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Abstract
Large quantities of solid wastes, including gangue (waste rock) have been added to the goafs in China’s coal mines as backfill. 
In this study, the mineral and chemical compositions of gangue from the No. 12 coal mine of the Pingdingshan Coal Group 
were investigated to determine potential pollution concerns, and the behaviour of contaminants in the gangue, such as salts, 
alkali metals, and alkaline earth metals, was explored using static immersion tests. COMSOL Multiphysics was used to 
study contaminant migration. The concentration and diffusion distance of metal ions were found to increase over time; this 
was negatively correlated with gangue particle size. Acidic environments promoted the dissolution of Ca, Fe, Mn, Na, Zn, 
Pb, and Be, while in alkaline environments, Se dissolution was accelerated.
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Introduction

Gangue, the material mined along with the coal, accounts 
for about 10–15% of coal production. Gangue is generally 
considered a solid waste, and is commonly disposed of in 
piles. By 2014, approximately five billion tons of gangue 
had accumulated in China. In the large state-owned coal 
mines, there were around 1500–1700 gangue piles, cover-
ing approximately 15,000 ha, occupying more of China’s 
land than any other industrial solid waste. The gangue not 
only occupies large areas of potentially valuable land, it can 
damage landforms and vegetation, constrain the harmoni-
ous development of the environment and society (Li et al. 
2015a, 2017, 2018a), and spread dust and toxic substances, 

affecting the surface water environment and threatening 
human health (Bian et al. 2012; Li and Qian 2011; Li et al. 
2014a; Zhu 2011). Therefore, this problem is an important 
environmental concern.

The generalized use of gangue is largely dictated by 
resource recovery and engineering practice. Using gangue 
as backfill in goaf accounts for 56% of its total utilisation 
in China (Liu 2006; Ye et al. 2010). The integrated tech-
nology of mechanised solid backfilling of wastes such as 
gangue (Miao et al. 2010; Miao 2012) effectively controls 
movement of overlying strata and mitigates coal mining’s 
potential damage to the environment (Huang et al. 2011a, 
b; Ju et al. 2017; Zha 2011). After being used to fill in the 
goafs, the gangue can form a compact structure under pres-
sure and compaction imposed by the mining-backfilling sup-
port shields (Zhang et al. 2015).

However, gangue backfills are buried in a dark, moist 
environment protected from the atmosphere for a long time, 
during which water from overlying aquifers continuously 
seeps into and through the goafs via water-conducting frac-
tured zones (Li 2013; Qiao et al. 2014, 2016). After the min-
ing and backfilling operations are finished, the gangue will 
experience a long-term leaching process. Coal gangue may 
decompose into tiny particles and eventually become sus-
pended solids. Moreover, these particles contain toxic metals 
and inorganic salts that will dissolve and spread in water 
(Ilhan et al. 2013; Li et al. 2014b, 2016a, 2018b; Sasaki et al. 
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2002; Xiao et al. 2006; Yang et al. 2014). As these toxic 
metals and inorganic salts migrate to underlying aquifers, 
they can pose serious risks of pollution to the down-gradient 
soils and groundwater environment (Li et al. 2015b, 2016b).

We investigated the potential pollution components of 
the gangues from the No. 12 coal mine of the Pingdingshan 
Coal Group. We used X-ray diffraction to qualitatively and 
quantitatively assess the mineral and chemical compositions 
of the gangue. Also, static immersion tests were carried 
out to study the influence of the gangue’s particle size and 
the fluid’s pH on the dissolution of contaminants from the 
gangue. COMSOL Multi-physics was then used to predict 
the migration of contaminants from the coal gangue backfill.

Material, Methods and Experimental 
Program

Sample Preparation

Samples were collected from the No. 12 coal mine’s gangue 
piles. Considering the degree of weathering and freshness of 
the gangues, 24 sampling sites were identified using the ser-
pentine sampling method (Cheng et al. 2013), from the bot-
tom, middle, and top of the gangue piles, which was ≈ 35 m 
in height and totalled ≈ 200,000 tons. Orthogonal sampling 
was conducted at each sampling site and then the samples 
were split using the quartering method. In accordance with 
the particle sizes used as fill in the goaf area, three representa-
tive groups were selected: finer than 15 mm, 15–30 mm, and 
30–50 mm (designated A, B, and C, respectively). After that, 
some large pieces of gangue were crushed into particles less 
than 50 mm in size to mimic actual applications. Then, the 
gangues were separated into five groups using several sizing 
screens: 40–50 mm, 30–40 mm, 20–30 mm, 15–20 mm, and 
finer than 15 mm. Finally, the grouped samples were mixed 
within each group and dried before being put into wide-mouth 
jars as representative samples for use in the experiments.

Gangue Components

An X-ray diffractometer was used for qualitative and quantita-
tive analysis of the gangue according to the standard method 
of analysis. Contrast analyses were carried out to determine 
mineral and chemical compositions by matching the diffrac-
tograms with various powder diffraction files.

Immersion Tests

Gangues with different particle sizes soaked in water with 
varying pH values will contribute different contaminant con-
centrations (Cao et al. 2010; He et al. 2014; Ma et al. 2015). 

So, experiments were conducted separately in acid, alkaline, 
and neutral water using three representative samples with 
the already-specified particle sized groups. According to the 
standards for identifying the toxicity of wastes by extraction 
[General Administration of Quality Supervision, Inspection 
and Quarantine (AQSIQ) 2007], pollution components in sus-
pensions of coal gangues were measured using an inductively 
coupled plasma-optical emission spectrometer (ICP-AES). 
According to China’s Groundwater Environmental Quality 
Standards (AQSIQ 2002, 2017), the primary potential com-
ponents were Fe, Mn, Cu, Zn, Pb, Cd, Hg, alkaline earth metal 
ions (Be and Ca), an alkali metal ion (Na), a semi-metal (As), 
and a non-metal (Se).

The test programme outlined in Table 1 was established 
based on the assumption that particle size and pH were the 
master driving factors. The gangue samples, 1000 g each, were 
weighed and then put into large plastic buckets in which dis-
tilled water or test solution was then added. The solution was 
stirred every 6 h, and supernatant liquid was removed every 
48 h after the solution had become transparent, until ion pre-
cipitation was dynamically balanced. The solution was put into 
a glass jar, sealed, and labelled.

Results

Mineral and Chemical Compositions

The results of the gangues analysis are shown in Table 2 and 
Fig. 1. Quartz and kaolinite were the main components, with 
quartz accounting for 37%. Other components were illite, 
mixed layers of illite and smectite (I/S mixed-layers), and 
traces of chlorite, siderite, and pyrite.

The chemical compositions of the gangue are summa-
rised in Table 3. SiO2 and Al2O3 were the main compo-
nents but the gangues were also rich in alkali metals (Na and 
K), alkaline earth metals (Be, Mg, and Ca), and sulphides. 
Additionally, extraction and analysis showed that the gangue 

Table 1   Test combinations

Serial number Test number Particle size (mm) pH

1 A-3-5 A (0–15 mm) 5
2 A-3-7 7
3 A-3-9 9
4 B-3-5 B (15–30 mm) 5
5 B-3-7 7
6 B-3-9 9
7 C-3-5 C (30–50 mm) 5
8 C-3-7 7
9 C-3-9 9
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contained Fe, Ba, Mn, Cu, Zn, Ti, Pb, Hg, Be, and other 
elements.

Influence of Particle Size (pH 7)

Particle size affected the concentrations of various ions after 
neutral solution immersion (Fig. 2). The concentrations of 
some ions were below their detection limit (as shown in the 
online resource Table S2). It can be seen that the concen-
trations of Ca, Na, Fe, Mn, Zn, and Se ions that dissolved 
changed with time in a similar manner for the differently 
sized groups. The concentration of released ions increased 
with immersion time, while the release rate decreased. 
The concentrations of ions increased rapidly in the initial- 
(0–4 days) and medium-term (4–10 days), while they gradu-
ally steadied in the later stages of immersion.

The ions in the immersion solution were mainly dissolved 
and oxidised from the minerals in the gangue (Alhaji and Jeng 

1992; Dang et al. 1996). The Ksp expressing the solubility of 
the minerals in water are shown in Table 4, from which it is 
inferred that the low Ksp of those minerals caused low concen-
trations of metal ions (Dang et al. 2001). In comparison, min-
eral oxidation was the primary factor determining the metal 
ion concentrations. In addition, some of the dissolved metal 
ions originated from non-crystalline substances. Per Eqs. 1–6, 
dissolved oxygen is consumed while ion concentrations sta-
bilize and the rate of dissolution of these minerals gradually 
decreased (Perry 1995; Xiao 2007).

The curves representing the concentrations of released 
ions were approximately logarithmic. This was a result of 
various processes: (a) reactive contact is limited by the 
permeation of water into the gangue; (b) dissolved oxygen 
gradually reacts with the minerals on the surface, lead-
ing to the metal ions diffusing into solution; (c) some 
metal ions are adsorbed on the gangue surfaces because 
the gangue contains a certain amount of carbonic matter, 
which has honeycomb-like micro-pores on its surface and 
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Table 2   Material compositions of the gangues in the coal mine (%)

Samples Quartz Kaolinite Illite Mixed-layer of 
illite and smectite

Smectite Chlorite Feldspar Calcite Non-crystal 
substance

Sum

No.1 37 35 12 6 1 2 1 0.5 4 98.5
No.2 36 35 10 8 0.8 3 0.9 0.4 3 97.1
No.3 38 34 13 5 1.2 1 0.9 0.6 5 98.7
Average 37 34.7 10.7 7.3 1.0 2 0.9 0.5 4 98.1

Fig. 1   X-ray diffraction patterns of the gangue samples

Table 3   Chemical compositions of the gangue samples (%)

Samples Na2O MgO Al2O3 SiO2 K2O CaO Fe2O3 S P Ti Ba Mn Cu Pb Zn Sum

No.1 1.2 1.2 24.3 53.1 1.3 5.4 1.9 0.8 0.03 0.48 0.11 0.09 0.001 0.002 0.007 89.92
No.2 1.4 1.5 26.4 56.2 1.5 5.8 2.4 0.9 0.04 0.43 0.14 0.12 0.001 0.002 0.007 96.84
No.3 1.3 1.1 25.2 53.8 1.7 5.1 2.1 1.1 0.02 0.52 0.12 0.12 0.002 0.004 0.008 92.19
Average 1.3 1.3 25.3 54.4 1.5 5.4 2.1 0.9 0.03 0.47 0.12 0.11 0.001 0.003 0.007 92.94
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within its lattice structure (Li and Chen 2012; Wang and 
Li 2014). In addition, hydrate silica gels, aluminium salts, 
molysites, and aluminium silicate gels with flocculation-
adsorption capacity are also formed, which can adsorb 
small amounts of metal ions (Guo 2010; Hu et al. 2013); 
and (d) some of the dissolved metals ions undergo reactions 

to form secondary minerals precipitates, such as Fe(OH)3, 
Fe(OH)2, Zn(OH)2, and Cu(OH)2 (Zhang 2011). Redox 
reactions and diffusion are the primary processes during 
the medium-term, during which adsorption and secondary 
precipitation reactions were less important. Adsorption and 
secondary precipitation reactions are the primary reaction 
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Fig. 2   Concentration of ions released from gangues with different particle sizes during immersion (pH 7): a Ca, b Na, c Fe, d Mn, e Zn, f Se

Table 4   Solubility product 
constants (Ksp) and solubilities 
of low, and quasi-insoluble 
minerals (Dang et al. 2001)

Minerals Siderite Calcite Greenockite Galena Spalerite Pyrite

Ksp 3.2 × 10− 11 3.8 × 10− 9 1.6 × 10− 28 2.5 × 10− 27 1.6 × 10− 24 6.3 × 10− 31

Solubility (mol/L) 6.554 × 10− 5 6.2 × 10− 5 1.3 × 10− 14 5.0 × 10− 14 1.3 × 10− 12 7.9 × 10− 16
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processes over a longer time scale, as was observed after 
8 days in our experimental systems (Yang and Ji 2016). 
These processes were obvious from the concentration 
curves for the Cu ions, which slowly decreased during the 
later reaction period with adsorption and precipitation.

The concentrations of Ca, Na, Mn, Zn, and Se ions 
were negatively correlated with particle size. In particu-
lar, at pH 7, the concentrations of Ca ions were 12.7, 2.9, 
and 3.9 mg/L when the particle size of the gangues were 
0–15, 15–30, and 30–50 mm, respectively. This shows that 
increasing the solid–liquid interface area increased the dis-
solution of the contaminants. It is worth noting that the 
concentrations of Na, Mn, Ca, and Zn ions in the initial-
term and medium-term were significantly influenced by 
the particle size, while the concentrations of Se ions were 
only slightly influenced by particle size. In addition, the 
concentration of Fe ions was greatest when the particle size 
was between 15 and 30 mm. The release rate data (Table 5) 
reflect the extent of migration of the ions because acid-
soluble and oxidizable metal ions are easily precipitated.

At pH 7, the gradual diffusion of Fe, Mn, Zn, and Se 
(especially the three metal ions) into the underground aqui-
fer would have a detrimental influence on the groundwater. 
The concentrations of other metal and metalloid ions (Cu, 
Pb, Cd, As, and Hg) were generally less than the analytical 
instrument’s detection limits. Therefore, these are unlikely 
to be of concern.

Influence of Particle Size (pH 5)

The changing concentrations of Ca, Na, Mn, Zn, Cu, Be, and 
Pb ions are shown in Fig. 3. At pH 5, the concentrations of 
metal ions increase in different ways. While the concentra-
tions of Fe, Na, and Mn ions increased strongly, those of Ca 
and Zn increased slightly. In contrast to pH 7, where Cu, Be, 
and Pb ions had not been released, obvious concentrations 
were detected at pH 5.

At pH 5, the concentrations of Ca, Na, Mn, Zn, and Cu 
ions were negatively correlated with the gangue’s particle 
size, whereas the Fe ions were positively correlated with 
the particle size. However, the Pb and Be ion concentra-
tions were greatest when the particles were between 15 and 
30 mm. The concentrations of Na, Mn, Zn, Fe, Pb, and Be 
ions were significantly affected by particle size, while those 
of Ca and Cu ions were only slightly affected.

Some metal ions, namely Cu and Pb, precipitated in the 
acidic environment. The concentrations of other metal ions 
(Fe, Mn, and Zn) increased, and would probably deteriorate 
groundwater quality. Other metal and metalloid ions (Cd, As 
and Hg) were still less than the detection limit.

Influence of Particle Size (pH 9)

The changing concentrations of Ca, Fe, Na, and Se ions are 
shown in Fig. 4. At pH 9, the concentrations of Ca and Fe 
ions were less than at pH 7 or pH 5, while the concentra-
tions of Se and Na ions were slightly higher. The alkalinity 
of the reaction liquid restrained the dissolution or enhanced 
the precipitation of Ca, Fe, Mn, Zn, Pb, and Be ions, but 
promoted the release of Se ions, while Na ions were less 
affected. The Na and Fe concentrations were negatively cor-
related with the gangue’s particle size, while the Ca and 
Se concentrations were greatest when the particle size was 
15–30 mm.

The higher OH− restrained the concentrations of Fe, Mn, 
Zn, Pb, Be, and Ca ions and promoted Se dissolution, while 
Na ions were less affected. The secondary precipitation of 
hydroxide minerals was facilitated by the higher OH− con-
centration. In addition, the higher pH restrained dissolu-
tion of carbonate, aluminosilicate, and sulphide minerals. 
Also, in the alkaline environment, the adsorptive capacity 
of the gangue mineral surfaces for metal ions was slightly 
reduced.

At pH 9, it appears that Fe and Se ions would gradually 
diffuse into the underground aquifer, possibly at concentra-
tions high enough to deteriorate the groundwater quality. 
The concentrations of Mn, Zn, Cu, Pb, Be, Cd, As, and 
Hg, were nearly zero, and should not affect groundwater 
quality.

Mathematical Modelling of the Ion Dissolution

The ion concentrations acquired in the immersion tests were 
fitted using the least squares method. Linear regression of 
the measured ion concentrations was performed, with the 
concentration of each substance as the y-axis, and time as 
the x-axis. The slope of the fitting line is the average release 
rate for each ion. The results suggested that the concentra-
tions of ions in the immersion showed a logarithmic relation-
ship with time (Table 6), with: yi = a + b ln(x).

Table 5   The average release 
rate of metal ions(mg/L·h)

Particle size (mm) Ca Na Mn Zn Se Fe

0–15 1.1168 4.5307 0.0033 0.0229 0.0028 0.0052
15–30 0.3023 3.9023 0.0007 0.001 0.0023 0.0188
30–50 0.2334 3.2081 / / 0.0023 0.0081
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Fig. 3   Concentration of ions released from gangues with different particle sizes during immersion (pH 5): a Ca, b Na, c Fe, d Mn, e Zn, f Cu, g Be, h Pb
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Numerical Simulation of Ion Migration

Basic Assumptions

Figure 5 shows the mechanisms of groundwater pollution 
by backfill and gangue piles. The assumptions for describ-
ing the migration of metal and metalloid ions in coupled 
seepage and concentration fields from the gangue backfill 
are as follows:

1.	 The gangue fill is regarded as a porous medium with 
variable saturation;

2.	 The permeability of the gangue itself is ignored;
3.	 Continuously seeping gas bubbles and droplets in the 

pores are ignored; and.
4.	 The flow of groundwater in the solid stope and floor 

strata complies with Darcy’s linear percolation law.
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Fig. 4   Concentration of ions released from gangues with different particle sizes during immersion (pH 9) (ESP means polynomial): a Ca, b Na, 
c Fe, d Se

Table 6   Logarithmic 
relationship of the 
concentrations at pH 7 with 
immersion time (day)

ions Particle size (mm) Fitted logarithmic curve equation Goodness of fit

Fe 0–15 y = 0.0306ln(x) − 0.0090 R² = 0.9893
15–30 y = 0.1129ln(x) − 0.0642 R² = 0.9787
30–50 y = 0.0511ln(x) − 0.0179 R² = 0.9167

Mn 0–15 y = 0.0184ln(x) − 0.0063 R² = 0.9747
15–30 y = 0.0045ln(x) − 0.0002 R² = 0.9307

Zn 0–15 y = 0.1297ln(x) − 0.0988 R² = 0.9491
15–30 y = 0.0056ln(x) − 0.0034 R² = 0.9545

Se 0–15 y = 0.0172ln(x) + 0.0018 R² = 0.9652
15–30 y = 0.0074 ln(x) − 0.0042 R² = 0.9987
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Governing Equations

According to the law of conservation of mass and the above 
assumptions, the continuity equation of the liquid phase 
was derived after the representative elementary volume was 
defined as:

where �w is the fluid density; V̄w is the velocity vector, t is 
the time, Sw is the liquid saturation of the pore space, and � 
is the porosity.

Substituting the equation of motion V̄w = −
𝜅w

𝜂w
∇𝜌w + 𝜌wgz 

into the continuity equation, the basic control equation of 
seepage through unsaturated media was obtained.

where �w is the liquid effective permeability, pw is the liq-
uid pressure, g is the acceleration of gravity, z is the differ-
ence in height, 

(

�r
)

w
 is the relative permeability, Cw is the 

(7)∇ ⋅

(

𝜌wV̄w

)

=
𝜕

𝜕t
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w
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��w

�t

)

+ �wCw

��w

�t

moisture capacity, �w is the dynamic viscosity, and κ is the 
intrinsic conductivity. The van Genuchten model is adopted 
in the functions.

The basic equations of multi-component solute transport 
in saturated medium was derived based on the principle of 
mass conservation, Fick’s law of diffusion, and the theory 
of fluid dynamic dispersion.

where Ci is the component concentration, θ is the rate of 
water content, Vi is the actual velocity of solute compo-
nents, D is the fluid dynamic dispersion coefficient tensor, 
and 

(

QS

)

i
 is the source or sink term.

Numerical Model

COMSOL Multiphysics (Faisal and Ali 2016; Nardi et al. 
2014; Yeboah et al. 2014) was used to predict ion migra-
tion from the coal gangue backfill. We used the 13,080 
working face of the Pingdingshan mine as the research 
site, where the length of the working face is 150 m, the 
width of the section coal pillar is 25 m, the seam thick-
ness is 5 m, and the thickness of the floor strata is 20 m. 
The geometric model was divided into free triangulation 
with Lagrangian secondary units, and the filling body was 
localized. The model consisted of a complete grid of 4785 
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Fig. 5   Interaction between 
gangue backfilling bodies and 
mine water
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domain units and 469 boundary elements (Fig. 6), illustrat-
ing a unit cell sketch with 13 boundaries. The particle size 
of the gangue material was set to 5 mm < d < 50 mm. The 
calculated parameters of the seepage field model in the 
simulation are summarised in Table 7 and Online Resource 
Table S1. Referring to Fig. 6, the boundary conditions 
were:

1.	 For the seepage field, boundary 12 was selected as 
the mass flow condition, while boundary 8 and 9 were 
selected as permeable stratum conditions.

2.	 For transport of diluted components in porous media, 
boundary 12 was selected as the mass flow condition, 
while boundary 2 was selected as the outflow condition.

Results and Discussion

Selecting the A-3-5 sample test (pH 5, 0–15  mm; see 
Table 3) and fitting the results for the concentration bound-
ary, the migration (ion concentration distribution) of the 
eight metal components (Fe, Mn, Cu, Zn, Pb, Ca, Na, Be) 
was simulated for 20 years.

The concentration distributions of the different ions 
after 10 and 20 years are shown in Fig. 7 and Online 
Resources Figs. S1, S2. The ion concentrations decreases 
along with the increase in the floor depth, indicating that 
diffusivity decreases with the increasing depth, because 
the ions are continuously adsorbed by the floor material. 
In addition, the pressure gradient continues to decrease, 
inhibiting the downward diffusion of ions. The diffusion 

capacity of ions is in accordance with the release rate of 
the experimental ions: Ca > Na > Fe > Zn > Mn > Cu > Pb 
> Be. The concentration of ions at a constant depth con-
tinuously increases over time, forming higher concentra-
tion gradients. This promotes further downward diffusion 
of ions into the floor.

The migration and diffusion distance of ions in the 
floor change over time (Fig. 8). The ion diffusion distance 
increases with time, growing rapidly from 2 to 10 years, 
after which it steadies. The relationship between the ion dif-
fusion distance and time can be described by an exponential 
function, y = a × exp(−x/b) + c

1
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5 46

7 8 9

111213

10

Floor strata

Coal 
pillar Backfilling body

Coal 
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Fig. 6   Finite element model of backfill mining stope

Table 7   Calculation parameters 
of seepage field model in 
simulation area

Parameters �
s

�
r

K
s

�
w

V-G ( �) V-G (n)

Units 1 1 m (day) kg/m3 1/m 1
d < 15 0.3201 0.0389 0.5922 1000 2.94 1.8089
15 < d < 30 0.3132 0.0400 0.6977 1000 3.02 1.9139
30 < d < 50 0.3024 0.0411 0.7965 1000 3.21 2.0066
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Fig. 7   Distribution of ion diffusion: a 10 years, b 20 years
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Samples A-3-5, B-3-5, and C-3-5 were chosen to illus-
trate the migration and diffusion of Cu and Ca ions for differ-
ent particle sizes at pH 5 (Fig. 9). With increasing time, the 
ion concentrations at a single depth continuously increases. 

The ion concentrations and diffusion distance were nega-
tively correlated with the particle size. The smaller the par-
ticles, the higher the concentrations of ions, and the further 
the diffusion distance. The dissolution rate was consistent 
with the initial and final dissolution concentration of the ions 
from the immersion test.

Samples B-3-5, B-3-7, and B-3-9 (15–30 mm particle 
size fraction) were chosen to illustrate the effect of pH on 
the migration and diffusion of Fe and Ca ions (Fig. 10). The 
effect of pH on the ion diffusion concentration is remark-
able. Although the initial concentration varies greatly, the 
ion diffusion distance is roughly negatively correlated with 
pH. The lower the pH, the higher the initial release concen-
tration, the faster the ions diffuse, and the larger the concen-
tration gradient.

Conclusions

1.	 The concentrations of metal ions released were nega-
tively correlated with the gangue particle size. Smaller 
particles exposed more specific surface area of the 
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Fig. 9   Migration and diffusion from differently sized particles at pH 5: a Cu, b Ca
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gangue to water, and generated higher concentrations 
of metal ions. The total dissolution release rate was 
negatively correlated with particle size. The smaller the 
particle size, the quicker the dissolution release rate of 
the metal ions. However, we have no sound explanation 
why Fe dissolution increased with increasing particle 
size. We will be conducting more research to find out 
why.

2.	 Mine operators can influence the goaf water at its source, 
its pH, and the gangue particle size. Constructing a bar-
rier layer (aquifuge) at the ground level of the goaf will 
reduce direct contact with the groundwater. An effective 
method to improve the filling rate is to restrain the water 
source by controlling the height of the water-conduct-
ing fractured zones. Also, suitable materials should be 
selected to neutralize the mine water without generating 
new contaminants. In addition, it would be beneficial 
to avoid crushing the gangue too fine, which will also 
improve the bearing capacity of the backfill. A slurry 
that can adsorb metal ions should be injected into the 
floor strata (see Fig. 6) to form an artificial aquifuge and 
protect the groundwater.
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