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Abstract: To clarify effects of weathered coal humic acid on water-stable aggregates and pore 
characteristics of reclaimed cambisol, this research analyzed the evolution characteristics of soil 
aggregates and pores. Effects of different humic acid dosages (0, 1%, 3%, and 5% by weight) and 
application period (1 year, 2 years, and 3 years) on soil aggregates and organic carbon components 
in soil water-stable aggregates were investigated. The results showed that water-stable 
macroaggregates (>0.25 mm) had the highest content in the first year; but in the third year, water-
stable microaggregates (0.053–0.25 mm) had the highest content, and silt and clay (<0.053 mm) were 
at a maximum. In the third year of 5% treatment, mean weight and geometric mean diameters were 
the largest, soil structure was the most stable, and TOC and water-stable microaggregates (0.053–
0.25 mm) in soil had the highest proportions. For 5% treatment, the majority of irregular pores were 
independent in the first year, and number of pores decreased in the second year, but average pore 
volume increased, forming robust connected pores. In the third year, the number of elongated and 
irregular pores increased. In the third year of 5% treatment, most pores were irregular and of size 
>100 μm, and soil structure was the most stable.

Keywords: reclaimed cambisol; humic acid; water-stable aggregate; soil pore 

1. Introduction

Soil structure is the spatial arrangement of soil solids and pores, with soil aggregates the basic 
units making up soil structure [1]. Soil pores are the concrete embodiment of soil structure, with the 
more soil pores are divided, the more complex is soil structure [2]. According to the hierarchical 
theory of the formation of soil aggregates, soil pores exist not only among but also inside aggregates. 
On the one hand, the hydrophobic property of soil solids ensures the infiltration and penetration of 
soil water into soil pores, which increases the stability of soil structure. On the other hand, soil pores 
are also important sites for activities of soil microbial communities, which play an important role in 
the soil carbon (C) cycle [3]. With the development of three-dimensional imaging, soil pore structure 
acquisition technology has a wide application prospect because of its greatly simplified procedures, 
especially CT scanning technology, which reflects the internal pore structure of soil in a non-
destructive and intuitive way with three-dimensional images [4], and tends to make the 
understanding of soil function “transparent” [5]. 

When land reclamation is carried out in coal mining subsidence areas, the use of heavy 
machinery and other reclamation measures causes problems of poor structure and low nutrient 
content of reclaimed soil [6–8], and rapid improvement of reclaimed soil quality has become a key 
issue. Humic acid from weathered coal contains a variety of oxygen-containing functional groups—
including carboxyl, carbonyl, phenolic hydroxyl, alcohol hydroxyl, enol, methoxy, sulfonic, quinone, 
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and ketone groups—which can better promote the agglomeration of soil particles to form aggregate 
structure, increase the content and stability of water-stable aggregates [9], and improve ventilation 
permeability. As a soil conditioner [10], weathered coal humic acid can improve soil quality, 
transform barren soil and saline-alkali soil, promote soil microorganism and enzyme activity, and 
increase the utilization rate of phosphate fertilizer. Current research mainly focuses on the effects of 
weathered coal humic acid on soil nutrients, soil microorganisms [11], crops, and saline-alkali land 
improvement, and few studies have considered its improvement of soil structure, especially the 
reclaimed cambiso structure. 

In view of the above, based on a 3-year reclamation soil micro-plot experiment, this study 
analyzed the influence of weathered coal humic acid on the aggregate distribution and soil pore 
structure of reclaimed cambisol with the help of CT scanning technology, explored the relationship 
of weathered coal humic acid with the structural evolution of reclaimed cambisol and the 
improvement of soil quality, and provided a theoretical basis for the application of humic acid in 
improving the structure of reclaimed soil. 

2. Materials and Methods 

2.1. Study Site and Soil Properties 

The experiment was established on the reclamation base of Xiangyuan Coal mine area located 
at Xiangyuan City (36° 28′N, 113° 00′E, average altitude 1050 m), Changzhi, Shanxi Province, China. 
This base was reclaimed by filling (i.e. mixed pushing) in 2008. The region has a warm temperate 
semi-humid continental monsoon climate with average annual temperature of 9.5 °C, average annual 
precipitation of about 550 mm, 60–70% of precipitation concentrated from July to September, and a 
frost-free period generally of 150–166 days. The soil in this area is mainly Calcaric Cambisol and loess 
parent material. Before initiating the experiment, the soil with pH 8.20 contained 8.62 g organic C/kg, 
15.26 mg alkali-N/kg, 4.57 mg Olsen P/kg, and 91.73 mg available K/kg.. 

The weathered coal humic acid was provided by Shanxi Jiaocheng Hongxing Chemical Co., Ltd., 
comprising black powder with organic matter content of 615.81 g/kg and humic acid content of 
37.34% 

2.2. Experiment Design 

A 3-year field micro-plot experiment was started on May 21, 2019. Four treatments were set up: 
CK: no addition of weathered coal humic acid, 1% treatment: the addition of weathered coal humic 
acid equal to 1% of the weight of the surface soil (i.e., 1% by weight); 3% treatment: the addition of 
weathered coal humic acid equal to 3% of the weight of the surface soil; and 5% treatment: the 
addition of weathered coal humic acid equal to 5% of the weight of the surface soil. Three replicates 
were taken from different treatments at each testing site according to random block design every 
year. The every treatment(e.g.:1%,3%, 5%)had 9 micro-plots respectively, and CK treatment had 3 
micro-plots .There were 30 micro-plots in total. The micro-plots were 1 m × 1 m, and each had a 
surrounding ridge about 20 cm wide. When the weathered coal humic acid (sieved through a 2-mm 
sieve) was added, it was necessary to artificially mix it with the soil evenly, smooth the surface, and 
no crops were planted. Samples were collected before adding the weathered coal humic acid at 1 and 
2 years (i.e., years 1 and 2), and only samples without added weathered coal humic acid were 
collected at 3 years (year 3). During sampling, 1%, 3%, 5%, and CK treatments were randomly 
selected, each treatment was replicated three times, and 12 samples were collected each time.  

2.3. Soil Sampling  

For the determination of soil organic C, fresh soil samples were taken from eight randomly 
selected cores in each plot at 0–20 cm depth, and thoroughly mixed to form a composite sample. The 
visible soil impurities (e.g., stones, organic debris, and plant residues) were carefully removed with 
forceps, samples were dried with natural air after passing through 1mm, 2mm, and 0.149mm soil 
sieves, and then used for determination of soil organic C. 
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Undisturbed soil samples were collected for aggregate separation. To avoid the undisturbed soil 
samples being crushed, they were packed into large aluminum boxes and taken back to the 
laboratory. The distribution of aggregates, particulate organic C (POC), and mineral bound organic 
C (MOC) were determined by wet-sieving method. 

Undisturbed soil columns were collected for pore character analysis. A PVC rigid pipe with an 
inner diameter of 50 mm, thickness of 2 mm, and length of 100 mm was used for collection, and one 
sample was collected for each micro-plot. Before sampling, one end of the PVC pipe was sharpened 
into a knife edge for sampling. Finally, both ends of the PVC pipe were wrapped with plastic wrap, 
covered with a cap, and placed vertically in an insulated box to ensure integrity of the soil column 
during transportation and scanning. After returning to the laboratory, samples were stored in a 
refrigerator at 4 °C. 

Soil samples were obtained in June 2020, 2021, and 2022.The PVC cores from the 0–20 cm layer 
in every micro-plot and soil samples were immediately delivered to the laboratory and manually 
divided into two parts. One was air-dried for further experiments, such as soil aggregate fractionation 
(within one week), and the other part passed through sieves for physicochemical determination. 

2.4. Laboratory Analysis 

Wet-sieving method was used for classifying aggregates. Organic C concentrations of the bulk 
soils, aggregates, and density fractions were determined by the wet oxidation–redox titration 
method. Soil POC and MOC were obtained by sodium hexametaphosphate dispersion [12].  

The stability of soil aggregates was expressed by mean weight diameter (MWD) and geometric 
mean diameter (GMD), with the formulas as follows: 

 (1) 

 (2) 

where X represents the mean diameter of the aggregate with the size class (mm), W is the proportion 
of the mass of the size class aggregate to the total mass of the soil tested (%), and n is the number of 
sievings. 

The pore structure of soil was scanned by Phoenix Industrial X-ray CT scanner (Nanotom S) in 
the Institute of Soil Research, Chinese Academy of Sciences, and Image J software was used to 
reconstruct the image and obtain the characteristic parameters of the pore structure [13]. The total 
porosity、pore number and were calculated with the ‘3d object counter’ plugin in the Image J.  

Pore shapes are generally divided into three types, according to F: elongated (F ≤ 0.2), irregular 
(0.2 < F < 0.5), and regular shapes (F ≥ 0.5)[14]. The proportion of the three shapes is calculated by the 
number of pores. The pore size distribution is based on the equivalent diameter (P) of soil pores, 
which divides soil pores into micropores (P<30μm), mesopores (P30-75μm), macropores (P75-100μm), and 
ultramacropores (P>100μm) [15].The soil pore shape factor (F) describes a specific surface as the ratio of 
total pore surface area to aggregate volume. In this study, F is an index representing the pore shape, 
calculated using the following formula: 

F = Ae/A  (3) 

where Ae is the surface area of a sphere, equal to the pore volume; and A is the pore surface area. 
When F = 1, the pores are round; when F < 1, pore shape is more irregular. 

Mean pore volume, Pore number, connected pore number, disconnected pore number and 
connectivity were determined using the ‘Bong J plugin [14]. Usually, the degree of anisotropy (DA) 
can be used to represent the porosity roundness, 

( )
1

n

i i
i

MWD XW
=

=

1

1

lg
exp

n

i

n

i

Wi Xi
GMD

Wi

=

=

=
 
 
 



Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 July 2024                   doi:10.20944/preprints202407.1324.v1

https://doi.org/10.20944/preprints202407.1324.v1


 4 

 

2.5. Statistics Analysis 

The results are expressed as mean ± standard deviation. One-way ANOVA was used to 
determine significant differences in soil properties and pore characteristics in reclaimed cambisol 
with different levels of weathered coal humic acid. Where significant differences between the means 
were noted, Duncan’s test was performed at P < 0.05. All statistical analyses and graphing were 
conducted with Image J, SPSS 19.0 (SPSS Inc., Chicago, IL, USA) and Origin 2024, respectively (Origin 
Lab Inc., Northampton, MA, USA). 

3. Results 

3.1. Influence of Humic Acid on Distribution and Stability of Water-Stable Aggregates 

3.1.1. Distribution of Water-Stable Aggregates 

Figure 1 shows the distribution of water-stable aggregates. In the same year, the water-stable 
macroaggregates (>0.25 mm) were the majority, followed by water-stable microaggregates (0.053–
0.25 mm), and the last was silt and clay (<0.053 mm). The water-stable large aggregates increased 
with the increased application of weathered coal humic acid for years 1 and 3, but decreased for year 
2; the lowest value was 39.16% under 5% treatment. In contrast to the large water-stable aggregates, 
the water-stable microaggregates decreased with increased application of humic acid for years 1 and 
3, and then increased for year 2. The silt and clay increased with increasing application of weathered 
coal humic acid. Within the same treatment, the water-stable macroaggregates initially decreased and 
then increased with time, while water-stable microaggregates and silt and clay consistently increased. 

 

Figure 1. Distribution of water-stable aggregates in reclaimed cambisol for different weathered coal 
humic acid treatments in years 1–3. Note: Different lowercase letters indicate, for the same aggregate 
fraction and the same age, significant differences in the proportion of water-stable aggregates between 
treatments (P < 0.05); different uppercase letters indicate, for the same aggregate fraction and the same 
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treatment, significant differences in the proportion of water-stable aggregates between years (P < 
0.05). 

For year 1, there was no significant difference in water-stable aggregates >5 mm; but that of 2–5 
mm was significantly increased compared with CK (P < 0.05). When accounting for all fractions, 
water-stable aggregates was highest in the 3% treatment, with an increase of 5.51% compared with 
the CK. Water-stable aggregates of 1–2 mm increased with increased humic acid application; 
however, there was no significant difference among treatments (P < 0.05). Water-stable aggregates of 
0.5–1 mm for each treatment was significantly increased compared with CK (P < 0.05), and the 3% 
treatment had the largest increase, reaching 15.47%. Water-stable aggregates of 0.25–0.5 and 0.053–
0.25 mm for each treatment were significantly decreased compared with CK (P < 0.05), which only 
accounted for 18.85% and 13.63% of all fractions in the 5% treatment, respectively. And <0.053 mm 
increasing with the amount of humic acid was a maximum of 17.84% in the 5% treatment, In contrast 
to year 1, water-stable macroaggregates at year 2 decreased with increased application of humic acid. 
Water-stable aggregates of 0.25–0.5 mm in the 5% treatment decreased by 33.54%, and water-stable 
microaggregates and silt and clay were the highest in the 5% treatment with 17.49% and 29.31%, 
respectively, and significantly differed from other treatments (P < 0.05). The water-stable 
microaggregates decreased for years 1 and 3, and the greatest decrease was in the 5% treatment with 
21.79%. Water-stable aggregates of the silt and clay fraction increased with increased humic acid 
application, and were greatest for the 5% treatment with 22.65%, and significantly differed from other 
treatments (P < 0.05). 

3.1.2. Stability of Water-Stable Aggregates 

Aggregate stability was affected by the year and the amount of humic acid application(Table 1). 
The MWD and GMD were affected by the year and the amount of humic acid application, and the 
maxima for the 5% treatment for the 3 years were 3.91 and 1.62 mm, respectively. Among them, MWD 
was positively correlated with year, which was significantly higher by 84.43% at year 3 compared 
with year 2 (P < 0.05). The GMD in the same year was significantly higher compared with CK (P < 
0.05), and the 5% treatment for year 3 had the largest increase compared with CK, reaching 78.02%, 
and was significantly higher compared with year 2 (P < 0.05), with an increase of 0.86 mm. Therefore, 
aggregates of reclaimed cambisol were the most stable under 3% treatment. 

Table 1. MWD and GMD of water-stable aggregates for reclaimed cambisol following weathered coal 
humic acid treatment for years 1–3. 

Treatm
ents  MWD/mm   GMD/mm  

 1st year 2nd year 3rd year 1st year 2nd year 3rd year 
CK 1.22 ± 0.08Ba 1.44 ± 0.19Ba 1.55 ± 0.21Ca 0.4 ± 0.02Bb 0.39 ± 0.09Bb 0.91 ± 0.21Ba 
1% 1.06 ± 0.07Bb 1.56 ± 0.2Ba 1.7 ± 0.13Ca 0.49 ± 0.19Ab 0.66 ± 0.08ABb 0.87 ± 0.25Ba 
3% 1.3 ± 0.06Bb 1.72 ± 0.11Abb 2.43 ± 0.18Ba 0.49 ± 0.15Aa 0.72 ± 0.11Aa 0.54 ± 0.02Ca 
5% 1.81 ± 0.22Ab 2.12 ± 0.11Ab 3.91 ± 0.05Aa 0.59 ± 0.11Aab 0.76 ± 0.08Ab 1.62 ± 0.12Aa 

Note: The data in the table are averages ± standard errors; different capital letters in the same column of data 
indicate significant difference among treatments for the same age (P < 0.05); lowercase letters of different peer 
data indicate significant differences for the same treatment and different years (P < 0.05), the same below. 

3.2. Influence of Weathered Coal Humic acid on Soil Organic C 

3.2.1. Total Organic C (TOC) of Reclaimed Cambisol 

The TOC content of reclaimed cambisol was positively correlated with years and weathered coal 
humic acid application (Figure 2). Within the same year, the highest organic C content was for the 
5% treatment, which was significantly higher than CK (P < 0.05). The maximum increase was 32.26 
g/kg in the 3 years compared with CK. Under the same treatment, organic C content was the highest 
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for 5% treatment at year 3, with 46.10 g/kg, an increase of 19.84 g/kg compared with year 1, and the 
difference among years was significant (P < 0.05).  

 
Figure 2. Total organic carbon content of reclaimed cambisol under different weathered coal humic 
acid treatments for years 1–3. 

3.2.2. Organic C in Water-Stable Aggregates 

The organic C content of water-stable aggregates of each treatment presented a state of “higher 
on both sides and lower in the middle” with the decreasing of aggregate fraction in the same year 
(Figure 3), and the aggregate fraction content of 0.5–1 mm was the lowest, which significantly 
increased in each treatment compared with CK (P < 0.05), among which, the 5% treatment was 15.00 
g/kg greater than for CK. For the same aggregate fraction, the organic C content of water-stable 
aggregates in different treatments was positively proportional to the application amount, with 
significant differences among treatments compared with CK (P < 0.05).  
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Figure 3. Organic carbon content in water-stable aggregates of reclaimed cambisol for different 
weathered coal humic acid treatments. Note: Different lowercase letters indicate significant 
differences in organic carbon of water-stable aggregates of different fractions under the same 
treatment (P < 0.05); different capital letters indicate significant differences in organic carbon among 
water-stable aggregates of the same fraction and different treatments (P < 0.05). 

For year 1, there were significant differences among all treatments and between all treatments 
and CK (P < 0.05). For year 2, there were no significant differences between 1% and 3% treatments; 
however, there were significant differences in all treatments compared with CK (P < 0.05). At year 3, 
there was no significant difference between 3% and 1% treatments except for the 1–2 mm fraction in 
soil large aggregates (>0.25 mm) (P < 0.05). The soil microaggregates (0.053–0.25 mm) and silt and 
clay (<0.053 mm) significantly differed from the 1% treatment to 3% treatment (P < 0.05). In the same 
treatment, the organic C content of the <0.053 mm fraction was the highest for years 1 and 2, and 
there was a significant difference between the aggregate fraction of the 5% treatment and other 
aggregate fractions at year 1 (P < 0.05); there was a significant difference between the 5% treatment 
and CK at year 2 (P < 0.05), and its highest value was 22.85 g/kg. However, the difference between 
year 3 and other years was that the 0.053–0.25 mm water-stable aggregates of 3% and 5% treatments 
had higher organic C content, and the difference between the 5% treatment (with the highest organic 
C content of 20.40 g/kg) and CK was significant (P < 0.05). 

3.2.3. POC and MOC Contents in Soil Aggregates 

The content of POC and MOC in soil aggregates show in Table 2. Among different treatments in 
the same year, POC content of 0.25–0.5 mm was highest for the 5% treatment. The maximum MOC 
content was for 0.25–0.5 mm at the 1st year, and for <0.053 mm in the 2nd and 3rd years, while the 
maximum MOC content for <0.053 mm was 13.82 g/kg in the 3rd year . The variation range of POC 
of 0.25–0.5 mm for the 5% treatment was 12.42–16.05 g/kg, and the range of MOC content for <0.053 
mm was 11.58–15.58 g/kg. The maximum range for the 5% treatment content was in year 1, with POC 
of 4.40–12.42 g/kg and MOC of 6.2–11.85 g/kg; the content for 0.25–0.5 mm was high for years 2 and 
3, and the maximum was for year 3, with significant difference compared with year 1 humic acid 
treatment in different years. 

Table 2. Contents of POC and MOC in reclaimed cambisol under different weathered coal humic acid 
treatments for years 1–3. 
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(mm) 
 >5 2.03 ± 0.6Ab 3.38 ± 0.94Ab 3.08 ± 0.93Ab 2.19 ± 0.37Ac 3.62 ± 1.03Ac 3.64 ± 1.09Ac 
 2-5 2.17 ± 0.51Bc 3.50 ± 0.73ABb 4.77 ± 1.29Ac 2.80 ± 0.92Bb 4.09 ± 0.51Ac 4.96 ± 0.27Ab 

 1-2 5.5 ± 0.7Bb 6.41 ± 1.07Bb 7.35 ± 0.45Ac 6.87 ± 0.54Bb 8.19 ± 0.74Ab 9.96 ± 0.88Ab 
CK 0.5-1 6.3 ± 1.06Bb 7.21 ± 1.28ABb 9.31 ± 1.03Ab 9.58 ± 0.88Aa 10.19 ± 0.46Ab 10.41 ± 0.69Ab 

 0.25–0.5 7.77 ± 0.5Ac 8.23 ± 0.96Ac 9.46 ± 0.92Ab 5.18 ± 0.63Bd 6.94 ± 0.8Ac 8.1 ± 0.63Ab 
 0.053–0.25 1.7 ± 0.4Ab 2.48 ± 1.12Ac 3.11 ± 1.02Ac 3.41 ± 1.03Bb 4.83 ± 0.44Bb 7.54 ± 0.85Ab 
 <0.053 1.74 ± 0.94Bd 3.32 ± 0.86ABc 4.47 ± 1.43Ad 2.75 ± 1.03Bc 3.78 ± 0.3Bc 5.77 ± 0.62Ac 
 >5 2.59 ± 0.69Bab 3.25 ± 0.28Ab 3.69 ± 0.82ABb 1.84 ± 0.63Bc 4.48 ± 1.03Abc 4.4 ± 0.86Abc 
 2-5 6.07 ± 0.85Bb 9.62 ± 0.94Aa 7.64 ± 0.55Abc 4.37 ± 1.28Cb 5.02 ± 1.15Bc 5.91 ± 0.58Bb 
 1-2 6.1 ± 0.82Bb 7.47 ± 1.09Bb 9.72 ± 0.72Ab 7.63 ± 1.14Aa 8.66 ± 1.04Ab 9.7 ± 0.86Ab 

1% 0.5-1 7.86 ± 1.23Ab 8.19 ± 1.14Ab 9.62 ± 0.69Ab 8.25 ± 0.79Ba 11.02 ± 0.78Ab 12.00 ± 1.8Aab 
 0.25–0.5 9.38 ± 0.54Bb 10.53 ±0.7ABb 11.28 ± 1.16Ab 6.83 ± 0.59Cc 9.37 ± 1.19Bb 12.55 ± 0.83Aa 
 0.053–0.25 2.36 ± 0.24Bb 4.96 ± 0.55Ab 5.75 ± 0.84Ab 4.73 ± 0.87Ab 6.43 ± 1.39Ab 6.57 ± 0.5Ab 
 <0.053 3.84 ± 0.54Bc 4.66 ± 0.78Bc 6.65 ± 1.03Ac 5.84 ± 1.11Ab 6.79 ± 1.53Ab 7.23 ± 1.04Abc 
 >5 3.2 ± 1.25Aab 4.21± 0.66ABab 3.81 ± 0.81Ab 3.32 ± 1.02Bb 4.89 ± 1.01Aab 5.06 ± 1.28Aab 
 2-5 8.12 ± 1.47Aa 10.1 ± 0.37Aa 9.26 ± 0.98Aab 8.61 ± 0.45Aa 9.10 ± 0.98Ab 10.1 ± 0.52Ab 
 1-2 7.86 ± 1.14Aa 6.66 ± 0.63Ab 6.82 ± 1.08Ac 6.09 ± 0.76Ca 7.75 ± 0.62Bb 9.28 ± 0.82Ab 

3% 0.5-1 7.85 ± 1.53Ab 8.37 ± 1.04Ab 9.67 ± 0.89Ab 8.87 ± 0.36Ba 11.22 ± 1.08Ab 12.5 ± 1.27Aab 
 0.25–0.5 10.6 ± 0.62Ab 10.94 ± 0.43Ab 11.39 ± 1.15Ab 9.89 ± 0.8Bb 11.68 ± 0.76ABa 12.55 ± 1.13Aa 
 0.053–0.25 2.62 ± 0.56Bb 5.06 ± 0.23Ab 5.6 ± 0.84Ab 4.71 ± 0.49Bb 6.58 ± 1.42Ab 7.77 ± 0.17Ab 
 <0.053 5.89 ± 0.84Bb 7.56 ± 1.3ABb 8.81 ± 1.11Ab 7.45 ± 1.19Ab 7.16 ± 0.89Ab 7.8 ± 0.65Ab 
 >5 4.4 ± 1.18Ba 5.54 ± 0.88Ba 6.17 ± 1ABa 6.2 ± 0.59ABc 6.36 ± 0.32Aa 7.62 ± 0.94Aa 
 2-5 8.8 ± 1.06Aa 10.55 ± 1.1Aa 10.32 ± 1.12Aa 8.34 ± 1.21Ba 10.30 ± 1ABa 10.64 ± 0.75Aa 
 1-2 9.1 ± 0.44Ba 11.24 ± 1.01Aa 11.9 ± 0.67Aa 10.59 ± 0.97Aa 10.86 ± 0.62Aa 12.09 ± 0.99Aa 

5% 0.5-1 10.59 ± 0.85Aa 11.49 ± 0.93Aa 11.81 ± 1.31Aa 9.62 ± 0.77Ba 13.54 ± 1.12Aa 13.82 ± 0.62Aa 
 0.25–0.5 12.42 ± 1.09Ba 13.35 ± 0.99Ba 16.05 ± 0.86Aa 11.85 ± 0.3Ba 13.42 ± 0.91Aa 13.44 ± 0.67Aa 
 0.053–0.25 4.89 ± 0.78Ba 8.45 ± 1.28Aa 9.33 ± 0.71Aa 10.73 ± 0.86Ba 12.4 ± 0.55Aa 13.83 ± 1.49Aa 
 <0.053 9.37 ± 0.7Ba 9.92 ± 0.84ABa 11.35 ± 0.63Aa 11.58 ± 0.47 Ba 13.63 ± 1.28ABa 15.58 ± 1.19Aa 

3.3. Influence of Weathered Coal Humic Acid on Soil Pore Structure 

Application years affected the pore structure parameters of soil treated with weathered coal 
humic acid(Table 3). In 3rd year, total porosity of reclaimed cambisol under the 5% treatment was 
the highest, which significantly differed from CK (P < 0.05).  

Anisotropy changes in this study were not large, which were greater than 1, indicating that 
horizontal pores mainly existed. After the 2nd year, the increase of soil pore anisotropy decreased, 
and soil permeability basically stabilized. The number of soil pores reached its maximum in the 3rd 
year, which was significantly greater than for other years (P < 0.05). 

The average pore volume of reclaimed cambisol was the maximum in the 2nd year, and it was 
decreased by 27.00% in the 3rd year. In the 2nd year, pores in soil for 5% treatment were mainly thick 
and interconnected, with a small number of pores and large average volume. In year 3, some pores 
were broken and fractured to form fine pores. In year 1, pore connectivity was lower than in year 2. 

Table 3. Pore structure parameters in reclaimed cambisol under different weathered coal humic acid 
treatments for years 1–3. 

Year Treatm
ents 

Total 
porosity /% 

Degree of 
Anisotrop

y 

Connective 
pore 

number 
/*103 

Disconnect
ive pore 
number 

/*103 

Pore 
number 

/*103 

Mean pore 
Volume 

/*103 

Connectivi
ty /% 

1 CK 0.17±0.03c 1.53±0.07a 4.60±0.04b 5.85±0.67b 5.40±0.54d 3.65±0.47c 15.57±0.25b 
1 5% 0.43±0.01abc 1.60±0.43a 6.02±0.7b 7.49±0.32b 10.90±0.93cd 6.18±0.43cd 15.46±0.41b 
2 CK 0.33±0.34b 1.39±0.18a 4.19±0.90b 6.12±0.11b 6.69±0.52cd 4.23±0.68c 9.41±0.90b 
2 5% 0.44±0.02ab 1.69±0.32a 6.15±0.96b 6.49±0.80b 14.24±0.12b 15.85±0.69a 36.56±0.42a 
3 CK 0.37±0.04ab 1.60±0.10a 8.09±0.36a 6.91±0.34b 7.82±0.79cd 7.34±0.95cd 15.91±1.01b 
3 5% 0.48±0.03a 1.70±0.10a 12.02±0.77a 21.79±0.67a 22.52±1.08a 11.57±0.71ab 23.07±1.26b 
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3.3.1. Soil Pore Shape and Distribution 

The most irregular pores existed in the reclaimed cambisol for weathered coal treatment, 
followed by regular pores and finally fine pores (Figure 4). The proportion of thin and irregular pores 
increased with time, while the proportion of regular pores decreased. In the 3rd year, the irregular 
pores under 5% treatment were the most, reaching 75.27%. This conclusion is consistent with soil 
pore three-dimensional morphology. 

 
Figure 4. Pore shape of reclaimed cambisol treated with 5% weathered coal humic acid. 

The quantity of P30-75μm in the 5% treatment decreased with time, while the quantity of P75-100μm 
and P>100μm increased (Figure 5). The pore quantity of P30-75μm and P>100μm in CK increased with time, 
while P75-100μm decreased; the quantity of P>100μm decreased first and then increased slightly with time; 
the number of P>100μm was highest, followed by P30-45μm, and the least was P75-100μm. Differing from CK, 
the quantity of P30-45μm in the 5% treatment decreased with time, but the quantity of P75-100μm and P>100μm 
increased; at year 3, P>100μm and P75-100μm reached the highest values (58.4% and 19.7%, respectively), 
while P30-45μm had the lowest value (21.9%). 

 
Figure 5. Pore distribution in reclaimed cambisol under 5% weathered coal humic acid treatment from 
the 1st year to the 3rd year. 
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3.3.2. Three-Dimensional Morphological Characteristics of Soil Pores 

There were more pores in the soil with 5% treatment in year 3 than in other years (Figure 6). The 
number of connected pores increased, the number of large pores increased, and a relatively perfect 
“pore network” was formed. 

In year 1, compared with CK with fewer sporadic pores, the number of pores increased 
significantly under the 5% treatment, pores of different sizes appeared, and local larger pores 
gradually developed. In year 2, the number of soil pores increased significantly, but small pores still 
dominated, and large pores continued to develop, while the number of large pores increased under 
the humic acid treatment. In year 3, the number of pores continued to increase and the distribution 
was more uniform, but the distribution of larger pores showed new characteristics: on the one hand, 
larger pores continued to develop; and on the other hand, the number of small pores increased due 
to fragmentation. 

Treatments 1st year 2nd year 3rd year 

CK 

   

5% 

   

Figure 6. Three-dimensional pore structure of reclaimed cambisol treated with 5% weathered coal 
humic acid treatment. 

4. Discussion 

4.1. Influence of Weathered Coal Humic Acid on Distribution and Stability of Soil Aggregates 

Using (>0.25 mm) water-stable aggregate content to evaluate the stability of soil aggregates can 
reflect the improvement of soil structure (Figure 6). In this study, the weathered coal humic acid 
changed the size distribution of water-stable aggregates, increased the content of water-stable 
macroaggregates, and decreased that of water-stable microaggregates and silt and clay. The reason 
may be that weathered coal humic acid is rich in -COOH, -CO, -CO-O-C-, -OH, and other oxygen-
containing functional groups [16], which has chemical properties such as hydrophilicity, 
complexation, ion exchange, and physical properties such as adsorption and colloid. It combined 
with soil clay minerals to form organic–inorganic complexes, which could increase the content of 
water-stable soil aggregates. In addition, the activated preparation of weathered coal sulfonated-
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humic acid C can provide organic energy for soil microorganisms [17] and has a high ability to 
enhance biological activity [18]. After entering the soil, it can promote agglomeration, enhance the 
cementation between soil particles, and improve stability of soil structure. Messiga et al. [19] believed 
that the slow turnover rate of large aggregates resulted in high organic C content in large aggregates. 
In addition, the strong bond formed by organic C binding with soil minerals reduces the availability 
of organic C to microorganisms [20] and significantly reduces the organic C mineralization rate of 
large aggregates [21]: the above conclusions were similar to our conclusions. 

The research showed that both weathered coal significantly increased soil total organic carbon, 
particulate and mineral-bound organic carbon (P < 0.05). There were no significant differences in soil 
total organic carbon content. Weathered Coal increased the soil organic carbon content in all 
aggregate fractions. While the Weathered Coal improved the soil aggregate stability [22].The reason 
could be the characteristics of Weathered Coal. While it has high cation exchange capacity, which 
increases its potential of “binding“ agent for soil matter and minerals [23]. Due to its complex 
structure and many branch chains, small soil particles have a stronger ability to be formed large 
aggregates [24]. 

The MWD and GMD values are important evaluation indexes for stability of soil aggregates, 
reflecting the increase in the content of macroaggregates. In this experiment, the MWD and GMD of 
soil aggregates were significantly affected by humic acid application amount, but not by year, with 
5% treatment the largest. And addition of weathered coal humic acid promoted the formation of 
water-stable macroaggregates (>0.25 mm) at year 1, and water-stable macroaggregates disintegrated 
at year 2 to form water-stable microaggregates (0.053–0.25 mm). The silt and clay (<0.053 mm) were 
dispersed in water-stable microaggregates in year 3. Biochar improved MWD and GMD values of 
soil aggregates and the proportion of macroaggregates, and improved the stability of aggregates. The 
soil aggregate stability increased with the increase of biochar application in a certain range [25]. This 
result was similar with our conclusions. It would be related to our application of weathered coal 
humic acid. Organic amendment facilitated aggregate stability, as exogenous organic matter directly 
or indirectly provides the binding agents for soil aggregation [26]. Studies have shown that when soil 
aggregates are moistened by water, the air in pores is compressed and expands, resulting in 
disintegration of large aggregates into microaggregates, and then the silt and clay in the 
microaggregates will be dispersed and broken, while humic acid has high permeability reduction 
and water retention performance [27]. This can slow the wetting rate of soil water and improve 
stability of soil aggregates. 

4.2. Influence of Weathered Coal Humic Acid on Organic C of Aggregates of Different Sizes 

The organic C content in soil aggregates is affected by fertilization, amendments, and other 
factors. In this study, application of weathered coal humic acid in reclaimed cambisol increased the 
content of organic C in water-stable microaggregates and silt and clay; the content of organic C in silt 
and clay for the 5% treatment was significantly higher than for CK. In the study of Huang et al. [28], 
mycelium existing in large aggregates cemented some stable biochar particles, and the organic C 
content increased in these aggregates was mostly the inert C source of biochar itself. At the same 
time, large aggregates contain more humus and other substances, which also affect the organic C 
content [26]. Although the added exogenous organic C differs, both can increase the content of 
organic C in aggregates by means of mycelium and humic acid existing in large aggregates. The 
difference is that humic acid of weathered coal can significantly change the fraction distribution of 
aggregates while biochar does not. 

Because the balance between decomposition and accumulation of organic C depends on the 
availability of substrates and the microbial transformation process affected by environmental 
conditions [29,30] and whether soil microbial products can be stably stored in soil determines the 
level of organic C accumulation [31–33]. In this study, addition of weathered coal humic acid 
increased the POC and MOC contents, with the increase related to the age and application amount, 
consistent with results of Beatrice et al. [34]. The addition of exogenous organic C can increase soil 
POC content; for instance, Yu et al. [35] found that continuous addition of glucose increased the MOC 
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content. On the one hand, there are many unfilled adsorption sites in MOC, and low molecular 
weight organic C such as glucose will be protected by binding with minerals. On the other hand, POC 
is considered a prerequisite for formation of MOC, and soil POC may be transformed into MOC. This 
may be related to the difference in exogenous organic C. Glucose is easily soluble in water, while 
weathered coal is a mineral source of humic acid, which plays an important role in the transformation 
and stability of soil organic matter through biological processing and transformation [36]. 

4.3. Influence of Weathered Coal Humic Acid on Soil Pore Structure 

Soil pore structure network and its availability determine the distribution, diffusion, and 
transport of soil moisture and nutrients, and are of great significance for the abundance, movement, 
and distribution of soil animals and microorganisms [37,38]. Soil pores are generally classified 
according to their equivalent diameter, and can been divided into storage pores <30 μm, capillary 
pores 30–100 μm, and macropores >100 μm [39]. Peng et al. [40] believe that soil utilization will 
destroy or reduce soil pores, reduce soil porosity, and rupture elongated pores. This is similar to this 
study. In this study, weathered coal humic acid affected pore distribution and shape in soil, and the 
equivalent diameter of soil pores was divided into three categories: 30–75, 75–100, and >100 μm. Most 
of the soil pores were macropores with >100 μm. This may be related to the year-by-year addition of 
weathered coal humic acid. On the one hand, the humic acid acts as the “cementing agent” of mineral 
particles to form microaggregates, reducing the number of small pores; on the other hand, it affects 
the composition and community structure of soil microorganisms, increasing their activity, and 
making soil pore structure more complex [41]. 

Soil pore shape reflects the regularity of soil pores and affects soil water conservancy 
characteristics. In this study, irregular pores were the main type, followed by regular, and then fine 
pores. With time, fine porosity increased and regular porosity decreased, similar to previous research 
[42]. Long-term cultivated soil is dominated by elongated pores, followed by irregular, and then 
regular pores. The proportion of elongated pores decreases with increased cultivation time, while 
regular and irregular pores show an opposite trend, unlike our study, probably because the humic 
acid promoted the accumulation of organic C, resulting in the formation of complex soil pore 
structure dominated by elongated pores. Our experiment was a 3-year field micro-plot experiment 
conducted on raw soil, while Peng et al. [42] conducted a long-term fertilizer experiment on cropland 
soil with high fertility. So, the pore structure of the cropland soil is more complex. 

Compared with CK treatment of macroaggregates, the total porosity of the biochar treatment 
increased, while the numbers of independent pores decreased and of connected pores increased [43], 
similar to our results. In our studies, addition of weathered coal humic acid for 3 years significantly 
increased the porosity, independent pore number, and average pore volume of reclaimed cambisol 
compared with CK, the pore number and connected pore number were positively correlated with 
time, and the independent pore number and average pore number volume reached maxima at year 
2. The reason may be that the weathered coal humic acid better promoted development of soil pores 
than biochar. The average pore volume and connectivity reached maxima at year 2, and then some 
robust macropores were broken, average pore volume decreased, pore number and independent 
pore number increased, and the connectivity decreased. 

5. Conclusions 

It is advisable to have addition of 5% weathered coal humic acid in reclaimed cambisol. 
In reclaimed cambisol, addition of weathered coal humic acid promoted the formation of water-

stable macroaggregates (>0.25 mm) at year 1, and this class of aggregates had the highest content. The 
water-stable macroaggregates disintegrated at year 2 to form water-stable microaggregates (0.053–
0.25 mm), and then water-stable microaggregates had the highest content. The silt and clay (<0.053 
mm) were dispersed in water-stable microaggregates in year 3, the content of silt and clay was the 
highest, and the content of the 5% treatment was the highest of all years. The MWD and GMD were 
greatest and the soil structure was the most stable for the 5% treatment at year 3. Soil TOC content 
increased with time and application amounts, and the organic C content of water-stable aggregates 
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increased with increased application. The highest content was in silt and clay (<0.053 mm) for years 
1 and 2, and the highest aggregate fraction content was in soil TOC and water-stable microaggregates 
for year 3 under 5% treatment (0.053–0.25 mm). At year 3, POC and MOC of the 5% treatment ranged 
within 6.17–16.05 and 7.62–15.58 g/kg, respectively, with the largest aggregate fraction being silt and 
clay (<0.053 mm). 

For year 1 of the 5% treatment, independent pores dominated; at year 2, the number of pores 
decreased slightly, but average pore volume increased, forming robust connected pores; and at year 
3, some pores were broken, the number of elongated and irregular pores increased, and irregular 
pores reached 75.27%. The number of P30-75μm pores decreased with time, while the number of P75-100μm 
and P>100μm increased. In year 3, the number of P30-75μm pores was 21.9% and of P75-100μm and P>100μm pores 
was 19.7% and 58.4%, respectively. 
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