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ABSTRACT

For linear noise such as seismic ground roll, 3-D frequency-wavenumber-wavenumber (3-D FKK)
domain filtering suppression is better than 2-D frequency-wavenumber (F-K) domain filtering. In recent years,
with the continuous development of computer processing speed and memory capacity, high-density data
acquisition in seismic exploration has been widely applied in the hydrocarbon industry, opening up the
application of 3-D FKK filtering methods. We applied the 3-D FKK filtering software developed locally by
ourselves to a 3-D high-density onshore seismic field dataset from a coal mines in western China. The case
study demonstrates that the linearity of the noise in the field data is better represented by constructing the
single shot records as a minimum dataset. Both theoretical synthetic models and the 3-D high-density onshore
seismic field data numerical filtering experiments demonstrate that the feasibility of our 3-D FKK filtering
software. The filtering effects are good.

Introduction

Currently, 3-D seismic exploration is a popular technique (e.g., Yan ef al., 2017), but the 3-D filtering
has not developed significantly. The common approach isto firg filter datainline and then crossline (two-pass
filtering method, Stewart, 1989; Peardon and Bacon, 1992; Li and Larner, 1993) to replace the true 3-D
filtering, which is low efficiency because of switching data between the horizontal and vertical directions.

Separating linear coherent noise, such as ground roll from reflections, remains a key challenge in seismic
processing. The coherent noise, especialy the ground roll, are difficult to grasp in the form of 3-D shot gather
datasetsin 2-D. The apparent velocity of the coherent noise identified in 2-D is different from its true apparent
velocity, and the apparent velocity of each shot gather is also different. Therefore, it is not ideal to filter out



the coherent noise with a two-pass filtering method.

The distribution of signal and ground roll are different in the frequency-wavenumber domain, so we can
identify the noise energy in frequency-wavenumber relationship, and we can design the factors removed, we
cut off the energy that is higher (or lower) than a certain dip angle to alow for filtering. The specific
implementation of the cut-off can be carried out in the time-space domain (Treitel et al., 1967; Hale and
Claerbout, 1983; Claerbout, 1985; Li and Larner, 1993; Liao et al., 2018); or in the frequency-wavenumber
domain (Wiggins, 1966; Peardon and Bacon, 1992). As seismic studies undertake investigation of more
complex geology, more innovative methods were needed. Examples include derivative filters (Melo er al.,
2009; Nie et al., 2014), empirical model decomposition (Bekara and van der Baan, 2009), time-frequency
transforms (Askari and Siahkoohi, 2008; Liu and Fomel, 2013), and compressed sensing and sparsity
promotion (Wang et al., 2008; Gholami, 2014). A generic shortcoming of these methods is the operational
loss of the lower end of the body wave frequency spectrum. By adapting the redundant lifting scheme, a
wavelet transform method, to seismic data, Aghayan et al., (2016) determined how the wavelet domain can be
used to suppress coherent and random noise. They proposed the new method that was wavel et-based ground
roll noise suppression using a synthetic shot gather and two real gathers.

High-density seismic exploration has been developed in recent years in order to improve the quality of
seismic data acquisition and processing techniques, which use a single-sensor recording, vibroseis alternating
scanning and digital detector technologies (Rajab et al., 2006). High-density seismic exploration data with
small temporal and spatial sampling intervals, and high folding numbers, eliminates the influence of the false
frequency in processing, which improves the separation of the signal and noise in the 3-D FKK domain
greatly.

With different ways to realize filtering the two-pass filtering method first filters in the FKx domain and
then in the FKy domain. While one-pass filtering method removes the ground roll energy in the FKK domain
directly. Peardon and Bacon (1992) used a marine seismic section that was a single line from a 3-D survey for
examples of 3-D FKK filtering application. In this paper, we extended their research and applied 3-D FKK
filtering method (Stewart, 1989) on a 3-D high-density onshore seismic field data from a coa mines in
western China, which was typically noisier than marine seismic field data. Both theoretical synthetic models
and the 3-D high-density onshore seismic field data numerical filtering experiments demonstrate that the
feasibility of our 3-D FKK filtering software. The filtering results show that the denoising effects are good.

M ethodology

In the frequency domain, if we assume that the critical apparent velocity of the noise is 7, al the

energy that is lower than this apparent velocity is regarded as noise, our 3-D one-pass FKK filtering cut-off

factor F(w, k., k,) can be made as follow:

1 of KBk 2y, (1)
cu/1 [kZ+k2<V,

Asfor the 3-D two-pass FKK filtering, our cut-off factor r'(w,k,,k,) can be made asfollow:

F(o,k, k)=
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It isfound that the 3-D two-pass FKK filtering is atetrahedral shape, while 3-D one-pass FKK filtering is
a cone, so there are some distinct differences between them. Here, we refer the readers to (Stewart, 1989;
Peardon and Bacon, 1992).

Synthetic Data Example

In (Peardon and Bacon, 1992), they have demonstrated that 3-D FKK is better than 2-D FK filtering with
synthetic data. In this paper, we synthesized a theoretical record and used it to verify the efforts of our 3-D
FKK filtering software. The wavelet in the synthetic record was defined as following:

W= ? e*ZOOsz S' n(307[l) C05(625ﬂ't) (5)

Where, the dominant frequency of the wavelet was 25 Hz.

The geometry was as following: The detector arrangement was arranged in single line, 100 traces for
each source, the trace interval was 5 m, and the time sampling interval was 2 ms. The source point was
perpendicular to the receiver line and the shot interval wasalso 5 m.

In the Fig.1, the direct arrival wave velocity was 1,000 m/s, the reflection wave velocity was 1,500 nv/s,
the ground roll velocity was 500 m/s. In the furthest source point, the noise that should be linearly distributed
was shown as an arc in the section, which proved our understanding that linear noise was non-linear in the
two-dimensional body. In order to eliminate linear noise well, the filtering method should be carried out in
three dimensions.

It can be seen from Fig.1 that 3-D FKK filtering method was excellent for removing linear noise. The
linear noise was completely suppressed, and the signal was preserved very well. The signal and noise in the
frequency spectrum analysis of Fig.1 were well separated, which fully demonstrated the good denoising
effects of 3-D FKK filtering on synthetic data.

3-D FKK Filtering Experimentson 3-D High-density Onshore Seismic Field Data

In (Peardon and Bacon, 1992), they used a marine seismic section that was a single line from a 3-D
survey for examples of filtering application. We extended their work and applied 3-D FKK filtering to an
onshore seismic field data, which was typically noisier than marine seismic field data. The 3-D high-density
onshore seismic field dataset was acquired from a coal mines region in western China, where strong coherent
surface-generated noise was prevalent. Because the field dataset was large and in order to demonstrate our
3-D FKK filter effectively, we followed Peardon and Bacon (1992) in which we extracted a shot line and a



receivers line perpendicular with each other from the 3-D field data forming a cross-shaped geometry. As a
result, the extracted three-dimensional data body had only one folding.

The geometry of the extracted onshore seismic field data was as follows: there were 158 shots, each shot
had 160 traces with single line receiving, the trace spacing was 10 m. The shot interval was 10 m. There were
25,280 traces in total, each trace had 2,001 time sample points with atime sampling interval of 1 ms. The tota
time length was 2 seconds in each trace. A cross arrangement was used, the minimum offset was 5 m, the
longest distance between the source and the receiver was 795 m.

Figures 2-4 showed three typical seismic shot gathers of these field data. It could be seen that the ground
roll energy was quite prominent. The filtered shot gathers were shown in Fig.2(b), Fig.3(b) and Fig.4(b)
respectively. Fig.2(a) was the near source point’s arrange single shot raw records; Fig.2(b) was single shot
records after 3-D FKK filtering in inline direction; Fig.2(c) was the filtered noise. Fig.3(a) was the
intermediate source point’s arrange single shot raw records; Fig.3(b) was single shot records after 3-D FKK
filtering in inline direction; Fig.3(c) was the filtered noise. Fig.4(a) was the far source point’s arrange single
shot raw records; Fig.4(b) was single shot records after 3-D FKK filtering in inline direction; Fig.4(c) was the
filtered noise.

The main objects of Figs.2, 3 and 4 were to eliminate the ground roll. The wavefield filtered by Fig.2
were ground roll, but the interference wavefield with cross skew were left in the effective wavefield from the
zero offset (the energy of this part was not completely eliminated, it may be related to the data acquired by the
cross 3-D onshore survey). In view of the noise filtered from Fig.3(c), a small percentage of shallow-layer
direct arrival wave and shallow reflection wave at the top of Fig.3 were aso cut off. In Fig.4, effective waves
were also degraded from the far shot and receiver distance at 800 ms. Although the ground roll was not as
prominent as that of Fig.2, but the elimination effect was also good for Fig.4.

Figure 2 filtering effect was the best, without losing any effective wave, the noise was almost totally
removed without impairing the quality of the underlying seismic field data. The ground roll was completely
filtered. Fig.3 was the second best. Fig.4 was less successful compared to Fig.2 and Fig.3. It could be found
out that al these three typical shot gathers showed good level of denocising. The signals were preserved
relatively well.

Figure 5(a) was atime dlice at 1500 ms of a stack profile with 1 fold before 3-D FKK filtering using 158
shots, Fig.5(b) was atime slice at 1500 ms of a stack profile with 1 fold after 3-D FKK filtering using 158
shots. The ground roll shape was circle, which were corresponding to and consistent with Peardon and
Bacon (1992) paper’s Fig.18(c) and Fig.19(c). This could demonstrate that the 3-D FKK software we
developed was correct. It could also be shown that the signal-to-noise ratio of Fig.5(b) was much better than
that of Fig.5(a).

Figure 6(a) showed atypical shot gather after a conventional 2-D FK filtering, noting that residual noise
was still strongly evident in the section. Fig.6(b) was the same typical shot gather after 3-D FKK filtering in
inline direction. The 3-D FKK filtering showed a significant improvement, the low-frequency digital
intersection of the ground roll were removed by 3-D FKK filtering, the noise were completely suppressed by
3-D FKK filtering. The improvement effects of 3-D FKK filtering were relatively significant, and they were
much better compared to 2-D FK filtering.

Conclusions



We applied one-pass 3-D FKK filtering software to a 3-D high-density onshore seismic field data from a
coal mines in western China to suppress the linear noise and the ground roll in the 3-D. Denoising effects of
the near source point, intermediate source point and far source point’s typical shot gathers were good. The
signalswere all preserved well. The improvements of denoising effects of 3-D FKK filtering were much better
compared to 2-D FK filtering.

Discussion

Because the 3-D FKK filtering method requires the 3-D data to be transferred into computer memory
modules to undertake the 3-D Fourier transform, consumption of computer memory is very high. In addition,
the processing of data truncation, the FFT (fast Fourier transform) and application of the cut-off factors can
affect the final denoising effects.

Although its computational efficiency has been improved, it is believed that with the continuous
improvements in computational power and continuous i mprovements of hardware speed and capacity, further
improvements in data denoising processing will be achieved.
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Fig. 1 (a) was near source point’s arrange single shot records before filtering; (b) was near source point’s
arrange single shot records after filtering; (c) was single shot records’ frequency spectrum before filtering; (d)

was single shot records’ frequency spectrum after filtering.
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Fig. 2 (a) was near source point’s arrange single shot raw records; (b) was single shot records after 3-D FKK
filtering in inline direction; (c) was the filtered noise; (d) was single shot records’ frequency spectrum before
filtering; (e) was single shot records’ frequency spectrum after filtering
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Fig. 3 (a) was mediate source point’s arrange single shot raw records; (b) was single shot records after 3-D
FKK filtering in inline direction; (c) was the filtered noise; (d) was single shot records’ frequency spectrum
before filtering; () was single shot records’ frequency spectrum after filtering
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Fig. 4 (a) was far source point’s arrange single shot raw records; (b) was single shot records after 3-D FKK
filtering in inline direction; (c¢) was the filtered noise; (d) was single shot records’ frequency spectrum before
filtering; (e) was single shot records’ frequency spectrum after filtering
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Fig. 5 (a) was a time slice at 1500 ms of a stack profile before 3-D FKK filtering; (b) was a time slice at 1500
ms of a stack profile after 3-D FKK filtering
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Fig. 6 (a) was a typical shot gather after traditional two dimensional FK filtering; (b) was typical shot gather
after 3-D FKK filtering in inline direction
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