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1. INTRODUCTION

Among the suite of geoacoustlc properties of seafloor sediments. the elastic shear wave velocity and the
attenuation of shear waves are the most difficult quantities to measure. and consequently the most poorly
known. Sampling of sediments with coring techniques produces sample disturbance that can significantly
affect the shearwave parameters subsequently measured In a laboratory. This is partlcuiartytrue ofthe loosely
consolidated sediments that often make up the upper few meters of the seafloor. Therefore, In slfu
measurements are required to obtain unambiguous values for these parameters.

Remote sensing capabilities for determination of compressional wave velocity and attenuation have been
highly developed by the petroleum industry. These techniques use towed compressional wave sources and
hydrophone receiving arrays to probe the sub-seafloor structure. Because of the partial conversion of the
compressional wavefield to shear waves by sub-seafl00r interfaces, the shearwave parameters in the bottom
can have measurable effects on the compressional wave signals. Therefore, these measurements can place
constraints on the shear wave properties [1]. However. these data are difficult to invert for shear wave
parameters, and ambiguities in the results may be caused by unresolved complexities of the compressional
wave velocity structure. These problems lead us to consider more direct measurement techniques.

Direct measurement of shear parameters requires a shear wave source and receiver placed on or below the
seafloor. Barbagelata et al. [2] describe a high frequency probe system that can sample the upper 1-2 m of
the sediment column. Deeper penetration requires lower frequency sources and larger source-receiver
separations. Some attempts have been made to make measurements using refracted shear body waves
[3]. However. the exploitation of selsmoacoustic surface waves propagating at the sediment-water interface
has been the most common technique used for shearwave parameter detennlnation. Ali and Schmalfeldt [4].
Jensen and Schmidt [5]and Snoek[6] presented summaries ofthe workthat has been done in this field. Many
experiments have been conducted in water depths at which the seafloor is accessible bydivers. However. few
measurements have been made in the deep ocean.

DavieslT] used a remote technique in which explosive charges placed on the seafloor were used to generate
surface waves which were then sensed by seafloor hydrophones. Whitmarsh and Lllwai[8]concluded that a
weight drop technique could produce measurable signals. Sauter et al. [9] used a variation of the explosive
source andseafloorreceivertechnlque, but used ocean bottom selsmometers (OBS) ratherthan hydrophones
to sense the wavefleld. Whitmarsh and Miles [10] reported results from seafloor shot [OBS measurements in
the Norwegian Sea.

2. EXPERIMENTAL TECHNIQUE

We have used the technique described by Sauter et al. [9] to Investigate the shear wave structure in three
different deep-sea environments. This technique uses approximately 20 kg of TNT explosive placed on the
seafloor at ambient pressure and detonated with an expendabletimer and electric blasting cap (Figure 1). The
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shotfalls freelyfrom the sea-surface. An array ofOBS's ls deployed to receive the signals from both the surface
and body wave paths. The various compressional wave multipath signals propagating through the water
column are used to constrain both the source-receiver separation and the source detonation time. For

separations of more than a few hundred meters the surface wave modes are clearly separated in time from the
higher speed bodywave phases. At ranges more than 2-3 km, the signal/noise ratio of the surface wave signal
has significantly degraded.

DEPTH'UP TO
6000 M

 

Figure 1. Exploslve shots detonated on the seafloor with an expendable timer generate Scholte waves that
are recorded on ocean bottom selsmometers. .

Figure 2 shows the primary features of the observed signals on a vertical component seismometer. A
compressional wave propagating through the water column and upper sedimentsarrives lessthan 2 seconds
after the shot detonation. In some cases a small amplitude arrival representing energy refracted from high
velocity layers below the seafloor precedes the direct water path arrival. At intervals of a few seconds
(depending on the water depth), Impulsive signals arrive that correspond to ray paths reflecting from the sea-
surface and bouncing multiple times in the water column. At later times (typically tens of seconds after the
detonation). a dispersed. low-frequency (0.5 - 6 Hz). wave train arrives that represent the surface wave signal
(Scholte wave). The low frequency nature of this signal is a result of the shear wave attenuation suppressing
the higher frequency signals. The explosive source has a bubble oscillation frequency of more than 100 Hz
atthe depths forwhich ourdata was taken (2600-4700 m). Consequently little of its acoustic energy is radiated
atthe measurement frequency. Asourcethat produced energy predominantly inthefrequencyband ofinterest
here could potentially contain a much lower total energy than the explosive and yet deliver similar results.
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Figure 2. A typical time series recording of a vertical seismometer ls shown. A small precursor arrival is a
refracted compressional wave traveling though the basaltic basement. It is followed by adirect path
compressional wave arrival and a series of water column multiples. The phase of Interest here (the Scholte
wave) arrives approximately 30 seconds after the detonation. Range to the source is 1000 m.
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3. PROCESSING TECHNIQUES

It is the dispersive nature of the Scholte wave that allows the shear wave velocity as a function of depth below
the seettoortobe determined. Lowerfrequency, longer wavelength energy senses material properties at larger
depth below the seafloor, and therefore travels faster tithe shear wave velocity increases with depth (typically
the case). We use the multiple window spectral techniques described by Landisman et at. [11] to generate a
matrix of spectral amplitudes as a function of group veiocity and frequency (Figure 3). This matrix is often
referred to as a Gabor matrix. Loci of high amplitude elements In this matrix define the dispersion curves for
the fundamental and higher ordermodes. Atrial and error forward modeling procedure is then used to match
the observed dispersion curves with those predicted from a seafloor model. The spectral amplitude of the
matrix elements along the dispersion curve contain information about the shear wave attenuation. By
examining the relativespectral amplitudes from different source-receiver pairs, theattenuation can be derived.
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Figure 3. A Gabor matrix is calculated by computing frequency spectra in a sliding time window of the
seismogram. The time delay ofthe centerof the windowcorrespondsto aparticulargroup velocity. The vertical
axis is labeied in velocity (m/s) but is linear in slowness (elm) so that particular features in the spectra
correspond directly to the adjacent seismogram.

The results that are presented in this paper are computed with this somewhat crude inversion procedure. We
expect to refine these results in the future with more sophisticated techniques including joint inversion with
phase velocity information, linearized inversion theory, and automated waveform inversion using matched field
techniques [1 2]. While these techniques will generate higher resolution, bounded solutions, we expect the
general features of the solutions to change little.

4. RESULTS OF REGENT MEASUREMENTS

From 1990 to 1 992. we have conducted three deep-water experiments that resulted in Scholte wave data. The
locations ofthese experiments are shown in Figure 4. Site Awas located in an abyssel hill terrain approximately
500 km west of Pt. Conception, California where the water depth is approximately 4700 rn. Site B was located
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at the base ofthe Oregon continental stops on the distal edge of the Astoria deep-see fan. The water depth
there is approximatelyztlou m. Site 0 is in a sediment pond at the base ofthe slope defining the western edge
of the Southern California borderland terrain. and is within a few miles of the site where the data reported by
Sauter et al. [9] were taken. Water depth at this site Is approximately 3800 m. in all cases. the current
sedimentary regime is thought to be low-energy, and not highly dynamic. Therefore, one would expect the
physical properties ofthe sediments would be ratheruniform in lateral extent. With the exception of site B where
significant terriginous input to the sediment column is expected. similar shear parameters might also be
expected for the sediment column in the different areas.

  
“we-w 1aa-w 'm-w its-w

Figure 4. The locations of three sites for which Scholte wave data have beencollected.

Contrary to these expectations. both th site-to-site variability and the variability within one ofthe sites is large.
This variability can be seen in the raw data. Figure 5 displays seismograms at the same source-receiver
separation from the three sites. The relative shear speeds control the time delay of the Scholte waveforms.
Clearly site B exhibitsthe highest shear speeds followed by site A and then site C. Figure 6 shows the velocity
profiles generated by matching group velocity dispersion curves In the three areas. The higher speeds
observed at site B are understandable because of the lerrfinous (sand) component ofthe sediment added by
the Astoria fan sedimentation. However, sites A and 0 both are expected to be controlled by pelagic
sedimentation. and the reasons for the variation are unknown.

Figure 6 shows two different curves for site A. Although the experiment encompassed an area of only 2 km
square. inversions from different paths within that area showed variability in shear velocity greater than 50%
[131,[14]. In contrast, site C showed almost no variability. Although we have no direct sampling of site A. we
expect the sediment lithotogy to be uniform over the area covered by our experiment. We speculate that
diagenetlc changes in the sediment. possibly associated with off-ridge hydrothermally driven fluid circulation.
are responsibie forthe observed variation.

Proc. I.O.A. Vol. t5 Par12(1993)

36   



 

    

 

  

     

  

    
    

Proceedings of the institute of Acoustics

IN SITU MEASUREMENTS OF SEAFLOOR SHEAR-WAVE VELOCITY

Vertical Component Selamogral'ne
990 m Source-Receiver Separation

Site A
Abyssal
Hilts

Site 8

Oregon .
Margin

Site C
S. Caiii.

 

'0 1o 20 v . 30 40
Time (s

Figure 5. ' Vertical component Seismograms from an explosive bottom shot at 990 in range is shown for
each oi the three sites. Clearly the Schoite wave speeds are highest at site B and lowest at site c.
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Figure 6. Shear-wave velocity curves are plotted as functions of depth beiow the seafloor. Site B has a thin
(3 m) layer of rnuds overlying higherveioclty materialthaiprobabiy contains sand. SiteCwas adjacent to DSDP
Site 469 which cored hemi-pelegic clays in the upper 40 meters of the sediments. Two curves taken from
Schrelner et al. [14] are shown for site A. The selsmogrems from that site fell into four general classes each
with a distinctive velocity profile.
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5. NEW EXPERIMENTAL TECHNIQUES

In theory. the Gabor matrix computedabove should contain maxlma associated not onlywlth the fundamental
mode Scholte waves. but also with the higher order modes. The delineation ofthese modes would be extremely
useful since, unlike the fundamental modes. their wave functions do not decay away from the Interface in a
simple exponential function. They may have maxima at depth rather than at the interface and thus are more
sensitive to deeper structure. The resolving power offundamental modedata decreases rapidly whenthe depth
exceedsthe wavelength ofshear waves in the media. The Joint inversion offundamental and higher mode data
can result in higher resolution estimates at larger depths. in practice. the higher modes are difficult to define
with the data. The horizontal component‘seismometersin the CBS may be more sensitive to the higherorder
modes than the vertical component sensors. However. the coupling of seafloor horizontal sensors to the
sediment is clearly more difficult than thatofthe vertical sensors [15]. and the horizontal seismometers receive
more signal from converted shear body waves that are propagating vertically in thesediments.

It is possible that higher order modes may be defined more clearly by placing the sensor below the seafloor.
Figure 7 shows the numerical prediction of the Scholte wave modes as functions of depth below the seafloor.
The SAFARI algorithm [1 6] was usedto generatethe seismograms. The late arrivingfundamental mode clearly
peaks at the seafloor and decays rapidly with depth. The higherordermodes are less affected by sensordepth.
Figure 8 shows Gabor matrices computed forone sensor atthe seafloor and anothersensor buried 20m deep.
Thetheoreflcal dispersion curves are also shown. Thefundamental mode is clearly suppressed forthe buried
sensor. "The second overtone is more clearly defined on the buried'sensor. but definition ofthe first overtone
is improved only for frequencies below 3 Hz. Additional Improvement of the higher modes could probably be
achieved with a buried source as well as a buried receiver.

Vertical Corn onent Synthetic Seismograme
1000 m urea-Receiver Separation

 

Figure 7. SAFARI numerical predictions of the Schoite modes for vertical seismometers at the seafloor and
at4m increments of burial depth. The source remains at the seafloor. The higherfrequencyfundamental mode
signal decreases rapidly with depth and the higher order modes become more significant.

At the Naval Research Laboratory. an often is underway to develop panetrator systems that will allow
inexpensive implantation of seismic sensors below the seafloor at full ocean depth. One system uses a
modified sediment coring scenario to push a sensor package Into the seafloor using a heavy weight stand. The
weight and core pipe Is then removed. leaving the sensor package and seafloor recorder behind. A second
system uses a seafloor, sea water hydraulic pump to drive a small drtll motor at the bottom end of a sensor

- package. The sensorpackage is suspended from the seafloor package bya'n electrical and hydraulic umbilical
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cable and allowed to drill itself into the sediments. A penetration depth of 100 m is targeted forthis system in
contrast to 1 0-20 m depths anticipated forthe weight driven system. Both systems are undergoing engineering
tests: the weight driven system has successfully achieved a m penetration. These systems will provide the
capability for extending the resolution and depth capability of seismcacoustlc Schoite wave inversions.

  
:7)“

i
>-
i:
O
O
._J
LU
>
Q
3
0
CE
(5

1 2 3 4 5 1 2 3 4 5
FREQUENCY (HZ) FREQUENCY (HZ)

Figure 3. Gabor matrices forthe synthetic setsmograms at the seafloor (Ieit) and 20 m burial depth (right). The
dispersion curves torthe fundamental (lower left) and first and second overtones are superimposed. Note the
increased resolution of the overtones on the buried sensor, particularty for the second overtcne at velocities
between 50 and 75 m/s.

6. CONCLUSIONS

A set of measurements of Scholte waves in the deep ocean suggest that the shear wave velocity In marine
sediments is highly variable between sites and sometimes within small areas that otherwise appear rather
uniform. Experimental techniques to measure the shear wave parameters using ocean bottom seismometer
systems and seafloor explosive shots are capable of defining these differences. Advanced inversion
techniques and experimental procedures using seismometers placed beiow the seafloor ofier potential
advances in resolution and increases in depth to which shear wave parameters can'be defined using surface
wave techniques.
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