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Abstract

A Stoneley wave propagating in a borehole generates a flow of pore fluid in permeable
zones intersected by the borehole. In turn, this flow of pore fluid induces a streaming
electrical field. This thesis is an experimental and theoretical investigation of the
electrical fields induced by Stoneley waves. The main emphasis of this thesis is to
understand the electroseismic phenomena that are observed in the field.

In the first experiment described in this thesis, we measured Stoneley-wave-indu-
ced electrical fields in a borehole drilled through fractured igneous rocks. Analysis of
field data confirms that the electrical fields that we measured were induced by fluid
flow in fractures. The normalized amplitude of these electrical fields correlated with
the fracture density log.

In the second experiment, we measured Stoneley-wave-induced electrical fields
in several boreholes in vuggy dolomite. In dolomite, the normalized amplitude of
the Stoneley-wave-induced electrical field correlates with the porosity of the forma-
tion around the borehole. Further, the Stoneley-wave-induced electrical fields have
anomalously high amplitudes at an isolated fracture that intersected two boreholes.

To explain the experimental results, we developed a theoretical model for the
Stoneley-wave-induced electrical fields. According to the model, the normalized am-
plitude of the Stoneley-wave-induced electrical field is proportional to the porosity and
inversely proportional to the pore space tortuosity of a formation around a borehole.
Moreover, the amplitude-versus-frequency behavior of this electrical field depends on
the permeability of the formation.



To further test the theory’s prediction, we measured electrical potentials induced
by the borehole Stoneley wave in the frequency range from 100Hz to 4kHz. The
normalized amplitudes of the Stoneley-wave-induced electrical potentials measured in
the field were consistent with the amplitudes predicted by the theory. Also, the amp-
litude-versus-frequency dependence of the electroseismic signals recorded at the depth
of the large fracture roughly followed the trend predicted by the theory. However, the
general amplitude-versus-frequency dependence of the electroseismic signals recorded
in the field is more complicated than that predicted by the theory.

The main contributions of this thesis are:

1. This thesis develops a borehole electroseismic measurement technique and
demonstrates that it works in the field. This technique can be used to make electro-
seismic logging measurements.

2. This thesis investigates an electrical field induced by a borehole Stoneley wave.
This electroseismic phenomenon is explained, measured in the field and modeled
theoretically.

3. This thesis derives from field data a parameter that describes local electro-
seismic coupling in a formation around a borehole. This parameter, the normalized
amplitude of the Stoneley-wave-induced electrical field, is defined as the ratio of an
electrical field amplitude to a pressure amplitude in the Stoneley wave at a certain
depth. This thesis demonstrates that the normalized amplitude of the Stoneley-wa-
ve-induced electrical field can be used to identify permeable fractures in situ.

4. This thesis uses field electroseismic measurements to quantitatively characterize
rock formations around a borehole. Using the theoretical model developed in this
thesis, a porosity log for fractured granite is derived from electroseismic field data.

Thesis supervisor: M. Nafi Toksoz
Title: Professor of Geophysics
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Chapter 1

Introduction

1.1 The main goal of the thesis

Detection and characterization of permeable zones in the subsurface is an important
challenge for geophysical exploration. In this thesis we investigate a new method for
detecting and characterizing permeable zones around a borehole. In our experiments,
a Stoneley wave propagating in a borehole creates an oscillating pressure gradient
in a rock formation around the borehole. If a formation is permeable, then this
pressure gradient generates a flow of pore fluid. We detect this flow of pore fluid
by measuring the streaming electrical field that it induces !. Thus, our method

utilizes electroseismic phenomena (i.e., electrical fields induced by seismic waves) to

characterize rock formations around a borehole.

! Recently, a method for determining formation permeability from Stoneley wave attenuation has
been developed (Winkler et al., 1989; Tang et al., 1991). In this method, a Stoneley-wave-generated
fluid flow in a formation around a borehole is detected by measuring the attenuation of the Stoneley
wave that is caused by the flow. Our electroseismic method uses a different physical phenomena to
detect the Stoneley-wave-generated fluid flow.
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Electroseismic phenomena in porous media are very complex. They involve pro-
cesses on scales from 1073m (the charged double layer in the vicinity of the pore
surfaces) to 10~8m—10~3m (sizes of pores where fluid flow takes place) to 1m—10*m
(lengths of seismic waves that generate the fluid flow). To understand the electroseis-
mic phenomena one has to study chemistry (to describe the adsorption of ions to the
pore surfaces), thermodynamics (to determine the distribution of ions in the vicinity
of the pore surfaces), fluid mechanics (to describe fluid flow on the pore scale) and
poroelasticity theory (to understand how a seismic wave generates a pore fluid flow).
This thesis does not intend to give a full description of all aspects of the electroseismic
phenomena because each of them can be a subject of a separate monograph. This
thesis intends to demonstrate the practical use of the electroseismic phenomena in
geophysical exploration, given the present day understanding of what electroseismic

phenomena are.

1.2 Electroseismic phenomena and their possible

applications

The simplest way to understand electroseismic phenomena is as follows. A seismic
wave propagating in a porous medium generates a flow of pore fluid. In turn, this flow
of pore fluid induces a streaming electrical field. Numerous monographs have been
written on wave propagation in porous media and on streaming potentials induced
by fluid flows. Comprehensive reviews of these two subjects were written by Bourbie
et al. (1987) and Morgan (1989). Instead of replicating these reviews, we will describe
a few unique applications of electroseismic phenomena. These applications are feasible
only because electroseismic phenomena combine streaming potentials and acoustics

of porous media.
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1.2.1 Electroseismic phenomena as a method for measuring

streaming potentials in situ

Fluid flow through porous rocks induces a streaming electrical field ? because the pore
fluid saturating the rocks carries an excess electrical charge. This electrical charge
is accumulated in the pore fluid because surfaces of most minerals adsorb ions of a
certain polarity from the pore fluid, leaving an excess of ions of the opposite polarity
in the fluid (Bockris and Reddy, 1970). For example, in quartz-bearing rocks filled
with water, rock surfaces adsorb negative ions, leaving an excess positive electrical
charge in water. The excess electrical charge within the pore fluid is concentrated in a
thin layer along the pore surfaces. Whenever a pressure gradient forces the pore fluid
to flow through the rock, the fluid displacement along the pore surfaces moves this
excess electrical charge, thus creating a streaming electrical current. This streaming

electrical current results in induction of an electrical field.

In the field, streaming potentials are traditionally used to detect large-scale flows
such as water seepage through dams (Armbruster et al., 1989) or hydrothermal con-
vection (Hashimoto and Tanaka, 1995). Wurmstich and Morgan (1994) proposed to
use streaming potentials to monitor oil well pumping and hydro-fracturing. Mizu-
tani et al. (1976) proposed to use streaming potentials induced by fluid flow in a
fault zone as a means for earthquake prediction. None of these applications have
been established yet. In oil exploration, streaming potentials are measured as a part
of a Self-Potential log. Even though the Self-Potential logs can identify permeable
zones, the contribution of streaming potentials to the Self-Potential signals is small

(Desbrandes, 1985).

A number of theoretical and laboratory studies showed that streaming potentials

2We would like to emphasize here that the terms streaming electrical potentials and streaming
electrical field refer to the same phenomenon.
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can be used to characterize porous rocks. Traditionally, the goal of these studies is
permeability estimation. Theoretical studies (e.g., Pride, 1994 and Bernabe, 1998)
related the streaming potential coupling coefficient (i.e., the ratio of the induced
electrical potential to the applied pressure gradient) to the pore geometry of a medium
and to salinity and conductivity of the pore fluid. The general consensus of the
theoretical models is that the DC streaming potential coupling coeflicient does not
change with permeability, except for very tight rocks, where surface conductivity
effects become important. Sprunt et al. (1994) measured the streaming potential
coupling coefficient on a number of limestone samples and reported no variation of
the coupling coefficient with permeability. Jouniaux and Pozzi (1995) reported a
slight increase of the streaming potential coupling coefficient with permeability in
their sandstone and limestone samples. Jouniaux and Pozzi (1995) attributed their
results to a surface conductivity effect and used a simple theoretical model to validate

their conclusion.

Even though at low frequencies there is no direct relationship between the stream-
ing potential coupling coefficient and permeability, it is still possible to estimate
permeability using streaming potentials. The following three methods have been

proposed.

1. Chandler (1981) proposed to estimate permeability from the decay time of a
pore pressure pulse applied to a porous medium. In laboratory experiments he used
streaming potentials to observe time-varying fluid flow induced in a porous sample by
a pressure pulse. Chandler (1984a,b) patented a borehole apparatus for permeability
logging based on his method.

2. Po-zen Wong and colleagues (Pengra et al., 1995; Li et al., 1995) proposed
to determine permeability from measuring the conductivity, streaming potential cou-

pling coefficient and electro-osmosis coupling coefficient of a porous medium. Electro-
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osmosis, i.e., fluid flow generated in a porous medium by an applied electrical field,
is a reverse phenomenon of streaming potentials. Li et al. (1995) successfully deter-
mined permeability for a number of rock samples from the combination of these three
media parameters. Wong (1995) patented his method and a borehole apparatus for

permeability measurements.

3. Pride’s (1994) model predicts that the frequency behavior of the streaming
potential coupling coefficient depends on permeability. Reppert and Morgan (1998)
measured the streaming potential coupling coefficient at different frequencies in a
porous filter and a sandstone sample. Their results validate Pride’s (1994) model.
No borehole measurement technique that is used on Pride’s (1994) model has been
patented. It has not been clear how the frequency dependence of the streaming

potential coupling coefficient can be measured in situ.

The studies referenced above demonstrate that streaming potential measurements
can have important applications in oil exploration and environmental geophysics.
However, all these methods were implemented only in the laboratory. Borehole meth-
ods patented by Chandler (1984a,b) and Wong (1995) have not been implemented
in the field because they are based on establishing a hydrodynamically sealed con-
tact between an apparatus and a rock formation in a borehole. Unfortunately, rock
surfaces in boreholes are rarely polished as nicely as surfaces of laboratory samples.
Without establishing a hydrodynamically sealed contact, it is not possible to initiate
fluid flow in a formation in a controlled manner. Thus, measurements of streaming

potentials initiated by a controlled source have never been made in the field.

Electroseismic phenomena provide a method for measuring streaming potentials
initiated by a controlled source. Thus, by using these phenomena it is possible to im-

plement the methods proposed by Chandler (1984b), Wong (1995) and Pride (1994)

in reality. In electroseismic experiments the amplitude of a seismic wave can be mea-
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sured simultaneously with the amplitude of the streaming potential that it induces.
A combination of seismic and electrical measurements can be used to estimate the
streaming potential coupling coefficient in situ. Moreover, by varying the frequency
of a seismic source, it is possible to estimate the frequency dependence of the stream-
ing potential coupling coefficient. In turn, in situ measurements of the streaming

potential coupling coefficient can be used to characterize rock formations.

1.2.2 Electroseismic phenomena as a method for detecting

seismic-wave-generated flow of pore fluid

The general equations describing the acoustics of porous media were derived by Biot
(1956a,b, 1962). 3 Biot’s equations are based on the assumption that stresses and
strains in solid and fluid are linearly related (Biot, 1941; Biot and Willis, 1957) and
the assumption that an oscillating force and an oscillating relative displacement be-
tween solid and fluid are linearly related (Schmitt, 1986). * Thus, in their general form
(i.e., with complex, frequency-dependent moduli, permeability and tortuosity), Biot’s
equations are applicable to a variety of media. For a specific medium, moduli, per-
meability and tortuosity depend on the geometry of the pore space. Pore-geometry-
dependent moduli for specific examples of fluid-saturated media were derived by
Kuster and Toksoz (1974) and O’Connel and Budiansky (1977). General expres-
sions for frequency-dependent permeability and tortuosity were derived by Johnson

et al. (1987).

3For the sake of fairness, we need to mention that 12 years before Biot, Frenkel (1944) derived
almost the same set of equations, except for one term - Frenkel (1944) did not consider inertial
coupling between solid and fluid. Thus, Frenkel’s (1944) equations are a special case of Biot’s
equations for a medium with a tortuosity of 1. Using his equations, Frenkel (1944) predicted the
existence of two compressional waves and the attenuation of waves due to fluid flow. Biot was fully
aware of Frenkel’s results when he wrote his papers (Biot, 1956a,b).

4The latter linearity assumption is equivalent to Biot’s postulate of quadratic kinetic energy and
dissipative functions.
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The Biot theory describes pore fluid flow generated by seismic waves and the
attenuation associated with it. The seismic-wave-generated fluid flows are very small
and cannot be observed directly. However, it is possible to detect these fluid flows by
measuring the streaming electrical field that they induce. Figure 1-1 shows a diagram
of a streaming electrical field induced by a compressional wave. A compressional wave
propagating in a fluid-saturated porous rock creates a pressure gradient that drives
the fluid flow from the zone of compression to the zone of extension. If the pore fluid
carries an excess positive electrical charge, then the flow results in accumulation of
a positive electrical charge in the zone of extension and a negative electrical charge
in the zone of compression. This charge separation induces an electrical field that

travels with the compressional wave.

Figure 1-2 shows results of surface electroseismic measurements at a site near
Walden Pond, Massachusetts. Figure 1-2 shows that electrical field oscillations are
induced by both a P-wave and a surface wave. The first motion of the P-wave is
compressional and the “first motion” of the electrical field is negative. This result is
consistent with the diagram in Figure 1-1. This experiment is a simple illustration for
the idea of detecting seismic-wave-generated fluid flows by measuring the streaming

electrical field that it generates.

The Biot theory predicts a second compressional wave in the medium that is
referred to as the Biot slow wave. This wave attenuates rapidly in the medium due
to the large fluid-solid displacements that it induces (Biot, 1956a,b). Biot slow waves
have been observed only in laboratory experiments on synthetic media (Plona, 1980)
and have not been observed in the field. However, when a fast compressional wave
crosses an interface between two media, it generates a flow of pore fluid across the
interface. In turn, this flow generates a slow compressional wave. The theoretical
analysis of Gurevich and Lopatnikov (1995) demonstrated that fast compressional

waves can be significantly attenuated in finely layered porous media due to fluid flow
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across interfaces. The theoretical results of Gurevich and Lopatnikov (1995) have not
been supported by field data because it has not been possible to observe directly this

seismic-wave-generated fluid flow across interfaces in the subsurface.

Electroseismic phenomena in porous media can be used to detect fluid flow across
an interface at the time when a fast compressional wave crosses it. Figure 1-3 is
an illustration of the phenomenon called electroseismic conversion. Electroseismic
conversion is the generation of an an electromagnetic wave by a compressional wave
crossing an interface between two media. If the medium above the interface has a
soft frame and the medium below has a hard frame, then the compressional wave
creates higher pore pressure in the medium above the interface than in the medium
below. The difference in pore pressure across the interface drives fluid flow from the
medium above the interface to the medium below. This flow results in accumulation
of a positive electrical charge below the interface and of a negative electrical charge
above. This charge separation across the interface generates an electromagnetic wave
that can be recorded on the surface (Figure 1-3). Figure 1-4 shows results of an
experiment where such electromagnetic waves were recorded in the field. Figure 1-4
demonstrates that electroseismic measurements allow detection of fluid flow across
an interface at the time when a compressional wave crosses it. The details of this
experiment and results of numerical simulations of the field data are described in a

paper by Mikhailov, Haartsen and Toks6z (1997).

The two examples that we described in this section demonstrate that studying
electroseismic phenomena can contribute to understanding Biot-type attenuation of
seismic waves in homogeneous media and at interfaces. In turn, understanding the

attenuation of seismic waves is important for seismic exploration.
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1.3 Previous studies of electroseismic phenomena

Various applications for electroseismic phenomena have been envisioned a long time
ago. However, these phenomena were investigated in a very small number of studies.
Electroseismic phenomena in porous media were first detected in the field by Ivanov
(1939). Ivanov’s (1939) experiments inspired Frenkel (1944) to develop the first the-
oretical model for electroseismic phenomena in porous media. The first laboratory
observations of electroseismic phenomena in porous rocks were made by Antsyferov

(1958) 5.

Until very recently, theoretical, laboratory and experimental investigations of elec-
troseismic phenomena were completely independent. The most progress has been
achieved in theoretical modeling. Frenkel (1944), Neev and Yeatts (1989) and Pride
(1994) proposed various sets of equations that described electroseismic phenomena.
Pride’s (1994) set of equations is the most complete of these three. Pride (1994) com-
bined Biot’s and Maxwell’s equations and also derived frequency-dependent coupling
coefficients that relate pore fluid flow with electrical current. Pride and Haartsen
(1996) have obtained plane-wave and point-source solutions for Pride’s (1994) equa-
tions in a homogeneous medium. Pride and Haartsen (1996) predicted that in homo-
geneous media slow and fast compressional waves induce electrical fields and shear
waves induce magnetic fields. Haartsen and Pride (1997) incorporated the plane-wave
solutions of Pride and Haartsen (1996) into a numerical algorithm and numerically
simulated acoustic and electromagnetic waves generated in a layered medium by a
point explosion source. Their numerical calculations simulated electroseismic conver-

sion at mechanical and fluid salinity contrasts. Haartsen and Pride (1997) simulated

5In the literature on electroseismic phenomena, terms electroseismic and seismoelectric are used
interchangeably. In Russian literature the convention is to refer to electrical fields induced by
seismic waves as a seismoelectric phenomena and to seismic waves induced by electrical fields as
electroseismic phenomena. In order to add to the confusion, we refer to the electrical fields induced
by seismic waves as electroseismic phenomena, which is opposite to the Russian convention.
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both surface acquisition and VSP geometries. Haartsen et al. (1998) used Pride’s
(1994) model to investigate the sensitivity of the streaming electrical current induced

by compressional and shear waves to various media properties.

Laboratory experiments on electroseismic phenomena can be divided into two
groups. Experiments in the first group investigated electrical fields induced in vibrat-
ing porous samples (Antsyferov, 1958; Parkhomenko and Tsze-San, 1964; Chien-San
and Zangirov, 1965; Antsyferov, 1966; Parkhomenko and Gaskarov, 1971; Gaskarov
and Parkhomenko, 1974; Parkhomenko et al., 1975; Chernyak, 1975, 1976; Migunov
and Kokorev, 1977; Simonyan, 1985; Parkhomenko et al., 1986; Simonyan, 1987; Mi-
gunov et al., 1993; Mironov et al., 1993; Parkhomenko and Topchian, 1994; Migunov
et al., 1995). In this group of experiments the relationship between the electroseismic
amplitudes and various rock and fluid properties were investigated. We will summa-

rize the most important conclusions that were made based on their results.

1. When water that saturates sandstone samples is frozen, no electroseismic sig-

nals can be detected (Gaskarov and Parkhomenko, 1974).

2. In general, the amplitude of electroseismic signals depends on the rock type.

For example, it is higher in limestones than in sands (Gaskarov and Parkhomenko,

1974).

3. The amplitude of the electroseismic signals decreases with increasing salinity
of water saturating the samples (Parkhomenko and Gaskarov, 1971; Gaskarov and

Parkhomenko, 1974; Simonyan, 1987).

4. In sandstone samples saturated with a mixture of water and kerosene, the am-
plitude of electroseismic signals decreases with increasing kerosene content (Mironov

et al., 1993).
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5. In partially saturated rocks, the amplitude of electroseismic signals first sharply
increases with saturation and then decreases (Parkhomenko and Tsze-San, 1964;
Chien-San and Zangirov, 1965; Parkhomenko and Gaskarov, 1971; Gaskarov and
Parkhomenko, 1974).

6. In partially saturated shaly sandstones with approximately the same porosity,
the amplitude of the electroseismic signals decreases with permeability (Parkhomenko

et al., 1975). ©

7. The amplitude of the electroseismic signals increases with porosity (Migunov

and Kokorev, 1977).

All these results can be explained within the current models of electroseismic
coupling (e.g. Pride, 1994) and streaming potentials (e.g., Morgan et al., 1989).
We summarized these laboratory results results to give an idea of the complexity of

electroseismic phenomena and their interpretation.

In the second group of experiments, emphasis was placed on simulating field ac-
quisition geometries. Zhu et al. (1994) recorded electrical signals induced by P-waves
and Rayleigh waves in a porous sample. Haartsen et al. (1995) simulated surface ac-
quisition geometry and recorded an electroseismic conversion at an interface. Results
of these laboratory measurements were modeled using Haartsen’s (1995) algorithm.
Zhu and Toks6z (1996) simulated a VSP acquisition geometry. Zhu and Toks6z (1997)
simulated borehole acquisition geometry and recorded electrical fields induced by bo-
rehole Stoneley waves. One of the important results of the their experiments was
that a Stoneley wave induced stronger electrical fields in permeable sand than in a

non-permeable slate. Most recently, Zhu and Tokséz (1997, 1998) recorded electro-

6Parkhomenko et al. (1975) made their measurements at the 80kHz frequency. Their result
does not contradict the fact that at zero frequency the streaming potential coupling coeflicient is
independent of permeability. Pride’s (1994) model predicts that at high frequencies the streaming
potential coupling coefficient decreases if permeability increases.
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magnetic waves generated by a Stoneley wave at an interface between two media and
at an isolated fracture intersected by a borehole. The experiments made by Dr. Zhu
are indeed elegant. Dr. Zhu has simulated under controlled conditions all the elec-
troseismic phenomena that have been observed in the field or predicted numerically.
Unfortunately, the experimental results of Dr. Zhu cannot be used for a quantitative
analysis because the experiments were made for illustrative purposes and amplitudes

were not properly recorded.

Electroseismic phenomena were the least investigated in field experiments. The
main reason is the difficulty of recording seismic-wave-induced electrical fields in situ.
A typical signal-to-noise ratio encountered in experiments with a sledgehammer is
1/200 (Mikhailov et al., 1997). Several reports of recording electroseismic signals in
the field have been published (Ivanov, 1939, 1940; Neyshtadt and Osipov, 1959; Mart-
ner and Sparks, 1959; Zablocki and Keller, 1961; Broding et al., 1963; Parkhomenko
and Gaskarov, 1971; Tome, 1975; Skokan and Chi, 1990; Thompson and Gist, 1993;
Butler et al., 1994, 1996; Wolfe et al., 1996; Mikhailov et al., 1997; Russel et al.,
1997). More than a half of these reports explained the origin of the measured elec-
troseismic signals (Neyshtadt and Osipov, 1959; Martner and Sparks, 1959; Broding
et al., 1963; Thompson and Gist, 1993; Butler et al., 1994, 1996; Wolfe et al., 1996;
Mikhailov et al., 1997; Russel et al., 1997). Thompson and Gist (1993) were the first
to provide a theoretical model and an amplitude estimate for the electroseismic con-
versions that they recorded. Mikhailov, Haartsen and Toksoz (1997) were the first to
record electroseismic signals, explain their origin and compare field data with results
of full waveform numerical modeling. Mikhailov et al. (1997) correctly modeled the
arrival times, polarities and amplitude-versus-offset dependence of the electroseismic
signals recorded in the field. The modeling was performed using Haartsen’s (1995)
algorithm based on Pride’s (1994) model.

Traditionally, electroseismic experiments have been made on the surface and
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were aimed at recording electroseismic conversions at interfaces. Thompson (1990)
patented a method for electroseismic prospecting by delineating interfaces at which
electroseismic conversions take place. However, our experience with surface electro-
seismic measurements convinced us that the use of electroseismic conversions in geo-
physical exploration still faces some difficulties. The main reasons for our conclusion

are the following:

1. Electroseismic signals are extremely weak and it is problematic to measure
electroseismic conversions at interfaces that are deep. Thompson and Gist (1993)
recorded signals from a depth of 300m. In the rest of the field experiments referenced

above, the depths to the interfaces were less than 15m.

2. Pride’s model incorporates a vast number of media parameters, including
drained and undrained frame moduli, porosity, permeability, tortuosity of pore space,
fluid conductivity, fluid salinity, etc. It is very problematic to constrain these param-
eters of the subsurface from the surface. Thus, any inversion of electroseismic data

runs into a problem of non-uniqueness.

These considerations convinced us to investigate electroseismic phenomena in
boreholes. Our primary goal was to develop a real field method for characterizing
porous rocks in situ. As always happens, we were not the first to come up with this

idea.

Almost 60 years ago, Ivanov (1940) suggested using borehole electroseismic mea-
surements to characterize rock formations in situ. Various ideas of borehole electro-
seismic measurements have been patented since 1947 (Doll, 1947, 1949, 1951, 1957;
Ivanov, 1961; Semmelink, 1971). However, none of these ideas have been implemented
in reality. Parkhomenko and Gaskarov (1971) made the first and only borehole elec-
troseismic measurements and reported higher amplitudes of electroseismic signals in

limestones than in shales. However, Parkhomenko and Gaskarov (1971) did not de-
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termine which seismic wave induced these electrical signals and did not clarify which
parameters of the rock formation can be deduced from borehole electroseismic mea-
surements. Haartsen (1995) simulated electroseismic surveys in VSP or reverse VSP
geometries. However, Haartsen (1995) did not simulate any electroseismic phenom-
ena generated by waves propagating in a borehole. In his VSP simulations Haartsen
(1995) recorded electrical fields at points along a vertical line in the subsurface and

did not simulate any waves propagating in a borehole.

1.4 Thesis outline and summary of results

In this thesis, borehole electroseismic phenomena are investigated experimentally and
theoretically. The main emphasis of this thesis is to understand the electroseismic

phenomena that are observed in the field.

In Chapter 2, we first explain how a Stoneley wave propagating along a borehole
in a permeable formation induces an electrical field. Then, we describe a borehole
electroseismic measurement technique and present results of field experiments in a
borehole drilled through fractured granite and diorite at a site in Hamilton, Mas-
sachusetts. In the field data we identify the electrical fields induced by the Stoneley
wave. Analysis of the normalized amplitudes of these electrical fields shows that they
were induced by the Stoneley-wave-generated fluid flow in fractures. The normalized
amplitudes of the Stoneley-wave-induced electrical fields correlate with the fracture

density log in granite.

Further in Chapter 2, we present measurements of the Stoneley-wave-induced
electrical fields in four boreholes drilled through sedimentary rocks (dolomite) at a
site in Belvidere, Illinois. In dolomite, the normalized amplitudes of the Stoneley-

wave-induced electrical fields correlate with the porosity of a formation around a
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borehole. Also, the Stoneley-wave-induced electrical fields have anomalously high

amplitudes at an isolated fracture that intersects two of the boreholes.

In Chapter 3, we develop a Biot-theory-based model for the Stoneley-wave-induced
electrical fields. The amplitudes of the electrical fields predicted by the theoretical
model agree with the amplitudes measured in the field. According to the theoret-
ical model, the normalized amplitude of the Stoneley-wave-induced electrical field
is proportional to the porosity of a formation around the borehole. This result is
consistent with the results of borehole electroseismic measurements in dolomite. We
use the theoretical model to derive a porosity log for the granite formation from the

electroseismic field data collected at the Hamilton site.

Further, according to the theoretical model, the normalized amplitude of the Sto-
neley-wave-induced electrical field is inversely proportional to the pore space tortuos-
ity of a formation around a borehole. We use this result to explain the anomalously
high amplitudes of the Stoneley-wave-induced electrical fields measured at the isolated
fracture in the dolomite. We attribute this high amplitude anomaly to the tortuosity
of the fracture being lower than the tortuosity of the pore space in the vuggy do-
lomite. Finally, the theoretical model predicts that the amplitude-versus-frequency
behavior of the Stoneley-wave-induced electrical field depends on the permeability of
the formation. The field data presented in Chapter 2 do not allow us to test this

theoretical result.

In Chapter 4, we investigate experimentally the amplitude-versus-frequency be-
havior of the electrical fields induced by Stoneley waves. We develop an experimental
technique that allows logging-type measurements of the Stoneley-wave-induced elec-
trical potentials. Using this technique, we make electroseismic measurements in the
borehole drilled through fractured igneous rocks. In our experiments we record Stone-

ley-wave-induced electrical potential in the frequency range from 300Hz to 4000H -.
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The normalized amplitude of the Stoneley-wave-induced electrical potential identifies

a large fracture intersected by the borehole.

By combining the data described in Chapter 4 with the data described in Chapter
2, we obtain the amplitude-versus-frequency dependence of the Stoneley-wave-indu-
ced electrical potentials in the frequency interval from 100H z to 4000 H 2. We compare
this amplitude-versus-frequency dependence with the predictions of the theoretical
model. From this comparison we find that the theoretical model predicts the cor-
rect magnitudes for the electrical potentials induced by the Stoneley wave. Also, the
amplitude-versus-frequency dependence of the electroseismic signals recorded at the
depth of the large fracture roughly follows the trend predicted by the theory. How-
ever, the general amplitude-versus-frequency dependence of the electroseismic signals
recorded in the field is more complicated than the one predicted by the theory. This
can be attributed to (a) imperfection of the measurement devices; (b) failure of the
theoretical model to correctly describe the phenomenon observed in the field; or (c)

presence of some other electroseismic phenomenon that we do not account for.
The main contributions of this thesis are:

1. This thesis develops a borehole electroseismic measurement technique and
demonstrates that it works in the field. This technique can be used to make electro-

seismic logging measurements.

2. This thesis investigates an electrical field induced by a borehole Stoneley wave.
This electroseismic phenomenon is explained, measured in the field and modeled

theoretically.

3. This thesis derives from field data a parameter that describes local electro-
seismic coupling in a formation around a borehole. This parameter, the normalized

amplitude of the Stoneley-wave-induced electrical field, is defined as the ratio of an
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electrical field amplitude to a pressure amplitude in the Stoneley wave at a certain
depth. This thesis demonstrates that the normalized amplitude of the Stoneley-wa-

ve-induced electrical field can be used to identify permeable fractures.

4. This thesis uses field electroseismic measurements to quantitatively characterize
rock formations around a borehole. Using the theoretical model developed in this

thesis, a porosity log for fractured granite is derived from electroseismic field data.
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compression extension
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Figure 1-1: Diagram of a streaming electrical field induced by a compressional wave.
A compressional wave propagating in a fluid-saturated porous rock creates a pres-
sure gradient that drives the fluid flow from the zone of compression to the zone of
extension. If the pore fluid carries an excess positive electrical charge, then the flow
results in accumulation of a positive electrical charge in the zone of extension and a
negative electrical charge in the zone of compression. This charge separation induces
an electrical field that travels with the compressional wave.
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Figure 1-2: Measurements of vertical displacements and horizontal electrical fields at
a site near Walden Pond, Massachusetts. The electrical data show that oscillations
of the electrical field are induced by both the P-wave and the surface wave. The first
motion of the P-wave is compressional and the “first motion” of the electrical field is
negative. This result is consistent with the diagram in Figure 1-1.
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Figure 1-3: Diagram of an electromagnetic wave generated by a compressional wave
crossing an interface between two media. If the medium above the interface has a soft
frame and the medium below has a hard frame, then the compressional wave creates
higher pore pressure in the medium above the interface than the pore pressure in the
medium below. The difference in pore pressure across the interface causes pore fluid
to flow from the medium above the interface to the medium below. This flow results
in accumulation of a positive electrical charge below the interface and of a negative
electrical charge above. This charge separation across the interface generates an
electromagnetic wave that can be recorded on the surface.
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Figure 1-4: a) Electroseismic data collected at a site in Hamilton, Massachusetts. b)
the first 60 ms of these data. Event A-A is the electroseismic conversion at the top
soil-glacial till interface. Event C-C is, possibly, the electroseismic conversion at the
watertable. Dashed lines mark the onset of these signals.
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Chapter 2

Low-frequency measurements of
electrical fields induced by

borehole Stoneley waves

In this Chapter we describe an electroseismic phenomenon that is the primary focus
of our investigation. This phenomenon is an electrical field induced by a borehole
Stoneley wave. In permeable formations, this electrical field is induced by a Stoneley-

wave-generated pore fluid flow.

This Chapter has two goals. The first goal is to demonstrate that this electroseis-
mic phenomenon can be observed in the field. We describe a borehole electroseismic
measurement technique and present results of field experiments in fractured igneous
rocks and sedimentary rocks (dolomite). In the field data we identify the electrical
fields induced by the Stoneley wave. From the analysis of their normalized ampli-
tudes, we conclude that these electrical fields were induced by a pore fluid flow in the

formation around a borehole.
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The second goal of this Chapter is to investigate how this electroseismic phe-
nomenon can be used for characterizing fluid transport properties of a formation
around the borehole. From our field data we derive a parameter that describes local
electroseismic coupling at each depth. This parameter is the normalized amplitude of
the Stoneley-wave-induced electrical field. We demonstrate that in the experiment in
fractured granite, this normalized amplitude correlates with the fracture density log.
In the experiments in dolomite, the normalized amplitude of the Stoneley-wave-in-
duced electrical fields correlates with the porosity of a formation around a borehole.
Also, the Stoneley-wave-induced electrical fields have anomalously high amplitudes

at an isolated fracture that intersects two boreholes.

2.1 Electroseismic phenomena caused by a bore-

hole Stoneley wave

In this section we explain how a Stoneley wave induces an electrical field when prop-
agating along a permeable formation. This electrical field moves along the borehole
together with the Stoneley wave. When a Stoneley wave encounters an isolated frac-
ture, it locally induces an electrical field and also generates an electromagnetic wave.

This electromagnetic wave propagates in all directions with a velocity much higher

than the velocities of seismic waves.

2.1.1 Electrical field induced by a Stoneley-wave-generated

fluid flow in permeable formations

A seismic wave propagating in a fluid-saturated permeable rock induces an electrical

field because the pore fluid saturating the rock carries an excess electrical charge. This
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electrical charge is accumulated in the pore fluid because surfaces of most minerals
adsorb ions of a certain polarity from the pore fluid, leaving an excess of ions of the
opposite polarity in the fluid. This excess electrical charge is concentrated in a thin
layer of pore fluid along the pore surfaces (Morgan et al., 1989). For example, in
quartz-bearing rocks filled with water, rock surfaces adsorb negative ions, leaving an
excess positive electrical charge in water in the vicinity of rock surfaces. Whenever
a pressure gradient, created by a seismic wave, forces the pore fluid to flow through
the rock, the fluid displacement along the pore surfaces moves this excess electrical
charge, thus creating a streaming electrical current. This streaming electrical current

results in the induction of an electrical field.

Figure 2-1 is a diagram of an electrical field induced by a borehole Stoneley wave.
A Stoneley wave propagating in a borehole creates a pressure gradient in a formation
around the borehole. This pressure gradient drives the fluid flow from the zone of
compression to the zone of extension. If the pore fluid carries a positive electrical
charge (as in quartz-bearing rocks saturated with water), then the flow results in
accumulation of a positive electrical charge in the zone of extension, and a negative
electrical charge in the zone of compression. Thus, the Stoneley wave creates a
capacitor-like electrical charge separation that moves along the borehole together
with the wave. This charge separation induces an electrical field that also moves

along the borehole together with the Stoneley wave.

We argue that the charge separation created by the Stoneley wave propagating
along a homogeneous formation does not radiate electromagnetic waves. If the for-
mation is homogeneous, then the charge separation and the electrical field created
by the Stoneley wave do not change in magnitude as the wave propagates along the
borehole. Thus, in a reference frame that moves along the borehole with the Stoneley
wave velocity, the capacitor-like charge separation created by the Stoneley wave is

stationary and constant. A stationary and constant charge separation does not radi-
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ate electromagnetic waves (Duckworth, 1960). Overall, the electroseismic phenomena
caused by a Stoneley wave in a homogeneous medium are similar to the electroseismic
phenomena caused by a head wave. Numerical simulations (Haartsen, 1995) and field
measurements (Mikhailov et al., 1997) demonstrate that a head wave propagating
along an interface between two homogeneous media creates an electrical field that

moves together with the head wave, but does not radiate electromagnetic waves.

2.1.2 Electrical field and electromagnetic radiation gener-

ated by a Stoneley wave at an isolated fracture

When a Stoneley wave encounters an isolated fracture intersected by a borehole, it lo-
cally induces an electrical field and also generates an electromagnetic wave. Figure 2-2
is a diagram of these phenomena. A Stoneley wave creates an oscillating flow of fluid
within the fracture. This flow carries a streaming electrical current that results in an
oscillating charge separation within the fracture. The oscillating electrical charge in-
duces an electrical field within and in the vicinity of the fracture. Also, this oscillating
electrical charge radiates an electromagnetic wave that propagates in all directions
with a velocity much higher than the velocities of seismic waves. Electromagnetic
waves generated by Stoneley waves at isolated fractures are observed in laboratory
experiments (Zhu and Toksoz, 1998) and in the field experiments described further
in this Chapter.

Let’s suppose that a homogeneous permeable formation consists of a system of
fractures evenly distributed through the medium. In such a medium, the total elec-
tromagnetic radiation is a sum of electromagnetic waves generated at each fracture.
Fractures in the compressional part of the Stoneley wave radiate electromagnetic
waves out of phase with fractures in the extensional part of the Stoneley wave. If

the fractures are evenly distributed, then at any point in space the electromagnetic
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waves from all the fractures will cancel each other. Therefore, a Stoneley wave prop-
agating along a homogeneously fractured formation does not radiate electromagnetic
waves. This argument is consistent with the statement we made in the previous sec-
tion that a Stoneley wave propagating in a homogeneous medium does not generate

electromagnetic radiation.

In this section we described electroseismic phenomena that one can anticipate to
encounter in the field. When propagating along a borehole in a permeable formation,
a Stoneley wave will induce an electrical field. This electrical field will move along
the borehole together with the Stoneley wave. Also, if the Stoneley wave encounters
a large isolated fracture, then in addition to inducing an electrical field locally, the
Stoneley wave will generate electromagnetic radiation. In order to determine whether

these phenomena are indeed observable, we conducted field experiments.

2.2 Borehole electroseismic measurements in frac-

tured igneous rocks

In this section we demonstrate that electroseismic phenomena caused by a Stoneley
wave can be observed in a field experiment. We describe the measurement technique
and present field data measured in a borehole at a site in Hamilton, Massachusetts.
In the field data we identify two electroseismic phenomena. The first phenomenon is
an electrical field induced by the Stoneley wave. This electrical field moves along the
borehole together with the Stoneley wave. The second phenomenon is electromagnetic
radiation generated by the Stoneley wave. The electromagnetic waves propagate in

all directions with a velocity much higher than velocities of seismic waves.
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2.2.1 Experimental site

We conducted our first borehole electroseismic experiments in a well that was drilled
through fractured igneous rock at a site in Hamilton, Massachusetts. The upper 137m
of the well is in granite, and below the depth of 137m is in diorite. Within the diorite
section there are three zones of monzodiorite 5m, 9m and 17m thick at depths of
137m, 168m and 280m, respectively. A 6m thick felsite dike intersects the well at the
depth of 152m (GEOSS, 1984b).

Figure 2-3 presents the results of various geophysical measurements in the well
demonstrating that both the granite and diorite sections of the well are highly frac-
tured. The borehole video log showed small and large fractures intersecting the well
throughout the entire 300m depth of investigation. The borehole video and the bo-
rehole televiewer logs demonstrate that most of the fractures are horizontal. The
fracture density log derived from the borehole video shows that at some depths there
are up to 10 fractures per meter. The borehole caliper log also shows numerous en-
largements of the borehole wall at depths where a drill bit encountered fractures in
the hard rock. The P-wave slowness log shows numerous kicks (off scale) correspond-
ing to highly fractured zones. The conductivity log shows relatively high conductivity

values for igneous rock, again corresponding to highly fractured granite and diorite.

Analysis of the cuttings from the well (GEOSS, 1984a,b) demonstrates that in the
granite and the diorite the rock matrix has no porosity. Thus, all the porosity and
permeability of the granite and the diorite formations are due to fractures. A pumping
test in another well that is 12m away from the experimental well yielded a flow rate
of 300gal/min (1.9 - 1072m3/s) that was sustained for 26 days (Haley and Aldrich,
Inc., 1990). The main flow conduit identified by the pumping test was the fractured
zone between the depths of 55m and 61m. The pumping test demonstrated that

there is a flow communication between the two wells through the horizontal fractures
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in the subsurface. Therefore, we can conclude that the fractures intersecting the

experimental well are permeable.

The experimental well was cased only through the top 10m of overburden, and was
uncased in the granite and diorite. This allowed pressure communication between the
borehole and the fractures. When the Stoneley wave propagated along the borehole,
it induced a flow of fluid within the fractures. Thus, the borehole was suitable for

electroseismic experiments.

2.2.2 Field experimental procedure

In the experiments we generated a Stoneley wave at the top of the well by vertically
striking the casing with a sledge hammer. This Stoneley wave had a center frequency
of 150Hz which corresponds to a wavelength of 9.3m. We measured pressure os-
cillations created by the wave as it propagated in the borehole, using hydrophones
suspended in the borehole fluid. We measured the electrical field induced by the
Stoneley wave as a potential difference between two lead electrodes. The diagram
of the electrical field measurements is given in Figure 2-4. In the experiment the
electrodes were suspended in the borehole fluid and were connected to a data acqui-
sition system at the surface by an unarmored cable. We would like to emphasize the
simplicity of the measurement devices. They were nothing more than hydrophones

and pairs of lead electrodes suspended in the borehole fluid.

To record the signals measured by the hydrophones or the electrode pairs we used a
seismic data acquisition system (OYO Geospace model DAS-1) with a dynamic range
of 120dB and a crosstalk between channels of less than —100dB. The sampling rate of
the recording was 0.125ms. During the experiments we recorded either 3 hydrophone

traces or 4 electrical traces at a time. To collect measurements throughout the 280m
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section of the well at a 1m spacing between the traces we moved the hydrophone
string or the electrode string along the well and repeated the source. In the electrical
experiments we stacked the data 20 times at each depth and in the hydrophone

experiments, 5 times at each depth.

2.2.3 Noise reduction in the electrical data

The electrical records made in the experiment contained electrical fields induced by
the borehole Stoneley wave but also contained electrical fields induced by remote
power lines and by telluric currents in the ground. The amplitude of the Stoneley-wa-
ve-induced electrical fields detected in the experiments was less than 254V/m, while
the power line and telluric noise was about 2mV/m, i.e., 80 times larger. In order to
reduce this noise we used the two-step processing sequence summarized below. The

specific details of our noise-reduction processing were described and illustrated in a

paper by Mikhailov et al. (1997).

The first step in the noise-reduction processing was remote referencing. This tech-
nique is commonly used in field electroseismic measurements (Thompson and Gist,
1993; Butler et al., 1996; Wolfe et al., 1996; Mikhailov et al., 1997). To reduce the
noise in the electrical data, we used the observation that at the frequency of the
Stoneley wave in the experiments (150Hz2) the power line and telluric noise did not
change phase throughout the depth of investigation, i.e., the noise was practically
the same in the borehole and on the surface. In the field, while recording the elec-
trical signals in the borehole, we simultaneously recorded the electrical noise on two
mutually perpendicular electrical dipoles on the surface. During signal processing we
subtracted the noise recorded on the surface from the measurements in the borehole.

This reduced the noise by a factor up to 50.
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To further reduce the noise induced by remote power lines, we used 60 H z harmonic
subtraction (Butler and Russell, 1993). This step further reduced the noise by a factor
up to 5. Overall, this noise-reduction processing improved the signal-to-noise ratio in

the electrical records by a factor up to 250.

2.2.4 Full-waveform electroseismic data

Using the measurement technique and the noise-reduction processing described in
the previous section, we were able to detect electroseismic phenomena caused by the
Stoneley wave. Figures 2-5—2-7 present the hydrophone and electrical signals that

were recorded in the field.

The pressure measurements in Figure 2-5 show the direct Stoneley wave propa-
gating from the top of the well (Event A-A). Large fractures and enlargements of
the borehole wall generate reflections of the Stoneley wave propagating upward. We
would like to emphasize that our borehole was intersected by fractures throughout
the entire depth of investigation (Figure 2-3). The distinct Stoneley wave reflections

in Figure 2-5 are generated by the largest of them.

Figures 2-6 and 2-7 show the electrical signals recorded in two separate experi-
ments made on different days with two different electrode separations. The electrical
signals in Figure 2-6 were measured with a 0.5m separation between the electrodes,
and signals in Figure 2-7 were measured with a 1.0m electrode separation. In the

electrical data we identify three events.

1. The most visible event in the data is an electrical signal moving along the
borehole at the Stoneley wave velocity (Event A-A). Comparison of the electrical data
with the pressure data shows that this signal arrives at each depth simultaneously with

the Stoneley wave. The electrical data shows that such an electrical field is generated
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by both the direct and reflected Stoneley waves propagating in the borehole.

2. The electrical data in Figures 2-6 and 2-7 show an electrical signal arriving
at zero time at all depths. This signal is an electromagnetic wave generated when a
metal sledgehammer hits the metal casing. Similar signals were described by Butler

et al. (1994) and Mikhailov et al. (1997).

3. The electrical data show weak electrical signals arriving simultaneously at all
depths at the times of 60ms (Event C-C in Figure 2-6) and 40ms (Event B-B in
Figure 2-7). The apparent zero moveout of these signals indicates that they prop-
agate with a velocity much higher than the velocities of seismic waves. We suggest
that Events B-B and C-C are electromagnetic waves generated when a Stoneley wave
encounters large fractures at depths of 87m and 63m, respectively. Such electromag-
netic waves generated by a Stoneley wave at isolated fractures have been observed in
laboratory experiments (Zhu and Toksoz, 1998). These electromagnetic waves are not
the focus of this thesis because their amplitudes are barely above the noise level. We

point them out to illustrate what kinds of electroseismic phenomena can be observed

in the field.

Traditionally, electroseismic field experiments are aimed at recording electromag-
netic waves generated by seismic waves at heterogeneities (Thompson and Gist, 1993;
Butler et al., 1996) and the electrical fields locally induced by seismic waves are ne-
glected. This thesis is focussed on the electrical fields induced locally by the Stoneley
wave (Event A-A). We argue that these electrical fields are caused by the Stoneley-
wave-generated fluid flow in fractures. We also develop a theoretical model that relates
the normalized amplitudes of these electrical fields to the porosity and permeability

of the formation around the borehole.
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2.3 Analysis of the Stoneley-wave-induced electri-

cal fields in fractured igneous rocks

In this section we present evidence that the electrical field moving along the borehole
together with the Stoneley wave (Event A-A in Figures 2-6 and 2-7) is caused by the
Stoneley-wave-generated fluid flow in fractures. We demonstrate that the normalized
amplitude of the Stoneley-wave-induced electrical field correlates with the fracture

density log in granite.

2.3.1 Definition of the normalized amplitude of the Stone-

ley-wave-induced electrical fields

The conclusion that the electroseismic phenomena observed in the experiments are
caused by the fluid flow within fractures is based on the analysis of the normalized
amplitude of the Stoneley-wave-induced electrical field. We define the normalized
amplitude of the Stoneley-wave-induced electrical field at a certain depth as a ratio
of the amplitude of the electrical field oscillation at this depth to the amplitude of
pressure oscillation at this depth. The normalized amplitude, defined in this way,
characterizes the local electroseismic coupling. It is also independent of the pressure
amplitude because it represents the electrical field induced at a certain depth by a

unit pressure oscillation at this depth.

Figure 2-8 illustrates how we derived the normalized amplitude of the Stoneley-
wave-induced electrical field from the field data. The first plot in Figure 2-8 is the
rms amplitude of the pressure oscillation in the direct Stoneley wave (Event A-A in
Figure 2-5). We calculated this amplitude for the main wavelet of the direct Stoneley

wave. Figure 2-8 shows that as the Stoneley wave propagates down the borehole, its
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amplitude decreases due to backscattering and attenuation.

The second plot in Figure 2-8 is the rms amplitude of the electrical potential
difference recorded by electrode pairs with a 0.5m separation (Event A-A in Figure 2-
6) and by electrode pairs with a 1.0m separation (Event A-A in Figure 2-7). Using the
same procedure as for pressure, we calculated these amplitudes for the main wavelet of
Event A-A. Figure 2-8 shows that, on average, the amplitude of the electrical signals
decreases with depth because the amplitude of the pressure oscillations decreases as
the Stoneley wave propagates down the borehole. Further, Figure 2-8 shows that
at each depth the potential difference between electrodes separated by 1.0m was two
times higher than the potential difference between electrodes separated by 0.5m. This
result is consistent with the fact that the wavelength of the electrical field oscillation is
the same as the Stoneley wavelength (about 9.3m in the experiment). The distances
between the electrodes in both cases are significantly less than the wavelength, and
therefore the potential difference between the electrodes is proportional to the distance

between them.

The third plot in Figure 2-8 is the normalized amplitude of the Stoneley-wave-
electrical field. We calculated it for each depth by first obtaining the electrical field
amplitude as the potential difference amplitude divided by the distance between the
electrodes. Then, we divided the amplitude of the electrical field at each depth by
the amplitude of the pressure oscillation at the same depth. Figure 2-8 shows the
agreement between the normalized amplitudes of the Stoneley-wave-induced electrical
fields measured in two different experiments using a 0.5m electrode separation (Event
A-A in Figure 2-6) and a 1.0m electrode separation (Event A-A in Figure 2-7). This
result demonstrates that the electroseismic phenomenon observed in the experiment

is repeatable.
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2.3.2 Analysis showing that the Stoneley-wave-induced elec-

trical fields are caused by the fluid flow in fractures

We argue that the electrical fields measured in the experiments are caused by the
Stoneley-wave-generated fluid flow in fractures. Our argument is based on the follow-

ing analysis.

1. The electrical fields measured in the experiments were not generated by the
action of the Stoneley wave on the electrodes. The analysis in Appendix A shows
that the motion of the electrodes caused by the Stoneley wave could not generate the
electrical signals with the amplitudes recorded in the experiments. Also, the analysis
in Appendix A demonstrates that streaming potentials induced by the fluid motion

along the surface of the electrodes also could not cause these signals.

2. The electrical fields measured in the experiments were generated within the rock
formation. Figure 2-8 shows that the normalized amplitudes of the Stoneley-wave-in-
duced electrical fields in the granite section (10-137m) is between 5nV/(m - Pa) and
20nV/(m - Pa). At the same time, in the diorite section (177-280m) the normalized
amplitude is around 3nV/(m- Pa). Thus, the amplitudes of the electroseismic signals
are sensitive to the rock type. The analysis in Appendix A shows that the streaming
potentials induced by the fluid motion along the borehole wall could not generate
the electrical signals recorded in the experiments. Thus, the fact that the normalized
amplitude of the electrical field is sensitive to the rock type together with the fact
that these electrical fields cannot be generated on the surface of the borehole suggest
that the electrical fields measured in the experiments were generated within the rock

formation around the borehole.

3. The electrical fields measured in the experiments were not caused by the

piezoelectric effect. The analysis of the cuttings from the borehole (GEOSS, 1984b)
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shows that the granite does not have any prefered orientation of quartz or any other
crystals. Random orientation of the mineral grains leads to a net zero piezoelectric
constant. Moreover, the amplitude of the electroseismic signals varies by a factor of
4 within the granite section (10-137m), while the cuttings show no variation in the

mineral composition or the orientation of crystals in the granite section.

4. The electrical fields measured in the experiments were generated within the
fractured zones. Figure 2-9 shows a comparison between the fracture density log
for the granite section of the well and the normalized amplitude of the Stoneley-wa-
ve-induced electrical fields. The first plot in Figure 2-9 is the fracture density (the
number of fractures per meter) derived from the borehole video log. The second
plot in Figure 2-9 is the fracture density log averaged over the Stoneley wavelength
(9.3m in the experiment) using a cosine-shaped weighting function. The third plot
in Figure 2-9 is the normalized amplitude of the Stoneley-wave-induced electrical
field. Figure 2-9 shows that there is a good correlation between the averaged fracture
density plot and the normalized amplitudes of the electrical fields. The more fractures
there are around a certain depth, the higher the normalized amplitude of the Stone-
ley-wave-induced electrical field is. Therefore, we conclude that this electrical field

was generated within the fractured zones.

We make the comparison between the fracture density log and the normalized
amplitude of the Stoneley-wave-induced electrical fields in the granite section of the
well because in this section the Stoneley-wave-induced electrical fields are very clear
in the data (signal-to-noise ratio of up to 5). In the diorite section of the well these
electrical fields are barely visible above the noise (Figures 2-6 and 2-7). The poor
signal-to-noise ratio in diorite is due to (a) low amplitudes of the Stoneley wave in
the diorite section (Figure 2-8) and (b) a lower streaming potential coupling in diorite
than in granite. The difference between the streaming potential coupling in granite

and in diorite will be discussed in the next Chapter of this thesis.
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5. The normalized amplitudes of the electrical fields measured in the experiment
agree with the predictions of the theoretical model for the electrical fields induced by
the Stoneley-wave-generated pore fluid flow. This theoretical model and its compar-

ison with the field data are presented in the next Chapter.

Overall, the correlation of the normalized amplitude with the fracture density log
and the consistency of the experimental data with the theoretical model lead us to
the conclusion that the electrical fields observed in the experiments were induced by
the Stoneley-wave-generated fluid flow in fractures. We would like to emphasize that
in the granite and the diorite at the Hamilton site, the rock matrix has no porosity
(GEOSS, 1984a,b). Thus, all the porosity and permeability of the granite and the

diorite formations are due to fractures.

2.3.3 Summary: using borehole electroseismic measurements

to identify fractured zones

In this section we have presented measurements of the electrical fields induced by the
borehole Stoneley wave in fractured igneous rocks. Analysis of these electrical fields
showed that they were induced by fluid flow in fractures. Moreover, the normalized
amplitude of the Stoneley-wave-induced electrical field correlates with the fracture

density log for the granite section.

Based on these results we suggest using measurements of the Stoneley-wave-in-
duced electrical fields to detect fractured zones in tight igneous rocks, where any
significant permeability is associated with fractures. If electrodes placed at a certain
depth in a borehole detect a streaming electrical field when a Stoneley wave propagates
past them, then the formation at this depth is fractured. This conclusion can be made

because the Stoneley wave induces a flow of the electrically charged pore fluid in the
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formation at this depth. If the Stoneley wave does not induce an electrical field, then

the formation at this depth is not fractured.

In the fractured granite at the Hamilton site, both porosity and permeability are
due to fractures. Thus, the correlation of the normalized amplitude of the Stone-
ley-wave-induced electrical field with the fracture density log does not allow us to
conclude whether this normalized amplitude is sensitive to porosity or permeability
of a formation around a borehole. Thus, it was necessary to conduct more field
experiments in order to investigate the sensitivity of electroseismic phenomena to

these formation properties.

2.4 Borehole electroseismic measurements in dolo-
mite: general description of the experimental

site

We conducted field experiments in four boreholes drilled through shaly dolomite at a
site in Belvidere, Illinois. In these boreholes (labeled T1, T2, T6 and T7), a number
of logging measurements were made in order to characterize the subsurface properties
(Paillet, 1997; Paillet et al., 1998). Below, we summarize all the available information
about the site that we will later use to interpret the results of borehole electroseismic
measurements. The boreholes will be analyzed in the following order: T6, T7, T2
and T1. The reason why we chose this order will become evident when we interpret

the electroseismic data.
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2.4.1 Permeable zones in the subsurface and estimates of

their hydraulic transmissivity

Figure 2-10 (from Paillet (1997)) presents a vertical cross-section of the subsurface
at the site. It shows four major permeable zones that were identified by borehole
flowmeter measurements and cross-borehole pumping tests. The first zone (labeled a
in Figure 2-10) is a bedding plane fracture intersecting boreholes T6 and T7 at the
depth of 12m. The second zone (labeled b) is a near vertical fracture intersecting
boreholes T1 and T2 around the depth of 25m. The width of the intersection is
3.1m in borehole T1 and 1.7m in borehole T2. The third permeable zone (labeled
c) is a porous layer intersecting all the boreholes between the depths of 27.5m and
30.5m. The fourth permeable zone (labeled d) is also a porous layer intersecting all

the boreholes between the depths of 42.5m and 55m (Paillet, 1997).

Paillet et al. (1998) used wireline packer measurements in boreholes T1 and T6 to
estimate relative hydraulic transmissivity of the dolomite in various depth intervals.
Hydraulic transmissivity of a certain depth interval is defined as a product of the
thickness of the interval to its hydraulic conductivity (Davis and DeWeist, 1966).
In turn, hydraulic conductivity of a formation is defined as a ratio of water flow
through a formation to the applied pressure gradient. Thus, hydraulic transmissivity
is proportional to the permeability and the thickness of a depth interval (Davis and
DeWeist, 1966).

Wireline packer measurements can be used to deduce only relative and not ab-
solute values of hydraulic transmissivity (Paillet et al., 1998). Paillet et al. (1998)
defined the relative hydraulic transmissivity of a certain depth interval as a ratio
of the hydraulic transmissivity of this interval to the hydraulic transmissivity of a
“reference” interval. The values of the relative hydraulic transmissivity in boreholes

T6 and T1 are presented in Figures 2-23 and 2-29, respectively. Paillet et al. (1998)
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estimated relative hydraulic transmissivity in intervals of approximately the same
thickness. Thus, the plots of relative hydraulic transmissivity versus depth in Figures
2-23 and 2-29 reflect the variation of averaged permeability with depth in boreholes
T6 and T1.

2.4.2 Porosity measurements

To measure porosity of the dolomite, sonic and neutron logs were run in boreholes T'6
and T1. Both sonic and neutron logs are indicators of porosity of a formation around
a borehole. Figure 2-11 presents the porosity logs deduced from sonic and neutron
logs in boreholes T6 and T1. To deduce the dolomite porosity from the sonic log, we

used the Wyllie equation (Hilchie, 1978):

1 1
V;

p=2 2% (2.1)
Vi T W%

Here, VL is the P-wave slowness of the formation, -‘}—0 = 43.5’1‘,—; = 142.7£% is the P-
P

wave slowness of dolomite with zero porosity, and VLf = 20643 = 6755 = 1/(14807)

is the P-wave slowness in pure water. The resulting sonic porosity logs are plotted in

Figure 2-11 with dashed lines.

The neutron logging tool used in boreholes T6 and T1 was calibrated for limestone
in an 8:n borehole, according to the standard of the American Petroleum Institute.
Thus, the original neutron log data represented the “apparent limestone porosity”. To
recalibrate this data into dolomite porosity, we subtracted a constant value from the
“apparent limestone porosity” values. This constant shift accounted for the dolomite
correction of —7% (Schlumberger, 1972) and the borehole radius correction. We chose
this constant shift so that the neutron porosity logs matched the sonic porosity logs.
The resulting neutron porosity logs for dolomite are plotted in Figure 2-11 with solid

lines.
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In borehole T1, the neutron and the sonic porosity logs have the same values and
the same variation with depth. This match demonstrates that the procedure that we
used to deduce porosity from the sonic and the neutron logs is correct. In borehole
T6, the neutron and the sonic porosity logs agree below the depth of 25m. Above the
depth of 25m, the sonic log deviates towards higher porosity values but has the same
variation with depth as the neutron porosity log. This deviation can be interpreted
in two ways: (1) above the depth of 25m the “zero porosity” slowness is higher than
that of dolomite or (2) above the depth of 25m the lithological correction for the
neutron log is lower than that for dolomite. In either case, this mismatch between
the neutron porosity and the sonic porosity logs indicates that at the depth of 25m the
lithological composition of the formation changes (Hilchie, 1978). One of the possible
interpretations of this lithological change that is consistent with all other logs is the
presence of chert in dolomite above the depth of 25m (Paillet, private communication).
However, based on the data that is available, the lithological composition cannot be

determined uniquely.

2.4.3 Borehole televiewer images of a fracture and vugs in

dolomite

Borehole televiewer logs were run in all boreholes. A borehole televiewer is an acous-
tic device for imaging a borehole wall. Borehole televiewer images can be used to
identify fractures intersecting a borehole and to estimate their strike and dip. Charts

made from borehole televiewer images show fracture intersection with boreholes T2

(Figure 2-28) and T1 (Figure 2-30) at the depth of 25m.

Borehole televiewer images show all irregularities of a borehole wall, including
washout zones and caverns. In all the boreholes at the Belvidere site, the borehole

televiewer images show numerous vugs that constitute a significant portion of the
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dolomite’s porosity. At some depths there are so many vugs that the formation
resembles Swiss cheese. Figure 2-12 shows a section of a borehole televiewer image in
borehole T1. This image is of the depth interval from 27.5m (90ft) to 33.5m (110f1).
Black areas in the televiewer image are vugs in the dolomite. The presence of vugs in
the dolomite is also evident in caliper logs. For example, the caliper log in borehole
T7 (Figure 2-14) is highly irregular. This irregularity is due to the vugs intersected
by the borehole wall.

While contributing to porosity, the vugs do not necessarily contribute to per-
meability. Comparison of the porosity logs and the relative hydraulic conductivity
estimates in boreholes T6 (Figure 2-23) and T1 (Figure 2-29) show that porosity
logs do not correlate with the relative hydraulic transmissivity and, therefore, with

permeability.

2.4.4 Gamma, resistivity and SP measurements

Figure 2-13 present the gamma, the resistivity, the Self-Potential and the porosity
logs in borehole T6. The gamma log is, in general, an indicator of the shale content
in the formation (Schlumberger, 1972; Hilchie, 1978). The gamma log has several
peaks (e.g., around the depths of 25m, 37m and 44m). These peaks indicate shale
layers (Hilchie, 1978). Figure 2-13 also demonstrates that the values of the gamma
logs are higher in the interval from 22m to 52m than in the intervals from 14m to
22m and from 52m and 58m. This result suggests that between the depths of 22m
and 52m the shale content in dolomite is higher than at other depths.

The resistivity log in borehole T6 is almost uniform below the depth of 23m. It
has only a minor decrease at the depth of 37m where the gamma log indicates a shale

layer. Above the depth of 23m the resistivity log has a sharp increase by a factor of 3.
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The resistivity log in borehole T7 (plotted with a dashed line in Figure 2-13) does not
have this high resistivity anomaly above the depth of 23m. The same high resistivity
anomaly was detected in borehole T1 (Figure 2-16) and was not detected in borehole
T2 (Figure 2-15). Below we describe a possible interpretation of this anomaly that

was suggested by Paillet (private communication).

Boreholes T'6 and T1 were logged in spring right after snow had melted. Boreholes
T7 and T2 were logged several months later. Thus, the high resistivity anomaly
above the depth of 23m in boreholes T6 and T1 is interpreted to be due to the
infiltration of fresh water from melted snow into the dolomite formation. The sharp
boundary of the resistivity anomaly means that the infiltration was interrupted by
an impermeable layer (possibly a shale streak). This interpretation is supported by
the SP log in borehole T6 (Figure 2-13). The SP curve changes abruptly by —50mV
at the depth of 21m . This change is consistent with a situation when there is fresh
water above 21m, salty water below 21m and a semi-permeable shale membrane in
between (Schlumberger, 1972). Note that the SP log in borehole T7 (Figure 2-14)

does not have such an anomaly.

We made borehole electroseismic measurements in October. Therefore, we expect
that at the time of the experiments, resistivity of the dolomite formation around
boreholes T6 and T1 was similar to the resistivity of the dolomite around boreholes
T7 and T2, i.e., almost uniform. We also expect that during our measurements there

were no significant SP anomalies in all the boreholes, as is the case in borehole T7

(Figure 2-14).

1The mismatch between the depths of the resistivity and SP anomalies can be attributed to the
mismatch of the “zero depth” points in the two logs.
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2.4.5 Correlation of the formation properties between differ-

ent boreholes

Boreholes T6 and T7 were drilled 2.7m away from each other. Comparison of Figures
2-13 and 2-14 demonstrates that the gamma logs in T6 and T7 agree throughout
the entire depth of the boreholes. The resistivity logs in T6 and T7 agree below the
depth of 23m. As we mentioned earlier, the high resistivity anomaly above the depth
of 23m in borehole T6 was due to the infiltration of fresh water into the dolomite
formation right after snow had melted. Overall, comparison of the logs in T6 and T7

shows that the formation properties around these two boreholes are similar.

Boreholes T2 and T1 were drilled 2m away from each other. We do not have
digital log data to make a comparison between these two boreholes 2. Figures 2-15
and 2-16 are copied from the paper by Paillet (1997). Comparison of the logs in these
Figures demonstrates that the formation properties around boreholes T2 and T1 are
similar. The only difference is the high resistivity anomaly above the depth of 23m
in borehole T1.

Boreholes T6 and T1 were drilled 16.8m away from each other. Figure 2-17
presents a comparison of neutron porosity and P-wave slowness logs in boreholes T6
and T1. Figure 2-17 demonstrates that the neutron porosity logs in boreholes T6
and T1 match in the depth interval from 16m to 60m 3. The P-wave slowness logs
in boreholes T6 and T1 correlate in the depth interval from 25m to 60m. Above the
depth of 25m there is a significant mismatch between these two logs. We suggest
that this mismatch is due to the change of lithological composition in the formation
around borehole T6 at depths above 25m. Overall, agreement of various logs in all

four boreholes suggests that the formation properties around all four boreholes are

2The data was accidentally erased at USGS (Paillet, private communication).
3The bottom of the casing in T6 was at the depth of 15.5m.
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similar below the depth of 25m.

2.5 Borehole electroseismic measurements in do-

lomite: data and its interpretation

2.5.1 Field experimental procedure

We used exactly the same procedure as in the Hamilton experiment to make borehole
electroseismic measurements in boreholes T6, T7, T2 and T1. In these boreholes we
made electrical measurements with a 0.5m spacing between the electrodes (Figure 2-
4). In each borehole, pressure and electrical signals were recorded every half meter

over a depth interval from the bottom of the casing down to the depth of 58.8m.

One of the challenges in the Belvidere experiment was that the site was in the
middle of a power line grid. Nevertheless, the noise-reduction processing worked, and

clear electroseismic signals were recorded.

2.5.2 Full-waveform electroseismic data

Field data demonstrates that electrical fields induced by borehole Stoneley waves can
be measured in dolomite. Figure 2-18a shows hydrophone measurements of a direct
Stoneley wave in borehole T1. Figure 2-18b shows results of electrical measurements
in borehole T1. Two events are present in the electrical data. The first is an elec-
tromagnetic wave generated at time zero by striking the metal casing with a metal
sledgehammer. This wave propagates with a velocity much higher than the velocities

of seismic waves and, therefore, arrives “simultaneously” at all depths at time zero.
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The second event in the electrical data is an oscillating electrical field that moves
along the borehole together with the Stoneley wave. This Stoneley-wave-induced

electrical field was described and analyzed earlier in this Chapter.

To characterize local electroseismic coupling at each depth, we derived the nor-
malized amplitudes of the Stoneley-wave-induced electrical fields from full-waveform
data in each borehole. The definition of the normalized amplitude and the method
of its calculation were described earlier in this Chapter. Figures 2-19, 2-20, 2-21, and
2-22 present amplitudes of pressure and electrical signals measured in boreholes T6,
T7, T2 and T1, respectively. Each Figure contains plots of the amplitudes of pressure
and electrical potential oscillations generated by the Stoneley wave and plots of the

normalized amplitudes of the Stoneley-wave-induced electrical fields.

Figures 2-19 to 2-22 demonstrate that in all four boreholes the normalized am-
plitudes of Stoneley-wave-induced electrical fields vary significantly with depth. In
the following sections we demonstrate that the normalized electroseismic amplitude
correlates with the porosity of the formation around the borehole. This result further
supports the argument that the electrical fields that we measure in field experiments

are induced by the Stoneley-wave-generated fluid flow in a formation around a bore-

hole.

We analyze the experimental results in boreholes in the following order: T6, T7,
T2 and T1. We chose this order because it corresponds to the increasing complexity

in the interpretation of the results.

2.5.3 Borehole T6

Figure 2-23 presents the neutron porosity log, the normalized amplitude of the Sto-

neley-wave-induced electrical fields and the relative hydraulic transmissivity mea-
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surements in borehole T6. Figure 2-23 demonstrates that the porosity log does not
correlate with the relative hydraulic transmissivity. The high value of the relative hy-
draulic transmissivity around the depth of 12m is due to a highly permeable bedding
plane fracture. The neutron porosity log does not have any anomaly at that depth
(the jump off scale is due to the casing). Further, the dolomite porosity around the
depth of 30m is lower than around the depth of 50m. At the same time, the relative
hydraulic transmissivity around the depth of 30m is higher than around the depth of
50m. As we mentioned before, the lack of correlation between porosity and relative

hydraulic transmissivity is due to vuggy porosity of the dolomite formation.

We were not able to make borehole electroseismic measurements at the depth of
the bedding plane fracture because it was too close to the casing. An electromagnetic
wave generated at the time of the hammer impact on the metal casing totally obscured
the electroseismic signal. In Figure 2-23, we compare the normalized electroseismic
amplitudes to porosity and relative hydraulic transmissivity below the depth of 14m.
The first conclusion that can be made from Figure 2-23 is that below the depth of 14m
the normalized electroseismic amplitude does not correlate with the relative hydraulic
transmissivity of the dolomite formation. For example, the normalized electroseismic
amplitude around the depth of 50m is slightly higher than around the depth of 30m.
At the same time, the relative hydraulic transmissivity around the depth of 50m is
5 times lower than around the depth of 30m. Further, Figure 2-29 suggests that
the normalized electroseismic amplitude and the neutron porosity log have similar

variations with depth.

Figure 2-24 shows a direct comparison between the normalized amplitude of the
Stoneley-wave-induced electrical field (the thin solid line), the neutron porosity log
(the thick solid line) and the sonic porosity log (thin dashed line). We can plot
all three curves on the same scale because, by mere coincidence, the values of the

n

normalized electroseismic amplitude in m_—‘;a match the values of porosity in percent.

98



Figure 2-24 demonstrates that the normalized electroseismic amplitude closely
matches the neutron porosity log in the depth intervals from 27m to 44m and from
4Tm to 60m. Figure 2-25 is a cross-plot of the porosity and the normalized electro-
seismic amplitude in the depth intervals from 27m to 44m and from 47m to 60m.
The solid line in Figure 2-25 is the best linear fit to the data. This line is fairly close
to the diagonal (dashed line). The average deviation from the linear trend (dashed

line) is 1.96-"4-. The correlation coefficient between the porosity and the normalized

electroseismic amplitude in the depth intervals from 27m to 44m and from 47m to
60m is 0.69. For comparison, the correlation coefficient between the neutron poros-
ity log and the sonic porosity log in the same depth interval is 0.74. Thus, we can
conclude that the correlation between the normalized electroseismic amplitude and

porosity is reasonable.

Figure 2-24 also demonstrates that the curves of the normalized electroseismic
amplitude and the neutron porosity have significant mismatches above the depth of
27m and around the depth of 45m. Based on the data available, we cannot explain the
mismatch around the depth of 45m. However, the mismatch between the normalized
electroseismic amplitude and the neutron porosity log above the depth of 27m can
be attributed to a change in lithological composition of the formation. Figure 2-
24 demonstrates that above the depth of 27m the sonic porosity log deviates from
the neutron porosity log towards higher values. At the same time, the normalized
electroseismic amplitude deviates from the neutron porosity log towards lower values.
One of the possible interpretations of these data is that the rock matrix is softer and
the electroseismic coupling is lower in the formation above the depth of 27m than

below.

Overall, the experimental results in borehole T6 suggest that the normalized am-
plitude of the Stoneley-wave-induced electrical field correlates with the porosity of

the formation around the borehole. Also, this experiment demonstrates that the nor-
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malized electroseismic amplitude is sensitive to the lithological composition of the

formation.

2.5.4 Borehole T7

As we mentioned before, boreholes T'6 and T7 are only 2.7m apart and the formation
properties around them are similar. Thus, results of the experiments in boreholes T6

and T7 can be used to test the repeatability of borehole electroseismic measurements.

Figure 2-26 presents a comparison between the normalized amplitudes of the Sto-
neley-wave-induced electrical fields measured in boreholes T6 and T7. Figure 2-26
demonstrates that the normalized electroseismic amplitudes in boreholes T6 and T7
agree in values and have similar variation with depth. Figure 2-27 is a cross-plot of the
normalized electroseismic amplitude values in boreholes T6 and T7. The solid line is
the best linear fit to the data. The average deviation from the linear trend is 2.7;"3‘%.
The correlation coefficient between the FE/P-versus-depth curves in boreholes T6
and T7 is 0.66. For comparison, the correlation coefficient between the gamma logs
in boreholes T6 and T7 is 0.63. Thus, we can conclude that there is a reasonable

agreement between the normalized electroseismic amplitudes in boreholes T6 and TY7.

Figure 2-26 also presents a comparison between the normalized electroseismic am-
plitude in borehole T7 and the neutron porosity log in borehole T6 *. Figure 2-26
demonstrates that below the depth of 27m the the normalized electroseismic ampli-
tude in borehole T7 correlates with the porosity of the dolomite formation. Further,
Figure 2-26 demonstrates that, similarly to borehole T6, the normalized electroseis-

mic amplitude in borehole T7 deviates from the porosity log towards lower values

“Boreholes T6 and T7 are 2.7m apart. All the properties of the dolomite formation around them

are similar (Figures 2-13 and 2-14). Therefore, the porosity logs in boreholes T6 and T7 should be
similar.
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above the depth of 25m. Also there is a similar mismatch at the depth of 45m. Thus,
the mismatches between the neutron porosity log and the normalized electroseismic
amplitude in boreholes T6 and T7 are due to changes of formation properties and

not due to errors of the measurements.

Overall, the results of the electroseismic measurements in borehole T7 further
support the argument that the normalized amplitude of the Stoneley-wave-induced
electrical field correlates with the porosity of a formation around a borehole. More-
over, the agreement between the electroseismic measurements in boreholes T6 and

T7 demonstrates the repeatability of the experimental results.

2.5.5 Borehole T2

In boreholes T2, T6 and T7, all the formation properties are similar below the depth
of 25m. Thus, the results of the electroseismic measurements in borehole T2 should
be similar to the results in boreholes T6 and T7. Below we present the actual mea-

surements in borehole T2.

Figure 2-28 presents a comparison between the normalized amplitude of the Sto-
neley-wave-induced electrical field in borehole T2 and the neutron porosity log in

borehole T1 °. Figure 2-28 demonstrates that at the depth of 25m, the Stoneley-wa-
nV

m-Pa*

This value is

ve-induced electrical field has an anomalously high amplitude of 30
almost 3 times higher than the averaged values in boreholes T6 and T7. Comparison
of the normalized electroseismic amplitude with the borehole televiewer image in
borehole T2 shows that this high amplitude anomaly is at the depth of the isolated

fracture. This result supports our earlier conclusion that borehole electroseismic

5Boreholes T2 and T1 are 2m apart. All the properties of the dolomite formation around them
are similar (Figures 2-15 and 2-16). Therefore, the porosity logs in boreholes T2 and T1 should be

similar.
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measurements can be used to identify fractures.

Above the depth of 23m and below the depth of 30m, the normalized electroseismic
amplitude correlates with the neutron porosity log. Figure 2-28 shows that there are
two main discrepancies between the normalized electroseismic amplitude and the
neutron porosity log. The first mismatch is at the depth of 42m. Based on the
data available, we cannot explain this mismatch. The second mismatch is at the
depth of 50m. At this depth there is a 5% discrepancy between the sonic and the
neutron porosity logs in borehole T1 (Figure 2-11). In the same way as in borehole
T6, this discrepancy indicates a change of lithological composition at this depth.
Thus, the mismatch at the depth of 50m can be attributed to a change in lithological

composition of the formation.

Overall, the experiment in borehole T2 demonstrate that the Stoneley-wave-indu-
ced electrical fields have amplitudes that are 3 times higher at the isolated fracture
than in the rest of borehole T2 or in boreholes T6 and T7. Also, in the rest of borehole
T2, the normalized electroseismic amplitude correlated with the neutron porosity log.
The two major discrepancies between the normalized electroseismic amplitude and

porosity can be attributed to changes in the lithological composition of the formation.

2.5.6 Borehole T1

Results of the electroseismic measurements in borehole T1 are the most difficult
to interpret. In our interpretation we will rely on the results of the electroseismic

measurements in boreholes T6, T7 and T2.

Figure 2-29 presents a comparison between the normalized amplitude of the Stone-
ley-wave-induced electrical fields, the neutron porosity log and the relative hydraulic

conductivity estimates in borehole T1. Figure 2-29 suggests that there is no cor-
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relation between the normalized electroseismic amplitude and the relative hydraulic
transmissivity. For example, the normalized electroseismic amplitude is higher around
the depth of 30m than around the depth of 25m. At the same time, the relative hy-
draulic amplitude is lower around the depth of 30m than around the depth of 25m.
Further, Figure 2-29 suggests that there is a similarity between the general trends of

the normalized electroseismic amplitude and the neutron porosity log.

Figure 2-30 shows a direct comparison between the normalized electroseismic am-
plitude and the neutron porosity log in borehole T1. Figure 2-30 shows that below

the depth of 41m and above the depth of 23m the values of the normalized electroseis-

nV
m-Pa

mic amplitudes in roughly agree with the values of the porosity log in percent.
This result is consistent with the results of electroseismic measurements in boreholes
T6, T7 and T2. However, there are several significant mismatches between the two
curves. Similarly to the interpretation of such mismatches in the other boreholes,

we suggest that some of them are due to changes in lithological composition of the

formation.

Figure 2-30 shows that the Stoneley-wave-induced electrical fields have anoma-
lously high amplitudes around the depth of 25m. At this depth, the caliper log and
the borehole televiewer log identify a near vertical fracture. These anomalously high
amplitudes at the fracture are similar to the ones observed in borehole T2. Figure 2-
30 also shows that the Stoneley-wave-induced electrical fields have anomalously high

amplitudes between the depths of 28m and 37m. This anomaly is not observed in

borehole T2.

Figure 2-31 presents a comparison between the normalized electroseismic ampli-
tudes measured in boreholes T1 and T2. Figure 2-31 demonstrates that the normal-
ized electroseismic amplitudes in boreholes T1 and T2 agree below the depth of 40m

and above the depth of 23m. Also, the normalized electroseismic amplitudes agree
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at the depth of the isolated fracture. Thus, Figure 2-31 demonstrates that the mea-
surements in boreholes T1 and T2 are consistent everywhere except for the interval

between the depths of 28m and 37m and around the depth of 40m.

We do not have any data that can explain the anomalously high electroseismic
amplitudes between the depths of 28m and 37m. We can only present a hypothesis
that is based on our intuition. In borehole T2 the borehole televiewer image demon-
strates that the lengths of an intersection between the fracture and borehole is 1.7m.
In borehole T1, the length of the intersection is 3.1m (Paillet, 1997). Therefore, the
fracture turns closer to vertical in the vicinity of borehole T1. If the fracture has
the same dip below its intersection with borehole T1, then at the depth of 37m it
is only 55cm away from the borehole and is even closer above 37m. It is possible
that the Stoneley-wave-generated pressure around the borehole induces fluid flow in
the fracture even below its intersection with the borehole. In turn, this flow in the

fracture induces an electrical field that is measured in the borehole.

Overall, despite the complexity of interpretation, the experimental results in bo-
rehole T1 demonstrated that the Stoneley-wave-induced electrical fields have anoma-
lously high amplitudes at the depth of the isolated fracture. Also, at depths above
28m and below 37m the normalized electroseismic amplitudes in boreholes T1 and

T2 are consistent.

2.5.7 Summary of the results of the dolomite experiment

Results of the electroseismic measurements in dolomite demonstrated that the nor-
malized amplitude of the Stoneley-wave-induced electrical field correlates with the

porosity of a formation around the borehole. The best correlation was obtained in

boreholes T6 and TY7.
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Further, in borehole T2 and T1 the Stoneley-wave-induced electrical fields have
anomalously high amplitudes at the depth of the isolated fracture. This result sup-
ports our earlier suggestion that borehole electroseismic measurements can be used

to identify fractures.

In all four boreholes at the Belvidere site there were significant mismatches be-
tween the porosity log and the normalized electroseismic amplitude. In some cases,
these mismatches corresponded to clearly identified changes of the lithological com-
position. In other cases, we could not explain the mismatches between the porosity
and the normalized electroseismic amplitude based on the data that is available. This
is not surprising because interpretation of even conventional logging measurements

requires experience and often is not straightforward.

2.6 Conclusions

In this Chapter we described a new electroseismic phenomenon, the Stoneley-wa-
ve-induced electrical fields. We developed an experimental procedure and a noise-
reduction processing that allows measurements of this electroseismic phenomenon.
Using this procedure, we made borehole electroseismic measurements in fractured
igneous rocks and in sedimentary rocks (dolomite). In the full-waveform electroseis-
mic data we identified the Stoneley-wave-induced electrical fields. Analysis of the
normalized amplitudes of these electrical fields shows that they were induced by the

Stoneley-wave-generated fluid flow in a formation around a borehole.

From the field data we derive a parameter that describes local electroseismic cou-
pling at each depth. This parameter is the normalized amplitude of the Stoneley-
wave-induced electrical field. We defined this normalized amplitude as a ratio of the

amplitude of the electrical field oscillation at a certain depth to the amplitude of the
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pressure oscillation at this depth. Analysis of the experimental results demonstrated

that:

1. In granite, the normalized amplitudes of Stoneley-wave-induced electrical fields

correlate with the fracture density log.

2. In dolomite, the normalized amplitudes of the Stoneley-wave-induced electrical

fields correlate with the porosity of the formation.

3. In dolomite, the Stoneley-wave-induced electrical fields have anomalously high

amplitudes at the isolated fracture that intersects boreholes T1 and T2.

4. In all experiments, the normalized amplitudes of the Stoneley-wave-induced

electrical fields are sensitive to lithology.
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Figure 2-1: Diagram of an electrical field induced by a borehole Stoneley wave. A
Stoneley wave propagating in a borehole creates a pressure gradient in a rock forma-
tion. This pressure gradient drives the pore fluid flow from the zone of compression
to the zone of extension. If the fluid carries an excess positive electrical charge, then
the flow results in accumulation of a positive electrical charge in the zone of extension
and a negative electrical charge in the zone of compression. Thus, the Stoneley wave
creates a capacitor-like electrical charge separation that moves along the borehole
together with the wave. This charge separation induces an electrical field that also
moves along the borehole together with the Stoneley wave.
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Figure 2-2: Diagram of a Stoneley wave locally inducing an electrical field and gener-
ating an electromagnetic wave radiation at an isolated fracture. The Stoneley wave
creates an oscillating flow of fluid within the fracture. This flow carries a streaming
electrical current that results in an oscillating charge separation within the fracture.
The oscillating electrical charge induces an electrical field within and in the vicinity
of the fracture. Also, this oscillating electrical charge radiates an electromagnetic
wave that propagates in all directions with a velocity much higher than velocities of
seismic waves.
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Figure 2-3: Lithology description and results of various geophysical measurements for
the well in Hamilton, Massachusetts, where we made electroseismic measurements.
The top 137m of the well is in granite and below 137m is in diorite. Within the
diorite section there are three zones of monzodiorite 5m, 9m and 17m thick at depths
of 137m, 168m and 280m, respectively. A 6m felsite dike intersects the well at the
depth of 152m. The caliper log, the fracture density log and the P-wave slowness logs
demonstrate that both the granite and diorite sections of the well are fractured.

69



seismic source

Y

i

borehole

I - electrode

Figure 2-4: Diagram of the electrical measurements. We generated a Stoneley wave
at the top of the well by striking the casing with a sledge hammer. We measured
the electrical field induced by the Stoneley wave as a potential difference between
two lead electrodes. The electrodes were suspended in the borehole fluid and were
connected to a data acquisition system at the surface by an unarmored cable.
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Figure 2-5: Pressure measurements. All the traces are plotted with no AGC. Each
trace is individually scaled by its maximum amplitude. Event A-A is the direct
Stoneley wave propagating from the top of the well.
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Figure 2-6: Electrical signals recorded using electrode pairs separated by 0.5m. All
the traces are plotted with no AGC. Each trace is individually scaled by its maximum
amplitude. Event A-A is the electrical field induced by the direct Stoneley wave. This
electrical field moves along the borehole together with the Stoneley wave. Event C-C
is an electromagnetic wave generated by the direct Stoneley wave at a large fracture
at the depth of 87m. This electromagnetic wave propagates with a velocity much
higher than velocities of seismic waves.
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Figure 2-7: Electrical signals recorded using electrode pairs separated by 1.0m. All
the traces are plotted with no AGC. Each trace is individually scaled by its maximum
amplitude. Event A-A is the electrical field induced by the direct Stoneley wave. This
electrical field moves along the borehole together with the Stoneley wave. Event B-B
is an electromagnetic wave generated by the direct Stoneley wave at a large fracture
at the depth of 63m. This electromagnetic wave propagates with a velocity much
higher than velocities of seismic waves.
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Figure 2-8: Derivation of the normalized amplitude of the Stoneley-wave-induced
electrical field from the field data. The first plot is the rms amplitude of the pressure
oscillation in the direct Stoneley wave. The second plot is the rms amplitude of the
electrical potential difference recorded by electrode pairs with a 0.5m separation (solid
line) and by electrode pairs with a 1.0m separation (dashed line). The third plot is
the normalized amplitude of the Stoneley-wave-induced electrical field. To calculate
it we divided the potential difference amplitude at each depth by the distance between
the electrodes and by the amplitude of the pressure oscillation at the same depth.
The normalized amplitudes of the Stoneley-wave-induced electrical fields measured
in two different experiments using a 0.5m electrode separation (solid line) and 1.0m
electrode separation (dashed line) agree.
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Figure 2-9: Comparison between the fracture density log for the granite section of
the well and the normalized amplitude of the Stoneley-wave-induced electrical fields.
The first plot is the fracture density (the number of fractures per meter) derived from
the borehole video log. The second plot is the fracture density log averaged over
the Stoneley wavelength (9.3m in the experiment) using a cosine-shaped weighting
function. The third plot is the normalized amplitude of the Stoneley-wave-induced
electrical field. The normalized amplitudes of the electrical fields correlate with the
averaged fracture density. The more fractures there are around a certain depth, the
higher the normalized amplitude of the Stoneley-wave-induced electrical field is.
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Figure 2-10: A vertical cross-section of the subsurface at the site in Belvidere, Illinois
(from Paillet (1997)). The locations and connectivity of permeable zones and fractures
in the subsurface were determined by cross-borehole pumping tests and by borehole
flowmeter measurements. In the diagram: a is a permeable bedding plane, b is a
nearly vertical fracture, ¢ and d are porous permeable zones. The vertical fracture b
intersects boreholes T1 and T2 around the depth of 25m. The width of the intersection
is 3.1m in borehole T1 and 1.7m in borehole T2. Electroseismic measurements were
made in wells T1, T2, T6 and T7.
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Figure 2-11: Porosity logs deduced from neutron logs (solid line) and from sonic logs
(dashed line) in boreholes T6 and T1. In borehole T1, the neutron and the sonic
porosity logs have the same values and the same variation with depth. This match
demonstrates that the procedure that we used to deduce porosity from the sonic and
the neutron logs is correct. In borehole T6, the neutron and the sonic porosity logs
agree below the depth of 25m. Above the depth of 25m, the sonic log deviates towards
higher porosity values but has the same variation with depth as the neutron porosity
log. This deviation indicates that at the depth of 25m the lithological composition of
the formation changes.
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Figure 2-12: A section of a borehole televiewer image in borehole T1. This image is of
the depth interval from 27.5m (90ft) to 33.5m (110ft). Black areas in the televiewer
image are vugs in the dolomite. While contributing to porosity, the vugs do not
necessarily contribute to permeability.
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Figure 2-13: Results of various logging measurements in borehole T6. The gamma
log has several peaks that indicate shale layers. The resistivity log is almost uniform
below the depth of 23m. Also, below the depth of 23m, the resistivity log in borehole
T6 agrees with the resistivity log in borehole T7 (dashed line). The high resistivity
anomaly above the depth of 23m is interpreted to be due to the infiltration of fresh
water from melted snow. This interpretation is consistent with the SP anomaly at
the depth of 21m.

79



nat. gamma resistivity SP caliper

-10 -10 -10 T 3
-15} -15} 1-15f 1
-20} =20} {-20¢t ]
-25¢} -25 1-25¢ 1
-30r -30r 1-30F ]
£
c i {_ael |
£-35 -35 -35
3
-40} -40 1-40} .
-45¢ -45} {-45}
-50} -50t 1-50r
-55+ -55} {-55} -
-60 —60 -60 ' -60
0 50 0 500 150 200 2500.15 0.16 0.17
counts/s p, Q'm mV db, m

Figure 2-14: Results of various logging measurements in borehole T7. The gamma
log in borehole T7 is similar to the one in borehole T6. The resistivity log is almost
uniform and does not have an anomaly at the depth of 23m. The SP log also does
not have any anomaly at the 23m depth. The caliper log is highly irregular. This
irregularity is due to vugs in the dolomite.
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Figure 2-15: Results of various logging measurements in borehole T2 (from Paillet,
1997). The gamma log and the resistivity log in borehole T2 are similar to those in
borehole T7. The caliper log identifies the isolated fracture at the depth of 25m.
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Figure 2-16: Results of various logging measurements in borehole T1 (from Paillet,
1997). The gamma log and the resistivity log in borehole T1 are similar to those
in borehole T2. The caliper log identifies the isolated fracture at the depth of 25m.
The neutron porosity log plotted by Paillet (1997) represents values of the “apparent
limestone porosity”, i.e., it is shifted towards higher values.
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Figure 2-17: Comparison of neutron porosity and P-wave slowness logs in boreholes
T6 (solid lines) and T1 (dashed lines). The neutron porosity logs in boreholes T6
and T1 match in the depth interval from 16m to 60m. The P-wave slowness logs in
boreholes T6 and T1 correlate in the depth interval from 25m to 60m. Above the
depth of 25m there is a significant mismatch between these two logs. This mismatch
is due to the change of lithological composition in the formation around borehole T6
at the depths above 25m.
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Figure 2-18: Pressure and electrical measurements in borehole T1. All the traces are
plotted with no AGC. Each trace is individually scaled by its maximum amplitude.
The electrical data shows two events. The first event is an electrical signal that
arrives simultaneously at all depths at time zero. This event is an electromagnetic
wave generated by striking the metal casing with a metal sledgehammer. The second
event is an oscillating electrical field that moves along the borehole together with the
Stoneley wave. This electrical field is induced by the Stoneley-wave-generated flow of
pore fluid in the formation around the borehole.
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Figure 2-19: Amplitudes of pressure and electrical potential oscillations generated by
the Stoneley wave in borehole T6 and the normalized amplitude of the Stoneley-wa-
ve-induced electrical field. This normalized amplitude is defined as the ratio of the
amplitude of the electrical field oscillation to the amplitude of the pressure oscillation
at the same depth.
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Figure 2-20: Amplitudes of pressure and electrical potential oscillations generated by
the Stoneley wave in borehole T7 and the normalized amplitude of the Stoneley-wa-
ve-induced electrical field. This normalized amplitude is defined as the ratio of the
amplitude of the electrical field oscillation to the amplitude of the pressure oscillation
at the same depth.
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Figure 2-21: Amplitudes of pressure and electrical potential oscillations generated by
the Stoneley wave in borehole T2 and the normalized amplitude of the Stoneley-wa-
ve-induced electrical field. This normalized amplitude is defined as the ratio of the
amplitude of the electrical field oscillation to the amplitude of the pressure oscillation
at the same depth.
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Figure 2-22: Amplitudes of pressure and electrical potential oscillations generated by
the Stoneley wave in borehole T1 and the normalized amplitude of the Stoneley-wa-
ve-induced electrical field. This normalized amplitude is defined as the ratio of the
amplitude of the electrical field oscillation to the amplitude of the pressure oscillation
at the same depth.
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Figure 2-23: Comparison of the neutron porosity log, the normalized amplitude of
the Stoneley-wave-induced electrical fields and the relative hydraulic transmissivity
measurements in borehole T6. The normalized electroseismic amplitude correlates
with the porosity log. At the same time, the normalized electroseismic amplitude
does not correlate with the relative hydraulic transmissivity. The porosity log does
not correlate with the relative hydraulic transmissivity.
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E/P and porosity comparison in T6
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Figure 2-24: Direct comparison between the normalized amplitude of the Stoneley-
wave-induced electrical field (the thin solid line), the neutron porosity log (the thick
solid line) and the sonic porosity log (thin dashed line). The normalized electroseismic
amplitude closely matches the neutron porosity log in the depth intervals from 27m to
44m and from 47m to 60m. The normalized electroseismic amplitude and the neutron
porosity have significant mismatches above the depth of 27m (1 and 2) and around
the depth of 45m (3). Above the depth of 27m, the sonic porosity log deviates from
the neutron porosity log towards higher values. At the same time, the normalized
electroseismic amplitude deviates from the neutron porosity log towards lower values.
Thus, mismatches 1 and 2 can be attributed to a change in lithological composition
of the formation.
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E/P and porosity cross—plot in borehole T6
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Figure 2-25: Cross-plot of the porosity and the normalized electroseismic amplitude
in the depth intervals from 27m to 44m and from 47m to 60m. The solid line is the
best linear fit to the data. The correlation coefficient between the porosity and the
normalized electroseismic amplitude is 0.69. The average deviation from the linear
trend (dashed line) is 1.96-"%-.
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Figure 2-26: Comparison between the normalized electroseismic amplitudes in bore-
holes T7 (solid line) and T6 (dashed line) and comparison between the neutron poros-
ity log in borehole T6 (thick solid line) and the normalized electroseismic amplitude in
borehole T7 (thin solid line). The normalized electroseismic amplitudes in boreholes
T6 and T7 agree in values and have similar variation with depth. Also the normalized
electroseismic amplitude in borehole T7 agrees with the neutron porosity log below
the depth of 27m.
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cross—plot of E/P in boreholes T6 and T7
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Figure 2-27: Cross-plot of the normalized electroseismic amplitude values in boreholes
T6 and T7. The solid line is the best linear fit to the data. The average deviation from
the linear trend is 2.7m"¥a . The correlation coefficient between the E/P-versus-depth
curves in boreholes T6 and T7 is 0.66.
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E/P in T2; porosity in T1 bh TVin T2

-10 -10
-15¢ -15
-201 -20
=25} ~ -25
- fracture
=30t -30
E
=}
5—35 - -35
S
-40f -40
-45} -45
-50} -50
55} -55F 7 ]
-60 . ; -poFE———
0 10 20 30

E/P, nV/(mPa); ¢, %

Figure 2-28: Comparison between the normalized amplitude of the Stoneley-wave-
induced electrical field in borehole T2 (solid line) and the neutron porosity log in
borehole T1 (dashed line). Above the depth of 23m and below the depth of 30m,
the normalized electroseismic amplitude correlates with the neutron porosity log. At
the depth of 25m, the Stoneley-wave-induced electrical field has an anomalously high
amplitude of 30 m’f;a. This value is almost 3 times higher than the averaged value in
boreholes T6 and T7. The borehole televiewer image in borehole T2 shows that this
high amplitude anomaly is at the depth of the isolated fracture.
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Figure 2-29: Comparison of the neutron porosity log, the normalized amplitude of
the Stoneley-wave-induced electrical fields and the relative hydraulic transmissivity
measurements in borehole T1. The normalized electroseismic amplitude does not
correlate with the relative hydraulic transmissivity. There is a similarity between the
general trends of the normalized electroseismic amplitude and the neutron porosity
log. The porosity log does not correlate with the relative hydraulic transmissivity.
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E/P and porosity in T1 caliper
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Figure 2-30: Comparison between the normalized electroseismic amplitude (thin solid
line) and the neutron porosity log (thick solid line) in borehole T1. Below the depth
of 41m and above the depth of 23m the values of the normalized electroseismic ampli-
tudes in ":‘.‘;a roughly agree with the values of the porosity log in percent. This result
is consistent with the results of electroseismic measurements in boreholes T6, T7 and
T2. However, there are several significant mismatches between the two curves. Fur-
ther, the Stoneley-wave-induced electrical fields have anomalously high amplitudes
around the depth of the near vertical fracture. These anomalously high amplitudes
are similar to the ones observed in borehole T2. Finally, the Stoneley-wave-induced
electrical fields have anomalously high amplitudes between the depths of 28m and

37m. This anomaly is not observed in borehole T2.
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Figure 2-31: Comparison between the normalized electroseismic amplitudes measured
in boreholes T1 (solid line) and T2 (dashed line). The normalized electroseismic
amplitudes in both boreholes agree below the depth of 40m and above the depth
of 23m. Also, the normalized electroseismic amplitudes agree at the depth of the
isolated fracture. In the depth interval between 28m and 32m there is a mismatch
between the measurements in boreholes T1 and T2.
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Chapter 3

Theoretical model for the

Stoneley-wave-induced electrical

field

In Chapter 2, we investigated experimentally electrical fields induced by borehole
Stoneley waves. We presented field measurements of these electrical fields and demon-
strated that they were induced by pore fluid flow in the formation around the borehole.
The goal of this chapter is to determine what specific properties of a rock formation
can be deduced from borehole electroseismic measurements. We develop a theoretical
model for the Stoneley-wave-induced electrical fields. According to this theoretical
model, the normalized amplitude of the Stoneley-wave-induced electrical field is pro-
portional to the porosity and inversely proportional to the pore space tortuosity of a
formation around a borehole. Moreover, the amplitude-versus-frequency behavior of

this electrical field depends on the permeability of the formation.
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3.1 Stoneley-wave-induced electrical field in a ho-

mogeneous, porous, permeable formation

In this section we develop a theoretical model for an electrical field induced by
Stoneley-wave-generated fluid flow within a permeable formation. Using this model
we obtain an analytical solution for the normalized amplitude of this electrical field.
Our theoretical model is based on the Biot theory (Biot, 1962). The applicability
of the Biot theory to the problem of Stoneley wave propagation along a borehole in
a fractured formation was argued by Tang and Cheng (1993) and by Kostek et al.
(1998).

3.1.1 Pressure distribution in the borehole and in the for-
mation around the borehole created by the Stoneley

wave

A Stoneley wave of angular frequency w, propagating with a phase velocity c¢,(w)
down a borehole in a homogeneous, permeable formation, induces oscillations of fluid

pressure P; in the borehole (Tang et al., 1991):

I() r

P, (r,z,t) = Po———@—exp (—iwt + ziz) (3.1)
lo (B) :

Here, r and z are the cylindrical coordinates (2-axis is pointing down), ¢ is time, Rj

is the borehole radius, and P, is the scalar amplitude of the pressure oscillation. The

Stoneley wave phase velocity ¢,(w) is, in general, a complex number, thus accommo-

dating attenuation.

The pore pressure oscillation created in the formation by the Stoneley wave is
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(Tang et al., 1991)
o (/5 [T
s (/-5 + [2T)

Here, D is the pore fluid dynamic diffusivity defined by Tang et al. (1991). In Equa-

Ps(r,z,t)=Fy

exp (—iwt + i%) . (3.2)

Cs

tions 3.1 and 3.2, Iy and Ky are the zero-order modified Bessel functions.

3.1.2 Streaming and conducting electrical currents induced

by pore fluid flow in the formation

The pore pressure gradient, induced in the formation by the Stoneley wave, causes
a flow of pore fluid. Since the pore fluid is electrically charged, the flow results
in a streaming electrical current. The streaming electrical current creates a charge
separation that induces an electrical field (Figure 2-1). In turn, this electrical field
drives a conductive electrical current in the formation. Thus, the total electrical
current density in the formation is the sum of the conductive current and streaming

current densities:

= o,E— LVP;. (3.3)

ltota,l - 'lconducti'ue + 'lstreaming

Here, E is the electrical field vector, o, is the formation conductivity, and L is the
streaming current coupling coefficient derived by Pride (1994):
I = _iﬁ(l — zﬁi>_% (3.4)
Qoo M we M?
Here, ¢ is the porosity, a is the pore space tortuosity, ( is the zeta-potential (deter-
mined by the electrochemical interaction between the pore fluid and the rock), €; is
the pore fluid permittivity, ¢ is the pore fluid viscosity, and w, is the Biot critical fre-

quency for the formation. The Biot theory defines w, as the frequency which separates
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the viscosity-dominated flow regime from the inertia-dominated flow regime. Equa-
tion 3.4 states that for the viscosity-dominated flow regime (w << w,) the coupling
coefficient does not change with frequency and for the inertia-dominated flow regime

-1
2

(w >> w,) the coupling coefficient decreases as w™2. The Biot critical frequency for

the formation is (Johnson et al., 1987)

__ ¢ 2
7 Qooprko M’

(3.5)

Here, ko is the formation permeability, ps is the pore fluid density, and M is a
pore-geometry-dependent dimensionless parameter that is close to 1 for most media

(Johnson et al., 1987).

3.1.3 The analytical solution for the amplitude of the elec-
trical field induced by the Stoneley wave

The combination of Equations 3.2, 3.3 and 3.4 leads to an analytical solution for
the ratio of the vertical component of the electrical field in the borehole, E,, to the

pressure oscillation in the borehole, P:

-1
B _ (w *iﬁ( _igiy% or i (Re2) Ko (Re2)
Pb (Cs) { Qoo Op b 1 W, M2 } [1 + o, ]0 (Rb%) Kl (Rb-c‘-";) . (36)

Here, o is the borehole fluid conductivity. Details of the derivation of Equation
3.6 are given in Appendix B. Equation 3.6 describes the normalized amplitude and
phase of the electrical field induced by the Stoneley-wave-generated fluid flow within

a permeable formation.
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3.1.4 Comparison of the amplitudes predicted by the theo-

retical model to the amplitudes measured in granite

To check the consistency of the theoretical model with the experimental results, we
compare the amplitudes of the Stoneley-wave-induced electrical fields predicted by
Equation 3.6 and the amplitudes measured in the field. It is possible to make this
comparison for the granite section of the Hamilton well (upper 137m) because all the
parameters in Equation 3.6 (including the zeta-potential, () are known for granite

from independent field and laboratory measurements.

Table 3.1 shows the values for the parameters in Equation 3.6 that we use for
the amplitude comparison in granite. The Stoneley wave angular frequency, w, and
velocity, c,, are determined from the hydrophone measurements (Figure 2-5). In
the experiment, as the Stoneley wave propagated down the borehole, its amplitude
decreased mostly due to backscattering of the wave by fractures and washout zones.
Thus, for the first-order analysis, we neglect the attenuation and consider ¢, to be
real-valued and equal to the apparent phase velocity of the Stoneley wave. The
borehole diameter, Ry, is determined from the caliper log (Figure 2-3). The value of
the borehole fluid conductivity, oy, corresponds to the salinity of 0.004mol/! of NaCl
measured for a sample of the actual borehole fluid (water). The values of the fluid
viscosity, p, and permittivity, €;, are the values for water. For granite and water
with salinity of 0.004mol/l of NaCl and conductivity of 0.0225/m, the value of the
zeta-potential, (, has been measured in laboratory experiments (Morgan et al., 1989).
In experiments with a natural fracture, Brown et al. (1998) found fracture tortuosity,
O, to be close to 1 due to channeling. Thus, in our calculations we assume the
tortuosity of fractures, a., to be 1.0. In addition to the parameters in Table 3.1, we
substitute into Equation 3.6 the value of 0.0125/m for the rock conductivity, o,. This

value is the average measured in the granite section (Figure 2-3). For the porosity,
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¢, of fractured granite we substitute the value of 0.5% (Nur, 1969; Hadley, 1976;
Toks6z et al., 1976). Further, we assume that the Stoneley wave frequency in the
experiment is less than the Biot critical frequency, w., for the fractured formation.
This assumption is equivalent to postulating that the permeability of the formation,

ko, was less than 107''m? or 10Darcy (Equation 3.5).

Substitution of the values in Table 3.1 and the above values for rock conductivity
and porosity into Equation 3.6 gives the value of the E/P ratio of 12nV/(m - Pa).
Figure 2-8 shows that the values of the E/P ratio observed in the granite section are
between 5nV/(m - Pa) and 20nV/(m - Pa). Thus, the predictions of Equation 3.6
agree with the values for the normalized amplitude of the electrical field measured in
the field. This result shows that the theoretical model is consistent with the results

of the field experiments.

3.1.5 Consistency of the theoretical model with the field

measurements in dolomite

We cannot make a direct comparison between the amplitudes predicted by the theoret-
ical model and the amplitudes measured in the dolomite formation because the exact
value of the zeta-potential for the dolomite is not available. Berlin and Khabakov
(1961) demonstrated that in organic dolomite and fresh water, the values of the zeta-
potential varied from —0.6mV to —4.45mV !. In organic dolomite and water with

0.01mol/l KCIl, the values of the zeta-potential varied from —2.9mV to —12mV 2.

In addition to these results, Berlin and Khabakov (1961) demonstrated that in the dolomite
of the chemical origin, the zeta-potential is positive, and in the dolomite of sedimentary (organic)
origin, the zeta-potential is negative.

2The fact that the zeta-potential measured in salted water was higher than that measured in
fresh water and the significant spread of the zeta-potential values make us question the validity
of the results of Berlin and Khabakov (1961). However, their data is the only data available for
comparison.
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Moreover, Berlin and Khabakov (1961) demonstrated that presence of clays or silica

significantly changes the values of the zeta-potential in carbonate rocks.

Even though we cannot make a direct amplitude comparison, we can still check the
consistency of the theoretical model with the field data in dolomite. Since we know
the porosity values from neutron and sonic logs, we can use our theoretical model to
derive the zeta-potential value for the dolomite at the Belvidere site. Equation 3.6
can be used to deduce the absolute value of the zeta-potential from the field data:

oy (| N _a_f_Il (Rb%) Ko (Rb%) (3.7)
e w or I (Rbﬁ) K, (Rbi) ' .

E,

‘=In

From independent field measurements we know the values for all the parameters in
Equation 3.7 except for tortuosity, as. These values are summarized in Table 3.2.
The pore space tortuosity, @, is usually assumed to vary between 3 and 10 (Haartsen,
1995). If we substitute the values from Table 3.2 into Equation 3.7 and assume the
pore space tortuosity value of 3, then Equation 3.7 yields |{| = 0.75mV. If we assume
the pore space tortuosity value of 10, then Equation 3.7 yields |(| = 2.5mV. These
values of the zeta-potential agree with the results of the laboratory experiments of
Berlin and Khabakov (1961). Therefore, the values of the normalized electroseismic
amplitudes measured in dolomite agree with the values predicted by the theoretical

model.
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3.2 Determining porosity from the normalized am-
plitude of the Stoneley-wave-induced electrical

fields at low frequencies

Equation 3.6 states that the normalized amplitude of the Stoneley-wave-induced elec-
trical field is proportional to the porosity. This theoretical result is consistent with the
field measurements in dolomite. A direct comparison between the normalized ampli-
tude of the Stoneley-wave-induced electrical fields and the porosity logs in boreholes
T6 and T7 demonstrated that the normalized electroseismic amplitude correlates with

the porosity.

Using the theoretical model, we can derive an equation for determining porosity
from borehole electroseismic measurements:

CooTrfl Cs 9'_fll (Rb:—s) Ko (Rbﬁ) (3.8)
ICle; @ or Io (Re2) K1 (Ro2) ) :

E,

P,

¢=

Here, we assume that the wave frequency, w, in the experiment is less than the
Biot critical frequency, w,, for the formation. Equation 3.8 states that porosity can
be deduced from the electroseismic measurements provided that all the necessary

parameters of the formation, including the zeta-potential, {, are known.

3.2.1 Deriving a porosity log for granite from the electroseis-

mic field data

We can use Equation 3.8 to derive a porosity log for the granite section in the Hamil-
ton well from electroseismic measurements. It is possible to derive the porosity log

for this granite section because all the parameters in Equation 3.8 (including the
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zeta-potential, () are known for granite from independent field and laboratory mea-
surements. Figure 3-1 illustrates this derivation. At each depth we substitute the E/P
ratio (the first plot in Figure 3-1), the formation conductivity, o, (the second plot
in Figure 3-1) and other parameters given in Table 3.1 into Equation 3.8 to obtain
a porosity estimate at that depth. The third plot in Figure 3-1 shows the resulting

porosity log for the granite section.

In the subsurface at Hamilton, the granite matrix has no porosity (GEOSS,
1984a,b). All the porosity of the granite formation is due to fractures. Thus, the
porosity log in Figure 3-1 represents the value of the fracture porosity averaged over
the Stoneley wavelength (9.3m in the experiment). We do not have any other poros-
ity measurement for granite to verify the porosity log. However, we can compare our
porosity estimate to the fracture density log derived from the borehole video (the
fourth plot in Figure 3-1). A comparison shows that the electroseismic porosity esti-
mate correlates with the averaged fracture density (as does the normalized amplitude

of the Stoneley-wave-induced electrical field).

The values for fracture porosity estimated using Equation 3.8 are reasonable for
fractured granite (Nur, 1969; Hadley, 1976; Tokséz et al., 1976). However, in order to
be confident about the exact values of the porosity, it is necessary to know the exact
values of the parameters like zeta-potential, {, and tortuosity, .., for the formation of
interest. For example, to derive the porosity log, we used the value for zeta-potential
measured in a laboratory experiment (Morgan et al., 1989) for granite and water with
the salinity of the water in the borehole. It is possible that the salinity of fluid within
fractures is different from the salinity of the borehole water. In this case, the zeta-
potential value is different from the one assumed in our calculation. Nevertheless,

Figure 3-1 suggests that our porosity estimate has the correct variation with depth,

because it correlates with the fracture density log.
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3.3 High amplitude anomaly at the isolated frac-

ture in dolomite: the tortuosity effect

Equation 3.6 states that the normalized amplitude of the Stoneley-wave-induced elec-
trical field is inversely proportional to the pore space tortuosity. This result can ex-
plain the anomalously high amplitude of the Stoneley-wave-induced electrical field at

an isolated fracture in dolomite.

Prior to discussing the experimental results, we would like to explain briefly the
physical meaning of pore space tortuosity. In this thesis we use the definition of pore
space tortuosity that was given by Johnson et al. (1987) and that was later adopted
by Pride (1994). Johnson et al. (1987) introduced tortuosity through the relationship
between the acceleration of the pore fluid and the pressure gradient in the fluid at

high frequencies or at zero fluid viscosity:

82U
Coop 6t2f = —VP. (3.9)

Here, U is the averaged fluid displacement. Defined in this way, the tortuosity also
enters the expression for the force that is exerted by the acceleration of the solid
frame upon the fluid in the pores. The Biot equation that describes acceleration of

the fluid can be rewritten as (Johnson et al., 1987):

azgf 82&, 82_U_'f
éps proae (aoo — 1)Ppy ( 2 " o ) + (other forces). (3.10)

Here, u, is the averaged solid displacement.

If an added mass coefficient is defined as the ratio of the fluid volume that is
accelerated with the solid in the absence of other forces on the fluid,

oy
A=F- (3.11)
at2
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then a straightforward manipulation of Equation 3.10 yields:

Qoo — 1

A=

(3.12)

Qo
The added mass coeflicient defined by Equation 3.11 has a simple physical meaning.
Suppose a porous rock is saturated with an inviscous fluid. If the rock is moved,
some of the inviscous fluid will move with it and some will stay in place. The added
mass coeflicient describes the fraction of the fluid that will move with the rock. Using
this physical description, we can determine the limiting values of the added mass

coefficient, A, and the pore space tortuosity, a:

1. If pore space in the rock consists of plane-parallel fractures aligned in one
direction, then it is possible to move the rock along this direction without disturbing
the inviscous fluid in the fractures. In this situation, the added mass coefficient, A, is

zero 3. According to Equation 3.12, the pore space tortuosity for this case is @, = 1.

2. If the pore space in the rock consists of straight capillaries aligned in three mu-
tually perpendicular directions, then the added mass coefficient, A, equals 2 because
the rock motion in any of these three directions will move along the fluid in the pipes
that are perpendicular to the motion. This situation is the simpliest model for an
isotropic rock. According to Equation 3.12, the pore space tortuosity for this case is

Qg = 3.

3. If the pore space in the rock is sealed, i.e., all the fluid moves along with the
rock, then the added mass coefficient, A, is equal to 1. According to Equation 3.12,

the pore space tortuosity, o, is infinite.

The analysis presented above suggests that tortuosity of fractures can be close to

3... in this direction. This situation clearly demonstrates that the added mass coefficient is a

tensor quantity. We are not going to discuss the added mass coefficient in more detail because its
mathematical definition can be found in any rigorous monograph on hydrodynamics, such as the
one by Landau and Lifshitz (1959).
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1. This result is confirmed by laboratory measurements in a natural fracture (Brown
et al., 1998). Further, this analysis suggests that in an isotropic porous medium, the
pore space tortuosity is at least 3. Moreover, it can be much higher than 3, if the
pore space consists of large pores connected by thin throats (as is the case in vuggy
dolomite). It is usually assumed in numerical modeling that in isotropic porous media
the values of pore space tortuosity range from 3 to 10. Note that these values were

used for non-fractured dolomite earlier in this Chapter.

Using the analysis presented above, we can explain the anomalously high am-
plitudes of the Stoneley-wave-induced electrical fields at the isolated fracture that
intersected boreholes T1 and T2. According to the theoretical model, the normalized
electroseismic amplitude is inversely proportional to the tortuosity, . Tortuosity of
natural fractures are close to 1 (Brown et al., 1998). In the non-fractured dolomite,
the tortuosity is at least 3 and can be significantly higher. Thus, even though the
fracture does not necessarily contribute to the total porosity, the normalized electro-
seismic amplitudes at the fracture are higher because its tortuosity is lower than in

non-fractured dolomite.

3.4 Determining permeability from the amplitu-
de-versus-frequency behavior of the Stoneley-

wave-induced electrical potential

In this section we analyze the amplitude-versus-frequency dependence of the Stoneley-
wave-induced electrical potential predicted by the theoretical model. We demonstrate
that, according to Pride’s (1994) model, permeability of the formation, ko, can be

determined from this amplitude-versus-frequency dependence.
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Starting from this point in the thesis, it will be more convenient to work with the
electrical potential, ®;, induced by the Stoneley wave in the borehole, rather than
with the electrical field, E,. This is purely a matter of choice, because the electrical
potential, ®,, and the electrical field, E,, are related to each other as E, = —%%h, or
in the frequency domain, E, (w) = @, (w) - (——%)

According to the theoretical model, the ratio of the electrical potential oscillation,
®,, to the pressure oscillation in the borehole, P, is:

-1
P EACTI RS oy Tt (Rs2) Ko (R22)
Y {aww e }[Hmo(ﬁbﬁ)m(w-) oY

Cs

The expression for the normalized amplitude of the Stoneley-wave-induced elec-
trical potential (Equation 3.13) is a product of two terms. The first term (curly
brackets) is the frequency-dependent electroseismic coupling coefficient for the rock
formation. The second term (square brackets) can be viewed as a “correction for the
geometry of the experiment.” Below, we analyze these two terms separately. We
show how, according to Pride’s (1994) theory, permeability, ko, can be determined
from the amplitude-versus-frequency dependence of the electroseismic coupling coef-
ficient. Further, we demonstrate how the the ratio of the fluid conductivity to the
formation conductivity, gf, modifies the amplitude-versus-frequency dependence of

the Stoneley-wave-induced electrical potential.

3.4.1 Permeability dependence of the electroseismic coupling

coefficient for the rock formation

Permeability enters Equation 3.13 through the amplitude-versus-frequency depen-
dence of the electroseismic coupling coeflicient for the rock formation (Pride, 1994).

Specifically, permeability is related to the Biot critical frequency, w. (Equation 3.5).
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Below, we show how permeability of the formation can be estimated from measure-

ments of the Stoneley-wave-induced electrical potential.

The first term in Equation 3.13 is the electroseismic coupling coeflicient for the

rock formation, Cejgm:

Cutom = 2 Cﬁ( - iﬁi)_%. (3.14)

Qoo O w, M?
The electroseismic coupling coefficient, Ceism, is the amplitude of an electrical poten-
tial oscillation created in an homogeneous medium by a pore pressure oscillation of
a unit amplitude and frequency w. This coeflicient can be derived from Pride and
Haartsen’s (1996) solutions for plain longitudinal electroseismic waves. In the low
frequency limit (w << w,), the electroseismic coupling coefficient, Ceism, is equal to
the Helmholtz-Smoluchovski’s coupling coefficient for DC streaming potential. The

frequency dependence of the electroseismic coupling coefficient, Cyjsp,, is derived by

Pride (1994).

The second term in Equation 3.13 can be viewed as a “correction for the geometry
of the experiment.” If the rock conductivity, o,, the borehole fluid conductivity, oy,
the borehole radius, R, and the Stoneley wave velocity, ¢;(w), are known, then the
second term can be calculated at each frequency. In turn, the electroseismic coupling

coefficient as a function of frequency, Ceism (w), can be derived from the %:(w) data:

(B o b (Rs2) Ko (o)
Cetam(w0) = (Pb (w)) [1 T (Re2) Ky (Ry2) ] (313)

Pride’s (1994) theory suggests that permeability can be derived from the frequency
dependence of the electroseismic coupling coefficient, Cejsm(w). Equation 3.14 states
that at frequencies below the Biot critical frequency (w << w,), the coefficient Cejsp,
is constant, and above Biot critical frequency (w >> w,.), Ceism decreases as Wz,

Figure 3-2 shows a plot of the electroseismic coupling coefficient, Cesm, as a function
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of frequency calculated using Equation 3.14. In this calculation we used the properties
of the formation and the borehole fluid in the experiment (Table 3.1), a porosity
value of 0.5%, a rock conductivity value of 0.0125/m and a permeability value of
1.6 - 1072m? or 1.6Darcy. The Biot critical frequency for such a formation is w, =
27 - 1000H z (Equation 3.5) . Suppose the electroseismic experiments are made over
a wide frequency range and Biot critical frequency, w,, is determined from the change
of the amplitude-versus-frequency dependence of the Stoneley-wave-induced electrical
potentials. Then, permeability, ko, of the formation can be estimated from the Biot
critical frequency, w,, using Equation 3.5:

¢icﬂ 2
kg = ——— - —. .
0 weaoopy M (3.16)

The theoretical model’s implication that permeability can be determined from the
borehole electroseismic measurements is exciting. However, the practical significance
of this result depends on the validity of the theoretical model, specifically on whether
Pride’s theory (1994) correctly describes the physics of streaming electrical currents
and whether the Biot theory correctly describes seismic-wave-generated fluid flow in
real rocks. The goal of the next chapter of this thesis is to compare the amplitude-ver-
sus-frequency dependence of the real electroseismic signals recorded in the field with
the prediction of the theoretical model in order to test the model’s validity, and to
determine whether permeability indeed can be derived from borehole electroseismic

measurements.

“Hereafter in this section we will make calculations for granite at the Hamilton site. In Chapter
4 we will investigate experimentally the amplitude-versus-frequency dependence of the Stoneley-wa-
ve-induced electrical fields in granite at the Hamilton site.
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3.4.2 Modification of electrical potential amplitude by the

borehole presence: 7 effect

The second term (square brackets) in Equation 3.13 describes the modification of the
amplitude of the Stoneley-wave-induced electrical potential by the borehole presence.
We like to think of this term as a “correction for the geometry of the experiment”
because it has a simple geometrical meaning that can be explained using the diagram

in Figure 2-1.

Figure 2-1 shows the pressure gradient created by the Stoneley wave driving a
flow of pore fluid in the formation. Since the fluid carries an excess electrical charge
(positive in the experiment), this fluid flow results in an accumulation of a positive
electrical charge in the zone of extension and of a negative electrical charge in the
zone of compression. This electrical charge separation induces an electrical field in the
formation and in the borehole. In turn, this electrical field drives a return conductive
electrical current that balances the streaming electrical current. This conductive
electrical current flows through the rock formation and through the borehole. The
second term in Equation 3.13 describes how the return conductive electrical current
is partitioned between the borehole and the formation. Specifically, the second term
in the square brackets is the ratio of the conductances of the two return paths for the
conductive electrical current: the return path through the borehole and the return

path through the formation.

At very low frequencies, when the Stoneley wave length is much longer than
the borehole radius, all the return conductive electrical current is flowing through
the rock formation. At these frequencies the normalized amplitude of the Stone-
ley-wave-induced electrical potential %: (w) is equal to the electroseismic coupling
coefficient, Ceism (i-€., the borehole presence is negligible). As the frequency increases,

the return path through the borehole becomes more and more “attractive” for the
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conductive electrical current because the Stoneley wavelength decreases and the area
of the return path through the rock decreases as the wavelength squared. At these
frequencies the amplitude of the Stoneley-wave—induced electrical potential decreases
as w™2. Finally, when the Stoneley wavelength becomes less than the borehole radius,
both streaming and conductive electrical currents flow in a very thin zone in the
vicinity of the borehole wall, and the return conductive electrical current becomes
partitioned between the formation and the borehole fluid according to the ratio of

their conductivities.

Figure 3-3 shows synthetic amplitude-versus-frequency curves for the Stoneley-wa-
ve-induced electrical potential (Equation 3.13) calculated for different ratios of fluid
conductivity to rock conductivity, %-:—, and a fixed value of the zeta-potential, ¢ (that
in reality depends on the fluid conductivity o). To calculate these curves we used
the same values of all the other parameters in Equation 3.13, as we used to calculate
the Cejsm(w) curve in Figure 3-2, except for the formation permeability, ko, for which
we used the value of 1.6 - 107%m? or 1.6mDarcy. The Biot critical frequency for
such a formation (ko = 1.6 - 107*m?, ¢ = 0.5%) is w, = 27 - IM Hz (Equation 3.5).
It is much higher than the frequency range in Figure 3-3. Thus, in this frequency
range the electroseismic coupling coefficient, Ceism(w), is constant. The synthetic
curves in Figure 3-3 show that the higher the conductivity of the fluid, the lower the
frequency at which the return conductive electrical current starts flowing through the
borehole. Thus, the more conductive the borehole fluid, the less the amplitude of the

Stoneley-wave-induced electrical potential.
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3.5 Relationship between the amplitude of the Sto-
neley-wave-induced electrical field and the li-

thology

In the Hamilton experiment, the P-wave slowness and the fracture density logs in
Figure 2-3 show that both the granite section (upper 137m) and the diorite section
(177m-280m) of the well have fractured zones and isolated large fractures. At the
same time, Figure 2-8 shows that in the granite section the Stoneley-wave-induced
electrical fields have normalized amplitudes of up to 20nV/(m - Pa) while in the
diorite section the normalized amplitude is around 3nV/(m - Pa). This difference
in the electroseismic signals’ amplitudes can be explained by the difference in the
electrochemical interaction of the pore fluid (water) with granite and diorite. The
term in Equation 3.6 which describes this interaction is the zeta-potential. The
exact definition of the zeta-potential is the electrical potential at the “hydrodynamic
slipping plane,” i.e., the closest plane to the rock surface on which fluid can move
(Morgan et al., 1989). The higher the absolute value of the zeta-potential, the more
electrical charge can be moved by fluid flow. The value of the zeta-potential for
granite and the borehole fluid (NaCl concentration of 0.004mol/l) is ( = —60mV.
The values for the zeta-potential of diorite are not available in the literature for
comparison. However, we can hypothesize that since diorite does not contain quartz,
while granite does, the absolute amplitude of the zeta-potential in diorite is lower
than the zeta-potential in granite. Thus, even though the Stoneley wave induces pore
fluid flow within fractures in diorite, this flow induces weaker electrical field than it

does in granite.

In the Belvidere experiment, the normalized amplitude of the Stoneley-wave-indu-

ced electrical fields correlated with the porosity of the dolomite formation. However,
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there were numerous mismatches between the porosity and the normalized electroseis-
mic amplitudes (Figures 2-24, 2-30). Some of these discrepancies could be attributed
to changes in lithological composition. An example of such discrepancy due to lithol-
ogy is the zone above the depth of 25m in borehole T6. In this zone the normalized
electroseismic amplitude deviates towards lower values from the neutron porosity log.
At the same time, the sonic porosity log deviates towards higher values. Overall,
the results of the borehole electroseismic experiments in dolomite demonstrated that
interpretation of the electroseismic field data can be challenging in formations with

varying lithological composition.

The fact that the electroseismic coupling is different in different lithologies is im-
portant for accessing the practical use of the electroseismic measurements. Examples
described above demonstrate it is necessary to know the the zeta-potential, {, for the
specific rock type, prior to extracting porosity or permeability information from elec-
troseismic measurements. Laboratory experiments of Berlin and Khabakov (1961)
demonstrated that presence of shales or silica in carbonate rocks can significantly
change their zeta-potential. Moreover, for the same lithology, the zeta-potential de-
pends on the type of the pore fluid. For example, a laboratory study of Mironov et
al. (1993) shows that in sandstone saturated with a mixture of water and kerosene,
the higher the fraction of kerosene in mixture, the lower the amplitude of the elec-
troseismic signals. Thus, measurements of the zeta-potential for different rock types
and for different pore fluids are necessary prior to using electroseismic measurements

in practice.
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3.6 Conclusion

In this Chapter we developed a Biot-theory-based model for the Stoneley-wave-in-
duced electrical fields. The amplitudes of these electrical fields predicted by the
theoretical model agreed with the amplitudes measured in the experiments. Using
this theoretical model we were able to explain the main results of the borehole elec-

troseismic experiments that were described in Chapter 1.

The theoretical model suggests that the normalized amplitude of the Stoneley-
wave-induced electrical fields is proportional to the porosity of a formation around
a borehole. In the dolomite experiment, the normalized amplitudes of the Stone-
ley-wave-induced electrical fields correlated with porosity logs. Thus, the theoretical
model is consistent with the results of field experiments. Based on these results, we
concluded that in the Hamilton experiment the normalized electroseismic amplitude
was sensitive to fracture porosity averaged over the Stoneley wavelength. We used
the theoretical model to derive a fracture porosity log for the granite section. This
derivation yielded reasonable values for fracture porosity in granite, and the porosity

log correlated with the fracture density log.

The theoretical model also predicts that the normalized amplitude of the Stone-
ley-wave-induced electrical field is inversely proportional to the pore space tortuosity.
This result explains the anomalously high amplitudes of the Stoneley-wave-induced
electrical fields at the isolated fracture that intersects boreholes T1 and T2. Fracture
tortuosity is close to 1 (Brown et al., 1998). At the same time, in an isotropic porous
formation the tortuosity is at least 3. Moreover, in a formation with large pores
connected with narrow throats, tortuosity can much higher. Thus, a Stoneley wave

generates stronger electrical fields at a fracture than in an isotropic porous formation.

Further, the theoretical model predicted that the normalized amplitudes of the
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Stoneley-wave-induced electrical fields are proportional to the zeta-potential. There-
fore, the normalized electroseismic amplitudes are sensitive to lithology and the fluid
type. This result can explain why in the Hamilton experiment we measured much
higher normalized electroseismic amplitude in granite than in diorite. Also, this result
can explain mismatches between the porosity logs and the normalized electroseismic

amplitudes in dolomite.

Finally, the theoretical model predicts that the amplitude-versus-frequency de-
pendence of the Stoneley-wave-induced electrical fields depends on the permeability.
This prediction is quite exciting and in Chapter 4 we will present field measurements
of this amplitude-versus-frequency dependence in the frequency range from 100H z to
4k H z. These measurements will allow us to test further the validity of the theoretical

model described in this Chapter.
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Figure 3-1: Derivation of a porosity log for the granite section from our electroseis-
mic measurements. At each depth we substitute the E/P ratio (the first plot), the
formation conductivity, o, (the second plot), and other parameters given in Table 3.1
into Equation 3.8 to obtain a porosity estimate at that depth (the third plot). This
porosity log represents the value of the fracture porosity averaged over the Stone-
ley wavelength (9.3m in our experiment). This porosity estimate correlates with the
averaged fracture density in granite (the fourth plot).
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Figure 3-2: Electroseismic coupling coefficient Cys, as a function of frequency cal-
culated using Equation 3.14. In the calculation we used properties of the formation
and the borehole fluid in the experiment (Table 3.1), a porosity value of 0.5%, a rock
conductivity value of 0.0125/m and a permeability value of 1.6-10712m? or 1.6 Darcy.
The Biot critical frequency for such a formation is w, = 27 - 103 Hz. Below the 10°Hz
frequency the elecProseismic coupling coefficient Cei,y, is constant, and above 103 Hz

it decreases as w™z.
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Figure 3-3: Synthetic amplitude-versus-frequency curves for the Stoneley-wave-indu-
ced electrical potential (Equation 3.13) calculated for different ratios of fluid conduc-
tivity to rock conductivity, %f, and a fixed value of the zeta-potential { = —60mV.
In reality, the zeta-potential depends on the fluid conductivity, oy. The numbers
labeling the curves are the %f values for which they are calculated.
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Parameter Value Source

Stoneley wave frequency w | 27 - 150H z Figure 2-5

Stoneley wave velocity ¢, | 1400m/s Figure 2-5

borehole radius R, 0.15m Figure 2-3

fluid conductivity oy 0.0225/m salinity of 0.004mol/l NaCl
fluid viscosity u 1073Pa - s CRC (1978)

fluid permittivity e 7.1-107%coul?/(N - m?) | CRC (1978)

fracture tortuosity a 1 after Brown et al. (1998)
zeta potential ¢ —60mV from Morgan et al. (1989)

Table 3.1: Parameters of the experiment used for amplitude comparison and for
porosity estimation in granite.

Parameter Value Source

Stoneley wave frequency w 2 - 200H 2 Figure 2-18

Stoneley wave velocity c; 1400m/s Figure 2-18

borehole radius Rp 0.076m Figure 2-14

fluid viscosity p 1073Pa - s CRC (1978)

fluid permittivity e; 7.1-107%coul?/(N - m?) | CRC (1978)

formation conductivity o, 2-107%5 = — Figure 2-13

borehole fluid conductivity oy | 0.0592 = —1— fluid conductivity log
formation porosity ¢ 0.11 (i.e., 11%) the average in Figure 2-24
norm. elsm ampl. % 1.1- 10‘8% the average in Figure 2-24

Table 3.2: Parameters of the experiment used for estimating the zeta-potential in
dolomite.
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Chapter 4

Electroseismic logging: broadband
measurements of the
Stoneley-wave-induced electrical

potential

4.1 Introduction

The main goal of this thesis is to determine the practical value of electroseismic
phenomena for geophysical exploration. In Chapter 2 we demonstrated that electrical
fields induced by a borehole Stoneley wave can be measured in fractured igneous rocks
and in sedimentary rocks (dolomite). Results of field experiments suggested that these
electroseismic measurements can be used to identify permeable zones intersected by a
borehole. In Chapter 3 we developed a theoretical model for the Stoneley-wave-indu-

ced electrical fields. This theoretical model suggests that porosity can be determined
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from the normalized amplitudes of these electrical fields and that permeability can

be determined from their amplitude-versus-frequency dependence.

Overall, the initial experimental results and the theoretical model’s predictions
are encouraging. However, a few problems need to be addressed before the bore-
hole electroseismic measurements can be used in practice. The two most important

problems are the following:

1. The measurement technique proposed in Chapter 2 has a depth limitation due
to the use of a surface source and surface reference electrical dipoles. It is desirable
to develop an electroseismic logging technique which uses a downhole source and
downhole receivers for measuring the electrical fields induced by a borehole Stoneley

wave.

2. The physical mechanism of the electroseismic phenomena observed in the exper-
iments has to be established clearly in order to demonstrate which specific parameters
of the formation can be determined from borehole electroseismic measurements. The
theoretical model developed in Chapter 3 predicts that the porosity and the per-
meability of the formation can be deduced from the amplitude-versus-frequency de-
pendence of the Stoneley-wave-induced electrical potentials. However, the field data
presented in Chapter 2 has a narrow frequency content. Thus, we cannot make a di-
rect comparison of the amplitude-versus-frequency dependence of the signals recorded

in the experiments with the predictions of the theoretical model.

In this chapter we address the first problem and partially address the second.
Specifically, we develop an experimental technique that allows logging-type measure-
ments of the Stoneley-wave-induced electrical potentials. Using this technique, we
measure these electrical potentials in the frequency range from 300Hz to 4000H z.
Analysis of field data shows that the normalized amplitudes of the Stoneley-wave-in-

duced electrical potential correlate with other geophysical measurements that indicate
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the location of fractured zones.

To make a comparison between the field data and the theory, we combine the
results of the experiments described in this chapter with the results of previous
electroseismic experiments in the same borehole (Chapter 2) to obtain the ampli-
tude-versus-frequency dependence of the Stoneley-wave-induced electrical potentials
in the frequency interval from 100Hz to 4000H z. Comparison of this amplitude-ver-
sus-frequency dependence with the predictions of the Biot-theory-based theoretical
model shows that the theory predicts correct values for the amplitude, but does not

fully describe the variation of the amplitude with frequency.

4.2 Electroseismic logging technique

In this section we describe a measurement technique for recording the Stoneley-wave-
induced electrical potential in a frequency range from several hundred hertz to several
kilohertz. This measurement technique is suitable for electroseismic logging because

both source and receivers are placed in the borehole.

4.2.1 Stoneley wave source

The first component of the measurement device is a Stoneley wave source. In the
previous experiments (Chapter 2) we generated the Stoneley wave by striking a well

head with a sledgehammer. This technique has three limitations:

1. Generating the Stoneley wave at the surface limits the depth of the inves-
tigation due to the reduction of the Stoneley wave amplitude by attenuation and

backscattering as the wave propagates down a borehole.

125



2. A sledgehammer generates a narrow-band Stoneley wave (7T0Hz to 300Hz in

the experiments), and there is no way to control the frequency of the source.
3. Repeated striking with a sledgehammer damages well heads.

In the experiments described in this chapter we used a downhole piezoelectric
source. This source was capable of generating Stoneley waves with frequencies from
several hundred hertz up to several kilohertz. The source was a piezoelectric ring
(10cm in diameter, 1.5cm thick and 15¢m long). To generate a Stoneley wave, we
placed this piezoelectric ring in a borehole and sent a 2.5kV pulse to the ring from a
high-power amplifier at the surface. The input to the amplifier was one period of a
sinusoid. we varied the frequency of the sinusoidal input to control the frequency of
the Stoneley wave generated by the source. In different experiments we used 2.5k H 2

and 5.0k H z sinusoids as the input to the amplifier.

4.2.2 Electrode configuration and the noise reduction pro-

cessing

To record the electrical potentials induced by the Stoneley wave, we used a 4-electrode
array (Figure 4-1). In addition to recording electroseismic signals, this array allowed
to cancel the noise generated by the remote power lines and by telluric currents in

the ground.

As we already discussed in Chapter 2, canceling the electrical noise created by
remote power lines and by telluric currents is the major challenge in making electro-
seismic measurements. While the electroseismic signals detected in field experiments
have amplitudes ranging from hundreds of nanovolts to tens of millivolts, the power-

line-induced and telluric electrical currents generated signals with amplitudes up to
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several millivolts. In previous surface experiments (Mikhailov et al., 1997) and bore-
hole experiments (Chapter 2), we demonstrated that the most effective way to reduce
this noise in electrical data is remote referencing. In the field, while recording the
electrical signals in the borehole, we simultaneously recorded the electrical noise on
two mutually perpendicular electrical dipoles on the surface. During signal process-
ing we subtracted the noise recorded on the surface from the measurements in the

borehole.

In experiments we found that at kilohertz frequencies the power line and telluric
noise varies significantly with depth. Therefore, it was not sensible to make reference
measurements at the surface or at some depth far from the depth where the elec-
troseismic signals are recorded. We were forced to make reference measurements in
the immediate vicinity of the depth where the electroseismic signals were measured.
Since the reference electrodes were placed in the immediate vicinity of the measure-
ment electrodes, the reference electrodes also recorded electroseismic signals. In a
way, there was no longer any difference between the “measurement” and “reference”
electrodes. Thus, we called them all “measurement” electrodes and in this way came

up with a 4-electrode measurement array.

Figure 4-1 shows a diagram of the 4-electrode measurement array. In the exper-
iment the electrodes were separated by 0.5m. In the field we recorded two signals:
the potential difference between the electrodes a and b, and the potential difference
between the electrodes ¢ and d. The power line and telluric noise recorded by these
electrode pairs was practically the same because the sources of the noise were very
far from the electrodes. At the same time, the electroseismic signals recorded by the
two electrode pairs, (ab) and (cd), were different because the Stoneley wave length

was comparable with the distance between the electrodes.

During processing, we subtracted the (cd) signal from the (ab) signal. Therefore,
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the resulting measurement obtained in field experiment was
A4el = (Qa - (Db) - (Qc - Qd) . (41)

If the Stoneley wave length is much larger than the distance between the electrodes,
then this measurement A4 is proportional to the second derivative of the electrical

potential along the borehole axis.

4.3 Field experiment

In this section we demonstrate that by using the experimental technique described
above, it is possible to make field measurements of the electrical potential induced
by the borehole Stoneley wave. We first present the details of the experiment and
then present field data. In the data we identify the electrical signals generated by the

Stoneley wave.

4.3.1 Experimental site

We conducted field experiments in a well drilled through fractured igneous rock at
a site in Hamilton, MA (same well as in Chapter 2). Measurements were made in
the depth interval from 30m to 52m, that was in granite. Figure 4-2 presents re-
sults of different geophysical measurements. These measurements demonstrate that
the granite formation in this depth interval is highly fractured. The borehole caliper
log shows enlargements of the borehole wall at depths where a drill bit encountered
fractures in the hard rock. The P-wave slowness log has kicks (off scale) correspond-
ing to fractured zones. The borehole video for the well shows numerous fractures
intersecting the borehole throughout the entire depth of investigation. We derived

a plot of fracture locations and “size” from the borehole video log. The “size” of
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the fractures (as they appear in the video) are plotted on a “coffee-shop” scale, i.e.,
small/medium/large (1, 2 and 3 in Figure 4-2). The conductivity log shows relatively
high conductivity values for igneous rock, again corresponding to highly fractured

granite.

Analysis of the cuttings from the well GEOSS (1984a,b) demonstrates that in
granite the rock matrix has no porosity. Thus, all the porosity and permeability
of the granite formation are due to fractures. A pumping test in another well that
is 12m away from the experimental well yielded a water flow rate of 300gal/min
(1.9-1072m3/s) that was sustained for 26 days (Haley and Aldrich, Inc., 1990). The
main flow conduit identified by the pumping test was the fractured zone between
the depths of 55m and 61m. The pumping test demonstrated that there is a flow
communication between the two wells through horizontal fractures in the subsurface.
Therefore, we can conclude that the fractures intersecting our experimental well are

permeable.

In the depth interval of investigation the well was uncased. This allowed pressure
communication between the borehole and the fractures. When the Stoneley wave
propagated along the borehole, it induced a flow of fluid within the fractures. Thus,

the borehole was suitable for electroseismic experiments.

4.3.2 Field experimental procedure

In experiments we recorded pressure oscillations and electrical signals generated by a
borehole Stoneley wave. To measure pressure we used hydrophones with a sensitivity
of 10mV/Pa. To record the electrical signals we used the 4-electrode array described

in the previous section.

During the experiment we placed the piezoelectric source at a fixed depth (30m
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and 35m in different experiments) and moved the electrode array or the hydrophone
array along the borehole to obtain measurements throughout a 16m depth interval
at a 0.25m spacing between traces. In electrical experiments we obtained one elec-
troseismic trace at a time (recording two signals (®, — @) and (®. — ®,) in the field,
and later combining them to cancel the noise). In the hydrophone experiments we
recorded three traces at a time using a three-hydrophone string. In our experiments
the source was not moving, so this was not an actual logging experiment. Never-
theless, our measurement device can be moved as a whole along the borehole, thus

allowing logging-type measurements.

To record the signals measured by the electrodes and by the hydrophones we used
the same data acquisition system as in previous experiments (a dynamic range of
120dB and a crosstalk between channels of less than —100dB). The highest sampling
rate of the data acquisition system was 16kHz. At this sampling rate the system
imposed a de-aliasing low-pass filter at half of the Nyquist frequency, i.e., the signals
with frequencies above 4k Hz were filtered out. Unfortunately, this feature of the data
acquisition system limited electroseismic experiments to recording only signals with

frequencies below 4kHz.

In electrical experiments we stacked data 1000 times at each depth, and in the
hydrophone experiments, 20 times at each depth in order to increase the signal-to-

noise ratio. Overall, using a 4-electrode array and stacking the data allowed us to
detect electroseismicsignals in the field. The best signal-to-noise ratio in the electrical

data was around 3.
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4.3.3 Full-waveform electroseismic data

Figures 4-3 to 4-6 present the pressure and electrical data collected in the field. In
each Figure the depth of the electrical trace is the depth of the top electrode in the
4-electrode array. The data in Figures 4-3 and 4-4 were collected with the source at
the depth of 35m and the data in Figures 4-5 and 4-6 - with the source at the depth
of 30m. The data in Figures 4-3 and 4-5 were collected using a 2.5kHz sinusoid as
an input to the high-power amplifier, and the data in Figures 4-4 and 4-6, with a
5.0kH z sinusoid as the input. The source time in Figures 4-3—4-6 is 10ms. Three

events can be identified in the electrical data in Figures 4-3—4-6.

1. The most visible event in the electrical data is the electromagnetic wave ra-
diated by the piezoelectric source. This electromagnetic wave propagates with a
velocity much higher than velocities of seismic waves, and arrives “simultaneously”

at all depths at the time of the source (10ms).

2. Electrical data contain an electrical signal that propagates along the borehole
with the Stoneley wave velocity and arrives at the electrodes simultaneously with the
Stoneley wave (Event S-S). Event S-S is clearly visible in the data collected with the
2.5k H z source frequency (Figures 4-3 and 4-5). At the same time, Event S-S is barely
visible in the data collected with the 5.0k Hz source frequency (Figures 4-4 and 4-6).
The poor quality of the signals measured with the 5.0kHz source is due to the fact
that the data acquisition system had a built-in 4.0kH 2 low-pass filter. The barely
visible traces of Event S-S in Figures 4-4 and 4-6 are all that was left in the data
collected with a 5.0k H z source frequency after all the frequencies above 4.0kH z were
cut out by the data acquisition system. Nevertheless, in experiments we recorded
electroseismic signals in the frequency range from 300H z to 4.0kHz (Figures 4-3 and
4-5). These electrical potentials induced by the Stoneley wave are the focus of this

thesis.
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3. Electrical data in Figures 4-3—4-6 contain an electrical signal that appears
to “originate” at the time of the source (10ms) at some depth below the source.
This signal has a Stoneley wave moveout. We label this signal “M-M” to emphasize
its “mysterious” origin. Comparison of the electrical traces with the hydrophone
traces shows that at the time when this signal is measured, there is no pressure wave
propagating at the depth of the electrodes. We analyze this mysterious signal in
Appendix C, and show that it was recorded by some kind of fault in the cable that
connected the electrode array with the data acquisition at the surface. The analysis
in Appendix C suggests that this fault is about 14m above the top electrode. Visual
inspection of the cable did not indicate any fault. We chose not to cut the cable

because it is expensive, and we would like to use it in future experiments.

Figure 4-7 presents the electrical data (35m source depth, 2.5kHz source fre-
quency) band-pass filtered in the interval from 300Hz to 1500Hz. In these data,
the mysterious Event M-M is not visible. Figure 4-8 presents the same electrical
data band-pass filtered in the interval from 1500Hz to 4000H z. In these data Event
M-M is very clear. Thus, the frequency of the mysterious signal is above 1500H z.
We suggest that this signal’s presence does not compromise the validity of our mea-
surements at frequencies below 1500H 2. However, this event may be an indication
that the electroseismic data at frequencies above 1500H 2 is corrupted by signals of

non-electroseismic origin.

Overall, this section demonstrates that the experimental technique that we devel-
oped is suitable for measuring the electrical potential induced by a Stoneley wave at
frequencies up to 4kHz (the maximum frequency that could be recorded by the data

acquisition system).
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4.4 Analysis of the Stoneley-wave-induced electri-

cal potential

In this section combine the results of two different electroseismic experiments made in
the same borehole. The first is the experiment made with the 4-electrode array, the
piezoelectric source at the depth of 35m, and a 2.5k H z frequency of the driving signal
for the source (Figure 4-3). We analyze this dataset out of the four presented above
because it had the best signal-to-noise ratio. In the other datasets the electroseismic
signals are only slightly stronger than the noise. Also in this section we reanalyze
results of an electroseismic experiments made in the same well using a 2-electrode
array and a sledgehammer source (Chapter 2). Figure 4-9 presents the pressure and
electrical data collected in the sledgechammer experiment in the depth interval from
36m to 52m. In Figure 4-9 the direct Stoneley wave in the pressure data and the

Stoneley-wave-induced electrical signals are labeled S-S.

First, we derive from the field data the normalized amplitude of the electrical
potential induced by the Stoneley wave at different frequencies. Next we compare
this normalized amplitude with the results of other geophysical measurements and
show that the normalized amplitude of the Stoneley-wave-induced electrical potential
correlates with the results of other geophysical measurements that indicate fractured

zZones.
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4.4.1 Deriving the normalized amplitudes of the Stoneley-
wave-induced electrical potential at different frequen-

cies from the field data

We define the normalized amplitude of the Stoneley-wave-induced electrical potential
as a ratio of the amplitude of the electrical potential oscillation at a certain depth to
the amplitude of the pressure oscillation at the same depth. To derive this normalized

amplitude at different frequencies from the field data, we used the following algorithm:

1. Apply a band-pass filter, centered around the frequency of interest, to the

pressure and the electrical data.

2. Calculate from the band-pass-filtered data the rms amplitudes of pressure and
electrical signals in the direct Stoneley wave (Event S-S) at the frequency of interest.

Calculate these amplitudes for the main wavelets of Event S-S.

3. Convert the amplitudes of the electrical signals at the frequency of interest
into the amplitude of the electrical potential oscillation, ®(w), at this frequency. The
formulas for this conversion are derived in Appendix D. To convert the amplitudes of
the signals measured using the 4-electrode array into the amplitude of the electrical
potential, divide the amplitude of the electrical signal, A4(w), by the correction fac-
tor, Agi (w) (Equation D.4), at the frequency of interest. To convert the amplitudes of
the signals measured using a 2-electrode array, divide the amplitude of these electrical
signals, Agq(w), by the correction factor 22 (w) (Equation D.7) at the frequency of

®

interest.

4. Divide the amplitude of the electrical potential oscillation, ®(w), by the ampli-
tude of the pressure oscillation at that frequency to obtain the normalized amplitude

of the Stoneley-wave-induced electrical potential at the frequency of interest.
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Table 4.1 presents the list of the frequencies for which we calculated the normalized
amplitudes of the Stoneley-wave-induced electrical potential. Also, Table 4.1 presents
the list of the band-pass filters applied to the data (Step 1 of the above algorithm)
prior to calculating the rms amplitudes at the corresponding frequencies. We chose
the frequency values, at which the amplitudes are calculated, such that they are
equally spaced on the logarithmic scale. The band-pass filters are chosen such that

they cover equal intervals on the logarithmic scale.

4.4.2 Comparing the amplitude of the Stoneley-wave-indu-
ced electrical potential with other geophysical mea-

surements

Figure 4-10 presents a comparison of the normalized amplitudes of the Stoneley-
wave-induced electrical potential to the results of other geophysical measurements.
The P-wave log in Figure 4-10 has kicks off scale (more than 380us/m) in the depth
intervals 45m —47m and 49m —53m. This high P-wave slowness indicates that granite
in these intervals has high fracture porosity. The electroseismic signals amplitudes
in these depth intervals are higher than in the depth interval 47m — 49m, where the

P-wave slowness log indicates low fracture porosity.

Further, the plot of fracture locations derived from the borehole video (the third
plot in Figure 4-10) shows a large fracture intersecting the borehole at the depth of
51m. At this depth, the electroseismic signals have larger amplitudes than at other
depths. This result, similar to the results of previous electroseismic experiments
(Chapter 2), suggests that fractures can be identified using borehole electroseismic

measurements.
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4.5 Comparison of the field data and theory: amp-
litude-versus-frequency dependence of the Sto-

neley-wave-induced electrical potential

4.5.1 Synthetic amplitude-versus-frequency curves for the Sto-

neley-wave-induced electrical potential

In this section we analyze the synthetic amplitude-versus-frequency dependence of
the Stoneley-wave-induced electrical potential, that are calculated using Equation
3.13 for the borehole and formation properties in the experiments. These properties
are summarized in Table 4.2. The Stoneley wave velocity, c;, is determined from the
hydrophone measurements (Figure 4-3). The borehole diameter, R, is determined
from the caliper log (Figure 4-10). The value of the borehole fluid conductivity, oy,
corresponds to the salinity of 0.004mol/! of NaCl measured for a sample of the actual
borehole fluid (water). The values of the fluid viscosity, y, and permittivity, ¢y, are
the values for water. For the borehole fluid salinity in the experiments (0.004mol/ of
NaCl, g5 = 0.0225/m), the value of the zeta-potential for granite has been measured
laboratory experiments (Morgan et al., 1989). In experiments with a natural fracture,
Brown et al. (1998) found fracture tortuosity, e, to be close to 1 due to channeling.
Thus, in calculations we assume the tortuosity of fractures, a.,, to be 1.0. The
rock conductivity, o,, is measured in for borehole (Figure 4-2). For the porosity of
fractured granite, ¢, we assumed the value of 0.5% (Nur, 1969; Hadley, 1976; Toksoz
et al., 1976).

Figure 4-11 presents the synthetic amplitude-versus-frequency curves for the Sto-
neley-wave-induced electrical potential in the frequency interval from 100Hz to 10k H z.

The different curves in Figure 4-11 are calculated for permeability values ranging from
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107'*m? (0.01Darcy) up to 1071°m? (100 Darcy). Figure 4-11 shows that for perme-
abilities less than 10~'3m? (0.1Darcy) the Biot critical frequency, w., is greater than
the maximum frequency of the field experiments (4000Hz). Thus, according to the
theoretical model, borehole electroseismic measurements are not sensitive to perme-
ability values of less than 107'3m? (0.1Darcy). In the next section we will compare
this synthetic curves to the real data in order to assess the possibility of determining

permeability from the field measurements.

4.5.2 Comparison between the synthetic curves and the field

data

In this section we present the amplitude-versus-frequency dependence of the Stoneley-
wave-induced electrical potential measured in the field in the frequency range from
100H z up to 4000Hz. We compare the results of the field measurements with the
synthetic amplitude-versus-frequency curves predicted by the theoretical model for

the borehole fluid and formation properties in the experiment.

We compare the field data to the theoretical model in four depth intervals: 46.5m—
47.5m (Figure 4-12), 47.5m — 49.5m (Figure 4-13), 49.5m — 50.5m (Figure 4-14) and
50.5m — 51.5m (Figure 4-15). The first conclusion which can be drawn from Figures
4-12 to 4-15 is that the theory predicts the correct values for the normalized ampli-
tudes of the electroseismic signals. Further analysis of Figures 4-12 to 4-15 shows
that the amplitudes of the signals measured in the field have a more complicated fre-
quency dependence than the one predicted by the theory. In the frequency range from
200H 2 to 800H z, the normalized amplitudes of the Stoneley-wave-induced electrical
potential have a steeper decrease with frequency than the w™z decrease predicted by
the theory. Further, in Figures 4-12 to 4-14 the normalized amplitudes increase with

frequency above 800H z.
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In the depth interval around the large fracture (50.5m — 51.5m), the normalized
amplitude of the Stoneley-wave-induced electrical potential roughly follow the trend
predicted by the theory. However, the data has a similar “dip” at the 800H z frequency
and a slight increase above it. The synthetic curves in Figure 4-15 were calculated
for the fracture porosity value of 1.2%. The normalized amplitudes measured in this
depth interval fall between the synthetic curves corresponding to the permeability
values of 1.25-10"'m? = 12.5Darcy and 1.25-1071%m? = 125Darcy. These porosity
and permeability estimates values cannot be compared with any other independent
porosity and permeability measurements in this borehole. Thus we do not claim that
they are correct. However, the fact that the amplitude-versus-frequency dependence
of the electroseismic signals measured in the depth interval around the large fracture
roughly agrees with the theoretical model suggests that the model of the Stoneley-

wave-induced electrical potential may work for large fractures.

4.6 Discussion

The theoretical model predicted correct values for the amplitudes of the Stoneley-wa-
ve-induced electrical potentials that were measured in the field. Also, the Stoneley-
wave-induced electrical potentials had a clear peak of the normalized amplitude at
the depth of the large fracture Figure 4-10. However, the amplitude-versus-frequen-
cy dependence of the electroseismic signals measured in the experiments was more
complex than the one predicted by the model. This disagreement between the field
data and the theory can be attributed to one of the following five factors:

1. We made electroseismic measurements using a 4-electrode array. We derived the
sensitivity function, I‘T‘ﬁ (w), for the array, assuming that we made ideal four-point

measurements (Appendix D). To deduce the amplitudes of the electrical potential
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oscillation in the borehole from the 4-electrode measurements, we divided the ampli-

tudes of the measured signals by the sensitivity function, 24l (). Figure D-2 shows

> | ®al
that the sensitivity function, ]%l (w), has a peak around 800H z. It is possible that

the “dip” in the amplitude-versus-frequency dependence of the electrical potential at
the 800Hz frequency is caused by dividing the original signals’ amplitudes by the
high values of the sensitivity function around 800H 2. The coincidence of the “dip”
in the amplitude-versus-frequency of the electroseismic signals with the peak of the
sensitivity function suggests that in our experiments we did not make ideal four-point

measurements, as we assumed in the derivation of the sensitivity function.

2. The measurement technique was not perfect and could have corrupted the
signals at high frequencies. For example, there is a high frequency “mysterious” event
in the electrical data. Also, regardless of the depth in the borehole, all the ampli-
tude-versus-frequency curves have a ’dip’ around the 800Hz frequency. However,
the latter fact cannot be attributed to the data acquisition system, cable or lead
electrodes. In Appendix F, we show that the instrument response of our measuring
devices is not responsible for the “dip” in the amplitude-versus-frequency dependence

of the electroseismic signals measured in the field.

3. The theoretical model only accounts for the amplitude-versus-frequency depen-
dence of the streaming electrical current and does not take into consideration other
frequency-dependent phenomena in the field. For example, we assumed that the
formation conductivity, o,, is independent of frequency. However, Olhoeft (1985)
demonstrated that, due to electrochemical reactions, resistivity of real rocks can
have a complicated non-linear frequency dependence. Our experiments were made
in granite saturated with water. Lockner and Byerlee (1985) measured conductivity
of water-saturated Westerly granite and demonstrated that it does not significantly
change in frequency range from 1Hz to 10*Hz. However, analysis of thin sections

of granite from Hamilton demonstrated that microcracks in granite are sealed with
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siderite, that is a Fe-reach carbonate (GEOSS, 1984b). Moreover, grains of Fe-Ti
oxide were detected in some of the thin sections (GEOSS, 1984b). IP responses of
these minerals need to be examined before frequency-dependent conductivity effects

can be ruled out.

4. The theoretical model is based on Pride’s (1994) theory for dynamic streaming
electrical currents and on the Biot theory. Pride’s (1994) model assumes that the
thickness of the charged layer of fluid near the pore surface is much smaller than
the pore size. This assumption may not always be valid in real rocks. However, the
theoretical model should be valid for large fracture apertures. This fact can explain
why we had better agreement between the theory and the measurements at the large

fracture.

5. Finally, in the field there could be more than one possible mechanism for a
Stoneley wave to induce an electrical potential. In Appendix A we ruled out several
alternative physical mechanisms for these electroseismic signals. These ruled-out
mechanisms were the action of the Stoneley wave on the electrodes, the streaming
potentials due to the fluid motion along the borehole wall, and the piezoelectric effect.
However, the electroseismic phenomena are very complex and there could be a number

of other phenomena present in the experiment.

4.7 Conclusion

In this chapter we described an experimental technique that allows making broadband
logging-type measurements of the Stoneley-wave-induced electrical potential. Using
this experimental technique we made borehole electroseismic measurements in the
frequency range from 300Hz to 4000Hz. Analysis of the signals measured in the

field showed that the normalized amplitude of the Stoneley-wave-induced electrical
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potential has a peak at the depth of a large fracture.

From the field data we derived the normalized amplitudes of the Stoneley-wave-
induced electrical potential at different frequencies. We compared the amplitude-ver-
sus-frequency dependence of the Stoneley-wave-induced electrical potentials recorded
in the field with the predictions of the theoretical model. From this comparison we
found that the theoretical model predicts the correct magnitudes for the electrical
potentials induced by the Stoneley wave. Also, the amplitude-versus-frequency de-
pendence of the electroseismic signals recorded at the depth of the large fracture
roughly follows the trend predicted by the theory. However, the general amplitu-
de-versus-frequency dependence of the electroseismic signals recorded in the field is
more complicated that the one predicted by the theory. This can be attributed to
(a) imperfection of the measurement devices; (b) failure of the theoretical model to
correctly describe the phenomenon observed in the field; or (c) the presence of some
other electroseismic phenomenon that we do not account for. Further measurements
with a better data acquisition system and a better measurement tool are necessary

to establish the complete physics of the electroseismic phenomenon that we observed

in the field.
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borehole

* - seismic source

I - electrode

Figure 4-1: Diagram of the electroseismic logging experiment. A downhole seismic
source generates a Stoneley wave propagating along the borehole. The Stoneley wave
generates fluid flow within the formation, and this flow induces a streaming electrical
potential. The 4-electrode array placed in the borehole detects the Stoneley-wave-
induced electrical potential. The electrical signal measured by the array is: Ay =
(®, — @) — (P, — D,). If the Stoneley wavelength is much larger than the distance
between the electrodes, then this signal, A4, is proportional to the second derivative
of the Stoneley-wave-induced electrical potential along the borehole axis.
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Figure 4-2: Results of different geophysical measurements in the depth interval from
30m to 52m demonstrating that the granite formation is highly fractured. The bo-
rehole caliper log shows enlargements of the borehole wall at depths where a drill
bit encountered fractures in the hard rock. The P-wave slowness log has kicks off
scale (above 380us/m) corresponding to fractured zones. The conductivity log shows
relatively high conductivity values for igneous rock, again corresponding to highly
fractured granite. The fracture location chart describes significant fractures detected
by the borehole video. The size of the fractures is plotted on a “coffee shop” scale,
i.e., small/medium/large.
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Source: 2.5 kHz, 35m depth
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Figure 4-3: Pressure and electrical data collected in the field with the source at the
depth of 35m and a 2.5kHz sinusoid as a driving signal for the source. The source
time is 10ms. The depth of the electrical trace is the depth of the top electrode in
the 4-electrode array. In the pressure, data Event S-S is the direct Stoneley wave. In
the electrical data, Event S-S is the electrical signal induced by the Stoneley wave,
and Event M-M is the “mysterious” event caused by a fault in the cable.
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Source: 5.0 kHz, 35m depth
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Figure 4-4: Pressure and electrical data collected in the field with the source at the
depth of 35m and a 5.0kHz sinusoid as a driving signal for the source. The source
time is 10ms. The depth of the electrical trace is the depth of the top electrode in
the 4-electrode array. In the pressure data, Event S-S is the direct Stoneley wave. In
the electrical data, Event S-S is the electrical signal induced by the Stoneley wave,
and Event M-M is the “mysterious” event caused by a fault in the cable.
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Source: 2.5 kHz, 30m depth
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Figure 4-5: Pressure and electrical data collected in the field with the source at the
depth of 30m and a 2.5kHz sinusoid as a driving signal for the source. The source
time is 10ms. The depth of the electrical trace is the depth of the top electrode in
the 4-electrode array. In the pressure data, Event S-S is the direct Stoneley wave. In
the electrical data, Event S-S is the electrical signal induced by the Stoneley wave,
and Event M-M is the “mysterious” event caused by a fault in the cable.
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Source: 5.0 kHz, 30m depth
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Figure 4-6: Pressure and electrical data collected in the field with the source at the
depth of 30m and a 5.0kHz sinusoid as a driving signal for the source. The source
time is 10ms. The depth of the electrical trace is the depth of the top electrode in
the 4-electrode array. In the pressure data, Event S-S is the direct Stoneley wave. In
the electrical data, Event S-S is the electrical signal induced by the Stoneley wave,
and Event M-M is the “mysterious” event caused by a fault in the cable.
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Source: 2.5 kHz, 35m depth
frequencies: 300Hz...1500Hz

time, ms

0 10§ 20 30

~

ttm ] A

depth, m
i

§i

Pressure
measurements

depth, m
R

time, ms
0 10 20 30
36

(7 4]

»).

i' }
e

11
>
3

)

24

it

52
Electrical
measurements

Figure 4-7: Pressure and electrical data collected in the field with the source at
the depth of 35m and a 2.5kHz sinusoid as a driving signal for the source. These
data are band-pass filtered in the frequency range from 300Hz to 1500Hz. In the
electrical data the signals before 15ms are muted prior to filtering in order to remove
the electromagnetic wave radiated by the piezoelectric source. In the pressure data,
Event S-S is the direct Stoneley wave. In the electrical data, Event S-S is the electrical
signal induced by the Stoneley wave. Event M-M is not visible in these data.
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Source: 2.5 kHz, 35m depth
frequencies: 1.5 kHz...4 kHz
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Figure 4-8: Pressure and electrical data collected in the field with the source at
the depth of 35m and a 2.5kHz sinusoid as a driving signal for the source. These
data are band-pass filtered in the frequency range from 1500Hz to 4000Hz. In the
electrical data the signals before 15ms are muted prior to filtering in order to remove
the electromagnetic wave radiated by the piezoelectric source. In the pressure data,
Event S-S is the direct Stoneley wave. In the electrical data, Event S-S is the electrical
signal induced by the Stoneley wave. Event M-M is clearly visible in these data.
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Low frequency data
Source: a sledgehammer
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Figure 4-9: Pressure and electrical data collected in the previous experiments in the
same borehole. The Stoneley wave was generated by striking the well head with a
sledgehammer. The source time is O0ms. The electrical fields were recorded using a
2-electrode array. The depth of the electrical trace is the depth of the top electrode
in the 2-electrode array. In the pressure data, Event S-S is the direct Stoneley wave.
In the electrical data, Event S-S is the electrical signal induced by the Stoneley wave.
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Figure 4-10: Comparison of the normalized amplitudes of the Stoneley-wave-indu-
ced electrical potential to the results of other geophysical measurements indicating
fractures. In the plot of the normalized amplitudes of this electrical potential, curves
1-6 correspond to the frequency values 350Hz, 410H z, 480H z, 560H z, 660Hz and
TT10Hz, respectively. The P-wave log kicks off scale (more than 380us/m) in the
depth intervals 45m — 47m and 49m — 53m. This high P-wave slowness indicates
that granite in these intervals has high fracture porosity. The electroseismic signals
amplitudes in these depth intervals are higher than in the depth interval 47m —
49m, where the P-wave slowness log indicates low fracture porosity. Further, the
plot of fracture locations derived from the borehole video shows a large fracture
at the depth of 51m. At this depth the electroseismic signals’ amplitudes have a
strong peak. These correlations suggest that fractures can be identified using borehole
electroseismic measurements.
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Figure 4-11: Synthetic amplitude-versus-frequency curves for the Stoneley-wave-in-
duced electrical potential for the formation and borehole fluid properties in the ex-
periments and different permeabilities. The different curves are calculated for per-
meability values ranging from 1.07'4m? (0.01Darcy) to 1071°m? (100Darcy). The
numbers labeling the curves are the values of permeability (in Darcy) for which the
curves are calculated. Equation 3.5 predicts that for permeabilities less than 10~3m?
(0.1Darcy), the Biot critical frequency, w,, is greater than the maximum frequency
of the field experiments (4000Hz). Thus, according to the theory, we cannot use
borehole electroseismic measurements at frequencies less than 4000H 2 to deduce per-

meability values of less than 10~'*m? (0.1Darcy).
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amplitude-vs—-frequency: data and theory, depth 46.5-47.5m
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Figure 4-12: Comparison of the amplitude-versus-frequency dependence of the Sto-
neley-wave-induced electrical potentials measured in the depth interval from 46.5m
to 47.5m with the predictions of the theoretical model. The synthetic curves are
calculated for the formation and borehole fluid properties summarized in Table 4.2,
porosity of 0.8% and various permeability values. The theory predicts the correct
values for the normalized amplitudes of the electroseismic signals, however the nor-
malized amplitudes of the signals measured in the field have a more complex frequency
dependence than the one predicted by the theory. In the frequency range from 200H z
to 800H z, the normalized amplitudes of the Stoneley-wave-induced electrical poten-
tial have a steeper decrease with frequency than the w™% decrease predicted by the
theory. Further, the normalized amplitudes increase with frequency above 800H z.
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amplitude-vs—frequency: data and theory, depth 47.5m-49.5
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Figure 4-13: Comparison of the amplitude-versus-frequency dependence of the Sto-
neley-wave-induced electrical potentials measured in the depth interval from 47.5m
to 49.5m with the predictions of the theoretical model. The synthetic curves are
calculated for the formation and borehole fluid properties summarized in Table 4.2,
porosity of 0.8% and various permeability values. The theory predicts the correct
values for the normalized amplitudes of the electroseismic signals, however the nor-
malized amplitudes of the signals measured in the field have a more complex frequency
dependence than the one predicted by the theory. In the frequency range from 200H 2
to 800H z, the normalized amplitudes of the Stoneley-wave-induced electrical poten-
tial have a steeper decrease with frequency than the w~7 decrease predicted by the
theory. Further, the normalized amplitudes increase with frequency above 800H z.
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amplitude-vs—frequency: data and theory, depth 49.5-50.5m
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Figure 4-14: Comparison of the amplitude-versus-frequency dependence of the Sto-
neley-wave-induced electrical potentials measured in the depth interval from 49.5m
to 50.5m with the predictions of the theoretical model. The synthetic curves are
calculated for the formation and borehole fluid properties summarized in Table 4.2,
porosity of 1.0% and various permeability values. The theory predicts the correct
values for the normalized amplitudes of the electroseismic signals, however the nor-
malized amplitudes of the signals measured in the field have a more complex frequency
dependence than the one predicted by the theory. In the frequency range from 200H z
to 800H z, the normalized amplitudes of the Stoneley-wave-induced electrical poten-
tial have a steeper decrease with frequency than the w™2 decrease predicted by the
theory. Further, the normalized amplitudes increase with frequency above 800 H 2.
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Figure 4-15: Comparison of the amplitude-versus-frequency dependence of the Sto-
neley-wave-induced electrical potentials measured in the depth interval from 50.5m
to 51.5m (around the large fracture) with the predictions of the theoretical model.
The synthetic curves are calculated for the formation and borehole fluid properties
summarized in Table 4.2, porosity of 1.2% and various permeability values. The
normalized amplitudes of the signals measured in the field seem to follow roughly
the amplitude-versus-frequency trend predicted by the theory. However, this ampli-
tude-versus-frequency trend corresponds permeability values between 1.25 - 10~1m?
(12.5Darcy) and 1.25-107°m? (125Darcy). These permeability values are enormous,
so we cannot claim that the data agrees with the theory.
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Frequency | Band-pass filter Experiment

128Hz 102Hz — 154H 2 previous paper (2-electrode array)
160H z 128Hz — 192H 2
200H =z 160Hz — 240H 2

350H =z 300Hz —410H 2 this paper (4-electrode array)
410H =z 350Hz — 480H 2
480H =z 410Hz — 560H z
560H z 480Hz — 660H z
660H z 560Hz — 770H 2
TT10H =z 660Hz — 900H 2
900H =z TT0Hz — 1050H =z
1050H = 900Hz — 1230H =
1230H =z 1050Hz — 1440H =
2000H =z 1700Hz — 2300H z | signal at this frequency may be corrupted
3700H =z 3300H z — 4000H =z | signal at this frequency may be corrupted

Table 4.1: Frequencies at which the normalized amplitudes of the Stoneley-wave-in-
duced electrical potentials were calculated from the field data, and the band-pass
filters used in these calculations.

Parameter Value

Stoneley wave velocity ¢, | 1400m/s

borehole radius R, 0.15m

fluid conductivity oy 0.0225/m

fluid viscosity p 107%Pa - s

fluid permittivity €s 7.1-107Pcoul?/(N - m?)
rock conductivity o, 0.015S/m

fracture tortuosity o, 1

zeta potential —60mV

Table 4.2: Parameters of the rock formation and the borehole fluid used for calculating
the synthetic amplitude-versus-frequency dependence for the Stoneley-wave-induced
electrical potentials.
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Chapter 5

Conclusions

In this thesis we investigated the electrical fields induced by borehole Stoneley waves.
We developed an experimental procedure and a noise-reduction processing that allows
measurements of this electroseismic phenomenon. Using this procedure, we made
borehole electroseismic measurements in fractured igneous rocks and in sedimentary
rocks. In the full-waveform electroseismic data, we identified the Stoneley-wave-indu-
ced electrical fields. Analysis of these electrical fields showed that they were induced

by the Stoneley-wave-generated fluid flow in a formation around a borehole.

From the field data we derive a parameter that describes local electroseismic cou-
pling at each depth. This parameter is the normalized amplitude of the Stoneley-
wave-induced electrical field. We defined this normalized amplitude as a ratio of the
amplitude of the electrical field oscillation at a certain depth to the amplitude of the
pressure oscillation at this depth. Analysis of the experimental results demonstrated

that:

1. In granite, the normalized amplitudes of Stoneley-wave-induced electrical fields

correlate with the fracture density log.
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2. In dolomite, the normalized amplitudes of the Stoneley-wave-induced electrical

fields correlate with the porosity of the formation.

3. In dolomite, the Stoneley-wave-induced electrical field have anomalously high

amplitudes at the isolated fracture that intersects boreholes T1 and T2.

4. In all experiments, the normalized amplitudes of the Stoneley-wave-induced

electrical fields are sensitive to lithology.

To understand what specific information about permeable zones can be derived
from borehole electroseismic measurements, we developed a Biot-theory-based model
for the Stoneley-wave-induced electrical fields. The amplitudes of these electrical
fields predicted by the theoretical model agreed with the amplitudes measured in

field experiments in granite and dolomite.

According to the theoretical model, the normalized amplitude of the Stoneley-
wave-induced electrical fields is proportional to the porosity of a formation around
a borehole. In the dolomite experiment, the normalized amplitudes of the Stone-
ley-wave-induced electrical fields correlated with porosity logs. Thus, the theoretical
model is consistent with the results of field experiments. Based on this result, we
concluded that in the Hamilton experiment the normalized electroseismic amplitude
was sensitive to the fracture porosity averaged over the Stoneley wave length. We
used the theoretical model to derive a fracture porosity log for the granite section.
This derivation yielded reasonable values for fracture porosity in granite, and the

porosity log correlated with the fracture density log.

The theoretical model also predicts that the normalized amplitude of the Stone-
ley-wave-induced electrical field is inversely proportional to the pore space tortuosity.
This result explains the anomalously high amplitudes of the Stoneley-wave-induced

electrical fields at the isolated fracture that intersects boreholes T1 and T2. Fracture
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tortuosity is close to 1 (Brown et al., 1998). At the same time, in an isotropic porous
formation the tortuosity is at least 3. Moreover, in a formation with large pores
connected with narrow throats, tortuosity can be much higher. Thus, a Stoneley
wave generates stronger electrical fields at a fracture than in an isotropic porous

formation.

Further, the theoretical model predicted that the normalized amplitudes of the
Stoneley-wave-induced electrical fields are sensitive to lithology and the fluid type
through the zeta-potential. This result can explain why in the Hamilton experiment
we measured much higher normalized electroseismic amplitude in granite than in

diorite.

Finally, the theoretical model predicts that the amplitude-versus-frequency depen-
dence of the Stoneley-wave-induced electrical fields depends on the permeability. To
test this prediction of the theoretical model, we developed an experimental technique
for broadband logging-type measurements of the Stoneley-wave-induced electrical po-
tential. Using this experimental technique we made borehole electroseismic measure-
ments in the frequency range from 300H z to 4000Hz. The normalized amplitude of
the Stoneley-wave-induced electrical potential identified a large fracture intersected

by the borehole.

From the field data we derived the normalized amplitudes of the Stoneley-wave-
induced electrical potential at different frequencies. We compared the amplitude-ver-
sus-frequency dependence of the Stoneley-wave-induced electrical potentials recorded
in the field with the predictions of the theoretical model. From this comparison we
found that the theoretical model predicts the correct amplitudes for the electrical
potentials induced by the Stoneley wave. Also, the amplitude-versus-frequency de-
pendence of the electroseismic signals recorded at the depth of the large fracture

roughly follows the trend predicted by the theory. However, the general amplitu-
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de-versus-frequency dependence of the electroseismic signals recorded in the field is
more complicated than that predicted by the theory. This can be attributed to (a)
imperfection of the measurement devices; (b) failure of the theoretical model to cor-
rectly describe the phenomenon observed in the field; or (c) the presence of some
other electroseismic phenomenon that we do not account for. Further measurements
with a better data acquisition system and a better measurement tool are necessary

to establish the complete physics of the electroseismic phenomenon that we observed

in the field.

5.1 Suggestions for future work

This thesis is a first step towards understanding borehole electroseismic phenom-
ena. Naturally, it leaves many question unanswered and provides a lot of room for

improvement. Below is a list of questions that need to be investigated in more detail:

1. In our experiments we attempted to measure the amplitude-versus-frequency
dependence of the Stoneley-wave-induced electrical fields. It is necessary to make bet-
ter measurements in order to determine whether permeability can indeed be deduced

from the amplitude-versus-frequency behavior of the electroseismic signals.

2. In this thesis we interpreted our experimental results based on the model
that was derived for a homogeneous medium. Prior to use electroseismic phenomena
in practice, it is necessary to develop theoretical models for borehole electroseismic
phenomena in heterogeneous media and in fractured (anisotropic) media. Also, to
determine how borehole electroseismic measurements can be used to characterize
fractures, it is necessary to develop a theoretical model for electroseismic phenomena

caused by a Stoneley wave at an isolated fracture.
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3. Electroseismic measurements in fractured igneous rocks and in sedimentary
rocks show that a Stoneley wave generates electromagnetic radiation at fractures.
This phenomenon has not been investigated in this thesis. However, it may provide a
new way for detecting and characterizing fractures intersected by a borehole. More-
over, measurements of the electromagnetic radiation generated by seismic waves may

be used to detect interfaces and fractures that are at some distance from a borehole.

4. Theoretical studies (Pride and Haartsen, 1996; Haartsen and Pride, 1997) show
that seismic waves generate magnetic fields. We believe that it is necessary to make
field measurements of magnetic fields induced by seismic waves and to determine what
information about the subsurface can be deduced from these measurements. The
additional motivation for investigating magnetoseismic phenomena is that the signal-
to-noise ratio in magnetoseismic experiments may be better than in the electroseismic

experiments.
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Appendix A

Analysis of the electrical signals
generated by the Stoneley wave’s
action on the electrodes or on the

borehole wall

We argue that the Stoneley-wave-induced electrical fields measured in our experi-
ments were generated by fluid flow within fractures. To support this argument, we
demonstrate that these electrical fields could not have been generated within the bo-
rehole. Specifically, we show that the action of the Stoneley wave on the electrodes
and the streaming potentials due to the fluid motion along the borehole wall generate
electrical fields with amplitudes that are several orders of magnitude smaller than

those measured in our experiments (Figure 2-8).
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A.1 Electrical signals due to the electrode motion

induced by the Stoneley wave

When a Stoneley wave propagates past the electrodes, it causes the electrodes to
move. In the borehole there is a DC electrical field associated with the spontaneous
potential (SP). When the electrodes move in this external electrical field, their electri-
cal potential changes, and therefore the data acquisition system records an electrical
signal caused by this electrode motion. To estimate the amplitude of the electrical
signal caused by the electrode motion, we assume the worst case scenario, that the
electrodes move together with the fluid. For the central frequency in the experiment
f. = 150H z, the Stoneley wave velocity ¢; = 1400m/s, the Stoneley wave pressure
amplitude P, = 1000Pa (Figure 2-8), and the bulk modulus of water, K; = 2.2-10° Pa,

the fluid displacement, u,, caused by the Stoneley wave is less than

C 2P0
U, < = - =—=28.5-10"%m. A.l
A7 (A.1)

The external DC electrical field, E..;, in the experiments was less than 10mV/m.
The change of the electrode’s potential, ®, due to its motion in this electrical field is
less than:

(AD) . =, Euy < 851078V = 0.0854V (A.2)

motion

At the same time, the Stoneley-wave-induced electrical signals recorded in field exper-
iments have amplitudes around 10pV, which is two orders of magnitude larger. We
therefore conclude that the electroseismic phenomena observed in the experiments

were not caused by electrode motion.
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A.2 Streaming potentials due to the fluid motion

along the borehole wall

Similar to pore surfaces, the rock surface of the borehole adsorbs negative electrical
ions from the borehole fluid (water), leaving an excess positive electrical charge in the
borehole fluid. This electrical charge is concentrated in a thin layer along the surface
of the borehole. When a Stoneley wave propagates along the borehole, it moves
the fluid along the borehole wall, thus creating a streaming electrical current. The
analysis below shows that the electrical field induced by the fluid motion along the
borehole wall is several orders of magnitude smaller than the Stoneley-wave-induced

electrical field measured in the experiments.

Packard (1953) obtained an analytical solution for the streaming potential in cap-
illaries under sinusoidal pressure. In our notation (defined in Chapter 3) Packard’s
solution can be written as:

_ 5 S (2 \Si(vRs)
e=h drosp (WRb) Jo (YRy)’ (A-3)

In Equation A.3, Jy and J; are the zero and first-order Bessel functions, and

= (22’ w

The borehole Stoneley wave in the experiment can be viewed as a sinusoidal pres-
sure disturbance propagating in a capillary (the borehole). Thus, we can directly
apply Packard’s solution to estimate the amplitude of the streaming electrical poten-
tial induced by the fluid motion along the borehole wall. An equation for the electrical
field along the borehole can be derived from Equation A.3 by spatial differentiation of
the electrical potential along the borehole axis (£ = —V®). Using Equation 3.1 for
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the spatial and time dependence of the fluid pressure P, in the borehole, we obtain:

E, (e (2 VLR (_w
P, 4wosp (7Rb) Jo (7R») ( cs) ' (A-5)

For the granite section of the well we know the values for all the parameters in
Equations A.4 and A.5, including the zeta-potential (Table 3.1). Substitution of these
values in Equations A.4 and A.5 gives the value for the E/P ratio of
4.5-1071'V/(m - Pa) = 4.5-1072nV/(m - Pa). This value is two orders of magnitude
smaller than the normalized amplitudes of the Stoneley-wave-induced electrical fields
measured in the granite section of the well (Figure 2-8). Therefore, the electrical
fields measured in field experiments were not generated by the streaming potentials

caused by fluid motion along the borehole wall.

A.3 Streaming potentials due to the fluid motion

along the surface of the electrodes

When a Stoneley wave propagates past the electrodes, it generates fluid motion along
the surface of the electrodes. Similar to the surface of the rock, the hydro-oxidized
surface of lead electrodes adsorbs ions of a certain polarity from water, leaving an
excess of ions of the opposite polarity in the water in the vicinity of the electrode
surfaces. For lead in water Dobos (1975) provides a value for the zeta-potential of
Clead = 18mV | without specifying the salinity or conductivity of the water in which
it was measured. Note that the positive sign of the zeta-potential suggests that
the surface of lead in water adsorbs positive ions. We can use this value of the
zeta-potential to obtain a rough estimate of the streaming potential created by fluid

motion along the surface of lead electrodes.

At the frequency of the Stoneley wave in the experiment, f. = 150H z, the thick-
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ness of the viscous boundary layer in water,

© -5
6=1/ =3.3:-10"°m, A.6
pf27rfc ( )

is much less than the radius of the electrodes, R,; = 0.01m, and the radius of the bo-

rehole, R, = 0.15m. Therefore, the Stoneley-wave-generated fluid flow along the elec-
trode surface is similar to the geometry of the fluid flow along the borehole wall. Thus,
we can use a slightly modified Equation A.5 to estimate the normalized amplitude of
the electrical field induced by the streaming electrical current along the electrode sur-
face. To estimate this normalized amplitude, we (a) use the value of the zeta-potential
for lead in water in Equation A.5, and (b) multiply Equation A.5 by %i‘ to account for
the difference in the total surface area of the electrodes and the borehole. The result-
ing estimate of the normalized amplitude induced by the streaming electrical current
along the electrode surface is £ = 9.0 - 107*V/(m - Pa) = 9.0 - 10~*nV/(m - Pa).
This value is four orders of magnitude smaller than the normalized amplitudes of
the Stoneley-wave-induced electrical fields measured in the experiment (Figure 2-8).
Therefore, the electrical fields measured in the experiments were not generated by

the streaming potentials caused by the fluid motion along the electrodes.
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Appendix B

Solution for the amplitude and
phase of the Stoneley-wave-induced

electrical field

We start the theoretical analysis with Maxwell’s equations. A comparison of the
relative magnitude of the terms in the equations shows that, at the frequencies and
spatial scales of the experiments, the terms containing differentiation with respect to
time can be neglected. Thus, Maxwell’s equations reduce to the quasi-electrostatic

equations for a conductive medium:
V.j=0 (B.1)

VxE=0. (B.2)

Field data shows that, at the sensitivity level of the measurements, electromagnetic
waves were detected only in rare instances. At the same time, the electrical fields
locally induced by a Stoneley wave were very clear in the field data. Therefore, the

field data support the validity of neglecting the “radiative” terms (i.e., the terms
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containing differentiation with respect to time) in Maxwell’s equations.

Equation B.2 allows introduction of the electrical potential:

E=-Vd. (B.3)

In the fluid filling the borehole, the electrical current density is determined by the
fluid conductivity:

i=j = o/E. (B.4)

“conductive
In the formation around the borehole, the electrical current density is the sum of the

conductive and streaming current densities:

=0,E—LVP;. (B.5)

'l - 'lconductive + lstreaming

A combination of Equations B.3, B.4 and B.1 gives an equation for the electrical

potential in the borehole:

o V20 = 0. (B.6)

Similarly, a combination of Equations B.3, B.5 and B.1 gives an equation for the

electrical potential in the formation:

o, V?® = —LVP;. (B.7)

An axisymmetric solution for Equations B.6 and B.7 that is finite at r = 0 and

r = 00 18

o= A% exp (——iwt + i—Z—:—z), r< Ry (B.8)
Ko (re
o= _0£,Pf + B}(OL((E{I,E;’—:)—)— exp (-—iwt + i:—sz), r > Ry, (B.9)

where pressure, P, is given by Equation 3.2, and coefficients A and B are to be
determined from boundary conditions. Here Iy and K, are the zero-order modified

Bessel functions.
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At the borehole wall, the electrical potential and the normal electrical current
have to be continuous. These boundary conditions provide two equations for the

coefficients A and B:

a=-Lp 4B, (B.10)
or
g aihlg)  paki(R) B.11)
Io (Rs2) Ko (Bs2)
Solving Equations B.10 and B.11 gives
A=— LAy , (B.12)
h(Rye) Ko(Re )
T (Res) Fa(Resh)
p=Lh_ LFo : (B.13)
o, 1(Ret ) Ko(Ro )
7t (Rs) Ka (R

Equations B.8 and B.9 together with B.12 and B.13 give the full solution for the
electrical potential in and around the borehole. The vertical component of the electri-
cal field can be obtained according to Equation B.3 by differentiating the expression
for the electrical potential with respect to z:

—LPy(—1% I
E, = 2 ( ") c ( )) exp ( wt + zciz) . (B.14)

L(R2) Ko(Fe2) 1o (R, 2
T 1 (Re) Ka(Re) o (

Finally, dividing Equation B.14 by Equation 3.1 gives the ratio of the electrical field

to pressure in the borehole:

E, L (z%)
?i_a.H,M&iﬂum -y (B.15)
T b(Reg) Ka(Re)

This equation is a solution for a general streaming current coupling coefficient L. If
L is expressed in terms of the rock properties (Equation 3.4), then the solution for

the amplitude and phase of the Stoneley-wave-induced electrical field is complete.
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Appendix C

Analysis of the mysterious

electrical signal M-M

Electrical data in Figures 4-3—4-6 show an electrical signal M-M that appears to be
“generated” at some depth in the borehole at the time of the source (10ms). This
signal has a Stoneley wave moveout. Below, we analyze the origin of this mysterious

signal.

The hydrophone data show that at the time when the signal was recorded, no wave
was propagating past the electrode array. Therefore, we conclude that this signal was

not recorded by the 4-electrode array.

Figure C-1 shows the two electrical datasets collected with sources at the depths
of 30m and 35m. We plotted these data next to each other, such that the traces
measured at the same depths in the borehole match. Comparison shows that the
mysterious Event M-M appears to be “generated” at different depths in the two
datasets. Therefore, we conclude that this event does not correspond to any physical

event taking place at some depth in the borehole.
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Figure C-2 shows the same electrical datasets plotted next to each other, such that
the traces recorded at the same offset from the source match. Comparison shows that
the mysterious Event M-M appear to originate at the 14m offset from the source in
both experiments. Based on this result we argue that this mysterious Event M-M
was recorded by some fault in the cable that connected the electrode array with the
data acquisition at the surface. This fault is 14m above the top electrode of the array.
When the top electrode of the array is 14m below the source, the fault in the cable
is at the source depth, thus event M-M is recorded at the source time (10ms). When
the fault in the cable is below or above the source, the Stoneley wave propagating
from the source acted on the fault and somehow generated an electrical signal in the

cable. Thus, event M-M appears to have a Stoneley wave moveout.

Figure 4-7 presents the electrical data (35m source depth, 2.5kHz source fre-
quency) band-pass filtered in the interval from 300Hz to 1500H 2. In these data the
mysterious Event M-M is not visible. Figure 4-8 presents the same electrical data
band-pass filtered in the interval from 1500H z to 4000H z. In these data Event M-
M is very clear. We suggest that the presence of event M-M does not compromise
the validity of the measurements at frequencies below 1500H 2. However, it makes us
question whether the signals recorded at frequencies above 1500 H z were only partially

due to the fluid flow generated in the formation by the Stoneley wave.
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The mysterious event
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Figure C-1: Two electrical datasets (sources at the depths of 30m and 35m) plotted
such that the traces measured at the same depths in the borehole match. Comparison
shows that the mysterious event M-M appears to be “generated” at different depths
in the two datasets. Therefore, we conclude that this event does not correspond to
any physical event taking place at some depth in the borehole.
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The mysterious event
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Figure C-2: Two electrical datasets (sources at the depths of 30m and 35m) plotted
such that the traces recorded at the same offset from the source match. Comparison
shows that the mysterious Event M-M appears to originate at the 14m offset from the
source in both experiments. Therefore, we conclude that this signal was generated
by a fault in the cable that is 14m above the top electrode of the array.
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Appendix D

Sensitivity functions of the 4 and

2-electrode measurements

D.1 Relationships between the amplitude of the
electrical potential oscillation and the ampli-
tudes of the signals measured using the 4-

electrode array

The electrical signals presented in Figure 4-3 are measured using the 4-electrode array
(Figure D-1). These signals are combinations of the electrical potential measured at

4 points in the borehole (Equation 4.1):
Ay = (0o — Bp) — (9. — By). (D.1)

As we mentioned before, if the Stoneley wavelength is much larger than the distance

between the electrodes, then the signal A4 is proportional to the second derivative
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of the electrical potential along the borehole axis.

To derive the relationship between the amplitude of the Stoneley-wave-induced
electrical potential at some frequency w to the amplitude of the measured signal at
this frequency, A4e(w), we substitute a expression for the electrical potential induced
by a Stoneley wave (Equation 3.13, simplified assuming that the Stoneley wave length
is greater than the borehole radius R;):

Py (2,t) = Poexp (—iwt + zcﬂz) (D.2)

into Equation D.1.

If we denote the distance between the electrodes as [, then the ratio of the signal
Ay measured by the 4-electrode array to the electrical potential at the first electrode

®, is:

@)= —tsin (Z)ain (1) e (i20) e (1571)
3. (w) = —4sin csl sin 2631 exp zcsl exp z2csl , (D.3)
and the amplitude ratio of the signal A4 to the potential ®, at the electrode a is:
—— = —1 . .
.| (w) =4 |sin o sin 2csl (D.4)

Equation D.4 shows that when the Stoneley wave length is twice the distance between
the electrode [, the 4-electrode array records zero signal because the signal on the
electrode a cancels the signal on the electrode ¢, and the signal on the electrode b
cancels the signal on the electrode d. Similarly, when the Stoneley wave length is
equal to the distance between the electrodes, then the 4-electrode array measures a
zero signal because the signal on the electrode a cancels the signal on the electrode
b, and the signal on the electrode ¢ cancels the signal on the electrode d. Figure D-2
presents the sensitivity function %ﬁl (w) of the 4-electrode measurement with a 0.5m
spacing between the electrodes. Zeros of the sensitivity function Jlf:;_:tll (w) correspond
to the frequencies at which the distance between the electrodes is a multiple of half

of a Stoneley wavelength.
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D.2 Relationships between the amplitude of the
electrical potential oscillation and the ampli-
tudes of the signals measured using the 2-

electrode arrays

The electrical data in Figure 4-9 was measured using a 2-electrode array (Figure D-1).

This measurement was a potential difference between two electrodes:
Agez == Qa. - @b. (D5)

If the Stoneley wave length is much longer than the distance between the electrodes,
then this measurement, A,e, is proportional to the first derivative of the electrical

potential along the borehole axis, i.e., to the vertical component of the electrical field.

For the 2-electrode measurement technique, the ratio of the recorded signal to the
electrical potential at the electrode a can be obtained by substituting Equation D.2

into Equation D.5. The resulting expression is:

Azel .. ( w ) ( w )
- _ il hadl D.
3. (w) 2i sin 2csl exp zzcsl , (D.6)

and the amplitude ratio of the signal Aj¢ to the potential ®, at the electrode a is:

| Azl . (w )‘
sin 2651 . (D.7)

w)=2
2. )
As in the case with the 4-electrode measurement, the 2-electrode measurement records

zero signal when the Stoneley wave length is equal to the distance between the elec-
trodes because the signal on the electrode a cancels the signal on the electrode b.
Figure D-3 shows the plot of the sensitivity function l%ﬁ[ (w) of the 2-electrode mea-
surement with a 0.5m spacing between electrodes. Zeros of the sensitivity function
Jlf:}?—:il (w) correspond to the frequencies at which the distance between the electrodes

is a multiple of a Stoneley wavelength.
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Using Equations D.4 and D.7 we can calculate the amplitude of the electrical

potential oscillation from the amplitudes of the signals measured in the field.
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Figure D-1: Diagrams of the 2-electrode and 4-electrode measurements. If the Stone-
ley wave length is much larger than the distance between the electrodes, then the
signal recorded by the 2-electrode array is proportional to the first derivative of the
electrical potential in the borehole, and the signal recorded by the 4-electrode array
is proportional to the second derivative of the electrical potential in the borehole.
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Filter function of the 4—electrode measurement
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Figure D-2: The sensitivity function l‘l‘g—a‘il (w) of the 4-electrode measurement with a

0.5m spacing between the electrodes. Zeros of the sensitivity function J%:Ll (w) cor-
respond to the frequencies at which the distance between the electrodes is a multiple
of half of a Stoneley wavelength.
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Filter function of the 2-electrode measurement
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Figure D-3: The sensitivity function I%l (w) of the 2-electrode measurement with

a 0.5m distance between electrodes. Zeros of the sensitivity function JI—/;%:% (w) corre-
spond to the frequencies at which the distance between the electrodes is a multiple
of a Stoneley wavelength.
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Appendix E

Instrument response of the

measuring devices

In Chapter 4 we presented electroseismic data recorded using a high-frequency source.
The amplitude-versus-frequency dependence of the electroseismic signals has a “dip”
at the 800H z frequency. To rule out the possibility of this “dip” being caused by the
instrument response of our measuring devices, we measured this instrument response

directly in the lab.

To measure the instrument response we placed the lead electrodes into a water
tank and added a small amount of salt to the water so that the DC impedance between
the electrodes was the same as that measured when the electrodes were in a borehole.
We connected an AC current source consecutively with the electrodes, borehole cable
and the data acquisition system. We kept the current amplitude constant and varied
the current frequency. Figure E-1 shows the amplitude of the signal recorded by the
data acquisition system at different frequencies normalized by the amplitude recorded

at the frequency of 300Hz. Figure E-1 demonstrates that the instrument response
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is flat up to the frequency of 1500Hz2. Thus, the “dip” in the amplitude-versus-fre-
quency dependence of the electroseismic signals at 800Hz was not caused by the

instrument response.

194



normalized instrument response
15 . - —ry . . —

0 " " " X 2 " i PR | " 1 L " " 2
10° 1

frequency, Hz

*

o ¥

Figure E-1: The instrument response of our measurement device (data acquisition
system — cable — electrode — water —electrode — cable). The instrument response
is nearly constant up to the frequency of 1500H z.
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