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ABSTRACT: This study investigated the evolution of particle migration and solution seepage caused by 

clay mineral swelling during the leaching of weathered crust elution-deposited rare earth ore. Column 

leaching experiments, high-resolution X-ray computed tomography (CT), and Avizo-based seepage 

simulations were conducted using a composite lixiviant consisting of composite diethylenetriamine-acetate 

lixiviant (CDETA) (0.2 mol/L ammonium acetate and 1.0 wt% diethylenetriamine). The pore structure, 

particle migration, seepage velocity, and pore pressure were systematically analyzed before and after 

leaching. Results showed that fine particles migrated downward under seepage forces. Consequently, in the 

upper layer, the average pore count increased from 13,362 (raw ore) to 19,160 (leached ore), and the overall 

average porosity of the ore body rose from 13.04% to 19.78%. The number of pore throats in the leached 

ore decreased from 19,387 to 16,502 due to particle blockage. The average seepage velocity dropped from 

3.50 × 10−6 m/s to 1.90 × 10−6 m/s. Pore pressure was higher in the upper layer (3859–4128 Pa) than in the 

lower layer (3517–3824 Pa). These changes weakened the internal pore connectivity of the ore body and 

intensified the local pressure gradient, which are important triggers for clay swelling and landslide hazards. 

This study reveals the coupling mechanism among particle migration, swelling, and seepage. The findings 

provide a theoretical basis for optimizing lixiviant injection, inhibiting particle migration, and ensuring 

mine safety. 

Keywords: Weathered crust elution-deposited rare earth ore; Clay minerals; Particle migration; Solution 

seepage; Pore structure 

 

1. Introduction 

Weathered crust elution-deposited rare earth ore (ion-adsorption rare earth ore) is an extremely 

important strategic mineral resource in China. It is rich in medium and heavy rare earth elements, which 
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are widely used in new energy, national defense technology, and high-end manufacturing [1,2]. Currently, 

the in-situ leaching is the main extraction method. In this process, a leaching solution is injected to exchange 

rare earth ions adsorbed on clay mineral surfaces into the solution, followed by collection [3]. However, 

during in-situ leaching, the large injection of leaching solution can cause hydration swelling of clay 

minerals [4]. This reduces the interparticle cohesion. Meanwhile, fine particles migrate under seepage 

forces, blocking pore channels and altering the pore structure and seepage characteristics of the ore body 

[5–7]. These changes decrease rare earth recovery efficiency and increase the risk of geological hazards 

such as landslides. 

Numerous studies have examined clay mineral swelling during the leaching of weathered crust elution-

deposited rare earth ore. Zhang et al. [8] investigated the effect of ammonium salt lixiviant on clay swelling. 

They found that NH4
+ can compress the thickness of the electrical double layer, thereby inhibiting swelling. 

Zhou et al. [9] used nuclear magnetic resonance (NMR) and other techniques to explore the evolution of 

pore structure in ore samples during leaching with cations of different valences. Their results showed that 

ion exchange reactions caused downward migration of fine solid particles. Dynamic transformation of these 

particles on pore surfaces led to significant changes in the proportion of pores of different sizes. Regarding 

particle migration and seepage characteristics, Luo et al. [10] observed through experiments that fine 

particle movement during leaching alters ore permeability. Wang et al. [11] monitored changes in pore size 

distribution of ore samples using NMR. They confirmed the blocking effect of fine particle migration on 

micropores. Dianyu et al. [12] analyzed the influence of particle transport on pore connectivity via 

numerical simulation. They pointed out that particle deposition locations significantly affect local seepage 

pathways. However, most existing studies have focused on single-salt lixiviants and relied on indirect 

methods such as NMR and permeability tests, which cannot provide direct three-dimensional visualization 

or quantitative pore-scale evidence. Consequently, the coupled mechanisms among particle migration, 

swelling, and seepage remain poorly understood. 

In recent years, the combination of high-resolution X-ray computed tomography (CT) and three-

dimensional reconstruction software (e.g., Avizo) has provided a powerful tool for detailed characterization 

of pore structures in porous media and for seepage simulation [13,14]. This approach has been applied to 

study seepage properties in oil and gas reservoir rocks such as shale and sandstone [15,16]. However, its 

use in the leaching process of weathered crust elution-deposited rare earth ore is still in the early stages. In 

this study, we selected a weathered crust elution-deposited rare earth ore from Lincang, Yunnan Province 

and applied a combination of column leaching, high-resolution 3D CT scanning, and Avizo-based seepage 

simulation. This approach enables quantitative 3D visualization of pore structure evolution, seepage 

velocity, and pore pressure, directly revealing the coupled effects of particle migration and swelling on 

seepage behavior. The results provide a basis for optimizing lixiviant injection and mitigating landslide risks. 

2. Materials and Methods 

2.1. Experimental Materials 

Ore samples were collected from the full weathering layer of a weathered crust elution-deposited rare earth 

ore in Lincang, Yunnan Province, China. The samples were dried and sieved before use. The full particle size 

distribution analysis of the ore sample is shown in Figure 1. Figure 1b presents the particle size distribution 

of the −0.106 mm ore fraction from the sample shown in Figure 1a. In the overall sample, coarse particles 

(+0.85 mm) account for 31.67%, while fine particles (−0.106 mm) account for 25.91%. Together, these two 

size fractions make up more than half of the total sample, at 57.58%. The intermediate particle size range 

(+0.106 ~ −0.85 mm) accounts for 42.42%, and the median particle size is approximately 0.32 mm. 

The main chemical composition (by XRF) was as follows SiO2 67.185%, Al2O3 22.358%, REO 

0.149%, FeO 2.236%, and K2O 4.569%. The relative contents of clay minerals (by XRD) were halloysite 
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67.39%, kaolinite 20.05%, illite 10.64%, and smectite 1.92%. The ion-exchangeable rare earth fraction 

accounted for 73.83% of the total REO. The composite lixiviant, CDETA, was formulated with 0.2 mol/L 

ammonium acetate (CH3COONH4) and 1.0 wt% diethylenetriamine (DETA). 
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Figure 1. Particle size distribution characteristics of ore samples. (a) particle size distribution of the overall ore sample; (b) 

particle size distribution of the −0.106 mm ore fraction from the sample shown in (a). 

2.2. Column Leaching Experiment 

The column leaching apparatus is shown in Figure 2. Approximately 500 g of dried ore sample 

(obtained by quartering) was loaded into a glass column (50 mm i.d., 300 mm height), forming an ore bed 

of about 200 mm with a bulk density of approximately 1.35 g/cm3. The CDETA lixiviant was injected from 

the top via a peristaltic pump at a flow rate of 0.5 mL/min, and the leachate was collected at the bottom. 

The leaching experiment was conducted at a liquid-to-solid ratio of 4:1 (mL/g) at room temperature (25 ± 

2 °C). The leaching process was considered complete when no liquid further drained from the bottom of 

the column (total leaching duration: approximately 12 h; total lixiviant volume: 2.0 L; collected leachate 

volume: approximately 1.8 L), at which point the leached ores were sampled from the upper, middle, and 

lower layers for subsequent CT scanning. All leaching experiments were performed in triplicate using three 

parallel columns under identical conditions. 

 

Figure 2. Rare earth column leaching apparatus. 
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2.3. CT Scanning and 3D Reconstruction 

Raw ore and leached ore samples from three layers (upper, middle, lower) were scanned using a 

Geoscan 200 X-ray 3D CT scanner [17] (Tianjin Sanying Precision Instruments Co., Ltd., Tianjin, China). 

The CT scanning was performed at room temperature (25 ± 1 °C) with a rotation step of 0.5° per projection. 

Scanning parameters: voltage 130 kV, current 130 μA, spatial resolution 56 μm, full-angle rotation. For 

each sample, 500 two-dimensional slice images (1900 × 1900 pixels each) were obtained. The reconstructed 

voxel size was set to 56 μm, consistent with the scanning resolution. Image processing was performed with 

Avizo 2020 software, including non-local means filtering, threshold segmentation (pores vs. particles), and 

3D pore network reconstruction. Extracted parameters: pore number, pore volume distribution, number of 

pore throats, and throat radius. 

2.4. Seepage Simulation and Pore Pressure Analysis 

Seepage paths and pore pressure distribution were simulated by solving the Navier-Stokes equations 

[18] using the “Absolute Permeability Experiment Simulation” module in Avizo software. The simulations 

were performed under steady-state conditions using a tetrahedral mesh, with convergence achieved when 

residuals fell below 10−6. The simulation time does not correspond to the experimental duration, as the 

steady-state solution represents the time-independent flow field under the specified boundary conditions. 

Boundary conditions: inlet pressure 1.3 MPa, outlet pressure 0 MPa, fluid dynamic viscosity 0.001 Pa·s. 

The inlet pressure of 1.3 MPa was chosen to match the hydraulic head applied during the column leaching 

experiments, corresponding to the pressure head generated by the peristaltic pump at the top of the ore bed. 

The fluid dynamic viscosity of 0.001 Pa·s is typical viscosity of dilute aqueous ammonium salt solutions 

at ambient temperature, which is consistent with the actual lixiviant used in this study. The fluid was 

assumed to be incompressible Newtonian with no-slip at solid walls. Outputs included the seepage velocity 

field and pore pressure contour map. A limitation of this simulation approach is that the pore structure used 

for seepage modeling was derived from post-leaching CT scanning, which represents the final state of the 

ore sample rather than the transient evolution during the leaching process. Consequently, the simulation 

results reflect steady-state flow within a static pore network and cannot capture the dynamic feedback 

among particle migration, pore-structure alteration, and seepage behavior that occur continuously 

throughout the experiment. 

3. Results and Discussion 

3.1. CT Image Processing and Analysis of Rare Earth Ore Samples 

3.1.1. Analysis of 2D Pore Structure During Leaching 

To investigate the evolution of the microscopic pore structure of the ore during rare earth leaching, the 

upper, middle, and lower layer samples before and after column leaching were scanned by CT. The results 

are shown in Figure 3. 
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Figure 3. 2D imaging of pore structure of a rare earth ore sample. (a–c) Upper, middle, and lower layer samples of the raw ore; 

(d–f) Upper, middle, and lower layer samples of the leached ore. 

As shown in Figure 3, fine particles in the rare earth ore samples were mostly embedded in the gaps 

between coarse particles. Comparing the cross-sections of raw ore and leached ore, the pore structure 

changed during the leaching process. Notably, pore expansion was most pronounced in the contact zones 

between large and fine particles, where fissures were clearly visible [19–21]. From the leached ore images, 

the degree of pore expansion in the upper and middle layers was considerably greater than that in the lower 

layer. This is because fine particles migrated downward during leaching. The reduction of fine particles in 

the upper layer led to pore expansion between particles. The pore expansion observed in the leached ore 

can be attributed to a decrease in interparticle cohesion caused by increased moisture content of the ore 

during leaching. 

3.1.2. Three-Dimensional Pore Characteristic Analysis of Rare Earth Ore Body 

Three-dimensional pore network models were reconstructed using Avizo software. Three pairs of raw 

ore and leached ore samples were modeled for 3D pore structure analysis. The variations in pore throat 

parameters and pore characteristic parameters were examined. The results are shown in Figure 4. In this 

figure, the ball-and-stick model represents pores (spheres) and throats (rods). Larger volumes and brighter 

colors indicate larger pore sizes. 

 

      

Figure 4. 3D pore model of rare earth ore sample. (a–c) 3D pore models of raw ore; (d–f) 3D pore models of leached ore. 

As shown in Figure 4a–c, the pore structure of the ore body before leaching was relatively simple. 

Interparticle pores between large particles were well developed, providing pathways for solution seepage. 

The three-dimensional model exhibited a sparsely distributed ball-and-stick structure. After leaching, the 

number of pores increased notably. In the three-dimensional model, spheres were arranged more densely, 
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while rods became slender and interconnected, forming a more complex pore network (Figure 4d–f). This 

is because the lixiviant reacted with mineral components, leading to the destruction and dissolution of 

mineral structures. Consequently, new pore spaces were created within the ore body. This not only 

increased the total porosity but also altered pore morphology and distribution [22,23]. The pore counts and 

volumes of the ore samples before and after leaching are summarized in Tables 1 and 2, respectively. 

Table 1. Change of pore number of the rare earth ore sample. 

Sample 
Pore Count 

Replicate 1 Replicate 2 Replicate 3 Mean ± SD Average Pore Difference 

Raw ore 13,849 13,294 12,941 13,362 ± 454 
5789 ± 497 

leached ore 18,517 19,414 19,547 19,160 ± 542 

Note: Data are presented as mean ± standard deviation (SD, n = 3). Replicates 1–3 represent three parallel column experiments 

conducted under identical conditions. 

As shown in Table 1, the pore counts of all leached ore samples were higher than those of the raw ore 

samples. The average difference reached 5798. This indicates that the leaching process considerably 

increased the number of pores within the ore body. The underlying mechanism is as follows. Solution 

seepage acted as the primary driving force, promoting the downward migration of fine particles. Tiny 

particles attached to pore walls were detached, forming new pores. Meanwhile, these fine particles were 

carried away by the flowing leachate, further enlarging the pore space. These findings are consistent with 

the results of the 3D pore models shown in Figure 4. 

Table 2. Pore volume distribution of rare earth ore sample (average)/μm3. 

Sample 
Average Pore Volume Distribution 

103–4 104–5 105–6 106–7 107–8 108–9 109–10 1010–11 1011–12 1012–13 

Raw ore 2165 2785 3814 1804 1161 854 505 215 51 8 

leached ore 2690 3620 4948 2989 1848 1669 978 357 55 6 

Table 2 shows that the pore volume distributions of the raw ore and leached ore followed similar 

patterns. Most pore volumes fell within the range of 103 to 1011 μm3. The highest proportion occurred in 

the 105–106 μm3 interval, representing 28.55% for the raw ore and 25.82% for the leached ore. 

3.1.3. Areal Porosity Analysis of Rare Earth Ore Body 

The porosity of each slice layer was calculated based on CT image processing techniques. These values 

were then accumulated to obtain the distribution curve of 2D porosity as a function of column height. The 

results are shown in Figure 5. 
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Figure 5. 2D porosity of rare earth ore sample. (a–c) 2D porosity of raw ore; (d–f) 2D porosity of leached ore. 

The 2D porosity of the ore samples was unevenly distributed in the vertical direction. Before leaching, 

the maximum porosities of the three raw ore samples were 24.65%, 20.55%, and 17.48%, respectively. 

Their average porosities were 14.51%, 13.39%, and 11.21%, respectively. The overall distribution was 

relatively uniform. After leaching, the porosity of the leached ore samples increased in general. The 

maximum porosities rose to 30.84%, 28.11%, and 24.18%. The average porosities increased to 24.72%, 

18.15%, and 16.46%. Notably, the increase in porosity in the upper layer was greater than in the middle 

and lower layers. This can be attributed to the downward migration of fine particles under the combined 

action of leachate infiltration and gravity. As a result, pore sizes in the upper layers expanded, leading to a 

higher porosity change rate. 

3.1.4. Pore Throat Characteristics of the Rare Earth Ore Body 

Micro-CT scanning was used to acquire images of the internal structure of the samples. The evolution 

of pore throats under solution seepage was analyzed. The numbers of pore throats in the ore samples before 

and after leaching are listed in Table 3. 
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Table 3. Change of pore throat quantity before and after ore leaching. 

Sample 
Pore Count 

Replicate 1 Replicate 2 Replicate 3 Mean ± SD Average Pore Throat Difference 

Raw ore 19,264 18,851 20,019 19,387 ± 586 
2885 + 672 

leached ore 16,423 15,832 17,250 16,502 ± 710 

Note: Data are presented as mean ± standard deviation (SD, n = 3). Replicates 1–3 represent three parallel column experiments 

conducted under identical conditions. 

The number of pore throats in the leached ore was notably lower than that in the raw ore (average 

difference: 2885). This is attributed to the migration of fine clay particles during leaching, which blocked 

some pore throats [23]. This factor critically influences the pore structure and permeability of the ore body, 

thereby affecting ore body stability during rare earth mining. The distribution characteristics of throat radius 

and throat length before and after leaching are shown in Figure 6a and Figure 6b, respectively. 

  

Figure 6. Distribution (average) of throat radius (a) and throat length (b) before and after leaching. 

As shown in Figure 6a,b, the throat radius distribution first increased and then decreased. The 

proportion of pores in the 0–1 mm interval rose from 70.29% (raw ore) to 87.35% (leached ore). This 

indicates a decline in large pores and connectivity, along with an increase in small and medium pores. The 

throat length distribution also showed an initial increase followed by a decrease. Throat lengths were mainly 

concentrated in the range of 0–4 mm, accounting for 93.3% of the raw ore and 90.4% of the leached ore. 

In the 0–3 mm interval, the proportion of leached ore was lower than that of raw ore, while in the remaining 

intervals it was higher. These changes can be explained by the migration of fine particles with the leachate. 

In the upper layer, small pores decreased and large pores relatively increased, resulting in longer throats. 

In the lower layer, particle blockage converted large pores into small ones, increasing small pores and 

shortening throats [24]. 

3.2. Solution Seepage Distribution Characteristics During Rare Earth Leaching 

Using the “Absolute Permeability Experiment Simulation” module in Avizo, the Navier-Stokes 

equations were solved to compare seepage simulation results of three raw ore and leached ore pairs. The 

seepage path distribution and average seepage velocity are presented in Figure 7 and Table 4. 
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Figure 7. Characteristics of the seepage distribution of the mineral sample solution in the rare earth leaching process. (a–c) 

Seepage paths in raw ore; (d–f) Seepage paths in leached ore. 

Table 4. Seepage velocity at different depths of ore bodies in leached ore/10−6 m/s. 

Ore Sample 
Permeability Rate 

Replicate 1 Replicate 2 Replicate 3 Mean ± SD 

Upper layer 2.57 2.32 2.17 2.35 ± 0.20 

Middle layer 2.06 1.95 1.96 1.99 ± 0.06 

Lower layer 1.58 1.61 1.71 1.63 ± 0.07 

Average seepage velocity 1.96 1.88 1.86 1.90 ± 0.05 

Note: Data are presented as mean ± standard deviation (SD, n = 3). Replicates 1–3 represent three parallel column experiments 

conducted under identical conditions. 

As shown in Figure 7, the seepage paths of the solution inside the ore samples changed markedly after 

leaching. The streamlines were more concentrated in the upper and middle layers. In contrast, they were 

sparse or even discontinuous in the lower layer. In the upper layer, fine particle migration simplified the 

pore structure, creating wider effective channels and enhancing local pore connectivity. In the lower layer, 

migrating fine particles blocked pore channels, complicating the pore structure and reducing connectivity [25]. 

The simulated average seepage velocities of the three replicate raw ore samples were 3.58 × 10−6 m/s, 

3.50 × 10−6 m/s, and 3.44 × 10−6 m/s, respectively. According to Table 4, after leaching, the average seepage 

velocities in the leached ore decreased to 1.96 × 10−6 m/s, 1.88 × 10−6 m/s, and 1.86 × 10−6 m/s, showing a 

marked reduction. Furthermore, within the same ore sample, the seepage velocity gradually decreased with 

increasing depth. Taking replicate 1 as an example, the velocity dropped from 2.57 × 10−6 m/s in the upper 

layer to 1.58 × 10−6 m/s in the lower layer. This indicates that the migration and accumulation of fine clay 

particles during leaching reduced inter-pore connectivity, thereby altering seepage paths and inhibiting 

solution permeability [26]. 

3.3. Pore Pressure Distribution in Ore Samples During Rare Earth Leaching 

To further elucidate the mechanism underlying changes in seepage behavior, pore pressure simulations 

were conducted on ore samples before and after leaching. The results are presented in Figure 8 and Table 5. 
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Figure 8. Pore pressure distribution of ore samples during the rare earth leaching process. (a–c) Pore pressure of raw ore; (d–f) 

Pore pressure of leached ore. 

Table 5. Pore pressure at different depths of ore bodies in leached ore/Pa. 

Ore Sample 
Pore Pressure 

Replicate 1 Replicate 2 Replicate 3 Mean ± SD 

Upper layer 4128.71 4016.35 3859.89 4001.65 ± 135.12 

Middle layer 3961.23 3824.19 3647.16 3810.86 ± 157.56 

Lower layer 3824.65 3659.88 3517.56 3667.36 ± 154.00 

Average pore pressure 3947.51 3759.62 3596.37 3767.83 ± 175.61 

Note: Data are presented as mean ± standard deviation (SD, n = 3). Replicates 1–3 represent three parallel column experiments 

conducted under identical conditions. 

As shown in Figure 8, pore pressure was highest at the solution injection point and gradually decreased 

along the flow direction. Before leaching, the average pore pressures of the three raw ore samples were 

4253.26 Pa, 4163.84 Pa, and 3917.65 Pa, respectively. After leaching, they decreased to 3947.51 Pa, 

3759.62 Pa, and 3596.37 Pa, respectively. This decreasing trend is mainly attributed to the combined effects 

of hydraulic gradient, matrix adsorption, and gravity, which slowed down the vertical seepage velocity of 

the solution [27]. 
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According to Table 5, after leaching, the pore pressure in the upper and middle layers was markedly 

higher than that in the lower layer. For example, in replicate 1, the pore pressure in the upper layer was 

4128.71 Pa, whereas in the lower layer it was only 3824.65 Pa. This is because fine particles migrated 

downward, leading to larger pore sizes and a simpler pore structure in the upper layer, thereby enhancing 

liquid storage capacity and increasing pressure. In contrast, particle blockage in the lower layer reduced 

pore sizes and complicated the pore structure, decreasing solution flow capacity and resulting in lower pore 

pressure. These results are consistent with the trends observed in the pore structure parameters, confirming 

the regulatory role of particle migration on pore pressure distribution. 

3.4. Coupling Mechanism of Particle Migration, Swelling, and Seepage 

During the leaching process, a coupling mechanism exists among clay mineral swelling, particle 

migration, and solution seepage. The schematic diagram of this mechanism is shown in Figure 9. 

 

Figure 9. Schematic diagram of the coupled mechanism among clay mineral swelling, particle migration, and solution seepage 

in the upper and lower layers during the leaching process. 

Upon lixiviant injection, clay minerals absorb water and swell, leading to an increase in volume and a 

decrease in interparticle cohesion. Swelling is considered to facilitate the detachment of fine particles, 

which are then inferred to migrate downward driven by seepage. Although clay swelling was not directly 

measured in this study, its occurrence is supported by multiple lines of indirect evidence. The significant 

increase in upper-layer porosity (from 14.51% to 24.72%, as shown in Figure 5), the reduction in pore 

throat number (from 19,387 to 16,502, as shown in Table 3), and the observed structural changes (as shown 

in Figure 3) are all consistent with the scenario in which hydration swelling weakens interparticle cohesion 

and promotes particle detachment. In addition, the decreased seepage velocity (Table 4) and the 

development of a local pore pressure gradient between the upper and lower layers (Table 5) are consistent 

with swelling-induced pore structure alteration that progressively inhibits solution permeability. However, 

it should be noted that the observed pore structure changes may also be partially attributed to particle 

rearrangement and mineral dissolution, which are inherent to the leaching process. While CT imaging and 

pore network analysis can reveal the net structural changes, they cannot fully distinguish the individual 

contributions of particle migration, particle rearrangement, and mineral dissolution. Nevertheless, the 

consistent trends of porosity increase in the upper layer, pore throat reduction in the lower layer, and the 

development of a pressure gradient are most reasonably explained by the combined effects of these 

processes, with particle migration playing a dominant role. The resulting pressure gradient between the 

upper and lower layers further promotes water intrusion into clay interlayers, exacerbating swelling. If this 

cycle is left uncontrolled, it will lead to a continuous rise in local saturation of the ore body, a decline in 
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shear strength, and ultimately trigger landslides. Therefore, inhibiting clay swelling and reasonably 

controlling the injection flow rate are key measures to interrupt this vicious cycle. This particle blockage 

process is conceptually analogous to clogging in vadose zone infiltration systems, where particle 

accumulation reduces hydraulic conductivity [28]. In our system, the decreased pore throat connectivity 

and seepage velocity in the lower ore layers (Tables 3 and 4) similarly reflect the permeability reduction 

caused by fine particle migration and blockage. 

4. Conclusions 

During leaching, lixiviant injection is inferred to trigger hydration swelling of clay minerals. This 

inference is supported by the observed increase in porosity, reduction in pore throat size, structural changes, 

and decline in seepage velocity, which are consistent with swelling-induced structural alteration. Fine 

particles are inferred to migrate significantly downward under seepage forces, as supported by the observed 

porosity and pore throat changes. The contribution of particle rearrangement and mineral dissolution to the 

net structural changes, however, cannot be completely excluded. This process restructures the pore system 

of the ore body. Specifically, in the upper ore layer, loss of fine particles leads to increased pore count and 

porosity. The number of pore throats decreases, and the pore size distribution shifts toward smaller 

dimensions. In the lower layer, particle blockage reduces pore throat connectivity. These structural changes 

directly lower the overall solution seepage velocity. The velocity also decreases progressively with depth. 

Meanwhile, pore pressure is higher in the upper layer than in the lower layer. This creates a local pressure 

gradient. The gradient further promotes water infiltration into clay interlayers. It also accelerates fine 

particle detachment and migration. Ultimately, a coupled cycle forms among clay swelling, particle 

migration, and seepage weakening under laboratory column leaching conditions. The above mechanisms 

not only reduce rare earth recovery efficiency but also weaken the internal stability of the ore body, which 

may potentially contribute to landslide hazards when extrapolated to the field scale. The composite lixiviant 

(CDETA) and multiple characterization techniques used in this study provide useful guidance for 

evaluating microstructural evolution during leaching and its impact on seepage behavior. 
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