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ABSTRACT 

Since 1991, mainly supported by the US Navy, we have conducted a long term study 

of acoustic properties in marine sediments, including instrumentation development and a 

series of comprehensive experimental studies in natural environments. Our research work 

emphasizes in situ acoustic properties at sonic frequency, which the US Navy supports for 

better sonar interpretation. This dissertation is a summary of the work our group has done 

in recent years. 

The acoustic lance is a new instrument developed to measure in situ acoustic 

properties of the uppermost several meters of the seafloor. By using the acoustic lance, we 

are able to study the acoustic properties of marine sediments in a variety of natural 

environments. This dissertation combines five papers which have been either published, 

submitted or will be submitted to journals. In this dissertation, I describe the configuration 

and working principle of the lance, a technique of signal processing based on geophysical 

inverse theory for the lance signals, and three experimental studies conducted in three 

natural environments -- sediment ponds on Mid-Atlantic Ridge (deep sea pelagic ooze), 

Kiel Bay gassy deposit (gassy silty clay), and Oahu Island off shore sand deposit (shallow 

water carbonate sands). 

The three experimental studies not only add new in situ data to the catalog of acoustic 

properties of marine sediments, but also provide new insight into acoustic behavior of 

marine sediments in natural environments. One of the important advantages of the lance is 

to obtain in situ acoustic data that address depth dependence of acoustic properties in the 

uppermost seabed. For the sediment ponds of Mid-Atlantic Ridge, we reported the velocity 

profiles in the uppermost 5 m of the seafloor which suggest that there is an acoustic 

channel lying just below the seafloor. Sound energy remains within the channel in 
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propagation. The lance data provide in situ velocities and acoustic signal characteristics in 

gas-bearing sediments in Kiel Bay. These data are hard to obtain from laboratory 

measurements because the bubbles in sediments cause high attenuation of sound waves. 

Acoustic properties in carbonate sands are poorly known due to their complicated 

rnicrostructure and coring difficulties. The experimental study conducted in carbonate 

sands, off Oahu Island reports the first ever in situ acoustic study of this type of sediments 

that penetrates more than a few lO's of centimeters into the seafloor. We obtain new values 

of Hamilton's parameters (velocity versus depth, and attenuation versus frequency and 

porosity) that are appropriate for sound propagation in carbonate sands. Velocity 

dispersion in carbonate sands is also discussed in this study. 
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Chapter 1 

Introduction 

The acoustic behavior of the seafloor is of considerable interest in underwater 

acoustics and marine geophysics. The geoacoustic properties of unconsolidated sediments 

on the seafloor are important factors controlling seismoacoustic propagation in the ocean. 

The knowledge of acoustic properties and acoustic behaviors in marine sediments are 

applied comprehensively in remote sensing of sediment types, detecting objects lying on or 

buried in the seafloor, modeling acoustic fields of the ocean, and determining geotechnical 

properties of sediments in relation to off-shore oil/gas exploration, naval operations, the 

designation of oceanic areas for disposal of radioactive waste, and ocean engineering. 

Although underwater acoustics, as a science and technology, has been of interest in two 

world wars, sediment acoustics only began four decades ago as a separate area of study 

with the development of modern underwater acoustics and marine geophysics. The first 

significant study of acoustic properties in marine sediments arose from the application of 

high-frequency sonar to detection of objects lying on the seafloor or buried in seabed 

sediments. The frequency range of interest later shifted to mid-frequency for application to 

bottom-bounce sonar (Kibblewhite, 1989). In recent years, the study of acoustic behaviors 

in marine sediments for sonar applications and naval operations still attracts great attention, 

for example, ONR's (Office of Naval Research) Coastal Benethic Boundary Layer program 

(CBBL) (Richardson and Bryant, 1996). Besides underwater acousticians, geophysicists 

and geologists have become involved in studies of sediment acoustics to learn about long 

range propagation of low-frequency seismic waves and to study the relationships between 

acoustic and geological parameters (Kibblewhite, 1989). 

A large number of studies in sediment acoustics have been published. However, 
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strong debate on the acoustic behaviors in marine sediments still exists (Hamilton, 1972; 

Stoll, 1985; Kibblewhite, 1989). For example, one of the most debated areas is the effect 

of pore fluids. On the relationship of attenuation with frequency, the Biot-Stoll model 

indicated that the fluid component of marine sediments causes various forms of viscous 

attenuation which is always frequency dependent. Hamilton (1987), however, favors a 

frequency independent attenuation based on data from laboratory and field observations. 

Complications not only arise from the almost unlimited variety of sediment types and 

number of physical parameters involved in the acoustic behaviors of marine sediments 

(Stoll, 1985; Ogushwitz, 1985), but also because the mechanisms of acoustic behavior in 

marine sediments have not been described accurately and completely. 

Marine sediments originate mainly where granular biological and terrigenous debris 

settle to the seafloor. They can be regarded in theory as a two-phase composite material, 

consisting of granular solids and pore fluids (Biot, 1956a and 1956b ). Many theoretical 

models have been developed based on the concept of two-phase material to explain the 

acoustic behaviors of marine sediments (Biot, 1956a and 1956b; Stoll, 1985; Hamilton, 

1980, 1972 and 1987; Kibblewhite, 1989; Digby, 1981; Wang and Nur, 1992). However, 

all of the models are applied with limiting assumptions and sometimes have large variation 

with observed data. For example, the Biot-Stoll model (Stoll, 1985) gives two wave 

equations in porous medium with 13 variables. In practice, some of 13 variables are hard 

to measure and identify. A common assumption of all models is that the medium 

(sediments) must be homogenous and isotropic. This condition is hard to find in the field, 

especially in shallow water environments where unstable flow processes and vigorous 

biological activity are present. This is one of the reasons that the observed data do not 

match the theoretical models. Although there are some difficulties predicting acoustic 
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behavior using theoretical models directly, the models do reveal the mechanisms of acoustic 

behavior in marine sediments. 

In the practical application of sediment acoustics, acoustic wave velocity and 

attenuation, associated with their depth and spatial variability, are the most important 

geoacoustic parameters needed to directly predict the results of acoustic and seismic 

processes at the seafloor. In all shallow-water environments, and in many deep-water 

cases as well, the seabed is the dominant factor controlling wave propagation. A lossy 

seabed, where acoustic waves are attenuated within the sediments, causes wave attenuation 

of the waterborne sound through both compressional-wave absorption in the bottom and 

the excitation of shear waves ( K.ibblewhite, 1989). Gradients of velocity and attenuation, 

resulting from the changes of physical properties with depth and layering, dominate wave 

reflection and refraction in sediments. Moreover, acoustic velocity and attenuation, with 

their gradients, can provide information about physical properties of marine sediments, the 

changes of physical properties with depth, and layer thickness (Hamilton, 1980). 

Complications arising from the variety of sediments and the mechanisms of acoustic 

behaviors have presented a tremendous challenge to our understanding of acoustic 

behaviors in marine sediments, especially in shallow water. A wide range of observed 

behavior may be expected. As more and more geological environments have been sampled 

acoustically, the differing combinations of structural and intrinsic influences have tended to 

further complicate an already complex picture (K.ibblewhite, 1989). Three tasks confront 

scientists: 1) collecting more acoustic data from a variety of sedimentary environments; 2) 

developing advanced instruments to conduct more sophisticated experiments, both in the 

laboratory and in the field; and 3) improving theoretical models. 

Acoustic wave velocities and wave attenuation of marine sediments can be estimated 

using the empirical relationships of Hamilton (1971; 1976; 1987) or calculated from 

theoretical models such as the Biot-Stoll Model (Ogushwitz, 1985). Direct measurements 
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of velocity and attenuation can be carried out in the laboratory with core samples or in situ 

(field). The in situ data appear to be more reliable than the laboratory data for three 

reasons. First, in situ measurements reflect the combined effects of the surrounding 

environment. Second, the disturbance of core samples during the coring proc~ss and 

transportation may effect the results of laboratory measurements (Richardson, 1987). For 

some types of sediments, such as very soft and diffuse mud, and compact sands, coring is 

difficult. Third, accurate laboratory attenuation measurements of compressional waves are 

restricted usually to ultrasonic frequencies, because the sample dimensions must be much 

larger than the wavelength of the propagating wave. It is still questionable whether the 

acoustic properties measured at ultrasonic frequency can be extrapolated to that at sonic and 

seismic frequencies. 

Since 1991, mainly supported by ONR (Office of Naval Research) and NRL 

(Naval Research Laboratory), we have conducted a long term study of acoustic properties 

in marine sediments, including instrumentation development and a series of comprehensive 

experimental studies in natural environments. The goals of this study are: 1) developing a 

new instrument associated with advanced signal processing techniques that can obtain in 

situ acoustic properties in the upper several meters of the seafloor; 2) collecting in situ 

acoustic data in a variety of sediments, especially data that address depth profiles; 3) 

achieving a better understanding of the acoustic behavior and the relationship between 

acoustic properties and physical parameters of sediments; 4) predicting acoustic properties 

in marine sediments. Our research work emphasizes in situ acoustic properties at sonic 

frequency, which the US Navy supports for better sonar interpretation. 

The upper several meters of seafloor sediments (surficial sediments) contain the 

largest gradients in physical and acoustic properties in the sediment-water system. This 

layer also plays one of the most important roles for sound wave transmission in the ocean 

at sonar frequencies. In the past, extensive measurement programs were conducted and 
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advanced instruments were designed in order to measure velocity and attenuation in the 

field. The first in situ measurement of compressional wave velocity and attenuation in 

surfacial marine sediments (other than seismic) was conducted by divers (Hamilton, 1956). 

Other in situ measurements later were performed from a research submersible in deep water 

(Hamilton, 1963 and 1970). The first profiles of in situ compressional wave velocity in 

surfacial marine sediments were obtained from a profilometer (Shirley and Anderson, 

1975). In the last ten years, three new systems have been developed in the United States to 

measure in situ acoustic wave velocities (compressional and shear) and attenuation in 

surf acial marine sediments. The ISSAMS (In Situ Sediment Acoustic Measurement 

System), developed by the Naval Research Laboratory, is able to measure compressional 

wave velocity and attenuation at 58 kHz, and shear wave velocity at 100-500 Hz 

(Barbagelata et al., 1991) in the uppermost 30 cm sediment layer of the seafloor. A second 

new system, developed by Lamont-Doherty Earth Observatory of Columbia University, 

was designed to measure shear wave velocity and shear strength in the sediments 

immediately beneath the seafloor (Stoll and Bautista, 1994 ). We have developed the third 

new system, the acoustic lance, to obtain in situ compressional wave velocity and 

attenuation profiles for a sedimentary layer of several meters thickness in the seafloor (Fu, 

et al, 1996a). The acoustic lance is a unique system used to obtain in situ acoustic data 

versus depth. Few studies of in situ acoustic properties associated with depth and spatial 

variability in surfacial sediments have been reported before the lance was developed. 

Using the acoustic lance, we have been able to study the acoustic properties of marine 

sediments in a variety of natural environments. 

The acoustic lance consists of a linear array of receivers embedded in the seafloor 

below an acoustic source. It provides in situ recording of full waveforms. The lance has 

been deployed worldwide including the Korea Strait, Mid-Atlantic Ridge, Baltic Sea, 

Florida Keys, Northern California, and off Oahu Island, Hawaii. In situ velocity and 
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attenuation data which address depth dependence in four typical sediments (deep sea 

pelagic ooze, carbonate sands, gassy silts and delta silty clays) have been reported (Fu et 

al., 1996a; Fu et al., 1996b; Fu, et al, 1997; Fu, et al., 1998; Gorgas, et al., 1996; Frazer 

et al., 1998). Velocity and attenuation information are extracted from recordings of full 

waveforms. In addition, a technique of signal processing, based on Bayesian inverse 

theory, has been developed (Frazer et al., 1998). 

This dissertation is a summary of the work our group has done in recent years. It 

consists of five papers which have been either published, submitted, and will be submitted 

to journals. Chapter 2 describes the configuration and working principle of the acoustic 

lance, and a comprehensive experiment carried out in pelagic ooze in Mid-Atlantic Ridge 

sediment ponds (Fu, et al., 1996a). In the CBBL experiment on the Baltic Sea, the lance 

was used measure velocity profiles in a seafloor covered by gassy silts. Velocity and 

acoustic signal characteristics in these gassy sediments are reported in Chapter 3 (Fu, et al., 

1996b). Knowledge of acoustic properties in natural carbonate sands that addresses depth 

dependence is poorly known. An experimental study has thus also been conducted in 

natural carbonate sands off Oahu Island, Hawaii. The results of the experimental study are 

presented in Chapter 4 (Fu, et al., 1998). Chapter 5 is a summary of the our research 

works carried out in the past several years (Fu, et al., 1997). Charpter 6 is the conclusion 

and comments on further improvement of the acoustic lance. The technique of signal 

processing of the lance data is an important aspect of the lance system. A new technique of 

signal processing, based on inverse theory, is presented in the Appendix (Frazer et al., 

1998). Chapters 2 - 4 remain intact as original papers. There are a few revisions 

concerning the results of carbonate sands in Chapter 5 that are not in the version in press. 
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Chapter 2 

The Acoustic Lance and in situ 
acoustic properties in deep sea 

pelagic ooze 

(Paper: Acoustic Lance: New In Situ Seafloor 
Velocity Profiles. Published on: J. Acoust. Soc. 
Am. Vol. 99, 1996. Fu, S.S., Wilkens, R.H. and 
Frazer, L.N.) 

2.1 SUMMARY 

The acoustic Lance is an instrument developed to obtain in situ compressional wave 

velocity and attenuation (Q-1) profiles for a sedimentary layer of several meters thickness at 

the sediment-seawater interface. The self-contained instrument consists of ten independent 

recording channels with a linear array of receivers embedded in the sea floor below a 

broad-band acoustic source. It provides in situ recording of full waveforms to determine 

interval velocity and attenuation. The system can be attached to a gravity corer or to a 

specially designed probe. A comprehensive experiment was carried out in Mid-Atlantic 

Ridge sediment ponds where Lance made in situ measurements, and core samples were 

recovered. Core data agree well with in situ data in one location, but disagree in other 

locations. Lance data indicate that the sediment ponds have similar in situ velocity 
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distributions, with an acoustic channel much thinner than that predicted by earlier 

investigators. 

2.2 INTRODUCTION 

The acoustic behavior of the sea floor interlace is of considerable interest in 

underwater acoustics and geophysics. The upper several meters of sedimented seafloor 

contain the largest gradients in physical and acoustic properties in the sediment-water 

system. A large number of physical parameters are involved in the acoustic behavior of 

marine sediments (Hamilton, 1971; Stoll, 1985; Ogushwitz, 1985a,b,c). Acoustic wave 

velocity and acoustic wave attenuation are the two most important geoacoustic parameters 

that directly govern the effects of acoustic and seismic processes at the sea floor. In all 

shallow-water environments, and in many deep-water cases as well, the seabed is the 

dominant factor controlling wave propagation. A lossy seabed where acoustic waves are 

attenuated within the sediments, causes attenuation of the waterborne sound through both 

compressional (P) wave absorption in the bottom and the excitation of shear (S) waves 

(Fryer, 1978; Kibblewhite, 1989). 

The Acoustic Lance is an instrument that has been developed to obtain in situ 

compressional wave velocity and attenuation (Q-1) profiles for a sedimentary layer of 

several meters thickness at the sediment-seawater interface. Lance consists of a linear array 

of receivers embedded in the sea floor below an acoustic source. The broad-band source 

and a solid state recording system are mounted on the weightstand of a corer or on an 

independent probe. An array of small hydrophones are mounted along the outside of the 

probe or core barrel. Lance combines the mechanical geometry of marine heat flow 

measurements with data similar to an acoustic well logging tool. It provides in situ 

recording of full waveforms. 
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Compressional velocity and attenuation of marine sediments can be estimated using 

the empirical relationships of Hamilton (1971; 1976;), or they can be calculated from 

physical models such as the Biot-Stoll Model (Biot, 1956a, b; Stoll, 1985; Ogushwitz, 

1985b). Accurate laboratory measurements of compressional wave attenuation have 

generally been restricted to frequencies of 10-50 kHz and above, because sample 

dimensions must be much larger than the wavelength of the propagating signal. In the 

past, in order to measure velocity and attenuation in the laboratory under in situ conditions, 

extensive measurement programs were conducted and advanced laboratory instruments 

were designed . 

In situ measurements are desirable because coring can change the physical 

properties of sediments, especially those of soft sediments. Few reports have provided 

profiles of in situ velocity and attenuation in the uppermost sea floor. Shirley and 

Anderson (1973a,b; 1975) developed a compressional wave profilometer {pulse frequency 

200 kHz) for continuously measuring sound speed and attenuation in sediments during a 

coring operation. They obtained several 12 m long in situ profiles of sound speed and 

attenuation in deep-water environments. Their results indicated that, at their test sites, P

wave velocity does not usually increase with depth until depth exceeds twelve meters. An 

in situ sediment acoustic measurement system (ISSAMS) of near surface geoacoustic 

properties (60 kHz P-wave velocity and attenuation, low frequency s-wave velocity) in 

shallow-water environments has been developed by Barbagelata et al. (1991). Their data 

collected from the Adriatic Sea showed that in situ and laboratory values of P-wave velocity 

were not significantly different between muddy sites, but at sandy sites laboratory 

measured values of P-wave velocity were 20-30 mis higher than in situ values in the 

uppermost 30 cm of seafloor. Badiey et al. (1988) conducted laboratory and in situ 

measurements of selected geoacoustic properties (shear modulus, frame loss coefficient, 

porosity, and permeability) in Great Bahama Bank shallow-water carbonate environments. 
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Data showed that laboratory and in situ measurements of shear modulus and porosity were 

in good agreement, but permeability measurements in the laboratory were always 

somewhat lower than in situ values. 

These results indicate that surficial sediment geoacoustic properties are complicated, 

and laboratory measurements of geoacoustic properties do not always agree with in situ 

measurements. Richardson et al. (1991) listed 11 factors that might contribute to 

differences between laboratory and in situ values of geoacoustic properties. In practice, 

however, it remains difficult to figure out exactly which factors dominate in different 

environments. 

2.3 CONFIGURATION AND WORKING 
PRINCIPLE OF LANCE 

The Acoustic Lance can be broken down into two parts. One is mechanical and the 

other is electronic and acoustic (Figure 2.1 ). The mechanical part may be a gravity corer, a 

piston corer, or a specially designed probe. The electronic system includes a receiving 

circuit, a firing circuit, and a power supply contained in two pressure vessels. The source 

transducer and two pressure vessels are installed at the top of the corer. Ten receivers 

correspond to 10 independent receiving channels that are arrayed on the corer pipe. Each 

receiver position is adjustable to match the pipe structure. A mechanical trigger switches 

Lance from a sleeping state to a working state when the corer touches the seafloor. After a 

short delay time (15 seconds or two minutes), the source emits a ping. All received signals 

are stored in individual channel memories. Data are transferred to a computer after Lance 

returns to the ship. Four 12v rechargeable batteries serve as the power supply for Lance. 

When Lance is in a sleeping state, most working current is cut off by a power control 
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circuit to save power. One set of batteries will work continually for about 12 hours. The 

greatest working depth of Lance is 6000 meters. 

2.3.1 ELECTRONICS 

The Lance receiving system consists of a control circuit with 10 independent 

receiving channels. Each channel has an independent analog, digital, and storage circuit 

(Figure 2.2). The control circuit accepts preset parameters including number of pings, 

number of samples, and gain (0-38 dB) for each channel. Signals from each channel are 

amplified, passed through an anti-alias 40kHz low-pass filter, digitized in a 12 bit lOOkHz 

ND converter and stored in 64 kbytes of available memory. An SCR (silicon control 

rectifier) pulse generator provides an 800v pulse to the source transducer. The analog 

circuit of each channel consists of a preamplifier, a gain control amplifier and an anti-alias 

low-pass filter. The digital circuit consists of a 12 bit-lOOkHz ND converter and an adder. 

Possible sample lengths are 512, 1024, 2048, 4096 and 8192, corresponding to wavelets 

of between 5ms and 80ms in length. The adder stacks signals in order to increase signal

to-noise ratio. Ping number parameters (i.e, 1, 2, 4, 8, 16) represent the number of signals 

stacked in the adder prior to storage. For stacking, the source sends out pings at 1 second 

intervals. Signals from each ping are superimposed in the adder and averaged after all 

pings are received. 

2.3.2 DATA STORAGE AND RETRIEVAL 

Each receiver has a 64k x 16 bit memory (SRAM) chip. Digitized data use 12 of 

the 16 bits. The other 4 bits are used to determine a sign extension for signal stacking. 

Each sample point occupies 32 bits of memory, including data value and address. The 
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64kbytes of memory allows Lance to deploy for multiple- measurements. Lance is capable 

of deploying at the seafloor until the memory in each channel is full. For a given lowering, 

the number of measurements is related to sample length of a received wavelet. For 

example, if a sample length of 2048 points is selected, Lance can record up to 8 

independent profiles. If the sample length is 1024 points, Lance can record 16 profiles. 

The data retrieval interface comprises a serial output port in Lance and a serial data receiver 

in the computer. 

2.3.3 SOURCE AND RECEIVERS 

The acoustic part of Lance consists of the source transducer, receivers, and their 

matching network and mounting structure. A distinct first arrival, wide frequency 

response, and low acceleration response are the main design aims of the acoustic system. 

A 2.5" x 5" deep water broad-band cylindrical hydrophone is used as the source 

transducer. When the source is excited by a single pulse there are two basic modes of 

vibration, the radial mode and the length mode, involved in the frequency band of Lance. 

The length mode has a resonant frequency of about 16 kHz, and the radial mode 28 kHz. 

If the source is in a vertical position the received signals should have a center frequency of 

about 16 kHz, and in horizonal position 28 kHz. However two peaks, at about 8 kHz and 

16 kHz, appear in the power spectrum when the source transducer is in vertical (normal 

operating) position ( Figure 2.3 ). One possible reason for this phenomenon is the effect of 

coupling between the radial mode and the length mode. Fortunately, the additional peak 

around 8 kHz is an advantage for attenuation calculations because of the added bandwidth. 

We selected Benthos AQ-1 cylindrical hydrophones as receivers. Small volume, 

deep water operation, proper frequency range, wide frequency band and relatively low cost 

are the main requirements of Lance receivers. A tuning coil is connected in parallel to every 
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receiver to constrain the frequency response to the range 1 kHz to 20 kHz (like a filter) and 

to improve the waveforms of received signals. When the motional Q-factor of the 

hydrophone, however, is not low enough, the response curve of a tuned transducer will 

have two peaks (Stansfield, 1990 ). This is another possible reason for two peaks in the 

signal spectra (Figure 2.3). 

The aim of the Lance mounting structure is to isolate and protect the receivers 

(Figure 2.4). A pad of vulcanized rubber is inserted between a PVC holder and the wall of 

the corer pipe to isolate the receiver. There is a standoff made of multiple-layers of rubber

aluminum isolating vibration from the corer pipe to the receiver. Two plastic rings filled 

with epoxy resin support the hydrophone in the holder. The acoustic impedance of the 

epoxy is different from the PZT ceramic, decoupling hydrophone from holder. The whole 

mounting structure keeps the receiver attached firmly to the corer while damping sensitivity 

to signals carried within the coring pipe. When Lance was tested in air before deployment 

there was no recognizable signal directly through the pipe. However, the relatively weak 

signals, which arrive before the signals propagating through sediments (Fig. 2.8), 

probably propagate along the acoustic path of source-water-pipe-sediment-receiver. 

2.4 SIGNAL ANALYSIS AND DATA 
PROCESSING 

Full waveforms are recorded in order to invert for velocity and attenuation. 

Velocity is determined from travel time, and attenuation, which is related to energy loss, is 

calculated in the frequency domain. 

The quality factor (Q) is another parameter frequently used in the literature to 

designate attenuation characteristics of materials. Attenuation a and Q are related by: 

a= 7tf/ Qc, (2.1) 
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where f is frequency and c is velocity. Attenuation measured from field data is termed 

effective attenuation because it includes the contributions of both intrinsic and apparent 

attenuation. In intrinsic attenuation energy is removed from both the pulse and the coda 

(into heat). Apparent attenuation is the body wave decay in amplitude resulting from the 

scattering of energy by a heterogeneous medium. It removes energy from the initial pulse 

and adds that energy to the coda. 

Velocity results are obtained using the measured travel time difference between two 

receivers with known distance: 

c=&l~t. (2.2) 

where c is velocity, receiver separation is &, and ~t is the travel time. Calibration of the 

acoustic path is accomplished by firing the array in water. Precision of measurement of 

velocity is extremely sensitive to sampling rate of the AID converter. The AID converters in 

Lance sample at 100 kHz, a 10 µs sampling interval. This rate is not quite high enough for 

sufficient precision when the adjacent-receiver acoustic path is 0.5 m or less. At 50 cm 

spacing, 10 µs resolution leads to a precision in velocity of about 40-60 m Is (2.5%-4.0% ). 

Our aim for velocity resolution of Lance is less than 1 %. This problem is adressed by 

producing an interpolated waveform with a spectrum identical to that of the original 

waveform. The original waveform is transformed from the time domain to the frequency 

domain by Fourier transform. We extend the frequency range of the original waveform 

from (50 kHz Nyquist frequency) to 200 kHz by adding zero values in the spectrum from 

50 kHz to 200 kHz. An interpolated waveform with 2.5 µs sampling interval (equivalent 

to 400 kHz sampling rate) is then obtained from the new spectrum by inverse Fourier 

transform (Figure 2.5). Although the interpolated waveform does not carry more 

information than the original waveform, the accuracy of the computer arrival time picking 

procedure has a resolution of one sample interval and this is improved from 10 µs to 2.5 

µs. The travel time between a pair of receivers is picked visually on first negative peak 
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position (same peak used in water calibration). In general, the first negative peak is 

distinctive if sediments are homogenous in the interval. In some cases the first negative 

peak distorts due to inhomogeneous sediments or noise contamination. The first positive 

peak is chosen in this case. 

2.5 RESULTS 

2.5.1 GENERAL GEOLOGICAL DESCRIPTION OF THE 

FIELD AREA 

The first Lance experiment was carried out on the ship RIV Knorr (Woods Hole 

Oceanographic Institute) in July 1993. The experiment was located in the ONR Natural 

Laboratory located on the west side flank of the Mid-Atlantic Ridge (Tucholke et al., 

1991). The laboratory consists of a 470 km long bathymetric valley. Within the valley are 

a series of sediment ponds covered with soft, reddish-brown carbonate ooze. Our two 

principal measurement sites are labeled A ( Station 1 - Station 5) and B' (Station 6) in 

Figure 2.6. Site B' lies at the west end of the valley in approximately 4900 m of water, 

while Site A, at the eastern end, is in 4500 m of water. 

2.5.2 FIELD OPERATION 

Nine receivers were mounted on a metal heat flow probe about 5 m long. Good 

data were obtained from 6 stations in water depths between 4000 and 5500 m. A 12 kHz 

pinger was mounted with the instrument packages to indicate the down-going locus of 

Lance on a depth recorder. The same magnetic trigger that turned on the recording system 
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turned off the pinger while the instrument was in the bottom. Thus it was possible to know 

whether Lance was truly deployed. In the beginning of the experiment we tried to use 

plastic, giant gravity corer pipes to collect in situ data while recovering samples. 

Unfortunately, the plastic pipes tended to bend at the mudline - presumably unable to hold 

the weightstand upright. We had no alternative but to adapt a metal heat flow pogo probe. 

This metal probe penetrated the sediments, but was unable to recover samples. 

Eight gravity core samples were recovered from the corridor. Good in situ Lance 

data were obtained during Station I-Station 6 with the pogo probe. Lance was working in 

multiple-measurement mode at each station. At Station 6, in a single lowering, Lance 

penetrated the seafloor five times at one location to test local repeatability. 

Lance completed profiles at five different stations in one lowering from Station 1 

through Station 5. After taking the profile at one station, Lance was raised to a position 

several hundred meters above the seafloor, and KNORR towed Lance to the next station at 

a speed of 2 knots. After 5 profiles at 5 stations, which took about 12 hours, Lance was 

retrieved and data from all 5 stations were transfered to the computer. The multiple

measurement mode saved considerable deployment time. Figure 2.7 shows raw recorded 

waveforms (stack number 1) from 5 stations (Station 1-Station 5) while Figure 2.8 shows 

that of a single station (Station 6). 

2.5.3 SAMPLE MEASUREMENTS IN THE LABORATORY 

Compressional wave velocity, wet-bulk density, grain density, porosity and calcite 

content of samples taken every 10 cm were measured in the laboratory. The compressional 

wave velocity of the samples was determined by the travel time of sound waves in 

subsamples about 2 x 2 x 2 cm. The frequency of measurement was about 300 kHz. 

Estimated error of the measurement is smaller than ± 10 m/sec, calibrated by measuring 3 
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PVC standards. Wet-bulk density, grain density, and porosity were determined by 

weight/volume relationships based on Hamilton's volume-of-sea-water method (Hamilton, 

1971; Boyce, 1976). 

2.5.4 IN SITU VELOCITY PROFILES 

In situ velocity data with depth from 6 stations are listed in Table 2.1 and Table 2.2. 

Table 2.1 lists the 5 measurements at Station 6. It is obvious that the gravity corer did not 

penetrate the seafloor during the second and third measurements at Station 6. The velocity 

remains constant at a value of 1530 mis (which is the velocity of the bottom water). Other 

data at Station 6 are mutually consistent, indicating proper bottom penetration. In situ 

velocity versus depth at all stations are shown in Figure 2.9 (Station 6) and in Figure 2.10 

(Station 1-Station 5). All stations consistently reveal a thin acoustic low velocity channel 

just below the sediment-water interface. We note that the Lance system can not indicate 

exactly its penetration depth when the core pipe does not penetrate completely into the 

sediment layer. We have estimated penetration depth using velocities and recorded 

waveforms. If the interval velocity of the first pair of receivers is about 1520 mis, bottom 

water velocity is 1530 mis, and the first sediment interval velocity is 1500 mis, this interval 

would be 1/3 mud and 2/3 water. The estimated error of penetration depth is about 1/3 

receiver interval, or 0.2 m. The other error of penetration depth is caused by tilt of the 

gravity corer (even in this situation the acoustic path of source to each receiver does not 

change). At present tilt errors go undetected, but are thought to be small based upon years 

of experience with gravity corers (with a tilt of 10°, the error is only 1.5%). 

During seismic-refraction studies in the Atlantic Ocean, several investigators noted 

constant-frequency arrivals at long distance (Hersey et al., 1951; Officer,1955; Katz and 
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Table 2.1: The interval velocity data of 5 measurements at Station #6 

The 1st The 2nd The 3rd The 4th The 5th 
measurement measurement measurement measurement measurement 

depth velocity depth velocity depth velocity depth velocity depth velocity 
{mbsf} {mis} {mbsf} {mis} {mbsf} {mis) {mbsf} {mis l {mbsf} {mis} 

0 1530 0 1530 0 1530 0 1530 0 1530 
1500 1530 1530 1500 1500 

0 .8 0 .8 0 .8 0.8 0 .8 
1500 1530 1530 1489 1500 

1.6 1.6 1.6 1. 7 1.6 
1495 1530 1530 1507 1495 

2.5 2.5 2.5 2 .2 2.5 
1518 1530 1530 15,07 1518 

3 .0 3.0 3 .0 2.7 3 .0 
1530 1530 1530 1543 1530 

3.5 3.5 3.5 3.2 3 .5 
1543 1530 1530 1563 1543 

4 .0 4.0 4.0 3.8 4.0 
1563 1530 1530 1563 

4.6 4.6 4 .6 4.6 

The velocity at 0 m (mbsf) is bottom water velocity. 

Table 2.2: The interval velocity data of 5 stations (#1 - #5) 

Station #1 Station #2 Station #3 Station #4 Station #5 
measurement measurement measurement measurement measurement 
depth velocity depth velocity depth velocity depth velocity depth velocity 
{mbsf} {mis} {mbsf} {mis} {mbsf) {mis} {mbsf} {mis l {mbsf} {mis} 

0 1530 0 1530 0 1530 0 1530 0 1530 
1501 n * n n 1501 

0 .8 0 .5 0 .3 0 .3 0.8 
1500 1493 1493 1507 1493 

1.6 1.3 1 . 1 1 . 1 1.6 
1484 1484 1479 1497 1489 

2.5 2 .2 2 .0 2.0 2 .5 
1507 1507 1507 1507 1507 

3 .0 2.7 2.5 2 .5 3.0 
1518 1506 1518 1506 1506 

3 .5 3.2 3.0 3.0 3 .5 
1531 1519 1495 1519 1543 

4.0 3.7 3.5 3.5 4.0 
1563 1541 1531 1541 1563 

4.6 4.3 4 .0 4.0 4 .6 

The velocity at O m (mbsf) is bottom water velocity. 
*: n means no data. 
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Ewing, 1956). These arrivals were interpreted as refraction along the ocean floor within a 

layer of low velocity. Katz and Ewing estimated depths of 20-45 m to the bottom of the 

acoustic channel at the Preliminary Mohole. Hamilton ( 1970) reviewed his and other 

investigators' results and concluded that the ratio of sediment velocity to bottom water 

velocity is often less than 1, indicating that a small acoustic channel is likely in near surface 

sediments. He concluded that such an acoustic channel should be present over large areas 

of the seafloor in most oceans of the world, including most deep-water areas and 

appreciable shallow-water areas. Hamilton defined the thickness of the acoustic channel 

(H ac), by: 

H ac = (Vw -Vo)/ a (2.3) 

where V w is the velocity of bottom water, V 0 is surface sediment velocity, and a is the 

linear velocity gradient in the sediment. Hamilton suggested that most sediment acoustic 

channels in the deep-seafloor should be between 5 and 95 m thick with a linear velocity 

gradient 0.5 - 1.5 sec-I. 

Our results from the Atlantic sediment ponds, however, indicate consistently that 

the velocity distribution in the upper several meters of seafloor sediments is quite 

complicated. In these layers, the velocity change may not be linear. Data from Stations 1 

through 5 demonstrate that velocity may decrease with depth in the uppermost 2 m of the 

seafloor to a minimum value, and then increase. The velocity gradients in the uppermost 2 

m of the sediment pond are about -25 sec-I and tum to +25 sec-I - +30 sec-I in the next 

lower 2 m. Data from Station 6 differ slightly from the results of Stations 1-5. Velocity at 

Station 6 maintains a constant value of 1500 mis in the top 2 m of sediments, and then 

increases with a gradient about 25 sec-I within the lower 2.5 m. 

After collecting more data Hamilton ( 1979) estimated the ranges of velocity gradient 

in marine sediments as 0.6 -1.9 sec-I. Ogushwitz (1985c) predicted with Biot's model that 

the velocity gradient in clays varies from 0.6-1.3 sec-I. It is important to note that these 
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earlier workers were not concerned with resolving velocity structure within the uppermost 

seafloor since they were interested in applications involving seismic wavelengths. Their 

estimates, when considered over 50-100 mbsf (meters below the seafloor) are still valid. 

Our results show that their predictions are not valid for the upper several meters of seafloor 

in sediment ponds. The thickness of our measured acoustic channels is about 3.5-5 m. 

2.5.S LABORATORY VELOCITY DATA 

A 2.2 m long core was recovered from a location very close to Station 6. Velocity 

measured in the laboratory is compared to in situ results in Figure 2.11. Velocity 

corrections to in situ conditions are small because the pore water velocity at 23° C and 1 

atmosphere pressure (1528 mis) is nearly the same as the in situ seawater velocity (1530 

mis). According to Hamilton ( 1971 ), the correction is only 1 mis. The measurements 

seem to match well in the uppermost 2 m (Fig. 2.11 ). There are no core data available for 

comparison beneath 2 m. 

Three cores were recovered from locations across the sediment pond at Site A, 

adjacent to Stations 1 through 5. The ultrasonic velocity distributions of the three cores 

show different tendencies (Fig. 2.12). Core 1 (2.8 m in length) shows velocity increasing 

linearly with depth with a gradient of about +15 sec-I. Core 2 (1.8 min length) and Core 3 

(1.4 min length) give a roughly constant ultrasonic velocity of 1520 mis. It is expected 

that the sediments covering the sediment pond are homogeneous in a limited area and Lance 

measurements (Fig. 2.10) indicate that the five stations (Station 1 - Station 5) have quite 

similar in situ velocity distributions. Ultrasonic velocity distributions of the three cores, 

however, are not only inconsistent with the in situ measurements but are also inconsistent 

with each other. We suspect that coring disturbance is responsible, although none was 

readily apparent when the cores were opened. 
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2.5.6 IN SITU Q 

Differences in receiver response functions produce large errors in the computation 

of Q. Unfortunately, no receiver calibration data were obtained during the cruise due to 

operational difficulties. Essentially, we found post-cruise that calibrations done in water 

near the sea surface were not valid for deep data. Hydrostatic pressure effects on the 

sensitivity of receivers were substantial and unforseen. Accordingly, a rather simple 

procedure was used to roughly estimate a range for Q. A signal received at the top receiver 

was used as a reference signal and a set of synthetic signals with different Q's were 

computed according to the formula: 

Ss(ro) = (L1/L2)So(ro)exp(irox/co)exp[-(rox)/(coQ)] (2.4) 

where L 1 is the distance between the source transducer and the top receiver, L2 is the 

distance between the source transducer and the bottom receiver, and x is the interval 

between two receivers (Figure 2.13). (L1/L2) is the geometric spreading factor. We refer 

to Ss(ro) as the synthetically propagated signal,or simply synthetic signal; So(ro) is the 

reference signal, and co is the reciprocal of the real part of lie where c is complex velocity. 

The term exp(irox/co) represents the time delay and exp[-(rox)/(coQ)] represents the 

attenuation of the synthetic signal. After comparing synthetic signals with the signal 

received from the bottom receiver (a travel path of 2 m), we estimate Q as greater than 100 

and probably more than 120 at Station 6. 
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Figure 2.13: The estimation of Q by synthetic propagation. Signal from 
receiver 1 is original reference signal. Synthetic propagation signals are 
compared with the signal from receiver 2, 2 m distant. 
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2.6 CONCLUSIONS 
The results of the Lance experiments in the sediment pond along the flanks of the 

mid-Atlantic ridge have revealed some interesting things and left some unanswered 

questions. 

1) The sedimentary layers of the upper several meters of seafloor may contain the largest 

gradients in physical and acoustic properties in the sediment-water system. Both the in situ 

data and the core data of the sediment pond have indicated the complexity of this zone. 

2) The data from all 6 stations of the sediment pond consistently show there is a thin (few 

meters in thickness) acoustic channel lying just below the seafloor. 

3) The core data from Station #6, in Site B' of the sediment pond agree well with the in 

situ data of Lance. The data from three cores recovered from the adjacent locations of 

Station I-Station 5, in Site A of the sediment pond not only disagree with the in situ data of 

Station 1-Station 5, but also do not agree well with each other, while the in situ velocity 

data display a consistent velocity distribution. Possibly the soft surface sediments were 

disturbed or lost during the coring and recovering processes. 

4) Although our results are preliminary and subject to verification by further experiment, 

they suggest strongly that core data can not reliably be used to predict in situ acoustic 

properties of surface sediment in areas where these sediments are very soft. In such areas 

in situ acoustic properties can only determined by direct in situ measurement, using devices 

such as Lance. 
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Chapter 3 

In Situ Acoustic Properties 
Silty Clay 

• 
ID Gassy 

(Paper: In Situ Velocity Profiles in Gassy 
Sediments: Eckernforde Bay. Published on: Geo
Marine Letters, Vol.16, 1996. Fu, S.S., Wilkens, 
R.H. and Frazer, L.N.) 

3.1 SUMMARY 

Acoustic behaviors of gas-bearing sediments are significantly different from those 

of gas-free sediments. In situ velocity profiles and acoustic signal characteristics in gas-

bearing sediments of the upper several meters of the seafloor in EckemfOrde Bay are 

presented in this study. Observed velocities in gas-bearing sediments are both higher and 

lower than those of the gas-free sediments. Small amounts of gas appear to cause signal 

reverberation without much attenuation, whereas large amounts of gas cause substantial 

attenuation. 

3.2 INDRODUCTION 

Gas-bearing seafloor sediments have been found in many areas. Acoustic 

attenuation, propagation speed, and sediment reflective properties differ significantly 

between gas-free and gas-bearing sediments. Gas bubbles, present even in small amounts, 
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can dominate the acoustic properties of sediment (Anderson and Hampton 1980). In recent 

years, sophisticated experiments have been developed to study the acoustic properties of 

gas-bearing sediments, such as the Eckemforde Bay (Baltic Sea) experiment of the Coastal 

Benthic Boundary Layer Special Research Program (CBBL SRP). In this comprehensive 

experiment, acoustic bottom scattering and propagation; sediment classification; and in situ 

geoacoustic, physical, optical, electrical, dynamic, and biochemical characterization of 

near-surface gassy and non-gassy sediments were investigated (Richardson 1994). So far, 

most determinations of in situ acoustic behaviors of gas-bearing sediments in shallow 

water have been derived from seismic reflection profiles. Acoustic turbidity, multiple 

reverberation, bright spot and bottom simulating reflectors (BSR) in seismic reflection 

profiles are the signatures of gas-bearing sediments (Anderson and Bryant 1990; Hart and 

Hamilton 1993; Richardson 1994). Quantitative and detailed in situ acoustic data, 

however, have not been available to study gas-bearing sediment acoustic behavior, 

especially in the uppermost seafloor. This paper presents in situ acoustic velocity profiles 

of the uppermost several meters of the seafloor at 5 stations in Eckemforde Bay. 

3.3 MEASUREMENT METHOD 

The Acoustic Lance is an instrument developed at the University of Hawaii to 

obtain in situ compressional wave velocity and attenuation (Q-1) profiles in a sedimentary 

layer of several meters thickness at the sediment-seawater interface. The Lance was first 

deployed for in situ measurements in the Mid-Atlantic Ridge sediment ponds (Fu et al. 

1994 ). The Lance consists of a linear array of receivers embedded in the seafloor below an 

acoustic source. The broad-band source and a solid state recording system are mounted on 

the weightstand of a gravity or piston corer. An array of small hydrophones is mounted 

along the outside of the core barrel (Fig. 2.1). After the corer penetrates the seafloor, the 
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source emits a ping. The propagated sound wave is vertically incident upon the seafloor. 

Receivers with regular spacing along the corer barrel collect signals that propagate through 

the sediments. The Lance provides in situ recording of full waveforms. Velocity, 

attenuation and other useful information are subsequently extracted from the recorded 

waveforms using signal processing techniques. Core samples may be recovered at the 

same time to measure other parameters of the sediments. The spectral range of the Lance 

signal is 3 to 20 kHz. A power spectrum of a signal received in water is presented in 

Figure 2.3. The estimated error of velocity measurement based on digitization rate and first 

arrival picks by several different investigators is about 1 %. The Lance was deployed at 

eighteen stations in Eckemforde Bay simultaneously with coring. This paper presents 

typical acoustic data from 5 stations in Eckemforde Bay (sites 624 -628, Fig.3.1). 

3.4 GEOLOGICAL DESCRIPTION AND 
DEPLOYMENT 

The floor of Eckemforde Bay is composed of high water content mud that contains 

gas bubbles in some areas. The sediments covering this area are soft silty clays with 

evidence of significant biological activity. CT scans of pressurized core samples and 

subbottom seismic reflection profiles revealed that clusters of small methane bubbles exist 

approximately one meter below the seafloor (mbsf) at most of the gassy sites (Richardson 

1994, Orsi et al. 1996). Some investigators suggest that the bubble content of sediments in 

Eckemforde Bay changes by season (Fiedler and Stender 1994). 
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Figure 3.1: Eckernforede Bay and adjacent Baltic Sea with the locations of 
sites 624 - 628. 
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3.5 EXPERIMENTAL RESULTS 

The acoustical properties of gassy sediments are significantly different from those 

of saturated sediments. Anderson and Hampton (1980), and Anderson and Bryant (1990) 

summarized the acoustical properties and characteristics of gas-bearing sediments. In this 

paper, we use their results to distinguish and identify gassy and non-gassy sediments. 

Compared to non-gassy sediments, gassy sediments exhibit ( 1) large variations in sound 

speed, (2) high attenuation, and (3) signal reverberation (ringing) with associated spectral 

changes. The uppermost 0-0.75 m interval of the seafloor in EckemfOrde Bay is typical of 

non-gassy mud (Richardson 1994, Richardson and Briggs 1995). Therefore, this 

uppermost interval is used as a non-gassy reference system to examine the Lance data. Our 

identifications of gassy sediments and non-gassy sediments agree with the Acoustic 

Sediment Classification System (ASCS) reflection profiles at 4 of 5 sites. At site 628, 

Lance data indicate a gassy zone starting at about 3 m depth, whereas ASCS data do not 

exhibit evidence of gas at this site. This discrepancy may be due to lateral variations in the 

gassy zone, as Lance data and ASCS data are necessarily gathered several meters apart. 

We will discuss data from site 628 separately below. 

3.5.1 COMPRESSIONAL WA VE VELOCITY 

Interval compressional wave velocity profiles from five stations in Eckemforde Bay 

are listed in Table 3.1 and shown in Figure 3.2. Velocity values in non-gassy sediment 

intervals fall within the range 1430 to 1465 mis (an average bottom water velocity is 1480 

mis), whether they are at non-gassy sites or whether they overlay gassy sediments. 

Compressional wave velocity does not display much vertical or lateral variability in gas-free 
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sediments at 5 stations. In gassy zones where signal amplitudes are strongly attenuated, 

velocity shows large variability. Velocities at two gassy sites (625, 626) rise in the 

uppermost parts of the gassy sediment zones compared to the overlying non-gassy 

sediments. Velocities then decrease to a value much less than that of water. For example, 

at site 625, velocity in the 1.0-1.7 mbsfinterval of non-gassy sediments is 1455 mis. 

Sequentially it increases slightly to 1489 mis in the uppermost part (1.7-2.3 mbsf) of a 

gassy sediment zone, and then decreases to 1169 mis in the interval 2.3-3.5 mbsf and 852 

mis in the interval 3.5-4.1 mbsf. Similar tendencies appear at site 626 (Table 3.1 and Fig 

3.2). These results indicate that the compressional wave velocity in gas-bearing sediments 

may be either higher or lower than that of gas-free sediments. Anderson and Hampton 

( 1980) presented theoretical and laboratory results of the relationship between bubble 

resonance frequency and sound wave velocity in gas-bearing sediments. They found that 

sound wave velocity is dependent on bubble resonance frequency, which is related directly 

to bubble size and gas volume concentration in gas-bearing sediments. Velocity in gas

bearing sediments is lower than that in gas-free sediments if the sound wave frequency is 

below the bubble resonance frequency, whereas velocity is higher than or equal to the 

velocity in gas-free sediments if sound wave frequency is greater than bubble resonance 

frequency. Accordingly, although the calculation of resonance frequency requires 

knowledge of several variables not directly measured in the Eckemforde Bay experiment, 

we infer that the mean size of the gas bubbles increases monotonically with depth in the 

transition zone from gas-free to gassy sediments. 

In summary, velocity gradients vary laterally within the upper several meters of the 

seafloor in Eckemforde Bay. At the non-gassy sites, velocities are more-or-less constant 

with depth (e.g. site 624), or have a tendency to increase slightly (e.g. site 627). At the 

gassy sites, compressional wave velocity behavior is fairly consistent: velocities increase in 

the uppermost parts of the gassy intervals and then decrease more or less rapidly in the 
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Table 3.1. In Situ Velocities in sites 624-628 

site 624 site 625 site 626 site 627 site 628 
Depth Velocity Velocity Velocity Velocity Velocity 
(mbsf) (m/s) (m/s) (m/s) (m/s) (m/s) 
0 1480 1480 1480 1480 1480 

1430 1419 1430 1430 1442 
0.5 

1439 1447 1473 1447 1447 
1.1 

1428 1455 1455 1428 1428 
1.7 

1446 1489 1526 1446 1446 
2.3 

1429 1169 * 1482 1447 1439 
2.9 

1444 1169 * 1418 1453 1461 
3.5 

1442 852 * n 1460 965 * 
4.1 

*: velocities of gassy sediments, the first arrival would be interfered by noise. 
n: no data, because there is no recognizable first arrival. 
Velocities at 0 mbsf are averaged bottom water velocity. 
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underlying sediments, depending most likely on the vertical distribution of gas bubbles. 

3.5.2 SIGNAL CHARACTERISTICS 

Signal attenuation is the most important indicator of gas-bearing sediments. 

Anderson and Hampton ( 1980) suggested that attenuation in gas-bearing sediments is 

caused by frame friction absorption, absorption associated with bubble motion, and 

scattering. Their theoretical calculations showed that there will be an attenuation maximum 

near the bubble resonance frequency, and that attenuation can be very high even for 

frequencies off resonance. A small amount of gas, which would affect velocity only 

slightly, can significantly increase attenuation. Our in situ acoustic data in EckemfOrde 

Bay support their conclusions. A set of signals recorded at site 626 is shown in Figure 

4.3. The signal is strongly attenuated in the interval 1.7-2.3 mbsf, but velocity in this 

interval is 1526 mis. At site 625 signal attenuation is very high in the interval of 1.7-2.3 

mbsf, whereas velocity in that interval is 1489 mis, not much different from the velocity of 

1455 mis in the overlying non-gassy sediments (Table 3.1). Waveform power spectra 

recorded by two receivers from gas-free and gas-bearing intervals at a gassy site (626) are 

shown in Figure 4.4, where it can be seen that signal energy is reduced greatly at a 

frequency of about 7.5 kHz in the gassy layer. Although the difference in frequency 

response of the two receivers has not been considered here, we know from water tests that 

the effect illustrated in Figure 3.6 is not due to this difference. 

Compressional wave velocity can be an indicator of gas-bearing sediments. 

However, as noted above, the sign of the velocity anomaly depends on bubble size. A 

better indicator of gas may be the signal reverberation (ringing) caused by bubble 

scattering. Two typical acoustic signals from the same receiver in gas-free and in gas

bearing sediments are presented in Figure 3.5. Acoustic reverberation is apparent in the 
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signal from the gas-bearing sediments (Fig. 3.5, bottom trace). A comparison of signals 

from gassy sites and non-gassy sites is shown in Figure 3.6. All signals were received at 

the same depth (0.46 mbsf) by the same receiver at all 5 stations in EckemfOrde Bay. 

Amplitudes and velocity values of the signals do not provide evidence of gas bubbles 

present in the sediments. However, signal reverberation at sites 625 and 626 indicates the 

presence of small amounts of gas in the layers (which have been regarded as non-gassy 

sediments) overlying the gassy sediment zones. 

High reflectivity at the interface of gas-free and gas-bearing sediments produces 

bright spots in subbottom profiles or seismic sections because of a large acoustic 

impedance mismatch. This reflection is clearly evident in the waveforms of a typical Lance 

gassy-sediment profile (Fig. 3.7) despite the use of low gain settings for the shallow 

receivers. (These gain settings, which increase with depth, are necessary to avoid clipping 

the direct down-going wave, but greatly reduce the amplitude of the reflection). In Figure 

3.7, even at the topmost receiver, there is considerable up-going energy arriving after about 

4.1 ms. 

3.5.3 SITE 628 

There is no apparent evidence in the ASCS reflection profile for a gassy zone at site 

628 (Slowey, personal communication, 1995). However, Lance data at this site exhibit 

characteristics in velocity, amplitude, frequency spectra, and signal reverberation similar to 

gassy sites 625 and 626 (Table 3.1, Figures 3.6 and 3.8). Detailed physical property data 

have not been gathered for the core of site 628. Therefore, a complete explanation for this 

disagreement cannot yet be made. Possibly, Lance penetrated a small localized gassy zone 

several meters away from the ASCS profile. Note that coring is done at the side of the 
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Figure 3.4: Signal power spectra from gas-free and gas-bearing sediments at a 
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ship, several meters distant from the centerline of the ship where the ASCS data are 

gathered. 

3.6 DISSCUSSION AND CONCLUSIONS 

Detailed in situ velocity profiles and acoustic signal characteristics in gassy 

sediments several meters below the seafloor in Eckemforde Bay are consistent with 

theoretical and laboratory predictions of acoustic behavior in gas-bearing sediments. 

Interval velocities in gas-bearing sediments can be both higher and lower than gas

free sediments in Eckemforde Bay. Velocity values rise in the uppermost parts of the 

gassy zones (625, 626, and 628) and subsequently decrease. 

Reduction in signal amplitude is the best indicator of gas-bearing sediments. 

Velocity anomalies are not as reliable an indicator because of their dependence on bubble 

size. Very small amounts of gas bubbles may cause acoustic reverberation in waveforms, 

while signal amplitude and velocity values remain unaffected. 

A qualitative description of signal power spectra indicates that there is a narrow 

frequency band where signal energy is greatly reduced in gas-bearing sediments, probably 

as a result of gas bubble resonance. 

Reflection takes place at the interface of gassy sediments and non-gassy sediments 

in Eckemforde Bay. Lance waveforms reveal a coherent, up-going reflection event 

originating at the inferred upper surface of the gassy layer. 
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Chapter 4 

Experimental Study 
Sands 

• 
Ill Carbonate 

(Paper: Hamilton's Parameters and the Acoustic 

Properties of Carbonate Sands, Waikiki, Hawaii. 
Will be submitted to: Geophysics. S.S. Fu, M. 
Prasad, R.H.Wilkens and L.N Frazer) 

4.1 SUMMARY 
An experimental study of acoustic properties in natural carbonate sands has been 

made in offshore Oahu Island, Hawaii. We report in situ variations of compressional wave 

velocity (V p) and attenuation (Qp-1 , the reciprocal of quality factor) with depth, and their 

comparison with laboratory measurements on samples from the same area. Shear wave 

velocity is obtained from our in situ compressional wave data using a new equation that 

parameterizes shear wave velocity and compressional velocity in a mutually consistent 

manner. 

The attenuation data in carbonate sands agree with Hamilton's relationship between 

attenuation and porosity only if the volume of intra-particle voids is deducted from total 

porosity of the carbonate sands. Attenuation coefficients a exhibit a near-linear 

relationship with frequency between 5 kHz and 1 MHz, and the comparison of in situ and 

the laboratory velocity data suggests that the slight velocity dispersion predicted by 

viscoelastic models is likely to be masked by the inhomogeneity of the materials. 
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4.2 INTRODUCTION 

The geoacoustic properties of unconsolidated sediments on the seafloor are 

important factors controlling seismoacoustic propagation in the ocean. Complications 

arising from the variety of sediments associated with their depth and spatial variability have 

presented a tremendous challenge to our understanding of acoustic behaviors in marine 

sediments, especially in shallow water. This study reports the results of the first ever in 

situ acoustic study of carbonate sand that penetrates more than a few lO's of centimeters 

into the seafloor. Coral sand deposits derived from active reefs constitute the dominant 

sediment cover on many modem shelves located at low latitudes in shallow, tropical to 

subtropical seas. They are almost ubiquitous in the many islands and atolls of the 

equatorial Pacific ocean. Despite the importance of carbonate sands in shallow water 

acoustics, the depth dependence of acoustic properties in natural carbonate sands is poorly 

known. The reason may partially be attributed to the difficulties of in situ measurement and 

coring, and to the complicated microstructure of carbonate sands. We have developed an 

instrument, the acoustic lance, to obtain in situ compressional wave velocity and attenuation 

profiles within the upper several meters of the seafloor (Fu, 1994; Fu et al., 1996). Using 

the acoustic lance, we have studied a natural carbonate sand deposit, the Halekulani Sand 

Channel (HSC), off Waikiki Beach in Hawaii (Fig. 4.1) . 

Two experiments were carried out in the HSC. Both in situ and laboratory 

measurements were made in the first experiment and only in situ data were gathered during 

the second. The in situ experiments used the acoustic lance, whereas the laboratory 

experiments used the pulse transmission technique (Birch, 1960; Prasad and Manghnani, 

1997). The major objective of our experiments was to achieve a better understanding of the 

acoustic behavior of carbonate sands. A second goal of our research was to understand 
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size and frequency scale effects that must be considered when comparing laboratory and in 

situ data in carbonate sands. We report in situ variations of compressional wave velocity 

(Vp) and attenuation (Qp-1, the reciprocal of quality factor) with depth in the HSC and their 

comparison with laboratory measurements on samples from the same area. 

Hamilton's parameters, most of which are empirical relationships between acoustic 

and physical parameters of marine sediments measured in the laboratory, have been used to 

predict acoustic properties in different types of marine sediments for several decades. By 

use of a new shear-consistent parameterization of subbottom compressional velocity, we 

obtain new values for Hamilton's parameters that are appropriate for propagation in 

carbonate sands at 0-20 mbsf. The predicted shear wave velocities at depths agree well 

with the in situ shear wave velocity measurements in sands of Cunny and Fry (1973). 

To compare our attenuation results with the work of other investigators, Qp-1 is 

converted to attenuation coefficients a and k, under the assumption that Qp-1 is independent 

of frequency. The results suggest that attenuation coefficient a exhibits a near-linear 

relationship with frequency between 5 kHz and 1 MHz. The attenuation data in carbonate 

sands agree with Hamilton's relationship between attenuation and porosity only if the 

volume of intra-particle voids is deducted from total porosity of the carbonate sands. 

In theory, a plane wave suffering attenuation must also suffer dispersion in 

sediments. However, velocity dispersion is difficult to observe in marine sediments 

(Hamilton, 1972 and 1987). Velocity dispersion, and the difficulties of comparing in situ 

velocity data with laboratory velocity data, are discussed below. 

4.3 GEOLOGICAL SETTING 

The Halekulani Sand Channel is located off the southern shore of the Hawaiian 

island of Oahu (Fig. 1). It extends from the shoreline to water depths greater than 30m. 
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The channel was probably part of an ancient stream drainage that was cut during a glacial 

low sea level stand (Sea Engineering Inc., 1995). Sand transport in the HSC is affected by 

wave climate. Surf generated by Antarctic winter storms reaches the south shores of Oahu 

in the summer months. The waves rework sands in water depths of up to 1 OOm. 

Hurricanes and tsunamis are infrequent, but their impact in sand transport is locally severe 

(Coulbourn et al., 1988). This active environment results in loose, poorly consolidated 

sediment comprising the upper lO's of meters of the sand deposits. 

The HSC was chosen as the experiment site because it is a large, well defined sand 

deposit. Previous investigations have provided a great deal of geological information about 

the HSC (Ocean Innovators, 1977; Campbell, 1979; Noda, 1991; Barry, 1994). The 

sands show no indications of post-depositional cementation in the upper lOm of the deposit 

and are poorly compacted. In this experiment, the physical parameters of the HSC sands -

grain size, density and porosity - were examined from core samples (Sea Engineering Inc, 

1995). Samples show that the sediments within 0 - 8 mbsf (meters below seafloor) in the 

channel are moderately well-sorted, grayish carbonate sands. A scanning electron 

microscope (SEM) back-scattered electron image of a sample is shown in Figure 4.2. The 

median grain size of the sand ranges from 0.19 mm to 0.38 mm (fine to medium sand). In 

general, fine grain sizes are less than 10% by weight (Noda, 1991). A summary of sand 

characteristics in the HSC is presented in Table 4.1. Due to wave related reworking of the 

sediments, there is no apparent relation between grain size and spatial location of samples 

or depth of the samples within the deposit (Sea Engineering Inc., 1995). 

Further sediment analysis showed bulk density varying from 1.13 to 1.31 g/cm3 

and porosity from 0.49 to 0.57 in 39 core samples from the 6 cores recovered from the 

uppermost two meters of the HSC. However, the average bulk densities and porosities of 

each core are almost the same. Average bulk densities are 1.22 -1.25 g/cm3 (one short 
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Figure 4.2 The scanning electron microscope (SEM) backscattered electron 

images of a sample in the HSC coral sands. The scale of upper image is 2000 

microns, and is 200 micron in the low image. 
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T bl 4 1 S a e . . ummary o f S d Ch an t . f arac eris 1cs 10 HSC 
Average Median Grain Size 0.21 mm 

Range of Median Grain Sizes 0.19 mm - 0.25 mm 

Sorting well sorted 

average cr = 0.75 

Grain Density (Kg/m3) 2.83 (core V3) 

2.82 (core V8) 

Porosity 0.49 - 0.57 

average 0.53 
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core has an average bulk density of 1.29 g/cm3) and average porosities are between 0.52-

0.54. Grain size distributions remain near constant in most of the samples, except for a 

small percentage of carbonate gravels present in some samples (Sea Engineering Inc, 

1995). These results suggest that the HSC sand deposit can be regarded as near

homogenous at meter scales (in the upper two meters), although at centimeter scales it may 

be somewhat more inhomogeneous. 

4.4 METHODS 

4.4.1 IN SITU MEASUREMENT 

The acoustic lance is a linear array of up to 10 receivers embedded in the seafloor 

below an acoustic source (Fig. 4.3; Fu et al., 1996). It provides in situ recording of full 

waveforms (Fig. 4.4) that travel vertically through the sediments. A broad-band acoustic 

source and a solid state data recording system are mounted on the weightstand of a gravity 

corer or an independent probe. An array of small hydrophones is mounted along the 

outside of the core barrel. The frequency band of the signal ranges from 5 - 20 kHz. 

Velocity resolution is better than 1 % when the receiver spacing exceeds 0.5 m. In the HSC 

experiments, the receivers were mounted on a probe which penetrated the sands using a 

water jet. After allowing a few days for sediment reconsolidation, divers brought the 

recording package to the seafloor for measurements. Data acquisition was monitored in 

real time from the surface. 

Compressional wave velocity (Vp) and attenuation (Qp-1) are extracted from the 

waveform recordings. Velocity is calculated from the difference in arrival time of acoustic 

waves at receivers of known separation. Effective attenuation, as it contains the effects of 

both intrinsic attenuation and scattering attenuation, is much more difficult to extract than 
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velocity, because whole waveforms must be used. Noise contamination and the correction 

of multiple receivers for their transfer functions complicate signal processing. Frazer et al. 

(1998) have proposed a data processing technique to extract attenuation from the lance 

signals by an application of geophysical inverse theory to the well known spectral ratio 

method. In this process, the model space of attenuation profiles is exhaustively searched 

within the limits of discretization, and a marginal posterior probability density function of 

attenuation is computed explicitly for all possible intervals. The attenuation profiles may be 

displayed either by the ten most probable models or by picking the peak of the marginal 

posterior density function at each depth. We assume that attenuation is constant in the 5-20 

kHz frequency band of the lance signals, although there is much debate on the dependence 

of attenuation and frequency over wider ranges (Hamilton 1972; Stoll, 1985; Kibblewhite, 

1989). 

4.4.2 CORE MEASUREMENT 

The core samples in the HSC were collected by a vibracorer. The vibracorer uses 

motor-driven, counter-rotating vibrators attached to a lOcm inner diameter, 3m long core 

barrel. Samples analyzed in the laboratory were partially dry and had to be saturated with 

sea water under vacuum before conducting ultrasonic measurements. 

The pulse transmission technique (Birch, 1960) was used for compressional wave 

velocity measurements. Qp was calculated using the spectral division method (Toksoz et 

al., 1979; Johnston et al., 1980; Sears and Bonner, 1981). The setup is described in 

Prasad and Manghnani (1997) and consists of a digital oscilloscope, a pulse generator, and 

a preamplifier. The compressional wave transducers had a central frequency of 1 MHz. 
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Samples were 1-3cm long and an aluminum cylinder of similar size and shape as the sand 

samples was used as a standard for the spectral division calculations. 

4.5 RESULTS 

The first experiment included two in situ measurements using the acoustic lance. 

The lance was deployed twice at the same site (Fig. 1) within a time span of about one half 

year. Typical waveforms recorded in the carbonate sands of the HSC are displayed in 

Figure 4.4. The first measurement at the HSC was a preliminary test. Three receivers were 

mounted along a 4.5m long probe at intervals of 2m. All three receivers were buried in the 

carbonate sands. During the second measurement, nine receivers were mounted along a 

12.5 m probe at a spacing of 1.5m. The top two receivers remained above the sediments to 

obtain the bottom water velocity and the other seven receivers were in the sediments. The 

measurements were conducted one week after the probe was inserted. The in situ interval 

compressional wave velocity profiles from the first lance experiment (Table 4.2a and Fig. 

4.5a) show a fairly constant velocity of approximately 1595 m/sec within the upper 4m of 

the seafloor. The velocity values exhibit no pronounced compressional wave velocity 

increase or decrease when averaged over these fairly wide intervals. The lack of near

surface gradient is supported by the detailed measurements of the second experiment 

discussed below. 

Considered over the entire 9m interval, the deep profile shows compressional wave 

velocity generally increasing with depth, although that increase is not constant. Velocity 

averages near 1600 m/sec in the interval from 6.0 and 7 .5 mbsf while average velocities 

above and below increase to around 1640 m/sec. The long probe (penetrating the 

sediments to about 9.5 mbsf) unfortunately could not be retrieved for receiver transfer 

function calibration due to its deep penetration (the calibration test must be conducted in 
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water - Frazer et al., 1998). Therefore, no in situ attenuation data were calculated from 

waveforms collected during this experiment. 

The second experiment was a more detailed study of acoustic structure in the upper 

2 mbsf of the Halekulani Sand Channel. Three lance measurements were conducted during 

July and September, 1995. Two probes (A and B), which penetrated approximately two 

meters into the sediments, were set up at experimental sites in July. Nine receivers were 

mounted on each probe. The top two receivers were in the water, 1 m apart, to obtain the 

bottom water velocity while the remaining seven receivers penetrated the sediments at 0.35 

spacing (Fig. 4.3). The horizontal distance between the two probes was about 50 m. The 

first measurement was conducted on Probe A two days after it was set up and, one week 

later, the second measurement was made using Probe B. The third measurement was 

conducted in September, when data were collected from both probes. A summary of in 

situ and laboratory results of velocity and attenuation are given in Tables 4.2 and 4.3 

respectively, and the velocity and attenuation profiles are shown in Figures 4.5 and 4.6. 

Repeat measurements of Probe A and Probe B in the second experiment (Fig. 4.5b, 

4.5c, and Table 4.2a) show some disparity in the compressional wave velocity data when 

compared to the first set of data: the maximum disparity at the same depth is about 60 mis; 

more than the expected measurement error of 1 %. However, the compressional wave 

velocities over the entire 2m interval (0 - 2mbst) at Probe A and Probe B are virtually 

identical -1631 m/sec at Probe A and 1632 m/sec at Probe B. The velocity disparity 

between repeat measurements at Probe A is larger than at Probe B and could reflect the 

effects of sediment disturbance. The first measurement at Probe A was conducted only two 

days after it was installed. The sediments, disturbed by the water jet, may not have 

completely reconsolidated in this short time. The average interval velocities (average of 

repeated interval measurements) of the two probes do not show an increase with depth. At 

Probe A some velocity variations are observed while the velocity at Probe B remains almost 
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constant within the upper 2m. The velocity inhomogeneity at the 0.35m scale is not seen 

when data are averaged over 2m. Some of the waveforms had low signal/noise ratios due 

to failed receivers or to problems in recording. These waveforms were not used in 

subsequent processing. 

Accurate laboratory measurements of attenuation at sonic frequencies (typically 1 -

20 kHz) are greatly limited by the sample length (the sample length must be several times 

larger than wavelength). This difficulty may be addressed by performing attenuation 

measurements in situ. Attenuation measured from field data is termed an effective 

attenuation, as it includes both intrinsic and scattering attenuation. When scattering is 

small, effective attenuation is approximately equal to intrinsic attenuation. An important 

observation that can be made from the waveforms recorded in the HSC is that there is little 

or no apparent signal broadening (Fig. 4.4). This suggests that there is little scattering in 

situ, since scattering tends to redistribute energy into later parts of the coda. 

In our experiments waveforms were processed by an application of Bayesian 

inverse theory to the spectral ratio method (Frazer et al., 1998). In this technique, we 

process the lance waveforms to extract Qp-1 as a function of depth. The ten most probable 

attenuation profiles for Probe A and Probe B are displayed in Figure 4.6 by shaded zones, 

where Figure 4.6 (a) and (b) are repeated measurements at Probe A, and (c) is the 

measurement at Probe B. All three profiles show a decrease in attenuation with depth. In 

the first measurement at Probe A (Fig. 4.6a), Q-1 is about 0.050 in the uppermost interval 

and decreases to about 0.008 in the 2 mbsf interval. Q-1 has a similar value of 0.045 in the 

uppermost interval and decreases to 0.022 in the 2 mbsf interval in the repeat measurement 

(Fig. 4.6b). The probe B profile shows Q-1 is about 0.05 in the uppermost interval and 

decreases to about 0.005 in the 2 mbsf interval (Fig. 4.6c ). Most likely, the decreasing 

attenuation with depth in the HSC results from two mechanisms. One may be due to the 

low rigidity in the uppermost sediments, the effect of bottom water current or wave 
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Table 4.2. (a) In situ velocity measurements 
The first experiment (1994) 

The first measurement The second measurement 

Depth (mbsf) velocity (mis) Depth (mbsf) velocity (mis) 

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 

The second experiment (1995) 

The first measurement The repeated measurement 

Probe A Probe B Probe A Probe B 

Depth velocity Depth velocity Depth velocity Depth velocity 

(mbsf) (mis) (mbsf) (mis) (mbsf) (m/s) (mbsf) (mis) 

0 - 0.35 1613 0 - 0.68 1637 0 - 0.35 1639 0 - 0.34 1602 

0.35 1602 0.68 - 1636 0.35 1602 0.34 - 1647 

-0.69 1.37 -0.69 0.68 

0.69 - 1672 1.37 - 1639 0.69 - 1653 0.68 - 1636 

1.0 1.72 1.0 1.37 

1.0 - 1608 1.72 1601 1.0 - 1660 1.37 - 1626 

1.37 -2.07 1.37 1.72 

1.37 - 1613 1.37 - 1666 1.72 - 1659 

1.72 1.72 2.07 

1.72 - 1626 1.72 - 1595 

2.07 2.07 

* Average bottom water velocity 1541 mis. 

** The experimental errors of all in situ velocity measurements are equal or smaller than 

1%. 
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Table 4.2 (b) Velocity measured from samples of two cores (V3 
and VS) 

Core V3 Core V8 

Sample depth (cm) Velocity (mis) Sample depth (cm) Velocity (mis) 

measured corrected* measured corrected 

10 1644 1658 100 1524 1537 

20 1677 1691 120 1717 1732 

60 1696 1710 156 1625 1639 

70 1598 1612 185 1724 1739 

80 1583 1596 213 1616 1630 

100 1640 1654 

110 1592 1606 

120 1673 1687 

155 1499 1512 

200 1699 1713 

* corrected: The velocity is corrected to in situ condition by the velocity ratio method 

(Hamilton, 1971 ). 
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Table 4.3. (a) Attenuation (Q-1) measured in situ 
Probe A Probe B 

The first measurement The repeated measurement 

Depth (mbsf) Q-1 Depth (mbsf) Q-1 Depth (mbsf) Q-1 

0 - 0.69 ~ 0.05 0 - 0.69 0.0454 0 - 0.68 ;;:: 0.05 

0.69 - 1.0 ~ 0.05 0.69 - 1.0 ;;:: 0.05 0.68 - 1.37 0.025 

1.0 - 1.37 :::; 0.0083 1.0 - 1.37 0.0361 1.37 - 1.72 0.02 

1.37 - 2.07 :::; 0.0083 1.37 - 2.07 0.0222 1.72 - 2.07 :::; 0.005 

* The attenaution values in this table are from the best fitted model. 

T bl 4 3 (b) Att t• (Q 1) d . 1 b t a e enua ion - measure ID a ora ory . . 
Core V3 Core V8 

Sample depth (cm) Q-1 Sample depth (cm) Q-1 

10 0.0526 100 0.0476 

20 0.0909 120 0.0714 

60 0.0556 156 0.0526 

70 0.0588 185 0.0588 

80 0.1 213 0.0556 

100 0.0909 

110 0 .1 

120 0.0526 

155 0.0435 

200 0.0526 
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reworking. In general, internal friction between grains is the dominant cause of energy 

losses (Hamilton, 1976a). In the Hawaiian Islands, the waves may rework sands to water 

depths of lOOm (e.g., Coulboum et al., 1988). The second mechanism may be caused by 

surficial compaction in the deeper sediments. This kind of compaction, resulting from 

compressive loading, increases contact stiffness of grains in surficial sediments without 

significantly reducing porosity (Hamilton, 1976a). 

Ultrasonic measurements were conducted in the laboratory on fifteen samples from 

two cores (V3 and V8). The velocity and attenuation results from both in situ and 

laboratory measurements are summarized in Tables 4.2 and 4.3, and velocity profiles are 

shown along with results from the second experiment in Figure 4.5. All laboratory 

velocity values are corrected to in situ conditions using the velocity ratio method (Hamilton, 

1971). Hamilton assumed the velocity ratio (velocity in sediment/velocity in water) is the 

same in the laboratory as in situ. Laboratory compressional wave velocity can be corrected 

to in situ conditions by multiplying the bottom-water velocity by the velocity ratio of the 

laboratory data. The identity of the in situ and laboratory ratios was demonstrated 

experimentally (Hamilton, 1963; Hamilton et al. 1970). 

A significant amount of scatter (greater than the experimental error) is seen in the 

laboratory compressional wave velocity data (Fig. 4.5). The distribution of the velocity 

data from laboratory measurements for fifteen samples shows a mean velocity of 1645 mis 

with a standard deviation of about 69 mis (about 4% of mean velocity). There are two 

likely reasons for this scatter of laboratory data: a) The laboratory samples were disturbed 

due to vibracoring and resaturation under vacuum, and b) Due to comparatively small 

sample size (l-3cm), laboratory measurements accentuate variations in lithology and grain 

size (local inhomogeneity). Indeed, some laboratory samples were observed to contain 

partially lithified sands and broken carbonate pieces. Some of the high VP values in the 
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laboratory data may reflect the effects of these inclusions. Since the lance data averages 

over a 0.35m interval, these small scale variations would not be seen. 

Attenuation measured in the laboratory, as with compressional wave velocity, 

appears to have greater variability than the in situ data - probably for much the same reason, 

sample inhomogeneity. At a wavelength of approximately 1.6mm, ultrasonic signals are 

much more likely to be scattered than the much longer wavelength lance acoustic signals by 

cm-size carbonate or cemented sand. Minimum laboratory values of Q-1 of about 0.05 are 

somewhat greater than the best in situ values, and the maximum laboratory attenuation of 

0.10, greatly exceeds that seen in situ. Absent the several high attenuation values, there 

does not seem to be a strong tendency for the laboratory measurements to decrease with 

depth, which may reflect the difficulty of attempting to recreate the effects in the laboratory 

of very shallow burial. 

4.6 DISCUSSION 

4.6.1 INVERSION FOR COMPRESSIONAL AND SHEAR 

WA VE VELOCITIES 

Velocities and gradients of shear and compressional waves with depth are important 

parameters for geoacoustic modeling of the seafloor. In general, it is impossible to derive 

shear wave velocity from compressional wave velocity. In this study, a method that can 

obtain shear wave velocity (with depth) from measured compressioanl wave data in sands 

at shallow depth (0-20 mbsf) is proposed. 

Based on Shell Development Company laboratory experiments (Hamilton, 1976b; 

1980), the relationship of pressure with velocity in sands at shallow depth was given in the 

form: 

72 



v = KPU, (4.1) 

where V is velocity for compressional and shear waves, K is a constant depending on 

sediment type (fine, medium, and coarse sands), Pis effective pressure, and u is an 

exponent. In natural water-saturated sand, P can be converted to depth D (meters below 

the seafloor) by: 

P =(bulk sediment density-density of pore water) x D. (4.2) 

Thus, Hamilton ( 1976b, 1980) proposed the following two equations to predict 

compressional and shear wave velocities (V p and Vs) as a function of depth D (0 - 20 mbsf) 

in sands in the forms of: 

Vp = KpDaP, (4.3) 

and 

Vs= KsDas, (4.4) 

where Kp and Up are the constant and exponent for compressional wave, and Ks and Us for 

shear wave. Hamilton suggested that Up ranges from 0.013 to 0.016, and Us ranges from 

0.28 to 0.31 in sands. With a wave velocity measured (either in situ or in the laboratory at 

in situ conditions) at a known depth D, K can be computed. Equations (4.3) and (4.4) then 

can be used to predict the velocity at any depth between 0 and 20 mbsf in the sands. 

However, equation ( 4.3) is an unsuitable parameterization for VP because it forces 

V p to vanish at D = 0. At the surface of the real seafloor the shear modulus µ vanishes, but 

there is a compressional wave with Wood's velocity (Wood, 1941). Furthermore equation 

( 4.3) requires that V p must have large gradient at very shallow depths to satisfy V p = 0 at 

depth D = 0, this is not the case in the real seafloor either. Our detailed V p measurements 
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in the upper 2 m intervals have shown the lack of a velocity gradient there (Fig. 4.5 (b) and 

(c)). 

To address these problems, we introduce a more appropriate equation than equation 

(4.3) to describe the variation of compressional wave velocity with depth. First note that, 

unlike equation (4.3), equation (4.4) satisfies the condition that Vs= 0 at the interface of 

sea water and sediments (D = 0) in the real seafloor. Equation (4.4) and the well-known 

relation from elasticity theory, 

2 k 4µ 
Vp =-+--, 

p 3p 
(4.5) 

(where lowercase k is bulk modulus,µ is shear modulus, and pis sediment density) 

suggest the following two mutually consistent equations to describe VP and Vs with depth: 

Vs=KDa 
' 

(4.6) 

and 

(4.7) 

where Vwd is Wood's velocity when shear modulus µ=0. Equation (4.7) is more 

appropriate than Hamilton's equation ( 4.3) because it allows V p to take the value of 

Wood's velocity at the surface of the seafloor instead of vanishing. The other advantage of 

equations (4.6) and (4.7) is that since Kand a are mutually consistent in the equations, 

they allow us obtain shear wave velocity from measured compressional wave data. 

Equation ( 4.5) shows that in order to convert compressional data to shear data, it is 

necessary to assume that kip does not change with depth below the seafloor. In the other 

words, porosity of materials does not have significant change with effective pressure. 

Therefore, equations (4.6) and (4.7) can only be used for sands at shallow depths (0-20 

mbsf), not for soft sediments in which effective pressure reduces porosity. 

The 9 m velocity profile in the HSC provides a true in situ relationship of velocity 
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with depth (Fig. 4.5a). Using the new equation ( 4. 7), we search for the values of Wood's 

velocity V wd, constant K, and the exponent a which are the best fit to the in situ data. To 

do this, an Lt norm (least-absolute-values) is used instead of the usual L2 (least-squares) as 

criterion in the data processing. The results obtained using the minimum LI norm criterion 

are known to be less sensitive to outliers than the standard Lz (e.g.Tarantola, 1987). 

The quantity we seek to minimize is given by: 

(4.8) 

" yi (V 2 4 K1D2a 
L meas - wd + - i . 3 

E(Vwd,K,a) = -1----~-----
I, v:neas 

where V~eas are the measured in situ compressional wave velocities (m/sec), i is a depth 

index, Di are the depths (mbsf, usually are the centers of intervals), and 

Vwd 2 + 4 
K 2

Dfa is the predicted velocity value at depth Di. To search for the minimum 
3 

E, we search a 3-D space whose three coordinates are the values of V wd, K, and a. The 

computed values of E(V wd, K, a) are a 3-D matrix in the model space. The location of the 

minimum value of E in the model space indicates the optimum values of V wd, K, and a. 

The result of our searching procedure can be illustrated by three contour plots of E along 

three coordinate planes passing through the minimum point of E (Fig. 4.7). The minima of 

the contour plots indicate the optimum values of V wd, K, and a. Substituting the optimum 

values of Ywct, K, and a, equation (4.7) becomes: 

Vp2 =15882 + 812 x D 2
x

069 
, (4.9) 

as the best fit equation for our in situ data (Fig. 4.8) in MKS units. 

A partial check of equation (4.9) was made in the following way. First, note that, 
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in our searching procedure for V wd, K, and a, no a priori condition is imposed on Wood's 

velocity V wd· However the value of V wd value obtained agrees with the velocity calculated 

from Equation (4.5) and Wood's equation using the proper values of bulk modulus and 

density of the HSC carbonate sands. The average porosity in the upper 2 m interval in the 

HSC is 52% and the calculated Ywct = 1594 mis at 50 % porosity. We note also that, 

equation (4.9) gives little velocity gradient in the upper 2 m interval in agreement with more 

detailed velocity measurements conducted in the interval of the HSC (Fig. 4.9). A 

maximum 3% difference appears between the predicted velocities using equation (4.9) and 

the detailed in situ velocity measurements. The difference should be partially attributed to 

the 1 % instrumental error, and local inhomogeneity of the HSC also. 

In general, shear wave velocity only can be derived from compressional wave 

velocity if at least one of other elastic parameters is known. Direct shear wave velocity 

measurement which addresses depth information is difficult to conduct in natural 

environments due to stronger attenuation and technical problems. However, from 

equations (4.6) and (4.7), shear wave velocity can be obtained from compressional wave 

velocity and its gradient for sands at shallow depth. Using the values of Kand a from 

equation (4.9) shear wave velocity as a function of depth is given by: 

(4.10) 

As a further check on our results, the derived shear wave velocity profile in the 

HSC (fine-medium carbonate sands) is plotted with the selected in situ shear wave velocity 

data in fine, medium, and coral sands measured by Cunny and Fry (1973) (Fig. 4.10). 

The derived shear wave velocities agree well with the data of Cunny and Fry, except in the 

uppermost 0.4 m interval. 
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Figure 4.7. Three contour plots of E along the three coordinate planes 
passing through the minimum point of E(minimum L1 norm). The minima 
of the contour plots indicate the optimum values of V wd , exponent a, and 
constant K. (a): the plane of V wd and a. (b): the plane of Kand a. 
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Cunny and Fry conducted the in situ shear wave velocity investigation by 

measuring surface wave (Rayleigh) velocity in unlithified marine sands in different depth. 

Their investigations were not carried on in real seafloor, but on land (in situ soils). Their 

fine sand data and their data at very shallow depths (above 0.4 mbsf) were measured in the 

sediments above the water table, while their other data were measured below the water 

table. Shear and Rayleigh wave velocities do not differ significantly for wet and dry 

natural sands (Hamilton, 1976b). Their data may represent shear wave velocity for real 

marine sediments in the seafloor. For example, their data from marine silty sands at 0.1 m 

below the sediment surface are close to the in situ shear wave data in sand-silt-clay 

measured at the surface of the seafloor (Richardson, et al., 1997). Hamilton (1976b) 

suggested that Cunny and Fry's Rayleigh wave velocity should be 5% less than shear wave 

velocity in their materials (marine sands) for Poisson's ratios ranging from 0.45 to 0.50. 

Accordingly, the Cunny and Fry's data plotted with our result (Fig. 4.9) have been 

increasing by 5%. 

There are 3 in situ data (one in each type of sediments) in the uppermost 0.4 m 

interval from Cunny and Fry which do not match well with predicted data (equation (4.10)) 

(Fig. 4.10). It seems that the change of shear wave velocity with depth in the interval is 

more fast than that in the deeper interval. Equation (4.4) is based on the relationship of 

effective pressure and velocity. Possibly, effective pressure may not be a critical factor to 

shear wave velocity at very shallow depth instead of other factors resulting from the 

dynamic environment just above sediment boundary. 

4.6.2 COMPRESSIONAL WA VE ATTENUATION 

Sound wave attenuation is an important parameter in characterizing marine 

sediments. Hamilton (1976) computed attenuation (k) of compressional waves versus 
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depth in the seafloor from various reported data at a range of frequencies using the 

equation: 

k= f/a (4.11) 

where k is a constant in dB/m kHz, a is the attenuation coefficient of compressional waves 

in dB/m, and f is frequency in kHz. Referring to the results of Gardner et al.(1964) and 

Hunter et al. (1961) on the relationship of attenuation to pressure in sands, Hamilton 

assumed a decrease of k with the -116 power of depth (overburden pressure) in sandy 

sediments. With this assumption, he computed attenuation versus depth from k values 

measured in surficial sediments. The results showed that in fine sands, attenuation 

decreases rapidly with increasing depth to about lOm, and then decreases less rapidly to 

150m. Our in situ attenuation profiles agree with Hamilton's description. Attenuation 

decreases rapidly in the upper 2m interval of the HSC carbonate sands. Our data provide 

new evidence that the maximum attenuation variation may take place in the uppermost 

several meters of the seafloor in sandy deposits while velocity may remain fairly constant. 

Porosity is an important factor controlling compressional wave attenuation in 

unconsolidated sediments. Hamilton (e.g. 1972; 1976) established an empirical 

relationship of attenuation (k) with porosity (Fig. 4.11). The sensitivity of attenuation to 

porosity varies greatly between porosities of 0.47 to 0.65 (medium sands to silt-clay). k 

changes from 0.52 to 0.77, then drops to 0.12 within this porosity range. Hamilton's 

empirical relationship is based on experimental attenuation data from the literature measured 

in a variety of sediment types, although no pure carbonate sands were among these 

sediments. We have added our in situ averaged attenuation constant (k=0.53) and the 

averaged total porosity in the HSC carbonate sands to Hamilton's plot (Fig. 4.11 ). 

It seems that k is too high or porosity is too low for the Hamilton attenuation

porosity curves to be good predictors of attenuation in carbonate sand. Total porosity 
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includes intra-particle and inter-particle voids. Our data lie on the low boundary of 

Hamilton's data distribution. Most likely, the poor agreement results from the presence of 

intra-particle voids in carbonate sands which are counted in total porosity but have little 

effect on the amount of grain-to-grain contact area. Grain-to-grain contact area is a 

dominant factor controlling sound wave transmission in sands (Digby, 1981; Hamilton, 

1972). We calculated the volume of intra-particle voids in the HSC carbonate sands from 

sample SEM images (Fig. 4.2). The results show that intra-particle voids occupy about 5 -

6% of the total sample volume. When the volume of intra-particle voids is deducted from 

total porosity, Hamilton's equation matches well our average attenuation measurement 

(Fig. 4.11 ). It suggests that, as Hamilton (1982) pointed out, hollow grains act as solid 

particles in transmitting sound waves. Because attenuation is sensitive to porosity in the 

sediments from medium sands to silt-clays (porosity from 0.47 - 0.65), caution must be 

exercised when using porosity as an index property to predict attenuation in carbonate 

sands. 

The dependence of wave attenuation on frequency in marine sediments has long 

been in debate (e.g., Hamilton 1972; Stoll, 1985; Kibblewhite, 1989). One of the most 

debated areas is the effect of pore fluids. For example, the Biot-Stoll model (Biot, 1956a, 

b; Stoll, 1985) predicts viscous damping resulting from an overall motion of the pore fluid 

field relative to the skeletal frame in coarser sediments. Spencer's experiments (Spencer, 

1981; Stoll, 1985) have shown that another kind of viscous damping, resulting from local 

fluid motion in the vicinity of intergranular contacts, may be important in fine-grained 

sediments. Both mechanisms appear to have a strong frequency dependence and will 

produce dispersive behavior of attenuation. Hamilton (1987) favors a frequency

independent attenuation based on data from laboratory and field observations. He 

explained his empirical result by using a viscoelastic model (Hamilton 1974; 1980). In his 

model, when energy losses are small, Q-1 can be regarded as independent of frequency. 
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Attenuation values of in situ and laboratory measurements are compared in Figure 

4.6b. As with velocity, variability in the laboratory data makes comparison difficult. To 

minimize the experimental errors and local inhomogeneity, average values were calculated 

in the upper 2m interval from laboratory and in situ measurements. In averaging in situ 

measurement values, greater weight was given to longer intervals (Frazer et al., 1998). 

The interval attenuation A12 = (Q-l)i2 between depths ZJ and z2 is 

Z2 

A12 = -1- J dz A(z) 
T12 Z I CR(Z) ' 

(4.12) 

where A(z) is the attenuation as a function of depth z, CR(z) is the velocity profile (CR is 

the real part of velocity), and T 12 is the wave travel time from z 1 to z2. Following equation 

(4.12), the average in situ attenuation value for an array containing 5 receivers, A15 = Q

Iave in the upper 2m interval is given by: 

(4.13) 

where the A ij are the attenuations (Q-1 ), and the Tij are the wave travel times with 

subscripts indicating the 4 intervals. For example, A 15 indicates Q-1 between receivers 1 

and 5, while T15 is the total cumulative travel time from receivers 1to5. The average 

attenuation value of each profile is obtained from the best fit model (Table 4.3 and 4.4). 

The final average attenuation of the entire upper 2m interval is an average of these values of 

the three profiles (the mean value). The average attenuation of the laboratory data is the 

mean of the attenuation data from the 15 samples. The results are plotted as attenuation 

coefficient ( ap) along with data from Hamilton ( 1987) and Wingham ( 1985) for sandy 

sediments in Figure 4.12. The attenuation coefficient ( dB/m) is related to the quality factor 

Q, by: 

a = (8.6867tf/Q V). (4.14) 
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If Q-1 is independent of frequency, a will be linearly related to frequency (Hamilton 1972; 

Stoll, 1985, Kibblewhite, 1989). 

The relationship between attenuation coefficient a and frequency is approximately, 

although not exactly, linear within the frequency range of 5 kHz - 1 MHz in carbonate 

sands (Figure 4.12). A review of attenuation data by Kibblewhite (1989) showed that any 

existing nonlinear dependence of attenuation on frequency in sands would be between 10 -

100 Hz. Apparently, the frequency dependence of attenuation itself varies with frequency. 

Damping of pore fluid motions is expected at low frequency in sands while at much higher 

frequency in silts (Kibblewhite, 1989). Thus, any nonlinear dependence of attenuation on 

frequency in sands (if it exists) would lie in the low frequency band below our 

measurement boundaries. The data from Wingham ( 1985) show an almost linear 

attenuation on frequency in sands between 10-350 kHz (Figure 4.12). 

Although the attenuation (a) dependence on frequency is close to linear in the HSC 

carbonate sands, a difference between attenuation measured in situ and in the laboratory 

exists if we regard a as linear with frequency. The attenuation measured in the laboratory 

is larger than that predicted by the in situ values and a linear relationship (Table 4.4, Fig. 

4.13). A statistical analysis of attenuation data shows that the distribution of in situ 

attenuation data is distinct from that of the laboratory data (Fig. 4.13). The data may in fact 

display a small amount of dispersion in attenuation due to frequency. However, the 

difference is not distinct enough to rule out the possibility that scattering at high frequency 

may also be at work, particularly since the mean of the laboratory measurements is pulled 

to higher values by a few very large attenuation measurements (Fig. 4.5). It should be 

noted that there may be some sort of transition in attenuation at lower (seismic) frequencies. 

Coral sands are high-permeability material. All voids in carbonate sands, including intra

particle and inter-particle, are interconnected. If the mechanism of overall fluid motion in 
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voids of sands at low frequencies is strong, the damping of fluid motion in intra-particle 

voids should increase the total energy losses. Hollow grains would not be seen as solid 

particles in waves traveling at low frequencies. 

Both in situ and laboratory attenuation val•1es in the HSC carbonate sands seem to 

have higher attenuation compared to other fine-median sandy sediments (Kibblewhite, 

1989; Prasad and Meissner, 1992). This result agrees with sub-bottom profiler 

investigation in the area. The 3.5 kHz sub-bottom profiler and commercially available 

chirp systems (2-10 kHz) have been successfully used to map sand deposits in carbonate 

environment in Florida and the Caribbean. The systems failed to adequately image the 

sands in Hawaii due to higher attenuation in the area (Ericksen and Barry, 1997; Sea 

Engineering Inc, 1995). 

4.6.3 COMPRESSIONAL WA VE VELOCITY DISPERSION 

One of the objectives of the Halekulani Sand Channel experiments was to examine 

velocity dispersion in carbonate sands. Sands are ideal material for examining velocity 

dispersion due to relatively high permeability, large grain size, and interconnecting pores 

(Hamilton, 1972; Stoll, 1985; Dunlop, 1988). An ideal experiment to test for velocity 

dispersion should be conducted on the same sample in the laboratory, or in the same 

sediments in situ (Hamilton, 1972). This condition is hard to be achieve in sandy 

sediments over two decades of frequency. For this kind of experiment, laboratory 

measurements at sonic frequencies require large sample lengths to assure measurement 

precision. It is also extremely difficult to recover an undisturbed large sample from sandy 

sediments. For in situ measurements, the signal/noise ratio may be strongly decreased due 
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Table 4.4. Average attenuation and velocity values of in situ 
and laboratory in upper 2 m layer of the seafloor in Halekulani 

Sand Channel 
a). Velocity 

In situ velocity (mis) The laboratory velocity (mis) 
(Corrected to in situ condition) 

1620 1645 

*The error of averaged in situ velocity is smaller than 1 %. 

b). Attenuation 

In situ attenuation The laboratory attenuation 
Q-1 a(dB/m) k(dB/m.kHz) Q-1 a(dB/m) k(dB/m.kHz) 

(at 10 kHz) (at 1 MHz) 
0.0317 5.342 0.534 0.0656 1082 1.082 
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to high attenuation of sound wave propagation at ultrasonic frequencies. The noise causes 

a serious problem in distinguishing a first arrival. Fortunately, if the medium is reasonably 

homogeneous, we may compare compressional wave velocity data measured in situ and in 

the laboratory at different frequencies. This condition may be nearly fulfilled by the near-

homogeneous nature at meter scales of the HSC, which allows us to compare the in situ 

data collected at sonic frequencies ( 5-20 kHz) and the laboratory data measured at 

ultrasonic frequency ( 1 MHz) in the upper two meter interval. 

Most viscoelastic models in porous media indicate that a plane wave suffering 

attenuation must also suffer dispersion. Kjartansson's equation (Kjartansson, 1979) for 

phase velocity in anelastic materials under the assumptions of constant Q and Q-1 << 1 is: 

I 1

1/ttQ 

C z Co :
0 

, (4.15) 

where wo is the reference radian frequency and co is the phase velocity at the reference 

frequency. From equation (4.15) it can be seen that velocity increases with frequency and 

attenuation. Dunlop gave numerical models of the Biot theory to study the effects of 

permeability, pore size and structure factor in velocity dispersion (Dunlop, 1988). In 

general, velocity increases with increasing frequency in the Biot model. The Biot model, 

however, may underestimate the magnitude of energy dissipation and velocity dispersion 

when compared to experimental data (Wang and Nur, 1990; 1992). 

An important characteristic of carbonate sands is their complex microstructure, such 

as angular grain shape and intra-particle pores (Fig. 4.2). The effect of microstructure on 

wave propagation is still largely unknown. Prasad and Meissner ( 1992) reported the 

effects of grain size and shape on velocity and attenuation of quartz sands at a frequency of 

100 kHz. Their laboratory study showed that increasing angularity of grains causes a 

decrease in both velocity and attenuation. According to equation (4.15) and the results 
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from Prasad and Meissner ( 1992), the highly angular grain shape of carbonate sands may 

mute velocity dispersion. If we intend to observe the velocity dispersion in carbonate 

sands, it is necessary to measure velocities over a wide frequency range. 

Based on experimental data, Hamilton ( 1972, 1987) on the other hand, concluded 

that there is no (or negligible) measurable velocity dispersion in coarser and fine grained 

sediments over the entire frequency range from seismic (Hz) to ultrasonic (MHz) 

frequencies. Indeed, few studies addressing velocity dispersion in marine sediments have 

been published. In laboratory experiments on medium grain size sands, Wingham ( 1985) 

measured a 0.5% velocity variation across a frequency range of 50-350 kHz. Barbagelata 

et al. ( 1991) presented representative data collected from the Adriatic Sea using the In Situ 

Sediment Acoustic Measurement System (ISSAMS). Their data showed that in situ 

(measured at 60 kHz) and laboratory values of compressional wave velocity (measured at 

200 kHz) were not significantly different at muddy sites, but at sandy sites laboratory 

values of V p were about 2% higher than in situ values in the uppermost 30 cm of the 

seafloor. The authors suggested that this difference might result from the dispersive 

behavior of compressional waves in sediments. 

A statistical analysis of in situ and laboratory compressional wave slowness 

(velocity) data is shown in Figure 4.14 (For ease in reading, slowness is converted to 

velocity in Figure 4.14). The distribution of in situ velocity data (the velocities over the 

entire upper 2m interval) shows a mean velocity of 1620 mis with a standard deviation of 

18 mis (only about 1 % of the mean velocity). These in situ velocity data are averaged from 

all six measurements conducted in 4 locations in the HSC (including both the first and the 

second experiments). The mean velocity of laboratory data is 1645 mis, about 1.5% higher 

than the in situ mean velocity. 

Based on the near-constant Q-1 in the HSC carbonate sands, we may estimate the 

velocity dispersion value of the HSC carbonate sands from equation ( 4.15). Using Q=32 
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and Vp=1620 mis at 15 kHz (the typical in situ values measured in the HSC), Vp measured 

at 1 MHz is predicted to be 4% higher than at 15 kHz. When in situ data are plotted with 

laboratory data in Figure 4.14, the problem is obvious. The scatter of laboratory data due 

to local inhomogeneity in samples makes it difficult to compare the in situ velocity with that 

in the laboratory directly, because all in situ data are within the range of a standard 

deviation of laboratory data. The difference only can be seen in their mean velocities (Fig. 

4.14). Considering the near-homogenous character of the HSC, this difference might be an 

effect of velocity dispersion, but it cannot be confirmed. The HSC experiment suggests 

that velocity dispersion in natural sediments is hard to see by comparing in situ and 

laboratory data since the effect of inhomogeneity between small samples is larger than that 

of velocity dispersion. In most marine sediments, the slight velocity dispersion predicted 

by viscoelastic models is likely to be masked by experimental errors associated with such 

measurements as well as by the inhomogeneity of the materials. We agree with Hamilton's 

conclusion that velocity dispersion may be neglected in most marine sediments at frequency 

bands spanning sonic to ultrasonic. 

4.7 CONCLUSIONS 

1) We offer two new equations to describe compressional and shear wave velocities with 

depth in sands. By use of htese equations, shear wave velocity with depth can be obtained 

from compressional wave data in sands at shallow depth. 

2) In the upper 2 m interval compressional wave velocity remains nearly constant while 

attenuation decreases with depth. 

3) Our attenuation (a) shows a near-linear dependence on frequency between frequencies 

of 5 kHz - 1 MHz. 
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4) Attenuation data agree with Hamilton's relationship of attenuation to porosity if the 

volume of intra-particle voids is deducted from total porosity. 

5) Attenuation in the HSC carbonate sands is greater than that of other fine-median grained 

sandy sediments. 

6) Velocity dispersion is difficult to establish by comparing in situ data measured at sonic 

frequency with laboratory data measured at ultrasonic frequency, because the velocity 

dispersion may be masked by the inhomogeneity of the materials as well as by the 

experimental errors associated with such measurements. 
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Chapter 5 

Summary of the acoustic lance 
project 

(Paper: New Instrument for In Situ Velocity and 

Attenuation profiles in Marine Sediments. In press: 
Proceedings of International Conference on 
Shallow-Water Acoustics, Beijing, China, 1997. 
Fu, S.S., Wilkens, R.H. and Frazer, L.N.) 

5.1 INTRODUCTION 

The study of the geoacoustic properties of marine sediments has long been stressed 

by the geophysical and acoustic community, both in theory and in experimental 

measurements. The dependence of attenuation on frequency and the nature of velocity 

dispersion in marine sediments continue to be debated (Hamilton 1972; Stoll, 1985; 

Kibblewhite, 1989). A wide range of acoustic behaviors in marine sediments, including in 

situ and laboratory, has been observed. The upper several meters of seafloor sediments 

contain the largest gradient in physical and acoustic properties in the sediment-water 

system. Few reports have provided in situ acoustic data that address the depth dependence 

of velocity and attenuation in the uppermost seabed. 

The acoustic lance is an instrument that has been developed to obtain in situ 

compressional wave velocity and attenuation (Q-1) profiles for a sedimentary interval of 

several meters thickness at the sediment-water interface (Fu, 1994; Fu, et al., 1996). In 
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this chapter we summarized the the development of the acoustic lance and its signal 

processing technique, the recent ly experimental studies of acoustic properties using the 

lance in three types of sediments (deep sea pelagic ooze, carbonate sands and gassy silts) . 

5.2 CONFIGURATION AND WORKING 
PRINCIPLE OF LANCE 

The lance consists of a linear array of receivers embedded in the seafloor below an 

acoustic source. The broadband source and a solid state recording system are mounted on 

the weightstand of a corer or on an independent probe. An array of small hydrophones is 

mounted along the outside of the probe or corer barrel (Fig. 2.1 ). Each receiver position is 

adjustable to match the pipe structure. There are ten independent receiving channels 

corresponding to ten receivers in the array. A mechanical trigger switches the lance to its 

working state when the corer touches the seafloor. After a short delay time (15 s or 2 

min.), the source emits a ping. All received signals (full waveforms) are stored in 

individual channel memories. Data are transferred to a computer after the lance returns to 

the ship. The greatest working depth of the lance is 6000 m. 

Each receiving channel has independent analog, digital, and storage circuits. 

Signals from each channel are amplified, passed through an antialias 40-kHz low pass 

filter, digitized in a 12-bit 100 kHz AID converter and stored in 64 kbytes of available 

memory. An SCR (silicon control rectifier) pulse generator provides an 800-V pulse to the 

source transducer. The signal sampling lengths are between 5 and 80 ms. The maximum 

number of signal stacking for increasing the signal-to-noise ratio is 16. 

We selected Benthos AQ-1 cylindrical hydrophones as receivers, and a 4.5 cm x 16 

cm deep water broadband cylindrical hydrophone is used as the source transducer. Small 

volume, deep water operation, proper frequency range, wide frequency band, and 
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relatively low cost are the main requirements of lance receivers. The spectrum of a lance 

signal is in the range of 5 kHz to 20 kHz (Fig. 2.3). A set of typical waveforms recorded 

in carbonate sands is shown on Figure 4.4 

5.3 SIGNAL ANALYSIS AND DATA 
PROCESSING 

Full waveforms are recorcied in order to invert for velocity and attenuation. 

Velocity is determined from travel time. Attenuation, which is related to energy loss, is 

calculated in the frequency domain. 

5.3.1. VELOCITY 

Velocity results are calculated using 

c = & I ~t, (5.1) 

where c is velocity, & is known receiver separation, and ~t is the measured travel time 

difference. Calibration of acoustic path is accomplished by firing the array in water. 

Precision of measurement of velocity is extremely sensitive to sampling rate of the AID 

converter. The 100 kHz (10 µs sampling interval) AID converter in the lance is not quite 

high enough for precision over short measurement interval ( <1 m). Our aim for velocity 

resolution of the lance is less than 1 %. This problem is addressed by producing an 

interpolated waveform with a spectrum identical to that of original waveform. The 

accuracy of the computer arrival time picking is improved from 10 to 2.5 µs based on a 

resolution of one sample interval. 

102 



5.3.2. ATTENUATION 

By attenuation A, we mean the reciprocal of acoustic quality factor Q. Thus A=Q-1. 

The attenuation in the lance data is effective attenuation A= Q-1, as it contains the effects of 

both intrinsic attenuation and scattering attenuation. Attenuation is much more difficult to 

extract than velocity, as whole waveforms must be used, involving noise contamination 

and the correction of transfer function differences between receivers. A new data 

processing technique has been developed to obtain attenuation Q-1 as a function of depth 

using an application of geophysical inverse theory (Bayesian inverse theory) to the spectral 

ratio method (Frazer et al., 1998). In the processing technique the L1 norm is used instead 

of the usual L2 norm, the model space of attenuation profiles is exhaustively searched 

within the limits of discretization, and the marginal posterior probability density function of 

attenuation is computed explicitly at each depth. In the processing, it is assumed that 

attenuation is independent of frequency in the lance frequency band 5 kHz to 20 kHz. 

As the lance is a multiple receiver system, the effect of unknown transfer function 

of each receiver must be removed. We conduct the same experiment in seawater which, 

relative to sediments, has an insignificant attenuation and then normalize the sediment 

signals with their corresponding signals recorded in water. Based on the spectral ratio 

method, the corrected spectral ratio is given 

I
S2/W21 <j>12 =In = -B - nff12A12 , (5.2) 
S1/W1 

where f is frequency, S2 and S 1 are signal spectra from receivers at respective depths z2 

and z1 in the sediments, W2 and W1 are signal spectra in water from same receivers, T 12 is 

the travel time from z1 to z2, and A12 is the interval attenuation Q-1 between z2 and z1. The 

nonzero intercept B allows for gain differences between the water and sediment recordings. 
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5.3.3 INVERSION METHOD 

Consider the forward equation 

do= G (m) + e (5.3) 

in which do is a vector of measured data values, m is a vector of parameters whose values 

are sought, G is a model of the physical process, and e is a vector of data errors. In the 

first step of inversion we seek the attenuation of the single interval between each two 

receivers. Hence our parameter vector m = [A, B], and our data vector dis the spectral 

ratio fat various frequency. The posterior density function (pdf) in this step is given by 

sm(m) = sp(B, A)µ exp[-Li I di+ B + pfiT Al I SdiJ. (5.4) 

where di is the measured spectral ratio at frequency fi, and Sdi represents the estimated 

error from noise. The distribution sm(m) is explicitly generated by exploration of model 

space and displayed as a contour plot for each receiver interval (Fig. A.4 a). The 

attenuation A, and its error dA, are taken from the marginal density function of A (Fig. A.4 

b). 

A receiver array with n receivers gives attenuation values over 
n 

N= I,cn-i) 
i=I 

intervals, i.e., (A12, A13;··A1n, A23;··, An-1,n). Note that many these intervals overlap. 

The second step of inversion is to seek the attenuation profiles which have the best fit to all 

A values obtained from the step 1 within the limited discretization in model space. Each 

such profile consists of (n-1) single-interval attenuations (A 12, A23 ,-··, An-I,n). The 

posterior density function for the model is given by 

l<o. mh-A~I 
crM(m) oc exp[-I, 11

] , 

i<j dAij 

(5.5) 
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in which (G·m)ij is the element of (G·m) corresponding to interval ij ((G·m) is a matrix), 

A~ is an interval attenuation obtained in step 1, and dAij is the data error estimated as the 

halfwidth of the peak of the marginal rlistribution <JA;i(Au) in step 1 also. The (G·m)ij give 

the theoretical relation between the attenuation of a large interval and the attenuation of its 

subintervals. For instance, for the interval between receiver 1 and receiver 4, we have 
1 

A14 = (G·m)14 = -(T12A12 + T23A23 + T34A34), (5.6) 
T14 

where Aij are the interval attenuations, and Tu are the travel times. The distribution SM(m) 

is explicitly generated by exploration of model space. We select the ten most probable 

models to construct a zone of attenuation profiles (Fig. 4.6.). 

5.4 EXPERIMENTAL RESULTS 

The acoustic lance has been deployed in several different types of sedimentary 

environments, both in deep water and shallow water. We summarize the experimental 

results in three types of sediments as following. 

5.4.1 DEEP SEA CARBONATE OOZE 

The first lance experiments were conducted in the deep sea sediment ponds located 

on the west side flank of the Mid-Atlantic Ridge (Tucholke et al., 1991; Fu et al. 1996)). 

The water depth in this area is about 4300 - 4800 m. The sediment ponds are covered with 

soft, reddish-brown carbonate ooze. In situ velocity data show that the sediments of the 

upper several meters of the seafloor may contain the largest velocity gradient, with 

velocities varying from 1479 - 1563 mis in the upper 5 m. The velocity gradients de/dz 

with z positive downwards in the uppermost 2 m ofthe sediment ponds are as low as -25 s-

1 rising to +25 through +30 s-1 in the next lower 2 m. The data from all 6 experimental 
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sites in the sediment ponds consistently indicate a thin (few meters in thickness) acoustic 

channel lying just below the seafloor. In situ attenuation Q-1 is low in this area with values 

smaller than 0.01 (Q>lOO). 

5.4.2 SHALLOW WATER GAS-BEARING CLAY-RICH 

SEDIMENTS 

Kiel Bay is located on the western Baltic Sea. The floor of Kiel Bay is composed 

of high water content mud (soft silty clays). The sediments of the area are characterized by 

acoustic turbidity due to methane bubbles present in the sediments (Richardson and Bryant, 

1996). The acoustic lance was deployed in the area in 1994 to measure the in situ acoustic 

properties of the sediments (Fu, et al., 1996). The lance data show that the velocity in gas

bearing sediments decreases to 852 - 1169 mis versus to 1430 - 1465 mis in gas-free 

sediments of the same area. Comparing the data obtained at higher frequencies, indicates 

that the velocity change is dependent on the bubble resonance frequency (Wilkens and 

Richardson, 1997). Signal spectra reveal that signal energy is reduced greatly near 7.5 

kHz in gas-bearing sediments. The attenuation in gas-free sediments of Kiel Bay are low 

(Q-I:s; 0.005), but may be high (Q-I;;:: 0.05) in the layers where microbeds are present. 

5.4.3 SHALLOW WATER CARBO NA TE SAND DEPOSIT 

Two in situ experiments have been carried out in carbonate sands of Halekulani 

Sand Channel, off Oahu, Hawaii, using the acoustic lance in 1994-1995. The channel is a 

near-homogenous deposit at meter scale with fine-medium carbonate sands. The probes 

were able to penetrate the sediments to 9.5 m depth by use of a water jet. Velocities vary 

within the range 1579 -1666 mis in the upper 9 m of the seafloor and tend to increase with 
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depth. Velocity remains constant while attenuation decreases with depth apparently in the 

upper 2 m of the seafloor. The applicability of Hamilton's parameters (velocity versus 

depth, and attenuation versus depth, frequency and porosity) has been examined by our 

experimental data in carbonate sands. We obtain new values for Hamilton's parameters 

that are appropriate for sound propagation in carbonate sands. Two new equations that 

describe compressional wave and shear wave velocities with depth in sands have been 

defined based on the experimental data. Shear wave velocity can be obtained from in situ 

compressional wave data. The attenuation data in carbonate sands agree with Hamilton's 

relationship between attenuation and porosity only if the volume of intra-particle voids is 

deducted from total porosity of the carbonate sands. Attenuation coefficients exhibit a near

linear relationship with frequency between 5 kHz and 1 MHz. The comparison of in situ 

and the laboratory velocity data also suggest that the slight velocity dispersion predicted by 

viscoelastic models is likely to be masked by the inhomogeneity of the materials. 
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Chapter 6 

Conclusions 

During a time span of about 7 years, our work on the acoustic lance project has 

made great progress. We have developed the acoustic lance and associated advanced data 

processing techniques for the lance signals based on geophysical inverse theory . The 

lance is a unique system that obtains in situ acoustic properties in marine sediments with 

depth. The lance has been deployed world wide, funded by Office of Naval Research, 

Naval Research Laboratory, National Science Foundation, private companies, and foreign 

universities. Most results from the experimental studies using the lance are the first of their 

kind ever reported. The lance has shown itself to be a very useful tool in sediment 

acoustics. The signal processing technique we developed is also an important aspect of the 

lance system. This new signal processing technique, based on geophysical inverse theory, 

can extract attenuation profiles from the lance full-waveform signals. Attenuation in upper 

the several meters of the seafloor has been poorly known before lance. Our three 

experimental studies not only add new in situ data to the catalog of acoustic properties of 

marine sediments, but also provide new insight into acoustic behavior of marine sediments 

in natural environments. 
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6.1 CONCLUSIONS OF THE EXPERIMENTAL 
STUDIES 

6.1.1 DEEP SEA CARBON A TE OOZE 

In situ velocity data show that the sediments of the upper several meters of the 

seafloor contain a steep velocity gradient, with velocities varying from 1479 - 1563 mis in 

the upper 5 m. The velocity gradients, de/dz, with z positive downwards, in the uppermost 

2 m of the sediment ponds are as low as -25 s-1 rising to +25 through +30 s-1 in the next 

lower 2 m. The data from all 6 experimental sites in the sediment ponds consistently 

indicate a thin (few meters in thickness) acoustic channel lying just below the seafloor. In 

situ attenuation Q-1 is low in this area with values smaller than 0.01 (Q>lOO). 

6.1.2 SHALLOW WATER GAS-BEARING CLAY-RICH 

SEDIMENTS 

The lance data show that the velocity in gas-bearing sediments decreases to 852 -

1169 mis versus to 1430 - 1465 mis in gas-free sediments of the same area. Comparison 

with data obtained at higher frequencies indicates that the velocity change is dependent on 

the bubble resonance frequency. Signal spectra reveal that signal energy is reduced greatly 

near 7.5 kHz in gas-bearing sediments. The attenuation in gas-free sediments of Kiel Bay 

are low (Q-1:::; 0.005), but may be high (Q-1 ;::::: 0.05) in the layers where microbeds are 

present. 
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6.1.3 SHALLOW WATER CARBONATE SAND DEPOSIT 

We report in situ variations of compressional wave velocity and attenuation with 

depth and their comparison with laboratory it1easurements on samples from the same area. 

The applicability of Hamilton's parameters (velocity versus depth, and attenuation versus 

depth, frequency and porosity) has been examined by our experimental data in carbonate 

sands. We obtain new values for Hamilton's parameters that are appropriate for sound 

propagation in carbonate sands. Two new equations that describe compressional wave and 

shear wave velocities with depth in sands have been defined based on the experimental 

data. Shear wave velocity can be obtained from in situ compressional wave data. The 

attenuation data in carbonate sands agree with Hamilton's relationship between attenuation 

and porosity only if the volume of intra-particle voids is deducted from total porosity of the 

carbonate sands. Attenuation coefficients exhibit a near-linear relationship with frequency 

between 5 kHz and 1 MHz. The comparison of in situ and the laboratory velocity data also 

suggest that the slight velocity dispersion predicted by viscoelastic models is likely to be 

masked by the inhomogeneity of the materials. 

6.2 FUTURE WORK IN INSTRUMENTATION 
The main improvements needed in the acoustic lance are higher sampling rate AID 

converters in the digital circuit and wider frequency band acoustic source and receivers. A 

higher sampling rate AID converter will improve the accuracy of both measurements of 

velocity and attenuation. A 400 kHz AID converter is ideal for the lance (currently is 100 

kHz). The new data processing technique developed to obtain attenuation profiles uses an 

application of geophysical inverse theory (Bayesian inverse theory) to the spectral ratio 

method. A wider frequency band signals will result in more observed data (the data in 
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spectral ratio). More data make the result more stable. The current lance signal frequency 

band is about 5 - 20 kHz with two peaks (Fig.2. 3). The data around the nadir of the 

spectral ratio always generate the outliers in the observed data sets. This problem can be 

addressed by using source and receivers with wider and flat frequency response. The ideal 

frequency band of the lance signals should be 1 kHz-40 kHz. We are working on a new 

source and receivers made of piezoelectric ceramic/polymer composites for the lance. We 

expect these sensors will improve the signal quality of the lance. 
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Appendix 

Signal Processing 
Theory for the 

Based 
Lance 

on Inverse 
Signals 

(Pa per: Seabed sediment attenuation profiles 

from a movable subbottom acoustic vertical array. 
Submitted to J. Acoust. Soc. Am. Frazer, L.N., Fu, S.S. and 

Wilkens, R.H.) 

A.1 SUMMARY 

The acoustic lance (Fu 1994, Fu et al. 1996) consists of a linear array of acoustic 

receivers below an acoustic source, all mounted on the outside of a core barrel or 

independent probe which is embedded in the seafloor. In earlier studies lance travel time 

data were processed to give in situ compressional wave soundspeed as a function of depth. 

In this study we process lance waveforms to extract compressional wave attenuation A=Q-1 

as a function of depth. Our processing technique is unusual because the L 1 norm is used 

instead of the usual L1 norm, the model space of attenuation profiles is exhaustively 

searched within the limits of discretization, and the marginal posterior probability density 

function of attenuation is computed explicitly at each depth. The technique is described in 

terms of Bayesian inverse theory using the notation of Tarantola. 
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A.2 INTRODUCTION 

In this study we use a new processing technique to generate in situ compressional 

wave attenuation profiles in three different types of surficial marine sediment. The 

measurements are in the band 5-20 kHz, and the profiles are in the interval 0-4 mbsf 

(meters below sea floor). The profiles show that attenuation can vary rapidly with depth, 

with sediment type, and with location in the same sedimentary environment. 

The acoustic lance (Fu, 1994, Fu et. al. 1996) is an instrument developed to obtain 

in situ compressional soundspeed and attenuation profiles for the upper few meters of 

seabed sediment. As shown in Fig.2.1, the lance consists of a linear array of receivers 

mounted on a core barrel or probe. A broadband source and a solid state recording system 

are mounted on the weight-stand of the probe, above the receivers. In use, lance is 

lowered by cable from a surface vessel; when the tip of the probe touches bottom, a trigger 

turns on the electronics. The lance signal spectrum is in the range of 5 kHz to 20 kHz, as 

shown in Fig. 2.3. A typical set of recorded waveforms is shown in Figure A.1. 

Earlier studies using lance waveforms have concentrated on the extraction of 

soundspeed profiles, whereas this study is concerned mainly with the extraction of 

attenuation profiles. Methods of extracting attenuation from seismic data have been 

reviewed by Jannsen et al. (1985) and Bromirski et al. (1992, 1995). Attenuation is much 

more difficult to extract than soundspeed, as whole waveforms must be used, and if 

multiple receivers are used then corrections must be made to the data so that the spectrum of 

the source-receiver wavelet is effectively the same at each receiver. For this reason many 

attenuation studies use data containing multiple seismic phases recorded on the same 

instrument. Our method of extracting attenuation from the waveforms is an application of 

geophysical inverse theory to the well known spectral ratio method. 
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Figure A.1: Lance signals recorded at Site SA2, Halekulani sand channel, 
Hawaii. Each waveform has been advanced by D/1,634 ms where D is the 
distance from the uppermost receiver in m, and 1,634 mis is the average 
sediment soundspeed. Waveforms were individually noemalized. 
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In seismic studies, attenuation results are often presented in terms of attenuation A=Q-1 

where Q is a dimensionless quantity called the acoustic quality factor. A review of 

the mathematics of Q, including a rigorous definition suitable for both low and high 

frequencies, was given by O'Connell and Budiansky (1978). For the high frequency 

waves of this study a good physical interpretation of A is provided by regarding A as l/n 

times the fractional loss in amplitude per cycle. The plane wave exp[i2nfx/c], in which 

where f is temporal frequency, x is distance and c is sounds peed, decays like exp(-ax), 

where a is given by a= nf Ne. It follows that A is one half the ratio of the imaginary and 

real parts of l/c. Attenuation is used in some papers as a synonym for a, but here the 

word attenuation is always used to mean A. Note that when A is constant, a is 

proportional to the first power of frequency. The attenuation measured from lance data is 

effective attenuation, as it contains the effects of both intrinsic attenuation and scattering 

attenuation. The well known relation between these three quantities is 

Aeff = A intr + Ase· (A.1) 

Although the dependence of A on frequency is much debated (Hamilton, 1987; Stoll, 

1985; Kibblewhite, 1989), here we accept the important assumption that A is independent 

of frequency. This assumption is not essential for our method, but it is appropriate for our 

data set which spans less than three octaves in frequency. 

Attenuation profiles from four lance data sets will be obtained below. Two of the 

data sets are from deployments at sites 624 and 627, located in Kiel Bay, Baltic Sea (Fu et 

al., 1996; Wilkens and Richardson, 1996). The seabed of Kiel Bay is composed of high

porosity clays that contain gas bubbles in some areas, and show evidence of significant 
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biological activity (Richardson 1994, Orsi et al. 1996). However, sediment velocities do 

not suggest the presence of gas bubbles at sites 624 and 627 (Fu et al. 1996). 

The third lance data set we analyze is site A2 in the Halekulani sand channel off the 

island of Oahu, Hawaii. The sediments here are carbonate sands. As the gravity corer was 

unable to penetrate this hard bottom, a jet probe was used to penetrate the sand 

approximately two meters in depth. The lance was left in the sand for two months prior to 

taking the acoustic measurements. 

The fourth lance data set analyzed is from site S90 on the Eel River delta in northern 

California. The silty sediments of this area are strongly influenced by biological reworking 

and periodic flood deposition from the Eel and Mad rivers (Briggs and Logan, 1996). 

A.3 SPECTRAL RATIOS 

In processing the lance data for attenuation we assume that a lance signal at depth z 

below the receiver has a spectrum of the form 

1 f' dz 
S(ro,z) = H(ro)-exp[iro Ji -

z o c(z) 
(A.2) 

In this equation ro = 2n f is radian frequency; H is the spectral transfer function of the 

system consisting of acoustic source, receiver and recording system; 1/z is the geometrical 

spreading factor for spherical spreading, and c(z) is the soundspeed profile. 

Soundspeed is taken to have the simple form 

(A.3) 
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in which 1/cR is the real part of l/c. Parametrizations of soundspeed that include the 

frequency dependence of cR and A were extensively tested, but they gave no improvement 

in results over the frequency-independent formula just given. From the expression for S it 

follows that the ratio of signal spectra S1 and S2, from receivers at respective depths z1 and 

z2, is given by 

S2 H2 ZI . (t) 
- = --exp(1ffiT12 - -T12A12), 
St Ht Z2 2 

(A.4) 

in which the traveltime from receiver 1 to receiver 2 is 

f
z2 1 

Tt2= dz--, 
zl CR(Z) 

(A.5) 

and the attenuation of the interval between the two receivers is 

1 Jz' A(z) A12=- dz-- . 
Tt2 ZI CR(Z) 

(A.6) 

To remove the effect of the unknown source receiver transfer functions H 1 and H2, we also 

conduct the same experiment in seawater which, relative to sediment, has an insignificant 

attenuation. The spectral ratio for the seawater experiment is 

W2 H2 Zt . 
- = --exp(1roTw), 
W1 Ht Z2 

(A.7) 

in which W 1 and W 2 are the spectra of the signals recorded in the water at receivers 1 and 

2, respectively, and Tw is the arrival time difference in seawater. Dividing the sediment 

ratio by the seawater ratio, and taking the modulus, gives the corrected spectral ratio, 
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l

_S_2 l_W_21 =exp(- ro T12A1 2) . 
S1/W1 2 

(A.8) 

Taking the logarithm of each side, and defining the data quantity <J>12(f) by 

(A.9) 

gives the spectral ratio formula 

(A.10) 

If follows that on a plot of <j>(f) versus f the plotted points should cluster about the straight 

line through the origin with slope -7tT 12A 12 ; this is the basis of the spectral ratio method. 

As will be seen below, in our data set the line <j>(f) does not go through the origin. 

We attribute this to a change in receiver transfer function H from sediment to water. 

Examination of the derivation above shows that if going from sediment to water changes 

the gain on each receiver by a slightly different factor then the equation for <j>(f) will have a 

nonzero intercept. To allow for this, we use the following more general spectral ratio 

formula • 
<!>12 = B - 7tff 12A12 (A.11) 

in which B is unknown, but independent off. Other types of error are also present; for 

example, some energy travels through the probe itself. The effects of these other types of 

errors are neglected in the theory, but they are accounted for to some extent in our error 

analysis. 
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We wish to give more weight to values of <1> at frequencies where the signal to noise 

ratio is high. From the definition of <1>12 as a spectral ratio of the data we estimate the L1 

standard error in <1>12 by 

(A.12) 

at each frequency. To estimate the error ldS1I we Fourier analyze the noisy time series in a 

time window immediately preceding arrival of the signal S 1, assigning the amplitude 

spectrum value of the noise to ldS 1 I, and similarly for the other signals in water and 

sediment. The windows used for Fourier analysis of signals and noise are shown in 

As spectral estimation is an important component of our procedure, we tested 

windows of different length and shape. Following Bromirski et al. ( 1995), tests were 

conducted by taking an actual recorded lance signal, and propagating it synthetically to the 

next receiver ( 1 m distant) using a dispersive propagation operator with given attenuation. 

The original seismogram and the dispersively propagated seismogram were then analyzed 

(by the inverse theory procedure given later in the paper) using various time windows for 

spectral estimation. Equation ( 11) of Bromirski et al. ( 1995) gives the propagation 

operator as 

cp(f) = exp{i2nTl~IY [1 + i tan( ~'Y)]}, (A.13) 

in which Tis the traveltime difference between the receivers, fr is a reference frequency, 

and y= n-ltan-I A. This propagation operator is based on the Kjartansson (1979) 

constant-Q formula for dispersion. 

Figure A.3 shows plots of <J>(f) for various window lengths, using various actual 

signals. The value of A used for propagation and the value of A obtained from <J>(f) are also 

shown on each panel. Panels (a) and (b) of Figure A.3 show that a 640 µs window is 

satisfactory for analysis of the water signals, and that when too short a window is used <!> is 
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Figure A.2: Time windows for spectral estimation of noise and signal. 
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badly behaved. Panels (c) and (d) show that a 640 µs window is also adequate for analysis 

of the Eel River delta signals. Based on these results we used a 640 µs window for 

analysis of the Eel River data. For the Kiel Bay analyses a 640 µs window was also used. 

Although the signals in the carbonate sand were not longer than those from Eel River, 

Panels (e)-(f) show that a 1280 µs window works well for the carbonate sand. A 2560 µs 

window (not shown) works almost as well, however it was not used on the data analysis 

because a window that long would include surface reflections. 

A.4 INVERSE THEORY 

Consider the forward equation 

do= G (m) + e (A.14) 

in which do is a vector of measured data values, m is a vector of parameters whose values 

are sought, G is a model of the physical process, and e is a vector of data errors. Notice 

that we distinguish between the measured data do and the true data d whose value is 

unknown. For example, the pressure values recorded by our hydrophones are not the true 

pressure values because the hydrophone is imperfect. This is an example of instrument 

error. Errors caused by noise processes in the apparatus used to record the data are also 

called instrument errors. On the other hand some types of error are due the inadequacy of 

our physical model, and these types of errors are referred to as theory errors. In our case 

an example of theory error is energy in the seismogram due to scattering off of the probe 

itself, as a better model of the propagation would include the probe. 

One goal of inverse theory is to find the most likely value of m that is consistent 

with the observed data do. This value of m is called the maximum a posteriori model, or 
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Figure A.3 : Tests of window length by synthetic propagation. Each panel 
shows <P (f) calculated from an actual lance signal that has been systhetically 
propagated a distance of 1 m using a dispersive propagation operator. The 
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indicating a need for an inversion procedure that incorporates signal to noise ratios. 
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MAP. If the computational power available is substantial, and the physical process G is 

not too complicated, then one can also afford to pursue the real goal of inverse theory, 

which is to generate O'M(m), the posterior probability density function m. The function 

O'M contains all the information available about m: for example, the value of m at which cr 

takes its maximum is the MAP value of m. This approach to inversion is set forth in detail 

in the book by Tarantola (1987). Tarantola's fundamental relation is 

cr(m,d) oc v(dold)S(dlm)p(m), (A.15) 

where cr is the joint posterior distribution of model and data, v is the instrument 

distribution, 8 is the theory distribution and p is the prior distribution of m. (This equation 

becomes very familiar as soon as one inserts typical forms of the distributions on the right 

hand side; for example: v =exp( -lld - doll~), 8 = exp(-JJd - G(m)I!~), and 

p = exp(-l!m - moll~), where 11.Jlv and ll·lle are norms in the data space, and ll·llm is a norm 

in the model space.) 

As Duijndam (1988) has noted, relation (A.15) can also be derived using Bayes 

rule for conditional probabilities: p(a,b) = p(alb) p(b) where p(a,b) is the joint probability of 

a and b, p(alb) is the conditional probability of event a, given event b, and p(b) is the 

probability of b. Here we extend Duijndam's remarks by using Bayes rule to derive 

equation (A.15) in a way that reveals how 8 and v are related to the noise processes. 

Suppose that the instrument is subject to a noise process with unknown parameters n1 and 

that the propagation (i.e., the theory) is contaminated by a different noise process with 

unknown parameters n2. Beginning with Bayes rule we write 

( d Id ) 
p(dolm,d,n1,n2)p(m,d,n1,n2) 

p m, ,n1,n2 o = . 
p(do) 

(A.16) 
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Notice that p(do) must be nonzero because it is a value of d that has actually been 

observed. Henceforth we omit the denominator, and use the proportional sign "oc" in place 

of the equal sign. Next notice that do depends only on d and on the instrument noise 

process n1, hence p(dolm, d, n1, n2) may be written p(dold, n1, ). Our relation has 

now simplified to 

, p(m,d,n1,n2ldo) oc p(dold,n1)p(m,d,n1,n2) . 

By Bayes rule we may substitute the product p(dlm, n1, n2 )p(m, n1, n2) for 

p(m, d, n1, n2 ), giving 

(A.17) 

p(m,d,n1,n2ldo) oc p(dold,n1)p(dlm,n1,n2)p(m,n1,n2). (A.18) 

As the true data d do not depend on the instrument noise, p( dim, n1, n2) simplifies to 

p(m, n1, n2 ). Also, as m, n1, and n2 are independent variables, the joint distribution 

p(m, n1, n2) reduces to the product p(m)p(n1)p(n2). Our relation becomes 

p(m,d,n1,n2ldo) oc p(dold,n1)p(dlm,n2)p(m)p(n1)p(n2). (A.19) 

Finally, integration over the unknown noise parameters n 1 and n2 yields 

J dn1J dn2p(m,d,n1,n2ldo) oc {J dn1p(dold,n1)p(n1)}[J dn2p(dlm,n2)p(n2)]p(m). (A.20) 

Comparing this relation with Tarantola's relation we see that the left hand side is cr(m, d), 

the term { ···} is the instrument distribution u(dold), the term[···] is the theory distribution 

S(dlm), and p(m) is just the prior distribution of the data, p(m). 
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The derivation just given shows that Tarantola's equation can be quickly derived by 

Bayes rule; it also shows that knowledge of the way in which errors arise in particular 

cases can be used to infer the forms of u and 9. For example, if one takes 

v = exp( -lid - doll~) then the noise process with parameters n1 can be used to obtain the 

(covariance) matrix in the norm 11-llv . This fact will not be of much help here, as our noise 

is poorly understood, but it is helpful in other problems. A reader who has trouble with the 

derivation just given should try repeating it without n1 and n2. The Tarantola relation 

(A.15) is then obtained in two quick steps but without insight into'\) and e. 

We now take the usual next step with Tarantola's equation, eliminating the true data 

d from the left hand side by integrating over the data space, thereby obtaining the posterior 

distribution of the model itself, 

O"M(m) oc p(m) J ddv(dold)9(dlm). (A.21) 

When the model space has dimension two then one can display O"M by a contour plot or 

perspective view, but when the model space has dimension greater than two it is often 

helpful to display the marginal posterior distributions of the components of m (e.g., Basu 

and Frazer, 1990). The marginal posterior distribution (MPD) of the kth component of m 

is obtained by integrating over all the NM - 1 other components: 

O"k(Illk) oc J dm1 .. J dlllk - 1J dlllk + 1 ... J dlllNMO"M(m). (A.22) 

This last relation is used below to display the attenuation profiles. 
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A.5 DAT A ANALYSIS 

It is possible to invert for the attenuation profile in a single step. However, as a 

form of quality control, we choose a two-step inversion procedure. In the first step we 

invert separately for the interval attenuations Aij for each pair of receivers i < j. (Notice that 

this includes nonadjacent receivers; thus many intervals overlap). The interval attenuations 

found in this way are not necessarily consistent with each other. In the second step we use 

the interval attenuations as data to invert for the attenuation profile. The second step can be 

regarded as a means of forcing the attenuations of overlapping intervals to be mutually 

consistent. 

In the first inversion step we seek the attenuation of a single interval between two 

receivers. The data vector do is the vector [<)>(f1), <)>(f2);··, <)>(fNf)] where Nfis the number 

of frequencies, and the model vector m is [ A,B]. The instrument error due to the noise in 

the hydrophone and recording system is thought to be negligible compared to the theory 

error, so we chose an instrument function u(dold) oc 8( do- d). Our theory errors are 

significant (as indicated by the need to include a nonzero intercept B) but they are poorly 

understood and we cannot relate them to any specific aspect of the propagation. Thus we 

take 

(A.23) 

where ld<j>I is obtained from the noise and signal amplitude spectra by formula (A.12). 

The prior distribution p(m) is imposed in the form of a search window, and as the 

manifold of m is roughly Cartesian, so we take p(m) to be constant within the search 

window and zero outside of it. Notice that the manifold of m would not be Cartesian if the 
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model vector were [Q,B] instead of [A,B] . In consequence of the delta function for u, the 

integration in going from <J(m,d) to <JM= (A,B) is trivial, and <JM= (m) is given by the 

right hand side of the last equation with do substituted ford. 

Figure A.4 shows the results of a first step inversion for the interval between 

receivers 2 and 4 at site 624. Figure A.4(a) shows the contours of the posterior 

distribution a(A,B). The contour plot was generated by explicitly computing <Jover the 

portion of model space indicated by the axes of the figures. Figure A.4(b) shows the 

marginal posterior distribution (MPD) of the attenuation, <JA(A)ocfdBa(A,B). In this 

example the peak of a(A,B), i.e., the MAP model, has the same attenuation value as the 

peak of the MPD. This is not always the case, and the theory indicates that the value of A 

from the MAP model is preferable to the value of A at which the MPD <JA(A) takes its peak. 

For the second inversion step we need a theoretical relation between the attenuation 

of a large interval and the attenuations of its subintervals. Recalling equation (A.6) it can 

be seen that for the interval between receiver 1 and receiver 4 the relation is 

(A.24) 

in which Tij is the traveltime difference between receivers i and j. For a set of four 

receivers the data vector is given by d = [A12, A13, A14, A13, A14, A34] and the model 

vector ism= [A12, A13, A34]. This notation is not confusing if it is remembered that the 

appearance of a single interval attenuation, A12, for example, ind represents an 

observation, while its appearance in m represents a quantity to be determined. (Note that 

an inversion constrained to preserve single interval attenuations would be trivial.) For an 

experiment with only four receivers the theory is the linear matrix equation, 
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A,, 1 0 0 e12 

A ,, T,,1I,, T,,1I" 0 e13 

[m"] A" T,,/II. T,,/II. T,./I,. e14 
m,, + (A.25) 

A,, 0 1 0 ez3 
m ,. 

A,. 0 T,,/I,. T,./I,. ez4 

A,. 0 0 1 e34 

in which eij is the error in Aij· In the general case of N receivers the number of rows in the 

data vector and system matrix is N(N-1)/2 where N is the number ofreceivers. If a 

particular receiver is omitted then the rows and columns corresponding to that receiver are 

suppressed. This affects the condition of the matrix, an important item in a conventional L 2 

inversion for the MAP model. Here we generate crM explicitly, so the condition of the 

matrix does not affect the computation. 

In the second step of inversion, our data consist of the the interval attenuations 

obtained in step 1. The errors in the theory are negligible compared to the errors in the 

data, so we take the theory distribution to be u(mld) = ()( d - G · m). Each data error ldAijl 

is estimated as the halfwidth of the peak of the marginal distribution cr Aii (Aij). For the 

instrument distribution we therefore choose 

v(dold) oc exp[-LIA;;- ~:I] 
i<i dA,J 

(A.26) 

in which the A~ are the interval attenuations obtained in step 1. The delta nature of 0 

makes the integration in equation (A.20) trivial and the posterior distribution for the model 

becomes 
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[ 
lcG · m)ij-A?i] 

<JM(m) oc exp - L I ··I 'J , 
i<i dA,J 

(A.27) 

in which (G·m)ij is the row of G·m corresponding to interval ij. The distribution <JM(m) 

is explicitly generated by exploration of the model space, but for display purposes we 

generate the marginal distributions. An example of a marginal distribution with five 

receivers is 

(A.28) 

A.6 ATTENUATION RESULTS 

As shown in Fig.A.5 in the lance deployments at Kiel Bay, eight receivers penetrated the 

sediments at both sites. The signals from the first receiver (RO) were clipped and were 

therefore not used for the attenuation calculations, thus the shallowest interval at which 

attenuation can be measured is approximately 0.5-1.0 mbsf. The remaining seven receivers 

(6 intervals) give 21 different receiver pairs, and thus 21 different depth intervals. 

For each pair of receivers we construct the posterior distribution a(A,B) as shown in 

Fig.A.4(a) and the MPD <JA(A), shown in Fig. A.4(b). Not all contour plots were as 

definitive as this one. As shown in Table A.1, 16 intervals were analyzed at site 624, and 

13 intervals were analyzed at site 627. 

At the Halekulani sand channel only 5 receivers penetrated this relatively hard 

sediment. At the Eel River site, 5 receivers penetrated the deltaic sediments, with one 

receiver remaining above the sediment water interface. Lance signals from Eel River were 

noisy in the band 15-20 kHz, because source placement on the core head resulted in 

130 



-0.7 
0 (a) 

-0.8 

a:::i -0.9 

-1.0 

-1 . 1 

0.020 0.025 0.030 0.035 0.040 0.045 
A= Q-1 

1 .0 
(b) 

0.8 

,.--... 0.6 
<{ ..__.. 
0.. 0.4 

0.2 

0.0 

0.020 0.025 0.030 0.035 0.040 0.045 

A= Q-1 
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A obtained from <J (A, B) by integration over B. 
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significant energy travelling down the body of the corer. (This placement was for 

protection of the source in case the corer overturned.) Almost every spectral ratio from Eel 

River had outliers in the 15-20 kHz band, so this band was automatically suppressed in the 

attenuation calculation by the signal to noise weighting in equation (A.23). 

As an example of the second stage inversion, we use site 624; the matrix equation 

analogous to equation (A.24) for Kiel Bay, site 624 is 

(A;~>) 0.11 

(A\~>) 0.0333 1 0 0 0 0 0 

(A;~>) 0.0127 0.502 0.498 0 0 0 0 

(A;~>) 0.0286 
0.33 0.328 0.342 0 0 0 

0.247 0.246 0.256 0.25 0 0 
(A\~» 0.0213 

0.198 0.197 0.205 0.201 0.198 0 
(A\~>) 0.0244 0.166 0.165 0.171 0.167 0.166 0.166 m12 
(A~~>) 0.0164 0 0.327 0.341 0.333 0 0 m23 

(A~~>) 0.0172 0 0.197 0.205 0.201 0.198 0.198 m34 
= 

(A~~>) 0.0127 0 0 0.506 0.494 0 0 m45 

(A~~>) 0.0132 0 0 0.342 0.334 0.33 0 ms6 

(A~~>) 0.0323 0 0 0.256 0.25 0.247 0.247 m67 

(A~~>) 0.0526 
0 0 0 1 0 0 

0 0 0 0.503 0.497 0 
(A~~>) 0.0263 

0 0 0 0.336 0.332 0.332 (A.29) 
(A~~>) 0.0244 0 0 0 0 0.5 0.5 
(A~~>) 0.0133 0 0 0 0 0 1 

(A~~>) 0.0435 

in which the column vector of errors on the right hand side is understood. To generate the 

posterior distribution O'M(m) for this equation we use equation (A.27) with eight possible 

values of A at each depth. This gave 68 ::::: 262,000 different attenuation profiles. 

The MPDs O"ij(Aij), generated by equation (A.28) with the integration replaced by a sum, 

are shown in Fig.A.6. Figures A.7 - A.9 show the MPDs for the other sites. The second 
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stage inversion was carried out twice for the Eel River data (Fig. A.9) because at that site 

the first receiver was slightly above the water bottom. Similar results are obtained whether 

the first receiver is included or excluded, although when the first receiver is excluded the 

MPDs are broader. 

Results for all four sites are summarized as attenuation profiles in Fig.A. I 0, where 

dashed lines show the MAP profiles and solid lines show the profiles generated by picking 

the peak of crA(A) at each depth, i.e., picking the peaks in Figs.A.6 - A.9. Table A.2 

includes the compressional soundspeed distribution in depth in the interval 0-4.1 meters 

below sea floor (mbsf). At sites 624 and 627, it can be seen that soundspeed is fairly 

constant at both sites, varying between 1430 rn/s and 1460 rn/s (Fu et al. 1996). Thus the 

differences in attenuation at the two sites do not correlate with soundspeed. The attenuation 

profile at Kiel Bay, site 624 shows high attenuation zones at 0.5-1.1 mbsf and 2.3-2.9 

mbsf, and moderate attenuation in the interval 2.9-3.5 mbsf. These higher attenuation 

zones are thought to result from the presence of very small amounts of gas bubbles, 

although the soundspeed and signal character do not suggest gas bubbles at this site (Fu et 

al. 1996). Site 627, also from Kiel Bay, shows uniformly low attenuation with low 

variability, suggesting that gas bubbles are not present there even in small amounts. In 

contrast with soft silty clays of Kiel Bay, the results from the Halekulani sand channel 

show a high attenuation decreasing slowly with with depth, possibly due to compaction. 

The data from the Eel River delta show the highest attenuation values, decreasing relatively 

rapidly with depth. The high attenuations at shallow depths in the Eel River delta and the 

Halekulani sand may both be due to biological reworking, however, the high attenuation in 

the Eel river sediments may also be the result of periodic flood deposition, as 

microbedding in sediments is known to increase attenuation (e.g. Frazer, 1994). 
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Figure A.5: Lance receiver positions at four experimental sites, showing 
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Figure A.6: The marginal posterior distribution (MPD) of attenuation at each 
depth, site 624 (silty clay), Kiel Bay. Row 1 shows cr 12 (A 12), Row 2 shows 
cr23 (A12), and so forth. 
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Figure A.7: MPD of attenuation at each depth, site 627 (silty clay), Kiel Bay. 
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Figure A.8: MPD of attenuation with depth, site A2, Halekulani sand Channel 
(carbonate sands), Oahu, Hawaii . 
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Figure A.9: MPD of attenuation with depth, site S90, Eel river(silty mud), 
northern California. (a) Using receivers 1-6. (b) Using receivers 2-6. 
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A.7 DISCUSSION 

The sediments at Sites 624 and 627 in Kiel Bay are soft silty clays with high water 

content. Waves and bottom currents induced by storms can impact the seafloor to all water 

depths in this area (Orsi et al. 1996). The attenuation profile at Kiel Bay, Site 624 shows 

high attenuation zones at 0.5-1.1 mbsf and 2.3-2.9 mbsf, and moderate attenuation in the 

interval 2.9-3.5 mbsf. Although acoustic turbidity is common in sediments of Kiel Bay, 

resulting from the methane gas bubbles begining about 1 m below the seafloor (Richardson 

and Briggs, 1995, Orsi et al. 1996), soundspeed and signal character do not suggest gas 

bubbles at these two sites (Fu et al., 1996). Soundspeed does not vary much with depth 

here, being confined to the interval 1428-1460 m/s (Table A.2). The zones of higher 

attenuation may be sand layers formed by storm impact, or layers of laminated coarser silt. 

Sand size particles are known to increase attenuation (Hamilton, 1972) as is micro-bedding 

(e.g., Frazer 1994). Site 627, also from Kiel Bay, shows uniformly low attenuation with 

low variability, suggesting much more homogeneous, fine grained sediments. 

In contrast with soft silty clays of Kiel Bay, the results from the Halekulani sand 

channel, off Oahu Island, show a high attenuation decreasing slowly with depth. The 

sediments covering Halekulani sand channel are carbonate sands. Sand deposits in the 

Hawaiian Islands are varied in response to microclimates mainly created by island 

topography, waves, tidal currents, stream discharge and catastrophic events (Coulboum, 

1988), however, there is no apparent relation between grain size and the spatial location of 

a sample or the vertical location of a sample within the deposit in the Halekulani sand 

channel (Sea Engineering Inc. and Precision Signal Inc, 1995). Although decreasing 

attenuation with depth in sands may result from reduced porosity by compaction 

(Hamilton, 1972; 1975), the experiment was in a carbonate sand layer of only 2 m 
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Figure A.10: Summary attenuation profiles. Dashed lines are MAP profiles and 
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carbonate sands). (d) Site S90 (Eel river, silty mud) . 
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Table A.1 Single-Interval Attenuation 

Pair of Individual Q-1 value/error 
receivers 

Site 624 Site 627 SA2 S90 
value error value error value error value error 

A12 0.11 ±0.009 0.0068 +0.008 0.0348 ±0.011 0.0627 ±0.041 
A13 0.0333 ±0.003 0.0217 ±0.005 0.0535 ±0.010 0.0637 ±0.036 
A14 0.0127 ±0.002 0 +0.002 0.0441 ±0.008 0.0505 ±0.013 
A1s 0.0286 ±0.004 0.0036 ±0.004 0.0441 ±0.005 0.0208 ±0.007 
A16 0.0213 ±0.007 0.0042 ±0.002 0.0049 +0.007 
A17 0.0244 ±0.002 0.0088 ±0.003 
A23 0 +0.001 0.034 ±0.005 
A24 0 +0.001 0 +0.001 
A2s 0.0164 ±0.002 0 +0.001 
A26 0.0019 ±0.002 0.0036 ±0.003 
A21 0.0172 ±0.002 0.0036 ±0.003 7 

A34 0 +0.002 0 +0.001 0.0125 
A3s 0.0257 ±0.004 0 +0.001 0.0268 
A36 0.0132 ±0.003 0.0011 +.0004 
A31 0.0151 ±0.002 0.0025 +0.003 
A4s 0.0526 ±0.005 0.0196 ±0.009 
A46 0.0263 ±0.004 0.0026 +0.003 
~7 0.0244 ±0.006 0.0069 +0.003 
As6 0 +0.001 0 +0.002 
As7 0.0133 ±0.005 0 +0.002 
A67 0.0435 ±0.005 0.014 +0.013 
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Table A.2. Compressional Soundspeed and attenuations 

High-porosity Clay, Site 624, Kiel Bay High-porosity Clay, Site 627, Kiel Bay 
Depth Velocity Attenuation Depth Velocity Attenuation 

(m bsf) (mis) Q-1 (m bsf) (mis) Q-1 
0-0 1480* nd 0-0 1480 nd 

0-0.5 1430 nd 0-0.5 1430 nd 
0.5-1.1 1439 0.05 0.5-1.1 1447 $0.005 
1.1-1.7 1428 $0.005 1.1-1.7 1428 $0.005 
1.7-2.3 1446 $0.005 1.7-2.3 1446 $0.005 
2.3-2.9 1429 0.0433 2.3-2.9 1447 $0.005 
2.9-3.5 1444 $0.005 2.9-3.5 1453 $0.005 
3.5-4.1 1442 0.033 3.5-4.1 1460 $0.005 

Halekulani Carb. Sand, Site A2 Eel River Delta, Site 90 
Depth Velocity Attenuation Depth Velocity Attenuation 

(m bsf) (mis) Q-1 (m bsf) (mis) Q-1 
0-0 1548 nd 0-0 1477 nd 

0-0.69 1617 ~0.05 0-0.5 1480 ~0.05 
0.69-1.03 1653 ~0. 05 0.5-0.9 1493 $0.005 
1.03-1.37 1660 0.045 0.9-1.3 1492 $0.005 
1.37-2.07 1626 0.022 1.3-1.7 1524 $0.005 

*: Soundspeed at 0 m bsf are averaged bottom water sounds peed. 
nd: No data. 
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thickness, and compaction should not be a main factor contributing to the attenuation 

decrease with depth. More likely, sediment reworking by bottom water currents or waves 

reduces the strength of grain contacts, resulting in increased attenuation as well as lowered 

rigidity . 

The data from the Eel River delta, northern California, show high attenuation values 

at shallow depths of 0.1-0.5 mbsf, decreasing relatively rapidly with depth. Site S90 is 

located on the downslope of the delta in water of 90 m depth. The sediments at the site are 

a mixture of silts and clays, and the study area is strongly influenced by both biological 

reworking and periodic flood deposition from the Eel and Mad rivers (Nittrouer and 

Kravitz, 1996). Initial laboratory measurements on core data collected at 1 cm intervals 

show higher variability in soundspeed (from 1450 - 1520 mis at 400 kHz) within the · 

interval of 0.1-0.5 mbsf, than outside this interval, which suggests that microbeds due to 

periodic floods may be present in this shallow depth zone. Gorgas and Wilkens ( 1996) 

also saw a strong correlation between attenuation and soundspeed in the core data. They 

suggest that the faster layers may have a higher sand content, and thus a higher attenuation. 
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