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ABSTRACT. In this synthetic study, we present semi-automatically picked true-amplitude comparisons 

after time migration and time remigration (Tygel et al., 1996; and Oliveira et al., 2023). Since the examples 

considered are synthetic, emphasis is put on the generally disregarded dimensional aspects of the amplitudes 

that are modeled to simulate compressional-only seismic data when using a Kirchhoff a  p proximation. By 

bearing in mind in this work that theoretical amplitudes work as “densities”, we show that when comparisons 

of true-amplitude weighted diffraction-stack time migration and weighted isochrone-stack time remigration are 

performed, in order to “correct” the dimensions involved certain multiplicative physical constants must come 

into play and that must be effectively dealt with, for plotting reasons.

Keywords: Amplitude density; dimensional scaling factors; synthetic seismic modeling; weight-functions; 

Kirchhoff approximation

INTRODUCTION

Seismic reflection amplitudes are one of the most important parameters to be considered in data processing 

since, besides resolution, it may contain fluid information, mainly gas content, typically considered in amplitude-

versus-offset (AVO) studies. Classically, it has been documented that it is affected by a sort of factors (Sheriff, 

1975), including source strength, directivity, coupling, multiples, spherical divergence, etc. But since according 

to O’Doherty and Anstey (1971), “modern seismic recording instruments allow precise measurements of the 

amplitude of reflected signals, intuitively it is expected that this amplitude information could be used to 

increase our knowledge of the physical properties of the reflecting Earth”. In this sense, along the years seismic 

migration (either in depth or in time) has been developed as true-amplitude to assess measures of angle-dependent 

reflection coefficients of seismic data picked along key reflectors. This allows one to define an approximated 

image of the subsurface geology as well as assess its physical properties in an inversion procedure, like 

vector-weighted diffraction-stack (Tygel et al., 1993).

In this paper, we report on the comparison of semi-automatically picked amplitudes along synthetic reflectors 

derived from a Kirchhoff-type time migration and time remigration, following the methodology presented in 

Oliveira et al. (2023) for true-amplitude imaging in the time domain. In this study, due to the nature of 

definition for amplitudes, reflection coefficients and transmission losses factors, we investigate the “density” 

nature of modeled seismic reflections. This is because when modeling synthetic seismic data in 2-D or in 2.5-D, 

one must notice that amplitudes in these domains are types of “densities” derived from 3-D amplitudes of 3-D
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2 2.5-D AMPLITUDE STUDIES

sources. In this sense, square root of out-of-plane factors come into play and must adequately be included or

multiplied to, e.g., in the part of the total amplitude that contains the geometrical-spreading factors.

When considering true-amplitude imaging (Hubral et al., 1996; Tygel et al., 1996), weights are applied

in migration or demigration procedures to grant the best possible amplitudes between one process and an-

other. This is the raytracing-based general approach of reflection imaging proposed by Hubral, Tygel and

Schleicher in the 90s (see References). Specifically, in remigration and configuration transforms, a cascading of

migration/demigration weight-functions are applied in succession to grant a diffraction-stack or isochrone-stack

solution (Tygel et al., 1996). Martins (2001) reduced this general approach of Tygel et al. (1996) to the 2.5-D

geometry for a single-stack solution and specified the weight-functions to be used in this domain. In Oliveira

et al. (2023), migration and remigration are performed in the time domain using weights also in time, but only

the kinematic aspects were considered and their respective imaging results. Our aim here is to consider the

dynamic aspect of this theory in the time domain and focus on amplitudes.

In 2.5-D raytracing, out-of-plane factors naturally are incorporated in amplitudes due to the solutions of

the ray equations (Bleistein, 1986). But in reducing a two-fold integral to a one-fold in the high-frequency

approximation using the method of stationary phase, the reciprocal of the square root of another well-known

out-of-plane factor is also incorporated in amplitudes – i.e., more specifically, in the geometrical-spreading factor.

Therefore, in synthetic modeling, beyond reflection coefficients and amplitude losses due to transmission (which

are dimensionless quantities), there appears an “amplitude density” factor with dimension of [s1/2/m2] (s for

seconds and m for meters). After stack integration along each possible reflector by means of a multiplication

by a differential dx, the result is that seismic data is dimensionally equivalent to some “value X something”

(in which “something” has dimension [s1/2/m]), which is still a “density” value. This is the starting point for

the following considerations in this work. For migration and remigration in the time domain – each process

performed following their specific sequence –, their respective weight-functions are scalable, each one with a

proper own dimension, and multiplied by another differential dx. So far (and for plotting purposes only), nothing

new or incorrect is done that is unknown, such that kinematically all output sections (seismic and migrated)

are correct. But if one picks several or some amplitudes along one specific reflector and tries to compare them,

it will be noticed that their values are proportional but not with the same magnitude. Thus, our claim is that

for a fair comparison, some sort of dimensional factors must multiply each picked amplitude to equalize their

magnitudes and label the term “true-amplitude” in an amenable way.

It is important to state that we mean no milestone in amplitude studies with the results and proofs shown

in this work. Our only intention was to clarify and understand common perceptions in seismic modeling and

migration studies, to which we hope to have contributed somehow in a very ad hoc manner. We are aware

that scaling factors are part of modeling, either physical or numerical. In this work we will show the results

of semi-automatic amplitude picking comparisons recovered from two 2.5-D synthetic seismic datasets (simple

and complex) and discuss their physical interpretation and possible applications.

This work is organized as follows. In the first section we discuss the methodology regarding the idea of

viewing amplitudes as densities in 2-D synthetic studies. The weight-function for the time remigration is

introduced according to a recent study described in Oliveira et al. (2023). Due to the fact that the main topic

of this paper are comparisons existing among different picked amplitudes, we decided to allocate these results
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in a separate section. Therefore, in the second section we present the synthetic datasets that were used in 

this paper, which include unmigrated, migrated, undermigrated and remigrated results. Then the third section 

follows regarding results and discussions, in which we examine the main pickings obtained after considering 

cases of constant velocity medium (with and without lateral velocity variations) for a single reflector, and the 

results obtained from a stratigraphic model (with lateral velocity variation), the latter one representative of the 

presalt geology of any Brazilian East Margin offshore b asins. A fter o ur c onclusions, a  b rief d iscussion about 

remigration is appended in order to show some aspects of the theory in the time domain.

METHODOLOGY

Let us consider that a set of 2-D synthetic datasets is available for imaging processing in the time domain. 

These synthetics may include common-offset s ections t hat were s pecifically so rted to  th is vi sual ge ometry so 

that prestack or poststack procedures are possible choices for any subsequent workflow. Then, some amplitude-

preserving and kinematic-only imaging procedures are generated upon these datasets: weighted-Kirchhoff time 

migration (Schleicher et al., 1993) and unity-weight Kirchhoff t ime migration, r espectively. Suppose then that 

at least two velocity fields a re a lso available f or p rocessing, e ach one with a  d ifferent degree of  ac curacy with 

respect to each other regarding their stacking values. Lateral velocity gradients issues are considered admissible 

to these fields.

When an accurate RMS velocity field i s a vailable, K irchhoff ti me mi gration co rrectly lo cates an d focus 

amplitudes towards their pseudo-depth positions. In this sense, diffractions are also c ollapsed. If certain weights 

are then applied during migration, primary reflections amplitudes may be corrected for some propagation losses, 

such as geometrical spreading (Schleicher et al., 1993). When this is not so, it can be said that the final image 

is only kinematically correct. This issue of inaccurate velocity values in Kirchhoff t ime m igration h as been 

recognized for years as source of poor imaging. And when velocity variation is not only function of stratigraphic 

layering, for time migration focusing of reflections and collapsing o f diffractions become an  incomplete seismic 

imaging. Now consider the possibility of using a process in which it is possible to complete the action of focusing 

and collapsing of reflections and diffractions, re spectively. This imaging procedure is called remigration (Hubral 

et al., 1996; Tygel et al., 1996) and makes use of two velocity fields to continue the action as a residual migration 

(Fomel, 2003).

Common to all these procedures commented so far is the treatment of amplitudes. Moving one amplitude 

sample updip or downdip following these imaging operations should preserve, in principle, the magnitude of 

the event, simply because these are just being moved somewhere. But migration itself modifies the amplitude 

content of the event at least in the spectral domain, differentiating d ipping and horizontal r eflections. In  the 

realm of 3-D real seismic data, it is considered that this problem is far complicated. Therefore, let us focus on 

2-D synthetics and study the nature of its dimension and what happens to amplitudes.

Kirchhoff t ime remigration

As described in Oliveira et al. (2023), in the examples that follows a tilde symbol (“∼”) over functions and 

variables refer to the output space, including spatial positions, time coordinates and velocities. The remaining
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4 2.5-D AMPLITUDE STUDIES

variables and functions without tildes refer to the input space, also including spatial positions, time coordi-

nates and velocities. Examples of datasets belonging to input space are the seismic data U(ξ, t), velocity field

vRMS(x, τ) and time-migrated section I(x, τ), respectively. For a brief description of time remigration theory

and its domain, see Appendix A.

The input and output spaces both consider an arbitrary, 2-D single-fold measurement configuration of point

sources and receivers distributed along the Earth surface, the location of them described by parameter ξ, which

varies in A, called migration aperture. Therefore, for each point (x̃, τ̃) in the output, time-remigrated section

to be simulated, the stack result Ĩ(x̃, τ̃) is obtained by a weighted-stack of the input data, represented by the

integral operator defined by Oliveira et al. (2023) (Appendix A), in which I(x, τ) is the input, time-migrated

(analytic) seismic section that is to be weighted by K
(2.5D)
RM (x; x̃, τ̃) and then summed up along the stacking line

or inplanat τ = tRM (x; x̃, τ̃) (Tygel et al., 1996).

Both functions are dependent on the point (x̃, τ̃) where the stack is to be placed, and on the variable x that

specifies the location of the traces being summed in the stack. Moreover, A denotes the spatial limited aperture

of the stack, the range of midpoints in a common-offset gather available in the time-migrated input section,

I(x, τ). The stacking line τ = tRM (x; x̃, τ̃) is defined by the kinematics of the operation, and the weight-function

K
(2.5D)
RM (x; x̃, τ̃) is determined by the desired amplitude behavior.

Weight-function

The remigration weight-function used in the examples is the product of 2.5-D migration and demigration weight-

functions (Tygel et al., 1996; Oliveira et al., 2023; Martins, 2001). Thus, in the time domain we consider,

approximately:

K
(2.5D)
RM (x; x̃, τ̃) =

√
2

2

τ̃

v
3/2
RMS

√
1

t̃S
+

1

t̃G

(
1

t̃S
+

1

t̃G

)
1

(t1 + t2)

√
1

t1
+

1

t2
. (1)

where t̃S and t̃G are double square roots (DSRs) for source and receivers in the output domain for coordinate

(x̃, τ̃) and velocity ṽRMS , while t1 and t2 are DSR equations in the input domain, together with vRMS in this

input domain. Dimensionally, this weight-function is expressed in [s(1/2)/m(3/2)] units.

Apart from the form of the weight-function in (1), a dimensionless stretch factor and a term regarding

“local dip” at the reflector in the time domain may also be multiplied when referred. Other terms that may be

multiplied in (1) are square roots of absolute values of determinants of Hessian matrices or, in 2.5-D, curvatures

of diffraction traveltimes for points in the input and output domains (Tygel et al., 1998; Martins, 2001).

Physically, weight-function (1) is completely represented by kinematic parameters belonging to the input

(t1, t2, vRMS) and output (τ̃ , t̃S , t̃G) spaces, respectively. In that sense, the layout of Equation (1) just displays

the product of each contribution relating chained processes of migration and demigration (Oliveira et al., 2023).

We do not specify the weight-functions for the weighted diffraction-stack migration because they are well-

known in the literature (e.g., Schleicher et al., 1993). Also, one unity-weight is used for the kinematically-only

Kirchhoff migration cases.

With the weights defined in this way, we will show that the remigration process “pulls” the undermigrated

amplitudes to the true-migrated ones, considering, of course, limitations related to aperture issues and border
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effects or even picking problems.

Apertures

In principle, no restrictions will be imposed to apertures. Only analytical cases are considered, using ideas of

offset-continued traveltime surfaces already studied in the literature (e.g., see Fomel, 2003). To other concerns

regarding aperture issues, see brief discussion in Apppendix A.

Input data available for picking

All seismic sections available to amplitude picking in this paper are space-time equivalent. Therefore, each

picked amplitude profile must have the same length.

Each section shall be considered in the following order:

• An input seismic section (common-offset).

• A diffraction-stacked, weighted, time-migrated section (Schleicher et al., 1993).

• A diffraction-stacked, unity-weight, time-migrated section.

• A time-remigrated section, in which for this latter the input section is one undermigrated, diffraction-

stacked section using an inaccurate velocity model.

Besides the issue of true-amplitudes in time domain, we claim in the comparisons the behavior of each 

procedure according to the ones already described in literature in terms of magnitude, losses (geometrical-

spreading), and polarity issues.

Amplitude considerations

Let us simplify some definitions a nd s tate t hat 3 -D s ources t hat g ave r ise t o 2 .5-D a mplitudes i n o ur exam-

ples present no issues regarding directivity or coupling. Also, any attenuating properties of the medium are 

not considered, only geometrical-spreading and reflection coefficients are  reg arded. Transmission los ses across 

interfaces are not present in our examples.

Impedance contrasts are present in both synthetic datasets. In some sense, however, they may be taken as 

optional, since reflections d erived f rom t heir m odels a re e ssentially t he fi nal re sult of  an  an alytic integration 

along mathematical reflectors, and may even be set to unity, when r eferred. As a  result, picked amplitudes will, 

in principle, be proportional to angle-dependent reflection coefficients.

In the following we consider each dimensional contributions of each numerical operation in the time domain, 

in sequence: modeling, weighted-Kirchhoff migration, unity-weight Kirchhoff migration and Kirchhoff remigra-

tion. Each mathematical operation is responsible for a dimensional contribution to amplitude values, according 

to the table below:

Each entry in Table 1 in the column “Contribution (dimension)” represents one contribution to each ampli-

tude “density”. In their final f orm, t hese c ontributions a re t he r esult o f multiplication o f s everal f actors that 

constitute one weight-function in each mathematical operation, either modeling, migration, or remigration.
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6 2.5-D AMPLITUDE STUDIES

Table 1: Numerical contribution to amplitudes.

Numerical Operation Contribution (dimension) Amplitude (“density”) Scalling (factor)

Modeling
√
2
2

s1/2

m2 dx
√
2
2

s1/2

m

√
2 dx
s1/2

Weighted-Kirchhoff
√
2
2

s1/2

m s1/2 dx
m

√
2
2

s
m

√
2dx

s

Unity-Kirchhoff
√
2
2

s1/2

m
dx
m

√
2
2

s1/2

m

√
2 dx
s1/2

Remigration
√
2
2

s
m

s1/2

m3/2

√
2
2

s3/2

m3/2 2dx5/2

s1/2

The last factor that contributes dimensionally is the differential dx of each operator. Therefore, each result

listed in the column “Amplitude (“density”)” is the term regarded as "amplitude" that is inserted in each final

time-migrated or time-remigrated seismic section under the peak of each wavelet signal. The scaling factors de-

rived for each example are the ones that are then multiplied to each picked event in the examples, turning their

amplitudes dimensionless.

In each example, a peak of a reflected and migrated event will be semi-automatically chosen to compare

its value with the one peak in the input seismic section and in the time-migrated and time-remigrated output

sections. These amplitudes will then be scaled accordingly to their “density” nature in the manner assessed in

this paper and listed in Table 1.

It must be noticed that peak amplitudes are selected in order to preserve the ideia of higher value. Another

possible idea is to use the envelope of the analytical signal, since this is an attribute that is related to the

maximum reflection and normally preserves the lateral continuity of seismic events. Also, there may appear, in

some cases, issues related to change of polarity, a feature that must be adequately cared and carefully considered.

A manual picking, in these cases, may be able to resume this kind of difficult.

EXAMPLES

In this section we briefly introduce the synthetic datasets used in this paper. We first introduce the synthetic

seismic sections and then their respective migrated results. We consider presenting the datasets in this way

because the picking procedure that is the main objetive of this paper is realized upon unmigrated and migrated

sections. And since the inclusion of lateral velocity variations skews reflections, when dealing with imaging in

time these features must be taken into account, since that it is known that automatic picking will face some

drawbacks.

We have tested our algorithm in two synthetic data. The first data is represented by common-offset section

simulated over a single-interface model. The second data is given by a common-offset section simulated over a

stratigraphic model. Both geometry are specified as 2h = 50m, where h is the half-offset between sources and

receivers.

The main features of each model and its respective data are described below (see Fig. 1). Grid parameters

for models and data are specified as the total number of samples in each direction: Nx, Nz, Nt, and Ntraces

for each respective domain. Their sampling intervals are denoted by dx, dz, dt. For instance, in our examples

we have made use of the following equalities: Ntraces = Nx. We use SI units in all examples, but for numerical
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7

procedures multiples and submultiples are normally considered.

A gradient of the order 0.03 Hz was included for lateral velocity variations in the examples when referred.

(a) Constant velocity model.

(b) Presalt model.

Figure 1: Geological models with interval velocities used in the synthetic tests. (a) Velocity is constant in the
first layer and equal to 2.5 km/s. The velocity below the interface is set to 3.0 km/s. A second example for this
model, considers the existence of a gradient of 0.03 Hz in the x−direction in the first layer. (b) Presalt model
considered in Oliveira and Ferreira (2009).

Synthetic datasets

• Single reflector model. The first example is represented by a common-offset section derived from a

single interface of a syncline model located over a half-space (Fig. 1a). Model parameters are Nx = 400,

Nz = 200, dx = dz = 25 m, while data parameters are Ntraces = 300, dt = 8ms, where trace spacing
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8 2.5-D AMPLITUDE STUDIES

equals to dx as specified above, as well as source and geophone intervals. For the modeled data seen in

Fig.2a, the velocity in the layer above the interface is constant and equal to 2.5 km/s. The modeled seismic

section in this case contains the typical bowtie pattern of reflections associated with this kind of model.

Fig. 2b depicts the same modeled seismic section, but with a gradient of 0.03 Hz along the x−direction

added to the constant velocity. Note the time-skewing present along the range of distances from 4.0 km

to 7.5 km in this section due to the presence of velocity gradient.

(a) Constant velocity 2.5 km/s above interface.

(b) Gradient of 0.03 Hz added to velocity above interface.

Figure 2: Synthetic common-offset sections (2h = 50 m) for the single reflector model. (a) Velocity is constant
in the first layer and equal to 2.5 km/s. (b) A gradient of 0.03 Hz in the x−direction is added to the velocity
in the layer above the interface. In both cases, note the typical bowtie pattern for this kind of model. In case
(b) time-skewing in the range of distances 5.0 to 7.5 km is exclusively due to velocity gradient.

The time sample indicated for semi-automatic picking in all sections in this first model is t = 2 s. Note
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9

that in the range of distances 1.0 to 4.0 km, reflections belong to the syncline interval of the model, and are

far delayed in time as expected, forming the bowtie pattern. These amplitudes were not picked for numerical

comparison, and what is expected to be picked along this interval around t = 2 s is just negligble numerical

noise or null values. Note also in both sections of Fig. 2 reflections due to the presence of a discontinuity (i.e.,

normal fault) in the range of distances 4.0 to 4.4 km, which is a second gap that was introduced in this model,

representing a second source of null values of reflection amplitudes.

Of course the picking procedure will suffer some drawbacks in the range of distances 4.0 to 7.5 km when the

gradient case be considered (Fig. 2b). This is not a main concern, since we are just comparing methods and we

shall show that the picked values in this case are at least proportional and show a common trend, despite some

polarity issues. In a future work, this can be remedied with manual picking.

• Presalt model. The second synthetic example considers one previously model studied in Oliveira and

Ferreira (2009), which describes the results of the modeling of a simple 2-D seismic dataset acquired over a

representative presalt model derived from any of the Brazilian East Margin offshore basins (Fig. 1b). The

geological model that was constructed to simulate the seismic section seen in Fig. 3 with its respective

interval velocities is originally made up of four depositional sequences: (I) basement (6.5 km/s); (II)

presalt section (4.5 km/s); (III) salt layer (5.5 km/s); and (IV) the Tertiary-Upper Cretaceous section,

with a constant velocity gradient given by v(z). For the same model in the example used in this work,

some intervals of its velocity field were updated to include lateral velocity variations in the Cretaceous

section and in the SAG/rift section and transformed to the time domain. The model parameters for this

case are Nx = 720, Nz = 160, dx = dz = 50m, whereas data parameters are Ntraces = Nx, Nt = 1750 and

dt = 4 ms.

For the presalt example, we have selected an event around t = 3.5 s to semi-automatic picking, representative

of the top of salt (see Fig. 3). Events on the base of salt could have been selected, but these are affected by

pull-up effects at regions right under salt domes, either in the input and time-migrated sections.

Time migration

In Fig. 4 and Fig. 5 the results of Kirchhoff time migration are seen for the examples of figures 2 and 3,

respectively. Both output sections were previously weighted and migrated accordingly.

The results for unity-weight and time remigration are not depicted, since they are essentially the same in

terms of structures imaged. Also, the undermigrated time section is not depicted, since only the amplitude

present in the remigrated results are of importance in the comparisons that will be shown in the next section.

RESULTS AND DISCUSSIONS

Constant velocity model – single interface

The input data for this case is the one depicted in Fig. 2a and its time-migrated output section is the one

depicted in Fig. 4a.

Fig. 6 depicts four amplitude profiles picked along the midpoints in figures 2a (unmigrated) and 4a (time-
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10 2.5-D AMPLITUDE STUDIES

Figure 3: Presalt model. Common-offset section (2h = 50 m) simulating a 2-D seismic marine acquisition over
the area of the velocity model defined in Oliveira and Ferreira (2009).

migrated), as well as along the unity-weight and time-remigrated Kirchhoff equivalent sections (not shown here)

for all time samples that eventually show any reflection with peaks at t = 2 s. The plot has two vertical

scales, to emphasize the fact that the order of magnitudes of the amplitudes in each group of profiles are quite

different. The scale of amplitudes on the right refers only to the values of modeling (magenta color), while

the scale on the left include amplitudes of unity-weight Kirchhoff time migration (black color), true-amplitude

weighted-Kirchhoff migration (blue color), and Kirchhoff time-remigrated (green diamonds), respectively.

The scaling factors that were multiplied to each picked profile value in each plot are the ones listed in

Table 1. Note in Fig. 6 that the values of amplitudes after multiplication are proportional and scalable, as

initially claimed. The situation is very clear when a laterally continuous range of amplitude values are equal in

magnitude. This feature, in the example above, is fair and clearly visible along the range of midpoints 5.0 to

7.0 km.

The order of magnitude for the modeled amplitudes (magenta color) in Fig. 6 is much smaller than the

ones time-migrated and time-remigrated, according to the scale of latter profiles positioned on the left of the

plot. It is clear that picked amplitudes after a weighted-Kirchhoff migration (blue color) are corrected from

geometrical-spreading losses, since they are presented as higher values in relation to migration with unitary

weight (black color) in the same plot.

As for the time-remigrated amplitudes (green diamonds), they are practically the same as the weighted-

Kirchhoff result. In the general approach to seismic imaging of Hubral, Tygel and Schleicher, the cascading of

a migration/demigration or a single stack solution grants the best possible amplitudes in a preserving way. For

this constant-velocity (and simple) example, this is a faithful statement of this fact.

A final interesting comparison for the constant velocity example is shown in Fig. 7. This time, the black

curve of amplitudes along midpoints depicts the picked values for the undermigrated Kirchhoff result, showing

that these values of amplitudes are much even higher or overestimated than the weighted-Kirchhoff result, and

therefore its amplitudes are not the best possible ones. When this data is time-remigrated, following the lines
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11

(a) Time migration for the constant velocity case.

(b) Time migration for the gradient case.

Figure 4: Time-migrated sections of the input data seen in Fig. 2. (a) Constant velocity case. (b) Gradient 
case.

of Oliveira et al. (2023), the output amplitudes are true again, as predicted in theory (Hubral et al., 1996; 

Tygel et al., 1996). This again shows that time remigration “pulls” undermigrated amplitudes to their best 

true-amplitude results.

Lateral velocity variation – single interface

When lateral velocity variation is present, time-skewing is one of the features commonly present in time migration 

(Black and Brzostowski, 1994; Bevc et al., 1995). Fig. 2b is a skewed version of the input seismic section for 

the constant velocity case. Fig. 8 then depicts the comparison of picked amplitudes for the same event at t = 2 

s in the same manner as in Fig. 6. This time, the automatic picking for this temporal sample will vary along
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12 2.5-D AMPLITUDE STUDIES

Figure 5: Kirchhoff time-migrated seismic section of the input data seen in Figure 3 (presalt model). Weighted
time migration here presents non-collapsed pull-ups below salt dome events and time skewing due to lateral
velocity gradient.

Figure 6: Semi-automatically picked amplitudes for an event at t = 2 s for the example of constant velocity.
See text for details.

Figure 7: Another comparison, as in Fig. 6, but this time the black curve shows the values of the undermigrated
result when compared to the other true-amplitude ones.

midpoints, including polarity changes due to skewing. This is an example in which a manual picking should

come into play, to preserve the lateral continuation of the events being tracked.
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Figure 8: Semi-automatically picked amplitudes for an event at t = 2 s for the example of lateral velocity
variation.

Fig. 9 then just depicts the same behavior of amplitudes when the true-amplitude results are compared to

the undermigrated ones. Again, time remigration “pulls” undermigrated amplitudes to their best true-amplitude

results.

Figure 9: Another comparison, as in Fig. 8, but this time the black curve shows the values of the undermigrated
result when compared to the other true-amplitude ones.

We call attention to the fact that in this latter example, amplitudes were automatically picked, whereas it

should have been manually done. But even with the presence of this picking problem, we observe that physically

the results are conclusive, agreeing with the one for the constant velocity example.

Presalt model

For this synthetic model of the Brazilian presalt (see Fig. 1b), the 2.5-D amplitudes were modeled with

amplitudes “densities” with dimension equal to 1√
2m3/2

(see Fig. 3). Therefore, any amplitude picked from

the reflections of this model must be first scaled with 2
√
dx before any comparison and as sessment. The other 

factors involved in the scaling of picked values for migration and remigration are listed in Table 2.

The picking procedure for this example is the most challenging one. There are several issues of processing 

related to this model. The presence of aliasing noise in modeling and migration seems to contaminate the 

automatic sample picking in the straightforward manner in which our procedures have been done in the previous 

examples. Our opinion, without proving here, is that a careful manual picking should be mandatory in order 

to compare all amplitudes, time-migrated or time-remigrated, in a fair way. But since manual picking was not
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14 2.5-D AMPLITUDE STUDIES

Table 2: Presalt model contribution to amplitudes.

Numerical operation Contribution (dimension) Amplitude ("density") Scaling (factor)

Modeling 1√
2

dx
m3/2

1√
2m

√
2dx

Weighted-Kirchhoff 1√
2m

√
2s
2

dx
m

1
2

√
s
m 2

√
dx
s

Unity-Kirchhoff 1√
2m

dx
m

1√
2m

√
2dx

Remigration
√
2
4

s
m2 dx

√
2
4

s
m 2

√
2dx
s

available to us during the writing of this paper, the only solution was to band-pass each data in each of the

procedures so as to eliminate as much noise as possible and proceed with semi-automatic picking. Therefore,

an Ormsby band-pass filter was applied to the input seismic data before kinematic and weighted migrations, as

well as to the undermigrated data before the time remigration procedure. In terms of kinematic imaging, we

state that these filtering proved to be quite satisfactory.

Due to these problems, we have chosen two specific time samples of reflection events of the modeled data

in order to compare to the same values of picked amplitudes along migrated and remigrated sections (Fig. 10).

These samples are very close to each other in time and are representative of reflections of the top of the salt layer

of the geological model (see Fig. 1b). Since the picked events are referred to a single sample in time, the lateral

variation of picked values along midpoints in this example shall not follow a continuous trend, but sometimes

even oscillate between positive and negative values (change of polarity) due to time-skewing. Notice that in the

areas of the two salt domes (in the range of distances 5 km to 10 km and 20 km to 25 km, respectively, see Fig.

5) the picked values for the chosen constant sample must be disregarded, since there are no seismic events there,

just noise, and any value picked there must be close to zero in either of the scales used on the following figures.

In the case of the input seismic section in these ranges, the picked values are located between two distinctive

spikes that indicate the region where edge diffractions of the salt domes occur (see Fig. 3).

Fig. 10a then depicts the picking profiles for an event located at t = 3.54 s. As before, we note an agreement

and a proportionality of values in all profiles derived from the modeled (magenta color), weighted-Kirchhoff (blue

color), unity-Kirchhoff (black color) and Kirchhoff-remigrated (green color) sections. Weighted-Kirchhoff and

unity-Kirchhoff follow an equal, proportional and significative trend along the range of distances (and according

to their scales), which reflects the fact that their operators perform the same imaging task and adequately locate

reflection events, although the derived amplitudes are different in values. This similarity is most noticeable in

the range of distances 20 km to 29 km in Fig. 10a, but in a general sense the same feature is recognizable

along the rest of midpoints. The time-remigrated profile also presents the same feature along all midpoints, but

resembles a smoother curve and seems to be affected by some edge effects.

Now let us consider the case of one event located at t = 3.64 s. Fig. 10b depicts the representative profile

section showing the same results as in the previous example. This time, the time-remigrated result (green color)

is the only profile that presents an distinct behaviour, which is negative polarity along most ranges of midpoints.

In order to check this proportionality of values with respect to weighted-Kirchhoff and unity-Kirchhoff, in Fig.

10c we have artificially inverted the polarity of the remigrated result. Notice now that the new remigrated

profile is most equivalent to the latter ones. Our opinion about this fact is that since time remigration is a
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weighted-stacking operation, the change of polarity may be associated to some acquired complex phase due to

its weight-function.

(a) Event at t = 3.54 s.

(b) Event at t = 3.64 s. Negative polarity (remigration).

(c) Event at t = 3.64 s. Positive polarity (remigration).

(d) Event at t = 3.588 s. This time all amplitudes were picked along a linear trend at the base of salt.

Figure 10: Picked amplitudes for events at 3.54 s, 3.64 s and 3.588 s, representative of the top of the salt 
layer.
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16 2.5-D AMPLITUDE STUDIES

As a final example for this presalt model, Fig. 10d depicts a careful picking of values of the top of salt

reflections (again, considering reflections under the domes to be near zero). This time, an initial time at

t = 3.588 s is selected as linear coefficient for a straight line direction following a specific angular coefficient,

corresponding to the top of salt reflections that are skewed upwards in time. The picking under theses conditions

is still automatic, but now follows a more oriented direction, and as close as possible of an example of a manual

picking. Then Fig. 10d depicts the fact that all profiles present a common morphology, the only difference are

the scale and proportion of picked values. This last example proves our claim that manual picking procedure

provides straightforward and meaningful results.

As before, it must be noticed that the picked time-migrated and time-remigrated amplitudes are proportional

to the ones from the input seismic data, according to their respective scales, after the use of the scaling factors

listed in Table 2. Also, it is important to notice that, in all examples, the remigrated picked values follow

closely and proportionally the weighted-Kirchhoff values, as already shown in previous examples and theoretical

predictions (Hubral et al., 1996; Tygel et al., 1996).

CONCLUSIONS

We have successfully studied the scaling of amplitudes derived from weighted time migration and time remigra-

tion processes and their comparison to scaled amplitudes picked along modeled seismic data. In this study, we

have made use of 2-D synthetic data only.

Recognizing that numerically modeled 2.5-D amplitudes work as “densities” (i.e., they are physical constants),

we have devised some scale factors for modeling, migration and remigration that make amplitudes dimensionless.

When these factors are directly multiplied to picked amplitude values of reflection events, the magnitude of each

event is equalized and the scales of their values become proportional. Following this reasoning, we have shown

ad hoc that picked time-migrated and time-remigrated amplitudes (i.e., corrected for geometrical-spreading)

are also proportional to amplitudes picked from their input seismic data in a true sense (Schleicher et al., 1993).

We have tested the present procedure in two synthetic, common-offset, 2.5-D seismic data. The input data

of the first model considers only an interface separating two media, where for the first layer cases of constant

velocity and initial velocity with lateral variation along the x-direction were accounted for. The input data of

the second model is representative of a 2-D marine acquisition over a regional presalt area derived from any of

the Brazilian East Margin offshore basins (Oliveira and Ferreira, 2009), including lateral velocity variations in

the Cretaceous and SAG/rift sections. In both cases, each input seismic section was then time-migrated using

a weighted-Kirchhoff (Schleicher et al., 1993) and an unity-Kirchhoff algorithm to provide the main migrated

sections containing reflection horizons that may be used for picking. In order to generate an input data to the

remigration procedure in the time domain (Oliveira et al., 2023), we have also generated weighted-undermigrated

results using the same algorithm. These additional imaging results are not shown here, just their picked values.

The results obtained in all examples showed that the scaling of amplitudes by dimensional factors is capable

of equalizing magnitudes of the picked events, at least proportionally, increasing the confidence of its physical

interpretation.
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APPENDIX A. KIRCHHOFF-TYPE REMIGRATION THEORY

In this appendix we present a brief description of the remigration theory (Hubral et al., 1996; Tygel et al.,

1996), considering its counterpart in the time domain (Oliveira et al., 2023).

Similar to the Kirchhoff-type theory described in Tygel et al. (1998) and Schleicher and Bagaini (2004), for

each point (x̃, τ̃) in the output time-remigrated section to be simulated, the stack result Ĩ(x̃, τ̃) is obtained by

a weighted stack of the input data, represented by the following integral

Ĩ(x̃, τ̃) =
1√
2π

∫
A

dxK
(2.5D)
RM (x; x̃, τ̃)∂1/2

τ I(x, τ) |τ=tRM (x;x̃,τ̃), (A1)

where I(x, τ) is the input time-migrated (analytic) seismic section that is to be weighted by K
(2.5D)
RM (x; x̃, τ̃)

and then summed up along the stacking line or inplanat τ = tRM (x; x̃, τ̃) (Tygel et al., 1996). The time-reverse

generic half-derivative

∂
1/2
−t [f(t)] =

1√
2π

∫ +∞

−∞
dω |ω|1/2e−iπ

4 sign(ω)F (ω) e−iωt, (A2)

is applied to input traces in order to correct the pulse shape. Here, f(t) is any function of its argument.

In inhomogeneous medium and considering the presence of mild lateral velocity variation, for a finite-offset

(2h) configuration, the stacking line for the remigration procedure is given by Equation (A3) (Martins, 2001):

t
(ξ)
RM (x; x̃, τ̃) =

√
τ̃2D − 4h2

v2RMS

√
1− x− ξ∗(x)2

v2
RMS

4 τ̃2D

. (A3)

In (A3), τ̃D is the diffraction traveltime for coordinate (x̃, τ̃) in the output space, represented by two DSRs

for two branches of the traveltime to the image point, wherein velocity ṽRMS is used relative for each source

and geophone in that domain. Here, the stationary value ξ∗(x) is the coordinate that relates the inplanat

τ = tRM (x; x̃, τ̃) with its respective coordinates in the input and output domains (Tygel et al., 1996).

Two conditions constrain the aperture A range for time remigration following Equation (A3). The first is

offset-dependent (i.e., τ̃2D > 4h2/v2RMS), which means that in all offsets, very shallow to shallow events (whenever

they are recorded) must be disregarded or are not imaged around any stationary value ξ∗(x) that may exist

along these shallow time intervals. The second constraint is related to the condition (x − ξ∗(x))2 <
v2
RMS

4 τ̃2D,

which restricts the number of traces to be stacked around the stationary value ξ∗(x).

The remigration weight-function for the numerical procedure – see Equation (1) of the main text – is given
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18 2.5-D AMPLITUDE STUDIES

by the direct multiplication of two weight-functions (migration and demigration). Another simplification of the

same weight-function is obtained when it is replaced by a pseudo-depth or time domain version proportional to

the so-called Beylkin determinant (Martins et al., 1997), dimensionally equivalent to its depth version. In 2.5-D,

the Beylkin determinant in depth is reduced to a form that is proportional to a 2-D version, because in this case

either the 2.5-D migration weight-function is defined in terms of this determinant and other ray theory elements

(i.e., product of geometrical-spreadings for each source and receiver ray branch) as the 2.5-D demigration weight-

function is proportional to the reciprocal of the products of these geometrical-spreadings (Martins, 2001). Since

in remigration there is numerical multiplication of migration/demigration weight-functions, there is an explicit

possibility that these geometrical-spreading terms cancel each other when a stationarity condition holds (Tygel

et al., 1996).

A special computer code was written in order to use the cascaded remigration operator with a weight-function

proportional to the Beylkin determinant, h̃(2D)
B (ξ; M̃), in the time domain (see Appendix B). As a result, and

considering that at the image condition during migration (t = 0) there will be stationarity, the product of the

migration/demigration weight-functions will have the following format:

K
(2.5D)
RM (x; x̃, τ̃) = K̃

(2.5D)
DS (ξ; M̃)K

(2.5D)
IS (x;N) =

v
3/2
RMS

4
h̃
(2D)
B (ξ; M̃)

√
mD(x), (A4)

where M̃ = M̃(x̃, τ̃) and N = N(x, τ) are locations in the input and output spaces, respectively. The function

mD(x) is the stretch factor defined in Tygel et al. (1994). It is important to specify that to all examples followed

in this paper, the meaning of vRMS = vRMS(x̃, τ̃) is mandatory and assumed a priori.

Considering this new notation, the final stacking integral of the numeric chained process shall have the

following form:

Ĩ(x̃, τ̃) =
1√
2π

∫∫
A

dξ dxK
(2.5D)
RM (x; x̃, τ̃)

d

dτ
I(x, τ)|

τ=t
(ξ)
RM (x;x̃,τ̃)

. (A5)

It must be emphasized that the double integral in Equation (A5) refers to a 2-D process, and that it is a one-step

chained migration/demigration procedure.

APPENDIX B. THE BEYLKIN DETERMINANT IN THE TIME DOMAIN

In equation (A4), the so-called 2-D Beylkin determinant h̃(2D)
B (ξ; M̃) must be evaluated in pseudo-depth, where

generically z = vt/2. Thus, it is defined:

h̃
(2D)
B (ξ; M̃) = det


∂τ̃D(ξ;M̃)

∂x̃
2

ṽRMS

∂τ̃D(ξ;M̃)
∂τ̃

∂2τ̃D(ξ;M̃)
∂ξ∂x̃

2
ṽRMS

∂2τ̃D(ξ;M̃)
∂ξ∂τ̃

 . (B6)

In this appendix let us study the explicit form of this function, which is part of the weight-function in Equation

(A5) used in some cases in this paper.

Let the first row of the Beylkin determinant be given by following elements

B11 =
∂τ̃D
∂x̃

=
1

ṽ2RMS

[
(x̃− ξ − h)

t̃S
+

(x̃− ξ + h)

t̃G

]
(B7)
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and

B12 =
2

ṽRMS

∂τ̃D
∂τ̃

=
τ̃

2ṽRMS

(
1

t̃S
+

1

t̃G

)
. (B8)

Here, t̃S and t̃G are traveltime branches of the double-square-root equation for the diffraction point (x̃, τ̃) in

the output space, whereas ṽRMS is its respective stacking velocity.

The second row of the matrix presents the following elements

B21 =
∂2τ̃D
∂ξ∂x̃

=
−1

ṽ2RMS

(
1

t̃S
+

1

t̃G

)
+

(x̃− ξ − h)2

t̃3S ṽ4RMS

+
(x̃− ξ + h)2

t̃3G ṽ4RMS

(B9)

and

B22 =
2

ṽRMS

∂2τ̃D
∂ξ∂τ̃

=
τ̃

2 ṽ3RMS

[
(x̃− ξ − h)

t̃3S
+

(x̃− ξ + h)

t̃3G

]
. (B10)

Therefore, all elements of the Beylkin determinant described above are expressed as function of travel-

times and other parameters related to seismic acquisition (source-geophone pair coordinates, parameterized by

midpoints and half-offset), besides output space coordinates and RMS stacking velocities. In numerical imple-

mentations of equation (A5), then one just have to do h̃
(2D)
B (ξ; M̃) = B11B22−B12B21 in order to calculate the

Beylkin determinant.

Finally, it is important to state that, dimensionally, [h̃(2D)
B (ξ; M̃)] = [ s2

m3 ]. This dimension is equivalente to

the one of the Beylkin determinant in the depth domain.
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