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Summary 

 

The dielectric property is a useful parameter that can be 

used to infer other properties of porous media such as water 

saturation, permeability, etc. The dielectric properties (mHz 

to MHz) of isotropic porous media have been extensively 

studied. However, related studies are very rare for 

anisotropic porous media. In this study, we have measured 

the directional dielectric spectra of two sedimentary rocks 

(one Bakken shale sample and one Lyons sandstone 

sample) using the combination of 2- and 4- electrode 

methods in the frequency range between 10-3 and 107 Hz. It 

is shown that the dielectric constant of these two samples 

generally increases as the frequency decreases. This is 

because, as the frequency decreases, more polarization 

mechanisms start to contribute to the measured dielectric 

constant. It is also shown that the dielectric anisotropy in 

these samples decreases as the frequency increases, 

indicating that different polarization mechanisms induce 

different degrees of dielectric anisotropy.  

 

Introduction 

 

The permittivity (or dielectric constant) is an important 

property for porous media, which quantifies the energy 

storage in the material when an electric field is applied. The 

dielectric constant of a porous media is strongly related to 

the frequency (time scale) because the polarization at 

different frequencies is controlled by different length scales 

(see a review in Chelidze & Gueguen, 1999; Chelidze et al., 

1999). The dielectric constant of porous media is also 

related to the relative fractions of the solid, liquid, and 

gaseous phases, as well as the spatial distribution of each 

phase (e.g., see Friedman, 1998). Compared to other 

parameters, the chemical composition of the solid phase 

has less influence on the dielectric constant because most 

minerals have a low dielectric constant (Telford et al., 

1990). 

 

For geological sediments such as rocks and soils, the high-

frequency (>MHz) dielectric measurement has been used 

frequently to infer the water content/saturation information 

in both laboratory, borehole and field conditions (Robinson 

et al., 2003). The underlying physics is that water and 

minerals have a distinct dielectric contrast at high 

frequency, ~80 for water and ~5 for minerals. Moreover, 

the salinity influence on the dielectric constant of water is 

insignificant, making the dielectric measurement superior 

to the electrical conductivity measurement for water 

content determination.  

 

The low-frequency (<10 kHz) dielectric measurement is 

usually known as spectral induced polarization (SIP) 

method in geophysical community. In the past few decades, 

induced polarization has been shown to be a very 

promising geophysical tool in environmental geosciences 

and in hydrogeophysics for a broad number of applications 

including permeability estimation (e.g., Binley et al., 2005), 

the characterization of the near-surface lithology (Gazoty et 

al., 2012b), the detection of microbial growth in porous 

media (Davis et al., 2006), landfill characterization (Gazoty 

et al., 2012a) and the delineation of contaminant plumes 

(Deceuster & Kaufmann, 2012).  

 

In this paper, the dielectric property (mHz to MHz) of 

anisotropic sedimentary rocks is experimentally studied. 

We first briefly introduce the polarization mechanisms and 

related theoretical models. Two samples, one Bakken shale 

sample and one Lyons sandstone sample, are measured 

using two- and four-electrode methods with an impedance 

analyzer and a SIP system. The measured results are 

presented, and related discussions are also included.  

 

Polarization mechanisms 

 

In the frequency range between mHz and MHz, there are 

mainly three polarization mechanisms related to the 

dielectric properties of porous media saturated with 

electrolyte: interfacial polarization, membrane polarization, 

and electrical double layer polarization. In this section, we 

briefly introduce these mechanisms and associated 

theoretical models.  

 

Maxwell-Wagner Polarization (MWP) 

The Maxwell-Wagner polarization or interfacial 

polarization is caused by the formation of field-induced 

free charge distributions near the interface between 

different phases of porous materials or colloidal 

suspensions (Maxwell, 1892; Wagner, 1914). Models based 

on the effective medium approximation (e.g., Hanai, 1960; 

Sen et al., 1981) are efficient in modeling this contribution. 

For anisotropic materials, the following differential 

effective medium (DEM) theory based model is used to 

describe the dielectric constant of anisotropic sedimentary 

rocks. The model reads as follows, 
𝜀−𝜀𝑠

𝜀𝑤−𝜀𝑠
(
𝜀𝑤

𝜀
)
𝐿𝑖
= 𝜙   (1) 

where ε, εw, and εs are the dielectric constants of the 

material, water, and solid particle, respectively. The 
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Anisotropic dielectric measurement (mHz – MHz) 

parameter Li is the depolarization factor in the direction i, 

and ϕ is the porosity of the material.  

 

MWP can be regarded as a scaling law, which calculates 

the effective dielectric constant of a composite based on the 

relative fraction and dielectric constant of each phase. In 

equation (1), the dielectric constant of the solid particle is 

not only from the intrinsic permittivity (i.e., from 

electronic/atomic polarization) of the particle but also from 

the contribution of membrane polarization/electrical double 

layer polarization. Note that the membrane/electrical 

double layer polarization results from the interface between 

the solid and liquid phases. Compared with pore/solid 

phase, the volume of the interface is insignificant. In 

practice, the permittivity contribution from the interface is 

usually averaged over the solid phase so that the solid 

phase has an increase in the dielectric constant in addition 

to its intrinsic dielectric property. 

 

Membrane Polarization (MP) 

In the intermediate frequency range, the membrane 

polarization (MP) can contribute to the dielectric properties 

of a porous medium (Marshall & Madden, 1959). In MP, 

the material is modelled by wide pores and narrow pore 

throats as shown in Figure 1. The surface of both pores and 

pore throats is negatively charged. In the pores, the 

electrical double layer (EDL) is formed and it only 

occupies a small portion of the pore space. The dielectric 

properties induced by the EDL polarization will be 

discussed in the next subsection.  

 
Figure 1 The schematic of the simplified pores and pore 

throats in a porous media. 

 

For the narrow pore throat as shown in Figure 1, the EDL 

also forms at the interface between liquid and solid phases, 

but it occupies a noticeable portion in the pore throat space. 

For example, Figure 1 shows an extreme case, in which the 

EDL occupies the entire space of the pore throat. In the 

pore throat, only cations can pass through but anions 

cannot. Therefore, the pore throat behaves an ion-selective 

or membrane-like property.  

 

When subjected to an external electric field, an ion 

concentration gradient builds up, resulting in a frequency-

dependent dielectric property. According to recent work 

(Bücker & Hördt, 2013b), the frequency-dependent 

dielectric can be modelled by a Cole-Cole model with 

frequency exponent c = 0.5 if the length of the pore throat 

is relative short. It should be noted that the current model 

for MP is still not mature enough to quantitatively describe 

the permittivity of porous media, and the related model 

parameters cannot be related to some petrophsyical 

properties of the material. In this study, we do not include 

the details of the theoretical model that is used to calculate 

the membrane polarization. One can refer to Bücker & 

Hördt (2013a) and Bücker & Hördt (2013b) for more 

information.  

 

Electrical double layer polarization (EDLP) 

We first review the basic concepts of the electrical double 

layer in porous media. Here we consider a rock saturated 

with electrolyte (Figure 2). As discussed in Figure 1, the 

pore is connected to the other pore spaces by pore throat(s). 

The radius of a pore is assumed to be larger than the radii 

of the pore throats. The surface of the solid (mineral) phase 

is considered to be negatively charged. The negative 

charges are counterbalanced by positive charges in the 

Stern and diffuse layers.  

 
Figure 2 The schematic of the electrical double layer in the 

interface between the pore fluid and mineral (modified 

from Niu and Revil, 2016). 

 

At low frequencies (usually <kHz), the governing 

polarization mechanism is the electrical double layer 

polarization (EDLP), which occurs at the liquid-solid 

interface in large pores (>1 μm) in the material (Revil, 

2012). The dielectric response of a single spherical 

pore/particle induced by EDLP can be modelled by a 

Debye model. The characteristic relaxation time τEDLP for 

EDLP is related to the pore/particle radius r by the 

following equation (Niu & Revil, 2016),  

𝜏𝐸𝐷𝐿𝑃 =
𝑟2

2𝐷(+)
𝑆    (2) 

where 𝐷(+)
𝑆  is the diffusion coefficient of the cations in the 

electrical double layer.  
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Anisotropic dielectric measurement (mHz – MHz) 

The maximum change in the dielectric constant εEDLP 

induced by EDLP is controlled by the specific surface 

conductance of the material by  

𝜀𝐸𝐷𝐿𝑃 =
2

Π
∙
Σ𝑆
′′

𝜔𝜀0
   (3) 

where Π is a characteristic particle size (Niu et al., 2015), 

𝜔 is the angular frequency, 𝜀0 is the permittivity of the free 

space, and Σ𝑠
′′ is the imaginary part of the specific surface 

conductance. For spherical particles, Π is the radius of the 

particle; for ellipsoid, Π is related to the aspect ratio, semi-

major and minor axis lengths of the particle (Dukhin & 

Shilov, 1980).  

 

Influence of pore/pore throat size 

For porous medium with a pore size distribution f(r), the 

dielectric constant of the material induced by EDLP can be 

obtained by the convolution of the pore size distribution 

with the dielectric response obtained for a delta distribution 

of pore size according to superposition principle (e.g., see 

Lesmes & Morgan, 2001; Leroy et al., 2008; Niu & Revil, 

2016). The dielectric constant induced by MP can also be 

obtained by considering the pore throat size distribution 

g(r), which is similar to the convolution of pore size 

distribution in modelling EDLP (Bairlein et al., 2016). 

However, this idea has never been explored partly because 

the theory of MP is still not mature enough for quantitative 

analysis. 

 

Experiments 

 

The dielectric constant of two samples, one Bakken shale 

and one Lyons sandstone, was measured in the frequency 

range between 10-3 Hz and 10-7 Hz. In order to measure the 

anisotropic dielectric properties, the samples were cut along 

directions parallel (||) and perpendicular (⊥) to the bedding 

plane. For frequencies ranging between 10-3 Hz to 102 Hz, 

the four-electrode method (see Figure 3) and a SIP system 

were employed to conduct the measurement. Silver paste 

was used to inject the current into the sample. The non-

polarized Ag-AgCl electrodes were used to measure the 

potential on the sample surface for the purpose to eliminate 

the electrode polarization. The measured impedance and 

phase shift were used to calculate the dielectric constant of 

the sample by considering the geometry of the sample and 

positions of the potential electrodes. 

 

For frequency ranging between 102 Hz to 107 Hz, the two-

electrode method (see Figure 3) and an impedance analyzer 

were used to conduct the measurement. We used silver 

paste as the electrodes, and the measured impedance and 

the phase shift were used to calculate the dielectric constant 

according to the geometry of the sample. The combination 

of two- and four-electrode methods has been used 

frequently to determine the broadband dielectric constant of 

sediments (Klein & Santamarina; Lesmes & Morgan, 2001). 

However, the broadband dielectric properties of anisotropic 

sedimentary rocks are rarely measured using this technique. 

 
Figure 3 The schematic of two- and four-electrode methods 

used in the experiment in determining the dielectric 

properties of anisotropic sedimentary rocks. 

 

Results 

 

The measured directional dielectric constant of the two 

samples is shown in Figures 4 and 5. In general, the 

dielectric constant measured using 2- and 4-electrode 

methods agrees with each other very well, indicating that 

the influence of electrode polarization is not significant. It 

is noticed that the dielectric measured using 4-electrode 

method is not reliable at frequencies higher than kHz (e.g., 

see the data in the box in Figures 4 and 5). The error is 

known from the electromagnetic coupling between cables.  

 
Figure 4 The anisotropic dielectric constant of the Bakken 

shale sample. The data from 4-electrode method in the box 

are not reliable because of the electromagnetic coupling 

between cables. 

 

It is shown in Figures 4 and 5 that the dielectric constant 

increases when the frequency decreases for both directions 

(|| and ⊥). This is because at high frequencies (>106 Hz), 

which corresponds to a small length scale, only 

dipole/atomic/electronic polarizations contribute to the 
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Anisotropic dielectric measurement (mHz – MHz) 

measurement. While the frequency decreases (length scale 

increases), other polarization mechanisms, such as MP and 

EDLP, start to contribute to measured dielectric constant. 

At mHz range, the dielectric constant of the samples 

increase to ~ 108, indicting a strong influence of the EDLP 

and MP if we consider the fact that the dielectric constant 

at MHz is only ~10. It is also shown in Figures 4 and 5 that 

the dielectric constant measured at the direction parallel to 

the bedding plane is always larger than that from the 

direction perpendicular to bedding for the entire frequency 

range, indicating a significant anisotropy. In the next 

section, we discuss how the anisotropy varies with the 

frequency.  

 
Figure 5 The anisotropic dielectric constant of the Lyons 

sandstone sample. The data from 4-electrode method in the 

box are not reliable because of the electromagnetic 

coupling between cables. 

 

Anisotropy 

 

As shown in Figures 4 and 5, the anisotropy in the 

dielectric constant is very clear for both samples in the 

frequency range between mHz and MHz. To clearly show 

the anisotropy, the anisotropic ratio of the two samples is 

plotted in Figure 6. At very low frequencies (on the left 

side of the solid lines in Figure 6), there is a decrease in the 

anisotropy ratio as the frequency decreases. This decrease 

might be due to the low-frequency experimental error 

because at low frequencies, the dielectric measurement 

usually takes hours, during which the sample may loss 

some pore water.  

 

In general, the anisotropy of the two samples increases as 

the frequency decreases, indicating that different 

polarization mechanisms induce different degree of 

anisotropy in the dielectric properties. At low frequencies, 

the anisotropy is quite large (~50 for Bakken shale and ~ 7 

for Lyons sandstone). Since at this frequency range, the 

EDLP dominates, the results mean that EDLP is strongly 

influenced by the spatial arrangement of the particles/pores. 

This is understandable because EDLP occurs in the 

interface between pores and solid particles, and the spatial 

distribution of the interface is governed by the spatial 

arrangement of particles/pores.  

 
Figure 6 The anisotropic ratio of the Bakken shale sample 

and the Lyons sandstone sample in the frequency range 

between mHz to MHz. 

 

The anisotropy ratio at intermediate frequency (102-105 Hz) 

is relative low (~10 for Bakken shale sample and ~5 for the 

Lyons sandstone sample). In this frequency range, the MP, 

which is governed by the narrow pore throat, dominates the 

dielectric measurement. The relative low anisotropy means 

the difference in the pore throat distribution in directions 

parallel and perpendicular to the bedding is not as 

significant as that for pore space, which governs the EDLP.  

 

When the frequency reaches ~ 107 Hz, the anisotropy ratio 

for both samples decreases to ~2. At this frequency, the 

anisotropy is mainly from the interfacial layer polarization 

as described by Equation 1. For different directions, the 

depolarization factor L is different. Different L values are 

responsible for the dielectric anisotropy in high frequencies 

(> 106 Hz).  

 

Conclusion 

 

The study shows that the dielectric constant of sedimentary 

rocks generally increase as the frequency decreases due to 

more polarization mechanisms contributing to dielectric 

measurements. The anisotropy in the dielectric properties 

decreases as the frequency increases, indicating that 

different polarization mechanisms induce different degree 

of anisotropy. Among all the polarization mechanisms, 

electrical double layer polarization induces the most 

significant dielectric anisotropy. 
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