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SUMMARY

We derive interferometric field representations that arevakr dif-
fusive field methods. The method retrieves the reflection respof
the earth, as if the domain above the receiver depth levelrizoge-
neous. It is represented as the flux-normalized up going fietdmt-
volved by the down going field. The deconvolution step cand®ns
as a weighted crosscorrelation step, which is the usuahtiparin in-
terferometric methods. Because the method effectively resmatue
source depth level to the receiver depth level and removes/grbur-
den effects, the shallow sea problem that exists for frequeomain
Seabed Logging applications is solved in theory.

INTRODUCTION

Interferometry is the branch of science that deals with treation
of new field responses by crosscorrelating observationsffareht
receiver locations. Since its introduction in explorati&gismology
around the turn of the century, the literature on seismiafateme-
try has grown spectacularly. Many interferometric methode feeen
developed for random fields and for controlled-source da&tse un-

derlying theories have in common that the medium is assumed to be

lossless and non-moving, see e.g. the supplement of the 2086 Ju
August issue of Geophysics. The main reason for this undeylgs-
sumption is that the wave equation in lossless and non-movirmiame
is invariant for time-reversal.

Until 2005 it was commonly thought that time-reversal invacewas
a necessary condition for interferometry, but recent refeahows
that this assumption can be relaxed. Slob et al. (2006) asalfize
interferometric method for ground penetrating radar dataR\G#h
which losses play a prominent role. They showed that lossas le
to amplitude errors as well as the occurrence of spurioustevéy
choosing the recording locations in a specific way, the spigrevents
arrive before the first desired arrival and can thus be ifledt{Slob
et al., 2007). By choosing one receiver in a lossless mediug, e.
air, and a configuration with all dissipative parametersidatthe sur-
face distribution of noise or transient sources, crosstation meth-
ods work without spurious events and amplitude errors inithe win-
dow of interest (Slob and Wapenaar, 2007). This approaattstfor
waves and diffusive fields in dissipative media. Snieder §288owed
that a volume distribution of uncorrelated noise source#) sburce
strengths proportional to the dissipation parameters ofnibdium,
precisely compensates for the energy losses (Snieder, R, 250
tracting the Greens function of attenuating media from uratated
waves, JASA, accepted). As a consequence, the respons@sechiby
interferometry in such configurations are error free. Alss épproach
holds for waves in dissipative media and for pure diffusioocessses.

Recently we showed that interferometry, including its egiens for
waves and diffusion in dissipative and/or moving media, carepee-
sented in a unified form (Wapenaar et al., 2006; Snieder,&2@07).
These representations can also be used for more exotic aipmlis
like electroseismic prospecting and quantum mechanics. We ha
loosened the definition of interferometry to also includessmnvo-
lution methods. Slob et al. (2007) introduce interferometrycinss-
convolution and show that it is valid for arbitrary dissipatmedia.
The crossconvolution method does not require a volume dissii
of sources, but a restriction is that it only works for trami sig-
nals in specific configurations with receivers at oppositesiof the

source array. From these observations we conclude that efaihe
above described methods provides a practical approach tootted
source electromagnetic (CSEM) applications. Here we demaiast
that ‘interferometry-by-deconvolution’ is applicable ifSEM or in
any other exploration method employing diffusion process¢snce
we further loosen the definition of interferometry to alsolinie de-
convolution methods, which is particularly useful for Sedbegging
methods.

INTERFEROMETRY IN DISSIPATIVE MEDIA

The 1D version of interferometry-by-deconvolution wasadiiced by
Riley and Claerbout (1976). It relies on the decompositioa faéld at
a particular depth level into flux-normalized down going apdyoing
parts. To facilitate such decomposition we employ the recipyrahe-
orem for one-way fields and apply it on a domain with two hortabn
boundaries, see Figure 1. The necessity of flat horizontahdaries
can be relaxed under certain conditions and the deriveéseptations
also hold for smoothly curved boundaries (Frijlink, M. andWape-
naar, 2007, Reciprocity theorems for one-way wave fields ixilio-
ear coordinate systems, JASA, submitted). Following Wapeaad
Grimbergen (1996) we write the frequency domain one-way fitit r
procity theorem for two independent stafeandB as,

Figure 1: Configuration for one-way reciprocity theorems.

|, naBa)NBacPx = [ {(Ba) NG + (80 NBe )X, (1)
wheredD denotes the two flat boundaries with outward unit normaal
and the superscriptdenotes transposition. The<4l electromagnetic
field vectorp contains flux-normalized down and up going fiefils-
(p*,p)! and the 4x 1 electromagnetic source vector contains flux-
normalized down and up going source compongntgs™,s™)t, given
by p* = p*(x, w) ands*t = & (x, w) (Reid, 1972; Ursin, 1983). The
matrix N is given by
0 1
(o),

the matriced and 0 being the 2x 2 identity and null matrices, re-
spectively. To construct the vectprwe must record all horizontal
components of the electric and magnetic field strengths ondeagid
we apply decomposition to these components. Note that equdfjo
holds for equal media in the two states insidlewhile outsideD the
media in the two states can be different. No derivatives obeaause
we use flux-normalized field quantities.

@
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First we assume that in both states the sources are olibsitigs re- StateA represents the desired reflection response with a redatumed
duces equation (1) to source at the receiver level of st&8én an earth with different bound-
ary conditions than the real earth, obtained through iaterhetry-by-
/ {(PN)'Pg — (P2)' g + dPx :/ {(0X)'Pg — (Pa)'Pa } dx. deconvolution. The difference is that the medium above thmbary
oDy IDm JdD; is homogeneous and has the same properties as just Bé&lgw
(3) see Figure 2(b). For stafewe choose a down going source component

just above the leva?D; and put receivers at the same legé&);. We
define the reflection response of the medium befiy as the 2« 2
matrix ﬁg(x,xA, w), where the subscrip@ denotes that no reflectors
exist abovedD; and the superscrigt-’ indicates the reflection is a
response to a down going source field. We therefore find ie Atat

In the following analysis statB represents the actual state of the mea-
sured response of the real earth. Consider the marine CSEsacq
tion geometry with a sea surface at ledd)y, see Figure 2(a), with

a source aks in the water layer and the receiversat the bottom of
the sea at levedD;. Both the water layer and the domain between
0D, anddDr, can be heterogeneous. For each source component and B (x,w) = ( O(Xy — Xy ) 0 )
after decomposition we have for state B the down going and umgo x € dDy : 0 O(Xy — Xy a)
components of the recorded earth response, given by

Pa (x, @) = Ry (x, X, ),

X € a]D)l { E)g (X,(A)) = F:ﬁ (X7X37 (AJ), (4) (6)
Pg (X, ) =P~ (X,Xg, W).

(x, w)

where the subscriptl is used to denote the horizontal coordinates
only, hencexy = (x1,X2) andxy a = (X14,%2,a) (the latter denoting
the horizontal coordinates ofy). At x € 0Dy, we have again only
down going fields,

>

)

>

(X, w) = TH(X, Xy, ),
xeomn { g Do

X7
X7

where'f'*(x,xA,w) is the 2x 2 transmission response between the
levelsdD, anddDp,.

Substitution of equations (4)-(7) into equation (3) anchgssource-
receiver reciprocity, i.eR{ (X, X, @) = (R )! (X4, X, w), yields

P laxs @)= [ REGax0P! (xs @i, (@)
1

where the up and down going responfés, P*, are now 2« 2 matri-
ces because we have two source components. Equation (8)ésla Fr
holm integral equation of the first kind in the reflection dméént ma-
trix RY (X, X, w). The reflection coefficient matrix is the retrievable

State B flux-normalized Green’s function, representing the impuksponse
at a receiver location, € dD; due to a down going source compo-

(@) i . . .. .
nent at positiorx € dD;. For laterally invariant media it can easily

be solved by simple & 2 matrix inversion for each wavenumber-
frequency component separately. Of course this requiresinde-
pendent source components. For general 3D heterogeneoua medi
it can only be solved when the decomposed dBta(x,,xg, ) and
I5+(x,xs7 w) is recorded at a sufficient number of receiver positions
X, € 0D and for a sufficient number of source positiogs|t follows

that two horizontal source electric dipole orientations suifficient to
solve equation (8) uniquely, see e.g. Holvik and Amundsef%péor

an elastic example. In matrix notation (Berkhout, 1982), 6qng8)

can be written as

P~ =R{P*. (9

For example, the columns of matriX™ contain both components of
State A P (x,xg, w) for fixed xs and variablex at dD1, whereas the rows of
®) this matrix contairp™ (x, X, w) for fixed x and variablexg and both
source components aDs, wheredDs represents the depth level of
the sources. Inversion of equation (9) involves matrix imig@r, ac-
Figure 2: (a) State B: the measured response of the real e@i}h. cording to

State A: the response of the medium insidlevith a homogeneous @3 _ F3*(|5+)*1 (10)
upper half space, abov#D;. Both states have a homogeneous lower
half space, belowDy,. (Wapenaar K. and D.J. Verschuur, 1996, Processing of ocetoni

data: The Dolphin Project, Volume |, p.6.1-6.26). The matmersion
in equation (10) can be stabilized by least-squares irmeraiccording

We choose the levéDp, to be below all heterogeneities, hence there to

are only non-zero down going field components at the 81, Ry =P~ (PHTPT(PHT 4+ 2, (11)
B (%, @) = P (X, Xg, W), v‘vhere‘the sgpergcript T Qenoteg transposition and complguga
X € 0Dm P (X, @) = 0. (5) tion, | is the identity matrix and is a small constant. Berkhout and
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Verschuur (2003) used a similar inversion for transformingame-
related multiples into primaries. Equations (10) and (11ydbe 3D
interferometry-by-deconvolution and is similar to the lestpiares re-

in presence of the reservoir layer in solid red-lines andr#isponses
in absence of the reservoir layer in dashed blue lines. Wa lisear
offset scale and a ten-base logarithmic amplitude scale fféigates

datuming method described by Schuster and Zhou (2006). When we showing responses.

ignore the inverse matrix in equation (11) we arrive at

RE =P~ (P (12)
which is the matrix form expression in the frequency domainaiin
and Calvert's virtual source method (Bakulin and Calver&0 Of
course in our case the matrix™(P*)" is not close tol and equa-
tion (12) cannot be used for CSEM data. Comparing equatiohp (12
with equation (11) it can be seen that the here proposed method
interferometry by deconvolution is a weighted form of thealsuoss-
correlation method, with the inverse matrix in equation (14)tlze
weight.

NUMERICAL EXAMPLES

To illustrate interferometry-by-deconvolution with a numcaf exam-
ple, we apply it to simulated 2D CSEM data as a simple demorstrati
of the advantage of this method for hydrocarbon exploratigh the
Seabed Logging method. Amundsen et al. (2006) showed alrbatly t
decomposition of CSEM data into down going and up going fields
improves the detectability of hydrocarbon reservoirs. Heeeshow
that the combination of decomposition followed by interfertnydy-
deconvolution not only improves the detectability but alssults in
improved quantitative information about the reservoir patense

h,=100m o =3 S/m ‘L- Xg=50 m
oDy
250 m G,=1.5 S/m
1250m  6,=0.5S/m
100 m ;=20 mS/m
5,=0.5 S/m

Figure 3: Configuration for the 2D example for Seabed Logging a
plications.

The model consists of a plane layered Earth and the TM-mode con-
figuration is used, which is the proper two-dimensional apjpnation

of the CSEM method as applied in Seabed Logging applicatidtis w
an in-line horizontal electric dipole (HED) and in-line etec field
receivers. Since this is a 2D scalar example, the in-line HESffi-
cient and only a single source position is heeded becausesveng a
horizontally shift-invariant medium. To allow for decompasit into
down going and up going field components, we record the indiee-
tric field strength and the cross-line magnetic field strengtte model
is shown in Figure 3, where the seawater layer contains &nerelec-
tric current source at 50 m above the sea bottom. The receavers
located at the sea bottom with a total extent of 40 km. The wayer

is modeled with a thickness of 100 m as a model for a shallow sea.
The seawater has a conductivity @f=3 S/m. Below the sea bottom
there is a layer with a conductivity @f;=1.5 S/m with a thickness of
250 m. This is followed by a half-space wit%=0.5 S/m, which is
intersected after 1250 m by a reservoir-type layer with ekiéss of
100 m and a conductivity of3=50 mS/m. Note that the top of this
reservoir layer is located at 1500 m below the sea bottom. figpaoe
with a signal strength in the same background medium withaerre
voir layer, we also model the response of the background meditm.
source frequency is taken &= 0.5 Hz. All plots show the responses
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Figure 4: In-line electric field responge= dDD; in presence (solid red
curve) and absence (dashed blue curve) of the reservoiy; &r@ss-
line magnetic field response aie dD; in presence (solid red curve)
and absence (dashed blue curve) of the reservoir layer.

Figure 4(a) shows the recorded in-line component of the rédefitld

at the bottom of the sea, while Figure 4(b) shows the recocdess-
line component of the magnetic field at the bottom of the seamFro
both figures it can be seen that the presence of the reseayeiris not
visible in the plots because the red and blue curves almostletehp
overlap. As a first step in our interferometry-by-deconviolujproce-
dure we carry out the decomposition of the recorded field compisn
into down going and up going flux-normalized field components wi
the medium parameters of the layer just below the sea bottom and
hence they correspond to the fields that would have been neshsur
when they were positioned just below the sea bottom. Theyreners

in Figures 5(a) and 5(b), respectively. It is clear from théigures
that the up going field is more than ten times smaller in amplitbee t
the down going field. In Figure 5(a) it can be seen that the bluree
masks the red curve for all offsets, indicating that the presef the
reservoir layer is not visible in the down going field parttjas in the
total field. As can be seen in Figure 5(b), the up going field\shitne
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presence of the reservoir layer for offsets between apprataly 2.5
km to 7 km. Still the up going field response is strongly influsshc
by the shallow sea indicating that there is relatively sgronteraction
with the sea surface and the layer below the sea bottom, whighrt
of the up going field response.
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Figure 5: Flux-normalized down going field respongé(x; xg, w),

Deconvloved field amplitude [-]

L L .

-10 0 10
Horizontal offset [km]

Figure 6: Subsurface reflection respontﬁ(xA,x,w), as if the
the air and sea layers are absent, obtained by interferosgtry
deconvolution, which response is thus independent of thendapth.
The red solid line and blue dashed line are for the situatiidh and
without the reservoir layer, respectively.

than he first layer. The contrast is a factor 3 at a verticahdise of
250 m below the receivers, while the contrast of the resewih its
surroundings is a factor 10 at 1500 m below the receiverante un-
derstood that for deeper receivers, e.g. placed in a haakaell, the
proposed method can result in removal of these near sea bofigim, h
conductivity layers and produce an even cleaner reflecéspanse of
the target.

CONCLUSIONS

We have formulated an interferometric method using the dedonvo
tion concept to create new responses using recorded ressptimest
are valid and practical for CSEM as applied in the Seabed inggg
method. This is an extension of known interferometric methbds t
use the lossless medium assumption. The method is developeahint
algorithm that can be used on data from Seabed Logging ordtbar
electromagnetic recordings at the bottom of the sea or inrz@htal)
borehole. The algorithm requires sufficient number of sowam®a-
ponents (for 3D data) and source positions. These sourdgopss
can be on the earth surface for land methods or in the sea fbeS8ea

just belowdD; in presence (solid red curve) and absence (dashed blue L0gging methods, either transient or with only a limited numbkr

curve) of the reservoir layer (a); Flux-normalized up goirgdire-
sponse,p” (X,, Xg, W), just belowdD; in presence (solid red curve)
and absence (dashed blue curve) of the reservoir layer.

Removing the effect of the water layer from the up going fieldlby
convolving it with the down going field results in a much cleae
flection response as can be seen in Figure 6, where from offdet
approximately 2 km onward the presence of the reservoir iarlgle
visible. An other important aspect is the absence of amplisadiera-
tion for large offsets when the water layer has been removedaa
be seen by comparing the amplitude behavior of the up going field
in Figure 5(b) and the retrieved reflection response in E@uwhere
the amplitude continues to decrease with increasing of@¢iously,
this continuing decrease in amplitude requires high precidata, fi-
nite recording precision and noise will prevent practiggblecations
at very large offsets. However, there is clearly a practidtsiet range
where it will work on actual measured data. In our example mduel t
effect of the first layer of 250 m thickness still has a majoeetffon
the deconvolved reflection response at near offsets bethaedewer
half space in the embedding has a much lower electric condlyctiv

frequencies. The developed algorithm not only moves thecsoiar
the receiver depth level ('source redatuming’), but also nesaaall

overburden effects of heterogeneities above the receizpthdevel

(changed boundary conditions). The result is a reflectisparse that
is obtained from positions closer to the target and withasiudbing

overburden effects. As in all interferometric methods, noiinfation

about the medium properties is required.

Removing the overburden effect effectively solves the shadlea prob-
lems in frequency domain Seabed Logging methods, while foriposs
ble deep receivers our proposed method will remove all ovedsur
effects and produce a clean target reflection response.
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