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Chapter 1
Introduction

1.1 Motivation

Conventional seismic imaging techniques use vibrations to provide a picture of Earth’s

subsurface geologic structures which helps in discovering new sources of oil and

gas. The source of seismic energy can be an earthquake, explosive charges embed-

ded in the ground, or vibrator trucks, which shake the ground with hydraulically

driven metal pads. Generated sound waves travel downward into the Earth’s crust

and reflect off or refract by various boundaries between different rock layers. The

reflected sound waves are detected by special sensors called geophones (figure 1.1).

Over the last decade a new technique called seismic interferometry (or passive imag-

ing) has been developed that focuses on extracting the impulse response between

the receivers as if one were a source [1, 2]. Receivers in contrast to active sources

are easier to handle. This technique is specially beneficial in sensitive areas in which

using explosive materials or seismic vibrators are not desirable [3]. Passive seismo-

logical imaging techniques use the correlation between recorded seismic coda from

1
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CHAPTER 1. INTRODUCTION

Figure 1.1: The Seismic method, used for identifying geological structures, relies on the
differing reflective properties of sound waves to various rock strata. An energy source (such
as vibroseis or airgun) transmits a pulse of acoustic energy into the ground which travels
as a wave into the Earth. Arriving at a change in acoustic impedance, part of the energy is
transmitted down to deeper layers, while the remainder is reflected back to the surface and
it is recorded by geophones.(image from www.furiousplanet.blogspot.nl)

spontaneous distributed seismic events on a network of recording stations [4, 5]. If

the spontaneous and uncorrelated sources cover a dense enough grid on the surface

and/or in the bulk, the averaged correlation between the received signals is directly

related to the active response from one station to the other: i.e. the Green’s function

of the field response between the stations [6, 7]. In mathematical terms the Green’s

function is the impulse response of an inhomogeneous differential equation defined

on a domain, with specified initial conditions or boundary value conditions. These

techniques have been successful in continuous passive monitoring of geological con-

ditions in seismic active areas [8], the retrieval of surface waves [9, 10], body waves

[11] and investigation of near surface scatterers [12].

Retrieving the Green’s function response between two stations by correlation is in

principle not limited to seismic systems but holds for a wide class of phenomena,

including seismoelectromagnetic effects [6]. In porous systems that are impregnated

with electrolytic solutions (e.g. brine in sandstone) the mechanical acoustic motions

2
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1.1. MOTIVATION

couple to the electric double layer between the solute and the matrix and results

in an overall wave excitation combining an acoustic wave with an electromagnetic

wave [13]. Acoustic waves crossing boundaries between such materials with differ-

ent properties or with boundaries of non electroseismic active materials, are areas

where the seismoelectromagnetic activity can originate.

Seismoelectric waves are already used in characterizing aquifers and can be used in

diagnostics of the geological conditions in the proximity of boreholes (well logging).

The potential of the reciprocal experiment for the detection of hydrocarbon reser-

voirs, electroseismic prospecting, has been successfully demonstrated [14]. However

the experimental verification of correlation imaging with seismoelectromagnetic (or

the reverse) responses in prospecting and diagnostics has not been performed yet.

Laboratory experiments have clearly identified the generation and propagation of

seismoelectric [15] and seismomagnetic waves [16] when crossing the boundary be-

tween layers with different electrolyte permeated porous media. In general the seis-

moelectromagnetic effects are weak and sensitive techniques are required to perform

the measurements. In the laboratory experiments one has the freedom to optimize

the seismoelectromagnetic coupling by choosing materials with enhanced charged

double layer response and change the geometry at will.

In this thesis we aim to identify and characterize the potential of correlation imaging

with seismoelectric waves in well controlled laboratory experiments. This research

includes both the wave transport and the seismoelectromagnetic phenomena. In the

following sections basic concepts of seismoelectromagnetic conversion are reviewed

and the key ideas underlying the seismic interferometry are presented.

3
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CHAPTER 1. INTRODUCTION

1.2 Coupling between seismic and electromagnetic waves

When a seismic wave propagates through a fluid saturated porous medium, a rela-

tive motion between the fluid phase and the rock matrix is produced[17]. The result-

ing flow transports the electrical excess charge in the electrical double layer located

along grain surfaces. Therefore an electrical current source is produced. This is

the physical principle of the seismoelectric phenomenon, which Pride formalized

by coupling Biot’s and Maxwell’s equations. The equations that couple poroelastic

waves with electromagnetic fields are the transport equations given by [13]:

J = σ (ω)E + L (ω)
(
−∇p+ ω2ρfus

)
−ıωw = L (ω)E +

k (ω)

η

(
−∇p+ ω2ρfus

)
. (1.1)

Together with the constitutive equations they describe the electroseismic wave prop-

agation. Here ω is the angular frequency. The macroscopic electric current density

J is driven through the electric dynamic conductivity of fluid σ by the electric field

strength E and through the dynamic coupling coefficient L by the mechanical force.

This force is constituted by the acoustic pressure gradient∇p , the fluid mass density

ρf and the particle acceleration ıωus in the solid. The filtration velocity w is driven

by the mechanical force through the ratio of the dynamic permeability k and fluid

viscosity η , and by the electric field strength through the coupling coefficient L.

The static coupling coefficient L0 between seismic waves and the electromagnetic

waves is at low frequency approximated by:

L0 = − φ

α∞

ε0εfζ

η

(
1− 2

d

Λ

)
(1.2)

4
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1.3. CROSS CORRELATION OF SEISMIC AND ELECTROMAGNETIC WAVES

Here the mechanical and electrical properties of the permeated porous solid are ex-

pressed by a set of parameters: the porosity φ , the tortuosity of the porous matrix

α∞, vacuum permittivity ε0, the dielectric constant of the fluid εf and the zeta po-

tential across the double layer ζ . The effect of the Debye screening length d and

the volume to surface ratio Λ is usually limited to a few percent. Using the val-

ues of a typical example of brine solutions in porous sandstone gives an estimate

L0 = 3×10−9 Cs/kg (here d = 10 nm is used.) [18]. Hence in general the conversion

between seismic and electromagnetic waves is a weak effect.

For frequencies in the range of, or above a critical frequency ωc, the coupling coeffi-

cient should be considered as a frequency dependent function:

L(ω) = L0

[
1− ı ω

ωc

m

4

(
1− 2

d

Λ

)2(
1− ı3/2d

√
ωρf
η

)2
]− 1

2

(1.3)

ωc =
φ

α∞k0

η

ρf
(1.4)

Here the shape factor m is the ratio of the perimeter of the pore section to equivalent

round pore. In this model all fields are assumed to obey linear disturbance-response

relations. The kinetic effects associated with the finite fluid response are small be-

low a cut-off frequency of 1MHz, but may be included at higher frequencies. The

frequency of waves employed in this thesis for generating seismoelectromagnetic re-

sponses, is 500 kHz and therefore below the cut-off frequency. In chapter 3 a review

of seismoelectric theory and its applications is presented.

1.3 Cross correlation of seismic and electromagnetic waves

For a wide variety of wave and diffusive transport equations Wapenaar et al. [6] de-

rived a relation for the generalized Green’s function G(xA,xB, ω) between positions

5
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CHAPTER 1. INTRODUCTION

xA and xB in the medium in the presence of a distribution of sources in the domain

D and at the surface ∂D that is given by:

G (xB,xA, ω) + G† (xA,xB, ω) = (1.5)

−
∮
∂D

G (xB,x, ω) M̂5G
† (xA,x, ω) d2x +

∫
D
G (xB,x, ω) M̂6G

† (xA,x, ω) d3x

Green’s function is the impulse response of an inhomogeneous differential equation.

The Green’s function between two points can be thought of as the wave recorded at

one location due to an impulsive or instantaneous source of energy at the other.

This relation is applicable to a broad range of situations, for example even if the

medium is not time-reversal invariant (e.g electromagnetic waves in conducting me-

dia, acoustic waves in attenuating media or scalar diffusion phenomena) or where

the source-receiver reciprocity is not valid (e.g. when source and receiver are in

moving fluids. Therefore the terms "unified" and "generalized" are used.

The Green’s function (here in matrix form) contains both the mechanical and electri-

cal degrees of freedom of the wave at frequency ω. The coupling at the surface and

the propagation properties in the bulk are included in matrices M̂5 and M̂6 . For a

homogeneous distribution of random and uncorrelated sources in the bulk with a

spectral content S (ω) , the correlation of the observed signal vectors uobs(xA, ω) and

uobs(xB, ω) can be expressed as:

G (xB,xA, ω) + G† (xA,xB, ω)S(ω) = 〈uobs(xB, ω)uobs(xA, ω)
†〉 (1.6)

Using the relations for coupled transport eq. 1.1, these general relations specify

the connection between observed electric fields and velocity field and the Green’s

function between locations A and B [19] (figure 1.2).

6
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1.4. OUTLINE OF THE THESIS

Figure 1.2: Cross-correlation of electric and seismic signals from sources located at the sur-
face or in the bulk results in information of the direct electric response of a seismic source
generating a seismoelectric wave . The response includes reflections from interfaces where
there is a change in the properties of the porous materials such as L0 given in eq. 1.2. The
dynamical equation describing wave transport from source to receiver is given by eq. 1.1

1.4 Outline of the thesis

A review of the theory of seismic interferometry, its key concepts and historical de-

velopment is reviewed in chapter 2. Chapter 3 introduces the theory of coupling

between seismic and electromagnetic waves and provides a set of governing equa-

tions describing the seismoelectromagnetic phenomena.

Chapter 4 describes the results of our experiment in which the acoustic Green’s func-

tion is retrieved based on cross-correlation between two sensors. It is shown that the

sources located in Fresnel zones around stationary phase points contribute coher-

ently to the retrieval of the Green’s function. The Green’s function is retrieved from

the stationary phase contribution of the integration over all sources. Sources which

are located far from the stationary phase points give an oscillatory contribution that

cancels to zero.

7
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In order to employ seismoelectromagnetic waves for interferometry, it was first needed

to detect the converted seismoelectromagnetic signal. Experimental results about

measurements of the seismoelectric signal are presented in chapter 5. The interface

response is measured for natural Bentheimer sandstone saturated with sodium chlo-

ride solution. Measured seismoelectric signals are compared with wave propagation

model predictions based on the electrokinetic theory.

The possibility of retrieving the Green’s function response between sensors by cor-

relation is shown theoretically [6]. However experiments in which acoustic and seis-

moelectric signals are employed for correlation imaging has not been reported yet.

Chapter 6 presents experimental results about correlation imaging with acoustic and

electromagnetic waves. By applying interferometry to wave fields generated from a

distribution of sources, the electric response of a sensor to a virtual pressure source

is reconstructed. In this chapter we report two laboratory experiments of correlation

imaging with seismoelectromagnetic waves. In the first experiment source position

is on a circular arc around the receivers. In this configuration the beam pattern is

directed to the parts of the stone which is in the vicinity of the electrode. Therefore

the measured amplitude of the seismoelectric interface response does not decrease

as the source changes position. In the second experiment, the source is translated

along a line which is parallel to the sandstone surface. This configuration is more

similar to the geometry of sources in actual field experiments, where sources are lo-

cated on the ground surface. Then we discuss how this technique can be used in the

field to deduce the location of water, oil or gas reservoirs.

8
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Chapter 2
Seismic Interferometry

2.1 Introduction

The extraction of the response from random field fluctuations excited by random

sources has received significant attention in different fields including physics, acous-

tics, engineering and geophysics [1, 2, 3]. The key concept is that, field fluctuations

recorded at two points and cross correlated with each other, yields the superposition

of the causal and acausal Green’s function for wave propagation between those two

points. The Green’s function between two points can be defined as the wave field

recorded at one location due to a source of energy at the other.

In traditional imaging methods, seismologists use waves excited by earthquakes or

controlled sources such as air-guns, vibrator trucks or explosions, as the source of

energy to probe the earth’s subsurface structure. Since most earthquakes happen in

geologically active area, this method is not effective for lands far from plate bound-

aries. Furthermore the use of controlled artificial sources is not possible for many lo-

cations including urban areas or deep in the ocean where it can be hazardous to ma-

rine life. In seismic interferometry however, every seismometer listening passively

13
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Figure 2.1: The response of a virtual source at xA can be obtained from the cross correlation
of waves recorded at two receivers xA and xB and integrated over sources distributed on
boundary S surrounding volume V .

to the ambient noise, can act as a source. Surface wave transmission responses and

reflection responses have been retrieved by using this method. Since this method

has been used in several fields, it has received a variety of different names, for ex-

ample: Green’s function extraction, daylight imaging, the virtual source method and

seismic interferometry. The name seismic interferometry is now commonly used in

the community of exploration seismology.

Figure 2.1(a) displays an example geometry for interferometry. Response from each

source on an arbitrarily shaped surrounding boundary (S), is recorded at a pair of

receivers (xA and xB) and cross correlated. By summing this whole set of cross cor-

related recordings, the Green’s function between receivers is formed by a process

of constructive and destructive interference, figure 2.1(b). The rays which propa-

gate along paths between xA and xB add up constructively. Rays which propagate

along other paths interfere destructively. The sources in seismic interferometry can

be either ambient seismic noise or controlled source.
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2.2. HISTORICAL DEVELOPMENT

2.2 Historical development

Seismic noise was first recorded from the ground in the 1950’s with the development

of seismic arrays. The main contributions for the analysis of these recordings came

from the Japanese seismologist, K. Aki in 1957. He showed that the seismic wave

field originating from different noise sources exhibits a spatial coherency [4]. This

means that if the noise is diffusive and seismic surface waves are coming from all

directions, the spatial correlation will be in the form of the Bessel function. The

observation of this spatial correlation is used to measure the wavelength of surface

waves at several frequencies. This has applications in seismic hazard assessment to

constrain the elastic properties of the first kilometer beneath the earth’s surface.

Later in 1968, Claerbout was the first one who showed that the plane wave reflection

response of a horizontally layered medium, can be obtained from the autocorrelation

of plane wave transmission response of the same medium [5]. This means that if

there is a natural noise source in the earth’s subsurface emitting waves to the surface,

one can compute the reflection response of the earth’s subsurface, by measuring the

noise at the surface.

The seismic wavelet in this synthesized reflection response is the autocorrelation of

the noise source in the subsurface. Claerbout conjectured for the 3D situation, that

"by cross correlating noise traces recorded at two locations on the surface, we can

construct the wave field that would be recorded at one of the locations if there was

a source at the other".

Another big step was taken in 2001, with the experimental results that Weaver and

Lobkis presented [6]. They showed that cross correlation of the diffuse thermal noise

recorded at two points on an aluminium slab, provides the complete impulse re-

sponse between these two points. They also presented one of the first proofs of
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Claerbout’s conjecture, by assuming that all normal modes in the material are ex-

cited by uncorrelated noise sources of equal strength. This assumption is restrictive

for applying this method in the field, because ambient wave field is not diffusive

and distribution of noise sources is not homogeneous . This assumption was later

proved to be unnecessary by alternative derivations based on the representation the-

orem for one-way wave propagation [7], and by the general representation theorem

[8, 9]. This derivation is based on reciprocity theory and can be applied to any inho-

mogeneous, lossless, anisotropic medium. It uses independent responses of many

sources recorded at each pair of receivers to construct the impulse response between

them. There are alternative derivations which are based on time reversal invariance

[10, 11] or stationary phase analysis [12].

2.3 Theory

In this section, a review of mathematical equations describing the representation

of Green’s function is given, in terms of cross correlation of full wave fields in an

arbitrary configuration [13]. Regarding the time invariance of the configurations,

there are two versions of the theorem: the "time convolution type" and the "time

correlation type". The two versions are related by a time inversion operation. The

reciprocity theorem draws a relation between two physical fields in a common do-

main. In an acoustic media, the particle velocity v and the acoustic pressure p obey

the equation of motion and stress-strain relation.

ıωρv +∇p = f (2.1)

ıωκp+∇.v = q (2.2)

16
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where ω is the angular frequency, ρ(x) and κ(x) are the mass density and compress-

ibility of the medium, f(x, ω) is the external volume force density and q(x, ω) is the

distribution of volume injection rate density sources. The equation of motion and

the stress-strain relation for statesA andB are substituted in the interaction quantity

∂i {pAvi,B − vi,ApB}. Integrating over an arbitrary spatial domain D with boundary

∂D and outside pointing normal n and applying Gauss’s integral theorem, gives

∫
D
{pAqB − vi,Afi,B − qApB + fi,Avi,B} d3x =

∮
∂D
{pAvi,B − vi,ApB}nid2x (2.3)

This is a reciprocity relation of the convolution type which relates the wave fields in

state A and state B. The principle of time reversal can be applied for state A, because

it is assumed that the medium is not attenuative. Time reversal means complex

conjugation of variables in the frequency domain:

∫
D

{
p∗AqB + v∗i,Afi,B + q∗ApB + f∗i,Avi,B

}
d3x =

∮
∂D

{
p∗Avi,B + v∗i,ApB

}
nid

2x (2.4)

This is called the reciprocity theorem of the correlation type. If there is no external

forces and the sources are impulsive point sources inside the domain D

qA(x, t) = δ(x− xA)δ(t) (2.5)

qB(x, t) = δ(x− xB)δ(t) (2.6)

17
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the wave fields in states A and B can be expressed as

pA(x, ω) = G(x,xA, ω) (2.7)

pB(x, ω) = G(x,xB, ω) (2.8)

vi,A(x, ω) = − 1

ıωρ(x)
∂iG(x,xA, ω) (2.9)

vi,B(x, ω) = − 1

ıωρ(x)
∂iG(x,xB, ω) (2.10)

Now if the relations 2.5–2.10 are substituted in the acoustic reciprocity theorem for

the correlation type eq.2.4, and source-receiver reciprocity of the Green’s function

is applied G(xB,xA, ω) = G(xA,xB, ω), we arrive at the acoustic Green’s function

representation:

2R {G(xA,xB, ω)} = (2.11)∮
∂D

−1

ıωρ(x)
[G∗(xA,x, ω)∂iG(xB,x, ω)− ∂iG∗(xA,x, ω)G(xB,x, ω)]nid

2x

The left hand side of eq. 2.11 is the Fourier transform ofG(xA,xB, t)+G(xA,xB,−t),

which is the response at xA due to an impulsive source at xB , plus its time reversed

version. The right hand side includes both G and ∂iG terms, which are impulse

response due to monopole and dipole sources respectively. Oscillations generated

by a monopole source propagate equally in all directions. A dipole source can be

considered as two equal strength monopole sources, that are out of phase and are

at a short distance from each other. In frequency domain, the products like G∗∂iG,

are equivalent to cross correlation in time domain. So basically equation 2.11 shows

that the response at location xA due to a source at location xB , can be retrieved by

averaging the cross correlation of recordings at points xA and xB , due to sources

which are distributed on a surrounding surface ∂D. Equation 2.11 forms the basis

18
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for acoustic seismic interferometry. If the sources are uncorrelated noise sources, no

averaging is needed, since the recordings at receiver positions already contain the

summing over sources.

One advantage of this derivation is that in equation 2.11, all sources are assumed

to be on the surface ∂D. This can be useful in area, where there is no knowledge of

the structure of the subsurface and yet it is desirable to gain information about the

layers beneath this complex overburden.

If the contribution of waves that are propagating inward or outward from the source,

is separated, then the Green’s functions can be split into

GA = GinA +GoutA (2.12)

GB = GinB +GoutB (2.13)

Substituting the above relations in equation 2.11 yields

2R {G(xA,xB, ω)} = (2.14)∮
∂D

−1

ıωρ(x)

[
(Gin

∗
A +Gout

∗
A )∂i(∂iG

in
B + ∂iG

out
B )− (∂iG

in∗
A + ∂iG

out∗
A )(GinB +GoutB )

]
nid

2x

When the wavelengths of the fields are small compared to the size of the inhomo-

geneities ( the high frequency regime), and provided that the medium in the vicinity

of ∂D is smooth, the dipole response can be approximated by monopole response

multiplied by ∓ı ω
c(x) | cosα(x)|. In this relation α(x) is the angle between the ray

and the normal vector on ∂D, and c(x) is the local wave velocity. The plus sign and

minus sign are used respectively for outward and inward propagating waves.

Integrals in equation 2.14 have oscillatory integrands. The main contribution to

an integral with an oscillatory integrand comes from the points where the phase is

stationary and the amplitude changes slowly. The main contribution to the integrals
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in equation 2.14 comes from those sources which are located around the stationary

points [14, 12, 15]. At these regions | cosα(x)| is the same forGA andGB . This means

that equation 2.14 will be further simplified to

2R {G(xA,xB, ω)} =

∮
∂D

2

ıωρ(x)

[
(∂iG

in∗
A )GinB + (∂iG

out∗
A )GoutB

]
nid

2x (2.15)

Assuming that the medium outside and at ∂D is homogeneous, equation 2.15 can

be rewritten, so that it contains only one correlation product.

2R {G(xA,xB, ω)} =
2

ıωρ

∮
∂D
∂iG

∗(xA,x, ω)G(xB,x, ω)nid
2x (2.16)

However implementing equation 2.16 in the field can be difficult, since it still de-

mands the existence of both monopole and dipole sources. As stated before, in the

high frequency regime, the dipole response can be approximated by monopole re-

sponse multiplied by −ı ω
c(x) | cosα(x)| where α(x) is the angle between the ray and

the normal vector on ∂D. Assuming that the sources are placed on a spherical sur-

face with a very large radius, all the rays are normal to boundary (| cosα(x)| = 1),

and the dipole response can be approximated by

∂iG(xA,x, ω)ni ≈ −ı
ω

c
G(xA,x, ω) (2.17)

Substituting this relation for ∂iG(xA,x, ω) in 2.16, yields

2R {G(xA,xB, ω)} ≈ 2

ρc

∮
∂D
G∗(xA,x, ω)G(xB,x, ω)d2x (2.18)

This approximation can introduce significant amplitude errors, but since the phase

remains intact, it is still applicable for the purpose of seismic interferometry. To

retrieve this equation, the medium has been assumed to be invariant under time re-

20



i
i

“main” — 2017/3/9 — 23:29 — page 21 — #31 i
i

i
i

i
i

2.3. THEORY

source

D+λ /2
D

First Fresnel Zone

Figure 2.2: The reflected waves interfere constructively where their travel paths differ by less
than a half wavelength. The area of the reflector involved in these reflections is called the
first Fresnel zone. The size of first Fresnel zone depends on the frequency and the distance
from the reflecting surface.

versal. This assumption is not realistic in many cases, such as when there is flow in

the medium or the medium is attenuative. Snieder derives the equations for seismic

interferometry in a more general attenuative media and shows that volume sources

are required to compensate the dissipation of energy [16]. The physical reason be-

hind this, is that the extraction of the Green’s function is based on the equilibration of

energy which is a necessary condition for the fluctuation-dissipation theorem. This

theorem relates the response of a dissipative system to the fluctuations of that sys-

tem around the equilibrium state.

In contrast to correlation-type interferometry, convolution-type interferometry does

not require the medium to be non-attenuative [17, 18]. For attenuative media, Slob

and Wapenaar showed that the electromagnetic Green’s functions of any linear medium

with arbitrary heterogeneity can be retrieved from the cross correlation, or the cross
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convolution of recordings at two different receiver positions in an open system [19].

They show that the cross correlation type representations are exact in a configuration

with sources on a closed boundary and the medium with attenuative parts outside

this boundary. For cross convolution representations the loss mechanisms may exist

anywhere in space.

2.4 Stationary phase points

In practice, not all sources are equally important because the main contributions to

the reconstructed Green’s functions come from the first Fresnel zone around the sta-

tionary points of the integrand. Waves coming from the first Fresnel zone, interfere

instructively with each other, see figure 2.2. Analyzing seismic interferometry using

the method of stationary phase is particularly useful to understand the mechanisms

of constructive and destructive interference of rays, which leads to the emergence of

the Green’s function from the cross correlations of wave fields.

The sources in equation 2.11 are supposed to be placed all over the bounding sur-

face, but only sources that emit waves which propagate between the receivers give

a contribution to the Green’s function extraction. In figure 2.3 these locations are

highlighted with a gray shading. Mathematically the integrand in expression 2.11

is oscillatory. The substantial contribution to the integral comes from the stationary

phase regions where the integrand to first order does not vary with the source lo-

cation [20]. The waves coming from all other directions interfere destructively with

each other and hence give no contribution to the retrieved Green’s function, pro-

vided that there exists adequate number of sources in these regions [21, 22]. Snieder

used the stationary phase approximation to show that a homogeneous distribution

of scatterers, acting as secondary wave field sources, can be used to estimate inter-

receiver ballistic waves. He applies the same approach to the inter-receiver surface
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x
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x
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S

V

Figure 2.3: The gray areas indicate the location of sources that give a stationary contribution
to the retrieval of the ballistic wave between receivers at xA and xB .

waves [12].

Using the stationary phase approximation, Snieder et al. calculate the interferomet-

ric integral for the reflected body waves by using surface sources. They show that

there exists a significant source of error that occurs in the form of spurious multi-

ples [20]. These spurious multiples are a product of the waves reflected once, when

the source exist only on the surface. Halliday and Curtis extend the approach of

Snieder for direct surface waves to demonstrate the effects of limited surface source

geometry, especially in the presence of higher mode surface waves [23].

In chapter 4, the results of laboratory experiments are presented to reconstruct the

acoustic response between two receivers in a water tank, by means of passive cor-

relation. The response includes the direct wave between the hydrophones and the

reflected wave from an aluminium block. Cross correlation of waves recorded at two

hydrophones and averaged over a circular distribution of acoustic sources, retrieves

the response between receivers. By limiting the source locations to the first Fresnel

zones around stationary phase points of direct wave, the similarity of reconstructed

Green’s function to the actual Green’s function is enhanced. The convergence of the
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averaged cross correlations, in different zones is calculated and it is shown that it has

peaks in Fresnel zones around stationary phase points of direct and reflected wave.

2.5 Recent approaches

Green’s function retrieval by cross correlation is one of the most popular forms of

seismic interferometry. It has a wide range of applications, such as surface wave

tomography using ambient noise [24], shallow subsurface velocity analysis [25], im-

proved reflection seismology [26], estimation and removal of ground roll [27].

However it is assumed that the medium is lossless and the wave field is equiparti-

tioned. These assumptions are rarely valid in the real situations. Often the medium

is attenuative and the distribution of sources is irregular. In this case, there will be

artefacts in the retrieved Green’s function. These artefacts correspond to no physical

response between the receivers.

Vasconcelos and Snieder suggest replacing cross correlation with deconvolution to

avoid these assumptions [28, 29]. In contrast to the correlation approach, in the

deconvolution approach it is not necessary to know the power spectrum of the exci-

tation.

When the amplitude of energy has directional dependence, the retrieved Green’s

function will be biased. Curtis and Halliday presented the so called directional bal-

ancing method, which uses deconvolution to remove this bias [30]. Interferometry

by deconvolution being extended to two and three dimensions is named the method

of multi-dimensional deconvolution (MDD) [31, 32, 33].

Wapenaar et. al show that when the conditions of seismic interferometry is not ide-

ally fulfilled, the correlation function is proportional to a Green’s function with a

blurred source [34]. The blurring is quantified by interferometric point-spread func-

tion and it can be derived from the recordings. The source of the Green’s function ob-
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tained by the correlation method, can be deblurred by deconvolving the correlation

function for the point-spread function. In MDD method, the medium is not required

to be lossless and the source signature is removed. However this method is com-

putationally more expensive. All of the methods mentioned so far, namely interfer-

ometry by convolution, cross correlation, deconvolution and multi-dimensional de-

convolution, have their own advantages and disadvantages, which can make them

favourable for a particular case.

In seismic interferometry, no prior information about the medium is needed to be

known, but receivers need to be placed at the location of virtual source. In more

recent technique called Marchenko imaging, this is no longer a requirement.

It has been shown that for a 1D medium, virtual sources can be created anywhere in

the medium, from the reflection response measured at the surface of that medium,

without any receivers inside the medium [35] . This method has been generalized to

3D to obtain the response to a virtual source in Earth from reflection data collected

at the Earth’s surface [36].

25



i
i

“main” — 2017/3/9 — 23:29 — page 26 — #36 i
i

i
i

i
i

CHAPTER 2. SEISMIC INTERFEROMETRY

26



i
i

“main” — 2017/3/9 — 23:29 — page 27 — #37 i
i

i
i

i
i

REFERENCES

[1] A. Curtis, P. Gerstoft, H. Sato, R. Snieder, and K. Wapenaar, “Seismic interfer-
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Chapter 3
Coupling of the seismic and

electromagnetic waves

3.1 Introduction

Porous rock formations such as sandstone usually allow percolation of water and

other fluids. These porous rocks store large quantities of fluid, making them valu-

able aquifers and petroleum reservoirs. The propagation of seismic waves through

these saturated poroelastic media, generates electric fields. This phenomena is called

the ”seismoelectric effect”. The first measurements of electric fields associated with

mechanical vibrations in the ground, was done in the 1930’s during geophysical

explorations. In 1936, Blau and Statham made the first documented observation

of electric current modulation crossing a pair of electrodes, when a seismic wave

passed through the electrodes [1]. In the same year, Thompson published an article

in Geophysics journal about using this seismoelectric effect as an exploration tool

[2]. However the physical mechanism underlying this observed phenomena was

still unknown until 1944, when Frenkel used the concept of ”electric double layer”
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to describe the electrokinetic effect in isotropic porous media [3]. To get a better un-

derstanding of how the seismic and electromagnetic waves are coupled in porous

media, we first have to understand what happens in the proximity of the pore walls

of a porous rock.

3.2 Electric double layer

Grains of saturated porous rocks usually acquire a surface charge density due to

the chemical reactions between the minerals and salt water molecules. For exam-

ple in sandstones which are mostly made of quartz, the surface of quartz becomes

negatively charged because the silane terminals become protonated in the presence

of an aqueous solution. The quartz surface will become negatively charged and in

a reaction to that, ions of opposite charge will gather in a thin boundary layer in

the aqueous solution. An unequal distribution of charges (ions) at the fluid-solid

interface is formed which consists of two layers [4].

The first layer, which is called the surface charge layer, is made of ions absorbed

to the grain surface due to chemical reactions. The second layer, named as diffusive

layer, is made of free ions attracted to the surface. The ions in this layer are subject to

a combination of electric attraction and thermal motion. The diffusive layer screens

the surface charge and its net charge is equal to the surface charge, but has the oppo-

site polarity [5, 6]. Figure 3.1 shows the structure of electric double layer. Diffusive

layer consists of two parts that are separated by a slipping plane. This plane sepa-

rates the immobile ions attached to the surface from the ions that are free to move

under the influence of tangential stress. The electric field induces the motion of the

net charge in the electric double layer due to the Coulomb force.

Further away from the wall, the fluid bulk is electrically neutral. Electrical double

layer exists in systems in contact with the electrolyte solution, such as biological and
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Figure 3.1: The structure of electric double layer and the distribution of ions as a function
of the distance to the grain wall, as well as the potential in the electric double layer versus a
point in the electrically neutral bulk fluid.

artificial membranes [7], liquid crystals [8], clays [9] and solid electrolytes [10].

The electrical double layer has been a subject of extensive study. The characteristic

thickness of the electric double layer is called the Debye length. It is reciprocally pro-

portional to the square root of the ion concentration. In aqueous solutions this length

is a few nanometers and decreases with increasing concentration of the electrolyte.

The zeta potential is defined at the slipping plane or shear plane. Zeta potential

depends on parameters like fluid composition, pH and temperature.

3.3 Propagation of seismoelectric waves

When a compressional wave travels through a fluid-saturated porous material, a

fluid pressure gradient and an acceleration of the solid matrix are created. This leads

to the flow of the pore fluid. The mobile ions in the electric double layer move with
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Figure 3.2: (a) Coseismic field (b) The interface response is the electric field of an asymmet-
rical charge distribution that occurs when the streaming currents are disrupted by a change
in mechanical or chemical properties.

the flow, while those ions which are attached to the surface of the grains, remain

fixed. The net flow of charge relative to the grains is called streaming current and

the associated electric field is known as the coseismic field, see figure 3.2 (a). The

coseismic field travels with the seismic wave.

The second seismoelectric phenomenon occurs when the compressional wave hits

an interface in the material. This interface can be a heterogeneity in elastic proper-

ties of the medium such as porosity and permeability, or electric properties of the

medium, such as conductivity. The generated dynamic imbalance of the streaming

current across the interface, creates electric field with a strong dipolar component.

The generated electric field is called the interface response and is equivalent to the

field produced by electrical dipoles, oscillating in phase with the seismic wave along

such boundary. These dipoles oscillate with the frequency of the seismic wave. The

dominant contribution of this oscillating electric dipole comes from the first seis-

mic Fresnel zone, see figure 3.2 (b). The reflected waves will interfere constructively
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where their travel paths differ by less than a half wavelength, and the portion of the

reflecting surface involved in these reflections is called the first Fresnel zone. The

electromagnetic wavelength at seismic frequencies is very large. Interface response

can be measured with electrodes located on the ground surface almost immediately,

because of high velocity of EM wave compared to the seismic wave.

The reciprocal phenomenon, meaning conversion of electromagnetic energy to seis-

mic energy, is also possible. When an electromagnetic wave travels past a fluid sat-

urated porous media, mechanical fields are induced due to the movement of ions in

the electric double layer [11]. This is called the electroseismic effect. When the elec-

tromagnetic wave reaches a contrast in electrical properties, the vertical component

of the electric field becomes discontinuous. This gradient in field generates a local

displacement of the electric double layer. The charge displacement induces local,

relative flow between the pore and grain or induces a pressure gradient in the rock

which leads to reflected seismic waves.

3.4 Governing equations

In 1944 Frenkel postulated equations which estimated the fluid motion generated by

a seismic wave [3]. Frenkel’s model only allowed electric field to exist in locations

where relative flow due to seismic wave is present. In an attempt to describe the

coupling between seismic and electromagnetic waves, Neev and Yeatts also devel-

oped a set of equations which wrongly concluded that the mechanical shear waves

do not generate electromagnetic waves [12].

In 1994 Pride formulated the mathematical equations governing the coupled propa-

gation of seismic and electromagnetic waves [5]. Pride derived the system starting

from Maxwell’s equations for the electromagnetic field and Biot’s equations of elas-

todynamic waves in porous media. He performed volume averaging of the govern-
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ing equations in a porous medium with coupling through an electric double layer

around the grains. The final form of the equations take the form of Biot’s equations

linearly coupled to the Maxwell’s equations through a coupling coefficient L.

The Biot theory is a set of differential equations that predict the average displace-

ment u of the grains and the average fluid filtration displacement w (time derivative

of the filtration displacement gives the Darcy velocity) [13, 14]. This theory predicts

the existence of two longitudinal waves (P waves) and one shear wave (S wave). The

two compressional waves are the fast P wave and the slow P wave. The fast P wave

arises when the fluid and the skeleton move in phase with respect to each other while

in the case of slow P wave, the fluid and the skeleton move out-of-phase. The fast P

wave and the shear wave propagate with little dispersion. The slow P wave moves

with a lower speed and is highly attenuative. Pride’s theory is based on a number

of assumptions. Only linear disturbances are considered. The fluid is assumed to be

an ideal electrolyte. Both the solid grains and all the macroscopic constitutive laws

are assumed to be isotropic. Under the assumptions that at the pore and grain scale,

the dielectric constant of the grains is much smaller than that of the electrolyte, and

the thickness of the double layer is much smaller than the radii of the curvature of

the solid grains, all wave induced diffusion effects are ignored. Scattering at the pore

and grain scale is not accounted for, so the highest frequency of mechanic waves that

can be considered is in the order of MHz. No piezoelectric effects are considered and

Lorentz currents are neglected. To arrive at Pride’s equations, the continuum laws

which determine the local response of the grains and pores are volume averaged. A

harmonic field with time dependence of exp(ıωt) is considered. Pride’s equations
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read as follows

∇.τ = −ω2ρu− ω2ρfw (3.1)

τ = −pcI +G

[
∇u + (∇u)T − 2

3
∇.uI

]
(3.2)

−

 pc

pf

 =

 KG C

C M

 .
 ∇.u
∇.w

 (3.3)

−ıωw =
k(ω)

η

[
−∇pf + ω2ρfu

]
+ LE (3.4)

J = L
[
−∇pf + ω2ρfu

]
+ σE (3.5)

∇× E = ıωµH (3.6)

∇× H = −ıωεE + J. (3.7)

Here pf and pc are the average fluid pressure in the pores and the average bulk pres-

sure. The quantities τ , E, H and J represent the stress tensor, electric field, magnetic

field and electric current density. φ is the porosity, ρf is pore fluid density, µ is the

magnetic permeability and ε is the bulk electrical permittivity. These equations are

formed by coupling Biot’s equations 3.1–3.4, to Maxwell’s equations 3.5–3.7, via cou-

pling coefficient L which is present in 3.4 and 3.5. When this coefficient is zero, there

is no coupling between seismic and electromagnetic waves and this set of equations

breaks into Biot’s and Maxwell’s equations. The parameters KG, C and M are the
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poroelastic moduli that are expressed as

KG =
KD + [1− (1 + φ)KD/Ks]Kf/φ

1 + ∆
(3.8)

C =
(1−KD/Ks)Kf/φ

1 + ∆
(3.9)

M =
Kf/φ

1 + ∆
(3.10)

∆ =
1− φ
φ

Kf

Ks

(
1− KD

(1− φ)Ks

)
(3.11)

Kf and Ks are the fluid bulk modulus and the solid bulk modulus respectively. KD

and G are the drained bulk modulus and the shear modulus of the solid skeleton.

The seismoelectric coupling coefficient is complex and frequency dependent.

L(ω) = L0

[
1− ı ω

ωc

m

4

(
1− 2

d

Λ

)2(
1− ı3/2d

√
ωρf
η

)2
]− 1

2

(3.12)

L0 = − φ

α∞

ε0εfζ

η

(
1− 2

d

Λ

)
(3.13)

In this relation, L0 is the steady state electrokinetic coupling coefficient. ζ is the po-

tential on the slipping plane. m is a dimensionless number related to pore-space

geometry, Λ is weighted pore volume-to-surface ratio and d is the Debye length.

ωc = φ
α∞k0

η
ρf

is the permeability dependent transition frequency which separates

low frequency viscous flow and high frequency inertial flow [5] and ρf is the effec-

tive mass density. Here k0 is the permeability and α∞ is the tortuosity.

The seismoelectric system can be split into two independent modes of propagation

in horizontally layered media: SH-TE and P-SV-TM. In the SH-TE mode, horizon-

tally polarized shear waves are coupled with transverse electric polarized electro-

magnetic waves. In the P-SV-TM mode, fast and slow compressional waves are

coupled to vertically polarized shear waves and transverse magnetic polarized elec-
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tromagnetic waves.

3.4.1 Other approaches

An alternative approach for formulating the coupling of electric and mechanical

fields is developed by Revil, Jardani et. al [15, 16]. This approach is based on solving

the Biot theory in terms of the solid displacement vector and the fluid pressure and

solving the electromagnetic problem, in its quasistatic limit of the Maxwell equa-

tions. This theory is based on the excess electric charge in the pore space, rather than

the zeta potential. The model presented by Revil and Linde at 2006 was restricted

to fully water-saturated materials. Revil et. al extend the electrokinetic part of the

model to unsaturated porous materials under two-phase flow conditions [17].

Later Revil and Jardani [18] extend the transport equations of Revil and Linde to

porous media saturated with viscoelastic solvents. They model the coseismic and

interface response fields at the boundaries between an oil reservoir and an embed-

ding medium. In this approach, the speed of the forward modelling is increased

significantly because the hydromechanical equations are solved for 4 unknowns in

3D, instead of 6 unknowns in Pride’s theory. The speed of the electromagnetic for-

ward problem is also increased. The model based on the volumetric charge density

is using additional relationships between the charge density and the permeability.

Therefore the total number of unknowns in the petrophysical model is decreased

which paved the way for the extension of the theory to the case of partially satu-

rated media [19].

3.5 A review of field and laboratory experiments

Seismoelectric phenomena have been studied in a wide range of laboratory and field

studies. During 1990’s various field data was recorded demonstrating that seismic
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to electromagnetic conversions can be detected in the near surface sedimentary lay-

ers of the Earth [20]. In the field measurements performed by Thompson and Gist in

saturated sediments, electromagnetic disturbances induced by seismic waves were

recorded [21]. Mikhailov et al. measured the seismoelectric conversion generated

at a soil-glacial till interface, 1.5 m down in the subsurface and showed that results

are in agreement with numerical predictions based on Pride’s coupled acoustic and

electromagnetic equations for a fluid-saturated porous medium [22]. Seismoelectric

interface response corresponding to a water table at the depth of 1.5m was measured

by Garambois and Dietrich [23]. During a field measurement in a sandy aquifer in

Western Australia, Dupuis et al. investigated the feasibility of seismoelectric profil-

ing and measured the electric signal associated to a water table at depth of 14m [24]

In a series of controlled field experiments, Haines et al. developed seismoelectric

experimental methods for near-surface applications and showed that in off-line ge-

ometry surveys, the interface response is separated from the coseismic and source

related fields [25]. In recent years there has been increasing interest in seismoelectric

field experiments. The dependence of seismoelectric amplitude on water saturation

has been studied by Strahser et al. for coseismic signals. They proposed a transfer

function between the electric field and the acceleration as a function of the water

saturation [26].

Zhu et al. carried out seismoelectric laboratory experiments demonstrating that elec-

tromagnetic waves are generated at horizontal fractures intersecting boreholes [27].

The effects of permeability on the seismoelectric coupling coefficient is studied ex-

perimentally for both natural sandstones and synthetic samples by Zhu et al. [28].

Schakel et al. developed an experimental setup to examine conversion of acoustic

wave to electromagnetic wave at fluid-porous medium interfaces for several salin-

ities [29]. They have also compared their results to a full-waveform electrokinetic
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theoretical model We performed experiments at several salinities. The effect of fre-

quency on dynamic permeability and coupling coefficient in the range of 5–200 Hz

on glued glass-tubes samples has been studied [30]. The streaming potential and

the seismoelectric conversion at different conductivities is investigated by Zhu et al.

[31]. They showed that the coupling coefficient decreases when the frequency and

fluid conductivity increases in the range of 10–120 kHz for a saturated Berea sand-

stone with NaCl solutions with conductivities between 0.01 and 0.4 S/m. Block and

Harris carried out experiments on medium grain sand and loose glass micro-spheres

to detect the interface response between water and saturated sand conductivities be-

tween 0.0052 S/m and 0.12 S/m [32]. Smeulders et al. measured the seismoelectric

signal at the interface between different fluid-solid interface effects and saturating

fluids [33]. It is shown that the contrast between water and water-saturated porous

glass samples is higher than the contrast between water and oil-saturated porous

glass samples.

3.6 Applications

Seismic waves are used to investigate earth subsurface in conventional imaging

methods. Earthquakes, explosive charges embedded in the ground, vibrator trucks

hitting the ground, all generate seismic waves which propagate downward into the

earth’s crust. These pressure waves reflect off various boundaries between different

rock layers and travel back to the acoustic receivers or geophones at the earth’s sur-

face. In marine surveys, pulses of compressed air create large bubble bursts below

the water surface. The seismic waves travel down to the sea floor, penetrate into

the rocks, and after reflecting off earth layers, return to the water surface where they

are recorded by hydrophones. The structure and stratigraphy of subsurface can be

estimated based on the travel time of the returned seismic energy, integrated with
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Figure 3.3: Marine seismic exploration (www.deliveryimages.acm.org)

possible existing borehole data [34].

Seismic imaging method is based on earth layers having different acoustic impedances.

Acoustic impedance is the product of material density and the acoustic velocity.

Electromagnetic methods constitute another branch of geophysical exploration tools.

Electrical and magnetic properties of the ground, such as resistivity, conductivity

(reciprocal of resistivity), dielectric characteristics and permittivity are the impor-

tant parameters being measured in electromagnetic methods. Electromagnetic tech-

niques commercially available for imaging and mapping of the ground include:

• Ground penetrating radar

• Electrical resistivity surveys

• Electromagnetic conductivity

• Magnetometer surveys
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Seismoelectric phenomena are sensitive to electrical properties and permeability.

Therefore it can be used in hydrogeophysics to locate and characterize reservoirs.

By employing seismoelectric waves for imaging, the sensitivity of electromagnetic

methods to hydrological properties, such as porosity of the subsurface, are added to

excellent resolution of seismic waves. Field measurements have proved that seismo-

electric signals are affected by water content [26] and can characterize high perme-

ability fracture networks [35].

Electroseismic coupling is highly sensitive to conductivity of the pore fluid. The

amplitude of the electric field is directly proportional to the conductivity at low con-

ductivities before the solid surface is saturated by enough charges. At high conduc-

tivities however, the electric amplitude decreases when the conductivity increases

[5]. Thompson et.al performed two field tests of the electroseismic experiments and

have shown that the conversion of electromagnetic energy to seismic energy at gas

sands about 500 m deep can be detected with geophones placed on the surface of

the earth [36].

Pride’s theory for frequency-dependent streaming potential in porous media, relates

the frequency behaviour of the streaming potential coupling coefficient to the per-

meability. Seismoelectric phenomena provide us a tool to measure the streaming

potentials with a controlled source. The amplitude of the seismic wave and the gen-

erated electric field can be measured and used to estimate the streaming potential

coefficient to characterize rock formation. The borehole seismoelectric method has

become a new method for characterizing fluid flow properties of a rock formation.
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Chapter 4
Interferometry experiment with

acoustic waves

4.1 Abstract

The averaged cross correlation of the fields recorded by two passive receivers yields

the exact Green’s function of the wave propagation in a medium provided that the

excitations come from a surrounding surface enclosing the medium. In this chapter

an acoustic experiment is presented, in which we show that the sources located in

Fresnel zones around stationary phase points contribute coherently to the retrieval

of the Green’s function. Inside these zones, the averaged cross correlations show a

high degree of coherence. This coherence can be used in imaging applications where

the location of the scatterer is unknown.
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CHAPTER 4. INTERFEROMETRY EXPERIMENT WITH ACOUSTIC WAVES

4.2 Introduction

Over the last decade, passive imaging has been widely studied and applied in differ-

ent areas of wave physics. The idea is that one can record the wave field generated by

passive noise sources in two points and then by cross correlating the waves recorded

at these two points, the impulse response at one point can be retrieved, as if there

was a source located at the other point [1, 2, 3]. This method is named differently

in different communities, from “seismic interferometry“ in geophysical explorations

to ”daylight imaging” and ”Green’s function retrieval” among theory developers.

Cross correlation of ambient noise measurements is now widely used to provide

images of the earth subsurface, although in practice mostly surface waves are recon-

structed, since the ambient seismic noise is dominated by the surface wave energy.

Seismic interferometry cancels the need for controlled sources or earthquakes for

imaging the earth. This can be particularly beneficial in areas with little seismic ac-

tivity and in places where sources such as seismic vibrators and dynamite are not

desirable or difficult to implement. In chapter 2 we presented a review of the theory

of seismic interferometry, its underlying concepts and historical development.

Controlled laboratory experiments with ultrasonic waves enable us to study the in-

fluence of source distribution on the reconstruction of the Green’s function [4]. Here

we extract the acoustic response between two receivers, based on the cross correla-

tion of signals recorded at two receivers using acoustic signals emitted from a dis-

tribution of surrounding sources. Due to size implications in the laboratory setup,

we use higher frequencies compared to the frequencies used in field experiments.

The source locations is distributed on a circle and thus the experimental setup is two

dimensional.

We investigate the role of distribution of sources, with the emphasis on how the
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4.3. EXPERIMENT SETUP DESCRIPTION

sources located in the first Fresnel zone are contributing to the recovered Green’s

function. (From here onwards, the words Fresnel zone refers to the first Fresnel

zone.)

Figure 4.1: Sketch of the experimental setup. Source S, indicated by the star, sends a signal
which is recorded by two hydrophones R1 and R2. An aluminium block, set in front of the
hydrophones, acts as a scatterer in the medium. The source is moved along a circle with a
radius of 15 cm around the receivers and block.

4.3 Experiment setup description

The experiment is done in a glass tank (60 cm× 60 cm× 50 cm) filled with water.

Figure 4.1 shows a schematic image of the setup. Two hydrophones (Reson TC4013,

9.5 mm wide and 25 mm high) are placed in front of an aluminium block (20 cm×

10 cm× 5 cm) which acts as a reflector for the frequency range involved (70% en-

ergy reflection). The distance of the block to the inter receiver line is 11.5 cm. The

hydrophones provide uniform omni-directional sensitivities in both horizontal and

vertical planes in the usable frequency range of 1 kHz to 170 kHz. A third hy-

drophone transmits a Gaussian modulated cosine signal with a central frequency

of 150 kHz and bandwidth of 40 kHz. The measured sound velocity in water is
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CHAPTER 4. INTERFEROMETRY EXPERIMENT WITH ACOUSTIC WAVES

1480 m/s and the wavelength is about 1 cm. Figure 4.2 (a) shows a sample source

signal. The source distribution is realized by moving the transmitting hydrophone

along a circle that encloses the hydrophones and the aluminium block. Therefore,

the experimental setup is two dimensional.

Steps of 1 degree along the circle provide 308 different source positions. The trans-

mitted signal is digitized by an oscilloscope with the sampling rate of 50 MSam-

ples/s, and is recorded by the two hydrophones for a duration of 600 µs. The

recorded signal is windowed, so that the waves reflected off the tank walls and the

air-water interface, are not included. Cross correlation of the two recorded wave-

forms is then calculated on a PC. Finally all of the cross correlation traces are av-

eraged over different source positions. Although each correlation trace might not

have any resemblance to the actual response between the two receivers, the aver-

aged cross correlation function (ACF) reconstructs the Green’s function between re-

ceivers.

As it was mentioned earlier in equation 2.16, the extraction of the acoustic Green’s

function can be formulated in the frequency domain as ([5])

2<{G(xA,xB, ω)} ≈
∮
∂D

G∗(xA,x, ω)G(xB,x, ω)dx. (4.1)

Here G(xA,xB, ω) is the Fourier transform of the pressure Green’s function that de-

scribes the wave propagation from xB to xA, and the asterisk indicates complex

conjugation. ω is the angular frequency and sources are located on a boundary ∂D.

Here the assumption has been made that the sources are located on a surface far

enough from the receivers, so that the waves satisfy radiation boundary condition.

When the sources are located on a sphere with a large radius, this approximation be-

comes exact, otherwise it will introduce amplitude errors. However since the phase

remains intact, this approximation is acceptable in most practical applications of

56



i
i

“main” — 2017/3/9 — 23:29 — page 57 — #67 i
i

i
i

i
i

4.4. RESULTS

seismic interferometry.

In our setup, the radius of the circle of sources is about 15λ (λ is the wavelength of

the source signal) which ensures that the receivers are in the far field of the source.

When the expression in equation 4.1 is transformed into the time domain, it implies

that the sum of the cross correlation of the wave fields from sources on the boundary

∂D, is proportional to the sum of the causal and anti-causal Green’s function that

describes wave propagation between xB and xA.

4.4 Results

As predicted by the theory, we expect to see the same events in the averaged cross

correlation waveform, as in the so called “active experiment”. In the active exper-

iment, one of the previously recording sensors, transmits a signal, while the other

sensor records. Figure 4.2(a) shows the source signal used in both passive active

experiments. Figure 4.2(b) shows the measured wave field in the active experiment.

In this signal two events are identified. These two events have the same pulse shape

as the source signal. Based on the measured distances between the source and re-

ceiver, and acoustic wave velocity in water the first event is the ballistic wave, which

travels directly from the source to the receiver. The second event is the wave which

is reflected from the block and then recorded by the receiver.

The waves recorded by the two hydrophones at different positions of source trans-

mitter is shown in figure 4.3 and figure 4.4. For the sake of simplicity only every

20th trace is displayed. In both figures the first observed peak is the direct arrival

between the transmitter and hydrophone. The wave received by the hydrophone

via reflection from sandstone is only visible as a weak signal in a few traces at about

400 µsec. The arrivals beginning to arrive at about 450 µsec and later are identified

as reflection from tank walls.
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CHAPTER 4. INTERFEROMETRY EXPERIMENT WITH ACOUSTIC WAVES

Figure 4.2: (a) Source signal (b) Actively recorded signal: in the active experiment hy-
drophone R1 transmits a signal which is recorded by hydrophone R2. The first event is
the direct arrival between the receivers and the second event with a smaller amplitude, is
the reflected wave.
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Figure 4.3: Signals recorded by the first receiver as the source rotates about the receivers and
the sandstone.
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Figure 4.4: Signals recorded by the second receiver as the source rotates about the receivers
and the sandstone.
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Figure 4.5: Cross Correlation of the recorded signals averaged over 308 different source po-
sitions. The shape and arrival time of the two observed events confirms that we have re-
trieved the response between the receivers, including the direct arrival and reflection by the
aluminium block.

The causal part of the averaged cross correlation of the recording of the two acoustic

receivers is presented in figure 4.5. Averaging has been made over 308 different

source positions along the circle enclosing the receivers and scatterer. The circle is

not complete due to the technical limitations of the setup. As can be seen in the

schematic picture of the setup (figure. 4.1), this uncovered area is mostly behind the

scatterer. Even if we had sources transmitting from these locations, almost no energy

could reach the receivers.

The two mentioned events, the direct arrival and reflection by aluminium block,

are also visible in this passively retrieved signal, although the amplitude of the re-

flected signal is underestimated. In the time window presented, the correlation co-

efficient between the actively recorded signal and the averaged cross correlation is

0.93. There are some spurious events which arrive even before the direct arrival.

These signals, which do not correspond to any physical event, are correlation be-
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CHAPTER 4. INTERFEROMETRY EXPERIMENT WITH ACOUSTIC WAVES

tween waves that arrive at two receivers with a very small time difference and do

not pass through both receivers. Reducing the number of source positions by half

does not change the correlation coefficient between the actively recorded signal and

the averaged cross correlation. However reducing the number of source positions

by one fifth leads to the correlation coefficient of 0.90 between the actively recorded

signal and the averaged cross correlation. If we take one tenth of the source positions

the correlation coefficient drops to 0.75.

4.4.1 Stationary phase points

To have a better understanding of how adding up cross correlation traces leads to

the correct Green’s function, we solve the correlation integral in Eq. (4.1), for the case

of a scatterer and two receivers in a homogeneous medium surrounded by a circular

distribution of sources as depicted in figure. 4.6. Following the analysis of Snieder

et al. , we assume that the scattering amplitude is fk(n̂, n̂′) [6]. The incident wave

with wave number k is travelling in the n̂′ direction and is scattered to the direction

n̂. The scatterer is located on the y axis at rs = (0, h, 0). The two receiving points in

(x, y) plane at rA = (d, 0, 0) and rB = (−d, 0, 0) record the wave field excited from

sources at r = r(sin θ cosϕ, sin θ sinϕ, cos θ). Assuming that the sources are far from

the receivers r � rA,B the wave recorded at location rA, excited by a point source at

r, is given by ([7])

G(rA, r) = − ρ

4π

exp(ik|r− rA|)
|r− rA|

(4.2)

− ρ

4π

rA − rS
|rA − rS |

exp(ik|rA − rS |)

×f(
rA − rS
|rA − rS |

,
rS − r

|rS − r|
)
exp(ik|rS − r|)
|rS − r|

.
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The same relation holds for the impulse sensed at rB by replacing subscript A with

B. Substituting relation for the Green’s function in eq. (4.1) yields

(
4π

ρ
)2
∮
G(rA, r)G∗(rB, r)dS =∮

exp(ikL1)dΩ

+

∮
exp(ikL2)

|r̂B − r̂S |
f∗(

rB − rS
|rB − rS |

,
rS − r

|rS − r|
)dΩ

+

∮
exp(ikL3)

|r̂A − r̂S |
f(

rA − rS
|rA − rS |

,
rS − r

|rS − r|
)dΩ

+
exp[ik(|r̂A − r̂S | − |r̂B − r̂S |)]

|r̂A − r̂S ||r̂B − r̂S |

×
∮
f(

rA − rS
|rA − rS |

,
rS − r

|rS − r|
)f∗(

rB − rS
|rB − rS |

,
rS − r

|rS − r|
)dΩ.

(4.3)

In this relation we have

L1 = |rA − r| − |rB − r|

L2 = |rA − r| − |rB − rS | − |rS − r|

L3 = |rA − rS | − |rB − r|+ |rS − r|.

The real part of the first three integrands on the right hand side of Eq. 4.3 are oscilla-

tory functions of the source polar and azimuthal angle. The dominant contribution

to these integrals comes from the points where the phase is changing slowly. For

example in the first integral, to the first order in rA,B/r we have L1 = −2d cosϕ sin θ.

The stationary point is then set by the conditions

∂L1

∂ϕ
= 0 and

∂L1

∂θ
= 0.

These relations give cos θ = 0 and sinϕ = 0, which tells that there are two stationary
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Figure 4.6: The configuration and variables used for stationary phase analysis.

phase points, both laying in the (x, y) plane and aligned with the receivers. Simi-

lar integrals have been evaluated within the stationary phase approximation for a

couple of geometries (see [8] for a homogeneous medium with one horizontal reflec-

tor and [9] for circular distribution of sources in an attenuating medium). When a

source which is located in a stationary phase point emits a signal, it is first recorded

by the closer sensor and afterwards by the further one. Cross correlating these two

recordings essentially means that the common path between the two sensors, gets

eliminated and therefore the resulting signal has the same phase as the wave prop-

agating between the two sensors. The waves coming from these points interfere

constructively to build up the exact impulse response, while waves coming form all

other directions cancel out each other in the averaging process since the phase is

varying rapidly.

However because of the limited frequency bandwidth, sources located in the Fres-

nel’s zone around this point, will also interfere constructively with each other, be-

cause they arrive at the observation point with a small path-length difference [10].

The last term in Eq. (4.3), when added to the contribution of stationary phase points

of the second and third integrals, vanishes based on the generalized optical theo-

rem ([6]). It should be noted that, each possible ray path between the sensors has
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Θ=0°

Θ=70°

Θ=135° Θ=185°

Θ=250°

Θ=308°

Figure 4.7: The hatched area indicates the Fresnel zones around stationary phase points. The
Green’s function between the receivers has two parts: the direct arrival and the scattered
arrival. Sources located in the area indicated by line hatching, contribute coherently to the
direct arrival, while those located in the crossed-line hatching, contribute to the scattered
arrival.

its own Fresnel zone. In figure 4.7 the Fresnel zones for the direct arrival and the

reflected wave are shown by line hatching and crossed hatching, respectively. The

solid arrows indicate the propagation paths of the Green’s function G(xA,xB, t). We

calculate the width of the Fresnel zone for the direct arrival. Rays originating from

a Fresnel zone, interfere constructively with those coming from the stationary phase

point. Thus the phase difference with stationary phase point is less than π.

kL1(ϕ = 0, θ = π/2)− kL1(ϕ, θ) = π

This relation gives ϕ = arccos(1−π/2kd) in the (x, y) plane. The width of the Fresnel

zone for the direct arrival is 2 arccos(1− λ/4d) in which λ is the wavelength. In our

experiment λ ≈ 1 cm and for the direct arrival between the receivers we have 2d = 5

cm. The width of the Fresnel zone for this event is about 50 degrees. In a similar

manner, we can calculate the width of the Fresnel zone for the reflected wave. The
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Figure 4.8: Averaged cross correlation is first calculated over sources located in the light
gray area. Then the averaged cross correlation is calculated over sources located in the dark
gray area. Finally, the correlation coefficient between these two averaged cross correlations
is calculated. We repeat the same procedure for each source position φc.

width of Fresnel zone for the reflected wave is about 30 degrees.

To check the contribution of Fresnel zone sources in our experiment, we calculated

the averaged cross correlation, the average being only made over sources in the Fres-

nel zone around the stationary phase point of the direct arrival (line hatched area in

figure. 4.7, spanning 25◦ before and after stationary phase point). The averaged

cross correlation is then compared to the part of the actively recorded signal, which

contains the direct arrival between the receivers. The correlation coefficient between

these two waveforms is 0.98, which is higher than the value obtained averaging over

all sources. The same comparison can be made for the scattered wave and the av-

eraged cross correlation over sources located in the Fresnel zone for the scattering

event (crossed line hatching area in figure 4.7). The correlation coefficient between

this ACF and the scattered wave is 0.94. The characteristic marks of the Fresnel

zones can be seen more quantitatively, by measuring the contribution of the differ-

ent source locations to the convergence of the averaged cross correlation. To do this,

we divide the circle into segments. Example of a segment is shown in figure 4.8

with light gray color. We average the cross correlation over the sources located in

this region. Then we take a narrower segment inside the original region, for exam-
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ple the dark gray area in figure. 4.8. Again we average the cross correlation over

the sources located in this narrower region. Moving along the circle in one degree

steps and repeating this procedure for different central angles φc, we arrive at figure

4.9. The correlation coefficient between the averaged cross correlations, has peaks in

four regions, each representing a Fresnel zone. The first and last peak centered at 70◦

and 250◦, correspond to the Fresnel zones for the direct arrival, while the two other

peaks centered at 135◦ and 185◦ correspond to the Fresnel zones for the reflected

wave. The width of the first and last peaks in figure. 4.9 is about 50◦, which is in

agreement with the theoretically calculated value for the width of the Fresnel zone.

4.5 Conclusion

In seismology obtaining an accurate estimate of the impulse response between two

points in the ground is important. We present laboratory experiments to reconstruct

the acoustic response between two receivers in a water tank, by means of passive cor-

relation. The response includes the direct wave between the hydrophones and the

reflected wave from an aluminium block. Cross correlation of waves recorded at two

hydrophones and averaged over a circular distribution of acoustic sources, retrieves

the response between receivers to 0.93. However the amplitude of reflected wave

is underestimated. Early spurious arrivals appear due to incomplete cancelling of

the waves that arrive at receivers with a small time difference. Theory predicts that

the waves excited by the sources located at the stationary phase points, contribute to

the Green’s function retrieval. We verify this by limiting the source locations to the

first Fresnel zones around stationary phase points of direct wave which improves

the Green’s function estimate up to 0.98. We calculated the convergence of the av-

eraged cross correlations, in different zones and showed that it has peaks in Fresnel

zones around stationary phase points of direct and reflected wave. It can be used
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Figure 4.9: The correlation coefficient between averaged cross correlations. Peaks around
70 and 250 degrees (indicated by a and d) show the first Fresnel zone around the stationary
phase point of the direct arrival, while the two inner peaks around 135 and 185 degrees
(indicated by b and c), correspond to the Fresnel zones around stationary phase point of the
scattering event.
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in imaging applications where one aims to locate the position of a scatterer. For in-

stance, while scanning the medium with a source, one can continuously calculate

the correlation coefficient between cross correlations averaged over sources located

in a specific region and a fraction of this region to trace any significant increase in

correlation coefficient.
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Chapter 5
Seismoelectric Experiments

5.1 Introduction

Solid grains of a porous material in contact with a fluid electrolyte acquire a surface

charge. This excess surface charge attracts ions with opposite sign in the pore fluid.

Those counter-ions form two adjacent layers around the surface of the grains which

is called the electric double layer. The closest layer to the grain surface is called

the Stern layer. Ions in the the Stern layer are absorbed and not free to move. The

second layer of ions is called the diffuse layer and is created further away from the

grains. Ions in the diffuse layer are mobile. When a pressure wave travels in a porous

medium saturated with a fluid, the propagation of the wave creates fluid flow. The

fluid drags mobile counter ions in the double layer and creates a local relative charge

displacement.

This relative charge displacement of the pore fluid with respect to the solid phase,

is responsible for the streaming current density. The electric field associated with

such half-wavelength scale charge separations is called coseismic electric field and

it drives a conduction current. In a homogeneous medium, the conduction current
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CHAPTER 5. SEISMOELECTRIC EXPERIMENTS

counterbalances the streaming current. This coseismic electric field is local, meaning

it is only present and measurable within the support of the seismic wave and prop-

agates with the velocity of seismic wave. Electrokinetic effects are proposed as one

of the possible mechanisms leading to detection of electromagnetic activities prior

to and during earthquakes [1].

The other type of conversion happens when the pressure wave passes through an

interface with a discontinuity in mechanical or electrical properties. The fluid flow

across the interface generates an electric current imbalance. This process creates an

oscillating electric dipole, with a perpendicular moment to the interface. Seismoelec-

tric conversion has been studied by many authors both in the laboratory [2, 3, 4] and

in the field [5, 6, 7]. The first theoretical analysis of the coupled seismic and electric

fields is done by Frenkel in 1944 [8]. Frenkel’s formulation could only predict the

existence of coseismic electric fields.

Pride (1994) derived analytical description of the phenomena by combining the the-

ory of Biot (1956) for the seismic wave propagation in a two phase medium with the

Maxwell equations, using dynamic electrokinetic couplings. There are several nu-

merical simulation based on this model in homogeneous or layered saturated media

[9, 5, 10]. A more extensive review of the coupling between the seismic and electro-

magnetic waves is presented in chapter 3.

This chapter describes the experiment we performed to measure the seismoelectric

signal in the laboratory at ultrasound frequencies. In the previous chapter we per-

formed laboratory experiments in which we retrieved the acoustic response between

two acoustic receivers by correlation imaging. This is the first step toward being able

to do correlation imaging with seismoelectromagnetic waves. As the second step to-

ward this goal, we measure seismoelectric converted signal in this chapter. The inter-

face response is measured for natural Bentheimer sandstone saturated with sodium
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chloride solution. In the laboratory experiments one has the freedom to optimize

the seismic-electromagnetic coupling by choosing materials with enhanced charged

double layer response and change the geometry at will. The electric double layer

in a porous medium is a complex system that can be studied under controlled lab-

oratory conditions that are supported by accurate modelling before employing the

method in the field. The results of experiments can be scaled to lower frequencies

and longer distances relevant for the application of correlation imaging in the field.

In section 5.2 the laboratory setup we built for detection and identification of con-

verted electromagnetic waves is described. The interface response is measured for

natural Bentheimer sandstone saturated with sodium chloride solution. In another

experiment we studied the change in seismoelectric recorded field as a function of

electric receiver distance to the interface between water and sandstone surface. The

results are presented in section 5.3. We compare the measured electric traces to the

modelled electric potential in section 5.4.

5.2 Description of the experimental setup

A schematic overview of the experimental setup is given in figure 5.1. The experi-

ment is done in a glass tank (dimensions 60 cm × 30 cm × 30 cm) filled with 10−3

M sodium chloride solution. The conductivity of electrolyte solution is 130 µS/cm.

An acoustic compressional piezoelectric transducer (38 mm diameter Panametrics

V389-SU) is suspended inside the tank by a plastic rod. A Gaussian modulated co-

sine wave packet with central frequency of 500 kHz and bandwidth of 100 kHz is

programmed by PC and sent to a waveform generator (Agilent 33220A). The output

voltage of the waveform generator is 1V . The signal is then fed into a power ampli-

fier (NF HSA4101) set at ×100 gain. The 100 V peak-to-peak output voltage of the

amplifier is coupled to the transducer. A slab of natural Bentheimer sandstone with

75



i
i

“main” — 2017/3/9 — 23:29 — page 76 — #86 i
i

i
i

i
i

CHAPTER 5. SEISMOELECTRIC EXPERIMENTS

Amplifier Differential Amp
+Filter
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Transmitter

Stone

Electrodes

Oscilloscope

Figure 5.1: Experimental setup for measuring the seismoelectric signal. A Gaussian mod-
ulated cosine wave packet with central frequency of 500 kHz is programmed by PC and
synthesized by arbitrary waveform generator. The signal is amplified and coupled to the
piezoelectric transmitter. The wire electrodes record the electric field generated at the surface
of the Bentheimer sandstone. The differential amplifier amplifies the difference between the
voltages that the two electrodes have registered. Signal is filtered in the desired frequency
range by a filter and is then saved in a file in PC for further analysis.

dimensions 20 cm × 20 cm × 5 cm is put inside the tank.

The procedure to prepare the stone is drying in oven at 70°C for 24 hours to remove

any residual moisture. After that, the sample is transferred to a desiccator (Bel-

Art Products Desiccator Techni-Dome) equipped with two outlets, see figure 5.2.

One outlet is connected to a diaphragm pump, generating a vacuum of 100 mbar.

The sample is then saturated with sodium chloride solution, through the other out-

let. Two sintered Ag/AgCl wire electrodes (AM systems, 381 micrometer diameter),

one as a reference and one for measuring, are mounted in front of the sandstone.

One electrode is on the axis of transducer and the other is shifted a few millime-

ters apart. The water tank, amplifier and filters are inside a Faraday cage room to

suppress the ambient electric noise. The recording of electrodes are amplified by a

high impedance amplifier (Analog Devices AD8224) to 60 dB and filtered (Linear
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5.3. RESULTS

Figure 5.2: Experimental setup for saturating the porous sandstone with salt water. The
sandstone is first dried in oven at 70°C for a duration of 24 hours to remove any residual
water. After that, the sandstone is transferred to a desiccator equipped with two outlets.
One outlet is connected to a diaphragm pump, with a vacuum of 100 mbar. The sample is
saturated with sodium chloride solution through the other outlet.

Technology, dual bandpass filter LTC6602) in the 65-650 kHz range. An oscilloscope

(Tektronix TDS420A) with sampling rate of 200×106 samples per second, digitizes

(10 bits) and averages the recorded signals over 20 minutes. The signal is then saved

to a file for later analysis.

5.3 Results

Figure 5.3 shows an example of the recorded electric field. The first peak (indi-

cated by "a" in figure 5.3) arrives at 44 µsec. This arrival is the electric field due

to the piezoelectric element inside the transducer. It is present in all measurements

and because of high speed of electromagnetic wave, it is recorded as soon as the

piezoelectric transducer emits the signal. Differential measurement of electric sig-

nals between two electrodes suppresses this initial pulse which would otherwise
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Figure 5.3: Recorded electric field in front of the sandstone. The first peak indicated by "a"
arrives at 44 µsec. This arrival is the electric field due to the piezoelectric element inside the
transducer. The second arrival indicated by "b" is the interface response. The third arrival
indicated by "c" is the electric field which is produced when the reflected wave impinges on
the piezoelectric element.

overwhelm the actual signal that we are interested in. The amplitude of piezoelec-

tric signal reduces from 150-200 mV to 30-40 mV by using two electrodes and sub-

tracting their recordings by preamp. This subtracting also helps suppressing any

other common mode pickup in the system, e.g. the 50 Hz mode produced by the

equipments in the Faraday cage.

The second arrival indicated by "b" in figure 5.3 is the interface response. Based on

the travel time of the acoustic wave in water, and checked by the control experiments

that will be described in section 5.3.1, this is the P-wave converted to the electromag-

netic wave at the water-stone interface. Its arrival time (with respect to the arrival

time of first peak "a") corresponds to the travel time of the acoustic wave in water,

from the transducer to the sandstone. The amplitude of the interface response is 15

µV before amplification. In the next section we show that when the stone is removed
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Figure 5.4: Recorded electric field without the sandstone.

or is replaced by a non-porous stone, the interface response is eliminated.

A third peak is observed at 140 µsec. When the acoustic wave is reflected by the

sandstone, it travels back to the transducer, and it hits the piezoelectric element of

the transducer. This third arrival indicated by "c", is the electric field which is pro-

duced when the reflected wave impinges on the piezoelectric element. The reflec-

tions by tank walls and top water-air interface are arriving at later times and are not

recorded in the signal.

5.3.1 Control experiments

We performed three control experiments to check that the observed signal at 95 µsec

is indeed the seismoelectric interface response. In the first control experiment, we

removed the sandstone. As can be seen in figure 5.4, the interface response which

is observed in figure 5.3 at 95 µsec, is no longer present. However the first arrival

which is the piezoelectric field is still measured. Since the stone is removed, the

79



i
i

“main” — 2017/3/9 — 23:29 — page 80 — #90 i
i

i
i

i
i

CHAPTER 5. SEISMOELECTRIC EXPERIMENTS

0 0.5 1 1.5

x 10
−4

−0.06

−0.04

−0.02

0

0.02

0.04

0.06

time(sec)

A
m

p
lit

u
d

e
 (

V
o

lt
s
)

0 0.5 1 1.5

x 10
−4

−0.06

−0.04

−0.02

0

0.02

0.04

0.06

time(sec)

A
m

p
lit

u
d

e
 (

V
o

lt
s
)

Figure 5.5: The recorded electric field when (top) there is no plate and (bottom) when an alu-
minium plate is put just in front of the sandstone. The aluminium plate screens the electric
field generated at the stone-water interface. Therefore the interface response observed in top
figure at 60 µsec is not recorded.

reflection back to the transducer also does not exist anymore and therefore the third

peak in figure 5.3 is also removed. In the second control experiment, we placed

an aluminium sheet between the sandstone and electrode. Top panel of figure 5.5

shows the measured electric field when there is no aluminium plate and the bottom

panel shows the measured electric field when the aluminium plate is placed in front

of the sandstone. In this configuration the aluminium plate screens the electric field.

Therefore the electrodes do not register the seismoelectric signal.

In the third control experiment, we replaced the sandstone with a slab of Granite

with the same size and same geometry. The porosity of Granite is very low and

therefore no measurable seismoelectric conversion is expected to happen when it is

exposed to the pressure wave. For Granite, as can be seen in figure 5.6(b), no electric

signal is registered at the arrival time that corresponds to the seismoelectric interface
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Figure 5.6: Electric field recorded in front of the (a) Bentheimer sandstone and (b) a slab of
Granite. The interface response which is observed at 95 µsec for sandstone, is not recorded
for Granite.

response. However piezoelectric fields are still measured.

5.3.2 Measurement of electric signal versus distance

In another experiment we gradually move the electrode further away from the sand-

stone to measure how the strength of the electric signal changes. The experiment is

done in a glass tank (60 cm × 30 cm × 30 cm) filled with sodium chloride solu-

tion. The conductivity of the solution is 150 µS/cm. A slab of natural Bentheimer

sandstone with dimensions 20 cm×20 cm×12 cm is put inside the tank. The normal

procedure as described in section 5.2, is performed to prepare the stone. The shape,

frequency content and amplification of the input pressure signal are similar to what

we used in section 5.2. Similar electrodes are used for measuring electric field. The

signals recorded by electrodes are amplified by 50×103 (Tektronix AM502 differen-

tial amplifier) and filtered (Krohn-Hite 3550 filter) in 400-600 kHz range. An os-

cilloscope (Tektronix TDS420A) digitizes the recorded signals at the rate of 200×106

samples per second. The data is averaged for 5 minutes and is then saved by PC. The

distance between the transducer and the sandstone is 11.5 cm. Electrode is moved
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Amplifier Differential Amp
+Filter
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Figure 5.7: Schematic picture of the laboratory setup. The experiment is done in a glass tank
filled with sodium chloride solution.A slab of natural Bentheimer sandstone is inside the
tank. The distance between the transducer and the sandstone is 11.5 cm. Electrode registers
the electric field at several positions along the transducer axis. A reference electrode is also
used which is not shown in this picture. The signals recorded by electrodes are amplified
by 50×103 (Tektronix AM502 differential amplifier) and filtered (Krohn-Hite 3550 filter) in
400-600 kHz range.
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Figure 5.8: Electric field vs distance from sandstone. Electric field is measured at eleven
positions along this axis, each 2.5 mm apart.
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by a motorized linear stage (Standa 8MT175) along the axis connecting the center of

sandstone and the transducer. Figure 5.7 shows a schematic picture of the setup.

Electric field is measured at eleven positions along this axis, each 2.5 mm apart. Fig-

ure 5.8 shows the recorded electric field at each position. The first peak recorded

at 18 µsec is the piezoelectric wave field of the transducer as explained before. The

second peak which arrives at 95 µsec, is the interface response based on the travel

time of acoustic wave between the transmitter and the sandstone. Because of the

high velocity of electromagnetic wave, the electric pulse is recorded simultaneously

at different locations along the axis. However the amplitude of electric signal de-

creases with increasing distance to the sandstone. The amplitude of the interface

response is 900 mV at the closest point to the sandstone and 400 mV at the farthest

point.

5.4 Conversion of acoustic to electromagnetic energy

When a pressure wave propagating in a fluid reaches the boundary between fluid

and poroelastic medium, part of the energy is transmitted and part of it is reflected.

The transmitted energy is in the form of fast and slow compressional waves, shear

wave and electromagnetic wave. Reflected energy is fluid pressure wave and elec-

tromagnetic wave inside the fluid. The conversion of seismic wave to electromag-

netic wave can thus be described by electrokinetic reflection and transmission coeffi-

cients. The governing equations for an isotropic homogeneous medium are derived

by Pride [13]. We have shown these equations earlier in section 3.4.

Boundary conditions at the interface between fluid and porous medium, include

continuity of fluid volume displacement, fluid pressure, the horizontal magnetic

and electric fields. Vertical and horizontal inter-granular stresses must be zero at

the interface. The reflection and transmission coefficients are obtained by applying
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Table 5.1: Parameters of the saturated porous medium

Ks Bulk modulus solid grains 36.5× 109 Pa
Kfr Bulk modulus solid framework 14.0× 109 Pa
G Shear modulus solid framework 6.80× 109 Pa
Kfl Bulk modulus fluid 2.2× 109 Pa
φ Porosity of sandstone 0.22
ρs Density of sandstone 2.647× 103 Kg ·m−3
ρfl Density of fluid 998 Kg ·m−3
k Sandstone permeability 1.4× 10−12 m2

ρs Sandstone tortuosity 2.8
η Fluid viscosity 1.0× 10−3 Pa · s
εfl Fluid relative permittivity 80.1
εs Solid relative permittivity 4.5
ζ Zeta potential −0.055 mV
σfl Fluid conductivity 150× 10−4 µS · cm−1

Elasticity moduli are obtained from van Dalen [11]. The rest of variables
are measured in our lab [12].

these boundary conditions to the governing equations 3.1–3.7. The resulting linear

system of equations can be solved analytically. Having derived amplitudes of in-

cident pressure wave and reflected electromagnetic wave, seismoelectric reflection

coefficient is obtained [14]. The far-field beam of a planar piston transducer is spher-

ical. The spherical waves can be expressed as a superposition of plane waves and

then as a superposition of conical waves [15]. The far field pressure field generated

by a circular piston with frequency content W (ω) and radiation pattern D(θ) at a

distance R and incidence angle of θ can be modeled as [16]:

p(ω,R, θ) =
W (ω)

R
e−ıkRD(θ) (5.1)

D(θ) =
J1(ka sin θ)

ka sin θ
(5.2)

where k is the pressure wavenumber of medium, a is transducer surface radius and

θ is the incidence angle. Radiation pattern gives variation of pressure with direction.
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Figure 5.9: Measured (solid line) and modeled (dashed line) electric potential at several
positions along the transducer axis in the fluid.

J1 is the first kind Bessel function of the first order. W (ω) is the amplitude spectrum

and is obtained by measuring pressure generated by transducer at normal incidence

at location of stone surface p(ω, 0, 0). The reflected electric potential is described by

ψ(ω, r, z) = −ıW (ω)

∫ ∞
0

kr
kz
D(kr)J0(krr

R) exp(ıkzzS)rEM,P (kr) exp(ıkEMz z)dkr.

Numerical computation of the above mentioned relation gives the reflected elec-

tromagnetic wave field. Computation is performed by MATLAB. Mechanical and

electric properties of the materials used in our experiment are listed in table 5.1.

These values are used for numerical calculation of reflected electric field.

Figure 5.9 shows the measured (solid line) and modeled (dashed line) electric po-
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tential at several positions along the transducer axis in the fluid. The amplitude of

simulated electric fields are multiplied by a factor which varies from 0.38 for closest

to 0.56 for the farthest measured trace. Therefore the theory predicts higher values

for the amplitude of the electric field. This can be due to the fact that we measure

the conductivity of tank fluid and not the pore fluid. Also the conductivity of the

solution increases with time which can explain lower electric amplitudes.

To estimate how efficient the conversion is, the pressure produced by acoustic source

at the location of sandstone surface is measured with a calibrated hydrophone. The

procedure for calibrating the hydrophone is explained in Appendix A. The ampli-

tude of acoustic pressure (first peak in figure 5.10) is 1.8 V . In this experiment acous-

tic signal is amplified by 30 dB, and it means that the original signal has been about

50 µV . Knowing the sensitivity of hydrophone, this value translates to a pressure of

83 kPa. Figure 5.11 shows the measured electric field. The amplitude of interface re-

sponse very close to the sandstone surface is 14 mV (figure 5.11). In this experiment

the electric field is amplified by 50 dB, and it means that the original signal has been

about 44 µV . Therefore the conversion is in the order of 10−10 ± 10−12 V/Pa for 500

kHz at concentration 10−3 M.

5.5 Conclusion

In this chapter we reported the results of laboratory experiments designed to de-

tect and identify the seismoelectric interface response which is produced at water-

stone boundary in saturated porous media. We described the experiment to mea-

sure the seismoelectric signal in the laboratory at ultrasound frequencies. The inter-

face response is measured for natural Bentheimer sandstone saturated with sodium

chloride solution. In another experiment we studied the change in seismoelectric

recorded field as the electric receiver moves away from the interface between wa-
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Figure 5.10: Acoustic pressure measured in the position of sandstone surface.
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Figure 5.11: Measured electric potential in front of sandstone.

87



i
i

“main” — 2017/3/9 — 23:29 — page 88 — #98 i
i

i
i

i
i

CHAPTER 5. SEISMOELECTRIC EXPERIMENTS

ter and sandstone surface. We compared the measured electric traces to the mod-

eled electric potential at several positions along the transducer axis in the fluid. The

agreement between model and experiment is well observed. The amplitude of sim-

ulated electric fields are multiplied by a factor which varies from 0.38 for closest to

0.56 for farthest.
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Chapter 6
Experimental interferometry with

seismoelectromagnetic waves

6.1 Introduction

Reliable methods for imaging the earth subsurface are crucial in solving geotechni-

cal challenges. The objective of conventional geophysical imaging techniques is to

depict earth subsurface. A seismic image of the subsurface is essential for reservoir

monitoring, CO2 sequestration and exploration of oil and gas. Conventional ex-

ploration methods are based on the reflection and refraction of seismic waves from

layers with different density and seismic velocity. Therefore these methods are sen-

sitive to acoustic impedance mismatch between constituting layers.

Seismic waves propagating through porous formations that contain electrolytic so-

lutions (e.g. brine in sandstone) couple to the electric double layer between the so-

lute and the matrix and results in a wave excitation combining an acoustic with an

electromagnetic wave.

Pride’s theory predicts two kinds of seismoelectric conversions [1]. First is the coseis-
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mic field and second is the interface response. The passage of seismic wave in a homo-

geneous medium generates a current source. The resulting local electric field which

is called the coseismic field, travels with the seismic wave. The coseismic field de-

pends on particles acceleration and various properties of pore space and fluid such

as electrical conductivity, viscosity, density, relative permittivity, density and zeta

potential [2]. The interface response is generated when the seismic wave encoun-

ters a contrast in the medium. The contrast can be a discontinuity in mechanical

or electrical properties of the medium. The variation in the current source distri-

bution at the border, generates electrical potential differences that can be measured.

The seismoelectric effect is sensitive to hydraulic permeability and variation in fluid

properties thus providing an opportunity to characterize fluid saturation and rock

permeability.

Seismoelectric waves are already used in characterizing aquifers and can be used

in diagnostics of the geological conditions in the proximity of boreholes (well log-

ging). The potential of the reciprocal experiment for the detection of hydrocarbon

reservoirs, electroseismic prospecting, has been successfully demonstrated [3]. The

main challenges for using seismoelectric methods in geophysical exploration is that

the seismoelectric effect is weak. Therefore its detection at a distance from the occur-

rence is challenging.

Correlation imaging with seismoelectric waves provides a method to obtain the seis-

moelectric response, using a distribution of active sources or natural occurring seis-

mic and electromagnetic sources in the subsurface. In cases in which the noise is

used as the source, correlation imaging can lead to improved signal to noise ratio,

since the noise can be recorded over long time intervals [4]. Although the possibility

of retrieving the Green’s function response between sensors by correlation is shown

theoretically [5], we found no previous report of an experiment in which acoustic
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and seismoelectric signals are employed for correlation imaging.

Wapenaar et al. recently developed a generalized theory for Green’s function re-

trieval by cross correlation for arbitrary diffusion, flow and wave systems [6]. This

theory predicts the possibility of retrieving a seismoelectric Green’s function by cross

correlating the particle velocity at a receiver location with electric field at another lo-

cation. If the spontaneous and uncorrelated sources cover a dense enough grid on

the surface and/or in the bulk, the averaged correlation between the received sig-

nals is directly related to the active response from one receiver to the other i.e. the

Green’s function of the field response between the receivers [7].

In chapter 4 we extracted the acoustic response between two receivers, based on the

cross correlation of signals recorded by receivers using acoustic signals emitted from

a distribution of surrounding sources. Next in chapter 5 we reported experiments in

which measured the seismoelectric signal in the laboratory at ultrasound frequen-

cies. The interface response was measured for natural Bentheimer sandstone satu-

rated with sodium chloride solution. The combination of what we did in chapters

4 and 5 paved the way to do interferometric imaging with acoustic and electromag-

netic waves.

In this chapter we report two laboratory experiments of correlation imaging with

seismoelectromagnetic waves. In the first experiment source position is on a circu-

lar arc around the receivers. In this configuration the beam pattern is directed to

the parts of the stone which is in the vicinity of the electrode. Therefore the mea-

sured amplitude of the seismoelectric interface response does not decrease as the

source changes position. In the second experiment, the source is translated along a

line which is parallel to the sandstone surface. This configuration is more similar

to the geometry of sources in actual field experiments, where sources are located on

the ground surface. Then we discuss how this technique can be used in the field to
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Figure 6.1: A top view of the experimental setup. As the transmitter (shown with star) ro-
tates around the receivers and sends off a pressure wave in water, the hydrophone (triangle
labeled A) and the electrode (triangle labeled B) register the pressure wave field and the
electric potential.The reference electrode is not shown in this figure. The tank is shown by
the rectangle enclosing the setup.

deduce the location of water, oil or gas reservoirs.

6.2 Experiment 1: circular configuration

The experiment is done in a glass tank (60 cm × 30 cm × 30 cm) filled with 10−3 M

sodium chloride solution. The conductivity of the solution is 120 µS/cm. A slab of

natural Bentheimer sandstone with dimensions 20 cm × 20 cm × 5 cm is put inside

the tank. Figure 6.1 shows a schematic top view of the setup.

The normal procedure to prepare the stone is drying by oven at 70°C for 24 hours to
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Figure 6.2: Measured pressure field in the fluid when the transmitter is facing directly to the
sandstone. A schematic image of the setup and acoustic rays is presented in the right panel.
Direct acoustic arrival and reflected wave are shown with solid and dashed line respectively.

remove any residual moisture. After that, the sample is transferred to a desiccator

equipped with two outlets. One outlet is connected to a diaphragm pump, which

generates a vacuum of 100 mbar. The sample is then saturated with 120 µS/cm

sodium chloride solution, through the other outlet. An acoustic piezoelectric trans-

ducer (38 mm diameter Panametrics V389-SU) is mounted on a motorized rotation

stage (Standa 8MR151). A Gaussian modulated cosine wave with central frequency

of 500 kHz and the bandwidth of 100 kHz is programmed by PC and sent through

a function generator (Agilent 33220A) and finally fed into the power amplifier (NF

HSA4101) set at ×100 gain. The 100 V peak-to-peak output signal of the amplifier

is coupled to the transmitter. The rotor of the stepper moves in discrete steps of

one degree. The center of the rotation coincides with the center of sandstone sur-
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face. Zero degree is the spot where the transmitter surface is perpendicular to the

line connecting the center of transmitter to the center of sandstone surface. A hy-

drophone (Reson TC4013, 9.5 mm wide and 25 mm high) and two electrodes are

mounted in front of the sandstone. Electrodes are sintered Ag/AgCl wire electrodes

(AM systems, 381 micrometer diameter), one as a reference and one for measuring.

The hydrophone is located on the axis connecting the center of transmitter circular

surface, to the center of sandstone. The distance between the hydrophone and the

sandstone is 12 mm. At each step, the signal is emitted in the fluid by the transmit-

ter. The resulting pressure wave field and generated electric potential is measured

respectively by the hydrophone and electrodes.

The water tank, amplifier and filters are inside a Faraday cage to suppress the am-

bient electric noise. The recording of hydrophone is amplified by 30 dB and filtered

(VP1000 voltage preamplifier and filter) in 100 kHz-1 MHz range. The recording of

electrodes are amplified by 60 dB (high impedance amplifier AD8224) and filtered

(Krohn-Hite 3550 filter) in 400-600 kHz range. An oscilloscope (Tektronix TDS420A)

digitizes the recorded signals at the rate of 200×106 samples per second. At each

step, the data is averaged over 20 minutes and is then saved by PC.

Figure 6.2 shows the recorded acoustic field in front of the sandstone, when the

transmitter is at zero degree. Based on the measured distances (between transmitter

and the sandstone) and the measured pressure wave velocity in water (1480 m/s),

the first peak (labeled with x1) at 80 µs, is the direct arrival from the transmitter to

the sandstone. The second peak (labeled with x2) recorded at 95 µs, is the acoustic

wave which is reflected by the sandstone, back to the hydrophone. The small third

peak (labeled with x3) recorded at 145 µs is the reflection by the tank bottom.

The recorded electric field is shown in figure 6.3. The first peak arriving at 47 µs is

the electric field of the active element of the acoustic transmitter which converts the
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Figure 6.3: Measured electric potential in the fluid when the transmitter is facing normally to
the sandstone. Peak arriving at 47 µs is the electric field of the active element of the acoustic
transmitter which converts the electrical energy to acoustic energy. Peak arriving at 93 µs is
the seismoelectric interface response generated at the water-sandstone interface, where the
pressure wave is converted to the electric field. The third peak at 137 µs, is the piezoelectric
field, which is generated when the acoustic wave reflected by the sandstone, reaches the
transmitter and excites its piezoelectric element.
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Figure 6.4: Measured electric potential in the fluid.The piezoelectric field is filtered.
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electrical energy to acoustic energy. The second peak at 93 µs is the seismoelectric

interface response. It is generated at the water-sandstone interface, where the pres-

sure wave is converted to the electric field. The amplitude of the interface response

is 15 mV after 60 dB amplification. The third peak is recorded at 137 µs. This is again

the piezoelectric field, which is generated when the acoustic wave reflected by the

sandstone, reaches the transmitter and excites its piezoelectric element. in figure 6.4

we have filtered the piezoelectric fields by applying a tapered cosine window.

Figure 6.5 shows the acoustic traces measured when the transmitter is moved along

the arc. The transmitter takes 11 steps, starting from zero to 10 degrees.

A magnified view of the two dominant peaks in figure 6.5 is shown in figure 6.6.

As the transmitter moves, the amplitude of the direct arrival decreases. This is be-

cause at normal incidence, the hydrophone receives all the power that transmitter

emits, while at the higher angles the energy density is smaller. The amplitude of

the reflected wave increases as the transmitter moves to higher angles, because the

hydrophone is not shadowing the transmitter beam anymore.

The electric potential measured by the electrodes, as the transmitter is moved along

the arc, is shown in figure 6.7. The arrivals corresponding to the electric field of the

piezoelectric transmitter, arriving about 50 µs and 140 µs, are removed by applying

a tapered cosine window. A digital bandpass filter in the range 200-800 kHz is ap-

plied to the recorded electric traces to minimize the background noise. The peak

labeled with letter a is the seismoelectric interface response. As can be seen in the

a magnified view of the seismoelectric interface response, figure 6.8, the interface

response has a slight shift in arrival time which is due to misalignment of the setup.

The peak to peak amplitude of the recorded acoustic trace is approximately 100

times bigger than peak to peak amplitude of the recorded electric trace. Therefore all

recorded traces are normalized by their amplitude, before calculating the cross cor-
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Figure 6.5: Measured pressure wave field in the fluid, as the transmitter rotates around the
sandstone.
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Figure 6.6: A magnified view of the recorded pressure field in water. The two observed
events are direct arrival and the wave reflected off the sandstone.
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Figure 6.7: Measured electric potential in the fluid, as the transmitter rotates around the
sandstone. The piezoelectric field is filtered.
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Figure 6.8: A magnified view of the seismoelectric interface response.
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6.2. EXPERIMENT 1: CIRCULAR CONFIGURATION

Table 6.1: Identifying events in the averaged cross correlation shown in figure 6.9.

Peaks in averaged Pressure signal⊗Electric signal
correlation function

a x3 ⊗ y4
b x1 ⊗ y1
c x1 ⊗ y2
d x3 ⊗ y5
e x1 ⊗ y3
f x3 ⊗ y6
g x2 ⊗ y5
h x1 ⊗ y5
i x2 ⊗ y7
j x1 ⊗ y7

relation. With this approach, we are employing the phase of recorded traces, and the

amplitude information is discarded. We compute the cross correlation of the electric

and acoustic traces for each angle of incidence.

Then we calculate the averaged cross correlation by summing all correlation traces.

The averaged cross correlation is shown in figure 6.9. There are several events in

the averaged cross correlation, that can be identified based on the difference be-

tween arrival time of events in the electric and acoustic traces. The peak observed

at the causal part of the averaged correlation function (labeled with letter f) is the

correlation between the interface response and the reflected pressure wave. The

event labeled with g is the correlation between the electric interface response and

the acoustic signal reflected back to the hydrophone. Correlation between acoustic

direct arrival and electrical disturbances in the beginning parts of the electric trace,

generates three peaks labeled with letters b, c and e. The peak labeled with letter d

is the correlation between acoustic third arrival and the electric interface response.

The peak labeled with letter a is the correlation between acoustic third arrival and

the electric disturbances in the beginning parts of the electric trace.

The two final events in the averaged cross correlation function, peaks i and j, are
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Figure 6.9: Correlation function of recorded pressure and electric field, averaged over 11
source locations.

cross correlation of the remaining of the second piezoelectric signal and acoustic re-

flected wave and acoustic direct arrival. The event labeled with letter h arriving at

14.5µs is the correlation of acoustic direct arrival and electric interface response. This

is is the retrieved seismoelectric response of the electrode to a virtual acoustic source

located at the position of the hydrophone. The event labeled with e is the correlation

between the acoustic direct arrival and the second piezoelectric field.

6.3 Experiment 2: linear configuration

In this experiment the source is moved along a straight line, parallel to the stone

surface, see figure 6.10. This geometry is closer to the situation in field explorations.

The source transducer emits the pressure wave at 13 different positions along the r–

axis from -3 cm to 2 cm. The stationary phase region for seismoelectric direct arrival,
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Figure 6.10: Experimental setup for interferometry: Linear configuration. As the transmit-
ter (shown with star) is translated along axis r, it emits the pressure wave in water. The
hydrophone (triangle labeled A) and the electrode (triangle labeled B) register the pressure
wave field and the electric potential. The tank is shown by the the rectangle enclosing the
setup.

which is around r = 0 cm, is more densely covered by sources, compared to other

parts of the axis. For more discussion about the stationary phase points and their

role in retrieving the Green’s function between two points, refer to section 4.4.1.

The conductivity of the salt solution (used to fill the tank and saturate the stone) is

130 µS/cm. The distance between the hydrophone and the sandstone is 18 mm. All

other parameters of the experiment is similar to the previous experiment described

in section 6.2.
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Figure 6.11: Recorded pressure field.The first event observed at 70 µs is the acoustic direct
arrival between the source and the hydrophone. The second event at 95 µs is the pressure
wave which is reflected by the stone surface to the hydrophone.

6.3.1 Results

As the source moves along the r axis, the hydrophone records the pressure field.

Figure 6.11 shows the recorded acoustic field when the transmitter is at zero degree.

Figure 6.12 shows the recorded acoustic field versus source position. The first event

in these traces, is typically observed at 70 µs. This is the acoustic direct arrival be-

tween the source and the hydrophone. The difference in arrival time of this event,

for the closest and farthest position of the source is 5 µs and therefore it is not visible

on the graph. The second event at 95 µs is the pressure wave which is reflected by

the stone surface to the hydrophone. Figure 6.13 shows a magnified view of these

two events.

Figure 6.14 shows the recorded electric field. The first event is observed at 50 µs,
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Figure 6.12: Recorded pressure fields for different source positions. The first event observed
at 70 µs is the acoustic direct arrival between the source and the hydrophone. The second
event at 95 µs is the pressure wave which is reflected by the stone surface to the hydrophone.
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Figure 6.13: A magnified view of the recorded pressure field
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is the piezoelectric field of the transducer. The second peak at 89 µs is the seismo-

electric interface response. It is generated at the water-sandstone interface, where

the pressure wave is converted to the electric field. The third peak recorded at 129

µs is the piezoelectric field generated when the acoustic wave reflected by the sand-

stone, hits the transmitter and excites its piezoelectric element. We filtered the two

piezoelectric arrivals by applying a tapered cosine window, see figure 6.15. In order

to minimize the background noise, a digital bandpass filter in the range 200-800 kHz

is applied to the recorded electric traces. We performed several control experiments,

as in section 5.3.1, to confirm the identity of the assumed seismoelectric interface re-

sponse. The recorded electric field for different source positions is shown in figure

6.16. Figure 6.17 shows a magnified view of seismoelectric interface response. The

amplitude of the interface response is 14 mVolts when the source is at r = 0 cm and

it decreases as the source moves away from this point.

The sound field that emanates from the piezoelectric transducer with circular radi-

ating surface, has a shape similar to flashlight beam in front of the transducer. In

the far field, the maximum sound pressure is along the center line of the transducer.

As the transmitter moves away from r = 0, the illuminated area of the sandstone

shifts and the interface response decreases. This is because the distance between the

electrode and the illuminated area of the sandstone increases. Similar to the pre-

vious section, we normalize the electric and acoustic traces to their peak to peak

amplitude, in order to avoid the influence of highly variable amplitude magnitude

between electric and acoustic recorded fields. For each location of source, the cross

correlation between electric and acoustic traces is calculated. Cross correlations are

then summed up to give the averaged cross correlation, which is shown in figure

6.19. Figure 6.18 shows the path of pressure and electric waves. There are several

peaks in the averaged cross correlation. These peaks are identified as correlation
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Figure 6.14: Original recorded electric field. The first event arriving at 50 µs is the piezoelec-
tric field of the transducer. The second peak at 89 µs is the seismoelectric interface response
which is generated at the water-sandstone interface, where the pressure wave is converted to
the electric field. The third peak recorded at 129 µs is the piezoelectric field generated when
the acoustic wave reflected by the sandstone, hits the transmitter and excites its piezoelectric
element.

between events in pressure and electric traces based on their arrival times, see Table

6.2. The peak labeled with letter f is the cross correlation of acoustic reflected wave

and the seismoelectric interface response. The peak at 18 µs (labeled with letter g)

is the cross correlation of acoustic direct arrival and the seismoelectric interface re-

sponse. This is the electric response of the electrode to the pressure wave which is

emitted from a virtual source at the location of hydrophone. All other peaks in the

averaged cross correlation are cross correlation between the two acoustic arrivals

and disturbances in the the recorded electric signal. Most of these disturbances are

the remaining of the filtered piezoelectric fields.

The most reliable way of testing if the peak labeled with letter g is the retrieved
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Figure 6.15: Recorded electric field after filtering the piezoelectric field. Peak y3 is the seis-
moelectric interface response. All other peaks are ambient electric noise or remnants of the
filtered piezoelectric signal.

interface response, is to perform an active experiment in which the hydrophone is

replaced by an active acoustic source. However it was not possible to do this ex-

periment in the laboratory because after replacing the hydrophone by a transmitter,

the interface response and the piezoelectric field of the transmitter merged together

and it was not possible to distinguish them. Since the arrival times of events in

the recorded electric and pressure traces, do not change significantly by moving the

source, averaging over source positions does not help in reducing the unwanted cor-

relations. If the position of the source is changed radically then the acoustic transmit-

ted power would not be enough for the seismoelectric response to be measurable.

Notice that the averaged correlation function is asymmetric. If the sources illumi-

nate the receivers isotropically, causal and anti-causal parts of the Green’s function

would be similar.
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Figure 6.16: Recorded electric field for different source positions.
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Figure 6.17: seismoelectric interface response for different source positions.
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Porous medium 

Salt water 

Figure 6.18: Schematic image of the ray paths. Solid lines represent pressure wave field and
dashed line represents the electric field. Acoustic pressure source, electrode and hydrophone
is shown by star, square and triangle respectively. Pressure wave reaches the hydrophone
directly and via reflection from the sandstone surface. When pressure wave hits the surface
of sandstone, an electromagnetic field is generated which is registered by the electrode.

−150 −100 −50 0 50 100 150

−0.5

−0.4

−0.3

−0.2

−0.1

0.0

0.1

0.2

0.3

0.4

0.5

Time (µsec)

A
m

pl
itu

de
 (

V
ol

ts
)

a b c d
e

f

g

h
i

j
k

Figure 6.19: Correlation function of recorded pressure and electric field, averaged over 13
source locations. Peak labeled with g is the retrieved interface response.
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6.4. DISCUSSION AND CONCLUSION

Table 6.2: Identifying events in the averaged cross correlation shown in figure 6.19

Peaks in averaged Pressure signal⊗Electric signal
correlation function

a x2 ⊗ y6
b x1 ⊗ y6
c x5 ⊗ y1
d x2 ⊗ y5
e x1 ⊗ y5
f x2 ⊗ y1
g x1 ⊗ y1
h x1 ⊗ y2
i x2 ⊗ y4
j x1 ⊗ y3
k x1 ⊗ y4

6.4 Discussion and conclusion

In this chapter we presented two laboratory experiments to explore interferometric

retrieval of seismoelectric Green’s function in practice. By summing up correlation

gathers from different source locations, we retrieved the seismoelectric interface re-

sponse. This is the first time that the electric response of the electric receiver is de-

tected due to a virtual source at the position of the hydrophone, originating at the

interface between fluid saturated porous medium and water.

Since the coupling factor between acoustic and electric energy is low, the converted

electric wave has a weak amplitude, resulting in a poor signal-to-noise ratio. The

low signal to noise ratio is a challenge in using seismoelectric technique in geophys-

ical explorations. In our experiment the electric signal is recorded by wire electrodes

in water. Since the interface response is very weak, it can easily be buried under am-

bient electric noise. One important source of electric noise in our experiment was the

electric field corresponding to the piezoelectric element of the acoustic transmitter.

The amplitude of the piezoelectric field of the transmitter is 10 times higher than the
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Figure 6.20: (a) A reservoir is located at distance Rp from receivers. The medium is illumi-
nated from below with a distribution of seismic sources. Geophones and electric receivers
x1 and x2 on the free surface register seismic pressure waves and electric converted field.
Upon cross correlating the recordings of the two receivers, the common path is removed
and the response of electric receiver x2 to a virtual seismic source at x1 is retrieved. (b) An
earthquake at depth h is detected at a station at distance D from the epicenter.

amplitude of the interface response. Therefore the seismoelectric interface response

is difficult to detect due to limited dynamic range of the oscilloscope. We used a

reference electrode and measured the differential electric field. Since piezoelectric

field is registered by both electrodes, this technique reduced the amplitude of the

piezoelectric field.

Grounding the computer, oscilloscope, transducer and power amplifier, and plac-

ing the whole setup in a Faraday cage suppressed the electric noise level. To en-

hance the signal to noise ratio, we averaged the measurement over repeated sample

acquisition. Signal to noise ratio of measured acoustic signal is 1000 times higher

than signal to noise ratio of the electric signal. Due to high difference between sig-

nal to noise ratio of electric and acoustic traces, we normalize each recorded trace

to the peak to peak amplitude of the same trace. In this way we have ignored the

amplitude information content of the data and we are only employing the phase in-

formation. Since we are analyzing the arrival times and velocity of different waves,

this method remains valid. The signal to noise ratio of the retrieved image improves
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with increasing the number of receivers, signal bandwidth and recording time [8].

Interferometry based on cross correlation benefits from the fact that summing all the

cross-correlations enhances the signal-to-noise ratio. However in our setup the cross

correlation traces do not differ much in arrival time of events, because of insufficient

source coverage due to setup limitations.

One of the main issues for detecting the seismoelectric interface response is the high

amplitude of the coseismic signal. Our experimental setup offered us the opportu-

nity to avoid this issue. In our experimental configuration, electrodes are located

above the interface and therefore the interface response is observed separately from

the coseismic signal. In laboratory experiments it is possible to distinguish the ar-

rivals based on our knowledge of the relative position of the source, receivers and

the reflectors in the medium. In practical situations the structure of the medium is

unknown and averaging over a large number of source positions, suppresses the

unwanted energies in the averaged cross correlation.

Seismoelectric survey has already proved a promising tool in near field subsurface

imaging because of its sensitivity to a wide range of subsurface parameters [9]. Com-

mercial companies are currently offering tools to detect and image groundwater

aquifers and hydrocarbon reservoirs to depths of up to 3000m under the ground sur-

face. The electromagnetic skin depth δ for plane-wave approximation is a function

of electrical resistivity ρ of the subsurface and the frequency of the electromagnetic

signal δ ≈ 503
√
ρ/f [10]. Assuming a source frequency of 5 Hz and resistivity of

100 Ωm gives a skin depth of 2250 m. Thus for near surface applications the electric

interface response does not experience a significant attenuation because the offsets

are much smaller than the wavelength corresponding to the frequency bandwidth

used in seismoelectric surveys. The application of interferometric Green’s function

retrieval technique to seismoelectric phenomena removes some challenging issues
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in seismoelectric surveys. For instance, sources in seismoelectric surveys need to be

strong while in interferometric imaging receivers can be located where such strong

sources are not possible.

Our laboratory results in the frequency range of 500 kHz can be scaled to lower fre-

quencies that are pertinent to conditions in the field. Seismoelectric coupling coeffi-

cient which describes the coupling between the seismic and electromagnetic fields is

a frequency dependent quantity (Eq.3.12). At low frequencies the fluid flow is dom-

inated by viscous effects and the seismoelectric coupling coefficient converges to its

steady state value. However at high frequencies, inertial effects become dominant

over viscous effects and the seismoelectric coupling coefficient decreases.

Seismoelectric converted field is a weak signal (µV to a few mV ) and its genera-

tion requires powerful active seismic sources. Earth seismic activity can serve as

such powerful source. Seismic interferometry with earthquake body waves is an

established method in crustal reflectivity imaging [11]. Figure 6.20 (a) shows a

prospective geometry for seismoelectric interferometry with natural seismic activ-

ity. A reservoir is located at distance Rp from receivers. The medium is illuminated

from below with a distribution of seismic events. Seismic and electric receivers x1

and x2 on the earth surface register seismic pressure waves and electric converted

field. Seismic wave is reflected by earth free surface and travels to the reservoir.

The interface response generated at reservoir boundaries can be registered by elec-

tric dipole antenna x2 at earth surface. Upon cross correlating the recordings of the

two receivers, the common path of the rays is removed and the response of electric

receiver x2 to a virtual seismic source at x1 is retrieved.

The detectability power of this method depends on the frequency and strength of

seismicity in the area. The frequency of earthquake occurrence decreases with in-

creasing magnitude. Gutenberg-Richter relation logN = a− bM provides a relation
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between frequency of earthquake occurrence with respect to its magnitude M [12].

In this relation N is the number of events with a magnitude of at least M , a and b are

two constant coefficients. The magnitude of an earthquake gives a measure of the

energy it releases and is determined from the logarithm of the amplitude of waves

recorded by seismographs. The amplitude of the body wave detected at distance d

originated by an earthquake of magnitude M is B ∝ 10M d−3 [13]. Suppose there is

an oil or water reservoir at depth Rp. The body wave amplitude B originated by an

earthquake at distance R and delivered to the reservoir via reflection from earth free

surface is [13]

B ∝ 10M

(R+Rp)
3 .

Assuming that the seismic energy corresponding to the earthquakes occurring within

a half sphere with radius Rc contributes to the registered pressure wave amplitude

at receivers, the weighted detectability power of this method is

2π

∫ ∞
Rc

∫ ∞
0

R2Ntot10−bMB2(M,R) dM dR.

In this expression Ntot is the total number of quakes registered in a certain region

during a specified time period. We have evaluated the weighted detectability power

for a circular region of radius 1500 km and central point of latitude=34 deg and

longitude=-117 deg. The data is retrieved from the archive of seismological data for

southern California (http://scedc.caltech.edu/). We gathered all the seismic data

from 2006 to 2015. The data includes the magnitude, depth, coordinates, date and

time. The distance of earthquake to the central point is calculated. We add up the

contribution of every quake to the detectability power. The detectability power is

then calibrated by the detectability power of the current techniques, which are ca-

pable of imaging reservoirs up to a depth of 2 km with explosions as powerful as an
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earthquake of magnitude 2.

Figure 6.21 shows the calibrated detectability power versus the imaging depth Rp

for consecutive years. The detectability is more powerful for the years with higher

annual number of total seismic events. For example in 2010, a magnitude 7.2 earth-

quake has occurred and therefore detectability power is enhanced significantly, fig-

ure 6.22. With this method it is essentially possible to focus the energy of seismic

activities to a desired location. However it should be noted that this is a simplified

approach to have an estimation of the efficiency of using seismic activity as a source

in correlation imaging. Attenuation of seismic pressure wave has not been included

and it is assumed that the signal to noise ratio of the averaged signal is equal to the

signal to noise ratio of a single measurement.
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Figure 6.21: Calibrated detectability power estimated for a region in south California based
on the annually registered seismic events. The detectability power is determined by the
frequency and strength of seismicity in the area. The detectability power is then calibrated by
the detectability power of the current techniques, which are ca- pable of imaging reservoirs
up to a depth of 2km with explosions as powerful as an earthquake of magnitude 2.
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Figure 6.22: Calibrated detectability power for south California for 2010. A 7.2 magnitude
earthquake occurred during April 2010. The seismicity induced by this earthquake improves
the detectability power compared to other time periods shown in figure 6.21
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Appendix A
Measuring the sensitivity of

hydrophone

In this appendix we describe the experimental procedure for calibrating a hydrophone

by a self-consistent method. Since this measurement requires no calibrated sen-

sor, it is considered as a primary method. Quantities like voltage, current, acoustic

impedance, density and time are measured in a primary method of calibration. In

a conventional reciprocity calibration three transducers are used. One of the trans-

ducers acts as a transmitter and one as a hydrophone. A reciprocal transducer acts

as both a transmitter and a hydrophone. Any of these three transducers can be the

one being calibrated. As shown in figure A.1, reciprocity calibration process has

three steps. Each step involves two transducers: the transmitter and the receiver.

At each step current used by the transmitting transducer and voltage across the re-

ceiving transducer are measured. The sequence is repeated for the three transducers

pairs. The sensitivities of all three transducers can be computed based on measured

voltages and currents. In each step the projecting transducer is driven with current

I Measuring the open-circuit output voltage across the receiving transducer, the re-
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Figure A.1: Reciprocity calibration method

ceiving sensitivity of transducer H is

MH =

√
VTHVPH
VPT IT

d1
d0
J. (A.1)

d1 is the distance between transmitter P to receiver T or receiver H. d1 is a refer-

ence distance which is usually 1m. Constant J is the reciprocity parameter which

depends on the acoustic medium, frequency and boundary conditions. It is inde-

pendent of the type or construction details of the transducer. If two transducers

have identical sensitivities, equation A.1 reduces to

MH =

√
VTH
IT

J. (A.2)

Two similar miniature hydrophones (Reson TC4013) are suspended in a water tank.

One hydrophone is acting as a transmitter and the other as a receiver. A Hioki

IM3570 impedance analyzer sends a pulse with a known frequency and current to

the transmitter. The pulse is recorded by the hydrophone and the voltage across

it is measured by a scope with high input impedance (10 MΩ). Sensitivity of the
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Figure A.2: Reciprocity calibration method

hydrophone measured with relation A.2 is shown in figure A.3. Since in most of

our experiments the source signal is a Gaussian modulated cosine with central fre-

quency of 500 kHz, the sensitivity of the hydrophone is measured in the frequency

range of 300 kHz to 700 kHz.

Figure A.3: Measured sensitivity of hydrophone Reson TC4013 as a function of frequency.
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Summary

In this thesis our goal was to study the possibility of correlation imaging with seis-

moelectromagnetic waves with laboratory experiments. Despite the wide range of

interferometry field and laboratory studies, correlation imaging with seismoelectric

waves has not been reported. As a first step toward this goal, we carried out correla-

tion imaging employing only acoustic waves. In laboratory experiments we recon-

structed the acoustic response between two receivers in a water tank, by means of

passive correlation. The response includes the direct wave between the hydrophones

and the reflected wave from an aluminum block. Cross correlation of waves recorded

at two hydrophones and averaged over a circular distribution of acoustic sources, re-

trieves the response between receivers with %93 similarity to the actively measured

response. The event phases are retrieved very well but the amplitude of reflected

wave is underestimated. Early spurious arrivals appear in the averaged cross cor-

relation due to incomplete cancellation of the waves that arrive at receivers with a

small time difference.

Theory predicts that the waves excited by the sources located at the stationary phase

points, provides the highest contribution to the Green’s function retrieval. We veri-
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fied this prediction by limiting the source locations to the first Fresnel zone around

stationary phase points of direct wave which improves the Green’s function simi-

larity to the actively measured response to %98. By calculating the convergence of

the averaged cross correlations in different zones, we showed that the convergence

has peaks in Fresnel zones around stationary phase points of direct and reflected

wave. This feature can be used in imaging applications where one aims to locate the

position of a scatterer. While scanning the medium with a source, one can continu-

ously calculate the correlation coefficient between cross correlations averaged over

sources located in a specific region and a fraction of this region to trace any signif-

icant increase in correlation coefficient. The increase in the convergence indicates

that current source positions lie inside the Fresnel zone of a stationary phase point.

As a second step toward correlation imaging with seismoelectromagnetic waves,

we did experiments to detect and identify converted electromagnetic waves. We

described the experiment to measure the seismoelectric signal in the laboratory at

ultrasound frequencies. The interface response is measured for natural Bentheimer

sandstone saturated with sodium chloride solution. In another experiment we stud-

ied the change in seismoelectric recorded field as a function of electric receiver dis-

tance to the interface between water and sandstone surface. We compared the mea-

sured electric traces to the modeled electric potential at several positions along the

transducer axis in the fluid. The agreement between model and experiment is well

observed. The amplitude of simulated electric fields are multiplied by a factor which

varies from 0.38 for closest to 0.56 for farthest. To estimate the efficiency of conver-

sion between acoustic and electric energy, the pressure produced by acoustic source

at the location of sandstone surface is measured with a calibrated hydrophone. The

measured conversion is in the order of 10−10 V/Pa at frequency of 500 kHz and an

electrolyte concentration of 10−3M .
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Next we report two laboratory experiments of correlation imaging with seismoelec-

tromagnetic waves. In the first experiment the acoustic source is located on a circular

arc around the receivers. In this configuration the acoustic beam is always directed

to the same part of the stone. Therefore the measured amplitude of the seismoelec-

tric interface response does not decrease as the source changes position. The electric

interface response is shown to be retrieved after summing the cross correlation of

electric and acoustic traces.

In the second experiment, the source is translated along a line which is parallel to

the sandstone surface. This configuration is more similar to the geometry of sources

in actual field experiments, where sources are located on the ground surface. By cor-

relating the acoustic and electric measured signals and averaging correlation traces

over different source locations, we retrieved the seismoelectric response of the elec-

trode to a virtual acoustic source at the location of the acoustic receiver. The retrieved

response is however contaminated with other events that originate from correlation

between recorded electric disturbances and the direct and reflected acoustic rays.

Our experiments can be extended to three dimensions where sources are located on

a surface surrounding the medium. Laboratory experiments with other geometrical

configurations and measuring the seismoelectric response when medium has sev-

eral layers can be of interest. Comparing the results of experimental studies and

numerical simulations will clarify the applicability of seismoelectromagnetic inter-

ferometry as an exploration method complementary to conventional seismic imag-

ing techniques for exploring the earth subsurface.
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Samenvatting

Het doel van deze thesis was om middels laboratoriumexperimenten te onder-

zoeken of het mogelijk is om door het correleren van seismo-elektromagnetische

golven een beeld te vormen van de ondergrond. Deze methode zou een nieuwe

manier van seismische exploratie kunnen zijn met bijvoorbeeld toepassingen in de

geofysica en olie exploratie. Ondanks een breed scala van interferometrische veld-

en laboratoriumstudies was er nog geen studie bekend naar een dergelijke correlatie-

beeldvorming middels seismo-elektromagnetische golven. In deze studie is de mo-

gelijkheid van correlatie-beeldvorming door middel van seismo-elektromagnetische

golven onderzocht in twee stappen: De eerste stap bestond uit correlatie-beeldvorming

met enkel akoestische golven. De tweede stap bestond uit experimenten om gecon-

verteerde elektromagnetische golven te detecteren en te identificeren. Voor de eerste

stap, de correlatie-beeldvorming met behulp van enkel akoestische golven, is in

laboratoriumexperimenten de akoestische respons gereconstrueerd tussen twee ont-

vangers in een watertank middels passieve correlatie. De respons omvatte de directe

golf tussen twee hydrofoons en de weerkaatste golf van een blok aluminium. Een

kruiscorrelatie tussen de door de twee hydrofoons opgevangen golven, gemiddeld

over een op een cirkel geplaatste distributie van akoestische bronnen, leverde een
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respons op die voor 93% overeen komt met de actief gemeten respons. De gemid-

delde kruiscorrelatie, laat ook voortijdig aankomende golven zien die veroorza-

akt zijn door onvolledige opheffing, deze verstoring van het signaal beÃŕnvloed

de beeldvorming negatief. Het gebruikte theoretisch model voorspelt dat golven

afkomstig van bronnen bij stationaire fasepunten het meest bijdragen aan het achter-

halen van de Greense functie. We hebben deze voorspelling gecontroleerd door de

locatie van de bronnen te beperken tot de eerste Fresnel-zone rond de stationaire

fasepunten van directe golven, wat de overeenkomst van de Greense functie met

de actief gemeten respons deed toenemen tot 98%. Door berekening van de con-

vergentie ten gevolge van de gemiddelde kruiscorrelatie, in verschillende zones,

is aangetoond dat de convergentie maxima heeft in Fresnel-zones rond stationaire

fasepunten van zowel directe als weerkaatste golven. Deze eigenschap kan worden

gebruikt in beeldvormingstoepassingen waarbij de positie van een verspreider moet

worden achterhaald. Tijdens het scannen van een medium met daarin een bron kan

de correlatiecoëfficiënt continu berekend worden tussen de gemiddelde kruiscorre-

laties over bronnen in specifieke gebieden en over bronnen in deelgebieden. Signif-

icante toenames van deze correlatiecoëfficiënt zijn een indicator voor het feit dat de

huidige bronposities liggen binnen de Fresnel-zone van een stationair fasepunt.

De tweede stap richting correlatie-beeldvorming met seismo-elektromagnetische gol-

ven bestaat uit experimenten om geconverteerde elektromagnetische golven te de-

tecteren en te identificeren. Het eerste is er een experiment uitgevoerd waarmee

getest werd om in het laboratorium seismo-elektrische signalen met behulp van

ultrasone frequenties te meten. De respons aan het oppervlak van een poreuze

steen is gemeten in natuurlijke Bentheimer-zandsteen die verzadigd was door een

natriumchloride-oplossing. In een tweede experiment is de verandering onderzocht

in het gemeten seismo-elektrische veld als functie van de afstand tussen de elek-
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trische ontvanger en het raakvlak tussen het water en het zandsteenoppervlak. De

gemeten elektrische signalen zijn vergeleken met de gemodelleerde elektrische po-

tentiaal op verschillende posities in de vloeistof. Bij de vergelijking tussen model

en experiment is vergeleken, dat de amplitude voor respectievelijk de dichtstbijz-

ijnde en de meeste verafgelegen positie, van de gemeten elektrische velden, een

variatie vertoonde tussen 0,38 en 0,56. Om de efficiëntie van de conversie van elek-

trische in akoestische energie in te schatten is de druk die werd geproduceerd door

de akoestische bron bij het zandsteenoppervlak gemeten met een gekalibreerde hy-

drofoon. The gemeten conversie was in de orde van 10−10 V/Pa bij een frequentie

van 500 kHz en een elektrolietconcentratie van 10−3M . Vervolgens zijn twee lab-

oratoriumexperimenten van correlatie-beeldvorming met seismo-elektrische golven

uitgevoerd. Tijdens het eerste experiment was de akoestische bron gesitueerd in een

boog rond de ontvangers. In deze configuratie is de akoestische straal altijd gericht

op hetzelfde gedeelte van de steen. Daardoor neemt de gemeten amplitude van

de seismo-elektrische raakvlak-respons niet af wanneer de bron van positie veran-

dert. We hebben aangetoond dat de elektrische oppervlakte response kon worden

gedetecteerd door het optellen van de kruiscorrelatie van elektrische en akoestis-

che signalen. In het tweede experiment werd de bron omgevormd tot een lijn die

parallel loopt aan het zandsteen- oppervlak. Deze configuratie lijkt meer op de ge-

ometrie van bronnen in daadwerkelijke veldexperimenten, waarin bronnen op het

grondoppervlak worden geplaatst. Door de gemeten akoestische en elektrische sig-

nalen te correleren en de correlatie response te middelen over verschillende bronlo-

caties is de seismo-elektrische respons achterhaald van een elektrode op een virtuele

akoestische bron op de locatie van de akoestische ontvanger. De ontvangen respons

werd echter wel verstoord door ten gevolge van de correlatie tussen elektrische

storingen in de opnames en de direct en gereflecteerde akoestische golven.
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Samenvatting

De experimenten kunnen worden uitgebreid naar drie dimensies waarbij bronnen

zijn gesitueerd op een oppervlak dat het medium omgeeft. Laboratoriumexperi-

menten met andere geometrische configuraties en experimenten waarbij de seismo-

elektrische respons bij meerdere lagen worden onderzocht zijn interessante richtin-

gen voor verder onderzoek. Het vergelijken van de resultaten van experimentele

onderzoeken en numerieke simulaties zullen de toepasbaarheid verduidelijken van

seismo-elektromagnetische interferometrie, naast conventionele seismische beeld-

vormingstechnieken, als complementaire opsporingsmethode voor exploratief bode-

monderzoek.
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