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Abstract: Currently, in-situ leaching is the predominant method for extracting ionic rare earth ores. However,
this technique still faces persistent challenges such as low resource utilization efficiency and environmental
issues including water and soil contamination. Clarifying the diffusion characteristics of the leach liquid is
crucial for addressing these problems. Geophysical methods, particularly conductive electrical techniques,
have been widely employed to monitor the diffusion range of the leach liquid. Nevertheless, these methods
suffer from limitations such as operational complexity, high costs, and poor timeliness. To overcome these
drawbacks, this study first utilizes numerical simulation to determine the influence range of liquid injection,
and subsequently evaluates the effectiveness of the high-density resistivity method in delineating its
diffusion extent. Based on the deep structural characteristics of a rare earth mine in Fujian, China, identified
through high-density resistivity method, a suitable site was selected for a comparative experiment. The
experiment compared time-lapse resistivity tomography monitoring with seepage numerical simulations of
liquid injection faced actual geological model, and the results demonstrated good consistency in the diffusion
ranges identified by both methods. Through theoretical analysis and comparative monitoring results, this
study proposes that the integrated approach of “detailed deep structure investigation & seepage numerical
simulation of liquid injection” can effectively characterize the diffusion behavior of the leach liquor. This
provides theoretical support for the precise placement of injection wells and the design of anti-seepage
systems in ionic rare earth mining. contributing to improved mineral recovery rates and reduced
environmental pollution from liquid injection.

Keywords: Ionic rare earth ore; Time-lapse resistivity tomography; Seepage numerical simulation;
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Highlights:

1. Both seepage simulation and electrical resistivity tomography (ERT) confirm a significant decrease in
resistivity within the liquid injection diffusion zone.

2. The spatial structural parameters of the geological model control both the diffusion range of the injected
liquid and the anisotropy of the resistivity model.

3. Combining detailed deep structure investigation with seepage numerical simulation can effectively
characterize the diffusion behavior of the liquid injection.
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1. Introduction

Rare earth ores are hailed as "industrial gold" due to their exceptional physical and
chemical properties, and they hold irreplaceable application value in critical sectors such as
national defense, energy and chemical industries, and aerospace (Wei et al. 2024). The ion-
adsorption type heavy rare earth ores developed in South China, are particularly precious,
accounting for over 70% of global reserves and supplying 90% of the world's market (Tang et
al. 2024; Zhou et al. 2020). At present, the in-situ leaching is the primary mining method for
ionic rare earth ores (Kang et al., 2024), however, this mining method still faces challenges
such as the generally low recovery rate (only 30%-50%), and soil and water pollution caused
by extensive mining practices (Chen 2019; Xie et al. 2018). The core of the in-situ leaching
process lies in two critical steps: "solution injection" and "solution recovery", and the
construction of the recovery system and its efficiency represent a technological bottleneck in
the industry (Wang et al. 2025), which is closely related to the unclear flow paths of the leach
liquid due to factors such as uneven weathering, development of structural fractures, and
basement topography (Wang et al. 2015). Therefore, there is an urgent need to accurately
explore the deep structures of mining areas and understand the diffusion characteristics of
liquid injection, which will provide theoretical support for the precise placement of injection
wells and recovery tunnels, as well as targeted anti-seepage engineering measures.

Time-lapse electrical resistivity tomography (ERT) has been widely used for dynamic
monitoring of deep fluid movements, however, its application in long-term monitoring within
large-scale, topographically complex regions faces challenges such as high implementation
difficulty, elevated costs, and poor timeliness (Min et al. 2022; Li et al. 2024; Netto et al. 2025).
With onging advances in computational technology, many researchers have turned to
sophisticated geotechnical numerical simulation software to conduct simulations and analyses
of scientific issues such as seepage field evolution and solute transport, achieving a series of
research outcomes (Wen et al. 2025). Nevertheless, when performing seepage numerical
simulations in practical engineering projects, the accurate construction of geological structural
models is a crucial prerequisite. Geophysical methods, recognized for their strong penetrative
capability, high efficiency, and low economic costs, offer significant technical advantages and
application potential in the investigation of deep geological structures (Luo et al. 2023; Yang,
2020; Chen et al. 2023).

Based on the above background, this study first demonstrates the feasibility of using high-
density ERT to monitor the diffusion range of liquid injection, based on seepage numerical
simulation results of liquid injection in theoretical models and high-density ERT. Subsequently,
field data collection is conducted at the injection site using high-density ERT, and a deep
electrical-geological structural model is inverted, which was used to conduct seepage
numerical simulation, while dynamic monitoring of leach liquid also be performed using time-
lapse high-density ERT. The diffusion characteristics of liquid injection revealed by the two

methods are compared and analyzed. Based on the experimental outcomes,an efficient



methodology is proposed for assessing the diffusion range and seepage behavior of liquid
injection, integrating "detailed deep structural investigation & numerical simulation of
injection seepage."

2. Numerical simulation

2.1 Constrained parameters of seepage numerical simulation

The permeability coefficient reflects the ability of soil to allow water to pass through,
primarily governed by the particle size distribution, mineral composition, and formation
process of the soil. According to hydraulic principles, changes in water content lead to
corresponding variations in the permeability coefficient, and the relationship between them can
be described by specialized functions. When measuring the permeability coefficient of
saturated soil, undisturbed soil samples are typically used for laboratory experiments or in-situ
tests. In the past, many studies employed simple statistical methods to identify patterns in data
for determining the permeability coefficient. However, this approach is limited by experimental
conditions and often yields insufficiently accurate results. Nowadays, a more commonly used
method involves indirectly estimating the permeability coefficient through the soil-water
characteristic curve. For unsaturated soil, obtaining the permeability coefficient experimentally
is highly challenging, instead, parameters can be derived using the Fredlund model (Fredlund
and Xing 1994; Chen et al. 2017) and the Van Genuchten model (Van Genuchten, 1980; Bi and
Chen , 2017), and our study selects the latter model to calculate the saturated permeability
coefficient, with its formula provided as follows:
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In the formula:: £kis the saturated permeability coefficient; a, m, nare curve-fitting
1
parameters, m=1—;o

Bao (2023) conducted an measurement of the basic physical parameters and saturated
permeability coefficient of the soil in the study region, and the average values of the soil test
results are shown in Table 1.

Table 1 Summary Table of Soil Test Results for rare earth ores (Bao, 2023)

Hydraulic
Index Particle Size Distribution Basic Physical Parameters Parameters
Location dio/mm dyp/mm dso/mm  C. Cu ds n pdl(g/lem’)  Kd/(m/d)
Hilltop 0.038 0353 1.143 28 297 271 044 1.50 2.970
Hillside 0.068 0.434 1264 22 185 270 047 1.43 3.847

The permeability characteristics are governed by various geological factors, such as pore
structure, particle size distribution, and initial water content (Niu 2006). In ionic rare earth ore
strata, the degree of weathering exerts the most significant influence on permeability. For
instance, the permeability coefficients of granite strata with different weathering grades can



vary by orders of magnitude, with lower degrees of weathering corresponding to markedly
reduced permeability (Zhang et al. 2022). Accurate geological stratification, which relies on
detailed and precise exploration data, is essential for obtaining reliable numerical simulation
results. Based on high-density electrical resistivity tomography (ERT), this study simplifies the
seepage numerical simulation model for liquid injection into three layers: the topsoil layer, the
weathered layer, and the bedrock layer.

The material parameters required for seepage numerical calculation mainly include the
soil-water characteristic curve, permeability coefficients, and saturated permeability
coefficient of each layer. Based on the particle size distribution results of the completely
weathered layer shown in Table 1, and with reference to similar projects, the {Rock Mechanics
Parameter Manual) , and the {Engineering Geology Handbook (Fifth Edition)) , the seepage
parameters of each stratum were determined, as shown in Table 2.

Table 2 Seepage Parameters of Different Strata ( Bao, 2023)

Stratum Name
Parameter Surface Soil Weathered
Bedrock
Layer Layer
Permeability Coefficient ky/(m/d) 0.62 1.72 0.17
Residual Water Content Oy, 0.095 0.046 0.041
Saturated Water Content 6, 0.40 0.46 0.41
a/kPa 5.26 1.33 0.81
Van Genuchten (VG)
ny 1.31 1.89 2.28
Model
m 0.24 0.47 0.56

2.2 The identification capability of ERT for seepage range
2.2.1 Seepage numerical simulation in uniform stratum

PLAXIS 2D, developed by the Dutch company PLAXIS B.V., is a high-performance
general-purpose geotechnical finite element analysis software known for its powerful
computational capabilities, broad applicability, stable operational performance, and reliable
result output. Additionally, the software is equipped with robust post-processing functions,
further enhancing its practical value. Therefore, this study employs PLAXIS 2D to conduct
numerical simulations of single-hole fluid injection in uniform stratum and analyze its seepage
characteristics.

The hydrological model has a depth of 10 m and a radial extent of 10 m, discretized into
832 grid cells. The initial groundwater level is set at the bottom of the model. Since only
seepage processes are simulated, the key material parameters required include the soil-water
characteristic curve, the permeability coefficient function (as a function of saturation), and the
saturated permeability coefficient. These parameters are determined based on particle size
distribution data and soil classification (loamy sand is selected), with detailed information
provided in Fig. 1. The steady-state seepage results under an average annual rainfall rate of 3
mm/d are used as the initial condition for the simulation, corresponding to a soil saturation of



approximately 47%, as shown in Fig. 2a.

Fig. 2 presents the saturation distribution cloud images of loamy sand at different time
points. After the liquor is injected into the ore body, it permeates along both horizontal and
vertical dimensions under the combined influence of matrix suction and gravity, gradually
transforming the originally dry soil from an unsaturated state to a saturated state. As the
injection continues, the shape of the wetted body evolves from an initial semicircle to a semi-
ellipse. Meanwhile, the overall diffusion rate undergoes a rapid decline phase until reaching a
relatively stable level. Additionally, the infiltration process of the liquor exhibits nearly uniform
diffusion within the unsaturated medium.
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Fig. 1 Soil-Water Characteristic Curve and Hydraulic Conductivity Curve for Loamy Sand
2.2.2 Resistivity models for high-density ERT simulation

The detection resolution and depth of the high-density ERT method is closely related to
the acquisition system used (Zheng et al. 2015). To evaluate the effectiveness of ERT in
exploring the diffusion range of leach liquor under different acquisition systems, this section
constructs establishes resistivity structure models (shown in Fig. 3) for three time points (T1=1
day, T2=2 days, T3=3 days) based on the diffusion ranges of the leach liquor revealed in Fig.
2, within which the diffusion radii of the leach liquor are R1=0.5 m (T1), R2=1.5 m (T2), and
R3=3 m (T3). The background resistivity of the model is set to 1000 Q-m (weathered granite
layer), while the resistivities of the core affected area and the peripheral area of the liquor
injection are set to 50 Q-m and 100 Q-m, respectively. Subsequently, numerical simulations
and inversion calculations were conducted using Res2dmod and Res2dinv software. The
calculation results for the Wenner, Wenner-Schlumberger, and dipole-dipole acquisition
systems are shown in Fig. 4, which serve to assess the response capability of the high-density
ERT in imaging the seepage process.
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Raw Apparent Resistivity Data Inversion Results
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Fig. 4 Numerical Simulation Results of Electrical Resistivity Tomography with Different Arrays at Various Injection Times
2.2.3 High-density ERT simulation for seepage range

As shown in Fig. 4, there are certain differences in the forward and inversion results of
high-density ERT for different acquisition systems at various liquid injection times. From the
perspective of forward modeling results,the original apparent resistivity cross-sections vary
significantly due to the distinct electrode arrays used in the three systems; nevertheless, all
systems roughly identify the horizontal position of the anomalous zones. Among them, the
Wenner system's original apparent resistivity cross-sections at times T1, T2, and T3 relatively
intuitively depict the extent and variation characteristics of the anomaly zones. In the early
stage of liquor diffusion (time T1), the inversion results of the three arrays show some
discrepancies, however, as the diffusion range of the liquor expands (times T2 and T3), the
inversion results clearly reflect the horizontal and vertical diffusion of liquor injection. Overall,
the Wenner and Wenner-Schlumberger systems outperform the dipole-dipole system. They not
only capture the vertical variations in subsurface resistivity but also reflect horizontal
characteristics to some extent, yielding inversion results that are closer to the actual situation



and thus more effective. As shown in Fig. 4, although the dipole-dipole system is recognized
for its high horizontal resolution and is well-suited for detecting shallow geological structures
or interfaces (Zheng et al. 2015), its performance in delineating the diffusion range of liquid
injection is inferior to that of the Wenner system.

All three acquisition systems of the High-density ERT can reflect the diffusion of the leach
liquor in the inversion results. However, compared to the dipole-dipole system, both the
Wenner and Wenner-Schlumberger systems provide better constraints on the diffusion
boundary of the solution. Moreover, the Wenner system allows for an intuitive visualization of
changes in anomaly zones directly from the apparent resistivity. Therefore, the Wenner system

was adopted for subsequent numerical simulations and field data acquisition.

2.3 Influence of geological structures on seepage

Ionic rare earth ores are primarily distributed within the weathered layers of granite, where
the diffusion of leach liquor is mainly controlled by the spatial morphology of the bedrock
(intact granite) and the fractures within it. In-situ leaching is a complex seepage process
involving both saturated and unsaturated states, and the seepage phenomenon of the liquor is
constrained by multiple factors. To analyze the influence of subsurface structures on the flow
direction and diffusion range of the injected liquor, this study establishes models for different
subsurface structures under the conditions of a single-hole injection rate of 5.0 m*/d, an initial
groundwater level of -50 m, and an injection duration of 40 days, aiming to examine the
patterns of liquor diffusion during the leach process.

(1) Seepage simulation on model with undulating bedrock top surface
Fig. 5 shows the geological structure and grid division results. The lithology primarily

consists of weathered granite layers and intact granite bedrock. Through seepage numerical
simulation, the impact of varying burial depths of the bedrock top surface on the diffusion
range of liquid injection is analyzed.
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Fig. 5 Bedrock Surface Undulation Model: (a) Model Geometry, (b) Mesh Generation
Fig. 6 shows the saturation distribution maps of the model with undulating bedrock top

surface at different times. In the weathered layer, the injected liquid diffuses uniformly without
obvious preferential flow characteristics. As time progresses, when the saturated zone expands
into the intact granite bedrock with relatively lower permeability coefficient, the vertical
extension of the saturated zone is hindered, developing a characteristic of lateral preferential
permeability. Meanwhile, due to variations in the burial depth of the bedrock surface, the



diffusion of the liquid injection exhibits significant anisotropy, demonstrating a pattern of
"lateral preferential seepage with hindered vertical seepage." By Day 20, as the burial depth of
the bedrock surface is greater on the left side, the diffusion of the injected liquid is more
pronounced on this side. By Day 40, the saturated zone on the left extends approximately 40
meters, while the saturated zone on the right expands only about 25 meters.
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Fig. 6 Contour of Saturation Distribution for the Bedrock Undulation Model at Different Times

(2) Seepage simulation on model with tilted fault fracture zone
Fig. 7 shows the geological structure with tilted fault fracture zone and grid division

results. The lithology primarily consists of weathered granite layers and intact granite bedrock.
Through seepage numerical simulation, the impact of tilted fault fracture zone on the diffusion
range of liquid injection is analyzed.
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Fig. 7 Inclined Fracture Zone Model: (a) Model Geometry, (b) Mesh Generation
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Fig. 8 Contour of Saturation Distribution for the Inclined Fracture Zone Model at Different Times

Fig. 8 shows the saturation distribution maps at different times. In the weathered layer,
the injected liquid diffuses uniformly without obvious preferential flow characteristics. As time
progresses, when the saturated zone expands into the granite bedrock, due to the presence of
fault fracture zones with high permeability coefficients, the injected fluid predominantly
permeates into the fractured zones of the bedrock and shows significant vertical extension.
Particularly between Day 30 and Day 40, the lateral expansion of the saturated area weakened,
and the fluid flow occurred only along the dip direction within the fracture zones.

(3) Seepage simulation on granite boulder model
Fig. 7 shows the geological structure with isolated rock and grid division results. The

lithology primarily consists of weathered granite layer, intact granite bedrock, and granite
boulder. Through seepage numerical simulation, the impact of granite boulder on the diffusion

range of liquid injection is analyzed.
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Fig. 9 Small-Scale Boulder Model: (a) Model Geometry, (b) Mesh Generation
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Fig. 10 Contour of Saturation Distribution for the Boulder Model at Different Times

Fig. 9 shows the distribution of saturation in the boulder model at different times. In the
weathered layer, liquid injection is influenced by the granite boulders, resulting in anisotropic
diffusion characteristics. Due to the poor permeability of the granite boulder on the left side of
the injection hole, vertical seepage on the left is affected, and no significant vertical diffusion
is observed in the saturated zone. When the saturated zone reaches the granite bedrock, the
vertical seepage velocity slows down, exhibiting characteristics of preferential horizontal flow.
Influenced by the shallow granite boulders, the changes in the saturated zone are more
pronounced on the right side, particularly on Day 30 and Day 40, where the saturated zone
expands further to the right.

(4) Seepage simulation on complex geological model
Fig. 11 illustrates the structure of the complex geological model and its mesh division.

The model incorporates structural information such as faults, boulders, and undulating bedrock
surfaces, with lithology primarily consisting of weathered granite layers and intact granite.
Seepage simulation is employed to analyze the comprehensive impact of complex geological
structures on the diffusion range of fluid injection.
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Fig. 11. Complex Geological Model: (a) Model Geometry, (b) Mesh Generation
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Fig. 12 Contour of Saturation Distribution for the Complex Geological Model at Different Times

Fig. 11 shows the saturation distribution maps of the complex geological model at
different times. It can be observed that due to the low permeability of the intact granite boulders
on the left and right sides, the seepage velocity is affected. Shallowly buried boulders have a
greater impact on lateral diffusion, while deeply buried boulders influence vertical diffusion
more significantly. When the saturation zone reaches the intact granite bedrock, the vertical
seepage velocity decreases. However, due to the presence of two fracture zones in the granite
bedrock, the injection exhibits a distinct seepage characteristic aligned with the dip direction
of the fracture zones.

From the above seepage simulation results, it can be seen that boulders, fracture zones,
and the undulation of the bedrock surface all influence the seepage range of the injection fluid.
Among these, the varying distances between boulders and the injection boreholes result in



different characteristics of seepage influence. The fracture zones developed in bedrock have
the most significant impact on the seepage, primarily manifested as the injected fluid escaping
along the fracture zone. Therefore, for ionic rare earth ores, detailed detection of the
underground structure in the mining area can provide important references for the precise
placement of injection boreholes during the in-situ leaching process.

3. Comparison of time-lapse monitoring and seepage simulation

3.1 Detection of deep structures in the monitoring area

A high-density ERT profile was deployed at a rare earth ore in Fujian Province of China
(Fig. 13), with a total length of 270 m and an station spacing of 2.5 m. D1 represents a
previously injected area, while D2 is a non-injected area. This high-density ERT profile spans
both D1 and D2, allowing for an effective comparison of the deep electrical structures before
and after liquid injection.
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Fig. 13 Study Area Topography and Survey Line Layout
The 2D inversion was conducted using the Res2dinv software, with an initial damping
coefficient of 0.16 and a vertical/horizontal smoothing ratio set to 1.5. The resistivity range for
the inversion was constrained between 1 and 5000 Q-m. During the inversion process,
parameters were dynamically adjusted based on the intermediate results, ultimately achieving
a root mean square error of less than 6%. The inversion results are shown in Fig. 12.
1020 30 40 50 60 70 80 90 100110120130 140150160170 180 190200210220230240250260,

WLl Ll 1 I S B
300 oA : 300
T t -
% 290 a 290
S 280 -+t ey | 280
< N e | I P S T S P
= 270 P T F | ISkl babninh Zabal 11 270
— Localiz i
m 260 = | 260
250 - i 250
10 20 30 40 50 60 70 80 90 100110120130140150160170180190200210220230240250260
ee-m [T BN Distance/m
0 60 12 30 50 7® 1000 200

Fig. 14 Inverted Resistivity Profile from Electrical Resistivity Tomography Survey Prior to Fluid Injection
As shown in Fig. 13, the section from 10-120m in lateral distance exhibits a medium
resistivity characteristic, with localized high resistivity inferred to be granite boulders. The



section from 120-140m in lateral distance shows a low-resistivity band anomaly C1 dipping
westward, with values ranging from 10-100 Q-m. Since the recovery tunnel for the C3 ore body
leachate is located in this section, the anomaly Cl1 is interpreted as relatively low resistivity
resulting from longitudinal leakage of the injected liquid. The section from 150-190m in lateral
distance displays relatively high resistivity, with values exceeding 100 Q-m, corresponding to
semi-weathered and intact granite formations. The section from 190-260 m in lateral distance
exhibits relatively low resistivity anomaly C2, with resistivity values below 50 Q-m, which is
a comprehensive response of the formation after liquid injection. The significant difference in
formation resistivity before and after liquid injection demonstrates the theoretical feasibility of
monitoring changes in subsurface resistivity during liquid injection and analyzing liquid

migration patterns based on electrical structure.

3.2 Time-lapse ERT monitoring

This study selects the lateral mileage range of 110-130m along the high-density ERT
profile as the time-lapse monitoring test area for liquid injection. The area is characterized by
vertically developed low-resistivity weathered layers overlying high-resistivity granite, which
allows for an effective investigation of the diffusion of liquid injection through time-lapse
resistivity variations, while also enabling an evaluation of the influence of intact granite on the
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Fig. 15 Inverted Resistivity Profiles and Resistivity Change Rate (Mp) Profiles from Electrical Resistivity
Tomography at Different Times During Injection

The high-density ERT data acquisition was completed three hours after daily fluid
injection. The time-lapse monitoring spanned 20 days, and this study selects 11 sets of data for
analysis. The inversion resistivity during the injection period and its change rate(Mp) maps are



shown in Fig. 15. As injection time progresses, the subsurface resistivity in the injection area
changes significantly, with most resistivity values dropping from above 1000 Q- m to below
100 Q- m, reaching as low as 20 (- m. Vertically, due to the low permeability of granite, the
resistivity reduction zone only reaches a depth of 10 m, and injected fluid primarily exhibits
lateral migration at this depth. Horizontally, the change in resistivity is relatively pronounced,
extending from the central injection area toward both east and west sides, with a farther
migration distance of about 5 m to the west (left) side. On the east (right) side, the intact granite
roof is shallower, acting as a barrier, resulting in a smaller diffusion range of the injected fluid.
Overall, the fluid migration is characterized by "rapid lateral diffusion in shallow layers and
restricted vertical migration in deeper layers." In addition, as shown in Fig. 15, the maps of the
resistivity change rate Mp show significant anomalies at different times. The negative value
zone of the resistivity change rate Mp exhibits a clear expansion over time, with its extent
largely consistent with the distribution range of low resistivity. However, the Mp provides

better precision in boundary delineation compared to the resistivity inversion results.

3.3 Seepage simulation in the monitoring area

The numerical simulation was conducted within the lateral range of 110-130 m along the
high-density ERT profile. The initial model of the liquid injection area was established using
PLAXIS 2D software, as shown in Fig. 14. The lithology primarily consists of topsoil,
weathered layer, and intact granite boulders, with permeability decreasing in that order. Two
sets of injection holes were designed, with a spacing of 2 m between holes. The numerical
simulation results are presented in Figure 17.

At the beginning of fluid injection, the seepage is relatively uniform, with the high-
saturation distribution zones around the two sets of injection holes exhibiting an elliptical shape.
When encountering intact granite with low permeability, preferential lateral seepage pathways
develop, leading to non-uniform flow. As injection time increases, the saturation within the
injection zone gradually rises. Vertically, due to the barrier effect of the intact granite, the
extension of the high-saturation zone is not significant. Laterally, however, the changes in the
high-saturation zone are more pronounced, extending from the central injection area toward
the east and west sides. Influenced by the undulating top surface of the intact granite, the
saturation extends farther toward the west (left) side, reaching a distance of 10 m in the
saturation map at Day 20, which is consistent with the anomalous response pattern of the

resistivity change rate M p  mentioned above.
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Fig. 16 Contour of Saturation Distribution at Different Times for the Model Cross-Section
The simulation results of liquid injection indicate that the distribution of high saturation
zones in the injection area is largely consistent with the negative value zones in the resistivity
change rate (M p ) map, which accurately reflects the diffusion pattern of the injected liquid
and demonstrates the influence of the undulating granite top surface on the seepage behavior.
Therefore, employing geophysical methods to detect the deep fine structure of ion-adsorption
rare earth ores and conducting seepage numerical simulation analysis based on this refined



structure can effectively assess the seepage characteristics of liquid injection. This provides a
scientific reference for the distribution of injection holes and the layout of recovery galleries

during in-situ leaching mining of ion-adsorption rare earth ores.

4. Conclusion

This study employs time-lapse ERT and numerical simulation methods to compare and
analyze the effectiveness of numerical simulation results and actual monitoring results in
identifying the diffusion range of liquid injection in ion-adsorption rare earth ore. The main
conclusions are as follows:

(1) The results from both seepage simulation and high-density electrical resistivity
tomography (ERT) simulation show that the resistivity in the diffusion zone of the injected
liquid decreases significantly and corresponds well with the seepage range of the leachate. The
diffusion behavior of the leach liquid is not only influenced by the permeability coefficient of
the medium, but is also strongly controlled by the spatial distribution characteristics of
structural parameters such as fractures, isolated rock bodies, and bedrock surface undulations.
Variations in these parameters result in significant anisotropy in the diffusion range of the
leach liquid.

(2) When granite boulders develop within the weathering layer, the leach liquid diffuses
at a higher rate on the side where the burial depth of the top surface of the boulder is greater.
Compared to the undulating morphology of the bedrock granite, bedrock fractures exert a
stronger control over the diffusion characteristics of the injected liquid. The resistivity change
rate (M p ) reflects the diffusion of the liquid injection and outperforms resistivity inversion
results in terms of boundary delineation precision. Additionally, it can identify the influence of
the undulating granite top surface on the diffusion range of the leach liquid.

(3) Based on a comparative analysis of time-lapse high-density ERT monitoring and
seepage numerical simulations in actual geological structures, an efficient solution for
analyzing liquid injection diffusion characteristics has been proposed. This approach, which
combines "detailed deep structure investigation & seepage numerical simulation of liquid
injection" can overcome the drawbacks of full-domain time-lapse geophysical monitoring,
such as difficulties in implementation, high costs, and poor timeliness.
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