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S U M M A R Y
The electrokinetic potential results from the coupling between the water flow and the electrical
current because of the presence of ions within water. The electrokinetic coefficient is well
described in fluid-saturated media, however its behaviour under unsaturated flow conditions is
still discussed. We propose here an experimental approach to investigate streaming potential
variations in sand at unsaturated conditions. We present for the first time continuous records
of the electrokinetic coefficient as a function of water content. Two drainage experiments have
been performed within a column filled with a clean sand. Streaming potential measurements are
combined with water pressure and water content measurements every 10 cm along the column.
In order to model hydrodymanics during the experiments, we solve Richards equation coupled
with an inverse problem to estimate the hydraulic parameters of the constitutive relations be-
tween hydraulic conductivity, water pressure and water content. The electrokinetic coefficient
C shows a more complex behaviour for unsaturated conditions than it was previously reported
and cannot be fitted by the existing models. The normalized electrokinetic coefficient increases
first when water saturation decreases from 100 to about 65–80 per cent, and then decreases as
the water saturation decreases, whereas all previous works described a monotone decrease of
the normalized electrokinetic coupling as water saturation decreases. We delimited two water
saturation domains, and deduced two different empirical laws describing the evolution of the
electrokinetic coefficient for unsaturated conditions. Moreover, we introduce the concept of
the electrokinetic residual saturation, S r,ek

w , which allows us to propose a new model derived
from the approach of the relative permeability used in hydrodynamics.

Key words: Electrical properties; Hydrogeophysics; Hydrology; Permeability and porosity;
Fracture and flow.

1 I N T RO D U C T I O N

The self-potential (SP) method is a passive geophysical method
based on the natural occurrence of electric fields on the Earth’s sur-
face. The SP anomalies are usually explained by the electrokinetic,
electrochemical and thermoelectric effects (Marshall & Madden
1959). Therefore, the SP method has been used for a variety of
geophysical applications. The SP method has been used to image
contaminant plumes (Naudet et al. 2003), and to detect salt con-
centration fronts (Maineult et al. 2004, 2005). Numerous SP ob-
servations are interpreted through the electrokinetic coupling, for
instance to characterize geothermal and volcanic areas (Finizola
et al. 2002, 2004). However, the electrokinetic origin involved to
explain the positive SP anomalies observed on active volcanoes is
still under debate (Ishido 2004; Onizawa et al. 2009).

Recent models on electrokinetics have been proposed for reser-
voir geophysics and petroleum investigations (Jackson 2008;
Saunders et al. 2008), and self-potentials have been monitored dur-

ing hydraulic tests in boreholes (Marquis et al. 2002; Darnet et al.
2006; Maineult et al. 2008). Moreover recent developments allow
us to use SP measurements in boreholes as an electrical flowmeter
(Pezard et al. 2009). The electrokinetic coupling is also directly
involved in seismo-electromagnetic effects (Pride 1994; Garambois
& Dietrich 2001, 2002; Bordes et al. 2006; Strahser et al. 2007;
Bordes et al. 2008).

For hydrological applications, Bogolovsky & Ogilvy (1970) de-
scribed a method to infer water table variations from self-potential
measurements. Moreover, the inversion of SP observations can yield
an estimate of the vadose zone hydraulic properties (Gibert & Pessel
2001; Sailhac & Marquis 2001; Darnet et al. 2003; Sailhac et al.
2004; Titov et al. 2005). However, inferring a firm link between
SP intensity and water flux (Jouniaux et al. 1999; Doussan et al.
2002; Darnet & Marquis 2004) or deformation (Jouniaux et al.
1994; Henry et al. 2003) is difficult, although it has been proposed
to predict permeability using electrokinetic theory (Glover et al.
2006; Glover & Walker 2009).
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Electrokinetic contribution to self-potentials takes its origin in
the electrical double-layer (EDL), or electrical triple-layer (Davis
et al. 1978), which is located at the electrolyte/grain interface of a
saturated porous media. This concept has been first introduced by
Stern (1924), and then modelled and improved by electrochemists
(Overbeek 1952; Dukhin & Derjaguin 1974). The electrokinetic
coefficient is defined as the ratio between the macroscopic induced
electrical potential and the driving pore pressure. Indeed the wa-
ter flow carries the ions present in the water and can induce an
electrical current. The electrokinetic coefficient depends on some
fluid parameters, as electrical conductivity and dynamic viscosity,
and on the so-called zeta potential (ζ ) (Smoluchowski 1905), which
is the electrical potential at the shear plane of the EDL. Its un-
derstanding is crucial for electrokinetics. The ζ potentials inferred
from streaming potential measurements on crushed samples have
been reported as a function of pH (Ishido & Mizutani 1981; Hase
et al. 2003), temperature (Ishido & Mizutani 1981; Tosha et al.
2003), and mineral composition (Massenet & Pham 1985; Morgan
et al. 1989; Pozzi & Jouniaux 1994; Guichet et al. 2006). The influ-
ence of the fluid electrical conductivity has also been investigated
(Pride & Morgan 1991; Lorne et al. 1999a; Jouniaux et al. 2000).
It is usually reported that variations of electrical conductivity from
0.001 to 1 S m−1 induces a three orders of magnitude change of the
electrokinetic coefficient.

However, the variation of the electrokinetic coefficient with sat-
uration is still discussed and not yet understood. The interpretation
of SP observations applied to reservoir geophysics requires a good
estimation of the electrokinetic coefficient in unsaturated condi-
tions (Jackson 2008; Maineult et al. 2008). Moreover the influence
of water content on seismoelectromagnetics is still not known. Ex-
perimental measurements on streaming potentials as a function of
water content within sand showed that the electrokinetic coefficient
decreases when water saturation decreases (Guichet et al. 2003)
and showed that this coefficient is roughly linearly dependent on
the effective water saturation. Perrier & Morat (2000) suggested a
model in which the electrokinetic coefficient is dependent on a rela-
tive permeability model. Linde et al. (2007) and Revil et al. (2007)
proposed a theoretical model describing the electrokinetic coeffi-
cient, based on a relative permeability model too. These two models
suggest that the electrokinetic coefficient decreases with decreasing
water saturation, however its dependence on water saturation was
not found to be linear. Recently Jackson (2008) suggested that the
electrokinetic coefficient depends on water saturation as a power
law. Few experimental studies have been published on this subject.
Since continuous records of the electrokinetic coefficient as a func-
tion of water saturation have not been published, to our knowledge,
we developed an experimental setup which allows to acquire sev-
eral independently continuous records of the streaming potential as
a function of water saturation. We discuss our results in light of the
previous available models and experimental data.

Unsaturated flow occurring in the vadose zone are relatively com-
plex and depends on parameters such as water pressure, water con-
tent and hydraulic conductivity. Moreover, both the retention rela-
tion, which links water pressure to water content (Brooks & Corey
1964), and the relation between hydraulic conductivity and water
content (Mualem 1976a) are strongly non-linear. The equation de-
scribing variations of these hydraulic parameters and water flow in
unsaturated conditions was proposed by Richards (1931). The un-
derstanding of the hydrodynamics is essential before undertaking
the study of the electrokinetic coefficient in unsaturated conditions.

In this work, several drainage experiments were performed, mon-
itoring streaming potentials, water pressure, water content, and cu-

mulative outflow in sand. Using the water pressure and the water-
content measurements, we deduced the hydrodynamic parameters
of the retention model and hydraulic conductivity model by inver-
sion. Then the water pressure was calculated with a better signal
to noise ratio than the measured one. The electrokinetic coefficient
was deduced from the streaming potential measurements and from
the computed total water pressures as a function of the measured
water-content.

2 T H E O R E T I C A L B A C KG RO U N D

2.1 Electrokinetic phenomena

Using near-equilibrium thermodynamics (Onsager 1931), and ne-
glecting temperature and concentration gradients, one can write
coupling relations which link both the macroscopic electrical (J)
and hydrological (q) fluxes to their driving forces; the macroscopic
electrical potential gradient, ∇V (V m−1) and the macroscopic total
water pressure gradient ∇ P (Pa m−1),[

J

q

]
=

[
L11 L12

L21 L22

][
∇V

∇P

]
. (1)

Analysing eq. (1), the Ohm’s law implies L11 = σr, with σ r the
bulk electrical conductivity (S m−1). Moreover, Darcy’s law implies
L22 = k/ηw, where k (m2) is the permeability of the medium and
ηw (Pa s) the dynamic viscosity of the fluid. The streaming current
associated with the driving pressure through the electrokinetic cou-
pling, is induced by an excess of charges in the diffuse part of the
EDL. The electrokinetic coupling L12 is related to the electrokinetic
coefficient C (V Pa−1) as L12 = −Cσr (A Pa−1 m−1). If the porous
medium is water saturated, C will be written as C sat. Consequently,
the coupled equation for the electrical current density can be written

J = −σr∇V + Csatσr∇P. (2)

One can write the conservation of the electrical current density,

∇ · J = −∂ρ

∂t
(3)

with ρ the surface charge density (C m−2). For geological materi-
als, one classically assume steady-state with ∂ρ/∂t = 0, thus there
remains only the left-hand term of eq. (2), with divergence operator
∇ · J = 0. Therefore, using eq. (2) and integrating eq. (3) in the
case of a unidirectional flow through a cylindrical saturated porous
capillary, one can derive the well-known Helmholtz–Smoluchowski
(Smoluchowski 1905) relation of the saturated electrokinetic coef-
ficient

Csat = �V

�P
= ε0εrζ

ηwσw
(4)

with the fluid electrical permittivity ε0εr (F m−1), the fluid dynamic
viscosity ηw (Pa s), the fluid electrical conductivity (S m−1) and ζ

(V), the zeta potential described as the electrical potential inside
the EDL at the shear plane. The electrokinetic coefficient can be
deduced by applying a driving pressure and by measuring the in-
duced electrical potential. The total water pressure P (Pa) must
be considered as the combination of capillary and gravity effects:
P = ρwg(h − z), where ρw is the density of the fluid (kg m−3), g
is gravity (m s−2), h is the pressure head (m) and z is the elevation
(m).
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2.2 Unsaturated flow equations

Considering the mass conservation equation and general form of
Darcy’s law in 1-D leads to the mixed form of Richards equa-
tion (Richards 1931), which describes unsaturated water flow in a
porous medium,

∂θ (h)

∂t
− ∂

∂z

[
K (h)

∂h

∂z
− K (h)

]
= 0, (5)

where h is the pressure head (m), K is the hydraulic conductivity
(m s−1) as a function of θ or h, t is time (s) and z the distance from
the reference altitude (m). The vertical coordinate z is defined to be
positive downward, and the reference elevation is set so that z = 0
corresponds to the top of the column. The symbol θ represents the
volumetric water content (or moisture content) (m3 m−3).

Hydraulic conductivity and pressure head depend non-linearly on
water content. The θ (h) and K (θ ) relations are assumed respectively
using the Brooks & Corey (1964) model,

Se = θ − θr

θs − θr

⎧⎨
⎩

(
ha
|h|

)λ

, if ha
|h| < 1

1 , if ha
|h| > 1

(6)

and the Mualem (1976a) model,

K (Se) = Ks.Se
L+2+ 2

λ (7)

with Se the effective water saturation defined by,

Se = θ − θr

θs − θr
(8)

or by,

Se = Sw − Sw
r

1 − Sw
r . (9)

In eq. (6), θs = φ is the water content in saturated conditions with
φ the porosity, and θr is the residual water content which represents
the water fraction adsorbed to the matrix grains when the medium
becomes highly unsaturated. The parameter K s is the hydraulic
conductivity at saturation [m s−1], Sw is the water saturation, and
is linked to the water content by: Sw = θ/φ. Thus the residual
adsorbed water saturation is defined as Sw

r = θr/φ. The air entry
pressure is ha [m], which characterize the threshold pressure for wa-
ter content to begin to decrease during a drainage. The parameter λ

is an hydrodynamic parameter depending on the pore size distribu-
tion, which classically varies from 0.9 to 3.2 for sands (Haverkamp
et al. 1998, personal commumnication; Haverkamp et al. 2005; Leij
et al. 2005). The parameter L of the eq. (7) takes into account the
correlation between the pore size and flow tortuosity, it is chosen
at L = 0.5 which is a classical value in the literature (Mualem
1976a).

Boundary conditions must be applied to Richards equation at the
top and the bottom of the system. For the high and low extremity
of the profile, which is a vertical 1-D cylindrical column of sand,
the following boundary conditions on pressure head (Dirichlet) and
flux (Neumann) can be assumed,

h(z, t) = hD(t) or

(
−K (h)

∂h

∂z
+ K

)
z=0,l

= qN (t) (10)

with z equal to zero or l (the length of the profile). The variables
hD(t) and qN (t) are respectively the imposed pressure head and net
flux. A zero flux (at the top) and an imposed pressure head (at the
bottom) are used as boundary conditions in the inversion process
for both experiments presented in this paper.

The mixed form of the Richards equation is solved by the standard
Galerkin finite element method (Pinder & Gray 1977) with a fully
implicit scheme in time. The system of equations obtained is highly
non-linear. To linearize the equations, the Newton method described
in Lehmann & Ackerer (1998) is used.

The inverse problem is solved following a non-linear optimiza-
tion process. The objective function to be minimized is defined in
eq. (11). This function is the difference between measured and com-
puted pressure head at each iteration, respectively hn+1

i and ĥn+1
i ,

and/or water content θ n+1
i and θ̂ n+1

i .

O(p) =
N−1∑
n=0

Nm∑
i=1

wn+1
ih

[
hn+1

i − ĥn+1
i (p)

]2

+
N−1∑
n=0

Nm∑
i=1

wn+1
iθ

[
θn+1

i − θ̂i
n+1

(p)
]2

. (11)

The vector p represents adjusted parameters of the model, hn+1
i and

θ n+1
i are the measured pressure head and water content at location

i and time n+1 respectively. The pressure head and water content

ĥn+1
i and θ̂i

n+1
are the computed model at iteration i and time n+1.

Differences between measurements and models are computed in
a least-square sense, and weight functions wih and/or wiθ are also
added. For more details on both forward and inverse problem pro-
cess mentioned here, see Lehmann & Ackerer (1998) and Hayek
et al. (2007). We used this approach to inverse the water pressure
and the water-content measurements in order to deduce the unknown
hydraulic parameters introduced by eqs (6) and (7). Hopmans et al.
(2002) explained that pressure measurements during a drainage ex-
periment allow a good estimation of these hydraulic parameters in
the inverse approach, without knowing K s or θs. In contrast, they
added that these two parameters should be measured and known
in the case of measuring only the cumulative water outflow with-
out any pressure measurements. The total water pressures, �P are
obtained from differences of water pressures, h. The uncertainty
on water pressure measurements is almost 1 cm (in terms of water
height) or 100 Pa. This uncertainty is too large to infer total water
pressure differences (which are only 600 Pa of maximum amplitude
in our case) with a good signal to noise ratio. Thus, the computed
water pressures, which show a better signal to noise ratio, were used
to calculate the total water pressure P. Hence, the electrokinetic co-
efficients were deduced from the streaming potential measurements
and from computed total water pressure in Section 4.2.

2.3 Electrokinetic coefficient in unsaturated conditions

Since the electrokinetic equations were developed in saturated con-
ditions, the effect of water content on the electrokinetic coupling is
still in debate. Sprunt et al. (1994) showed that the streaming poten-
tial could be enhanced when bubbles are flowing within the water.
It was first proposed that the electrokinetic coefficient was inversely
proportional to the effective saturation with a power n, meaning that
the electrokinetic coefficient decreases with increasing water satu-
ration (Revil et al. 1999a; Darnet & Marquis 2004; Sailhac et al.
2004). Then the first experimental study on the electrokinetic coef-
ficient behaviour in unsaturated conditions was reported by Guichet
et al. (2003). In their work, several drainage experiments were car-
ried out by injecting inert gas into a 1 meter long column filled
with water saturated Fontainebleau sand, and streaming potentials
and water content were monitored. Their study showed, contrary
to predictions, that the electrokinetic coefficient linearly increases

C© 2010 The Authors, GJI, 182, 1248–1266

Journal compilation C© 2010 RAS



SP dependence on water-content in sand 1251

with the effective water saturation Se,

C(Sw) = Csat Se (12)

with C sat, the saturated electrokinetic coefficient.
Then Perrier & Morat (2000) suggested that the electrokinetic

coefficient depends on a relative permeability model kr,

C(Sw) = Csat
kr

Sw
n (13)

with kr a relative permeability model defined as: kr =
((Sw − 0.1)/0.9)2 (Adler et al. 1997), and assuming that the rel-
ative electrical conductivity is equal to Sn

w. The parameter n is the
Archie saturation exponent (Archie 1942), and is assumed to be 2
by Perrier & Morat (2000). This exponent has been observed to be
about 2 for consolidated rocks and in the range 1.3 < n < 2 for
coarse-texture sand (Schön 1996; Guichet et al. 2003; Lesmes &
Friedman 2006). Note that the use of Archie’s law is valid in the
absence of surface electrical conductivity.

Recently a new formulation including another relative perme-
ability model was proposed by (Revil et al. 2007),

C(Sw) = Csat · kr

Sw
n+1

(14)

assuming that the charge density of the pore space is inversely
proportional to the water saturation Sw, and considering the similar
behaviour of hydraulic and electrical conductivity for unsaturated
conditions. The Mualem relative permeability kr (Mualem 1976a),
introduced by eq. (7), is chosen with L = 1 instead of L = 0.5.

Recently (Saunders et al. 2008) proposed a power law to describe
the behaviour of the unsaturated relative electrokinetic coefficient
during imbibition,

Cr(Sw) = Swn
ns . (15)

This relation, where ns is a positive exponent between 0.01 and 1,
was used in a numerical calculation to compute downhole SP moni-
toring during the injection of water in oil reservoirs. This expression
depends on a particular normalized water saturation given by,

Swn = Sw − Swc

1 − Swc − Sro
(16)

with Swc and Sro, the connate water saturation and oil saturation
respectively. Eqs (15) and (16) imply the maximum of the relative
electrokinetic coefficient to be around Sw = 80 per cent which had
never been reported by experimental studies or theoretical devel-
opments up to now. In the present work, only two different phases
(water and air) are considered, so that the eq. (16) would be strictly
equivalent to effective water saturation, Swn = Se.

3 E X P E R I M E N TA L S E T U P

Several drainage experiments in sand were performed using the ex-
perimental apparatus depicted in Fig. 1. During water flow, stream-
ing potentials are monitored, as well as water pressure, water con-
tent, temperature and cumulative outflow. Streaming potentials are
measured using 10 non-polarizable silver–silver chloride electrodes
placed every 10 cm along the column. Each electrode rod is put into
a porous ceramic cup (of 6 mm diameter and 28 mm length), filled
with deionized water, which is in contact with the porous medium.
These cups remain saturated until a pressure less than 0.1 MPa (or
1 atm) is applied, so that the cups remain electrically conducting.
Therefore streaming potential measurements are still possible when
the sand is unsaturated. The experimental setup consists of a 1.3 m

long and 10 cm diameter plexiglass column. Each SP difference is
measured between one electrode and the reference one, located at
the bottom of the column. A pressure transmitter is located in the
centre of each of the nine dipoles formed by each pair of consecu-
tive electrodes. These sensors (33 and 35xx, Keller Inc.) are floating
piezoresistive transducers, and measure water pressure from –0.07
to 0.07 MPa with almost 100 Pa accuracy. Moreover, water content
measurements are combined to water pressure, at the same loca-
tions along the column, in order to monitor the dynamic of the
water flow. Water content is measured using Theta probes ML2x
(�-T Devices Ltd.) which are based on medium impedance mea-
surements (Gaskin & Miller 1996). All Theta probes were calibrated
using a scale-down of the column, with exactly the same geometry,
using nine sand/water mixtures prepared in the whole range of water
content (from 0 to θs with step of 0.05). Then a calibration model
linking the weighted water content to the measured voltage output
of the nine probes was deduced. We had also planned to measure the
electrical resistivity each 10 cm along the column. Unfortunately
all tests performed up to now could not allow us to deduce a correct
relation which links the measured electrical resistance and the true
resistivity of the medium. We measured the electrical resistivity as
a function of water content by a weighting method to deduce the
Archie saturation exponent n, as explained in Appendix B.

We adopt the following protocol for each drainage experiment.

(i) The column was first filled with Fontainebleau sand (Sifraco
NE34) saturated with deionized water. As deionized water has a
low conductivity, its conductivity increases when it is in contact
with the sand. Therefore, the water was forced to circulate through
the sand until its conductivity reached a constant value (reported
in Table 3), so that the mixture water/sand could be considered in
chemical equilibrium.

(ii) Before the drainage begins, a reservoir connected to the bot-
tom of the column (see R1 in Fig. 1) was placed at the top level
of the column. Thereby, both the sand surface and the surface of
water in the reservoir represent of a free pressure surface, so that
the medium is in hydrostatic state.

(iii) To start the drainage, the reservoir was moved downwards
at the bottom of the column. Thus a hydraulic head difference
was applied to the medium at around 1 m of water height which
induces the fluid flow. After each experiment, a sample of water was
collected to measure its pH and electrical conductivity.

The sand was packed as uniformly as possible, and the most heavily
possible in laboratory (see Appendix A). Moreover several drainage
are performed before any measurements. Unfortunately no method
exists to reproduce the structure of an undisturbed soil. Packing of
the column depends on the method used, on the operator and on the
scale of the column (Corey 2002). During the whole experiment, un-
til water outflow stopped, streaming potentials, water pressure and
water content were recorded every 80 s using a HP34970A switch
unit (Agilent Technologies) coupled with a HP34901a multiplexer
module, remotely controlled by a computer. This unit provides a
internal impedance greater than 10 G�. Electrical potential differ-
ences were also integrated on 100 periods of the 50 Hz signal, so
that each measurement was performed over 2 s. This averaging al-
lows the automatic rejection of the 50 Hz anthropogenic electrical
noise. We detailed in Appendix A the tests that we performed to
ensure that we have measured correctly the streaming potentials. In
the next part we will present all the signals measured as a function
of time. In addition, petrophysical characteristics of the sand are
reported in Table 1. We discuss in this paper two experiments: the
first one lasted about 200 hr, and the second one 300 hr. These
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1252 V. Allègre et al.

Figure 1. Sketch of the experimental setup. The plexiglas column is 10 cm diameter and 1.3 m height. Ten non-polarizable electrodes are located every 10 cm
along the column. The water reservoir R1 is used to apply the pressure condition at the bottom of the column. A pressure sensor monitors this boundary
condition during the experiment.

Table 1. Petrophysical characteristics of the sand.

φ (–) Grains size (μm) q25, q60, q75 (μm) SiO2 (per cent) Others components (per cent)

0.36–0.37 100–300 247, 220, 165 >99.7 <0.3

experiments allowed us to obtain independently seven continuous
records for the behaviour of the electrokinetic coefficient versus
water saturation.

4 E X P E R I M E N TA L R E S U LT S

4.1 Hydrodynamic measurements

Water pressures and water-content measurements were used to esti-
mate the hydraulic parameters of the sand Ks, ha, λ, θs and θr using
the numerical scheme described in Section 2 (eqs 6 and 7). Before
drainage starts (t � 20 hr), when the medium is still in hydrostatic

equilibrium, a 10 cm pressure head shift between each sensor is
observed (see Fig. 2a). The dashed and solid lines are the results
of the inversion process and fit the measured water pressure head
quite well. Measured water saturations begin to decrease one af-
ter the other during the drainage, as time progresses (see Fig. 2b).
This time shift is related to the air entry pressure, defined as ha,
so that a pressure head around −40 cm is required before the wa-
ter content begins to decrease. The time axis should be interpreted
as representing the direction of decreasing water saturation. Thus,
curves in Fig. 2(b) characterize the water front propagation within
the column, and consequently informs us about the flow dynam-
ics of the experiment. Estimated values for Ks, ha, λ, θs and θr

are reported in Table 2. Measured value of K s is also reported in
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Figure 2. Measured (dots) and computed (lines) water pressure head (expressed in water height) for experiment #1 (a) and experiment #2 (c). Indice #1 of h1

indicates the measurement at the bottom and indice #10 the one at the top of the column. Measured (dots) and computed (lines) water saturation for experiment
#1 (b) and experiment #2 (d). Exponent i of each Sw

i indicates the location of the θ probe inside the column. Drainage started at 22 hr for experiment #1 and
95 hr for experiment #2.

Table 2. Hydrodynamic parameters values deduced from the inversion process.

Experiment K s (×10−5) (m s−1) K meas
s (×10−5) (m s−1) ha (m) λ θr θs (m3 m−3) Sw

r (–)

1 1.65 17.2 0.4 3.88 0.11 0.355 0.305
2 2.72 17.2 0.45 3.65 0.12 0.358 0.33

Notes: The Sw
r values are deduced from θr through Sw

r = θr/φ. The K meas
s is the measured permeability of our sand.

The saturation Archie exponent is measured n = 1.45.

Table 2. It is slightly greater than the computed K s considering that
the permeability range is over 22 orders of magnitude, and still in
the classical range for sandy texture soils (Carsel & Parrish 1988).
Using measured value or inverted value of K s lead to the same re-
sults for the calculated pressures during the drainage experiments,
and fit the measured pressures. The results are in good agreement
with classical values in the literature for this kind of medium (Rawls
et al. 1982). Figs 2(c) and (d) show the results for the second ex-
periment. The similarity of the estimated values of K s, ha and λ let
us conclude that the two experiments are very similar in terms of
hydrodynamics. The estimated values of λ are significantly higher
than values introduced in Section 2.2. Using the technical specifi-
cations of the sand, we can compute the Trask (or sorting) index So

and the Hazen (or uniformity) coefficient Cu (Rivière 1977). This
calculation requires the quantile q25, q60 and q75 of the granulomet-
ric curve, and gives information on granulometric caracteristics of
the sand. We found So = 1.22 and Cu = 1.46 demonstrating that the

grain size is very well sorted (monodisperse), resulting in relatively
high values of λ.

4.2 Electrokinetic measurements

Streaming potentials are measured between one electrode and the
reference (electrode #1, see Fig. 1). As for water-content measure-
ments, a time-shift is observed between the beginning of the de-
crease of each record. Water content measurements were assumed
to be integrated over a volume delimited by two consecutive non-
polarized electrodes forming a dipole because each water content
probe is located in the middle of a dipole. Thus the entire column can
be divided into nine different horizontal layers 10 cm high, in which
measured streaming potential, measured and computed total water
pressure differences and measured water saturations are known as
a function of time. Streaming potential differences for each dipole
were inferred from the raw measurements, for the top-five layers
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Figure 3. The streaming potentials signals for several dipoles during the
drainage for experiment #1 (a) and experiment #2 (b). The SP differences at
the beginning are zero, because the voltage shift before the experiment was
cancelled. Indices indicate the location of dipoles: �V10,9 is SP between
electrodes #10 and #9 (see Fig. 1). The dashed lines are the dipoles located
in the unsaturated part of the sand at the end of the drainage. The dipole
�V2,1 (solid black line) is always located in the saturated part. Drainage
started at 22 and 95 hr for experiments #1 and #2, respectively.

in the column. The maximum absolute value of streaming potential
is around 7 mV for the first experiment, and almost 45 mV at the
end of the second experiment (see Fig. 3). Consequently, signals of
the first experiment (Fig. 3a) are slightly more noisy than those of
the second one (Fig. 3b). The streaming potential absolute values
increase during the drainage, when the water saturation decreases.

We need the total water pressure differences in order to compute
the electrokinetic coefficient for each layer inside the column. Total
water pressure differences (Fig. 4) are inferred for each layer from
computed water pressures. Since we showed that the computed
values fit the measured values well (Fig. 2), computed values of
water pressure were preferred over the measured water pressures.
The drainage start is characterized by a jump of the computed �P .
This jump is about 60 Pa for both experiments. After several hours,
�P inside the layers in the unsaturated part of the column increases.
The maximum of �P at the end of the experiment depends on the

saturation degree in the considered layer; the lower the saturation
degree, the higher the �P . Thus, �P10,9 � 550 Pa and �P9,8 �
450 Pa for the first experiment. Computed �P corresponding to
layers always located in the saturated part of the column (Fig. 4)
progressively decrease from the start jump to zero.

Using measured streaming potential and computed total water
pressure, the following equation leads to electrokinetic coefficient,

C = �V

�P
. (17)

Electrokinetic coefficients were computed only in the four layers
located in the unsaturated part of the column, that is, C10,9, C9,8,
C8,7 and C7,6 for the first experiment, and for C10,9, C9,8, C8,7 for
the second one. The data from other dipoles (i.e. C6,5 and lower for
exp. 1, and C7,6 and lower for exp. 2) were not used because the
small values of �P gave an unacceptable signal to noise ratio. The
electrokinetic coefficient at saturation was measured during another
experiment, and the electrical resistivity was measured at various
water contents (see Appendix B).

Obtained values of electrokinetic coefficient are all negative,
which involves a negative zeta potential, as expected in sand (Pride
& Morgan 1991; Lorne et al. 1999a). The water electrical con-
ductivity and the minimum values of the electrokinetic coefficient
observed in each horizontal layer are given in Table 3. These elec-
trokinetic coefficient maximum values (in absolute value) are higher
than measured values for similar water conductivities (Ishido &
Mizutani 1981; Lorne et al. 1999a) (Fig. B1b).

Classically, the minimum value (i.e. greatest negative value) of
the electrokinetic coefficient is identified in saturated conditions.
Measurements of C sat performed on our sand are presented in Ap-
pendix B (Fig. B1). The values of C sat corresponding to water
salinities of experiments #1 and #2 are reported in Table 3. First,
the electrokinetic coefficients appear to be not monotonously de-
pendent on water saturation during our drainage experiments (i.e.
when water saturation decreases) (Fig. 5). Second, it is clear that the
extremum value of the electrokinetic coefficient Cmin, regardless of
the considered dipole, is much greater than the C sat (in absolute
value). We also point out that the signals of the first experiment are
scattered at the drainage start as shown by a statistical analysis on
the uncertainty of the un-normalized measurements (Fig. B3). This
is why the small values near zero can be either small negative values
or small positive values.

5 D I S C U S S I O N

We found the electrokinetic coefficients for unsaturated condi-
tions to increase for decreasing water-saturation between 100 and
65–80 per cent. The coefficients for unsaturated conditions exceed
the coefficient at saturation by a factor of 10–200 (Fig. 6). Our
measurements are the first continuous records of the variation in
electrokinetic coefficient with water-saturation; thus the proposed
power laws (eqs 19 and 25) that fit the data are not expected to
explain the underlying physics but more simply to provide a first
basis for empirical models. Current models do not predict but fail
to explain this behaviour. Only the observed decrease in electroki-
netic coefficient with water-saturation below about 0.65–0.8 can be
addressed by current models as will be shown below. The exact
physical meaning of the observed increase in electrokinetic coef-
ficient with decreasing saturation is not yet understood. Recently,
Jackson (2010) suggested that the relative electrokinetic coefficient
C r = C(Se)/C sat could be larger than one, but still considerably
lower than found in our measurements. Jackson (2010) proposed
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Figure 4. The computed total water pressure (Pa), deduced from computed water pressures using �P = ρwg(h − z), for (a) experiment #1 and (b) experiment
#2. The dashed lines identify the layers located in the unsaturated sand at the end of the drainage. The black lines identify the layers always located in the
saturated part (these lines are mixed up).

Table 3. Minimum values of C(Sw) in the unsaturated layers and saturated
values Csat.

Exp #1 Exp #2

Dipole Cmin (V Pa−1) Dipole Cmin (V Pa−1)

10, 9 −1.67 × 10−5 10, 9 −6.7 × 10−5

9, 8 −2.04 × 10−5 9, 8 −2.7 × 10−4

8, 7 −4.8 × 10−5 8, 7 −5.9 × 10−4

7, 6 −5.3 × 10−5 / /

σw(×10−4) (S m−1) σw(×10−4) (S m−1)
103.2 66.4

Csat (V Pa−1) Csat (V Pa−1)
−1.6 × 10−6 −2.5 × 10−6

Notes: The water electrical conductivity was measured at the end of each
drainage. The equilibrium phase is detailed in Appendix A.

that the increase in C r with decreasing water saturation was linked
to the fraction of small capillaries in the medium. However, a direct
comparison with Jackson’s model for water/oil imbibition is not pos-
sible since our experiment represent drainage of water from sand.

The electrokinetic coefficient is normalized to its extremum
value, which is usually observed at saturation. Since we observed an
extremum around 70 per cent of saturation we also normalized the
electrokinetic coefficient by the minimum value observed during
each drainage Cmin (Fig. 7) computed through:

Cnorm = C(Sw)

Cmin
. (18)

The comparison between our results and the current models (nor-
malized to an extremum value at saturation, C sat), could help the
interpretation of the electrokinetic coefficient behaviour at satura-
tions below our observed extremum value, meaning below about
70 per cent of saturation. In addition to our data set, the experi-
mental results of Guichet et al. (2003), performed on sand, are also
reported (Fig. 7). This comparison shows some consistency of our
measurements normalized to the minimum value with existing pub-
lished values of relative coefficient C r (normalized to C sat). As the
electrokinetic coefficient values are negative, the normalization by

its minimum implies positive values. During the first experiment,
when Sw decreases from 1 to 0.8, Cnorm in the four unsaturated
layers increases. Then, for Sw

min < Sw < 0.8, Cnorm monotonously
decreases. The parameter Sw

min is introduced here to characterize
the minimum of the measured water saturation. It is preferred to
Sw

r, since Sw
r is a parameter which clearly depends on experi-

mental conditions, like applied �P or temperature for instance.
Thus, in the conditions of our experiments, there was no flow for
Sw < 0.35(≡ Se < 0.08) and for Sw < 0.4(≡ Se < 0.11) for
the first and the second drainage respectively. For the second ex-
periment (Fig. 7b), Cnorm increases when Sw decreases from 1 to
about 0.95 considering the dipole (8, 7) and from 1 to 0.8 for the
dipole (9, 8). The value of Cnorm for the dipole (10, 9) is maximum
when Sw is around 0.65. The slope of the increasing part of this
signal (for 0.55 < Sw < 1) is smaller than for the two other dipoles.
Therefore, a shift from �15 to �20 per cent (for C10,9 of exp. #2)
of the maximum location is observed between the two experiments,
however both experiments describe a similar behaviour of C(Sw) in
the whole range of water saturation. Thus, one can conclude that
the electrokinetic coefficient does not depend monotonously on the
water-content, either linearly nor as a power law, as suggested by
previous studies. The maximum of the normalized electrokinetic
coefficient is located between 0.65 and 0.95 of water saturation.
This complex behaviour of the electrokinetic coefficient has never
before been reported, especially the large increase for 0.8−0.95<

Sw < 1 (excluding C10,9 of the second experiment), and is a very
important result for the understanding of electrokinetic phenomena
in unsaturated media.

We compare our measurements, normalized using eq. (18), to the
four C r models introduced in Section 2 (normalized to the value at
saturation) by eqs (12), (13) and (15) (Fig. 8). Hydraulic parameter
λ deduced from our modelling of water-flow (Table 2) and L = 0.5
were used in eq. (7), to compute eq. (14). In addition, a modified
model from Perrier & Morat (2000) is also computed using Sw

r from
the inversion process, instead of the value 0.1 for Sw

r they used in
their kr model (eq. 13). Furthermore, the saturation Archie expo-
nent n needed to compute these models is deduced from electrical
resistivity measurements carried out on a small-scale column (used
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Figure 5. Raw (i.e. non-normalized) electrokinetic coefficient for experi-
ment #1 (a), and for experiment #2 (b). The grey square is the measured
Csat (see Appendix B for details). It is equal to −1.6 × 10−6 V Pa−1 for
experiment #1 and to −2.5 × 10−6 V Pa−1 for experiment #2.

for Theta probe calibration), and its value is n = 1.45 (see Ap-
pendix B for details). These models describe a uniform decrease
of the normalized electrokinetic coefficient as water saturation de-
creases. Moreover, their common feature is that C sat is the maximum
value of the electrokinetic coefficient. Although these models de-
pend on a combination of Se or Sw, we compared them to a power
law of the effective water saturation. The Guichet et al. (2003),
Saunders et al. (2008) and the Perrier & Morat (2000) models show
a convex curvature. Comparing these three models to a law of the
form Se

β leads to β equal to 1, 0.5 and �0.8, respectively. By
contrast, the Revil et al. (2007) and the modified Perrier & Morat
(2000) models show a concave curvature. The same comparison to
a power law would lead to exponents around 1.55 and 1.2, respec-
tively. It seems that our data set, when Se

min < Se < 1, would be
better fitted by a model with a convex curvature, which corresponds
to an exponent β less or close to 1. One can conclude that our data
set cannot be explained by existing models in the whole range of
saturation, because of the presence of two different behaviours of
the electrokinetic coefficient, in two water saturation domains.

Figure 6. The relative electrokinetic coefficient computed with Csat re-
ported in Table 3, for experiment #1 (a) and experiment #2 (b). The absolute
value of Cmin is one to two orders of magnitude larger than Csat and implies
large maximum values of C r. The Guichet et al. (2003), Perrier & Morat
(2000) and Revil et al. (2007) models are also reported using parameters
of Table 2 (n = 1.45 was measured, see Appendix B), and Saunders et al.
(2008) model is computed for ns = 0.5.

In order to model the behaviours of Cnorm for Se
min < Se < 0.7–0.9

and for 0.7–0.9 < Se < 1, we propose to fit our measurements by an
empirical law introduced by eq. (19). These two domains exclude
the dipole C10,9 of the second experiment (with the maximum value
of Cnorm located at Se = 0.55), which will be considered apart.

C(Sw)

Cmin
= α

(
θ − θr

θs − θr

)β

= αSe
β, (19)

where α and β are adjusted parameters (–) and Se is the effec-
tive water saturation. This empirical law, based on our continuous
records, is an alternative law which can be used when the behaviour
of the electrokinetic coefficient as a function of water saturation is
necessary. The eq. (19) was fitted (Fig. 9) in a least-square sense
to electrokinetic coefficient data. A constraint was used to force
max(Cnorm) � 1, within a tolerance of 10 per cent. The fit of
eq. (19) was performed independently for Se

min < Se < 0.7–0.9
and for 0.7–0.9 < Se < 1, except for the dipole C2

10,9 for which the
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Figure 7. The electrokinetic coefficient deduced from measured SP data
and computed total water pressures for experiment #1 (a) and experiment
#2 (b). These values are normalized to the minimum value (eq. 18). The
grey squares are experimental data on sand from Guichet et al. (2003),
normalized to Csat.

equation was fitted for Se
min < Se < 0.55, 0.55 < Se < 0.9 and in

the whole saturation domain (Se
min < Se < 0.9). The dipole C8,7 of

the second experiment was not fitted for 0.9 < Se < 1, because less
than ten points were available in this part where water saturation
decreases very fast. We first consider all the dipoles except C10,9 for
the second experiment. Computed values of α and β are reported in
Table 4. These values show that a power law from Se

0.32 to Se
1.22 for

Se
min < Se < 0.7−0.9 fits the data, depending on the chosen dipole

(Fig. 9). Saunders et al. (2008) suggested that this exponent could
vary between 0.01 and 1, which is consistent with our results in the
domain Se

min < Se < 0.55−0.9. The fit of the eq. (19) in the range
0.7−0.85 < Se < 1 leads to negative values of β. We deduce that
β can varies from −8.5 to −0.58. The dipole C10,9 of the second
experiment shows some different behaviour, so that exponent β was
adjusted three times, for Se

min < Se < 0.55, for 0.55 < Se < 0.9 and
in the whole range of saturation. Adjusted values of β are then 0.65,
−0.26 and 0.25, respectively. Thus, the widest range of β would be
from −8.5 to −0.26 for 0.55−0.9 < Se < 1 and from 0.32 to 1.22
for Se

min < Se < 0.55−0.9. Moreover, we can conclude that the

Figure 8. The electrokinetic coefficient deduced from our measurements,
normalized to the minimum value, for experiment #1 (a) and experiment #2
(b). The Guichet et al. (2003), Perrier & Morat (2000) and Revil et al. (2007)
models of C r(Se) (i.e. normalized to Csat) are computed using parameters
of Table 2, and Saunders et al. (2008) model is computed with ns = 0.5.

exponent β is less or very close to 1. Thus, an empirical law based
on all signals, is here proposed to characterize the behaviour of the
electrokinetic coefficient in unsaturated conditions:

Cnorm = αSe
β

with

{ −8.5 < β < −0.26, for 0.55 − 0.9 < Se < 1

0.32 < β < 1.22, for Se
min < Se < 0.55 − 0.9.

(20)

The C1
10,9 signal shows a distinct maximum as a function of sat-

uration (see Fig. 9a), whereas the one for C2
10,9 is less marked.

However, the dipole (10, 9) seems to have a particular behaviour
in both experiments compared to other dipoles in terms of fitted β,
so that it will be considered independently in the next part of this
work.

We concluded previously that both Perrier & Morat (2000) and
Revil et al. (2007) models could not fit our measurements using the
eqs (13) and (14). We propose to modify these two relations by intro-
ducing a new parameter that we can call the electrokinetic residual
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Figure 9. The electrokinetic coefficient deduced from our measurements, normalized to the minimum value, for experiment #1 (a) and experiment #2 (b). The
results of least-square adjustments using eq. (19) are represented with dashed lines.

Table 4. Fitted parameters of eq. (19) in decreasing and increasing phase
of the electrokinetic coefficient.

Smin < Se < 0.7−0.85 0.7−0.85 < Se < 1

Dipole α [–] β [–] α [–] β [–]

C1
10,9 1.04 0.32 0.07 −8.5

C1
9,8 1.51 1.22 0.45 −2.6

C1
8,7 1.42 0.97 0.62 −1.19

C1
7,6 1.14 0.49 0.91 −0.58

C2
10,9 1.64 0.65 0.85 −0.26

C2
9,8 1.38 1.21 0.56 −1.69

C2
8,7 0.96 0.75 / /

Smin < Se < 0.9
C2

10,9 0.26

Note: Exponents 1 and 2 mean first and second experiment, respectively.

saturation, written Sr,ek
w . This parameter corresponds to the water

saturation at which electrokinetic coupling stops. We consider that
the residual water saturation Sw

r, classically used in hydrodynamics
to characterize the volume of adsorbed water in unsaturated condi-
tions, is different from Sr,ek

w . Using this concept, let us write again
two relations based on eqs (13) and (14) to describe the normalized
electrokinetic coefficient

Cnorm,1 = �w,1

Sw
n (21)

Cnorm,2 = �w,2

Sw
n+1

, (22)

where �w,1 and �w,2 are deduced by analogy to relative permeability
models. �w,1 is defined by,

�w,1 =
(

Se − Sr,ek
w

1 − Sr,ek
w

)2

= Sek
2 (23)

and �w,2 by,

�w,2 =
(

Se − Sr,ek
w

1 − Sr,ek
w

)L+2+ 2
λ

= Sek
L+2+ 2

λ (24)

with Sek the electrokinetic water saturation. The functions �w,1 and
�w,2 are very close to those in Adler et al. (1997) and Mualem
(1976a), respectively. We also propose the following relationship,
which is modified from the eq. (19),

Cnorm =
(

Se − Sr,ek
w

1 − Sr,ek
w

)βek

= Sek
βek . (25)

We used eqs (21), (22) and (25) to fit four electrokinetic coefficient
curves from the two experiments presented in this work, C1

9,8, C1
8,7,

C2
9,8 and C2

8,7. These relations are fitted in a least-square sense
with Sr,ek

w adjusted but constrained to be positive. The parameter
βek of the eq. (25) is also adjusted. The results of this calculation
are shown in Figs 10(b), (d) and (f). As it was noticed before, the
dipoles C1

10,9 and C2
10,9 were considered independently (Figs 10a,c

and e). In the same way than for eq. (19), the eqs (21), (22) and
(25) were fitted to C2

10,9 in the whole range of saturation, and for
Se

min < Se < 0.55 independently. The values of Sr,ek
w (Table 5) are

smaller than Sw
r values (Table 2). The fitted Sr,ek

w from eqs (21) and
(22) are very similar only for a given dipole. These two models are
extremely dependent on the chosen �w,i (particularly on the power
exponent) and on Archie’s saturation exponent n, which is involved
in the behaviour of the unsaturated electrical conductivity. Indeed,
the numerator and the denominator exponents balance each other.
These models are roughly equivalent, leading to similar values of
Sw

r,ek. Moreover, these two models seem to have not enough degrees
of freedom to fit data from dipoles C1

10,9 and C2
10,9. The third model

fit (equation 25) gives some higher and very homogeneous values
of Sr,ek

w , around 0.13 for dipoles C1
9,8, C1

8,7, C2
9,8 and C2

8,7, and
around 0.09 for dipoles C1

10,9 and C2
10,9. Values of βek are also very

homogeneous from a dipole to another. The results gives βek � 0.2
for C1

10,9 and C2
10,9, and 0.4 < βek < 0.6 for C1

9,8, C1
8,7, C2

9,8 and
C2

8,7. These coherent values for both parameters Sr,ek
w and βek lead to

the conclusion that the model we propose through eq. (25) is more
appropriate than the models given by eqs (21) and (22).

In order to roughly estimate the thickness of the adsorbed water
layer corresponding to the electrokinetic residual saturation, we
propose to use the method described by Knight (1991) to compute
the equivalent number of monolayers of water. This method uses
the assumption that all the water is present as a layer with constant
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Figure 10. Fit of eqs (21), (22) and (25) for dipoles C1
9,8, C1

8,7, C2
9,8 and C2

8,7 (b, d, f), and for dipoles C1
10,9, C2

10,9 (a, c, e). See Table 5 for the values of β

and Sr,ek
w .
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Table 5. Fitted parameters of eqs (21), (22) and (25) com-
pared to our data set.

eq. (21) eq. (22) eq. (25)

Sr,ek
w Sr,ek

w Sr,ek
w βek

C1
10,9 / / 0.088 0.24

C1
9,8 0.064 0.04 0.13 0.55

C1
8,7 0.019 0.011 0.13 0.42

C2
10,9 / / 0.09 0.18

C2
9,8 0.059 0.57 0.12 0.57

C2
8,7 0.05 0.053 0.11 0.53

Number of monolayers

C1
10,9 / / 2.4

C1
9,8 1.73 1.08 3.74

C1
8,7 0.51 0.3 3.59

C2
10,9 / / 2.5

C2
9,8 1.62 1.57 3.39

C2
8,7 1.37 1.46 3.17

Note: The value n = 1.45 is used for the Archie saturation
exponent.

thickness and that covers all the surface area of pores. Although
the interface is composed of an EDL rather than monolayers in
saturated conditions (Revil & Glover 1997), this approach gives
the possibility to roughly estimate the thickness of the adsorbed
layer expected at different electrokinetic residual saturation Sr,ek

w .
We estimated the internal surface area of the sand, from its technical
specifications, to be 11.3 m2 kg−1. Taking 0.35 nm as the thickness
of a monolayer of water (Thorp 1959), we computed the equivalent
number of monolayers of water (Table 5) corresponding to the fitted
values of Sr,ek

w . These values constitute the thickness of the adsorbed
water at the grain surface. The equivalent numbers of monolayers
inferred from adjusted Sr,ek

w of the Table 5 for eq. (25), vary from 2.4
to 3.74, which corresponds to thickness from 0.84 nm to 1.31 nm.
One monolayer of water would correspond to electrokinetic residual
saturation of 0.04, which could be considered as a minimum value of
Sw

r,ek. On the other hand, Knight (1991) considered that a thickness
of 0.5 monolayer of water is possible. This would lead to a minimum
value of Sw

r,ek of 0.02. Physically, the introduction of Sr,ek
w involves

the possibility of electrokinetics to appear while water flow is too
small to be measured. Therefore the electrokinetics occurring at
such low saturations appear within the residual water.

Then, considering the electrical double layer model in the ‘thin
double layer approximation’ (or Debye approximation), we com-
puted the so-called Debye length, which is a measure of the diffuse
double layer thickness,

χ =
√

εkBT

e2C
, (26)

where kB is the Bolztmann’s constant, T is the temperature in Kelvin,
e is the elementary charge (C) and C is the concentration equivalent
to the ions per unit of volume deduced from electrical conductivity
measurements. For measured σw = 103.2 × 10−4 S m−1 (first ex-
periment) and σw = 66.4 × 10−4 S m−1 (second experiment), we
computed χ � 15 nm. These values are in good agreement with the
values published in the literature for such electrolyte concentrations
(Pride 1994).

We point out that the values of the electrokinetic residual sat-
uration deduced from our experiments are ranging between 0.09

and 0.13 (using eq. 25). The thickness of adsorbed water layer cor-
responding to Sw

r,ek is about 1 nm, which is below the electrical
double layer thickness in saturated state of �15 nm.

6 C O N C LU S I O N S

An unexpected behaviour of the electrokinetic coefficient has been
presented in this work. Indeed, it has been shown that the normal-
ized electrokinetic coefficient increases and then decreases when
water saturation decreases during a drainage, with a maximum of
C(Sw)/Cmin for Sw = 0.65 − 0.8. We have demonstrated by using
inverse hydraulic parameters, that existing models could not explain
this complex behaviour. We propose first that an empirical power
law, as αSe

β , could model electrokinetic coefficient data. Moreover,
we introduce the concept of the electrokinetic residual saturation
Sr,ek

w . Using this parameter, and although only this parameter is ad-
justed, it allows us to better fit our data set and to propose a new
model (eq. 25). We show that the values of Sw

r,ek are roughly 0.1,
which would correspond to a thickness of adsorbed water of about 1
nm. Most of the values of the βek exponent are in the range 0.4–0.6
for saturation up to 0.8. Other drainage experiments are needed to
confirm the model that we propose. Streaming potential and hy-
drodynamic measurements should be jointly inverted, taking into
account electrical conductivity variations, in order to deduce a ro-
bust law of the electrokinetic coefficient behaviour in unsaturated
conditions. Further studies should explain the underlying physical
processes in the whole range of saturation. The comparison between
drainage and imbibition experiments should give some pieces of ex-
planations.
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flow variations at the Nankai trough by electric and magnetic measure-
ments in boreholes or at the seafloor, J. geophys. Res., 104, 29 293–
29 309.

Jouniaux, L., Bernard, M.-L., Zamora, M. & Pozzi, J.-P., 2000. Stream-
ing potential in volcanic rocks from mount peleé, J. geophys. Res., 105,
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1262 V. Allègre et al.

Massenet, F. & Pham, V.N., 1985. Experimental and theoretical basis of self-
potential phenomena in volcanic areas with reference to results obtained
on Mount Etna, Earth planet. Sci. Lett., 73, 415–429.

Morgan, F.D., Williams, E.R. & Madden, T.R., 1989. Streaming potential
properties of westerly granite with applications, J. geophys. Res., 94(B9),
12 449–12 461.

Mualem, Y., 1976a. A new model for predicting the hydraulic conductivity
of unsaturated porous media, Water Resour. Res., 12, 513–522.

Naudet, V., Revil, A., Bottero, J.-Y. & Bégassat, P., 2003. Relationship
between self-potential (SP) signals and redox conditions in contaminated
groundwater, Geophys. Res. Lett., 30(21), HLS 2-1–HLS 2-4.

Onizawa, S., Matsushima, N., Ishido, T., Hase, H., Takakura, S. & Nishi, Y.,
2009. Self-potential distribution on active volcano controlled by three-
dimensional resistivity structure in izu-oshima, japan, Geophys. J. Int.,
178, 1164–1181.

Onsager, L., 1931. Reciprocical relation in irreversible processes: I, Phys.
Rev, 37(4), doi:10.1103/PhysRev.37.405.

Overbeek, J.T.G., 1952. Electrochemistry of the double layer., in Colloid Sci-
ence, Irreversible Systems, Vol. 1, pp. 115–193, ed. Kruyt, H.R., Elsevier,
New York.

Pengra, D.B., Li, S.X. & Wong, P., 1999. Determination of rock prop-
erties by low frequency ac electrokinetics, J. geophys. Res., 104(B12),
29 485–29 508.

Perrier, F. & Froidefond, T., 2003. Electrical conductivity ans streaming
potential coefficient in a moderately alkaline lava series, Earth planet.
Sci. Lett., 210, 351–363.

Perrier, F. & Morat, P., 2000. Characterization of electrical daily variations
induced by capillary flow in the non-saturated zone, Pure appl. Geophys,
157, 785–810.

Pezard, P., Gautier, S., Borgne, T.L., Legros, B. & Deltombe, J.-L., 2009.
Muset: a multiparameter and high precision sensor for downhole sponta-
neous electrical potential measurements, Comptes Rendus - Geosci., 341,
957–964.

Pinder, G.F. & Gray, W.G., 1977. Finite Element Simulation in Surface and
Subsurface Hydrology, Academic Press, New York.

Pozzi, J.-P. & Jouniaux, L., 1994. Electrical effects of fluid circulation in
sediments and seismic prediction, C.R. Acad. Sci. Paris, Ser. II, 318(1),
73–77.

Pride, S., 1994. Governing equations for the coupled electromagnetics and
acoustics of porous media, Phys. Rev. B, 50, 15 678–15 695.

Pride, S. & Morgan, F.D., 1991. Electrokinetic dissipation induced by seis-
mic waves, Geophysics, 56(7), 914–925.

Rawls, W.J., Brakensiek, D.L. & Saxton, K.E., 1982. Estimation of soil water
properties, Trans. ASAE, 25, 1316–1320.

Revil, A. & Glover, P.W., 1997. Theory of ionic-surface electrical conduction
in porous media, Phys. Rev. B, 55(3), 1757–1773.

Revil, A., Pezard, P.A. & Glover, P.W.J., 1999a. Streaming potential in
porous media: 1. Theory of the zeta potential, J. geophys. Res., 104(B9),
20 021–20 031.

Revil, A., Linde, N., Cerepi, A., Jougnot, D., Matthai, S. & Finsterle, S.,
2007. Electrokinetic coupling in unsaturated porous media, J. Colloid
Interface Sci., 313, 315–327.

Richards, L.A., 1931. Capillary conduction of liquids through porous
medium, Physics, 1, 318–333.
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A P P E N D I X A : I N S T RU M E N TA L A N D
E X T E R NA L FA C T O R S I N F LU E N C I N G
S P M E A S U R E M E N T S

We present in this section some test experiments carried out to
investigate the different sources of electrical noise on SP measure-
ments. This noise could be induced by acquisition process or by
experimental setup.

The first experiments were performed in water to study the influ-
ence of water content probes on SP measurements. Actually these
probes apply an electrical field to perform the measurements and it
could perturb the streaming potential measurements. Some SP mea-
surements were combined to water content measurements (black
and red curve) and compared to SP alone (green curve) (Fig. A1).
The shielded part of SP electrode’s cables is connected to a se-
cure ground point on the acquisition unit. We observe that the high

Figure A1. SP signals measured in water without any other measurements (green curve) and SP measurements combined to water content measurements,
without the ground connection (red curve), and integrated on 100 periods of 50 Hz (black curve).
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frequency noise increases when water content is measured. The am-
plitude of this noise is around 0.2 mV, which is negligible in regards
to the typical SP values presented in this paper. In order to reject
anthropogenic noise, the signals are integrated on several periods
of the 50 Hz signal. The black signal on the Figure is integrated
on 100 periods of the 50 Hz, corresponding to 2 s of measurement,
and the red one is integrated on 10 periods only. The impact of
this integration is important, so that we chose to integrate all SP
measurements on 100 periods of the 50 Hz for each experiment.
Finally, some more larger fluctuations (around 1 mV) are identified
on the red curve, with a 12 hr delay. These variations are linked to
temperature fluctuations which are detailed below.

Finally, water content probes have been placed into the column
5 cm (see Fig. 1) from SP electrodes to minimize their effects.

The same experimental protocol was used to fill the column to
ensure the repeatability of all experiments. The column has been

Figure A2. Water electrical conductivity and pH measured during the equi-
librium phase of the first experiment, in the stocked water and in the outflow
water. The flow conditions are the same than those during a drainage exper-
iment.

filled by imbibition in order to limit the formation of air bubbles
and to ensure a uniform paking. When the sand is dropped into
the column, the water volume is maintained larger than the sand
volume. Thus, the medium remains saturated and the water content
is uniform in the whole column. Finally, a first test drainage is
carried out to ensure the sand packing.

The chemical equilibrium stability of the mixture (sand with
water) and temperature fluctuations have been monitored during
the equilibrium phase, before the drainage experiment. The water
electrical conductivity, σ w, and pH during the chemical equilibrium
phase (described in the Section 3) are measured in the stocked water
and in the outflow water, which is the water sampled at the column
exit after flow (Fig. A2). We observe the stabilization of both σ w

and pH values after recycling the pore volume four times. This
stabilization, considering the measurement accuracy, is obtained
after almost 7 d, in the same flow conditions than for the drainage
experiment.

Temperature fluctuations have also been monitored, using two
thermocouples, inside and outside the column during the first ex-
periment (Fig. A3b), and are compared to raw SP measurements

Figure A3. Raw SP measurements of the first experiment (a) and tempera-
ture monitored inside and outside the column at the same time (b).
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(Fig. A3a). Some periodical variations linked to day/night cycles
are clearly identified on the temperature measurements. The maxi-
mum value of temperature fluctuations inside the column is about
2 ◦C.

Figure A4. Raw SP measurements for the first experiment. The frame #1
is a zoom on the first 24 hr of the recording (before the drainage start), and
the second frame is a zoom on the last 40 hr of the recording (after the flow
stop).

Figure A5. An example of experimental recording during the equilibrium
phase. A 30 hr stable phase is identified just before the drainage start.

Corresponding peaks in the raw SP signals are identified by
dashed lines (Fig. A3) and clearly correlated to temperature. How-
ever, the noise amplitude involved in SP data by temperature fluctu-
ations is negligible, in regards to characteristic SP signals measured
during a drainage experiment.

The two experiments presented in this paper are very long (around
300–400 hr), so that it is important not to have a drift in the SP
signals.

Raw SP recordings of the first experiment are reported (Fig. A4).
The first frame represents almost 24 hr of measurements before
the drainage start. The second frame represents more than 40 hr
of measurements after the drainage stopped. These two examples
show a very stable SP signals for all dipoles when there is no water
flow. Moreover, the SP measured with the dipole (2, 1) is stable
around 1 mV for 400 hr of recording, as we could expect in the part
of the column which remains saturated. These examples reject the
possibility of electrodes drifting during the experiment and attest
their accuracy.

Another example of a long raw SP recording before a drainage
experiment not presented in this paper shows a quite stable elec-
trical potential values during 50 hr after a long equilibrium phase
(Fig. A5). This example is representative of recorded signals of
different phases during an experiment.

We concluded from all these test experiments that the instrumen-
tal and external sources of electrical noise are small enough to allow
us to detect a streaming potential induced by a drainage experiment.

A P P E N D I X B : E L E C T R I C A L A N D
E L E C T RO K I N E T I C
C H A R A C T E R I Z AT I O N O F T H E S A N D

The C sat value can be measured in steady-state saturated flow.
Streaming Potential (SP) is measured for several applied pore pres-
sures within a sample of sand (Fig. B1a). These measurements
were performed using another experimental setup (Jouniaux et al.
2000), to be able to apply large enough pressure differences (up
to 30 000 Pa) to induce a measurable electrokinetic coefficient,
which was −3 × 10−7 V Pa−1 (with σw = 0.055 S m−1). The
slope of the regression leads to the value of C sat. These measure-
ments have been made at a higher water salinity than the one ob-
served in both experiments presented in this paper. Assuming that
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Figure B1. (a) SP measured on Sifraco NE34 sand sample. The slope
of the regression (black dashed line) leads to the value of the electroki-
netic coefficient at saturation, Csat = −2.9 × 10−7 V Pa−1 for water con-
ductivity σw = 0.05 × 10−2 S m−1. (b) The inferred values of Csat at
conductivities used in experiment #1 and #2 (empty circles). Comparison
with data collected (in absolute terms) on sands and sandstones at pH 7−8
(when available) from Ahmad (1964), Guichet et al. (2003, 2006), Ishido &
Mizutani (1981), Jaafar et al. (2009), Jouniaux & Pozzi (1997), Li et al.
(1995), Lorne et al. (1999a), Pengra et al. (1999), Perrier & Froide-
fond (2003). The regression (black dashed line) leads to Csat = −1, 1 ×
10−8 · σ−1

w V Pa−1.

the Helmholtz–Smoluchowski equation is valid, we inferred the
C sat values corresponding to the conductivities of the two experi-
ments of this paper. This calculation leads to Csat = −1.6 × 10−6

V Pa−1 (with σw = 103.2 × 10−4 S m−1) for the first one and
Csat = −2.5 × 10−6 V Pa−1 (with σw = 66.4 × 10−4 S m−1) for
the second one. Measurements of C sat performed on sand and sand-
stone samples collected in the literature are shown as a function
of the water electrical conductivity, σ w (Fig. B1b). The regression
leading to Csat = 10−8 · σ−1

w shows that our values of C sat are in the
general trend deduced from other studies on sand and sandstones.

Raw electrokinetic coefficient computed through eq. (2), using
measured SP and computed �P (Figs 3 and 4 respectively), are re-
ported (Figs B2a and b). No water flow was measurable at �140 hr

Figure B2. The raw electrokinetic coefficient measurements deduced from
measured SP and computed �P , for experiment #1 (a), and for experiment
#2 (b).

and �190 hr after the drainage start for experiment #1 and #2 re-
spectively. At this step, measured water-content and water pressures
stopped to decrease and kept stable (see Fig. 2). Then, the minimum
of water saturation was reached for all the dipoles. Thus, electroki-
netic coefficient data presented as a function of water saturation in
this paper correspond to �140 hr and �190 hr of measurements
from the drainage start. We can also observe on these Figures the
scattering of the measurements at the beginning of the experiment
#1 which we detail below.

In addition, we propose a statistical study of our data set to es-
timate its uncertainty. We applied a sliding window to the C(Sw)
data set. The width of the window is defined in terms of water sat-
uration interval Sw = 0.05. This value corresponds to the error on
water saturation measurements. In each window we analysed the
measurements distribution as an histogram. The obtained distribu-
tions were non-symmetric (as Gaussian distribution for instance),
so that we decided to represent the median value of the distribu-
tion in each window (coloured circles in the Fig. B3). We com-
puted the error bars using the minimum and the maximum value of
C(Sw) in each window. Thus, error bars include 100 per cent of the
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1266 V. Allègre et al.

Figure B3. Statistical study of the raw electrokinetic coefficients for exper-
iment #1 (a) and experiment #2 (b). A sliding window of Sw = 0.05 width
is applied to the data set. The median of the distribution is chosen for each
window to represent the data. The error bars correspond to the minimum and
maximum values of the distribution for each window. The inferred values
of Csat are represented by squares.

uncertainty linked to all the noise sources we cannot control during
the experiment.

The uncertainty is maximum at the beginning of each experiment
(Fig. B3). We observe that the inferred C sat is included in error bars.

Figure B4. True electrical resistivity of the sand. The black squares are
measured ρr/ρw for nine water/sand mixtures. The water-content was con-
trolled by weight. The black dashed line is the best Archie’s law fitting the
data. Results lead to n = 1.45 for the Archie saturation exponent.

Furthermore, error bars also include the zero when some signals
change in sign at very low saturations. This analysis confirms that
our measurements are precise and accurate enough to follow the
electrokinetic coefficient behaviour as a function of water saturation.

The electrokinetic coefficient models computed in Section 5 need
the Archie saturation exponent n to be known. Rather than to choose
n from some published values, we decided to measure electrical re-
sistivity of the unsaturated sand in a small-scale column (already
used for Theta probe calibrations). Nine sand mixtures were pre-
pared by weight to obtain nine different homogeneous unsaturated
media. The values of θ varies from θr to θs to ensure a good cover-
age of the whole saturation domain. We also measured the porosity
(equivalent to θs) which was equal to 0.36. Measurements of elec-
trical resistance were carried out with circular stainless steel (same
diameter than the column) placed at each extremity, and using an
impedancemeter (Agilent 4263b) combined with the same acquisi-
tion system than for experiments #1 and #2. Thus, the simple and
short cylindrical geometry of this experiment allowed us to easily
convert raw electrical resistance values in terms of true electri-
cal resistivity ρmeas . The values ρmeas normalized by the measured
water electrical resistivity are shown as a function of water sat-
uration (Fig. B4). Then, Archie’s law was fitted to the data in a
least square sense, and results gave n = 1.45 for the second Archie
exponent.
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