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Soil properties influencing apparent electrical
conductivity: a review
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Abstract

The most common method for in situ assessment of soil salinity, namely the electrical conductivity
(EC) of the soil solution (ECw), is to measure the apparent electrical conductivity (ECa) and volumetric
water content (θ) of the soil and apply measured or predicted ECa(ECw, θ) calibration curves. The water
content and electrical conductivity of a soil solution are indeed the major factors affecting its apparent
electrical conductivity, which justifies the assessment of salinity from apparent EC measurements.
However, the ECa(ECw, θ) relationship depends on some additional soil and environmental attributes
affecting the soil ECa. Non-spherical particle shapes and a broad particle-size distribution tend to
decrease ECa, and when non-spherical particles have some preferential alignment in space, the soil
becomes anisotropic, i.e., its ECa depends on the direction in which it is measured. The electrical
conductance of adsorbed counterions constitutes a major contribution to the ECa of medium- and
fine-textured soils, especially under conditions of low solution conductivity. In such soils and with
such salinity levels, the temperature response of the soil ECa should be stronger than that of its free
solution, and care should be taken when extrapolating from field-measured ECa values to obtain the
ECa at a given temperature. The above-mentioned and other secondary findings should, on one hand,
indicate some limitations for the application of existing ECa–ECw models, and, on the other hand,
can serve as guidelines for further development of such essential models.
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1. Introduction

Electrical conductivity (EC) of soil solution (σw) is a reliable indicator of its solute
(cation or anion) concentration with 1 dS/m approximately equivalent to 10 meq/L (U.S.
Salinity Laboratory Staff, 1954). Measurements of effective (bulk) electrical properties of
soils started at the end of 19th century (e.g.,Briggs, 1899; Wenner, 1915; Smith-Rose, 1933;
Archie, 1942), and the practice of measuring effective (apparent) electrical conductivity of
the soil, ECa(orσa), as a step in assessing soil salinity, has been spreading continuously since
the 1970s (Rhoades and Ingvalson, 1971; Rhoades and van Schilfgaarde, 1976) as reviewed
by Rhoades et al. (1999)and Hendrickx et al. (2002). In the last two decades, another
significant incentive for the determination of soil solution EC from ECa measurements has
arisen from the possibility of simultaneous measurements of ECa and soil volumetric water
content (θ) by the time domain reflectometry (TDR) method (Topp et al., 1980; Dalton et
al., 1984; Robinson et al., 2003). The water content (θ) andσw are indeed the major factors
affectingσa, which provides the justification for using theσw(σa, θ) assessment. However,
theσw(σa, θ) relationship depends on additional soil and environmental attributes, which
limits the predictability of general, theoreticalσw(σa, θ) relationships and often necessitates
performing laborious, site-specificσw(σa, θ) (orσa(σw, θ)) calibrations. A generalσa(σw, θ)
model that relies on easily attainable soil parameters has not yet been proposed, and it is
not the purpose of this review to do so.

This review discusses how and to what extent various soil and environmental attributes
affect theσa(σw, θ) relationship. This is meant to help practitioners choose among, and
cautiously apply, one of the existing empirical and theoreticalσa(σw, θ) models, and assist
researchers to further develop such models. In Section2, I define the physicalσa(σw, θ)
problem, set some limitations, and briefly mention several different concepts for its analysis.
In Section3, I review and discuss the experimental and theoretical findings regarding the
effects of soil and environmental attributes on the ECa of water-saturated and unsaturated
soils.

2. The effective electrical conductivity problem

The effective electrical conductivity referred to in this article, ECa (σa), is the “quasi-
static” conductivity in the frequency range from dc to approximately 1 kHz. The commonly
used frequency range for ECa determination in the field is about 100 Hz to several kHz, be-
cause at lower frequencies, electrode polarization interferes with the readings and at higher
frequencies (kilo- to megahertz),σa is no longer constant at the dc value, but increases with
frequency (a phenomenon termed dispersion). Furthermore, high-frequency conductivity
meters are expensive.

An unsaturated soil is considered to be a three-phase, solid–water–air system. The miner-
als constituting the solid phase of soils and rocks are non-conducting (σs = 0), as, of course,
is the air (σA = 0), so that the only conducting phase is the aqueous solution, which has an
intrinsic specific electrical conductivity ofσw (S/m). For these reasons, in certain circum-
stances, especially whenσw can be reliably evaluated, ECa measurements can also be used
for evaluating volumetric water contents (θ) and, as a special, two-phase case, the porosity
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Fig. 1. An unsaturated soil with a conducting aqueous phase of specific electrical conductivity ofσw and non-
conducting solid (σs = 0) and gaseous (σA = 0) phases, and a homogeneous, single-phase material of the same
effective (apparent) electrical conductivity,σa.

(n) of water-saturated soils and rocks. An unsaturated soil is an example of a mixture of
several constituents that have differing intrinsic conductivities (σ i ), and only one of which
conducts (σw > 0) in our case. In addition to differing in their single-phase conductivities,
the components (phases) also differ in their volumetric fractions, shapes, and orientations.
The effective (apparent) electrical conductivity of the three-phase mixture (σa, S/m) can
be defined in more than one way;Torquato (2002, p. 359), for example, defines it as the
relation between the volume-averaged electrical field (〈E〉, V/m) and the volume-averaged
electrical current density (〈J〉, A/m2):

〈J〉 = σa〈E〉 (1)

Here we will adopt a more general and practical approach to definingσa (ECa): the effective
EC of a soil is defined as the conductivity of a homogeneous, single-phase material that
elicits the same response in a measuring device (seeFig. 1). The reader is reminded that
we refer to a representative volume of soil that is statistically homogeneous within the
spatial resolution of the measuring device; we do not deal with spatial variability of the
soil properties, which is discussed elsewhere in this issue (Lesch, 2005; Wraith et al.,
2005). When the ECa of a homogeneous wet soil is being measured with a 10-cm long
four-probe array, for example, the sub-millimeter-scale heterogeneities of the soil particles,
water bodies, and air volumes are invisible to the EC meter and the device observes the
sample as a homogenous entity with a single effective conductivity. If there were centimeter-
scale layerings such as in the hydrostatic distribution of water content along the vertical
four-probe array, or other heterogeneities with centimeter-long correlation lengths in the
soil sample, those heterogeneities would affect the measured conductivity that would no
longer match the above-defined effective conductivity.

There are several theoretical approaches for evaluating the effective EC (σa) of mixtures
for which the volumetric fractions and single-phase permittivities of the constituents, and
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other relevant geometrical and interfacial attributes, are known. Most of these methods for
calculatingσa fall into one of the two major conceptual categories: discrete resistor network
models and continuum mean field theories.

The resistor network models deal only with the network of soil pores that can be occupied
by either the liquid or the gaseous phase. With this approach, the conducting soil is replaced
with an equivalent network of diverse resistors. Similar to the modeling of other transport
properties, the resulting effective EC depends on the topology (connectivity) of the network
and on the distribution of the resistances that decorate the bonds of the networks (Fatt,
1956; Friedman et al., 1995). The mathematical formulation of the problem results in
Kirchoff’s second electrical circuit law, to be solved either by a direct method involving
matrix inversions (Friedman and Seaton, 1996) or by approximate methods that involve
concepts such as effective medium approximations (Kirkpatrick, 1973), position-space re-
normalization (Kadanoff, 1966; Sahimi et al., 1983; Friedman et al., 1995), critical path
analysis (Ambegaokar et al., 1971; Friedman and Seaton, 1998; Friedman and Jones, 2001),
and related percolation concepts (Stauffer and Aharony, 1992; Sahimi, 1994).

As opposed to discrete lattice models, the mean field theories deal with the actual,
continuous three-dimensional structure of the multiphase medium or with its idealized
geometrical description. The evaluation ofσa involves solving the electrostatic problem,
namely the Laplace equation for the electrical potential, while conserving the continuity
of the potential and the normal flux vectors on the interfaces between the various phases
with their differing conductivities (Sihvola, 1999; Torquato, 2002). For real multiphase
media such as wet soils, the Laplace equation can be solved by numerical methods, if
their complex geometry can be reliably characterized and discretized (e.g.,Adler et al.,
1992). Another option is to refer to a simplified geometry of some common representative
quantifiers and to solve the electrostatic problem for the transformed medium. An exact
analytical solution to the Laplace equation does not exist even for the most simplified
mixture geometry one could conceive. Therefore, the common practice is to apply some
approximating assumptions regarding the spatial structure of the electrical fields in the
various phases, a concept usually termed mean field theory. The three most common mean
field theories differ in their weighting of the effects of the neighboring particles on the
internal field of a reference particle. In the context of the electrical conductivity, they are
usually termed:Maxwell (1881)model, the symmetric effective medium approximation
(Bruggeman, 1935), and the coherent potential (CP) approximation (e.g.,Tsang et al.,
1985).

3. Factors affecting the apparent electrical conductivity of the soil

There are many factors that affect ECa; the major ones discussed here can be grouped into
three categories. Those in the first category describe thebulk soiland define the respective
volumetric fractions occupied by the three phases and possible secondary structural config-
urations (aggregation): porosity (n), water content (θ), and structure. Factors in the second
category are the importantsolid particlequantifiers, which are relatively time-invariable:
particle shape and orientation, particle-size distribution, cation exchange capacity (CEC),
and wettability. Factors in the third category are the relevantsoil solutionattributes, and as
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these change quickly in response to alterations in management and environmental condi-
tions, we may also call themenvironmentalfactors: ionic strength (σw), cation composition
(sodium adsorption ratio, SAR≡ (Na+)/((Ca2+ + Mg2+)/2)1/2), and temperature.

As stated above, the soil solution is the only conducting phase, which is why its vol-
umetric fraction (θ) and conductivity (σw) are the two dominant factors in determining
ECa. Nevertheless, the geometry and topology of the aqueous phase are determined by the
solid-phase attributes. Furthermore, the contribution of the adsorbed cations to the overall
soil ECa, significant for medium- and fine-textured soils, is also determined mostly by the
soil’s cation exchange capacity, which is a solid-phase attribute.

The above-mentioned 10 major factors do not, of course, act separately, and it is im-
possible to discuss them one by one without referring to the combined effects of several
factors. Also, the major factor affecting the ECa of unsaturated soils, i.e., their water con-
tent, obscures the secondary effects of their geometrical and also other interfacial attributes.
Therefore, the major part of this review, the discussion of the relevant factors and their
effects, is divided in Sections3.1 and 3.2: the first deals with two-phase, water-saturated
soils (σa(σw,n)), and the second with three-phase, unsaturated soils (σa(σw, θ,n)). The
three-phase problem,σa(σw, θ,n) is, of course, more relevant to agricultural soils but, un-
fortunately, it is also more complex than the two-phaseσa(σw,n) problem. As a result of
the conceptual and experimental difficulties concerning theσa(σw, θ,n) relationship of un-
saturated soils, the available reliable experimental evidence and our understanding of the
effects of the geometrical and interfacial attributes of the solid phase are more extensive for
the two-phase, water-saturated soil case than for the other. Therefore, in the present review,
I have chosen to place somewhat more than usual emphasis on the discussion of factors
that affect the ECa of water-saturated soils. For further discussion of the ECa of unsaturated
soils, readers are referred to other recent publications (Rhoades et al., 1999; Hendrickx et
al., 2002) including other articles in this special issue (Corwin and Lesch, 2005; Lesch,
2005).

3.1. Water-saturated soils

Most people measuringσa for evaluating the porosity (n) or solution conductivity of
water-saturated soils and rocks still use Archie’s empirical law (Archie, 1942):

σa

σw
≡ 1

F
= nm, (2)

which describes the reduced EC,σa/σw (the reciprocal of the commonly used formation
factor,F), withmbeing a material-dependent empirical exponent.Archie (1942)found char-
acteristicmvalues of 1.3 for unconsolidated sands and 1.8–2.0 for consolidated sandstones.
Sincem increases with cementation, Archie termed it the cementation index. In many later
studies, partially reported inTable 1, Archie’s law was found to hold for various porous
media, with exponents ranging from 1.2 to about 4.0. In consolidated media, the effect
of cementation onm was demonstrated by several researchers who compared non-fused
(m≈ 1.35–1.4) and fused (m≈ 1.5–1.8) spherical particles of uniform size (Table 1). The
porosity of consolidated, cemented media can be very low, and usually it is not construc-
tive to describe theirσa/σw(n) relationships with a singlemvalue. For consolidated media,
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Table 1
Archie’s law exponents (m) of different consolidated and non-consolidated media, as published in the literature,
or calculated from reportedσa/σw(n) data

Medium Porosity range m (Archie’s exponent) Reference

Clean sand 0.12–0.35 1.3 Archie (1942)
Consolidated sandstones 0.12–0.40 1.8–2.0
Glass spheres 0.37–0.40 1.38 Wyllie and Gregory (1955)
Binary sphere mixtures 0.147–0.29 1.31
Cylinders 0.33–0.43 1.47
Disks 0.34–0.45 1.46
Cubes 0.19–0.43 1.47
Prisms 0.36–0.52 1.63
8 marine sands 0.35–0.50 1.39–1.58 Jackson et al. (1978)
Glass beads (spheres) 0.33–0.37 1.20
Quartz sand 0.32–0.44 1.43
Rounded quartz sand 0.36–0.44 1.40
Shaley sand 0.41–0.48 1.52
Shell fragments 0.62–0.72 1.85
Fused glass beads 0.02–0.38 1.50 Sen et al. (1981)
Fused glass beads 0.10–0.40 1.7 Schwartz and Kimminau (1987)
Sandstone 0.05–0.22 1.9–3.7 Doyen (1988)
Polydisperse glass beads 0.13–0.40 1.28–1.40 de Kuijper et al. (1996)
Fused glass beads 0.10–0.30 1.6–1.8 Pengra and Wong (1999)
Sandstones 0.07–0.22 1.6–2.0
Limestones 0.15–0.29 1.9–2.3
Syporex® 0.80 3.8 Revil and Cathles (1999)
Bulgarian altered tuff 0.15–0.39a 2.4–3.3 Revil et al. (2002)
Mexican altered tuff 0.50a 4.4
Glass beads 0.38–0.40 1.35 Friedman and Robinson (2002)
Quartz sand 0.40–0.44 1.45
Tuff particles 0.60–0.64 1.66

a Connected (inter-granular) porosity.

the best-fittingm usually increases with decreasing porosity.Doyen (1988), for example,
obtained a best fit withm= 1.9 for samples of Fontainebleau sandstones withn> 0.10, and
for m= 3.7 for those withn< 0.10. The highestm values listed inTable 1were measured
in a highly porous (n= 0.8), artificial porous medium (Syporex®, m= 3.8) comprised of
large spherical pores interconnected by narrow throats, which is perhaps representative of
some igneous rocks, and in a Bulgarian tuff (m= 4.4) containing secondary clay minerals
and zeolites. Aggregated soils of a bimodal pore size distribution are also expected to be
characterized by large values of them exponent in conditions where both the intra- and
inter-aggregate pores contribute significantly to the overall electrical conductivity.

For most granular media, particle shape is the major factor affectingσa/σw(n): m in-
creases from about 1.35 for spheres to about 1.65 for prismatic and angular tuff particles
(Table 1). A detailed examination of a specific medium can reveal a few interesting features:
for mono-sized spheres,m increased systematically from 1.368 to 1.375 as the porosity in-
creased from 0.368 to 0.402 and this trend ofm increasing with increasingnwas found to
be characteristic of other particle shapes also (Wyllie and Gregory, 1955). The tortuosity of
porous and granular media decreases with increasingn; therefore, Archie’smshould not be
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regarded as a tortuosity quantifier. The effect of particle size distribution is consistent with
the above;de Kuijper et al. (1996)foundm= 1.40 for packed uniform spheres (n= 0.40),
andm decreased to 1.28 for the polydisperse,n= 0.13, packing. Through the years, there
have been several attempts to re-derive Archie’s empirical law theoretically, e.g., by perco-
lation theory (Balberg, 1986) and a statistical network model that accounted for compaction
(Jonas et al., 2000), but these derivations are not general enough for real granular and con-
solidated media. Nevertheless, we recommend using Archie’s Law, especially for soils and
consolidated rocks of low clay content, by choosing a suitablem from data collections such
asTable 1, and, if possible, with the aid of site-specific laboratory calibrations. Two possi-
ble generalizations of Archie’s Law that involved the addition of an empirical multiplying
factor,σa/σw =anm (a �= 1), or the subtraction of a non-contributing fraction of the poros-
ity, σa/σw = (n−nc)m, could have adapted this empirical model to water-saturated soils.
However, these modifications were not widely adopted, and will not be discussed here.

One possible constructive physical approach is to resort to the mean field theories men-
tioned above. The simplest two-phase case is that of finding a homogeneous material with
an effective conductivity (σa) equal to that of a mixture of conductivityσs, composed of
similar size solid spheres that occupy a fractionf (=1−n) of the total volume, immersed
randomly in a host conductivity ofσw and volumetric fractionn. Maxwell (1881)formula
is usually written in asymmetric form as:

σa − σw

σa + 2σw
= f

σs − σw

σs + 2σw
(3)

and for the relevant case of non-conducting solid particles (σs = 0), this reduces to

σa

σw
= 2n

3 − n
. (4)

One appealing feature of the Maxwell model is its mathematical simplicity, which perhaps
explains why it arises also from other trains of reasoning (Sihvola, 1999). The geometric pic-
ture addressed by the Maxwell model, involving similar-sized spheres randomly distributed
in a host material, is one of the simplest three-dimensional (3-D) systems conceived. The
assumptions underlying the Maxwell mixing formula are apparently also over-simplified.
Fig. 2presents accurate measurements ofσa/σw(n) in packings of mono-sized glass beads,
and the Maxwell model clearly over-predicts the measured conductivities. Nevertheless,
surprisingly, this classical model has proven to be a very good predicting tool for many two-
phase mixtures (Hanai, 1968; Sihvola, 1999) and even for water-saturated soils (Mualem
and Friedman, 1991) and other granular materials (Friedman and Robinson, 2002).

The other mean field theories can be presented (forσs = 0) via a universal mixing law
(Sihvola and Kong, 1988):

σa = σw +



[
(n − 1)σw[σw + a(σa − σw)]

2
3σw + a(σa − σw)

] [
1 −

1
3(n − 1)σw

2
3σw + a(σa − σw)

]−1

 (5)

which contains a heuristic parameter,a, whose value lies between 0 and 1, which accounts
for the effect of neighboring particles on the internal electrical field of a reference parti-
cle. The universal model reduces to the Maxwell formula when the value ofa is 0 (Eq.
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Fig. 2. Reduced apparent electrical conductivity (σa/σw) as a function of porosity. Lines represent Eq.(9); the
value ofa fitted to the glass spheres data is 0.2. The main graph shows the glass beads (a/b= 1), sand grains
(a/b= 0.460), and tuff grains (a/b= 0.350), where the aspect ratios have been adjusted to fit the data. The inset
graph shows data for sand mixed in glass beads (fromFriedman and Robinson, 2002; reproduced by permission
of the American Geophysical Union, Copyright 2002 AGU).

(5) only apparently diverges fora= 0), to the symmetric effective medium approximation
(Bruggeman, 1935) for a= 2/3, and to the coherent potential formula (Tsang et al., 1985)
for a= 1. The conductivityσ* = σw +a(σa− σw) can be regarded as that seen outside by
the inclusion (solid particle), and it can assume values different from that of the host ma-
terial, ranging fromσ* = σw for the Maxwell model up to the effective conductivity of the
mixture,σ* = σa, for the coherent potential mixing rule. Among the three classical mixing
formulas, the Maxwell formula is probably the best predictor of the effective conductivity,
at least for granular mixtures saturated with water (and/or other liquids) for whichσs = 0
(Friedman and Robinson, 2002; Robinson and Friedman, submitted for publication). Nev-
ertheless, it was recently shown that allowinga= 0.2 resulted in better prediction of theσa
of water-saturated packings of glass beads, sand grains, and tuff particles (Friedman and
Robinson, 2002; Fig. 2); it was also more effective for predicting related transport properties
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such as the effective dielectric permittivity of glass beads immersed in liquids of different
permittivity (Robinson and Friedman, submitted for publication).

Eq. (5) applies to spherical solid particles, but the most important geometrical soil at-
tribute with regard to itsσa/σw(n) relationship is probably particle shape, which varies
from almost spherical sand grains to flat, disk-like and long, needle-like clay tactoids. It
is practically impossible to calculate the effective conductivity of packings of angular and
rough-surfaced particles, but these features were found to be of secondary importance in
their effects onσa (Friedman and Robinson, 2002). Representing the particle geometry as
an ellipsoid of revolution (spheroid) provides both convenient analytical expressions and
sufficient flexibility for transformation into a variety of shapes by altering the aspect ratio
(Sihvola and Kong, 1988; Sareni et al., 1997; Jones and Friedman, 2000). By extending
or contracting theb andc axes whilst keepinga constant, one can transform a sphere into
either a disk-like (oblate) or needle-shaped (prolate) particle, such as are often encountered
in the natural environment. Particle shape is then incorporated inσa modeling through a
parameter named the depolarization factor (Ni), which describes the extent to which the
inclusion polarization is reduced according to its shape and orientation with respect to the
applied electrical field. For the special cases of ellipsoids of revolution (a �=b=c) Jones and
Friedman (2000)found thatNa(a/b) can be satisfactorily approximated (r2 = 0.9999) by a
single empirical expression,

Na = 1

1 + 1.6(a/b) + 0.4(a/b)2
; Nb = Nc = 1

2(1 − Na) (6)

through the whole range of aspect ratios,a/b, from thin disks to long needles. The depolar-
ization factors are: for a sphere, in whicha, b, andcare all equal in length,Na,b,c= 1/3, 1/3,
1/3; for a thin disk (extreme oblate), 1, 0, 0, respectively; and for a long needle (extreme
prolate), 0, 1/2, 1/2, respectively. The particle aspect ratio,a/b, of coarse granular materials
can be retrieved from databases, evaluated directly by visual inspection under magnifica-
tion, or determined indirectly by the simple angle of repose measurement (Friedman and
Robinson, 2002).

Non-spherical particles can form either anisotropic or isotropic packings, depending on
whether they are aligned in the same direction or are randomly oriented. The effective
conductivity of non-spherical particles, aligned to form a uniaxial–anisotropic medium,
is no longer a scalar, but is a second-order tensor, defined by its diagonal components
σa

a �= σb
a = σc

a. The effective conductivity in theith direction takes the form (Sihvola and
Kong, 1988):

σi
a = σw +

{[
(n − 1)[σw + a(σi

a − σw)]σw

σw + a(σi
a − σw) − Niσw

]
·
[
1 − (n − 1)Niσw

σw + a(σi
a − σw) − Niσw

]−1
}

,

(7)

(which reduces to Eq.(5) for spheres,Ni = 1/3), in which the previously presented mixing
parameter,a, accounts for the effect of neighboring particles on the internal electrical field
and the newly introduced depolarization factors (Ni) are defined by the particle aspect ratio
and their alignment with respect to the applied electrical field. If the effective conductivities
in the principal anisotropy directions (σa

a, σb
a, σc

a) are known, the effective conductivity



54 S.P. Friedman / Computers and Electronics in Agriculture 46 (2005) 45–70

when the electrical field is directed arbitrarily, forming anglesβa, βb, andβc relative to the
a, b, andc, coordinate axes, respectively, is given by

σ
β
a = σa

a cos2 βa + σb
a cos2 βb + σc

a cos2 βc. (8)

The above calculations of directional effective conductivity (Eqs.(7) and (8)) apply to per-
fectly aligned spheroids. The particles in real anisotropic soils are, however, only partially
aligned with respect to the principal anisotropy axes. The directional effective conductiv-
ities of such media can be calculated by applying similar principles, with the addition of
the distribution of the particle (long axis) orientation (Dafalias and Arulanandan, 1979;
Arulanandan, 1991; Thevanayagam, 1993).

Even non-spherical particles, when oriented randomly, form an isotropic medium with a
scalar effective conductivity,σa. If we apply a superposition principle, the isotropic version
of the universal mixing law, Eq.(5), takes the form (Sihvola and Kong, 1988):

σa = σw +




 ∑

i=a,b,c

(n − 1)[σw + a(σa − σw)]σw

3[σw + a(σa − σw) − Niσw]




×

1 −

∑
i=a,b,c

(n − 1)Niσw

3[σw + a(σa − σw) − Niσw]




−1

 . (9)

Friedman and Robinson (2002)measured theσaof packings of three kinds of coarse granular
materials – glass spheres, sand, and tuff particles – and the data are presented inFig. 2, which
also includesσa/σw(n) measurements for glass–sand mixtures. As mentioned above, best-
fitting the heuristic mixing parameter (a of Eq. (9)) to the measuredσa/σw(n) data for the
packed spheres again resulted ina= 0.2, indicating to some extent its physical significance.
In Fig. 2, the aspect ratios of the sand and tuff particles were adjusted to provide a best fit to
theirσa/σw(n) measurements; this gavea/b values of 0.46 and 0.35, respectively, which are
remarkably similar to those determined from the slope angle measurements (i.e., 0.48 and
0.33) and to those predicting the effective dielectric permittivity–porosity relationships of
these packings (Friedman and Robinson, 2002). This closure is indicative of the merits and
physical significance of the empirical relationship between the slope angle and the shape
factor, of the choice of an oblate–spheroid geometry to represent the particle shape, and of
the heuristic mixing model (Eq.(9)) with a= 0.2 for predicting theσa/σw(n) relationships of
isotropic granular media made of non-spherical particles. Therefore, we recommend using
Eq. (9) for predicting theσa(σw,n) relationship of coarse-textured soils, provided that a
sensible evaluation of the particle aspect ratio (required for calculating the depolarization
factors according to Eq.(6)) is possible.

The self-similar model ofSen et al. (1981)for the complex dielectric permittivity of
spherical particles can be used for evaluating the “quasi-static” effective EC, which reduces
to Bruggeman’s (1935)asymmetric effective medium approximation:(

σs − σa

σs − σw

) (
σw

σa

)1/3

= n (10)
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and forσs = 0 becomes Archie’s power law withm= 3/2:σa/σw =n3/2, and therefore, estab-
lishes a theoretical basis for the latter. The 3/2 exponent also results from other approaches,
e.g., the prediction of the semi-empirical, cut-and-rejoin model ofMualem and Friedman
(1991)for coarse media of a narrow pore-size distribution. In cases where nothing is known
about the soil, it is recommended to useσa/σw =n3/2 for evaluatingσw. The self-similar
model(10) can also be extended to non-spherical particles by proper averaging of the de-
polarization factors (N) over all possible particle orientations; this again results in a form of
Archie’s power law, with a particle shape-dependentm exponent (Mendelson and Cohen,
1982; their derivation contains an arithmetic mistake, corrected bySen, 1984):

m =
〈

5 − 3N

3(1− N2)

〉
. (11)

One interesting and significant result of this self-similar mixing modeling is that for isotropic
media that comprise prolate particles, the exponentmis restricted to below 5/3 (for randomly
oriented long, needle-like particles), whereas for oblate, disk-like particles,mis unbounded.
In principle, the self-similar model constitutes a theoretical basis for Archie’s power law
including non-spherical particles. However, we do not recommend using this approach for
evaluating the Archie’s law exponent, because the unrealistic self-similar assumption results
in insufficient sensitivity to the particle shape: it underestimatesσa/σw(n) (over-shooting
m) for spherical particles and overestimates it for appreciably non-spherical particles. For
example, when using the aspect ratios ofa/b= 0.48 and 0.333 for the sand and tuff particles,
respectively (Friedman and Robinson, 2002), the resultingm values for the glass spheres,
sand, and tuff particles are 1.5, 1.54, and 1.60, respectively. However, the exponents that
best fitted the data (Fig. 2) are 1.35, 1.45, and 1.66, respectively (Table 1).

The reduced effective electrical conductivity,σa/σw, is dimensionless and cannot, of
course, depend on any length scale. Thus, the absolute (mean) soil particle size does not
affect theσa/σw(n) relationship (when the adsorbed cation contribution toσa is disregarded),
and it is only the broadness of the particle-size distribution that affectsσa/σw(n) of coarse-
textured soils.Maxwell-Garnett (1904)model formed the basis of the self-similar model
derived bySen et al. (1981), whose main modification involved sequential additions of the
inclusion solid phase into the host water phase, while the background pore system remained
intact (applicable to most soils). The resulting formula (Eq.(10)) is impressively simple but,
nevertheless, this model should apply, in principle, to a fractal medium of infinitely wide
particle-size distribution and should, therefore, form a lower limit for the estimated values
of σa of real water-saturated soils comprising almost spherical grains of bounded particle-
size distribution. This has indeed been proven for mixtures of uniform-sized spherical
particles.Fig. 3presents theσa/σw(n) measurements for randomly packed uniform spheres
and for sequential additions of particles of decreasing diameter (12.7, 9.5, 3.2, and 1.5 mm)
randomly packed around a larger 76.2-mm sphere (Robinson and Friedman, submitted for
publication). Two additional data sets are presented, determined byLemaitre et al. (1988),
for binary mixtures with size ratios of 4 and 11. All these data show a similar general
trend, migrating from Shivola’s universal model (a= 0.2; Eq.(5)) towards the limit ofSen
et al.’s (1981)self-similar model (Eq.(10) simplified toσa/σw =n3/2) as the broadness of
the particle-size distribution increases, accompanied by decreasing porosity.
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Fig. 3. Reduced apparent electrical conductivity (σa/σw) of randomly packed mono-sized spheres and of mixtures
of spheres of different sizes (fromRobinson and Friedman, submitted for publication).

These effects of particle size distribution are less pronounced than those of particle
shape and orientation, and for soils suspected to have a broad particle size distribution and
consequently relatively low porosities, it is recommended to use Eq.(10) for evaluating
σw. For perfectly aligned non-spherical particles, the 1/3 exponent in Eq.(10) should be
replaced with the depolarization factor (Eq.(6)), which depends on the particle shape and
orientation with respect to those of the applied electrical field (Sen et al., 1981). Increasing
width of particle size distribution and increasing particle asphericity tend to reduce the
porosity of the medium. It should be noted, however, that the effects onσa discussed here
are beyond this indirect effect, namely how these geometric attributes affectσa for a given
porosity.

The above discussion, relevant to the evaluation of the soil solution EC fromσa/σw
measurements, was based on the assumption of negligible contribution of the adsorbed
ions to the overallσa—only the structural aspects were considered. For this assumption
to be valid, it is necessary either that the soils are coarse-textured (clay free), as discussed
above, or thatσw is sufficiently high to allowσa to increase approximately linearly with
σw and the geometric (intrinsic) formation factor to be determined by extrapolating from
several measuredσa/σw(σw) values asσw → ∞ (Waxman and Smits, 1968; Shainberg et
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Fig. 4. The apparent electrical conductivity (σa) of water-saturated Bonsall soils from the A and B horizons as
a function of the electrical conductivity of the soil solution (σw). Kiso is the isoconductivity point whereσa =σw

(from Shainberg et al., 1980; reproduced by permission of the Soil Science Society of America).

al., 1980; Nadler et al., 1984; Johnson and Sen, 1988; Bernabé and Revil, 1995). In all
other extreme and intermediate cases, theσa(σw,n) problem is more complex involving
additional geometrical (specific surface area/particle size) and chemical (charge density)
characteristics of the solid phase, and the ionic strength (σw) and composition (prevailing
metallic cations and pH) of the rock or soil solution.

Fig. 4 presents the measuredσa(σw) relationships for two soils with 8% (Bonsall A)
and 35.5% (Bonsall B) clay content equilibrated with solutions of SAR = 0 (Shainberg
et al., 1980). At relatively saline solutions (σw > 4 dS/m), the twoσa(σw) functions are
linear with similar slopes regardless of the different clay percentage of the two soils (0.225
and 0.235 for the A and B horizons, respectively). At low salinities (σw < 4 dS/m), the
σa(σw) relationship, especially that of the clayey soil, is highly non-linear.Shainberg et al.
(1980)studied the effects of cation exchange capacity and exchangeable sodium percentage
(ESP) in conditions of non-linearσa(σw) relationships and found that the contribution of
the surface conductivity toσa, as indicated by the intercept of the tangent line atσw = 0
(Fig. 4), increases with increasing CEC (/clay content). Although less conclusive, the surface
conductivity was also found to increase with the ESP (or corresponding SAR) levels. The
first direct reason for this is the higher electrical mobility of the adsorbed sodium ions as
compared to calcium. A second indirect effect is due to the soil structure: at high ESP (and
low σw) values, slaking of the soil aggregates occur, and it is not trivial to deduce whether
the re-arrangement of the soil particles increases or decreasesσa. Based on other studies,
Rhoades et al. (1999)concluded that theσa(σw) relationship does not depend on the soil
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ESP (/SAR), provided soil structure and porosity have not been seriously degraded by the
sodicity.

In a theoretical study,Schwartz et al. (1989)establishedσa at the two extremes of
σw = 0 andσw → ∞, and the gap was filled by means of a Padé approximant based on four
independent measurable geometrical parameters. A comprehensive, rigorous treatment of
the σa(σw,n) problem under such circumstances would be too extensive for the present
review article, and is also not relevant for practicalσw(σa,n) determinations, because there
are too many unknown parameters involved. The interested reader is, therefore, referred
to other publications (e.g.,Kan and Sen, 1987; Johnson and Sen, 1988; Revil and Glover,
1998; Revil et al., 1998; Schwartz et al., 1989). From the practical point of view, it should
be noted that measuring methods such as induced polarization (Lesmes and Frye, 2001)
can be applied in the field and have the potential merit of assisting in differentiating the
contributions of surface and bulk fluid conductivities to the measuredσa.

Most soils contain a considerable fraction of (negatively) charged minerals, andσw is
often sufficiently low for the contribution of the adsorbed counterions (cations) toσa to be
significant. The most frequently applied simplifying assumption is thatσa can be regarded
as being replaced by two conductors in parallel, one representing the dissolved ions (σw/F),
and the other the adsorbed ones (σs) (Rhoades et al., 1976; Nadler et al., 1984; Mualem and
Friedman, 1991):

σa = σw

F
+ σs(σw). (12)

The geometric formation factor (F), which is used to determineσw by means of, e.g., Eq.(2),
can be deduced by subtracting the estimated surface conductivity (σs) from the measuredσa.
In order to avoid confusion, we do not introduce the terminology of an apparent formation
factor, defined as overallσa overσw, which is not a purely geometric factor. The surface
conductivity (σs) can be regarded as eitherσw-independent, and, therefore, susceptible to
estimation by extrapolating the measuredσa(σw) values toσw = 0 (Rhoades et al., 1976), or
as an empirically determined increasing function ofσw (Waxman and Smits, 1968; Nadler et
al., 1984): σs(σw) = δσmax

s (0 <δ < 1). The maximalσs value (σmax
s ), applicable to highσw

values within the framework of Eq.(12), can be reliably estimated as theσw = 0 intercept of
the straight line, tangential to the linear portion of the plot of measuredσa(σw) values at high
σw, if they are available.σmax

s is an increasing function of the clay percentage or CEC, and
can be evaluated also from empirical correlations to other easily measured, related textural
characteristics, e.g., the hygroscopic water content (Nadler et al., 1984). Several authors
have offered simple (Waxman and Smits, 1968) or more sophisticated (Revil and Glover,
1997, 1998; Revil et al., 1998) means for evaluatingσmax

s on the basis of surface conduction
theories and known chemical characteristics of the mineral surfaces and saturating solution,
but these are of limited practical applicability. Atσw = 0, σs should vanish, in principle
(δ = 0). Applying this empirical approach,Waxman and Smits (1968)obtained formation
factors that exhibited an Archie’s power law dependence, withm exponents of 1.74 for
Eocene sand and of 2.43 for lower tertiary sands.Sen et al. (1988)proposed another version
of Eq. (12); it refers explicitly to the surface charge density,QV (charge per unit pore
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volume), and assumes an Archie’s law formation factor

σa = nm

[
σw + 1.93mQV

1 + 0.7/σw

]
, (13)

where 1.93m (S/m) (L/m) and 0.7 (S/m) are empirical parameters that account for the
geometry and reduced cationic mobility near the surfaces with the exponentm as the
only free variable. This empirical expression was reasonably successful in describing the
σa(σw,n,QV) relationship of 140 cores of clay-bearing sandstones, withmranging between
1.8 and 2.3. This is in agreement with the findings ofRevil et al. (1998)who found that
the correspondingm increased approximately linearly with the CEC,QVn/(1−n), from
about 1.8 for clean sand and sandstones to about 2.6 for smectite-rich sandstones. Thus,
in circumstances where the charge density (clay content) is appreciable and known, it is
recommended to use Eq.(13) for porosity andσw determination in clay-bearing (shaly)
sandstones.

The decoupling assumption embedded in Eqs.(12) and (13)is physically inappropri-
ate for application to a locally heterogeneous medium and its use can lead to a significant
over-estimation ofσw/F, especially for media of high cation-exchange capacity, broad pore-
size distribution, and low connectivity (Friedman, 1998). The reason is that the conduction
of an electrical current in the bulk soil/rock between the electrodes does not follow two
parallel paths, but involves a 3-D network of conductors arranged in a complicated com-
bination of series and parallel connections (Bernab́e and Revil, 1995; Friedman, 1998).
Only in a single pore can the electrical conduction be regarded as taking place in paral-
lel through the dissolved and adsorbed ions. This limitation applies also to such decou-
pling models for theσa(σw, θ) relationship of unsaturated soils (e.g., Eqs.(17) and (18)).
Several modifications of Eq.(12) have been proposed, to include other conducting ele-
ments of solid surfaces and solution in series (Shainberg et al., 1980), and of immobile
water (Rhoades et al., 1989), but the approximate representation was still based on macro-
scopic elements connected in parallel. It should be noted that discrete 3-D (e.g., cylindrical)
pore network models are not realistic enough for representing the pore system of granu-
lar media of such soils, which is why the expected errors according toFriedman (1998)
are probably over-estimated and the parallel assumption works pretty well. Yet, qualita-
tively, the above statement and the effects of local heterogeneities and surface conductivity
are correct.

In the above discussion, it was assumed that the porosity (n) was estimated from, e.g.,
TDR measurements, and could be used for evaluatingσw fromσa readings. In other circum-
stances, when theσw and the relevant material parameters (corresponding to the various
models) can be reliably evaluated, the porosity can be determined fromσa measurements,
by means of the same expressions, as listed above. According to Archie’s law (Eq.(2)), for
example,σa is more sensitive ton (m> 1) than it is toσw. In this respect,n(σa,σw) determi-
nations are expected to be more reliable thanσw(σa,n) determinations. For bothσw andn
determinations, possibly deleterious temperature effects are worth noting: the electrical con-
ductivity of free solution (σw) increases by about 2% per 1◦C (around 25◦C, corresponding
to the decrease of the free water viscosity) and a similar effect is to be expected forσa of
coarse-textured media so that the reduced conductivity,σa/σw, is temperature independent.
Thus, it is sufficient to correct both field and/or laboratoryσa andσw measurements to the
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Fig. 5. Measured (symbols) and lines fitted to Eq.(16), σa(σw, θ) data for Plaggen dark loamy sand. The soil
solution conductivity,σw (S/m), is indicated near each line (fromWeerts et al., 1999; reproduced by permission
of the American Geophysical Union, Copyright 1999 AGU).

same reference temperature, usuallyT= 25◦C. A more accurate temperature conversion
factor based on a common soil solution composition recommended by theU.S. Salinity
Laboratory staff (1954)andRhoades et al. (1999)is

σ25
w = fT σT

w; fT = 1 − 0.020346(T − 25)+ 0.003822(T − 25)2

+ 0.000555(T − 25)3. (14)

However, in clay-bearing media that exhibit significant surface conduction, the counterion
mobility increases more sharply with temperature and theσa–temperature relationship is
more complex (Clavier et al., 1984; Sen and Goode, 1992; Wraith et al., 1999). Sen and
Goode (1992), for example, present slopes from 0.02, corresponding to the slope of free
solution, to 0.12 ofσa(T) measurements at highσw for shaly sands containing varying
amounts of clay. This adds another complication ton or σw determinations in such media.

3.2. Unsaturated soils

Time domain reflectometry measurements can be used to determine both the effective
permittivity (εeff) in the GHz range, from whichθ can be determined, and the low-frequency
σa from which σw can be evaluated (evaluatingθ from measurements ofεeff are more
reliable, because theεeff(θ) relationship is more universal, i.e., with smaller variations
among different soils types, than theσa(σw) relationship).Fig. 5 presents such a set of
σa(σw, θ) measurements for a dark (3.5% organic matter) loamy sand (Weerts et al., 1999;
note the logarithmicσa axis; on linear scales, theσa(θ) lines have a positive curvature, e.g.,
Fig. 8).

The geometrical factors discussed above are relevant also to unsaturated soils; in some
cases, these factors are expected to have even more significant effects onσa/σw(θ) than
on σa/σw(n). One extreme example is shown inFig. 6 from Friedman and Jones (2001),
who measured the directional effective electrical conductivities in directions parallel and
perpendicular to the layering plane of anisotropic packings of mica particles with an aspect
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Fig. 6. The directional electrical conductivities and the porosites of three anisotropic mica particle packings of
different, denoted size fractions as a function of the volumetric water content. The filled markers are for the
parallel (horizontal)σa and the empty ones for the normal (vertical)σa. The arrows mark the change from suction
to evaporative drying (fromFriedman and Jones, 2001; reproduced by permission of the American Geophysical
Union, Copyright 2001 AGU).

ratio (i.e., diameter/thickness) of about 25. The measurements started with water-saturated
packings that were first allowed to reduce their water contents by draining followed by
evaporation. The anisotropy factor, defined as the ratio of the conductivities parallel to
the bedding plane and perpendicular to it, initially increased moderately as desaturation
progressed (geometrical effects increased as saturation decreased), and then decreased as the
drier region of residual moisture contents was approached. An anisotropic variant (Friedman
and Jones, 2001) of a critical path analysis (Ambegaokar et al., 1971) was used to reconstruct
this experimentally determined pattern qualitatively, thus helping to explain the observed
dependence of the apparent electrical conductivity’s anisotropy factor on the degree of
saturation. Extending model equations such as Eqs.(7) and (9)to three phases – solid,
water, air – is feasible (Friedman, 1998; Jones and Friedman, 2000), but these three-phase
models are still of limited use in prediction, mainly because of the unknown configurations
of the liquid and gaseous phases. Therefore, I review mainly empirical and semi-empirical
models, commonly used by soil scientists, hydrologists, and geophysicists.

In his seminal article,Archie (1942)already stated that a power law describes theσa(S)
relationship down to water saturations (oil being the non-conducting phase in his case) of
about 0.15–0.2:σa(S) =σa(S= 1)Sd, with an exponentd close to 2 for both consolidated
and unconsolidated sands (whether coincidental or not, this exponent is very close to the
universal 3-D percolation conductivity exponent:t= 1.9 (Katz and Thompson, 1986)). Thus,
the extended Archie’s law should be written, in general, as:

σa

σw
= nmSd. (15)
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Gorman and Kelly (1990)obtained average best-fitted values ofm= 1.30 andd= 1.53 for
various Ottawa sand mixtures. When the degree of saturation decreases, the water films sur-
rounding the solid particles become thinner and the conducting paths become increasingly
tortuous. Thus, there is a physical reason for the saturation exponent to be larger than the
porosity one:d>m. According to the commonly used semi-empirical model ofMualem and
Friedman (1991), the geometric formation factor (after subtracting the surface conductivity
contribution toσa according to Eq.(12)) of coarse-textured media with fairly narrow pore-
size distributions results in an expression similar to Eq.(15) with m= 1 +λ andd= 2 +λ.
The tortuosity exponentλ can be taken as 0.5, makingm= 1.5 andd= 2.5, or it can be best-
fitted to theσa/σw(θ) measurements. The equation can also be written asσa/σw = θ2+λ/n,
andPersson (1997), for example, best-fitted aλ of about 0.2 toσa/σw(θ) measurements in
a sand (n= 0.38), homogenously packed into short (λ = 0.25) or long (λ = 0.16) columns.
Mualem and Friedman’s model does not refer to the whole liquid phase volume but subtracts
from bothn andθ a non-contributing volume (θ0) close to the solid surfaces, which they
proposed to estimate as the water content at wilting point (matric pressure of−15 atm) that
correlates well with the specific surface area and clay fraction of the soil. An effective degree
of saturation is then defined asSe≡ (θ − θ0)/(n− θ0). Because this model is semi-empirical
and involves at least one calibrating parameter,λ (potentially alsoθ0, and some researchers
refer ton as an additional free parameter), it is not superior to other, simpler empirical
functions.Amente et al. (2000), for example, obtained a better fit to measurements in a
sandy loam with a power function ofθ alone disregardingn (σa/σw = θ1.58). For the general
case, the formation factor depends on the pore-size distribution of the medium, as inferred
from its water retention characteristics,Ψ (θ) (Ψ (m) being the matric head), and a tortuosity
factor,θλ,

σa

σw
= θλ

[∫ Se
0 dSe/Ψ

]2

∫ Se
0 dSe/Ψ2

(16)

in which the tortuosity exponent is taken as 0.5 (Mualem and Friedman, 1991) or is best-
fitted to theσa/σw(θ) andΨ (θ) measurements (Weerts et al., 1999). Theσa(σw, θ) data of
Fig. 5together with a measured water retention curve,Ψ (θ), were fit to Eq.(16)and yielded
a tortuosity exponentλ =−0.224.

An earlier attempt to relate theσa/σw(θ) relationship to the pore-size distribution was
made byNadler (1982)who noticed that the formation factor–water content function,F(θ),
resembles the shape of the soil water retention curve,Ψ (θ) (Fig. 7). Therefore, he suggested
the use of an expression of the formF(θ) =aΨ (in which a is an empirically determined
proportionality constant) for the relatively dry region, while for the relatively wet region,
he suggested usingBurger’s (1919)two-phase mixing law, arbitrarily extended to an un-
saturated soil:F(θ) = 1 +k(1− θ)/θ in whichk is an empirically determined,S-independent
particle shape factor.Fig. 7presents an example of such measured and calculated formation
factors for a sandy loam (17% clay, 40% silt), packed to a bulk density of 1.45 g cm−3, for
which a value ofk= 2.38 was best-fit to the formation factors over a range of water contents
near saturation.
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Fig. 7. The measured formation factor for Gilat sandy loam (F, solid circles, solid line), the formation factor
calculated according toBurger’s (1919)model:Fc = 1 + 2.38(1− θ)/θ (solid triangles, dash-dotted line), and the
suction (matric) head (“x” markers, dashed line) as a function of volumetric water content (θ) (from Nadler, 1982;
reproduced by permission of the Soil Science Society of America).

Among empirical functions proposed by soil scientists for describing theσa(σw, θ) re-
lationship, the most commonly used is that ofRhoades et al. (1976)who referred toσs as
essentially independent ofθ andσw and wrote Eq.(12)as:

σa = T (θ)θσw + σs, where T (θ) = aθ + b. (17)

The transmission coefficient (T) is assumed to be a linear function ofθ. The empirical
parametersa and b varied among different soils:a= 2.1, b=−0.25 for clay soils; and
a= 1.3–1.4,b=−0.11 to−0.06 for the other three loam soils discussed in their 1976 article.
An example of a transmission coefficient, best-fitted toσa(σw, θ) measurements in a very
fine sandy loam (6% clay, 52% silt) is presented inFig. 8with T(θ)θ = 1.2867θ2 − 0.1158θ
plotted. It is seen thatT(θ)θ is indeed a parabolic function ofθ, virtually independent ofσw.
The simplified, two-conductor model (Eq.(17)) should be valid for only saline conditions of
approximatelyσw > 4 dS/m, where theσa(σw) relationship is practically linear (e.g.,Fig. 4).

Subsequently,Rhoades et al. (1989)extended this empirical model to account for mobile,
continuous and immobile, discontinuous aqueous phases, and also allowed for different
parallel and series solid–liquid conducting pathways. In these respects, this model somewhat
resembles the dual-water model ofClavier et al. (1984)and the parallel–series models of
Sauer et al. (1955), Waxman and Smits (1968), andShainberg et al. (1980)for water-
saturated media.Rhoades et al. (1989)referred to three conducting paths acting in parallel:
(1) alternating layers of series-coupled solid–liquid (the aqueous phase in the fine pores),
(2) solid element (conductance along the surfaces of the soil particles), and (3) continuous
liquid element (the aqueous phase in the larger pores). They claimed that the contribution
of the solid element is negligible because soil structure does not allow for enough direct
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Fig. 8. Plot of (σa − σs)/σw (=T(θ)θ) according to Eq.(17)of measuredσa(σw, θ) data for Indio, very fine sandy
loam equilibrated with solutions of differentσw (given in dS/m). The solid line represents Eq.(17)with the best-
fitted transmission coefficient:T(θ) = 1.2867θ − 0.1158 (fromRhoades et al., 1976; reproduced by permission of
the Soil Science Society of America).

particle-to-particle contact and proposed the simplified, two-pathway model:

σa = (θs + θws)2σwsσs

θsσws + θwsσs
+ (θ − θws)σwc (18)

whereθs is the volumetric fraction of the solid phase (=1−n), θws the volumetric wa-
ter content of the series-coupled solid–liquid element, (θ − θws) the volumetric fraction of
the continuous liquid phase,σws the conductivity of the soil water of the series-coupled
solid–liquid element,σs is the conductivity of the solid phase of the solid–liquid element
andσwc of the continuous liquid phase. The greater flexibility of the 1989 model allows
for a better description ofσa(σw, θ) measurements, especially at low salinities (σw), and
water contents (θ). However, the increased number of difficult-to-obtain, empirical param-
eters limits its capacity for predictingσw(σa, θ). Rhoades et al. (1989)presented empirical
relationships of two important parameters of their model (θws andσs) to the respective prop-
erties of total volumetric water content (θ) and clay percent (%C): θws = 0.468θ + 0.064 and
σs (dS/m) = 0.023%C− 0.0209.Fig. 9presents a best-fit of Eq.(18)to a combinedσa(σw,θ)
data set for a loamy soil (20% clay, 39% silt), assumingσws =σwc (=σw), but it is unclear
to what extent these relationships are general or soil specific. Even for detailed models such
as Eq.(18), theσw(σa, θ) assessment is expected to be more accurate for highθ. Therefore,
Rhoades et al. (1989)recommendedσa(θ) measurements at higher water contents (i.e., field
capacity), when possible, for assessing the amount of dissolved salts in the soil solution
(σw).

Nadler (1991)studied the effect of soil structure onσa by comparingσa(θ) data of “field”,
“packed”, and “severely disturbed” samples of four soil types at low and high salinities. The
three kinds of samples had similar water contents and they differed moderately and non-
systematically in theirσa, which led him to conclude that severely disturbing processes
of sampling, grinding, sieving, and packing have limited effect on the soil’sσa(σw, θ)
relationship, as long as the soil is re-packed to its original field bulk density. Recognizing
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Fig. 9. The apparent electrical conductivity (σa) of Waukena loam as a function of solution’s electrical conductivity
(σw) for three volumetric water contents (θ). The empty circles are the measured data, and the solid lines are
best-fitted model (withθs = 0.634,σs = 0.430 dS/m; Eq.(18)) to the combined data (fromRhoades et al., 1989.
Reproduced by permission of the Soil Science Society of America).

that the soil structure defines the orientation and inter-spacing of the soil’s primary particles
suggests that it should also affect significantly itsσa(σw, θ) relationship. Therefore, care
should be taken when inferring fromσa(σw, θ) calibration curves measured on disturbed,
re-packed samples in the lab to the expectedσa(σw, θ) relationships of the undisturbed field
soil.

Detailed network models are not useful as predictive tools because too many param-
eters are involved. However, they can provide insight into the nature of theσa/σw(n, θ)
problem and can demonstrate the role of structural and other factors in determiningσa/σw.
Tsakiroglou and Fleury (1999), who used a bond percolation process for describing drainage
in a 3-D cubic network of lamellar pores with fractal roughness, demonstrated that the satu-
ration exponent (d in Eq.(15)) is notS-independent as inferred from Archie’s empirical law,
but rather increases with decreasing saturation degree from about 1.4 at full saturation to
about 3.4 atS= 0.02. The main concern of the study ofTsakiroglou and Fleury (1999)was
the effect of fractional wettability, when some of the pores are water-wet (the default case
discussed above and throughout this chapter) and others are oil-wet. By means of their frac-
tionally wet pore networks, they demonstrated thatσa(S)/σa(S= 1) is, as expected, always
an increasing function ofS, and that the saturation exponent (d) is no longer a monotonically
decreasing function ofS(as for the water-wet media), but exhibits a peculiar behavior that
involves an initial decrease ofd with decreasingSnear saturation, followed by a rise to
a local maximum at intermediate degrees of saturation and finally monotonic increasing
towards low water saturations. In another network modeling study,Man and Jing (2001)in-
corporated pore-scale displacement mechanisms (snap-off versus piston-like displacement)
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and the full range of advancing contact angles (0–180◦) in grain-boundary pore shapes to
investigate the behavior of the formation factor in the processes of primary drainage, im-
bibition, and secondary drainage. The simulatedF(S) curves were not linear on a log–log
plot (disobeying Archie’s law) and showed pronounced hysteresis:σa in primary drainage
was always larger than that in the following imbibition and secondary drainage cycles, with
the differences increasing with increasing contact angles after the primary water drainage.
Bekri et al. (2003)calculated theσa(S) curves of reconstructed 3-D porous media for which
the simultaneous flow of two – conducting and insulating – phases (of viscosity ratios of
1.25 and 10) were modeled by means of a Lattice–Boltzmann algorithm. The saturation
exponent (d) was in the range of 3–5 and, in general, was virtuallyS-independent, increas-
ing with decreasingn among the six samples (n of 0.26–0.44) and varying in a complex
manner in different spatial directions (parallel and perpendicular to the liquid flows) and
for different viscosity ratios. The effects of wettability (contact angle hysteresis), viscosity
ratio, flow direction, and imbibition-drainage history have significant implications for the
calculation of water/oil saturations fromσa measurements in oil reservoirs. Agricultural
soils of medium to low organic matter content are usually hydrophilic, and wettability ef-
fects onσa are expected to be negligible. However, in soils containing larger amounts of
organic matter, or in other circumstances when even sandy soils can become water repellent
(Ritsema et al., 1993), wettability and water flow history issues are expected to affect the
σa/σw(θ) relationship.

Most of the soil scientists cited above, and others too, have proposed, tested, and used
σa(σw,n, θ) relationships for the purpose ofσw determination. However, because exponents
for the extended Archie’s law(15) (m andd) are larger than unity, theσa reading is more
sensitive ton andS(θ) than it is toσw. Hence, assuming thatσw andn are known, it is
legitimate to estimateθ too fromσa readings.

4. Conclusion

Experimental evidence and theoretical results have been presented and discussed with the
aim of improving our understanding of the roles of the various geometrical and interfacial
attributes of the soil and its solution, in determining the effective electrical conductivity
of the soil (ECa). The soil solution EC and the soil volumetric water content are the main
factors affecting the soil ECa, the dependence on water content being stronger. Non-spherical
particle shapes and broad particle-size distributions tend to decrease ECa, and when the non-
spherical particles have some preferential alignment in space, the soil is anisotropic, that
is, the ECa depends on the direction in which it is measured. The electrical conductivity
of the adsorbed counterions constitutes a major contribution to the ECa of medium- and
fine-textured soils, especially in conditions of low solution conductivity. In such soils and
salinity levels, the temperature response of the soil ECa is likely to be stronger than that
of its free solution, and care should be taken when transforming the field-measured ECa
values to the ECa at a reference temperature.

These findings set some limitations to the application of existing ECa–ECw models and
constitute guidelines for the further development of such essential models. The best mod-
eling approach is probably that of continuous mean field theories accounting for the major
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geometrical and phase configuration attributes when describing the contribution of the dis-
solved ions and accounting for the mineral surface properties and solution chemistry when
describing the contribution of the adsorbed counterions. As such detailed physical models
involves numerous soil and environmental attributes, which are usually not readily avail-
able to the practitioners, it is essential to seek for general or site-specific inter-correlations
between these attributes. Before such reliable physical models are being developed and
verified and when accurate ECw determinations are required, it is recommended to perform
site-specific ECa(ECw, θ) calibrations in the laboratory.
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