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SUMMARY

The intermediate frequency range 10°—10° Hz forms the transition range between the spectral
induced polarization frequency domain and the dielectric spectroscopy frequency domain.
Available experimental data showed that the spectral induced polarization response of sands
fully saturated with water was particularly sensitive to variations of the saturating water elec-
trical conductivity value in the intermediate frequency range. An empirical and a mechanistic
model have been developed and confronted to this experimental data. This confrontation
showed that the Maxwell Wagner polarization alone is not sufficient to explain the observed
signal in the intermediate frequency range. The SIP response of the media was modelled by
assigning relatively high dielectric permittivity values to the sand particle or high effective
permittivity values to the media. Such high values are commonly observed in the dielectric
spectroscopy literature when entering the intermediate frequency range. The physical origin of
these high dielectric permittivity values is discussed (grain shape, electromagnetic coupling),
and a preliminary study is presented which suggests that the high impedance values of the

non-polarizable electrodes might play a significant role in the observed behaviour.

Key words: Electrical properties; Hydrogeophysics; Permeability and porosity.

1 INTRODUCTION

Electrical and electromagnetic geophysical methods aim at provid-
ing information relative to the structural and mineralogical char-
acteristics of Earth materials, their fluid content and composition,
and others soil properties in a non-intrusive way (Revil et al. 2012;
Binley et al. 2015). Studying the nature, magnitude and depen-
dence to frequency of the different polarization processes that can
take place in the ground upon the application of an electrical field, is
one of the strategies that can help retrieving this kind of information
(Revil 2013).

Spectral induced polarization (SIP) method focus on studying
the electrical properties of Earth materials generally in the low
frequency range 1073~10? Hz, where interfacial polarization phe-
nomena at the surface of the particles and inside metallic ones
occur (e.g. Vinegar & Waxman 1984; Olhoeft 1985; De Lima &
Sharma 1990). A detailed description of both theoretical and prac-
tical aspects associated with SIP method can be found in Chelidze
& Guéguen (1999) and Chelidze et al. (1999). Researchers have
developed models to describe the low frequency interfacial polar-

ization processes and their magnitude, using an empirical approach
(e.g. Weller et al. 2010), a semi-empirical approach (e.g. Cole &
Cole 1941; Davidson & Cole 1951; Dias 2000), or a mechanistic
approach (e.g. Leroy & Revil 2009; Jougnot et al. 2010; Biicker &
Hordt 2013).

The dielectric spectroscopy method investigates the electrical
properties of materials in the high frequency range (10°-10° Hz).
It has been widely used in geophysics (e.g. Taherian et al. 1990;
Chelidze & Guéguen 1999; Lesmes & Morgan 2001) as well as in
the medical field (e.g. Gabriel et al. 1996; Ishai et al. 2013). The po-
larization phenomenon occurring in this frequency range is known
as the interfacial Maxwell-Wagner polarization. In geophysics, it re-
sults from the accumulation of charges at the interface between soil
components that present different dielectric permittivity and elec-
trical conductivity values. Models have been developed to describe
the relaxation behaviour of Earth material in this frequency range.
Some use an empirical approach (e.g. Topp & Reynolds 1998),
some are based on the volume averaging method (Pride 1994) and
others are based on the effective differential medium approach (e.g.
Sen 1981; Mendelson & Cohen 1982; Cosenza et al. 2003).
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As pointed out by Revil (2013), the relaxation behaviour of Earth
materials has been much less studied in the intermediate frequency
range (102-10° Hz), which constitutes the transition range between
low frequency polarization and high frequency polarization. One
of the main reasons for disregarding this part of the SIP spectra is
because many parasitic effects can take place (e.g. electromagnetic
coupling, electrode effects) which will mask the IP response of
the studied media. However, the SIP signal in this frequency range
is expected to provide valuable, complementary information com-
pared to the low frequency range (e.g. Binley ef al. 2005; Breede
et al. 2012). Significant progress has been made in the acquisition
of broadband SIP measurements in the laboratory and on the field
(e.g. Zimmermann et al. 2008a; Radic 2014), and we observe an
increasing interest for the study of this frequency range and of the
parasitic effects associated (e.g. Abdulsamad et al. 2016; Huisman
et al. 2016).

To describe the relaxation behaviour of Earth material in the
intermediate frequency range, some authors have chosen to extend
Maxwell-Wagner based model towards low frequencies (Chen &
Or 2006) or to use the low frequency approach [polarization of the
electrical double layer (EDL)] and to extend it to higher frequencies
(Leroy et al. 2008). Revil (2013) also presented a unified model
describing the SIP response of unsaturated sands over the whole
frequency range (103-10° Hz), which is remarkably precise in the
lowest frequency domain (f' < 100 Hz) but less in the intermediate
frequency range (10°-10° Hz). In this paper, we present the results
of a modelling work which reproduces the intermediate frequency
range SIP response of unconsolidated sands fully saturated with
water. We investigated the dependence of the models parameters
with the effective conductivity of the media, in this case mainly
controlled by the electrical conductivity o, of the saturating water.

2 THEORETICAL BACKGROUND

2.1 SIP parameters

Four-electrodes SIP measurements in the laboratory consist of in-
jecting in the studied sample a sinusoidal-shaped electrical signal
of amplitude 7 through two electrodes, denoted A and B, and mea-
suring the resulting voltage difference AV between another pair
of electrodes denoted M and N. If polarization processes occur, a
phase delay ¢, expressed as an angle (in rad), is observed between
the injected and the measured signal. From these parameters, one
can calculate the effective complex conductivity o * given by:

exp (ip) = |o| exp (ip) . (M

*_‘

kAV

where i is the pure imaginary number and % is a geometric factor
linked to the respective position of the four electrodes A, B, M and
N, the size and shape of the sample, and the boundary conditions
on the sample surface.

As a complex quantity, o* can be expressed in the quadratic form
o* = o' 4 io”. The real part ¢’ and the imaginary part o” of
the complex conductivity, also respectively called the in-phase con-
ductivity and the quadrature conductivity, are linked with the mea-
sured parameters by the relations || = (¢/? + 0”?)!? and tang =
0"/ o’'. The quadratic form of the complex conductivity is of par-
ticular interest in SIP studies because the in-phase conductivity o’
is mainly representative of the ohmic conduction properties of the
medium, whereas the quadrature conductivity o” is mainly linked
to the capacitive and inductive properties. The main objective of

*

SIP measurements is to study the magnitude and the dependence to
frequency of these parameters.

In practice, the quantity actually measured in SIP surveys is the
effective complex conductivity o which links the total current
density J, going through the sample to the electrical field E through
the relation (Revil 2013) J, = o; E. This effective quantity takes in
account the influence of the displacement current density J, = d.D/0¢t
= iwe* where &* is the complex permittivity that can be expressed
as e* = ¢’ 4 ig”. The effective parameters that derive from o .¢* are
the effective in-phase conductivity o and the effective quadrature
conductivity o/, respectively written as:

ooy = 0’ + we” 5

olg =0 +we'’ @
where o/, 0”, ¢’ and ¢” are frequency dependent scalars, positively
defined. It is common in SIP surveys not to take in account the
terms related to the sample complex permittivity (we” and we” in
eq. 2), because they are generally negligible when the frequency is
below 10 Hz (we’ < 0” and we” K ¢’). However, in this paper we
focused on the intermediate frequency range 10°~10° Hz response,
which can be considered as elevated frequencies compared to the
range classically investigated in SIP surveys, which is why in the
following we use the effective parameters defined above.

2.2 Grain polarization model

2.2.1 Electro-chemical polarization of the EDL

The SIP model developed by Leroy et al. (2008) uses a mecha-
nistic approach to describe the electro-chemical polarization of an
isolating spherical silica grain, coated by a conductive electrical
double layer. In their model, the compact Stern layer at the close
proximity of the particle surface polarizes whereas the diffuse layer
located further away from the surface is assumed to form a dielectric
continuum that does not polarize.

Leroy et al. (2008) express the complex conductivity of such a
particle as:

oy = o, + iwey, 3)

where o is the electrical conductivity of the particle coated by a
conductive layer (Sm™!) and &, denotes its dielectric permittivity
(Fm™).

The electrical conductivity of the particle o, can be expressed as
a function of the low frequency specific surface conductivity of the
particle %% (in S, which corresponds to the conduction process in
the diffuse layer) and the high frequency contribution of the Stern
layer 3,°°:

N B Y
Oy = — (2.\' + X ) - 7?
1
@, a1 +ion @
0
Ty =
2Dy

where q; is the silica particle radius (m) and 7, the relaxation time
(s) associated with the particle size and the diffusion coefficient of
the counter-ions in the Stern layer D, (in m?>s~'). Parameters X,°
and X, are related to the electrochemical properties of the media:

Zso = eIBNa+d rNa+d + Z.YO (H+)
DI eﬂNaJrS FNaJrS.O

where Bn,.* is the ionic mobility of Na't ions in the Stern layer
(m?s~'V™!), Bnas? the ionic mobility in the diffuse layer, e the

: ®)



electronic charge (e = 1.602 x 107" C), 'y, ¢ the surface density
of the counter-ions Na* adsorbed in the diffuse layer (m~2), I'y,;*°
the surface density of the counter-ions in the Stern layer (m~2)
and X,°(H™) the contribution to surface conductivity of the protons
adsorbed on the particle surface (Sm™!).

Using eqs (2)—(5), one can calculate the complex conductivity
of a single spherical particle whose radius is a,. In the case of a
granular medium characterized by a distribution of grain radii, the
effective complex conductivity of the medium can be calculated
using the convolution product between the grain size distribution
function f{a) and the complex conductivity of a single particle of
radius a:

Gcff* :f(a)®as*(asw)- (6)

In our case, we used the grain size distribution function of the
Cole—Cole form (Cole & Cole 1941), which was successfully used
by Vaudelet ez al. (2011) to model the SIP response of similar sands:

1 sin( (1 — @))
fla)y=5— ,
7T cosh <2a In ﬁ) —cos(m (1 —a))

™

where a,,. is the average radius of the particle distribution (m) and
« is the Cole—Cole exponent (0 < o < 1).

2.2.2 Maxwell-Wagner polarization

In our spectral induced polarization experiment, the porous sample
is constituted of a solid and a liquid phase, that is of sand grains
and surrounding water that have different dielectric permittivity
and electrical conductivity values. Maxwell-Wagner polarization is
caused by the formation of field-induced free charge distributions
near the interface between the different phases (Maxwell 1892;
Wagner 1914) and usually occurs in the intermediate frequency
range (10°-10° Hz) (Revil 2013).

Permittivity or conductivity models based on the differential
effective medium (DEM) theory have successfully modelled the
Maxwell-Wagner polarization of porous materials (Bruggeman
1935; Hanai 1968; Sen 1981). In the DEM theory, solid particles are
embedded in a self-similar or self-consistent way in the pore water.
First, a particle is added to the liquid and the influence of the par-
ticle upon the conductivity of the medium is calculated. Then, the
particle/liquid mixture is used to coat a second particle and the in-
fluence of the second particle upon the conductivity of the medium
is calculated, and so on following an iterative procedure until the
desired porosity is reached. The DEM theory assumes that the pore
space of granular media is interconnected. It works well to describe
the electrical properties of uncompacted and uncemented granular
media with small contiguity between the grains (Revil 2000).

The DEM theory is used for the calculation of the complex elec-
trical conductivity of the water saturated sands o ,* (i.e. of the sand
grains and of their pore water). The initial electrical conductivity
of the water saturated sands is the electrical conductivity of their
pore water o, that is o = o (0w = oy + iwe,,) with o, the
bulk water conductivity and ¢,, the bulk water permittivity). Inclu-
sions are sand particles of surface conductivity o (including the
effect of the particle size distribution on the surface conductivity)
and infinitesimal volume fraction §<2,. The complex conductivity
of the water saturated sands is calculated iteratively using a Matlab
procedure and the following equations:

9 — 60 36m?
L —3y Y9 = 60m+36m* ®)
6m
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« O 8K,
80}1 = 5
3 1-Q,
» (of —o)(1+3L)or +(5—3L)0o}) ©)
(Lot + (1 —L)oi)(1 — L)yor + (1 + L) oyy)
o, updated to o, + S0, (10)
Q, updated to 2, + 8 2, (11)

where L is the depolarization coefficient of inclusions, which is
calculated according to the value of the cementation exponent m
(Mendelson & Cohen 1982). In eqgs (9) and (11), the initial volume
fraction of sand grains is equal to zero and the final volume fraction
of inclusions is equal to 1 — ¢ (¢ is the porosity of the sample).
The cementation exponent m enters into the first Archie’s law F
= ¢~ ™. For spherical particles, m = 1.5 (Sen 1981) and for most
granular media, m = 2 (Revil 2000). Eq. (8) can only be used if
m > 1.5. If the porous medium is only constituted of pore water
of complex conductivity o, or of sand grains of complex surface
conductivity o, the use of eqs (9)—(11) leadstoo," = o and 0 ,*
= 0,*, respectively. Furthermore, in the particular case of m = 1.5,
according to eqs (8) and (9), we recover equation (78) of Leroy et
al. (2008) (L = 3)
o —oy)

S0 =30 =1 §Q,. 12
" " 20 +or " (12

3 MATERIALS AND METHOD

3.1 Experimental protocol

The modelling work presented in this paper is based on an attempt
to reproduce some experimental data that was acquired during a
laboratory scale experimental campaign (see Kremer et al. 2016).
In particular, we will here focus on modelling the SIP response of
unconsolidated granular media fully saturated with water of dif-
ferent electrical conductivity (EC) values (o equal to 15, 40 and
100 mS m~!, respectively, NaCl electrolyte). In every case, the satu-
rating water pH value ranged between 8 and 8.8. Two types of sand
were studied. A siliceous sand composed of 98 per cent mass of
silica and 2 per cent mass of feldspars and micas, and a carbonated
sand whose molar composition is 98 per cent calcium carbonate
(CaCO3) and 2 per cent magnesium carbonate (MgCOs). Table 1
summarizes the grain size distribution and hydraulic properties of
both sands (measured using a macropermeameter device whose
functioning is fully described in Clavaud 2001).

Measurements were performed using a 40-cm-high, 30-cm-
diameter cylindrical tank made of polyvinylchoride (PVC). The
tank filling procedure consisted of building successive 3-cm-thick
sand layers directly into the saturating water to ensure total satu-
ration of the pore space, and applying manual compaction on the
sand each time a layer is created. The relatively narrow grain size
distribution of the sand ensures that the effects linked to layering or

Table 1. Summary of the grain size range and the hydraulic properties of
the sands studied during the laboratory experimental campaign.

Sand type  Grain size range (um) Porosity Permeability to water (D)
Silica 100-250 0.42 12.1 £ 0.3
Carbonated 50-400 0.32 4.0 £ 0.33
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Figure 1. Sketch of the experimental set-up used to perform the measurements. Electrodes are set-up around the cylindrical tank at the height z = 21 cm. The

sketch on the right shows a view from above of the electrode configuration used.

sorting of grains of different size are weak (Bairlein et al. 2014).
The tank was filled up to a height z = 35 cm and the 4 electrodes
were set-up around the tank in threaded holes following the dis-
play illustrated on Fig. 1. We privileged a 4 electrodes set-up rather
than a 2 electrodes set-up in order to minimize electrode transfers
or contact impedance effects (Chelidze et al. 1999; Volkmann &
Klitzsch 2015). The specific position of the electrodes around the
tank was chosen after performing a numerical sensitivity study
with the forward modelling software R3t (Binley 2015). This con-
figuration was a good compromise between homogeneity of the
sensitivity distribution and elevated sensitivity values. The geo-
metric factor value associated with the electrodes position and the
height of the sand column was computed using the software R3t
and was corroborated by measurements performed on water of
known EC value. All measurements were performed using a SIP
FUCHS 1II device (Radic 2004). The SIP parameters were inves-
tigated over the frequency range 0.5 Hz—20 kHz. Shielded coaxial
cables were used for electrical potential measurements to limit as
much as possible electromagnetic inductive coupling between the
injection cables, measuring cables and the studied media. Cu/CuSO,
non-polarizable electrodes were used for both current injection and
potential measurements. Electrodes were tested for stability and
ability to inject electrical current and measure electrical potential
differences. A detailed description of all the tests conducted is given
in Kremer et al. (2016). In particular, successive measurements were
performed during 5 hr on the same kind of media than those studied
during the experiments (silica sand fully saturated with water whose
EC is 40 mS m~"). The results demonstrated good measurement re-
peatability on the whole frequency range. The resistivity and the
phase values variations were respectively less than 0.5 Ohm.m and
0.2 mrad. Hence, any signal variation stronger than this repeatability
interval can safely be attributed to physico-chemical parameters.

In this study, our objective is to assess whether the experimental
data acquired during this study can be reproduced by an empirical or
a physicochemical model, focusing particularly on the intermediate
frequency range.

3.2 Experimental results

During this experimental campaign, we mainly investigated the in-
fluence of the saturating water EC value o, upon the SIP response

of these sands. Full details about how the experiences were con-
ducted and how the conclusions were reached are given in Kremer
et al. (2016). In the end, three main observations were made.

(1) The effective quadrature conductivity o, linked to the ca-
pacitive properties and to the inductive response of the studied
media, was systematically more affected by o value variations
when the frequency of the injected signal was in the intermediate
frequency range 10>-10° Hz. This point is illustrated on Fig. 2.
For lower frequencies (1-10? Hz), variations could sometimes be
observed but had a much weaker magnitude.

(2) In the intermediate frequency range 10>~10° Hz, the mag-
nitude of the effective quadrature conductivity of; increased with
Ow-

(3) Thirdly, we showed that the relative variations of the effective
quadrature conductivity of; were always larger than the variations of
bulk conductivity, classically measured in resistivity surveys, hence
demonstrating the interest of the additional information brought by
SIP method over classical resistivity methods.

These observations set the bases to justify a deeper investigation
of the nature, the origin and the magnitude of the polarization pro-
cesses that take place in the intermediate frequency range. To do
so, we developed and applied an empirical and a mechanistic model
to this set of data, in order to reproduce o.j; dependence with o,
and studying which parameters control the intermediate frequency

response of the systems studied.

4 EMPIRICAL MODELLING

Using the data presented on Fig. 2, we developed an empirical model
that manages to reproduce the dependence of ¢ j; with the fluid EC
value, in the range 10 Hz-20 kHz. To do so, we used the definition
of the effective quadrature conductivity oj; that was given earlier
in Section 2.1: 0/ = 0" + we'.

In theory, parameters ¢” and &’ values depend on w (e.g. Sen
& Chew 1983). In our empirical model, we consider them as non-
frequency dependent, at least in the frequency range 10 Hz—20 kHz.
With this hypothesis, the effective quadrature conductivity is defined
by an affine linear relationship whose coefficients are respectively
¢ and o”. We used affine functions to fit the observed spectra in
the intermediate frequency range (10 Hz—20 kHz) and obtained
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Figure 2. Spectra of the effective quadrature conductivity o/f measured on silica sand (a) and carbonated sand (b) fully saturated with water of conductivity
0. For both sands, of; values increase with o, and relative variations are stronger in the intermediate frequency range 10%-10° Hz than in the low frequency
range (f < 100 Hz). The percentages on each graph indicate the relative variation of oy when o, value changes from 15 to 100 mS m~!, at two specific
frequencies (10 Hz and 20 kHz).
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Figure 3. Fit of the effective quadrature conductivity in the intermediate frequency range (' > 10 Hz) of silica sand (a) and carbonated sand (b) fully saturated

with water of varying electrical conductivity. Excellent regression coefficients are obtained using affine functions.

excellent regression coefficient values (adjustment coefficient
r* > 0.99 on 12 points, Fig. 3). These results show that a sim-
ple linear model can indeed describe o f; relation with frequency in
the intermediate frequency range.

From ¢’ value, one can calculate the modelled relative permittivity
value ¢,:

0')\

& = —, (13)
&0

where ¢ is the dielectric permittivity of the vacuum (g9 = 8.854
10°2 Fm™).

Table 2 summarizes the different values of ¢” and &, obtained
for each value of the saturating water EC, and for each sand type
studied, using the affine empirical modelling previously described.

The most noteworthy feature of this study is that the relative
permittivity values obtained to fit the data are very high compared
to classical permittivity values of saturated sands (e.g. Knight &
Nur 1987; West et al. 2003), and seem to increase with the EC
value of the saturating water.

Table 2. Quadrature conductivity and relative permittivity values obtained
by linearly fitting the intermediate frequency range (f > 10 Hz) experimental
SIP results on each sand, for each water EC value.

Silica sand Carbonated sand

0w (mSm~1) a” (Sm™) er a” (Sm™1) er

15 1.00 x 10~ 181 1.62 x 107 179
40 1.18 x 1073 474 2.46 x 107° 446
100 147 x 1073 1217 3.44 x 107° 1005

5 MECHANISTIC MODELLING

In this section, we present the different steps that led to the fitting of
our experimental data with the grain polarization model of the Stern
layer from Leroy et al. (2008), which was described in Section 2.
To expose properly the different steps taken, we first only consider
the effective quadrature conductivity spectra obtained on silica sand
fully saturated with water whose EC value is 15 mSm™!.

Fig. 4(a) shows the experimental spectra and the grain polar-
ization model result obtained by using parameters values extracted
from the literature. We call this the ‘literature based” model. Line 1
from Table 3 summarizes the values of the TLM parameters, and
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Figure 4. Representation of the four steps leading to the fitting of the TLM model with the experimental data acquired on silica sand fully saturated with water
at 15 mSm~". (a) Using realistic parameters from the literature; (b) after broadening the relaxation time distribution; (c) after increasing the surface charge
density in the Stern and in the diffuse layer; (d) after increasing the relative dielectric permittivity value of the sand particles.

Table 3. Evolution of the TLM model parameters during the different steps leading to the fitting of the experimental data presented in Fig. 4
(silica sand saturated with water whose EC equal to 15 mSm~"). (*) indicates values taken from Leroy et al. (2008). Bold numbers indicate
parameters whose value has been modified compared to the ‘literature-based” model.

Amin (M) Amax (M) o r‘Na+s’0 (miz) IﬂNa+d (miz) Ers
Literature-based model 100 250 0.5 5.5 x 1016 3 % 10'0C) 4
Broadened model 0.01 250 0.92 5.5 x 1016 3 % 100 4
Adjusted model 0.01 250 0.92 55 x 10'° 3 x 10160 4
Final model 0.01 250 0.92 55 x 10'° 3 % 10'0C) 158

the published studies from which they were chosen. lonic mobility
values are taken from Vaudelet et al. (2011) and Revil & Glover
(1998), who worked on the low frequency SIP response of similar
silica sands. The counter-ions densities are taken from Leroy ef al.
(2008) who studied spherical silica beads, in the same pH range but
in a different EC range than our experimental study. The grain size
distribution corresponds to the real case (determined through siev-
ing operations). The initial value of ¢, = 4 (see eq. 3) corresponds
to the relative dielectric permittivity of amorphous silica (Sze & Ng
2006).

When using parameters values from published studies, the model
output curve does not present the same shape as the experimental
data (Fig. 4a). No plateau is observed for the lowest frequency
range, but rather a relaxation peak centered on a frequency around
the mHz range.

To obtain a plateau shape in the lowest frequency range, we
broadened the range of relaxation times which can be achieved by
enlarging the grain size distribution (see Table 3, line 2). The result
of such modification is shown by the dotted line in Fig. 4(b). We call
these parameters setting the ‘broadened’ model. The shape obtained
is much more similar to the experimental spectra, but values are too
low.

To adjust the model in terms of magnitude, we modified the
counter-ions density values in the Stern layer I'y,,* to one order
magnitude higher (see line 3 from Table 3). By doing so, we manage
to fit the low frequency part of the model curve with the experimental
data (dashed line in Fig. 4b).

At this point, only the intermediate frequency range part of the
data is not correctly reproduced. It can be adjusted by modifying
the dielectric permittivity value of the sand particle (e, in eq. 3). By
manually fitting the model with experimental data, we obtained very
similar values than for the empirical model presented in Section 3
(continuous line in Fig. 4b). The resulting model curves for each
type of sand and each o, value are shown in Fig. 5. With this

parameter setting (which implies a very flexible model), the data is
reproduced remarkably well.

6 DISCUSSION

6.1 Low frequency model calibration

The way that we calibrated the model parameters cannot always
be justified physically. In the case of the broadening of the grain
size distribution to obtain a wider relaxation times distribution,
some authors who faced the same problem in their modelling work
proposed as a physical justification the existence of non-linear in-
teractions between the dipolar moments of each grain (Vaudelet et
al. 2011). De Lima & Sharma (1990) suggest that the influence
of membrane polarization phenomenon (polarization over multiple
grain lengths) can be responsible for a widening of the relaxation
time distribution. Lesmes & Morgan (2001) and Leroy et al. (2008)
considered that the roughness of the grains increases the broadness
of the modelled grain size distribution.

The counter-ions density values in the Stern layer I'y,,.** used to
calibrate the model for silica sands are one order of magnitude larger
than the values found in Leroy ef al. (2008). Those authors mod-
elled the SIP response of silica beads in the same pH range but for
lower ionic strength values (lower water EC). Therefore, the order
of magnitude obtained here remains realistic since in this range of
water EC values (o, < 1 Sm™"), the surface charge density is sup-
posed to increase with the saturating water EC value (e.g. Lesmes
& Frye 2001). In addition, Leroy et al. (2013) performed another
modelling work on the SIP response of amorphous silica (Degussa)
and found density values very close to those presented here in the
same electrolytic conditions ([NaCl] ~ 0.1 M and pH ~ 8).

For the experiments involving carbonated sand, the counter-ions
density values obtained with the grain polarization model are one
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Figure 5. Fit of the effective quadrature conductivity with the TLM model, for the silica sand (a) and the carbonated (sand), at different water conductivities.

Table 4. Summary of the TLM parameters values obtained after fitting the
experimental data obtained with each type of sand and each water EC value
(see Fig. 5).

Sand type ow (mSm~1) o IMnas ™0 (m™2) Ers

Silica 15 0.92 5.5 x 1017 158
Silica 40 0.87 4.6 x 1077 384
Silica 100 0.82 4.5 x 1077 1151
Carbonate 15 0.82 1.6 x 10'6 165
Carbonate 40 0.82 2.0 x 10'6 475
Carbonate 100 0.82 2.4 x 10'° 1090

order of magnitude lower than those obtained for silica sand (see
Table 4). Although few published studies have explored the SIP
response of carbonates materials, this difference is consistent with
the study from Wu et al. (2009), who observed that calcite precipi-
tation generally acts as a coating phase that can strongly inhibits the
SIP response from granular media. Other corroborating arguments
can be found in Guichet et al. (2006), who observed that the zeta
potential of silica sands was significantly reduced when a calcite
mineral phase had precipitated at the grain surface.

6.2 Intermediate frequency model calibration

6.2.1 Accordance with published studies

The intermediate frequency response (10> Hz < f < 10° Hz) of the
systems studied has been fitted by assigning effective relative di-
electric permittivity values (or particle dielectric permittivity value)
in the order of 10? or 10° depending on the EC value of the saturat-
ing fluid. These values can seem relatively high compared to what
can be observed in the high frequency range (f > 10° Hz) in dielec-
tric spectroscopy studies performed on similar media, where values
are generally in an order of magnitude about 10 (e.g. Knight & Nur
1987; West et al. 2003). However, many authors observe a signifi-
cant increase of relative permittivity values towards the intermediate
frequency range (e.g. Chew & Sen 1982; Kenyon 1984; Chen & Or
2006; Arcone & Boitnott 2012). Studies from Garrouch & Sharma
(1994) and Lesmes & Morgan (2001) both report effective relative
permittivity values of Berea sandstones ranging between 10° and
10* at a frequency of 10 kHz. Also, measured values are reported
particularly high when the studied samples are fully saturated with
water (e.g. Sengwa & Soni 2006; Gomaa 2008), which was the case
in our experiments.
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Figure 6. Linear relationship existing between the bulk conductivity of sand
fully saturated with water and the relative permittivity values obtained by
fitting the experimental data with the TLM model.

Also, the relative effective permittivity values (or particle permit-
tivity values) obtained with the empirical and the grain polarization
models (Tables 3 and 4) are clearly increasing with the EC value
of the saturating fluid. Such tendency is in accordance with many
published work (e.g. Sen 1981; Garrouch & Sharma 1994; Lasne et
al.2008). Study from Hilhorst (2000), later corroborated by Persson
(2002), emphasize the existence of a linear relationship between the
relative effective dielectric permittivity and the bulk conductivity
of the media. Fig. 6 shows the relative permittivity values obtained
by applying our model on a set of measurements performed on
silica sands saturated with water whose EC value is progressively
increased. A linear trend is clearly observed in the bulk conductiv-
ity range investigated, yielding an adjustment coefficient larger than
0.99 for 13 points.

6.2.2 Origin of the high dielectric permittivity values

6.2.2.1 Maxwell-Wagner polarization. The intermediate fre-
quency behaviour of saturated Earth materials is generally attributed
to the Maxwell-Wagner (MW) polarization (e.g. Chen & Or 2006).
It results from charge accumulation at the interface between the
soil’s components that have different dielectric permittivity and
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electric conductivity values. Chen & Or (2006) report that the di-
electric permittivity values of the media are increasing with increas-
ing fluid conductivity, which is in agreement with our experimental
observations and with the behaviour of the model from Leroy et al.
(2008).

However, even though MW polarization is taken in account in the
grain polarization model from Leroy et al. (2008), we saw that it was
not sufficient to match the experimental data in terms of magnitude.
We managed to fit the data by considering the model very flexible,
and by increasing significantly the relative effective permittivity
of the media (in the empirical model) or of the particle (in the
grain polarization model). This suggests that the Maxwell-Wagner
effect alone cannot explain the measurements in the intermediate
frequency range, and that other leads need to be discussed and
investigated.

6.2.2.2 Influence of the grain shape. The dispersion behaviour of
the Earth materials dielectric permittivity in the intermediate fre-
quency range has been observed for a long time (e.g. Smith-Rose
1934; Keller & Licastro 1959; Howell & Licastro 1961). At that
time, researchers mainly invoked instrumental effects related to the
polarization of electrodes when approaching the intermediate fre-
quency range and lower. However, even after attempting to correct
experimental data from electrode polarization effects, Scott et al.
(1967) still measure relative permittivity values in the order of 2000
on fully saturated rocks, at a frequency of 1 kHz.

Since then, many authors attribute this low frequency dispersion
behaviour to geometric factors related to the shape of the grains
composing the media. Sen (1981) demonstrates analytically that the
presence of thin particles, even in weak concentrations, can lead to
the increase of permittivity values. Jones & Friedman (2000) explore
the same issue, focusing on the influence of the particle orientation
on the measured permittivity values. Through a modelling work
implying the moment method (see Tabbagh et al. 2002; Cosenza
& Tabbagh 2004; Tabbagh et al. 2009) showed that the presence
of thin particles such as clay sheets can give rise to particularly
high effective dielectric permittivity values. It is therefore possible
that the non-perfectly spherical shape of the grains composing the
silica and carbonated sand is at least partly responsible for the high
effective permittivity values observed. As an example supporting
this hypothesis, Tabbagh et al. (2009) proposed an approximate
regression law to compute the effective permittivity value s of a
set of platelets, taking in account the effect of coupling between the
cells:

for = (1 40.015 c,g) e, (14)

where C; is the volumetric content of polarizable cells (in %), c/e is
the flatness coefficient (side length over thickness, see Tabbagh et
al.2009), and ¢, is the relative molecular bulk permittivity. Consid-
ering a medium composed of 100 per cent of polarizable cells (C,
= 100), with very low flatness coefficient (c¢/e = 1.5), and to which
we attribute a relative bulk permittivity value of 30 (dielectric con-
stant of saturated sands, taken from Hubbard et al. 1997), we reach
effective permittivity values in the order of 100, which is similar to
what we obtain with the empirical model.

6.2.2.3 Inductive electromagnetic coupling. Another possible ex-
planation is related to the inductive electromagnetic coupling be-
tween the measuring cables and injection cables (e.g. Routh &
Oldenburg 2001), which can be responsible for the existence of sec-
ondary electrical fields that may affect the measured values, partic-
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Figure 7. Quadrature conductivity values measured with small and large
non polarizable electrodes, on silica sand fully saturated with water of two
different conductivities.

ularly in the intermediate frequency range. According to Volkmann
& Klitzsch (2015), 2 electrodes set-up are more suitable to perform
SIP measurement at frequencies above 1 kHz because they reduce
the EM coupling magnitude between the cables. To assess for the
magnitude of these instrumental effects in this case, we performed
measurements on pure resistors, for which the theoretical magni-
tude of the phase measured is 0 on the whole frequency spectrum,
since electronic resistors are pure ohmic materials. Measurements
were realized on a range of resistors going from 30 to 660 Ohm,
which corresponds to the resistance range measured during the dif-
ferent experiments. A detailed description of this study is given in
Kremer et al. (2016). To summarize, we identified that non-zero
phase values were observable in the intermediate frequency range,
testifying of the existence of instrumental effects, and that their
magnitude increases with frequency and with the resistance value.
However, we showed that these instrumental effects cause variations
that are always 1 or 2 orders of magnitude lower than the measured
values, indicating that the influence of instrumental effects and EM
coupling is negligible, which is not surprising since the measuring
cables are shielded and well separated from the sample and the
injection cables.

6.2.2.4 Influence of the electrodes. As non-polarizable electrode
were used for data acquisition, we disregard the hypothesis pro-
posed by Smith-Rose (1934), Keller & Licastro (1959) or Howell &
Licastro (1961) that high permittivity values result from electrode
polarization effects. However, non-polarizable electrodes can still
have a non-negligible effect on the SIP response of Earth mate-
rials, because they generally exhibit high contact impedance val-
ues. Those effects start being non-negligible for frequencies above
1 kHz, that is in the intermediate frequency range (Huisman ef al.
2016), and their magnitude increases with contact impedance value
(Abdulsamad et al. 2014).

A preliminary study was performed to assess whether variations
of'the electrodes contact impedance could have an effect on the mea-
sured quadrature conductivity values in the intermediate frequency
range. Two sets of non-polarizable electrodes of different length, and
hence of different volumes and different intrinsic impedances were
designed. Fig. 7 shows the quadrature conductivity values measured
with the two different sets of electrodes on silica sands fully satu-
rated with water of two different EC values. Towards the interme-
diate frequency range, the quadrature conductivity values increase



with the electrode size and hence with the electrode impedance
value. The observed difference is not very large compared to the
effect of varying water EC value, but this is not very surprising
considering the fact that changing the electrode length only affect
slightly the electrode impedance value, since the electrode design
remains globally the same (same diameter, same fluid composition,
etc.). However, these preliminary results show that the electrode
impedance value might indeed have a non-negligible effect on the
intermediate frequency response of our studied media, and sug-
gest that the use high impedance of non-polarizable electrodes can
be regarded as a viable hypothesis to explain the high permittivity
behaviour observed in this study.

This observation means that the absolute SIP response of Earth
material in the intermediate frequency range cannot be known unless
the electrode contribution to the signal is fully determined. However,
if one uses the same set of electrode on different materials or on a
media whose physico-chemical properties are evolving with time,
the signal variations in the intermediate frequency range can be
related to petro-physical parameters or to physical modifications of
the studied media.

7 CONCLUSIONS

The SIP response of sands fully saturated with water of several EC
values has been modelled using a flexible mechanistic and empirical
approach. In the low frequency range (0.5-100 Hz), the quadrature
conductivity spectra is modelled using the TLM model from Leroy
et al. (2008) by adjusting some parameters by trials and errors. In
the intermediate frequency range (10°~10° Hz) the calibration is
obtained by assigning relatively high relative dielectric permittivity
values (to the medium for the empirical approach or to the sand
particle for the mechanistic approach). A linear relationship has
been identified between the modelled dielectric values and the bulk
conductivity of the studied media.

The origin of the dispersion behaviour in this frequency range
could be of different nature. Current knowledge on the subject and
additional measurements suggest that the high impedance of the
non-polarizable electrodes or the non-spherical shape of the sand
grains could be responsible for this behaviour. It is possible that
these effects occur simultaneously, although more experimental and
modelling work needs to be achieved in order to study quantitatively
the contribution of each effect.
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