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Abstract

:

It is of great significance to determine soil aggregate stability in predicting agricultural production conditions and soil erosion risk. However, the problem exposed in the process of evaluating soil aggregate stability cannot be ignored: Can the effects of different mechanisms on the degree of soil aggregate breakdown be distinguished by selecting ethanol and water as dispersion media? Based on this question, natural soils with a gradient in soil textures of silty loam to loamy clay were used as the test materials. Deionized water, ethanol and hexane were employed as soaking solutions to quantitatively analyze the extent to which the aggregates were dispersed in static disintegration experiments. The results suggested that the soil hydrophilicity (SH) of six soils with a texture gradient were >1 by comparing the aggregate breakdown index (ABI) of soils undergoing ethanol and hexane dispersion. This indicated that the hydrophilic group (-OH) contained in ethanol interacted with the hydrophilic surfaces of the soil particles. Therefore, the soil hydrophilicity (hydration) should be determined by comparing the ABI values undergoing hexane and water dispersion. From silty loam to loamy clay, the average contribution of hydration to aggregate fragmentation decreases, and the process of aggregate breakdown with different textures is characterized by size selectivity. When the soil aggregates were fragmented into 2–0.25 mm aggregate fractions, for silty loam and sandy clay loam, 0.002–0.02 mm and <0.002 mm particles were preferentially moved; for clay loam and loamy clay, >0.002 mm particles were preferentially moved. When the soil aggregates were fragmented into <0.25 mm aggregate fractions for soils with different textures, the 0.002–0.02 mm and <0.002 mm particles all exhibited preferential migration characteristics. This work provides an idea for improving the methods of aggregate stability measurements in the future.
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1. Introduction


Soil aggregate stability is a significant index used to reflect the stabilities of soil structures, and it determines the resistance to soil breakdown resulting from the action of mechanical wheels, raindrop impact, mechanical alimentary action of soil fauna and other external actions [1,2,3]. At present, researchers have mainly focused on the effect of four mechanisms (slaking, differential swelling, raindrop mechanical impact and physicochemical dispersion) for soil aggregate breakdown, especially slaking and raindrop mechanical impact mechanisms [3,4,5,6]. Slaking is generated by the escape of air trapped inside aggregate pore during wetting, and raindrop mechanical impact is mainly generated by the combined effect of the escape of air trapped inside aggregate pore and mechanical impact. Although the above two mechanisms (slaking and raindrops mechanical impact) have different effects on soil aggregate fraction, there is a common overall characteristic, namely, the soil aggregates are wetted with water before dispersion [4,7]. This indicates that the interaction between soil particles and water is an important mechanism affecting soil aggregate breakdown, i.e., soil hydrophilicity [8,9,10]. Generally, soil particles interact with water in two main ways: (1) an interaction between the clay crystal lattice surface and water and (2) an interaction between the exchangeable cations on the clay surface and water [11,12,13,14]. The dry aggregate cannot be dispersed after wetting without this mechanism (soil hydrophilicity) [15]. If the soil is more hydrophilic, the affinity of particles with water will be greater, so as the hydration [9]. Therefore, during rainfall, the breakdown of soil aggregate is not only affected by the slaking caused by soil hydrophilicity but also by the mechanical impact caused by raindrops.



To distinguish the contributions of slaking and mechanical impact on soil aggregate breakdown during a rainfall, Xiao et al. [3], selected ethanol as the raindrop material to simulate the sole influence of mechanical impact on soil aggregate breakdown, and deionized water was selected as the raindrop material to simulate the combined effects of slaking and mechanical impact on soil aggregate breakdown. As we all know, ethanol is a special polar liquid with a hydrophilic group and hydrophobic group [16]. When ethanol contacts soil aggregates, the ethanol absorbed by the soil not only fills the pores of the aggregates but also interacts with the hydrophilic parts of the soil particle surfaces [9]. This process also occurs when water contacts the soil aggregates, and it is attributed to a thin water film that is usually adsorbed on the surfaces of soil particles. Both water and ethanol liquids can interact with the hydrophilic part of soil particle surfaces. This indicates that it is impossible to avoid the influence of slaking caused by soil hydrophilicity on aggregate breakdown by selecting ethanol as raindrops material to simulate sole mechanical impact. Thus, it may not be appropriate to select ethanol solution as raindrop material to compare with water. A nonpolar liquid should be selected, and this liquid should only interact with the hydrophobic part of the soil particle surface apart from filling the soil pores.



Soil internal factors (such as clay, soil organic matter (SOM), Fe/Al oxides, cation exchange capacity (CEC) and so on) influence the ability of aggregates to resist water dispersion [17,18]. Clay binds the particles in the aggregates together and thus protects the aggregates against the disruption caused by raindrops and rapid wetting [19]. During aggregation, because of the high specific surface area and negatively charged surfaces of the clay particles, it easily binds together by metal cations or organic molecules, thus affecting the surface adsorption of organic matter and the formation of microaggregates [20,21,22]. The stabilities of the soil microaggregates are higher than those of soil macroaggregates and are often regarded as a stable compound soil structure [23,24]. Meanwhile, clay has a positive effect on the stabilities of soil aggregates and is a key factor in stabilizing the larger aggregate structures and driving the arrangement and distribution of organic matter in aggregate fractions [25,26,27]. Wudivira et al. [28], found that clay had the greatest impact on the stabilities soil aggregates, followed by SOM, exchangeable sodium and CEC.



Based on this, soils with a clay content gradient (15–35%) were selected as test soils. The deionized water and ethanol were used as soaking solutions in our static disintegration experiments [29]. In addition to these two polar liquids (deionized water and ethanol), a nonpolar solution (hexane) with a hydrophobic group was selected as the other soaking solution to determine whether the hydrophilic groups contained in ethanol can interact with hydrophilic parts of soil particle surface. The properties of three soaking solutions are summarized in Table 1.



The aims of the present study were (i) to verify whether the hydrophilic groups contained in ethanol can interact with hydrophilic parts of the soil particle surface; (ii) to clarify hydrophilicity of soils with a texture gradient; and (iii) to clarify the factors affecting the contribution of soil hydrophilicity to the aggregate breakdown index (ABI).




2. Materials and Methods


2.1. Soil Sample Collection and Determination


Soils with a texture gradient were collected from the Beibei District, Chongqing, China. The experimental soils are attributed to Cambisols according to the World Reference Base (WRB) taxonomy. An X-ray diffraction revealed that the clay minerals of the test soils were mainly illite/smectite mixed-layer and illite [31]. The particle size distribution (PSD) was measured with a laser diffraction particle size analyzer (Malvern Mastersizer 2000). Before measuring the PSD, three optical parameter values of the laser diffraction particle size analyzer were set, namely the soil particle refractive index (1.555), the soil particle absorption index (0.01) and the obscuration range (20–30%). Then, the soil was digested (removal of organic matter and calcium carbonate) and subjected to a dispersion pretreatment (chemical dispersion with sodium hexametaphosphate and physical dispersion with ultrasound). The micromorphology of the soil aggregates was analyzed with scanning electron microscopy (SEM) (Phenom ProX); two parameters were set for the SEM study, namely, the acceleration voltage (10 kv) and the conductive coating (60 s). The SOM, pH, CEC, free Fe oxides (Feo) and bulk density (BD) were determined with conventional methods and are shown in Table 2 [32].




2.2. Soil Aggregate Fractionation


The collected soil was naturally air-dried in a ventilated environment after removing plant roots, animal residues and other impurities. The air-dried soils were dry-hand sieved to obtain 2–5 mm soil aggregates for the experiments. Before the aggregate stability experiments, the test soil aggregates were oven-dried at 40 °C (24 h) to ensure a constant matrix potential [33].




2.3. Experimental Methods


To verify our theoretical speculation in the Introduction, and to prevent disturbances caused by external forces, the stability of the soil aggregates was determined with the static disintegration method [31]. In this experiment, soil aggregates with a texture gradient were used as the research object, and deionized water, ethanol and hexane were selected as immersion solutions. As shown in Table A1, when deionized water was selected as immersion solution, there was no significant difference in the aggregate stability index (ASI) after 100 min, so the soaking times of the soil aggregates were set at 5, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 min. Subsequently, 50 g of soil aggregates were placed in the top of each nested 2 and 0.25 mm sieves, respectively (Figure 1), and then they were thoroughly wetted by pouring deionized water around the inside wall of the aluminum box. Finally, the top opening of the box was sealed with fresh-keeping film. When the soaking period reached the specified immersion time, the aggregate fragments with the three grain size ranges (>2 mm, 2–0.25 mm and <0.25 mm) were collected and dried (50 °C) to obtain their masses and then used to determine their microaggregates and particle compositions.



As shown in Table A2, there was little change in the ASI value after various soaking times when ethanol and hexane were used as the soaking solutions, so the soaking times of the soil aggregates were set at 5, 60 and 100 min. An amount of 50 g of soil aggregates were placed in the top of each nested 2 and 0.25 mm sieves (Figure 1), and then they were thoroughly wetted by pouring the soaking solution around the inside wall of the aluminum box. Finally, the top opening of the box was sealed with fresh-keeping film. When the soaking period reached the specified immersion time, the aggregate fragments with three grain sizes were collected. When the soaking solution was ethanol, the aggregate fragments with the three grain size ranges were detached, and the soil particles of different sizes that contained ethanol were removed via frequent washing with deionized water and were then dried (50 °C) to obtain their masses. When the soaking solution was hexane, soil particles of different sizes were detached, and the soil particles of different sizes that contained hexane were washed away with ethanol. Subsequently, we repeated the above ethanol washing procedures and dried (50 °C) the samples to obtain their masses. Hexane is highly volatile, flammable and toxic. The soaking disintegration tests with hexane solution should be carried out in the fume hood. A gas mask, rubber gloves and safety goggles should be worn by the relevant operators. If hexane is dripped on the skin carelessly, it should be washed away with water promptly. Each treatment was repeated in triplicate.



The ASI and ABI values were calculated using (Equations (1) and (2)), respectively [31,34]:


  ASI =    m a   M   



(1)






  ASI =   m  (   b    /    c    )  M   



(2)




where M (g) is the mass of the initial soil aggregates, and ma (g), mb (g) and mc (g) are the masses of the >2 mm, 2–0.25 mm and <0.25 mm aggregate fractions, respectively.



The degree of aggregation (DA) of <0.01 mm particles was calculated using Equation (3) [35]:


  DA =    A p  −  P a     P b    × 100  



(3)




where AP (%) is the percentage of >0.01 mm aggregate particles; Pa (%) is the percentage of >0.01 mm primary particles; and Pb (%) is the percentage of <0.01 mm primary particles.



The soil hydrophilicity (SH) was calculated with Equation (4) [9]:


  SH =     ABI  p      ABI   np      



(4)




where ABIp is the aggregate breakdown index in the polar solution (deionized water or ethanol), and ABInp is the aggregate breakdown index in the nonpolar solution (hexane). If SH > 1, the solution with hydrophilic groups interacts with the hydrophilic parts of soil particle surfaces. Otherwise, the solution with hydrophilic group cannot interact with hydrophilic parts of the soil particle surface.



The contribution of soil hydrophilicity (hydration) (CSH) to aggregate breakdown was calculated with Equation (5):


  CSH =     ABI  w      ABI  w  +   ABI  h     



(5)




where ABIw is the aggregate breakdown index in deionized water solution, and ABIh is the aggregate breakdown index in hexane solution.



The enrichment ratio (ER) was used as an important index to evaluate particle sorting, and was calculated with Equation (6) [33]:


  ER =    proportion   of   effective   particles   in   a   certain   size   fraction   of   the   broken   particle     proportion   of   effective   particles   in   a   certain   size   fraction   of   the   original   soil     



(6)







If ER > 1 for a particular size fraction, the particles in that size fraction were preferentially moved; if ER < 1, the particles in that size fraction were not easily moved.




2.4. Statistical Analysis


The Origin 2021 software was used for data plotting. All statistical analyses were performed with SPSS 26 software and included one-way analysis of variance with least significant difference testing. Pearson correlation analyses were performed to analyse the relationships among the dependent variables (i.e., the ABI and soil physicochemical properties).





3. Results


3.1. Soil Hydrophilicity


We found the SH of the six soils with a texture gradient were >1 by comparing the ABI values undergoing ethanol and hexane dispersion (Figure 2). This indicated that the ethanol with the hydrophilic group can interact with hydrophilic parts of the soil particle surfaces. The SH of the six soils with a texture gradient were also found to be >1 by comparing the ABI values undergoing hexane and deionized water dispersion. From Figure 3, it can be seen that soil hydrophilicity for the different texture soils followed the order of silty loam > clay loam > sandy clay loam > loamy clay. Meanwhile, we determined the contribution of soil hydrophilicity (hydration) on aggregate breakdown. When soil aggregates were fragmented into 2–0.25 mm aggregate fractions, the average contributions of hydration to aggregate breakdown for samples S1 to S6 were 99.85%, 99.32%, 99.73%, 98.68%, 97.48% and 96.45%, respectively (Figure 4). When soil aggregates were fragmented into <0.25 mm aggregate fractions, the average contributions of hydration to aggregate breakdown for samples S1 to S6 were 98.11%, 96.86%, 98.13%, 97.58%, 97.50% and 97.19%, respectively. In summary, clay is an important factor in reducing the fragmentation of soil aggregates caused by hydration.




3.2. Soil Aggregates Breakdown Undergoing Water Dispersion


The ABI increased gradually as the immersion time was increased. However, for different texture soil, there were differences in the size fraction of aggregate fragments. When initial soil aggregates were fragmented into 2–0.25 mm aggregate fractions, the ABI differed among the six soils and followed the order of S1 > S3 > S2 > S4 > S5 > S6 (Figure 5). The ABI of S1 was significantly higher than that of the other soil texture (p < 0.05), whereas the difference in ABI among S2, S3, S4, S5 and S6 was affected by the immersion time (Table A3). When the soil aggregates were fragmented into <0.25 mm aggregate fractions, the ABI showed a trend of increasing fluctuation with increasing immersion time. However, the ABI followed the order of S2 > S1 > S3 > S4 > S6 > S5 once the aggregate breakdown process had basically stabilized (100 min) (Figure 5). The ABI of sample S5 was significantly lower than those of the other soils, whereas there was no significant difference between S1 and S2, S3 and S4 (Table A3). This indicated that the aggregate breakdown process exhibited size selectivity.




3.3. Selectivity Characteristics of Aggregate Fractions


The particles dispersed by hydration underwent a size selectivity process during soaking. When the soil aggregates were fragmented into 2–0.25 mm aggregate fractions, for S1 and S2, the particle of 0.002–0.02 mm and <0.002 mm was preferentially moved, and the ER increased gradually with increasing immersion time; for S3 and S4, S5 and S6, the particle of >0.002 mm was preferentially moved, and the ER decreased gradually with increasing immersion time (Figure 6). When the soil aggregates were fragmented into <0.25 mm aggregate fractions, for the soil of different texture, the particles of 0.002–0.02 mm and <0.002 mm all show preferential migration characteristics, and ER increases with increasing immersion time. Furthermore, during the process of aggregate breakdown, the DA of soil particles also changes. For silty loam, sandy clay loam, clay loam and loamy clay, when the aggregates were fragmented into 2–0.25 mm aggregate fractions, the DA of the <0.01 mm soil particles decreased from 36.04% to 8.33%, from 77.18% to 56.00%, from 76.84% to 66.87% and from 82.02% to 68.89% with increasing immersion time; when the aggregates were fragmented into <0.25 mm aggregate fractions, the DA of the <0.01 mm soil particles decreased from 44.98% to 9.78%, from 44.24% to 21.02%, from 67.21% to 55.41% and from 64.51% to 49.40% with increasing immersion time (Table 3). This indicated the extent to which clay loam and loamy clay are aggregated was higher than that of silty loam, sandy clay loam, and the extent to which soil particles of 2–0.25 mm fractions were aggregated was higher than that of <0.25 mm fractions.





4. Discussion


4.1. Assessing the Limitation of Ethanol in Distinguishing Aggregate Breakdown Mechanisms


Water is regarded as a key factor to induce soil aggregate breakdown in soil and aqueous systems [11,15,36]. In other words, the interaction between soil particles and water (soil hydrophilicity) is an important mechanism affecting soil aggregate breakdown [9], and it is also the essence that leads to the occurrence of four action mechanisms (slaking, differential swelling, raindrop mechanical impact, and physicochemical dispersion) [15]. Therefore, identifying soil hydrophilicity is the key step in analyzing the hydraulic stability of soil aggregates. As speculated in the Introduction, it may not be appropriate to distinguish the contribution of soil hydrophilicity and mechanical impact on aggregate breakdown by selecting water and ethanol as the dispersion media. If this speculation is correct, the ratio of the ABI values undergoing ethanol and hexane dispersion is greater than 1; otherwise, the speculation is wrong. As mentioned in the Results, the ratio of the ABI values undergoing ethanol and hexane dispersion was greater than 1 (Figure 2). This indicated that the hydrophilic groups contained in ethanol interacted with the hydrophilic surfaces of the soil particles. This finding shows that the ethanol has limitations in preventing interference among the different breakdown mechanisms for the soil aggregates. Especially during rainfall, the influence of soil hydrophilicity and mechanical impact on soil aggregate breakdown cannot be distinguished by selecting ethanol and water as the dispersion media, respectively. On the one hand, this is attributed to the swelling of soil [9]. Influenced by the hydroxylic surface of soil particles, water molecules are adsorbed on the surface of soil particles via molecular attraction, and a thin water film is formed around the soil particles [37,38,39]. Because the ethanol is characterized by hydrophilicity, when it contacts a soil particle, the surface of the soil particle shows swelling behavior, which in turn causes the breakdown of soil aggregates. The hydration energy of the surface of soil particles is the main driving force of aggregate breakdown at this stage. On the other hand, the formation of hydrogen bonds contributes to the dissolution of organic matter. The hydrophilic groups contained in ethanol can form hydrogen bonds with polar groups of organic molecules (such as -NH2, -OH and -COOH). This process weakens the hydrogen bonding between soil particles, and then promotes the dispersion of soil aggregates [40]. Therefore, the contribution of soil hydrophilicity to aggregate fragmentation can be better clarified by selecting hexane and water as dispersion media, respectively.




4.2. Assessing the Contribution of Clay and CEC to the ABI and Its Limitations


The soil aggregate, as a soil structure and functional unit, is an important factor in regulating soil properties, fertility and ecological functions [2,17,33]. The stability of aggregates and the pores between them affect the movement and storage of water, biological activities and crop growth [1,41]. Soil physicochemical properties are often considered important indicators reflecting the soil aggregate stability, mainly including the SOM, soil texture, CEC, clay mineral composition, Fe/Al oxides and other indicators [42,43,44]. The influence of physicochemical properties on the soil aggregate stability may be independent or synergistic [45]. Aggregate stability generally increases with increasing clay and SOM contents and CEC, and the SOM improves the stability of soil aggregates by reducing the aggregate wettability and thus increasing aggregate cohesion [17,41,46]. Six et al. [47], reported that the SOM did not exhibit a significant positive correlation with the soil aggregate stability in tropical and subtropical soils. Hence, the relationship between the soil aggregate stability and soil physicochemical properties is not always consistent, which makes the study of soil aggregate stability highly complex. In this study, when soil aggregates were immersed in deionized water, the total ABI (ABIt) and the ABI of 2–0.25 mm fractions (ABI2–0.25) was negatively correlated with the clay percentage and CEC, while the ABI of <0.25 mm (ABI<0.25) fractions were not only negatively correlated with the clay percentage and CEC but also with Feo (Table 4). This result is similar to those in previous reports [17,48]. The content of Fe/Al oxides is often adopted as an important indicator reflecting the aggregate stability of soils with a low SOM content [47,49]. Therefore, when the relationship between physicochemical properties and soil aggregate stability is analysed, it is not only necessary to consider the total amount of aggregate breakdown but also it is also necessary to consider the extent of aggregate breakdown in the different particle size ranges, otherwise the influence of certain physicochemical properties on the soil aggregate stability will be overlooked.



On the other hand, the percentage of clay also affects the micromorphology of soil aggregate. Since SEM provides a high magnification, high resolution and strong stereoscopic sense, it is usually applied to visually judge the surface characteristics of soil particles, pore distribution and the pattern of association between particles (surface-to-surface contacts, border-to-surface contacts or border-to-border contacts) [50,51]. The difference in micromorphology of soil with a gradient in soil textures can also determine different hydraulic stability of soil aggregates. From the sample sequence S1 to S6, the association patterns between particles were altered from border-to-surface contacts or border-to-border contacts to surface-to-surface contacts, and the degree of cementation between particles gradually increased (Figure 7). For S4, S5 and S6, the fine soil particles were cemented to coarse particles. This arrangement and the combination of soil particles enabled the formation of stable aggregates [52]. When the aggregates were soaked in water, the aggregate stability differed among different texture soil and followed the order of loamy clay > clay loam > sandy clay loam > silty loam. Therefore, it can provide theoretical support for evaluating the hydraulic stability of aggregates in the future by exploring soil physicochemical properties and aggregate micromorphology characteristics.





5. Conclusions


This study demonstrated that the hydrophilic groups contained in ethanol can interact with the hydrophilic surfaces of soil particles because of the water molecule layers on the surface of soil particles. This indicates that ethanol has limitations in preventing the interference among the different breakdown mechanisms for soil aggregates, and ethanol should be replaced by hexane. Especially during rainfall, deionized water and hexane are recommended as the dispersion media used to distinguish slaking and mechanical impact mechanisms, and then to clarify the contribution of soil hydrophilicity on soil aggregates breakdown. Meanwhile, we found that the clay, cation exchange capacity and free Fe oxides are important indicators of hydraulic stability for soil aggregates, and loamy clay has a relatively low hydrophilicity compared with other soil textures. Moreover, the particles dispersed by hydration are characterized by a size selectivity. For silty loam and sandy clay loam, the particle of 0.002–0.02 mm and <0.002 mm is preferentially moved; for clay loam and loamy clay, the particle of >0.002 mm shows preferential migration characteristics. Our results provide a basis for further research on the hydraulic stability of soil aggregate.
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Table A1. The ASI of different immersion time with deionized water employed as the immersion solution.






Table A1. The ASI of different immersion time with deionized water employed as the immersion solution.





	
Time

	
ASI (%)




	
S4

	
S6






	
5 min

	
93.63 ± 0.11 a

	
96.28 ± 0.53 a




	
10 min

	
93.53 ± 0.50 ab

	
96.09 ± 0.54 ab




	
20 min

	
93.55 ± 0.06 ab

	
95.77 ± 0.48 b




	
30 min

	
93.52 ± 0.44 ab

	
95.78 ± 0.27 b




	
40 min

	
93.13 ± 0.09 b

	
95.67 ± 0.24 b




	
50 min

	
92.99 ± 0.25 b

	
95.68 ± 0.06 b




	
60 min

	
92.40 ± 0.37 c

	
95.67 ± 0.14 b




	
70 min

	
92.40 ± 0.44 c

	
95.67 ± 0.14 b




	
80 min

	
92.69 ± 0.21 bc

	
95.46 ± 0.29 bc




	
90 min

	
92.07 ± 0.28 cd

	
95.44 ± 0.17 bc




	
100 min

	
91.64% ± 0.30 d

	
94.80 ± 0.22 c




	
1 d

	
91.23 ± 0.05 d

	
95.02 ± 0.09 c




	
3 d

	
91.26 ± 0.05 d

	
94.93 ± 0.10 c




	
5 d

	
91.21 ± 0.11 d

	
94.89 ± 0.04 c




	
10 d

	
91.28 ± 0.23 d

	
94.85 ± 0.05 c








Note: S4 and S6: loamy clay; different lowercase letters after values represent the obvious difference between immersion time at p < 0.05.













[image: Table] 





Table A2. The ASI of different immersion time with ethanol and hexane employed as soaking solutions, respectively.






Table A2. The ASI of different immersion time with ethanol and hexane employed as soaking solutions, respectively.





	
Time (min)

	
ASI (%)




	
Ethanol

	
Hexane




	
S4

	
S6

	
S4

	
S6






	
5

	
99.29 ± 0.13 a

	
98.83 ± 0.05 a

	
99.39 ± 0.04 a

	
99.51 ± 0.11 a




	
10

	
99.40 ± 0.21 a

	
98.82 ± 0.10 a

	
99.41 ± 0.07 a

	
99.45 ± 0.09 a




	
20

	
99.41 ± 0.21 a

	
98.73 ± 0.09 a

	
99.42 ± 0.09 a

	
99.48 ± 0.06 a




	
30

	
99.35 ± 0.12 a

	
98.71 ± 0.17 a

	
99.43 ± 0.10 a

	
99.44 ± 0.04 a




	
40

	
99.31 ± 0.14 a

	
98.74 ± 0.03 a

	
99.35 ± 0.13 a

	
99.47 ± 0.07 a




	
50

	
99.27 ± 0.12 a

	
98.69 ± 0.06 a

	
99.31 ± 0.14 a

	
99.42 ± 0.04 a




	
60

	
99.19 ± 0.11 a

	
98.71 ± 0.15 a

	
99.34 ± 0.08 a

	
99.43 ± 0.05 a




	
70

	
99.22 ± 0.05 a

	
98.73 ± 0.11 a

	
99.39 ± 0.08 a

	
99.45 ± 0.06 a




	
80

	
99.21 ± 0.11 a

	
98.66 ± 0.05 a

	
99.38 ± 0.04 a

	
99.42 ± 0.03 a




	
90

	
99.12 ± 0.15 a

	
98.62 ± 0.08 a

	
99.33 ± 0.07 a

	
99.41 ± 0.04 a




	
100

	
99.21 ± 0.06 a

	
98.58 ± 0.25 a

	
99.32 ± 0.02 a

	
99.40 ± 0.03 a








Note: different lowercase letters after values represent the obvious difference between immersion time at p < 0.05.
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Table A3. The ABI of different soils soaked in deionized water (%).






Table A3. The ABI of different soils soaked in deionized water (%).





	
Size

	
Time

	
S1

	
S2

	
S3

	
S4

	
S5

	
S6




	
(mm)

	
(min)






	
2–0.25

	
5

	
17.85 ± 3.54 Ad

	
5.06 ± 0.44 BCe

	
6.90 ± 1.77 Bc

	
3.61 ± 0.32 Cc

	
1.73 ± 0.09 Cc

	
1.21 ± 0.23 Ca




	
10

	
21.07 ± 1.52 Ac

	
6.07 ± 0.88 Bd

	
7.69 ± 1.46 Bc

	
3.70 ± 0.72 Cc

	
1.83 ± 0.05 Dc

	
1.67 ± 0.20 Ea




	
20

	
23.01 ± 0.94 Abc

	
6.84 ± 0.36 Bd

	
7.96 ± 0.46 Dc

	
4.02 ± 0.06 Cbc

	
1.89 ± 0.05 Fc

	
1.68 ± 0.21 Ea




	
30

	
23.26 ± 0.43 Abc

	
7.55 ± 0.51 Ccd

	
8.76 ± 0.21 Bbc

	
4.14 ± 0.19 Dbc

	
2.02 ± 0.19 Ec

	
1.63 ± 0.09 Ea




	
40

	
23.71 ± 0.08 Ab

	
8.29 ± 0.67 Bc

	
8.53 ± 0.51 Bc

	
4.31 ± 0.49 Cbc

	
2.12 ± 0.13 Dbc

	
1.77 ± 0.17 Da




	
50

	
23.57 ± 1.01 Ab

	
8.66 ± 0.61 Bbc

	
9.44 ± 0.50 Bbc

	
4.44 ± 0.18 Cb

	
2.21 ± 0.07 DEbc

	
1.66 ± 0.11 Ea




	
60

	
24.34 ± 0.19 Aab

	
9.26 ± 0.59 Bb

	
10.35 ± 1.27 Bbc

	
5.15 ± 0.52 Cab

	
2.24 ± 0.10 Dbc

	
1.67 ± 0.29 Da




	
70

	
24.87 ± 0.65 Aab

	
9.45 ± 0.42 Cab

	
10.67 ± 1.11 Bb

	
4.79 ± 0.21 Dab

	
2.15 ± 0.10 Ebc

	
1.68 ± 0.31 Ea




	
80

	
24.72 ± 0.92 Aab

	
9.68 ± 0.46 Cab

	
11.28 ± 0.71 Bab

	
4.54 ± 0.65 Db

	
2.19 ± 0.21 Ebc

	
1.77 ± 0.30 Ea




	
90

	
25.22 ± 0.71 Ab

	
9.90 ± 0.32 Cab

	
12.44 ± 1.41 Bab

	
4.51 ± 0.58 Db

	
2.42 ± 0.22 Eb

	
1.81 ± 0.29 Ea




	
100

	
26.12 ± 0.47 Aa

	
10.24 ± 0.64 Ca

	
12.75 ± 1.72 Ba

	
5.34 ± 0.32 Da

	
2.99 ± 0.56 Ea

	
2.13 ± 0.39 Ea




	
<0.25

	
5

	
2.73 ± 0.25 Ac

	
2.50 ± 0.19 Ac

	
1.85 ± 0.15 Bb

	
1.81 ± 0.15 Ba

	
1.21 ± 0.10 Cc

	
1.80 ± 0.16 Ba




	
10

	
2.84 ± 0.15 Ac

	
2.60 ± 0.15 Ac

	
1.97 ± 0.14 BCb

	
2.12 ± 0.11 Ba

	
1.25 ± 0.11 Dc

	
1.72 ± 0.18 Ca




	
20

	
3.03 ± 0.28 Abc

	
2.83 ± 0.18 Abc

	
1.95 ± 0.26 Bb

	
2.10 ± 0.18 Ba

	
1.34 ± 0.03 Cbc

	
1.85 ± 0.23 Ba




	
30

	
3.17 ± 0.19 Ab

	
2.92 ± 0.11 Ab

	
2.11 ± 0.14 Bb

	
1.92 ± 0.15 Ba

	
1.30 ± 0.07 Cbc

	
1.87 ± 0.20 Ba




	
40

	
3.20 ± 0.14 Ab

	
3.05 ± 0.16 Ab

	
2.20 ± 0.38 Bb

	
2.32 ± 0.41 Ba

	
1.33 ± 0.06 Cbc

	
1.84 ± 0.30 Ba




	
50

	
3.25 ± 0.11 Aab

	
3.21 ± 0.08 Aab

	
2.18 ± 0.28 Bb

	
2.22 ± 0.15 Ba

	
1.37 ± 0.03 Cb

	
2.08 ± 0.14 Ba




	
60

	
3.26 ± 0.07 Aab

	
3.32 ± 0.18 Aab

	
2.23 ± 0.35 Bab

	
2.07 ± 0.19 Ba

	
1.39 ± 0.02 Cb

	
2.06 ± 0.24 Ba




	
70

	
3.39 ± 0.15 Aab

	
3.35 ± 0.15 Aab

	
2.27 ± 0.11 Bab

	
2.55 ± 0.55 Ba

	
1.35 ± 0.05 Cbc

	
2.17 ± 0.39 Ba




	
80

	
3.38 ± 0.12 Aab

	
3.52 ± 0.23 Aab

	
2.28 ± 0.21 Bab

	
2.23 ± 0.49 Ba

	
1.47 ± 0.03 Cab

	
2.04 ± 0.24 Ba




	
90

	
3.45 ± 0.16 Aab

	
3.60 ± 0.21 Aab

	
2.50 ± 0.02 Bab

	
2.50 ± 0.12 Ba

	
1.49 ± 0.04 Dab

	
2.07 ± 0.18 Ca




	
100

	
3.52 ± 0.11 Aa

	
3.83 ± 0.28 Aa

	
2.58 ± 0.07 Ba

	
2.44 ± 0.48 BCa

	
1.55 ± 0.04 Da

	
2.07 ± 0.07 Ca








Note: S1, S2, S3, S4, S5 and S6 represent silty loam, sandy clay loam, clay loam, loamy clay, loamy clay and loamy clay, respectively. Different capital letters after the values represent significances difference between different soils at p < 0.05; different lowercase letters represent significances difference between immersion times at p < 0.05.
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Figure 1. Aggregate stability measurement. 
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Figure 2. The relationship between SH and immersion times with ethanol and hexane dispersion. S1, S2, S3, S4, S5 and S6 represent silty loam, sandy clay loam, clay loam, loamy clay, loamy clay and loamy clay, respectively. F 2–0.25 mm indicates the broken 2–0.25 mm aggregate fractions after the aggregate stability testing. F < 0.25 mm indicates the broken <0.25 mm aggregate fractions after the aggregate stability testing. 
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Figure 3. The relationship between SH and immersion times with deionized water and hexane dispersion. 
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Figure 4. Differences in ABI caused by the two solutions (deionized water and hexane) for different immersion times. Y axis (left) means the ABI of 2–0.25 mm fractions. Y axis (right) means the ABI of <0.25 mm fractions. Different capital letters after values represent a significant difference between different immersion times with deionized water dispersion at p < 0.05; different lowercase letters represent a significant difference between immersion times with hexane dispersion at p < 0.05. 
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Figure 5. The dynamic change of ABI for the 2–0.25 mm and <0.25 mm fractions with deionized water employed as the immersion solution. 
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Figure 6. The relationship between ER and immersion time with deionized water employed as the immersion solution. The solid indicates the 2–0.25 mm aggregate fractions; the open indicates the <0.25 mm aggregate fractions. 
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Figure 7. Micromorphology characteristics of different texture soil aggregates. 
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Table 1. Properties of the soaking solution [30].
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	Soaking Solution
	Boiling Point

101.3 kPa (°C)
	Density

4 °C (g cm−3)
	Surface Tension

20 °C (N m−1)
	Polarity
	Viscosity

25 °C (mPa·s)
	Dielectric Constant

20 °C (F m−1)





	Water (H2O)
	100
	1
	0.073
	10.2
	0.8949
	80.18



	Ethanol (C2H6O)
	78.32
	0.79
	0.0223
	4.3
	1.06
	25.7



	Hexane (C6H14)
	68.7
	0.66
	0.0203
	0.06
	0.307
	1.890
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Table 2. Physicochemical properties of the test soils.
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Soil Types

	
Longitude/Latitude/

	
pH

	
SOM

(g kg−1)

	
BD

(g cm−3)

	
CEC

(cmol(+) kg−1)

	
Feo

(g kg−1)

	
PSD




	
Sand

(%)

	
Silt

(%)

	
Clay

(%)






	
Silty loam (S1)

	
106°24′31″ E, 29°47′38″ N

	
6.84

	
4.82

	
1.35

	
15.54

	
6.13

	
28.32

	
55.98

	
15.70




	
Sandy clay loam (S2)

	
106°24′34″ E, 29°48′51″ N

	
7.96

	
4.42

	
1.38

	
17.05

	
7.00

	
60.30

	
21.25

	
18.45




	
Clay loam (S3)

	
106°24′46″ E, 29°47′45″ N

	
6.62

	
4.71

	
1.44

	
19.81

	
10.64

	
47.30

	
28.32

	
24.38




	
Loamy clay (S4)

	
106°24′30″ E, 29°49′8″ N

	
8.37

	
4.83

	
1.58

	
20.36

	
8.58

	
45.23

	
28.05

	
26.72




	
Loamy clay (S5)

	
106°24′45″ E, 29°47′44″ N

	
7.10

	
5.71

	
1.55

	
24.04

	
10.93

	
40.63

	
28.25

	
31.12




	
Loamy clay (S6)

	
106°24′32″ E, 29°48′36″ N

	
6.87

	
6.70

	
1.60

	
24.41

	
8.61

	
37.42

	
27.79

	
34.79
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Table 3. The relationship between the DA of <0.01 mm particles and the immersion time when deionized water was selected as immersion solution (%).
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Size

(mm)

	
Time

(min)

	
S1

	
S2

	
S3

	
S4

	
S5

	
S6






	
2–0.25

	
5

	
36.04

	
77.18

	
75.37

	
74.63

	
77.49

	
93.47




	
10

	
32.88

	
69.73

	
76.84

	
69.98

	
77.95

	
92.61




	
20

	
32.70

	
67.57

	
74.43

	
71.34

	
76.16

	
91.35




	
30

	
29.48

	
63.37

	
72.61

	
69.44

	
77.19

	
91.54




	
40

	
28.76

	
62.45

	
72.22

	
68.43

	
76.50

	
90.32




	
50

	
27.13

	
63.41

	
69.34

	
68.91

	
76.09

	
89.67




	
60

	
23.47

	
63.01

	
70.58

	
68.05

	
72.41

	
88.20




	
70

	
17.30

	
59.56

	
70.34

	
68.97

	
71.90

	
89.03




	
80

	
18.97

	
62.09

	
69.38

	
66.85

	
70.68

	
87.44




	
90

	
17.84

	
59.28

	
67.69

	
61.55

	
66.43

	
83.81




	
100

	
8.33

	
56.00

	
66.87

	
56.42

	
68.45

	
85.42




	
<0.25

	
5

	
44.98

	
44.24

	
67.21

	
61.21

	
58.73

	
72.42




	
10

	
51.01

	
45.93

	
64.76

	
59.10

	
52.06

	
68.87




	
20

	
34.78

	
35.31

	
63.78

	
62.38

	
52.20

	
69.45




	
30

	
39.09

	
32.41

	
62.71

	
54.19

	
52.19

	
66.70




	
40

	
26.50

	
30.01

	
59.30

	
57.97

	
48.03

	
67.05




	
50

	
24.91

	
37.45

	
57.20

	
57.10

	
49.42

	
62.34




	
60

	
25.26

	
30.66

	
57.25

	
51.12

	
48.59

	
61.63




	
70

	
24.97

	
28.59

	
57.80

	
48.05

	
48.33

	
59.51




	
80

	
20.83

	
27.93

	
55.56

	
49.08

	
50.65

	
64.16




	
90

	
21.24

	
21.72

	
51.17

	
48.55

	
49.32

	
61.89




	
100

	
9.78

	
21.02

	
55.41

	
48.64

	
45.55

	
54.60
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Table 4. Correlation showing the relationships between the ABI for a soaking time of 100 min and the physicochemical properties.
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	SOM
	CEC
	Feo
	Clay
	Silt
	Sand
	ABIt
	ABI2–0.25
	ABI<0.25





	SOM
	1
	
	
	
	
	
	
	
	



	CEC
	0.826 *
	1
	
	
	
	
	
	
	



	Feo
	0.294
	0.723
	1
	
	
	
	
	
	



	Clay
	0.840 *
	0.988 **
	0.667
	1
	
	
	
	
	



	Silt
	0.109
	0.497
	0.497
	0.494
	1
	
	
	
	



	Sand
	−0.447
	−0.104
	−0.114
	−0.115
	−0.807
	1
	
	
	



	ABIt
	−0.585
	−0.886 *
	−0.630
	−0.887 *
	−0.797
	0.307
	1
	
	



	ABI2–0.25
	−0.558
	−0.859 *
	−0.595
	−0.862 *
	−0.824 *
	0.356
	0.998 **
	1
	



	ABI<0.25
	−0.697
	−0.932 **
	−0.818 *
	−0.907 **
	−0.301
	−0.273
	0.751
	0.708
	1







Note: ABIt, ABI2–0.25 and ABI<0.25 represent the total ABI, ABI of the 2–0.25 mm fragments and ABI of the <0.25 mm fragments, respectively. The ABIt is the ratio of the total mass of 2–0.25 mm broken aggregate fractions and <0.25 mm broken aggregate fractions to the mass of the initial soil aggregates. * significant at the 0.05 level; ** significant at the 0.01 level.
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