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MANAGEMENT PERSPECTIVE

Measuring contaminated-sediment thickness and type is a common
problem in areas-of-concern where data on accumulation rates,
sedimentation processes and sediment volume are needed to plan
remediation. The conventional approach is to collect and analyse
sediment cores. Acoustic surveys have the potential to provide
better quality data faster, but specialized equipment has to be
developed. This paper describes the results of a joint study in
Hamilton Harbour with C-CORE of Memorial University.
Oceanographic equipment developed at C-CORE was reduced in scale
and used to collect acoustic data on harbour sediments. Acoustic
profiles were then correlated with the physical properties of
sediment cores at the same site and excellent agreement was
found, even for layers only a few cm thick. The current equipment
collects point data from a fixed, bottom-mounted tripod which
must then be processed to produce useable results. What’s needed
now to make this technology useful for environmental surveys is
to transfer it to survey equipment which can operate at
reasonable boat speeds and process data as it goes.



PERSPECTIVES DE LA DIRECTION

La mesure de l’épaisseur des sédiments contaminés et la
détermination de leur type est un probléme courant dans les
secteurs préoccupants lorsque des données sur le taux
d’accumulation, les processus de sédimentation et le volume de
sédiments sont nécessaires en vue de la planification d’actions
correctives. L‘’approche classique consiste i prélever des
carottes de sédiments et & les analyser. Des levés acoustiques
peuvent fournir des données de meilleure qualité plus rapidement,
mais il faut mettre au point de l’équipement spécialisé. Le
présent article décrit les résultats d’une étude mixte menée dans
le port de Hamilton en collaboration avec le C-~CORE de
l’université Memorial. L‘’équipement océanographique mis au point
au C-CORE a été réduit & 1l’échelle et utilisé pour recueillir des
données acoustiques sur les sé&diments dans le port. Les profils
acoustiques ont ensuite é&té mis en corrélation avec les
propriétés physiques des carottes de sédiments prélevés au méme
endroit, et une correspondance excellente a été relevée, méme
dans le cas de couches de quelques centimétres d’épaisseur
seulement. L’équipement utilisé a 1’heure actuelle recueille, &
partir d’un trépied fixe placé sur le fond, des données
ponctuelles qui doivent ensuite étre traitées afin de produire
des résultats utilisables. Pour dque cette technique soit utile
pour les levés environnementaux, il faut étre en mesure de
transférer ces données & du matériel de levé qui peut étre
exploité & une vitesse raisonnable du bateau et qui transforme
les données en temps réel.



RESUME

La surveillance et la cartographie par méthode acoustique de
minces couches sédimentaires contaminées dans les eaux
intérieures exigent une source acoustique de qualité. Une
expérience menée dans le port de Hamilton, lac Ontario, a montré
qu’une mise en évidence & résolution élevée dés couches
sédimentaires est possible lorsque les chercheurs utilisent une
source acoustique paramétrigue. La stratigraphie des carottes
provenant du site a 1’/étude a permis d’obtenir une bonne
corrélation, et des dossiers paramétriques ont montré la présence
d’une couche de boue de 4 cm, & la surface, qui ne pouvait pas
étre résolue au moyen d’une source acoustique classique. La
performance supérieure de la source paramétrique dans les
sédiments qui ne sont pas en général sujets a des mesures
acoustiques porte 3 croire qu’elle serait un outil utile pour la
surveillance des processus de sédimentation ou pour 1’exécution
de levés & résolution élevée de 1l’épaisseur des sédiments

modernes et de la détermination de leur volume.

MOTS-CLES : stratigraphie, dispositif acoustique paramétrique
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ABSTRACT

Acoustic mapping and monitoring of thin contaminated sediments in
inland waters requires an optimised acoustic source. An experiment
conducted in Hamilton Harbour, Lake Ontario demonstrated that high
resolution of sediment layering is possible when a parametric acoustic
source is used. Good correlation was obtained with the stratigraphy of
cores from the test site and parametric records revealed a 4 cm ooze layer
at the surface which could not be resolved using a conventional acoustic
source. The superior performance of the parametric source in sediments
which are typically not amenable to acoustic measurement suggests that it
might be a useful tool for monitoring sedimentation processes or for high-

resolution surveys of modern sediment thickness and volume.

KEYWORDS: stratigraphy, parametric acoustic array
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Introduction

Contaminated-sediments research in inland waters depends upon
reliable data on the thickness and geometry of the polluted sediments and
the physical processes which lead to their transport and accumulation.
Data are needed to guide field samipling, to map the volume and
distribution of contaminants and their changes through time, and
ultimately to develop the strategy for cleanup.

Acoustic techniques provide a rapid, non-destructive method of
examining contaminated sediments. If changes in the acoustic response of
the sediments can be correlated with changes in their physical properties,
then acoustics can provide insight into sedimeht transport processes and
into the mechanisms of entrapment of pollutants. |

Past attempts at mapping these.sediments acoustically with
conventional hydrographic sounders have not been successful in detecting
the thin, water-rich surficial layers (Guigné, et.al., 1990). This paper
describes an improved sounder based on a parametric-array source. Tests
of the array were conducted in Hamilton Harbour, Lake Ontario to compare
its performance with that of a conventional soﬁnder. Cores collected at a
test site showed that the parametric source was able to detect thin
surface layers that could not be resolved by the conventional sounder and
suggest that it may have some potential in environmental research as a

tool for mapping and monitoring of modern polluted sediments.

Criteria for Acoustic Sounding
‘Common acoustic sources provide a burst of acoustic energy which

propagates normal to the lakebed. The sudden change in acoustic properties
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between the water and lakebed causes a proportion of tﬁe incident energy
to be reflected. The proportion of energy reflected depends upon the
roughness of the reflecting surface and the normal incidence reflection
coefficient. In . cases where a lakebed appears smooth in terms of the
acoustic wavelengths, the reflection coefficient is merely the acoustic
impedance contrast between the two media. A numbér of studies on the
relationships between physical prqperties of sediments such as porosity,
median grain size and reflectivity are available( Smithy and Li, 1966;
Fass, 1969; Hamilton, 1974; Orr and Rhoads, 1982). In general,
reflectivity bears an inverse relationship to porosity . High porosity is
associated with fine grained sediments and low porosity with coarse
grained sediments; clays tend to be poor reflectors while sands tend to be
good reflectors (Pace and Ceen, 1982). Acoustic energy that is not
reflected at the water/lakebed interface is transmitted through the
sedimentary column until it reaches another acoustic impedance contrast
and then a proportion of that energy is again reflected.

The characteristics of an acoustic source dictate the tempbral, and
hence vertical resolution of an acoustic sounding system. The length of
an acoustic pulse, which is determined by a signal’s bandwidth, places
limits upon the minimum thickness of a layer that a system can resolve
distinctly. When an acoustic pulse length is of the same order as the
layer thickness, the returns from the top and bottom of the layer
interfere making it impossible to discern the two events coherently. The
source characteristics also dictate the receiving and recording devices
used. The short pulse, which is required to achieve a high resolution,

produces a high frequency conterit and bandwidth in the source wavelet.
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This high frequency content places limits on the type of hydrophone and
digital recorder which can be used. Most hydrophones have a response
which is linear at low frequencies but becomes nonlinear in the high
kilohertz range. In cases where the source wavelet’s frequency content
resides in this nonlinear portion of the hydrophone’s response spectrum,
the exact response function must be khown such that its effect can be
removed from the recorded data. Signal theory demands at least two samples
per cycle for the preservation of frequency information in digital
recording. When this is violated the aliased frequencies become folded
back into the spectrum, contaminating the data. This means that the
digitizer must have a sampling frequency of at least twice that of the
highest frequency in the source wavelet.

The amplitude of the source wavelet decays as a function of time and
material. This decay is due to spherical divergence and inelastic
attenuation. Spherical divergence is the result of the geometric
spreading that results as a wave travels. This can be visualized if one
considers the source as a point source. When the source generates an
acoustic pulse, the energy travels radially away forming a spherical
wavefront around the origin. The energy in the wave is spread over a
larger area with time. Since energy density is inversely proportional to
the square of the radius of the sphere, and amplitude is proportional to
the square root of the energy, spherical divergence is inversely
proportional to the radius of the sphere.

Inelastic attenuation occurs as energy in the wave is transformed
into heat energy. The mechanisms by which the elastic energy is

transformed into heat are not understood clearly. During the passage of a
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wave, heat is generéted in the compressive phase and absorbed in the
expansive phase. The process is not perfectly reversible since heat lost
during compression is greater than that which is gained during expansion.
Internal friction and viscous dissipation in pore fluids undoubtedly play
a major role in the process (Telford et al., 1976).

Although absorption is a complex subject, empirical relationships
have been established between the absorption coefficient and the physical
properties of sediments in marine environmenﬁs (Hamilton, 1971, and 1972;
Hamilton and Bachman 1982). While the mechanisms are still not clearly
understood it is generally agreed that absorption increases with
frequency. If we consider the processes involved it can be seen that
reflected energy will represent only a small portion of the source
delivery. The loss of amplitude due to both types of attenuation will
make the dynamic range of the data acquisition digitizer a factor to
consider. The amplitude resolutién in the recorded data set is dependant
on the available dynamic range. The larger the dynamic range the more
faithfully small variations in amplitude in the analogue signal can be
represented in digital format. Clearly a trade off occurs between
temporal resolution and depth of penetration, with the former requiring

broad band, high frequencies and the latter requiring low frequencies.

Parametric Array

It is desirablg that the temporal resolution of a sound source be
such as to prevent interference between thin layers. A short and narrow
beam signal will also provide better signal-to-reverberation ratios when

scattering is present in the medium. However, such pulses are rarely
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achievable using conventional seismic profilers. The development of the
parametric array, allows for such a broadband source to be realized in
practice (Berktay et. al. 1979).

The fundamental principles of the parametric array were first
described by Westervelt (1963), where the nonlinear interaction of sound
in water was presented. If two intense sound beams were coaxially
transmitted into the water, the non-linearity of the water medium
generatéed new secondary fréquencies which were sums and differences of the
primary propagation frequencies. A very narrow beam was produced at the
low differencevfrequencies. The bandwidth for these frequencies was found
to be large, approximately that of the primaries. An efficient technique
for generating such a broadband parametric array is to employ a process
calléd self demodulation (Berktay, 1965). If a modulated carrier frequency
signal is radiated from the acoustic transducer, nonlinear interaction
takes place in the water between all frequency components present, by
" virtue of the modulation.envelope. The secondary signal thus produced in
the water contains a band of difference frequenc¢ies and has a time domain
form proportiondal to thé second time derivatives of the square of the
modulation enﬁelope. The secondary pressure produced by a parametric
array may be expressed as;

- ) 62 2 . . 7 . .

PG, ©) = D P (0) * 4G ©) (1)

where i(r,t) is the impulse response of the parametric array at position r
and D is a constant (Ceen and Pace, 1981; Pace and Ceen, 1983). For sub-

bottom profiling, the axial waveform of the parametric array is nbrmally

in¢ident on the water/sediment interfacé in the nearfield of the carrier



Fig.

i GUIGNE 6
frequency. The impulse response of the axis may often be taken as a delta
function and will be assumed to be so here. The primary frequency
modulation is pp(t) and may take many forms, depending on the application.
For a broadband secondary signal, a form for Pp(t) which is easily
implemented is the coSine bell:

po(t) = 1 (1+cos 2zfct)[U(t + 1y U - éi,)] (2)
2 2f, 2f,
where U(.) is the unit step function and f. is the carrier frequency. The

normalised on-axis secondary waveform resulting from this modulation is

p(t) = 1 (cos 2rnf.t + cos aafct)[U(t + Ly Cue - _f_)] (3)
) 2t 2f,

This waveform has a normalised spectrum

Pp (£) = (4)

#f | sin A 1 . sin B 1
26, | TA (2 + £/E) B (1 + £/f,)

where A = (2 - f/f.) and B = (1 - f/f.) . This spectrum peaks at f = 1.5
f.. Figure 1 shows a "raised cosine bell" modulated carrier and the self-
demodulation signal which would be received on a broadband hydrophone
located on the acoustic axis of the of the transmitting transducer. The
pressure speétrum of the secondary or demodulated signal is also shown in

this figure (Guigné et al., 1989).

Sensor Configuration and lLocation

The acoustic system used in this study was developed at C-CORE, Memorial

1l & 2 University (Guigre, 1986; Guigne and Chin, 1989). The device consisted of
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a broad band and narrow beam acoustic source, possessing central
frequencies from 60 to 120 Khz derived using non-linear acoustics. The
acoustic source together with a broad band hydrophone were mounted on an
aluminum tripod. The face of the acoustic source was positioned at
70.3 cm above the tripod base. The hydrophone was placed 29.8 cm below
and normal to the transducer face. A digital data acquisition system was
used to acquire and process the data. The instrumentation set up used in
this study is shown schematically in figure 2. Acoustic data were
collected at a site called Station 31 in Hamilton Harbour, Ontario (see

figure 3).

Time Histories of the Acoustic Data

Figure 4 shows the acoustic records obtained with the parametric array

The data were collected using five different frequencies ranging from 60

Khz to 120 Khz in 20 Khz increments. The top portion of the figure shows

1500 us of data. The lower portion of figure 4 shows an expanded section

of the data from 600 to 1500 us. The following events are labelled in

figure 4 and a discussion pertaining to their significance is given on the

basis of the acoustic data alone:

i) The event labelled "A" represents the direct arrival of the
transmitted pulse at the hydrophone. The time of the first break was
210 ps. The transducer/hydrophone separation of 0.298 m permitted

calculation of a sound velocity in water of 1419 ms~1.

ii) The event labelled B represents the first coherent reflected energy

that was seen at all the traces. The 100 khz and 60 khz records




iii)

iv)
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showed reflections prior to event B from particulates suspénded in
the water column. The low amplitude of the reflection at B suggested
a boundary between water and a medium whose impedance was comparable
to that of water. The calculated water velocity of 1419 ms"1l and the
reflection time of 710 us placed this reflector at 65.3 ém. below the
face of the transducer. This suggested that the tripod settled
approkximately 5 cm. into the lakebed given the transducer/tripod base

distance of 70.3 cm.

The event labelled "C" represents the lower boundary of the layer
discussed in point (ii). This reflection was a replica of the direct
arrival signal suggesting a sharp interface between two media. The
polarity of the refiection indicated a positive reflection
coefficient, thus the material below "C" was of a higher impedance
than the material above. The one way travel time between the events
at "B" and "C" was 36 ps. This travel time, with a velocity similar
to that of water, yielded a layer thickness of approximately 5 cm.
The travel time to this horizon coincided with the travel time to the
base of the tripod (assuming an average medium velocity of 1419

ms-1y.

The event labelled "D" represents the largest of the reflections
present in the records. The large amplitude of the reflection
denoted a high impedance contrast. The reflection had experienced
some interference, suggesting either a gradational contact between

the two media or the presence of point scatterers near the boundary.
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The one way travel time to "D" from the reflection at "C" was 24 us.
This travel time together with the minimum medium velocity for water,

yielded a minimum layer thickness of 3.5 cm.

The event labelled "E" represents a reflection at 888 us. This placed
the reflector 29 us (one way travel time) below the reflector at "D".

Using water velocity as a minimum this layer was at least 4 cm thick.

The event labelled "F" represents a reflection at 952 us. The
reverberant nature of the time histories near this event suggested
either a gradational contact or the presence of point scatterers near
the interface. The one.way travel time of 32 us from the reflection
at "E" placed this boundary at approximately 4 cm below the reflector
"E" (assuming velocity of sound in water). The interference made the
determination of the polarity uncertain. The benefits of being able
to operate at different frequencies are evident when comparing the
reflection at F at different frequencies. The reflection at F on the

60 KHz trace was more pronounced than at the 120 KHz record.

The events labelled "G", "H", "I", "J" and "K" represents reflectors
respectively at 992 us, 1078 us, 1114 pus, 1214 us, and 1252 us. The
reflections labelled "G" through "I" were real reflectors in the sub-
surface. They might have been due to point scatterers, gas bubbles or
might have represented true stratigraphic boundaries. The event
labelled "J" appeared to be a real reflector since it was equivalent

in amplitude to "K", where "K" was a multiple reflection of "D", and
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no other earlier reflection around "D" had a comparable amplitude.
The reflection at "K" had a time (1252 us) equivalent to the travel
time of a multiple reflection from the transducer face of the event

labelled "D".

The events labelled in figure 4 shift in time when viewed at
different frequencies. This can be explained by the different temporal
position of the peak in the direct wavelet at different frequencies as
well as the dispersion in the water column. The ability to see the
dispersive nature of the water column (see figure 5) and the sediments is
a unique aspect of a parametric array source. Figure 5 shows the direct
arrival of the acoustic pulse at the four different frequencies used
during the survey. The lower portion of figure 5 sshows a comparison
between the 100 Khz trace and a composite of the four different frequency
traces that have been temporally adjusted such that the peak of each
direct wavelet coincides. The benefits of summing the four different
frequencies is most evident at reflector "F". The exact peak that
represents "F" in the 100 Khz record is not as well pronounced as in the

composite record.

Instantaneous Amplitudes

Figure 6 shows the instantaneous amplitudes of the time histories
presented in figure 4. The lower portion of figure 6 illustrates an
expanded portion of the records from 600 us to 1500 gs. Events are
labelled as in figure 4. An accurate time reference can be achieved using

the Hilbert Transform of the real part of the signal to acquire the
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imaginary part. 1In this manner, the normal real valued time domain
functions are made complex. From the transformation an envelope function
is attained which can be displayed in a similar manner to functions in the
frequency domain. The Hilbert Transform shifts each time component by 1/4
wavelength while it gives all frequency components a -90° phase shift,
much like an integration of the signal. It is the resulting peak
amplitude of the magnitude envelope which makes for an attractive time
marker. The time "picks" in figure 4 were made by applying the Hilbert
Transform. The displayed instantaneous amplitudes represent a pseudo-
energy envelope. The peaks in the reflected energy are easy to discern;
for more details on the application of the Hilbert Transform to soundings

refer to Guigné and Chin (1989).

Confidence in the Acoustic Records Acquired with a Parametfic Source

The combination of a narrow beam, acoustic pulse and a stationary,
open frame yielded free field and coherent conditions for the reflected
signal. The first possible multiple reflection was an event reflected
from the lakebed to the transducer and then to the hydrophone. Such a
reflection would have to have travelled L,604 m in the water column. Using
the calculated water velocity of 1419 m s~1 this reflection would have
arrived at 1130 pus. Hence, the events labelled A through I all occurred
before such a time and must represent impedance contrasts in the sub-
bottom. The absence of side lobe energy in the parametric array pulse
also enhanced the recorded data and minimized the possibility of having

spurious reflections in the profile.
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Correlation betwveen Core and Acoustic Stratigraphy

Figure 7 shows the results of water content, grain size and sand

content analysis as measured from three cores taken at the location of the

soundings (#31B, #31C, #31D - Rukavina, 1990). An approximation of the

stratigraphy was made based upon these analyses. From these core analyses

the following can be deduced;

1)

ii)

iii)

The high water content of the upper position of the cores
together with the low sand content constitutes a boundary at the
lakebed/water interface, which is characterized by a low
acoustic reflectivity. This layer is indicative of the ooze

present at the site.

At the 4 cm depth, the water content remained constant for a
short interval. The length of this interval varied from
approximately 4 cm in cores 31B and 31D to approximately 7 cm
in core 31C. Given the low sand content and moderately high
water content this would appear to be a mud layer. Given the
difference in water content, a moderate reflection could be

expected from the top of this interface.

All measured properties showed large discontinuities at depths
ranging from 8 cm in cores 31B and 31D to approximately 10 cm
in core 31C. The large drop in water content together with the
large increases in sand content and grain size marked this as
the top of a sand lens. Given the large contrast in physical

properties, a large reflection coefficient should exist at this
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interface.

iv) The bottom of the sand lens discussed in (iii) above ranged from
approximately 14 cm in core 31B to approximately 20 cm in core
31C. This interface should also have exhibited a high impedance
contrast. However the size of the reflection would be somewhat
smaller than that at the top depending on how much energy was

able to penetrate the upper boundary.

v) On the basis of the sand content and grain size data, a second
sand lens could be seen. The location of the sand lens varied
among the cores, although its thickness remained constant. The
second sand lens could be seen at 26 cm depth from core 31B,
3lcm depth in core 31D and at 38 cm in core 31C. Normally, a
sand lens provides for a high impedance contrast; however, the
water content at this depth would lessen the strength of the
boundary. In addition, reflections from this horizon could not
be very large because of the inelastic attenuation experienced

during the extended travel path.

Figure 8 shows the instantaneous amplitude of the summed frequency
trace together with the water and sand content data from the core
Fig. analyses. Joining lines represent correlations between the acoustic

8 events and the core stratigraphy and reveal:

i) Reflection labelled "B" was the first arrival of coherent

reflected energy at the hydrophone. The low reflection
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iii)
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coefficient implied by the high water content was evident in the
acoustic records. This reflection marked the top of the ooze

layer.

Reflection labelled "C" marked the base of the ooze layer.

Given an acoustic velocity of 1419 m s°1 in water and the 782 pus
temporal position theée reflector was 70.3 cm below the transducer
face. Given the distance of 65.3 cm to the top of the layer this
verified that the tripod settled 5 cm until it was supported by

the layer beneath the ooze. The position of this reflection was

consistent in all three cores.

The reflector at "D" had thé largest amplitude of all the
reflections evident on the record. The apparent interference

(in the form of multiple peaks) implied either a gradational
boundary or the presence of scatterers near the interface. The
strength of the reflection suggested a boundary with a high
impedance contrast. Such conditions were present at the upper
mud/sand interface in the cores. If the water velocity had been
a minimum velocitylpossible for the material and given a one way
travel time of 24 us then the layer would have been 3.5 cm
thick. A maximum velocity of 1700 ms~1 would have given a layer
thickness of 4.0 cm. This placed the bottom of the mud layer at
approximately 8.5 cm depth. This coincided with the range of

depths exhibited in the core data.
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Event "E" was a multiple reflection of the event "D" which |
travelled from "D" bounced once from "C" then returned to "D"
and finally travelled upwards towards the hydrophone. This was

caused by the high reflectivity of reflectors "C" and "D".

The event labelled "F", was a strong reflector associated with
the bottom of the sand lens. Again the Interference pattern seen
in figure 4 indicated the presence of scatterers or a
gradational boundary. A close examination of the record on
figure 4 showed a significant drop in the amplitude of the
energy envelope. This decrease in energy was related to the high
reflectivity of the sand lens coupled with the large inelastic
attenuation associated with sands. The 61 us one way travel
time together with a minimum medium velocity of 1419 m s°1,
yielded a minimum layer thickness of 8.6 cm placing the bottom
of the sand lens at a depth of 17 cm. Assuming a makimum
velocity of 1800 m s°1, the sand lens would have been 11 cm
thick thus placing the bottom of the sand lens at 19 cm. Both of

thesé estimates fell within the core data statistics.

The event labelled "J" appearéd to be the top of the lower sand
lens. A strong reflectivity was expected at this interface.
Given the interbedding of sand and mud, an average velocity to
the lower sand lens of 1600 ms~1 would have been reasonable. The
two way travel time from the lakebed interface and the

reflection from the top of the sand lens would have been 500 us.
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This two way travel time was consistent with‘the reflector at

A
Figure 9 shows the summed frequency trace of the parametric array and a
trace recorded by a representative echosounder (LowrancelM) for the same
location. The dashed line represents the approximate site of the bottom
based upon tripod geometries and calculated water velocities. The records
from the Lowrancel had an interference pattern caised by its overlapping
returns from the top and bottom of the sand lens. The record also
demonstrated a high noise content. The short pulse length of the
parametric array, as well as the absence of side-lobe energy, illustrated
the precision in imaging fine stratigraphic structures using principles of

non-linear acoustics.

Conclusions

The acoustic data described in this paper show the merits of using a
parametric array for sub-bottom profiling of sediments when high
resolution is required. The temporal resoliition obtained with the
parametric source was not achievable with a conventional source. This
ability to detect and resolve thin 1ayers in modern contaminated sediments
like those of Hamilton Harbour has important applications for the research
and management of polluted sediments. In its current form the equipment
could be used to monitor sedimentation processes and rates remotely as an
aid to understanding the transport and accumulation of polluted sediments.
With further development it might also be useful in a survey mode for
fast, high-resolution mapping of the thickness and distribution of

polluted sediments.
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FIGURE CAPTIONS

Modulated signal with its resultant inverse Ricker wavelet
generated through self-demodulation (a and b).

Typical pressure spectrum of a demodulated signal (¢ - after
Guigné and Chin, 1989).

Transmission & receiving schematic for parametric acoustic
array.

Time histories of the acoustic pulse recorded at the test site
using 4 different frequencies.

Location of parametric array test site in Hamilton Harbour, Lake
Ontario.

Dispersion test of the water column (top).
Frequency summation (bottom).

Instantaneous amplitudes for time histories of the acoustic
data recorded at test site using 4 different frequencies.

Geotechnical analysis for water content (a) sand content (b)
and grain size (c¢) of three cores collected at acoustic test
site.

Comparison of the instantaneous amplitude of the acoustic data
and the geotechnical analysis of the three cores collected at
the test site.

Time histories of acoustic records from conventional echosounder
and parametric sources.
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¢) A Typical Pressure Spectrum
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