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ABSTRACT

The virtual source method has recently been proposed to
image and monitor below complex and time-varying over-
burden. The method requires surface shooting recorded at
downhole receivers placed below the distorting or changing
part of the overburden. Redatuming with the measured
Green’s function allows the reconstruction of a complete
downhole survey as if the sources were also buried at the re-
ceiver locations. There are still some challenges that need to
be addressed in the virtual source method, such as limited ac-
quisition aperture and energy coming from the overburden.
We demonstrate that up-down wavefield separation can sub-
stantially improve the quality of virtual source data. First, it
allows us to eliminate artifacts associated with the limited ac-
quisition aperture typically used in practice. Second, it allows
us to reconstruct a new optimized response in the absence of
downgoing reflections and multiples from the overburden.
These improvements are illustrated on a synthetic data set of
a complex layered model modeled after the Fahud field in
Oman, and on ocean-bottom seismic data acquired in the
Mars field in the deepwater Gulf of Mexico.

INTRODUCTION

The virtual source method �Bakulin and Calvert, 2004; 2006� is a
echnique to image and monitor below complex overburden, without
nowledge of overburden velocities or near surface changes. The
irtual source method is closely related to seismic interferometry
Derode et al., 2003; Schuster et al., 2004; Snieder, 2004; Wapenaar,
004; Wapenaar et al., 2005�; both of them use crosscorrelation of
he recorded wavefields at a given pair of receivers to estimate the
reen’s function between them. For acquisition geometry with
ownhole receivers and surface shooting, when we correlate the
avefield recorded by a selected reference receiver with every other
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V79
eceiver and sum the correlated wavefield �correlation gather� over
he physical sources, the resultant wavefield represents the data re-
orded as if there was a physical source at the reference receiver lo-
ation. Because there is no physical source at the reference receiver
ocation, the method is known as the virtual source method �Bakulin
nd Calvert, 2004; 2006�. In practical applications there are still
hallenges in the virtual source method that need to be addressed.
he goal of this study is to identify these challenges and demonstrate

he usefulness of wavefield separation to overcome some of them.
The simplest approach to generate virtual source gathers is to

rosscorrelate the total wavefield recorded at the virtual source loca-
ion with the total wavefield recorded at the receivers �Mehta et al.,
006�. Total wavefield refers to the entire seismic recording. The re-
ultant virtual source gather includes all the responses between the
irtual source and the receiver, some of which may not be of interest
or geophysical applications. The current practice is to correlate the
indowed direct arrival in the total wavefield recording at the virtual

ource with the total wavefield at the receivers �Bakulin and Calvert,
004; 2006�. This approach suppresses some of the unwanted re-
ponses, coming from the overburden, as compared to the simplest
pproach. Neither approaches give the true subsurface response,
hich is obtained by putting a physical source at the virtual source

ocation, because of two reasons.
According to theory �Derode et al., 2003; Schuster et al., 2004;

nieder, 2004; Wapenaar, 2004; Bakulin and Calvert, 2006; Korn-
ev and Bakulin, 2006�, we get the true response between a given
air of receivers by correlating the wavefields recorded at the two re-
eivers and summing the correlated signal over sources that populate
closed surface enclosing the two receivers. For geophysical appli-
ations, we cannot have sources all around the receivers, and hence
imple crosscorrelation and summation over a subset of sources
oes not provide the true response. Apart from the spurious events
aused by incomplete source aperture, in both approaches we get re-
ections from the overburden and the free surface, because we
ecord both the upgoing and the downgoing waves at the receivers.
hese unwanted responses obscure the target reflections.

d February 1, 2007; published online May 21, 2007.
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V80 Mehta et al.
We attempt to suppress the artifacts caused by incomplete source
perture, and the reflections coming from the overburden and the
ree surface. We do this by separating the recorded wavefield into
pgoing and downgoing waves. Up-down wavefield separation
hows promise for improving virtual source data quality by remov-
ng the reflections from the overburden and nonphysical events aris-
ng because of incomplete source aperture. Similar up-down wave-
eld separation is done by Snieder et al. �2006a� in a different con-

ext applied to structural engineering.
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igure 1. P- and S-wave velocity profiles and the acquisition geome-
ry for synthetic model inspired by Middle East field Fahud. The 161
ources are spaced every 10 m on the surface and 41 receivers are
laced on a horizontal well at a depth of 250 m. Receiver spacing is
0 m.
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igure 2. The virtual source gather generated by crosscorrelating th
he virtual source �receiver 21� with the total wavefield at the receiv
ather generated by placing a physical source �vertical force� at the
ion �receiver 21� and a homogeneous half-space above it �b�. In �b�
ating shear waves have been removed.
Apart from imaging below complex overburden, virtual source
ethod is also a powerful tool for time-lapse monitoring with per-
anent receivers. We apply the virtual source method to multicom-

onent, ocean-bottom cable �OBC� data recorded at the Mars field
Rigzone� with 120 four-component sensors permanently placed on
he seafloor. We show in the final section how wavefield separation
elps suppress the strong reflection coming from the sea surface, and
ence unravels the reflection response of the reservoir. This im-
roves the repeatability for seismic monitoring, by making the re-
ponse independent of variations in the sea level, sea temperature,
ource locations, and source signatures.

In the next section, we illustrate the improvement in the virtual
ource method after incorporating wavefield separation using a syn-
hetic model, followed by an explanation of the need for wavefield
eparation before crosscorrelating the recordings.

SYNTHETIC MODELING

Let us start by synthetic simulation using a model with vertical
rofiles of P- and S-wave velocities as shown in Figure 1. The data
or this synthetic simulation are generated using reflectivity model-
ng �Schmidt and Tango, 1986�. The density varies between 2100
nd 2500 kg/m3. The acquisition geometry consists of 161 sources
vertical forces� placed on the surface with an interval of 10 m and
1 receivers placed in a horizontal well 250 m deep, with an interval
f 10 m. The objective is to create virtual sources along the horizon-
al well to suppress the distorting effects of the upper near surface
above 200 m�, and to get better images of the reservoir layers be-
ow. This complex overburden that consists of layers with extremely
igh-velocity contrasts is typical in the Middle East, and here mod-
led after the Fahud field in Oman.

If ideal redatuming is performed with seismic interferometry, then
he reconstructed response corresponds to buried virtual source
t one of the receivers. This response will contain reflections from

the overburden layers, as well as free-surface
multiples.

Bakulin and Calvert �2006� showed how gat-
ing before crosscorrelation can eliminate some of
the overburden reflections by making the virtual
source radiate predominantly downwards and
hence, provides cleaner response from deep tar-
get reflectors. Their approach, however, cannot
suppress the downgoing reflections and multiples
from the free surface and overburden. Here, we
set a goal to completely eliminate from the virtual
source data all the downgoing reflections and
multiples related to the overburden.

Therefore, we benchmark the virtual source
data against the ground truth response computed
for a new model where all overburden above the
well is replaced by a homogeneous half-space
with the same velocity structure below the receiv-
ers �Figure 1�.

We choose receiver 21 �middle receiver� as the
virtual source, highlighted in red in Figure 1. This
virtual source gather should be equivalent to the
response generated by putting a physical source
at the location of receiver 21. Figure 2 shows a
comparison of the two responses. Figure 2a
shows the virtual source gather generated by
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Improving VS by wavefield separation V81
rosscorrelating the total wavefield at the virtual source location �re-
eiver 21� with the total wavefield at the receivers. Figure 2b shows
he wavefield recorded by the receivers caused by a physical source
vertical force� at the virtual source location, after removing the lat-
rally propagating shear waves. The laterally propagating shear
aves are removed by using only the upgoing energy at the receiv-

rs. The up-down separation was done by the modeling program dur-
ng the forward modeling. For the rest of this paper, we will refer to
his response as the ground truth response. Apart from the four P-P
eflection events, labeled 1 through 4 in Figure 1, that are present in
oth the cases, there are a lot of other events in the virtual source
ather.

For easier comparison, we plot the ground truth response as
hown in Figure 3. We see the four P-P reflections labeled 1–4 and
lso an S-to-P-wave conversion. For further analysis, we restrict
urselves to P-waves only. Figure 4 shows the virtual source gather,
lotted in red, on top of the ground truth, plotted in black. As men-
ioned earlier, apart from the agreement in the reflection events, there
re numerous other events in the virtual source gathers. Some of
hem are of physical nature �overburden-related response� and some
re unphysical �artifacts caused by limited source aperture�, but both
epresent unwanted responses in geophysical applications. In the
ext section, we elaborate on their nature in layered media and dem-
nstrate how wavefield separation can suppress both types of undes-
red responses.

WAVEFIELD SEPARATION

Before we incorporate wavefield separation in the virtual source
ethod, we demonstrate, using illustrations in Figure 5, the useful-

ess of wavefield separation to suppress artifacts and overburden re-
ponse. The figure shows illustrations for a three-layer model to il-
ustrate the effect of incomplete source aperture and reflections com-
ng from the overburden and the free surface. In all the illustrations,
he red triangle is the virtual source and the yellow triangle is the re-
eiver. They both are located at depth and the source is excited on the
urface. Figure 5a shows the source location that gives a prominent
ontribution �Snieder et al., 2006b� for a physical arrival between the
irtual source and the receivers, as shown by the black arrows.
ence, this source contributes to the true response between the virtu-

l source and the receiver and is referred to as the stationary phase
ontributor �Snieder et al., 2006b�.

If, however, the source is placed as shown in Figure 5b, the virtual
ource and the receiver will record the wavefield propagating along
he red arrows. Snieder et al. �2006b� explains that even though the
ource gives a stationary phase contribution, crosscorrelation of the
wo wavefields does not correspond to any physical arrival between
hem. Hence, this source does not contribute to the true response.
uch arrivals contribute to spurious events in the virtual-source
ather. Snieder et al. �2006b� also show that if we would have a
ource below the receivers, as shown in Figure 5c, the waves propa-
ating along the blue arrows will cancel the effect of the waves prop-
gating along the red arrows and hence the spurious event will not be
part of the response. However, for geophysical applications we do
ot have the luxury to put a source in the subsurface, as shown in the
llustration.

To remove these spurious events, we resort to wavefield separa-
ion.As shown in Figure 5b, the wavefield propagating along the red
rrows, recorded by the virtual source and the receivers is upgoing.
f we restrict the wavefield at the virtual source to be only downgo-
ng, we can suppress these spurious events.

Even though the waves at the virtual source are downgoing, we
ill get reflections from the overburden and the free surface as

hown by the red arrows in Figure 5d. These correspond to physical
rrivals and would be a part of the response, if we had a physical
ource at the virtual source location. We can suppress the effect of
hese arrivals by restricting the waves at the receivers to be only up-
oing. Hence, we get the subsurface response by correlating the
owngoing energy at the virtual source location with the upgoing en-
rgy at the receivers. The idea is similar to Noah’s deconvolution
Riley and Claerbout, 1976�, an approach to generate seismograms
n the absence of the free surface effects by deconvolving the upgo-
ng waves with the downgoing waves. If such a wavefield separation
s achievable without distortions, it may represent an improvement
ver the current practice of time windowing the direct arrival at the
irtual source location and correlating that with the total wavefield at
he receivers �Bakulin and Calvert, 2006�.
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igure 3. Ground truth response generated by putting a physical
ource �vertical force� at the virtual source location �receiver 21�.
he laterally propagating shear waves have been removed.
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V82 Mehta et al.
indowing in time

As discussed above, the current practice involves correlation of
irect arrival windowed in the total wavefield at the virtual source
ith the total wavefield at the receivers. Figure 6 shows the virtual

ource gather �in red� generated by the current practice. The win-
owed direct arrival is obtained by placing a time gate of 40 ms
round the direct arrival. The reflections are preserved.As compared
o Figure 4 a lot of spurious events are, however, suppressed. The
uppression is caused by restricting the energy at the virtual source
ocation to be mostly downgoing P-wave energy �in the form of di-
ect arrival�. Time windowing the direct arrival, thus, improves the
irtual source gather, although a better wavefield separation ap-
roach is to decompose the wavefield into upgoing and downgoing
aves.

p-down separation

As demonstrated by the illustrations in Figure 5, we get the de-
ired subsurface response by correlating the downgoing energy at
he virtual source location with the upgoing energy at the receivers.
nstead of time windowing, we separate the wavefields into upgoing
nd downgoing waves and use those for correlation. Figure 7 shows
he virtual source gather �in red� generated by correlating the down-
oing waves at the virtual source with the upgoing waves at the re-
eivers. The spurious events are suppressed and the virtual source
ather is practically on top of the ground truth response. Hence,
avefield separation is indeed a promising tool for suppressing the
owngoing reflections and multiples in the process of generating the
irtual source gather.

The up-down separation and time windowing can also be com-
ined to generate the virtual source gather as shown in Figure 8. This
irtual source gather is generated by correlating the direct arrival

d)

r1

S) b)

r1

r2

−r1

r2

c)

igure 5. Illustration explaining the need for wavefield separation. S
nd r2 are the reflection coefficients at the interfaces. �a� The sourc
he stationary phase contribution for a physical arrival between the v
eceiver. �b� The source location that gives stationary phase contribu
al arrival between the virtual source and the receiver. �c� The hypoth
he receivers, which if present, would cancel the effect of the nonphy
resence of reflections from the overburden and/or the free-surface m
indowed in the downgoing waves at the virtual source location
ith the upgoing waves at the receivers. For this synthetic model it

hows an improvement over Figure 7.
For field data, this improvement will become prominent once we

eparate the recorded wavefield into upgoing and downgoing waves.
n case of horizontally layered media, wavefield separation for field
ata can be done by dual-sensor summation �e.g., Robinson, 1999�.
ccording to dual-sensor summation, if we have hydrophone �H�

nd vertical component geophone �Z� recording at the same sensor
ocation, the sum H + Z gives the upgoing energy and the difference

− Z gives the downgoing energy. Before we apply this to field
ata, we compare the exact downgoing and upgoing waves, for our
ynthetic model with the H − Z and H + Z approximations respec-
ively.

Figure 9 shows the exact downgoing waves for the raw data
black� and H − Z �red�. Similarly, Figure 10 shows the exact upgo-
ng waves for the raw data �black� and H + Z �red�. The wavefields
re practically identical, suggesting that, despite being strictly valid
or zero-offset data in horizontally layered media, dual-sensor sum-
ation technique provides a reasonable separation of the wavefield

nto upgoing and downgoing waves at all offsets at hand.

FIELD EXAMPLE: REDATUMING
OCEAN-BOTTOM SEISMIC AT MARS FIELD

We demonstrate the improvement in the virtual source gathers,
ecause of wavefield separation, using the data recorded for seismic
onitoring of the Mars field located in the Gulf of Mexico. Figure 11

hows an illustration of the acquisition geometry. The geometry con-
ists of 364 air guns fired �spaced every 25 m� near the sea surface
ith 120 four-component sensors �spaced every 50 m� permanently
laced on the seafloor at 1-km depth. Sea level, water velocity, and

shot locations change slightly between repeat ac-
quisitions, even though receivers remain fixed on
the seabed. This creates a problem for seismic
monitoring aimed to detect small time shifts and
amplitude changes related to field depletion. The
virtual source method allows us to redatum OBC
data to the seabed without knowing any of these
factors. Redatumed data should correspond to
fixed �virtual� source and fixed receiver and ex-
hibit greatly improved repeatability between sur-
veys. This was shown by Bakulin and Calvert
�2006� for synthetic and real data of repeated VSP
acquired over time-varying overburden.

For the synthetic model, we demonstrated the
improvement in the virtual source gathers by up-
down separation. For the Mars field data, we use
the dual-sensor summation technique for the sep-
aration of the wavefield into upgoing and down-
going waves. We use these separate upgoing and
downgoing waves to generate the improved vir-
tual source gathers.

We choose receiver 60 �middle receiver� as the
virtual source and sum the correlation gather over
all the sources. Figure 12a shows the virtual
source gather, for the hydrophone component,
generated by correlating the total wavefield re-
corded at the virtual source location with the total

r2
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Improving VS by wavefield separation V83
avefield at the receivers. The most prominent reflection we see is
he reflection from the sea surface, labeled as ?multiple? in the fig-
re. The arrow with the ?primary? is the location where we expect
he strongest true reflection from the subsurface. Hence, even for a
imple overburden, correlating the total wavefields gives a virtual
ource gather dominated by the reflection from the overburden �sea
urface�.

Before summing and differencing the hydrophone and the vertical
eophone, it is essential to calibrate the vertical geophone to the hy-
rophone, because there could be coupling variations and/or ampli-
er-gain differences in the hydrophone and the vertical component
eophone. The calibration of the vertical geophone to the hydro-
hone is done by aligning the first arrivals for hydrophone and verti-
al component geophone and determining a scalar per vertical geo-
hone using the upgoing energy that arrives immediately after the
irect arrival �Jiao et al., 1998�. Thereafter, using the calibrated hy-
rophone and the vertical component geophone recording and the
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igure 6. The virtual source gather generated by crosscorrelating the
indowed direct arrival at the virtual source �receiver 21� with the

otal wavefield at the receivers �red lines� and the ground truth re-
ponse �black lines�.
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ource �receiver 21� with the upgoing waves at the receivers �red
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V84 Mehta et al.
ual-sensor summation technique, we separate the upgoing and
owngoing waves at all receivers. If instead of correlating the total
avefields, we correlate the downgoing waves at the virtual source
ith the upgoing waves at the receivers, we obtain virtual source
ather shown in Figure 12b. The free-surface multiple is suppressed
highlighted by the arrow and ?multiple?�. The reflections from the
eeper subsurface are now visible and the strongest one is highlight-
d by an arrow and labeled as ?primary?. Even though the reflec-
ions from the subsurface are visible, the virtual source gather is still
oisy.

Figure 13a shows the virtual source gather obtained by the current
ractice �Bakulin and Calvert, 2004; 2006�: correlating the win-
owed direct arrival in the total wavefield at the virtual source loca-
ion with the total wavefield at the receivers. The windowed direct
rrival is obtained by placing a time gate of 400 ms around the direct
rrival. Correlating the time-windowed direct arrival makes the vir-
ual source gather cleaner, but the strongest reflection is still the free-
urface multiple �labeled as ?multiple? To further improve the virtu-

1 364

1 2 0 4 0 100 120

6000 m

10,100 m

60 80

igure 11. Illustration showing the geometry of the Mars field OBC
ata acquisition. There are 120 receivers spaced every 50 m on the
eafloor and 364 air guns �spaced every 25 m� are fired near the sea
urface. Water depth is 1 km.
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igure 12. Virtual source gathers generated with receiver 60 as the vi
irtual source gather generated by crosscorrelating the total wavefiel
ource and receiver locations. �b� The virtual source gather generated
he downgoing waves at the virtual source location with the upgoing
rs. Multiple refers to the reflection from the free-surface �overburd
ers to the reflection from the subsurface. The ??? refers to the abse
vent.
l source gather quality, we combine the up-down separation and the
ime-windowing approach. As shown in Figure 13b, if we correlate
he direct arrival windowed in the downgoing waves at the virtual
ource location with the upgoing waves at the receiver, the virtual
ource gather is cleaner and the true subsurface response �highlight-
d by the arrow and labeled as ?primary?� is clearly visible in the ab-
ence of the free-surface multiples. The free-surface multiple �la-
eled as ?multiple? is attenuated because we use only the upgoing
nergy at the receivers. The early-time reflections are crisper in Fig-
re 13b than in Figure 13a because we excluded any upgoing energy
hat may have been left in the windowing approach. The near-offset
itter in Figure 13b around 3 to 4 s is the result of the wave scattering
ear the soft sea bottom. These scattered and mode-converted waves
re sensed by the vertical component and show up in the virtual
ource gather when we include the vertical component for up-down
avefield separation.
We conclude that the combination of wavefield separation and

ating produces the best response out of all �Figure 13b� as predicted
y synthetic modeling. Although wavefield separation restricts the
adiation pattern of the virtual source to be strictly downward, addi-
ional gating makes the radiation pattern of the virtual source pre-
ominantly longitudinal and, thus, improves signal-to-noise ratio by
liminating unwanted shear-wave energy from the virtual source.
his unwanted late energy may be used to generate virtual shear
ources �Bakulin and Calvert, 2005�.

Dual-sensor summation is strictly valid for zero-offset data over
orizontally layered media. Therefore, in many practical instances
f large offsets or complex �2D and 3D� overburdens, it may fail to
eliver separated wavefields with undistorted phase required for vir-
ual source generation. In cases such as borehole observations below
ear surface, an alternative approach can be attempted to unravel im-
roved reflection response of the subsurface. First, one can generate

two virtual source �VS� data sets using the current
practice, i.e., correlating the direct arrival win-
dowed in the total wavefield at the virtual source
with the total wavefield at the receivers, both for
the hydrophone �VSH� and vertical component
geophone �VSZ� separately, and then extract the
upgoing waves �VSH + VSZ� for downhole survey
using dual-sensor summation. Figure 14b, gener-
ated by such an alternate approach, reveals a gath-
er similar in quality to our best response Figure
14a �same as Figure 13b�. In Figure 14b, there
are, however, distortions in early times and near
the direct arrival because of windowing in the to-
tal wavefield, instead of windowing in the down-
going waves.As shown before, wavefield separa-
tion in the process of generating the virtual source
gathers indeed gives the desired subsurface re-
sponse. This alternative approach with wavefield
separation after generating the virtual source
data, however, also gives reasonable reflection
response and can be improved further by suitable
combination of 3-C sources and 4-C geophones,
i.e., by doing elastic �vector� virtual source.

The up-down wavefield separation applied to
the virtual source method suppresses the down-
going reflections and multiples from the overbur-
den as shown in the Figure 5. There are, however,
waves that propagate downwards from the virtual

?Primary?

0

urce. �a� The
th the virtual
sscorrelating
at the receiv-
d primary re-
the reflection
rs

80 10

rtual so
ds at bo
by cro
waves
en� an
nce of



?

F
v
t
T
d
M
t

?

F
v
d
�
f
c
w
f
t

Improving VS by wavefield separation V85
source, reflect from the subsurface, propagate
through the overburden above the receivers, re-
flect back into the subsurface, and are sensed by
the receivers as upgoing waves. Such events exist
in the virtual source data, even after applying
wavefield separation. Wavefield separation,
hence, suppresses the overburden-related prima-
ries and common-leg multiples. The overburden-
related multiples that are downgoing at the virtual
source and upgoing at the receivers, however, still
exists even after applying wavefield separation.

CONCLUSIONS

The virtual source method can be improved to
get mainly the reflection response from the deep-
er subsurface by using wavefield separation com-
bined with gating. Instead of correlating total
wavefields as suggested by theory, in practice it is
more beneficial to correlate downgoing waves at
the virtual source with the upgoing waves at the
receivers. In addition, time windowing or gating
of the downgoing response further improves the
signal-to-noise ratio.

Synthetic modeling in layered media inspired
by the Fahud field in Oman reveals the nature of
these improvements. Selecting upgoing waves at
the receivers eliminate the reflections from the
overburden and free surface. Using downgoing
waves at the virtual source restricts the radiation
pattern of the virtual sources to downward direc-
tion only and hence, suppresses the spurious
events caused by incomplete acquisition aper-
ture. Combination of the two provides us with a
new optimized response in the absence of down-
going reflections and multiples from the overbur-
den. Additional gating of the downgoing re-
sponse allows for restricting the virtual source ra-
diation pattern to predominantly P-waves and
avoids contamination by shear energy. A field
data example confirms that a combination of
wavefield separation and gating leads to a greatly
improved signal-to-noise ratio on virtual source
data and, thus, a cleaner reflection response of tar-
get horizons.
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