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ABSTRACT

Experimental and theoretical studies show that there are two kinds of electromagnetic
(EM) fields generated by seismic waves in a fluid-saturated porous medium. First, at
an interface where the formation properties are different, the generated seismoelectric
wave is a propagating electromagnetic wave that can be received anywhere. The second
kind of field occurs inside a homogeneous formation where the seismic wave generates
an electromagnetic field which exists only in the area disturbed by the seismic wave
and whose apparent velocity is that of the seismic wave. An electrode, used as a
receiver located on the ground surface, can only receive the propagating EM wave.
However, when an electrode is in a borehole and close to the porous formation, it
can receive both of the above EM waves. In this study, electrokinetic measurements are
performed with borehole models made of natural rocks or artificial materials. The results
of the experiment show that the Stoneley wave and other acoustic modes excited by a
monopole source in the borehole models generate seismoelectric waves in fluid-saturated
formations. The electrical components of the seismoelectric waves can be received by
an electrode in the borehole or on the borehole wall. The amplitude and frequency
of the seismoelectric wave are related not only to the seismic wave, but also to the
formation properties, such as permeability, conductivity, etc. Therefore, seismoelectric
logging may explore different properties of the formation than those investigated by
standard acoustic logging. Electroseismic measurements are also performed with these
borehole models. The electric pulse introduced through the electrode in the borehole or
on the borehole wall induces a Stoneley wave in the fluid-saturated model which can be
received by a monopole transducer in the same borehole. These measurement methods,
seismoelectric logging or electroseismic logging, can be applied to field borehole logging
to investigate formation properties relating to pore fluid flow.
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INTRODUCTION

Because of the electro-chemical effects on the interfaces between solid andfluid in a
fluid-filled porous medium, there is a phenomenon known as the electric double layer on
the solid surface and free charges in the pore fluid (Belluigi, 1937; Martner and Sparks,
1959; Broz and Epstein, 1976; Neev and Yeatts, 1989; Haartsen, 1995; Haartsen and
Toksiiz, 1996). When a seismic wave propagates in the medium, the charge motion
generates an electromagnetic field. This is the seismoelectric conversion (Chandler,
1981; Ishido and Mizutani, 1981; Morgan et al., 1989; Zhu et al., 1994; Jouniaux and
Pozzi, 1995). On the other hand, when an electric field induces a relative motion of
the free charges in the pore fluid against a solid matrix, the interaction between the
pore fluid and the solid generates an electroseismic wave. This is the electroseismic
conversion (Kozak and Davis, 1989; Pride and Haartsen, 1996; Zhu et aI., 1997).

The generated seismoelectric signals relate not only to the seismic waves, but also to
the conductivity (or resistivity) of the pore fluid and the permeability of the formation
(Cerda and Kiry, 1989; Kuin and Stein, 1987; Pride, 1994). When the properties of the
contacting formations, such as conductivity, permeability, rock grains, etc., are different
from each other, a physical interface is formed between the two formations. Because
of the imbalance of .the free charges in the pore fluid at the interface, the seismic wave
generates a free electromagnetic wave propagating at light speed, which is much faster
than that of any acoustic wave. Inside the homogeneous medium, the charges are
balanced in the areas disturbed by the seismic wave, which generates a seismoelectric
field in the disturbed area, but does not generate a seismoelectric wave outside the area.
This seismoelectric wave is a local EM wave and does not propagate in the medium. Its
apparent velocity is the same as the seismic velocity (Pride and Haartsen, 1996; Zhu
and Toksiiz, 1996; Zhu et al., 1996).

Many previous measurements were conducted on the earth's surface or in shallow
boreholes (Thompson and Gist, 1993; Butler et al., 1994; Mikhailov et al., 1997). Only
seismoelectric signals generated at an interface can be received. It is difficult to apply
this measurement to explore deep formations due to the low efficiency of the seismo
electric conversion and the high attenuation in the formations.

In this paper, we investigate a logging method that can measure both the propa
gating and the local seismoelectric waves by setting the electric receiver in a borehole.
Since the electrode is close to the borehole formation, stronger signals can be received
with high measurement accuracy. If both the seismic source and the electrode are in
a borehole, this method can explore deep formations and can be applied to petroleum
geophysics.

In our study, several ultrasonic borehole models are made of natural rocks and arti
ficial materials. We measured the seismoelectric signals with different logging methods,
investigated the seismoelectric fields at different formations, and compared them with
the acoustic waves in the boreholes. We also measured and compared the electroseismic
waves generated by an electric pulse with high voltage at the different sections of the
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borehole models.

BOREHOLE MODELS AND MEASUREMENT SYSTEM

The simplest borehole model is a sandstone cylinder with a borehole of 1.27 cm in
diameter along its axis. Other models are made of two different materials to simulate
different formations and an interface (Figure 1). The sizes and materials of the five
borehole models we used are listed in Table 1. The glued sand with large permeability
is made of fine quartz sand glued with epoxy. Some electrodes are buried on the borehole
wall inside the glued sand. The properties of the materials are listed in Table 2.

For the measurements of the seismoelectric conversion, a PZT transducer 0.9 cm in
diameter, is the seismic source which is excited by an electric square pulse of 0.01 ms in
width and 750 V in amplitude. The electrode is a point receiver, 0.05 cm in diameter and
0.1 cm in length, made of a shielding cable wire. The received seismoelectric signals
are displayed and recorded on a digital oscilloscope after going through an amplifier
and a filter (Zhu et aI., 1996). The borehole models are put in a vacuum system and
saturated with water, and then the models and the source transducer, as well as the
point electrode, are put in a water tank. To compare the seismoelectric field with the
acoustic field in the boreholes, the experiments are repeated with a hydrophone (B &
Ie 8103) replacing the electrode to measure the acoustic fields.

For the measurements of the electroseismic conversion, an electrode emitting a high
voltage pulse is the source. A hydrophone is used to receive and record the electroseismic
waves.

All received waveforms are recorded with a certain time delay to avoid the huge elec
tric influence of the high voltage pulse. The amplitudes of the waveforms are normalized
by the maximum amplitude in each plot. The maximum amplitude of the seismoelectric
signals in our experiments is around 0.1 mV.

SEISMOELECTRIC CONVERSION

The goal of the experiments described in this section is to confirm that seismic waves
in a borehole, particularly the Stoneley wave, generate seismoelectric signals. Later
we will investigate the seismoelectric field in a borehole. In the other words, first we
fix the electrode and move the seismic source in the boreholes (Figure 2). Then we
investigate the seismoelectric field in a borehole. We will move the electrode to measure
the seismoelectric signals in the boreholes when the seismic source is fixed. To compare
this with the acou.,tic field in the borehole, we replace the electrode with ~. hydrophone
to record the acoustic waves under the same conditions.

Figure 3 shows the acoustic waves (Figure 3a) and the seismoelectric waves (Figure
3b) in the sandstone model (Modell), when the electrode is fixed in the borehole center
and the acoustic source is moved along the borehole axis. Because of the excitation and
the attenuation in the sandstone borehole, the frequency of the Stoneley wave is very
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low (about 20 kHz), but the frequency of the P-wave and pseudo-Rayleigh wave are
much higher (about 150 kHz). From the slope of the seismoelectric signals in Figure
3b, we know that the Stoneley wave and the low-frequency component of the P-wave
generate the seismoelectric waves.

Figure 4 shows the acoustic waves (Figure 4a) and the seismoelectric signals (Figure
4b) in Model 2. Because the seismic source is located in the Lucite section, only P-wave
and Stoneley waves can be excited in the borehole. We can observe the corresponding
seismoelectric signals from the electric waveforms (Figure 4b) received by the electrode
fixed in the sandstone section.

In Model 3, shown in Figure 2, a set of point electrodes made of wires is buried
in the borehole wall. Both the electrodes in the borehole and on the wall receive the
seismoelectric signals. When the acoustic source moves in the Lucite section of the
borehole, the received signals are as shown in Figure 5a and 5b, respectively.

The above experiments confirm that seismic waves in a borehole generate seismo
electric signals in the borehole formation which can be received by an electrode in the
borehole center or the borehole wall. The results show that the seismoelectric signals
are generated in the wall formation and their apparent velocities are the same as those
of the seismic waves. Therefore, they are local, nonpropagating seismoelectric waves.

We replace the monopole transducer in the borehole of Model 3 with a plane trans
ducer located on the upper side of the Lucite cylinder (Figure 2). Figure 6 show the
seismoelectric signals received by electrodes #1, #2, #3, and #4 buried in the borehole
wall. From the recorded waveforms, we see that the arrival times of the first maximum
wave vary with the depth of the electrodes. Therefore the first maximum arrivals are
the local seismoelectric signals generated by the seismic wave which arrives at the elec
trode. We can also see waves with small amplitude before the first maximum arrivals
in the waveforms received by electrode #3, and #4 (Figure 6). Their arrival times are
the same as the first arrivals of the seismoelectric wave on the electrode #1. Thus, we
conclude that the small wavelets are the seismoelectric signals generated at the interface
between the Lucite and the glued sand. They propagate in the medium with the electro
magnetic wave velocity and decay according to the attenuation of the electromagnatic
wave.

SEISMOELECTRIC FIELD

The following experiments show the whole seismoelectric field generated by the seismic
source in a borehole (Figure 7). The seismoelectric waves are recorded in Figure 8
when a source is fixed in material 1 and the electrode moves from material 2 across the
interface to material 1. The measurements are conducted using Models 3, 4 and 5; both
the seismic field and seismoelectric field are shown in Figure 8. The electrode (or the
hydrophone) for the fifth trace in the plots is located at the interface.

The seismic waves in material 1 are the strongest and decrease with the distance
from the source. If the impedances of the two materials are close to each other (such as
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in Model 3), the seismic waves have no obvious change when passing from one to the
other (Figure 8a).

The strength of the seismoelectric field depends not only on the strength of the
seismic waves, but also on the properties of the material. In materials with low porosity
and permeability, such as Lucite and slate, only very weak seismoelectric signals are
generated, even though the seismic waves are strong. In the opposite case, in porous
materials such as sandstone and glued sand, the generated seismoelectric signals are
much stronger. Note that the seismoelectric signals with high frequency are generated
at the interface, and received by the near electrodes (Figures 8b, 8d, and 8f). Comparing
the waveforms of the 4th, 5th, and 6th traces in Figures 8b, 8d, and 8f, we know that the
first arrival times are the same due to the high velocity in the borehole. This means that
seismic waves generate the propagating seismoelectric waves at the interface between
the materials and generate the local, nonpropagating seismoelectric signals inside the
porous materials.

Comparing the seismoelectric waves with seismic waves, we know that they are
based on a different mechanism and relate to different properties of the wall formation.
Therefore, seismoelectric logging could be a new logging method to explore the physical
properties related to fluid flow in the wall formation.

ELECTROSEISMIC CONVERSION

The above experiments have examined the seismoelectric signals generated by seismic
waves in a borehole. In this section, we investigate the electroseismic conversion in a
borehole. In this case we receive the seismic waves induced by an electric signal. The
source is the electrode emitting a high-voltage electric pulse and the receiver is a seismic
transducer in the borehole. We investigate the electroseismic waves induced by the
electrode in the borehole or on the borehole wall, and the variation of the electroseismic
waves when the electrode is moved along the borehole (Figure 9). Figure 10 shows the
electroseismic waves received by an acoustic transducer moving in the Lucite section
with an increase of 1 em/trace when the positive pole of the electrode is located in
the glued sand section. The amplitude of the square pulse coming from the electrode
is about 500 V. When the width of the square pulse is matched to the half period of
the received seismic wave, the amplitude of the seismic wave is at maximum. From the
moveout of the received electroseismic waves, we calculate the phase velocity (1050m/s)
and know that they are Stoneley waves in the borehole.

When the electrodes are on the borehole wall (electrodes 2-2 in Figure 9), the electric
pulse also generates a Stoneley wave (Figure 11). The waveforms in Figure 10 and Figure
11 are slightly different, but they propagate with the same velocity.

In the above experiments we fixed the electrodes and moved the acoustic receiver.
If we fix the acoustic receiver and move the electrode, a new set of seismic waves can
be recorded (Figure 12). From the seismic diagram we know that the electric pulse
generates electroseismic waves in the porous formation section that propagate with the
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Stoneley wave velocity along the borehole. The closer the electrode is to the acoustic
receiver, the stronger the amplitude of the electroseismic waves and the earlier the
arrival times. If the electrode is located at the Lucite section without permeability, no
seismic wave can be generated. The results show that the electric pulse can generate
the electroseismic wave through the electrode near the porous borehole wall and the
wave propagates in the borehole with Stoneley wave velocity due to its low frequency.

CONCLUSIONS

We studied both seismoelectric and electroseismic conversions experimentally with var
ious borehole models. The seismic waves generate seismoelectric signals and the electric
pulses induce electroseismic waves in a fluid-saturated porous borehole due to the con
versions. The results of this experiment show that the seismoelectric signals or the
electroseismic waves can be generated only in the sections of the sandstone or the ar
tificial porous materials where the source and the receiver are in the same fluid-filled
borehole. In the borehole sections surrounded by a homogeneous porous formation, the
generated seismoelectric signal is a stationary, local electromagnatic wave whose appar
ent velocity is the seismic wave velocity. At the interface between the formations with
different physical properties, the seismic wave in the borehole generates a seismoelectric
signal propagating with light speed in the borehole. The seismoelectric field is differ
ent from the acoustic field in the borehole due to the mechanism of the seismoelectric
conversion. The seismoelectric signals depend on the pore fluid properties such as con
ductivity, porosity, permeability, etc. The experimental results confirm the possibility
of a new borehole logging technique in a fluid-filled borehole to explore more physical
properties related to the fluid and its flow in the porous formations. In this paper we
do not investigate the frequency response of the seismoelectric conversion in a borehole
in detail. More experiments are needed in the future.
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Models
Material 1
Material 2

D (em)
L1 (em)
L2 (em)

Sample

Sandstone
Glued Sand

Slate
Lucite

Laboratory Seismoelectric Measurements

Table 1: Configurations of the borehole models
Modcl1 Mo~2 Modcl3 ~~4 ~dcl5

sandstone Lueite Lueite slate slate
sandstone sandstone glued sand sandstone glued sand

1.27 1.5 1.27 1.27 1.27
12 6.5 14 20 20
12 7.5 5.5 9.0 5.5

Table 2: Physical parameters of the water-saturated samples
Density Porosity Vp Vs Permeability
(g/cm3 ) (%) (m/s) (m/s) (Darcy)

2.08 18.9 2900 1480 0.3
1.71 25.6 2540 1200 190
2.65 0.5 4750 2650 0
1.18 0.0 2700 1290 0
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Figure 1: Diagram of ultrasonic borehole model. The sizes and materials are listed in
Table 1. The properties of materials are listed in Table 2.
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Figure 2: Diagram for measuring seismoelectric conversion in borehole models. The
electric receiver is fixed in the section of Material 2 and the acoustic source is moved
along the borehole or a plane transducer is fixed on the top side.
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Figure 3: Acoustic waveforms (a) and the seismoelectric signals (b) in the sandstone
borehole model (Modell) recorded by fixing the acoustic or electric receiver and
moving the acoustic source along the borehole.

13-12



Laboratory Seismoelectric Measurements

a

I
~
tl

'"85
c:
.Q...,

<J)

8-
CDe
:J
o
<J)

o

o

0.05

0.05

0.10
time (ms)

b

0.10
time (ms)

0.15

0.15

0.20

0.20

Figure 4: Acoustic waveforms (a) and electric signals (b) in Model 2 recorded by fixing
the acoustic or the electric receiver in the sandstone section and moving the acoustic

source in the Lucite section.
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Figure 5: Seismoelectric signals received by the electrode in the borehole (a) or by the
electrodes in the borehole wall (b) when the acoustic source moves in the Lucite

section of Model 3.
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Figure 6: Seismoelectric signals received by the wall electrodes #1, #2, #3, and #4 of
Model 3 when a plane acoustic source is fixed on the top side of Model 3.
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Figure 7: Diagram for measuring seismoelectric field in the borehole models with fixing
the acoustic source and moving the electrode along the borehole.
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Figure 8: Acoustic waveforms (a) and seismoelectric signals (b) recorded in Model 3
when the acoustic source is fixed in the section of material 1 and the acoustic receiver
or electrode moves from the section of material 2 to material 1. The fifth trace is
located at the interface.

13-17



Zhu et al.

c

Q)

~
~.g
:s 5-J---.J'v-w""""'~--------l
c
~
1Il
o
Co
~

.~
Q)
u
l£

o 0.05 0.10
time (ms)

d

0.15 0.20

o 0.05 0.10
time (ms)

0.15 0.20

Figure 8, continued: Acoustic waveforms (c) and seismoelectric signals (d) recorded
in Model 4 when the acoustic source is fixed in the section of material 1 and the
acoustic receiver or electrode moves from the section of material 2 to material l.
The fifth trace is located at the interface.
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Figure 8, continued: Acoustic waveforms (e) and seismoelectric signals (f) recorded in
ModelS when the acoustic source is fixed in the section of material 1 and the acoustic
receiver or electrode moves from the section of material 2 to material 1. The fifth
trace is located at the interface.
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Figure 9: Diagram for measuring the electroseismic conversion in Model 3. The source
electrodes are in the borehole (1-1) or in the borehole wall (2-2) and the acoustic
receiver moves along the borehole.
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Figure 10: Electroseismic waveforms generated by the electrodes in the borehole (a)
and the electrodes in the borehole wall (b) of Model 3 when the acoustic receiver

moves in the Lucite section of the borehole.

13-21



15
~

Q)
()
Ol
~

-t:::
E
()

~ 10
0
~

c
0
E
(()

0
0-
Q) 5
-0
0
~-()
Q)

ill

Zhu et al.

-~

~

-----

'"

.-o 0.05 0.10
time (ms)

0.15 0.20

Figure 11: Electroseismic waveforms generated by an electrode moving from the glued
sand section to the Lucite section of Model 3 when the acoustic receiver is fixed in
the Lucite section. The eighth trace is located at the interface.
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