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In the process of solid backfill mining, the leaching of heavy metal ions from the

gangue backfill body in the mined-out area can pose potential risk of polluting

water resources in the mine. Accordingly, based on the environment of the

gangue backfill body, the migrationmodel of heavy metal ions from the gangue

backfill body was established to reveal the pollution mechanism of water

resources by the gangue backfill body in the mined-out area. The main

factors that affect the migration of heavy metal ions were analyzed, and

prevention and control techniques for the leaching and migration of heavy

metal ions from gangue backfill bodies were proposed. Research showed that

the heavy metal ions in gangue backfill bodies were subjected to the coupled

action of seepage, concentration, and stress and then driven by water head

pressure and gravitational potential energy to migrate downward along the

pore channels in the floor, during which mine water served as the carrier. The

migration distance of heavy metal ions increased with time. According to the

migration rate, the migration process can be subdivided into three phases: the

rapid migration phase (0–50 years), the slow migration phase (50–125 years),

and the stable phase (125–200 years). It was concluded that the leaching

concentration of heavy metal ions, the particle size of gangue, the

permeability of floor strata, and the burial depth of coal seams were the

main influencing factors of the migration of heavy metal ions. From the two

perspectives of heavy metal ion leaching andmigration, prevention and control

techniques for the leaching and migration of heavy metal ions from gangue

backfill bodies were proposed to protect water resources in mining area. The

present study is of great significance to realizing utilization of solid waste in

mines and protecting the ecological environment.
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Introduction

China’s sustainable and rapid economic development has

raised increasing demands for coal resources. Accompanied by

constantly enhanced coal mining intensity, a great deal of gangue

was abandoned and piled on the ground to form a gangue

mountain (Zhang, et al., 2020; Yang, et al., 2021; Zhang, et al.,

2021). According to incomplete statistics, gangue accumulation in

China has exceeded six billion tons and has increased steadily at a

speed of 0.68 billion tons per year, occupying approximately

13,000 hm3 of land. This can cause serious waste of land

resources and water pollution (Zhang, 2019; Zhang, et al., 2020;

Wang, 2022). Meanwhile, because of the high carbon content in

gangue, large amounts of harmful gases such as CO, CO2, and SO2

can be emitted after spontaneous combustion or slow oxidation of

gangue, which then act as new carbon emission sources (Wang,

et al., 2016; An, 2017; Liu, et al., 2022). In addition, the processing

of waste gangue has also increased the economic cost of coal

resource enterprises. In particular, the Dongqu Mine, owned by

Xishan Coal & Electricity Group in China, annually produces

approximately 150,0000 tons of waste gangue, which processing

(at a current processing cost of 27.0 yuan per ton) would amount

to about 40.5 million yuan, strongly affecting the enterprise’s

economic benefit (Liu, 2018; Liu, et al., 2020; Zhang, et al.,

2020), Figure 1 shows the environmental damage caused by

gangue accumulation in China. As China has paid increasing

attention to environmental protection, China‘s coal industry has

entered the stage of green mining. Moveover, the development of

China‘s coal industry is divided into three phases, as shown in

Figure 2. The 1970s and 1980s were in the efficient mining phase,

China began to implement the fully-mechanized mining of coal

resources; in the 1990s, for the safety and efficient mining phase,

the theory of key stratum was proposed by Qian Minggao et al.

(1996) to solve the safety problem of coal mining. Since the

beginning of the 21st century, it is the green mining phase, the

green technology of coal mining was proposed by Qian Minggao

et al. (2003). This had also led to the ground treatment and

emissions of waste gangue being controlled strictly. Solid backfill

mining, as an environmentally friendly mining technique, can

effectively utilize ground and underground gangue while

controlling the movement of overlying strata (Zhang, et al.,

2018; Zhang, et al., 2021; Lai, et al., 2022). However, after the

large-scale backfill of gangue into the mined-out area, heavy metal

ions from the gangue can be heavily leached and migrate under

long-term leaching inminewater, posing a particular potential risk

to the pollution of water resources in mines. Therefore, the

prevention and management of water pollution in mines

induced by gangue backfill bodies in mined-out regions have

become a problem that urgently needs to be addressed.

Scholars have conducted a great deal of research on the

environmental pollution induced by waste gangue accumulation

and the gangue backfill materials of solid backfill mining.

Concerning ecological pollution caused by the pile-up of

gangue, Shang et al. (2022) measured and analyzed the

contents of heavy metals in the soil around gangue mountains

and found a high enrichment degree of heavy metals and severe

pollution in soil. Based on mathematical statistics, Li et al. (2022)

analyzed the distribution characteristics of heavy metals in the

environment and soil around the gangue mountains. They

concluded that the content of heavy metals dropped with

increasing distance from gangue heaps. Employing a leaching

test, Liu et al. (Liu, et al., 2005; Liu, et al., 2014) examined the

effect of gangue accumulation on the surrounding water and

found that the leaching water from gangue destroyed the

ecological system of surface water, seriously affecting the

subsistence of aquatic organisms. Concerning gangue backfill

materials in solid backfill mining, Li et al. (Li, et al., 2020; Li, et al.,

2020) measured the bearing compressive characteristics of

gangue backfill materials and obtained the instant and creep

compression deformation rules of gangue backfill materials

during the loading process. By combining numerical

simulations and compression tests, Zha et al. (2009) analyzed

the effect of the non-linear deformation characteristics of gangue

backfill bodies on strata movement and the impact of the grading

characteristics of backfill gangue on compressive performance.

Huang et al. (Huang, et al., 2019; Huang, et al., 2021) established

the fractional viscoelastic creep model of the gangue backfill body

and the fractal viscoelastic creep foundation beam model, they

analyzed the secular deformation characteristics of the roof

under solid backfill mining. However, pollution of water

resources in mines induced by the gangue backfill body of

solid backfill mining has been poorly investigated and still

needs further exploration.

On that basis, this study analyzed the environment of the

gangue backfill body, established the migration model of heavy

metal ions from the gangue backfill body, and investigated the

migration rules of heavy metal ions at different times. Finally, the

water pollution mechanism of gangue backfill bodies in mined-

out areas and the main influencing factors that affect the

migration of heavy metal ions from gangue backfill bodies are

revealed to propose prevention and control techniques for the

leaching and migration of heavy metal ions. The present study is

of great engineering and reference significance for the prevention

and control of water resource pollution in mines, the

development of backfill mining techniques, and the reasonable

utilization of waste gangue in mines.

Analysis of water resource pollution
mechanism induced by gangue
backfill body in the mined-out area

During the solid backfill mining process, heavy metal ions

from the gangue backfill body are constantly leached and migrate

downward under the long-term leaching action of mine water,

which can threaten the environmental safety of water resources
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in the mine. Accordingly, this study aimed to establish a

migration model of heavy metal ions from gangue backfill

bodies and explore water resource pollution mechanisms.

Governing equations

(1) Basic assumptions
For the simplification of the calculation process, before the

establishment of the migration model, the following basic

assumptions can be made according to the migration

characteristics of heavy metal ions:

1) Both floor strata and coal pillar are saturated porous

elastomers with isotropic properties.

2) Heavy metal ions migrate with mine water as the carrier.

3) By ignoring convection, only the diffusion of heavy metal ions

in the porous medium is considered.

4) Seepage is a kind of transient motion that satisfies generalized

Darcy’s law.

(2) Governing equation of the seepage field
Based on the above basic assumptions, heavy metal ions

migrate from the gangue backfill body with mine water as the

carrier. The mass conservation equation of seepage can be

written as:

z

zt
ερ( ) + ∇ · ρu( ) � Qm, (1)

where t is the time; ε is porosity; ρ is fluid density; Qm is a the

mass source term; and u is the flow rate of the fluid.

According to Darcy’s law, the seepage under gravitational

potential energy and head pressure of fluid can be written as:

u � −κ
μ

∇p + ρg( ), (2)

where κ is permeability, μ is dynamic viscosity of fluid, p is

pressure, g is gravitational acceleration.

(3) Governing equation of the concentration
field

The floor strata and coal pillar can be regarded as a saturated

porous elastomer with isotropic properties. The migration of

heavy metal ions from the gangue backfill body should be

combined with the fluid flow velocity in the governing

equation of the seepage field. The following expression should

be satisfied:

z εci( )
zt

+ ∇ · J + u · ∇ci � Ri + Si, (3)

where ci is the concentration of heavy metal ions, J is the diffusion

flux, u is the Darcy velocity, Ri is the reaction rate expression, Si is

any source sink term.

Heavy metal ions migrate mainly in the format of molecular

diffusion. The migration obeys Fick’s second law, and the

diffusion flux J can be written as:

J � − ε

τF,i
DF,i∇ci, (4)

Where DF,i is the diffusion coefficient of fluid, τF,i is tortuosity.

(4) Governing equation of the stress field
Based on elastic mechanical theory, the properties of floor strata

and coal pillars can change under the stress of the surrounding rock.

The governing equation of the stress field can be written as follows:

FIGURE 1
The environmental damage caused by gangue accumulation in China. (A) Gangue accumulation (B) Spontaneous combustion of gangue
mountain (C) Pollution of water resources.

FIGURE 2
Development course of coal industry in China.
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ρ′z
2v

zt2
� ∇σ + Fv, (5)

where ρ′ is the density of porous media, v is the displacement, Fv
is the volume force, and σ is the stress of surrounding rock.

The floor strata at a larger burial depth is subjected to greater

stress on the surrounding rock, leading to a change in the permeability

of the floor strata. The floor strata ismainly composed of sandstone in

coal-measurement strata, and the relation between permeability and

stress can be described as (He, et al., 2004):

κ � 2.3644 + 3.1137e−0.09605σ , (6)

where κ is permeability (unit: 10−3 μm2); σ is surrounding rock

stress (unit MPa).

Establishment and validation of the
migration model of heavy metal ions from
gangue backfill body

(1) Establishment of the model
Based on the technological characteristics of solid backfill

mining, the migration model of heavy metal ions from gangue

backfill body was established with COMSOL Multiphysics. The

governing equations of the seepage, concentration, and stress fields

can be solved with three specific modules: Darcy’s law interface,

the transport of diluted species in the porous media interface, and

the solid mechanics interface. The model should be simplified

considering the coupling among the seepage, concentration, and

stress fields. Some size parameters of the model are described

below. The overall size of themodel is 400.0 m × 300.0 m × 44.0 m,

the working face in solid backfill mining is 300.0 m × 200.0 m ×

4.0 m, the depth of the floor strata is 40.0 m, and the width of the

boundary coal pillar is 50 m. Finally, the established model was

then divided into tetrahedral meshes, and the size was calibrated

with fluid dynamics. Figure 3 shows the model details.

Based on the detailed condition of the environment of the

backfill body, it can be assumed that a particular volume of mine

water was filled in the mined-out region and that the gangue

backfill body was soaked by mine water. Accordingly, the water

head pressure was 4.0 m. By taking Mn ions as the research

object, the leaching concentration was 3.2 × 10–5 mol/L. The

floor is composed of sandstone in terms of lithology, and the

burial depth of the coal seam was 300.0 m. Accordingly, the

migration of heavy metal ions from the gangue backfill body at

different times can be simulated.

(2) Validation of the time step and the mesh
The solution precision of the migration model of heavy metal

ions from gangue backfill body depends on the appropriate time

step and mesh number. A time step that is too large can reduce

the calculation precision, and if the time step is too small, the

calculation time is too long (Tan, et al., 2022; Zhang, et al., 2022;

Liu, et al., 2023), however, the mesh number is the opposite.

Therefore, the time step was set as three values: 1, 5, and 25 years,

the mesh number was set as three values: 85490, 205955 and

389112. The migration distances were calculated respectively for

25, 50, 75, 100, 125, 150, 175, and 200 years of operation, as

shown in Figure 4.

The average calculation errors were as small as 5.3 and 1.0%

when the time step was reduced from 25 to 10 to 1 year. The

average calculation errors were as small as 15.8 and 1.5% when

the mesh number was reduced from 85,490 to 205,955 to

389,112. The average error at the time step of 25 years and

the mesh number of 85,490 exceeded 5.0%. At the time step

of 1 year and the mesh number of 389,112, the calculation time

was too long. In conclusion, the time step was set as 5 years and

the mesh number was set as 205,955 for the model solution.

Analysis of the pollution of the underlying
aquifer during the solid backfill mining
process

Figure 5 displays the distribution cloud charts of the

concentration of Mn ions at different times. Overall, the

FIGURE 3
Numerical model.
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concentration of Mn ions showed identical distribution

patterns, which was highest at the interface between the

gangue backfill body and the floor and infinitely close to the

leaching concentration of Mn ions. Moreover, the

concentration of Mn ions dropped gradually with the

floor depth, suggesting a gradually weakened migration

FIGURE 4
Validation of the time step and the mesh. (A) Validation of the time step (B) Validation of the mesh.

FIGURE 5
The distribution cloud charts of the concentration of Mn ions at different times. (A) 10 a (B) 25 a (C) 50 a (D) 75 a (E) 100 a (F) 125 a (G) 150 a (H)
175 a (I) 200 a.
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ability of heavy metal ions with the floor depth. The farthest

point of the migration distance of heavy metal ions was

always near the position below the center of the backfill

mining working face. This is because some heavy metal ions

on two sides of the working face can migrate toward the

center, leading to a further migration distance of heavy

metal ions at the center.

Figure 6 shows the histograms of the migration distances

of Mn ions at different times. Overall, the migration distance

of Mn ions increased with time. The migration distances of

Mn ions at 10, 25, 50, 75, 100, 125, 150, 175, and 200 years

were 8.1, 10.5, 12.6, 13.5, 14.2, 14.7, 14.9, 15.0, and 15.1 m,

respectively. Based on the migration velocity of heavy metal

ions, migration can be subdivided into three phases: the rapid

migration phase (0–50 years), the slow migration phase

(50–125 years), and the stable phase (125–200 years). The

migration distance increased by 4.5 m as time increased

from 10 to 50 years, with an increasing rate of 55.6%. In

the second slow migration phase, the migration distance

increased by 2.1 m and 16.7%. Finally, in the last stable

phase (125–200 years), the migration distance increased by

0.4 m and 2.7%, respectively.

Based on the analysis of the migration rules of heavy metal

ions after different times, it can be concluded that heavy metal

ions were driven by the water head pressure and gravitational

potential energy and then migrated constantly downward

along the pore channels in the floor strata, during which

mine water served as the carrier. With prolonged time, the

migration distance of heavy metal ions increased constantly;

however, on account of the concentration gradient, the

migration ability weakened gradually, and the increasing

trend of migration distance decreased. Conclusively, at a

migration distance that is too large, heavy metal ions can

enter the underlying aquifer, posing a certain pollution risk to

water resources in mines.

Main controlling factors of the
migration of heavy metal ions from
gangue backfill body

Multiple factors codetermine the migration of heavy metal

ions from gangue backfill bodies. Accordingly, by combining the

environment of the gangue backfill body and the pollution

mechanism of water resources by the gangue backfill body in

the mined-out area, this study started from two

perspectives—leaching and migration of heavy metal ions -

and identified four main controlling factors that affect the

migration of heavy metal ions. Figure 7 depicts the

environment where the gangue backfill body is located.

Leaching concentration of heavy metal
ions

The migration of heavy metal ions in the floor strata is subjected

to the leaching concentration of heavy metal ions. The leaching

concentration of heavymetal ions can be regarded as the fundamental

factor that affects the migration of heavy metal ions from gangue

backfill bodies. After being heavily leached, heavy metal ions can

migrate downward along the floor. At a higher leaching concentration

of heavy metal ions, the concentration gradient is more significant in

migration, accompanied by enhanced migration ability. Accordingly,

the migration rate can be accelerated, and the migration distance

increases, posing a certain pollution risk to the underlying aquifer.

The particle size of gangue

During the solid backfill mining process, gangue particle size can

determine the backfill quality and the final backfilling performance,

which is connected with the leaching of heavy metal ions from the

gangue backfill body. Under the same environmental conditions,

FIGURE 6
The histograms of the migration distances of Mn ions at
different times.

FIGURE 7
The environment where the gangue backfill body is located.
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gangue with smaller particle sizes shows a larger specific surface area,

corresponding to a larger contact area with mine water. After the

long-term leaching of mine water, a more rapid reaction occurred on

the gangue surface. Therefore, the leaching concentration and

migration distance of heavy metal ions increased.

Permeability of floor strata

The permeability of the floor strata is also an essential factor

that affects the migration of heavy metal ions from the gangue

backfill body and is even the main factor. After leaching of the

gangue backfill body, heavy metal ions constantly migrated

downward along the pore channels in the floor strata with

mine water as the carrier. On the other hand, the permeability

of the floor strata is an essential factor that reflects the number of

pores in the floor strata and can directly determine the migration

distance of heavy metal ions. A greater number of pores can be

found at a higher permeability of the floor strata, and more

channels can be provided for the migration of heavy metal ions,

thereby leading to a larger migration distance.

Burial depth of the coal seam

The burial depth of the coal seam can also impose a certain

effect on the migration of heavy metal ions from the gangue

backfill body. However, compared with the permeability of the

rock strata, the burial depth of the coal seam can indirectly affect

the permeability of the floor strata by affecting the stress on the

surrounding rock, which can further affect the migration of

heavy metal ions from the gangue backfill body. Based on the

theory of rock mechanics, the floor strata was subjected to higher

stresses at a deeper burial depth of the coal seam. Accordingly,

pores in the floor strata were constantly closed, and the

permeability constantly dropped, decreasing both the

migration channels of heavy metal ions and the migration

distance.

FIGURE 8
Comparison diagram of gangue surface before and after solidified. (A) Unsolidifled gangue surface (B) Solidifled gangue surface.

FIGURE 9
Comparison diagram before and after gangue fragmentation.
(A) Gangue before fragmentation (B) Gangue after fragmentation.
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Prevention and control technique for
leaching and migration of heavy
metal ions from gangue backfill body

Based on the above analyses of the migration mechanism of

heavy metal ions and the main controlling factors, this study

started from two perspectives—prevention and control of both

leaching and migration of heavy metal ions—and the

prevention and control technique for leaching and migration

of heavy metal ions from gangue backfill bodies was proposed,

as follows.

Gangue surface solidification technique

During the solid backfill mining process, gangue, as a backfill

material, can be thrown to the mined-out area by the throw

gangue machine; then, after long-term leaching in mine water,

many heavy metal ions are leached. Accordingly, this study

started from the prevention and control of the leaching of

heavy metal ions and proposed the gangue surface

solidification technique for reducing the contact area between

gangue and mine water, as shown in Figure 8.

The gangue surface solidification technique refers to spraying

the prepared cement onto the surface of gangue during the

throwing process of gangue by the throw gangue machine;

accordingly, gangue can be coated by cement to establish a

separation barrier between gangue and mine water, thereby

leading to a decline in the contact area between gangue and

mine water. Heavy metal ions can thus be solidified into gangue

to lower the leaching of heavy metal ions.

Control technique of gangue particle size

According to the above analysis of the main controlling

factors of the migration of heavy metal ions, gangue particle

size is a core factor that affects the filling ratio in the solid backfill

mining process. Meanwhile, gangue particle size is also essential

in determining heavy metal ions’ leaching. The gangue before

and after fragmentation is compared in Figure 9. After crushing

into small gangue fragments with small sizes, the surface area can

increase obviously, and the contact between gangue and mine

water also increases, which can increase the leaching

concentration of heavy metal ions and the migration distance.

Therefore, the gangue particle size control technique was

proposed to reduce heavy metal ions’ leaching concentration

while maintaining the filling ratio.

The particle size control technique attempts to choose

gangue with large particle sizes as the backfill material while

ensuring that the filling ratio satisfies the requirements.

Accordingly, both the specific surface area of the gangue

backfill body and the contact area between the gangue backfill

body and mine water can be reduced, which can inhibit the

leaching of heavy metal ions and lower the migration distance,

thereby achieving an effective balance between the backfill

efficiency and pollution prevention of water resources.

FIGURE 10
The distribution cloud diagram of Mn ion concentration before and after floor grouting sealing. (A) Before floor grouting sealing (B) After floor
grouting sealing.

FIGURE 11
Layer relationship diagram.
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Grouting sealing technique for floor

Based on the analysis results of the pollution of the

underlying aquifer during the solid backfill mining process,

it can be found that heavy metal ions, as the pollution source,

mainly migrate in pore and fracture channels inside the floor

strata. Accordingly, a floor grouting sealing technique was

proposed from the perspective of the prevention and

control of the migration of heavy metal ions, to change the

floor permeability. During the solid backfill mining process,

many fractures appear in floor strata under mining-induced

dynamic loads, which can enhance the permeability of floor

strata. The increase in pore channels required for migrating

heavy metal ions can lead to a rise in migration distance. The

floor grouting sealing technique aims to drill and inject slurry

into the fractures in the floor for sealing to reduce the

permeability of the floor strata and inhibit the migration of

heavy metal ions.

To explore the prevention and control effect of the migration

of heavy metal ions with floor grouting sealing, the distributions

of the concentration of Mn ions before and after grouting sealing

were analyzed, as shown in Figure 10. After grouting and sealing,

the permeability of the floor strata deceased, and the migration

distance of Mn ions was 5.6 m, which was reduced by 63.0%

compared with the value before floor grouting and sealing

(15.1 m). Therefore, floor grouting and sealing techniques can

effectively prevent the migration of heavy metal ions from

gangue backfill bodies.

Discussion

Based on previous research results, once the migration

distance of heavy metal ions exceeds the thickness of the

isolating protective layer during the solid backfill mining

process, heavy metal ions enter the underlying aquifer and

cause pollution to water resources in the mine. The isolating

protective layer refers to the strata between the backfill working

face and the underlying aquifer, as shown in Figure 11.

Therefore, according to the position relation among the

isolating protective layer, the underlying aquifer, and the

backfill working face, the following formula allows one to

judge whether the gangue backfill body polluted the

underlying aquifer or not:

hα≤H, (7)

If Eq. 7 is satisfied, heavy metal ions fail to enter the

underlying aquifer, and prevention and control measures

should not be adopted; otherwise, heavy metal ions will

migrate toward the underlying aquifer and cause particular

pollution to water resources in mines. Some prevention and

control techniques for the leaching and migration of heavy metal

ions should be adopted to prevent the leaching and migration of

heavy metal ions, improve the environment in the working face,

and achieve the goal of water pollution control in the mine.

Conclusion

Based on the results obtained, the following conclusions were

drawn:

1) In the solid backfill mining process, heavy metal ions in the

gangue backfill body were subjected to the coupling action of

seepage, concentration, and stress and then driven by water

head pressure and gravitational potential energy to migrate

downward along the pore channels in the floor strata, during

which mine water served as the carrier. Thus can pose a

potential pollution risk to water resources in mines.

(2) The migration distance of heavy metal ions increased with

time. According to the migration rate, the whole migration

process can be divided into three phases: the rapid migration

phase (0–50 years), the slow migration phase (50–125 years),

and the stable phase (125–200 years).

3) It can be concluded that the main influencing factors of the

migration of heavy metal ions are the leaching concentration

of heavy metal ions, the particle size of gangue, the

permeability of the floor strata, and the burial depth of

the coal seam. Moreover, from the two perspectives of

heavy metal ion leaching and migration, prevention and

control techniques for the leaching and migration of heavy

metal ions from gangue backfill bodies were proposed to

protect water resources in mining area.

4) By combining the location relation among the isolating

protective layer, the underlying aquifer and the backfill

working face, and the migration distance of heavy metal

ions, it can be judged whether the underlying aquifer was

polluted by heavy metal ions to determine whether to adopt

the prevention and control technique for leaching and

migration for preventing the leaching and migration of

heavy metal ions. Zhang and Cao, 2021.
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