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Acoustic Properties of Sediments: An Update

Loyp HAMPTON

Applied Research Laboratories, The University of Texas at Austin, Austin, Texas

This paper will summarize our knowledge of the propagation of sound in marine sediments. This
knowledge is important to a wide range of acoustic problems, extending from the high-frequency appli-
cations of detection of objects buried in the bottom sediment to the very low frequency application
characterizing the propagation of acoustic energy over hundreds of kilometers. In these applications the
ocean bottom becomes ah important part of the acoustic waveguide. The desirable goal of a complete
theoretical understanding of propagation has not been achieved. However, recent measurements of
acoustic attenuation in the frequency range of a few hundred hertz are almost an order of magnitude
smaller than have previously been measured, and these results may now permit progress in a more
complete characterization of the acoustic properties of sediments. (The research performed on this topic
by the author under the guidance of R. Reid was published in 1967 (“Acoustic Properties of Sediments,”
J. Acoust. Soc. Am., 42, 882-890, 1967). This paper will briefly review aspects of that work and trace the
progress in this area of research since that publication.)

INTRODUCTION

Exploitation of the useful properties of sound in the ocean
advanced with advances in several technologies, especially
transducer development and the related electronics. Each new
application broadened our fundamental knowledge of the
acoustic properties of the medium. As an example, measure-
ments of attenuation in the 1950’s revealed the relaxation phe-
nomenon due to the magnesium sulphate ion between about
60 kHz and 1 MHz. These measurements were made in the
laboratory. Within the past few years the relaxation effects of
the boron ions have been examined in the 100-Hz to 1-kHz
region. Because attenuation values are quite small, ie., two
orders of magnitude smaller than the effects of magnesium
sulphate, these measurements require extracting results from
both laboratory and in situ measurements. Currently, there is
a controversy concerning acoustic attenuation mechanisms in
the ocean near the frequency of 10 Hz. Values are such that
any meaningful laboratory measurement is not likely, because
the dimensions associated with an experiment require
hundreds of kilometers to achieve a detectable change. The
marine environment is so variable over these dimensions that
cause and effect are blended.

Problems associated with understanding the acoustic
properties of sediments have many similarities. At the time the
work discussed here was published [ Hampton, 1967], it repre-
sented the widest range of frequencies examined in a system-
atic fashion to that time. Seawater as an acoustic medium has
a relatively narrow range of variability when compared to
naturally occurring sediments. One of the challenges in study-
ing acoustic properties of sediments is not only determining
what parameters are significant, but then measuring those pa-
rameters to the necessary accuracy. Guidance for selecting
significant parameters could best come from a good analytical
description. Although progress has been made on an analyti-
cal description, thére are still many unanswered questions,
primarily because of the wide range and variability of the
parameters involved.

This paper will not address all the areas of interest in study-
ing the behavior of sound in sediments. Some of the more
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interesting current problems will be addressed in the final sec-
tions. The focus of the work described in this paper will be
low-frequency, long-range propagation. Aspects of the prob-
lem are illustrated in Figure 1, which shows received SUS
(SUS is the military designator for Signal, Underwater Sound
and is a widely used 1.8-1b (~0.8 kg) explosive device with a
hydrostatic fuse) waveforms for three oceans. The bandwidth
is from 10 to 500 Hz. For all three cases, all of the energy, with
the exception of the first arrival, i via bottom-interacting
paths. It is obvious that for any prediction capability (i.e.,
ability to accurately describe the behavior by means of a suit-
able analytical description) the acoustic properties of the
bottom must be known. .

This paper reviews the work of Hampton [1967] and gives
one example of the extension of that work to lower fre-
quencies. The paper concludes with a summary of the progress
of applying the Biot-Stoll model to the experimental results.

LABORATORY MEASUREMENTS

Following is a brief review of the laboratory measurements,
made at Applied Research Labordtories, The University of
Texas at Austin (ARL:UT) by Hampton [1967]; Figures 2-6
are taken from that paper. No discussion of measurement
techniques will be repeated here; they are given in that paper.
Figure 2 begins with a summary of the measurements of sedi-
ment attenuation. The vertical scale is attenuation in decibels
per foot (the scales used in the original 1967 publication are
retained), and the horizontal scale is frequency in kilohertz.
Measurement results are shown for kaolinite and Black Sedi-
ment. The number in parentheses following the sediment de-
scription is the value of sediment concentration for that
measurement. The probe method covered the frequency range
of 50-600 kHz with a measurement limitation of about 2 dB/ft
(6.6 dB/m). The frequency range of 4-30 kHz was measured
using standing wave tube techniques and extended the sensi-
tivity of the measurements down to between 0.05 and 0.1 dB/ft
(0.165 and 0.33 dB/m). The accepted values of attenuation in
water and seawater are shown in Figure 2 for comparison, and
it should be noted that the difference is between two and four
orders of magnitude.

One set of measurements overlapped the probe and tube
techniques, the curve labeled large sample measurements.
These measurements were made using the probe technique,
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but were made using a container that allowed approximately
10 times the test distance used previously and thus improved
the sensitivity at low values of attenuation.

For both the Black Sediment and the kaolinite at con-
centrations which are essentially stable (i.e., the sediment has
set long enough that the rate of change of concentration has
become very small), the frequency dependence of the attenu-
ation is f!-37, with the actual value having some dependence
on value of concentration. The dependence on concentration
is shown over a wider range in Figure 3. Measurements are
shown for 0.03, 12, 20, 30, and 37% concentration. For these
measurements the maximum value of attenuation occurs at
20%, with much lower values at both 0.03 and 37%.

Figure 3 also shows that a factor other than concentration
is making a contribution. In the low-frequency range, for con-
centrations near 30%, measurements are shown for undis-
persed (i, the case where the sediment is allowed to settle
naturally) and for dispersed, the case where a small amount of
wetting agent has been added. For these two cases, there is a
significant change in attenuation value and in frequency de-
pendence. As will be seen later, the frequency dependence for
the undispersed case is quite similar to that of sands.

Figure 4 repeats some of the Black Sediment and kaolinite
data and examines sand mixtures. For the mixtures, the first
number shown on the curve is the amount of sand by percent,

and the second number is the concentration of the mixture. As
the amount of sand is increased, the attenuation increases, and
the frequency dependence changes as well.

Figure S gives results for several sands (the ¢ scale is a
measure of the sand particle diameter, where ¢ = —log, di-
ameter (mm)). One kaolinite and one kaolinite with 30% sand
measurement are repeated for comparison. The work by Nolle
et al. was published in 1963. The frequency dependence is
close to the f°5 from Nolle et al. [1963], but the agreement
with the measurements shown here is not adequate to rule out
other frequency effects.

Figure 6 shows the results of acoustic velocity measure-
ments for kaolinite and Black Sediment. Although the disper-
sion is small (4% or less over about two frequency decades), it
is predicted by the Kramers-Kronig dispersion relationship
from the measured values of attenuation [Horton, 1974]. The
bandwidth of the measurements played an important role in
establishing the dispersion.

The measurements summarized in these five figures were of
value, but they did not result in a useful analytical model. In
fact, they caused a modest controversy because they contra-
dicted the results obtained using a simple linear viscoelastic
model [Hamilton, 1974] which predicted a first power of fre-
quency dependence of attenuation. An important question was
whether or not the frequency dependence from this work,
which varied about £1° (i.e., £!37 for clays to f°- for sands),
was a result of using laboratory sediments and would be dif-
ferent for natural sediments. The assumption by Hamilton of
f1-° was supported by a summary of all published values from
natural sediments; however, almost all were made at a single
frequency or over a narrow frequency range. The values of
attenuation reported here were consistent with the range of
values analyzed by Hamilton [1974]. The critical issue re-
mained the large difference in values of attenuation upon ex-
trapolation to low (10-100 Hz) frequencies using the two fre-
quency effects.

Stoll [1974] examined the potential for applying the Biot
theory to saturated sediments, and the application later
became known as the Biot-Stoll theory. In his 1974 work he
concluded that the Biot theory had the potential for describ-
ing the frequency effects summarized above, but required ex-
perimental data below 10 kHz to evaluate the usefulness. The
next section describes one method that was used to get the
low-frequency values of velocity and attenuation.

Low-FREQUENCY IN SITU MEASUREMENTS

This section describes a method that uses impulsive acoustic
sources (in this case a 1.8-1b explosive charge called a SUS)
and, by accurate reconstruction of the history of the multiple
arrivals from the source, extracts attenuation values for the
sediment path. Because the impulsive source is broadband,
values are obtained from 25 Hz to 400 Hz. Before this method
was developed, the usefulness of SUS had been criticized.
Criticism of SUS centered on the failure of the SUS to achieve
consistent results in propagation measurements. As the results
discussed here will show, this failure was due primarily to
analysis techniques that examined the total energy of the re-
ceived signal. The method described here incorporated the
prediction capability of an eigenray model that had sufficient
accuracy to reconstruct all significant transmission paths.
Some aspects of the technique were demonstrated in an analy-
sis of signal speed in long-range propagation [Mitchell and
Hampton, 1978]. The technique is fully documented (to its
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current state) by Hampton et al. [1978], Mitchell et al. [1980],
and Mitchell and Focke [1980].

The data used are illustrated in Figure 7, which shows six
SUS arrival envelopes. The measurements are made by pla-
cing a series of receivers vertically in the water column (the
data shown are from the receiver located at 1685 m) and
dropping SUS charges along a path with a SUS separation
selected to give a useful data density. These six envelopes with

a transmission range near 80 km are for range diffetences of
about 1 km. SUS are designed to detonate at selected depths,
and three depths are shown here: 245, 91, and 18 m. Some of
the differences in the arrival envelopes are significant; the
18-m SUS couples less energy to the 1685-m receiver, and the
91-m SUS has less energy in the early arrivals. The sequence is
also labeled by SUS number and by date/time group. For the
two 91-m SUS envelopes, particular arrivals have been labeled
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Fig. 9. Ray trace computations for 91-m shot 111 at 77.4-km range: 1865-m receiver.

according to number of bottom interactions (i.e., “bounces”)
and bottom interaction angle. The next few figures illustrate
the method used to determine this information about each
arrival. Figure 8 shows more detail for three 91-m SUS arriv-
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als plotted with a bandwidth of 10-50 Hz. This resolution is
necessary to begin to observe the variability in arrival multi-
path spacing for changes of 2 km in a 75-km range.

The first step in reconstructing the history of each arrival is
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Fig. 11.

to use an eigenray “model” to obtain details of all rays possi-
ble for the geometry and environment. A sample result is
shown in Figure 9. For this example, 29 rays are possible. For
the case shown in Figure 9 there are three surface-refracting
rays (marked with an asterisk), but there are no bottom-
refracting rays; the minimum bottom angle is 7.8°. The
column labeled pressure is a simple spreading loss accounting
of the energy, assuming no loss in the bottom. These compu-
tations assume that bathymetry and sound velocity structure
do not vary with range; for the example used here these are
good assumptions. Within a selected interval, usually 10 or 20
s, all of the eigenrays are determined to within 1 m in range.
That is, the root-finding iterations to find each ray are termi-
nated when a ray is found which leaves the source and passes
through the receiver depth at a range within 1 m of the source
range. Thus the signal travel time along each ray is deter-
mined to better than 1 ms.

The computations of Figure 9 are coded into a time se-
quence to allow comparison with the SUS data. Figure 10 is
an example of the coding method and includes timing infor-
mation along with details of surface and bottom reflections. In
the analysis process, the only manual step necessary is the
comparison of information illustrated in Figures 8 and 10 to
verify that the modeled arrival structure is adequate to repre-
sent the measurement and to correct for timing errors due to,
for example, detonation time uncertainties.

The method of extracting bottom loss from the data is illus-
trated in the next three figures. The reference propagation loss
which is obtained by the eigenray calculations (last column of
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Fig. 12. Measured propagation loss versus grazing angle: 1685-m
receiver; 91-m SUS; 25 Hz.

Figure 9) is plotted versus bottom grazing angle (fourth
column of Figure 9) and is coded according to number of
bottom reflections (fifth column of Figure 9) (i.e., 3 represents
three bottom reflections, etc.). These calculated results are
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Fig. 13. Bottom loss estimates versus grazing angle: 1685-m receiv-
er; 91-m SUS; 25 Hz.
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shown for 25 Hz in Figure 11 and are plotted against grazing
angle in degrees. The reference propagation loss is computed
by summing the contributions of the rays within the time
interval and averaging over the one or one-third octave bands
used. Figure 11 illustrates the necessity of combining the
signal components coherently. The null near 20° is caused by
surface image interference (also known as Lloyd’s mirror effect
or surface decoupling). Subsequent examples will show the
frequency dependence of these effects (the source depth depen-
dence is shown by Mitchell et al. [1980]). This method of
presenting the data also shows that the strongest arrivals are
not always those at the lowest grazing angles.

The measured arrival propagation loss plotted versus graz-
ing angle for this case is shown in Figure 12, and the surface
image interference is seen as the dominant effect in the re-
ceived signals. From the information illustrated in these two
figures, bottom loss versus grazing angle can be extracted. On
a point by point basis, the measured propagation loss is com-
pared to the reference propagation, and the difference is nor-

malized by the number of bottom interactions. The result for
this case is shown in Figure 13. Several features of these re-
sults are of special interest. Perhaps most important are the
small values and in addition the small spread in values from
such a large number of data points (approximately 500 for this
example). Also, the surface image interference effect which
dominates the propagation loss data is no longer present.
More detailed analysis [rom other source and receiver depths
[Mitchell et al., 1980] shows the variation beginning at about
24° to be a repeatable effect. Values are not given for grazing
angles below about 8° because, as shown in Figure 9, for this
bottom-limited region there are no bottom-interacting paths
at lower grazing angles.

The next three figures (Figures 14-16) repeat this same se-
quence, but give details for four frequencies, 25, 50, 100, and
200 Hz. This illustrates the frequency effects of the surface
image interference and also the increased value of bottom loss
as frequency increases and as grazing angle increases.

The method used to transform bottom loss data to bottom
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attenuation profiles is documented in detail by Mitchell and
" Focke [1980]. Based on a reasonable inodel of bottom reflec-
tion, the bottom loss behavior with grazing angle can be di-
vided into two major effects: loss contribution from bottom-
penetrating ray paths and the Rayleigh refiection limit. With
suitable assumptions an iterative technique can then be ap-
plied to invert the bottom loss curve to a bottom attenuation
profile. An example of the results is shown in Figure 17, which
shows attenuation profiles representative of several basin re-
gions.

INTERPRETATION OF RESULTS

For reasons explained in Mitchell and Focke's [1980] paper,
attenuation shown in Figure 17 is presented in units of deci-
bels per meter—kilohertz. These measurements are of effective
attenuation from all causes, intrinsic absorption, scattering,
and reflection, and for these results are based on an f! fre-

quency dependence. To date, studies of correlations between
attenuation, and sediment types or geographic regions have
not been completed However, for the examples shown in
Figure 17 it is known that the profiles labeled low (L) and
medium (M) attenuation are from régions with silty clay or
clayey silt terrigenous sediments which have turbidite layeting.
The profile labeled high (H}) attenuation is from a regioh with
silty turbidite layers in a calcareous ooze/calcareous clay sedi-
ment. Hamilton [1976] extended his gnalysis of ocean sedi-
ment attenuatlon and particularly addressed the depth depen-
dence. It is of value to make a comparison of Figure 17 pre-
sented here and Figure 1 from the Hamilton [1976] paper.
Both invplved basin regions, and a cothparison is justified. In
general; the values of attenuation presented in Figure 17 are
an order of magnitude smaller than the values of the Hamilton

[1976] paper. ‘
A final comparison is of interest; Hovem and Ingram [1979]
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and Hovem [1980] extended the earlier work of the Biot
theory (now commonly called the Biot-Stoll theory). Although
the Biot-Stoll theory is applied to sands, silts, and clays, the
significant physical parameters and the dominant physical
mechanisms differ for different components and frequencies.
Bedford [1982] goes into detail on some of these differences,
and he discusses the emphasis of the work of Stoll [1974] and
of Hovem [1980]. Hovem and Ingram [1979] examine satu-
rated sands and show viscous attenuation to be the dominant
factor. Viscous attenuation will show an {2 dependence at low
frequencies and f'/2 at high frequencies. The transition be-
tween these two dependences is in the range of 100 Hz to 10
kHz, depending on grain size. Figure 18 shows in detail a
comparison of theoretical viscous attenuation effects and the
sand measurements discussed previously in Figure 5. The
agreement is quite encouraging, but perhaps more revealing is
the theoretical viscous attenuation over a wider frequency
range, as showr in Figure 19. Also shown in Figure 19 is the
compilation from Hamilton [1972] and a comparison of a
simple linear extrapolation with the theoretical predictions.

No low-frequency data exist for sand, and an important .

question remains as to the validity of these low-frequency pre-
dictions.

Figure 20, which is taken from Hovem [1980], shows the
compressional wave attenuation as a function of frequency for

the Black Sediment discussed previously. As appropriate for
this sediment, Hovem has used the Biot-Stoll theory and what
he terms a4 modified suspension theory, and these are com-
pared to the measurements reported by Hampton [1967]. It is
appropriate to attempt a comparison with the recent low-
frequency results summarized in Figure 17; however, the com-
parison must be made with some caution. The Black Sediment
is grossly characterized as a silty-clay, which is consistent with
the gross characterization for the low- and medium-
attenuation profiles of Figure 17. With this as justification, the
results of Figure 17 are placed in Figure 20. The maximum
range at the water-sediment interface (i.e., 0.005 to 0.027
dB/m-kHz) is shown as the vertical extent, and the shaded
portion extends from 25 Hz to 400 Hz, the frequency range
covered in the analysis. The analysis [Mitchell and Focke,
1980] that resulted in Figure 17 assumed an f!-° frequency
dependence, and that is shown here. The results would be
modified to some degree with the assumption of a different
frequency dependence, but that has not been done. It is further
worth noting that any problems with noise contamination of
the data, especially at the low values of attenuation (i.e., low
frequencies), result in values of attenuation that are high. With
these two factors considered, the agreement with the Biot
theory would improve; however, the agreement is considered
encouraging as presented here.
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Fig. 17. Attenuation profiles representative of several basin regions.

PROJECTIONS FOR THE FUTURE

The desirable goal of making simple measurements on a
small sample in the laboratory and predicting its in situ acous-
tic properties, especially at low frequency, has not been
achieved. Several important considerations are given below.

1. The successful analysis of the individual arrivals from
an explosive source (SUS) has restored the measurement
method to its important position as an inexpensive and useful
measurement technique.
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Fig. 18. Compressional wave attenuation as a function of frequency
for water-saturated sands.
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Fig. 19. Viscous attenuation of compressional waves in sand.

2. The low values of bottom sediment attenuation which
have successfully explained acoustic propagation effects (in-
cluding high noise levels that had not been previously under-
stood) have alerted us to the difficult problem of in situ
measurement of those values.
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Fig. 20. Compressional wave attenuation as a function of frequency
for a black soil sediment.
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3. The analysis of in situ measurements discussed here in-
cluded assumptions of sediment thickness and homogeneity
that cannot always be met. An important consideration is
what modifications are necessary to study nipre complex envi-
ronments. For cases involving thin sediments; a crmcal 1ssue is
the effect of subbottom scattering.

4. No discussion- of shear waves is given here. For many
important sediment cond;tions the shear wave parameters
may be good mdxcators of acoustic. wave parameters, and fur-
ther study is requxrqd : X ¢
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