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The seepage lawof the ionic rare earth leaching process plays an important role in the
efficient development and utilization. The saturation permeation test of ionic rare
earth under different leaching conditions was carried out using the variable head
method, and the influenceof type, concentration, and leaching path on the saturation
permeability coefficient was revealed. The relationship between the water content
and the matric suction of ionic rare earths under different leaching conditions was
measured with the Geo-Experts pressure plate apparatus, and the soil-water
characteristic curves under different leaching conditions were obtained. Based on
the soil-water characteristic curve model, the unsaturated permeability coefficient
function of ionic rare earths under different conditions was studied. The results show
that the saturated-unsaturated permeability coefficients of ionic rare earths are pure
water, 3% (NH4)2SO4, and 3%MgSO4, in descending order, when the type of leaching
solution is different. For different concentrations of the leaching solution, when the
concentration of (NH4)2SO4 increases from 2% to 5%, the saturated permeability
coefficient first increases and then decreases. The matrix suction is an important
factor affecting the unsaturated permeability coefficient when the ore body is
unsaturated, and the unsaturated permeability coefficient decreases with the
increase of the leaching solution concentration under the same matric suction.
The seepage law is related to the leaching path, and the permeability coefficient
increases when leaching at high concentrations followed by low concentrations, in
reverse order, the permeability coefficient decreases. The research results canprovide
theoretical guidance for the design of injection parameters, and improve the theory of
in-situ leaching.
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1 Introduction

Ionic rare earths are an important strategic mineral resource and play an important role in
the national defense industry and high-precision technology products (Ilankoon et al., 2018; Nie
et al., 2020; Liu et al., 2021). In these ores, rare earth elements, which are adsorbed on the clay
minerals through hydrated cations or hydroxyl-hydrated cations, are difficult to enrich by
conventional selection techniques. After years of research by scientific and technological workers,
ionic rare earths have successively experienced the mining methods of pool leaching, heap
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leaching, and in-situ leaching (Zhang et al., 2016; Chi et al., 2019; Zhou
et al., 2019). In-situ leaching has the advantages of being a simple
process with low cost and low disruption, and is currently widely
recommended (Deng et al., 2016; He et al., 2017). The schematic
diagram of in situ leaching is shown in Figure 1. The permeability of the
ore body has an important impact on the in situ leaching velocity and
leaching rate, which are directly related to the efficient recovery and
utilization of rare earth resources. The seepage of in situ leaching is a
dynamic process that includes two stages: unsaturated and saturated
seepage. It is of great significance to study the saturated-unsaturated
permeation characteristics of ionic rare earths under different leaching
conditions to improve leaching efficiency.

During the in situ leaching process, parameters such as water
content, matric suction, and permeability coefficient all changed
(Wu et al., 2005; Long et al., 2019). Many scholars have conducted
relevant studies on the saturation permeation characteristics of ionic
rare earths. (Yin et al., 2015; Yin et al., 2018) studied the relationship
between particle size and capillary rise rate, pore ratio, and
permeability of ionic rare earth ore. (Jin et al., 2015; Guo et al.,
2017) investigated the influence of particle size of ionic rare earth ore
on the one-dimensional vertical seepage law. (Guo et al., 2020) wrote
about the effects of particle size and grain composition on the two-
dimensional infiltration characteristics of ionic rare earths. (Wang
et al., 2017) studied the seepage mechanism of ionic rare earths at the
microscopic and mesoscopic scales. Currently, the research on the
seepage characteristics of ionic rare earth ore mainly focuses on
saturated permeation, and the research on unsaturated permeability
characteristics is inadequate. Since the unsaturated permeability
coefficient is difficult to be directly measured by experiments, the
soil-water characteristic curve model and the saturated permeability
coefficient are typically used to derive the unsaturated permeability
coefficient function and reveal the unsaturated permeability law of
rock and soil (Ma et al., 2016).

In this study, rare earth ore samples from Jiangxi Province
were selected to carry out saturation seepage experiments and
soil-water characteristic experiments; the saturated permeability
coefficient and soil-water characteristic curve of the ore body
under different leaching conditions were obtained and revealed
the saturated/unsaturated seepage law of ionic rare earths under
different types, concentrations, and leaching paths, which
provided a theoretical basis for the prediction of the in situ
leaching rate and the regulation of the leaching solution
injection.

2 Test materials and methods

2.1 Test materials

The ore samples were selected from a rare earth mine in
Longnan, Jiangxi Province. The basic physical parameters of the
samples are listed in Table 1. The particle size distribution curve of
rare earth ore is shown in Figure 2.

The samples were remolded in accordance with the dry density
and water content of the undisturbed soil. The quantitative X-ray
diffraction (XRD) analysis of the ore samples was carried out, and
the results are shown in Figure 3.

2.2 Test devices and methods

The saturation permeability coefficient was measured using
the TST-55 variable head permeameter (Gao et al., 2008). The
device is shown in Figure 4. The samples were saturated with a
vacuum saturator for 24 h, and then the saturation penetration
experiment was carried out to measure the saturation

FIGURE 1
Diagram of ionic rare earth in situ leaching.
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permeability coefficient of ionic rare earth under different types,
concentrations, and leaching paths.

The Geo-Experts pressure plate apparatus was used for the soil-
water characteristic experiment, and the device is shown in Figure 5.
First, ionic rare earth samples were prepared and saturated with
leaching solution under the same conditions, and then the soil-water
characteristic experiments were carried out to measure the
corresponding soil-water content under different matrices of

suction. For a single matrix suction, when the 24 h change was
less than 0.1 mm, the equilibrium state was considered to have been
reached under that specific matric suction (Pham et al., 2005;
Fredlund et al., 2006).

2.3 Data calculation

The following logarithmic formula was used to calculate the
saturated permeability coefficient of ionic rare earths:

TABLE 1 Basic physical parameters of rare earth ores.

Density ρ/
(g·cm−3)

Water content
θ/%

Specific gravity Gs/
(g·cm−3)

Void
ratio e

Liquid limit
wL/%

Plastic limit
wP/%

Plastic
index Ip

1.43 16.46 2.68 0.86 41.17 30.83 10.34

FIGURE 2
Particle size distribution curve of rare earth ore sample.

FIGURE 3
XRD mineral composition analysis of rare earth ore samples.

FIGURE 4
The saturation penetration apparatus.

FIGURE 5
The Geo-Experts pressure plate test apparatus.
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kT � 2.3
aL
AΔt

ln
h1
h2

(1)

where kT is the saturation permeability coefficient; a is the cross-
sectional area of the variable head pipe; A is the cross-sectional area
of the cutting ring; the value of 2.3 is the conversion factor of ln; L is
the height of the cutting ring; Δt is the start and end interval of the
measured water head; h1 and h2 are the start and end water heads.

For the soil-water characteristic curve of ionic rare earths, the
mass water content under different matric suction was measured
experimentally and converted into volume water content, and the
matric suction and volume water content at all levels were plotted in
a semi-logarithmic coordinate system to obtain the corresponding
soil-water characteristic curve. The corresponding volume water
content of the different matrices suction is:

θ � wρd
ρw

(2)

where θ is the volume water content, w is the mass water content, ρd
is the dry density of soil, and ρw is the density of water.

The soil-water characteristic curve is the basis for research on
the permeability characteristics of unsaturated soil, and many
scholars have proposed the relevant soil-water characteristic
curve model (Van Genuchten et al., 1980; Rajkai et al., 1996;
Chiu et al., 2012). Research shows that the Fredlund and Xing
model has high adaptability to the soil-water characteristic curve of
ionic rare earths (Guo et al., 2021); therefore, their three-parameter
model was used for analysis. The expression of Fredlund and Xing’s
three-parameter model (Fredlund et al., 1994) is as follows:

θ

θs
� 1

ln e + ψ
a( )

n
[ ]{ }

m (3)

where θ is the volume water content, θs is the saturated water content,
and ψ is the matrix suction. a, n, and m are the three optimization
parameters of the model. The parameter a is related to the air-entry

value, n is a parameter related to the drying rate and it controls the slope
of the SWCC, m is a parameter related to the residual water and it is
correlated with the overall symmetry of the curve. This model assumes
that there is a small θr. For simplification of the models, it is
hypothesized that θr=0.

3 Saturation seepage law for ionic rare
earths under different leaching
conditions

3.1 Saturation permeability under different
leaching solutions

The saturated permeability coefficients of ionic rare earth under
the different types of leaching solutions are shown in Figure 6.When
the leaching solution was pure water, 3% (NH4)2SO4, and 3%
MgSO4, the corresponding saturation permeability coefficients
were 12.05 × 10−5 cm/s, 10.4 × 10−5 cm/s, and 9.01 × 10−5 cm/s,
respectively. It can be seen that the saturation permeability
coefficient decreased sequentially. The analysis suggests that in
the seepage process, pure water did not undergo a chemical
exchange reaction with rare earth ions, the migration and
agglomeration of soil particles resulted in an increase of the
effective seepage channel in the soil, and then the saturated
permeability coefficient of pure water was greater.

When the leaching solution was 3% MgSO4 and 3%
(NH4)2SO4, both underwent chemical exchange reactions with
rare earth ions adsorbed on clay minerals. The exchange
reactions between NH4+, Mg2+ and rare earth ions cause the
agglomeration, disintegration, and migration of soil particles,
resulting in the blockage of seepage channels; therefore, the
permeability characteristic was reduced. Consequently, the
saturated permeability coefficients of 3% (NH4)2SO4 and 3%
MgSO4 were significantly smaller than those of pure water.
The chemical exchange reaction formula is as follows:

Al2Si2O5 OH( )4[ ]m · 2nRE3+ s( )
+ 3nMg2+ aq( )# Al2Si2O5 OH( )4[ ]m · Mg2+[ ]3n s( ) + 2nRE3+ aq( )

Al2Si2O5 OH( )4[ ]m · 2nRE3+ s( )
+ 3nNH+

4 aq( )# Al2Si2O5 OH( )4[ ]m · NH+
4[ ]3n s( ) + nRE3+ aq( )

The results show that the cations adsorbed on the clay can
exchange with the divalent cation in the solution during the
permeation experiment, thereby resisting the dispersion of soil
particles and preventing the formation of micro-fissures. Similar
results were obtained with Mg2+ in this experiment. For the
leaching solution of 3% MgSO4, Mg2+ not only reacted with
the divalent cations adsorbed by clay minerals but also
exchanged reactions with the monovalent cation therein,
adsorbed on the surface of ionic rare earth particles, so that
the thickness of the combined water layer increased, at the same
time leading to the reduction of the porous channel between the
particles, further reducing the permeability characteristic of ionic
rare earth. Consequently, the permeability coefficient of 3%
MgSO4 appeared to be slightly lower than that of 3% (NH4)2SO4.

FIGURE 6
Saturated permeability coefficients for different leaching
solutions.
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3.2 Saturation permeability at different
leaching solution concentrations

The saturated permeability coefficients of ionic rare earth under
different concentrations of leaching solution are shown in Figure 7,
and the saturated permeability coefficients of ionic rare earth
corresponding to pure water, 2% (NH4)2SO4, 3% (NH4)2SO4, and
5% (NH4)2SO4 are 12.05× 10−5 cm/s, 9.87 × 10−5 cm/s, 10.4 ×
10−5 cm/s, and 9.81 × 10−5 cm/s, respectively. It can be seen that
the saturation permeability coefficient is the largest under the
leaching of pure water, and when the concentration of the
leaching solution increased from 2% to 5%, the saturation
permeability coefficient increased and then decreased, with the
saturation permeability coefficient under the leaching of 3%
(NH4)2SO4 being greater than in the other two conditions.

It is believed that the concentrations of leaching solution have
a certain influence on the structure of the electrical double layer
of the soil. The double layer on the surface of the soil particles
includes an adsorption layer and a diffusion layer, and during the
seepage process, the diffusion layer moved with the cations. The
thickness of the electrical double layer is closely related to the ion
concentration, and with the increase in concentration of the
leaching solution, the diffusion layer will decrease, so the seepage
channel will expand, and the permeability coefficient will
increase.

In the seepage process, NH4+ and the rare earth ions on the
surface of the clay mineral underwent chemical exchange reactions,
and the more NH4+ of leaching solution, the smaller saturation
permeability coefficient appears. At the same time, the electrical
double layer on the surface of the soil particles was affected, but the
effect of the ion exchange reaction was less than the weakening effect
of the thickness of the double electrical layer.

With the increase of concentration, the ion exchange reaction
becamemore violent , and the weakening effect of the electric double
layer began to be lower than that of the ion exchange reaction,

thereby inhibiting the seepage effect, making the permeation
characteristics smaller. Considering the combined influence of
the double electrical layer and the ion exchange reaction degree,
the saturation permeability coefficient of the ore body under the
leaching of 5% (NH4)2SO4 was found to be smaller than that of 3%
(NH4)2SO4.

3.3 Saturation permeability under different
leaching paths

The leaching solution was set as (NH4)2SO4, and two groups of
experiments were set up for control: “first high concentration followed
by low concentration” and “first low concentration followed by high
concentration,” respectively. “First high concentration followed by low
concentration” means that ionic rare earths used a high concentration
leaching solution for saturated leaching for 24 h before the seepage
experiment, and then used a low concentration leaching solution for
seepage. Three working conditions were set: 3%→3%, 3%→1%, 3%
→0%. In contrast, a low concentration leaching solution was used for
saturation solution for 24 h, and then a high concentration leaching
solution was used to seep, with three working conditions being set:
0%→3%, 1%→3%, 3%→3%. The relationship between the saturated
permeability coefficient of the ore body under different leaching paths is
shown in Figure 8.

It can be seen from Figure 8A that the saturated permeability
coefficient of ionic rare earths under the leaching of 3%→3%, 3%→
1%, 3%→0% was 10.40 × 10−5 cm/s, 10.67 × 10−5 cm/s, and 8.42 ×
10−5 cm/s, respectively. The saturation permeability coefficient of
the ore body showed little difference. The saturated permeability
coefficient under the leaching of 3%→1% increased slightly, and the
leaching of 3%→0% was the smallest.

Our analysis shows that during the “first high concentration
followed by low concentration” phase, as the free water diffused
from a high concentration to a low concentration, the soil
particles produced a repulsive force from the inside to the
outside, causing the soil particles to break, blocking the
seepage channel, and reducing permeability. At the same time,
the ion exchange reaction was weakened, the effect on soil
particles was reduced, and the permeability of ionic rare
earths improved. Under 3%→0% working conditions, the
permeability was reduced by the larger concentration
difference. At this time, the effect of the ion exchange reaction
was less than that of the seepage; therefore, its saturation
permeability coefficient was minimal. Under 3% →1% working
conditions, the difference in concentration was smaller than that
of 3%→0% working conditions, the repulsive force was also
smaller, and the degree of permeability was relatively small.

It can be seen from Figure 8B that the saturated permeability
coefficient of ionic rare earth under the leaching of 3%→3%, 1%→
3%, 0%→3% was 10.40 × 10−5 cm/s, 7.91 × 10−5 cm/s, and 8.87 ×
10−5 cm/s, respectively. The first path had the largest saturation
permeability coefficient, and the 1% →3% path had the smallest.

The analysis shows that during the “first low concentration
followed by high concentration” phase, the concentration difference
also produced a repulsive force from the outside to the inside of the
soil particles, promoting the agglomeration of soil particles,

FIGURE 7
Saturated permeability coefficient under different
concentrations of leaching solution.
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expanding the seepage channel, and increasing the permeability.
When high concentration seepage was used, the ion exchange
reaction of rare earths worsened, resulting in the fragmentation
and migration of soil particles, and the permeability decreased.
Under 1%→3% working conditions, because the effect of the ion
exchange reaction was greater than that of the seepage, caused the
smallest permeability coefficient by joint action. Under 0%→3%
working conditions, the concentration difference caused by the
seepage was larger than that under 1%→3% working conditions,
and the permeability improved. Therefore, the saturation
permeability coefficient under 0%→3% working conditions was
larger than that of the former.

4 Soil-water characteristic curves of
ionic rare earths under different
leaching conditions

4.1 Soil-water characteristic curves under
different types of leaching solutions

In order to study the effect of different types of leaching
solutions on the soil-water characteristics of ionic rare earths,
drying tests were carried out using 3% (NH4)2SO4, 3%MgSO4,
and pure water, and the water content data were recorded under
different matrixes of suction. In this study, the influence of the
“hysteresis effect”was not considered, and the drying curve was used
to represent the typical soil-water characteristic curve of the ore
body. Based on the Fredlund and Xing model, a fitting analysis was
carried out, and the obtained soil-water characteristic curves are
shown in Figure 9.

The test results show that under pure water conditions, the
saturated volume of water content was the largest. Under 3%
(NH4)2SO4 conditions, the saturated volume water content was
the smallest. Under the same matric suction, the water-holding
performance of ionic rare earth appeared to be significantly
different; pure water had the best water-holding performance,
and 3% (NH4)2SO4 had the poorest.

Our analysis suggests that pure water did not react with rare
earth ions; therefore, the pores of ionic rare earths under pure water
conditions basically did not change, resulting in a large, saturated
volume of water content. Concentrations of 3% (NH4)2SO4 and 3%
MgSO4 exchanged with the ionic rare earth, which changed the
structure of the soil, resulting in poorer water-holding performance.
The capacity of bound water in 3% (NH4)2SO4 was stronger than
that of 3% MgSO4, but under the same matric suction range, the
water content of ionic rare earth under the condition of 3%
(NH4)2SO4 was lower than that of 3% MgSO4.

FIGURE 8
The saturated permeability coefficient of different leaching paths (A) First high concentration followed by low concentration (B) First low
concentration followed by high concentration.

FIGURE 9
Soil-water characteristic curves under different types of leaching
solutions.
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4.2 Soil-water characteristic curves at
different concentrations of leaching
solution

The soil-water characteristic curves at different concentrations
of leaching solutions are shown in Figure 10. It can be seen that the
SWCC under pure water conditions was significantly higher than
that of other concentrations. Under the same matric suction, the
water content of the low concentration leaching solution was slightly
higher than that of the high concentration leaching solution. As the
concentration of the leaching solution decreased, the volume water
content of the ionic rare earth increased, and the water holding
capacity also increased.

The analysis suggests that pure water had the greatest water-
holding capacity, and that it did not undergo chemical exchange
reactions with rare earth ions, which had little effect on the size of
ionic rare earth particles. Under other concentrations of leaching
conditions, ion exchange reactions occurred, resulting in changes in
the internal structure of the soil and changes in water holding
capacity. As the concentration of the leaching solution increased, the
chemical reaction that occurred during the leaching process became
more intense, and the pore structure changed greatly, resulting in the
deterioration of the water-holding performance of the ore body at
high concentrations.

4.3 Soil-water characteristic curves under
different leaching paths

The SWCCs of ionic rare earth under different leaching paths
are shown in Figure 11. It can be seen that for 0% →3% working
conditions, the water-holding characteristic of an ionic rare earth
ore body was the best. Under the same matric suction, its water
content was greater than that of other working conditions. For 3%→
0% working conditions, ionic rare earth samples had the worst
water-holding characteristics. When the matric suction was small,
the water content was minimal compared to other working
conditions. It can be seen that their water-holding performance
was poor, but their residual water content was large. For different
path conditions composed of 3% (NH4)2SO4 and 1% (NH4)2SO4,
there was little difference between the two.

The analysis indicates that under “0%→3%” working
conditions, because the free water diffused from the high
concentration solution to the low concentration solution, this
concentration difference produced diffusion force, promoted the
formation of agglomerates of fine particles in ionic rare earth
samples, and expanded the pores, resulting in a large, saturated
volume water content. Under “3%→0%” working conditions, the

FIGURE 10
Soil-water characteristic curves at different concentrations of
leaching solution.

FIGURE 11
Soil-water characteristic curves under different leaching paths (A) First high concentration followed by low concentration (B) First low concentration
followed by high concentration.
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high concentration of leaching solution disintegrated and
transported the ore body particles, resulting in the blockage of
pores in the soil and the narrowing of the voids, therefore
minimizing the saturated volume water content. For 3%→1%
and 1%→3% working conditions, because of the small
concentration difference, the diffusion force brought by the
concentration difference was smaller than the effect of the ion
exchange reaction, its internal structure changed marginally, and
so did the water-holding performance of the ore body under these
two working conditions.

5 Unsaturated seepage law of ionic rare
earths under different leaching
conditions

5.1 Unsaturated permeability coefficient
function

Unsaturated permeation parameters are difficult to obtain
directly from experiments and were calculated indirectly (Zhai

et al., 2019). In this study, the Van Genuchten-Mualem model
and the Fredlund unsaturated permeability coefficient function were
used to calculate the unsaturated permeability function of ionic rare
earths, and the unsaturated permeability coefficient was
characterized by the saturated permeability coefficient and matric
suction.

The Van Genuchten-Mualem model used the Van Genuchten
soil-water characteristic curve model and the Mualem permeability
equation to obtain the unsaturated permeability coefficient ku under
different matrixes of suction, and is expressed as follows:

ku � ks
1 − aψ( )n−1 1 + aψ( )n[ ]−m{ }

2

1 + aψ( )n[ ]m/2 (4)

where ks is the permeability coefficient in the saturated state; ψ is the
matrix suction; a, m, and n are all fitting parameters, where
m=1–1/n.

The Fredlund unsaturated permeability function model was
obtained by combining the Fredlund and Xing model formula
with the Child and Collis-George statistical pore size distribution
model, and its expression is as follows:

FIGURE 12
Unsaturated permeability curves under different types of leaching solutions (A) Pure water (B) 3% (NH4)2SO4 (C) 3% MgSO4.
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ku � ks
∫b

ln ψ( ) θ ey( ) − θ ψ( )/ey( )θ′ ey( )dy
∫b

ln ψaev( ) θ ey( ) − θs/ey( )θ′ ey( )dy
(5)

where ks is the permeability coefficient in the saturated state, ψ is the
matrix suction, y is the imaginary variable of the integral ln(ψ), b
generally takes ln (106); ψaev is the air-entry pressure value, and θ’ is
the derivative of ψ.

5.2 Unsaturated permeation characteristics
under different types of leaching solutions

This study describes the unsaturated permeability characteristics
based on the unsaturated permeability coefficient function. The
function curves of the unsaturated permeability coefficient under
different types of leaching solutions are shown in Figure 12.

The influence of different types of leaching solutions on the
unsaturated permeability function of ionic rare earth ores was
analyzed, and there was a high correlation between the
unsaturated permeability function and the saturated permeability

coefficient. In the saturated state, the saturated permeability
coefficient of pure water was the largest, followed by 3%
(NH4)2SO4, and the smallest was 3% MgSO4. In the unsaturated
state, the same relationship existed for the unsaturated permeability
coefficient of different types of leaching solutions.

In the unsaturated state, the corresponding unsaturated
permeability coefficient was the largest in the case of pure water.
The types of water in soil are roughly divided into capillary water,
membrane water, and gaseous water. By correcting the capillary
water model and the valve model of unsaturated soil, it can be seen
that the infiltration of capillary water in unsaturated soil was
proportional to the effective area of the seepage pore size (31).
Combined with the results of saturated permeability characteristics
and water-holding properties, it is believed that the main reason is
that pure water did not undergo an ion exchange reaction with ionic
rare earth ores during the saturated-unsaturated seepage process,
and its corresponding effective pore size was the largest and the
permeability characteristics are the best. Under the same matric
suction, the unsaturated permeability coefficient functions of 3%
(NH4)2SO4 and 3% MgSO4 were smaller than those of pure water
because the exchange reaction between cations and rare earth ions,

FIGURE 13
Unsaturated permeability curves at different leaching solution concentrations (A) Pure water (B) 2% (NH4)2SO4 (C) 3% (NH4)2SO4 (D) 5% (NH4)
2SO4.
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the effective area of the internal pore size of the soil become smaller,
and the unsaturated permeability characteristics also become
weaker.

5.3 Unsaturated permeation characteristics
at different leaching solution concentrations

The unsaturated permeability curves at different leaching
solution concentrations are shown in Figure 13. The analysis
shows that when the matric suction was small, the unsaturated
permeability coefficient function was mainly influenced by the
saturated permeability coefficient; the unsaturated permeability
coefficient of pure water was the largest, the unsaturated
permeability coefficient was consistent with the saturated
permeability coefficient, and the unsaturated permeability
coefficient of 2% (NH4)2SO4 and 5% (NH4)2SO4 was smaller
than that of 3% (NH4)2SO4. With the increase in matric suction,
the unsaturated permeability coefficient of different concentrations
also changed, and with the increase in concentration, the
unsaturated permeability coefficient decreased.

In the case of pure water, the unsaturated permeability coefficient of
ionic rare earths was the largest; there was less particle decomposition,
less seepage pore blockage, and a larger internal effective pore size.
When the matric suction was small, most of the inside of the soil
consisted of capillary water, and the unsaturated permeation
characteristics of ionic rare earths could be analyzed according to
the “valve model.” The water inside the soil began to be composed
of membrane water; the migration law of water in the water film was
significantly different from the migration law of capillary water, and the
migration efficiency of the membrane water was closely related to the
thickness of the water film on the surface of soil particles. The exchange
reaction between NH4+ and rare earth ions on the surface of soil
particles affected the thickness of membrane water on the surface of soil
particles. Under different leaching solution concentrations, with the
increase of concentration, the ions exchanged with each other, thereby
reducing the thickness of the water film on the surface of soil particles
and the permeability characteristic of membrane water in unsaturated
soil. The higher the concentration of the leaching solution, the more
intense the reaction, the more severe the damage to the water film on
the surface of the soil particles, and the lower the unsaturated
permeability coefficient.

FIGURE 14
Unsaturated permeability curves under different leaching paths (A) 0%→3% (B) 1%→3% (C) 3%→0% (D) 3%→1%.
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5.4 Unsaturated permeation characteristics
under different leaching paths

The unsaturated permeability curves under different leaching
paths are shown in Figure 14. It can be seen that the different
leaching paths had an effect on the function of the unsaturated
permeability coefficient of ionic rare earths. For the path of “first
high concentration followed by low concentration,” because of the
diffusion force, the internal repulsion of the soil particles was
generated from the inside to the outside, which promoted the
crushing of the soil particles, blocked the seepage channel, and
reduced the unsaturated permeability coefficient. For the path of
“first light concentration followed by high concentration,” the
diffusion force from the outside to the inside was generated
inside the soil particles, therefore promoting the condensation of
fine soil particles, widening the seepage channel, and increasing the
unsaturated permeability coefficient.

The unsaturated permeability characteristics of ionic rare earths
were closely related to the seepage channels in the soil. The infiltration
of unsaturated soil capillary water was proportional to the effective area
of the seepage pore size. Combined with the saturated seepage law and
the soil-water characteristic curve, under the leaching path of “0%→
3%,” the seepage channel was the largest, therefore the unsaturated
permeability coefficient was also the largest. Under the leaching path of
“3%→0%,” its seepage channel was the smallest, therefore the
unsaturated permeability coefficient was also the smallest. For the
leaching paths of “1%→3%” and “3%→1%,” the seepage channel
changed marginally, so the difference between the unsaturated
permeability coefficient under these two working conditions was small.

6 Conclusion

(1) The type of leaching solution has a certain influence on the
permeability characteristics of ionic rare earths, and the
saturated permeability coefficients of the ore body are pure
water, 3% (NH4)2SO4, 3% MgSO4 in descending order under
different leaching conditions. When the concentration of the
leaching solution increases from 2% to 5%, the saturation
permeability coefficient increases and then decreases.

(2) According to the analysis of soil-water characteristic curves, under
the conditions of different types of leaching solutions, the water-
holding performance of the ore body under pure water conditions
was the best, followed by the MgSO4 working conditions, while the
(NH4)2SO4 working conditions was the worst. As the concentration
of the leaching solution increased, the water content of the ore body
decreased, and the water-holding capacity also decreased.

(3) The seepage law is related to the leaching path, and the permeability
coefficient increased when the concentration was high, followed by
a low concentration. When the concentration was first low and
then high, the permeability coefficient decreased. Therefore, in the
in situ leaching process of ionic rare earth ore, the liquid injection

method of “high concentration followed by low concentration” can
be used to improve the permeability of the soil and further obtain a
higher rare earth leaching rate.

(4) Based on the unsaturated permeability function model, the
unsaturated permeability coefficient function curve of the ore
body under different leaching conditions can be obtained. The
unsaturated permeability coefficient predicted by the Fredlund and
Xing model is more realistic than the one obtained by the Van
Genuchten model. The unsaturated permeability coefficient
predicted by the model can provide a more objective and
accurate assessment basis for calculating rare earth leaching rates.
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