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Abstract

:

Rare earth elements (REEs) are essential raw materials for modern industries but mining them has caused severe environmental issues, particularly the recovery of heavy REEs (HREEs) from ion-adsorption deposits (IADs). Very recently, an emerging technology, electrokinetic mining (EKM), has been proposed for the green and efficient recovery of REEs from IADs. However, the conduction mechanism of the weathering crust soil, which is also a prerequisite for EKM, remains unclear, making the EKM process unpredictable. Here, we systematically investigated the conductivity of weathering crust soil in the presence of light REEs (LREEs, i.e., La3+ and Sm3+) and HREEs (Er3+ and Y3+), respectively. Results suggested that the voltage was dynamically and spatially redistributed by the movement of REEs and water during EKM, and the conventional assumption of the linear distribution of voltage leads to an inaccurate description of soil voltage. We proposed an improved Archie’s equation by coupling the mechanisms of liquid phase and solid-liquid interface conduction, which can predict soil conductivity more precisely. Moreover, the extended Archie’s equation is able to recalculate the voltage distribution at distinct times and spaces well during EKM. More importantly, the water content in field-scale weathered-crust soils can be retrieved by the newly proposed Archie’s equation, which helps optimize the leaching wells and improve the recovery rate of REE. This study focuses on the conduction mechanism of weathering crust soil, which provides a theoretical basis for better use of the EKM technology and promotes mining efficiency fundamentally.
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1. Introduction


Rare earth elements (REEs), valued for their exceptional physical and chemical properties, find wide applications in modern industries including electronics, metallurgy, clean energy, and high-tech manufacturing [1,2]. Of particular significance are the heavy REEs (HREEs), which possess unparalleled value as they are irreplaceable on rockets, satellites, aircraft carriers, and fighters. Ion-adsorption deposits (IADs) of REEs are the main source of HREEs and provide more than 90% production [3,4], where REEs are absorbed onto clay minerals in the weathering crust soil of the IADs ore as ions or hydrated ions [5,6]. The adsorbed REEs can be desorbed and transported by adding leaching agents (e.g., highly concentrated electrolyte solutions). The mining of IADs is predominately based on leaching techniques.



Currently, the commonly used leaching agent is ammonium salt [7,8]. In the leaching process, a large amount of ammonium salts (7–10 t (NH4)2SO4 for 1 t REE oxide production) is injected into the soil to achieve a high recovery rate of REE, which has resulted in severe ammonia nitrogen contaminations of water and soil, and the release of unexpected metals [9]. In addition, the leaching technique has a low recovery rate of 40%–60% due to the leakage of REE fluids into pores of the weathering crust soil [10]. Various methods have been proposed to address these issues [11,12]. Among these, the electrokinetic mining (EKM) technique [13,14] is an emerging approach with mining potentials to reduce the environmental impact and improve the recovery rate (>90%). The core of EKM applies an electric field to drive and control ion migration unidirectionally, coupled with gravity, pressure, and concentration to promote the infiltration of leaching agents in soil [15]. Though EKM has advantages including low environmental pollution and economic cost [16,17], the technology is still in its early stages. Many significant working mechanisms, particularly the soil conductivity mechanism that is regarded as the prerequisite of EKM technology, have not been well understood. This leads to difficulties in predicting and controlling the actual extraction behavior, designing and optimizing the EKM parameters, and setting and implementing the EKM process. Therefore, it is urgent to clarify the soil conductivity mechanism and accurately obtain voltage distribution information in soils to guide the EKM process for recovering REEs.



In previous studies, the conductivity was thought to be uniformly distributed in the soil. Accordingly, the effective electric field theory is proposed based on a linear model of voltage is proposed [18]. However, because ions and water are mobilized during the electrokinetic process, the soil conductivity changes dynamically. Unfortunately, such a phenomenon has not been recognized, resulting in inaccurate predictions by using the linear model. In IADs, the soils are a complicated three-phase system of solid, liquid, and gas, which leads to the complexity of the soil conduction mechanism [19,20]. In the natural state, the soil is unsaturated, where liquid water is separated by soil particles and air, resulting in poor electrical conductivity [21]. During the EKM process, a steady stream of leaching agents is injected into the ore body, and the air in the soil is gradually expelled, creating a saturated state of the soil and increasing the soil’s conductivity [22]. In a previous study, it was suggested the electrical conductivity increased from 0 to 2000 μs cm−1 due to the increase in soil humidity from 25% to 47% [23]. Furthermore, there is a linear or quadratic relationship between conductivity and moisture content of the soil [24]. Pure water itself is not a good conductor and the conductivity of a solution results mainly from soluble ions [25]. Therefore, the ions in soil play a significant role in conducting electricity. For an ion, the concentration and charge play important roles in the conductivity. In dilute solutions, the conductivity is proportional to the concentration and charge [26]. Therefore, the ion content may be determined from the conductivity of the soil. As such, the migration path of an ion in soil can be tracked by measuring the conductivity of the soil at various locations.



However, there are two conduction paths including solid-liquid interface and liquid phase conductivity in the soil system, which make the interpretation between the ion content and conductivity challenging [27,28]. In IADs, REEs are mainly enriched on the surface of clay minerals in the form of ions or hydrated ions [29]. Generally, the conductivity of the carrier, i.e., clay mineral, is poor and can be ignored [30]. However, during the EKM process, REEs on the surface of clay minerals are activated and migrated, and the conductivity of the solid-liquid interface cannot be ignored [31]. In addition, the carrier mineral has defects and its surface is conductive by electrical double layers [32,33], which makes the traditional Archie’s equation unable to effectively describe the electrical conductivity of soil in the EKM process. This further increases the difficulty of interpreting the conductivity mechanism of the weathering crust soil [34,35]. Therefore, distinguishing the influence of the solid-liquid interface and liquid phase on the conductivity of the soil in IADs is a top priority.



In this study, we developed an extended Archie’s equation by coupling the mechanisms of solid-liquid interface and liquid phase conductivity. The conductivity of the weathering crust soil was investigated with the existence of LREEs (La3+ or Sm3+) or HREEs (Er3+ or Y3+), respectively. The relationship between the conductivity and ion concentration, charge, and moisture has been determined. The newly improved Archie’s equation was applied to predict the conductivity of weathering crust soil during the EKM process, which achieved results consistent with the experimental data. Moreover, we used the improved Archie’s equation to recalculate the voltage distribution of the weathering crust soil during EKM. Significantly, we also successfully predicted the water content of the weathering crust soil in the field with the extended Archie’s equation, which will help optimize the leaching wells and improve the recovery rate of REE.




2. Materials and Methods


2.1. Materials


The weathering crust soil was collected from MaoFeng Moutain in Guangzhou City, Guangdong Province, China. The sample was separated by the quartering method. The water content of the soil was 4.49%. Lanthanum, samarium, erbium, and yttrium nitrate hexahydrates in analytical reagent were manufactured by Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Potassium chloride and ammonium sulfate in analytical reagent were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). A 1000 ppm stock solution of each REE was prepared by dissolving the powder reagents.




2.2. The Simulated EKM Experiments


To investigate variations of soil conductivity during the EKM and verify the extended Archie’s equation, simulated EKM experiments were conducted in a length of 50 cm column as shown in Figure 1. First, the soil was sandwiched with geotextile and graphite electrode. Then, the simulated experiments are mainly conducted in two steps. Initially, 1000.0 g of soil was wetted with 200.0 g of water for 12 h to simulate the hydrated weathering crust soil. Subsequently, the anode was continuously injected with 200 and 400 ppm of La3+, Sm3+, Er3+, and Y3+ solution via a Markov bottle, respectively, after which a voltage of 50 V was exerted between the anode and the cathode for simulating EKM process. During the simulated EKM process, the voltages were monitored three times by a voltmeter (DELIXI 860d, Delixi Electric Co., Ltd., Leqing, China) at positions of 1.5 (P1), 16.5 (P2), 31.5 (P3), and 46.5 cm (P4) away from anode, respectively, and three sections (S1, S2, and S3 named from anode to cathode) were constructed by these four positions as Figure 1 shown. Meanwhile, the current was recorded on an amperemeter (CY-high precision, Chiyi Hardware, Huaian, China). The water contents in P1–P4 were measured at various EKM time intervals (i.e., 1, 3, 6, 12, 24, 36, 48, 60, 72, 84, 96, and 120 h) as well. The concentrations of REE in P1–P4 were analyzed every 24 h by an inductively coupled plasma optical emission spectrometer (ICP-OES, OPTIMA 2000DV, PerkinElmer, Waltham, MA, USA). The collected soil samples were sufficiently exchanged with 0.2 M ammonium sulfate for 24 h to extract the ion-exchangeable REE.




2.3. Measurement of the Solution Conductivity


The conductivity of the solution is measured by a multi-parameter meter (HQ 40 d, Hach Co., Ltd., Ames, IA, USA). Before the test, different concentrations of potassium chloride (KCl) solutions were used to calibrate the instrument. The probe was immersed three times in a plastic bottle containing 250 mL of REE solution with various concentrations (i.e., 0.1, 0.5, 1.0, 5.0, 10.0, 50.0, 100.0, 200.0, 300.0, 400.0, 500.0, and 1000.0 ppm) to detect the conductivity of the solution. In general, the conductivity of a strong electrolyte is proportional to its concentration and Equation (1) is applied to describe its conductivity [36].


  σ = K × z × c +  σ 0   



(1)




where σ is the conductivity (Ω−1 m−1), K is the conductivity per unit concentration (Ω−1 m−1 L mg−1),   z   is the charge of the ion and it is 3 for REEs in this study,   c   is the concentration of the solution (mg L−1), and σ0 is the conductivity of the pure water (Ω−1 m−1). The parameters obtained from Equation (1) were statistically significant at a 95% confidence level.




2.4. Measurement of the Soil Conductivity


To build the relationship between the soil conductivity and REE concentration, soils with various concentrations of REE solutions were prepared. The weathering soil, weighing 350 g, was immersed in a solution containing La3+, Sm3+, Er3+, and Y3+ ions at concentrations of 100 mg L−1 (low concentration, L), 300 mg L−1 (middle concentration, M), and 500 mg L−1 (high concentration, H), respectively, for 36 h. Afterward, the mixture was washed with 3 L of water and dried at 105 °C to achieve REE-L, REE-M, and REE-H types of the simulated weathering crust soil, respectively. For comparison, the weathering crust soil was also treated with deionized water, and the sample was marked as ‘Origin’. The water-soluble REE in REE-L, REE-M, and REE-H was extracted by adding 1.00 g of soil into 10 mL of water for 24 h of agitation. After a complete washing, the supernatant was obtained by centrifugation at 1199× g (TGL 18 M, Lu Xiangyi Centrifuge Instrument Co., Ltd., Shanghai, China) and measured by an ICP-OES to determine the water-soluble REE concentration (    c   a q    ). The sediment was further used to extract the ion-exchangeable REE (    c   s    ) by adding 10 mL of (NH4)2SO4 solution (0.2 mol L−1). As such, the distribution coefficient can be expressed as Equation (2) [37].


   K d  =    c s     c  a q      



(2)




where     K   d     is the distribution coefficient of concentration in liquid and solid. The conductivity of the soil was detected using the four-electrode resistance method which was conducted in a length of 10 cm column. During the test, graphite electrodes are placed at both ends of the column. When the specific amount (0.15, 0.25, 0.35, and 0.45) of water is standing and diffusing in the soil for 12 h, the moisture content is corrected by the change of mass. Then, the conductivity of the soil is conversed by a DC-regulated power supply (IT6722, ITECH, Nanjing, China) and a voltmeter. The applied voltage of the graphite electrode was increased from 5 to 75 V, and then the voltage in the middle 5 cm section was measured and the current was recorded by an amperemeter. Finally, the conductivity is converted according to Ohm’s law.




2.5. Development of the Extended Archie’s Equation for Soil Conductivity


In the EKM process, the weathering crust soil between electrodes could be taken as a resistance element. The conductivity of the weathering crust soil and the voltages at different locations can be calculated by Ohm’s law as Equations (3) and (4) shown, respectively.


  σ =   I L   U S    



(3)






      U   1       U   2     =     σ   1       σ   2      



(4)




where   I   is the current (A),   L   is the length of the detected area (m),   U   is the voltage (V), and   S   is the cross area (m2). where     U   1     and     U   2     are voltages of resistance elements 1 and 2, σ1 and σ2 are conductivities of elements 1 and 2, respectively. In 1942, Archie proposed an empirical law that related to conductivity and porosity, and the model was widely used in reservoir engineering and petrophysics [38,39]. Then, Archie’s equation, as displayed in Equation (5), has broader applications in unsaturated porous media [40].


    σ   t   = k   φ   m     S   r   n   σ  



(5)




where σ is the conductivity of soil,   k   is unitless empirical constant,   φ   is the porosity, m is a shape (cementation) exponent,     S   r     is the saturation degree and it is described by moisture and porosity (Equation (6)). The saturation exponent n is commonly assumed to have a value of about 2 [41]. σ is the sum of the solid-liquid interface and liquid phase conductivity (Equation (7)).


    S   r   =     θ   V     φ   =   ρ   θ   w     φ    



(6)




where     θ   V     and     θ   w     are the moisture contents in volume and weight, respectively. ρ is the density.


  σ = φ   σ   w   +   1 − φ     σ   s    



(7)




where     σ   s     and     σ   w     are conductivities of solid-liquid and the liquid phase related to the concentration, respectively, in the dilute solution, the conductivity is proportional to the ion concentration and charge as shown in Equation (1). Similarly, we assumed that the soil conductivity is proportional to the total concentrations of various ions in the weathering crust soil, inducing Equations (1) and (5)–(7), the soil conductivity can be expressed as Equation (8) when the parameters were simplified.


    σ   t   = k   ρ   n     φ   m − n     φ   σ   w   +   1 − φ     σ   s     =   K   1   ×   θ   w   2   ×       K   2   z   c   a q       θ   w     +   K   3   z   c   s     +   K   4    



(8)




where     σ   t     (Ω−1 m−1) is the total conductivity of the soil,     K   1   ,   K   2     (Ω−1 m−1 L mg−1),     K   3     (Ω−1 m−1 kg mg−1), and     K   4    (Ω−1 m−1) are the parameters of moisture, liquid, solid, and water, respectively. K2 and K4 are calculated from the parameters of Equation (1) and blank pure solution. K1 and K3 calculated by Equation (8) were statistically significant at a 95% confidence level.     θ   w     is the moisture content in weight.     c   a q     (mg L−1) is the concentration in the liquid phase,     c   s     (mg kg−1) is the concentration in the weathering crust soil.




2.6. Field-Scale Experiments


To determine the feasibility of the extended Archie’s Equation in predicting the water content of the soil, field-scale experiments as shown in Figure S1a were carried out in Meizhou City, Guangdong Province. The field-scale experiments were operated on a typical IAD with a dimension of 9 × 3 m (Figure S1b). During the test, four electrodes were successively inserted into the soil at a depth of 5 cm at an interval of 1 m in a line, and the ground resistance meter (VC4105A, Bei Cheng (Hong Kong) Technology Co., Ltd., China) was connected for measurement. During the test, the voltage is given by the two edge electrodes (Electrode 1 and 4) and the resistance can be obtained when the voltage is detected by the inner electrodes (Electrode 2 and 3). Then, Ohm’s law is applied to converse the conductivity (  σ =   1     ρ   Ω      , where     ρ   Ω     (Ω−1 m−1) is the resistivity) and the moisture content was inversed by the extended Archie’s Equation (Equation (8)). The test was repeated three times at an interval of 5 min. All tests of resistivity were completed after all electrodes were extended by 1 m to 10 m. In order to verify the moisture, soil obtained in the middle was dried at 105 °C.





3. Results and Discussion


3.1. Redistribution of the Voltage in Weathering Crust Soil during EKM


To clarify the soil conductive characteristic in the EKM process, the simulated EKM experiments were conducted in a 50 cm column and the results are shown in Figure 2. (Figure 2a–d) depicted the variation of the voltage at various positions of the weathering crust soil when 200 ppm of La3+, Sm3+, Er3+, and Y3+ solution was injected from the anode, respectively. The result suggested that the voltage was not linearly distributed from the anode to the cathode and changed dynamically with increasing EKM time (Figure 2).



As for four different REEs, the voltage varied differently with time. For the LREE La3+ (Figure 2a), the voltages at P1, P2, P3, and P4 are 49.37, 48.87, 48.20, and 47.47 V, respectively, at 0 h due to the unsaturation of geotextile and large surface resistance of cathode. In the first 6 h, voltages at P1–P4 changed little, which may result from the low water content of the weathering crust soil (Figure 3a) and the unsaturation of geotextile, i.e., the electrical path was not connected. At 6 h, the redistribution of voltage occurred the voltage of P1, P2, P3, and P4 reached 48.87, 43.95, 35.54, and 25.62 V, respectively. This phenomenon was caused by the saturation of the La3+ solution; the moisture content at P4 reached 42.47% at 6 h (Figure 3a). A total of 11.9 mL solution was also collected in the cathode chamber of the column (Figure 3b). As such, the resistance of the weathering crust soil and geotextile plummeted [42]. Correspondingly, the current density rose sharply from 0.0010 to 0.1317 A m−2 at 6 h as shown in Figure 3b. After 6 h, the voltage of weathering crust soil at P1, P2, P3, and P4 varied differently due to the movement of water and ions. The voltage of P1 decreased slightly from 48.87 to 48.63 V as it was soaked with La3+ (the concentration of La3+ increased as shown in Figure 3c) and H+ (the pH decreased from 4.08 to 3.82 as shown in Figure 3d), yielding the high conductivity of the weathering soils near the anode. The voltage of P2 increased from 43.95 to 47.67 V from 6 to 60 h and then decreased to 47.03 V at 120 h, which was insured by the movement of La3+ (Figure 3c) and H+ (Figure 3d). Similarly, the voltage of P3 showed the same trend the voltage increased from 35.54 to 45.47 V from 6 to 60 h and decreased to 44.43 V at 120 h. The voltage at P4 decreased to 20.02 V due to the generation of OH− in the cathode as verified by the neuter cleaner at the P5 position and the increase in pH at the P4 position.



For Sm3+, the distribution of voltage at P1–P4 positions in the first 6 h was similar to that of La3+ and the voltage at P1–P4 positions was close to 50 V as shown in Figure 2b, due to the unsaturation of the weathering crust soils (Figure S2a and Figure 4a) and the geotextile. At 6 h, the voltages at P1–P4 positions were also redistributed, which reached 48.99, 44.29, 34.46, and 23.66 V, respectively. The current density was sharply increased from 0 to 0.1647 A m−2 (Figure 4b) due to the connection of the electrical path. After 6 h, the voltage at P1–P3 showed a similar trend as La3+, where the voltage at P1 decreased slightly to 40.85 V, and the voltage at P2 and P3 showed an inverted “V-shape” due to the movement of Sm3+ (Figure S2b) and H+ (Figure S2c). Unlike La3+, the voltage at P4 increased to 30.67 V at 72 h and decreased to 12.93 V at 120 h. The cathode produces a large number of hydroxides, blocking the current transmission channel, and making the voltage at P4 rise. The pH at P4 and P5 would decrease like that at P1–P3, considering that there was no generated OH−. However, the pH at P5 was maintained at neutral, and the pH at P4 increased at 60 h, as shown in Figure 3d, which was different from that at P1–P3. Results indicate that the generated OH− transports from the cathode to P4. Based on this, we further speculated that a large number of OH− was generated because OH− needed to overcome hydraulic gradients and soil buffering to reach P4.



For the HREE Er3+, in the first 6 h, the voltages at P1–P4 were close to 50 V (Figure 2c). At 6 h, the voltage was redistributed at P1–P4 due to the connection of the electrical path. The moisture content at P1–P4 was gradually saturated (Figure S4a) and 21.1 mL of solution was collected (Figure 4b). Correspondingly, the current density increased sharply. After 6 h, the variation of the voltage at P1–P3 showed the same trend as that of LREEs (La3+ and Sm3+) due to the transport of Er3+ and H+. Distinctively, the voltage at P4 fluctuated, which probably resulted from the complex reactions near P4, such as electrolysis, precipitation, and acid-base neutralization reactions. The pH in the P5 solution fluctuated as well.



The voltage variations of another HREE Y3+ showed a similar trend to that of LREEs in the first 6 h. However, after 6 h, the voltage at P2 declined to 42.27 V, likely attributed to the accelerated transport of HREEs compared to LREEs, and the voltage at P3 and P4 floated because of the complex reaction like the other HREE, i.e., Er3+. These findings indicate that the voltage fluctuations in the weathering crust soil vary depending on the presence of LREEs and HREEs, reflecting differences in their transport velocities and electric reactions. In Figure S4c, although the pH at P5 was large and the highest reached close to 10, the pH at P4 showed a decreasing trend, which indicated the acid-base reaction occurred in the section between P4 and the cathode.



Generally, the voltage of the weathering crust soil is redistributed in space and time due to the movement of water and ions in the column. According to the definition (  σ  ), the conductivity is related to the current and voltage, as shown in Equation (3):



We applied it to calculate the conductivity of the weathering crust soil at P1 and the results are shown in Figure 4d. As shown in Figure 4d, it is found that the conductivity of REEs increased dynamically due to the concentrations of La3+, Sm3+, Er3+, and Y3+ at P1 increased (Figure 3c, Figure S2b, Figure S3b and Figure S4b) and followed the order Y3+ > Er3+ ≈ Sm3+ > La3+.



To summarize, we find that factors, such as the water content, ion concentration in solution, and ion species, play important roles in the redistribution of voltage in the weathering crust soil. Generally, these factors contribute to the conductivity of the weathering crust soil in two ways, i.e., through solid-liquid interface and liquid phase conductivity. Differentiating between solution and solid-liquid interface conductivity can help optimize the leaching process of the EKM and monitor the migration paths of REE. For example, the REE concentration and water content can be predicted based on the conductivity of the weathering crust soil. Herein, it is vital to distinguish the conductivity of the solid-liquid interface and liquid phase, which is further studied in the following context.




3.2. Conductivity of the Dilute Solution and Original Weathering Crust Soil


To identify the conductivity of the liquid phase, a series of REE solutions with various concentrations were prepared. Figure 5a displayed the conductivity of La3+, Sm3+, Er3+, and Y3+ solutions. It was found that the conductivities of all REEs increased linearly with increasing concentration. Furthermore, the conductivity was fitted by Equation (1) and the results are shown in Table 1. From Table 1, the conductivity and concentration show a high linear fit (R2 = 0.9977 to 0.9993), and the conductivities of various REEs follow the order Y3+ > La3+ > Sm3+ > Er3+. In infinite dilution, the equivalent ionic conductivities (λ) of these REEs follow the order of La3+ > Sm3+ > Er3+ > Y3+. The highest conductivity of Y3+ results from the highest molar mass (138.91, 150.36, 167.26, and 88.91 g mol−1 for La, Sm, Er, and Y, respectively) of Y3+.



Meanwhile, the conductivities of the original weathering crust soil were detected, and the results are shown in Figure 5b. From Figure 5b, it was found that the higher the moisture content, the larger the conductivity of the weathering crust soil. The conductivity of the original weathering crust soil (at the moisture content of 43.47%) reached 2.86 × 10−3 Ω−1 m−1, which was close to previous studies [39,40].



In order to clarify the conductivity of the solid-liquid interface and liquid phase, the water-soluble and exchangeable concentrations of REE in the weathering crust soil were measured and results are shown in Figure 5c. In the weathering crust soil, the water-soluble concentration of REE was extremely low, which explains the low conductivity of the natural weathering crust soil. According to the water-soluble concentration of REE, the conductivity of liquid (    σ   w    ) was calculated by Equation (1). The solid-liquid interface conductivity was calculated by the difference between the total and the liquid phase conductivities. The conductivity that resulted from the solid-liquid interface and liquid phase mechanism was distinctly shown in Figure 5d. It was found that the conductivity stemming from the pristine solution within the weathering crust soil was observed to diminish gradually as the moisture content increased, attributed to a reduction in ion concentration within the liquid phase. Consequently, the surface conductivity ratio escalated from 0.3882 to 0.6575, as depicted in Figure 5d, underscoring the significant contribution of the solid-liquid interface conductivity mechanism in the weathering crust soil.




3.3. Validation of the Extended Archie’s Equation


To verify the feasibility of the extended Archie’s equation, the effect of humidity, concentration, and species of REEs on the conductivity of the weathering crust soil were performed and the results were shown in Figure 6. It was found that the conductivity of the weathering crust soil increased by a factor of 5 with increasing the moisture content from 0.15 to ~0.45, despite the presence of La3+, Sm3+, Er3+, or Y3+ with concentration of low, middle, or high. Similarly, the conductivity of the weathering crust soil increased by about 3~4 times when raising the REE concentration. In addition, the species of REE had an effect on the conductivity of the weathering crust soil due to the differences in ionic conductivity. Generally, the conductivity of REEs follows the order Y3+ > La3+ > Sm3+ > Er3+ in similar concentration and humidity. For example, the conductivity of La-L, Sm-L, Er-L, and Y-L reached 7.50 × 10−3, 7.28 × 10−3, 6.56 × 10−3, and 9.23 × 10−3 Ω−1 m−1, respectively, at the moisture content of 0.39. The experimental results confirm that the conductivity of the weathering crust soil varies with the moisture content, REE concentration, and ionic species.



To quantify the conductivity of the solid-liquid interface and liquid phases, the water-soluble and exchangeable concentrations of the samples were investigated and the results were shown in Figure 7. As shown in Figure 7, the water-soluble (    c   a q    ) and exchangeable REE concentrations (    c   s    ) increased simultaneously. For example, the water-soluble concentration of La3+ increased from 1.84 to 93.14 mg L−1 with the increase of the exchangeable concentration of La3+ from 309.35 to 813.95 mg L−1. Among these four REEs, the exchangeable concentration of Y3+ was lowest and the water-soluble concentration of Y3+ was highest in the weathering crust soil.



When the water-soluble and exchangeable concentrations in the soil were determined, the conductivity of the weathering crust soil was verified by Equation (8). The fitting results are shown in Figure 6 and Table 2. As shown in Figure 6 and Table 2, all fittings were well with R2 > 0.9555, which indicated that the extended Archie’s equation was proper to describe the conductivity of the weathering crust soil. In addition, we identified that the parameters of K1, K2, and K3 followed the order of K1 > K2 > K3, suggesting that the soil humidity played the most important role in the conductivity.




3.4. The Conductivity Mechanism of the Weathering Crust Soil


In IADs, the solid-liquid interface and liquid phase conductivity are two predominant conductivity mechanisms. As the extended Archie’s equation can describe the conductivity of the weathering crust soil well, we applied it to calculate     σ   w     and     σ   s     in IADs in the presence of different concentrations of La3+, Sm3+, Er3+, and Y3+ in order to distinguish the contribution of solid-liquid interface and liquid phase conductivity. The results are shown in Figure 8. The contribution of the solid-liquid interface and liquid phase conductivity is described by a     K   s w     (    K   s w   =     σ   s       σ   w      ) value. At a low REE concentration, the     K   s w     was 16.58, 19.87, 28.80, and 13.26, for La3+, Sm3+, Er3+, and Y3+, respectively, suggesting that     σ   s     contributes more to the conductivity of the weathering crust soil. The contribution of     σ   w     is small due to excessive     K   d     (    K   d   =     c   s       c   a q      ) (Figure 8). With increasing the REE concentration, the     K   s w     decreased, suggesting that the contribution of     σ   s     mechanism to the conductivity of the weathering crust soil fell because of the decrease in     K   d    . At a high REE concentration,     σ   w     even overtook     σ   s     as     K   d     was low, for example, the     K   s w     of La3+ was 0.83 at the La-H system.



In the presence of different REEs (La3+, Sm3+, Er3+, and Y3+), the conductivity of the soil shows a discrepancy. On the one hand, the conductivities of La3+, Sm3+, Er3+, and Y3+ in liquid were different (Figure 5). On the other hand, the adsorption capacities of various REEs on the soil were different (Figure 7). Both these factors lead to the diversity in the conductivities of the soil when adsorbing different REEs. At a low concentration, the contribution of     K   s w     to the soil conductivity followed the order of Er3+ > Sm3+ > La3+ > Y3+. At a middle concentration, the value     K   s w     for La3+, Sm3+, Er3+, and Y3+ decreased to 8.25, 5.36, 4.19, and 1.68 and followed the order of La3+ > Sm3+ > Er3+ > Y3+. At a high concentration,     K   s w     for all REE decreases to approximately 1. Herein, the conductivity of the solid-liquid interface in the weathering crust soil cannot be ignored since it plays an important role in the conductivity of the weathering crust soil.



As revealed, the conductivity of weathering crust soil is mainly composed of solid-liquid interface and liquid phase conductivity mechanisms. However, the dominant conductivity mechanism will change with the REE concentration, soil humidity, and ion species. This is interesting and outstands the importance of distinguishing the soil conductivity mechanisms for a more precise description of the conductivity of the weathering crust soil. Moreover, a profound understanding of the soil conductivity mechanism guilds practical productions. For example, we can calculate the REE concentration and water content in the weathering soil during the EKM process by monitoring the conductivity of the soil.




3.5. Recalculating the Voltage in Weathering Crust Soil during EKM by the Extended Archie’s Equation


By the extended Archie’s equation, we can recalculate the voltage distribution in weathering crust soil during EKM. Another simulated EKM experiment with the injection of 400 ppm of REE solution in the anode were carried out, the results are shown in Figures S4–S7. For La3+, Sm3+, and Er3+, the variations of voltages at P1–P4 were similar to that injected with 200 ppm of the solution. While for Y3+, the voltage at P4 kept rising with increasing the EKM time, which may be attributed to that Y3+ and H+ migrate too fast (Figure S8).



Initially, the electrical potentials of S1, S2, and S3 were calculated by the linear distribution model. As shown in Figure 9, the voltages of S1, S2, and S3 were 15.63 V if the voltage was linearly distributed in the column. However, experimental results suggest that the voltage of S1, S2, and S3 follow the order of S3 > S2 > S1. To characterize the deviation, the coefficient of determination (R2) and mean squared error (EMSE) are applied to correct the voltages of S1, S2, and S3.


    R   2   = 1 −     ∑  1   N          y   i   −     y   i    ^      2         ∑  1   N            y   i    ^  −     y   i    ¯      2       ,     E   M S E   =     ∑  1   N          y   i   −     y   i    ^      2       N    



(9)




where N is the number of samples,    y i    is the prediction from the numerical simulation by the extended Archie’s equation or linear equation,      y ^   i    is the experimentally measured data, and    y ¯    is the mean value of the experimentally measured data.



The conventional linear model fitted the experimental data poorly based on the coefficient of determination and the mean squared error (Table 3). After calculating with the extended Archie’s equation, the coefficient of determination and mean squared error are improved as shown in Figure 9 and Table 3. Moreover, the fitting for Y3+ is better than that of La3+, Sm3+, and Er3+ (Figure S8). For Y3+, there is no jump in voltage in S1, S2, and S3 after H+ ions have migrated to P4 after 48 h as shown in Figure S4. However, for La3+, Sm3+, and Er3+, the acidic front may have met the base front, resulting in a jump in voltage [21,44]. Herein, this acid-base reaction may have a great impact on the proposed model. Generally, the spatial and dynamical variations of the voltage in the weathering crust soil during EKM can be improved by the extended Archie’s equation. Again, the model needs to be further refined to compensate for acid-base, ion exchange, precipitation reactions, and electrolysis.




3.6. Predicting Water Content in Weathering Crust Soil during EKM by the Extended Archie’s Equation


In nature, the water distribution in the soil is uneven. With the identical injection strategy used in the EKM process, some areas are supersaturated, while some areas are in the water shortage. This reduces the efficiency of EKM. Hence, obtaining water contents in distinct positions of the soil provides a strong basis for optimizing the addition of leaching agents. Various methods have been developed to measure the water content of soils in the field, such as seismic refraction [45], induced polarization [46], and nuclear geophysical [47] methods. Among these, measuring the soil conductivity by the four-electrode resistance method [48] to inverse moisture content of weathering crust soil by the extended Archie’s equation is a convenient and economical way. Figure 10a displayed the conductivity of the weathering crust soil. It is observed that soil conductivities in various positions were all low, indicating that the moisture content and salinity of the weathering crust soil were low. The moisture contents of the weathering crust soil were calculated by the extended Archie’s equation based on the measured conductivity. As shown in Figure 10b, the water contents were between 0.16–0.19, which is consistent with the measured data that the mean squared error was low and R2 reached 0.8434. Based on the predicted moisture contents, we can optimize the leaching strategy during EKM. For example, if the initial moisture contents on the two sides are small, more leaching agent should be added; the area located at 6 m has the highest moisture content, so the amount of leaching agent should be reduced; the moisture contents in the rest areas were similar, the same amount of leaching agent should be added.





4. Conclusions


In summary, we have developed an extended Archie’s equation for distinct REEs (i.e., La3+, Sm3+, Er3+, and Y3+, respectively) by incorporating conductivity mechanisms of both the solid-liquid interface and liquid phase via four-electrode resistance method. In dilute solution, the conductivity of REEs followed the linear model and the order Y3+ > La3+ > Sm3+ > Er3+. In the weathering crust soil, the conductivity mechanisms change with increasing the moisture content and REE concentration, where the contribution of the liquid phase conductivity mechanism becomes large in a higher REE concentration. According to the R2 and mean squared error, the calculated voltage of the weathering crust soil during EKM by using the extended Archie’s equation is more reasonable than that by using the conventional linear model. Moreover, the extended Archie’s equation is helpful to measure the water content (0.16–0.19) of the weathering crust soil in the field. However, the side effects including electrolysis, precipitation, and acid-base reaction affect the utilization of the model and the prediction becomes worse. In brief, this study adds new insights into the soil conductivity mechanism and provides a more reliable and convenient approach for monitoring the voltage distribution and water content of the weathering crust soil during EKM, which aids in designing EKM parameters, implementing the EKM process, and improving REE recovery. Moreover, the model needs to be further optimized in the future to suit more situations.
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Figure 1. Schematic diagrams of experimental apparatus and sampling locations. 
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Figure 2. Variations of voltage at P1–P4 positions in the simulated EKM experiment with the injection of 200 ppm of La3+ (a), Sm3+ (b), Er3+ (c), and Y3+ (d) solution, respectively. 
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Figure 3. Variations of the moisture content (a), accumulative volume and current density (b), concentration of La3+ (c), and pH (d), respectively, at distinct positions (P1–P5) in the simulated EKM experiment with the injection of 200 ppm of La3+ solution. 
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Figure 4. Variations of current density and accumulative volume at P5 in the simulated EKM experiment with the injection of 200 ppm of Sm3+ (a), Er3+ (b), and Y3+ (c) solution. Comparison of the conductivity of the weathering crust soil with the injection of 200 ppm of La3+, Sm3+, Er3+, and Y3+, respectively (d). 
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Figure 5. Conductivities of the La3+, Sm3+, Er3+, and Y3+ solution (a) and the weathering crust soil (b). The water-soluble and exchangeable concentrations of REE in the weathering-crust soil (c). The variations of     σ   w     and     σ   s     in different moisture contents in the weathering-crust soil (d). 
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Figure 6. The experimental data and fitted curves by the extension of Archie’s equation. The conductivity of the weathering crus soil in the presence of La3+ (a), Sm3+ (b), Er3+ (c), and Y3+ (d), at the low, middle, and high concentrations, respectively. 
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Figure 7. The water-soluble and exchangeable concentrations of La3+ (a), Sm3+ (b), Er3+ (c), and Y3+ (d) in the weathering crust soil. 
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Figure 8. Comparison of the two conductivity mechanisms (solid-liquid interface and liquid conductivity mechanisms) to the conductivity of the weathering crust soil. The conductivity and     K   d     of the weathering crus soil in the presence of La3+ (a), Sm3+ (b), Er3+ (c), and Y3+ (d), respectively. 
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Figure 9. Variations of the soil voltages with increasing the EKM time at S1, S2, and S3 positions, respectively, as well as the simulated curves by Archie’s equation and linear models with the injection of 200 (a) and 400 ppm (b) of Y3+ solutions. The variations in soil voltages were space interpolated in Origin 2023b with the injection of 200 (c) and 400 ppm (d) of Y3+ solutions. 
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Figure 10. The conductivity (a) and moisture content (b) of the weathering soils in the field. 
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Table 1. Parameters of the conductivity and diffusion coefficient of La3+, Sm3+, Er3+, and Y3+ [43].
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	Element
	La3+
	Sm3+
	Er3+
	Y3+





	K
	0.0899 ± 0.004
	0.0747 ± 0.0011
	0.0716 ± 0.0008
	0.1262 ± 0017



	R2
	0.9993
	0.9977
	0.9987
	0.9980



	λ (10−4 m2 S mol−1) [43]
	69.7
	68.5
	65.9
	62.0










 





Table 2. Parameters of conductivity for La3+, Sm3+, Er3+, and Y3+, respectively.






Table 2. Parameters of conductivity for La3+, Sm3+, Er3+, and Y3+, respectively.





	Parameters
	Origin
	La3+
	Sm3+
	Er3+
	Y3+





	K1
	71.2069 ± 59.6974
	3.0512 ± 0.3148
	4.9333 ± 0.4155
	3.1722 ± 0.7320
	2.4583 ± 0.3453



	K2
	0.0428
	0.0436
	0.0363
	0.0348
	0.0613



	K3
	0.0006 ± 0.0008
	0.0127 ± 0.0022
	0.0061 ± 0.0009
	0.0120 ± 0.0039
	0.0257 ± 0.0065



	K4
	0.0100
	0.0100
	0.0100
	0.0100
	0.0100



	R2
	0.9630
	0.9708
	0.9749
	0.9555
	0.9714










 





Table 3. Parameters obtained from fittings of Archie’s and linear models.






Table 3. Parameters obtained from fittings of Archie’s and linear models.





	
Model

	
La3+

	
Sm3+

	
Er3+

	
Y3+






	
Archie’s

	
200 ppm

	
R2

	
0.5518

	
0.5955

	
0.9195

	
0.9588




	
EMSE

	
77.6029

	
42.2672

	
13.0930

	
2.5608




	
400 ppm

	
R2

	
0.8764

	
0.5481

	
0.7512

	
0.9898




	
EMSE

	
13.2102

	
98.4102

	
28.0224

	
1.6515




	
Linear

	
200 ppm

	
R2

	
−1.1453

	
−1.2282

	
−0.2263

	
−1.9304




	
EMSE

	
309.5636

	
194.0355

	
166.2313

	
151.6652




	
400 ppm

	
R2

	
−2.1521

	
−0.7130

	
−0.7731

	
−1.4903




	
EMSE

	
280.7236

	
310.8721

	
151.6652

	
335.1074

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
s
Rt B ®
| Lo &
0 Tas
T T
Eme s
By Zis
£ H
3 3
i ou | £
P on | %
g ou | ds
% 00
T me e e we e hio ol o ok ol el ek o
Concentration (mg/kg) Moisture Content
0] @ - 3@
2 i Eas
= i %
£ = Z20
5w I B
i S | Fu
S Watersolable Sos.
sy
o o0

014369

0292 oadies 07

Molsture





media/file13.png
onn
1 -
8004 (@ [] water-soluble 800 ® = ::N'at:r sol:lb "
S [__]Exchaneable S 1 TS
i 700 % 700-‘
£ 600 - £ 600+
.g 500 - 5 500
£ 400 £ 400 |
- -
cga 300 - & 300 1
S S
© 200+ © 200
100 100
0- 0-
La-L La-M La-H Sm-L Sm-M Sm-H
Sample Sample
[ ]Water-soluble (d) []water-soluble
[ JExchaneable [ ]Exchaneable
Er-L Er-M Er-H Y-L Y-M Y-H

Sample Sample






media/file12.jpg
b bl

ol @ S o] P
2 E2
Foo B
g e
e e
Y o
o S
n -

ol
[T AT [ R T
Sample

o

ed Hewe
B
Foo
Ew
H
HY
Em
-
"

O T—T] i LY v

Sample Sample





media/file18.jpg
g
" () R=08434, Eypmtt6to® [ Calewation
* “ L O Experiment
o6
H
H
Z o
oo
o
oo ”
Tiiiiiaaom Tii i feiaam

Distance (m) Distance (m)






media/file9.png
(b)

T T T T T 0-3 1 L T T L L T
0 200 400 600 800 1000 0.10 0.15 020 0.25 030 035 040 045
Moisture Content
504 (© 3.04 @ o,

e,

Experiment

P
<
1

Concentration (mg/kg)
8
Conductivity (10> @' m™)
171

20 -
Element l '0 b
10 - [ water-soluble 0.5
[ Exchageable
. J

0.0
La Sm Er Y 0.14369 0.24392 0.34165 0.4347
Element Moisture





media/file14.jpg
Sample

Sample.

ESRE)

s

[y

s & & &
(35 00) Snspsnpuo

LI )
(725 (01 Sapanpue






media/file5.png
Moisture content (%)
.
[—]

()

Moisture content (%,

25
0 5 "ll':)me(':) 0 25
20 T T T = T M T T T
0 20 40 60 80 100 120
Time (h)
1200
(c) -O—- P1
1000 -0- P2
En -@- P3
= -0- P4
S0 800
g
= —
600 H—0Q
2 o=
[
R
E 400 o/
E ©/
S 200- /
o] —0—o—o—o—8
0 20 40 60 80 100 120 140
Time (h)

Accumulated Volume (mL)

(=%

(b)

—— Accumulated Volume

—(=Current Density .

0 20 40 60 80 100 120
Time (h)

8.0 -
7.5 1
7.0 ~
6.5 -
6.0 -
5.5 -
5.0 -
4.5 -
4.0 -
3.5

@ . N
o B o x5 B
03

—O—P1
-O—P2
—O—P3
—O—P4

0 20 40 60 80 100 120
Time (h)

0.20

0.15

&
=
Current Density (A/m?)

0.05

2





media/file15.png
Sm-H

Sm-M
Sample

O

o)
-

Sm-L

a0

2 ] S =
(W LT .01x) Aapanpuo)

(a) o
La-L

T T T .
= [—} = -
-—

Ll o
(W .G 01x) &yapdnpuo)

40

Sample

=
>~
=
>~
-t
- 3
2
E z S s
(W B 01x) &anonpuo)
|
&8 s &8 -
=
L]
=
=
13
=
=
=

-
<

T T T .
= - = -
o~ —

Lar]
(W | 01x) Anapanpuo)

Sample

Sample





media/file19.png
1 @

Moisture

Distance (m)

2_ - -5 |:] Calculation
0201 ®) R*=08434,E,,, 1.16x_1(g_ e
O O 2 o [0y .o o

0164 w4
0.12 -
0.08 -
0.04 -
0.00 T T Ll 1 Ll T T 1 T

1 2 3 4 5 6 7 8 9 10

Distance (m)






media/file2.jpg
© ©
“ “
B <
e P
Sn N
—<-n
“n
L —n " —-n
ey
o o
0B e om0 ]
Time (h) Time (h)
©
“
o
0
H
B2
0
" o
T h W e m w m )

Time () Time ()





nav.xhtml


  minerals-14-00491


  
    		
      minerals-14-00491
    


  




  





media/file11.png
(a) O La-L (b) O Sm-L
o 35 1 Archie - 351 Archie
£ O La-M g O Sm-M
= 30 Archie = 30+ Archie
G G
% 25- 2 25 5 Suehl
E 2 Archie
204 20
2 154 2 154
2 g
= 10 1 = 10 @
: :
O 5 0 s5{ @

010 0.15 020 025 030 035 040 0.10 0.15 020 025 030 035 040 045
Moisture Content Moisture Content
40 40

(c) O Er-L
h 351 Archie - 351
£ O Er-M =
- 30+ = 30
G G
- “
:E 251 :e 251
X 204 <20
z z
2 15 2z 154
g E
= 10 = 10+
= =
S )
O 5- O 54

n 0
0.10 0.15 020 0.25 030 035 040 045 0.10 0.15 020 025 030 035 040 045
Moisture Content Moisture Content





media/file6.jpg
88§

Accumulated Volume (mL)

Current Deasity (Vi)

Time )

©

s

3

3

B

[
Current Deasity (Al

]

IRE]
Time (W)






media/file1.png
-0000

DCRe gulated ¢ &Y )

| & loe

Anod® ‘ M,LL FSUpP1Y j

Power

Cathode






media/file20.png





media/file10.jpg
0 0.
@ P 0 0 smi
s — i 23 — e
) O hadt E o s
e — ki Zw i e
] O Len ] O Smdt
B —Archie ¢ B3 —— Archic
En In
z z
Zis Zis
H ® |3
S S
Ssl & s = Ss
o ol
0 ois o; e3s oM o3 0w 0i0 ois o3 035 030 035 0w 0ds
Moisture Content Moisture Content
“ “
© ® i
o Arhic
E o v
e — Arhic
2 o v
i b
B
S
Zis
Zn0
Ss
oL é
w0 0is 020 035 030 035 0w s

Moisture Content

015 02 035 030 035 030 0is
Moisture Content





media/file7.png
(;w/v) Aysua( yudan)

1200

N 2 ® ¢ T a8 2
A - = [} —} [} [}
T T L T T T L
[(—]
- e
—
—4
FS
=
-2
g
| -3
Sg
=2
22 &
= =
£ f
g5 LS
- QO
]
—_—
0
< m“u_ -
T T T T T T T
]
=g 8388
(qu) dwno A pIRNWNIY
(;w/y) Aysud( yudaan)
T 8 2 % ¢ % a8 o I
- - - ] —} [—] ] [—] ﬂ
T T T 1 T T T T
[—]
-~
—
L2
—
| &
o
g 3
=
> 2
w
- ¥
4=
- e
£S5 -
w" el
<3
-
< ]
5 n
i
T T T T T T
g 8 8 g 8 =
m -] -] - ~

(qur) dwnjo A pajeNWNIY

Time (h)

Time (h)

120

50 A

T T

T
> = =
(o]

< o —
(W G (01x) Anapanpuo)

(;u/v) Asua(q Judaan)
< et !
o~ -

104

<
=
T

(c)

—(O— Accumulated Volume
—(= Current Density

o

120

1200

g 2 8
L= S |

Aw-_..._.v dWIN[OA PAjRNWNNY

000
800 -

T
=

100

100

Time (h)

Time (h)





media/file16.jpg
2 2
Sn S
Y &
S £
" w
s s
o .
T e e W e m e e W m w
“ime () “Time ()
o " " "o gn n 5 P






media/file3.png
Voltage (V)

Time (h)

Voltage (V)

T T T T

20 40 60 80 1('}0
Time (h)

Voltage (V)

0 20 40 60 80 100 120

Voltage (V)

0 20 40 60 80 100 120
Time (h)






media/file17.png
301 (a) & X209 ppm Sl 304 (b O Y 400 ppm S1
O Y 200 ppm S2 @ O Y 400 ppm S2
O Y200 ppm S3 O Y 400 ppm S3
25 A Archie's Equation 25 -+ Archie's Equation
Archie's Equation Archie's Equation
g 20 4 - _«:ir::;i's Equation "?: 20 - Archie's Equation
So @ @ S N N
S159 =T =<~ " = il 8154
= @ =
> -
104 ® 10
54 O 5
®
0 T ¥ ) b T Lt 1 T X T 0 T % T ] 1 5 1 1 1
20 40 60 80 100 120 20 40 60 80 100 120
Time (h) Time (h)
© M P2 P3 P4 (@ P! P2 P3 P4 RN
120 h

96 h
72 h
48 h
24 h
0h

0.0 0.2 0.4 0.6 0.8 1.0
Normalized Distance

120 h
96 h
72 h
48 h
24 h

18.75

12.50

6.250

0.0 0.2 0.4 0.6 0.8 o