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ABSTRA CT

Virtual sourceimaging is a technique basedon extracting the Green's function
that characterizeswave propagation betweentwo receivers by cross-correlating
the wave-�elds recorded by these receivers. We focus on implementation is-
suesin generating a virtual sourcegather from a multi-component OBC data
recorded at the Mars �eld. The implementation issuesinclude choice of the
receiver that acts as the virtual sourceand the number of sourcesover which
the cross-correlateddata is stacked. The pre-stack correlated data (correlation
gather) is a useful diagnostic for quality control and for assessingthe source
locations that give a stationary phase contribution. By stacking over speci�c
sourcelocations, we restrict the direction of the incoming energy and generate
virtual sourcegathers containing arrivals within a speci�ed horizontal slowness
interval. We comparethe virtual sourcegather generatedby using a small num-
ber of sourcesto the virtual sourcegather generatedby using a larger source
aperture for stacking. Artifacts due to the traces at the edgesof the source
aperture can be suppressedby applying a taper before stacking the correlation
gather. Another artifact observed in virtual sourcegathers is due to side-lobes
of the auto-correlation of the source-time function. We show the use of dual-
sensorsummation to separate the up- and the down-going energy in the raw
data and using that to generatevirtual sourcegathers containing only the up-
going energy, henceattenuating the free-surfacemultiples.

Key words: seismic interferometry, correlation gather, edge e�ects, free-
surfacemultiple suppression,dual-sensorsummation

1 INTR ODUCTION

Virtual sourceimaging is a technique applied by Bakulin
and Calvert (2004) at Shell to the Peace River data
for imaging below a complex near-surface overburden
without any knowledge of the overburden velocity or
temporal near-surfacechanges.This technique, also re-
ferred to as seismic interferometric imaging, is based
on extracting the Green's function that characterizes
the wave propagation betweenany two pair of receivers
by cross-correlating the wave-�elds recorded by the two
receivers (Snieder, 2004; Wapenaar, 2004; Wapenaar,
et.al., 2005; Derode, et.al., 2003; Schuster, 2004; Lobkis

and Weaver, 2001). An important advantage of virtual
source imaging is that the wave-�eld recorded by the
two receivers can be generated either by active sources
or by incoherent sourcessuch as ambient noise (Sabra,
et.al., 2005;Shapiro, et.al., 2005;Shapiro and Campillo,
2004). To understand the practicalit y of seismic inter-
ferometry, van Wijk (2006) used a controlled ultrasonic
experiment to retrieve a band-limited estimate of the
Green's function betweenreceivers in an elastic medium.

In contrast to using cross-correlation, Snieder and
S� afak (2006) used deconvolution as a seismic interfer-
ometric tool to extract the building response from the
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Figure 1. Carto on of the acquisition geometry of the ocean-
bottom cable data set obtained from the Mars �eld. The
sea-
o or is at a depth of 1 km. There are 120 4-C sensors
permanently stationed on the sea-
o or with spacing of 50
m (triangles). A total of 360 shots were �red from the sea-
surface every 25 m. The shots are divided into 9 panels, each
panel consisting of 40 shots. The missing shots in panel 7 are
indicated by the horizontal bar.
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Figure 2. A single raw shot gather recorded by the hy-
drophone. It shows direct arriv al, refractions, re
ections and
ship noise that are labeled as A, B, C and D respectively.

incoherent motion of the building. Similar analysis on
earthquake data recorded in a borehole was done by
Mehta, et. al. (2006) to extract the near-surfaceproper-
ties. Snieder, et.al. (2006) showed that the deconvolved
waves are also the solution of the same wave equation
but with di�eren t boundary conditions.

In this paper we focus on implementation issues
for generating the virtual source gathers and apply to
�eld data. We generate virtual source gathers by cross-

correlating the wave-�eld recorded at a given reference
receiver, which acts asthe virtual source,with the wave-
�eld recorded at all the other receivers, and stack over
all sourcelocations. While generating the virtual source
gathers, we can choosethe receiver that acts as the vir-
tual source, and also the number of sourcesover which
the correlation gather is stacked. Hence, as we show
in this paper, virtual source gathers containing arriv als
within a speci�ed slownessinterval can be generatedus-
ing suitable combination of receiver acting asthe virtual
sourceand the sourcesused for stacking the correlation
gather.

We apply this to multi-comp onent ocean-
bottom cable data recorded at the Mars �eld
(www.rigzone.com/data/pro jects). The Mars �eld
is located in the Gulf of Mexico. Figure 1 shows a
cartoon of the acquisition geometry. The geometry
consists of 360 shots �red (spaced every 25 m) on the
sea-surfacewith 120 multicomp onent sensors (spaced
every 50 m) permanently stationed on the sea-
oor 1
km deep. As shown in Figure 1 these 360 shots are
divided into 9 panels. The horizontal bar in shot panel
7 indicate missing shots.

In section 2 we describe the implementation proce-
dure for generation of the virtual source gathers. The
sub-sectionsin 2 focus on how we can restrict the direc-
tion of the incoming energy in order to generatevirtual
sourcegathers containing arriv als within a speci�ed hor-
izontal slownessinterval, and on how to diagnoseedge-
e�ects in the virtual sourcegather. In section 3 we apply
dual-sensor summation to the virtual source gathers to
attenuate the receiver ghost and the free-surfacemulti-
ples.

2 GENERA TION OF VIR TUAL SOUR CE
GA THERS

Let us concentrate momentarily on the hydrophone
component of a raw shot gather in Figure 2. It depicts a
direct arriv al (A) that propagates with the water veloc-
it y (1500 m/s), refractions (B) and re
ections (C). The
group of events marked by D correspond to the noise
becauseof a service boat for the platform. This boat
sits docked to the platform for prolonged periods while
loading/unloading supplies during data acquisition.

An important consideration in generating a virtual
source is the location of the sourcesover which the cor-
related data is stacked. Stationary phaseanalysis is one
approach to diagnose the source locations that give a
stationary phase contribution (Wapenaar, et.al., 2005;
Snieder, et.al., 2006). Figure 3 shows a gather with each
trace representating the cross-correlation of the waves
recordedby the hydrophone at receiver 1 with the waves
recorded by the hydrophone at receiver 120 for a given
sourcelocation. This is referred to as correlation gather.
The waves in the correlation gather has two peaks cor-
responding to two stationary phase points. They are
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Figure 3. Correlation gather generated by cross-correlating
the wave-�eld recorded by the hydrophone in the receiver 1
with the wave-�eld recorded by the hydrophone in the re-
ceiver 120 for all source locations. The horizontal axis cor-
responds to source locations. The peaks indicated by boxes
1 and 2 correspond to the sources giving stationary phase
contribution. The arrow points to the discontin uit y due to
the missing shots in source panel 7. In order to highligh t the
shape of the correlation gather, it has been low-pass �ltered.

shown in boxes labeled 1 and 2. The arrow indicates a
discontin uit y in the correlation gather that is causedby
the missing shots in sourcepanel 7. We applied low pass
�ltering (cut-o� frequency = 15 Hz) to the correlation
gather to highlight events as seenin Figure 3.

To generate a virtual source gather, we stack the
correlation gather over all the sourcesto get a trace that
represents the wave-�eld recorded by receiver 120 as if
there was a source located at the position of receiver 1.
Since receiver 1 is not a real source, it is referred to as
the virtual source (Bakulin and Calvert, 2004). We gen-
erate similar virtual source gathers by cross-correlating
receiver 1 with every other receivers and stacking over
the source locations. We can also cross-correlateall the
receivers with any other reference receiver, which then
acts as our virtual source. In the stack, the non-zero
contribution is due to the physical sources (shown in
the boxes 1 and 2) that sit on the stationary path;
the sourcesplaced at other locations give contributions
that interfere destructiv ely. Instead of stacking over all
sources,we can also stack over a sub-set that includes
the sourcesthat give stationary phasecontribution. We
show in the subsequent sub-section that the property of
being able to stack over di�eren t panels of sourcescan
be used to separate waves coming with di�eren t slow-
nesses.
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Figure 4. Virtual sourcegather for hydrophone with receiver
1 as the virtual source and source panel 1 used for stacking.
The direct arriv al is shown by A and a strong re
ection shown
by B.
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Figure 5. Virtual source gather for hydrophone with re-
ceiver 1 as the virtual source and source panel 3 used for
stacking. The events pointed by the arrow correspond to the
free-surface multiples. The artifact due to the edge-e�ect is
highligh ted by an ellipse.
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Figure 6. Carto on demonstrating the three free-surface mul-
tiples arriving at di�eren t times as shown in Figure 5.

2.1 Separating waves arriving with di�eren t
slownesses

Figure 4 shows, for the hydrophone, the virtual source
gather with receiver 1 as the virtual source. In this case
the correlation gather is stacked over the sources in
panel 1. The gather looks similar to a conventional shot
gather. Direct arriv al (A) along with a few refractions
are visible. One strong re
ection (B) can also be seenin
this virtual sourcegather. Figure 3 shows that for t > 0,
source panel 3 contain the sourcesthat give stationary
phasecontribution.

If instead of stacking over panel 1, we stack the
correlation gather over sourcepanel 3, we obtain virtual
sourcegather asshown in Figure 5. Apart from a few re-
fractions, most of the arriv als are re
ections either from
the subsurface or from the free-surface. There is a dif-
ference in the virtual source gathers obtained by stack-
ing over source panel 1 as compared to stacking over
source panel 3 becausethe waves arriving from source
panel 3 has a di�eren t slownesscompared to those from
panel 1. Even though source panel 1 does not contain
sourcesthat give stationary phase contribution, we see
in Figure 4 the direct arriv al along with refractions and
a re
ection event. However, the signal to noise ratio in
this virtual sourcegather is lower than the virtual source
gather generatedwith sourcesthat givestationary phase
contribution (Figure 5).

Virtual source gathers generated by stacking over
di�eren t source panels can, hence, be used to separate
the wavespropagating with di�eren t slownesses.This is
similar to beam steering (Poletto and Miranda, 2004;
Sheri�, 1999) or \fo cused stack" which emphasizesen-
ergy from a particular direction. The raw shot gather
(Figure 2) shows the direct arriv al, refractions and re-

ections. In contrast, virtual source gathers generated
by stacking over di�eren t source panels can be used to
separate the re
ections from the direct arriv al and re-
fractions.

Figure 5 shows three strong events occuring at 1.4,
2.8 and 4.2 s that are marked by letters A, B and
C respectively. The arriv als correspond to the re
ec-
tions from the free-surface (i.e., free-surface multiples)
as shown in Figure 6. In Figure 5 the arriv al closeto the
direct arriv al for near o�set, highlighted by an ellipse,
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Figure 7. Virtual source gather for hydrophone with re-
ceiver 60 as the virtual source and source panel 5 used for
stacking. The two perpendicular lines show the zero time
and the location of the virtual source. The arrows close to �
1.4 s (denoted by D and E) and the dashed line shows the
free-surface multiples for the causal and acausal response.
The box A indicates the artifact due to waves coming only
from one side of the virtual source, which is caused by use
of a small source aperture located to the left of the virtual
source. Spurious events shown by B are due to the side-lobes
in the auto-correlation. The artifacts due to the edgesare in-
dicated by C and are highligh ted by a dashed line for farther
o�set.

is an artifact that is caused by edge-e�ects associated
with truncation of the stack over �nite number of shots.
We discussthis artifact in the next sub-section.

2.2 Edge-e�ect

To illustrate the edge-e�ect in the creation of virtual
sourcegathers, we consider the virtual sourcegather for
hydrophone with receiver 60 as the virtual source (Fig-
ure 7). The correlation gather is stacked over the sources
in panel 5 becauseit givesthe stationary phasecontribu-
tion. The two thin perpendicular lines mark zero time
and the location of the virtual source. The wave-�eld
for t > 0 consists mainly of the direct arriv al, refrac-
tions and a strong re
ection (D). The wave-�eld for t
< 0, however is di�eren t. Let us go through the events
marked by A through E.

� A : Box A shows a series of spurious arriv als that
are causedbecausewe stack the correlation gather over
a small sub-set of sources (shot panel 5). We show in
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Figure 8. Travel-time di�erence curve (as a function of re-
ceiver o�set) representing the di�erence in the tra vel-time
for wave-�eld to tra vel from the source to the receiver 60
and tra vel-time for the wave-�eld to tra vel from the source
to receivers 1 through 59 for the the two sourceseach located
at the edge of source panel 5.

later part of this sub-section that these spurious events
averageout by using a larger sourceaperture such that
energy comes from all possible directions. If we had
a complex heterogeneousoverburden instead of water,
even with such a small number of sourceswe would get
incoming energy from a larger range of directions due
to scattering.

� B : The weak arriv als marked by B have move-out
parallel to the direct arriv al. These arriv als correspond
to the side-lobes of the auto-correlation of the source-
time function and can be removed by deconvolving all
the traces in the correlation gather with the power
spectrum of the source signal before stacking over the
sources.

� C : The direct arriv al extends to negative times to
give two spurious arriv als shown by C. These arriv als
are extended by dashedthin lines to highlight the shape
of the artifact with increasing o�set and correspond to
truncation of the stack over the sources. To diagnose
the shape of the artifact, we plot the travel-time di�er-
encecurves(Figure 8) representing the di�erence of the
travel-time for wave-�eld to travel from the two sources
(each at the an end of sourcepanel 5) to receiver 60 and
travel-time for the wave-�eld to travel from the same
sources to the receivers 1 through 59 using the water
velocity as 1500 m/s. Figure 9 shows that the travel-
time di�erence curve agrees well with the kinematics
of the artifact due to the edge-e�ect and, hence, is a
good diagnostic for estimating the shape of the artifact
causedby the edge-e�ect. A simple way to attenuate the
edge-e�ect is to taper the cross-correlateddata or stack
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Figure 9. Virtual sourcegather for hydrophone with receiver
60 as the virtual source and source panel 5 used for stacking.
The artifacts due to the edges (indicated by C in Figure 7)
agree well with tra vel-time di�erence curve.
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Figure 10. Virtual source gather for hydrophone with re-
ceiver 60 as the virtual source and source panel 5 used for
stacking. Linear tap ering is applied at the end traces in the
correlation gather to attenuate the artifacts due to edge-
e�ects (indicated by C in Figure 7).
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over a larger sourceaperture. We apply a linear taper to
the last 15 traces on each side in the correlation gather
prior to stacking, and show in Figure 10 that applying
linear taper results in a virtual source gather without
the artifacts due to edge-e�ects.

� D and E: Similar to the strong re
ection (D) at
1.4 s, there is also a re
ection (E) for t < 0. Figure 11
shows two cartoons to explain the two re
ection events
(D and E). The re
ection event for negative times (E)
is seenbecauseof the waves that arriv e at a receiver to
the left of receiver 60, gets re
ected and then arriv esat
receiver 60 (Figure 11a). In contrast, the re
ection event
for positive times (D) is seenbecauseof the waves that
arriv e at receiver 60, gets re
ected and then arriv es a
receiver to the right of receiver 60 (Figure 11b).

If, instead of using only the source panel 5, we use
all the sources for stacking, we get the virtual source
gather shown in Figure 12. The waves form an \X"
shape with the two events intersecting at time t=0 and
correspond to the direct arriv als for both negative and
positive o�sets (with respect to receiver 60) and times.
The re
ections (D and E in Figure 7) at � 1.4 s are
now visible for both the negative and positive o�sets
and times. Also the artifacts (A and C in Figure 7) have
averagedout becauseof using a larger source aperture.

Figure 13 shows that application of similar taper-
ing to the correlation gather for virtual source gather
with receiver 1 as the virtual source leads to attenua-
tion of the artifact that was highlighted with an ellipse
in Figure 5. The arrow in Figure 3 indicates the loca-
tion of the missing shots in source panel 7. Stack over
the sourcesin this panel will give edge-e�ects not only
due to sourceslocated at the endsof the sourceaperture
but also due to this discontin uit y. Hence, it is essential
to apply tapering to the traces close to such disconti-
nuities along with the traces at the ends of the source
aperture.

3 ATTENUA TION OF FREE-SURF A CE
MUL TIPLES

In the virtual source gather with receiver 1 as the
virtual source and the correlation gather stacked over
source panel 3 (Figure 5), the strong re
ections shown
by arrows correspond to the re
ections from the free-
surface. The re
ections from the subsurfaceis up-going
energy. In contrast, the the free-surface multiples con-
tain down-going energy. Since we have both the hy-
drophone and vertical geophonerecording, we usedual-
sensorsummation (Jiao, et.al., 1998; Barr, et.al., 1996;
Barr, 1997; Barr and Sanders, 1989; Barr, et.al., 1997;
Dragoset and Barr, 1994; Pa�enholz and Barr, 1995;
Ball and Corrigan, 1996; Soubaras, 1996; Canales and
Bell, 1996;Loewenthal, 1994;Loewenthal and Robinson,
2000; Robinson, et.al., 1999) to separate the up-going
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Figure 11. Carto on showing the arriv als that causes the
two re
ection events D and E shown in Figure 7. Figure
(a) shows the arriv al leading to the acausal re
ection event
(E) and Figure (b) shows the arriv al leading to the causal
re
ection (D).
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Figure 12. Virtual source gather for hydrophone with re-
ceiver 60 as the virtual source with all source panels used
for stacking. Linear tap ering is applied at the end traces
in the correlation gather to attenuate the artifacts due to
edge-e�ects. Apart from the direct arriv als, re
ection events
(shown by the arrows) are clear for both the causal and
acausal responses.
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Figure 13. Virtual source gather for hydrophone with re-
ceiver 1 as the virtual source and source panel 3 used for
stacking. Linear tap ering is applied at the end traces of the
correlation gather to attenuate the artifacts due to edge-
e�ect. The e�ect of tap ering is shown by the ellipse as com-
pared to the region highligh ted by the ellipse in Figure 5.

and the down-going waves.The dual-sensorsummation
separates e�cien tly the up-going and down-going en-
ergy for waves arriving at normal incidence. Using the
recordings of both the hydrophone (H) and the verti-
cal geophone (Z), the sum H+Z gives the down-going
energy and di�erence H-Z gives the up-going energy.
We use the separation of the up-going and down-going
waves to attenuate the free-surfacemultiples.

Before we take the sum and di�erence of the hy-
drophone and the vertical geophone,it is essential to cal-
ibrate the vertical geophoneto the hydrophone because
there could be coupling variations and/or ampli�er gain
di�erences in the hydrophone and the vertical compo-
nent geophone.The calibration of the vertical geophone
to the hydrophone is done as follows. The �rst step is to
align the �rst arriv als of hydrophone and vertical geo-
phone for small o�set traces using the geometry and
cross-correlation. We then averagethe �rst arriv als over
the hydrophone and the vertical geophone separately
so as to average out any contribution from re
ectors
near the sea-
oor. The hydrophone records the wave-
�eld that can be represented as : D*(1+R) where D is
the direct arriv al and R is the water bottom re
ection
coe�cien t. In contrast, the vertical geophone records
D*(-1+R). We know that in the time gate below the
direct arriv al and above the free-surface re
ection, the
data should be up-going. Using this information, we de-
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Figure 14. Virtual source gather with receiver 1 as the vir-
tual source and source panel 3 used for stacking. The cor-
relation gathers are obtained by cross-correlating wave-�eld
recorded by the hydrophone of receiver 1 (virtual source)
with the H-Z wave-�eld of all other receivers respectively.
Linear tap ering is applied at the end traces of the correla-
tion gather to attenuate the artifacts due to edges. Apart
from the free-surface multiples shown by arrows, there is an
incoherent jitter for small o�sets (highligh ted by the box).

termine a scalar value per vertical geophoneand apply
it before doing the dual-sensor summation.

The geometry of Figure 1 shows that the angle at
which the waves arriv es at the receivers is not normal
and depends on the source-receiver o�set. For angle of
incidence � , instead of H+Z, the down-going waves are
strictly given by H+Z/cos � . Similarly , H-Z/cos � de-
scribes the up-going waves.For this paper, however, we
ignore the cosine factor and analyze the virtual source
gathers generatedby cross-correlating hydrophone with
H+Z and H-Z respectively becausethere are no dras-
tic variations in the virtual source gather generated by
taking into account the variation of the incidence angle
with the source/receiver o�set.

For the virtual source gather in Figure 5 we cross-
correlated the hydrophone recording at the receiver act-
ing as the virtual source with the hydrophone record-
ing at all the other receivers and then stacked over the
sources. We correlated the entire wave-�eld, including
both the up-going and the down-going energy. This re-
sulted in a virtual source gather containing both the
up-going and the down-going energy. Using the dual-
sensor summation, we can separate the up-going and
the down-going energy in the raw shot gathers and use
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Figure 15. Virtual source gather for vertical geophone with
receiver 1 as the virtual source and source panel 3 used for
stacking. Linear tap ering is applied to the end traces of the
correlation gather to attenuate the artifacts due to edges.
The incoherent jitter for the smaller o�sets is shown by the
box.

those to generatevirtual sourcegathers containing only
the up-going or only the down-going energy.

If instead of correlating the entire wave-�eld, we
correlate the hydrophone recording at the virtual source
with the H-Z wave-�eld (up-going energy) at all the
other receivers, we obtain the virtual source gather as
shown in Figure 14. Since the entire wave-�eld is cor-
related with the up-going energy, the resulting virtual
source gather shows the down-going energy that con-
sists mainly of a direct arriv al along with the free-
surface multiples. Unlik e in Figure 5, the virtual source
gather shown in Figure 14 contains an incoherent jitter
in the near o�set as shown in the box. We seein Fig-
ure 5 that this incoherent jitter doesnot show up when
the full wave-�eld of the hydrophone is used for cross-
correlation. Hence, the incoherent energy is due to the
contribution of the vertical component.

To diagnose the cause of the jitter, we generate
the virtual source gather using the vertical geophones.
The virtual source gather with receiver 1 as the virtual
source and the correlation gather stacked over source
panel 3 is shown in Figure 15. Apart from the direct ar-
rival and prominent free-surface multiples, the gather
also contains the incoherent jitter in the near o�set,
suggesting that the jitter we see when hydrophone is
correlated with H-Z is coming from the vertical compo-
nent. Schalkwijk, et.al (2003) studied a similar decom-
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Figure 16. Virtual source gather with receiver 1 as the vir-
tual source and source panel 3 used for stacking. The cor-
relation gathers are obtained by cross-correlating wave-�eld
recorded by the hydrophone of receiver 1 (virtual source)
with the H+Z wave-�eld of all other receivers respectively.
Linear tap ering is applied at the end traces of the correlation
gather to attenuate the artifacts due to edges. This results
in the attenuation of both the direct arriv al and the free-
surface multiples, hence bringing out the re
ections due to
the re
ectors in the subsurface.

position of multicomp onent ocean-bottom seismicwaves
into down-going and up-going energy. They explain this
jitter as the cross-coupling of the vertical component
with the horizontal components, and they show that
theseevents deteriorate the decomposition result if they
are not removed. Schalkwijk, et. al. (1999) proposedto
remove the cross-coupling by optimally subtracting the
horizontal velocity components from the vertical com-
ponent.

If we correlate the entire hydrophone wave-�eld
with the up-going energy we get the virtual source
gather consisting mainly of the down-going energy. In
order to attenuate the free-surfacemultiples, which cor-
respond to down-going energy at the array, we correlate
the hydrophone recording at the virtual sourcewith the
H+Z wave-�eld at all the other receivers. Since H+Z
wave-�eld contains mainly the down-going waves, we
get the virtual source gather containing mainly the up-
going wavesas shown in Figure 16. The direct arriv al is
attenuated and so are the free-surface multiples which
were the prominent events in the virtual source gather
generatedusing the entire hydrophone wave-�eld. Since
this virtual source gather consists mainly of the up-
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going energy, we seere
ection events that are coming o�
the re
ectors in the subsurface. Hence, using the dual-
sensor summation, we can separate the up-going and
the down-going waves to isolate the re
ections coming
o� the subsurface from other events such as the direct
arriv al and free-surfacemultiples.

4 CONCLUSION

Virtual source gathers are generated by cross-
correlating the wave-�eld recorded at a reference re-
ceiver, which acts as the virtual source, with the wave-
�eld recordedat all the other receiversand then stacking
over the source locations. We show that the stack over
a selected panel of source locations allows us to sepa-
rate wavesarriving with di�eren t horizontal slownesses.
The correlation gather is a useful for qualit y control and
for assessingthe source locations that give a stationary
phase contribution and hence can be used for stack-
ing. The sources giving stationary phase contribution
are seenas the two peaks in the correlation gather.

In the processof generating the virtual sourcegath-
ers, it is important to apply tapering to the traces at the
end before stacking the correlation gather. This sup-
pressesthe artifacts causedby abrupt truncation of the
sum over sources.For this casestudy we show that the
artifacts due to the edge-e�ects can be diagnosedusing
the travel-time di�erence curve for the sources at the
two ends of the aperture. Another artifact arisesdue to
the side-lobesof the auto-correlation of the source-time
function. This artifact can in principle be removed by
deconvolving all the traces in the correlation gather with
the power spectrum of the sourcesignal before stacking
over the sources.

The free-surfacemultiples can be attenuated using
the dual-sensorsummation to separatethe up-going and
the down-going waves. Although, in theory, the dual-
sensorsummation works only for normal incidence, we
are able to separatethe wave-�elds that consistsmainly
of the down-going and the up-going waves.There are no
drastic variations in the virtual sourcegather generated
by taking into account the variation of the incidence
angle with the source/receiver o�set.

A CKNO WLEDGMENTS

We thank the Gamechanger program of Shell Interna-
tional Exploration and Production Inc. for �nancial sup-
port. We appreciate the critical comments from Paul
Sava and Ivan Vasconcelos.

REFERENCES

Bakulin, A., and R. Calvert, \Virtual source: new method
for imaging and 4D below complex overburden," SEG

Technical Program Expanded Abstracts, 23 , 2477-2480
(2004).

Ball, V., and D. Corrigan, \Dual-sensor summation of noisy
ocean-bottom data," SEG Technical Program Expanded
Abstracts 15 , 28-31 (1996).

Barr, F. J., \Dual-sensor OBC technology," The Leading
Edge 16, 45-52 (1997).

Barr, F. J., R. E. Chambers, W. Dragoset and J. Pa�enholz,
\A comparison of methods for combining dual-sensor
ocean-bottom cable traces," SEG Technical Program Ex-
panded Abstracts 16 , 67-70 (1997).

Barr, F. J., J. Pa�enholz, and W. Rabson, \The dual-sensor
ocean-bottom cable method: Comparativ e geophysical
attributes, quantitativ e geophone coupling analysis and
other recent advances," SEG Technical Program Ex-
panded Abstracts 15 , 21-22 (1996).

Barr, F. J., and J. I. Sanders, \A tten uation of Water-Column
Reverberations using pressure and velocit y detectors in a
water-b ottom cable," SEG Technical Program Expanded
Abstracts 8, 653-656 (1989).

Canales, L., and M. L. Bell, \Ghost attenuation using dual
sensor cable data," SEG Technical Program Expanded
Abstracts 15 , 1591-1594 (1996).

Dragoset, W., and F. J. Barr, \Ocean-b ottom cable dual-
sensor scaling," SEG Technical Program Expanded Ab-
stracts 13 , 857-860 (1994).

Derode, A., E. Lacrose, M. Campillo, and M. Fink, \Ho w
to estimate the Green's function for a heterogeneous
medium between two passive sensors? Application to
acoustic waves," Applied Physics Letters, 83 , 3054-3056
(2003).

Jiao, J., S. Trickett, and B. Link, \Robust summation of
dual-sensor ocean-bottom cable data," SEG Technical
Program Expanded Abstracts 17 , 1421-1424 (1998).

Lobkis, O. I., and R. L. Weaver, \On the emergence of the
Green's function in the correlations of a di�use �eld,"
Journal of Acoustical Society of America, 110 , 3011-3017
(2001).

Loewenthal, D., \On dual �eld measurements using geo-
hydrophones," SEG Technical Program Expanded Ab-
stracts 13 , 861-864 (1994).

Loewenthal, D., and E. A. Robinson, \On uni�ed dual �elds
and Einstein deconvolution," Geophysics 65 , 293-303
(2000).

Mehta, K. J., R. Snieder, and V. Graizer, \Extraction of
near-surface prop erties from earthquak e data recorded
in a borehole using seismic interferometry ," Consortium
Pro ject of Seismic Inverse Metho ds for Complex Struc-
tures: 2006 Pro ject Review, CWP-548 , pp. 195-204
(2006).

Pa�enholz, J., and F. J. Barr, \An impro ved method for
deriving water-b ottom re
ectivities for processing dual-
sensor ocean-bottom cable data," SEG Technical Pro-
gram Expanded Abstracts 14 , 987-990 (1995).

Poletto, F. and F. Miranda, \Seismic while drilling: Funda-
mentals of Drill-Bit Seismic for Exploration," Pergamon-
Elsevier, Amsterdam, The Netherlands (2004).

Robinson, E. A., M. Ewing and J. L. Worzel, \Seismic In-
version and Deconvolution. Part B: Dual-sensor technol-
ogy," Pergamon-Elsevier, Amsterdam, The Netherlands
(1999).

Sabra, K. G., P. Gerstoft, P. Roux, and W. A. Kup er-
man, \Extracting time-domain Green's function esti-



214 K. Mehta, et al.

mates from ambient seismic noise," Geophysics Research
Letters, 32 , L03310, doi:10.1029/2004GL021862 (2005).

Schalkwijk, K. M., C. P. A. Wapenaar, and D. J. Ver-
schuur, \Adaptiv e decomposition of multicomp onent
ocean-bottom seismic data into downgoing and upgo-
ing P- and S-waves," Geophysics, 68 , No.3, 1091-1102
(2003).

Schalkwijk, K. M., C. P. A. Wapenaar, and D. J. Verschuur,
\Application of two-step decomposition to multicomp o-
nent ocean-bottom data: Theory and case study," Jour-
nal of Seismic Exploration, 8, 261-178 (1999).

Schuster, G. T., J. Yu, J. Sheng, and J. Rickett, \In ter-
ferometric/da yligh t seismic imaging," Geophysics Jour-
nal International, 157 838-852 (2004). multicomp onent
ocean-bottom data: Theory and Case Study," Journal of
Seismic Exploration, 8, 261-278 (1999).

Shapiro, N. M., and M. Campillo, \Emergence of broad-
band Rayleigh waves from correlations of the ambient
seismic noise," Geophysics Research Letters, 31 , L07614,
doi10.1029/2004GL019491 (2004).

Shapiro, N. M., M. Campillo, L. Stehly, and M. H. Ritzw oller,
\High-resolution surface-wave tomograph y from ambient
seismic noise," Science, 307 , 1615-1618 (2005).

Sheri�, R. E., \Encyclop edia Dictionary of Exploration Geo-
physics," Society of Exploration Geophysicists (1999).

Snieder, R., \Extracting the Green's function from the cor-
relation of coda waves: A derivation based on stationary
phase," Physics Review E., 69 , 046610 (2004).

Snieder, R., and E. S� afak, \Extracting the building response
using seismic interferometry; theory and application to
the Millik an Library in Pasadena, California," Bulletin
of Seismological Society of America, 96 , No.2, 586-598
(2006).

Snieder, R., J. Sheiman, and R. Calvert, \Equiv alence of
the virtual source method and wave�eld deconvolution in
seismic interferometry ," Consortium Pro ject of Seismic
Inverse Metho ds for Complex Structures: 2006 Pro ject
Review, CWP-548 , pp. 215-226 (2006).

Soubaras, R., \Ocean bottom hydrophone and geophonepro-
cessing," SEG Technical Program Expanded Abstracts
15 , 24-27 (1996).

Snieder, R., K. Wapenaar, and K. Larner, \Spurious multi-
ples in interferometric imaging of primaries," Geophysics,
in Press (2006).

van Wijk, K., \On estimating the impulse response between
receivers in a controlled ultrasonic experiment," Geo-
physics, in Press (2006).

Wapenaar, K., \Retrieving the elastodynamic Green's func-
tion of an arbitrary inhomogeneous medium by cross-
correlation," Physics Review Letters, 93 , 254301 (2004).

Wapenaar, K., J. Fokkema, and R. Snieder, \Retrieving the
Green's function by cross-correlation: a comparison of
approaches," Journal of Acoustical Society of America,
118 , 2783-2786 (2005).

www.rigzone.com/data/pro jects/


