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Abstract—The technique of numerical analysis of three-dimensional tomographic images of the pore space
of soil objects has been used in this paper. It applies methods of integral geometry, topology and morpholog-
ical analysis. To characterize quantitatively the transformation of the pore space structure, tomographic
images of four undisturbed soils were analyzed, i.e., heavy loamy agro-gray soil (Retic Phacozem), agromin-
eral (Sapric Rheic Mineralic Histosols), and hypnum (brown moss Sapric Rheic Histosols) peat soils in dry
and wet conditions. For samples of the subplow horizon in agro-gray soil, a decrease in both Betty numbers
was observed on wetting, where the zero number (b)) stands for the amount of topologically simple closed
pores, and the first number (b,) indicates a decrease in pore connectivity, which varies in a narrower range of
pore sizes as compared to b,. When a sample of agromineral peat soil is moistened, the Euler—Poincaré char-
acteristic is negative in the pore range of 0.1—0.16 mm, which points to the predominating complicated
branched structure of the pore space and high pore connectivity. When hypnum moss is saturated, a lot of
tunnel pores get narrower (“collapse”), and the connectivity decreases due to the structural specifics of long-
stemmed plant residues. The number of pores and connections between them in peat soils is an order of mag-
nitude higher than those in the subplow horizon A of the agro-gray soil. The provided quantitative changes
in the considered parameters of tomographic images of the soil pore space confirm the possibility of applying
them for estimating the transformation of the pore space in soils.

Keywords: soil porosity, Minkowski functional, Betti numbers, the Euler—Poincaré characteristic, computed
tomography, Phaeozem (Albic), Sapric Rheic Histosol

DOI: 10.1134/S1064229321090039

INTRODUCTION

Soil porosity is a three-dimensional structure with
a complicated geometry of the internal surface. This
3D matrix of pore space as well as the shape of the
boundary between the pore—solid-phase skeleton
phase control in many respects the mechanical and
hydrological parameters of soils. Computed tomogra-
phy permits obtaining high-detailed data on the struc-
ture of soil pore space without sample destruction.
However, application of different methods most often
related to a quantitative analysis of 3D images is
required for obtaining quantitative information about
the pore structure.

There are many examples of analyzing 2D and
3D images of soils and rocks using statistical, morpho-
logical and other procedures. These methods have
advantages and disadvantages of their own, far from all
of them being substantiated physically [1, 3]. There-
fore, this work considers tools based on fundamental
basis, i.e., statistical physics, integral geometry and
topology. Minkowski functionals are four basic geo-
metric and topological characteristics that are related

to a three-dimensional object in order to describe its
structure, and via an accuracy factor correspond to the
pore volume, the pore surface area and the integral
mean curvature of pore-solid skeleton phase bound-
ary. The Euler—Poincaré index of the complex (con-
vex/concave) porous space is also used, which is taken
as an integral characteristic of a porous body complex-
ity [34].

Researches are known on the application of inte-
gral geometry methods and morphological analysis to
the investigation of media with complex internal
structure. Thus, early works investigated artificially
generated media [11, 29] and two-dimensional rock
sample slices [10]; whereas, later works considered
three-dimensional tomographic [18, 33, 35] and
FIB-SEM images [15]. In particular, paper [35] dis-
cusses an approach to the numerical description of the
internal geometry of soil samples subjected to various
kinds of processing based on the analysis of the evolu-
tion of Minkowski functionals upon dilatation of both
the solid phase and the pore space. It is worth noting
that the methods are applicable to objects at all possi-
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Table 1. Some physical properties of peat soils
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Density, g/cm? Decomposition degree Ash content
Soil Depth, cm
natural experimental %
Agromineral peat soils =15 0.35 0.45 79.8 373
25—-40 0.2 0.3 ' 37.2
Peat soils on hypnum peat =15 0.17 0.23 62.1 37
25—-40 0.12 0.22 38.6

ble scales, as the integral geometry methods allow
describing numerically the geometry of the intra-
aggregate pore space [46], as well as inter-aggregate
and macroscopic pores [36].

Moreover, there are works that prove the relation-
ship between the Minkowski functionals and some
functional parameters of the media proper or of liquid
flows in them [9, 14, 28, 45]. Also noteworthy is the
paper [24] investigating changes in the internal geom-
etry of the pore space in oil collector on acidizing
using the methods of integral geometry, as well as per-
sistent homology theory.

In this work, we have applied the methodology of
analyzing the internal geometry of pore space in vari-
ous soil samples in dry and close to water saturation
conditions in order to describe quantitatively the
changes that go in soils [5, 7]. We have obtained tomo-
graphic images of several soil samples in the dry and
water-saturated states. Unlike the works aimed at
investigation of Minkowski functionals evolution in
the course of erosion and dilatation of pore space, out
study suggests using the morphological opening oper-
ation [33], which allows building cumulative and non-
cumulative distributions of Minkowski functionals by
the pore sizes in the ordinary metric units. We also
propose to analyze the Betty numbers of the pore
space in addition to the Minkowski functionals, since
they are rather vividly interpreted: the first Betty num-
ber corresponds to the quantity of individual pores,
and the second Betty number corresponds to the
amount of tunnels in the pore space of the soil sample.

OBJECTS AND METHODS

Soil samples. To assess the applicability of integral
geometry, we have studied the soils contrasting in their
origin, composition, and hydrophysical properties,
i.e., agro-gray soil (Retic Phacozem) and peat soil
(Sapric Rheic Histosol). The samples differ radically
in their structure changing upon interaction with
water, which influences in different ways the volumet-
ric indicators [23].

Low-moor peat was sampled in the Yakhroma
River valley within the test plot of the Dokuchaev Soil
Science Institute (Dmitrov district, Moscow oblast).

The peat soils within the test plot are subdivided
into two types: reclaimed peat soils on mixed grass-
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hypnum and pure hypnum peat, enriched in carbon-
ates (Rheic Sapric Histosols (Lignic)), and agromin-
eral peat soils (Rheic Drainic Sapric Histosols (Min-
eralic)). Hypnum peat soils usually manifest a high
natural moisture content and are treated as hardly
drainable. Two factors control the genesis of peaty
sites in the Yakhroma depression: the Yakhroma River
(which flows quite close to the test plot), has formed
agromineral peat soils during its floods; and a con-
fined thick aquifer of ferruginous carbonate ground-
water discharging in the near-terrace part of the
Yakhroma valley. Agromineral peat (ash content 23%)
has developed under the influence of the Yakhroma
River representing agromineral peat stratified soils
(Fig. S1). Hypnum peat soils (ash content 16%)
enriched in carbonates have been formed on mixed
grass-hypnum and hypnum peat (Fig. S2). Table 1 lists
the peat soil properties in detail. These peats are spec-
ified by high natural moisture, and they are hardly
drainable due to their dense-stemmed and loosened
composition. The hypnum peat structure is com-
posed of long-stemmed and branch-shaped leaf-like
formations, which should have affected this soil
behavior in wet and air-dry condition. Natural den-
sity is measured in a filled soil sample close to its nat-
ural state. The experimental density was reached by
compaction of a peat column by tapping.

For the study, we have selected peats differing in
their botanical composition, ash content, decomposi-
tion degree and other properties. The agro-gray soil
was sampled at the Vladimirskoe Opolie on the Rus-
sian Plain northwest of Vladimir, on the high left bank
of the Klyaz’ma River, to the southeast from the
Moskovian glaciation edge. This territory is located in
the zone of sufficient moistening, as an average long-
term precipitation amounts to 575 mm and evapora-
tion exceeds 400 mm per year there. The soils of the
Vladimirskoe Opolie are mainly represented by agro-
gray forest soils (Retic Phacozem, WRB 2014, version
2015) [41]. Some physical properties of these soils are
listed in Table 2. The particle-size distribution in Retic
Phacozem samples was studied by laser diffraction
with the Analysette 22 comfort (FRITCH, Germany)
particle-size laser analyzer. The soil bulk density, field
water capacity, filtration coefficient, and the ash con-
tent and decomposition degree of peat were deter-
mined by routine methods [7, 8].
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Table 2. Some physical properties of agro-gray soil
Particle-size distribution, mm ; ;
Horizon, depth, cm Density, g/cm® | FWC*, % mass Fl'ltratlon
<0.002 [0.002—0.05| >0.05 coefficient, cm/day
Ap, 0-21 17.39 80.66 1.95 1.1 37.3 60
17.35 80.21 2.44 1.16 37.2 58
17.21 80 2.79 1.21 37 52
Asub, 21-37 17.03 81.62 1.75 1.33 38.6 26
16 82.43 1.57 1.36 38.2 32
AB, 37-57 17.35 81.76 0.89 1.33 374 35
17.32 82.09 0.59 1.39 35.3 35
B2, 72—-96 18.4 81.1 0.5 1.4 37.6 28.5

* Field water capacity.

In the studied agro-gray soils, a plow sole (subsoil
compaction) appears from a depth of 20—30 cm (at a
depth of 20—40 cm), which passes deeper into hori-
zons compacted by evolutionary soil processes. Com-
paction does not exceed the critical levels for loamy
agrosoils (up to 1.4 g / cm?) [18], however, the differ-
ence is significant as compared to the arable horizons
with the optimal density. Note that this phenomenon is
specific for heavy loamy soils intensely used in farming.

For laboratory tomographic study, two monolithic
samples of agro-gray soil were selected, as well as the
samples of agromineral and hypnum peat soils. The
samples were placed in cylindrical X-ray transparent
cuvettes 16 mm in diameter and 40 mm high. The
tomographic shooting of soils was performed using a
SkyScan 1172 microtomograph (Belgium) at the Doku-
chaev Soil Science Institute. The pore space was visu-
alized with a CTvox © Bruker software (based on seg-
mentation data and calculation of local pore thick-
ness) for peat soils and ImagelJ for agro-gray soils.

Sample saturation with water and X-ray computer
microtomography. The tomographic shooting was car-
ried out for the samples in two conditions, i.e., in the
air-dry condition and moistened to the state close to
the minimal moisture capacity. For this purpose, the
air-dry sample after tomographic shooting was moist-
ened with the extra moisture through several layers of
filter paper from the bottom for 7 days, water being
constantly added to form a persistent water topping
above the paper substrate. Next, the sample was kept
to be drained free on a sandy substrate to reach a con-
stant weight without evaporation; afterwards it was
scanned on a tomograph for 2—3 h. Before the tomog-
raphy, the sample was sealed with a polyethylene film
to exclude water evaporation during shooting and
structure shrinkage deformation caused by evapora-
tion. The shooting parameters were chosen proceed-
ing from the operation protocols for similar soil sam-
ples, analyzed by tomography earlier [20, 25, 32, 44].

Tomographic shooting provides us with the sample
images in the form of three-dimensional arrays of real

numbers, which correspond to the absorption capacity
of voxel substance of 8§ X 8 X § um in size at each spe-
cific point of the soil sample. In the course of input
data reconstruction, we come up with horizontal sec-
tions in the form of a data stack (TIFF files), permit-
ting us either to build sections of any spatial direction
or to segment the pore space.

The analysis of tomographic data elucidates the
difference between a dry and a swollen sample even in
flat (vertical and horizontal) sections. Swelling
deforms the soil and reduces the pore volume at the
expense of meso- and macropores, which can be seen
in the sections without any mathematical processing.
Fig. 1 shows 2D tomographic images of one dry and
water-saturated sample. Pore space reduction is
observed visually in the saturated sample (black) due
to an increase in soil volume (gray) and darkening
color, which points to a lower X-ray absorption upon
identical shooting settings. Changes in the pore space
structure are visible at a qualitative level: some flat
fractures have closed, and the round-shaped pores
became narrower.

However, processing of flat sections only does not
show the complete pattern of changes in the pore
space on swelling; this may be obtained upon process-
ing volumetric data with a quantitative description of
geometric and topological properties.

Minkowski functionals and Betty numbers. Let X be
an object (pore or pore space) bounded by a surface dX
in a 3-dimensional space £ = X°. To describe the geo-
metric and topological properties of such a body, integral
geometry allows us to define 4 topological invariants,
i.e., Minkowski functionals [21, 30]. These functionals
do not change under a continuous transformation of the
body (homeomorphism) (Fig. 2).

In this work, we consider 3D tomographic images
of soil samples. Pore space is taken as the object of
research, since its structure largely determines the soil
properties [2, 4, 20]. In this case, the Minkowski func-
tionals with an accuracy to a factor correspond to the
pore volume (M,), the pore surface area (M), and the

EURASIAN SOIL SCIENCE  Vol. 54 No.9 2021
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(b)

Fig. 1. Horizontal tomographic section of one agro-gray soil sample from the depth of 30—40 cm in the (a) dry and (b) wet states.

coodes

Fig. 2. Homeomorphic bodies: (a) without discontinuity (a sphere); and (b) with one discontinuity (a torus).

integral average curvature of the “pore-solid-phase
skeleton” interface (M,), as well as the Euler—Poin-
caré characteristic of the pore space (M;) [10]:

My(X) =V (X), M,(X)= [ds=5(x),

M, (X) = I(hl]ds =C(X),

L ds = 2my (8X) = 4oy (X)),
SX nn

Ms(X):

where r; and r, are the principal radii of the surface
curvature dS, and y (8X) and % (X) are the Euler—
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Poincaré characteristics for the surface dX and the
convex body X, respectively. In order to avoid attribut-
ing the functional values to a specific sample, herein-
after we use their specific values for the computational
area volume. This means that if the tomographic
image resolution is 1000 % 1000 x 1000 voxels, the val-
ues of functionals are divided by 10°.

The Euler—Poincaré characteristic for a convex
body Xis an integral value of the topological complex-
ity of the studied body and can be defined as a sign-
alternating sum of Betti numbers:

X(X) = by (X) = b (X) + b, (X),
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where the Betti numbers may be interpreted as follows:
b, is the number of separate pores (openings that do
not stretch outside the sample), which are topologi-
cally homeomorphic to a sphere (Fig. 2a) also be a
closed pore of a shape either and are always closed
pores;, b, (tunnels) is a number characterizing the
quantity of bonds in the pore space. These are, for
example, through (tunnel) pores with more than one
exit outside the sample (the more exits, the greater the
number b,). This can topologically homeomorphic to
a torus (Fig. 2b) or even more complicated (a double
torus increases the number b, by 2, a triple torus by 3,
etc.). The higher is b, value, the more branched the
pore space is. The number b, stands for the amount of
clusters of solid phase connectivity surrounded by
voids; b, should be equal to one, since solid clusters
(except for the sample proper) cannot be completely
surrounded by voids.

Note that if there are only two phases (pores and a
solid skeleton) in the analyzed sample, then by calcu-
lating the Minkowski functionals and the Betti num-
bers for one phase, the corresponding values for the
second phase can be determined analytically.

Algorithms. A 3D image of pore space can be rep-
resented as a cubic cell combination, i.e., a 3D map
built of voxels (3D pixels). Geometric and topologi-
cal properties of cubic complexes is studied by digital
topology. There are several algorithms permitting us
to calculate the values of Minkowski functionals [26,
30, 39]. Paper [39] proposes an algorithm based on
calculating the number of different local configura-
tions 2 X 2 X 2 voxels; whereas, paper [30] considers
an algorithm based on counting the number of verti-
ces, edges, faces and voxels in a cubic complex:

V(X)=mn, S(X)=-6n,+2n,,
2C(X)=3n,—2n; +n,,
x(X)=-n+n;, —n,+n,,

where 7, is the number of voxels, n,is the number of
faces, n, is the number of edges, and n, is the number
of vertices in a cubic cell complex corresponding to the
pore space in the sample. In our study, we used the
software [27] for calculating the Minkowski function-
als. The zero and the second Betty numbers (numbers
of connected clusters in the pore space and the solid
matrix) were calculated using the basic functions of
MATLAB and ImageJ [38].

The additivity of the Minkowski functionals per-
mits implementing the combinatorial algorithms for
their computation, which do not require any signifi-
cant computing resources and allow parallel comput-
ing in case the original image is of a high resolution.

The morphological opening operation used in this
work is referred to a class of methods named mathe-
matical morphology. The classic mathematical mor-
phology was proposed in [40], where the main mor-
phological operations were introduced: erosion (narrow-
ing) (Fig. S3A) and dilatation (expansion) (Fig. S3B), as
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well as derived operations, i.e., opening and closing.
After binarization, the resulting three-dimensional
soil image consists of void voxels and solid-phase vox-
els. The morphological operation of dilation applied
to void space converts solid-phase voxels at the
pore/solid-phase boundary into void ones, thus
“expanding” pores in this case. Erosion operation, on
the contrary, converts void voxels at the boundary of
void space to solid-phase voxels “narrowing” the pores.
The voxel layer thickness changing after these opera-
tions is controlled by the structural unit “sliding” along
the phase boundary. The opening operation combines
the sequential erosion and dilation operations for the
same structural element. Mathematical morphology
has been often used for the analysis of soil tomographic
images [36, 37, 45]. A detailed overview of the morpho-
logical analysis methods and their applicability to the
study of two- and three-dimensional images of natural
structures is provided in [31].

Fig. S4 shows the result of applying the “opening”
morphological operation with an increasing disk-
shaped structural unit to the soil pore space image [27].
Due to these operations, we can calculate the function-
als for pores of various diameters. Deriving such distri-
butions of functionals for the pore space of samples in
dry and wet conditions will allow us to describe quanti-
tatively the transformations in the pore space structure
in the course of soil saturation with moisture.

RESULTS AND DISCUSSION

Detailed analysis of monolithic samples. Let us con-
sider the distributions of Minkowski functionals and
Betti numbers by the pore sizes by the example of a soil
sampled from the subplow A horizon at a depth of 30—
40 cm. Its pore space image is shown in Fig. 3, and the
second sample is depicted in Fig. S5. The analysis of
dependencies shown in the graphs (Fig. S6—S12)
proves that after water saturation, the total porosity of
the sample has decreased within the entire visible
range of pore sizes, as did the specific pore surface
area. The integral mean curvature of pore space
decreases only in the range <0.4 mm, which is
explained by the closure of small pores (with a large
specific surface curvature). Large pores and fractures
decrease in size only slightly and do not change their
shape at all; therefore, their curvature is modified
insignificantly.

Variation in the pore space structure upon different
soil status is manifested in the distribution of the
Euler—Poincaré characteristic (%) and Betty numbers.
The % value shows the difference between b, and b,,
which stands for the topological complexity of struc-
ture: the greater its absolute value, the more one pore
type prevails over another. The higher negative value
of Euler—Poincaré parameter , designates the greater
amount of branched, coherent and interconnected
pores in relation to isolated, topologically simple
(spheres) pore structures. The () parameter was neg-
EURASIAN SOIL SCIENCE  Vol. 54
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Fig. 3. The pore space visualization for the agro-gray soil, sample 1, taken at the depth of 30—40 cm from the subplow A horizon
in the (a) dry and (b) liquid-saturated conditions. The Euclidian distance to the solid phase is marked in color. Pores colored in

blue and green are less than 0.2 mm in diameter.

ative for the agromineral peat soil sample upon its sat-
uration with water (Fig. S13). The reverse case is
observed upon large positive ) values: topologically
simple, isolated and closed pores predominate in the
sample, the hypnum peat soil being the example
(Fig. S15). However, it is worth considering zero and
the first Betty numbers separately, since if both num-
bers b, and b, change equally, the Euler—Poincaré
characteristic remains constant; however, it turns to
zero for the similar values of Betty numbers.

For sample 1 of agro-gray soil, the Euler—Poincaré
characteristic (Fig. S17) of the pore space decreases on
soil swelling within the entire pore size range, i.e., the
pore space becomes topologically better connected.
This is confirmed by the analysis of Betty numbers,
which can be vividly interpreted: the zero Betty num-
ber corresponds to the number of clusters of the pore
interconnectedness, and the first Betty number stands
for the number of tunnels in the solid phase. Isolated
pores (b,) are empty spaces without exits beyond the
sample boundaries. They are topologically homeomor-
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phic to a sphere and are always closed. Tunnels (b,) rep-
resent either open pores with more than one exit out-
side the sample (through pores), or closed pores of a
shape topologically homeomorphic to a torus. The
distribution analysis shows that a dry sample contains
a greater number of both individual pores and tunnels
as compared to the wet one, the difference being
mainly manifested in the range <0.4 mm. In this case,
the number of closed and topologically simple pores is

reduced more than tunnels: )"~ — &' > ™ — ™"

The discrepancy between the values of the zero
Betty number (Fig. 4a) in the water-saturated sample
is registered for a larger range of pores than that of the
first Betty number (Fig. 4b). This fact suggests that the
swelling forces exert a greater influence on the tunnel
and branched pores of a diameter exceeding 0.3 mm.
The number of isolated closed pores of this diameter
remains the same upon saturation of agro-gray forest
soil samples.

The second Betty number is predictably equal to
one (it fits the number of solid phase connectivity
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Fig. 4. Dependencies of the Betti numbers: (A) zero number (b); (B) the first number (b;) on the pore size for the sample 30—
40 cm, the subplow A horizon, agro-gray soil in dry (brown) and water-saturated (blue) conditions. Values b, and b, are repre-

sented by the relationship to the minimal pore diameter.

300

1 mm
L1

(b)

500 um

1 mm
L1

Fig. 5. The pore space visualization for the agromineral peat soil sample in the (a) dry and (b) water-saturated conditions. Pore
sizes vary from 8 to 940 um (the largest pore). Color designates the pore size; pores > 70 wm are shown in red.

clusters that are completely surrounded by empty
space), being not shown in the graphs. It can be seen
that a part of fine pores and channels present in the dry
sample image (left) disappears in the wet sample
image (right). Large pores and channels are reduced in
size but remain in the wet sample image.

Upon saturation of the agromineral peat soil sam-
ple (visualized in Fig. 5), the number b, does not
change, which points to the constant amount of iso-
lated (unconnected) closed pores. The increased value
of b, number may indicate the formation of voids filled

with water in the solid organic phase. According to the
changes in the Euler Poincaré characteristic, we may
state the predominance of isolated closed pores over tun-
nels in a dry sample in the range of diameters <0.2 mm;
however, upon water saturation, their amount
becomes almost equal due to an increase in the num-
ber of tunnels and pore space bonds.

In the hypnum peat soil sample (visualized in Fig. S2),
both Betti numbers decreased proportionally, and the
Euler—Poincaré characteristic in a dry and saturated
sample showed similar values over the entire range of
EURASIAN SOIL SCIENCE  Vol. 54
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pore diameters. For the structure of hypnum peat in
low-moor bogs, consisting of long-stem residues, the
swelling forces were sufficient to close both individual
pores and tunnels, unlike the subplow horizon of agro-
gray soil, where tunnels were closed to a greater extent
during saturation.

CONCLUSIONS

The methodological fundamentals of the numeri-
cal description of the soil pore space are provided
based on the methods of integral geometry, topology
and mathematical morphology. Changes in the soil
pore space are numerically demonstrated upon soil
saturation with liquid. As the object of the study, we
used the agro-gray soil sampled at Vladimir opolie
with an undisturbed structure and peat soils of various
composition. For each sample, a tomographic image
was obtained for dry and water-saturated states. A sam-
ple of agromineral peat soil showed a mobile structure,
in which the volume, number and connectivity of pores
with a diameter <0.2 mm in the water-saturated sample
increased due to reduction of the same indices for larger
pores (with a diameter >0.2 mm). Proceeding from the
by and b, values (Fig. S14), we may conclude that such
structural transformations in the agromineral peat soil
sample take place at the expense of involved intercon-
nected tunnel pores, characterized by b,, whereas b,
has almost the same values in the entire range of diam-
eters in wet and dry conditions. Upon water satura-
tion, large individual pores and branched tunnels dis-
appeared in the samples of hypnum mosses, which can
be judged by the change in Betty numbers (Fig. S16).
This points to significant transformations in the pore
pattern due to a decreasing cohesion of the pore space
and the total pore volume. The Euler—Poincaré char-
acteristic in dry and saturated samples had similar val-
ues over the entire range of pore diameters.

To describe quantitatively the transformations
occurring in the pore space, we traced the evolution of
the Minkowski functionals and Betti numbers in the
course of increasing the structural unit size used in
morphological opening operation. The results prove
that this methodology can be used for describing
quantitatively both the pores space pattern of soil sam-
ples and the structure transformations caused by any
external forces or processes.
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Figs. S1, S2. Visualization of the pore space of agromin-
eral peat (S1) and hypnum peat (S2) samples: (a) in the dry
sample and (b) in the water-saturated sample. Pore size var-
ies from 8 to 940 um (the largest pore). The color indicates
the pore size; pores >70 um are colored in red.

Fig. S3. The result of applying operations: (a) erosion,
(b) dilatation with the structural units of different sizes to
the image of soil pore space. The voids are shown in white,
the solid phase in black.

Fig. S4. An example of applying the morphological
opening operation with the structural unit of different size
to the image of soil pore space. The voids are shown in
white, the solid phase in black. This operation results in a
series of images showing only the pores of size exceeding
that of structural unit.

Fig. S5. Visualization of the pore space in the sample 2
of agro-gray soil at a depth of 30—40 cm from the subplow
horizon A in (a) and (b) liquid-saturated conditions. Colors
show the Euclidean distance to the solid phase. Blue-green
pores do not exceed 0.2 mm in diameter.

Figs. S6—S9. Cumulative (S6, S8) and differential (S7,
S9) dependencies between the specific pore volume V and
the pore size for agro-gray soil, samples no. 1 (S6, S7) and
no. 2 (S8, S9), taken at a depth of 30—40 cm from the sub-
plow A horizon in wet (blue) and dry (brown) states.

Figs. S10A, S10B. Differential dependencies between
the integral average curvature of the surface C and the pore
size in agro-gray soil, samples 1 and 2, taken at a depth of
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30—40 cm from the subplow A horizon in wet (blue) and dry
(brown) states.

Figs. S11, S12. Cumulative dependencies between the
surface area S and the pore size for agro-gray soil, samples 1
and 2, taken at a depth of 30—40 cm from the subplow A hori-
zon in wet (blue) and dry (brown) states.

Figs. S13, S15, S17. Dependences of the Euler—Poin-
caré characteristic () on the minimum pore diameter for
agromineral peat soil (S13), hypnum peat soil (S15) in dry
condition (brown) and agro-gray soil, sample 1 (S17) in
water-saturated (blue) condition.

Fig. S14. Dependencies of the Betty numbers, i.e., zero
number (b)) and the first number (b,) on the minimum pore

diameter for agromineral (S14) and hypnum (S16) peat soils
in dry (brown) and water-saturated (blue) conditions.
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