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Chapter 3

Permeability dependence of

streaming potential coupling

coefficients

3.1 Introduction

In chapter 2, streaming potential and electroosmosis measurements are carried

out to determine parameters such as the zeta potential, pore size, the number of

pores per cross sectional area of porous samples, porosity and permeability that

are very important for the seismoelectric effect [32]. However, how microstruc-

ture parameters of porous media such as permeability or porosity influence the

coupling between seismic wave and electromagnetic wave has not yet studied in

detail in the literature. In this chapter, we study the dependence of streaming

potential (seismoelectric effect at low frequency) on permeability of porous media.

In theory, the streaming potential coupling coefficient (SPCC) depends not only

on the fluids, pH, temperature and rock/fluid interface parameters but also on the

microstructure parameters of the rocks such as permeability of the rocks that par-

tially determines the effective conductivity of the rocks (see chapter 1). However,

in practice it is hard to show the permeability dependence of the SPCC because

of the variation of zeta potential from sample to sample.

Permeability dependence of the SPCC was experimentally studied by Jouniaux

and Pozzi [59] for sandstones and limestones in combination with a model to

quantify the effect of permeability on streaming potential. The authors presumed

the zeta potential to be the same for the same family of samples (for example,
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Fontainebleau sandstones). However, the mineral composition is somehow differ-

ent from sample to sample even though they are taken from the same block of

rocks as shown by Pagoulatos [60] and therefore, the zeta potential that depends

on the mineral composition can vary. Perrier and Froidefond [61] also predicted

the permeability dependence of the SPCC for volcanic rocks using parameters ob-

tained in the laboratory such as the zeta potential and the rock resistivity with

two different fluid resistivities of 0.13 Ωm and 50 Ωm. Nevertheless, there is no ex-

perimental data to justify the theoretical results in [61]. Sprunt et al. [62] claimed

that the SPCC is experimentally independent of the permeability of the rock and

therefore that is contradiction to the results presented in [59] and [61].

Besides the conventional theory of streaming potential in which the zeta potential

is used, Revil and Mahardika [63] have recently presented a theory to calculate

the SPCC from the quasi-static volumetric charge density of the pore space that

depends on the permeability of rocks. Figure 3 in the work of Revil and Mahardika

[63] shows that at a given permeability, the quasi-static charge density may differ

by a factor of ten for different types of porous materials. Therefore, the SPCC

can be roughly predicted from the permeability with a deviation up to a factor

of ten. That means it could not explain the relationship between the SPCC and

the permeability in detail for a specific type of porous samples in a small range of

permeability.

In this chapter, we study permeability dependence of the SPCC including the

effects of the difference in the zeta potential between samples and the change of

surface conductance against electrolyte concentration. To do so, the ratio of the

SPCC and the zeta potential is used rather than the SPCC only. The results have

shown that the SPCC strongly depends on permeability of the samples for low

fluid electrical conductivity. However, when the fluid conductivity is larger than

a certain value that is determined by the mineral composition of the sample, the

SPCC is completely independent of permeability as explained in the theoretical

model.

This chapter has three sections. In the first we present the experimental setup and

measurements. The second section contains the experimental results, the compar-

ison between the experimental data and the theoretical model and discussion.

Conclusions are provided in the third section.
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Table 3.1: Sample ID, mineral composition and microstructure parameters of the sam-
ples. Symbols ko (in mD), φ (in %) , F (no units), α∞ (no units), ρs (in kg/m3) stand
for permeability, porosity, formation factor, tortuosity and solid density, respectively.

Sample Mineral composition ko φ F α∞ ρs
ID

1 BereaUS1 Silica, Alumina, Ferric Oxide 120 14.5 19.0 2.8 2602
Ferrous Oxide, Magnesium Oxide
(www.bereasandstonecores.com)

2 BereaUS2 - 88 15.4 17.2 2.6 2576

3 BereaUS3 - 22 14.8 21.0 3.1 2711

4 BereaUS4 - 236 19.1 14.4 2.7 2617

5 BereaUS5 - 310 20.1 14.5 2.9 2514

6 BereaUS6 - 442 16.5 18.3 3.0 2541

7 DP50 Alumina and fused silica 2960 48.5 4.2 2.0 3546
(see: www.tech-ceramics.co.uk)

8 DP46i - 4591 48.0 4.7 2.3 3559

9 DP217 - 370 45.4 4.5 2.0 3652

10 DP215 - 430 44.1 5.0 2.0 3453

11 DP43 - 4753 42.1 5.5 2.3 3373

12 DP172 - 5930 40.2 7.5 3.0 3258

3.2 Experiment

Streaming potential measurements have been performed on 12 consolidated sam-

ples (see Table 3.1). Natural samples numbered from 1 to 6 are Berea Sandstones

obtained from Berea Sandstone Petroleum Cores Company (USA). Artificial sam-

ples numbered from 7 to 12 are obtained from HP Technical Ceramics company

(UK). The mineral composition of all samples is also shown in the Table 3.1 (ac-

cording to the manufacturers).

For the measurements we use NaCl solutions with 7 different concentrations (4.0×
10−4 M, 1.0 × 10−3 M, 2.5 × 10−3 M, 5.0 × 10−3 M, 1.0 × 10−2 M, 2.0 × 10−2 M

and 5.0× 10−2 M). All measurements are carried out at room temperature (22 ±
1◦C).

The details to measure the porosity, solid density, permeability and tortuosity of

consolidated samples are described in Appendix A. The experimental setup for

the measurement of the streaming potential is shown in Fig. 3.1. The core holder

contains a cylindrical sample of 55 mm in length and 25 mm in diameter. Each

sample is surrounded by a 4 mm thick silicone sleeve inside a conical stainless steel

cell and inserted into a stainless steel holder (see Fig. 3.2) to prevent flow along

the interface of the sample.
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Figure 3.1: Experimental setup for streaming potential measurements. 1, Core holder;
2, Ag/AgCl electrodes; 3, Pump; 4, Pressure transducer; 5, NaCl solution container.

Figure 3.2: Core holder. 1, sample; 2, silicone sleeve; 3, conical stainless steel cell; 4,
stainless steel holder.

Figure 3.3: Streaming potential as a function of pressure difference for BereaUS5 at
concentration of 5.0× 10−2 M. The inset shows an example of streaming potentials as
a function of time at when pressure difference is switched from 0.72 bar to 0.94 bar.

The measurements are based on the technique mentioned in subsection 2.2.2 and

in [53]. The solution is circulated through the samples until the electrical conduc-

tivity and pH of the solution reaches a stable value. The pH values of equilibrium

solutions are in the range 6.0 to 7.5. To minimize CO2 uptake from the air that

leads to change of conductivity and pH of the solutions during the measurement,

the solution container is covered during experiment.

Electrical potential differences across the samples are then measured by a high

input impedance multimeter (Keithley Model 2700) connected to a computer.
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Figure 3.4: Impedance of the sample BereaUS5 as a function of frequency at different
conductivities of the electrolyte - 0.49, 0.69, 1.00 and 1.18 S/m, respectively.

The input resistance of the multimeter is larger than 10GΩ. The resistance of the

saturated samples is smaller than 200kΩ, which is low compared to input resistance

of the multimeter, therefore allowing accurate measurements of electric potentials.

The electrical potential difference at a given pressure difference fluctuates around

a specific value as shown in Fig. 3.3 (see the inset). The reason for that could be

partly due to periodic pulses of the pump when the piston switches its direction

after half a period. The values of the electrical potential difference are obtained

by a Labview program.

3.3 Results and discussion

3.3.1 Porosity, solid density, permeability and formation factor

Porosity, density and permeability of the samples are shown in Table 3.1 with

an error margin of 3%, 5% and 6% respectively. Porous sample resistances as a

function of frequency for example for the sample BereaUS5 are shown in Fig. 3.4

with 4 different conductivities - 0.49, 0.69, 1.00 and 1.18 S/m, respectively. The

resistances are seen to be frequency independent over the range 100 Hz to 100 kHz

and they are used to calculate the conductivity of the saturated samples, σS. The

formation factor of the sample is obtained at 4 different conductivities as shown

in Fig. 3.5 and the final value is the average of all. Values of the formation factor

and corresponding tortuosity for all samples are also reported in Table 3.1 with

an error margin of 6% and 9%, respectively.
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Figure 3.5: Formation factor of the sample BereaUS5 at different conductivities of
the electrolyte - 0.49, 0.69, 1.00 and 1.18 S/m, respectively. The dash line is the average

value.

Figure 3.6: Coupling coefficient versus permeability for Berea samples at different
electrolyte concentrations. The dash lines are the ones connecting the experimental

data points.

3.3.2 Streaming potential

The way used to collect the streaming potential is similar to that described in sub-

section 2.2.2 and in [53]. Fig. 3.3 shows streaming potentials as a function of time

at different pressure differences with a high concentration solution of 5.0×10−2M.

From Fig. 3.3, the streaming potential as a function of pressure difference and

therefore, the SPCC is obtained. Three measurements are performed for all sam-

ples with all solutions to find the SPCC. The SPCC for a given electrolyte concen-

tration is taken to be the average of the three values. Table 3.2 shows the SPCC for

all samples except for two samples DP43 and DP172 at electrolyte concentrations

of 2.0×10−2M and 5.0×10−2M. Because these samples are highly permeable, they

need a very large flow rate to generate measurable electric potential differences at

high concentration solutions. The maximum error of the SPCC is 15%.
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Table 3.2: The coupling coefficients - CS(in mV/bar) for different electrolyte concen-
trations of 4.0× 10−4 M, 10−3 M, 2.5× 10−3 M, 5.0× 10−3 M, 10−2 M, 2.0× 10−2 M

and 5.0× 10−2 M, respectively.

Sample ID 0.4 mM 1 mM 2.5 mM 5 mM 10 mM 20 mM 50 mM

BereaUS1 -65.0 -45.0 -22.0 -17.5 -9.7 -6.0 -2.8

BereaUS2 -72.0 -50.0 32.5 -20.3 -12.0 -7.0 -3.3

BereaUS3 -44.0 -33.0 -22.5 -17.8 -9.8 -6.0 -2.9

BereaUS4 -130.0 -75.0 -45.0 -27.5 -14.0 -8.4 -4.1

BereaUS5 -155.0 -100.0 -49.0 -34.0 -17.0 -9.2 -4.4

BereaUS6 -75.0 -50.0 -25.0 -16.0 -6.4 -3.9 -2.0

DP50 -260.0 -155.0 -80.0 -45.0 -19.0 -8.4 -3.0

DP46i -400.0 -230.0 -105.0 -53.0 -23.0 -12 -4.5

DP217 -280.0 -170.0 -85.0 -45.5 -24.0 -14.0 -6.0

DP215 -330.0 -190.0 -90.0 -56.0 -29.0 -12.0 -4.6

DP43 -390.0 -220.0 -78.0 -47.0 -22.0

DP172 -510.0 -300.0 -96.0 -50.0 -28.0

Based on Table 3.2, the dependence of the SPCC on permeability for a set of

Berea samples at different electrolyte concentrations is shown in Fig. 3.6. At first

sight it seems that no specific correlation between the SPCC and permeability is

observed. This is because the zeta potential is not the same for different samples

which can be seen from the SPCC at a high concentration solution of 5.0 × 10−2

M in Table 3.2 (If zeta potential was the same, the SPCC would be the same at

high electrical conductivities as seen in eq. (1.10)).

To see how the permeability itself affects the SPCC without influence of the zeta

potential variation, we plot the ratio of the SPCC and the zeta potential against

permeability at different electrolyte concentrations as shown in Fig. 3.7 (points).

The zeta potential there is obtained for all the samples by using eq. (1.10) for

the concentration of 5.0× 10−2 M. Fig. 3.7 shows that the ratio of the SPCC and

the zeta potential drastically increases with increasing permeability for low con-

centration solutions and does not depend on permeability for high concentration

solutions starting from a concentration of 10−2M. This permeability dependence

may be a consequence of a change of the effective conductivity σeff with perme-

ability [36, 59, 61]. Namely, the effective conductivity decreases with increasing

permeability as shown in Fig. 3.8 (plus signs) based on the measurement for a

solution of 10−3M. The measurements of effective conductivity σeff are done by

measuring the electrical conductivity σS of the fully saturated samples and use

the relation σeff = FσS that is already mentioned in eq. (1.9).



Chapter 3. Permeability dependence of streaming potential coupling coefficients 36

Figure 3.7: The ratio of coupling coefficient and zeta potential versus permeability
for Berea samples at different concentrations. The solid lines are from the theoretical

model. The points are experimental data.

Figure 3.8: Effective conductivity versus permeability for Berea samples at 10−3M
solution.

That behavior can be theoretically explained by the effect of surface conductivity.

Effective conductivity σeff is given by [3]

σeff = σf + 2
Σs

a
, (3.1)

where σf is the fluid conductivity, Σs is the surface conductance and a is the pore

radius. According to [58], the permeability of the porous medium ko is related to

the pore size a by

ko =
a2

8F
, (3.2)
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Table 3.3: The parameters used in eqs. (3.5 - 3.8) in the modeling of the surface
conductance against electrolyte concentration.

Parameter Symbol Value Units

Temperature T 22 ◦C
Electrolyte concentration Cf 4.0× 10−4 to 5.0× 10−2 mol/L

Fluid pH pH 6.7 (-)
Dielectric permittivity in vacuum ε0 8.854× 10−12 F/m

Relative permittivity εr 80 (-)
Boltzmann’s constant kb 1.381× 10−23 J/K
Elementary charge e 1.602× 10−19 C
Avogadro’s number N 6.022× 1023 /mol

Ionic mobility of Na+ in solution βNa+ 5.20× 10−8 m2/s/V
Ionic mobility of H+ in solution βH+ 3.63× 10−7 m2/s/V
Ionic mobility of Cl− in solution βCl− 7.90× 10−8 m2/s/V
Ionic mobility of OH− in solution βOH− 2.05× 10−7 m2/s/V
Disassociation constant of water Kw 9.214× 10−15 (-)
Rock/fluid interface parameters

Surface site density Γs 10× 1018 sites/m2

Binding constant for Na+ adsorption KM 10−7.5 (-)
Disassociation constant for K(−) 10−7.1 (-)

dehydrogenization
Proton surface conductance cProt 12.10−28 for Bereas Sm2/site

4.10−28 for Ceramics
(adjusted to fit data)

Ionic Stern-plane mobility βs 5.0×10−9 m2/s/V

where F is the formation factor of the porous medium. So eq. (3.1) can be

rewritten as

σeff = σf + 2
Σs√
8Fko

, (3.3)

and eq. (1.8) can be rewritten as

CS

ζ
=

εrε0

η(σf + 2 Σs√
8Fko

)
. (3.4)

According to the theory developed by [27], the zeta potential would decrease dras-

tically with increasing the electrolyte concentration. However, based on the three

measured values of the SPCC for the Berea samples in Table 3.2 at the high elec-

trolyte concentrations of 10−2M, 2.0×10−2M and 5.0×10−2M, the zeta potential of

the samples at three corresponding concentrations is calculated by using eq. (1.10).

The results show that the calculated zeta potential only slightly decreases with

increasing the concentration and can be considered as constant over the studied
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Figure 3.9: Dukhin number (Du=Σs/aσf ) against the permeability at different elec-
trolyte concentrations.

Figure 3.10: The surface conductance against electrolyte concentration for Berea
samples derived from eq. (3.5).

range of concentration. It should be noted that the neglect of surface conductance

when the electrolyte concentration is larger 10−2M as mentioned earlier can be ex-

plained by the Dukhin number - Du=Σs/aσf (see chapter 1). When an electrolyte

concentration is larger than 10−2M, the Dukhin number is much smaller than 1

as shown in Fig. 3.9 for the Dukhin number against the permeability at different

electrolyte concentrations. Therefore, the SPCC becomes independent of the mi-

crostructure and is given by the well-known Helmholtz-Smoluchowski equation as

observed in [34].

If we assume that the surface conductance is the same for different Berea samples,

the surface conductance is found to be 14×10−9 S by fitting Fig. 3.8 in combination

with eq. (3.3) at a concentration of 10−3 M. To make it easier to model the SPCC
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as a function of permeability, the formation factor F in eq. (3.3) and eq. (3.4) is

taken as a constant averaged over all the samples.

To take into account the change of the surface conductance with the electrolyte

concentration, we use the formulas described in [27, 64] in which the surface con-

ductance is given by

Σs = ΣEDL + ΣStern + ΣProt, (3.5)

where ΣEDL, ΣStern and ΣProt are the contributions to the surface conductivity

from ionic conduction in the EDL, in the Stern layer and associated with proton

transfer, respectively. The above formula is developed for 1:1 electrolyte of the

aqueous NaCl solution and quartz, it still works for other porous materials such

as Fontainebleau, Stainton, St.Bees sandstones or Carbonates and etc (see [27] for

more details).

Where

ΣEDL = R{[(βNa+Cf + βH+10
−pH)((S(

10−pH +KMCf

2eΓsK(−)
))−1/3 − 1)]

+ [(βCl−Cf + βOH−10pH−pKw)((S(
10−pH +KMCf

2eΓsK(−)
))+1/3 − 1)]}

(3.6)

and

ΣStern =
eβsΓsKMCf

10−pH +K(−) +KMCf

, (3.7)

and

ΣProt = cProtΓs, (3.8)

in which R=
√

2×103εrε0kbTN
Cf+10−pH

and S=
√
8× 103εrε0kbTN(Cf + 10−pH + 10pH−pKw). Where βNa+, βH+, βCl− and

βOH− are the ionic mobilities of Na+, H+, Cl− and OH−, respectively. Γs is the

surface site density of the solid surface. KM is the binding constant for Na+

adsorption. K(−) is the disassociation constant for dehydrogenization of silanol.

cProt is the proton surface conductance. βs is the ionic Stern-plane mobility. Kw

is the Disassociation constant of water. N is the Avogadro’s number (see [27] for

more details).

The parameters used in eqs. (3.5 - 3.8) are taken from [27] except the proton

surface conductance and are shown in Table 3.3. The proton surface conductance

has been adjusted to fit data based on the surface conductance of 14× 10−9 S at

10−3 M concentration and shown in Table 3.3. Fig. 3.10 shows the change of the

surface conductance over electrolyte concentration with the parameters shown in



Chapter 3. Permeability dependence of streaming potential coupling coefficients 40

Figure 3.11: The ratios of coupling coefficient and zeta potential versus permeability
for artificial ceramic samples at different concentrations. The solid lines are from the

theoretical model. The points are experimental data.

Table 3.3. It shows that the surface conductance changes drastically in the studied

range of concentration from 4.0× 10−4M to 5.0× 10−2M and gets constant when

the electrolyte concentration reaches a concentration of 0.4 M.

By putting the surface conductance, Σs, and corresponding fluid electrical con-

ductivities into eq. (3.4), the ratios of the SPCC and the zeta potential versus

permeability for Berea samples are theoretically plotted in Fig. 3.7 at different

concentrations (solid lines).

Similarly, the ratios of the SPCC and the zeta potential versus permeability have

been experimentally and theoretically obtained for artificial ceramic samples with

the proton surface conductance (adjusted to fit data) of 4×10−28 Sm2/site as shown

in Fig. 3.11. From Fig. 3.7 and Fig. 3.11, we see that the experimental results

are in very good agrement with the theoretical model even there is the spread at

the low concentrations between 4.0× 10−4M and 10−3M. The reason for that may

be due to the difference in the surface conductance among the samples and the

surface conductance effect especially becomes stronger at low concentrations.

3.4 Conclusion

Measurements of the SPCC on Berea sandstone and artificial ceramic samples

of different permeabilities have clearly shown that the SPCC strongly depends on

permeability of porous media for low fluid conductivity only if the variation of zeta
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potential between the samples is taken into account. When the fluid conductivity

is larger than 0.13 S/m (NaCl concentration is higher than 0.01 M), the SPCC

is completely independent of permeability. We use a theoretical model to explain

the relationship between the SPCC and permeability. In the model we take into

account the change of surface conductivity over electrolyte concentration and the

variation of zeta potential from sample to sample. Consequently, the modeled

results are in better agrement with the experimental results for two sets of samples.

This study demonstrates that the permeability of the reservoir rock for liquid is

an important parameter influencing the SPCC for low conductivity liquid. In

regions where sea water (around 5 S/m in conductivity) is dominant, the SPCC

is probably not affected by changes of permeability because the ratio of surface

conductivity to fluid conductivity is very low.


