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December, 1999. 
 
In this study, thorough analysis is conducted for soil electrical properties, i.e. electrical resistivity, 
conductivity, and potential. Soil electrical properties are the parameters of natural and artificially 
created electrical fields in soils and influenced by distribution of mobile electrical charges, mostly 
inorganic ions, in soils. Distributions of electrical charges and properties in various soil profiles 
were shown to be results of the soil-forming processes. Soil properties influencing the density of 
mobile electrical charges were found to be exponentially related with electrical resistivity and 
potential based on Boltzmann’s law of statistical thermodynamics. Relationships were developed 
between electrical properties and other soil physical and chemical properties, such as texture, stone 
content, bulk density, water content, cation exchange capacity, salinity, humus content, and base 
saturation measured in-situ and in soil samples.  Geophysical methods of vertical electrical 
sounding, four-electrode probe, non-contact electromagnetic profiling, and self-potential were 
modified for measuring soil electrical properties and tested in different soil studies. The proposed 
methods are extremely efficient, reliable, and non-disturbing. Compared with conventional 
methods of soil analysis, the electrical geophysical methods allowed evaluating groundwater table, 
salt content, depth and thickness of soil horizons, polluted or disturbed layers in soil profiles, and 
stone content with an estimation error <10%. The methods provide extensive data on spatial and 
temporal variations in soil electrical properties, which relate to the distributions of other essential 
soil properties. The electrical properties were incorporated with the data from conventional soil 
analyses to enhance the estimation of a number of soil physical and chemical properties and to 
assist soil survey. The study shows various applications of the modified geophysical methods in 
soil physics, soil genesis, precision agriculture, and environmental engineering. The applications of 
the methods included studying soil water retention, compaction, and soil morphology; mapping 
soil spatial variability within fields, catenas, or landscapes; locating genetic horizons, compacted 
or disturbed layers, hydrocarbon pollutants, stones, and groundwater tables in soil profiles; and 
monitoring soil drying or freezing.  
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INTRODUCTION 
 
Soil properties are of high importance in many human activities, such as agriculture, 

forestry, landscaping, environmental protection, recreation, and civil engineering. Soil survey for 
different applications requires quick and, when possible, non-disturbing estimations of numerous 
soil properties, such as salinity, texture, stone content, groundwater depth, and horizon sequence in 
soil profiles. Many of these properties are highly spatially variable yet some are also temporally 
unstable. An accurate evaluation of soil properties is complicated by the nature of their variability; 
however, conducting soil measurements with a high sampling density is costly and time-consuming.  
Conventional methods of soil analysis mostly require disturbing soil, removing soil samples, and 
analyzing them in a laboratory.  

Electrical geophysical methods, on the contrary, allow rapid measurement of soil electrical 
properties, such as electrical conductivity, resistivity, and potential, directly from soil surface to any 
depth without soil disturbance. The in-situ methods of electrical conductivity (e.g. four-electrode 
probe and electromagnetic induction) are routinely used to evaluate soil salinity (Halvorson and 
Rhoades, 1976; Chang et al., 1983; Rhoades et al., 1989b).  Some electrical geophysical methods 
were used to map groundwater tables (Arcone et al., 1998), preferential water flow paths (Freeland, 
1997a), and perched water locations (Freeland, 1997b); to outline locations of landfills (Barker, 
1990); and to evaluate water content (Edlefsen and Anderson, 1941), temperature (Briggs, 1899), 
texture (Banton et al., 1997), and structure (Nadler, 1991) of soils.   However, the relationships 
between electrical properties and other soil chemical and physical properties are very complex 
because many soil properties may simultaneously influence in-situ measured electrical parameters 
(Rhoades et al., 1976b; Banton et al., 1997).  

Despite the advantages of electrical geophysical methods, their applications to soil science 
problems are not straightforward and require thorough study. The methods are not commonly applied 
in soil studies mainly due to three reasons. First, the theory about nature of development and 
distribution of soil electrical fields, whose parameters are measured with the electrical geophysical 
methods, is still being developed (Pozdnyakov et al., 1996a). Second, the equipment for geophysical 
methods of vertical electrical sounding, four-electrode profiling, ground-penetrating radar, etc. 
manufactured and readily available in the USA is suited only for exploration of deep geological 
profiles. Therefore, the distributions of electrical properties in shallow (0-5 m) soil profiles usually 
can not be measured with such equipment. The methods need to be modified for soil investigations. 
Finally, the in-situ measurements of electrical parameters need a specific calibration in every study to 
be reliable to monitor and map different soil properties. Nowadays only the methodologies of four-
electrode probe and electromagnetic induction method for application on saline soils are well 
developed (Rhoades et al., 1990; Hendrickx, et al., 1992; Mankin et al., 1997). The electrical 
properties of other soils remain unstudied. This dissertation includes broad material on applications of 
various modified electrical geophysical methods in soil studies. The methods were applied on 
different soils in Russia and the USA (Appendix). The dissertation includes the results of research 
conducted from 1992 to 1999 and consists mostly of information, which was not included in the 
author’s previous publications in Russian or in her first Ph.D. dissertation (Pozdnyakova, 1995).     

To address the discussed problems, the objectives of this dissertation are 
− to study the basic law of electrophysics govern the electromagnetic fields in solutions and 

porous media; 
− to modify conventional electrical geophysical methods for measuring various electrical 

properties in soil studies; 
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− to establish relationships between measured electrical properties and other soil physical and 
chemical properties; 

− to evaluate the influence of soil-forming processes on distributions of electrical properties in 
soil profiles; 

− to apply the modified electrical geophysical methods and the developed relationships for 
estimating spatial distributions of soil properties essential in precision agriculture practices; 

− to test the modified methods and approaches in various applications of environmental and civil 
engineering. 

Based on the objectives, the dissertation is divided into six chapters. Chapter I analyzes 
formation and distribution of natural and artificial electrical fields in various media, including 
soils, as a result of variability in electrical charge densities in these media. Chapter I shows that 
regardless of the considered scale and the nature of electrical charges in soils, basic laws of 
electromagnetism, i.e. Maxwell, Poisson, and Boltzmann laws, are applicable to describe 
formation and distribution of electrical fields in soils. Electrical properties, parameters of  natural 
and artificially created electrical fields in soils, are measured with various electrical geophysical 
methods. The principles of electrical geophysical methods used in this study to measure soil 
electrical properties in field and laboratory conditions are discussed in Chapter II. Methods were 
modified to be suitable for soil studies, which require smaller scale and more accurate 
measurements of small variations in electrical properties than those usually considered in 
conventional geophysics. The parameters of electrical fields were measured in various soils under 
different conditions and shown to be useful in applications to soil physics (Chapter III), soil 
genesis (Chapter IV), agriculture (Chapters V), and environmental engineering (Chapter VI). Such 
measurements provided valuable information about other non-electrical soil properties and helped 
to solve different practical and theoretical problems of soil science. 
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“All the matter appears to be essentially electrical in nature.” 
R. Feynman 

 
 

CHAPTER I. Electrical properties of solutions and porous media 
 

During our life and study of elementary physics, we learned that matter is basically 
electrical in nature. Charge is a fundamental and characteristic property of the elementary particles 
that compose matter. All matter consists of protons, neutrons, and electrons, and two of the three 
particles bear charges (Reitz and Milford, 1967). Matter is composed of atoms organized in a way 
that makes individual atoms share electrons and possess electrical charges, both negative (anions) 
and positive (cations). The movement of electrical charges in a medium, a conductor, creates 
electrical current. Media composed of only neutral particles (e.g. gases) or immobile electrical 
charges (some minerals) are unable to conduct electricity and are called insulators (dielectrics). 
According to the nomenclature introduced by Faraday (1833), two basic types of conductors, i.e. 
first and second class conductors, can be distinguished (James, 1989). Electrons conduct electrical 
current in first class conductors. In second class conductors, called electrolytes, electric current is 
conducted by ions. Electrolytic conduction occurs frequently in nature when the ions are formed 
by salts in solutions (Dohr, 1981). 

Soil is a heterogeneous medium consisted of liquid, solid, and gaseous phases. The solid 
and liquid phases play an essential role in soil spontaneous electrical phenomena and in behavior 
of electrical fields, artificially created in soil. Soil air can be considered as a dielectric. Therefore, 
special attention in this chapter will be given to natural electrical phenomena in the liquid and solid 
soil phases and on the contacts of these phases (I.2). For better understanding the behavior of 
electrical fields in soils, we need to consider some classical representations of the basic theory of 
electricity (I.1). Section I.3 describes electrical phenomena arising in electrolytes, dispersed media, 
and soils under applications of artificial electrical fields. 

 
 

I.1. Basic theory of electricity  
 

Electric current (i) in a conductor is the time rate of electric charges passing a cross section 
of the conductor: 

dt
dQi =                                                                    [1] 

Q is the quantity of charges and measured in coulombs. Since the charge of an electron is the 
smallest quantity of electricity that cannot be subdivided, electron charge (1.6019 x 10-19 coulomb) 
is often referred as the natural unit of quantity of electricity (Winch, 1955). If i is independent of t, 
as it is in steady direct current, Eq. [1] becomes 

ItQ =                                                                    [2] 
where I indicates a current of constant magnitude. The electric field intensity (E) at a point is 
defined by 

Q
FE =                                                                   [3] 

where F is the force acting on an electrical charge and Q is the magnitude of the charge at the 
point. It is assumed that the charge (Q) placed at the point is small enough so that it does not alter 
the field being measured.  
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The work (W) done in moving a unit charge from one point to another is referred as the 
potential difference (∆ϕ) between the two points: 

Q
W

=∆ϕ                                                                 [4] 

Thus, the potential difference is electrical work per unit charge. The work of electrical force (W) 
can be formulated from Eqs. [2] and [4] as 

tIQW ϕϕ ∆=∆=                                                          [5] 
Equation [5] shows that a steady direct current is proportional to the electric potential 

difference across the terminals of the conductor. This is known as Ohm’s law and applies to many 
conductors at ordinary conditions, including metals and ionic conductors (Smedley, 1980; Kudo 
and Fueki, 1990). Ohm’s law means that the ratio ∆ϕ/I is constant, and this ratio is defined as the 
resistance (R) of the conductor: 

I
R ϕ∆
=                                                                   [6] 

The resistance depends on material of the conductor, as well as its dimension and temperature.  
Electrical resistivity (ER) of a material is defined as follows:  

LI
AER ϕ∆

=                                                               [7] 

where  L is the length of a uniform conductor with a cross-sectional area A. Electrical resistivity is 
usually expressed in ohmmeters. Specific electrical conductance or conductivity of a conductor is 
the reciprocal of its resistivity: 

ER
EC 1

=                                                                 [8] 

Electrical conductivity is usually measured in S m-1 (siemen per meter) and siemen is the 
reciprocal of ohm. Electrical conductivity and resistivity are the stable properties of the material 
and do not depend on the conductor geometry. In practice we can measure electrical conductivity 
and resistivity of soils or other media with the same equipment. Since these electrical parameters 
are related by Eq. [8], which to use is a matter of scientific preference. Thus, in almost all soil 
literature on this topic, the results on measured electrical conductivity of soils are reported. The 
electrical resistivity is more often used in conventional geophysics than electrical conductivity 
(Chapter II). In this study we prefer to use soil electrical resistivity in most of cases.  

The basic relationships above are provided in the simplest forms for point charges. They 
are valid for macrolevel electrostatics problems also, but some specifications about charge should 
be clarified. A volume charge density is defined as (Reitz and Milford, 1967): 

V
Q

V ∆
∆

=
→∆

lim
0

σ                                                              [9] 

 
A surface charge density is defined as 

S
Q

S ∆
∆

=
→∆

lim
0

ρ                                                            [10] 

where V is volume and S is surface area. 
The solution to an electrostatic problem on macrolevel is straightforward when the charge 

distribution is specified everywhere. For that case the potential and electric field are given directly 
as integrals over the charge distributions. If the charge distribution is not specified in advance, the 
electrical field should be determined first, before the charge distribution can be calculated.  The 
most useful relationship connecting the volume charge with the potential distribution is Poisson’s 
equation (Reitz and Milford, 1967): 
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ε
σϕ −=∇2                                                              [11] 

where ε is the dielectric permittivity of a medium and ∇2 is the Laplace operator. Hence Poisson’s 
equation is a partial differential equation which may be solved when the functional dependence of 
σ(x, y, z) and appropriate boundary conditions are known. The operator ∇2 makes no reference to 
any particular coordinate system. We will use Poisson‘s equation vigorously in this chapter in 
different coordinate systems. The main conclusion from Eq. [11] is that a potential change in a 
conductor in any direction is in proportion to the volume density of mobile electrical charges. 

In a certain class of electrostatic problems involving conductors, all of the charges are 
found either on the surface of conductors or in a form of fixed-point charges. In these cases σ is 
zero at most points in the space, and Poisson’s equation reduces to the simpler form of Laplace’s 
equation: 

02 =∇ ϕ                                                                [12] 
Electrical and magnetic fields do not exist separately. The movement of electrical charges 

(electrical current) induces a magnetic field and magnetic field variation generates electrical 
current. At the stationary distribution of charges and currents the independent forms of Maxwell’s 
equations (Maxwell, 1892; Landau and Lifshitz, 1960) describe electrical and magnetic fields. The 
important conclusion from the Maxwell’s equations is that the stationary charges form only 
electrical fields and such static electrical fields can be studied separately from magnetic fields 
(Paul et al., 1998). The potential of the static electrical fields is determined by volume density of 
mobile electrical charges as shown by Poisson’s equation (Eq. [11]).  

The equations of Poisson, Laplace, and Maxwell are the basic laws of electricity and 
applicable for description of the static electrical fields in a large variety of conductors and 
dielectrics at micro- and macro-level.  Soils can be represented as conductors where the electrical 
charges concentrate at the certain boundaries of micro- and micro-level. Therefore, Poisson’s and 
Laplace’s equations can be used to describe spontaneously arising natural electrical fields in soils. 
Artificially created electrical fields are applied to soils to measure soil electrical conductivity or 
resistivity (Chapter II). The artificial steady state currents in the media without considerable 
sources of electromagnetic force, such as soils, can be described by Laplace’s equation (Reitz and 
Milford, 1967). Electrical potentials of artificial static electrical fields change according to the 
density of mobile electrical charges in soils. Since artificial fields are not formed due to gradients 
of natural electrical potentials and distributions of mobile charges, the right-hand side of the Eq. 
[11] can be set equal to zero in form of Laplace’s equation. The Laplace’s equation has been used 
to interpret the results of geophysical measurements in soils (Pozdnyakov et al., 1996a).  
 
I.2. Spontaneous electrical phenomena in solutions and porous media 
I.2.1. Electrical phenomena in electrolytic solutions  
 

An electrolyte is a substance that conducts electricity through the movement of cations and 
anions.  Most electrolytes must be dissolved in water or other solvents. Strong electrolytes release 
many ions during dissolution and have high electric conductivity.  These electrolytes include 
strong acids and bases, and most salts.  Weak electrolytes, such as acetic acid, release few ions and 
conduct poorly.  Non-electrolytes, such as sugar, release no ions and form non-conducting 
solutions.  A few electrolytes conduct electricity as solids, that is ions in the electrolytes can move 
and carry charges without adding a solvent. 

The behavior of free electrolytes is described by ion-dipole and ion-ion interactions in a 
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theory of electrolytic dissociation. A suggestion of Svante Arrhenius (1889), a Swedish chemist, 
that salts of strong acids and bases (for example, sodium chloride) are completely dissociated into 
ions in aqueous solution, has received strong support from electrical-conductivity measurements 
and from molecular-weight studies (freezing-point depression, boiling-point elevation, and osmotic 
pressure). The Arrhenius’ theory includes the following rules: (i) acids, bases, and salts dissociate 
as ions in solutions; (ii) the dissociation is incomplete and only part of the substance, derived as 
the degree of dissociation (α), is dissociated; and (iii) the mass-action law is applied to the 
electrolytic dissociation. The Arrhenius’ theory provided a basis for qualitative and quantitative 
analyses of free electrolytes. Water dissociation and salt hydrolysis theories have been developed 
with the Arrhenius’ dissociation theory. Although Arrhenius’ theory has positive aspects, it also 
has essential drawbacks. The theory does not consider the interaction of ions with dipoles of water 
or other solvents; therefore, it can not explain the physical phenomena of dissociation, formation 
of ions in solutions, and stability of electrolytic solutions. The theory ignores ion-ion interaction by 
Coulombic forces, which significantly alter the process of dissociation in concentrated solutions. 
As ions and water dipoles are in a chaotic movement, the ions can form unstable and relatively 
stable complexes. Attempts to quantitatively evaluate ion-ion and ion-dipole interactions resulted 
in the modern theories of electrolytes (Sparks, 1997). 

The theory of Debye and Huckel (1923) was developed for conditions in which an 
electrolyte is completely dissociated, the solvent is a continuous medium with dielectric constant ε, 
and the ions interact only by Coulombic forces. In this theory a central ion is considered as 
motionless and the choice of a central ion is optional. Each ion can be considered as central and at 
the same time to be included in an ionic atmosphere of other ions (Antropov, 1975). Other ions 
distribute in the vicinity of a central ion and the positions of the ions are determined by the 
electrical field of the central ion. The field decreases with distance from the central ion due to 
thermal movement of the ions. Thus, the central ion is surrounded by oppositely charged ions 
forming an ionic atmosphere, whose charge density decreases further from a central ion according 
to Boltzmann’s distribution law (Koryta and Dvorak, 1987).  

Poisson’s equation (Eq. [11]) relates the volumetric density of an electrical charge (σ) with 
the potential (ϕ) at the distance (r) from a central ion in a spherical system of coordinates (Koryta 
and Dvorak, 1987): 

∂ ϕ
∂

∂ϕ
∂

σ
ε

2

2
2

r r r
+ = −

                                                 [13] 
where σ  is defined for electrolyte as: 

σ =
=
∑n z ei i o
i

K

1                                                          [14] 
where ni is the local concentration of i’th ion in a small volume; zi e0 is the charge of the ion. the 
Boltzmann’s distribution law (Fuoss and Accascina, 1959) relates the local concentration (ni) with 
the volume concentration (nio):  

[ ]n n W kTi i o= −exp /                                                         [15] 
where W is the work required to move a charge against electrical forces, k is Boltzmann’s constant, 
and T is absolute temperature. Since the Debye-Huckel theory considers only electrical Coulombic 
forces, W =  zie0ϕ, Eqs. [14] and [15] can be combined in the form of 

[ ]σ ϕ= −
=
∑n z e z e kTi o i o i o
i

K

exp
1                                              [16] 
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In the Debye-Huckel theory the exponent of Eq. [16] is expanded in a series and the linear term is 
retained, which is applicable only if the electrostatic energy ϕ0ezi  is small compared with the 
energy of thermal motion kT, i.e. for dilute electrolytes. This yields (Koryta and Dvorak, 1987) 

ϕσ 







−≈ ∑

=

K

i
ioi zn

kT
e

1

2
2
0                                                       [17] 

With substitution of Eq. [17] into Eq. [13] we obtain: 

 ϕϕϕϕ 2
22

0
2

2 2 A
kT

zne
rrr

iio ==
∂
∂

+
∂
∂ ∑                                          [18] 

The general solution of Eq. [18] is a sum of two exponents. The Debye-Huckel theory considers 
ions as point charges and Eq. [18] transforms to 

r
eA

r
eA

rxrx

21 +=
−

ϕ                                                        [19] 

where A1 and A2 are integration constants determined from the boundary conditions. Equation [19] 
is an expression of the total potential of a point charge. A potential created by ion atmosphere (ϕa)  
is equal (Koryta and Dvorak, 1987):   

00

0 1
4

→

−








 −
=

r

rx
i

r
eez

εεπ
ϕα                                                   [20] 

 or 
00 4/ εεπϕα xezi−=                                                        [21] 

 The theory of Debye-Huckel is correct only for dilute solutions, because it applies the 
following constraints: (i) charge of ions is considered continuous in an ion atmosphere, (ii) 
Boltzmann’s distribution law is applicable for dilute solutions under condition kTezi <<ϕ0 , (iii) 
the dielectric permeabilities of the solution and the solvent are considered to be the same, (iv) 
volume of ions is neglected, and (v) only ion-ion interactions are considered.  

Diffusion potential. Ion-ion interactions in the Debye-Huckel theory are described for 
equilibrium conditions. Non-equilibrium conditions in solutions arise from diffusion or externally 
applied electrical fields. Thus, the electric potential gradient in electrolytic solution is given by 
(Koryta and Dvorak, 1987) 

diffohm gradgradgrad ϕϕϕ +=                                            [22] 
where ϕohm is the ohmic potential, characteristic for charge transfer in an arbitrary medium and 
formed when an electric current actually passes through the medium, ϕdiff is the diffusion potential 
formed when various charged species in an electrolyte have different mobilities. If their mobilities 
are identical, the diffusion potential is equal to zero. In contrast to the ohmic electrical potential, 
the diffusion electrical potential does not disappear in the absence of current flow. 

Let us consider the simplest case of electrolytic diffusion on the contact of two solutions 
with different concentrations (С1 > C2). If electrolytes are completely dissociated, there is a 
diffusion from the electrolyte with higher concentration (С1) to the electrolyte with lower 
concentration (С2). If the diffusion coefficient of cations is equal to that of anions, the diffusion of 
charged particles is similar to the diffusion of non-charged particles. When the diffusion 
coefficients of cations and anions are different, the oriented cations and anions form the double 
electrical layer along the contact of the two solutions. The electrical field forms on the interface 
between two solutions and the diffusion velocities of cations and anions come to equilibrium 
forming a stationary diffusion rate. Strictly speaking, diffusion of electrolytes is governed by 
gradient of electrochemical potential, while diffusion of non-electrolytes is governed by chemical 
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potential. The electric potential difference between two electrolytes during diffusion is given by 
(Koryta and Dvorak, 1987): 

∫∑
=

−=−=∆
2

1 1
12 ln

s

i
i

i

i
diff ad

z
t

F
RTϕϕϕ                                        [23] 

where R is the universal gas constant, ai is the activity of an ion, and F is the Faraday’s constant. 
The integration limits refer to the solution composition for the solutions with C1 and C2, 
respectively. 

The diffusion potential can not be precisely calculated from the Eq. [23], since it is 
impossible to calculate activities of all ions in solution. Planck (1890) solved Eq. [23] in 1890 
assuming that the ion activities were equal to the ion concentrations (Koryta and Dvorak, 1987). 
Planck considered that concentrations and activities of the ions abruptly change on the border 
between the contact layer and free solution. The second method was offered by Henderson (1907), 
who assumed that in the contact layer the composition and concentration of ions gradually changed 
from one solution to another. Henderson’s assumption is valid for the case where convection 
prevails upon diffusion in the contact layer. Plank’s equation is more useful when diffusion 
prevails in a system. The diffusion potential can also be measured experimentally. The 
experimental and calculated (Planck’s equation) diffusion potentials on the contacts of different 
solutions are in good agreement (Antropov, 1975).  

 
I.2.2. Electrical phenomena in porous media 

In heterophase porous media, including soils, electrical fields form around a solid phase in 
addition to those arising in electrolytic liquid phase. The electrical fields around colloid particles 
are well described in the theories of electrical double layer (EDL) developed by Helmholz (1879), 
Gouy (1910), Chapmen (1913), Stern (1924), Quinke (1961), and others.  

Soil can be considered as a rather specific "electrolyte" having ions in free soil solution and 
in the electrical double layer. Compared with ions of free solution these ions have different 
mobilities and other properties.  The EDL characterizes contacts of phases, their ion composition 
and structure, and interaction with electrolytes (soil solutions). The EDL theory is the key to 
understanding electrochemical properties of dispersed colloid systems and soils (Siddiqui and 
Hasnuddin. 1976; Wann and Uehara, 1978a and b).  The EDL determines the ion exchange 
between a solid phase and soil solution (Mukherjee Inanendra Nath, 1974; Pashley and Quirk, 
1997). 

Electrical double layer around a solid phase can be formed under two conditions. First, a 
solid phase is a metal (electrode) and conducts electricity well. This case is studied in 
electrochemistry. The second case when a solid phase is practically an isolator is considered in 
colloid chemistry. The basic theories are well applied to both cases, but we are more interested in 
the second case as common in soils.  

The Gouy-Chapman (1910, 1913) theory of charge distribution in the EDL and the Debye-
Huckel (1923) theory of mobile electrical charges behavior in dilute liquid are both based on the 
Boltzmann’s distribution law (Davies, 1967; Bresler, 1972). The structure of the electric double 
layer is generally regarded as two regions: an outer, diffuse layer known as the Gouy-Chapman 
layer, and an inner, compact layer known as the Stern layer (Hirtzel and Rajagopalan, 1985). Using 
the Boltzmann’s distribution law to describe the ionic concentration and Poisson’s equation to 
relate charge density and electrical potential, Stern derived an expression that describes the decay 
of potential with distance from the charged surface (Raij and Peech, 1972): 

( ) ( )[ ]}{ kTZeMnNZeN Ai /exp/11 ϕψρσ δ +−+=                                [24] 
here σ1 is the density of the mobile electrical charges, Ni is the number of available sites per cm2 
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for adsorption of ions, NA is Avogadro’s number, ρ is the density of the solvent, M is the molecular 
weight of the solvent, ψδ is the electric potential at the boundary between the Stern layer and the 
diffuse layer (also called the Stern potential), Z is the valence of the ion, e is the charge of the 
electron, and ϕ is a term introduced to account for the energy of specific adsorption of counter ions 
by the surface. 

The hydrated ions distribute in the diffuse part of the double layer according to: 
( ) ( )kTZekTn 2/sinh/2 2

1
2 δψπεσ =                                       [25] 

Since hyperbolic sine is defined mathematically as 
sinh(X) = [exp(X)-exp(-X)]/2                                                [26] 

Eq. [26] defines that the distribution or density of the electrical charges in the diffuse layer is also 
connected with the potential or resistivity by exponential relationships. Therefore, the conclusion 
from Gouy-Chapman and Stern theories is that the distribution of electrical charges at the adsorbed 
and diffuse parts of the EDL can be described by different exponent models (Adamson, 1967).  

These electrochemical assumptions have been shown to be valid for soils (Bolt and Peech, 
1953; Kemper, 1960; Bresler, 1972; Laverdiere and Weaver, 1977). The Gouy-Chapmen theory 
satisfactorily describes specific properties of colloids induced by the EDL formation (Anderson, 
1926). The theory is widely used in soil science to explain formation of a charge on mineral 
surfaces (Raij and Peech, 1972), sorption kinetics (Barrow et al., 1980; Ravina and Gur, 1978), and 
cation exchange (Sout and Baker, 1961; Gillman, 1961; Philip, 1968; Lou, 1981). However, the 
Gouy-Chapmen theory is difficult to apply for prediction of ion exchange equilibrium when the 
medium contains different salts, which is frequently observed in soils (Ravina and Gur, 1978). In 
these conditions it is proposed to use the Poisson-Boltzmann equations with consideration of ion 
hydration and change of dielectric constant (Sposito, 1960; Gheyi and Bladel, 1976; Elprince and 
Sposito, 1981). 

Electrokinetic phenomena in heterophase media. Electrokinetic phenomena of various 
kinds account for spontaneously formed electrical fields in heterogeneous media including soils. 
They also explain the physical changes of the media because of artificial current application. The 
phenomena were first reported by Reuss (1809), who observed flow through a porous clay plug, 
induced by an electrical current. Weidemann (1856) established experimentally proportionality of 
electrical current and liquid flux. Quinke (1861) discovered streaming potential and 
electrophoresis. A mathematical analysis of electro-osmosis was introduced by Helmholtz (1879). 
Freundlich and Neumann (1909) pointed out the common mechanism for the various interactions 
between mass flow and electrical potential and provided the general name “electrokinetic 
phenomena” (cited from Ravina and Zaslavsky, 1968a). Electrokinetic phenomena characterize 
structure and electrical parameters of the diffusion part of the electrical double layer (Kemper and 
Quirk, 1972). The electrokinetic properties include electrokinetic potential (ζ-potential), surface 
conductivity, surface potential (χ), and a number of other properties related with them. The 
electrokinetic phenomena are classified into two large groups as phenomena of first and second 
orders. Electrokinetic phenomena of a first order account for relative movement of phases in 
disperse media under the application of electrical field. Those are electrophoresis and electro-
osmosis. Electrophoresis, also called cataphoresis, is the movement of electrically charged 
particles in a fluid under the influence of an electric field. Electro-osmosis is the movement of 
fluid, usually through membrane, under an electric field. Electrokinetic phenomena of a second 
order explain the arising of the electrical field due to relative movement of phases in disperse 
media (Overbeek, 1953b). The potential of sedimentation and streaming potential were observed 
as second order electrokinetic phenomena. Potential of sedimentation (Dorn’s effect) arises due to 
movement of particles in a motionless liquid. Streaming potential (Quinke’s effect) appears due to 
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movement of a liquid in a motionless solid medium 
The electrokinetic phenomena of the first order are widely employed in reclamation of 

highly salted and poorly filtrating soils, especially Natrargids. The method is called electro-
reclamation and based on applying an electrical field together with water to increase 
electroosmosis (Jacobs and Mortland, 1959; Vadunina, 1979). The method has been used to 
improve filtration of soils (Ravina and Zaslavsky, 1968 a and b). By electro-osmosis the ζ–
potential can be measured (Kemper and Quirk, 1972). The ζ–potential is an important soil 
property, used to evaluate soil salinity and sodicity and to monitor the process of desalinization 
under the reclamation of saline soils (Kurbatov, 1970; Kipnis et al., 1977).  Electrophoresis is used 
to study physic-kinetic properties of soils and soil colloids and to estimate mobility of various 
factions of soil organic matter (Banerjec and Makherjce, 1975). Electrophoresis also allows 
considerably expanding knowledge about electrolytic properties (ζ and χ), which are impossible to 
study with electro-osmosis in some media (Dixit, 1986). 

Electrokinetics phenomena of the second order are studied in various soils and grounds 
(Kemper, 1960; Street, 1968; Kemper et al., 1972). Streaming potentials are used to locate 
groundwater fluxes, estimate their directions, and find charge/discharge places (Ogilvi, 1962; 
Borovinskaya, 1970; Semenov, 1980). The first works were applied by Shuch (1969) and Shuch 
and Wanke (1969) on peat soils. Electrical potentials were found to arise during water movement 
in unsaturated soils (Swartzengruben and Gairon, 1975).  

 
I.2.3. Electrical phenomena on interfaces of various media 

Electrical phenomena appear on the contacts of media with different physical-chemical 
properties. Such phenomena were first studied by Donnan (1911) and his equation of ion equilibria 
are applicable to a large number of contact electrical phenomena:  
− Phenomena on the interface between metal and solution or electrode potentials 
− Phenomena on the interface between suspension and solution or suspension potentials 
− Phenomena on the border of a membrane, separating a colloid solution from a true solution or 

border potentials (Donnan’s potentials)  
− Phenomena on the contact of two solutions separated by disperse medium or membrane 

potentials 
− Phenomena on the contact of two saturated disperse media or diffusion-adsorption potentials  

Electrode potential.  Electrode potential has been well studied in electrochemistry, which 
is by definition a study of structures and processes at the interface between an electronic conductor 
(an electrode) and an ionic conductor (an electrolyte) or at the interface between two electrolytes 
(Schmickler, 1996). An electrochemical balance establishes at the interface of metal and solution 
with an electrical double layer. With this balance the electrochemical potential of electrode is equal 
to that of electrolyte and electrode potential can be calculated for a large variety of electrodes and 
electrolytes (Koryta and Dvorak, 1987; Schmickler, 1996). 

Electrodes may be divided into three major groups, e.g. electrodes of first, second, and 
third kind. Electrodes of the first kind include cationic electrodes (metal, amalgam, and hydrogen 
electrode), at which equilibrium is established between atoms or molecules of the electrode and the 
cations in solution, and anionic electrodes, at which equilibrium is established between molecules 
and anions. Electrodes of the second kind consist of three phases. A metal is covered by a layer of 
its low-soluble salt and is immersed in a solution containing the anions of this salt. Because of the 
two interfaces, equilibrium is established between the metal atoms and the anions in solutions 
through two partial equilibria: between the metal and its cation in the salt and between the anion in 
salt and the anion in solution. Electrodes of the third kind or oxidation-reduction electrode are inert 
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metals, such as Pt, Au, or Hg, immersed in a solution of two soluble oxidation forms of a 
substance. Equilibrium is established through electrons, whose concentration in solution is only 
hypothetical and whose electrochemical potential in solution is expressed in terms of appropriate 
combination of the electrochemical potentials of the reduced and oxidized forms, which then 
correspond to a given energy level of the electrons in solutions.  

Measurement of electrical potentials in a medium includes electrode potential together with 
other contact potentials to be described latter. When we study natural electrical potentials in soils 
and other media it is necessary to have a reliable electrode with constant electrode potential to 
consider potential change due to change of natural soil properties. Therefore, in the method of self-
potential we use non-polarizing electrodes or electrodes of second kind (Chapter II). Methods of 
electrical resistivity use artificial electrical current and polarization of electrodes due to natural 
electrode potentials is not considered. Special equipment is used to compensate for electrode 
polarization and polarizing electrodes of the first kind can be used in electrical resistivity methods, 
such as four-electrode probe, vertical electrical sounding, and electrical tomography (Chapter II).  

Suspension potential. The phenomenon of electrical potential generation on the contact of 
suspension and solution can serve as a model for the whole class of the natural electrical 
phenomena, which appear on the contacts of various media with different physical-chemical 
properties. The electrical potential difference was observed between the suspension and solution 
from pH measurements by Donnan (1911) and was named “suspension effect”. Wiegner (1912) 
found that many kinds of soil colloidal particles are electrically negative. Electroneutrality of a 
clay system is maintained by the attraction of an equivalent amount of cations from the solution. 
Balance of electrical attraction and thermal diffusion leads to a diffuse layer of exchangeable 
cations that, together with clay surface charge, form the electric double layer and the potential 
difference on the contact of suspension and free solution. Using the concepts of electrochemical 
potential and Donnan’s equilibria, Krukov (1971) derived an expression for the difference of 
electrical potentials between suspension and solution: 
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where ϕsus   and sus
ia  the electrical potential and activity of i-th ion in suspension, ϕsol and  sol

ia are 
the electrical potential and activity of i-th ion in solution, k is the number of ions in solution and 
suspension, and other terms are defined previously.  

Boundary potentials or Donnan’s potentials. The difference of potentials appearing on 
the contact between dispersed medium and clear solution separated by a membrane is called 
Donnan’s potential. Mechanism of generation of such potential difference is analogous to the 
mechanism of suspension potential.  Overbeek (1953a) pointed out that Donnan’s potential 
basically consists of three potential differences: two potentials of liquid junction, which cancel 
each other, and one between solution and suspension. At an equality of electrochemical potentials 
between dispersed medium and free solution the surplus of mobile ions in porous media and lack 
of their counterions results in a diffusion of ions into the solution and counterions into the 
dispersed medium (Toyoshima, 1967; Shapiro, 1977).  Due to non-uniform distribution of charges, 
as in case of the diffusion in true solutions, a potential difference should arise, which slows ion 
diffusion and promotes a stationary condition.  

Membrane potential. Membrane potential is a difference of potential measured between 
solutions, separated by a membrane, minus potentials on the contacts of electrodes and solutions. 
Any dispersed medium such as rock, soil, ground, or artificial fiber can be considered as a 
membrane. Measurements of membrane potentials were conducted in physiology and 
electrophysiology (Kogan, 1969) and in geology (Corwin, 1990). Membrane potential appears in 
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ion-selective electrodes, which became widely used in soil research (El-Swaify and Gazdar, 1969; 
Kumar and Mukherijes, 1969). These potentials were investigated in laboratory conditions for 
different rocks and grounds (Vendelshtein, 1960).  

Diffusion-adsorption potentials. The contact of two saturated media, having different 
adsorption properties can generate an electrical potential named diffusion-adsorption potential 
(Bowden et al., 1977).  The potential is determined by the diffusion and adsorption properties of 
the media: 
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where υc and υa are the sums of diffusion abilities of cations and anions, respectively, and χ is the 
sum of electrical conductivities of anions and cations ( ca χχχ += ). Concentrations and diffusion 
abilities of ions in media depend on their general concentrations and sorption properties of the 
media. Adsorption can be calculated with Langmuir, Freundlich, or EDL theories, which are 
applicable to soils (Bowden et al., 1977; Schuffelen, 1981; Sparks, 1997). However, calculation of 
diffusion-adsorption potential is extremely difficult for polyvalent solutions and media with 
complex adsorption properties (Bresler, 1972). The natural electrical potentials observed in 
unsaturated zone of soils, rocks, and grounds are of even more complicated nature.  
 
I.2.4. Electrical phenomena in soils 

Many kinds of electrical fields and potentials are often simultaneously observed in natural 
soil; thus, it is difficult to know what mechanism is responsible for their formation. Stationary 
electrical fields originated in deep geological formations can be observed in soils together with 
electrical fields of a various nature, arising directly in soil profiles (Semenov, 1980). The potentials 
originated in soil profiles are divided into diffusion-adsorption potentials, electrode potentials, and 
potentials of “varying in time fields" (Semenov, 1980). The “geological” potentials are limited to 
certain natural conditions, such as sharp change of oxidation-reduction conditions above an ore 
deposit or perched mineralized groundwater. The natural “soil” electrical potentials, on the 
contrary, can form under any soil condition.  

 All the natural electrical fields can be classified by mechanisms and nature of their 
occurrence in two large groups: electrical fields of stationary processes, existing on the contacts of 
various media and electrical fields, arising in saturated and unsaturated soils due to movement of 
soil solutions.  The most widespread electrical fields in soils are attributable to diffusion-
adsorption potentials, in which sorption accounts for more essential contribution than diffusion. 
The natural electrical fields are measured together with electrode potentials, which can be 
considered as artificially created potentials on the contacts of electrodes with soil.  

Natural electrical fields and their potentials were studied in some soils in Russia 
(Borovinskaya, 1970; Vadunina, 1979; Pozdnyakov et al., 1996a). Vadunina (1979) pointed out 
that potentials measured on the soil surface could be used to estimate different soil properties in 
the whole soil profile. The measurements of natural potentials on the surface of some Aridisols 
(including Natrargids) and Alfisols (Pozdnyakov et al., 1996a) show that such estimation is 
possible only when the surface soil horizons are genetically related to the other horizons in the soil 
profile. 

We consider soil electrical potentials as diffusion-adsorption potentials on the contacts of 
different soil structures, such as soil aggregates, horizons, and pedons in topographic sequences. 
This concept, based on Poisson’s and Maxwell’s laws of electromagnetism and Boltzmann’s 
distribution law of statistical thermodynamics, will be used to explain relationships among various 
soil properties, mobile electrical charges, and electrical parameters (Chapter III). The theory 
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considers soil cover as a huge "source" generating natural electrical fields and allows constructing 
models of electrical profiles in various soils (Chapter IV). 

 
I.3. Electrical parameters measured with artificial electrical fields in solutions and soils  
 

Artificial electrical fields are applied to media to measure important electrical properties, 
such as electrical resistivity or conductivity. Let us consider that a uniform static electrical field is 
applied to homogeneous media (Chapter II.3.). In a homogeneous medium, the electrical potential 
within the field changes from one electrode to another with a constant gradient. From Eqs. [3], [5], 
[6], and [7] we have: 
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where j is the current density equal to 
−−−+++ +== vnqvnqAIj                                               [30] 

where n is the number of electrical charges, v is their mobility,  q is the velocity of  movement for 
cations (+) and anions (-). Therefore, the current density is proportional to the number and mobility 
of electrical charges in the medium. Since the current density is constant in homogeneous media 
under static electrical field, the electrical resistivity is proportional to the electrical potential 
gradient. If a uniform static electrical field is applied to non-homogeneous media the variation of 
measured electrical resistivity mirrors the distributions of the electrical field intensity and potential 
gradient. Therefore, electrical resistivity and conductivity also can be considered as parameters of 
the electrical fields together with natural electrical potentials.  
 

I.3.1. Electrical phenomena under artificial electrical fields in electrolytes 
As was shown above the electrical resistivity is inversely proportional to the amount and 

mobility of electrical charges in media. The ions in electrolyte solutions have high but constant 
velocities of movement and any electrolyte exhibits electrical resistivity (Kudo and Fueki, 1990). 
The theory of electrolytic dissociation and ion-ion interactions can be applied to explain the nature 
of electrical resistivity in electrolytes. Under the action of an electrical field ions in an electrolyte 
move in a certain direction, resulting in electrical current through electrolytic solution. Since, by 
the Debye-Huckel theory, each ion is surrounded by an ion atmosphere of opposite charge, an ion 
moves in a medium moving in opposite direction. The movement causes a friction force, named 
electrophoretic effect (Smedley, 1980). Another effect, electro-relaxation, is also related to the ion 
atmosphere. Destruction of the old and formation of a new ion atmosphere around a central ion as 
it passes though the solution occurs at a high but constant speed, characterized by the relaxation 
time.  The ion atmosphere moves with a lag behind a central ion and after destruction creates a 
surplus of the oppositely charged ions. The arising forces of electrical attraction will slow the 
movement of a central ion. 

 The exact calculation of decrease in an electrical field due to relaxation is rather 
complicated. Fuoss and Onsager (1957) obtained an expression for decreasing electrical field due 
to electrophoretic and relaxation effects in an electrolyte of a single valence. For example, in water 
solutions of chlorides of alkaline metals, electrophoretic effect accounts for approximately 2/3 of 
cumulative decrease of an electrical field, whereas relaxation causes the other 1/3.  These two 
effects causing decreases in the electrical field intensity determine the value of electrical resistivity 
of electrolytic solutions. 

 
I.3.2. Electrical properties of dispersed media and soils 
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The formation of an electrical double layer in dispersed media alters the behavior of an 
imposed electrical field and, thus, changes electrical resistivity of the media in comparison with a 
free solution.  The electrical resistivity depends on properties of a solution and dispersed media, 
such as its adsorption ability. Thus, electrical conductivity of the dispersed saturated and 
unsaturated media depends on solution conductivity and surface conductivity (Rhoades et al., 
1976b; Hinrich et al., 1982; Rhoades et al., 1989a).  

Electrical conductivity and resistivity of soils have been investigated in a large number of 
studies, which can be divided into three groups. The first group includes laboratory studies of 
electrical conductivity and dielectric constant of different dispersed media (including soils) with 
electromagnetic waves (Jumikis, 1977; Palmer and Blanchar, 1980; Campbell, 1990). These 
studies help to develop relationship between electrical parameters and quantitative and qualitative 
compositions of electrolytic solutions (Tanji, 1969; Chang et al., 1983). The relationships were 
enhanced by the studies of soil electrical parameters with constant electrical field (Shuch and 
Wanke, 1969; Oster and Willardson, 1971; Griffin and Jurinak, 1973; Rhoades et al., 1976a). For 
some diluted soil solutions and groundwaters the methods are developed to calculate electrical 
conductivity from the solution compositions (McNeal et al., 1970; Gilmour et al., 1977). Electrical 
conductivity of the extracted soil solutions have been studied vigorously (Cambell et al., 1948; 
Larsen and Widdowson, 1965; Ponnaperuma et al., 1966; Rhoades et al., 1976a and b; Rhoades et 
al., 1990).  

The second group of studies is devoted to laboratory measurements of surface electrical 
conductivity and ξ–potential in electrokinetic experiments (Zlochevska, 1968). The surface 
electrical conductivity is a major parameter describing structure of electrical double layer and its 
ion composition. There is only limited special research with experimental measurements of surface 
electrical conductivity in soils (Trubetskoy, 1979). 

 The third group of studies includes measurements of electrical conductivity of soils, rocks, 
and sediments in situ with various geophysical methods. The methods are further discussed in 
Chapter II together with literature review of studies. The following chapters (III-VI) describe 
different applications of measured electrical parameters in soil studies. 
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This is called practice, but remember first to set forth the theory. 
Leonardo da Vinci 

 
CHAPTER II. Geophysical methods for measuring electrical parameters in 

soils 
 

Conventional geophysics offers remote and non-destructive methods for evaluation of deep 
subsurface properties.  Electrical geophysical methods have been extensively used for oil, gas, and 
coal explorations.  Methods, such as four-electrode electrical profiling (EP), vertical electrical 
sounding (VES), ground-penetrating radar (GPR), and electromagnetic induction (EM), have 
become increasingly popular in soil and environment studies. Measurements of the electrical 
conductivity or resistivity have been applied for soil salinity surveys in situ for many years 
(Rhoades and Ingvalson, 1971; Austin and Rhoades, 1979; Rhoades et al., 1990). The most 
common method is the electrical profiling using four-electrode probes in the Wenner 
configuration. The probes are applied on the soil surface as well as in borehole logging (Rhoades 
and Schilfgaarde, 1976; Halvorson and Rhoades, 1976; Rhoades, 1979). Recently other electrical 
geophysical methods such as electromagnetic induction and ground penetrating radar have been 
used in soil applications. Nevertheless, these methods are still applied preferentially on saline 
irrigated areas. Some successful applications of the methods were reported on accessing quality of 
forest soils (McBride et al., 1990), mapping water flow paths (Freeland et al., 1997a), finding 
perched water locations (Freeland et al., 1997b), and outlining permafrost layers (Arcone et al., 
1998).  Vertical electrical sounding was applied for the stratification of soils and sediments and 
estimation of their hydraulic conductivity (Mazac et al., 1990) and texture (Banton et al., 1997).  

Despite the promising applications, conventional geophysical methods have some 
drawbacks when used for shallow soil profiles. For example, methods of EM and four-electrode 
probe can not directly measure different resistivities or conductivities of soil horizons and provide 
only average or bulk electrical conductivity of the soil profile (Corwin and Rhoades, 1984).  
Besides, not a single modification of EM method can evaluate soil layer shallower than 0.5 m. 
GPR evaluates profile differentiation of soil electrical conductivity in shallow subsurface, but its 
application is limited on soils with high conductivity, such as salty and clay soils (Liner and Liner, 
1997). The conventional geophysical methods are labor-intensive, time-consuming, and difficult to 
operate.  Researchers have also shown failures of the methods in some applications on shallow soil 
subsurface (Pellerin and Allumbaugh, 1997).  Therefore, the geophysical methods should be 
carefully chosen, designed, and adapted for a practical soil application.  

This chapter briefly describes the principles of conventional geophysical methods, such as 
self-potential, electrical profiling, vertical electrical sounding, ground penetrating radar, 
electromagnetic induction, and non-contact electromagnetic profiling. Some conventional 
geophysical methods are modified to be suitable for soil investigation. Advantages and limitations 
of the methods are discussed for different soil studies. 
 
II.1. Classification of methods 
 

Electrical methods applied in geophysics can be broadly classified as methods measuring 
natural electrical potentials of the ground without introducing additional electrical field and 
methods utilizing artificial electrical or electromagnetic fields to measure soil electrical 
parameters. Method of self-potential (SP) measures the naturally existed stationary electrical 
potentials in the soil. Vertical electrical sounding (VES), electrical profiling (EP), and electrical 
tomography (ET) methods measure electrical resistivity or conductivity of soil to any depth when a 
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constant electrical field is artificially created on the surface.  VES, EP, and ET methods are 
generally classified in conventional geophysics as methods of electrical Earth resistivity. All these 
methods are based on four-electrode principle, but vary considerably in electrode array lengths and 
arrangements, which makes the methods suitable for different applications. In this chapter we 
discuss the electrical profiling for characterization of lateral changes in soil subsurface resistivity, 
the vertical electrical sounding for evaluation of vertical resistivity variations in soil profiles, and 
the method of electrical tomography as combination of the previous two methods for imaging of 
soil subsurface.  The VES, EP, ET, and SP methods evaluate parameters of the stationary electrical 
fields in soils. All the methods of stationary electrical fields require grounding electrodes on the 
soil surface; therefore, measurements with these methods can be made only in agricultural fields or 
rural areas. 

Electromagnetic induction methods (EM), non-contacted electromagnetic profiling (NEP), 
and ground penetrating radar (GPR) introduce electromagnetic waves of different frequencies into 
soils. The EM, NEP, and GPR evaluate properties of the non-stationary electromagnetic fields in 
soils. All the methods of non-stationary electromagnetic fields are mobile. The methods do not 
require a physical contact with the soil surface and can measure electrical resistivity or 
conductivity in soils covered with firm pavement. These methods vary considerably in used 
frequency and array geometry; therefore, specific methods can be suitable for different 
applications. The GPR and EM instruments are produced commercially in the USA and used in 
many environmental and soil studies (Mulders, 1987; Hendrickx et al., 1992; Lesch et al., 1992; 
Hubbard et al., 1997; Mankin et al., 1997; Arcone et al., 1998). The NEP method is analogues to 
EM, but automatically outputs continuous resistivity profiles. The NEP method has been 
specifically designed in Russia for shallow-subsurface environmental studies (Pozdnyakova et al., 
1996). Inductive electromagnetic techniques such as EM and NEP are based on the same principles 
and low frequencies of electromagnetic waves (< 15 kHz).  

The EP, VES, ET, NEP, and SP methods are initially employed for exploration of deep 
(>100 m) geological profiles.  Pozdnyakov and Chan (1979), Pozdnyakov et al. (1996a), and 
Pozdnyakova et al. (1996 and 1999b) have modified the methods for investigations of shallow soil 
subsurface.  
 
II.2. Self-potential method 
 

The SP method was used by Fox as early as 1830 on sulphide veins in a Cornish mine, but 
the systematic use of the SP and electrical resistivity methods in conventional geophysics dates 
from about 1920 (Parasnis, 1997). The SP method is based on measuring the natural potential 
differences, which generally exist between any two points on the ground. These potentials are 
associated with electrical currents in the soil. Large potentials are generally observed over sulphide 
and graphite ore bodies, graphitic shales, magnetite, galena, and other electronically highly 
conducting minerals (usually negative). However, SP anomalies are greatly affected by local 
geological and topographical conditions. These effects are considered in exploration geophysics as 
“noise”. The electrical potential anomalies over the highly conducting rock are usually overcome 
these environmental “noise”, thus, the natural electrical potentials existing in soils are usually not 
considered in conventional geophysics. 

In our study we are especially interested in the measurement of such “noise” electrical 
potentials created in soils due to soil-forming process and water/ion movements. The electrical 
potentials in soils, clays, marls, and other water-saturated and unsaturated sediments can be 
explained by such phenomena as ionic layers, electro-filtration, pH differences, and electro-
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osmosis. As will be shown in Chapter IV, the soil-forming processes can create electrically 
variable horizons in soil profiles.  

Another possible environmental and engineering application of self-potential method is to 
study subsurface water movement. Measurements of electro-filtration potentials or streaming 
potentials have been used in USSR to detect water leakage spots on the submerged slopes of earth 
dams (Semenov, 1980). The application of self-potential method to outline water fluxes in shallow 
subsurface of urban soils is described in Chapter VI. 

Potentials generated by subsurface environmental sources are lower than those induced by 
mineral and geothermal anomalies and often associated with high noise polarization level (Corwin, 
1990). Therefore, the usage of non-polarizing electrodes is mandatory when the SP method is 
applied in soil and environmental studies.  The non-polarizing electrode consists of a metal 
element immersed in a solution of salt of the same metal with a porous membrane between the 
solution and the soil (Corwin and Butler, 1989).  Because of easy breakage of the membrane and 
leakage of the electrode solution we adopted firm non-polarizing electrodes (carbon cores from the 
exhausted electrical cells) (Pozdnyakov et al., 1996a). 

The SP method utilizes two electrodes (trailing and leading), a potentiometer, and 
connecting wire.  Two measuring techniques, fixed-base (or total field) and gradient (or leapfrog), 
are suggested in conventional geophysics (Fig. 1).  We used the fixed-base technique to obtain 
distributions of electrical potentials in soil profiles. Measurements were conducted on the walls of 
open soil pits. The base or trailing electrode was permanently installed in the place of high 
potential, usually in illuvial, wet, fine-textured, or salty soil horizon. The difference of electrical 
potential between the base and leading (measuring) electrodes was measured by the consequent 
movement of the leading electrode along the soil profile (Fig. 1a). The electrical profiles for the 
base soil orders measured with this technique are provided in Chapter IV. 

 
Fig. 1.  Scheme of self-potential method with (a) fixed-base, (b) gradient, and (c) combined techniques. Crosses 

indicate leading (measuring) electrode locations and circles show trailing (base) electrode locations. 
 
The gradient technique is applied in conventional geophysics when information about the 

electrical potential distribution within a large area is required. In such case extensive amount of 
wires is needed if the fixed-base method is used. The gradient technique allows reducing the 
amount of wires necessary for the mapping of electrical potentials on soil surface (Corwin, 1990). 
The technique is based on the consequent movement of the base electrode; thus, for every 
measurement it takes the previous location of the trailing electrode as shown in Fig. 1b. Despite 
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the advantage in reduction of required wires, the gradient technique introduces large errors related 
to different polarization of the base electrode at different ground locations. For soil investigations 
with small natural electrical potentials and high potential variation such errors can be critical. 
Therefore, for mapping of natural electrical potentials on the soil surface we propose a 
combination of the fixed-base (or total field) and gradient (or leapfrog) measurement procedures.  
The combined procedure reduces errors associated with varied electrode polarization at different 
locations in the gradient method and minimizes length of wires necessary for the fixed-base 
method. The procedure is described as follows (Fig. 1c).  The trailing electrode is first installed in 
a place with the relatively high potential, for example, in a wet clay layer on the soil surface or in 
an illuvial horizon of a soil profile.  The leading electrode is placed on the soil surface at any 
desired location.  The potential differences between the leading and trailing electrodes are 
measured in nearby locations by moving the leading electrode.  Then the trailing electrode is 
moved to one of the previous locations of the leading electrode and the potential differences are 
measured around the new location of the trailing electrode.  The procedure is repeated until the 
electrical potential is measured in all desirable locations with a sufficient replication.  All the 
potential differences are recalculated as if they were measured with the only moving leading 
electrode and the trailing electrode fixed the first location, i.e. standardized by potential at the first 
location of the trailing electrode. The data obtained with the SP method are incorporated to 
develop iso-potential maps of the measured areas.   

 
II.3. Four-electrode probe 
 

The first attempt to measure electrical resistivity of soils was made at the end of the 
nineteenth century with the two-electrode technique. Whitney et al. (1897), Gardner (1898), and 
Briggs (1899) developed relationships between soil electrical resistivity and soil water content, 
temperature, and salt content. The two-electrode method measured the sum of both soil resistivity 
and the contact resistivity between the electrode and soil. The latter is very erratic and 
unpredictable.  Wenner (1915) suggested that a linear array of four equally spaced electrodes 
would minimize soil-electrode contact problems. Since then all the electrical resistivity methods 
applied in geophysics and soil science are still based on the standard four-electrode principle.  

Method of four-electrode profiling has been used in soil practices since 1931 for evaluating 
soil water content and salinity under field conditions (McCorkle, 1931; Edlefsen and Anderson, 
1941; Rhoades and Ingvalson, 1971). Halvorson and Rhoades (1976) applied a four-electrode 
probe in the Wenner configuration to locate saline seeps on croplands in USA and Canada. Austin 
and Rhoades (1979) developed and introduced a compact low-cost four-electrode salinity sensor 
into routine agricultural practices. A special soil salinity probe, which utilized the same four-
electrode principle, was also designed for bore-hole measurements and/or for permanent 
installations in soils for infiltration and salinity monitoring (Rhoades and Schilfgaarde, 1976; 
Rhoades, 1979). An electrical cell used to measure electrical conductivity of soil samples, pastes, 
and suspensions, was also developed based on four-electrode principle (Gupta and Hanks, 1972). 
The advantages of electrical resistivity or conductivity measurements for evaluation of soil salinity 
led to development of soil salinity classifications using electrical conductivities of soil pastes and 
suspensions (Richards et al., 1956). Relationships between electrical conductivity measured in-situ 
with four-electrode probe and conductivity of soil solution or saturated soil paste were developed 
(Nadler, 1982; Rhoades et al., 1989a).  The method of four-electrode profiling was also used for 
evaluation of some other soil properties, such as soil water content (Edlefsen and Anderson, 1941; 
Kirkham and Taylor, 1949), structure (Nadler, 1991), bulk density, porosity, and texture (Banton et 
al., 1997). Recently, specially constructed four-electrode arrays mounted on tractors and tracks 
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became commercially available and suitable for express soil mapping (Panissod et al., 1998), 
which should increase usage of these methods in agricultural and environmental applications. 

The four-electrode principle is illustrated in the laboratory conductivity cell (Fig. 2). The 
cell is a rectangular plastic box with the current electrodes A and B as brass plates on the smaller 
sides.  The potential electrodes M and N are the brass rods in the middle of the long side of the cell. A 
constant current (I) is applied to the two outer electrodes (A and B) and the arising difference of 
potential (∆U) is measured between the two inner electrodes (M and N).  The electrical resistivity 
(ER) is calculated  from the Ohm’s law as 

I
UKER ∆

=                                                                [31] 

where K is a geometrical factor (m) depending on the distance among electrodes, ∆U is difference 
of potentials (mV), and I is magnitude of current (mA).  The geometrical factor for a cell is obtained 
from the calibration solutions of a known resistivity (conductivity). The sample of soil paste or 
suspension is placed in a cell to measure electrical resistivity from the readings of voltage and current. 

 
Fig. 2. Scheme of the four-electrode laboratory conductivity cell. Electrical field lines are shown with thin straight lines 

(uniform electrical field). 
 
Depending on the construction of a cell uniform or non-uniform electrical fields can be 

introduced into a sample. As shown in Fig. 2, the construction of our cell is different from those 
described in the literature (Gupta and Hanks, 1972; Rhoades et al., 1976a). Such construction ensures 
the induction of static uniform electrical field in the cell. The field is imposed on the homogeneous 
soil sample to measure an accurate electrical resistivity of a sample. The time variation and the 
difference in electrical resistivity are less than 0.5 % when measured in the same soil sample by the 
cells with different distances between electrodes. The measurements in four-electrode laboratory cell 
were utilized to develop the relationships between various soil properties and electrical resistivity. 

The uniform static electrical field can be created in field conditions to measure soil 
electrical resistivity or conductivity in situ (Petrovsky, 1925). However, most modern geophysical 
methods, such as four-electrode profiling, vertical electrical sounding, and electrical tomography 
apply non-uniform electrical field to soils through the point electrodes (Figs. 3 and 4). The 
electrical resistivity measured with these methods is termed apparent or bulk electrical resistivity, 
to distinguish it from the resistivity measured in laboratory in homogeneous samples with uniform 
electrical field. The methods implying non-uniform electrical field were successfully applied in 
situ to investigate the natural soil electrical fields and properties (Chapters IV, V, and VI).  

The electrical profiling method is based on the same four-electrode principle as the 
conductivity cell (Fig. 3). The electrical field is distributed in a soil volume, which size can be 
estimated from the distance among AMNB electrodes. Some uncertainties exist in the soil 
literature about an estimation of depth of soil layers measured with different arrays (Kirkham and 
Taylor, 1949; Banton et al., 1997).  As implied in conventional geophysics, the depth of 
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penetration of the electrical field in the media is influenced by the array geometry as well as 
electrical conductivity and layer organization of the media (Beck, 1981; Barker, 1989; Parasnis, 
1997).  Therefore, the depth of penetration can not be precisely derived from the distances between 
the electrodes in an array. Theoretical derivations and practical tests have shown that the 
approximate penetration depth can vary from 1/3 to 1/6 of [AB] for the arrays of Schlumberger and 
Wenner types used on a wide range of soils and grounds (Halvorson and Rhoades, 1976; Rhoades 
and Schilfgaarde, 1976; Barker, 1989; Pozdnyakov et al., 1996a; Pozdnyakova et al., 1996; Banton 
et al., 1997).  

 

 
Fig. 3.  Scheme of the four-electrode method. Electrical field lines are shown with thin curvilinear lines (non-uniform 

electrical field). 
 
While the depth of penetration for an array varies for the different soils, the geometric 

factor (K) can be precisely derived from the array geometry based on the law of electrical field 
distribution. Using the Laplace equation in polar coordinates, Keller and Frischknecht (1966) 
derived the electrical potential functions around the source (A and B) and measuring (M and N) 
electrodes. The geometric factor K can be obtained for four-electrode array of AMNB 
configuration as  
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where [AM], [BM], [AN], and [BN] are the distances (m) between the respective electrodes. For 
central-symmetric arrays (Fig. 3), [AM]=[BN], [BM]=[AN], and Eq. [32] can be simplified to 

][
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MN
ANAMK π=                                               [33]  

In our studies we always used central-symmetric arrays and implied Eq. [33]. Our hand-made 
device consisted of the four-electrode array and the measuring unit, which is composed of a 
voltmeter and an ammeter (Fig. 4).  
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Fig. 4. Photograph of equipment for SP, EP, VES, and ET used in this study: (1) multifunctional voltmeter and auto-

canceler with polarization compensation, (2) ammeter, (3) electrode array. 
 

The arrays of different geometries are suitable for various applications.  Equally spaced 
arrays (AM=MN=NB=a) in the Wenner configuration with small a distances from 2 to 6 cm were 
used for measurement of electrical resistivity on the walls of open soil pits. Arrays with a from 15 
to 80 cm were applied for mapping of lateral changes in electrical resistivity on the soil surface. 
For the mapping of soil surface it is important to consider the soil layer being measured with an 
array. The larger the a distance, the thicker the investigated soil layer. Since the effective 
measuring depth is about one sixth of the distance between outer electrodes (A and B), the 
maximum depth of measurements archived with the four-electrode profiling is about 40 cm. The 
electrodes conveniently mounted on the wooden bases. The grounding of the all four electrodes of 
one array can be made at once within seconds. The electrode array is moved along a surveyed line 
and the electrical measurements result in a horizontal profile of apparent resistivity. The final 
results include subsurface apparent resistivity values from the measured locations. Results may be 
plotted as profile lines or contour maps (isopleth resistivity map), or in other presentations 
according to the specific needs. We used the four-electrode method during all our studies 
(Chapters III, IV, V, and VI). Four-electrode profiling is beneficial for the tasks requiring 
measurements of electrical resistivity in very small soil volumes. The method is more accurate 
than electromagnetic profiling although slower and more labor-effective.  

 
II.4. Vertical electrical sounding 
 

Although the method of vertical electrical sounding (VES) is very popular in conventional 
geophysical studies, such as gas, oil, and coal exploration (Verma and Bandyopadnyay, 1983), it is 
rarely used in shallow subsurface and soil studies.  Vertical electrical sounding was applied to 
estimate hydraulic conductivity (Mazac et al., 1990) and texture (Banton et al., 1997) of the 
stratified soils and sediments. Barker (1990) applied VES to a landfill outlining at a 40-m depth. 
However, the arrays used in these studies could not accurately evaluate very thin (3-30 cm) soil 
layers. No research has been conducted to evaluate possible applications of the VES method in soil 
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survey for estimating depths and thicknesses of soil horizons. We modified the conventional VES 
method for adequate evaluation of soil horizons and tested the method for soil survey and other 
possible soil applications.  

The vertical electrical sounding similarly to the method of electrical profiling is based on 
the four-electrode principle. The VES array consists of a series of the electrode combinations 
AMNB with gradually increasing distances among the electrodes for consequent combinations 
(Fig. 5). The depth of sounding increases with the distance between A and B electrodes. 

 
Fig. 5.  Scheme of the vertical electrical sounding (VES) device: (1) voltmeter and auto-canceller, (2) ammeter and 

commutator for electrodes AB and MN, (3) netted wires for different distances among electrodes AB and 
MN, and (4) electrodes. 

 
The K factors for the combinations are calculated with Eq. [33] and used to obtain 

electrical resistivity from measured electrical potential and current using Eq. [31]. The result of 
VES measurements with central-symmetric arrays is apparent (bulk) electrical resistivity as a 
function of half of the distance between the current electrodes, i.e. ER = f (AB/2) (Beck, 1981).  
The relationship between ER and AB/2 can be converted into a relationship between electrical 
resistivity and actual soil depth through a computer interpretation.  Pozdnyakov et al. (1996a) 
developed programs for soil VES interpretations based on an updated R-function (Vanjuan and 
Morozova, 1962).  The electrical resistivity measured with the method is shown to be related with 
soil salinity, stone content, texture and structure, horizon genesis, porosity, bulk density, 
saturation, hydrological conductivity, etc. (Pozdnyakov et al., 1996; Banton et al., 1997).  Thus, 
the VES profiles can provide information on the geological structures, soil properties, and 
hydrological conditions in a study area.   

We modified the classical geophysical VES array to obtain detailed characteristics of 
relatively shallow subsurface.  Two array configurations are adapted for soil studies. In the first 
array the [AB/2] distances are fixed as 0.1, 0.15, 0.22, 0.3, 0.45, 0.6, 0.9, 1.2, 1.8, 2.0, 3.6, 4.0, 7.2, 
10, and 15 m to ensure a thorough measurement of soil subsurface from 0.02 to 5 m (Pozdnyakov 
and Chan, 1979).  In the second array we increased the [AB/2] distances in a geometrical 
progression with a coefficient 259.11010 ≈ , which results the sounding data distribute with an 
equal increment in logarithm coordinates. The distances for the second array are set up as 0.1, 
0.13, 0.16, 0.2, 0.25, 0.32, 0.40, 0.5, 0.63, 0.8, 1, 1.3 m, etc. The concurrent MN electrodes are 
placed symmetrically within the center of [AB] for the both arrays (Fig. 5).  Resistivity is measured 
by different combinations of A, B, M, and N electrodes with an automatic switch between the 
combinations.  Since the boundaries of soil layers are often more diffusive than the boundaries of 



 27

geological strata, we average 2 to 4 replications with different [MN] distances for a [AB] distance 
to provide a higher measurement accuracy.  These replications were then averaged to yield a single 
VES profile for one sounding location (Fig. 6). The second array provides a very high accuracy 
essential if the soil profile is relatively uniform in electrical resistivity. The accuracy that provided 
with the first array is adequate for most soil applications. Other modifications of the traditional 
method include the reduced size and weight of electrodes, arrays with the fixed distances among 
electrodes, and automatic commutator for the electrode combinations.  The equipment with such 
features allows measuring a detailed VES profile within 10 min using the first array and within 20 
min using the second array.   

To highlight the advantages of VES usage for soil survey we examined soil profiles with 
highly variable electrical resistivities. The modified VES method was tested in soil horizons 
outlining in elluvial-illuvial profiles of Spodosols and Alfisols in the humid areas of Russia 
(Chapter IV). Other properties that highly influence the profile distributions of electrical resistivity 
in soils are salinity, stone or rock content, and pollution by oil or gasoline. Electrical resistivities of 
stones, rocks, and hydrocarbons, such as petroleum, gasoline, bitumen, and oil, are about thousand 
times higher than that of soils, whereas the resistivity of a saline soil can be much lower than that 
of a non-saline soil. The VES method was applied to evaluate of saline layers and groundwater 
depths in the alluvial soils of delta Volga, Russia (Chapter V). The profile distributions of stones in 
soils of Crimea Peninsula, Russia were successfully investigated with the VES method (Chapter 
V). The pollution by the petroleum mining was revealed in the profiles of Gelisols in northeast 
Siberia (Chapter VI). 
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 AB/2 MN/2 K ∆U I ER  
 10        0.24 80.00 0.23        83.48  
 15        0.64 34.00 0.17      128.00  
 22 5       1.21 20.00 0.17      142.35  
 30        2.75 13.00 0.17      210.29  
 45        6.28 6.00 0.17      221.65  
 60      11.23 2.00 0.10      224.60  
 15        0.20 60.00 0.17        70.59  
 22        0.64 32.00 0.17      120.47  
 30        1.26 20.00 0.17      148.24  
 45 10       3.02 9.00 0.16      169.88 AB/2 ER 
 60         5.50 3.00 0.10      165.00 10         83.48 
 90      12.60 3.00 0.25      151.20 15         99.29 
 120      22.46 1.40 0.25      125.78 22       131.41 
 180      50.74 0.40 0.20      101.48 30       179.26 
 60        1.41 13.00 0.15      122.20 45       195.76 
 90        3.80 9.00 0.25      136.80 60       170.60 
 120 30       7.10 4.00 0.25      113.60 90       151.20 
 180      16.78 4.00 0.30      223.73 120       113.82 
 240      30.00 0.20 0.23        26.09 180       126.72 
 360      67.39 240         41.01 
 120        2.32 11.00 0.25      102.08 360  
 180        7.53 2.00 0.18        83.67 480  
 240 60     12.56 0.40 0.18        27.91 720  
 360      33.90 1000  
 480      59.30 1500  
 180        4.20 4.20 0.18        98.00   
 240        8.63 1.20 0.15        69.04   
 360 90     21.20  
 480      38.80  
 720      89.80  
 480 240     11.30  
 720      30.00  
 1000 360     25.17  
 1500      66.05  
     

Fig. 6. Example of VES data assessment and calculation on Excel 97 spreadsheet. 
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II.5. Electrical tomography 
 

Electrical tomography is an imaging of electrical resistivity distribution in soil subsurface. 
A tomography line array is a combination of profiling at increasing electrode separations 
producing a resistivity cross-section of the ground (Fig. 7). From 2 to 10 different sounding 
AMNB combinations can be measured with the array over one location. Then electrode 
combinations are automatically switched along the array to measure consequent soil resistivity 
profile overlapping the previous one (Fig. 7). Advantages of electrical tomography over the 
consequent VES sounding are that all the electrodes are grounded at once and consequent VES 
profiles can be measured quickly and within closest possible distance. Electrical tomography 
measurements are also implemented through the electrodes, grounded into the walls of the wells. 
Currently, some companies (Advanced Geosciences, Inc.; ABEM Instruments) offer electrical 
tomography survey, equipment implying arrays with automatic electrode combination switching, 
and computer image proceeding. Nevertheless, they provide large electrode spacing and 
electrodes; therefore, images generated by such surveys are usually not suitable for very shallow 
soil investigations and the equipment require modifications. 

 
 

 
Fig. 7. Scheme of electrode array for electrical tomography. 
 
 
II.6. Ground penetrating radar 

 
The GPR operates at very high frequency (10-1000 MHz) and data are collected 

continuously as the instrument is moved over the ground surface. Radar pulses are transmitted 
downward from an antenna and are reflected from underground structures. The reflected signals 
return to a receiver creating a continuous graphic profile of the subsurface. Reflecting surfaces 
appear as bands on the profile. Reflection of radar waves occurs at interfaces having contrasting 
electrical properties such as cemented soil horizons, soil-rock or air-rock interfaces, water tables, 
and imbedded solid metallic or non-metallic objects. GPR performance is often poor in electrically 
conductive environments (Hubbard et al., 1997; Liner and Liner, 1997). Soils with high content of 
montmorillonite are highly attenuating to electrical signal and penetration may not exceed 1 m. 
Similarly radar does not penetrate deeply in soils with a high salt content (Mulders, 1987). For 
more information on GPR applications interested readers are addressed to Mulders (1987), Arcone 
et al. (1997), Liner and Liner (1997), and Freeland et al. (1997a and b).  
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II.7. Electromagnetic induction 
 

Electromagnetic induction is an established non-invasive technique for measuring the 
apparent electrical conductivity of deep subsurface (Kaufmann and Keller, 1983; Kearney and 
Brooks, 1984; Nabighian, 1987). The application of EM techniques for shallow soil profiles is 
relatively recent. Improvements in electronics result in the development of somewhat inexpensive 
and easy to use geophysical instruments for exploration of the shallow subsurface (0-6 m). There 
are a variety of inductive electromagnetic (EM) methods that measure subsurface electrical 
conductivity or resistivity (Table 1). Three common applications of these methods are terrain 
conductivity measurements for soil salinity studies (Lesch et al., 1992), metal detection, and 
bedrock fracture evaluation. EM is also used in borehole geophysical logging.  

A recent literature search by Hendrickx et al. (1995) revealed that since 1979, ground 
conductivity meters have been successfully used for the detection of a large number of different 
subsurface materials including contaminant plumes migrating from landfills and mines, soil water 
content (Sheets and Hendrickx, 1995), and soil salinity (Hendrickx et al., 1992; Rhoades, 1993; 
Sheets et al., 1994). The majority of the reported surveys dealt with the determination of the lateral 
extent of subsurface materials (Mankin et al., 1997), but did not address their distributions with 
depth. Recently, research has been conducted to obtain the distribution of electrical conductivity 
with the depth from the weight-averaged EM measurements (Slavich, 1990; Cook and Walker, 
1992; Borchers et al., 1997). Rhoades and Corwin (1981), Wollenhaupt et al. (1986), and Rhoades 
et al. (1989b) applied multiply regression to relate EM measurements with depths and obtain 
conductivity profiles analogous to VES profiles. They used sets of coefficients for the different 
ranges of depth to predict the conductivity of a soil layer within a range. However, these 
coefficients were empirical and site specific. 

 
Table. 1. Specification of some electromagnetic induction equipment. 
Model Frequency Inter-coil spacing 
 kHz m 
Geonics: EM31 9.8 3.7 
Geonics: EM38 13.8 or 14.7 1 
Geophysical Survey Systems Inc.: 
GEM-300 

0.33-20 (16 user-defined) 1.3 

separate coils 
Geonics: EM34 0.4, 1.6, and 6.4 40, 20, and 10 
Terraplus: MAXMIN10 0.11-56.32  any desirable (10-400) 
MALA GeoScience: EMAC Slingram 3.6 40-100 
Russia: NEP 12.5-14.5 5-100 

 
The electromagnetic induction method utilizes electromagnetic waves of low frequencies. 

An alternating current from 0.11 to 56.3 kHz (Table 1) passes through a coil, generating an 
electromagnetic field, which in turn induces current flow in the soil (Cook and Walker, 1992; 
Borchers et al., 1997). This current generates a secondary magnetic field that is sensed by a second 
coil. The strength of the secondary magnetic field varies in a linear fashion with the soil electrical 
conductivity or resistivity.  A meter that senses the voltage across the coil is calibrated in units of 
electrical conductivity (mSm per m). Transmitting and receiving coils for some equipment models 
are mounted on the plastic rod and can be carried by one person. In other models separate coils are 
carried by two operators (Table 1). Inter-coil spacing varies from 1 to 400 m (depending on model) 
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with coils arranged coplanar (Jong et al., 1979; Cook and Walker, 1992; Borchers et al., 1997). 
These instruments can be used on the surface or at heights above the ground. At greater heights, 
the instruments are less sensitive to electrical conductivity at larger depths. The detection depth of 
EM instruments is also a function of the transmitter-to-receiver coil separation and the coil 
orientation (horizontal or vertical). 

The electromagnetic induction sensors are advantageous over electrical resistivity surveys 
since they do not depend on a sensor-soil contact. Therefore, (i) measurements can be taken almost 
as fast as one can move from one measurement location to another, (ii) the large volume of soil 
that is measured reduces the variability so that relatively few measurements yield a reliable 
estimate of soil resistivity, and (iii) measurements in relatively dry, stony, or covered soils are 
possible. Disadvantages of the methods include: (i) continuous measurements are impossible, (ii) 
most systems can not utilize variable inter-coil spacing and/or frequencies, (iii) it is difficult to 
evaluate effective sampling volume for different models.  
 
II.8. Non-contact electromagnetic profiling 
 

Traditional EM methods have difficulty focusing on targets buried at the depths less than 5 
m. Moreover, practically all commercially available EM techniques provide only local 
measurements of electrical conductivity or resistivity. At the other extreme, most ground-
penetrating radar systems, although generate continuous electrical profiles, can only investigate the 
top meter or so when salts or clay minerals are present in the soil. Hence, in many applications 
there is a depth range where neither traditional EM nor GPR systems are adequate.  

Non-contact electromagnetic profiling (NEP) has been developed in Russia especially for 
shallow hydro-geological investigations (Pozdnyakova et al., 1996). The advantages of the method 
are that it automatically records continuous profiles of electrical resistivity and allows easy 
changing inter-coil spacing to survey different soil depths. 

The principle of the non-contact electromagnetic profiling is analogous to the 
electromagnetic induction (EM) techniques (Corwin and Rhoades, 1984), but the NEP method 
utilizes much larger electromagnetic coils. A generator constantly excites electromagnetic field  
through the two radiating antennas (Fig. 8). The antennas form the transmitting coil through the 
soil as in the EM method. These two radiating antennas are fixed with 2 m distance between them. 
Antennas are made with multiply (>100) segments of isolated electrical cable in form of “broom” 
(Fig. 9). Such construction ensures good contact with the ground essential for formation of 
electromagnetic field with the stable parameters in soil. Receiving coil is formed by a receiving 
antenna and an operator, who walks along the measured profile and carries all the NEP equipment. 
Parameters of a secondary electrical field created in the soil are received by the receiving coil and 
automatically recorded in a graphical form of continuous electrical resistivity profile in the 
receiver-register block (see Chapters V and VI).  The NEP equipment operates on user-defined 
frequencies of the primarily electromagnetic field within the range from 12.5 to 14.5 kHz. Due to 
the low frequency, the properties of the created electromagnetic field are similar to those of the 
stationary electrical field created by the methods of constant current (VES and EP).  Thus, we can 
easily vary the depth of electromagnetic profiling by changing the distance between radiating and 
receiving antennas (Fig. 8). The minimal depth of 0.4 m can be investigated with the method at a 
5-m spacing between radiating and receiving antennas. Layers as deep as maximum 20 m can be 
investigated. NEP profiling can be conducted in synchronous and non-synchronous regimes. 
Synchronization of the resistivity profiles is provided automatically when the detector for 
measuring distance is turned on (Fig. 8). Non-synchronous regime provides more flexibility and 
allows operator to adjust measurement density in specific parts of profile by varying walking 
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speed. Operator also visually investigates recorded electrical resistivity profiles during the 
measurements and can mark recognition pickets right on the drafted electrical profiles. 

 

 
 

Fig. 8.  Scheme of the non-contact electromagnetic profiling (NEP): (1) receiver-register block, (2) receiving antenna, 
(3) cord, (4 and 6) radiating antennas, (5) generator of electromagnetic waves, (7) detector for measuring the 
distance, and (8) cord for measuring the distance. 

 

 
Fig. 9.   Photograph of NEP equipment: (1) receiver-register block, (2) receiving antenna, (3) cord, (4 and 6) radiating 

antennas, (5) generator of electromagnetic waves, (7) detector for measuring the distance, and (8) cord for 
measuring the distance. 
 
We applied NEP method for quick outlining areas of different electrical resistivity. The 

continuous survey was essential for mapping and monitoring highly spatially variable landscapes 
(Chapter V). The method allowed quick outlining of zones with hazardous ground water rising in 
delta Volga both in rural and urban areas (Chapters V and VI).  Applications of the NEP method 
increased efficiency of the survey on Gelisols of northwest Siberia, polluted by gas and petroleum 
mining activities (Chapter VI).  

 
All the methods described in this chapter have different advantages and limitations.  

Therefore, no single method could be a priori recommended as universal for all the soil 
applications.  Three methods of the stationary (SP, EP, and VES) and two methods of the non-
stationary electrical fields (EM and NEP) were tested in different applications in soil genesis 
studies, civil and environmental engineering, agriculture, and soil monitoring.  
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CHAPTER III. Electrical parameters and soil properties 
 

Mobile electrical charges are responsible for the creation of natural and distribution of 
artificial electrical fields in soils as shown in Chapter I. The geophysical methods do not measure 
individual charges in soils, but rather outline places with different densities of electrical charges 
(Chapter II). Thus, the measured with the geophysical methods electrical parameters provide 
information about volume density of mobile electrical charges in soils. The next step is to study 
how different soil properties influence the volume density of mobile electrical charges in soils and 
how these properties can be evaluated by measured electrical parameters. 
 
III.1. Volume density of mobile electrical charges in soils 
 

Volume density of electrical charges is proportional to the number of electrically charged 
particles in an elementary volume of media (Eq. [14]).  Volume density of mobile electrical 
charges designates the content of ions, which neutralize charges on a free surface (Schuffelen, 
1972). As surface charge in soils is formed by sorbed (exchange) cations and anions (Sparks, 
1997), the ion exchange capacity is equivalent to the density of exchange surface charges. The ion 
exchange capacity of the soil is the product of the soil specific surface and surface charge density 
(Uehara and Gillman, 1981). 

The nature and mechanism of forming surface and volume charge in soils are various. 
Constant and pH-depended charges are distinguished for the majority of soil components (Dixit, 
1986). The constant charge of minerals composing soils is attributable to isomorphic substitution 
(Perrot, 1977; Sparks, 1997). A partially polarized surface with the constant negative charge is 
inherent for the majority of clay minerals, such as smectite, vermiculite, mica, and chlorite 
(Arnold, 1977). A positive charge forms on surfaces of iron oxides, such as goethite, lepidocrocite, 
and hematite (Fey and Le Roux, 1976). Variable charge components in soils change with pH due 
to protonation and deprotonation of functional groups on inorganic soil minerals, such as kaolinite, 
amorphous materials, metal oxides and hydroxides, and layer silicates coated with metal oxides 
and soil organic matter (Sparks, 1997). Organic matter and metal oxides partly neutralize surface 
charge of clay minerals (Wann and Uehara, 1978a).  In organo-mineral complexes R2O3 are the 
basic sources of positive charges, while the organic acids produce negative charges (Moshi et al., 
1974). Molecules of humus substances are formed with covalent bonds and upon destruction can 
produce excess charges (Ziechmann, 1972).  Thus, soil charge is determined by an ion exchange, 
which in turn depends on three factors: isomorphic substitutions in clay minerals, breakage of ionic 
bonds in organo-mineral complexes, and alteration of charge distribution in macromolecules of 
soil organic matter. Therefore, soil chemical properties, such as humus content, base saturation, 
cation exchange capacity (CEC), soil mineral composition, and the amount of soluble salts 
influence the ion exchange in soils. These soil properties are related with the volume density of 
mobile electrical charges in soils and, in turn, with the soil electrical parameters (III.5).  Soil 
chemical properties, responsible for the formation of soil ion exchange capacity, are related with 
the total amount of available charges in soils.  

Soil physical properties, such as water content and temperature, influence the mobility of 
electrical charges in soils. The mobility of electrical charges increases with temperature by 
Boltzmann’s law (Eq. [16]). From our study of electrical resistivity vs. soil water content 
relationship in laboratory conditions the mobility of electrical charges exponentially increases with 
the water content (III.4). Other soil physical properties, such as soil structure, texture, and bulk 
density, alter the distribution of mobile electrical charges in soils. The relationship between 



 34

electrical resistivity and soil bulk density is studied in a laboratory experiment and proven to obey 
the exponential Boltzmann’s law (III.3). Thus, the volume density of mobile electrical changes is 
related to many soil physical and chemical properties.  

 
III.2. Relationships of electrical parameters and soil properties  
 

Electrical parameters such as resistivity and potential are exponentially related with the 
volume density of mobile electrical charges based on Boltzmann’s distribution law (Bolt and 
Peech, 1953): 
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0 is the ratio of the density of mobile electrical charges in the local volume vs. 

standard conditions, νi is the valence of the i-th ion, e is the electronic charge, k is the universal gas 
constant, and T is the absolute temperature. Therefore, from Eq. [34] the volume density of the 
mobile electrical charges is exponentially related to the electrical potential. According to Ohm’s 
law (Eq. [7]) the electrical potential is in direct proportion to the electrical resistivity. If the change 
of a soil property, such as water content, bulk density, or salt content causes a proportional change 
in the volume density of the mobile electrical charges, a relationship between electrical parameters 
and soil property (SP) can be expressed as  

( ) ( )ERbabaSP 2211 expexp −=−= ϕ                                         [35]   
where a1, a2, b1, and b2 are empirical parameters; ϕ is the electrical potential, and ER is the bulk 
electrical resistivity of the soil. Some relationships between soil properties and volume density of 
mobile electrical charges can be non-linear and complicated. The relationship between soil water 
content and electrical resistivity can be approximated with different exponents at different ranges 
of soil water content due to the influence of soil-water retention (III.4).  

At soil research, and especially at the measurement of electrical parameters in situ, it is 
difficult to study separately the relationship between a soil property and electrical parameters. 
Therefore, the relationship of Eq. [35] may be less strong when measured under the simultaneous 
variations of many soil properties (III.5). Nevertheless, the general exponential relationships were 
obtained for many soil properties both in laboratory and field conditions (III.3, 4, and 5).  

In the literature the various models proposed to describe relationships between electrical 
parameters and soil water content, temperature, or salt content (Table 2). Electrical conductivity 
and resistivity are usually measured as electrical parameters in laboratory and field conditions. 
Relationships between soil water content and electrical parameters were measured in field and 
laboratory conditions and mostly curvilinear models were obtained (Table 2). Curvilinear 
relationships were also proposed between electrical resistivity and temperature (Raisov, 1973; 
Wells, 1978).   Ananyan (1961) derived and experimentally proved exponential relationship 
between electrical resistivity, soil temperature, and water content.  
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Table 2. Some relationships between soil properties and electrical parameters reported in literature. 
 
Authors Method Relationship Approximate  

range of property
Relationships with water content (W and θ) 

Nizenkov, 1932 4-electrode 
probe 

cERbERaW ++= 23  HW-Sw 

Davidov, 1936 4-electrode cell bERaW += 2  N/S 
Archie, 1942 4-electrode cell ba

wwSECEC φ=  N/S 
Ananyan, 1961 4-electrode cell cbta WeER ⋅= +  WP-FC 
Gupta and Hanks, 1972 4-electrode cell b

sWaECEC =  HW-FC 
Rogozov, 1977 well logging 1.201.0 += ERW  0.021-0.1 g g-1 
Troizhky, 1979 4-electrode 

probe 
WabER −=  HW-FC 

Semenov, 1980 self-potential aWb −=ϕ  N/S 
Borovinskaya et al., 1981 4-electrode 

probe 
bWaER =  WP-FC 

Seyfried, 1993 fiber-glass 
sensors 

)log(ERba +=θ  0.1-0.4 m3 m-3 

Ferre et al., 1998 TDR aba
wECEC −= φθ  0.13-0.35 m3 

m-3 
Relationships with temperature (t) 

Ananyan, 1961 4-electrode cell cbta WeER ⋅= +  N/S 
Raisov, 1973 4-electrode cell ( )[ ]1212 1 ttaERER tt −+=  0-50 0C 
Wells, 1978 4-electrode cell ( ) ( )2

1
2
2212121 lnln ttbttbECEC tt −−−+=

 
N/S 

Relationships with salt content 
Campbell et al., 1948 2-electrode cell b

waECTC =  N/S 
Halvorson and Rhoades, 
1976 

4-electrode 
probe 

baECEC w −=  N/S 

Chang et al., 1982 4-electrode cell b
waECTC =  N/S 

φ is soil porosity 
ECw is electrical conductivity of soil solution 
ECs is electrical conductivity of soil under complete water saturation 
HW is hygroscopic water content  
WP is water content approximately about wilting point 
FC is water content about field capacity 
Sw  is water content at saturation 
TC is total cation concentration  
a, b, and c are numerical coefficients of the relationships 
N/S range was not specified 
 
Many authors obtained linear relationships of electrical parameters and soil salinity 

(Halvorson and Rhoades, 1976; Rhoades et al., 1976a). However, other researchers showed that 
the linear relationship became curvilinear if soil salinity varies in large range. Thus, if the highly 
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saline samples (e.g. 0.5 g L-1) are included in the analyses the obtained relationships are usually 
curvilinear (Gorbunov, 1978). Power relationships are proposed for the electrical parameters and 
salinity (Table 2). Other researchers employed the polynomial functions of different orders to 
describe the curvilinear relationships between electrical resistivity or conductivity and the salinity 
of soils and groundwaters. McNeal et al. (1970) statistically compared different relationships for 
calculation of ionic composition of soil solution and claimed the exponential relationship to be the 
best approximation. Le Brusg and Loyer (1982) considered simultaneous influence of the salt and 
water contents on the electrical conductivity of soil paste. They reported electrical conductivity of 
the soil paste to be a sum of the exponential functions for water content and conductivity of soil 
solution.  

Most of the relationships in Table 2 were obtained based on experiments in the field where 
numerous factors simultaneously influence the measured electrical parameters. Moreover, a soil 
property, which relationship with electrical parameters is studied, usually has limited variability 
range in the field. With such diversity in experiment conditions the relationships are quite different 
in the forms and soil/site specific.  Usually the relationships are obtained through statistical 
regression analyses and not based on the theory of electricity and concept about volume density of 
the electrical charges as proposed above.  

The relationships Table 2 are mostly curvilinear or linear at some specific range of the 
soil property. This fact can be considered as indirect indication of applicability of Boltzmann’s 
distribution law to describe the relationships between electrical parameters and soil properties 
influencing the volume charge density. According to the Boltzmann’s law such relationships 
should be exponential. The statistical differences among exponential, power, and polynomial 
functions are usually insignificant, especially at a limited range of the variability of arguments 
(III.3).  
  
 
 
III.3. Electrical resistivity change during soil compaction 
  

The density of mobile electrical charges increases with the soil compaction. Therefore, we 
may consider the general relationship (Eq. [35]) as: 

)(exp 22 ERba=b −ρ                                                           [36] 
where ρb is the soil bulk density. Equation [36] can be verified in laboratory conditions. 

Materials and method. An experiment was conducted on peat soil samples with different 
water contents. The peat soil was selected because peat is easier to compact than a mineral soil. The 
soil samples were collected from four layers of sedge-mossy peat soil (Anthropic Sphagnofibrist) at 
the Yachroma valley, Moscow region, Russia in the summer of 1994. Samples from the depths of 10-
20 cm, 20-30 cm, 40-50 cm, and 70-80 cm were used in the laboratory experiment (Table 3). Some 
essential properties of the samples are provided in Table 5. Electrical resistivity of the soil samples 
was measured using the four-electrode cell (Chapter II) at different soil bulk densities. Sample from 
the each layer was divided into four subsamples at natural water content. The subsamples were 
prepared with different water contents (Table 3).  
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Table 3.  Water content of samples and subsamples from Anthropic Sphagnofibrist used in 
compaction experiment. 

 
N Depth Water content of subsamples 
  cm     g  g-1  
1 10-20  1.33 1.15 0.86 0.46 
2 20-30  1.08 1.07 0.80 0.52 
3 40-50  2.00 1.94 1.45 0.85 
4 70-80  2.86 2.70 2.14 1.43 

 
For each subsample the measuring procedure was as follows. The four-electrode cell was 

filled loosely with the subsample soil and electrical resistivity was measured. The soil was weighed 
together with four-electrode cell.  Then the subsample was compacted manually with a metallic shield 
placed on the soil surface in the cell and some pressure. After the soil in the cell shrank, more soil 
from the same subsample was added to fill up the cell. Then the electrical resistivity and weight of the 
soil plus cell were measured. The steps were repeated until that the manual compaction became 
difficult to continue. Such technique provided from 5 to 11 measurements for a soil subsample.  

From the weight of soil, the volume of the cell, and the soil gravimetric water content, soil 
bulk density (ρb) and volumetric water content (θ) could be calculated by: 

cell

d
b V

m
=ρ                                                               [37] 

b
cell

ww W
V

m
ρ

ρ
θ ==                                                       [38] 

where W is soil water content in g g-1, md is the weight of dry soil, mw is the weight of soil water, and 
ρw is bulk density of water approximated as 1 g cm –3.  

Results. Figure 10 shows different curvilinear relationships between electrical resistivity and 
soil bulk density for sample 2 at the different water contents.  
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Fig. 10.  Experimental relationships between electrical resistivity and bulk density. Sample 2 (20-30 cm) of sedge-mossy 

peat soil with different (1.08, 1.07, 0.8, and 0.52 g g–1) water contents. 
 
The data sets of the subsamples for each sample were combined in a single relationship 

between soil volumetric water content and electrical resistivity. Data were recalculated using Eq. [38].  
According to the Eq. [38] soil volumetric water content incorporates the influence of two soil 
properties (soil water content and bulk density) on measured electrical resistivity. Volumetric water 
content shows the increase in the volume of soil solution in the cell during with the compaction. The 
soil solution in peat soils takes more volume than soil solid phase. The electrical charges are also 
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mobile predominantly in soil solution. Therefore, the strong exponential relationships between 
volume of the soil solution in the cell (soil volumetric water content) and electrical resistivity were 
obtained for the experimental data (Fig. 11). The correlation coefficients for the different soil samples 
varied from 0.959 to 0.990.  The data were also fitted with power, polynomial, and linear relationships 
as shown in Table 4. 

High correlation coefficients were obtained for all the fitting models, but fitting was better for 
the curvilinear models, such as exponent, power, and polynomial, than for the linear function. The 
differences between the correlation coefficients for different curvilinear functions were not 
statistically significant. However, the exponential function is preferable to use, because it is a physics-
based model derived based on the Boltzmann’s distribution law. Coefficients a and b of the 
exponential model may be related with other soil properties, such as ash content, humus content, and 
water retention capacity, influencing the density of the mobile electrical charges in soil. 

 
 

 
 
Fig. 11.  Experimental relationships between electrical resistivity and soil volumetric water content. Data recalculated and 

combined from different water contents for the soil samples from (a) 10-20 cm, (b) 20-30 cm, (c) 40-50 cm, and 
(d) 50-70 cm layers. 
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Table 4. Fitting results for the relationship between electrical resistivity and volume of soil solution in 
measuring cell. 

 
Sample n Correlation coefficients for fitting models 
  bER)exp(a=w −ρ  b

w aER−=ρ  cbERaERw +−= 2ρ  baERw +−=ρ  
1 27 0.975 0.973 0.976 0.958 
2 27 0.990 0.990 0.990 0.977 
3 29 0.976 0.971 0.985 0.976 
4 20 0.959 0.972 0.982 0.936 
1+2+3+4 103 0.957 0.959 0.948 0.925 

 
The curvilinear functions are proposed to fit relationships between electrical resistivity (or 

conductivity) and some soil properties influencing the density of mobile electrical charges in soil, 
such as water and salt contents and temperature (Table 2). As we have shown for the relationship 
between electrical resistivity and volumetric water content the differences among fitting with 
exponent, power, or polynomial regressions are statistically insignificant. Thus, the widely reported in 
literature curvilinear relationships between soil properties and electrical parameters can be considered 
as an evidence of the applicability of exponential Boltzmann’s law to describe soil electrical 
properties. 

 
III.4. Relationship of electrical resistivity and soil water content 

 
The soil water content influences the mobility of electrical charges in a complicated way. 

Electrical charges are mobile when flow in free soil solution or form electrical double layer on the 
surface of soil matrix. With an increase in soil water content from air-dry to saturated soil water 
dissolves ions adsorbed on the solid surfaces, influences the formation of electrical double layer, 
and finally fills the large soil pores with free soil solution. Therefore, the mobility of electrical 
charges should generally increase with soil water content. However, the mobility of electrical 
charges is influenced by the mobility of soil water itself. Water is retained in soil by the forces of 
molecular attraction, such as Van der Waals’ and electrostatic interactions among water molecules, 
solute molecules, and the solid surface, as well as by the air-water interfacial tension in capillaries.  
At a low water content most of the soil water is strongly hold in the form of films attributable to 
the predominant force of molecular attraction, whereas at a high water content most of the water is 
hold by the relatively weak capillary force in wedges between soil particles and in capillaries 
(Taylor and Ashcroft, 1972; Iwata et al., 1995).  The magnitude of different forces contributing to 
the water retention changes with the soil water content (Nerpin and Chudnovskii, 1967; Nielsen et 
al., 1972; Foth, 1990; Jury et al., 1991). We studied the relationship between electrical resistivity 
and soil water content in laboratory conditions to understand the influence of the different forces 
on the soil water retention and mobility of the electrical charges. Theories of soil water retention 
and electrical conductivity as well as experimental data were combined to develop relationships 
between electrical resistivity and water content for different water content conditions from air-dry 
to saturated soils. 

Theory. The Boltzmann’s distribution law defines the relationship between the number of 
molecules and the energy of a system as (Besanson, 1974): 

( )[ ]kTEENN jiji −−= exp                                                [39] 
where Ni and Nj are the numbers of molecules at stages i and j, respectively and Ei and Ej are the 
energies of the system at the stages.  Equation [39] considers all the kinds of energy exist in the 
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system, whereas Eq. [34] is attributed to the system where particles are at the predominant 
influence of the electrical energy. The energy of a soil solution is influenced by the electrical 
Maxwell forces resulting from the varying density of mobile electrical charges in the solution and 
by the pressure resulting from the interaction of the soil solution and soil matrix (Nerpin and 
Chudnovskii, 1967).  Therefore, considering two stages of a soil solution i and j corresponding to 
the different water contents (different energetic stages within the same infinite soil volume), the 
difference of the energies can be defined (Neilsen et al., 1972): 

( ) ( )jijiji ppVzeEE −+−=− ϕϕ                                            [40] 
where subscripts i and j indicate the different stages of the soil solution; E is the energy of soil 
solution; p is the soil matric potential; z is the summary valence of the mobile ions in the solution; and 
V is the relative volume of solute per molecule of solvent.  With Eq. [40], Eq. [39] can be separated 
into electrical and matric potential parts as follows: 

( )[ ] ( )[ ]kTzekTppVNN jijiji ϕϕ −−−−= expexp                              [41] 
The fraction ji NN represents the relative number of mobile electrical charges in soil solution at the 
stage i in comparison with the stage j.  The amount of the mobile electrical charges in the soil is 
proportional to the water content, since the electrical charges in soils are mobile only in hydrated form 
in the water-filled capillaries or in water films around soil matrix (Hinrich et al., 1982).  The electrical 
potential difference ji ϕϕ −  is proportional to the electrical resistivity according to Ohm’s law.  Thus, 
from Eq. [41] a relationship between soil water content (W, g g-1) and electrical resistivity (ER) can 
be obtained as: 

bER)(a=W −exp                                                           [42] 
The parameter a represents the influence of soil water retention on the electrical properties of soil 
solution and may depend on the soil physical properties altering the water retention, such as 
specific surface area, porosity, tortuosity, etc.  The parameter b may be related with chemical 
properties of soil and soil solution, such as the amount and variety of soluble inorganic and organic 
compounds influencing the valence of mobile electrical charges in the soil solution.  Since the 
nature and magnitude of the forces influencing soil water retention vary considerably for different 
water content conditions, a and b change with the soil water content.  It is assumed that a and b in 
Eq. [42] are constants within a certain water content range but may vary for different ranges of soil 
water content.  The assumption yields a piece-wise linear relationship between electrical resistivity 
and logarithm of soil water content (Fig. 12).  

The different parts of the piece-wise linear relationship between soil electrical resistivity or 
conductivity and water content have been reported in the literature (Edlefsen and Anderson, 1941; 
Gupta and Hanks, 1972; Weerts et al., 1998).  The break points on the relationships are related to 
some soil water characteristics, such as hygroscopic water, wilting point, and field capacity, 
separating different soil water categories (Bouyoucos, 1948; Fripiat et al., 1965; Borovinskaya et 
al., 1981).  However, the studies have not shown consistent agreement between soil water 
categories and the linear segments of the relationship.  The main problem is the luck of a reliable 
theory about the soil water categories.  
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Fig. 12. A piece-wise linear relationship between the natural logarithm of water content and electrical resistivity.  
 

 Voronin (1986) developed a concept of soil water categories based on the theory of 
molecular attraction and capillary forces.  The contribution of the molecular attraction force to the 
soil matric potential decreases with the increase of water content from the air-dry to saturated soil, 
whereas the contribution of the capillary force increases.  Voronin (1986) has shown that nature 
and magnitude of the forces contributing to the soil matric potential changes abruptly at the 
specific water contents separating the different ranges of soil water, such as adsorbed, film, film-
capillary, capillary, and gravitational water.  In this study the Voronin’s concept is applied to 
characterize the influence of soil water retention forces on the relationship between soil water 
content and electrical resistivity.  The soil water retention restricts the mobility of electrical 
charges in the soil; therefore, influences a and b parameters in Eq. [42].  Since Voronin (1986) 
proposed the abrupt change in nature and magnitude of water retention forces between soil water 
ranges, the parameters a and b in Eq. [42] vary for the ranges of adsorbed, film, film-capillary, 
capillary, and gravitational water (Fig. 12).  

The electrical resistivity decreases rapidly with the increase of soil water content in the 
adsorption water range (Fig. 12).  Although solute and water molecules on the surfaces of soil 
matrix are immobile in the adsorbed water range, the dipolar molecules of the adsorbed water 
create a conductive path along the soil matrix causing resistivity rapidly decrease with the increase 
of water content.  The adsorbed water is strongly bound to the soil matrix by the force of molecular 
attraction.  The molecular attraction force includes Van der Walls’ attractions between solid 
surfaces and water molecules, attractions between water molecules and solute molecules, and 
electrostatic interactions among solid surfaces, water dipoles, and solute molecules.  The molecular 
attraction force forms the disjoining pressure, which is a function of the thickness of water film 
(Nerpin and Chudnovskii, 1967; Clifford, 1975): 

nz z
Ap −=                                                              [43] 

where pz is the disjoining pressure; A and n are constants depending on the nature of the interacting 
phases and involved molecular forces; and z is the film thickness, expressed as water content 
divided by specific surface area.  The constant A represents the matric potential at the maximum 
adsorption, about 3 mono-molecular layers of water strongly bound to the soil matrix primarily by 
Van der Walls’ force (Voronin, 1986).  Analyzing extensive experimental data, Voronin (1986) 
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found that the matric potential at the maximum adsorption for different soils follows the 
relationship of 

( ) Wh 32.5log +=                                                        [44] 

where h  is the absolute value of the matric potential (cm) and W is the soil water content (g g-1).  
Equation [44] describes a straight line crossing the soil water retention functions (line I in Fig. 13).  
The maximum amount of adsorbed water for a soil is determined from the intersection of the line 
and the soil retention function. 

 
Fig. 13. The illustration to Voronin’s theory.  Curves are the water retention functions for different soils, such as solid 

line for A horizon of Mollisol, dashed line for B1 horizon of Mollisol, open circles for A horizon of 
Spodosol, closed circles for E horizon of Spodosol, dotted-dashed line for C1 of Aridosol.  Straight lines 
show the boundaries between different water ranges based on Eq. [44], [45], [47], and [48] (Voronin, 
1986). 

 
As the water content increases beyond the maximal adsorption, water hydrates adsorbed 

solute ions and distributes them in the water film along soil matrix.  Water also begins to fill the 
wedges between soil particles.  Applying the equilibrium principle between the molecular 
attraction force in water films and the capillary force in water wedges (Nerpin and Chudnovskii, 
1967), Voronin (1986) derived the amount of film water in the soil as a function of the matric 
potential.  The maximum amount of the film water can be obtained from the intersection of soil 
retention function and the following equation (Fig. 13, II) 

( ) Wh 317.2log +=                                                         [45] 
The amount of water corresponds to the maximum possible thickness of the water film on the flat 
surface and is believed to be the maximal extent of the electrical double layer (Childs, 1969; 
Clifford, 1975).  The mobility of electrical charges in the double layer is restricted by electrostatic 
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forces (Kemper, 1960; Raij and Peech, 1972; Laverdiere and Weaver, 1977).  The electrostatic 
forces are weaker than Van der Waals’ forces holding the adsorbed water in soil; therefore, in the 
film water range the electrical resistivity decreases slower than in the range of adsorbed water (Fig. 
12). 

After the maximum possible thickness of the water film is reached, water actively moves 
from the films to the wedges.  In the range of film-capillary water the relative portion of the film 
water decreases and the amount of water hold in the wedges and capillaries increases (Voronin, 
1986).  Since the force of molecular attraction is much stronger than the capillary force, the film-
capillary water is still hold in soil mainly by the molecular attraction.  However, the magnitude of 
the capillary force became increasingly pronounced within the film-capillary water range.  The 
capillary force is described by (Kirkham and Powers, 1972) 









+−=

21

11
rr

pr γ                                                          [46] 

where r1 and r2 are the two principal radii of curvature and γ is the coefficient of surface tension.  
The radii are primarily affected by the soil structure, yet the capillary pressure depends indirectly 
on the soil specific surface area and water content.  Thus, when the capillary force mainly 
influences the soil water retention, the recalculated experimental data of water potential vs. water 
content begin to deviate from the relationship of Eq. [43].  The water content and the matric 
potential at the point of deviation divide the film-capillary and capillary water ranges.  The ranges 
of film-capillary and capillary water on the soil retention functions are separated by (Fig. 13, III) 

( ) Wh += 17.2log                                                       [47] 
Since the film-capillary water is partly influenced by the capillary force, which is weaker than 
molecular attraction force, the electrical charges are more mobile in the film-capillary water range 
than in the adsorbed and film water ranges.  Therefore, electrical resistivity decreases less 
dramatically in the range of film-capillary water (Fig. 12).  Electrical charges are even more 
mobile in the range of capillary water, which is primarily under the influence of the capillary force.  
Thus, slope of the line lnW vs. ER further decreases in the capillary water range (Fig. 12). 

The water content increases within the capillary range until the capillary meniscuses 
became planar.  Beyond this condition, the curvature of the air-water interface does not influence 
the soil water retention, and additionally applied water is drained away by gravity.  The 
gravitational water is defined as the water located in the pores of diameter >10 µm with a constant 
matrix potential of -148 cm (Fig. 13, IV): 

( ) 17.2log =IVh                                                               [48] 
In the gravitational water range the mobility of water molecules does not affect the mobility of the 
electrical charges (solute ions); therefore, the electrical resistivity is practically independent of the 
water content in this range (Rhoades et al., 1989a).  Nevertheless, a small decrease in electrical 
resistivity can still occur in the gravitational water range due to continuous dissolution of the adsorbed 
and precipitated ions from the soil solid phase (Fig. 12). 

In sum, the exponential model (Eq. [42]) is appropriate to describe the relationship between 
electrical resistivity and soil water content at all possible water contents.  However, different 
model parameters should be used in the different ranges of water content, such as adsorption, film, 
film-capillary, capillary, and gravitational water, attributable to different mechanisms of the water 
retention.  Theoretically, the relationship between electrical resistivity and logarithm of water 
content should represent a series of the line segments with the consequently decreasing slopes 
attributable to the different ranges of water content (Fig. 12). 



 44

Materials and methods. Soil samples were collected at the Yachroma valley, Moscow 
region, Russia in the summer of 1996.  Various peat and mineral alluvial soils were investigated 
including grass-woody peat soil (Anthropic Eutrohemist), sedge-mossy peat soil (Anthropic 
Sphagnofibrist), and sod alluvial soil (Humic Psammentic Dystrudept).  Thirty-one samples were 
collected from different soil depths at the sites with various cultivation practices.  The soil samples 
varied in genesis, botanical and ash contents of peat, and physical properties (Table 5). 

The samples were analyzed for soil particle density, bulk density, and soil water retention 
(Klute, 1986).  The soil water retention functions were obtained for the disturbed soil samples with a 
laboratory tensiometry and psychrometry.  Total inorganic content (ash content) of peat soils, a 
measure of peat decomposition, was determined by ashing peat in a muffle furnace at 800o± 25o C 
(Fushcman, 1980).  Electrical resistivity of the soil samples was measured in the four-electrode cell 
(Chapter II) at different water contents.  

The following procedure was conducted for each of the 31 soil samples to obtain 
experimentally the relationships between water content and electrical resistivity.  Each sample was air 
dried and divided into 20 subsamples, weighting approximately 15 g each for peat soil samples and 
about 50 g for mineral soil samples.  The subsamples were placed in Al moisture cans where different 
volumes of distilled water were added with 1-ml increment to achieve various soil water contents.  
The subsamples were allowed to equilibrate with the water for 24 hours.  Electrical resistivity of each 
subsample was measured in turn using the four-electrode cell.  Then the water contents of the all 
subsamples, except for one with the maximum water added, were measured with the gravimetrical 
method.  The subsample with the maximum water content was left in the measuring cell, and water 
was added directly into the cell with 1-ml interval followed by electrical resistivity measurement until 
the subsample reaches soil paste consistency.  Final water content of the subsample was measured 
with the gravimetrical method.  The water contents corresponding to the electrical resistivity 
measurements were obtained with back calculation.  The suggested technique allowed measuring 20 
to 40 experimental pairs of electrical resistivity and soil water content within 30 minutes.  The 
experimental data covered the range of water contents from air dry to saturated soil with a 0.05-g g-1 
interval of water content for the peat and with a 0.005-g g-1 interval for mineral soils.  The 
experimental design eliminated the influence of other factors, such as temperature and salt content, on 
the relationship between electrical resistivity and soil water content.  The soil water content was the 
only factor affecting measured electrical resistivity of soil.  Therefore, the data were suitable for 
evaluating the proposed theory about the different mechanisms of electrical conductivity and water 
retention in the specific ranges of water content. 

Results. The exponential relationships between electrical resistivity and water content (Eq. 
[42]) were observed for all the 31 soil samples.  Figure 14 shows one example of the experimental 
relationships.  Fitting of the data sets to the single exponential model of Eq. [42] resulted in the 
correlation coefficients between observed and fitted water content values from 0.837 to 0.985.  
Logarithm of the experimental water content values vs. electrical resistivity was plotted for a visual 
test of Eq. [42] and the relationship was notably non-linear, but consists of four different linear 
segments (Fig. 15).  The linear segments represent the exponential relationships between water 
content and electrical resistivity in the characteristic ranges of water content and reveal the 
similarity in the electrical properties of soil water in these ranges (Fig. 15). 
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Table 5. Physical properties of the investigated soils 
 
 Soil Depth 

 
Bulk 
density 

Particle
density

Porosity 
 

Ash 
content 

Water 
content† 

Field  
capacity

 cm  g cm-3    %     g g-1  
Grass-woody peat soil 10-20 0.34 1.89 82.0 24.7 1.21 1.60 
(Anthropic Eutrohemist) 30-40 0.21 1.80 88.3 23.1 2.00 2.00 
 50-60 0.21 2.06 89.8 14.2 3.90 3.20 
 70-80 0.18 1.93 90.7 11.7 4.83 3.90 
 90-100 0.16 1.88 91.5 17.6 5.44 3.50 
Sedge-mossy peat soil 10-20 0.28 1.82 84.6 40.8 1.04 1.30 
(Anthropic 
Sphagnofibrist) 

20-30 0.28 1.82 84.6 39.8 2.23 1.50 

 40-50 0.29 1.70 84.7 27.9 2.67 2.10 
 70-80 0.15 1.70 91.2 7.8 5.32 4.85 
 90-100 0.14 1.57 91.1 19.7 6.07 6.00 
Sod alluvial soil 10-20 1.11 2.32 52.1  0.18 0.35 
(Humic Psammentic  30-40 1.36 2.49 45.4  0.21 0.39 
Dystrudept) 130-139 1.37 2.92 53.1  0.40 0.44 
†  Field water content measured on July 14, 1996 
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Fig. 14. An example of experimental relationship between electrical resistivity and water content of a peat soil. 

 
The break points between the segments correspond to the specific water contents dividing 

the ranges of film, film-capillary, capillary, and gravitational water according to the Voronin's 
concept (1986).  The water content value at break point II is very close to the characteristic water 
content value obtained from the soil retention function with Eq. [45], which divides the ranges of 
film and film-capillary water (Figs. 13, 15, II).  The water content value at break point III 
corresponds to the water content value divided the ranges of film-capillary and capillary water 
(Figs. 13, 15, III; Eq. [47]) and break point IV corresponds to the field capacity (Figs. 13, 15, IV; 
Eq. [48]).  The water content values at the break points ( iBW ) were compared with the values 
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found from the retention functions using the Voronin’s (1986) equations ( iRW ) for the 31 soil 
samples and listed in Table 6.  For example, the water content, which divides the ranges of film 
and film-capillary water (II), is 0.58 g g-1 from the retention function and 0.60 g g-1 from the lnW 
vs. ER relationship for the 32-38 cm layer of sedge-mossy peat soil (Table 6, raw 3, columns 3 and 
4).  The relative estimation error was calculated for each pair of the values in Table 6 with 

( ) iRiRiBi WWWRE −=100                                             [49] 
 

 
Fig. 15. An example of the linearized relationship between electrical resistivity and water content. 

 
The mean relative estimation error was calculated as an average of the absolute values of iRE  for 
the each characteristic water content (Table 6, bottom line).  The mean relative estimation errors 
are 16.9% for characteristic point II, 9.8% for point III, and 3% for point IV. 

We found the similarity of the break points from the lnW vs. ER relationship to three 
characteristic water content values (Figs. 13, 15, II, III, and IV).  The breakpoint I was difficult to 
identify from the lnW vs. ER relationship because the constant-current method of electrical 
resistivity measurement did not allow obtaining enough experimental points in the range of 
adsorbed water.  The break point between the ranges of adsorbed and film water can be determined 
with a high frequency electromagnetic method (Fripiat et al., 1965). 

 
The data proved validity of the Voronin’s (1986) concept about four characteristic water 

content values for all the non-swelling or slightly swelling mineral soils.  However, for the peat 
and clay swelling soil samples we observed an additional break point approximately near the 
matrix potential -10 cm of water.  The equation for finding the fifth characteristic water content 
value from the soil retention function is 

( ) 1log =h                                                                   [50] 
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Table 6. The comparison of the water content values recalculated from the break points at ln(W)=f(ER)  
               relationships and the characteristic water content values obtained from the water retention  

       functions with Voronin's concept.   
     

N of profile Depth   II III  IV V 
Soil  iRW  

iBW   iRE  iRW  
 

iBW   iRE
 

iRW  
 

iBW  
 

iRE  
 

iRW  
 

iBW  
 

iRE

 cm   g g-1  %   g g-1  %   g g-1  %   g g-1  % 
   Cultivated about 80 years  

1 (mossy peat) 3-8 0.76 ‡ 1.28 1.20 -6.2 1.86 1.90 2.1 1.95 † 
 15-20 0.76 ‡ 1.16 1.24 6.9 1.86 1.75 -5.9 2.20 2.22 0.9
 32-38 0.58 0.60 3.4 1.40 1.25 -10.7 2.86 2.90 4.0 3.20 ‡ 
 50-55 0.70 ‡ 1.60 1.50 -6.2 3.00 3.00 0.0 6.00 ‡ 
2 (mossy peat) 5-10 0.75 ‡ 1.52 1.56 2.6 2.10 2.20 4.8 2.25 † 
 20-25 0.60 ‡ 1.35 1.38 2.2 2.05 1.90 -7.3 2.20 † 
 32-38 0.76 ‡ 1.70 1.75 2.9 2.60 2.50 -3.8 2.65 † 
 52-57 0.82 ‡ 1.72 1.80 4.6 5.49 5.50 0.0 5.80 6.75 16.4

   Cultivated about 30 years  
3 (mossy peat) 10-20 0.73 0.68 -6.8 0.93 0.98 5.4 1.11 1.10 -0.9 1.55 1.53 -1.3
 20-30 0.64 0.75 17.2 1.02 1.04 2.0 1.40 1.40 0.0 1.90 2.15 13.2
 30-40 0.64 0.62 -3.1 0.97 0.97 0.0 1.30 1.40 7.7 1.90 2.05 7.9
 40-50 0.67 ‡ 1.47 1.50 2.0 3.00 3.00 0.0 4.10 4.30 4.9
5 (woody peat) 10-20 0.68 ‡ 1.05 0.92 -12.4 1.50 1.50 0.0 2.20 2.15 -2.3
 20-30 0.73 ‡ 1.07 1.05 -1.9 1.50 1.48 -1.3 2.45 2.50 2.0
 30-40 0.92 ‡ 1.80 1.90 5.6 3.06 3.05 0.0 4.10 4.10 0.0

 40-50 0.76 ‡ 1.45 1.45 0.0 2.10 2.20 4.8 3.00 3.00 0.0
7 (woody peat) 30-40 0.90 ‡ 1.30 1.30 0.0 2.00 1.90 -5.0 3.10 3.00 -3.2
 50-60 0.90 ‡ 1.85 2.10 13.5 3.20 3.40 0.2 4.90 4.60 -6.1
 70-80 0.85 ‡ 1.70 2.60 52.9 3.90 4.00 2.6 5.40 4.90 -9.3
 >114 0.95 ‡ 2.00 ‡ 3.50 3.50 0.0 5.40 5.35 -0.9
12 (woody peat) 10-20 0.49 ‡ 1.00 1.30 30.0 2.30 2.25 -2.2 3.50 3.50 0.0
 30-40 0.45 0.50 11.1 0.75 0.70 -6.7 1.50 1.42 -5.3 1.60 ‡ 
 50-60 0.49 ‡ 1.00 1.10 10.0 2.40 2.20 -8.3 3.30 3.10 -6.1
 70-80 0.49 ‡ 1.00 1.30 30.0 2.25 2.20 -2.2 3.60 ‡ 

 90-100 0.46 0.50 8.7 1.08 0.98 -9.3 1.90 1.90 0.0 3.70 3.80 2.7
24 (woody peat) 90-100 0.50 ‡ 0.95 ‡ 2.15 2.00 -7.0 3.70 3.30 -10.8
29 (alluvial soil) 10-20 0.28 0.13 -53.6 0.36 0.30 -16.7 0.42 0.42 0.0 0.45 † 
 30-40 0.21 ‡ 0.30 0.26 -13.3 0.40 0.39 -2.5 0.43 † 
 130-139 0.33 0.22 -33.3 0.39 0.31 -20.5 0.45 0.44 -2.2 0.51 0.53 3.9

   Agrochemical field experiment 
30 (mossy peat) 0-10 0.68 0.68 0.0 1.02 1.08 5.9 1.80 1.86 3.3 2.40 ‡ 
31 (mossy peat) 0-10 0.62 ‡ 0.96 1.00 4.2 1.54 1.40 -9.1 2.10 2.00 -4.8
Mean relative error 16.9 9.8   3.0 4.8
† - break point V was not observed for non-swelling soils 
‡ - break point was not observed because of lack of the experimental data at the range 
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The mean relative error of estimation of point V is 4.8% for the swelling soils (Table 6).  The break 
point V was found for all the peat soils cultivated about 30 years and for the 130-139 cm layer of the 
alluvial soil with clay-loam texture.  The point was not observed for the sand layers (10-20 and 30-40 
cm of alluvial soil) and for the highly decomposed peat soils cultivated about 80 years, which have 
the reduced swelling ability (Table 6).  The break point V exists for the swelling soils, probably, 
because the structure of soil matrix of the swelling organic or clay soils is penetrable for the water 
molecules.  Therefore, the internal water sorption occurs after the potential when the energy of water 
outside the soil particle equilibrates with the water potential inside.  The internally sorbed water and 
solute molecules are partly separated from the total conductive path in the soil yet the increase in the 
internal water content shows practically no influence on the decrease of electrical resistivity.  

Theoretical derivations based on the fundamental thermodynamic Boltzmann's distribution 
law shown that an exponential model appropriately describes the relationship between soil water 
content and electrical resistivity. The relationship is applicable for all water content conditions from 
air dry to saturated soils.  Different parameters are applied to characterize the exponential 
relationships at the specific ranges of water content where different mechanisms govern the soil water 
retention.  The model parameters vary at different water content ranges, such as adsorbed, film, 
film-capillary, capillary, and gravitational water. Analyses of water content vs. electrical resistivity 
relationships and retention functions for 31 soil samples indicate that the variation of the model 
parameters at the specific water content ranges results from the different mechanisms of soil water 
retention in these ranges.  The proposed laboratory method allows fast measurements of changes in 
water retention and electrical conductivity with the change in soil water content. 
 
III.5. Relationships of electrical parameters and soil chemical properties for various soils 
 

Cations in soil solid phase can exchange with the those in soil solution and form the density 
of mobile electrical charges in soils. The soil cation exchange capacity (CEC) is formed by 
different organic and mineral compounds as shown in III.1. Considering the qualitative structure of 
CEC, soils can be broadly subdivided into two groups. The first group is soils with CEC filled by 
Ca+2, Mg+2, Al+3, and H+.  These soils are formed by the processes of podzolization, lessivage, 
eluviation-illuviation, humification, mineralization, and gleization in humid areas (Wilding et al., 
1983). Spodosols, Alfisols, Gelisols, Histosols, Ultisols, and Mollisols can be considered as soils 
of the first group. The processes of calcification, salinization, alkanization, pedoturbation, 
humification, and mineralization in arid and semiarid areas form the second group of soils with 
CEC filled by Ca+2, Mg+2, and Na+. Soils of the second group represented by Aridosols, Vertisols, 
and some Mollisols. Here we do not consider Oxisols, which have the specific anion exchange 
capacity, and Andisols, the composition of ion exchange capacity of which is not related with soil 
forming processes and mostly determined by the properties of volcanic parent material (Munn and 
Vance, 1997; Soil Survey Staff, 1999). The soils of these two soil orders occur on only about 15% 
of the world territory. Inseptosols and Entisols can be assigned to either the first or second group 
depending on the primarily soil processes dominating in the soils. 

Methods. Ion-selective electrodes can measure activities of the ions in solutions. The 
different methods and solutions can be used to extract the mobile ions from soil samples. 
Measurements in water extracts can only evaluate chemical composition of soil solution. For our 
studies it is essential to evaluate also the adsorbed ions or cation exchange capacity. We used 
different extracts for the soils of the first and second groups. The 1 M NаСl solution was used with 
soils of first group to extract absorbed bases of Mg, Са, Аl, and H. The 1 M NH4Cl was applied to 
soils of the second group to extract Са, Mg, and Na.  For estimation of various forms of iron we 
used 0.2 M and 2 M H2SO4 as described in Klute (1986). These extracts allowed measuring mobile 
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iron without consideration of iron in crystal lattice of minerals. Other analyses included 
measurement of soil humus content, hydrolytic acidity, soil CEC, and base saturation (Klute, 
1986). Electrical parameters such as electrical potential and resistivity were measured in soils in-
situ, in soil samples with different water contents, and in soil and colloid suspensions. Electrical 
resistivity of in-situ soils was obtained with the methods of VES and four-electrode profiling 
(Chapter II). Resistivity of soil samples and suspensions was measured in the four-electrode cell 
(Chapter II). Electrical resistivity of soil samples was measured under the field water content. Soil 
suspensions were prepared with 1:2.5 soil to water weight ratio and left 24 hr to establish 
equilibrium between the solution and soil CEC.  Colloid suspensions were obtained by filtration of 
the soil suspensions through 2–µm filter. 

 
III.5.1. Relationships between electrical parameters and soil properties for soils in humid 

areas 
 

 Relationships between electrical parameters and soil chemical properties were developed 
for soils in humid areas of Russia. Non-cultivated Aqualf and Udalf of agro-biological research 
station “Chashnikovo”, Alfisols and Histosols of catena in Central Forest Reserve near Tver’, and 
cultivated Histosols, Inseptosols, and Alfisols of Yacroma valley were studied.  

The experimental relationships between electrical potential and different exchange cations 
are shown on Fig. 16. Figure 16 indicates that the electrical potential decreased with the increase in 
exchange base cations. Among absorbed cations the influence decreases in the order Ca>Mg>Al 
(Table 7). The relationship of electrical potential and the sum of base cations (Ca+Mg) is less 
strong than for Ca alone. For Al and Fe the relationships are very weak or practically absent. The 
weak relationship with Al is caused by its small, often undetectable amount in soils. Moreover, Al 
and Fe exist in non-soluble forms in mineral structures and do not participate in exchange 
reactions. The Fe+3 ion is especially immobile in soils. A slight curvilinear relationship was 
observed for Mn and electrical potential increased with exchangeable Mn, which can be explained 
as interrelation with the base cations. Usually in soils of humid areas the increase in base cations 
occurs together with the decrease in Al, Fe, and Mn (Buol et al., 1989). 

The relationships between electrical potential and exchange cations are improved by 
additional data from other soils of humid area with the similar cation exchange mechanism such as 
Histosols and Mollisols (soils of first group). Correlation coefficients for the relationships with Ca 
and Ca+Mg increase to 0.768 and 0.720, respectively. Data for Histosols and Mollisols analyzed 
separately from Alfisols show very weak relationships between electrical potential and exchange 
cations.  

Figure 17 shows relationships between electrical resistivity measured in soil samples, soil 
suspensions, and colloid suspensions and soil chemical properties, such as cation exchange 
capacity, base saturation, and contents of P and K. Regression equations for the relationships 
between electrical resistivity and various soil properties are provided in Table 8. Notably, many 
obtained relationships are exponential with high correlation coefficients. 

The strongest exponential relationships were obtained for the exchange capacity and base 
saturation. The correlation coefficients for the relationships with base saturation were as high as 
0.90 and 0.88 for soil and colloid suspensions, respectively. The correlation coefficients of the 
relationships between cation exchange capacity and electrical resistivity were 0.89 for soil 
suspension and 0.87 for colloid suspension. These two properties characterize the amount of 
exchange cations in soils. Since soils in humid areas have a low amount of soluble salts, the 
exchange cations play an important role in soil electrical conductivity. The soil base exchange 
cations are relatively mobile and primarily conduct electricity in soils of humid areas. Humus 
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content also increases the cation exchange ability of the soils. Therefore, the relatively strong 
relationship (r = -0.78) was found for the total humus content and electrical resistivity of the 
colloid suspension.  A high correlation coefficient (r = -0.78) was also obtained for the field water 
content and electrical resistivity of the colloid suspension. The water content in the soils of humid 
areas is not limited by precipitation and usually determined by the water retention ability of soils. 
Therefore, soils with high clay and humus contents tend to have high base saturation and high field 
water content. Thus, for soils in humid areas the basic source of mobile electrical charges is from 
soil exchange and retention capacity. Electrical resistivity has strong exponential relationships with 
soil properties characterizing soil exchange capacity, such as base saturation, water and humus 
contents, and cation exchange capacity. 

 
Table 7. Correlation coefficients for relationships between soil cations and electrical potential 

measured in situ in Alfisols, Moscow area.  
 

Property r Property r 
Ca 0.480 Ca+Mg+Al 0.314 
Mg 0.263 Al/(Ca+Mg+Al), % 0.356 
Mn 0.152 (Ca+Al)/(Ca+Mg+Al) 0.325 
Fe 0.144 (Ca+Mg+Al)+Ca 0.340 
Al 0.085 (Ca+Mg+Al)+Mg 0.287 
Ca+Mg 0.330 (Ca+Mg+Al)+Al 0.255 
Ca+Al 0.272 (Ca+Mg+Al)+Fe 0.210 
Ca+Fe 0.267 (Ca+Mg+Al)+Mn 0.263 

Coefficients calculated with linear and non-linear regression methods (Ross, 1980; Buchan et al., 1993). 
 
 

 
Fig. 16.  Relationships between electrical potential and exchange cations in Alfisols.  
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Table 8. Regression equations and correlation coefficients for the relationships of electrical 

resistivity and soil properties. 
 

Property (Y) r Regression equation 
Electrical resistivity measured in soil samples 

Base saturation -0.82 Y=362.5exp(-47.8 ER) 
Cation exchange capacity -0.72 Y=287.4exp(-64.5 ER) 

Electrical resistivity measured in soil suspensions 
Base saturation -0.90 Y=253.7exp(-44.8 ER) 
Cation exchange capacity -0.89 Y=390.8exp(-64.7 ER) 
Field water content -0.8 Y=771.1exp(-137.7 ER) 
Mobile phosphorous 0.09 Y=16.3exp(1.44 ER) 
Mobile potassium -0.21 Y=45.9exp(-4.17 ER) 

Electrical resistivity measured in colloid suspensions 
Base saturation -0.88 Y=255.6exp(-48.0 ER) 
Cation exchange capacity -0.87 Y=393.4exp(-74.7 ER) 
Field water content -0.78 Y=771.1exp(-147.7 ER) 
Mobile phosphorous 0.06 Y=18.4exp(1.08 ER) 
Mobile potassium -0.22 Y=47.4exp(-4.7 ER) 
Total humus content -0.78 Y=420.5exp(-56.4 ER) 

 
 

 
Fig. 17. Relationships of electrical resistivity measured in soil samples, soil suspensions, and colloid suspensions with 

cation exchange capacity (CEC), base saturation (BS), phosphorous content (P2O5), and potassium content 
(K2O) for the soils of humid areas in Russia. 
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Similar relationships were obtained for the electrical resistivity measured in-situ along open 
soil pits and on the soil surface with the EP and VES methods. Figure 18 shows the relationships 
between different forms of iron and electrical resistivity measured in the soil horizons with the 
method of four-electrode profiling. Notably, the relationships were not as strong as those, 
measured in soil and colloid suspensions, but nevertheless appeared exponential. 

 
Fig. 18.  Relationships of electrical resistivity measured in open soil pits and different forms of iron. Catena included 

Alfisols, Inseptisols, and Histosols of Yachroma valley, Moscow area, Russia. 
 

Another example is the relationship of electrical resistivity, measured in situ with the VES 
method and properties, characterizing soil specific surface. The Alfisols of “Chashnikovo” were 
investigated with the VES method and soil samples were collected from the soil layers with 
different resistivities, outlined by the method. The soil samples were analyzed for internal and 
external specific surfaces with N2 and water vapor methods (Farrar, 1963; Newman, 1983; Klute, 
1986). Figure 19a shows the strong exponential relationship with outer soil specific surface, 
measured with N2 method. The relationships on Fig. 19b, c, and d are less strong, but still notably 
exponential.   

The relationships of the electrical parameters and soil properties characterizing soil colloid 
fraction and cation exchange capacity became stronger when the soils of different types were 
included in the regression analyses. It can be soils of one catena as shown on the Fig. 18 or 
different soils of humid areas with the same cation exchange mechanism.  The relationships of 
electrical parameters with the cation exchange capacity and humus content are combined for the 
soils of the first group as shown schematically in Fig. 20. The general exponential relationship is 
valid for the soils of the first group with the same composition of cation exchange complexes and 
soil solutions. 

In summary, an exponential function can be used to describe the relationships between the 
electrical parameters, measured in field and laboratory conditions and different soil properties 
characterizing soil exchange capacity and sorption for soils in humid areas. The relationships are 
more pronounced for the soil properties characterizing the total soil exchange ability and colloid 
composition such as specific soil surface, base saturation, and humus content than for the specific 
soil exchange cations.  
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Fig. 19. Relationships of electrical resistivity measured with VES method and soil specific surface. 

 

 
Fig. 20. Schematic relationship between electrical parameters and soil properties showing approximate distribution of 

data for soils in humid areas. 
 

III.5.2. Relationships between electrical parameters and soil properties for soils in arid areas 
 

The exchange capacity of soils in arid areas is filled with calcium, magnesium, and sodium 
cations and the same cations dominate in the soil solution. Therefore, the electrical parameters 
presumably should show strong relationships with these cations. Indeed a strong exponential 
relationship was obtained between electrical potential, measured on soil surface with the self-
potential method and the sum of Ca, Mg, and Na (Fig. 21a; r = 0.810, Table 9). For the sodium 
content alone and electrical potential, the relationship is also exponential with r = 0.599.  The 
Na/(Ca+Mg+Na) ratio is related with the electrical potential by the linear relationship with r = 
0.543. Electrical potential decreases with the increase of relative amount of sodium in Aridosols. 
The same type of linear relationship with  r = 0.356 was obtained for Al/(Ca+Mg+Al) ratio and the 
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electrical potential in Alfisols of humid areas (Table 7). Such ratios are important for soil genesis 
studies, since they indicate the degree of sodicity in Aridisols, and the degree of eluviation 
(podzolization) in Alfisols and Spodosols. The obtained relationships can be used to study the soil-
forming processes in these soils (Chapter IV). Table 9 shows the correlation coefficients for the 
relationships between the combinations of Ca, Mg, and Na contents in Aridosols and the electrical 
potential. All the relationships have relatively high correlation coefficients. 

The relationship of the soil water content and electrical potential is also exponential (Fig. 
21c) and apparently less strong than those obtained in laboratory conditions (III.4). To develop the 
relationship on Fig. 21, data from different soils in Volgograd area were combined. Soils varied in 
the quantitative content of the cations in soil solution and exchange complex. The soil water 
content influence the mobility of electrical charges potentially existing in soils, therefore, with the 
less water content electrical potential and resistivity are higher regardless of the high content of 
adsorbed ions. The simultaneous influence of soil water and salt content on electrical resistivity 
complicates the interpretation of the field geophysical measurements in arid areas. Nevertheless, 
the methods were successfully used to evaluate soil salinity and groundwater table in arid areas 
(Chapters IV and VII).  

 
Fig. 21. Relationships of electrical potential and soil properties for Aridosols, Volgograd area. 
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Table 9. Correlation coefficients for relationships between soil cations and electrical potential 
measured in situ in Aridisols, Volgograd area. 

 
 Property r Property r 
Na 0.599 (Ca+Mg+Na) + Ca 0.648 
Ca+Mg 0.798 (Ca+Mg+Na) + Mg  0.627 
Ca+Mg+Na 0.810 (Ca+Mg+Na) + Na  0.566 
Na/(Ca+Mg+Na) 0.543 (Ca+Mg+Na) + (Ca+Mg) 0.682 

Coefficients calculated with linear and non-linear regression methods (Ross, 1980; Buchan et al., 1993). 
 

Relationships between soil salinity and the parameters of artificial electrical fields, such as 
resistivity and conductivity have been studied thoroughly in laboratory conditions using soil pastes 
and suspensions (Campbell et al., 1948; Rhoades et al., 1976a; Chang et al., 1983). Literature 
reviews as well as our experimental studies suggest exponential relationship between electrical 
resistivity and salinity of soils in arid areas. Since soil salinity in soils of the second group is the 
summary characteristics of the available electrical charges, the electrical parameters are strongly 
related with the total soil salinity. Figure 22 shows the schematic curvilinear relationship between 
electrical resistivity or potential and soil salinity for the soils of second group. 

 
Fig. 22. Schematic relationship between electrical parameters and soil properties showing approximate distribution of 

data for soils in arid areas 
 

Notably, the exponential function was not always proven statistically to be the best 
approximation for the relationships, especially for field data. The electrical parameters, measured 
in situ were influenced by many soil properties, such as water content, soil texture, humus content, 
together with the soil salinity. Moreover, the soil salinity varied in different ranges in different 
studies. The relationships between the electrical parameters and soil salinity tend to be stronger if 
measured in laboratory conditions in the soil pastes and suspensions. Nevertheless, during our 
research and majority of reported studies the curvilinear relationships were obtained for the 
electrical resistivity or conductivity measured in situ and soil salinity in Aridisols.  
 
III. 6. Principles of application in-situ electrical measurements to soil studies 
 

As shown above the electrical parameters are related to many soil properties responsible for 
the density of mobile electrical charges by exponential relationships. The exponential relationships 
of the electrical resistivity with soil bulk density and soil water content are found to be very strong 
when measured in laboratory conditions (III.3 and III.4). In situ many soil properties vary 
simultaneously, complicating the studies of the relationships between electrical parameters and 
individual soil properties. Nevertheless, relationships essential for estimations of soil properties, 
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such as soil salinity and stone content, were obtained successfully from field data. The 
relationships of the electrical resistivity measured in situ and different soil properties are discussed 
in Chapters IV, V, and VI under appropriate applications of the methods. Electrical parameters 
measured with geophysical methods in situ are related with different soil properties, easily 
measured, and can be used to study many soil problems. Different principles of applications should 
be considered for three types of problems.  

The first-type problems are the monitoring of a soil property, which is only one to vary 
during the measurements. The measured electrical resistivity can directly indicate the change in the 
soil property in situ. Figure 23 shows iso-lines of electrical resistivity in 0.6 x 2.5 m transect on a 
cultivated peat soil (Anthropic Sphagnofibrist), indicating the distribution of soil bulk density. The 
transect was set across the seasonal road on the border of an agricultural field. The electrical 
resistivity was measured with the small four-electrode probe on the wall of the transect with 10-cm 
interval. The samples were taken from the areas of different resistivity to verify the difference in 
soil bulk density in the areas. The cultivated peat soil has uniform distributions of soil properties, 
such as water content, humus content, and chemical composition in the soil profile. If one of the 
soil properties changes considerably within the profile of peat soil, the electrical resistivity directly 
reflects the change of this property, as in the case of artificial compaction under the seasonal road. 

 
Fig. 23. Distribution of electrical resistivity in peat soil indicated areas with different soil compaction.  Dark squares 

with numbers show bulk densities (g cm-3) at the points, lines with numbers are iso-ohms of electrical 
resistivity (measured with four-electrode probe at 10x10-cm grid), and jagged line on the surface indicates 
the track of seasonal road.  

 
The second-type problems include investigations of soil properties, which much influence 

the measured electrical parameters. Therefore, the measured electrical parameters usually show 
strong relationships with such properties even in field conditions. For example, since the variation 
in stone content influences the soil electrical resistivity much stronger than variation of any other 
properties in soils of Crimea Peninsula, the VES method was able to accurately outline the layers 
with different stone contents in these soils and estimate the volumetric content of stones (Chapter 
V). Pollution by petroleum products highly increases the electrical resistivity of Gelisols in 
northwest Siberia, while salty mining solutions decrease resistivity of the soils. Therefore, methods 
of EP, VES, and NEP could be used to map pollution in these soils (Chapter VI). Extreme dryness 
of Histosol in some seasons highly increases the electrical resistivity at the top of the profile, 
whereas variation of soil water content around field capacity usually does not alter the typical 
profile distributions of electrical resistivity in the soils (Chapter V). Generally, the geophysical 
methods can be used for in-situ mapping and monitoring of a soil property when the studied 
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property alone highly influences the distribution of the electrical parameters in a soil and influence 
of other properties is negligible. The methods can be useful for studying solution movement, 
drying, or compaction of soils (Chapters V and VI).  

The third-type problems require careful considerations of the relationships between many 
soil properties and electrical parameters measured in situ. Although soil electrical parameters 
depend simultaneously on many soil properties, such as salt, water, humus or stone content, CEC, 
texture, and temperature, in many situations the influence of some soil properties can be 
considered negligible if they vary around their maximum (Eqs. [35] and [36]). For example, soil 
water content close to the field capacity does not practically influence the change in electrical 
resistivity (III.3). Therefore, in-situ measurements of the electrical parameters of soils in humid 
areas is not influenced by water content variation and can be used to evaluate elluvial-illuvial 
horizons in soil profile and more stable soil properties, such as CEC, soil texture, and humus 
content (Chapter IV). On the other hand, the high variation of soil water content within the whole 
possible range in the profiles of alluvial soils in Astrakhan’ area allows locating the groundwater 
table (Chapter V). The simultaneous influence of various soil properties on the measured electrical 
conductivity is successfully studied with the methods of geostatistics, which consider not only 
intervariable but also spatial relationships (Chapter V). 
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CHAPTER IV. Applications of electrical geophysical methods in soil genesis 
studies 

 
The basic laws of electricity relate the parameters of electrical fields with the density of 

mobile electrical charges in the media. The parameters of electrical fields, such as electrical 
resistivity, conductivity, and potential, are related with various soil properties exponentially, 
obeying Boltzmann’s distribution law. Chapter IV describes distributions of electrical charges in 
soil profiles under different soil-forming processes. The profile distributions of electrical 
parameters are provided for the major soil orders. The electrical parameters, easily measured in 
situ, are shown to be essential characteristics for evaluation of soil genesis and morphology.  
 
IV.1. Electrical parameters and soil-forming processes 

 
Volume density of mobile electrical charges determines the values of the electrical 

parameters. Soil water content, cation exchange capacity; salt content, base cations, and humus 
content are soil properties responsible for the formation of mobile electrical charges in soils 
(Chapter III). In general, the density of mobile electrical charges in soils is determined by the 
exchangeable ions in the solid and liquid phases. Yet the influence of the ions on measured 
electrical parameters differs for different soils.  Three basic cases of the influence can be 
considered. First is the formation of a high density of electrical charges primarily by the 
exchangeable ions of the electrical double layer around the soil matrix, which is the characteristic 
of Histosols, Mollisols, Vertisols, and some non-saline Aridisols. Second case is the establishment 
of medium and low densities of electrical charges by ions of the electrical double layer as in 
Spodosols and Alfisols. Third case is the formation of a high density of mobile electrical charges 
by soluble ions in the soil solution, which is the characteristic for saline soils, primarily for various 
Aridisols. The three cases of formation can occur in some soils simultaneously. Moreover, the 
influence of each case sometimes varies in different horizons of the same soil. However, such 
separation is convenient for study the distribution of mobile electrical charges and electrical 
parameters in different soil profiles. 

Let us consider the first and third cases with a high density of mobile electrical charges, 
such as in Histosols, Mollisols, and saline soils. According to the Boltzmann’s distribution law, the 
variation of charge density does not influence much the variation of electrical potential or 
resistivity at the high density of electrical charges (Eq. [35]). Thus, the soils with high density of 
mobile electrical charges, e.g. Mollisols, saline Aridisols, and Histosols, possess low electrical 
resistivity and potential and appear in far right part of the exponent function (Figs. 20 and 22). 
These soils should not show high variations in density of mobile electrical charges and electrical 
parameters along the profiles (Fig 24a). On the contrary, even a slight variability in charge density 
due to eluvial-illuvial process should change the measured electrical parameters in profiles of 
Spodosols and Alfisols (Fig 24b). These soils have an overall low density of mobile electrical 
charges, which corresponds to the left part of the exponential function and represents a high 
change in electrical parameters (Fig. 20).  

Besides the general ideas about the values of electrical charge density in various soils, the 
major soil-forming processes in different soils should be considered. The soil-forming processes 
continuously distribute electrical charges and form various charge densities in different soil 
structures, such as aggregates, horizons, profiles, and soil sequences (Glazovskaya, 1973; 
Targul’yan, 1978; Buol et al., 1989).  Under the processes, various uniform or layered soil 
electrical profiles can be formed. Modern soil science recognizes a number of soil-forming 



 59

processes, incorporated into four basic groups (Buol et al., 1989). The first group of the processes 
includes an addition to a soil body, such as the processes of enrichment, cumulization, 
melanization, and litter accumulation. The second group incorporates a loss from a soil body, such 
as the processes of leaching and surficial erosion. The third group includes processes of material 
translocation within a soil body: eluviation-illuviation, calcification-decalcification, salinization-
desalinization, alkanization-dealkanization, lessivage, pedoturbation, podzolization, desilication, 
and gleization. The processes of fourth group involve those responsible for transformation of soil 
materials in place without translocation. These are the processes of decomposition, synthesis, 
humification, paludization (peat accumulation), ripening, mineralization, and loosening-hardening.   

 

 
Fig. 24. Distributions of the density of mobile electrical charges and electrical parameters in soil profiles belonging to 

(a) the first and third cases and (b) the second case. Solid lines represent the density of electrical charges and 
dashed lines show the electrical parameters distributions. 
 
Different elementary soil-forming processes influence distributions of electrical charges in 

soil profile differently. Processes of the first and fourth groups usually lead to enrichment of soil 
horizons with electrical charges, whereas processes of the second group cause depletion in 
electrical charges. The coupled processes of third group redistribute electrical charges within soils 
forming pronounced layered soil profiles with electrically different horizons. For example, the 
humus accumulation in Mollisols leads to the enrichment of topsoil with mobile electrical charges 
(Fig. 25a). The result of all the processes (hydrolyses of primary and secondary minerals, leaching, 
lessivage) in Spodosols is depletion of albic horizon in mobile electrical charges and their 
translocation into spodic horizon (Fig. 25b). 

 

 
Fig. 25. Distributions of the density of mobile electrical charges and electrical parameters illustrating (a) enrichment 

and (b) depletion of topsoil with electrical charges. Solid lines represent the density of electrical 
charges and dashed lines show the electrical parameters distributions. 
 
Each type of the soil-forming processes or their combinations forms a distinct soil profile. 

The combination of horizons in a soil profile induces the distribution of electrical parameters in the 
profile. In a number of cases when one soil-forming process is primarily responsible for soil 
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formation two horizons with contrast electrical properties are formed: the horizon of accumulation 
of electrical charges and horizon of depletion. The measured electrical parameters should reflect 
such soil profile organization. Electrical potential or resistivity should show low values in 
accumulation horizon and high values in depleted horizon (Fig 25). Such profile structure is 
common for some Spodosols, Mollisols, and saline Aridisols.  

A combination of two elementary soil-forming processes, such as humification and 
leaching, may form a three-layered soil profile (Fig. 24b). The top accumulative horizon (A) has a 
relatively high humus content and cation exchange capacity hence, a high density of mobile 
electrical charges and low resistivity and potential.  The underlying elluvial (albic) horizon (E) 
mostly consists of bleached sand grains. The density of mobile electric charges is much lower in E 
horizon than that in A horizon, therefore, the potential and resistivity of E horizon is higher.  The 
electrical parameters of the illuvial (spodic or argillic) horizon (B) is the lowest in the profile 
attributable to enrichment with the fine clay material and Fe+2/+3, Al+3, Mn+5, and other cations.  

Our investigations show a similar three-layer distribution of electrical parameters within 
eluvial-illuvial soil profiles in a number of soils, such as Spodosols, Alfisols, Ultisols, and Oxisols 
(Pozdnyakov et al., 1996a). The combination of a large number of soil-forming processes can 
complicate profile organization of soils. In many soil profiles the variations of electrical 
parameters in the horizons are attributable to complex influence of three or more soil-forming 
processes, pollution, or differences in parent materials. The information about the soil morphology 
and soil-forming processes can be obtained by study of distributions of electrical parameters in soil 
profiles. The influence of soil-forming factors, such as climate, parent material, vegetation, and 
relief, on soil profiles also can be evaluated with measured electrical parameters. The research 
objective of this chapter was to establish relationships between soil-forming processes/factors and 
the measured electrical parameters. The electrical parameters, mostly electrical resistivity and 
potential, were measured in profiles of basic soil orders, such as Spodosols, Alfisols, Histosols, 
Mollisols, and Aridisols. The measurements were conducted in situ with the electrical geophysical 
methods of four-electrode profiling, vertical electrical sounding, and self-potential (Chapter II).  
 
IV.2. Soil-forming processes and electrical parameters of soils in humid areas  

Soils with eluvial-illuvial differentiation of profile, such as Spodosols and Alfisols are 
dominated in automorphous landscapes of humid areas (Ivanova and Rozov, 1970). The different 
processes are responsible for such differentiation. Soil genesis recognizes the processes of 
lessivage and podzolization, which form eluvial-illuvial soil profile. The lessivage and 
podzolization processes often occur in combinations with the processes of peat formation, 
gleyzation, and humus accumulation, forming a spectrum of soils in cool humid areas.  

 
IV.2.1. Eluvial processes 

Eluvial processes (podzolization and lessivage) redistribute the mobile electrical charges in 
profiles of Spodosols and Alfisols. Podzolization prevails in soils of cool coniferous forests 
(Spodosols) under percolation of acid rainwater (Bridges, 1970). The water dissolves organic 
matter and causes breakdown and leaching of clay minerals from albic (E) horizon. The iron 
oxides, which are mobilized from the surfaces of the mineral soil particles, together with the 
aluminum and organic matter, are moved with the soil solution down through the profile. The 
material is then deposited in illuvial spodic (Bhs) horizon lower in the profile. The deposition of 
material in spodic horizon is explained by wetting-drying cycles, changes in pH, presence of 
flocculation ions, and the breaking down of the iron-humus bonds by aging or by bacterial attack  
(Bridges, 1970).  
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The lessivage process prevails in soils of temperate deciduous and coniferous-deciduous 
forests (Alfisols) with ustic water regime.  The conditions are not so strongly acidic as in 
Spodosols. In most Alfisols a lighter-colored albic (E) horizon can be distinguished below 
accumulative A horizon. Clay is mechanically leached from the E horizon, practically without 
breakdown of alumosilicates (Bridges, 1970). The E horizon of Alfisols is also depleted of Ca, Mg, 
K, and Na. Below the albic horizon clay particles, some iron, and bases accumulate forming the 
distinct argillic (Bt) horizon.  

Thus, the eluvial processes of podzolization and lessivage reduce the amount of dispersed 
minerals with high sorption in eluvial albic horizon and increase the amount of them in illuvial 
(spodic and argillic) horizons. As a result of the eluvial processes the relative amount of primary 
minerals, such as SiO2 and field spars, increases in eluvial horizons. The molecular ratios of 
SiO2/R2O3, SiO2/Fe2O3, and SiO2/Al2O3 increase in albic horizons of Spodosols in comparison 
with accumulative and illuvial horizons. The soils in humid areas are usually leached of soluble 
salts yet have low CEC and density of mobile electrical charges. The eluvial-illuvial variation of 
CEC in soil profiles highly alters the distributions of electrical parameters in the profiles. 
Therefore, the eluvial horizons, depleted of dispersed clay material, have the highest electrical 
resistivity and potential, whereas illuvial horizons have lowest electrical parameters in profile. The 
accumulative (A) horizon, if present, has the intermediate values of electrical potential and 
resistivity. Thus, the profile curves for Spodosol can be two-layered and for Alfisol mostly three-
layered, as the accumulative horizon is usually present in profiles of Alfisols. Such distribution of 
electrical parameters is similar to SiO2 distribution and inverse to clay distribution in Spodosols 
and Alfisols profiles.  

Measurements of electrical potentials were conducted in soil pits at the central part of Klin-
Dmitrov ridge, 107 km northwest from Moscow (Appendix). The ridge was formed by glaciers 
about 15,000 years ago. Parent material is sandy clay-loam under-laid on the depth of 2 m by clay 
loam glacial till. Soils are Alfisols formed under different vegetation types and varied by the 
intensities of eluvial processes. 

The electrical potentials of eluvial horizons are generally on 20-50 mV higher than the 
potentials of illuvial horizons. The more pronounced is the eluvial process the higher the difference 
between electrical potentials of eluvial and illuvial horizons (Fig.26) In Mollic Haplocryalf (Fig. 
26e), for example, the difference is about 50 mV. The electrical potentials of the accumulative 
horizon (А1) have intermediate values between those of eluvial and illuvial horizons. Sharp 
changes of electrical potential are attributed to the border between accumulative and eluvial 
horizons if the border is morphologically distinguishable  (Fig.26b and e). When the soil properties 
are gradually change from accumulative to eluvial horizon, the electrical potential also increases 
gradually (Fig. 26a, c, and d). The electrical potential increases from the border of A1 and A1E to 
the middle of E horizon. The maximum potential is at the center of eluvial horizon, and then the 
potential sharply decreases to the border between E and EВ1. The electrical potential also varies 
within the profiles. Variations of electrical potential in the transitional EB horizons are shown in 
Fig. 26c and d. The separate lines represent the measurements in albic “tongues” appeared in 
illuvial horizons of these Glossocryalfs. Starting from the lower boundary of EB1 horizon and 
further through B1, B2, and C horizons the electrical potential decreases steadily. Usually on the 
depth 100-120 cm the electrical potentials, is stabilized and almost constant to the depth of 300-
320 cm (Fig. 27).  
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Fig. 26. The electrical potential distribution in profiles of (a) and (b) Typic Haplocryalf, (c) Umbric Glossocryalf, (d) 

Mollic Glossocryalf, (e) Mollic Haplocryalf, and (f) typical water content distribution for these Cryalfs.  
 

 
 
Fig. 27. Deep profile of electrical potential in Typic Haplocryalf. 

 
Notably, the three-layered distributions of the electrical potential are opposite to the profile 

distribution of soil water content in Cryalfs (Fig. 26f). As was discussed in Chapter III, the water 
content of soils in humid areas is a relatively stable soil property and depends mostly on soil 
retention ability. Therefore, the horizons of fine texture have higher water content, resulting in a 
higher density of mobile electrical charges and a decrease in electrical potential of these horizons.  

Electrical potentials were studied in a 20-m transect (Fig. 28). The transect was set on 
Typic Ferrudalf in south part of Klin-Dmitrov ridge where clay loam glacial till was closer to the 
surface (0.5-1.0 m).  The electrical potentials of the till were very low and often did not exceed 5 
mV (Fig. 28). The values of electrical potential for different depths are shown in Fig 28 a-e. The 
variations in potential are caused by variations in the depths of the horizons and boundaries 
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between horizons. The separate intrusions of elluvial material in illuvial horizon are also common 
for this soil. Such intrusions and tongues of eluvial horizons had higher electrical potential than 
bearing them illuvial horizon, but lower than those for the eluvial horizon.  

 
Fig. 28. Distributions of electrical potential in a 20-m transect on Typic Ferrudalf under coniferous forest measured at 

depths: (a) 5 cm, (b) 15 cm, (c) 25 cm, (d) 35 cm, (e) 45 cm, and (f) iso-potential in the whole transect.  
 

Thus, the electrical potential distribution in Alfisols is under major influence of lessivage 
and podzolization processes forming the eluvial-illuvial profile of the soils. The variations in 
electric potential are caused by soil morphology. The measurements show that a specific three-
layered distribution of electrical potential in the profiles of Alfisols is relatively stable in space and 
time. 

Electrical resistivity was measured in soil pits with the four-electrode probe (Chapter II) in 
Wenner configuration (a = 5 cm). Electrical profiling was also conducted from the soil surface 
with different electrode arrays to map the electrical resistivity of various soil layers. The profile 
curves were obtained for the soils with vertical electrical sounding from the soil surface. 
Measurements were conducted in the Moscow area on an experimental research station of Moscow 
State University “Chashnikovo” (Appendix). Soils formed on clay loam glacial till and on sandy 
glacial outwash were investigated to compare the influence of soil parent materials on the 
electrical parameters.  

The distributions of electrical resistivity in profiles of Glossudalf reflect the same three-
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layered organization of soil profile as was revealed with electrical potential measurements. The 
electrical resistivity of surface accumulative horizons is always lower than that of eluvial horizons, 
but higher that resistivity of illuvial horizons and underlying parent material.  Starting from the top 
of A horizon, electrical resistivity steadily increases to the middle of eluvial horizon. Then the 
resistivity decreases with the increase in illuvial material in soil profile (Fig. 29). 

Parent materials influence the thickness of soil profiles. In general, if other soil-forming 
factors are similar, deeper soil profiles with thicker horizons are formed from sand parent material 
than clay and clay-loam materials. The soils formed from coarse sand material tend to have higher 
values of electrical resistivity in all horizons than soils of finer texture (Fig. 29). 

The VES measurements show that minimum values of electrical resistivity for Bt horizons 
are 40-50 ohm m and found on AB/2>2.4 m for Haplic Glossudalf, formed on clay-loam parent 
material (glacial till). The electrical resistivity of accumulative (A) horizon (АВ/2=0.15-0.22 m) is 
higher than that of B horizon, but lower than that of E horizon (AB/2=0.6-2.4 m).  The maximum 
electrical resistivity for Haplic Glossudalf formed on clay-loam does not exceed 800 ohm m. 
Figure 30 shows the VES profiles of electrical resistivity measured in the same locations as the 
resistivity profiles measured in the soil pits shown in Fig. 29. 

As supported by the studies of other Alfisols in Moscow and Tver’ areas, soils formed on 
sandy and gravel glacial outwash materials usually have more extended profiles and higher values 
of electrical resistivity for characteristic horizons. Electrical resistivity for B horizon (АВ/2 > 4.8 
м) of sandy Alfisols is about 150-200 ohm m. The maximum values of electrical resistivity of E 
horizon in sandy Alfisols are higher than those of E horizons in Alfisols, formed on clay-loam 
parent material under the same vegetation and relief. The resistivity of sandy layered glacial 
deposits can be as high as 2000 ohm m and is about 900 ohm m in average, yet the electrical 
resistivity in eluvial horizons of Alfisols formed on coarse sandy parent material can reach 3000 
ohm m.  

Thus, the three-layered profiles of electrical resistivity were revealed for all Alfisols 
formed on different parent materials. Parent material always had lower electrical resistivity 
compared with that of soil horizons. The resistivity of clay and clay-loam parent material does not 
exceed 50 ohm m, the resistivity of sandy-loam is about 150 ohm m, and resistivity of sand can be 
1000 ohm m or higher. For Alfisols formed on any parent material accumulative horizons have 
lower resistivity than that of eluvial horizons. The electrical resistivity of illuvial horizons is the 
lowest in soil profiles and close to the resistivity of parent material. Generally, the electrical 
resistivity measured with four-electrode probe in soil pits tends to be higher than resistivity 
measured on the same soils with VES method. The electrical resistivity measured directly in soil 
pits with four-electrode probe can reveal more details in soil profiles than the VES method applied 
from the soil surface. Nevertheless, the VES method outlines the elluvial-illuvial organization of 
Alfisols and allows quick estimation of thickness of soil horizons without any disturbance. By 
observation and interpretation of VES profiles we could obtain exact thicknesses and locations of 
soil horizons in Alfisol profiles. The values of the electrical resistivity in E and B horizons have 
shown to be good indicators of intensity of the elluviation-illuviation processes in soils.  
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Fig. 29. Electrical resistivity distributions in (a) Arenic Glossudalf on sandy loam parent material and (b) Haplic 

Glossudalf on clay loam measured in soil pits with four-electrode probe. The mean values with error bars are 
shown for (a) 23-25 and (b) 28-32 measurements on the particular depths of soils under native coniferous-
deciduous forest in “Chashnikovo”, Moscow area, Russia.  

 

 
Fig. 30. Profile distributions of electrical resistivity in (a) Arenic Glossudalf on sandy loam parent material and 
(b) Haplic Glossudalf on clay-loam measured with VES method. The mean values with error bars are shown for 
(a) 11 and (b) 20 VES profiles measured within 3x15 m area on soils under native coniferous-deciduous forest in 
“Chashnikovo”, Moscow area, Russia.  
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IV.2.2. Gleyzation  
 
Poor drainage induces a widely spread soil-forming process of gleyzation leading to 

formation of gley or hydromorphic soils (Bridges, 1970). Hydromorphic soils can be found in 
association with all zonal soils, where water can gather in sufficient volume and for sufficient time 
to produce the effect of gleyzation. The gley or hydromorphic soils occur in subordinated 
landscapes in arid areas, but most widely spread in humid areas.  

Gleyzation develops when water saturates a soil, filling all the pore spaces and driving out 
the air. Any remaining oxygen is soon used by the microorganisms and anaerobic conditions are 
established. The soil water contains the decomposition products of organic matter. In the reducing 
conditions and in presence of organic matter, iron compounds are chemically reduced from the 
ferric to the ferrous state. In the ferrous form iron is much more soluble and removed from soil 
once the water logging disappears. The season water-logging in cycle with complete soil drainage 
is thought to be one reason of Spodosol formation (Zaidelman, 1991). If the water-logging persists 
for a considerable time, the mobile products of gleyzation can accumulate in soil profile. The Bt 
horizon of Alfisols under certain condition is a barrier of low water permeability and can cause 
gleyzation in E and A horizons of these soils. The enrichment of gley horizons with mobile ferrous 
iron, soluble organic matter, and reduced colloidal material decreases electrical parameters in the 
horizons.  

The gleyzation decreases the electrical potentials in profiles of Haplocryalfs (Fig. 31). 
Without surface gleyzation the potential in the eluvial horizon is as high as 50 mV in Mollic 
Haplocryalf (Fig. 31a). Comparing the gleyed and non-gleyed horizons of similar texture, the 
electrical potentials of gleyed horizons are usually of 15 mV lower than potentials of non-gleyed 
horizons. The difference is most notable for the soils gleyed by the groundwater, when the whole 
soil profile is highly gleyed as shown on Fig. 32b. 

 
Fig. 31. Distributions of electrical potential in (a) Mollic Haplocryalf, (b) Oxyaquic Haplocryalf, and (c) Aquic 

Haplocryalf. Measurements are conducted in Central Forest Reserve of Russia, Tver’ area. 
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Fig. 32. Electrical resistivity distribution measured on soil sequence with (a) VES in 5-m interval. Profiles of electrical 

resistivity measured in (1) Mollic Haplocryalf, (2) Oxyaquic Haplocryalf, and (3) Argic Cryaquoll with (b) 
four-electrode probe in soil pits and (c) VES in Central Forest Reserve of Russia, Tver’ area.  

 
Electrical resistivity of Oxyaquic Haplocryalf is also lower than that of its automorphous 

analogue, Mollic Haplocryalf, as shown in Fig. 32. The electrical resistivity measured with VES is 
lower by 100 ohm m for the eluvial gleyed horizon of Oxyaquic Haplocryalf than for the eluvial 
horizon of Mollic Haplocryalf (Fig. 32c).  An even higher differences were obtained for electrical 
resistivity, measured in soil pits (Fig. 32b). As shown in Figs. 33a and b the electrical resistivity 
distribution changes from eluvial-illuvial three-layered profile for Mollic Haplocryalf and 
Oxyaquic Haplocryalf, to two-layered profile for Argic Cryaquoll. The decrease in electrical 
resistivity is more pronounced in surface alluvial and eluvial horizons than in illuvial horizons (Fig 
32). 

 
IV.2.3. Peat accumulation 

 
Conditions of very poor soil drainage encourage peat accumulation in association with the 

gley soils. Under centuries of water-logging, deep (3-6 m) peat soil profiles can develop, which 
have different physical properties from those of the under-laid parent mineral material and show 
practically no signs of gleyzation. Thus, the peat accumulation becomes a single soil-forming 
process in peat soils (Histosols). Peat accumulation is characterized by the accumulation of weak-
decomposed organic matter and accompanied by changes in many soil properties (Puusijarvi and 
Robertson, 1975; Rahmatullan, et al., 1976). The most important change is increase in sorption 
ability of peat soil. The CEC of peat soils is extremely high (about 170 mg eq/100 g) 
(Fuchsman,1980). The organic compounds of peat, such as humic and fulvic acids and their salts, 
have relatively high dissociation rates and mobilities. These properties increase the density of 
mobile electrical charges in peat soils and horizons. Therefore, peat accumulation increases the 
density of mobile electrical charges in soils.  
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Comparing the accumulative horizons of soils in humid areas, the umbric epipedon of 
Alfisols has much higher electrical resistivity and potential than fibric and hemic epipedons of 
Histosols. Virgin Histic Cryaquolls and Limnic Haplofibrists enriched with iron compounds and 
carbonates have very low electrical parameters, which only slightly vary in the profiles. The 
electrical potentials in these soils are not higher 3-7 mV (Shuch and Wanke, 1969). The electrical 
potentials of other Histosols do not exceed 12 mV, whereas in eluvial horizons of Alfisols the 
potentials can be as high as 40-60 mV.  

The electrical resistivities of Histosols are about 20 ohm m, which is of two orders lower 
than resistivity of eluvial horizons in Alfisols. The profile distributions of electrical resistivity in 
various cultivated  Histosols in Yachroma valley are shown in Fig. 33. The Limnic Haplosaprists 
with carbonate accumulation and Fluvaquentic Haplosaptists with ferrous nodules can be 
distinguished from Typic Luvihemist with VES measurements (Fig. 33a, b, c, and d). The 
electrical resistivity of carbonated Limnic Haplosaprists formed near terrace in Yachroma valley 
does not exceed 15-18 ohm m and usually lower in the whole profile than resistivity of ferric 
Fluvaquentic Haplosaptists formed in central part of the valley. The electrical resistivity of less 
decomposed Typic Luvihemist formed near the Yachroma river reaches 80 ohm m in the topsoil 
(Fig. 33d, 3). Measurements of electrical potential of the top horizons have also shown, that 
Saprists and, especially, those enriched with mobile iron and carbonate have smaller (3-5 mV) 
potentials than Hemists and Fibrists with low decomposition (8-12 mV). 

 
Fig. 33.  Profile distributions of electrical resistivity measured with VES on cultivated Histosols in Yachroma valley: 

(1) Limnic Haplosaprists, (2) Fluvaquentic Haplosaptists, and (3) Typic Luvihemist on [a], [b], [c], and [d]. 
Typic Haplohemist (1) without application of fertilizers and (2) with 3-year application of N90P120K120 each 
year are on [e]. Sapric Haplohemrist (1) cultivated under perennial grasses and (2) drained but uncultivated 
under native deciduous forest are on [f]. 

 
The drainage, cultivation, and intensive agricultural usage with application of high rates of 

fertilizers decrease the electrical parameters of Histosols. The top part of cultivated horizon has the 
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highest electrical resistivity (45-60 ohm m) due to leaching and consumption of nutrients by plants. 
The electrical resistivity decreases with the increase of soil depth. The difference in electrical 
resistivity between fertilized and non-fertilized Typic Haplohemist vanishes on about 0.5 m depth 
(Fig. 33e). Drainage and further usage of Sapric Haplohemrist under perennial grasses decreased 
electrical resistivity of topsoil from 58 to 28 ohm m (Fig. 33f). 

  Thus, the peat accumulation process and further cultivation of peat soils lead to increase 
in density of mobile electrical charges in these soils. The electrical resistivity and potential of peat 
soils are extremely low and not much differentiated in profile. Nevertheless, the analyses of the 
measured electrical parameters allow distinguishing between ferrous and carbonated version of 
Haplosaprists and provide control on fertilizer application on these soils. Agricultural management 
of Histosols and Alfisols based on electrical parameters measured with geophysical methods is 
discussed in Chapter V. 

  
IV.2.4. Soil catena in humid areas 
 

Catena is basically a “chain” of soils formed under variation of one soil-forming factor 
while other factors remain similar (Bushnell, 1942). The first recognized catenas were 
hydrological-topological sequences. Such catenas distinguish freely drained automorphous soils 
formed on the top positions in landscapes and water-logged hydromorphous soil of the low 
positions in landscapes. Catena concept embodies the basic laws of soil geography and 
geochemical relations of soils formed in toposequences (Glazovskaya, 1973).  

The catena relations explain the mechanisms of soil formation and laws of electrical 
parameter distribution in soils. As shown in IV.2.1-IV.2.3, hydromorphic soils, such as gley and 
peat soils, have higher density of mobile electrical charges and lower electrical parameters than 
automorphous soils in humid areas.  These soils are located in subordinated positions of humid 
landscapes and accumulate large amount of the mineral and organic substances leached from the 
automorphous soils of freely drained positions in landscapes. Thus, mobile electrical charges 
concentrate in subordinated soils of landscapes. Soil electrical parameters reflect the transport and 
redistribution of substances in landscapes, geochemical connection and formation of soil 
sequences.  

In humid areas the typical catena consists of various Alfisols and Histosols as shown in 
Fig. 34a. The automorphic Alfisols have rather high values of electrical parameters especially in 
eluvial horizons. The geochemically subordinated Histosols are enriched with the mobile electrical 
charges and have the least values of electrical parameters.  

Soils of eluvial part of catena have the highest electrical resistivity of all the studied catena 
soils, especially in the eluvial horizons (Fig. 34b, 1, 2, and 3). The electrical resistivity decreases in 
middle part of catena on Aquic Ferrudalf (4) and Oxyaquic Hapludalf (5), as these soils receive 
some material from the above soils. Gleyzation also decreases the electrical resistivity of Aquic 
Ferrudalf and Oxyaquic Hapludalf. The electrical resistivity of eluvial horizon of Aquic Ferrudalf 
does not exceed 500 ohm m and for Oxyaquic Hapludalf the electrical resistivity of the whole 
profile is less than 150 ohm m. The organic peat soils are located in the lowest part of catena 
accumulating all the minerals from the above located soils. Moreover, soluble organic material 
produces plenty of mobile electrical charges. These soils (6, 7, and 8) are characterized by high 
CEC and low electrical resistivity (30-50 ohm m).  Electrical resistivity slightly increases in Aeric 
Humaquept formed on the near-river hill and showing some sights of eluviation in profile.  

The profile curves of electrical resistivity also change in soils of the catena. The profile 
curves are presented in Fig. 34c for the different soils of the catena. Some profiles are shown twice 
in different scales for the comparison with adjacent soils. The cultivated Typic Ferrudalf on the top 
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of catena has two-layered distribution of electrical resistivity (Fig. 34c, 1). The soil is heavily 
manured and the A horizon is mixed by plowing with the most of the AE horizon. Slight increase 
of electrical resistivity is noted at AB/2=2 m corresponding to the EB horizon. The non-cultivated 
Typic Ferrudalf has typical three-layered distribution of electrical resistivity with the maximum of 
800 ohm m in the E horizon (Fig. 34c, 2). The increase of electrical resistivity is notable for Typic 
Fraglossudalf on AB/2=2.4 m (Fig. 34c, 3). This increase is corresponded to the placic horizon of 
cemented iron with high resistivity.  The distribution of electrical resistivity is still three-layered 
for Aquic Ferrudalf and Oxyaquic Hapludalf, but with smaller values in all horizons (Fig. 34c, 4, 
5). The electrical resistivity of gleyed eluvial horizons of these soils is about 300-400 ohm m. The 
peat soils at the bottom of catena are formed under the major process of peat accumulation. They 
have the lowest electrical resistivity in the catena, the resistivity varies around 30-50 ohm m (Fig. 
34c, 6, 7, 8). The three-layered resistivity profile is observed for Aeric Humaquept formed on 
mineral layered river deposits (Fig. 34c, 9). The soil is young and the variation of resistivity 
indicates the variability in parent materials rather than the differentiation of soil profile caused by 
soil-forming process.  

  

 
Fig. 34. Distributions of (a) soils and (b and c) electrical resistivity in soil catena across the Klyazma valley, 

“Chashnikovo”, Moscow area, Russia. VES on Typic Ferrudalf formed on layered sandy-loam outwash (1) 
cultivated and (2) under native coniferous forest; (3) Typic Fraglossudalf; (4) Aquic Ferrudalf on clay-loam 
glacial till; (5) Oxyaquic Hapludalf; (6) Limnic Haplosaprists; Sapric Haplohemist (7) non-cultivated and (8) 
cultivated; (9) Aeric Humaquept. 

 
IV.2.5. Climatic soil sequences 
 

The catena example described above shows the change in intensities of different soil-
forming processes with the change of water availability conditions and parent material in the 
typical toposequence of humid landscapes. When water percolation changes to water logging, the 
intensities of podzolization and leaching processes decrease, but gleyzation and peat accumulation 
increases, increasing the density of mobile electrical charges. The same situation appears under the 
change of climatic conditions from north to south of European part of Russia. Soils of this 
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extended area are distributed according to climatic zones and soils of automorphous landscapes 
change in a row of Spodosol-Alfisol-Mollisol-Aridisol from approximately 700 to 400 latitude 
(Appendix) with the increase of annual temperature and decrease of precipitation.   The intensities 
of eluviation processes decrease in the row of Spodosol-Alfisol-Mollisol, whereas the intensity of 
humus accumulation increases. The humus accumulation than decreases from Mollisols to 
Aridosols, but calcification, alkanization, and salinization of soils increase.   

The change in intensities of major soil-forming processes with the climatic conditions leads 
to increase in densities of mobile electrical charges in soil profiles from north to south of Russia.  
The distributions of electrical parameters in soils should change accordingly. The distributions of 
electrical resistivity shown in Fig. 35 were measured in the soil pits in different areas of Russia. 
With the decrease in intensity of the eluviation-illuviation process in a row of Ferrudalf-
Kandiudalf-Hapludalf-Argialboll-Calciudoll, the three-layered differentiation of electrical 
resistivity in the soil profile vanishes (Fig. 35). Soils of hot climate and ustic water regime, such as 
Typic Calciudoll and Xeric Calcigypsid, have much lower electrical resistivities than soils of cool 
humid areas (Typic Ferrudalf and Typic Kandiudalf). 

The soil sequence in Fig. 34 is the classic example of extended soil zonal organization, 
widely reported by Russian soil scientists (Gerasimov, 1968; Kovda et al., 1969; Fridland, 1976).  
However, on other continents, soil distributions usually lack of pronounced zonal organization 
with the change of longitude. Nevertheless, the change in mobile electrical charges should appear 
under the change of water regimes in soils of different climatic zones.  Munn et al. (1978) reported 
that the depth of carbonate layer and thickness of mollic epipedon in Mollisols decrease with the 
average annual precipitation from east to west of the USA indicating decrease in intensity of 
humus accumulation and increase in calcification and salinization of soils in this direction. 
Consequent increase in accumulation of soluble salts in soil profiles of this extended soil sequence 
would decrease the electrical resistivity and potential of the soils. 

 

 
Fig. 35. Distributions of electrical resistivity measured with four-electrode probe along the soil profiles of (a) Typic 

Ferrudalf, Moscow area; (b) Typic Kandiudalf, Tula area; (c) Mollic Hapludalf, Kursk area; (d) Typic 
Argialboll, Kursk area; (e) Typic Calciudoll, Har’kov area; (f) Xeric Calcigypsid, Herson area. 
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IV.3. Soil-forming processes and electrical parameters of soils in semiarid and arid areas  

 
The soils in arid and semiarid areas are formed under less amount of water than soils in 

humid areas. Therefore, the eluvial-illuvial processes practically do not occur in these zones. The 
major soil-forming process in Mollisols under ustic water regime is humus accumulation. In 
Aridisols under xeric and aridic water regimes the processes of calcinization-decalcinization, 
salinization-desalinization, and alkanization-dealkanization take place. 

 
IV.3.1. Humus accumulation and calcification 
 

Humus accumulation is a process of darkening of light colored mineral initial 
unconsolidated materials by admixture of organic and formation of surface mollic and umbric 
horizons. The humus accumulation actually consists of a several processes including littering (the 
accumulation of plant debris on soil surface), humification and mineralization of this debris, and 
melanization (relocation) of organic matter in soil profiles (Buol et al., 1989). During the humus 
accumulation the complex organic compounds break into simpler, more soluble organic and 
mineral compounds. Therefore, the humus accumulation leads to the increase in density of mobile 
electrical charges in surface accumulative horizons. The humus formation in Mollisols create 
abundance of complex humic acids with high amount of aromatic cyclic compounds (Duchaufour, 
1965). Intensive humus accumulation as in profiles of Mollisols usually occurs on calcium 
enriched parent materials. Therefore, the complex organic acids can form insoluble salts with 
calcium, which preserve these organic compounds from leaching.  These organo-mineral calcium 
compounds form the largest part of soil CEC. Therefore, the humus accumulation process in soils 
of semi-arid areas usually occurs together with calcification. 

The process of calcification is characteristic for soils of low-rainfall areas in continental 
interior situations. Although downward movement of materials does take place in these soils 
leaching is slight and soluble salts are not removed completely from the soil profile. These soils 
are usually wetted to a depth of 1-1.5 m when the water begins to move upward due to 
transpiration and evaporation. A calcic horizon of calcium carbonate accumulates where the 
impetus of the downward percolating rainwater (or snow melt) is lost. As these soils are relatively 
unleached, the exchange capacity is dominated with calcium ions, and to a less extent with 
magnesium ions (Bridges, 1970). 

The calcium and magnesium cations of soil CEC influence the density of mobile electrical 
charges in Mollisols and electrical parameters as shown in Chapter III. High CEC of Mollisols 
determines the low electrical resistivity and potential of these soils. Electrical resistivity of an 
accumulative horizon about 15 ohm m, and resistivity of an illuvial horizon about 20-30 ohm m as 
were obtained for Argiudolls of Central Chernozem Reserve of Russia (Chan and Kirichenko, 
1976), Calciaquolls of Tambov area (Chan, 1975), and Haploxerolls of Moldova (Karapet’yan, 
1977). Since the humus accumulation decreases with the soil depth, the two-layer distribution of 
electrical parameters should be characteristic for Mollisols. The electrical resistivity and potential 
are lower in A horizon than in B horizon, due to enrichment of A horizon with organic and mineral 
materials, but the difference between these two horizons is less pronounced than in Alfisols (Fig. 
35). Such distribution reflects the profile organization of Mollisols, which have basically two soil 
horizons: accumulative epipedon (A) and subsoil (B). The two-layer profile of electrical 
parameters in Mollisols is determined by the humus accumulation in A horizon, biological fixation 
of mineral elements in humus compounds, uniform distributions of SiO2 and R2O3 in soil profile, 
illuviation of carbonates in B horizon, and absence of soluble salts (Kononova, 1961; Ivanova and 
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Rozov, 1970). Summarily, profiles of Mollisols are uniform in texture and basic chemical 
properties; A and B horizons differ only by humus content.  

 Mollisols have relatively low electrical resistivity (20-30 ohm m) in accumulative (A) 
horizons, compared with that of Alfisols (200-600 ohm m) (Fig. 36). In carbonated illuvial (B) 
horizons electrical resistivity is slightly higher than in accumulative horizon, but does not exceed 
40-50 ohm m. The VES profile shows a two-layered distribution of electrical resistivity with a 
gradual increase of resistivity in transition zone between A and B horizons. 

 
Fig. 36. Electrical parameters in Mollisols catena: (1) Typic Hapludoll; (12) Cumulic Hapludoll; (18) Aquic Cumulic 

Haploudoll.  Central Chernozem Reserve of Russia, Kursk area. 
 

The electrical resistivity decreases in soils located in subordinated positions of catena on 
Mollisols (Fig. 36). The decrease reflects the relocation of the material from the top soils in catena 
to the bottom soils as described for the landscapes of humid areas. However, the decrease in 
electrical resistivity for the Mollisol catena is less pronounced than that for Alfisol-Histosol catena 
(Figs. 34 and 36). This can be explained by the less developed leaching in soils of the area and the 
conditions of the catena formation. Mollisols on Central European Plain in Russia are formed on 
the uniform loess deposits, which started to deposit after the last glaciation (Valderan) at about 
10,000 years ago. The soils are formed on extensive plain areas. Therefore, the soil catena in the 
area mostly consists of differently eroded Hapludolls (Fig. 36). The catena is located on the slope 
of less than 15 degrees. Nevertheless, the leaching of organic and mineral materials from the top of 
catena and the surficial erosion slightly decreased the electrical resistivity in soils of the bottom 
part of the catena. 

  
IV.3.2. Salinization and alkanization 
 

The intensity of humus accumulation decreases with the decrease of the average annual 
precipitation and increase in average temperature. Thus, Aridisols have less humus content in A 
horizon than typical Mollisols, which should generally increase the electrical potential and 
resistivity in top horizons of Aridisols compared with those of Mollisols.  

As climate became more arid the processes of salinization, alkanization, and dealkanization 
occur more widely in Mollisols and Aridisols overlaying with the humus accumulation and 
calcification processes.  When the water evaporation considerably prevails, the water infiltration in 
case of a high groundwater table, soluble salts tend to accumulate in the top soil horizons. Salts in 
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soil solution are drawn upwards by capillary action and are then deposited as the water is 
evaporated.  Such process is commonly called salinization. It was recognized that if periodically 
larger amount of water is applied to saline soils (Haplosalids), the sodium cations are involved in 
exchange sites of soil clays, replacing the calcium and magnesium ions (Van Beek and Van 
Breemen, 1973). The enrichment of soil CEC with sodium is called alkanization and natric 
horizons of distinct columnar structure are formed in such soils (Natrargids). Dealkanization 
(solodization) may occur on these soils under persistent water logging conditions. The soluble salts 
and exchange cations are hydrated and finally leached from the top soil horizons (Aquic 
Natrargid).  Variations in water regimes can occur in arid areas within the different forms of 
microrelief, forming the high complexity of soil cover in arid areas (Fridland, 1976).  

We investigated the electrical parameters in soils of Haplocalcid-Haplosalid-Natrargid-
Aquic Natrargid complex.   For all the soils, the higher potentials are attributable to eluvial 
horizons and lower to illuvial horizons.  The greatest difference of potentials between these 
horizons is observed for Typic Haplosalid (>40 mV), slightly smaller for a Typic Natrargid (35-40 
mV), and 20-25 mV for Typic Haplocalcid. The gradients of potentials at the transition from A to 
B horizons in Natrargid are about 20 mV/cm and in Haplocalcid is less than 10 mV/cm (Fig. 37a). 
Regardless the difference in electrical potential gradients of Haplocalcid and Natriargid, the water 
content distributions are almost the same for these two soil profiles (Fig. 37b). Therefore, the 
measured differences in electrical potential gradients in these soils are related with some other soil 
properties, such as humus content and CEC. 

 

 
Fig. 37. Distributions of (a) electrical potential and (b) water content in profiles of (1) Typic Haplocalcid and (2) Typic 

Natrargid. 
 

The electrical potential was measured in a 20-m transect with Sodic Haplocalcid and Typic 
Natrargid. Figure 38 shows that the electrical potentials for the upper horizons of Sodic 
Haplocalcid and Typic Natrargid do not differ to the depth of 15 cm. However, the electrical 
potentials of eluvial and illuvial horizons in Natrargid are much lower than the potentials in Sodic 
Haplocalcid (Fig. 38d and e).  The data analysis has shown, that the differences between electrical 
potential of illuvial horizons of Typic Natrargids and Sodic Haplocalcid are statistically authentic. 
Iso-potential areas of < 0 mV outline the illuvial horizon of Typic Natrargid (Fig. 38e). The 
electrical potentials of natric horizons with some soluble salts are less than 5 mV. The electrical 
potential distributions in profiles of Sodic Haplocalcid and Typic Natrargids are stable in time, 
especially for the depths lower than 20 cm. 

Many researchers reported the low electrical resistivity and high conductivity of saline 
Aridisols (Chan and Kirichenko, 1976; Halvorson and Rhoades, 1976; Karapet’yan, 1977; Lesch et 
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al., 1992). Although the surface layers of these soils can be very dry and posses relatively high 
resistivity, the sub-surface diagnostic horizons (Bn) of sodic soils have resistivity about 10 ohm m 
and saline soil layers have resistivity as low as 3 ohm m.  Thus, the saline and sodic soils can be 
easily distinguished from other Aridisols in a soil complex by the low values of electrical 
resistivity. The non-saline Aquic Calciudolls (Tambov area) has the greatest electrical resistivity 
(40-60 ohm m), the resistivity of saline Calciudolls is lower (20-30 ohm m), and the resistivity of 
saline Natrudolls is lowest (5 ohm m) (Chan, 1975). Karapet’yan (1977) reported the similar 
values of electrical resistivity, measured with VES for complexes of saline, sodic, and non-saline 
Mollisols and Aridisols of Moldova. 

Our VES measurements were conducted on Natrargids in Dzanibek Research Center 
(Crimea) and on saline Mollisols in Don valley (Fig. 39). Notably lower electrical resistivity was 
measured in saline soils than in their less saline analogues in both areas. The profiles of electrical 
resistivity suggest two-layered electrical organization of the soil profiles. The upper accumulative-
eluvial layer has lower salt and water content and outlined by higher resistivity. Soluble salts 
and/or exchangeable sodium are accumulated in illuvial horizons having considerably lower 
resistivity. 

 

 
Fig. 38. Distributions of electrical potential in 20-m transect measured with 10 cm interval on complex of Sodic 

Haplocalcid and Typic Natrargid (highlighted on the scale in black). Electrical potentials are measured on (a) 
2 cm, (b) 5 cm, (c) 15 cm, (d) and 25 cm depths. Iso-potential contours are on (e). 



 76

 

 
Fig. 39. Average electrical resistivity distributions measured with VES in (a) Dzanibek Research Center, Crimea in 

profiles of (1) Typic Haplosalid, n=8 and (2) Typic Natrargid, n=12; and in (b) Don valley near Tambov in 
profiles of (1) non-saline Calciudoll, n=8 and (2) saline Calciudolls, n=12. 

 
 
 
 
 
IV.4. Electrical parameters of characteristic soil horizons 

The soil-forming processes alter the distributions of mobile electrical charges in soil 
profiles. Three major soil-forming processes, such as eluviation, gleyzation, and peat 
accumulation, influence the profile distributions of electrical resistivity and potential in soils of 
humid areas. The podzolization process redistributes of mobile electrical charges and forms 
eluvial-illuvial differentiation in profiles of Spodosols and Alfisols. Typically, the electrical 
resistivity and potential are highest in the eluvial horizons, lowest in the illuvial horizons, and 
moderate in alluvial horizons of Alfisols (Table 10), forming typical three-layered electrical profile 
organization. The peat accumulation and gleyzation lead to enrichment of soil horizons or whole 
soil profiles with mobile electrical charges.  

 
Intensive soil cultivation with high impact of tillage and fertilizers also increases the 

densities of mobile electrical charges in topsoil and decreases the electrical parameters. The 
cultivation, humus/peat accumulation, and gleyzation can considerably decrease the differentiation 
in electrical parameters in eluvial-illuvial profiles of soils in humid areas (Table 11). The different 
intensities of the soil-forming processes form various soil profiles and horizons with distinct 
distributions of electrical parameters. The typical values of electrical resistivity and potential for 
the different horizons of soils in humid areas are summarized in Tables 10 and 11. 

The intensities of humus accumulation, calcification, alkanization, and salinization 
processes increase in that order with the aridity of climate. All the processes basically increase the 
density of mobile electrical charges and decrease the electrical parameters. The water regime of 
Mollisols allows leaching of soluble salts and calcium from the topsoil. The soluble salts and 
calcium can accumulate in subsoil, decreasing the electrical parameters. The subsoil of Mollisols 
and, especially, Aridisols are enriched with soluble salts, carbonates, and gypsum. Thus, the two-
layered electrical profiles with electrical resistivity and potential higher in A horizon than in B 
horizon are characteristic for the soils in arid areas (Table 12).  
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Table 10.  Electrical parameters for characteristic horizons of soils in humid areas formed with 
eluviation process. 

Horizon ER, measured with 
VES method  

ER, measured with four-
electrode probe  

ϕ, measured with self-
potential 

   ohm m     ohm m     mV  
A. Clay-loam and clay parent material 
Typic Ferrudalf, low leaching 
A <150 <150 10-15 
AE 150-200 200-300 25-28 
EBt 100-150 100-300 10-20 
BC 30-50 30-50 <10 
Typic Ferrudalf, moderate leaching 
A 400-600 200-400 15-20 
AE 600-800 400-600 30-50 
EBt 400-600 200-300 20-30 
BC 30-60 30-50 <10 
Typic Glossocryalf, high leaching 
A 800-1000 400-600 20-30 
E >1000 >1000 >50 
EB 600-800 200-400 10-20 
Bt 30-50 30-50 <10 
Typic Ferrudalf, low leaching, cultivated 
Ap <50 80-100 10-20 
E 50-80 150-200 20-30 
BC <50 <50 <10 
B. Sandy loam and sand parent material 
Arenic Glossudalf, moderate leaching 
A 800-1500 800-1000  
AE 1000-3000 1500-2000  
EB 400-1500 800-1000  
Bt 200-1000 <400  
Arenic Glossudalf, moderate leaching, cultivated 
Ap 100-200 100-200  
E 400-500 400-600  
Bt 200-400 200-400  
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Table 11.  Electrical parameters for characteristic horizons of soils in humid areas formed with 

eluviation and gleyzation processes. 
Horizon ER, measured with VES 

method 
ER, measured with four-
electrode probe  

ϕ, measured with self-
potential 

   ohm m     ohm m     mV  
Aquic Haplocryalf 
A 200-300 200-300 10-20 
Eg 300-400 200-250 10-20 
EBg 80-150 80-100 <10 
BC 30-50 <50 <10 
Oxyaquic Haplocryalf 
Ag 100-150 100-150 6-10 
AEg 150-200 100-150 10-15 
EBg 50-70 80-100 <10 
BCg 30-50 <50 <10 

 
Table 12.  Electrical parameters for characteristic horizons of soils in arid and semi-arid areas. 
 
Horizon ER, measured with VES 

method 
ER, measured with four-
electrode probe  

ϕ, measured with self-
potential 

   ohm m     ohm m     mV  
Typic Argialboll  
A 15-25 20-30 10-20 
AEB 25-35 30-40  
Bt <20 <20 0-10 
Xeric Calcigypsid 
A 60-80 60-80 40-60 
Byk 10-20 20-40 10-20 
Typic Natriargid 
A 60-80 60-80 40-60 
Bn <10 <10 <10 
Typic Haplosalid 
Az, Bz <10 <10 <10 
A, B 10-20 10-20 10-20 
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CHAPTER V. Usage of electrical geophysical methods in agricultural research 

 
The increase of world population and decrease of the available areas with fertile soils for 

agricultural production require careful soil management in agriculture. Precision agriculture has 
become increasingly popular in application to many crops under different soil and climate 
conditions. One of the most important issues in precision agriculture is to develop site specific 
principles of crop management based on variability of soil, hydrological, and climatic properties. 
Accessing spatial variability of soil properties often require high-density and repetitious sampling, 
which is costly, time-consuming, and labor-intensive. One of the challenges facing the adoption of 
precision agriculture technology is the identification of productivity-related variability of soil 
properties accurately and cost-effectively (Lund et al., 1998).  

The application of electrical geophysical methods makes it possible to define areas of 
electrically contrasting soils, which have distinct properties and, therefore, should be used in 
agriculture in different ways. Chapter V features four applications of the geophysical methods for 
agriculture-related soil mapping and monitoring. Valley agricultural landscapes were mapped with 
non-contact electromagnetic profiling (NEP) and vertical electrical sounding (VES) methods and 
the different agricultural practices were proposed for different soil areas within a single field (V.1). 
Such approach was shown to be more economically and ecologically reasonable for the valley 
soils in humid areas. Methods of VES and four-electrode probe were applied to evaluate stone 
content in soils and proposed the usage of stony soils under orchards based on the evaluation 
(V.4). The VES and NEP methods were used for mapping and monitoring of soil salinity and 
groundwater table during irrigation practices on alluvial soils in delta Volga (V.2). Data of 
electrical conductivity obtained with four-electrode probe were shown to considerably improve the 
estimation of sodium adsorption ratio through the usage of geostatistical methods of kriging and 
cokriging (V.3). 
 
V.1. Study valley agricultural landscapes in humid areas with electrical geophysical methods 
 

The valley landscapes of humid areas are dominated with peat soils of various origins. 
These soils are located in subordinated positions in a landscape and accumulated high amounts of 
organic matter and mineral nutrients. Peat soils become the most productive soils in humid areas 
after the proper drainage and cultivation. The high fertility and proximity to water make peat soils 
the most desirable for vegetable production.  However, these soils are also subject to quick 
degradation during agricultural usage. After drainage, peat soils subside and decomposition of 
organic matter dramatically increases, leading to unproductive loss of organic carbon and nitrogen 
in form of greenhouse gases to the atmosphere. Excess drainage increases the unproductive 
decomposition and mineralization of peat and can cause spontaneous ignition of peat soils, 
whereas little or no drainage can be non-sufficient for normal agricultural practices. Therefore, 
drainage design and the following agriculture practice on peat soils should be based on careful 
studies of the peat soil genesis and hydrology of the areas.   

   The large diversity in peat genesis and hydrology within a river valley is typical for 
glacial valleys of North Hemisphere (Crum, 1988). The peat deposits of a various genesis and 
position in a valley landscape should be differentially used in economical activity. Our studies 
have shown that the grass-woody peat soils at the central part of valley is less vulnerable to 
intensive agricultural practices than sedge-mossy peat soils at the near-terrace depressions 
(Pozdnyakova and Pozdnyakov, 1995; Kovalev et al., 1998). The grass-woody peat soils are 
suitable for vegetable production and can supply plants with the nutrients from freshly 
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decomposed organic matter for a long time. The areas with sedge-mossy peat near terrace can be 
ether used for grazing or mined for fuel and horticulture. The depressions left after mining can be 
filled by water and used as fishing and recreation reserves or wetland restoration. However, this 
system of agricultural management has never been used in Russia before because of an absence of 
suitable methods for convenient mapping and investigation of peat soils. Therefore, we tested the 
electrical geophysical methods of VES, NEP, and EP for mapping and monitoring peat and 
mineral alluvial soils formed in the glacial valley (Pozdnyakov et al., 1996b).  

Materials and methods. The research was conducted in Yachroma valley of the Moscow 
area, Russia. Thick peat deposits (1-8 m) were accumulated in the valley due to poor drainage 
associated with glacial topography. There are swamps and rich fens in the middle of the valley as 
well as poor fens and even bogs near the terrace (Fig. 40). The river meandered along the valley 
during peat formation and peat was often mixed with mineral alluvium. The peat deposits strongly 
varied in botanical content, genesis, ash content, and decomposition. The valley was drained with 
open ditches starting from the beginning of the century. The complex of open ditches and 
underground porcelain and plastic drains was set from 1930 to 1965 and is maintained nowadays. 
The valley soils are used in intensive vegetable production. Major crops are potatoes, carrots, 
beets, and cabbage. Alternative crops are corn, sunflower, and forage grasses (data of Central Peat 
Bog Research Station (CPBRS)).  

 
Fig. 40. The geomorphology profile across the Yachroma valley, CPBRS Field 8. Profiles of electrical resistivity are 

measured with four-electrode probe in soil pits. 
 
The long-term agriculture practice produced a typical profile of cultivated peat soils, 

divided as sapric well-decomposed peat with the highest ash content and bulk density near the 
surface, hemic partly decomposed peat at the 40-60 cm depth, and the fibric peat at the 100-cm 
depth of the profile. The characteristic properties of grass-woody and peat-mossy peats as well as 
mineral alluvial soil are presented in Chapter III.4 (Table 5).  

The complexity of soil cover within the Yachroma valley was investigated with NEP, EP, 
and VES methods. The NEP was used for express large-scale soil mapping. Methods of four-
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electrode probe and VES helped to study the profile organization of peat soils and to detect the 
depths of peat deposits, dried layers, and cultivated horizons. 

Results and discussion. The geomorphology of Yachroma valley is shown on Fig. 40. The 
distinction in botanical structure of peat and hydrology conditions at the different zones of the 
valley causes distinction in physical and chemical properties of sedge-mossy, grass-woody, and 
mineral-peat layered soils (Fig. 41).  The sedge-mossy peat typically has lower ash content and 
bulk density, and higher water content, than the grass-woody peat. Electrical resistivity of sedge-
mossy peat soil is minimal (<20 ohm m) in comparison with resistivity of grass-woody and 
mineral-peat layered soils (Fig. 41). The non-contact electrical profiling method can be used for 
quick mapping of these soils (Fig. 41). The area with mineral-peat layered soils is outlined by the 
highest resistivity (up to 300  ohm m). Resistivity is sharply reduced on peat soils (3 ohm m).  

 
Fig. 41. Distributions of soil properties (water content, ash content, bulk density, and electrical resistivity) measured in 

soil pits along the transect in Field 8, CPBRS. Line markers with numbers indicate locations of soil pits. 
  
Method of NEP provided similar results for the other fields of CPBRS (Fig. 42). 

Experimental fields 1,3, and 4 of the CPBRS had the different areas of mineral-peat layered and 
grass-woody peat soil. From fields 1 to 5 the area of mineral-peat layered and grass-woody soil 
gradually decreased, whereas the area of sedge-mossy peat soil increased. On the NEP profiles the 
areas with different genetic types of deposits were characterized by different resistivities. The 
areas with the resistivity about 3 ohm m characterized presence of sedge-mossy peat in the 
deposits (Fig. 42). At the transition from mineral-peat layered soils through grass-woody to sedge-
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mossy peat, the resistivity reduced from 300 to 3 ohm m. The lowest resistivity in the profile was 
attributable to sedge-mossy peats. They were usually located in the near terrace part of the valley, 
within a zone of springs and secondary bog formation. The areas with seeping water were possible 
to detect on NEP profiles as places with the minimum resistivity (Fig. 42). Such extremely low 
resistivity in spring areass was, probably, because of enrichment of these places with mineral 
substances (iron and calcium) brought by groundwater.  

The variations in electrical resistivity for different peat deposits were more pronounced on 
the NEP profiles measured with 9-m distance between antennas (Fig. 42 A) than on profiles 
measured with 16-m distance between the antennas (Fig. 42 B). With a large distance the method 
measured a thicker soil layer combined with peat soil and Quaternary sand deposited below peat 
on all the area. The electrical resistivity was averaged from the thicker layer and the differences in 
electrical resistivities due to different genesis of surface peat layers vanish.  Therefore, 9-m 
distance between antennas is recommended if NEP method is applied for mapping of alluvial soils 
and deposits. 

By results of NEP survey we constructed plan of the CPBRS experimental fields (Fig. 43), 
which reflected the basic areas with different peat deposits. The plan agreed with the previous 
maps of the area developed with conventional geological survey.  Based on the distribution of 
different peat and mineral deposits, an optimal plan of agricultural usage was proposed. Mineral-
peat layered soils were recommended to use under intense vegetable production. The rest of the 
area in fields 1, 2, and 3, especially where seeping groundwater is close to the soil surface, could 
be used for grass pasture. The whole territory of field 4 and 5 could be used either for pasture or 
crop rotations of vegetables and grasses. Although such management scheme would reduce usage 
of soils for high cost vegetable crop, it decreased the cost required for reclamation of these soils 
and service of drainage systems. The reclamation projects on the areas with dominance of sedge-
mossy peat and pressure water outbreaks require the large investment and do not always worth it. 
Nevertheless, the reclamation of these areas was conducted without account for hydrological 
properties of the areas. Therefore, the drainage systems on many such sites failed and required 
overhaul.  Complete drainage of all the territory of the valley and its uniform usage for vegetable 
production seems unacceptable because of both economical and ecological reasons. Returning 
some areas of sedge-mossy peat to natural wetland could help preserve the unique flora and fauna 
of swamp ecosystems. 

Method VES is suitable for detection the resistivity in different soil and geological strata. 
Usually, peat shows not much difference in electrical properties along the profile (Chapter IV). 
Water content of cultivated peat soils is close to the field capacity during the whole growing 
season. Other soil properties, such as bulk density, texture, and ash content, that might influence 
electrical resistivity, are also practically uniform in the soil profile.  Therefore, a typical electrical 
resistivity distribution in the profile of cultivated peat soil (Hemic Haplosaprist) is uniform and 
about 40 ohm m at the soil surface during the years with average precipitation (Fig. 44, VES for 4 
July, 1994).  In extremely dry years as in the summer of 1995 in Moscow area, Russia, the upper 
50-cm layer of peat soil dried almost to the wilting point, causing an increase of electrical 
resistivity up to 1,500 ohm m (Fig. 44).  The drying depth was precisely determined with the VES 
interpretation. The interpretation was based on a representation of VES profile as a numeric 
function.  The function was analyzed to find the extremes and determine the layers with different 
resistivities using special procedures applied in geophysics (Vanjan and  Morozova, 1962; 
Matveev, 1974; Pozdnyakov et al., 1996a). The estimation of drying depth with computer 
interpretation of VES was verified with direct water content measurements in soil samples 
collected from the different soil layers. 
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Fig. 42. NEP profiles of experimental fields 1, 3, and 4, CPBRS. (A) distance between antennas 9 m (profiling depth 

about 1.2 m) and (B) distance between antennas 16 m (profiling depth about 2.2 m). 
 
However, the resistivities of a peat soil and an under-laid mineral deposit are shown to be 

different regardless of the water content conditions of the soil (Neupert, 1987; Pozdnyakov et al., 
1996a, b). VES curves of cultivated peat soil on field 8 of CPBRS indicate some decrease of 
resistivity at AB/2 greater than 1000 m (Fig. 45). This particular area of peat soils is underlined by 
clay glacial till and lake sediments, which are enriched with colloids and have small electrical 
resistivity. If peat soils are underlined by a coarse sand material, the difference in electrical 
resistivity between peat soil and sand deposit is less pronounced. The interpretation of VES 
measurements at the fields 1, 3, 4, 5, and 8, shows, that the depth of peat can be estimated with 
accuracy about 8.6% if peat is underlined by clay, loam or stony mineral layers (Table 13). 
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Fig. 43. Scheme map of experimental fields 1, 2, 3, 4, and 5, CPBRS developed with NEP method and recommended 

agricultural usage. 
 
 

 
 

Fig. 44.  Determination of drying depth on the cultivated Hemic Haplosaprist with VES method.   
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Fig. 45.  An example of estimating peat soil depth with VES method.   

 
 

Table 13. Estimation of peat soil depth with VES method. (Field 8, CPBRS). 
Location Depth of peat  Relative estimation error 
 Real (Bore-hole)  Estimated (VES)  
  cm   %  

11 488 432 11.5 
7 333 300 9.9 
6 173 163 5.8 
5 113 102 9.7 
4 290 272 6.2 

Mean   8.6 
 

Thus, the most important features of peat deposits, i.e. the depths and botanical content, 
which influence their physical and chemical properties, can be mapped with electrical geophysical 
methods of VES and NEP. The thickness of the peat and the drying depth of peat soil were 
measured with VES method and mapping of Yachroma valley peat deposits was successfully 
conducted with NEP. The estimated soil properties are essential for the sustainable management of 
peat valley soils in intense vegetable production. 
 
V.2. Detection of the groundwater table and subsurface salinity during irrigation agriculture 
in arid areas using electrical geophysical methods 
 

Precision agriculture practices in arid and semi-arid areas require periodic information on soil 
salinity.  Excessive soil salinity may cause crop loss and, eventually, land degradation (Lesch et al., 
1992). In most cases the stable agriculture is restricted or even impossible in arid and semi-arid 
area without irrigation. However, irrigation of soils in arid areas often causes rising of groundwater 
level and increase in secondary salinity on the irrigated fields and surrounding territories. 
Therefore, the timely control on soil salinity and groundwater table is mandatory for irrigation 
agriculture in zones with low precipitation.  
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One of the applications of the electrical resistivity or conductivity methods is to map and 
evaluate soil salinity. Four-electrode probe is successfully used to map saline seeps on soils 
(Rhoades and Ingvalson, 1971; Nadler, 1981; Mankin et al., 1997). Other electrical geophysical 
methods are less popular for investigation of soil salinity. The VES method can evaluate the 
electrical resistivity of not only the soil surface, but also deep soil horizons. The NEP method 
measures larger soil volumes than those measured by four-electrode probe. Moreover, NEP 
provides continuous measurements of electrical resistivity across an area. The method is much 
faster then the widely used four-electrode probe. Thus, the objective of the study was to test the 
methods of VES and NEP for evaluation and mapping of soil salinity and groundwater tables in 
deep soil subsurface (0.5-5 m).  

Materials and methods. The study was conducted in Volga’s delta during the summer of 
1994. Volga is the longest river of the Europe and has an annual discharge to Caspian Sea of about 
250 km3. Volga’s delta spreads to about 7,330 sq miles on the north part of Caspian Sea. The 
Volga’s bed, tributaries, and lakes cover about 9.5% of delta’s territory.  Annual overflows of 
Volga deposit about 1.5 mm of silt on the soil surface every year.  Groundwater level is overall 
high varying from 2 to 4 m in central bottomland at the north part of delta and from 1 to 2 m at the 
south part of the delta. Low annual precipitation (170 mm) and high groundwater levels create a 
steady upward water movement in delta’s soils. Evapotranspiration is about five times higher than 
precipitation for the delta areas. The reclamation and irrigation practices changed the natural 
conditions of delta. The hydro-technical constructions regulated annual overflows of Volga and 
decreased silt deposits to the most of agricultural fields. Because of irrigation and rising of the 
Caspian Sea level the groundwater table rises steadily in the delta now, in some places at rate of 
0.5 m/year.  The highly saline groundwater enhances secondary salinity in the area.  More than 
108,000 hectares of arable lands were abandoned in 1991 attributable to the high groundwater 
level or salinity and the abandoned territory has been increasing by 3000 hectares each year (data 
from Russian Institute of Irrigated Vegetable Production (RIIVP)).  

Two areas of RIIVP, Tabola and Gandurino, were investigated in this study (Figs. 46 and 
47). Soils in the experimental fields are Inseptisols of different salinity. Soils of Tabola fields are 
clay-loam Inseptisols. Tabola area has 40.7% of non-saline soils (total salinity <0.3%), 50.5% of 
soils with salinity 0.3-0.5%, and 6.1% of soils with salinity >1%. Tabola fields are used mostly in 
intensive vegetable production, such as tomatoes, eggplants, cucumbers, onions, squash, 
watermelons, cantaloupes, corns, and sunflowers. Fields are intensively irrigated with sprinkler 
and pond irrigation. Groundwater table in the area varies from 0.5 to 3.5 m and subject to quick 
change with irrigation applied.  
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Fig. 46. Tabola experimental fields of RIIVP: (light blue) medium-saline Vertic Humaquept, (blue) low-saline Vertic 
Humaquept, (red) non-saline Cumulic Humaquept, (green) non-saline Typic Humaquept, (yellow) low-saline 
Cumulic Humaquept, (navy) open water. Numbers indicate the locations of VES and soil sampling. Arrows 
show the directions of NEP. 
 
Gandurino fields are located 60 km toward south from Tabola fields in near-sea part of the 

delta. Gandurino fields are generally more saline than Tabola fields. The area has 0% of non-saline 
soils, 43.2% of soils with salinity 0.3-0.5%, 11.7% of soils with salinity 0.5-1.5%, 45.1% of soils 
with salinity >2%. Gandurino fields are used for pastures and hay production in non-irrigated 
agriculture. Groundwater is close to the surface and varies from 0.1 to 1 m in the area.  

Method NEP was used to outline the areas with the hazardous rising of saline groundwater 
during irrigation practices. The VES was applied to outline the layers with different salinity in 
alluvial soil profiles at delta Volga (Halaquaepts).  The data of geophysical methods were 
compared with those from conventional analyses of soil samples. Samples were collected with an 
auger from different soil depths and analyzed in laboratory for total soil salinity, pH, and 
compositions of CO2

-2, SO4
-2, NO3

-, Ca+2, Mg+2, Na+, and K+ ions. The groundwater level was 
recorded from the stationary piezometers installed prior to geophysical survey. 
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Fig. 47. Gandurino experimental fields of RIIVP: (orange) Vertic Halaquept, (brown) Typic Halaquept, (light blue) 

medium-saline Vertic Humaquept, (blue) medium-saline Typic Humaquept, (green) Salidic Sulfaquept, and 
(navy) open water. Numbers indicate the locations of VES and soil sampling. Arrow shows the direction of 
NEP. 
 

Results and discussion. The specific profile organization of alluvial soils and climatic 
conditions in the delta allow using geophysical methods to investigate salt and water distributions 
in these soils rather than genetic horizons. A typical profile of the Aquaepts formed on alluvial 
deposits consists of thin layers of silt, clay, and sand. Soil forming processes did not develop 
highly pronounced horizons in these soils as compared with Spodosols, Alfisols, and Ultisols 
(Chapter IV). Water and salt content distributions within the soil profile are the main properties 
causing considerable variations in electrical resistivity.  Since the evaporation in the area is about 
five times higher than the precipitation, the water content and salt distributions are determined 
mainly by the saline groundwater.   

The soil profile was divided into a top unsaturated layer with high resistivity and a bottom 
layer saturated by saline groundwater with low resistivity. Considering large differences in 
electrical resistivity between the unsaturated and saturated zones, the VES method was applied to 
detect the saline groundwater level.  The approximate location of the groundwater table was 
estimated by a visual inspection of the VES curve. The AB/2 value with the sharp change to the 
low resistivity (3-20 ohm m) was selected from each VES profile and multiplied by an empirical 
coefficient (Fig. 48).  This coefficient was estimated as 0.32 for the investigated soils and varied 
from 0.28 to 0.34 for other soil types (Barker, 1989).  For example, for VES 6 the AB/2 with such 
sharp change is 7.2 m and the groundwater table is estimated as 7.2x0.32=2.3 m (Fig. 48). In some 
cases (Fig. 48, VES 3) it was difficult to visually determinate where the VES curve has a sharp 
change in electrical resistivity. Nevertheless, with the computer interpretation of the VES data we 
could determine the changes more accurately. The results of the computer interpretation of the 
VES data were compared with the real groundwater tables measured in bore-holes and the relative 
errors of the VES estimation varied from 3 to 11% as shown in Table 14.  
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The differentiation of salinity in the unsaturated zone of the soil profiles was revealed by 
small fluctuations of electrical resistivity in upper part of the VES profiles (Fig. 48). We 
thoroughly interpreted the VES results to estimate the layers with different resistivities for 12 soil 
profiles. The total salt content was measured in soil samples collected from the layers of soil 
profiles as shown in Table 15 (columns 1 and 2) for one example profile.  The VES method 
outlined three layers with different resistivities for the same soil profile (Table 15, columns 3 and 
4). In the column 5 a weighted averages for the outlined soil layers were recalculated from the total 
salt contents in column 2 (Table 15). Data of recalculated total soil salinity and VES electrical 
resistivity were combined from the layers of all 12 soil profiles to obtain a relationship between 
electrical resistivity and total salt content (Fig. 49). The correlation coefficient (r) was calculated 
for the linearized power relationship as 0.915. Data for the soil layers with resistivity higher than 
20 ohm m were excluded from the correlation analyses because they were mainly corresponded to 
non-saline and very low saline soils with the total salt content less than 0.3%. For quick 
delineation and estimation of salinity in a soil profile we can consider that a resistivity of 10-20 
ohm m corresponds to a total salt content between 0.3 and 0.5% and a resistivity less than 3 ohm m 
indicate that the total salt content in soil is >1%.  

 
Table 14.  Estimation of groundwater table with the vertical electrical sounding. 
 

Case 
number 

Groundwater table Relative estimation error  

 Real (bore hole)  Estimated (VES)   
 ———————— m ——————— ————— % ———— 

1 2.19 2.37 7 
2 1.15 1.29 11 
3 2.47 2.55 3 
4 2.38 2.25 5 
5 1.60 1.53 5 
6 1.17 1.34 8 
7 1.32 1.22 8 
8 1.38 1.24 10 

Mean   8 
The results of NEP measurements provide quick estimation of approximate salinity and its 

variability within a field. Non-saline, non-irrigated soils have electrical resistivity slightly more 
than 30 ohm m (Fig. 50, A) as measured by NEP with 5-m distance between antennas. Repeated 
measurement of the same profile with 16-m distance between antennas reveals the decrease in 
resistivity in one area of the field to less than 30 ohm m (Fig. 50, B). The increased distance 
between antennas allows measurement of electrical resistivity in thicker soil layer (2.2 m). The 
repeated profiling provides more information about distribution of salinity and water content 
conditions within the field. Thus, the whole field is non-saline and relatively dry down to 1.2 m, as 
indicated by profiling shown in Fig. 50, A.  Part 1 of the field, probably, has more salts within the 
1.2-2.2 m layer or groundwater at the depth less than 2 m, which cause the decrease in resistivity 
on profile B compared with the same area on the profile A (Fig. 50, A and B). Part 2 of the field 
shows no changes in resistivity between A and B profiles, which indicates that part 2 of the field is 
non-saline down to 2.2 cm depth and the groundwater table is lower than 2 m.  
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Fig. 48. Electrical resistivity distributions in Halaquaept profiles indicating the groundwater depths. 
 
 
 Table 15.  Example of evaluating salinity in soil layers with the vertical electrical sounding 
 

Depth Total salinity Results of interpretation Recalculated salinity 
  Layer depth ER for interpretation layers 

— m — —— % —— — m — — ohm m — ———— % ———— 
0-0.02 0.092 0-0.17 98 0.074 
0.02-0.05 0.087    
0.05-0.20 0.068 0.17-0.74 15 0.095 
0.20-0.40 0.07    
0.40-0.70 0.112    
0.70-1 0.117 0.74-2.55 12 0.117 

y = 4.2462x-1.2709

r = 0.915
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Fig. 49.  The relationship between the electrical resistivity measured in situ by VES method and the total salt content 

in soils of delta Volga, Russia. 
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Fig. 50. NEP of non-saline Typic Humaquept on the field with VES 5, Tabola area. (A) distance between antennas 9 m 

(profiling depth about 1.2 m) and (B) distance between antennas 16 m (profiling depth about 2.2 m). 
 
Non-contact electromagnetic profiling can capture mobile changes in soil electrical 

resistivity caused by irrigation. Sprinkler irrigation with small amounts of water (about 0.1 cm/min 
during 1 hour) decreased the electrical resistivity of the soil to less than 30 ohm m. The end of the 
irrigation was clearly noticed on the NEP profile (Fig. 51). NEP also helped to outline the areas 
with different groundwater tables created within one field due to rising of water level in the 
surrounding ditches. Figure 52 A shows the area of salty groundwater rising. The groundwater is 
higher than 1.2 m on the part 1 of the field and higher than 2.2 m overall the field as confirmed by 
NEP on Fig. 52 B.  The groundwater was at 0.58 m in the part 1 of the field as measured with VES 
and in bore-hole at 10 locations (Fig. 52). The rough profile on the Fig. 52 in contrast with that on 
Fig. 51 is because of non-uniform water content conditions on soil surface compared with those on 
the field with sprinkler irrigation.   
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Fig. 51. NEP of non-saline Typic Humaquept on the field with VES 9, Tabola area, indicating the change in electrical 

resistivity due to sprinkler irrigation. Distance between antennas 9 m (profiling depth about 1.2 m). 
 
The overall salinity of the soil within the field can be characterized by the NEP profiles. 

The electrical resistivity of highly saline soils of Gandurino area measured with NEP is about 1 
ohm m (Fig. 53). The electrical resistivity of low-saline soils is about 3 ohm m in wet conditions 
and almost 30 ohm m in dry conditions. Non-saline soils have electrical resistivity measured with 
NEP of about 30 ohm m regardless of water content. 
 

 
Fig. 52. NEP of low-saline Cumulic Humaquept on the field with VES 10, Tabola area, indicating the change in 

electrical resistivity with rising groundwater. (A) distance between antennas 9 m (profiling depth about 1.2 
m) and (B) distance between antennas 16 m (profiling depth about 2.2 m). 
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Thus, total soil salinity and groundwater table can be successfully estimated with electrical 
geophysical methods of VES and NEP. The groundwater table is determined by VES method with 
accuracy from 3 to 11%. The total salinity can be estimated from NEP or VES profiles with 
accuracy sufficient for agricultural applications. VES profiles provide an information about salt 
distributions in soil horizons. The methods are express and the survey can be conducted as dense 
and often as desired, providing up to date information about salt and water distribution in soil 
profiles and within irrigated fields.  

 
 
 

 
Fig. 53. NEP of Vertic Halaquept on the field of Gandurino. (A) distance between antennas 9 m (profiling depth about 

1.2 m) and (B) distance between antennas 16 m (profiling depth about 2.2 m). 
 
V.3. Estimating spatial variability of soil salinity using electrical conductivity measurements 
and geostatistical methods 
 

Soil salinity problems appear worldwide during irrigation practices (Ballantyne, 1963; 
Bettenay et al., 1964; Greenlee et al., 1968; Halvorson and Rhoades, 1976).   High saline areas often 
distribute randomly within non-saline and low saline irrigation fields, therefore, receive the same 
inputs of tillage, water, fertilizer, and seed as non-saline soils, even though no crop is produced. 
Soluble salts affect the productivity of soils in two principal ways: changing the osmotic potential of 
soil solution and increasing the content of exchangeable sodium, which produces unfavorable 
physical conditions in most soils (Richards et al., 1956).  The attempts are made to remediate high 
saline areas by biological methods and by site-specific irrigation (Szabolcs, 1989; Ismail et al., 1991; 
Malcolm, 1991; Mankin et al., 1997).  Excess salinity of soil solution can be corrected by leaching 
with water of good quality.  The removal of excess exchangeable sodium requires an application of 
gypsum amendment.  Therefore, development and maintenance of reclamation and irrigation projects 
on saline soils require accurate and updated information about spatial distributions of soil soluble 
salts, especially the exchangeable sodium. 

Assessing soil salinity is complicated by the nature of its spatial and temporal variability 
(Rhoades and Ingvalson, 1971).  Conducting soil salinity measurements at high sampling density is 
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costly and time-consuming.  Fortunately, it is possible to use quick in-situ methods of electrical 
conductivity (EC), which is related to soil salinity, to evaluate salinity.  The relationship between EC 
and soil salinity is complicated by other factors influencing measured conductivity in the field, such as 
soil texture, water content, and bulk density (Rhoades et al., 1976a; Pozdnyakov et al., 1996a; Banton 
et al., 1997).  Thus, in situ measurements of electrical conductivity require calibration for a certain 
field (case) to be suitable to monitor and map soil salinity.  Such calibration usually is conducted 
using common statistical methods of correlation and regression (Halvorson and Rhoades, 1976; 
Chang et al., 1983; Rhoades et al., 1989b). Although relatively strong correlations were found 
between electrical resistivity and soil salinity (III.5. and IV.3.) in some Aridisols, the relationships are 
not strong enough to recommend electrical geophysical methods for direct in-situ measurements of 
total soil salinity. Presumably, the estimation of soil salinity can be improved with the electrical 
conductivity measurements, which provide excess data, and usage of geostatistical methods, which 
help to incorporate these data with soil salinity measurements. 

Geostatistical methods, kriging and cokriging, are becoming commonly used estimation 
techniques to generate soil maps.  Kriging has been applied to quantify distributions of spatial 
variables in soil science.  For example, Tabor et al. (1984, 1985) used variograms and kriging to 
determine the spatial variability of nitrates in cotton petioles and analyzed spatial variability of soil 
nitrate and correlated variables.  Istok and Cooper (1988), Cooper and Istok (1988 a, b) applied 
kriging to study groundwater contamination.  Yates et al. (1993) used geostatistics in the description 
of salt-affected soils.  Samra and Gill (1993) used kriged results to assess variations of pH and sodium 
adsorption ratio associated with tree growth on a sodium-contaminated soil.  Using disjunctive 
kriging, Yates et al. (1986 a, b) presented spatial distributions and corresponding conditional 
probability maps of soil electrical conductivity.  

Whereas kriging is used to evaluate the spatial distribution of a variable based on sampled 
data of the variable itself, cokriging is applied to improve estimation of undersampled variables using 
abundant data of other variables.  Yates and Warrick (1987) applied cokriging to estimate soil water 
content with the auxiliary data of bare soil surface temperature and sand content.  Using kriging and 
cokriging, Zhang et al. (1995) estimated trace elements in soils and plants.  Zhang et al. (1992a, 1997) 
used cokriging with pseudo-cross-variograms to estimate spatial distributions of soil chemicals.  

The objective of this study was to estimate how the soil electrical parameters in combination 
with geostatistical methods can enhance the accuracy of soil salinity and exchangeable sodium 
estimations and reduce the sampling cost. Geostatistical methods of kriging and cokriging were 
utilized to estimate spatial distributions of soil salinity and sampling strategies.  We used cokriging 
and electrical conductivity data measured in-situ with four-electrode probe to improve the estimation 
of sodium adsorption ratio (SAR).  The estimated results were compared with extend salinity 
measurements in a large agricultural landscape.  

Materials and methods. To determine the spatial distribution of salinity, a 3375 ha area of 
irrigated farmland within South-Fork Kings River Watershed in central California was investigated 
in summer of 1987 (Rhoades et al., 1988).  The study area is located in northern Kings County, 
east of the Kings River, and in the LeMoore, Hanford, Guernsey, and Stratford quadrangles.  The 
site was selected because irrigated agriculture predominates and a cross-section of agricultural 
crops and management practices is well represented within the area.  Well-managed large 
corporate farming units, small family farms, and abandoned parcels of land occur randomly within 
the area.  The area also contained a wide distribution of soil types with texture ranging from loam 
sand to clay (Rhoades et al., 1989a).  The water table in the area was located at a depth ranging 
from less than one to greater than three meters below the soil surface.  The whole area was divided 
with a 200 x 200 m grid.  Within each grid one soil sample was taken at random resulting in total 
898 soil samples.  To evaluate salinity, sodium adsorption ratio (SAR) was measured in samples 
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following conventional methods (U.S. Salinity Laboratory Staff, 1954; Munk, 1992).  In-situ 
electrical conductivity (EC) data were collected at the same locations using the four-electrode 
technique (Rhoades et al., 1990).  Statistical and geostatistical analyses of soil salinity were 
conducted using all 898 data points of EC and various reduced data sets randomly selected from 
the total 898 points of SAR.  The data were analyzed using descriptive statistics (StatSoft Inc., 
1993) and geostatistical methods of kriging and cokriging (Deutsch and Journel, 1992). 

The ordinary kriging estimator, Z*(x0), of an non-sampled site is a linear sum of weighted 
observations within a neighborhood: 

where Z*(x0) is the estimate of Z at x0, λi is the weight assigned to the ith observation, and n is the 
number of observations within the neighborhood.  The weighing factors of λi's are determined based 
on a variogram of Z.  Cokriging is a method for estimating one or more variables of interest using data 
from several variables by incorporating not only their spatial distribution, but also inter-variable 
correlation.  A cokriging estimate is a weighted average of available data with weights chosen so that 
the estimate is unbiased and has minimum variance, analogous to ordinary kriging (Myers, 1982, 
1984). 

Cross-validation is used to evaluate the accuracy of the variogram and cross-variogram 
models for kriging and cokriging.  In this procedure, every known point is estimated using the values 
at the neighborhood around it, but not itself.  The summary statistics from the cross-validation 
includes mean error, mean squared error, mean kriging variance, reduced kriging variance, 
correlation between estimates and error, and correlation between estimated and actual values 
(Isaaks and Srivastava, 1989).  Mean error, mean squared error, correlation between estimates and 
error, and mean kriging variance should be as small as possible.  Reduced kriging variance and 
correlation between estimated and actual values should be as close to unit as possible.  After trial 
and error process of the cross-validation a variogram (cross-variogram) model with the best 
summary statistics is chosen. 

The following methods are used to compare results estimated with kriging and cokriging.  
Relative improvement, or relative reduction of estimation accuracy, is defined by 

( ) RERE MSEMSEMSER −= %100                                          [52] 
where MSEE and MSER are the mean squared errors for evaluated and reference methods, respectively.  
For example, comparison between the estimation accuracy of cokriging using a reduced data set of 
SAR and the EC data versus the accuracy of kriging using the total SAR data is obtained using the 
mean squared error of cokriging (MSEE) and the mean squared error of kriging (MSER).  If RE is 
positive, estimation accuracy for the evaluated method is better than that for the reference method.  If 
RE is negative, the evaluated method is worse than the reference method.  The relative improvement 
or reduction of accuracy based on the mean kriging variance is defined in the same way by replacing 
MSEE and MSER in Eq. [52] with respective values of the mean kriging variance.  The relative 
improvement or reduction of correlation between estimated and actual values is defined by 

( ) RERr rrrR −−−−= 111%100                                              [53] 
where rE and rR  are the correlation coefficients between estimated and actual values for evaluated and 
reference methods, respectively.  

Results and discussion. Table 16 lists the descriptive statistics of the raw and log-transformed 
EC and SAR data, including mean, median, coefficient of variation (CV), skewness, and kurtosis.  
The descriptive statistics of the data suggest that both electrical conductivity and sodium adsorption 
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ratio are log-normally distributed variables.  Therefore, the log-transformed data of SAR and EC were 
used for geostatistical analyses.  This transformation not only modified variable distribution to 
normal, but also improved the correlation coefficient (r) between EC and SAR from 0.61 to 0.82.  To 
study advantages of cokriging and sampling strategies, 11 reduced data sets of SAR with 50, 75, 
100, 200, 300, 400, 500, 600, 700, 800, and 850 data points were randomly selected from the 
original data set.  Locations of the original data and some of the randomly selected data sets are 
shown in Fig. 54.  All of these reduced data sets are normally distributed after log-transformation 
and have a correlation coefficient (r) with EC about 0.8. 

 
Fig. 54.  Spatial location of the (a) total 898 and randomly selected (b) 700, (c) 200, and (d) 100 data points of SAR.  

 
Table 16. Summary statistics for experimental data. 
 

Variable N Mean Median CV Skewness Kurtosis 
EC (dS m-1)  898 6.675 3.560 1.37 3.318 15.564 
log(EC) 898 0.527 0.551 0.98 0.142 -0.846 
SAR 898 22.447 7.710 2.35 8.397 96.081 
log(SAR) 898 0.916 0.887 0.66 0.188 -0.375 

 
Variograms and cross-variograms were calculated for the data sets.  Preliminary 

calculations of variograms in different directions showed that all the variograms were isotropic.  
Therefore, the omnidirectional variograms were used for analyses.  Sample variograms of all the 
data sets show that the spatial structures of SAR and EC can be well characterized by the spherical 
model: 
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where h is the lag distance, C0 is the nugget, C0+C1 is the sill, and a is the range.  The parameters of 
variogram models for each data set were chosen through cross-validation.  The parameters of the 
models for the different data sets of SAR are very similar (Table 17 and Fig. 55).  Therefore, an 
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average spherical model with range, nugget, and sill equal to 700, 0.14, and 0.33, respectively, was 
used for all the data sets of SAR.  These parameters were obtained based on the cross-validation 
for the 100-point data set of SAR (Table 17 and Fig. 55b) and used for each data set of SAR in 
kriging and cokriging.  The summary statistics of cross validation using this variogram model with 
the different reduced data sets are listed in Table 18. 

 
Fig. 55. Sample variogram (dots) and model (solid line) of the (a) total 898 and (b) 100 randomly selected SAR data. 
 
Table 17. Parameters of variogram models. 
 
Variable, Variogram Variogram of sum EC+SAR 
Number of data points nugget sill range (m) nugget sill range (m) 
SAR, 100 0.14 0.33 700 0.57 1.1 950 
SAR, 200 0.16 0.35 700 0.58 1.1 850 
SAR, 300 0.14 0.33 800 0.57 1.1 950 
SAR, 400 0.15 0.33 700 0.57 1.1 1000 
SAR, 500 0.14 0.32 700 0.57 1.1 950 
SAR, 600 0.15 0.32 500 0.57 1.1 950 
SAR, 700 0.14 0.34 600 0.57 1.1 950 
SAR, 800 0.14 0.33 700 0.56 1.1 900 
SAR, 850 0.14 0.33 700 0.57 1.1 950 
SAR, 898 0.14 0.33 700 0.57 1.1 950 
EC, 898 0.14 0.26 700    
 

Cokriging was conducted for each reduced data set of SAR based on the three variograms: 
the variogram for the reduced data set of SAR, a variogram for total EC data, and a variogram of 
the sum of SAR and EC (EC+SAR) at the common locations (Zhang et al., 1997).  The variogram 
of the EC data is also spherical with nugget, sill, and range equal to 0.14, 0.26, and 700, 
respectively (Table 17).  Using the same variogram model for the different reduced data sets of 
SAR and the model of EC, variograms of EC+SAR for each data set were selected through cross-
validation.  The variogram models of EC+SAR for the reduced data sets are also spherical and 
have slightly variable parameters (Table 17).  Therefore, a spherical variogram model of EC+SAR 
with nugget, sill, and range equal to 0.57, 1.1, and 950, respectively, was applied for conducting 
cokriging with each reduced data set of SAR and the whole data of EC.  The cross-variogram was 
calculated using (Zhang et al., 1992b): 

( )22111212 5.0 γγγγ −−= +                                                      [55] 
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where  γ12 is the cross-variogram for EC and SAR, γ11 is the variogram for SAR, γ22 is the 
variogram for EC, and γ 12

+  is the variogram for EC+SAR.  The cross-variogram of EC and SAR 
satisfies the Cauchy-Schwartz inequality (Myers, 1982; Zhang et al., 1997).  This condition 
guarantees that the cokriging coefficient matrix is positive definite and the variance of the 
estimated variables is positive.  The summary statistics for cokriging results with the different 
reduced data sets of SAR are shown in Table 19. 
 
Table 18. Summary statistics of kriging for different data sets. 
 
Variable, Statistics 
number of data points ME MSE MKV RKV re ra 
SAR, 50 0.039 0.349 0.331 1.055 0.115 0.208 
SAR, 75 0.030 0.364 0.318 1.173 0.116 0.234 
SAR, 100 0.010 0.303 0.328 0.903 0.139 0.318 
SAR, 200 0.008 0.371 0.291 1.269 0.135 0.383 
SAR, 300 -0.021 0.316 0.307 1.042 0.286 0.460 
SAR, 400 0.000 0.286 0.271 1.059 0.180 0.442 
SAR, 500 -0.010 0.259 0.261 0.990 0.149 0.490 
SAR, 600 -0.005 0.287 0.253 1.138 0.151 0.48 
SAR, 700 -0.001 0.275 0.247 1.114 0.117 0.532 
SAR, 800 0.000 0.263 0.242 1.085 0.095 0.539 
SAR, 850 0.000 0.259 0.237 1.095 0.072 0.550 
SAR, 898 -0.001 0.257 0.235 1.096 0.060 0.549 
EC, 898 0.000 0.189 0.206 0.918 0.022 0.538 
ME is mean error 
MSE is mean squared error 
MKV is mean kriging variance 
RKV is reduced kriging variance, which is MKV divided by MSE 
re is correlation coefficient between estimated value and error 
ra is correlation coefficient between estimated and actual values 
 

The summary statistics for kriging (Table 18) and cokriging (Tables 19) show that 
cokriging provides much better estimation results for SAR than kriging.  On average, for kriging of 
the reduced data sets the mean squared error is 0.276, the mean kriging variance is 0.255, the 
correlation coefficient of estimation and error is 0.124, and the correlation coefficient of estimated 
and actual values is 0.399 (Table 18).  For cokriging, the same average statistics are 0.100, 0.099, 
0.042, and 0.770, respectively (Table 19).  The accuracy of kriging and cokriging increases with 
increasing number of the used data points.  The mean kriging variance decreases from 0.331 to 
0.237 when the number of data points used for kriging increases from 50 to 850 (Table 18).  For 
cokriging, this statistic decreases more quickly from 0.176 to 0.068 for the same range of data 
points (Table 19).  The correlation between estimated and actual values only increases slightly 
with number of data points for cokriging, and shows relatively stable increase for kriging (Tables 
18 and 19).  
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Table 19. Summary statistics of cokriging for different data sets of SAR and total 898 EC data. 
 
Variable, Statistics 
number of data 
points 

ME MSE MKV RKV re  ra  

SAR, 50 0.057 0.143 0.176 0.860 0.230 0.794 
SAR, 75 0.055 0.125 0.155 0.837 0.116 0.826 
SAR, 100 0.003 0.117 0.143 0.827 0.008 0.804 
SAR, 200 0.009 0.153 0.119 1.334 0.010 0.802 
SAR, 300 -0.007 0.123 0.115 1.091 0.009 0.818 
SAR, 400 -0.002 0.097 0.098 1.102 0.008 0.848 
SAR, 500 -0.003 0.080 0.088 0.963 0.038 0.872 
SAR, 600 -0.002 0.094 0.080 1.214 0.018 0.861 
SAR, 700 -0.002 0.090 0.075 1.210 0.008 0.874 
SAR, 800 -0.001 0.090 0.070 1.303 0.028 0.869 
SAR, 850 0.000 0.090 0.068 1.345 0.034 0.871 

Abbreviations as in Table 18. 
 

We calculated the relative improvement or reduction in estimation accuracy based on some 
kriging and cokriging statistics for the different reduced data sets of SAR (Eqs. [52] and [53]).  
Kriging with all 898 SAR data is used as a reference method both for kriging and cokriging (Fig. 
56, the dashed line).  Whereas kriging conducted with any reduced data sets of SAR shows a 
reduction in accuracy (negative values) for all statistics compared with kriging using all SAR data, 
cokriging reveals stable improvement in prediction accuracy (Fig. 56a, b, c).  Cokriging with only 
50 SAR values and all 898 EC data gave even better estimation than kriging with 898 SAR data.  
The relative improvements in the mean squared error and mean kriging variance increase with the 
number of data points and shows a 40 to 70% improvement for cokriging of data sets with 100 or 
more SAR measurements and all 898 EC data compared with kriging of all SAR data (Fig. 56a, b).  
The improvement in correlation between estimated and actual values for cokriging is better than 
60% for any reduced data set of SAR.  The correlation only improves slightly with increasing 
number of SAR data (Fig. 56c).  The vertical distance between the best fitting lines in Fig. 56 is 
used to show the improvement in accuracy of cokriging versus kriging for the same data sets of 
SAR.  The improvement in estimation accuracy based on the mean cokriging variance or the mean 
squared error does not vary much with the number of data points and ranges from 60 to 80% (Fig. 
56a, b).  The improvement in estimation accuracy based on the correlation between estimated and 
actual values is up to 140% (Fig. 56c).  In summary, all the statistics were highly improved by 
cokriging using the reduced data sets of SAR and all 898 EC data compared with kriging using all 
SAR data.  The improvement slightly increases with the number of SAR measurements.  
Comparing cokriging results with kriging using the same reduced data sets of SAR, the 
improvement in mean squared error and mean kriging variance remains almost constant for any 
data set.  Therefore, increasing the number of SAR measurements does not significantly influence 
the accuracy of estimation with cokriging. 
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Fig. 56. Relative improvement (+) or reduction (-) of estimation accuracy based on (a) mean kriging variance, (b) 

mean squared error, and (c) correlation of estimated and actual values for kriging (circles) and cokriging 
(squares) using randomly selected data sets of SAR, compared with kriging using the total SAR data. 

 
Spatial patterns of SAR estimated by different mapping strategies are shown in Fig. 57.  

Although almost all the territory is saline having EC of saturated soil extract more than 2 dS m-2, 
only small area is with high exchangeable sodium (Fig. 57a).  The high SAR area is relatively well 
delineated by cokriging using 200 SAR data with the total EC data (Fig. 57b).  The cokriging 
results adequately represent both the spatial patterns and range of SAR values.  Kriging with 200 
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SAR data tends to overestimate the areas with SAR greater than 60 and spread the areas with SAR 
from 15 to 30 on the non-sodic area (Fig. 57c).  Both kriging and cokriging methods using 100 
SAR data failed to outline the high SAR area adequately (Fig. 57d).  Thus, cokriging using 
reduced data sets of SAR with 200 and more data points well characterizes the spatial distribution 
of SAR.  Cokriging conducted using data sets of 100 and less SAR data, although still improves 
estimation accuracy, does not represent the spatial pattern of SAR adequately.  
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Fig. 57.  Contour maps of SAR estimated by (a) kriging with 898 SAR data, (b) cokriging with 200 
SAR and 898 in-situ EC data,  (c) kriging with 200 SAR data, and (d) cokriging with 100 
SAR and 898 in-situ EC data. 

 
Cokriging with reduced data of SAR and extensive in-situ EC data has been shown to 

improve estimation of SAR significantly compared with kriging using only extensive SAR data.  
To conclude that cokriging is a better estimator than kriging, the sampling cost for the methods 
needs to be considered together with the estimation accuracy.  In terms of sampling cost, electrical 
conductivity is very easy to obtain.  Hundreds of the data points can be measured directly in the 
field during one day without actual sampling and analyzing soil samples in the laboratory.  On the 
other hand, soil adsorption ratio analysis requires soil sampling and laboratory measurement of Ca, 
Mg and Na in each sample, therefore, is very costly and time consuming.  Relative cost of in-situ 
EC measurements versus SAR analysis is approximately 1:60.  The relative improvement in 
estimation accuracy for cokriging using reduced data sets for SAR and all EC data was compared 
with the relative sampling cost for the same data sets in Fig. 58.  The sampling cost linearly 
increases with the number of data points.  However, the improvement in estimation accuracy is 
almost constant (60%) for 200 and more data points of SAR.  The sampling cost for 200 SAR and 
898 EC data is about one forth of the sampling cost for 898 SAR data.  Reducing SAR 
measurements to less than 200 points is not recommended, since it would be difficult to obtain 
adequate spatial pattern of SAR distribution.  Therefore, the optimal sampling strategy for this 

dc 

ba 
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example is to measure randomly about 200 locations for SAR and about 4 to 5 times as many 
locations for EC.  
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Fig. 58.   Relative sampling cost and relative improvement of prediction accuracy based on mean kriging variance, 

mean squared error, and correlation between estimated and actual values for cokriging using various reduced 
SAR data sets and 898 EC data compared with kriging using the 898 SAR data.  

  
Thus, kriging and cokriging were used to estimate the soil salinity, including electrical 

conductivity (EC) and sodium adsorption ratio (SAR), over a 3375 ha area of irrigated farmland.  
Geostatistical analyses were conducted for the reduced data sets containing 6 to 90% of the original 
SAR data.  The analyses show a great potential for reducing sampling costs and increasing prediction 
accuracy using cokriging.  Using only 22% of the SAR data, cokriging improves the prediction of 
SAR significantly by incorporating the information of EC.  Compared with the kriging results using 
all 898 SAR data, cokriging using 200 SAR and 898 EC data improved the mean squared error and 
mean kriging variance by 40 to 50%, and the correlation between estimated and actual values by 60%.  
In addition, the sampling cost was reduced up to 5 times.  Cokriging is shown to be an accurate, yet 
economic, method for evaluation of spatial distributions of soil salinity in large fields.  

 
V.4. Evaluation of soil stone content with electrical geophysical methods  
 

Establishments of orchards and vineyards are long-term and money-intensive, but highly 
pay-off projects. In many regions the future development of the new areas for the agriculture 
production is limited by shortage of the productive lands. Orchards and can be established on less 
productive stony lands, since, unlike the grain and vegetable production, orchards does not require 
repetitious plowing and land cultivation after the complete settlement. After reclamation most of 
stony soils can be converted into productive orchards and vineyards, which last for decades. The 
reclamation of an area to be developed for orchards should be carefully designed to ensure 
prolonged healthy and productive grows of fruit trees. Stone content and depths of stony layers are 
important properties to consider in reclamation projects. The stone distribution can highly vary 
throughout an area of planned orchard as well as within the soil profiles. Accessing the 
information about stone distributions in soils with conventional methods of drilling and excavation 
is extremely difficult in skeletal soils. 
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   Geophysical methods of electrical resistivity, such as VES and four-electrode probe, can 
provide the information about spatial distributions of stones in skeletal soils. Layers of different 
electrical resistivities were observed in stony or rocky soils. The resistivity of rocks or stones is 
much higher (about 104-1012 ohm m) than the resistivity of soil horizons with any texture (Dohr, 
1981; Parasnis, 1997). Therefore, this high difference in resistivity will indicate the presence of 
stones in soil profiles. The objectives of the study were to measure the electrical resistivity of stony 
soils, to investigate the relationship between stone content and resistivity of soils, and to develop 
recommendations for usage of skeletal soils under orchards. 

Materials and methods. Study was conducted on skeletal soils in west part of Crimea 
Peninsula, Ukraine. Different soils formed on various skeletal deposits were investigated including 
Paleoxerolls and Lithic Xerorthents formed on carbonate-cemented marine deposit, limestone, or 
pebbles of alluvial origin. The stone content varied from 2 to 90% of fragments coarse than 2 mm 
by volume and stony layers occurred in soil profiles at the depth as shallow as 12 cm. The soils 
were investigated with conventional and geophysical methods. Transects of about 3-m deep and up 
to 50-m wide were excavated and the soil profiles were compared with the electrical profiles 
obtained with VES method. Stone contents in soil layers were measured during the excavation by 
sieving.  

Results and discussion. Analyses of sounding results of skeletal Vertic Palexerolls under-
laid by limestone on different depths (from 60 to 170 cm) illustrates the possibility of outlining the 
skeletal layers without excavation (Fig. 59).  The electrical resistivity of upper soil layers with the 
stone contents about 4% usually does not exceed 50 ohm m. As was shown in Chapter IV, the 
electrical resistivity in A horizons of non-skeletal Mollisols is usually about 30 ohm m.  The 
increase in resistivity to 300-700 ohm m (Fig. 59 a) and even to 1000-2000 ohm m (Fig. 59 b) are 
noticed in subsurface horizons. The electrical resistivity of more than 1000 ohm m usually 
indicates a higher stone content and that the stones and rock fragments are cemented together by 
carbonates. The profiles of electrical resistivity measured with VES method clearly outline the 
distribution of the stones in soil profiles. 

The measured VES profiles were used to approximately evaluate the depth and 
arrangement of the stony layers in the soils. Most of the soils in the study area were well 
characterized by a three-layer profile. The top layer (I) had the smallest stone content (0.22-0.41 
cm3 cm-3) with electrical resistivity about 80 ohm m (Fig. 60). The middle layer (II) had the 
highest stone content (>50 cm3 cm-3) and electrical resistivity as high as 450 ohm m. Stones in 
layer II were cemented by carbonate marine deposits. The bottom layer (III) was not always 
presented in soil profiles. In some profiles layer III was outlined as having lower resistivity (40-
200 ohm m) than layer II, which indicates a decrease in stone content in the bottom layer 
compared with layer II and a loose organization of stones in the bottom layer.   
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Fig. 59. Soil and electrical profiles of Vertic Palexerolls formed on stony carbonated clay and under-laid by limestone. 
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Fig. 60.  Some profile distributions of electrical resistivity measured by VES method in stony soils of Crimea 

Peninsula, Ukraine. 
 

The approximate stone content of soil profiles was evaluated by observing VES profiles. 
For example in Fig. 60, the stone content in the soil profiles decreased in a row of VES 3-7-2-16-
10.  The stone content estimations based on VES profiles were verified by the direct measurement 
of the relative volume of fragments coarse than 2 mm in the soil layers. Using the VES 
interpretation data and the direct measurements of the stone content in 16 soil profiles, we 
developed a relationship between electrical resistivity measured by the VES and soil stone content. 
A power relationship was obtained between stone content and electrical resistivity.  The 
relationship is shown in Fig. 61 with a correlation coefficient (r) of 0.863.  
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Fig. 61.  The relationship between the electrical resistivity measured in situ by VES method and the volumetric stone 

content. 
 
The relationship is useful for a quick judgement about stone content in different soil layers.  

We developed a rough scale for evaluation of stone contents in soils (Table 20).  With the scale, 
the territory about 400 acres was mapped with the VES and four-electrode profiling methods, the 
stone content and texture of soils were evaluated, and horticultural recommendations were 
developed for usage these otherwise unproductive soils under the orchards.  

 
Table 20. Scale for evaluating soil stone content from electrical resistivity measured by VES 

method. 
 

Stone content by volume Electrical resistivity 
——— % ——— ———— ohm m ———— 

<5 <50 
5-20 50-80 
20-40 80-120 
40-60 120-150 
60-80 150-250 
>80 (slightly eroded rocks) >250 (1000-3000) 

 
During the study and collaboration with scientists from Nikitskii Arboretum, Yalta and 

Crimea Institution of Irrigated Orchards (CIIO), Eupatoria, three soil properties were found to be 
essential for estimation of soil potential productivity for usage under orchards. These properties are 
stone content in the layers of 0-50 cm, 50-100 cm, and >100 cm; the depth to impermeable rock; 
and the depth of the A horizon. As was shown the stone content and the depth to the rock can be 
estimated with VES method. Table 21 is a developed practical guideline for estimation of soil 
productivity from the stone content and depth to the rock for some typical fruit trees. The average 
depth of A horizon is considered 18 cm and humus content of 5%. Combinations of soil properties 
that meet 100% productivity level for a fruit culture are considered optimal. The stone content less 
and depth to the rock deeper than those shown in Table 21 for 100% productivity will not diminish 
orchard productivity. Therefore, other soil properties, such as humus content, texture, and water 
retention should be considered prior to final decision about exploitation of these soils. 
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Combinations of soil properties that meet 50-75% productivity level separate soils that can be 
potentially used under orchards from the soils, which reclamation is not recommended. 
 
Table 21. Key table for evaluating potential productivity of stony soil used under orchards. 
 
Culture Stone content in layers Depth to  Potential  
 0-50 cm 50-100 cm >100 cm rock productivity 
    
Pear <10 <20 <30 >160 100 
 10-25 20-35 30-45 140-160 75-100 
 25-35 35-40 45-60 120-140 75-50 
Apple <15 <30 <50 >145 100 
 15-25 30-45 50-60 120-145 75-100 
 25-40 45-50 60-75 100-120 75-50 
Peach <25 <45 <55 >120 100 
 25-35 45-55 55-65 100-120 75-100 
 35-55 55-65 65-75 80-100 50-75 
Apricot <20 <25 <40 >130 100 
 20-30 25-35 40-50 110-130 75-100 
 30-40 35-45 50-65 90-110 50-75 
Cherry <15 <25 <40 >140 100 
 15-25 24-35 40-50 120-140 75-100 
 25-35 35-45 50-60 100-120 50-75 
Plum  <15 <25 <50 >130 100 
 15-25 25-35 50-60 120-130 75-100 
 25-35 35-45 60-70 100-120 50-75 
Almond <25 <45 <65 >110 100 
 25-40 50-60 70-80 100-110 75-100 
 40-50 60-70 80-90 80-100 50-75 
Walnut <20 <30 <50 >100 100 
 20-30 30-40 50-70 90-100 75-100 
 30-40 40-60 70-90 80-90 50-75 

 
 Let us demonstrate how to evaluate the possible productivity of orchard on a particular soil 

using the VES measurements and Tables 20 and 21. Soils with VES 2, 16, and 10 (Fig. 60) do not 
have a contact with an impermeable rock within 240 cm, since the resistivity is less than 250 ohm 
m for all the AB/2 (Table 20). VES 7 and 3 reach value of 250 ohm m at the AB/2 equal 240 and 
90 cm, respectively. Through the interpretation or using the recalculation coefficient 0.323 
obtained for the studied soils we can estimate that the depth to the rock is 240 x 0.323 = 77.5 cm 
for VES 7 and 90 x 0.323 = 29.1 cm for VES 3. These two soils are too shallow to be used under 
any of the orchard cultures (Table 21). The soils with VES 2, 16, and 10 can be evaluated for the 
stone content in the characteristic layers of 0-50, 50-100, and >100 cm. These depths can be 
approximated with AB/2 <180, 180-360, and >360 cm. VES 10 has electrical resistivity of about 
50 ohm m through the profile, which represents about 8-10 % of stone content. The soil can be 
used for growing of any fruit culture shown in Table 21. Soil with VES 16 has resistivity about 
100 ohm m, therefore, about 20-40% of stones uniformly distributed in the profile. Referencing to 
Table 21, the soil can ensure 100% productivity for peach, almond, or walnut orchards. VES 2 
shows the resistivity of 170 ohm m at AB/2=180 cm and about 210 ohm m at AB/2=360, which 



 107

indicate that the soil has stone contents of 20-40% in the 0-50 cm layer and 60-80% in layers 50-
100 and >100 cm. The soil can provide about 75-100% productivity for almonds, but barely 50% 
productivity for peaches, apricots, and walnuts (Table 21). To increase productivity of these and 
other cultures on the soil, some additional reclamation measures, such as soil amendments, 
fertilizers, and translocation of stones should be considered.    

Thus, vertical electrical sounding is a useful method for evaluation of stone content in 
skeletal soils. The measured electrical resistivity profiles were used to estimate stone contents of 
the different layers in soil profiles. Key soil properties, such as stone contents in characteristic 
layers of 0-50, 50-100, and >100 cm as well as the depth to rock were estimated. To further 
increase the efficacy of the estimation, the extend mapping of an area can be conducted on selected 
characteristic distances AB/2 equal to 90, 180, and 360 cm with four-electrode, NEP, or electrical 
tomography. The study allowed developing procedure for incorporating geophysical survey data 
into recommendations of usage skeletal soils under orchards. 
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CHAPTER VI. Applications of electrical geophysical methods in environmental 
and civil engineering 

 
The precise information about spatial distributions of different soil properties is essential 

not only in agriculture, but also in civil and environmental engineering. This chapter features 
applications of electrical geophysical methods to the problems of environmental engineering, 
criminology, and remediation services requiring estimation of various soil properties.  

Electrical geophysical methods provide a means to monitor the changes in hydrological 
conditions and to investigate subsurface soil properties in urban areas without any disturbance 
(VI.1.).  Methods of self-potential, electrical profiling, vertical electrical sounding, and non-
contacting electromagnetic profiling were applied to urban soils in Kiev, Ukraine, and Astrakhan’, 
Russia.  Groundwater fluctuations in the areas were measured in details using the methods.  The 
obtained information was incorporated in engineering projects; thus, the costs of site maintenance 
were dramatically reduced.  The methods ensure quick yet non-destructive estimation of soil and 
hydrological conditions in cities assisting with successful restoration and preservation of urban 
soils and municipal constructions. The methods of four-electrode profiling and non-contact 
electromagnetic profiling are shown to successfully outline the areas polluted by petroleum 
byproducts and solutions used for petroleum and gas mining (VI.2). The test study conducted in 
northwest Siberia helped to distinguish the areas with different pollution levels from the native 
non-polluted soils. The VES method outlined the polluted soil layers and the permafrost horizons 
in Gelisols. The method of four-electrode probe was tested for quick in-situ search of non-metallic 
objects buried in soils and related to crimes (VI.3.). The application of the method was based on 
sharp differences in electrical resistivities of undisturbed and disturbed soils. This study was 
conducted upon a request of Russian Ministry of Internal Affairs. 
 
VI.1. Geophysical methods for evaluating physical properties and hydrology of urban soils 
 

Urban soils are highly disturbed, consist of mixed genetic horizons and non-soil materials, 
and have hydrological properties different from those of natural soils (Gennadiev et al., 1992).  
Construction activities in modern cities change soil, geological, and hydrological conditions and 
often cause groundwater rising and fluctuation (Stroganova and Agarkova, 1992).  Rising 
groundwater destroys buildings and causes landslides.  Timely and precise soil and hydrological 
information is essential to prevent destruction.  Such information includes stratification of water-
bearing and waterproof horizons, location of water charge and discharge areas, and estimation of 
groundwater levels.  Obtaining the hydrological information with conventional methods, such as 
drilling and excavation, is difficult and destructive in urban areas.  Therefore, rapid, precise, and 
non-destructive methods for the investigation of soils and hydrological conditions are highly 
desirable in modern cities. 

The electrical geophysical methods, which allow us to evaluate various soil properties, are 
promising for the application in urban areas. As shown previously, the geophysical methods should 
be carefully chosen, designed, and adapted for a practical application.  Especially, these methods 
have not been applied to measure soil properties in urban areas. The objectives of this chapter 
study are to test the suitability of the geophysical methods for measuring soil physical properties 
and groundwater fluctuations in urban areas and to find advantages and limitations of the proposed 
methods (Pozdnyakova et al., 1999a). 

Materials and methods. The study was conducted in two cities: Kiev, Ukraine and 
Astrakhan’, Russia. Hazardous hydrological situation caused by unknown factors appeared in 
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Kiev-Pechersk Lavra (Kiev, Ukraine) near the Church of Holy Cross Elevation in 1987 (Fig. 62).  
Kiev-Pechersk Lavra, also known as Monastery of Caves, is a center of Russian Christianity since 
IX century and still the residence of Ukrainian patriarch.  The church was built in 1700 above the 
holy caves, a place of pilgrimage of Russian Christians since XI century.  The caves have 
historical and art treasuries, such as XI century frescoes, living cell of Russian first annalist Nester, 
and the burial niches with the remains of civil and religious leaders.  The caves extend 228 m in 
length, with various depths from 5 to 20 m.  The groundwater penetrated in the caves and partly 
destroyed wall frescoes and other masterpieces in the caves and church interiors.  To prevent 
groundwater seepage into the caves, a concrete tier wall was built around the church (Fig. 62).  
Unfortunately, the activity did not alter the hazardous situation.  Therefore, it was necessary to 
analyze accurately hydrological conditions in the Patriarch garden.  The methods of EP, VES, and 
SP were applied to investigate and solve the problem. 

 

 
 
Fig. 62.  Scheme of the investigated area within Patriarch garden, Kiev, Ukraine: the numbers in circles show VES 

locations, lines are routes for EP investigation (Route 1 from VES 1 to VES 21 and Route 2 from VES 27 to 
VES 21), and the darken place near the church is a concrete wall. 

 
The hydrological conditions in the delta Volga, where Astrakhan’ city is located, are 

described in Chapter V.2. Not only the farming lands but also the urban areas in the delta Volga 
suffer from the destructive activity of the rising saline groundwater.  The groundwater caused 
visible destruction in more than 20% of the buildings in Astrakhan’ city to the summer of 1994.  
The natural hazardous groundwater condition in delta Volga was further aggravated in the urban 
areas by the uncontrolled leakage from the canals and plumbing pipes.  One hundred eighty 
monitoring wells were set up in Astrakhan’ city to measure groundwater fluctuations.  
Nevertheless, the number of wells was not enough to provide detail information of the 
groundwater level for the entire city, especially when groundwater rising was influenced 
simultaneously by many factors and, therefore, unpredictable.  The methods of VES and NEP were 
tested for detail outlining of the groundwater level within the representative part of Astrakhan’ city 
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(Fig. 63).  The study area was located in the center of Astrakhan’ with a large change of elevation, 
which induced a high variation of groundwater level within the area. 

 
 

Fig. 63. Scheme of the investigated area in Astrakhan’, Russia: the numbers show VES locations; arrows indicate the 
NEP routes, and black circle represents Dramatic Theater with active drainage. 

  
We utilized geophysical methods of vertical electrical sounding and electrical profiling to 

estimate the soil layering, which influence water distributions and fluxes in soils. Method of self-
potential was used to map directions and intensities of water fluxes in the shallow soil subsurface. 
Non-contact electromagnetic profiling seems promising for application in urban areas, since it does 
not require physical contact with the soil surface and can measure soil electrical resistivity through 
any firm pavement. 
Results and discussion 

Investigation in Kiev, Ukraine. In Kiev-Pechersk Lavra, the problem area was located on 
a hill far above the groundwater level.  Therefore, the problem was attributable to temporary 
subsurface water fluxes fed by precipitation.  The excess water accumulated in subsurface in 
spring because of snow melting and in summer during intensive rainfalls.  Due to the hill 
topography, the water could accumulate in the soil covering the whole territory of Upper Lavra 
and then flow into the Patriarch Garden as shallow subsurface fluxes (Fig. 62).  We used the VES 
and EP methods to investigate the properties of water-bearing and waterproof layers essential for 
the development of the subsurface water fluxes.  The directions and intensities of the fluxes were 
determined with the SP method. 

The VES and EP methods revealed the complex stratification of the hill slope in the 
Patriarch garden near the Church of Holy Cross Elevation (Fig. 62).  All the VES curves were 
interpreted as three layer curves with ER1>ER2<ER3 (Fig. 64).  The top layer was represented by 
the eroded Mollisols of coarse textures with electrical resistivity (ER1) about 125 ohm m for loamy 
sand and about 50 ohm m for sandy clay loam.  The second layer was a thick clay layer (7 m) with 
low electrical resistivity (ER2) from 2 to 16 ohm m.  The clay was saturated and gleyed in some 
places, which was indicated by 2 ohm m resistivity.  The third layer with the resistivity (ER3) 
about 2000 ohm m was horizontally deposed sandstone.  
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Fig. 64. Typical distribution of electrical resistivity within soil profile measured by VES in Patriarch garden, Kiev, 
Ukraine. 

 
Soil thickness was only about 20 cm on the top of the hill, but it increased toward the 

gallery gate up to 2 m (Fig. 62, VES 1 and 4).  Soil thickness increased up to 2.5 m from the 
gallery gate further downhill (Fig. 62, VES 17).  Along the same direction the texture in surface 
soil layer changed from loamy sand (VES 4) to clay loam and clay (VES 17 and 21).  That change 
in the texture of the first layer was revealed by the decrease in electrical resistivity (ER1) measured 
by the EP along the Route 1 (Fig. 62).  The electrical resistivity was about 100 ohm m for peaty 
sand at the top part of the Route 1 (VES 4), then decreased to 65 ohm m for sandy loam (VES 12), 
and further decreased to 35 ohm m on the surface and to 7 ohm m on the 0.5 m depth for clays near 
the tier wall (VES 21). 

The thickness of clay deposit (second layer) decreased from 8 to 2 m along the line from 
the top of the hill to the tier wall (Fig. 62).  The interpretation of the VES for the second layer 
revealed that the clay did not bear any intrusions of sand or sandy loam; therefore, water flow 
inside the layer was impossible.  The water flow could be formed only in the topsoil over the layer 
of waterproof clay. 

Although undetectable on the surface, three gullies were revealed in the second layer of 
waterproof clays by the VES and EP methods.  The subsurface water flow could be formed in such 
gullies. The first gully was detected near the gallery wall along the Route 1.  The subsurface water 
flowed in the gully from the Upper Lavra downhill.  Waterproof clay occurred on the surface about 
6 m apart from the gallery wall (VES 12) causing bend of the subsurface water flow toward the 
Church of Holly Cross Elevation.  The second gully formed along the garden part, which was 
indicated by the peat deposition.  The narrow (about 17 m) peat band with the depth about 30 cm 
was formed along the garden path (Fig. 62, VES 1, 27, and 32).  Formation of the peat on such 
steep slope designated that water saturation had occurred here for at least ten years.  The second 
gully was also directed toward the Church of Holly Cross Elevation.  The third gully was formed 
near the rampart and separated from the first and second gullies.  Thus, the stratification of the 
investigated area with the EP and VES methods shown three possible ways for water flow in the 
soil: (1) near the gallery, (2) along the garden path, and (3) near the rampart. 

The method of self-potential was used to measure water flux directions and intensities.  An 
iso-potential map (Fig. 65) was developed with the method on a 5 x 10 m grid; 299 locations were 
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measured with five replications.  Three major iso-potential areas detected from Fig. 65.  Two areas 
with negative potentials were formed near rampart and along the gallery (including the garden 
path) and indicated the areas of water infiltration and development of groundwater flow (Fig. 65, I, 
II, and III).  The third area with positive potentials outlined the seepage zone near the Church of 
Holy Cross Elevation (Fig. 65, V).  The most negative potentials (-250 mV) along the garden path 
indicated the most intensive subsurface water flow in this area (Fig. 65, IIA, IIB1, and IIB2).  The –
250-mV iso-potential area developed in surface peaty sand with electrical resistivity (ER1) about 
170 ohm m.  The less negative potentials (-150 mV) and, therefore, the less intensive water flow 
occurred near the gallery (Fig. 65, IA and IB).  The same negative potential areas were detected in 
the middle of the garden path and near the rampart (Fig. 65, IIIA, IIIB, and IV).  The seepage area 
was outlined by the 0-mV iso-potential near the Church of Holy Cross Elevation (Fig. 65, V).  The 
seepage area was enriched with clay material having electrical resistivity about 5 ohm m.  The 
percentage of clay in the soil increased toward the corner of the church along with the electrical 
potential. 

 

 
 
Fig. 65.  Result of the SP measurements within Patriarch garden, Kiev, Ukraine.  The curves are iso-potential lines.  

The numbers and letters indicate fluxes, zones of infiltration and saturation. 
 

The directions of water flow were predicted from the increasing electrical potential.  Three 
main water flux directions were detected by self-potential method: flux I near the gallery, flux II 
along the garden path, and flux III near the rampart (Fig. 65).  Flux I was formed in thick loam 
sand about 1.5 m depth and characterized by a stable slow rate.  Flux II could be highly intensive 
during rainfalls, since it was formed in coarse sand layer with a thickness about 0.3 m.  Further 
downhill flux II was separated into two sub-fluxes (IIB1 and IIB2).  Fluxes IB1 and IIIB2 merged 
during the intensive precipitation and seeped near the church infiltrating into the holly caves.  Flux 
III was separated from fluxes I and II and did not influence the seepage near the Church of Holy 
Cross Elevation. 

To protect the Church of Holy Cross Elevation, the following procedures were proposed 
based on our geophysical exploration near the architecture memorial.  First, a hedge should be 
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constructed across the gate to the garden to prevent the surface water flow to the Patriarch Garden 
from the pavement of Upper Lavra.  Second, a small dike should be built perpendicular to the 
gallery and the garden path to direct subsurface water flow from fluxes II and I into the drain 
system.  Third, to enhance evapotranspiration, trees and bushes with the intensive transpiration 
ability, such as willows and poplars, should be planted along the gallery and rampart, especially in 
the areas indicated by low potentials.  

 
Investigation in Astrakhan’, Russia. The VES measurements indicated that the depth of 

groundwater table decreased downhill for the investigated area (Fig. 66).  The groundwater tables 
were 0.4, 0.75, 3.1, and >5 m for locations 1, 3, 4, and 6, respectively (Fig. 66).  Although the 
determination of the groundwater table by the VES method is much faster than by conventional 
drilling methods, it still requires considerable time to cover the extent area.  The VES application 
in cities is restricted to the areas with open soil surface.  Hence, the VES method alone can not 
provide a complete map of groundwater levels in urban areas. 

 
Fig. 66. Electrical resistivity distributions within soil profile measured by VES in Astrakhan’, Russia. 

 
In practice, to outline the area where the groundwater table is higher than safe level is, 

sometimes, more important than to determine the exact groundwater levels at individual locations.  
The NEP method can be used to outline areas where groundwater level is higher than a threshold 
level as shown in Chapter V.2.  The threshold value is determined by the distance between the 
radiating and receiving antennas (Chapter II.8).  The 9-m inter-antenna distance is set to measure 
the electrical resistivity within the top 1-m layer, while the 16-m distance can be used to evaluate 
2.5-m layer.  The general decrease of the resistivity downhill was revealed by the NEP (Fig. 67).  
Profile A indicated that the saline groundwater has risen higher than 1 m to the surface at the 
bottom of the slope (Fig. 67), whereas at the top part of the slope, near the Kremlin, groundwater 
table was deeper than 5 m, as indicated by the VES measurement (Fig. 66, VES 6).  Notably, the 
NEP profiles designated even local fluctuations of the groundwater level.  For example, the area 
near the Dramatic Theater was drained by the specially constructed active drainage as shown by 
the resistivity increase in Fig. 67.  Local increases in electrical resistivity were observed on the 
crossroads at the lower part of the slope (Fig. 67).  These increases appeared, probably, due to 
draining effect of sand and cloth isolations of the pipes gathering under the crossroads.  Such 
detailed outline of the groundwater levels was obtained by the NEP method in less than 30 
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minutes.  The NEP profile provided continuous and detailed hydrological information about the 
soil subsurface even through the concrete pavement. 

 

 
 

Fig. 67. Profiles of electrical resistivity measured by the NEP along the slope in Astrakhan’, Russia: profiling with (A) 
9-m distance between antennas and with (B) 16-m distance between antennas. Vertical lines show location of 
crossroads,  (!) indicates local increase of resistivity near the Dramatic Theater, and (!!) indicates increase of 
resistivity at the crossroads in the low part of the hill.  
 
Hazard hydrological conditions, such as spatial and temporal groundwater fluctuations, 

cause problems in many cities. Geophysical methods of stationary and non-stationary electrical 
fields can be used to evaluate hydrological conditions and soil physical properties quickly, 
precisely, and non-destructively. Various geophysical methods were applied in urban areas of 
Kiev, Ukraine and Astrakhan’, Russia, to detect subsurface soil and hydrological properties.  
Vertical electrical sounding was successfully utilized to delineate preferential water permeability 
paths in stratified soil profiles as well as to determine saline groundwater table in a uniform soil.  
The method of self-potential revealed the directions and intensities of the subsurface water fluxes. 
The methods of the electrical and electromagnetic profiling (EP and NEP) were used to outline the 
areas with different subsurface resistivities, which indicated different hydrology conditions in 
soils. Particularly, the NEP could outline saturated areas even through firm pavement materials. 
Thus, geophysical methods of the stationary and non-stationary electrical fields are convenient and 
powerful tools to investigate hydrology and soil properties and develop plans for building 
maintenance in urban areas. 
 
VI.2. Evaluation of soil pollution during gas and petroleum mining 
 

Electrical geophysical methods were successfully used for exploration of gas and oil fields 
(Kalenev, 1970). However, the methods are not widely used for estimation of the soil pollution 
with petroleum products (Znamensky, 1980; Pozdnyakov et al., 1996a). The possibility of using 
the methods of electrical resistivity to evaluate the places of petroleum pollution or natural 
petroleum and gas deposits is based on highly different resistivities of soil and petroleum products. 
Petroleum and various products of petroleum manufacture, such as oil, gasoline, bitumen, and 
kerosene have very high electrical resistivity compared with soils. Electrical resistivity of 
petroleum varies from 104 to 1019 ohm m (Fedinsky, 1967), whereas resistivity of petroleum-
saturated sand is much lower (2200 ohm m) (Znamensky, 1980), but is still higher than that of any 
non-polluted soil. For any soil type the resistivity is within several hundred ohm m (Pozdnyakov et 
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al., 1996a; Chapter IV). Therefore, the objective of this study was to evaluate the methods of four-
electrode probe, VES, and NEP for fast outlining of areas polluted during petroleum mining, 
manufacturing, and transportation. 

Materials and methods. Soil pollution by the products of gas and petroleum mining was 
studied near Urengoi in northwest Siberia, Russia. The virgin soils, Glacic and Aquic Haplorthels, 
were extremely polluted with various by-products of petroleum extraction and manufacturing, such 
as bitumen, gasoline, kerosene, and mining brine solutions. The study area of about 30 acres 
included sub-areas polluted with light and heavy fractions of petroleum, places of dumping brine 
mining solutions, sub-areas affected by leakage from them, places of burned petroleum products, 
and non-polluted sub-areas with native disturbed and undisturbed soils. The area had complex 
topography with hills, small wetland, and creek. The study area was thoroughly investigated with 
four-electrode profiling on 1.2-m array, vertical electrical sounding, and non-contacting 
electromagnetic profiling. 

Results and discussion. Four-electrode profiling was conducted for a transect through the 
most common pollution features within the area. Figure 68 shows a clear distinction between non-
polluted areas and areas with bitumen or brine pollution. The salty mining solutions can decrease 
resistivity of Gelisols to 20-50 ohm m, and wetland formed with salty mining solutions is outlined 
by the lowest resistivity in the profile.  The places polluted by bitumen, on contrary, have the very 
high resistivity, about 3000 ohm m. Non-polluted soils are indicated by resistivity of about 1000-
1500 ohm m.   

 
 

Fig. 68. Electrical profiling with four-electrode probe on a transect in area polluted with petroleum products and 
mining solutions. Measuring interval 1 m. Urengoi area, northwest Siberia. 

 
Non-contact electromagnetic profiling was used to outline the pollution features faster. The 

profile on Fig. 69 was measured over the places polluted with the stream bearing the salty mining 
solutions leaching from the brine solution collector. The profile was started from the salty wetland 
with low resistivity and ended in the middle of the muddy area formed after the dumping of 
“clean” non-salty soil over the old mining solution collector.  

The variation in electrical resistivity indicating the pollution distribution in soil profiles can 
be seen on VES profiles (Fig. 70). Pollution by heavy fraction of petroleum, such as bitumen 
appeared at the top part of soil profile and was indicated by electrical resistivity as high as 6×105 
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ohm m (Fig. 70c). The pollution by salty mining solutions lowered soil electrical resistivity. The 
resistivity of the soil near the stream where brine mining solution was discharged, varied from 50 
to 200 ohm m (Fig. 70b). The surface soil at the brine collector has resistivity as low as 20 ohm m 
(Fig. 70d), while the electrical resistivity of the native pergelic soils was about 1000 ohm m at the 
surface (Fig. 70a). Some non-polluted native soils shown increase in electrical resistivity up to 
8000 ohm m at the AB/2=2.4 m (about 0.6-m depth) indicated the presence of permafrost in soil 
profile (Fig. 70a). The depth of the permafrost was verified by soil excavation. 

 
Fig. 69. Non-contact electromagnetic profiling through the areas polluted with salty mining solutions used during 

petroleum and gas mining. Urengoi area, northwest Siberia. 
 
Thus, the methods of EP, VES, and NEP are suitable for outlining areas polluted during 

petroleum and gas mining and manufacturing. The estimation of pollution is possible, since the 
pollutants have specific values of electrical resistivity distinct from non-polluted soils. Table 22 
shows the average values of electrical resistivity of natural non-polluted soils (Glacic and Aquic 
Haplorthels) and soils polluted during petroleum and gas mining in northwest Siberia.  In this 
particular case the pollution by petroleum products highly increased the soil electrical resistivity, 
whereas brine solutions used for the mining considerably decreased soil resistivity. The polluted 
areas were well distinguished from the surface and deep layers of non-polluted Gelisols (Table 22).  
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Fig. 70. Profile distributions of electrical resistivity measured by VES method in soils of northwest Siberia polluted by 

petroleum and gas mining: (a) non-polluted Gelisols, (b) soil near the stream with mining solution discharge, 
(c) soil polluted with bitumen, (d) soil in a brine collector. 

 
 

Table 22.  Electrical resistivity of native and polluted soils in northwest Siberia 
 

Soil   Electrical 
resistivity 

   —— ohm m —— 
Surface layers of non-polluted Gelisols 2×102 – 2×103 
Permafrost 4×103 – 8×103 
Polluted by bitumen and other heavy fraction of oil 1×105 – 6×105 
Polluted by gasoline 1×104 – 4×104 
Polluted by salty mining water 2×10 – 2×102 
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VI.3.  Method of four-electrode probe for identifying burial places of criminal origin 
 
In criminology practice difficulties often arise when it is necessary to find some objects 

hidden in soils.  Criminals usually carefully mask places of burial or make false disturbances of the 
topsoil layer. Search for non-metallic objects hidden in soils such as buried decomposed corpses, 
documents, jewelry, and drugs, is troublesome with the conventional police methods. So far only 
metal objects if buried just below the surface can be found in soils with a help of magnetometers or 
metal detectors (Murray and Tedrow, 1991). Such techniques, although effective in specific cases, 
fails to detect non-metallic objects (Murray and Tedrow, 1991). Davenport et al. (1990) conducted 
research on detection of corpses with ground-penetrating radar (GPR) in Colorado, USA. The GPR 
method, which utilized the high frequency radio waves, fails if the hidden object is small, buried 
on higher depth, or in clay/salt rich soil (Liner and Liner, 1997). The GPR measures the difference 
in radio waves penetration between soil and hidden object, therefore, the GPR response on burial 
corps decreases with the increase of time after burial as the decomposition progresses.  

We proposed electrical geophysical methods to measure the disturbance of soil together 
with properties of a hidden object itself. The methods can be helpful for detection of small non-
metallic objects buried in soil yet theoretically should not be influenced much by properties of the 
bury soil and time after soil disturbance. The method is based on measurements of soil bulk 
electrical resistivity and principles of soil formation. The bulk electrical resistivity of soil can be 
measured with a number of different geophysical methods (Chapter II). The most simple and 
common method is four-electrode probe or constant current electrical profiling. No analogous 
method was applied in forensic science for detection of non-metallic objects hidden in soil and 
associated soil disturbance. Therefore, the objectives of our study were: (i) to investigate the 
theoretical base of using the four-electrode probe to access soil disturbance, (ii) to test the probe 
for criminology search of non-metallic objects hidden in soil, and (iii) to modify the probe for 
routine forensic applications. 

 Materials and methods. The study was conducted by a suggestion from the Russian 
Ministry of Internal Affairs to test methods for fast outlining soil disturbance places to help 
criminological search. The test study of 1995 appeared promising and was developed into a long-
term collaboration with scientists from the Russian Research Criminology Center. To test the 
method of four-electrode probe for mapping soil disturbance we measured bulk electrical 
resistivity within Chashnikovo area serving several years as the training polygon for soil scientists 
from Moscow State University. The places and time of pit digging were well documented by the 
soil scientists. The soil pits, usually about a size of common grave, were filled up with the same 
material after investigations. The ages of filled pits varied from 1 month to 27 years. Together with 
operative criminology groups we also participated in a number of case studies for search of hidden 
corpses and other objects of criminal origin within suspected areas. 

For the criminology applications we slightly modified the method of four-electrode probe. 
Our hand-made device consisted of the measuring unit, which was in turn composed of 
potentiometer and amperemeter mounted in one small case, and four-electrode array. The package 
included three different equally spaced arrays (AM=MN=NB) in Wenner configuration (Kirkham 
and Taylor, 1949) with distances between AB electrodes equal to 45, 120, and 240 cm. The 
proposed electrode arrays measured bulk electrical resistivities of soil volume from the surface to 
the approximate depths 7.5, 20, and 40 cm, respectively (Chapter II). The electrodes were 
conveniently mounted on the wooden bases, therefore, the grounding of the all four electrodes at 
one array could be made at once within seconds. The disturbances, located on some depth, could 
be found even if no signs of them presented on the soil surface.  The larger distance between 
electrodes the less influence on measurement was by disturbance of uppermost layer and by 
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natural variability of soil properties. Therefore, the detection of objects hidden deeper in soil were 
easier with larger probes.  

Results and discussion. A number of soil properties, such as humus content, cation 
exchange capacity, bulk density, structure, and texture, affect soil bulk electrical resistivity 
(Chapter III). All these properties differ considerably in upper soil horizons from those in lower 
horizons (Chapter IV). Due to digging or mixing of soil materials the resistivity of soils in 
disturbed places differ significantly from the resistivity of surrounding undisturbed soils. The 
effect is more pronounced if topsoil and subsoil extremely vary in the electrical resistivity, but 
differences can be noted practically in any soil. We investigated various soil types.  The main 
attention was given to Alfisols (sod-podzolic in Russian classification), the most widespread in 
Moscow area and in a number of other humid regions in Russia.  The soil profile is strongly 
differentiated in morphology, texture, and chemical properties, therefore, in electrical resistivity 
onto three horizons (Chapter IV).  

The similar distribution of bulk electrical resistivity within eluvial-illuvial soil profile was 
described in the literature and occurs in a number of soils, such as Spodosols, Alfisols, Ultisols, 
Oxisols, and some Aridosols (Pozdnyakov et al., 1996a).  Furthermore, in many other soils the 
layers with different resistivities exists due to other soil processes or differences in the parent 
materials. The importance of such natural soil feature for criminology search is that with 
infringement of soil the horizons are mixed, hence the place of disturbance shows the different 
electrical resistivity compared with undisturbed locations. The difference exists for a considerable 
time, as long as it takes to create the same layered soil profile as at undisturbed locations around, 
i.e. thousands of years. Therefore, even the disturbance that occurred several years ago can be 
detected.  

The detection of disturbed place was based on measuring and analyzing spatial 
distributions of soil bulk electrical resistivity.  We measured the bulk electrical resistivity on the 
soil surface over the former pits and on the surrounding territory in Chashnikovo area. Even the 
27-year old soil pits were easily located with the method (Fig. 71).  

The pronounced differences between electrical resistivities of non-disturbed and disturbed 
areas were noticed on the forest and grassland soils (Fig. 72). The resistivity of disturbed soils was 
higher than the resistivity of the control areas in two cases (Fig. 72, 1 and 4), and lower in other 
two cases (Fig. 72, 2 and 3). This appeared, probably, because of different degree of disturbance 
and mixing of the soil layers and their water contents for the different cases. The less difference 
between the resistivity of control areas and the area above the former soil pit was noticed for the 
plowland probably, because of initial disturbance of the top-soil to the depth about 30 cm on the 
plowland. The array with larger difference between the electrods should be used on plowlands to 
overcome this problem. Nevertheless, the distinctions between the disturbed and undisturbed sites 
were statistically authentic for all four cases (Fig 72). 
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Fig. 71. Spatial variability of electrical resistivity over the disturbed Typic Cryboralf. Rectangular boxes (0.5x1.0 m) 

indicate the location of filled soil pit; numbers are the values of electrical resistivity (ohm m), and the shaded 
rectangle outlines the location of former (5 years old) soil pit.  

 
Fig. 72. Graph representation of summary statistics of bulk electrical resistivity measured (1) on control and (1a) over 

former soil pit on Cumulic Cryboralf, plowland; (2) on control and (2a) over former soil pit on Typic 
Cryboralf, coniferous-deciduous forest; (3) on control and (3a) over former soil pit on Sapric Haplohemist, 
grassland; and (4) on control and (4a) over former soil pit on Typic Cryboralf, grassland. All soil pits are 
about 2-month age. 

 
The criminologist should be aware of the natural variability of soil. If an anomaly in 

electrical resistivity is detected several measurements should be taken at closer locations to check 
if they replicate the similar anomaly. The repeated measurements can help to outline the area of 
disturbance. One should be especially suspected if the disturbance has a size and form of grave 
(Fig. 71). The smaller sized anomalies can also be important depending on what an expert is 
looking for. Using different electrode spacing various volumes of soil can be measured (Chapter 
II). Thus, we can judge whether the potential soil disturbance is at the very surface or goes deeper. 
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The places with deeper disturbance should be given special attention.  
Case study. The method was used for a search of a hidden grave near a lake.  The 

preliminary measurements revealed three abnormal places where the values of bulk electrical 
resistivity were considerably differed from the background. The soil within the territory (≈ 90 
acres) was extensively disturbed by tourists.  The average electrical resistivity at abnormal places 
within the territory is shown in Table 23. For exact localization of the grave and establishment of 
its borders the detailed measurement of bulk electrical resistivity was carried out at 0.5x0.5 m grid. 
 
Table 23. Mean electrical resistivity (ohm  m) of soils on a scene of a crime and surrounding 
territory 

Distance AB (cm) 
45 120 45 120 

Specific location 

Disturbed  location Surrounding territory 
Burial of trash 107 131 179 104 
Disturbance of 
undetected origin 

188 107 474 131 

Burial of corpse 226 340 69 127 
 

As a result of the measurements a corpse was found. At this case, the soil was carefully 
repacked and the humus layer was accurately reestablished on the site masking the disturbance.  
Nevertheless, the natural alternation of soil horizons was broken and mixed. Therefore, even with 
the subsequent compaction and stacking of the upper horizon, the value of bulk electrical 
resistivity in the place of a corpse burial was about three times higher than that in the surrounding 
territory. With measurement of electrical resistivity to the 20-cm depth (AB = 120 cm) the 
distinction between the undisturbed and disturbed soils was statistically authentic. 

The method of four-electrode probe has been shown to be a successful method for 
criminology search of some non-metallic objects, primarily corpses, buried in soil. The method 
outlines the differences in electrical resistivity between disturbed and non-disturbed soils, 
therefore, does not depend on the properties of the hidden object itself and the properties of bury 
soil. Although the proposed method is not as quick as metal detectors, magnetometers, or ground 
penetration radar, the method is free of their drawbacks. The efficiency of the method can be 
future improved by modifications: combined probes with an automatic switch between different 
arrays, automatic data logging and calculations of resistivity, and incorporating of a sound signal 
sensitive to sharp changes in measured electrical resistivity. The development of such equipment 
and its brand manufacturing is pending now in Russia. Although the geophysical techniques 
employed for criminology search might be not totally successful in finding hidden graves and 
buried objects, they can be very useful in allowing law-enforcement officers to screen large areas 
and eliminate many potential targets. 
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SUMMARY 
 
A thorough study of soil electrical properties, such as electrical resistivity, conductivity, 

and potential, was conducted in this dissertation. The soil electrical properties were shown as 
parameters of the natural electrical fields forming in soils due to variability in density of mobile 
electrical charges. The electrical properties of soils can be easily measured with geophysical 
methods in situ and in laboratory conditions and provide information about densities of mobile 
electrical charges in soils on different levels of soil organization ranging from core sample to 
landscape scales.  In this dissertation we studied the relationships between electrical properties and 
other commonly considered soil properties and evaluated the applications of various electrical 
geophysical methods for quick in-situ soil characterization. 

The density of mobile electrical changes, measured with electrical properties, was related 
to many soil physical and chemical properties. Soil chemical properties, responsible for the 
formation of soil ion exchange capacity (humus content, base saturation, cation exchange capacity 
(CEC), soil mineral composition, and amount of soluble salts), are related with the total amount of 
charges in soils. Soil physical properties, such as water content and temperature, influence the 
mobility of electrical charges in soils. Other soil physical properties, such as soil structure, texture, 
and bulk density, alter the distribution of mobile electrical charges in soils. The electrical 
parameters were related with soil properties influencing the density of mobile electrical charges in 
soils by exponential relationships based on Boltzmann’s distribution law of statistical 
thermodynamics. A strong exponential relationship (r = 0.957-0.990) between electrical resistivity 
and soil bulk density was found using laboratory experimental data, as shown in Chapter III, 
Section 3 (III.3). Experimental relationships between electrical resistivity and soil water content 
were established to characterize mechanisms of soil water retention in different water content 
ranges, such as adsorbed, film, film-capillary, capillary, and gravitational water (III.4). 
Exponential relationships were obtained between soil chemical properties (CEC, salinity, specific 
surface, base cations, and humus content) and electrical properties measured in soil pastes, 
suspensions, and samples or in situ (III.5).  

Methods of self-potential (SP), electrical profiling (EP), vertical electrical sounding (VES), 
and non-contact electromagnetic profiling (NEP), applied in conventional geophysical exploration 
were modified to measure soil electrical properties in situ (II). The electrical properties were used 
to improve soil characterization for soil morphology and genesis studies (IV); to develop accurate 
soil maps for precision agriculture practices (V); and to evaluate soil pollution, disturbance, and 
physical properties for engineering, forensic, and environmental applications (VI).  

Soils in humid and arid areas of Russia were investigated with the electrical geophysical 
methods. Electrical properties were measured in the profiles of basic soil orders, such as 
Spodosols, Alfisols, Histosols, Mollisols, and Aridisols. The information about the soil 
morphology and soil-forming processes was enhanced by studying distributions of electrical 
properties in soil profiles (IV.2 and IV.3). The typical values of electrical resistivity and potential 
for the different horizons of soils in humid and arid areas of Russia were obtained and systemized 
(IV.4). The electrical properties, easily measured in situ, were revealed as essential characteristics 
for evaluating soil genesis and morphology.  

Soil electrical properties reflect the transport of substances in landscapes, geochemical 
connection, and formation of soil climatic and topographic sequences. Mobile electrical charges 
concentrate in subordinated soils of landscapes. In a typical catena of humid areas, the 
automorphic Alfisols have high values of electrical resistivity especially in eluvial horizons 
(IV.2.4). The hydromorphic Histosols, geochemically subordinated in the catena, are enriched with 
the mobile electrical charges and have the lowest values of electrical resistivity. The electrical 
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resistivity also decreases in soils at subordinated positions of catena on Mollisols in semiarid area 
(IV.3.1). The decrease in electrical properties reflects the relocation of the material from top to 
bottom soils in catenas. The change in intensities of major soil-forming processes with the climatic 
conditions alters the distributions of mobile electrical charges and electrical properties in soil 
profiles (IV.2.5). Soils of hot climate and ustic water regime, such as Mollisols and Aridisols, have 
much lower electrical resistivities than soils of cool humid areas (Alfisols and Spodosols). 

One of the challenges for adopting precision agriculture technology is to identify 
productivity-related variability of soil properties accurately and cost-effectively. The application of 
electrical geophysical methods makes it possible to define areas of electrically contrasting soils, 
which have distinct properties and, therefore, should be used in agriculture in different ways. Four 
applications of the geophysical methods for agriculture-related soil mapping and monitoring are 
described in the dissertation. A valley agricultural landscape in humid areas was mapped with NEP 
and VES and different agricultural practices were proposed for sedge-mossy peat, grass-woody 
peat, and layered peat-mineral soil (V.1). The depth of a dried peat soil and thickness of a peat 
deposit were estimated by VES method with about 8% accuracy. Methods of VES and four-
electrode probe were applied to evaluate stone content in soils. A relationship with r = 0.863 was 
obtained between electrical resistivity measured by VES and volumetric stone content in soil 
layers. The rational usage of stony soils of Crimea under orchards was proposed based on the 
geophysical exploration (V.4). The VES and NEP methods were used for mapping and monitoring 
soil salinity and groundwater table during irrigation practices on alluvial soils in delta Volga (V.2). 
The groundwater table was estimated by VES with accuracy from 3 to 11% compared with 
observations in wells. A relationship was developed between electrical resistivity, measured in-situ 
with VES and total soil salinity (r = 0.915). The NEP method was utilized to outline the areas of 
groundwater rising within irrigated fields.  Data of electrical conductivity obtained with four-
electrode probe were shown to considerably improve the estimation of spatial variability in soil 
salinity and sodium adsorption ratio through the usage of geostatistical methods of kriging and 
cokriging (V.3). 

The information about spatial distributions of soil properties is essential for environmental, 
engineering, and forensic applications as well as for precision agriculture practices. Electrical 
geophysical methods provide a means to monitor changes in hydrological conditions and to study 
subsurface soil properties in urban areas (Kiev, Ukraine and Astrakhan’, Russia). The methods of 
SP, EP, VES, and NEP ensured quick and non-destructive estimations of soil physical and 
hydrological properties in urban areas, hardly possible with any other conventional method of soil 
science. The studies assisted with timely restoration and preservation of urban soils and municipal 
constructions (VI.1). Pollution by petroleum products highly increased the electrical resistivity of 
Gelisols in northwest Siberia, while salty mining solutions decreased resistivity of the soils. 
Therefore, methods of EP, VES, and NEP were successfully applied to map the pollution in these 
soils (VI.2.). The method of four-electrode probe was applied to search non-metallic objects 
hidden in soils (VI.3). The statistically authentic differences were found between electrical 
resistivities of disturbed and undisturbed soils.  The method helped to locate a hidden grave within 
approximately 90 acres territory and the test study received a high praise from the Ministry of 
Internal Affairs of Russia.  

Despite numerous examples of successful applications of electrical geophysical methods in 
soil physics, soil morphology, agricultural, environmental, forensic, and hydrological studies, the 
methods cannot solve all problems of modern soil science. With the advantages of quickly 
obtaining extensive data on the vertical and lateral distributions of electrical properties in soil 
profiles without soil disturbance, the methods have some essential drawbacks. First, electrical 
geophysical methods are usually adapted for deep subsurface investigations. To be suitable for soil 
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studies, the methods should be modified accordingly to the required scales of research. Second, the 
methods measure electrical resistivity, conductivity, or potential, which are simultaneously related 
to many soil properties. Therefore, the measured electrical properties may be interpreted 
differently in various conditions. Generally, the electrical geophysical methods can be used for in-
situ soil mapping and monitoring when the studied property alone highly influences the 
distribution of the electrical parameters in a soil. Thus, the electrical properties, which can be 
easily measured with geophysical methods in situ and in a laboratory, are essential characteristics 
of soils. In-situ measured soil electrical properties can highly enhance soil characterization for 
many applications. The electrical geophysical methods should be carefully chosen, designed, and 
adapted for a certain soil application and the results, obtained with the methods, require expert 
interpretation.  
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