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Abstract

:

As soil stability is a complex phenomenon, various methods and indexes were introduced to assess the strength of soils. Because of the limitations of different stability methods and indexes (including wet sieving-based), we aimed to presents a relative stability index (RI) that was based on the estimated components of the soil overall disruptive characteristic curve (SODC): (1) soil disruption constant (Ki, that is based upon dispersion energy of soils); (2) resulting change in mean weight diameter (ΔMWD). To evaluate the effectiveness and limitations of RI as well as to compare it with classical soil stability indexes of mean weight diameter (MWD) and geometric mean diameter (GMD). Ultrasonic agitation (UA) along with a wet sieving method (followed by dry sieving) was applied against four different soils named on the basis of sample location, Qingling soil (QL), Guanzhong soil (GZ), Ansai soil (AS), and Jingbian soil (JB). To evaluate the relative strength of soils at different applied energies (increase in sonication duration usually resulted in increased input energy and temperature of soil–water suspension), soils were subjected to six sonication durations (0, 30, 60, 120, 210, and 300 s) with a fixed (and exact) initial amplitude and temperature. Output energy was calculated based on the amplitude and temperature of the suspension, vessel, and system. The most abrupt and maximum disruption of soil aggregates was observed at a dispersion energy level of 0–200 J g−1. The MWD value of surface and subsurface ranged between 0.58 to 0.15 mm and 0.37 to 0.17 mm, respectively, while GMD was ranged from 0.14 to 0.33 mm overall. The results for MWD and GMD showed a similar trend. MWD and GMD showed more strong associations with physicochemical characteristics of soil than RI. A non-significant correlation was found between RI and MWD/GMD. Contrary to MWD and GMD, RI was significantly positively correlated with sand content; this finding indicated the influential role of sand in assessing the soil’s relative strength. The results indicated that JB soil possessed the least MWD and GMD but proved to be relatively stable because of having the highest RI value.






Keywords:


relative stability; aggregate stability; soil aggregate; ultrasonic agitation; wet sieving












1. Introduction


Soil aggregate stability is the soil’s ability to cope with the external stresses applied to change its geometry of solid and pore spaces [1]. When the external forces dominates the internal binding forces, unstable aggregates split, eventually worsening the soil structure [2,3]. Aggregate stability is considered one of the leading quality assurance parameters of soil as it controls most of the physical, chemical and biological properties/functions of soil [4,5]. Because of its relationship with different soil physicochemical properties, it is somehow challenging to measure aggregate stability. Many stability methods were introduced because of the fact that soil stability is a complex phenomenon.



Along with other stability methods, wet sieving-based methods are common they are easy to use and precise. Some stability indexes, i.e., MWD and GMD, are an indication of soil stability but are limited to the aggregate quantity (macroaggregates). The ultrasonic agitation (UA) method is being used for decades to assess aggregate stability because of the fact that soil–water suspension could be used as a research object [6,7,8,9]. Another advantage of using ultrasonic agitation is that it can be used for soil stability assessment studies without using chemical-dispersing agents; this is particularly important when the study’s objective would be to use the same soil samples for further chemical analysis [2]. Along with other merits over classical stability methods, ultrasonic agitation (UA) has an edge of providing the basis to calculate the arbitrary energy used for aggregate disruption [3]. The vital index to evaluate the rate of aggregate breakdown and dispersion is the ultrasonic energy absorbed by the soil–water suspension. Most of the ultrasonic indexes and models rely on this indicator [4]. The dispersive power is a measure of inter- and intra-aggregate bond strength, solely depending on the cementing agents’ characteristics [8].



Meanwhile, some researchers consider that low ultrasonic energy is more effective for assessing the stability of various soils, especially when the objective would be to use post-sonication soil material for further biological studies [3,4], as well as macroaggregates are comparatively less resistant to low ultrasonic dispersion energy [8]. Based on the early work of North et al. [9] and Raine and So [7], many researchers calculated the output power of ultrasonic instrument with different methods by using some common parameters, i.e., sonication duration, the temperature of the soil–water suspension vessel, and acoustic power [6,7,8,9,10]. At the same time, Zhu et al. [11] suggested a more precise method to calculate the actual dispersion energy (El) involved in soil aggregates breakdown along with energies used (lost) for heating the system (Eh), lost by instrument (Ed) and energy lost by heating the soil–water suspension (Eo), he also added that out of 100% applied ultrasonic energy (E) only about 10% of the energy (El) was used for soil aggregates disruption. However, the relative stability/strength of soils is not well defined. Only a few have mentioned it in the context of the soils’ comparative ability to withstand disruptive forces or the soil’s ability to absorb (and eventually disrupt) energy. To assess the relative stability of soils by UA based on the applied, output, and dispersion energy (El) against respective disruptive aggregates (primary particle sizes, micro- and macroaggregates), several models and indexes have been presented, i.e., soil dispersion characteristic curve (SDCC) [9], aggregate disruption characteristic curve (ADCC) [12], aggregate liberation and dispersion curve (ALDC) [13], releasing of aggregate and dispersion curve (RADC) [14], ultrasonic soil aggregate stability (USAS) [8], ultrasonic energy (Eus) [15], ultrasonic power (Pus) [3], critical energy (Ecri) [8,16] specific energy (E1/2) [17], normalized dispersion index (NDI) [18], and b/a index [19]. All these indexes are limited to presenting either some proportion of aggregates subjected to applied or absorbed dispersion energy, i.e., clay, silt, and sand-sized particles and microaggregates or macroaggregates. Still, none used dispersion energy along with respective mean weight diameter of soils and a relative stability index that could account the relative strength of soils. This study aimed to present a soil relative stability index (RI) to estimate the relative strength of soils as well as lead to elaboration of the concept of soil aggregate hierarchy.




2. Material and Methods


2.1. Soil Sampling


To assess the stability of soils and compare different stability indexes, four different soils were collected, including (ⅰ) loamy soil from Qinling Mountains located in the south of the Loess Plateau, designated as QL; (ⅱ) loamy soil from Shaanxi region formed on the development of Guanzhong Plain, designated as GZ; (ⅲ) sandy soil formed from the Loess parent material the in the Ansai region, designated as AS; (ⅳ) sandy soil collected from the Jingbian region located in the north of the Loess Plateau and the upstream area of Wuding River. Three random locations were selected for each soil, and three random samples were collected from each site at 0–20 cm and 20–40 cm depths. Hence, 72 soil samples were collected from the Loess Plateau of China between September to October 2016 (Table 1). Each soil sample was collected with an aluminum specimen box according to the principle of uniform sampling. The freshly excavated soil samples were gently transported to the laboratory in the aluminum specimen box, air-dried at room temperature for 15 days, and were dry-sieved to obtain 0–2 mm sized aggregates.




2.2. Soil Basic Physical and Chemical Properties


The pH of aggregates was measured using pH meter; soil organic carbon was measured using the method of dichromate oxidation [20]; extracted exchangeable cations (Mn, Mg, Fe) were measured by flame atomic absorption spectrophotometry (IEC 3000). The measured mechanical components was measured using a Malvern laser particle size analyzer (APA 2000).




2.3. Aggregate Stability by Wet Sieving


The wet-sieving method was similar to [21]. Prior to wet-sieving treatment, the soil samples were subjected to immersion for 5 min. Later, the particle size distribution of various soils was determined with standard sieves (1000–2000 μm, 500–1000 μm, <250 μm). All fractions were oven-dried (105 °C) for 24 h to a constant weight (accuracy 0.001 g). According to [22], mean weight diameter (MWD) was calculated as follows:


  MWD =   ∑  i n   ω i   x i  /   ∑  i n   ω i     



(1)




where Xi is the mean diameter size of aggregate on sieve i and    ω i    is the fraction of aggregates on sieve i. Geometric mean diameter (GMD) was determined using the following equation:


  GMD = exp  (      ∑  i n   ω  i ln xi       ∑  i n   ω i     )     



(2)








2.4. Relative Stability Index by Ultrasonic Agitation


The ultrasonic agitation method was adopted from Zhu et al. [11] with some modifications. Two grams of oven-dried soil and 30 mL deionized water (soil to water ratio, 1:15) were put into a 50 mL beaker (i.e., 34 g weight). This suspension was kept for 5 min, and the suspension was later exposed to sonication using the probe-type ultrasonic instrument UP100H (Hielscher Ultrasound Technology, Tetow, Germany), having a probe tip diameter of 10 mm, with an amplitude of 2 AM, power density of 90 Wcm2, and 20 kHz frequency. Based on the fixed initial temperature (by three temperature sensors) and input power (amplitude), six sonication durations of 0, 30, 60, 120, 210, and 300 s were used to evaluate the effect of soil aggregate disruption at various energy levels (normally, applied ultrasonic power and temperature of soil–water suspension increase with increasing sonication duration) [2,23,24,25]. To differentiate various soils, dispersion energy (El) was calculated as suggested by Zhu et al. [11] as follows:


   E l       =   E   −   E   D       − E   H       −   E   O   



(3)




where E is the input power of the ultrasonic instrument measured by the data acquisition unit; ED is the energy consumed by the ultrasonic instrument; EH is the energy of heating the vessel, water, and soil; and EO is the energy not used in heating and dispersing the soil, which includes the mechanical loss and heat loss by conduct in the soil-water system. After each agitation step, different soil fractions were determined using a particle size analyzer (APA 2000). A new soil disruption model, soil overall disruption curve (SODC), was used to formulate the relative stability index (RI). Similar with aggregate disruption characteristic curve (ADCC) supposed by Tippkötter. (1994) [12], the SODC modeled the change of soil’s MWD (M) under dispersion energy by the following relationship:


  M =  M C  +   D  e  −  K i  E    



(4)




where, MC is the MWD of soil when all aggregates are dispersed into primary particle (i.e., sand, silt and clay) and D is the change of MWD (i.e., ΔMWD) during aggregate disruption with the rate constant (Ki) of dispersion energy. Then, the rate of changing MWD of soil during aggregate disruption by ultrasonic energy is


    d M   d E     =   D  K   i       e  −  K i  E    



(5)







The highest disruption rate is subjected to E = 0, which indicates the weakest point of soil aggregate and illustrates the present ability of soil aggregate against dispersion. Thus, the relative stability of soil aggregates (RSA, g mm J−1) and the relative stability Index of soil (RI, J g−1 mm−1) could be as follows:




RSA = DKi



(6)






RI = 1/RSA



(7)





The lower RI is, the larger the RSA is, i.e., the higher the aggregate dispersion under per unit energy (E) applied and thus, weaker the resistant ability of soil against breakdown would be. Here, RSA is linear with D, indicating that large soil aggregates could disrupt more easily than smaller ones because less cohesive forces among aggregates by binding agent exist. It is considered that inter-aggregate bonding is weaker than intra-aggregate. In general, we assume that the higher the RI of a given soil, the more relatively stable the soil would be.




2.5. Statistical Analysis


Statistical analyses were performed using the R 3.4.2 software package for Windows. One-way ANOVA testing was applied to determine the significant difference among the soils with a 0.05 significance level. All figures were designed using Origin 6 software. Person’s correlation was performed to identify the relationship between stability indexes and physical properties of soil.





3. Result


3.1. Soil Basic Physical and Chemical Properties


The physical and chemical properties of soils are presented in Table 2. On the surface, the soil pH ranged from 7.12 to 8.98, and increased in the order of QL < GZ < AS < JB, while for the subsurface, the lowest recorded pH was 6.34, which is acidic. The SOM content of soils increased in the order of JB < AS < QL < GZ for surface, and while overall subsurface soils had less organic matter content than surface soil, QL soil had the highest SOM content for both layers. Generally, the Mn, Mg, and Fe contents of studied soils were in the range of 0.21 to 0.62, 6.56 to 11.43, and 8.64 to 19.48, respectively. As a whole, QL soil possessed the highest exchangeable SOM, Mn, Mg, and Fe with the least pH. The JB soil had the highest sand content among all of the soils.




3.2. Aggregate Stability Assessment by Wet Sieving


The MWD and GMD results are presented in Figure 1. As a whole, QL soil possessed the highest while JB soil least MWD and GMD values at both surfaces, the MWD and GMD trends for all the four soils were similar at both depths. The MWD and GMD order of surface and subsurface soils were as follows: QL > GZ > AS > JB. Overall, MWD of surface and subsurface ranged between 0.58 to 0.15 mm and 0.37 to 0.17 mm, respectively, while GMD ranged from 0.33 to 0.14 mm at both depths.




3.3. Soil Overall Disruption Curve (SODC)


The soil overall disruption curve (SODC) showed a clear disruption trend for different soils along with dispersion energy (Figure 2A,B). The MWD of soil decreased parallel to the dispersion energy (more macroaggregates converted into microaggregates and eventually to primary particles) until soils gained a stable condition (no more or very minute dispersion) with the increase of dispersion energy. There was a visible difference of trend between the surface and subsurface soils, in which surface soils were more discriminated than subsurface and at surface depth compared to others, the MWD of QL soil gradually decreased with dispersion energy level and hence showed a smoother curve than other soils, and the QL soil was left with more macroaggregates (more MWD) after the final 300 s ultrasonication. Overall, the maximum dispersion of soil (abrupt change in MWD) was observed at 30 s ultrasonication or between 0–200 J g−1 dispersion energy. It could be observed that the MWD of JB was least changed (less aggregate disruption, less Ki) and close to its stable state (Figure 2A). The MWD value of four surface soils ranged from 0.58 to 0.07 mm. At the subsurface layer, SODC showed no visible distinction between different soils. However, GZ and QL soils initially had the highest MWD (more macroaggregates, 0.39 mm) than other soils, but they ended up with a similar trend as the rest of the soils (Figure 2B). The estimated parameters for the SODC as a function of ultrasonic dispersion energy are presented in Table 3. The MC factor ranged between 0.038 mm and 0.202 mm, and 0.041 mm and 0.094 mm for surface and subsurface soils, respectively; QL soil had the highest MC value among all of the soils, indicating a soil with largest amount of macroaggregates initially. The dispersive constant (Ki) represents the disruption rate of soils; AS was the least while JB was the most relative stable soil among the four soils, with the least Ki. At the top surface, the Ki of AS was highest while that of QL soil was the least, with the order as follow: QL < JB < GZ < AS. The order of Ki for subsurface soils was JB < QL < GZ < AS.




3.4. Relative Stability Index (RI)


The relative stability index (RI) of fours soils was present in Table 4. JB soil had the highest RI value at the surface and subsurface soils, which was 4–5 times greater than other studied soils. Increasing orders of RI for surface and subsurface soils were as follows: JB > QL > AS > GZ and JB > AS > QL > GZ, respectively. There was a noticeable difference in RI value between the surface and subsurface soils (p < 0.05). As a whole, the RI value of JB soil was 4–6 times higher than other three soils.




3.5. Correlation Analysis


RI was positive correlated with sand content (r = 0.72) and negative correlated with silt content (r = −0.74) at a significant level of p < 0.05, but was not in significant correlation with MWD and GMD (Table 5). The MWD was highly positive, correlated with SOM, silt, and Mn content (r = 0.94, r = 0.85, r = 0.97, respectively) while significantly negatively correlated with sand content (r = −0.84) at a significant level of p < 0.01. GMD was significantly positive correlated with clay, silt, Mn, and SOM contents (r = 0.82, r = 0.83, p < 0.01, r = 0.95, r = 0.97, respectively). A strong significant positive correlation was observed between MWD and GMD (r = 0.99) at a significant level of p < 0.01.





4. Discussion


4.1. Relationship between Stability Indexes and Basic Soil Parameters


Cementing material, including soil organic matter, were found to be the main inflectional factors affecting soil aggregate stability [26,27,28,29]. Still, these studies were based on the size and quantity of aggregates (MWD, GMD) rather than actual dispersion energy calculations (qualitative analysis). The present study also indicates a strong positive correlation of MWD and GMD with SOM (Table 5). Contrary to the MWD and GMD, there was a non-significance week negative correlation between SOM and RI, indicating that RI is not influenced much by SOM (Table 5). Along with other factors, many studies indicated the importance of clay as a binding agent for soil strength; clay is the primary textural component and acts as a binding agent, affecting the soil structure, aggregate formation, and the aggregate relative strength of soils [26]. Clay particles are vital for aggregate formation. A minimum of 15% is needed to maintain the strength of soils [27]. Clay concentration physically affects aggregation through swelling and dispersion [28]. Clay particles are a vital element for relatively stable soil aggregates and, hence, soils [29]. Soil textural primary particles (sand, silt, clay) also influence the relative strength of soil aggregates; for instance, clay particles act as major binding agents along with other cementing agents and determine the relevant/comparative strength of aggregates/soils [30]; these results are in accordance with our MWD and GMD values while contrasting with RI, as there was non-significant correlations of clay with MWD, GMD, and RI. Many studies have indicated the negative effect of sand content on soil aggregates’ quantitative stability [31]. In this study, we found a significantly positive correlation of RI with sand content; the more sand content contained in a soil, the more relatively stable the soil (more qualitative stability). JB soil possessed the highest amount of sand content and was the most relatively stable soil among all soils; these findings are consistent with some studies that emphasize the positive effect of sand on the relative strength of soils [32,33]. This positive effect of sand on soil relative stability indicates RI is a more unique and novel index. The present correlation results indicate that RI is more dependent on sand content than SOM; this could be because sand content absorbs more energy but is resistant against breakdown. Hence soils with high sand content were relatively more stable than soils with low sand content. Overall, the results of the RI index indicate that topsoil was more stable than subsurface soil (p < 0.05). The MWD/GMD results of subsurface soils revealed no significant difference between AS and JB soils (p < 0.05).




4.2. Comparative Approach of RI with Other Stability Indexes


Previously, many researchers introduced soil stability indexes based on the macro- and microaggregates quantities as well as on the medium of application, i.e., MWD, GMD, K index (erodibility), MWAD (mean weight aggregate diameter), RSI (relative slaking index), FW (fast wetting), WS (wet stirring), SW (slow wetting), and RMI (relative mechanical breakdown) [32]. Many researchers believe that MWD and GMD are effective soil stability assessment tools, and higher values of these indexes are signs of highly stable soils [33]. Still, they all rely on quantitative aggregate measurements and lack the concept of arbitrary energy measurement. Although none have defined relative stability, many researchers used this in the comparative strength of soil aggregates, i.e., the relative stability macroaggregates is less than that of microaggregates [9,27]. Two major stability indexes, MWD and GMD, also had limitations, i.e., if the soil contains a high quantity of macroaggregates, it eventually ended up with high MWD and, hence, higher macro stability [34]. This study was in accordance with our results for MWD and GMD (Figure 1), where MWD and GMD values of QL soil were highest because they possessed more >0.25 mm sized aggregate (macroaggregates) than other soils. Similarly, results of MWD indicated that all soils fall in the unstable category according to the stability classification system based on Le Bissonnais [35], and this could be because of the fact that we use different aggregate size fractions than recommended for wet sieving (0.05 to >5 mm). We also observed that WSDC (Figure 2A,B) showed a similar trend of macroaggregates as by MWD and GMD, and QL soil, being the richest source of macroaggregates, had high MWD value initially (at 0 s) and finally (at 300 s), indicating QL soil was more stable than all other soils with respect to MWD values, but from the dispersion point of view, the change in the MWD of QL soil was higher than the JB soil that reached its stable state more quickly (less dispersion %) than QL soil (Figure 2B) at 0–20 cm depth of QL soil, initial MWD was 0.58 mm while final MWD was 0.18 mm, >60% dispersion rate/change in aggregate %). In comparison, JB soil dispersed about 35% of its aggregates and achieved a stable state. This was also verified by the RI value of different soils (Table 4), where RI (eventually the relative strength) of JB soil was higher than all others including QL soil; this was because of the fact that JB soil reached its stable state abruptly after minute disruption. We observed that sand content absorbs more energy but disperses less, and this is another reason behind the high relative stability of JB soil. There are many positive aspects of using this index for relative stability-based studies: (1) It accounts for the dispersion energy and resulting aggregate sizes and quantity (particle size diameter, PSD, and MWD). (2) RI did not significantly correlate with MWD and GMD, indicating RI is a unique index compared to other stability indexes based on aggregate size and quantity. (3) RI could be evaluated using macroaggregate and microaggregate fractions, and it can account for the complete soil disruption (MWD) and dispersion energy used for breakdown to be used for in-depth soil stability assessments. (4) RI is significantly positively correlated with sand content, but there was a non-significant relationship between RI and SOM; this provides a new dimension when evaluating soils based not just on organic contents (binding agents), such that even if all soils absorb an almost similar amount of energy, some still achieved stability more abruptly than others, so provides an actual definition of soils’ relative stability. (5) RI proved to be a better index than MWD/GMD based on the results as there was prominent difference (p < 0.05) between different soils that had different soil characteristics (OM, texture) (Table 4). Although RI is precise, there are some limitations of using this index as well. (1) Precise equipment (ultrasonicator) is required to calculate the energy values; some researchers found a 10–20% error for ultrasonic soil stability results [36]. (2) RI is more associated with the textural component (sand) rather than binding agents (SOM). Despite of some limitations, we recommend RI as an index for relative stability assessment of soils that is not only based on MWD but also accounts for the dispersion energy to disperse soils at various ultrasonic intervals for in-depth study.





5. Conclusions


As indexes of soil stability, the MWD and GMD were positive with SOM content, and negative with sand content at a significant level of p < 0.01. The MWD value of surface and subsurface soils investigated ranged between 0.58 to 0.15 mm and 0.37 to 0.17 mm, respectively, while GMD was ranged from 0.14 to 0.33 mm overall. The most abrupt and maximum disruption of soil aggregates investigated was observed at a dispersion energy level of 0–200 J g−1. The relative stability index of soil, RI is based on the change in MWD in line with the applied dispersion energy. Among the four soils investigated, JB soils had a largest RI, about 1613 g J−1 mm−1 for surface soil and 736 g J−1 mm−1 for subsurface soil, and GZ had a smallest RI by about 245 g J−1 mm−1 for surface soil and 104 g J−1 mm−1 for subsurface soil, separately. RI was found to be significantly positively correlated with sand content, but not significantly correlated with SOM content. Further research is required to explore the universal applicability of RI for the soils. (see Supplementary Materials).
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Figure 1. Mean weight diameters (MWD) and geometric mean diameter (GMD) (A,B) at 0–20 cm and (C,D) at 20–40 cm levels by wet sieving method. Different uppercase (A–C) and lowercase (a–c) letters indicate significant differences among the surface (0–20 cm) and subsurface soils (20–40 cm), respectively, at the significance level of 0.05 (n = 9). 
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Figure 2. The soil overall disruption curve (SODC) of different (A) surface soils (0–20 cm) and (B) subsurface soils (20–40 cm). MWD, mean weight diameter; QL, Qingling soil; GZ, Guanzhong soil; AS, Ansai soil; JB, Jingbian soil. 
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Table 1. Basic information of the sampling sites.
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	Soil Sample
	Altitude

(m)
	Longitude (E)/Latitude (N)
	Slope (°)
	Main Vegetation
	Soil Type
	Sampling Site





	QL
	754
	107°39′2.15″/

34°10′52.14″
	42
	Oak
	loamy soil
	Qinling Mountains



	GZ
	549
	108°0′41.66″/

34°20′28.46″
	4
	Zea mays
	loamy soil
	Guanzhong Plain



	AS
	1091
	109°15′1.66″/

36°44′24.54″
	2
	Sophora davidii, Artemisia gmelinii, Artemisia scoparia
	sandy soil
	Ansai



	JB
	162
	108°52′56.50″/

37°30′12.00″
	2
	Salix, wheatgrass, Lespedeza, Oxytropis, Cleistogenes
	sandy soil
	Jingbian







QL: Qingling soil; GZ: Guanzhong soil; AS: Ansai soil; JB: Jingbian soil.
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Table 2. Physical and chemical properties of soil samples.
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Soil Sample

	
Depth

(cm)

	
pH

	
SOM

(%)

	
Exchangeable Cations (g/Kg)

	
Clay (%)

	
Silt (%)

	
Sand (%)




	
Mn

	
Mg

	
Fe






	
QL

	
0–20

	
7.12 ± 0.46 B

	
1.86 ± 0.26 A

	
0.62 ± 0.04 A

	
11.43 ± 5.61 A

	
19.26 ± 3.2 A

	
24.37 ± 3.0 A

	
33.95 ± 1.66 A

	
41.68 ± 4.64 C




	

	
20–40

	
6.34 ± 0.29 c

	
1.59 ± 0.58 a

	
0.46 ± 0.03 a

	
9.78 ± 1.42 a

	
19.48 ± 3.9 a

	
23.75 ± 0.33 a

	
33.98 ± 1.71 a

	
42.26 ± 1.50 c




	
GZ

	
0–20

	
8.51 ± 0.06 A

	
1.26 ± 0.50 B

	
0.35 ± 0.17 B

	
6.87 ± 4.61 C

	
9.81 ± 2.4 BC

	
24.69 ± 2.35 A

	
32.68 ± 0.74 A

	
42.62 ± 3.08 C




	

	
20–40

	
8.56 ± 0.11 a

	
1.45 ± 0.31 b

	
0.46 ± 0.00 a

	
7.82 ± 3.83 c

	
14.38 ± 9.4 b

	
25.39 ± 1.13 a

	
33.58 ± 0.72 a

	
41.02 ± 1.81 c




	
AS

	
20–40

	
8.93 ± 0.03 A

	
0.89 ± 0.43 C

	
0.33 ± 0.04 B

	
9.21 ± 2.33 B

	
14.44 ± 1.9 B

	
7.64 ± 0.77 C

	
18.27 ± 0.94 B

	
69.72 ± 1.64 B




	

	
20–40

	
8.89 ± 0.10 a

	
0.54 ± 0.13 c

	
0.33 ± 0.04 b

	
9.56 ± 1.41 a

	
12.55 ± 3.9 c

	
11.97 ± 0.33 b

	
18.57 ± 1.17 b

	
69.44 ± 1.50 b




	
JB

	
0–20

	
8.98 ± 0.07 A

	
1.60 ± 0.18 AB

	
0.21 ± 0.08 C

	
6.56 ± 2.87 C

	
9.75 ± 3.6 BC

	
12.01 ± 1.21 B

	
8.80 ± 1.47 C

	
83.55 ± 2.50 A




	

	
20–20

	
8.93 ± 0.46 a

	
0.53 ± 0.19 c

	
0.23 ± 0.02 c

	
8.2 ± 1.12 bc

	
8.64 ± 2.6 d

	
6.48 ± 1.31 c

	
8.08 ± 2.36 c

	
85.43 ± 3.66 a








SOM: soil organic matter; pH: pH of the soil; Mn: manganese; Mg: magnesium; Fe: iron. QL, Qingling soil; GZ, Guanzhong soil; AS, Ansai soil; JB, Jingbian soil. Different uppercase (A–C) and lowercase (a–c) letters indicate significant differences among the surface and subsurface soils, respectively, at the significance level of 0.05. Mean ± standard deviation (n = 9).
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Table 3. Estimated parameters for the models of aggregates distribution as a function of applied ultrasonic energy at surface and subsurface soil layers.
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0–20 cm

	

	

	
20–40 cm

	

	




	
Soil Sample

	
MC (mm)

	
D (mm)

	
Ki (g J−1)

	
Soil Sample

	
MC (mm)

	
D (mm)

	
Ki (g J−1)






	
AS

	
0.050

	
0.147

	
0.020

	
AS

	
0.048

	
0.187

	
0.094




	
JB

	
0.085

	
0.069

	
0.010

	
JB

	
0.094

	
0.098

	
0.015




	
QL

	
0.202

	
0.382

	
0.008

	
QL

	
0.089

	
0.494

	
0.018




	
GZ

	
0.038

	
0.282

	
0.015

	
GZ

	
0.041

	
0.457

	
0.021








QL, Qingling soil; GZ, Guanzhong soil; AS, Ansai soil; JB, Jingbian soil; A: mass fraction; D: change of Mean weight diameter; Ki: dispersion constant.
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Table 4. Relative stability index (RI) of four soil at 0–20 cm and 20–40 cm layers.
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0–20 cm

	

	
20–40 cm




	
Soils

	
RI (J g−1 mm−1)

	
Soils

	
RI (J g−1 mm−1)






	
AS

	
411.61 ± 14.03 B

	
AS

	
162.72 ± 26.06 b




	
JB

	
1612.95 ± 86.35 A

	
JB

	
736.32 ± 38.57 a




	
QL

	
328.48 ± 10.90 BC

	
QL

	
126.71 ± 3.94 bc




	
GZ

	
245.75 ± 21.898 C

	
GZ

	
103.70 ± 3.48 c








QL, Qingling soil; GZ, Guanzhong soil; AS, Ansai soil; JB, Jingbian soil. Different uppercase (A–C) and lowercase (a–c) letters indicate the significant differences among the surface and subsurface soils, respectively, at the significance level of 0.05. RI, relative stability index. Mean ± standard deviation (n = 9).
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Table 5. Correlations of stability indexes (RI, MWD, GMD) with each other as well as with soil physicochemical properties.
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	Clay
	Silt
	Sand
	SOM
	pH
	Mn
	Mg
	Fe
	RI





	RI
	−0.68
	−0.74 *
	0.72 *
	−0.43
	0.41
	−0.64
	−0.51
	−0.51
	1



	MWD
	0.83 *
	0.85 **
	−0.84 **
	0.94 **
	−0.74 *
	0.97 **
	0.67
	0.84 **
	−0.57



	GMD
	0.82 *
	0.83 *
	−0.83 *
	0.97 **
	−0.74 *
	0.95 **
	0.63
	0.80 *
	−0.52







SOM: soil organic matter; pH: pH of the soil; Mn: manganese; Mg: magnesium; Fe: iron; MWD, mean weight diameter; GMD, geometric mean diameter; RI, relative index. * significant level at p < 0.05; ** significant level at p < 0.01.
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