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ABSTRACT OF THE DISSERTATION

Measurements of Acoustic Backscatter

of the Deep Sea Floor using a Deeply Towed Vehicle.
A Technique to Investigate the Physical and Geological
Properties of the Deep Sea Floor and to

Assess Manganese Nodule Resources.

by

Marco Weydert
Doctor of Philosophy in Oceanography
University of California, San Diego, 1985

Professor Fred N. Spiess, Chairman

In 1983 an area of Cu-Ni rich manganese nodules at 14°40’N, 126 ° 25'W
(site ’E’) was intensively studied with the Deep-Tow of the Scripps Institution of
Oceanography, and 16 box cores were collected. Deep-Tow studies of the Thirtymile-
Bank off the Californian Coast and the deep sea at the foot of the Patton Escarpment
followed. The nodule coverage at site ’E’ varies from 0% to 80%. The nodule sizes
vary between 1 and 13 cm. The nodule size distributions are best modeled by a Gaus-
sian distribution. The three main nodule axes are related to each other as 1:0.8:0.5.
The average density of individual nodules is 2.0 £0.04g/cm® and the volumes increase
on the average with the 2.8 power of the third root of the product of the three radii.

Changes of the thickness of the upper acoustic unit of the sediment column correlate
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with changes in nodule coverage and concentration.

The acoustic backscatter has been measured for frequencies of 4.5, 9, 15, 28,
60, 112 and 163 kHz and grazing angles from normal incidence to 5°. The backscatter
increases as the square of the frequency for sediments. The backscatter of the deep
sea sediments at the foot of the Patton escarpment exceeds the backscatter of the
sediments at site 'E’ by several dB (depending on the frequency and on the grazing
angle). The backscatter from manganese nodules depends on the nodule coverage and
on the frequency and exceeds that of sediments, but is less than that from the
Thirtymile-Bank phosphorites. In nodule fields the backscatter comes at normal
incidence from the first Fresnel zone for frequencies from 4.5 to 60 kHz and increases
as the square of the coverage. The width and the asymmetry of the covariance
change when the nodule coverage changes. A computer model with ellipsoidal targets
relates the backscatter to the target strengths of the nodules and reproduces the
covariance. It is concluded that it is possible to distinguish acoustically between
different deep sea sediment types and to assess manganese nodule resources. The

optimal frequencies are between 15 and 60 kHz.
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CHAPTER O INTRODUCTION

0.A Objectives

Manganese nodules cover millions of square kilometers of the ocean floor,
totalling several thousand million tons of manganese, iron, copper, cobalt and nickel.
For the last twenty-five years, the manganese nodule deposits -especially those rich in
cobalt, nickel and copper- have attracted a lot of attention from the mining industry.
While efforts in the USA and Europe have concentrated on scientific studies of the
areas, construction of small prototype miners and the design of mining vessels, the
Japanese have already developed full-scale prototype exploration, mining and process-

ing equipment (Hiroe, et al., 1984, Katsuya, et al., 1984, Mistsui, et al.,1984).

Only acoustic techniques can be used to survey large areas of the deep sea
floor within a reasonable time. They can be used to determine nodule distribution
characteristics (patchiness, sizes, number of nodules per area) and topography. Photo-
graphic techniques do better than acoustics only when one wants to resolve individual
nodules. In fact, the clarity of sea water in most of the areas is such that it is possi-
ble to. take pictures showing 35 square meters of the sea floor and resolving every sin-
gle nodule. Sea floor photography at depths of 4 to 5 km is, however, a slow process,
and only a 10 meter wide and a few km long strip can be covered within an hour.
Towed (deep or shallow) and shipboard acoustic systems allow one to measure the

nodule characteristics over a larger swath and to increase the ship’s speed at the

same time.

A first objective of the present study was to develop an acoustic system
mounted on the deep tow vehicle (a fish) of the Marine Physical Laboratory of the

Scripps Institution of Oceanography (Spiess and Lonsdale, 1982), with which the



[

acoustic backscatter properties (coefficients and statistical properties) of the deep sea
floor in manganese nodule areas could be measured in situ, and to relate these to the

nodule distributions and bottom characteristics.

A second objective of this study was to measure the acoustic backscatter of

the sea floor in different areas, all grazing angles and frequencies from a few kHz up

to 160 kHz.

0.B Historical Background

Lord Rayleigh’s studies of the propagation of sound in fluids (Rayleigh, 1896)
were followed by a rather quiet period which lasted to the eve of World War II. The
search for enemy submarines revealed the importance of underwater sound acoustics
to the military. Numerous investigators studied sound propagation in the ocean dur-
ing the early 1940’s. The results of their work are summarized in a series of technical
reports by the Division 6 of the US Navy, published in 1969 as a book (Navy,1969).
Besides the reports on sound transmission, several chapters have been dedicated to
the reflection of sound from the ocean floor at various frequencies and grazing angles.
These measurements revealed that different geological environments behaved
differently acoustically, and that rock and sand bottoms reflect better than sand and
mud or mud bottoms. The relationship between acoustical and geological properties
was used to predict the acoustic behaviour of a region from available geological infor-
mation. This resulted in the sediment charts prepared for submarine operations. (The
Application of Oceanography to sub-surface Warfare, Summary Technical Report of

the National Defence Research Committee,1946).

Since World War II, work on underwater acoustics has been substantial. One
category of investigators was mainly concerned with sound transmission and sound

reflections from the sea floor (Liebermann,1948; Urick,1954; Urick and Saling,1962;



Mackenzie,1960; McKinney and Anderson,1964; Jones, et al, 1964, Clay and
Rona,1965; Hastrup,1970). A second category was more interested in the implications
of the acoustics for the geologic environment. (Hill,1952; Hamilton,et al.,1956; Shum-
way,1960; Sarmiento and Kirby,1962; Richards,1962; Nafe and Drake,1963;
Breslau,1967; Hamilton, 1970a-c, 1974). Breslau was the first one to successfully
predict the broad distribution of sediment types over the areas he studied, using a 12

kHz shipboard echosounder.

Several authors (Mc Kinney and Anderson, 1964, Urick, 1954) have studied
the acoustic backscatter at shallow water sites at several grazing angles. This work

has been summarized by Urick (Urick,1983) for environments ranging from gravel and

sand to mud.

Jitkovskii and Volovova (1967) showed that the frequency dependence of the
backscatter depends strongly on the roughness of the sea floor for frequencies from 1

to 30 kHz and grazing angles from 50 to 80 degrees.

A third category of investigators has been preoccupied by computer model-
ing of the deep sea floor reverberation. General programs to simulate bottom rever-
beration have been developed (Goddard and Princehouse, 1985). Magnuson (Magnu-
son,1983) and Ma (Ma, 1983) have studied the statistics and the reverberation from
manganese nodules. Their models are based on elastic spheres with the same
impedance as manganese nodules. A major development in this field was the use of
the T-matrix approach to study the scattering from different bodies, developed by

Waterman (Waterman,1969) and refined since by Varadan and Varadan (Varadan

and Varadan,1980).

Recently, Weydert (Weydert,1985) studied the echo of individual manganese

nodules.



0.C Experimental approach

The work at sea was carried out in an area where large variations in nodule
coverage could be expected on the scale of a couple of kilometers. Several suitable
areas had been studied by scientists during the Deep Ocean Environmental Study
project (DOMES) (Bishoff and Piper,1979) and the Manganese Nodule Project of the
National Science Foundation (MANOP) (Spiess and Greenslate, 1976, Karas, 1978,
Spiess and Weydert, 1984) while others had been investigated by companies interested
in the mining of manganese nodules. The area which was finally selected for the
acoustic backscatter measurements was the Ocean Mining Associates trial mining
site. 1) which is located just south of DOMES site 'C’ (figure 1) (Bischoff and
Piper,1979). This permitted the Deep-Tow group and a group of biologists (headed by
F.N. Spiess and R. Hessler respectively) to conduct at the same time an environmen-
tal impact study on the effects of deep sea mining (Spiess, et al, 1984). [t was partic-
ularly fortunate that it could be arranged that the R/V T. Washington drove over
the area at the end of the Pascua 5 expedition in May 1983. Thus the seabeam
multi-beam echosounder of the Scripps Institution of Oceanography could be used to
provide the Deep Tow group with a topographic map and 12 kHz reflectivity meas-
urements of the area 2) (Spiess, et al., 1984, de Moustier, 1985). In June 1983, the in
situ backscatter measurements could be carried out with the transponder navigated
Deep-Tow of the MPL, SIO, after a Deep-Tow site survey had been made collecting
photographs and side s.can imagery, followed by box coring (Spiess, et al, 1984). A
specially built set of transducer arrays to measure the acoustic backscatter at

selected frequencies (4.5, 9, 15, 28, 60, 112 and 163 kHz) had been mounted on the

1) I am very grateful to Bill Siapno, Deep Sea Ventures Inc,, for his support Deep Sea Ventures
supplied the Deep-Tow group of the MPL, SIO with photographs and maps of the area prior to our
expedition. They made also video tapes of the sea floor available.

2) I thank C. de Moustier for the sea beam work.



stern of the deep tow vehicle. This permitted the measurements of the backscatter up

to several hundred meters aft and at angles from normal to near grazing.

On a subsequent expedition (Echo 2) two more areas were studied with the
same system to complement the environments found at the manganese nodule site:
the Thirtymile Bank off Southern California (phosphorites and relict sediments) and
the deep sea floor at the foot of the continental rise off Southern California (silty

clay).

In the following chapter 1, the geology of all three study areas will be dis-
cussed. In chapter 2, the in situ backscatter measurements are presented, together
with a detailed description of the tedious calibrations of the backscatter system. The
results of a computer simulation will be reported in chapter 3 and compared to the in

situ measurements.



CHAPTER 1
GEOLOGY

1.1 Geology of the Manganese Nodule Area

SITE DESCRIPTION

a) General area

The manganese nodule area studied on Echo 1 (site 'E’) is located in the
eastern equatorial Pacific on the west flank of the East Pacific Rise at 14 °40'N,
125°25'W (figure 1-1). The water depth is about 4500 m. Site E is located on the
boundary between the red clay and the siliceous ooze regions of the north central

Pacific, just below the calcite compensation depth.

Site E lies on 25 million years old crust between the Clipperton and Clarion
fracture zones which define a major structural block of the eastern Pacific floor, with
the present spreading axis more than 2000 km to the East. Several hundred km east
of the area is the relatively rugged relief of the Mathematicians Seamounts. The
regional slope is gentle and the relief is occasionally interrupted by clusters of
seamounts and small escarpments, which have been attributed to normal faulting.
Detailed examination of abyssal hill terrain by Luyendyk (Luyendyk, 1970) has shown
that the topographic units are mostly formed by small normal faults, 10-50 m high,

and are strongly lineated parallel to the spreading axis.

In the last ten years, the area has been extensively studied during the Deep
Ocean Mining Environmental Study (DOMES site 'C’ is just 70 km north-west of our
site 'E’) and the Deep Sea Drilling Project (DSDP holes 159 and 160 are two hundred

kilometers to the east and west respectively), as well as by the Ocean Mining
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Figure 1-1. Locations of manganese nodule study sites

™~

Map of the eastern North Pacific and the Americas showing the position of site 'E’ with respect to the East
Pacific Rise, some major fracture zones and other major manganese nodule study areas (DOMES sites A, B
and C, and MANOP sites R, S, C, M and H) Site ‘E’ has been indicated by A, the DOMES sites by (@ and
the MANOP sites by M.



Assoclates (Bischoff and Piper, 1979; Heath and Van Andel, 1973). From the DOMES
and DSDP data, as well as from the R/V T. Washington 3.5 kHz profiles collected on
Pascua Leg 5, we know that the area is blanketed by a sediment layer of 80-250 m
thickness with common basement outcrops. DSDP holes 159 and 160 (Heath and Van
Andel, 1973) show that the oldest sediments are Oligocene, approximately 25 million
vears old, while the near surface sediments are Miocene. DSDP reports suggest that
the density of the near surface sediments is 1.3 g;/cm3 with a grain density varying
from 2.59 to 2.88 g/cm3. The sound velocity has a range of 1.40 to 1.52 km/sec and

averages 1.47 and 1.48 km/sec at the DSDP sites 160 and 159 respectively.

Acoustic reflectors could not be distinguished with the 3.5 kHz data collected
on Pascua leg 5 because of poor data quality. Three main acoustic reflectors were
distinguished at DOMES site C (Bischoff and Piper, 1979, p. 323). Unfortunately, the
poor quality of the Pascua 5 data does not permit one to see if they can be traced to

site 'E’.

b) Site E

The bathymetry is best illustrated in the map in figure 1-2 (topography
modified from de Moustier, 1985). The general trend of the topographic features is
roughly North-South. The Deep-Tow area is bounded by depressions to the East and
West. The central part is rather flat with gentle slopes to the East and a small coni-
cal hill in the North-West. The southern part appears a little steeper. At 14°41'N,
125° 2¢'W the area is faulted and relicts of volcanic activity were observed on the 110
kHz side scan displays as the fish passed the area on 20 June 1983 between 15:00 and
16:00 GMT (figures 1-2 and 1-3). Poorly sedimented volcanic lobes cover the middle
part of the hill (figure 1-4), while the lower part appears as uniform as the surround-

ing area. At least 3 other comparable local highs can be seen in figure 1-2. No
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Figure 1-2.

Bathymetry of site 'E’ with box cores and outcrops

Bathymetry of site 'E’ with 20 m contours, box core positions and outcrops. The
topography (modified from de Moustier, 1985) was obtained with the SIO
Seabeam multi-beam echosounding system. Depths are tn uncorrected meters.
The box core positions have been determined using Deep Tow bathymetry and
transponder navigation. The 'Control Area’ (6 box cores) 1s to the lower left, the
"Mining Area’ (6 box cores) in the upper center. The numbers 1 to 13 correspond
to box cores H347 to H359. The hatched areas represent outcrops observed with
the Deep Tow side looking sonars and sub-bottom profiler
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‘E’ as determinea with the Deep Tow echo sounder and pressure gauge The upper line
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Figure 1-4. Volcanic lobes

Volcanic lobes as seen on 110 kHz side scan records when the fish crossed the hill in the
northwest of the Deep Tow area (compare figure 1-2).
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bathymetry cross sections made with the deep tow system are available for these,

however.

Six to twelve sub-bottom reflectors could be distinguished in the upper 0.050
seconds of sediments (2-way travel time). The observed sediments can be divided into
three major acoustic units: The uppermost unit is acoustically transparent (although
some scattering can be recognized) and contains a set of 4 well defined acoustic
reflectors. Its thickness varies from nothing to 50 m, with some 35 m in the flat cen-
tral part of the area (figure 1-5.A). It is the only unit which can be traced
throughout the area although it is occasionally interrupted by rock outcrops. The
second acoustic unit is transparent, except for 5 weak reflectors, and it is some 25 m
thick in the flat center. Acoustic unit 3 appears to be similar to unit 2. Often the
little energy which penetrates to that depth makes it difficult to recognize weaker
reflectors. It appears, however, that its terminal reflector is rather diffuse. When
this reflector shoals near outcrops, no lower reflector appears. This suggests that this
last visible reflector is the acoustic basement (basalt). The thickness of unit 3
reaches a maximum of 35 m, with 20-25 m in the flat central area. Thus the total
sediment column is about 85 m thick in the center. This is less than the 110 m
observed at DOMES site ’C’ and DSDP holes 159 and 160. Unfortunately, it is not
possible to trace these units to DSDP hole 160 and DOMES site 'C’ for lack of ade-
quate 3.5 kHz profiles. In the very flat central portion of site 'E’, the acoustic sub-
bottom reflectors are parallel to the sea floor (figure 1-5.A). Reflectors shoal as they
approach topographic highs or rock outcrops, and get deeper in topographic lows
(figure 1-5.B). The thickness of the sedimentary layers they define changes accord-
ingly i.e. they increase or decrease as one approaches lows or highs respectively. This
is observable for small scale topographic changes as well as for the depression in the

east (figure 1-5.B and C). Although no strong currents were observed during the
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Sample sub-bottom profiles

A) Sub-bottom profile as observed in the flat, central part of site 'E’' (compare figures 1-2
and 1-6) The sea floor is the uppermost straight line, followed downward by the parallel
sub-bottom reflectors  The spacing between horizontal scale lines 1s 0 050 seconds (2-way
travel time). The two vertical time-marks are 15 minutes apart During that time the
vehicle traveled approximately 750 m.

B) Sub-bottom profile as observed during the camera run 1-4 on 11 June 1983 at about
1500 GMT near the eastern edge of the survey area (compare figures 1-2 and 1-6) Note
that the spacing between the sub-bottom reflectors increases as the sea floor gets deeper
This 1s typical of small and large depressions in the area. The extra lines are the returns

from the "fast down echo sounder” used to control the height of the fish during camera
runs

C) Sub-bottom profile as cbserved on 10 June 1983 at 19 45 GMT on the eastern edge of
site 'E’
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mining operations or during the Echo 1 expedition, deep ocean currents are a likely
agent redistributing the sediments (Johnson, 1971), eventually combined with gravita-
tional forces working on the soupy top layer observed in all box cores on Echo 1 (see
below). Once the sediments are in place, compaction reduces the sediment column,
preserving topographic lows as the compaction is the more effective the more sedi-

ments it can work on.

Photographs taken by the Deep-Tow group (figures 1-6, 1-7 and 1-8) and by
the Ocean Mining Associates show that the flat central portions of the site are well,
but not uniformly covered with manganese nodules. The depressions to the east,
southeast and west have fewer nodules, sometimes no nodules at all. The biological
activity is substantial as illustrated by the mud accumulations and tracks photo-

graphed on Echo 1 (figure 1-8; figure 4 in Spiess et al., 1984).

PHYSICAL CHARACTERISTICS of NODULES

a) General description

While on many previous expeditions box cores were generally spaced too far
apart to collect nodules from the same population, both the " Control Area"” and the
"Mining Area” of Echo 1 had been selected after viewing the Deep-Tow photographs
so that each of them looked homogeneous with respect to nodule diameter, shape and
coverage. This allowed us to make some statistical analyses of the size, mass and

volume of the nodules.

On a previous expedition (Vulcan 1) to MANOP Site "H" the nodules
recovered by nine box cores had been measured by B. Finney. The data are shown

here for comparison although the latter box cores had been spread over a larger area.

From the sixteen 0.25 m? box cores taken on Echo 1 (figure 1-9), 13 have

been available for detailed geological and physical studies. They are divided into 3
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Figure 1.8. Deep tow tracks during camera runs

The positions of the Deep-Tow vehicle are shown for the times of the camera runs. The
spacing between tick marks 18 15 minutes. The coordinates are 1n meters east and
north of 13°34'N, 125°30'W  The transponder positions permit matching with figure
1-2.
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1 METER

Figure 1-7. Sample photographs of sediments of site 'E’

Stereo photographs of nodule free sea floor in south-east of site 'E’. Note the roughness
of the bottom.



Figure 1-8.

17

Examples of typical nodule coverage

Examples of (a) low, (b) medium, and (¢) high nodule coverage at site 'E’. The fourth
photograph shows a mining track in the Mining Area. Note that the shadows increase
as one gets farther away from the strobe light.
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Figure 1-9. Sample box cores
Surface of 2 box cores taken on Echo 1. The box is 50 cm x 50 cm.

Box core H354 is from the Mining Area H352 is from the Control
Area. The nodules penetrate the soupy upper sediments for 1-2 cm.
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different groups (figure 1-2 ). Cores H347 - H352 come from the ‘Control Area’ in the
South-West corner (14 °37'N, 125° 28'W), Cores H353 - H358 come from the ‘“Mining
Area’ in the upper center (14 ° 42'N, 125° 24'W), and core H359 comes from the transi-
tion zone to the East. The "Mining Area” is the area which had been selected by the
Ocean Mining Associates to test their manganese nodule mining equipment. The
“Control Area" was selected on Echo 1 to compare the biological activity of an

undisturbed area with that of the Mining Area.

The box cores were mostly undisturbed when they arrived on board the R/V
Melville and contained relatively cold water i.e. no or little surface water. Surface
sediment is 75-95% pelagic clay with the remainder being siliceous (as determined by
the author using smear slides on board the R/V Melville). The top few cm of ea-ch of
the 16 box cores taken on Echo 1 are still luid. Below this soupy sediment layer is a
firm unmottled yellowish brown layer averaging 8 cm in thickness, followed by a
lower mottled unit (Spiess et al., 1984). The 16 cores taken on Echo 1 contained
between 3 and 117 manganese nodules each. The nodules were split between the biol-
ogists and the geologists using a random selection technique. About 509% of the
nodules were refrigerated with box core sea water and preserved in air tight plastic
bags for geological and acoustical studies. The nodules from box core H359 were

never exposed to air and curated together with their own box core sea water.

Nodules cored at Site ‘E’ are ellipsoidal or discoidal with very irregular sur-
face texture (figure 1-9). Rounded bulges on the smooth and lustruous top surface
deviate up to 0.5 cm from the mean surface. These bulges are especially pronounced
on the larger nodules. The bottom surface is granular, latter and lacks small scale
bumps. Well developed fissures found on the bottom surface penetrate the concretion
and terminate a few mm below the top surface. X-ray studies indicate that the tops

are mostly disordered manganates, whereas the bottoms are more crystalline
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(Arrhenius, et al., 1985). Both, a fixed 10-A-manganate (8-10-A-manganate) and a
partly expanding 10-A-manganate (a-lOA-manganate) have been identified. The
latter collapses upon dehydration to a fixed 7-A-manganate (birnessite). No detailed
studies of the composition of the nodules collected on Echo 1 have been made. Previ-
ous studies indicate that the nodules of this area have a composition similar to that

of the nodules at DOMES site 'C’ (Bischoff and Piper, 1979, p. 651).

The aspect ratios of the nodules vary from 1 to approximately 0.2. As will
be shown in detail, the minor horizontal axis is in general a little shorter than the

longest (horizontal) axis, while the vertical axis is on the average only 50% of the

longest axis of the nodule.

The nodules from the Mining Area (60-80%coverage) are 50 &+ 1.5 cm in
length (longest axis) and 66 - 114 per box core (0.25 m?'). Those from the Control
Area (50% coverage) are 6.75 % 2.0 cm in length and 30 - 48 per box core. Box core
H359 had 10 nodules ranging from 6.6 to 12.7 ¢m in size and one pushed down or
buried nodule of 2.0 cm. (The surface of this small one is all granular like that of

buried nodules. It was, however, found near the edge of the box corer and can thus

not be identified as ‘buried’.)

Deep Tow photos show that the nodules sampled by the box corer are

representative for their respective areas. Their sizes will be discussed in detail below.

12 buried nodules were identified in the box cores of the Mining Area, while
only 7 nodules were buried in the Control Area box cores. All buried nodules have a
very fragile granular surface which is as delicate as and resembles the bottom surface
of the surface nodules. X-ray studies of the crystal structure of a single buried nodule
(which had been preserved together with the surrounding sediments in an air-tight

plastic bag) have revealed that both the top and the bottom contain the fixed 10-A -
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manganate and no observable 7-A-phase. This suggests that the entire surface of the
buried nodules is similar to the underside of the outcropping nodules. The observa-
tion of the fixed 10-A-manganate was done 20 months after collection of the samples.
Continuing analysis (Arrhenius, et al., 1985) showed that during this time period
expanding 10-A-manganates convert irreversibly to the non-expanding (fixed)
polymorph. This makes the interpretation of the X-rays on the buried nodules

difficult. Most of these nodules were found at depths of 5 to 25 cm.

b) Measurements

For some 500 nodules the 3 principal axes, the weight in air and the weight

in water were determined. The 3 principal axes are defined as follows:

vertical axis (z-axis) = vertical as on the ocean bottom
major horizontal axis (x-axis) = longest horizontal axis
minor horizontal axis (y-axis) = axis perpendicular to vertical axis

and to major horizontal axis

In order to assure high measurement accuracy of the axes, the nodules were carefully
placed between adjustable, machined wooden boards. The spacing of these boards
was then measured with a caliper to an accuracy of 0.5 mm or better. The two hor-
izontal axes were measured simultaneously. Then the nodule was rotated 90 degrees
around the x-axis and the vertical axis was measured. From these measurements, a

"computed volume” can be calculated by assuming the nodules are ellipsoids:

4t a b ¢
V = ———— =
T (1-1)

where a, b and ¢ are the respective axes. The measurement error propagates as

2 2 2

o
<
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v

Aa
a

Ab
b

Ac
[~

(1-2)

and is estimated to be 3% or less. On the average this volume is some 209% larger
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than the measured volume of a nodule. This can be attributed to the large bumps on

the surface of the nodules at this site.

The weights in 2° C sea water and in air were determined with a beam bal-
ance. Before the weight in air W,, could be determined, all water on the balance
and, just prior to weighing, excess surface water on the nodules was removed with a
paper towel. The accuracy of the beam balance i1s 0.1 g. From these measurements

the volume of the nodules V, 4, can be determined by Archimedes’s principle:

(Mnodde - Vnod-le Piea water) g = Wua water (1-23.)
Wac'r ) Wa a water
Vnod;le = : = (I-Qb)

Piea waterd

where g is the gravitational acceleration, M, .. 1s the mass of the nodule, W,,, pater 15

the weight of the nodule in sea water and p,.; yaer 15 the density of sea water.

Neglecting the measurement error of the density ( <1 per mil) the measurement error

is
AV V2A W, (1-3)
v Wal'r - Wwater
0.2
= Wal'r - qutcr
< 3%

The density of a nodule p,,4 is defined by

‘quvdll
Prodste = _V_C (1'4)

nodsle
where M is the mass and V is the measured volume. The error propagates as

(neglecting again the error of p,.q yater)

1/2

Apnodllc _ A Wuir 1 Wwatcr -
Prodsie Wal'r -W ”/al’r

water

This is <10% in the worst case, and <5% for over 90% of the nodules.



¢/Nodule sizes, masses and volumes

c.1 Longest azis

Af:ter the box cores H348 and H352 had failed the F-test for the " Control
Area” (the probability that they were drawn from the same population as the other 4
box cores is less than 1%), a "Reduced Control Area" (RCA) was defined with the 4
remaining box cores. (It is not surprising that the 2 box cores failed the F-test as the
nodule coverage changes substantially in their respective vicinities). Figure 1-10
shows the distribution of the nodule sizes for 3 mm size classes. Table 1-1 lists the
first four moments for the 1 mm size classes (The third and fourth moments have

been normalized by the third and fourth power of the standard deviation respec-

tively.).
area number mean | variance | st.dev. | 3rd moment | 4th moment
[mm] [mm? {mm]
RCA 79 68.0 234 15.3 -0.29 2.13
mining 243 50.0 214 14.6 0.53 2.97
MANOP H 141 48.5 264 16.3 0.57 3.05

Table No. 1-1 : Longest length

After a graphical comparison of the common probability distributions, those

in table 1-2 were selected for a closer inspection.

In previous works, the authors (Karas, 1978; Magnuson, 1983; Ma, 1982),
often linked the size distributions of nodules to Rayleigh or Bernoulli distributions
(table 1-2). It is possible to find suitable parameters for the Bernoulli distribution if
one chooses the interval size very carefully (M. Karas chose 17.8 mm for MANOP site
S), but the rms-error is large, as the fits deviate substantially from the data for the
nodules exceeding the most frequent length. A ft with a Rayleigh distribution is

practically impossible, as the variance and the square of the mean are related by

0% = (4/7-1)7° (1-6)
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where 0° =variance and 7 =mean. This means that

o = V(4/7-1) 7 =0.527.

Table 1-1 shows that this is not the case at Site ‘E’ nor at MANOP site H.

25

(1-7)

Name Definition Mean Variance
Bernoulli rp)=—  pay_ W~ | Np Np ( 1-p)
N+1 = number of size classes
Poisson P(z,k)—)“ c"k )N A
z!
Gaussian Y(z,0u)= 1 ¢ — (2 —uZ20? I o2
T eV er
Vr .
Rayleigh = a 2ac—z°
i R(z,a) = L ¢=/2? H(o) V2
o
H = Heaviside step function
b+l (b+1)(c+1)
Beta F(b+c+9) -
B(z,b,c)= = b(1-x)e b4c+42 be +2)%(b4+¢ +3
(z,6.¢) C(b+)I ey ° ) ( A )
0 < <1
b > -1
c > -1
[' = gamma—function
Gamma =X B(a+1 I+l
,7(1."1’/3) =—1_Ia e ) ( ) ( )
F(a+1)geH
z >0
a > ~1
3 >0
[ = gamma—function

Table No. 1-2 : Definitions, Means and Variances of some probability functions

(for a discussion of these functions and the associated physical models,
see Bendat and Piersol 1971, and Harris 1966)

A plot of the logarithm of the frequency of occurrence versus the longest

length shows that the numbers of nodules with diameters exceeding the most frequent
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Figure 1-11. Logarithm of number of manganese nodules

Plots of the natural legarithm of the number of manganese nodules for i c¢m size
classes. (2 = Reduced Control Area, b = Mining Area. ¢ = MANOP site H)
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diameter fall on a straight line i.e. that the number of nodules with sizes exceeding
the most frequent one decays exponentially with size (figure 1-11). Unfortunately,
this does not describe the nodules with smaller axes. A distribution of the form

[(z) = g(z)e~ (1-8)
where ¢™* decays much faster for large x than g(x) increases, is given by the gamma

density function (see table 1-2).

For the RCA, the Mining Area and MANOP site H, the first 4 moments of
the longest lengths were computed (table 1-1).1 A look at the third and fourth
moments and the plots in figures 1-10 and 1-12 suggest that a Gaussian distribution
will probably be a valid approximation. Using the computed means () and standard
deviations (o) as parameters, the Gaussian and gamma distributions give satisfactory
fits for all 3 areas. Both two-parameter densities can be better adapted by using a
least-squares fit to choose the parameters. A simple-minded test on a PDP 11/23

computer allowed for a reduction of the rms error of up to 25%.

A x*-test was made to test the hypothesis that the probability distribution is
a gamma-function. The hypothesis had to be rejected at the 30% significance level.
A x*-test for a Gaussian shows that the probability distribution is Gaussian at the
80% significance level for MANOP site 'H’, a 50% significance level for the RCA and
the 80% significance level for the Mining Area. Hence it must be admitted that the

frequency of occurrence of the longest length can be best modeled by a Gaussian.

Unfortunately, there are too few nodules available from the transition zone
to extend this hypothesis to the transition zone or any areas with large nodules.

Although nodules smaller than 5 mm were not retained, the data indicate that micro-

! I thank Bruce Finney, Graduate School of Oceanography at the Oregon State University, Cor-

vallis, Oregon, for making his measurements from the Vulcan 1 expedition available (MANOP site
H).
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nodules form a separate population.

c.2 Average horizontal diameter

For acoustical measurements, it is important to know the average horizontal

diameter D,, defined by

D, = Vay (1-9)
where z is the longest horizontal axis and y is the shorter horizontal axis. The same
analysis as for the longest horizontal axis has been done, and the results have been

summarized in figure 1-13 and the table below:

area average 4o Gaussian rms Gamma rms
Mining 44.5 +13.0 mm 0.006 mm 0.014 mm
RCA 60.0 £ 13.5 mm 0.010 mm 0.015 mm
MANOP H | 44.0 +15.5 mm 0.007 mm 0.014 mm

Table No. 1-3 : Average horizontal diameter

The rms errors for comparisons of the data with a Gaussian and with a

gamma distribution have been computed and are shown in table 1-3.

A x*-test shows that the Gaussian is an acceptable probability distribution
for the average horizontal diameter for all three areas. The significance levels are
95% for MANOP site 'H’, 90% for the Mining Area and 90%% for the RCA. Except
for the nodules from the Mining Area, a x*test with a gamma-distribution gives
much higher x? values and therefore a lower probability that the +-distribution is the

correct fit. For the Mining Area the x* is the same for both the Gaussian and the

gamma distributions.
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c.3 Medium azis
The frequencies of occurrence of the ratio of the medium axis over the long-
est axis have been plotted in figure 1-14 and the average and standard deviation of

those ratios have been computed:

area average 40 | rms error | number nodules
Mining area | 0.79 +0.10 0.005 240
RCA 0.77 £ 0.11 0.001 76
MANOP H 0.82 £0.12 0.011 141

Table No. 1-4 : Ratios of medium over longest lengths
A fit with a Gaussian with the thus determined averages and standard devi-

ations as parameters leads to the rms-errors indicated in table No. 1-4.

A x*-test shows that a fit with a Gaussian is also here good for the Echo 1
site. The levels of significance are 90% for the Mining Area, 90% for the RCA and
40% for MANOP site 'H’. (Remember that the box cores are not closely spaced at

MANOP site 'H’ and are shown for comparison only.)

c.4 Vertical azxis

The same data reduction as sub ¢.3 was done for the vertical axis. The

results can be found in figure 1-14 and the following table:

area average +0 rms-error
Mining area | 0.53 +0.10 0.006
RCA 0.48 +0.09 0.0095
MANOP H | 0.53 +0.14 0.009

Table No. 1-5 : Ratios of vertical to longest length

The fit with a Gaussian is again good for all 3 areas. The y=test tells us
that the Gaussian can be accepted at the 95% significance level for the Mining Area,

60% for the RCA and 90% for MANOP site 'H’.
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c.5 Mass, volume and density

As already stated above, the volume of each nodule was determined by
Archimedes’s method. Knowing the wet mass, the wet density could be determined
with equation (4).

The measured wet density for the nodules of site 'E’ is 2.00 + 0.04 g/ cm®
(Greenslate, 1977). This is within one standard deviation in agreement with J.
Greenslate’s constant density of 1.96 g/cm® This result permits one to use the wet

mass instead of the volume or vice-versa, whichever quantity can be obtained more

easily.
A least squares fit for the nodule volumes was attempted by assuming that

V = vzt (1-10)
where V =volume, x =longest length, ¢ and v are the parameters to be determined.

Taking the natural logarithm leads to

InV = Inv + ¢lnz (1-11)
which is a straight line on a Inv(inz) graph. Minimizing the square of the error leads

to

LlnV;Elnz; — NZInVInz;

€ = 1-12
(Zlnz;)? — NE(Ing, )? ( )

lnv = # Eln V;—¢ Tlnz,] (1-13)
For the Mining Area ¢ =2.35 and v =2.1, while for the Control Area ¢ =244 and v =
1.5. Figure 1-15 shows the volumes as a function of the longest length and as a func-
tion of the volumes calculated with equation (1-1) for the Control Area and the Min-
ing Area. All points with standard deviations are averages over more than 3 nodules,

the total number of nodules being 243 for the Mining Area and 90 for the Control

Area.
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Figure 1-15. Manganese nodule volumes as a function of the nodule length

Averaged volumes of the nodules as a function of the longest length for the Min-
ing area (a) and the Control area (b). The standard deviations are shown if there
are more than three nodules of that size. (2’) and (b’) show the volumes as a
function of the product of the three main axes. For MANQOP site H, the masses
have been plotted instead of the volumes (¢ and ¢’).
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Unfortunately, there are not enough data available to make a reliable esti-

mates of € and v for the transition zone (¢ =2.89 for box core H359).

There are no volume measurements available for MANOP site H. The
volumes being directly proportional to the wet masses (page 34), the masses for site H

have been plotted as a function of the longest axis (figure 1-15.c).

If the third root of the product of the three axes is used as average length,
the volumes are the 2.6th power or the 2.9th power of that average length for the
Control Area and the Mining Area respectively (figure 1-15a’ and 1-15b’). With the

assumption that the wet density is a constant, the 2.7th power is found for MANOP

site 'H’.

¢.6 Discussion

While the graphical comparison of nodule sizes and axis ratios with probabil-
ity distributions suggested that Rayleigh, Gamma, Beta and Gaussian probability
functions might all fit the data equally well, numerical analyses have shown that a
Gaussian gives the best fit for this area if the mean and/or the standard deviations
are used as parameters. The deviations from a Gaussian are small enough and are
judged to be insignificant for the acoustic assessment of manganese resources. This
result will help establish the basics for the modeling of the acoustic backscatter of
manganese nodules and possibly of nodule growth. It is likely that the distribution is

approximately Gaussian because a large number of independent parameters control

nodule growth.

The data presented above suggest that the growth rates in the three orthog-
onal directions are not independent of each other. Especially for the Mining Area i.e.
where a lot of nodules from a well defined homogeneous area are available, the rela-

tionship between the two horizontal diameters or between the longest and the
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vertical axes are well described by an average ratio and a standard deviation.

The average horizontal diameter as well as the longest length are approxi-
mately normally distributed. Deviations from a Gaussian occur at both ends of the
size range (figure 1-12). For the RCA, they have to be attributed to sampling errors
as there were fewer than 80 nodules available. Sampling errors for the Mining Area
and for MANOP "H’ are also possible since a few nodules in the range of 1 mm to 1
cm could change the curve and nodules smaller than 5 mm were not retained. (No
nodules of the order of a few mm to 1 cm could be found on Echo 1). This suggests
that there is a gap between the micronodules studied on other expeditions to the
same area (Arrhenius, 1952; Goldberg and Arrhenius, 1958; Bischoff and Piper, 1979)
and that micronodules are unlikely to grow to macronodules. Cross-sections of
nodules from site E have reveiled that at least some of the nodules have nuclei which
are smaller than 1 mm. Further studies and very careful sampling are needed to
resolve this problem. Once nodules have reached a certain size, they cannot easily
grow bigger. This is reflected in the larger size classes (figure 1-12) and the cut-off
with the largest nodule sampled. The reason for this maximum size is unknown. The
numerous fissures in the larger nodules and their fragility suggest, however, that the

biological activity results in breaking in at least some of the nodules.

d) Nodule coverage

Side looking sonar imagery and photographs provide the primary data on
the nodule coverage throughout the area. Since most of the area is rather densely
covered, the side looking sonar data can only be used to localize rock outcrops and

nodule free zones.

The Deep Tow photographs were analyzed by viewing them with a micro-

scope. The magnification was adjusted so that the 10x10 grid in the field of view
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covered 1.5m x 1.5m when the fish was 10m above the bottom. This method allows
one to measure the coverage (area actually covered by nodules divided by the total
area) within + 10% (percentage points) by weighing the area around the strobe light
heavily. Farther away from the strobe light, the shadows become large and it is very
difficult to delineate the nodules (figure 1-8). Small scale variations within the area
covered by a single frame contribute most of the error. Variations of the camera
height of + 1.5 m introduce an error of about 0.5 cm in the nodule size for the indivi-
dual picture. On the average, this error is, however small, and an accuracy in nodule
dimensions of + 0.5 cm can be achieved. An average nodule diameter was estimated
for each frame and these results, together with the nodule coverage have been super-

imposed on the bathymetry cross-sections in figures 1-16 and 1-17.

Figures 1-2, 1-6, 1-16 and 1-17 permit one to obtain an idea of the nodule
distribution throughout the area. Figure 1-2 shows the relevant box core and tran-
sponder positions relative to the sea beam bathymetry. Rock outcrops and scarps
have been identified with the side-looking sonars, the 4kHz-subbottom-profiler and
two Deep-Tow cameras used as a stereo pair. Figure 1-6 shows the fish positions dur-
ing phe camera runs. Some time marks have been annotated in order identify the
positioning of the fish during the camera runs. The spacing between consecutive time
marks is 15 minutes. The bathymetry cross-sections for the camera runs are shown
in figure 1-16 and 1-17 with time annotations. As the vehicle is traveling with a
speed of approximately 3000 m/h, 15 minutes correspond to a distance of 750 m. The
nodule coverage and the nodule sizes have been plotted above the bathymetry in
figures 1-16 and 1-17..'2 The times allow for a direct matching of figures 1-6, 1-16 and

1-17. Figures 1-2 and 1-6 can be related by matching the transponder positions.

Z Unless otherwise stated all data presented here are Deep-Tow data only Real time TV data

from a previous Ocean Mining Associates expedition have been viewed by the author and are
found to be in agreement with the Deep-Tow data.
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Figure 1-18. Bathymetry, nodule size and coverage during camera runs

Bathymetry 'm). nodule coverage (S5) and average nodule sizes {cm) during camera runs

1-3to 1-8 The times are in hours and minutes GMT
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From these figures we see that the central part of the survey area ("Mining
Area”) appears to be rather uniformly and densely covered by manganese nodules
with an average diameter of 5 cm and a coverage of over 60% and a concentration of
20 kg/mz. To the east of the Mining Area, there is a transition zone with few, but
up to 16cm long and 0.8 kg heavy manganese nodules. Although the coverage is
around 20% only, the concentration - as calculated from box core H359 - is 17
kg/mg. The nodule coverage drops to zero as one approaches the rocky areas in the
east and west. To the south-east there is a sloping nodule-free zone. Ocean Mining
Associates data show that between 14° 30’N and 14° 40’N, the nodule coverage along
125° 30'W is less than 10% except for two about 300m-patches where it is about

25%. In the RCA, the coverage is generally between 50 and 609, the concentration

16 kg/mQ, and the average diameter 6 cm.

As already noted for the MANOP study sites (Spiess and Weydert, 1984:
Karas, 1978; Weydert and Zampol, 1985), uniform coverage and size distributions are
restricted to gently sloping areas with several tens of meters of sediments and an
upper acoustic unit (sedimentary layer defined by the sea floor and the first sub-
bottom reflector) of constant thickness. As soon as rocky outcrops appear or the
slope exceeds 3 degrees, the coverage generally decreases and variable sizes appear
(camera run 3-1 in figure 1-17 and 1-8 in figure 1-16). Local changes in slope are
correlated with changes in coverage. Especially depressions of the order of 50-300 m
across are related to a reduction in nodule concentration although all of site 'E’ is
rather flat and well sedimented. The missing nodules and the thicker sedimentary.
layers are strongly correlated. In the smaller depressions redeposition of sediments
removed nearby can result in a sediment blanket on top of the nodules, while in the
large depression in the east, sliding and slumping sediments can easily bury nodules in

the depression after entraining those from the slopes. This is in agreement with the
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observation at several MANOP sites, where the only nodules on steep slopes are those

retained by small scale irregularities of rock outcrops (Spiess and Weydert,1984; Wey-

dert and Zampol, 1985).

Good 4-kHz subbottom profiles are available for camera runs 1-2 to 1-8 only.
For parts of the other camera runs it is possible to reconstruct the sub-bottom
profiles from previous or later fish profiles collected when the fish crossed the area
photographed at an earlier or later time. In all instances where sub-bottom profiles
are available, the coverage decreases while the sub-bottom reflectors shoal or deepen.
In (small and large) depressions i.e. where the sedimentary layers between the upper
sub-bottom reflectors are thickest, the coverage is genera.ily low or nodules are absent
altogether (camera runs 3-2 and 4-1 in figure 1-17). No relationship between the
nodule distribution and the depth of the upper acoustic reflector could be observed by
comparing different areas with acoustic reflectors parallel to the sea floor. From this
it can be concluded that nodules grow best on stable sediments, i.e. in areas where
sediments are not removed after they had been deposited, and which do not act as
sinks for sediments originally deposited in the vicinity. Although M. Karas observed
a higher number of nodules at the foot of a slope exceeding 17 degrees (Karas, 1978),
there is no evidence at site 'E’ of a similar effect for smaller slopes. This suggests

that M. Karas actually observed nodules which had rolled down the slope.

There are also rather flat areas where the number of nodules is lower than
in the surroundings. Also, in camera run 3-1 (figure 1-17A) the coverage remains con-
stant in the topographic low crossed at 04:30 GMT. No information about the sub-
bottom reflectors is available for this part of the survey area so that it is not possible

to check if they remain parallel to the sea floor as on camera run 1-4 at 15:00 GMT.



BURIED NODULES

Assuming that nodules exceeding a certain length do have the same proba-
bility of being buried and they grow at the same average growth rate g, the number

of surface nodules of a size D >D, is given by

InN =1aN, "Ebg'(D -D,) (1-14)
where N is the number of nodules of diameter D per unit area, NO 1s the number of
smallest nodules (diameter Do) per unit area, b is the burial rate (nodules per m.y.)
and g is the growth rate in mm per m.y. (Heath, 1979). In figure 1-13, a plot of InNV
as a function of the longest horizontal axis for 10 mm intervals with a linear fit is

shown. (Average horizontal axes lead to smaller growth rates.) The slope

= — =006 — (1-15)

Assuming a sedimentation rate of 1.5 m/m.y.(Heath and Van Andel, 1973), we find

from the Echo 1 box cores

~

number of buried nodules per m.y. 0.03 1
total number of nodules 0.3 m.y.

(1-16)
From figure 1-11, 4 =0.06 1/m.m. Using b = b in 9, we find a growth rate of g =0.8
mm/m.y. This is an unrealistically low growth rate. Assuming the nodules have
been growing to an average 60 mm in 25 m.y. (oldest sediment on top of the underly-
ing basalt), we find a minimum growth rate of 60/25 =2.4 mm/m.y. As nearly all of
the buried nodules were found between 5 and 22cm depth, it is unlikely that box cores
which penetrated 45 cm-in the sediments, did not reach deep enough to sample the
buried nodules adequately. Unless buried nodules disappear or one does not accept
Heath’s assumption that each nodule has the same probability of being buried, burial
cannot be the only process regulating the size distribution. Differential biological

activity or unknown physical processes must be responsible for the differential growth
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and/or the different sizes of manganese nodules.

Realizing that nodules can grow to over 1 cm in 1 m.y. (nodules in craters at
MANOP site 'M’ and 6 c¢cm nodules in the caldera of a satellite of the seamount
Jasper), it remains a mystery why there are practically no nodules larger than 20 cm.
Major burial events like that 60 - 100 thousand years ago at MANOP H (Finney et
al., 1984), breaking of the larger nodules or the incapacity of the biota to keep larger

nodules at the surface could play a major role here.
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CONCLUSION

The nodule coverage and concentration have been studied and related to the
bathymetry for site ‘E’. [t could be shown that there is a strong correlation between
changes of the thickness of the upper acoustic unit and changes in nodule coverage
and size. A Gaussian with the mean diameter and the standard deviation of the
diameter as parameters describes the sizes for a given homogeneous sub-area at
site ‘E’. Deviations from a normal distribution are small (for acoustic purposes) and
must be attributed to upper and lower limits an growth of macro nodules. The three
main axes of the nodules are not independent of each other and have average ratios
of 1:0.8:0.5. These resuits will strongly facilitate the use of acoustic multi-frequency

techniques to assess the nodule coverage in possible deep sea mining areas (Spiess and

Weydert, 1983).
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1.2 Thirtymile Bank

1.2.1 Cruise Description

The R/V New Horizon conducted a short Deep Tow survey on the Thirtym-
ile Bank on 9 August 1983 (Echo 2 expedition). The Deep-Tow vehicle was navigated
by Loran C navigation supplemented by 12 kHz shipboard echo sounding and Deep-
Tow upward and precision downward echo sounding (figure 1-18). Besides the side-
looking sonar and backscatter sonars (9 - 163 kHz only), the 4-kHz-subbottom profiler

was used continuously and some 200 bottom photographs were taken with television

and still cameras.

1.2.2 Site description

The Thirtymile Bank is located in the California Borderland at 32° 40'N,
117° 45°'W , some 35 km {rom the mainland. The bank top is roughly 400 m below the
sea surface (figure 1-19). The bank top is in general rather flat, except for two
terrace-like steps the fish crossed at 4:45 and 6:45 respectively. The sea foor is highly
inhomogeneous, and is formed of outcropping rocks and of sediments which vary in
size from coarse sands to muds. The sediments are dominated by pelagic carbonates
and contain abundant glauconite and phosphorite, minor amounts of weathered resi-
dual or relict grains and little organic matter. (Emery, 1960) The outcropping rocks
are metamorphic schists, gneisses and quartzites on the Thirtymile Bank. All Deep-
Tow photos show rock fragments. There is an alternation between areas with large
phosphorite slabs and mostly angular and subangular fragments (figure 1-20A) and
areas with few rounded pebbles and phosphorite nodules, which cover sometimes less
than 5% of the sea floor (figure 1-20B). The rounded pebbles and nodules are probably
allochtonous. Side-looking sonar records show that the area passed between 5:15 and

5:45 GMT is the only one without scattered rocks. This one must be very limited in
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32°41'N
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32°39'N

32°38'N

32°37T'N
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05:00

10 August 1983

Thirtymile Bank

117°46'W 117%45'W 117°%44'W 117°43'W

Figure 1-18. Ship track at Thirtymile Bank

Ship track during survev at Thirtymile Bank The dsh s 2nlv a shert distance
behind the ship and fcilcws 1n this shallow water the ship rather well The back-
scatter run was f{rom 445 to 605 GMT and the camera run from 630 to 735

GMT



A = Thirtymile Bank Station
- B = Calilfornis Rise Station
P = Patton Escarpment

deptha in fathoms

CALIFORNLA

Figure 1-19. Map with Thirtymile Bank and Patton Escarpment

Bathymetrv »f Califorma Borderland with Thirtymile Bank (A and Caiifornia
Rise station (B) at foot of Patton Escarpment |P)
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%,
Figure 1-20.-Photographs of sea floor at T

hirtymile Bar;k
Deep-Tow photographs of Thirtymile Bank: A) Area densely covered with phosphorite

slabs and nodules. Fragments are mostly angular and sub-angular. B) Area with few
rather rounded pebbles, intersparsed with mud formations of biological origin.
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range as the photographs taken a few hundred meters away at 6:30 GMT exhibit

very dense phosphorite coverage.
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1.3 Base of Patton Escarpment

1.3.1 Cruise description

The last site surveyed with the backscatter system was the deep sea floor at
the base of the Patton Escarpment at 31° 30'N, 119° 40'W (California Rise station,
10 to 12 August 1983)(figures 1-19 and 1-21). Two transponders were launched in a
water depth of 3700 m at the foot of the Patton Escarpment (figures 1-21 and 1-22).
500 photographs were collected during a 4-hour camera run to document the sea
floor. Two backscatter runs, one at 70 m and one at 30 m above the sea floor fol-
lowed (figure 1-22). The photographic and backscatter data were supplemented with
the usual sub-bottom profiles, side-looking sonar imagery, transponder navigated
vehicle position (except for the last lowering where the ship positions were determined
using Loran C), vehicle depth and height as well as precision bathymetry along the
fish path. Contrary to the Echo 1 expedition and the rest of the Echo 2 expedition,
the bathymetry, vehicle depth and vehicle height were not digitized. (The real time

grey scale records are available.)

On 26 May 1983, the R/V T.Washington drove over the area of the Califor-
nia Rise station when she came back from the Pascua 5 expedition. Thus it was pos-
sible to use the sea beam multi-beam echo sounder of the R/V T.Washington to gen-

erate a bathymetry map (figure 1-21) **).

1.3.2 Site Description

The site at the foot of the Patton Escarpment had been selected because the
sediments were expected to be intermediate between near-shore sands, silts and car-

bonates and deep sea clays as those of site 'E’. To the west of the Patton Escarp-

**)1 thank P.F. Lonsdale for providing this map.
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Figure 1-21. Bathymetry at station at foot of Patton Escarpment
Bathymetry of the Patton Fscarpment and the Deep-Tow area. The transponder positions are shown The contour
spacing 1s 50 meters  The Patton Escarpment (contimental slope) 1s in the east, the Deep Tow area with the fault is

between the two seamounts
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Figure 1-22. Fish track at foot of Patton Escarpment

Fish track at California Rise station at the foct of the Patton Escarpment. The cam-
era runs and the backscatter runs as well as some times (GMT) have been annotated.



Figure 1-23. Typical photographs of sea floor at foot of Patton Escarpment
The rounded objects in B) are thought to be mud balls of biological origin.
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ment, the sea floor is flat, with parallel sub-bottom reflectors and only occasional
outcrops and seamounts (figure 1-24 and Yeats and Haq, 1978). DSDP hole 469 is
located at the foot of the Patton Escarpment at 32° 37N, 120° 33’W, in a water
depth of 3790 m, at a comparable distance from the Patton Escarpment as the Cali-
fornia Rise station (Yeats and Haq, 1978). All previous studies (Emery, 1960, Yeats
and Hagq, 1978) have found the area to be rather uniformly covered with a mixture of
silt and clays. The upper 42 meters cored by DSDP (Quaternary) are silty clay with
minor amounts of nannofossil and foraminiferal ooze. Pliocene and lower Miocene sed-
iments follow downward. A sedimentation rate of 25 m/m.y. was estimated for the
Quaternary. The sound velocity varies from 1.26 to 1.64 km/sec with an average of
1.50 km/sec. The density of the sediments is between 1.40 and 1.83 g/cm3 with an
average of 1.60 g/cm3. In general the upper 42 m are rather uniform and present an

excellent survey area for acoustic backscatter measurements.

The California Rise station is located on the deep sea floor half way between
two seamounts, one at the N-E and one at the S-W end (figures 1-19 and 1-21). Deep-
Tow photographs of the sea floor confirm that the sea floor is smoothly covered with
sediments (most likely silts and clays). Common burrows and furrows and occasional
rounded, nodule like mud forms can be recognized (figure 1-23). The area is in general
flat and the acoustic sub-bottom reflectors are parallel to the sea floor. A strong sub-
bottom reflector at a depth of about 10 meters is followed by at least three more
reflectors. The acoustic basement could not be reached with the Deep-Tow sub-
bottom profiler. In the very center, however, is a fault of unknown age (figures 1-21
and 25). The eastern part of the sea floor is some 200 meters higher than the western
part. To the east erosion has thinned the top sedimentary layer. The erosional agent
which is most likely a current parallel to the fault has removed the top acoustic layer

down to the first strong sub-bottom reflector near the fault i.e. where such a current
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1-24. Air gun record at DSDP site 469

Air gun record of Glomar Challenger as she approached DSDP site 469 (from Deep Sea
Drilling Project).
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Figure 1-25. Sub-bottom profiles near fault at foot of Patton Escarpment

4 kHz record taken with the Deep-Tow sub-bottom profiler as the fish crossed the fault in the center of the survey
area. No acoustic basement can be recognized. The uppermost strong sub-bottom reflector is thought to be made
of some material which is a good reflector and difficult to erode (chalk e.g.). A bottom current parallel to the fault
is thought to be responsible for the erosion of the upper acoustic unit in the eastern part. Note that the upper
acoustic units reach a constant thickness to the east and west.
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is expected to be strongest. Further away from the fault, the upper sedimentary layer
becomes gradually thicker until it reaches a thickness of about 20 meters to the west
and 10 meters to the east. Although it is exposed near the fault, the first major sub-
bottom reflector has not been broken by the erosion. This indicates that it is the
boundary between the silts and clays and some harder sediments, most likely car-

bonates (compare Yeats and Haq, 1978).



04-June-383
06-June-83
07-June-83
10-June-83

13-June-83

15-June-83

16-June-83

17-June-83

18-June-83

19-June-83

20-June-83

21-June-83

23-June-83

24-June-83

Appendix 1-1

Chronological Synopsis for expedition Echo 01

1100 GMT
17:40 GMT
19:45 GMT
02:00 GMT
10:35 GMT
23:35 GMT
07:45 GMT
09:55 GMT
12:30 GMT
16:00 GMT
13:20 GMT
15:05 GMT
19:00 GMT
03:00 GMT
08:45 GMT
15:00 GMT
04:00 GMT
10:00 GMT
20:00 GMT
03:25 GMT
13:25 GMT
15:25 GMT
20:25 GMT
20:30 GMT
21:50 GMT
03.00 GMT
11:45 GMT
15:45 GMT
18:00 GMT
08:00 GMT
08:40 GMT
12:10 GMT
13:15 GMT
04:46 GMT
07:00 GMT
12:00 GMT
18:25 GMT
02:30 GMT
08:35 GMT
20:00 GMT
20:00 GMT
05:45 GMT

Leave San Diego

Test Deep Tow Cable

Test Seals of FISH 5
Launch 4 Transponders
Launch FISH 5 (lowering 1)
Start Camera run 1

First Miner Tracks on SLS
End Camera Run 1

Start Backscatter(Test)
Start Backscatter(Data)
End Backscatter Run 1
FISH 5 on deck

Start Box Coring

End Box Coring

Launch FISH 5 (Lowering 2)
Start Backscatter Run 2
End Backscatter Run 2
FISH 5 on deck

Launch FISH 5 (lowering 3)
Start Camera Run 3

End Camera Run 3

Start Backscatter Run 3
Fish high in water

End Backscatter Run 3
FISH on deck (End lowering 3)
Start Box Coring

End Box Coring (13 B.C.)
Launch FISH 5 (Lowering 4)
Start Backscatter run 4
End Backscatter Run 4
Start Camera Run 4

End Camera Run 4

Start Backscatter Run 5
Cable breaks : FISH 5 lost in 4500 m depth
Start Box Coring

End Box Coring

Start Recovery FISH 3
FISH 5 back on deck

Start Box Coring

End Box Coring

Recall Transponders
Underway to San Diego



9 August 1983
9 August 1983
3 August 1983
9 August 1983
10 August 1983
10 August 1983
10 August 1983
10 August 1983
10 August 1983
10 August 1983
10 August 1983
10 August 1983
11 August 1983
11 August 1983
11 August 1983
11 August 1983
11 August 1983
11 August 1983
11 August 1983
12 August 1983
13 August 1983
13 August 1983
14 August 1983
27 August 1983
28 August 1983

15:05 GMT
19:15 GMT
20:25 GMT
23:35 GMT
03:45 GMT
04:45 GMT
06:05 GMT
06:30 GMT
07:3¢ GMT
08:00 GMT
19:45 GMT
20:30 GMT
05:58 GMT
09:53 GMT
11:46 GMT
16:48 GMT
19:51 GMT
21:00 GMT
23:46 GMT
02:10 GMT
07:43 GMT
09:44 GMT
00:00 GMT
15:45 GMT
03:00 GMT

Appendix 1-2

Chronology for expedition Echo 02

Underway from San Diego
Arrival Thirtymile Bank
Launch Fish 5

Fish back on board

Start lowering 2

Start backscatter (15 fms)
End backscatter 1

Start camera run 2

End camera run 2

Fish on deck

Arrival at " Cal. Rise"”
Launch transponders

Start camera run 3

End camera run 3 _
Start backscatter 2 (40 fms)
Start backscatter 3 (15 fms)
Fish 5 back on deck

Recall transponders
Lowering 4

Start backscatter 4

calibration at 500 m above bottom

End lowering 4

Start Seamount Survey
End Seamount Survey
Arrival at San Diego



CHAPTER II In situ backscatter measurements

2.1 Introduction

The primary goal of this work was to measure the acoustic properties -espe-
cially the backscatter coefficients- of the deep sea floor, and to learn how to deter-

mine manganese nodule concentrations acoustically.

The approach for the acoustic survey of nodule fields was to mount 5 trans-
ducers (analog side-looking sonars) on the deep tow vehicle "FISH 5 " of the Marine
Physical Laboratory of the Scripps Institution of Oceanography (figure 2-1). They
were designed to operate at a total of 7 frequencies namely 4.5, 9, 15, 28, 60, 112 and
163 kHz. The size of the transducers was chosen so as to fit on the stern of the vehi-
cle and to allow at a range of a few hundred meters for spatial resolutions from a few
square meters at 163 kHz up to a few hundred square meters at 4.5 kHz. At the high
frequency end, the return should strongly fluctuate in sparsely covered areas, thus

making statistical analysis possible.

No attempt was made to resolve individual nodules as this is best done with

existing still photography or real time television.

The frequency range must be large enough so that you can easily discrim-
inate between different nodule sizes and coverages. This was well achieved, as a
range from 4.5 to 163 kHz allows for a ka ( wave number times radius ) from 0.1 to
70 for nodules from 1 cm to 20 em in diameter. Assuming the nodules are hard
spheres, 4.5 kHz is always in or at the limit of the region of Rayleigh scattering, while

163 kHz always means geometric scattering.

If the nodule coverage is not prohibitive, it will be possible to see into the

sediments with 4.5 kHz and 9 kHz, and to detect buried nodules which cannot be seen

60
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Figure 2-1.

Geometry for calibrations

The fish with the backscatter transducers 1s mounted on a turn table The
standard hydrophone 1s lowered at a predetermined distance to the depth
corresponding to the grazing angie § The geometry is such that reflections from
the surface or the bottom arrive after the direct puise
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optically. This 1s especially interesting where large amounts of nodules are covered

by a few cm of sediments.

Measurements of the acoustic backscatter in different parts of the ocean
would allow us to determine the backscattering strength as a function of frequency

for different deep sea environments.

[t was desired (but not achieved) that the beams should be fan shaped and
well behaved in the vertical. Thus it would be possible to identify any arrival with a

particular range, grazing angle and patch of the sea floor.

The associated electronics (drivers, amplifiers, pulse and frequency genera-
tors) were designed to match existing Deep-Tow electronics, although the backscatter
electronics were installed in an extra pressure case. Both an adjustable gain and a
time-varied gain were built so that the dynamic ranges could be adjusted as a func-

tion of time according to the strength of the incoming signal.
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2.2 Instrumentation

2.2.1 Description of backscatter transducers

The backscatter transducers are 5 PZT-4-transducer arrays, similar to those
used as side-looking sonars, but looking aft. Although all arrays had reasonable
sidelobes in the horizontal (plane including longest axis) and smooth vertical beam-

patterns in the aft direction before they were mounted on the vehicle, their beampat-

They are operated at the already mentioned nominal frequencies of 4.5, 9, 15, 28, 60,
112, 163 kHz. They are mounted with a simple ladder like frame on the stern of
FISH 5 (Spiess and Lonsdale,1982). The transducers are nearer to the center of the
fish the lower they have been mounted. (figure 2-2). This configuration allows for

minimal interference of the transducers with each other as well as with the deep tow

vehicle.
a.) 4.5 and 9 kHz

The transducers ITC 3253-1 to -5 are radially polarized, free flooded 12 cm x
10 cm PZT-4 cylinders which are operated in the k;-mode. They are mounted
together as an array shown in figure 2-2.a on a stainless steel plate. The spacing
between the centers is 15.5 cm. This configuration was chosen after several others
with 4 or 5 transducers had proved to have unsatisfying beampatterns. After the
impedance had been measured as a function of frequency, and several beampatterns

between 4 and 12 kHz were made, the transmission frequencies were chosen as 4474

Hz and 8984 Hz.

While the beampattern at 4.5 kHz was good enough to transmit and receive

on this array, we decided to use the transducer ITC 6094 to receive at 9 kHz (see sub

60 kHz).
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Figure 2-2.

=il 79 ¢cm
86 cm d

94cm

6& 101cm

d C<E> 108cm

\

CENTER POINT
OF FISH

Schematics of transducer arrays

a) ITC 3253 S/N 1 to S The five PZT-4-transducers with the serial numbers -3
are mounted 10 an array as shown in the figure. Seral number 1 is the middle
one 1n the upper row This transducer array is used at 4.5 and 9 kHz.

b) ITC 6093 S/N 1. This transducer array is made out of 12 PZT-4 cylinders [t
1s used at 15 and 28 kHz.

c¢) The transducers [TC 6094 (60 kHz and 9 kHz), MPL 33-1 (112 kHz) and
Teleprobe {163 kHz) are made of PZT-4 bars as shown :n this figure.

d) The 5 transducers are mounted on ladder-like frame on the stern of the fish a)
4.5 and 9 kHz. b) 15 and 28 kHz, ¢) 60 kHz. d) 163 kHz, e) 112 kHz.
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b.) 15 and 28 kHz

The transducer ITC 6093 is a line array of twelve 3.5 cm long PZT-4
cylinders with a diameter of 1.9 cm mounted on a 54.5 ¢cm x 5 cm stainless steel back-
plate and surrounded by a polyurethene (figure 2-2.b). Each cylinder is radially polar-
ized and operated in the ks -mode. The operating frequencies are 14914 Hz and
27965 Hz. Operating this transducer at lower frequencies would mean a substantial

drop in transducer response as the cavity resonance is right below 15 kHz.

c.) 60 kHz

The transducer ITC 6094 is a 53.2 cm x 5 cm line array of fourty 1.1 cm x
1.1. cm x 2.5 cm PZT-4 bars. These bars are )\/2-resonant in the thickness mode at
60 kHz. The spacing between the reflector plate and the ceramics is \/4 (figure 2-2.c).
It has been mounted at a downward angle of 30 degrees on the stern of Fish 5 in

order to increase the useful power. Its operating frequencies are 59657 Hz and 8984

Hz (latter for receiving only).
d.) 112 kHz

The transducer MPL-83-1 (operated at 111857 Hz) (figure 2-2.c) is made out
of eight 7.6 cm x 1.3 cm x 0.6 cm PZT-4 bars, surrounded by an oil pocket inside a

polyurethene boot. The backplate is a 1.3 ¢cm x 12.7 cm x 36 cm stainless steel plate.

e.) 163 kHz

The Teleprobe transducers (figure 2-2.c) are 28 cm long PZT-4 bars (one 150
kHz unit and one 160 kHz unit) mounted on a stainless steel backplate. On the
expeditions Echo 1 and Echo 2, only the starboard transducer (160 kHz unit) was

operated at a frequency of 162702 Hz. Both are tilted 15° downward in order to

increase the useful power.
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2.2.2 CALIBRATION

The calibration of a transducer is essential to making acoustical measure-
ments. The acoustical power, transmitted or received, has to be related to directions
in space and to electrical currents and voltages. This can only be achieved if one
knows the transmitting and receiving responses for all frequencies of interest as well
as the corresponding beampatterns in three dimensions. In addition, it is important
to know the electrical impedance of the transducer if one wants to match the elec-
tronics to the transducer. That allows one to get only real, single frequency power

into the transducer. Electrical power coming out of a hydrophone is amplified,

attenuated and filtered by electronics which also require calibration.

In the following the different calibrations made will be described and their

results discussed.
2.2.2.1 CALIBRATION OF ELECTRONICS

2.2.2.1.1. Introduction

In order to relate the output voltage at topside to the sound pressure at the
hydrophone, the response of the electronic network must be known in addition to the

hydrophone response.

The transducer transforms the incoming sound wave into a voltage, which
passes through a TR-switch, some fixed preamplifiers, adjustable time-varied gains
(TVG) and adjustable receiver gains, before it is modulated and sent over the 125
kHz channel of the 9000 m long deep tow wire to the the laboratory on board the

ship (figure 2-3). At top side, the envelope is generated and digitized.

To keep track of eventual transmit power problems or failures of the elec-

tronics, and of the transmit voltage itself, a scaled down version of the transmit pulse
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DEEP TOW ELECTRONICS
3
I PDP-11-2 COMPUTER i
— 2 ¢
OSCILLOSCOPE I I
DIGITIZER
ENVELOPE 125 kHz l ]
DETECTOR RECEIVER
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PULSE (TRIGGER) 276 kHz
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Figure 2-3.
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TIME VARIED

GAIN

RECEIVER

GAIN

Backscatter electronics

The electronics used during the backscatter measurements is sketched here as it
is divided into deeply towed electronics (inside pressure cases on FISH-35),
shipboard Deep Tow electronics and a PDP-11/2 computer system to record the
data. All telemetry and power passes over different channels of a single 9000 m
long armoured power cable
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is sent up the wire, after it has passed through the second preamplifier, the TVG and
the receiver gain (figure 2-3). Both the transmit pulse and the received signal are
compared to two identical reference pulses, which are inserted after all the
preamplifiers, but before the modulator and the deep tow wire (figure 2-3). The refer-

ence pulses are 1 ms wide and identify the frequency by the spacing between them,

which are given in table 2-1:

frequency (kHz) | 4.5 { 9 { 15 | 28 | 60 | 112 | 183
spacing (ms) 0 1 2 3 4 5 6

Table No. 2-1: Spacing between reference pulses.

Thus two sets of electronic system calibrations must be done for each fre-
quency: 1.) The transmit voltage must be determined as a function of the ratio of
its scaled down version to the reference pulse and the adjustable gains (sub 4).

2.) The transducer output voltage must be related to its ratio

with the reference pulses as a function of the gain settings (sub 2 & 3).

2.2.2.1.2 TIME-VARIED-GAIN

The time-varied gain control (TVG) is a 10 bit integrated AD7520 (basically
an R-2R ladder) with the least significant bit tight high and the other bits controlled

by a clocked shift register. The received signal is attenuated by

N_
210 L (2-1)
. 210

where N is the number of bits set. The clock generates pulses at intervals which are

integer (1 to 15) multiples of 10 ms. The following attenuations are applied to the
recelved signal, each of them for the same integer multiple of 10 ms: -60.2, -50.7,

-43.3, -36.7, -30.4, -24.2, -18.1, -12.1, -6.0, 0.0 dB.
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An extra step of -60.2 dB is inserted at the moment the TVG clock starts,

while the last step lasts until the next transmission is started.

On the expeditions Echo 1 and 2, the TVG clock has always been started

together with the transmit pulse, although a delay can be added.
Three sets of measurements were made to calibrate the TVG:

1.) The noise was measured at sea for all TVG steps, with the gains set for

the measurements at that time (see chapter on noise).

2.) The input voltages were measured in the laboratory for receiver gains of
1/16 or 2/16 and for the 10 TVG steps for output signal/reference ratios of 4,0, -10,
-20 and -25 dB (called table 'A’). To do this, we put a small signal at the operating
frequency across the transducer terminals and read the output on the oscilloscope,
after the signal had gone through all the gains, the modulator and the deep tow wire.
This procedure allowed us to account for the non-linearities, especially those from the

modulator.

3.) The changes in output levels as a function of the changes in input levels
were measured for receiver gains of 1/16 or 2/16 and for TVG =-60.2 dB and TVG =
0 dB at output signal/reference ratios of -25 dB, -20 dB, -15 dB, and then at 1 dB
steps from -10 dB to 10 dB (same method as sub 2.)). In general, the system is
saturated for output signal/reference ratios exceeding 5 dB (lmit of the
modulator/demodulator system). Therefore, those data are not used. These last
measurements have been regrouped by linear interpolation as changes in input levels

as a function of changes in output levels (called table 'B’). This saves a lot of com-

puter time in the data analysis.

From the above data, the input voltage (ie. the voltage generated by the

hydrophone) in dB relative 1 Volt rms is computed by interpolation (appendix 2-1).



2.2.2.1.3 Receiver gain

The receiver gain control is an integrated 10bit AD7520 (essentially an R-
2R) ladder, whose 6 least significant bits are tied high, so that the 4 most significant
bits allow us to attenuate the signal in steps of 1/16 from 1/16 to 16/16 (-24.1 dB to
0 dB). Measurements showed that this gain is indeed linear. The gains measured at
the various steps agree within 0.1 dB with the theoretical values. No new non-

linearities could be observed within the useful input and output voltage ranges.

2.2.2.1.4 Transmit pulse

The ratio of the scaled down transmit pulse and the reference pulse was
measured for the transmit voltages and receiver gains listed in table 2-2. All meas-
urements were made with an accuracy of 5% or better. The voltages measured in
the laboratory are in good agreement with those found at sea for 4.5. 9, 15 and 28
kHz, while they deviate at 60, 112 and 163 kHz up to 209%, as if the transmit voltages
were not a constant. As the voltages used at sea were well within the linear range of
the system, including the digitizer of the computer, it had to be assumed that the
transmit voltages really changed, which was most likely due to an impedance change
with temperature and pressure. The transmit voltage at 60 kHz increased by about
20-25% while the fish was lowered from the surface to 300 meters depth. Subsequent
measurements in the laboratory (compare chapter on pressure and temperature cali-
brations) showed that this change of the transmit voltage is real and that the
impedance of the transducer as well as the transmitting response changed when the
pressure was increased from 1 bar to 30 bars. The changes for the transducers MPL
83-1 (112 kHz) and Teleprobe (163 kHz) were shown to be within the manufacturer’s

specifications.
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Along with these measurements, the system quality factor Q (number of

cycles to rise to full response, center frequency/bandwidth) was determined (table 2-

2).

. l) . 2)

frequency L HCT franamst transmit voltage Bandwidth® | Q9%
reference reference

4.5 kHz 0.30 0.31 725 Vpp 1120 Hz 4
9 kHz 0.64 0.64 1150 Vpp 2310 Hz 4
15 kHz 1.18 1.12 1300 Vpp 3325 Hz 4
28 kHz 0.75 0.74 875 Vpp 6670 Hz 4
60 kHz 1.32 1.51 1250 Vpp 9900 Hz 6
112 kHz 0.50 0.57 1140 Vpp 10140 Hz | 11¢
163 kHz 0.96 1.22 1200 Vpp 9780 Hz 16

1) measured in the laboratory in July 1983

2) at sea data from June 1983

3) measured with TVG =-60 dB

4) at 112 kHz the Q changes to 14 when the TVG =0 dB

Table No. 2-2
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2.2.2.2 CALIBRATION OF TRANSDUCERS

2.2.2.2.1. Electrical impedance

We measured the admittance of the transducers as a function of frequency
at current levels of a few hundred mA at the Transducer Evaluation Center
(TRANSDEC) of the Naval Ocean Systems Center (NOSC) at San Diego. D. Boege-
man and his engineers of the MPL, SIO, analyzed the data and built the necessary
complex matching networks to drive the transducers efficiently at the selected operat-

ing frequencies.

The transmit voltages are measured at the transducer terminals, thus the
matching networks need not be considered in the data analysis, and neither the

admittance nor the matching networks will be discussed further.

2.2.2.2.2 Transmitting and receiving response

In any acoustic measurement, electrical currents or voltages have to be
related to acoustic power. The relationships were determined with the comparison
method (Urick,1983; Bobber, 1970; ANSI, 1972) at the TRANSDEC of NOSC, San
Diego. In principle, acoustic power, transmit current and transmit voltage were
measured as functions of the azimuthal angles and selected grazing angles at the
already determined operating frequencies. We used a pulsed mode with the back-
scatter transducers as projectors and the Navy standards F37 (4.5 - 28 kHz), F41 (28
- 163 kHz) and LC10 (all frequencies) as hydrophones. For each geometry several
readings were taken and found to be within 0.1 dB from each other. As the F37 was
not a good source, we measured the transmitting voltage response S/V (Source level
per Volt) and the transmitting current response S/A (Source level per Ampere), and

calculated the receiving sensitivity by (see Bobber,1970)
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RECEIVING SENSITIVITY (dB) = S/A(dB) —294 —20 log f (Hz). (2-2)
where the S/A is in dB reference 1 yPa per Volt at 1 meter, and the Rec. Sens. is in
dB reference 1 Volt per uPa. A check at 9 kHz and 60 kHz showed that the calcu-
lated receiving sensitivity is within 0.5 dB of the measured one, as one expects for

reciprocal transducers.

A first set of calibrations was made according to the standards set by the
National Standards Institute (ANSI 1972) to verify the transducer quality and to
study the interference between the transducers. An array configuration for the trans-
ducers used at 4.5 and 9 kHz had to be found. The only satisfying array
configuration is the one shown in figure 2-2, where the spacing between the centers of
the five cylinders has been selected so as to allow for a well behaved beampattern.
For this set of calibrations, the transducers were lowered into the tank either by
themselves or together with a couple others mounted on a rigid frame. Later, the
twransducers were calibrated together with the whole Deep-Tow vehicle so that we
could recognize the changes in the beampatterns due to the pressure cases and the
frame of the fish. The Deep-Tow vehicle with the backscatter transducers was
rotated on a turn table at some 5 m depth, while the standard hydrophone was
lowered to the appropriate depth at a distance of up to 22.5 m (figure 2-1). The
water depth being more than 10 m, this gave us, at a distance of 20 m, about 0.5 ms

pulse between the end of the longest rise time ( <1 ms) and the surface/bottom

reflection.

A computer controlled 0.1 ms wide tracking gate was used to sample the
envelope of the pulse between 1.0 and 1.1 ms from the beginning of the pulse. The
computer program allowed us to keep the position of the gate fixed within the pﬁlse,
while we turned the vehicle around its axis. For a typical transducer distance of 1 m

between the transducer and the axis of rotation, the gate had to be moved between 0
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and 2.7 ms with respect to the transmit time.
Several tests were made to check the accuracy of the measurements:

The far field is defined as the region beyond a distance wL2/4X\, where L is
the longest dimension of the transducer, and X is the acoustic wavelength (ANSI
1972). Unfortunately, the deep tow vehicle is not a baffle, but an assemblage of pres-
sure cases mounted in all directions on a heavy frame (figure 2-1). Thus, reflections
from the fish as well as from the other transducers contribute to the acoustic field
and can lead to complicated pulse shapes, especially at directions different from

straight aft. This is well illustrated in the photo in figure 2-4b.

A repetition of some of the measurements with the hydrophone at distances
varying from 8 meters to 22.5 meters from the center of rotation shows that, at least
in the horizontal plane through the transducer, there is little change in source level or

beampattern as you change distance within this range (after the usual correction for

spherical spreading).

Because of the different reflectors on the fish, it is not evident that the
averaging over the 0.1 ms gate leads to a representative number. By moving the gate
back and forth within 1.5 ms and 5 ms long pulses (not into the transient part nor
into a surface or bottom reflection), we found that the determined source levels
always agree within 1 dB at 4.5 kHz and 0.3 dB at the other frequencies. Off axis,
the fluctuations are larger at those azimuthal angles where the S/V is 10 dB or more
below the on-axis value. These fluctuations are insignificant in this context, as they

do not change the effective beamwidth.
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2.2.2.2.2.1 Source Levels and Receiving Sensitivities

Frequency | March 83 | April 83 | 3 May 84 | 4 May 84 | average | rms error
4.5 kHz 190.0 188.8 189.3 189.3 0.6
9 kHz 189.2 188.9 189.7 189.4 0.3
15 kHz 181.0 179.2 179.7 180.0 0.8
28 kHz 189.3 188.9 188.6 189.0 0.3
60 kHz 207.2 207.7 207.5 0.3
110 kHz 210.9 209.6 209.8 210.1 0.4
160 kHz 209.0 209.0 —
Source/ Ampere for Backscatter on Fish 5
all units are dB ref 1 uPa/A at 1 m
Frequency | March 83 | April 83 | 3 May 84 | 4 May 84 | average I'ms error
4.5 kHz 142.9 141.5 142.5 142.3 0.6
9 kHz 146.5 146.3 147 .4 146.8 0.5
15 kHz 140.0 138.6 138.9 139.5 0.7
28 kHz 153.0 153.0 152.7 152.4 152.8 0.3
60 kHz 158.4 158.7 158.6 0.2
110 kHz 165.7 165.4 165.5 165.5 0.2
160 kHz 161.4 1614 | —om-mm
Source/Volt for backscatter mounted on Fish 5
all units are dB ref. 1 vPa/Vat 1 m
Frequency | March 83 | April 83 | 4 May 84 | 4 May 84 | average | rms error
4.5 kHz -177.3 -178.4 -177.7 -177.8 0.5
9 kHz -199.1 -199.1 e
15 kHz -196.5 -198.2 -197.9 -197.5 0.7
28 kHz -193.7 -194.5 -194.3 -194.2 0.4
60 kHz -182.3 -181.8 -182.1 0.3
110 kHz -184.2 -185.4 -185.1 -184.9 0.5
160 kHz -189.4 -189.4 ————

Receiving Sensitivity for backscatter on Fish 5

all units are dB ref. 1 Volt/micro Pascal
Table 2-3 :Transmitting and Receiving Response for backscatter transducers on vehi-
cle.
- 9 kHz receiving sensitivity on I'TC 6094
- all sensitivities are calculated from S/A
- data may be averages over several measurements
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The source levels and receiving sensitivities were repeatedly determined on
several different days at temperatures from 13° to 20°C and pressures of 1 bar. The
measurements were made either on axis or at a point which could be easily related to
the on-axis value, knowing the beampattern. The results (corrected for vehicle tilt)
are summarized for the operating frequencies in table 2-3. (other frequencies are in

figures 2-5 and 2-6). The rms errors are less than 0.8 dB. (The absolute accuracy of

TRANSDEC is said to be 1 dB.)

A comparison of these data with those for the free transducers (i.e. not
mounted on the Deep-Tow vehicle, table 2-4), show that the on axis transducer
response changes up to 4 dB when the transducers are mounted on FISH 5. From this

one must conclude that it is essential to calibrate transducers in their installed posi-

tions.
frequency | S/V S/A Receiving Sensitivity
4.5 kHz 144.3 dB | 190.5 dB | -176.3 dB
9 kHz 145.8 dB | 188.0 dB | -1865.0 dB

15 kHz 139.1 dB | 179.5 dB | -198.0 dB
28 kHz 1498 dB | 1854 dB | -198.0 dB
60 kHz 159.0 dB | 208.5 dB | -181.0 dB
112 kHz 163.5 dB | 208.5 dB | -186.3 dB
163 kHz 1626 dB | 211.0dB | -186.2 dB

Table 2-4 : Transducer response for free transducers (single measurements)

2.2.2.2.2.2 Beampatterns

The following approach was used to determine the directionality of the
transducers mounted on the Deep-Tow vehicle (figures 2-7 to 2-10): A set of nearly
horizontal beampatterns (XY-beampatterns) was made at nominal grazing angles of

0, 10, 20, 30, 40, 50, 60, 70, 80, and 88°. Therefore the hydrophone (LC-10 or Navy
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Figure 2-5. Voltage transmitting response

Voltage Source Level (dB ref. 1 micro Pascal per Volt at 1 m) as a function of
frequency for the 5 backscatter transducers. The transducers are mounted on the
Deep Tow vehicle. Note that the scales differ.
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Figure 2-8. Current transmitting response

Current Source Level (dB ref. 1 micro Pascal per Ampere at 1 m) as a function of
frequency for the 5 backscatter transducers. The transducers are mounted on the
Deep Tow vehicle. Note that the scales differ
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Figure 2-8. XY-beampatterns on fish

XY-beampatterns in the plane through the transducer and the vehicle for the

backscatter transducers mounted on the Deep Tow vehicle at the operating
frequencies (30 dB top to center).
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XZ-beampatterns in the plane through the transducer and the vehicle for the
backscatter transducers mounted on the deep tow vehicle (50 dB top to center).
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standard) was lowered to the appropriate depth, as far away from the fish as possi-
ble, without allowing surface or bottom reflections to interfere with the acoustic pulse
arriving by the straight line path (figure 2-1). The fish was then rotated around its
center of gravity, while the backscatter transducers were used as projectors. The
changes in distance between the backscatter transducer and the hydrophone were
taken into account by correcting for the spherical spreading before the beampatterns

were plotted in dB relative to the maximum of the first beampattern in that series. .

Turning the fish means also changing the grazing angle. These changes are
small in the aft direction, but increase in the forward direction to up to 10° for graz-
ing angles of 70° or higher. After the changes in distance have been corrected for,
the influence on the effective beamwidth is, except for 9 kHz, less than 2%, as the

transducer response is higher in the aft than in any other direction.

As one turns the fish and not the transducer, the azimuthal angle in the
plots is the sum of the angle of rotation of the fish and the angle under which the
hydrophone sees the backscatter transducer (zero = on-axis). For azimuthal angles
near O or 180 degrees, the deviations are negligible compared to the positioning inac-
curacy. At angles of 90 and 270 degrees, they reach a maximum of 3 degrees. This
has, however, no substantial influence on the effective beamwidth as the changes

occur slowly and essentially off-axis, and are neglected here.

In most instances, the reference was the maximum response at a grazing
angle of 0°. That way, all data collected on the same day, for the same transducer
and the same frequency have the same reference, and the plots can be compared
(figures 2-11 to 2-20).

From these XY-beampatterns, the effective beamwidth for the 2-way-

beampattern was computed for each grazing angle by equating the product of the
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Figure 2-11. XY-beampatterns at 4.5 kHs

One-way XY-beampatterns for grazing angies from 0 to 80° The transducers and
the pressure cases were all mounted on the Deep Tow vehicle and all
measurements were made with the same gains so that the changes of the
transducer response between different grazing angles are also displayed (one dB
per radial scale line i.e. 50 dB from top to center).
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BACKSCATTER TRANSDUCER

ITC 3253
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9 kHz

xy-beampatterns
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Figure 2-12. Transmitting XY-beampatterns at 9 kHs

One-way XY-beampatterns for grazing angles from 0 to 80° (50 dB top to center).
The transducers and the pressure cases were all mounted on the Deep Tow vehicle
and all measurements were made with the same gains so that the changes of the
transducer response between different grazing angles are also displayed.
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aft
starboard —{—» port
tor

Figure 2-13. Receiving XY-beampatterns at 9 kHs

One-way XY-beampatterns for grazing angles from 0 to 80° (50 dB top to center).
The transducers and the pressure cases were all mounted on the Deep Tow vehicle
and all measurements were made with the same gains so that the changes of the
transducer response between different grazing angles are also displayed.
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" 60° down T 700 down
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aft
starboard «—[—» port
for
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Figure 2-14. Two-way XY-beampatterns at 9 kHs

Two-way XY-beampatterns for grazing angles from 0 to 80° (10 dB per radial
scale line). The transducers and the pressure cases were all mounted on the Deep
Tow vehicle and all measurements were made with the same gains so that the

changes of the transducer response between different grazing angles are also
displayed
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Figure 2-15. XY-beampatterns at 15 kH3z

One-way XY-beampatterns for grazing angles from 0 to 80° The transducers and
the pressure cases were all mounted on the Deep Tow vehicle and all
measurements (except for a grazing angle of 400) were made with the same gains
so that the changes of the transducer response between different grazing angies
are also displayed. Add 6 dB at a grazing angle of 10°
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Figure 2-18. XY-beampatterns at 30 kHz

One-way XY-beampatterns for grazing angles from 0 to 80° The transducers and
the pressure cases were all mounted on the Deep Tow vehicle and all
measurements were made with the same gains so that the changes of the
transducer response between different grazing angles are also displayed
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BACKSCATTER TRANSDUCER
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Figure 2-17. XY-beampatterns at 60 kHz

One-way XY-beampatterns for grazing angles from 0 to 80° The transducers and
the pressure cases were all mounted on the Deep Tow vehicle and all
measurements were made with the same gains so that the changes of the
transducer response between different grazing angles are also displayed.
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Figure 2-18, XY-beampatterns at 112 kHz

One-way XY-beampatterns for grazing angles from 0 to 80° The transducers and
the pressure cases were all mounted on the Deep Tow vehicle The measurements
at grazing angles of 0, 10, 20, 30° were made with the same gains, those at 40, 30,
60, 70 and 80° were made at another gain setting.
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Figure 2-19. XY-beampatterns for one transducer at 183 kHz

One-way XY-beampatterns for grazing angles from 0 to 40° The transducers and
the pressure cases were all mounted on the Deep Tow vehicle and all
measurements were made with the same gains so that the changes of the
transducer response between different grazing angles are also displayed.
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Figure 2-20. XY-beampatterns for two transducers at 183 kHz

One-way XY-beampatterns for grazing angles from 0 to 80° (30 dB top to center).
The transducers and the pressure cases were all mounted on the Deep Tow vehicle
and all measurements were made with the same gains so that the changes of the
transducer response between different grazing angles are aiso displayed. The
Teleprobes S/N 1 and S/N 2 were operated both (compare figure 2-19 for /N 3
only). :
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intensities of the real beams with those of an idealized fan-shaped beam
ar Sef
[b(6,8) bY8,8) dé = [ 1X1 dé = Deff (2-3)
Q 0

where ¢ is the azimuthal angle, 0, is the selected grazing angle,

b(,,0)=10®/° and mazimum (6(8,,4))=1.

The results are summarized in table 2-5. Tests made at 110 kHz (greatest
mL?/4)\) suggest that all beampatterns (70° and 80° at 163 kHz excepted) are good
approximations to far field beampatterns, although those from 60 kHz on upward had

to be measured well below the distance #L2/4X for the higher grazing angles.

Realizing during the at sea trials that the transducers ITC 6094 (60 kHz)
and Teleprobe (163 kHz) did not work well at normal incidence, it became clear that
the beampattern is not as well behaved in the vertical as the cuts made so far sug-
gested. Turning the 1000 kg vehicle on its side on the TRANSDEC turntable allowed

us to make a set of XZ-beampatterns. (As the XZ-beampatterns made at azymuthal

L]

angles of 1° to 5° agree closely with those for 0°, only the last ones have been

reproduced in figure 2-9.) These permitted us now to determine the intervals in
which the beampatterns are smooth. Strong changes in effective (XY-)beamwidth
have to be expected if the slope of the XZ-beampattern is strong. Another complica-
tion was created by the 1° - 2° backlash of the turntable, which prohibited us to
define the transducer response within 1 dB whenever the slope is more than 0.5

db/degree. Thus we excluded the following grazing angles in the data analysis :

TELEPROBE: 5° -15° and 60° - 90°

MPL 83-1:50° - 70°
Everywhere else, the following approach was used:

1.) The effective beamwidth is linearly interpolated between the two nearest
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values from table 2-5.

o) The S/V, S/A and Receiving Sensitivity at 1 bar and 20°C are read from

the XZ-beampattern, where the on-axis values come from table 2-3.

grazing angle | 0° 10° 20° 30° 40 ° 50° 60° 70° 80° |90°
frequency
4.5kHz|17.2° | 17.2° [ 20.1° | 21.2° [ 20.7° |27.5° {34.7° {40.5° | 60.6°

9x9 kHz([20.7° [ 10.8° | 109" [120° | 12.8° |13.5° | 154" |19.8° |62.3°
15kHz| 69° | 78" | 76° | 78° | 82" |11.8° |17.9° {14.9° | 223"

30 kHz| 3.4° 4,2° 4.1° 4.1° 4.2° 4.8° 5.7°

60 kHz| 1.8° 1.7° 18° | 20° | 20" | 23°

110 kHz| 0.5° 04° 04° 1.1°

160 kHz| 1.3° 1.2° 1.2° 1.4°

Table No. 2-5 : Effective Beamwidth on FISH 5

2.2.2.2.2.3 Calibrations as a function of temperature and pressure

The calibrations described above were made.in a large tank at temperatures
between 12° and 20°C. So they do not take into account pressures and temperatures
as they are found in the deep sea. Several manufacturers as well as the US Navy
have studied the behavior of ceramics (including PZT-4) used as transducer materials
on small samples at various temperatures and pressures. Using the data from Chan-
nel Industries (manufacturer) in the linear relationship

p = EFKefQy (2-4)
(Berlincourt and Kruger, 1964) one sees that the response of prestressed PZT-4 (used
for ITC 3253, ITC 6093 and ITC 6094) drops 1-2 dB when one lowers the tempéracure
from 13° to 0°C. All transducers used also shift resonances to lower frequencies as
one lowers the temperature. High Q transducers thus can change their response by

several dB if one operates near or on resonance.
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Data collected by the US Navy and several manufacturers (Hewlett
Packard, 1979) on the behavior of transducers and transducer materials under pres-
sure cannot be used in this study as every transducer is built in a different way, uses
different secondary materials and behaves differently under pressure changes. A cali-
bration as a function of pressure had to be done for those transducers for which no

manufacturer’s estimates were available (see below).

The design of the transducers ITC 6093 and the experience of the manufac-
turer suggested that the transducer response does not change more than 1 to 2 dB
with temperature and pressure. The transducers ITC 3253, MPL 83-1 and the

Teleprobes were expected to change 1-3 dB maximum.

a.) Calibrations as a function of temperature only

In order to verify the estimates for the different temperatures for the trans-

ducer arrays with their backplates, we made the following experiment :

In a 170 cm deep tank filled with UV-sterilized sea water, the transducers
were mounted one at a time on a 30 cm high PVC-table on the bottom of the tank
(figure 2-21). The transducers were far enough {rom the bottom so that it was possi-
ble to discriminate against the bottom return (and the downward transmission) as
long as pulses of less than 0.4 ms were used. The main axis was directed towards the
surface, which was - contrary to the bottom - assumed to be a perfect, temperature
independent reflector. The electrical cable and the polypropylene ropes to handle the
table came off the narrow ends of the table and continued along the bottom for a
couple of meters before they came up near the side walls i.e. they had been routed
where the acoustic response is substantially lower than on-axis (% 90 degrees in beam-

pattern). As the side walls were 2.3 m away, their echo arrived more than one mil-

lisecond after the first surface return.
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SET-UP FOR TEMPERATURE CALIBRATION

Figure 2-21. Set-up for temperature calibrations

The PVC table with the transducer is in the center of the tank. The transmitted
sound 1s reflected at the water surface and the echo 1s received on the same

transducer
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The control electronics consisted essentially of a frequency generator, a
power amplifier, a TR-switch , a simple matching network and a preamplifier. The

TR-switch permitted to transmit and receive on the same transducer.

While a pulse was transmitted at a well defined frequency, the transmit
current and transmit voltage were measured (with a current probe and an oscillo-
scope) between the TR-switch and the transducer. The sound was reflected on the
surface before it came back to the transducer. The corresponding received voltage
was amplified and determined with the oscilloscope. The temperature was varied
from 1.2°C to 20°C, and the above described measurements repeated at least once

per degree temperature change.

Assuming the beampattern does not change appreciably, it is thus possible.
without any absolute calibrations, to measure changes in the difference of the sum of
the source level, the receiving response and the transmission loss as a function of tem-
perature. The spraying of the transducers and the table with alcohol prevented the
formation of highly scattering or reflecting air bubbles on the transducer. In addition.
the transducer was left at least 24 hours in the tank before the first measurement
was made. A closed circuit filter-pump-refrigeration system kept mixing the water
until about half an hour before the measurement. It was impossible to do an accurate
absolute calibration as we were working in the nearfield of the transducers and did
not know what the spreading law_ was. From a previous experiment (Weydert, 1985)
we do know that the xy-beampattern of the transducer is well behaved and does not
change significantly with distance from the transducer as long as you do not get very
close to the transducer. The sound velocity changes by about 50m/s (out of
1500m/s) for a temperature change of 10°C, so the wavelength changes a few percent
per 10°C, which has no significant influence on that part of the sound field which is of

interest here. The sound absorption is less than 0.025 dB per meter at 112 kHz.
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Even a doubling or tripling of this value would have no significant influence on the
outcome of the measurements as we are looking for changes exceeding 1 dB. So,
differences in received/transmitted voltage or current are solely due to the trans-
ducer behavior. The results of the experiment are summarized in table 2-6. It can be
seen that the ratio of received to transmitted voltage drops or stays the same for all
transducers and frequencies as you lower the temperature from 13°C to 1.2°C. The
response and impedance changes for different frequencies are different, suggesting

that some of the resonance frequencies shifted.

transducer | frequency | high T low T

ITC 6093 18 kHz | -18.5 dB | -18.6 dB
ITC 6093 28 kHz | -25.8dB | -25.9 dB
ITC 6094 55 kHz | -35.4 dB | -35.1 dB
ITC 6094 63 kHz | -23.4dB | -22.8 dB
ITC 6094 71 kHz | -15.7dB | -18.1 dB
MPL 831 100 kHz | -15.1 dB | -17.5 dB
MPL 831 125 kHz | -13.6 dB | -17.9 dB

Table No. 2-6: 5/V + Ree.Sens. for temperatures of 20 and 1 degrees.

b) Calibrations as a function of pressure only

The transducers ITC 3253-1 to -5 (array), ITC 6094 and MPL 83-1 were
mounted on a single frame and lowered into the pressure vessel at TRANSDEC. The
size of the pressure vessel did not permit to make the measurements inside. The
vessel is, however, sufficiently transparent so that the standard can be ontside (vessel
losses are a few dB). This allowed us to make far field measurements at ambient
pressure and at pressures up to 100 bar. Comparisons between the results at pres-
sures of 1 bar and at high pressures yielded the changes in transducer response
without the need to correct for the vessel losses (assuming the vessel losses did not
change). The impedance measurements did not involve measurements through the

vessel and are exact.
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The changes of S/V + Rec. Sens. of the IT 3253 were less than 1 dB for both
4.5 and 9 kHz when the pressure was increased from ambient to 100 bar. The
5/V + Rec. Sens. of the transducer MPL 83-1 dropped by 1 - 2 dB and the magnitude
of the impedance dropped from 200 Q to 180 Q, when the pressure was increased from
1 to 100 bar. As already observed at sea, the transducer ITC 6094 changed its
characteristics when the pressure was increased from 1 to 30 bar, but did not change
between 30 and 100 bar. The S§/V + Rec. Sens. dropped by 4 dB when the pressure
was increased. Measurements of the impedance made with and without the matching
network confirmed that impedance changes were responsible for the changes in

transmitting voltage observed at sea.

For the pressure calibration of the 9 kHz system (ITC 3253 as projector and
ITC 6094 as hydrophone) the transducers ITC 3253-4 and ITC 6094 were mounted on
a bar and inserted into a cylindrical wave guide which could be pressurized up to 600
bar. Several measurements of the $/V + Rec.Sens. were made at different geometries
and pressures up to 530 bar. The $/V + Ree.Sens. increased by 8 +0.5 dB when the
pressure was increased from 1 bar to 30 bar. Only changes of the order of a few
tenths of a dB could be observed at higher pressures. The latter ones are attributed
to changes in sound velocity and, subsequently, in the beampattern. Assuming that
all the gas bubbles were dissolved, and knowing that the transducers ITC 3253-1 to -5
do not change substantially with pressure, the whole change of S/V + Rec.Sens. must
be attributed to changes of the characteristics of the ITC 6094, Since the transmit-
ting voltage monitored at sea at 60 kHz and the transducer response of the ITC 6094
measured in a pressure vessel showed strong changes for pressures below 30 bar only,
it is concluded that the changes which occur at depths of 300 meters or more can be
neglected. Hence, all the backscatter measurements made at depths exceeding 300

meters can be compared directly i.e. without knowing the absolute calibrations.
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The Teleprobe was put into a similar pressure vessel and the echo off a cir-
cular stainless steel plate (pc =40) was measured as a function of pressure. The

S/V + Rec.Sens. decreased 1 dB while the pressure was increased from 1 to 450 bar.

c) Measurements at sea

A temperature and pressure calibration would not be complete without mon-
itoring the parameters at sea. In order to make an in situ calibration and to keep
track of eventual power changes, a calibration sphere was towed behind the vehicle.
Because the XZ-beampatterns change significantly with the grazing angle, the data
collected at sea with the calibration sphere are too unreliable to identify any power
changes of the order of 1-2 dB. In addition to recording the echoes off the calibration
sphere towed behind the fish, we left the backscatter system operating at the end of
lowering 4 on Echo 2 until the fish had been brought nearly to the surface. This
allowed us to measure the transmit voltages for pressures and temperatures found
near the surface down to 3700 meters. At 2 frequencies (15 and 30 kHz), the calibra-
tion sphere allowed to measure the changes in S/v + Rec.Sen. while the fish came up.
No changes were observed. The transmit voltage was well recorded for all frequen-
cles. At 60 kHz, the transmit voltage decreased to 85% when the fish moved through
the upper 200 meters of the water column. This is in agreement with the measure-

ments made in the TRANSDEC pressure vessel.

d) Conclusions

The changes with temperature and pressure have been summarized in table
2-7. The response of the transducers ITC 3253 does not change more than 2.5 dB
when the transducer is cooled down to 1°C and the pressure is increased to 100 bars.

The changes of the the ITC 6093 are of the order of 1 dB only. The §/V + Rec. Sens.
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of the ITC 6094 drops by 3.5 dB at 60 kHz when the pressure is increased from 1 to
100 bars. At 9 kHz, the S/V + Rec.Sens. of the 9 kHz system (ITC 3253 and ITC

6094) increased by 8 dB when the pressure was increased. The change with tempera-

ture to be

appears insignificant. The transducer MPL 83-1

changes its
S/V + Rec. Sens. 1.5 dB when the pressure is increased and 2.5 dB when the tempera-
ture 1s decreased to 1°C. Assuming that these two effects add together, the
S/V + Rec. Sens. drops by 4 dB when the pressure is increased to 100 bars and the
temperature is lowered to 1°C. The S/V + Rec. Sens. of the Teleprobe 3 increased by

9.5 dB when the pressure was increased to 100 bar and the temperature lowered to

2°¢.

frequency | Aresponse Aresponse Atotal error?
20° -1° 1 bar - 200 bar | surface - deep

4.5 kHz -1 dB -1.5 dB -25dB | 1.5 dB
9.0 kHz 0 dB +3 dB +8dB | 4.0 dB
15 kHz - - -1 dBY | 1.5dB
28 kHz - - -14dBY | 15dB
60 kHz -0.5 dB -3 dB -4.5dB | 1.5 dB
112 kHz -2.5 dB -2.0 dB -4.5dB | 3.0dB
163 kHz -1 dB -1 dB -2dB | 1.5 dB

- =no data available

1
2

) = manufacturer’s estimate
) = calibration error for overall response

Table No. 2-7 : Transducer calibrations as a function of T and p

2.2.2.2.3 Conclusion

The backscatter system, including the associated electronics, has been cali-
brated. While an accuracy of 1 dB could easily be achieved for the calibrations of
the electronics, both the description of the sound field generated by the transducers
and the description of the response of the transducers to an incoming acoustic wave

presented a large number of problems. The response of the electronics has been tabu-
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lated (input voltage as a function of the output voltage) and is accurate within 1 dB
or better for output signal to reference ratios between -30 and +5 dB. The beampat-
terns were determined for several grazing angles in the respective xy-planes and for a
few azimuthal angles in the corresponding xz-planes. The xz-beampatterns show that
no absolute measurement can be made at several grazing angle ranges at frequencies
of 60, 112 and 163 kHz. Repetitions of the measurements (at room temperature and

a pressure of 1 bar) permitted us to identify and eliminate bad measurements.

The calibrations at temperatures of 1-2°C and pressures up to 100 bar

presented a new set of problems which have been described in detail.

Absolute calibration problems and systematic errors aside, it is thought that
with the following recipe, the calibration errors contribute less than 1 dB to the error
of the backscatter coefficients for 4.5, 15, 30 and 60 kHz, and less than 3 dB for 9, 112
and 163 kHz.

1) compute the effective beamwidth at grazing angles of 10,20,30,..,80,88 degrees

2) interpolate the effective beamwidths for intermediate grazing angles (and compute
effectively insonified area)

3) find the on-axis S/V + Rec.Sens. at room temperature and a pressure of 1 bar

4) determine the correction for S/V + Rec.Sens. for the grazing angle from the XZ-

beampattern

5) correct the S/V + Rec.Sens. for the temperature and pressure changes
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2.2.3 Noise

System noise, ambient noise and flow noise, all interfere with the acoustic
signal we want to measure. In spite of careful design, the backscatter system is very
noisy at high receiver gains or high time-varied-gain steps. In order to analyze the
backscatter at low signal to noise ratios i.e. at low grazing angles or in nodule free
and rock free zones, the noise levels have to be known. Therefore the noise was meas-

ured in the laboratory as well as at sea.

a) Noise measurements in the laboratory

For the noise measurements in the laboratory, the same set up was used as
for the gain calibrations (figure 2-2). We determined the noise levels at the top side
(deep tow control electronics) with the input at the transducer open for a TVG =0
dB and a TVG =-60 dB with the lowest possible receiver gains. From these measure-
ments, the noise level at the input can be calculated by adding the already measured

system gains and subtracting the bandwidth by

Vi
Vo = op 2.5
notse (lHZ) gal'n ; ;BW ( ))

where V,,,,.(1Hz) is the noise at the electronics input reduced to 1 Hz (volts rms), Viep
is the noise measured at the top side electronics with the gains set to gain, and BW is
the system bandwidth. The results are summarized in table 2-8. Although these
measurements tell us what the lowest recognizable signal level is, they are

insufficient, as they were made under idealized conditions. In situ measurements at

sea during a full sized deep tow operation are needed if you want to extract signals

with low signal to noise ratios.
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frequency | output without gains | noise for TVG 0 dB | noise at input .
4.5 kHz -117 dB 1.5uV -147 dB

9 kHz -115 dB 15 uV -148 dB

15 kHz -117 dB 14 uV -152 dB
30 kHz -113 dB 23 uV -151 dB
60 kHz -105 dB 56 uV -145 dB
112 kHz -107 dB 4.0 4V -147 dB
163 kHz -110 dB 3.2uV -150 dB

dB =dB ref 1 Volt rms
Receiver DDTO gain =2/16 for all frequencies
1) per Hz
Table 2-8 : Noise measurements in the laboratory

b) Noise measurements at sea

On the test expedition Ceres 1 in June 1982, we were able to measure the
noise levels on 3 of the 5 transducers. These data were relevant for the design of the
whole system, but they have no significance in the data analysis discussed below and

will not be discussed further.

During the data collections on Echo 1 and Echo 2, we made new noise meas-

urements in 2 different ways:

- Without changing anything on the gain settings, we stopped transmitting, and
listened for 5 minutes to the noise, cycling through the different frequencies as

usual.

- We moved the vehicle from the data collection depth slowly higher, so that the
first return came in later and later. This method permits to measure the noise

levels before the first return without having to turn off the transmit pulse.

In both cases we were able to determine the noise levels for the general
operating conditions and for the gains set on that particular run. The digitized noise
intensities were averaged for each TVG step, and made available for the data pro-

cessing in a disk file.
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The standard deviations of the averaged rms noise amplitudes are between

25 and 30%. If Is is the intensity of the signal, Iy is the intensity of the noise, then

the intensity of the signal and the noise Ig,y is given by

lowy = Is + 1y
Equation (2-3) can be rewritten as

Is = Isn — 1y
The error in the determination of the signal is then given by
2 2 2
and the relative errors are

2

als ¥ MoV 1 [&n
L) Is a? | Iy

I[f o >1, the second term can be neglected and the error of the

signal s equals the

. o I
measurement error of Ig,y. This leads to an error contribution of 15% for [—5 =R

I I
9% for == =4, and 3% for X = 100.
In Is

N
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2.3 Data collection and processing

2.3.1 Experimental set up

After the transponder net had been established at site 'E’, photographic and
side scan sonar data were collected. These permitted us to assess the nodule cover-
age, nodule free areas and the mining tracks of the Ocean Mining Associates. So we
could optimize the selection of the areas for the backscatter measurements as well as
those for the box coring (Spiess et al., 1984), all located with a 2.5 meter rms residual
error within the transponder net. After a set of tests of the backscatter equipment,
the receiver gains, the time-varied-gain and the pinglengths were adjusted so as to
get the best possible signal to noise ratios from high to low grazing angles. After all
the electronics had been set up, the transponder navigated fish was towed at a prear-
ranged height (27, 35 or 72 meters) above the sea floor, with vertical excursions of
4 meters. Pinging at one frequency after the other, the returned signal was recorded
for about 0.8 seconds after each ping i.e. up to a slant range of 600 m. This way, it
took 7 full seconds to cycle once trough all 7 frequencies. During that time the fish
traveled about 5.5 m along the sea floor. Figures 2-22a and 2-22b show the geometry.
The sound travels away from the transducer, hits first the bottom at normal
incidence (this is right below the vehicle for a flat horizontal bottom), then insonifies
one ring sector after the next. For a flat sea floor, at any given time, the backscat-
tered intensity arriving at the hydrophone comes from a well defined sector of the sea
floor (associated with a particular grazing angle). If the nodule coverage 1s low, a
substantial amount of acoustic energy penetrates the sea floor at 4.5 and 9 kHz,
before it is partially reflected by subbottom reflectors. These reflections add to the

surface backscatter and, except at normal incidence, cannot be timed out.

On Echo 2 the above described procedures were followed in general. At the
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Figure 2-22. Geometry of backscatter experiment

a) insonified areas: The insonified areas depend on the distance to the transducer,
the pulse length and the beamwidth. Different beamwidths and pulse lengths give
different areas which overlap as indicated.

b) schematics of geometry. The fish with the backscatter transducers s at a
height H above the sea floor At any moment t (time since transmission), the
backscattered energy comes from a well defined patch of the sea floor (and range
of grazing angles)
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Thirtymile Bank the water was shallow enough so that the fish followed the ship’s
track at a short distance. No transponders were launched and the ship was nawi-
gated using Loran C and Navstar. At the foot of the Patton escarpment, the tran-
sponders had been recalled before the last lowering (lowering 4) and the ship was

navigated along a straight track using Loran C and satellite navigation.

2.3.2 Data recording

As illustrated in figure 2-3, the data are sent from the Deep Tow control
electronics to a PDP-11/2 computer system with a 12-bit ADV-11-digitizer, a pro-
grammable clock and a standard magnetic tape drive. The control program waits for
the time-zero-reference key from the Deep Tow control electronics, starts the digitiz-
ing process at the desired digitizing rates at the desired times, converts the digitized
voltages into integers from -2048 to 2047 and stores them, together with a 20-word
header containing date, time and vehicle pitch, in 2048-word records on magnetic
tape. On Echo 1 and Echo 2 another computer recorded at the same time tran-
sponder navigation (whenever used), depth from uplooking sonar, ambient pressure.
height from downlooking sonar, compass heading and transmissiometer readings,
while the returns from the 110-kHz side looking sonars were displayed on a grey scale
recorder only. A special parameter file was created by the author for each back-
scatter run or whenever a parameter was changed. This file contains start and end
times of the run, gain settings, pitch scale, pulse lengths and digitizing rates. Par-
tially because of the unsatisfying beampatterns, the received signal in some of the
areas varied so much with time and grazing angle, that it was not possible not to
overdrive the first return and to measure at the same time the backscatter at low
grazing angles. As the nodule coverage varied substantially in the South-North direc-

tion where bare mud was followed by a transition zone with few, but large nodules
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and a very densely covered area with smaller nodules, it was decided to make 2 back-

scatter runs along the same path :

A run at 75 meters off the sea floor allowed us to receive the first return
without overdriving the system, while the signal was masked by the noise for

all grazing less than 60 degrees.

A second run made at a height of 35 meters overdrove the first return (at all
frequencies except 60 kHz, where there is a null in the beampattern in the
downward direction), but it allowed us to get a good signal to noise ratio at
all grazing angles from 75 degrees down to about 5 degrees (20 and 21 June

1983 on Echo 1, 11 and 12 August 1983 on Echo 2).

2.3.3 Computer limitations

The amount of acoustic data collected on the cruises Echo 1 and 2 cannot be
processed without a computer system. Even with conventional laboratory computers

like PDP-11 or VAX, the processing is very time consuming.

At the time of the Echo 1 expedition, only a PDP-11/2 and a PDP-11/23-
Plus computers were available to collect and analyze the data. Both computers were
running under the RT-11 operating system, which did not permit the use of programs
exceeding about 20k words. This called for a large amount of overlayed subroutines
as for parameter inputs from disk files. The acquisition of a faster PDP-11/73 with
nearly a Megabyte of memory and a TSX-multi-user operating system permit us to
use today much more me.mory for the post cruise data processing. TSX is, however,
not a real time operating system, and can therefore not be used for data collections
or real time processing. These are the reasons why the backscatter software pushes

the overlaying capability of RT-11 to its limits and takes certain parameter inputs

from Winchester disk files, two relatively slow processes.
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2.3.4 Data processing

Before the data were processed, the noise levels were determined either from
oscilloscope readings or from digital recordings made during the backscatter experi-

ments at sea.

Figure 2-23 shows a simplified flow diagram of the backscatter programs.
The 2048-word record containing a short 20-word header with the date, the time and
the vehicle pitch, is read from the magnetic tape into the computer memory. The
digitizing was always 10 kHz for the first 200 samples (interval before the electronics
switches to the TR-switch). After the frequency has been identified by measuring the
spacing between the two frequency markers, the parameter file with the gain settings
and pulse lengths and the file with the transducer response are read from the disk. A
new 64-word header with all the parameters listed in the appendix 2.is created and
written into memory together with the first 1984 digitized voltages. Now the data
analysis can start: The transmit voltage, the height of the transducer above the bot-
tom, the numbers of the words corresponding to the selected grazing angles or TVG
steps can be determined. After the noise levels have been read from a disk file, the
digitized voltages are corrected for the noise and vehicle pitch, before the sound pres-
sure levels, backscatter coefficients or other parameters which describe the back-
scatter are derived with the sonar equations. These are written into formatted disk

files and made available as graphs.
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Figure 2-23. Simplified flow diagram of backscatter programs This flow diagram
outlines the basic computer programs used to compute the backscatter
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2.4 Environment

2.4.1 Bottom roughness

Nodules stick 2-5 cm out of the sediments. The acoustic wavelength is 0.9 to

33 cm. A criterion for the roughness (Urick, 1983, p.129) of a surface is given by the
Rayleigh parameter R, defined by

R = kHsind (2-9)

where H is the rms wave height (crest to trough). In our experiment, R is always

greater than 0.33 in nodule-covered areas i.e. there is always some scattering. When

R >1, there is only scattering.

The roughness of the nodule bare areas at site 'E’ is the same as the one for
the nodules, but the horizontal scale differs (figure 1-7). The Thirtymile bank is not
isotropic with respect to roughness. It varies from an area similar in roughness to
site 'E’ to an area paved with phosphorites where H is of the order of 10 cm (figure
1-20). The base of the Patton Escarpment can be divided into two areas: one which is

smooth on the scale of the wavelengths used, and one which is similar to site 'E’

(figure 1-23).

2.4.2 Sound Speed and Ray Bending

The sound speed increases with salinity, pressure and temperature (Urick,
1983). Let z be the depth coordinate, and x the other coordinate in a vertical xz-
plane. Using Fermat’s principle for a horizontally stratified ocean, the path of an

acoustic ray is given by the variation of the Eikonal

B
I =f n(z) ds (2-10)
") = <5 (2-11)

is the index of refraction, ¢, is the sound speed at the reference level, A and B are the
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start and end points respectively. After some algebra and the use of the hypothesis
that the sound speed does not change in a horizontal plane, we find that
n cos § = constant (2-12)
n, cosly = ng costy (2-12’)
From this it follows that the ray paths are bent upward if the sound velocity
increases with depth as is the case in the deep ocean. As a result, the grazing angle

decreases compared to what it would be if the rays were straight lines, and the path

length between two fixed points increases.

The sound speed can be computed as follows: the salinity at the site 'Eis
34.7°/00, and the temperature is 1.5°C (J. Reid, personal communication). Using
these data in Leroy’s simplified pressure equation (Leroy, 1969)

p(z) = 1.0052405(1 +5.28 10~%sin"g)z + 2.36 1073:> (2-13)
where p = the pressure in decibars, z =depth in meters and ¢ = latitude. we find 2
pressure of 4573 decibar at a depth of 4500 m (40 meters above the sea floor), and
4533 decibar at a depth of 4470 m (70 m above the sea floor). Using this in the fol-
lowing equation (Lovett, 1978.eq.3)
¢ = c, +CT+CS +Cp + ¢sTp (2'14)
where
¢, =1402.394 m/s
¢ =5.01132T - 5.513036x10 T2 +2.221008x10™*T>
cg = 1.332947S
cp =1.605336x102P +2.12448x10" P
.9 5
cgp =-1.266383x10"TS +9.543664x10T2S
-1.052396x10"5TP? +2.183988x10™L3TP3
-2.253828x10" 13SP? +2.062107x108TS2P

we find a sound velocity of 1532 m/s at a depth of 4500 m, and 1531 m/s at a depth
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- . -2 . :
of 4470 m. The speed gradient with pressure dc/dp = 1.8x10"“ m/s/decibar. Using
these results in the equations for the sound rays allows us to compute the grazing

angles for the various fish heights.

Equation (2-11) leads to

Using this in equation (2-12’) leads to
cos 0y = cqofc, cos 6, (2-16)

Associating the index 1 with the transducer on the fish, the grazing angle 4, on the

sea floor can be related to the grazing angle at the transducer (table 2-9).

height =35 m | height =70 m

9, B, B
1.6 0.0

2.0 1.1

283 1.6 0.0
2.5 1.9 0.9
3.0 2.5 1.9
4.0 3.6 3.3
5.0 4.7 4.4
10.0 | 9.9 9.7

Table No. 2-9: grazing angle 4, on the sea floor as a function
of the grazing angle at the transducer 4,.

Comparison of the grazing angles at the transducer (01) and at the sea floor
=)
(6,) as computed with the ray theory for a sound speed gradient of 1.2x10°~

m/s/decibar. The heights are the transducer positions above the sea floor .

The ray bending influences also the transmission loss. For a constant sound

speed gradient and small grazing angles (§ = sinf), the transmission anomaly is given

by

H = 10log,y E/r*/I = 20 log,, cosb (2-17)
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where E/r‘3 is the inverse square spreading law and [ is the energy as determined
from the bent rays (Navy, 1969). H is found to be less than -0.15 dB in all cases of

interest.

As we listen only for about 0.9 seconds at each transmission, we cannot get,
to grazing angles below 2.9° at a height of 35 m, and 5.8° at a height of 70 m. This
keeps the corrections for the grazing angles well below 0.5°. In the data analysis,
corrections are only needed for grazing angles below 15°, as for the higher grazing
angles the correction is less than the uncertainty of the measurement of the grazing
angle. Both, the deviations from the square spreading law and the increase of the

distance between the transducer and a point on the sea floor are negligible.
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2.5 Reflectivity and backscatter of the sea floor

2.5.1 Assumptions, sub-bottom reflectors and errors

Processing of acoustic reverberation data is very time consuming, even with
the help of fast laboratory computers like the PDP-11/73 with floating point
accelerators. This calls for simplifying assumptions about the experimental conditions
to reduce the complexity and time involved in the processing of the data. In making

such assumptions, it was assumed that the errors involved would be negligible.

In the idealized experiment, a point transducer projects and receives sound
in a scattéring free, homogeneous and isotropic ocean (compare chapter 2.4 on sound
velocity and ray bending). The ocean is bounded at the bottom by a plane, rough sea
floor which both reflects and scatters sound. The transducér is far enough above the
bottom so that the sound waves hitting the sediment/water interface cannot be dis-
tinguished from plane waves. Then one needs to correct only for absorption and
spherical spreading (no ray bending!) in order to remove the height of the transducer
above the sea floor. These assumptions are generally good in clear deep water without
strong currents if the sea floor is in the far field of the transducer. This is the case
for all the backscatter transducers, if the height above the sea floor d, fulfills (2-18)

for the MPL 83-1 at 112 kHz (worst case)

d>>7ra"

(2-18)
where a is half the length of the longest transducer axis and X is the acoustic
wavelength (ANSI S1.20-1972). This required a transducer height of at least 15
meters above the sea floor. It ought to be be noted that the transducers are not
baffled, and that there are reflectors on the vehicle which interfere with the transmit
pulse and with the received signal. This means that the effective sizes of the trans-

ducers are larger than their physical sizes, and the vehicle with the transducer must



119

be farther away from a target for the target to be in the far field. On the Echo

expeditions, the minimal height was 35 meters.

This is essentially the model utilized to determine the bottom loss and the
backscatter coefficients. It has been refined, however, by using beampattern informa-

tion and some sea floor topography.

At frequencies from 15 to 163 kHz (absorption in sediments exceeds 8 dB/m
at 15 kHz and increases with frequency), it was assumed that the energy returned by
sub-bottom reflectors is negligible and that all the energy received at the transducer
comes from reflections and scattering of the sea floor. At 4.5 kHz, it is possible to
recognize two subbottom reflectors in a nodule free area at site 'E’, one at a depth of
10 meters, the other one at 20 meters. Similar reflectors exist in rock free and nodule
free zones as well as in nodule covered zones in other parts of the ocean (Bischoff and
Pi;;er, 1979; Spiess, et al, 1984; Spiess and Weydert, 1984) From the 4 kHz 'p’-
subbottom profiles collected during and between the camera runs, we know that there
are subbottom reflectors throughout site 'E’. In areas which are covered with either
rocks or nodules, 2 much smaller fraction of the energy arriving at the sea floor can
penetrate into the sediments than in bare areas. Hence the return from sub-bottom
reflectors is much smaller and can probably be neglected. Using the return from the
reflectors at 10 meters and 20 meters depth in the south-east corner of site 'E’, it can
be shown that this error exceeds 3 dB at 4.5 kHz for sparse nodule or rock coverage.
This makes it difficult to use a frequency of a few kHz for nodule assessment at inter-
mediate grazing angles, especially as changes in the depth of the upper acoustic
reflector correlate with changes in nodule coverage (In some areas, it might enhance
the differences though). The normal return and the return from very low grazing
angles permit, however, the use of a window to time the return from the sub-bottom

reflectors out. This allows one to employ frequencies of a few kHz at normal
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incidence. At grazing angles from 20 to 60 degrees, the 4.5 kHz data have to be
treated with suspicion for vehicle heights of 30-40 meters above the sea floor.
Returns at these grazing angles can arrive at the same time as the returns from the
sub-bottom reflectors. In some cases it was possible to estimate the intensity from
the sub-bottom reflector and compare it to the intensity at the critical grazing
angles. Whenever the intensity returned at some time ¢ (and grazing angle 4) is large
compared to the return expected from the sub-bottom reflectors, the data do not

need to be rejected.

Three kinds of errors need to be considered: a) absolute errors, b) relative
errors at fixed grazing angles i.e. errors to which the individual measurement is sub-

jected, and c) errors at different grazing angles.

a) Absolute measurements are accurate only within the accuracy of the
absolute calibration (chapter 2.2). These do not effect the differences between meas-
urements made under the same conditions in different environments or within the

same environment.

b) The accuracy of relative measurements at a given grazing angle is
influenced by the knowledge of the geometry and the characteristics of the environ-
ment. Relative range and absorption errors total less than 0.2 dB (worst case). The
changes of the insonified area at a fixed grazing angle are accurate within 0.1 dB.
The network response of the electronics has been calibrated with a relative accuracy
of 0.2 dB for signal to noise ratios exceeding 6 dB. From this it can be concluded
that the comparison of data of the different environments is good within 1 dB (12%)

or better for each frequency.

c) The incomplete knowledge of the beampatterns as a function of grazing

angle is an exception to this rule. The error in the effective beamwidth and the
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transmit response is less than 1 dB for grazing angles of 0, 10, 20, 30, 40 and 30

degrees (chapter 2.2).

2.5.2 Normal incidence

2.5.2.1 Rayleigh coefficient and bottom loss

[n this section an attempt is made to parametrize the acoustic bottom loss
according to Lord Rayleigh’s specular reflection model (Rayleigh, 1896). The sea floor
is considered a plane interface between two fluids with densities p, and p, and sound
velocities ¢, and ¢, respectively. If the rms roughness is smaller than the acoustic
wavelength, the assumption of a flat sea floor will be valid. Hamilton has shown that
the description of the sea floor as a liquid is good, but that the sediments do pro-

pagate shear waves. The fluid model will be incorrect, but not gravely so.

The wave equation in any number of dimensions can be written as

2
VP = :1— ——‘Z; (2-19)

If the transducer is far enough from the sea floor so that the transducer can

be considered a point source i.e.

Height > mL*/4) (2-20)

where L is the length of the transducer, then the acoustic wave can be considered to

propagate radially. For a simple harmonic source of the form

i Ps =P,c' (2-21)
the solution to the wave equation becomes in spherical coordinates

g,

P = e—s'(ler—wt) (‘)-,)0)

r

where & =27/\ is the wave number. If there is some absorption in the medium, then

—r—

P =P, e~ t— (2-23)
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where « is the absorption coefficient. If this wave field is reflected elastically from a
plane boundary at a distance H from the transducer (normal incidence), and if the
pressure and the normal component of the sound velocity are continuous at the boun-

dary, the reflected wave can be written as

I‘J‘Q

2H

P =R, P, e e~ (2-24)
where the Rayleigh reflection coefficient R, is given by
R, = Pafemhily (2-25)
Pacotpycy
This can be rewritten as
Z =1
Rz = 2-2
¢ Z+1 3=26)
where Z = pﬁcz. The acoustic intensity [ is given by
picy
[=4£ (2-27
o (2-27)
From this we find
~52H)2
[=1I R2*——o 2.28
2ay (2-28)

since both the incident and reflected waves propagate in medium 1. To get the

corresponding sonar equation, we take on both sides the logarithm and multiply by 10

to find
10 log I = 10logl, + 20 log R,—20logaH — 20 log 2H (2-29)
or
EL =SL — BL — TL (2-30)
where

EL = Echo Level
SL = Source Level

TL = Transmission Loss



o = absorption cocffictent (dB/m).
and the bottom loss BL has been defined by
BL = —201log R, (2-31)
It is evident that by integration over a pulse length, this equation can be
written in terms of energy instead of (peak) intensities as

BL = SEL “m EEL - TL (2‘32)

where

BL = Bottom Loss
Sgr = Energy transmitted per ping

Eg, = total energy received per ping

Both approaches will be used below. For the derivation of the Rayleigh
reflection coefficient, it had to be assumed that the incident waves are plane waves
and that both the pressure and the normal component of the velocity are continuous.
Officer (Officer 1958) has shown that this simple model is a valid approximation for a
spherical wave incident on a flat interface if

il

wH [cZ/c3 ~sin®f]*/2

For normal incidence, § =0 and equation 2-32 reduces to

< 1 (2-33)

— X1 2-34
arHe ¥ ¢3 - ( )
where w = 2r¢,/\,. This requirement was always fulfilled during the Echo 1 surveys.
Although it has been shown that the fluid/fluid model is a valid approximation to

describe the reflections of a smooth sea floor (Hamilton, 1970) the above theory can

completely fail if the roughness is comparable to the acoustic wavelength.

Measurements of the bottom loss made by Breslau at 12 kHz (Breslau,1967)
in 350 meter deep water give an energy based bottom loss of 14 dB and a peak based

bottom loss of 18 dB for silty clay at 40° 15'N, 70° 43'W (Martha’s Vineyard).
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Breslau also established a correlation between the sediment type and porosity and
the bottom loss. Subsequent work by Hamilton (Hamilton,1974) refined Breslau’s
correlations and permitted to estimate the bottom loss from sediment properties.
Using Hamilton’s data for p; and ¢, one can compute the Rayleigh coefficient R, and
the bottom loss BL using equations 2-24 and 2-30 respectively. The results are sum-
marized in table 2-10. Unfortunately, Hamilton did not study the frequency depen-

dence of the bottom loss.

environment Bottom Loss
very fine sand | 8-9 dB

silt 10-12 dB
silty clay 16-18 dB
clay 17-19dB

Table 2-10: Bottom loss [dB| as computed from Hamilton 1974

The bottom loss as calculated at 4.5 kHz from that data at site 'E’ averages
26 dB over the sediments and 22 dB over the nodules. These numbers are substan-
tially higher than those from Hamilton and Breslau. Hamilton worked on a different
type of sediments, and did not predict a frequency dependence. Breslau made his
measurements at 12 kHz, a frequency at which the return is likely to be mostly back-

scattered, and little energy penetrates the bottom (compared to 4.5 kHz).

A simple test can be made to check the validity of the reflection model: The
spreading loss for the backscattering is 40logH + 10log4 (A is the effectively insonified
area) while the spreading loss for the reflection is 20 log 2H. If one of the two
mechanisms is strongest, than either the backscatter coefficient or the bottom loss

does not change while the height of the transducer is varied.

The bottom loss calculated with (2-32) at site 'E’ is a constant for nearly
uniform areas and constant fish height. When the vehicle is pulled higher, the bottom

loss increases rapidly for frequencies from 9 to 163 kHz (figure 2-24). (only one good



data set over the nodule field).

If the return is composed of scattered energy, then the corrections for spheri-
cal spreading and insonified areas have to be used. The changes in returned energy
(use the negative of the backscatter coefficient) are less pronounced if the applied
correction is spherical spreading for the returns from the manganese nodules, than if
those data are treated as reflected energy. From this it can be concluded that at
least a large part of the returned energy is scattered energy. As the fish was also
moving horizontally, it is difficult to estimate the relative importances of reflected
and scattered energy with this method. A different approach will be used below to

determine the parts of scattered and reflected energy in the returns.

2.5.2.2 Envelope statistics

Assuming that the incoherent initial process is described by a normal distri-
bution, it can be shown (Anderson, 1984; Ol'shevskii, 1967) that the envelope distribu-

tion of the sum of the reflected and scattered return at normal incidence is given by

/2 1/2
I L) I LV I,
R) = 2R|14+—lexp |-R?|14+—=|—=-| J, |2R |1+ | & 2-35

where both I and 5 have been normalized by dividing them by their sum Ip +I5, R
is the amplitude of the envelope of the sum of the noise and the signal, J, is the
modified Bessel function of zero order, and p(R) is the generalized Rayleigh distribu-
tion. In this form the distribution describes the transition region between the simple

form of a Rayleigh distribution

p .
[—” <1 p(R) = 2Rexp(-R?) (2-36)
s
and a Gaussian
nIR
> R-1)¢
I exp [( ) 15]

S > p(R) =
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This permits one to determine the Ii ratios by comparing the experimental
s

distribution with the theoretical distribution p(R). Some examples of the envelope dis-

. . ; [
tributions are shown on a double logarithmic scale in figure 2-25. The — have been
s

tabulated for 10 minute intervals in table 2-11 for 20/21 June 1983. Mud is from
23:20 - 23:30 GMT, and the transition zone from 23:35 - 23:45 GMT. This simple
method permits one to recognize that at 4.5 kHz the nodules do not appear rougher

than the mud (the mud might cover nodules, though), while at the higher frequencies
N D .
they do. While the ratio .IL is roughly 8 at 4.5 kHz, it becomes less than 0.06 at fre-
s

quencies exceeding 15 kHz. This means that at frequencies of 15 kHz or more the
return from nodule fields is mostly scattered energy, while below 15 kHz there is a
substantial amount of reflected energy. At the lower frequencies (9 kHz or lower) the

major part of the return at normal incidence is reflected energy.

time (GMT) 45kHz | 9kHz | 15kHz | 30 kHz | 110 kHz
22:54 - 23:00 4 2 0 - --
23.00 - 23:10 6 2 1.0 0.5 0
23:10 - 23:20 6 0.5 0 2.0 2.0
23:20 - 23:30 8 6 2.0 2.0

23:30 - 23:40 8 2 0 - -
23:40 - 23:50 4 D 0 0 0
23:50 - 24:00 8 2 2.0 0 0
00:00 - 00:10 8 2 0.5 0 0
00:10 - 00:20 8 4 0 0 0
00:20 - 00:30 3 D 0.5 0 0
00:30 - 00:40 8 D) 0 0 0
00:40 - 00:50 8 - 1.0 0 0
00:50 - 01:00 8 4 0 0 0
01:00 - 01:10 12 - 0.5 0 0
01:10 - 01:20 8 - 0 0 0

I
Table No. 2-11: TR- for the 75 meter run on 20/21 June 1983 as a function
s

of time and frequency.
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From this it can be concluded that over the nodule field, the received inten-
sity is mostly reflected energy at 4.5 kHz, 2/3 of the total reverberation are reflected
energy at 9 kHz, and 1/3 at 15 kHz. The received intensities must be corrected by
these factors before the backscatter coefficient can be calculated. The sediments at

site 'E’ appear a little more coherent as is suggested by the higher ratios of reflected

to backscattered energy.

It has been shown that the ratio of the reflected to the backscattered return
is proportional to the product of the rms-roughness and a two-dimensional correlation
area (Stanton, 1984). The available data do not permit to decide which of the two
parameters is effected by the change as the roughness of the sediments could well

exceed that of the nodules imbedded in the sediments.
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2.5.3 Backscattering strength

2.5.3.1 Background

In the following the sonar equations as used for the data analysis of the
backscattered signal will be derived and the following simplifying assumptions made:
1 - The projector is far enough from the sea floor so that the source can be considered
a point source, and that the waves incident on the sea floor are approximately plane
waves.

2 - The propagation paths are straight lines (see chapter on sound velocity and ray
bending). The only sources of attenuation are spherical spreading and absorption.
(no volume reverberation)

3 - The distribution of scatterers on the sea floor is random and homogeneous within
the area insonified at any given instant of time.

4 - The number of scatterers within an elemental area dA is large.

5 - A short pulse is used i.e. a pulse which is short enough so that the grazing angles
under which the backscattering occurs do no change substantially over the area
insonified at any given instant of time, and that propagation effects over the elemen-

tal area can be neglected.

Consider figure 2-22. If 5(6,pht) is the beampattern of the projector, and I, is
the on-axis intensity at a distance of 1 meter from the projector, the intensity /,,, on

the sea floor at a distance R and a grazing angle 6, is given by

It = —e— " (2-38)
where « is the absorption coefficient. Let S be the backscattering coefficient defined

by

I
S BS

Line

where Izs is the intensity which is backscattered to the source, measured at a

{,m (2-39)
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distance of 1 meter from the scatterer(s). Igs is given by equation (2-40):

L
Igs = ek —R; SdA (2-40)
[,6(6,9)S
= R T ;f) dA (2-407)

If the voltage response of the hydrophone is X (voltage is proportional to incident
incremental pressure) and its beampattern is ¢(4,4), then the output voltage at the

hydrophone terminals is given by

I c—‘ZaR
[

(Vi i S e b(0,6)0(9.6)SdA (2-41)

where V7 is the mean squared output voltage at the receiver terminals.
Assumption 4 allows one to make dA differential and to integrate over the
insonified area A. Since the scatterers are randomly and homogeneously distributed

(assumption 3), the scattering coefficient S is a constant. Integrating (2-40) over A,

we find

I
(ViR = X2 R: Se~2R [5(8,0)b (0,8)dA (2-42)
A
If we define the equivalent plane wave reverberation level RL as 10 times the loga-

rithm of an axially incident plane wave producing the same hydrophone output as the

observed reverberation in dB, we find

RL =10 log(R4

L
Se~2R [bh'dA) (2-43)
A
Equation (2-43) is exact under the assumptions 1 to 5 and can be extended to volume

reverberation by replacing the differential area dA by the differential volume dV and

the area A by the volume V. (Keane, 1968)

In the experiments made in the present study, a short pulse was transmitted
to measure the acoustic backscatter properties of the deep sea floor. At any given

instant of time, the received reverberation signal came from a well defined patch of



the sea floor corresponding to a small range of grazing angles (figure 2-22). Unfor-

tunately, contrary to the volume reverberation where

n T
dV = r c-‘)—dQ (2-44)

-

and the integral in 2-42 can be easily evaluated by replacing it over an integral over

47 sterads, the integral

v o= [hb'dA (2-45)

i1s more problematic.

A transducer at a height H above the sea floor (figure 2-22) transmits a
pulse of duration r at the time zero. A a time ¢, = E, where ¢ is the sound velocity.

c
the acoustic pulse hits the sea floor. The first echo (normal incidence coherent and
. . N o :
incoherent return) arrives at the transducer after a time ¢, = =+ (90 degree grazing
c

angle). At time ¢, + 7 the whole wave train has hit the sea floor and the last return
contalning energy from normal incidence is received. From then on, the return comes
from a patch of the sea floor determined by the beamwidth, the pulse length, the
height of the transducer, and the time since the transmission. If ¢ is the time since

the end of the transmission, then all the returns for distinces d with

te
? <d<L (t+7‘)

19 |a

. (2-46)

add together to the signal received at time t. If z, and z, are defined as in figure 2-

22, then the ring insonified at time t by an omnidirectional transducer is given by

since
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= \VH +2? ' (2-49.2)

For a transducer with an effective beamwidth of A¢ radians, the insonified area is

¢

(O'n

(¢t +7)

o

proportional to the beamwidth (figure 2-22b) and is given by

A6

2
[4 =
A = 1r(2tr+12’T - (2-50)
The grazing angle 4, and the time ¢ are related by
sing, = L (2-51)
<
2

The integral (2-45) can now be replaced by equation 2-50, as for a given grazing angle

By =1 for << (2-52)

by =

0 otherwise
for an effective beamwidth Ag(), and (2-42) can be rewritten as

RL = 10log/, —40logR — 10loge™*# 4+ 10logS +10log-A (2-33)
RL = SL -2 TL + BS, + 10logA (2-54)

where SL is the transmitted energy in dB reference 1 zPa at 1 meter, TL is the one-
way transmission loss in dB reference 1 meter, BS, is the backscatter coefficient and

A Is the effectively insonified area.

After rewriting equation (2-34), the backscatter coefficients can be calcu-

lated by

BS = 20log Vi — 20log Vi, +2TL —(S/V + Rec.Sens. ) — 10logAd (2-35)

where VI is the rms voltage generated at the transducer terminals by the received
signal, V¥, is the rms voltage applied to the projector, S/V is the voltage transmit-

ting response of the projector, Rec.Sen. is the receiving response of the hydrophone,

and A is the effectively insonified area.
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In order to predict the backscattering strength for different environments,
an expression relating S to environmental parameters like the roughness ¢ and the

impedance

P16y 9
= 2-5
z e (2-56)

where pc is the impedance of the medium (sea water) and p,c, is the average

impedance of the sediments of a flat sea floor (see Hamilton 1974 for relationship to
porosity and bulk density). Morse and Ingard (Morse and Ingard, 1968) have shown
that the scattering of sound incident at a grazing angle ; on a patch of rough sur-

face which has also random variations in surface admittance is given by

tkr sinf;sind . )
P, = pP;< . ['kb k2t HeTo FihyVo gr d 92.57
' " wr (sinf; +1/z) (sinf +1/2) JT | ikbire) + Koe(r, ) 4, 4y, (2-57)
where 6 is the grazing angle. The function b = 1/z —1/z, is the deviation of the

admittance at the point r, at the surface from the mean value 1/z,, and € is the nor-
mal displacement from the mean shape of the sea floor.

7* = cos™; + cos’§ — cosd;cosfcos(¢; — ) (2-58)
where theta and phi are the grazing angle and the azymuthal angle under which the

sound is scattered. For backscatter this expression reduces to

¥ = 2cosb,; (2-58")

If the two parameters are statistically independent, the intensity of the scattered

sound is

n
-

sinf;sind
(sind; +1/2z,)(sind +1/z,)

)

i
Is = x4
2

{k? | B(k)2 + Kyt |Z(k7)|2} (2-59)

where B(K) is the two-dimensional Fourier-transform of b(r), and Z(k) is the two-
dimensional Fourier-transform of &(r). The first term in braces depends on the

impedance variations and in the presence of nodules is defined by the two-dimensional
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Fourier-transform of the nodule distribution. The second term describes the rough-
ness. By setting (2-39) and (2-39) equal, the scattering factor S is found to be

. . 2
sinf;sind

(sinf; +1/2,)(sind +1/z,)

) |
ol i

S = 4m | !
1 I

1 !

{k2 | B(k~)2 + k44 IZ(/m)l?} (2-60)

If the fluctuations of € and & are random, their correlation functions will be

approximately

S CHLE
i

7.(d) = <B*> (2-61a)

1
— (4% wé)

Yed) = <€¥>e (2-61b)
Three cases are of interest here:
- environments with different, but constant impedance (different sediment types)

- environments with local changes in impedance (nodules)

- environments with different roughness (different nodule sizes, different sediments)

2.5.3.2 Data reduction

The backscatter coefficients were calculated with equation (2-53) for each
digitized sample, after appropriate corrections for the beampatterns and the pitch of
the vehicle had been made. It is understood that the reflected energy was subtracted
from the total energy for the returns at normal incidence (compare chapter on
envelope statistics). These backscatter coefficients were stored on disk or magnetic
tape, since their computation was by far the slowest process (many floating point
operations and frequent memory swapping). The backscatter coefficients were also
displayed graphically. A comparison with the raw signal permitted us to select the
grazing angle ranges with valid data (figures 2-26 and 2-27). Then the backscatter

coefficients were averaged for each ping over a range of grazing angles using either a
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1° or 5° window. From here ensemble averaging over a number of pings at a fixed
grazing angle or range of grazing angles could proceed directly. The extension of the
homogeneous parts of the sea floor being 50 to 400 meters, it is appropriate to aver-
age over 1 to 5 minute intervals which correspond to 8 to 43 pings per frequency.
(The fish travels approximately 45 meters per minute). The 68.27% confidence limits
for the average backscatter coefficients are better than +2 dB for 1 minute intervals

and better than +1 dB for 10 minute intervals.

A second approach was to ensemble average the raw intensities, subtract
the average noise intensity and to apply equation (2-55). At grazing angles of 30° or
less only data where the agreement between the two methods was good have been

retained.

2.5.3.3 Results

Although the site at the foot of the Patton Escarpment was the last one
visited, it will be discussed first as it is comparable to environments studied by other
investigators (Urick, 1983; Jitkovskii and Volovova, 1965). The sea floor is composed
of silty clay (chapter 1.3). Its rms-roughness is of the order of a couple of cm (figure
1-23). Figure 2-28 shows the backscatter coefficients (8 ping averages) as a function
of the grazing angles for 60 kHz. The backscatter coefficients are constant and equal
about -10 dB over a large range of grazing angles. The high frequency oscillations are
beampattern effects. At grazing angles of 20 degrees or higher they can be averaged
out with a 5° window. Figure 2-29 shows the frequency dependence of the back-
scatter coefficients for 15, 28, 60 and 163 kHz at average grazing angles of 30 and 40

degrees and at normal incidence for averages over 80 pings or more.

Figure 2-29 also shows the backscatter coefficients of the sediments at site

'E’. Note that these are always equal or less than those observed at the foot of the
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Figure 2-28. Samples of low-passed backscatter coefficients

8-ping averages of the 60 kHz backscatter coefficients as a function of the grazing
angle (foot of Patton Escarpment).
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Patton Escarpment.

The next higher backscatter coefficients in figure 2-29 are those from the
nodule covered areas at site 'E’. The backscatter coefficients from the Thirtymile
Bank appear to be the strongest ones. This is not surprising as large parts of the
Thirtymile Bank are covered by phosphorite slabs. From figure 2-29 it is clear that
the acoustic behaviour varies substantially between the four environments studied Le.

1t is possible to identify each one of them by its characteristic acoustic signature.

The standard errors (Spiegel, 1961) were added to and subtracted from the
means. Then these values were transformed into dB. The error bars in figures 2-29
to 2-32 show the 68.27% confidence limits. In figure 2-29 the calibration error of
+1.5 dBhas been added to the standard error. The lower limit is 2.3 dB below the
mean for the site 'E’ sediments in figure 2-29, and 0.8 dB in figures 2-30 to 2-32. The
errors for the backscatter coefficients of the sediments at the site of the Patton
Escarpment are 0.2 dB smaller (400 pings). The errors for the backscatter coefficients
from the manganese nodules (140 pings each) and from the phosphorites (160 pings)
fall in between. The standard errors for different frequencies, but the same environ-

ment, differ by 0.1 dB or less. Note that in figure 2-29 the major error contribution is

a calibration error which is known in dB only (table 2-7).

Figure 2-30 shows the frequency response (relative to the response of the
deep sea clay of site 'E’) for the four environments and all 7 frequencies. Since the
same equipment was used and the vehicle was kept at the same height, these meas-
urements are not subject to calibraticn zrrers of the acoustic. equipment. Relative
changes could be measured within one dB for the sediments and the nodules of site 'E’
and for the sediments west of the Patton Escarpment. Small beampattern changes
are possible between ?hese three sites and the Thirtymile Bank, since the acoustic

wavelength changes when the_“pressure is increased from 70 bar to 450 bar. Such
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changes do, however, not change the return by more than 2 dB.

At grazing angles different from 90° the backscatter coefficients of the sedi-
ments near the Patton Escarpment differ less than 5 dB from those at site 'E’ and are
always higher at 9, 15, 28 and 60 kHz. Very careful measurements are required to dis-
tinguish the two sediment types at 112 kHz and 163 kHz. The Thirtymile Bank phos-
phorites and the manganese nodules of site E’ backscatter the acoustic energy much
more than the two sediment types. But, again, it is not possible to distinguish
between these two types of sea floor at 112 and 163 kHz, but their frequency depen-

dence is different at 9, 15 and 28 kHz.

Using an impedance of 2.010° and 2.2 10%g¢ m/m? for the sediments at site E
and at the foot of the Patton Escarpment respectively (from Hamilton, 1974) the first
factor in equation (2-60) is nearly 1 dB higher for the sediments at the Patton
Escarpment. This suggests that only a fraction of the change in backscattering
strength comes from the change in impedance as described by the first factor in equa-
tion (2-60), the second part coming from changes in roughness (either correlation area
or rms roughness) or local changes in impedance as included in the second factor of
(2-60). This hypothesis is supported by the frequency dependence of the backscatter.

An alternate explanation would be a frequency dependent impedance which has not

been observed to the knowledge of the author.

As already observed at 60 kHz (figure 2-28), the backscatter coefficients vary
only slowly at grazing angles above 20°, while the changes below 20° are of the
order of 1 dB per degree (figures 2-31 and 2-32). This is in agreement with the meas-
urements made by previous authors and summarized by Urick (Urick, 1983). The
relationships between the backscatter from the different environments are conserved

as the grazing angle changes. This will allow one to make measurements at any one

grazing angle at frequencies of 15 kHz and higher.
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Figure 2-31. Relative backscatter coefficients as a function of the grazing angle

Relative Backscatter coefficients as a function of the grazing angle for 15 kHz (a)
and 28 kHz (b) in arbitrary dB. The error bars are the 68 27 confidence limits
(see text) Since no absolute calibrations are needed. the errors of the absolute
calibrations do not contribute
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Figure 2-32. Relative Backscatter coefficients as a function of the grazing angle

Relative Backscatter coefficients as a function of the grazing angle for 60 kHz (a)
112 xHz (b) and 163 kHz (c) n arbitrary dB. The error bars are the 58 27°%
confidence limits (see text) Since no absolute calibrations are needed. the errors
of the absolute calibrations do not contribute
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2.5.4 Statistics

The statistics of the envelope of the backscattered signal can be used at all
grazing angles to discriminate between various environments. In chapter 2.4.3 first
order statistics were used to measure the relative importance of the scattered and
reflected signals at normal incidence. In the following, second order statistics of the
envelope will be related to changes of the physical characteristics of the sea floor. No
absolute calibration is required for this analysis. However, a good knowledge of the

beampatterns of the transducers will be useful to prevent the geologist from looking

at beampattern artifacts.

2.5.4.1 Covariance function of the envelope

If s,(t) is the envelope of the transmitted signal, then the harmonic

transmitted signal s(¢) can be written as

s(t) = 3,(t) cosw,¢ (2-66)

and the more general narrow-band transmitted signal can be represented as

3(t) = s,(¢) cos(w,t +P(t)) (2-66")
where w, is the center frequency and &(t) is the phase of the signal. Any state of the
narrow-band reverberation process F(t) of individual scatterers located at distances
tic/2 (t; =time of ith scatterer, ¢ =sound velocity) can be written as

N
Fo(t) = E}la,-a(t—t,-) (2-67)
where q¢; are the stochastic amplitudes of the ‘scattered signal. N is the number of
scatterers, and in this context, a stochastic variable. Using the two-dimensional
theorem of superposition of stochastic processes, it can be shown (Olchevskii, 1967)

that the correlation function R,(r) defined by

[ s(t)s(t+7)dt
R() = o (2-68)
[ s%(t)dt

-0



147

becomes for quasi-harmonic signals (if é,; is the effective pulse length)

cosw,r ¢
R.(r) = === [ s(t)a,(t)cos[®(t+7)-2(¢)]dt (2-69)
f o
For a harmonic pulse
@(t) = ¢(t+1') = 0 (2-70)
and
+00
R,(r) = cO:w,T [ 3.(t)s,(t+7)dt (2-71)
eff o0

Equation (2-71) means that for harmonic signals the reverberation correlation

depends only on the envelope of the transmitted signal. Equation (2-69) can be

rewritten as
R.(7) = r.(r)cosw,r (2-72)
where the beat r(r) can be called the "correlation coefficient envelope”, as it varies

slowly compared to cosw,.

If the transmit pulse is of finite duration,

s(t) =0 for |d > ¢,/2 (2-73)

where ¢, is the duration of the transmission. Using equations (2-73) and (2-69), and

replacing ¢ by t-r/2,

) ~ 327 Jalt -l + 3 )eos(@(t +7/2) — &t - r/2)]dt (2-74)
) (‘:—f)/2
r,.(r) = 5‘-! { ‘so(t _T;L)so(t +Er)dt (2_74’)

for harmonic signals. Olchevskii (Olchevskii, 1967) defines the correlation interval by

+00
7. = [l(r()dr (2-75)
—00
For a rectangular pulse shape s,(¢) = 1 for [t/< 6§/2, where 6 is the pulse length, and

we can calculate r.(r)
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|4

() = 1-— forfd < 6 (2-76)

and the correlation interval is 7, =§/2.

Olchevskii’s results (2-71) and (2-76) were derived for constant mean and
constant returned energy. These conditions are obviously not fulfilled for bottom
reverberation i.e. where the return varies as a function of the grazing angle. The

reverberation process, like any quasi-harmonic stochastic function, can be written as

V(t) = E(t)cos(w,t + ¥(t)) (2-77)
where E(t) is the envelope, w, is the center frequency times 271_',‘ ¥ is the phase of the
reverberation, and ¢ is the time since the transmission. For zero mean, <V{¢)>=0,

where <>is the ensemble average, and the covariance function Ky can be defined as

Ky(t tg) = <V(t) V(t)> (2-78)

(Bendat + Piersol, 1971). When the reverberation is stationary, the covariance can
be expressed in the narrow-band form

Ky(r) = K,()cos|w,7 +¥,(¢)] (2-79)
where 7 =t, —t, (Plemons, Shooter and Middleton, 1972). K, and ¥, are the envelope
and the phase fluctuations. For varying means, the covariance function of the
envelope E(t) is best defined as
<E(ty)—p)(E(to)—p0)>

( LE(t)=1)> B (to)—uo)*>)'2
where y; = <E(t;)> This definition is a generalization of the one given by Olchevskii

Kg(tyty) = (2-80)
(Olchevskii, 1967). Olchevskii has shown (Olchevskii,1967) that for stationary,

narrow-band Gaussian reverberation processes, the covariance of the envelope is

given by
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-~

where ~{ is the hypergeometric function, ¢ =<V¥(t)> K o(r) 1s the normalized

envelope and C is the normalization defined by

C = (<E¥t;)><E¥ty)>)'/? (2-82)
Equation (2-81') means that the correlation coefficient of the reverberation envelope
fluctuations is approximately equal to the square of the correlation envelope of its
instantaneous values. Olchevskii (olchevskii, 1967) states that if one uses the first 2

terms l.e.

Kg(r) = 0.91rXr) +0.09rX(7) (2-81")
the error turns out to be less than 1% while the error can reach 109% if one uses the

first term only.

Using equation (2-76) in equation (2-81), the covariance of the envelope

becomes

Ke(r) = (1~=) (2-83)
where Kp has been normalized so that K £(0) =1 (figure 2-33). This permits us to
compare the theoretical covariance represented by equation (2-81) with the covari-
ance calculated with equation (2-80). Deviations from equation (2-81) express viola-
tions of the assumptions made for the derivation of equation (2-81) i.e.

(1) the reverberation is narrow-band

(2) the reverberation is Gaussian

(3) the reverberation is stationary

The equipment (transducers, drivers and filters) and the pulse lengths ascertained
that requirement (1) is fulfilled. The reverberation (the stationary part of the signal)
is Gaussian if there is a large number of scatterers i.e. <N>§ >1, where <N> is the
average number of scatterers, and § is the pulse length (for a square transmit pulse).

The stationarity is the condition which is most likely to be violated. We shall
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therefore interprete deviations from the theoretical curve (figure 2-33) at frequencies
from 9 kHz to 163 kHz as deviations from stationarity. At 4.5 kHz, the transmit

pulse cannot be considered to be a square pulse as the rise time exceeds 109 of the

pulse length.

For frequencies from 15 kHz on upwards, the pulse length was only 1 ms. At
a digitizing rate of 2 kHz, this resulted in 2 samples per pulse length on the 30 meter
runs. As the covariance of the envelope decreases from 1 to zero over one pulse
length, the resolution is very poor and the asymmetry and the width of the covari-
ance can only be measured roughly with the sampled data. In order to increase the
accuracy with which the shape of the covariance curve can be determined, it was
necessary to increase the digitizing rate. An interpolation of a band-limited signal is
possible if it has been sampled at the Nyquist or a higher frequency. As the pulse
lengths were 1 ms or more, this was the case. The interpolation was done by insert-
ing three additional samples (zeroes) between any two data points. Then the new
samples were low-pass filtered using the Finite Impulse Response (FIR) filter shown
in figure 2-34. If Ay are the coefficients of the impulse response of the FIR filter, and

z, are the original samples, then the interpolated signal is given by

IYm = ﬁ)lvm —k =1k (2‘84)
where
v, =1z, for m =4k
=0 otherwise

and N is the number of taps of the FIR filter. This technique has been described in

more detail elsewhere (Peled and Liu, 1976).

Figures 2-26 and 2-27 show the ensemble averaged returns (43 pings each)

and the covariances computed with equation (2-80) for 9 and 110 kHz. The time lag
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Finite Impulse Response filter used for the interpolation of the backscatter data.
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zero has been taken as 130 milliseconds after the first return.

The halfwidth of the covariance (v) has been defined as the time lag between
the 0.5 downpoints. A left halfwidth v, is defined as the time lag from the left 0.5
point (shorter times) to the time lag zero, similarly a right halfwidth v.. The ratio of

the left halfwidth over the right halfwidth is the asymmetry n of the covariance i.e.

7] el (2-85)

Similarly, a quarter-width was defined as the time lag between the 0.25 downpoints.

Figure 2-35 shows the five minute averages of the intensities (arbitrary
linear units), the standard deviations, the covariance halfwidths (normalized by the
pulse length) and their asymmetries, the covariance quarterwidths (normalized by the
pulse length) and their asymmetries for 9 and 110 kHz and a grazing angle of 18°
(130 ms since first return) (compare camera run 4 in figure 1-17 for nodule coverage
and figure 2-36 for fish track). As already stated earlier, the intensity increases when
the nodule coverage increases, except at 9 kHz, the only frequency which is low
enough to show a decrease with decreasing nodule size (and increasing coverage). The
width of the covariance decreases a.t.all frequencies (it is only slightly frequency
dependent) with decreasing nodule coverage, and it appears to be narrowest for
nodule free areas. In transition zones the covariance becomes very large as expected.
This permits us to distinguish at 9 kHz between the case where the nodule coverage
becomes smaller (with constant or increasing nodule size) and the case where the
nodule coverage increases but the nodule diameter decreases. This behaviour is even
more pronounced for the asymmetry. The theory (Olchevskii, 1967) predicts an asym-
metry if the characteristics of the sea floor change. The strong asymmetries observed

here correlate with the patchiness of the nodule field. This is most pronounced in

densely covered areas.
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2.8 Relationships between nodule characteristics, reflectivity and back-

scatter

2.8.1 Background

Let the sound pressure generated by the source be

p(t) = E(t)cos(w,t) (2-86)
where p is the pressure, w, is the carrier frequency, t is the time since time zero, E is
the envelope. Then the backscattered pressure for the ith point scatterer p#%(t) is

given by

pB(t) = GiE(t)cos|w, t — ;] (2-87)
where G; is the backscattering strength of scatterer number 1, ®; is the phase shift

and is given by
(p‘ = 2% Ty (2‘88)

where k is the wave number (2r/\), and r; is the distance between the source and

scatterer number i. The sum of the returns from N scatterers is given by

P (t) = f}G’;E’(t)cos[wct - ;] (2-89a)
= Rcaz{ic,-fz(t)c"‘%“""} (2-89b)
= Rcaz{E(t)ﬁG,.e"‘“f‘ “”*’} (2-89¢)

|

where j =V-I and Rea/ means the real part only. This is true for all times ¢.
Fresnel discussed the case where the phase varies as a function of the distance (Navy,
1969) If two objects are spaced so that the phase difference less than = (\/2), then
the backscattered amplitudes add constructively. If the two-way paths differ
between 7 and 27 (\/2 and )\), then they interfere destructively. Generalizing this

result, the space can be subdivided into zones so that
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R +(n—l)% <r <R +n% (2-90)

where r is the distance from the source to some point in the zone called "Fresnel

zone"”. The sizes of the first Fresnel zone for the 75 meter backscatter runs are in

table 2-12.

frequency | wavelength | height | First Fresnel Zone insonified area
area radius area radius
4.5 kHz 0.33 m 75 m | 40.0 m? 3.6 m | 8700 m2 52.5
9 kHz 0.16m | 75m | 20.0 m? 25m | 8700 m? | 52.5m
15 kHz 0.10 m 75 m | 11.8 m? 1.9m [ 870m? | 166 m
30 kHz 0.05 m 75 m 5.9 m? 14 m 230 m? 8.5 m

60 kHz 0.025 m 75 m 3.0 m? 1.0 m

112 kHz 0.014 m 75 m 1.6 m2 0.7 m 24m? | 40m
163 kHz 0.009 m 75 m 1.1 m2 0.6 m 34 m? 3.3 m

Table No. 2-12: First Fresnel zones for frequencies used on Echo 1.

The Fresnel zone method can be applied to spherical waves which have trav-
eled far enough to be nearly plane. For a transducer insonifying the sea floor, the
Fresnel zones are defined by the intersections of the spherical zone defined by (2-90)

with the sea floor. If the return comes from the first Fresnel zone only, then the

amplitudes add together and

N
A = *Y 4, (2-91)
k=i
and the intensity becomes
1
= EIz)A,,IZ (2-92)

where p,c, is the impedance of the medium of propagation (sea water), and
Ap = GE. A doubling of the number of identical scatterers results in quadrupling

the intensity.

If, on the contrary, the phase relationships are random, equation (2-91) leads

to
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RTIRTIINT
[tot = — ZA/,C E EA(C J (2-933.)
ki £}

060
1 & 5
= - ZAI:AI: K (2-93b)
00 kwl
N
= X4 (2-93c)
=

*

where * is the complex conjugate. This means that the backscattered intensities add

together to yield the total intensity.

Several authors have studied the values of G; for hard spheres, elastic
spheres or manganese nodules (Urick, 1983; Ma, 1983; Weydert, 1985). Fig~ure 2-37
shows the ratio of backscattering to geometric cross-sections as a function of ka (pro-
duct of wave number and radius) for hard spheres. For ka < 1, ¢ increases as (ka)*
(Rayleigh scattering), while for ka > 1, ¢ = 1 (geomet;'ic scattering) i.e. the back-
scattering cross-section increases as the projected area ma® for ka > 1. Ma obtained
numerically similar results for an elastic sphere with the same impedance as the one
for manganese nodules (figure 2-37). From this it can be concluded that the back-
scatter increases with increasing frequency and increasing nodule size for ka < 1.
For ka > 1 the backscatter is proportional to the geometric cross-section indepen-
dent of frequency. If the size of the sphere is reduced, the backscatter decreases and
vice-versa. This means that nodules of different sizes backscatter the sound
differently. So it is possible to determine the nodule sizes using a sonar operating at
at least 2 frequencies, either both in the region of Rayleigh scattering or one in the

region of Rayleigh scattering, the other one in the region of geometric scattering.

Using elastic nodule like spheres, Ma has shown (Ma, 1983) that on the aver-
age the backscatter increases with ka for ka <30. Since the sizes of the nodules in 2

given area vary around some mean (chapter 1), this result is applicable.

Despite the fact that manganese nodules are not spheres nor ellipsoids, the

averaged target strength of a nodule increases as its size increases (Weydert, 1985).



159

- T T T T T T
R
8 e
at+
Il-ﬂ
3
oT 1 a
2
a"-m pe
8 i i ; .
%00 3.00 6.00 9.00 12.00 15.00 18.00 21.00
ka
g
= }
-— I T ] T T
23
~T i
Rgs0
8
ot 1 b
3
oF |
SJ[/Y’ 4 + $ | :
%.00 5.00 10.00 15.00 20.00 25.00 30.00
ka

Figure 2-37. Reflectivity of hard and nodule spheres

Backscattered sound pressure for hard spheres (a) and elastic spheres with sound
velocity and impedance similar to those of nodules (b) ka 1s the product of
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2.6.2 A method for the assessment of nodule resources?

Assuming the nodules are all randomly distributed perfect spheres, and that
the sediments are acoustically transparent, the phases of the backscattered intensi-
ties sum up to zero and the backscattered intensity of N nodules is the sum of the
backscattered intensities (equation 2-93c). If there are M size classes, this sum

becomes

M
Lalf;) = XNL(S5) i=1,..K (2-94)

[}
where Ni i1s the number of nodules of the i-th size class, and K is the number of fre-

quencies used. This resulting system of equations can be solved if the number of fre-

quencies equals or exceeds the number of size classes.

Now, nodules are not perfect spheres. Neither are fish. It is known, how-
ever, that some fish can be represented by equivalent spheres. If this is the case for
nodules, or if there is some other unique relationship between the backscattered
intensity and the nodule size, this set of equations can be used in principle. From the
measurements made on Echo 1, we have learnt that there i1s an average frequency-
dependent difference of 8 - 15 dB at normal incidence between bare mud and areas
well covered with nodules. Neglecting the sediments if the nodule coverage exceeds

20% will therefore be all right at normal incidence.

2.6.2 Results

Table 2-13 shows the backscatter coefficients for different nodule coverages
at a grazing angle of 30°. For the frequencies exceeding 15 kHz, the backscatter
coefficients increase when the nodule coverage increases. At 9 kHz and 15 kHz, the
backscatter coefficients first increase, then decrease as the coverage goes up. This

decrease coincides with a decrease in the size of the nodules with higher coverage, as
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4.5 kHs
coverege I [+ad | /1| 113
mud | -14dB | -134B | 0dB | 0.4
10% -10dB | -8dB | 44B | 1
307 -10dB | -7dB ! 4dB | 1
0% -11dB | -94dB | 34B | 08
80% -10dB | -8dB | 4dB | 1
80% - = = =
9 kHsz 60 kHs
coverage ! I+a8 | 13 | 1713 coverage I [+a¥ | 113 | 1713
mud -21dB | -204dB | 0dB | 05 mud -15dB | -14dB | 0dB | 04
10% 184B | -16dB | 3dB | 1 10% -11dB 8dB | 4dB | 1
30% -12dB | -9dB | 9dB | 4 30% -7 dB 4dB | 8dB | 25
0% -10dB | -84B | 11dB | 8 40% -7dB | -45dB | 8dB | 25
80% -13dB | -11dB | 8dB 3 60% -3 dB -3dB | 10dB 4
80% -17dB | -15dB | 4dB 1.2 30% -5 dB -3dB | 10dB | 4
15 kHz 110 kHz
coverage ! [ +0' oy | o coverage I [+a4 ) [/13 | /1Y
mud <-29dB | <284dB | 0dB | 07 mud -194dB | -184B | 0dB | 0.4
10% -28 dB -24 dB 3dB 1 10% -15dB | -17.dB 4dB L
30% -23 dB -21dB | 8dB | 25 30% -9 4B -6dB | 10dB | 4
0% -20 dB -184dB | 9dB | S 10% -i1dB | -85dB | 8dB | 25
60% -21 dB -19dB | 8dB | 4 60% -3 dB -6dB | 11dB 5
80% -19 dB -17dB | 10dB | 3 30% -7dB | -35dB | 124dB | 8.3
30 kHz 163 kHz
coverage I [+ ) 703 | 1713 coverage { | [ +oY l [7# l [y i
mud -26dB | -284B | 0dB | 0.7 mud -124B | -11dB 0dB | 035 |
10% -27dB | -24dB | 2d4B 1 10% -9dB | -6.5dB 3dB | 1|
30% — = = 30% 3dB | -2dB TdB | 25
10% -21dB | -18dB | 8dB 4 10% -3dB { -2.5dB 7dB | 23
80% -18dB | -15dB | 11dB 8 60% -2dB | +0.5dB 10dB | 5
80% -16dB | -13dB | 134B | 13 30% -1dB | +2dB | 105dB | 53

Table 2-13: Backscatter coefficients at a grazing angle of 30 degrees
- 1) mean + one standard deviation
- 2) intensity relative mud (arbitrary dB)
- 3) intensity divided by intensity for 10% coverage



4.5 kHs
coverage I L+ad | 0d | 113
mud -13d8 | -12dB | 04B | 0.7
10% -11.5dB | -9.54B | 1.5dB | 1
30% 8dB | -84B | 5dB | 25
0% 7dB| -5dB | 8dB | 3.0
80% 8dB | -5dB| 7d4dB | 35
30% -4dB| -3d8 | 9dB | 55
9 kHz
coverage I I+ob | 113 | 103
mud -7 dB -8 dB 0 4B 0.8
10% -5 dB -3 dB 2 dB 1
30% -1dB | #1dB | 8dB | 25
10% +2d8 | ~4dB | 9dB| 5
80% +#5dB | +6dB | 12dB | 10.0
30% +8dB | +0dB | 154B | 200
15 kHz 110 kHz
coverage I [+a | 11 | 1/} | | coverage [ read | | 1y
mud -22 dB -21dB | 0dB | 03 mud 22dB | -21dB | 04B | 05
10% -17 dB | -14.5 dB 3 dB 1 10% -19 dB -16 dB 1 dB 1|
30% -9 dB -7 dB | 13 dB 7 309% -{6dB | -155dB | 6dB | 2
0% -3 dB -5dB | 14dB 3 10% -16 dB -13 dB 8 dB 2
60% -3dB | -05dB | 194B | 26.0 60%% -12dB | -13dB | 10dB | 3
80% 0 dB +2 dB | 22 dB 30 20%% -11 dB -14dB | 11 4B 6.0
30 kHz 163 kHz
coverage [ [ +o! i o coverage ! [ +o% 177K ! i3 |
mud -184B | -17dB | 0dB | o8 mud +253dB | «354B | 0dB | 0.3 |
10% -16dB | -13dB | 2dB | 1 10% 5dB | +3dB | 254B | | |
30% -12 dB -9dB | 8dB 25 30% -9dB | +13 4B | 6.5 dB 23
10% -10 dB -7 dB 8 dB 4.0 10% 3 dB | «11.5dB | 3.3 dB 2
60% -7 dB -5dB | 11 dB 8.0 60% +13 dB +~16 dB | 10.5dB 6
80% -1dB | +1.5dB | 174B | 31.0 30% +18 dB +19dB | 13.5dB | 12.5

Table 2-14: Normal incidence backscatter

- 1) mean + one standard deviation
- 2) backscatter relative backscatter for mud
- 3) intensity divided by intensity for 10% coverage



163

one expects from the target strength of individual nodules or spheres (ka <1). The
changes in size between 40% and 80% coverage are from 5 to 7 cm down to 4 to 6
cm. The ratio of vertical to longest horizontal axes being 0.50 for all nodule sizes at
site 'E’, this changes ka only 10 to 20% which is not sufficient to explain both the
changes at 9 kHz and at 15 kHz (unless the effective radius is small enough so that

ka <1 at 15 kHz for nodules of 6 cm).

Table 2-14 shows the backscatter coefficients for different nodule coverages
at normal incidence (maximum return). Although the beampatterns are poorly
known at normal incidence and the absolute numbers are therefore suspicious at fre-
quencies above 9 kHz, the relative changes are not affected for a fixed frequency since
the height of the fish was maintained. Comparisons of the coverage and the back-
scatter coefficients show that the backscatter does not increase linearly with the cov-
erage or the number of nodules. At 9 kHz, the product of wavenumber and longest
half-axis (kx/2) exceeds 1 for all nodule sizes and one would not expect strong
changes with nodule size, but rather changes proportional to the changes in coverage.
As the backscattered intensity increases 4 times when the coverage is doubled from
30% to 60% at frequencies from 9 kHz to 30 kHz (both 5 to 7 cm nodules), it is con-

cluded that the scattering is coherent at these frequencies and comes mainly from the

first Fresnel zone.

The 9 kHz and 15 kHz normal incidence backscatter coefficients increase
with coverage for coverages up to 80%, while at a grazing angle of 30° they do not.

This cannot be explained by a change of the target strength of the nodules.

The insonified area is on the order of ten square meters at any given instant
of time. If the average spacing between the nodules is of the order of \/2 or X, the
backscattered wavelets interfere constructively. If the spacing changes, their phase

relationships become random and equation (2-93) applies i.e. the total backscattered
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intensity decreases substantially. The positions of the nodule centers of several pho-
tographs of site 'E’ were digitized. Figure 2-38a shows the intensity of a typical
two-dimensional Fourier transform of one of those. There is a strong central peak
followed several nearly circular ridges with nulls in between. Figures 1-8c, 2-38a and
2-38b show that the spacing between next neighbours is between 10 and 15 cm for
40% coverage and 6 to 8 cm nodules. From figure 2-38a it is also obvious that the
positions of the nodules are not random (compare figure 1-8). When the coverage
goes up and the nodule size decreases (like at site 'E’), the spacing between the nodule
centers tends to reach one nodule diameter in the limit i.e. 5 to 6 cm at site 'E’. This
changes both the intensity and the positions of the maxima of the Fourier transform.
This is in agreement with the first term in the second factor of equation (2-59) which
relates the two-dimensional Fourier transform of the nodule positions to the back-
scattered intensity. If this term is not balanced by an appropriate change in the

roughness, changes in the nodule distribution pattern will affect the backscatter.
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Appendix 2-1

Structure of Identification Record

position or information stored

date : year
date : month
date : day

time : hours (GMT)
time : minutes
time : seconds

latitude (degrees)
latitude (minutes)
longitude (degrees)
longitude (minutes)
water depth (meters)

fish height in cm (cf.word # 47)
fish speed (cm/sec)
pitch as digitized
number of words made at first (high) digitizing rate
number as in 17 + date + time + pitch ete...
digitizing frequency at beginning (high rate)
digitizing frequency after calibration interval (low rate)
number of records with data for this second
total number of bytes coming from digitizing computer
digitizing flag ( =0 , if OK
=1, if transmitpulse in low rate
=2 , if bottom in both rates
=3, if transient part of bottom
or transmit too long
=4 , if height of fish unreasonable
general flag ( =0 ,if everything is OK)
frequency in kHz (4,9,15,30,60,110,160)
preamp gain (dB)
delay of transmission (msec)
TVG number (for each frequency)
TVG delay (milliseconds)
receiver DDTO gain
pulselength (number of cycles;cf. word # 64)
side scan flag (0 = OK)
start of zero reference pulse
height of zero reference pulse
start of transmit pulse
height of transmit pulse
start of frequency marker #1
height of frequency marker #1
start of sphere number one
height of signal of sphere number one
start of signal of sphere number two
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42  height of sphere number two

43  start of backscatter from bottom

44  start of frequency marker # 2

45  height of frequency marker #2

46

47  height of transducer in millisec (cf. word # 14);

48  flag for sphere and reverberation (=0 ,if seperated)
49  number of spheres towed behind fish

50  number of elements used at 160 kHz

51

52 ratio of transmit pulse to reference pulse

53  projector voltage (rms)

54  total-range of pitch (e.g. 15. degrees)(since 16 November 83)
55 ...

56 minimum allowed height in meters

57 maximum allowed height in meters

63  sound speed in m/s (One way)

64  pulse length in microseconds*10 (cf.word # 31)

Note that the positions as stored in this record correspond to the time/sampling interval. A
zero for a position means that that signal is missing. Note that the heading record is always
first .i.e. all data are shifted by 64 words.
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Appendix 2-2

Interpolation for the input voltages

1.) form the expression 20*log(output signal/reference) from the digitized back-
scatter data : SIGREF

2.) find the next lower ratio RATO and the next higher ratio RATI from table 'A’
and their respective inputs INPO and INP1, and compute the difference of their inputs

BIGA = INP1 — INPO (A-1)

1

3.) find the exact ratios found sub 2.) and their corresponding inputs INPO’ and
INPY in table 'B’ (interpolated for the TVG step), and compute the difference of their inputs

BIGB = INPY — INPQ! (A-2)

4.) find in table ‘B’ the ratio next lower to SIGREF SIGO and the next higher one
SIG1 (both interpolated for the TVG step), and compute their differencies to INP(Q’

ASMO = SIGO — INPO' (A-3")
ASM1 = SIG1 — INPO' (A-3")

5.) rescale and interpolate according to

INPUT(dB)= (A-4)

z

where Ax = interval size in table 'B’. The error of the input signal level computed with this
method is less than 0.3 dB for receiver gains of 0 and 1 (1/16 and 2/16 of voltage) and output
ratios SIGREF with -10dB < SIGREF < 5dB, and less than 0.7 dB for output ratios with
—=30dB <SIGREF <-10dB.



Chapter IIl Simulations

3.1 Introduction

When carrying out reverberation experiments, it is frequently difficult to
determine what is producing the observed phenomena. Simulations can serve to find
out if some observation is deterministic or random. Simulations can also be used to
estimate the sensitivity of the results to any number of parameters, or, if some inputs
are avallable, to estimate the magnitude and the statistics of the variables to be
measured. This reduces the cost of the equipment design and, for oceanographic

experiments, the costs of the at sea operations.

Before the sea trials no measurements of the target strength of manganese
nodules were available. So it was not possible to add up the echoes from individual
nodules to get the total signal received at a transducer (The estimates of the returns
were done using backscatter measurements of gravel and of mud). In the meantime,
measurements of the backscatter of individual manganese nodules have been pub-
lished (figure 3-1) (Weydert, 1985). There are also several computer programs avail-
able to simulate reverberation and to simulate the return from a number of targets.
Version 4 of REVGEN (REVerberation GENeration) developed by Goddard and
Princehouse (Goddard and Princehouse, 1985) has been made available to the Marine
Physical Laboratory. REVGEN 4 contains a well verified software package for sur-
face, bottom and volume reverberations, as well as for a large range of targets. In
addition, it can be used to simulate any beampattern, platform (Deep Tow) trajec-
tory, noise background, etc... Only the built-in reverberation routine and the return
from targets will be discussed here. The reader is refered to the user’s manual and

Goddard and Princehouse 1985 for the description of the trajectories, platforms,

beampatterns, etc...
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REVGEN is a linear system, where the return of the targets is given by

r(t) = f}a,.G,-(t)s(a,-(t - ) (3-1)

i =1
where ¢ is the two-way travel time between the sonar and the ith target, «; is the

Doppler distortion factor, g; is the size of the scatterer and

Gi(t) = gBA(r:)h(t) (3-2)
where g is the system gain, B? is the two way transducer response and h represents

the two way transmission loss.

In the REVGEN routine to simulate bottom reverberation, the user defines
the reverberation strength as a function of the grazing angle. REVGEN then places
a number of the scatterers into each shell (a layer used to subdivide the calculations
into smaller ones so that they can be handled by the computer; this is justified since

the system is linear). The sizes of these scatterers are drawn from a Rayleigh distri-

bution, their positions are random.

3.2 Simulation description

In the present study the built-in reverberation routine was only used to
simulate the reverberation from bare mud by prescribing idealized reverberation
coefficients as a function of the grazing angle. This reverberation was added to the
return {rom the nodules. Runs with and without bottom reverberation showed that
the reverberation is negligible compared to the return from the nodules. The nodules
themselves were modeled as ellipsoidal targets o.f given target strengths with 10 to 30
highlights (scatterers) per ellipsoid. The target strengths of the nodules were ran-
domly distributed between -25 dB and -40 dB. Independently of the target strengths,
their sizes were randomly chosen between 5 and 10 cm with fixed axes ratios (0.8 for

the medium over the longest axis and 0.6 for the vertical over the longest axes). The
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vehicle was positioned at a height of 35 meters above the sea floor. A projector with
a fan-shaped beampattern with a 1° total beamwidth in the horizontal was chosen to
insonify a 4m x 6m patch of nodules at horizontal distances of 50m and 100m with a
rectangular pulse (1 ms). This corresponds to grazing angles of 35° and 19° respec-
tively 1) Thus the insonified area (about 1 m?) was always smaller than the nodule
patch. The backscattered signals were computed at the position of the projector i.e.
for the case where the same transducer is used as a projector and as a hydrophone

(like in the measurements made with the Deep Tow).

Twelve runs were made for 100 nodules per m? at frequencies of 15 kHz and
163 kHz, varying the positions and orientations of the nodules randomly between two
consecutive sets of 4 runs (2 grazing angles and 2 frequencies for the same nodule dis-
tribution). Figure 3-2 shows examples of the envelopes of the returned signal for a
projector source level of 200 dB reference 1 gPa/Volt at 1 m and a digitizing rate of

10 kHz. Note the strong fluctuations within the pings.

Twenty more runs with 200 nodules per m? were made at a grazing angle of
19 degrees and frequencies of 15 and 163 kHz. Figure 3-3 shows 2 examples of indivi-

dual pings.

In order to check the results, twelve runs with point scatterers were made at

both frequencies and a grazing angle of 19°.

1) Since the 6 Megabytes of memory allocated under UNIX on the computer used were insufficient
to do this directly, the 4m x 6m patch was subdivided into 1m x 4m stripes and the complex sig-
nals of the returns summed together. This can be done since the system is linear.
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Figure 3-2. Samples of simulated backscatter

Typical envelopes of the return of the simulated backscatter from manganese
nodules at 15 kHz (a) and 163 kHz (b), a grazing angle of 19 degrees and 100
nodules per m? The nodule patch coincides with the strong return at | 4 ms.
The level of the background reverberation is one of the input parameters for the

program.
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Figure 3-3. Samples of simulated backscatter

Typical envelopes of the return of the simulated backscatter from manganese
nodules at 15 kHz (a) and 163 kHz (b), a grazing angle of 19 degrees and 200
nodules per m? The nodule patch coincides with the strong return at 1.4 ms.
The level of the background reverberation is one of the input parameters for the

program (higher than in figure 3-1).
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3.3 Results

The intensity means for each of the two geometries and frequencies were cal-

culated for each ping and then ensemble averaged over all pings in that set. From

these averages backscatter coefficients BS were calculated by equation (3-3):

BS = SPL —SL + TL — 10logA (3-3)
where SPL is the sound pressure level in dB at the hydrophone, SL is the source level
of the projector (always 200 dB reference 1 uPa at 1 m), TL is the transmission loss

(spherical spreading and absorption), and A is the insonified area.

angle | number | simulated BS coeff.} in situ BS coeff.? calculated TS®
15 kHz 163 kHz 15 kHz | 163 kHz | 15 kHz | 163 kHz
19° 100 -5.5 dB -8 dB -23 dB -6 dB -50 dB -34 dB
35° 100 -5.4 dB -11dB -17 dB -5 dB -45 dB -38 dB
19° 200 -3 dB -6 dB -21 dB -5 dB -51 dB -33 dB

1) backscatter coefficient for median target strength of -32.5 dB
2) measured backscatter coefficients
3) target strength derived by matching 1) and 2)
Table 3-1: Backscatter coefficients and traget strength
Backscatter coefficients as a function of the grazing angle, fre-
quency and number of nodules per m? as calculated with REVGEN
and as measured in situ on Echo 1. The third column shows the
target strengths calculated by matching the measured and the
simulated backscattering strength.
With the inputs as described above the means lead to the backscatter coefficients in
table 3-1. An increase of 2 to 2.5 dB is observed when the number of nodules per m?
is doubled. The return at 163 kHz is several dB lower than the return at 15 kHz
although exactly the same nodules (same target strengths and same highlights) were
positioned with the same orientations on the same points of the sea floor. Since a

similar difference is observed when the nodules are replaced by point scatterers, it is

concluded that the different phase relationships for the different wavelengths lead to
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this difference. For 100 nodules per m?, the average spacing between nodule centers is
10 cm, which is less than a wavelength at 15 kHz, but several wavelengths at 163
kHz. When the number of nodules is doubled, the spacing between the centers of next
neighbours decreases by V2, which changes the spacing to wavelength relationships
by V2. The situation is complicated by the fact that our nodules are ellipsoids and
the spacing between nodules decreases much faster than the spacing of their centers
when the number of nodules is increased. Thus the phases of the backscattered
wavelets change with the nodule distribution. This also explains why a doubling of
the number of nodules does not always lead to a doubling of the backscattered

energy.

Since the system is linear, a change in the target strengths in the input file
(uniform distribution from -40 dB to -25 dB) translates itself to the mean. From this
it is possible to determine the median target strength TS for the manganese
nodules on the sea floor with equations (3-4) ie. by matching the measured back-

scattering strength.

TS = —32.5 — BScske 4 pgmess (3-4)
where -32.5 is the median target strength used for the simulations, BS°% is the back-
scatter coefficient as calculated with REVGEN, and BS™s is the backscatter
coefficient as measured in situ. Nodules comparable to those described in the input
file were observed in the Control Area and just south of the Mining Area at site 'E’
(table 3-1). This leads to median target strengths of -51 to -45 dB at 15 kHz and -38
to -33 dB at 163 kHz (table 3-1). The measured "horizontal target strength” is -38
+3 dB for a nodule of 8 cm length and a frequency of 163 kHz (figure 3-1). Using a
10logf relationship, the results from figure 3-5 can be extrapolated to yield a target
strength of -52 +3 dB at 15 kHz. It is not surprising that the agreement is not

better. The "horizontal target strength” is an average over the echo at all angles
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while the nodule is rotated around the x-axis and around the y-axis (one at a time).
At least some of the angular variation observed in the tank experiment is not well
modeled or averaged out by REVGEN. Otherwise there should be a difference in the
return at different grazing angles and all frequencies. The target strength of the
nodules in the tank was determined at a pressure of 1 bar, while at site 'E’ the pres-
sure is 450 bar. Only the target strengths of a few nodules have been measured i.e.
the average target strength of the nodules of a given area is unknown. In addition,
the target strength was extrapolated from 45 kHz (ka =6) to 15 kHz (ka =2). The
model used in these simulations is strongly simplified, especially the model for the
nodules (a set of point scatterers distributed within an ellipsoid the size of a nodule).
The accuracy of a model using a random positioning on the sea floor must be ques-

tioned as the nodules tend to be locally aligned by the benthic activity.

Figures 3-4a and 3-4b shows typical covariances as computed by equation
(2.70) (12 ping average). The covariances follow closely the theoretical shape for a
rectangular transmit pulse (Olchevskii, 1967). The halfwidth and the quarterwidth
are somewhat narrower than those measured in situ (figure 2-38). This discrepancy is

attributed to the patchiness of the nodule field on the scale of a few meters.

Figure 3-4c shows the covariance when the nodules change abruptly from
100 nodules per m? to 200 nodules per m2 This was possible by ensemble averaging
over both sets of pings at a grazing angle of 19 degrees. The covariance is strongly
asymmetric around the center (zero time lag). This is in agreement with the covari-
ances observed at sea when the nodule coverage changes or when the nodules disap-

pear (chapter 2.5).

Twelve runs were made with point scatterers having a target strength of -25
dB. No bottom reverberation was included. This allowed to study the varying phase

relationships between the Huygens wavelets when the number of nodules is increased
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from 100 to 400 nodules per m? The results (table 3-2) show that after a peak at 300
to 350 nodules per m? the backscatter drops again. With the random distributions
used, the drop is insufficient to explain the drop in backscattering strength observed
at 9kHz at site 'E’ (Note that for point scatterers a denser nodule coverage is
equivalent to a longer acoustic wavelength i.e. the results of the REVGEN simula-

tion at 15 kHz can be applicated to 9 kHz).

nodules /m?2 100 200 300 350 400
backscatter | 0dB | 1.8dB | 24dB | 2.1 dB 1.3 dB

Table 3-2: Return from different nodule concentrations.

3.4 Conclusion

The backscatter from manganese nodules on the sea floor has been simu-
lated using the computer program REVGEN. It was shown that the return is
strongly sensitive to the phase relationships between the wavelets generated at the
nodules. By matching the backscattering strength measured in situ and the back-
scattering strength from the simulations, target strengths of the manganese nodules
of -51 to -45 dB at 15 kHz and -38 to -33 dB at 163 kHz were derived. These are
roughly in agreement with those measured in an earlier experiment (Weydert, 1985).
The asymmetry of the covariance observed in situ when the nodule coverage changes
was reproduced by changing the number of nodules from 100 to 200 nodules per m?

while the covariance of a uniform distribution follows closely the theoretical function.



CONCLUSION

During the Echo 1 expedition an area of Cu-Ni rich manganese nodules was
intensively studied and with a deeply towed instrument package and a box coring
technique. The geology of this area has been described in detail and it has been
shown that the nodule size distributions are best modeled by a Gaussian The three
main nodule axes are related to each other as 1:0.8:0.5. The nodule density is
2.00 +0.049/cm® and the volumes increase on the average with the 2.4th power of the
longest length. The nodule coverage varies from bare sediment to 809 and the sizes
range from 2 cm to 13 cm. It was found that the changes of the thickness of the

upper acoustic unit of the sediment column correlate with changes in nodule coverage

and concentration.

The acoustic backscatter has been determined for frequencies of 4.5 to 163
kHz for 4 different environments, namely the deep sea sediments at site 'E’, the deep
sea sediments at the foot of the Patton Escarpment, the manganese nodules at site
'E’ and the phosphorites at the Thirtymile Bank. The acoustic backscatter is
different for different deep sea sediments, depends on the manganese nodule coverage
and the presence or absence of phosphorites. At frequencies of 30 kHz and higher the
backscatter increases with increasing nodule coverage at all grazing angles. At nor-
mal incidence, the backscatter increases with nodule coverage for all 7 frequencies.
For frequencies below 60 kHz, the backscatter increases as the square of the nodule
coverage l.e. the return comes from the first Fresnel zone only (normal incidence).
These results show that it is possible to distinguish acoustically between different
types of deep sea sediments and between different amounts of nodule coverage of the
sea floor. It is therefore possible to use acoustic techniques to identify different types

of deep sea floor and to determine nodule coverage. These results will strongly facili-
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tate the exploration of the sea floor, especially prospective deep sea mining sites.
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