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Summary

The recent developments of electromagnetic induction and electrostatic
prospection devices dedicated to critical zone surveys in both rural and urban
contexts necessitate improving the interpretation of electrical properties through
complementary laboratory studies. In a first interpretation step, the various
experimental results obtained in the 100 Hz—10 MHz frequency range can be
empirically fitted by a simple six-term formula. It allows the reproduction of the
logarithmic decrease of the real component of the effective relative permittiv-
ity and its corresponding imaginary component, the part associated with the
direct current conductivity, one Cole—Cole relaxation and the real and imaginary
components of the high-frequency relative permittivity. For elucidating physical
phenomena contributing to both the logarithmic decrease and the observed
Cole—Cole relaxation, we first consider the Maxwell-Wagner-Sillars polariza-
tion. Using the method of moments, we establish that this continuous medium
approach can reproduce a large range of relaxation characteristics. At the micro-
scopic scale, the possible role of the rotation of the water molecules bound to
solid grains is then investigated. In this case, contrary to the Maxwell-Wagner—
Sillars approach, the relaxation parameters do not depend on the external
medium properties.

KEYWORDS
dielectric properties, electromagnetism, hydrogeophysics, modelling

properties allowing dense data sampling over extended
surfaces have been achieved. The various methods

A better characterization of the so-called critical zone,
from natural soils to urban artificial structures, is of
paramount importance for the management of the nat-
ural and cultural environments (Capello et al., 2021).
Consequently, the application of geophysical methods
to the near-surface underwent large developments in
the last decades; rapid measurements of the physical

measuring the electrical resistivity played a major role
(Hermans et al., 2023; Pellerin, 2002; Samouélian
et al., 2005; Viscarra-Rossel & Adamchuk, 2013), but
significant progress is still conceivable in the electri-
cal/electromagnetic domain.

Besides the direct current (DC) resistivity method
(Gebbers et al., 2009), the use of electromagnetic
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induction (EMI) instruments (Corwin & Lesch, 2003)
has been and is largely used in open areas, whereas,
in urban contexts, the electrostatic method, also called
capacitively coupled resistivity (Kuras et al., 2006; Tab-
bagh et al., 1993), allows us to overcome both the impact
of metallic disturbers and the absorption of ground pen-
etrating radar (GPR) signals by clayey materials. Due to
technical limitations, most of the corresponding devices
use low frequencies in the 10—-100 kHz range, but sev-
eral attempts reached the 300 kHz-3 MHz medium
frequency band, with both frequency (Glaser et al.,
2022; Kessouri et al., 2016) and time-domain (Auken
et al., 2019; Wright et al., 2000) instruments. In these
frequency ranges, between frequencies dominated by
conductivity and those by dielectric permittivity, electri-
cal polarization cannot be neglected in comparison with
conductivity (Glaser et al., 2023; Loewer et al., 2017;
Tabbagh et al., 2021), and it is necessary to consider
the dielectric permittivity together with the electrical
conductivity and the magnetic susceptibility. Some inter-
pretations of field results acquired with EMI (e.g., Simon
et al., 2019) and electrostatic instruments (e.g., Scham-
per et al., 2021; Souffaché et al., 2016) led to apparent
relative permittivity in accordance with the published lab-
oratory measurements. However, the information that
can be extracted from permittivity deserves to be more
clearly delineated, which necessitates multiplying both
in situ experiments and laboratory studies with undis-
turbed and synthetic samples in the same frequency
range as in surveys. Nevertheless, in order to better
assess the role of frequency, our laboratory results have
been extended out of the limits of frequency range used
in-field to the larger interval (100 Hz—10 MHz).

In physical and chemical domains, the study of
the electrical properties versus frequency is gener-
ally called dielectric spectroscopy. It is an important
branch of chemical analysis and it covers a very large
variety of applications (Woodward 2021). In applied geo-
physics, for both infield and laboratory studies, works
and publications were focused on two different fre-
gquency domains which can be roughly defined as below
1 kHz and above 20 MHz. At the lowest frequency
range (<1 kHz), it is called spectral induced polarization
(SIP) (Kemna et al., 2012), the terms ‘complex conduc-
tivity measurements’ being also used (Brdéner, 2009).
For complex multi-phase media such as soils (Kessouri
et al., 2019) and rocks, several polarization mechanisms
have been proposed to interpret the data when a time-
varying electric field is applied (Bucker et al., 2019; Niu
et al., 2020). At the highest frequency range (>20 MHz),
GPR and time-domain reflectometry are used. There
the dominant mechanism is the rotation of the free
water molecules which corresponds to permittivity value
of 80. This value, about 20 times higher than that of
solid grains, determines the effective permittivity. A lack
of experimental data and theoretical approaches still
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remains between these two frequency domains (Loewer
et al., 2017).

Above freezing temperature and in the 100 Hz-
10 MHz frequency range, two dominant processes can
be called on. The first corresponds to a motion of
ions resulting in a non-coincidence between the anion
barycentre and the cation barycentre, and the sec-
ond to the rotation of polar molecules (in practice
water molecules). In the first, both anions and cations
may move in pore water and be blocked by inter-
faces. This heterogeneity effect is called interfacial or
spatial polarization and is usually classified as Maxwell—
Wagner—Sillars polarization when a continuous medium
description is used. It may also happen that the cation
cloud surrounding the negatively charged solid surfaces
is slightly shifted, which is called electrical double layer
(EDL) or Stern layer polarization (Binley & Slater, 2020;
Kemna et al., 2012; Leroy & Revil, 2009). This EDL may
itself play a role in the membrane polarization mech-
anism where the cation and anion diffusions through
pore-throats differ (Blcker & Hoérdt, 2013). In the sec-
ond process, the free water (i.e., capillary and gravity
water) has a relaxation frequency between 17 GHz and
19 GHz, far above the frequency range considered.
However, the relaxation frequencies of the bound water
coating the solid surfaces can be around 1 MHz or
below, between those of free water and ice.

The present paper is not aimed to be a complete
study of the behaviour of the complex permittivity of
near-surface geo-materials but, first, to redraw a global
picture of experimental laboratory results and of the cor-
responding empirical model formulation and, second,
through numerical modelling of two polarization mech-
anisms, to progress in the assessment of identification
criteria.

CAPACITIVE MEASUREMENTS AND
SAMPLES

Choice of the characteristics of the
capacitive cell

In the 100 Hz—10 MHz frequency range, for more than
80-years, disc (or slab)-shaped samples have been
used. Generally, their diameter is smaller or equal to
10 cm, and their thickness is around 1/10th of the
diameter. These discs are inserted into parallel plate
capacitive cells. In order to take into account the het-
erogeneity of the near-surface earth materials, and to
work with representative elementary volumes, larger
samples of 160 x 160 x 19 mm?3 size were chosen.
Two metallic plates of the capacitor with larger surfaces
of 200 x 200 mm? maintain a uniform electric field
on them. In comparison with measurements achieved
using four non polarizable electrodes, capacitive cells
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DIELECTRIC POLARIZATION EFFECTS

(named two electrodes technique in the literature) may
generate electrode polarization which corresponds to
the blocking of moving ionic charges at the electrode
surfaces. This difficulty has been raised up since ear
lier experiments, and Smith-Rose (1933) explained the
increase of the real part of the relative permittivity with
the frequency decrease by this sole phenomenon. This
interpretation has been reconsidered and Keller and
Licastro (1959) stated that the electrode polarization is
‘unimportant’ above 50 Hz. Comparisons have also been
made between two- and four-electrode techniques (Gar-
rouch & Sharma, 1994; Lesmes & Fry, 2001; Scott et al.,
1967); the conclusions were that both techniques fairly
agree above 100 Hz and that the electrode polarization
is reduced when the plate separation is increased (Ishai
et al., 2013). However, two aspects of the instrument
used deserve to be detailed.

For such instruments, the relative permittivity is
defined by reference to the air response. However to
check the sensitivity, it is relevant to analyse the results
obtained for a material of low permittivity, a low signal,
and to determine the signal over noise ratio (SNR) over
the whole frequency range. The noises can originate
both from the instrument itself and from the electro-
magnetic environment and are evidenced by repeating
the measurements and observing the dispersion of the
results. One first chooses paraffin (relative permittivity
value of 2) and expresses the SNR by the ratio between
the standard deviation and the median value of the real
relative permittivity for each frequency. The evolution of
this ratio is illustrated in Figure 1a. It is clear that for low
permittivity values (lower than any soil or rock material),
the frequency must be higher than 3 kHz in order to get
an SNR lower than 1%. Moreover, a material of higher
permittivity was used, namely a conductive foam (REF
4454 W, SDEP ACE SA, France) with a relative permit-
tivity of 100 in the middle of the frequency range; the
variation of the SNR remains below 1% for all the fre-
quency range (Figure 1a). As the permittivity of the foam
corresponds to the lower range of the permittivity of the
considered geo-materials, the instrument sensitivity is
adequate.

The undesirable electrode polarization effect is com-
monly checked (Gregory & Clarke, 2005) by comparing
the results obtained for samples of various thicknesses
corresponding to various distances between the two
plates of the capacitive cell. As the sample thickness
decreases, the relative weight of the electrode polariza-
tion by reference to the bulk polarization of the material
increases and the slope of the frequency dependence
should be modified. Figure 1b shows the real part of the
relative permittivity for 160 x 160 mm? slab samples with
three different thicknesses 7, 12 and 19 mm for a sam-
ple with 5% of illite and 95% of carbonate powder. One
observes a clearly different slope for the 7-mm curve
below 300 Hz, whereas the two other thicknesses slopes
are consistent.
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FIGURE 1 Capacitive cell characteristics: (a) ratio of the
standard deviation to the median value for a series of measurements
on a paraffin sample (¢’ ~ 2) and a conductive foam (¢’ ~ 100), (b)
frequency variations of the real relative permittivity for various
thicknesses of a carbonate/illite slab sample of section

160 x 160 mm?.

Measuring instrument

Due to the characteristics of the cell, the signal applied
between the two metallic plates generates a uniform
electric field. The phase sensitive response is processed
by a PSM 1735 vector multi-meter (Phase Sensitive
Meter, NumetricQ Ltd.). Frequencies were swept from
100 Hz to 10 MHz.

Samples

The complex permittivity of heterogeneous materials is
linked to grain size, shape and orientation relatively to
the externally applied electric field, as well as poros-
ity, water saturation and the presence of organic matter
(living and dead). In order to interpret complex permit-
tivity data, laboratory studies are here carried out on
volumes of about 500 cmS. Stiff materials were cut at
the cell dimensions in square slab-shaped samples of
16 x 16 x 1.9 cm?, whereas loose materials were simply
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packed by hand in the sample holder. All measurements
were done at room temperature circa 20°C.

When studying the role of the water content, all sam-
ples, whatever their nature, are first saturated by immer-
sion in tap water of conductivity equal to 0.05 S m~'.
Effective permittivity measurements were made during
free drying; water content was measured by weighing
the cell. Each data acquisition was separated from the
previous one by a weight loss of approximately 5 g; the
last acquisition at the lowest water content was made
after drying the sample in an oven at 50°C for 24 h.

GENERAL BEHAVIOUR OF COMPLEX
PERMITTIVITY IN UNSATURATED
SURFICIAL EARTH MATERIALS IN THE
(100 Hz—10 MHz) RANGE

The behaviour of the electrical properties in the con-
sidered frequency range is expressed by the complex
relative permittivity, e =&’ —ic”’, with i = /-1 . The
real (or in-phase) part ¢ corresponds to the electrical
polarization and the imaginary (or quadrature) part com-
prises both the dielectric losses, s,", and the effect of

the DC conductivity ¢’ = i +¢ , where w is the angu-
0
lar frequency, gy the vacuum permittivity, and ¢ the DC

conductivity.

Measurements were performed on a wide series of
samples for various mineral compounds, water contents
and frequencies (dispersion analysis). They agree with
previous publications made on rocks samples (Howell
& Licastro, 1961) and underline the role of the water
content.

The main general observations on all our results are
as follows:

1. At a given frequency, for example at 30 kHz in
Figure 2, especially when reaching full saturation,
both the conductivity and real permittivity are depen-
dent on water content, but the conductivity is more
SO.

2. For dried materials, the real part of the permittivity is
about 3 and thus corresponds to the value adopted by
the high-frequency formula (Topp et al., 1980) without
observable changes with frequency. The imaginary
part is very low and non-measurable.

3. For high water content and/or for conductive mate-
rials such as clays, the real part exhibits a reg-
ular logarithmic decrease until the high-frequency-
independent limit. The imaginary part follows the w~'
decrease associated with the DC conductivity. This
is illustrated in Figure 3 for a synthetic carbonate
powder sample and for the Fontainebleau sand.

4. At lower water content, that is for unsaturated mate-
rials, the real and the imaginary parts exhibit a
marked relaxation between the regular logarithmic
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FIGURE 2 Variations of the electrical conductivity and of the real
part of the relative permittivity with the volumetric water content 6 at
30 kHz, for a sand with a porosity of 0.457. The granularity of this
silica sand (Sibelco) corresponds to a uniform distribution between
300 and 600 um.

decrease and the high-frequency-independent limit
(see Figure 4).

PHENOMENOLOGICAL MODELLING OF
THE COMPLEX PERMITTIVITY

In the considered frequency range, relaxation is the

physical mechanism called on to explain the dispersion,

that is the frequency variation, of the complex effec-

tive permittivity. To a step change of the applied electric

field, that is to an Heaviside function EyY(t), the reac-

tion of a material is delayed and the polarization that
t

follows P(t) = Po(1 — e *) is characterized by the time
constant 7 related to the activation energy. In the fre-
quency domain, the corresponding Debye’s formula is

1:_‘) . To mimic a log—normal distribution of the time
wT

constants, Cole and Cole (1941) introduced the formula

1+§° 7 Such a relaxation is observed in Figure 4 for par-
wT,

tially saturated samples and not in Figure 3 at high water
or clay contents.

When there is a series of relaxations whose time
constant distribution is large and quasi-uniform, an
integration over the time constant leads to a regular
logarithmic decrease with frequency for the real part

(Figure 3) which can be described by E;(wg)‘”, and to
j

aE (=)™

an imaginary part = —i
ginary part o — @

independent on frequency. This general behaviour is
well established in dielectric spectroscopy (Woodward,
2021) as in magnetism (Mullins & Tite, 1973). Conse-

which is in fact quasi-
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DIELECTRIC POLARIZATION EFFECTS
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FIGURE 3 Frequency variation of the effective relative
permittivity at high water content (with o, = 0.05 S m~"): (a)
carbonate powder saturated at 6 = 0.415, for which the interpretation
parameters are n = 1.48, ¢’; = 30,700, o = 11.3 mS m-1,

E;_": = 25, g = 3.3. The size distribution is centred around 30 um:
(b) Fontainebleau sand saturated at 6 = 0.395, for which the
interpretation parameters are n = 1.64, g = 409,050,
oc=16.6mSm, z,’_”: = 21, sl’_jF = 7.0. This pure silica sand has a
very narrow size distribution centred at 200 um.

quently, Jonscher (1977) presented this behaviour as

universal. However, in moist soils and rocks, the DC con-

ductivity contribution to the imaginary part i overrides
0

the other mechanisms.
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FIGURE 4 Frequency variations of the effective complex relative
permittivity, unsaturated samples: (a) Lutetian limestone of 6 = 0.132;
the interpretation parameters are n = 0.88, ¢’; = 560,
0=0.0125mSm~', g = 90, ¢ = 1.7,7=0.333 us, c = 0.89,
Ag, = 32; (b) silty soil of 6 = 0.206; the interpretation parameters are
n=128,¢;=42,050,0=30mSm™", ¢ = 20, /- = 5.0,
7=0.13 us, ¢ = 0.65, Ag, = 77; (c) Fontainebleau sand of 6 = 0.153;
the interpretation parameters are n = 1.12, ¢; = 9500,
0=054mSm™, g =10, &l = 22,7=0.23pus,c =0.94,

Agy = 45.
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In order to fit the previous general observations pre-
sented before, six terms are included in the complex
permittivity €7 (w) :

<w>”_iga<8;(%> )_. o

* _ s 2
& (@) =g o 2~ 4ln(w) @
AEp ’ " (1)
t———— el g .
1 + (iewt)® HFEHF

First the ‘Jonscher type’ logarithmic decrease of the
real part is characterized by the negative exponent n
and the starting value s/f at 100 Hz (the correspond-
ing angular frequency «; is used in the equation); to
this term is added the corresponding imaginary part.
The third term reflects the effect on the imaginary part
of the DC conductivity and the fourth one the effect of
the Cole—Cole type relaxation. This Cole—Cole empirical
expression (Cole & Cole, 1941) comprises the relative
permittivity strength Ag,, the central time constant r,
and the exponent ¢ which characterizes the relaxation
distribution around 7. Those Cole—Cole parameters are
particularly useful when dealing with partially saturated
media as in Figure 5. Finally, the real and imaginary parts
of the high frequency permittivity are given by the fifth
and sixth terms and are necessary to fit the asymptotic
values at frequencies above several MHz (Figures 3-5).

The Jonscher variation has been observed for sedi-
mentary rocks (Knight & Nur, 1987) and the usefulness
of the second term can be illustrated in Figure 5 for a
low conductivity sample, with a better fit of the imaginary
part when the second term is considered (Figure 5b)
compared to the fit without it (Figure 5a). In accordance
with the stability (Topp et al., 1980) of the high fre-
quency dielectric permittivity up to several GHz, the two
last terms are independent of frequency. Globally (Equa-
tion 1) is useful for fitting data, but it does not relate the
permittivity values to the intrinsic physical and chemical
properties of the samples at microscopic scales.

INTERPRETATIVE PHYSICAL
PHENOMENA

The interpretation cannot be limited to a global phe-
nomenological description of sample behaviours with a
limited number of parameters but has to attempt link-
ing the observations (and the interpreted parameters)
to intrinsic characteristics of the considered material
such as the pore and throat sizes, permeability and
fluid storage capacity whose knowledge allows the
assessment of water resources and more generally
of underground petro-physical properties. For exam-
ple, GPR measurements not only allow the location of
underground reflectors, but can also give values of the
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FIGURE 5 Frequency variations of the effective complex relative

permittivity for a carbonate powder synthetic sample containing 30%
of smectite, with 6 = 0.0535; the interpretation parameters are

n=0.79,¢;=520,0=6.9 uS m-1, E"_": = 17.2, E{_:F = 3.5.(a)

Interpreted without the second term of Equation (1), rms global error
0.13; (b) interpreted with the second term of Equation (1), rms global
error reduced to 0.0675.

volumetric water content of the various soil volumes. In
the SIP domain, several attempts have been achieved to
determine the hydraulic permeability (Koch et al., 2011;
Nordsiek et al., 2016; Revil et al., 2015; Robinson et al.,
2018; Slater & Glaser, 2003); namely Glaser (2021)
demonstrated the effectiveness of hydraulic conductivity
prediction models using physical and electrical param-
eters at a single site. To evidence, biofilms (Albrecht
et al., 2011; Ntarlagiannis & Ferguson, 2009) have also
been tested and so on. These approaches can be
extended to the considered frequency range. However,
most of the literature qualify the electrical polarization
behaviour observed in the 100 Hz—10 MHz frequency
range as ‘Maxwell-Wagner—Sillars’ polarization (Loewer
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DIELECTRIC POLARIZATION EFFECTS

et al., 2017; Revil, 2013). Such a name corresponds to
a continuous medium description using two electrical
properties, the conductivity and the permittivity, without
any information about the microscopic structure of the
considered material. It is thus necessary, in a first step,
to delineate the characteristics specific to the Maxwell—
Wagner-Sillars polarization and in the following steps
to consider different possible models of the microscopic
structure and behaviour. As a start of this second step,
the present study considers a ‘bound water molecules’
model.

Modelling by Maxwell-Wagner-Sillars
polarization

This polarization results from a contrast between two
media with different conductivities and permittivities. In
this approach, the media are considered continuous,
and no hypothesis is proposed about the underly-
ing microscopic physical phenomena. Consequently,
several phenomena can fit with the ‘Maxwell-Wagner—
Sillars’ polarization, and this denomination can play
the role of ‘hold all’ The proper characteristics of this
approach in terms of amplitude and time constant should
nevertheless be better grasped. This model has been fol-
lowed and discussed by numerous authors with more or
less details (Alvarez, 1973; de Lima & Sharma, 1992),
but it is important to start here by recalling the simplest
case of the sphere in a uniform surrounding medium.

Maxwell-Wagner polarization: unique
spherical contrasting volume

A uniform primary electric field, Eg, is applied on a
spherical volume of radius a, conductivity oy and relative
permittivity 4. It is located in an infinite medium of con-
ductivity o, and permittivity 5. These four properties are
time independent. In the static approximation where the
equation V(fVV) = Qs solved the sphere is equiva-

lent to a dipole of moment, M 47ra3E0 E+2 , Where the
g+ety

properties are expressed by the complex permittivities:

o
€ =&+ X (2)
ICUEO
and
g2
=g + —. 3
272 " o, )

At one point outside the sphere, one calculates the
secondary electric field generated by the sphere. The
frequency varlat|ons of this field do not depend on a,

but only on -—2. The shape (spherical) governs this
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FIGURE 6 Frequency variations of the electric field generated by
a spherical volume when oy =100 mS m~', ¢; =80, o, =10 mS m~!
and e, = 10. The resulting time constant is 7= 7.16 ns.

TABLE 1 Relaxation parameters as functions of conductivities for
the Maxwell-Wagner-Sillars polarization of a unique spherical body
of e, = 80 in a surrounding medium of ¢; = 10.

2 (mSm- 100 31.6 10 3.16

(a) Time constants (ns)

100 2.90 3.75 4.08 4.19
31.6 5.29 9.19 11.84 12.90
10 7.16 16.73 29.05 37.5
3.16 7.98 22.66 52.9 91.9

1 8.37 25.25 71.6 167.3
(b) Agp

100 0.700 0.995 1.13 1.18
3.16 0.281 0.700 0.995 1.13
10 0.050 0.281 0.700 0.995
3.16 0.211 0.050 0.281 0.700
1 0.271 0.211 0.05 0.281

result, but the geometric scale has no influence. The
resulting field variations are presented in Figure 6 where
its real and imaginary parts are seen to exactly corre-
spond to the Debye formula with the peak amplitude of
the imaginary part being half of the real part strength.
In Table 1a,b, the effect of the property contrasts is
illustrated by the conductivity dependence of both the
time constants 7 and the strength amplitude Ae,, which
are deduced after fitting the Debye formula (the permit-
tivity values remain at ¢; = 80 and e, = 10). T increases
when the conductivities oy and o, decrease; when both
are divided by 10, t is multiplied by 10. The strength
amplitudes Ag, vary and are governed by conductivity
ratios (the same Ag, values along diagonals in Table 1b).
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In fact, a contrasting cell acts as an electrically
polarized volume; however, such cells, which may be
numerous, are inevitably coupled together and can have
different electrical properties. Note also that, if a sphere
can be relevant to describe water drops, it is not ade-
quate for the platelet shaped particles found in clays.
Thus, the number of possible simulations is very large
and hereafter one will consider three cases, namely
coupled identical isotropic cells (spheres/cubes) with
random locations, coupled and non-identical isotropic
cells and, finally, a non-isotropic platelet.

Effective complex permittivity of a volume
comprising a set of elementary isotropic
identical cells coupled together

Here, the method of moments, MoM (Tabbagh et al.,
2002), is used to calculate the effective relative permit-
tivity corresponding to a random distribution of polarized
cells inside a volume of conductivity o, and relative per-
mittivity e,. On this volume is applied a uniform primary
electric field; the size of the volume is considered suf-
ficiently small for the static approximation to be used.
In the volume are randomly located a series of cubic or
spherical isotropic cells of conductivity oy and relative
permittivity 4. The cells are coupled together and the
resulting effective relative permittivity of the volume is
deduced from the total field outside the volume. In the
MoM, one can easily change the content of the polariz-
able cells and/or their properties. By adopting the same
properties as in Figure 6, oy = 100 mS m~', ¢y = 80,
0, = 10 mS m~" and & = 10, one obtains the same
frequency variations. The effect of the cell content s illus-
trated in Table 2a—c where the variations of the effective
conductivity and of the amplitude of the strength are
increasing as expected, both are multiplied by around
2 when the volumetric content is multiplied by 4, but
where the increase of the time constant is very small.
The comparison among Table 2a—c underlines the effect
of the cell permittivity on the time constant. When both
oy and o, are divided by 10, the results, displayed in
Table 3, verify and confirm two important facts: Although
the effective conductivity is divided by 10, the amplitude
of the strength is unchanged (the ratio o/0> remains
identical in Tables 2b and 3), and the time constants are
multiplied by 10.

Effective complex permittivity of an isotropic
volume comprising a set of elementary
isotropic, but of differing properties coupled
cells

In this section, the conductivity and/or the permittivity
are different from one cell to another, but the cell vol-
umes remain identical. The possible simulations are very

TABBAGH ET AL.

TABLE 2 Maxwell-Wagner-Sillars polarization of a volume
comprising a set of elementary isotropic identical cells coupled
together; influence of the volumetric content in polarizable cells for
gy =100mSm~"', g, =10mS m~"' and ¢, = 10.

Effective conductivity

Volumetric content in of the volume o

polarizable cells (mS m—1) Agp 7(ns)
(a)eg =10

0.05 15.3 11.0 2.4
0.10 21.0 120 27
0.15 271 13.0 3.1
0.20 33.8 141 3.4
(b) &4 =80

0.05 12.6 124 71
0.10 15.7 152 72
0.15 19.6 187 73
0.20 24.6 229 74
(c) &4 = 800

0.05 13.0 159 575
0.10 16.8 23.9 540
0.15 21.8 35.7 484
0.20 28.2 55.0 42.0
TABLE 3 Maxwell-Wagner—Sillars polarization of a volume

comprising a set of elementary isotropic identical cells coupled
together; influence of the volumetric content in polarizable cells for
g1 =10mSm~', & =80,00 =1 mSm~" and e, = 10.

Effective conductivity

Volumetric content in of the volume o,

polarizable cells (mSm) Agp, 7(ns)
0.05 1.26 124 715
0.10 1.57 152 722
0.15 1.96 18.7 7341
0.20 2.46 229 741

Note: Conductivities are divided by 10 compared to Table 2.

numerous, but the three cases, presented in Table 4,
illustrate the influence of the cell properties, whereas the
conductivity and the permittivity of the external medium
remain fixed at oo = 10 mS m~! and &, = 10 (as in
Table 2), respectively, and the polarizable cells con-
tent remains at 10%. If o4 has either a fixed value at
50 mS m~' or a logarithmic rate regular distribution of
cell conductivity between 10 mS m™! and 1000 mS m~',
the effective conductivity stays around 15 mS m~', no
far from the results in Table 2 (where oy = 100 mS m~!
and the cell content equals 10%), whereas the effec-
tive permittivity strength, Ae,, and the time constant, t,
strongly vary with the cell permittivities. Moreover, the
time constant easily overpasses 1 ns if the cell permit-
tivity distribution comprises high values. However, high
cell conductivity values counterbalance, resulting in a
decrease of the time constant. In other words, for usual
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DIELECTRIC POLARIZATION EFFECTS

TABLE 4 Maxwell-Wagner—Sillars polarization of a volume
containing 10% of polarizable isotropic coupled cells inside an
external medium of o, =10 mS m~' and ¢, = 10.

Effective
conductivity of the
volume e (MSmM~')  Ag,  7(ns)

g1 = 80, 15.5 2.5 16
oy € [10, 1000 mS m™1]

¢ € [10, 10,000, 15.0 70 550
oy =50mS m~!

¢ € [10, 10,000], oy € 14.8 17 35
[10, 1000 mS m~"]

Note: The cells properties are non-identical with either constant values or uniform
distributions.

FIGURE 7 Platelet model corresponding to a series of adjacent
small cubic cells with ¢; = 100 mS m~1, ¢y =80, 0, = 10 MS m™!
and e, = 10.

values of g4, high values of ¢; may generate high values
of Agy,, which is intuitively expected, but also high values
of the time constant, which is not intuitive. These conclu-
sions confirm the results obtained for identical isotropic
cells (this section) where an increase in ¢4 increases the
time constants, whereas an increase in oy reduces time
constants.

Effective complex permittivity of platelet-like
volume

This section addresses the effect of the shape of
the polarized elementary volumes. This volume is a
square flat platelet characterized by its flatness ratio
c/e between its side ¢ and its thickness e (Figure 7).
In the MoM, it is broken down into a series of adjacent
small cubic cells. Using the same values as previously,
gy =100 mS m™', & =80, 0b = 10 mS m~' and
g = 10 (Table 3b), the variations with the flatness ratio
are shown in Table 5.

In the direction perpendicular to the platelet, a Debye’s
type behaviour of the real part of the effective permittiv-
ity is observed with a time constant decreasing with the

flatness, whereas the effective conductivity is regularly
increasing. In the direction parallel to the platelet, the
time constant strongly increases with flatness, whereas
the strength Ag, remains very low in comparison to
the perpendicular direction case; this impedes the time
constant determination. In this case, the effective con-
ductivity is slightly decreasing. The experimental work
achieved by placing metallic particles inside wax by
Sillars (1937) has already noted the high variability
of the time constant with the shape and orientation
of the particles. Dividing by a factor of 10 both con-
ductivities, one gets the results shown in Table 5a,b.
As expected, the effective conductivities are divided
by 10, the strengths Ag, do not significantly change
and the time constants are increased by a factor of
10.

Having observed that the Maxwell-Wagner—Sillars
polarization may explain a quite large distribution of
relaxation parameters, one can consider molecular
scale modelling.

Microscopic modelling of the relaxation of
bound water molecules

Since the 1950s, many soil engineers and materials
scientists have worked on the dielectric properties of
the water layers adsorbed on clay particles (Goldsmith
& Muir, 1960; Mamy, 1968; Muir, 1954; Nelson et al.,
1969) for both kaolinite and smectite clays. They have
established the importance of a ‘Debye type’ relaxation
associated with the rotation of the adsorbed molecules
and, at very low water contents, the dominant part of
the first adsorbed layer (monolayer). However, when
the water content increases, the respective parts of the
successive layers of adsorbed water molecules and of
the mobile hydrated cations are still in question (Calvet,
1975; Hall & Rose, 1978; Kaviratna et al., 1996; Vasilyeva
et al., 2014).

Modelling the microscopic behaviour of bound
molecules would be a very complex task, but one
aspect can be tested here using the MoM, namely the
possible impact of the external medium properties on
the strength and the time constant of this particular
relaxation. In this simplified approach, the magnitude of
the unit molecular dipole moment can be considered
identical to that of free molecules, but with a different
time constant. Thus, one considers elementary volumes
with a relative permittivity of 80 and with a distribution
of time constants possibly varying with the molecule
position in the coating layers and the nature of the solid
mineral, for example a uniform distribution between 10
us and 0.01 us. The objective is to study the impact
of the surrounding medium properties, that is of the
conductivity g, and of the relative permittivity &5, on
the time constant distribution and the magnitude of the
permittivity strengths.

85UBD 17 SUOWWOD BAReR1D) 3|edl|dde au Aq paueA0b 88 S3OIMe YO ‘88N JO S3INJ 404 Afeiq| ] 8UIUO /8|1 UO (SUOIPUOD-PUR-SLLBIWIOD" A3 | 1M Afe.q)1)BUI|UO//:SHNY) SUORIPUOD PUe SWS L 83885 *[r202/S0/62] Uo AiqiTauliuo A8 |1M ‘NSNISENDA!E ['Hod Aq 20£2T BSU/200T OT/I0p/W00" A3 1M Afeq 1 pul|uo//Sdny WOy papeo|umoq ‘0 ‘7090£L8T



TABBAGH ET AL.

TABLE 5 Maxwell-Wagner—Sillars polarization of platelet-like volume; evolution of the apparent relaxation parameters according to the
flatness ratio.
Effective

Effective conductivity

conductivity o, cel to the Strength Strength 7(ns) L to
Flatness ratio Ilto the platelet platelet Agplito the 7 (ns)/lto Agp L to the the
cle (mSm) (mS m1) platelet the platelet platelet platelet
(a) Foro; =100mSm~", &, =80, 0, =10mSm~" and e, = 10
1 2.30 0.55 0.47 5.0 94.3 1.62
21 2.02 1.03 3.79 3657 98.0 0.71
41 1.89 1.42 X X 89.0 0.12
(b) Forag; =10mSm~', ¢, =80,00 =1mSm~"' and &, = 10
11 0.23 0.055 0.47 50.0 94.3 16.2
21 0.202 0.103 3.79 36,500 98.0 710
41 0.189 0.142 X X 89.0 1.26

For this purpose, the MoM is again used to derive the
effective relative permittivity corresponding to a random
distribution of polarized cells inside an external volume
of conductivity o, and relative permittivity e». On this vol-
ume is applied a uniform primary electric field; the size of
the volume is considered sufficiently small for the static
approximation to be used. The cell complex permittiv-
ity is given by the Debye equation Ae,/(1+iwt) where
Agp = 80.

For the time constant distribution, three different cases
are considered. In the first, all the polarized cells have
the same time constant 7 = 1 us (Figure 8a). In the sec-
ond, T may take two values 10 us and 10 ns (Figure 8b).
In the third, 7 follows a uniform distribution between
10 us and 10 ns (Figure 8c). In Figure 8, the surround-
ing medium has on the one hand o, = 100 mS m~"! and
&, = 30 (dashed lines), on the other, 0, = 10 mS m™!
and g, = 10 (continuous lines).

It is clear that the change in the external medium
properties generates a shift in the absolute values of
the real part of the effective relative permittivity, but nei-
ther Ag, nor 7 (or its distribution) is modified. These
criteria seem to be relevant for bound water molecules
relaxation identification.

CONCLUSION AND PERSPECTIVES

The number of simulations presented above is lim-
ited and could be increased, but several paths can
already be proposed. As seen in the theoretical exam-
ples by either properly modifying the geometrical shape
of the polarized volumes or by changing their per-
mittivity, conductivity or both, Maxwell-Wagner—Sillars
effect can be invoked to fit any observed relaxation
parameters. Consequently, this categorization is not
discriminant (Jonscher, 1981). Moreover, as it is a ‘con-
tinuous medium approach, it cannot inform about the
underlying microscopic phenomena which are the final

objectives of any interpretation. Then, this denomina-
tion must be considered provisory, used while awaiting
more complete information; it should not be placed
at the same level as more meaningful denomina-
tions such as EDL polarization or semi-permeable
membrane polarization. However, three common char-
acteristics can be relevant to use such an ‘all scales’
modelling:

1. 7 increases if the conductivities decrease and con-
versely (this intuitively corresponds to the situation
where the more numerous the charges, the shorter
the time constant (Abdulsamad et al., 2017, Blicker
et al., 2019)) and the conductivity decrease of both
the cells and the surrounding medium is evidenced
by a decrease of the effective conductivity.

2. An increase in cell permittivity(ies) will significantly
increase .

3. Depending on the orientation relative to platelet bod-
ies, T can vary on a very large range (especially when
the direction parallel to platelet bodies is considered),
far larger than the one observed for Ae,,.

The different examples illustrating the ‘General
behaviour of complex permittivity in unsaturated surfi-
cial earth materials in the 100 Hz—10 MHz range’ section
fit with the phenomenological formula presented in the
‘Phenomenological modelling of the complex permittiv-
ity’ section. All the observations are correctly modelled
and thus can be described by a continuous distribution
of relaxations (Jonscher universal behaviour) followed,
for low saturation materials, by one marked relaxation
(Cole—Cole behaviour) that adds to the high frequency
permittivity corresponding to the water molecule rota-
tions. It is possible to compare the three criteria defined
before to some already-published data, for example
those of Souffaché and Tabbagh (2021) where one relax-
ation and its evolution with the sample water content and
electrical conductivity is clearly identified.
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FIGURE 8 Frequency dependence of the real part of the
effective relative permittivity for a random distribution of bound water
polarizable cells (volumetric content 0.15) for o, = 10 mS m~" and

g, = 10 (solid lines) and for o, = 100 mS m~! and ¢, = 30 (dashed
lines): (a) for a unique time constant t = 1 us, (b) for two different time
constants 10 us and 10 ns, (c) for a flat distribution of time constants
between 10 us and 10 ns.

T
o © St Pierre Aigle

| X St Maximin 3B
[ + St Maximin 3E

s
Q
L

S

Time constant (us)
(=}

-
=3
T

100 10' 102 10°
Relative permittivity (100 Hz)

< St Pierre Aigle
X St Maximin 3B
+ St Maximin 3E

!
[N
-

-
Q
2

L

Time constant (us)
vl
I

=
o/;“
%

PR AL TR AL A e R
Conductivity (uS/m)

FIGURE 9 (a) Dependence of the time constant with the effective
conductivity for three calcareous samples of progressing porosity (St
Pierre Aigle 18.9%, St Maximin 3B 33% and St Maximin 3E 41%). (b)
Dependence of the time constant with the effective relative
permittivity for three calcareous samples of progressing porosity (St
Pierre Aigle 18.9%, St Maximin 3B 33% and St Maximin 3E 41%).

Criterion (1) is illustrated in Figure 9a by drawing in
Log-Log the dependence of the time constant on the
effective conductivity where, if the dependence is linear,
the curve would be parallel to the second bisector line
(decrease in power minus one). For the lowest poros-
ity (St Pierre Aigle, of 0.189 porosity), this is not the
case; for St Maximin 3B, of 0.331 porosity, the depen-
dence looks closer to the second bisector, but for the
highest porosity (St Maximin3E, of 0.41 porosity), the
dependence of the time constant is reduced.

In the absence of information about the internal car-
riers of the electrical polarization, Figure 9 illustrates
the dependence between the time constant and the
effective permittivity (¢;): The time constant decreases
when the permittivity increases not far from a power law
behaviour for the two highest porosities and the differ-
ences between the three samples are less marked than
for the conductivity. This qualitative appreciation con-
traries criterion (2). Criterion (3) cannot be checked with
this data set.
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These three samples are a priori not representative of
all soils and rocks present in the superficial layers, but
it is clear that one cannot conclude that their behaviour
agrees with the Maxwell-Wagner-Sillars modelling. It is
thus of value to consider other models based on descrip-
tion at microscopic scale such as the resolution of the
Poisson—Nernst—Plank equation.

As a first following step, we have considered the
simple ‘bound water molecules’ model. As opposed to
the Maxwell-Wagner-Sillars polarization, the relaxation
parameters associated with the bound water molecules
Agp and 7 are not dependent on the external medium
properties, within the limits of the calculation errors.
As these properties are always assessed, this criterion
can be relevant and useful to identify and/or reject this
phenomenon.

The regular logarithmic power frequency decrease
of ¢/ at medium and high water contents (Figures 3
and 4) corresponds to the addition of a large distri-
bution of time constants and will be considered in a
holistic approach aiming to explore its relationship with
the various parameters, at first the water content. The
physical origin of the marked relaxation, observed for all
unsaturated materials at lower water contents (Figure 4),
between the regular logarithmic decrease and the high-
frequency-independent limit, is not yet explained. It has
been observed by other authors (Bobrov et al., 2022;
Niu et al., 2020) for sandstones and suggests a pos-
sible semi-permeable membrane effect. This remains
an important issue which will be the objective of future
works in the (100 Hz—10 MHz) frequencies.
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