the
total
area of the
region. water
Over the
years, with problems
the continuing
as
destruction
water
resources
and deterioration
of water quality
have
become
increasexploitation
ofof
coal
resources
in Shanxi,
water environmental
problems
such
as destruction
ingly
prominent.
recent
years in particular,
with the
closure
of increasingly
8780 coal mines,
water
of water
resourcesInand
deterioration
of water quality
have
become
prominent.
pollution
caused
by
AMD
has
become
increasingly
serious
[49],
which
has
aggravated
In recent years in particular, with the closure of 8780 coal mines, water pollution causedthe
by
shortage
water resources
andserious
threatened
safety
the local drinking
waterofsupply
AMD hasofbecome
increasingly
[49],the
which
hasofaggravated
the shortage
water
resources
in
Shanxi. and threatened the safety of the local drinking water supply in Shanxi.

Figure 1.
1. Six
Six major
major coal
coal fields
fields in
in Shanxi.
Shanxi.
Figure

On the basis of the previous investigations in the closed coal mines of Shanxi such as
On the basis of the previous investigations in the closed coal mines of Shanxi such as
Datong coalfield [50,51], Yangquan coalfield [52,53], Taiyuan Xishan coalfield [54–56], etc.,
Datong coalfield [50,51], Yangquan coalfield [52,53], Taiyuan Xishan coalfield [54–56], etc.,
irreversible changes have taken place in the water-bearing medium structure, hydrodyirreversible changes have taken place in the water-bearing medium structure, hydrodynamic field, chemical field and microorganism. The outflow of AMD has already affected
namic field, chemical field and microorganism. The outflow of AMD has already affected
the aquatic environment of downstream rivers. For example, a large amount of AMD have
the aquatic environment of downstream rivers. For example, a large amount of AMD have
been stored in the small abandoned coal mines in Xishan coalfield [57]. These AMD leaked
been
stored
in the small
coal mines
Xishan
coalfield
[57].seam
These
AMD
leaked
into the
underlying
karstabandoned
aquifer through
cracksinand
faults
in the coal
floor,
moreover,
into
the underlying
karstcoal
aquifer
cracks
faults
in the
coal of
seam
floor,
moreothe AMD
in Niujiakou
minethrough
threatened
theand
karst
water
quality
Jinci
Spring
[58].
ver,
the
AMD
in
Niujiakou
coal
mine
threatened
the
karst
water
quality
of
Jinci
Spring
Most unfortunately, a large amount of karst groundwater were dewatered in many
pres[58].
Most
unfortunately,
a largefurther
amount
of karst groundwater
dewatered
in many
surized
coal
mines [59], which
exacerbated
the shortagewere
of karst
groundwater
in
the Jinci spring catchment.
According to a recent field investigation, the coal mine of Shandi Village in Yangquan,
Shanxi, was closed in 2005, and the goaf was filled with AMD in 2009. Based on the
monitoring data in 2013, the salinity, TDS, sulfate, and pH were 8274 mg/L, 4870 mg/L,
5781 mg/L, and 3.51, respectively [60]; at the end of 2016, the pH was 2–3, and the sulfate
was 11,370–18,900 mg/L. AMD outflowed the surface and polluted the groundwater and
surface water resources in the Shandi River Basin [58,61]. Some investigators [52,62,63]
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pointed out that the leakage and outflow of AMD was the cause of the pollution in the
Niangziguan Spring catchment in Shanxi. This case study was a warning and attracted
more scholars to research the AMD from abandoned coal mines in Shanxi.
It can be seen that the mechanism of AMD formation in abandoned coal mines is
very complex, which is closely related to hydrogeological conditions such as precipitation,
surface water, aquifers and so on. The closure of coal mines in Shanxi mainly occurred after
2000, and research on the water environment and ecological problems that may be induced
by AMD in abandoned coal mines is still in its infancy. As one of the main coal energy bases
in China, Shanxi has a large number of abandoned coal mines with a wide distribution and
complex hydrogeological conditions. Furthermore, coal and water co-exist in Shanxi coal
mines, which have close hydraulic connections with the 19 major karst springs in Shanxi.
If the AMD problem continues to worsen, it will seriously threaten the safety of drinking
water in the 19 spring catchments. Therefore, it is necessary to carry out further research
on AMD in abandoned coal mines in Shanxi.
The purpose of this review is to protect the precious water resources and maintain
sustainable utilization in Shanxi coal mines and downstream. By retrieving and analyzing
about 90 national and international publications, a critical review of AMD research results
in Shanxi abandoned coal mines was conducted from the perspective of the formation mechanism, migration and transformation, prediction, treatment and management. The current
difficulties and future researches are pointed out. It is necessary to further strengthen the
systematic research on the geological and hydrogeological conditions of abandoned coal
mines, actively explore an efficient, cheap and environmental treatment technology, and
formulate AMD risk assessment and early warning mechanism for abandoned coal mines.
This review cements a scientific basis for the comprehensive treatment and management of
AMD in abandoned coal mines in Shanxi.
2. Overview of Acid Mine Drainage (AMD) Studies in Shanxi
The major coal-bearing strata in Shanxi is dominated by the Taiyuan Formation of
Upper Carboniferous and the Shanxi Formation of Lower Permian in Late Paleozoic, the
coal reserves account for 98% of the region. The second coal-bearing strata in Shanxi is the
Datong Formation of Middle Jurassic in Mesozoic and the coal-bearing construction of the
Early Paleogene in Cenozoic.
Shanxi is the place with the most extensive karst distribution in northern China. There
are 19 major karst springs (Figure 2) with stable flows and good water quality [49], which
are convenient for centralized development and utilization, and they have become one of
the important water supply sources for Shanxi energy bases. According to statistics, there
are 265 centralized drinking water sources in Shanxi. The groundwater supply accounts for
more than 90% of total water sources, of which approximately 83% is karst water. Over the
years, researchers have conducted a certain degree of research on the relationship between
AMD and water supply resources in abandoned coal mines in Shanxi, and achieved many
important results, which have good practical value and can lay the foundation for research
on AMD.
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Under the action of microorganisms, the production rate (Equation (9)/Equation (8))
of Fe3+ is 105–108 times higher than that of sterile environment [67]; while the number of
microorganisms is small, the activity is weak, and the two environments co-exist. When
the S4 O6 2− is produced, the Fe3+ can also participate in the oxidation reaction. The reaction
formula is as follows:
S4 O6 2− + 3Fe3+ + 2.75O2 + 4.5H2 O → 3Fe2+ + 4SO4 2− + 9H+

(12)

Therefore, we come to a simplified mechanism of AMD formation in abandoned coal
mines, that is, pyrite is the prerequisite, oxygen is the inducement, water is the carrier, Fe3+
and microorganisms are the catalysts.
At a 25 ◦ C (1atm), the solubility of dissolved oxygen is basically maintained at
8–10 mg/L, and the distribution of underground microorganisms is not artificially controlled. Hence, it can be inferred that the AMD, where the pyrite is rich, the coal is buried
to a shallow extent and mine water circulates faster, is more likely to be formed. This is
very helpful in determining the location of abandoned coal mine which is prone to the
outflow of AMD. It must be pointed out that the No. 2, 3, and 5 coal seams of the Datong
coalfield contain very low pyrite with the form of limonite, although buried to a shallow
extent [68]. Therefore, the mine water may be acidic or neutral, depending on the content
of pyrite in the coal seams [69] and dissolution depletion [70]. In addition, the complex
sources of water that forms AMD, including precipitation, surface water, the overlying
loose pore water, coal-bearing fissure water of adjacent mines, and underlying karst water,
may all enter into the goaf. These different types and rates of water circulation also bring
create difficulty in research on AMD.
2.1.2. Water Filling Process
As the water hazards in Shanxi coal mines are more prominent, scholars have focused
on the water-filling process of the conduction of the overlying pore and fractured aquifer
and the underlying karst aquifer by the factors such as the height of the water-conducting
fissure zone, floor water inrush, water-conducting fault, and collapse column, and many
results have been achieved. For example, researchers [71,72] systematically studied the
development and evolution of the water-conducting fissure zone, and explored in depth
the law of water filling of overlying aquifers caused by different mining thicknesses and
buried depth. By means of hydrogeological and numerical simulation methods, Kang [73]
researched the water-conducting fissure zone of Nancha coal mine in Ningwu coalfield,
and concluded that the main water-filling channels are the water-conducting fissure zone
formed by roof collapse, the water-conducting fissure zone, faults, collapse columns and
poorly sealed boreholes. It reveals that the water accumulation of the goaf is a dynamic
process with diversity.
In recent years, as the mining depth of Shanxi coal mines has changed from shallow
to deep, research on the limestone aquifer beneath the coal seams as the main water
source has also received increasing attention. For example, Li [74] summarized the factors
affecting the water richness of limestone aquifers in the Lower Fengfeng Formation in
Shanxi six major coalfields, and believed that it was the main aquifer for water inrush from
the coal seam floor of the lower group of coal, and pointed out the faults and collapse
columns in each coal mine can be used as water diversion channels for groundwater
convergence, which accelerates the water-filling process. It showed that the content of
previous researches has developed from the height of the water-conducting fissure zone
to the relationship between rock mechanical properties and water-conducting channels,
which has an important guiding role in the study of the water filling process in Shanxi
abandoned coal mines.
However, the above study of water filling process is for the needs of coal mine
safety production, and it is a pumping process for groundwater. On the contrary, water
accumulation in the phase of abandonment of coal mines is an incremental process, which
is a dynamic process of water filling-water accumulation-outflow.
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According to our field investigation, the water filling process of AMD in the Shanxi
abandoned coal mines has its own uniqueness: the developed roadway systems are highly
involved. The developed roadway systems are left behind by underground mining, they
not only run through the water filling channels of different mining levels vertically, but
also connect the water accumulation space of different mining areas at a mining level,
forming the strongest runoff corridor for AMD. After the coal mines were completely
abandoned, the shaft and roadway were not effectively blocked, the goaf was not filled,
and the runoff mode of groundwater had an essential change: at the same mining level,
the water accumulation space of different mining areas was connected in series, which
accelerated the accumulation of groundwater; at different mining levels, the water filling
channel run through the upper and lower mining levels, so that the accumulated water
from the upper level enters into the lower level. This kind of water-filled corridor breaks
through the limits of water-conducting channels such as water-conducting fissure zone,
floor water inrush, fault water-conducting, collapse column, etc. The groundwater flow
field and dynamic field have undergone tremendous changes, but these have not been
concerned by researchers. In fact, although the research on the impact of the roadway
systems on AMD in Shanxi abandoned coal mines has not been reported so far, it has a
great theoretical guiding significance for the water-filling process of AMD.
2.1.3. Water Gathering Space
Theoretically, when there is no water source in the goaf or the amount of water
discharged from the goaf is greater than the amount of water filled, there will be no water
in the goaf; when the amount of water filled in the goaf is greater than the amount of water
discharged from the goaf, the goaf will be partially or fully filled with water. It can be seen
that not all of the goaf can be accumulated with water, and only the goaf with accumulated
water can be called AMD water-gathering spaces.
Up to now, the goaf areas formed by coal mining in Shanxi are about 20,000 km2 ,
equivalent to 1/8 of Shanxi’s land area (156,700 km2 ). The goaf with accumulated water
is prone to cause water inrush accidents during coal mining, which has attracted much
attention by scholars.
Some scholars conducted research on the water accumulation problem in the goaf
of Shanxi abandoned coal mines, which provide a scientific basis for the safe production.
Based on the collected data from 42 water accumulation areas of 28 coal mines in Qinshui
coalfield, Xiong and Wang [75] put forward the important term of the water accumulation
coefficient by laboratory research and theoretical analysis. Di [76] discussed the storage
and distribution law of water accumulation in the goaf of Datong-Ningwu coalfield, and
believed that the geological structure is the dominant factor controlling the distribution of
AMD. Zhu [77] confirmed that the partial sections of the goaf can gradually accumulate
water because it is located at a low level in the inclined direction of the coal seam, and there
is no roadway to drain mine water. Wen and Zhang [78] detected water accumulation in
a Shanxi large coal mine by using transient electromagnetic and direct current methods,
and delineated the water accumulation area of the goaf of No. 3 coal seam. Xu [79] found
out the location and scope of the goaf and the water-filled area of the coal mine using a
transient electromagnetic prospecting method.
The above research results provide a reliable basis for the flood prevention, and
also point out the direction and methods for the research of the water-gathering space of
AMD. However, the purpose of these research results is to ensure safe production, without
considering the water ecological environment problems caused by AMD in abandoned coal
mines. In fact, the geological structure is the dominant factor that controls the distribution
of AMD [80]. The focus of our attention is the goaf which can gather AMD in abandoned
coal mines. Therefore, research on water-gathering spaces of AMD and geological structure
still needs to be further strengthened.
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2.2. Migration and Transformation
Most of Shanxi’s abandoned coal mines were closed after 2000, and the water environment problems caused by AMD gradually emerged. At present, there is little research
on the hydrochemical evolution of AMD in abandoned coal mines during the migration
process. Regarding the research on the migration law of AMD pollutants in groundwater,
some theories and opinions have been put forward only in individual coal mines. For example, Zhao et al. [51] studied the chemical composition, phase composition and migration
characteristics of harmful elements of AMD of the Malan coal mine in Xishan coalfield
using adsorption experiments and PHREEQC software [81–83], and pointed out that the
migration of harmful elements in AMD is mainly controlled by pH, Fe-Al-Mn content
and mineral composition of water particles. By using the same methods, Sun et al. [84]
determined the AMD, sediments, and content of rare earth elements in coal samples in two
different coal mines in Shanxi, and revealed the contribution of pH, hydroxide (Fe-Al-Mn),
sediments and complexation, etc. in controlling the distribution pattern of rare earth
elements in AMD.
It can be seen that the hydrochemical evolution of AMD is concentrated in the migration and transformation laws of pH and metal elements, which points out a direction for
researchers. However, previous research methods were relatively simple. Strictly speaking,
the Malan and Sitai coal mines are still mining the lower coal seam, which is different from
the completely abandoned coal mines. Compared with the coal mine of Shandi Village,
the concentration of metal ions in AMD at sampling points of the former two coal mines is
lower, indicating that the characteristics of hydrochemistry in the mining period and the
abandoned period are quite different. In particular, the difference of the sulfate concentration in different stages is 10,000 mg/L, which has a greater impact on the hydrochemical
equilibrium. Although the previous results have certain reference significance, it is difficult
to fully promote research on all abandoned coal mines in Shanxi.
In our opinion the migration and transformation of AMD is a comprehensive process
of active participation of multi-mineral and multi-gas components under the synergistic action of oxidation-reduction, dissolution-precipitation, adsorption-desorption, ion exchange,
complexation and microbial action. Adsorption experiments and PHREEQC software
make it difficult to achieve this comprehensive process. For example, many minerals in
the surrounding rock have a buffering effect on AMD. Pyrite is the prerequisite of AMD,
and the pyrite reserves determine the acid production capacity. When the acid production capacity exceeds the neutralization and digestion of alkaline minerals, the pH will
be increasingly low; when the dissolved heavy metals exceed the adsorption of viscous
minerals, the metal ions will become higher and higher.
The chemical reaction equations of common minerals in coal seams of Shanxi abandoned coal mines are as follows:
Calcite: CaCO3 + 2H+ →Ca2+ + CO2 + H2 O
Dolomite: CaMg(CO3 )2 + 4H+ →Ca2+ + Mg2+ + 2CO2 + 2H2 O
Muscovite: KAI2 (AISi3 O10 )(OH)2 + H+ + 1.5H2 O→K+ + 1.5AI2 Si2 O5 (OH)4
Biotite: K(Mg,Fe)3 AISi3 O10 (OH)2 + 7H+ →K+ + 3(Mg2+ ,Fe2+ ) + AI(OH)3 + 2SiO2 + 3H2 O
Plagioclase: Na0.7 Ca0.3 AI1.3 Si2.7 O8 + 1.3H+ + 1.3H2 O→0.3Ca2+ + 0.7Na+ + 1.3AI(OH)3
+ 2.7SiO2
Illite: Km Nan Cao Mgp Feq AIr SiO(OH)2 + (0.5r + 4s-12)H2O + (22-4s-3r)H+ →mK+ + nNa+
+ oCa2+ + pMg2+ + qFe3+ + 0.5r(AI2 O3 ·2SiO2 ·2H2 O) + (s-r)H4 SiO4
If there are insufficient acid-consuming minerals in the goaf, AMD will be formed.
However, the main lithology of Shanxi coal-bearing strata are limestone, sandstone, mudstone and shale; among them, K2 –K4 limestones have a good neutralization effect on acid,
and sandstone, mudstone and shale are rich in clay minerals (kaolinite, montmorillonite,
hydromica) with a good adsorption effect on metal ions. It can be seen that many factors
control the evolution of AMD’s hydrochemistry and the release of heavy metals. However,
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no studies have been reported on the environmental effects and release mechanism of
heavy metals in Shanxi abandoned coal mines.
When the AMD in the goaf outflows to the surface water, it enters into an open
environment from a relatively closed environment, and the hydrochemical balance is
broken. Its water quality migration and transformation is accompanied by reactions
such as oxidation–reduction, dissolution–precipitation, adsorption–desorption, and ion
exchange, complexation, microorganisms, etc., and there are multiple minerals and gas
components involved. The current research mainly focuses on the investigation of water
quality in the polluted areas after the coal mines were closed, and there is a lack of targeted
research on the migration and transformation of AMD in specific closed coal mines. A lot
of work should be done to study the migration and transformation of AMD in Shanxi
abandoned coal mines, and it is necessary to further strengthen the study of the respective
effects of these factors and the coupling effects among multiple factors.
2.3. Prediction
In terms of time cycle, AMD will be discharged through different channels after the
completion of a water filling and water gathering process of the goaf in Shanxi. Zhang
et al. [49] pointed out that AMD leaked into the underlying karst aquifer; Li and Wang [58]
believed that the outflow of AMD polluted surface water; some scholars believed that
AMD was discharged simultaneously to groundwater and surface water [52,62,63]. In fact,
the water environment problems in Niangziguan Spring [60] and Jinci Spring [58] caused
by AMD are unavoidable problems in water source protection. At present, a large number
of valuable research results have been accumulated for the prediction of water accumulation in the goaf of Shanxi. For example, Xiong et al. [75] analyzed the hydrogeological
conditions and possible causes of water inrush of the Qinshui coalfield, and proposed a
concept of water accumulation coefficient, and determined the water accumulation in the
goaf. Di [76] predicted the water accumulation in the goaf of Tongxin coal mine using
the water accumulation coefficient; Kang [73] analyzed the water accumulation in the
Nancha coal mine of Ningwu coalfield using a comprehensive method. Wen [85] accurately determined the range of water accumulation using the combination of a transient
electromagnetic exploration method and direct current method, and predicted the amount
of water accumulation in the goaf. These theoretical methods and practical experience
from research provide a reliable theoretical basis for Shanxi AMD prediction.
To sum up, the above research can solve the water accumulation problem in AMD,
but there are still some shortcomings in the research on the proportion of the AMD outflow,
how long it can outflow, and where it can outflow in Shanxi abandoned coal mines. As
mentioned above, the coal mine of Shandi Village was closed in 2005, and the goaf was
filled with AMD in 2009 [60]. At present, scholars have not reported any researches on
AMD’s prediction in Shanxi abandoned coal mines. From a regional perspective, the AMD
environmental problems in Shanxi are mainly concentrated in Datong mining area [50,51],
Yangquan mining area [52,53], and Taiyuan Xishan mining area [55,56]. A further study is
firstly needed as to why these coal-mining areas became AMD discharge sites. From a single
coal mine, AMD is discharged through different channels, and the spatial distribution
of discharge points must have their own particularity. Due to the existence of many
abandoned coal mines in Shanxi, it is more necessary to conduct research on the proportion
of the AMD outflow, how long it can outflow, and where it can outflow. These studies can
gain precious time for AMD prevention and provide precise spatial instructions for AMD
prevention and control areas (points).
2.4. Treatment
AMD’s pollution is a global problem and has received extensive attention from scholars globally. For many years, as a result of the lure of high profit, environmental protection
was generally neglected in coal mining, and the governance has no corresponding plan for
the treatment of the closed pit.
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At the same time, due to the constraint of economy and technology in Shanxi, the
AMD treatment is mostly concentrated in the centralized treatment of mine water during
coal mining. Most coal mines treated the AMD by using lime and limestone neutralization
as well as sedimentation methods in the form of sewage treatment stations. Recently,
the reverse osmosis membrane has been added with the upgrading of the standard. At
present, scholars have studied the AMD treatment in Shanxi abandoned coal mines by
different methods. For example, Yin [86] and Liu [87] remedied AMD using the bacterial
strain from loess and sludge of sewage. The tests showed that the maximum removal
rate of sulfate in AMD was 81.9% and 64.75%, respectively. Yang et al. [88] simulated the
bioremediation of AMD in natural drainage mines using an open reactor in laboratory, and
explored the feasibility of using natural drainage mines with the appropriate amounts of
microorganisms and required carbon sources to remedy AMD. Zhao et al. [89] used a soil
column leaching experiment to adsorb sulfate radicals in AMD, and the results showed
that under the condition of a certain volume of loess, the processing capacity is Malan
loess > Lishi loess > paleosol. Zhou et al. [90] used NaOH neutralization method to treat
AMD, and gained better results. Taking sand as a repair material for AMD, Wu et al. [91]
studied the removal efficiency of sulfate ions in AMD by different particles, and the results
showed that the removal efficiency was up to 62.36% for less than 0.075 mm. By using
Malan loess, iron slag and carbon steel slag as adsorbent, the effect of solid-liquid ratio,
contact time, initial concentration, temperature and pH on sulfate adsorption in AMD were
studied [92,93], and the results indicated that acid conditions were favorable for sulfate
adsorption. Wan and Li [94] introduced a new carbon source corncob for Sulfate Reducing
Bacteria (SRB) to treat AMD, discussed the resource utilization of wastewater from sulfate
mines, and verified the feasibility of biological treatment. Lu et al. [95] studied the effect
of modified red mud on AMD adsorption. Wang et al. [96] and Zhang [97] proposed the
method of treating AMD using “loess-wetland-plant-microbial ecosystem”, and discussed
its feasibility and advantages. These research works have a significant guiding role in
dealing with AMD problems in Shanxi abandoned mines, but they are basically at the state
of laboratory experiments and theoretical research.
Due to the variety and high concentration of metals in AMD, large-scale treatment is
very difficult. The aforementioned treatment research focuses on neutralization, permeable
membrane filtration, adsorption, microbial method, etc. Although the mentioned methods
have their applicability in certain scenarios, they have limitations in Shanxi abandoned
mines. At present, the permeable membrane filtration method has the advantages of no
waste generation, fast separation speed, and high selectivity. However, it faces several
problems of polarization, scaling and corrosion. As a treatment process with low energy
consumption and simple operation, the adsorption method only realizes the transfer of
pollutants and also has the secondary pollution. A microbial method has the advantages of
low cost, strong applicability, great potential, and no secondary pollution, but it takes a
long time for domestication and lacks an economic organic carbon source.
The above research showed that technical limitations were exposed in AMD’s treatment of Shanxi. Most scientific researchers studied the removal of pollutants in AMD by a
single method. There is not a successful case for the AMD treatment in Shanxi abandoned
coal mines, and the treatment technology has not been applied in practice and engineering.
The treatment of groundwater pollution caused by AMD in Shanxi abandoned coal
mines has not received enough attention. Therefore, AMD has caused serious water
pollution to the surrounding environment and a potential threat to the safety of the downstream drinking water. The research on the comprehensive treatment of AMD in Shanxi
abandoned coal mines is of great significance to prevent water environmental effects and
drinking water safety issues that are induced by AMD. Thus, exploring a cheap, efficient,
environmental treatment technology for AMD will become a hotspot.
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2.5. Management
Through investigation and data verification, we found that the main measures were
shaft plugging and tunnel filling when the coal mines in Shanxi were closed, but these
measures cannot prevent the formation and discharge of AMD. Due to the lack of AMD
monitoring data in Shanxi abandoned coal mines, the damage to groundwater cannot be
measured. Up to now, exclusive specifications and regulations have not been promulgated
for AMD management, a technical chart has been absent for AMD risk management, and
an AMD risk early warning mechanism has not been formulated for abandoned coal mines.
It can be seen that the situation of AMD management in Shanxi abandoned coal
mines is still severe, and policies and regulations for AMD management are still lacking.
It is urgent to strengthen research on the risk assessment, early warning mechanism and
management process of AMD in Shanxi abandoned coal mines, and provide technical
support for the formulation of relevant policies and regulations. It is of great significance
for standardizing AMD management and ensuring the water ecological environment as
well as drinking water safety in abandoned coal mines.
3. Problems and Difficulties
With the continuous increase in the number of Shanxi abandoned coal mines, environmental problems such as the destruction of water resources and the deterioration of
water quality caused by AMD are becoming an urgent topic for research. Scholars have
accumulated rich experiences in Shanxi coal mines in the study of water inrush mechanisms, exploration of hydrogeological conditions, mining under pressure, decompression
drainage, grouting for water blocking and curtain closure, and water resources evaluation
and management, and achieved a series of important research results. Since the existing theories, technologies and methods are mainly for newly-built and producing mines, there are
still many doubts and difficulties in the research of AMD in Shanxi abandoned coal mines
that need to be solved and overcome, which are mainly reflected in the following aspects.
3.1. Distribution of AMD
Pyrite is a common widely distributed mineral in coal-bearing strata, but there is no
detailed study on the occurrence of pyrite in Shanxi. The content of pyrite in the No. 2, 3,
5 coal seams of Datong coalfield is very low [68], and AMD is not easy to form. It can be
seen that simply saying that the pyrite in the coal-bearing strata in Shanxi can cause AMD
problems seems to be insufficient. Therefore, the occurrence law and spatial distribution
characteristics of pyrite in Shanxi coal-bearing strata are worthy of further study.
Among the six major coalfields in Shanxi, only the Datong coalfield, Qinshui coalfield,
and Xishan coalfield emerge AMD problems. Their common point is that the coal seams
are exposed and the mining areas were cut by rivers, so it can be seen that the surface water
plays an irreplaceable role as a carrier of oxygen. Due to the complex sources of AMD,
including precipitation, surface water, overlying loose pore water, coal-bearing fissure
water of adjacent mines, and underlying karst water, they may all enter into the goaf,
and their different types and rates of water circulation also bring great difficulty to the
AMD research. AMD has close hydraulic connection with surface water and groundwater,
but there is little research on the hydraulic connection between them. The hydraulic
connection of AMD with surface water and groundwater is of great guiding significance
for determining the regional distribution of AMD, and further investigation and research
are needed.
3.2. High Participation in Roadway System
As a runoff gallery, the groundwater fluid in the roadway system presents a significant
state of the conduit flow, and the roadway system extends to all directions. Its special
state determines that the groundwater fluid of abandoned coal mines is different from
the fissure flow in aquifers. In terms of groundwater simulation in mining areas, the
current focus is to simulate the seepage field of fractured media. In fact, a multi-layer
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and multi-channel flow is formed in the abandoned coal mine by the overlapping of the
fissure flow in the water-conducting fissure zone and the conduit flow in the abandoned
roadway. The relationship between the input and output of the system is directly or
indirectly determined by the geology, roadway and fissure. However, these factors appear
to be random and uncertain, and this kind of runoff corridor breaks through the theory
and model of groundwater seepage, making it difficult for generalization, analysis and
prediction, so the research results are rarely reported in Shanxi. Therefore, it is necessary to
study the dynamic evolution of groundwater flow field with high participation of roadway
system in Shanxi abandoned coal mines.
3.3. Effective Water Gathering Space
It is of great significance to carry out research on the detection of AMD’s watergathering space. Due to the hidden characteristics of water accumulation in the goaf, its
spatial distribution pattern (boundary, shape of water accumulation) and occurrence law
are very complicated; the water volume presents non-linearities and time variation, and
the parameters such as water head and coefficient of water accumulation are difficult to
determine. These factors cause great problems for the detection of AMD.
In addition, the detection results of a single coal mine or a certain goaf are limited
by hydrogeological conditions, so it is difficultly to apply in other goaf. Therefore, it is
necessary to carry out research on AMD’s effective water gathering space. Theoretically
speaking, the goaf will easily form a water-gathering space at the working face of the lower
coal level, the two wings of the middle and lower anticlines, the syncline axis and the lower
plate of the positive fault. Geological structure is the dominant factor that controls the
distribution of water accumulation in the goaf. Hence, study on the inner relation between
geological structure and AMD’s effective water gathering space is further needed.
3.4. Discharge Channels
According to field survey, most of the closed coal mines are in the water-filling and
water-gathering stages. The previous literatures only qualitatively reported that AMD had
recharged into the local coal-bearing aquifers and directly outflowed to the surface water
after coal mines were closed. However, the researchers did not further discuss how to
recharge and discharge.
As typical Carboniferous-Permian coal-accumulating area in northern China, Shanxi
coal seams have close hydraulic connections with the underlying Ordovician karst aquifers.
Once AMD in abandoned coal mines is generated, there are only three discharge ways:
outflow to the surface water; recharge to coal-bearing aquifers; leak into underlying karst
aquifers. So the leakage into the underlying karst aquifers is one of the main ways of AMD
discharge. This discharge capacity depends on the leakage channels between the water
gathering space and the karst aquifers.
However, there are few studies on the AMD leakage through these leakage channels,
such as faults and collapse columns. For example, the faults in Dahangou coal mine in
Ningwu coalfield directly connect the coal-bearing aquifer with the Ordovician aquifers.
There are about 450 and 400 collapse columns found in Qinshui and Xishan coalfields,
respectively, which can directly form the leakage channels of AMD, and have great impact
on the water quality of the underlying karst aquifers. Due to the control of other factors such
as geological structure, filling material, cementation and water pressure, the research on
AMD discharge channels in Shanxi abandoned coal mines is more complicated. Therefore,
from the perspective of protecting Shanxi’s karst water resources and drinking water safety,
it is necessary to carry out research on the discharge channels of AMD in abandoned coal
mines, especially the impact of AMD on Shanxi’s karst water resources through faults
and/or collapse columns.
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Therefore, research on the hydrochemical equilibrium of AMD under the outflow state
should be strengthened.
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3.7. Outflow Prediction of AMD
After coal mines have been closed for decades or even hundreds of years, AMD’s
pollution to the regional water environment still exists. Due to numerous abandoned coal
mines in Shanxi, it is necessary to find out which closed coal mine will be prone to AMD
outflow, how long the AMD will continue to outflow, and where the AMD will outflow.
The AMD outflow is affected by many factors, such as water source, water gathering space,
and discharge capacity. At the same time, the AMD quantity changes over time. However,
the current research cannot fully and truly reproduce the water level dynamics of AMD in
abandoned coal mines. In addition, the spatial location of the discharge point is controlled
by many factors such as geological structure, roadway system, coal outcrop and wellbore.
Their stronger concealment increases the difficulty of research. At present, there is a lack of
research on the correlation between the outflow of AMD and influencing factors in Shanxi
abandoned coal mines, and no relevant researches have been carried out on the time and
location of the AMD outflow. Therefore, research on the AMD outflow prediction in Shanxi
abandoned coal mines should be carried out.
3.8. Treatment
Due to the constraints of economy and technology, the treatment method for AMD in
Shanxi abandoned coal mines has to be relatively simple. For example, Yin et al. [86], Zhao
et al. [51] and Liu [87] used desulfurization bacteria in natural loess and desulfurization
vibrio bacteria in a sewage purification plant sludge to remove sulfate. Moreover, the
neutralization precipitation method [90], sandy soil [91], Malan loess, ferrous slag and
carbon steel slag [92,93], corn cob and SRB method [94], red mud [95], “Loess Wetland
Plant Microbial Ecosystem” [96,97] have been used to treat AMD in Shanxi abandoned
coal mines. However, all of these methods are undertaken in the laboratory and theoretical
research stages, and there are still no successful cases for the AMD treatment project in
Shanxi abandoned coal mines. Therefore, it is necessary to explore an efficient, inexpensive,
environmental treatment technology for AMD, such as artificial wetland and Permeable
Reactive Barriers (PRB) restoration technology. These technologies are widely used internationally, while national applications are more concentrated in the AMD treatment for metal
mines, and the AMD treatment in Shanxi abandoned coal mines is relatively lacking. Thus,
it is necessary for Shanxi to adopt a comprehensive method to treat AMD in abandoned
coal mines and actively apply to the engineering practice of treating AMD.
3.9. Management
Currently, management policies and regulations for abandoned coal mines in Shanxi
is still lacking. Coupled with the shortage of historic monitoring data of AMD pollution,
the harm of AMD cannot be measured. The measures such as shaft closure and roadway
blockage make it difficult to completely avoid AMD’s water sources and water channels,
and prevent the formation and discharge of AMD from destroying the regional water
environment.
Moreover, Shanxi has not promulgated the standards and regulations for AMD management of abandoned coal mines, and has not constructed the AMD risk assessment
model and early warning mechanism for abandoned coal mines. Among massive Shanxi
closed coal mines, the utilization rate of AMD is extremely low. Therefore, it is urgent to
strengthen research on the management, risk assessment and early warning mechanism of
AMD in Shanxi abandoned coal mines.
4. Future Research
For the sake of avoiding further deterioration of water resources and water environment caused by AMD in Shanxi, researchers and government administrators should carry
out further research on the following aspects.
(1) The regional distribution characteristics of pyrite and the occurrence law in coalbearing strata in six major coalfields of Shanxi should be actively carried out, and the

Water 2021, 13, 8

16 of 21

hydraulic connections among surface water, groundwater, geological structure, waterconducting fissure zone and the formation, migration and transformation of AMD should
be characterized.
(2) The researchers should improve the comprehensive detection methods of the
hydrogeological conditions, water channels, water gathering spaces and roadway systems
of abandoned coal mines, and promote research on the formation, migration and prediction
of AMD and related environmental issues. The groundwater seepage theories and models
that involve the roadway system, geological structure and primary fissures need to be
explored, and the groundwater flow dynamics that are highly involved in the roadway
system should be actively researched.
(3) The formation mechanism of AMD in abandoned coal mines needs to be studied,
and the main modes of groundwater resources pollution caused by AMD should be summarized. It is necessary to fully consider the influence of microorganisms, gas components
and other factors on the migration law of AMD in groundwater and the hydrochemical
balance of abandoned coal mines. To effectively predict and prevent the generation of
AMD, the oxidation of coal-based sulphate and the release of harmful elements should be
clarified. Furthermore, a risk assessment model of AMD pollution needs to be constructed
to provide effective support for scientific planning and decision-making.
(4) It is necessary to further identify the three issues of which coal mine will be prone to
AMD outflow, how long it will continue to outflow, and where it will outflow. Research on
the correlation between AMD outflow from abandoned coal mines and influencing factors
should be strengthened, and relevant investigations and predictions should be carried
out on these three issues of AMD. More attention should be paid to the effects of gas
composition, pressure, temperature and ion concentration of AMD on the hydrochemical
equilibrium during the conversion of the environment.
(5) It is necessary to actively carry out research on the application of comprehensive
treatment technologies such as artificial wetlands and PRB in the active treatment of AMD
in abandoned coal mines, and explore an efficient, cheap, environmental technology for
AMD.
(6) With regard to management, technical guidelines for the closure of coal mines
should be issued to guide coal mine closure and supervision as soon as possible. A network system for monitoring the AMD groundwater in abandoned coal mines should be
established to provide effective information for AMD risk identification. Research on
management, risk assessment and early warning mechanisms for the AMD in abandoned
coal mines should be strengthened.
(7) To alleviate the shortage of water resources in Shanxi and ensure the safety of
drinking water, the in-depth study of the hydraulic connection between the AMD in
abandoned mines and karst springs should be strengthened, which will help us to achieve
the sustainable development of coal, water resources, and the ecological environment.
5. Conclusions and Recommendations
This review gives an overview of AMD in abandoned coal mines in Shanxi, China.
It critically reviews the research results of AMD from the five aspects of formation, migration, prediction, treatment and management. The relevance between the uniqueness
of hydrogeological conditions of abandoned coal mines and drinking water safety were
further analyzed, and governance ideas and management measures were proposed.
The review showed that sulfur-containing minerals and groundwater replenishment
are the main sources of the mechanism of AMD formation, pyrite is the prerequisite, oxygen
is the inducement, water is the carrier, and Fe3+ and microorganisms are the catalyst. The
roadway system and geological structure are the dominant factors that control the watergathering space of AMD. The problem of abandoned coal mines has worsened the current
water ecology and water environment. It has aggravated the current situation of water
shortages in Shanxi, and caused ecological and environmental problems and a drinking
water safety crisis, so it is necessary to conduct further research on AMD.
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The main problems in the previous research of AMD in Shanxi abandoned coal mines
are: (1) The detailed investigations have never been carried out on the regional distribution
characteristics of pyrite and its occurrence in coal-bearing strata in six major coalfields;
hydraulic connection between AMD and surface water as well as groundwater is not emphasized. (2) Roadway systems in abandoned coal mines are often overlooked in the aspect
of generalization and analyzation of AMD flow field. (3) The distribution and occurrence
laws of AMD water-gathering spaces in abandoned coal mines are difficult to grasp; the
water head and water accumulation coefficient in the goaf are difficult to detect as they
vary in time. (4) The research on water channels between the water-gathering space and the
karst aquifer such as faults and collapse columns is relatively lacking. (5) The participation
of microorganisms and multi-gas components are not considered in the research of AMD
migration and transformation; there is a lack of attention to the water filling and water
accumulation process of AMD; and it is difficult to collect underground water samples and
rock samples from abandoned coal mines. (6) The influence of gas composition, pressure,
temperature and AMD ion concentration on hydrochemical equilibrium is not studied
from reduction to oxidation when AMD flows out. (7) No relevant investigations have
been carried out to address three issues of comparative concern: which mine will be prone
to AMD outflow, how long it will continue to outflow, and where it will outflow. (8) The
AMD treatments in Shanxi abandoned coal mines are basically at the stage of laboratory
theoretical research; research on the restoration technology of artificial wetland and PRB is
still not adequated. (9) The management policy (norms) and AMD historic monitoring data
for Shanxi abandoned coal mines are relatively lacking; the research on risk identification
and index systems is basically absent for risk assessment and early warning mechanisms.
The research on AMD in Shanxi abandoned coal mines should be further strengthened
in the following aspects: (1) actively carry out the research on the regional distribution
characteristics of pyrite in the six coalfields and its occurrence in coal-bearing strata.
(2) It is necessary to improve the comprehensive detection method of AMD, explore the
groundwater theory and model of abandoned coal mines involving roadway systems and
primary fissures; the study of the internal relationship between geological structure and
AMD gathering space through faults and/or collapse columns should be strengthened to
determine the influence on karst water resources. (3) It is necessary to further strengthen
research on the mechanism of AMD formation, migration and hydrochemical equilibrium
under the influence of microbial action, gas composition, pressure, temperature and ion
concentration, and construct a reasonable pollution risk assessment model for AMD.
(4) There is an urgent need to research the following three issues: which mine will be
prone to AMD outflow, how long it will continue to outflow and where it will outflow.
(5) Research on artificial wetlands and PRB in the AMD treatment should be further
strengthened. (6) It is necessary to advise the government to promulgate specific policy for
AMD risk assessment and early warning mechanisms as soon as possible.
There are 19 major karst springs in Shanxi. Under the influence of climate change
and human activities, the quantity and quality of karst water resources in these springs
have been changed seriously. Some springs such as Jinci spring, Lancun spring and Gudui
spring ceased to flow for many years. However, for most spring catchments, karst water
resources are symbiotic with coal mines. If the AMD from abandoned coal mines continues
to deteriorate, the shortage of Shanxi karst water resources will be further aggravated
and will threaten the karst water ecosystem and drinking water safety. To avoid the
deterioration of karst water resources in Shanxi, more attention must be attracted to focus
on AMD by water resource management departments and coal-mining enterprises.
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