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Abstract

In this paper we define the theory and basic ppiesi to move (redatum) the surface shots from & wal
away VSP to be as if they had been located in thehmle. We will refer to this theory using severfathe terms
used in the literature including Time Reverse AtiesSTRA), Seismic Interferometry (SI) and Virtuaburce (VS)
technology. Regardless of the name, the theotyuit upon reciprocity and the time symmetry of tivave
equation. We apply these TRA principles, togethigh prestack depth migration, to produce imagea afodeled
salt dome flank. We create a set of syntheticesaepresenting a multi-level, walk away VSP fomadel
composed of a simplified Gulf of Mexico verticalloeity gradient and an embedded overhanging saftedoThe
sediment reflectors in the model dip up towardssdlé dome flank. The energy from the surface siwbent into
turning rays by the linear(z) gradient which illuminate the steeply dipping isegints and overhanging salt edges.
The illuminating energy is reflected and scattefienin these surfaces and then captured by the dder¥isP
receivers. To simplify the processing of thesadae move (redatum) the surface shots into theHmde using our
TRA or seismic interferometry principles. This m@ves from the seismic traces the entire, potepta@implicated,
path from the surface shot location to the borehdgtbout having to perform any velocity analysesnaoveout
corrections. Each of these new (redatummed) tradesics the output of a down-hole source and dowie-h
receiver pair. We apply prestack depth migratmthese new traces to produce the final imageeb#ds and the
salt dome flank which agree very well with the aral model structure.

1. Introduction

In physical Time Reverse Acoustic experiments wheefield from a source in a medium is measured on
boundary surrounding that medium. The recorded figldeis time reversed and sent back into the maditom
the locations of the original recordings. The resilsuch an experiment is that the wavefield qsés (retro-
focuses) back at the location of the source (FL9I89). If the measurements are made on only paheoboundary,
then the geometry corresponds to what is calledhae TReversal Mirror (TRM) in the literature. Invalk-away
VSP the geometry is not naturally the same asTiRA experiment since we cannot form a contour afrses (or
receivers) which completely enclose the borehoieceSthe sources are on the surface and the reseive in the
borehole, we invoke reciprocity to exchange theaesiand receivers. After this exchange, the gegmamics a
reverse VSP (RVSP) with a collection of shot gathieom downhole sources and many receivers on qfaan
enclosing contour. With this data set it is straigihward to apply the retro-focusing concepts BATand TRM.

Willis et al. (2005, 2006) apply these principles to the imagihg salt-dome flank using Vertical Seismic
Profiling (VSP) data. By summing the autocorrelasicof traces recorded in the borehole due to seuateéhe
surface, they create a zero-offset section as weite acquired with coincident source and recepadrs in the
borehole. Essentially, the correlation-and-summmatiperation moves (redatums) each of the surfageces into
the borehole to the location of each receiver, awithhaving to perform velocity analyses or moveoatrections.
This process collapses (retro-focuses) the sou@emach receiver location, creating a trace frome#factive
coincident source and receiver pair in the borehbley then create an image of the salt dome flankpplying
poststack depth migration of these traces frompérspective of the borehole. Just as in surfacarseiimaging
with turning ray reflections, the efficacy of thisethod relies on an acquisition geometry which wast the
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reflected turning-ray energy from the salt-domenklaWillis et al. (2006) conclude that this method can be used
effectively in a medium with &(2) velocity gradient, such as in the Gulf of Mex{€aOM).

The Willis et al. (2005, 2006) methodology is a variant of Seismierdferometry which is being explored
by many researchers (e.g. Schuster et al., 2002@@d; Bakulin and Calvert, 2004; Calvettal, 2004; Snieder,
2004; Wapenaar and Fokkema, 2005; Hornby et ad6R®I uses the time symmetry of the wave equdtigather
with source-receiver reciprocity to estimate theuise response between two passive receivers. alloiws the
estimation of the wavefield that would be obseraédne receiver if the other receiver were a so(Wéapenaar,
2004). Recent developments in Sl (Derode et aQ32Wapenaar et al., 2005) have allowed for oltgimiovel data
sets from traditional recording geometries. Bakualnd Calvert (2004, 2005) have patented a vanaifoseismic
interferometry they call Virtual Source to elimiaahe complications from a heterogeneous near sfalosu They
show examples for moving (redatumming) surface @sito receivers in a near-horizontal well justdagh the
overburden. This may be an excellent way to rentbgeoverburden artifacts on time lapse seismic intagtudies
to detect the changes in reservoir properties. il&ilyy Hornby et al. (2006) show the results oplng seismic
interferometry to obtain an image of a verticat saime flank on GOM field data.

In this paper we extend the Willet al. (2005, 2006) methodology for creating downholerozeffset
(poststack) traces to a methodology for creatingrdwle, non-zero offset (prestack) traces. Jushasurface
seismic imaging methods, the migration results gision-zero offset (prestack) data are a big imprem over
those using zero offset (poststack) data. Thiseisabse the non-zero offset data contain reflectfoor® many
different directions allowing a more complete imagebe reconstructed. Our results show that thenebed
methodology creates very good images of the saikfnd sediment layers.

2. Theory

Zero Offset Theory. In order to create a data set suitable for apglyanzero offset time-reversal
experiment, we first excite a delta function souoéeseismic energy and record it at, at least amne, preferably
many receivers in the medium. We may then exptressvavefield which would have been measured abtiggnal
source locationS, in terms of the recorded waveforms, as (Derod#.£2003, Wapenaar and Fokkema, 2005):

gss(t) = ) gRS(t)* gRs(' t) ' (1)

where g.((t) denotes the Green'’s function measured at a rackeivation,R, on the TRM from the source &iand
0.s(-t) denotes its time reversed version. The time-revengeration consists of taking the recorded sigiaine
receiver, g.4(t) , time reversing it, and reinjecting into the mediat the receiver location, backward through the
medium to the source. This can be done simply byvelving the time reversed signal with.(t) as the

convolutional (Green’s function) operator. Becatisetime-reversed wavefield is injected at the inasreposition,
one can exploit source-receiver reciprocity whielyssthat the wavefield measuredRafrom a source a$ is the
same as the wavefield measure® &bm a source &R

Urs(t) = 9eg(t) - 2
Since the convolution of a signal with a time reesl version of itself is mathematically identical its
autocorrelation, the wavefield at the source laratg(t) , is thus composed of a sum of autocorrelations of
recorded wavefield observed at each recerrer

Consider a walk-away VSP geometry with sourceshatdurface and receivers in the borehole. If we
applied the TRA process directly to this data, weuld move (redatum) the receivers in the borehaleklio the
source location at the Earth’s surface. This is awgt goal. However, we can invoke reciprocity tclenge the
source and receivers which creates an effectiverseW/SP from our walk away VSP data set. Keepungoaginal
notation, we now want to collapse (retro-focus) tisavefield to the downhole receivers (which are shets
locations in our reverse VSP). Source-receiveliprecity states thatg..(-t) = g.(-t) . This gives that the
wavefield at our reverse VSP shot location (whithie receiver locatiomR, in the original VSP data set) is simply

gRR(t) = . gRS(t) * gRs(' t) ' (3)

which is the sum of the autocorrelations of theepbsd traces.
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If instead of a delta function source, we havemventional band-limited source, denotedsét3, the zero-
offset signal,h..(t), created by moving (redatumming) the original sesrat the surface back to the borehole

receiver location, is given as the autocorrelatedree wavelet convolved with the actual zero-off§eten’s
function:

e =[S0 * SO Gre()* Gusl- ) = ACISOT* Gun) 4

The representation fdn(t) only gives kinematically correct results (see Wagsegrand Fokkema, 2005),

which is quite acceptable for our application sjrfoe this paper, we are interested in creatingnzage of the high
impedance contrast salt dome flank and surroundéfigctors. So, to obtain one zero-offset trac¢hatoriginal,
downhole receiver locatioR, we auto-correlate all the traces from a VSP commszeiver gather and sum them
together. A zero-offset section is created by gaitheall the autocorrelated and summed common vecgjathers.

Non-zero Offset Theory. We extend this methodology to the non-zero-offsetecby noting that the
wavefield between any two poin®,andR’, in the medium can be obtained with an expressionilar to the first
expression (Cassereau and Fink, 1992, Derode, 08I3):

Orr (t) = .S gRS(t)* gR'S(- t) . (5)

Simply stated, we can ‘manufacture’ a set of tragbgh mimics a downhole source located at onénefreceivers
locations in the borehole and the correspondincesaecorded at each of the downhole receiveritotafor this
shot location. We do this by first choosing a gdidownhole receivers. For each surface shottilmzawe cross
correlate the traces for this pair of receivers. ddehis for all surface shot locations and sunofthe correlations.
This gives us a simulated trace for having a dowsmbource at one receiver location and the downteseiver at
the other receiver location. We do this for alhdole receiver pairs.

Expression (5) is similar to the Green functionressgntations in Wapenaar and Fokkema (2005) anasfor
the basis of seismic interferometry. Derode ef(2003) give an excellent derivation of this expr@ssased on
physical arguments. As before, if we consider adbmited source function, the new traces all hdke
autocorrelation of the original source wavelet las hew effective source wavelet. As in equation (4@ new
(redatummed) non-zero-offset signhl, (t) , contains the autocorrelated source wavelet cordolith the actual

non-zero-offset Green’s function:
hee (1) =[s(t) * s(- t)]* . Ors(t) * Grs(-1) = ACIS(1)] * Gre(t) (6)

Repeating equation (6) for each combination of dbwie receivers creates the new (redatummed), down-
hole common source gather.

3. Methodology

We created a 2-D data set representing a multi-lgatk away VSP for a model composed of a simgdifie
Gulf of Mexico vertical-velocity gradient and an eedded overhanging salt dome survey. The velocigignt
and values were taken from the EAGE/SEG salt domeéefwhich represents typical GOM velocities. Tharses
are located at the surface and geophones in thehbleras shown in Figure 1. Five reflectors am@dced on top
of thev(2) gradient as 15%-higher velocity spikes. In ttase; the reflectors dip up towards the salt doergkflOur
aim is to image the salt dome flank as well asdipping reflectors. Accurate determination of tkat/sediment
contact can greatly help in reservoir development@serve estimation.

Our methodology consists of two main steps: 1) mgyredatuming) the shots to the bore hole and 2)
imaging the salt dome flank and the reflectors.

The first step is achieved by applying the prinegpbf seismic interferometry to create a new data s

consisting of common shot gathers as if the sounezs located in the borehole and the receiverg wkso located
in the borehole. Note that the original data cangisommon shot gathers with the shots at theaserfWe first sort
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those into common down-hole receiver gathers. Thepeesentative common, down-hole receivers gathers
depths of 2, 3 and 4 km, are shown in Figure 2.séhmre actual VSP traces and serve as the inpatfalathe
seismic interferometry operation.

Figure 1: A simplified Gulf of Mexico model of ding sediments at a salt dome flank with VSP adtijprisgeometry.

Figure 2: Common down-hole receivers gathers ahdepf 2, 3 and 4 km. Sources are at the surface.
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The seismic interferometry operation step is thém#/ided into several sub-tasks. First we chanse of
the actual downhole receiver locations to be a (regatummed) source location. Then we select anatbizial
downhole receiver location to be a new (redatumnmedgiver location. For each actual surface solocation,
there is a pair of traces corresponding to theahetceiver at the new (redatummed) source locaahthe actual
receiver at the new (redatummed) receiver locatibhese two traces are cross correlated. For examelcould
choose the actual source location to be at of@20m, the new (redatummed) source to be at dé@hkm, and
the new (redatummed) receiver to be at depth 2 Whe. would take the trace at offset -2000m in thddig panel
of Figure 2 and cross correlate it with the traicefset -2000m in the left panel.

The new (redatummed) source and receiver locatio@sheld fixed and this process is repeated foh eac
actual surface shot location. Then all of the datien traces created by this process are sumngethter. This
single stacked trace becomes the new (redatumneedjver trace for this set of new (redatummed) c@wand
receiver. In our example above, this new tracedatied at a depth of 2 km in the lower panel ofiFéc3.

This process is repeated for all new (redatummedgiver locations for this new (redatummed) source
location. This creates a new (redatummed), comnaavnehole source gather, such as in the lower pafifeigure 3.
To obtain a full new (redatummed) down-hole surveg, repeat this for all possible new (redatummenree
locations. Note that for this step we do not havepply velocity analysis or complicated procesgsurh as statics
or NMO corrections) in order to move (redatum) shet to be in the borehole. In fact, there are ndehdependent
processing parameters required to move the susfamts into the borehole.

This procedure gives kinematically correct res@ttse Wapenaar et al., 2005), which is acceptalile fo
structural imaging applications. For stratigraphi time-lapse applications more work is heedddgore correct
relative amplitudes. In any case, the successeoféiismic interferometric redatumming step is deiteed by how
much of energy is reflected off the reflectors ntar salt flank and captured by the receivers @ librehole.
Because we are trying to image underneath thegathang, this is generally only possible in a medivith av(z)
vertical velocity gradient.

Figure 3: Common down-hole shot gathers (a) obthineplacing a source in the bore hole at 3 kmideptd (b) new
(redatummed) gathers using seismic interferometry.

Page 5/11



In other geometries and velocity regimes, otheutsmbs are possible. For example, Bakulin and Galve
(2005) successfully capture the reflection eneryyianaged horizontal reflectors using a horizontell.

The final step is accomplished using prestack, rem#ime depth migration. For this step we created

migration software that uses the same finite-défifee modeling algorithm to back propagate the seidata and

an analytic expression for a lineg) gradient media to compute the travel times fa tbrward modeled shot.
The back propagation step is performed by injecéagh new (redatummed) shot gather, reversed m fimo a
finite-difference modeling code at the appropridepth locations of the new (redatummed) receiveations.
Since our background velocity medium is a simpieedr v(2) gradient, the forward extrapolation of the shet i
performed by analytically computing the travel ten@hich are stored in a single travel time tabledach new
(redatummed) shot location. The migrated imageoisstructed by extracting and accumulating the @meé depth
coincident values of the forward and back propatjatavefields.

As for all migration algorithms, we need a geneeadi migration velocity model. In this case, onlg th
background medium between the salt flank and tmeHmde is required. Because the distance to tlhdlaak from
the borehole is much less than from the surfacecesu the spatial uncertainly introduced by usimiy ca
generalized velocity field may be considerably lsggificant.

4. Results

We now apply our processing methodology outlinedvabto a synthetic data set created using the
simplified Gulf of Mexico salt-dome model of Figule The salt dome has a P-wave velocity of 448Q e
background velocity is described kifz) = vy + Kz, wherev, is the velocity of the top layer andis the velocity
gradient. The receivers are placed from a depth®km to 4.5 km at 25 m intervals.

Performing the seismic interferometry redatummingcpdure described under step 1 in the previous
section, we obtain 161 new (redatummed), down-lmleymon source gathers. One of these gathersegith df 3
km is shown in Figure 3b. For comparison, we shigvdctual common source gather modeled with thecean
the bore hole at 3 km depth. We observe that tbesenon source gathers are very similar.

We observe that in Figure 3b, the three linear dgaing events coming off of the first arrival afesant in
the new (redatummed) traces. These events areaivagoing reflections off of the bottom of the fltying
sediments located at the borehole. The omissidghisfenergy is due to the fact that this energyoisexcited by a
surface source. An actual down-hole source cregpgeing energy which is reflected back downwardo be
theoretically more complete, if we could put sosraaderground and all around the edges of the madgelvould,
in fact, be able to reconstruct these down goirflgatons. Van Manen et al. (2004) used this examsicept of
sources all around the model for efficient simalatof wave propagation.)

In order to prepare the new (redatummed) tracemfgration, we muted the anticausal (before zene}i
events and everything before the direct arrivallsoAproblematic were the strong, late time, reftewd off the
leftmost, shallow salt edge. After the muting, vppléed prestack, reverse-time depth migration gscdbed in step
2 above) to the new (redatummed), common down-isolerce gathers. The velocity model used only the
backgroundv(z) medium (without the salt or reflectors). We apglithe same processing to the actual down-hole
common source gathers and the new (redatummed) oanswurce gathers. Figure 4(a) shows the finalgam
using actual down-hole sources and receivers. €ig(ln) shows the final image using the new (redated) data.
Both images show excellent delineation of the fiatk and the illuminated portions of the dippiregdsnents.

For comparison, we also created migrated imagesgushly the zero-offset traces. This operation is
computationally much faster than for the non-zeffeet case. We created the zero-offset traces &¥gillis et al.
(2005, 2006) by performing the sums of appropraatcorrelations. Figure 5a shows the poststackatgd image
from the actual down-hole zero-offset section, ehtigure 5b shows the image form the new (redat)imecb-
offset gather. They look very similar, which indies that we captured the main energy needed tonoatgood
image of the salt-dome flank. It is clear that ittn@age from the new (redatummed) non-zero offsed @aig. 4b) is
much superior to that created from the new (redatad) zero-offset data (Fig. 5b) because it morg filiminates
the salt flank image.
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(a) (b)

Figure 4: Images using non-zero offset tracef®fipping sediment beds at salt dome flank (aj freverse time migration of
the data created with down-hole sources and rewefls¢ from reverse time migration of the redaturdrdata.

(a (b)

Figure 5: Images using zero offset traces of thpidg sediment beds at salt dome flank (a) froversge time migration of the
data created with down-hole sources and recei@ifsdm reverse time migration of the redatummetida

5. Acquisition Aperture

A traditional VSP survey is collected with a veshyort offset between the surface source and thieheat!.
For a walk along VSP survey, the source is movetgithe surface projection of the well trajectorgating a

Page 7/11



nearly vertical path for seismic energy from theurse to the receiver. In order to image more cocajpdid

structures, a 3D VSP can be performed where thaitot of the source is positioned at many offsets azimuths
from the well head. For our walk away VSP appliwatiwve need to be able to estimate the farthetstritie required
for the source to be located so that the turn reeygy will illuminate the underside of the saltfkeand reflect back
into the borehole receivers. In medium with a cansvelocity gradient, the farthest required swefaffset from the
salt flank can be determined explicitly given aftthegind dipping angle of a reflector.

First we examine the requirements for the zersatffeflection case. In this case the turning nagrgy
from the source hits the reflector at an angle Wwihécnormal to the reflector, and returns alonggdhme ray path
(but opposite in direction) back to the receiv&o a single ray path contains the source, receindrthe specular
reflection point. The colors in Figure 6 show tleguired source offset distance (along the surfexéjuminate
subsurface reflectors with a range of dips andrdepiThe top panel in the figure shows the regsingrce offsets
for a vertical velocity gradient of 0.4. The battganel shows the same information for a very streelocity
gradient of 1.6. The dip angle is defined as aneabgtween the normal to the reflector and thetipesiz-axis
(pointing downwards) in a clockwise direction. Frome figure we can see that: (1) to illuminate tinelerside of a
reflector, such as the overhanging salt dome flank, need to have a very large source offseto(#uiminate the
top of a reflector, the required source offset abermble less, and (3) larger velocity gradientguine smaller
source offsets. Note that these distances alsorestipat the VSP is recorded for the required tiemgth to capture
the reflected energy.

Figure 6: A look-up table showing that for a giveackground velocity gradient, how far a walk-awgP
survey should go to capture energy that reflectechally off a reflector at given depth and dippamygle.

Next we extend the analysis to the non-zero offase. For this case, the receivers in the borgilalea
significant role in potentially changing the apeetui.e. source offset distance) required. Fos ttase we are
interested in the non-normal specular reflectiomisoon the subsurface reflectors. Figure 7 shavian of rays
from a single subsurface reflection point. The @tef termination points of these rays define allsjiids source
locations which will illuminate this single reflestwith a range of incident angles and be captbethe borehole
receivers. The rays shown provide information alsinugle bounce reflections and nothing about miyltjzattered
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or reflected energy. A more precise estimationthef acquisition aperture requires performing a ifldimination
test on a trial expected velocity model. Howeviis type of modeling can quickly estimate the reeglioffsets and
provide intuition about the range of geometriesclifgan be imaged.

Figure 7: lllustration of the turning rays beirgflected off a single point in the subsurface aeitidp captured by receivers in the
borehole. The positions where the rays hit theaser{at the top of the model) describe potentetions for surface sources.

6. Conclusion

We outline a methodology to accurately image adaihe flank and upward dipping sediment reflectors
using time-reversed acoustics followed by depthratign. By simply correlating and summing traceasrira walk
away VSP, we move (redatum) the surface sourcestliet borehole, creating either zero-offset (paststor non-
zero offset (prestack) traces, which are as iidida were originally collected with down-hole s@g@nd receivers.
The zero-offset data can be created in an almdgtdutomated manner and in near real-time. Thgr@ach is of
potentially great value to quick turn-around prageor in the field quality control efforts. On tlmther hand, a
sharper image of the salt-dome flank is obtaineédguthe new (redatummed) non-zero offset tracest t€sts show
that the new (redatummed) traces create migratedjés which are remarkably close to the images fiata
collected in the borehole. Our preliminary acdiosi aperture study gives estimates of the souffsetoranges
required to collect a walk away VSP which captuhesrequired turning ray energy reflected fromghk flank.
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Appendix: Reverse Time Migration and TRA

Reverse Time Migration (RTM) is an imaging methadiich has been well developed in the literature
during the past 20 years (Whitmore, 1983; Baysall,e1983; Levin, 1984; Hellman et al, 1986). Heoer it is
important to understand that reverse time migraf®nM) is distinctly different from TRA, althoughokh are built
upon the notion of the time symmetric propertiestted wave equation. TRA (TRM) is a much more récen
development which is only starting to be applieds&ismic data, coming from the medical and laboyato
environments in the past few years. It is a wagalfapsing acoustic energy back to the sourcetilmtalt does not
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perform any imaging. It is actually a way of radaming, or retrofocusing a recorded wavefield b&xkhe
original source location.

RTM uses a numerical modeling scheme, such asefidifferences or Kirchhoff extrapolation, to
implement running the wave equation backward inetiand then invokes an imaging condition to crehge t
migrated section. The whole process includes tywerations: 1) a wave equation propagation of ardesl
wavefield, and 2) an application of an imaging dtad. For prestack Reverse Time depth Migratidreré are
actually two wavefields which are propagated: B tbcorded shot record which is propagated backiatiine,
and 2) a synthetic shot record which is propagdtedvard in time. An imaging condition is applied t
corresponding snapshots of these wavefields whitbuats to a multiplication (or division) of the agropagated
shot record and the forward modeled shot recorlle gropagation steps are accomplished by finiteerdifice or
other numerical modeling techniques. For this meétto work at all, the velocity field of the mediusrequired to
be known very well.

On the other hand, TRA is based on not having tmakanything about the medium. The velocity of the
medium and sometimes even the locations of thevwerseare not required. In physical experimentsiieasured
wavefield is reinjected back into the rock/mediumdathe energy retrofocuses to the source locatidn.
computational analyses, the back propagation imaptished by invoking reciprocity and performingeth
appropriate auto and cross correlations. No vslocformation is required or used. No modelindtware is used.
No imaging step is performed. Thus, TRA does notpce an image, but rather a new waveform repriesgetite
history of the motion of the medium at that bactgargated location.
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