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Processing Strategy for Water-Gun
Seismic Data from the Gulf of Mexico

By Myung W. Lee, Patrick E. Hart, and Warren F. Agena

Abstract

In order to study the regional distribution of gas hydrates
and their potential relationship to a large-scale sea-floor fail-
ures, more than 1,300 km of near-vertical-incidence seismic
profiles were acquired using a 15-in® water gun across the
upper- and middle-continental slope in the Garden Banks and
Green Canyon regions of the Gulf of Mexico. Because of the
highly mixed phase water-gun signature, caused mainly by a
precursor of the source arriving about 18 ms ahead of the
main pulse, a conventional processing scheme based on the
minimum phase assumption is not suitable for this data set. A
conventional processing scheme suppresses the reverberations
and compresses the main pulse, but the failure to suppress
precursors results in complex interference between the precur-
sors and primary reflections, thus obscuring true reflections.

To clearly image the subsurface without interference from
the precursors, a wavelet deconvolution based on the mixed-
phase assumption using variable norm is attempted. This non-
minimum-phase wavelet deconvolution compresses a long-
wave-train water-gun signature into a simple zero-phase wave-
let. A second-zero-crossing predictive deconvolution followed
by a wavelet deconvolution suppressed variable ghost arrivals
attributed to the variable depths of receivers. The processing
strategy of using wavelet deconvolution followed by a second-
zero-crossing deconvolution resulted in a sharp and simple
wavelet and a better definition of the polarity of reflections.
Also, the application of dip moveout correction enhanced
lateral resolution of reflections and substantially suppressed
coherent noise.

Introduction

Gas hydrates are ice-like crystalline solids composed of
water molecules surrounding individual gas molecules. Meth-
ane hydrates have been the focus of many investigations
because of their natural abundance in the world’s oceans and
in permafrost regions (Kvenvolden, 1993). Gas hydrates may
play an important role as a negative feedback control on global
temperature fluctuations (Dillon and others, 1991; Paul and

others, 1991), as a potential energy resource, and as a signifi-
cant factor in sea-floor stability and safety issues (Dillon and
others, 1993).

As part of an investigation of the potential relationship
between gas hydrates and large-scale sea-floor failures in the
Gulf of Mexico, more than 1,300 km of near-vertical profiles
were acquired using three seismic sources: a 15-in> water
gun, a deep-tow Huntec boomer, and Datasonics chirp system
(Cooper, Hart, and Twichell, 1999). This study investigates the
processing strategy for water-gun data in order to (1) maximize
the advantage of the water gun, namely the high-frequency
content of the source (as much as 1,000 Hz), and (2) minimize
the disadvantage of the water gun, namely precursors to the
main energy pulse.

The U.S. Geological Survey (USGS) was previously
involved in the processing of seismic data acquired in Eniwe-
tok Atoll, Marshall Islands, using both 15-in? and 80-in> water
guns (Grow and others, 1986). One purpose of that survey was
to clearly image the boundaries of craters created by nuclear
bomb testing in the 1950’s. Resulting images from the con-
ventional processing using a spiking deconvolution indicated
that the image of the crater was obscured by the interference
of precursors from the water gun. After applying a wavelet
deconvolution using the variable norm deconvolution method
(Gray, 1979), the seismically transparent sediments between
the crater floor and 80 m in depth, representing transient
crater-fill beneath the inner bathymetric crater, were clearly
imaged (Grow and others, 1986).

Also in 1996, the U.S. Geological Survey together with
the National Geographic Society acquired a single-channel
seismic data set in the Chesapeake Bay area, near Norfolk, Va.,
using a 15-in’ water gun and a generator injector gun. The
purpose of this study was to accurately map an impact struc-
ture by resolving the basement surface, the basement structure,
internal disruptions in stratigraphy, and possible faulting (Poag
and others, 1999; D.R. Hutchinson, written commun., 1996).
The processing of this data set was more complicated than that
of the Eniwetok data set because only a single channel was
acquired and the water depth was much shallower. The direct
arrivals and reflections were intermixed, and it was difficult to
extract an accurate water-gun source wavelet as mentioned in
Lee (1999). However, even though the wavelet extraction was
not optimum, processing with wavelet deconvolution provided
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2 Processing Strategy for Water-Gun Seismic Data from the Gulf of Mexico

a much-improved seismic section compared to one obtained by
using conventional methods, i.e., using a spiking or predictive
deconvolution (Lee, 1999).

In our study area (Gulf of Mexico), the shallow stra-
tigraphy and structure are complex, largely due to salt tecto-
nism, and the survey area is further characterized by a com-
plex basin-and-ridge morphology. The sedimentary section is
highly faulted, and hydrates commonly occur within local
mound-like deposits and near buried salt diapirs and faults
(Cooper, Hart, and Twichell, 1999). The precursors of the
water-gun seismic source interfere with the primary reflections
and make interpretation of stratigraphy in areas of complex
geology troublesome and difficult.

This paper describes the details of the processing strategy
used to attack a problem generally inherent in seismic data
acquired with a water gun, i.e., a source wavelet problem
similar to the problem encountered in the Eniwetok Atoll
study. Therefore, the main focus of this investigation is on
wavelet extraction and deconvolution.
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Data Acquisition

During April 1999, the U.S. Geological Survey con-
ducted a seismic survey in the Garden Banks and Green
Canyon regions of the Gulf of Mexico (fig. 1) with the R/V
Gyre, owned by Texas A&M University. The general objec-
tives were to acquire very high resolution seismic-reflection
data and side-scan sonar images of the upper and middle con-
tinental slope (in water 100-1,200 m deep) to study the acous-
tic character, distribution, and potential effects of gas hydrates
within the shallow subsurface. During this cruise, water-gun
multichannel seismic-reflection, chirp seismic-reflection, and
side-scan sonar data were collected. The seismic sources
included a 15-in® water gun, a deep-tow Huntec boomer, and
a deep-tow Datasonics chirp system. Relevant information on
water-gun multichannel seismic-reflection data is discussed
here, and detailed survey information for all of the data sets
is found in the cruise report by Cooper, Twichell, and Hart
(1999).

Navigation was done using the USGS real-time YONAV
system, which provided gun-shot-triggers on a constant-time
basis. Water-gun multichannel seismic data were recorded
using a 24-channel ITI streamer with 10-m group interval
and three phones per group. The farthest offset channel was
about 270 m behind the source. The streamer was towed at an
estimated depth of 1-3 m (there were no depth sensors on the
streamer), and a 15-in® water gun, towed about 1-m depth, was
fired at 6-second intervals.
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Figure 1. Location map of the seismic survey.



On the cruise, wind conditions were highly variable and
seas were mixed (generally less than 4-6 ft). Data quality
is generally good but is affected in various places by noises
such as cross-talk between boomer and water-gun seismic
reflection systems, other seismic-shooting ships, and nearby
drilling operations.

Data Processing

The processing flow for the data set is given in the follow-

ing 10 steps:

Geometry definition

Wavelet deconvolution

Second-zero-crossing predictive deconvolution

True amplitude adjustment

Velocity analysis

Common-offset-domain dip moveout correction

Normal moveout correction with DMO velocity

12-fold stack

Migration

Band-pass filtering, mute, phase reverse, and plot.
The shot interval was based on time (6 seconds) and,
due to the speed of the vessel, varied between 10 and 13 m.
To have a uniform common-mid-point (CMP) interval for the
geometry, a 10-m shot interval was assumed and the data were
sorted into 12-fold CMP gathers.

Relative true amplitudes were recovered by applying a
power law (72) up to 2 seconds, and variation of source
strength and receiver coupling were compensated for by apply-
ing surface-consistent amplitude corrections. This amplitude
correction computes amplitudes in a given time window and
decomposes them into source, receiver, channel, and offset
components using an iterative method. Based on the decom-
posed amplitude component, a scalar is calculated and applied
to each trace in order to preserve relative true amplitude.

Velocity analysis was problematic because of the offset
distance. As a rule of thumb, the maximum target depth of data
is in the range of the maximum offset. The maximum offset
for these data was 270 m, so the optimum target depth is about
300 m, which is much shallower that the target depths of this
study. The maximum arrival-time difference between near and
far traces for a reflector at a depth of 500 m is 15 ms when
the root-mean-square (RMS) velocity is 1.5 km/s. This arrival-
time difference decreases as the velocity increases, and it is
12 ms if the RMS velocity is 2 km/s. There is only a 3 ms
time difference between two moveout times in differentiating
a RMS velocity of 1.5 km/s from 2 km/s. Therefore, it is
difficult to accurately determine velocities. However, stacking-
velocity analysis is not a severe problem because stacking-
velocity analysis is based only on the stack power and can have
a large error and still provide a good-quality stacked section.
However, using such stacking velocities for migration could
be problematic in addition to the fact that the trace-to-trace
distance is not really uniform because the shot interval varied.
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Data Processing 3

Wavelet Deconvolution

It is well known that a water gun produces a mixed-phase
wavelet and that it is difficult to extract the wavelet based on
the minimum phase assumption used with spiking deconvolu-
tion. In order to deconvolve a mixed-phase wavelet, Wiggins
(1977) developed the maximum entropy deconvolution (MED)
method. The extension of the MED method, which is called
variable norm deconvolution (VND), was investigated by Gray
(1979). In this paper, VND is employed to extract a water-gun
signature and to perform wavelet deconvolution. Previously,
it was concluded that VND provided optimum results for the
water-gun data acquired in Eniwetok Atoll (Grow and others,
1986).

The variable norm (U) for the Wiggins-type algorithm is

defined as:
] nlo

113

U(x, 2)—10gH (M)

apiN

where
X;j s the i-th sample of the signal recorded on channel j,
n is the sample number per channel,
and o is a constant greater than 2.

The essence of VND is to iteratively estimate an inverse
filter such that U(x,0,2) shown in equation 1 is maximized.
When o = 4, this is MED by Wiggins (1977).

Figure 2 shows extracted water-gun wavelets with o0 = 2.2
for lines 20 and 21. These wavelets were extracted from shots
100 to 110 for both lines. Notice the low-frequency precursors
for both wavelets. The precursor precedes the main pulses by
about 18 ms. The details of the extracted wavelet are different
from each other even though the same gun was used. The
source signatures vary along the seismic line, partly because the
short-period source or receiver ghosts change as the streamer
fluctuates and the sea conditions change. However, we assume
that the typical source signature in each line is constant. Thus,
arepresentative wavelet is extracted from each line separately
and an inverse filter (deconvolution filter) is designed based on
the extracted wavelet and applied to the corresponding lines.

The result of wavelet deconvolution for line 20 is shown
in figure 3. Two shot gathers on the left are original records,
and the right two shot gathers are corresponding records after
wavelet deconvolution based on the wavelet shown in figure
2. In the deconvolved gathers, the problematic precursors are
gone and the main pulse is almost a zero-phase wavelet. The
waveforms for the near traces look like a minimum-phase
wavelet (trough-peak combination), and this could be caused
by interference of the ghosts. This will be addressed in the
following section. However, the waveform at the far trace of
each gather is close to a zero-phase wavelet.
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Figure 2. Extracted water-gun wavelets using the variable norm
deconvolution method by Gray (1976). Note the similarity between two
extracted signatures and precursors about 18 ms ahead of the main
pulses.

Ghosting Effects and
Second-Zero-Crossing Deconvolution

Original shot records and wavelet deconvolved records,
shown in figure 3, clearly indicate that there are two first arriv-
als—two precursors and main pulses between 240 ms and 280
ms. The time difference between these two arrivals becomes
larger as the offset increases and is about 10 ms at the far trace.
The details of the first arrival after wavelet deconvolution can
be seen in figure 4. Notice that the amplitude of the second
arrival is almost as big as the first arrival and its phase is
opposite of the first arrival. These waveform and amplitude
characteristics suggest that the second arrival is a ghost.

In the case where source and receiver depths are con-
stants, the arrival-time difference between the primary reflec-
tion and source/receiver ghost decreases but the observed time
difference between primary and ghost arrivals increases as the
offset increases. In order to explain the observed time differ-
ence between two arrivals, arrival times of primary and ghosts
were calculated with the equation shown in the Appendix.
One possible model is created by assuming that the streamer
(receiver) was sinking linearly with increasing offset at a rate
of 0.5 m per channel. The arrival times of the primary and
the receiver ghost are shown in figure 5. Note that arrival
times from this simple model agree well with those shown in
figure 4. These ghosts interfere with the primary reflections
and should be suppressed.

As shown previously, the moveout times of the primary
reflections and their ghosts are markedly different. Therefore,
to produce a clear image, the ghosting effect should be mini-
mized. Since the wavelet deconvolution was already performed
and the wavelet is almost zero-phase, a second-zero-crossing
deconvolution is applied to the data to minimize the ghosting
effect. Second-zero-crossing deconvolution is a type of predic-
tive deconvolution where the prediction distance is the second
zero crossing of the auto-correlation of the trace. A single
window with a 20-ms operator length was used. The result
after application of a second-zero-crossing deconvolution is
a shown on the right of figure 4; it can be seen that the
amplitudes of the ghost reflections are markedly reduced.

Dip Moveout Correction

The stacking velocity or NMO velocity depends on the
dip of the reflector. It is well known that the conventional
stacking method cannot stack both a flat and dipping layer
occurring at the same time because of the dip dependence of
the stacking velocity. The dip moveout (DMO) process is a
method used to improve the stack quality by compensating
for the dip effect in the NMO equation. DMO correction trans-
forms nonzero-offset seismic data in a CMP gather into to the
same zero-offset reflection times and reflection points for all
offsets. This transformation improves velocity estimates, pro-
vides higher lateral resolution, and attenuates coherent noise
(Deregowski and Rocca, 1981; Deregowski, 1986; Yilmaz,
1987).

DMO corrections can be applied in the common-offset
domain or in the shot domain. Tests indicated that shot-domain
DMO did not work well with this data set, partly because
shot-domain DMO is more sensitive to the errors in the NMO
velocity and degrades high frequencies at steep dips. Also, the
24-fold with a maximum offset of 270 m is not particularly
suitable for the shot-domain DMO. However, common-oft-
set-domain DMO indicated that, even though DMO did not
improve velocity analysis due to the short offset distance,
DMO processing suppressed coherent noise and improved lat-
eral resolution significantly.
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6 Processing Strategy for Water-Gun Seismic Data from the Gulf of Mexico

First arrival

2]
2 800 IS
S E
[2] — — T
— o
= g
= 3
= n
wi
=
=
840

)4 B

rrrrrr

Figure 4. Plot showing a shot gather. A, After wavelet deconvolution.
B, After wavelet deconvolution followed by second-zero-crossing
predictive deconvolution.

Discussion

The effect of the various processing techniques presented
can be assessed from the stacked sections shown in figure 6.
Figure 6A shows the stacked section without any deconvolu-
tion. The processing sequence for figure 6A is geometry defi-
nition, automatic gain control (AGC) with 100-ms window,
normal moveout (NMO) correction, 12-fold stack, phase rever-
sal (180° phase shift to make the water-bottom reflection peak)
and band-pass filtering (40—600 Hz). Notice the stacked pre-
cursor, arriving about 18 ms before the main water-bottom
reflection. Also notice stacked precursors around 590 ms,
which are precursors of the reflection around 610 ms. These
low-frequency precursors are persistent throughout the section
and interfere with primary reflections.

810
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Figure 5. Graph showing arrival times of primary reflections and
corresponding ghost reflections. Parameters are: number of channels
=24, offset of near channel = 30 m, group interval = 10 m, water depth
=588 m, source depth =1 m, receiver depth at near channel =1m, and
receiver depth at far channel =7 m. It is assumed that the streamer is
linearly sinking at a rate of 0.25 m/channel.

Figure 6B shows the result of applying wavelet deconvo-
lution. The processing sequence is identical to those for figure
6A except that wavelet deconvolution is applied before AGC.
Notice that the precursors are greatly reduced throughout the
section and waveforms are much sharper. Also, the reflections
near 800 ms are well imaged in figure 6B but are obscure in
figure 6A. The quality of figure 6B is significantly better than
that of figure 6A, but the ghosting effects mentioned earlier are
till evident, particularly for the water-bottom reflections.

Figure 6C shows the result of applying wavelet deconvo-
lution in tandem with a second-zero-crossing deconvolution.
The effects of ghosting are suppressed in figure 6C, and the
waveform of the reflections is clean and sharp.

A typical and conventional processing strategy for the
water-gun data is applying a minimum-phase spiking deconvo-
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Figure 7. Portion of the migrated RTA section of line 21 for comparison between the two processing strategies. Frequency range is 40-600
Hz. A, Processing strategy with a wavelet deconvolution followed by a second-zero-crossing predictive deconvolution. This is the processing
strategy adopted here for the processing of Gulf of Mexico data. B, Conventional processing strategy using a spiking deconvolution.

Iution and muting the precursor of water-bottom reflections.
Figure 6D shows the stacked section using a conventional
method without mute. Because a spiking deconvolution not
only collapses a source wavelet but also removes repetitive
energy like ghosts or reverberations, the stack section shown
in figure 6D shows a clean and sharp water-bottom reflection.
However, because spiking deconvolution assumes a minimum-
phase wavelet, the precursors are still present in the stacked
section and the phase of the wavelet is obscure.

To assess the overall performance of the processing strat-
egy adopted for the Gulf of Mexico data, a portion of the
relative true amplitude (RTA) section for line 21 is shown in

figure 7. The processing sequence of figure 7A is identical to
that of figure 6C except that a programmed gain function and
surface-consistent amplitude adjustment rather than AGC are
applied and the data are migrated. The processing sequence
of figure 7B is identical to that of figure 6D except that a
programmed gain function and surface-consistent amplitude
adjustment are applied and the data are migrated.

A cursory interpretation of figure 7B indicates that the
wavelets are sharp and clean, and it looks like a good-quality
seismic section. However, comparing figure 7B with figure 7A,
we conclude that many of the primary reflections in figure 7B
are interfered with by precursors (as demonstrated in fig. 6)
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Figure 8. Portion of stacked RTA section of line 20 for comparison between the two processing strategies. Frequency range is 20-400 Hz. A,
Processing strategy with a wavelet deconvolution followed by a second-zero-crossing predictive deconvolution. This processing strategy is
adopted here for the processing of Gulf of Mexico data. B, Conventional processing strategy using a spiking deconvolution.

and the phase of wavelet is mixed. In other words, the stack
quality of section 7B is inferior to that of figure 7A. This
example illustrates that the wavelet deconvolution of water-
gun data provides better quality processed data, particularly for
use in stratigraphic interpretation. Another example is shown
in figure 8: figure 84 shows the RTA stacked section processed
using wavelet deconvolution, and figure 8B contains the RTA
stacked section processed using spiking deconvolution. Fig-
ures 7 and 8 clearly demonstrate that the processing strategy,
which includes wavelet and second-zero-crossing deconvolu-
tion instead of a spiking deconvolution seems to be optimum
for this data set.

An example of DMO processing is shown in figure 9.
The processing flow for figure 9A is identical to that of figure

7A, which is the migrated section without DMO processing. A
migration velocity model for figure 9 was developed by reduc-
ing the stacking velocity values by 10 percent and smoothing
them. Figure 9B shows the migrated section with common-
offset-domain DMO application. Figure 9 indicates that, with
the application of DMO, dipping reflections are imaged better
and overall signal-to-noise ratio is much improved by reduction
of coherent noise. The migrated section with the application of
shot-domain DMO did not show any noticeable improvement
over the migrated section without DMO. Because the maximum
source-receiver offset is so short in this data set, DMO process-
ing has its limitations, but, as indicated in this example, applica-
tion of common-offset-domain DMO is still worthwhile for
analysis and interpretation of areas of complex geology.
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Figure 9. Portion of line 20 for comparison between the migrations with and without DMO. Frequency range is 20—400 Hz. A, Migrated section
without DMO. B, Migrated section with DMO.

conc I USionS crossing deconvolution applied after wavelet deconvo-
lution—is important to further suppress ghosts and any
other reverberations.

This study indicates that a processing strategy of wavelet 3. The dip moveout process, in the common-offset
deconvolution followed by a second-zero-crossing deconvolu- domain rather than in the shot domain, enhances lateral
tion is optimum for the processing of the Gulf of Mexico resolution and suppresses coherent noise, providing a
seismic data acquired with a water-gun source. The following much-improved migrated section.
conclusions can be drawn from the study: 4. Conventional processing including spiking deconvo-

1. The use of wavelet deconvolution is essential to col- lution instead of wavelet deconvolution provides an
lapse the water-gun signature as well as to remove apparently good quality seismic section, but close
the precursor. The highly mixed phase water-gun sig- interpretation reveals that it contains numerous precur-
natures are accurately extracted by using the variable sors that interfere with primary reflections. Care must
norm deconvolution method. be taken in interpreting the seismic stratigraphy on

2. Predictive deconvolution—such as a second-zero- sections processed in this way.
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Appendix

The arrival times of source/receiver ghosts can be calculated easily assuming a flat
water-bottom topology and a straight ray path.

Let V be the water velocity, S be the source depth, R be the receiver depth, H be
the water depth, and G be the offset. By defining H; = H-S and H, = H-R, the arrival
time can be written as follows:

(a) Source and receiver ghost arrival time (7,):

T, =S+ X2 +2\R* + X2 +JH + X2 +\|H2 + X2)/V (Al

where

SG
X, = ,
2S+2R+H,+H,

RG
X, = ,
2S+2R+H,+H,

(A2)
HG

X, = , and
2S+2R+H,+H,

_ H,6
2S+2R+H,+H,

4

(b) Primary reflected arrival time (T,):

T, = equation Al with § =0 and R =0 in X’s in equation A2.
(c) Source ghost arrival time (7):

T, = equation Al with R = 0 in X’s in equation A2.
(d) Receiver ghost arrival time (7}):

T, =equation Al with § = 0 in X’s in equation A2.
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