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The discharge of mine water from underground coal mines in arid areas is leading to extensive water loss and secondary pollution.
To eliminate the water loss and environmental pollution, sealing the concentrated brine after the mine water treatment in the
underground storage and pumping the clean water to the surface for recycling are effective methods. In this study, focusing on
the Ling Xin mining area, China, a coupled model of concentrated brine flow and solute transport in underground reservoir
was established. The migration patterns of concentrated brine under two simulation scenarios of long-term penetration and
sudden leakage were analyzed. At the same time, it also initially revealed the essence of the environmental pollution caused by
the penetration and leakage of the concentrated brine in the underground concentrated brine storage reservoir. Results show
that the concentrated brine would penetrate the bottom aquifer in about 60 years in long-term penetration while
approximately 40 days in sudden leakage. In addition, the storage time, reservoir permeability, and groundwater head
difference were important factors affecting the migration of concentrated brine, where the influence of permeability varieties
was the most significant. The results of this study provide technical options for the subsequent study of the environmental risk
of underground concentrated brine reservoirs and have important technical significance for the study and engineering
application of underground reservoirs in arid areas.

1. Introduction

Northwest China is arid and rainless, and coal mines pro-
duce large amounts of mine water during the mining process
[1, 2]. Mine water is discharged from the underground to the
surface, which causes great loss of water resources, and at the
same time, the discharged sewage will affect the surrounding
environment to a certain extent [3–5]. As early as the 1970s,
the concept of underground reservoirs was put forward.
After decades of continuous development of underground
reservoir technology, its application in engineering has also
been greatly developed. The underground concentrated
brine storage reservoir is a kind of underground reservoir,
whose principle is to use the coal seam goaf area to form a
water storage space with the help of natural coal pillars

and artificial dams [6]. This special technology for storing
concentrated brine is different from ordinary underground
reservoirs in the past, because the special nature of concen-
trated brine brings many challenges to storage [7]. Although
there are many difficulties, it is still a good demonstration for
the underground storage of concentrated brine in arid areas.

Ling Xin Mine has installed high-salinity mine water
membrane treatment equipment in the mine tunnels. It is
used to treat all mine water generated from mining [8].
The treated clean water is discharged to the surface for reuse,
and the concentrated brine is sealed in an underground stor-
age [9]. On the one hand, groundwater resources have been
effectively used, and the most prominent water shortage
problem in arid regions has been alleviated. It reduces the
pollution of the surface ecology caused by the discharge of
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mine water and at the same time reduces the cost of environ-
mental treatment. On the other hand, the concentrated brine
is stored between the goafs of the coal seam, and the porous
coal seam can absorb some pollutants and reduce its toxicity
[10–13]. However, the concentrated brine in the under-
ground storage will evolve and migrate under long-term
storage. How to accurately determine the migration and
transformation of concentrated brine in the groundwater
environment after it has penetrated or leaked out of the
underground storage is full of challenges. Large-scale leakage
of high-salinity mine water may affect the quality of ground-
water, indirectly affect the surface water system and the sur-
face soil environment, and cause adverse effects such as soil
salinization [14–17]. Therefore, it is of great significance to
study the migration of concentrated brine in underground
storage.

Currently, the research on the migration of pollutants
has made great progress [18–20]. González-Quirós and
Fernández-Álvarez [21] used numerical simulation to study
the pollutant migration caused by the rebound of groundwa-
ter in a closed underground coal mine in the Asturias Coal
Basin in Spain. Sun et al. [22] studied the impact of the con-
struction of artificial groundwater reservoirs on the ground-
water flow and water quality of the reservoir and its
downstream and found that the construction of groundwa-
ter reservoirs led to the accumulation of nitrate in the stor-
age water. Lin et al. [23] studied the migration of total
nitrogen in the riparian buffer zone of agricultural water-
sheds based on the finite element simulation method and
found that the riparian buffer zone had a certain retention
effect on soil pollutants. Malinovsky et al. [24] took the Khi-
biny apatite-nepheline mine in Kola Peninsula, Russia, as an
example, collected snow, surface water, and deposited and
suspended sediments samples for analysis. The source,
migration, and transformation of total dissolved solids and
metals in the water area are evaluated. Nico Dalla Libera
et al. [25] used a random multicomponent reaction trans-
mission model to calculate the probability that the arsenic
concentration in groundwater does not exceed the standard.
Shamshad Khan et al. [26] systematically studied the migra-
tion behavior of TiO2 nanoparticles in different soil columns
and analyzed its influence on the migration rate of copper.
However, due to the high degree of complexity of groundwa-
ter flow, there are few studies on the migration and transfor-
mation of concentrated brine in the groundwater
environment [27–30]. Therefore, there is still a vacuum zone
for research in this field.

At present, research on underground reservoirs in coal
mines also has been gradually gaining attention [31, 32].
Song H et al. [33] established a fluid-solid coupling mathe-
matical model and analyzed the water storage coefficient of
the coal mines goaf, which provided a basis for the site selec-
tion and construction of concentrated brine underground
storage. Yang L et al. [34] established a groundwater reser-
voir environmental risk assessment model by using the
index method and the superposition method, which pro-
vided a basis for the quantitative evaluation of groundwater
reservoir leakage. Wang Q. [35] studied the formation con-
ditions and mechanism of using underground coal seam

goaf to store water and established a series of models related
to water storage time. Zhao et al. [36] studied the changes in
water quality caused by the removal and transformation of
nitrogen and dissolved organic matter during the storage
of mine water in underground reservoirs. Kong X et al.
[37] studied the depth of artificial dam trenches in under-
ground coal mine reservoirs and found that increasing the
trench depth within a certain range can increase the stability
of the reservoir. However, research on underground reser-
voirs is still limited to site selection and construction. There
are very few studies on the migration pattern of concen-
trated brine when it is sealed in underground reservoirs for
a long period of time. As a new and special substance, con-
centrated brine is stored underground, and the possible
impact of its migration is not yet known. Whether this
impact will affect the safety of the groundwater environment
around the underground storage is also urgently needed to
be resolved. This study on the migration pattern of concen-
trated brine in underground storage will make up for these
deficiencies.

In this study, the Ling Xin Coal Mine was selected as the
research area. Based on a full understanding of local hydro-
geological data, a coupled model of concentrated brine flow
and solute transport was established, and the migration pat-
tern of concentrated brine under two different simulation
scenarios of long-term penetration and sudden leak was ana-
lyzed. This research provides technical and data support for
the subsequent research on underground concentrated brine
storage reservoir, which is of practical significance. At the
same time, this article clarifies the direction and extent of
the migration of concentrated brine, which effectively
reduces the adverse effects of concentrated brine leakage
and has certain economic benefits.

2. Materials and Methods

2.1. Study Area and Data. Ling Xin Coal Mine is located in
Ling Wu City, Ningxia Hui Autonomous Region. The mine
is about 11 km long from north to south, 2.48 km wide from
east to west, and has an area of about 27.49 km2, as shown in
Figure 1. In addition, Ling Xin Coal Mine is located in a
densely distributed area of mines. The mining area is arid
and rainless, the groundwater flows in the northwest direc-
tion, and the groundwater quality has a special high salinity
background, which is 5610mg/L.

The underground concentrated brine storage reservoir is
located in the northern part of the first mining area, the area
where the mining of 14, 15, and 16 coal seams is completed.
It occupies a total of 6 working faces: L1614, L1615, L1616,
L1814, L1815, and L1816. It is designed to store up to
4,331,300m3 of concentrated brine, with a storage life of
4.1 years and the stored concentrated brine with a salinity
of 36000mg/L. The core of the membrane treatment equip-
ment installed in underground mine tunnels is the nanofil-
tration membrane group, whose function is to remove
soluble salts, colloids, organic matter, and microorganisms
in the mine water. Its designed processing scale is 500m3/
h, the product water recovery rate is 85%, and the product
water salinity is not more than 500mg/L. The treated mine
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water can be recycled as water for fire-fighting in mining
areas and sanitary water for office buildings. The treated
concentrated brine is pumped to the underground storage
for storage.

2.2. Research Methodology

2.2.1. Data Collection. Porosity and permeability are the two
most important parameters of underground storage. In this
study, actual samples of the underground concentrated brine

storage reservoir floor were taken, and 3 samples were
drilled using a core drilling device for permeability experi-
ments. The experimental flowchart is shown in Figure 2,
and the experimental results are shown in Table 1.

In order to ensure the accuracy of the experimental
results and reduce the influence of experimental errors on
the results, this study conducted three tests on each core
by changing the inlet pressure and constructed the relation-
ship curve between permeability and the pressure reciprocal.
If the permeability has a linear relationship with the pressure
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Figure 1: Scope of Ling Xin Coal Mine.
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reciprocal, it indicates that the experimental results are accu-
rate. The relationship between permeability and pressure
reciprocal is shown in Figure 3.

The linear relationship between permeability and pres-
sure reciprocal shows that the experimental results are accu-
rate. According to the experimental results, the permeability
coefficient of the underground storage floor is between 0.01
and 0.09mD, which belongs to the ultralow permeability
type. The results of this experiment provide basic data for
the follow-up study to establish a physical model of the min-
ing area. The calculation parameters are selected as shown in
Table 2.

2.2.2. Physical Model. In this study, the salinity of concen-
trated brine was selected as the characteristic pollution fac-
tor. When the simulated value of the salinity exceeds the
background concentration, it is considered that pollution
has occurred. The model simulated the changes of diffusion
distance, contaminated area, and salinity at the outer wall of
the underground storage when the concentrated brine was
sealed for 30 years, 50 years, and 70 years and sudden leakage
for 30 days, 60 days, and 90 days, respectively. In this way, the
influence of different time and different permeability coeffi-
cients on the migration of concentrated brine can be judged.
Based on the actual hydrogeological conditions of Ling Xin
Coal Mine, a constant groundwater head was set around the
location of the underground storage on the model. Under
the premise of keeping the model’s horizontal and vertical
groundwater head pressure differences the same, the head
pressure differences are set to 10meters, 50meters, and
100meters to simulate the influence of groundwater pressure
field changes on the migration of concentrated brine.

The underground concentrated brine storage reservoir in
the model is about 1,000 meters long from north to south,
1,500 meters wide from east to west, and about 95 meters
high vertically. It is located in the 14th, 15th, and 16th coal
seam goaf area, with a high west and low east, and a dip
angle of about 10°. The water barrier at the bottom of the
16th coal separates the underground storage from the Bao
Ta Mountain confined aquifer, which is all 7.6 meters thick
and has a very low permeability coefficient.

The model is divided into 9216 square grids with a side
length of 125 meters and a total simulation range of
196.16 km2. In addition, the model is divided into 9 layers

vertically, including the 14th, 15th, and 16th coal seams, 1
aquifer, 3 weak aquifers, 1 confined aquifer, and 1 weak
aquifer (Figure 4). Under the sudden leak simulation sce-
nario, the permeability coefficient of the bottom water bar-
rier changes from 7E-11 to 1E-6, which is divided into two
parts with an area of about 50,000m2.

In addition, in order to effectively observe the groundwa-
ter level changes around the mining area and facilitate the
identification and verification of the model, head observa-
tion wells are set in the model. The location distribution of
the observation wells is shown in Figure 1, and the geo-
graphic location is shown in Table 3.

2.2.3. Mathematical Model. This study established a concen-
trated brine flow-solute transport coupling model, in which
the mathematical model is composed of groundwater flow
differential equations and pollutant transport differential
equations. Based on the groundwater flow differential equa-
tions and the geological characteristics of the storage, a
three-dimensional unsteady groundwater transport equation
and model boundary conditions were constructed. Then, the
finite element method is used for numerical solution. Equa-
tions (1)–(5) are as follows:
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D is the seepage area; H is the groundwater level, m;
Kx, Ky, Kz are the permeability coefficients along the x, y,

Table 1: Permeability test results.

Core name No.
Length
(mm)

Diameter
(mm)

Porosity
(%)

Inlet pressure
(MPa)

Pressure reciprocal
(1/MPa)

Permeability
(mD)

Klinkenberg
permeability (mD)

Underground
storage floor

1 43.24 25.29 8.01

0.2139 4.6752 0.0592

0.03280.3488 2.867 0.0495

0.4788 2.0884 0.0444

2 37.26 25.22 4.95

0.1918 5.2143 0.148

0.0980.2866 3.4892 0.1349

0.5432 1.8411 0.1147

3 41.04 24.49 4.12

0.3056 3.2719 0.0257

0.01060.4426 2.2596 0.02

0.5608 1.7831 0.0193
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Figure 3: Relationship between permeability and pressure reciprocal.
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and z coordinate axes, m/d; S is the water storage coefficient,
1/m; W is the sources and sinks of confined aquifers, 1/d; p
is the groundwater recharge, 1/d; H0ðx, y, zÞ is the initial
head of flow field, m; H1ðx, y, zÞ is the first-class boundary

head, m; qðx, y, zÞ is the single-width traffic on the second-
class boundary, m2/d; Γ1 is the first boundary of seepage
area; Γ2 is the second boundary of seepage area; Kn is the
permeability coefficient, m/d.

Pollutant transport differential Equations (6)–(11) are as
follows:
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ΔM is the hydrodynamic dispersion increases the total
mass of pollutants in the unit; ΔN is the convection increases
the total mass of pollutants in the unit; ΔMI is the source-
sink effect increases the total mass of pollutants in the unit;
ΔM ′ is the change in the quality of pollutants in the unit;
Δx, Δy, Δz is the side length of infinitely small hexahedron
in space; ux , uy , uz is the actual groundwater velocity in the
direction of the coordinate axis; Fx, Fy, Fz is the pollutant
dispersion flux in the direction of the coordinate axis; C is
the pollutant concentration; Δt is the time interval; I is the

Table 2: Selection of calculation parameters.

Parameter Unit Numerical value

Water barrier permeability coefficient under natural conditions m/s 7E-11

Water barrier permeability coefficient under sudden leak m/s 1E-6

Coal seam permeability coefficient m/s 5E-8

Weak barrier-1 permeability coefficient m/s 3E-9

Weak barrier-2 permeability coefficient m/s 2E-9

Fluid density kg/m3 1000

Hydrodynamic viscosity Pa·s 0.001

Fluid diffusion coefficient m2/d 1E-9

Concentrated brine salinity mg/L 36000

Longitudinal dispersion coefficient m 10

Horizontal to longitudinal dispersion ratio 1 0.1

Vertical to longitudinal dispersion ratio 1 0.01

Water storage rate 1/m 1E-5

Gravity water supply 1 0.2

Effective porosity 1 0.15

Total porosity 1 0.3

: Underground brine storage reservoir

: Weak aquifer
: Weak barrier-2

: Coal seam
: Water barrier: Bao ta mountain confined aquifer

: Weak barrier-1

N

Figure 4: Vertical schematic diagram of underground concentrated
brine storage reservoir (the model is stretched 20 times the actual
vertical direction) (the model is stretched 20 times the actual
vertical direction).

Table 3: Geographical location of observation wells.

Observation well Latitude Longitude

WELL-A 38° 04′ 40.5″ 106° 38′ 47.5″
WELL-B 38° 02′ 15.4″ 106° 39′ 8.4″
WELL-C 38° 05′ 19.20″ 106° 39′ 42.79″
WELL-D 38° 05′ 19.14″ 106° 38′ 21.24″
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porous media per unit time and unit volume get pollutant
mass.

2.2.4. Model Identification and Verification. The correlation
error method and relative coefficient method are used to
identify and verify the model. Relevant calculation Equa-
tions (12) and (13) are as follows:

Relative error ðReÞ:

Re =
1
n
〠
n

t=1

Pst − Pobtj j
max Pobtð Þ −min Pobtð Þ

 !
× 100%: ð12Þ

Correlation coefficients ðR2Þ:

R2 = ∑n
t=1 Pobt − �Pob
� �

Pst − �Ps

� �	 
2
∑n

t=1 Pobt − �Pob
� �2 Pst − �Ps

� �2 : ð13Þ

Pobt is the observed value of groundwater level in time
t, m; Pst is the simulated value of groundwater level in
time t, m; �Pob is the average measured groundwater level,
m; �Ps is the average simulated groundwater level, m;
maxðPobtÞ is the maximum observed value of groundwater
level, m; minðPobtÞ is the minimum observation value of
groundwater level, m.

2.2.5. Calculation Process. First, according to the hydrogeo-
logical conditions of the mining area, a physical model of
underground concentrated brine storage reservoir is estab-
lished on the basis of obtaining relevant parameters, such
as permeability, porosity, and concentration. Then, based
on the Darcy flow equation and the solute transport equa-
tion, a concentrated brine flow-solute transport coupling
model is constructed on this basis. Then, the pollutant veloc-
ity field and pressure field are calculated by the model, and
then, the pollutant transport field is obtained. From the sol-
ute transport simulation results, the changes in the diffusion
distance and the contaminated area of concentrated brine as
well as the changes in the salinity of underground reservoir
outer wall can be analyzed. Finally, the migration law of

Calculation start

Get related parameters

Permeability Porosity Concentration

Build a physical model

Darcy flow equation Build a mathematical model Solute transport equation

Velocity field Solute transport field Pressure field

Concentration change Contaminated area Diffusion distance

Research on migration and
transformation of concentrated brine

Figure 5: Block diagram of the calculation process.
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Figure 6: Model verification results.

Table 4: Test error statistics.

Observation well Re R2

WELL-A 0.19 0.774

WELL-C 0.17 0.783
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concentrated brine in the underground concentrated brine
storage reservoir is summarized according to the simulation
data. The block diagram of the calculation process is shown
in Figure 5.

3. Results and Discussion

3.1. Model Identification and Verification. Before the formal
simulation, the calculation parameters need to be modified
and adjusted repeatedly under the premise that they are true.
The model needs to reach a certain accuracy so that the sim-
ulated situation can be well fitted to the actual situation.

In this study, the groundwater level data of the Ling Xin
mining area from 2018 to 2019 was first identified. Then,
select the above-mentioned measured data to fit the simula-
tion data of the head observation wells WELL-A and WELL-
C. The model verification results are shown in Figure 6.

The numerical simulation result is compared with the
measured value, and the relative error and correlation coef-
ficient between the simulated value and the measured data
are calculated to verify the simulation accuracy of the model.
The model test error statistics are shown in Table 4.

It can be seen from Figure 6 that the data fit is better.
However, this study only selected 365 days of measured
data to fit the simulated data, and there is still a gap
between the accuracy of the model and the reality. Accord-
ing to the statistical results of test errors in Table 4, the
relative errors of the two observation wells are 0.19 and
0.17, respectively, and the error values are both small.
And the correlation coefficients of the two observation
wells are 0.774 and 0.783, respectively, which are both
greater than 0.5. The above shows that the model can
reflect the actual change trend of the groundwater level
in the study area.

3.2. Migration of Concentrated Brine in Underground
Storage under Long-Term Penetration Scenarios. By setting
the model conditions, the long-term penetration simulation
scenarios are divided into 30 years, 50 years, and 70 years.

3.2.1. Long-Term Penetration for 30 Years. When the long-
term penetration period is 30 years, some simulation data
and model diagrams under different groundwater head dif-
ferences are shown in Table 5 and Figure 7. From the value
of diffusion distance, polluted area, and salinity, it can be
found that with the increase of groundwater head differ-
ence, the migration of concentrated brine to the north
and west side of underground storage also deepens, and
the migration to the north side increases more significantly.
On the contrary, the downward migration of the concen-

trated brine decreases with the increase of the ground-
water head difference. The reason for this phenomenon
may be that the increase of the groundwater head difference
causes the speed of the groundwater outside the under-
ground storage to increase, and the movement of the concen-
trated brine in the underground storage is affected. When the
groundwater head difference is small, the penetration pres-
sure formed by the concentrated brine under its own gravity
on the bottom water barrier is greater, and it is easier to pen-
etrate it.

It can be clearly seen from Figure 7 that the water barrier
layer has a great water barrier effect, and the maximum
diffusion distance is only about 1 meter. However, the
permeability coefficient of the rock formation on the north
side of the underground storage is larger, so the permeability
distance is farther. In general, after 30 years of long-term
penetration, the migration of concentrated brine is relatively
weak, and there is no adverse effect on the surrounding envi-
ronment of the underground storage.

Under the 30 years of simulation scenario of long-term
infiltration, the relationship between the diffusion distance
of concentrated brine and the change in groundwater head
difference and the relationship between the mineralization
of the outer wall of the storage and the change in groundwa-
ter head difference are shown in Figure 8. Within a certain
range of groundwater head difference, there is a linear corre-
lation between the diffusion distance of concentrated brine
and the change of groundwater head difference. The increase
of the groundwater head difference means the increase of the
groundwater pressure difference and the acceleration of the
groundwater flow rate outside the underground storage.
The movement of concentrated brine in underground stor-
age is also affected by the velocity and flow of groundwater
outside the storage. Similarly, within a limited range of head
pressure difference, the concentration of brine salinity at the
outer wall of the underground storage has a linear relation-
ship with the groundwater head difference. The greater the
difference in ground-water head, the higher the degree of
salinity of the concentrated brine on the outer wall of the
underground storage, and the stronger the migration speed
and migration capacity of the concentrated brine.

3.2.2. Long-Term Penetration for 50 Years. Compared with
30 years of long-term penetration, the added value of simu-
lation data at 50 years is shown in Table 6, and part of the
model diagram is shown in Figure 9. After the data is sorted,
it can be clearly seen that the penetration pattern of concen-
trated brine with the groundwater head difference after 50
years of long-term penetration is basically the same as the
penetration pattern of concentrated brine after 30 years of

Table 5: Part of the simulation data under different groundwater head differences during 30 years of long-term penetration.

Groundwater head difference
Diffusion distance/m Polluted area/m2 Salinity/mg/L

North side West side Downside North side North side West side Downside

10m 16.1 0.1 1.1 2967.43 10415 5645 8315

50m 97.3 1.3 0.6 46399.09 15115 6015 6915

100m 143 1.7 0.5 80284.28 20115 6115 6815
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long-term penetration. Among them, the downward perme-
ability changes of concentrated brine are still opposite to
those on the north and west sides, and this rule is more obvi-
ous when compared with the 30 years of simulation scenario
of long-term penetration. In addition, it can be seen from
the comparative analysis of the long-term sequence that

under the same groundwater head difference condition, as
the storage time of the concentrated brine increases, the
migration slowly deepens. Especially when the groundwater
head difference is 100meters, the increase in the polluted
area and diffusion distance of the concentrated brine to the
north is the most significant. In summary, the migration of
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Figure 7: The migration of concentrated brine to the north side under different groundwater head differences after long-term penetration
for 30 years (the model is stretched 20 times the actual vertical direction, (a) is the initial state, (b) is 10meters, (c) is 50meters, and (d) is
100meters).
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concentrated brine to the north side is more susceptible to
groundwater head difference and storage time than migra-
tion to the west side of the storage.

It can be seen from Figure 9 that it is difficult for the con-
centrated brine to penetrate into the bottom water barrier in
its natural state. Even when the groundwater head difference
is 10meters, the concentrated brine only penetrates down
0.7 meters in 20 years. The bottom water barrier effectively
avoids the adverse effects of the penetration of concentrated
brine on the Bao Ta Mountain confined aquifer.

Under the 50 years of simulation scenario of long-term
penetration, the relationship between the diffusion distance
of concentrated brine and the change in groundwater head
difference and the relationship between the salinity of the
outer wall of the storage and the change in groundwater
head difference are shown in Figure 10. The trend of the
two curves is basically the same as that of the 30 years simula-
tion scenario, but there are still differences. Although the salin-
ity of concentrated brine on the outer wall of underground
storage still increases with the increase in groundwater head
difference, the increase slows down. With the increase of the
groundwater head difference and the prolongation of the
extravasation time of the concentrated brine, the penetration
amount of the concentrated brine to the north side increased.

In addition, as the salinity of the concentrated brine in the
storage gradually decreases, the difference in salinity between
the inside and outside of the underground storage is reduced,
and the driving force for the penetration of the concentrated
brine in the storage is also weakened.

3.2.3. Long-Term Penetration for 70 Years. In the case of dif-
ferent groundwater head differences, the simulation data
changes of 70 years of long-term penetration compared with
50 years are shown in Table 7, and the model diagram of
long-term penetration of 70 years is shown in Figure 11.
As a result, it can be found that at a groundwater head dif-
ference of 10meters, the concentrated brine finally pene-
trated the bottom water barrier into the Bao Ta Mountain
confined aquifer at 62 years after a long period of penetra-
tion. What is more, it can be clearly seen from the increase
in salinity of the concentrated brine at the lower side of
4510mg/L when the groundwater head difference is
10meters that the penetration rate of the concentrated brine
after entering the Bao Ta Mountain confined aquifer is sig-
nificantly faster and the migration capacity is rapidly
enhanced. Due to the reasons analyzed above, the under-
ground storage reservoir and the surrounding groundwater
environment as a whole are at a higher risk.
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Figure 8: Relationship curve between the diffusion distance of concentrated brine, the groundwater head difference, and the salinity at the
outer wall of the underground storage after 30 years of long-term penetration.

Table 6: Increase in simulated data for 50 years of long-term penetration compared to 30 years of long-term penetration.

Groundwater head difference
Diffusion distance/m Polluted area/m2 Salinity/mg/L

North side West side Downside North side North side West side Downside

10m 31.1 0.1 0.7 8048.25 1200 50 1570

50m 39.3 0.9 0.1 33228.64 4000 235 480

100m 115.4 2.9 0.1 57150.96 4750 770 285
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Under the 70 years of simulation scenario of long-term
penetration, the relationship between the diffusion distance
of concentrated brine and the salinity of the outer wall of
underground storage and the groundwater head difference
is shown in Figure 12. As the groundwater head difference
increases, compared with the 50 years simulation scenario
of long-term penetration, the rising trend of the salinity of

the outer wall of the underground storage has slowed down
more obviously. At the same time, the migration distance of
concentrated brine also shows a slowing down trend. In the
case of a higher groundwater head difference, the longer the
time of continuous extravasation of the concentrated brine,
the larger the diffusion distance and the polluted area. How-
ever, the increase has changed from high to low.
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Figure 9: The migration of concentrated brine to the north side under different groundwater head differences after long-term penetration
for 50 years (the model is stretched 20 times the actual vertical direction, (a) is the initial state, (b) is 10 meters, (c) is 50 meters, and (d) is
100 meters).
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Through the long-term penetration simulation scenario,
it can be known that the migration patterns of concentrated
brine are as follows. The migration of concentrated brine in
underground storage during long-term penetration is
mainly affected by storage time and groundwater head dif-
ference. The storage time mainly affects the degree of migra-
tion of the concentrated brine. With the extension of storage
time, the migration of concentrated brine increases slowly,
mainly to the north side of the storage. The groundwater
head difference mainly affects the movement state of the
concentrated brine in the underground storage. When the
groundwater head difference is small, the concentrated brine
mainly migrates downward, and when the groundwater
head difference gradually increases, the main migration
direction of the concentrated brine turns to the north side
of the reservoir. This is related to the direction of groundwa-
ter flow in the mining area. When the groundwater head
difference is large, the extravasation volume of the concen-
trated brine gradually increases with the continuous exten-
sion of the outward penetration time, and the polluted
area, diffusion distance, and salinity of the outer wall of the
storage also increase. But at the same time, the salinity of
the concentrated brine in the storage is reduced, the differ-
ence in salinity between the inside and outside of the storage
is reduced, and the dynamics of the extravasation of the con-
centrated brine is attenuated. This reduces the extravasation

rate of concentrated brine. Through long-term penetration
simulation, an emergency plan is provided for the manage-
ment and control of the long-term penetration risk of con-
centrated brine under actual conditions.

3.3. Migration of Concentrated Brine in Underground
Storage under Sudden Leak Scenarios. Since there are still
coal seams near the underground storage that continue to
be mined, there is a possibility that the permeability of the
bottom water barrier may change due to the disturbance of
man-made coal mining or other natural reasons. In the case
of a sudden increase in the permeability coefficient of the
bottom water barrier, the large-scale leak of the concentrated
brine may further aggravate the migration of the concen-
trated brine. Therefore, in order to explore the migration
trend of concentrated brine during emergencies, the partial
permeability coefficient of the water barrier in the model
was increased from 7E-11 in the natural state to 1E-6 when
the emergency occurred. At the same time, combined with
the long-term natural penetration simulation results, the
groundwater head pressure difference is set to 10 meters,
and the simulation time is set to 30 days, 60 days, and 90
days. See Table 8 for simulation data.

Figure 13 shows the migration of concentrated brine to
the water barrier at different times under the sudden leak
scenario. When the sudden leak occurred for 30 days, the
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Figure 10: Relationship curve between the diffusion distance of concentrated brine, the ground-water head difference, and the salinity at the
outer wall of the underground storage after 50 years of long-term penetration.

Table 7: Increase in simulated data for 70 years of long-term penetration compared to 50 years of long-term penetration.

Groundwater head difference
Diffusion distance/m Polluted area/m2 Salinity/mg/L

North side West side Downside North side North side West side Downside

10m 28.9 0.1 9.6 14495.73 1150 10 4510

50m 70.3 0.9 0.1 29218.03 3000 245 270

100m 55.2 1.8 0.1 39161.51 2250 500 335

12 Geofluids



concentrated brine penetrated 1.0m into the aquifer, with a
polluted area of 97425.7m2, and the salinity of the water
barrier was 8295mg/L. Within 30 days, the downward pen-
etration rate of concentrated brine accelerated, but it still did
not penetrate the bottom water barrier. It can be seen that
when an emergency occurs, the downward migration of con-
centrated brine is within a safe range within 30 days. How-

ever, when there was a sudden leak for 38 days, the
concentrated brine penetrated the bottom water barrier
downward. At 60 days, the brine penetrated up to 23.7
meters to the lower side, an increase of 22.7 meters com-
pared with 30 days. At the same time, the polluted area is
209145.29m2, which is an increase of 111719.59m2, and
the salinity of the water barrier is 11115mg/L, which is an
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Figure 11: The migration of concentrated brine to the north side under different groundwater head differences after long-term penetration
for 70 years (the model is stretched 20 times the actual vertical direction, (a) is the initial state, (b) is 10 meters, (c) is 50 meters, and (d) is
100 meters).
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increase of 7820mg/L. It can be seen that before the concen-
trated brine penetrates the water barrier, the migration speed
is slow, and the movement is relatively stable. After the con-
centrated brine penetrates the water barrier and enters the
aquifer, the migration speed increases sharply, and the
movement speed increases significantly. After 90 days of
sudden leak, the scope of influence was further expanded.
However, from the comparison of the 30 days to 60 days
data and the 60 days to 90 days data increase in Figure 14,
it can be seen that the concentration of the concentrated
brine in the underground concentrated brine storage reser-
voir decreases with the leak of the concentrated brine, the
penetration power decreases, and the migration speed slows
down. This is the same as the migration pattern of concen-
trated brine obtained under the long-term penetration sim-
ulation scenario.

Under the sudden leak simulation scenario, the influence
of the reservoir permeability coefficient on the migration of
concentrated brine to the bottom water barrier is mainly
explored. After the permeability coefficient of the bottom
water barrier increases suddenly, the downward migration
speed of the concentrated brine is significantly accelerated,
and it only takes 38 days to penetrate the water barrier.
The migration speed and ability of the concentrated brine

after entering the Bao Ta Mountain confined aquifer is
enhanced on this basis, which is directly reflected in the
expansion of the concentrated brine polluted area and the
increase in the diffusion distance. With the extension of
the sudden leak time, the migration speed and migration
capacity of the concentrated brine in the underground stor-
age are gradually decreasing, and the increase of various
indicators decreases. This phenomenon is consistent with
the results of previous studies. The results of the sudden
leakage simulation are close to reality, and it is of great sig-
nificance to accurately put forward 30 days as a key period
to curb the spread of concentrated brine.

3.4. Analysis of Influencing Factors on Long-Term
Penetration and Sudden Leak of Underground Concentrated
Brine Storage Reservoir. In the long-term penetration simu-
lation scenario, the diffusion distance of the concentrated
brine to the north side of the storage under different ground-
water head differences is shown in Figure 15. At the same
simulation time, within a certain range of groundwater head
difference, the northward diffusion distance of concentrated
brine increases with the increase of groundwater head dif-
ference. And as the groundwater head difference increases,
the increase in penetration distance changes from large to
small. When the groundwater head difference remains the
same, regardless of the value, the diffusion distance of the
concentrated brine to the north side shows a gradual
increase with the extension of the simulation time, but
the increase rate changes from high to low. The migration
of the concentrated brine over time is first strong and then
weak. It can be seen that under the long-term penetration
scenario, the groundwater head difference and the penetra-
tion time are important factors influencing the migration
of concentrated brine.
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Figure 12: Relationship curve between the diffusion distance of concentrated brine, the ground-water head difference, and the salinity at the
outer wall of the underground storage after 70 years of long-term penetration.

Table 8: Partial simulation data of different sudden leak times
when the groundwater head difference is 10 meters.

Sudden leak
time

Diffusion
distance/m

Polluted
area/m2

Salinity change/
mg/L

30 d 1.0 97425.7 8295

60 d 23.7 209145.29 16115

90 d 34.5 244230.21 19695
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Figure 13: Migration of concentrated brine to the bottom water barrier at different times under sudden leak scenarios (the model is
stretched 20 times the actual vertical direction, (a) is the initial state, (b) is 10 meters, (c) is 50 meters, and (d) is 100 meters).
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From the long-term penetration and sudden leak simula-
tion scenarios, the time-varying curve of the penetration dis-
tance of concentrated brine to the bottom water barrier can
be known (Figure 16). After 38 days of sudden leak and 62
years of long-term penetration, the concentrated brine
migrated more than 7.6 meters to the lower side of the stor-
age and penetrated the water barrier. It can be clearly seen
from the comparison of penetration time that when the per-
meability coefficient is extremely low, the migration of con-
centrated brine to the outside of the reservoir can be
effectively inhibited. However, once the permeability coeffi-
cient increases, the movement of the concentrated brine in

the underground storage will change significantly, and its
migration will become more unstable. The permeability
coefficient of underground concentrated brine storage reser-
voir is a key factor affecting the migration pattern of concen-
trated brine.

4. Conclusion

In this study, by consulting the hydrogeological data of the
Ling Xin Coal Mine area, the parameters such as the perme-
ability coefficient and porosity of the bottom water barrier
were analyzed. Based on the finite difference commercial
software, a coupled model of concentrated brine flow and
solute transport in the underground concentrated brine stor-
age reservoir of Ling Xin mining area was accurately estab-
lished. The migration of concentrated brine in underground
concentrated brine storage reservoir under different ground-
water head differences, different permeability coefficients,
and different storage time conditions is analyzed. In addition,
this research provides reference and compliance for avoiding
environmental risks in actual situations, and has practical
and economic benefits.

When the long-term penetration was about 60 years and
the sudden leak was about 40 days, the concentrated brine
penetrated the water barrier and entered the Bao Ta Moun-
tain confined aquifer. The migration ability of concentrated
brine is obviously enhanced. In addition, the impact of sud-
den leakage under the two simulation scenarios is more seri-
ous, the migration speed and capacity of concentrated brine
is stronger, the leakage is larger, the diffusion distance is lon-
ger, and the pollution area is wider. It is very important that
the plan for the prevention and control of concentrated
brine environmental pollution in the event of sudden leak-
age should be improved and supplemented.

Groundwater head difference, reservoir permeability
coefficient, and storage time are important influencing
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factors affecting the migration of concentrated brine in
underground storage reservoir, among which the reservoir
permeability coefficient is the most critical. Strengthening
the anticorrosion and antiseepage measures of the dam body
and coal pillar during the construction of the underground
concentrated brine storage reservoir can effectively prevent
the occurrence of risks. In the case of sudden leakage, the
permeability coefficient of the reservoir increases, the migra-
tion capacity of the concentrated brine increases sharply,
and the time it takes to penetrate the water barrier is greatly
shortened. In addition, the movement of concentrated brine
in underground storage is significantly affected by the
groundwater head difference outside the reservoir. During
the same storage period, if the groundwater head difference
is too high or too low, the migration of concentrated brine
will increase accordingly.
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