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Abstract

Redatuming is used to relocate sources and receivers
to a new depth level. This aim can be achieved by
different techniques, for example the interferometric
method or the wavefield continuation. In this work,
we propose to use redatuming by backpropagating
the seismic records. To apply this methodology,
we need to know the medium above the redatuming
level. To validate the theory discussed, we used
2D synthetic examples with different complexities in
the overburden, and we compare the results to those
of correlation-based redatuming. It was possible
to note that the backpropagation-based redatuming
presented similarities to the correlation-based one,
regarding the events positioning and in the addition of
artifacts. We also note that both techniques presented
almost the same sensibility to an inexact velocity
model. Despite the similarities, the method based
on the wavefield continuation required significantly
less computation time when we compare it to the
interferometric technique.

Introduction

Seismic redatuming is used to correct distortions in seismic
records caused by irregular acquisition topography, the
weathering zone, strong lateral velocity variations in the
subsurface, or large distances to the exploration target.
Redatuming corresponds to moving, virtually, sources
and receivers to a new depth level, called datum. This
procedure allows to simulate a seismic experiment closer
to the target (Wapenaar et al., 1992).

Over the years, several redatuming techniques have been
proposed. The first one was wave-equation redatuming.
This technique was presented by Berryhill (1979) for post-
stack data and later extended to prestack data (Berryhill,
1984). It is based on the Kirchhoff integral and considered
to be very accurate. However, this approach requires good
information about the velocity model of the overburden as
prior information. More recently, interferometric techniques
have been presented. Based on the reciprocity theorems
(Wapenaar and Fokkema, 2006), these techniques are
guided by the data. Redatuming by crosscorrelation
is a classical type of interferometric technique. In
this technique, the virtual data are estimated from the

original data by crosscorrelating with measured or modeled
Green’s functions in the overburden (Vasconcelos et al.,
2009).

In this work, we use the interferometric formulas of der Neut
et al. (2015) to introduce a new version of backpropagation-
based redatuming. To evaluate its performance, we
compare its results with those obtained by correlation-
based redatuming. Our implementation carries out the
backpropagation by means of a finite-difference solution of
the acoustic wave equation. We used an exact and smooth
overburden model to evaluate the performance in a more
realistic scenario, where the exact velocity model between
the acquisition surface and the datum level is not avaliable.

Theory

Throughout this work, we express the wavefield in the
space-frequency domain as P̂(x,ω). In this notation, x
denotes the 3D space coordenates (x,y,z) and ω refers to
the angular frequency. We consider a 3D acoustic medium
with variable density ρ(x) and propagation velocity c(x).

We consider two independent acoustic states A and B,
defined by medium parameters ρA,B(x) and cA,B(x) and
source terms F̂A,B. If inside a volume V enclosed by a
surface S with an outward pointing normal vector n, the
medium parameters are the same for state A and B, we
can use the Gauss’ theorem and relate these two states as
(Bleistein et al., 2001)∮

S

1
ρ(x)

(P̂B
∇P̂A− P̂A

∇P̂B) ·ndS =∫∫∫
V

1
ρ(x)

(
P̂AF̂B− P̂BF̂A

)
dV.

(1)

The medium parameter outside volume V can be different
for states A and B. If all sources are situated inside
volume V , the volume integral on the right side does not
change is value when the integration domain is extended to
infinity. However, in this situation the surface integral on the
left side vanishes under Sommerfeld’s radiation conditions
(Bleistein et al., 2001). Thus, it must vanish independently
of the shape of V . If we take V to be an infinite layer
between the acquisition surface S0 and the datum S1, we
can conclude that∫∫

S0

1
ρ(x)

(P̂B
∇P̂A− P̂A

∇P̂B) ·n0dS =

−
∫∫

S1

1
ρ(x)

(P̂B
∇P̂A− P̂A

∇P̂B) ·n1dS,
(2)

which is known as the reciprocity theorem of the
convolution type.The integrals are carried out over depth
levels S0 and S1, with outward pointing normal vectors n0
and n1, respectively.
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Figure 1: Illustration of acoustic states A and B. Surfaces
S0 and S1 are infinitely long boundaries. In state A, the
medium is reflection free below S1, whereas in state B, it is
identical to the physical medium below this surface.

Upon decomposition of the wavefield P(x,ω) into its up-
and downgoing components and consideration of the
stationary contribuitions to the integrals in a local high-
frequency approximation, equation (2) can be recast into
the form

∫∫
S0

1
ρ(x)

(P̂B
+∇P̂A

−+ P̂B
−∇P̂A

+) ·n0dS≈

−
∫∫

S1

1
ρ(x)

(P̂B
+∇P̂A

−+ P̂B
−∇P̂A

+) ·n1dS.
(3)

where the plus sign denotes the downgoing wavefield
and the minus sign relates to the upgoing wavefield.
Equation (3) is the one way reciprocity theorem of the
convolution type. This equation forms the basis for our
backpropagation-based redatuming method.

Backpropagation-based redatuming

To make use of equation (3) for redatuming, we specify
states A and B as schematically illustrated in Figure 1.
In both states, we consider the same arbitrary medium
beetween surfaces S0 and S1. In state A, we consider
homogeneous halfspaces without a free surface above S0
and below S1. We refer to this as the truncated medium
(see also Barrera et al., 2021). In state B, we we also
consider a homogeneous halfspace without a free surface
above S0. However, below S1, we consider the physical
(possibly unknown) medium, for which we want to redatum
reflection data from S0 to S1.

In state A, we place a point source at xA on S0, creating
a downgoing wavefield P̂A

+ = ĜA
+(x,ω;xA). According to

Wapenaar et al. (2014), its vertical derivative at a point
x on S0 can be expressed as ∂zĜA

+ = 1
2 δ (x− xA)(y− yA).

The upgoing wavefield P̂A
− recorded at S0 is produced

by scattering at medium inhomogeneties between S0 and
S1. If the truncated medium is sufficiently smooth, we
can consider P̂A

− ≈ 0. At a point x′ on S1, the upgoing
wavefield P̂A

− vanishes and the downgoing wavefield is P̂A
+ =

ĜA
+(x′,ω;xA). Correspondingly, in state B, a point source at

xB creates a downgoing wavefield P̂B
+ = ĜA

+(x,ω;xB), with
its vertical derivative given by ∂zĜA

+ = 1
2 δ (x− xB)(y− yB).

The upgoing wavefield recorded at S0 for this state is the
recorded seismic data, described by P̂B

− = ĜB
−(x,ω;xB). At

S1, we have the down- and upgoing wavefields given by
P̂B
± = ĜB

±(x
′
,ω;xB). Inserting these expressions for the

wavefields in equation (3), we obtain

ĜB
−(x

A,ω;xB)≈2
∫∫

S1

ĜB
−(x
′,ω;xB)∂zĜA

+(x
′,ω;xA)dS. (4)

Equation (4) is an approximation of an equation previously
derived by der Neut et al. (2015) and Barrera et al. (2021).
We recognize that the recorded wavefield at xA due to
a point source at xB at the original acquisition surface
S0 can be represented, in the space-time domain, by a
convolution between the upgoing wavefield at the datum
level in the physical medium and the vertical derivative
of the transmitted wavefield between the datum level
and the acquisition level in the truncated medium. This
convolution describes the propagation of ĜB

−(x′,ω;xB) from
the datum level to the acquisition level. Thus, retrieving
the wavefield at the datum level can be achieved by a
numerical backpropagation of the recorded wavefield down
to the desired receiver positions at the datum. As usual
in seismic redatuming problems, the same procedure can
then be applied a second time to common-receiver gathers
at the datum, making use of source-receiver reciprocity, so
as to achieve the redatuming of the sources as well. In this
way, one can simulate a complete survey with sources and
receivers at the datum.

Correlation-based redatuming

In this section, we present the basic formula for correlation-
based redatuming as used for a comparison of the
redatuming results. As before, we consider the medium as
sketched in Figure 1. We start from the complex conjugate
of the wavefield produced by a point source acting at
x′ in state A, given by ĜA∗

− (x,ω;x′). We also consider
that the wavefield recorded at the datum, produced by a
point source at xB in state B, is the scattered wavefield,
ĜS(x′,ω;xB). According to Vasconcelos et al. (2009) we
can carry out a similar derivation like the one above using
the reciprocity theorem of correlation type (Wapenaar and
Fokkema, 2006) to represent the scattered wavefield at the
datum by

ĜS(x′,ω;xB)≈ 2
∫∫

S0

ĜB
−(x,ω;xB)∂zĜA∗

− (x,ω;x′)dS (5)

On the right-hand side, ĜB
−(x,ω;xB) is the seismic data, i.e.

the wavefield recorded at receivers at x for a source at xB.
Note that the integral is over the acquisition surface. Then,
according to the equation (5), it is possible to redatum
surface data by crosscorrelating them with the vertical
derivative of the modeled transmitted wave from the datum
to the acquisition surface at x. By a single application of
equation (5), only the receivers are redatumed from x to
x′. To complete the process, it has to be applied twice,
using the source-receiver reciprocity, in the same way as
explained above.

Results and applications

Single overburden interface model

The main purpose of this work is to provide a numerical
comparison of the two redatuming procedures described
by equations (4) and (5). After a consistency test with
a single reflector below a homogeneous overburden (not
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(a) (b)

Figure 2: (a) Exact 2D overburden velocity model (colors
indicate propagation velocity in kilometers per second) and
(b) its smoothed version.
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Figure 3: Reflection response for horizontal-layered
velocity model with two layers.

shown here), we compared the behaviour for redatuming
with a horizontal interface at 1 km depth, located between
the acquisition and datum levels at 0 km and 1.5 km
depth, respectively. Velocities are 1.5 km/s above and
2.0 km/s below the interface. This is in violation of the
assumption for both tested methods that wave scattering
in the overburden can be neglected. Figure 2a shows
the true overburden model, and Figure 2b shows a
smoothed version we used to simulate redatuming with the
background velocity. The target event to be redatumed is
a reflection at a second horizontal interface in 2 km depth,
where the velocity increases to 2.5 km/s. We simulated a
2D seimsic acquisition with 41 sources spaced at 50 m and
100 receivers spaced at 20 m for each shot. One shot of
the resulting data is shown in Figure 3.

We redatumed the data of Figure 3 with the exact
overburden velocity model (Figure 2a) and a smoothed
model (Figure 2b). Figure 4 compares the results using
backpropagation (Figures 4a and 4b) to those obtained
with crosscorrelation (Figures 4c and 4d) for a single
common-shot section with 100 receivers. A dip filter
was applied to reduce the artifacts caused by the limited
aperture of the acquisition line. At first view, all four
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Figure 4: Redatuming using (a,b) backpropagation with the
(a) exact and (b) smooth velocity model, and using (c,d)
crosscorrelation with the (c) exact and (d) smooth velocity
model.

sections of Figure 4 look very similar, indicating the
comparable quality of the two redatuming procedures and
their robustness regarding the use of a smoothed velocity
model. In all cases, the event associated with the refletor
in the overburden was not successfully removed for offsets
greater than 0.5 km. Closer inspection reveals some slight
differences between the results of backpropagation and
crosscorrelation. The zero-offset trace seems to be slightly
better recovered by the latter, such as the horizontal artifact
at larger offsets at about 0.5 s which seems to be weaker
in the crosscorrelation result. Regarding computation time,
we observe that in this example, our implementation of
crosscorrelation-based redatuming consumed about 1.5
times the CPU time of backpropagation-based redatuming.

For a more detailed evaluation of the redatuming results,
Figure 5 compares the four redatumed zero-offset traces
from Figure 4 to the modeled trace at the datum. We
recognize high similarity of all traces, indicating the good
quality of all four redatuming results.

SEG/EAGE Overthrust model

For an evaluation of the redatuming methods in a more
realistic scenario, we also tested our implementation on
2D synthetic acoustic finite-difference data modeled in a
slice of the 2D SEG/EAGE Overthrust model (Aminzadeh
et al., 1997). The dimensions used were approximately
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Figure 5: Comparison of the trace at zero offset
obtained from redatuming using backpropagation and
crosscorrelation in the exact and smooth overbuden.

(a) (b)

Figure 6: Slice of the SEG/EAGE Overthrust velocity model
(a) and (b) its smoothed version.

4 km (horizontal) and 4.5 km (vertical), as shown in Figure
6a. We also redatumed using a smoothed version of the
Overthrust model, as shown in Figure 6b. For the data
generation, we placed 159 sources and 159 receivers with
a spacing of 25 m along the surface. We chose the datum
level to be at 1 km, with the same source and receiver
configuration as at the acquisition surface.

In Figures 7a and 7b, we show a resulting common-
shot gather for the complete redatuming process by
using backpropagation with the exact and the smooth
velocity model, respectively. For comparison, we
also show in Figure 7c and 7d the results obtained
by the crosscorrelation with exact and smooth model,
respectively. The reference reponse in the medium,
modeled with source and receivers at the datum, is
shown in Figure 7e. We can observe that both tecniques
retrieve all expected events, in accordance with the
modeled data (see Figure 7e). We also note that the
result obtained by backpropagation is very similar to the
correlation technique, both with respect to the recovered
reflection events and to the amount of artifacts present
in the redatumed data, even when the smooth model
was used. As in the previous example, redatuming
by backpropagation took about a factor of 1.5 less
computation time to complete the process than redatuming
by crosscorrelation.

Conclusions

We have developed a new version of redatuming by
backpropagation, based on an interferometric equation
derived from the reciprocity theorem of the convolution
type. This method performs redatuming by numerically
backpropagating the seismic data from the acquisition
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Figure 7: Redatuming using (a,b) backpropagation with the
(a) exact and (b) smooth velocity model, and using (c,d)
crosscorrelation with the (c) exact and (d) smooth velocity
model. (e) Modeled data for sources and receivers at the
datum
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surface to the datum in depth. For this purpose, it
requires a velocity model in the overburden. As usual in
redatuming, the sources are redatumed in a second step
by backpropagating common-receiver gathers, making use
of source-receiver reciprocity, in this way creating data for
virtual sources and receivers at a desired depth level.

In our numerical tests, redatuming by backpropagation
produced similar results to those obtained by correlation-
based redatuming, as demonstrated with a simple and a
more complex synthetic-data example. Our tests indicate
that a smooth background velocity model can be sufficient
to successfully redatum the data. As the major advantange
of the backpropagation technique, the process requires
less computational effort as compared to the correlation-
based technique.
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