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ABSTRACT

Field experiments were conducted to test and verify a 

mathematical model that has been developed to assess the effects of 

bottom roughness and material properties on bottom echo shape. The 

physical basis of the model is reviewed and model output is 

presented.

The experiments were conducted in lower Chesapeake Bay and 

involved taking high resolution acoustic data at a number of 

frequencies and taking supporting sediment samples. A unique, high 

resolution bottom profiler was used to measure bottom roughness 

profiles for input to the model. While model predictions were in 

general agreement with the data, fine structure was observed in the 

echoes that could not be explained by the existing model.

An extension to the model has been developed that is able to 

account for this structure. The essential ingredient of this 

extension is to consider bottom surface scattering as arising from 

a number of statistically independent patches within the transducer 

beam. This revised model should lead to improved predictions of 

bottom echo waveforms for echo-sounder design.

The algorithm developed for removing ship motion from the 

observations suggests a design for a new type of echo-sounder 

detector circuit based on an energy threshold. This circuit could 

be easily implemented with modern digital signal processing (DSP) 

circuits, and it might be suitable for retro-fitting to existing 

echo-sounders.
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INTRODUCTION

In 1985 a joint program to improve the science of acoustic echo sounding 

was established between the Charting and Geodetic Services (C&GS) branch of 

the NOS, then under the direction of Admiral Bossier, and the Ocean Acoustics 

Division (QAD) of Atlantic Oceanographic and Meteorological Laboratory under 

the direction of Dr. Hugo Bezdek.

This program was a combination of theory and experiment designed to

better define the nature of acoustic echoes from typical ocean bottoms. A

better understanding of these echoes would lead to design of better performing 

echo sounders for use in operational charting.

The additional possibility of extracting useful bottom information from 

reflected acoustic pulse waveforms has been demonstrated by many experi­

menters. Dodds (1984) bases bottom type discrimination on analysis of

frequencies in the range 1 to 10 kHz generated by an impulsive sound source. 

Meng and Guan (1984) utilize higher frequencies in the 100 kHz range to 

establish statistical discriminators. Reliable discrimination in this higher 

range offers the possibility of adding remote acoustical bottom characteri­

zation to a conventional echo-sounder.

The ability to remotely determine bottom types acoustically depends on 

the acoustical properties of the sediments. That is, the bulk sound speed, 

the bulk attenuation, and the bulk scattering properties are the crucial

factors in echo formation. While the acoustic properties have intrinsic 

interest for many applications, the navigationally significant quantities are 

mechanical such as shear strength. It is the mechanical properties that 

determine the ability of the bottom to impede the motion of shipping. 

Fortunately, marine sediments tend to form a one-dimensional continuum 

(Bachman, 1985), that is, acoustic properties correlate with sediment type 

which is in turn correlated with mechanical properties. Thus, measurements of
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bulk acoustic properties provide a means to effectively estimate the strength 

of sediments.

OLD THEORY

A convenient mathematical model has been developed (Clarke et al., 1985) 

to assess the effects of bottom characteristics such as surface roughness and 

material properties on bottom echo shape. This model incorporates the effects 

of scattering from surface roughness, and of volume scattering from within the 

volume of the sediment.

Standard echo-sounding geometry is assumed. The acoustic transducer 

which emits sound of wavelength X is located distance R (the depth) from the 

sea bed. The bulk acoustic properties of the sea bed enter the model through 

the bulk reflection coefficient^ for sound incident on the bed from water. 

The roughness of the bed is described by an RMS height variation and a 

correlation length L. This statistical roughness reduces the magnitude of the 

coherent bottom echo component and scatters energy into a reverberant tail 

whose decay time is determined by a combination of sea-bed slope, depth 

R, and transducer beam angle. The coherent echo reduction factor is exp(-<f>2 ) 

where $ - 4/ n/X is the nondimensionalized surface roughness. For roughness 

much greater than a wavelength, <f> >> 1, almost all the echo energy is 

reverberant.

Figure 2 shows the model results in the form of contour plots of acoustic 

intensity versus time and frequency. Time is measured in milliseconds from 

the first echo return. The case shown is for a sandy bottom (400 jj diameter) 

and for h - 1 cm and L * 10 cm. These parameters would correspond to a 

gently rippled bottom. For low frequencies less than 20 kHz, the .2 msec 

transmitted waveform is mirrored in the contours of the echo waveform. The
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Echo Sounding Geometry Assumed in 
Model

Figure 1. Drawing defining quantities in bottom echo formation model.
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mirrored pulse rapidly diminishes above 20 kHz as * increases, and the echo 

becomes a reverberant tail approximately 1 msec long.

The fraction (l-7?_) of sound that penetrates the sea bed is scattered 

from the granularity of the sediment and is also rapidly absorbed by viscous 

losses (Biot absorption). The sound scattered from beneath the sea bed is 

highly frequency dependent. The QAD model uses Rayleigh theory which predicts 

a fourth power dependence on frequency for the sediment scattering. 

Empirical values are used for the Biot absorption. The results can be 

visualized from Figure 2. In case the sea bed is smooth, e.g., q « 1 mm, then 

the echo for 200 p sand is very similar to that for a rough surface as shown 

in Figure 1. For both sand and 20 p mud, the mirrored transmitted pulse is 

visible at all frequencies for both sediments and only drops off a little at 

200 kHz; surface scattering effects are negligible at all but the highest 

frequencies. The big differences between the two sediments are in the volume 

scattering reverberant tails. The granularity of the sand produces a large 

scattering tail. It is this tail that is the basis for discrimination of 

bottom types.

Figure 3 shows the major portions of the echo waveform as related to the 

model. The rectangular mirror image of the transmitted pulse is followed by a 

reverberant tail.

This reverberant tail is made up of two components, a surface scattering 

component with relative amplitude 7L(l-exp(-*2)) which decays with a 

characteristic time

ts = (lyL)2 R/2c. (1)

The characteristic decay time is determined only by the geometry of the 

propagation through the water depth, and surface slope, and is thus
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Figure 3. Major components of waveform as identified in the QAD echo forma­
tion model.
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essentially frequency independent. Additionally, the decay time can be 

influenced by the transducer beam pattern. See (Clarke and Proni, 1986) for 

details.

The sound that penetrated the bottom gives rise to the volume scattering 

tail which has a characteristic decay time ts which is determined by the Biot 

characteristics of the sediment. This component is highly frequency dependent 

due to variation of absorption and scattering with frequency. The field 

experiment of the summer of 1986 was designed to test the validity of the 

model and to determine the feasibility of separating these two reverberant 

components by using transmissions at multiple frequencies.

EXPERIMENT EQUIPMENT

During the field experiment in the Chesapeake, echo data from a variety 

of bottoms at a wide range of frequencies was taken. This data was digitized 

and recorded on floppy disks. These disks have been read here in AOML and the 

quality of the data confirmed. Analysis of bottom sediment samples taken at 

the time has been completed.

The four locations in Chesapeake were as shown in Figure 4, a site in the 

Little Creek Harbor (LC), a site near the south Bay Bridge Tunnel (BT), a site 

near Thimble Shoal Channel (TS), and a site in the Middle Ground (MG) area.

A calibration experiment was conducted at the Dodge Island ship base in 

which echoes were recorded from the sea-surface using exactly the same 

equipment as used in the Chesapeake. Gravity and box cores were also taken 

along with echoes from the bottom at Dodge Island to give another bottom type. 

This data has also been analyzed.

Figure 5 shows the electronic equipment used to record bottom echo 

signals. A Datasonics DFT-210 was used to energize the transducers and then 

receive the echoes. A switching arrangement was used to select from two of 9
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transducers. An Analogies Data 6000 was used as a high speed analog to 

digital front end for a MicroVax computer system which recorded the digitized 

data on its internal hard disk. After data was recorded from a site it was 

dumped onto floppy disks for permanent storage.

A Sony PCM digital recording system was used with a JVC video recorder to 

provide back-up to the Data 6000/Microvax primary recorder. Switching and 

timing elements were provided to control the data acquisition.

The array of transducers was chosen to explore as wide a combination of 

frequencies, beam widths and incidence angles as practical. The transducers 

were as follows:

Letter in 
Diagram Frequency Beam Width Angle

A 380 kHz = 1x50° 0°

B 200 kHz 10° 0°

F 200 kHz 3° 0°

C 200 kHz 3°

oinrH

D 200 kHz 3°

OOC
O

E 200 kHz 3° 45°

G 60-120 kHz = 10° 0°

Y 60-120 kHz = 25° 0° failed

Z 10-50 kHz = 20° 0°

The QAD MicroVAX has been used to develop signal detection and averaging 

algorithms in preparation for comparing the experimental results to the model 

output. A Hilbert transform technique has been found*useful for demodulating 

the signal. In this technique, the analytic signal is formed by taking the
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existing signal as the real part, and by using the Hilbert transform of the 

signal as the imaginary part. The amplitude of this analytic signal is then 

the detected waveform. This technique is much better than the simple square 

and average used in the field to obtain a quick look at the data. At Dodge 

Island, the square and average showed the primary frequency waveform at the 

lower frequencies such as 10 kHz because the situation was so stationary. The 

Hilbert transform detector "interpolates” across the primary waveform 

producing a smooth envelope.

The major problem in analyzing the echo waveforms recorded in the field 

was to remove ship motion. Unfortunately, this is somewhat of a "cart and 

horse" problem. To remove ship motion, the variable part of the delay between 

the transmitted pulse and the start of the echo must somehow be extracted from 

the signal and removed. This is, of course, just the problem that this study 

is supposed to help solve. If we can remove ship motion with a simple 

operation on the echo, then the bottom depth can be determined by the same 

operation.

A technique has been found, however, that seems to effectively remove 

the variable part of the bottom echo delay. If the instantaneous acoustic 

intensity (normalized voltage squared) of the jth echo is written as 

Ij^t+tjd), where the time delay tjd varies from echo to echo and is due to 

ship motion, then t^d is effectively removed by aligning the individual echoes 

so that the running integral of intensity of each echo crosses a threshold at 

a fixed time. This threshold is different for each pulse and is set to 1% of 

the integrated intensity (energy) in the pulse. That is, for each pulse t
j d

is estimated as that value for which

1^(t)dt = .01
“*0

lj(t)dt. (2)
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To determine the actual surface profile of the bottom for input to the 

model calculations, a unique high-resolution bottom profiler was developed. 

This profiler is described in more detail elsewhere (Dammann, 1987, in 

preparation), but it consisted essentially of a self-propelled trolley 

carrying a precision echo-sounder down a 10 meter rigid track.

The trolley unit contained a stepping motor that was controlled from the 

surface so that its rotation could be precisely controlled. The motor was 

geared to a pulley sprocket which engaged a roller-chain that stretched the 

length of the track. By controlling the motor, the trolley position was very 

precisely known.

Attached to the trolley was a 3 MHz acoustic transceiver that functioned 

as a precision echo-sounder with a resolution of less than a centimeter. 

Because of the high-frequency and narrow beam of the unit, the problems 

associated with regular echo-sounders were avoided.

Figure 7 shows output from this precision profiler unit. Plotted is 

bottom depth as a function of horizontal position. Note the fine detail 

visible in the plot.

To provide information about the sediment at each site, bottom samples 

were taken, and analyzed in the laboratory. Depending on the nature of the 

bottom, a grab sample, box core or piston core was used. The samples were 

analyzed for grain size, porosity and mineral type. A copy of the geological 

analysis performed by the Ocean Chemistry Division of AOML is included as an 

appendix.

The five sites contained substantially different sediments so that the 

goal of sampling a wide variety of bottom types was reached. As might be 

expected, the Little Creek Harbor site was almost a pure mud with only a 

slight admixture of sand. The Bay Bridge sight was a firm sandy material, 

whereas the Thimble Shoal Channel site was coarse sand, almost gravel. The

12
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Middle Ground site was a mixture of silt and sand, as was the Dodge Island 

site.

The result of processing a set of echo waveforms is seen in Figure 8. 

This averaged echo waveform is from the Thimble Channel site data set. 

Waveforms for six distinct frequencies are shown in the figure. There is a 

systematic variation of overall shape with frequency somewhat in accord with 

the predictions of the model.

Figure 9 shows the model waveforms predicted on the basis of the observed 

sediment characteristics and surface profile at the Bay Bridge site. While 

there is an overall match to the pattern of change in waveform with frequency, 

the predicted pulse width is much narrower. These observed waveforms are much 

broader than the predictions, and contrary to the prediction, are broader at 

the lower frequencies than at the higher. There is also a suggestion of some 

periodicity in the way the waveforms decay. The 60 kHz and 120 kHz waveform 

in particular seem to show some ringing at times beyond 1 msec.

In order to explain this disagreement, an attempt was first made to 

refine the theory upon which equation (2) is based.

NEW  THEORY

The derivation of the theoretical model was looked at in greater detail 

in order to identify terms that might have been neglected which can explain 

this oscillatory behavior.

The derivation of the model begins with the parabolic (or small angle) 

approximation to the exact acoustic Helmholtz equation. The parabolic 

approximation is well established in the underwater acoustic literature and is 

not the source of difficulty. Within this approximation the acoustic 

pressure, p, received at the transducer is given by

15
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p(z) - g(x,z) exp[2ikh(x)Jdx. (3)

Where h(x) is the bottom height, k*2n/X is the acoustic wavenumber, and

g(x,z) - (2niz) exp[ ikxV(2z) ], (4)

is the Green's function that describes acoustic propagation from depth z, 

horizontal position x to the transducer.

The depth h(x) is, of course, an unknown function. To produce a tract­

able expression the depth is considered to be a random function that can be 

averaged over a suitable ensemble of cases. In the case of the echo sounding 

study, this ensemble is, of course, the set of individual pings. Ship motion 

in between pings produces a different configuration of bottom and transducer 

for each ping so that the function h(x) is essentially different for each 

ping. As noted earlier, for the Dodge Island calibration experiment, the 

geometry was fixed so that there was very little ensemble averaging effect 

when the echo was from the bottom. When the echo was from the surface, 

however, surface wave activity provided a convenient ensemble.

The appropriate average to calculate is the ensemble average intensity

<I(z)> - pc<p(z)p*(z)>, (5)

where the angular brackets <..> denote averaging the bracketed quantity over 

the statistical ensemble, and the conceptually complex pressure p is 

multiplied by its conjugate to form the intensity.

18



Putting (3) and (4) into (5) gives the intensity as a double integral

dx1dx2 <exp{ik[2h(x1)-2h(x2)+(x^- x2)/2z]}.<I(z)> (6)

A formula for the expected value of the exponential of an imaginary Gaussian 

random variable can be used to pass the average inside the exponential, 

giving:

<I(z)> - K

Making the further change of variable

s - (Xj^ + x2)/2, t - Xj^ - x2, (8)

simplifies this to

co

ds dt exp{-2k2C(t)} exp{ikst/2},<I(z)> - K (9)

where C(t) - <[h(0)—h(t)]2> is the structure function of the bottom varia­

tions. This structure function is closed related to the spatial correlation 

function; it is twice the variance times one minus the correlation function. 

Equation (8) can be simplified to recover the results of the original model by 

recognizing that the integral over s gives a delta function in t. That is, 

J ds exp(ikst/z) - 5(kt/z), so that

<I(z)> - Kz/k exp{-2k2 C(0)}, (10) 

since the delta function collapses the integral over t.
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This result is the prediction for the coherent echo obtained in the 

original model. The assumptions in this model are that the indicident 

acoustic wave is essentially monochromatic. To obtain the pulse response, the 

single frequency, monochromatic response, must be integrated over the Fourier 

transform of the transmitted pulse.

The procedure is essentially the same as before, except that an 

additional integral over transmitted frequency must be included. This gives a 

four-fold integral for the expected intensity at time t. Dropping the 

explicit z dependence gives,

00
<I(t)> - K dx^dx^ du^du^ exp{i[o)^h(x^) - u^hfx^l/c

2 2+ i[u^x^ + 2 - wl^H/^zc + i(co^ - oo^t}. (11)

where the two angular frequency variables a>x and u>2 have been introduced and 

the relation between wavenumber and frequency, k - <o/c, has been used. 

Changing to sura and difference variables in time as was done previously for 

spatial variables before, h * (<*\ + <*)2 )/2 and C - + oo2, gives

<I(t)> - K dx1dx2 dqdC exp(i[ (h^C/2)h(x1) - (h~C/2)h(x2) ]/c

+ i[(nK/2)xJ + 2 - (tY-iy2)x\)\/2zc +iCc). (12)

Collecting terms and dropping a term involving C times the mean depth since 

the mean depth is zero mean gives

20



CO
<I(T)> - K dx1dx2 dr>dC exp (ihtMx^J-hfx^ ]/c

+ iC[x^ - x2]/2zc + iri[x^ - x2]/2zc * i£x}. (13)

As before, this can be simplified since the integral over C introduces a 

6-function with argument x + [x* + x* )/2zc which is therefore forced to zero. 

This terra describes an "annulus" on the bottom whose radius is determined by 

the delay time within the pulse. The three remaining integrals then collapse 

to two: an integral over the frequency variable t\ and over the constrained 

sum of x* and x*.

A reasonably tractable expression can be obtained by changing to polar 

coordinates r * /[x* + x*], and <J> - tan'1 (x*/x*). After taking the ensemble 

average, and introducing the structure function as before,

<I(x)> - K / 4xzc dY] d<J> exp(-h(C(/xcz(cos<J> - sin$)))/2c

+ 2ih xz cos2<)>/2zc}. (14)

No closed form solution is apparent for this double integral, but the second 

should give a 6-function type sieving of the integral over $. The integral 

over h forces <f> to have values of ji/2 plus even multiples of n. The argument 

of C in the first term is thus either 0 or /2; recall that C is an even 

function so sign does not matter.

This gives the final approximation

<I(r)> = exp{-22 C(2/tzc)}. (15)
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where k is the wavenumber at the center of the narrow band of transmitted

frequencies. In case the structure function C is quadratic, an assumption 

commonly made in scattering theory, this result coincides with the earlier 

theory. Equation (15) then reduces to a simple exponential decay with time 

delay x.

Use of the structure functions shown in Figure 13 extracted from the 

track data only modify the form of the surface reverberation slightly, 

changing the decay curves in Figure 9 into damped decay curves without 

changing their width very much. As a result, this refinement to the theory is 

not sufficient to account for the observations, and a more fundamental change 

was needed.

A successful line of attack was found in a paper by Clay (1960). While 

Clay was concerned with fluctuations of echoes at grazing incidence, his 

ansatz proved useful. Clay considers the sea surface to be a collection of 

statistically independent patches that together contribute to the echo. This 

approach is supported by Figures 10 and 11 which plot width pulse versus 

frequency and transducer beam width.

Taking this approach, the total surface reverberation waveform, Isf, is

i;(t) - A(t) * I9(t) , (16)

where * denote convoltion, A(t) is the ensonified area at time t, and Is is 

the exponentially decaying surface reverberation. The area A(t) is determined 

by the transducer beam patterns shown in Figure 12, but for short times it 

increases linearly with t, and then remains constant until the ensonfied 

annulus reaches the beam width.

Figure 14 shows the results of applying equation (16). The plotted 

quantities are the same as shown in Figure 4, with the addition of a dark

22



6.
0 d

b P
ul

se
 W

id
th

 ve
rs

us
 Fr

eq
ue

nc
y

+

<

<> O

ifouanbaj^

Figure 10. Observed pulse width versus frequency*

m
se

c

23



6.
0 d

b P
ul

se
 W

id
th

 ve
rs

us
 Be

am
 W

id
th

+

/<\

x \ \

o o
o oo

Figure 11. Observed pulse width versus transducer beam width.

m
se

c

24



JBS3

5'3 3(*■ lUidt^

0MI//0

*iu!nu!ttuinuii 1: niliutl tikJu-iiikkuiu uUitti.4.11 ■ . J

*11 Cl- 1

x\

mwmirs

WmWiz&Smk

mm
■mm

ss&gggg
Ipspyi

smiE «SMBAM
■mimk mam$§P|Mfe

k.
83

'WfMMiHHtH

Figure 12. Transducer beam patterns.

25



WMZZX-

zzz
y y \yvv\\' 1777

Figure 13. Spatial structure functions.

26



cooi 3

►JGQ O

O 0) ooa

ua-|uj

<u -

Figure 14. Mcxiified model predictions for the Thimble Channel site.

m
se

c

27



curve starting at t - 0. This curve is IJ, the result of convolving the 

"far-field" reverberation function with the transducer beam pattern. The form 

of A(t) mirrors the beam pattern of the transducer. At 60 kHz in particular 

A(t) shows oscillatory behavior reflecting transducer sidelobes.

The agreement between predictions and observations is much better when I
S

is used to model the surface reverberation. Physically A(t) should be 

normalized by the size of the statistically independent patches, but because 

absolute calibration for the transducers was unavailable, this refinement is 

unnecessary here. As an estimate for the size of the patches, the 

characteristic length L extracted from the profiles can be used. In 

Chesapeake Bay this length ranges from 30 cm to about 1 meter, so that many 

independent patches would be found within the ensonified area of a given 

pulse.

The model presented here is essentially a heuristic modification to an 

existing theory, and while it explains the observations much better than the 

unmodified theory, there is much room for refinement. In particular, the 

convolution performed in equation (3) tacitly assumes that the scattering 

from each independent patch of the bottom is independent of incident angle. 

While to first approximation this is true, more refined calculations and 

observations will need to take such effects into account.

Nevertheless, the present model fits the data well enough that it should 

serve the purpose for which it was originally developed: the testing and 

refinement of operational echo-sounders.

LITTLE CREEK DISCUSSION
As mentioned earlier, the bottom at the Little Creek site was a sandy 

silt; details can be found in the appendix. The grain size used for 

calculations of Rayleigh backscattering was 400 microns. Despite the presence
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of a large amount of fine silt, the presence of fairly coarse material with a 
large acoustic cross section tilted the acoustically average grain size toward 
the larger sizes. The surface roughness estimated from the track data was 
4 cm RMS roughness height, with a characteristic length of 1.1 meters.

The bottom is therefore fairly smooth, and one does not expect a great 

deal of volume scattering. This expectation is born out by the observations 

shown in Figure 15. The lower frequency pulses are broad as a result of the 

convolution of individual surface element scattering with the broad transducer 

beam pattern. Above 80 kHz, however, the pulses narrow down and are primarily 

a result of volume scattering effects. The model predictions are shown in 

Figure 16, and the agreement is fairly good.

Echoes from the off-vertical transducers are shown in Figure 17. Trans­

ducer 3 is vertical, transducer 4 at 15°, transducer 5 at 30°, and transducer 

6 is at 45°* These waveforms would be encountered in a multiple beam system 

like SeaBeam. As the angle increases, the pulse broadens out and develops a 

tail. The first return in the off-vertical beams is due to sidelobes. This 

is most evident for transducer 6 where the sidelobe return precedes the main 

body of the pulse by over a millisecond.

The variance over the ensemble of pulses was calculated and is presented 
in Figures 18 and 19 as plots of standard deviation of the intensity divided 
by the intensity; the dotted curve reproduces the pulse amplitude. For a 
fully random signal composed of the sum of many randomly phased reflections 
from a variety of scatterers, this value should be near one. For a deter­
ministic signal, an echo from a constant target, this value should be small 
and is determined by the signal to noise ratio of the data gathering system. 
When the pulse drops below a threshold, the standard deviation is suppressed; 
this accounts for the jagged appearance of grazing transducer 6.
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Figure 15. Observed echoes for the Little Creek site.
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Figure 16. Model predictions for the Little Creek site.
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Figure 18. Echo variability for echoes from Little Creek.
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For the most part, the signals are fully random with the normalized 

standard deviation near unity. Only at the leading edge of the lower 

frequencies is the standard deviation low enough to suggest a constant target. 

This is to be expected since at lower frequencies the wavelength becomes 

larger than the roughness height. During the tails of pulses, the normalized 

standard deviation rises above one; this is probably due to the combination of 

signal variability and additive noise.

BAY BRIDGE DISCUSSION
The bottom at the Bay Bridge site was firmly packed sand; details can be 

found in the appendix. The grain size distribution was not widely disperse, 

so the diameter used for calculations of Rayleigh backscattering of 374 

microns agrees fairly closely with the volume weighted mean grain size in the 

appendix. The surface roughness estimated from the track data was estimated 

to be 1.8 cm RMS roughness height, with a characteristic length of 0.22 

meters.

This bottom is also fairly smooth, and but the sandy nature of the 

sediment should give significant volume scattering. The observations shown in 

Figure 20 agree with this picture. The lower frequency pulses are not as 

broad as a seen in Little Creek; because the individual surface element 

scatterers are smaller, the effect of the convolution with the beam pattern is 

different. As before, above 80 kHz the pulses become narrower, but are 

broader than before due to the lower absorption of the finer grained sand and 

are primarily a result of volume scattering effects. The model predictions 

are shown in Figure 21, and the agreement is again fairly good.

Data from the off-vertical transducers are shown in Figure 22. As before 

transducer 3 is vertical, transducer 4 at 15°, transducer 5 at 30°, and 

transducer 6 is at 45°' Again as the angle increases, the pulse broadens out
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Figure 20. Observed echoes for the Bay Bridge site
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Figure 21. Model predictions for the Bay Bridge site.
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and develops a tail. The first return in the off-vertical beams is due to 

sidelobes. This is most evident for transducer 6 where the sidelobe return 

precedes the main body of the pulse by over a millisecond. The sidelobe 

return is very sharp here due to the low roughness and small correlation 

length of the bottom.

The variance over the ensemble of pulses was calculated and is presented 

in Figures 23 and 24 as plots of standard deviation of the intensity divided 

by the intensity. As before, for the most part, the signals are fully random 

with the normalized standard deviation near unity. Only at the leading edge 

of the lower frequencies is the standard deviation low enough to suggest a 

constant target. This is to be expected since at lower frequencies the 

wavelength becomes larger than the roughness height. During the tails of 

pulses, the normalized standard deviation rises above one; this is probably 

due to the combination of signal variability and additive noise.

THIMBLE CHANNEL DISCUSSION

The bottom at the Thimble Channel site contained the coarsest sediment 

found during the experiment; the bottom consisted of coarse sand, almost a 

gravel. The grain size used for calculations of Rayleigh backscattering was 

444 microns. The surface roughness estimated from the track data was 

estimated to be 3 cm RMS roughness height, with a characteristic length of 

.3 meters.

The bottom is smooth enough that one expects some coherent component to 

the echoes at lower frequencies. At the same time there should be a good deal 

of volume scattering even at lower frequencies because of the coarseness of 

the sediment. This expectation is born out by the observations shown in 

Figure 25. The lower frequency pulses are broad as a result of the 

combination of surface scattering with volume scattering. Above 80 kHz,
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Figure 23. Echo variability for echoes from Bay Bridge.
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Figure 25. Observed echoes for the Thimble Channel site
42



however, the beam pattern narrows and the duration of the surface reverbera­

tion is reduced, but at 120 kHz there is again significant broadening of the 

pulses due to the rapid rise of volume scattering.

The model predictions are shown in Figure 26, and the agreement is fairly 
good. In particular the volume scattering seen at 120 kHz is well predicted. 
Some discrepancies do exist; for example, the large coherent peak predicted at 
10 kHz is not seen in the data.

Echoes from the off-vertical transducers are shown in Figure 27. As 

before, transducer 3 is vertical, transducer 4 at 15°, transducer 5 at 30°, 

and transducer 6 is at 45°* As the angle increases, the pulse broadens out 

and develops a tail. The first return in the off-vertical beams due to 

sidelobes is less evident in this data set than in the echoes from Little 

Creek or the Bay Bridge sites.

The variance over the ensemble of pulses is presented in Figures 28 and 
29 as plots of standard deviation of the intensity divided by the intensity; 
again, the dotted curve reproduces the pulse amplitude, and when the pulse 
drops below a threshold, the standard deviation is suppressed; this accounts 
for the jagged appearance of the standard deviation in the pulse tails.

For the most part, the signals are fully random with the normalized 
standard deviation near unity. Only at the leading edge of the lower 
frequencies is the standard deviation low enough to suggest a constant target.

This is consistent with the expected strong coherent echo at the lower 

frequencies. During the tails of pulses, the normalized standard deviation 

rises above one; this is probably due to the combination of signal variability 

and additive noise.
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Figure 26. Model predictions for the Thimble Channel site.
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Figure 28. Echo variability for echoes from Humble Channel.
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MIDDLE GROUND DISCUSSION
In many respects, the Middle Ground site resembled the Little Creek site; 

the bottom at both sites was a sandy silt, although there was less of an 

admixture of a coarse fraction at the Middle Ground site. As a result, the 

grain size used for calculations of Rayleigh backscattering was 240 microns. 

The surface roughness estimated from the track data was estimated to be 16 cm 

RMS roughness height, with a characteristic length of 2.2 meters. This very 

rough bottom was likely due to anthropomorphic activity since the middle 

ground is used as a ship anchorage.

This is the finest sediment encountered during the experiment, but the 
bottom interface had the roughest surface. As a result the sediment should 
behave most like an acoustically uniform fluid, producing little backscatter. 
The rough surface will mean that the echoes are entirely incoherent and 
random, even at the lowest frequencies. This expectation is born out by the 
observations shown in Figure 30. The lower frequency pulses are broacl as a 
result of the convolution of individual surface element scattering with the 
broad transducer beam pattern. The 10 kHz pulse is unexpectedly narrow, 
however; we have no explanation for this now. Above 80 kHz, however, the 
pulses narrow down as the transducer beam-widths narrow. An anomaly occurs at 
60 kHz in the form a a narrow pulse, equal to transmitted pulse width, at the 
start of the pulse. This may be due to some coincidence between the side lobe 
angle at 60 kHz, and the characteristic slope of the bottom roughness 
resulting in a direct reflection of the side lobes off the sides of bottom 
roughness elements.

The model predictions are shown in Figure 31, and the agreement is fairly 

good, except for the unusual cases noted above.

Echoes from the off-vertical transducers are shown in Figure 32. 

Transducer 3 is vertical, transducer 4 at 15°, transducer 5 at 30°, and
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Figure 30. Observed echoes for the Middle Ground site.
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Figure 31. Model predictions for the Middle Ground site.
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transducer 6 is at 45°‘ The first returns in the off-vertical beams are due 
to sidelobes. This is most evident for transducer 5 where a very narrow 
sidelobe return precedes the main body of the pulse by over a millisecond.

The variance over the ensemble of pulses was calculated and is presented 
in Figures 33 and 34 as plots of standard deviation of the intensity divided 
by the intensity; the dotted curve reproduces the pulse amplitude. When the 
pulse drops below a* threshold, the standard deviation has been suppressed; 
this accounts for the jagged appearance of may of the graphs.

For the most part, ths signals are fully random with the normalized 
standard deviation near unity. Only at the leading edge of the 10 kHz pulse 
frequencies is the standard deviation significantly below unity. Even during 
the anomalous narrow pulse at 60 kHz, the standard deviation is high, 
supporting the hypothesis that this anomaly is due to interaction of side 
lobes with random roughness elements, rather than an echo from some locally 
strong target such as a rock.

DODGE ISLAND BOTTOM DISCUSSION
The bottom at the Dodge Island site consisted of a mix of sediment types 

ranging from silt to coarse shell hash. As a result the grain size used for 

calculations of Rayleigh backscattering was 600 microns reflecting the heavy 

weighting toward larger sized provided by the Rayleigh scattering function. 

The surface roughness estimated from the track data v/as estimated to be 4 cm 

RMS roughness height, with a characteristic length of 1.1 meters.

Thus, as with the Thimble Channel site, the bottom is smooth enough that 

one expects some coherent component to the echoes at lower frequencies. At 

the same time there should be a good deal of volume scattering even at lower 

frequencies because of the coarseness of the sediment. This expectation is 

born out for the most part by the observations shown in Figure 35. The lower
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Figure 35. Observed echoes for the Dodge Island site
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frequency pulses are broad as a result of the combination of surface 

scattering with volume scattering. Above 80 kHz, however, the beam pattern 

narrows and the duration of the surface reverberation is reduced, but at 

120 kHz there is again significant broadening of the pulses due to the rapid 

rise of volume scattering. At 60 kHz there is a curious shelving of the pulse 

which is probably due to some sort of roughness/sidelobe interaction.

A new feature seen in these echoes is the detailed temporal structure in 

the tails of the echoes. Since the transducer platform was suspended from a 

shore-mounted crane, there was no ship motion to provide an ensemble of echoes 

as in the previous data sets. At Dodge Island each echo was essentially 

identical, so that what is seen is the detailed interaction of the transducer 

beam pattern, the surface roughness, and the volume scattering as mapped into 

the time domain. In particular at 15 kHz a remnant of the original 15 kHz 

transmitted frequency can be seen in the fine oscillations of the echo 

waveform. In the observations taken from the R/V Laidly, such coherent 

details were wiped out by the ship motion.

The model predictions are shown in Figure 36, and the agreement is fairly 
good. In particular the model predicts the shelving behavior at 60 kHz due to 
volume scattering. '

Echoes from the off-vertical transducers are shown in Figure 37.

The complicated echo structure caused by the prominence of the sidelobe 
returns, and the interaction of the off-vertical beam with the roughness 
elements is clear.

The variance over the ensemble of pulses is presented in Figures 38 and 
39. There are no surprises here; for the most part, the signals are fully 
random with the normalized standard deviation near unity. It is interesting 
to note that the standard deviation is relatively low during the initial part
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Figure 36. Model predictions for the Dodge Island site.
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of pulse at 60 kHz, during the shelve or tail due to volume scattering the 

variability rises.

DODGE ISLAND SURFACE DISCUSSION
At Dodge Island the transducer array was lowered to the bottom to ping 

upward at the surface in inverted echo sounder (IES) fashion. The provided a 

pure test case since the only scattering from the sea water/air interface 

should be surface scattering; essentially no sound penetrates this boundary. 

In addition to its utility as a pure surface scattering test case, these 

measurements may serve as a scale model for the operation of IES instruments 

in the deep ocean.

Obviously, grain size is not relevant to this case, and no precision 

estimate of surface roughness is available. On the day of the experiment, the 

harbor was fairly calm, however, with a roughness of perhaps 10-20 cm. This 

surface is rough enough, so that the echoes should be entirely incoherent and 

random, even at the lowest frequencies. This expectation is born out by the 

observations shown in Figure 40. The lower frequency pulses are broad as a 

result of the convolution of individual surface element scattering with the 

broad transducer beam pattern, but a trace of coherent reflection of the 

transmitted pulse persists up to 20 kHz. The peculiar shelving behavior is 

again seen in the 60 kHz echo, but now it must be due to surface scattering 

effects.

Echoes from the off-vertical transducers are shown in Figure 41. This is 

most evident for transducer 5 where a very narrow sidelobe return precedes the 

main body of the pulse by over a millisecond. The echo from the 45° 

transducer 6 is largely structureless noise; there apparently is very little 

direct backscatter at this angle.
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Figure 40. Observed echoes from the surface at Dodge Island.
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The scattering that gives rise to these echoes can be more clearly 
visualized from the waterfall plots of Figure 42. At vertical incidence 
(transducer 3) the individually scattered replicas of the transmitted pulse 
that convolve to form the average echo waveform are reflected in the fine 
structure of individual pulses. The narrow pulse that occurs at progressively 
later times in each pulse is due to spurious electronic noise. At 15° 

(transducer 4) the main lobe and sidelobes are not clearly separated in time 
so the individual pulse echoes are a broad combination of sound from these two 
sources. At 30°, the main lobe and side lobes are well separated and this is 
reflected in the average pulse of Figure 41. The 45° beam has only a trace of 
echo from the side-lobes, but very little other recognizable scatterers. One 
feature of note is a slow periodicity in the scattering probably due to 
variation in roughness as wave trains passed through the ensonified area of 
the surface. Initially up to pulse 10, there is little scattering except for 
what is apparently a side-lobe echo. From pulses 10-20, there is an increase 
in diffuse scattering and the sidelobe echo decreases. Around echo 20, the 
diffuse scattering decreases before picking up by echo 30. This pattern 
repeats several times, although not as clearly, during the remainder of the 
pulses. This illustrates the clear dependence of the echo waveform on the 
surface roughness.

The variance of the pulses is presented in Figures 43 and 44 as plots of 

normalized standard deviation of the intensity. For the most part, the 

signals are fully random with the normalized standard deviation near unity. 

Only at the leading edge of the lower frequency pulses is the standard 

deviation significantly below unity. Even during the anomalous narrow pulse 

at 60 kHz, the standard deviation is high, supporting the hypothesis that this 

anomaly is due to interaction of side lobes with the random surface roughness.
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Figure 43. Echo variability for echoes for surface.
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CONCLUSION AND RECOMMENDATIONS
The ability of this model to easily generate sample echoes from a wide 

range of bottom types permits a pattern recognition approach to be taken to 
the problem of extracting information from the echo signals. In general 
terms, an algorithm for discrimination between bottom echoes will be based 
upon some (possibly vector) parameter P. Starting with some initial parameter 
value PQ , the algorithm is "trained to recognize the echoes by determining a 
succession of values of the parameter P , i =- 1..., based on the success of 
the algorithm on the ith echo."

Perhaps the simplest discrimination algorithm uses linear discrimination. 
That is, if X is the vector of echo data, the parameter vector P, then the 
data is classified according to the sign of X*P * EX(f,t)P(f,t) where f is the 
frequency of the echo and t measures is time at which the echo amplitude is 
measured.

The training algorithm for linear discrimination is simple. Start with 
an initial value PQ, then for the set of data {X}, let P. * ?ix + X if the 
echo is misclassified, .that is, if the sign of X*P is wrong. If the set of 
echoes can be correctly classified on the basis of a linear discriminant, then 
it can be shown that this algorithm converges to a parameter P that correctly 
classifies the echoes.

For the echo sounding case a program was written in which the echo vector 

X had thirty components. These were samples of echoes at five different 

frequencies 10, 20, 40, 80, and 160 kHz at 6 different delay times beginning 

with the beginning of the echo waveform and equally spaced from 0 to 1 msec. 

This 30-vector was then used to train a linear discriminant algorithm. The 

data were generated with random values of surface roughness, h, ranging from 0 

to 10 cm, and with random noise added to the waveforms to produce a realistic 

test.
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The linear discriminant algorithm converged when the criteria was correct 

classification of mud versus gravel. The parameter vector P was essentially 

zero except for 200 //sec delay and 80 kHz and 160 kHz. The discriminant was 

approximately

X-P « X( 160 kHz, 200 //sec) - 0.25X (80 kHz, 200 //sec).

This agrees generally with the conclusions of Meng and Guan (1982).

When the criteria was correct, discrimination between fine sand and mud, 

however, the algorithm failed. This indicates that it is not possible to 

discriminate linearly between these two sediment cases for all possible 

combinations of bottom roughness in the presence of noise.

Such an adaptive algorithm can be "trained” using model-generated echoes 

in the same way speech recognition systems are "trained." The linear 

discriminant algorithm can be trained to distinguish mud from gravel, but has 

difficulty with mud versus fine sand. This suggests that a more complex 

algorithm will be needed to remotely recognize the full range of ocean bottom 

types.

Applications for bottom recognition using pattern recognition techniques 

on multiple frequency echoes are a fairly remote prospect. While advances in 

electronics have made possible personal computer add-in circuit boards that 

can discriminate the sounds of speech, applying pattern recognition techniques 

to the recognition of voice commands, applications of similar hardware to 

bottom-type discrimination involve much more than development an appropriate 

circuit board. In addition to the recognition hardware, transducers and 

electronics must be provided that can cover a suitable frequency range. In 

addition, existing survey boats would have to be adapted to these new 

transducers, and the present data analysis and charting system would have to
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be modified to accept output from the recognition hardware* The magnitude of 
these changes and problems are such that it would be more appropriate to 
incorporate them at a future time when the present systems are being totally 
replaced.

Of more immediate benefit to NOS's charting needs would be an upgrade to 
the existing DSF-6000 echo-sounder. The method developed for aligning the 
digitized echoes for analysis (see EXPERIMENT EQUIPMENT section), could be 
programmed into a small module containing a digital signal processing (DSP) 

integrated circuit (IC). This module could then be wired into the DSF-6000 in 
place of the present detector circuit to provide improved performance. 
Externally, the acoustic and data interfaces of the DSF-6000 would remain the 
same, but performance would be upgraded.

Development of a replacement detector based on a DSP IC would be a 
suitable task for any of a number of small, independent electronic engineering 
and consulting firms. A number of suitable DSP ICs are available now from 
Texas Instruments (32010 etc.), AT&T (DSP32, DSP16), Motorola (56000) etc. 
The module would contain the DSP IC, a program memory, an analog to digital 
converter to convert the DSF-6000 signals to a form suitable for the DSP IC, 
output circuitry to signal the detection of the bottom echo, and other 
necessary circuitry such as clock generators.

This proverbial "handful of ICs" would implement the algorithm specified 
in the EXPERIMENT EQUIPMENT section of this report. The DSP IC would keep a 
constantly updated running sum estimate of the square integral or energy of 
the acoustic echo waveform received by the DSF-6000. This energy estimate 
then establishes a threshold so that when the integrated square voltage 
crosses the threshold, the DSP IC issues a bottom detected signal. Obvious 
refinements include establishing a time window for looking at the signal to 
minimize the processing required, and to reduce the possibility or spurious
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triggering; this window would track the expected position of the bottom on a 

pulse to pulse basis.

The proposed replacement detector module for the DSF-6000 should be easy 

to develop within a relatively short time at moderate cost. It would 

nevertheless provide a definite near-term payoff in improved survey accuracy.

71



ACKNOWLEDGEMENTS

We would like to thank Dr. Stan Alpers of NOS for his encouragement 
and discussions.

The success of the project would not have been possible without the 
valuable contributions of Charles Lauter, Paul Dammann, Elizabeth Redmond, 
Jules Craynock, LTJG Mark Pickett, and Alexandra Lorenzo of OAD.

72



BIBLIOGRAPHY
Bachman, R. T., "Acoustic and physical property relationships in marine 

sediment," J. Acoust. Soc. Am., 78, 616-621 (1985).

Clarke, T. L., J. Proni, S. Alper, and L. Huff, "Definition of 'ocean bottom' 

and 'ocean bottom depth'," Proceedings, Oceans '85, 1212-1216 (1985).

Clarke, T. L., J. R. Proni, D. A. Seem, and J. J. Tsai, "Joint CGS-AOML 

acoustical bottom echo-formation research Is Literature search and 

initial modelling results," Tech. Memo. ERL AOML-66, 73 pp. (1988).

Clay, C. S., "Fluctuations of sound reflected from the sea surface," J. 

Acoust. Soc. Am., 32, 1547-1551 (1960).

Dammann, P., "A high resolution bottom profiler," NOAA Tech. Memo. (1988).

Dodds, D. J., "Surface and volume backscattering of broadband acoustic pulses 

normally incident on the seafloor: observations and models," J. Acoust.

Soc. Am., 75, Suppl. 1, S29 (1984).

Jackson, D. R., D. P. Winebrenner, and A. Ishimaru, "Application of the 
composite roughness model to high-frequency bottom backscattering," J. 
Acoust. Soc. Am., 79, 1410-1422 (1986).

Meng, J., and D. Guan, "Acoustical method for classification of seafloor 
sediment," Chinese J. Acoust., 1, 48-53 (1982).

Stanic, S., K. B. Briggs, P. Fleischer, R. I. Roy, and W. B. Sawyer, 

"Shallow-water high-frequency bottom scattering off Panama City, 

Florida," J. Acoust. Soc. Am., 83, 2134-2144 (1988).

73



APPENDIX - GEOLOGY REPORT

74



FINAL GEOLOGY REPORT: BASEX PROJECT

INTRODUCTION AND METHODS
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C'.w10 cm intervals. All samples analyzed for' sane/fine ratio
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RESULTS

The results of our tests are submitted herein in two bas^e tabular 
forms, a Geot ecn n i ca 1 /Te>; t ure Summary Ta :t 1 e anc a Sand We i cht Per 1 /4-q • i 
I nt erva 1 Table with its attendant 1 / 4 ~on i interval hi s too rams to-** each 
same I e. Values entered into the Sc*.nd Weidhi # Table in the > 30 70 icror 
1 nt erva 1 reoresent s the wei on t of mate? r i a I. 1 n gra ms, lar; er i nat: fc -» i s
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For further' guidance, a brief Description of the result 
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■* at izd, b cm, granule—si zee Nor Ci mat er i a j.
* 2 6—3 0 cm• sec *ment in itaro * ur•• os
* 35 cm sanev lenses
* 4.3—45 cm has sancy ooc e L- s with i iberous or tame re me. i r.s*- 6—7 mm thick shell hash layer centered at 47 cm
* 63-65 cm interval seems to nave increased in sand y rc iii aoovs
*• 87-69 cm seems sandy anc very firm

19 9 A. 9 _ G r o u nd _ S g t e ^ _C o r e _ G C - 3 _ g 4 7 cm _ go nag
* whole core very firm anc very sanev
* 17—S3.5 cm very sancy and very firm
* 33-34 cm sancy lenses in mud
* 39 cm is interface for mud docketec with sane aoove. are sane oe-ow

Thim21e_Snoa 1 __Channeg_Sgt e i__Bo><_core c rad am jie* 433.16 prams of solids recovered
* i»Z»7.65 crams (34. 9:0 of above samoleo shell me. c er i a - / 3L*L o microns 
* 334. 5i crams (75. !?•) of aoove samolec sanc* iiia 1 erial ie <30O0

microns)

i c c 1 e _ G r o u nc ^ _Bo >< _core
* £ a rn ole v e r y r ich i n f i b e r o u s o r c. a n i c fi: a c e r i a 1 a no large She 11 n a s h 

anc wnole shells.
* from a 330. 14 crams suesa mo-e 3.3 crams was roots anc crass arc 

6. 3i crams was a large shell

Off _The _ W a 1. g _S i_ t e :_Core _GC —3 _g32 _cm _ 1 o r ? c )
* 3—14 cm snell anc other eras muccy hash iaver(s)
* matr i x muo cardonate r icr»
Q ff_The_wagl_S ite j:_Core_GC—4_(37__cm 1 one )
* 5-7 cm niph1 y variable texture
* nearly horizontal sancy zones at 6.5, ii, 17.5 & 33-37 cm
* some fine shell hash present in each of above, esoecially 33—37 cm
* 33-35 cm very sancy with charred organic matter



CLOSING COMMENTS

Lack of homogeneity at given sites, such as at Thimole Sioal Lianne
is evidenced by the oox core "crao sarnoie*’ and the anchor samois wiei e i 
drastically different samoies were ootained from tne "same" sjoi. Vr> 
must be kept in mine when anc if ceoloev and acoustics seem at ccct.
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!rieas u r ernent s, N0ftft Tecr» Memo £ R u ft0Ml.-17, u d pP.
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GEOTECHNICAL / TEXTURE SUMMARY 
TABLE

AOML OCD

NOAA

PROJECT : ASE___X_________ CORE/SOMPLE:
L*1iU Srte C VirScvp^cike

BULK DENSITY POROSITY SAND FINE CAREiOMflTE JDEPTH WATER
(g/cc) <%) (X) <%>(cm) (X) TOTAL SAND

11 0.7 9 l. 3 lO £ i .7 8 16.80 8 3.20 0.00 o. COc -e

H2. tO I. 352 79. 375- ?

13C. *f9 I. 377 77 6 32,98 67.02. 0.74 2.23IO - i2

Hi 65 /. 35 2 79. 37 1/ 5 -17

77. 38 22.76 0.3 6 l.b 3I26.87 I.3&H 77.6422r2i

124.92 I. 389 77. 126-30

72. fc 60.60 0.5 7 1.4 596. i3 39.7033 - 35

I3t,9/ l. 3fc 2 76. 73£-7G

IC7.6G 77.4 64.5/ o. 83 2.3 51.4 34 35.47H3-Hb

92.24 I.H&b 11. bHi ~ 50
I.7C?77.2 2S.09 7/,9/ 0,7 6° 53 -55 i2t. i a 1.38 b

ilt.98 1.409 75.956 " 60

13 5. 77 16. b 20.03 79.9 7 0.30 1.49I.36H63-6 5

/ a/. 9S 1. 3 96 7£. 7fc 6 “ TO

Si.3 1.533 68-6 32.C9 67.9/ 0.62 1.9573 - 75

90.6b 1. 792 71. /76-60

£7.02 /. 6 23 £3.3 HO. 30 59.50 0.27 0.6^63-65

87-69 sc. 99 ». 7/ 5 51.9

-

L_ _ _ _ _ _



PROJECT: ___ CORE/SAMPLE: _ &

L.Hle Cveek Si7c

WEIGHT * PER 1/A PHI CLASS
PHI CLASS MICRON SIZE INTERVAL INTERVAL INTERVAL INTERVAL INTERVAL

\\-xio-Z. / O-W. 3 3-35 7 3 - 7 S'
C.OI-1.0 2000 e.o c.oa 0.02 o. to

-0. 75 1690 3L.HC c. i ? C. COc.co c.co
-0. 50 1410 a. 85 6.57 c. ao 0.7 [ c.sa
~0. 25 1190 3. Jfc6 c. l9 C.7 1 us0. 6 i
0. 00 1000 3. S3 /. 21C. fc9 C.6 2 !. 7 6
0. 25 840 a-.ss 0. fc9 /. a i C. S2 |.7fe
0. 50 710 7. 33 G.3fe a.oa o. 72 2. S2
0. 75 590 7.3 3 /.ac 3. 87 1.37 7.3C

1.00 500 3.8S 7 27/.ao 1.55 7.76

1.25 420 3-&b 6. £ 7a. a 7 2. 79 8. 18
1.50 351 3.37 C.C6a.56 3. 3C 6.92

1.75 297 7. 33 3 75 7.21 5, 2 fc 7. 37
S. 00 250 3- &5 a. 75 6. Cfc 5.78 7.93

2. 25 210 5.77 H-82 e.ce &. 7? 7. 02
2. 50 177 7. 33 H- '<■ 3 £ .06 6.9 1 5.27
2. 75 149 <c 73 'C .l 8) 6. £6 IC. 7 3 8.79
3. 00 1 25 '..as 11.19 0 26 8.15 7.02

3.25 105 8. I ? /5. 32 6.76 8.77 7. 9 7
3. 50 88 9. ta /S. 79 8. 23 ! 2. 10 7. 0 6
3. 75 74 u. so /t. sa If. SI K- . 20 ic. 2 7

4. 00 63 7.33 7.6S 3.73 5.6 7 2. 30



PROJECT :_____________________ CORE/SAMPLE:__
i~>*Hl€ Citek S>3e

• vl cn

WEIGHT * PER 1/4 PHI CLASS

PHI CLASS MICRON SIZE INTERVAL INTERVAL INTERVAL INTERVAL INTERVAL

53-55 4 3-45 73 - 75 8 3- 65

-1.0 2000

-0. 75 1630 (J, 0 c C. IG C. 4 7l. 3 l

-0. 50 1410 C.52. 0. 7 8 0.4C 0.00

-0. 25 1130 C.52 c. 78 C.&O 0. 27

0. 00 1000 C.52 l. 35 C. 27c.S2

0. 25 640 c.efe 1.5 7 I.fc9 0.55

0. 50 710 1.2 c 2.4 1 3-05 G.H 7

0. 75 530 C. CO2.3*7 3.13 5. 29

1.00 500 3. 4 1 2.4 1 4.97 o. ec
1.25 420 4.SH *0*4 1 3.fcS 1 . hc

1.50 351 l .c a 3 92 ;c. 54 1. 53

237 4.37 IC. 74 2.90
m cu

2. 00 250 3, 44 2. 73s.te 4 .M 7
(U £10 e.t i S.H 6 ' . 27 9.4 4

2. 50 177 t.te 5.22 3.45 4.H4

2. 75 143 9.a? 9. H C 5. 06 9. 32

3. 00 125 7.5 7 7.3'. 3.98 9. 99
3. 25 105 9.»2 5 , H8 IH.85tc.°7
3. 50 88 9.29 5.36 12 ,091C. 77
3. 75 74 1 2 .05 15- |4 22. l 77.57 .
4. 00 63 3.10 5. 22 1.39 *5.94
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GEOTECHNICAL / TEXTURE SUMMARY TABLE

AOML OCD

NOAA

PROJECT s _ B_ASF__X______ CORE/SAMPLE s __^
Tuviviel S’V^iioo 2.

DEPTH WATER BULK DENSITY POROSITY SAND FINE CARBONATE % 

(cm) (X) (d/cc) (X) (X) <X)
TOTAL SAND

N IW 9 5.86 4. IH- O. 7^ 0*71



SAND SIZE SUMMARY TABLE

•AOML OCD

NOAA

PROJECT ________ CORE/SAMPLE :_Sh2£eK__Sa_VY\p\e 1

{bridge / To\AV\e\ Siie : 2

WEIGHT X PER 1/A PHI CLASS

PHI CLASS MICRON SIZE INTERVAL INTERVAL INTERVAL INTERVAL INTERVAL

N.-'fc

-1.0 2000 C, I 3

-0. 75 1690 r.ct

-0. 50 1A 10 O. C £
-0. 25 1190

0. 00 1000
..
c \c

0. 25 840 D-CC

0. 50 710 C. C t
0. 75 590 C.C'G

1.00 500 o.cg

1.25 420 0.04

1.50 351 C
1.75 297 c. ^

2. 00 250 c.-n

£. £5 210 2. V/
2. 50 177 7. C 2
2. 75 149 2 v.2 7

3. 00 125 ! 3. 5

3. 25 105 a 2.29

3. 50 88 1G.H3
\ 3. 75 74 4..0I-
/ L1- “A. 00 63 1.^9
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GEOTECHNICAL / TEXTURE SUMMARY TABLE

AOML OCD

:HpL

PROJECT :__t_X_____________ CORE/SOMPLE s _ V>0>T____VV\jo\ €

TVuw\V>\e 5V>aals Change) Site Statics 3
DEPTH WATER BULK DENSITY POROSITY SAND FINE CARBONATE J 

(crn) <X> (d/cc) (X) (X) (X)
TOTAL SAND

>f/V S1. SC ^e.so 1.11 2.16



SAND SIZE SUMMARY TABLE

AOML OCD

NOAA

PROJECT : _6jVS{L_X__________ CORE/SAMPLE : _jW.b9X__5<2¥v'P^
TV\vw\lo\e SVeoaIs chavmel S^e Statto* 3

PHI CLASS MICRON SIZE INTERVAL

WEIGHT * PER 1/4 PHI CLASS

INTERVAL INTERVAL INTERVAL INTERVAL

-1.0
-0. 75

2000
1630

NA
Ci I 5
r. 10

-0. 50 1410 0. '3

-0. 25 1190 C IS

0. 00

0. 25
1000
640

a , ! t-
0 ! b

0. 50 710 C . 2 I
0. 75 530 c.ii

i. 00 500 C- H
1.25 420 C H

1.50 351 C.M9

1.75 237 C-.fcL-

2. 00
2. 25

2. 50

250

210
177

j.V-?

o.cc

(?.'/1>

2. 75 143 s.-!

3. 00 125 6. c5
3.25 105 ■l.iZ
3. 50 88 29. Sfc

^3. 75 74 2SX C
4. 00 63 18
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GEOTECHNICAL / TEXTURE SUMMARY TABLE

AOML OCD

NOAA

PROJECT:__8M>.E_X_______ CORE/SAMPLE :__8_2XStudio 3
$ Th.*v»U<=- “Shells CViav^rte\

DEPTH
(crn)

WATER
<*)

BULK DENSITY 
(g/cc)

POROSITY
<%>

SAND
<%>

FINE
<*>

CARBONATE l

TOTAL SAND
N/ft "-------_ ——___ 98. as I.1S ». 30 1.33

*

%

[______________



SAND SIZE SUMMARY TABLE

AOML OCD

sV —-ws*

PROJECT: BfVSF X CORE/SflMPLE: fiOX CoT?

TWiwMe SV\o4ls CViawH Site S-TcrV»ov\ 3

PHI CLASS MICRON SIZE INTERVAL 
WEIGHT % PER 1/4 PHI CLASS

INTERVAL INTERVAL INTERVAL INTERVAL

r ‘4 / /■*

-1.0 2000 c.ca
-0. 75

-0. 50

1830

1410
. . "j *>

3 M- G

-0. 25 1190 t J * f

0. 00 1000 1 . •>£
0. £5 640 v £■;

0. 50 710 /. t :

0. 75 590 i.Cn
1.00 500 1 c.

1.25 420 1 ?. ^ >

1.50 351 :C.
1.75 297 !C-, 7H

£. 00
2. 25

250

£10
S j6.

?. 0 3

U
l

• «s ©

2. 50

2. 75

177

143

125

! ^ -X
/ 5

C. H lJ

3.25 105 C.H*)

3. 50 68 0. 3C

) 3.75 74 0. dO

| A. 00 63 C , 10
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GEOTECHNICAL / TEXTURE SUMMARY TABLE

AOML OCD

NOAA

PROJECT:___________________ CORE/SAMPLE :_&Qf __Stciliov'i H
Wx&lcSe Ground

(crn)
WATER
(X)

BULK DENSITY 
(g/cc)

POROSITY
(X)

SAND
(X)

fine
<X)

CARBONATc. %
total

N /a M/p. 98.9\ 1.69 2. 3<= 2.39

-

V

'



CO RE/SAMPLE : SOX jl _SVcr\ iOVTPROJECT . 6f\SE X
M»c\o(le Groove Site

WEIGHT X PER 1/A PHI CLASS

PHI CLASS MICRON SIZE INTERVAL INTERVAL INTERVAL INTERVAL INTERVAL

N / h

-1.0 2000 C.35

-0. 75 1 £30 . c

-0. 50 1 A 10 C.‘i5

-0. 25 1190 c.-s i

0, 00 1000 0. 5L

0. 25 840 0. :£

0. 50 710 c
0. 75 590 •iO

1.00 500 0.0!

1.25 A£0 C.4 1

1.50 351 L' i t j

1.75 297 0.20
£. 00 £50 ~ , r.^ , C' -J

2. 25 £10 j.CS

2. 50 177

2. 75 149 1

3. 00 125 1 7. Ot

3. 25 105 24. M

• <J 0 ea 20,oa

3. 75 74 !3.4g

00
l__________________

63 2. 7|
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GEOTECHNICAL / TEXTURE SUMMARY TABLE

AOML OCD

NOAA

PROJECT:__Bf\_SE_X_________ CORE/SOMPLE :__

MidclVe Gyc\;y*c) S\Te . CWscpeoke B^y

DEPTH WATER BULK DENSITY POROSITY SAND FINE CflR&ONtTIE J
(cm) <%> (o/cc) (%) <X) <*>

TOTAL SAND

o- z 26.9/ l. 953 43.9 &9, 54 lO. 46 1.44 2.: 7

<o-6 34.0 5 1.56^ 47.9 67 38 3 2.62 c.^B ».. i 7

!1111 T
i<\j 44.06 1.37? 54.3 72-90 27. /C 0.5 7 C. V 8

n-19 30. fc4 1.92 5 4 5.6 75.09 24.97 I O C)». c •

22-24 3 1. 38 1.92 5 45.6 79, 23 20. ? a 7.47 9.43

27-29 34.62 /. 5 74 45,6 67.88 32. / 2 C. £ c3 o.C:S

32*34 H2.12 1. 79 7 53. 1

37-39 3 2. 59 1.699 47. 1 69.4*7' 3 0.56 C.46 C. t ?

42-44 30. £6 1.925 45. 6

__________________L



)

PROJECT : _^iL£5__*__________ CORE/SAMPLE ;
buy

PHI CLASS MICRON SIZE INTERVAL

1
WEIGHT % PER 1/4 PHI CLASS

INTERVAL INTERVAL INTERVAL INTERVAL
I

0 ' £ cw> 6 - £ 1 S3 -» H 17 - >9 XU -^7

-1.0 2000 a.-oT c.os
-0. 75 1690 c.c s c.oe 0.00 £.00 C . C 0

-0. 50 1*10 C.IO C'.CH 0.32 C.CG C.CG

-0. 25 1 190 0. 29 0.02 C. 1 1 e.cc c.oo

0. 00 1000 c. 36 c.cc C. 1 ) 0.0 1 o. oo

0. 25 6A0 C.G5 C.C<i C.C-H o.co C.CG

0. 50
) '

0. 75

710

590

O.C'f

0.31

C.C L|

C.C a

0. IH

0. 22

C.C'I

C.c 3

0.00

G.G3

1.00 500 c.ss C. 1 l 0. 33 C. OG C.O^

1.25 A20 C.SH C.G& C.5 | c.co C.CG

1.50 351 0. i | C. 56 C. 1 1 C . IS

1.75 297 c. et O.iS 0.6 7 C.3H C.3S

2. 00 250 C. 7H C. 2 3 C. S3 C.iH G.M 1

2. 25 210 1.35 C . 3H !. i 6 0. 7 1 C. 0 1

2. 50 177 a. ho 0.6*7 1.55 !. II I. 02

2. 75 1 A9 15.78 5.88 1C. 18 6 . t l 5 C-H

3. 00 125 Ifc .29 10.69 12.23 9.62 9. 8 3

3.25 105 2 S. 19 22.38 22.S2 25.CC 26.98

3. 50 88 19,38 20.72 25. 28.2 1 27. 78
\ 3.75 7A 12,07 2H. 59 18, CC. 20. 63 20,86

j A. 00 63 3.36 7. h a H. HH 7.09 6.2 3



CORE/SAMPLEPROJECT '"j u 50 X :__CrC__£
C V l tr SCv yi tr ct \<, 6

WEIGHT X PER 1/A PHI CLASS
PHI CLASS MICRON SIZE INTERVAL INTERVAL INTERVAL INTERVAL INTERVAL

21 -3? 3)7'3 3
-1.0 2000

-0. 75 1690 e. e o c.co
-0. 50 1410 c.co c.co

-0. 25 1190 c.co C.CO

0. 00 1000 c.co c.co
0. 25 840 c.co 0.03
0. 50L

r 0. 75

710

590
c.co

o.cc

C.C3

C.C 5

1.00 500 c.a C.C-3

1 • 25 420 0.03 c.c 3

1.50 351 CO 3 C.C 3

1.75 297 c.oc 0.10

2. 00 250 c.cc C. I *■«
2. 25 £10 0.11 0.3 1
2. 50 177 C.C- 7 I.Hl

2 • 75 1 49 S.HO e .‘is
3. 00 125 1 c. t d IH.O}

3* 25 105 2 1. C2 2S.C?

3. 50

J3-75
88

74
2 8,33

2S.9C

2 7.08

17. 88
( A. 00 63 7.CC 0.2 5
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GEOTECHNICAL / TEXTURE SUMMARY TABLE

AOML OCD

NOAA

PROJECT : _8ftS_E _ X.________ CORE/SAMPLE s
Docile Istcvwci

DEPTH
(cm)

WATER
(X)

BULK DENSITY 
(g/cc)

POROSITY
(%)

SAND
(X)

FINE
<50

CARBON,TT c. ?

TOTAL SAND
1-3 / C 7. 8 7 I.H34 l-i.H 79.3020.70 6.69 32.

H-G 1C 1. 02 i. 956 73.5 3^.88 6E'i2 22.67 '71.1 1
H-13 62.Cl 1. 6 3 6, b2.6 59.7Y Haiti 39.76 66.56

11-19 9l. 6 V I.H1C 12.2 £6.2 633.72 21-29 63. H

'

■ -
.. .. ..............

-

L__________________



PROJECT P)cvS<2 ^ CORE/SAMPLE:__ G c 3
£)cdcj£- IsS^vicf

......... ".......................... WEIGHT % 1 PER 1/A ........................ ' PHI CLASS 1

PHI CLASS MICRON SIZE INTERVAL INTERVAL INTERVAL INTERVAL INTERVAL !

! - 3 4-4 i' " 1 3 17-19

-1.0 2000 0.>5 0.^5 £.2 6 c.xt

-0. 75 1690 U9 2.14 6. 28 1.66

-0. 50 1410 e.cfe 3,09 6. 60 C, 34

-0. 25 1190 1.79 2.&5 4. 78 S. 21

0. 00 1000 2. 36 3.6 6 5.09 3. S3

0. 25 8A0 0. 69 1.90 4. 5 3 3. 36

0. 50
)

0. 75

710

590

1.79

3.5?

3.33

4.75

4. ?2

4. 13

3.87

4.71

1.00 500 3.57 3,80 4.53 4.54

1.25 A20 4.17 4,99 6.42 6.89

1.50 351 4. ?fc 6.65 6.4 2 6.39

1.75 297 8. 63 7. 84 6.87 9.4 i

2. 00 250 6. 04 6.65 8.49 8.40

2. 25 £10 10.m2 9.03 9.81 10.08

2. 50 177 7,44 5.46 4.91 S. 55

2. 75 1A9 6.fc3 6. 4 1 4.53 t.39

3. 00 125 5. 36 4. 5/ 2,64 3.8 7

3. 25 105 6. 25 5. 46 3.02 3,70

3. 50 88 5. 5.23 1.89 *3. l9
\ 3. 75
f

1 A. 00

7A

63

6. 63

4. 76

7,84

4,51

2.06
1.32

S. 55
3. 36
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