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SUMMARY

A significant problem in seismic imaging is seismicallyseeing
below salt structures: large velocity contrasts and the irreg-
ular geometry of the salt-sediment interface strongly defocus
both the downgoing and upgoing seismic wavefields. This can
result in severely defocused migration images so as to seismi-
cally render some subsalt reserves invisible. The potential cure
is a good estimate of the subsalt and salt velocity distributions,
but that is also the problem: severe velocity contrasts prevent
the appearance of coherent subsalt reflections in the surface
records so that MVA or tomographic methods can become in-
effective. We now present an interferometric method for ex-
tracting the diffraction signals that emanate from diffractors,
also denoted as seismic guide stars. The signal-to-noise ratio
of these interferometric diffractions is enhanced by

√
N, where

N is thenumber of source points coincident with the receiver
points. Thus, diffractions from subsalt guide stars can then
be rendered visible and so can be used for velocity analysis,
migration, and focusing of subsalt reflections. Both synthetic
and field data records are used to demonstrate the benefits and
limitations of this method.

INTRODUCTION

Many of the world’s giant oil reservoirs discovered in the 21st
century are offshore marine fields, and a significant number of
them are below salt. For example, deep drilling in the Gulf of
Mexico is exclusively below a large salt horizon that blankets
the Gulf of Mexico beneath depths of 5 km or more. Another
example is offshore Brazil where large scale imaging, drilling,
and extraction of subsalt hydrocarbons are carried out. The
main challenges with deep subsalt deposits are that they are
difficult to identify with the seismic method, and they are ex-
tremely expensive to drill and extract. Thus, improving the
accuracy of subsalt imaging with the seismic method is an im-
portant goal of many large oil companies.

A significant problem with the seismic imaging method is that
subsalt reflections are severely defocused by the strong veloc-
ity contrasts and the irregular geometries of salt-sediment in-
terfaces. Upgoing reflection energy is present in the data, but
cannot be easily detected in the shot records as coherent ar-
rivals with hyperbolic-like moveout trajectories. This means
that velocity estimation methods such as traveltime tomog-
raphy cannot be used and, others, such as migration veloc-
ity analysis or full-wave inversion will fail unless an accurate
starting velocity model is used. Is there another means for es-
timating subsalt velocities when the other methods fail?

This paper proposes interferometric extraction of subsalt diffrac-
tions, with the possibility that they can also be used as migra-
tion operators or for velocity analysis. The key idea (see Fig-

ure 1) is that, similar to surface waves or refractions, 2D sub-
salt diffractions are associated with stationary source points all
along the source line. Thus, application of interferometry can
enhance the signal-to-noise ratio of this diffraction energy by√

N, whereN is thenumber of source points. This means that
undetectable diffractions in the shot records can be enhanced,
which can then be used to guide velocity analysis and focus-
ing of subsalt reflections. We refer to such diffractors as guide
stars because they, similar to VSP data, can be used as Green’s
functions to build natural migration operators (Schuster, 2002;
Brandsberg-Dahl et al., 2007), or estimate migration velocity
(Berkhout et al., 2001; Landa et al., 1987). Similar to guide
stars used by astronomers for correcting the optical distortion
of the atmosphere, diffraction based migration operators can
be used to guide the proper focusing of subsalt reflection en-
ergy to their points of origin beneath the salt. Both synthetic
and field data records are used to demonstrate the benefits and
limitations of this method.
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Figure 1: The steps for creating super-virtual diffraction ar-
rivals. (a) Correlation of the recorded trace atA with that at
B for a source atx to give the correlated traceφx(A,B,t) with
the virtual diffraction having traveltime denoted byτA′B−τA′A.
This arrival time will be the same for all source positionsx, so
stacking

∑
x φx(A,B,t) will enhance the SNR of the virtual

diffraction by
√

N. (b) Similar to that in (a) except the vir-
tual diffraction traces are convolved with the actual diffraction
traces and stacked for different geophone positionsx′ to give
the (c) super-virtual trace with an enhanced SNR. Here,N de-
notes the number of coincident source and receiver positions.

The first part of this paper presents the interferometric theory
for extracting diffraction energy in seismic records. This is
followed by synthetic and field data examples that show both
the benefits and limitations of this method, and finally the last
section presents a summary.
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THEORY

We will first present the far-field reciprocity equations of cor-
relation and convolution types, and then show how they can
be used to construct super-virtual diffractions. The use of the
far-field reciprocity equations of correlation and convolution
types to create virtual diffractions and enhance their SNR is
similar to that of Mallinson et al. (2011), except diffraction en-
ergy is enhanced rather than refraction energy. We will assume
an acoustic medium with an arbitrary velocity distribution with
constant density, and wideband sources with unity amplitude
at each frequency.

Reciprocity Equations of Correlation Type

Assume a source atx in Figure 2 and receivers atA and B.
The reciprocity theorem of correlation type (Wapenaar and
Fokkema, 2006) states that the virtual Green’s functionG(B|A)virt.

is given by the reciprocity theorem of correlation type:

B, A ∈V0; 2iIm[G(B|A)virt.] =∫
top

[G(B|x)∗
∂xG(A|x)

∂n
−G(A|x)

∂xG∗(B|x)

∂n
]d2x,(1)

where ∂xG(A|x)
∂ n = ∇G(A|x)•n̂ for the outward point unit nor-

mal n̂ on the boundary. Here, Green’s function solves the
Helmholtz equation for an arbitrary velocity distribution with
a constant density and we follow the notation from Schuster
(2009). The integration path is only over thetop path as the
half-circle path is neglected by the Wapenaar anti-radiation
condition.

Now we want the diffractions to be reinforced soG(A|B) is
replaced by the diffraction term defined asG (A|B) to give,
under the far-field approximation,

Im[G (B|A)virt.] ≈ k

∫
top

G (A|x)∗G (B|x)d2x, (2)

wherek is the average wavenumber andG (B|A)= G(B|A)di f f .

represents the diffraction contribution in the Green’s function
for a point scatter.

This approximation is analogous to that used in model-based
redatuming of reflection data to a new datum, except in model-
based datumingG (A|x)∗ is a model-based extrapolation Green’s
function that only accounts for direct arrivals, andG (B|x) rep-
resents the reflection data devoid of direct waves and multiples.

According to the ray diagram in Figure1(a), the correlated trace
F−1[G (A|x)∗G (B|x)] (F−1 denotes the temporal inverse Fourier
transform) for a source atx has the same traveltimeτA′B−τA′A
for any source locationx. Such source locations are considered
to be at stationary points, and similar to surface wave interfer-
ometry (Xue et al., 2009) or refraction wave interferometry
(Dong et al., 2006), the summation of the correlated records
over source positions tend to enhance the SNR of the virtual
diffraction arrival by a factor of

√
N. Here,N represents the

number of source positions that generate the diffractions.

Reciprocity Equations of Convolution Type
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Figure 2: (a) Geometry for computing virtual Green’s func-
tions G(B|A) from the recorded dataG(A|x) andG(B|x) us-
ing the reciprocity theorem of correlation type in an arbitrary
acoustic medium of constant density. (b) Geometry for com-
puting super-virtual Green’s functionsG(B|A)super from the
recorded dataG(A|x′) and the virtual dataG(B|x′)virt. using
the reciprocity theorem of convolution type.

It is assumed that the virtual dataG(B|A)virt. can be extrap-
olated to getG(x′|A)virt. for x′ along the horizontal dashed
line in Figure 2(b); similarly, the field data can be extrapolated
to getG(x′|B). In this case, the reciprocity theorem of con-
volution type (Schuster, 2009) can then be used to obtain the
super-virtual data

G(B|A)super ≈∫
hydro

[G(B|x′)∂x′G(A|x′)
∂n′ −G(A|x′)∂x′G(B|x′)

∂n′ ]d2x′,

(3)

where the integration is along thehydro dashed line in Fig-
ure 2(b). Under the far-field approximation and settingG(A|x′)→
G (A|x′) andG(B|x′) → G (B|x′)virt., we get

G (B|A)super ≈ 2ik

∫
hydro

G (B|x′)virt.
G (A|x′)d2x′, (4)

whereG (B|A)super represents the super-virtual data obtained
by convolving the recorded dataF−1[G (A|x′)] with the vir-
tual dataF−1[G (B|x′)virt.]. Here, the SNR of the reconstructed
diffraction arrival is enhanced by the factor

√
N. However,

practical considerations such as artifacts associated with lim-
ited recording apertures, discrete source and receiver sampling,
windowing of the diffracted waves, and the far-field approxi-
mation will likely prevent the attainment of this ideal enhance-
ment.

In the next section, we will use the example of diffractions that
have been windowed from the original data so thatG(A|x) ≈
G(A|x)di f f ..

SYNTHETIC DATA EXAMPLE

To demonstrate the effectiveness of the proposed method, super-
virtual diffraction arrivals are extracted from synthetic shot
gathers computed with a 2-4 FD forward modeling code for
part of the BP2004 model. Three diffractors are placed under
the salt body as shown in Figure 3. The goal is to extract the
diffraction arrivals associated with these diffractors. Four hun-
dred shot gathers are generated with a 20-Hz Ricker wavelet
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and a 20m interval. All the shots are recorded by the same
800 receivers with a 10 m interval. The sources and receivers
are placed at the depth of 10 m, and the free surface condi-
tion is not implemented. A common shot gather is shown in
Figure 4(a). The diffractions associated with the point diffrac-
tor on the right of the salt body are indicated with dashed red
lines. These diffractions are identified by comparison against
the predicted diffraction traveltimes for that diffractor, and Fig-
ure 4(b) shows these time-windowed diffractions. In order to
eliminate other coherent events in the time window, a median
filter is applied to these data in Figure 4(b) along the diffrac-
tion moveout curve (Moser et al., 1999) and the result is shown
in Figure 4(c), where the diffractions are enhanced. However,
Figure 4(c) contains strong artifacts from other coherent sig-
nals, because within the time window in Figure 4(b) the ampli-
tudes of the direct waves are an order of magnitude greater than
the amplitudes of the diffraction events. Figure 4(d) shows the
super-virtual diffraction with improved SNR compared to the
result after median filtering in Figure 4(c).

Offset (km)

D
ep

th
 (

km
)

Modified BP2004 Model

 

 
km/s

0 2 4 6 8

0

1.5

3

4.5 1.5

3

4.5

Figure 3: Part of the BP2004 velocity model with three diffrac-
tors below the salt body.

Another synthetic example is shown to illustrate that the super-
virtual diffraction can be used to estimate the source and re-
ceiver statics. Synthetic data are generated with the same ac-
quisition geometry as in the previous example for the Figure 5
velocity model. Random noise and random statics are added
in the common shot gather in Figure 6(a), where the red lines
outline the diffraction arrivals for the left most diffractor. In
Figure 6(b), the diffraction energy is almost invisible because
of the random noise, so that median filtering fails when it is
applied along the predicted hyperbolic moveout (Figure 6(c)).
Since the diffraction arrivals are temporally isolated from other
events, the super-virtual diffraction is obtained without median
filtering and shown in Figure 6(d). The actual moveout curve
of the diffraction is preserved and plotted as the blue line in
Figure 7. In this figure, the red line indicates the predicted ar-
rival time of the diffraction without considering the source and
receiver statics. The source and receivers statics can now be
estimated from the difference between the blue and red lines
or by a phase closure principle (Sheng et al., 2005). In addi-
tion, the moveout curve can be used to represent the Green’s
function G(B|xo) for a point source atxo, which can be used
as the natural migration operatorG(B|xo)

∗G(A|xo)
∗ (Schus-

ter, 2002).

FIELD DATA EXAMPLE

In this section, the proposed method is applied to the Friendswood
cross-well data to extract super-virtual diffraction arrivals. This
data set was collected at Exxon’s test site located near Friendswood,
Texas. The source and receiver intervals are both 3.05 m and
the distance between the two wells is 182.9 m. There are 98
shot gathers with 96 traces each in this data set. Figure 8(a)
shows a raw common shot gather and the target diffraction is
outlined with 2 red lines. A zoom view of the diffraction is
shown in Figure 8(b). In this example, the moveout of the
diffraction is manually picked for the purpose of median filter-
ing and Figure 8(c) shows the result after applying a median
filter along the moveout curve. It is clear that the coherent
noise is effectively removed by median filtering. To further
improve the result, the super-virtual diffraction method is ap-
plied to the median-filtered events and the result is shown in
Figure 8(d), which is of much higher SNR compared to Fig-
ure 8(c).
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Figure 4: Synthetic data results for part of the BP2004 model.
(a) A common shot gather with a source at offset 6 km. Red
lines indicate the time window and the moveout of the diffrac-
tion event. (b) The diffraction event within a small time win-
dow. (c) The result after median filtering and (d) after process-
ing the median filtered data to get the super-virtual diffraction.

CONCLUSION

We presented the general theory of super-virtual diffraction in-
terferometry where the signal-to-noise ratio (SNR) of diffrac-
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Figure 5: Velocity model with a fault and two diffractors.
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Figure 6: Synthetic data results for the fault model. (a) A com-
mon shot gather with a source at offset 36 m. Red lines indicate
the time window of the diffraction event. (b) The diffraction
event within a small time window. (c) The result after median
filtering and (d) after processing the raw data to get the super-
virtual diffraction.
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Figure 7: The super-virtual diffraction. In this figure, the red
line indicates the predicted diffraction arrival times and the
blue line indicates the picked arrival times.

tion arrivals can be theoretically increased by the factor
√

N,
whereN is the number of receiver and source positions associ-
ated with the recording of the diffractions. There are two steps
to this methodology: correlation and summation of the data
to generate traces with virtual diffraction arrivals, followed by
the convolution and stacking of the data with the virtual traces
to create super-virtual diffractions. This method is valid for
any medium that generates diffraction arrivals due to isolated
subwavelength scatterers. There are at least three benefits with
this methodology: 1). the diffraction arrivals can be used as
migration operators (Schuster, 2002; Brandsberg-Dahl et al.,
2007; Sinha et al., 2009); 2). the diffraction arrivals can be
used for estimating source and receiver statics; 3). estimation
of velocities by traveltime tomography or MVA.
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Figure 8: Friendswood cross-well data example. (a) A com-
mon shot gather with a source at depth of 36.6 m. Red lines
indicate the time window and the moveout of the diffraction
event. (b) The diffraction event within a small time window.
(c) The result after median filtering and (d) the super-virtual
diffraction.

The problem with this method is that there will be artifacts
associated with coherent events and quality degradation due to
a limited recording aperture and a coarse spacing of the source
and receivers.
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