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Abstract—The development of tomographic studies of soil pore space in Russian soil science in 2011—2018 is
discussed. In several years, these studies have evolved from the qualitative description of pores in some soils
from the European part of Russia to the quantitative functional assessment of soil pore space on the bases of
3D tomographic models. Three stages of tomographic studies of soil pores can be distinguished: (1) qualita-
tive analysis of pore space as a spatial-geometric characteristic of soil structure and as a component of the
general analysis of soil morphology; (2) the obtaining of quantitative morphometric data on the shape, size,
and orientation of soil pores and combined analysis of these tomographic data and data on the physical soil
properties; and (3) the use of calculated tomographic parameters in the study of hydrological and physicom-
echanical properties of soils important for both theoretical and applied aspects of soil science. In recent years,
the research has been focused on the assessment of the relationships between tomographic parameters of soil
pore space and traditional soil hydrological constants, possibility of calculating the water retention curve and
water conductivity function from the tomographic parameters of soil pore space, and on the quantitative
assessment and prediction of soil degradation on the basis of tomographic data. The solution to these prob-
lems will make it possible to explain the physical phenomena controlling soil hydrological characteristics and
to substantiate the use of tomographic data in applied soil science, soil hydrology, and agrophysics.
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INTRODUCTION

Soil pore space has always occupied a prominent
place in soil studies. Soil porosity is tightly associated
with the crucial soil functions in the biosphere: water
supply, water conservation, water purification, gas
exchanges, etc. Characteristics of the pore space are
highly important in the studies of the biological activ-
ity of various soil microorganisms and in determining
the role of different (geochemical, physical, hydrolog-
ical, etc.) barriers in soils. Soil pores possessing the
capacity of to discharge excessive gravitational water
(the drainage function), to store available water and
nutrients, and to contain unavailable water and nutri-
ents have been distinguished. One of the first funda-
mental results in the assessment of soil pores was the
idea of A.G. Doyarenko about differential porosity of
soils as pore volumes belonging to separate aggregates
(intraped porosity) and to interaggregate space (inter-
aggregate porosity); pores filled with water and air
were also differentiated. This idea was further devel-
oped by N.A. Kachinskii. These were the first physi-
cally substantiated quantitative characteristics of soil
pore space. At present, they are actively applied in
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modern predictive mathematical models (often,
unfortunately, without due reference to their fathers)
describing the transfer of substances through macrop-
ores and fissures, or preferential flows. Such models
make it possible to predict the behavior of fertilizers in
soilscapes, the migration of pollutants (pesticides,
heavy metals, etc.), and to assess various risks. The
notion of differential porosity suggested by Russian
soil scientists has contributed to the development of
modern theories of the migration of water and dis-
solved substances lying in the basis of physically
grounded mathematical models of soil behavior.

Virtually simultaneously with the ideas of Doya-
renko and Kachinskii, the micromorphological
method of studying soil pores in various sections
under a microscope was developed. This method also
played a significant role in the progress of modern
functional pedology, as it was possible not only to
observe volumetric porosity of soils and separate
aggregates but also to analyze the shape, orientation,
and mutual arrangement of the pores at the qualitative
and quantitative levels [4, 12, 21, 25, 27]. Moreover, it
was suggested that micromorphological data should be



TOMOGRAPHY OF SOIL PORES: FROM MORPHOLOGICAL CHARACTERISTICS 51

used for assessing hydrological characteristics of soils
[10, 11, 14, 31]. Often, this approach ensured inspiring
results in the field of soil hydrology. Some new con-
cepts and terms appeared due to the application of
micromorphological method, e.g., “the architecture
of soil pore space” [7].

Tomography as a nondestructive method of the
study of inner structure of samples has been widely
applied in geology, soil science, and biological sci-
ences since the end of the 20th century. The advan-
tages of tomography for direct characterization of the
pore space of rocks and soils have been stressed in
many publications [2, 15, 24, 29]. At present, macro-
and microtomography is applied to study interactions
in the soil—root system and in the solid soil phase—soil
microorganisms system. It is also used to study the
development and transformation of soil structure and
soil aggregates in their dynamics [22, 28, 30]. There
are attempts to integrate classical physical analyses of
soils (the determination of soil water retention capac-
ity and air conductivity) with the results of X-ray com-
puted tomography [20]. The first results of tomo-
graphic studies of multiphase fluxes in simple porous
media (sandstones) have been published [19]. Cer-
tainly, all these studies of pore space and mutual
arrangement of solid-phase components in undis-
turbed samples yield much promise for solving various
fundamental and applied problems of soil science.

The aim of this paper is to analyze the potential of
tomographic method and its most promising direc-
tions for the theoretical and applied soil science. The
particular tasks can be formulated as follows:

(1) To judge the stage of the qualitative morpholog-
ical study of soil pore space with the use of tomography;

(2) To consider the structural—functional quantita-
tive tomographic characteristics of soil pore space,
their novelty, and their relevance;

(3) To assess potential advantages and limitations
of the tomographic data on soil pore space in compar-
ison with the modern physical characteristics of soil
porosity; and

(4) To discuss applied target problems that might
be solved with the help of modern macro- and micro-
tomography of soil pores.

OBJECTS AND METHODS

The results of macro- and microtomographic stud-
ies of soil samples performed in Russia in the recent
years are analyzed. Soddy-podzolic soils (Albic Glos-
sic Retisols (Loamic, Cutanic) according to the WRB
2014 (update 2015) system) have been the major object
of these studies. A SkyScan 1172 (Belgium) X-ray
microtomograph installed in the Dokuchaev Soil Sci-
ence Institute and a macrotomograph installed in the
Geological Faculty of Lomonosov Moscow State
University have been used.
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RESULTS AND DISCUSSION

Numerous experiments have demonstrated that
the tomographic method cis applicable for studying
various soil components. However, the soil pore space
is one of the most suitable objects for tomographic
analysis. In contrast to the solid-phase soil compo-
nents, the pores are easily permeable to X-rays, so that
the pore space is clearly separated from the main soil
mass on the X-ray images. In fact, the first tomo-
graphic studies of soils in the 1980s were mainly
devoted to the soil pore space [13, 23].

Computed 3D models of soil pores represent one of
the major results of the tomographic analysis. Such
models are highly informative; their interpretation is
important in terms of the genesis of soils. Thus,
2D images of thin sections from the soddy-podzolic
soil demonstrate the abundance of round voids in the
EL and BC horizons (Fig. 1a). The transition to
3D microtomographic images (Fig. 1b) indicates that
such round voids in thin sections from the EL horizon
represent isolated vesicles, whereas analogous voids in
thin sections from the BC horizon actually represent
modern and relict root channels [3].

The genesis of vesicular porosity in the eluvial hori-
zons is still open to argument. However, it is probable
that the formation of vesicles is explained by the mod-
ern processes: seasonal biogenic release of gases and
their pressing out by water in the periods of the high
soil moistening, freeze—thaw processes in winter and
spring, and by some physicochemical processes.

Along with distinct images, the tomographic anal-
ysis makes it possible to obtain specific morphometric
data on the studied objects (second stage of the devel-
opment of tomographic studies). Thus, quantitative
characteristics of sizes, shapes, and spatial orientation
of soil pores can be obtained. These characteristics are
measured in 2D virtual sections of the 3D computed
tomographic reconstruction of soil samples (Fig. 2).

The morphometric analysis of 2D tomographic
sections is based on various programs developed for
the analysis of plane images and on the indices that
were earlier applied in the study of soil porosity in
micromorphological thin sections [4, 21, 25, 27]. The
description and reconstruction of the pore space of
soils with the use of correlations functions [1, 18] rep-
resent a promising direction in this area of research.

Highly relevant morphometric characteristics are
the total area of pores in the visual field, the dimen-
sions and areas of individual pores, their perimeter
values, the indices of pore orientation, and the shape
of the pores in 2D images. The informativeness of 2D
analysis of the shape of pores in tomographic recon-
structions is high. Thus, Fig. 3 displays the dendro-
gram of similarities and differences of the major
genetic horizons of a soddy-podzolic soil calculated
for the shape of the interaggregate pore space. The
shape of the pores was estimated according to quanti-
tative ratios between their perimeter and lengthwise
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Fig. 1. Pore space of the (1) EL and (2) BC horizons of a soddy-podzolic soil (Albic Glossic Retisol): (a) thin sections (the pores
are black) and (b) 3D microtomographic reconstructions (the pores are light) [3].

Fig. 2. Lengthwise and transverse sections of tomographic reconstructions of the samples from the (a) EL horizon of a soddy-

podzolic soil and (b) AEL horizon of the gray forest soil [2].

and transverse dimensions [4]. Cluster analysis revealed
a high level (about 80%) of similarity between the
horizons with clear eluviation features (the AEL, EL,
and BEL horizons). At the same time, the soil profile
contains the horizons with a low level of similarity
(<45%). These are the humus horizon and the textural
BT2 and BT1 horizons. The horizons with low simi-
larity levels are characterized by a specific pore shape

differing from that in the other horizons; their pore
shape corresponds to the crumb—powdery, angular
blocky—platy, and massive structure of the samples.

Along with the solution of various morphogenetic
problems, the tomographic visualization of soil pores
actually creates a novel approach towards the tradi-
tional analysis of pore-size distribution important for
soil physics. Pore-size distribution is a highly informa-
EURASIAN SOIL SCIENCE  Vol. 52
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tive soil characteristic, but it is difficult to obtain it
with the help of traditional methods [8]. In soil phys-
ics, the methods of water or mercury porosimetry are
applied for this purpose. The volume of liquid con-
tained in the pores of corresponding diameter is con-
sidered to be bound by capillary forces, and its pres-
sure can be calculated according to Jurin’s equation.
However, the tomographic images of the pore space
allow direct determination of the distribution of pore
volumes by pore diameters. For this purpose, the bina-
rized tomographic images are used. Various programs
have been suggested to measure areas (in 2D sections)
or volumes (in 3D images) of tomographically visible
pores of different diameters.

It is important that the results of quantitative mea-
surements of the soil pore space on tomographic
images do not agree with the results of traditional
methods of determination of total porosity. The total
porosity calculated with the use of tomograms is
always considerably smaller than the total porosity cal-
culated on the basis of data on the bulk and solid-
phase densities of soils. In some cases, the tomo-
graphic porosity is six—nine times lower than the
porosity determined by the classical methods. This is
explained by the fact that the tomographic method
has a certain lower resolution limit, the value of
which depends on sample size and on the model of
tomograph. As a rule, the larger the sample, the
lower the resolution of tomographic scanning. Vari-
ous macrotomographs have the resolution of up to
100—200 um/pixel. In the high-resolution X-ray
microtomographs, this resolution is up to 0.6—
0.8 um/pixel. Taking into account the resolution of
tomographic scanning, it is reasonable to operate with
the notion of tomographically visible porosity (TVP)
with indication of the tomographic resolution. In this
context, it is desirable to find the method of image
analysis, which would be potentially suitable for all the
necessary soil scales. Recently, a new method of mul-
tiscale image fusion based on separate images obtained
with the use of different tomographs with different
spatial resolutions has been suggested [17]. This
method yields much promise for multiscale scale soil
studies, though it has not found wide practical appli-
cation so far.

In our studies, a Bruker SkyScan 1172B laboratory
microtomograph was used to compare classical physi-
cal and tomographic methods for the analysis of soil
pore space. The X-ray tube of this device has a power
range from 40 to 130 keV; the scanning resolution can
vary from 0.6 to 50 um/pixel. Soil monoliths of 2.5 cm
in height and 3 cm in diameter were subjected to the
tomographic scanning with the beam energy of
100 keV and the resolution of 8.75 um/pixel. Under
these conditions, meso- and macropores with diame-
ter d > 30 um can be quantitatively determined. In the
obtained tomographic reconstructions, we measured
the distribution of the volumes of tomographically vis-
ible pores by their diameters. Then, the same samples
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Fig. 3. Dendrogram of similarity of the genetic horizons of
soddy-podzolic soil according to characteristics of their
pore space [5].

were used to determine pore-size distribution accord-
ing to the water retention characteristics (the method
of water porosimetry). The existence of a resolution
limit on the tomograms led to a mismatch of the
obtained empirical distributions of pore volumes by
their diameters (Fig. 4). The major differences were
observed in the range of pore diameters d < 30 um,
i.e., in the area inaccessible to tomographic studies. At
the same time, in the area of meso- and macropores
(d > 30 pum), the shapes of both distribution curves
were close to one another. The peaks on both curves
were observed in the area of fine macropores (d = 75—
1000 um); the volume of the pores of larger diameters
was much smaller. Judging from published data, the
results of mercury porosimetry also satisfactorily coin-
cide with tomographic characteristics in the range of
meso- and macropores [16, 26].

Thus, it may be concluded that direct tomographic
studies of the pore space of soils confirm the fitting of
the classical capillary physical model to the real size
distribution of soil meso- and macropores. However,
the total porosity calculated according to this model is
much greater than the porosity determined from the
tomograms, which attests to the need in further soil-
hydrological studies coupled with tomography of a
higher resolution.

The next step in using quantitative tomographic is
to try apply them for calculation of soil permeability,
e.g., the filtration coefficient. According to the theory
of water filtration in soils, this characteristic of the
movement of water should be related to soil porosity,
pore-size distribution, and sinuosity of the pores.
Attempts to find the filtration coefficient from tradi-
tional data on soil porosity have already been made
[6]. However, most of them have not been successful
and have not found practical application because of
the difficulties in quantifying the sinuosity of the pore
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Fig. 4. Distribution of the volumes of the pores (% of the
total pore volume) by their diameters (d, tm) obtained by
the (a) tomographic method (mean values) and (b) water
porosimetry method (from the water retention curve) [9].

space, the presence of pinched (dead-end) pores, and
the inability to assess the connectivity of the pores in
the porous soil system.

At present, at the third stage of tomographic stud-
ies, we recognize the fact that computed tomography
is, in essence, a quantitative numerical method.
Branded programs for constructing and analyzing
tomographic 3D images make it possible to calculate
the following characteristics of porous samples: total
porosity, open porosity, closed porosity, pore connec-
tivity, the number of contacts, and some other geo-
metric characteristics of the pore space.

It is interesting to establish relationships between
the tomographically calculated parameters and practi-
cally important hydrological soil properties, includ-
ing, first of all, the filtration coefficient. In this con-
text, several questions arise: (1) how “physical” are the
indicated tomographic parameters (e.g., what is the
open/close porosity in physical terms? Are these
notions analogous to the physically understandable
conductive/dead-end porosity?); (2) how exactly do
the indicated tomographic parameters influence the

filtration coefficient? (what kind of dependence—lin-
ear, nonlinear, continuous, or discontinuous—exists
between the tomographic parameters and the filtra-
tion coefficient?); (3) as tomographically determined
parameters are, obviously, not strictly constants, and
their values depend on the sample volume and on the
methods of tomographic reconstruction and segmen-
tation, how should we study these dependences and
which form of the distribution parameter (median,
mean, or spread) should we use?; and (4) how repre-
sentative are the tomographic images and tomo-
graphic parameters of the pore space? Indeed, tomog-
raphy provides data on the pore space of some limited
soil monolith, which only to a certain extent reflects
hydrologically important paths in soils (obviously, not
all of them), as any monolith “cuts off” a significant
part of the pores. In particular, it cuts off a part of the
pores with a horizontal orientation. As we know, soil
flows are not only vertical; horizontal flows are no less
important. This can be seen from morphological data
on the diversity of boundaries between soil horizons
and layers: pocket-shaped, tonguing, blurry, serrate,
etc.), which are associated with preferential flows both
in the vertical and horizontal directions.

To answer these and many other questions, experi-
ments are needed, in which the filtration coefficient
and the tomographic characteristics are determined in
the same samples. It is probable that only such thor-
oughly conducted experiments will allow to find ade-
quate relationships between the filtration coefficient
and the tomographic parameters (or to reject the exis-
tence of such relationships).

It is evident that only large undisturbed soil sam-
ples should be used to fine the relationships between
the physical soil characteristics (water conductivity,
filtration, etc.) and the tomographic characteristics.
Special tomographs should be used for this purpose.
To study the structure of macropores in the soil sam-
ples, a macrotomograph at the Geological Faculty of
Moscow State University was applied. The study of
large cylindrical soil monoliths (2 = 50 cm, d = 10 cm)
made it possible to obtain new macrotomographic
data on the structure of solid phase and pore space in
the postagrogenic soddy-podzolic soils. Three-
dimensional tomographic reconstructions of soil
macropores (d > 1 mm) for six such vertically oriented
monoliths sampled in the field with a spacing of 50—
100 cm between them were obtained. Their analysis
indicates that these monoliths are characterized by the
moderate spatial variability of the connectivity of
pores and by the moderate to high spatial variability of
the total tomographic porosity and the volumes of
open and closed pores.

Using the data on these monoliths as an example,
we examined the relationship between the filtration
coefficient (Kf, cm/day) and tomographic parameters
of the macropores in individual fragments of the soil
profile at the depths of 0—10, 10—20, 20—30, 30—40,
EURASIAN SOIL SCIENCE  Vol. 52
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Fig. 5. Changes in the filtration coefficient (Kf) and open tomographic porosity in the profile of a soddy-podzolic soil. The tomo-

graphic resolution was 100 um/pixel.

and 40—50 cm (Fig. 5). It was found that the patterns
of changes in Kf and in the volumes of tomographi-
cally visible pores along the profile were close to one
another, when the tomographic resolution was
100 um/pixel. A sharp drop in the value of the filtra-
tion coefficient (from 100 to 20 cm/day) at the depth
of 10—20 cm was due to the presence of a plowpan in
the lower part of this layer. The presence of this plow-
pan could be easily judged from the data on tomo-
graphic porosity (Fig. 6).

Interesting results were obtained for the relation-
ships between Kf and open and closed tomographic
porosities. As seen from Fig. 6, the closed porosity
does not play a significant role in changes of the filtra-
tion coefficient. The major role in the fivefold decrease
of the filtration coefficient at this depth is played by the
open porosity and connectivity of the pores.

A question arises: what are the filtration patterns in
such a complex system upon the decrease in the vol-
ume of open pores and connectivity of the pores by
four—seven times? Can we expect water stagnation at
the upper boundary of the layer with the decreased
open porosity and connectivity of the pores? To
answer these questions, additional experimental stud-
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ies are required. Obviously, in the study of large
objects (such as the considered soil monoliths), it is
desirable to use powerful macrotomographs with the
high resolution capacity. The application of such
tomographs should help us to solve the problem of
using larger (and more representative) samples with-
out detriment to the detail of the study.

It should be noted that the tomographic method
allows us to measure the volumes of the pores of par-
ticular diameter (or radius). This means that we may
estimate the content of capillary water in soil capillar-
ies responsible for the soil water retention at the field

Tomographic

Monolith layer 10—20 cm porosity, % Connectivity
2D section 3 reostrution open close of the pores, %
14.2 0.5 90
2.3 0.1 22

Fig. 6. Differentiation of the pore space of the studied
monolith in the layer of 10—20 cm.
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soil water content. On other words, tomographic data
may be helpful for determination of water retention
(water storage) properties of the soils. This opens new
possibilities for soil hydrology, as the tomographic
method of the study of soil pore space allows us to ver-
ify the existing concepts of soil-hydrological constants
and their physical substantiation.

The tomographic method may also help us to gain
better understanding of soil water stability. The tomo-
graphic study of a well-aggregated soil with following
calculations may provide data on the contacts of solid-
phase particles in soils, including the determination of
their number per unit volume and of the surface area
of closed pores. These parameters (especially, the
number of contacts) are important in terms of the
assessment of the water stability of soil structure.
Nearest studies should either confirm this theoretical
precept of soil rheology, which will make it possible to
predict water stability of soil structure from tomo-
graphic data, or introduce new knowledge to our
understanding of the nature of a number of soil physi-
cal phenomena, such as the water stability, mechanical
strength, etc.

CONCLUSIONS

Three major stages in the development of tomo-
graphic studies of soil porosity can be distinguished:
(1) the stage of qualitative examination of the soil pore
space, its spatial patterns, and its architecture in rela-
tion to the genesis of soils; (2) the stage of quantitative
examination of the soil pore space (distributions of the
pores by their size, shape, and orientation) with com-
parison of tomographic data with data on the water
retention curve in the capillary range); and (3) the
stage of mathematical analysis of tomographic images
with a search for the ways of practical application of
tomographic parameters. At the current (third) stage,
the problems of correspondence of the classical phys-
ical structural—functional parameters of the soils to
the parameters of tomographic reconstructions of the
theoretically and practically important hydrophysical
soil properties (such as the filtration coefficient, the
water retention curve, and the water stability of the soil
structure) come to the forefront of studies in this field.
It is necessary to take into account the fact that tomo-
graphic data on the pore space characterize just a lim-
ited volume of the examined soil monolith, which
contains only a part of hydrological paths in the soil.
In any monolith, some horizontal pores are “cut off.”
Thus, as well as in many other fields of soil science, the
problem of the representativeness of tomographic
images arises.

It can be concluded that the tomographic method
as a physically substantiated and nondestructive
method of the study of the soil pore space, its volumes,
structure, and architecture yields much promise. In
particular, it may help us to understand the role of the
particular parameters of the soil pore space in the

depository and conductive functions of the soils. One
can be sure that such studies will provide new data for
various fields of soil science, including, in particular,
better knowledge of the traditional soil-physical and
soil-hydrological characteristics and constants.
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