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An in situ experimental study of variations of compressional wave speed and attenuation with depth
in natural coral sands has been made offshore of Oahu, Hawaii.In situ data were collected at a
center frequency of 7.5 kHz. Compressional wave speed averages around 1620 m/s and attenuation
~expressed asQp

21, the reciprocal of the quality factor! decreases from 0.04 at the seafloor to 0.01
at 2 m depth. Very little change in compressional wave speed is seen to 9 m below the seafloor.
Coral sand sound speeds are lower than those reported elsewhere for quartz sand. Waveforms
recorded over the upper 9 m below the seafloor exhibit virtually no peak broadening, suggesting that
scattering contributes little to thein situ attenuation. The relationship of attenuation to frequency in
the coral sands agrees with Hamilton’s observations of attenuation in other sediments, although the
coral sand attenuation is slightly higher than in other sediments. The coral sand relationship between
attenuation and porosity also agrees with Hamilton’s when the volume of intraparticle voids is
deducted from the total porosity. ©2004 Acoustical Society of America.
@DOI: 10.1121/1.1689340#
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I. INTRODUCTION

The geoacoustic properties of unconsolidated seafl
sediments are important factors controlling seismoacou
propagation in the ocean. Complications arising from the
riety of sediments, together with their depth and spatial v
ability, have presented a challenge to our understandin
acoustic behavior in marine sediments, especially in shal
water. In this study, we present the firstin situ acoustic data
from coral sand at subbottom depths greater than a few
of centimeters.

Coral sand deposits derived from active reefs consti
the dominant sediment cover on many modern shelves
cated at low latitudes in shallow, tropical to subtropical se
They are almost ubiquitous in the many islands and atolls
the equatorial Pacific ocean. Despite the importance of c
sands in shallow water acoustics, the depth dependenc
acoustic properties in natural coral sands is poorly kno
Reasons for this include difficulties in coring, the usual d
ficulties of in situ measurement, and the complicated mic
structure of coral sands.

We have developed an instrument, the acoustic lance
obtainin situ compressional wave speed and attenuation p

a!Corresponding author: Roy Wilkens;
electronic mail: rwilkens@Hawaii.edu; telephone:~808! 956-5228.
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files within the upper several meters of the seafloor~Fu
et al., 1996!. This study reports lance measurements taken
a natural coral sand deposit, the Halekulani Sand Chan
~HSC!, off Waikiki on Oahu~Fig. 1!.

Two sites were investigated in the HSC. At the first si
a 4 m long test probe deployment~Site 1 M1! was followed
by a 9 mlong probe deployment~Site 1 M2!. At Site 2, two
2 m long probes were deployed 50 m apart~Site 2A, B!. No
cores were collected at Site 1, but six vibracores were rec
ered at Site 2 for laboratory study. We reportin situ varia-
tions of compressional wave speed (Vp) and attenuation
(Qp

21, the reciprocal of quality factor! with depth in the HSC
and compare them with results of studies of quartz sand

From in situ and laboratory core sample measuremen
Hamilton ~1980! obtained empirical relations between th
acoustic and physical properties of many types of mar
sediments. The parameters in those relations have been
successfully for decades to predict acoustic properties in
ferent types of marine sediments. Lacking in Hamilton’s co
erage, however, were measurements from coral sand e
ronments. Our observations of compressional wave sp
between 0–10 m below the sea floor~mbsf! differ substan-
tially from Hamilton’s ~1980! equation characterizing fine
quartz sand.

To compare our attenuation results with the work
other investigators,Qp

21 is converted to attenuation coeffi
2013013/8/$20.00 © 2004 Acoustical Society of America
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cientsa andk. The attenuation data in coral sands agree w
Hamilton’s relationship between attenuation and poros
when the volume of intraparticle voids is deducted from
total porosity of the coral sands.

II. GEOLOGICAL SETTING

The Halekulani Sand Channel is located off the south
shore of the Hawaiian island of Oahu~Fig. 1!. It extends
from the shoreline to water depths greater than 30 m.
channel was probably part of an ancient stream drainage
was cut during a glacial low sea level stand. Sand trans

FIG. 1. Locations of acoustic lance deployment sites S1 and S2. Con
interval: 18 ft.
2014 J. Acoust. Soc. Am., Vol. 115, No. 5, Pt. 1, May 2004
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in the HSC is affected by wave climate, as in the summ
months when surf generated by Antarctic winter stor
reaches the south shores of Oahu and reworks sands in w
depths of up to 100 m. Hurricanes and tsunamis are in
quent, but their impact on sand transport is locally sev
~Coulbournet al., 1988!. This active environment results in
loose, poorly consolidated sediment comprising the up
10’s of meters of the sand deposits.

The HSC was chosen as the experiment site because
a large, well-defined sand deposit. The sands show no i
cations of post-depositional cementation in the upper 10 m
the deposit and are poorly compacted. For this experim
the physical parameters of the HSC sands—grain size, d
sity, and porosity—were examined from core samples c
lected at the time of the experiment by Sea Engineering
Samples show that the sediments within 0–8 mbsf in
channel are moderately well-sorted, greyish coral sands
scanning electron microscope~SEM! backscattered electro
image of a sample is shown in Fig. 2. The median grain s
of the sand ranges from 0.19 to 0.38 mm~fine to medium
sand!. In general, silt and clay sizes comprise less than 1
of each sample by weight. A summary of sand characteris
in the HSC is presented in Table I. Because of wave rela
reworking of the sediments, there is no apparent relation
tween grain size and either spatial location of samples
depth of samples within the deposit.

Sediment analysis showed bulk density varying fro
1.78 to 1.93 g/cm3 and porosity varying from 0.49 to 0.57 i
39 core samples from the 6 cores recovered from the up
most two meters of the HSC. However, the average b
densities and porosities of each core are almost the sa
Bulk densities averaged for each core are between 1.84
1.87 g/cm3 and average porosities are between 0.52 and 0
Grain size distributions remain nearly constant in most of
samples, except for a small percentage of coral grav
present in some samples. These measurements sugges
the HSC sand deposit can be regarded as near-homoge
at meter scales~in the upper two meters!, although at centi-
meter scales it may be inhomogeneous.

ur
; dark a
FIG. 2. Backscattered electron images of polished sections of coral sand from the Halekulani Sand Channel. Bright areas are calcium carbonatereas
are pore space.
Fu et al.: Coral sand acoustics
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III. METHODS

A. In situ measurement

The acoustic lance is a linear array of up to ten receiv
embedded in the seafloor below an acoustic source~Fig. 3
and Fuet al., 1996!. It provides anin situ recording of full
waveforms~Fig. 4! that travel vertically through the sed
ments. In deep-water operation a broadband acoustic so
and a solid state data recording system are mounted on
weight stand of a gravity corer or an independent probe.
array of small hydrophones is mounted along the outside
the probe. In the HSC experiments, the receivers w
mounted on a probe that was installed by using a water je
penetrate the sands. After allowing a few days for sedim
reconsolidation, divers brought the recording package do
to the seafloor for measurements. The signal frequency b
used in this analysis is 5–10 kHz, with the dominant f
quency near 7.5 kHz. The spectrum of the top sediment
ceiver waveform in Fig. 4 is shown in Fig. 5 along wi
corrected spectra used for the attenuation calculation~see
later!.

The first deployment at the HSC~Site 1 M1! had three
receivers mounted along a 4 mlong probe at intervals of 2
m; all three receivers were buried in the coral sands. For
second deployment about 6 months later~Site 1 M2!, 7 re-
ceivers were mounted along a 9 m subsurface probe at

FIG. 3. Source and receiver geometry of the lance deployments at mea
ment Site 2. Not shown are the 2 receivers~1 m apart! above the source tha
were used to monitor bottom water sound speed.
J. Acoust. Soc. Am., Vol. 115, No. 5, Pt. 1, May 2004
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spacing of 1.5 m; 2 receivers were positioned above the s
ments to obtain the bottom water sound speed. The meas
ments were taken one week after the probe was inserted.
second deployment~Site 2A, B! was a more detailed study o
acoustic structure in the upper 2 mbsf of the Halekulani s
channel. Lance measurements were made using two pr
~A and B!, each of which penetrated approximately tw
meters into the sediments; the horizontal distance betw
the two probes was about 50 m. Nine receivers w
mounted on each probe. The top two receivers were in
water, 1 m apart, to obtain the bottom water sound spe
while the remaining seven receivers penetrated the sedim
at 0.35 m spacing. The first measurements were made
Probe A, two days after it was set up~Site 2A M1!, and one
week later a second set of measurements were made u
Probe B ~Site 2B M1!. Two months later more data wer
collected from both probes~Site 2A, B M2!.

Compressional wave speed (Vp) and attenuation (Qp
21)

were extracted from the waveform recordings. Sound sp
was estimated from the differences in signal arrival time
receivers of known separation. Errors or uncertainties in
calculations are a function of receiver spacing and the sig
sampling rate~100 kHz!. By interpolating the wave forms in
the frequency domain, we increased the effective resolu
of travel time to 2.5ms. At a receiver separation of 35 cm
~Site 2! this translates to 18 m/s in the sand—or roughly 1
of the average speed of 1620 m/s. At a separation of 1.5
the error is proportionally lower because the overall tra
time is greater but the arrival uncertainty is constant. A co
plete discussion of errors and uncertainties in sound sp
calculation from acoustic lance data can be found in Fuet al.
~1996!.

Effective attenuation, as it contains the effects of bo
intrinsic attenuation and scattering attenuation, is much m
difficult to extract than sound speed, because whole w
forms must be used. Noise contamination and the correc
for receiver transfer functions complicate signal processi
making a careful treatment of errors important. We correc
wave form spectra in the sediments for differences in
ceiver performance and for geometrical spreading by n
malizing them with spectra recorded in water from the sa
receivers~Fig. 5!. Frazeret al. ~1999! describe in detail the
two-step process used to extract attenuation (Q21) from the
lance signals by an application of geophysical inverse the
to the spectral ratio method: In the first step, for every p
sible source–receiver interval the joint probability dens
function~pdf! of attenuation~effectively, spectral ratio slope!

re-
m
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FIG. 4. Wave forms recorded by the top and botto
receivers of one of the Site 2 probes both in water~for
calibration! and in the sediment. The receivers are sep
rated by 210 cm. In each case the waveforms are n
malized to the top receiver. The difference between
amplitudes of the top and bottom receivers in wat
~left panel! is essentially due to geometrical spreadin
The greater difference in amplitudes seen in the se
ment arrivals~right panel! is the result of effective at-
tenuation.
2015Fu et al.: Coral sand acoustics
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FIG. 5. Left—Spectrum of top sediment receiver wav
form shown in Fig. 4. Right—Spectra for top and bo
tom sediment receivers shown in Fig. 4 corrected
dividing the spectra of the sediment arrivals by th
spectra of the water arrivals. The difference in th
slopes of these two spectra is used to calculate atte
ation.
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and the intercept is taken to be an L1 likelihood; a numer
integration over intercept then gives the marginal pdf of
tenuation for that interval. In the second step, the peak
these marginal pdfs are used as the data, and the half-w
of the marginal pdfs are used as the errors in an L1 lik
hood taken to be the pdf of attenuation profiles.~The profile
space has dimension equal to the number of receivers m
one.! Then the marginal pdf of the attenuation of ea
receiver–receiver~R–R! interval is obtained by numerically
integrating the profile pdf over the attenuations of all oth
R–R intervals. A best profile is defined as the profile th
agrees with the peak of the marginal pdf for each R–R
terval. For brevity in this paper the marginal distributions a
not shown; instead the attenuation profile uncertainty is
dicated simply by plotting the envelope of the ten most pr
able profiles.

B. Analysis of core samples

The core samples in the HSC were collected by a vib
corer. The vibracorer uses motor-driven, counter-rotating
brators attached to a 10 cm inner diameter, 3 m long core
barrel. Samples analyzed in the laboratory were partially
and had to be saturated with sea water under vacuum be
making bulk density and porosity measurements. Vibrac
ing almost certainly disturbs the sediments it collects, a
measurements of the porosity of core samples must be
sidered to be maximums. However, it must also be rem
bered that the HSC is located in an active wave climate
that these sands are naturally disturbed and transporte
peatedly over the course of time. Thus we believe, altho
we cannot demonstrate, that the measured bulk propertie
generally nearin situ values.

Six samples were saturated with low viscosity epo
cut, polished, and examined using a scanning electron mi
scope ~Fig. 2!. Image processing of three views of ea
sample, at two magnifications each, was carried out to qu
tify the distribution of pore space between intertest and
tratest pores. We used the NIH Image software package
image analysis. Pixels were first classified as either grain
pore ~essentially black or white!. Next, using a series of di
lations followed by an equal number of erosions, the sm
intratest pores were removed from the image. Pixels w
again classified as either pore or grain. The difference in
number of pore pixels before and after processing yielded
proportion of intratest pores—about 5% of the total,60.5%.
Tribble and Wilkens~1994! give a fuller description of the
method, with examples.
2016 J. Acoust. Soc. Am., Vol. 115, No. 5, Pt. 1, May 2004
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IV. RESULTS

Waveforms recorded by the deepest probe~Site 1 M2! in
the coral sands of the HSC are displayed in Fig. 6. Thein
situ compressional wave speed interval profiles from Site
~Fig. 7, Table II! show a speed of approximately 1595 m
within the upper 4 m of theseafloor. The deep profile show
compressional wave speed generally increasing with de
although that increase is not constant. Speed averages
1600 m/s in the interval from 6.0 to 7.5 mbsf, while sou
speeds above and below increase to around 1640 m/s.
long probe unfortunately could not be retrieved from t
sediments for receiver transfer function calibration, whi
must be conducted in water~Frazeret al., 1999!; therefore
no in situ attenuation data could be calculated from wav
forms collected at Site 1.

It is noteworthy that little or no apparent signal broa
ening is seen in the self-normalized signals~Fig. 6!. These
wave forms are typical HSC measurements and they sug
that there is little scatteringin situ, since scattering tends t
redistribute energy from the signal onset to the coda. T
our in situ attenuation calculations represent predominan
intrinsic losses.

The results of Site 2 experiments are given in Tables
and III and plotted in Figs. 8 and 9. Some of the wavefor
had low signal/noise ratios due to failed receivers or to pr
lems in recording; these waveforms were not used in sub

FIG. 6. Self-normalized full wave forms recorded by the acoustic lance
the Halekulani Sand Channel. Note that there is very little evidence
scattered energy arriving later in time in the more distant receivers.
Fu et al.: Coral sand acoustics
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quent processing. At Site 2~Fig. 8!, the later measurement
show some difference in compressional wave speed w
compared to the measurements made two months earlier
maximum disparity at the same depth is about 60 m/s, wh
is more than the expected measurement error of 1%. H
ever, the speed inhomogeneity at the 0.35 m scale is not
when data are averaged over 2 m. At Probes A and B
average compressional wave speeds during the second
surement over the entire 0–2 mbsf interval are virtually id
tical: 1631 m/s at Probe A and 1632 m/s at Probe B. T
speed disparity between repeat measurements is large
Probe A, perhaps because of sediment disturbance by
water jet. This conjecture is supported by the fact that wh
there are differences the later measurements are gene
faster than the earlier measurements. The first measure
at Probe A was conducted only two days after it was
stalled, and the sediments, disturbed by the water jet, m
not have completely reconsolidated in this short time. T
average interval sound speeds~M1 and M2! at each of the
two probes do not show an increase with depth, altho

FIG. 7. In situ interval profiles of compressional wave speed measure
Site 1.

TABLE I. Summary of HSC sand characteristics.

Average median grain size 0.21 mm
Range of median grain sizes 0.19–0.25 mm
Sorting Well sorted
Grain density 2.82 g/cm3

Porosity average 0.53
Porosity range 0.49–0.57
J. Acoust. Soc. Am., Vol. 115, No. 5, Pt. 1, May 2004
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interval speed varies more at Probe A than at Probe B, wh
it is nearly constant.

Accurate laboratory measurements of attenuation
sonic frequencies~typically 1–20 kHz! are greatly limited by
the sample length~the sample length must be several tim
larger than a wavelength!. This difficulty may be addresse
by performing attenuation measurementsin situ, as with the
lance. Attenuation measured from field data is termed
effective attenuation, because it includes both intrinsic a
scattering attenuation. When scattering is small, as in
case, effective attenuation is approximately equal to intrin
attenuation.

The envelopes of the ten most probable attenuation p
files for measurements 1 and 2 at Probe A and for meas
ment 2 at Probe B are shown in Fig. 9. For Probe B sev
of the wave forms recorded during the first measurem
were too noisy for reliable attenuation calculations, althou
sound speed picks were possible. Accordingly, we show o
one attenuation profile for Site 2B~Fig. 9, right panel!. All
three profiles show a decrease in attenuation with depth. T
is most likely an effect of overburden pressure. There
three possible mechanisms for attenuation relevant toin situ
data. One mechanism is the squirt of fluid through the so
matrix in response to deformation~Stoll, 1985; Kibblewhite,
1989!. However, squirt is usually significant in high perm
ability solids such as sands only at low frequencies~1–1000
Hz! ~Kibblewhite, 1989; Hamilton, 1980!. A second possible

at

TABLE II. Summary of in situ sound speed.

Site 1 M1 Site 1 M2

Depth ~m! Vp ~m/s! Depth ~m! Vp ~m/s!
0–1.9 1601 0–1.5 1594
1.9–3.9 1590 1.5–3.0 1579

3.0–4.5 1604
4.5–6.0 1636
6.0–7.5 1598
7.5–9.0 1638

Site 2A M1 Site 2A M2

0–0.35 1613 0–0.35 1639
0.35–0.69 1602 0.35–0.69 1602
0.69–1.00 1672 0.69–1.00 1653
1.00–1.37 1608 1.00–1.37 1660
1.37–1.72 1613 1.37–1.72 1666
1.72–2.07 1626 1.72–2.07 1595
Site 2B M1 Site 2B M2

0–0.68 1637 0–0.34 1602
0.68–1.37 1636 0.34–0.68 1647
1.37–1.72 1639 0.68–1.37 1636
1.72–2.07 1601 1.37–1.72 1626

1.72–2.07 1659

TABLE III. In situ attenuation (Q21) measurements.

Probe A M1 M2 Probe B Combined

Depth ~m! Q21 Q21 Depth ~m! Q21

0.00–0.69 >0.05 0.045 0.00–0.68 >0.05
0.69–1.00 >0.05 >0.05 0.68–1.37 0.025
1.00–1.37 <0.01 0.036 1.37–1.72 0.020
1.32–2.07 <0.01 0.022 1.72–2.07 <0.005
2017Fu et al.: Coral sand acoustics
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cause of attenuation is scattering due to heterogeneity
as lumps or layers. This kind of attenuation generally mo
energy from the onset of the wave into the coda, a phen
enon not seen in ourin situ data. A third possible cause o
attenuation is grain boundary sliding~Stoll, 1985; Kibble-
white, 1989; Hamilton, 1972! related to low levels of com-
pressive loading, as when contact stiffness of grains
creases in deeper sediments, attenuation decreases
depth.

V. DISCUSSION

Interval sound speed data, plotted at the midpoint
each depth interval, binned averages of the shallower d

FIG. 8. In situ interval profiles of compressional wave speed measure
Site 2.
2018 J. Acoust. Soc. Am., Vol. 115, No. 5, Pt. 1, May 2004
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and Hamilton’s ~1980! empirical equation for fine quartz
sand are plotted in Fig. 10. It is apparent that ourin situ
measurements do not fit speed-depth profiles for sand
are in the literature. This may well reflect the fact that mu
of the earlier work was based on studies of continental sh
type quartz sands~e.g. Hamilton, 1980!. Both the coral sands
and the quartz sands exhibit very little increase in speed w
depth over the upper 10 mbsf, but the coral sands are sig
cantly slower than their quartz counterparts. A study of ne
surface~0.05–0.30 mbsf! in situ compressional wave spee
in carbonate sediments of the Dry Tortugas~Richardson
et al., 1997! yielded results generally in the same spe
range as our HSC observations.

Hamilton ~1976! analyzed the attenuation of compre

at

FIG. 10. In situ coral sand sound speed and quartz sand curve from Ha
ton ~1980!. Points represent the middle of each measurement inter
Crosses are binned averages of all of the 2 m long probe data.
h
n

FIG. 9. In situ attenuation profiles
from Probes A and B at Site 2. Eac
shaded zone is the envelope of the te
most probable profiles.
Fu et al.: Coral sand acoustics
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plot.
sional waves versus depth in the seafloor from various
ported data at a range of frequencies. Hamilton’s results w
given in terms of the parameterk, which comes from the
amplitude relation for an attenuating plane wave in the fo

10 logUA2~x2!

A2~x1!
U52k f~x22x1!, ~1!

wherex1 and x2 are source–receiver distances,k is in dB/
m kHz, andf is frequency in kHz. The relation betweenk and
the other commonly used measures of attenuation is

a5k f5
20p f

ln~10!

1

Qc
5

8.686p f

Qc
, ~2!

wherea is in dB/m,c is wave speed, and the quality factorQ
is dimensionless. Referring to the results of Gardneret al.
~1964! and Hunteret al. ~1961! on the relationship of attenu
ation to pressure in sands, Hamilton assumed a decreasek
with the21/6 power of depth~overburden pressure! in sandy
sediments. With this assumption, he computed attenua
versus depth fromk values measured in surficial sedimen
The results showed that, in fine sands, attenuation decre
rapidly with increasing depth to about 10 m, and then
creases less rapidly to 150 m. Ourin situ attenuation profiles
~Fig. 9! agree with Hamilton’s description. Attenuation d
creases rapidly in the upper 2 m interval of the HSC cora
sands. Our data provide new evidence that in sandy dep
the maximum attenuation variation may take place in
uppermost several meters of the seafloor while speed i
may remain fairly constant.

Next we compare ourin situ attenuation data for the
HSC coral sand with Hamilton’s~1972, 1976! regression for
attenuation versus porosity, shown in Fig. 11. To minim
the experimental errors and the effects of local inhomoge
ity, average attenuation values were calculated for the m
surements. Our averaging scheme forin situ attenuation
weights longer travel times—see Eqs.~6! and~24! of Frazer
et al. ~1999!. The final average attenuation of the entire u
J. Acoust. Soc. Am., Vol. 115, No. 5, Pt. 1, May 2004
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per 2 m interval was taken as the mean of the three pro
(Q2150.032,k50.53 db/m kHz). In his regression, Hami
ton used data for a variety of sediments, including cla
silts, and sands, although no pure coral sands were am
these sediments. The data show that the sensitivity of atte
ation to porosity varies greatly between porosities of 0
and 0.65~medium sands to silt–clay!. Within this porosity
range,k changes from 0.52 to 0.77, then drops to 0.12.
have added an averagedin situ attenuation constant (k
50.53) and the averaged total porosity in the HSC co
sands to Hamilton’s plot as well as the sand data fr
Hamilton ~1972! ~Fig. 11!. Our raw data lie on the lowe
boundary of Hamilton’s data distribution; it seems that eith
k or porosity is too low for the Hamilton attenuation-porosi
curves to be good predictors of attenuation in coral sa
However, total porosity includes both intraparticle and int
particle voids. Most likely, the poor agreement results fro
the presence of intraparticle voids in coral sands which
counted in total porosity but have little effect on the gra
to-grain contact area, a dominant factor controlling sou

FIG. 11. Hamilton’s~1976! regression lines for attenuation versus porosi
HSC in situ data and Hamilton’s sand measurements are added to the
The corrected value has intragrain porosity removed.
y

h-
FIG. 12. Attenuation versus frequenc
after Hamilton~1980!. Data have been
added from this study and Hamilton’s
sand measurements have been hig
lighted.
2019Fu et al.: Coral sand acoustics
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wave transmission in sands~Digby, 1981; Hamilton, 1972!.
The results of our image processing showed that intrapar
voids occupy about 5% of the total sample volume. Wh
the volume of intraparticle voids is deducted from total p
rosity, our average attenuation measurement matches Ha
ton’s equation well~Fig. 11!. It suggests that, as Hamilto
~1982! pointed out, hollow grains act as solid particles
transmitting sound waves. Because attenuation is sensitiv
porosity in the sediments from medium sands to silt–cl
~porosity of 0.47–0.65!, our data show that caution must b
exercised when using bulk porosity as an index property
predict attenuation in coral sands.

In situ attenuation is plotted in Fig. 12 as attenuati
coefficient along with the data from Hamilton’s~1980! com-
pilation of all sediments. Hamilton’s~1972! data are also
highlighted in the plot. These coral sand average falls al
the upper edge of the of the Hamilton data compilation,
though it is not much greater than Hamilton’s~1972! mea-
surements made at 7 kHz.

VI. CONCLUSIONS

We have presented the firstin situ measurements o
acoustic properties in coral sand beyond a few decime
below the seafloor. Compressional sound speeds are lo
than those published in the literature for quartz sands.
tenuation is severe—some of the highest values measure
marine sediments—and decreases with depth within the
per 2 m of theseafloor. The quality of the waveforms su
gests that there is very little scattering within the sedime
tested, and that the attenuation measured is primarily int
sic. Our in situ attenuation data agree with Hamilton’s rel
tion of attenuation to porosity if the volume of intrapartic
voids is deducted from total porosity.
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