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Abstract

:

Reclaiming subsidence and waterlogged zones caused by coal mining to maintain food and feed supplies is an urgent issue in China. Utilizing coal gangue (CG) as a filling matrix to construct different profiles of reclaimed land in coal mining subsidence has downsides, e.g., due to its low conservative capability of water-fertilizer and crop yield, its lack of quantitative evaluation of soil quality, and its limiting factors of crop growth. Quantifying the soil quality by principal component analysis (PCA), obtaining key soil indicators, and a scoring system can clarify the influence of the profile structure on soil quality and limiting productive factors of soil and ascertain the optimal profile. Soil quality was evaluated by the minimum data set (MDS) of soil quality index (SQI) obtained by PCA in seven different profiles of reclaimed plots constructed in a field with maize planting experiments. The agronomic traits of maize were analyzed and compared. The result shows that the pH value contributed highest in surface SQI value. Maximal and minimal SQI value is 0.57 and 0.18, respectively, the variation of SQI between different profiles reveals it increases with the increase in thickness of overburdens and decreases with the increase in soil interlayer depth of reclaimed land. SQI based on MDS has a correlation coefficient of 0.4280 with maize yield and the same sequence with comprehensive growth of maize in reclaimed plots. Agronomic traits of maize are positively correlated with the nutrient index and SM of the surface soil, and negatively correlated with pH, electrical conductivity (EC), and total salt content (TS). Choosing a thicker surface overburden and control pH of CG preceding filling can effectively augment soil quality and maize growth. This study provides the exploratory means and a scientific basis for the management and improvement of filling reclamation.
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1. Introduction


The high groundwater level area in the eastern plain of China is a typical coal-grain compound area. Coal mining has caused immense subsidence and waterlogged zones of cultivated land in this area. With the continuous expansion of coal mining subsidence areas, the land reclamation rate of China is about 35%. Subsidence forms permanent basins, drastically disturbs the properties of soil, adversely affects nutrient cycling [1], and restricts plant growth. Therefore, it is urgent to reclaim the subsided land in the coal-grain compound area. CG is a great quantity of solid waste discharged in the process of coal mining and coal washing, currently utilized in applications of power generation, agricultural fertilizer, highway roadbeds, mined land reclamation backfills, brick production, cement production, and concrete production [2,3,4]. Previous research testified that using CG to fill and reclaim subsided land is a feasible way to dispose of this waste, so that it would not cause heavy metal pollution in soil and groundwater after long-term weathering and leaching [5,6,7].



Quantitative evaluation of surface soil quality can determine the appropriate soil profile, which is one of the important indicators to appraise the suitability of coal gangue reclamation land as cultivated land. However, inferring soil quality by merely measuring single or specific soil property is insufficient [8]. Accurate, repeatable, systematic, and transparent quantitative soil quality can enhance the interpretation and comparability between different sites [9]. The primary task of soil quality evaluation, in terms of cultivated land, is to clarify the evaluation objectives mostly focused on the productivity of the soil [10,11]. Influenced by the difference in soil data availability and the idea of minimum data set index screening, the selection of soil quality evaluation indexes in previous studies is different in quantity and type, but there are certain commonalities in the core evaluation indicators [12,13,14]. The indexes with higher frequency include SOM or organic carbon, bulk density, texture, soil thickness, water binding capacity, and total nitrogen (TN) [15,16,17,18,19]. The soil quality evaluation model is mainly based on a comprehensive evaluation, which can use various methods, e.g., principal component analysis [20], factor analysis, and decision function, to screen indexes and give weight to calculate SQI value [21,22]. In the case of few evaluation indexes, the comprehensive evaluation result is the product of continuous multiplication by independent index’ value [10]; additionally, the model can be obtained by using the verified empirical function comprehensive evaluation results of soil quality [23].



The water and fertilizer system need long-term management and recovery after the reclaimed land has been greatly disturbed in the key soil layers, which will lead to low crop yield. Although the input of a nitrogen fertilizer can achieve a substantial increase in food production, the excessive application of nitrogen fertilizer results in ecosystem degradation and environmental pollution [24,25,26], in addition, farmers are supposed to take advantage of their scarce resources to achieve the greatest return in a limited area [27,28]. The production limiting factors of reclaimed land are hence to be explored for improving land productivity and boosting crop growth. Current studies reported that the soil provides anchorage as well as stores nutrients and water required for plant growth [29], that soil properties and texture influenced the phenotypic expression of maize [30] in nitrogen uptake and yield [31,32], leaf area, plant height, and stem diameter [33,34], and moreover, the close association between aboveground biomass accumulation and soil water conditions during the different crop growth stages was revealed [35,36,37,38,39]. Similarly, less precipitation will significantly reduce the grain per spike and dry biomass above ground, and, reduce grain weight [40]. However, investigation on crop growth and limiting factors in the complex and disruptive soil environment of reclaimed land needs to be further expanded.



A platelike soil profile widely exists on the natural and reconstruction of soil profiles. As a practicable and economical profile can improve the conservative capability in water and fertilizer of surface soil, soil profile configuration plays a decisive role in the migration of soil water, fertilizer, gas, and heat, and has significant effects on soil water infiltration, nutrient transfer, solute transport, and root distribution. The properties of CG, low heat capacity, high thermal conductivity, and much higher thermal diffusivity than that of soil [7], will inevitably affect the varied process of surface water and heat, and further affect the movement of water inside the reclaimed soil and the growth of vegetation. Single layer filled reclamation resembles CG overlaid by soil, as reported in literature [41,42]. Few studies focused on multi-layer filling reclamation and the consequent reclaimed effect of the profiles’ contribution.



Globally, increasing energy consumption is bound to destroy more and more land, which is becoming a major global concern combined with food supply in the situation of crisis of farmland destruction. Based on the objective needs of land reclamation and crop yield improvement, as well as the context of related studies, we attempt to interpret the feasibility and suitability of CG filling reclamation from the perspective of soil and agriculture by detecting a variation of characteristic index. Therefore, we propose a variety of sandwich profiles of filling reclamation, utilize an evaluation tool to obtain quantified scores of SQI for the purposes of revealing the correlation between reclamation profile and SQI, explore the effects and limiting factors of crops agronomic traits. These synthetical means can be extensively applied to various land types for the exploration of mechanisms and spatio-temporal effects in surface SQI from the aspect of a multi-layered soil structure.



In this paper, we established a variety of multi-layered profile configurations of CG filling reclaimed plots with maize planting to test the physical and chemical properties of soil and monitor maize growth and yield. The aims of this study were (1) to develop an SQI evaluation process and describe the relationship between the construction of soil profile and surface SQI; (2) to evaluate maize growth and its limiting factors; and (3) to select the suitable profile configuration for future large-scale applications in mining subsidence. Additionally, this study provides a reasonable reference and effective support for the design of soil profile in a reclamation project with CG filling.




2. Materials and Methods


2.1. Experimental Sites


The experimental site was built on 17 January 2018, in the coal gangue reclamation area of Dongchen ecological park, Huainan, Anhui Province (32°79′ N, 116°73′ E) (Figure 1a). Huainan is located in the north-central part of Anhui Province, in the Huainan mining area, an important coal production base of China.



Filled CG is dense, large in size (10–50 mm), and largely lacks available nutrients for plants. The soil types of this area mainly include Shajiang black soil, fluvo-aquic soil, and brown soil. Shajiang black soil is a semi-aqueous soil formed under marsh vegetation on fluvial and lacustrine sediments in warm temperate and semihumid climatic conditions, dominated by montmorillonite [43], which is characterized by heavy texture, wet swelling and shrinking, easy desiccation and waterlogging, and low organic matter content. The existence of obstructive factors, including poor structure, poor air permeability, and low nutrient content, leads to low soil productivity.



A 1 m protective roe is set around the experimental site divided into 8 plots with diverse profiles of 7 m length by 6 m width. Each kind of plot is randomly arranged with 3 replicates, 24 plots in total, and isolated by a 0.5 m wide earth dam around to prevent its independence from the interaction of metastatic nutrients and water. The distribution of the plots is shown in Figure 1b. The soil profile configuration of the field plot is a sandwich-type (Figure 2). Excavators were used to stripe the soil in subsidence into topsoil and subsoil, and fill CG and the soil layer-by-layer according to the profile configuration. The thickness of each layer was determined by the altitude difference of the contiguous layers. CG filled the subsided land, as a substrate can raise the surface elevation from waterlogging risk while saving the soil consumption.




2.2. Sampling and Analysis


Maize was planted on April 4 and harvested on 24 June 2018, with a plant spacing of 30 cm, row spacing of 50 cm, and planting density of 68,400 plants per ha. Monitored growth indicators include plant height, stem thickness, leaf chlorophyll content, and leaf area in the maize tasseling period (73rd day), above-ground dry biomass, and maize yield after harvest. At each plot, in accordance with the diagonal sampling method, five points were distributed in the four corners and the middle of the sampling, which were then chosen to collect composite samples from, using a soil corer for subsequent experiments [41,44]. The properties of soil samples observed at layers H1 (0–15 cm) and H2 (15–30 cm) and interbedded CG samples in different sections and different depths are as follows: SM is determined by the core cutter method, soil pH and EC were determined in a 1:5 soil/water mixture by pH and conductivity meter, respectively [45], TS was measured by mass method [46], SOM was measured by potassium dichromate oxidation [47], total nitrogen (TN) was determined by the Kjeldahl Method and using alkaline hydrolysis diffusion method to determine Alkali-hydrolysable nitrogen (AN) [48], determination of total phosphorus (TP) and available phosphorus (AP) were respectively conducted using alkali fusion-molybdenum antimony colorimetric method and sodium bicarbonate extraction-molybdenum antimony colorimetric method [49], using the alkali fusion-flame photometer method to determine total potassium (TK) and 1 mol/L ammonium acetate leaching method to measure available potassium (AK) [50]. Selected properties of aboriginal soil and gangue before reclamation are shown in Table 1.




2.3. Statistical Analyses


Pearson correlation analysis was performed to reveal the relationships among the measured soil properties. Differences were considered to be significant if p < 0.05. The separation of means among the different sampling seasons was made using the least significant difference (LSD) test at 0.05 probability.



This paper used PCA to recombine multiple correlative indicators of soil attributes to a new set of independent comprehensive indexes to replace the original indexes evaluating the soil quality. The factors with high eigenvalues and soil variables with high factor loading were assumed to be indicators that can foremost represent farmland soil [51], hence the retained principal components are selected according to the eigenvalue >1 [52] and those that explained at least 5% of the variation in the dataset [53]. If a single component contains more than one soil attribute, the multivariate correlation coefficient is used to determine whether the variable is redundant. Only one of the variables with significant correlation is selected for soil quality evaluation, and the rest is eliminated. If the highly weighted variables are not correlated, each variable can be used for soil quality evaluation.



The measurement values of maize agronomic traits are dimensionalized to avoid the influence of different measurement scales [54]. Normalization is a common dimensional processing method and is suitable for comprehensive comparative evaluation, which allows all data with various mathematical units to be compressed in the range of [0, 1], including the two boundary numbers 0 and 1. Certain data will be normalized to 0 provided it is the minimum value, while data will be normalized to 1 provided it is the maximum value. It should be noteworthy that the normalized values do not reflect the magnitude or multiple difference of the original data. Equation (1) is the normalization function, as well as the following Equation (2).


  S =    (  x −  x  min    )   /   (   x  max   −  x  min    )     



(1)




where  S  is the normalized data of agronomic trait measurement value,  x  is the value of trait,    x  min     is the minimum value and    x  max     is the maximum value of trait.




2.4. Soil Quality Assessment Methods


The applicability and effectiveness of SQI mainly depends on setting appropriate threshold values of each soil attribute. In this study, the threshold value was obtained by analyzing the surface soil of CK plot (the plot with soil filling structure). The indicators are arranged in ascending or descending order depending on whether the higher soil attribute value was considered as “good” or “bad” in terms of soil function [55]. Generally speaking, the scoring function of the indicator follows the trend of scoring curve of “more is better”, “less is better”, and “optimum”. Use the “more is better” function for soil nutrients [56,57,58,59,60], select the “less is better” function for EC and TS [61,62,63], and use the “optimum” curve to evaluate soil pH and SM.



Equations (2) and (3) are the calculation function of the indicators of “more is better” and “less is better”, respectively. The “optimum” curve function is composed of both, the observation value is rated as “more is better “ if it is lower than the threshold, and rated as “less is better” if it is higher than the threshold [64].


   S i  =    (  x − L  )   /   (  H − L  )     



(2)






   S i  = 1 −    (  x − L  )   /   (  H − L  )     



(3)




where    S i    is the score of soil variable,  x  is the value of soil variable,  L  is the minimum value, and  H  is the maximum value of soil variable [65].



The index scores are integrated into an additive index, which is calculated by the equation:


  S Q I =   ∑ i n    W i     S i  ,  



(4)




where  W  is the weighting factor for the soil variables derived from PCA and  S  is the index score. The equation is normalized to generate a maximum SQI value of 1.





3. Results


3.1. Selection of Soil Quality Indicators


In the results of PCA, the eigenvalues of the first three components were greater than 1, and each eigenvalue explained more than 5% of the data changes, accounting for 87.83% of the total variance (Table 2). The first principal component variance was 58.88%, in which SOM had the maximum loading value, The loading values of TN, AN, AP, and AK were within 10% of the maximum loading value, while SOM had a high correlation with the other four variables (Table 3), therefore, only SOM in PC1 was selected as the soil quality index; pH had the maximum loading value, 19.18%, in variance of PC2, and EC and TS loading values were within 10% of the maximum loading value. According to Table 3, the correlation coefficients of pH and EC, TS were respectively 0.749 and 0.770, while EC and TS had a high correlation, so pH and EC were selected in PC2. The variance of PC3 was 9.77%, and SM was selected as the soil quality evaluation index depending on the loading value.



Empirically, using CG as the matrix to fill reclaimed farmland has the downside of weak capacity in holding water and fertilizer. Furthermore, CG can easily release components, affecting the surface soil pH, which suffers from leaching and soaking under rainy weather and damp conditions. SOM and SM are basic elements used to maintain crop growth. EC can respond to the salinization of soil. Accordingly, pH, SOM, SM, and EC are suitable and essential for evaluating soil quality of reclaimed farmland. A previous study likewise indicated that SOM, EC, and pH are the common components of various MDS experimentally [55].




3.2. Feature of MDS


The pH of the surface soil in CK, with a depth of 0–30 cm, is significantly lower than or approximate to the soil pH of the sandwich profile as shown in Figure 3. Due to the complete soil structure, the pH of CK does not emerge, fluctuate, or change at different depths as the pH of reclaimed plots. Besides, the pH of layer H1 in reclaimed plots ranges from 7.43 (T6) to 7.67 (T3), and the pH of the interlayered soil (60–70 cm or 80–90 cm) is slightly higher than pH of the surface soil.



EC, SM, and SOM in the surface soil of T1, T2, and T3 show a tendency: as the depth of the interlayered soil increases, the EC increases, while SM and SOM decrease as shown in Figure 4. The thicker interlayered soil of T4, T5, or surface soil of T6, T7 makes EC, SM, and SOM of soil superior to the first three (T1, T2, and T3) types of reclaimed plot. Given layer H1, T3 and T7 possess EC of 102.00 us/cm and 78.00 us/cm, respectively, with 1.62 and 1.24 times as much as EC in CK, T3 contains the least SOM (4.76 g/kg) and T7 contains the highest (5.52 g/kg) in reclaimed plots, account for 76% and 88% of SOM in CK. SM exhibits a slight difference over all plots varying from 24.48% (T3) to 25.43% (T5). Compared to H1, EC and SM in H2 increase in some extent with a maximum increase ratio of 19.57% of EC of CK and 5.97% of SM of T4 over all plots, and SOM demonstrates a decreasing tendency on the contrary.




3.3. Weight Calculation


When performing PCA again for the four selected SQI evaluation indicators, each PC explained a certain amount (%) of the variation in the data set. This percentage, divided by the total percentage of variation explained by all PCs with Eigenvectors > 1.0, provided the weighted factor for variables chosen under a given PC [66]. The statistical descriptions and weights of the four indicators are shown in Table 4.




3.4. Soil Quality Assessment


We calculated the scores of each index and sum the weighted scores of each variable to obtain the SQI value of each plot (Figure 5). The H1 SQI value of CK was 0.66. Among seven kinds of soil profiles with CG filling, the H1 SQI value of T7 was the highest at 0.57, while the T3 was the lowest at 0.18. The SQI value of CK is significantly higher than that of the reclaimed land. Figure 5 shows the SQI value of reclaimed plots in different profiles and the specific score of each index, which explicitly reflects the impact of the weighting factor obtained through PCA.



For the seven types of CG filling and reclamation profile configurations, the contribution calculation results manifest a greater impact of pH and SM on SQI. The pH has the highest contribution value in SQI, with an average of 30.94%, followed by SM, with an average contribution value of 23.47%, the average contribution of EC and SOM is 22.53% and 23.07%, respectively. In traditional farming, pH is not considered to be an indicator that affects the SQI. However, in reclaimed land filled with CG, the oxidation process of CG will affect the pH of farmland soil, as carbonates in CG tend to increase in pH as they weather and dissolve into alkaline substances [41].



SQI values of the T6 and T7 plots covered by soil with a thickness of 55 cm are higher than that of the rest of plots with covering soil of 45 cm in thickness, indicating that thickness of overburden is positively correlated with the H1 SQI. Likewise, SQI values of T4, T5, T6, and T7 filled by CG with an overall thickness of 50 cm are higher than that of other plots filled by CG with a thickness of 60 cm, which indicates that CG filling thickness is negatively correlated with the SQI. The position of the interlayered soil identically affects the surface SQI. T1, T2, T3, and T6, T7 have the same thickness of overburden and filled CG but a different profile with interlayer in various depth results in significantly distinguishing SQI values, which are 0.33, 0.24, 0.18, 0.47, 0.57 in order. The variation reports that deeper interlayered soil drives lower surface SQI value. In general, the surface SQI value increases with the increase of the thickness of covering soil and decreases with the increase of the depth of the interlayered soil.



Add all soil properties into the total data system (TDS) to calculate the SQI, achieving better linear fitting with annual crop yield than SQI-MDS with yield. Determination coefficient (R2) and root mean square error (RMSE) are used to depict the fitting effect, as shown in Figure 6. Although the four selected soil indicators can reflect the changing trend of soil quality in different CG filling and reclamation profiles, the addition of the remaining soil indicators can still improve the prediction accuracy of SQI value for crop yields with higher R2 (0.6490) and lower RMSE (0.7443 t/ha).




3.5. Agronomic Traits of Maize under Different Profile Configurations


The seven measured data of maize agronomic traits are normalized. As shown in Figure 7, the radar map area of CK and reclaimed plots are in the same sequence as the SQI value, the maize growth of T7 comparatively exceeds among the reclaimed lands, and maize in T3 grows worst. Specifically, maize in T2 has the worst hundred-seed weight and chlorophyll content, maize in T3 has poor grains per spike, dry biomass, stem thickness, and plant height, maize in T4 has the worst performance in leaf area, while maize in T7 is superior in all traits compared with the rest of reclaimed plots. In terms of maize yield components, the average number of grains per spike of maize in CK and reclaimed lands is 559 and 446 respectively, while maize in the T7 plot has the highest number of grains per spike of 490. The average hundred-seed weight of maize in the CK is 26.08 g, which is significantly larger than the average hundred-seed weight of maize in the reclaimed lands (22.60 g) with the largest hundred-seed weight in T7 of 23.23 g.



Whereas dry biomass and hundred-seed weight directly affect maize yield [50], their terrific weak performance on maize planted in reclaimed land deserves expeditious attention along all growth stages of maize.





4. Discussion


4.1. Impact Factors to Physical and Chemical Properties of Surface Soil


The texture, bulk density, and organic content of the filling material affects the hydraulic characteristics of the soil profile. However, the complex interpretation of the PC is more vital regarding their information source on the latent relationship among the individual indicators, including soil forming processes and the impacts of land use [67,68].



Due to the inhomogeneity of the layered soil and the sequence and thickness of the soil layers, the water conservation of the soil layer has abrupt changes at the interface between layers, as the wetting front stops at the fine soil-coarse soil interface because of capillary barrier [69], resulting in hydrological discontinuity and an increase in SM of the upper soil [70]. Shajiang black soil is a kind of black soil that does not secrete silt and has a large mud content and limited water infiltration, which prevents the downward movement of water at the hydrological discontinuity interface between filled CG and the upper soil layer in reclaimed land. Meanwhile, CG, located in the middle layer of the soil profile, inhibits the infiltration process of SM and correspondingly increases the moisture of the upper contiguous soil, resulting in SM in the H2 layer, higher than in the H1 layer. The specific laws and mechanisms in the process of impedance and movement are topics we will explore further. Since the water movement and solute migration in the soil are interrelated and interactive, EC possesses similar distribution characteristics with SM on various soil profiles, as well as the transportation impeded by CG [71]. Accretion of humus may devote the difference of SOM between layers H1 and H2, which is most commonly used as an indicator to characterize the ecosystem function [72,73].



Depending on the contribution rate of SQI of CK plot, EC has the greatest impact on the SQI in the situation where soil indicator values are at a normal level, while a small change in the EC value may cause a sharp change in SQI. An increase in the EC value of soil demonstrates that the field is at a risk of salinization, most likely caused by the shallow groundwater level and limited drainage. The control and management of soil EC value can effectively improve the SQI of cultivated land.



Furthermore, the surface soil is susceptible to be influenced by lower pH of the CG layer, and the pH becomes the crucial indicator of SQI. Prerequisite measures should be implemented consequently to decrease the pH of CG as a filled and reclaimed substrate. The main problem that hinders the land reclamation process is the absolute low quality and long recovery phase of reclaimed soil, which barely conducts restoring the soil to its original level in a short period of time [41]. Furthermore, changes in physical and chemical properties of soil used to monitor SQI require long-term observation for verification of the sustainability of reclaimed land.




4.2. Correlation between Agronomic Traits of Maize and Properties of Surface Soil


Crop growth status is mainly determined by field crop management, climate, and inherent soil productivity [74]. The experimental sites with different profile configurations are under the same field management and climate environment, so the difference in observed variations of crop growth is mainly caused by the inherent productivity of soil. Previous reports align with the findings in this study [29,30,31,32,33,34].



As shown in Figure 8, all agronomic traits, corn hundred-seed weight, grains per spike, aboveground dry biomass, leaf chlorophyll content, leaf area, stem diameter, and plant height, are positively correlated with nutrients and SM, correlation between stem thickness and AN is maximum with a coefficient of 0.986. All traits are extremely significantly correlated with SOM, TN, AN, and AK, while the correlation with TK is relatively lower than 0.4. All traits are negatively correlated with pH, EC, and TS, the minimum correlation coefficient is −0.979 calculated by grains per spike and EC. The positive correlation between nutrients and growth situation indicates that the increased availability of nutrients has a beneficial effect on maize plants, thus promoting the growth, yield, and yield components of crops, similarly, negative correlation indicates the inhibitory effect on plant growth. Therefore, higher nutrient levels and lower pH, EC, and TS levels of soil in T7 result in a high growth and yield of maize and vice versa for T3. On account of the correlation between plants and soil properties, the level of soil quality can still be differentiated even from the perspective of crop growth. Determining the influencing factors of maize growth can increase maize yields by upgrading soil quality in a targeted manner, for example, by limiting TS and increasing SOM, TN, AN, and AK in topsoil to ameliorate soil properties.




4.3. Design of CG Filling and Reclamation Profile


Platelike soil can improve soil water storage capacity and reduce nutrient loss due to the strong textural contrast created, during both the infiltration and drainage processes [69]. Permeability is a basic soil property depicting the hydraulic activities of unsaturated soils, and it varies wildly in various types of soils such as silty, clay, loamy, and sandy soil [75]. Shajiang black soil exhibits the characteristics of sticky texture, poor water permeability, easy flooding, as well as drought. It is usually disposed with large-particle amendments, e.g., fly ash, straw, biochar, etc. mixing to improve the permeability of Shajiang black soil and ameliorate the drainage of profiles. This study shows that the design of the interlayer should be adapted to soil conditions. For soil with large infiltration rate and poor water-fertility retention, the Shajiang black soil interlayer can be used to improve water and fertility conservation of the soil profile. However, as far as soil with poor water permeability, the profile with interlayered Shajiang black soil should be prudentially selected for enhancing the water permeability to prevent waterlogging in areas with abundant rainfall. On the other hand, the permeability of filling materials and covering soil should be fully compared to analyze the infiltration or storage of water in the design stage of profile.



Moreover, the weaker infiltration performance of CG used in this study with a small particle size (less than 2 cm), as well as the specific attribution of harder texture, lower nutrient content, and greater pH compared to soil, becomes a severe shortage to elevate the SQI value of reclaimed land. Crop roots growth is more unfavorable with the shallower depth of CG buried as a barrier layer. The existence of the CG interlayer has a certain impact on the water supply of the upper soil, the extreme performance of T3 and T7 on SQI value verifies the adverse influence of CG layer. Specifically, the capillary barrier at the interface and the weak water conductivity of CG, as a medium, will weaken the water supply capacity of the lower soil layer and reduce the drought resistance of the reclaimed site during drought weather, so the field moisture of the reclaimed soil should be managed in combination with necessary irrigation measures.





5. Conclusions


The PCA-based SQI presents quantitative results of soil quality of the reclaimed land filled with CG and the foremost leading factor of pH with an average contribution value of 30.94%. Besides, EC, SOM, and SM play an important role in the increment of SQI and crop growth. The thickness of overburden, filled CG, and its depth, affect the SQI values helpfully and adversely in some extent. Regarding the thickness of overburden and the depth of the interlayer, the T7 profile has a peak SQI value of 0.57 and a planted maize growing situation with considered configuration may be suitably applied in filling reclaimed land. This research provides a realized method and approach for the acquisition and processing of soil comprehensive information and crop growth evaluation for relevant investigations aimed at soil quality, crop adaptability, and filling reclamation.



Critically, comprehensive consideration and modification of soil profile are required to rapidly revitalize productivity preceding implementation of reclamation. Conduciveness in water and solute of aboriginal soil can directly affect the design of a profile with thickness of overburden, overall thickness of CG, and position of interlayer soil. The profile also affects the properties of the topsoil, which may lead to even worse effects. This interactive relationship exists with some issues to be further studied, including explicit law of water-solute transportation crossing the interface between soil and CG, refined field means to achieve better crop growing situation, and higher productivity of reclaimed land as arable land.
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Figure 1. The location of the experiment site (a) and schematic diagram of different profiles in the field experiment (b). 
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Figure 2. The design of the multi-layered profiles. 
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Figure 3. The pH of soil or coal gangue in different depths with different profile configurations. 
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Figure 4. Surface soil properties of different profile configurations. 
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Figure 5. SQI of layer H1 in different profile configurations. 
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Figure 6. The linear relationships between the SQI (based on MDS, TDS). 
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Figure 7. Normalized values of measured maize agronomic traits. 
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Figure 8. Correlation between maize agronomic traits and H1 soil properties. 
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Table 1. Selected chemical and physical properties of aboriginal soil, and coal gangue.
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Properties

	
Texture

	
pH

	
SOM

(g/kg)

	
TN

(g/kg)

	
AN

(mg/kg)

	
TP

(g/kg)

	
AP

(mg/kg)

	
TK

(g/kg)

	
AK

(mg/kg)




	
Sand (%)

	
Silt

(%)

	
Clay

(%)






	
Topsoil

	
8.35

	
73.98

	
17.67

	
7.62

	
6.99

	
0.71

	
12.56

	
0.16

	
0.88

	
241.1

	
27.93




	
Subsoil

	
9.11

	
74.14

	
16.75

	
7.67

	
5.08

	
0.60

	
13.21

	
0.15

	
1.46

	
247.28

	
46.31




	
Coal gangue

	
Gravel

	
10.04

	
82.71

	
8.47

	
1.25

	
1.25

	
13.23

	
13.23

	
352.32
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Table 2. Principal component analysis of properties.
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PC1

	
PC2

	
PC3






	
Eigenvalue

	
6.48

	
2.11

	
1.08




	
Variance (%)

	
58.88

	
19.18

	
9.77




	
Cumulative (%)

	
58.88

	
78.06

	
87.83




	
Variable

	
Component Correlation Scores




	
pH

	
−0.37

	
0.85

	
−0.08




	
SM (%)

	
0.11

	
0.20

	
0.96




	
EC (us/cm)

	
−0.71

	
0.63

	
−0.15




	
TS (g/kg)

	
−0.67

	
0.67

	
−0.12




	
SOM (g/kg)

	
0.94

	
0.02

	
−0.09




	
TN (g/kg)

	
0.92

	
0.21

	
−0.15




	
AN (mg/kg)

	
0.94

	
0.03

	
−0.15




	
TP (g/kg)

	
0.71

	
0.54

	
0.15




	
AP (mg/kg)

	
0.91

	
0.15

	
−0.17




	
TK (g/kg)

	
0.74

	
0.29

	
0.11




	
AK (mg/kg)

	
0.93

	
0.23

	
0.01








The variable corresponding to the bold value is selective further due to its relative high scores.
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Table 3. Correlations matrix for measured soil variables across the study depths (0–30 cm layer) and sites (n = 24).
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	Variable
	pH
	SM
	EC
	TS
	SOM
	TN
	AN
	TP
	AP
	TK
	AK





	pH
	
	
	
	
	
	
	
	
	
	
	



	SM
	0.067
	
	
	
	
	
	
	
	
	
	



	EC
	0.749 **
	−0.074
	
	
	
	
	
	
	
	
	



	TS
	0.770 **
	−0.052
	0.909 **
	
	
	
	
	
	
	
	



	SOM
	−0.332 *
	0.036
	−0.600 **
	−0.600 **
	
	
	
	
	
	
	



	TN
	−0.130
	0.028
	−0.485 **
	−0.478 **
	0.876 **
	
	
	
	
	
	



	AN
	−0.280
	−0.020
	−0.618 **
	−0.588 **
	0.887 **
	0.899 **
	
	
	
	
	



	TP
	0.120
	0.287 *
	−0.159
	−0.170
	0.659 **
	0.729 **
	0.607 **
	
	
	
	



	AP
	−0.209
	0.002
	−0.510 **
	−0.481 **
	0.875 **
	0.909 **
	0.861 **
	0.685 **
	
	
	



	TK
	−0.044
	0.180
	−0.423 **
	−0.246
	0.677 **
	0.637 **
	0.694 **
	0.628 **
	0.619 **
	
	



	AK
	−0.145
	0.152
	−0.539 **
	−0.462 **
	0.863 **
	0.915 **
	0.850 **
	0.781 **
	0.890 **
	0.715 **
	







** Correlation is extremely significant at p < 0.01 (2-tailed); *, correlation is significant at p < 0.05 (2-tailed).
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Table 4. Statistical description and weighting of MDS soil properties.
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	Soil Properties
	Minimum
	Maximum
	Mean
	Optimum
	Weight





	pH
	7.21
	7.83
	7.51
	7.4
	0.250



	SM (%)
	23.46
	27.51
	25.33
	25.37
	0.274



	EC (us/cm)
	60.55
	121.06
	90.79
	63
	0.284



	SOM (g/kg)
	3.74
	6.36
	4.97
	6.26
	0.192
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