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ABSTRACT 

We present results of dielectric spectroscopy measurements on natural sandstones, where the pores were 
impregnated with water solutions of different conductivity. The measurements were fitted to an equivalent 
circuit containing a high-frequency Maxwell-Wagner relaxation and a low frequency response due to ion 
conduction and relaxation in the electrochemical double layer at the interfaces between the solid grains 
and the water. We propose a novel expression for the low frequency response based on a transmission 
line model. We also study in detail the shape of the Maxwell-Wagner relaxation in samples of porous 
polypropylene impregnated with transformer oil. 

Keywords: dielectric relaxation, electrical conductivity, sandstone, porosity 

1 INTRODUCTION 

The microstructure and transport properties of porous rocks are of great interest for applications in the 
field of applied geology [1]. In particular assessment of petroleum reserves as well as oil and gas 
production depends upon an ability to characterize the porosity and pore fluids in sedimentary reservoir 
rocks. Their pore systems often contain oil, gas and brine (e.g. salty water) and so called well logging is 
performed to elucidate the physical properties and oil saturation of the rock. Measurements of high-
frequency dielectric properties and electrical resistivity are commonly used together with other techniques 
[2]. The objective is to be able to determine oil and water saturation, the pore-filling fluid salinity, as well 
as the porosity of the formation from in-situ measurements [2]. 

Much effort has been devoted to the study of the low frequency dielectric properties of sandstones, but a 
consistent picture has not appeared and detailed physical models are not yet available. The physical 
mechanisms, that can affect the dielectric properties in the MHz region and below, were reviewed by 
Chelidze and Gueguen [3] and a range of experimental data were discussed [4]. Collections of large 
experimental datasets measured on sandstones are available, see for example [5] for the dielectric 
properties in the MHz region and [6] for the electrical conductivity. The dielectric properties of porous 
materials at low frequencies have contributions from several different processes. In this paper we consider 
materials with a pore fluid which contains ions, for example saline water, that exhibits an electrical 
conductivity. The dielectric relaxation of free water is situated at a frequency of about 10 GHz, and does 
not influence the sub-GHz region. Relaxation of bound water occurs below that of the free water but the 
relaxation frequency appears to depend on the material that the water is bound to. However, such 
relaxations are believed to mostly occur in the MHz region. They may in certain cases overlap with the so 
called Maxwell-Wagner (MW) relaxation [3], which is present in all composite materials at interfaces 
where the constituents have different conductivities. This is an effect of mixing two or more materials 
with different properties and so called effective medium theories [3] can give a semi-quantitative 



description of dielectric permittivity and electrical conductivity. Most previous efforts of determining oil 
and water saturation have been directed to the MW range at relatively high frequencies. More advanced 
models include an evaluation of the geometry-dependent spectral density function [7] and comparison 
with rigorous limit theorems [8]. 

At lower frequencies surface effects play a dominant role and giant dielectric permittivities are often 
obtained [3]. Modeling these effects requires a detailed understanding of the electrochemical double layer 
at the fluid-solid interfaces and the diffusion of ions therein. However, in order to use this low frequency 
response to characterize processes at the fluid-solid interface, an improved understanding and modeling of 
experimental data is necessary. The present paper takes the first steps in this direction for the case of 
natural sandstones and is a follow-up on our previous work on artificial sandstones consisting of sand 
grains glued together with epoxy [9]. Especially, we include both the MW relaxation and the double-layer 
effects in the same model. 

2 EXPERIMENTS 

Natural sandstone samples were obtained from Lemunda in the Visingsö formation, Sweden [10]. They 
have very low clay content (mainly illite) and SiO2 is the main constituent (96%). The grain size 
distribution was almost log-normal with a median diameter of 0.32 mm and a standard deviation of 0.75 
on the Φ-scale (where Φ = -log2 d, and d is the grain diameter in mm). Porosity measurements were 
performed using the gas expansion method. We used a helium porosimeter which measures the pore 
volume of a dry specimen, into which the helium had penetrated. We found a porosity of about 0.17 for 
the Lemunda samples. Samples of porous polypropylene [11] were made by sintering pressed tablets of 
polypropylene powder at 165 oC. The particle sizes were about 0.2 mm with a standard deviation of 0.5 
on the Φ-scale. The porosity was about 0.36 [11]. 

The samples were impregnated in a vacuum chamber, which was evacuated to a pressure of 0.1 Torr 
before letting the fluid into it. For the sandstone samples we used deionized water into which NaCl was 
added in different amount in order to achieve a range of conductivities between 8 mS/m and 5.6 S/m. 
Each sample was impregnated several times, using liquids of different conductivity and always starting 
with the lower conductivity. Between each impregnation, the samples were thoroughly rinsed with 
deionized water. The polypropylene samples were impregnated with a mixture of mono and dibenzyl 
toluenes, with added tetraisobutylammonium picrate, in order to vary the conductivity of the liquid. 
Between impregnations the samples were rinsed with cyclohexane. In this case, the pore fluid has a very 
low conductivity, which facilitates studies of the high frequency relaxation in porous materials. 

Dielectric measurements were carried out at frequencies between 5 Hz and 13 MHz with a HP 4192 A 
impedance analyzer, with the samples placed in a test cell between brass electrodes and using a guard 
electrode to eliminate conduction on the external surfaces of the sample. The electrodes were mounted on 
plastic screws, which enabled us to measure on specimens with different thicknesses and achieve a good 
contact between the sample and the electrodes. Supplementary low frequency measurements on some 
samples were carried out between 1 mHz and 1 kHz by an apparatus encompassing a signal generator, a 
current amplifier and a compensation circuit. 

3. THEORY 
 
3.1 High frequency relaxation 

The MW relaxation is usually described by effective medium theories, so-called mixing rules. Several 
such theories have been developed; the Bruggeman unsymmetrical equation has been quite popular [12] 
but does not take into account the bi-continuous structure of most porous materials, i.e, both constituents 



percolate. For such a material, both the pore space and the solid phase are connected on a macroscopic 
scale. Several alternative descriptions exist and maybe the most interesting one is to use a generalized 
Bruggeman expression with input from structural characterization in terms of local porosity distributions 
and local connectivity (percolation) probabilities [13]. In the present paper we account for the MW 
relaxation by a phenomenological Havriliak-Negami (HN) expression [14] given by, 
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Here C denotes capacitance, A is the relaxation strength, τ is a relaxation time and U and P are power-law 
exponents. Our objective is to ascertain the shape of this relaxation and an interpretation in terms of 
effective medium theories is left for future work. 

3.2 Low frequency response  

At still lower frequencies another relaxation mechanism starts to be important. This is the relaxation due 
to the electrochemical double layer in the pore fluid close to the interfaces. Charges at the surface of the 
solid attract counter-ions of the opposite charge and these give rise to the Stern layer. At a larger distance 
from the interface a diffuse layer develops. The counter-ion concentration decreases with distance from 
the interface and the concentration of the oppositely charged ions increase. 

The double layer relaxation has been studied primarily for the idealized case of a single dielectric particle 
immersed in a liquid electrolyte. The problem of a dielectric sphere in an ion-containing fluid has been 
studied frequently, at various levels of approximation, by numerical computations. A short review of a 
number of approaches can be found in [15]. The most complete theory appears to be that of De Lacey and 
White [16]. It was found by Nettelblad and Niklasson [15], that a simple phenomenological expression of 
the HN type gave satisfactory fits to numerical results of the dielectric permittivity for a number of 
theories for the double-layer relaxation at a dielectric sphere. Specifically, (1) with U=0.5 and P=2 was 
found to be a good approximation in this case. 

However, a porous material is not composed of solid spheres, and in a porous structure the particles are 
connected to one another. Therefore we have to pose the question how to represent the double layer 
relaxation in a system of pores. The dielectric response of a water-filled pore has often been described by 
transmission line models [17]. The simplest model for a uniform pore assumes a distributed resistance 
along the pore and a distributed capacitance at the pore interface. Other pore geometries like the V-groove 
have been treated and leads to more complex behaviour [18]. A number of generalizations taking into 
account anomalous diffusion processes as well as trapping of charges were developed by Bisquert et al. 
[19,20]. We now propose a novel transmission line model that takes into account both the electrochemical 
double layer relaxation and the “bulk” conductivity due to ions dissolved in the pore fluid. The ion 
conduction process in the pore is represented by the resistances in the upper part of fig. 1, while the 
double-layer relaxation is represented by a HN impedance connecting the resistance line with the pore 
interface. The Havriliak-Negami impedance is obtained from (1) and is given by 
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A transmission line has also a termination at the right hand end, which has not been specified in figure 1. 
It can be an open circuit or close circuit termination; alternatively the termination may be a resistor or a 
more complex element [21]. The termination introduces a thickness-dependence into the resulting 



impedance and can be interpreted as an effect of electrode polarisation or electrode kinetics. Neglecting 
the termination gives the following impedance for the semi-infinite transmission line in figure 1: 
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Fig. 1: Transmission line for the double layer relaxation in a single pore. The resistances 
describe ion conduction in the pore space, while HN is a Havriliak-Negami impedance 

representing the double-layer relaxation. 
 
We note that a circuit consisting of a resistance R in series with a constant phase element (CPE) 
of impedance B/(iωτ*)n, exhibits an impedance 
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which is found to be of the same form as equation (3) when the power-law exponent n=0.5 . Here the 
amplitude of the CPE is B/τ*n and n is the exponent. We propose that the occurrence of a series R-CPE 
combination in an equivalent circuit analysis of experimental data can be interpreted in terms of a double-
layer relaxation. The power law exponent of the double layer relaxation may depart from the value 0.5 for 
a variety of reasons, for example branched transmission line networks [22], and fractal surfaces [23]. In 
real materials, pores vary in width as well as in length and they form a complicated network with 
connections both in series and parallel. Hence power-law exponents different from 0.5 are very probable 
in practise. 

 

Fig. 2: Imaginary part of impedance as a function of the real part of impedance for the transmission line 
model with absorbing boundary condition (5). The parameters used in the simulation were rm=300 Ω, 

A=0.4 F, τ=4 s. The simulation was normalized by putting D=1m. 



If we include a resistive termination (absorbing boundary condition) of the transmission line in figure 1 
the resulting impedance becomes [19] 
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where D is the sample thickness. A simulation of this expression is presented in fig. 2. In a complex 
impedance plot we observe a skewed semicircle, which is a characteristic of this kind of model. 

4 RESULTS AND DISCUSSION 

The high frequency MW relaxation was studied in detail for porous polypropylene. The pore liquid had a 
very low conductivity so that the relaxation falls in the Hz-kHz range where measurements are very 
accurate. Fig. 3 shows the dielectric permittivity data as well as the complex resistivity plot for a sample 
impregnated with a liquid of conductivity 90 nS/m. Excellent fits were accomplished by the equivalent 
circuit in the left part of fig. 4, consisting of a parallel combination of a high-frequency capacitance 
C1=8.854 10-12 F, a HN relaxation and a bulk resistance. A CPE could be added in series in order to 
account for the rising real permittivity below 0.2 Hz. The HN relaxation exhibits a shape described by 
exponents U~0.4 and P close to unity (i.e., close to a Cole-Cole [24] expression). We interpret this 
relaxation as due to the MW effect. In water-filled sandstones the MW relaxation is more difficult to 
characterize, since the sand grains may have dispersion in this frequency range (whereas polypropylene 
and the toluenes have very low dispersion in the studied frequency range), and since the MW relaxation 
probably overlaps with relaxations due to bound water and the high frequency capacitance is mostly due 
to the relaxation strength of the free water.  

 
Fig. 3: Complex resistivity plot (left) and dielectric permittivity as a function of frequency (right) for 

porous polypropylene impregnated with a liquid having a conductivity of 90 nS/m. Dots denote 
experimental values and lines are fits to an equivalent circuit model (Fig. 4, left, with a CPE in series). 
The HN relaxation parameters were A=3.05 10-11F/m, τ=8.68 10-4s, U=0.395 and P=1, while the bulk 

resistivity R1=8.18 107Ωm 

In order to fit impedance spectra of sandstone samples we propose the equivalent circuit shown in the 
right part of fig. 4. The high frequency part is a simplification of the high frequency circuit, where the HN 
relaxation and C1 were replaced by a Debye relaxation, modeled by a series R-C circuit. The data do not 
allow us to distinguish Debye and HN relaxation behavior for the sandstone. The low frequency part was 



 

developed based on our transmission line theory described above; we add a CPE in series with the bulk 
resistance and take this combination to represent a relaxation of the electrochemical double layer. 
Secondly it was found necessary to add another resistance in parallel with the CPE. This resistance might 
indicate a resistive termination of the transmission line. Alternatively, it may represent pore constrictions 
with a higher resistance than the rest of the pore system or the presence of different kinds of ions with 
different mobility in the pore fluid. The series element CPE2 was added to give an approximate 
representation of low frequency processes, for example electrode polarisation. 
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Fig. 4: Equivalent circuit models used in order to fit the high frequency relaxation in porous 
polypropylene (left) and the total response of Lemunda sandstones (right).R denotes resistance, C denotes 

capacitance, CPE denotes constant phase elements and DE1 describes a HN relaxation. 

In fig. 5 we present experimental permittivity and complex resistivity data for Lemunda sandstone 
impregnated with salty water having a conductivity of 26 mS/m. The fit to the equivalent circuit in the 
right hand part of fig. 4 is given by the lines. The fit is very good and only minor discrepancies appear in 
the complex resistivity representation. The high frequency MW relaxation cannot be studied in detail 
from this result, since the relaxation frequency is about 1.2 107 Hz and we can only observe its low 
frequency tail. The double layer relaxation occurs in the kHz range and its strength corresponds to large 
permittivity values of about 10000. At still lower frequencies another increase in real permittivity is 
observed, which we model with a CPE (CPE2 in fig. 4). It may represent a second double layer relaxation 
or possibly electrode polarization. 

 

Fig. 5: Complex resistivity plot (left) and dielectric permittivity as a function of frequency (right) for 
Lemunda sandstone impregnated with a liquid having a conductivity of 26 mS/m. Dots denote 

experimental values and lines are fits to an equivalent circuit model (Fig. 4, right). The fitting parameters 
were C1=1.64 10-10F/m, R3=75 Ωm, R1=101 Ωm, R2= 147 Ωm, CPE1 had an amplitude of 8.5 10-6and an 

exponent 0.60, while CPE2 had an amplitude of 0.0028 and an exponent 0.29 . 

 



 

In order to have a better view of the very low frequency properties we present in fig. 6 data for a 
sandstone sample down to the mHz range. In the complex resistivity plane the data trace out a skewed 
semicircle very similar to the one in the simulation shown in fig. 2. This indicates that we see the 
termination of the transmission line model at these low frequencies and the dielectric response depends on 
the sample thickness. This is in agreement with our earlier experience [25,26], which indicates that 
electrode properties start to influence the dielectric response when the dielectric permittivity becomes 
larger than 106 -107. It is observed that the skewed semicircle in fig. 6 starts at higher permittivity (~106) 
values than the relaxation in fig. 5. Hence it seems that there are two interfacial relaxations in sandstone 
that appear in different frequency ranges. Another curious effect seen in fig. 6 is that the semicircle seems 
to bend over towards the real resistivity axis. This indicates a resistive termination of the transmission line 
and not a capacitive one as one should expect in the case of blocking electrode polarization. 

 

Fig. 6: Imaginary vs. real resistivity(left) and dielectric permittivity (right) for Lemunda sandstone 
impregnated with a liquid having a conductivity of 57 mS/m. High frequencies are to the left in the 

complex resistivity plot. 

5. CONCLUSIONS 

We have proposed an equivalent circuit model for the dielectric response of fluid-impregnated porous 
materials. It takes into account a high frequency Maxwell-Wagner relaxation as well as an interfacial 
electrochemical double layer relaxation at lower frequencies. We propose a new transmission line model 
for the latter relaxation. We have found that the MW relaxation can be described by the HN model with 
one of the exponents equal to unity, in agreement with earlier studies on sandstones [5]. Our equivalent 
circuit model provide very good to excellent fits to data for porous polypropylene,  Lemunda sandstones 
as well as the artificial sandstones studied in previous work [9]. In addition it has been found to be 
applicable to a range of clay materials as well [27]. However, some questions regarding the physical 
interpretation of our model remains. In particular there seem to be at least two low frequency relaxations 
in the sandstone data and the relation between them as well as their interpretation require further studies. 
Another issue concerns the absence of a low frequency blocking electrode behavior in our data. 
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