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Abstract:  We have conducted a refraction profiling experiment using an
airgun as a controlled source and an OBS (ocean bottom seismometer) as a receiver
in the region off Sanriku coast of northern Japan in May, 1980. The main purpose
of our experiment was to investigate the dependence of waveforms of airgun signals
recorded by the OBS on various parameters such as airgun towing depth, air pressure,
and air chamber size to gain in knowledge of an optimum setting of these parameters
for clearer delineation of the seismic structure. It is found, as predicted from
theory, that the predominant frequency and the signal duration are sensitive to airgun
shot depth, which must be kept ‘constant at an optimum depth to produce the same
waveform with sufficient energy to penetrate the sea bottom.

A model of the upper crustal structure of the region is presented from a digital
data analysis employing the simple delay-and-sum technique.

Introduction

To reveal seismicity and the velocity structure beneath an oceanic region is the
main objective of marine seismological observations using ocean bhottom seismometers
(OBS's). When using the OBS data, we are often confronted with the problem of
travel time correction for the local shallow seismic structure bencath an OBS site
underlain almost inevitably by a low velocity sedimentary layer with a large Vp/Vs ratio.
An airgun-OBS refraction survey reveals the velocity structure beneath the OBS and
travel time corrections can easily be obtained. Once the locality is known, the data
can be used to complement long range explosion data or to correct for natural
earthquakes data.

As compared with much more powerful dynamite source, airgun shots are more
accurately time controlled, have better waveform reproducibility, less dangerous, and
require less expensive cost. In light of these advantages, the airgun source will not
be limited for use as described above, but is a likely candidate to become a major tool
to reveal deeper structure possibly to the uppermost mantle (Takeda, 1978; Shibuya
and Mivashita, in prep.). From the receiver side, an OBS is advantageous over a
surface hydrophone as the OBS is located in a more quiet environment (Avedik and
Renard, 1973; Ibrahim and Latham, 1978) and can also record converted shear wave
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arrivals to obtain S wave velocities as well, which are extremely important in con-
straining the possible range of crustal material.

An operation of airgun — OBS system has started at the Observation Center for
Earthquake Prediction, Tohoku University in 1980 in cooperation with the Laboratory
for Ocean Bottom Seismology, Hokkaido University, and Geophysical Institute,
University of Tokyo. The first experiment was conducted off Sanriku coast in May,
1980. It was aimed to study the airgun wave form dependence on various parameters
which could be controlled “on board” to search for an optimum source signal to be
detected by OBS, and to obtain the crustal structure beneath the region.

Data Acquisition System

The airgun — OBS seismic refraction profiling experiment was conducted in the
arca as shown in Fig. 1, which is on the continent side of the Japan Trench where the
water depth range is about 150 to 1000 m. In the following the operation of the
refraction survey system is described (Fig. 2).

1) OBS: The OBS used in this experiment is a free-fall, pop-up type with timed
release mechanism employing electrolytic dissolution. A vertical velocity sensor with
4.5 Hz natural frequency is mounted on gimbals inside the glass sphere housing. A
4 ch. cassette tape recorder, into which high-, middle-, and low-gain signals from the
amplifier and BCD time code (Inatani and Furuya, 1980) are fed, runs for about 10 days
when a C-90 tape is used (Shimamura and Asada, 1975; Yamada, Shimamura, and
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Fig. 1. Bathymetry map of the surveyed area. Solid square indicates the OBS location.
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Fig. 2. Schematic view of the airgun - OBS refraction profiling aperation. Pressure, air
chamber volume, and towing depth characterize the shot waveform. Ship speed and shot
time interval determine shot spacing.

Asada, 1976). A complete description of the system can be found in Yamada (1980).
The OBS was deployed on the location shown in Fig. 3 on May 23 and retrieved on
May 24, recording a total of about 400 airgun shots.

iij AIRGUN: Highly compressed air of about 10 MPa pressure is supplied to the
airgun via the air pressure controller located in the lab. Each airgun shot is fired by
an electric trigger pulse which opens the solenoid valve and exhausts the compressed
air stored in the pressure chamber into water. The generation of the trigger pulse is
controlled by quartz clack and the shot time interval is kept constant.

In this experiment the compressor capacity was such that it required about 50 s
to fire the airgun with 2.4 liter air chamber at 8-10 MPa. This shot time interval is
much longer than would be contaminated by a previous shot, and therefore, the
compressor was run at the maximum rate and shot spacings were determined by ship
speed.  The shot time intervals were set at 90 and 180 s for 4.9 and 9.0 liter air
chambers, respectively at 8-10 MPa. The shot spacings were 100-150, 180-420, and
370-740 m for 2.4, 4.9, and 9.0 liter air chambers, respectively.

The airgun shot pulse was tape recorded together with JJY (standard time
radio signal) calibrated clock pulse. The air pressure was checked from the pressure
gauge for each shot.

While profiling we have altered air chambers and towing depth to test their
effect on OBS records of airgun signals.  The towing depth was controlled by ship speed.
Normally the ship speed should be kept constant during a profile for minimum shot
position error. Because of ship speed alterations, this experiment required a careful
determination of the airgun — OBS distance as described below.

iii) SHIP TRACK: Fig. 3 shows the ship track. Water depth varied between 150
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Fig, 8. Blow up of the ship track in Fig. 1. Times are indicated for points A through K.
Arrows are indicated at positions where the ship speed was changed.

and 1000 m (Tig. 1). The ship was equipped with a LORAN C receiver and its
readings and the direct water wave travel times were combined to obtain accurate
positions. As the LORAN C system gives reliable position for the surveyed area,
a position error would be at worst cases on the order of magnitude of 0.1 nautical
mile.

Airgun Shot Signals

One of the merits using an airgun is its reproducibility of the signal which allows
such data processing as velocity filtering. However, to generate desired airgun signals
we must know their wave form dependence on such parameters as output pressure, air
chamber volume, and shot depth.

The airgun is an explosion type which produces an air bubble which oscillates at a
predominant frequency dependent on pressure, depth, and volume of the airgun. The
predominant frequency can be expressed as,

f: CPOSJG(P‘[/')—US, (1)

where ¢ is a constant, P, is ambient pressure, P is chamber pressure, and V' is chamber
volume (Schulze-Gattermann, 1972). Ziolkowski (1970) predicts waveforms of airgun
signals from a theory of a spherical bubble oscillation allowing for a finite amplitude
oscillation. He predicts a longer signal duration with shot depth as one of the features
and is experimentally proven (Ziolkowski, 1970; Mayne and Quay, 1971; Smith, 1975).

We have obtained OBS records of airgun waveforms for various settings of the
above paramecters (Table 1). The above equation indicates that the predominant
frequency is more sensitive to arigun depth than to chamber pressure for a given volume
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of airgun (Iig. 4). TFig. 5 shows examples of OBS records for similar OBS - airgnu
distances and output pressures but different shot depths corresponding to different
ship speeds. Differences in waveform are clearly observed from filtered traces;
higher frequencies are more pronounced with lower ship speed. Note that the
refraction arrival signal about 3 seconds before direct water phase for the shallowest
shot depth (ship speed 17 km/h) is almost unobservable. TFig. 6 shows example records
for different air chamber volumes to compare with Fig. 5, which indicate the features
predicted from theory; increase in predominant frequency with larger shot depth and
smaller chamber volume, and longer signal duration with depth. The amplitude
decays with distance but the predominant frequency little changes for the distance
range surveyed (Fig. 7). Fig. 8 shows the dependence of the predominant frequency of

Table 1.
Profile ‘ Span Chamber Volume | Mean Ship Speed
A-B 20 km 2.4 liter 8 km/h
12
B-D a0 4.9 12
17
14
9
D-LE 54 4.9 17
F-H 42 9.0 15
H-1I 11 9.0 15
I-K 19 9.0 15
8

Airgun Firing Pressure: 7.8-10.8 MPa

M
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BUBBLE FREQUENCY N
-AIRGUN DEPTH .
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Fig. 4. Bubble frequency vs. airgun shot depth for three chamber volumes and
characteristic pressures.
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Fig. 5. Examples of OBS records for 4.9 liter air chamber shots at similar distances and pressures

but different shot depths. Shot times and direct water wave arrivals are indicated by

triangles and arrows, respectively. Higher predominant frequency and longer signal dura-

tion can be seen for lower ship speed, i.e. larger depth. At 17 km/h, not much energy
penetration beneath ocean bottom is observed.

OBS records on ship speed. The predominant frequency was obtained using a
spectrum analyzer applying a Hanning window (4 s.) and averaging 8 or 16 shots.
The airgun shot depths, then, could be estimated from Fig. 4 and are plotted in Fig. 8.

Noise

Fig. 9 shows noise spectra of the survey area recorded by our OBS. The lowest
level is at about 35 Hz and increases to both ends. The frequency response of the
recorder system is flat between 2 to 30 Hz (3 dB points) (Yamada, 1980) and the overall
OBS response curve is flat between about 7 to 30 Hz. Therefore, the spectra outside
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Fig. 6. Lxamples of OBS records for 2.4 and 9.0 liter air chamber shots. Compared with
Fig. 5, change in predominant frequency with chamber size can be seen.
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Fig. 7. Signal amplitude vs. predominant frequency. Solid circles, open circles, and triangles
correspond to 2.4, 4.9, and 9.0 liter air chambers, respectively. Amplitude level decays
with distance (figures attached to symbeols], but predominant frequency little changes for
this distance range.
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Fig. 8. Ship speed vs. predominant frequency. Towing depths estimated using Fig. 4 are also
shown. For 2.4 liter shots, depths are shallower than for other chambers at the same ship

speed because the towing wire length was shorter.
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Fig. 9. Noise spectra of OBS record. TEach division of herizontal axis corresponds to 6.25 Hz.

this range is not meaningful in this discussion. Within the above range, it can be said
that the noise decreases monotonically with frequency. Noise spectra are important
not only because they determine the threshold level but can vary regionally and

temporally. Tor this region, a predominant frequency higher than 10 Hz would have
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resulted in better S/N ratio since the signal is less than 10 dB above noise at 20 km
distance including the water wave signal (Fig. 7).

Record Sections

ij DISTANCE: In this experiment, the ship speed was intentionally altered so that
the distance between shot point and OBS is liable to a considerable error. Therefore,
we used distances calculated using water wave arrivals readings together with those
from coordinates determined from LORAN C readings. The acoustic speed in water
can be determined by locking at distance dependence of the difference between the
two distances. It is shown that a sound velocity in water of 1.46 km/s gives only a
DC shift of less than 0.5 km between the two determinations, which were corrected for,
and thus a reliable distance estimate could be achieved.

ii) DATA PROCESSING: Table 2 depicts the digital data processing procedure.
Obviously a direct A/D conversion after cassette tape playback is desirable but it is
beyond our present computer capability. Data stacking is a summation of five
consecutive shots each delayed an amount of time interval appropriate for the stacking
apparent velocity. This procedure enhances the signal with the stacking velocity and
is a simplest type of velocity filtering.

iiiy RECORD SECTIONS: Figs. 10-14 show the record sections of profiles AB, BC,
CD, FG, and GH. The effect of shot depth is apparent from a change in overall dark-
ness of these records due to a change in frequency content. A distinct change in
waveform occurs at a distance of 4.5 km for profile AB where the predominant
frequency moves to lower frequency (Fig. 10) (Table 1). Similar phenomena occur
at 5km for BC (Fig. 11) and at 10 km for CD (Fig. 12). The reverberation is more
pronounced with depth as predicted by Ziolkowski (1970).

Fig. 10-a, b compares the same profile data with and without stacking. The stacked
record section shows improvement of S/N ratio for arrivals with apparent velocity of
4.0 km/s. Such improvements are also observed in the data for other profiles (Iigs.
11 and 13).

Despite the largest air chamber volume, refraction arrivals are less clear for
profiles FG and GH compared to others. This is probably due to shallow shot depth
and long shot spacing. Therefore, we use the records of profiles AB, BC, and CD to
determine a model of the velocity structure of the region.

Table 2.
Data Processing Procedure

1: DAR data cassette tape playback (approx. x 320 real time)
: DAR open reel tape duplicate for speed reduction and original tape

protection (playback at approx. X 80 real time)

3: Analog filtering (approx. 2.8-28 Hz real time)

4: AJD conversion (approx. 16.1 ms real time sampling) (Nyquist freq.
31 Hz)

§: Data stacking (five traces) (optional)

6: Plot out ((gain at distance X)/(gain at distance 0)=1+(0.07*X)?
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iv) VELOCITY STRUCTURE: Because the main aim of our experiment was to
obtain the dependence of OBS recorded signal waveform on various airgun parameters
settings, we could not obtain the best results for velocity structure determination.
Figs. 15-17 show our interpretation of the data.

All the profiles AB, BC, and CD show an apparent velocity larger than 4.5 km/s
in the distance range of 10-12 km and the phase can be traced to 20 km distance in
profile AB. The apparent velocity of the sedimentary layer is not well constrained.
However, a choice of probable apparent velocity does not significantly change the
depth of the highest velocity layer as the thicknesses of the above two layers are
complementary. Profile CD indicates an apparent velocity of 3.3 km/s which may be
indicative of a dipping interface since the corresponding velocities from profiles AB and
BC are considerably higher. We, however, do not include it in our model as the pro-
file CD is more complex than others because of drastic change in ship speed and a bend
in the ship track. Table 3 depicts our preliminary model of the region.

Table 3.
1 2 3
Velocity Thickness i Velocity Thickness [ Velocity Thickness
Water 0.79 km Water 0.33 km Water 1.33 km
1.90 km/s 1.4 1,56 km/s 0.74 1.95 km/s 1.78
2.0 0,34
2.3 0.60
3.9 1.5 3.6 0.93
4.2 1.39
4.7 5.1 1.21 5.05 4.1
5.8 5.90

1: This paper
2: Profile SB-2 in Murauchi et al., 1980.
3: Profile P-6 in Ludwig et al., 1966,

Discussions

Shor (1963) states that the optimum firing depth for the maximum signal from
explosions is to fire it at a depth equal to a quarter wavelength for the bubble pulse
frequency. This is to avoid the erosion of the primarv pulse by its surface reflection.
This depth corresponds to about 16, 19, and 22 m with predominant frequencies of
about 23, 20, and 17 Hz for 2.4, 4.9, and 9.0 liter airguns, respectively (Fig. 4). How-
ever, this should be considered the upper limit because an order of magnitude difference
in amplitude can casily occur between, say, 10 and 20 Hz due to the effect of Q.

For a typical sedimentary layer velocity of 2km/s, a 10 Hz signal has 0.2 km
wavelength. As the layer thickness can be comparable to this wavelength a predom-
inant frequency higher than 10 Hz would improve resolution. If the layer thickness is
thinner, it will have only a nagligible effect on seismic wave travel time. Taking these
and the frequency response of the OBS into account, our experiment, although it did not
cover sufficient shot depth range, seems to indicate that the shot depths greater than
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about 3, 5, 10 m should be maintained for 2.4, 4.9, and 9.0 liter airguns, respectively.

Larger shot depth with a single airgun means less attenuation of bubble oscillation,
A tuned array system of airguns with different predominant frequencies can suppress
this unwanted pulsation. Also, in the course of data analysis, the knowledge of the
source waveform would help eliminate the unwanted effect. These are the next steps
to consider.

The shot depths were estimated after the experiment from IFig. 4 and observed
predominant frequencies. They may be estimated “on board” from towing wire
length or the time for the bubble to reach the sea surface. However, as the shot depth
is the major controlling factor of the waveform, it seems essential to monitor gun
depth by a pressure sensor. We have done such an experiment and the results wil
be reported in a subsequent paper. Briefly, the shot depths may be slightly
overestimated in this experiment.

Profiles AB and BC which run north to south are practically the same profile but
with different chamber volumes, and therefore, constitute good examples to compare
with. BC indicates better S/N ratio as expected but cannot identify 4.7 km/s phase at
farther than 12 km distance. The phase can be traced on AB probably because the
signal is pronounced farther than a distance of 27 km wheras BC does not extend as far,
and because the shot spacing is shorter. Although the shot depths for the 9.0 liter
airgun were too shallow to delineate a seismic structure, we can still observe
arrivals of 4 km/s apparent velocity (Fig. 14) and it should be used to reveal the
deepest structure with an optimum parameter setting. There was an operational
restriction from the compressor capacity which required a three min. shot interval.
Provided that the shot depth can be controlled by other means than the ship speed,
larger compressor capacity is important as it reduces ship time and shot spacing,
and can increase shot pressure.

The surveyed region lies on about the same latitude but further landward of the
region extensively studied by Ludwig et al. (1966). Murauchi et al. (1980) have
obtained a velocity structure model along latitude 38°35'N and their westernmost profile
is in a similar water depth range. Their results are given in Table 3 for comparison.
Our results are in general agreement with their results. More surveys in the region
are necessary with more efficient airgun operation to reveal deeper velocity structure
in light of the tectonic background of the region.
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