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Abstract. Modern unceasing processes of dehumification and degradation of arable soils require the
search for new non-traditional approaches to solving this global environmental problem, which determines
the relevance of the research. After all, plowing significantly disrupts the thermodynamic interaction of the
soil with environmental factors. The purpose of the publication is to consider the regularities of the evolution
of the properties of the pedosphere from a geosystem perspective, to define the concept of geomembrane
properties, and to reveal the mechanism of regulating the thermodynamic interaction of the soil with the
environment based on the concept of its homeostasis, which will allow a more reasonable explanation and
forecast of modern evolutionary changes in the properties of soils and soil cover from a higher perspective
organizational level of the geosystem. The main tasks are defined as: the development of a methodology for
studies of the thermodynamic interaction of soil with climatic factors, the creation of tools for monitoring
the course of thermodynamically unbalanced processes in the soil environment, and their approbation in
the Forest-Steppe zone of Ukraine. It is proposed to consider the soil as a dissipative thermodynamic non-
equilibrium system that is constantly in the process of self-stabilization and self-organization due to interaction
with climatic factors of the environment. Therefore, soil homeostasis means the presence of subordinate
energy-consuming processes of a certain intensity, which form the structure of the thermodynamic system of
the soil, as the structure of its pore space. It was determined that the general direction of the development
of the pedosphere, as an element of the Earth s lithospheric shell, is the densification of the parent rock with
the formation of structural macroporosity of the soil and the development of heterogeneity. It is shown in the
example of Ukraine, that the geomembrane properties of soils have a zonal nature and aimed at limiting the
power of the zone of active energy-mass exchange. The concept of the dynamics of geomembrane properties
of the pedosphere, as a manifestation of a higher hierarchical level of geosystem organization, is proposed
to be used to solve purely applied issues, such as assessing the impact of climate change, humus formation,
and modern dynamics of soil fertility, increasing the sustainability and ecological safety of soil use.

Keywords: pedosphere, soil, thermodynamic system, dissipation, pore space structure, energy efficiency
of interaction, soil homeostasis

Topicality. The pedosphere is the part of
the Earth’s lithospheric shell bordering the
atmosphere, which experiences the strongest
influence of external factors that determine the
most intensive processes of soil reconstruction
and self-organization. According to the
Le Chatelier-Braun principle, a system capable
of self-stabilization and self-organization
changes its properties in a direction that limits
the penetration of external disturbances into the
system [1]. In fact, the pedosphere regulates
the exchange flows of the Earth’s lithosphere
with the atmosphere and space. However, the
most important aspect is the regulation of the
thermodynamic interaction of the pedosphere

with the external environment, which determines
the direction of its self-organization processes
and biosphere properties and gives grounds for
considering the soil as a thermodynamic system,
the functioning of which is determined by the
thermodynamic interaction with the environment.

Analysis of recent research and publications.
Although the concept of soil moisture potential was
formulated by E. Buckingham at the beginning of
thelastcentury[2],and inthe practice of reclamation
agriculture, the potential characteristic of soil
moisture has been used to control the water regime
for decades, but until now the soil has not been
considered as a complete thermodynamic system.
After all, the postulates of classical equilibrium
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thermodynamics are unsuitable for displaying
processes in a permanently thermodynamically
unbalanced system of the soil environment.
Attempts to establish the relationship between
soil properties and classical thermodynamic
functions — Gibbs potential and entropy —were very
time-consuming and not sufficiently effective [3].
And only after the formulation in the period
the 70s to 90s of the provisions of synergetics,
which deals with the theory of self-organization
of complex thermodynamically unbalanced
systems [4; 5], at the Institute of Water Problems
and Land Reclamation of the National Academy
of Agrarian Sciences of Ukraine IWPLR NAAS),
an attempt was made to consider the soil as an
integral thermodynamic system.

The purpose of the publication is to consider
the regularities of the evolution of the properties
of the pedosphere from a geosystem perspective,
to define the concept of geomembrane properties,
and to reveal the mechanism of regulating the
thermodynamic interaction of the soil with the
environment based on the concept of its homeostasis,
which will allow a more reasonable explanation
and forecast of modern evolutionary changes in
the properties of soils and soil cover from a higher
perspective organizational level of the geosystem.

Research methods. From the point of view of
synergy, the soil is identified as a dissipative active
kinetic environment in which flows of matter,
energy, and information are transformed [6].
Therefore, it is proposed to characterize the soil
as a microgradient dissipative structure, in which
a special role belongs to macropores with air
trapped by liquid membranes, which actively
reacts to changes in external thermodynamic
parameters of temperature (T, °C), atmospheric
pressure (R,,) and moisture saturation (0,)
by changing its volume and gas pressure. As
a consequence of this, macropores become centers
of thermodynamic imbalance (CTI), acid centers
(AC), and centers of formation of ecotones of
soil biota, around which periodically centrifugal
gradients of moisture potential and gradients
of solution acidity are observed, which causing
reciprocating movements of substances with phase
transitions. Such energy-consuming subordinate
(internal) processes are actually processes of soil
formation. This allows to state that soil formation
processes occur in the pedosphere everywhere
and all the time, and the soil, which genetic soil
science defines as a natural-historical body that has
constant properties on a real-time scale, actually is
a dynamic thermodynamically unbalanced system
that is constantly in the process of self-stabilization
within the tolerance plateau of external factors, and
self-organization when external factors go beyond
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the tolerance plateau, for example, global climate
change. This approach allows substantiates the
concept of soil homeostasis, which is determined
by the level of consumption (dissipation) of
external flows of energy and matter due to energy-
consuming subordinate processes of a certain
intensity [7]. An eloquent example of the impact
of a change in the level of soil homeostasis is
the formation of the so-called compacted “plow
sole” in the subsoil horizon of soils which used in
agriculture. This negative ecological phenomenon
of agriculture is actually a systemic reaction
of the soil environment to the reduction of soil
homeostasis in the subsoil horizon due to damping
of the amplitude of temperature and soil moisture
fluctuations in the loosened arable layer. This
plow sole is formed during the first decades after
plowing. And although in agrophysics it is believed
that this phenomenon is the result of an increase
in the weight of tillage aggregates, in fact, the
formation of a plow sole is a reaction to plowing,
and an increase in the weight of aggregates can
only be a tool for transitioning to a new level of
dynamic balance. Failure to use a plow destroys
this plow sole over time [8].

Soil homeostasis determines the energy
efficiency of soil interaction with the external
environment and depends on three components
which are the design of the thermodynamic
system; the available moisture in it, as a working
element, due to which subordinate processes are
implemented; the intensity of variability of external
thermodynamic factors [7]. To characterize the
design of the thermodynamic system, in contrast
to the traditional determination of soil structure in
agrophysics through theratio of soil fragments based
on granulometric, aggregate, and microaggregate
analysis, it is proposed to use its pore space
structure (PSS), which reflects the heterogeneity of
the environment. With using of a physical model
of the capillary porosity of the soil in the form of
a corrugated equivalent capillary, the “Method
of determining the structure of the pore space of
soils (dispersed media)”” was developed in IWPLR
NAAS [9]. This method is based on the study of
the capillary hysteresis loop of the water-holding
capacity of the soil. Using it as a research tool made
it possible to establish the regularities of spatio-
temporal variability of PSS in soils of different
genesis, which is characterized by the so-called
structural characteristic, which is essentially
a differential curve of the distribution of the volume
of pore space by porosity radii (Fig. 1) [7]. The
PSS is a sensitive tool for monitoring epigenetic
changes of pore space in different types of soils,
both for irrigation and drainage conditions. If for
most soil types the structural characteristic has an
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extremum, which indicates the presence of pores
of a predominant size in them, then for the most
fertile chernozem soils this structural characteristic
has the form of a monotonically increasing curve.
This indicates the development in chernozems of
the volumetric structure of the three-dimensional
soil matrix, in which the largest volume belongs
to the largest macroporosity. This PSS curve is
proposed as a benchmark for the development of
soil formation, according to which it can be argued
that the general progressive development of soil
formation is the densification of the parent rock with
the formation of macroporosity resistant to external
factors. Degradation processes of these soils begin
with a decrease in the volume of this very largest
porosity, which was recorded, for example, on
irrigated chernozems due to non-compliance with
scientifically based irrigation regimes.

A system of complex laboratory diagnostics
of water-physical properties of soils has been
developed and successfully tested at the IWPLR
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Fig. 1. Hysteresis diagram of soil water-holding
capacity (a); structural characteristic of the pore
space V,, = f(r); | — bifurcation area,

II — tolerance area [7]

NAAS [10]. In particular, the regularities of PSS
in the soil profile approaching the ground surface
were established. The result of soil formation is
a natural decrease in the volume of elementary
pores of the predominant size, but an increase in
the size (radii) of this predominant porosity [11].
For hydromorphic conditions of soil formation,
it was found that the volume of a certain group
of pores decreases in the capillary border, until
it completely disappears, due to the lack of their
self-development due to capillary filling with
water. According to the depression of the structural
characteristic, it is even possible to identify the
weighted average position of the groundwater
level, relative to the depth of sample selection,
with an accuracy of up to 10 cm [12]. However,
the structure of the soil pore space is derived from
the diagram of the thermodynamic state, which
combines the capacitive properties with the power of
stabilizing moisture in the soil (Fig. 1), and the most
informative is the capillary hysteresis loop obtained
in a special mode. Therefore, from the geosystemic
point of view, the thermodynamic interaction of
the soil with the environment is regulated by the
construction of the three-dimensional soil matrix,
which combines such fundamental properties
as heterogeneity and hysteresis. Using the
example of chernozem, it can be concluded that
the implementation of geomembrane properties
to limit the penetration of external disturbances
deep into the soil profile is ensured by the growth
of water-holding capacity and hysteresis, which
generally reduces the conductivity parameters of
the soil environment, primarily for moisture flow,
but increases its dissipativeness in relation to
energy flows. Enrichment of chernozem with free
types of surface energy ensures its high fertility.
Research results and their discussion.
Characterized for chernozem soils PSS, as a design
of a thermodynamic system, ensures a high
intensity of subordinate processes by dissipating
external flows in the soil, which creates increased
availability of nutrients from the soil to plants, i. e.
is a determining factor of soil fertility. In fact, the
energy efficiency of soil interaction with climate
factors has a direct correlation with soil fertility,
and the production process is considered as the
utilization of external energy by plants according
to their own genetic program. An important role in
these processes is played by the symbiosis of the
mineral component of the soil with organic matter,
in particular, the accumulation of humus, which
should primarily be considered not as a chemical
formation, but as a thermodynamic process of
qualitative ordering (assembly) of high-molecular
organic compounds in conditions of cyclic washing
of low-molecular compounds by subordinate

2022 « Ne 2 MEJIHOPAILA I BOOAHE 'OCIIOAAPCTBO



AI'POPECYPCU

processes. However, it is no less important that the
accumulation of humus in the soil transforms it from
apurely capillary body into a colloid-capillary body,
in which the mobility of moisture is significantly
limited. After all, moisture is removed from the
colloidal body mainly through evaporation. This is
seen as one of the mechanisms for the formation of
geomembrane properties of soils and the pedosphere
in general — limiting the penetration of external
thermodynamic disturbances, in particular moisture
flows, deep into the Earth in the radial direction.
The process of densification of the parent rock with
the formation of stable structural macroporosity
also limits the thermal conductivity parameters and
the depth of active energy-mass exchange in the soil
environment.

Experimental monitoring studies of soil regimes
up to a depth of 5.0 m using thermodynamic
hydrophysical methods in the soil-geochemical
chain from the watershed to the floodplain of
a small river were conducted in the Obukhiv
district of Kyiv region (Forest-Steppe zone) in the
period of 1989-2005 [13]. These studies made it
possible to establish a regular spatial variability
of the geomembrane properties of the soil cover,
which is characterized by a set of indicators such as
the infiltration nutrition and seasonal dynamics of
moisture reserves, the chemistry of pore solutions,
the structure of the pore space of soils and the level
of'their fertility, etc. The highest development of the
geomembrane properties of soils is established in the
plakor part of the watershed which is characterized
by the zone of active energy mass exchange
did not exceed 3—4 m, because at this depth the
mineralization of pore solutions of chloride-sulfate
composition increased to 3—5 g/dm’, infiltration
nutrition is virtually absent, the automorphic mode
of soil formation, the growth of the soil profile
occurs due to atmospheric dust deposition, so
here is the most complete section of the holocene
with the presence of humus buried soils. The
realization of geomembrane properties occurs due
to the loosening and growth of soil heterogeneity
and its humus content. On the slopes which are
characterized by the zone of active energy-mass
exchange exceeding 5 m, there is a periodically
washing water regime, and the development of PSS
is relatively lower due to water erosion and planar
washing of fine soil, the processes of epigenetic
restructuring of PSS is activated in the entire soil
profile, in particular, at its lower border in the
parent rock, soil fertility is reduced, the chemistry
of pore solutions is hydrocarbonate-calcium with
mineralization up to 1 g/dm’. In the floodplain of
a small river which is characterized by the effluent
water regime with fluctuations of soil water levels
from 0.0 to 2.0 m, which determines the zone of

(3]

active energy-mass exchange, and the realization
of geomembrane properties, in particular, from
limiting the depth of active water exchange, is
ensured by magnesium-sodium salinization, PSS is
characteristic of hydromorphic soils.

In addition to the variation of geomembrane
properties within the Forest-Steppe and the
formation of different types of soils (the principle
of divergence), it was established that within
Ukraine, the formation of geomembrane properties
is determined by the degree of balance of moisture
and heat flows, and specified the latitudinal
zonation of these properties. In particular, in the
energy-limited zone of Polissia, the limitation
of the zone of active energy-mass exchange
ensures the formation of a weakly permeable,
unstructured, compacted illuvial (podzolic, glee,
etc.) horizon within the first meter of the soil
section. This horizon, serving as a pre-surface
screen for moisture flows, ensures the discharge of
excess atmospheric precipitation by surface runoff.
In the conditions of modern climatic changes,
which increase the energy supply of the Polissia
zone, this illuvial horizon serves as a screen for
the reproduction of underground water resources,
which leads to their progressive depletion. Aradical
means of combating such a negative ecological
phenomenon for the new climatic conditions in
Polissia is the destruction of this illuvial horizon
by means of deep meliorative loosening or
plantation plowing [14]. Such measures have been
practiced in drainage reclamation to accelerate
the cultivation of drained soils, which require
periodic repetition to maintain a high level of
homeostasis (fertility) of these soils. After all, in
the drained soils of reclamation systems, which
are mainly in the capillary border of groundwater,
the disappearance of a certain group of pores due
to intense fluctuations of soil water levels, which
leads to the compaction of these soils, was found.

For the Steppe zone of Ukraine, the limiting
factor of the self-development of the soil and its
energy efficiency is the lack of moisture. That
is why, in this water-limited zone, irrigation
melioration is the most effective for increasing
soil homeostasis and fertility.

Therefore, in the Forest-Steppe of Ukraine,
with a balanced amount of precipitation
and heat, the highest development of the
geomembrane properties of the pedosphere is
recorded. Accordingly, this zone is the most
bioproductive [15]. In the direction of the energy-
limited zone of Polissia, the geomembrane
properties of the pedosphere are aimed at limiting
the depth of active water exchange, and when
moving from the Forest-Steppe to the south to the
water-limited zone of the Steppe, the geomembrane
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properties of the pedosphere decrease due to the
insufficient level of soil self-organization, which is
limited by the lack of moisture. Such regularities
should be taken into account when predicting
evolutionary changes in soil properties under the
conditions of global climate changes and shifts in
the balance of the amount of heat and moisture.
Conclusions. Considering the soil as a complete
thermodynamically ~ unbalanced  system in
interaction with the thermodynamic factors of the
environment according to the formulated concept
of homeostasis makes it possible to unambiguously
evaluate and predict changes in soil properties
under global climate changes at any point of the soil
environment according to the level of consumption
in the subordinate processes of the soil of the
kinetic energy of external flows, as a manifestation
geomembrane function. A conservative criterion for
changing such soil properties is epigenetic changes
in the structure of its pore space, as a design of
a thermodynamic system, which is characterized by
a laboratory-determined loop of capillary hysteresis
of water-holding capacity in a special mode.
Constant processes of self-organization
and self-stabilization provide a change in the
geomembrane properties of the pedosphere, which
have a latitudinal zonation and depend on the
degree of balance of heat and moisture flows. The
highest development of geomembrane properties
of the pedosphere, caused by the balance of heat

and moisture flows, is observed in the Forest-
Steppe zone. Within the energy-limited zone of
Polissia, the limiting geomembrane function
of the pedosphere is aimed at reducing the
penetration depth of water flows. Within the soil-
climatic zones, the spatial differentiation of the
soil cover according to geomembrane properties
is determined by the relief, lateral flows of matter,
and other natural and anthropogenic factors that
limit the level of soil self-organization.

The level of homeostasis, as the top
manifestation of the geomembrane properties of
the soil, which has an energetic nature, can be
studied by remote methods and can have a direct
correlation with fertility parameters.

The application of the concept of geomembrane
properties of the soil cover will make it possible
to move away from purely stochastic models of
spatial distribution and dynamics of soil properties
and to increasingly use parametric dynamic
deterministic models for modeling geomechanics.
In particular, their use in soil rheology is promising.
The latitudinal zonality of the development of
geomembrane properties determines the latitudinal
zonality of the ecological resistance of the
pedosphere to pollutants and pollution: the most
resistant is the Forest-Steppe zone, which must be
taken into account when placing environmentally
hazardous enterprises and justifying the zonal
coefficient of ecological stability of the soil cover.
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Anomauin. Cyuacni negnunni npoyecu oecymigikayii ma despadayii OpHUX IPYHMIG GUMALAIONb NOULYKY HOGUX
HempaouyitiHux nioxo0ie 00 eUPIULEeHHS YIET 2100aNbHOT eKON02IYHOT NPpobaEeMU, WO Tl BUSHAYAE AKMYATLHICHb
oocnioicents. A0dice opanKa cymmeso HOpYULYe MepMOOUHAMIYHY 83AEMOOII0 IDYHIMY 3 YUHHUKAMU OOBKILIAL.
Memoio nybnikayii € posenao 3akoHomipHocmeli esontoyii enacmugocmeti nedocghepu 3 2eocucmemMHux no3uyitl,
BU3HAYEHHS NOHAMMS 2e0MEMOPAHHUX GIACMUBOCTEN A POSKPUMMS MEXAHIZMY Pe2yIo8aHH MEPMOOUHa-
MIYHOT 63A€MOOTT TPYHMY 3 O0BKILIAM HA OCHOBL ROHAMIMSL 020 20Me0CmA3y, o 003801UMb OLIbW 00TPYHMO-
BAHO NOSICHIOBAMU | NPOSHO3YBAMU CYHUACHT €8ONIOYILIHI 3MIHU BIACMUBOCMEN [PYHIIG | I[PYHINOB020 NOKPUBY
3 no3uyill OIILUL BUCOKO20 OP2aHI3ayiliHO20 pigHs ceocucmemu. OCHOBHUMU 3A80AHHAMU BUSHAUEHO: PO3POO-
JIEHHSL MEMOOONI02IT OCTIONCEHb MEPMOOUHAMIUHOT 63A€MOOIL IPYHMY 3 KIIMAMUYHUMU YUHHUKAMU, CIEO-
PEHHSL IHCMPYMEHmapito 05t KORMpOTo nepedicy mepmMoOUHAMINHO HePIBHOBAICHUX NPOYECIE Y IPYHINOBOMY
cepedosuwyi ma ixwa anpobdayia y 3omi Jlicocmeny Ykpainu. 3anpononoeano posenaoamiu IpyHm K OUcU-
NamueHy mepmMOOUHAMIUHY HEPIBHOBAICHY CUCTEMY, WO NOCMILIHO nepebysac y npoyeci camocmaoinizayii
i camoopeaHizayii 3a paxyHox 63aEmMO0Ii 3 KIIMAMUYHUMU YUHHUKAMU O0BKILIA. 30 Yb020 Ni0 20MeoCmasom
IPYHINY POSYMIEMbCS HASBHICMb CYOOPOUHAYITIHUX eHepeO8UMPAMHUX NPOYECi6 NeBHOT IHMEHCUBHOCTI, WO
Gopmyroms KOHCIMPYKYIIO MepMOOUHAMIYHOT cucmemu IPYHMY, 8 AKOCMI SKOI NPUUHAMAa cmpykmypa tiozo
noposozo npocmopy. Busnaueno, wjo 3azanvHum cnpsamy8anHusM po3eumKy neoocgepu, K eiemenmy aimo-
cgpeproi’ obonouxu 3emni, € po3VUITLHEHHA MAMEPUHCHKOL NOPOOU 3 (HOPMYBAHHAM CIPYKIYPHOL MAKPO-
nopucmocmi IpyHmy ma po3sumrom 2emepoeennocmi. Ha npuxnadi Ykpainu nokasano, wo ceomemopanti
61ACMUBOCMI TPYHIMIG MAIOMb 30HANLHY NPUPOOY | CHPAMOBAHT HA OOMEINCEHHS NOMYAHCHOCTE 30HU AKMUBHO20
enepeomacooominy. Konyenyito Ounamiku 2eomemMopantux eracmugocmetl nedocgepu, sk nposis Oiibul GUCO-
K020 I€papXiuH020 PI6HA 2e0CUCMEMHOT OP2aHi3ayii, NPONOHYEMbCA BUKOPUCTIOBY8amMU OJisl BUPTULEHHSL CYMO
NPUKIAOHUX NUMAHb, MAKUX K OYIHIOBAHHS GNAUBY 3MIH KAIMANLY, 2YMYCOYMBOPEHHS I CYYACHA OUHAMIKA
PoOoUOCm IPYHIMIB, NIOBUWLEHHS CIEUKOCTI | eKONOSTUHOL Oe3NneKU BUKOPUCTIANHS TPYHMIE.

Knrwouoei cnosa: nedocgepa, tpynm, mepmoounamiuna cucmemd, OUCUNAYIA, CMPYKMYpPA HOPOBO2O
npocmopy, enepeoeghekmugricme 83a€Mo0ii, 20Meocmas IpyHmy
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