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Abstract: Soil porosity and moisture are critical indicators of soil quality. In coal–grain intercropping
areas, centuries of coal industry activities have resulted in coal particle contamination, which has
affected soil properties; however, its impact on soil porosity and moisture remains underexplored.
This study compares coal-contaminated soils (CCS) and coal-free soils (CFS) in Jiaozuo, employing
computed tomography (CT) scanning and moisture measurements to analyze how coal pollution
influences soil porosity and moisture. Our findings indicate that CCS, compared to CFS, exhibit
significant reductions in total porosity (TP), CT-measured porosity (CTP), number of pores (CTN), and
the proportion and volume of water–air regulating pores (CTNWA/CTN and CTPWA). These results
underscore that coal pollution substantially alters soil porosity and pore numbers. Additionally,
coal pollution modifies soil pore morphology, leading to reductions in the number and length of
pore throats (Nthroat and Lthroat) and causing the pores to become more flattened and rounded,
with an increased inclination angle of interconnected pores (IAic). As coal pollution levels increase,
interconnected porosity (Pic) and coordination number (CNic) decrease, while isolated porosity
(Pisolated) increases. In terms of moisture parameters, coal pollution diminishes the maximum water
holding capacity, soil permanent wilting point, saturated hydraulic conductivity, and moisture
evaporation rate. In contrast, field water-holding capacity and maximum effective water content
are enhanced. Furthermore, with increased coal pollution, maximum water holding capacity, soil
permanent wilting point, and saturated hydraulic conductivity decreased, whereas field water-
holding capacity and maximum effective water content increased. Correlation analysis reveals that
changes in CTN, Nthroat, and Lthroat significantly influence moisture parameter variations, with most
pore parameter changes affecting saturated hydraulic conductivity. The observed effects of coal
pollution on soil pore parameters are attributed to the filling and clogging actions of coal particles,
while its impact on moisture parameters primarily results from these particles filling and clogging
soil pores. This study provides a scientific basis for managing soil moisture in areas affected by coal
pollution, particularly in coal–grain intercropping regions.

Keywords: coal-contaminated soil; pore characteristics; soil moisture properties; X-ray computed
tomography; coal–grain intercropping area

1. Introduction

Since the mid-18th century, the extensive use of coal has led to the significant depo-
sition of coal particles in terrestrial soils, particularly in China’s coal–grain intercropping
regions. These areas, which account for 42.7% of the nation’s arable land, are crucial for
preserving arable land and ensuring food security [1]. Despite their importance, the issue of
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coal-polluted soil in these regions remains underexplored. Studies have demonstrated that
coal-derived carbon, a form of geogenic carbon distinct from true plant-derived organic
carbon, can lead to an overestimation of the soil organic matter content, accelerating the
mineralization and decomposition of soil organic matter [2]. Soil fertility and crop growth
are heavily reliant on soil water and gas properties, which are reflected by soil porosity and
moisture. These key indicators are influenced by coal particles, an exogenous pollutant,
highlighting the need for a deeper understanding of their effects on soil pore structure and
moisture characteristics.

The influence of exogenous pollutants from coal mining, such as coal gangue, fly ash,
and coal slime, on soil has been a primary focus of research. For instance, fly ash alters soil
properties, pH, and moisture characteristics due to its large surface area and significant
porosity [3,4]. The addition of fly ash has been shown to enhance pore development in the
6–45 µm range in clay [5] and improve soil water retention, benefiting arid regions and
mine reclamation efforts [6,7]. In contrast, coal gangue, with its coarser texture, higher
porosity, and larger pore size, facilitates faster water movement [8]. The interlayer pore
differences in reclaimed soil with coal gangue are significantly greater than those in typical
layered soils, affecting the movement of water, nutrients, and air in the surface soil [9].
Additionally, coal gangue has well-developed macropores, allowing gases to preferentially
pass through these larger pores [10]. This indicates that the porosity of external materials is
a key factor affecting soil structure. However, fly ash, transformed by high-temperature
combustion, cannot fully represent the soil changes in coal mining areas. Conversely,
coal slime, a byproduct of coal production, has been found to improve overburden soil
in mining areas by reducing density and increasing water holding capacity [11]. Its role
in coal dust dispersion and mine water irrigation-derived coal particle contamination of
soil warrants further attention, as a lack of information regarding such impacts limits our
understanding of land management in the mining areas.

The microstructure of soil, particularly its porosity, plays a pivotal role in determining
the soil’s physical, hydraulic, and mechanical properties [12–15]. Researchers have em-
ployed various methods to analyze soil pore structures, including a visual inspection [16],
resistivity measurement [17], scanning electron microscopy (SEM) [18], and mercury intru-
sion porosimetry (MIP) [19]. However, traditional techniques like MIP and SEM face chal-
lenges in effectively characterizing and quantifying changes in soil microstructure [20]. In
contrast, X-ray computed tomography (CT) has gained prominence for its non-destructive
approach, precise quantification, and three-dimensional (3D) visualization capabilities in
studying soil pore structures [21]. Although CT experiments have initially been used to
examine the internal soil structures and changes in the soil pore patterns during water infil-
tration [15], research on pore structure variations in coal-polluted soils within coal–grain
intercropping areas remains limited.

Building upon soil X-ray micro-CT research, studies have extensively investigated
soil pore characteristics under various conditions and influencing factors, including plant
roots [22], soil fauna [23], and environmental processes like wet–dry and freeze–thaw
cycles [21,24], alongside human interventions like the addition of amendments and me-
chanical compaction [20,25]. Research highlights the importance of the spatial geometric
shape of pores in influencing soil moisture properties, with factors such as porosity, pore
number, length, and coordination number being critical for water flow and solute transport.
Soil permeability, a key moisture characteristic, has been examined through seepage simu-
lations. Ferreira et al. [26] compared three CT-based methods for estimating soil aggregate
pore spaces, providing alternatives for large image dataset processing. Min et al. [27] uti-
lized 3D CT scans to study large pore characteristics in different fill substrates, simulating
soil infiltration and assessing fill substrate impacts on soil functions through seepage simu-
lations. Ran et al. [28] explored the porosity and connectivity of granite residual soil affected
by wet–dry cycles, noting significant increases in permeability and hydraulic conductivity.

Despite these advancements, comprehensive studies integrating micro-CT results with
actual moisture data to fully understand soil’s 3D pore structure and moisture charac-



Land 2024, 13, 1437 3 of 22

teristics are scarce, particularly regarding the impact of coal pollution from the mining
areas on soil pore structure and hydraulic properties. Thus, this study focuses on the
Jiaozuo coal–grain intercropping area, characterized by extensive coal-polluted soil. By
employing CT scanning and soil moisture measurement techniques, it compares the soil
pore structures and moisture characteristics of coal-contaminated soils (CCS) and coal-free
soils (CFS). The goal is to elucidate the interconnected mechanisms by which coal pollution
alters soil pores and moisture characteristics, offering valuable insights into the dynamics
of soil properties under the influence of coal pollution.

2. Materials and Methods
2.1. Study Area

The research area, situated in the Jiaozuo mining region (35◦18′ N, 113◦17′ E), repre-
sents a typical coal–grain intercropping zone (Figure 1). This region experiences a warm
temperate continental monsoon climate, characterized by an average annual temperature of
14.0 ◦C and an average annual rainfall of about 589.1 mm, with around 80% of precipitation
occurring between July and August. The area’s annual average evaporation rate varies
between 1680 and 2041 mm. The prevailing wind direction is northeast and southwest,
northerly in winter and southerly in summer. The topography predominantly consists of
plains, mainly used for agricultural purposes. The soil, primarily limy brown earth with a
loamy texture (sand/silt/clay ratio of 23%:67%:7%), has a pH of 8.14–8.48 [29]. Jiaozuo’s
mining history spans over 120 years, earning it recognition as a “century-old coal city”. Pro-
longed mining activities have led to significant coal pollution in the area, and measurements
have shown that heavy metal levels in the soil do not exceed national standards.
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Figure 1. Study area. (a) Map of Macun District, Jiaozuo City, Henan Province, China. (b) Distribution
map of coal mining sites and irrigation canals in and around the sampling area. (c) Schematic diagram
showing the specific locations of CFS, CCS-3%, CCS-4%, and CCS-7% samples.
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There are two predominant forms of coal pollution in the soil. The first results from
coal dust dispersion, primarily occurring within a 20 m radius of coal transport routes.
This type of pollution is relatively light, affecting the soil to a depth of less than 20 cm. The
second form arises from long-term irrigation with mine water laden with suspended coal
particles, a practice ongoing for over 60 years. This has led to more severe soil pollution,
reaching depths of about 30 cm and extending up to 40 cm in some areas. Such pollution
is commonly observed in agricultural zones within the mining area. The intensity of coal
pollution in the soil gradually diminishes from the field’s head to tail, as suspended coal
particles in the mine water settle under the influence of gravity. The maximum extension of
pollution is approximately 60 m. Beyond this point, the soil remains unpolluted due to the
clarification of the mine water. Scanning electron microscope (SEM, Merlin Compact, Zeiss,
Hamburg, Germany) examinations have revealed that coal particles in CCS are typically
smaller than 0.25 mm in diameter, predominantly ranging between 7.02 to 107.5 µm (as
shown in Figure 2). This means they are equivalent to the fine sand and silt particle size
fractions in soil. These particles, with more than 80% being smaller than 0.075 mm, exhibit
poor porosity. Their specific surface area and micropore volume are significantly lower
at 2.08 m2/g and 0 m2/g, respectively, in comparison to soil particles which measure
11.66 m2/g and 6.8 × 10−3 m2/g.
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Figure 2. SEM image of coal slime particles.

2.2. Soil Sampling Collection

Sampling in the Jiaozuo agricultural field was carried out in April 2023, coinciding with
the jointing stage of wheat, six months following the harvest and tillage of the preceding
corn season. This timing ensured the soil was naturally settled and stable. For this study, a
260 m long and 3 m wide agricultural field, subjected to consistent farming practices and
affected by coal pollution, was selected. Within a 40 m section of this field, CCS samples
were systematically collected at distances of 1 m, 20 m, and 35 m from the field’s edge. By
identifying the different δ13C or δ14C signals of coal-derived carbon (C3) and plant-derived
carbon (C4 or C3-C4 composite) [30–32], the levels of coal pollution at these three locations
were quantified. The results showed that the coal-derived carbon content (the amount of
coal-derived carbon per unit mass of dried soil) was 7% (7%-CCS, 1 m from the field’s edge),
4% (4%-CCS, 20 m from the field’s edge), and 3% (3%-CCS, 35 m from the field’s edge).
In contrast, CFS samples with 0% coal-derived carbon were obtained from an unpolluted
zone 250 m from the edge. To ensure replicability, three sampling points were designated
at each location, spaced 1 m apart.

Based on previous carbon isotope tracing research, coal pollution in the farmland of
the study area is mainly concentrated within the 0–20 cm depth range [33]. Considering
that the top 5 cm of soil is easily disturbed, the first step in the soil sampling procedure
involved removing the top 5 cm of surface soil. Then, at each sampling point, six undis-
turbed soil samples were extracted from the 5–10 cm depth using a steel ring cutter (5 cm
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height × 5 cm diameter). Of these, five samples were allocated for assessing the maximum
water holding capacity, field water holding capacity, capillary water holding capacity, mois-
ture evaporation rate dynamics, and soil bulk density. The sixth sample was air-dried in
the laboratory for soil permanent wilting point. Additionally, one CT sample per sampling
point was taken using a PVC ring cutter of identical dimensions, immediately wrapped in
cling film for soil pore characteristic analysis. For the soil saturated hydraulic conductivity,
undisturbed samples were collected using a steel ring cutter (5 cm high × 8 cm inner
diameter). In total, the study involved the collection of 96 undisturbed soil samples, all
transported to the laboratory for subsequent testing.

2.3. Sample Determination
2.3.1. Soil Pore Parameters

Total porosity (TP) was calculated from the product of soil bulk density and maximum
water holding capacity. Additional porosity parameters were assessed using CT scanning,
a technique leveraging X-rays for sectional structure imaging, known for its rapid data
acquisition, non-destructive sampling approach, and visualized results [34]. This method
offers detailed insights into the sample’s material composition, internal structure, and
potential defects within a specific scale [35].

The study employed the Phoenix V|tome|x S240 industrial CT scanning system
(Huerth, Germany) for scanning. Each sample was securely fixed at the bottom of a glass
column and then placed in the scanner. Scanning parameters included a voltage of 150 kV,
a current of 130 µA, a resolution of 14 µm, an exposure time of 1000 ms, 1500 projections,
and a total scanning time of 59 min. Consistent conditions were maintained for all 12 scans.
Post-scanning, CT data were reconstructed using Phoenix Datos|x 2.0 software to produce
clear 3D grayscale images. For image extraction and analysis, ImageJ 1.x and Avizo2019.1
software were utilized, adhering to the following workflow:

• Image calibration

CT scan images often contain noise resulting from the detector noise and external
environmental interference. To minimize noise impacts on image processing, denoising
filters were applied. Avizo offers several filtering options including linear filtering, me-
dian filtering, and non-local means filtering. Linear filtering is disregarded due to its
non-adaptability, which compromises edge and detail preservation. Although median
filtering [36] can circumvent this issue by selecting the median grayscale value in a specific
region, it overlooks structural information. Hence, non-local means filtering was chosen
for this study.

As illustrated in Figure 3(1), the noise reduction is evident. However, due to par-
tial volume effects, the gray transition zones emerge at the junctions between the solid
phase and pores of the soil. To mitigate this effect and enhance image segmentation ac-
curacy, an unsharp mask module was utilized for edge enhancement. A comparison of
Figure 3(2b,3b) clearly shows that following the edge enhancement, finer pores are more
accurately identifiable during threshold segmentation, as indicated by the arrows.

• Threshold segmentation and three-dimensional reconstruction

The construction of an accurate soil pore model hinges on effective threshold segmen-
tation. This crucial step transitions the process from image processing to image analysis,
with the aim of distinguishing the soil’s solid phase from its pores. After analyzing the
corrected images, numerous small pores and cracks become evident. For segmenting larger
pore regions, interactive thresholding was utilized, while Top-hat segmentation was ap-
plied for localizing and segmenting small pores and cracks, as depicted in Figure 3(4a,4b).
By combining images processed through both methods, a comprehensive and accurately
segmented image was obtained. Comparing the original image (Figure 3(4d)) with the
segmented version (Figure 3(4c)) highlights the predominant selection of target areas. A
3D reconstruction of the binarized images post-threshold segmentation provides a clearer
visualization of the spatial distribution and structure of soil pores (Figure 3(5)).
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Figure 3. The flowchart for CT image calibration and data processing analysis (The calibration process
of the CT images is detailed through Steps (1) to (4), leading to the reconstruction of three-dimensional
soil models, as outlined in Step (5). Specifically, (1a) is the original slice image, (1b) is an image that
has been denoised with non-local mean, (1c) is the image after adjusting the contrast. (2a) is the grayscale



Land 2024, 13, 1437 7 of 22

image before edge enhancement using the Unsharp Mask, (2b) The segmented image before edge
enhancement using an unsharp mask. (3a) Segmented image after edge enhancement using unsharp
mask, (3b) is the grayscale image after edge enhancement using unsharp mask. (4a) is the segmented
image after using interactive thresholding, (4b) Segmented image after using top-hat, (4c) is the
segmented image after the merger of (4a) and (4b), (4d) is the grayscale image before segmentation.
(5a) displays the two-dimensional grayscale image, (5b) shows the two-dimensional threshold seg-
mentation image, (5c) exhibits the two-dimensional rendering image, (5d) represents the components
of the three-dimensional soil model, and (5e) showcases the complete three-dimensional soil model.
Step (6) involves the analysis of pore angles within the soil).

• Quantitative analysis of pore characteristics

Porosity, a key indicator of soil physical properties, was quantitatively analyzed in
this study. Using Avizo2019.1 software, two-dimensional slice porosity was calculated.
This involved slicing the reconstructed pore model along the XY, XZ, and YZ planes and
computing the ratio of the sum of pore pixels within each slice to the total projected area
(Equation (1)), where A0 represents the minimum pixel unit area (µm2), and N denotes the
number of pixels covering pores. The aspect ratio Ar, indicating the length-to-width ratio
of the structural bodies [37], was calculated using L as the maximum particle length and W
as the short side length. Notably, the 3D CT model’s porosity was the average of the slice
porosity. However, it is generally lower than the sample’s actual porosity due to resolution
constraints [38]. Pore size classification is based on the equivalent diameter, which equates
to the diameter of a sphere of the same volume as the pore (Equation (2)) [21,25,39], where
V3D represents the volume of an individual pore.

A
(
µm2

)
= N × A0

(
µm2

)
(1)

EqDiameter(µm) = 3

√
6 × V3D(µm3)

π
(2)

The distribution of soil pores in both longitudinal and transverse directions was
elucidated through the analysis of layered images obtained from segmented and binarized
CT scans, as detailed in the 3D reconstruction process shown in Figure 3(5). Soil, being a
typical natural porous medium, lacks a universally accepted definition for pore sizes [40].
Some studies have categorized pores based on size thresholds, using 0.5 µm and 50 µm as
benchmarks. Pores between 0.5 and 50 µm are known to retain water, while those larger
than 50 µm are crucial for air and water movement [41]. In this study, referring to the
functional classification of pores in facilitating water movement and considering the actual
resolution of CT scanning (14 µm), we have classified pores into two categories: water-
retaining pores (WPs), ranging from 14–50 µm, and water-air regulating pores (WAPs),
ranging from 50–8740.72 µm. The porosity of these pore types was calculated, yielding
values for the volume of water-retaining pores (CTPW) and volume of water–air regulating
pores (CTPWA). The difference between TP and CT-measured porosity (CTP) represents
the porosity of soil pores smaller than 14 µm (P < 14 µm).

Furthermore, based on their connectivity to the soil network, the pores are classified as
interconnected or isolated, depicted in blue and yellow, respectively, in Figure 3(5). Isolated
pores, not connected to the main soil pore network, predominantly influence soil water
retention. Conversely, interconnected pores, which are part of the network, significantly
impact gas exchange and the movement of water and nutrients in the soil. The coordination
number, indicating the number of pores connected to a single pore, suggests that a higher
coordination number facilitates water and solute movement more efficiently t in the soil.
The pore angle, defined as the angle between a pore’s longest axis and the Z-axis, ranges
from 0◦ to 90◦, as demonstrated in Figure 3(6). Larger angles are generally less conducive
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to the movement of water and solutes within a pore. All these parameters were extracted
and analyzed using Avizo2019.1 software.

2.3.2. Soil Moisture Parameters

Soil bulk density (BD) was determined by the soil-cutting ring method. The bulk
soil samples were dried at 105 ◦C in an oven until a constant weight was achieved. The
BD value was calculated using the oven-dried weight and sample volume. Similarly, soil
water parameters, including maximum water holding capacity (Maxwc), capillary water
holding capacity (Cpwc), and field water holding capacity (FC), were also measured using
the soil-cutting ring method [42]. Briefly, the original bulk soil samples were soaked in a
container with water (note: the height of soaked water was slightly lower than the top of
the cutting ring) for 24 h to ensure the soil was fully saturated by water and then weighed
and denoted as m1 (i.e., the weight of the cutting ring (m0) plus the weight of the soil
at this time). Then, these soaked samples were placed on quartz sand to remove gravity
water and weighed afterward (note: the weight at this time was recorded as m2). After
removing the gravity water, these samples were left on the quartz sand for 2–5 days and
then weighted again (note: the weight at this time was recorded as m3). Finally, these
samples were dried at 105 ◦C until a constant weight was achieved and then recorded
the weight (m4). Through the recorded weights, these water parameters, including Maxwc,
Cpwc and FC, were calculated. Total soil porosity (TP) was also calculated according to the
value of Maxwc.

The calculation of soil permanent wilting point (PWP) was obtained through mea-
suring soil maximum hydroscopic water, which was determined by the saturated K2SO4
method [43]. Briefly, 10 g of air-dried soil (passed through a 2 mm sieve) was placed into
a sealed desiccator containing saturated potassium sulfate, maintaining humidity at 98%
and temperature at 20 ◦C for one week, then it was taken it out and weighed, then repeat
weighing for 2–3 days until a constant weight is recorded (m5). Then, place it in an oven
at 105 ◦C to dry to a constant weight and record (m6). Maximum effective water holding
capacity (Mewc) was calculated according to the difference between WCm and PWP. The
calculation equations of the parameters mentioned above are given below.

Maxwc(%) =
m1 − m0

m1 − m4
× 100

Cpwc(%) =
m2 − m0

m1 − m4
× 100

FC(%) =
m3 − m0

m3 − m4
× 100

TP(%) = WCm × BD

PWP(%) =
m5 − m4

m4
× 100

Mewc(%) = WCm − PWP

Soil saturated hydraulic conductivity measurements were conducted using the KSAT
saturated hydraulic conductivity meter (METER, Villingen, Germany). To assess the soil
moisture evaporation rate, undisturbed soil samples were initially submerged in water,
maintaining a 2 mm gap below the upper edge of the ring knife, until full saturation was
achieved (indicated by a soil weight change of less than 0.1 g). The samples were then
placed in a constant temperature oven set at 40 ◦C, creating a controlled environment with
uniform temperature and humidity for the duration of the experiment. Soil weight was
recorded at regular intervals. The soil moisture evaporation rate (EWC) was calculated
by subtracting the current water content from the initial water content (IWC). Finally, the
maximum effective soil moisture content was ascertained by calculating the difference
between the field water-holding capacity and the soil permanent wilting point.
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2.4. Statistical Analysis

The data were analyzed using SPSS software, version 19.0 (SPSS, Chicago, IL, USA).
To compare the differences in pore and moisture parameters between the CCS and CFS
samples, as well as among CCS samples with varying levels of pollution, the Mann–
Whitney U test was utilized. This non-parametric test is suitable for independent samples.
Additionally, the relationship between soil pore and moisture parameters was evaluated
using Pearson’s correlation coefficient (two-tailed). Statistical significance was established
at a p-value of ≤0.05, indicating significant differences or correlations.

3. Results
3.1. Soil Pore Characteristics
3.1.1. Soil Porosity and Pore Number

Table 1 presents the differences in pore volume and pore number between the CFS and
CCS samples. The TP and CTP in CCS are significantly lower than in CFS, with a statistically
significant difference (p < 0.05). In contrast, for pores smaller than 14 µm (P < 14 µm), no
significant difference is observed between CCS and CFS (p > 0.05). Furthermore, the
CTPWA values in both CCS and CFS are similar to their respective CTP values. This
indicates that coal pollution primarily reduces the CTPWA, which in turn decreases TP.
Additionally, the total number of pores (CTN) in CCS is significantly lower than in CFS,
accounting for only about 32% of the CFS value.

Table 1. Comparison of pore volume and pore number parameters between CCS and CFS.

TP (%) CTP (%) P < 14 µm
(%) CTPW (%) CTPWA (%) CTN CTNW/CTN

(%)
CTNWA/CTN

(%)

CFS 52.94 (1.10) A 23.23 (2.31) A 29.71 (0.41) A 0.01 (0.01) B 23.22 (0.03) A 7074.67
(1707.09) A 37.35 (1.16) B 62.65 (1.16) A

CCS 46.64 (1.67) B 13.79 (5.68) B 32.85 (5.02) A 0.23 (0.08) A 13.56 (0.74) B 2271.67
(756.99) B 55.08 (1.20) A 46.27 (1.20) B

3%-CCS 45.45 (1.55) a 15.28 (2.56) a 30.17 (1.37) a 0.26 (0.04) a 15.02 (1.46) a 2588.33
(119.64) a 53.76 (0.07) b 46.23 (0.07) a

4%-CCS 46.73 (1.08) a 14.49 (9.82) a 32.24 (8.74) a 0.29 (0.12) a 14.20 (5.60) a 2190.33
(1355.54) a 59.58 (1.35) a 40.42 (1.35) b

7%-CCS 47.50 (1.94) a 11.60 (3.88) a 35.90 (3.82) a 0.14(0.09) a 11.47 (2.25) a 2036.33
(443.80) a 57.33 (2.97) a 43.00 (2.97) b

Standard deviations are presented in parentheses. The symbols A and B indicate statistically significant differences
between groups, while the symbols a and b denote significant differences within subgroups, with a p-value
of <0.05.

Further analysis of the scanned pore numbers reveals that in CFS, the proportions
of WPs and WAPs are 37% and 63%, respectively. In contrast, CCS shows a different
distribution, with 55% WPs and 45% WAPs. These findings suggest that coal pollution
considerably reduces the number of larger pores (particularly those exceeding 50 µm,
classified as WAP), resulting in a shift in the soil pore structure from predominantly larger
WAPs to smaller WPs and pores under 50 µm. When examining soils with varying levels
of coal pollution, most pore parameters do not show significant differences. The only
exceptions are the proportions of water-retaining pores (CTNW/CTN) and water–air
regulating pores (CTNWA/CTN) between the 3%-CCS and the 4%-CCS teachers, as well as
7%-CCS samples. These exceptions highlight an increasing dominance of WP with rising
levels of coal pollution.

3.1.2. Soil Pore Features Based on Two-Dimensional Slices

Figure 4 illustrates the changes in soil pore characteristics between CFS and CCS by
displaying the proportional shifts in pore numbers within a 0.05 aspect ratio interval across
three slicing planes (XY, XZ, and YZ). For CFS, the distribution of pore numbers across
aspect ratios remains relatively consistent across these planes, predominantly ranging from
0.4 to 0.75, with the most significant peak observed between 0.7 and 0.75.
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Figure 4. Proportional changes in the number of pores with different aspect ratios between CFS and
CCS. (a–d) are the slice porosity of CCS, 3%-CCS, 4%-CCS, and 7%-CCS, respectively, within three
slicing planes (XY, XZ, and YZ).

In contrast, coal pollution appears to maintain the distribution pattern in the XZ and
YZ planes with no significant alterations in the concentration range. However, the peak
ranges shift slightly to 0.6–0.65 in the XZ and YZ planes, while remaining at 0.7–0.75 in the
XY plane, indicating a reduced peak range in the XZ and YZ planes for CCS. Notably, in
CCS, the proportion of nearly circular pores (aspect ratio 0.5–0.75) increases by 4–8% on the
Z-axis plane, while the proportion of elongated pores (aspect ratio 0.2–0.5) decreases by
4–6%. This suggests that coal pollution leads to a higher proportion of nearly circular pores
along the Z-axis.

Figure 5 examines the changes in the aspect ratios of WPs and WAPs following
exposure to coal pollution. After pollution exposure, the aspect ratio of WPs increases
slightly by 0.003 to 0.017 along the Z-axis, while it decreases by 0.019 to 0.027 in the XY
plane. For WAPs, the aspect ratio rises by 0.002 to 0.011 along the Z-axis and by 0.021 to
0.026 in the XY plane, with no significant changes in gradient correlating with the degree
of coal pollution. These findings suggest that coal pollution causes soil pores to become
flatter along the Z-axis, with WPs exhibiting greater deformation than WAPs.
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 Figure 5. The distribution of mean aspect ratios of pores in CFS and CCS.

Figure 6 presents the pore distribution curves for slices in CFS and CCS. Across all
directions, CFS demonstrates a higher pore volume compared to CCS. The coefficient of
variation in slice pore volume for CCS ranges from 9% to 17% in the XY direction and from
4% to 19% in the YZ direction, both of which are higher than the range of 3% to 7% observed
in CFS. However, in the XZ direction, the 7%-CCS shows a 7% lower coefficient of variation
compared to CFS. This pattern indicates that coal pollution increases the heterogeneity of
soil pores in the XY and YZ directions while reducing it in the XZ direction.

Land 2024, 13, x FOR PEER REVIEW 12 of 23 
 

Figure 5. The distribution of mean aspect ratios of pores in CFS and CCS. 

Figure 6 presents the pore distribution curves for slices in CFS and CCS. Across all 
directions, CFS demonstrates a higher pore volume compared to CCS. The coefficient of 
variation in slice pore volume for CCS ranges from 9% to 17% in the XY direction and 
from 4% to 19% in the YZ direction, both of which are higher than the range of 3% to 7% 
observed in CFS. However, in the XZ direction, the 7%-CCS shows a 7% lower coefficient 
of variation compared to CFS. This pattern indicates that coal pollution increases the het-
erogeneity of soil pores in the XY and YZ directions while reducing it in the XZ direction. 

3.1.3. Soil Pore Connectivity 
Table 2 presents the connectivity properties and pore throat diameter distribution in 

CFS and CCS. Key parameters, including pore equivalent diameter (DP), isolated porosity 
(Pisolated), coordination number of interconnected pores (CNic), and interconnected porosity 
(Pic), show no significant variation between CFS and CCS. In CFS, the values for the num-
ber of pore throats (Nthroat), length of pore throats (Lthroat), and inclination angle of intercon-
nected pores (IAic) are 23783, 7261, and 60, respectively. In contrast, CCS exhibits notable 
decreases in Nthroat (7756) and Lthroat (2039), along with an increase in IAic (65), indicating a 
statistically significant difference (p < 0.05). However, Pic, Nthroat, Lthroat, and IAic do not sig-
nificantly differ among soils, with varying levels of coal pollution (p > 0.05). This pattern 
suggests that coal pollution leads to an elevated IAic and a reduction in both Nthroat and 
Lthroat. Furthermore, as pollution levels increase, Pic and CNic diminish, while Pisolated in-
creases. 

 
Figure 6. Pore volume of slices in CFS and CCS. (a), (b), (c) and (d) are the slicing well volumes of 
CCS, 3%-CCS, 4%-CCS, and 7%-CCS, respectively, within the three slice planes (XY, XZ, and 
YZ).The dotted line represents the average porosity. 

Figure 6. Pore volume of slices in CFS and CCS. (a), (b), (c) and (d) are the slicing well volumes of
CCS, 3%-CCS, 4%-CCS, and 7%-CCS, respectively, within the three slice planes (XY, XZ, and YZ).The
dotted line represents the average porosity.
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3.1.3. Soil Pore Connectivity

Table 2 presents the connectivity properties and pore throat diameter distribution in
CFS and CCS. Key parameters, including pore equivalent diameter (DP), isolated porosity
(Pisolated), coordination number of interconnected pores (CNic), and interconnected porosity
(Pic), show no significant variation between CFS and CCS. In CFS, the values for the
number of pore throats (Nthroat), length of pore throats (Lthroat), and inclination angle of
interconnected pores (IAic) are 23,783, 7261, and 60, respectively. In contrast, CCS exhibits
notable decreases in Nthroat (7756) and Lthroat (2039), along with an increase in IAic (65),
indicating a statistically significant difference (p < 0.05). However, Pic, Nthroat, Lthroat, and
IAic do not significantly differ among soils, with varying levels of coal pollution (p > 0.05).
This pattern suggests that coal pollution leads to an elevated IAic and a reduction in both
Nthroat and Lthroat. Furthermore, as pollution levels increase, Pic and CNic diminish, while
Pisolated increases.

Table 2. Isolated pore characteristics and interconnected pore parameters.

Distribution of Different Pore Throat Diameters (µm)

Pisolated Pic Nthroat
Lthroat
(µm) 14–45 45–74 74–150 150–250 250–500 >500 µm CNic IAic (◦) DP

(µm)

CFS
0.44

(0.15)
A

22.79
(2.16)

A

23,783.33
(7731.57)

A

7260.67
(1693.24)

A

14.14
(3.61)

A

16.02
(3.32)

A

32.91
(3.60)

A

20.29
(2.33) A

12.87
(5.26) B

3.77
(2.32) A

7.49
(1.87)

A

59.73
(1.16) B

743.18
(337.45)

A

CCS
0.60

(0.33)
A

13.20
(5.92)

A

7756.33
(3213.21)

B

2038.78
(124.63)

B

10.51
(1.70)

A

11.74
(1.79)

B

25.49
(2.74)

B

21.72
(1.23) A

23.07
(3.97) A

7.47
(2.35) A

6.03
(0.63)

A

64.55
(1.17)

A

527.22
(54.99)

A

3%-
CCS

0.38
(0.10)

b

14.91
(2.51) a

7761.00
(1125.63)

a

2077.47
(30.56)

a

11.19
(1.95)

a

11.92
(2.23)

a

25.83
(2.35) a

21.43
(0.13) a

22.69
(4.23) a

6.95
(2.17) a

6.27
(0.10) a

64.18
(0.91) a

550.43
(33.88)

a

4%-
CCS

0.60
(0.53)

ab

13.89
(10.25)

a

8247.33
(6036.11)

a

1988.31
(211.07)

a

10.14
(1.92)

a

11.06
(2.35)

a

23.83
(1.92) a

22.32
(1.42) a

25.18
(4.64) a

7.46
(0.51) a

6.23
(1.06)

ab

64.88
(1.89) a

558.08
(61.46)

a

7%-
CCS

0.82
(0.07) a

10.79
(3.84) a

7260.67
(1693.24)

a

2050.56
(101.84)

a

10.21
(1.76)

a

12.24
(1.08)

a

26.80
(3.74) a

21.43
(1.81) a

21.34
(3.47) a

7.99
(4.03) a

5.58
(0.09)

b

64.60
(0.84) a

473.14
(23.34)

b

Standard deviations are provided in parentheses. Lowercase letters within the same column denote significant
differences (p < 0.05). Pisolated represents the isolated porosity, Pic represents the interconnected porosity, Nthroat
represents the number of pore throats, Lthroat represents the length of pore throats, CNic represents the coordination
number of interconnected pores, and IAic represents the inclination angle of interconnected pores. The symbols A
and B indicate statistically significant differences between groups, while the symbols a and b denote significant
differences within subgroups, with a p-value of <0.05.

Figure 7 illustrates a marked rise in isolated pores in CCS. In CFS, the pore throat
diameter predominantly clusters at 150 µm, highlighting a significant upsurge in pores
smaller than 150 µm and a decrease in larger pores. Specifically, the proportion of pores
within the 45–74 µm and 74–150 µm ranges in CFS is 16% and 33%, respectively. In CCS,
there is a notable reduction in pores within these diameter ranges compared to CFS (12%
and 25%, respectively; p < 0.05). Conversely, the proportion of pores within the 250–500 µm
range in CCS increases from 13% to 25% (p < 0.05). No significant differences are observed
in the pore throat diameter distribution across soils with different levels of coal pollution
(p > 0.05), indicating that coal pollution decreases pore connectivity and reduces both the
diameter and quantity of pore throats. In particular, it diminishes the proportion of smaller
diameter soil pore throats while augmenting larger diameter throats.
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Figure 7. Schematic diagram illustrating the formation of isolated pores in coal-polluted soil. The left
and right images display segmented representations of soil pores in CFS and CCS, respectively. The
blue areas represent soil pores, the gray overlay indicates isolated pores, and the red arrows denote
pathways for gas and water transport between pores.

Figure 8 illustrates the distribution of pore volume and quantity relative to IAic in 5◦

increments. Within the 45◦ to 90◦ range, CFS accounts for 74% of the volume proportion.
In contrast, the proportion of soil pore angles in CCS varies from 81% to 83%. In the
10◦–20◦ range, both the volume and quantity proportions of CCS soil pore angles are lower
compared to those in CFS; however, these proportions increase in the 65◦–70◦ and 85◦–90◦

ranges. These results indicate that within the 45◦–90◦ inclination angle spectrum, the
volume proportion of pores exceeds 77%, with the quantity proportion surpassing 67%.
Furthermore, coal pollution reduces the volume and quantity proportion of pore angles in
the 10◦–20◦ range, while promoting development in the 65◦–70◦ and 85◦–90◦ ranges.
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3.2. Soil Moisture Characteristics

Table 3 presents the water characteristic parameters of CCS and CFS. In CCS, the
saturation water content, permanent wilting point, and saturated hydraulic conductivity
are measured at 38%, 7%, and 0.35, respectively. These values are significantly lower than
those in CFS (p < 0.05). Conversely, both the field water holding capacity and maximum
water holding capacity content in CCS significantly increase to 20% and 13%, respectively,
compared with CFS. Among these parameters, variations are observed in the permanent
wilting point, saturated hydraulic conductivity, and maximum water holding capacity
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across soils with different levels of coal pollution. Meanwhile, field water holding capacity,
capillary water holding capacity, and saturated hydraulic conductivity exhibit a gradient
change, although these differences are not statistically significant. Overall, these results
indicate that coal pollution reduces saturation water content, capillary water holding
capacity, permanent wilting point, and saturated hydraulic conductivity, while enhancing
field water holding capacity and maximum water holding capacity.

Table 3. Moisture characteristics of CCS and CFS.

Maximum
Water Holding
Capacity (%)

Capillary
Water Holding
Capacity (%)

Field Capacity
(%)

Soil Permanent
Wilting Point

(%)

Maximum
Water Holding
Capacity (%)

Saturated Hydraulic
Conductivity (cm/h)

CFS 44.10 (5.22) A 33.37 (1.23) A 19.64 (0.18) B 8.20 (0.32) A 11.41 (0.55) B 1.03 (0.28) A
CCS 37.51 (2.84) B 32.28 (2.23) A 20.45 (0.67) A 7.48 (0.47) B 12.91 (0.84) A 0.35 (0.22) B

3%-CCS 37.38 (4.01) a 32.69 (0.89) a 20.47 (0.50) a 7.13 (0.28) b 13.27 (0.45) a 0.55 (0.19) a
4%-CCS 37.40 (2.11) a 32.54 (3.56) a 20.16 (0.86) a 7.99 (0.36) a 12.02 (0.61) b 0.40 (0.09) a
7%-CCS 37.75 (2.59) a 31.61 (1.60) a 20.71 (0.59) a 7.30 (0.19) b 13.43 (0.70) a 0.11 (0.05) b

The symbols A and B indicate statistically significant differences between groups, while the symbols a and b
denote significant differences within subgroups, with a p-value of <0.05.

Figure 9 illustrates the dynamics of water evaporation rates for both CCS and CFS,
ranging from water saturation to air-dry conditions. During the initial 22 h, which cor-
responds to 0.83–0.90 times the saturation water content, the evaporation rates for both
CCS and CFS exhibit similar fluctuating patterns. However, after 22 h and extending up
to 250 h, the evaporation rates for all CCS groups consistently remain lower than those of
CFS. This trend indicates that coal pollution may reduce the soil water evaporation rate to
some extent.
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3.3. The Connection between Soil Pores and Moisture

Pearson’s correlation analysis, as shown in Figure 10, reveals consistent correlation
trends between soil pore parameters and moisture characteristics. Key moisture parameters,
including maximum water holding capacity, capillary water holding capacity, soil perma-
nent wilting point, and saturated hydraulic conductivity, demonstrate parallel correlation
trends with various pore parameters. These moisture parameters exhibit positive correla-
tions with specific pore metrics (DP, TP, CTP, Pic, CTPWA), pore quantity parameters (CTN,
CTNWA/CTN), pore throat characteristics, and the proportion of throats with diameters
smaller than 150 µm, as well as with CNic. Notably, CTN displays a significant positive
correlation with all four moisture parameters.
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Conversely, the proportion of pore throats within the 150–250 µm diameter range
shows a strong negative correlation with maximum water holding capacity, indicated by a
correlation coefficient (r) of −0.74. In contrast, field water-holding capacity and maximum
effective water content demonstrate divergent correlation trends with pore parameters.
Field water-holding capacity shows negligible correlations with pore parameters, while
maximum effective water content exhibits significant negative correlations with DP, CTN,
Nthroat, and Lthroat. Among these, CTN has the most pronounced correlation with maximum
effective water content (r = −0.67).

In summary, the findings from Sections 3.1 and 3.2 indicate that increased coal pol-
lution broadly affects soil pore parameters, particularly impacting saturated hydraulic
conductivity, TP, CTN, and pore throat metrics. These pore characteristics significantly
influence the soil’s moisture properties.

4. Discussion
4.1. Impact of Coal Pollution on Soil Pores

The variation process of soil pores in farmland soil is the result of both natural and
human factors. Among the natural factors, rainfall has the most significant influence.
During rainfall, both the dispersal effect of raindrop splashing and the infiltration process
can affect the distribution of soil pores [44]. Human factors such as tillage practices [45,46],
fertilization methods [47], and crop root systems [48,49] also play a role in the changes in
soil pore distribution. The environmental conditions in our study area were consistent,
with uniform tillage practices and crops, ensuring that coal pollution was the primary
influencing factor. This study reveals significant alterations in soil pore parameters due
to coal pollution, which can be attributed to both the filling and clogging effects of coal
particles. The term “filling” refers to the intrusion of coal particles into soil pores, thereby
occupying the pore space. In contrast, “clogging” involves the partitioning of soil pore
space resulting from interactions between the coal particles and the other substances in
the soil.

A marked decrease in soil porosity parameters, such as TP and CTP, is observed in
the presence of coal pollution. This reduction is primarily due to the filling effect, where
smaller coal particles, particularly those under 45 µm—comprising 66% of particles in
CCS—penetrate larger soil pores. Their low porosity allows them to occupy significant pore
space, leading to decreased TP and CTP. This finding is consistent with existing research on
the impact of fine particle organic carbon addition on soil porosity [50,51].

Furthermore, coal pollution results in a notable decrease in the number of pore throats
within the 14–150 µm diameter range, as evidenced by reductions in Nthroat, CNic, and
Lthroat, and an increase in Pisolated. This phenomenon can be attributed to the clogging
effect of coal particles. During irrigation, fine coal particles migrate with moisture into
WAPs and clog them, causing significant reductions in CTPWA and CTNWA/CTN. The
pore and throat classification performed using Avizo software, based on the maximum ball
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algorithm [52], suggests that coal particles, being similar in size to pore throats, effectively
block these throats. This blockade results in the formation of numerous isolated pores and
contributes to the observed decreases in Nthroat, CNic, Lthroat, along with an increase in
Pisolated, as illustrated in Figure 7.

Further examination of pore throat morphology in two-dimensional slices elucidates
the post-infiltration effects of coal particles on soil. The clogging effect causes pore throats
within the 14–150 µm range to fracture into multiple isolated pores, while the bottoms of
larger pores become filled with coal particles. These combined effects alter the shape of
the pores in CCS, making them more circular and flattened along the Z-axis. Notably, WPs
exhibit more pronounced flattening compared to WAPs. Additionally, the average pore
size in CCS decreases across all planes, with the 7%-CCS showing relatively minor changes,
indicating a state of balance in the action of coal particles and resulting in a more gradual
change in average pore size.

Interestingly, the varying degrees of coal pollution (within the 3–7% range) do not
significantly affect certain soil pore parameters (TP, CTP, P < 14 µm, CTPW, and CTPWA),
indicating that changes in the quantity of coal particles have a less pronounced impact
on soil pore volume within this range. However, differences in coal particle quantity
significantly impact CTNW/CTN and CTNWA/CTN. This indicates that as coal pollution
increases, the clogging effect intensifies, leading to a shift from water–air regulating pores
and throats within the 14–150 µm range towards WPs.

4.2. Impact of Coal Pollution on Soil Moisture

Soil moisture dynamics are intricately linked to soil pore characteristics, including
porosity, morphology, size, complexity, and connectivity, all of which are crucial for the
supply, retention, and transport of moisture in soil [53]. The observed changes in soil
moisture parameters due to coal pollution can be traced back to modifications in soil pore
properties, influenced by the filling and clogging effects of coal particles.

Saturation water content in soil, which indicates maximum water holding capacity,
is generally enhanced by materials with a rich pore structure and larger particles, such
as biochar and gasifier slag [54,55]. In contrast, our study finds that the presence of coal
particles, characterized by low porosity and smaller size, results in a significant decrease
in maximum water holding capacity. This decrease is primarily attributed to a reduction
in soil bulk density, a decline in CTN, and a decrease in TP. The lower saturation water
content in CCS reflects a diminished maximum water holding capacity due to coal pollution,
necessitating adjustments in irrigation volume to prevent water waste and soil saturation.

Capillary water holding capacity also shows a notable decrease in CCS, aligning with
reduction in CTN and bulk density. Since capillary action is largely driven by the surface
tension between soil particles and pores, a reduced CTN can impede this process. While
smaller pore diameters typically facilitate capillary action, the obstruction of pore spaces
by coal particles limits the effective pore space available for water transport, ultimately
leading to the observed decrease in capillary water holding capacity.

Field water holding capacity and soil moisture evaporation rate are key indicators
of soil water retention ability. In CCS, there is a notable increase in field water holding
capacity accompanied by a decrease in moisture evaporation rate. While additives such
as compost, coco peat, earthworm castings, and biochar are known to enhance soil water
retention due to their hydrophilic properties and porous structure [55], coal particles do not
exhibit these characteristics. Instead, the observed increase in water retention in CCS can be
attributed to alterations in the pore structure, including reduced pore volume (TP, capillary
porosity, total porosity of water-filled pores) and increased isolated pores (Pisolated). These
modifications suggest a diminished space for water transport while expanding the capacity
for water storage.

Additionally, decreases in Lthroat, Nthroat, and CNic restrict water movement within the
soil. The transformation of pore morphology towards more rounded and flattened shapes
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along the Z-axis, along with an increase in IAic, further contributes to water retention and
accumulation, thereby enhancing soil water retention capacity.

The soil permanent wilting point, which indicates a soil’s drought resistance capa-
bility [56], significantly decreases in CCS. This change correlates with reductions in TP,
CTN, capillary porosity, and Lthroat. Moreover, the decline in Pic and Lthroat suggests an
increased propensity for pores to store water. A decrease in Nthroat in CCS also limits water
evaporation, resulting in a lowered soil permanent wilting point and indicating improved
drought resistance.

The maximum effective water content, representing the upper limit of soil water that
most plants can utilize, also increases in CCS. This increase is attributed to decreases in
CTN, bulk density, Lthroat, and Nthroat, which collectively slow down water movement
within the soil and prolong water retention. The resulting rise in field water holding
capacity and drop in soil permanent wilting point contribute to an elevated maximum
effective water content.

In conclusion, coal pollution appears to enhance soil moisture characteristics, predom-
inantly through the mechanisms of coal particle filling and clogging within soil pores.

4.3. Potential Impact of Coal Pollution on Soil Microecology

Soil pores play a crucial role in shaping the microenvironment of the soil, directly
controlling the movement of microorganisms and influencing the composition and diversity
of microbial communities. First, coal pollution has certain effects on the physicochemical
properties of soil. Abramowicz et al. reported that nearly 40% of soil sampling points in
coal waste accumulation areas exhibited acidic conditions [57,58], mainly driven by mineral
decomposition and increased microbial activity [59]. Coal particles, characterized by their
black color and strong light absorption, reduce infrared reflectance at lower temperatures,
thereby increasing the specific heat capacity and thermal conductivity of the soil, leading to
enhanced energy absorption. Water has a specific heat capacity of 4.18 J/g·◦C, significantly
higher than that of soil (0.8–1.5 J/g·◦C) [60], which allows for coal-contaminated soil
(CCS) to retain heat further under strong water retention capacity. Studies have shown
that soil total porosity (TP) and air-filled porosity (AP) are typically higher in summer
than in winter [61], indicating that temperature affects TP and AP levels and promotes
nitrogen cycling [62]. Although higher pH values slow down the decomposition of plant-
derived molecules, lower pH values can enhance nitrogen availability [63]. The BET
adsorption tests show that coal particles have smaller specific surface areas and poorer
adsorption capacity, leading to reduced soil nitrogen and phosphorus adsorption capacity,
thereby increasing the availability of these nutrients. These changes in the physicochemical
properties of the soil affect, to some extent, the living environment of soil microorganisms.
Meanwhile, soil pores indirectly provide gases and liquids for microbial activity, thereby
influencing microbial functions [64,65]. Soil porosity characteristics not only regulate the
diffusion of water and gases but also affect the movement of chemicals and microbial
activity, which in turn influence the decomposition of exogenous substrates such as plant
residues [66]. For example, Juarez et al. [67] found that in areas affected by pore structures
(such as pores < 1 µm or soil particle surfaces), the decomposition rate of “old” soil organic
carbon is faster, a phenomenon known as the “priming effect.” The distribution and
combination of soil pores are key factors influencing the occurrence and intensity of the
priming effect [68,69].

In CCS, the increase in isolated pores restricts the range of microbial activity, which
may significantly enhance microbial diversity in these areas [70]. Additionally, the distri-
bution and activity of microorganisms in the soil are influenced not only by pore size but
also by pore connectivity and aeration [71,72]. For instance, Negassa et al. [73] used CT
scanning and DNA sequencing techniques to study samples with added plant residues,
finding that larger pores primarily hosted cellulose-decomposing bacteria (Bacteroidetes,
Proteobacteria, Actinobacteria, and Firmicutes), while smaller pores were mainly occupied
by oligotrophic Acidobacteria. Contrary to CFS, the poorer pore connectivity in CCS may
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lead to significant changes in microbial types. Therefore, changes in soil pore characteristics
caused by coal pollution affect the composition and diversity of soil microorganisms.

To better address these changes, research has also begun to focus on the broader impact
of coal pollution on agricultural ecosystems. Our study provides new insights into the
soil pollution problems in areas affected by coal production and crop intercropping. While
previous studies have shown that industrial pollution significantly impacts soil health by
altering soil structure [74], nutrient availability [75], and microbial activity [76], the impact
of coal pollution, especially in coal–crop intercropping areas, remains underexplored. The
unique conditions in the Jiaozuo region allow our research to fill this gap, revealing how coal
particles affect soil structure and moisture characteristics. Additionally, our research aligns
with global efforts to promote agricultural sustainability in polluted environments [77].
Similar studies in other coal-producing regions, such as the Appalachian region of the
United States [78], have also found soil health issues and declining agricultural yields. This
highlights the need for targeted remediation strategies in coal-contaminated areas, such as
phytoremediation, bioaugmentation, and soil amendments.

Throughout the entire growth period of wheat, we observed an intriguing phe-
nomenon, where the growth of CCS before the seedling stage was significantly better
than that of CFS, yet the yield of CCS was approximately 10% lower than that of CFS.
The changes in pore structure in CCS provide a water advantage that enhances the soil’s
specific heat capacity during the low-temperature period before the seedling stage. Cou-
pled with its darker color, which aids in increasing temperature, this advantage in water
and temperature allows microorganisms to decompose straw more rapidly before the
seedling stage, thereby providing essential nutrients for the plants. However, this ad-
vantage diminishes as temperatures rise after the seedling stage. At this point, CCS is
unable to provide additional nutrients due to the rapid decomposition of straw earlier,
resulting in reduced yield. Long-term coal pollution has altered soil structure, indicating
that timely post-seedling fertilization measures may enhance production in CCS. Continu-
ous monitoring and research into restoration strategies and field management—including
plant remediation, bio-enhancement, soil improvement, and fertilizing methods such as
nitrogen fertilizer postponing application—are recommended to optimize productivity in
coal-contaminated soils.

5. Conclusions

This study investigates the effects of coal pollution on soil pore and moisture character-
istics, utilizing CT scanning technology and soil moisture measurements to elucidate these
complex interactions. The findings indicate that coal pollution significantly reduces soil
pore space, as evidenced by decreases in TP and CTP. Notably, the parameters associated
with water-accessible pores, such as CTPWA and CTNWA/CTN, also decline. In contrast,
parameters linked to water-occupied pores, including CTPW and CTNW/CTN, exhibit
an increase.

Coal pollution is found to cause significant fracturing in pores within the 14–150 µm
diameter range, resulting in the formation of numerous isolated pores. Consequently,
Nthroat, Lthroat, and the quantity of pores smaller than 150 µm decrease, while Pisolated and
the number of pores larger than 150 µm increase. The morphology of soil pores transforms,
becoming more rounded and exhibiting a flattened profile along the Z-axis, accompanied
by an increase in IAic. Furthermore, the study identifies increased heterogeneity in soil
pores in the XY and YZ directions, contrasting with a reduction in the XZ direction.

In terms of soil moisture characteristics, coal pollution leads to decreased maximum
water holding capacity, soil permanent wilting point, saturated hydraulic conductivity, and
capillary water holding capacity. However, it simultaneously enhances the soil’s water
retention ability. The study attributes the influence of coal pollution on soil pore parameters
to the dual effects of coal particles filling and clogging the pores. Similarly, the impact on
soil moisture parameters is predominantly realized through these mechanisms, highlighting
the significant role of coal particle interaction in altering soil hydrological properties.
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Abbreviations

Abbreviation Full Name
TP Total porosity
CTP CT-measured porosity
CTNW/CTN Proportion of water-retaining pores
CTPW Volume of water-retaining pores
CTNWA/CTN Proportion of water-air regulating pores
CTPWA Volume of water-air regulating pores
CNic Coordination number of interconnected pores
IAic Inclination angle of interconnected pores
Nthroat Number of pore throats
Lthroat Length of pore throats
Pic Interconnected porosity
Pisolated Isolated porosity
WP Water-retaining pore
WAP Water-air regulating pore
P < 14 µm Porosity (d < 14 µm)
CTN Number of pores
DP Pore equivalent diameter
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