
JOURNAL OF GEOPHYSICAL RESEARCH: SOLID EARTH, VOL. 118, 4729–4744, doi:10.1002/jgrb.50343, 2013

Dielectric relaxation behavior of Callovo-Oxfordian clay rock: A
hydraulic-mechanical-electromagnetic coupling approach
Norman Wagner,1 Thierry Bore,2 Jean-Charles Robinet,2 Daniel Coelho,2
Frederic Taillade,3 and Sylvie Delepine-Lesoille2

Received 24 April 2013; revised 9 August 2013; accepted 12 August 2013; published 16 September 2013.

[1] Water content is a key parameter to monitor in nuclear waste repositories such as the
planed underground repository in Bure, France, in the Callovo-Oxfordian (COx) clay
formation. High-frequency electromagnetic (HF-EM) measurement techniques, i.e., time
or frequency domain reflectometry, offer useful tools for quantitative estimation of water
content in porous media. However, despite the efficiency of HF-EM methods, the
relationship between water content and dielectric material properties needs to be
characterized. Moreover, the high amount of swelling clay in the COx clay leads to
dielectric relaxation effects which induce strong dispersion coupled with high absorption
of EM waves. Against this background, the dielectric relaxation behavior of the clay rock
was studied at frequencies from 1 MHz to 10 GHz with network analyzer technique in
combination with coaxial transmission line cells. For this purpose, undisturbed and
disturbed clay rock samples were conditioned to achieve a water saturation range from
0.16 to nearly saturation. The relaxation behavior was quantified based on a generalized
fractional relaxation model under consideration of an apparent direct current conductivity
assuming three relaxation processes: a high-frequency water process and two interface
processes which are related to interactions between the aqueous pore solution and mineral
particles (adsorbed/hydrated water relaxation, counter ion relaxation and
Maxwell-Wagner effects). The frequency-dependent HF-EM properties were further
modeled based on a novel hydraulic-mechanical-electromagnetic coupling approach
developed for soils. The results show the potential of HF-EM techniques for quantitative
monitoring of the hydraulic state in underground repositories in clay formations.
Citation: Wagner, N., T. Bore, J.-C. Robinet, D. Coelho, F. Taillade, and S. Delepine-Lesoille (2013), Dielectric relaxation
behavior of Callovo-Oxfordian clay rock: A hydraulic-mechanical-electromagnetic coupling approach, J. Geophys. Res. Solid
Earth, 118, 4729–4744, doi:10.1002/jgrb.50343.

1. Introduction
[2] Safety solutions of management for all radioactive

waste in order to protect the present and future gener-
ations from the waste risks is an essential need. The
French National Radioactive Waste Management Agency
(ANDRA; Agence nationale pour la gestion des dèchets
radioactifs) is in charge of long-term management of
radioactive waste produced in France. ANDRA has system-
atically studied the possibility of implementing an under-
ground repository for high-level and long-lived waste in

1Institute of Material Research and Testing, Bauhaus-Universität
Weimar, Weimar, Germany.

2French National Radioactive Waste Management Agency, Paris,
France.

3French Institute of Science and Technology of Transport, Develop-
ment, and Network, Université Paris Est, Paris, France.

Corresponding author: N. Wagner, Institute of Material Research and
Testing, Bauhaus-Universität Weimar, Coudraystraße 4, 99423, Weimar,
Germany. (norman.wagner@mfpa.de)

©2013. American Geophysical Union. All Rights Reserved.
2169-9313/13/10.1002/jgrb.50343

the underground laboratory (URL) in Bure, France (Meuse
district, eastern Paris Basin, France), built during the early
2000s [Delay et al., 2008]. The geological formation under
consideration consists of a 130 m thick clay rock layer
located at a depth of 500 m [Linard et al., 2011]. The water
content is a key state parameter for monitoring and predic-
tion of thermal, hydraulic, mechanical, chemical, and radi-
ological (THMCR) processes in nuclear waste repositories
since it drives radioactivity confinement. More precisely,
monitoring water content in the Callovo-Oxfordian clay,
host rock of the planed underground repository, enables to
confirm and precise long-term radionuclide transfer models.

[3] Unlike mechanical and thermal processes for which
vibrating wire sensors and platinum probes have proved
their efficiency for more than half a century on dam moni-
toring, for water content monitoring, very few technologies
allow accurate and long-term monitoring without mainte-
nance. The success of quantitative water content estimation
in porous media with high-frequency (radio and microwave)
noninvasive and minimal invasive electromagnetic (HF-
EM) measurement techniques is caused by the dipolar char-
acter of the water molecules resulting in a high permittivity
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in comparison to other phases such as solid particles or gas
inclusions [Hoekstra and Delaney, 1974; Topp et al., 1980].
However, interactions between an aqueous pore solution and
solid phases lead to strong contributions to the dielectric
material properties due to interphase processes [Ishida et al.,
2000, 2003; Wagner and Scheuermann, 2009]. Therefore,
the dielectric relaxation behavior contains additional infor-
mation, besides the volume fraction of free pore water, about
the structure and dynamics of water in the porous material,
especially in clays [Bergman and Swenson, 2000; Ryabov
et al., 2001]. Against this background, high-frequency elec-
tromagnetic (HF-EM) measurement techniques such as time
or frequency domain reflectometry (TDR, FDR) offer the
possibility to obtain physicochemical properties of porous
media noninvasive/minimal invasive with high spatial and
temporal resolution [Robinson et al., 2003]. ANDRA ini-
tiated tests on water content sensing chains in 1994, when
a one-to-one scale mock-up of a cover structure, made of
crushed clay, was instrumented with four water-content sen-
sor types. Capacitive sensors, time domain reflectometry
(TDR) sensors, tensiometric suction probes, and neutronic
probes were implemented. TDR resulted to be the only effi-
cient technology: It is long-time stable and provides accu-
rate measurements. Currently, more than 80 TDR sensors
still provide accurate water-content measurements. How-
ever, despite the efficiency, TDR actually provides indirect
measurement of water content. A major difficulty to face is
the link between the performed permittivity measurements
with host material water content to sense. Various empiri-
cal models are used for soil [Topp et al., 1980; Dobson et
al., 1985; Hallikainen et al., 1985; Robinson et al., 2003],
which are mostly not simply transferable to soils with a high
content of swelling clay minerals [Kelleners et al., 2005;
Robinson et al., 2005; Kupfer et al., 2007; Wagner et al.,
2007a; Schwartz et al., 2009]. Another solution is to rely
on laboratory calibrations. However, it encounters oppo-
site specifications (i) the need for large samples to place
the TDR probes with respect the electromagnetic interaction
field and (ii) the duration of water-content-forced variations
in the sample. Hence, there is a need of broadband elec-
tromagnetic characterization of clay rocks under defined
THMCR conditions.

[4] Concerning the clay rock, ANDRA has performed
a huge number of physical and chemical measurements
in its underground research laboratory, located at Bure
[Sammartino et al., 2003; Gaucher et al., 2004; Jougnot et
al., 2010a; Okay et al., 2013]. However, the electromag-
netic properties and especially the dielectrical permittivity
remain poorly known. A campaign of characterization has
been reported on the clay from the Mont Terri (Switzerland)
site with a coaxial transmission line. For ease of manipu-
lation, the study only considered crushed and altered clay.
Samples were crushed down to 2 mm grains and recom-
pacted. Such a preparation modifies initial clay structure
(porosity, pore size distribution). Thus, the representative-
ness of permittivity measurements obtained on crushed clay
compared to the unaltered rock is restricted. Electromagnetic
properties of Bure Callovo-Oxfordian clay rock were also
measured with three different methods: in the low-frequency
range (from 10 mHz to 45 kHz) with spectral-induced polar-
ization [Jougnot et al., 2010b], the intermediate range (from
100 kHz to 10 MHz) using impedance measurement, and

at higher-frequency range (from 500 MHz to 10 GHz) with
an open-ended coaxial probe [Comparon, 2005]. However, a
large part of the useful dielectric spectrum is missing. Stan-
dard TDR devices (such as Campbell TDR100) make use of
a broadband step voltage pulse with a bandwidth from about
20 kHz to roughly 1.5 GHz [Heimovaara et al., 1994].

[5] Typically, in the frequency range from 100 Hz
to at least 200 MHz capacitance methods are used to
determine dielectric spectra [Kremer, 2003; Kaatze and
Feldman, 2006]. The most familiar and simple geometry
is the parallel-plate configuration [Salat and Junge, 2010;
Wagner et al., 2011a]. With such cells, the specimen is
sandwiched between two parallel arranged electrodes and
the dielectric spectra are derived from the measured capac-
itance and dissipation factor. The measurement requires a
crushed sample with particle size <2 mm and placing small
sample volumes in the cell which destroys the natural struc-
ture. In the frequency range from 1 MHz to 10 GHz, time
or frequency domain coaxial transmission line or open-
ended coaxial line techniques are used [e.g., Behari, 2005;
Oswald et al., 2006; Arcone et al., 2008; Wagner et al.,
2011a]. Especially open-ended coaxial probes are popular
for dielectric characterization because of their broadband
capabilities and almost nondestructive functioning [Wagner
et al., 2011b]. Their application to explore soil permittiv-
ity is presented in Skierucha et al. [2004], Kelleners et al.
[2005], Chen and Or [2006], Wagner et al. [2007c], and
Wagner et al. [2011a]. To obtain the dielectric properties of
the material, the open-ended coaxial probe is simply pressed
against the sample and the complex reflection coefficient
(S11) is measured and converted to complex permittivity
by means of a lumped-element equivalent circuit [Wagner
et al., 2013]. Accurate permittivity measurements require
a close contact between the material under test and the
probe. Air gaps caused by surface roughness of the samples
affect the measurement quality [Comparon, 2005]. Conse-
quently, the open-ended coaxial probe method is more suited
for liquids and homogeneous fine-grained materials than
for hard rock samples. Studies by Folgero [1998], Shang
et al. [1999], Rowe et al. [2001], Oswald et al. [2006],
Wagner et al. [2011a], Siggins et al. [2011], and Bohleber et
al. [2012] describe two-port coaxial transmission line tech-
nique to investigate complex permittivity of soil. In Lauer
et al. [2012], a new technique was introduced to measure
broadband dielectric spectra of undisturbed samples which
was extended in Wagner and Lauer [2012] to simultaneously
determine the dielectric relaxation behavior and soil water
characteristic curve.

[6] In this study, the dielectric relaxation behavior of the
Callovo-Oxfordian clay rock was studied in the frequency
range from at least 1 MHz to 10 GHz at atmospheric condi-
tions with network analyzer technique in combination with
coaxial transmission line cells. For this purpose, undisturbed
and disturbed clay-rock samples were prepared as cylinders
and conditioned at defined relative humidity between 10%
and nearly 100% over saturated salt solutions as well as dis-
tilled water to achieve a water saturation range from at least
0.16 to nearly saturation. The relaxation behavior was quan-
tified based on a broadband generalized fractional relaxation
model under consideration of an apparent direct current
contribution assuming three relaxation processes: a high-
frequency water process and two interface processes which

4730



WAGNER ET AL.: DIELECTRIC RELAXATION BEHAVIOR OF COX

Figure 1. Simplified schematic illustration of the structure of a porous mineral material at different spa-
tial scales with indication of contributions of the single phases (mineral particles, aqueous solution with
water in different binding states and ions in the pore solution as well as air) to the electromagnetic mate-
rial properties. MWI/AWI is mineral-water or air-water interface, IHP/OHP is inner or outer Helmholtz
plane [Iwata et al., 1995; Jougnot et al., 2010b; Wagner and Scheuermann, 2009; Leroy et al., 2012].

are related to interactions between the aqueous pore solution
and mineral particles such as adsorbed and hydrated water
relaxation superposed with counter ion relaxation processes
and Maxwell-Wagner effects. The frequency-dependent HF-
EM properties were further modeled based on a novel
hydraulic-electromagnetic coupling approach developed for
soils under consideration of the water sorption isotherm as
well as structural changes due to swelling effects.

2. Dielectric Relaxation Behavior
[7] In general, the complex permittivity of partially satu-

rated porous mineral material depends on the high-frequency
electromagnetic (HF-EM) properties of the appropriate solid
phases (texture, mineralogy), their interaction with water
vapor and aqueous solutions as well as soil structure (den-
sity, particle shape distribution, see Wagner et al. [2011a]
and Wagner and Scheuermann [2009], see Figure 1).

[8] Based on Maxwell’s equations of electrodynamics,
broadband electromagnetic transfer functions of a porous
mineral material can be defined in terms of complex relative
effective permittivity

"?r,eff(!, T, p, : : :) =
"?eff(!, T, p, : : :)

"0
(1)

or effective conductivity

�?eff(!, T, p, : : :) = j!"?eff(!, T, p, : : :) (2)

and complex relative effective magnetic permeability

�?r,eff(!, T, p, : : :) =
�?eff(!, T, p, : : :)

�0
(3)

with imaginary unit j =
p

–1, angular frequency ! = 2� f, as
well as permittivity "0 and magnetic permeability �0 of free
space. The transfer functions depend on frequency as well
as on the thermodynamic state parameters such as tempera-
ture T, fluid pressure p, and stress-strain state [Hoekstra and
Delaney, 1974; Jonscher, 1977; Schoen, 1996; Santamarina
et al., 2001; Börner, 2006; Stillman and Olhoeft, 2008]. In

this study, the selected clay-rock samples justify the assump-
tion that magnetic effects can be neglected so here �?r,eff will
not be discussed (see section 3.2). Equations (1) and (2)
can be defined based on the concept of an intrinsic com-
plex electrical permittivity "? or conductivity �? of the
material [Wagner et al., 2007b]. Moreover, to relate the com-
plex transfer functions to measurable quantities with HF-EM
techniques such as TDR, ground penetrating radar (GPR), or
electrical resistivity tomography (ERT), it is reasonable to
define additional real effective conductivity and a real effec-
tive relative permittivity [see Katsube and Collet, Katsube
and Collet; Jonscher, 1977; Jonscher, 1983; Wagner et al.,
2011a]:

"r,eff(!) =
"0eff(!)
"0

= "0r(!) +
� 00(!)
"0!

, (4)

�eff(!) = � 0eff(!) = � 0(!) + !"0"
00

r (!). (5)

Based on this concept, a critical frequency fC = !C(2�)–1

follows with the definition of the loss factor tan ı =
�eff(!C)/[!C"0"r,eff(!C)] = 1. Here the per cycle dissipated
electrical energy due to charge transport is equal to the stored
electrical energy due to high-frequency polarization pro-
cesses. fC is an important parameter in field applications: For
f < fC, the electrical conductivity �eff is the most effective
parameter whereas is effective permittivity "r,eff for f > fC.
Especially in TDR applications, wave propagation is limited
to the frequency range f > fC [Wagner et al., 2007b].

2.1. Coupled Hydraulic-Mechanical-Electromagnetic
Mixture Approach

[9] Porous mineral materials consist mainly of three
phases: solid particles (various mineral phases), pore air,
and a pore fluid. In principle, the fractions of the composite
material phases vary both in space (due to composition and
density of the material) and time (due to changes of water
content, porosity, pore water chemistry, and temperature).
2.1.1. Mineral Matrix

[10] The electromagnetic properties of the solid parti-
cles are in general a second-order tensor (dyadic) with
nine independent material parameters [see Schoen, 1996]. In
the investigated temperature-pressure-frequency range, the
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permittivity can be considered as frequency independent.
Hence, relative effective permittivity of the solid matrix
material "r,g can be estimated from mineralogical composi-
tion of the solid phases [Robinson, 2004a, 2004b; Robinson
and Friedman, 2003] assuming quasi-isotropy at the sample
scale:

"r,g =

 NX
k=1

wk
�G

�X,k

p
"g,k

!2

, (6)

with mass fraction wk and
P

k wk = 1, X-ray density �X,k as
well as relative effective real permittivity "g,k of the appro-
priate kth phase obtained from the mineralogy. Moreover,
several empirical equations were proposed relating relative
effective permittivity of a material to its grain density �g:

"r,g = A�g (7)
such as the equations suggested by Olhoeft [1974] with A =
1.93 ˙ 0.17 or Campbell [2002] with A = 1.96. A further
empirical equation was suggested by Dobson et al. [1985]:

"r,g = (1.01 + 0.44 � �g)2 – 0.062. (8)

However, there is a lack of systematic broadband frequency
and temperature-dependent high-resolution electromagnetic
experimental investigations on appropriate solid monocrys-
talline/polycrystalline mineral phases. This issue needs to be
addressed in further research activities.
2.1.2. Pore Fluid

[11] The pore fluid is an aqueous solution with a
temperature-pressure-frequency–dependent relative com-
plex permittivity according to the modified Debye model
[Kaatze, 2007a; Ellison, 2007]:

"?w (!, T, p) – "1(T, p) =
�"(T, p)

1 + j!�w(T, p)
– j
�w(T, p)
"0!

, (9)

with direct current conductivity �w, high-frequency limit of
permittivity "1, relaxation strength �" = "S + "1 with
static dielectric permittivity "S. The dielectric relaxation time
�w depends on temperature T and pressure p according to
Eyring’s equation [Buchner et al., 1999; Logsdon and Laird,
2004; Kaatze, 2007a]:

�w(T, p) =
h

kbT
� exp

 
�G�w(T, p)

RT

!
, (10)

where h denotes Planck’s constant, kB Boltzmann’s constant,
� � 1 the transmission coefficient, R gas constant, and
�G�w(T, p) = �H�w(T, p) – T�S�w(T, p) free enthalpy or Gibbs
energy of activation with activation enthalpy �H�w(T, p) and
activation entropy �S�w(T, p).

[12] Furthermore, Gibbs energy of the interface fluid
�G�d (T) is assumed to be a function of the distance
from the particle surface (for quantitative approaches, see
Wagner and Scheuermann [2009]). The matric potential ‰m
of a porous material, introduced in soil science, is a measure
of the bonding forces on water in the material and is related
to the chemical potential of water ��W = �ıW – �W = ‰mVw
with chemical potential at a reference state �ıW and molar
volume of water VW [Iwata et al., 1995; Hilhorst et al.,
2001]. Thus, Hilhorst et al. [2001, 2000; Hilhorst, 1998]
suggested an approach for the relationship between ‰m
and �G�d :

‰m(T ) � VW = �G�ıw (T ) –�G�d (T ), (11)

with Gibbs energy of water at a reference state �G�ıw (T )
(10.4 kJ/mol at atmospheric conditions and T = 293.15 K ).
This relationship was used to calculate Gibbs energy of
dielectric activation of interface water �G�d (T ). Relative
complex permittivity of free and interface water of a porous
material, e.g., the Callovo-Oxfordian clay rock, in depen-
dence of the volumetric water-content 	 under atmospheric
conditions then can be calculated [Wagner et al., 2009]:


?a (	 , T ) =
‰m(� )Z
‰m(0)

"?a
w (‰m(	 , T ), T )

d	 (‰m)
d‰m

d‰m. (12)

In this form, a direct current conductivity contribution �w(T )
of the aqueous pore solution is implicitly included. The
parameter 0 � a � 1 is defined by the used mixture
approach to obtain the relative effective complex permit-
tivity of the material "?r,eff(	 , T ). The parameter a contains
in principle structural information of the material including
free and interface water and is strictly speaking a function
of volumetric water content 	 or water saturation Sw and
porosity n [see Wagner et al., 2011a].
2.1.3. Effective Electromagnetic Rock Properties

[13] Hilhorst et al. [2000] suggest the following theoreti-
cal mixture equation to model the effective permittivity of a
porous material:

"?r,eff(	 , T) = 
?1 (	 , T ) + (1 – n)"r,G(T ) + (n – 	 ). (13)

For the incorporation of the bonding state of water
as well as considering the pore water conductivity, the
term 
?H(	 , T ) = 
?1 (	 , T ) then is given by [Wagner and
Scheuermann, 2009]):


?H(	 , T ) =
"S(T ) – "1
3(2n – 	 )

�

‰(� )Z
‰(0)

�
1 + j

!h
kbT

e
�Gw(T )]+|‰m (�)|V

RT

�–1

d	 (‰)
d‰

d‰ + 	
�
"1 – j

�DC(T )
3!"0(2n – 	 )

�
.

(14)

As an alternative approach, Wagner et al. [2011a] suggest
the so-called advanced Lichtenecker and Rother Model:

"
?a(� ,n)
r,eff (	 , T) = 
?a(� ,n)(	 , T ) + (1 – n)"G(T )a(� ,n) + (n – 	 ), (15)

which is frequently used in CRIM (Complex Refractive
Index Model) form with a constant structure parameter a =
0.5 [Birchak et al., 1974; Dobson et al., 1985; Roth et
al., 1990; Mironov et al., 2004; Wagner and Scheuermann,
2009]. The term 
?CRIM(	 , T ) = 
?0.5(	 , T ) then has the
following form:


?CRIM(	 , T ) =
‰(� )Z
‰(0)

"?a
w (	 , T )

d	 (‰)
d‰

d‰. (16)

Wagner et al. [2011a] further pointed out the dependence of
apparent pore water conductivity �w in equation (9) on water
saturation and porosity. A model for the effective conductiv-
ity of a water saturated rock �?eff is a modified Archie’s law
[Patnode and Wyllie, 1950; Winsauer and McCardell, 1953;
Schoen, 1996]:

�?eff =
�?w
F

+ �?s , (17)
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with complex conductivity of the aqueous pore solution
�?w , complex surface conductivity �?s , and formation factor
F = n–m which can be related to porosity n with cementation
exponent m. The theoretical model according to Revil and
Linde [2006]

�?eff =
�?w
F

+
�

F – 1
F

�
�?s (18)

was used by Jougnot et al. [2010b] for the modeling of low-
frequency electrical properties of the Callovo-Oxfordian
clay rock. Jougnot et al. [2010b] suggest the following
approach for modeling the complex pore water conductivity

�?w = �w + j!"0"
?
w , (19)

with relative effective permittivity of water "?w according to
equation (9) as well as real direct current conductivity of the
aqueous pore solution [Jougnot et al., 2010b]:

�w =
NX

k=1

˙zkeˇk
Ck

Sw
, (20)

charge of an electron e, valency ˙zk, ionic mobility in the
solution ˇk, and ionic concentrations in the pore space Ck
of the kth ion species scaled with water saturation SW. The
model was applied under the assumption of a pure binary
symmetric electrolyte such as NaCl and predicts an increase
of �w with decreasing saturation, porosity, or volumetric
water content. To account for this dependence in the mix-
ture equation, the following empirical relationship with the
normalized matric potential ‰0m = ‰m/‰1 MPa

m suggested in
Wagner et al. [2013] was used:

�w = A �‰0m
B + �w,S, (21)

with empirical electrical conductivity coupling parameter
log(A[S/m]) = –0.36˙0.05, shape factor B = 0.572˙0.007,
and a conductivity contribution at saturation �w,S.

3. Materials and Methods
3.1. Material Properties of the Clay Rock

[14] The ANDRA Underground Research Laboratory
(URL) is located in the eastern part of the Paris Basin (�300
km east of Paris) at 500 m depth in the Callovo-Oxfordian
(COx) clay-rich sedimentary formation. The thickness of
the COx formation is about 135 m at the URL location
(–415 to –550 m). Its mineralogy is composed of clays min-
erals (mainly illite and interstratified illite/smectite, kaoli-
nite, mica, and chlorite), tectosilicates (mainly quartz and
feldspars), carbonates (mainly calcite and dolomite), and
pyrite (<3%) (see Table 1) [Gaucher et al., 2004]. The pro-
portions of these components vary mainly depending on the
depth of the sedimentary layer, leading to divide the layers
into several geological units [ANDRA, 2012]. At the middle
of the layer, where the URL is located, the clay content is
maximal (�50%–60%). Rock petrophysical and geochem-
ical properties have been extensively studied on samples
cored from several boreholes or in the URL. Several prop-
erties such as porosity, pore size distribution, mineral phase
contents, ionic exchange capacity, sorption behavior, and
transport properties have been measured. A complete review
of COx properties can be found elsewhere [Gaucher et al.,

2004; Sammartino et al., 2003]; however, the main char-
acteristics are recalled hereafter. The porosity of the COx
was determined using the water-content method in combi-
nation with nuclear magnetic resonance (NMR), porosity
values mainly spread over 0.1 and 0.2, with a value of
about 0.175 in the middle of the formation. Pores are mainly
distributed between clay particles and within the interlayer
space of swelling clay minerals (e.g., smectite). Pore diam-
eter distribution characterized by mercury intrusion, NMR,
and water adsorption range between nanometer and hun-
dreds of nanometers [Sammartino et al., 2003; ANDRA,
2012]. Meanwhile, the specific surface (measured by nitro-
gen adsorption) is relatively high with 27/36 m2/g due to
the high clay content. Transport properties are weakened
due to these small pores. For instance, permeability is about
10–13 m2. Clay-rich rocks are also characterized by their
electrical properties. Clay platelets exhibit a net electric
charge due to isomorphic ion substitutions. This results in a
charge density of 0.8 e (nm)–2 with the charge of an electron
e and cationic exchange capacity ranges 14/15 mmol/100 g.
The chemically equilibrated fluid contains about 0.1 M/L of
ions. Therefore, the ionic transport leads to high direct cur-
rent conductivity [see Jougnot et al., 2010a]. In Table 1,
the physicochemical data of the investigated samples
are compiled.

3.2. Preparation of Rock Samples
[15] Once the main cores were taken from the forma-

tion of the underground laboratory, they were conserved
in sealed bags to avoid contact with air. The first step of
the shaping procedure consisted in overcoring the main
core in order to obtain a rough specimen with a diameter
larger than the finished specimen. Those “rough specimens”
were held at different relative humidity in climatic cham-
bers over saturated salt solutions as well as distilled water.
After water-content stabilization was reached, checked by
daily weighing, each rough specimen was shaped in order
to obtain a perfect cylinder with the same dimensions of
the sample holder (radii equal to 15 mm and height equal
to 20 mm). Wenk et al. [2008] systematically studied the
anisotropy of COx based on hard synchrotron X-ray mea-
surements combined with Rietveld full diffraction image
analysis. The results indicate a moderate anisotropy (axially
symmetric about the normal to the bedding plane) of the
phyllosilicates (illite and kaolinite) with a substantial pro-
portion of randomly oriented crystallite. Furthermore, it was
shown that the texture of calcite and quartz is essentially
random. To avoid any systematic inference in our study due
to the anisotropy of the clay rock, we used samples which
were cored vertically to the stratigraphic sequence. Hence,
the electrical field vector in the used TEM cell (transverse
electric and magnetic field vectors to the propagation of the
electromagnetic wave in the cell) is in parallel to the bed-
ding plane and thus mainly parallel to the (001) plane of the
phyllosilicates. Three specimens for six relative humidities
were produced this way. Consequently, this preparation tech-
nique does not prevent the samples from pyrite oxidation.
Nevertheless, pyrite represents less than 2% of the minerals
and (see Table 2: Series 1/3/4 has 2% and Series 2 has 1%)
its influence on the high-frequency electromagnetic material
properties is assumed to be low [see Comparon, 2005] which
was in addition confirmed by the analysis of the magnetic
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Table 1. Physical, Chemical and Mineralogical Properties of the Investigated Callovo-Oxfordian Clay Rock
for the Measurements Series 1,3,4/Series 2, Respectivelya

Mineralogy, (wt %)
Series 1,3,4/Series 2 Physicochemical Properties Pore Water Chemistry

Illite 22/16 Specific surface area 36/27 m2/g pH 7.2
Illite/smectite 20/19 Cation exchange capacity 14/15 mmol/100g Eh (mV pr SHE) –200
Kaolinite 5/0.5 Ionic Strength 0.08 mmol/L Cl– (mmol/L) 41
Chlorite 2/2.5 Particle density 2.67 g/cm3 Na+ (mmol/L) 43
Feldspars and quartz 22/31 Permittivty of solid particles 5.55 SO2–

4 (mmol/L) 15
Carbonates 26/30 HCO–

3 (mmol/L) 2.1
Pyrite 2/1 Ca2+ (mmol/L) 8
Other 2/1 Mg2+ (mmol/L) 5

K+ (mmol/L) 1
Sr2+, Fe3+, Si4+ < 1

aFor the samples of Series 1, all the cores were extracted from boreholes MCO1021 (depth 506 m), MCO1703
(503 m), and ORS1801 (496 m) of the geological unit UA2. For Series 2, core EST45405 from borehole DIR2004 (450 m)
of geological unit USC2 was used as reference [ANDRA, 2012].

permeability obtained with the network analyzer measure-
ments. Two samples were characterized whereas the third
was conserved as a “check sample or witness/reference.”
Once the equilibrium was reached (for those small volumes,
we have considered 3 weeks), a measurement of apparent
density (geometrical measurement using a caliper) was made
before drilling a hole to insert the inner conductor of the
coaxial cell. Then each sample was placed in the cell and
the electromagnetic characterization was performed. The
only difficulty of this step was to manipulate the samples
carefully. For the determination of the broadband electro-
magnetic properties, a close contact between inner and outer
conductors of the coaxial transmission line was ensured to
avoid additional low-frequency capacitive loss effects. Sam-
ples without a close contact were identified. These samples
can only be used for the analysis of the dielectric material
properties in the high-frequency range above 500 MHz. The
last step of the procedure was the determination of the water
content by mass, the porosity, and the degree of saturation.
Water content was measured by loss of water using an oven
held at 105ıC. A second measurement was carried out at
150ıC in nitrogen atmosphere for comparison with previ-
ous data. Due to clay-water interaction, 150ıC dehydration
is preferred to 105ıC as some water remains between smec-
tite platelets after drying at 105ıC. Porosity was determined
according to the dry density and a grain density equal to
2.7023 g/cm3 [Savoye et al., 2010] as well as the satura-
tion degree (water content at 150ıC) was accurately deduced
from these parameters.

3.3. Parametrization of the Hydraulic and Structural
Rock Properties

[16] The water sorption isotherm was parameterized
based on soil physical concepts of the water retention

characteristics. Therefore, in a first step relative humidity
' = e/E (with vapor pressure of air e and saturation vapor
pressure at sample temperature E) was converted to a water
potential according to Slatyer [1967], Dinulescu [1979], and
Hilhorst et al. [2001]:

‰m(T ) =
RT
V

ln['(T )], (22)

where R is the gas constant, T the absolute temperature of the
sample, and V the partial molecular volume of water. In the
next step, the water-retention characteristics are parameter-
ized with a multimodal van Genuchten equation according
to Priesack and Durner [2006]:

	 – 	r

	S – 	r
=

NX
i=1

wi

�
1

1 + [ai|‰|]ni

�1–1/ni

. (23)

Herein, 	 is volumetric water content, |‰| matric potential, 	r
residual, and 	S saturated volumetric water content; i counts
for the number of the appropriate N subsystem with the
weighting factors 0 � wi � 1 and van Genuchten parame-
ters ai and ni. Changes of rock structure due to swelling with
increasing humidity ' or decreasing water potential ‰m was
parameterized with an empirical equation:

�0D
�D

=
�

1
1 + 10m(�–�T )

�n

, (24)

with fictive dry density �0D and dry density �D at nearly
zero saturation, volumetric transition water content 	T, and
empirical shape parameters m and n (see Figure 2); �0D repre-
sents the appropriate dry density of the material at the actual
water content. In Table 2, the results of the parametrization
are compiled. This parameterized relationship then is used

Table 2. Parameters of Equation (23) With Appropriate Standard Deviation �X =
p

var(: : :) As Well As
Root-Mean-Square Error (RMSE) Estimates

S1 �X S2 �X S3 �X S4 �X S5 �X

w [–] 0.79 0.02 0.84 0.03 0.771 0.006 0.84 0.02 0.75 0.02
a1 [1/kPa] 3.2E-5 3E-6 3.7E-4 6E-5 2.06E-5 4E-7 2.2E-5 1.6E-6 4.7E-5 6E-5
a2 [1/kPa] 0.049 0.008 5.0 0.8 0.024 0.004 0.044 0.007 0.047 0.007
n1 1.768 0.038 1.32 0.04 1.991 0.019 1.958 0.041 1.737 0.040
n2 1.99 0.13 1.96 0.16 2.19 0.15 2.09 0.15 2.17 0.12

RMSE [m3/m3] 0.076 0.096 0.037 0.052 0.073
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Figure 2. (top) Sorption isotherms of the samples param-
eterized with a bimodal van Genuchten relationships and
(bottom) porosity n as a function of volumetric water
content 	 .

to determine the dependence of the porosity as a function of
volumetric water content. The swelling/shrinkage processes
affect pore size distribution and thus capillarity forces which
in turn implicitly the dielectric properties. Hence, regard-
less of the stability of the permittivity-volumetric water-
content relationship to changes in porosity at low volumetric
water contents, porosity changes were considered in the
modeling approach.

3.4. Dielectric Measurements
[17] The dielectric material properties were determined in

the frequency range from 1 MHz to 10 GHz with network
analyzer technique (Rhode and Schwarz ZVR, Agilent PNA,
Anritsu VNA) in combination with two coaxial transmis-
sion line cells (Figure 3) [Wagner et al., 2007b; Lauer et al.,
2010; Ba and Sabouroux, 2010; Wagner et al., 2011a; Lauer
et al., 2012; Wagner and Lauer, 2012; Bore et al., 2012]. The
cells can be divided in three sections: two transition units and
a specimen holder (Figure 3). The inner dimensions of the
cells were determined in order to match the impedance of the
source with 50 
 yielding a condition of the ratio between
inner diameter of the outer conductor b and outer diameter of
the inner conductor a with b/a = 2.302. The technical details
of the cells are compiled in Table 3.

[18] The cells were connected to a calibrated vector net-
work analyzer (VNA) which sends a monochromatic elec-
tromagnetic wave and records the response of the sample
by means of four complex scattering or S parameters (two

transmission and two reflection factors, see Baker-Jarvis et
al. [2004 ]). Prior to the S-parameter measurement, a full
two-port (Short-Open-Load-Through) calibration procedure
with mechanical standards was performed.

[19] In general, assuming propagation in TEM mode and
non magnetic materials the relative effective complex per-
mittivity "?r,eff of a sample in an ideal coaxial transmission
line is related to its complex impedance Z?S or complex
propagation factor �?S as follows [Nicolson and Ross, 1970;
Baker-Jarvis et al., 2004 ; Gorriti and Slob, 2005a; Wagner
et al., 2010]:

"?r,eff =
�

Z0

Z?S

�2

, (25)

"?r,eff =
�

c0�
?
S

j!

�2

, (26)

"?r,eff =
c0Z0

j!

�
�?S
Z?S

�
. (27)

Herein, Z0 is the characteristic impedance of the empty trans-
mission line, c0 = ("0�0)–0.5 the velocity of light with "0.
To obtain Z?S or �?S from measured complex S-parameters Sij
several quasi-analytical approaches are available which lead
to either equation (25), (26), or (27) as shown in Gorriti and
Slob [2005b].

[20] Nicolson and Ross [1970] and Weir [1974] (NRW)
introduced a quasi-analytical inversion procedures to obtain
the frequency-dependent permittivity of low permittivity
and low loss materials from measured S parameters. This
approach was implemented in the software EpiMu by Ba
and Sabouroux [2010] and used for the determination of the
dielectric properties with the Anritsu VNA and IFSTTAR
cell. Baker-Jarvis [1990] rigorously developed equations for
the determination of the broadband electromagnetic mate-
rial properties with coaxial transmission line cells from
first principles and revisited the classical quasi-analytical
algorithm according to NRW. In addition, new approaches
were introduced including an iterative inversion technique
which seems to be more robust and efficient in compari-
son to NRW called BJ and BJI. Wagner et al. [2010] and
Wagner et al. [2011b] compare the quasi-analytical
approaches based on 3-D finite element calculations in
the frequency range between 1 MHz and 10 GHz in case
of nondispersive low loss and strong dispersive standard
materials with known frequency-dependent permittivity and
showed the restriction in the applicability of the differ-
ent techniques. Furthermore, in Lauer et al. [2012] and
Bohleber et al. [2012], it was shown that the BJI approach is
more stable than the quasi-analytical inversion.

[21] The first step in BJI is the application of NRW to the
calibrated and preprocessed S parameters. The determined

Table 3. Geometrical Cell Parameters

Cell Name IFSTTAR MFPA

Connector type APC-7 N-EIA 1 5/8”
Inner conductor
—Outer diameter a (mm) 13.04 16.9
Outer conductor
—Inner diameter b (mm) 30 38.8
—Outer diameter c (mm) 40 41.3
Length d (mm) 20 50
Sample volume VC (cm3) 11.47 47.90
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Figure 3. (a) Measurement setup to determine dielectric spectra with network analyzer technique in
combination with coaxial transmission line cells. (b, c) Scheme of the used coaxial transmission line cells.

mean relative effective complex permittivity is used as start-
ing guess for BJI. The permittivity "?r,eff is then obtained
iteratively for every frequency by minimizing the dif-
ference D between measured and numerical calculated S
parameters by means of a Levenberg-Marquardt algorithm
[Levenberg, 1944; Marquardt, 1963] in Matlab based on the
following equations:

f1 = S11S22 – S21S12 –
�2 –„2

1 – T2�2 , (28)

f2 =
w1(S21 + S12) + (1 – w1)(S11 + S22)

2

–
w1„(1 – �2) + (1 – w1)�(1 – T2)

1 – �2T2

(29)

and
D =

w2f1 + (1 – w2)f2
2

. (30)

with weighting factors 0 � wi � 1, ideal reflection factor � ,
and ideal transmission factor „ of a sample with length d in
the coaxial transmission line defined as follows:

� =
Z?S – Z0

Z?S + Z0
(31)

T = exp(–�?S d); (32)

with Z?S and �?S provided by the relations (25) and (26). The
Jacobian of the system is approximated using finite differ-
ences. To ensure stable results after the first 10 frequencies,
the appropriate starting guess for the next frequency is cal-
culated with the median of the previous 10 results. The BJI
method is stable in the complete frequency range and can
be applied to all S parameters separately or simultaneously
with an appropriate weighting according to the stability of
the experimental determined and preprocessed S parame-
ters. The drawbacks of the BJI are the high sensitivity to
uncertainties of the cell design or used calibration as well
as the necessary starting guess to ensure stable convergence.
Therefore, in this study, NRW technique and BJI were used
in combination.

[22] A further approach to obtain the frequency-
dependent permittivity is an inverse modeling technique
based on the numerical calculation of the appropriate S
parameters with a forward model (mostly TEM based) of
the used coaxial transmission line cell in combination with
a Debye-type relaxation function [Oswald et al., 2006], a
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Figure 4. S parameter Sij, complex effective relative permittivity "?r,eff and complex effective electrical
conductivity �?eff as a function of frequency of a sample with volumetric water content 	 = 0.066 m3/m3,
porosity n = 0.14, and saturation SW = 0.46 as well as the results of inverse modeling with the SCEM-UA
optimization (see text for the used terminology).

broadband transfer function (CCPM) [Wagner et al., 2007c;
2011a] or a generalized dielectric relaxation model (GDR)
[Wagner et al., 2007c; 2011a]:

"?r,eff – "1 =
NX

k=1

�"k

( j!�k)ak + ( j!�k)bk
– j
�DC

!"0
(33)

with high-frequency limit of permittivity "1, relaxation
strength �"k, relaxation time �k as well as stretching expo-
nents 0 � ak, bk � 1 of the kth process and apparent direct
current electrical conductivity �DC. The technique can be
used in equivalence to the BJI approach with measured S
parameters separately or simultaneously. The advance of the
approach is that Kramers-Kronig relations [Kramers, 1926;
Kronig, 1926] are implicitly satisfied and thus unrealistic
results due to the cell design or calibration will be avoided.
Nevertheless, a substantial drawback is the lack of knowl-
edge of the complexity of relaxation processes as well as
electrode polarization effects and their consideration in the
GDR formulation which in turn can lead to unstable results
especially in case of available experimental data within a
limited bandwidth. In principle, the relaxation models allow
to link microscopic properties with the macroscopic material
behavior and therefore offer the possibility of a generaliza-
tion to a broad class of porous materials [Wagner et al.,
2007c; 2007a]. However, the development of robust gener-
alized models requires careful systematic investigations on a
wide range of unsaturated and saturated porous media under
consideration of the multitude of influencing factors, such as
the clay mineralogy, organic matter, pH and salinity of pore
water, temperature, and porosity.

3.5. Analysis of Dielectric Spectra
[23] Equation (33) was fitted to the data set using a shuf-

fled complex evolution Metropolis algorithm (SCEM-UA

[Vrugt et al., 2003]). This algorithm is an adaptive evolu-
tionary Monte Carlo Markov chain method and combines
the strengths of the Metropolis algorithm, controlled ran-
dom search, competitive evolution, and complex shuffling
to obtain an efficient estimate of the most optimal param-
eter set, and its underlying posterior distribution, within a
single optimization run [Heimovaara et al., 2004]. The algo-
rithm is based on a Bayesian inference scheme. The needed
prior information is a lower and upper bound for each of
the relaxation parameters  . Assuming this noninformative
prior the posterior density p( |y, � ) for  conditioned with
the measurement y is given by [Vrugt et al., 2003]:

p( |y, � ) /

" NX
k=1

�
yk – Oyk

ı

�# –N(1+�)
2

. (34)

Herein, yk is the kth of m measurements at each frequency for
a given temperature and Oyk is the corresponding model pre-
diction; ı represents the error of the measurements expressed
as a standard deviation. The parameter � specifies the error
model of the residuals. In this study, we assume a nor-
mal distribution with � = 0. To characterize the relaxation
behavior, three processes are assumed to act in the investi-
gated frequency-temperature-pressure range: one primary ˛
process (main water relaxation) and two secondary (˛0,ˇ)
processes due to clay-water-ion interactions (bound water
relaxation, counter ion relaxation, and Maxwell-Wagner
effects respectively, see Wagner et al. [2007b]). In the
presented high-frequency approach, the dynamic transition
linked with the structural ˛ transition is the main water
relaxation process which can be identified with a high accu-
racy. However, this process is not the slowest dielectric
relaxation process of the heterogeneous multiphase porous
material. Due to the impossibility to see the slowest relax-
ation process, we label the water process with ˛ and count
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with decreasing frequency. Furthermore, an apparent direct
current conductivity contribution is considered.

4. Results and Discussion
[24] The dielectric relaxation behavior of a clay-rock

sample of Series 4 (S4) at an intermediate saturation is
shown in Figure 4. In Table 4, the relaxation parameters
for the analyzed data sets are summarized. The results
clearly indicate stable relaxation parameters with a mod-
erate uncertainty for the two high frequency relaxation
processes ˛,˛0 (see Figure 5). However, the low-frequency
relaxation parameters of the ˇ process show a high uncer-
tainty. Hence, the frequency range has to be extended to

(a)

(b)

(c)

(d)

empirical 
equation

Figure 5. Results of the parametrization of the relaxation
behavior obtained with the SCEM-UA optimization based
on the broadband relaxation model from the measurements
with the IFSTTAR-cell (see section 3.5). (a–c) Appropriate
relaxation time �i for ˛, ˛0, and ˇ process as well as (d)
apparent direct current conductivity � 0DC as a function of vol-
umetric water content 	 . The lines in Figures 5a, 5b, and 5d
were calculated based on an empirical relationship between
volumetric water content 	 and appropriate property y with
y = a1 + a2	

a3 .
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Figure 6. (a) Dielectric spectra of the clay-rock from series 4 (S4) as a function of frequency at different
states. Indicated are the results obtained with the IFTTAR cell measured with the Anritsu VNA as well as
R&S and Agilent PNA. Furthermore, the results obtained with the MFPA cell were additionally indicated.
(b) From top to bottom, water potential ‰m, free enthalpy or Gibbs energy of activation �G�d , porosity
n, and apparent pore water conductivity �w in equation (9). (c) Application of the coupled hydraulic-
mechanic-dielectric mixture approach at a frequency of 1 GHz.

lower frequencies in further studies. Moreover, to fully
characterize the underlying kinetics of the relaxation behav-
ior, the temperature dependence has to be investigated. Fur-
thermore, the estimated apparent direct current conductivity
contribution � 0DC represents an upper boundary due to the
certainty low absolute values with appropriate uncertainty
(see Figures 4 and 5). The systematic increase of the static
permittivity as well as relaxation time of the ˛ process
indicates the presence of pore water (see schematic in
Figure 1). The obtained relaxation time is slightly higher
than free water relaxation with 8.7 ps at 23ıC [Kaatze,
2007b] associated with water hydrogen network fluctua-
tions. However, due to the strong ˛0 process with relaxation
times between 7.6 and 20.8 ns, the water signal is overlapped
in the frequency range of microwave applications (Figure 5).
Therefore, in case of practical application, apparent per-
mittivity obtained with HF-EM techniques contains not
only the water-content contribution but also effects due to
water-mineral interaction processes. These processes are a
superposition of interface (adsorbed or hydrated) water with
relaxation times in the MHz range [Logsdon and Laird,
2004; Bergman and Swenson, 2000] as well as relaxation
effects referred to as adsorption/desorption rates of counter
ions in clay interlayers with relaxation times in the range
between 2 and 8 ns [Rotenberg et al., 2005]. The low-
frequency range is dominated by a broad ˇ-relaxation pro-
cess attributed to a distribution of Maxwell-Wagner effects
superimposed with low-frequency counter ion relaxation
effects with a broad distribution of relaxation times > 1�s
[Leroy and Revil, 2009; Revil, 2013]. In general, in a partly

saturated porous material, a broad distribution of relaxation
times is expected to appear which depends on the ion speci-
ation, concentration, pore water chemistry and spatial scales
which can be explored by an ion in the complex shaped pore
space which is moreover constraint by grain boundaries,
inter-granular porosity and air-water interface [Rotenberg
et al., 2005; Leroy et al., 2008; 2012, Leroy and Revil,
2009; Revil, 2013]. Therefore, with high-frequency electro-
magnetic measurements, it is difficult to clearly separate
the different counter ion relaxation effects as well as MW
processes. Consequently, it is recommended to combine
low- and high-frequency techniques on the same material
analyzed under defined boundary conditions (fluid pres-
sure, temperature, stress-strain state). Apparent direct cur-
rent contribution �DC is low in comparison to the relaxation
processes and an inference with the low-frequency relax-
ation processes as well as electrode polarization effects is
strongly suppressed.

[25] In Figure 6 complex effective permittivity "00r,eff deter-
mined with the IFSTTAR cell with the three VNAs as a
function of frequency for the samples from Series 4 (S2) at
different states is represented. In comparison, the result mea-
sured with the MFPA cell was included which indicates the
broadband capabilities of the MFPA cell design. Due to the
slight differences in the samples, the material properties are
different at the same temperature and relative humidity (cf.
Figure 2) so that the results are not absolutely identical. The
spectra show the systematic relationship between water con-
tent and permittivity in the microwave range above 1 GHz.
This relationship for the ˛ process is also given in Figure 7 in
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Figure 7. (left) Measured complex effective relative permittivity "?r,eff = "0r,eff – j"00r,eff and (right) real
part of complex electrical conductivity � 0eff at a measurement frequency of 1 GHz in comparison with the
frequently used empirical equation according to Topp et al. [1980], a recent broadband model suggested
by Revil [2013], and the results of the proposed HM-EM approach.

comparison to measured and modeled effective permittivity
with different methods at a frequency of 1 GHz.

[26] The hydraulic-mechanical-electromagnetic mixture
approach was applied using the two mixture equations (13)
and (15) with and without consideration of the binding state
of water according to the applied relative humidity as well
the dependence of the pore water conductivity on water
content. Furthermore, the empirical relationship between
volumetric water content and effective permittivity accord-
ing to Topp et al. [1980] frequently used in geophysical
applications was applied to the data set. A novel broadband
model was recently suggested by Revil [2013] based on a lin-
ear volumetric homogenization approach for the constitutive
electromagnetic material equations combined with first and
second Archie’s laws. In the high-frequency range assum-
ing that fist and second Archie exponents are equal m � n,
this gives

� 0eff � 	m� 0w + 	m–1� 0s (35)

"0r,eff � 	m"0w + "r,g (36)

with the effective conductivity � 0eff, real electrical conductiv-
ity of the pore fluid � 0w, real surface conductivity contribution
�s, and real permittivity of water "0w. The suggested model
parameters were determined based on a 1.3 GHz data set
measured by Comparon [2005] on a bentonite-kaolinite mix-
ture with m = 1.7 ˙ 0.1 and �s = 0.44 ˙ 0.1. For the
permittivity of the solid phase "r,g the estimate in this study
is used (see Table 1).

[27] The results clearly show that the empirical equation
can not be used in case of this clay rock due to the inabil-
ity to consider the real rock structure, i.e., porosity. At low
water contents < 5 vol % both mixture equations predict the
real part of complex permittivity in reasonable agreement
with the experimental results. With increasing water content,
the approach according to the mixture equation of Hilhorst
et al. [2000] overestimates "?r,eff due to the structure of the
mixture model (see discussion in Wagner and Scheuermann
[2009] and Wagner et al. [2011b]). The modified hydraulic-
mechanical-electromagnetic mixture approach according to
Wagner et al. [2011b] gives reasonable results. The influence
of interface (adsorbed or hydrated) water on the real part
of the complex effective permittivity at a typical frequency

of 1 GHz is much lower than expected which was already
recognized in Wagner et al. [2011b]. In the imaginary
part, the influence of the interface water effects is much
stronger. The comparison between the mixture equation
without consideration of interface water but incorporation of
the dependence of the apparent conductivity of pore water
as a function of water content clearly shows that the inter-
face water has to be considered. This becomes also clear
from the imaginary part of "?r,eff. The interface water con-
tribution in the imaginary part is low in comparison to
the conductivity effect. Therefore, the suggested coupling
between conductivity and matric potential was used instead
of equation (20) to implicitly consider all conductivity con-
tributions. The model according to Revil [2013] with the
used parameters clearly shows the potential of the proposed
approach to predict the complex permittivity or conductivity
in the high frequency range in alternative to classical mix-
ture equations. However, appropriate Archie exponents as
well as the surface conductivity contribution have to be cou-
pled with hydraulic and mechanical properties in a next step
to consider the complete relaxation dynamics.

[28] However, the comparison of the predicted bound
water relaxation with the obtained relaxation processes
based on the broadband generalized fractional relaxation
model (GDR) indicates that the interface water relaxation
is superimposed by additional processes. In Figure 8, the
imaginary part "00r,eff of the complex effective permittivity is
plotted as a function of free enthalpy of activation given by

�G�d = RT ln
�

h̄
kBTf

�
(37)

with gas constant R, absolute temperature T, Dirac con-
stant h̄ = hP(2�)–1, Planck constant h, Boltzmann constant
kB, and frequency f. With the proposed model, the water
relaxation processes in the aqueous pore solution due to
hydrogen network fluctuation as well as interface water
relaxation with Gibbs energies of activation between 10
and 20 kJ/mol were considered. Hence, �G�d of inter-
face water is well below that of ice with 60 kJ/mol. The
observed decrease below 10 kJ/mol with decreasing satura-
tion is in contrast to the expected increase of �G�d of inter-
face water [Wagner and Scheuermann, 2009]. Determined
Gibbs energy of the observed low-frequency ˇ process is in
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(a)

(b)

(c)

Figure 8. (a) Real "0r,eff and imaginary part "00r,eff of the
complex relative effective permittivity obtained with the
broadband generalized fractional relaxation model (GDR)
and subtracted apparent direct current conductivity � 0DC
contribution. (b) Appropriate imaginary part "00r,eff of the
modeled effective permittivity based on the hydraulic-
mechanical-electromagnetic mixture approach for sample
C4 (see Figure 4) as a function of free enthalpy of activa-
tion calculated based on equation (10) with � = (2� f)–1.
(c) Free enthalpy of activation or Gibbs energy �G�d
according to equation (11) as a function of volumetric
water content 	 .

close agreement with the provided results of the study by
Comparon [2005] regardless of the different measurement
and analysis approach. However, due to the restricted fre-
quency range in the presented study, the proposed relax-
ation process with Gibbs energy close to ice was not able
to predict.

[29] A comparison of Gibbs energy of the high-frequency
water relaxation process with 6.2 kJ/mol, associated with
single molecule rotation [Buchner et al., 1999; Kaatze,
2007b], coincidence with �G�d of the experimental deter-
mined high frequency ˛ process (see Figure 8). With
increase in water content or saturation the process associated
with hydrogen network fluctuation becomes dominant.

5. Conclusion
[30] The dielectric relaxation behavior of Callovo-

Oxfordian clay rock from the formation of the planed under-
ground repository in Bure, France (Meuse district, eastern
Paris Basin, France), was studied in the frequency range
from at least 1 MHz to 10 GHz at atmospheric conditions
with network analyzer technique in combination with coax-
ial transmission line cells. For this purpose, undisturbed and
disturbed clay-rock samples were conditioned at defined rel-
ative humidity between 10% and nearly 100% to achieve
a water saturation range from at least 0.16 to nearly sat-
uration. The relaxation behavior was quantified based on
a broadband generalized fractional relaxation model under
consideration of an apparent direct current contribution
assuming three relaxation processes: a high-frequency water
process with relaxation times �˛ between 1.4 and 7.8 ps
and two interface processes which are related to interactions
between the aqueous pore solution and mineral particles
such as adsorbed and hydrated water relaxation superposed
with counter ion relaxation processes with �˛0 between 7.6
an 20.8 ns, Maxwell-Wagner effects with �ˇ > 1�s and low-
frequency counter ion relaxation effects. The frequency-
dependent HF-EM properties were further modeled based
on a novel hydraulic-mechanical-electromagnetic coupling
approach developed for soils under consideration of the
water sorption isotherm as well as structural changes due to
swelling effects. The proposed model allows a quantification
of free and interface water relaxation processes as well as a
coupling to the high-frequency electrical conductivity con-
tribution in the aqueous pore solution. Hence, the approach
enables the modeling of the dependence of the complex per-
mittivity as a function of water content or water saturation
and porosity in the frequency range of TDR applications
around 1 GHz in reasonable agreement with experimental
results. The comparison of the dielectric relaxation behav-
ior of interface water predicted with the proposed mixture
approach with the results from the broadband analysis with
GDR indicates a more complicated behavior of the electro-
magnetic wave interaction with water in the clay rock. In
addition to the free and interface water relaxation processes
due to the fluctuation of the hydrogen bounded network, a
high-frequency mechanism is suggested with Gibbs energy
of activation close to single water molecule relaxation. How-
ever, the results show the potential of HF-EM techniques
for quantitative monitoring of the hydraulic state in under-
ground repositories in clay formations. Based on the findings
in the presented study, it is suggested to develop a measure-
ment setup which allows the analysis of core samples under
defined mechanical and hydraulic conditions by means of
a combination of low and high frequency measurement
techniques (from mHz to microwave). An additional issue
which has to be addressed in further research activities is
the numerical 3-D analysis of the effect of anisotropy of
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the clay rock on the high-frequency electromagnetic proper-
ties in equivalence to the studies on transport properties by
Robinet et al. [2012].
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