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Chapter I

IHTRODUCTIOH

The mining of manganese nodules from the ocean floors

has recently become economically competitive with land

mining operations because of newly developed deep sea mining

techniques and equipment. Principal metals vhich may be

recovered from the nodules are copper, cobalt, and nickel

 thougn several other desirable elements are present and

recoverable in smaller amount.s! .

Vast areas of the ocean floors must be surveyed and

cataloged with the goal of isolating potential min ng sites.

These sites must contain a sufficient abundance of noduies

for economic gain, and the nodules must conform to certain

size Limitation imposed by the type Of mining equipment

used. For areas in which these goals are met, further

evaluation o the site as a mining resource may then be

required by way of gran samples or box comes for determining

nodule assay  m in eral conten t! .

kn ongoing HOka Sea Grant project. begun in March of

1980 at VPIGSO in Blacksburg, Virginia is concerned with

speeding up, and theref ore Xovering the cost of, the initial

prospecting operation  which at present is painf ully slow

and expensive!, tnrougn the development of a remote acoustic

sensing system. This thesis results from the examination of



acoustical properties of manganese nodules and some physical

characteristics of nodule f ields  size distribut ions and

spatial configurations! performed in support oi the Sea

Grant project. Specifically, longitudinal and transverse

wave speeds vere measured through typical Pacific and

Atlantic Oce=n manganese nodules. k function representing
the distributions ot nodule floor plane, cross-sectional

areas in several nodule fields vas determined. 'I'ransforms

vere developed from that areal distribution function to

relate the averages of radii. to various powers. Spatial

distribution - were t reated only superf i.cially ana several

generalized observati.ons noted.

Presently, in situ inspection is the only vay to

determine if a particular bottom s te contains a

sufficiently nigh areal veight density  veight of nodules

per unit bottom area! and meets the size limitations

necessary for mining operations. A deep tov sled. must be

lowered two to three miles to tne ocean tloor carrying

equipment that can examine the ocean bed. Such ~uxpment

mignt incluae lights and cameras  HcFarland 1980! for a

p ho tour ap hie recording or si d e � scan sonar   Spew ss 1980! f or

an acoustic 'mage recording. Lights and cameras must be

close to the bottom  witnin about 10 meters! in oraer to

allow illumination of the bottom and resolution of



individual nouule outlines. Side-scan sonar utilizes

to obtainultra onic frequencies �00kHz and higher!

detailed pictures of nodule sites with high resolution.

However, over 'arge distances severe attenuation of such

hign frequencv ignals becomes a limiting deployment f actor,

requiring that the ultrasonic source and receiver be located

close to the ocean bottom also  within 50 meters or so! .

The survey ship must tow the equipment sled at a very

slow speed to ensure that the sled rema'ns at a stable

attitude and height above the ocean floor. The magnitude of

this problem is more readily appreu.ated when one considers

the enormous lengths of cable required to reach f rom ship to

slea. Other factors contributing to the currently slow

surveying problem are the time consuminq equipment lowering

f rom surf ace to bottom  and the subsequent raising!, and the

inaccessibility of the equipment for possible maintenance or

juice-fix procedures.

The mining companies can usually determine by visual

inspection oi the photographic or acoustic images vnether or

not a nooule site contains sufficient areal weight density.

In some cases oi marginal abundance, pnotographic analysis

may bs require to determine more ezactly the areal weight

density, since the mining companies wall certainly have some

cut-otf limit in mind for a profit margin. The limit would



vary ~itn current ore market prices but Frazer �977! has
indicated an average weight density of at least. 10kg/m
dependent upon the local nodule assay. Photographic
analysxs may be quite a timemonsuming procedure depending
upon the deqree of accuracy required. Nctarland �980! has

presented more information on photographic analyszs methods
and some recently proposed improvements.

1'he undesirable aspects associated with present
prospecxinq techniques are summarized below:

1! Ezcessively lov surveyi.ng  tovi.ng! speeds.

2! Tame consuming equipment drops.

3! Inaccessible equipmen t packages.

0! Possibly timemonsuming photo analysis for
marginal areal weight density sites.

Une approach to remedy these problems attempts to

correlate nodule abundance to the bottom transparent layer
thickness  bottom sedimentary Layer thickness!  Nxzuno
197b! . This idea arose from weak cor relations between the

two variables noticed in seismic reflection records. Nore

recently however, negative results have been indicated in

h igb nodule abundance areas  Nor itani 1 979! . The
correlation does not appear to be con istent enough or
guantztatxve enough to adopt as a surveying technique.



Inde<4, prospecting processes available at present are

very time consuming and costly. An aiternative prospecting

methOd is therefOre d eSirable. The remOte aCOuStiC SenSing

system mentioned above is outiined in a Sea Grant propOsal

entit ed Acoustic Sounding f or Hanganese Nodules  Hagnuson

and Sundkvist 1979! . 'Remote' here implies a system

operating from on or just beneath the vater surface,

eliminating the tvo to three mme equipment drop to the

ocean floor. The system naravare, mounted oa a 'fish' toved

behind a surveying vessel, vouid allov much higher surveying

speeds  Figure 1! . The system vould send. an acoustic pulse

dovn to the ocean floor and receive the return signal as is

commonly done ia depth sounding vork. Unliite depth sounding

hovever, the return signal ~ s pulse shape and variation vith

output frequency must be analyzed in order to determine w hat

has been encountered ny the incident signal at the ocean

f laor. Specif ically, are nodules present n the insoaified

area? Lf ~o, vhat. is the areal veight density and the

average nodule size?

The second cnapter examines the proposal's operational

aspects vhich Ulov for the remote sensing for manganese

nodules. It is suff icient to say acre that it is tne

f requ~ncy dependence of the scattered return signai from the

nodul~s that is the, key to the success of the project. To



be aole to infer inf ormatioa about the presence of nodules

f rom this returned signal, one must be equipped with an

extensive knowledge of the interaction of the incident

acoustic wave with the nodules on the oceaa bottom. The

analytical tools required to interpret the return signals

have been  and are being! developed by other investigators,

and the m ajor points of their acoustical scattering analyses

are presented in Chapter III.

The basic components of the physical system are the

nodules, the sediment on which they rest, and. the acoustic

plane wave which is d irected at both of the former. It xs

assumed that there is ao acoustic interaction between the

sediment aad the nodules  see Figures 2 6 3! . That is, the

total scattered f ield equals the scat terea f ield f rom the

nodules plus the reflected f ield from the sediment  U aayj

 The sediment-nodule inter a.ction may be taken into account

at a later date but its coasideratioa xs not warranted at

this initial level of analysis.! Reflection from a flat

plane is ratner elementary: the "eflected acoustic intensity

is proportion~i to the incident intensity by a reflection

coefficient wctu.ch is iadependeat of frequency. In fact, the

acoustically transparent sediment layer on which the nodules

are typically tound vill give oaly a very weak response.

The diff iculty arises in relating the scattered field to

nodule size and abundance.



chapter III begins with tme analysis of an individual

noduLe. insonified by a plane wave. The general problem is

posed as an elastic sphere surrounded by liquid and

solutions are obtained in terms of acoustical pressures. Tn

particular, the scattered wave pressure is sought as a

f unction of incident pressure amplitude and f requency,

nodule radius, and nodule density and wave speeds

measure of the scattering capability of a nodule is

presented by way of the scattering cross section function.

This analy sis r equi res a q uant itative knowledge of the

acousticai velocities n manganese nodules  both

compressional and shear wave speeds! and of the wet density

of mangarese nodules Measurement of the wave speeds  not

now f ound in the literature! is described in Chapter IV.

Chemical and pnysical properties of manganese nodules are

f ound in various sources  G*adsby 1977, Greenslate 1977! .

The response of many nodules insonif ied together is

examined next. Me may either assume that each nodule of

some Large group acts independently  and the total response

iS the summatiOn Of eaCh indiVidual nOdule reSpOnSe tO the

incident wave!, or that there is an acoustic interaction

between the nodules  in which case the total response is not

simply the summation of inaiviaual nodule responses! . The

former case is a vali' approximation of sparsely distributed



Consideration of the spatialseparating nodules.

distribution accounts for the effect on the scattered field

f rom a nodule because of the proximity of its neighbors.

Spatial distributions are only briefly examined in Chapter

Utilization of information obtained from thea is

limited in this report, because the theory has not been

suf ficiently developed at this time.

f ields where the nodules are separatea by many average

nodule diameters. However, f or closely packed nodule

distributions, the second, more general case for acoustic

interaction must be considered. Both cases are studied.

The multiple scattering analyses require knowledge of

the nodule field size distributions. ~ Size distribution ~

can mean any of the group of distributions actually sought

the radius, rauius squared, and radius cubed. distributions

 in qeneral, the radius to any power distribution may ne

required! . Size distributions were obtained by studying

nodule cross-sectional area distributions of nodule fields

f rom ocean f loor photographs. kn analysis of size

distributions in manganese nodule f ields is contained in

Chapter V.

For densely packed systems, we must make use of spatial

or radial distributions, i.e., a measure of the distances



The phy sical characteristics of nodules and nodule

fields required for use in the theoretical analyses and of

major concern to this thesis then, are:

0! Lon gi tua inal  co@ pres si�onal�! and tr ansver se
 shear! vave speeds in the nodules  required

at all levels of analysis! .

2! Area distribution f un ct ions  required f or the
multiple scattering ana3.yses! .

3! Spatial district ution functions  required f or
the multiple scattering analysis of densely
pacKed. nodule fieids! .
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Shallowly towed

Subbottom

Figure 1. Proposed Prospecting System
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Figure 2. Photograph of Typical Manqanese Nodule Field fn Pacific

 Courtesy of Deepsea '/entures, Inc.!
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Chapter IZ

BASlS OF THE SEA GRANT PROPOSAL

De~psea Ventures, Inc.  rioucester Po~t, Va.! has

verbally reported on the results of using their PADS  Pinite

Amp j. taCe Depth Sauncing! system with a CUSP  Correlation

Echo Sounding Processor! unit, both of which are products of

Raytheon, over ocean floors with and vithout manganese

nodules. soft ocean bottoms containing manganese nodules

caused an increase in the return signal strength compared to

sof t bottoms without nounles. But they vere unable to

distinguish between a soIt ocean bottom vith nodules and a

har~ ocean bottom without nodules, both of which returned

increased signal strength . Zf, however, an analyst of the

frequency dependence of the return signal had been

performed, the diff erence in the signa 's might we» have

been ae-termined .  The above by private communication vita

S iapno, D erector of marine Science, Deepsea Ventures

l ac., in Glouce ster P oint, V a .!

ln general, the acoustic respoase to an incident plane

vave on a. f ield of scatterers vill approach the shape of one

of the curves zn Figure 4. The strength of the return  for

a given aveXage scatterer radius a! is indicated by position

aloha the ordinate  ver tical! axis while the j.acorn wig

acoust=c signal frequency ~ varies along the abscissa

13
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 horizontal! axis. The acoustic signature of some scatterer

may be plotted on these axes. Por Rayleigh scattering

 incoming wavelength large compared to nodule radius!, the

response exhibits a frequency to the f ourth power

d epen dence. Fo r geom et rical scat teri ng  incomi ng w avele ag th

smail compared to nodule radius!, the response is more or

less frequency independent 1e will term the frequency

where the response changes f rom Hay leign scattering to

geometrical scattering as the break frequency. The result

of increasing the average nodule diameter in the field, but.

maintaining a constant nod.ule concentration, shifts the

curve and the break point to the lef t  Figure ea! . The

result o increasing the nodule concentration for a fixed

average diam< ter is an eleva.tion of the signature  Figure

4b! .

These relations are the oasis of this Sea Grant

pro ject. The steps for determining nodule site information

from the operational point of view might be:

1! Locate rounded scatterers on tne ocean bottom
by the low frequency dependence.

2! Determine average scatterer diameter by the
break freqnenCy.

3! Determine the number density  number per unit
area! of the nodules by the strengtn of signal
or b" oak level.

0! Calculate areal weight density from number
density and size averaged individ ual
scattering cross sections.
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at all as smooth as indicated in Figure 4 ~ Figure 5 more

accurately shows the onset oX the resonance" region. These

plots vere derived anaiyt cally by 5a �9S4! f or an elastic

sphere  approximating a manganese nodule! and for a fluid

sphere  for comparison! . The scatter strength dependence on

the radius in the resonance region is not siaple  as in the

Bayleigh range! .

Figure 0 indicates the general shape expected for

acoust'c signature of manganese nodule aeposits. Actually,

the region betvmn Baylezgh scattering and geoeetrical

scattering is a resonance region ana the transition is not
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ACOUSTIC
RESPONSE

FREQUENCY w !

VARIATION WITH MEAN NODULE DIAMETER FOR DEPOSITS WITH
SAME NUMBER DENSITY

ITY

ACOUSTIC
RESPONSE

REQUENCV ~ !

VARIATION WITH NUMBER DENSITY FOR F! XED MEAN DIAMETER
OF NODULES

Figure 4. Acoustic Signature Trends for NoduTe Deposits
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Chap t er I II

ACOUSTLC SCATTZBING PBOH llklIGkHESE MODULES

Throughout tne analytical vork outlined in this chapter

the nodules are approzijlated as elastic spheres. The

spherical h.ssuaption is better for ktlantic nodules but not

as good for Pacific nodules vhich are sosevhat flattened in

the vertical direction. Pacific nodules aay at best be

described as oblate spheroids. Zt aay be found in further

investigations that a shape correction factor is required,

but no consideration is given to a correction factor in this

~ f irst look ~ study

In general, an elas tic medius s upports one

cospr~sszunal vave speed of propagation and one shear vave

propagation in responsespeed of to acoustical

The reader is referred to Wa {1981!, and tovpIcsU

luguuuou e~tu . �981! for more deteried preeeutatroue of

t l.e f allo vi nq analyses e

perturbations. The nodules are actually porous spneres for

vhich theory predicts tvo compressional vave speeds and one

shear vave speed to ezist. During tests on the nodules,

only one cospr essional vave speed vas observed, so the

elastic approximation is used.

Scattering analysis applications vere investigated by

other reseazcners working on this Sea Grant project at



3.1 S 5 LE SCAT ER HALYS

The total pressure field for an individual scatterer is

made up of the incident plane wave pressure p< and the

outgoing scattered wave pressure p . writing expressions
S

f or these pressures requires knovledge of the general

acoustic wave equation insolution to t he linearized

spherical coordinates ard consideration of the boundary

c ondi tions.

The linearized acoustic wave equation zs

�+k!p=0
2 2

The response of a single elastic scatterer to an

incident plane vave xs cons>dered first. k scattering cross

section is ref ined and an ezpression obtained for the low

frequency case where ka<<1. Experimentally determined

numerical values are substituted xnto the scattering cross

sect>on expression. The multiple scattering problem is then

addressed  cons~aerxng both sparsely packed and densely

packed nodule f ields! . Lastly, a simplified form of the

scattering solution xs examined to show the applxcat~on of

size aistributions and vave speed measurements-
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vhere p is the perturbation pressure and k is the vavenumber

~/t-  frequency dxvided by vave speed! . The general solution
to equation �! is

 kr!n'

Pm n ~m n  e~tI'!
n, m~0

�!

 kr!
n

vhere Y  e,y! is a spherical harmonic, 3  kr! and n  jar!m,n n n

are a spherical Bessel function and a Heumann function

respectively, and e, 4, and r are indicated in Figure 6.

There is no 0 dependence in our problem because of symmetry.

equation �! may be applied to the xncxdent plane wave,

vhich is actually given by

ikrcos9
p p az a

yielding the foliovinq simplified result:

z a �n+1!X 3  kr!p  cos g!

where p xs the- incident pressure amplitude and P {cos 9 ! xsa n

a Legendre polynoaia$ .

Application of equation �! to the outgoing scattered

wave gives

P ~ "  kr! p  cos 8!
�!

n 0



where h  kr! is a spherical Hankel f unction,
n

and B aust
n

norial and t ang ential

It is found by la �981!

stresses and continuity of

displacemen ts a t the inter f ace .

that

1
Bn l+f C p �n+l! i

n �!

1D � g n' E
nl n ~x nl a

3

nl n 2 3nl n
D ~ > E

x3

tl

3 n3 2
! - . �  n. +n-2!

'n3
D 2n n+1! � - �,

n
"2'n2

I

E = 4n n+l! |,l �, !� � " !
n

x2j n3

2"

"3 jn3 l  � + n n-2!   � � 1!
2n3 2h3

1 

jn2
I

jn2 jn2
-2x

2

x2=ka

be evaluated by the boundary conditions.

The boundary conditions reqiure an acoustical wave

match at the interf ace between the scatterer's interior

coepressional and shear elastic wave solutions wd the

exterior coi pressiona l wave of the surrounding fluid medium.

Physicality, the aatch is achieved by applying continuity of
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x =ka

g = e/p
0

h =C/C.
L

p ~ ~ p �n+1! i h  kr!p  coa 8!.n �!
n n

n=0

 8!

For the far field solution  kr>	!, h   !  kr! may be

repla cea as ollovs:

�! k ! I -iIkr- n+I! T/2]

We may then write the scattered pressure as

� lkr
1 �n+1! in   6 ! ei  n+1!~ /2 e

1+ iC 'n '" a kr
n=0

�0!

-ikr
where a is the scattering phase. 'l'his result is obtained

in a more rigorous manner by Ha �981! .

The subscripts 1, 2, or 3 on the spherical Bessel and Meuman

functions refer to the argument of the function so that
ni

denotes j  x ! and similarly for n . The superscript
n ni

ref ers to the derivative with respect to the argument I is

the surrounding f quid wave number z/C and k and k are the
0

scatterer's longi tudinal and transverse vave numbers, ~/CL

and ~/C respectively. The surrounding medium density is

given by p and the elastic medium density by
0 e

The scattered pressure p ma y then b~ vrxt ten as
8



'Me see that the scatter pressure f rom one nodule may be

written in terms of an inrinite sum;

p  p ! +  p ! > + higher order teens
s s 0 s 1 �2!

The first tvo terms on the right hand side of equation �2!

are respectively, the monopole and the dipole terms and they

correspond to n=0 and n=l in equation �0! . Upon evaluating

C for several values of n, it is f ouad
n

2
and dipole terms hoth are of order a ka!

order terms ~ are of order a  Ka! and may be neglected.

that the monopole

vhil e the ' hip her

The scatter pressure from an individual scatterer in

the Ray~eigh region  ka<<4! is found to be  Ha 1981!,

2

3
-ikr

e-l e
+ cos 9 p

2g+1 a rp = a ka!
2

s
�3!

36

vhere

e=gC'C 2

L A

h3 = C~/CL

At present, there is primary interest in the Rayleigh

scattering region  that is, vhere ka, vave number times

nodule radius, is small! for there is a simple frequency

dependence expected here. For ka<<3,
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point;

�4!

The intensities I and I are re~ated to the pressures p
g 0 g

and p by 2
p

O p C
0 0

�5a!

2
pg

I e
g p

0 O
�.5b!

Thus, for r equal to 1 aeter  the coaaonly used point of

ref erence for a 3,

~ = Ip,/p,i �6!

and has the;dimensions of an area.

The subscripts T, L, and e refer to the elastic solid, and

subscript o refers to the surrounding fluid aediua. The

first tera in brackets in equation �3! is the aonopole tera

and tne second tera is the dipole tera. The dipole tera is

a function of the scattering angle e Positive 9 is

aeasured froa the line connectinq the incident pressure wave

source with the scatterer to the line connecting the

scatterer with the point at which p is sought.

The scattering cross section c is a aeasure of the

scattering capability of an object. It is defined as tne

ratio af the scattered intensity to the incident intensity

and aeasured at oae distance r froa the scattering source
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most of tne terms in equation {13! . kverage Pacii c nodule

densities and wave speeds are used. Let

g ~ 1.94

= 0.90
3

e = 4.76

and the scattering cross secxzon for an elastic nodule xn

the Rayleigh range becomes

a = a k �.21! + cos 8  .540!
3 2 i 2 �0a!

For convenienoe, we d ef ine L  e! such that

a k L g! �0b!

3 ~ 2 5ULT PL * S ATT R 5 LY S

The multiple scattering analysis uses a self consistent

f ield approach {Foldy 1905! in exaIIzning the totaL pressure

f iela occurring in the presence of 8 scatterers. The totai

pres -ure field p {r! equals the incident acoustical pressure

field p {r! pius the sum of ail the scattered pressure
I

f ieids from each of the I scatterers;

N

P i! P  I! + p  p!
S1

�>!

i=1

The result is equation {1S!, the fluid sphere scattering

cross section f or la<<1.

Results obtained in Chapter IV can be used to evaluate



The origin of the coordinate system for this case is

f ixed on a. plane of scat ter ers  Figure I! . The ith

scatterer is located at r  vhere zi=0! and this scatterer

emits a scattered pressure f ield given by

p  r! =S s, z! E rr! p  r!si i' i i �2!

vhere g  si,~! is a f unction of the incident frequency z and

a scattering parameter s  vhich may, in general, be related

to the nodule radius and nodule acoustical properties!, and

Z  r,ri! is a Greens function that characterizes propagation

through the medium betveen the scatterer at ri and the field

location at r given by

Lastly, pi r<! is the total pressure f ield external to the

ith scatterer.

The external f ield may be defined

i
p  r ! =p r! p  r!

1 si �3!

 P,i r!! . 3erein lies the 'self consistency ~ of this

approach. The external field has been defined in terms of

the quantity initially being sought � the total pressure

f ield p  r! .

or xn vords, the external field to scatterer i equals every

pressure contribution  incident and scattered! to the total

field  p r! ! around i minus its ovn scattered pressure field



Combining equations �1! and �2!, ve have

N

p r! p  r! + g s, w! E r, z.! P  z.!I i i �4!

and cosh>ning equations p1!, �2!, and �3!, ve can vrite

N-1
i

p  r ! p  r! g s.,~! E x,r.! p  r.!i I j' ' j j
j=l

j/1

�S!

The conf zgurational average is def ined as

pQ r x ..r,s s ..s !dzidr2..drNdslds2..ds> �6a!12'N' l2N<p>

2N

v here

ls2 N! dr dz ..dr ds ds,.ds1 2'' N 1 2'' �6b!

is the probaui late o f a par txc ui ar conf zgurat xon occurring

vith -cat terer locations betveen r, and dxi and

correspanaing scattering paraaeters betveen si and ds< .

vhere the saae ezternal field tera appears on both sides of

the equation, and a siailar equation can be vrxtten for the

external field of the ]th nodule. Equations �0! and �5!

may be solved for some particular configuration of

scatterers, out ve are interested in quantities that are

averaged over all possible configurations of scatterers

since for the general application of this tneory to nodule

f relies, the configuration v~l1. be unknovn.
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1 2'' N' 1 2 N/ ',s.!drldr2'.dr Ids ds ..ds12 N' 12 N i' i I 2' NI I O' NI
 p!

i

�7!

Using conditional probabilities, we can rewrite the

probability uensity f unction found in equations �6! as

Q r r ..r,s s ..s ! Q.  r,,s.!Q<r r ..r,s s ..s jr,,s.! �8a!

or as

Q r r .. r,s s ..s ! Q..  r.r.,s.s,!Q r r ..r,s s ..s /r.r.,s.s.!1 2'' N'12''N ij ij' i' 12''N 12 'N ij ij

�8b!

w here the di vi di ng s lash i n t he co nd it iona l probabi lit ies

means the indicated parameters are fixed.

Taking the conf igurational average of equation {2e! and

apply ing equation �8a! t o the resulting probability

density, we get equation �9a! shown below. The ith

conditional probability of equation {28a! is contained in

the external pressure f field ters   p  r ! !i ~ Taking the

conditional conf igura ti.onal average of equation �5!   f or

the external pressure field average!, and expressing the ith

conditional probability found in equation �8a! in teras of

equation �8b!, we get eq ua ti on �9b! where the external

pressure field average < p  r.! >I, contains the i jth

conaitional probability found zn equation {28b! .

For the ith scatterer~ s position and scattering

parameter f ixeci, the conditional confi.gurational average is

expressed as
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Heapplyxng the configurational average to equation �5!

f or the external pressure field of each subsequent nodule, a

series of N coupled integral equations results. This series

of ~uatxons, @nolan as the Poldy-Lax hierarchy, xs given as

f olio vs; N
i<p r!> = p  r! + V dr ds Q  r,s !g s,~!E r,r,!<p  ri!>i �9a!

i~l

N-1

<p  r! >. = p  r! + dr.ds
i I

jWi

..  r r,,s,s,!
g s.,~!E r,r !<p  r !>

�9b !

<p  r! >. p  r! +
ij I

i9-1
Q..  r r,r,s.s,s !

dr ds g s,z!E r,r !<p  r !!k k Q  r r.,s.s.! k' ' k k ijk
Hj i j i J

�9c!

etc.

praauces a multiplier of N x.nto the inteqrand. Tne

scatterinq parameter  si! integration is examined separately

Successive equations in the hierarchy use higher order

statistics from the scatterer configuration as implied by

tne increasing explicit conditional probabxlities that occur

in the external f ield terms.

The sum~ation f rom 1 to N in equation {2&a! simply



f rom the radiaL  rj! integration over the bottom area. Ne

aay define

G r. ! dr, NQ,  r., s. ! g s., w!
j J. j i j. j �0!

k caus tical pro pertie s are assuaed to be in dependent of

nodule size. Using average acoustical properties, the

scattering pazaaetez s aay be considered to depend on the

The probability function q< r,sj! isnod ole size only.

reduced to the fora

Q.  r,,s. } 8 r.!  s.!
j i 1 j 1

f ar indepenuent size probability distribution <x s j! and

locational probabilit y distribution  expected to be valid

except in the case of very densely packed systeas for which

couplinq aust be considered - Hong �980! j . The randoa

locational or radial probability distribution g r ! is given
i

g r.! = c/N

Me also fina in equation �1! that g  s.,w}
j

turns out to be

the square zoot of the scattering czoss section Ja . hn

and o is the number density  nuaber of nodules per unit

area! of scattezers in the field.

So ve see in equation �9! that the size aistzibution

g s.! is requizeu for the conf iquzationai average  assuaing

average material properties! . A aa!Qr part of this report

is concerned with developing this function froa photographic

data  see Size Distributions in manganese hladule Fields! .
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expression f or cr is given in the Single Scattering

Analysis, equation �7j .

Re aay nov vrite

G r ! NI3  r.! ds.~ s ! g s,~!
i i �2a!

~No/Ng

Pg �2b!

vhere

g ds.a s !g s., ,!i i i' �3!

and the overbar denotes size averaged quantities. Xt is

noted once again that ve have assuled average acoustical

properties for the f ield Kqua txon �9a! becomes

idr.p gK r,r.!~p  r !>.
i i 1

p r! = p  r! +
I �4a!

Applying a similar procedure to �9b!, it is found that

1.
p  r ! = p  r !+ dr pg f R!EI',r,r.!~p  r.!>.. �4b!i i X i j j j ij

Por equation �9b!, ve def ine

 ,s ..!

Q.  r,,s,!i i' i

�S!

where R = r -r, and f  8! is a pair correlated radiali j

d is tr='bution i unction vhich gives inf oraatxon about the

locational relationships betveen ad jacent nodules Radial

distributions are exaaxaed in another portion of this report

although not treated m an in depth manner tsee Chapter Vl! .



and v~ can write

�6!g ri!a s.!

vhere the racial probability q  »» ! can not he broken down
i~ i j

further because the location of scatterer i with respect to

scatterer j zs not independent  for densely packed systems! .

They are pair correlated. ve define

"2, 2
q . = p,'v p R!

ig
�7!

and plugging back into equation �5! ve get

G ». ~ »i! - ds No/N gR! < s ! g  s,,>!
i

�8!

By equation �3!, ve may write

G » I».! - af R! g
i

the right hard side of which occurs in equation �4b! . The

difference between equations �9! and �2! is due to the

locational correlation between pairs of nodules which is

represented by the radial distribution function f  8! .

Only the first tvo equations of the Poldy-Lax

hierarchy . equations �4a! and �4b!, have been examined

because under tne proper circumstances, a closure conaxtxon

can De introduced so that solving all of the 5 equations is

avoidei. Two =ets of cixcuILstances with corresponding

closure conditions are considered here for manganese nodule

f ields.
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r'oz sparse distributions of scatterers  lov number

density 5 j, it can be assumed that the configuration of

scatterers and the average total field are not significantly

aff ected by the location and scattering of the ith

The closure condition approximating thisscatterer.

circumstance is

<p  z !! ~  p p !!
1

i i �0!

condition

p  r ! . = p  r !>
j ij �1!

and the hierarchy is truncated after the second equation

�0bj . This closure condition has been dubbed the qua i

crystalline approximation by Laz �951! .

and only the first equation of the hierarchy. equation

�4a!, need be solved . Again, this solution is valid only

f or sparsely packed nodule fields.

For a densely packed distribution of scattezers  high

p!, the location of scatterer i vill, - n general, impose

limit;.tions on the location of ad jacent scatterers, a though

the scattering from the itn scatterer st&i vill not affect

the average total field significantly. Consideration oZ

pair correlation sta tistics is possible using the closure



3.3 PORTHEH EXk5J ATION OF V RIOUS TERMS

Zq nations �4! def inc tne total pressure f ield

occurring for the multiple scattering of nodules and this

total pressure field can be used to determine the acoustic

signature of the nodule field . The main f ocus of this

thesis is the examination the vari.ables g and f  R! for use

in those eq uations. q, as written in equation �3!, is a,

f unction af th~ square root of the scattering cross section

g  s,~!  which requires quantif ied acoustical properties!,

and. of the size distribution a s! .

2
Zn general, s can be set equal to a � the noctule's

radius squared. From equation �0b! we f ind, in the

R ayleigh region  ka<�!, that

K s~<! iso~ a k L 9!
3 '7 �2!

�3!

Pox s = a, e s! is given by the probability f unction g a !
2

which is defined in Chapter V by equation �6!;

2
S

2
> s! �., es 2b

b*
�4!

Equation �3! for g becomes

where x is constant f or a given frequency and L 8! is

independent of s. Zn terms of the variable s, equation �2!

becomes
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2
-S

2g k L 9! ds s 2b 3/2
b

�5!

The size average of the pronability distribution ~ s! is by

def ihition equal tO 1 leaVing

g - k L e! ~3~2 �6!

where again the overbar denotes size averaged over the

entire iield. In terms of the radius � a, ve have

2 3
g = k L�!a �7!

3 2Ig = a k [�.21! + cos6  , 540! �8!

So it has been shown that the total pr. ssure f ield is a

f unction of the average cubed radius in the Hayleigh region

� very convenient for fiquring average volumes. Outside of

the Rayleigh region, however, g  s,~! is a complicated

f unction of a aud a will not generally f all directly out of

t be equations. Determining a~  or any a ! from whatever

averaged function of a. that may result from the size

averaging of g  s,~! is the sub ject of size Distributions in

manganese Nodule Pieids.

As mentioned previously, f  8! is examined somewhat

lightly in Spatial Di~<ributions in manganese Nod~le Fields.

For this study, we seex. only to verif y the existence of

certain pair correlated features ot the spatial

distribution.
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Figure 6. Spherical Coordinate System for Single Scatterer
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Chap ter IY

ACOUSTICAL MEASUREMENTS OF HANGAHESE llODULES

The acoustical proper ties of manganese nodules are

intrinsic r~uuirements for the applxcatxon of the scattering

analyses to nodule fields. One can choose a specific type

of material to which these analyses apply by using values

for the dens:ty, and the. longxtudxnal and transverse wave

speeds which are similar to those of the desired material.

Equation �7! for the scattering cross ection requires each

of the properties mentioned here. Me must therefoxe have

some quantitative measurements of the density and the wave

speeds found xn manganese nodules. i summary of the

mea -urements performed is g ven directly below. A detailed.

discussion of the procedures f olLows. Nodule samples f rom

the Facif ic  between Calif ornia and Hawaii>! and from the

Atlantic  the Blake Plateau! were obtained from Deepsea

ventures, Xnc. Two northern At antic nodules were obtained

from 'foods Hole Oceanographic Institutic,n in Moods Hole,

N as sachus et t.=..
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Dry bu lk density p is com puted similarlyreduce error.

eXCept that the dry nOdule masS Md is usea.

M
d

 u,d V

�9!

vhere v denotes wet bulk and d denotes dry bulk. The volume

includes all a' rspace  or fluid. space! within the nodule  a

signif cant fraction! . Volumes were obtained on water

saturated nodules by a di placement method. The steps are:

fill Z graduate~ bearer COntaining the nOdule tO a referenCe

The nodules, vhiCh vere in a semi-dried COndition upon

receipt, vere submerged. in water until saturation  usual].y

OCCurrinq within 48 hOar" ! . VaVe speed meaSurements Vere

then perf ormed, as well as vezqht ana dzspiacement volume

measurements. The nodules were then kiLn dried  at 108C! to

constant mass and wave speed and weight measurements

performed again . Met and dry bulk densities, dry material

denSities, and porOSities were d&termihect and may be fOund

in Appendix A. The compress'ona=' and .near vive speed

measurements are also recorded n Appendix JL A. more

condensed form of the data containing information required

fOr uSe in the SCattering analySis may be found in Table 1.

vet bulk density p simply eguals the wet nodule mass

M divided by the nOdule vOLume V. Zn determining the wet

mass, care was taken to remove excess surface Mater Each

nooule was weighed several times and the results averaged to



line vitn water; remove the nodule, taking care to let water

Which vas Cf.inqinq to the SurfaCe drip baCk intO the beaker;

reau the displaced volume off the beaker- The material

density is the density of the crushed nodule material {this

excludes airspace volumes found in the porous whole nodule

structure! . It is tound by f irst assuming the saturating

water density ta be 1.0 g/cc The mass deaf ference between

the vet -.nd the dry nodule is the mass of water retained in

the porous nodule. This water mass may be converted to a

fluid {or airspace! volume. Subtracting this airspace

volume from the nodule displacement volume gives the solid

nodule material volume. The dry nodule mass equals the

nodule materxal mass  since the ~eight of any enclosed air

is negligible! ~ The soli.d material density is

M
0

SID  M -M!

H~O

where sm = solid material. The porosity Y, which is the

ratio of airspace volume to tne nodule volume, map be
written

psm d
V=x100/

S Tll

The porosity is not directly used in the scattering analysis

and both nodule densities and porosities are reported in the



literature fGreensla te 4977! ~ These measurements Were

performed however to ensure that the nodules contain no

large eccentricities and are fairly representative of

manqanese nodules found in the Pacific and Atlantic Oceans.

The reader is referred to Figure  8! for a schematic of

the wave speed measuring apparatus. Longitudinal and

transverse wave speeds are measured using the corresponding

~coustic transducer pairs. The signal generator is of the

repeating impulse type. I generated 'input' pulse

simultaneously excites the sending transducer and registers

on an oscilloscope screen The pulse travels tnrough the

nodule specimen and excites the receiving transducer. The

signal emanating from the receiving transducer crystal zs

amplified and displayed on the oscilloscope screen in real

time  with respect to the generated output pulsej. The

distance between the beginning of the input pulse and the

beginning of the response signal  the signal that traveled

throuqh the»odule!, as shown on the oscilLoscope screen, is

the traveL time through the nodule and the system.  The

system consist s of a nytn ing the acoustic pulse travels

throuq» besides the nodule! . A system time lag may be

measured by placing the transducers f ace to f ace.

Subtractinq the system time lag gives the acoustic wave

travel time through the nodule only. When making these



C
t*!

where C is the wave speed, t+ is the system tme lag, and t

and d are shown in Pigure 8.

The type of wave speed measured depends upon the type

of tran -oucer pair used. A Lonqxtudinal transducer crystal

can de excited xnto and can pxcx up a motion perpendicular

to the plane of contact between crystal and nodule. The

longxtudxnal wave speed then xs a measure of compressioility

and is aefined s
 saba!C, = ~E

vhe" e E is the modulus of elasticity. d transverse

transducer crystal excites or picks up a motion parallel to

the nodule/crystal interface. The transverse wave speed zs

a m~~sure of rxqidity  e.g. fluids are non-raged and

therefore, a<low no shear vaves to propagate! and is defined

�3b!

where G is the -.,hear modulus of elasticity.

coupling grease was used to mate the longitudznal

transaucers to th~ nooule surfaces for improved performance

measurements on a no du le, the tr an sd ucers mu st be pla ced

d rectly across from eacn other on parallel machined faces

of the nodule. The travel time measurement divided by the

distance between parallel f aces yeilds the vave speed.



 better contact - clearer signals! . Ho grease was used for

the shear wave transducers which EeguLre contact fraction

between transducer and nodule surface to operate. Both

transducer sets resp onded to larger pressures pushing t hem

against the nodule faces by displaying clearer signals.

Rotating the compressxonal wave transducers whale on

the noaule f~ces had no ~ffe~<. But, rotating the shear

wave transducexs aff ected the travel t me zeadings  note

that tne ori~ntatxon of the shear wave transducers relative

to eacn other remained fixed duu.ng thzs rotation

procedure!, indicating that the nodules may have some

annular shell type structure that responds tv the dzrectzon

in which the shear wave is apps.ied . d'or our data, we

attempted to record the minimum and maximum smear wave

speeds possible.

An attempt to calibrate the system was made by taking

air and water measurements. Some metal samples  copper,

aluminum, and steel! were also measured and good results

were indicated for both shear and compressional wave speeds.

However, unKnown alloy content of our test metals compared

to metals tabulated in the literature prevented the. r use

for the system ~ s calibration. Both a~r and water measured

about 2% hzgh. 1herefore, all wave speeds have Lean reduced

Dy 2% from tne me -surei values. Et should be ment>oned that



vhiie the cetals could nvt be used for determining a

calibration f actor, their vave speeds consistently measured

the same at dif ?creat times indicating ao creep ia the

system calik ration setting. air ~nd vater me suremeats

generally measured the same but some very small variations

vere noted and may be attributeu to temperature variations.

possible reading error may also exist f rom reading

the o -;ciiloscope merc en. The possible error here vas fouad

to be less than 3'.0 for a.il nodule measuremeats taKen except

one vzich had a 6% reading error possible ~ The reading

e"ror magnitude depends on the time scale selected for

display on tne oscil < oscope. Tn~ screen is diviaeu into ten

intervals and each interval is divided again into ten

subintervals. %e can discriminate to vithin plus or minus

one half of a subinterval. The time length of one interval

m ay be select ed and the m bsol ut e e rr or becomes + .05

multipiied by that time length. The absolute error divided

by the travel time recorded is the percent error possible in

reading the screen.



Nagor emphasxs is to be given to the Paczf xc nodule

measurements, for these are the nodules of interest to

mining companies. H owever, Atlantic nodules were available

and were tneref ore measured also. Appendix A gzves complete

listings of data recorded for each sample. In concensed

Table f, several samples are excluded f rom parts oi the

table for various reasons. Pacific nodules Pl, P3, and P8

cracks which prevented one wave speedd evel Oped

visible on CH58 and we can only assume

was misread. Atlantic nodules DR!b aad

exter nal cracks are

that tne weaK s ignal

CH58  obtained from Moods Boie Oceanographic Lnstxtute! wer<

their ap pear ance and their acoust~c='quite u.off crea t in

properties when compa red to other Atlantic nodules. Tneir

measurements from being made. Nodules P6 and P8 broke up

before their densities and poroszties could be determined.

Shear wave speeds could not be determined for Atlantic

nodules A4 and OR15 because the signal apparently could not

make it through the nouules. Noaule CHES in the wet

condition allowed only a weak shear signal tnrough that was

quate low xa speed compared to other Atlantic nodules.

Examxn~ng tbe behav ior of the shear wave xn other wet

nodule.-, ve see tnat its speed snould increase suostantxally

over the speed for the dry nodule  not so for CH5d! . No
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densities and their compressional and shear vave speeds

 vhen measur~bL.e! vere lov, and their pores appeared to be

filled vith = very fine, light colorea sediment.

In general, both Pacific and Atlantic nodules revealed

wet d ensi ties and po rosities v er y close to th ose f o uad

the literature f or Pacific nodules. Greenslate �977! gives

aa average vet bulk density for Pacitxc nodules as 1.95g jcc

and a porosity range of between 50 � 60%. The Pacific

aodul~ samples ma asured to vithin 2.5% of the 1.95 g/cc

average except for one nodule vnxch vas 9% high. Porosities

vere fauna to range from 50 - 55%. Average densities aad

porosities for Atlantic nodules are not f ound in the

liter at ur e.

Pacific nodules show a smaller rang e o f corn pressioaal

wave speeds �950m/s to 2500m/s! with the average �350m/s!

som evhat lover t han comparable measurements for Atlantic

nodules  vhicn ranged from 2425m/s to 3215m/s and averaged

at 2605m/s! . The shear wave speed ranges were about tne

same �615m/s to 26v5m/s! for pacific and Atlantic nodules.

P ac if ic no<.'uies vere less sensitive to shear wave

orientation. The higher compressionai vave speeds and the

qreater =ensitivity to shear direction in the At<antic

nodules may both be due to the presence ox many veins of

very hard, white calcareous material  see Gladsby 1977 for a



chemical analysis! that is not f ound in Pacific nodules.

The ratio of the shear wave speed to the compressional rave

speed ranged fro» 0.83 to 0.98 in the Pacific nodules and

f rom 0.69 to O.i0 in the Atlantic nodules.

4 .3 FORTH 3 I NV ISTIC ATlON

The A tiantic nodules appeared to be much more

structurally sound whether in a vet or dry condition. The

Pacif ic nodules, after drying, tended to break up or develop

cracks easily. Visual inspection showed no external cracks

in the noduLes  which had been dried out before receipt! for

which wave speed measurements were obtained. Whether

internal cracks existed or not in the Pacif ic or Atlantic

nodules is not known. There is also evidence that general

pore structure aamage may occur during drying out. Possible

internal cracks or pore structure damage in nodules that

have been d ied out may result in diff creat mechanical

properties and mo t iikeiy in slower wave propagation speeds

because of a less homogeneous medium. The nodules were

measured at atmospheric pressures and temperatures.

Ideally, reshi y recoverea nodules packed in seawater

should be measured  for wave speeds! at assimilated ocean

deep pressures and temperatures. A larger sample group

shoul e be utilized f or greater confidence in the results.



govever given that tl}ese Bre the first g Gantlet ative

accounts of acoustical ~ave vol,ocities xn manganese noddies,

the results are satisf actory f or use in the scattering

ana ly sea.
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Figure 8, Schematic of Wave Speed I'measurement Apparatus



Chapter V

SIZZ DIsTRIMTIOIs IÃ MKANESE MODULE FIELDs

ke wish to determine a statistical area distribution

f unction that characterizes the frequency with which nodule

cross sections areas occur  relative to the local average

area! in any particular nodule site. Such a function would

describe the statistics of noduLe sizes which are required

for the aultiple scattering analysis  a s ! xn equation

�3! ! . Me can also develop anaLytic relationships between

aver-age radii of diff creat pc vers. Mote that

a n

where a is the radius and the overbar denotes the average

over a group of noau~es.

Por acoustic wave f requencies in tbe Raylezgh region

 where the wavelength is long compared to the nodule

dimensions!, the scattered pressure is propor tional to tne

radius cubed. Ther ef ore, the average pressure scattered

froa a nodule i~ propOrtional to a and is conveniently

proportional to the nodules ' average vol use - of gr eat

inter~St tO ~ining COnCernS. BOweVer, the aVerage radiuS iS

aiso needed to ensure equipment/nodule compatibility, and

this reiguires relating a ana a . Par incoming acoustic

wave frequencies in the re=onance region  that is, for

frequencies between the ~ow frequency Hayiexgh scattering
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region and the high frequency geometrical scattering

region!, tn~ scattered pressure is a more complicated

f unction of radius {Ha 1981! which has not been averaged

yet. The averages of the radius and the cubed radi.us aust

be obtainabl~ from whatever averaged power of the radius

term that m ay occur. A general. relationship between

avezaqes of radii to various powers is sought. The sources

of data and data preparation are described directly be1ow.

discussion oi the mathematical manipulations required to

transform between averages of different powers of the radius

f ollovs.

Two sources of data have been utilized for finding area

distribution functions. Data vas obtained directly f roa

several bl.act and white bottom photographs supplied by

Deepsea Ventures, Inc. aud also froa physical

characteristics tables of various central Pacif ic nodule

sites compiled by Fewkes, WcParlPQd, Reinhart, and Sorem

�979 and 1980! . Each characteristics table examines a

smali representative nodule site  typically a sea loor area

of about 2500 ca++2! containing azouna I5 nodules. Listed

in the tables are the floor plane cross sectional areas, the

lengths, and the widths of each indiviauaX nodule xn the
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site. From the floor plane areas  listed in Appendix 5! the

average cross sectional area of each data set is determined,

and this quantity characterizes a curve describxnq the

distribution of eros section al areas. Obtain ing data f rom

the photographs requires consider able ef f or t since the

bottom plane cross sectional ~ea for each ~dividual noduie

aust first be determined.

The photographs are taken from less than ten meters

above the paci f xc Ocean f loor ~ approximately 4000 meters

below the water surface. In only one of the photographs xs

there a real length scale at the sea floor available.  Th~s

does not prevent analysis of the other photographs however,

because the oo jective is to determine the distrxbutzon of

the areas relative to some average area, not to predict or

determine real scale areas ! One 35am color slide of each

photograph has been prepared. Three caiinration slides to

check projection distortion have also been produced. These

consist of various angles and scale lengths placed in

different portions of the 35mm slide frame. Mhen projected

onto . screen, the calibration slides showed no discernable

distortions of lengths or angles in any portions ot the

slide frame when the projector vas properly positioned  z.e.

when ~eveled and ~uarely facing the screen! .



be determined. ot herwise ~ these pr o j ected a reas are

unscaled. vote tha t data was collected and reduced f rom

nodule f ield slide is projected onto a. large hanging

screen of white paper. A caepromise must be made between

projected nodul.e size on the screen and nodule definition.

For ease of measurement, the largest site possible is

desired for the projected nodule images at the screen

 affected by pulling the projector away from the creen and

using a zoom lens! . But at tne same time, the snarpest

image possible is desired to distinguish the background

shades of gray from the sometimes only slightly darker grays

of the nodules themselves  pullinq the projector away from

the screen results in greater ligh t dif fusion losses,

causing lessened edge def inition! . All tne noaules are

traced onto the screen, and any resolution proniems are

settled by reference to the original photograph.

The projected cross sectiona1. area of each traced

nodule is determined by use of a manual planxmeter, in

effect, a mechanical integrator. The outline of e~ch traced

nodule must ne f ollowed by the planimeter tracing point.

After one trip around the perimeter, the nodule pro jected

area  unscaled! may be read directly f rom the planimeter in

square inches. If a real scale length is provided in tne

photograph, the real cross s~ctional area of each nodule may
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only two photographs. This is extremely tedious sork and

since data is available in already reduce f orm  Pevkes'

tables!, examining all the photographs was unnecessary.

There are three types of error possiole in using the

p lan i meter: inaccur ate reading of the area from the

instrument, recording error; inaccurate tracing of the

outline of the nodule, execution error; and, inaccurate

calibration of the instrument. calibration error. The

smallest division marked on the planimeter is a tenth ot a

square inch and so our recording error i - one half of that

or .05 in++2. A repeatability test shoveu execution error

to be less than .05 in+~2, the recording error  during

Mhich, extra care was taken in reading the planimeter scale

in order to minimize recording error! . An accuracy test on

a 1. 0 in ~+2 squar e shoved cali br ation error to be

undetectable  at least within the bounds afforded by the

other errors! . These measurement errors are relatively

unimportant because ve are attempting to determine

qualitative properties of. the distributions, not precise

quantitative information.

One photograph vas examined as a whole  consisting of

388 nouules! arid also in two subsections  consisting of 24'

and 142 nodules each! . The resulting curves mere comparea.

The tables from Pevkes et al. do not permit sectioning
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data set ia histogram or bar graph form. Or oae may

transpose to the radius distribution or to the radius to the

secoad ~ third, or sixth power distributions by plotti.ng the

number of nodules vithia each interval against tne

appropriate iaterval of radius raised to vhatever pover  see

plots! .

Referring to the data sets la, 1b, *ad 1c  Listed in

Appendix 8!, ve see interval sizes of 2.4 � 2.5 em+~2. This

spacing actually corresponds to interval sizes of 0.1 in++2

because the physical azrangeaeat of the nodules on the ocean

f loor is uakaov n.

First, ve must allocate each nodule size in a data set

into its disczetized interval o cross sectional area. That

is, ve need to knov hov many nodules have cross sectional

areas betveea 0 aad Limit 1, between limit 1 and limit 2,

and so oa until all noduLes have beea accouated for. Each

interval should have the same size. The size is arbitrary

but initially, it should be as small as practically

possible. If the intervaL size proves to be too small  ~s

vil+ ne discussed shOrtky!, combining adjoining intervals to

make larger  but pres erabiy still egual sized! intervals is

s im pie.

This process v ill give an area distribut oa  s .e.

number of nodules vs. cross sectional area interval! for a
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Prom the statistics of the radius squared dat~, ve can

an average of the squared radius a and the

of the radius squares v 2 . Likewi e, we can
a

calculate

variance

calcuiate th~ average radius a, the average of the cubed

 the smallest measurement size possible using the

planimeter! transf ormed to the metric scale and multiplied

by a real scale ratio {derived from the zeal scale length

supplied in the photograph! . Examining this data, ve see

that there are a possible 33 intervals. But, plotting the

distribution of nodules against 33 area intervals in bar

graph form vould result in an excessively tough graph  a

problem inherent in small data sets and remedied ny

obt~inz.ng iarger data sets oz, in this case, by using larger

discretized plotting intervals! . By using tvo, three, oz

more intervals in a zov as a nev larger interval spacing,

the histogram can be smoothed out. Smoothing of the graph

is necessary in order to fit a. curve to it. Note that the

data sets from Pewkes' tables  real scale data! are

classified into 1 ca++2 intervals  appendix B, Data sources

3 through 8!, but the bar graphs produced f or this data

 Pigure 37 and Pigures 20 through 24! use 3 ca++2 intervals

f or a smoother bar gzapn representation of tne

distributions.



59

m 1 ~ m
a � ~a. u.N ~ i i �4!

and for the variance of that average cr

Ll ~ m m
 1am g~ a< � a fJ
1

�5!

vhere V is total number of nodules, a< is seme discrete

size, n is the number of nodules having size a<, and a is
the pover of the radius under consideration

Xt vas found that a Bayleigh probability function {or

density! describes tne radius squared distribution quite

well {the radius square distribution and the area

distribution are the same! . The Rayieigh probability

f unction for tne radius squared distribution is;

2
-X

q x! = � ex 2b

2
�6!

vhere x = a2 ~d b is related to the average squared radius

a {the relationship vill be derived shortly! . Thus, tne

nodule size distribution {for any radius power} is specified

by the single hayleigh parameter b vhich aay be quantif ied

f roe real data {i.e. area statistics}, or used to relate the

averages of waif f erent povers oi the radius. In Davenport

radius a, the average of the radius to the sirth pover a

and corresponding variances of the radius to a power The

general fora for the average mth power of tne radius a is



60

the radius.

q� y! =q  !' � ~dx

2 Idy  S7!

where y = e x = a, and q and q are probabilityn

f unctions of radii to tne indicated powers  indicated by

subscripts! . For thxs particular case;

2

22 �8!

To determine the radius probability density, we Let

1/2
y a=x

then

~d 1
<ix 1/2

2x

2
X

2
q  y = a! = � ex 2b

1 2
1/2

a

2b
e

3
q  a! - 2� a

1 2

radius cubed probabilitySimilarly, to d.c termine the

density, ve let

3 3>2
y= a =x

and Root �958! a discuss>on is given an monotonxcaliy

increasing or decreasing probability function sets and their

use xn other single var>able f unctxons as t he single

variable. An expression i obtained which is of use xn

relating the probability densi txes f or different powers of
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then

~d 3 1/2
dx 2

and ve f ind

q a!- � � � b2 a
3

b

�0!

By folioving the above procedures through vxth y = a

ve f ind the ger eral joraula for the a probability densityn

t vhere n is reaL and positive!:

4
a

2b2q  a"! - � � e
n Yl 2

�1m!

or

2
�- -!

n -x

2 2  n! 2 x 2b
n Tl 2

b

�!.b!

By definition of a statistical average,

1/2 1/2
x q  x!dx

2

0

2
X

3/2 2 2
e dx

2
b

�2!

vhere x = a- . The last equation is in terms of x instead of

a in order to reaind us that tnis analysis is based on a

radius squared distribution curve fit. Lt nov reaaxns to

evaluate the Raylexgh parameter b.
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a x= x q  x!dx

2

0

x

2 2b2
� e

2
c1x

b
�3!

v-1 -uv
e dr = p " u!

�4!

f or v real and greater than zero. In general, the gasaa

f unction I' v! is given by

  + � ! =  '
2 Gl

�S!

for an integer m. Por a aoa-integer argument, the function

is tabulated in mathematical handbooks.

integration if we let

Me can use ths

then

dc Zxdx

For tree average radius squared given by equation �3!, ve

f ind

l/2 2b
a 0 e dq

2b
�6!

requiring that

and

Similar equations are obtainable for a or any a  for n

real and positive! . Proa ntegratxon f ormula tables, we

Know
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2b'

2 2! I'�/2!
2b Zb

�7!

By using gamma f unction tables, we f ind

�8!a 2 = 1.2533b

Similarly, we can find

�9a!jy'7
1 ~ 0780 b

1.5457 b

3 7598 b

3=a �9b !

�9c!

Following the above procedures through for a we f ind the

j.

2b

f ollowinq: �0!

n 1
4

�1!

and the general. formula for the average of the radius to the

power n Ls~

1 ! .  -' + 1!
2b

powers.
3

a
� 3

1.23S8 a
3/'7

2
1.1016 a

� 6 1/2
0,7972 a

�3a!

3
a �3b!

3
a �3c!

f or any zeal positive value af n.

This sbcws that the average radii to dif ferent powers

are related by only one parameter � h. Below are some

era>pie transforms to a from various other average radii



Plots are presented for the distributions of the radius

a, the radius squared a, and the radius cubed a in Figures

9 through 30. Radius square histogram - or bar graphs

represent actual ocean floor area measurements of nodules

taken from photographs or data tables  a I. values are real

size except those from data source 2 vhicn are unscaled! .

Hadius and radius cubed histograms are deri ved assuming

spherical nodules. This is obviously not the case for remi

nodules and vill be commented on later.

The hay eigh probability density curves f or a and the

predicted probability density curves for a and a fit the

discr«=tized hat~  bar graphs} quite veL~. Average radiu

f unctions are indicated on the plots by dashed Lines. To be

matcned Dy the probability density curves, the bw grapns

have be«n normalized. Oy dividing the number of nodules

eacn interval by the total number of nodules in the aata set

and by the interval size.

Plotted in Figure 31 are several d~t~ ~ets from various

sites in the k'acizic Ocean  data sources la, 2, 8, 9! vt.th

nearly tne Sa~e aVerage nOdule SiZe. Tne pOint repreSe~t

the middle o each discret' zed interval from each or the
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data et hi tograms. The data sets vere individually

nor malized ~ descz ibed above and then each set itas

non-d mensionalized bv corresponding va jues of a. That

the non-dimensional number of nodules to be piotted arong

the orai nate axis for one dat.a set equals

n,
i 2

XIV' T ~ iV
a

>ayleigh parameter b. This involves computing an averaged

average square radius  not to be conf used with the square of'

the averaged avernae radius! . The resulting prabaoil ity

curve fits the data point . rather veil. Figure 3i

similar plot usirq pacific Ocean sites  data sources 3

through 7! that vere all physically vitnin 10 I meters �50

f eet! of each other. The results are similar.

where n< is the number o nodules in interval i, LINT is

dimensional vA th of interval i, an@ N is total number of

nodules for which a, n, and s refer to only one data set.

The radio= sguar ed. on the abscissa axis is

non-dimensionalized by dividing by the square of the average

rad us .-ver=ged over all the data set". The Hayleigh

probability density p x! is non-dimensionaiized by

multiplying equation �7! by the averaged average radius and

using the non-uimensiona' radius square  plotted on the

abscissa axis! ~s the argument x. The probability curve is

normalized to f it all the data sets by computing an average
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3/in mast cases. Prrors incurred by assuming a = a may be

as much as 50%.

5 0 FURTHKB IH VESTIGATEOH

ks mentioned earlier, Pacific manganese nodules are not

spherical an so the relationship between the length  the

radius!, the ocean floor area  the radius squared!, and the

vol um e  the radius cubed! o f a nodule is not simp le.

NcFarlar d �980! has ea piricaizy derived a rel -tionsh p

between nodule mass  volume times density! and the longest

length of typical nodules  the longest floor p Jane!

dimension of the nodules almost always occur in the ocean

floor plane since nodules are f flattened in the vertical

direction! . The relationship h=s the orm

67
Q$$ = ~ 54  T PAGTH! �4!

The measured. average radius, and the averages of the

second, third, and sixth powers of the radius are listed for

each data source in Appendix B . Again, these are based on

true measured values of the radius squared  except f or the

unscaled case of data source 2! . Equations �3! are related

by the Rayleigh parameter b  see equations 68 and 69! . By

these equations, we can use a vera ges of. t he r adi us to

various powers to predict say a and then compare the

predicted a with the measured a . Xn doing tnzs for many

of the data -ources, the error is found te re less than =5%
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d hether or not this relationship holds over large areas of

Pacif ic Ocean is aot kaovn. This involves questions on

»hether the gro»th characteristics of nouuies are the same

any»here in the Pacif ic. Fe»xes ~ tables, f rom vhich several

data sets of floor plane areas vere taken  appendix 9}, also

include length to vidth ratios of nodules  note HcParf.and is

a co-author vith Pevkes and the nodule mass ta length

relationship is quite likely based in part oa Fevk~s' length

to vidth ratios! . Examining results from tests oi the

system proposed in this pape r may indicate i f f urt her

investigation ' s required on the ef tects of the length to

mass relationship and tne length to vidth ratios.
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Figure 19. Size Distribution Curve Fit for Oata Source 8
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Chapter VI

SPATIAL D15TPXB VTIOSS IN qkNGAN ESZ 80330LE PTELDS

In sparsely populated nodule f ields, the Locational

relationship oetveen any tvo nodules is essentially random.

Nodules are .paced fax enough apart so that one nodule does

not impose significant locational restrictions on anotner .

=n densely packed nodule fielas, the possible location

of any nodule may be appreciably inhibited by the presence

of otzer near by nodules. I f initially, no nod u3.e Locations

are knovn, tne probaoilxty that the ith nodule Ls at a

specific location is random. Hovever, if a nodule xs knovn

to be at location i, the probability o? the jtn nodule being

at a specific location is related to the ith nodule's

position. The probability that the jth nodule xs orate0 in

a region far avay from the ith nodule is nearly random  the

relative location. of the ijth p>iz is very veakly

correlated! . Hovever, if the jtn nodule xs located close ho

the ith nodule, there is a nonrandom pair correlation.

Locational pair correlation is represented as the dev iat ion

f rom the random condition by the radial distribution

function f  8! .

Higher order locational statistics  conaxtional

probabilities! are required for configurational averaging Ln

densely parKed f ields. The second heir =rrhial equation of
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t he Fold y-Lax series  equation 34b! considers locational

correlation of nodule p irs through f  R! - Therefore, for

densely packed systems, equations �%a! and �4b! must be

used. For sparsely packed systems, pair correlations are

insignif icant and the use ox equa tion �oa! alone is

sufficient.

T' he radial distribution f unction may be found xn tne

following way. Consider one nodule at the center of a large

f ield Of nOduleS. If We Set up enOugh CirCular rinqS Of

constant width about that nodule to encompass all other

nodules in the f ield. and then count the number of other

nodules found in ea cn ring in terval, the result zs a

discr etized radial distribution  we shaL3. modif y t his

slightly when we consider the statistics vf the results! .

Hong { 1980! numericall y derivea sim iiar radial

pro babil ty f unctions for hard spheres on a plane. Bxs

inclusion of pair statistics yields good multiple scattering

results for densely packed systems. Tnere wilL be no

attempt to fit a curve to the radiaL distribution bar graph

or determine an empirical distribution function a was done

for the size distribution analysis. The limited u -e of

information from the radial distribution at present does not

~arrant such a course. Interest iies in confirming general

trends anticipated from rev awing Hong ~ s paper.
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~Dt T R ~DOC~TON

Radial distributions are determined for photographic

The enlarged nodule f ielddata source - 1 and 2.

reproductions proauced for the size distribution analyses

are used. The center of each reproduced nodule in the field

is marked ann number d, and a Cartesian coordinate system is

Features o f the radial probability distribution tnat

should be emphasized are the exclusion length, the favorable

location region ~ the shielded region, and the random

probability region. The exclusion length def ines the region

immediately surrounding the center nodule in which very fev

other nodule= are located. f  R! equals zero here The

random probability r egion ref ers to distant regions  far

f rom the center nodule! and is represented by f  R! being

equal to one. The f avorabLe location region is a region of

nearest neighbors, gust outside of the exclusion Length

region, where the probability of another noaule existing,

f  R!, becomes greater than one. The f avorabie location

reg ion cause a shielding ef f ect on tne ring intervals

isa ed iately f o ll owing it  g oing t ov ar ds the distant

regions! . F  R! dips beiov the random Level � ~ 0! in this

shielded region because eacn nodule in the favor4bie

location region has its ovn exclusion length.
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distributions. Large interval size smooths out the

distribution  clearly displaying the levelling otf ia the

far field! ~ nut it does not accurately distinguish the near

f ield features  exclusion length, favorable region,

shielding!. Too small aa interval size results m a very

rough graph  due ta using a discretized interval form to

represent small data sets} . k trade-of+ is ream.red,.

Considering one center nodule and its relationship to

surrounding nodules provides too small a data set vith which

to work. Therefore, a group of center nodules  say 2V to oV

nodules! is utilized. Identical ring interval systems are

set up around each center nodule and the number of nodules

existing in corresponding ring intervals are summed. The

f act that 20 center nodules are used instead of one is

considered in z 'ater aormalization This larger set of

superimposed over the entire field. The location of the

origin is u» ~ mportant. The x and y coordinates of each

nod ule center are then r ecor ded using an electronic

diqitizer . The distance betveen any two nodules then is

just a Vector audition problem.

Just as ve could vary the interval length for the size

distribution, the interval size for the radial distribution

is varied by using larger or smaller ring widths. Different

interval sizes enhance various features of iatere t in the
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data . s also more representative of the total field af ter

averaging.

Another problem encoun tered in vo ives beinq abide to

include enough intervals vithout running off the

photographic reproduction. For a single center nodule, the

intervals must extend out to at least five or six nodule

diameters to be able to infer anv trends in the

distribution. For the single nodule in tne center oj

reprouuction this is no problem. But, for ~ nodule at the

outer edge of a large group of center nodules, it becomes a

problem !chere the intervals must extend out five or six

average diameters! . Considering the sizes of the

reproduction" and the nodules, 31 center nodules ~ere used

in data source 1, and. 40 center nodules in data source 2

6.2 CALCULATIONS

The radial dist ribution proposea at the beginning of

this section plots number of nodules in each interval n

against ~, the distance f rom the center nodule to the

interval i. Ln the resulting bar graph, n simply increases
f

vith distanc»-.. from the center nodule. This occurs because

as r increa .es and the interval  ring} viath Dr remains
i

constant, th~ area covereg Dy each successive ring increases

proportional to r. The number o nodules found
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succe"s ve intervals is theref ore expected to 4o the same.

is eli minatea by dividing each n by theThe ;rob*em

corresponding r . So, ve should plot the number of' nodules

in each interval divided by the distance from the center

n /r, against the same centernodule to the interval,

nodule to interval distance, r

The area of a particular ring interval A encircling
i

some center nodule is

�5!

The number density 5  number of nodules per unit area! of a

randol distribution may be defined as

�6!p = iV/A

p n,/A
i i �7!

vhere subscript i indicates some interval. Therefore, from

equations �5! and { 27! ~

n. Q

a j

A.p 2~r Arp
i

�8!

vhere this expression is vritten for one center nodule.

For the case of 5 center nodules in a random

distribution, ve can vrite

vhere I is the total number of nodules and k is the total

bottom area in vh ch they lie. For this random distribution

ve can also vrite
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f  Rj 2l5r iN
l.

theoretically predicted f R! = 1. Thxs may be the result of

using toe few center nodules to represent the fxelu.

Zn the near field, one clearly sees an exclusion region

and a sharp rise representing the favorable location region.

Immediately following the rase, one sees the shielded region

Radial dzstrxbuMons f or data sources 1 and, 2 are

plotted in Figures 33 and 3e. Number of average diameters

f rom the center nodule s! is plotted along the x axis. Tne

y axis has oven normalized by equation  82! . In the fa"

f ield  f urther than b or 7 diameters away!, tne radar.

distribution should level of f to f  R! =1.0 . The near fxeld

 within 5 diameters or so! shou~el sho~ the exclusion length,

f avoranle location, and shielded regions.

A problem is encountered with data source 1  Figure 33!

in that the f ar f ieid is never quite reached. The

photograph o-' tne nodule field simply wa- not large enougn

to get very f ar aMay from the center nodules.

One can see that neither uistzxbution xs very saootn.

If one attem~its to eyeball an average througa the far field

f luctuations, that aVerage f ills just short of tne
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this approach. hccording to the plot here, the Iinimum

exc usion length is one average radius. For a field of

uniformly sized nodules, the minimum exclusion Length would

have to be at least one diameter  the distance between

nodule centers for nodule sides touching> . However, nodule

field., are not uniform. Me must deal with ~n average nodule

radius  aver. ged over the field! . Some sm..'tier nodu*es may

be cJ.os~ r together than other nodules so that the distance

bet ween the r centers is less than the field averaged

diameter. En the case of Figure 33, four center nodules

were much smaller than average and were located very near

each other. Hence, the low exclusion length. }real>zing

this point, one can eyebali an exclusion Length between .7>

and I.25 average diameters and the largest concentration or

other nodules at 4.25 to 1.15 diameter's di~tanCe.

as a ow dip. Note in Figure 34 that this rise-dip pattern

apparently repeats itself several times bef ore heing lost

t. he f ~ucr.uat ions. This indicates t hat secon dar y and

tertiary f avorahle locations and associated she ij.ding

effects may De present.

For data source 2  Figure 34!, the exclusion length is

at Least 1.5 average diameters . The largest concentration

af other noaules occurs at a distance of 2 to 3 average

nodule diameters.

i!ata source 1  Figure 33! show the shortcomings o
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The gu-..ntxtazive inf orma tion f ound above  exclusion

lengtns and xavorable distances! may be used to evaluate tne

integral in equation �40! fo; a typical nodule field in

ordar to ascertain the importance of the pair correlation.

It has been shown tha= the expected exclusion,

favorable location, and shielded regions for pair correlated

radial distributions do exist in manganese nodule fields.

The i3portance of thyrse feat. urea in the scattering analy sis

and the expression of the distribution f unction in terms of

these features should be stuoied next. The exclusion lengtn

is expected to increa. w, anu the magnitude of the favorable

location proba biiity is expected to flatten out  towards

f  8! =0! with decreasing nodule population density. These

relationship.- snould also be examined .

so, future examination of locational distributions

should Took into the following topics.

!! Effect of a typical radial distribution
function on tne multiple scattering analysis.
lust it be included and can the f unction be
expressed in a simplified manners

2! variation of near field features of the rauial
distribution funCtion vith change in nodule
number density. Is the variation significant
over tne rang e of densities f or practical
mining interests~

s! variation of radial distribution function with
number density change f or large bottom areas  on
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2the oeaer of 10,000m ! ~s opposea to the very
small d*t~ sets used for this analysxs  on the
order of 1m ! .
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Chapter VII

SUMAST OP CONCLUSIONS

This thesis has experimentally examined. tnree topics

fundamental to the theoretical an~lysis of acoustical

scattering from manganese nodule ields for the purpose of

obtaining quantitative results from the theory. The three

areas of interest are acoustical. properties of manganese

nodu ' es, size di trihutions and spatial aistzxbutions in

manganese nodule f fields.

To quantitatively evaluate the scattered response oz ar

acoustically excitea manganese nodule, longitud jnal and

transverse wave speeds vere measured in Pacxf ic anu atlantic

nodules. The ma jor results are listed xn Table 1. A vezaqe

longitudxnal wave speeds vere found to be 2350m/s f or the

Pacif ic nodules and 2605m/s for the ktlan tic nodules.

Average transverse vare speeds vere found to be between 20u0

and 2050m/s for both the Pacific and the Atlantic nodules.

These measurements vere performed under atmospheric

pressures on nodules that had been saturated in fresh water.

It is suggested that further measurements be pezfozmeu under

assimilated in situ conditions. This vould require that the

nodules remain in sea vater after recovery from the ocean

bottom, and also, that the measurements De performed zn

pressure chamber capable of oman deep pressures.
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Examination o f the di.stribution of noaule

cross-sectional sizes in ocean bottom photographs reveals

that the nodule radius squared distribution is da scribed by

the Rayleigh probanility function.

by equation �6! as

This function is given

v here x eq uals tne nodule cross-sectional radius sq uarea,

ana b is a function of the average square radius. Through

soae statistical manipulations, prob ab ilit y f un etio ns f or

evaluating the moldy -Lax equations.

f n  a! is given by

The size average of

other powers af the radius can be written, and averages of

the radius to various powers can be related through the

parameter b in the above equation. This latter capability

is necessary ~hen atteIIptinq to recover specific average

powers of the radius, such as a~  a aeasure of the average

nodule volume!, from any a" that falls out of the Foldy-Lax

equations �0a! and �4b! .

hnother important result of this analysis is the

abili.ty to size average any function of the radius, fn  a!,

over a field of nodules. This allovs size averaging of an

indivi.dual nodule scattering strength  as given nZ equation

20a, for example! over a nodule field, which results in an

average f ield scatter ing strength  equation 48! f or use in
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4
a

3 2 2
da 2 � e Pn a!

bZ
fn a!

Note that the predicted radius probab~lzty function zs used

here instead. of the experimentally determined rad' us squared

probability f unction..

Further investigation into the mass � radius

relationship may oe required because Pacific nodules are not

spherical as assumed f or this size distribution analysxs.

Also, the effect of nonspherical nodules in the scattering

theory has not been considered.

Analysis of the locational distribution of nodules on

the ocean bottom shoes that several pair correlated features

exist and may be important in the scattering theory shen

applied to densely populated nodule fields. Far away from

some center nodule, the probability of f indinq nodules at a

particular distance from the center nodule becomes a

constant. This is a result of the random distrzbutxon of

nodule locatio ns in the far f ield. The probability

f unction, f  8!, is represented by the number of nodules, at

some distance from the center nodule, divided by that

distance. In the near fieia, however, nodule locations are

correlated.. Around any nodule there exists an exclusion

r eg ion  zn which no other nod uie may be located!,
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f avorable location region  in which the probabili ty of

finding other nodules is greater than the far field random

probability!, and finally, a shielded region  in vhich the

probability of finding other nodules is less than that for

the far field! . The shielded region is caused by the

exclusion leng ths of nodules in the favorable location

region.

Future examination of locational distributions should

looK into the toi3ov ing topics. I ov are the near Iield

features  primarily the ezc1usion length and f avorable

location regions! related to the nodule number density p?

Ho@ significant is f  R! on the aultiple scattering analysis

and can a simplified expression for f  R! be employed? 'IIhat

is the ef feet of examining a very large bottom area  on the

order of 10,000m ! on the radial distribution f unction?
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Measured Wave Speeds for Pacific Ocean Manganese
iVoduIes in Wet and Dry Conditions

1852P2

P3
1186

P6

P7 2450
0. 93

1372

P9
1617

NODULE
SAMPLE

rD

CL
wet

m/s

2274

to

2352

2558
to

2695

198 9
to

2156

2607
to

2675

2323
to

2519

1950
to

2117

CT
wet

m/s

1960
to

2078

1940
to

2156

2391
to

2636

1705

to

2058

1617
to

1784

C

dry
m/s

1117

to

1343

1529
to

1588

1705
to

1823

1539
to

1646

1862
to

1980

1578
to

1646

1950
to

1989

CT
dry
m/s

1519
to

1764

1607
to

1637

1450

to

1470

1558
to

1747

C

'/C
L

wet

0.85
to

0. 92

0. 93
to

0. 98

0.86
+p

0. 95

0.83
to

0.84



NODULE WET DRY SOLID WET DRY
SAMPLE DENSITY DENSITY MATERIAL MASS MASS

ID DENSITY
cm' cm'

VOLUME POROSITY

cm'

1.471.99 3.05P1 38 .8 28.7 19.5 51.8

2.82P2 1.411.91 47.9 35,3 25,1 50.2

1.99P3 1,48 3.05 10.8 52,5 35.5 51,5

1.42P5 1.96 3. 07 19.4 14.1 9.9 53.5

1.35P6 32.3 23.9

1. 95 1. 42 3. 00 28.4 20. 7 14.6 52,7

P8 12.2

2.13 1. 59 3.47P9 25 6 191 120 54 2

Measured Densities and Porosities for Pacific Ocean
Manganese Aodul.es



Measured Wave Speeds for Atlantic Ocean Manganese
Vi odules in Wet and Dry Conditions



.measured Densities and Porosities for Atlantic Ocean

Manganese Nodzles

1,59Al Z. 07 3. 04 355.6 273.2 172.2 47.8

A2 1 . 89 1 . 31 3. 08 255.9 177 .9 135.7 57 .5

A3 1.97 145 303 2768 203 7 140.3 52. 1

A4 1.99 1.46 3.13 314.6 230.0 158,0 53.5

CH58 1.82 1.26 2 .86 l40.2 97.l 77.0 56.0

QR15 1.80 1.21 2.95 20Z,6 136.4 112.5 58.9

NODULE WET DRY SOLID ~ET DRY VOLUME POROSI TY
SAMPLE DENSITY DENSITY MATERIAL MASS MASS

ID DENSITY
jcm' /cm' jcm' cm'



Appendix

DATA SOUBCES LIST AND DATA FOR SIlZ UISTHLBVTIOH hNALISES

This appendix contains the sources of data utilized f ox the

size distribution analysis and for the spatial distribution

Also inc' uded, are data taxies vhxcn present theanalys s.

discretized size distribution from each data source used to

produce the histograms in Figures 9 through 30. Lastly, a

table of average radius functions derived from eacn data

source xs xncluden.
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LIST OP DATA SOURCES

Data source la, lb, and lc

Data source 2

Bottom photograph of Pacific nodule weld obtained

from Deepsea Ventures, Inc.

Data sources 3 � d

Physical characteristics tables of central Pacific

nodule sites  DOMES site C! comp&ed by

Fevkes et al. �979! . Data sources ar e trom camera

f rame numbers as f oil ops:

So. 264

run 1,

No. 266

5 No. 2e9

6 Ho. 271

7 No 273

8 All f ive frames combined

Note that the distance betveen adjacent frames

 e.g. No. 264 to No. 265! xs about 2V f eet.

Bottom photograph af Pacif ic nodule f weld obtained

from Deepsea Ventures, Inc. la refers to the entwine

photograph. 1b and lc refer to contiguous

portions tnat make up la .
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Data, source

Physical cnaracteristxcs tables of central Paczf ic

nodule sites  DOMES sate k! compiled by

Fevkes et al. �980! . Data source 9 is a combination of

data from camera run 1, frame numbers 1b7, 170, 189, 232,

253, 349, 393, 522, and 538.

Data source 10

Physical characteristics tables of central. Pacif ic

nodule site  DoKZS szte A} compiled by

Fevkes et al. �9e0! . Dar.a is from camera run 3, f rame

number %6~.
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Discretized Size Distri'Dution

Data Sources la, ia,
Information for

and lc

N&63ER OF NODULES

FOR

DATA SOURCES

CROSS

SECTIONAL

AREA

INTERVAL

 cm2! lc la

0 � 2.4

2.4 - 4.9

4.9 � 7.3

7.3 � 9.7

9.7 � 12.2

12.2 � 14.5

14.6 � 17.0

17.0 � 19.5

19.5 � 21.9

21.9 � 24.3

~4 3 � ~6.8

26.8 � 29.2

29.2 � 31.6

31.6 � 34.1

34.1 � 36.5

36.5 � 39.0

39.0 � 4'.4

41.4 � 43.8

43.8 � 46.3

46.3 � 48.7

73.0 � 75.5

75.5 � 77.9

77.9 � 80,3

48.7

51.1

53.6

56.0

58.4

60.9

63,3

65.7

68.2

70,6

5j., 1

� 53.6

56.0

58.4

60.9

63.3

� 65.7

68.2

70,6

73.0

8

10

9

11

7

8

4

10 9 8

5
I

11

7

12

16

12

16

19

14

8
10

13

14

14

10

12

8 9
18

ll

19

24

22

25

30
21

16
14

23

23

22

18 7
11

15 6
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Discretized Size Distribution Inior~ation for
Data Source 2

CROSS

SECTIONAL

AREA

INTERVAL

 cm~!

0 � 0.6

0.6 � I.3

1.3 � 1.9

1.9 � 2,6

2.6 � 3.2

3.2 � 3.9

3.9 � 4.5

4,5 � 5.2

5.2 � 5.8

5.8 � 6.5

6.5 � 7.1

7.7 � 8.4

8.4 � 9.0

9.0 � 9.7

9./ � 10.3

10.3 � 11.0

II.O � 11.6

11.6 � 12.3

I.2.3 � 12.9

12.9 � 13.5

13.5 - 14.2

14.2 � 14.8

'i 4. 8 � 15. 5

%. NBKR

QF

NODULES

' l.

35

36

3/

61

46

28

14
I '!
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Discretized Size Distribution 'nformation for
Data Sources 3 through 8

25 - 26

26 � 27
'7 7

"8 � 29

29 � 30

CROS S

SECTIONAL

AREA

1NTERVAL

 cm2!

0 � 1

1 � 2

2 � 3

3
4-

5 - 6

6- 7<

7 � 8

8 - 9

9 -10

10'- ll

11 � 12

12 � 13

i3 � 14

14 � 15

15 � 16

16 � 17

17 � 18

18 � 19

19 � 20

20 � 21

21 � 22

22 � 23

23 � 24

24 - 25

0 1 1
4

0

ABER OF NODULES

FOR

DATA SOURCES

9 9
10

16

i]

5

16

14

14

17

15

14

9 8 6

10

8

8

6
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/ i 4!

CROSS

SECTIONAL

AREA

L%TER$AL
 cm !

30 � 31

31 � 32

32 � 33
33 - 34

34 - 35

35 � 36

36 � 37

37 � 38

38 � 39
39 � 40

40 - 41
41 � 42
42 � 43

4 3 � 4-i

45 � 46
46-47

47 � 48

48 � 49
49 � 50

Discretized Size Distribution Information for
Data Sources 3 through 8  con't!

ABBER OF NODULES
FOR

DATA SOURCES
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information forDiscretized Size Distribution

Data Source 9

CROSS

SECTIONAL

AREA

INTERVAL
  cd -"!

CROSS

SECT IONAL

AREA

! NTERVAL

 cm !

NUMB ER

OF

NODULES

0 � 0.2

0.2 � 0.4

0.4 � 0.6

0.6 � 0.8

0.8 � 1.0

6.0 � 6.2

6.2 - 6.4

6.4 � 6.6

6.6 � 6.8

6.8 � 7.0

7.0
I 7

7.4

7.6

7.8

1.0 � 1.2

1.2 � 1.4

1.4 - 1.6

1.6 � 1.8
1 8 � ~ 0

8.0 � 8.2

S.4
8,' � 8.6

8.6 � 8.8

8.8 � 9.0

9.0 � 9.

9,2 � 9.4

9.6

9.6 � 9.8

9,8 � 10.0

3.0 � 3.2

3.2 � 3.4

3.4 � 3.6

3.6 � 3.8

3.8 � 4.0

10.0 � 10.2

10.. � 10.4

10.4 � 10.6

10.6 � 10.8

10,6 � 11.0

4.0 � 4.2

4.2 � 4.4

4.6
4.6 � 4.8

4.8 � 5.0

1L .0 � 11. 2

2.0

2 2
'l 4

2.6

2.8

5.0

4

5.6

5.8

2.2

2 4

2.6

2.8

3.0

5."

5.4

5.6

5.8

6.0

6 4
ll 3
Ll

LO 5
6 6

Ll

6 5
11

3
13

11

9 3
5

10

7.2

7.4

7.6

7.8

8.0

NUMBER

OF

NODULES
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Discretized Size Distribution Information for
Data Source 10

CROSS

SECTIONAL

AREA

INTERVAL

 crn 2!

0 � 0.5

0.5 � 1.0

1.0 - 1.5

1.5 � 2.0

2.0 � 2.5

2.5 � 3.0

3.0 � 3.5

3.5 � 4,0

4.0 - 4.5

4.5 � 5.0

5.0 � 5.v

5.5 � 6.0

6.0 - 6.5

6.5 - 7.0

7.0 � 7,5

7,5 � 8.0

8.0 � 8.5

8.5 � 9.0

9,0 � 9.5

9. 5 � l.0. 0

10.0 - 10.5

10.5 � 11.0

11.0 � 11.5

11,5 � 12.0

12,0 � 12.5

12.5 � 13.0

13.0 � 13.5

13.5 � 14.0

14.0 - 14.5

NUNBZR

OF

NODULES



Measured Average Radius Functions

unscaled data

DATA SOURCE

'a

Ib

10

a  cm!

2.9

3.0

2.8

1,0

2.6

2,1

2.6

2.1

2.2

2.3

1.4

123

a-'  cm' !

9.3

9.6

8.8

7, 1

5 'I

7.4

4,9

5.8

2.0

a'-  cm~!

31.7

32.9

29,5

1,5

21.4

13.0

22.2

].1. 9

13.6

15.7

1.6

3.1

a'  cm~!

1670

1770

1490

730

305

220

350

435

4.0

15
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Radial Distribution Data for Figure 33
 from Data Source lb!

Number of center ncdules used � 31

Total number of nodules used - 247

Interval width equals one half the average radius

Vumber of Vi odulesInterval

Number Distance to Center

6

8 9
10

11
1 1

13
14

15

16

17

18

19

20

0.0

Q.Q

5.3

3.8

17,8

26.1

33,3

12.4

I.8. 8

13,7

21,0

19.1

20.8

19.3

16.6

21.1

19. 2

19.6

20.0

21.0
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Radial Distribution Data for Figure 34
 from Data Source 2!

Number oi center nodules used � 40
I'otal number of nodules used � 764
Interval width equals one average radius

Number of NodulesInterval

Number
Number of NodulesInterval

NumberDistance to Distance to CenterCenter

6 I
8 9

10

11

12

13
14

15

16

17

18

19

20

21

22

23
'7 4

25

0.0

0.0

0.0

28.6

53,3

69.1

45.4

39.3

43.5

40.5

51.0

47.0

36.8

48 ' 2
53.1

51,9

46.7

41.7

48.1

52.3

55.4

47.4

46.0

43 ' 4

55.5

26

2/

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

48.6

47.9

44.7

51,8

50.7

50.8
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