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Impedance and vector network analyzer measurements are combined in order to measure frequency dependent
conductivity and permittivity of two different saturated clays: montmorillonite and illite chlorite. In the low
frequency range, the complex conductivity is determined over the 10 mHz to 45 kHz frequency range using a
complex impedance analyzer with a 4-electrodes cell. In the high frequency range (50 MHz to 5 GHz), the
complex permittivity is obtained from measured reflection factor of an open-ended probe. The ultrabroadband

constitutive properties of the saturated clays were investigated in the temperature range 25°C down to 0°C. A
mixture equation, based on a volume average approach, was applied to model the low and high frequency
electrical properties based on the formation factor. The temperature dependency was considered in the following
petrophysical quantities: low frequency conductivity, chargeability and high frequency permittivity. The
modeled results are in reasonable agreement with measurements.

1. Introduction

Minimal and non-destructive electrical and electromagnetic
geophysical techniques have been widely used the past decades in
several applications: in hydro geophysics to access ground water re-
sources and quality [1], mining for the characterization of the mine rock
waste [2], biogeophysics for dynamic microbial subsurface [3]. The
relevant method includes self-potential [4], direct current resistivity [5],
frequency or time domain induced polarization [6], ground penetrating
radar [7], active or passive microwave remote sensing [8]. However, an
ultra-broadband (mHz to GHz) constitutive material model in terms of
electrical conductivity, dielectric permittivity and magnetic perme-
ability based on petrophysical properties of geomaterial is not available.
The reasons are (i) Maxwells equations allow simplifications for the
appropriate field method i.e., operation frequency and hence needed
material parameters, and (ii) there is a lack of systematic laboratory
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investigations over the complete range of frequency for one material. In
this study we focus on (ii) and further assume that the material is a lossy
dielectric i.e., magnetic permeability is not investigated.

In the low frequency (LF) range below 1 MHz electrochemical
impedance spectroscopy (EIS) with two and four electrode cells are
used. In geophysical field and laboratory applications the technique
used with a four electrode configuration in the mHz to kHz range is
called Spectral Induced Polarization (SIP) [9]. The used cells avoid
Electrode Polarization (EP) effects [10]. In the kHz to MHz range, the
cross talks between electrodes in four electrode configurations leads to
difficulties in the proper determination of constitutive electrical mate-
rial properties. Thus, two electrodes cells are generally used to cover the
kHz to MHz range and correct or neglect EP effects [11]. Historically,
induced polarization measurements were performed for geophysical
prospection of ores. Later it was used in the realm of environmental
geophysics to determine textural properties of interest such as

E-mail addresses: t.bore@uq.edu.au (T. Bore), antoine.coperey@gmail.com (A. Coperey), norman.a.wagner@gmail.com (N. Wagner), p.mishra@uq.edu.au
(P. Narayan Mishra), a.scheuermann@ugq.edu.au (A. Scheuermann), andre.revil@univ-smb.fr (A. Revil).

1 Now with : Georeva, ZAC du Moulin, 35310 Cintré, France.

https://doi.org/10.1016/j.measurement.2021.110653

Received 29 September 2021; Received in revised form 12 December 2021; Accepted 22 December 2021

Available online 28 December 2021
0263-2241/© 2022 Elsevier Ltd. All rights reserved.


mailto:t.bore@uq.edu.au
mailto:antoine.coperey@gmail.com
mailto:norman.a.wagner@gmail.com
mailto:p.mishra@uq.edu.au
mailto:a.scheuermann@uq.edu.au
mailto:andre.revil@univ-smb.fr
www.sciencedirect.com/science/journal/02632241
https://www.elsevier.com/locate/measurement
https://doi.org/10.1016/j.measurement.2021.110653
https://doi.org/10.1016/j.measurement.2021.110653
https://doi.org/10.1016/j.measurement.2021.110653
http://crossmark.crossref.org/dialog/?doi=10.1016/j.measurement.2021.110653&domain=pdf

T. Bore et al.

permeability and water content [12,13] or average pore throat param-
eter [14,15].

In the high frequency (HF) range above 1 MHz the propagation of
electromagnetic (EM) waves were used to characterize the complex
permittivity of the material. Vector Network Analyzer (VNA) technique
in combination with wave guides are used. The electromagnetic char-
acterization of saturated and unsaturated porous geomaterials is carried
out with coaxial transmission line cells over the MHz to GHz frequency
range [16-18]. For saturated soft soils, the reflection of an EM wave at
the open end of a coaxial transmission line in contact to the material
have been extensively used [19,20] Based on the seminal work of Topp
et al. in time domain [21-23] or Dobson et al. in frequency domain [24],
HF-EM measurements have been historically focused on the quantitative
in situ determination of soil water content. The coupled electromag-
netic, hydraulic and mechanical properties of soils and rocks were
investigated decades later based on laboratory characterization of
samples under controlled boundary conditions (temperature [25], water
content [26], compaction [27]).

It is worth to mention that both measurement methods have rarely
been combined. The main reason is probably the difficulty to find a
common cell for both methods. The demands on the measuring cell
generally differ for each method due to the varying nature of electro-
magnetic waves with frequency. Another reason is the difficulty to have
access simultaneously to both an impedance analyzer and a VNA. As far
as the authors know, the first ultra-broadband measurement combining
impedance analyser and VNA for soils were done by [28]. Later, several
groups have performed such type of measurements but with restricted
frequency range, especially in the lower end of the spectrum [29-32].
This limitation in the lower end of the spectrum is a major drawback
since important features might not be captured. Otherwise, some
alternative methods were proposed by [33] where the electrical prop-
erties in frequency domain were computed from Time Domain Reflec-
tometry (TDR) by inverse Fourier transform. Although this method only
requires one measurement devices, the frequency bandwidth is consid-
erably reduced: lower limit was around kHz range. As explained earlier,
this limitation is a major drawback. Furthermore, the measurement
accuracy of the SIP method has greatly improved in recent years [34]. In
this context, SIP and coaxial cell transmission line measurements were
combined in order to characterize soils (and rocks) over the mHz to 10
GHz range with two different cells [35].

The objectives of this paper are (i) experimental determination and
(ii) theoretical prediction of two different petrophysical properties of
saturated clays, i.e. electrical conductivity, and dielectric permittivity as
a function of frequency and temperature. For this reason, impedance and
VNA measurements are combined in order to measure simultaneously
broadband low frequency (LF, mHz-kHz) and broadband high frequency
(HF, MHz-GHz) electrical properties of two saturated soft clays, mont-
morillonite and illite chlorite. A four electrodes measurement method
was used to measure the complex conductivity in the LF range from 10
mHz to 45 kHz. An open ended (OE) coaxial probe was used to measure
the complex permittivity in the HF-range from 50 MHz to 5 GHz. These
broadband measurements were combined to investigate the ultra-
broadband electrical response of the material as a function of temper-
ature from 25°C down to 0°C (before freezing). An ultra-broadband
modeling framework based on the suggested theoretical mixture
concept according to [36] is further adapted. The key idea of our
approach is that the same formation factor is used to model LF and HF
electrical material parameters frequently used in geotechnical and
geoenvironmental applications. Against this background, the model is
used to predict simultaneously the temperature influence on real high
frequency electrical conductivity and real high frequency dielectric
permittivity. Moreover, the effect of temperature on the relationship
between normalized chargeability and the imaginary part of effective
complex conductivity was analyzed.
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2. Ultrabroadband electrical properties
2.1. Broadband mixture model

In this study, ferromagnetic materials are not considered, thus
magnetic properties can be neglected (e.g. relative magnetic perme-
ability is equal to 1). We also assume time harmonic electrical field
vector E = Egexp(jot) with angular frequency w and imaginary unit j.
Based on Maxwell’s classical theory of electrodynamics, constitutive
broadband electromagnetic material parameters can be equivalently
expressed as effective complex conductivity ()'fo or effective relative

complex permittivity s:‘eff [371:

0,5 (0) = joeoe, () @

Based on the ratio of absolute values of current density and con-
duction current density a loss factor and a critical frequency f. can be
defined (see [25;37] for a detailed description). At frequencies below f,
0, is the most effective parameter, and above f;, €, . is the most
effective parameter that determines the general dielectric characteristic
of soils and clays.

Geophysical quasi static electrical and wave-based EM techniques
are specialized to operate in appropriate frequency bands. Against this
background, it is reasonable to define broadband transfer functions as a
sum of a low frequency (LF, < 10 kHz) complex conductivity 6;(, T)
and a high frequency (HF, > 100 MHz) complex relative permittivity
&.qr(@, T) as follows:

ozﬂ(w, T) =0, (0, T) +ja)805:_’HF(a), T) 2)
- . .0, (@, T)
(@ T) = €& yp(0,T) =] U‘(DT 3

Based on a volume average approach according to Linde et al. (2006)
[38], the following expressions including petrophysical properties were
introduced to consider LF and HF contributions to the constitutive ma-
terial properties for fully saturated conditions [36,39]:

63¢(0,T) = % [ovew (T) + (F ~ 1)03(, T) @
* T
€1 (@,T) = 5 [Epuppens (@ T) + (F = Ve, | ®)

with F the formation factor (dimensionless) which can be related to
the (connected) porosity ¢ thanks to the Archie’s law: F = ¢~ where m
is called the first Archie exponent or cementation exponent [40], opcw
the real direct current conductivity of the aqueous pore solution, o the
complex surface conductivity and e, ,,, the relative permittivity of
bulk water according to Debye model. The real direct current conduc-
tivity of the aqueous pore solution opcw can be computed according to:

N
opew(T) = Z +zef (T)Cy (€))]
=

with e the charge of an electron, valency =+z, ionic mobility in the
solution g and ionic concentrations in the pore space Ci. The bulk water
relative complex permittivity was computed according to Debye model
[41]:

ews(T) — € (T)

1 + jory(T) ©)

Epepyew (@ T) = € (T) +

where ¢, denotes the high frequency limit of the real part of the relative
permittivity, ews is the quasi static relative permittivity and 7y is the
relaxation time. Above the freezing point, the relaxation time can be
computed as a function of temperature according to [42], whereas
permittivity at high and low frequencies was computed as a function of
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measured temperature according to [43]. The surface conductivity oy is
assumed to be complex because of including the polarization of the
Electrical Double Layer (EDL) coating the solid grain (4]. It can be
computed according to Cole-Cole model [44]:

Acscc(T)

os(@ 1) = Owcel) — G =

10$)

with o6, cc is the high frequency (instantaneous) conductivity for the
induced polarization process, Aoscc is the relaxation strength, 75 ¢ the
relaxation time and c the stretching coefficient. EDL polarization pre-
sents typical relaxation frequencies around tens of Hz [45].

It is worth to note that in the framework of equations (4) and (5), the
same formation factor is used to compute LF and HF contributions [36].
Moreover, interfacial processes such as Maxwell Wagner (MW) polari-
zation, and interfacial and confined water relaxation are not considered
in our model. MW polarization is induced by charge which accumulate
at the boundaries between the different phases with typical frequencies
around hundreds of kHz [46,47]. An interfacial water phase exists at
lower energy states than that of free water and are physically bound to
solid surfaces due to long range van der Waals interactions [48], such
that the degree of freedom is different from bulk water in an oscillating
electrical field. In this context, it is expected that the relaxation fre-
quency related to interfacial water to be different than bulk water (z,, =
9.60ps at T = 20 °C [42], fu = 1/(271y) ~ 16.5GHz). However, the
magnitude of this contribution to the relaxation behaviour of soil under
saturated conditions is still under debate [49-51]. Recent research on
relaxation behaviour of confined water based on molecular dynamic
suggest more complex features such as anisotropy [52] or structure [53].
Please note that in the context of this paper, MW and interfacial or
confined water polarization will not be considered. Nevertheless, these
processes can be added to the proposed modeling framework. For
example, equation (5) was recently extended to integrate interfaces
processes by adding Cole-Cole relaxations functions [39,54,55]. In these
studies, the developed model was tested and validated in an inverse
framework for soil parameters estimation during densification.

Equations (4) and (5) can be extended to cover the whole frequency
range:

634 (0.7) = & [o3@.7) + (F — 1oy (w,7)] an

&, (@, T) = % [ew(@,T) + (F — eg(w,T)] 12)

with (i) o}, the broadband complex conductivity and ¢, the broad-
band relative complex permittivity of the aqueous pore solution ac-
cording to:

oy(@,T) = opew(T) +jweos;ebyevw(a), T) (13)

)_].GDC.W(T) 14)

8:\/ (w! T) = g:)ebye,w(w7 T e

and (ii) o; the complex conductivity and ¢; the complex relative
permittivity of a phase including solid particles with a coated/confined
aqueous solution as following:

ox(w,T) = og(w, T) + jweoe, (15)

og(w,T)
] wEy

eq(0,T) =€, — (16)

where g; is the real relative permittivity of solid grains which is
considered temperature and frequency independent.

2.2. Physico-chemical relations

For geophysical purposes, [36] suggested a simplified model for the
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high and low frequency conductivity model based on the dynamic Stern
layer concept, as:

1 1 1
0o(T) = F"DC.W(T) + (ﬁ)ﬂcBg}CEC = Flfoc,w(T) +03 a7

00(T) = %,;DC_W(T) + (ﬁ) pe(B(T) = A(T) ).CEC = %GDCW(T) +

(18)

where CEC is the cation exchange capacity (in C.kg™' but often
expressed in meq/100g with 1meq/100g = 963.20C.kg™ "), p, the den-
sity of the solid phase (in kgm™3), B (in m?s~1.V"!) denotes the
apparent mobility of the counterions for surface conduction and A (in m?.
s 1.V~1) denotes the apparent mobility of the counterions for the po-
larization associated with o;;,pf (or quadrature conductivity). Please note
that equation (17) and (18) simply describes the two conduction
mechanisms within porous materials. The first term describes the con-
duction path through the pore-filling electrolyte whereas the second
term describes the surface conductivity with the high and low frequency
surface conductivity 6 and 2. These equations imply that both paths
add in parallel which is conceptually reasonable. B is related to the
intrinsic mobility of the counterions in the diffuse layer f,, and the

mobility of the counterions in the Stern layer ﬁ(s . by
B=p(1-f) +ﬁ(s +f with f the partition coefficient (fraction of the
counterions of the EDL in the Stern layer); whereas 4 is related to the
polarization process occurring only in the Stern layer: 1 = /}f f- Their

temperature dependency (above freezing point) can be expressed with
the following equation:

B(T) = B(To)[1 +ar(T — Ty)] 19)
MT) = MTo)[1 +ar(T — Ty)) (20)

where Ty and T are the reference temperature (Tp = 25 C) and the
temperature in °C and the correction coefficient ar which denote the
sensitivity to temperature for the viscosity of water with typical value
around 0.020 °C™!. Same equation with the same coefficient was used to
model the temperature dependency of the real direct current conduc-
tivity of the aqueous pore solution opc w(T).

The normalized chargeability M,(T) = 6 (T) —00(T) is defined as:

M,(T) = (ﬁ)pc.ﬂ(T).CEC (2D

A relationship between the normalized chargeability and the quad-
rature conductivity was developed, which not strictly speaking based on
the dynamic Stern layer model, but is helpful in terms of interpretation.
If we assume that the real part of the conductivity is not strongly fre-
quency dependent (which is generally the case and it will be confirmed
later in that paper — see also Appendix A in [56] for a complete dis-
cussion on frequency effect), one can derive liner relationship between
the quadrature conductivity measured at the geometric mean of two
frequencies f; and f, and the normalized chargeability defined as the
difference between the in-phase conductivity at frequency f, > f; and
the in-phase conductivity at the frequency f;:

ooy (V) M) Bl (22)

a
with o a constant.
Finally, an approximation was used to compute the real part of the
relative effective permittivity at high frequency egp:

eur = Re(e] o (0,7)) = 4 [Re((eppens (0. 7))+ (F ~ Des(po) 23)

where the relative permittivity e, of the solid particles is computed as a
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function of the density of the solid phase p; according to the empirical
model proposed in [24]:

£,(pg) = (1.01 4 0.44p;.107%)” —0.0062 249

In general, a frequency of 1 GHz can be used to match with remote
sensing method such as Time Domain Reflectometry (TDR) [57] or L-
band remote sensing [8].

3. Materials and methods
3.1. Materials

In this study, 2 natural clays were investigated: montmorillonite and
illite-chlorite. Sample preparation was carried out in three steps. First,
samples were dried at least for 24 h at about 50 °C. Then, samples were
saturated by a saline solution under vacuum. The salt solution was
prepared just before saturation and consists to a degassed distilled water
with a specified weight of salt in order to obtain the targeted conduc-
tivity. After the saturation, the saturated samples were left during a
week in order to reach equilibrium. For more detail about this procedure
see [58]. Before broadband measurement, the supernatant fluid was
collected to measure water conductivity. The porosity was determined
by volumetric method (using the mass and volume of saturated sample).
The CEC was measured by cobalt hexamine chloride method [59]. This
method consists to measure the amount of cobalt ion adsorbed on the
surface of the grains by colorimetric titration.

The formation factor F (and surface conductivity og) were deter-
mined by measuring the real part of low frequency electrical conduc-
tivities a’eff(f ~ 1Hz) at different salinity. A sample from the same batch

for each material was led to the following salinity: 0.01,0.1,1.0,2.0,5.0,

10.0S/m. The change of salinity is done by diffusion by placing the
sample in a large volume of water of the desired salinity (renew regu-
larly to accelerate the equilibrium) and conducted from low to high
salinity. The sample is left for several weeks (even more than a month) in
the new solution to reach equilibrium. The conductivity of the super-
natant fluid is measured regularly, the equilibrium is reached when a
stable value is obtained.

Equation (17) and (18) can be written as a linear model: the effective
conductivity depends linearly of the conductivity of the aqueous phase.
Moreover, if we assume that the real part of the effective complex
conductivity in the LF range is slightly frequency dependent, we can
write:

w 1
Re (Ugﬂ> ~ Faw + oy (25)

In the previous equation, in order to simplify the notation, o5 stands
for the real part of the complex surface conductivity oy. This equation
was fitted to the bulk conductivity and pore water conductivity curve in
a log-log space using a non-linear fitting procedure based on a least
square technique. The results are presented on Fig. 1 for the montmo-
rillonite sample. For illite-chlorite sample, the estimation of formation
factor was presented in [60].

The values for B (Na*,Ty = 25°C) and A (Na", T, = 25°C) from [61]
were used. Finally, the complete petrophysical properties of the two
samples are summarized in Table 1.

3.2. Method

In the LF range, the effective complex conductivity was measured
with the 4 electrodes method and a high precision impedance analyzer
build by Zimmerman (ZEL-SIP04-V02) [34]. Resistance and phase shift
are measured in the frequency range of 10 mHz to 45 kHz. The device
has been benchmarked by comparison with other impedance analyzer
[58] and the performance has been characterized by different sensitivity
studies: precision on phase shift is ~ 0.1 —0.2mrad below 1 kHz.
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Fig. 1. Determination of the formation factor and surface conductivity for the
montmorillonite sample with multi-salinity measurements.

Table 1
Petrophysical parameters of the clay samples.

Montmorillonite Illite-

chlorite

grain density [kgm~3] 2350 2750
porosity [-] 0.9 0.65
Cation Exchange Capacity CEC [meq/100 g] 41.9 8.6
formation factor F [-] 1.91 2.08
surface conductivity os [S/m] 0.17 0.02
pore water conductivity opcw [S/m] @T = 0.52 0.35

25°C
apparent mobility B [m?s~1. V-] @T =25°C  3.1.107
apparent mobility 4 [m2.s1. V-11 @T =25°C  3.107°

Moreover, different researchers have been performed a large set of
measurement on different type of porous materials (suspensions [62],
rocks [63], soils [64]) the last decade with such analyzer. A cylindrical
sample holder was used: a plastic cylinder whose diameter is 2.5cm and
height is 9cm. The current electrodes A and B are placed at the end faces
of the tube, whereas potential electrodes M and N are placed on the
surface of the tube and separated by a distance of 5cm approximately
(see Fig. 1.a). Medical film carbons electrodes were used for the elec-
trodes. Preliminary tests were made to ensure their reliability over time
with temperature changes. The effective complex conductivity is
computed from the measured complex impedance Z(w):
Re(Z(w)) Im(Z(w))

%@ =K @r 7 zwp 20

with K the geometrical factor (in m™!). This factor can be determined
by the means of 3D FEM (Finite Elements Method) modeling or with
analytical formula. In our configuration, it can be computed with the
following relationship: K = L/A where A is the surface of the current
electrodes and L is the distance between the two potential electrodes.

In the HF range, the effective relative complex permittivity was
measured with a semi rigid open ended probe (SROE) over the 1 MHz to
5 GHz range. The probe consists simply of a semi rigid coaxial line,
whose tip has been cut with an angle of 45°. It was simply designed from
a RG402 semi rigid coaxial cable (inner diameter: d; = 0.91 mm, insu-
lator diameter: do = 2.97 mm). The sensitive area is the tip which is
inserted in the material to be characterized. Based on the two-
capacitance model, the following bilinear equation can be derived:
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c3() — Sii (o)

with S;;(w) the measured scattering function (reflection only) and
c1(w), c2(w), cs(w) the frequency dependent calibration functions. [65]
proposed two methods of calibration which are based on measurement
of standard whose dielectric properties are perfectly known. The first
one, called Open Water Short (OWS), is based on air, deionized water
and short measurements. The second one, called Open Water Liquid
(OWL), is based on air, deionized water and another reference liquid. A
sensitivity analysis on the effect of calibration was performed experi-
mentally and numerically. Results have shown that combining both
method for conductive material is the best option. Nevertheless, the
study has shown some limitations. Such type of probe could not deliver
good complex effective permittivity estimation in the 1 MHz — 50 MHz
range due to the lack of sensitivity in this range. Moreover, due to the
inaccuracy of short measurement above 500 MHz, it is recommended to
use OWS for the 50 MHz — 500 MHz and to use OWL above. The
dielectric properties of deionized water were computed as a function of
temperature thanks to Debye model. For OWL, methanol was used as
extra liquid. The extensive data base of [66] was used to compute the
dielectric properties as a function of temperature. Please note that OE
probe has been extensively used for soils and rocks application the last
decades. The authors have been using this methodology for different soil
type: suspensions [67] or clayey soft soils [68].

It is worth to note that the electrical effective parameters were not
measured on the same sample. Indeed, the spatial sensitivity of each
measurement is quite different. For the LF sample holder, the whole
material within the cylinder is investigated whereas for the HF mea-
surement only the region at the close vicinity of the probe is investi-
gated. In this context, for each material two types of sample holder were
used.

£, 5 (0) = 27

3.3. Experiment set-up

The different sample holders were put in a bag and immersed in a
thermally controlled bath (Kiss K6 from Buber). The temperature of the
bath is regulated with a precision of 0.1 °C and the heat carrying fluid in
the tank is monoethylene glycol. LF sample holders were put in a sealed
bag before being immersed in the bath. For HF measurement, laboratory
tests were used a sample holder. The SROE probe was inserted thanks to
a hole in the test tube so as the tip of the probe is in contact with the
material within the tube. The test tubes, before being inserted in the
bath, were sealed with rubber to avoid leaks (Fig. 2).

The ultrabroadband electrical properties were investigated in the
temperature range + 25 °C down to 0 °C (before freezing). HF samples
and bath were monitored with varnish thermocouples connected to a
data logger CR1000 from Campbell scientific. Temperature probes were
not inserted in the LF sample holders so as not to disturb the impedance
measurements. 7 steps of temperature were made during the decrease of
temperature (25 °C, 20 °C, 15 °C, 10 °C, 5 °C, 2 °C and 0°C). For each
step, we let enough time for the sample temperature to stabilize. Mea-
surements were performed on different time scale during the experi-
ments. In the HF range, a 2 ports VNA (Keysight E5071C) measuring
over the 50 MHz - 5 GHz range was used to measure simultaneously the
two clays sample (with 2 probes: one on each port). Measurements were
done in monitoring mode: a measurement was done approximatively
every 8 min. E5071C was remotely controlled with Python. In the LF
range, ZEL-SIP04-V02 was used to measure the complex impedance over
the 10 mHz to 45 kHz. Please note that the acquisition of a complete
spectrum takes approximately 20 min. Thus, LF measurement were only
performed at the end of each temperature step. We manually switch
between the 2 samples holder.
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Fig. 2. Equipment and sample holders. a) Thermostat bath with SROE probes
inserted in laboratory test tubes. b) Position of sample holders and thermo
couples within the bath. ¢) Sample holder for SIP measurements: A,B currents
electrodes; M,N: potential electrodes . d) SROE probes.

4. Results and discussions

Fig. 3 displays the frequency dependent complex conductivity and
effective complex permittivity for the montmorillonite sample as a
function of temperature. Similar quantities are displayed on Fig. 4 for
illite-chlorite sample. In the case of effective relative permittivity an
inset has been added to represent only the high frequency data (due to
the dynamic of the whole spectrums high frequency data are over-
scaled).

The first comment concerns the continuity between low and high
frequency measurements. For example, the real part of asz(w) shows a

good continuity in the case of illite-chlorite whereas in the case of
montmorillonite a little offset can be observed. The slight possible dif-
ference between the samples (2 samples from the same batch are used)
might be the origin of this offset. Otherwise, as expected, the real part of
LF complex conductivity is slightly frequency dependent.

Although the investigation of relaxation behavior is not the main
objective of this study, one can clearly observe different relaxations
processes all over the frequency range. Firstly, in the high frequency
region (above 1 GHz), the imaginary part of e;eﬁ(w) shows the typical

signature of free water relaxation. Nevertheless, due to the restricted
frequency range of investigation, only the tail of the process can be
observed. As expected [42], the relaxation frequency increasing with
temperature (e.g. on the inset it can be observed that the tail of the
relaxation is shifting to higher frequency when temperature increases).
The low frequency part should be dominated by two relaxation pro-
cesses: EDL relaxation on the lower end and MW relaxation. In the case
of illite-chlorite, this can clearly be observed on the imaginary part of
asz(w) (or on the real part of s:_eff(w)). Finally, one can guess an extra

process which could be attributed to confined water relaxation in the
case of montmorillonite. A closer look on the inset shows a dispersion
around hundreds of MHz. This dispersion is very small in the case of
illite chlorite. It is expected that a swelling clay such as montmorillonite
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Fig. 3. Ultrabroadband measured spectrums of Montmorillonite, complex conductivity (top, left : real part, right. imaginary part) or complex permittivity (bottom,
left. real part, right. imaginary part). LF data with circle marker, HF data with square marker.

presents an important amount of confined water. Nevertheless, mea-
surements in the intermediate would be required to develop a quanti-
tative analysis. A further analysis will be focused on the relaxation
behavior; the phenomenological approach suggested in [35] will be
used.

The effect of temperature can be observed on the real part of asz(w)
at low frequency: the conductivity increases with increasing tempera-
ture. The effect of temperature can also be observed on the real part of
E;eff(a}) at high frequency: the relative permittivity decreases with
increasing temperature. These changes will be quantified based on the
broadband mixture model in the next step of the paper.

In Fig. 5, the high frequency conductivity o, as a function of tem-
perature is represented respectively for montmorillonite and illite-
chlorite. Values were computed based on equations (17) and (19). The
experimental data at f = 10*Hz were used. In Fig. 6, the computed
values of ¢, were plotted versus the measured values at f = 10*Hz for
both sample for all measurements. The quality of the estimation can be
illustrated by the high values of R? coefficient.

The relationship between normalized chargeability M, and the
quadrature conductivity is illustrated on Fig. 7 for the complete set of
measurements. M, was defined as the difference of the in-phase con-
ductivity between f =10%Hz and f = 107'Hz, and the quadrature
conductivity at the geometric mean frequency (f = 10'Hz) was used. A
good correlation was observed over the whole temperature range (R?> =
0.9736). The constant a can be estimated according to [56]:

ar %ln(IOA) (28)
z

with A the number of decades separating high and low frequency
(here A = 4). A theoretical value of 5.86 was obtained, whereas an
experimental value of 5.13 was obtained. In other words, the quadrature
conductivity can be considered as a proxy for the normalized charge-
ability (and vice versa). Thus, there is a relationship between the ob-
servables measured in time and spectral domains which is temperature
independent and true for both materials.

The real part of effective relative complex permittivity at 1 GHz was
then computed as a function of temperature based on equation (5), 6 and
7 and the same formation factor used for the analysis of low frequency
properties. The results for montmorillonite and illite-chlorite are pre-
sented on Fig. 8. Finally, the computed values were plotted versus the
estimated values on Fig. 9.

5. Conclusions

In this paper, ultrabroadband electrical properties of two saturated
clays, montmorillonite and illite-chlorite, were investigated in the
temperature range 25°C down to 0°C (above the freezing temperature of
these materials). Low frequency measurements (1 mHz - 45 kHz) were
measured with a combination of impedance analyzer and 4 points
electrodes, whereas high frequency measurements were performed with
a combination of OE probes and VNA. Electrical properties were
expressed in terms of effective complex permittivity or effective complex
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Fig. 4. Ultrabroadband measured spectrums of illite-chlorite, complex conductivity (top, left : real part, right. imaginary part) or complex permittivity (bottom, left.
real part, right. imaginary part). LF data with circle marker, HF data with square marker.
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Fig. 5. High frequency conductivity o, as a function of temperature for a) Montmorillonite sample - b) illite-chlorite sample. Experimental data at f = 10*Hz.

conductivity.

A broadband modeling framework based on a mixture concept
introduced in [28] was presented. The key feature of our approach is
that the same formation factor is used to compute the LF and HF con-
tributions. Based on this new approach, the temperature dependency of

specific material parameters frequently used in geotechnical and geo-
environmental applications were modeled, i.e. real high frequency
electrical conductivity and real high frequency dielectric permittivity. A
reasonable agreement between measured and modeled results was
observed for both clays.
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The proposed framework, ultrabroadband measurement in combi-
nation with the mixture approach, has a high potential for the
geophysical characterization of geomaterials in geotechnical and geo-
environmental applications. It enables a combined interpretation of
petrophysical and petrochemical quantities obtained with different
classic geophysical methods such as ERT (Electrical Resistivity Tomog-
raphy), IP (Induced Polarization), TDR (Time Domain Reflectometry)
and GPR (Ground Penetrating Radar) based on specific electrical ma-
terial properties.

In further investigations, two electrode impedance measurement will
be included to fill the intermediate frequency gap (45 kHz — 50 MHz).
The suggested broadband mixture model will be further developed to
consider additional interfacial relaxation processes. Our ultimate goal
being the development of ultra-broadband pure mechanistic approach in
order to develop multi-parameter estimation scheme applicable on the
field with typical classic geophysics methods.
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