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École Normale Supérieure, Laboratoire de Géologie, Paris, France
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[1] The understanding of the streaming potential in partial water saturation conditions in
porous media is of great interest for the interpretation of spontaneous polarization
observations. We built a device which allows us to quantify the streaming potential at
various saturation conditions using a sand column of 1-m height and 8-cm diameter. This
is the first time that such a quantification has been performed. Different gases such as
argon, nitrogen, and carbon dioxide are injected into the sand to decrease its water
saturation, and to make the fluid flow within the sand. The measured electrokinetic
coupling coefficient in partial saturation is either constant or decreases by a factor �3 with
decreasing water saturation from 100 to 40%, whereas the sand electrical resistivity is
enhanced by a factor of �5. INDEX TERMS: 5109 Physical Properties of Rocks: Magnetic and

electrical properties; 5139 Physical Properties of Rocks: Transport properties; KEYWORDS: Streaming

potential, partial saturation, electrokinetic, spontaneous potential, transport properties, porous media
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1. Introduction

[2] Spontaneous polarization (SP) anomalies are observed
in several geophysical contexts. In tectonically active areas,
the timescale of observed SP anomalies prior to earthquakes
ranges from a few minutes to a few hours with an amplitude
around 100 mV [for a review, see Park et al., 1993]. On
volcanoes, SP anomalies are used to define the lateral extent
of the hydrothermal zone [Finizola et al., 2002; Ishido et al.,
1997; Jackson and Kauahikaua, 1987; Lénat et al., 2000;
Malengreau et al., 1994; Zlotnicki et al., 1998, 1994] and
show usually dipolar characteristics which can reach 4 V
[Finizola et al., 1998]. The thermoelectric effect, piezo-
electric effect, or electrochemical effect have been proposed
to explain SP anomalies, but the best candidate is the
streaming potential, i.e., SP created by the motion of an
electrolyte through a porous medium, related to a pressure
gradient [Zablocki, 1978; Zohdy et al., 1973]. Minerals
forming the rock develop an electric double layer when in
contact with an electrolyte, because the mineral surface is
usually negatively charged. Qualitatively the fluid motion
drags the electrical double layer with it, and a macroscopic
separation of ions appears in the fluid, as the result of
convection currents. The macroscopic electrical potential
difference �V is called the streaming potential.

[3] In tectonically active zones, SP anomalies could be
explained by a mechanism based on the fluid motions
between reservoirs triggered by strain perturbations [Ber-
nard, 1992], or by changes in high pore pressure in fault
zones [Fenoglio et al., 1995]. On volcanoes, the qualitative
interpretation is that the negative anomalies observed on the
flanks of volcanoes are associated with rainfall, which
percolates downward. These negative anomalies can be
related to the depth of the water table [Aubert et al.,
1993; Zablocki, 1978]. The positive anomalies observed
on the active zone have their origin in upward convective
flows [Aubert and Kieffer, 1984; Zablocki, 1978], and are
used to define the hydrothermal zone. Electroseismic inves-
tigations are also based on the electrokinetic phenomena
and are used to detect small rock interface property changes
like permeability and saturation state [Beamish, 1999;
Garambois and Dietrich, 2001].
[4] Modeling of all these observations needs a good

understanding of electrokinetic phenomena. Therefore
experimental studies have been performed for a better
understanding of the electrokinetic effect at the level of
the rock-electrolyte interface. Many streaming potential
measurements have been made on crushed rocks at various
temperatures or pH [Ishido and Mizutani, 1981; Lorne et
al., 1999a], on rock samples [Jouniaux et al., 2000; Jou-
niaux and Pozzi, 1995, 1997; Pengra et al., 1999], and
during deformation [Jouniaux et al., 1994; Jouniaux and
Pozzi, 1995; Lorne et al., 1999b; Yoshida, 2001]. However,
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only a few experiments have studied streaming potentials in
two-phase flow conditions. Antraygues and Aubert [1993]
measured the electrokinetic potential generated by wet
steam flow in a vertical cylindrical column of porous
material, using nonpolarising electrodes. They observed
that the potential is mainly a function of the vapor flow
rate, and an increase in the fraction of vapor can induce a
large and long-lived increase in the potential differences
along the vapor flow direction. Two-phase flow observa-
tions [Antraygues and Aubert, 1993; Jiang et al., 1998;
Sprunt et al., 1994] are in agreement with the fact that
partial saturation should increase the streaming potential,
with or without a temperature effect, because the electrical
resistance of the medium is increased.
[5] Measurements of streaming potentials of partially

saturated rocks are therefore crucially needed since the
partially saturated zone has to be taken into account to
model and to interpret the SP observations. Indeed under-
standing and monitoring the distribution and transport of
water using SP measurements has recently been reinvesti-
gated [Gibert and Pessel, 2001; Ishido and Pritchett, 1999;
Sailhac and Marquis, 2001]. Moreover, Bernard [1992]
reported that strong local amplification was required for a
streaming potential to be observed at long distances from its
source. The effect of nonsaturating conditions on the
streaming potential is expected to largely enhance the
electrical signal, related to an enhancement of the electrical
resistivity of the medium, and thus to be of great interest in
the interpretation of SP observations. Nevertheless to take
into account the electrokinetic coupling in partially satu-
rated zones, geophysical methods must rely on accurate
laboratory measurements for calibration.
[6] Measurements of streaming potential as a function of

water saturation have not previously been reported in the
literature. In this paper we measure the streaming potential
in a column of sand in two-phase flow conditions, at various
water saturations. Of specific interest to this study is the
form and the magnitude of the coupling coefficient when
the water content of the porous medium changes. Our
measurements are the first quantification of the evolution
of the electrokinetic coupling coefficient as a function of the
water saturation. Attempts to model streaming potential in
partial saturation state are also scarce, and hence we
propound a phenomenological law describing the behavior
of the coupling coefficient as a function of water saturation.
Our measurements have also been compared to the model
recently derived by Revil et al. [1999b].

2. Electrokinetic Phenomena

[7] In a saturated porous medium, and steady-state fluid
circulation, a linear relation is observed between the macro-
scopic electrical potential difference �V and the applied
pressure difference �P. The ratio �V/�P is called the
electrokinetic coupling coefficient (V/Pa):

CHS ¼ �V=�P ¼ ezð Þ= hsf
� �

; ð1Þ

where z is the zeta potential defined as the electric potential
on the shear plane, sf is the electric conductivity of the
circulating fluid, e = ewater e0 is the electric permittivity of the
fluid with ewater the relative dielectric constant of the fluid

and e0 = 8.84� 10�12 F/m the dielectric constant of vacuum,
and h = 10�3 Pa.s is the shear viscosity of the circulating
fluid. The relative permittivity of water used is computed as a
function of temperature according to results of Malmberg
and Maryott [1956]. Equation (1) is obtained with the
Helmholtz-Smoluchowski model, and it implies that the
surface conductivity is small and negligible compared to
the fluid conductivity sf, and that the convection and back
currents are of equal magnitude and opposite along the same
path [Dukhin and Derjaguin, 1974].
[8] Several models take into account the effects of surface

electrical conductivity ss. For example, an empirical cor-
rection [Ishido and Mizutani, 1981; Jouniaux et al., 2000;
Lorne et al., 1999a] replaces the electrolyte conductivity sf
by the effective conductivity seff in equation (1); the
effective conductivity is defined by

seff ¼ Fsr ð2Þ

where F is the formation factor and sr the electrical
conductivity of the rock when the rock is saturated by a
fluid, which has the same electrical conductivity than the
fluid used for the electrokinetic measurement, and including
possible surface conductivity.
[9] For a complete development of the equations govern-

ing the coupled electro-magnetics and flow of porous
media, see Pride [1994], and Revil et al. [1999a, 1999b],
and for further details on surface conductivity, see Glover et
al. [1994] and Revil and Glover [1998].
[10] The effects of partial saturation Sw are not taken into

account in equation (1). Recently Revil et al. [1999b]
derived a new equation, which relates the electrokinetic
coupling coefficient to the partial water saturation. The
equation derived by Revil et al. [1999b] is rigorously valid
for m = n = 2, with m being the Archie’s first exponent (m =
�ln F/ln � where � is the porosity) and n is Archie’s
second exponent (sr(Sw < 1) = sr(Sw = 1) Sw

n where Sw is
the water saturation) [Archie, 1942]. In the high-salinity
domain (i.e., sf � 5 (m � 1)ss), following the calculation
process of Revil et al. [1999b] coupling results of Bussian’s
model [Bussian, 1983] with results of the model of Pride
[1994], we have generalized their results to any values of m
and n:

C Se � 1ð Þ ¼ ez=hsf

Sne 1þ m
F

Sne
� 1

� �
ss=sf
� �

Se

� � ð3Þ

where Se is the effective water saturation defined by

Se ¼
Sw � Sw0

1� Sw0
as Se > Sw0

0 as Se < Sw0

8><
>: : ð4Þ

where Sw is the water saturation and Sw0 the water saturation
below which there is no longer flow of the wetting phase.
Revil et al. [1999b] foresaw an enhancement of the
streaming potential with a decrease in the water saturation
from unity to a critical value

Sce ¼ F
ss
sf

� �1= nþ1ð Þ
ð5Þ
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and that the coupling coefficient decreases below this
critical value with decreasing water saturation until the Sw0
water saturation value is reached.
[11] To take into account the influence of the partial

saturation in equation (3), Revil et al. [1999b] used an
equation for the electrical conductivity in partial saturation,
which reduces in the high salinity domain to

sr ¼
sf
F
Sne þ m 1� Sne

F

� �
ss
Se

ð6Þ

This equation is obtained using empirical relationships
developed by Archie [1942] and Waxman and Smits [1968].
However, equation (6) fails to explain the evolution of the
electrical conductivity of a rock/fluid mixture below the
critical water saturation Se

c, since according to equation (6)
the electrical conductivity of a rock/fluid mixture is expected

to increase below the critical water saturation until the
effective water saturation goes to zero. The increase of the
electrical conductivity of a rock/fluid mixture with decreas-
ing saturation has no physical meaning, since gas bubbles in
the porous space behave like insulators. Therefore equation
(3) can be only compared to measurements when the
effective water saturation is greater than Se

c.
[12] Equation (3) takes into account only the enhance-

ment of the electrical potential caused by the insulating role
of gas bubbles. In fact, the effects of gas bubbles in the pore
are more complicated. There is a z-potential at the liquid-
gas interface [Graciaa et al., 1995]; the gas can react with
the solution and change pH, and conductivity. These
changes can be monitored but new ionic species due to
gas dissolution can be adsorbed onto the mineral surface
and can change the z-potential. The modification of the
species adsorbed is not easy to take into account, and the
reactions are not always known so that it is not possible to
quantify a change in the z-potential.

3. Experimental Apparatus

[13] We use a 1-m high cylindrical column with an 8 cm
inside diameter (Figure 1) that we fill with sand of known
petrophysical properties. The water is made to flow through
the sand column from bottom to top, using a reservoir
located at incremental heights. Along the column, an
electrode and a pressure sensor are placed every 10 cm.
We monitor the humidity in the middle of the column by a
capacitive sensor. At each end of the column sifters with 30
mm meshes allow measurement of the electrical resistivity of
the whole column by an HP 4284A impedancemeter.
[14] We acquired the data in differential mode using high-

resistance amplifiers and silver-silver chloride nonpolaris-
ing electrodes (Figure 2). They are grounded by coaxial
wire, earthed at one of the 10 electrodes, which are
numbered 0–9 from the top of the column (Figure 1). Each
rod is put into a porous ceramic pot filled with deionised
water, which is in contact with the porous medium, so that
charge accumulation on the rods is avoided. The porous
ceramics remain saturated unless a pressure of 0.1 MPa is
applied, and therefore remain electrically conducting.
[15] Electrical surface conductivity is determined follow-

ing the process drawn up by Waxman and Smits [1968]. A
small device formed by a PVC cylinder 2.5 cm in diameter
and 10 cm long, filled with the sand under study, enables us
to measure the electrical conductivity of the sand for several
electrolyte conductivities. Each measurement is made after
waiting 1 day to ensure equilibrium between the electrolyte

Figure 1. Sketch of the sand column of 1-m height and 8-
cm diameter. Ten pressure sensors and electrodes are
located along the column every 10 cm.

Figure 2. Sketch of an electrode.
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and sand. We add sodium chloride in distilled water to
control the conductivity of the electrolytes.

4. Method of Measurements

[16] The sand is sifted to have a mean grain diameter of
300 mm. In order to determine the initial mineralogy of the
sand and possible mineralogical changes, we carry out X-
ray diffraction analyses before any fluid circulation and
after the circulation of each kind of gas.
[17] Once the column is filled with sand, we perform all

the experiments for one kind of gas (argon or nitrogen), at
various states of saturation. We only empty and refill the
column with the same sand when we test a new gas.
[18] Deionised water is forced through the sand to satu-

rate the pore space. The liquid-phase saturation Sw is
measured with the capacitive sensor. First we check the
linearity between fluid flow and pressure gradient for
several heights of the water reservoir, and we calculate
the permeability of the column using Darcy’s law. Second a
water reservoir height is chosen, and we check the linearity
between the electrical potential gradient and the pressure
gradient, leading to the saturated state coupling coefficient
Cm(Sw = 1).
[19] Then the reservoir is disconnected from the column.

Gas is forced through the sand with a constant pressure of
injection. The inlet pressure ranges from 29 to 32 kPa for
argon injections, and from 23 to 30 kPa for nitrogen
injections. The motion of the gas bubbles induces fluid
flow, since gas circulation empties water from the column.
Gas injection is maintained as long as necessary to reach a
steady state, which is determined by the constant water flow
rate. Flow rate values are around 10�3 l per min. Measure-
ments of electrical potential and pressure of the steady state
allow us to obtain an electrokinetic coefficient, for a
partially saturated state Cm(Sw). After each experiment, the
electrical conductivity of the column is measured at 1 kHz,
to determine Archie’s second exponent.

[20] After circulation through the column, a sample of
water is collected to measure pH and electrical conductivity.
The chemical species, which are dissolved by circulation
through the sand, are also tested.

5. Experimental Results

5.1. Petrophysical Properties of the Sand Column

[21] Table 1 lists the petrophysical properties of the sand
column. X-ray diffraction revealed two kinds of sand
minerals: quartz is the major component at around 98%,
calcite the remaining 2%. After water circulation and gas
injection, either argon or nitrogen, the major changes in
composition are a decrease of the calcite peak associated
with calcite dissolution. Calcite dissolution is revealed by
chemical fluid analysis (Table 2), and the pH of the
solutions (Tables 3 and 4) ranges from 6.8 to 8.7. The
calcite-water-atmospheric CO2 system balances at pH about
8.6 at room pressure and temperature [Sigg et al., 2000].
[22] When the sand electrical conductivity is measured as

a function of water conductivity, the conductivity of the
fluid, which came out off the sand was never less than 4 �
10�3 S/m, even if the sand was saturated with distilled
water. The increase of the fluid conductivity is related to
exchange of ions between fresh distilled water and the rock
matrix. Therefore the electrical surface conductivity of the
sand cannot be measured exactly (Figure 3), but is estimated
to be smaller than 2 � 10�4 S/m. Revil and Glover [1998]
reported a surface conductance of 8 � 10�9 S for quartz,
independent on the electrolyte conductivity when it exceeds
10�2 S/m. Electrical conductivities of the water circulating
in the sand column are around 10�2 S/m (see Tables 3 and
4), so that we assume that the specific surface conductance
of the sand is 8 � 10�9 S which is equivalent to a surface
conductivity of about 1.0 � 10�4 S/m for a mean grain
diameter of 300 mm. Note that the formation factor observed
in Figure 3 is not the formation factor of the sand column;
the sand is not packed down as it is in the column.
[23] Archie’s second exponent n is deduced to be 1.3

according to equation (6) with negligible surface conduc-
tivity, by measuring the sand conductivity for several water
saturations (Figure 4). Waxman and Smits [1968] reported
that the n value is close to the value of Archie’s first
exponent m. Archie [1942] measured m of about 1.3 for
relatively coarse granular media, giving confidence in the
value of n that we deduced. The measured normalized

Table 1. Measured Petrophysical Properties of the Sanda

Experiments F ss, S/m n Permeability, m2

1–29 22 <10�4 1.3 3 � 10�12

30–43 15 <10�4 1.3 3 � 10�12

aF, formation factor; ss, electrical surface conductivity; n, Archie’s
second exponent.

Table 2. Chemical Analyses of the Solutions After Flowing Through the Sanda

Experiment Gas
Na+,

10�3 mol/l
K+,

10�3 mol/l
Ca2+,

10�3 mol/l
Mg2+,

10�3 mol/l
Cl�,

10�3 mol/l
SO4

2�,
10�3 mol/l

HCO3
�,

10�3 mol/l
SiO2,

10�3 mol/l
NH4

+,
10�3 mol/l

1 none 0.191 0.095 0.719 0.010 0.257 0.036 1.515 0.218 
 
 

18 argon 0.191 0.097 0.489 0.006 0.195 0.021 1.030 0.175 
 
 

19–22 argon 0.213 0.097 0.559 0.005 0.186 0.065 1.394 0.184 
 
 

23–25 argon 0.183 0.077 0.499 0.004 0.171 
 
 
 1.233 0.170 
 
 

26–27 argon 0.178 0.072 0.584 0.003 0.210 0.021 1.313 0.166 
 
 

33 nitrogen 0.161 0.036 0.514 0.019 0.149 
 
 
 1.010 0.180 0.025
34 nitrogen 0.174 0.059 0.599 0.016 0.171 
 
 
 0.909 0.161 0.026
35 nitrogen 0.148 0.056 0.367 0.009 0.460 
 
 
 
 
 
 0.082 0.010
39 nitrogen 0.148 0.026 0.302 0.007 0.282 0.052 0.534 0.170 0.017
41 nitrogen 0.157 0.023 0.402 0.009 0.138 
 
 
 1.010 0.184 0.027
aAmount of ion was not measured.
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electrical resistivity is enhanced by a factor of about 5 while
water saturation is decreased from 100 to 40%.

5.2. Coupling Coefficients Measurements

5.2.1. Saturated Sand Column
[24] The electric potential variations induced by pressure

variations corresponding to water reservoir height of 0.6 m
are shown in Figure 5. All potential measurements are
referenced to electrode 0. The cause of the electrical noise
with a period of about 60 s is not known. We note that the
magnitude of the streaming potential is only about few mV,
and measurements of streaming potential below 1 mV are

difficult because of the noise. When a plateau is reached for
both pressure and electrical potential, the changes in pressure
and in potential are calculated from the initial state, for each
electrode and pressure sensor couple. The potential varia-

Table 3. Measurements of Coupling Coefficient Cm(Sw � 1)a

Experiment
Temperature,

�C
Fluid Conductivity,

mS/cm pH
Saturation,

Sw

Cm,
mV/MPa Error,%

Zeta Potential, mV

By equation (1) By equation (8)

1 25.3 178 7.3 1 �1140 8 �29 
 
 

2 20 99 8.0 1 �1750 5 �24 
 
 

3 20.6 98 8.1 1 �1710 3 �24 
 
 

4 19.8 93.5 8.0 1 �1780 1 �23 
 
 

5 20.4 89.5 8.5 1 �1430 10 �18 
 
 

6 21 91 8.4 1 �1660 4 �21 
 
 

7 19.8 90.5 8.3 1 �1720 3 �22 
 
 

8 20.4 90.5 8.3 1 �1730 4 �22 
 
 

9 20.6 90 8.4 1 �1550 6 �20 
 
 

10 20.8 102 8.7 1 �1660 5 �24 
 
 

11 20.4 106.6 8.4 1 �1720 3 �26 
 
 

12 20.4 105 8.5 1 �1760 2 �26 
 
 

13 20.4 104 8.6 1 �1760 3 �26 
 
 

14 20.6 99.2 8.5 1 �1740 4 �24 
 
 

15 20.6 95.3 8.5 1 �1650 3 �22 
 
 

16 21.3 264 8.1 1 �960 32 �36 
 
 

17 24.6 145 7.9 0.81 �1290 4 �27 �22
18 25 146.8 8.0 0.73 �997 9 �21 �15
19 25 152 8.0 0.66 �866 13 �19 �13
20 24.6 164 8.1 0.65 �916 7 �22 �14
21 24.6 157 8.2 0.58 �1010 2 �23 �13
22 24.6 147 8.3 0.55 �1060 2 �22 �12
23 24.4 139 8.3 0.51 �1100 2 �22 �11
24 22.8 146 8.4 0.52 �721 12 �15 �8
25 23 133 8.5 0.48 �732 18 �14 �7
26 23.2 126 8.5 0.48 �860 14 �16 �7
27 23.2 126 8.6 0.46 �575 35 �10 �5
28 24.4 115.5 8.7 0.44 �669 30 �11 �5
29 24.4 105.5 8.7 0.43 �843 16 �13 �5

aExperiments 1–16 are conducted in saturated conditions and 17–29 are conducted when argon is forced through the sand column, at various water
saturation Sw.

Table 4. Measurements of Coupling Coefficient Cm(Sc � 1)a

Experiment
Temperature,

�C

Fluid
Conductivity,

mS/cm pH
Saturation,

SW

Cm,
mV/MPa

Error,
%

30 20 138 6.8 1 �1530 13
31 20 138 6.8 1 �1380 37
32 20 148 8.0 0.74 �2360 63
33 20 130 8.2 0.80 �1620 4
34 20 122 8.0 0.83 �1600 9
35 20 96 8.3 0.48 �1090 12
36 20 96 8.3 0.45 �1380 4
37 20 96 8.3 0.44 �1520 4
38 20 96 8.3 0.41 �1440 5
39 25 91 8.4 0.59 �1520 1
40 25 85 8.3 0.53 �1950 4
41 25.3 102 8.0 0.69 �1720 1
42 25.3 110.5 8.2 0.59 �2440 16
43 27.4 128 7.8 0.66 �1540 2

aExperiments 30–31 are conducted in saturated conditions and 32–43
are conducted when nitrogen is forced through the sand column, at various
water saturation Sw.

Figure 3. Electrical conductivity of the sand as a function
of the electrical conductivity of NaCl solutions.
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tions of the eight electrodes as a function of the imposed
pressure variation are shown in Figure 6. Linear regression
(Figure 6) gives a value of the coupling coefficient: Cm(Sw =
1) =�1140 ± 92 mV/MPa. In this experiment, (experiment 1
in Table 1) sf = 1.78 � 10�2 S/m, pH = 7.3.
5.2.2. Partially Saturated Sand Column
[25] A first result is that the streaming potential remains

proportional to the driving pressure when the sand is not
saturated (Figure 7). Measured coupling coefficients at
various saturations are shown in Tables 3 and 4 when argon
and nitrogen are made to flow respectively.
[26] The measured coupling coefficients range from�575

to�2440 mV/MPa, depending on water saturation, electrical
conductivity, and pH of the electrolyte (Tables 3 and 4). The
variation of the coupling coefficient versus water saturation
is shown in Figure 8 for argon and nitrogen circulation. In the
case of argon circulation, a decrease of the coupling coef-
ficient (in absolute value) is observed with decreasing water
saturation. While the water saturation varies from 1 to 0.4,
the absolute value of the coupling coefficient is reduced by a
factor of �3. The coupling coefficients obtained with nitro-
gen circulation have large error bars, and it is difficult to
distinguish a clear behavior versus water saturation. The
coupling coefficient remains roughly constant.
[27] With decreasing water saturation, the electrical con-

ductivity and the pH of the electrolyte also change as shown
in Tables 3 and 4. Therefore the variations in coupling
coefficients shown in Figure 8 may be also related to
electrical conductivity and pH variations.

6. Discussion

[28] We begin by looking for a simple relation between
water saturation and the measured coupling coefficients

without taking into account changes in water pH and
conductivity (Figure 8). In the case of argon circulation, it
appears that the coupling coefficient decreases lineary with
increasing water saturation:

C Sw � 1ð Þ ¼ ASw þ B ð7Þ

Figure 4. Normalized electrical resistivity of the sand as a
function of water saturation. The curve fit to Archie’s
second law leads to n = 1.3.

Figure 5. (a) Evolution of three pressure differences
referenced to the sensor 0 with the reservoir located at
around 60 cm above the top of the column. Water flows
between 300 and 1600 s. (b) Evolution of three electrical
potential differences referenced to the electrode 0, when
water is forced through the sand column with the same
conditions as in Figure 5a.
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where A and B are constants. Since there is no fluid flow
when the porous medium is totally dry, B should be equal to
zero. When the water saturation equals unity, the simplest
expression of the constant A is the Helmholtz-Smoluchowski

relation (equation (1)). This relation is valid when the surface
electrical conductivity of the sample is negligible. Since the
surface electrical conductivity for our sample is too low to be
measured, we assume that equation (1) is valid. Therefore
equation (7) becomes

C Sw � 1ð Þ ¼ ez
hsf

Sw ð8Þ

We have to take into account the variation of the z-potential
with fluid conductivity in order to compare our measure-
ments to the coupling coefficient calculated according to

Figure 6. Streaming potential differences versus applied
pressure differences in steady state and saturated state. The
determination of the coupling coefficient is from the linear
regression curve shown.

Figure 7. Streaming potential differences versus applied
pressure differences in steady state and partially saturated
state. The determination of the coupling coefficient is from
the linear regression curve shown.

Figure 8. Variation of the measured coupling coefficient
versus water saturation. Water pH and conductivity changes
are reported in Tables 3 and 4. (a) Argon circulation. (b)
Nitrogen circulation.
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equation (8). To compute equation (8), all the parameters
are measured except the z-potential. Since the z-potential
originates at the water-rock interface and is related to the
water composition [Davis and Kent, 1990; Ishido and
Mizutani, 1981], we make the assumption that the z-
potential is not influenced by the saturation state for our
experiments. This assumption can be justified by (1)
nitrogen and argon are inert gases which do not change
the chemical composition of the circulating water, (2) the
liquid phase remains the wetting phase because the water
saturation is always greater than 0.4 (Tables 3 and 4). Point
(2) is deduced from our electrical resistivity measurements
(Figure 4); indeed in water wet systems, the electrical
resistivity of rocks shows two domains as a function of
water saturation. In the first, the resistivity increase is
associated with the removal of bulk water, the normalised
resistivity, and the water saturation are linear in a log
resitivity-linear saturation plot, and the resistivity increase is
about 1 order of magnitude; in the second, the resistivity
increase is partly caused by water inside the network which
is physically isolated by gas bubbles. The film of water
wetting the grain surface provides a path for electrical flow,
and the normalised resistivity shows an increase of several
orders in magnitude in a log linear plot versus water
saturation. The reader can find, for example, measurements
of electrical resistivity versus water saturation in the work
of Roberts and Lin [1997] and simulation in the work of
Suman and Knight [1997]. In our study, the normalised
electrical resistivity is increased only by about �5 (Figure
4), so that the current path is provided by bulk water,
meaning that the electrical double layer is not disturbed by
gas bubbles.
[29] Next we seek an empirical expression from which to

estimate z-potential versus water conductivity to insert into
equation (8). Using our measurements performed in satu-
rated state at pH = 8.3 ± 0.25, the z-potential according to
equation (1) is related to the electrolyte electrical conduc-
tivity in the range 10�2 � 2.5 � 10�2 S/m by a logarithmic
relation (Figure 9)

z Vð Þ ¼ �0:0146ln sf
� �

� 0:0854 ð9Þ

meaning that the z-potential decreases with increasing fluid
conductivity, which is the reverse of the usual variation.
Actually the z-potentials measured on crushed Fontaine-
bleau sandstones by Lorne et al. [1999a] show an increase,
with increasing fluid electrical conductivity, of about 20 mV
per decade in the range 10�4 to 10�1 S/m, in agreement
with the compilation of Pride and Morgan [1991]

z mVð Þ / 20 log10 sf
� �

ð10Þ

We do not discuss here this unusual variation of z-potential
with fluid electrical conductivity. Knowing the fluid
electrical conductivity for each experiment, the z-potential
is calculated using equation (9), and the electrokinetic
coupling coefficient is computed with equation (8) for
various saturation states, and compared to the measured
electrokinetic coupling coefficient in Figure 10. In the case
of argon circulation, the calculated coupling coefficients are
in reasonable agreement with the measured coupling

coefficients (Figure 10a). On the other hand, equation (8)
fails to explain the measurements in the case of nitrogen
circulation (Figure 10b). When using equation (10) to
describe the variation of zeta potential with water
conductivity, the results are roughly the same.
[30] Since a relatively good estimate of the coupling

coefficient in partial saturation is obtained in Figure 10a
for argon circulation, we compare the ratio Cm(Sw < 1)/Cm

(Sw = 1) of the measured coupling coefficient in partial
water saturation to the measured coupling coefficient of the
saturated sand, with the ratio

C Sw � 1ð Þ
C Sw ¼ 1ð Þ ¼ Sw ð11Þ

in order to interpret the evolution of the measured coupling
coefficient versus water saturation. To compare the ratio
Cm(Sw < 1)/Cm(Sw = 1) to the ratio as in equation (11),
experiments in saturated and in partially saturated states
must be conducted with the same pH and electrical
conductivity of the electrolyte. Otherwise we will not be
able to discern the variations of the coupling coefficient
related to electrolyte properties from the variations of the
coupling coefficient related to the partial saturation condi-
tion. The z-potential depends on the electrical conductivity
and on the pH of the electrolyte, but the partial saturation is
not assumed to have an influence on the z-potential [Revil et
al., 1999b]. Thus the z-potential is deduced from our
measurements according to equation (8), and empirical
relations are used to correct pH and fluid electrical
conductivity variations. To perform pH corrections, we
use the experimental law determined by Lorne et al. [1999a]
for crushed Fontainebleau sandstones, which relates the z -

Figure 9. Variation of the z-potentials deduced using
equation (1) from the measured coupling coefficients in
saturated state (experiments 1–16) as a function of the
fluid electrical conductivity. The pH values are in the range
7.3–8.7.
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potential (in V) measured at pH = pH0 to the z-potential at
pH = pH1 through a linear relation

z pH1ð Þ ¼ pH0ð Þ � pH1 � pH0ð Þ � 1:45� 10�3 ð12Þ

[31] Electrolyte conductivity corrections are made using
either equation (9) or equation (10). The ratio Cm (Sw < 1)/
Cm(Sw = 1) that would have been measured at a fixed pH
( pH = 8) and a fixed fluid electrical conductivity (1.4 �

10�2) is calculated using the corrected z-potential values in
accordance with equation (13)

Cm Sw � 1ð Þ
Cm Sw ¼ 1ð Þ ¼

z Sw � 1ð Þ
z Sw ¼ 1ð Þ � Sw ð13Þ

[32] When argon is made to flow, the saturation ranges
from approximately 40 to 80% (Figure 11). The normalized

Figure 10. Coupling coefficient in partial saturation state.
Comparison between the prediction of the coupling
coefficient from equation (8) using equation (9) to calculate
the z-potential and our measurements. The line has a slope
of unity to compare measured and calculated values.

Figure 11. Normalized coupling coefficient Cm(Sw < 1)/
Cm(Sw = 1) versus water saturation. The z-potential is
assumed to be insensitive to water saturation, and is
calculated using equation (8). The gas injected is argon.
(a) The experimental results are corrected for pH (equation
(12)) and fluid electrical conductivity (equation (9))
variations in z-potential are corrected to a pH value of 8
and a fluid electrical conductivity value of of 140 mS/cm. (b)
The experimental results are corrected for pH (equation
(12)) and fluid electrical conductivity (equation (10))
variations in z-potential are corrected to a pH value of 8
and a fluid electrical conductivity of 140 mS/cm.
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coupling coefficient decreases while the water saturation
decreases, and equals zero as the water saturation reaches
40%. The behavior of the normalized coupling coefficient is
not greatly affected by the z-potential changes versus water
conductivity according to either equation (9) (Figure 11a) or
equation (10) (Figure 11b). The normalized coupling
coefficient is not in agreement with equation (11), but
decreases according to a rough linear relation with water
saturation. The phenomenological equation (8) does not
take into account the water saturation Sw0 under which the
water in the porous media does not flow. According to
Figure 11, the water saturation Sw0 can be estimated to be
about 40%. Note that when the water saturation is 40%
(experiment 29 in Table 3), the water starts to flow out of
the column 75 min after the beginning of the gas circulation.
Our measurements in the case of argon can be explained by
equation (8) if the water saturation is replaced by the
effective water saturation. We do not observe any enhance-
ment of the coupling coefficient with two-phase flow as
reported by Antraygues and Aubert [1993] and Sprunt et al.
[1994]. Nevertheless, the electrical resistivity of the porous
medium increases by a factor of �5 when the water
saturation ranges from 100 to 40% (Figure 4). During
experiments, Antraygues and Aubert [1993] injected wet
steam in a vertical column. Initially their medium was not
saturated, and was at room temperature. The steam warmed
and condensed into the column. The authors did not control
humidity, and could not distinguish the effect of partial
saturation from the effect of temperature. An increase of
temperature enhances the z-potential, and therefore the
coupling coefficient [Ishido and Mizutani, 1981]. Sprunt et
al. [1994] performed experiments on limestone samples, in
which they injected gas bubbles. They observed an increase
of 2 orders of magnitude in the coupling coefficient in
partial saturation. However, they did not use nonpolarising
electrodes; futhermore the authors mentioned that gas
bubbles were trapped in the electrode enclosures, and that
the voltage was unstable during the passage of the bubbles.
Therefore the increase of the coupling coefficient observed
by Sprunt et al. [1994], was probably due to bubbles being
trapped in the electrodes, which cannot occur in our
experimental setup because porous ceramics were used.
[33] Finally if we assume that the water saturation Sw0 is

close to 40%, we can calculate the coupling coefficient in
partial saturation conditions according to equation (3), for
an effective saturation greater than the critical saturation
Se

c, which is in our case about 50%. In Figure 12, the
calculated coupling coefficient, assuming a z-potential
independent of water saturation (using equation (9)), is
plotted versus the measured coupling coefficient. The
calculated coupling coefficients are not in agreement with
the measured ones.
[34] We carried out experiments with carbon dioxide to

take into account chemical changes in two-phase flow
conditions. When carbon dioxide is forced through the sand
column, the pH of the solution ranges from 5.8 to 7.9, and
the electrical conductivity of the solution ranges from 1.6 �
10�2 to 0.18 S/m. Carbon dioxide circulation leads to lower
pH and higher electrical conductivity of the solution than
argon and nitrogen circulation does, because carbon dioxide
is a reagent gas at room pressure and temperature. When the
electrical conductivity of the solution increases, the cou-

pling coefficient decreases (equation 1). Thus for a given
pressure difference, the induced voltages are smaller and
their measurement is more difficult. The increase of 1 order
of magnitude in the electrical conductivity of the solution

Figure 12. Coupling coefficient in partial saturation state.
Comparison of the prediction of the coupling coefficient in
equation (3) derived by Revil et al. [1999b] and our
measurements, with the effective water saturation greater
than the critical saturation Se

c (about 50% for our sand). The
z-potential is calculated according to equation (9). The line
has a slope of unity to compare measured and calculated
values. (a) Argon circulation. (b) Nitrogen circulation.
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makes the determination of the coupling coefficient in
saturated and in partially saturated state unreliable for the
pressure differences that we can reach. Therefore we cannot
deduce either an increase or a decrease of the electrokinetic
coupling coefficient with decreasing saturation when carbon
dioxide is used. However, if the electrokinetic coupling
coefficient had been enhanced by a factor 10, we would
have been able to measure it.

7. Conclusion

[35] The measured electrokinetic coupling coefficient in
partial saturation is either constant or decreases by a factor
of �3 with decreasing water saturation from 100 to 40%,
whereas the electrical resistivity is enhanced by a factor of
�5. Our measurements show that the critical saturation
below which there is no longer fluid flow, and therefore
no electrokinetic coupling, is about 40% for our sand. Our
measurements are the first to provide the evolution of the
coupling coefficient versus water saturation. Nevertheless
we observe two different behaviors, so that it is not possible
to provide a general evolution of the streaming potential in
the partially saturated state. We hope that these measure-
ments will motivate further theoretical and experimental
investigations of electrokinetic phenomena in the partially
saturated state.
[36] The main conclusion of our study for geophysical

interpretation is that the electrokinetic coupling coefficient
does not increase with decreasing water saturation. During
laboratory measurements, the convection current due to
fluid flow is exactly balanced by the conduction current.
To interpret self potential measurements performed in the
field, the convection current has to be calculated in partially
saturated crust taking into account the increase of the
electrical resistivity, but the electrokinetic coupling coeffi-
cient itself is not enhanced.
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