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Introduction

1.1 Why do we want to retrieve the reflection res-
ponse?

One of the goals in seismic exploration and in seismology islitain an
image of the Earth’s interior. This can be best achieved yguseismic re-
flection imaging. To obtain a good image, one requires higality seismic
recordings from a regular and dense distribution of seismicces. But it is
not always possible to have a dense source distributionnééé to find new
oil and gas fields has pushed exploration to new frontiersavdzere very
limited exploration information is available. As a conseqoe, it is very
costly to "shoot in the dark” with standard exploration sms (dynamite,
vibrators, air guns) on a dense grid. Another problem amge=n exploring
in naturally sensitive areas, urban areas, or areas withdifficult surface

terrain conditions, where the use of the active sources tighvery lim-

ited or might not even be permitted due to the sources’ detstaupotential.
In regional seismology, the problem with man-made seismicces at the
surface, when their use is desired for obtaining a highsslgion image of
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a subsurface structure, is even larger as the imaging ofeébp dubsurface
structures requires very powerful sources.

The above-mentioned problems imply that certain areaseoE#rth are not
accessible for imaging or that we should look for alterrativethods of ob-
taining seismic reflection recordings. Such an alternag\@assive) Seis-
mic Interferometry, the subject of this thesis. It can beligplpat all scales
- laboratory, exploration, regional, and global (for théetaseeRuigrok
[2004).

1.2 What are Seismic and Electromagnetic Interfe-
rometry?

In the most general sense, Seismic Interferometry (Sl) eastelined as the
process of generating new seismic or electromagnetic data the cross-
correlation of existing data. This possibility was first posed byClaerbout
[1968. He showed that for layered acoustic media, the reflecésponse
at the free surface can be obtained from the autocorrelafitime observed
passive transmission response at the free surface. Heal ¢hike method
Acoustic Daylight Imaging. Later, he conjectured that foB[@ medium,
one should crosscorrelate the (passively acquired) seisamsmission re-
sponses at two points at the free surface to retrieve thensereflection
response between these two points (as if one of the poirgsadhe source
and the other as the receiver). This idea was first testectifigll byBaskir
and Weller[1979, but the results were inconclusivecherbauni1987ab]
andDaneshvar et a[1995 applied the acoustic daylight imaging technique
to seismological data. They autocorrelated earthquakeradedrom sev-
eral seismological stations to retrieve the reflection eesp, subsequently
applied seismic inversion, and compared the inverted tesuth the ge-
ology inferred from standard seismological methods. Th@iabd results
were encouraging. Since the late 1980s, the geophysiadnas group at
Stanford started to investigate the possibility to apply diaylight imaging
technique to exploration-scale data. Even though the egain to real data
did not deliver conclusive result€ple 1995, the modelling results gave
very good insights into the type of passive white noise das&dne should
record Rickett and Claerboufl996 Rickett 19949.
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Schustef200] and Schuster et al[2004 introduced the concept of Inter-
ferometric Imaging for the process of constructing a megglageismic image
from crosscorrelated results. Based on stationary-phgsengnts, the au-
thors showed that the method is applicable not only to palsacquired
seismic noise data from subsurface noise sources, but@lsantentional
reflection data shot and recorded at the surface. Using avageeciprocity
theorem of the correlation typ®/apenaar et aj2002 20044 proved Claer-
bout’s conjecture for any 3D inhomogeneous acoustic otielagedium for
both impulsive and white-noise sources, where the soumdsd be at depth
or at the surfaceBerkhout and Verschuy2003 20064 proposed a scheme
for turning multiple reflections into primaries based on aghiged corre-
lation process.Slob et al.[2006ab] showed how one can retrieve electro-
magnetic recordings from crosscorrelation or crosscarian of electro-
magnetic fields. They named this process Electromagnetcfémometry
(EMI). Later, the concept of retrieval of new responsesufiocrosscorre-
lation was extended to any type of fieM/gpenaar et 312004.
Independently, researchers in different fields of scietiagesi arriving at
similar results. In the late 1980s and 1990s, Fink and hisgmtroduced
the concept of time-reversal acoustics. With this techaigun acoustic sig-
nal is emitted by a source and recorded at a receiver; theetbeded signal
is reversed back in time and emitted from the location of Hwewer to fo-
cus at the source poinFink et al, 1989 Fink, 1992 Draeger and Fink
1997. They showed that a highly scattered field will focus at itgyim
when it is reversed in time and propagated back. Recenty, showed
that this focusing results in images with super resolutimeg] spots as
small as one thirtieth of a wavelengthdrosey et al.2007). The princi-
ple of time reversal was used lBakulin and Calver{2004 to develop a
scheme for redatuming of surface reflection data, whichreehtbey called
"virtual source method”. Such redatuming methods are vérgecto the
Common Focus Point (CFP) metho8drkhout 1997 Thorbecke 1997,
but here the Virtual Source method measures the CFP opevégarver and
Lobkis [200] and Lobkis and Weavef2007] proved that the crosscorrela-
tion of an acoustic diffuse wavefield, observed at two poirgfrieves the
Green'’s function (i.e, the impulse response) between ttvesgoints and
demonstrated this with ultrasonic exampl€ampillo and Pau]2003 ap-
plied this method to diffuse seismic coda waves and rettieueface waves
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arrivals between different seismological stations in MexiDerode et al.
[2003 showed by physical reasoning how the time-reversal ppiegan be
applied to retrieve the Green’s function between two poiftsis result is
very closely connected to Green'’s function retrieval tigtoarosscorrelation
since a crosscorrelation is nothing but a convolution ofaaiwith a second
signal which is reversed in tim&niedef{2004 20064 showed that the main
contribution to the retrieved Green’s function comes framarses around
the stationary pointCurtis et al[2004 showed the connection between the
different methods in the different fields in a comprehensrag.

Because of the independent developments of the method® idiffierent
fields, different names appeared for the same process @vadtof a sig-
nal between two points from crosscorrelation or time realer&Examples
are: acoustic daylight imaging, Green’s function retriguaterferometric
imaging, virtual source method, and passive seismics. ®daawonfusion,
the term "Seismic Interferometry” was adopted for a speisistie of Geo-
physics (July-August, 2006) to describe the applicatiotheSe methods to
seismic exploration and seismology. Later, the term "Etoagnetic In-
terferometry” was adopted to describe the retrieval ofteb@cagnetic fields
for electromagnetic exploration.

1.3 Outline of this thesis

Chapter 2 gives the derivations of relations for S| and EMieJe derivations
are based on two-way and one-way wavefield reciprocity ioglatof the
correlation type.

Chapter 3 shows results from numerical modelling examplaisserve to il-
lustrate the Sl and EMI relations and to investigate theiagbility of S| and
EMI relations to practical situations. Using finite-diégice acoustic and
finite-element elastic modelling codes, recordings at thitase were mod-
elled from deterministic as well as noise sources in the wtihse. These
recordings were then crosscorrelated in accordance watllénived SI and
EMI relations to retrieve recordings at the surface as iffreources at the
surface.

Chapter 4 shows the results from the application of the iel&trelations
to measured laboratory and field data. The showed resulexteaded ver-
sions of the results published IBraganov et al[20074 and Draganov et
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al.[20078. The laboratory data represent recordings from sepawatsient
sources on an inhomogeneous granite sample. The field data@mrded
in the Middle East and represent 2D surface recordings froisersources.
Chapter 5 gives conclusions based on the theoretical géistis, the nu-
merical tests and the laboratory and field-data examples.
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Theory of Seismic and
Electromagnetic
Interferometry

Seismic Interferometry (SI) relations can be derived usiiffgrent theoret-
ical bases. The starting point and the underlying theorytferderivation of
a specific Sl relation depends on the specific applicatios imtended for.
In this chapter, Sl relations are derived for the retrievdbreen’s functions
in an open system, based on seismic reciprocity theoremmglésectro-

magnetic reciprocity theorems, also Electromagneticriatemetry (EMI)

relations are derived. In general, a reciprocity theoremmtdates a rela-
tion between two independent states of a domain - acoustje or elec-
tromagnetic - in one and the same domain. A reciprocity imlatan be
formulated in terms of time-convolutions between the fialdmities of the
two states. Such a relation is called a convolution-typgrecity theorem.
A reciprocity relation can also be formulated in terms ofdhgorrelations
between the field quantities of the two states. In such a thseelation is
called a correlation-type reciprocity theorem.
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The reciprocity theorems can describe relations betweemtay wavefields
or between one-way wavefields. Such relations are calleditayowavefield
reciprocity theorems and one-way wavefield reciprocityoteens, respec-
tively.

In section2.1, following Wapenaar and Fokkenja00q, Slob et al[2007,
andSlob and Wapena42007, derivations are presented of the Sl and EMI
relations using two-way wavefield reciprocity theoremsctea 2.2, follow-

ing Wapenaar et a[20044, is dedicated to derivations of the Sl relations
using one-way wavefield reciprocity theorems. Even thobghend results
look very similar, there are some basic differences in thaioms in the two
sections, which make them useful in different practicalli@pgions.

The SI and EMI relations are derived under the assumption loEsless
medium. Of course in practice there are always losses in #goium. As
shown bySlob et al[2007; Slob and Wapenad&2007, in case of losses in
the medium, the derived S| and EMI relations can still be ubatllater ar-
rivals, i.e., primaries and multiples with long travel pathhay not be recon-
structed. Furthermore, as shown in Sect®h.1 big losses in the medium
may give rise to ghost events.

In both sections the derivations of the SI and EMI relatiai®w the same
basic workflow:

¢ defining the system of two equations describing the waveggapon
in a matrix-vector from;

¢ choosing an interaction quantity and deriving from it a peccity the-
orem;

o for each of the cases (acoustic, elastic, or electromaguriving the
relationship for seismic (electromagnetic) interferomet the case of
— impulsive sources,
— transient sources,
— and noise sources.
The relations presented in this chapter are given in theséegy domain. A

time-Fourier transform of a time- and space-dependenttdyas defined
asll (x,w) = [~ U (x,t) e73*!dt, wherex = (x1, 22, z3). Throughout this



thesis, Einstein’s summation convention applies to regzelmwercase Latin
subscripts from 1 to 3, unless stated otherwise.
The list below describes in short all the symbols used in tiedhapter in
the order they appear in the text.
Symbol Meaning
D Domain
oD Surface bounding the domaih
n = n,i, Outward-pointing vector normal {@D; and the vectors
i,, denote the base vectors of a Cartesian reference frame in a
three-dimensional Euclidian space in th&direction.
x = r,i, Cartesian coordinates vector (m)

p Volume density of mass (kg/th

K Compressibility (1/Pa=AiN)

Spak Compliance tensor (1/Pa)

Cijkl Stiffness tensoria)

Ekr Electric permittivity (s/(2 m))

i Magnetic permeability$¢ s/m)

J Imaginary unit

w Angular frequency«fad)

u Wavefield vector

S Source vector

A Material properties matrix

D Differentiation operator matrix

P Acoustic pressure (Pa)

U; Particle velocity vector (m/s)

Tij stress tensor (Pa)

E, Electric field vector (V/m)

H; Magnetic field vector (A/m)

q Source distribution in terms of density of volume injection
rate (1/s)

fi Source distribution in terms of external volume density of

force (N/m¥)
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Source distribution in terms of external deformation-iggeasity
(1/s)

External source volume densities of electric currents GA/m
External source volume densities of magnetic currents ty/m
Two states of the domaih

Operator matrix= diag(—1, 1)

Vector or matrix transposition

Kronecker delta function

= 1 (601 + 0ji0ir)

The antisymmetric (Levi-Civita) tensor of rank three
Operator matrix= antidiag(n;, n;)

Vector or matrix complex conjugation and transposition
Complex conjugation

Green'’s function (1/m)

Dirac Delta function

Real part of a parameter

Propagation velocity (m/s)

ray angle (degr)

Wavefield source

Source power spectrum

Shaping filter

Source noise spectrum

Propagation velocity for P-waves (m/s)

Propagation velocity for S-waves (m/s)

Inverse of the magnetic permeability (§/§))

Inverse of the electric permittivity{ m/s)
Flux-normalized one-way wavefield quantity vector
One-way pseudo-differential operator matrix
Flux-normalized one-way source quantity vector
Vertical slowness operator matrix

Vertical scattering operator matrix
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L Composition operator

Lt Decomposition operator

P*+) Downgoing(upgoing) one-way wavefield
SH= Downgoing(upgoing) one-way source field

)
d*(=)  Downgoing(upgoing) P-wave potential

U+(=)  Downgoing(upgoing) S-wave potential

N Operator matrix= antidiag(1, —1)

J Operator matrix= diag(1, —1)

R Flux-normalized reflection response of a medium

T Flux-normalized transmission response of a medium
ro Reflection coefficient of the free surface

W+(=)  Forward extrapolation operator

R Flux-normalized reflection response matrix

T Flux-normalized transmission response matrix

r- Matrix with reflection coefficient of the free surface

I Identity matrix

F Shaping filter matrix

N Noise spectra matrix

2.1 Sl and EMI relations based on a two-way wave-
field reciprocity

m 2.1.1 Reciprocity theorems

Consider a 3D inhomogeneous, lossless medium with a bouwhatedinD

in it. Three different cases are looked at for the medium uatio, elas-
tic, or electromagnetic. In the acoustic case, the mediudessribed with
the material properties mass densitix) and compressibility: (x); in the
elastic case, the material properties are mass dem&ity and compliance
spqkl (X); N the electromagnetic case the medium is described byrielec
permittivity £, (x) and magnetic permeabilify;; (x). It is assumed that the
time dependence of the electric permittivity and the magrgrmeability
can be incorporated in the electric and magnetic condtiesvirespectively.
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However, because the medium is taken lossless, the electtienagnetic
conductivities are set to zero. Domdins enclosed by a boundad{) with
an outward-pointing normal vectar. For the medium, inside as well as
outsideD, in the frequency domain the system of two equations defithiag
wave propagation can be written in matrix-vector form as

JwA (x)0 (x,w) + D0 (x,w) = § (x,w) . (2.1)

In the above equation, the varialiiéx, w) represents the wave fields(x, w)

- the source vectoi (x) - the frequency-independent material properties,
andD is an operator matrix representing differentiation witbpect to the
three spatial dimensions. Taliel shows the expansion of these variables
in the acoustic, elastic, and electromagnetic case.

To obtain reciprocity relations, two independent stafeand 5 are consid-
ered in domairD . StateA is described by the wave quantity, (x,w),

by the source quantit§ 4 (x,w) and by the material matrik (x). StateBB

is characterized by the same quantities, but the correspgsdbscripts4
are replaced by subscripis Further, to arrive at a reciprocity relation be-
tween the wavefields in the two states, wavefield interastaoe considered
in domainD

One wavefield interaction can be described by a local cotienlletween
the wavefields in the two statedd Hoop 1999 and can be written as

0% (x,w)K (Q + D) Up (x,w) =
- <D0A (x,w) )TKCIB (x,w) + 07 (x,w)K <D03 (x, w)) . (2.2

In the above equation, the superscriptienotes matrix transpositior
means that the differentiation operai@acts on the wave quantity left of it,
andK = diag (—1, 1). Further, to obtain the right-hand side of the equation,
the propertieK” = K, KD = —DK, andD” = D were used. The latter
property, in the acoustic case, is easily verified by ingpgclable2.1. To
verify this property in the elastic case, the relatidy),; = Ay;; should be
used. In the electromagnetic case, the proppfty= D is verified by using
the fact that—e,,,; = €;mi. A similar remark holds foe;,,,,.

Substitution of the matrix-vector equatid@l into the right-hand side of
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Parameterr Acoustic case Elastic case Electromagnetic case

( 0; (%, w) ) (ﬁ?r (x,w))
— Tt (X, w) H; (x,w)
. L_Z(x,w) ﬁ-(x,w) ) (—Jf (x,w))

—JI" (x,w)

p(x) 0 Er (X) 0
0 Spgr (%) 0 i (x)

0 Agjr10; 0 —€kmiOm
quﬂaj 0 Ejmrﬁm 0

Table 2.1: Expansion of the variables in equati@l in the acoustic, elastic, or
electromagnetic case. In the first roy,stands for acoustic pressuré; denotes
the particle velocity vectof;;,; stands for the stress tensdt, describes the elec-
tric field vector, andﬁi describes the magnetic field vector. In the second tow,
represents the source distribution in terms of volume tigeerate density,f; rep-
resents the source distribution in terms of external voltonee densityf,,, stands
for the external deformation-rate density, arg and jjm stand for the external
source volume densities of electric and magnetic curreagpectively. In the third
row, ~ denotes the compressibility,denotes the volume density of masg;,; de-
scribes the compliancey, describes the electric permittivity, and; denotes the
magnetic permeability. In the fourth row;;,; = % (03641 + 0510:1), Whered,, is
the Kronecker delta function, whilg.,,,; is the antisymmetric (Levi-Civita) tensor
of rank three, wherey,,,; = 1, for kmi = {123,231, 312}, and¢g,,,; = —1, for
kmi = {132,213,321}.
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equatior2.2and using the propert%’, (x) K = KA 4 (x), results in

0% (x,w) KDUs (x,w) + 0% (x,w)KD0 g (x,w) =

0% (x,w) K85 (x,w) — 8% (x,w) Kl (x,w)
+ jwl’ (x,w) K <AA (x) — Ag (x)) s (x,w) . (2.3)

Equation2.3represents the local form of the two-way wavefield convolui
type reciprocity theoremHayleigh 1878 de Hoop 1988 Fokkema and
van den Berg1993 because multiplication of two quantities in the fre-
guency domain corresponds to a convolution in the time domai
Integration of equatio.3 over the domair) and application of Gauss’ di-
vergence theorem to the left-hand side of equai@yields (after swapping
the places of the two sides)

/ {05 (x,w) K85 (x,w) — 8% (x,w) Kz (x,w)
D
+jwly (x,w) K <AA (x) —Agp (x)) Ug (x, w)} d*x =
7{ 0% (x,w) KNx05 (x,w) d®x, (2.4)
oD
where in the acoustic caséx = antidiag (n;,n;), in the elastic case it
is Nx = antidiag (A;;unj, Apgjinj), and in the electromagnetic case it is
Nx = antidiag (—€pmitm, €;m:1m). EQuation2.4is known as the global
form of the two-way wavefield convolution-type reciprocitbyeorem.

When the material quantities are assumed to be the sametfostades, i.e.,
A4 (x) = Ag (x), equatior2.4 can be rewritten as

/ {07 (x,w)K8p (x,w) — 8% (x,w) Kl (x,w)} d*x =

D
7{ 0% (x,w) KNx05 (x,w) d*x. (2.5)
oD

Another wavefield interaction can be described by a localetation be-
tween the wavefields in the two stateke[Hoop 1993 and can be written
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as

—+
—~

aly (x,w) (QJrD)OB(X,w):

c <x,w>)ToB )+l (x.0) (DO (x.) ) . @6)

where the superscriptmeans complex conjugation and transposition, hence
0; (x,w) is the time-reversed variant 6f, (x,w). Then, after substitution

of equation2.1 into the right-hand side of equatidh6 and making use of
the propertyAf4 (x) = A (x), which follows from the invariance to time-
reversal of the wave equation, one arrives at

Up (x,w) =

X D
0%, (x,w) 85 (x,w) + 87, (x,w) 05 (x,w)

+ jwl’, (x,w) (AA (x) — Ag (x)) Uz (x,w) . (2.7)

Equation2.7represents the local form of the two-way wavefield correlai

type reciprocity theoremBojarski 1983 de Hoop 1988 Wapenaar and
Berkhout 1989 Fokkema and van den Berj993 since a multiplication

of a quantity with a complex-conjugate of another quantityhie frequency
domain corresponds to a correlation in the time domain.

Integration of equatior2.7 over the domairiD and application of Gauss’
divergence theorem to the left-hand side of equakigigives

/D{OZ(X w) 85 (x,w) + 81, (x,w) O3 (x,w)
+jwlly (x,w ( )) OB(X,W)} Bx —
j’gm 0%y (%, w) Nxl (x,w) d’x. (2.8)

Equation2.8is known as the global form of the two-way wavefield correlati
type reciprocity theorem.
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For the case when the material properties in both statehargaime, equa-
tion 2.8 can be rewritten as

/D {OZ (x,w) 85 (x,w) + 8§/, (x,w) U (x,w)} Px —

7{ 01, (x.w) Nyl (x,0) Px. (2.9)
oD

The the global forms of the reciprocity theorethd and2.8 (or 2.5and2.9,
respectively) can be used to obtain the wavefields insideatt@bnonly from
measurements of the wavefields along its boundéry In this sense, these
theorems are used, for example, to derive integral equatarforward and
inverse two-way wavefield extrapolatiowppenaar and Berkhqtit989. In
the following subsections, the reciprocity theoreasand2.9 are used to
derive source-receiver reciprocity relations followedehations for seismic
and electromagnetic interferometry.

m 2.1.2 Slrelations for impulsive sources in an acoustic medi um

For an acoustic medium, as specified in the acoustic-casencodf Table
2.1, the reciprocity relation2.5and2.9 can be rewritten as

~

[ {0 s (0,0) = b1 () fs .
—qa (x,w) Pp (x,w) + fi,A (x,w) 0; g (X, w)} d*x =

{ﬁA (X7 w) @i,B (Xv w) - @i,.A (X7 UJ) ﬁl’)’ (Xv w)} 1 d2X (210)
oD

and

~

[ {00 ) + 624 () s )
D
+q (x,w) pp (x,w) + f:A (x,w) ;g (%, w)} dPx —
{]3’;1 (%, w) Vi (X, w) + 05 4 (X,w) P5 (X, w)} nid*x, (2.11)
oD

respectively.
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To make use of the reciprocity theorems, certain choicesldhze made

for the wavefields and the source fields in the stateend 8. Taking only
impulsive sources of volume injection-rate dengifi, w) at pointsx 4 and

xz in D for statesA and B, respectively, one can define the recorded pres-
surep (x,w) atx in both states as the observed impulse response (Green’s
function G (x, XA(B),w)) (see Table2.2). The expressions for the particle
velocities observed at for states4 and B are obtained from the substi-
tution of the respective quantities forx, w), f; (x,w), andp (x,w) from
Table2.2into the wave equatioB.1in case of an acoustic medium.

Parameter State A StateB

(jA(X, w) d(x—x4) d(x —xp)

fi <X7 w) 0 0

ﬁ(X, w) G(X7 XAa(’U) G <X7 X87w)

0; (x, w) m@(}' (x,%X4,w) jw;(lx) 0,G (x,xp,w)

Table 2.2: Choices for wavefield and source parameters for the acalsdtatesA
and BB to be used in the two-way wavefield acoustic reciprocity réras.

Substitution of the expressions in the middle and right cwls of Table2.2
for their corresponding quantities in the convolutiongyneciprocity theo-
rem 2.10 and the use of the sifting property of the delta functionpitss
in
G(X87XA7W> - G(XAXB,W) =

—1

1{’9@ jwp (x)

— (&G’ (x, X4, w)) G (x,xp, w)} nid*x. (2.12)

{G (x,x4,w) &-G (x,x5,w)

The right-hand side of equatiéhl2represents a surface integral over prod-
ucts of causal-in-time Green'’s functions. If the surfacentégrationoD is
chosen to be a sphere with infinite radii\s— oo, the right-hand side of
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equation2.12will go to zero as it will be of orde (A~!) [Fokkema and
van den Berg1993. If for this 0D the right-hand side vanishes, then, be-
cause it is independent of the choice of the boundary, itlsheanish for
any choice obD as long as the points, andxy are inside it. This results
in the acoustic source-receiver reciprocity relation

~ ~

G (X87XA7w) =G (X.A7X87w> : (213)

This relation shows the well-known property that interdliag the place of
source and receiver will not change the measurement result.

Let one now substitute the quantities from the middle anditite columns
of Table2.2into their corresponding places in the correlation-typeustic
reciprocity theoren2.11 Making again use of the sifting property of the
delta function gives

~

G (xg,X4,w) + G(XA,XB,CU) =

1 . .
‘ G* (x,x4,w) 0;G (x,Xp5,w
imeP(X){ (6,34, 0) GG (%, x5, 0)

— (&-G (x,x4, w)>* G (x, Xz, w)} nid*x. (2.14)

Further application of the source-receiver recipro@t¥3to both sides of
equation2.14results in

2% {G(XA,XB,w)} =

1 . .
‘ G (x4, x,w) 0;G (x5, X,w
imeP(X){ Bea; %) O (s, %,0)

— (82@ (x4, X, w)>* G (x5, X, w)} n;d*x, (2.15)

wheret stands for "real part”. The products in the right-hand sidee:
spond to crosscorrelations in the time domain, while thieHahd side cor-
responds in the time domain to a Green'’s function and its-tieversed ver-
sion. In this way, relatior2.15gives the possibility to retrieve the complete
Green'’s function and its time-reversed version betweepdir@sx 4 andx
from the constructive and destructive interference (thersation) of cross-
correlations of observed Green’s functic@isfng(B), X, w) due to monopole
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sources ordD and observed Green’s functions (x4(8), x,w) n; due to
dipole sources ofaD.

Equation2.15is exact and valid for any lossless inhomogeneous (insgle, a
well as outsidé)D) acoustic medium. It represents the basis for acoustic Sl.
Van Manen et al[2009 developed an effective modelling scheme based on
a relation very similar to equatiod.15 where the difference comes from
using another source definition for the Green’s function.

Even though equatioB.15is very useful for modelling or laboratory in-
vestigations, there are several difficulties in its appicato field data, like

for example in petroleum exploration. One difficulty is theeed to evaluate
two correlation products. To overcome this, let one assuraeih a small
region (relative to the dominant wavelength) arogkitdthe medium param-
eters change smoothly. The Green'’s functions observednraddD can be
written as a sum of waves that propagate initially inwardrfrine sources
on 0D (superscriptin) and of waves that propagate initially outward from
the sources (superscripit):

~

G (XA(B),X, u)) = Gm (XA(B),X, u)) + Gout (XA(B),X, u)) . (216)

Substitution of equatio2.16 for statesA and 5 into the Sl relation2.15
gives

2R {G’ (x4, X5, w)} =
—1 Ain* Nout*
7{9}1}) Tor ™) {[G (x4, x,w) + G (XA,x,w)} X
[@Gm (x5, X, w) + ;G (x5, X, w)]
— [(&Gm (x4, X, w))* + <8Z-Gm” (x4, X, w)) *} X
[Gm (xp, X, w) + G (x5, X, w)} } n;d*x (2.17)
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or

A —1 ~in* ~in
2%{G(XA,XB,W)} = %’9}1}) Gop ) {G (x4, %, w) ;G™ (xp,X,w)

— (&Gm (x4, X, w)>* less (x5, X,w) + Gout (x4,X,w) &-Gom (x5,X,w)

— (@@‘mt (x4, X, w)>* Gout (x5, X, w)} n;dx>
—1 - R
+ — G (x4, %x,w) 0;G™ (x5, X, w
T Tap (0 )G e
— (&Gm (x4, X, w)) Govt (x5, X,w) + Gout* (x4,X,w) ;G (x5,X,w)

— (&@‘mt (x4, X, w)>* G (x5, X, w)} n;d*x. (2.18)

When the dominant wavelengths of the fields are small condgarthe sizes
of the inhomogeneities (high-frequency regime), then facheconstituent
G (x5, X, w) andG2 (x 45, X, w) - direct wave, scattered wave, etc.
of the Green'’s function, one has

alégb (XA(B)a X, UJ) n; = _j Eu ) |COS Ay (X)| GA(Z? (X.A(B)a X, UJ) (219a)
c(x
~ w ~
0,Go (XA(B), X, w) n; = +]C &) |cos a,, (x)| GO (XA(B), X, w) ,

(2.19Db)

wherec (x) is the local propagation velocity and, (x) is the local angle
between the pertinent ray and the normaladi. Note that in the above
equation, no summation takes place oxer The main contribution to the
integrals in equatio?.18 comes from regions ofD around the stationary
points [Schuster et al.2004 Sniedey 2004 Wapenaar et 3120044. For
such regionslcos o, (x)| for G,, (x4, x,w) andG,, (x5, x, w) will be iden-
tical. This means that in equatidhl8the second integral will disappear,
while the terms under the first integral will add togethernkks

2R {G(XA,XB,Q))} =

7{’9@ jwp2(x) { <6iém (xa,%, w)) * G (x5, %,w)

+ (&@‘mt (XA,x,w)> Gout (XB,x,w)} nid*x. (2.20)
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Because the inward- and outward-propagating waves at tinespoon 0D
cannot be measured separately, equaid® for statesA and B is used to
rewrite equatior2.20as

2R {G’ (XA,XB,(U)} + ghosts =

2 . . )
7({9@ Gop ) (&-G (XA,X,w)) G (xp,x,w)n; dx, (2.21)

where

2 ” * .
h ts = [ out
ghosts 7{9}1}) Gop ) {(&G (XA,X,W)> G (xp,X,w)

+ (&-G‘mt (x4, X, w)>* G (x5, X, w)} nid*x. (2.22)

The left-hand side of equatidh21contains not only the retrieved Green’s
function, but also spurious events (ghosts) that will apgeaa result from
the crosscorrelations in the right-hand side (see Figutd. These ghosts
result from the integration over correlation products aand-propagating
waves in one of the states with outward-propagating wavteinther state.
When the sources are randomly distributed in space, ie suhfacedD is
sufficiently irregular, the correlation products will nattérfere coherently
and the ghost terms will be strongly weakened and can be egnavhile
the retrieved Green'’s function will correctly contain atbstered fields from
inside and outsidéD (see Figure.15andDraganov et al[2003).

If, on the other hand, the medium at and outsileis assumed to be homo-
geneous with propagation velocityand mass density, thenghosts = 0.
Furthermore, if0D is taken to be a sphere with a sufficiently large radius,
then all rays are normal @D and consequently = 0. Then, from equation
2.210ne finally obtains

. 2 . .

2R {G (x4, Xz, w)} N — 7{ G* (x4, %,w) G (x5, x,w)d*x.  (2.23)
PC Jom

The approximation in equatiok.23involves only amplitude errors; when

0D differs significantly from a sphere, these errors may beiggmt. Fur-

thermore, due to incomplete destructive interferencentsvihat would be



22 Theory of Seismic and Electromagnetic Interferometry

canceled completely when equati®ri5is used, may here give rise to arte-
facts. Nevertheless, the application of relatt@3 will correctly retrieve
the phases of all arrivals. That is why relatidr23is considered acceptable
for Sl in practical applications.

m 2.1.3 Slrelation for impulsive sources in an acoustic mediu m
with a free surface

Let the mediumD represent part of the Earth and be bounded by a free
surface. In that case, the boundaiy can be written as consisting of two
parts:0D,, coinciding with the free surface, antD,,,, representing the part
of the boundary in the subsurface. The integral on the tgime side of
equatior2.14can be splitinto an integral ovéiD,,, and an integral oveiD.

At the free surface, the Green’s functi(ﬁw(x, XA(B),w), which represents
observed pressure, will be zero and as a result the integeald®, will

be zero too. This means that the right-hand side of equa&tibd needs

to be evaluated only oveiD,,. Following the same steps as above, one
can conclude that in the case when a free surface is presaetyieve the
Green'’s function in the left-hand side of equatih@3 one needs to evaluate
the right-hand side only oveiD,,, i.e., one needs to have sources only in
the subsurface. Intuitively, one can look at the free serfax a mirror that
reflects the subsurface sources and creates an illusiouofesodistributed
over a closed boundary.

m 2.1.4 Sl relation for transient sources in acoustic medium

In the previous subsection, the sources along the bouridanyere taken
to be impulsive. In practice, one will have to deal with bdimlited sources
characterized by a wavelétx,w). Then, the observed wavefields at the
pointsx 4 andxp in the two states are

~obs

p (XA(B),X, w) =G (XA(B),X, w) §(x,w). (2.24)
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Substitution of equatio2.24 for statesA and 5 into the Sl relation2.23
gives

2% {G (x4, Xp, w)} So (W) =~

2 A
— F(x,w) po* (x4, %, w) p7 (x5, %, w) d’x, (2.25)
PC Jop
where .
F(x,w) = 20 ) (2.26)
S (x,w)

is a shaping filter with' (x, w) = §* (x,w) § (x,w) the power spectrum of
the sources alongD and S, (w) an average, arbitrarily chosen power spec-
trum. The Sl relatior2.25 can be used when separate recordings can be
taken atx4 andx; from each of the transient sources @i. The shaping
filter £ (x,w) compensates for the different power spectra of the sources.
This requires that these power spectra are known.

m 2.1.5 Sl relation for noise sources in acoustic medium

It is not always possible to record separate responses fiensdgurces on
JdD, as required for the application of Sl relati@25 Often, the sources
will be overlapping in time or one may not even know exactlyewtthe
sources were active. In such cases, there is an alternailiwgos if one
may assume the sources to be mutually temporally uncoeckiaith equal
power spectrund (w) and to be acting simultaneously. This means that at
the observation points 4 andx, the recorded wavefields will be

~

P ) = § G laxw) N () . (2.272)
oD

A~

P (xp,w) = 7{ G (xp,x,w) N (x,w) d*x', (2.27b)
oD

where N (x,w) and N (x/,w) are the spectra of the sourcesxaand x/,
respectively. Because the sources are assumed uncairelate

A

(N* (x,w) N (¥ ,w)) =6 (x —x) S () , (2.28)
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where(e) stands for spatial ensemble average. In such a case, tletatiom
of the observed wavefields & andx;z can be written as

<ﬁ0bs* (XA, CU)ﬁObs <X87 w) > — G* (X_A, X, w) G (XB7 X7 C()) g (w) d2X :
oD

(2.29)
Comparing equatio.29to equatior2.23 it can be concluded that

2R {G (xA,xB,w)} S (W) ~ %@d’s* (x4, 0) P (x5,w) ). (2.30)
The above relation is very easy to apply in practice — one oelgds to
install seismic receivers, record the noise responseshamdcrosscorrelate
the recorded responses following equatib80 A disadvantage is that no
compensation can be applied for the different spectra afifferent sources.
As the sources are assumed uncorrelated, they can be cadiese 'sources”
and the recorded wavefields can be called "noise” in the stias®ne may
not be able to see any clear arrivals. Nevertheless, whacmded from
such sources are propagating fields. The advantage of wdatgpn?2.30is
that one does not need to have any a priori information alleisburces.
In practice, though, it will be difficult to find simultanedysacting noise
sources. It will be most likely that the noise sources wilbogng separately
in time or will be partly overlapping in time. For this reasda ensure the
fulfillment of the assumption that the sources are uncaedla time, the
noise recordings should be very long. In such a case, thendshs@verage
is then approximated by averaging over different time wimslo

m 2.1.6 Sl relations for impulsive sources in an elastic mediu m

For an elastic medium, making use of the elastic-case colariiable?2.1,
the reciprocity relationg.5and2.9 can be rewritten as

/ {—ﬁ‘j,A (x,w) }Alij,B (%, w) — 0.4 (%, w) JEz',B (x,w)
D

‘|‘iLz‘j,A (x,w) 78 (X, w) + fi,A (x,w) ;8 (X, w)} d*x =

{054 (x,w) 75,8 (X, w) — T4 (X, w) 0 g (X,w) } n; d’x (2.31)
oD
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and

[ {5000 b () + 614 (0) o )
D
—I 4 (%, w) Ty (X, w) + fg (%, w) 0 (x, w)} d*x =
{ —0f 4 (%, w) 75,8 (X, w) — 755 4 (X, w) U5 5 (x,w) } n; d’x, (2.32)

respectlvely.

Just like in the acoustic case, certain choices are made Himwavefields
and the source fields in the statdsandB. Here, the choice is for impul-
sive point sources of external volume force denﬁtyx,w) at pointsx 4
andxg in D for statesA and B, respectively, while the external deforma-
tion rate density}ij (x,w) is taken to be zero. Then, the particle velocity
0; (x,w) atx in both states can be defined as the observed impulse response
(Green’s functiong;""/ o (x, X (5),w), see Tabl@.3). The expressions for
the stresses observedafor states4 and B are obtained from the substi-
tution of the corresponding quantities fér(x, w), hy; (x,w), ando; (x, w)
from Table2.3into the matrix-vector equatiah 1for an elastic medium and
the usage of the inverse of the compliance, which is thenss tensor;
0beyiNgCijkiSkimn = SijkiChimn = % (OimOjn + 0in0jm)-

Substitution of the expressions in the middle and right cols of Table2.3
for their corresponding quantities in the convolutiongyneciprocity theo-
rem 2.31 and the use of the sifting property of the delta functionpitss
in

- GZ,’;; (XBa XA, W) + GZ:(]; (XA, XA, w) =
% {GZ’Z{ <X’ XA, w) ézyfq (X Xp, W )
oD
(Gz/; (%, X4, w )> Gl (x, XB,w)}nj d*x. (2.33)

The right-hand side of equatidh33represents a surface integral over prod-
ucts of causal-in-time Green’s functions. If the surfacéentégrationoD is
chosen to be a sphere with infinite radiiss— oo, the right-hand side of
equatior2.33will go to zero as it will be of orde® (A~1). If the right-hand
side vanishes on thig), then, because it is independent of the choice of the
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boundary, it should vanish for any choicedi as long as the points, and
xg are inside it. This results in the elastodynamic sourceivec reciprocity
relation

G;}:g (xB, X4, w) = Gz:{; (X4, Xp,W) . (2.34)

If, though, the choice is for impulsive point sources of exé deformation
rate density at the pointz in D for state3, while for stateA the choice
is for a source of external volume force densityxat see Table2.4, then

the substitution of the parameters from Tabléinto the reciprocity relation
2.31followed by the same reasoning as above, will produce

GT7f

qr,p

(XB,X_A,W) = G;:Zr (XA,XB,W) : (235)

Let one now substitute the quantities from the middle andititeé columns
of Table 2.3 into their corresponding places in the correlation-typeest-
dynamic reciprocity relatio2.32 Making use of the sifting property of the

Parameter State A State3

fi(x,w) 5 (x —x.4) 0ip § (x —x5) 0y

hij (x,w) 0 0

0; (X, w) G’f; (x, X 4,w) @qu (x,X5,w)

T3 (%, w) J%Cz'jkz (x) 8{1’2’7;; (x, X 4,w) j%cijkl (x) 31GZ:£ (x,X5,w)
£ G:jj; (x,X4,w) £ @ZT]J; (x,Xp,w)

Table 2.3: Choice of wavefield and source parameters for the elastadimatates
A and B, to be used in two-way wavefield elastodynamic reciprobigptems. The
superscripts in the Green’s function notation represeset éeceiver quantity (par-
ticle velocityv or stresst) and source quantity (forcg or deformation rateh),
respectively, while the subscripts represent the compsradithe observed quantity
(4, j) and the source componenis §), respectively.
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delta function gives

{GZI):I{ (XB’ XA, w)} + G;:(]; (X.Aa XB; UJ) -
B fg@ { (GZJ,}{ (X7 XA w)) G:j’f; (X, XA, u))
+ (G‘ZJ’-?; (x, XA,w)) Gl (x, xB,w)}nj d’x. (2.36)

Further application of the source-receiver reciproci#ig®land2.35to both
sides of equatio@.36results in

2R {G’Z:g (XA,XB,(,U)} =
_ 7{{9@ { <G;{ (x4, X, w))* G’;’Z (x5,X,w)
+ (G;Z (x4, X, w))* C;”Zlf (x5, X, w)} n; d’x. (2.37)

In the time domain, the products on the right-hand side ofatheve equa-
tion correspond to crosscorrelations, while the left-hamt® corresponds
to a Green’s function and its time-reversed version. In iy, relation

Parameter StateA State3

fi(x,w) 0 (x —xa) 0y 0

hij (x,w) 0 5 (x — %) 010y

b (x,w) GoL (%, x4, w) ﬁﬁijkzajGqur (x, x5, w)
A Avh
- Gi:qr (X7 XB, w)

7ij (5, w) | eim (%) GG (%, %4, w) Gt (x,xp,w)

= G;ij,]; (Xv XA, w)

Table 2.4: Alternative choice for wavefield and source parametersteralastody-
namic states4 and 3 to be used in two-way wavefield elastodynamic convolution-
type reciprocity theorem.
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2.37provides the possibility to retrieve the complete Greemrsfion and its
time-reversed version between the powjisandxs by constructive and de-
structive interference (summation) of crosscorrelatioinsbserved Green’s
functionsG*;:{ (xA(B), X, w), due to impulsive force sources o0f, and ob-

served Green’s functior@é’fj (xA(B), X, w) n; due to impulsive deformation
sources owD. Equation2.37is exact and valid for any lossless inhomoge-
neous (inside, as well as outsid®) elastic medium.Van Manen et al.
[2009 developed an effective modelling scheme based on a relagoy
similar to equatior?.37.

Butjustasin the acoustic case, in the application of tH&ien one faces the
two difficulties of having to perform two correlations segialy and needing
the responses of two different types of sources. To overt¢hase problems,

it is assumed that in a small region arowid the medium is homogeneous
and isotropic. Because of this, the observed wavefieldseanitten as sim-
ple sum of observed P- and S-waves. Thus, the Green’s funsotibserved
at x due to sources at,4 andxz can be represented in terms of Green’s
function potentials for observed P- and S-waw&penaar and Berkhqut
1989 Aki and Richards2002:

i (% Xam),w) =

-1 . R
jw—p {&Gg{’;(q) (X, X.A(B), W) + eijijGf:;:(q) (X, X.A(B)a w) }
with . G77 ) (x, xam),w) =0 (2.38)

where the superscripgt means that the observed quantity is a P-wave when
the left subscript i9, or an S-wave when the left subscripkisThe Green’s
function potentials obey the Helmholtz equations

2
Ao, f ilfal ) _
@&-Go’p(q) (X, XA(B); w) + gGOJU(Q) (X, X A(B); w) =0 (2.39a)
2
A0, f W pof —
8i8in,p(q) (X, X A(B) w) + %ka(q) (X, X A(B) w) =0, (2.39b)

wherecp andcg are the P- and S-wave propagation velocities in the medium,
respectively. The Green’s function potentials can be erpliwritten in
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terms of the observed Green’s functions as

. f pCP v, f
Go (o) (%, xa45),w) = j o —Loa7 ip(q) (X, X A(B), W) (2.40a)
o P
Gl (X xam),w) = " Se,wa Gl (X xam),w) - (2.40b)

Furthermore, at the boundafi) the Green’s function potentials can be di-
vided into inward- and outward-propagating parts:

Gl (6 xam)w) = GRho (%, xam), ) + G0 (X xam),w) |
) (2.41)
whereK = 0,1, 2, 3. Expressions for the Green’s functioﬁ%’.f; (x,x4,w)
ande’fq (x,x5,w) interms of the Green'’s function potentials can be written
as

e

_1 .
Hle (X Xam),w) = oY p {Cijklalang,}f(q) (x, xa(8), w)

(Jw
—l—Cijkl&lEkmna G¢f (X X A(B); w)} (242)

Substitution of equatio2.38 and equatior2.42in conjunction with equa-
tion 2.41 for states4 and B into the right-hand side of equatich36 re-
sults in products between inward- and outward-propag&®inaves and S-
waves.Wapenaar and Berkho[t989 show that for a horizontal boundary,
products between only P-waves and products between onigv@swyemain,
while the cross-products between P- and S-waves cancelatheh They
show further that only products between waves travelingpiposite direc-
tions will remain. l.e., for a horizontal boundat¥p, the right-hand side of
equation2.36can be written as

2 R . * . .
— OGO (x, x4, w ) GO (x x5, w
jwp D{( 3Y0,p ( y 2A ) 0,q ( )y 2B )
+ (8367’3’1{’0“ (x,xA,w)) Gg’;j““t (x,X5,w)
+ (c%,éﬁ;;j’i” (x, X4, w)) ngm (x,x5,w)

+ (&;G’i:}:’o”t (x, X4, w)) G’f;g"’”t (x, Xz, w)} nsd*x (2.43)
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(note that the complex conjugation reverses the propaugdtiection, hence,
all terms are indeed products of waves traveling in the oppd#ections).
The above result is not exact because the evanescent waiqedpagate
parallel to the horizontal boundary were neglected.

The integral will now be analyzed for an arbitrary closedatgoD. In the
high-frequency regime, the integral on the right-hand sidequation2.36
receives its main contributions from stationary pointsngléhe boundary
JdD. At such stationary points a local coordinate system is ehois which
the localz; axis is in the direction of the outward-pointing normal @b.
For each of these local coordinate systems, one obtainsuli samilar to
the result in2.43 When all the stationary points are accounted for, the total
result would include also waves that propagate in the hot&dairection in
the global coordinate system, including evanescent wa\&a.result of this
reasoning, going back to the global coordinate system,teu2 36can be
written as

2R {G’;:g (XA,XB,(,U)} =
2 R . % .
a,quf,m ) G¢’f’m
jwp oD {( J~0,p (X7 X-A7w> 0,q <X7 X87w)

+ <8jég:g’°”t (X, X4, w)) Gg’;j““t (x,X5,w)
+ <(’3jéi:£’i” (x, X4, w)) ngm (x,x5,w)

+<8jéf:]f;’°“t (X,XA7M)> Gilont (X,XB,w)}njdzx. (2.44)

As the medium in a small region around is assumed homogeneous and
isotropic, the Green’s functions observedxat and xz due to sources at
x can be represented in terms of Green'’s function potentials - and
S-wave sourcesd/fapenaar and Berkhquit989:

G(Z’(];),i (X.A(B)a X, w) =
-1 . o
o {&Gp’((g),o (XA(B), X, w) + Eijk&ij((g)’k (XA(B)7 X, w)}

with a,gé:;;gm (xa8),%,w) = 0. (2.45)
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Then,
Gv? = ——pc%a G/ 2.46
p(q),0 (XA(B)’ X, w) jw ~p(q),i (X«‘l(B)7 X, w) g (2.463)
Gvo = _pc% ;G 2.46b
p(a).k (xa), %, w) jw k519 Y p(q).i (xa), %, W) - (2.46b)

The use of reciprocity relatioriza34together with equation®8.40and2.46
results in the reciprocity relation for the Green'’s funotjmotentials

N, frin _ Aw,¢,out

Gty (5 Xam)w) = G (Xam), %, w) (2.47a)
A, f,out _ Aw,dlin
Gty (X xam),w) = GG (xam), x.w) | (2.47h)

whereK = 0, 1, 2, 3. Thus, relatiorR.44can be rewritten as

2R {G’Z:g (XA,Xlg,u))} =
2 o o
_ 8_GU7¢7W X, ) Gv,¢,m X,
oo P A OGR" ux ) G s xw)

+ (@-Gzﬁ(’om (x4, X, w)) ’ G;:}@OW (x5, X, w)} n;d’x. (2.48)

Making use of the equatior&s47in conjunction with equatio.41, one can
rewrite equatior2.48as

2R {CA};:{; (x4, Xz, w)} + ghosts =

2 A * A
— { (@-G;’% (x4, X, w)) GZ’?} (x5, X, w)} n; d’x, (2.49)
JWp Jop ’ ’
where
ghosts =
2 {( AU, 0,in * Av,¢p,0ut
— 0;G% (XA,X,w)> G (B, x,w)
Jwp Jop R o

+ (@-G;ff”t (x4, X, w)) ’ Gz?}m (x5, X, w)} n;d’x. (2.50)

The left-hand side of equatidh49 contains not only the retrieved Green’s
function and its time-reversed version, but also ghostsregsult from the
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crosscorrelations on the right-hand side (see FiguBéfor examples). When
the sources are randomly distributed in space, i.e., whestinfacedD is
sufficiently irregular, the ghost correlation productslwibt interfere coher-
ently and the ghost terms will be strongly weakened and cagrimeed. At
the same time, the retrieved Green'’s function will contdlis@attered fields
from inside and outsidéD (see Figure3.32. If the medium outsidé&D
is taken to be homogeneous with propagation velagitandcg for P- and
S-waves, respectively, and mass dengjtyhe outward-propagating part of
the Green’s function potentials will not come back and thensts = 0.

In the high-frequency regime, the normal derivatives oheeaanstituent of
the Green’s function potentials can be written as

U,0,in LW Av,0,in
aij(i)’Kw (XA(B)a X, w) n; = —jC—K ‘COS QK w (X)| Gp(ﬁ),K,w (X.A(B)7 X, u))
(2.51a)
AU, ¢, 0u LW AV, ¢ 0u
(’9ij((§)’;’1” (XA(B),X, w) nj = +]C—K |cos auge yy (X)] Gp(ﬁ%Kt’w (XA(B),X, w) ,
(2.51b)

wherec® = c¢p for K = 0 andc® = cg for K = 1,2, 3. Further, ifoD is
taken to be a sphere with a sufficiently large radius, therag are normal
to 0D and consequently = 0. Consequently, equatidh49can finally be
expressed as

2R {G’Z:{; (x4, Xp, w)} ~

2 . o .
(Gpﬁ? (x4, %, W)> Got (xp,x,w) d*x. (2.52)

K
PC™ Jop

The approximation in equatio?.52 involves only amplitude errors; when
JOD differs significantly from a sphere these errors may be sgmt. Fur-
thermore, due to incomplete destructive interferencentsvihat would be
canceled completely when equati2r86is used may here give rise to arte-
facts. Nevertheless, the application of relat&B2 will correctly retrieve
the phases of all arrivals. That is why relatid®2is considered acceptable
for Sl for practical applications.
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m 2.1.7 Sl relation for impulsive sources in an elastic medium
with a free surface

Just as in the acoustic case, the mediiroan be taken to be bounded (at
the top) by a free surface. TheaD = 0D,, U dD,, wheredD, is the
part coinciding with the free surface. The integral on tlggtihand side of
equation?2.36needs then to be evaluated only ow&r,, because the traction
G o (X, Xa),w) is zero oDy, Following the same steps as above, one
can conclude that in the case when a free surface is presaetyieve the
Green'’s function in the left-hand side of equatiB2, one needs to evaluate
the right-hand side only over sources in the subsurface.

m 2.1.8 Sl relation for transient sources in an elastic medium

In practice, the sources along the boundabywill not be impulsive, as in
the previous subsection, but will be band-limited. Let theaRd S-wave
sources be characterized by a wavelet with a spec#ftifix, w) for K =
0,1,2,3. Then the observed wavefields at the potaisandx for the two
states are

@E?Sm (XA(B),X, w) = G;’(ﬁ%k (XA(B),X, w) 5 (x,w) . (2.53)

Substitution of equatioB.53for the two points into the Sl relatich52gives

2% {G’;:g (x4, Xp, w)} SO (W) =~

2 ” ~0bsx* ~obs
pCK oD FK <X7 w) ,Upf)K (X.A7 X, w) Uqf)}( (XB, X, CU) d2X , (254)
where )
Y (x,0) = -0 @) (2.55)
SE (x,w)

is a shaping filter witht ™ (x, w) = §5* (x, w) 8% (x, w) the power spectrum
of the P- and S-wave sources alofiy and S, (w) an average, arbitrarily
chosen power spectrum. The SI relat@»3 can be used when separate
recordings can be taken af, andxp from each of the transient sources
on dD. The shaping filtet'& (x,w) compensates for the different power

spectra of the sources. This requires that these poweramgetknown.
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m 2.1.9 Sl relation for noise sources in an elastic medium

To make use of the Sl relatidh54, one needs separate recordings from each
source-type at each source positiondin Such information will be avail-
able only in special cases or after some preprocessing. lwrecordings
are not available, an alternative solution is to assumedhecss to be act-
ing simultaneously and to be mutually temporally uncotedawvith equal
power spectrunﬁ%g (w). This means that at the observation poixgsand

x5 the recorded wavefields will be

@;bs (x4, w) = j{ CAJ;?( (x4, %, w) N (x,w) d?x, (2.56a)
oD

0% (x5,) = f G (x5, % w) N (%, ) X, (2.56b)
oD

whereNy (x,w) andN;, (x,w) are the spectra of the different source types
atx andx’, respectively. Because the sources are assumed unocedr&at
any K # L andx # x/,

<NK x,w) Ny, (x| w) >——5KL5(X x') S (W). (2.57)

Then, the correlation of the observed wavefields aandx; can be written
as

<Aobs* XA, W obs XB7 >_

C—P (G;f( (x4, X, w)) G ’d’ ¢ (xp,x,w) S (w)d*x. (2.58)
oD

cK

Comparing equatio.58to equatioriZ.SZ it can be concluded that

2% {G’;:g (x4, Xp, w)} <A°b5* Obs (xp,w) > . (2.59)

The above relation is very easy to use in practice. A disadgnis that no
compensation can be applied for the different spectra afifferent sources.
The advantage of using relati@b9is that one does not need to have any
a priori information about the sources. The sources canimectitaneously,
be separate in time, or overlap. The sources can be actieelémg time or
represent short bursts of energy.
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m 2.1.10 EMI relations for impulsive sources

In the electromagnetic case, making use of the right-mdsiwo in Table
2.1, the reciprocity relation®.5 and 2.9 can be rewritten asJlob et al,
2007

(2.60)
and
- /ID) {ETA (Xvw) j;iB (X,W) + H],.A (X,UJ) ijB (X,u})
+ 7?":4( 7W)ETB(X7W) + ;ZZ (X,W)IA{]B(X,W)}dBX:
72@ Mo € (F[;,A (x,w) AT,B (x,w) + EA;A (x,w) F[j,B (x, w)) Px,
(2.61)
respectively.

A choice is made for impulsive point source of external voduaensity of the
electric current/® (x, w) at pointsx 4 andx in I for states4 andB3, respec-
tively, while the external volume density of the magneticrent JAjm (x,w)
is taken to be zero. In such a way, the electric and the maginetl vectors
can be expressed in terms of Green'’s functions, see Pahle
Substituting the expressions in the middle and right colsiofiTable2.5for
their corresponding quantities in the convolution-typeipeocity theorem
2.60 making use of the sifting property of the delta functiond @pplying
the same arguments as the ones directly after equaigiyields

G (xp,x4,w) = GLY (x4, %5,0). (2.62)

If, instead, a choice is made in st#idor a source of external volume density
of the magnetic current” (x, w), see Tabl.6, then following similar steps
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as above would produce
@gz;‘]e (XB,XA,w) = —Gﬁ’jm (XA,XB,w) . (2.63)

When the quantities from the middle and the right columnsalfid2.5are
substituted into their corresponding places in the catlimiaype electro-
magnetic reciprocity relatiof.61, followed by the application of the sifting
property of the delta function, results in

A e * ~ e
{Gf;] (X87XA7W)} +GET (x4, xp,0) =
A e ECN e
—j{ nmemrj{<Gf];J (X,XA,w)) Gf;]‘] (x,xp,w)
oD

~

+ (Gfé;]e <X7 XAs w)) GH’J& <X7 XB; w)} dzx- (264)

Jq

If this is followed by the application of the reciprocity atlons2.62 and

Parameter State A State3

Jg (x,w) 5 (x = X.4) Ogp 8 (x — XB) kg

J;” (x,w) - 0 _ 0

E, (x,w) GE{;I (x,x4,w) GTE,;]J (x,xB,w)

2 Gij AE,J¢ Cij AE,J¢

H; (X7 W) _j_wejmramGr,p (X7 XA, W) _j_wejmramGr,q (X7 XB, W)
A A~AH,J¢ A& AH,JC
= Gip (X> XA,UJ) - G@'7q (X,XB,(U)

Table 2.5: Choice of wavefield and source parameters for the electromiigstates
A and B to be used in the two-way wavefield electromagnetic recifyrdlceorems.
The superscripts in the Green’s function notation représka receiver quantity
(electric E' or magneticH field vector) and source quantity (electriE or mag-
netic J™ current), respectively, while the subscripts represeet tbmponents of
the observed quantityc( i) and the source componentis, ), respectively.(;; is
the inverse of the magnetic permeability,; = d;;.
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2.63 then the result is

2R {G’f”q‘]e (x4, Xz, w)} =

N

B,
G )

n * A e
(XA,x,w)) G (xp,x,w)

q,J

(x5, X, w)} d’x. (2.65)

The above equation shows, that to retrieve the electricdigbdintx 4 due to

an electric current source at po#y, one needs to sum the crosscorrelations
of observed electric field at 4 andx due to impulsive sources of electric
and magnetic currents at poinéglongoD. Equation2.65is exact and valid
for any inhomogeneous (inside, as well as outsid¢ lossless medium.

Just like in the acoustic and the elastic case, some singtidits of equation
2.65are needed to make it easy for practical applications. Thedimpli-
fication stems from the desire to measurecatandxz only the response
from one source type. To achieve this, using Tabk the right-hand side
of equatior2.64is rewritten only in terms of observed electrical fields, \&hi

Parameter StateA StateB
Jf (x,w) 0 (x —x4) Op 0
JI (x,w) ) 0 d (x —xp) djq
E, (x,w) GEZ;J (x,x4,w) ?—ﬁekmﬁmGi}’J (x,x8,w)
A AEJ™
= Gﬁq (Xa XB; w)
H; (x,w) —%ejmramez’,J (x,x4,w) qu"] (x,x5,w)
A AHJE
=G (Xxa,w)

Table 2.6: Alternative choice of wavefield and source parameters fer dlec-
tromagnetic statesd and 55 to be used in the two-way wavefield electromagnetic
convolution-type reciprocity theoreng, . is the inverse of the electric permittivity

grsesk = 67"]4: .
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the source-receiver reciprocity has been used on the deft-side:

2R {Gf”q‘]e (x4, Xz, w)} =
S, 5 GBI ’ (BT
- N €mryj _j._weinl nIp (X7 XA w) rq <X7 XB; w)
oD

+ (sz’;]e <X7 XA, w)>* %einlanéf(}]e (X, XB, CU)} d2X. (266)

Assuming that the medium in a small region aroukidis homogeneous and
isotropic, the inverse of the magnetic permeability candben outside the
integral (and switching back to magnetic permeability):

2R {GE (x4 3x,0)} =
1 { ( BT * ABJe
- N €mri 3 | €m0 G (X, XA,W)> Gl (x,x5,w)
Jwp Jap ’ ’ b o

- (CA}TE’#C (x, XA,W)>* ejnlﬁnéfé‘] (x, XB,W)} d*x. (2.67)

Using the fact that,,, j€,; = d1n0ri — dpidryn, €QUAtION2.67becomes

2R {Gf”q‘]e (x4, Xz, w)} =

1 { ( NE,L T Y AE,Je
- N O G0 (X, X4, w)) G (x,xp,w)
JWit Jom P 4

— (G'TE’;;]E (x,X 4, w)>* nmﬁméfc’]‘]e (x, x5, w)} d*x
1 AR, J¢ >* AB,J¢
on b {nm (GW (x,x4,w) ) 0.Gy (X,Xp,w)
N (&Gi’f (x,%x4, w)) GEJ* (x, x5, w)} d*x. (2.68)

™4

Because the electric permittivity is constant in a smalioegroundD, the

electric field is divergence free, i.€,G 7 (x,x ), w) = 0. This means
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that one can write

2R {Gf,};]e (XA,XB,W)} =
L ({5
- N O G127 (X, XA,w)> G (x,x5,w)
o Joo » a
- (sz’;]e <X7 XA, w)) nmaméfgle (X, XA, CU)} d2X
1 o .
- N0y { (Gf"] (x, XA,w)) GBI (x,xp,w)
o Jop » 4

- (Gii (X,me)) Gf;;'e (x, XB,w)} d’x. (2.69)
The second integral on the right-hand side of the above Egulass a van-

ishing contribution. This can be shown by decomposing thiegbderivative
in its normal and tangential components:

& = Ny (njﬁj) — eml-jniejkmkﬁl. (270)

Making use of this relation, the second integral on the riggntd side of
equation2.69can be written as

1 o N
— nmﬁr{(Gf’J (X,XA,w)> GET" (x,xp,w)
JWH Jop P 4

~ . * .
- (Gﬁ’i (X,XA,W)> G (X,XB,W)}dQX:

— Ny N (njﬁj){(Gf;)J (x,xA,w)> Gi’,é (x,X5,w)
JWH Jom
—(GR xxaw)) B (. 0) P
1 o Jo
- nmEmz’jnzfjkmkaz{(Gf;,J (x, XA,w)> GLT (%, xp,w)
JWH J oD

- (Gii (x, x4, w)>* GE (x, x5, w)} d’x. (2.71)

The first integral on the right-hand side of equatinlis zero, which can be
verified by directly expanding the notation after subsiitgtthe subscripts
m=1,2,3andr = 1, 2, 3. To analyze the second integral, the boundaby
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is splitinto two part$)D; anddD,, which share a common bounding curve
L; the unit tangent vectorsand—r of £ point in opposite directions. Then,

1 o N
ju),u aDnmar{<foz;‘] (X’XA,W)) Gf{b’i (X,XB,W)
N e * L e
- (Gf{,i (x, XAM)) GET (x, XB,W)}dQX:
1 . .
—— | megmiegamdr { (GF (xxaw)) GE (x3x5.w)
JWH J oy
A e * e
—(GR xxaw)) B (. 0) P
1

*

AE,J¢ AB,J¢

S nmemjniejkmkﬁl{(an (X,XA,w)) Gy (X, X5,w)
JWH S omy

- (Gii (x, X4, w))* G’f;;’e (x, x5, w)} d’x. (2.72)

Application of Stoke’s curl theorem to the right-hand sidée above equa-
tion produces

ﬁ - Ny Oy { (@f]’y‘]e (x, X4, w))* G’f{f (x,xp,w)
— (G’ﬁf (x,X4, w))* @f&‘]e (x,xp, w)} d*x =
— nmﬁ g €mijTiTj { <(§’be6 (x, X4, w)>* @i‘é (x,xp,w)
- (éii (x, X4, w))* G’f;fe (x, Xz, w)} dx
+ ﬁ g Mo €mi TV T {(éﬂ;ﬁ (x, X4, w))* (A}’i’v‘;e (x,xp,w)

~

— (éii (%, X4, w)) ) GET" (%, xp, w)} dx, (2.73)

7‘7q

which equals zero because the unit normal vector point®isdime direction
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for each of the line integrals. In this way, equat9finally becomes

2R {Gﬁg’e (X4, X5, w)} =

1 A e * A e
~Jon {(nmﬁmGﬁ;J (XA,x,w)) Gi;ﬁ’ (x5, X,w)
oD

— (Gﬁ;‘]e (x4, X, w)) nmamé(f;’e (x5, X, w)} d*x, (2.74)
where the reciprocity relatio.62was used.
Following a similar analysis path as the one for equat#agtill 2.5], i.e.,
taking the medium outsideD to be homogeneous and isotropic, making a
high-frequency approximation, and assumifig to be a sphere with suffi-
ciently large radius, one can finally write

2R {Gﬁ;fﬁ (X4, X5, w)} ~

2 AN e * A e
o (GE’J (X.A7 X, w)) GqE;“J (XB7 X, w) d2X7 (275)
CH Jop ’

wherec = (i)a is the propagation velocity outsid&D. The approxi-

mation in the above equation refers only to amplitude eydous whenoD
differs significantly from a sphere these errors might baisicant. Never-
theless, the application of relati@75will retrieve correctly the phases of
all arrivals. That is why relatio2.75is considered acceptable for EMI for
practical applications.

m 2.1.11 EMI relations for transient sources

In the previous subsection, the sources along the bountiavyere assumed
impulsive. In practice, the sources will rather be bandtioh Consider
electric current sources characterized by a wavelet wiheatsums’ (x, w)
for j = 1,2,3. In this case, at the points, andxyz the observed electric
fields for both states would be

~

[10bs E,J° ad
Ep?q)yj (x4, x,w) = G (xam), x,w) & (x,w). (2.76)
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Substituting equatioB.76into the EMI relation2.75results in

2R {Gﬁg’e (X4, X5, w)} S (w) ~
2 A A *
-—— ¢ F(x,w) <Egbf (x4, X, w)) E;’bf (x5, x,w)d’x. (2.77)
cl Jom ’ ’

In the above equation,

(2.78)

is a shaping filter with6? (x,w) the power spectrum of the electric current
sources alongD andS, (w) an average, arbitrary chosen power spectrum.
The EMI relation2.77can be applied in practice if separate recordings can be
made from each of the transient sources)iin The shaping filtei7 (x, w)
compensates for the known different power spectra of thecesu

m 2.1.12 EMI relations for noise sources

It is not always possible to have separate recordings frenelictrical cur-
rent sources alongD. To overcome this problem, alternatively one can
assume the sources to be mutually uncorrelated with an @guadr spec-
trum S (w). For simultaneously acting sources, at the observatiomggij,
andxg the recorded electric fields will be

A~

E;bs (x4, w) = % G’f’;‘]e (x4,%,w) N; (x,w) d*x (2.79a)
oD

~

Bt (xp,w) = j{ Gy (s X W) N (X, w) X, (2.79b)
oD

whereN; (x,w) and N, (x',w) represent the spectra of the electric source at
x andx’, respectively. Because the sources are assumed uncedridatny
i # j andx # x/, it follows that

(N} (x,w) N; (x,w) ) = 35@5 (x —x') S (w). (2.80)

ch
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Using the above property, the correlation of the observectet fields atk 4
andxg Is

<Eobs>k (X w Eobs XB) > _

2 . . )
fg o (Gf,}‘] (XAaan)> G (xp,x,0) S (w) d*x. (2.81)
D

Comparing equatio.81to equatior2.75 it can be written that
2R {GA(ZE)?;]Je (X.Aa XB;, w)} g (UJ) ~ _<E’st* (X.A7 UJ) Egbs (X57 w) >7 (282)

which means that the crosscorrelation of the observedreleegnetic noise
at two points will retrieve the electromagnetic Green’sdiion between
these two points convolved with the power spectrum of theenoi

2.2 Sl relations based on a one-way wavefield re-
ciprocity

m 2.2.1 Reciprocity theorems

Consider a 3D inhomogeneous, lossless medium. In this medine choo-
ses a domairfD with mass density (x) and compressibility: (x), if the
medium is acoustic, or with compliansgy,; (x) in case of an elastic medium;
domainD contains no discontinuities in the medium parameters. dbis
main is bounded byD with an outward-pointing normal vectar. The
boundary consists of two parallel planes, which stretcmfmity and are
horizontal. The top plane 8D, and the bottom one i8D,,,. Thezs axes
points downwards.

Choosing the preferred direction of propagation to be thiéoas direction
(along thez; axis), the one-way wavefield equation can be written in the
space-frequency domain in matrix-vector form as

93P (x,w) — B (x,w) P (x,w) = S (x,w). (2.83)

In the above equatiof, (x, w) represents the flux-normalized one-way wave
quantities and (x, w) represents the flux-normalized one-way source quan-
tities. Table2.7shows the expansion of these quantities in case of an acousti
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Parameter Acoustic medium| Elastic medium

Table 2.7: Expansion of the variables in equati@B3in case of an acoustic and an
elastic medium. The superscriptsand — denote downgoing and upgoing propaga-
tion, respectiverPi stands for one-way wavefielé,jE - for one-way source field,
d is the P-wave potentialy,,, and ¥, are the S-wave potentials with polarizations
in the zox5- and 21 z3-plane, respectivelySs is the source P-wave potential, and
S\Ml and gme are the source S-wave potentials withi:3- andx; z3-polarization,

respectively.
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and an elastic mediumB (x,w) is a one-way pseudo-differential operator
matrix defined as

B (x,w) = —jwA (x,w) + O (x,w), (2.84)

where the first term-jwA (x,w) accounts for the vertical propagation of the
one-way wavefield, while the operator matrix

O (x,w) = —L 7! (x,w) 5L (x,w) (2.85)

accounts for the vertical scattering of the one-way wawfikle to vari-
ations of the medium parameters in the vertical directiGorpnes et a).
1983 Fishman et a).1987 Wapenaar and Berkhqut989 de Hoop 1992
Wapenaar and Grimbergeh996 Haines and de Hogd994. In equation
2.85 L (x,w) is a composition operator turning the one-way wavefields int
two-way wavefields anél (x,w) is a decomposition operator turning the
two-way wavefields into one-way wavefields.

Two independent stated and 5 are taken in the domaib. StateA is
described in the space-frequency domain by the one-wayfigiyguantity
P4 (x,w), by the one-way source quantify, (x,w), and by the operator
matrix B 4 (x,w). StateB is characterized by the same variables, but the
corresponding subscripi4 are substituted by the subscript

The one-way interaction quantity describing the local abumtion of the
wavefields in the two states, which is the counterpart ofileeway acoustic
interaction quantity.2, is

A

05 {FA)z (x,w) NP3 (x, w)} = {(%,FA)Q (x, w)} NP3 (x,w)
+PLx )N {oPs (x,w) |, (2.86)
whereN = antidiag (1, —1).

Substitution of the one-way wave equati2i83for the states4 and 3 in
equation2.86results in

03 {Isﬁ (x,w) NP3 (x, w)} =
~ . AN . A .
(BA (x,w) P4 (x, w)) NP3 (x,w) + P% (x,w) NBg (x,w) Ps (x,w)
+ PL (x,w)NSg (x,w) + S% (x,w) NP3 (x,w) . (2.87)
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Equation2.87represents the local form of the one-way wavefield convoihiti
type reciprocity theorem\fapenaar and Grimberget99q.

Integration of equatior2.87 over the domairD and application of Gauss’
divergence theorem to the left-hand side of equaZi &7 gives

A A A

/D {Isﬁ (x,w) éﬁ (x,w) NP (x,w) + Pﬁ (x,w)NBg (x,w) Pg (x,w)

A

+P7% (x,w) NS (x,w) + S% (x,w) NPy (x, w)} d*x =
7({)@ {Isa (x,w) NP3 (x, w)} ngd*x. (2.88)

Equation2.88represents the global form of the one-way wavefield convolu-
tion-type reciprocity theorem.
Making use of the symmetry property

A

B (x,w)N = —=NB 4 (x, w) (2.89)

and assuming the medium parameters in both states to berties sdnich
means that the one-way pseudo-differential operator oetrior the two
states are equdl 4 (x,w) = By (x,w), then the first two terms in the left-
hand side of equatio2.88cancel and the convolution-type reciprocity rela-
tion simplifies to

/D {If’ﬁ (x,w) NSp (x,w) + ST (x,w) NP (ij)} P —
j{ {ﬁ’ﬁ (x,w) NP (x,w)} ns d*x. (2.90)
oD

Instead of equatioB.86 as a starting point can be taken the interaction quan-
tity describing the local correlation of the wavefields ie tivo state:

0Os {If’f4 (x,w) JP; (x, w)} = {83|5f4 (x, w)} JP; (x,w)
+ Fﬁ)il (x,w)Jd {83|53 (X,w)} , (2.91)

whereJ = diag (1,—1). In such a case, the substitution of the one-way
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wave equatior2.83for the statesd andB in equation2.91results in

O3 {FA)T4 (X,W)JIE)B (X,w)} =
R R R R R foa
Pl (x,w) IBj (x,w) Py (x,w) + <B a(x,w)Pa(x, w)) 3P (x,w)
+ Isil (x,w) ISz (x,w) + éil (x,w)IPg (x,w). (2.92)
The above equation represents the local form of the one-vaagfield corre-
lation-type reciprocity theorenWapenaar and Grimberget09qg.

Integration of equatior2.92 over the domairiD and application of Gauss’
divergence theorem to the left-hand side of this equativesyi

A A

/D [Pl (x,) 3B (x,0) Py (x,w) + Pl (x,) B (x,w) 3P (x, )

A

+PT, (x,w) ISk (x,w) + ST (x,w) IP5 (x, w)} Px =
% {FA)Z (x,w) IPg (X,w)} nz d*x. (2.93)
oD

Equation2.93represents the global form of the one-way wavefield coneiat
type reciprocity theorem.

The one-way pseudo-differential operator matrix obeysfollewing sym-
metry property Wapenaar and Grimberget99q:

Bf4 (x,w)J =~ —IB4 (x,w), (2.94)

where the approximation sign is used as the evanescent Wwavedeen ne-
glected. When the medium parameters in both states arertrefsa(x, w) =
B (x,w) and neglecting the evanescent fields , then the first two tierthe
left-hand side of equatio2.93cancel and

/ {ISL (x,w)ISp (x,w) + STy (x,w) IPg (x, w)} d*x =
D

Pl Pu e . (295)

Let the top boundaryD, lie atzs, + ¢ andoD,, at levelzs,,, — €, wheree
is chosen infinitesimally small. Just aba¥®, there is a free surface at
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and the half-space belo#D,, is taken to be homogeneous. The doniain
is taken to be source-free, i.864 = Sz = 0. At 0Dy, n3 = —1, while at
JD,,, ns = +1. For these choices, equatiaa®0and2.95can be written as

A

/ P7 (x,w) NPg (x,w) d®x =
ODg

A

/ P% (x,w) NPs (x,w) d*x (2.96)
0D,

and

/ Fﬁ)il (x,w) JlSB (x,w) d’x =
Do

A

/ Pil (x,w)IPg (x,w) d*x, (2.97)
oDy,
respectively.

m 2.2.2 Sl relations for impulsive sources in an acoustic me-
dium

The following choices are made for the statésand5. There are impul-
sive sources of downgoing waves at poiRls = (xp 4, 230) andxz =
(Xm.B,%30), With xg = (21, x2), for statesd andB, respectively. The half-
space belowD,, is taken source-free. Let the reflection response of the
domain, including the internal multiples, to downgoing ws\eR". Note
that in the reflection response thesign means that downgoing waves have
been reflected. Then, the upgoing wavefieldBg would represent the re-
flection response* (x, XA(B),w) of the domainD, while the downgoing
wavefield would consist of a delta function at the source tpmsplus the
back-reflected upgoing wavefield (see Tablg). At the bottom boundary
JoD,,, the wavefield would consist only of downgoing waves, i.ewauld
represent only the transmissi@h (x, X A(B), w) response of the domain to
downgoing waves (from where also thesign).

When the parameters from the middle and the right columnsblieR.8are
substituted in equatio?.96 the result is

~

R (x4, xp,w) = B (x5, %4,w) . (2.98)



2.2 Sl relations based on a one-way wavefield reciprocity 49

If the choice in stated for an impulsive source of downgoing waves placed
just abovedD, is changed to a choice for an impulsive source of upgoing
waves placed just belowD,,, then the wavefields could be described in
terms of the domaif’s reflection response to upgoing waves and trans-
mission response to upgoing waves as given in Tabl&.9. If the middle
and the right columns of Tab9are substituted in equatidh96 then the

Parameter StateA StateB
Pt (x, X4, w) =0 (Xg — XH,A) Pt (x,xB,w) =6 (Xg — XHB)
P atoD, +r RY (x,x4,w) +r RT (x,xp,w)

P~ (x,x4,w) = RT (x,x4,w) | P~ (x,xp,w) = RT (x,xp5,w)
PatdD,, | Pt (x,x4,w)=T" (x,x4,w) | Pt (x,x5,w)=T" (x,x5,w)
P~ (x,x4,w) =0 P~ (x,xB,w) =0

Table 2.8: Choice of parameters for the acoustical statéand 53 to be used in the
one-way wavefield reciprocity theorems, where= —1 is the reflection coefficient
of the free surface and 4 andxg are just aboved)l.

Parameter StateA StateB
Pr(x,x,w) = T7 (x,%x4,0) | PT(x,x5,w) =6 (xg — X1,5)
P atoD, +r RT (x,xp5,w)

P~ (x,x4,w) =T (x,x4,w) | P~ (x,x5,w) =Rt (x,x5,w)
PatdD,, | Pt (x,x4,w) =R (x,x4,w) | PT(x,xp,w)=T"(x,x5,w)

P~ (x,x4,w) =0 (xg — XH,A) P~ (x,xB,w) =0

Table 2.9: Alternative choice of parameters for the acoustical stateand 5 to

be used in the one-way wavefield convolution-type recityrdlceorem, where 4 is
just belowoD,,, andx is just aboved.
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result is A X
Tt (X.Aa XB, w) =T (X57 XA, w) ) (299)

meaning that the transmission responses of the dom&ndowngoing and
and upgoing waves are equal. Note that this is true only lsecthe two-
way wavefields were decomposed into flux-normalized onewsaxefields.
Note, that in the above reciprocity relation, the source thedreceiver are
at different depth levels. The above relation is valid onlyhie case of flux-
normalized wavefield decomposition. When the wavefieldslaoemposed
with pressure normalization, the upgoing transmissiomw figlnot equal to
the downgoing transmission fieliMapenaar and Grimbergel094.

Let now substitute the parameters from the middle and th& gglumns
of Table2.8in equation2.97. The use of the sifting property of the delta
function results in

{R+ (X&XA,W)} + R (x4, %p,w) = 0 (Xp,5 — X1,4)
— / {T+ (x,X 4, w)}* T+ (x,xp,w)d*x. (2.100)
oDy,

Application of the source-receiver reciprociti2®8and2.99finally gives
the one-way acoustic wavefield Sl relation

2§R {RJF (X_A,XB,Q))} = 5 (XH73 — XH,.A)
_ / {T‘ (XA,x,w)}* T (xp,x,w)d’x. (2.101)
oDy,

The above equation shows that the reflection response tleaivoald ob-
serve when the receivers and the sources are at the surdackecetrieved
from the correlation of transmission observations at thiéase due to sub-
surface sources. Equati@ilOlwas derived under the assumption of a ho-
mogeneous half space below the level of the subsurfaceesddficen this is
not the case, non-physical artefacts (ghost events) msg erithe retrieved
reflection response. These ghost events will be stronghkevesd or may
even disappear when the subsurface sources are sufficiantgm in their
vertical distribution. The reason for this, as was expldimesection2.1.2
is in the non-coherent summation of the ghost events frondifferent cor-
relation products (see also numerical resultBraganov et al[2004).
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m 2.2.3 Sl relation for transient sources in an acoustic mediu m

When the sources in the subsurface are not impulsive buacteized by a
band-limited wavelet (x, w), the observed one-way transmission responses
at the pointsx4 andxj in the two states are

~

T (x 48y, %, w) = T (x5, X, w) § (X, W) (2.102)

Substitution of the above equation for statésand 3 into the Sl relation
2.101results in

2R {é* (X4, X5, w)} So (W) = 8 (xm5 — x51.4) So ()

— / F (x,w) {T“bs (x4, X, w)}* Tebs (xp,x,w)d*x, (2.103)
oDy,
wheres, (w) is an average, arbitrarily chosen power spectrum and

F(x,w) = (2.104)

is a shaping filter withS (x,w) = §* (x,w) § (x,w) the power spectrum of
the sources. The above Sl relation can be used when sepacateliings
can be taken at 4 andxz from each of the transient sources@n,,,. The
shaping filter £ (x,w) compensates for the different power spectra of the
sources.

m 2.2.4 Slrelation for noise sources in an acoustic medium

When no separate transmission recordings are availabte éach of the
subsurface sources, one can find an alternative solutioadynang that the
sources alongD,, act simultaneously and are mutually uncorrelated, each
with the same individual power spectrusi{w). In that case,

7o (XAaw):/ T~ (x4, %,w) N (x,w) d*x, (2.105a)
0Dy,

T (xp,w) = / T~ (xp,x,0) N (¥, w) d*<, (2.105h)
0D,
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with NV (x,w) and N (x',w) the spectra of the noise sourcesxaand x/,
respectively, where

(N* (x,w) N (¥ ,w)) =6 (x —x) S () . (2.106)

Thus, crosscorrelation of the left-hand sides of equatioh85can be writ-
ten as

< {TObs (XA,W)}* T (xp,w) > =

/ {TA* (x4, X, w)}* T~ (x5, %x,w) S (w)d*x. (2.107)
8Dm
Comparing the equation above with equat®h0}, it can be concluded that

2R {R+ (X4, X5, w)} S(w) =6 (xms — xp.4) S (W)

_ < {Tb (XA,M)}*TobS (x5, ) > (2.108)

The above relation was derived yapenaar et a[2003 and proved Claer-
bout’s conjecture for the retrieval of the reflection resgfrom the cross-
correlation of transmission responses from noise souncea8D inhomoge-
neous lossless medium.

m 2.2.5 Sl relations for a direct migration of noise recording S

Equation2.84 can be used to derive a useful relation for direct migration
of noise measurements at the surface. With this relatioa,cam migrate
the recorded noise transmission responses, instead afdfingving the re-
flection responses at all the surface points for all retdes@urce positions
followed by migration. This direct migration is based on 8tet-profile
migration scheme(laerbout 1971], which consists of downward extrapo-
lation of the one-way wavefields followed by crosscorrelatiThe method
was proposed by Artman and was proved by Waperfaaman et al, 2004.
Downward extrapolation oft* (x4,%5,w) to some level in the subsurface
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can be described byNapenaar and Berkhquit989
+ (€_Aa 687 w) =

/ {WJF (€.A7 XA, w)}* RJF (X.A7 XB, w) X
oDg J ODg
(W~ (x5, €50) ) dxud4, (2.109)

whereR* (& 4, &5, w) is the extrapolated reflection response that one would
observe at poing 4 in the subsurface when there would be a sourcgzat
andiV+ (&4, x4, w) andiV -~ (xp, &, w) are forward extrapolation operators
(seeWapenaar and Berkho[t989 for the definition of of these operators).
Substitution of equatio®.108into equatior2.109gives

R" (€4, €5,w) /amo /amo T (axa,w )}* X

< {7 (xa, w)} T (x5, ) > (W~ (x5, &5.)} d*xsda
+ acausal terms . (2.110)

Rearranging the right-hand side of the above equation, myakse of the
reciprocity relation for the forward-extrapolation opendl ~ (xz, &5, w) =

W+ (€5, x5,w), and using the fact that the reflection response of the free-
surface i~ = —1, one obtains

R (€4.€5,w) S (w) = </ {W+ (& 4o X4, w) T (XA,w)}*dsz X
8o

[ {7 o)} 1 (o) )

+ acausal terms. (2.111)

The above equation shows that the reflection response atarate level

is retrieved by inverse extrapolation of an observed trasson response
T°% (x,w) for all xz to some subsurface level and forward extrapolation
of a downward-reflected observed transmission resp@i&e(x 4, w) for

all x4 to the same subsurface level followed by crosscorrelatibrsub-
sequently, a summation is performed over all frequenciesmage of the
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subsurface at that level is obtained. The direct migratiombserved noise
transmission responses and the shot-profile migrationtoéved reflection
responses produce identical results. The choice for orfeeasther depends
on the specific application.

m 2.2.6 Sl relations for impulsive sources in an elastic mediu m

To obtain the elastodynamic Sl relations for one-way waldsjesimilar
choices are made for the statdsand5 as in the acoustic case. Just like in
the acoustic case, one can choose impulsive sources of dovgwgaves at
pointsx 4 = (Xm 4, r30) andxz = (xg 5, rs3,0) for states4d andB, respec-
tively. An alternative choice is: impulsive sources of upgpwvaves at point
XA = (Xm.a,r3.,) and of downgoing waves &lz = (xg 5, z3,) for states
A and B, respectively. With these choices, the wavefields at theatop
bottom boundary can be expressed in terms of reflection amgrtrission
responses, as it was done in TaleBand2.9, but now the scalar quantities
are replaced by their elastodynamic vector and matrix epatts:

p* (Xv XA(B)vW) =0 (X7 XA(B)aW) ) (2.112a)

Het Het Aot
9 o e
Aot
AR LTS
Pt Pk Pk
. AR
T (x, XA(B),w) =\ Thw Tow. Tinw, (x, XA(B),(,U) . (2.112c¢)
; Fot

+
¢y7¢ Twyﬂﬁz Twyﬂf’y
i~ (x)=|7, 4 Ty T, (x) . (2.112d)
T"/)l/a(b T"/)Ua"/)x TIZ’U”‘/)YI

In the above equations, the right subscript denotes theéentiwavefield,
while the left subscript denotes the scattered wavefiel@. dgerator matrix
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f~ (x) obeys the properties

P = (x), (2.113a)
(- x)V' (x) (2.113b)
wherel is the 3x3 identity matrix.

When the elastodynamic counterpa2t&l12of the acoustic quantities from

the middle and the right columns of Talie8 are substituted in the one-way
wavefield convolution-type reciprocity relati@96 the result is

A ~ T
R* (XA,XB,W) = {R+ (XB,X_A,W)} : (2114)

If the elastodynamic counterpai2sl12of the acoustic quantities from the
middle and the right columns of Tab?9 are substituted into equati@96
the result is

A ~ T
T (xaxs @) = {7 (o xaw) (2.115)

Substituting the elastodynamic counterp&ikl2of the acoustic quantities
from the middle and the right columns of Taldé into equatior2.97, using
the reciprocity relation®.114and2.115 and making use of the property
2.112bof the free-surface reflection operator matrix, one obtains

A

— 7 (x4) RT (x4, X5, w) — {IQJr (xA,xB,w)})k {t~ (xB)}T —
10 (X8 — Xm4) — /{m {'T'_ (XA,x,w)}* {'T'_ (XB,X,W)}TC[?X.
" (2.116)

The equation above is the elastodynamic one-way wavefielel&ion.

m 2.2.7 Slrelation for transient sources in an elastic medium

When the sources in the subsurface are band-limited witlelsawith fre-
quency spectrun$ (x,w), the one-way transmission matrix at the points
x4 andxy at the surface can be seen as a band-pass filtered variarg of th
impulse-response transmission magig12cand can be written as

T (xam), x,w) =T (xa@), x,w) § (x,0) (2.117)
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where$ (x,w) = diag (S; (x,w), Sg, (x,w), Sg, (x, w)). In that case,
one can introduce equati@l17for states4 andB into the elastodynamic
one-way Sl relatior2.116to obtain

N

— 77 (xa) RT (x4, x5,w) So (w)
{ﬁ XA,XB, } {r }TS(] 5(XHB_XH.A)‘§ (w)

. R T
/ TObs (x4, X, w)} F(x,w) {TObS (XB,X,w)} d*x, (2.118)

where
So(w)
Sp*(Xw)Sp (X.w) A (() | 0
A So w
F(x,w) = 0 Sy H(Xw)Sy, (X.w) A 0
So(w)
0 0 S’;;(X,w)s’;y(x,w)

(2.119)
is a matrix that compensates for the different source-tyeetsa at the dif-
ferent source points witl, (w) an average, arbitrary chosen power spec-
trum. The above Sl relation can be used when separate ragsrdan be
taken atx 4 andxz from each of the transient sourcesd@n,,,.

m 2.2.8 Sl relation for noise sources in an elastic medium

In the presence of simultaneously acting, mutually undatee noise sources
in the subsurface along the boundaty,, with equal individual power spec-
trum S (w), the one-way transmission matrix for statésand 8 would be

A

Tobs (x4, w) = / T~ (x4, x,w) N (x,w) d®x (2.120a)
D,

A

T (xp,w) = / T~ (x5, X, w) N (¥, w) %', (2.120b)
0D,

N “ N “ T
whereN (x,w) = (Nq; (x,w), Nos (x,w) , Ny (X, w)) contains the noise
spectra for the different noise types. As the sources areatiytuncorre-
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lated, the crosscorrelation of the noise spectra would give

() (1w} ) -

d(x—x) 0 0
0 §(x —x) 0 S(w). (2.121)
0 0 0 (x—x)

In such a way, the crosscorrelation of the left-hand sidegohtion2.120
can be written as

N * T
< {TObs (X4, w)} {TObS (x5, w)} > —
N * (A T .
/ {T* (X4, X, w)} {T* (x5, X, w)} S(w)d®x. (2.122)
8Dm
Comparing the equation above to equat®hl§ it can be concluded that

— 7 (x) RY (x4, %5,w) S (w)

- {IQJF XA, XpB,W } { XB } S =1 (Xva—XHvA)‘g(w)

The above equation shows that the flux-normalized compsméiite reflec-
tion response matrix can be retrieved by crosscorrelabiagbrresponding
flux-normalized components of the recorded at the surfacgernoansmis-
sion response.
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Retrieval of the reflection
response: numerical
modelling results

Rickett and ClaerboJtl996 and Rickett[1994 tested Claerbout’s conjec-
ture that for a 3D inhomogeneous acoustic medium, one slooag$corre-
late the seismic noise transmission responses at two [aitits free surface
to retrieve the seismic reflection response between thes@omts. First,
they used phase-shift modelling of random incident planeewdo show
that crosscorrelating noise traces gives the correct teflfekinematics for
acoustic horizontally layered and point-diffractor madel ater, they ap-
plied finite-difference modelling to check the robustneflsetrieved reflec-
tion seismograms for acoustic models with moderate lateslalcity vari-
ation in the case of sources of ambient noise taken to be attynfplanar
wavefronts) and sources within the zone of interest (cuweaekfronts). The
modelling results in this section can be seen as a contonafiRickett and
Claerbout’s research, but based on the firm theoreticala@ns shown in
Chapter 2 and expanded to elastic and electromagnetic weae$/lanen et
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al.[2009 andVan Manen et al.200§ used relations similar t3.15and2.37
to develop efficient modelling scheme for acoustic and ielagves. Using
this scheme, they showed that the Green’s function betwegivwa points
inside a domain could be modelled from the crosscorrelaifaecordings
from monopole and dipole sources, in the acoustic case,rand\olume-
force and deformation-rate sources, in the elastic casmwsuding the do-
main. For exploration or seismological purposes, thougls interesting
to retrieve the reflection response at the Earth’s surfadetfais is what is
investigated in the following text.

In this chapter, several S| and EMI relations, derived intiac2.1 from
two-way wavefield reciprocity relations, are investigatedapplication in
exploration with the help of numerical-modelling data. Thedelling is
performed with 2D finite-difference and 2D finite-elemertteames. The in-
terferometric relations are applied for the retrieval dferetion responses at
the Earth’s surface. For the acoustic and the elastic cémeEarth’s surface
is a free surface, meaning that the acoustic pressure arelasi@dynamic
stress normal to the Earth’s surface vanish at the surfaseexflained in
Sections2.1.3and 2.1.7, this means that for the retrieval of the reflection
response only crosscorrelation of responses from sulzcsusfaurces are re-
quired. Using stationary-phase argumem&penaar and Fokkem2004,

it can be shown that the responses from sources close toEsutface will
contribute mainly to a retrieval of waves traveling along gurface, while
responses from sources deeper in the subsurface will meamribute to
the retrieval of reflected waves. For this reason, the miodgl performed
with sources placed deep in the subsurface. Results arensbibthe re-
trieval of the reflection response in cases of transient amskensources in
the subsurface.

The interferometric relations in Sectiéhl were derived for the case of a
lossless medium. Here also the quality of the retrievedti®e®suinvestigated
when the propagating waves experience losses in the medium.

For the electromagnetic case, the Earth’s surface is na&easturface. This
requires that for the retrieval of the reflection responsateceiver loca-
tions sources be present all around these receivers. ltigaiasituations,
this means that one needs to record responses from soumes ab well
as below the receivers. Using numerical-modelling datsylte are shown
from the retrieval of the electromagnetic reflection regeofor the case of
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recordings from noise sources above and below the receivers

3.1 Retrieval of the acoustic reflection response

In Section2.1.22.1.5relations were derived for the retrieval of new acous-
tic recordings from the crosscorrelation of existing acmugcordings. For
exploration or seismological purposes, it is interestmegtrieve the reflec-
tion response at the Earth’s surface. As explained in se&ib.3 to re-
trieve the reflection response between two receivers atiffi@ce, one needs
to crosscorrelate recorded responses only from sourcdisubsurface.
Furthermore, using stationary-phase argumewapgenaar and Fokkema
2004, it can be shown that crosscorrelation of recordings fraureses
close to the surface will mainly contribute to the retriegélwaves prop-
agating along the surface, while crosscorrelation of iogrs from sources
deeper in the subsurface (transmission recordings) wilirdmite mainly to
the retrieval of reflected arrivals. Relati@?3was derived for the case of
recordings from impulsive sources. In practice, the suasarsources are
always band-limited. For this reason, in the following tltewstic Sl rela-
tions2.25and2.30are investigated in the case of transient and noise sources
in the subsurface, respectively. The derived relationsvalie for any 3D
inhomogeneous lossless medium, but for illustrative pses®D examples
are shown. These examples were obtained from transmisstondings at
the free surface generated with a finite-difference maagkicheme using
DELPHI software.

m 3.1.1 Retrieval of the acoustic reflection response from re-
cordings from transient subsurface sources

Consider a lossless 2D acoustic subsurface model as shdvigure3.1 A
receiver array, represented by the triangles, is placewdlwe free surface.
The receiver array starts at 1200 m and goes to 6800 m withrgpletween
receivers of 10 m. The subsurface consists of three laydrerena part of
the boundary between the first two layers has the shape ofcirsynFrom
relation 2.25 and the explanation in Sectidh1.3it follows that in order
to retrieve reflection arrivals, one needs to crosscogaiatordings from
sources along the part of the boundafy lying in the subsurface, i.e., along
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dD,,. The subsurface sources, represented by the stars, liptt d&5 m.

In the horizontal direction, the sources are placed evermZiarting from
1200 m and going until 6800 m. The source wavelet has the fdranfiost

derivative of a Gaussian function with a peak frequency dfi25The source
separation is chosen to be smaller than half the dominartiemagth in the
layer with the lowest propagation velocity. Such choice amirse spacing
allows to consider the source distribution as continuob& Medium below
the source level is homogeneous.

If a source in the subsurface is set off, along the receivetheasurface
a transmission common-source gather is recorded. Fig2a) shows a
transmission common-source panel from a subsurface satitoerizontal
distance 4000 m. By setting off each of the subsurface seww@garately in
time, 225 transmission common-source gathers are obtained

For the retrieval of the reflection response with the helpopfation2.25the

following procedure is performed. A receiver position i©sén at which

Horizontal distance (m)
2000 4000 6000 8000

Cp=1500 m/s

rho=1000 kg/m3
Cp=2000 m/s

rho=2000 kg/m3
L0 0. 0000000088000 00000 8¢

Cp=2500 m/s
rho=3000 kg/m3

Figure 3.1: A lossless 2D acoustic subsurface model. There are 561versei
(represented by the triangles) at the free surface starfingn 1200 m until 6800

m, with spacing 10 m. There are 225 transient sources (the)dtathe subsurface
along a boundaryoD,,,. The subsurface sources are placed every 25 m starting
from 1200 m and going until 6800 m.
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Horizontal distance (m) Amplitude at 4000 m
ZOIOO 4OIOO 60|00 5 0
0.5 055 [
210 1.0 e
v I Tress ] T
£153 15 T
E :('%-;._ : ;_
s 2.0 ] 2.0 !
= i ] .
2.54 | AR T 2.59 I
3.0 i “1‘:“::‘ A i m' ’f\ 30 T
(b)

Figure 3.2: (a) A transmission gather as observed along the receivers afrélee
surface due to a subsurface source at horizontal distan®@® 40. The amplitudes
are clipped to bring forward later arrivals(b) A transmission trace observed at the
receiver at horizontal distance 4000 m due to the same s@agde (a).

a source is to be retrieved, for examplexagt = (4000,0) m. The trace at
this position is extracted from one transmission commaimr®gather, see
Figure3.2(b). Such a trace represemt$’ (xz, x, t) in the equation and will

be called a "master trace”. A trace at another receiver iocatepresent-
ing p° (x4, x,t), is extracted from the same transmission common-source
gather and crosscorrelated with the master trace. Thecmostation result
represents the integrand in equati@5for a single source positiox. The
correlation process between the master trace and thepféde 4, x, t) is
repeated for all 225 subsurface sources to produce 225latoretraces.
When placed one after the other, the correlation traces raaiarelation
panel which represents the integrand in equaBdb for multiple source
positionsx. Figure3.3(a) shows an example correlation panel for a master
trace atkz = (4000,0) m and a second traceay = (4000,0) m, i.e, when

the master trace has been autocorrelated. The horizomsakgxesents sub-
surface source position. According to the integral in elque?.25 the traces
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Figure 3.3: (@) A correlation panel obtained from the correlation of a mastace

(4000, 0) m for each subsurface source

(4000,0) m with a trace atx 4
position. (b) The result from the summation of the traces in (a) along thEssu

atxp

face source positions. The grey ellipse in (a) highlightsgtationary-phase region

which, after summation, produces the correct events in (b).
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in the correlation panel are summed together to produceriavetl reflec-
tion trace and its time-reversed versionxat as if from a transient source
atxz. The source wavelet of the retrieved trace is the autoairoel of the
subsurface source wavelet. Fig@d8(b) depicts the resulting trace from the
summation of the traces in FiguB3(a@) along the subsurface source posi-
tions. This trace represents a retrieved reflection trasg at (4000,0) m
due to a surface sourcesat = (4000,0) m, i.e., aretrieved zero-offset trace.
Inspecting Figures.3, it can be observed that the retrieved reflection events
are produced from the constructive interference of caticeldraces lying in
the stationary-phase region (highlighted by the grey sdlip Figure3.3(a)).
Between these retrieved events, there are additional weakeresulting
from the incomplete destructive interference at the ende$ource array.
Keeping the master trace position fixed and repeating theeatlescribed
correlation and summation procedure fgf chosen at each of the available
receiver positions, a reflection common-source gather @nthne-reversed
version are retrieved as if from a surface source at theipngf the master
trace. Figure3.4 shows the retrieved reflection common-source gather and
its time-reversed version for a retrieved source posititora= (4000, 0)

m. Note that in this gather the trace at horizontal distai@®4n is actually
the trace from Figur8.3(b). The "x"-like event at the middle of the figure
represents a temporal and spatial delta function smeargditd¢ime and
space due to the limited subsurface source aperture. Bgwa5predicts
that the retrieved reflection common-source gather anohmes-teversed ver-
sion, i.e., the causal and anti-causal parts in the figumldibe symmetric
over the time-zero axis. It can be observed that this is iddbee case for
retrieved traces around the zero-offset trace. For thasedrthe subsurface
source distribution is optimal and all stationary-phaggars are completely
present in the respective correlation panels. It can alsabkerved that the
retrieved causal and anti-causal parts of the traces atodeetends of the
receiver array are not symmetric any more. This result caanoerstood
by looking at Figure3.5, which depicts the correlation panel from the cross-
correlation of an observed tracexaf = (2000,0) m with a master trace
atxz = (4000,0) m for each subsurface source position. In this case, the
stationary-phase region, that will contribute to the estal of reflection ar-
rivals at negative times, has moved to the end of the sultzusiaurce array
and parts of this region are outside the limits of the sulasarfairray. In the
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consecutive integration over the subsurface source posithe construc-
tive interference in the negative times will not be compbatd the retrieved
events will appear at times earlier then expected. Thissgrge to the "curl-
ing” at the ends of the reflection hyperbolae in the anti-ahpart. At the
same time, the stationary-phase region at positive timeglkinside the
limits of the subsurface source array, see Figube

From the above explanation it follows that when limits of thésurface
source array are long enough to capture, or illuminate, ¢eeled stationary-
phase regions, the anti-causal part of the retrieved reanksimply be muted.
When this is not the case, or in more realistic situationsgmho informa-
tion is available about the subsurface and the subsurfageesy both the
retrieved causal and anti-causal parts should be takercamsideration as
some reflection events can be retrieved at positive timesant at nega-
tive. In this and the following section, the anti-causaltprthe retrieved
results is muted.

Figure 3.6 shows the retrieved reflection common-source gather for a re
trieved source position &z = (4000, 0) m, after muting the negative times,
and the reflection common-source gather, after removinditeet-wave ar-
rival, obtained directly through numerical modelling. Btjon2.25shows
that for practical applications the recorded transmissesponses should
be deconvolved before crosscorrelation, while the reflaatesponse should
be convolved with a desired wavelet. Here, though, anotpproach is
followed. The numerically modelled reflection response wbined us-
ing the same wavelet as the transmission responses, i.est adrivative
of a Gaussian wavelet. Because of this, the directly modied#ection re-
sponse is convolved with the a first derivative of a Gaussiavelet, result-
ing in a negative autocorrelation of the source waveletctviis produced
by crosscorrelating the modelled transmission respon&éier equalizing
in the above-mentioned way the wavelets in the directly ledeeflec-
tion gather and the retrieved reflection gather, the evémtg tontain can
be compared. Looking at the two gathers in the figure, it casdas that
the primary reflections and their multiples have been kirtexally correctly
retrieved. The limited subsurface source aperture leadsxp@lained above,
to an incomplete destructive interference of events anay the stationary
region, which gives rise to the linear crossing events altlog@pices of the
reflection hyperbolae in the retrieved common-source gaihge to the fact
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Figure 3.6: (a) A retrieved reflection common-source gather for a retriegad
face source position atz = (4000,0) m. (b) A reflection common-source gather
obtained directly through numerical modelling. The diraeve arrival has been
removed from (b).
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Figure 3.7: As in Figure3.6 but for a retrieved surface source positiongt =
(3000,0) m.
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Figure 3.8: As in Figure3.6 but for a retrieved surface source positionsgt =
(2000, 0) m.

that no use was made of sources close to the surface, refrastents are
not properly reconstructed.

By changing the master-trace position, the retrieved sarémurce position
is changing too. Figure3.7and3.8show the comparison between retrieved
reflection common-source gathers and reflection gatheesttirobtained
though numerical modelling for surface source positionsaizontal dis-
tances 3000 m and 2000 m, respectively. From these figuresigible that
when the master trace position approaches the end of tharéades source
array, the quality of the retrieved reflection arrivals ogip®to this end di-
minishes.

Equation2.25was derived with the assumption that the medium outgidle
is homogeneous and isotropic. In accordance with this gssom the ex-
amples above were obtained for a model where the medium liglgywas
homogeneous. Consider now a model as in Figi8 where there is an
extra reflector below the source level. This obviously dagscomply with
the assumptions in the derivation of equat@®25 Figure 3.10 shows a
common-source transmission gather for this model whennsigat source
at horizontal distance 4000 m is set off. The presence ofefhector under
the source level results in extra reflection events, likeaites indicated by



3.1 Retrieval of the acoustic reflection response 71
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Figure 3.9: Alossless 2D acoustic subsurface model. The differentethdtmodel
in Figure 3.1is in the extra reflector below the source level. The sourckraoeiver
array geometries are the same.

the black pointers and with apices at around 0.54 s and 0.[f&® master
trace is chosen to hez = (4000, 0) m and one autocorrelates this trace for
each subsurface source position, a correlation panel @radat as the one in
Figure3.11 Compared to the correlation panel in Fig@&a), inside the
stationary-phase region in Figusell(a) there are several additional events.
These events, when summed along the source position (tbgration in
equation2.25alongoD,,,), produce additional arrivals in the retrieved zero-
offset trace in Figur&.11(b), like the ones at around 0.14 s, 0.54 s, and 0.95
s. For easier interpretation of these events, a comparsssimown in Figure
3.12between a retrieved reflection common-source gather antleatien
common-source gather directly obtained through numennzalelling for a
surface source position at horizontal distance 4000 m. Goisqn of the
two gathers shows that the application of equaa2b has retrieved cor-
rectly all the reflection events and their multiples, inchglthe reflection
arrival from the reflector lying belowD,,, with an apex at around 0.95 s and
the multiples associated with it. At the same time, it canliieoved that the
retrieval process has produced additional events, likettes indicated by
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Figure 3.10: A transmission gather due to a subsurface source at hord alis-
tance 4000 m in the presence of a reflector below the souret [€he amplitudes
are clipped to bring forward later arrivals. The first two avals resulting from the
presence of the extra reflector are indicated by the pointers

the black pointers and with apices at around 0.14 s and OvgHish are not
present in the numerically modelled reflection gather. €hgisost events
arise from the presence of the reflector beldiy,, (see equationg.21and
2.22.

Consider now a situation where the subsurface sourcesdigga suffi-
ciently irregular boundaryD,,,. An example of this is depicted in Figure
3.13 where the subsurface sources are randomly distribute@pithdoe-
tween 700 m and 850 m. At the same time, the horizontal separaft the
sources is kept constant at 25 m. As explained at the end ¢ib8ex1.2
the random-depth distribution of the subsurface sourcésatse destruc-
tive interference of the ghost events. This can be seen iwr&®y14 The
continuously aligned correlated events, whose troughslt  and 0.54 s
are clearly visible in the stationary-phase zone in Figifel(a), are quite
random in the stationary-phase zone in FigBré4a). At the same time,
the correlated event with a trough at 0.95 s is still contiurslpaligned. Ap-
plication of the integral in equatio®.25 along the boundaryD,,, results
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Figure 3.11: (a) A correlation panel obtained from the autocorrelation of aster

(4000,0) m in the presence of a reflector below the source level.

(b) The result from the summation of the traces in (a) along thmsgiace source

trace atxp

positions. The presence of a reflector below the sourcedtsdsuthe appearance

of additional events.
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Figure 3.12: (a) A retrieved reflection common-source gather for a retriesed
face source position atz = (4000, 0) m for the subsurface model in Figuse9. (b)

A reflection common-source gather obtained directly throngmerical modelling
for the same model. The application of equattbhB5in the presence of a reflector
below the subsurface source level results in a retrievalhafsg events like the ones
indicated by the pointers. The ghosts’ apices are at 0.14ds0ab4 s.
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Figure 3.13: A subsurface model as in FiguB9, but now the subsurface sources
are distributed randomly in depth between 700 m and 850 m.
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Figure 3.14: As in Figure3.11, but for subsurface sources with random depth dis-
tribution. The correlated events that after summation peaighosts, are here not

well-aligned anymore and their summation will result in estive interference.
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in the retrieved reflection zero-offset trace and its tireeersed version, as
depicted in Figure3.14(b), where the retrieved ghost arrivals at 0.14 s and
0.54 s are strongly weakened, while the reflection arrivahfthe reflector
below dD,, is retrieved correctly. This fact is easier to observe inuFég
3.15where the retrieved reflection common-source gather (& fetrieved
surface source position at horizontal distance 4000 m ispeoed to the
reflection gather obtained through direct numerical maagib).
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Figure 3.15: As in Figure3.12but for subsurface sources distributed randomly in
depth. The retrieved ghost events from the application o&&on 2.25are strongly
weakened (see the pointers).

The Sl relation2.25 as well as the other SI and EMI relations, were de-
rived with the assumption that the medium, where the Grefemstion is
retrieved, is lossless. To investigate the effect of logsethe retrieval re-
sults, a subsurface model is used as in Figui& but now each layer has a
loss factor). Two cases are studied. In the first case, the Q-factor of each
layer is taken twice the square root of the propagation wgloghich results

in amplitude losses of the propagating waves through eatheofayers of
0.00585 dB/m, 0.0038 dB/m, 0.0027 dB/m, and 0.0021 dB/mmftop to
bottom respectively. In the second case, the Q-factor isntaqual to the
square root of the propagation velocities and then the otispeamplitude
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lossesin the layers are 0.0117 dB/m, 0.0076 dB/m, 0.0054 d&1d 0.0042
dB/m. The source and receiver geometry are the same as ireBdu8 Fig-
ure 3.16 shows transmission common-source gathers for both caseewh
both gathers were clipped with the same value as the one asdip tthe
arrivals in the transmission common-source gather withasges in Figure
3.10(note that the subsurface sources are not at the same digpBigures
3.17and3.18are shown the retrieved reflection common-source gathgrs (a
from crosscorrelation of transmission recordings in thespnce of losses in
the medium and the directly modelled reflection gathers imsay medium
(b) for the two loss cases described above. For a better aqisopaof the
results, the smeared delta function has been muted in theved reflec-
tion gathers. Further, both the retrieved and the diratibdelled reflection
gathers have been scaled with the maximum value of the ttdoariaontal
position 4000 m. The comparison of the results in both figstesvs that
the crosscorrelation process has retrieved the expedtedtien arrivals. At
the same time, the quality of the retrieved reflection evdetgeases away
from the retrieved source position. It can also be obsetvadthen the am-
plitude losses in the medium increase, non-physical eyvékésthe events
indicated by the black pointers and with apices at arouné §,0.35 s, 0.55
s, and 0.75 s in panel (a) in FiguBel8start appearing in the retrieved re-
sult. These loss-related events are present in the redrregelts for both loss
cases, but are more visible for the case of stronger losdesloEs-related
ghosts arise from events present in the correlation parelshe correla-
tion panels obtained from modelled without losses, the d@odg#s of these
events are orders smaller than the events producing thedfieetions. In
the correlation panels obtained from modelling with lossles amplitudes
of the events, which produce the loss-related ghosts, becditihe order of
the other events and thus after stacking the correlatiorlphe result is the
appearance of loss-related ghosts.

m 3.1.2 Retrieval of the acoustic reflection response from re-
cordings from white-noise subsurface sources

In the previous section, the Sl relatidr5was investigated for the retrieval
of the reflection response from crosscorrelation of trassion recordings
from transient sources. The application of this relatiogurees separate
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Figure 3.16: Transmission common-source gathers for the model in Figut8
for constant losses in the layers with Q-factdey twice the square root of the
propagation velocities (78, 90, 100, and 108 from shallowdep, respectively) and
(b) the square root of the propagation velocities (39, 45, 5@ a4 from shallow to
deep, respectively).
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Figure 3.17: As in Figure3.12 but for subsurface sources distributed randomly in
depth and for medium with losses where each layer has a aur@téactor equal to
twice the square root of the propagation velocity. The gmindicate loss-related
ghosts.
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Figure 3.18: As in Figure3.12but for subsurface sources distributed randomly in
depth and for medium with losses where each layer has a aun®diactor equal

to the square root of the propagation velocity. The poiniedicate loss-related
ghosts.

recording of the transmission response from each of theusislo® sources.
But it is not always possible and/or feasible to obtain swextordings. For
this reason, in this section the Sl relat@i30is investigated for the retrieval
of the reflection response from crosscorrelation of trassion noise record-
ings. The conclusions from the previous section are va$id fir recordings
from white-noise subsurface sources. That is why, hereubsusface model
and source and receiver geometries from Figle3 are considered where
the propagating fields experience no losses in the mediune stibsur-
face sources are now taken to be white-noise solRakett and Claerbout
[1994 showed that the signal-to-noise ratio of the retrievederibns from
a horizontally layered medium increases asise-recording length. As ex-
plained in Sectior2.1.5 the longer the noise recording, the better fulfilled
the assumption of uncorrelated in time noise sources. Eurtbre, in prac-
tice the noise sources can become active at different twlgsh means that
the longer the recording, the more noise sources will beucagt To make
the modelling easier, it is assumed that the noise sourtassagltaneously,
which reduces the modelling times.
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Figure 3.19: The first 3 seconds from a transmission gather recorded iptsence
of simultaneously acting subsurface white-noise sourddse total length of the
record is 66 min. The subsurface model and the source and/exageometries are
the same as in Figurd.13

Figure 3.19a) shows the observed transmission gather along the egceiv
array when the subsurface white-noise sources have actedt@neously.
The panel shows only the first 3 seconds from a recording that6@ min-
utes long. According to equatiaa 30 in order to retrieve the reflection
response between two receivers, the observed noise tratlessa two re-
ceivers should be crosscorrelated. Fig8r&9db) depicts the trace at hori-
zontal distance 4000 m from the gatherdri9a). This trace is chosen as
a master trace and represepis (xz,t). This trace is crosscorrelated with
the transmission gather in Figusel9a), which then represents,; (x4, t)

for a variablex 4. The crosscorrelation result, after muting the non-causal
part, is shown in Figur8.2Q0 where it is compared to the directly modelled
reflection response. The crosscorrelation has resulteueinetrieval of all
reflection events (primary and multiples). Only the latdtetion arrivals
are not clearly visible as their signal-to-noise ratio isyview. As shown

in Draganov and Wapena§2004 for a 2D inhomogeneous medium, the
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longer the noise recordings the clearer the retrieval ofldker reflection
arrivals.

The above results were obtained for subsurface noise soharezontally
spaced from each other with less then half the dominant wagéh (25
m) and in such a way that their distribution could be assunwediruous.
In practice, especially with noise sources in the subsarfaach an opti-
mal distribution will normally not be the case. The effecttbte retrieval
results from non-optimal subsurface source distributsotustrated in Fig-
ure3.21 The retrieved reflection common-source gathers were roddali
from crosscorrelation of transmission noise recordingsmiine subsurface
sources were spaced from each other with (a) half the domwearelength
(repeated from Figurg.2(Qa) for convenience), (b) one wavelength, (c) three
wavelengths, and (d) twenty wavelengths. It can be obsdahaidhe larger
the distance between the subsurface sources the lower #tieyapf the re-
trieved results. For the extreme source spacing of twentelgagths, the
reflection events are retrieved incorrectly. This result ba explained by
considering the situation with transient sources in thesatfhce. The re-
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Figure 3.20: (a) A retrieved reflection common-source gather for a retriesad
face source position atz = (4000,0) m from the crosscorrelation of 66-minutes-
long transmission recordings from white-noise sourc@®.A reflection common-
source gather obtained directly through numerical modelli
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Figure 3.21: A retrieved reflection common-source gather for a retriegatface
source position akz = (4000,0) m when the white-noise sources in the subsurface
are (@) spaced half the dominant wavelength or 25 m apgda},one wavelength or
50 m apart,(c) three wavelengths or 150 m apart, afd) twenty wavelengths or
1000 m apart.

trieved events result from the constructive interferentgvavelets in the
stationary-phase region during integration over the banndD,, (see Fig-
ure 3.14 for example). This integration is intrinsically presentraiation
2.30as can be see from equatidh27-2.29 When the spacing between the
sources increases, there are less constructively integferavelets in the
stationary-pase region and the result is incomplete xetref events or even
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that the retrieval of events is incorrect.

Even though some reflections can be incompletely or inctiyreetrieved,
the strength of the SI method is that the retrieval processeaapplied at
all receiver positions, creating in this way redundant odibe information.
This reflection information can further be used in a migmatoyocedure.
The migration process will (at least partly) compensatetlierincomplete
retrieval of the reflections/f/apenaar et g120044. This can be understood
by considering that the migration process incorporatesytgial over the
receiver positions, which would "capture” stationary-pagoints, that were
missed in the retrieval process. This is depicted in Fi@22 which shows
the migration results from retrieved reflection gathershe presence of
subsurface white-noise sources with spacing of (a) half welgagth, (b)
one wavelength, (c) three wavelengths, and (d) twenty veaxeghs, respec-
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Figure 3.22: Results from a pre-stack depth migration algorithm appliede-
trieved reflection data when the subsurface noise sourcd$ban separated with
(a) half the dominant wavelength or 25 iffp) one wavelength or 50 nf¢) three
wavelengths or 150 m, ar{d) twenty wavelengths or 1000 m.
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tively. The images were obtained using shot-profile prekstiepth migra-
tion [Claerbout 1971 Berkhout 1982. The migration was performed with
the exact velocity model to emphasize the characterisfitheo obtained
depth images. For the same reason, no multiple eliminatberse was
applied. The images in Figui222 clearly show that the reflector bound-
aries between the different layers have been correctly @éthagven for the
extreme case of subsurface noise-source spacing of twevigl@ngths.

In practice the migration is performed with approximateoegly models. In
such cases, the migration of retrieved reflection gathena\@s in a simi-
lar way as the migration of conventional reflection gathéfigure 3.23a)
shows the approximate velocity model used to migrate theeved reflec-
tion results from the crosscorrelation of transmissiorengs for a subsur-
face noise-source spacing of twenty wavelengths. The Wglowdel was
built presuming that the velocity of the first layer is knowaetly, while the
velocities of the deeper layers are 10 % lower than the glealues used
for numerical modelling. The layer boundaries are takenatrirect depths
and assumed horizontal. The migration result is shown inirf€ig.23b).
It can be seen that the layer boundaries are imaged, but,pestexl, the
boundaries are at wrong depths and with artefacts.
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Figure 3.23: (a) Approximate subsurface velocity modgl Result from a pre-stack
depth migration using the velocity model in (a) applied tieved reflection data
when the subsurface noise sources had been twenty wave@gag00 m) apart.
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3.2 Retrieval of the elastodynamic reflection response

In Section2.1.62.1.9SI relations were derived for the retrieval of new elas-
todynamic seismic recordings from the crosscorrelatioaxudting record-
ings. Just like in SectioB.1, here are shown examples of the retrieval of the
reflection response from the crosscorrelation of obserkatsmission re-
sponses from sources deep in the subsurface. The absencecdsclose to
the surface will result in the suppression (or even absearfca)rface waves

in the retrieved results. With the help of 2D examples, tlasteldynamic Sl
relations2.54and2.59are investigated in the presence of transient and noise
sources in the subsurface, respectively. These examplesobained from
transmission recordings at the free surface generatedanfitiite-element
modelling schemeghang and Verschup2003.

m 3.2.1 Retrieval of the elastodynamic reflection response
from recordings from transient subsurface sources

To investigate the Sl relatioB.54, a lossless 2D elastic subsurface model
was used (see Figui@24). Along the free surface, there are seismic re-
ceivers, represented by the triangles, which record thecfgawrelocity in
three directions. The subsurface consists of a homogenageiswith two
bodies in the form of lenses. The receiver array extends fronzontal dis-
tance 2100 m until horizontal distance 5700 m with receiyparceg of 15

m. Because the medium is bounded from above by a free suttaarieve
reflection arrivals, one needs recordings from sourcegaloa subsurface
partoD,, of the boundaryD (see equatiof.54and the explanation in Sec-
tion 2.1.7. In Figure3.24the boundaryD,, is a horizontal line at depth
756 m. The subsurface sources lie in the horizontal diredigtween 2100
m and 5796 m with a spacing of 21 m. The source wavelet has thedba
first derivative of a Gaussian function with a peak frequenfc30 Hz. Thus,
the source spacing is less than half the dominant wavelesfgtie lowest
propagation velocity for shear waves.

Equation2.54was derived for the general 3D case. As here a 2D medium
is considered, the vibrations in the direction of axisdecouple from the
vibrations in the direction of the axas andxs;. This means that in the Sl
relation2.54the subscriptp andq take on the values 1 and 3, which denote
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horizontal and vertical direction, respectively. The sulpg X can take the
values 0 and 2, meaning that there can be subsurface sodrBewaves
and SV-waves, respectively. This means that in the rightdlside of the
equation, there will be a summation of two integrals — angrakover P-
wave sources and an integral over SV-wave sources. Notéhth& and the
SV-wave sources lie at the same subsurface positions.

If a subsurface source is set off, then at the surface theoelsamic trans-
mission response is observed. FigBr25shows the transmission common-
source gathers observed at the surface for a subsurfacsesatunorizontal
distance 3900 m. The panels (a) and (b) show the observeidaleahd
horizontal component, respectively, of the particle véoior a subsurface
P-wave source. The panels (c) and (d) show the observedlparélocity
in the vertical and in the horizontal direction, respedtiveor a subsurface
SV-wave source.

To retrieve an observed vertical particle velocity refl@atrecording at a
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e Cs=2500 m/s rho=1800 kg/m3
= 500+ tho=1800 kg/m3 e 2
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Figure 3.24: A lossless 2D elastic subsurface model. There are 241 exsefrep-
resented by the triangles) at the free surface starting f24:®0 m until 5700 m, with
spacing 15 m. There are 172 transient sources (the star$)estibsurface along a
boundarydD,,,. The subsurface sources are placed every 21 m starting i@ 2
m and going until 5691 m.
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Figure 3.25: Transmission common-source gathers observed at the suffaca
subsurface source at horizontal distance 3900 (@). Observed vertical particle
velocityvgf’g (x4,x,t) due to a P-wave sourcelb) Observed horizontal particle
velocityv‘l’f’g (x4,%,t) due to a P-wave sourcec) Observed vertical particle ve-
locity vgf’QS (x4,%,t) due to a SV-wave sourcgd) Observed horizontal particle
velocity v‘l’f’zs (x4,x,t) due to a SV-wave source. The amplitudes are clipped to
bring forward later arrivals.

receiver location due to a surface source acting in theoadrtlirection at
another receiver location, for example at horizontal disega3900 m, the
following is done. A master trace, representinfy; (xz,x, ) at location
3900 m is extracted from the transmission gather for a P-vgabsurface
source in Figur&.25a). This trace is correlated with the same gather, where
the gather represengf’g’ (x4,x,t) for a variablex 4, producing a P-source
correlation panel for this source position. The above twepstare repeated
for all subsurface P-wave source positions. This is folldlwg summation

of all the P-source correlation panels (the integral oveRkwave sources in
relation2.54). The result is shown in Figur@2ga). The same procedure is
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followed also for the correlation of the transmission reogs from the SV-
wave subsurface sources, where the subsgnipteplaced by the subscript
2, see Figure8.26b). Note that due to the absence of shallow subsurface
sources, in neither of the two panels surface-wave eventbeabserved.
Following the Sl relatior?2.54, the last step to be done to retrieve the reflec-
tion response is to sum the panels in (a) and (b) in Fig.2é& The result,
shown in Figure3.27a), represents the retrieved vertical particle velocity
due to a vertical force source at horizontal position 390Gter anuting the
anti-causal part and the smeared delta function.

To retrieve the horizontal component of the observed gantielocity due to

a surface source at horizontal distance 3900 m acting inehécal direc-
tion, a procedure can be followed similar to the one for theewal of the
vertical component of the particle velocity. Here, thouigh,a P-wave sub-
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Figure 3.26: (@) Result from the correlation with a master trace at 3900 mrafte
integration of P-source correlation panelgb) Result from the correlation with
a master trace at 3900 m after integration of SV-source dati@n panels. The
amplitudes are clipped to bring forward later arrivals.
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Figure 3.27: (a) A retrieved reflection common-source gather representing o
served vertical particle velocity due to a retrieved sudaertical force source at
positionxz = (3900,0) m. (b) Vertical particle velocity reflection common-source
gather obtained directly through numerical modelling. Theface-wave arrivals
have been remove(c) Same as in (a) but for observed horizontal particle velocity
(d) Same as in (b) but for horizontal particle velocity. Gainiwgs applied to all
gathers to amplify later arrivals.

surface source a master trace, representifjgxs, x, t), is extracted from
the transmission gather in FiguBe25a) and is correlated with the transmis-
sion gather in Figur&.25b), representin@ff’g’ (x4,x,t) for changingx 4.
For SV-wave subsurface sources, a master treg(kz, x, ¢)) is extracted
from the transmission gather in FiguB25c) and is correlated with the
transmission gather in FiguB25d) (v{% (x4, x,t)). The above steps are
repeated for all subsurface sources, followed by summatienthe subsur-
face source positions and source types. The obtained fisadt is shown in
Figure3.27c).
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The comparison of the retrieved results with the directlydelted particle
velocities due to a vertical force source (Fig@:@7b) and3.27d)) shows
that all reflected arrivals (direct, multiples, conversphave been correctly
retrieved. The crossing linear events just above the fifligatéon arrival in
(a) and (c) result from the limited aperture of the subsw@fegurce array.
This can be demonstrated by extending the subsurface sauege
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Figure 3.28: As in Figure3.27but for surface force source acting in the horizontal
direction.

In Figure 3.28 similar results are shown, but this time for a force source
acting in the horizontal direction at horizontal positid®#08 m. The gathers

in (&) and (c) were obtained following the procedures dbescdriabove, but
this time the master traces were extracted from the trassonigathers in
Figures3.25b) and3.25d).

In the model in Figur&.24the medium below the boundaf\),,, was taken

to be homogeneous. When this is not the case, the crosstmneprocess
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Figure 3.29: A subsurface model with source and receiver geometries Bigjume
3.24 but with an extra reflector belowD,,,.
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Figure 3.30: Reflection common-source gathers for the model in Figu?8 (a)
Retrieved vertical particle velocity due to a retrievedfage vertical force source at
positionxz = (3900,0) m. (b) Vertical particle velocity obtained directly through
numerical modelling. The surface-wave arrivals have beemaved(c) Same as in
(a) but for observed horizontal particle velocitg) Same as in (b) but for horizontal
particle velocity. Gaining was applied to all gathers to difyplater arrivals.
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will result in the retrieval of ghost events, see equat@d®and2.50 This
is illustrated for the subsurface model in Figl8&9in which there is an
extra reflector below the boundadjD,,. Using this model, transmission
gathers are generated from subsurface P-wave and SV-wakeeso These
transmission gathers are used to retrieve reflection conrsnarce gathers
in the same way as it was described above. In FigQu8@the comparison
is shown between retrieved reflection gathers and reflegadimers obtained
directly through numerical modelling of observed particéocities when
a surface force source at 3900 m would be acting in the védicaction.

It can be observed that the crosscorrelation process hdsged additional
events in (a) and (c) that are not present in the directly ritedieeflection
gathers in (b) and (d). Examples of such ghosts are the vetrievents
before the first reflection arrivals, the events in (a) witicap at around 0.6
sand 1.15 s, and the event in (c) with an apex around 1.3 s.

Consider now a model, as depicted in Figd8&1, where the subsurface
sources lie over a sufficiently irregular boundaiy,,. The subsurface source
positions are chosen to be random in the vertical directadnle in the hor-
izontal direction their spacing is kept regular at 21 m. Bhisran extra re-
flector below the source boundary. The retrieved reflectmmraon-source
gathers for this model for a vertically acting surface sewatposition 3900
m are shown in panels (a) and (c) of Fig@t82 Comparing the retrieved re-
sults to the reflection gathers obtained directly througmerical modelling
(panels (b) and (d) of Figurd.32), it is observed that the ghost events are
now strongly weakened.

m 3.2.2 Retrieval of the elastodynamic reflection response
from recordings from white-noise subsurface sources

Consider again the subsurface model from FigBu®L The receiver and
subsurface-source geometries are kept the same. Butrtiasttis assumed
that no separate recordings from the subsurface sourcgmsséle. This
means that to retrieve the reflection response, one has te sk of SI
relation2.59

Figure 3.33a) shows the first two seconds of the vertical particle veloc
ity recording, which was 35 minutes long, in the presence bitavnoise
sources in the subsurface. This modelled transmissionrdecpwas ob-
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Figure 3.31: A subsurface model with source and receiver geometries Bigure
3.24, but with an extra reflector belowD,,,. The subsurface source positions are
randomly distributed in depth.
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Figure 3.32: As in Figure3.30Q but for the model in Figur&.31
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Figure 3.33: The first 2 seconds from a transmission gather recorded ipthgence
of simultaneously acting subsurface P-wave and SV-wavewnbise sources. The
total length of the record is 35 min. The subsurface model thiedsource and
receiver geometries are the same as in FigBu&L

tained by placing at the subsurface source positions fivga¥®e white-noise
sources and setting them off simultaneously. This recgrdizs then summed
with a transmission recording obtained from simultanepasting SV-wave
white-noise sources, placed at the same positions as trev@sources.
Using equatior?.59 in order to retrieve the reflection response, observed
in the vertical direction, as if from a surface force sourcgrg in the ver-
tical direction, the following is done. A receiver positiachosen, in this
case 3900 m, where the surface source position will be vetlieA master
trace, as shown in Figui@33b) and representingy*® (x;, t), is extracted
at that position from the transmission gather in Fig8u&3a) and crosscor-
related with all the traces in the gather. The transmissaihay represents
v$¥ (x4, t) for a variablex 4. The retrieved result, after muting the anti-
causal part and the smeared delta function, is shown in ER)B4(a).

To retrieve the horizontal particle velocity componentdaeflection record-
ing due to a surface vertical force source, the master trelegure3.33b) is
crosscorrelated with the horizontal component of the glartielocity trans-
mission gather from the subsurface noise sources%.(x4,t). Figure
3.34(c) depicts the retrieved result. Panels (b) and (d) in tmeesgure
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Figure 3.34: Reflection common-source gathers for the model in Fi@ued, but
for white-noise sources in the subsurfacé) Retrieved vertical particle veloc-
ity due to a retrieved surface vertical force source at positkg = (3900,0) m.
(b) Vertical particle velocity obtained directly through nurival modelling. The
surface-wave arrivals have been removég).Same as in (a) but for observed hor-
izontal particle velocity. (d) Same as in (b) but for horizontal particle velocity.
Gaining was applied to all gathers to amplify later arrivals

show the vertical and the horizontal particle velocity refilen common-
source gathers, respectively, obtained through directemigad modelling
for a surface vertical force source at 3900 m horizontabdis¢. The com-
parison of the gathers in (a) and (c) to the gathers in (b) dpdéspectively,
shows that the application of relatidh59 has correctly retrieved the ex-
pected reflection arrivals, though the later arrivals arectearly visible as
their signal-to-noise ration is low.

To retrieve the vertical and horizontal particle velociongponents as if from
a surface force source acting in the horizontal directiasifralar procedure
is followed as above, but the master trace is extracted ftrhorizontal
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Figure 3.35: As in Figure3.34 but for a surface force source acting in the horizon-
tal direction.

component of the observed particle velocity transmissiatiey. The re-
trieved and the directly modelled results are shown in U85

3.3 Retrieval of the electromagnetic reflection res-
ponse

Until now, in this chapter examples were given of the retlef the refec-
tion response at the earth’s surface, which for the seisase s a free sur-
face, i.e., a perfect reflector. In the electromagnetic,dhgeearth’s surface
is not a perfect reflector anymore. This means that to retrike refection
response, for example for Ground Penetrating Radar (GPR)capons,
one needs to crosscorrelate recordings from sources bslowelaas above
the observation points. FiguB36shows a 2D example model, which was
used to simulate electromagnetic wavefields for GPR agmitalt consists
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Figure 3.36: A lossless 2D model. There are 64 receiver antennae, rapessdy
the triangles, at the earth’s surface from horizontal dista 36.85 m until 43.15 m,
with spacing of 10 cm. There are two source antenna arraysh e 151 sources,
the stars. The source antennae lie in the subsurface alanddlndaryoD,,, and
in the air 2 m above the receivers along the bound@fy. The source antennae
are placed every 10 cm starting from 32.5 m and going untib 4.
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Figure 3.37: The first 100 ns from a transmission gather recorded in thegaee of
simultaneously acting white-noise electromagnetic sesitselow as well as above
the receivers. The total length of the record is 1)
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of two subsurface layers separated by a syncline-shapatlboy The rel-
ative electric permittivities of the two layers are 9 and d&&pectively. At
the surface, at zero depth of the model, a receiver antemag & placed
consisting of 64 antennae separated by 10 cm. The receitenraae record
the propagating wavefields from two source antenna arragspbwhich is
in the subsurface and one in the air above the receivers. &aaie array
consists of 151 antennae spaced 10 cm apart starting frddm8and going
until 47.5 m. The sources are temporally mutually uncoteelaemit simul-
taneously and are active for 128. In a usual GPR acquisition system, two
parallel broad-side antennae are used, which means thatZbr medium
transverse-electric modes are emitted and recorded. 887 shows the
observed first 100 ns from the total transmission gatherdaog. First, at
around 7 ns, the wavefields arrive from the sources in thedaiaround 34
ns also the wavefields from the subsurface sources stasinayri
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Figure 3.38: Causal and anti-causal retrieved common-midpoint gattierga)
a midpoint at 40 m andb) a midpoint at 39.3 m. The source-receiver antennae
separation step is 20 cm.

With the help of equatioB.82 by choosing a point along the receiver gather,
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extracting and correlating traces which lie at an equaladist from this
point, one can retrieve a common-midpoint gather. Fig®&8a) and
3.38b) show examples of the causal and anti-causal retrievesdnm-
midpoint gathers with a midpoint at 40 m and 39.30 m, respelgti The
source-receiver antennae separation increases with 2h¢aj, the source-
receiver separation starts at 10 cm and increases until 6.3nngb), the
source-receiver separation starts at 10 cm and increasb$.9m. It can be
observed that while for the gather in (a) the causal and thkecansal parts of
the retrieved results are nearly symmetric, for the gathé)ithe causal and
the anti-causal parts are not symmetric. Due to the relgtioager source
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Figure 3.39: Common-midpoint gathers. The source-receiver antenngaraton
step is 20 cm.(a) Retrieved gather for a midpoint at 40 nfb) Retrieved gather
for a midpoint at 39.3 m.(c) Directly modelled gather for a midpoint at 40 m.
(d) Directly modelled gather for a midpoint at 39.3 m. The retad results were
obtained for crosscorrelation of recordings from noise ®eg above as well as
below the receiver antennae.
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antennae arrays, there is no curling at the ends of thevetfrieflection hy-
perbolae and it will be very beneficial to sum the causal aedtiti-causal
parts. Figure3.39 shows the comparison between the retrieved common-
midpoint gathers, after summing the causal and the ansatgarts, and the
directly modelled common-midpoint gathers for midpoird@im for (a) and
(c) and for midpoint at 39.3 m for (b) and (d). For both comnmoigipoint
gathers the crosscorrelation process has retrieved taetdir wave, with
the latest arrival at around 20 ns, the direct ground wavth thie latest ar-
rival at around 60 ns, and the reflection arrivals from thecBge boundary.
It can also be observed that compared to the causal partgumed.38 the
summation of the causal and the anti-causal parts has seddhe signal-
to-noise ratio of the retrieved multiple of the syncline hdary. In Figure
3.39this multiple has emerged from the noise.

In practice, itis more likely to encounter electromagnetitse sources in the
GPR range that are only above the ground. Figus®shows the retrieved
common-midpoint gathers for the same midpoints as in theique figure,
but this time when only noise sources in the air are presemtan be seen
that the direct ground wave is not retrieved. This is so astdgonary-phase
regions that contribute to the retrieval of this arrival @amly from sources
in the subsurface. It can also be seen that even though teetesflevents
are retrieved not all the complexity is correctly retrieved
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Figure 3.40: As in Figure3.39 but for crosscorrelation of recordings from noise
sources only above the receiver antennae.




Retrieval of the seismic
reflection response:
application to

laboratory and field data

In this chapter, the Sl relatiorzd54 and 2.59 are applied to two types of
measured data. First, the transmission responses, otsemve heteroge-
neous granite sample and resulting from transient soustesffsseparately
in time, are crosscorrelated for the retrieval of reflectithom the main ve-
locity contrasts in the granite sample. This is followed bgults from the

crosscorrelation of recorded background noise. The noéserecorded in a
desert area in the Middle East to test the SI method for wetirad the Earth’s

reflection response on an exploration scale.
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102 laboratory and field data

4.1 Application to laboratory data from transient so-
urces

The Sl relatior2.54for retrieval of the Green’s function from the crosscor-
relation of recordings from transient sources is applieddta from a con-
trolled laboratory experiment, which was performed in theagonic labo-
ratory of Dr. Nishizawa in Tsukuba, Japan. The experimegtisied out
on a block of granite with dimensions 300x300x100 mm, in \uhizere is

a cylindrical hole of 150 mm length and 15 mm diameter fillethv@poxy.

A sketch of the granite sample is shown in Figdr& The type of the used

Figure 4.1: Oshima granite block with dimensions 300x300x100 mm. Adytial
hole with a length of 150 mm and a diameter of 15 mm is drilletiénmiddle of one
of the small walls and is filled with epoxy. An observatioragrof 101 measurement
points lies on the front wall with a distance between the soof 1 mm. A source
array of 21 source points lies on the back wall with a sourcacspy of 5 mm. The
observation and source arrays are parallel to each other Hredplane they lie in is
perpendicular to the epoxy cylinder.

granite is "Oshima”, which consists mainly of quartz, ptagase, and biotite
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with grain sizes mostly from 1 to 5 mm. The estimated averagafe and
S-wave propagation velocities for this Oshima block aredd%iis and 2700
m/s, respectively. The estimated P-wave and S-wave vidsddr the epoxy
are 2300 m/s and 1400 m/s, respectively. Even though equ2ti@ was
derived for the general 3D case, for simplicity here a 2D expent is con-
sidered. This means that in relati@rb4 K takes on only the values 0 and
2 meaning that we will need to record the response from P- &hsb8rces.
The observation and source line arrays are placed at oppsidies of the
block lying in a plane perpendicular to the long axis of thinder. The ob-
servation array of 101 measurement points lies along tHaciof the front
wall of the granite sample; the distance between the obsenvaoints is 1
mm. At these points, only the normal component of the partielocity is
measured. This means that in relatibB4, the subscriptp andq take on the
value 3 (note the coordinate system in Figdr®. The measurements at the
observation points are performed using a laser Doppleowieter (LDV).
Details about the LDV and about the rest of the equipment eafobnd in
Nishizawa et al[1997 and inSivaji et al.[2001].

Compared to measurements in the field, in a controlled labraxperi-
ment one can make use of ultrasonic compressional and sheadticers to
approximate separate P- and S-wave sources. The sourgecamaisting of
21 source points with 5 mm distance between the individuialtpois placed
along the back wall of the granite block. The sources are figldl avsingle-
cycle 250-kHz sine wavelet. For this frequency, the esithatavelengths
for P-waves and S-waves are 18 mm and 11 mm, respectivelinsisctale,
the granite sample is effectively heterogeneous and batipoessional and
shear waves are diffracted from the grains of the sample. tDtiee finite
diameter (5 mm) of the source transducers, their radiataitep will not
be like the desired point-source pattefiafg et al. 1994 Nishizawa et al.
1997. As aresult, the compressional transducer will produeceesamount
of S-wave energy, especially at larger angles with resjpebigt normal to its
flat surface. Still, for the chosen source-receiver geoyrtée main energy
will be radiated in the form of P-waves. A similar effect helidr the shear
transducers, which will produce some P-wave energy.

As explained at the beginning of Chapt&rit can be shown that for the
chosen 2D setup sources placed along the walls perpendicutae ob-
servation array would contribute strongly to the retrievasurface waves,
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while sources placed along the wall opposite to the observatray (as in
the experiment) will mainly contribute to the retrieval eflection arrivals.
Motivated by this reason, it was chosen to place sourcesatohg the back
wall of the granite block.

The measurements are performed in the following order. Acsonansducer
is placed and set off at a certain source point and the reguitavefields are
measured at a point along the observation array. The etecttocuit of the
LDV causes the appearance in the recorded waveforms of éneohhigh-
frequency noise. To eliminate this noise, the source taceds repeatedly
set off at the same position for 2000 times and at the obsernvpbint the
2000 recorded waveforms are summed to obtain a final wavatecording
at that observation point. By placing a compressional ttaoer and record-
ing the waveforms at all observation points in the way désctiabove, a
P-source transmission common-source gather is obtaimeiaBy, placing

a shear transducer and repeating the measurements, amcs-samsmis-
sion common-source gather is obtained. This procedurgeated for each
of the 21 source points. Figude2(a) shows an example P-source transmis-
sion common-source gather with a clear P-wave direct dmita an apex at
about 0.024 ms and Figure2(b) shows an example S-source transmission
common-source gather with a clear P-wave direct arrivaleacléar S-wave
direct arrival with an apex at around 0.039 ms. The transomgsanels are
0.164 ms long aiming at recording the first few multiples & dhirect P- and
S-wave arrivals, i.e., the arrivals that have been reflebtedoth the front
and the back wall of the granite block (see Figdr#). Even though the
later-arriving conversions and multiples are not readilgipretable due to
scattering from the grains, parts of the first and the secontipte arrivals
of the direct P-wave with estimated apices around 0.07 ms0akith ms,
respectively, can be observed in Figdr@(c). Parts of the first multiple of
the direct S-wave with an estimated apex around 0.115 ms ea®dén in
Figure4.2(b).

In the transmission common-source gathers are preseninalgeed linear
arrivals. They result from the presence of the left and rigalls of the Os-
hima granite block (see Figurel). After crosscorrelation and integration
following equation2.54 such events would contribute to retrieval of sim-
ilar inclined events. These retrieved inclined events waaterfere with
retrieved reflections. For this reason, a frequency-wawvdrar (f-k) filter is
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used to eliminate the inclined events. The results from gpdieation of the
f-k filter to the transmission gathers in (a) and (b) in Figdu2are shown in
(c) and (d), respectively, where the multiples can be oleskmore clearly.
The presence of coherent arrivals at later times shows hieateicordings
are of deterministic fields. The recording of the transnoissesponses are
stopped before diffuse fields from multiple scattering frima grains start
arriving. Even though crosscorrelation of multiple saatefields would
improve the resolution of the retrieved reflections, it wbuéquire much
longer transmission recordings (at least one order lonigepproximate the
equipartition regime, i.e., when the wavefields have noguretl wavenum-
ber (see, for exampléarose et al[2004).

In the transmission responses can also be seen nearly hializorivals
around 0.08 ms and 0.125 ms that arise from the presence tfiveall in
Figure4.1and thus represent 3D (out-of-plane) events. These agaainot

Horizontal distance (mm) Horizontal distance (mm)
oO 25 50 75 0 25 50 75 0 25 50 75 0 25 50 75100

Figure 4.2: Transmission common-source gathers from a source tramsdatcO
mm, i.e., at the left end of the arrays. The amplitudes appeli to bring forward
later arrivals. (a) Observed normal particle velocity due to a compressionafe®
transducer.(b) Observed normal particle velocity due to a shear sourceddaier.
(c) Asiin (a), but after f-k filtering(d) As in (b), but after f-k filtering.
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be filtered out as their behavior in the f-k domain is very santo the direct
transmission arrivals and their free-surface multiplef§er*crosscorrelation
and integration, such out-of-plane events will cause tipeamnce of ghosts
in the retrieved results.

By placing a source transducer at a position of an observag@nt and
recording the resulting wavefields along the observatioayar reflection
common-source gather is obtained. Such a panel will be wseerify pos-
sible retrieved reflections.

Following equation2.54 a master trace is chosen, for examplexgt =
(50,0) mm. For an f-k-filtered P-source transmission common-sogather,
the master trace$’s (xz,x,t) is correlated with the whole gather. The P-
source gather representgfg (x4,x,t) for variablex 4 and fixedx. The
correlation result is deconvolved with a wavelet extra@eslind zero time
from the autocorrelation trace. The result after the declution is a P-
source correlation panel. The correlation and deconwaiutiperations are
repeated for all P-source transmission common-sourcegadnd the sep-
arate P-source correlation panels are summed togethercausal part of
the results is shown in Figu#&3(@). The above procedure is repeated for
all S-source transmission common-source gathers as welFigured.3(b).

To obtain a retrieved reflection common-source gather,Ipgagand (b) in
Figure 4.3 are summed together. The retrieved reflection common-sourc
gather represents retrieved particle velocity in a dicgctiormal to the front
wall due to a source placed at the granite block’s front wialta= (50, 0)
mm and acting in the normal direction to this wall.

After a reflection common-source gather is retrieved, iudthdbe compared
to a directly observed reflection common-source gatheurey4shows the
retrieved reflection common-source gathers for a retriseenice position at
50 mm (a) and 25 mm (d), where the star symbol indicates thees@osi-
tion. Figure4.4 also shows the directly observed reflection common-source
gathers for a compressional transducer at 50 mm (b) and 25anafitér f-k
filtering for removal of the surface waves and deconvolutitime removal of
the surface waves is not a trivial task as the inhomogesaitose to the sur-
face cause dispersion. Due to the physical presence of tiieestsansducer
the near offsets could not be recorded. The presence of iopeneities in
the Oshima granite makes both pictures look cluttered aricesthe inter-
pretation and comparison of reflection events difficult. alitate the inter-
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Horizontal distance (mm)
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Two-way travel time (ms)

Figure 4.3: (a) Causal part of the result from the correlation with a masterce
at 50 mm after integration of P-source correlation panefb) Causal part of the
result from the correlation with a master trace at 50 mm aiitéegration of S-source
correlation panels. The amplitudes are clipped to bringxfard later arrivals.

pretation of the main events and compare the gathers, a 2boat@merical
modeling was performed with a finite-difference scheme gisirhomoge-
neous background velocity model with a circle in it. Thisk@rrepresents
the cross section of the epoxy cylinder. The dimensions atatities of the
model were the same as the dimensions and the estimategawelacities
of the granite block. Gathers (c) and (f) in Figutel show the modelling
results (without the surface waves) for the same sourceiposi Note that
these modelling results should only be used for interpetatf expected
reflection arrivals. The modelling results are not represere for the clut-
ter due to the inhomogeneous background of the Oshima gralioitk. This
means that a reflection arrival visible in a modelled comreource gather
might be (partly) obscured by diffractions in the observad the retrieved
common-source gathers.

In the numerically modelled results in Figutel, the most prominent events
are the top-of-cylinder reflection arrivals with apicesward 0.018 ms, the
bottom-of-cylinder reflection arrivals with apices aroun@35 ms, and the
reflection arrivals from the granite block’s back wall, wiarrive around
0.045 ms. The back-wall reflection event is followed by artrafi conver-
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reflection response  reflection response  reflection events,
for interpretation

Figure 4.4: (a) A retrieved reflection common-source gather representibg o
served normal particle velocity due to a retrieved normatéosource at posi-
tion xg = (50,0) mm. (b) Directly observed normal particle velocity reflection
common-source gather for the same source position aftdilteking and deconvo-
lution. (c) Numerically modelled normal particle velocity reflectiammemon-source
gather for the same source position after removing the serfaaves(d) Same as
in (a) but for a source at positiosz = (25,0) mm. () Same as in (b) but for a
source at positiorxg = (25,0) mm. (f) Same as in (c) but for a source at position
xg = (25,0) mm.

sions. Due to the missing offsets and the remnants of thasimvaves,
it is hard to interpret the top-of-cylinder reflection in tdigectly observed
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reflection common-source gathers. Parts of this reflectimghiibe present
for the source position at 50 mm. Another factor making therjretation
of the top-of-cylinder reflection difficult is doe to interénce with linear
events in the directly observed data coming from the left rigiat walls of
the granite block and remaining after the f-k filtering. Sewknts are easier
to remove in the transmission panels and after crossctomeland summa-
tion their effect on the retrieved results is much smallen tBe retrieved
reflection common-source gathers, the apices of the tayyofeer reflec-
tion are visible and the wings of the reflection can be tracedhfthe apex
until 2100 mm in Figuret.4(a) and from O mm until the apex in FigudeA(d).
The back-wall reflection in the retrieved common-sourcégat is at least
as good as the reflection in the observed common-sourcergathd-igure
4.4(a) the retrieved back-wall reflection is even more contusiihan in the
directly observed reflection gather. The bottom-of-cyindeflections are
not interpretable in both the directly observed and theewetd common-
source gathers. In the retrieved reflection common-souatieegs, we can

Horizontal distance (mm) Horizontal distance (mm)

Retrieved Modelled main Retrieved Modelled main
reflection response  reflection events, reflection response  reflection events,
for interpretation for interpretation

Figure 4.5: (a) A retrieved reflection common-source gather for a retriesedrce

at positionxz = (15,0) mm. (b) Numerically modelled reflection common-source
gather for the same source position after removing the serfaaves(c) Same as

in (a) but for a source at positiosz = (36,0) mm. (d) Same as in (b) but for a
source at positioxz = (36,0) mm.
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see linear ghost events, like the ones at around 0.05 mshwlnéca result
from the presence of the out-of-plane events in the trarsamnslata.

The gathers in (a) and (c) in Figude5 are two more examples of retrieved
reflection common-source gathers for retrieved sourcetiposiat 15 mm
and 36 mm, respectively. Comparing these results with theemically mod-
elled reflection common-source gathers in (b) and (d), sy, for the
same source positions, it can be seen that the back-walttiefiehas been
retrieved very well. In Figurd.5 even the bottom-of-cylinder reflection is
retrieved and can be observed from O mm until its apex.

Horizontal distance (mm)
0 25 50 75 100 0 25 50 75 100

(@) (b)
Image from retrieved Image of modelled main re-
reflection responses flectors, for interpretation

Figure 4.6: Comparison between images of the interior of the sampldrdxdarom
reflection events retrieved through crosscorrelati@y and numerically modelled
reflection eventgb). The images were obtained using a prestack depth migration
algorithm with homogeneous velocity of 4500 m/s.

Having retrieved reflection common-source gathers for aexatd source
position at the position of every receiver, we can make usmafjing tech-
niques to look into the interior of the granite sample. Fegdiie(a) shows
the imaging result from the application of prestack deptyration to the re-
trieved reflection events using a homogeneous model withoaitae of 4500

m/s, i.e., the estimated average propagation velocitywhfes through the
granite sample. The image is quite cluttered, as it can beatagd for an
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image of an inhomogeneous sample, and because of this iffisullito
describe it in terms of imaged grains of the granite sampiaged epoxy
cylinder, imaged back wall of the sample, and artefacts duée out-of-
plane events. To verify whether grains in the sample have eaged,
directly observed reflection measurements would be needed & source
at each of the receiver positions. Such measurements asvaitdble. To
facilitate the interpretation of the left image in Figuté(a), the image ob-
tained from the migration of the numerically modelled résig shown in
Figure4.6(b). This image can be used to identify only the main reflecior
the granite block - the epoxy cylinder and the back wall of ghenite, but
is not representative for imaged inhomogeneities (graimsjle the granite
block. Comparing the two images in Figutes, it can be seen that by using
only a few sources at the back wall of the block, the top of §lender and
the granite sample’s back wall have been successfully ichage

4.2 Application to field data from background-noise
sources

In this section, the Sl relatioR.59is applied to field data. The data used
for crosscorrelation were recorded in the Middle East in209 South Rub
Al-Khali Company Limited (SRAK) with Shell’s technical ade and sup-
port. The experimental set-up consisted of 17 standardoeaqubn three-
component geophones arranged in a single line. The geopaceng was
50 m and the time-sampling rate was 4 ms. The geophone arazgiye
array) was planted in a desert area with the idea that dunegecording of
the background noise the cultural noise would be minimalaétive seismic
survey was available along the line of the passive arragwatlg for verifi-
cation of the retrieved reflections. The acquisition equptrallowed for a
continuous recording of noise for 70 s. The recording waa theerrupted
for about 30 s to store the already acquired data, after whieliecording
continued. This resulted in 523 records (noise panels) avigngth of 70
seconds each, amounting to about ten hours of seismic baokdinoise
data.

The recorded background-noise data were inspected in ¢ogdncy do-
main. Even though the recorders were sensitive to freqasrmtween 1
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Figure 4.7: Example frequency spectra of two 70-seconds-long noiselpas
recorded by the vertical components of the passive arrag@pgones.(a) The
spectrum of the noise panel in Figu4e8. (b) The spectrum of the noise panel in
Figure 4.9,

Hz and about 100 Hz, it was found that the useful informatias woncen-
trated between 2 Hz and 10 Hz (see Figdird. In this frequency band, the
noise panels show mainly random noise and propagating eirete form
of weak surface waves. Figufe8 shows the vertical particle velocity com-
ponent of one such noise panel that is band-pass filterecebat® Hz and
10 Hz. Note that the trace at 50 m is zero since the geophohatgidsition
was not functioning. The amplitudes of the surface wavesathe same
order as the amplitudes of the rest of the noise. After carsslation, these
events will contribute to the retrieval of the surface wavas of the Green’s
function.

Among the 523 noise panels, there were 35 panels in whichrepharrivals
could be recognized with very high apparent propagationoisl. Figure
4.9shows a band-pass filtered example of one such panel as eddoydhe



4.2 Application to field data from background-noise sources 113

Horizontal distance from first receiver (m)
(? 490 8(|)0,— 0 400 800.55 0 800— 0 400 800
B E =rmes TR = TE[TrTEERD T =0 R

fEHEErS |53-_‘-":- :
1374 ]

139
|

Time (s)

Figure 4.8: An example 70-seconds-long noise panel as recorded by ttieave
components of the passive array’s geophones and filtereceleet2 Hz and 10 Hz.

vertical components of the passive array’s geophones.

Figure4.10 shows a 10-seconds-long part of the noise panel from Figure
4.9 as recorded in the frequency band between 2 Hz and 10 Hz dyreé t
components of the geophones. On the vertical componentigady hor-
izontal arrival can be observed starting at about 12 secoBdsause this
arrival is absent on the horizontal components (X and Y)s interpreted
as propagating energy due to body P-waves from deep sowiogsvierti-
cally below the passive array. After crosscorrelatiors tiipe of events will
contribute to the retrieval of reflected arrivals in the Grsdunction. Most
of the nearly horizontal coherent events have amplitudéisdrorder of the
background noise from the other noise panels, like the el@mpFigure
4.8 i.e., the random noise and the surface waves. Only two paxdiibit
nearly horizontal arrivals with much stronger amplitudBEse panel with the
strongest amplitudes, approximately 100 times strongar the background
noise from the other noise panels, is the one shown in Fig@
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Figure 4.9: An example of a noise panel containing coherent arrival$ wiry
high apparent propagation velocity. This example showséngcal components of
the passive array’s geophones filtered between 2 Hz and 1Tlézamplitudes are
clipped to bring forward later arrivals.

To try to understand the nature of the nearly horizontavalsj arrival times
of body waves from available information of earthquakes @fodal scale
(M>1.9) are compared with the arrival times of the events in f@gulQ
The comparison failed to show any correlation. This sugbstt the nearly
horizontal events are caused by a few local natural subigfaurces that
may be due to, for example, local microseismicity.

Using Sl relatior?2.59 in order to retrieve the vertical particle velocity com-
ponent of the reflection response that would be recordedégrtiay of geo-
phones when there would be a force source acting in the akdicection
at the position of one of the geophones, the following praceds used. A
master traces” (xz, t) is chosen at a geophone position, for example at the
position of the first geophone. Since the amplitude of theei the differ-
ent noise panels varies significantly, each noise paneldsggmormalized
separately. Then the vertical component of the master isaodracted from
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Figure 4.10: Part of the noise panel from Figuske9around the first nearly horizon-
tal arrival as recorded by the horizontal in-line (X), therfmontal cross-line (Y),
and the vertical (Z) components of the geophones. Startinf@ut 12 seconds one
can see coherent arrivals with very high apparent veloasuiting from body-wave
arrivals (see text for explanation).

each noise panel and is correlated with the vertical compisrad the traces
in the same panel. The vertical components of the tracexindise panel
represents® (x4,t) for variablex . The correlation results in 523 cor-
relation panels, which are subsequently summed togethes.simmation
result is then deconvolved, with a wavelet extracted araerd time from
the autocorrelation trace, and band-pass filtered betwddn @nd 10 Hz
to obtain the causal and anti-causal parts of a common-s@ather with
retrieved source position at the position of the first geoghd\s explained
in Chapter3, if the background-noise sources illuminate the passixayar
from all directions, then the retrieved causal and antisahparts will be the
same. When the illumination is not optimal, then some pdrte@Green’s
function might be retrieved in the causal part, while otherte anti-causal
part. Because here the illumination from the backgroundensources is
not known, the causal and the time-reversed anti-causisl piihe retrieved
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result are summed together to obtain more complete relrieva

The above procedure is repeated to retrieve common-soatierg with re-
trieved source positions at 16 geophone positions of theaarray (recall
that one geophone was not functioning).

By using more noise panels in the summation process aftescoorelation,
effectively one uses longer background-noise recordiRggire4.11shows
the gradual build-up of the retrieved vertical particleogy common-source
gather for a retrieved vertical force source at the positibthe first geo-
phone when summing an increasing number of correlationlpares, when
crosscorrelating increasingly longer background-naeserdings. It can be
observed that the amount of retrieved coherent eventsasesawith increas-
ing recording time. This is due to the fact that with longerargling times
more propagating seismic energy is captured. Moreoveqrkerlying as-
sumption that the background-noise sources are tempanatlgrrelated is
better fulfilled with longer recording times.

Figure4.11(g) shows the retrieved common-source gather with a rettiev
source position at 0 m after crosscorrelation and summafiail 523 noise
panels. On this retrieved common-source gather severareonharrivals
can be identified. The inclined coherent event, startingsahDzero source-
receiver offset and ending in the range of 0.9 s to 1.8 s at the@mum
offset, is interpreted as a dispersive surface wave. Sutim&d events are
present in all retrieved common-source gathers. In Figuté&(g) also sev-
eral coherent nearly horizontal events can be observed evdrgs at around
0.3s,0.95, 1.25 s, and 2.15 s might be retrieved reflectiodgesult, as
explained above, from the crosscorrelation of the neartizbatal coherent
events, like the ones in Figu#elQ, present in the background-noise data.
To evaluate the quality of the results, the retrieved comsmurce gathers
are compared with data from an active seismic reflectioneguacquired at
the same location. The active survey was carried out a shwethiefore the
background-noise experiment. The active survey used geishrators as
sources at the surface and single vertical component geeghas recorders
with a geophone spacing of 25 m. The largest source-recefisat in the
active survey was much larger than the offsets in the passiay. The
comparison of the retrieved common-source gathers witlattige survey
common-source gathers is not trivial.
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Figure 4.11: Gradual build-up of a retrieved common-source gather witletasieved source position at the position of
the first geophone from the passive array, i.e., at 0 m, af@sscorrelation of(a) 70 s,(b) 1 hour, (c) 2 hours,(d) 4
hours,(e) 6 hours,(f) 8 hours, andg) 10 hours of background noise.
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One problem is that the frequency content of the two datasdiferent. In
the active reflection data, the propagating energy was obrated between
10 Hz and 50 Hz, while the frequency band of the propagatiegggnn the
background-noise data was between 2 Hz and 10 Hz. As a resplyate
events recorded short after one another in the active sumagyappear as a
single event in the retrieved common-source gathers. Ttiacguwaves in
the active reflection survey are concentrated in the freqquband up to 20
Hz. This made it easier to compare them with the retrievelthied coherent
events in the retrieved common-source gathers. The caanlissthat the in-
clined coherent events are indeed retrieved surface wailar But it is
more interesting to see whether reflection arrivals have begieved. The
comparison of the retrieved nearly horizontal coherenheydike the ones
at around 0.3 s, 0.9 s, 1.25 s, and 2.15 s in Figuld(g), with reflection
hyperbolae in the active data is more difficult. This is duehte different
frequency bands, the different quality of the retrievedrlyeaorizontal co-
herent events in the different retrieved common-sourceegaf and the fact
that in the raw active common-source gathers the reflectypetoolae are
not easily observed.

To improve the clarity of reflection arrivals in both datassehe following
processing steps are performed. At the location of the ypassray the sub-
surface geology consists of nearly horizontal layers. Théans that for
the considered short offset ranges — 800 m — the subsurfadeecassumed
to be horizontally layered. With this assumption in minc thaces in the
16 retrieved common-source gathers are resorted into corufiset gath-
ers. Next, the traces in each common-offset gather are sdrantenormal-
ized for the number of summed traces, producing a singleubtitace per
common-offset gather. The output traces from the diffecembmon-offset
gathers are sorted into a so-called common-offset stadlegatee Figure
4.12a). The same procedure is applied to the active data asuwsatig 17
common-source gathers with source positions around thresfmonding lo-
cations of the geophones from the passive array.
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Figure 4.12: (a) A common-offset stack gather obtained from the commoresaathers retrieved from the passive
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The resulting common-offset stack gather iss further élein the f-k do-
main to eliminate the surface waves and then band-pasefiltetween 13
Hz and 33 Hz (sed.12Db)). As a result of this processing, the individual co-
herent events have been strengthened, albeit at the expessme loss of
resolution. The above processing allows to compare theshtimes of the
coherent events in (a) with the reflection hyperbolae in it} Comparison
is indicated by the red lines). There is a very good arrivaktagreement
between two retrieved events, indicated by the red lines canresponding
reflection hyperbolae in the active data.

Even though the above processing of retrieved results hds the compar-
ison easier, the retrieved surface waves in Figuiga) hamper the good
comparison between the two datasets. Due to the very namegudéncy
band of the retrieved data, it is inappropriate to use an ftérfto elimi-
nate the retrieved surface waves. Instead, the inclinedreoh events are
suppressed in a different way. By simply summing the retégegommon-
source gathers, a reflection response to a line source iseedratbong the
geophones of the passive array, see Figut@(c). This operation is called
a brute stack. As a result of this operation, the horizomavals are en-
hanced whereas the inclined arrivals are suppressed. Thparson of
the retrieved horizontal events in (c) with the reflectiopénpolae in (b) is
now even easier — the retrieved coherent events show ver/ayowal-time
agreement with the reflection hyperbolae in the active datdy the latest
coherent events in the retrieved results cannot be relatedents in the ac-
tive data. If though, one looks at longer offsets in the &ctiata, even the
later retrieved coherent arrivals can be related to refiadtyperbolae in the
active data (see Figure13. Because of the above reasons, it is concluded
that the retrieved coherent events in Figdt&3c) are retrieved reflection
arrivals.

As was mentioned at the beginning of this section, the corssiation of
surface wave arrivals in the background noise will conteldo the retrieval
of surface waves, while the crosscorrelation of the neastyzbntal arrivals
in the background noise will contribute to the retrieval eflections. Us-
ing this fact, even better retrieved reflections can be abthi To do this,
only background-noise panels are crosscorrelated, wioictao nearly hor-
izontal arrivals in them, i.e., 35 noise panels are crosstaied. The result
from the common-offset stack processing of the retrievadroon-source
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gathers and the result of the line-source (brute stack)gssiang are shown
in Figure4.14a) and Figuret.14c), respectively. It can be seen that the
retrieved reflection arrivals are now much clearer. Figufielb) repeats for
comparison convenience the common-offset stack gathamsat from the
active data. It can be concluded that selective crossetioalof parts of the
seismic background noise could improve the retrieval oéotitbn arrivals.
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Conclusions

In this thesis it is shown that by crosscorrelating obsesadmic or elec-
tromagnetic wavefields at two points, one can retrieve a mspanse of a
corresponding wave type at one of the points as if there weseuece of
corresponding wavefields at the other point. This procesalled Seismic
Interferometry (SI) when observed seismic responses asscorrelated, or
Electromagnetic Interferometry (EMI) when electromagnetsponses are
crosscorrelated. Using two-way and one-way wavefield recity theo-
rems, Sl and EMI relations were derived that can be used ferdift situa-
tions. It was shown that:

e By crosscorrelating at two points the responses, whichraatg from
transient sources that act separately in time and whiclosod the
two points, a transient response and its time-reversedovesse re-
trieved at one of the points as if there were a transient goatcthe
other point.

e When the measurements at the two points result from unebect!
noise sources, no separate measurements from these sangrnesded.
By simply crosscorrelating the observed responses at thgbints,
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a response and its time-reversed version are retrievedeabbthe
points as if there were a source at the other point. The vetlisource
wavelet is characterized by the autocorrelation of theensairces.

e The crosscorrelation of observed transmission respons$e® @oints
at the Earth’s surface from sources in the subsurface waifteve
the response between these two points - reflection respsudace
waves, direct waves. When there are no subsurface soumgslgse
to the surface, the retrieved surface waves will be very vegakight
even be absent.

e Toretrieve the reflection response from natural subsurfats® sources,
the crosscorrelated transmission observations need tefyeong -
in the seismic case this means hours, days, months. Therltmge
recorded noise, the better the retrieved reflection regons

e To retrieve the reflection response from separate measutsrftem
transient subsurface sources, the crosscorrelated trsgsiemobser-
vations do not need to be long - the length is dictated by theahr
time in the observed transmissions of the latest event tetoeved.

e When the observation points are illuminated by the subsargaurces
from all directions, the crosscorrelation will retrieveetbomplete re-
flection response. Moreover, the retrieved reflection respand its
time-reversed version will be symmetric. When the illuntioa from
the subsurface sources is not optimal, the retrieval regillnhot be
complete. Some parts of the reflection response might bevettin
the causal part and other parts - in the anti-causal pareatribsscor-
relation result. In such cases, for more complete retrjetal causal
and the time-reversed anti-causal parts might be summethieg

e In the case of big gaps in the distribution of the subsurfaneces
as well as in the case of very few subsurface sources, thewedr
reflection response might be incomplete. Neverthelessiadiine pos-
sibility to retrieve reflection responses between any twseokation
points, one can make use of advanced imaging techniquesn @lhe
the retrieved reflection responses are migrated, the nogrptocess
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will remedy the incomplete retrieval and the subsurfacé el cor-
rectly imaged.

The migration technique, which incorporates crosscaimgiacan be
applied directly to observed transmission recordings franse sour-
ces. The result from direct migration of noise recording$ttue result
of migrating retrieved through crosscorrelation respemse identical.
The usage of one or the other depends on the specific apphcati

The Sl and EMI relations, derived in this thesis, are valid l&ss-
less media. When losses are present, the crosscorrelatiiostiilv
retrieve the reflection response. Only some of the latevalsri later
primaries, multiples, conversions - might not be retrievé¢hen the
losses in the medium increase, ghosts may appear in thevedrie-
sults.

The Sl and EMl relations, derived for practical field appticas, make
use of a medium that is homogeneous and isotropic outsideotined-
ary, on which the sources lie. When inhomogeneities aresptesit-
side this boundary, ghost events appear in the retrievedtsesVhen,
though, the source boundary is sufficiently irregular, thesy events
in the retrieved results are strongly weakened and might dissap-
pear.

Reflections were retrieved from crosscorrelations of mesgstrans-
mission responses in a seismic ultrasonic laboratory @xeat. The
transmission measurements were made on a heterogeneomsaOsh
granite block using separate transient P-wave and S-waveetrans-
ducers. The retrieved reflection responses were used in i@atnoig
procedure and successfully imaged the main reflectors ofjriueite
sample.

Reflection arrivals from body waves (as well as surface wawese
retrieved from crosscorrelation of observed seismic biemkgd noise
in an exploration-scale experiment. The crosscorrelagsalts showed
that indeed the longer the recorded background noise, the owon-
plete the retrieved response. When for crosscorrelatierused only
parts of the background noise, which contain transmissiatytwave
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Conclusions

arrivals, the retrieved responses contained much wealtesved sur-
face waves. The retrieval of reflection arrivals from backgnd-noise
exploration-scale data showed that the SI method may befased-

ploration purposes, for example, in frontier exploratiorfar explo-

ration in environmentally sensitive areas.
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Summary

Seismic and Electromagnetic Interferometry — Retrieval ofthe Earth’s
Reflection Response Using Crosscorrelation

Seismic/Electromagnetic Interferometry is the processedting new seis-
mic/electromagnetic traces from the crosscorrelatiorxtieg traces. This
can be proven using a two-way wavefield or one-way wavefiedgbrecity
theorem of the correlation type.

In the case of two-way wavefields, it can be shown that in ddgssnedium
the Green’s function, observed at one point due to a souraeaher point,
and its time-reversed version can be retrieved from thescoyselation of
observed Green’s functions at these two points resultiog fsources all
around the two points. Depending on the Green'’s functioreteelrieved -
acoustic, elastodynamic, or electromagnetic case - onddéhorrelate at the
two points Green’s functions resulting from monopole anabtk sources,
from volume force and deformation rate sources, or fromteteand mag-
netic currents, respectively. The retrieved in these wayee®s functions
are exact, but for practical applications some simplifarai are needed.
Assuming that the sources, surrounding the two observaikamts, lie on
a sphere with a sufficiently large radius and that the mediuitside this
sphere is homogeneous and isotropic it can be shown thatréen func-



138 Summary

tion between the two points and its time-reversed versionbearetrieved
from the crosscorrelation of the observed Green’s funstairthe two points
resulting from monopole sources in the acoustic case, feparsite sources
of P- and S-waves in the elastic case, and from sources dfielearrent
acting in the three directions. The approximations conceamly the am-
plitudes, while the phases are handled correctly. In theigpease when
the medium is bounded from above by a free surface, at the bsergation
points only measurements, resulting from sources lying@gbp half sphere
bounded from above by the free surface, should be crossateue

In the case of one-way wavefields, it can be shown that in #&essnedium
the flux-normalized acoustic reflection response at theslueace, observed
at one point due to a source at another point, and its timersed version
can be retrieved from the crosscorrelation of observedrlrmalized trans-
mission responses at these two points resulting from ssuyagg along a
plane in the subsurface. In the derivation the evanescdds fiave been
neglected. In the elastic case, the crosscorrelation obbserved flux-
normalized transmission response matrixes will retridwe reflection re-
sponse matrix and its time-reversed version between theptimts con-
volved with the free-surface reflection coefficients at the points. The
crosscorrelation result will retrieve correctly the preae well as the ampli-
tudes.

The above retrieval procedures require that at the obsenvabints are
available separate measurements from each of the surrguedurces (in
the case of one-way seismic wavefield, separate measurearentequired
from sources in the subsurface). This is not always possilblthe spec-
tra of the surrounding/subsurface sources are white andrreiated, then
no separate measurements are required - one just needssoanmelate the
observed "noise” fields.

Instead of retrieving the reflection response at the suffaoe the crosscor-
relation of observed noise fields and then migrating thenbtain a subsur-
face image, one can directly migrate the observed noisesfteldnage the
subsurface. The results from the two approaches are identic

With the help of 2-dimensional numerical modelling resultee quality is
investigated of the retrieval of reflections at the Eartlidace from cross-
correlation of observed two-way seismic and electromagmetvefields.

In the seismic case, using separate measurements fromriagdessources
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lying at the same depth level and taking the medium below tliece level
to be homogeneous and isotropic, the reflection responde aurface is
kinematically completely retrieved including multipleada in the elastic
case, wave conversions. If the medium below the subsurfaceess con-
tains reflectors, the retrieved reflection response wilt@iomonphysical ar-
rivals. If, though, the subsurface sources are randomtyilliged in depth,
the ghost events will be strongly suppressed. In the casms$correlation
of seismic noise, the complete reflection response is vetlicout the result
looks noisier. When the subsurface source distributiorotsoptimal, the
quality of the retrieved reflections is diminished. Nevel#iss, the migra-
tion of these retrieved reflections still produces corretissirface images.
In the electromagnetic case, the retrieved reflection resprom the cross-
correlation of observed noise fields from sources below dsasebove the
Earth’s surface is investigated.

The retrieval of reflections from crosscorrelation is vatet with two mea-
sured data examples. The first example shows how reflectroralarare
retrieved from a crosscorrelation of measured ultrasaminsimission re-
sponses of inhomogeneous granite. The measured tranemigavefields
were excited by separate P-wave as well as S-wave transddder second
example shows how reflection arrivals are retrieved fronssrorrelation of
observed seismic background noise on exploration scale. babkground
noise was recorded in a desert area.

Deyan Draganov
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Samenvatting

Seismische en Elektromagnetische Interferometrie — Verkjgen van de
Reflectie Responsie van de Aarde Middels Kruiscorrelatie

Seismische/Elektromagnetische Interferometrie is hatgs van het creéren
van nieuwe seismische/elektromagnetische registratiddels de kruiscor-
relatie van bestaande registraties. Dit proces kan matimrhafgeleid wor-
den van tweeweg golfveld of éénweg golfveld reciprotite@orema van het
correlatie type.

In het geval van tweeweg golfvelden, kan aangetoond word@denndeen
medium zonder verliezen, de Greense functie, waargenomearopunt als
gevolg van een bron op een ander punt, en de in tijd omgekéaneense
functie verkregen kunnen worden door de kruiscorrelatredawaargeno-
men Greense functies op die twee punten. Afhankelijk vamypet Greense
functie dat verkregen moet worden — akoestisch, elastodigth, of elek-
tromagnetisch — moeten op die twee punten de Greense fsigetterreleerd
worden die behoren bij respectievelijk monopool- en dipomhnen, vol-
umekracht en deformatiebronnen, of elektrische- en mégpiet-stroom-
bronnen. De op die manier verkregen Greense functies zgotemaar niet
gemakkelijk te gebruiken in de praktijk en ze moeten dusemreudigd
worden. Aangenomen dat de bronnen, die de twee punten ocenrirop
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een bol liggen met een radius die groot genoeg is en aangendatehet
medium buiten de bol homogeen en isotroop is, kan aangetaonden
dat de Greense functie en de in tijd omgekeerde Greensadunssen de
twee punten verkregen kunnen worden uit de kruiscorrela@iede op die
twee punten waargenomen Greense functies die zijn opge¥eektin het
akoestische geval monopool bronnen, in het elastische gpade bronnen
van P- en S-golven, en in het elektromagnetische gevalredeke stroom-
bronnen actief in de drie richtingen. De benaderingen fietreoornamelijk
de amplitudes terwijl de fases correct worden behandeldhetnspeciale
geval dat het medium van boven begrensd is door een vrij glgiemoeten
op de twee meetpunten alleen kruiscorrelaties uitgevoerdem van metin-
gen van bronnen die liggen op de halve bol onder het vrije mbgde

In het geval van éénweg golfvelden, kan afgeleid wordernndeen medium
zonder verliezen de flux-genormaliseerde akoestischetieflesponsie op
het vrije oppervlak, die wordt waargenomen op één puntpgewekt door
een bron op een ander punt, en de in tijd omgekeerde reflegponsie
verkregen kunnen worden middels de kruiscorrelatie vandkerxormaliseer-
de transmissie responsies waargenomen op de twee puntda.afieiding
zijn de exponentieel uitdovende velden niet in rekeningogeen. In het
elastische geval geeft de kruiscorrelatie van de waargendlunx-genormali-
seerde transmissieresponsie matrices de te verkrijgectieflesponsie ma-
trix en de in tijd omgekeerde reflectieresponsiematrixénste twee punten,
geconvolueerd met de reflectiecoéfficinten van het vrijgeoplak.

De bovengenoemde procedure vereist dat op de waarnemirtgspaparte
metingen zijn uitgevoerd van elk van de omliggende bronmehét geval
van éénweg golfvelden zijn dit de bronnen in de ondergyoM@ar dit is niet
altijd mogelijk. Als de spectra van de omliggende/ondengse bronnen
wit zijn en ongecorreleerd, dan zijn geen aparte metingeimgneer kunnen
direct kruiscorrelaties uitgevoerd worden van de ruis eeld

In plaats van het verkrijgen van de reflectie responsie oppytrviak mid-
dels kruiscorrelaties van waargenomen ruis, gevolgd dogratie om een
beeld van de ondergronds te verkrijgen, kan de waargenomsrdirect
gemigreerd worden om dit beeld te verkrijgen. De resultatande twee
benaderingen zijn identiek.

Aan de hand van de resultaten van tweedimensionale nureerielellerin-
gen, wordt de kwaliteit onderzocht van de reflecties op hetagperviak
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verkregen middels kruiscorrelaties van opgenomen setsmisf elektro-
magnetische golfvelden.

In het seismische geval, als er metingen worden gebruikbwaergrondse
bronnen, die op hetzelfde diepteniveau liggen, en als heliume onder
het bronniveau homogeen wordt genomen, dan wordt de reflezspon-
sie op de oppervlak kinematisch volledig verkregen inelustverberaties
en, in het elastische geval, golfconversies. Als het medinder het bron-
niveau reflectoren bevat, dan zal de verkregen reflectieonssp ook niet-
fysische aankomsten bevatten. Als de ondergrondse bronilekeurig
zijn verdeeld in diepte, dan worden de niet-fysische aarstemonderdrukt.
In het geval dat seismische ruis wordt gekruiscorreleeath, \@ordt weer
de volledige reflectie responsie verkregen, maar het eeulievat meer
ruis. Wanneer de ondergrondse brondistributie niet ogins wordt de
kwaliteit van de verkregen reflectie responsie vermindilidttemin zal het
migratieproces van de verkregen reflecties nog steedsste pidergrondse
beelden opleveren.

In het elektromagnetische geval word de reflectie respamglerzocht, verk-
regen middels kruiscorrelaties van waargenomen ruisuel@® bronnen
beneden zowel boven het aardoppervlak.

Het verkrijgen van reflecties middels kruiscorrelatiessgagifieerd met twee
opgenomen data voorbeelden. Het eerste voorbeeld laahaemeflectie
aankomsten werden verkregen middels kruiscorrelatieswaargenomen
ultrasone transmissie responsies van inhomogeen gr@&m@etaargenomen
transmissie velden werden opgewekt door zowel P-golf asiBtransduc-
ers. Het tweede voorbeeld laat zien hoe reflectie aankonastkregen wer-
den uit kruiscorrelatie van waargenomen seismische apbiairuis op ex-
ploratieschaal. De achtergrondruis werd opgenomen in e&stijn.

Deyan Draganov
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