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Abstract

The technique of ocean bottom cable (OBC) dual-sensor acquisition is an ef-
fective method to suppress the ghost wave and the reverberation at the re-
ceiver. With the advent of this technique, the processing method has become
the key to the effective use of the OBC dual-sensor data. This paper has de-
veloped a new set of processing workflow based on the principle of combin-
ing the hydrophone and geophone data. This new process was applied to the
OBC data acquired in Bohai area. The actual processing results show that the
ghost and the reverberation are attenuated effectively. The frequency energy
of the first notch point of the hydrophone data increased from —22 dB to —13
dB, and the frequency energy of the first notch point of the geophone data in-
creased from —18 dB to —10 dB. The spectral characteristics of the dual-sensor
data are more reasonable. The frequency spectrum is broadened and richer,
and the resolution of the stack profile is improved greatly.
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1. Introduction

In seismic exploration, 3D seismic data describe reservoirs more accurately and
guide production more effectively. For a long time, the towed streamer acquisi-
tion is a main method in 3D marine seismic exploration. As marine exploration
improves day by day, there are many obstacles such as production-related plat-
forms, marine traffic, and so on. These obstacles lead to huge gaps which reduce

the number of coverage and ultimately affect the imaging results in towed
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streamer seismic surveys. In this case, the OBC method which employs a statio-
nary array of receiver stations on the ocean bottom and a marine vessel towing
only a seismic energy source becomes a natural choice.

There are some problems in the seismic data acquired by ocean bottom cable.
It is well known that the sea surface and the seabed are two strong reflection in-
terfaces. So when the seismic wave travels from the ground up to the sea, it con-
tinues to reflect downwards to the bottom of the sea, this process repeats. These
interferences which disturb effective signal and generate frequency notches are
called receiver-side free-surface multiples. These multiples, or “ghosts”, have a
worse effect in the shallow sea. As an example, if the water depth is 20 m and the
wave speed is 1480 m/s, the wave field recorded by hydrophone receives a first
frequency notch at 37 Hz (the first frequency notch of the hydrophone data is
equal to the water sonic speed divided by 2 times the water depth) [1] [2] [3] [4].
The notch means that the seismic energy at certain frequency is cancelled by the
interference of the multiple. In shallow water, the frequency components of
these notches are within the effective frequency band. These interferences sig-
nificantly reduce the bandwidth and resolution of the data. Obviously, eliminat-
ing “ghost” is the key to use the OBC data effectively. In seismic processing, pre-
dictive deconvolution is a common method to suppress the marine multiples.
Unfortunately, the ghost filter recorded by the hydrophone is mixed phase, and
ghost filter recorded by the geophone is minimum phase. Therefore, predictive
deconvolution cannot be used to eliminate the ghost.

Based on a simple observation that the ghost waves recorded by hydrophone and
geophone have an opposite polarity, geophysicists propose an OBC dual-sensor ac-
quisition technique to eliminate ghost waves. Barr and Sanders (1989) propose
that properly combining the hydrophone and geophone data sets can eliminate
not only the receiver ghost, but also all water-column reverberations (at the re-
ceiver) [5]. Ralph, Sanders, and Starr (1993) prove that the characters of the
OBC dual-sensor data are consistent with the characters of streamer data. Basi-
cally, the quality of the OBC dual-sensor data is better than that of the streamer
data [6]. So far, the OBC dual-sensor acquisition technique has been widely used
in marine exploration.

In the OBC dual-sensor processing, Barr and Sanders (1989) places special ca-
libration shots to record the direct arrivals and then analysis the scale factor at
each detection point [7] [8]. This method obtains accurate scale factors, but it
will add more cost of a survey. Bill Dragoset and Fred J. Barr (1994) derive cali-
bration scale factors from the data directly. This method based on the criterion
that the proper scale factors are those that best whiten the summed data [9].
Hoffe (2000) described the wave field characteristics of OBC dual-sensor seismic
data and revealed the physical nature of dual-sensor data summing [10]; Souda-
ni (2006) proposed a three-dimensional OBC combining processing techniques
[11]; Hugonnet (2011) presented a three-step OBC dual-sensor combining
processing technique by using the cross ghost wave operator [12]. Zhang (2015)
studied the method of OBC seismic data with low SNR [13]. The above research
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has studied the method of OBC dual-sensor combining in theory or from a spe-
cific step, and does not list detailed processing workflow for actual data.

This paper proposes a multi-domain processing workflow for the OBC dual-sensor
acquisition data. In order to obtain the best scale factor, this workflow is more
careful and detailed in noise attenuation, and the noise is suppressed in mul-
ti-domains. We applied the workflow to an OBC dual-sensor data acquired in
2011 from Bohai Bay. The results show that this processing workflow greatly

improves the quality of seismic data.

2. Method

In OBC dual-sensor survey, the mechanism of receiving signals by hydrophone
and geophone is different. The signal recorded by the hydrophone is a pressure
scalar, and the polarity of a scalar response is independent of the direction of
propagation. The geophone detects the velocity of the particles which is a vector
response. The polarity of a vector response is related to the direction of propaga-
tion. When the seismic wave propagates from the sea surface to the sea floor, it is
a down wave signal; when the seismic wave is reflected from the ground layer to
the sea bottom, it is an up wave signal. Figure 1 shows that the hydrophone and
the geophone receive the same polarity of up-going wave and opposite polarity
down-going wave. Summing the dual-sensor recording can only eliminate the
down-going wave, some up-going reverberation still exist in the result.

Suppose that the depth of the receiver and the refection coefficient of the
seabed are known, after some mathematical operations, the OBC dual-sensor
combination can suppress all the reverberation at the receiver (Figure 2). When
the primary wave reaches the bottom of the sea from underground, assuming
that the refection coefficient of the seabed is 7, the primary wave is x(z), the
two-way travel of seismic wave is 7, the wave field recorded by hydrophone is
G(t), the wave field recorded by geophone is H(¢). The seismic wave field
recorded by hydrophone and geophone can be expressed as the following for-
mula:

The wave field of hydrophone
H(t) :(1+r)x(t)—(1+r)2 )c(t—z')+(1+r)2 rx(t—21)+~--

. )
= x(t)—(l + V)Z(—r)l 1 x(l—ir)
i=1
water
Receiver 1
seabed T
down up down up down up
Hydrophone ( A -A -Ar Ar Ar?
Geophone 0 A A -Ar -Ar Ar?
Figure 1. The propagation schematic of up-going and down-going wave.
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Figure 2. The principle of eliminating ghost by combining of the
hydrophone and geophone data.

The wave field of geophone
G(t) = (l—r)x(t)+(l—r)2 x(t—r)—(l—r)2 rx(t—Zr)+-~-

=x(1)+(1-r) (—r)H x(1—ir) )

=

i=1

If we multiply the geophone by a proportional coefficient & = 1+ !

(0<r<l),

-r
and add it with the hydrophone data (Formula (3)), we can get a seismic record
in which the reverberation at the receiver is eliminated completely.

2

:l—r

Sum:H(t)+i+rG(t)
—-r

x(1) (3)

The key of summing is the calculation of the accurate reflection coefficient of
seabed or the scale factors. Our method of extracting scale factors from seismic
data is based on finding scalar that best whiten the summed data. This method
needs minimizing the impact of noise as much as possible. Therefore, the noise
in OBC data must be suppressed properly before combination processing.

In fact, hydrophone and geophone have different sensitivities to the various
kinds of noises that can be present in the ocean-bottom environment. The ap-
propriate method is taken to attenuate the noise between hydrophone and geo-
phone data in the shot domain, common middle point (CMP) domain, common
reflection point (CRP) domain, etc. The processing workflow for OBC dual-sensor

acquisition data is shown as Figure 3.

3. Example

This processing workflow was applied to 3D OBC dual-sensor seismic data ac-
quired in the Bohai Bay Region. In this survey, the depth of the water is 2 - 20 m.
The source-line spacing and shot-point interval are 100 x 50 m, with receiv-
er-line spacing and station interval 200 x 50 m. The recording time is 8 s, the
sample interval is 1 ms.

Figure 4 shows the noise attenuation processing of geophone data in shot
domain. Figure 4(a) is a raw shot gather. After noise attenuation, the noise was
suppressed greatly and the signal to noise was improved obviously (Figure 4(b)).
Figure 4(c) is the noise, from which we can see that effective waves are
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Figure 3. The processing workflow for OBC dual-sensor acquisition data.
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Figure 4. Geophone shot gathers. Gather before noise attenuation (a); gather after noise attenuation (b); and the noise removed
(c); Noise attenuation of hydrophone shot gathers ((d)-(f)).
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well protected. Figures 4(d)-(f) shows the noise attenuation processing of hy-
drophone data in shot domain. The results are as good as that of the geophone
data.

Figure 5(a) shows the significant linear interference in the CRP domain which
appears as random noise in other domains. This interference makes the calcula-
tion of the scale factor unreliable. After noise attenuation (Figure 5(b)), the
quality profile has been greatly improved, and the effective waves are clearly vis-
ible. Figure 5(c) is the noise eliminated.

Figure 6 shows the comparison of CMP stack between before and after

dual-sensor combination. After dual-sensor combination, the event is clearer.
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Figure 5. Geophone CRP gathers. Gather before noise attenuation (a); gather after noise attenuation (b); and the noise removed

(c).
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Figure 6. Comparison of CMP stack between before and after dual-sensor combination. The stack of hydrophone data (a); the
stack of geophone data (b); the stack of dual-sensor combination (c).
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Figure 7 shows the comparison of spectrum between before and after dual-sensor
combination. The notches in the spectrum of hydrophone and geophone data
are both caused by reverberation. After the processing of combination, the fre-
quency energy of the first notch point of the hydrophone data increased from
—22 dB to —13 dB, and the frequency energy of the first notch point of the geo-
phone data increased from —18 dB to —10 dB. The spectral characteristics of the
dual-sensor data are more reasonable.

As shown in Figure 8, before dual-sensor combination, the side lobes energy
of both hydrophone and geophone data is very obvious. After the combination
processing, the reverberation is eliminated, and the side lobe energy that represents

multiple waves is greatly suppressed.

4. Conclusions

About the dual-sensor OBC data processing, we can come to conclusions:

1) The presence of noise affects the accuracy of the scale factor. So it is neces-
sary to perform noise attenuation in multi-domain.

2) In order to ensure that the opposite polarity noise in the dual-sensor data
can exactly cancel each other, each processing step that affects multiple waves in
the data should be used with caution. Before combination, the deconvolution
processing must not be applied.

3) Dual-sensor OBC combination processing can remove notch, broaden fre-

quency band and enrich the frequency spectrum.
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Figure 7. Comparison of spectrum between before and after dual-sensor combination. The
spectrum of hydrophone data (a); the spectrum of geophone data (b); the spectrum of
dual-sensor combination (c).
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Figure 8. Comparison of autocorrelation between before and after dual-sensor combination.

The autocorrelation of hydrophone data (a); the autocorrelation of geophone data (b); the
autocorrelation of dual-sensor combination (c).
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