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Summary

In this paper we present our results in the electro-kinetic
effects. 'What is to be called here electro-kinetic effect
is a very wide concept that includes both seismo-electric
and electro-osmotic effects as two complementary parts of
the same phenomenon. We will also study here the two
type of coupling: the P-SV-TM the SH-TE coupling, a
not very well known part of the electro-kinetic effect with
all the potential to be a usefull prospecting tool.

Introduction

The electrokinetic effect represents a class of processes
in which there is a conversion from electromagnetic to
kinetic energy and vice versa. In the case of this transfer
taking place in a porous medium we name the effect
electro-osmotic for the transfer from electromagnetic
to kinetic energy, and seismo-electric for the transfer
from kinetic to electromagnetic energy. There exist
other effects sometimes called electro-kinetic like the
piezo-electric effect or the modulation of rock resistivity
by seismic waves, but we will not take those effects into
account in this paper.

The existence of the seismo-electric conversion is known
since the early 1930s, however the development of the
seismo-electric method was not greatly enhanced till the
publication of the experimental work of Thompson and
Gist (1993) and the theoretical work of Pride and Haart-
sen (Pride, 1994; Pride and Haartsen, 1996; Haartsen and
Pride, 1997). In all the published papers the main topic
is the generation of an electromagnetic wave as a fast P
wave hits an interface, showing this method to be a use-
ful tool to characterize parameters like fluid content and
fluid geochemistry in the Earth’s subsurface.

The opposite effect, the so-called electro-osmotic effect
has not received much attention in the geophysical world
yet,-although it does among the chemistry researchers-

Acording to Thompson (1993) this effect looks very
promising as a tool for geophysical exploration: the am-
plitude generated in the subsurface in an average electro-
osmotic experimental setup may be greater than the one
generated by a vibrator truck. This may give the electro-
osmotic surveying a very interesting future in the geo-
physical research.

All this previously mentioned is known for P-waves, but
for an unknown reason shear waves do not generate the

same interest as their compressional counterparts do. In
this paper we show, from a theoretical point of view,
the many possibilities and characteristics of both com-
pressional and shear waves in electro-kinetic prospecting.
Possible applications include groundwater detection and
the monitoring of pollutant migration. This effect can
also find applications in borehole measurements as a way
to determine permeable formations or monitoring multi-
phase flow through porous areas.

Electrokinetic effects

Seismo-electric effect

The seismo-electric method is a surveying technique for
the shallow subsurface of the Earth, in which seismic
sources and electromagnetic receivers are used. The
conversion from seismic to electromagnetic energy occurs
due to the relative motion between the solid and the
fluid phases in the porous rocks in the subsurface. There
are two kinds of conversion, a wave that travels along
with the seismic wave, and an electromagnetic wave
generated when reaching an interface. In the case of
having an incoming fast-P wave the mechanisms are (i)
the body and surface waves during their propagation
generate a series of compressions and rarefactions of the
porous medium, creating a charge displacement that
moves along with the wave, and therefore an electric field
confined inside of it, and (ii) when the compressional
wave hits a discontinuity in the medium properties, there
is a change in the streaming current density leading to
a charge separation that oscillates with the frequency
of the incident seismic wave, this generates a polarized
electromagnetic wave. This EM wave generation can
be approximated by an oscillating dipole placed at the
interface. These EM waves and electric fields can be
measured with simple electrodes or coils placed on the
surface of the earth, or along a borehole.

For the case in which a shear wave propagates in a fluid
saturated porous medium there are also two conversions
of energy (i) when these waves propagate through porous
medium, grain accelerations induce current sheets, these
currents induce magnetic fields with polarization orthog-
onal to the seismic displacement. Electric fields are gen-
erated by this magnetic field. Because there is no current
imbalance within the shear waves, the magnetic field is
confined within the wave. When the shear wave hits an
interface (ii) there is, also like in the fast P-wave case, a
change in the streaming current density that leads to a
charge separation that generates a polarized electromag-
netic wave.
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To study this coupling between seismic and electromag-
netic waves, Pride (1994) derived a set of equations. If we
assume the earth to be a medium consisting of horizontal
porous layers in which the waves propagate only in the
z-z plane (with the positive z-axis directed downwards)
we can apply the equations derived by Pride to it, and
after a Radon transform we obtain the following two in-
dependent sets of partial differential equations:

0 . . O2x2 Ay u
5, Qu = JwAnQu = juw [ Asr  Oger |Q0 (D
i} . _ | Oaxa Ay
an = jwAyvQy = jw [ Asv  Ouxa Qv, (2)
where the vectors Qu and Qv are
Qu=[T, Ha, By, iy]", and (3)
Qu=[i, s, o, Hy, By T2, =P, a3]" . (4)

These vectors contain all the parameters that must be
continuous across the interfaces between the horizontal
porous layers [i.e., we apply the open-pore boundary con-
ditions of Deresiewicz and Skalak (1963)]. The complete
expression for the matrices Ay and Av can be found in
Shaw (2000).

These two sets show us the different types of coupling
existing in the seismo-electric effect. According to Biot
theory, three kind of waves can propagate through a
porous medium, two compressional waves and a shear
wave. When a fast P-wave, slow P-wave, or a verti-
cally polarized shear wave (SV-mode) propagates in the
x-z plane, each of them can generate the others when
reflecting or crossing a discontinuity in the medium prop-
erties. If the porous medium is saturated with an elec-
trolyte, the interaction with the waves generates electric
currents in the z-z plane and these currents couple to
the electromagnetic wavefield with transverse magnetic
polarization (TM-mode). But when a horizontally polar-
ized shear wave (SH-mode) propagates in the z-z plane,
its propagation is not coupled to the other three seis-
mic wavefields (the fast and slow P-waves and the ver-
tically polarized shear wave); however, when arriving at
an interface with a discontinuity in the properties of the
medium the SH-wave generates electric currents in the
y-direction and these currents couple to the electromag-
netic wavefield with transverse electric polarization (TE-
mode). Note that because the SH-TE case only involves
two wave types its boundary conditions are just four, less
than the P-SV-TM case that needs eight boundary con-
ditions.

Electro-osmotic effect

The electro-osmotic method uses electrodes or coils on

the surface as a source generating a time dependent elec-
tric field, or electromagnetic wave. This field generates
a time dependent pressure on the discontinuities where
there is a change in the mechanical or electric properties.
This pressure propagates as a seismic wave that can
be recorded at the surface with geophones. According
to Thompson (1993) this effect used as a prospecting
tool has its greatest signals with large permeability
contrasts, which can be seen in the reflection coefficients
calculated for this case. The electro-osmotic effect is
widely known among the chemistry researchers, but is
almost new as a geophysical exploration tool. Thompson
(1993) suggested an alternative to this method in which
an electric current is injected into the subsurface, and
the seismic response is measured. This works better in
permeable wet soils where electric currents have less
attenuation than electromagnetic waves. In this kind of
soils the seismic response can be very good while in solid
rock environments, where most of the permeability is
due to cracks in the rock formation, using EM waves as
a source is preferred. Furthermore, it is easier to excite
the TE modes in the subsurface than the TM modes,
therefore the coupling SH-TE seems very apropiate for
the electro-osmotic prospecting.

Forward model for electro-kinetic reflection.
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Fig. 1: Forward model for electro-kinetic reflection.

In this section we show the application of a known seis-
mic approach to the electrokinetic problem. Let S, in
Figure 1 be the source function, it can be both seismic or
electromagnetic. The operators that represent the down
and upgoing wavefields are Wi and Wb_ respectively,
where a,b = {pf,ps,sv,tm} for the P-SV-TM coupling
and a,b = {sh,te} for the SH-TE coupling. The plus
sign is for downgoing waves and the minus is for upgoing
waves. Therefore these operators will be

W:_(p, Zry Zoyw) = e_qua(z'r‘_ZO)

(5)

WI; (s 20, 2r,w) = glwarlzoman), (6)
Then, e.g. W;,;Ssh would represent the downgoing hori-
zontally polarized shear wavefield. The reflection is rep-
resented by the operator Ry where ”a” and ”b” represent
the reflected and incident wave types respectively. The

SEG Int'l Exposition and Annual Meeting * San Antonio, Texas * September 9-14, 2001



4110 TICLULLUTRLUITCUIL TLITULU 1UL LCULLIPI TODIULLIAL AU SLICAL WAavoo

reflected wave is measured at the surface by an array of
detectors, this is represented by the operator D;. Fi-
nally the product of all these operators D, W,  REW; S,
represents the signal from the first reflector recorded by
the detectors. The main advantage of our approach to
this problem is that this scheme is valid for any kind of
wave propagating or reflecting in the subsurface, seismic
or electromagnetic, and for any kind of coupling between
the seismic and the electromagnetic waves.

Theoretical results and fieldwork

To illustrate the analytical results obtained so far, we now
consider the reflection coefficient R} belonging to an in-
terface between two nearly identical porous half-spaces,
i.e., they differ only in the ion concentration of the pore
fluid. The reflection coefficients needed here have been de-
rived following the same approach as in Shaw et al. (2000)
from the coupled equations deduced by Pride (1994). In
Fig.2 can be clearly seen the relation between the contrast
and the response. The reflection from that interface grows
with increasing difference in the ion concentration of the
fluids. It can be seen also that in the narrow angle of inci-
dence where the TM wave is homogeneous, the amplitude
of the wave grows with increasing angle of incidence.
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Fig. 2: Reflection coefficient for an incoming fast P-wave and
a generated TM mode EM wave at a boundary with a change
in the ion concentration between the two media. In the upper
medium the concentration is C1 = 10~8. In the lower medium:
C1 = 10~* (dashed line), and C1 = 10~2 (solid line).

In many papers on seismo-electric reflection in near-
surface experiments it is shown that contrasts as in Fig.2
result in a measurable response (after some signal pro-
cessing to improve the signal to noise ratio). The cur-
rent availability of the reflection coefficient Rif (and all
the other coefficients) is especially useful to acquire more
physical insight in the dependencies of the seismo-electric
reflection on the many possible contrasts at interfaces be-
tween two porous materials.

For the SH-TE case we can see in Fig.3 that the ampli-

tud of the reflection is in the same order of magnitude as
in the P-SV-TM case, this makes SH-TE case also suit-
able for geophysical prospecting. These coefficients show
some interesting features, the largest generation of TE-
waves takes place right below the source, and decreases
with increasing angle of incidence, just the opposite as in
the P-SV-TM coupling. These coefficients show a clear
dependency between the contrast in the properties of the
media and fluids and the strength of the electro-kinetic re-
sponse. The interfaces that show a larger seismo-electric
response are contrasts in the permeability as it can be
seen in Figure 3.

In the generation of SH-waves the trend of the coefficient
depends on the ion concentration contrast. If the elec-
trolyte in the upper medium has a higher concentration
than the electrolyte in the lower medium the reflection
will decrease with increasing angle of incidence, but if the
ion concentration of the lower medium is larger then the
reflection will increase with increasing angle of incidende.
The example in Fig. 4 shows only a contrast in porosity
and permeability, we only present the reflection coeffi-
cient for this contrast because the SH-TE coupling in the
electro-osmotic effect is much more sensitive to changes
in permeability.
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Fig. 3: Reflection coefficient for an incoming SH-wave and a
generated TE mode EM wave at a boundary with a change in
the porosity and the permeability between the two media. In
the upper medium: porosity ¢1 = 0.2 and permeability k1 =
0.16D. In the lower medium: ¢1 = 0.3 and k1 = 0.54 (dashed
line), and Dp1 = 0.4, k1 = 1.28D (solid line).

During the fieldwork we expect to measure the SH-TE
coupling in the two electro-kinetic phenomena related
with the streaming potential, seismo-electric and electro-
osmotic effects. There are already papers published about
experimental results with the first of these two, but it is
our purpose to experiment with new configurations and
types of receivers in an attempt to improve the signal-
to-noise ratio characteristic of this effect. Regarding the
electro-osmotic effect we have not found any paper apart
from the one by Thompson and Gist (1993) in which such
an effect is mentioned as a useful geophysical surveying
technique. It is now our aim to study and experiment this
effect in the frame of the electro-kinetic phenomena.
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Fig. 4: Reflection coefficient for an incoming TE mode EM
wave and o generated SH-wave at a boundary with a change
in the porosity and the permeability between the two media. In
the upper medium: porosity ¢1 = 0.2 and permeability k1 =
0.16D. In the lower medium: ¢1 = 0.3 and k1 = 0.54 (solid
line), and ¢1 = 0.4, k1 = 1.28D (dashed line).

Concluding remarks

In this paper we presented our point of view in the electro-
kinetic effects. We presented parts of the electro-kinetic
effect not very well known in a general scheme that in-
cludes both seismo-electric and electro-osmotic effects as
two directions in the same phenomenon. This way al-
lows us to easily calculate the theoretical responses of the
medium for any case of incident and reflected waves. We
also present here the SH-TE coupling, a not very well
known part of the electro-kinetic effect with the potential
to be a usefull tool.
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