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Abstract: The coordinate mining of stack resources in the Ordos Basin, which involves the coupling
effects of stress fracture, seepage, and reactive solute transport, plays an important role in resource
exploration and environment protection. A coupled multiphysical–chemical model, involving a
modified non-Darcy flow model, a leaching solution reaction, and a reactive solute transport model,
was developed in this study. The Fast Lagrangian Analysis of Continua -Computational Fluid
Dynamics (FLAC3D-CFD) simulator coupled with the developed models was used to investigate the
evolution and morphology of mining-induced multifield coupling for the scenarios of concurrent
mining and asynchronous mining of coal and uranium. As mining advanced to 160 m, the maximum
principle stress characterized by a stress shell was observed. As mining progressed to 280 m, a rupture
occurred, and a new stress shell was generated as a rear skewback was formed by the concentrated
stress of the stope. An “arch-shaped” fracture field combined with a “saddle-shaped” seepage field
was identified in the destressed zone of the stress shell. In the coordinated mining of uranium prior to
coal, “funnel-shaped” and “asymmetric saddle-shaped” morphologies of the leaching solution were
found during coal mining for ventilation in the stope and mining face. By contrast, “saddle-shaped”,
“inclined funnel-shaped”, and “horizontal” morphologies of the leaching solution were observed for
a short period for ventilation of the stope and mining face for coal mining prior to uranium mining,
uranium mining prior to coal mining, and synchronized coal and uranium mining. A dynamic stress
response was obtained in the coal seam, followed by the conglomerate aquifer and the uranium
deposits. The diffusion depth of the solution was negatively correlated with the injection velocity
and the pumping ratio and positively correlated with the diffusion coefficient. A dynamic increase in
diffusion depth was observed as the diffusion coefficient increased to 1 × 10−4 m2/s.

Keywords: coordinated mining of coal and uranium; multiphysical–chemical model; FLAC3D-CFD
simulator; multifield coupling

1. Introduction

With advanced mining equipment and technologies, longwall mining of coal seams [1–4] and in
situ leaching of uranium [5–7] have been widely accepted. However, as a stack resource, the efficiency
and safety of coal and uranium mining are important for energy demand, economic development, and
ecological balance. Therefore, a new coordinated mining method has been proposed [8]. Coordinated
mining, which involves physical mechanics and chemical reactions, is complex. It poses a threat to the
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safety of underground water and the surface ecosystem [9,10]. In the past decades, considerable effort
has been exerted to study geomechanical and geochemical responses to mining using methods that
integrate theoretical analysis, simulation, and field measurements [11–13].

Substantial research on the hydromechanical effect on the mining layer has been conducted [14,15].
Wu et al. [16,17] and Liu et al. [18] proposed the strain–seepage, rheology–seepage, and variable
parameter rheology–seepage models to deal with groundwater inrush problems under special geological
conditions. Yang [19] developed a stress–damage–flow coupling model for groundwater outbursts and
concluded that a dominant fracture developed in underlying overpressurized zones. Water pressure
transmitted along open conduits reduced effective stresses and developed rapid heave displacements
within the floor. Chen et al. [20] developed a coupled analysis model based on the Discontinuous
Deformation Analysis (DDA) method and analyzed the fluid–solid coupling effect of a fractured
rock. Kim et al. [21] proposed a finite, elastic, and porous model to study coupled rock deformation
and groundwater flow from mining in saturated and fractured geological media. Xu et al. [22]
investigated the influence of the main key stratum on the water-conducting height of a fractured zone
and concluded that small and large water-conducting heights of the fracture zone were obtained for
the mined geology, with large and small distances between the main key stratum and the coal seam.
Xie et al. [23] discovered an arched stress shell located above the fracture field using numerical and
physical simulation. They concluded that the stress shell bears the overburdened stress and transfers
it into the skewback. Ma et al. [24], Li et al. [25], Dai et al. [26], and Chen et al. [27] investigated the
development characteristics of a fractured zone and proposed corresponding preventive measures for
the groundwater inrush of the stope.

In situ leaching of uranium involves the chemical reaction between the leaching solution and
uranium, as well as the transport of a uranium-bearing solution in fractured porous media. The
characteristics of the physical and chemical responses of mined deposits under different pumping
ratios, pressure differences, and well spaces were extensively studied using an integrated method
of experimentation and numerical simulation [28–30]. Simon et al. [31] conducted a batch test and
column leaching experiment and then calibrated the reaction–transport parameters for in situ mining
using the geochemical code CHESS and the hydrodynamic geological code HYTEC. Dangelmayr
et al. [32] studied the decay process of uranium under a certain hydraulic gradient via column
leaching experimentation and the PHREEQC model. Gomez et al. [33] simulated uranium migration
in underground water and obtained the reduction conditions of secondary uranium.

The coupled hydromechanical and hydrochemical mechanism and the distribution characteristics
of mining-induced stress, fracture, fluid flow, and solute diffusion were studied and characterized.
However, the hydrogeological response to the coordinate mining of coal and uranium, which utilizes
the coupling effect of the stress–fracture–seepage field, solute chemical reaction, and transport and is
crucial to safety and environment protection in mining, is rarely studied. Based on the stack occurrence
of coal and uranium in the Ordos Basin, this study investigated the evolution and morphology of the
stress–fracture–seepage solute reaction transport field under different coordinated mining scenarios
using a developed multiphysical–chemical model coupled with the FLAC3D-CFD simulator. Finally,
the dependence of changes in stratum stress and uranium-bearing solution on the mining technology
was analyzed.

2. Coupled Multiphysical–Chemical Field Model

2.1. Modified non-Darcy Flow Model

For high-speed fluids and highly permeable porous media [34], a nonlinear relationship exists
between fluid head pressure and non-Darcy flow. Forchheimer’s proposed a law in 1901, which has
been extensively tested and theoretically verified in the description of the non-Darcy flow [35]:

− J = Av + Bv2 (1)
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where J is the head pressure gradient, MPa/m; v is the fluid velocity, m/s; A and B are non-Darcy
flow factors.

In accordance with previous work [36], the non-Darcy flow factors A and B can be expressed as a
function of stress σ, particle diameter D, porosity n, and attribute coefficients ζ1, ζ2, ζ3, ζ4, ζ5, and ζ6.
These factors are expressed as

v =
2|−J|

A +
√

A2 + 4B|−J|
(2)

A =
µ

k
= aµ

(1− n)ζ3

nζ2
(1/D)ζ1(σ)−m (3)

B = βρ = b0ρ exp(cσ)
(1− n)ζ5

nζ6
(D)−ζ4 (4)

2.2. Solute Reaction–Transport Model

For alkaline uranium mining, the chemical reaction between natural uranium oxide and leaching
solution is described below:

UO2(S)
I

+
1
2 O2(aq)

II
+

CO3
2−(aq)
III

+
2HCO3

−(aq)
IV

→
UO2(CO)3

4−(aq)
V

+
H2O(l)

VI
(5)

Quality transport of the reactant and producer can be expressed as follows when combined with
Equation (5):

∂tcII +∇(cIIU) = −
σ(cs)

ρϕ
RII (6)

∂tcIII +∇(cIIIU) = −
σ(cs)

ρϕ
RIII (7)

∂tcIV +∇(cIVU) = −
σ(cs)

ρϕ
RIV (8)

∂tcV +∇(cVU) = −
σ(cs)

ρϕ
RV (9)

∂tcI = −
σ(cs)

ρs(1−ϕ)
RI (10)

where cI is the uranium oxide grade; cII, cIII, cIV, and cV are the mass solute fractions; U is the transport
velocity; σ(cS) is the effective reaction area of the uranium ore; ϕ is the porosity; RI is the source of
uranium oxide; RII, RIII, RIV, and RV are solute source terms.

Solute transport velocity, which can be directly obtained for the fixed velocity boundary, can also
be obtained by the Forchheimer empirical Equation (1) for a constant pressure boundary.

For the transport of a reactive solute, the seepage law in multi-phase can be described as:

∂αlρlφ
k
l

∂t
+∇×

(
αlρl

→
ulφ

k
l − αlΓ

k
l ×∇×φ

k
l

)
= Sk

l k = 1, . . . , N (11)

For a single phase, the volume fracture of αl is equal to 1, and Equation (11) can be modified to:

∂ρφk

∂t
+

∂
∂xi

(
ρuiφk − Γk

∂φk

∂xi

)
= Sφk k = 1, . . . , N (12)

where φl
k is the component of the scalar k; αl, ρl, and ul are the volume fracture, density, and velocity

of the phase-l; Γl
k, Sl

k are the diffusion coefficient and source item. Under this condition, the scalar of
φl

k is related to the phase-l which is considered as an independent zone.



Water 2020, 12, 139 4 of 14

2.3. Multifield Coupled Model

By combining Equations (1) and (3)–(5), we can characterize the response of a mining-induced
multiphysical–chemical field:

UO2(S) + 1
2 O2(aq) + CO3

2−(aq) + 2HCO3
−(aq)→ UO2(CO)3

4−(aq) + H2O(l)
∂ρϕk
∂t

+ ∂
∂xi

(
ρuiϕk − Γk

∂ϕk
∂xi

)
= Sϕk k = 1, . . . , N

−J = Av + Bv2

A =
µ
k = aµ (1−n)ξ3

nξ2
(1/D)ξ1(σ)−m

B = βρ = b0ρ exp(cσ) (1−n)ξ5

nξ6
(D)−ξ4

(13)

In accordance with the hydrogeology and mining technology of the mining site, the multifield
model (13) can be simplified as follows: (1) The sandstone-type uranium deposit is homogeneous
and an isotropic porous medium; (2) The liquid phase is a diluted solution; changes in the liquid
density and kinematic viscosity resulting from the chemical reaction were ignored; (3) Changes in
porosity caused by the chemical reaction and physical transport were ignored; (4) Solute convection
and prominent flow in highly permeable regions of the uranium deposits were located 600 m deep, and
the solution diffusion effect was ignored. As a result, constant porosity ϕ of sandstone-type uranium
deposits, uranium density ρs, and leaching solution density ρ were assumed during the chemical
reaction and physical transport.

3. Coordinate Coal and Uranium Mining

3.1. Mining Geology

The stack area of coal and uranium had a length of 25.49 km, a width of 15.69 km, and a production
capacity of 10 million t/a. The 3-1 coal seam was the main coal seam with a depth of 600 m and
an average thickness of 3.36 m. For the uranium deposits, the depth was 410 m, and the average
thickness was 3.74 m; the distance from the 3-1 coal seam was 90–150 m. The presence of uranium in
the lower sandstone area of the Jurassic Zhiluo formation poses a direct threat to the 3-1 coal seam
during longwall mining.

3.2. Simulation Setup

The FLAC3D-CFD simulator was used to study the response of the mining deposits while
considering coordinate mining scenarios and mining technologies. For the simulation model, the
dimension size was 500 m × 5 m × 140 m (length ×width × height), the grid size was 4 m × 5 m × 4 m,
the space of the pumping well was 30 m, the depth of the coal seam was 600 m, and the overburden
stress was 12.07 MPa. The corresponding parameters of the mining technology were: mining length of
320 m, mining speed of 16 m/day, and pumping ratio of injection rate to extraction rate in the range
of 1:1–1:4. The hydrogeology condition, specific model and corresponding mechanical and chemical
parameters are shown in Figures 1 and 2 and Table 1.
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Table 1. Mechanic and hydraulic parameters for the numerical simulation.

Stress Field Lithology Density d
(kg/m3)

Young’s Modulus
E (GPa) Poisson’s Ratio µ Cohesion C (MPa) Strength σc

(MPa)
Internal

Friction ψ (◦)
Initial Permeability

K (m2)

Conglomerate 1800 4 × 10−2 0.25 8E-3 25 30 -

Sandy
mudstone 2240 15.6 0.30 1.8 27 43 -

Coal 1600 12.1 0.25 1.1 14 24 -

Sandy
mudstone 2350 13.6 0.32 0.91 50 45 -

Chemical field Conglomerate Mass
fractionuo2

Mass fraction O2
Mass fraction

CO3
2−

Mass
fractionHCO3

−

Mass fraction
UO2(CO3)3

4−
Reaction rate

(kg/m3 s)
Diffusion coefficient

(m2/s)

0.005 0.005 0.01 0.02 0 105/10.5/1.05 -

Seepage field Conglomerate
sandy mudstone Porosity ϕ

Initial permeability
K (m2)

Initial non-Darcy
coefficientβ (m−1)

Diffusion coefficient
(m2/s)

Longitudinal
dispersivity (m)

Transverse
dispersivity (m) -

0.285 7.0 × 10−12 1.0 × 108 5 × 10−5 20 0.67 -
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4. Evolution Characteristics of the Multifield Coupling

The mining and environmental occurrence of coal and uranium was reversed by setting the
injection and extraction rates for the leaching solute to 9 and 9.27 m3/day, respectively. The hydraulic
gradient was set to 0.0013, and the head pressure was set to 3.3–4.3 MPa, according to a previous
study [37].

Figure 3 shows that as mining progressed, a negative “pressure funnel” was observed in the
overburdened conglomerate, resulting in groundwater inrush in the mining face. Moreover, initiation,
propagation, and coalescence of a mining-induced fracture gradually occurred in the surrounding
rock. The maximum fracture height of 90 m was obtained as mining progressed to 160 m, and the
arch fracture field ripened as mining advanced to 320 m. For the stress field evolution, a skewback
was observed in the virgin rock and coal. The stress shell ripened as mining advanced to 130 m and
propagated into the stope margins. When mining advanced to 300 m, stress shell rupture occurred,
and a new stress shell was generated as a rear skewback was formed by the concentrated stress of
the stope. The fluid flow presented a “funnel shape” in the mining face. As a result of the increase in
seepage channels and area, the corresponding flow rate increased from 5.0 × 10−5 m/s to 7.7 × 10−5

m/s as mining advanced. Coal mining induced changes in the stress, seepage, and fracture fields, the
mined uranium was dissolved in the solute, and the mixture was transported into the seepage field.
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Figure 3. Multifield coupling evolution in the scenario of concurrent coal and uranium mining.
(a) Hydraulic pressure; (b) Fracture field; (c) Maximum principal stress; (d) Seepage field; (e) Uranium,
(f) Uranium-bearing solute.

As shown in Figure 4, stress concentration and release were obtained, and a decreasing trend was
observed with the increase in the distance from the coal seam. Initial stress was recovered at a distance
of 120 m behind the mining face as mining advanced to 250 m. For the conglomerate aquifer, a release
zone characterized by a “funnel shape” was observed, which propagated into the virgin zones as
mining advanced to 250 m. As mining advanced from 250 m to 320 m, the size of the “funnel-shaped”
zone reduced progressively, accompanied by the recovery of in situ stress. For uranium deposits, the
vertical stress morphology was characterized by a “concave shape”, and stress concentrated at the tip
of the concavity. As a whole, the entire stress variation was minor.
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Figure 4. Stress response in the overburden. (a) Redistributed stress in the uranium deposit; (b)
Redistributed stress in the conglomerate aquifer; (c) Redistributed stress in the coal seam.

Figure 5 indicates that the concentration of the leaching solution remained stable along the
horizontal uranium-bearing deposits. By contrast, the distribution of the uranium-bearing solution
was characterized by a “trapezium shape”, and the solution was concentrated at the two ends of the
uranium layer. This phenomenon resulted from the hydraulic gradient and the distribution of the
pumping well. Under the complex influence of the hydraulic gradient, pumping rate, and diffusion
properties, the diffusion depth of the uranium-bearing solution increased at an initial constant rate
of 0.12 m/day, which then decreased after 10 days. Finally, the maximum diffusion depth was 5.6 m
below the uranium layer.
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Figure 5. Reactive solute transport and distribution. (a) Distribution of the leaching solution; (b)
Distribution of the uranium-bearing solution; (c) Uranium-bearing solution transport.

5. Sensitivity Analysis of the Multifield Coupling

5.1. Effect of the Mining Sequence

5.1.1. Mining of Uranium Prior to Coal

Figure 6 shows the coordinate mining of coal and uranium starting from for uranium. In detail, the
hydraulic gradient was set to 0.0013, the concentration of UO2, O2, CO3

2−, HCO3
−, and UO2(CO3)3

4−

reached 0.0005, 0.005, 0.01, and 0.02, respectively. The chemical reaction rate was k = 10.1, the diffusion
coefficient was 1 × 10−6, and the injection and extraction rates were 19 and 76 m3/day, respectively.

For stope ventilation, a “negative funnel” was developed under the combined effect of the goaf
and the confined aquifers characterized by a hydraulic gradient of 7%. As a result, groundwater
flowed into the goaf at a rate of 1 × 10−5 m/s. The seepage field was represented by an “inverted
funnel” with high permeability at the edge and low permeability in the center, which resulted from the
seal effect of the high overburdened stress located at the center of the stope characterized by reduced
seepage channels. Meanwhile, the leaching solution was seeped into the stope with a “funnel shape”,
which was located directly on the roof of the coal seam. This seeping resulted from the convection
diffusion effect of the solute-bearing flow. By contrast, the leaching solution, including the margin and
central “funnel-shaped” flows, was characterized by a “W shape” when distributed in the roof and
surrounding rock. Finally, the coal stope was filled with the uranium-bearing solution by diffusion over
a long period. For mining face ventilation, the difference in hydraulic pressure between the mining
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face and the conglomerate-confined aquifer, characterized by a flow rate of 6.13 × 10−5 m/s, resulted
in the uranium-bearing solution seeping into the stope with a “semi-saddle shape”. By contrast,
the uranium-bearing solution seeped into the stope and mining face with an “asymmetric saddle”
morphology under the combined influence of hydraulic pressure and anisotropic permeability of the
mining deposits.Water 2018, 10, x FOR PEER REVIEW  3 of 5 
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5.1.2. Mining of Coal Prior to Uranium

In the scenario of coal mining prior to uranium, the ratio of injection rate to extraction rate was set
to 1:1.5, the diffusion coefficient was 1 × 10−5, the injection rate was 19 m3/day, and the reaction rate
was 10.5. The evolution and morphology of the seepage–solute reaction transport field is presented in
Figure 7.
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As shown in Figure 7, a division zone of the seepage field was present around the stope shoulder
and pumping well due to the influence of hydraulic pressure changes and anisotropy permeability
induced by the in situ leaching of uranium and longwall mining of coal. Under the complex effect of
convection and diffusion of the solute-bearing flow, a vertical diffusion depth of 8 m toward the coal
stope was obtained for the uranium-bearing solution after 1 month of in situ leaching. Subsequently,
diffusion depths of 40 and 60 m were obtained, and a “saddle-shaped” morphology for the distribution
of the uranium-bearing solution was observed after 3 months of uranium mining. Uranium was
completely mined after 5 months, and the uranium-bearing solution migrated into the coal stope.

Figure 8 shows that the hydraulic pressure reached 17% due to the coupled effects of the fractured
rock, leaching solution pumping, and confined aquifer on mining face ventilation. Under the integrated
effect of seepage and diffusion, the leaching solution and uranium-bearing solution gradually flowed
into the mining face with an “asymmetric funnel” morphology after 3 months. The seepage scope
gradually enlarged in 1–3 months. By contrast, the efficiency of uranium mining was similar in stope
and mining face ventilation.
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5.2. Effect of the Mining Technology

The diffusion scope of the leaching solution is crucial to the safety of coal mining and underground
water and considerably related to the injection rate, diffusion coefficient of O2, CO3

2−, HCO3
− and

UO2 (CO3)3
4−, and pumping ratio between injection and extraction. To investigate the effect of the

injection rate, diffusion parameters, and pumping ratio on the development of the diffusion scope,
we set the corresponding parameters as follows: For the first group, the pumping ratio of injection to
extraction was 1:1.003 with an injection rate of 19, 25, 30, and 40 m3/day. The corresponding diffusion
coefficients were 0, 1 × 10−5, 1 × 10−4, and 1 × 10−3 m2/s; For the second group, the pumping ratio of
injection to extraction was set to 1:1, 1:2, 1:3, and 1:4 with an injection rate of 19 m3/day.

As shown in Figure 9a, the diffusion depth was exponentially related to the injection rate and
gradually reduced as the injection rate increased. An apparent decrease was obtained at 19–30 m3/day.
Figure 9b indicates that the diffusion depth was positively correlated with the diffusion coefficient
and dominated by the seepage velocity when the diffusion coefficient was equal to zero. As the
diffusion coefficient increased, the effects of diffusion and mass were promoted, and that of seepage
was weakened. In detail, a diffusion depth of 5 m was obtained for the diffusion coefficient of 1 ×
10−5 m2/s. As the diffusion coefficient increased to 1 × 10−4 and 1 × 10−3 m2/s, diffusion depths of
10 and 140 m were obtained, the whole process was dominated by the mass effect, and the seepage
effect could be ignored. Meanwhile, the diffusion depth was negatively related to the pumping ratio
of extraction to injection, as described in Figure 9. In detail, a diffusion depth of 95 m was obtained



Water 2020, 12, 139 11 of 14

with a pumping ratio of 1:1, and the diffusion depth increased to 10 m for a pumping ratio of 1:2.
The maximum diffusion depth was maintained at 4 m with a pumping ratio in the range of 1:2–1:4.Water 2018, 10, x FOR PEER REVIEW  5 of 5 
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6. Discussion

In the previous section, we developed a coupled multiphysical–chemical field model, which
couples redistributed stress, fracture propagation, fluid migration, and solute diffusion in fractured
porous media. Compared with previous efforts in coupling the hydromechanical and hydrochemical
fields, the improvements offered by this work are as follows: (1) the hydrogeological response to the
coordinate mining of coal and uranium, considering the coupling effects of the stress–fracture–seepage
field, solute chemical reaction, and transport, was obtained; (2) the variations of the morphology of
the mining-induced multi-field related to mining sequence, ventilation condition, mining technology,
and corresponding critical parameters was analyzed. This study identified a stress shell and its
forming mechanism and observed mining-induced differences in stress redistribution in the coal
seam, conglomerate aquifer, and uranium deposits. An “arch-shaped” fracture field combined with a
“saddle-shaped” seepage field was presented. In the scenario of concurrent mining and asynchronous
mining of coal and uranium, “funnel-shaped”, “asymmetric saddle-shaped”, “saddle-shaped”,
“inclined funnel-shaped”, and “horizontal” morphologies of the leaching solution were described,
considering the ventilation in the stope and mining face. The results of this study contribute to stacked
resource exploration and environment protection and provide a valued reference for researchers and
engineers in this field.

7. Conclusions

(1) A complete stress shell with a maximum fracture height of 90 m was presented, and the
overburden stress was transported through a stress arch into the skewback located in the virgin coal and
rock mass, as mining advanced to 160 m. Concentrated stress was generated, and the corresponding
scope was enlarged, as mining advanced to 256 m. The stress shell became unstable as mining advanced
to 280 m. Simultaneously, a new stress shell was generated as a rear skewback was formed by the
concentrated stress of the stope.

(2) The influence of mining on the stress response to the coal seam, conglomerate aquifer, and
uranium deposits was presented. A dynamic response occurred in the coal seam, and in situ stress
recovery was obtained behind the mining face of 120 m, as mining advanced to 250 m. A release zone,
characterized by a “funnel shape”, was identified in the conglomerate aquifer, and it gradually reduced
as mining advanced. By contrast, slight variations in vertical stress, characterized by a “concave
shape”, were found in uranium deposits.

(3) For the scenario of uranium mining prior to coal mining, the leaching solution migrated
into the coal stope with a “funnel” shape and “asymmetric saddle” shape under stope and mining
face ventilation, respectively. In the scenario of coal mining prior to uranium mining, the leaching
solution seeped into the stope with “saddle-shaped” and “inclined funnel-shaped” morphologies.
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In the scenario of concurrent coal and uranium mining, the migration of the leaching solution was
limited to a short period, and the seepage disappeared in the sealed stope.

(4) The diffusion depth was exponentially related to the injection rate and the pumping ratio
between injection and extraction and it was also positively correlated with the diffusion coefficient.
In detail, the diffusion depth sharply increased to 140 m as the diffusion coefficient increased to
1 × 10−4 m2/s.
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