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Abstract

The thermal conductivity of porous materials can be related to the electrical conduc-
tivity and therefore electrical resistivity tomography can be used to map the thermal
conductivity of porous rocks. In this paper, a relationship is developed to connect the
thermal conductivity of unsaturated clay-rocks to the thermal conductivity of the differ-5

ent phases of the porous composite, a textural parameter called the thermal formation
factor, and the tortuosity of the water phase. The thermal formation factor is related
to the electrical formation factor and to the first Archie’s first exponent m. The tortuos-
ity of the water phase is related to the second Archie’s exponent n and to the relative
saturation of the water phase. A very good agreement is obtained between the new10

model and thermal conductivity measurements of packs of glass beads and cores of
the Callovo-Oxfordian argillite at different saturations of the water phase. Anisotropy
of the effective thermal conductivity is mainly due to the anisotropy of the thermal con-
ductivity of the solid phase.

1 Introduction15

The modelling of the thermal conductivity of unsaturated clay-rich materials has appli-
cations to the characterization of the thermal anomalies associated with oil and gas
reservoirs (Revil, 2000), climate change (Kooi, 2008), and to study the transport prop-
erties of deep argillaceous formation under investigation to potentially host nuclear
wastes (Giraud et al., 2007).20

In the context of the storage of nuclear waste in deep argillaceous formations, the
knowledge of thermal conductivity of these formations is of prime importance to study
their behaviour in response to temperature variations. The possibility to connect ther-
mal conductivity to parameters that can be imaged through geophysical methods (like
the electrical conductivity and the dielectric constant) offers a way to image non-25

intrusively, using electrical resistivity tomography and georadar, this key-parameter
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using a hydrogeophysical synthetic model generators for instance (e.g., Giroux and
Chouteau, 2008).

Several methods have been developed in the last decades to estimate the effective
thermal conductivity of unsaturated porous rocks (e.g., Woodside and Messmer, 1961;
Cosenza et al., 2003; Kohout et al., 2004, Gruescu et al., 2007; and Giraud et al., 2007;5

just to cite few examples). However, these models do not establish a clear relationship
between electrical (or dielectric) parameters, like the electrical formation factor, and the
effective thermal conductivity of the porous material.

Revil (2000) developed a model that relates directly the thermal conductivity of a
porous material to the electrical formation factor arising in the electrical conductivity10

and dielectric problems. In the present work, we extend and test the model of Re-
vil (2000) to unsaturated conditions for the Callovo-Oxfordian argillite of the Paris basin
(in France).

2 Proposed model

Using a differential effective medium approach, Revil (2000) developed the following15

closed-form relationship for the effective thermal conductivity λ of a fluid saturated
porous material:

λ=
λf
f

[
fΘ+

1
2

(1−Θ)
(

1−Θ+
√

(1−Θ)2 +4fΘ
)]

. (1)

where Θ ≡ λs/λf (λs and λf are the thermal conductivities of the solid and fluid phases,
respectively) and f is the “thermal formation factor” defined by:20

f=φ
m

1−m , (2)

where φ is the porosity, m is the Archie’s first exponent (also called the cementation
exponent) ranging typically between 1.3 (for unconsolidated sands) to 2.0 (for consol-
idated rocks) (see Archie, 1942; and Lesmes and Fiedman, 2005). If the medium is
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anisotropic, f λs are second order (symmetric) tensors. The exponent m is defined
by the first Archie law F=φ−m where F is the electrical formation factor (e.g., Archie,
1942; Lesmes and Friedman, 2005). The electrical formation factor is also defined as
the ratio between the tortuosity of the pore space α to the connected porosity: F=α/φ.

The two formation factors are related by f=F 1/(m−1) (Revil, 2000).5

In unsaturated conditions, two fluids (brine, subscript w, and air, subscript a) are
present in the pore space of the medium. Following Linde et al. (2006) and Revil et
al. (2007) for the conductivity and dielectric constants of unsaturated sandstones, we
can relate the thermal conductivity of the fluid phase to the saturations of the brine sw
and to the saturation of air (1−sw ) by using a generalized second Archie law:10

λf=s
n
wλw+

(
1−snw

)
λa, (3)

where λw and λa are the thermal conductivities of the brine and air, respectively,n is
the second Archie exponent (n≈2.0±0.5; Archie, 1942). This exponent describes the
evolution of the water phase tortuosity αw (≥α) with the saturation sw .

Equations (1)–(3) can be used to determine the effective thermal conductivity of15

a porous material from the saturation of the water phase while the composition of
the solid phase can be used to determine the effective thermal conductivity of the
solid, λs using the mixture approach. In order to test the previous model, we first
present a comparison between this model and the data from Kohout et al. (2004) (see
Fig. 1). The data have been obtained using a pack of glass beads (the beads have20

a mean diameter d=200µm), φ=0.39, λs=0.80 W K−1 m−1, λw=0.61 W K−1 m−1, and
λa=0.02 W K−1 m−1. The two exponent m and n are optimized using the Simplex algo-
rithm in a Matlab® routine. Our cost function to minimize is the sum of square residuals
(SSR) between the N experimental observed data yi and N calculated one y ′

i :

SSR=
N∑
i=1

(
yi−y ′

i

)2. (4)25
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We use below a normalised sum of square residuals RN=SSR/N for making compar-
ison between experiments with different size of data sets. The best fit is obtain with
m=1.70 and n=1.52, which yields RN=4.4×10−3 (Fig. 1). The value of m agrees with
the values of m=1.7 determined numerically by Schwartz and Kimminau (1987).

3 Thermal conductivity of the COx argillites5

We apply now our model to the Callovo-Oxfordian (COx) argillite samples collected at
Bure (in the Eastern part of the Paris basin (Meuse/Haute-Marne, France), at a depth
interval ranging from 450 to 525 m. This area has been selected by the French Agency
for Management of Radioactive Waste (ANDRA) to study the feasibility of long-term
underground storage of radioactive wastes (ANDRA, 2005) (see http://www.andra.fr).10

The solid matrix of these COx argillites is composed of clays, silica, and calcite and
different geologic units have been defined for the COx formation (denoted C2d, C2c,
C2b2, C2b1, and C2a). The C2b unit regroups C2b1 and C2b2. In this unit, the clay
matrix forms a porous skeleton completely connected. At the micro-scale, this ma-
terial presents a granular texture. The Cox argillite exhibits different scales of poros-15

ity (Fig. 2). The total porosity is equal to φT=0.18±0.01 in the C2b unit. A fraction
of the connected meso-porosity and all the micro-porosity (corresponding to a pore
scale <10 nm) contain bound water corresponding to a porosity φB=0.07 (therefore
φB=0.39φT in the C2b2 unit) (see ANDRA, 2005).

Different methods can be used to probe the porosity of argillite. These methods20

provide complementary information. For example, Hg porosity is unable to investigate
pore size below 4 nm and therefore provides only a lower bound for the total porosity.
Calculations based on volumetric weights with a pycnometer provides an upper bound
on the total porosity. We will used below this calculated porosity because it is likely to
be close to the real porosity because of the small amount of unconnected porosity.25

Homand (1998) and Gruescu et al. (2007) performed thermal conductivity measure-
ments of seven argillite core samples from the EST-104 borehole at Bure. These sam-
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ples belong to the following units: C2c, C2b2, C2b1, and C2a. For each sample, the
effective thermal conductivity of the core is measured at various relative water satura-
tion in the range 0 (dry) to 1 (saturated). The dry samples were obtained after heating
the samples during 48 h at 105◦C. Progressive saturation is then performed at confined
and controlled atmosphere. However, the heating treatment required to get away the5

water phase, could damage the texture of the medium by creating small cracks. A sim-
ilar process arises during dessication of the water walls of galleries at Bure. Note that
there is no intermediate saturations investigated in the range 0<sw<0.4 because this
range corresponds likely to the bound water porosity φB.

Homand (1998) demonstrates also the anisotropy of the thermal conductivity of the10

COx argillite by performing measurement along the axes relative to the stratification
(parallel, perpendicular, and at 45◦). We discuss first the measurements parallel to
the stratification parallel. Our model only needs the following input parameters: λs,
m, and n (we have λa=0.0255 W K−1 m−1 and λw=0.5984 W K−1m−1, see Clauser and
Huenges, 1995). We used calculated porosity from Homand et al. (1998). The solid15

phase thermal conductivity λs and the Archie exponents m and n are optimized using
the Simplex algorithm combined with a Monte Carlo method by generating 100 a priori
values and by taking the median of the Simplex algorithm results for each parameters.
The thermal formation factor f is determined from Eq. (2) with the values of φ and m.
An a priro value of m was provided by Revil et al. (2005) (m=1.95±0.04 for undisturbed20

water-saturated Cox argilite).
The optimised parameters are reported in Table 1 and allow a good fit of the data

(see Fig. 3) (the mean of RN for the 7 samples is 3.1×10−3). The range of the op-
timized parameters is very narrow (Table 1): m ∈(1.37; 1.54), n ∈(1.99; 2.16), and
λs ∈(2.08; 3.04) W K−1 m−1. We note that the values of m is quite low in regards to the25

value reported by Revil et al. (2005). The presence of microcracks due to heating is
responsible for a decrease of the tortuosity of the pore space and therefore a decrease
of the first Archie exponent. The extension of the model of Revil (2000) to unsaturated
condition fits very well the experimental data.
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In order to test further our model, we performed two additional tests. First, we fix m
by taking the value of Revil et al. (2005) (m=1.95) and we optimize only n and λs with
the Simplex combined with a Monte-Carlo method. We observe that RN increase by 2
orders of magnitude (the range of the values of n becomes wider: n ∈(1.57; 2.26) and
λs increases λs ∈(2.78; 3.96) W K−1 m−1. The choice of m=1.95 is therefore not a good5

choice for the damaged argillite samples. Then, we performed a second test by taking
n=2 and we optimize m and λs. We observe no important changes between these
results and those had been obtained abobe by optimizing the three parameters m, n,
and λs (the mean of RN is 3.2×10−3, m ∈(1.37; 1.54) and λs ∈(2.08; 3.07) W K−1 m−1).
Therefore, the value of n=2 is a good default value.10

We have characterized λs from some analysis on COx composition of each sample
(from Gruescu et al., 2007). We observe a quite good correlation between the quartz
fraction χQz and the thermal conductivity of the solid phase. The best fit of the data
yields λs: λs=11.0χQz−0.99 (RN=3.19×10−2, except for EST2538, Figure not shown).
We tried several classical averaging methods to determine λs from the mineralogy but15

none was better than the previous fit.
We also investigated the data reported by Homand (1998) for the direction

perpendicular to the stratification (not shown here). In order to quantify the
anisotropy of the argilite, we estimate the following mean ratio for the seven sam-
ples: m(//)/m(+)=0.926±0.115, n(//)/n(+)=1.015±0.106, and λs(//)/λs(+)=1.265±0.32020

where the subscripts (//) and (+) corresponds to the parameter inverted for the data
parallel and perpendicular with respect to the stratification, respectively. We observed
no strong anisotropy for n, a small anisotropy for m, but clearly a strong anisotropy for
λs (see Fig. 4). The anisotropy of the solid phase is therefore due to the fabric of the
grains with preferential orientations in the plane of stratification.25
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4 Conclusions

The thermal conductivity model proposed by Revil (2000) has been extended to un-
saturated conditions. The advantage of this model is to connect the effective thermal
conductivity to the electrical Archie exponents m and n. It seems that n=2 could be
used to interpret electrical resistivity data (or georadar data) of damaged argilites in5

terms of thermal conductivity distribution. We may suppose that in undisturbed COx
argillites m=2 (∼1.95) could be used. Therefore, we believe that it is possible to image
non-intrusively the thermal conductivity of the formation using these methods. This will
be the purpose of a future work.
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Table 1. Optimized parameters for seven COx argillite samples
(porosity corresponding to the calculated porosity from Homand, 1998).

Sample Geological unit φ m n λs RN

(–) (–) (–) (W K−1 m−1) (–)

EST 2171 C2c 0.13 1.45±0.01 2.09±0.52 2.38±0.01 3.8×10−3

EST 2186 C2c 0.16 1.37±0.06 2.04±0.51 2.35±0.06 4.3×10−3

EST 2316 C2b2 0.15 1.37±0.01 2.05±0.46 2.16±0.06 1.9×10−3

EST 2326 C2b1 0.17 1.42±0.01 2.02±0.49 2.24±0.01 4.9×10−3

EST 2423 C2b1 0.17 1.38±0.01 1.99±0.35 2.08±0.02 2.1×10−3

EST 2538 C2b1 0.08 1.54±0.09 2.11±0.52 2.41±0.01 2.0×10−3

EST 2566 C2a 0.11 1.42±0.39 2.16±0.53 3.04±0.25 2.8×10−3
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Fig. 1. Fitting proposed model to experimental thermal conductivity measurements of randomly
compacted glass beads (data from Kohout et al., 2004).
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Fig. 2. Conceptual model for pore size distribution in the C2b unit of Callovo-Oxfordian argillites
(from ANDRA, 2005).
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Fig. 3. Optimized model and experimental data comparison for seven samples of COx argillites.
Optimized parameter values are located in Table 1.
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Fig. 4. Comparison between optimized parameters (m, n, and λs) with respect of the COx
argillite bedding. The plain line presents a linear regression between the two solid phase
thermal conductivity optimized from measurements made parallel and perpendicular to the
stratification (λs(//) and λs(+),respectively, with λs(//)=1.14λs(+)−0.81, RN=0.020).
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