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ABSTRACT

The acoustic techniques available for the determination of bubble size distributions in fluids are
presently more sophisticated than those available for gassy sediments. To provide a simplified
platform for the testing of models for acoustic propagation in marine sediments, experiments
have been performed on a bubbly gel mimic. This eliminates the granular and inhomogeneous
nature of the host medium. Compressional wave velocities are measured in a bubbly xanthan gel
sample from 21 to 111 kHz. In the frequency range of 25 to 40 kHz, these display a sharp
transition between the lower and upper asymptotic values of the velocity ratio. Bubble size
distributions measured using CT scanning techniques possess modal radii from 70 to 110 pum,
radii whose resonant frequencies directly correspond to the frequency range over which the sharp
transition occurs. Velocity ratios predicted by the Anderson and Hampton acoustic theory for
gassy sediments differ considerably from measured values, with the gel effectively acting as a
fluid with negligible shear modulus. Predicted values are very sensitive to both the size of the
radii bins used and the inclusion of bubbles with radii too small to be detected by the CT
scanner, i.e. those bubbles having radii less than 30 um.
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l. Introduction.

Regions of seafloor sediments that contain gas bubbles, primarily methane, have been
identified at numerous global locations (Fleischer ef al., 2001). These have been detected
primarily through the significant impact of the bubbles on the bulk acoustic properties of the
sediment, with typical “gassy” features observed on high-resolution seismic profiles including
acoustic turbidity and blanking (Judd and Hovland, 1992). These features arise from the large
and strongly frequency-dependent acoustic cross-section that each bubble presents to the
insonifying sound field (Anderson and Hampton, 1980a, b).

It would be beneficial to a number of marine applications if the existing acoustic
capability to identify the spatial extent of gassy sediments could be extended to allow either the
bubble size distributions (BSDs) or void fractions (VF) to be measured. First, the increased
understanding of the acoustic properties of gassy sediments required to obtain measurements of
BSDs from acoustic signals would greatly assist marine surveyors, possibly allowing the
interpretation of previously disrupted regions on seismic profiles. Second, the bubble distribution
will affect the shear strength and load-bearing capacity of the sediment (Sill et al. 1991; Wheeler
and Gardiner 1989) and will therefore be of interest to offshore geohazard assessment. Third, the
flux of methane from the seabed to the atmosphere, of which climate modellers require more
refined information (Judd, 2003), will depend on the BSDs present in the sediment.

The ability for a user to be able to determine BSDs quantitatively depends on the level of
sophistication of both the acoustic measurement techniques and the acoustic theories available
for inverting acoustic data obtained by these techniques. In comparison to water-based bubble
populations, where non-linear, non-stationary acoustic theories have been developed (Leighton,
2004, 2005; Leighton et al., 2004), the existing theories for sediment-based bubble populations
are limited to linear stationary scenarios (Anderson and Hampton, 1980a, b). Similarly, advanced
acoustic measurement techniques, such as the analysis of non-linear sum and difference signals
(Leighton, 2004), are at a more advanced stage for water-based than sediment-based bubble
populations.

While the more developed nature of the water-based measurements and theories can be
partly attributed to their numerous industrial, medical and oceanographic applications (Leighton,
1997), the uniform, homogeneous nature of the media containing the bubbles is also a factor. In
contrast to the fundamental properties of water (e.g. velocity and density) which can be
determined using standard predictive equations (Siedler, 1986), the fundamental properties of the
saturated sediment component of gassy sediments are difficult to predict. Recent work has
identified that compressional wave velocities in sediments of the same sedimentological
classification and depth, with similar porosities (variations of less than 1 %) and which are
located within lateral distances of order 100 m can vary by up to 10 % (Robb et al., 2006), a
value which agrees with previous research in this field (Hamilton, 1987). In addition to this
variability, which is attributed to the subtle differences in structure and grain size distribution of
the sediment (Robb et al., 2007; Hamilton 1987), the ability of marine sediments to support shear
forces adds a further level of complexity to the bubble host medium.

Compilations of compressional wave velocity and attenuation measured in gassy marine
sediments are displayed in Table 1 and 2 respectively. These compilations include measurements
obtained from both naturally-generated and reconstituted gassy sediments through the use of
laboratory based experiments, in situ probes and remote reflection profiling. The wide range of
values of velocity ratio (i.e. 0.06 to 1.15) and the considerable difference between compressional
wave attenuations in gassy sediments and their equivalent saturated state (see Table 2) highlight
the dramatic effect the presence of free-gas has on compressional wave properties. Despite this
large suite of data the restricted nature of independent measures of the physical properties of the
bubble population, namely the VF and BSD, has inhibited the development of acoustic models



for gassy sediments. The pre-dominant technique used to independently measure bubble
populations is X-Ray CT scanning, which until recently was limited to the use of medical CT
scanners with spatial resolutions of 500 um. The recent advancement of CT scanning
technologies to reduce spatial resolution to the order of 10s um (Reed and Briggs, 2003)
provides a great resource with which knowledge of bubble populations in gassy sediments, and
acoustic theories, can be improved.

It would therefore be useful to measure the acoustic properties of bubbly media in which
the host media is homogeneous and supports shear, e.g. water-based gels, and compare these to
bubble populations obtained using high-resolution CT scanners. This report presents such a
comparison for a bubbly xanthan gel and also investigates the applicability of the state-of-the-art
sediment-based acoustic model of Anderson and Hampton (1980a, b) to this media.

Frequency | Experimental details | Compressional Velocity [Bubble size information Reference
wave velocity ratio (1** author and
(kHz) (m.s™) year)
06-1.2 Remote reflection data 75-170 - - Jones, 1958
from lake sediment
500 Lab. analysis of cores from] 900 - 1460 0.62 —1.00 - Slowey, 1996
Eckernforde Bay
<0.4 Remote reflection data 1250 0.70 VF=2 % (from acoustic Andreassen,
from sediment offshore inversion) 1997
Oregon
02-32 Remote reflection data 45-122 - - Jones, 1964
from lake sediment
700 Lab. analysis of 1264 - 2515 - VF varied from 0 to 100 Elliot, 1975
reconstituted sand at range %
of pressures
200 Lab. Analysis of 1254 - 2072 0.61 —1.00 | VF varied from 0 to 100 Domenico,
reconstituted sand at 1500 % 1976
psi
200 Laboratory analysis of 1218 - 2090 0.58 —1.00 | VF varied from 0 to 100 Domenico,
glass beads at 1500 psi % 1977
<12 Remote reflection data 800 0.55 - Lee, 2005

from sediment in South
Sea of Korea

Table continued on next page
Table continued from previous page




400 Lab. analysis of sediment 736-1372 0.50-0.94 - Kim, 2005
cores from Sea of Korea
3-20 In situ data from muddy 852-1526 0.56 - 1.03 - Fu, 1996
seabed
5-20 In situ data from 1000-1430 0.70 —1.00 | BSD and VF (0 to 2 %) Wilkens,
Eckernforde Bay from CT scans (resolution 1998
of 500 um)
400 Lab. analysis of sediment 1430 1.00 BSD and VF (0 to 2 %) Wilkens,
cores from Eckernforde from CT scans (resolution 1998
Bay of 500 um)
110 In situ data from lake 1220-1270 0.84 -0.87 - Hampton,
sediments 1974
3-100 Lab. analysis of methane 1280 0.88 BSD and VF (<20 %) Keplay, 1978
infused silty clay from microscope images
(resolution > 15 um)
400 Lab. analysis of Irish sea 1200-1300 0.80 - 0.87 - Yuan, 1992
cores
10-90 Lab. analysis of 200-500 0.13-0.34 BSD and VF (0.4 to Gardiner,
reconstituted gassy muds 19.8 %) from resin 2000
impregnation
10-1000 Lab. analysis of 500-1850 034-1.27 BSD and VF (0.4 to Gardiner,
reconstituted gassy muds 19.8 %) from resin 2000
impregnation
<20 Remote reflection data >1050 0.60 - Hempel,
from sediments in 1994
Skagerrak
0.5-3.5 Remote reflection data - 0.77 - Hart, 1993
from Frazer river
sediments
0.13 Remote reflection data 800 0.55 - Edrington,
from sediment in 1984

Mississippi Delta

Table continued on next page

Table continued from previous page




3.5 Remote reflection data 1610-1660 0.89-0.92 - Addy, 1979
from sediments in Gulf of
Mexico
5-15 In situ data from sediments 700-1200 0.47-0.81 - Gorgas, 2003
in North Korean Sea
1000 Lab. analysis of cores from] 1300 0.88 - Gorgas, 2003
North Korean Sea
<1 Remote reflection data 250-1280 0.17-0.86 - Levin, 1962
from lake sediment
<1 Remote reflection data 550-1100 0.38-0.75 - Hochstein,
from Suva Harbour 1970
300-700 |Lab. analysis of cores from 1400-1700 0.95—1.15 |BSD and VF (< 6 %) from Best, 2004
Southampton Water, U.K. CT scans (resolution of
500 um)
0-11 In situ data from 320-1500 0.21 —1.02 |BSD and VF (< 6 %) from Best, 2004
Southampton Water, U.K. CT scans (resolution of
500 pm)
- In situ and reflection data 110- 304 0.06-0.22 | VF<I % from acoustic Tinkle, 1988
from sediments in inversion
Mississippi Delta
40 Lab. Analysis of sand 3051706 0.18—1.00 - Brandt, 1960
infused with nitrogen
0.5-1 Lab. analysis of 114 - 326 0.07-0.21 BSD and VF (0.1 - 0.4]  Wilson, 2007
reconstituted gassy %) from CT scans
sediments (resolution of 107 um)
400 Lab. analysis of 1522 - 1523 1.00 BSD and VF (0.1 - 0.4]  Wilson, 2007

reconstituted gassy
sediments

%) from CT scans
(resolution of 107 um)

Table 1: Compilation of measured compressional wave velocities of gassy sediments, including:
frequency (kHz), experimental technique and sediment under examination, compressional wave
velocity (m.s), ratio of velocity in gassy sediment to that in saturated sediment, available
information on bubble population and reference. Note that the symbol — indicates that no
available information is available.




Frequency| Experimental details Attenuation of JAttenuation of Bubble size Reference
gassy sediment fequivalent saturated information (1* author
(kHz) (dB.m™) sediment (dB.m™) and year)
<11 In situ data from <230 <1.3 BSD and VF (<6 Best, 2004
sediment in Southampton %) from CT scans
water (resolution of 500 um)
300-700 Laboratory analysis of <700 <84 BSD and VF (<6 Best, 2004
cores from Southampton %) from CT scans
water (resolution of 500 um)
1-30 In situ data from inter- 2 -2433 <4 - Wood,
tidal sediment, South coast 1964
UK
<13 Reflection data from 1.4 - - Edrington,
Mississippi delta sediment 1984
10-1000 Lab. analysis of 600-4000 <120 BSD and VF (0.4 to Gardiner,
reconstituted gassy muds 19.8 %) from resin 2000
impregnation
10-90 Lab. analysis of <2500 <11 BSD and VF (0.4 to Gardiner,
reconstituted gassy muds 19.8 %) from resin 2000
impregnation
110 In situ data from lake 105-470 - - Hampton,
sediments 1974
40 In situ data from 40-50 <5 BSD and VF (0 to 2 %) Wilkens,
Eckerforde Bay from CT scans 1998
(resolution of 500 pum)
58 In situ data from 4 <7 BSD and VF (0 to 2 %) Wilkens,
Eckerforde Bay from CT scans 1998
(resolution of 500 um)
400 Lab. analysis of cores 8 <48 BSD and VF (0 to 2 %) Wilkens,
from Eckernforde Bay from CT scans 1998
(resolution of 500 um)
400 Lab. analysis of cores >500 <48 BSD and VF (0 to 2 %) Wilkens,
from Eckernforde Bay from CT scans 1998
(resolution of 500 pum)
10-100 Lab. analysis of 2500-7100 <80 - Nyborg,
reconstituted gassy soils and 1950
sands

Table continued on next page



Table continued from previous page

40-80 In situ data from gassy 25-90 <10 - Anderson,
muds 1980a

40 In situ data from gassy 13 <5 - Anderson,
muds 1980a

Table 2: Compilation of measured compressional wave attenuations of gassy sediments,
including: frequency (kHz), experimental technique and sediment under examination,
compressional wave attenuation of gassy sediment(dB.m™), predicted compressional wave
attenuation of equivalent saturated sediment (dB.m™"), available information on bubble
population and reference. Note that the symbol - indicates that no available information is
available and that the attenuation o of the saturated sediment was obtained from the frequency f
using a=kf, where the constant of proportionality k was obtained from Hamilton (1972).

Il. Experiment

Propagation experiments were performed on samples of xanthan gel which were confined in
a Polymethylmethacrylate (Perspex) box measuring 96 mm x 280 mm x 580 mm. This was
suspended co-linearly along a horizontal axis with the required sources and receiver (as displayed in
Fig. 1) in a large water tank, which measured 8 m x 8 m x 5 m deep. To span a wide frequency range
two custom-made high-fidelity sources, developed by Neptune Sonar Ltd. and Blacknor Technology
Ltd., were used. These included a low-frequency (LF) source which operates from 21 to 36 kHz and
a high-frequency (HF) source which operates from 27 to 111 kHz. In order to achieve accurate
positioning, all devices were deployed using purpose built carbon rods which were firmly attached to
cross-bars across the top of the tank. The separation between the source and the sample (0.3 m)
minimises beam spreading at the sample face (and therefore minimises the magnitude of diffractions
and reflections from the box edges) while ensuring that the sample lies beyond the near-field to far-
field transition of the sources (greater than 0.27 m for both sources). The position of the receiver also
maximises the time difference between the diffraction and reflection events and the direct arrival, a
factor which becomes more important at lower frequencies.

Water|surface

2.44 m

Figure 1: Experimental setup, showing relative positions of source S, xanthan sample X
and receiver R at common depth of 2.44 m and separations of 0.3 m and 0.2 m respectively.
All devices were deployed on carbon rods (denoted by vertical lines) to allow relative
positions to be accurately obtained.



A xanthan gel, with a concentration by weight of 2 %, was selected as the host medium
for the bubbles, owing to its ability to support bubble populations of a similar size to those
observed in gassy sediments in nature, i.e. radii from 10s of pm to 10 mm (see review by Robb et
al., 2006). As these populations remain stable over periods of the order of 2 to 4.5 hours for 0.8
% concentration gels (Hwang et al., 1995), it is assumed that the bubbles present in the 2 % gel
remain stable over the 6 hour period required to perform the acoustic measurements described
here.

Initially bubble-free samples of the xanthan gel were produced in a saline solution (35
%o). The preparation of these samples at a water temperature of approximately 40 to 50 °C
slowed the setting rate sufficiently to allow a homogeneous mixture of gel to form without the
need for rapid stirring, a process which intrinsically introduces bubbles. Using the experimental
arrangement in Fig. 1 the compressional wave group velocity of the bubble free gel was
measured to be 1565 ms” + 10 m's”, while the bulk density p of the bubble-free gel was
independently measured to be 999 kg'm™ + 10 kg'm™. Additional portions of this gel were then
whisked to introduce air bubbles with a wide range of sizes (radii from 10s of pum to cms).
Bubbles with sizes broadly relevant to the frequency range under examination, i.e. radii of order
10s to 100s of pm, were then selected using a syringe with an aperture of order 200 pum and
injected at discrete points into the bubble-free gel. The sample was then capped underwater to
prevent the trapping of any large air voids. To obtain a measure of the BSD, three 5 ml sub-
samples of bubbly gel were collected prior to the propagation experiments. These were
immediately analysed using a X-Tek CT scanner, which uses the attenuation of X-rays to map
the density composition of a material. The image resolution of each scan, which depends on the
size of the sample and its position in the scanner, ranged from 12.1 to 12.8 pum for the three sub-
samples examined.

Pulses containing three oscillations, with central frequencies ranging from 20 to 111 kHz
in 1 kHz steps were generated using a D/A card with a 1 MHz sampling rate. These were
transmitted through a matched power amplifier to the relevant source, with fifty shots acquired at
each central frequency. Group velocities were obtained through the comparison of signals that
had propagated through the bubbly gel sample with reference signals received without the
sample present. Between these two sets of measurements the source and receiver were unmoved.
In each case the received signals were stacked and filtered, using 3rd order Butterworth band-
pass filters with pass-bands that scaled to account for the change in the bandwidth of the signals
across the frequency band examined. Example reference (water-based) and sample signals are
displayed in Fig. 2.

10 10

a
[&)]

amplitude (Vpp)
(@]
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o

|
(&)
|
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85 0.6 0.7 05 0.6 0.7
time (ms) time (ms)

Figure 2: Example received signals at central frequency of 65 kHz, including a single,
unprocessed signal (a) and the output of the processing stage (i.e. after the application of
band-pass filtering and the stacking of 50 shots). Reference signals are displayed as
dashed line, while the sample signals are displayed as solid lines



The time difference A¢ between the sample signal and the reference signal was then
determined from the maximum of the cross-correlation of the signal envelopes, with the
envelopes computed using the Hilbert transform. The velocity v was calculated using:

d ().

(At—tc—f-%w)

where d is the thickness of the sample and #c is the time correction required to account for the
insertion of the sample box (which introduces two 1 mm thick Perspex walls). Errors in the
velocity, which range from 1.3 to 1.7 %, were obtained by propagating the timing resolution of
the acquisition system (+ 0.5 ps) and the uncertainties in the sample thickness (+ 1 mm) through
Equation 1.

V=

I1l.  Results and discussion.

The measured velocity ratios (see Figure 3) were obtained by dividing the measured
group velocity by the velocity of the bubble-free gel. Velocity ratios appear to be relatively
independent of frequency from 21 to 25 kHz and 40 to 111 kHz. A steep increase is observed in
velocity ratio as frequency increases from 25 to 40 kHz with a strong agreement observed
between the values determined from the two different sources.

1.8¢

velocity ratio

0 20 40 60 80 100 120
frequency (kHz)

Figure 3: Measured and predicted velocity ratios. Measured velocity ratios are displayed
for LF source (circles) and HF source (crosses). The predicted ratio of phase velocity in
bubbly gel to that in bubble-free gel are shown for the best-fit population using 2.5 um
bins (oscillatory solid line) and 0.5 um bins (smooth solid line). Predicted ratios are also
shown for this best-fit population, using 0.5 um bins, with additional Gaussian
contributions added from 5 to 20 um with void fractions of 1.7x107 (dash line), 3.5x107
(dotted line) and 5.1x107 % (dash-dot line).

The combined number of bubbles measured in the sub-samples (Figure 4(a)) is
dominated by radii » from 70 to 110 pum. The spherical nature of these bubbles is displayed in a
3-D volume from one of the samples (Figure 4(b)). The resonant frequencies f, of the modal radii



were estimated, through the use of f-#r=3 Hz'm (Leighton, 1997), to vary from 27 to 43 kHz.
These values correspond well with the frequency range over which highly dispersive group
velocities are measured. As the bubble population was observed to be strongly heterogeneous,
the results of the CT scans can only be used to determine the BSD of the bulk sample. The void
fraction was estimated to be 0.05 %, from the approximate volume of bubbles injected into the
bubble-free sample. Note that no information could be obtained concerning bubbles with radii
less than 30 pm, as these could not be detected above noise in the CT data.

number of bubbles

0 100 200 300 400 500
radius (um)

Figure 4: Measured bubble distribution, including: (a) combined bubble distribution
obtained from the three sub-samples and (b) a 3-D CT image of a vertical segment of one
of the cylindrical samples, with the host gel clipped back to allow the bubbles to be more
clearly observed.

The acoustic theory of Anderson and Hampton (1980a, b) was used to predict the phase
velocity of the bubbly gel. While this theory was developed for gassy marine sediments, through
the incorporation of shear-based terms into the fluid-based theory of Silberman (1957), it can be
applied to any gassy medium in which the host medium possesses a finite shear modulus. The
key parameters in this model are the BSD, which has been measured, and the bulk modulus K
and shear modulus G of the host material.

A detailed examination of the extant literature revealed no values for the bulk and shear
modulus of xanthan gel at the frequencies of interest to this work. The shear modulus was
therefore obtained by extrapolating shear moduli measurements made on xanthan gel, at
concentration of 4 %, from 160 mHz to 16 Hz (Hyun et al., 2002). These can be expressed in
term of the frequency fusing the following power law relationship:

c;::132-(£};;)&62 ),

where f, is 1 Hz. The extrapolation of this relationship to the kHz frequencies examined in this
work produces an upper limit on the shear modulus of 800 Pa, which is three to four orders of
magnitude less than the shear modulus of marine muds and five to six orders less than that of
marine sands (Hamilton, 1971) at similar frequencies. The bulk modulus of the gel was then
calculated using:

4, G
V:/K+/§ 3).
Yo,

As the bulk modulus of the gel will exceed that of water of a similar salinity and temperature, i.e.
2.3 GPa (Siedler, 1986), it can be assumed that the shear modulus has a negligible effect in



Equation 3 and can be omitted. The measured velocity (1565 m-s') and bulk density
(999 kg'm™) of the bubble-free gel give a bulk modulus of 2.45 GPa.

The measured bubble sizes were interpolated to 0.5 um bins, as coarser bin size resulted
in artefacts in the predicted (see Fig. 3). It is interesting to note that the low values of shear
modulus effectively removes any dependence of the model on shear, reducing the Anderson and
Hampton model to the fluid based theory (Spitzer, 1943; Silberman, 1957) from which it was
derived. The void fraction was then adjusted to obtain a best-fit bubble population, with the
resulting void fraction (0.013 %) approximately " that of the estimated void fraction. This was
achieved by fitting the upper and lower limits of the predicted phase velocity to corresponding
plateaus in the measured group velocity There are however notable discrepancies between the
predicted and measured values, in both the frequency range over which the transition from low to
high velocity ratios occurs and the overall over-prediction of measured velocity ratios.

One possible explanation for the difference in the measured and predicted velocity ratios
is that bubbles with radii less than 30 pm may be present. Tests indicated that the inclusion of
additional Gaussian distributions which spanned radii from 5 to 20 um acted to reduce the
magnitude of the predicted velocity ratios from 20 to 80 kHz, without modifying the lower limit
present at lower frequencies. Typical results are displayed in Fig. 3 for modified populations,
which consist of the best-fit population, with a void fraction of 0.013 %, and additional Gaussian
components from 5 to 20 um with void fractions from 1.7x107 and 5.1x107 %.

Even with the inclusion of smaller unresolvable bubbles, the predicted velocity ratios
differ considerably from the measured values. This may be a consequence of the comparison of
predicted phase velocities with measured group velocities. These will differ for frequencies
whose pulses possess bandwidth which extend into the measured range of dispersive velocities,
namely pulses with central frequencies from 21 to 60 kHz. An alternative explanation is the
linear nature of the model used, while the actual pressures that impinge on the sample are
predicted to be 5 to 25 kPa (from known source levels, amplifier gains and beam patterns) and
are likely to require the inclusion of non-linear effects (Leighton et al., 2004).

IV.  Conclusions

The compressional wave velocity of a bubbly xanthan gel sample was measured over the
frequency range of 21 to 111 kHz. The velocity ratio between the bubbly gel and bubble-free gel
displays a sharp transition between lower and upper asymptotes at frequencies between 25 to 40
kHz. The bubble size distribution measured using CT scanning techniques displays modal radii
between 70 and 110 pm, the resonant frequencies of which directly correspond to the sharp
transition in velocity ratio. The velocity ratios predicted by the acoustic theory of Anderson and
Hampton [3,4] differ considerably from measured values, with the xanthan gel effectively acting
as a fluid. The inclusion of bubbles with radii less than 20 um, i.e. those undetectable above the
noise in the CT data, has a considerable effect on the predicted velocity ratios. The objectives of
future work include the use of CT scanning to determine the long-term stability of bubble
populations in the xanthan samples and the measurement of the phase velocity, as described
Sachse and Pao (1978), to allow direct comparison of measured and predicted velocity ratios.
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