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This study introduced and optimized the Sonication and Laser Diffractometry technique (SLD) for evaluating the
stability of soil aggregates, drawing comparisons with the conventional Wet Sieving (WS) method. The SLD
technique uses ultrasound and particle motion, and is shown to be suitable for fine soils where the WS method
struggles with problems such as sieve screen clogging. Results show that the water aggregates stability index
(WSAi) determined using SLD is consistent with values obtained from WS and has good reproducibility. Com-
parisons show that SLD offers advantages in speed, simplicity, and lower potential for human error, providing
results in only a few minutes compared to the days required for WS. Challenges such as the adaptability of the

methodology to different soil types and equipment remain areas for further research. Nevertheless, this study
highlights the potential of SLD as an efficient and reliable method for assessing aggregate stability in soils.

1. Introduction

Healthy soils with stable aggregates experience lower soil erosion
rates, and higher sequestration of carbon, nitrogen and phosphorus
(Kasper et al., 2009). Stable soil aggregates also improve soil biological
activity and crops productivity by facilitating the movement of air and
water (Amézketa, 1999; Karami et al., 2012; Gyawali and Stewart,
2019). The stability of soil aggregates depends strongly on the amount
and the composition of organic matter in the soil (Tisdall and Oades,
1982; Chaney and Swift, 1984; Haynes and Swift, 1990) and the content
of clay particles and their complexes with humus (Six et al., 2002).
Larger aggregates are generally found to be more fragile than small
aggregates (Dexter, 1988; Sparling et al., 1994; Six et al., 2004; An et al.,
2010; Gyawali and Stewart, 2019). Soil aggregates are often classified
into microaggregates and macroaggregates according to their size, with
a threshold diameter of 0.25 mm used for the division into two groups
(Tisdall and Oades, 1982; Amezketa et al., 2003; Fristensky and Grismer,
2008). Most studies on the stability of wet aggregates have focused
primarily on the stability of macroaggregates, as larger aggregates
usually have the greatest impact on the soil structure (Robinson and
Page, 1951; Kemper and Rosenau, 1986; Haynes and Swift, 1990;
Almajmaie et al., 2017).

There are several methods for measuring aggregate stability (Kemper
and Rosenau, 1986; Amézketa, 1999; Franzluebbers et al., 2000;
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Bieganowski et al., 2010; Fajardo et al., 2016; Almajmaie et al., 2017;
Flynn et al., 2020; Rieke et al., 2022). It has already been shown that the
different methods for determining water aggregate stability are not
strongly correlated (Morgan, 2020). To determine water aggregate sta-
bility, aggregates are usually immersed in water for a certain time (Le
Bissonnais, 1996) or are subjected to a defined kinetic energy, whether
in the form of falling water drops (Moebius-Clune, 2017), mechanical
sieving (Kemper and Rosenau, 1986) or ultrasound (Bieganowski et al.,
2010), and then the degradation of the aggregates is monitored.

The wet sieving technique (Kemper and Koch, 1966) is the most
commonly used method for estimating the stability of soil aggregates.
The collapse of aggregates during wet sieving is caused largely by
slacking in the water, and to a lesser extent by the physical effects of
water movement and abrasion on the surface of the sieve during sieve
movement (Kemper and Koch, 1966; Emerson, 1967; Kemper and
Rosenau, 1986). Laser diffraction measurements detect a detailed dis-
tribution of aggregate sizes, although the distribution function is typi-
cally summarised by the median size of the soil particles (d50).
Aggregate stability can then be characterised by analysing the d50
changes as the aggregates are disturbed (Bieganowski et al., 2010; Virto
et al,, 2011; Gyawali and Stewart, 2019). The d50 value has the
advantage of being a single number, therefore making the analysis
simple. However, d50 does not capture the textural differences between
soils. Selection of the optimum method or procedure for determining the

Received 22 August 2023; Received in revised form 8 November 2023; Accepted 13 December 2023

Available online 25 December 2023

0016-7061/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:michal.vrana@fsv.cvut.cz
www.sciencedirect.com/science/journal/00167061
https://www.elsevier.com/locate/geoderma
https://doi.org/10.1016/j.geoderma.2023.116756
https://doi.org/10.1016/j.geoderma.2023.116756
https://doi.org/10.1016/j.geoderma.2023.116756
http://crossmark.crossref.org/dialog/?doi=10.1016/j.geoderma.2023.116756&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Vrana et al.

stability of soil aggregates should be based on the purpose of the analysis
and the soil type (Herrick et al., 2001). The method must also be easily
repeatable (Almajmaie et al., 2017).

The aim of this study is to introduce a rapid, simple and standardised
method to evaluate the stability of soil aggregates in water by ultra-
sonically crushing the aggregates and determining the size distribution
by laser diffraction. We present an uncertainty analysis of the technique
and compare our results with those of the standard wet sieving tech-
nique of Kemper and Rosenau (1986).

2. Materials and methods

Disturbed soil samples were collected from six different localities in
Czechia. All samples were taken from the top 10 cm of cultivated agri-
cultural fields. The sampling localities are in different morphological
and climatic conditions and represent the most common soil types in the
Czech Republic. Brief information on the localities and soils can be
found in Tables 1 and 2. The soil classification was made according to
the [USS Working Group (2015). Soil samples were collected in
September 2022 and August 2023 when seedbed conditions prevailed in
the fields. A total of five disturbed samples were taken at each of the six
localities (see Table 1: NUC, ROH, RIS, ZEH, VRA, CIC), each with an
approximate volume of 100 cm®. The sampling sites within each location
were randomly selected over an area of approximately 100 m?. The soil
samples from each site were then mixed into a composite sample, sealed
in a plastic bag and transported to a laboratory.

In the laboratory, the samples were spread out in a thin layer, air-
dried and freed from stones and organic residues. The samples were
then sieved to obtain macroaggregates in a size range of 1 to 2 mm. For
each sample, the pH was determined according to Blakemore et al.
(1987). The pH of the soil was measured in a 0.01 M CaCl; solution. 10 g
of soil was placed in a 50 ml beaker along with 25 ml of CaCly. The pH
solution was stirred and was allowed to stand for at least 2 h. The pH was
then measured using an Hach IntelliCAL pH PHC101 three-point cali-
brated electrode (Hach Company, USA). The procedure for measuring
soil pH was carried out in three replicates for the six soils (IDs). The
particle size distribution (PSD) was determined by laser diffraction,
using a Mastersizer 3000 instrument (Malvern Panalytical, UK).

2.1. Wet-sieving technique (WS)

Wet sieving, as a standard technique for WSAi (water-stable aggre-
gates index) determination (Kemper and Rosenau, 1986), was used to
obtain the reference values. We used a wet sieving apparatus (Eijkel-
kamp Soil and Water, Netherlands) consisting of eight 250 pm sieves and
16 cups (8 cups for measurements in water and 8 cups for measurements
in a dispersion solution) to collect broken aggregates. For the analysis, 4
g of soil with aggregate sizes between 1 and 2 mm were placed on 250
pm sieves. At least 24 soil replicates were measured for soils from each
locality. The aggregates were pre-wetted with a plant sprayer and were
allowed to stand still for 5 min. Slow prewetting was performed to make
the conditions comparable to natural soil wetting (Amézketa, 1999).

Table 1
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Table 2
Characteristics of the soils.
D Soil type Particle size distribution (%) Soil pH
(WRB 2015) Clay < Silt Sand texture CaCl,
0.002 0.002-0.05 0.05-2.0
(mm) (mm) (mm)
NUC  Cambisols 2 63 35 Silt 5.6
Loam + 0.1
ROH  Phaeozems 3 36 61 Sandy 5.5
Loam +0.2
RIS Chernozems 9 55 36 Silt 5.3
Loam +0.1
ZEH Fluvisols 38 50 12 Silt 5.4
Clay +0.1
Loam
VRA  Cambisols 2 50 48 Sandy 5.4
Loam + 0.1
CIC Phaeozems 9 70 21 Silt 5.5
Loam +0.1

100 ml of distilled water was added to each cup and was repeatedly
mechanically lifted and submerged in the wet sieve apparatus for 3 min
(a single stroke of 13 mm, frequency approximately 34 cycles - min™1).
The sieving process was then repeated with the dispersion solution until
the aggregates were completely dissolved. The type of dispersion solu-
tion was selected according to the measured pH, as recommended by
Blakemore et al. (1987). For pH less than 7, sodium hydroxide was used
at a concentration of 2 g 1!, For pH above 7, sodium hexametaphos-
phate was used at a concentration of 2 g 171,

After sieving, the undersized soil samples were dried at 105 °C for 24
h and were weighed. For the samples with the dispersion solution, the
weight of the reagent (0.2 g) was subtracted from the mass after drying.
The water stable aggregate index (WSAi) was calculated as follows:

My

WSAiyg = ———
" My, 0 + Mg

-100 (€)]

where:

e WSAi,s is the water-stable aggregates index (%) determined by wet
sieving

e mys is the undersized mass of soil (g) in the dispersing solution
(stable aggregates)

e myo is the undersized mass of soil (g) in distilled water (unstable
aggregates)

2.2. Sonication and laser diffractometry (SLD)

The measurements were carried out with the Mastersizer 3000 in
combination with the instrument Hydro LV (Malvern Panalytical,
United Kingdom). Hydro LV (Fig. 1) is an automated large-volume de-
vice in which aggregates are broken down into individual particles by
the force of ultrasound radiation and movement through the device.

This configuration allows accurate and fast measurements of the

Characteristics of the sampling locations (meteorological data based on VUMOP, 2017; CHMU, 2019).

Locality name Soil ID GPS Elevation Annual rainfall (mm) Annual mean air temperature (°C)
(ma.s. 1)
Nucice NUC 14.8617398°E 49.9663870°N 392 550-600 9-10
Rohozec ROH 15.3522415°E 49.9785102°N 223 500-550 9-10
Risuty RIS 14.0174110°E 50.2173800°N 312 550-600 8-9
Zehusice ZEH 15.4290595°E 49.9710047°N 211 500-550 9-10
Vrane nad Vltavou VRA 14.2370233°E 209 500-550 10-11
50.1550328°N
Cicovice CIC 14.3833539°E 295 500-550 10-11

49.9321797°N
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Fig. 1. Scheme of automated Hydro LV (adapted from Malvern, 2013).

particle size distribution (PSD). The Mastersizer 3000 emits red and blue
laser beams (red laser: A = 633 nm, blue laser: A = 466 nm) through a
sample dispersed in a liquid and records the light scattering pattern
(Malvern, 2013). The light scattering caused by a homogeneous,
isotropic sphere is commonlydescribed by the Mie theory (Wriedt,
2012). The full Mie theory algorithm is embedded in the Mastersizer
3000 software, which then allows the equations for the interaction of
light with the matter to be solved to calculate the PSD (Malvern, 2013).
In reality, soil particles are rarely spherical. Therefore, the measured
particle volume is converted to an equivalent sphere of the same vol-
ume, for which the apparent diameter is calculated. For more details on
Mie theory see the Mastersizer manual or a more detailed overview by
Wriedt (2012). The laser diffractometer was calibrated before the ex-
periments with the standards provided by the manufacturer.

A PSD analysis for each soil was carried out in three replicates (see
Appendix A). The soil sample preparation was similar to the WS tech-
nique: the soil was pre-wetted with a fine plant spray and was left for 5
min before being immersed in the Hydro LV unit. Then approximately
0.5 g of the soil aggregates were dispersed in deionised water and
approximately 0.2 g of the aggregates were dispersed in a dispersion
solution. The dispersion solution was identical to the solution used in the
WS technique. The sample mass is approximate as it significantly affects
the degree of obscuration, which is the most important indicator of data
quality. Initially, approximately 0.5 g of the aggregates should be added
to the deionised water and 0.2 g to the dispersion solution. The mass of
aggregates may need to be modified to achieve the ideal obscuration
level. All records with obscuration above 35 % were excluded form this
study and the measurement was repeated with a smaller sample volume,
until satisfactory obscuration was reached. The resulting aggregate
stability index is not affected by the sample size since the calculations
are done with relative values.

2.2.1. Mastersizer 3000 settings

The Mie light scattering theory requires the definition of several
parameters related to the soil properties and the settings of the analyser
(Malvern, 2013). Table 3 summarizes the Mastersizer 3000 settings that
have been found to be optimal through trial and error. To account for the
irregularity of the soil particles, it is very important to set the particle
type as 'non-spherical’, as was shown by e.g. Gabas et al. (1994) and

Table 3
Mastersizer 3000 and Hydro LV settings (*mass may vary, according to the
measured obscuration).

Parameter Distilled Dispersion
water solution
Soil properties Refractive index 1.457
Absorption index 0.01
Particle density 2.64
(gem ™)
Sample amount (g) 0.1-1g*
Properties of the Refractive index 1.33
solution
Hydro LV properties Sonicating level (%) 0 100
Sonicating time (s) 0 70
Stirrer/pump speed 2500
(rpm)
Measurement Red-laser duration (s) 10
Properties Blue-laser duration
(s)
Repetitions 5
Weighted residua (%) <1
Total operating time (s) 100 170
Total measurement time (s) 100

Blott and Pye (2006).

2.2.1.1. Stirrer speed and sonication. The stirrer speed and the centrif-
ugal pump speed are sensitive parameters that influence the disaggre-
gation of soil aggregates. The Hydro LV unit allows stirrer/pump speeds
in the range of 0 to 3500 rpm. The sonication probe has a power of 40 W
and a frequency of 40 kHz. Since the soil aggregates settle quickly and to
avoid foaming and air bubbles, the speed of the stirrer was set to 2500
rpm. At this speed, the aggregates did not settle, and no obvious break-
up of the aggregates was observed. Sonication was performed at 100 %
power for 70 s before the measurements started. This setting ensures
complete disintegration of the aggregates.

2.2.1.2. Duration of the PSD analysis. Accuracy increases with
increasing measurement time. Based on trial-and-error tests, the optimal
measurement time was set to 10 s for both red and blue light beams. For
each soil sample, a total of five repetitions (10 s red light and 10 s blue
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light) were performed. The measurement time for a single sample, both
in water and in the dispersion solution, is 100 s. The result of the entire
measurement comprises two PSD histograms, one for water (stable ag-
gregates) and one for the dispersion solution (individual particles). A
detailed description of the settings of Mastersizer 3000 can be found in
Appendix B.

2.2.2. Calculation of the water stable aggregates index (WSAisp)

The resulting histogram of the disturbed particles is divided into 100
size classes. Classes larger than 250 pm that were not disintegrated
during the sonication process, are excluded from further analysis (20 %
of the total size classes), because particles larger than 250 pm are
considered to be either stable aggregates or large grains. The water
stable aggregates index (WSAigip,5) is calculated for each particle size
class as follows:

SRsaI,n

WSAigip, = —— ok
ST SR v + SRootn

(2)

where:

e WSAig; p n is the water stable aggregates index of the soil for each size
class (-)

® SRgol,n is the volume residue in the n-th size class in the dispersion
solution (%)

e SRy n is the residue in the n-th size class in water (%)

The WSAigip,, for all particle size classes are then calculated as
weighted mean:

Zn SRyotn*
ISRy +SRsol.n

WSA iSLD,mi[ = YT
1 sol,n

-100 ()]

where:

. Sonication and Laser Diffractometry technique

. Wet-sieving technique
[ Soil sampling 4.0 g J

Same for both techniques ‘

Prewetting

J

[ Distilled water ]

¢

Wet-sieving at 250 pm]

Dispersion solution
for oversize residuum

t

[ Wet-sieving at 250 pm ]

l

Drying undersize Drying undersize
ressidum at 105 °C ressidum at 105 °C

¢ ¢
[

[ Weighing Weighing ]

[ Wet-sieving WSAiy, , calculation ]

Soil drying and sieving to 1 - 2 mm ——
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o WSAigip soil is the water stable aggregates index of the soil (%)

Eq. (2) is used to calculate the soil water stability index for each size
class, and Eq. (3) gives the weighted arithmetic mean of 80 size classes.
With this technique, the WSAI can be calculated for any set of selected
particle sizes.

Fig. 2 describes the process steps of wet sieving and laser diffraction
and shows the similarities between the two methods. Yellow colour
highlights the steps that are identical in both approaches.

3. Results

Fig. 3 shows the histograms of the particle size distribution obtained
with the SLD technique. The red dashed line represents the same
threshold as the Kamper 250 pm sieve used in the wet sieving technique.
The data excluded from the WSA calculation is to the right of the dashed
line. It is important to note that the x-axis is on a logarithmic scale to
make it easier to see the differences between the histograms. The his-
tograms measured either in distilled water or in the dispersion solution
represent the average of all replicate measurements in each case. The
NUC sample shows partial agreement between the PSD measured in
distilled water and in the dispersion solution, indicating that most of the
aggregate decay occurred in the distilled water, and that those aggre-
gates are therefore less stable. From this we can predict that the
respective sample has a lower WSAi value (see Table 4 for specific
values). All soils show the greatest abundance of aggregates that are
approximately 200-250 pm in size. Only the soils from NUC and CIC
have similar histograms before and after disturbance, while the other
soils differ significantly. The ROH and RIS histograms after disturbance
are bimodal in character, indicating a high representation of fine par-
ticles that were part of the soil aggregates.

The reliability of the obtained data can be assessed using two criteria:
either the extent of obscuration, or the calculated residual values.
Trustworthy measurements are characterized by obscuration and

[ Variable soil sampling]

$

Prewetting

—

Distilled water ] Dispersion solution ]

[
¢ ¢
]

Stirring Stirring + Sonicating ]

PSD histogram
measurement

PSD histogram
measurement

Excluding size classes

Excluding size classes
above 250 um

above 250 pm

[

Sonications and Laser Diffractometry WSAig, 1, | calculation ]

Fig. 2. Aggregate stability flow chart, simultaneous determination of WSAi by Wet-sieving and by the Sonication and Laser Diffractometry approaches.
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Fig. 3. Histograms of the particle and aggregate size distribution of the tested soils obtained during the sonication and laser diffraction technique, aggregates
disrupted in water (blue), aggregates disrupted in the dispersion solution (red). The threshold line separates the particles above 250 pm that are not included in the

WSAI calculation.

Table 4

Median soil aggregate water stability indices and standard deviations deter-
mined by the laser diffraction technique and by the wet sieving technique,
including RMSE and the ANOVA p-value (*RMSE has been calculated for all
WSAI values depicted in Fig. 6).

D WSAig;p (%) WSAiws (%)
NUC 66.6 £ 0.5 825+3
ROH 65.1 +£ 0.8 62.9 + 3.7
RIS 59.7 £ 0.8 48.2 + 3.7
ZEH 729 £ 0.4 679 +1
VRA 69.2+1 75.5 + 2.4
CIC 71+ 0.6 79.7 £1.9
RMSE* 1.6

ANOVA p-value 0.35

residual values that fall within predefined thresholds. The level of
obscuration during the measurement shows quality and reproducibility,
while residual values provide insight into the alignment between the
data and the model. The level of obscuration during the measurement
should be between 10 % and 30 % and the calculated residuals should
not exceed 1 %. Fig. 4 shows that the measurements of the stability of
the individual aggregates in distilled water and in the dispersion solu-
tion show different behaviour. The stability measurements of the ag-
gregates in the dispersion solution show almost no changes in
obscuration, due to the perfect decomposition of the aggregates. The
particles sizes measurement in distilled water, on the other hand, shows
an increase in obscuration. However, this increase in obscuration has no
significant influence on the subsequently calculated aggregate
stabilities.

Fig. 4 shows that most of the recorded data are within the 10 to 30 %
obscuration interval and calculated residuals are below the threshold of

1 %, which means that the measured PSD values are reliable. Measured
data that exceeded obscuration threshold of 35 % were excluded from
the study.

The whisker plot (Fig. 5) shows the aggregates stability indexes
(WSAI) determined using the SLD and WS techniques. The aggregate
stabilities calculated with the WS technique have a higher variability
than the values calculated with the SLD technique. Fig. 5A shows all
WSAI for both methods for the tested soils. Fig. 5B shows a comparison
of the ranges of the calculated indexes for all tested soils together. The
WSAigyp calculated from the PSD histograms shows a lower variance
between all soils than the WSAiws. This indicates a better reproducibility
of the laser diffraction technique, even with a lower number of repli-
cates. The WSAi determined with the WS method has a higher median
value (Table 4) than the WSAi determined with SLD.

Statistical analysis of the mean WSAi values was performed using
analysis of variance (ANOVA), and the root mean square error (RMSE)
between WS and SLD was calculated. The RMSE value of 1.6 % indicates
a good match between the WS and SLD. This observation is confirmed by
the calculated p-value of 0.35 at a confidence level of 95 %, which in-
dicates that there is not statistically significant difference between the
results of the evaluated methods. This statement is also support by the F-
test where F-value = 0.90 < Fcrit = 3.95. Scatter diagram (Fig. 6) shows
calculated WSAi values by each method, the median values are pre-
sented in Table 4.

4. Discussion

The development of the SLD technique was motivated by the ambi-
tion to achieve comparability with the WS technique. The results, pre-
sented in Table 4 and Fig. 5, show that the median values are similar and
there is no significant difference between the mean values of WSA;sip
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Fig. 4. Adjustment of the measured data, the cross sign stands for the degree of obscuration for the measurements in the dispersion solution, the plus sign stands for
the degree of obscuration for the measurements in distilled water, the grey dashed line is the upper limit for the residuals, the grey dotted lines are the lower and
upper recommended limits for the obscuration. The soil samples are represented by different colours.

and WSA;ws. In addition, low internal variability of the SLD results
(Table 4) has the potential to reduce the number of replicates required.
Moreover, the calculated root mean square error (RMSE) of 1.6 % be-
tween the aggregate stabilities obtained with SLD or with WS confirms
that there is good consistency between the two approaches. Fig. 6 sug-
gests the possibility of applying linear regression to the data. However,
doing so might mistakenly indicate a direct relation between SLD and
WS, because of the SLD reaches finer resolution. Bieganowski et al.
(2018) also investigated aggregate stability of silty loam soils with a use
of a laser diffractometer and by wet sieving. Their observations justifies
that the linear regression should not be applied, as it could introduce
bias.

The obscuration level, a measure of the amount of laser light lost due
to the presence of the sample in the analyser beam, is used as a standard
quality indicator for measurements with Mastersizer 3000. A general
guideline is that the degree of obscuration should be between 3 % and
20 % (Malvern, 2013), although some studies have suggested a more
relaxed range of up to 25 % (Sperazza et al., 2004; Ullah et al., 2022). As
the mass of the soil sample in 600 ml of water was very high, the
obscuration level often reached values as high as 50 %, which is well

beyond the recommended upper limit. Further investigation of the SLD
technique will include implementation of Hydro EV unit (Malvern
Panalytical, United Kingdom) into the protocol. The Hydro EV is a
manual unit with a variable volume of water, its use may lead to im-
provements in the methodology because it allows better control over the
level of obscuration.

Wet sieving (WS) is a technique that requires several steps, including
mechanical sieving, drying and weighing, which contributes to a
somewhat higher variability of results for a single sample. In addition, it
is difficult to standardise the exact procedure due to the variety of in-
struments and approaches used by different laboratories. Measured re-
sults may therefore vary from institution to institution. The WS
technique is based on the sieve method, where fine soils with a high clay
and silt content may lead to the 250 pm sieves clogging. In extreme
cases, the sieves are completely blocked, making it impossible to
determine the WSAI of the soil.

The new laser diffraction technique (SLD) for determining WSAIi has
several advantages over conventional techniques. The most important
advantages are speed, reproducibility and simplicity. Unlike the wet
sieving technique (WS), the SLD technique minimises the number of
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steps that potentially leads to uncertainties due to human errors. This is
mainly because in the SLD analysis the original sample is not manipu-
lated after pre-wetting and insertion into the analyser. The SLD tech-
nique is able to provide results within a few minutes, while the WS
technique takes up to several days. The SLD technique utilizes 80 % of
the measured size classes (below 250 pm) to calculate the aggregate
stability. Since the aggregate stabilities for each size class are solved in
this way, this technique is less error-prone than the method for calcu-
lating stability using the d50 parameter shift (Gyawali and Stewart,
2019). In this study, the 250 pm separation was primarily used to
compare SLD and WS results. By excluding this specific feature of the
SLD method, it might be possible to explore varied levels of WSAi. This
could offer deeper insights into the aggregate stability index, enhancing
its relevance as a soil health indicator.

It is also appropriate to point out disadvantages of the SLD technique,
and limitations of our study. One drawback is the relatively small
number of soil types has been analysed. Soils are very heterogeneous,
but the SLD technique was developed and optimized only based on six
agricultural soils, all collected in the Czech Republic. Despite the good
measurement results, the obscuration in some cases reaches excessively
high. The aggregate stability of such soils will therefore not be possible
to be measured with the SLD technique, unless necessary adjustments
will be made. Finally, it needs to be pointed out that we have only used
one manufacturer’s diffractometer, while diffractometers from other
manufacturers may behave differently and may require different
settings.

Determining the stability of soil aggregates requires initial air drying
of the soil sample. Until now, no consensus has been reached on the
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method for the drying process. The methods vary. Kemper and Rosenau,
(1986) suggest leaving the soil in a thin layer with good air circulation
for 24 h. (Haynes and Swift, 1990) used a drying oven set at 22 °C for 48
h, (Almajmaie et al., 2017) dried the sample at 40 °C for 24 h, and
(Utomo and Dexter, 1982) left the aggregates exposed at the room
temperature and humidity for 10 days. The duration of the drying pro-
cess has a significant impact on the stability of the aggregates. Studies by
Churchman and Tate (1987), Kemper and Rosenau (1986) and Murer
et al. (1993) have shown that air-dried aggregates have higher stability
than wet aggregates, and that stability increases with the drying dura-
tion.. In our study many analyses have been performed on samples of
different ages. Although we do not report different drying tests in this
study, based on our unpublished results we suggest storing and drying
the aggregates in a thin layer at 20 to 30 °C for at least one day, but no
longer than 10 days, to ensure accurate measurements. To ensure reli-
able and comparable results, it is recommended to perform the analysis
immediately after the drying.

5. Conclusions

This study has scientifically tested a new technique to quantify soil
aggregate stability. In order to harmonize the procedure with the stan-
dard Wet Sieving technique (WS) the Sonication and Laser Diffractom-
etry technique (SLD) utilizes the same limit of 250 pm for separation of
grains and stable aggregates. However, it is possible to work with an
alternative boundary in the SLD technique and thus investigate the
stability of aggregates of various sizes. Since the process of disintegra-
tion of soil aggregates during SLD measurements operates on the prin-
ciple of ultrasound and particle movement through the instrument, SLD
is also suitable for fine soils, where the WS technique cannot be applied,
e.g. due to clogging of the sieves.
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The water stable aggregates index (WSAi) obtained with the SLD
technique is calculated by dividing the particle size distribution of the
soil aggregates in distilled water and in a dispersion solution. Since both
techniques are based on the measurement of physical properties, they
are comparable.

In summary the SLD technique produced comparable results with
WS. However, SLD based aggregate stability measurement is a novel
technique, it requires to be further tested especially to evaluate its us-
ability on other soil types, laser diffractometers. Future studies may
explore improvements to the methodology, such as testing with a
manual unit with variable water volume. To ensure accurate and com-
parable results across laboratories, it is important to standardize the
methods and procedures used to determine WSAI.
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Appendix A - Repeatability of Mastersizer 3000 measurements for two selected samples RIS (shades of red) and NUC (shades of blue)
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Appendix B - Mastersizer 3000 settings for measurements in distilled water and dispersion solution
Setting Distilled Water Dispersion Solution
Particle Type
Non-spherical particle mode Yes Yes
Fraunhofer type No No

Material properties

Material name Silica Si02 Silica SiO3
Refractive index 1.457 1.457
Absorption index 0.01 0.01
Particle density 2.64 g/cm® 2.64 g/cm®
Different optical properties in blue light No No

Dispersant properties

Dispersant name Water Water
Refractive index 1.33 1.33
Level sensor threshold 100 100

Measurement duration

Background measurement duration (red) 20.00 s 20.00 s
Sample measurement duration (red) 10.00 s 10.00 s
Perform blue light measurement? Yes Yes

Background measurement duration (blue) 20.00 s 20.00 s
Sample measurement duration (blue) 10.00 s 10.00 s

(continued on next page)
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(continued)
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Setting

Distilled Water

Dispersion Solution

Assess light background stability

Measurement sequence

Aliquots

Automatic number of measurements
Pre-alignment delay

Number of measurements

Delay between measurements
Pre-measurement delay

Close measurement window after measurement

Measurement obscuration settings
Auto start measurement
Obscuration low limit

Obscuration high limit

Enable obscuration filtering

Measurement alarms
Use Background Check
Background Check Limits

Accessory control settings

Accessory name

Is accessory dry?

Stirrer speed

Ultrasound percentage

Fill Dispersant Source Identifier

Manual tank fill?

Degas after tank and cell fill

Sonicate to stability?

Ultrasound mode

Degas after pre-measurement ultrasound
Align after pre-measurement ultrasound
Ultrasonication duration

Clean sequence settings

Clean sequence type

Sonicate during clean?

Manually Fill Tank During Clean?

Clean Dispersant Source Identifier

Clean Dispersant Level Sensor Threshold
Degas After Clean?

Analysis settings

Analysis model

Single result mode

Number of killed inner detectors
Blue light detectors killed

Fine powder mode

Analysis sensitivity

Analysed as Mastersizer 3000E?

Result Settings
Result range is limited
Result Units

Extend Result

Result Emulation

User sizes for histograms and tables
Use user sizes

Data export output
Enabled?

Averaging
Averaging enabled?

Printing options
Printing enabled?

No

No
0.00 s

0.00 s
0.00 s

Yes

3.00 %
30.00 %
No

No
[1;2001;[20;60]

Hydro LV
No

2500 rpm
0%

Auto

General Purpose
No

0

No

No

Normal

No

No
Volume
No
No

No

No

No

No

No
0.00 s

0.00 s
0.00 s

Yes

3.00 %
30.00 %
No

No
[1;2001;[20;60]

Hydro LV
No

2500 rpm
100 %
Auto

Pre-Measurement
No

No

120.00 s

General Purpose
No

0

No

No

Normal

No

No
Volume
No
No

No

No

No
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