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ABSTRACT 
The wetting condition of reservoir rocks is a crucial parameter for the estimation of 

reservoir characteristics like permeability or residual saturation. Since standard methods 

are often costly, especially in terms of time, we aim at assessing wettability of reservoir 

rocks using impedance spectroscopy (IS), a frequency dependent measurement of 

complex electric resistivity.  

IS is sensitive to the electrochemical properties of the inner surface of rocks. These 

electrochemical properties on the other hand, are decisively influencing wettability. 

Unfortunately, besides wettability there are other parameters (e.g. pore/grain size) 

influencing the impedance spectra of rocks. To be able to quantify the relative importance 

of parameters influencing rock IS response, we study model systems which consist of 

sintered porous silica beads of different sizes leading to samples with different pore sizes. 

The main advantage of using model system compared to natural rocks is its well-defined 

and uniform mineralogical composition and thus uniform electrochemical surface 

properties.  

In order to distinguish pore geometry, fluid electrochemistry and wettability (contact 

angle) effects on the IS properties we measured the IS response of the fully water 

saturated model systems in the frequency range from 1 mHz to 1kHz. The influence of 

wettability was studied by modifying the originally hydrophilic silica beads surface into a 

hydrophobic state. The wettability change was verified by contact angle measurements. 

As results, we find pore size dependent relaxation times and salinity dependent 

chargeabilities for the hydrophilic samples, whereas for the hydrophobic samples 

chargeabilities are close to zero and independent of pore size and water salinity.  

 

 

INTRODUCTION 
Over the last decade significant progress has been made in the understanding of the 

mechanisms causing frequency dependent electrical impedances measured by Impedance 

Spectroscopy (IS), in geophysics also known as Spectral Induced Polarization (SIP). 

However, integrated models involving different polarization processes at the micro-scale 
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are still missing, in particular with respect to the wetting condition of the inner rock 

surface. Moreover, the large number of rock parameters influencing the impedance 

spectra, often not exactly known for natural rock samples, hinders finding a universal 

relation between IS and wettability heuristically. Therefore, we use a model system of 

sintered porous silica beads to quantify the influencing parameters, improve the 

understanding of the underlying mechanisms and thereby uncover solely wetting related 

influences on IS.  

 

 

SAMPLES 
For our studies, we use eight custom made cylindrical samples with 2 cm in diameter and 

3 cm in height (+ additional samples for reproducibility tests). These are sintered porous 

ceramics, manufactured by ROBU® Sintered Glassfilters [1], of pure borosilicate 3.3 

standard glass according to ISO 4793 and DIN/ISO 3585. Main advantage is their well-

known chemical composition and narrow pore size distribution (Figure 1), as well as the 

available material characterization by the manufacturer. The unimodal pore size 

distribution is confirmed by NMR relaxometry measurements (Figure 2) with  the 

transversal relaxation time T2 as a measure of pore size: T2 ~ pore size [2]. 

In the current study, we obtained additional porosity information by weighing of the dry 

and saturated samples and by NMR relaxometry. Scanning electron microscopy (SEM) 

images were taken to get a better idea of the pore space geometry (Figure 3). 

The samples were brought to a hydrophobic state by Cobra Technologies B.V. [3] in 

cooperation with Ergotech Ltd [4] by means of a hydrophobic agent attached to the inner 

surface of the samples. Some of the samples were cut after hydrophobization and contact 

angles were measured on water drops on the cut inner surface (Table 1). This procedure 

was impossible in original state due to immediate spontaneous imbibition, which at the 

same time shows their hydrophilic character. A typical sample after hydrophobization is 

shown in Figure 4. 

 

 

Figure 1: Exemplary cumulative pore size 

distribution of sample P1 as given by ROBU® 

Glasfilter-Geräte GmbH. 

 

Figure 2: NMR T2 distributions of hydrophilic porous 

borosilicate samples of different pore sizes (Table 1) 

confirm their narrow and unimodal pore size 

distribution. 
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Table 1: Pore diameter dpor, porosity φ, specific surface area Spor (BET) and contact angle θhydrophobic (after 

hydrophobization). 

 
 

 

Figure 3: Scanning electron microscopy (SEM) image of sample P4 

[5]. 

 

Figure 4: Porous borosilicate 

sample (diameter: 2 cm, height: 

3 cm) with water drops on 

hydrophobic inner surface. 

 

 

METHODS 
We introduce Impedance Spectroscopy (IS) measurements, i.e. frequency dependent 

complex resistivity/conductivity measurements, in the frequency range from 1 mHz to 

1 kHz using a four-electrode setup together with the ZEL-SIP04 instrument [6]. The 

following IS parameters are studied: 

1. The influence of pore radii by using 8 different sample types with nominal pore 

sizes dpor between 0.9 µm and 160 µm, see Table 1. 

2. The influence of fluid salinity with NaCl solutions in a conductivity (σfluid) range 

between 2∙10
-4

 S m
-1

 and 5∙10
-2

 S m
-1

. 

3. The influence of wettability by application of a hydrophobic agent to the inner 

glass surfaces for 4 selected samples (P2, F, VF, UF, see Table 1).  

Subsequently, we analyze the IS spectra using a Cole-Cole model for the dependence of 

the electrical resistivity   on angular frequency  . 
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     (1) 

with DC – resistivity   , chargeability m, frequency exponent c and relaxation time  . 

 

 

RESULTS 
IS results for the frequency range 10 mHz to 200 Hz are presented in Figure 5 to Figure 

10. Regarding the influence of fluid conductivity, we find a general trend of decreasing 

phase peak values with fluid conductivity (Figure 5). In terms of chargeability (see 

equation 1), this is in agreement with previous results [7,8]. Regarding the influence of 

wettability, we find decreasing phase values with increasing contact angles (Figure 6). In 

particular, the low frequency data do not show a distinct phase maximum for the 

hydrophobic samples. This observation can be explained by a disturbance of the surface-

fluid interaction being responsible for considerable phase effects (e.g. [9]) due to the 

water repellent surface. Unfortunately, this fact prevents us from applying a quantitative 

analysis of hydrophobic data in terms of Cole-Cole parameters. Additionally, the phase 

maxima decrease with increasing pore sizes (Figure 7). A summary of the maximum 

phase values below 100 Hz for hydrophilic and hydrophobic samples as a function of 

fluid salinity and pore sizes is given in Figure 9 and Figure 10. It shows the decrease of 

the phase values with pore size, salinity and contact angle. For hydrophilic samples, a 

corresponding behavior can be found in terms of chargeability (not shown). 

The corresponding peak frequencies are correlated to increasing pore sizes (Figure 7). 

This is in qualitative agreement with the wide range of (e.g. Cole-Cole) relaxation times 

found in previous studies [8,10,11,12,13,14]. A quantitative analysis, assuming a power 

law relationship for the hydrophilic samples (Figure 8), leads to dependence τ ~ dpor
1.3±0.2 

of relaxation time   on nominal pore size dpor considering all salinities. Considering the 

different salinities separately, the exponent is in a range of 1.0 to 1.9, thus it is in the 

range of earlier results yielding exponents between 1 and 3 [12,13,14]., whereas theory 

usually proposes an exponent of 2 [15,16,17]. 

 

 

CONCLUSIONS AND OUTLOOK 
IS properties of an experimental reference system of porous borosilicate samples have 

been studied and compared to results on natural rock systems. We can reproduce 

published experimental results regarding decreasing phase shifts with increasing fluid 

salinity and with increasing pore sizes in the low frequency range below 1 kHz. 

Furthermore, we find a quantitative relation between Cole-Cole relaxation time and pore 

size which is in agreement with previous data. With respect to wettability, it is possible to 

distinguish between water wet and oil wet sample state from noticeably higher maximum 

phase values of the water wet samples. Unfortunately, water wet and oil wet rocks can 

only be distinguished in case of sufficiently low pore sizes and fluid salinities, i.e. not for 

the high salinity brines typically found in reservoirs. 

In a next step, we will apply our reference system results to test recently proposed 

relations between electrical properties and macroscopic rock properties like inner surface 
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or permeability. Furthermore, a wider frequency range (up to 10 MHz) will be analyzed 

in terms of a wideband data interpretation scheme to capture information from different 

often overlapping polarization processes.  

 

 

Figure 5: Examples of phase spectra (hydrophilic 

samples). Phase maximum decreases with 

increasing fluid conductivity σfluid at fluid 

temperatures between 18.3°C and 19.8°C. 

 

Figure 6: Examples of phase spectra at  

σfluid ≈ 2 10
-4

 S m
-1

. Phase maximum decreases with 

increasing wetting angle θ. 

 

Figure 7: Examples of phase spectra (hydrophilic 

samples at σfluid ≈ 3∙10
-4

 S m
-1

). The amplitude of 

the phase maximum and the position of the 

corresponding peak frequency both decrease with 

increasing pore size dpor. 

 

Figure 8: Dependence of Cole-Cole relaxation time 

τ on pore diameter dpor for hydrophilic samples. A 

dependence of τ ~ dpor
1.3±0.2

 on nominal pore size is 

found. 

 

Figure 9: Maximum phase φmax below 100 Hz for 

hydrophilic samples as a function of fluid 

conductivity σfluid and pore radius R. 

 

Figure 10: Maximum phase φmax below 100 Hz for 

hydrophobic samples as a function of fluid 

conductivity σfluid and pore radius R. 
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