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Abstract

:

The microstructural characteristics of reclaimed soil in Guangxi’s bauxite mining area play a pivotal role in determining soil reclamation quality, yet they remain poorly understood. To explore the impact of varying reclamation years and modes on pore structure characteristics in this region, we selected four reclamation regions: grassland reclamation with 2 years (RG2a), grassland reclamation with 10 years (RG10a), bare ground reclamation with 2 years (RW2a) and bare ground reclamation with 10 years (RW10a). Utilizing X-ray CT technology, we scanned soil columns within a 30 cm depth to analyze pore distributions using Avizo 2020 software combined with ImageJ 1.53c and its plugins. The findings revealed a significant increase in the number of 2D and 3D macropores by 1.09% and 88.89% in RG10a compared to RG2a, as well as 39.01% and 13.33% in RG10a compared to RW10a, respectively. Furthermore, RG10a was observed to be more effective in enhancing the rounding rate of macropores and mesopores, as well as average branch length and density. Additionally, RG10a demonstrated a greater capacity to increase porosity and connectivity while reducing curvature and specific surface area among the three-dimensional parameters. The 3D reconstruction illustrated that RG modes exhibited a more abundant distribution of macropores compared to RW modes and 10a modes showed a higher presence of macropores than 2a modes, which displayed a tilted laminar pattern. Soil moisture movement simulations conducted through Avizo 2020 under various modes indicated that RG modes presented a more extensive capacity for vertical flow, while 10a modes displayed more abundant flow lines and a higher infiltration rate (K) compared to 2a modes. In conclusion, prolonged reclamation years favoring grassland reclamation modes could enhance water and nutrient transport pathways toward traditional agricultural soil.
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1. Introduction


Bauxite reserves in Guangxi, China constitute 20.2% of China’s total reserves and represent one of the major bauxite output sites in the country [1]. Guangxi’s complex geological environment, widespread karst areas, uneven precipitation distribution and seasonal droughts have led to continuous soil quality degradation in the region [2,3]. Furthermore, the growing demand for bauxite resources and increased mechanization in mining have caused large-scale machinery to compact and damage topsoil and vegetation, intensifying soil water loss and degradation [4]. Soil structure, which includes the arrangement of solids and pores at different scales such as soil pore structure and aggregates, is a key factor affecting soil fertility and quality [5,6,7]. Specifically, a favorable soil pore structure plays a vital role in providing adequate water and gas for roots and soil organisms [7,8]. Therefore, studying the soil pore structure characteristics in open-pit bauxite mining areas in Guangxi is crucial for devising targeted reclamation strategies to boost soil fertility, enhance plant growth and promote sustainable ecosystem development.



When mining activities are conducted in designated areas, the utilization of large-scale machinery can lead to soil compaction damage within these mining zones [9,10]. This compacted soil typically exhibits reduced macroporosity, resulting in increased mechanical impedance that hampers plant root growth and impacts vegetation recovery [10,11,12]. Hence, a comprehensive study and analysis of macroporosity characteristics in mine reclamation efforts become imperative. Research by Cai et al. [13] has demonstrated an enhancement in soil pore structure characteristics with the progression of reclamation years. Wang et al. [14] noted that compaction tends to diminish parameters associated with soil pore structure; however, soil reclamation efforts can effectively enhance the overall soil pore structure. Typically, the saturated hydraulic conductivity of reclaimed mine soils is lower than that of adjacent forest soils and undergoes significant changes following deep soil disturbance [15]. Implementing reclamation measures such as deep soil loosening and green manure planting during the process can notably enhance the physical properties of the reclaimed soil, specifically the parameters associated with the surface layer’s soil macroporous structure. [16,17]. In their study, Xia et al. [18] unveiled the correlation between soil macropores and hydraulic conductivity, emphasizing that water transport and storage are contingent upon the distribution of pore sizes and geometric shapes [19]. Ju et al. [20] revealed the interconnectedness of soil water movement with soil structure, particularly its pore size distribution, highlighting the pivotal role of soil pore structure in infiltration mechanisms. Additionally, Talukder et al. [21] studied the connection between soil hydraulic properties and porosity, revealing that extended no-tillage practices promote the creation of stable macropores and a consistent, vertically oriented effective porosity system, enhancing soil water transport.



With the ongoing advancement of X-ray CT scanning technology, its widespread application in examining soil pore structure within compacted and reclaimed soils in mining areas is becoming increasingly prevalent due to its non-invasive and convenient nature [4,17,22]. This technology has proven to be an effective means of visualizing and quantifying soil structure. Additionally, 3D modeling software programs like ImageJ and Avizo are used to measure soil pore geometric features (e.g., pore number, volume, shape, rounding rate and size distribution) and spatial distribution (e.g., connectivity and curvature) [7,23,24,25,26], resulting in a detailed three-dimensional reconstruction. Building upon the three-dimensional reconstruction model, the impact of macropores on soil moisture, including saturated hydraulic conductivity, moisture characteristic curve and simulated absolute permeability test, has been explored [27,28]. In Guangxi, existing research on mine reclamation soil primarily concentrates on reclaimed soil nutrients and remediation modes [29,30], with a noticeable dearth of studies focusing on quantifying the pore structure of mine reclamation soil using CT technology. Contrasted with general agricultural land in Guangxi, reclaimed soils in open-pit mining areas tend to endure significant mechanical compaction, resulting in substantial structural damage and altered soil pore conditions [4]. Despite this, the characterization of soil pore structure under different reclamation years and modes in Guangxi remains opaque.



Therefore, the primary objectives of this study were as follows: (1) Quantitatively analyze the pore structure parameters of soil in the open-pit mining area in Guangxi using CT scanning technology. (2) Reconstruct the three-dimensional pore distribution of the reclaimed soil and simulate soil moisture movement using a three-dimensional visualization model to elucidate the alteration mechanism of the reclamation of the open-pit mining area on the soil structure. (3) Analyze the effect of soil reclamation on the development of soil macropore characteristics, to provide practical recommendations for follow-up reclamation efforts. The findings of this study are valuable for assessing the effects of different reclamation years and modes on soil pore structure. Additionally, they hold scientific significance in promoting sustainable improvements in the quality of the reclaimed soil in bauxite mining areas in Guangxi.




2. Materials and Methods


2.1. Overview of the Experimental Area


The experimental area is situated in Gohua Town, Pingguo City and Baise City, Guangxi Zhuang Autonomous Region, China (23°44′ N; 107°45′ E), on the western side of Pingguo City along the banks of the Right River. The climate is characterized as subtropical monsoon, with an average annual sunshine duration of 1682 h, evapotranspiration of 1572.6 mm and an average annual air temperature of 25.5 °C. The average annual rainfall measures 1298 mm, with an average annual relative humidity of 66%. The overview diagram of the study area is depicted in Figure 1. Four stable sub-areas were chosen in the experimental site representing varying reclamation years and modes: RG2a (2 years grassland reclamation), RG10a (10 years grassland reclamation), RW2a (2 years bare land reclamation) and RW10a (10 years bare land reclamation). Three replicates were established for each treatment, labeled as RG2a-1, RG2a-2, RG2a-3, RG10a-1, RG10a-2, RG10a-3, RW2a-1, RW2a-2, RW2a-3 and RW10a-1, RW10a-2, RW10a-3, respectively.




2.2. Sample Collection and Determination of Soil Physical and Chemical Properties


Considering the reclamation techniques in the test area, three random sampling points were selected for each treatment. Approximately 2 kg of loose soil and 200 cm3 of in situ soil samples (collected using a ring knife at 0–30 cm depth) were obtained. A 10 cm diameter, 50 cm long PVC pipe was used to extract in situ soil columns. After extraction, foam filler was added to the top and covered with plastic wrap to prevent water evaporation. The upper and lower ends of the columns were carefully transported back to the lab with anti-shock measures for CT scanning to detect soil porosity, minimizing impact on the in situ soil samples during transportation. The samples were handled with care to minimize impact. Soil particle size was analyzed using a Malvern laser particle sizer [31]. Soil bulk density was determined post-drying at 105 °C [32]. Soil organic matter was assessed via the potassium dichromate colorimetric method [33]. Saturated hydraulic conductivity was measured using the double-ring knife method [34].




2.3. CT Image Scanning and Image Binarization


(1) CT Image Scanning: The CT scanning equipment used was the GE Discovery CT 750HD model, operating at a scanning tube voltage of 120 kV and a scanning tube current of 300 mA. The scanning voxel size was 0.2529 mm × 0.2529 mm × 1.5 mm, resulting in a total of 2400 images with an image matrix of 512 × 512. The output format for the scanned images was DICOM (Digital Imaging and Communications in Medicine).



(2) CT Image Binarization: To begin with, the brightness and contrast of the image were improved through the equalization of the grayscale histogram. Subsequently, a 3D Gaussian blur filter was applied to reduce noise in the grayscale image. The core part of the soil column, measuring 46 × 46 × 300 (mm) was selected for study, taking into consideration the influence of the boundary of the soil column. Next, the image was binarized using the image-adjust plug-in of ImageJ 1.53c to produce a binary image containing only pores and soil [35]. The segmentation threshold for the pore and background was adjusted by comparing the binarized pore with the original pore image, aiming to maximize the conformity of the pore with the actual image [36,37,38]. Finally, the binarized image was expanded and eroded to eliminate pores with a volume less than 0.001 mm3 to reduce noise and eliminate fine connections between pores. This step provided the basis for subsequent pore characteristic extraction. The resulting binarized pore image, with a diameter of >400 μm (CT scanning resolution) [35], is illustrated in Figure 2 (where the blue color represents the pores). This image served as the foundation for generating the basic images for 3D visualization.




2.4. Quantification of Soil Pore Characteristics


(1) 2D Characteristic extraction of Soil Pores: The scanned image was analyzed comprehensively to identify the edges and a single soil pore image with a size of 46 mm × 46 mm was selected for further analysis. The analyze particles plug-in in ImageJ software was utilized to extract two-dimensional morphology parameters such as the number of pores, area, perimeter, maximum diameter, etc., in conjunction with the Region of Interest (ROI). These parameters were used to calculate the rounding rate (R) and other two-dimensional indices of the pores.



The pore rounding rate (R) measures how closely a pore’s cross-section resembles a circle. It ranges from 0 to 1, with a value closer to 1 indicating a more circular and regular pore morphology [39]. The expression for the pore rounding rate is as follows:


  R =   4 π  A P     L R 2     



(1)




where R is the pore rounding rate; AP is the actual area of the pore; LR is the actual perimeter of the pore.



(2) Soil Pore 3D Characteristic and 3D Visualization Extraction: Using the relevant plug-in in ImageJ, the pore space within the region of interest (ROI) was reconstructed in three dimensions. Various characteristics such as the skeleton, number of pores, pore volume, inner wall surface area, pore branches and intersections were extracted [40]. The metrics used to calculate the three-dimensional properties that characterize the pores include porosity, specific surface area, curvature, connectivity and branch length density. These parameters provide valuable insights into the structural characteristics of the soil pore network and play a crucial role in understanding fluid flow and solute transport within the soil matrix.



Specific surface area of pores: The specific surface area of pores reflects the capacity of the inner pore wall to impede the movement of water and solutes per unit volume. This characteristic can be quantitatively assessed by determining the relationship between the inner surface area and volume [41]. The specific surface area (S) is expressed as


  S =    W P     V P     



(2)




where S is the specific surface area of the pore; WP is the surface area of the inner wall of the pore; and VP is the pore volume.



Pore curvature: Pore curvature is defined as the ratio of the actual length between two points along the central axis of the pore to the shortest length between the two points. This metric is utilized to characterize the spatial morphology of the pore structure [42]. The expression for pore curvature is


  T =    P a     P b     



(3)




where T is the pore curvature; Pa is the actual length between two points of the pore center axis; and Pb is the shortest length between two points of the pore center axis.



Pore connectivity is a measure that quantifies the structure of pore networks and indicates the extent of pore influence in soil space. It is primarily assessed quantitatively by examining the relationship between the number of intersecting points (J) and the number of endpoints (E) of the pore skeleton [43]. This relationship can be expressed as


  C =  J  J + E    



(4)




where J is the number of intersection points; and E is the number of endpoints (non-edge endpoints).



The pore branching length density (LD) refers to the length of pore branching within a specific volume of space. A higher branching length density indicates a greater number of branches in the pore per unit volume [44]. The expression for pore branching length density can be given as


  L D =   ∑  L i   V   



(5)




where Li is the pore branch length (mm) and V is the unit volume (mm).




2.5. Two-Dimensional Pore Size Grading and Three-Dimensional Pore Size Grading


In the present study, the categorization of soil pores can generally be classified into three types based on the size grading followed by most scholars: macropores—pores with a diameter greater than 5 mm; mesopores—pores with a diameter ranging from 1 mm to 5 mm; and micropores—pores with a diameter of less than 1 mm. While there may be variations in the naming conventions and thresholds used by different researchers, this broad classification into macropores, mesopores and micropores provides a useful framework for understanding the distribution and characteristics of soil pore sizes [45,46].



In the current study, in alignment with existing research findings [46], the volume size of pores was calculated using the 3D Object Counter plug-in within ImageJ. This algorithm determines the volume of a sphere by comparing it to an appropriate reference volume [47]. The pores were classified into three categories and six classes based on their volume size: micropores (<1 mm3), mesopores (1–8 mm3, 8–27 mm3, 27–64 mm3, 64–125 mm3), and macropores (>125 mm3). This classification system allows for a detailed analysis of soil pore sizes and distributions, providing valuable insights into the pore structure characteristics within the study area.




2.6. Simulation and Analysis of Water Fluxes within Soil Pores


To assess the permeability of soil pores, we utilized the absolute permeability module in Avizo2020 software to conduct simulations. Initially, we employed image binarization in ImageJ 1.53c, followed by importing it into Avizo2020 for interactive thresholding and subsequent skeletonization to enable absolute permeability simulation. The fluid viscosity coefficient was established at 0.001 Poise, with inlet input pressure set at 1 MPa and outlet output pressure at 0.75 MPa for the permeability simulation. Subsequently, Darcy’s law was applied to calculate permeability and streamlines were generated. In the visualization, colors denote flow rate, with red indicating rapid flow and blue representing slower flow. The distribution of streamlines corresponds to the pore structure, where increased pore space results in reduced streamline density. The process is depicted in the flow chart in Figure 3.




2.7. Statistical Analysis


The average values of soil physical and chemical properties for 0–30 cm soil depth among different treatments resulted from the data of three soil depths were analyzed by one-way analysis of variance (ANOVA) among the different treatments (p < 0.05). The average values of three-dimensional pore parameters which were drawn from three repeated soil columns in a 0–30 cm soil layer among different treatments were analyzed using independent t-tests and pairwise analysis (p < 0.05). Visual images were generated using Origin2021, Avizo2020 and ImageJ 1.53c.





3. Results


3.1. Soil Physical and Chemical Properties


Soil physical and chemical properties of the four treatments in the whole soil layer are presented in Table 1. Soil organic matter and saturated hydraulic conductivity were higher in the RG2a and RG10a treatments than in the RW2a and RW10a treatments. The soil bulk density of RG2a treatment was less than the RG10a and RW2a treatments; furthermore, it was less in the RG10a treatment than in the RW10a treatment. Soil particle composition in the study area showed that silt had the highest percentage of content over time. There was a tendency for clay and silt content to increase while sand content decreased with the implementation of vegetative cover measures. This trend suggested that the soil particle composition is refined over time and with the implementation of vegetative cover measures.




3.2. Two-Dimensional Pore Size Distribution Patterns of Soil Pores under Different Reclamation Years and Reclamation Modes


The 2D pore size analysis in Figure 4 shows that mesopores measuring 1–5 mm accounted for the highest percentage among the four treatments, ranging from 51.52% to 58.49% of the total pores in the 2D image. Furthermore, it is observed that the number of pores decreases as the pore size increases across all treatments. Notably, the smallest proportion of pores was found in the all treatments of 2D macropores (>5 mm), comprising only 2.36% to 6.04% of the total number of 2D pores across the treatments.



In terms of different reclamation years, the number of 2D macropores (>5 mm) exhibited a decrease of 1.09% and 17.03% in the RG2a and RW2a treatments compared to the RG10a and RW10a treatments, respectively. This trend indicates that the development of macroporosity was notably enhanced with increasing reclamation years. Regarding different reclamation modes, the count of 2D macropores (>5 mm) saw a significant increase of 65.71% in the RG2a treatment compared to the RW2a treatment, while a 39.01% increase was observed in the RG10a treatment compared to the RW10a treatment. This suggests that the grassland reclamation approach favors the augmentation of macropore numbers. Overall, apart from the macropore aperture interval, the 2D pore counts across the remaining aperture intervals displayed consistent patterns: RG2a > RG10a, RW2a > RW10a, RG2a < RW2a and RG10a < RW10a, respectively. Significantly distinct differences were observed among the four treatments across all levels of the 2D aperture intervals.




3.3. Three-Dimensional Pore Distribution Patterns of Soil Pores under Different Reclamation Years and Reclamation Modes


According to the three-dimensional pore classification (refer to Figure 5), the three-dimensional mesopores number (1~125 mm3) in the four treatments constituted the largest proportion, accounting for 89.38% to 95.65% of the total three-dimensional pore number. Additionally, similar to the 2D pore distribution, the number of pores within this pore size interval decreased as the pore size increased. Notably, the count of three-dimensional macropores (>125 mm3) was the smallest across all four treatments, constituting only 0.30% to 1.07% of the total three-dimensional pore number.



When considering different reclamation years, the number of 3D macropores (>125 mm3) in the RG10a and RW10a treatments exhibited increases of 88.89% and 114.29%, respectively, compared to the RG2a and RW2a treatments. This trend implies a gradual enhancement in the number of macropores with advancing reclamation years. In terms of different reclamation modes, the count of macropores (>125 mm3) saw an increase of 28.58% and 13.33% in the RG2a and RG10a treatments compared to the RW2a and RW10a treatments, respectively. This suggests that the grassland reclamation mode is more conducive to improving the macroporosity number, although the efficacy of different reclamation modes in enhancing macroporosity is slightly lower compared to varying reclamation years. Notably, significant differences in pore size existed among the four treatments at all levels.




3.4. Characteristics of Soil Pore Rounding Rate under Different Reclamation Years and Reclamation Modes


The total pore rounding rates of the four treatments followed the sequence RG10a > RG2a > RW10a > RW2a across the entire depth of the studied soil layer. Additionally, the pore rounding rates of all four treatments exhibited a declining trend with increasing pore sizes. This suggests that micropores tend to be closer to a theoretical circular shape compared to macropores.



In terms of different reclamation years, the rounding rate of mesopores (1–5 mm) and macropores (>5 mm) in the RG2a and RW2a treatments decreased by 6.19% and 8.35%, as well as 3.76% and 9.51%, respectively, compared to the RG10a and RW10a treatments. This suggests that an increase in reclamation years contributes to enhancing the rounding rate of mesopores and macropores. Regarding different reclamation modes, the rounding rate of mesopores (1–5 mm) and macropores (>5 mm) in the RG2a and RG10a treatments increased by 2.12% and 2.61%, and 4.78% and 1.32%, respectively, compared to the RW2a and RW10a treatments. This indicates that the grassland reclamation approach aids in improving the rounding rate of mesopores and macropores.




3.5. Soil Pore Branching Characteristics under Different Reclamation Years and Reclamation Modes


According to the data presented in Figure 6, the RG10a treatment exhibited the highest values for branch length and branch length density across all pore size intervals, indicating that this treatment led to the formation of a more favorable soil pore network structure.



In terms of different reclamation years, the average branch length and branch length density in each pore size interval for the RG10a and RW10a treatments were 6.47% and 1.89% higher than those of the RG2a and RW2a treatments, respectively. When considering different reclamation modes, the average branch length and branch length density across aperture intervals increased by 3.66% and 8.32% for the RG2a and RG10a treatments compared to the RW2a and RW10a treatments, respectively. Overall, the soil pore network structure under the grassland reclamation modes showed gradual optimization with the progression of reclamation years.




3.6. Three-Dimensional Parameters of Soil Pore Space under Different Reclamation Years and Reclamation Modes


The data presented in Table 2 indicate that the mean soil porosity increased by 2.47% in the RG10a treatment compared to the RG2a treatment, while the mean specific surface area decreased significantly by 13.76% in comparison to RG2a (p < 0.05). This suggests that the RG10a treatment is characterized by a higher number of macropores and a larger volume, as depicted in Figure 7a. The presence of a greater number and volume of macropores also implies higher pore connectivity and lower pore curvature in the RG10a treatment. Furthermore, the data reveals that the mean pore curvature of the RG10a treatment was 0.85% lower than that of the RG2a treatment and the mean pore connectivity was significantly higher by 12.82% compared to RG2a (p < 0.05). Although the mean fractal dimension of the RG10a treatment increased by 1.02% compared to RG2a, the increase was not significant. This suggests that the reclaimed soil gradually tends to stabilize its pore structure after 10 years of evolution. Taken together with the additional data presented in Table 2, it becomes evident that the soil structure of the grassland reclamation modes undergoes gradual optimization and improvement with the progression of reclamation years.




3.7. Three-Dimensional Reconstruction of Soil Pore Space under Different Reclamation Years and Reclamation Modes


To accurately depict the three-dimensional characteristics of soil pores across various reclamation years and types of reclamation modes, a three-dimensional reconstruction diagram illustrating the spatial structure of soil column pores was generated using the rendering feature of AVIZO2020 software. Different colors within the diagram represent soil pores of varying sizes (refer to Figure 8). Within the top 0–30 cm of soil depth, the pores in the RG2a treatment exhibited an inclined laminar distribution, with many displaying a lamellar structure. Specifically, within the 0–20 cm layer, the RG10a treatment exhibited an abundance of yellow pores (>5 mm). Moving deeper into the 20–30 cm layer, the RG10a treatment displayed a denser distribution of pores, obscuring the clarity of elongated strip-shaped pores due to their coverage. Conversely, the RW2a treatment showcased a leftward-inclined laminar structure with more scattered pores and fewer yellow pores (>5 mm). The pore distribution in the RW10a treatment appeared more sporadic, with yellow pores (>5 mm) concentrated in the middle and bottom layers. Overall, all four treatments predominantly featured dark blue pores (<1 mm) in their pore distributions.



For varying reclamation years, the RG10a treatment exhibited a broader and more evenly spread distribution of yellow pores (>5 mm) compared to the RG2a treatment. This comparison highlighted the significant enhancement in pore structure achieved by the RG10a treatment in the context of soil reclamation. Similarly, the RW2a and RW10a treatments yielded comparable outcomes to the above grassland reclamation modes, suggesting that soil structure improves progressively with increasing reclamation years. Regarding different reclamation modes, the RG10a treatment showcased a more uniform and widespread distribution of yellow pores (>5 mm) in contrast to the RW10a treatment. Compared to the RW2a treatment, the RG2a treatment exhibited a relatively higher abundance and wider dispersion of yellow pores (>5 mm). Overall, it suggests that grassland reclamation modes will trend toward better soil structure as the reclamation years progress.




3.8. Simulation of Soil Pore Permeability under Different Reclamation Years and Reclamation Modes


The simulation results of soil pore infiltration rates under various treatments are illustrated in Figure 9.



The RG2a treatment and RG10a treatment had higher infiltration rates than the RW2a treatment and RW10a treatment



The RW2a treatment primarily exhibits lateral flow, whereas the RW10a treatment allows for vertical flow; however, the distribution of its flow lines is not uniform. In contrast, both the RG2a and RG10a treatments feature more flow lines capable of vertical flow, with the RG10a treatment displaying relatively more uniform and predominantly vertical flow lines. Across different reclamation years, the number of flow lines in the 10a treatment exceeded those in the 2a treatment. Regarding different reclamation modes, the RG treatments displayed more consistent flow lines and a higher occurrence of vertical flow compared to the RW treatments. These observations suggest that the grassland reclamation modes enhance the complexity of soil pore structure and fluid permeability as the reclamation years progress, particularly evident in the RG10a treatment.




3.9. Correlation Analysis of Soil Parameters for Different Reclamation Years and Reclamation Modes


Figure 10 presents the correlation analysis of the four treatments. It is noteworthy that the infiltration rate serves as a pivotal indicator for characterizing soil infiltration capacity. The infiltration rate exhibited a positive correlation with soil organic matter, clay content and soil pore connectivity (p < 0.1). Conversely, it displayed a negative correlation with sand content, pore-specific surface area and pore curvature (p < 0.1). Soil organic matter demonstrated a positive correlation with porosity, pore branch length, saturated hydraulic conductivity and clay content (p < 0.1). Conversely, it exhibited a negative correlation with sand content and pore specific surface area (p < 0.1). No significant difference was observed between pore fractal dimension and other parameters, suggesting that the soil pore structure gradually stabilized over time.





4. Discussion


In this study, significant differences were observed in the two-dimensional and three-dimensional pore distributions under varying reclamation modes and over different reclamation years. The increase or decrease in the number of macropores in reclaimed soils is influenced by factors such as vegetation type, reclamation years and reclamation modes [48]. Numerous studies have highlighted that reclamation years and modes are key determinants. As the reclamation years progress, the number of macropores in the reclaimed soil gradually increases [14,49]. Consistent with our findings, both the two-dimensional and three-dimensional macropores were notably higher in the RG10a treatment compared to the RG2a treatment. This suggests that soil pore conditions experienced significant improvement post-reclamation due to soil preparation, topsoil backfilling and vegetation establishment [50], enhancing soil water, air and solute transport processes [51]. Pore rounding rates play a crucial role in defining soil pore size, with more regular pores facilitating better water transport, retention and uptake by crops in the soil [39]. In our study, the mesopore and macropore rounding rates in the 10a reclamation treatment exceeded that of the 2a treatment across different reclamation years, indicating that the evolving soil pore structure promotes the development of efficient transport pathways. It has been demonstrated that as reclamation years increase, pore rounding rates approaching 1 indicate a shape closer to a theoretical circle [13], aligning well with the outcomes of our research.



The increase in the duration of reclamation years resulted in elevated porosity, connectivity, average branch length and branch length density. And the number of three-dimensional macropores within the soil pores of the 10a treatment while decreasing the specific surface area of its soil pores. The study highlighted the conclusion that that as reclamation years advanced, sufficient recovery time allowed for the formation of new pores and connected pathways, enhancing the volume, porosity, pore size and connectivity of the soil structure [52]. Research by related scholars indicated that the root system’s role could alter soil interface morphology, making the soil more loose and porous, thereby increasing soil permeability [29,53]. The presence of spotted fescue and its root system in grassland reclamation modes also enhanced soil permeability, leading to increased porosity and organic matter content in the reclaimed soil [49,54]. The role of vegetation in reclaimed soils is also crucial for soil pore characteristics, as soil organic matter gradually accumulates through plant decay processes [49]. The study concluded a linear relationship between soil porosity and organic matter, with soil porosity increasing alongside organic matter content (Figure 11). Consequently, the grassland reclamation modes exhibited higher porosity compared to bare land reclamation under the combined influence of these interactions. The RG2a and RW2a treatments displayed a smaller pore volume with more isolated pores, demonstrating a laminar structure inclined horizontally (Figure 8). The abundance of micropores and mesopores in the RG2a and RW2a treatments led to interconnections and a lamellar structure, resulting in lower connectivity compared to the RG10a and RW10a treatments. Following the evolution of the RG10a and RW10a treatments, the pore arrangement shifted away from the tilted laminar structure, with macropores becoming more prevalent, reducing isolated pores and enhancing pore connectivity in the RG10a and RW10a treatments. The increased branch length and branch length density in RG10a suggested the potential for establishing a more comprehensive root network distribution and greater infiltration capacity [55,56]. Previous studies have shown that prolonged application of soil improvement measures can enhance pore volume, particle size distribution and pore network models, thereby promoting root growth and improving soil structure [56,57,58], aligning with the current study’s results on improved soil structure over time.



Soil pore connectivity can be visually represented by flow line distributions and flow directions [59,60,61]. As mine reclamation soil structure was gradually restored, treatments with lower reclamation years and bare ground reclamation exhibited limited connectivity, lacking connected flow lines in RW2a, whereas RG treatments, particularly RG10a, displayed interconnected flow lines and higher infiltration rates. Liu et al. [59] demonstrated that soil aggregates amended with biochar showed increased connected flow lines during infiltration tests. Fluid flow is constrained to interconnected pores, emphasizing the importance of pore volume, size and distribution in determining permeability [62]. With advancing reclamation years, the connected pore space in grassland reclamation modes expanded, enhancing permeability, flow line numbers and connected flow lines. Consequently, the combined influence of time and vegetation factors endowed the RG10a treatment with superior pore connectivity and hydraulic conductivity compared to other treatments [63]. When rainwater seeped into the soil, its chemistry greatly affected soil structure. For example, rainwater pH influences soil acidity or alkalinity, impacting nutrient availability and microbial activity [64]. Exchange reactions occurred between rainwater minerals and soil or rock components, modifying pH by pH [65]. Acidic rainwater could dissolve minerals like limestone, causing soil erosion and altering composition. Conversely, mineral-rich rainwater might exchange ions with soil minerals, potentially affecting fertility and structure [66]. Overall, rainwater chemistry shaped soil structure through these exchanges, crucial for managing soil health and fertility in agriculture and the environment.



However, when compared to general medium- and high-yield agricultural land [67,68], the 3D pore reconstruction diagram in this study did not reveal long, vertical pores and the infiltration simulation did not demonstrate an abundance of connected flow lines in the central region. This suggests that the reclaimed soil in this particular mine area has not yet reached the productivity levels of medium- and high-yield agricultural land. Nevertheless, the three-dimensional structural data processed by RG10a and the subsequent reconfiguration diagram indicated progress towards achieving medium- and high-yield farmland standards, implying the potential for management and enhancement of the reclaimed soil in this region [49]. Under the combined influence of vegetation and time factors, the various parameters of the RG10a model outperformed other models. Consequently, the RG10a model proves more effective in enhancing the improvement, water retention and fertilizer transport capabilities of reclaimed soil in bauxite mine reclamation areas in Guangxi.



In summary, reclamation years and modes were the key factors affecting the pore and infiltration characteristics of mine reclamation soils. It could be evaluated from the soil organic matter, macropores, porosity, connectivity and infiltration rate to reflect the quality of reclaimed soils.




5. Conclusions


In this study, two-dimensional and three-dimensional data of soil pores were quantitatively analyzed using X-ray CT scanning technology. This, combined with the three-dimensional structural diagram of pores, enabled the quantification of the impact of reclamation on soil pores. The results demonstrated that as reclamation years increased, the number of soil macropores in the grassland reclamation modes subsequently rose, leading to improvements in soil pore volume and pore size distribution, as well as promoting the development of mesopore and macropore rounding rates. Additionally, the porosity, connectivity, branch length, branch length density and permeability of the soil pores within the grassland reclamation modes all experienced significant increases. These changes influenced the distribution of the three-dimensional pore structure, resulting in a tighter arrangement for the RG10a treatment, reduced irregularity in pore boundaries and the elimination of tilted laminar structures. This transformation symbolizes the gradual development of the soil in this mining area towards traditional agricultural land. Consequently, with the increase in reclamation years, the grassland reclamation modes prove increasingly effective in promoting the enhancement of soil structure and water and fertilizer transport channels, thereby effectively improving soil pore structure and contributing to overall soil quality improvement. Consequently, future studies focusing on the effects of strategic management relation to different reclamation years and modes on pore structures could benefit to promote water retention, elevate soil quality and alleviate pressure on water usage.
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Figure 1. Illustrates the schematic diagram of the geographic location of the study region. The image on the left provides a broad overview of the study area’s location, while the image on the right offers a more detailed view. 
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Figure 2. Single scan images of CT cross-sections with different treatments. 
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Figure 3. Soil pore absolute permeability imaging image processing flow. 
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Figure 4. Changing law of 2D pore size in different reclamation years and reclamation modes. Note: Different lowercase letters represent significant differences between the same pore sizes for different treatments (p < 0.05). (a–d) are comparisons of different reclamation years and different modes, respectively. 
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Figure 5. Changing the law of three-dimensional pore size in different reclamation years and reclamation modes. Note: Different lowercase letters represent significant differences between the same pore sizes for different treatments (p < 0.05). (a–d) are comparisons of different reclamation years and different modes, respectively. 
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Figure 6. Changing patterns of branch length and branch length under different reclamation years and reclamation modes. (a–d) are comparisons of different reclamation years and different modes, respectively. 
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Figure 7. Changing the law of pore rounding rate in different reclamation years and reclamation modes. Note: Different lowercase letters represent significant differences between the same pore sizes for different treatments (p < 0.05). (a–d) are comparisons of different reclamation years and different modes, respectively. 






Figure 7. Changing the law of pore rounding rate in different reclamation years and reclamation modes. Note: Different lowercase letters represent significant differences between the same pore sizes for different treatments (p < 0.05). (a–d) are comparisons of different reclamation years and different modes, respectively.
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Figure 8. Three-dimensional diagram of soil column pore space under different reclamation years and reclamation modes. Note: Different pore colors represent different pore sizes. Dark blue: <1 mm, light blue: 1–2 mm, green: 2–3 mm, purple: 3–4 mm, red: 4–5 mm, yellow: >5 mm. 
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Figure 9. Simulation flow diagram of pore connection group permeability. The unit of the permeability is μm2. 
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Figure 10. Correlation analysis of soil pore parameters. Note: ***, ** and * represent 1%, 5% and 10% significance levels, respectively. 
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Figure 11. Relationship between soil organic matter and soil porosity. 
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Table 1. Soil bulk density (BD), soil organic matter (SOM), saturated hydraulic conductivity (Ks) and particle size distribution in the 0–30 cm soil layer for the four treatments.
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Treatment

	
Depth

(cm)

	
BD

(g·cm−3)

	
SOM

(g·kg−1)

	
Ks

(mm·h−1)

	
Clay

(%)

	
Silt

(%)

	
Sand

(%)






	
RG2a

	
0–10

	
1.16

	
9.21

	
432.92

	
14.30

	
40.83

	
43.07




	
10–20

	
1.09

	
10.44

	
213.18

	
18.09

	
47.86

	
31.68




	
20–30

	
1.16

	
7.22

	
313.21

	
14.29

	
52.47

	
32.75




	
Average Value

	
1.14 ± 0.04 c

	
8.96 ± 1.62 ab

	
319.77 ± 110.02 a

	
15.56 ± 2.19 a

	
47.05 ± 2.19 a

	
35.83 ± 6.29 a




	
RG10a

	
0–10

	
1.23

	
18.57

	
439.37

	
20.58

	
46.24

	
33.13




	
10–20

	
1.31

	
11.31

	
377.00

	
21.03

	
51.77

	
25.52




	
20–30

	
1.24

	
9.99

	
727.12

	
18.02

	
52.57

	
28.16




	
Average Value

	
1.26 ± 0.04 b

	
13.29 ± 4.62 a

	
514.50 ± 186.76 a

	
19.88 ± 1.62 a

	
50.19 ± 1.62 a

	
28.94 ± 3.86 a




	
RW2a

	
0–10

	
1.22

	
8.56

	
409.88

	
12.21

	
42.74

	
44.97




	
10–20

	
1.14

	
6.72

	
291.80

	
9.75

	
49.99

	
40.22




	
20–30

	
1.24

	
4.42

	
103.71

	
19.50

	
46.48

	
33.80




	
Average Value

	
1.20 ± 0.05 bc

	
6.57 ± 2.07 b

	
268.46 ± 154.41 a

	
13.82 ± 5.07 a

	
46.40 ± 5.07 a

	
39.66 ± 5.61 a




	
RW10a

	
0–10

	
1.46

	
9.06

	
571.40

	
7.40

	
49.49

	
43.96




	
10–20

	
1.39

	
9.86

	
161.91

	
21.22

	
50.99

	
28.75




	
20–30

	
1.34

	
9.95

	
195.64

	
18.50

	
48.44

	
33.52




	
Average Value

	
1.40 ± 0.06 a

	
9.62 ± 0.49 ab

	
309.65 ± 227.31 a

	
15.71 ± 7.32 a

	
49.64 ± 7.32 a

	
35.41 ± 7.78 a








Note: a, b and c are significant differences among different treatments. The average value of each parameter is the average value in 0–30cm soil depth.













 





Table 2. Three-dimensional parameters of soil pore space under different reclamation years and reclamation modes.






Table 2. Three-dimensional parameters of soil pore space under different reclamation years and reclamation modes.





	Treatment
	Porosity
	Ssa
	Curvature
	Connectivity
	FD





	RG2a-1
	7.02
	4.69
	1.50
	0.50
	1.92



	RG2a-2
	3.62
	3.59
	1.48
	0.39
	1.96



	RG2a-3
	3.92
	4.61
	1.47
	0.29
	1.99



	Average Value
	4.85 ± 1.88
	4.30 ± 0.61
	1.48 ± 0.02
	0.39 ± 0.11
	1.96 ± 0.04



	RG10a-1
	3.47
	3.21
	1.46
	0.40
	1.97



	RG10a-2
	7.58
	3.90
	1.50
	0.57
	1.99



	RG10a-3
	3.86
	4.23
	1.45
	0.36
	1.97



	Average Value
	4.97 ± 2.27
	3.78 ± 0.52
	1.47 ± 0.03
	0.44 ± 0.11
	1.98 ± 0.01



	RW2a-1
	1.77
	5.64
	1.53
	0.10
	1.91



	RW2a-2
	9.10
	4.28
	1.50
	0.63
	1.97



	RW2a-3
	3.43
	5.11
	1.53
	0.30
	1.96



	Average Value
	4.77 ± 3.84
	5.01 ± 0.69
	1.52 ± 0.02
	0.34 ± 0.27
	1.95 ± 0.03



	RW10a-1
	1.37
	4.72
	1.48
	0.23
	1.95



	RW10a-2
	5.61
	3.55
	1.52
	0.50
	1.94



	RW10a-3
	3.09
	4.61
	1.52
	0.32
	1.90



	Average Value
	3.36 ± 2.13
	4.29 ± 0.65
	1.51 ± 0.02
	0.35 ± 0.14
	1.93 ± 0.03
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