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Abstract

Granulometry represents the relative proportions of the fractions that compose the soil, being an important
agronomic tool to infer mean values of density, water availability and cation exchange capacity, besides being
useful in soil classification. Among the methods employed to determine the fractions composing the soil, those
which consider the separation by sedimentation for the clay fraction still have problems in the analytical protocol,
which are directly responsible of errors in the results obtained. Given the above, this study aimed to evaluate the
best pipette immersion depth to collect the aliquot containing only clay, to calculate and discuss the errors
associated with collection of the aliquot containing clay fraction in soil granulometric analysis. Samples for
granulometric analysis were collected in the superficial layer and top of the B horizon of an Argissolo Amarelo,
corresponding to the textural classes sandy loam and sandy clay. Regardless of soil textural class, the depth 2 =5
cm established in the calculation using the Stokes’s equation leads to overestimation and underestimation of clay
and silt fractions in the soil. The collection should be performed with the pipette tip positioned at #/2 = 2.5 cm.
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1. Introduction

Granulometry represents the relative proportions of the fractions that compose the soil. In most cases, it is a
reference to the quantities of sand, silt and clay, fractions which are not changed by soil use and management,
because they result from pedogenetic processes. It has great agronomic importance because, based on it, it is
possible to infer mean values of density (Sivarajan et al., 2018), water availability (Rabot et al., 2018) and cation
exchange capacity, besides being useful in soil classification (Klein et al., 2013). Regarding laboratory protocols,
there is a great variety of techniques in soil granulometric analysis, and approximately four hundred methods are
known nowadays (Almeida, 2008). Among the most widely known methods, two deserve special attention for
being the most commonly used: the pipette method (Robinson, 1922) and the hydrometer method (Bouyoucos,
1927).

Soil granulometric analysis is normally carried out in three steps: application of pretreatments to remove
flocculating and cementing agents, sample dispersion, and quantification of fractions (Ruiz, 2005). The first step
aims to remove organic matter, iron oxides, carbonates and soluble salts (Ruiz, 2005). Soil sample dispersion is
conducted by using a combination of chemical processes and mechanical disaggregation (Durner et al., 2017).
Sieving is used for the sand fraction and sedimentation for the smaller particles—silt and clay (Cunha et al.,
2014b).

For the sand fraction, separation by sieving leads to results with better precision and accuracy; however,
separation by sedimentation for silt and clay fractions still has several problems in the various methods used in
the analytical protocol, which are directly responsible of errors contained in the results obtained in the
measurement of these granulometric fractions (Durner et al., 2017). Incomplete dispersion of soil particles,
associated with the inefficiency of the procedures used, leads to errors in the quantification of the clay fraction
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and, consequently, of silt and sand fractions (Cunha et al., 2014b). These experimental errors, depending on the
magnitude, may cause serious consequences for the utilization of the soil granulometric analysis results, from the
simplest applications, directly related to soil use and management, to the more complex ones, which involve the
modelling of soil physical, chemical, biological and mechanical processes (Cora et al., 2009).

Pipette method is also one of the main methods used to determine clay content. The method is frequently used
due to the technical impossibility of manufacturing sieves with adequate diameters for the dimensions of these
particles (Dias, 2004). It is worth highlighting that clay particles in the soil exhibit a laminar shape and the mesh
opening in sieve manufacturing considers the equivalent diameter of spherical particles. Thus, contents of clay
particles in the soil are usually determined using a method that is based on the sedimentation velocity of the
particles. The principle of this method is the quantification of clay content based on the weighing of samples,
collected at a certain depth in aqueous medium within a given time of sedimentation. Among its limitations,
special attention should be paid to the collection depth established in the calculations using the Stokes’s law, a
factor that leads to errors in the determination of clay contents by this method (Dias, 2004; Durner et al., 2017).

In this context, the hypothesis tested in the present study is that the aliquot collected at the depth /4 established in
the calculation by the Stokes’s law, leads to overestimation of soil clay fraction because sit also contains silt.
Therefore, the objectives were to: i) define the best depth for pipette immersion to collect the aliquot containing
only clay; and ii) calculate and discuss the errors associated with the collection of the aliquot containing the clay
fraction.

2. Method and Methods
2.1 Experimental Site

To perform soil granulometric analysis, samples were collected at the Federal University of Ceara, Campus of
Pici, in the upper layer (0-5 cm) and from the first 5 cm of the B horizon (in both situations, in the first five
centimeters) of a Argissolo Amarelo (Embrapa, 2013), corresponding sandy loam and sandy clay textures,
respectively (Santos et al., 2013). All analyses were carried out at the Soil Physics Laboratory of the Soil
Sciences Department in the Federal University of Ceara.

2.2 Pipette Immersion Depths for Aliquot Collection in the Quantification of Clay Fraction

For each treatment 10 samples of oven-dried fine earth (ODFE) weighing 20 g were used. Each sample was put
in a 250 mL beaker to which 100 mL of distilled water and 10 mL of o 1 mol L sodium hydroxide, a chemical
dispersant, were added. The mixture was allowed to rest for 12 to 16 hours for chemical dispersion of particles.
Following that, physical dispersion was carried out in vertical shaker at 12.000 rpm for 5 min for the sandy loam
material, and 10 min for the sandy clay one. Subsequently, sands were separated in a sieve with 0.053 mm mesh.
The filtrate, composed of clay and silt, was collected in a 1 L sedimentation cylinder. The cylinder volume was
topped up with distilled water, and the suspension was agitated for homogenization per 20 seconds (Gee & Or,
2002).

According to the Stokes’s law, the 5 cm depth containing only the clay fraction in suspension was considered.
After the time of sedimentation, three procedures were used to collect the 25 mL aliquot containing clay notably
(i) by suction, immersing the pipette tip to 2.5 and 5 cm depths from the liquid surface, (ii) by suction,
immersing the pipette tip to 2.5 and 5 cm depths from the liquid surface, and (iii) by siphoning of solution
containing clay + dispersant using a drain installed on the side of the sedimentation cylinder at 5 cm from the 1 L
mark. (25 mL were collected from the drained volume. An illustration of the apparatus individually used in each
treatment is presented in Figure 1.
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Figure 1. Detail of the pipettes and drain to collect the aliquot containing clay

The siphoning procedure was taken as reference because there is no risk of containing silt, as in the protocol by
suction, when the pipette tip is immersed at the depth 4, used to calculate sedimentation time by the Stokes’s law.
The aliquot was transferred to a 30 mL beaker and dried in the oven at105 °C, until constant weight to determine
the weight of the clay fraction + dispersant. A blank control was used to determine the dispersant weight in the
aliquot collected. Equation 1 was used to determine clay percentage:

g]xloo (1)

where, V't was the total volume (50 mL), Vp was the pipetted volume (2.5 mL), Wc was the oven-dried weight of
clay in 2.5 mL of suspension (g); Wb was the oven-dried weight (105 °C) of the blank in 2.5 mL of this solution
(g); and Woprr was the weight (g) of oven-dried fine earth.

2.3 Statistical Design and Error Analysis

For each soil texture, the experiment of granulometric analysis (methods to collect the aliquot containing clay)
was conducted in a completely randomized design, in 2 X 3 factorial scheme (two textures: sandy and clayey;
three procedures to collect the aliquot containing clay + dispersant including (i) suction with pipette tip at 2.5 cm
depth from the aqueous suspension surface, (ii) suction with pipette tip at 5 cm depth from the aqueous
suspension surface, and (iii) siphoning, though a drain installed on the side of the sedimentation cylinder 5 cm
from the 1 L mark.

2.4 Data Analysis

Analysis of variance was carried out for the collection methods and the soil textural class as well. Mean values
of clay content were compared using Tukey tests at 5% probability. The analyses were carried out using the
statistical program Assistat (Silva & Azevedo, 2016). The relative difference between the proposed treatments
and the reference to quantify the clay fraction was calculated using Equation 2:

x100 2)

3. Results and Discussion

The analysis of variance revealed highly significant difference (p = 0.01) between the two soil textural classes as
well as and between the aliquot collection methods but did not show interaction between soil textural class and
aliquot collection method (Table 1).
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Table 1. Analysis of variance for soil fractions considering the methods to collect the aliquot containing clay in
two soil textural classes

Clay fraction Silt fraction Sand fraction

Source of variation DF

Mean squares F Mean squares  F Mean squares  F
Soil textures (F1) 1 836698.24 30311.117 1552.86 41.26" 910349.47 30981.60™
Clay collection methods (F2) 2 765.51 27.73" 1042.54 27.70" 41.70 1.42m
Interaction F1xF2 2 17.21 0.62™ 182.77 4.86" 147.83 5.03"
Treatments 5 167652.74 6073.57" 800.69 21.28” 182145.71 6198.90"
Residual 54 27.60 37.63 29.38
Coefficient of Variation 2% 12% 1%

Note. DF: degrees of freedom.

According to the results in Figures 2(a) and 2(b), the mean clay contents (g kg) in both textural classes were
statistically higher in the clay collection method with a pipette at # = 5 cm than those obtained in the methods of
siphoning and collection at # = 2.5 cm, corroborating the hypothesis previously presented in the present study.
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Figure 2. Mean values of clay by the methods of collection of the aliquot containing clay
(A = sandy loam; B = sandy clay)

Note. Means followed by the same letter do not differ statistically according to the Tukey test at 5% probability.

It is important to point out that, considering the Stokes’s law—knowing the limitations of its use in the
sedimentation of soil particles—the depth % only ensures that at that point, and at that time, the particles
precipitated are the ones with equivalent diameter larger than that of the particles to be determined (Gee & Or,
2002). Considering the interest in quantifying the clay fraction (with equivalent diameter <2 um), at the depth 4,
for a certain time ¢ dependent on temperature, particles with equivalent diameter immediately larger than 2
um-silt are assumed to settle at the bottom. However, it has been demonstrated that the aqueous solution should
not be collected with the pipette positioned at the depth # =5 cm because, as shown (Figure 1), the silt fraction is
also collected along with the clay fraction.

The explanation for the presence of clay and silt—instead of only clay—when the solution is collected with the
pipette tip at depth 2 =5 cm comes from a simple analysis of the collection of the aliquot containing the aqueous
solution. Based on Figure 3, in the collection a manual or automatic pipettor is attached to the opposite end of
the pipette tip.
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Figure 3. Detail of the pressures involved in the aqueous solution collection

When the analyst immerses the pipette tip up to the depth 2 =5 cm and presses it, the internal pressure of the
pipettor + pipette set becomes lower than the atmospheric pressure and the aqueous solution is naturally pushed
into the pipette. It occurs that, when the atmospheric pressure pushes the liquid column #, it causes silt, which is
immediately below £, to enter the pipette as well. Further, when the manual or automatic pipettor is immersed at
depth £, there is a displacement in the fluid volume because the device is denser. Since the depth /4 is considered
as the limit to quantify the clay fraction, any alteration causing displacement in the fluid volume leads to
discrepancy in the values obtained to represent this granulometric fraction.

Consequently, the aliquot containing the aqueous solution will contain silt and clay particles, which is not
consistent with soil clay content. Thus, to prevent silt from being counted as clay, the pipette tip needs to be
contained within the column A—preferably in the center—and not at the depth % used to calculate sedimentation
time by the Stokes’s law.

Regarding the relative difference, for the sandy texture the protocol with suction at # = 2.5 cm leads to
insignificant underestimation of the clay fraction, -0.3%, whereas the protocol with suction at # = 5 cm
overestimates the clay fraction by 4.1%. In relation to the clayey textural class, there were underestimation of
-0.6% and overestimation of 2.4%, respectively, for both protocols mentioned above.

The analysis of variance revealed high significant difference in the silt fraction for both soil textural classes, due
to the methods of clay fraction collection, as well as the interaction between both sources of variation (Table 1).
For the sandy loam texture, the mean values of silt did not differ between the methods of siphoning and suction
at 1 = 2.5 cm, although in the latter the silt values were statistically similar to those observed in the protocol with
suction at 2 = 5 cm. In this textural class, the siphoning method statistically differed from the method of
collection at 2 =5 cm, which showed lower mean values of silt (Figure 4a). There was no significant difference
between the methods of collection by siphoning and suction at # = 2.5 cm in the soil with sandy clay texture
(Figure 4b).
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Figure 4. Mean values of silt obtained by the methods of collection of the aliquot containing clay
(A = sandy loam; B = sandy clay)

Note. Means followed by the same letter do not differ statistically according to the Tukey test at 5% probability.

In all the situations, it was demonstrated that the aliquot containing clay collected at # =5 cm also contains silt,
which is the reason why the silt fraction was significantly underestimated compared with the value obtained in
the siphoning protocol.

Some analysis protocols suggest that the proportion of silt should be defined by subtraction from the other
fractions (clay and sand) in relation to the original sample (Ruiz, 2005). According to these authors, in the
estimation of the sedimentation time of the silt fraction, a more accurate form to quantify this fraction is to
consider the Law of Stokes (Stokes, 1851), making a few assumptions—for instance, that the forms of the
fractions composing the soil are not only spherical and that, in the sedimentation for granulometric analysis, the
sediments have a uniform displacement velocity, with a straight-line trajectory, thus avoiding turbulence during
the process. It is worth highlighting that the temperature should also remain constant during the analysis, because
sedimentation velocity is inversely proportional to fluid viscosity. Therefore, oscillations in the temperature of
the environment during the process lead to changes in fluid viscosity and, consequently, in the sedimentation
velocity of the particles. The authors concluded that some mathematical determinations lead to more accurate
results in the granulometric analysis, also reducing the silt/clay ratios, used as criteria in soil characterization and
classification.

Regarding the sand fraction, the analysis of variance showed significant effect of the soil textural classes and of
the interaction between soil textural classes and clay fraction collection methods but did not detect significant
difference between clay fraction collection methods (Table 1).

Since the sand fraction was separated by sieving in the experimental procedure, it was not expected to differ
regardless of the protocol for clay fraction collection, a fact confirmed in the analysis of variance. According to
Ruiz (2005), the separation by sieving provides more accurate and reliable results, but soil sample dispersion is
fundamental to maintain the accuracy, which requires a good combination of the chemical processes and
mechanical disaggregation.

4. Conclusion

Regardless of soil textural class, the aliquot collected at the depth # =5 cm established in the calculation by the
Stokes’s equation leads to overestimation of the clay fraction and to underestimation of silt fraction in the soil.
The collection should be carried out with the pipette tip positioned at #/2 =2.5 cm.
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