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ABSTRACT

Dawood, A.A., Al-Shuhail, A. and Alshuhail, A., 2021. Enhancing the signal-to-noise
ratio of sonic logging waveforms by super-virtual interferometric stacking. Journal of
Seismic Exploration, 30: 237-255.

Sonic logs are essential tools for reliably identifying interval velocities, which, in
turn, are used in many seismic processes. Borehole irregularities and washout zones
along the borehole surface can cause the signal-to-noise ratio of recorded sonic
waveforms to be quite low. Noisy borehole conditions can decrease the signal-to-noise
ratio and mask the signal recorded by the receiver stations. To mitigate this problem, we
have extended the theory of super-virtual refraction interferometric stacking to enhance
the signal-to-noise ratio of sonic waveforms. This theory is composed of two redatuming
steps followed by a stacking operation. The first redatuming procedure is of correlation
type, where sonic waveforms are correlated with each other to obtain virtual waveforms
with the sources datumed to the refractor. The second datuming step is of convolution
type, where virtual sonic waveforms are convolved with the recorded waveforms to de-
datum the sources back to their original positions. The stacking procedure following each
step enhances the signal-to-noise ratio of the refracted P-wave first arrivals. Datuming
with correlation and convolution of traces introduces spurious events known as
correlation artifacts in the super-virtual dataset. To overcome this problem, we replace
the correlation-type datuming step by a deconvolution-type datuming step. Although the
cross-correlation-based datuming method is more robust, the deconvolution-based
datuming method significantly suppresses the spurious artifacts. To limit the noise
amplification effect caused by the deconvolution step, we add a non-zero regularization
parameter to stabilize the deconvolution of the virtual sonic waveforms. Our tests on
synthetic and real data examples show remarkable signal-to-noise ratio enhancement of
refracted P-wave arrivals in the sonic waveforms. These tests further demonstrate how
the use of deconvolution-type datuming instead of the conventional correlation-type
datuming may significantly suppress the correlation artifacts. The semblance analysis
demonstrated that the super-virtual sonic waveforms yields more robust formation
velocities compared to the raw waveforms.
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INTRODUCTION

Sonic velocity logs are frequently used to estimate the properties of
subsurface layers such as porosity and permeability. They are also used to tie
the logging datasets with seismic data and core measurements (Goldberg et
al., 2008). Therefore, accurate estimation of the compressional, shear, and
Stoneley sonic velocities from sonic logging waveforms is essential to better
utilize sonic logs. The goal of the acoustic logging tool is to estimate the
formation slowness (i.e., velocity inverse) from the P-wave first breaks in
sonic waveforms (Khadhraoui, 2011). One of the major challenges of sonic
waveforms is the attenuation and dispersion of the acoustic waves traveling
through the borehole fluid and rock matrix due to the internal particle
friction within the medium, acoustic impedance changes, and borehole
irregularities (Guerin and Goldberg, 2002, 2005; Milani et al., 2015).
Therefore, enhancing the first arrivals of sonic waveforms is an important
challenge, especially when estimating the sonic velocity log in subsurface
formations with low signal-to-noise ratio waveforms.

Seismic interferometry, also known as Green’s function retrieval by
cross-correlation, is widely used to redatum seismic sources and/or receivers
from one position to another source/receiver position without knowledge of
the underlying velocity model. Interferometric transformations are based on
the cross-correlations, or convolutions of the recorded seismic traces, which
act as natural wavefield extrapolators (Wapenaar and Fokkema, 2006;
Schuster, 2009). One may also use this approach to extract the impulse
response between receivers by making suitable combinations of the
wavefields recorded at these receivers from different sources (Snieder et al.,
2006). Bharadwaj et al. (2012) developed a data-driven interferometric
technique, known as the super-virtual refraction interferometry (SVRI)
theory, to enhance the post-critically refracted seismic energy. The proposed
method is composed of two datuming steps followed by a stacking process:

1. A cross-correlation transformation to redatum the sources from the earth
surface down to the refractor followed by a stacking step.

2. A convolution transformation to de-datuming the sources back to their
original position followed by another stacking step.

Alshuhail et al. (2012) demonstrated the applicability of the super-
virtual refraction interferometry theory to enhance P-wave first arrivals
obtained using seismic reflection acquisition geometry in Saudi Arabia.
Mallinson et al. (2011) demonstrated how SVRI can be used to enhance the
imaging and extend the aperture of refractors by introducing virtual traces
with higher signal-to-noise ration (SNR). Recently, Al-Hagan et al. (2014)
expanded the SVRI method and applied it using an iterative procedure to
further enhance the first breaks via a combined correlation-convolution
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framework. Gao and Zhang (2015) applied the super-virtual refraction
interferometry to solve a 3D statics problem. They obtained the stationary
source-receiver pair by an integral long source or receiver line without the
requirement of knowing the stationary locations.

Redatuming with cross-correlation causes wavelet distortion and
introduces spurious events in the virtual gathers, known as the correlation
artifacts, which may yield to the wrong identification of the desired events
(Alshuhail et al., 2012). An et al. (2014) utilized an inverse correlation
function to enhance the quality of the near-offset traces, and a wavelet
shaping function to suppress the spurious events in the super-virtual gather
due to the cross-correlation and convolution steps applied in the super-
virtual refraction interferometry. To suppress the spurious artifacts in
interferometric redatuming, deconvolution (i.e., spectral division of the two
traces) could be utilized instead of the cross-correlation of the two traces to
obtain the virtual response (Vasconcelos and Snieder, 2008; Wapenaar et al.,
2011). In the presence of highly variable and strong additive noise, cross-
coherence datuming (Chavez-Garcia and Luzon, 2005; Bendat and Piersol,
2011), which applies the normalization by the spectral amplitude of each
trace, could be used instead of the cross-correlation or deconvolution to
suppress the noise influence (Bensen et al., 2007; Nakata et al., 2011).

In this work, we extend the application of the super-virtual seismic
refraction interferometry theory to include the refracted wavefield in sonic
waveforms. For reflection-type interferometry, a Fresnel zone (i.e., region of
stationary points) around the stationary point needs to be sampled densely to
construct a virtual reflection event (Schuster et al., 2004; Snieder, 2004).
Snieder et al. (2008) showed that the dominant contribution to the
interferometric summation comes from this stationary phase region. Sparse
distribution of either sources or receivers often causes poor illuminations of
the desired virtual responses, and gives rise to the appearance of spurious
artifacts due to the incomplete addition and cancellation in the stationary-
phase region (Ruigrok et al., 2010). It has been shown that the extraction of
body waves by cross-correlation of noise is more difficult than of surface
waves (Draganov et al., 2009; Nakata et al., 2011) as the stationary phase
regions of surface waves are much larger than the ones for body waves
(Forghani and Snieder, 2010).

The refraction events are excellent candidates for interferometric
transformation as their common ray paths grazes the boundary between two
layers and travel with the faster speed of the underlying formation. As a
result, the interferometric summation is rich with stationary phase
contributions. Thus, the refractors can be illuminated by a smaller number of
physical sources and receivers using the SVRI method such as the refracted
sonic waveforms. SVIR aims to enhance the noisy far offset refraction
energy by stacking over stationary source, and virtual receiver positions.
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However, the near-offset traces are weakened as the associated stationary
points are only partly sampled (Ruigrok et al., 2010).

Our goal is to test the possibility of enhancing the signal-to-noise ratio
of sonic waveforms in both synthetic and real data examples. We further
modify the super-virtual interferometric stacking method by replacing the
cross-correlation datuming step by a cross-coherence or deconvolution
datuming step. Our objective is to suppress the spurious events (i.e.,
correlation artifacts), enhance the temporal resolution of the super-virtual
waveforms, and properly deconvolve the source wavelet. We finally apply
the modified super-virtual interferometric stacking method to mitigate the
artifacts and enhance the temporal resolution of synthetic and field sonic
waveforms.

SUPER-VIRTUAL REFRACTION INTERFEROMETRY

The theory of super-virtual (SV) refraction interferometry is based on
two redatuming steps. The first datuming step utilizes the far-field
approximation of the reciprocity equation of correlation type in the
frequency domain (Wapenaar and Fokkema, 2006):

Im[G(B|A)vTtual] = k fSOG(A|W)*G(B|W)dW ) (1)

where G(A|W)* is the recorded sonic waveform recorded at 4 due to a
transmitting source at . G(B|W) is the complex conjugate of the recorded
sonic waveform recorded at B due to a transmitting source at W.
G (B|A)Vrtual is the resultant Green's function and its time-reversed version
recorded by a receiver at B due to a virtual source placed at ¥, which is
schematically shown in Fig. 1. Note that the virtual source at ¥ has been
redatumed to the formation at the point where the rays from the original
source W to the receivers 4 and B diverge. Therefore, the cross-correlation
step annihilates the common propagation path and the traveltimes associated
with the common raypath subtract. Also, note that the resultant virtual sonic
waveform has a negative excitation time, denoted by the dashed ray, equals
to the time it takes the refracted wave to travel from 4 to Y. S, is the
integration surface shown in Fig. 1, where we sum the cross-correlated
waveforms over all possible sources W's, and % is the wavenumber. The
summation surface allows the stacking of up to (r—1) virtual responses,
where r is the number of receivers in the tool. Therefore, the increase of the
signal-to-noise ratio is higher for far offset shots than near-offset shots.

A mute function should be applied to window around the refracted
arrivals prior to the cross-correlation step (Al-Hagan et al., 2014). This is an
essential step to suppress the correlation artifacts and to prevent the
undesired correlation of refractions with direct arrivals, reflections, and/or
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surface waves with dominant stationary phase regions. This resembles the
windowing operation is performed for VSP data (Yu and Schuster, 2004) or
seismic data in general (Snieder et al., 2008). In the case of sonic
waveforms, we aim to suppress artifacts caused by the correlation of
refractions with mode-converted modes, and Stoneley waves.

b) Virtual sonic waveform.

Fig. 1. Schematic ray diagrams for correlation-type datuming: a) Correlating the sonic
waveform fired at /¥ and received at B with the sonic waveform fired at I and received
at A. b) The resultant virtual sonic waveform due to a virtual shot placed at point ¥ on the
formation and a receiver at B. This waveform has a negative excitation time equals to the
time it takes the refracted wave to travel from 4 to Y, denoted by the dashed ray.
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The virtual sonic waveform G (B|A)?" 4@ often suffers from wavelet
distortion, low temporal resolution, and spurious correlation artifacts. These
effects are caused by the imperfect summation in eq. (1) due to the limited
recording aperture along the vertical borehole and the cross-correlation of
the seismic traces. Classically, the redatuming is performed using the cross-
correlation of the waveforms in interferometric transformations (Wapenaar
etal., 2010):

G(BlA)"tHal = G(AIW) G(BIW) 2

Vasconcelos and Snieder (2008) proposed datuming with deconvolution to
suppress the source function, and mitigate the effect of the cross-correlation
artifacts:

G(B|A)virtual = G(BIW) _ G(BIW)G(AIW)*

GAlW) — GawW)Ga|lw)*

3)

While both datuming methods in eqs. (2) and (3) subtract the phases (i.e.,
traveltimes), the deconvolution datuming further divides the color (i.e.,
account for the amplitude) as shown by Claerbout (1992). Therefore, one
could incorporate the datuming with deconvolution instead of cross-
correlation in the first step of the SVRI theory as follows:

G(B|W) G(Alw)*

virtual —
G(BlA) =k So  GAIW) G(A|W)* +e

, 4

where € > 0 is a regularizing small scalar to stabilize the spectral division as
it prevents division by zeros. The value of € is chosen on a trial-and-error
basis. While a large real value of the regularizing scalar yields a cross-
correlation datuming step, a small € value yields a deconvolution datuming
step. Similarly, Nakata et al. (2011) proposed datuming with cross-
coherence instead of the classical cross-correlation of the waveforms, which
can be utilized as the first datuming step in the SVRI method as follows:

virtual — G(BIW) G(AlwW)”
G(Bl4) =k f50 lG(BIW)I IG(AIW) ]+ € ®)
The second datuming step in SVRI theory is a convolutional
transformation to de-datum the sources from their virtual positions at the
refractor back to their original positions. This step utilizes the far-field
approximation of the reciprocity equation of convolution type in the
frequency domain (Wapenaar et al., 2010), which is given by:

G(BIW)*™er = 2ik [, G(BIA)""™ G(A|W)dA (6)
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b) Super-virtual sonic waveform

Fig. 2. Schematic ray diagrams for convolution-type datuming: a) Convolving the sonic
waveform fired at /' and received at A with the virtual sonic waveform fired at ¥ and
received at B. The negative excitation traveltime of the virtual waveform, denoted by the
dashed ray, is annihilated by the positive traveltime of the original waveform, denoted by
the solid ray. b) The resultant super-virtual waveform due to a source at W and recorded
at receiver B.
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where G (B|W)S¥Pe" is the super-virtual waveform, which is constructed by
convolving an original waveform fired at /7 and received at 4,G (A|W), with
the virtual trace G(B|A)Y"™ as illustrated schematically in Fig. 2. As a
result, the negative excitation time (i.e., dashed ray from A4 to T) is
annihilated by the positive excitation time (i.e., solid ray from Y to A4), and
the source is redatumed back from the formation to its original position in
the sonic tool. Note that the summation surface is now S;, where we sum the
data over the virtual source positions 4’s as shown in Fig. 2. This allows the
stacking of up to (r—1) super-virtual responses, where r is the number of
receivers in the tool. We next test the various datuming methods in applying
the super-virtual refraction interferometric stacking procedure to enhance the
signal-to-noise ratio of both synthetic and field data examples.

SYNTHETIC DATA EXAMPLE

The true velocity model used to generate the synthetic sonic
waveforms is shown schematically in Fig. 3a. The velocity model consists of
two layers: a hard formation with a P-wave velocity of 5000 m/s, and a
borehole fluid with a P-wave velocity of 1500 m/s. The acquisition geometry
consists of a transmitter (red star) and eight receivers equally spaced at 0.5 ft
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Fig. 3. Finite-difference modeling: a) The true velocity model. b) A typical noise-free
common shot gather of sonic waveforms.
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Fig. 4. Synthetic SVRI sonic waveforms: a) Noisy sonic waveforms with SNR of 1.25.
b) Super-virtual sonic waveforms using cross-correlation. The SNR is calculated to be 9.
Note that the dashed arrow points to the spurious events caused by the cross-correlation
and the solid arrow points to the actual first arrivals of P-wave sonic waveforms.
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Fig. 5. Synthetic SVRI sonic waveforms: a) Super-virtual sonic waveforms using
deconvolution with SNR of 7. b) Super-virtual sonic waveforms using cross-coherence.
The SNR is calculated to be 7.6. Note that the solid arrows point to the sonic P-wave first

arrivals. The correlation artifacts are suppressed when redatuming using deconvolution
and cross-coherence.
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To alleviate the spurious events and suppress the correlation artifacts,
we apply the modified super-virtual refraction interferometry method, where
we perform datuming with deconvolution as in eq. (4) instead of cross-
correlation in eq. (1). The super-virtual sonic waveforms with deconvolution
is plotted in Fig. 5a, and it shows the suppression of the spurious events. The
SNR of the deconvolved super-virtual dataset is calculated to be ~ 7.0. We
also use datuming with cross-coherence in eq. (5) when applying the super-
virtual interferometric stacking. Fig. 5b shows the super-virtual sonic
waveforms obtained using cross-coherence, and it demonstrates the ability
of the cross-coherence datuming to suppress the artifacts in the super-virtual
gathers. The resultant super-virtual dataset has a SNR of 7.6. Despite the low
SNR of the SVRI datasets obtained by deconvolution and cross-coherence
compared with conventional cross-correlation SVRI data, the suppression of
the spurious events would yield more accurate estimation of the sonic
velocities.
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Fig. 6. Synthetic cross-correlograms after the first datuming step by: a) cross-correlation,
b) deconvolution, and c¢) cross-coherence. The summation surface Sy is over all the
contributing shots. The actual first-arrival sonic waveforms after the datuming is marked
by the black arrow. The dashed arrow marks the spurious artifacts that appears due to the
cross-correlation datuming step, which are suppressed by the deconvolution or cross-
coherence datuming
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Fig. 7. Field sonic data: a) Noisy sonic waveforms. b) SVRI sonic waveforms with cross-
correlation. The noise level obscures the P-wave first arrivals. The first arrival signals in
the SVRI sonic waveforms are enhanced compared with the noisy ones, especially for the
far-offset stations. The solid arrow marks the sonic P-wave first arrivals and the dashed
arrow points to the spurious events due to the cross-correlation datuming step.
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Fig. 8. Field sonic data: a) SV sonic waveforms with deconvolution. b) SV sonic
waveforms with cross-coherence. The solid arrow points to the sonic P-wave first arrivals
and the spurious events caused by the cross-correlation datuming are suppressed. The far-
offset first arrivals are enhanced and datuming with deconvolution and cross-coherence
show the collapse of the spurious events that appears in conventional datuming by cross-
correlation.
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The effect of the various redatuming methods by cross-correlation,
deconvolution, and cross-coherence are shown clearly in the corresponding
cross-correlograms. Each cross-correlogram is obtain after the first datuming
step by assembling all the virtual traces prior to stacking over the shots. Fig.
6a shows a cross-correlogram of a virtual shot response, obtained by the
cross-correlation step. It clearly shows the alignment of the actual P-wave
first-break after cross-correlation, marked by the black arrow. Each of the
eight contributing shots along the integration surface S is redatumed to the
refractor at the virtual position and assembled in the cross-correlogram.
Stacking these traces will coherently add the first-arriving P-wave that leads
to the enhancement of its signal-to-noise ratio. However, the cross-
correlogram is contaminated with spurious artifacts, marked by the dashed
arrows. These can also add constructively and alter the resultant virtual
response. This problem is alleviated by performing the first datuming step
by deconvolution or cross-coherence as shown in the cross-correlograms in
Fig. 6b and 6¢. The spurious artifacts are severely suppressed and the virtual
first-break response is aligned to yield the constructive interference after
stacking over all shots.

FIELD DATA EXAMPLE

We demonstrate the method on a field dataset. The tool used to
acquire the data consists of three monopole transmitters, namely upper and
lower source with an offset range from 1 to 6 feet, and a far source with
offsets from 11 to 17 feet. The tool contains 13 equally spaced receivers.
The receiver interval is 0.5 ft, while the shot interval is also 0.5 ft. The larger
number of receivers the larger the increase in SNR due to the increase in
number of virtual sources. The time sampling rate of the sonic waveforms is
10 microseconds. The far transmitter enables the refracted wave to travel
deeper in the formation, but the drawback is that its signal energy is weaker
when it reaches the receivers on the tool. To demonstrate the effectiveness of
the super-virtual sonic interferometry method on low SNR shot gathers we
used the waveforms recorded by the far monopole source.

Fig. 7a shows raw waveforms. Note that the far receivers (i.e.,
receiver 8 and 13) have extremely low SNR making it difficult to visually
identify the P-wave first break. To enhance the SNR, we apply the
correlation-convolution super-virtual interferometric stacking and the results
is plotted in Fig. 7b. Despite the enhancement of the P-wave first arrival
(solid arrow) in the super-virtual sonic waveforms, the waveforms suffer
from spurious events, which appears prior to the actual first arrivals (dashed
arrow). To alleviate the artifact problem, we apply the SVRI method with
deconvolution and cross-coherence, and plot the results in Figs. 8a and 8b,
respectively. The spurious events prior to the actual first arrival waveforms
are suppressed and the P-wave arrivals are enhanced, especially at the far-
offset stations (solid arrow). The modified interferometric stacking also
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black arrow, is more clearly defined and distinguishable after applying
SVRI. We then calculate the semblance profile for the field data. Figs. 10a
and 10c show the field gathers before and after applying SVRI, respectively.
Figs. 10b and 10d show the associated semblance profiles. The semblance
profile in Fig. 10b shows few scattered peaks with similar energy (see at
2700 m/s and 4800 m/s). This may cause errors in identifying the formation
velocity. The semblance profile after applying SVRI in Fig. 10d shows a
more distinguishable peak and there are fewer peaks appearing at the higher
velocities. The black arrows indicated where we picked the interval velocity
in the semblance panel.
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Fig. 10. Velocity analysis. a) Field sonic waveforms. b) Semblance analysis of the field
waveforms. The black arrow indicates the velocity. c¢) The waveforms after applying
SVRI. d) Semblance analysis of the SVRI waveforms.

CONCLUSIONS

Super-virtual refraction interferometry is a powerful tool that can be
useful to increase the SNR in noisy environments. In this paper, we adapt the
theory of super-virtual refraction interferometry so that it can handle
refraction events in sonic waveforms. We applied the correlation-
convolution super-virtual interferometric stacking to both synthetic and real
data examples. The examples show a remarkable enhancement of the P-
wave first arrivals in the super-virtual gathers of sonic waveforms. The
resulting super-virtual gathers suffer from correlation artifacts and low
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temporal resolution. We also noted that super-virtual datasets are polluted by
spurious events prior to the actual P-wave first breaks. We therefore
proposed a modified super-virtual interferometric stacking method by
replacing the cross-correlation datuming step by a cross-coherence or
deconvolution datuming step. Both the synthetic and field super-virtual
sonic waveforms with cross-coherence or deconvolution show a notable
enhancement of the P-wave first arrivals, and suppression of the correlation
artifacts and spurious events. Cross-coherence or deconvolution datuming
yield results with higher temporal resolution due to the deconvolution of the
source signature. We finally applied a velocity analysis to estimate synthetic
and field formation velocities before and after applying SVRI and concluded
that SVRI can enhance the robustness of sonic waveform velocity analysis.
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