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4-electrode setups are usually used to measure the dielectric response (complex conductivity) of sandstones, as it is known that 2-electrode systems are sensitive to unwanted electrode polarization at low frequency. Moreover, electrode polarization (EP) occurs in the frequency range where the characteristic relaxation associated to the grain size also occurs, which can therefore theoretically be assessed using 4-electrode setups. Nonetheless, we find that other parameters of interest (porosity, salinity) can easily be extracted from the frequency range ~ 1–10 kHz, beyond the one affected by EP using a 2-electrode setup. An additional unwanted effect (“pseudo-inductance”) is observed in the frequency range 10 kHz–1 MHz during our experiments. Even though the origin of this effect remains unknown, it is shown to be correlated with the ionic strength of the system and the electrode separation. The bulk polarization region, i.e., the region of intermediate frequencies devoid of EP and pseudo-inductance polarizations, is the one of interest, as the complex conductivity of the system is there only dependent on material parameters such as the porosity of the sandstone and the conductivity of the electrolyte. We demonstrate that in the bulk region the model predicts the complex conductivity response, when these porosity and ionic strength are known. The model has been validated using laboratory measurements on a Bentheim sandstone saturated with five different NaCl concentrations: 5, 10, 100, 170, and 540 mM.
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1. INTRODUCTION

Frequency dependent electrical measurements have been widely used during the last decades for environmental and engineering studies [e.g., 1–4]. All these measurements have been typically done using a 4-electrode cell, a measurement technique that is in principle devoid of (unwanted) electrode polarization effect. Numerous laboratory experiments have been conducted to investigate the frequency-dependence of the electrical conductivity of porous rocks, unconsolidated sands and sandstones using 4-electrode setups in the frequency range between 0.01 Hz and 10 MHz [e.g., 1, 5–8]. The electrokinetic polarization response is however difficult to interpret quantitatively due to crosstalks between the 4 electrodes in the frequency range > 1 kHz, dependent on the electrode separation and unwanted interactions between the measuring equipment, electrodes and the sample. For the high frequency range 2-electrode setups are generally used, as they are less sensitive to cross talks in that range [9]. The bulk impedance, i.e., the impedance of the saturated sandstone (devoid of parasitic impedances), can be masked by electromagnetic pseudo-inductance effects which produce inductive loops yielding positive values in the phase spectra at high frequencies. These loops can be triggered by the wiring of the measurement system [10]. Normally, this effect is taken into account during the design of the measurement cell so that its contribution is reduced. Even though crosstalks between electrodes are avoided when 2-electrode systems are used, wiring induced and other unwanted polarizations can still arise as we will demonstrate with our measurements.

Electrode polarization (EP) is the most common electrode/bulk effect reported in the literature for dielectric spectroscopy measurements, which are conducted with 2-electrode systems [11–14]. This phenomenon occurs due to the build-up of ions close to the surface of the electrodes (which are assumed to be perfectly blocking) at low frequencies. As the impedance measurements presented in this article are done with 2-electrode system, EP is dominant in the impedance spectra at low frequencies. Several relaxation frequencies can be observed in the spectra, an important one being associated to the relaxation of the double layer of the grains which occurs at high frequencies [6, 9].

Mechanistic models describing the overlapping of the polarization effects at low and high frequencies are given in Leroy and Revil [15], Jougnot et al., [2], and Okay et al. [16] among others. These models have been successfully used to connect the complex conductivity to the changes in the pore fluid chemistry [e.g., 9, 32, 38]. Recently, we have proposed a new model for the dielectric response of sands and sandstones that in most cases require no adjustable parameters [17]. The model we presented was for dielectric spectra that are not affected by unwanted (parasitic) polarization effects. They were tested using data from literature that were obtained with 4-electrode setups, and the mismatches found between models and experimental data were attributed to the unwanted polarization effects generated from the measuring equipment.

In the present article, we will show that the model can be adapted to account for unwanted polarization effects in the case of 2-electrode systems. Unlike 4-electrode setups, 2-electrode setups have the advantage to be less sensitive to crosstalks in the frequency range > kHz. We will show that in a given frequency range, (1–10 kHz), the impedance of the saturated sandstone (devoid of parasitic impedances) can be obtained and that 2-electrode measurements are reliable. For higher frequencies, we found that an unwanted pseudo-inductance affected our measurements. This pseudo-inductance was also accounted for in the model.

The dielectric spectroscopy measurements presented in this article were performed using a 2-electrode system on fully saturated sandstones in the frequency range 20 Hz–3 MHz, where EP, bulk polarization (the polarization of the saturated sandstone) and pseudo-inductance effects are present. We compare the data with the response of an equivalent circuit model that is built as a sum of three complex impedances. Two of these impedances are directly linked to the theoretical complex conductivities of EP and bulk, and are, therefore only dependent on the system parameters (fluid, grain and electrode properties). The last impedance is introduced to model the pseudo-inductance effect measured at high frequencies. This impedance is a function of one adjustable parameter. Frequency ranges where one of the polarization effects (EP, bulk or pseudo-inductance) is dominant will be mathematically defined from the analysis of the full equivalent circuit expression. The theoretical range corresponding to the dominance of the bulk polarization will be compared to the experimental one.

This paper consists of four sections. In the first section we formulate theoretical descriptions of electrode polarization, bulk polarization, and pseudo-inductance complex conductivities as functions of the system parameters, i.e., porosity, conductivity and dielectric permittivity of water and grains. The model is compared with other models available in literature. In the second section we give an equivalent circuit model, for which the circuit elements can be identified with the complex conductivities found in the first section. In the third section a short overview of the laboratory experimental setup, which is used to measure the dielectric spectroscopy of reservoir rock that is saturated with NaCl solution, is given. Finally, in the fourth section we test the new model by predicting the desired bulk properties from the measured electrokinetic response of a fully saturated reservoir rock for 5 different NaCl solution concentrations.

2. THEORY

2.1. Bulk Polarization

In Kirichek et al. [17], we show (see Equation 8 in that article) that the complex conductivity of the bulk, [image: image], can be expressed using the Maxwell-Wagner model as

[image: image]

where σb(ω) and εb(ω) are, respectively, the conductivity and relative dielectric permittivity of the bulk, ω is the angular frequency, ε0 is the permittivity of vacuum, [image: image], σe is the conductivity of electrolyte, εe is the relative dielectric permittivity of electrolyte. Note that σb(ω) and εb(ω) are frequency dependent whereas σe and εe are not in the frequency range of interest, i.e., < GHz. Furthermore, ϕ is the porosity, β*(ω) is the dipolar coefficient that is linked to the polarization P(ω) of a grain and its double layer by [image: image]. E0(ω) is the electrical field that is applied on the porous media and the polarizability, α*(ω), is given by: [image: image], where a is the radius of a grain.

For an electrolyte (with no grains) ϕ = 1, and one gets [image: image], as expected. One can show that the dipolar coefficient β*(ω) of a spherical grain with complex conductivity [image: image] immersed in an electrolyte of conductivity [image: image] can be written as [17, 18]:

[image: image]

where [image: image], εg being the relative dielectric permittivity of the grains. For silica grains, we take εg≈4.5 [19]. This expression for β*(ω) is based on the hypothesis that the polarization of the double layer is negligible compared to the polarization of the core of the grain. This hypothesis is valid for κa>>1, where κ−1 is the Debye length given in Equation 6, and moderate zeta potentials [18]. We showed in Kirichek et al. [17] how the corresponding parameter, the Dukhin number influences the expression for β*(ω) and hence the complex conductivity of sands and sandstones. The Dukhin number reads

[image: image]

where e is the elementary charge, ζ is the zeta potential, k the Boltzmann constant and T the temperature. In our case, we can estimate that on an average κa~104[image: image]1, where the inverse of the Debye length, κ is defined in Equation 6. The Dukhin number is therefore small, which implies that the grain bulk polarization will dominate the total (grain and double layer) polarization. In the case of small charged grains, there are models which take into account the electric double layer polarization, and even account for additional layers, like Stern layers [17, 18], in the evaluation of β*(ω), see also the Appendix of the present article.

The conductivity of the electrolyte σe can be evaluated by:

[image: image]

where Di is the diffusion constant of ion i, zi is the valency of ion i, νi are stoichiometric coefficients, kB is the Boltzman constant, T is temperature, and n∞ is the ionic density. The latter is given by

[image: image]

with Cs and Na being the salt concentration and the Avogadro constant, respectively. The Debye length κ−1 is a measure for the electric double layer thickness. It can be calculated using

[image: image]

Substituting Equation 6 in Equation 4 and using the electroneutrality relation ∑νizi = 0 leads to

[image: image]

In this work we consider NaCl solution as the pore-filling electrolyte. Hence, we assume the following: D+ ≈ D− ≈ 2·10−9 m2/s, z+ = −z− = ν+ = ν− = 1.

2.2. Electrode Polarization

Electrode polarization (EP) is observed at low frequencies in a 2-electrode measurement system and arises due to ion build-up close to the surface of the electrodes, as both electrodes are considered to be blocking. This effect is associated with a characteristic frequency ωep, which is defined as [11, 14]

[image: image]

where d is the distance between the electrodes. We found that EP is indeed shifted to higher frequencies in our experiments, in accordance with Equation 8, as the ionic strength is increased and/or d is diminished.

In this article, Cs is in the range 5–540 mM, and two electrodes separations are used: d = 0.03 m and d = 0.074 m. The characteristic frequency for the EP effect is, thus, in the frequency range below 1 kHz (from Equation 8). EP complex conductivity can also be derived from the set of electrokinetic equations presented in Buck [11] and Chassagne et al. [14]. The expression for EP reads

[image: image]

For electrolyte solutions (no porous media), εep = εe. In the case of two-phase systems, such as suspensions or porous media made of electrolyte and grains, it remains to be investigated if εep = εe or εep(ω) = εb(ω) [14], where εb(ω) is the dielectric permittivity of the two-phase system that is connected to the bulk conductivity (Equation 1).

2.3. Pseudo-Inductance Effect

Our dielectric spectroscopy experiments (see Figure 4) show that the electrical impedance has a positive phase in the frequency range [10 kHz–1 MHz]. A positive phase is usually the signature of the presence of parasitic inductors due to the proximity of wires in electric circuits. Therefore, we call this effect “pseudo-inductance.” We have observed that the characteristic frequency of this polarization depends on the electrode separation d, and its magnitude depends on the ionic strength. The pseudo-inductance complex conductivity is not modeled using first principles as is done for EP and bulk polarizations. We show in the next section how we account for it by using the concept of equivalent circuits.

3. FULL MODEL

Traditionally, dielectric spectroscopy measurements have been analyzed by means of equivalent electrical circuits. The classical equivalent circuit approach is based on the use of simple R, C, L elements. It has been shown explicitly that two-phase systems can also be modeled by equivalent circuits, where each circuit element can be linked to a theoretical complex conductivity, as defined in the previous section [14].

We looked for the same type of equivalence when setting up our full model. We wanted each polarization to be identifiable as a separate impedance in series with the others. This constraint led us to the equivalent circuits which are illustrated in Figure 1. The total impedance of the system is represented by:

[image: image]

where Zep and Zb are the electrical impedances that arise from electrode and bulk polarizations, respectively. Zhf accounts for the pseudo-inductance effect observed at high frequencies.


[image: image]

FIGURE 1. Equivalent circuit representation of the measured electrical impedance. (A) Equivalent circuit representation for an electrolyte solution. Re and Ce are resistance and capacitance of the electrolyte, A is the area of the electrode, d is the distance between the electrodes, ε0 is the permittivity of vacuum, σe and εe are electrical conductivity and permittivity of an electrolyte, respectively. (B) Equivalent circuit representation for an electrolyte solution with electrode polarization. Cep is the capacitance of electrode polarization, εep is the permittivity of electrode polarization and κ−1 is the electric double layer thickness. (C) Equivalent circuit representation for an electrolyte saturated sandstone with electrode polarization. Rb(ω) and Cb(ω) are resistance and capacitance of the bulk, σb(ω) and εb(ω) are electrical conductivity and permittivity of the bulk, respectively. (D) Equivalent circuit representation for a bulk in presence of electrode polarization and pseudo-inductance. L is used as a fitting parameter.



The complex electrical conductivity and complex electrical impedance are linked by

[image: image]

where A is the area of an electrode, d is the distance between the electrodes, and k = theo, b, hf or ep. The ratio d/A is called the cell constant.

3.1. The Dielectric Response of Electrolyte Suspensions

For a simple electrolyte solution illustrated in Figure 1A, one can show that

[image: image]

where Re and Ce are linked to σe and εe by

[image: image]

respectively. Note that, in this case, EP is not accounted for. Therefore, this equivalent circuit is valid for ω>ωep. In order to account for EP, one should consider Figure 1B [11], where the complex electrical conductivity of EP is connected to the EP impedance by:

[image: image]

The capacitance is given by Cep = Aκεepε0/2 and the impedance corresponding to EP and bulk polarization of the electrolyte is given by Ztheo = Zep+Ze. The frequency range of validity is now in principle [mHz–MHz].

3.2. The Dielectric Response of Colloidal Suspensions and Sandstones

When the electrolyte solution is replaced by a suspension or a porous medium, the equivalence can still be considered valid [14, 17], but the circuit elements are then frequency-dependent so that Rb(ω) and Cb(ω) have the dimension of resistance and capacitance, but cannot actually be substituted by real resistance and capacitance as in traditional equivalent circuits. They are given by

[image: image]

This case is shown in Figure 1C, where Ztheo = Zep+Zb. The frequency range of validity in this case is in principle [mHz–MHz]. When ϕ = 1 (only electrolyte), we get [image: image] and Zb = Ze. In this case, the equivalent circuit reduces to the one given in Figure 1B.

3.3. Accounting for the Measured Pseudo-Inductance

The equivalent circuit presented in Figure 1C is valid in order to fit the data in the frequency range [mHz–≈ 10 kHz], as will be shown in the experiment section (Section 4). We found a pseudo-inductance signature in the impedance spectra for frequencies higher than 10 kHz. In order to account for the pseudo-inductance occurring at higher frequencies, the equivalent circuit presented in Figure 1D is used. Using the equivalent circuit, where Ztheo = Zep+Zb+Zhf, the data can be modeled for the whole frequency range [mHz– MHz]. At higher frequencies, the dielectric relaxation of water occurs [20], which is not accounted for in the present model. From the circuit element analysis, one finds the following characteristic frequencies:

[image: image]

The frequency ωep corresponds to the characteristic frequency associated to EP, below which charges can fully build-up a double layer close to the blocking electrodes. Above ωep, EP effects can be considered to be negligible. The frequency ωhf1 corresponds to the frequency above which pseudo-inductance effects can affect the electrokinetic response. For extremely large L there is no pseudo-inductance effect, the frequencies ωhf1 and ωhf2 tend to infinity, and Zhf can be represented by a wire. The equivalent circuit shown in Figure 1D then reduces to the one shown in Figure 1C for the frequency range [ωep−ω0]. The frequency ωhf2 corresponds to the frequency where the charges cannot totally be dissipated in the system start to play a role. Above ω0 (the Maxwell-Wagner frequency) no double layer can be established at the electrodes and the double layers around the grains cannot polarize anymore. Below ω0 one can verify using Equations 1, 2, and 15, that Rb and Cb are in good approximation constant as function of frequency as we are in the special case where the Dukhin number, Equation 3, is small (large κa and moderate zeta potentials). This is why we could define proper characteristic frequencies in Equations 16 using Rb and Cb. In these definitions, we imply that we take the values of Rb and Cb below ω0. The same holds for Table 1 and Table A1 (see Appendix) where the value for Rb is the value of Rb below ω0. For larger Dukhin numbers, Rb and Cb become frequency-dependent below ω0, but it is then also possible to define characteristic frequencies [14]. One can then find the approximations for the amplitude and phase in each frequency domain given in Table 1. An example is given in Figure 2. The individual contributions of Zep, Zb, and Zhf to Ztheo are indicated in color. An alternative equivalent circuit is given and discussed in the Appendix.


Table 1. Evolution of the amplitude |Ztheo| and phase φ as function of the applied electric field frequency ω for the equivalent circuit presented in Figure 1D.

[image: image]




[image: image]

FIGURE 2. Predicted magnitude |Z| and phase φ of the electrical impedance of a sandstone saturated with a 50 mM NaCl electrolyte, including the effects of EP, bulk polarization and pseudo-inductance with L = 5·10−4 H, that is representative for our measurements. The individual contributions of Zep (magenta line), Zb (blue line) and Zhf (green line) to Ztheo (red line). fhf1, fhf2 and f0 are characteristic frequencies.



3.4. Comparison Between Models

Most models used in geophysics concentrate on the bulk polarization [e.g., 23, 27, 33, 37] as these authors use 4-electrode cells, for which EP effects are in theory avoided. 4-electrode cells are in fact not devoid of parasitic impedances due to cross-talks between the electrodes and some EP effects have been measured [e.g., 28, 34]. Moreover, 4-electrode systems and its additional electronics (as compared to 4-electrode systems) is in general less suitable for high frequencies. In their measurements, done using both 4 and 2 electrodes on a Berea sandstone saturated with NaCl, [9] found a good overlap between the two devices in the frequency range [102–103] Hz. The 4-electrode setup was used in the frequency range [10−3–103] Hz, whereas the 2-electrode cell was used in the frequency range [102–106] Hz. The relaxation frequencies associated to the electrolyte saturated sandstone are linked to its characteristic length scales. One of this length scale is the double layer thickness κ−1 and depending on ionic strength the associated characteristic frequency ω0 is of the order of [105–109] Hz a frequency range best probed using a 2-electrode device. The other length scale is the characteristic of a sandstone grain size, a, and the associated frequency is given by [image: image] [14], which gives values of the order of 1–500 Hz for micrometric particles. This frequency range is therefore best probed by 4-electrode cells in principle. However, as stated above, EP can also contaminate the signal of 4-electrode devices, as such low frequencies and interpretation of data at these frequencies can be complicated [17, 21].

Some authors using 2-electrode cells try to mathematically “clean” the measured signal for EP [22]. A discussion about how to compensate for EP can be found in Chassagne et al. [14]. Experimental evidence however shows that even though it is theoretically possible to compensate for EP, in practice it is very difficult due to the non-ideality of the electrodes. In the present article we explicitly define the frequency range where the bulk properties of the system can be obtained without any correction.

Regarding the modeling of this bulk polarization part, different formulations for the related complex conductivity have been presented in the literature. A review has been provided by Chelidze et al. [23]. There has been some debate in literature regarding the origin of the low-frequency polarization (see Scott 24 for a review), which corresponds, in our terminology, to the frequency range below ω0, where the double layers around charged grains can still polarize under the action of the electric field. It has been argued by some authors [e.g., [25]] that so-called membrane polarization could be causing this effect. Membrane polarization is caused in a pore constriction (pore throat), where ions in the pore fluid can encounter resistance to their movement, causing charge buildup. The first reference to membrane polarization is to be found in Marshall and Madden [26], where Marshall and Madden explicitly state that the conductive grains i.e., metallic particles within the rock are responsible for this phenomenon. Due to the voltage gradient in the vicinity of the conductive grains, a charge build-up can be created close to the conductive grains (much like what happens close to the electrodes) and electric double layers can be established. This is quite similar to what happens close to the surface of charged grains (with a dielectric core) which have electric double layers when they are in contact with an electrolyte. When grains are very close it is possible that their double layers overlap and it is argued that this might be the reason for the restriction in the pore throat (the pore throat being the space between the two grains). As discussed in Scott [24], and as the reader can verify from Equation 6, the size of the double layer for most systems is generally in the nm range, much smaller than the average pore throat. Most rocks formed by grains (like sandstones) are well interconnected pores, see Sen et al. [27] for a discussion. In fact, from simple mathematical consideration, a pile of grains can be seen as having (average) pore throats of the order of a grain diameter. It is, therefore, not surprising that the effective-medium approach based on a collection of grains is giving good results, as for large grains and any ionic strength κa[image: image]1 any grain's double layer can polarize without being affected by a neighboring one. In Kirichek et al. [17], we moreover showed that the effective medium approach, as originally proposed by Maxwell-Wagner and Bruggeman, can be modified so as to include surface conductivities without the use of approximations (large κa, large ζ), which lead to formulations comparable to Equation 48 in Chelidze et al. [23]. In the present article, as discussed above, surface conduction due to the polarization of the grain double layer is negligible and our expression reduces to the self-similar model presented in Sen et al. [27], see their Equation 5.

We will show in the next section how our equivalent circuit model adequately reproduce our measured data for the whole range of frequencies investigated and how indeed the bulk polarization part can be estimated without any adjustable parameter in a well-defined frequency range.

4. LABORATORY EXPERIMENTS

A simplified sketch of the experimental setup is shown in Figure 3. The relatively high porosity (21.8%) and grain diameter (0.1–0.3 mm) of Bentheim sandstone makes it a good testing material for the core-flooding experiments. The sample is encased in a silicone sleeve and placed in a stainless steel core holder. An insulating silicon rubber is used as a material for the sleeve. Thus, current leakages from the system to the core holder can be disregarded. A temperature-controlled oven is used to reproduce realistic reservoir conditions of temperature and to eliminate complication of data analysis due to fluctuations in the external temperature.


[image: image]

FIGURE 3. Sketch of the experimental setup. Wayne Kerr Precision Component Analyser 6640A (PCA 6640A) is used to measure |Z| and φ at the frequency range 20 Hz–3 MHz.



Each end of the core holder contains a port for fluid injection. The sandstone is fully saturated with NaCl solution before each experiment.

A Wayne Kerr Precision Component Analyser 6640A is used as the impedance measuring system. Coaxial cables connect the measuring device to the electrodes, which are directly attached to the lateral surface of the core on diametrically opposite sides. We use a 2-terminal electrode system in this study. Both electrodes act as current and potential terminals. Residual stray impedances were filtered out using a standard open/short/load calibration [28]. The measurements of magnitude |Z| and phase φ of the electrical impedance are conducted over the frequency range 20 Hz–3 MHz. The electrical conductivity σ*(ω) is converted from the measured |Z| and φ from

[image: image]

We have conducted two sets of experiments. For the first set, we use a NaCl solution with Cs = 5, 10, 100, 170, and 540 mM. The distance between the electrodes d = 0.03 m and the area is A = 0.01 × 0.05 m2. For the second set of experiments, NaCl solutions with Cs = 5, 10, and 100 mM are used. For this case, the parameters are d = 0.074 m and A = 0.01 × 0.025 m2. Other parameters are the relative permittivity of water εe = 80, the relative permittivity of the sandstone εb = 4.5, the temperature is T = 25 degrees C.

5. RESULTS AND DISCUSSION

The dielectric response of the reservoir rock filled with NaCl solutions of various salinities is shown in Figures 4, 5. A frequency region can be identified, where the contribution of the (desired) bulk polarization is dominant. For our measured data, this is [≈ 10 ωep–ωhf1], as can be seen from comparing the regions where the bulk impedance is overlapping the total impedance in Figures 4, 5 and the values given in Table 2. This implies that within this frequency range the relevant parameters (porosity, salinity) can be extracted. In our case, both the porosity of the sandstone and the salinity of pore-filling electrolyte are known. Hence, the bulk polarization could be predicted with no adjustable parameters.


[image: image]

FIGURE 4. Validation of the model for d = 0.074 m. Measured impedances are shown in symbols for NaCl concentration of 5, 10, and 100 mM. The full model is shown by the solid lines. Only the inductance L is fitted to match the pseudo-inductance response measured at ω>10 kHz. The response of the bulk (1–10 kHz) is obtained with no adjustable parameter, as in particular both porosity and salinity are known.




[image: image]

FIGURE 5. Contribution of the bulk polarization (black line) to the total impedance (red line) of a fully saturated reservoir rock. The model for the impedance is given in Figure 1. No adjustable parameter is used to generate the bulk impedance. Measured impedances are shown in symbols for NaCl concentrations of 5, 10, 100, 170, and 540 mM. The electrode separation is 0.03 m.




Table 2. The fitting parameter L is used to generate the red curves in Figures 4, 5.

[image: image]



The characteristic frequency of EP, ωep is increasing with salinity in accordance with Equation 8. In Chassagne et al. [14] the question was raised whether, in estimating Cep, one should take εep = Cep/(Aκε0) = εe or εb. We find that εep(ω)≃εb(ω) in the whole range of the considered salinity. This implies that the grains close to the electrodes certainly contribute to EP.

From Figure 5 and the values given in Table 2, one realizes that the frequency range where EP is dominant [mHz–ωep] is underestimated. The frequency region where the bulk polarization is dominant is on average starting above ≈ 10 ωep. The estimated value of ωep is based on the assumption that the electrodes are perfectly blocking and that the contact between these electrodes and the porous sandstone is ideal (the electrodes are not porous and extremely clean). In practice a discrepancy between theory and experiment is always observed when studying electrode polarization as these conditions are never met. Taking ≈ 10ωep as an estimation from the characteristic frequency above which EP is negligible is found to be appropriate for the large range of salinity studied for the shortest electrode separation used (d = 0.03 m). For the larger electrode separation, d = 0.074 m, (see Figure 4), EP is barely affecting the measurements as ωep is found to be very low (see Table 2).

The effect of electrode separation is better illustrated in Figure 6, where the data is plotted in terms of conductivity in order to avoid the cell constant (d/A) dependence of the impedance. For ωep[image: image]ω < ωhf1, we have Ztheo = Zb, and no adjustable parameters are required to predict the measured impedance.


[image: image]

FIGURE 6. Electrical conductivity spectrum of the porous rock saturated with 100 mM NaCl solution for electrode separation of 0.074 and 0.03 m.



The fact that the phase becomes positive in the frequency range [ωhf1– ωhf2] indicates the development of an inductive effect in the system. There are several possible explanations for the origin of this phenomenon. Inductive loops can be generated by a chemical reaction between electrode and electrolyte, e.g., oxidation of the electrodes [10]. Another trigger for inductive loops can be due to inductive connecting cables [10]. In this case the inductance signatures occur at high frequencies in the impedance spectrum. The coaxial cables used in the present study were perfectly shielded, so we do not expect they create a parasitic inductance. Fleig et al. [29] suggests that inductive loops can be induced in the impedance spectra at high frequencies due to the capacitive leakage to the ground. Since the measurement system used in this study is grounded, the occurrence of this artifact is highly unlikely.

Other authors [e.g., 30, 36] found a pseudo-inductance by measuring electrolyte solutions using 4-electrode setups. Zimmermann et al. [30] refers to this phenomenon as “contact impedance,” and attributed it to a phase error due to the inhomogeneous contact impedance of the current electrodes. They found that the pseudo-inductance depends on the nature of the electrodes used. The surface properties of the electrodes (roughness, contamination) could, therefore, play a major role in the pseudo-inductance effect. An alternative possibility is proposed in the Appendix. We there demonstrate that the contribution of a Stern layer around the grains can generate pseudo-inductance effects. The demonstration is only theoretical as there is no proof that such contribution is present in the system we have investigated.

6. CONCLUSION

We have demonstrated that the dielectric response of a porous sandstone saturated with NaCl solutions of different concentrations measured with a 2-electrode setup can correctly be modeled using the theory presented in this article. The model accounts for 3 distinct polarization phenomena: electrode polarization, bulk polarization, and pseudo-inductance effect, that all three were found in our experiments. Different characteristic frequencies (ωep, ωhf1, ω0, and ωhf2) were defined, see Equations 16. Each frequency range was studied theoretically to find its dominant polarization mechanism. A suitable frequency range was identified [≈ 10 ωep–ωhf1] in our experiments, where the bulk polarization is the dominant part of the measured impedance. As both the porosity of the sandstone and the salinity of the pore fluid were known in our system, no adjustable parameter was required to predict the complex impedance response in the bulk polarization region. A good match was found between the predictions and measurements for a large range of ionic strengths and two different setups.
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