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Abstract. Streaming potentials resulting from flow of various salt solutions in rock were
measured on saturated sediments (Fontainebleau sandstones). The streaming potential AV was
found to be proportional to the driving pore pressure AP. Pulses of amplitude 15-40 mV in the
frequency range of 0.1 to 0.5 Hz were observed when the conductivity of the injected water was
decreased and the fluid flow rate was relatively low, corresponding to a Darcian velocity of 17 to
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components of the AJ values. Such geochemically induced effects may possibly be responsible for
the frequency signals from 0.1 to 0.5 Hz that were sometimes observed before an earthquake.

Introduction

Monitoring of electric and magnetic anomalies has been
proposed as a possible means for predicting earthquakes because
many authors reported observations of signals prior to
earthquakes [Myachkin et al., 1972; Sobolev, 1975, Mizutani
Alexopoulos, 1984a,b, Murakami et al., 1984; Miyakoshi, 1986,
Fujinawa and Takahashi, 1990; Gruszow et al., 1995]. Fujinawa
et al. [1992] observed impulsive signals of duration ranging
from about 1 s to several tens of seconds in the vertical
geoelectric field before, during, and after a minor volcanic
eruption on Izu-Oshima Island in Japan. Large increases in ULF
magnetic signals were observed by Fraser-Smith et al. [1990]
starting 3 hours before the October 18, 1989, Loma Prieta M7.1
earthquake, at 7 km from the epicenter. However, no significant
ULF magnetic field signals were observed far from the epicenter
(at 81 km) when the M6.7 Northridge earthquake occurred on
January 17, 1994 [Fraser-Smith et al., 1994). ELF (10 Hz to 15
kHz) electromagnetic signals at frequencies below 450 Hz were
recorded by low-altitude satellites passing over the Spitak
Armenian region and anomalies were observed less than 3 hours
before the strong aftershocks of the December 7, 1988, Spitak
M6.7 earthquake [Serebryakova et al., 1992]. Comparative
analysis between observations near Loma Prieta and near Spitak
were performed by Molchanov et al. [1992].

The steady (or dc) component of electric or magnetic
anomalous signals may possibly be attributed to electrokinetic
effects of fluid. Corwin and Morrison [1977] thought that the
anomalous signal they observed was produced by a fluid flowing
into a dilatant region prior to an earthquake. Mizutani and
Ishido [1976] invoked electrokinetic effects to explain their
observed signals of 5 to 10 nT. The electrokinetic effects may be
produced by fluid percolation in the crust, driven by a pore
pressure gradient related to precursory deformation. This model
was first proposed by Mizutani et al. [1976], who assumed that
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dilatancy prior to earthquakes [Nur, 1972; Scholz et al., 1973]
enhances the permeability of the medium and allows the fluid to
flow in ‘the vicinity of the fault. Dobrovolsky et al. [1989]
proposed that a long-distance elastic effect induced a fluid flow
and an electrokinetic effect near the electrodes of measurement.
Bernard [1992] proposed that the electric anomalies measured
far from an epicenter could be an electrokinetic signal induced

by the triggering of fluid instabilities at the measurement site
responding nonlinearly to precursory strain.

Miyakoshi [1986] concluded that their observation of
anomalous electric signals in Japan was due to the change of the
self-potential of the fractured fault rock in which one electrode
was fixed, the other electrode being at a constant potential
serving as a reference. He noted that fluid was flowing through
the Yamasaki fault, but did not attribute this anomaly to changes
in the water migration through the fault, based on consideration
of the time constant of the anomaly. Another interpretation for
electric and magnetic signals was given by Jouniaux and Pozzi
[1995a] on the basis of laboratory measurements: The
electrokinetic coupling coefficient of the rock near the electrode
could be changed before earthquakes because the zeta potential
is enhanced by fracturing, when stresses rise to over 75% of the
yield stress that ruptures the seismic zone. This increse in zeta
potential could lead to an electrokinetic potential anomaly
[Jouniaux and Pozzi, 1995a). Draganov et al. [1991] suggested
that the magnetic anomalies observed at the Earth's surface
before the Loma Prieta earthquake [Fraser-Smith et al., 1990]
were the results of magnetic fields induced by fluid flow of
conductivity 4 S/m and velocity 4 cm/s at a seismogenic depth of
5 km. However, such conditions are not likely to be met as noted
by Fenoglio et al. [1995].

The oscillatory nature of the signals observed by Fraser-
Smith et al. [1990] has been attributed by Fenoglio et al. [1995]
to an electrokinetic effect associated with unsteady fluid flow
during failure of faults. Fenoglio et al. [1995] suggested that the
stop-and-go fracture propagation associated with rapid fluid flow
in a shear fracture 17 km deep could generate magnetic signals
measurable at the surface as a result of electrokinetic effects.

The preceding discussion shows that many authors have
invoked electrokinetic phenomena to explain electric and
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magnetic anomalies observed prior to earthquakes near or far
from the epicenter region. Streaming potentials refer to the
electrical signals produced when a fluid flows in a porous
medium and this effect can be quantified through experimental
results. Few laboratory data of geophysical interest on streaming
potential are available [Ahmad, 1964, Somasundaran and
Kulkarni, 1973, Ishido and Mizutani, 1981, Massenet and Van
Ngoc, 1985; Morgan et al., 1989, Morat et al., 1992,
Antraygues and Aubert, 1993; Jouniaux et al., 1994; Pozzi and
Jouniaux, 1994; Jouniaux and Pozzi, 1995a,b].

We present in this paper some laboratory measurements of
streaming potentials on a saturated Fontainebleau sandstone
(quartz content more than 99%), using various conductivities of
salt solutions. In particular, we report the observation of the
occurrence of unusual signal pulses having a duration of a few
seconds under the condition of changing fluid conductivity.
These findings may be relevant to recent reports of changes in
the geochemistry of groundwater as a precursor to earthquakes
[Tsunogai and Wakita, 1995; Toutain et al., 1997].

Electrokinetic Phenomena

Electrokinetic phenomena arise from the existence of some
electrical double layers that are formed at the solid-liquid
interface. The currently accepted model for the rock-fluid
interface is derived largely from the work of Stern [1924]. The
double layer is made up of a stationary layer of ions (the
Helmbholtz layer) adsorbed to the surfaces of the minerals
comprising the rock, and a diffuse mobile layer (the Gouy-
Chapman zone) on the aqueous side of this interface that extends
into the liquid phase (for detailed description, see Adamson
[1976], Dukhin and Derjaguin [1974], and Hunter [1981]).

When a fluid is made to flow through a porous medium, there
will be an occurrence of a potential, the so-called streaming
potential, across the sample in the flow direction because of the
relative motion between the solid and the liquid. On the closest
plane to the surface on which fluid motion takes place, the
potential is defined as the { potential, which is the potential that
is manifested in streaming-potential measurements. Streaming
potentials generated by fluids moving through porous media or
capillaries are governed by the Helmholtz-Smoluchowski
equation as discussed below [Overbeek, 1952; Nourbehecht,
1963]. In a porous medium the electric current density I (A/m’)
and the fluid flow J (1n/s) are coupled according to the following
equations:
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where V is the electric potential, P is the fluid pressure, 6, and €
are the electrical conductivity and the dielectric constant of the
fluid, € is the zeta potential, 1 the dynamic viscosity of the fluid,
k is the permeability of the porous medium. F° is the formation
factor (0,,/C,.., ratio between fluid and rock conductivities)
with a very high fluid conductivity (typically, 0.1 S/m for a lot of
rocks [see Ruffet, 1993]) when surface conduction is absent, and
F is the formation factor for the fluid conductivity being studied
(i.e., possibly with surface conductivity). The first term on the
right-hand side in (1) represents Ohm's law, and the second term
in (2) represents Darcy's law. In a steady state equilibrium the
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convection current (due to grad P) is balanced by the conduction
current (due to grad V). Equating these currents leads to the ratio
AV/AP called the streaming-potential cross-coupling coefficient
C,, or simply, the coupling coefficient:

C="p= 3)

which is the Helmholtz-Smoluchowski equation [Dukhin and
Derjaguin, 1974]. The above equations are given here because
they are found in different forms in the literature [Ishido and
Mizutani, 1981; Morgan et al., 1989, Pride, 1994]. AV is the
generated potential, and AP is the applied pore-pressure
difference. For a complete development of the equations
governing the coupled electromagnetics and acoustics of the
porous media, see Pride [1994]; for further details on surface
conductivity, see Revil et al. [1996]. Equation (3) implies that
the currents are of equal magnitude and opposite flow along the
same path. When surface conductivity is negligible, F=F°, and
we have

C,=¢l/mo, @

Double Layer For Quartz-Water Systems

The streaming potential is due to the motion of the diffuse
layer induced by the applied fluid pressure gradient along the
interface. The double layer for quartz-water systems is described
here from a chemical point of view.

Population Distribution of Sites at Quartz-Water Interface

Dove and Elston [1992] quantified the distribution of surface
species on pure quartz in a solution of several values of sodium
concentration and pH (at 25°C). For a quartz surface in pure
water the authors calculated how sites at the mineral surface are
distributed at pH 5. Note that at pH 5 the activity of H;O ions is
10” which is 10" times greater than the activity of OH™ ions (10°
). Dove and Elston [1992] noted that an increase in sodium
concentration of the bulk solution redistributes the population
balance of surface complexes in favor of more SiO” and SiONa'.
However, their predictions for a solution of 10 M NaCl and pH
5 showed a predominant site fraction SiOH of 99.85% and a site
fraction SiO™ of 0.15%. A more concentrated solution of 0.2 M
NaCl still shows that surface sites are dominated by SiOH
(99.52%) with a site fraction of SiO™ and SiONa of only 0.43%
and 0.05%, respectively. These estimates indicate that all of the
experiments conducted in the present study had surfaces which
were dominated by more than 99% of the neutral complex and
which had negative deprotonated complex SiO”. As a
consequence, the cations of electrolyte solutions are
electrostatically attracted to this negative surface and anions are
repulsed.

Species That Can Form at Quartz-Water Interface

The hydrated counterions Na' present in the diffuse layer are
thought to be maintained at some distance from the rock surface
by the hydratation water around each cation and the water
adsorbed on the surface. The outer Helmholtz plane defines the
closest distance approached by the hydrated counterions Na™ at
which distance the potential is ®,. Note that there is an excess of
cations in the diffuse layer. Strongly adsorbed ions such as
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hydrogen interact closely with unsaturated oxygens in the
innermost layer.

Position and State of the Species at Quartz-Water Interface

The exact position of the shear plane at a quartz-water
interface is not clear. A common assumption is that zeta
potential is identical to ®,, meaning that the hydraulic flow
shears the diffuse layer up to the surface, the first layer of
counterions that constitute the Helmholtz layer being mobile.

This assumption would be justified at low ionic strengths (10

and 10° M) and at pH values below 9 [Li and De Bruyn, 1966).
The motion of the diffuse layer induced by the applied pore
pressure is carrying an excess of hydrated Na“ ions and H,O™
ions. Therefore an excess of positive charge exists at one end of
the sample where the fluid pressure is the smallest whereas a
deficit in positive charges exists at the other end of the sample
where the fluid pressure is the highest. As a result the
electrokinetic coupling coefficient AV/AP is negative, leading to
a negative zeta potential.

The effect of pH on zeta potential is well known: the negative
zeta potential can increase and become zero and may even be
positive. The isoelectric point is the pH for which the zeta
potential is zero. Li and De Bryun [1966] showed from
electrokinetic measurements of NaCl solutions on pure quartz an
isoelectric point at pH value lower than 2. Sharma et al. [1987)
showed from measurements on baked and unbaked sandstone
oxide and Ottawa sand with NaCl solution of 107 and 10° M at
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25°C that the isoelectric point was between 2 and 3.5. Ishido
and Mizutani [1981] measured an isoelectric point at pH 2 for
quartz in solution of 10” N KNOs. Therefore the zeta potential is
expected to be negative for pH values above 2-3.5.

Experimental Procedure

Our experiments were conducted using Fontainebleau
sandstone composed of more than 99% pure quartz with grain
size of about 250 pm. In a previous study [Jouniaux and Pozzi,
1995a] we showed that the formation factor F° was 91, the
porosity 11%, and the permeability 6.5x10™ m’ (65 mD).
Measurements were made on sample F313 using a pressure cell
described by Jouniaux and Pozzi [1995a]. The sample was cut
into a cylinder 50 mm long and 25 mm in diameter. The sample
was subsequently dried at 70°C in vacuum for 8 hours. Then it
was saturated with distilled water of resistivity 2x10° Qm.

The first set of measurements (Figures 1 and 2) were
performed when the sample was subjected to a quasi-hydrostatic
pressure such that the axial stress was 12+0.5 MPa and
confining pressure was 11£0.1 MPa. The press is
servocontrolled in displacement; thus the strain was constant.
The streaming potential was measured using different NaCl
concentrations, starting with distilled water of pH 5, which had a
resistivity of 1030 Qm, up to a concentration of 9x10™ mol/L,
which had a resistivity of 103 Qm. The intermediate solutions
had resistivities of 720 Qm and 490 Qm.
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Figure 1. Examples of measured streaming potential (A¥) when a pore pressure difference AP is applied from
““start P** to ““stop P > for four fluids of different resistivity p,-
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Figure 2. Measured streaming-potential values (in absolute value) versus applied pore pressure difference AP for

the four fluids corresponding to those of Figure 1.

After these measurements with salt solutions, measurements
with distilled water were performed, leading to transient
streaming potentials (Figure 3). These measurements were
performed during the beginning of a deformation cycle, when the
axial stress and confining pressure were 10+1 MPa and 10.0+0.1
MPa, 24.5+0.5 MPa and 10.7+0.1 MPa, 67+2 MPa and
11.3+0.1 MPa, 118+2 MPa and 11.3+0.1 MPa, respectively, for
the four measurements shown in Figure 3. The sample strength
was 262 MPa.

The electrodes used in our experiment are made of beryllium-
bronze with a 3 mm hole at the center and two linked circular
grooves allowing the fluid to flow uniformly in the axial
direction through the sample. The upper and lower electrodes
are isolated from the conductive press and the cell by an
insulating alumina piston and an insulating pastille,
respectively. The dielectric constant of the fluid g, is 7.04-7.18
x 10" F/m at temperatures between 17°C and 24°C.

Resistivity Measurement

The resistance of the sample was measured with an HP 4284A
impedance meter at a frequency of 4 kHz [Ruffet et al., 1991] as
for all previous measurements. The fluid in the cylindrical hole

of the insulating piston and the insulating pastille is in contact
with the sample [Jouniaux and Pozzi, 1995a] and can provide a
conduction path outside of the sample. The resistance R, of this
exterior conduction path which was measured is in parallel with
the conduction path through the sample. The effective resistance
between the electrodes R, is

1/R,, =(1/R,)+(1/R,) (5)

where R, is the resistance of the sample. The resistivity p, of the
fluid which was used for the calculation of R,, was measured
after the fluid flowed out of the cell and as soon as the flow was
stopped by using a conductivity cell. This procedure allows us to
use the resistivity of the sample (p,) and the resistivity of the
fluid (p,) to approximately represent the values that were
present during the streaming-potential measurement.

Streaming Potential Measurement

The streaming potential was measured during fluid flow by
an HP 34401A voltmeter with an input resistance of more than
10"° Q. The resistance of the water in the insulating piston (R,)
is taken into account. In this case the total electrical current is
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Figures 3. Streaming-potential measurements for different fluid resistivities (a) 94 Qm, (b) 100 Qm, (c) 58 Qm
and (d) 51 Om. The 0.1-0.5 Hz pulses were observed only for low fluid flow rate when AP = 0.05 or 0.1 MPa and
when the injected water was less conductive than the previous solution. The electrokinetic coupling coefficients
are (a) -85 mV/0.1 MPa, (b) -30 mV/0.1 MPa, (¢) -61 mV/0.1 MPa, and (d) -24 mV/0.1 MPa.

no longer zero in the sample. Under this condition, (3) may be
modified as follows:
AV

—c, /(4
AP~ S R,

)

C, being the electrokinetic coupling coefficient that would have
been measured without this leakage current outside the sample
(when R, >> R,). Data were recorded, once per second, with a
PC computer and an IEEE interface. The different fluids were
made to flow through the sample from the most resistive to the
least until the measured resistivity of the fluids flowing out of
the sample was constant. We then began the streaming-potential
measurements. The confining pressure was applied manually by
a pump. The pore pressure difference AP was applied by using a
pump and measured by using a manometer. The pump is
manually controlled; typical error in a measured pressure
difference of 0.1 MPa is £0.01 MPa for the F313 sample. The
applied pore pressure difference was kept constant usually for 50
to 200 s. Fluid flow rate and fluid resistivity were measured
during streaming-potential measurement, and the values given
are average for the 50-200 s durations.

Results

We first describe the steady state streaming-potential
measurements and then focus on pulses of 2-9 s duration that
were observed when the input solution was replaced by a less
conductive one and when the water flow was relatively low.

Steady State Streaming Potential Measurements

A typical streaming-potential variation when a pressure
difference of 0.05 MPa was applied is shown in Figure 1a for a
solution which is distilled water having a resistivity of 1030
Qm. The potential was -25 mV when the fluid was not flowing
through the sample and dropped to about -275 mV when the
pressure was applied. The streaming potential is therefore -250
mV. Similar measurements were performed with pressure
differences of 0.1 MPa and 0.15 MPa. The streaming potential is
shown to be proportional to the applied pore pressure (Figure
2a). From the slope of the best fit line in Figure 2a, we obtain an
apparent electrokinetic coupling coefficient AV/AP of -614
mV/0.1 MPa, and a corrected coefficient C, of -1331 mV/0.1
MPa after taking into account the resistance of the fluid in the
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cylindrical hole of the piston (R,) (1'). The linearity between the
streaming potential and the applied pore pressure is an
important result and is not accepted by all investigators
[Middleton, 1996].

When a more conductive salt solution of resistivity 720 Qm
(corresponding to a concentration of NaCl of 1.5x10™ mol/L)
was used under a pore pressure difference of 0.05 MPa, the
streaming potential was -175 mV (Figure 1b). The streaming
potentials for four different pore pressure differences are shown
in Figure 2b, which gives a AV/AP coefficient of -435 mV/0.1
MPa, and a C, coefficient of -734 mV/0.1 MPa. Similar results
for a salt solution of resxs‘uvxty 490 Qm corresponding to a NaCl
concentration of 2x10™ mol/L are shown in Figures lc and 2c.
The coefficient C, is -404 mV/0.1 MPa. The results for the salt
solution of resistivity 103 Qm corresponding to a NaCl
concentration of 9x10™ mol/L are shown in Figures 1d and 2d.
When the fluid is not flowing through the sample, the electric
potential was -25 mV, it dropped to -78 mV when AP was 0.05
MPa, -132 mV when AP was 0.1 MPa, -176 mV when AP was
0.15 MPa and -220 mV when AP was 0.2 MPa. These
measurements lead to a C, coefficient of -157 mV/0.1 MPa.

When using more conductive fluid of resistivity 11 Qm
(9.5x10” mol/L of NaCl), 1.1 Qm (0.1 mol/L), or 0.11 Qm
(1.45 mol/L of NaCl), the streaming potential was no longer
constant for a constant applied pore pressure. The potential for
the most conductive solution was too small to measure. Table 1
summarizes the electrokinetic coupling coefficient (C, in mV/0.1
MPa) for the four solutions.

Transient streaming potential measurements

Distilled water of pH 5 and resistivity 3x10° Qm was made to
flow through the sample seven days (time needed to process the
previous data) after the above-mentioned measurements. The
solution flowing out of the cell became 30 times more
conductive than the injected water with a resistivity of about 100
Qm, still 10’ less conductive than the most conductive solution
used earlier (0.1 Qm). Streaming potential was measured when
the fluid resistivity became constant Fluid flow rate through the
sample was about 2.4 x 10® m’/s when AP = 0.05 MPa and 4.2 x
10° m’/s when AP = 0 1 MPa. Since the pore volume of the
sample is 2.7 x 10° m’, the residence time of fluid in the sample
is about 2 min when AP 0.05 MPa, and 1 min when AP = 0.1
MPa. As the exchange rate for sodium ions is of the order of 10”
s, we assumed that the fluid conductivity inside the sample is
the same as that measured after the fluid ﬂowed through the
sample. The measured permeability was 4.9x10™* m” , showing a
25% decrease compared to value measured just before the
above mentioned measurements with salt solutions (6.5x10™
m’; see Jouniaux and Pozzi [1995a] for the method). In all the
experlments described below the injected fluid was distilled
water. The electrokinetic coupling coefficient C, is equal to the
measured electrokinetic coupling coefficient AV/AP as the
resistance R, of the exterior conduction path is important
compared to the resistance of the sample R, Indeed the
insulating piston is full of distilled water whereas it was full of
salt water for the previous measurements (the resistance R, is
49.4 MQ, while the resistance of the sample is in the range 303-
618 kQ).

Table 1. Electrokinetic Coupling Coefficients C; for Various
Solutions of Resistivity ps

NaCl, mol/L Pure Water __ 1.5x10" 2x10” 9x10”
pr, Qm 1030 720 490 103
C,mV/0.1 MPa __ -1331 -734 -404 -157
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Table 2. Electrokinetic Coupling Coefficient C; and 0.1-0.5 Hz
Pulse Amplitude

pr, Qm 94 100 60 51
C;, mV/0.1 MPa -85 -30 -30 -24
Pulse amplitude, mV 40 20 30 15-25

As shown in Figure 3a when a pressure difference of 0.1 MPa
was applied, the potential decreases from 25 mV to about -60
mV. After flowing through the sample, the solution has a
resistivity of 94+1 Qm. The electrokinetic coupling still defined
from the dc component, is -85+20 mV/0.1 MPa. Superimposed
on the dc signal are some 40 mV pulses with a duration of 2-6 s.
In another experiment the resistivity of the fluid was 100+5 Qm
after flowing through the sample. The potential decreased from
30 mV to 15 mV when the applied pressure difference was 0.05
MPa. The electrokinetic coupling coefficient deduced from this
measurement is -30+9 mV/0.1 MPa. Again pulses of amplitude
20 mV and duration of 4.5-9 s were observed (Figure 3b). Other
measurements with various applied pressure differences are
shown in Figures 3c and 3d. Such pulses were seen when the
applied pressure difference was 0.1 MPa but not seen for larger
applied pressure differences (0.15 MPa and 0.2 MPa). The fluid
resistivity after flowing through the sample is 58+8 Qm in
Figure 3c and 515 Qm in Figure 3d. The electrokinetic
coupling coefficients deduced from these measurements are -
61+£5 mV/0.1 MPa and -24+5 mV/0.1 MPa in Figures 3¢ and 3d,
respectively. The amplitudes of the pulses are about 15 to 25
mV and the duration 2-8 s. Table 2 summarizes the
electrokinetic coupling coefficient (C, in mV/0.1 MPa) and
pulses corresponding to the different solution resistivities (p,in
Qm).

Discussion

From the above-mentioned steady state measurements
reported previously [Jouniaux and Pozzi, 1995a], the streaming
potential is roughly proportional to the fluid resistivity with a
slope of 1.2 mV/0.1 MPa/Qm (Figure 4). This result leads to a
roughly estimated zeta potential of -17 mV, using (4) with the
assumptions that F=F° and € and m are constant. Note that zeta
potential depends on salt concentration [Pride and Morgan,
1991] and that € is of the order of 2-3 x 10" F/m for salt
solutions. For all concentrations used, the surface species on
sandstones are expected to be 99% SiOH as discussed in the
description of the quartz-water systems. Since solutions of pH 5
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are used in our study, a negative zeta potential is consistent with
the studies on the isoelectric point.

The electrokinetic coupling coefficient based on the transient
streaming potential measurements (open squares in Figure 4) is
qualititavely consistent with the steady state measurements
made previously (solid squares in Figure 4).

Note that the transient streaming-potential pulses were
observed only (1) when the injected fluid is less conductive than
the previous solution by a factor 10°, and (2) when the applied
pressure difference is as small as 0.05 MPa or 0.1 MPa,
corresponding to a Darcian velocity of 17 cm/h (4 m/d) to 30
cm/h (7.4 m/d). The amplitudes of these pulses are about 15 to
40 mV, which represent 47%, 133%, 60%, and 60 to 100% of
the measured signals in the examples shown in Figures 3a, 3b,
3c, and 3d, respectively. Note that for each measurement the
fluid resistivity is approximately constant (with some
fluctuations as shown by the error bars) and did not change
sufficiently to induce the observed pulses. A variation of 50% in
water resistivity, for example, would induce a variation of 50%
in streaming potential as C, is proportional to the fluid resistivity
(3). Moreover in all the streaming-potential measurements
performed in our laboratory, usually on sandstone and limestone
samples, pulses in the measurements were only observed when
less conductive water was made to flow through a previously
salted sample. The opposite arrangement, when a more
conductive water was made to flow through the sample, never
produced such pulses.

The appearance of the pulses suggests that more HO™ cations
and hydrated counterions Na' of the diffuse layer are suddenly
carried along by the fluid. These charges may have resulted from
the salt deposited in the rock, part of which is put into the
solution when the distilled water is used. Indeed the decrease in
the permeability by 1/4 between the first measurement and the
measurements performed 7 days later shows that some salt
deposit very likely exists on the surface of the rock. If certain
heterogeneity of salt deposit on the surface of the rock could
explain some sudden increase of carried cations (hydrated ions
Na+) it cannot explain the frequency of these pulses (0.1 to 0.5
Hz) because the exchange rate for sodium ion is of the order of
10” s. Since all our measurements were performed on the
sample subjected to stresses below the rupture (strength less
than 45%), we do not think that microcracks could give rise to
these pulses. Moreover no such pulses were observed when the
sample was stressed from 50% of the strength up to rupture. In
view of electrokinetic coupling coefficient given by (3) not being
dependent on sample size, we think that these pulses are not
related to sample size and similar pulses can be observed in
geophysical field experiments.

In our opinion, these pulses may arise from random or
transient breaks of fluid through pore throats the size of which
have been reduced by salt deposits. This suggestion is consistent
with the observation that the pulses disappeared at higher
pressure difference (salt deposit has been swept away from the
pore throats).

Possible Implications for Electrotelluric
Earthquake Precursors

The streaming-potential pulses observed in our laboratory
experiments can be used to explain certain oscillary
electromagnetic signals observed in the field before some
earthquakes.
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Variations in groundwater flow before and after earthquakes
have often been reported in the literature. For example, a sudden
hot-spring erupted in the epicentral region several months before
the 1923 Kanto M=7.9 earthquake [Wakita, 1982]. Water level
changes of about 5 to 10 cm were reported prior to the 1976
Tangshan earthquake in China [Jin, 1985]. Along the San
Andreas fault in California, changes in water levels up to 16 cm
are observed to accompany some creep events [Roeloffs et al.,
1989]. Abnormal increases in water flow lasting 6 to 12 months
have been measured in springs and wells at distances of the
order of 50 km from the epicenter, beginning a few days after
some earthquakes, especially those generated along some major
normal faults. Expelled water volumes were 0.2 to 0.5 km’® for
two earthquakes of magnitude 7 and 7.3 studied by Muir-Wood
and King [1993].

More recently, geochemical evidence of ground-water
changes were reported before earthquake [Toutain et al., 1997,
Tsunogai and Wakita, 1995). Tsunogai and Wakita [1995]
reported geochemical evidence of precursory groundwater
changes observed at a distance of 20 km from the epicenter of
the M=7.2 Kobe earthquake on January 17, 1995. Chlorine ion
(CT") and sulfate ion (SO,,z') concentration of water from a 100 m
deep well began to increase 6 months before the earthquake.
Four days before the earthquake, the CI” concentration was
about 10% higher than the average background level. Tsunogai
and Wakita stated that chemical changes observed before the
earthquake could be aftributed to the introduction of
groundwater enriched in CI” and SO, to the artesian layer of
the wells and coming from the fracture zone. They suggested
that changes of groundwater flow may occur by a change either
in regional tectonic stress or in permeability. Increased
groundwater discharge was observed in many parts of the
aftershock region [King et al., 1995].

The above-mentioned examples illustrate that the chemical
composition of water can be changed in places affected by
earthquake-related variations of groundwater flow, though the
mechanism needed to explain these changes is still uncertain
[Dobrovolsky at al., 1989; Draganov et al., 1991; Bernard,
1992; Fenoglio et al., 1995]. However it is likely that water
flowing in some rock layer can introduce changes in
conductivity. In such cases, electrokinetic signals including
pulses of duration 2-9 s may be produced by fluid flow, as
suggested by our laboratory measurements. Our interpretation
involves electrokinetic effects not at the source but near the site
of measurements, for an electromagnetic field is easily
attenuated in the conductive Earth [Honkura, 1992]. Our
suggestion of fluid breaking through salt deposit pore throats is
similar to the physical mechanism proposed by Fenoglio et al.
[1995], which involves nonuniform fluid flow in the Earth
resulting from pressure decrease due to dilatancy, partial
blockage by silica deposition, and clearing of deposition as the
pressure increases. The paths of fluid flow, of electric currents,
and the changes in chemical composition in the Earth are, of
course, more complex and could induce more complicated
signals.

The dc component of streaming potential could be observed
by measuring the vertical electric field, or the horizontal electric
field if a lateral heterogeneity in the electrokinetic coupling
coefficient values exists as suggested by Fitterman [1979].
Indeed, the vertical component should be dominant because it is
proportional to the vertical driving pore pressure and to the the
electrokinetic coupling coefficient (no heterogeneity in C, is
needed).
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Could we explain the observation that no electric coseismic
anomalies are observed for most earthquakes? Our laboratory
measurements show that the pulses were observed only when the
fluid flow was relatively low and when less conductive fluid was
flowing through the rock. If these conditions are met, the
observation of pulses of 0.1 to 0.5 Hz can be attributed to
electrokinetic effects caused by groundwater flow changes before
the earthquake.

Conclusion

Transient streaming-potential variations with pulses of
amplitude 15-40 mV and frequency 0.1 to 0.5 Hz were observed
under geochemical changes. Such geochemically induced effects
may possibly be responsible for the signals of frequency 0.1 to
0.5 Hz that were sometimes observed before an earthquake.
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