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Abstract—A review of approaches to particle-size and microaggregate-size distribution analyses applied in
soil science is given. The concepts of the structural organization of soils, primary soil particles, elementary
soil particles, and soil microaggregates are considered. Methodological problems, such as the preparation of
soil samples for the analyses and interpretation and comparison of the results obtained by different methods,
are discussed. The authors suggest the theoretical substantiation of differences between the notions of pri-
mary soil particles (soil building units) and elementary soil particles. Primary soil particles are individual
mineral particles. Elementary soil particles are solid-phase products of pedogenesis represented by fragments
of rocks and minerals and by organomineral and organic particles, all the components of which participate in
chemical and physicochemical interactions. Special attention is paid to the existing classifications of soils
according to their textures. It is suggested that the upper boundary of the clay fraction in the Russian classi-
fication should be shifted from 1 to 2 μm.
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INTRODUCTION

Soil is a heterogeneous four-phase (liquid, solid,
gaseous, and living phases) polydisperse system, the
elements of which interact with one another and with
the environment and have certain specificity allowing
to group them into the structural levels of soil organiza-
tion. Each of these levels is characterized by its own
level-specific interactions, processes, and functions
that can be used as criteria for separation of the levels
[30]. In this paper, we discuss the levels of elementary
soil particles (ESPs) and soil microaggregates.

The most common quantitative characteristic used
to describe and assess the degree of dispersion of dif-
ferent soils is their granulometric composition, or parti-
cle-size distribution. Particle-size distribution is one
of basic physical properties of soils; it is taken into
account in dealing with many scientific and applied
problems. However, inconsistent terminology and dif-
ferences in methodological approaches to its determi-
nation in different schools of soil science complicate
the interpretation of the results and their understand-
ing by specialists in neighboring sciences. At the first
glance, the definitions of ESPs and soil textures are
simple. However, their careful analysis raises a num-
ber of important methodological problems. As argued
below, the key problem is the exact definition of ESPs.

In recent decades, new methods of the analysis of
particle-size distribution and soil morphology—laser
diffractometry, X-ray microtomography, scanning
electron microscopy, and mass-spectrometry of sec-
ondary ions—have been developed. Instrumental
methods of soil preparation for the analyses—ultrasonic
dispersion and mechanical screening—have virtually
excluded the effect of human factor on the soil pretreat-
ment; it is now possible to standardize and exactly
determine the force of action exerted on the soil. In
turn, this modifies our perception of the existing
notions; some of them have to be refined in order to get
a better insight into the investigated problems. In gen-
eral, soil science has gained a new level in the study of
solid soil phase. After the appearance of the method of
densimetric fractionation of soils, most of the studies
deal with soil structural units separated by this method
[46, 79]. Earlier, analogous studies were based on the
concept of particle-size (granulometric) soil fractions.

What is the object of particle-size distribution anal-
ysis? What is the range of sizes of the particles
attributed to ESPs? What lies in the basis of grouping
ESPs into size fractions? What should be taken into
account in the choice of the method of soil pretreat-
ment to the particle-size and microaggregate-size dis-
tribution analyses? Should this method be the same
for all the soils? What is the role of pedofeatures (soil
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FROM THE NOTION OF ELEMENTARY SOIL PARTICLE 1327
neoformations) in the particle-size distribution?
Should they be taken into account separately? These
are the major questions discussed below.

WHAT IS THE ESP?

Solid soil phase is represented by particles of parent
material and the products of its weathering, as well as
by organic substances, including plant remains of dif-
ferent degrees of decomposition and organic and
organomineral compounds. The physical properties
and the chemical and mineralogical compositions of
soil particles depend in their size, the type of soil, and
the nature of parent material [2, 3, 12, 13, 17, 23, 26,
29, 109, 173, 174]. The sand fraction (>50 μm) is
mainly represented by silicate minerals. The silt frac-
tion (2–50 μm) is close in its mineralogical composi-
tion to the sand fraction. However, owing to a higher
specific surface area, silt particles are often covered by
the films of amorphous compounds. The clay fraction
(<2 μm) consists of layered aluminosilicates and metal
oxides and hydroxides; it may also include nonlayered
silicates (quartz, feldspars, etc.). The method of phys-
ical fractionation in heavy liquids of known density is
successfully applied to distinguish between different
pools of soil organic matter (SOM) [46, 79]. Numer-
ous particular methods of this fractionation differ in
their impact on the soil solid phase (SSP) and the
applied densities of heavy liquids [9, 37, 79, 80, 86,
103, 150, 201]. Usually, three major pools of SOM dif-
fering in the character of their interaction with the
mineral soil components are distinguished. The first
group of free SOM—light-weight fraction—is sepa-
rated in heavy liquids <1.6–2.0 g/cm3 without the pre-
liminary impact on the SSP. The second group—
physically free occluded light fraction—is separated
after the preliminary impact on the SSP. The remain-
ing SOM is bound in organomineral complexes and is
referred to as the heavy-weight fraction. The density of
heavy liquid of 1.6 g/cm3 allows us to isolate the light-
weight fraction of SOM in the pure form, whereas the
isolation of occluded SOM and other fractions
depends on the stability of soil aggregates [74].

Soil particles may have different shapes: spherical,
elongated, or platy. These shapes can be described
with the use of three parameters: the degree of angu-
larity/roundness, the shape proper, and the character
of the surface [88]. Sand particles are evenly developed
in all the directions and can be attributed to spherical
particles. However, their surface is not quite smooth;
it has certain roughness and scores. Most of silt parti-
cles also have a spherical shape. Clay particles usually
have platy of acicular (elongated) shapes [109]. In
general, the smaller the size of the particles, the more
pronounced difference of their shape from a spherical
shape [136].

The idea that soil particles should be studied in the
state maximally close to their natural state is not new.
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In 1943, Tyulin wrote: “Organic colloids tightly bound
to the surface of mineral particles form a single whole
with them independently on the nature of these
bonds.” [42, p. 4]. Tyulin considered it very important
to preserve individuality of soil particles in the course
of pretreatment of the soil samples for the analyses. He
also argued against the application of chemical
reagents for this purpose. From his point of view, the
important characteristics of soils are “the quantity and
quality of adsorbed organic colloids on the surface of
mineral particles” and “the energy of bonds between
the organic matter and mineral particles.” Indeed, the
investigations of that kind have become most wide-
spread in the next decades of the development of soil
science [76, 111, 117, 129, 132, 163, 175, 204, 210]. The
study of organomineral interactions is an important
direction in soil science [9, 92, 129, 130, 173]. Various
physical methods of soil dispersion and fractionation
are applied. In particular, the method of ultrasonic dis-
persion [85] should be mentioned as the method allow-
ing us to determine the energy of bonds of the soil par-
ticles [171]. Ultrasonic methods make it possible to
study the mechanisms of soil aggregation [82, 84, 85].

Oxides and hydroxides of iron, aluminum, and
manganese; amorphous silica; carbonates; gypsum;
soluble salts; and specific and nonspecific SOM com-
pounds are the major binding agents in soils. In depen-
dence on the functional role in soil aggregation, three
groups of SOM can be distinguished: transient SOM
mainly represented by polysaccharides, temporary
SOM (plant roots and fungal hyphae), and persistent
SOM with organic substances bound with metal ions
and sorbed on the surface of soil particles [188].

In the course of soil aggregation under the impact
of binding agents, soil structural units of different
orders are formed (Figs. 1 and 2). Primary soil parti-
cles compose secondary soil particles; in turn, the lat-
ter form larger aggregates [12, 102, 188]. The relation-
ships between different structural elements of soil are
described in the concepts of the hierarchy of structural
levels of soil organization [12, 22, 30, 80] and the hier-
archy of soil aggregates [188, 189]. According to
Rozanov [30], different structural levels of soil organi-
zation are specified by the character of interaction
between structural elements [30]. In fact, it is difficult
to distinguish between the levels according to the
mechanisms of soil aggregation (Fig. 3). Moreover,
not all the soils have all the levels of structural organi-
zation [81]. There are certain interactions between dif-
ferent structural levels [30]. The most diverse mecha-
nisms of interaction are inherent to the level of soil
aggregates. Aggregates can be defined as the integrities
of soil particles or microaggregates, the bonds between
which are stronger than the bonds with neighboring
soil particles [48, 125]. Aggregates are characterized by
their size, shape, porosity, mechanical strength, and
water stability [24]. Porosity is a distinctive morpho-
logical property of aggregates. As for the term micro-
aggregate, there is no unified definition for it. Some
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Fig. 1. Levels of the structural organization of soils: primary soil elements and elementary soil particles.
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researchers consider aggregates <0.25 mm in size as
microaggregates [14, 84, 189]; in other studies, micro-
aggregates are specified as aggregates of 0.002 to
0.25 mm in size [188], or as aggregates <0.05 mm in
size [10]. Edwards and Bremner [84] argued that
microaggregates in base-saturated soils represent dis-
persion-resistant totality of clay particles and humi-
fied organic substances bound by polyvalent metal
ions with one another. However, microaggregates are
also formed in the unsaturated soils. According to
Matthews, aggregates consist of primary particles
bound by strong cohesive forces, so that they are not
destroyed upon standard sample pretreatment proce-
dures [139]. Microaggregates are more resistant to
external impacts than aggregates and are richer in clay
particles and organic matter [82]. Water stability of
microaggregates is related to the gluing action of
organic matter [188]. At the same time, the relation-
ships between the organic matter content and the soil
microaggregation are rather ambiguous, because only
particular forms of SOM can be “responsible” for the
water stability of aggregates [188].

The place of pedofeatures (soil neoformations) in
the concept of the hierarchy of soil structural levels is
open to discussion. Rozanov [30] argued that most
pedofeatures could be considered at the aggregate
level. The size of pedofeatures can be comparable with
the size of soil particles (e.g., the size of iron nodules
may vary from 0.5 to 25 mm [20]. Soil concretions
may have different compositions and include elemen-
tary mineral particles; they may be also resistant to
EURASIAN SOIL SCIENCE  Vol. 51  No. 11  2018
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Fig. 2. Levels of the structural organization of soils: microaggregates and their inner structure.
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chemical agents and to ultrasonic dispersion. Carbon-
ates in soils may have different morphologies. In terms
of particle-size distribution analysis, their microforms
are of particular interest. They may consist of calcite
crystals of different sizes—from the cryptograined cal-
cite (<1 μm) to coarse-grained calcite (>1000 μm) [15].
Most often, pedogenic carbonates precipitate as crys-
tals of 2–50 μm in size [96].

The structural level of coatings and pendants is
open to argument. Coatings (cutans) form a specific
assemblage of pedofeatures that may be present in sev-
eral horizons [6] and are considered an important
morphological element in soils. It is probable that the
EURASIAN SOIL SCIENCE  Vol. 51  No. 11  2018
assemblage of coatings represents a trans-level forma-
tion in terms of the structural hierarchy. B.G. Rozanov
suggested the term inter-aggregate formation [30], but
he did not give a clear definition of this term and the
list of phenomena described by it.

In foreign studies, the objects of particle-size dis-
tribution analysis are usually referred to as primary soil
particles. In Russian literature published in the recent
decades, the notion of elementary soil particles is used.
Other names—granulometric particles, mechanical par-
ticles—are also applied. There are two major
approaches to the definition of the objects of particle-
size distribution analysis.
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Within the framework of the first approach, pri-
mary soil particles include separate mineral grains and
rock fragments (rock detritus) [56, 139]. Thus, the
analyzed phenomena only include the inorganic part
of soil [169]. Organic particles are excluded from the
group of primary particles. Moreover, newly formed
pedogenic substances—organomineral compounds—
are also excluded. This approach was realized in the
method for determination of particle-size distribution
in the mineral soil material [113]. In this method,
binding agents—organic colloids, oxides and hydrox-
ides of Fe and Al, and carbonates—are to be removed
from the soil before the analysis. At the same time, the
impact of pretreatments on the mineral part of the soil
should be minimized [164]. The chemical methods of
soil pretreatment ensure the stability of the results of
particle-size distribution analysis. However, they con-
siderably transform the studied object, so that the
results of the analysis do not give adequate characteri-
zation of the original soil [151]. They may also alter the
properties of the clay fraction [78] and greatly affect
the results of the analysis and their qualitative inter-
pretation in dependence on the particular goal of the
study [139].

The second approach [12, 22, 30, 48] tends to take
into account all the elementary soil particles (ESPs)
that are defined as “fragments of rocks and minerals
and amorphous compounds, the elements of which
are chemically bound together and cannot be
destroyed by the routine methods of soil peptization
applied as pretreatments to the particle-size distribu-
tion analysis” [48, p. 31]. The applied method of pep-
tization should ensure the most compete dispersion of
the soil without modifying ESPs. At this level of dis-
persion, ESPs play the decisive role in the structure
and properties of soil [12]. This definition of ESPs
generally corresponds to the definition of aggregated
particle suggested by Matthews [139], in which the
presence of strong cohesive bonds and the resistance
of aggregates to “normal” pretreatments, including
physical action on soil and soil dispersion with the use
of sodium hexametaphosphate (Na6P6O18). As these
two terms (ESP and aggregated particle) have a lot in
common, it is reasonable to specify the definition of
ESP. Indeed, the definition given above brings us the
question: which kinds of amorphous compounds are
to be taken into account? Amorphous substances are
solid substances, the atoms and molecules of which do
not compose periodical 3D structures typical of the
crystalline state of matter [43]. These substances have
“the near range” and do not have “the distant range,”
i.e., the regularity in the spatial arrangement of their
atoms or molecules is only observed at distances com-
parable with the distances between the atoms. The
term X-ray-amorphous material is also applied. It
denotes the amorphous substances proper and the
crystals, whose effective size is very small (is less than
the area of coherent scattering). According to this
definition, amorphous compounds in soil include
EURASIAN SOIL SCIENCE  Vol. 51  No. 11  2018
organic and organomineral compounds, amorphous
silica, and a number of other newly formed substances
(mainly, oxides and hydroxides of metals). Thus,
while defining the object of particle-size distribution
analysis, we take into account the inner properties of
soil materials rather than the method of soil pretreat-
ment. However, the latter is critically important. In
fact, there is no universal method of soil pretreatment
for the particle-size distribution analysis suitable for
all the soils [75, 153]; the particular standard methods
applied in different countries are somewhat variable.

On the one hand, the described approaches to the
definition of the object of particle-size distribution
analysis are mutually exclusive. In reality, these
approaches are aimed at solving somewhat different
problems and can be used to describe different hierar-
chical levels of soil arrangement. The first approach is
suitable for soil description at the crystalline–molecu-
lar level (according to Rozanov [30]); only mineral
particles are considered. The second approach based
on the ESP concept tends to characterize the native
state of the solid soil phase. It describes a more com-
plex level of soil arrangement. In the case of coarse-
textured soils (or parent materials) with the low con-
tent of gluing substances, soil dispersion to the level of
primary elements without the removal of binding
agents is possible. In the case of microaggregated soils
(or parent materials), such a state of the soil cannot be
achieved without changes in the initial soil state. The
structure inherent in parent materials is further trans-
formed in the course of pedogenesis into the soil
structure. The degree of this transformation may be
different [1].

As already mentioned, the most well-studied soil
particles have typical sizes of 2 to 100 μm [81]. Soil
particles of less than 2 μm in size often represent
microaggregates resistant to ultrasonic treatment
rather than individual particles [76].

Often the term clay microstructures is used to
denote the particles <20 μm in size [77, 118, 155, 201]
along with the term primary soil elements. Thus, in the
engineering geology, the terms microtexture and
microstructure are often used to describe clayey and
loesslike materials and soils containing clay minerals
and organic matter in the form of humus, i.e., particles
<1–5 μm in size. Such particles rarely occur in the iso-
lated state. Usually they compose “ultramicroaggre-
gates” and “ultramicroblocks” [32, p. 17]. If consider-
able amounts of organic matter or amorphous sub-
stances are present in a soil as binding agents, the role
of primary soil elements decreases [178]. Highly
aggregated clayey soils behave like sands in terms of
their filtration properties [100]. Some important soil
physical properties, such as the unsaturated hydraulic
conductivity, water retention, soil crusting capacity,
tolerance toward erosion, and physical tilth depend on
compound particles (domains) rather than on primary
soil particles [81]. The notion of “mechanical compo-
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sition of soils” reflects not only the quantity of soil ele-
ments but also the behavior (mechanics) of soils in
dependence on their composition. The notions of the
“granulometric composition of soils” (soil texture)
and “soil particle-size distribution” do not imply the
latter meaning.

Indeed, in order to solve some of the theoretical
and applied problems, we need to remove organic and
other gluing substances from soils before the particle-
size distribution analysis. For instance, this is import-
ant, if we study the lithological homogeneity/hetero-
geneity of soils, the genesis of parent material, or the
pedogenic transformation of the mineral part of soils
with bleached acid eluvial horizons [17, 19, 28, 39]. At
the same time, the analysis of many physical proper-
ties of soils does not require their special pretreatment.
The determination of the classification position, fer-
tility, and erosion resistance of ferrallitic soils does not
require complete disintegration of soil particles with
the disturbance of their initial stable structure [106].
The presence of carbonates in soils usually contributes
to soil microaggregation. After the removal of carbon-
ates, the results of laboratory particle-size distribution
analysis do not correspond to the results of field deter-
mination of the soil texture. It was suggested that the
portion of carbonate clay in such soils should be spe-
cially assessed [176]. Particle-size distribution data on
carbonate soils (with the CaCO3 content ≥5 vol. %)
indicate that the preliminary removal of carbonates
changes the grade of soil texture (as determined from
these data) in 60% of the studied samples [96]. In this
context, a question arises: do particle-size distribution
data obtained after the removal of carbonates corre-
spond to the real properties of native soils? [96, 126]. It
is also known that particle-size distribution data
obtained after the soil dispersion with application of
chemical agents do not correlated with the properties
of clayey soils of different geneses [11].

An important area of studies in the modern soil
physics is the choice and adaptation of the methods
allowing us to predict some soil properties on the basis
of data on other soil properties [61, 170]. As a result of
these studies, pedotransfer soil functions have been
developed [67, 68, 97, 206]. We suppose that further
refinement of the concept of the hierarchy of struc-
tural levels of soil arrangement is necessary to ensure
adequate results obtained with the use of pedotransfer
functions and other soil models.

GRANULOMETRIC (PARTICLE-SIZE 
DISTRIBUTION) ANALYSIS OF SOILS

Classification of granulometric (particle-size) ele-
ments of soils and classification of soils according to
their granulometric composition (texture). Granulomet-
ric (particle-size distribution) analysis implies the
determination of quantitative ratios between elemen-
tary soil particles of different sizes independently from
their mineralogical and chemical compositions [48].
In dependence on the particular classification, the
range of sizes of the particles attributed to ESPs may
vary (Fig. 4). However, all these classification schemes
include subdivision into three classes of particles: clay,
silt, and sand. Usually, the size of ESPs is less than
2000 μm; in the Russian system, it should be less than
1000 μm; these particles are considered fine earth
fractions. Coarser particles—rock debris and separate
coarse mineral grains—compose the stony (skeletal)
part of soils. The upper boundary of the clay fraction in
the Russian classification differs from than in most
other classification systems. In Russia, clay particles
are defined as particles <1 μm in size; in the interna-
tional system, these are particles <2 μm. The bound-
ary between silt and sand fractions is set at 20, 50, 60,
63 μm in different classifications. Some classifications
suggest a more detailed subdivision of these major
classes into subclasses of fine, medium, and coarse
fractions. The most detailed subdivision is given in the
Russian system (in Fig. 4, subclasses in the clay class—
coarse clay (1–0.5 μm), medium clay (0.5–0.01 μm),
and colloids (<0.01 μm)—are not shown. Such a
detailed subdivision makes it possible to diagnose rel-
atively small changes in the particle-size distribution
and perform more detailed studies of the properties of
ESPs within their particular fractions.

A detailed history of the development of classifica-
tion of soil particles according to their sizes can be
found in a number of reviews [23, 47, 66, 177]. Mostly,
these classifications have the mathematical basis mak-
ing their use more convenient [110, 128]. An attempt
to give physical substantiation of the boundaries
between separate size classes of soil particles was made
by Atterberg [62]. In his study of physico-mechanical
properties of separate fractions separated by elutria-
tion method, Atterberg determined physically mean-
ingful boundaries of 2, 5, and 20 μm. Thus, particles
<2 μm are subjected to the Brownian motion and are
virtually impermeable for water filtration [191]. How-
ever, Atterberg did not study the influence of the prop-
erties of particular on the behavior of the mixture of
fractions [177]. In 1895, Williams separated the clay
(<0.015 mm) and silt fractions according to differ-
ences in their densities and cohesive properties. It was
suggested that clay particles should be separated as the
particles of <2 μm in size; this size boundary was con-
sidered to be the lower limit of the occurrence of pri-
mary minerals [191]. However, it is known that even the
faction <1 μm may contain fine-dispersed quartz [45]
and other nonlayered silicates in the soils subjected to
intense weathering. The silt fraction has a lower water
permeability in comparison with the sand fraction.
According to Atterberg. particles <20 μm coagulate
under the impact of electrolytes, are invisible for
naked eye, and are characterized by the maximum val-
ues of capillary rise of water; roots do not penetrate
into the pores between such particles [191]. The size
limit of 5 μm corresponded to a sharp change in the
soil stickiness [47]. Atterberg proved that the water
EURASIAN SOIL SCIENCE  Vol. 51  No. 11  2018
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Fig. 4. Classifications of soil particles by their sizes.
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retention capacity of the particles >2 mm in much
lower in comparison with that of the particles <2 mm
[191]. Kachinskii [23] suggested that the fraction of
small gravels (1–3 mm) should be separately distin-
guished, as the fraction with rapid filtration, low water
retention capacity (<3%), and very low values of cap-
illary phenomena in comparison with sands (5–15%).
It was shown that the determination of water retention
capacity with the use of pedotransfer functions
becomes more adequate, if the upper boundary of silt
fraction is set at 50 μm instead of 20 μm [152].

A different approach was developed by Berezin [4,
5]. He analyzed integral curves of particle-size distri-
bution obtained by the X-ray–sedimentation method
for the soils of different geneses. On all the curves,
there was a clear bend in the area of particle size of
5 μm (Fig. 5). This size was set as a boundary between
clay (<5 μm) and sand (>5 μm) components of soils.
Each of the branches of the integral curve was
described by its own equation, and a new classification
of soil particle-size groups was suggested on the basis
of four quantitative parameters (F5, K, α, and n). The
description of the integral curves of particle-size dis-
tribution for 19 soils with contrasting differences in
their textures made it possible to distinguish between
the domains of clay, silt, and clay, the boundaries
between differed from the commonly accepted bound-
aries and ranged from 0.33 to 0.99 μm and from 45.3
to 126.7 μm, respectively [65].

Quantitative ratios between particle-size fractions
determine the soil texture. Most of the textural classi-
fications of soils take into account all the three classes
(clay, silt, and sand) and are graphically displayed as
EURASIAN SOIL SCIENCE  Vol. 51  No. 11  2018
textural triangles (USDA, ISSS, Australian, and other
texture classification systems). In Russia, soil texture
is determined according to the classification system
suggested by Kachinskii [23], in which only two classes
of soil separates—physical clay (particles <10 μm) and
physical sand (particles >10 μm)—are taken into
account. For the correct classification, the type of soil
formation should be known, as somewhat different
boundaries between textural classes were established
for podzolic, steppe, and solonetzic soils. This was
done in order to take into account differences in the
qualitative composition of clay in these soils. In fact,
this factor is not considered in other classifications [48].
The classification by Kachinskii was mainly developed
for practical purposes and considered the major kinds
of soils used in agriculture. Strictly speaking, the tex-
ture of other soils (not included in these types of pedo-
genesis) cannot be determined according to this clas-
sification. In order to specify soil textural names,
Kachinskii supplemented his major classification and
suggested that the name of the soil texture should also
include the name of the predominant size fraction
(e.g., clayey heavy loam for heavy loamy soils with a
predominance of clay (<1 μm) particles [30].

The diversity of textural classifications of soils used
in the world complicates the comparison of data and
the creation of unified data bases. The accuracy of
transition from one classification to other classifica-
tion should depend on the intervals between measured
points on the particle-size distribution curves [152]. A
method of reclassification of particle-size distribution
data presented in the Russian system into the interna-
tional system was suggested [47]. It is based on the lin-
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Fig. 5. Parametric assessment of particle-size distribution (after P.N. Berezin [4, 5]).
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ear interpolation of data on the cumulative particle-
size distribution curve within its segment for particles
<5 μm, because in this segment the semilogarithmic
curve approached the straight line [47]. As shown by
the author of this method, the error of recalculation
may reach 3–4%. Reclassification of particle-size dis-
tribution data is possible after the description of these
data by some functions. The type of the function
depends on the soil texture [168, 205]. Thus, for fine-
textured Bulgarian soils, exponential functions can be
used, whereas particle-size distribution in coarse-tex-
tured soils is better described by power functions [168].
If a big database is available, the soils with close parti-
cle-size distribution (the differences in the contents of
separate fractions are within ±0.5%) can be selected,
and the averaged data for the missing boundaries
between the fractions can be used [152]. This approach
proved to be better than the methods of linear interpo-
lation, spline interpolation, and interpolation based
on the Gompertz distribution. Spline interpolation
gives adequate results, when the distances between
known values of fraction boundaries are relatively
small [152]. The Gompertz distribution is insuffi-
ciently f lexible for the description of bimodal particle-
size distribution curves and for the soils with the high
content of sand fraction [152]. Interpolation based on
the Gompertz distribution, as well as spline interpola-
tion, is inadequate for describing particle-size distri-
bution data with separation of only three of four frac-
tions [152].

There are certain linguistic problems in the transla-
tion of the terms physical clay (particles <0.01 mm)
and physical clay (particles >0.01 mm), because the
term clay has a separate and different meaning in the
existing classifications of particle sizes [23].

A comparison of particle-size distribution data
obtained by different methods poses a separate prob-
lem. A question arises: is the same classification of
particle-size fractions suitable for different methods?
The most common methods are based on sedimenta-
tion phenomena (the pipette method) and on the laser
diffraction phenomena in soil suspensions (the Low
Angle Laser Light Scattering (LALLS) method). The
first method assumes the determination of size distri-
bution of soil particles according to their masses,
whereas the second method takes into account the
volumes of the particles. Thus, direct recalculation of
the results from one method into another method is
impossible, because the pipette method uses an
assumption that the solid phase density (ρs, g/cm3) is
the same for all the particles. If this is so, particle-size
distributions based on the masses and volumes of par-
ticles should be the same. The differences between the
two methods have been discussed in detail in a number
of studies [51, 64, 71, 90, 135]. It was demonstrated
that the major difference consists of a significantly
lower content of clay particles determined by the laser
diffractometry in comparison with that determined by
the pipette method. For correct comparison of the
results obtained with the use of different methods,
their principles and major assumptions should be
taken into account. The adaptation of the existing
classifications of particle-size distribution to the
results obtained by the laser diffraction method is nec-
essary [126]. If the results obtained by the pipette
method and by the method of laser diffraction are
closely correlated, it is possible to build a regression
model and to recalculate the data on its basis. After
this, the soil texture can be determined from the
results obtained by the laser diffraction method. How-
ever, if the correlation is absent or is weak, the data
obtained by the laser diffraction method cannot be used
for determination of the soil texture in agreement with
the existing classifications (as the latter were developed
for particle-size distribution data obtained by the classi-
cal pipette method [186]. Certain calibration of the
equations is necessary for the groups of soils with close
mineralogical and genetic characteristics [213].
EURASIAN SOIL SCIENCE  Vol. 51  No. 11  2018
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Criteria for the choice of soil pretreatment method.
The choice of appropriate pretreatment depends on
the goal of the study: analysis of agrophysical soil
properties, determination of soil genesis, development
of soil reclamation, etc. The existing standards of par-
ticle-size distribution analyses depend on the method
of this analysis and somewhat differ in different coun-
tries. They may include various chemical pretreat-
ments, or some combination of chemical and physical
pretreatment, or only physical methods of soil disper-
sion. A comparison of the results of particle-size dis-
tribution analyses should be performed with due
account for the applied pretreatment of the samples
and their dispersion [100].

To determine the classification position of soils
according to particle-size distribution data, the pre-
treatment methods should be relatively simple and
ensure the high efficiency of the analyses [31].

The efficiency of pretreatment procedures can be
estimated from data on the release of clay fraction
[31], or from data on the mean diameter of the soil
particles [119, 172]. It is also possible to estimate it
from data on the specific surface area [196]. One of
the criteria of the quality of soil dispersion is the
absence of microaggregates of larger sizes than the
size of the finest determined particle-size fraction
[128]. Another criterion is the cation exchange
capacity of the samples [78, 153]. To control the
quality of soil pretreatment and dispersion, micro-
scopic methods can be recommended [75, 196].

Soil neoformations (pedofeatures). The methods
based on sedimentation phenomena require the
removal of soluble salts before the analysis, because
they lead to coagulation of the particles in the analyzed
suspension; in the case of high concentrations, they
may lead to decomposition of hydrogen peroxide
applied to remove soil organic matter [100]. The
removal of soluble salts can be achieved with the help
of dialysis or with the help of multiple soil washing
with decantation [100, 165]. The method of laser dif-
fraction does not necessitate the preliminary removal
of soluble salts because of the high dilution of the ana-
lyzed soil water suspension, in which the concentra-
tion of salts is very low and does not induce coagula-
tion of the soil particles [53].

To estimate the size and form of soluble salts, car-
bonates, and gypsum in soils, some liquids that do not
cause dissolution of these substances in the course of
the analysis can be applied. Gypsum-containing and
gypsiferous soils represent one of the important and
widespread soil groups. Their total world area is esti-
mated at more than 100 million ha [70]. The water
solution of ethanol (ethanol : water = 7 : 3) can be
applied for the particle-size distribution analysis of
these soils, because gypsum is not dissolved in this
solution [157]. To estimate the particular forms of gyp-
sum in the soil, the pretreatment of the samples with
the water solution of barium chloride (BaCl2) can also
EURASIAN SOIL SCIENCE  Vol. 51  No. 11  2018
be used. As a result, an insoluble film of barium sulfate
is formed on the surface of gypsum particles, so that
their further analysis in distilled water becomes possi-
ble [108, 138]. A drawback of this method is that it
somewhat modifies particle-size distribution of gyp-
sum owing to its recrystallization, partial cohesion,
and dissolution [15]. It was also shown that this
method cannot be applied for gypsum-rich soils with
the gypsum content above 10% [60]. However, there is
a method to determine particle-size distribution of
gypsiferous soils containing more than 40% of gyp-
sum; it is based on the assumption that this gypsum is
mainly concentrated in the coarse soil fractions [157].

The behavior of some concretionary pedofeatures
in soils is analogous to the behavior of rock debris.
However, their dispersion leads to the additional
release of clay into the suspension, which is not always
justified [153]. Iron and manganic concretions are
often brittle and can be crushed upon the soil rubbing
with the formation of pseudosand particles. However,
ultrasound dispersion does not lead to disintegration
of these concretions.

Methods of soil dispersion. Physical methods of soil
dispersion—ultrasound pretreatment, rubbing in the
paste state, or shaking of suspensions—cause minimal
transformation of the soil solid phase. The use of cat-
ion-exchange resins is also feasible [83]. For this pur-
pose, resins saturated with monovalent cations are
applied. The saturation with Na+ and Li+ cations
proved to be more efficient than the saturation with
K+ or 

The ultrasonic treatment of soil water suspensions
is one of the most efficient methods of physical disper-
sion [4, 82, 85, 87]. A great number of studies have
been devoted to the comparison of ultrasonic pretreat-
ment with various chemical pretreatments. It is
important that chemically tightly bound particles are
not destroyed by ultrasonic pretreatment. For acid
soils containing kaolinite, hematite, and gibbsite, as
well as for gypsiferous and calcareous soils, ultrasonic
dispersion is insufficient to reach the amount of clay
analogous to that determined in these soils after their
chemical pretreatment [87]. Soils with the low content
of organic matter and the high content of carbonates
are susceptible to the ultrasonic dispersion [82]. While
studying the lower horizons, application of dispersing
substance is required in order to avoid potential f loc-
culation of the particles [87, 101]. Laser analyzers are
equipped with a source of ultrasonic waves that pre-
vent f locculation of the particles in the course of the
analysis. In soils with the high content of allophanes,
chemical reagents are necessary [123]. Rubbing of soil
pastes and active shaking of soil suspensions are com-
parable with ultrasonic dispersion according to these
efficiency [87, 153]. A study of 14 soils differing in
their pH values and in the contents of organic carbon,
carbonates, and clay demonstrated that their ultra-
sonic pretreatment coupled with application of cat-

+
4NH .



1336 YUDINA et al.
ion-exchange resins is more efficient that the prelimi-
nary oxidation of organic matter with hydrogen perox-
ide followed by the soil dispersion with sodium
hexametaphosphate ((NaPO3)6). At the same time, if
the preliminary oxidation is not performed, the dis-
persing action of (NaPO3)6 is close to that of the ultra-
sonic pretreatment and ion-exchange resins [82].

The range of energies used for ultrasonic dispersion
is wide: from 7 to 5350 J/mL [146]. For most soils, the
energy level of 450–500 J/mL is sufficient [57, 171].
Minerals of the sand fraction of soils developed from
volcanic ashes may be subjected to destruction at the
energy of ultrasonic dispersion above 400–1500 J/mL
[112]. Soil shaking and ultrasonic dispersion are not
recommended for the soils developed from limestone,
because brittle and porous limestone fragments can be
destroyed [126]. In the weakly developed and young
soils, the destruction of their primary particles may
take place at the energy of ultrasonic dispersion above
1500 J/mL [122]. Ultrasonic dispersion may lead to
the destruction of quartz grains, which was diagnosed
from the appearance of quartz grains with sharp edges
with an increase in the duration of ultrasonic treat-
ment [75]. Arable soils require less energy for their dis-
persion in comparison with virgin soils [89]. A detailed
review of the action of ultrasonic dispersion on soils
can be found in [121].

Special methods are used to calibrate the energy of
soil dispersion [154, 140]. To compare the results
obtained by different researchers, it is necessary to
know the applied energy of ultrasonic dispersion.
Indication of the duration of the dispersion is insuffi-
cient, because the impact on the soil also depends of
the type of ultrasonic source, its working frequency,
and the volume of the suspension.

The efficiency of soil dispersion with the use of
chemical agents depends on the individual properties
of analyzed samples (their mineralogical composition,
cation exchange capacity, and the quality of quantity
of organic matter) and on the external factors (tem-
perature, pH, duration of action). The major problems
in the application of chemical reagents are related to
the possibility of formation of some transitional prod-
ucts of the reaction that might be sorbed in the surface
of soil particles [137] and to the synthesis of more
active reagents destroying the mineral soil matrix in
the course of the reaction [120, 212]. Other problems
are related to the duration of the reaction and its
“completeness” that depend on the type of analyzed
soils. To obtain adequate results of the particle-size
distribution analysis, the achieved level of soil disper-
sion should be maintained for all the samples. To pre-
serve the dispersing action of sodium hexametaphos-
phate (Na6O6P18), the pH in the analyzed samples
should be no less than 8.0 [194]. The level of pH after
different pretreatments depends on the properties of
the analyzed soil, including the composition of its
exchange complex [164].
The application of standard pretreatments [16, 113]
for the samples of some tropical and subtropical soils
containing high amounts of iron, aluminum, organic
matter, and clay does not ensure the dispersion of the
samples to the size of primary elements [21]. For the
soils enriched in allophanes, the acid dispersing
medium is required; for the soils enriched in kaolinite
and sesquioxides, the dispersing medium should have
the alkaline reaction [123].

Most of the chemical methods of soil dispersion are
based on the action of monovalent cations (Na+, Li+).
The dispersion is achieved due to the increase in the
thickness of the diffuse part of the electrical double
layer. Sodium pyrophosphate (Na4P2O7) [18], sodium
hexametaphosphate (NaPO3)6 [128, 194], sodium
chloride (NaCl), sodium carbonate (Na2CO3) [21, 116],
sodium oxalate (Na2C2O4) [7], lithium hydroxide
(LiOH), and lithium carbonate (Li2CO3) [187] are
usually applied as dispersing agents. Monovalent cat-
ion exert the dispersing action via substitution for
bivalent cations in the exchange complex. The anions
of dispersing agents should bind polyvalent metal ions
into soluble complexes (Ме + anion) [82]. For exam-
ples, phosphates may form insoluble compounds with
calcium, which may result in the incomplete dispersion
of the soil or even in the formation of artifacts [7, 31].
Iron may also form insoluble compounds and precip-
itate in the course of soil dispersion in the presence of
Na2CO3 [21].

Though Li+ ions have a smaller radius and are more
hydrated than Na+ ions, the dispersing action of LiOH
and Li2CO3 on some Oregon soils was less active than
that of Na2CO3 and Calgon. The most efficient disper-
sion was reached after the soil boiling with Na2CO3; it
was more efficient than the dispersion with Calgon
[187]. At the same time, saturation of the samples with
Li+ proved to be the most efficient pretreatment for
the soils enriched in montmorillonite and developed
from basalts [153].

For gray forest soils of the Volga–Kama forest-
steppe, the dispersion with 4% Na4P2O7 did not lead
to the complete destruction of microaggregates of the
fine silt size (1–10 μm). After oxidation of organic
matter, changes in the relative contents of the fine
(physical clay) fractions were observed [8]. Rubbing of
the soil paste with 4% Na4P2O7 did not ensure the
maximum release of the clay fraction in chernozems
[31]. At the same time, this pretreatment resulted in
the same amount of physical clay (<10 μm) as in the
case of the acid–base pretreatment suggested by
Kachinskii (0.2 M or 0.05 M HCl for calcareous and
noncalcareous soils, respectively (to remove CaCO3
and Ca2+) followed by shaking of the suspension and
its boiling with 1 M NaOH), which ensured the most
complete soil dispersion [23].

The most considerable differences in the results of
particle-size distribution analysis with different pre-
EURASIAN SOIL SCIENCE  Vol. 51  No. 11  2018
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treatments are observed for the soils containing car-
bonates [31]. For these soils, a preliminary treatment
of the samples with diluted acid [166], or complete
destruction of carbonates [7, 124] can be recom-
mended. For this purpose, the soil is treated for 1 min
at Т = 98°С by the concentrated formic acid
(HCOOH) [133, 144], or by hydrochloric acid of dif-
ferent concentrations [7, 149, 162]. According to the
international standard [113], 1 М HCl is recom-
mended. In Russia, the soil is consecutively treated
with 0.2 and 0.5 М HCl [7]. Carbonates may be also
removed with 5–7% solution of acetic acid [27]. Kor-
nilova with coauthors [27] recommended the use of
1 М CH3COOH, as this treatment does not destroy
the silicate part of the soils. The application of sodium
acetate (1 M C2H3NaO2 at рН 5) is also recommended
because of the same reason [100]. The dispersing
actions of CH3COOH and HCl are almost equivalent,
but the concentration of CH3COOH should be two
times higher; the reaction with this reagent proceeds
slower than that with HCl [172]. The use of Na2C2O4
for base-saturated soils does not allow the preliminary
treatment of the soil with HCl [156].

The application of diluted acids may lead to some
midification of the clay fraction of soils [120]. In the
acidified medium, the primary structure of aluminos-
ilicates may be destroyed; in the case of the prolonged
action, degradation or iron-containing clay minerals
may take place [27]. To avoid these negative phenom-
ena in the acid medium, the treatment with diluted
acid to pH 5.5 is recommended; after 30-min reaction,
soil organic matter is oxidized with hydrogen peroxide
(the pH 5.5–H2O2 method) [164]. Schulte with coau-
thors [172] analyzed the influence of HCl pretreat-
ment on the loess–paleosol sequences. They con-
cluded that it is feasible to exclude the stage of the
removal of carbonates in the particle-size distribution
analysis with the laser diffraction method. According
to these authors, the pretreatment with HCl is highly
selective and its overall results are hardly predictable.
The application of sodium hexametaphosphate
(NaPO3)6 [194] or sodium hypobromite (NaBrO) [190]
as dispersing agents makes it possible to exclude the
preliminary stage of the removal of carbonates. The
dispersing action of NaBrO on soils may be stronger
than that of different combinations of soil treatment
with H2O2, HCl, and (NaPO3)6 [164].

In Russia, the state standard suggests soil disper-
sion with the use of ammonium cations [16]. However,
this method does not ensure complete release of the
colloidal fraction from the microaggregates [2]. An
advantage of this method is the removal of ammonium
from the soil in the course of drying of the samples
[128, 165].

A review of publications devoted to the removal of
organic matter from soils with commonly used chem-
ical reagents was made by Mikutta with coauthors
[148]. Multiple oxidation of organic matter with 10%
EURASIAN SOIL SCIENCE  Vol. 51  No. 11  2018
H2O2 is the most commonly used method [167],
though it does not ensure complete removal of organic
matter [148, 172, 196]. Some aliphatic components of
the SOM are resistant to oxidation with H2O2 [93]. For
coarse-textured forest soils (Haplic Podzols and Dys-
tric Cambisols), the amount of organic carbon
remaining in the soil after its long treatment with H2O2
may reach 3.4–58% of the initial carbon content [92].
The use of the acetate buffer (to exclude strongly acid
reaction in the suspension) does not ensure complete
oxidation and may lead to the sorption of acetate the
surface of minerals [95, 158].

The most efficient method is the organic matter
oxidation with sodium hypochlorite (NaClO) [59,
147] and sodium persulfate (Na2S2O8) [144]. In the
alkaline medium (рН 9.5), NaClO may lead to partial
release of Al from clay minerals [148]. The application
of Na2S2O8 together with the acetic (NaHCO3) buffer
maintains pH values within the range from 7 to 8.5
[127, 145]; however,  and  anions may
be sorbed on the surface of minerals (on the surface of
Fe and Al oxides), if the latter are present in the soil in
high amounts [148]. In comparison with H2O2, the
action of NaClO and Na2S2O8 on layered silicates
seems to be less pronounced, but this problem requires
further studied [148]. Oxidation with Na2S2O8 has a
selective action on the “young” organic carbon frac-
tion and does not affect no less labile fraction of the
organic carbon, which may vary from 1 to 30% of Corg
in sandy Haplic Podzols and Dystric Cambisols in the
upper and middle-profile horizons and reach up to
80% in the lower horizons [92]. Oxidation with
Na2S2O8 is more efficient for the upper horizons,
whereas H2O2 is more efficient for the lower horizons
of forest soils [93]. Oxidation with NaClO and
Na2S2O8 is possible without the preliminary removal
of carbonates, sesquioxides, or amorphous silica.
Sodium hypobromite (NaBrO) in 1 M or 2 M concen-
trations can also be used for this purpose [69, 190].

The only reagent efficient at root temperature is
NaClO [148]. In general, the use of wet oxidation
methods (with H2O2, NaClO, or Na2S2O8) inevitably
leads to changes in the mineral phase of soils [148].

For the soils rich in iron oxides responsible for the
formation of dispersion-resistant microaggregates, a
procedure analogous to the soil pretreatment for min-
eralogical analysis can be used [106, 107, 131, 185].
The removal of iron often results in the decreasing rel-
ative contents of silt and clay fractions with a corre-
sponding increase in the relative content of sand. The
forming sand-size particles are tolerant to the subse-
quent stages of dispersion. Therefore, some authors
recommend to exclude the stage of iron removal in the
soil pretreatment for the particle-size distribution
analysis [187]. If the soil contains manganese oxide
(Mn2O) that can be dissolved in hydrogen peroxide,

−2
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the preliminary soil treatment with sodium bisulfite
(NaHSO3) is required [115].

MICROAGGREGATE-SIZE 
DISTRIBUTION ANALYSIS

The microaggregate-size distribution in soils can
be determined by the methods based on sedimenta-
tion, laser diffraction, of soil sifting on a set of screens.

According to Russian State Standard [16], the boil-
ing of soil water suspension (from 1 : 25 for clay to 1 :
12.5 for loamy sand) during 1 h is recommended as the
pretreatment for this analysis. The method by
Kachinskii suggests intense mechanical shaking
(200 shakes/min) of the water suspension (1 : 20) for
2 j after the preliminary slaking of the samples in water
for 24 h [23].

Several methods suggest chemical pretreatment.
According to Shein and Pochatkova [50], 0.4%
sodium pyrophosphate solution (Na4P2O7) is applied.
In the international method B, the boiling or rubbing
for 10 min followed by shaking of the suspension in the
diluted ammonia solution (NH4OH) is suggested [23,
156]. The intensity of this action is comparable with
that recommended by the Russian State Standard [16]
for the particle-size distribution analysis.

Some researchers using the method of laser diffrac-
tometry add the sample in the dry state into the disper-
sion unit upon the switched off ultrasound. In this
case, the dynamics of changes in particle-size distribu-
tion until stabilization of the diameters of the particles
in the circulating suspension are analyzed [58, 161]. To
characterize microaggregates from the upper soil hori-
zons (0–20 cm, 36 soils in the middle reaches of the
Ebro River, Spain) by the laser diffraction method, it
was sufficient to stir the suspensions for 90 s [58]. At
the full rotation velocity and circulation of the suspen-
sion for 450 s, the increase in the content of particles
<5 μm was only about 2–4%, i.e., not very significant.
To exclude the differences in results related to differ-
ences in pretreatment procedures, a preliminary shak-
ing of the soil suspension (20 min, 43 min–1) can be
recommended [161]. The soils with the high sand con-
tent are better dispersed in distilled water than heavy-
textured soils [82].

Many studies are devoted to changes in the con-
tents and sizes of microaggregates in dependence on
the applied energy of ultrasonic treatment of soil water
suspensions [82, 98, 105, 121]. Such studies make it
possible to give direct quantitative estimates of the
energy applied to the soil aggregates (in J/mL or J/kg)
[154] and to trace the dynamics of changes in the par-
ticle-size distribution upon disintegration of microag-
gregates to elementary soil particles.

Special studies are devoted to the mechanisms of
the formation of soil microaggregates. Their review is
given in [189].
INTERPRETATION AND USE 
OF THE RESULTS OF PARTICLE-SIZE

AND MICROAGGREGATE-SIZE 
DISTRIBUTION ANALYSES

To obtain maximum information about the studied
object, the results of particle-size and microaggregate-
size distribution analyses should be analyzed simulta-
neously. In fact, there are common approaches to their
interpretation; a number of indices have been sug-
gested to integrate the results of these analyses.

The particular indices used to describe soil macro-
and microstructures are discussed in detain in [44]. An
original approach to the interpretation of data from the
macro- and microaggregate-size and particle-size dis-
tribution analyses suggested in this study is based on
calculation of generalized indices: mean-weighted
diameter D, entropy of particle distribution Н, devia-
tions in size distributions for elementary particles and
microaggregates (D+, D–, Ds, H+, H–, Hs), and the
index of water stability (R).

The most widespread approach to interpretation of
particle-size distribution analysis is the grouping of
soil separates (elementary particles) into fractions;
their contents is taken into account in the determina-
tion of soil textural classes [23, 48, 180]. There are var-
ious nonparametric methods for the analysis of parti-
cle-size distribution with the use of quantiles. The
coefficients based on them are often applied to esti-
mate the uniformity of soil textures, e.g., the coeffi-
cient of uniformity Cu = d60/d30; the coefficient of
gradation Cg = d30/(d60/d10); etc. [183]. Some
researchers suggest the use of the mean weighted
diameter [197], whereas other researchers prefer using
the weighted geometric mean diameter [141]. For a
polymodal particle-size distribution, some parametric
indices, such as the mean radius of all the particles,
various deviations from it, asymmetry of distribution,
and the degree of sorting of the particles cannot be cal-
culated. An analogous problem appears upon calcula-
tion of the mean weighted diameter in the case of the
asymmetric particle-size (or aggregate-size) distribu-
tion [181].

Several studies are devoted to approximation of
particle-size distribution data by some mathematical
functions. There are methods that allow us to obtain
continuous distribution curves (laser diffraction and
X-ray sedimentation methods). The results obtained
by other methods may be presented as cumulative
curves, for which fitting can be applied. The reviews of
most commonly used models of particle-size distribu-
tion can be found in [71, 91, 152, 205]. As suggested in
[99], particle-size distribution data can be approxi-
mated by a lognormal function with two parameters—
the mean weighted diameter Mg and standard devia-
tion σg). Microaggregate-size distribution is often
described by a monomodal curve, whereas size distri-
bution of primary elements can be presented as a sum
of two or three simple functions.
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Often, the analysis and interpretation of particle-
size distribution curves are based on the assumption
that they represent a sum of some normal distribu-
tions. However, this may lead to errors of different
kinds [203]. Particle-size distribution data can be
described by fragmentation models consisting of sev-
eral domains, each of which is described by the power
function [65]. Some statistical models can separate
and describe certain subpopulations in the continuous
particle-size distribution curves. In particular, these
are end-member-modeling algorithms [206] and
models based on the Weibull distribution [184].

A separate direction in the analysis of particle-size
distribution data is the use of the theory of fractals to
describe the geometry of particles and their size distri-
bution [159, 160, 192, 193]. However, it is open to
argument [63].

Soil texture has a great diagnostic meaning. In the
Russian soil classification system, the order of texture-
differentiated soils is based on the presence of the
diagnostic BT horizon in the soil profile. The identifi-
cation of this horizon implies calculation of the coef-
ficient of textural differentiation 52]. The subspecies
level in the Russian system is determined from data on
the soil texture and content of coarse skeletal elements
(gravels and rock fragments) [52]. In the American
system, diagnostic argic, candic, and natric horizons
should have a higher clay content in comparison with
the overlying horizons [180]. In the WRB system
[114], data on texture is used to diagnose argic and nat-
ric horizons. The ratio of the silt content to the clay
content is also used as a diagnostic parameter is several
classification systems; this ratio is considered to be
indicative of the degree of alteration of the soil mate-
rial [73, 94].

Particle-size distribution data are very important in
order to estimate the lithological homogeneity of parent
materials [33, 41, 133] and to diagnose eolian sediments
[149, 199]. Particle size is the major criterion in the
assessment of particle transport [199]. As shown for
high-mountain soils, original pedogenetic interpreta-
tion of particle-size distribution data is possible [209].

To judge soil microaggregation, microaggregate-
size and particle-size distribution data are to be ana-
lyzed. The stability of microaggregates can be assessed
according to data on the contents of clay faction [23,
198], fractions <5 and/or 20 μm [55], and fraction
<125 μm [134]. In some cases, only particle-size dis-
tribution data are used. Thus, according to Vadyunina
[23], all ESPs are subdivided into active (<5 μm) and
passive (>5 μm) particles in terms of their participa-
tion in the development of soil structure. The consid-
ered indices of the microaggregate-size distribution
are unsuitable for coarse-textured soils, because the
water-physical properties of these soils remain fairly
good even in the case of the absence of the agronomi-
cally valuable structure in the soil material [23].
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All the indices considered above were developed on
the basis of particle-size distribution data obtained by
sedimentation (pipette) methods. These indices
require certain adaptation in order to be applicable for
particle-size distribution data obtained by laser dif-
fraction. Thus, it was shown that the coefficient of soil
dispersity suggested by Kachinskii applied to humus-
accumulative horizons becomes less informative for
the data obtained by laser diffraction because of the
absence (or close to zero value) of the particles <1 μm
in the microaggregate-size distribution analysis by the
laser diffraction method [54]. At the same time, the
degree of aggregation (according to Baver) and the
factor of structuring (according to Vadyunina) pre-
serve their informativity [54].

Targulian [36] noted that the importance of the
concept of elementary pedogenic processes for the
development of pedology. Elementary pedogenic pro-
cess (EPP) is a process constituting some part of pedo-
genesis and obligatorily forming a solid-phase feature
(or a set of features) in the soil system. This feature
should be stable in time and should be diagnostically
meaningful in order to reveal spatial and temporal dif-
ferences between soils [35, p. 1415]. Pedogenic
changes in the soil solid phase result in the develop-
ment of certain assemblages of pedogenic features and
properties. In fact, EPPs can be diagnosed not only
from changes in the substantive composition of the
solid phase but also by its physical rearrangement in
soil [36]. It is probable that, in dependence on the
composition and properties of parent material sub-
jected to continuous alteration by other factors, soil
ESPs should be differentiated into some groups differ-
ing in their stability. Such groups may be considered
“imprints” of the combinations of different EPPs.
This means that the EPP concept may be applied to
develop new diagnostic criteria based on particle-size
distribution data.

Thus, for chernozems, the accumulation of
organic ESPs in the silt fractions is typical [48]. Pre-
dominant destruction of the clay fraction is consid-
ered the diagnostic criterion of selective podzoliza-
tion (selective mineral weathering in certain size
fractions [39]), whereas the Al–Fe-humus process is
diagnosed by the destruction of unstable minerals in
all the fractions [40].

A comparison of particle-size distribution data
obtained with the use of laser diffraction method with
and without HCl pretreatment makes it possible to
diagnose stable microaggregates and organomineral
compounds and determine the range of particle sizes,
where they are localized [172]. For correct determina-
tion of the size distribution of carbonates, particle-size
distribution data obtained with different pretreatments
(without the removal of carbonates and after their
removal) should be analyzed [126].
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DISCUSSION AND CONCLUSIONS
We argue that it is reasonable to distinguish

between two different approaches to the objects of par-
ticle-size distribution analysis: primary soil particles
should not be confused with elementary soil particles.
The former represent individual mineral grains of
soils. Each of these grains is characterized by its own
chemical composition, morphology, and physical
properties. Primary soil particles represent the carcass
of the parent material, in which pedogenesis is devel-
oped. Elementary soil particles are solid-phase prod-
ucts of pedogenesis and are represented by the debris
of rocks and minerals and by the organomineral and
organic particles, all the components of which partic-
ipate in chemical and physicochemical interactions.
We further argue that indication of the method of pep-
tization should be excluded from the definition of
ESPs, as it does not add clarity to this concept. Ele-
mentary soil particles may be subdivided into the fol-
lowing types:

(a) Mineral particles, the surface of which may be
covered by the films of organomineral compounds and
hydroxides of Fe, Al, and Mn, though the presence of
such films is not an obligatory condition;

(b) Stable organomineral complexes (primary
organo-mineral complexes according to Chenu and
Plante [76], or composite building units according to
Totsche et al. [189]); and

(c) Organic particles, or, more precisely, particu-
late organic matter.

The concept of ESPs is of fundamental impor-
tance. Indeed, this is the level, from which the forma-
tion and development of soil as a separate natural body
take place. At this level, unique soil properties are
manifested and make it possible to distinguish
between different soils. The term elementary is used to
convey the meaning of the initial pedogenetic level. To
differentiate between ESPs and microaggregates, the
particular mechanisms of aggregation should be
known. It is necessary to quantitatively determine the
strength of the bonds inherent in ESPs and in micro-
aggregates. We suppose that some additional sublevels
may be separated within and between the levels of
ESPs and microaggregates, because there are many
mechanisms of aggregation, and they depend on the
particular types of soils and soil horizons. In fact, we
deal with a very complex system of structural elements
having different stabilities and different mean resi-
dence times.

The choice of the particular pretreatment for parti-
cle-size distribution analyses depends on the goal of
the study [96, 139]. It is unfeasible to speak about the
only one “correct” determination of the clay content
[153]. The use of chemical agents at room temperature
increases the time required for complete oxidation,
whereas the rise in temperature may involve changes
in the properties of mineral soil components. In fact,
the pretreated samples represent “the black box”
rather than some “ultimate state” for different soils.
The one-stage application of different oxidizing agents
is impossible, which is also a serious drawback of the
chemical pretreatment for the particle-size distribu-
tion analysis. The existing standards suggest several
stages in dependence on the presence or absence of
soluble salts, carbonates, iron compounds, and the
quality and quantity of organic matter. Thus, we may
conclude about the impossibility of finding some uni-
versal pretreatment procedure with the use of the
methods of chemical dispersion of the samples. The
same procedure might have different impacts depend-
ing on the nature of analyzed soils. Moreover, careful
analysis of these differences may be indicative of the
specificity of these soils [1, 122, 142, 143, 167, 172]. It
should be stressed that new methods of particle-size
distribution analysis making it possible to obtain con-
tinuous particle-size distribution curves and to notice
minor changes yield much promise for future studies
at the new quantitative level. The methods of soil dis-
persions that do not modify the solid phase of soils
should be used for this purpose.

Our review of publications gives us ground to out-
line future challenges of soil physics and pedology.
The concept of the hierarchy of soil structural levels
should be quantitatively characterized. Further study
of interactions lying in the basis of the formation and
functioning of ESPs and soil microaagregates with the
use of modern methods is necessary. Such a study will
make it possible to specify the types of ESPs and soil
microaggregates. Qualitative and quantitative descrip-
tions of the structural organization of soils should help
researchers to develop new diagnostic criteria for dif-
ferent kinds of pedogenic transformation of the soil
solid phase. In this context, special attention should be
addressed to various pedofeatures. Their role in the
structural organization of soils should be specified
with due account for not only their morphology but
also their functioning in the soil system.

It seems feasible to shift the upper boundary of clay
fraction in the Russian classification developed by
N.A. Kachinskii from 1 to 2 μm. In fact, this will not
change the principles of separation of soil textural
classes, whereas the comparison of data obtained by
researchers from different national schools of pedol-
ogy will become easier. Moreover, this will reduce the
time necessary for sampling the clay fraction in the
pipette method by three times (from 24 to 8 h). At the
same time, the idea to take into account the type of
pedogenesis in the textural classification of soils sug-
gested by Kachinskii seems to be promising. Its further
development is required for the soils that were not
included by Kachinskii into his system.

The method of laser diffraction has found wide
application in recent years. It has a number of import-
ant advantages over the classical pipette method based
on sedimentation: it is time-efficient, requires small
sample size (mg), does not require additional knowl-
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edge of the solid phase density (ρs), and yields a con-
tinuous particle-size distribution curve. The existing
classifications should be adapted to this method, and
new classifications should be developed for it. We sup-
pose that this method will find wide application for
solving practical tasks of soil science.

The features of microstructural organization of
soils may play the key role in the choice of particular
indices to assess the physical state of soils and develop
physical and other models. For example, the microag-
gregate-size distribution is of key importance for cher-
nozems and ferrallitic soils, whereas particle-size dis-
tribution is more important for sandy soils. We argue
that the microaggregate-size distribution analysis
deserves more attention in terms of its practical use.
This analysis is more sensitive to changes in the com-
position and properties of soil organic matter and
might become an indispensable tool in the solution of
problems related to the carbon pool in soils and other
natural disperse organomineral systems. It is also
promising for monitoring the agricultural and ecolog-
ical state of the soil cover.
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