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Abstract

Using post-critical reflection data, it is possible to obtain useful information that
allows more reliable geological characterization of the subsurface. However, the
strong distortion caused by the phase shift in post-critical wavelets makes the
use of post-critical reflections rather challenging. For this reason, an approach
which is capable of estimating the phase shift of each wavelet of a reflection
event in a data-driven manner is desirable. In this vein, in case the frequency
spectrum of a wavelet can be correctly estimated, it is possible to estimate the
instantaneous phase shift. In this work, we propose an approach which can
perform such estimation based on spectral recomposition of seismic data. We
design an inversion approach in order to reconstruct the seismic spectrum of
the wavelets of a reflection event, which subsequently allows us to estimate
the instantaneous phase of each wavelet of the near-surface reflection events
without performing prior velocity analysis and/or critical-angle estimation. After
finding the instantaneous phase for each wavelet of a reflection event, we show
next how one can find the respective phase shifts that can then be corrected.

Tecnoldgico (CNPq)
KEYWORDS

INTRODUCTION

Due to sharp changes in seismic velocity with depth in
the shallow subsurface, in near-surface seismic reflec-
tion data, the critical angle (CA) is quickly reached
at relatively short offsets, as compared to deeper,
exploration-scale data. CAs at a subsurface boundary
represent an important piece of information for seismic
data analyses (e.g., Liu et al., 2011). However, post-
critical reflections are usually used separately from the
pre-critical ones, thus missing the benefit of a more
complete utilization of seismic reflection information
across the offsets. The position of the CA is highly rele-
vant in common-mid-point (CMP) stacking, as obtaining
a stacked image of high signal-to-noise ratio (SNR)
demands disregarding post-critical information in order
to minimize stacking of phase-shifted wavelets. As the
wave phase rotates abruptly in the vicinity of the CA
and because, in near-surface seismic imaging, the CA
is reached quickly, the number of usable traces used

frequency, inversion, phase, seismic, shallow subsurface

to perform the stacking tends to be limited (Paskvish,
2016; Purves, 2014; Roth et al., 1998; Zelt et al., 2013).
CA information is usually obtained from Snell’s law (Roth
et al., 1998; Zelt et al., 2013), which demands reliable
prior estimation of the compressional (P) and/or shear
(S) wave velocities. However, uncertainties in veloc-
ity estimates above and below an interface result in
uncertainties in estimating the CAs. For this reason, an
approach that is capable of estimating and correcting the
phase shift in each wavelet in a reflection event with-
out prior velocity and CA calculation is highly desirable.
This will enable having more traces available for CMP
stacking.

Spectral recomposition is a technique that can be
used to extract the key components of a seismic spec-
trum (Cai et al., 2013; Li et al., 2011; Tomasso et al.,
2010). It is usually performed by estimating the fun-
damental signal properties, such as peak frequency,
amplitude and phase, in order to reconstruct the seis-
mic spectrum (Cai et al., 2013; Castagna et al., 2003;
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Tomasso et al., 2010). This allows reconstructing a seis-
mic spectrum through an inversion procedure, if there
is a mathematical description for the analysed wavelet
available. In this way, the recovery of the peak frequency,
amplitude and phase of a wavelet can be achieved.

We develop an inversion approach in order to recon-
struct the spectrum of a seismic reflection event
and then estimate its phase shift. Following Zuniga
et al. (2023), at first we fit a calculated spectrum to
the observed one, where the calculated spectrum is
the mathematical representation of the Ricker wavelet
(Ricker, 1953), and the observed spectrum represents
the recorded reflection wavelet. This enables correct-
ing the phase shifts such that the phase difference
between the post-critical reflections and the reflection
events at near offsets is greatly reduced, allowing the
use of more traces and achieving a higher SNR in the
stacking process.

The curve fitting is performed for each wavelet along a
reflection event in a common-source gather. After recov-
ering the peak frequency and the amplitude information
from each wavelet, we use each peak frequency as the
input information in order to fit the calculated phase to
an observed one. The calculated phase is the exponen-
tial part in the mathematical representation of the Ricker
wavelet, and the observed phase is the phase of the
recorded reflection event. In this way, it is possible to esti-
mate the phase shift of each trace and correct it to make
it more alike the first recorded wavelet in an event.

Different from other methods for obtaining the phase
shift (e.g., Barros et al.,, 2015; Biondi et al., 2014;
Landro & Tsvankin, 2006; Zhu & McMechan, 2012),
our approach allows obtaining wave parameters and
phase-shift information in order to correct the phase
shift of each wavelet in a reflection event in a data-
driven manner and without the need of performing
velocity analysis or prior CA estimation. Additionally,
our approach requires shorter offsets when compared
with other similar existing techniques (e.g., Landro &
Tsvankin, 2006).

THEORY
Spectral recomposition
The spectrum of a seismic trace can be represented as

a sum of different Ricker-wavelets spectra, as proposed
by (Tomasso et al., 2010):

M=

d(f) ~

i

aip; (m;, f), (1)

1

where, d(f) is the spectrum of a seismic trace, f is fre-
quency, and a; and m; are the amplitude and the peak
frequency of the ith Ricker-wavelet spectrum, respec-
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tively. A Ricker-wavelet spectrum with a peak frequency
at m is given by:

Spectral recomposition can be used to obtain the peak
frequency and amplitude from a seismic spectrum by
reconstructing it, which differs from other approaches
which instead decompose the seismic spectrum (Cai
et al., 2013; Castagna et al., 2003; Huang et al., 1998; Li
et al., 2011).

With the above mathematical description of the fre-
quency spectrum, it is possible to handle the problem as
an inversion which aims to fit, for each trace, a calculated
frequency spectrum to the spectrum of an observed
reflection wavelet. In this way, we can recover the peak
frequency and the amplitude (Zuniga et al., 2023).

In Equation (2), R(f) represents the observed wavelet,
whereas the right-hand side of the equation represents
the calculated wavelet.

Instantaneous-phase estimation

To estimate the instantaneous phase of this wavelet,
another consideration is necessary. First, we need to
calculate the argument of Equation (2), similar to the
approach proposed by Zuniga et al. (2023) for estimating
the position in time of a wavelet:

f2 f2
arg [R(f)] = arg [aﬁexp <_r§>] . (3)

From Equation (3), we find that:

2

arg R = . @

Considering n number of traces, we can rewrite
Equation (4) as:

f2
arg [R, (] = —— . (5)

As each wavelet in a given reflection event presents
a specific phase shift along the offset, we can describe
the shift in phase for this event in the nth trace relative
to the phase in the first (n = 1) trace. For the first trace,
we get:

2 2
arg [R1 (Nl = —— + p1= —— +0,  (6)
m} m?
where ¢ is the instantaneous phase shift. In this case,
® = ¢ is equal to zero.
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PHASE CORRECTION USING SPECTRAL RECOMPOSITION

Foreachn > 1, there is a different peak frequency (m)
value. Therefore, the term —f2/m? is different for differ-
ent traces. ¢, represents how much the phase of the
wavelet in the nth trace differs in comparison with that of
the wavelet in the first trace for the same reflection event
(i.e. instantaneous phase shift):

f2
arg [Ry ()] = 5t @)

n

In Equation (7), the term arg[R;(f)] represents the
observed instantaneous phase, whereas the right-hand
side of the equation represents the calculated instanta-
neous phase.

Finding the instantaneous-phase shift for each
wavelet allows us to correct each phase in each trace
by rotating it until it gets close to the wavelet in the
first trace. This enables us using the reflection informa-
tion at offsets beyond the CA, which is otherwise not
possible.

ALGORITHM
Finding the peak frequency

With the description given in Equation (2), it is possi-
ble to calculate the frequency spectrum of the Ricker
wavelet. Once the wavelet of a reflection event in a trace
(observed wavelet) is selected, it is then transformed to
the frequency domain, where it is possible to fit the spec-
trum calculated using Equation (2) to the spectrum of
the observed wavelet. We apply an inversion approach
to perform the curve fitting (Zuniga et al., 2023). As the
spectrum of the Ricker wavelet is an observed quantity,
the parameters to be inverted for are the peak frequency
m and the amplitude a.

To avoid falling in local minima in a global search,
we use a multi-start procedure in a local optimization
algorithm (Telraky & Sotirov, 2013). This combination
allows performing several iterations with randomized
starting points and provides a good statistical distribu-
tion of regions containing the minimum. We perform
least-square minimization. In the stochastic process,
each iteration results in a different minimum value, which
can be compared to the minima from other iterations.
Then, it is possible to select the lowest of all minima.
The number of iterations can be set to adapt to the com-
plexity of the analysed spectra, increasing the accuracy
and efficiency of recovering the parameters related to the
global minimum region.

The inversion procedure is applied to each trace for
a selected reflection event, resulting in a set of peak
frequencies and amplitudes. Additionally, the obtained
optimum set of parameters (along with the associated
uncertainties) for each trace is saved.

Finding the instantaneous-phase shift

Using Equation (7), it is possible to calculate the instan-
taneous phase of the Ricker-wavelet. The procedure is
applied for the same selected event in each trace to
estimate the peak-frequency m. The estimated peak-
frequency values, corresponding to different traces, are
used to calculate the instantaneous-phase shift ¢ (Equa-
tion 7), through fitting the calculated instantaneous
phase to the observed one.

Similar to peak-frequency estimation, we next carry
out an inversion to perform the curve fitting. As
the instantaneous phase of the Ricker-wavelet is an
observed quantity, the parameter to be inverted for is the
instantaneous-phase shift ¢. We employ the same pro-
cedure as that for peak-frequency estimation to avoid
using a global-search algorithm.

The flow chart of the complete algorithm is presented
in Figure 1.

RESULTS
Two-layered models

The new approach can obtain instantaneous phase shift
without the requirement of prior velocity-analysis for CA
estimation. This allows correction of any variation in the
phase of a reflection wavelet in each trace along the
measurement line.

We test our approach by analysing the reflection
events from three simple near-surface S-wave models.
Each model represents a two-layered subsurface with
an interface located at 6 m depth. The lower layer has
an S-wave velocity of 200 m/s, whereas the upper layer
has an S-wave velocity of 100, 120 and 140 m/s, in the
first, second and third models, respectively. We simu-
late an S-wave survey using a finite-difference modelling
scheme (Thorbecke & Draganov, 2011). For our tests, we
pick the primary reflection from the interface between
the two layers. The first model presents a CA at 30.00°
(Figure 2a), the second one at 36.87° (Figure 2b) and
the third one at 44.43° (Figure 2c). Note, that the refrac-
tion visually separates from the post-critical reflection at
an angle higher than the CA, giving the false impression
that the CA is marked at a lower incidence angle.

In Figure 3, the original wavelet for several traces from
the model shown in Figure 2a and their rotations as they
approach the CA are shown. We also illustrate here each
of the phases corrected through instantaneous-phase
rotation estimated by our method. The same can be
observed, in Figures 4 and 5, for the models presented
in Figure 2b,c, respectively.

The above example is oversimplified as the arrivals
are clear and they hardly suffer from interferences. In
field data, there will be many more arrivals, and also
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FIGURE 1 Flow chart of the proposed algorithm.

noise. To test the performance of our approach, we add
Gaussian noise with SNR = 2 to the data of Figure 2 in
order to obtain the events shown in Figure 6.

Figure 7 illustrates the variation of the instantaneous
phase as a function of the incidence angle for the noisy
(SNR = 2) data and its comparison with noise-free data.
For the primary reflection event in Figure 6a, Figure 7a
shows that a more abrupt increase in phase shift occurs

when the incidence angle approaches the CA. Beyond
the CA, the phase shift decreases gradually. The same
observations are made in Figure 7b,c for the primary
events in Figure 6b,c, respectively.

For the above-mentioned three models, obtaining the
exact incidence angle or the trace associated with the
CA is difficult, as the region with a phase shift around
180° is rather large. Nevertheless, the approach is
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FIGURE 2 Simulated common-source gathers for the three
two-layered models used in our tests. The primary reflection for the
three models is characterized by a critical angle (CA) at (a) 30.00°,
(b) 36.87° and (c) 44.43°, indicated by red dotted line.

quite effective in finding the phase shift/rotation in each
wavelet, thus allowing for correction for such phase shift.

Comparing the detected behaviour of the instanta-
neous phase with angle for data without and with noise,
we see that the examples with SNR = 2 show small
errors in the estimates (Figure 8).

Figure 8a-c shows the normalized instantaneous-
phase error between the estimates for data without
noise and with noise as a function of the incidence angle
of the primary reflection event. For each of them, the
normalized error varies in a very similar manner, with
a higher error at the near offsets (i.e. at lower incident
angles) and a quick decrease of error at higher incidence
angles. This allows us to perform a stable phase-shift
correction, even for data with a significantly low SNR and
for traces showing a larger phase shift.
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FIGURE 3 Original wavelets from the traces shown in Figure 2A
(first column), the corrected wavelets (second column) and the phase
shift in degree relative to the first recorded wavelet (third column) for
the chosen reflection event.

Four-layered model inspired by field data

Encouraged by the test results from the above simple
models, we test our approach further by analysing syn-
thetic reflection events from a more realistic near-surface
model. This model was inspired by the field data of Gibbs
et al. (1992). The model represents a four-layered sub-
surface with two unsaturated layers located above two
saturated layers, with the water table at 13 m depth.
The parameters of the model are shown in Table 1. We
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FIGURE 4 Same as in Figure 3, but for the traces shown in
Figure 2b.

simulate a survey using P- and S-wave sources, in the
same manner as in the previous example, except that
this time the model does not include a free surface. This
means that surface waves and free-surface multiples are
not present. In the case of field data, surface-wave sup-
pression has to be performed a priori, for example using
a data-driven interferometric surface-wave suppression
approach (Balestrini et al., 2020), followed by surface-
related multiple suppression as successfully attempted
in the past (e.g., Ghose & Goudswaard, 2004). Note that
having the free-surface multiples in data is not a limita-
tion for the application of this method. At traces where
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FIGURE 5 Same as in Figure 3, but for the traces shown in
Figure 2c.

a free-surface multiple interferes with a target event, the
estimation will work poorly as the wavelet will no more
be simple. Nevertheless, where interference does not
occur, the estimation will still work, which will result in
an improved SNR of a stacked target reflection arrival
as there will be also traces after the CA with corrected
phase rotation.

The simulated common-source gather for this model,
representing the wavefield recorded by a vertical-
particle-velocity sensor due to a pressure source, is
shown in Figure 9a. In Figure 9b, we see the same gather
but after adding uncorrelated Gaussian noise (SNR = 2).
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FIGURE 6 Simulated common-source gathers for the three
two-layered models, with signal-to-noise ratio (SNR) = 2, used in our
tests. The primary reflection for each gather is characterized by a
critical angle (CA) at (a) 30.00°, (b) 36.87° and (c) 44.43°, indicated
in red.

We use both these gathers to estimate the CAs and the
instantaneous-phase shift required to correct the rota-
tion of wavelets of reflection events corresponding to the
three interfaces in the shallow subsurface.

We can see in Figure 9 that, in case of a more com-
plex, realistic situation, the approach suffers from the
interference of events from different layer boundaries
and of different wave types. In Figures 10-12, we illus-
trate for comparison the variation of the instantaneous
phase with the incidence angle for noise-free and noisy
(SNR = 2) data for PP, SS and SP events, respectively.

For the reflection event corresponding to the first inter-
face shown in Figure 9, Figures 10a and 11a indicate a
gentle increase in the phase shift as compared to the
shift observed in Figure 12a. It can be explained by the
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FIGURE 7 Variation of the instantaneous phase as a function of
the incidence angle for noisy (signal-to-noise ratio [SNR] = 2, bold
blue line) data for the primary reflection event corresponding to (a)
Figure 6a, (b) Figure 6b and (c) Figure 6c¢. The correct critical angle
(CA) value is indicated in red for comparison. Moreover, for
comparison, the dashed green lines show the results for noise-free
data.

fact that the CA of the SP reflection event is smaller
than that of the PP and the SS reflection events. A
gradual decrease beyond the CA can be observed for
these three events too. The same observations can be
made for the reflection event corresponding to the sec-
ond interface, by comparing Figures 10b and 11b with
Figure 12b. For the reflection event corresponding to
the third interface, we observe again the same relation,
as we compare Figures 10c and 11c with Figure 12c.
However, Figures 10b, 11b and 12b show very differ-
ent values for the CA when compared with other layers,
which can be explained by the abrupt change in P-wave
velocity that occurs between the second and the third
layers.
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TABLE 1 Parameters of the layers in the elastic four-layered
model.
Layer
Vp Vs Density thickness
Layer (m/s) (m/s) (kg/m3) (m)
Layer 1 400 100 600 3
Layer 2 520 130 800 8
Layer 3 1500 250 1300 13
Layer 4 1980 330 1500 140

Source: Inspired by field data of Gibbs et al. (1992).

For estimating the uncertainties, we calculate the
standard deviation of the relative error between the exact
and the estimated phase shifts of each reflection event
(Table 2). The error increases noticeably with noise, but
it is still acceptable.
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FIGURE 9 Simulated common-source gather using a pressure
source on a four-layered elastic model, showing both P- and S-wave
reflection events in the case (a) without noise and (b) with noise
(signal-to-noise ratio [SNR] = 2) as recorded on the vertical
component of a particle-velocity sensor.

For all tested synthetic models, obtaining the exact
incidence angle or the trace closest to the CA is difficult,
as the region of a phase shift of around 180° is broad.
However, the approach is quite successful in finding the
correct phase shift/rotation itself and subsequently to
correct for it.

In this experiment, we have considered a relatively
complex scenario where multiple reflections interfere
with each other and random noise with a different
wavelet type is added. These conditions allow us to
understand how the approach can deal with these
challenges. As this approach is based on a given
mathematical definition for a wavelet, it is capable of
discriminating different kinds of wavelets by a phase
analysis and by observing the difference in curve-fitting
in each trace. This is possible because the phases
would not match if the observed wavelet is of different
type than the mathematical description used for the
calculated wavelet (e.g., a Gaussian as the observed
wavelet and a Ricker wavelet as the calculated one).
For this reason, it would result in higher error, which can
be an indicator that the wavelets are different. Different
from this scenario, interfering reflections with similar
amplitudes would generally cause a decrease of the
SNR. However, as the approach is able to decompose
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FIGURE 10 Variation of the instantaneous phase with the
incident angle for data without noise (dashed green line) and with
noise having signal-to-noise ratio (SNR) = 2 (bold blue line), for the
PP reflection event in (a) the first layer, (b) the second layer and (c)
the third layer. The exact critical angle (CA) is indicated in red, for
comparison.

the signals, the separation of the wavelets is possible,
which will effectively increase the SNR.

Field-data application

We test our approach on the reflection events from a
field dataset. These data were recorded near Rotter-
dam, the Netherlands (Ghose & Goudswaard, 2004).
The data were recorded along a 2D line with an S-wave
source and horizontal-component receivers oriented in
the cross-line direction. The data were processed to
suppress the surface waves and the free-surface multi-
ples (Ghose & Goudswaard, 2004). Figure 13a shows a
common-source gather, whereas Figure 13b illustrates
a CMP gather. We use both these gathers to estimate
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FIGURE 11 Same as in Figure 10, but for the SS reflection event.

the instantaneous-phase variation corresponding to the
earliest four reflection events.

Despite surface waves and multiple suppressions, a
successful application of the proposed approach on field
data appears relatively more challenging. In Figure 14,
we show the variation of the instantaneous phase with
trace offset for the common-source gather and for the
CMP gather. For the first reflection event in Figure 13,
Figure 14a,e shows a quick increase in the phase shift.
For the second reflection event (Figure 14b,f), we do
not observe any significant phase shift, indicating that
there is no CA possibly due to the underlying layer hav-
ing a lower S-wave velocity than the upper layer. For the
third event, in Figure 14c, we observe a gentle increase,
whereas in Figure 149, no increase can be traced. This
might be indicating a larger CA which cannot be seen
with limited number of traces available for this interface.
For Figure 14d,h, a gentler increase in phase shift can
be observed. These results suggest that our approach is
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successful in finding the correct phase shift/rotation for
subsequent use to correct for this shift.

We examined the extent that the reflection amplitude
in the stacked section is improved when the phase-
corrected traces are used in stacking. In Figure 15, we
illustrate the stacked trace (repeated four times for easier
visualization) with (Figure 15a) and without (Figure 15b)
compensating for the phase rotation using our approach.
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FIGURE 13 Field S-wave reflection data after surface-wave and
free-surface multiple suppressions: (a) common-source gather and
(b) common-mid-point gather.

Clearly, with our approach, the four events are better
stacked, exhibiting higher amplitudes and better SNR.

CONCLUSIONS

We proposed an approach for estimating the phase
shift of each wavelet representing a reflection event by
reconstructing the seismic spectrum through an inver-
sion based on spectral recomposition. We applied this
method by calculating the spectrum that best-fits an
observed spectrum, and then estimating the instanta-
neous phase that best-fits the observed instantaneous
phase. The proposed method does not require any prior
velocity and/or critical-angle information.

TABLE 2 Standard deviation of the relative errors of the phase-shift estimates of the PP, SS and SP reflection events from each of the three
interfaces for noise-free and noisy (signal-to-noise ratio [SNR] = 2) data.

PP PP SS SS SP SP

Reflection event (noise-free) (noisy) (noise-free) (noisy) (noise-free) (noisy)

from interface (%) (%) (%) (%) (%) (%)

1 0.08 1.49 0.06 0.98 0.10 1.78
0.08 2.23 0.07 1.67 0.12 2.39
0.09 4.63 0.07 3.51 0.13 517
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FIGURE 14 Variation of the instantaneous phase with the offset in the field common-source gather for (a) the first, (b) the second, (c) the
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first, (f) the second, (g) the third and (h) the fourth reflection event.

In order to examine the phase-shift estimation for
different CAs, we tested our approach on numerically
modelled data representing S-wave reflections for three
two-layered near-surface models. We also tested our
approach using synthetic elastic wavefield data corre-
sponding to a four-layered model. This model is inspired
by a field seismic dataset from a site where the water
table is located at 13 m depth. Common-source gathers
containing both P- and S-wave reflections without and
with noise were synthesized. We estimated the phase
shift for the reflection wavelet corresponding to PP, SS
and PS reflection events. First, we calculate the fre-
quency spectrum and then the instantaneous phase.
We showed that it is possible to estimate the phase

shift of the near-surface elastic reflection events in a
data-driven manner without performing velocity analysis
and/or a priori CA estimation, even when there is signif-
icant noise in the data. Finally, we tested our approach
on field data representing near-surface SH-wave reflec-
tions. We showed that with the correction for the phase
rotation, as achieved through our approach, the stacked
reflection events exhibit higher amplitudes compared to
stacking without such corrections. The method that we
proposed here offers a new means to estimate correctly
the phase shift of the reflection event beyond the CA.
This, in turn, allows the correction of the phase shift
as a function of the incidence angle in a data-driven
manner.
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