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Chaepter I

INTRODUCTION

The mining of manganese nodules from the ocean floors
has recently become economically competitive with land
mining operations because of newly deveioped deep sea mining
techniques and equipment. Principal mnmetals which wmay be
recovered from the nodules are copper, <obalt, and nickel
{though several other desirable elements are present and
recoverable in smaller asmounts).

Vast areas of the ocean floors nmust be surveyed and
cataloged with the goal of isclating potential mining sites.
These sites aust contain a sufficient abuadance of nodules
for economic gain, and the nodules must conform to certain
size limitations iaposed by the type of mining equipment
used. For areas in which these goals are mset, further
evalivation of the site as a pilning resource may then be
required by vay of grap samples or box coires for deteraining
nodule assay (mRineral content}.

An ongoing NOAa Sea Grant project begun in March of
1980 at VPI&ESU in Blacksburg, Virginia 1s coacerned waith
speedaing up, and therefore lowering the cost of, the 1nitial
prospecting operation (vwhich at present is painfully sliow
and expensive), througn the develcoprent ¢f a remote acoustic

sensing system. This thesis results from tnhe examination of
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acoustical properties of manganese noduies and some Physical
characteristics of nodule fields (s1ze distributions and
spatial coﬁfigurations) performed in support of the Sea
Grant project. Specifically, longitudinal and transverse
wave speeds were Bmeasured through typical Pacafic and
Atlantic Ocean manganese nodules. A function representing
the distributions of nodule floor plane, Cross-sectional
dreas 1n several nodule tfields was determined. Transforas
were developed from that areal distribution function to
relate the averages of radii to various powers. Spatial
distributions were treated only superficially and several
genera.lzed observations rnoted.

Presently, in situ isspection is the oaly vay to
deterzine if a particular botton site cobntains a
sufficiently nigh areal weight density (weight of nodules
per unit bottom area) and pmeets the size limltations
necessary for mining operations. A deep tow sled must be
lowerea two to three gmiles to tne ocean tloor carryiug
equipuent that can examine the ocean bed. Such edguipment
mignt aincluae 1lights and cameras (McParland 19860) for a
photoyraphic recording or side-scan sonar {Speiss 1980) ¢for
an acoustic image recording. Lights and cameras sust be
Close to the bottom (within about 10 seters) 1n oraer to

aitlow illumination of the bottom ang resolution of



individuel aodule outlites. Side—-scan sonar utilizes
ultrasonic Irequencies (100kdz and higher) to obtain
detailed pictures of nodule sites with high resolution.
However, over lLarge distances sSevere attenuvation of such
hign frequency signals becomes a limitiag deployment factor,
Tegquiring that the ultrasonic source and receiver be located
close to the ovcean bottom also (within 50 meters or so).

The survey ship must tow the equipaent sled at a very
slow speed to ensure that the sSled remains at a stable
attitude and height above the ocean fioour. The magnitude of
this problem 1s sofe readily appreciated when one considers
the enormous lengths of cable required to reach from ship to
sled. Other factors contributing to the currently slow
surveying propblem are the time cousumling equipment lowering
from surface to bottom (and the subsequent raising), and the
inaccessiblility of the equipment for possible maintenance or
gquick-fax procedures.

The mining companies can uasually determine by visual
inspection of the photographic or acoustic i1mages whether or
not a noouie site contains sufficient areal weight density.
In some cases Oof wmarginal apundance, photographic analysis
may be reguired +to determine more exactly the areal weight
density, since the mining companies will certainiy have some

cut—-oif limit in aind for a profat margin. The laimit would
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vary witn current ore sarket pPrices but Frazer (1977) has
indicated an average weidht density of at least 10kg/n2,
dependent upon the local nodule assay. Photographic
analysas may be guite a time-consuming procedure depending
upon the degree of accuracy required. MCcParland (1980) has
presented more iaformation on photographic analysis methods
and some recently PIoposed improvements.

The undesirable aspects associated -with present

Prospecting technlgques are summarized below:

1) Excessively Low Surveying (towing) speeds.

2) Time consuming equipment drops.

3) Inaccessible equipment packages.

4) Possibly time-consuming photo analysis for

Rarginal areal weight density sites.

Uheé approach to remedy these Probleas attempts to
correlate nodule abundance to the hottom transparent layer
thickness (bottom sedimentary layer thickness) (Mizuno
1976} . This idea arose from weak correlaticns between the
two variables noticed in seismic reflection records. More
recently howvever, negative results have been 21indicated in
high nodule abundance areas (foritenmi 1979). The
correlation does not appear to be consistent enough or

quantitative enough to adopt as a surveyindg technigue,
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Indeed, prospecting processes avalilable at present are
very time consuming and costly. Al alternative prospecting
metiod 1s theretore desiranle. The remote acoustic sensing
systes Zentioned apove 1is outiined 1n a Sea Grant propesal
entitied Acoustic Sounding for Manganese Nodules (Magnuson
and Sundkvist 1979). "Kemote' here implies a systea
operating from on or Jjust beneath the water surface,
eliminating the two to three #miie equipment drop to the
ocean tloor. The system nardvare, sounted on a *fish' towed
behind & surveying vessel, wouid allow much higher surveying
speeds (Figure 1). The system would send an acoustic pulse
down to the ocean floor and receive the return signal as 1s
componly done in depth sounding work. Unlike depth sounding
however, the return signal's pulse shape and variation with
output frequency must be analyzed in order to determine what
has been encountered py the incident signal at the ocean
floor. Specificaily, are nodules present in the i1nsonified
area? If so0, vhat 1is the areal wvweight demsity and the
average nodule size?

The second chapter examines the proposal's operationail
aspects which alliovw for the repcte sensing for mangabese
nodules. It 1s sufficient to say nere that 1t is tne
frequency dependence of the scattered return signa: from the

nodules that 1s the key to the success of the project. To
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be aple to infer information about the presence of nodules
froe this returned signal, one aust be equipped with an
extensive Xxnowledge of the interaction of the incident
acoustic wave with the nodules on the ocean bottom. The
anailytical tools required to interpret the return signails
have been (and are beaing) developed by other investigators,
and the major points of their acoustical scattering analyses
ale presented in Chapter III.

The basic components of the physical system are the
nodules, the sediment om which they rest, and the acoustic
pPlane wave which is directed at both of the former. It 1s
assumed that there is no acoustic interaction betveen tne
Sediment and the nodules (see Pigures 2 6 3). That is, the
total scattered field equals the scatterea field trom the
nodeles plus the reflected field from the sediment (of any).
{(The sediment-nodule interaction may be taken into account
at a later date but its consideration is not warranted at
this initial .ievel of analysis.) KHeflection from a flat
pPlane is ratner elementary: the reflected acoustic lntensity
is proportional to the incident intensity by a reflection
coefticient which is independent of frequency. In fact, the
acousticaily transparent sediment layer on which the noduies
are typically tound will give only a very weak respoase.
The difficulty arises in relating the sgcattered field to

nodule size and abundance.
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Chapter III begins with tne analysis of an individual
nodule insonified by a plane wave. The generai problea is
posed as an elastic sphere surrounded by liquid and
solutions are obtained in terms of acoustical pressures. 1n
particular, the scattered wave pressure 1S5 sought as a
function of incident pressure amplitude and frequency,
nodule radius, and npodule density and vave speeds. A
measure of the scattering capability of a nodule is
presented by way of the scattering cross section tunction.
This analysis Trequires a quantitative Kknowledge of the
acoustical veloclties in ranganese nodules (both
compressional and shear wave speeds) and of the wet density
of manganese noduies. Measurement of the wave speeds (not
now found in the literature) is described in Chapter IV.
Chemical and pnysical properties of mangyanese nodules are
found in various sources (Giadsby 1977, Greenslate 1977).

The response of many nodules insonified together is
exazined nexi. We may elther assume that each nodule of
solie large group acts independently (and the total response
is the summation of each indaividual nodule respounse to the
incident wave), or that there 1S an acoustic interaction
between the nodules (in which case the total response is not
simply the summation of 1ipaivicual nodule responses). The

former case 135 a valia approximation of sparsely distributed
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fields vhere the nodules are separatea by many average
nodule dizmeters. Bowever, for «closely packed nodule
distributions, the second, w®wore general case for acoustic
interaction sust 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, radius squared, and radius cubed distributzions
(in gQeneral, the radius to any power dastribution nmay be
Tegquiredj. Size distributions were obtained by studying
nodule cross-sectional area distributions of nodule fields
from ocean floor photographs. An analysis of size
distributions 11 manganese noduie fieids is contained in
Chapter V.

For demsely packed systems, we must make use of spatial
Or radiai distributions, i.e., a measure of the distances
separating nodules. Consideration of the spatial
distribution accounts for the effect on the scattered field
from 2 nodule because of the proximity of 1its nerghbors.
Spatial distributions are only briefly examined 1n Chapter
vVI. Utilization of inpformation obtained from them is
limited in this report, becanse the theory has not been

sutficiently developed at this time.
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The physical characteristics of nodules and nodule
fields required for use in the theoretical analyses and of
major concern to this thesis then, are:
1) Longituainal (compressional) and transverse
(shear) wave speeds ih the nodules (required

at all levels of analysis).

2) Area distribution functions (required for the
multiple scattering analyses) .

3) Spatial dastribution functions (required for
the rultiple scattering analysis of densely
packed nodule fieids).
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Figure 2. Photograph of Typical Manganese Nodule Field in Pacific
{Courtesy of Deepsea Ventures, Inc.)
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Chapter II

BASIS OF TRE SEA GHANT PROPOSAL

beepsea Ventures, Inc. (Gloucester Point, Va.) has
verpally reporte=d on the results of using thneir FADS (Finite
Amplitude Depth Sounding) systee with a CESP (Correlation
Echo Sounding Processor) unit, both of which are products of
Raytheon, over ocean floors with and without wmanganese
nodules. Soft ocean bottoas containing Rmanganese nodulies
Caused an increase in the return signal strenyth compared to
s0ft Dbottoms without noaules. But they were ananle to
distinguish betweel 4 sSolt ocean bottoam with nodules and a
hard ocean bottom without nodules, both of which returned
increased signal strengths. If, however, an analysis of tne
frequency dependehce of the return signal had been
performed, the difference 1n the signals might we.l have
been determaned. (The above Dy private comaunication witn
W. Siapno, Director cof Marine Science, Deepsea Vehntures
Inc., in Gloucester Point, Va.)

In general, the acoustic response to an incident plane
vave on a field ot scatterers will approach the shape of one
0f the curves in Pigure 4. The strengtn of the returan {for
2 given average scatterer radius a) is indicated by position
along the ordinate (verticali) axis whiie the 1nColing

acoustic signal frequency w varies along the abscissa

13
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(horizontal) axis. The acoustic signature of some scatterer
may be plotted on these axes. FPor Rayleigh scattering
(incoaing wavelength large cospared to nodule radius), the
response exhibits a frequency to the fourth power
dependence. For geometrical scattering (xncoming vavelength
smail compared to nodule radius), the response 1s more or
less frequency independent. We will term the frequency
where the respouse changes from Rayleiga scattering to
gecmetrical scattering as the break frequency. The resuit
of increasing the average nodule diameter 1n the field, but
maintaining a constant nodule concentration, shifts the
curve and tne break point to the left {[Figure &a). The
result o increasing the nodule concentration for a fixed
average diameter is an elevation of the signature (Pigure
4b).

These relations are the bpasis of this Sea Grant
project. The steps for determining nodule site anformation
froe the operatioral point of view might be:

1} Locate rounded scatterers on tne ocean bottos

by the low frequency dependence.

2) Deteralne average scatterer diameter by the
break fregquency.

J) Determine the numper density (number per unit
area) of the nodules by tne strengtn of signal
Or break leve.,

4) Calcuiate areal weight density from number
density and size averaged individual
5Cattering Cross sSectlons.
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Figure 4 1ndicates the general shape expected for
acoustic sighature of manganese nodule deposits. Actually,
the reyion betveen Hayleigh scattering and geometrical
scattering is a resopance region, ahd the transition is not
at all as smooth as indicated in FPigure 4, Pigure 5 more
accurately shoWws the onset ot the resonance  region. These
plots were derived anaiyt:icaily by Ma ({198%) for an elastic
Sphere (approximating a manganese nodule) and for a fluid
sphere (for comparison). The scatter strength dependence on
the radius in the rescnance region 1s not simple (as in the

Rayleigh range) .
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Chapter III

ACOUSTIC SCATTERING FROM MANGANESE NODULES

Throughout tne analytical work outlined in this chapter
the nodules are approrimated as elastic spheres. The
spherical assumption is better for Atlantic nodules but not
as good for Pacific nodules which are somevhat flattened in
the vertical direction. Pacific nodules may at best be
described as oblate spheroids. It may be fourd in rurther
investigations that a shape correction factor is reqguiredq,
but no consideration is given to a correction factor in thais
*first look' study.

In general, an elastic sedium SUppoOrts ohe
CORmpPressiuvnal wave speed of propagation and one shear wave
speed of propagation in response to acoustical
perturbations. The nodules are actually porous spneres for
which theory predicts two compressional wave speeds and one
shear wave gspeed to exist. During tests on the nodules,
only one compressional wave speed was opserved, so the
elastic approximation is used.

Scattering analysis applications were investigated by
other researchers working on tais Sea Grant project at
VPIGLSU. The reader 1s referred to Ma (1981), and to
Magnuson et al. (19817 for nmore detailed presentations of

the following analyses.

14
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The response of a single elastic scatterer to an
incident plane wave 1s considered first. A scattering cross
section is defined and an expression obtained for the low
frequency case vwhere ka<«<1i. Experimentally determined
numerical values are substituted 1into the scattering cross
section expression. The multiple scattering problem is then
addressed (considering both sparsely packed and densely
packed nodule fields) . Lastly, a simplified form of the
scattering solution 1s examined to show the application of

size alstributions and wave speed measurements.

3. SINGLE SCATTERER ANALYSIS

The total pressure field for an individual scatterer is
made up of the 1incident plane wave prassure p; and the
outyoing scattered wvave pressure p_ . WNriting expressions
for these vpressures requires knowledge of the general
solution to the linearized acoustic wave equation in
spherical coordinates and consideration of the Dboundary
conditions.

The linearized acoustic wave equatiol 1s

(v2 + kz) p=20 (1)



20
where p is the perturbation pressure and X is the wavenumber

w/C (frequency divided by vave speed) . The general solution

to eguation {1) is

® jn(kr)
P = D Pan Yan (@) (2)
n, m=0 nn(kr)

¥ here Ymﬂge,w) is a spherical harmonic, %Jkr) and I%Jkr)
are a spherical Bessel function and & Neumand function
respectively, anc ¢, ¥, and r are indicated in Pigure 6.
There is no v dependence in our problem because of sSymzetry.

Equation (2) may be appiied to the incident plane vave,

vhich is actuwally given by

eikrcose (3)

pI = pa

Yieidiny the foliowing simplified result:
P1 7 P, Z(Znﬂ,)i“ jn(kr)pn(cos 8) (4)
n=o
where P, 15 the incident pressure amplitude and pn{CDSB ) 1s
a Legendre polynoriai.
Application of equation (2) to the outgoiny scattered

Wave gives

o

2
P =Z:Bn hn( )(kr) p, (cos 8) (3}

n=0
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where hncngkr) is a spherical Hankel function, and gllust
be evaluated by the boundary conditions.

The boundary conditions reqiure an acoustical wave
match at the 1interface petween the scatterer®s interaior
compressional and shear elastic wave sciutions and the
exterior compressional wave of the surrounding fluid wediux.
Physicaliy, the match is achieved by applying continuity of
stresses and contanuaty of normal and tangential

displacements at the interface. It is found by RMa (1981

that
= 1 L0
B +HC_ P,(2nti}y (6)
where X
D - ——2-1 n' E
nnl n 8 x3 nln (7)
C »
n Xy
--' — '
Jnlnn T8 2 JnlEn
x
3
< Zjil
D = 2n(ntl) (1 - —B8- )y - 3283 (20 0y
n b iy Jn3
29n2
3 X, .
B = 4n(arl) (1 - —2(1 - —ji—‘-’—‘-%
x2jn2 ni
. zj" jH
-2x (3 n3 + nzn—Z) ("'l""“ 1) ?2 - -?'—
z In3 2h 3
3 n2 Jn2
x. = ka
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h, = CT/CL

The subscripts 1, 2, or 3 on the spherical Bessel and Neuman
functions refer to the argument of the function so that jni

denotes iji) and similarly for n The superscript !

i
refers to the derivative with respect to the argukent. Kk is
the surrounding fluid wave number w/g)and kL and kT are the
scatrterer®s longjitudinal and transverse wave nuapers, uMCL
and uu'CT respectively. The surrounding mediua density 1is

given by Py and the elastic aediua density by Pae

The scattered pressure P, Bay then be written as

(=]

1 T
Pg ™ :E:,1+ic P, (Zotl)ih
n
n=0

(

2)(lm:)pn('rzos 8) (8)

Por the far field solution (kr>>1), hn(Z) (kr} may be
replacea as follows:

b, B k) = L ot lke b1y 7/2] (9)

We may then write the scattered pressure as

=]

—ikr

_ 1 ' n i(nt1l)n /2 e_
Py = {Z _m_l+iCn (2n+1)1 pn(cos B) e }pa b (10)

n=0

-ikr . . .
where e is the scattering phase. 7This result is obtained

in a more ricorous manner by Ma (1981).



23
We see that the scatter pressure from one nodule may be

written 1n terms of an infinite SUm;
P. = E:p 11
=] Si ( )

At present, there 1s primary interest in the Rayleigh
scattering regicn (that i1s, where Kka, wave Dukber times
nodule radius, 1i1s small) for there 1s a simple fregquency

dependence expected here. Por ka<d«1l,

pg = (P *+ (p ) + higher order terms (12)

The first two terms on the right hand side of equation (12)
are respectively, the moncpole and the dipole terms and they
correspond to n=0 and n=1 in eguation (10). Upon evaluating
C, for several values of n, it i1s found that the monopole
and dipole terms both are of order a(ka)2 while the *higher
order teras® are of order a(xaf and may be neglected.

The scatter pressure from an individual scatterer in

the Rayieigh region (ka<<1} is found to be (Ma 1981),

e - #4 3 5
1-%/3h -ikr
- 3 81 2 (13)
Py © a(ka) 30 + cos 9 g+l Py o
vhere

~ 2, 2

e =g CL ,C”
g = ;p,-" 5

h, = C./C
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The subscripts T, L, and e refer to the elastic solid, and
subscript o refers to the surrounding tluid medium. The
first term in brackets in eguation (13) is the monopole tera
and the second term is the dipole tera. The dipoie term is
a function of the scattering angle 9. Positive ¢ 1s
measured from the line connecting the incident pressure wave
source wvwith the scatterer to the 1line connecting the
scatterer with the point at which p, is sougbt.

The scattering cross section ¢ 1S a EKeasure 0f the
scattering capability of an object. It 1s defined as tne
ratic of the scattered intensity to the 2iacident intensity
and measured at csome distance r from the scattering source

point;
’s (14)
a =I—— r

The intensities Is and I0 are reiated to the pressures Pg

and p, by 2
I = i (15a)
° P
I_ = p52
s . C (i3b)

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

reference for o ),

o= [p./p " (16)

and has the idimensions of an area.
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The scattering cCross section tor a single elastic

sphere with ka<<?%1 is

1

YR
- /3h3 + cos B ud : (17)
Je 2g+1

a =-

o= a’(ka)®

This expression may be compared with an expression of the
scattering cross section for a single fluid sphere with
ka<<1%, attributed to Rayleigh himself (Ciay and Medwin

1977) , given by

-

"
g= az(kal)a[g—;l cos 9%] (18)

where the first term in brackets is the monopoie term and
tne second term is the dipole tera,., Equations (17) aand (18)
are ot very similar fora. The only difference between the
elastic and rluid expressions 1s 1in the monopole term, and
this difference is due to shear vave effects in the elastic
sphere (the fluid sphere propagates a compressional wave
only) .

If we take elastic sphere equation (17) and let the
shear wave speed go to Zero (h3 goes to zero, leaving oniy
the compressiounal wave as i1n a flaid sphere), then the

agditional e.astic term in the monopole goes to one:

1
1-%/ah.°
3%

1 (19)
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The result is egquation (18), the f£luid sphere scattering
cross section for ka<«<l.
Eesults obtained in Chapter IV can be used to evaluate
rost of thne terms in egquation (13). Average Pacific nodule

densities and wave speeds are used. Let

g = 1.94
h3 = (.90
a= 4,76

and the scattering cross section for an elastic nodule in

the Rayleigh range becomes
as= {azkz[(l.Zl) + cos £ (.540)] } 2 (20a)

For convenience, we define L (9) such that

- { N} o

3.2 BULTIPLE SCATTEERING ANALYSIS

The multiple scattering analysis uses a self consistent
field approach (Foldy 1945) in examining the total pressure
field occurring in the presence of N scatterers. The total
pressure field p{r) eguals the 1ncident acoustical pressure
field pI(r} plus the sum of all the scattered pressure

fieids from each ot the N sScatterers;

N
p(r) = p_(r) +Z:Psi(r) 2n

i=
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The oricin of the coordinate system for this case is
fixed on a plane of scatterers (Pigure 7). The 1ith
scatterer 1s located at ri (vhere 2,0} and this scatterer

erits a scattered pressure field given by

Pe1 (1) = 85y, w) E(r,x) plir)) (22)

where g (s;,uw) is a function of the incident frequency w and
a scatterjing parameter s (waich may, in genceral, be related
to the nodule radius and nodule acoustical properties), aad
E(r,ry) is a Greens function that characterizes propagation
throuyh the medium betveen the scatterer at r; and the field

location at r given by
ik[r-rif

_ €&
E(l’,ri) = 7?..1-_[—

1

Lastly, pi(ry) 1is the total pressure fieid external to the
ith scatterer.

The externai fieid may pe defined

i
p(x) = p(xr) - p_ (r) (23)

or in vords, the external field to scatterer i equals every
Pressure contribution {(incident and scattered) to the total
field (p(r)) around 1 minus its own scattered pressure field
(psiﬁﬂ). Herein lies the ‘'self consistency' of this
approach. The external field has been defined in terms of
the quantity initially being sought - the total pressure

field p({r).



28

Combining equations (21) and (22), ve have

N
p(r) = py(r) + Eg(si, w) Blr,r)) Pi(ri) (24)

i=1
and combining equations {27}, (22), and {(23), Wwe can vwrite

‘ N-1
Pl(ri) = pI(r) = Z g(sj,m) E(r,rj) pj(rj) (25)

j=1

j¥i
where the sazme external fieid term appears on both sides of
the equation, and a similar equation can be written for the
external field of the jth nodule. Equations (24) and (2%)
may be solved for some particular conf igurationa of
scatterers, oiut we are interested in gquantities that are
averaced over 2.l possible confiqurations of scatterers
since for the general application of this theory to nodule

fields, the configuration will be unknown.

The configurational zverage is defined as

<p> = pQ(rlrz..rN,slsz..sN)drldrz. 'drNdslds2”dSN (26a)
2N

Where

Q(rlrz..rN, SISZ"SN)drler"drNdsldsz"dSN (26b)
is the probaviiity of a particular coanfiguration occurring

with scatterer locations between r, and dri and

and ds, .

corresponding scattering parameters between Sy {
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For the ith scatterer's position and scattering
parameter fixed, the conditional configurational average is

expressed as

<p>, = PQ(rlrz..rN,slsz..stri,si)dr dr_..dr. ,ds._ds ..dsN_

i 12 N=-1"71"72 1
2N~1

(27)
Using conditional probabilities, we can rewrite the

probvability censity function found in equations (26} as

Q(rlrz"rN’slsZ"SN) = Qi(ri,si)Q(rlrz..rN,slsz..sNIri,si) (28a)
Oor as
Q(rl.rZ"rN’SlsZ"SN) = Qij(rirj’sisj)Q(rer"rN’Sls2"SN/rirj’sisj)
{28b)

where the daviding slash in the conditional probabilities
means the indicated parameters are fixed.

Taking the configurational average of equation (24) and
applying equation (28a) to the resulting probability
density, ¥e get equation (29a) shown belovw. The ith
condaitional probability of equation (28a) is contalined in
the external pressure field term < pi(gg >i' Taking the
conditional configurational average of equation (25) (for
the external pressure field average), and expressing the ith
conditional probability found in equation (28a) 1in terms of
equation (28b), we get equation (29b) where the external
pressure fiela average < pjﬁﬁ) >ij coptains the 1jth

conaitional probabisity found in equation (28b).
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Reapplying the configurational average to equation (25)
tor the external pressure field of each subsequent nodule, a
series of N coupled integra: equations results. This series

of equations, xnown as the Poldy-lLax hierarchy, is given as

follows; N
<p(r)> = pI(r) + Z]’chrid!::»iQi(':1,si)g(si,w)E(r,ri)<pi(ri)>i (29a)
1=1

( r.,s, 5 )] .
i . E : Fiti'%1 3
<p (r)>i = pI(r) + J;r ds Qi(ri,s ) g(sj,m)E(r,rJ)<p (rj)>ij

J#i
(29b)
<pj(r)> =p,(r) +
ij I

y-1 (r TiE 88,8 )

ZS r, ds K l‘&k = ks JS' ‘)1 X g(-'=-k.u-1)E‘-(r.tc'k)‘<pk(1t'k)>ijk

g ij° 1 J" i}
(29¢)

ete.

Successive equations in the hierarchy use hagher order
statistics from the scatterer configuraticn as implied by
tne increasing explicit conditional probabilities that occur
in the external field terams.

The sumnation from 1 to N in equation (2%a) simepiy
proauces a asultiplier of N 1into the integrand. Tone

sScattering paraleter (s4) 1ntegratrion is examined separately



31
from the radial (ry) 1integration over the bottom area. We

may define

G(ri) = SdriNQi(ri,si)g(si,M) (30)

Acoustical properties are assumed to be independent of
nodule size. Using average acoustical properties, the

scattering parameter s may be considered to depend on the

nodule size cnly. The probability functioa q1(5p313 is
reduced to the fora

Qi(ri,si} = E(ri) J(Si) (31)
for indepenuent size probability distripution alsy) and

locational probebility distribution (expected td be wvalid
except 1n the case of very densely packed systems for which
coupiing must be considered - Hoang (1980)). The random
locational or radial probabiliity dastribution g(ri) 15 given
by -
B(r,) = o/N

and 8 1s the nusber density (number of nodules per unit
area) of scatterers 1n the fieid.

50 ¥e See 1D equation (29) that the size aistribution
u(;& is requirea for the configurationai average (assuming
average materaial properties). A major part of this report
is concerned with developing this function from photographic
data (see Size Distributions 1in Manganese Nodule Firelds).
We also tind in equation (31) that Q(Siﬂﬂ turns out to be

the square root of the scattering cross section Jo . An



32
expression for ¢ is givemn in the Single Scattering
Analysis, equation (17).

We may now write

G(r) = NB(ri).ydsia(si)g(si,w) (32a)
=NAf/NTE
= og (32b)
wvhere
g = Sdsia(si)g(si,w) (33)
and the overpar denotes size averaged gquantities. It is

noted once again thdat We have assumed average acoustical

properties for the field. Equation ({29a) becomes
<p(r)> = p (r) +-Sdr15 8E(r,7)<p (r ) (34a)
Applying a siailar procedure to (29b), it is found that
i - , :
<p (ri)>i = pI(ri)-'-jdrj PR f(R)E“ri'rj)<pJ(rj)>ij {34b)

where R =hﬁ-rj| and f£(R) is a pair correlated radial
distripution ifunction which gives information about the
locational relationships between adijacent nodules. Radial
distributions are exasined in another portion of this report
although not treated in an 1n depth manner (see Chapter VI).

For equation {(29b), we define

{
Glr fr,) = sds v S TiTy %55 _ (35)



and we can write

Qiifrirj,sisj) ) qij(rirj) a(si)a(sj)

CQylrgasy) B(rydals;)

(36)

irj) can not be broken down

further because the location of scatterer 1 with respect to

where the radial probability qi+(r

scatterer j 1s not independent {for densely packed systems) .

They are pair correlated. We define

= 5%y (37)

and plugging back into eguation (35) we get
G(rjlri) = j;stSIN:ﬁR)a(sj)g(sj,w) (38)

By equation (33), we may write

G(rjjri) » Qf(R> 2 (39)
the right hanrd side of which occurs in equation (34b). The
difference between equations ({39) and (32) is due to the
locational correlation between pairs of nodules which 1is
represented py the radial distribution function £ (B).

Only the first two equations of the PFoidy~Lax
hierarchy, equations (34a) and (34b), have been exaklhed
because under tae proper circuastances, a closure conaition
can pe introduced so that solving all of the B equations is
avoided. Two sets of circumstances with corresponding
closure coaditions are considered here for manganese nodule

fields.
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rYor sparse distributions of scatterers (low nuaber
density 6, it can be assumed that the coenfiguration of
scatterers and the average total field are not significantly
affected by the location and scattering of the ith
scatrerer. The closure condition approximating this

¢ircumsstance is
i
<p (ri)>i = <p(ri)> (40)

and only the first equation of the hierarchy, equation
{34a) , need be solved. Again, this solution is valid only
for sparsely packed nodule fields.

For a dense.iy packed aistribution of scatterers {h1gh
f) . the location of scatterer 1 will, ih general, 1inpose
limitataons on the location of adjacent scatterers, a.thougn
the scattering from the ita scatterer stili will not atffect
the average total field significantly. Consideration of
pair correlation statistics is possibie using the ciosure

condition

<p-“(rj)>ij - <»ite ) (41)

1

and the hierarchy is truncated after the second equation
(34b) . This closure condition has been dubbed the quasi

Crystaline approximation by Lax (1951).
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3.3 FPURTHER EXAWINATION OF VARIQUS TERMS

Equations (34) define the total pressure field
occurring for the multiple scattering of nodules and this
total pressure field can be used to deterrine the acoustic
signature of the nodule field. The main focus of this
thesis 1s the examination the variables ¢ and f(k) for use
in those equations. g, as written in equation (33), 21s a
function of the sguare root of the scattering Cross sectlon
g(s,w) (vhich requires quantified acoustical properties),
and of the size distribution a(s) .

In genersl, S can be set equal to a2 = the nodule's
radius sguared. Prom equation (20b) we find, in the

Raylelgh region {ka<<l), that

g(s,u) = /5 = a°k’L(s) (42)

vhere x is coanstant for a given frequency and L{(§) s
independent of s. 1In terms of the variable s, equation (42)

becormes
/
g(s,w) = 33- ZkZL(e) (43)

For s = az, (s} 1s given by the probability fuanction g(a?)
which is defined in Chapter Y by eqguation (56):

zs

2 ,
3(5) - EZI' EZb (44)
b

iy

Equataion (33) for g becomes
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]

s

- 2

g = K°L(9) J’ds 52 32 (43)
b‘.

The size average of the provbability distribution af{s) 1i1s by

definition equal to 1 leaving

3/2

2 = K°L(8)s (46)

vhere again the overbar denctes size averaged over the

entire field. In terms of the racius - a, we have

K>L(8)a> (47)

8

.aak2 [(1.21) + cosb (.540)] (48)

0 |
il

50 1t has been shown that the total prossure field is a
function of tne average cubed radius in the Rayleigh region
= very convenient for figuring average volumes. Outside of

the Rayleigh regqion, however, g(s,u! 1S a complicated

3

function of a and will not generally fall directly out of

the equations. Determining ;E (OT any ;ﬁ) from whatever
averaged fuaction of a that may resuit from the size
averaging of g(s,uw) is the subject of Size Distrabutions an
Manyanese Nodule Fieids.

Az mentioned previously, f (&) 1s examined somewhat
lightiy in Spatial Dastrabutions in Manganese Noduie Fields.
FPor this study, we seek only to verify the existence of

certain pair correlated features ot the sSpatial

distribution.
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Figure 6. Spherical Coordinate System for Single Scatterer
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Chapter IV

ACOUSTICAL MEASUREMENTS OF MANGANESE NODULES

The acoustical properties of manganese nodules are
intrinsic revuirements for the application of the scattering
analyses to noduie fields. One can choose a specific type
of material to which these analyses apply by using values
for the density, and the longaitudinal and transverse vave
speeds wnich are simiiar to those of the desired material.
Equation (17) for the scattering cross section requires each
of the properties mehLtioned here. We must therefore have
some quantitative measurements of the density and the wave
speeds found in manganese nodules. a4 sumsary of the
Jeagurements performed is given airectiy below. A detalled
discussion of the procedures follows. Nodule samples froa
the Pzcific (between California and Hawaii) and from the
Atlantic (the blake Plateau) were obtained fros Deepsea
Vehtures, Inc. Tvo northern At.antic nodules were obtained
from Woods Hole Ocezanographic Instituticn in Woods Holie,

Massachusetts.,

39
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4.1 ACOUSTICAL MEASDKEMENTS AND PRUCEDULES

Tne noduies, wnich were 1n a semi-dried comdition udpon
receipt, were submerged in water uatil saturation (usually
occurring within 48 hours). Wave speed measuremnehts were
then performed, as well as welght and aisplacement voiume
measurements. The nodules were then kiin dried (at 108C) to
constant mass and wave speed and weight Reasurements
performed again. Wet and dry bulk densities, dry saterial
densities, and porosities were deterpaned and may be found
in Appendix a. The compressional and shear wave speed
measuyemehts are also recorded in Appendix R. A more
condensed form of the data c¢ontaining 1nformatioh required
for use 1n the Scattering andlysis may be found in Tabie 1,

Wet bulkx density P simply eguals the wet nodule mass
M, diviaded by the nodule volume V. In determining the wet
mass, care was taken to remove e¢xcess surface water. Eacn

nodule was welighed several times and the results averaged to

reduce error. Dry bulk densaity P4 1s comnputed similariy
except tpnat the dry nodule mass M; 15 used.
o = Mu):d (49)
w,d v

vhere ¥ denotes wet bulk and d denotes dry bulk. The volume
incluues «ll airspace (or fluid space) within the nodule (a
significant fraction). Volumes were obtained on water
saturated nodules by a displzcesent method. The steps are:

£ill a graduiteu beaxer contalning the nodule to a reference
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line witn water; remove the nodule, taking care to let water
which was clinging to the gsurface drip back into the beaker;
read the displaced volume off the beaker. The material
density 1s the density of the crushed nodule material (this
excludes airspace volumes found in the pPoerous whole nodule
stracture). It is tound py first assuming the saturating
Water density to be 1.0 g/cc. The mass difference between
the wet znd the dry nodule i1s the mass of water retained in
the porous nodule. This water mass may be converted to a
fiuid (or airspace) volunme. Subtracting thas airspace
volume from the nodule dispiacement volume gilves the solid
nodule material volure. The dry nodule mass equals the
nodule material mass (since the weight of any ¢nclosed air

1s neyligible), The solid material density is

"4

Sm (M -M) (50)
Voo o d”

s
H20

where sm = solid material. The porosity Y , which is the
ratio of airspace volume to tne nodule voiume, may be
written

DS - p

y =2 x 100%

(51)

The porosaty is not directly used in the scatteriny analysis

and both noduie densities and Forosities are reported in the
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literature (Greenslate 1977). These measurements were
perforsed however to ensure that the nodules contain no
large eccentricities and are fairly representative of
Banganese nodules found in the Pacific and Atlantic Océans.

The reader is referred to Piqure (8) for a schematic of
the wave speed aeasuring apparatus. Longitudinal and
transversae vave speeds are measured using the corresponding
acoustic transducer pairs. The signal generator is of the
repeating iapulse type. A generated ‘*input’ pulse
simultanevusiy excites the sending transducer and registers
on an oscilloscope screen. The pulse traveis tarough the
nodule specimen and excites the receiving transducer. The
signai emanating from the receiving transducer crystal is
amplified and displayed on the oscilloscope screen in real
time (with <respect to the generated output pulse). The
distance between the beyinning of the input pulse ana the
beginning of the response signal (the signal that traveled
through the unodule), as shown on the oscilioscope screen, 1s
the traveli time through the nodule and the system. {The
systea consists of anything the acoustic pulse travels
througn besides the nodule). A systea time Jlaqg may be
zeasured by pilacing the transducers face to face.
Subtracting the system time lag gives the acoustlic vave

travei time <through the nodule only. When making these
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mezsurements on i nodule, the transducers must be placed
directly across from eacn other on parallel machined faces
¢f the nodule. The travel time measurement divided by the

distance between parallel faces yeilds the vave speed.

c = St—j—ti) (52)

where C is the wave speed, t* is the systea time lag, and t
and 4 2re shown in Pigure 8.

The type of wave speed peasured depends upon the type
of transducer pair used. A lonyatudinal transducer crystal
can be excited 1nto and c¢an pick up a motion perpendicular
to the plane of contact opetween crystal and nodule. The
longitudinal vave speed then 1s & measure of compressipiiity
and 1s defined zs —_
CL = \/E/Q (533)
where E is the modulus of elasticity. A transverse
transducer crystal excites or picks up a morion parallel to
the nodulescrystal interface. The transverse wave speed 1s
a Beasure of rigidity (e.g. fluids are non-rigid and
therefore, arlo¥ Lo shear vaves to propagate) and is defineda
as —_
,CT = \/éf_o (55b)
where G .s the shear moduius of elasticity.

A coupling grezse was used to mate the iongitudinal

transducers to the nocule surfaces tor aproved performance
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{better contact - clearer signals). NO qrezase was used for
the shear wave transducers which require contact friction
between transducer and nodule surface to operate. Both
transgucer sets responded to larger pressures pushang them
agaisst the nodule faces by displaying clearer signals.

Rotating the compressional wave transducers while on
the noocule faces had no effect. But, rotating the shear
wave transducers affected the travel time readings (note
that tne orientation of the shear wave transducers relative
to eacn other remained fixed during thais Ietation
procedure), indicating that the nodules may have sope
annular shell type structure that responds to the direction
in which the shear wave is appiled. Por our data, we
attempted to record the ainimus and aaxisum Sneaf ¥ave
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 measurea and good results
weére indicated for both shear and compressicnal vave speeds.
However, unkuown alloy content of our test metals compared
to mete.s tabujated in the literature prevented their use
for the system's calibration. Foth air and water measured
about 2% high. Therefore, ail wave speeds have Leeh Teduced

by 2% trom tne mecsured values. It should be mentioned that
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while the retals could nut be used for detersining a
calibration factor, their wave speeds consistently aeasured
the same at difrerent times indicating no creep in the
systen caditration setting. Alr and water Ee2sureRents
gJenerally measured the same but some very small variations
were noted and may be attributed to temperature varidations.

A possibie reading error may also exist ifros Ceading
the oscliloscope SCEeen. The possible error here was found
to be less than 3% for ail nodule measurements taken except
one wnich had & 6% reading error possibie. The reading
€Iror magnitude depends on the time scale selected for
display on the oscilioscope. Tne screen is divided 1nto ten
intervals aud each interval 1s divided again ainto ten
subintervals. We can discriminate to within plus or minas
one hait of « subinterval. The time iengtn of cne intervai
may be selected and the absolute error becomes .05
multipiied by that tise lenqtuh. The absolute error divided
by the travel time recorded 1s the percent error possibie 11

reading the screen.
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4.2 DISCUSSION UPF_KESULTS

Major emphasls 1is to De given to the Pacific hodule
measurements, for these are the nodules of interest to
Mining cComapanies. However, Atlantic nodules were available
and were tnerefore measured also. Appendix A gives complete
listings of data recorded for each samp.ie. In concensed
Table 1, several samples are excluded from parts of the
table for various reasons., Pacific nodures P1, B3, and PS5
devel oped Cracks which prevented sonme wave speed
Jeasureaents from being made. Nodules P6 and P8 broke up
before their densities and porosities could be determined.
Shear wave speeds could not be determined for Atlantic
nodules Al and DR1S because the signal apparently could not
make 1t through the noduies. Nodule CHO58 1n the wet
condition aliowed only a weak shear signal through that was
qulite low 1n speed coapared to other Atlantic nodules.
Examininy the behavior of +the shear wave in other wet
nodules, we see tnat its speed snould iacrease supstantially
over the speed for the dry nodule (not so for ChLS8). No
externzi Cracks are visible on CH58 and we cah only assume
that tne weak signal was misread. Atlantic nodules DR1S and
CH58 (opbtained trom Woods Hoie Oceanographac Institute) were
quite different in their appearance and thelr acousticss

Properties when compared to other Atlantic nodules. Their
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densities and their compressiovnal and snhear wave speeds
{wvhen measurable) were low, and their pores appeaCed to be
filled with = very fine, lignt colored sediment.

In general, both Pacific and Atlantic nodules revealed
wet densities and porosities very close to those found in
the literature for Pacific nodules. Greensiate (1977) gives
an average wet bulk density for Pacific nodules as 1.95g/cc
and a porosity range of between 50 - 60%. The Pacific
nodule samples measured to within 2.5% of the 1.95 g/cc
average except for one nodule wnich was 9% high. Porosities
were founa to range from 50 - 55%. Average densities and
porosities for Atlantic nodules are not found 10 the
literature.

Pacific noduies show a smaller range of compressional
wave speeds (1950m/s to 2500m/s) with the average (2350m/s)
somewlat lower than comparable measurements for Atlantic
nodules (whicnh ranged from 2125ma/s to 3215m/s and averaged
at ZouSa/s) . The shear vave speed ranges were about tne
same (1615m/s ta 2645m/s) for Pacific and Atlantic nodules.
Pacifaic nocuies were less sensitive to shear vave
orientation. The higher compressional wave speeds and the
greater censitivity to snear direction 1n  the Atiantaic
nodules may bpoth be due to the presence of many veins of

very hard, white calcareous material (see Gladsby 1977 for a
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chemical analysis) that is not found an Pacific nodules.
The ratic éf the shear wave speed to the compressionai wave
Speed ranged from 0.83 to 0.98 in the Pacific nodules and

from 0.69 to 0.40 in the Atlantic nodules.

4.3  FURTHER INVESTIGATION

The Atiantic noduies appeared 10 Dpe muich more
Structuraliy sound whether in a wet or dry condition. The
Pacific noduies, after drying, tended to break up or devalop
cracks easily. Visual inspection showed no external cracks
in the nodules (wnich had been dried out before receipt) tor
which wave speed measurements were obtained. Whether
internal cracks existed or not 1n the Pacific or Atlantic
nodules is not known. There is also evidence that gemeral
pore structure camage may occur during drying out. Possiblie
internal cracks or Dore structure damage 1n nodules that
have been dried out may result in different mechanical
properties ard most likeiy in slower wave propagation speeds
because of a less homogeneous zediua. The nodules were
measured at atmospheric pressures and temperatures.

I1deally, <freshiy recoverea nodules pzcked in seawater
shoula be measured (for wave speeds) at assimilated ocean
deep pressures and teBferatures. A larger sampie dgroup

shoule pe wutilized for greater confidence 1n the results.
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However, given +that tnese 4re the tirst guantitative
accounts of acoustical wave velocitlies 1n manganese nodules,
the results are satisfactory for use in the scattering

analyses.
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Chapter Vv

SIZE DISTRIBUTIONS IN MANGANESE NODULE FIELDS

We wish to determine a statistical area distribution
function that characterizes the frequency wvwith which nodule
Cross sectional areas occur (reiative to the local average
area) in any particuiar nodule site. Such a function would
describe the statistics of nodule sizes which are required
for tne owultipie scattering analysis (u(si) 10 eguation
(33)) . We can alsc develop analytic resationships between

averaye radli of different pcwers. Note that

R
where a is the radius and the overbar denotes the average
over i group of nodusies.

For acoustic vwave fregquencies in tne Rayleigh region
(vhere the wavelength 1s 1long compared to the noduie
dimensions) , the scettered pressure is proportiofal to tae
radins cubed. Therefore, the average pressure scattered
from a nodule 1is proportional to P and 1s conveniently
proportional to the nodules' average voliume - o¢f great
interest te mining concerns. However, the average radius is
a;so needed tO edsure equipment/ncdule comwpatibility, ana
this requires relating a aaiaa al . For incoming acoustac

vave frequencies in the resonance Treqion (that 1s, for

frequencies between the iow frequency Rayielgh scatterirg
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region and the high frequency geometrical scattering
Tegion), the scattered pressure is a more complicated
function of radius (Ma 1981) which nas not been averaged
yet. The averages of the radius and the cubed radius must
be obtainable from whatever averaged power of the radius
term that wmay occur. A general relationship between
averages of radii to various powers is sought. The sources
of data and data preparation are described directly below.
A discussion o the mathematical manipulations required to
transfors between averages ot different powers of the radius

folliows.

5.1  DATA_REDUCTION

Two sources of data have been utilized for finding area
distribution functions. Data was obtained directly from
several black and white bottom photographs supplied by
Deecpsea Yentures, Inc. aud also from physical
characteristics tables of various central Pacitac noduie
sites compiled by Fewkes, mcFarland, Keinhart, and Sorenm
(1379 and 1980). Each characteristics table examlines a
smali representative nodule site (typically a sea tloor area
of about 2500 cp**2) containing arouna 75 nodules. Listed
in the tables are the f1loor plane cross sectional areas, the

lengths, &and the widths of each individuzl noduie 1n the
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site. From the flioor plane areas (listed in Appendix B) the
average Cross sectional area of eaca data set is deterained,
and this gquantity characterizes a curve describing the
distribution of cross sectional areas. Obtaining data froms
the photographs requires considerable effort since the
bottox pliane cross sectional area for each individual noduie
pust first be determined.

The photographs are takem from less than ten meters
above the ¥Facific Ocean floor, approximately 4000 meters
below the water surface. In only one of tne photographs is
there a real length scale at the sea floor availabile. {(Thais
does not prevent analysis of the other photographs however,
because the objective is to detersine the distribution of
the areas relative to some average area, not to predict or
determine real scale areas.) One 35ma color siide of each
photograph has been prepared. Three caiibration slides to
check projection distortion have also been produced. These
consist of various angles and scale lengths placed in
different portions of the 35mm sliide frame. When projected
onto a screen, the caiibration slides showed no discernabie
distortions of lengths or angles in any portions ot the
slide frame when the projector was properly positioned (1.e.

when :eveled and squarely facing the screen).
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4 nodule fieid slide is projecred onto a iarge hanging
screen of white paper. A cospromise aust Dbe made betvween
projected nodule size on the screen and nodule definition.
For ease of Rpeasurement, the largest size possible is
desired for the projected nodule images at the screen
(affected by pulling the projector away from the =screen and
using a 2zoom lens). But at tne same tiame, the snarpest
image possible is desired to distingquish the background
shades of gray from the sometimes only slightly darker grays
of the nodules themselves (pulling the projector away from
the screen resuits in greater light diffusion losses,
causing lessened edge definition). All the noaules are
traced onto the screen, and any resclution proplems are
settled by reterence to the original photoyraph.

The projected cross sectional area of each traced
nodule 1is determined by use of a manual planimeter, in
effect, a mechanical integrator. The outliiLe of each traced
nodule zust pe followed by the planimeter tracing poant.
After one trip around the perimeter, the nodule projected
area (unscaled) @may be read directly from the planimeter in
square inches. If a real scale length is proviaed an tne
phatograprh, the real cross sectional area of eack noduie may
he determineq. Otherwise, these projected areas are

unscaled. Note that data was collected and reduced from
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only two photographs. This 1s extresely tedious work and
since data is available in already reduced form (Fewkes?
tables), examining all the photographs was unnecessary .

There are three types of error possible in using the
planimeter: inaccurate reading of the area from the
instrusent, recording error; inaccurate tracing of the
outline of the nodule, execution error; and, inaccurate
calibration of the instrusent, calibration error. The
smallest division sarked on the planimeter is a tenth of a
sSquare inch and SO our recording error is one half of that
Or .05 in*=2, A repeatability test showeu execution error
to be less than .05 in**2, the recording error (during
which, extrz care was taken in reading the planimeter scale
in order to sinimize recording error) . An accuracy test on
a 1.0 in¥*2 gguare showed calibration error to be
undetectable (at least within the bounds afforded by the
other errors). These measurement exrors are relatively
unimpoertant because we are attempting to determine
qualitative properties of the distributioas, not precise
quantitative information.

One photugraph was examined as a whole (consisting of
388 noaules) and also in two subsections {consisting of 24c
and T42Z nodules each} . The resulting curves were compared.

The <tables from Pewkes et al., do not permit sectioning
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because the physical arrangement of the nodules on the ocean
floor is unknown.

Pirst, we must allocate each nodule size in a data set
into its discretized interval of cross sectional area. That
is, we need to know how many nodules have cross sectional
areas betvween 0 and iLimit 1, between limit 1 and limit 2,
and so on until ail nodules have been accounted for. Each
interval should have the same size. The size 1s arbitrary
but initially, it should pe as small as practically
possible. If the interval size proves 10 be too sRail (as
wili be discussed shortly), compining adjoining intervals to
make larger (but preterabliy stilli equal sized) 1intervals is
simple.

This process +ill give an area dastribution (1.e.
number of nodules ¥s. Cross sectional area interval) for a
data set in histogram or bar graph foras. Or one wmay
transpose to the radius distribution or to the radius to the
second, third, or sixth power distributions by plotting the
nuaber of nodules within each interval against the
appropriate interval of radius raised to vhatever power (see
plots).

Referring to the data sets 1a, tb, and ¢ (listed in
Appendix B}, we see interval sizes of 2.4 - 2.5 cm**2. This

spacing actuaily corresponds to interval sizes of (.1 inex?
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(the smallest Reasurement sjize possible  using the
planimeter) transformed to the wmetric scale and multiplied
by a real scale ratio (derived from the real scale length
supplied in the photograph). Examining this data, we see
that there are a possible 33 intervals. But, plotting the
distribution of nodules against 33 area 1intervals in bar
graph fora would result in an excessively rough graph (a
problem inherent 1in small data sets and resedied Dpy
obtaining :rarger datz sets or, in this case, by using larger
discretized plotting intervals) . By using two, three, or
more intervals 4in a Iow 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 1t. Note that the
data sets from Fewkes® tables (real scale data) are
classified into 1 ce**Z intervals (Appendix B, Data sources
3 through 8), but the bar graphs produced for this data
(Figure 17 and Figures 20 throuah 24) use 3 ca**2 intervals
for & smoother bar grapn representation of tne

distributions.

5.2

5]

IZE_DISTRIBUTION STATISTICS
From the statistics of the radius squared data, We can

calculate an average of the squared radius a? and the

variance of the radius squared g2 - Likewise, We can

calculiate the average radits a, the averuge of <the cubed
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radius 3, the average of the radius to the sixth power —3,

and corresponding variances of the radius to a power. The

general form for the average sth power of tne radius a" is
A" =23 A" (54)
N i7i
i=1

and for the variaance of that average o ,

N
1 m  m2
G gm "[ﬁ Z(ai - am ni]l/z (55)
i=1
vhere X is total nuaber of nodules, a? 15 some dirscrete
size, n; is the number of nodules having size a; , and » is

the power of the radius under consideration.

It was found that a Rayleigh probab:lity functien (or
density) describes +tne radius squared distribution quite
vell {the radius square AQistribution and the area
distribution are the same). The Rayleigh probability

function for the radius squared distribution is;

q(x) = £ 2P (56)

vhere x = a?

and b is related to the average squared radius
a2 {the relationship will be derived shortly). Thus, the
nodule size distribution (for any radius power) is specified
by the single Rayleigh parameter b vhich Bmay be gquantitied

from real data (i.e. area Statistics), or used to relate the

averadges of different powers ot the radius. In Davenport
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and Koot (1958) a discussion 1is given on wonotonically
increasing or decreasing probability function sets and their
use 1in other single variable tfunctions as the single
variable. An expression is obtained which is of use 1in
relating the probability densities for different powers of

the radius;

- dx
. W = a7 (57)
vhere y =a", x = a2, and 9, and g, are probability

functions of rauii to tne indicated powers (indicated by

subscripts) . For this particular case;

2
-X

2
x  2b7,dx. (58}
qn(Y) b2 e f?;

To determine the radius probability demsity, ve let

then

- EE—-
4 (y = a) 7€

a3 2
ql(a) =2 _2' e (59)

b

2
o

Similarly, to determine the radius cubed probability

density, we let



then
g-z S —3-. - l“”z
dx 7 %
and ve find )
3y o 2a 2p? (60)

b
By foliowing the above procedures through ®ith y = a®,

we find the general tormula for the a® probability density

(vhere n 1s real and positive):

4
t= S
(a“) ) g.a(d—n) 2b2 {6la)
q a “““E"- =}
b
or
n —x2
(- & =5
(a") = 2 E;___E sz (610)
qn n b2 e

-
= -

vhere x = a-. The last equatior is in teras of x instead of
a in order to rerind wus that tnis analysis is based on a
radius squared distribution curve fit. It now remains to
evaluate the Rayleagh parameter b.

By definition of a statistical averaaqe,

o g

T =Sx“%gmw
0

5 x3/2 2b2 (62)
= [
0

and



- -
a = x S X qz(x)dx
0 2
- -X
2 2
2b
“S % e dx (63)
0 b

Similar equations are obtainable for a’ or any a° (for n
real and positive). From :ntegration formula tables, we

Know

x

P - -\J
S " le Mg = 177 r(w)

0

(64)

for v real and greater than zerc. In general, the gamma

function T(v) is given by
P+l = YT an - 1y (65)
2111

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

is tabulated in mathematical handbooks. We can use thiys

integration i1f wve let

then
dn = Zxdx

For tne average radius squared given by eguation (63), we

find - -
2 - 2
2b 0

requiring that

and



Then

By using gamma function

Similarly, we can find

Poliowing the

following:

, 1
L o= -3
26"
2 1 1 =372
a® = 2 2072 riy (67
2 2
2b 2
tables, we find
22 = 1.2533b (68)
3 = 1.0780 pi’° (69a)
2> = 1.5457 p372 (69b)
a® = 3.7508 17 (69¢)
above procedures tnrough for 2" we find the
S (70)
2b
;= %—* 1 7Y

and the general tormula for the average ot the radius to the

pover n is;

for any real positive
This shows that

are related by onliy

exazple transforms to

powers.

an = (_1_2)
2b

ol

~2
.(a + 1)

value of n.

(72)

the average radii to different powers

one parameter -

——

3 fronm

1.2388 a

F\le mwl mw'
'}
P-l
[
o
[
(=]
[

0.7972 a

il

b.

various other

below are sope

average radil

{73a)
(73b)

(73¢)
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5.3  DISCUSSION_QF RESULTS

Plots are presented for the distributions of the radius
&, the radius squasred a’, and the radius cubed a® 1n Pigures
9 through 30. Radius square histogra®s or bar graphs
Tepresent actual ocean floor area measutrements of nodules
taken from phnotogTraphs or data tables (ail values are real
size except those from data source 2 whicun are unscaled) .
Radius and radius cubed histograms are derived assumlng
spherical nodules. This is obviously not the case for reei
nodules and will be commented on later.

The kayleigh probabiiity density curves for a2 and the
predicted probapnility density curves for a and a° fit the
discretized ddtu (bar graphs) gquite wel.i. Average radius
functicns are indicated on the piots by deshed 1ines. To be
matcned by the probability density curves, tne Dpdr graphns
have been normalized by dividing the number of nodules in
€acn intervai by the totai number of noduiles in the data set
and by the interval size.

Plotted in PFigure 31 are several date sets frowm various
sites 1n the Paciiic Oceab (duta sources la, 2, 8, 9 waith
Dearly tane saze averade nodule size. The points represeut

the middle of each discretized interval trom each or the
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data =set histograms. The data sets were 1ndividually
normalized os described above and then eagh set was
ROn-dipensionalized by corresponding values of a. That 1is,

the non-dimensional number of nodules to be fpiotted along
the ordinate axis for one data set equals
n

i =2
XINT . § 8

where n is the number oi nodules in interval i, XINT 1is

i
dimensional width of ipnterval i, and N 1S total number of
nedales for which a, ny « and N refer to only one data set.
The radius sguared on the abscissa cXls is
non~dimensionalized py dividing Dy the sguare of the average
radius «veraged over zall the dJata sets. The Rayieagh
proebability density p (1) is non=dlmensiondliized by
multiplying equation (57) by the averaged average radius and
using the mon-uimensiona: radius square (plotted on the
ahscisga axis) as the argument x. The probability curve is
rormaiized to fit ali the date sets by computing an average
Rayleign parameter b. This 1nvolves computing an averaged
average square radius (not to be confused with the square of
the averayed average radius). The resulting probapiiity
curve fits the data points rather well. Figure 32 1g a
similar plot using Pacific Ocean sites (dats sources 3.
through 7) that were ali pnysically witain 107 deters (350

feet) of each other. The results are similar.
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The measured averave radius, and the averages of the
Second, third, and sizxth powers of the radius are listed for
each data source in Appendix B. Again, tnese are based on
true measured values of the radias squared (except for the
unscaled case of data source 2). Equations {73} are related
by the Rayleigh parameter b (see eguations 68 and 69) . By
these equations, we can use averages of the radius to

various povers to predict say a® and then compare the

——— ]

redicted a’® with tne measured a’ . In doing tnis for mdny
p 9

0t the data sources, the error is tound to oe less than 5%

~f3/n
a

LN most cases. Errors incurred by assuming a’ = Kay be

as much as 50%.

5.4  PURTHER INVESTIGATION

As mentiohed earlier, Pacific manganese nodules are oot
spherical and so the relationship between the length (the
radius) , the ocean tloor area (the radius squared), and the
volume (the radius cubed) Orf a noduie 15 notv simple.
McFarland (1980) has enpiricaily derived a reizticenshap
between nodule mass (volume times density) and the longest
(floor piane) lenoth of typicai ©nodules (the longest
dimension of the npodules alaost always occurs in the ocean
floor plane since nodules are tiattened in the vertical
Qirection). The relationship hzs the fore

‘¥
MASS = .54 (LENGTH)“©7 (74)
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“nether or not +this relatioaship holds over large areas ot
Pacific Ocean 1is not Xknown. This 1nvolves questions on
whether the growth characteristics of nouules are the saae
anywhere in the Pacific. Fewkes' tables, from which several
data sets of floor plane areas were taken (Appendix B), also
include length to width ratios of nodules (note McFarland is
a co-author with Pewkes and the nodule mass to length
relationship is guite lixely based in part on Fewkes® Length
to width ratios). Examininy results from tests ot the
system propcesed in this paper may indicate 1f further
investigation is required on the eftects of the length to

mass relationship and tnhe length to width ratios.
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Chapter vI

SPATIAL D1ISTRIBUTIONS IN MANGANESE NODULE FIELDS

In sparsely populated nodule fields, the locationpal
Celationship petween any two nodules is essentialliy randonm.
Nodules are spaced far edough apert so thet one nodule does
not impose significant locational restrictions on another.,

in densely pecked nodule fielas, the possible location
of any nodule may be appreciabiy inhibited by the presence
of otner nearpy nodules. 1f 1nitially, no nodule locations
are knowvwn, the probapility that the 1th nodule is 4t 4
Speclifiic locuticen is random. However, 1f 31 nodule 1s known
to be at location i, the probability ot the jtn nodule beiny
at & specific location is related to the ith podule's
position. The probability that the jth noduie is located in
¢ Legion far away from the ith nocule 1s nearly random (tane
relative location of the 14jth pair 1is Very weakly
correlated) . However, if the Jtn podule 1s located clouse to
the ith noduie, there 1s & mnonrandom pair correlation.
Locational pair correlation is represented as the deviation
from the random condition by the radaal daiastraibution
function £ (R).

Higher order locational statistics {(conditional
probaprlities) are required for confiqurational averaging in

densely packed fields. The second heir:rchial egquation of
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the Foldy-Lax series (eguation 34b) considers locatiocnal
correlation of nodule pairs through f(R). Therefore, for
densely packed systess, eguations (384) and (34b) must be
used. For sparsely packed systems, pailr correlations are
insignificant and the use of equation (3ua) elone 1is
sufficient.

The radial distribotion function may be found 1in tne
following way. Consider one nodule at the center of a large
field ot nodules. If we set up enough caircular rings of
constant width about that nodule to encompass all  other
noduies in the field, and then count the number of other
nodules found in each ring interval, the result 1s a
discretized radial distribution (we shall modify +this
slightly when we consider the statistics of the resuits).

Hong (1980) numerically derivea simijar radial
probability functions for hard spheres on a plane. His
inclusion of pair statistics yields good multiple scatterlng
results for densely packed systeas. Tnere wiil be no
attempt to £it & curve to the radiai distrabution bar gragh
Or cetermine an empirical distributior function as was done
for the size distripution analysas. The limited use of
information from the radial distribution at present does not
warrant such a course. Interest iies inr confirming general

trends anticipated from revieving Hong's paper.
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Features of the radial probability distribution thpat
shoula be emphasized are the exclusion length, the favorable
location regaion, the shielded region, and the random
probapility reqion. The exclusion length defines the regaion
immediately surrounding the center nodule 1n which very few
other nodules are located. f(R) equals zero here. The
random probability region refers to distant regions (far
from the center Luodule) and is Tepresented by £ (R} being
egual to one. The favorable location reqgicn is a region of
nearest neighbors, just outside of the exciusion length
Tegion, where the probapility of another noaule existing,
f(R), becomes greater than ohe. The faveorapie tocation
region causes a shielding effect on the ring intervais
immediately following it {going towards the distant
reglons) . F(R) dips below the randoa level (1.0) 1in thys
shielded region Dbecause each nodule 1n the favorabie

location reqion has its own exclusion length.

ba.l D2TA_ REDUCTION

kadial dastributions are determined for photographic
data sburces 1 and 2. The eniarged nodule field
reproductions proauced for the si1ze distripution ahalyses
are used. The center of each reproduced nocule in the fieid

1s marked anc numbered, and a Cartesian coordinate sSystem 1is
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superimposed over the entire tield. The location of the
origip i1s uanimportant. The x and¢ Yy coordinates of ecach
nodule center are then recorded using an electronic
digitizer. The distance between any two nodules then 1s
just 2z vector addition problea.

Just as we could vary the 1interval length for the size
distribution, the interval size for the radial distribution
is varied by using larger or smalier ringy widths. Different
interval sizes enhahnce various ieatures of interest ain the
distributions. A large interval size smooths out the
distripbution (clearly displaying the levelling otf in the
far field), but it does pot accurately distinguish the near
field features (exclusion iength, favorable region,
shielding). Too small an interval size results in a very
rouch graph ({due to using a discretized intervai: form to
represent small data sets). A trade-off 1is required.

Consideriny one center nodule and its relationship to
surrounding nodules provides too smalli a data set with whaich
to work. Therefore, 4 group of center nodules (say 20 to 40
nodules) 1is utlilized. Identical ring interval systems are
set up around each center nodule and the number of nodules
existing in correspondlng ring intervals are suamed. The
fact that 20 center nodules are used instead of ope 1s

considered in & later normalilzztlion. This larger set of
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data .s also @ore representative of the total field after
averaying.

Another probles encountered involves being apble to
include enough intervals witahout running ofif the
photoyraphic reproduction. For a saingle center nodule, the
intervals must extend out to at least tive or six nodule
diameters to be able to infer any trenas il the
distribution. For the single nodule in the center of a
reproauction this is no probienm. But, for a nodule at the
outer edge of a large group of center nodules, it becomes a
problem ({where the intervals mwmust extend out five oOr six
average diapeters). Considering the sizes of the
Ceproductions and the nodules, 31 center nodﬁles Were used

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

6.2 CALCULATIONS
The radial distribution proposea at the beginning of

this section plots number of nodules 1n each interval ny

against Ty the distance froe the center nodule to the

interval 1. 1n the resulting bar graph, n, simply increases
with distance from the center nodule. This occurs becCause
as r, 1ncreases and the 1interval (ring) width Ar gfemains

constant, the area covered DY each sSuccessive riung 1nCreases

proportional to r. The number of nedules found 1n
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Success.ive intervals is therefore expected to do the same.

The probsem is eliwinated by dividing each n by the

i

Corresponding T, - 50, ve should plot the number of nodules

in each interval divided by the distance from <the center
noduile to the interval, nifri, 2galnst the samEe cehter
nodule to interval distance, -

The area of a particular ring interval A encircling

i
sore center nodule is

Ai = 2mr Ar (75)

The nuaber density § (number of nodules per unit area) ot a

randor distripution may be defined as

p = N/A (76)

where N is the total nuamber of nodules and & is the total
botto® area in which they lie. Por this random distribution
We can also write

5 = ni/Ai (7n

vhere subscript i indicates some interval. Therefcore, from

equations {75) and (77),

ni ﬂi
=" 21 A - (78)
A 2mr Arp

where thls expression is written for one center nodule.
Por the case of M center nodules in a randonm

distripution, we can write
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M
= n 79
nTi :E; 17 (79)
J=

Where ory is the total number of nodules in the combined
interval i due to all M center ncdules. We can then essume,

for any one center nodule, that

Il

T ]

n, Ay —1 (80)
M

i

Thus, equation (78) becomes

or
1 = = (81)

aniﬁrpM
We should therefore plot nTi/ri ¥s. r; . From egquation (87),

we see

“Ti )
— = 27ArpM (82)
s

a constant, for a randoam distribution.

Near the center nodule (s) the distributioun is npot
random - it is pair correlated. But, as one moves avay from
the center nodule (into the far tield), the distripution
becomes random, vaiidating eguation ({82). The expected
leveliny off of the dastribution shouid oceur in tpne far
field at a magnitude of “T1/r1 eqial to 2nAr M, Dividing
nTi/ri for tne entire field (near and ftar) oy 2rArfM gives
U5 an expression tor the radial distribution t{R®), such that
£ (k) goes to one 1in the far field indiceting a random
distrzbution. Then the qiscretized radial distribution ais

expressed by



6.3 DISCUSSION OF KESULTS

Radial distributions for data sources 1 and 2 are
plotted 1in Piguresx 33 and 3u4. Number of average dianeters
from the center nodule(s) is plotted along the X axis. Tue
Y axis has veen normalized by equation (82). in <the far
field (further tham 6 or 7 clameters away), tne radiali
distripution should level off to £{R)=1.0 . The near field
(vithin 5 dicmeters or so) shou.d show the exclusion length,
favoraplie location, and shielded reqgions.

A problem is encountered with data source 1 (Figure 33)
in that the far <fieid is never guite reached. The
photograph oi the nodule field samply was not large enougn
to get very far away from the center nodules,

One can see that neither uistraibution 15 very suooth.
If one attem!'ts to eyeball an average througn the far field
fluctuations, that average falls just short of the
theoretically predicted f (R} =1. This may be the resuit of
using toc few center nodules to represent the fiela.

In the near tieid, one clearly sSees an exclusion region
and a sharp rise representing tne favorable location region.

Immediately foliowidDg the rise, one sees the shielded region
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as & .ow dip, Note in Fiqure 34 that this rise-d:p pattern
apparently repeats itself several times before being lost in
the fiuctuations. This 1indicates that secondary and
tertiary favorable locations and ascociated  sheiiding
effects may be preseat.

For data source 2 (Figure 34), the exclusion length 1s
At Least 1.5 average diameters. The largest concentration
of other nouules occurs at a distance of 2 to 3 average

nodule diegmetors.

Data source 1 {(Figure 33) shows the shortcomings of
this approach. According to the plot here, the 2inianm
exc.usion leugth is one average radius. For a field of

uniforzly sized nodules, the zinimum exclusion lengtn would
have to be at least one diameter (the distance between
nodule centers for nodule sides touching) . However, noduie
fields are not uniform. We must deal with un average nodule
radius (averiged over the field). Some smhatier hoduses @ay
be closer togetner tanan other nodules so that tne distance
betwean therr centers 1is less than the field averaged
diameter. In the case of Figure 33, four ceunter nodules
were much smaller than average and were located very near
each other. Hence, the low exclusion length. Realilzing
this point, one can eyebali an exclusion lenoth petween .75
and 1.25 average diameters and the largest conceatration of

other nodules at 1.2% to 1.75 diameter's cistadce.
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The guantitsvive information found eabove (exciusion
lengtns and ravorable distances) may be used to evaluate tne
integral in wequation (34p) for a typical nodule field ain

order to ascertain the ieportance of the pair correlation.

6.4  PURTHER INVESTIGATION
1t has been shown thaz the expected exclusion,
favorable location, and shielded regions for pair correlated
radial distributions 4o exX1St in Manganese nodulie rfieids.
The isportance of these features 1n the scatteriug analysais
and the expression of the distribution function 1o terms of
these features shoula be studied next. The exclusion iengtn
is expected to increase, ana the magnitude of the favorable
location probapility is expected to flattenm out (towdards
L(R})=7 with decreasing nodule population density. These
Telaticnships should also be examined.
So, future examination ot locationai distributions
should look into the followiug topics.
1} Effect of a typical radial distripurion
function on the multiple scattering anzlysis.
Must 1t be included and can the function be
expressed 1k a sampiified manner?
2) Yariation of near field features of the radial
distribution function with changes in nodule
number density. 1Is the variation sagnificant
over the ranye of densities for practical

aining interests?

3} Variation of radial distribution functiom with
number censity change for large bottom areas (on
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. 2 .
the order of 10,0008 } as OFPpoOsed to the very

spall data seis used for this analysis (on the
order of 1m2}.
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Chapter VII

SUMMARY OF CONCLUSIONS

This thesis has experimentally eXamined three topics
fundamental ¢to the theoretical analysis of acoustical
scattering from manganese nodule fields for the (purpose of
obtaining guantitative results from the theory. The three
areas of interest are acoustical. properties of Rmahganese
nodules, size distributions and spatial aistributions in
manganese nodule fields.

To quantitatively evaluate the scattered resgonse or an
acoustically excitea ranganese nodule, longitudinal &and
transverse wave speeds vere measured in Pacitic apmda Atlantac
nodules. The major results are listed in Table 1. Average
longitudinal vave speeds vere found to be 2350a/s for the
Pacific nodules and 2605m/s for the Atlantic nodules.
Average transverse wave speeds were found to be Detween 20uU
and <¢050m/s for both the Pacific and the Atlantic nodules.

These Neasurements were performed under atgospheric
pressures on nodules that had been saturated in fresh wvwater.
It is suggested that further measurelents be performeq undeg
assimilated in situ conditions. This would require thet the
nodules remain 1in sea water after recovery from the ocean
bottom, and also, that the measurements be performed in a

pressure chamber capable of ocean deep pressures.

105
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Examination of the distribution of noaule
cross—sectional sizes in ocean bottom photographs reveals
that the nodule radius squared distribution is described by
the Rayleigh probapility function. This function 1s given

by eguation (56) as
=

2
a(x) = % 2P

-
IS

o

vhere ¥ eguals the nodule cross-—sectional radius squared,
and b is a function of the average square radius. Through
some statisticai manipulations, probability functions for
other powers of the radius can be written, and averages of
the radius to various povers can be related through the
parameter b 1n the above equation. This latter capability

is necessary when attempting to recover specific average

owers of the radius, such as 2’ (a measure of the average
P

nodule volume), from any 2 that falls ocut of the Foldy-Lax
equations (34a) ana (34b).

Another 1important result of this analysis 1s the
ability to size average any function of the radius, fn{a},
over a field of nodules. This allows size averaging of an
individual nodule scattering strength (as given By equation
20a, for example) over a nodule field, which results in an
average field scattering strength (equation u48) for use in

evaluating the Poldy-Lax equations. The si1ze averaqge of

fn(a) is given by
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Note that the preaicted radius probability function 1s used
here instead of the experimentally determined radius squared
probability function.

Further investigation into the MASS - radius
relationship may be reguired because Pacific nodules are not
sphericali as assumed for this size distributicon abalysais.
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 shows that several pair correlated features
exist and may be important in the scattering theory when
applied to densely populated nodule fields. Par awvay from
some center nodule, the probability of finding nodules at a
particular distance <£from the center nodule becores a
constant. This is a result of the random distribution of
nodule locations 1in the far fieid. The ©probability
function, £{R), is represented by the number of nodules, at
some distance from the center nodule, divided by that
distance. In the near fiela, however, nodule locations are
correlated. Around any nodule there exists an exclusion

region {ain which no other noduie may be located), a
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favorable location region (in which the probability of
finding other nodules is greater than the far field random
probability), and finally, a shielded region (in which the
probability of finding other nodules is less than that tor
the far field). The shielded regior is caused by the
exclusion lengths of nodules in the favorable Jlocation
region.

Futare examination of locational distributions should
look into the tollowing topics. Ho¥w are the near tieid
features (primarily the exclusion length and favorable
location regions) related ¢to the nodule number density §?
How significant is f(R) on the multiple scattering analysis
and can a simplified expression for f (R) be employed? What
is the effect of examining a very large bottom area {on the

order of 10,000m”) on the radial distribution function?



Appendix A

ACOUSTICAL PROPERTIES OF MANGANESE NODULES
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Measured Wave Speeds for Pacific Ocean Mdanganese
Nodules in Wet and Drv Conditions

NODULE C C C C Cr
SAMPLE L T L T /e
10 wet wet dry dry L
m/s m/s m/s m/s wat
1960 1117
Pl - to to - -
2078 1343
2274 1944 1519 0.85
p? to to 1852 to to
2352 2156 1764 0.92
1529
P3 - - to 1186 -
1588
2558 2391 1705 1607 0.93
P35 to to to to to
2635 2636 1823 1637 0.98
1989 1705 1539 1458 .86
P6 to to to to t
2156 2058 1646 1470 0.95
2607 1862 1558
p7 to 2450 to to 0.93
2675 1980 1747
2323 1578
Py to - to 1372 -
2519 1646
1950 1617 1950 0.83
P9 to to to 1617 to

2117 1784 1989 0.84
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Measured Densities and Porosities for Pacific Ocean
Manganese Nodules

NODULE WET DRY SOLID WET DRY VOLUME POROSITY
SAMPLE  DENSITY DENSITY MATERIAL MASS MASS
()] ; DENSITY
a/cm a/em® _ g/em® - g 9 cm’ %
P1 1.99 1.47 3.05 38.8 8.7 19.5 51.8
pz 1.91 1.41 2.82 47.9 35.3 5.1 50,2
P3 1.99 1.48 3.05 70.8 52.5 35.5 51.5
P5 1.96 1.42 3.07 18.4 4.1 9.9 53.5
P& - 1.35 - - 32.3 23.9 —
p7 1.95 1.42 3.00 28.4 20.7 14.6 52.7
P - - - - 12.2 — _

PY 2.13 1.59  3.47 25.6  19.1 12.0 54,2




Measured Wave Speeds for Atlanric dcean Manganese
Nodules in Wet and Dry Conditions

NODULE C C C C C
SAMPLE L T L T T/C
] wet wet dry ary L
m/s m/s m/s m/s wet
3038 2274 0.75
Al to to 2548 2135 t
3214 2577 0.30
2362 1627 0.69
A2 to to 1891 1842 to
2391 1754 0.73
2450 1744 2646 0.71
A3 to to to 1411 to
2646 1911 2744 0.72
2127
Ad to — 1695 - -
2205
734
CHB8 1840 to 1490 862 —
az3
1578
DR1%5 to — 1352 843 -

1705




113

Measured Densities and Porosities for Atlantic Ocean
Manganese Nodiles

NODULE WET DRY SOLID AET DRY VOLUME POROSITY
SAMPLE  DENSITY DENSITY MATERTAL  MASS MASS
1D DENSITY
g/cm’ a/cm? g/cm’ q g cm’ %
Al 2.07 1.59 3.04 355.6  273.2 172.2 47 .8
AZ 1.89 1.31 3.08 255.9 177.9 135.7 57.5
A3 1.97 1.45 3.03 276.8  203.7 140.3 52.1
Ad 1.99 1.46 3.13 314.6  230.0 158.0 53.5
CH58  1.82 1.26  2.86  140.2  97.1 77.0  56.0

BR15 1.80 1.21 2.95 202.6 136.4 112.5 58.9




Appendix B

DATR SOURCES LIST AND DATA FOR SIZE DISTRIBEUTION ANALYSIS

This appendix contains the sources of ddta utiiized for the
size distribution analysis and for the spatial distribution
analyszs. Also inciuded, are cdata tablies which present the
discretized s1ze distribution frem each data source used to
produce the histograms in Pigures 9 through 30. Lastiy, a
table of average radius functions derived from eacn data

source 1s includedc.

114
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LIST OF DATAE SOURCES

Data source la, 1b, and 1lc
Bottom photograph of Pacific nocule field obtained
from Deepsea Ventures, Inc. 1la reters to the entire
photograph. 1b and lc refer to contiguous

portions taat =make up la.

Data sourcge 2
Bottom photograrh of Pacific nodyle field obtailed

from Deepsea Ventures, Inc.

Data sources 3 - b
Physical characteristics tabies of central Pacitic
nodule sites (DOMES site C) complled by
Fowkes ot al. (1979 . Data sources are irom camera
tun 1, freme nutkbers as follows:
3 NOo. 264
4 No. 260
5 No. 269
6 §o. 271
7 No. 273
8 All five frames combined
Note that the distance between adjazcent frames

(e.g. No. 264 to No. 265) 1s about 20 feet.
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Data source 4

Physical cnaracteristics tables ot centrel Pacific
nodule sites (DOMES site A) compiled by

Fewkes et al. (1980). Data source 9 is a combination of
data from camera run 1, frame numbers 167, 170, 183, 232

253, 349, 393, 522, and 538.

Data source W
Physical characteristics tables of centrel Pacific
nodule site (DOMES sate A) compiled by

Fewkes et al. (19v0). Data is trom camera run 3, frame

numher 464,
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Discretized Size Distribution Information for
Data Sources la, 1b, and lc

CROES NUMBER OF NODULES
SECTIONAL FOR
AREA DATA SOURCES
INTERVAL
{cm?) lc lb la
0 - 2.4 3 5 8
2.4 - 4.9 5 4 9
4.9 - 7.3 7 11 18
7.3 - 9.7 4 7 11
9.7 - 12.2 7 12 19
12.2 = 14.6 8 16 24
i4.6 - 17.0 10 12 22
17.0 - 19.5 9 16 25
19,5 = 21.9 11 19 30
21.9 - 24.3 7 14 21
24.3 - 26.8 8 3 16
26.8 - 29.2 4 10 14
29.2 - 31.6 10 13 23
3l.6 - 35.1 G 14 23
34.1 - 36.5 8 14 22
36.5 - 36.0 8 10 18
39.0 - 41.4 3 4 7
41.4 - 43.8 3 8 11
43.8 - 46.3 3 12 15
46.3 - 48.7 2 4 6
48.7 - 51.1 1 6 7
51.1 - 53.6 3 3 6
33.6 - 56.0 2 & 8
56.0 - 58.4 0 4 4
58.4 - 60.9 )3 3 4
0.9 - 63.3 1 1 2
63.3 - 65.7 1 3 4
65.7 - 68.2 0 2 2
68.2 - 70.6 1 L 2
0.6 - 73.0 1 L 2
73.0 - 75,5 1 2 3
753.5 - 77.9 0 1 1
77.9 - 80.3 1 9] 1
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Discretized Size Distribution Information for
Data Source ?

CROSS
SECTTONAL
AREA NUMBER
INTERVAL OF
(cm?) NODULES
0 - 0.5 21
0.6 - 1.2 35
1.3 - 1,9 36
1.9 - 2.6 37
2.6 = 3.2 61
3.2 - 3.9 46
3.9 - 4.5 28
4.5 ~ 5.2 28
5.2 - 5.8 L4
5.8 - 6.5 12
6.5 - 7.1 1t
7.1 - 7.7 6
7.7 - 8.4 2
8.4 - 9.0 3
9.0 - 9.7 4
9.7 - 10.3 1
10.3 - 11.0 L
11.0 - 11.6 0
11.6 - 12.3 0
12.3 - 12.9 1
12.9 - 13.5 2
13.5 = 14.2 0
14.2 - 14.8 0
14.8 - 15.5 1



119

Discretized Size Distribution Information for
Data Sources 3 through 8

CROSS NUMBER OF NODULES
SECTIONAL FOR
AREA DATA SOURCES
INTERVAL
(em?) 3 4 5 6 7 8
0 - 1 1 2 0 1 1 5
1 - 2 0 0 ] 0 0 1
2 - 3 0 2 0 2 1 5
3 - 4 0 2 1 1 1 5
4 ~ 3 1 2 1 1 3 8
5- 6 0 0 0 5 4 9
6 ~ 74 1 1 1 2 4 9
7 - 8 1 2 ! 4 2 10
8 - 9 4 7 1 4 0 16
9 - 10 0 2 2 4 3 11
104- 11 0 1 1 1 2 5
il - 12 1 5 1 3 6 16
12 - 13 3 3 0 5 3 14
i3 - 14 5 2 2 3 2 14
14 - 15 2 5 1 2 7 17
15 ~ 16 0 2 2 ;) 3 15
16 - 17 1 5 3 2 3 14
17 - 18 1 2 1 4 1 9
18 - 19 1 2 1 1 3 8
19 - 20 0 0 2 1 3 6
20 - 21 2 0 ! ] 0 4
21 - 22 1 2 4 1 2 10
22 - 23 L 1 1 3 2 8
23 - 24 3 1 ! 2 1 8
24 - 25 1 1 0 3 1 6
25 ~ 26 L 0 1 : 1 4
26 - 27 0 0 1 3 0 4
27 - 28 1 3 3 L 1 9
28 - 29 0 0 1 1 0 2
29 -~ 30 > 0 1 0 1 4



Discretized Size Distribution information f
Data Sources 3 through 8 (con't)
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or

CROSS NUMBER OF NODULES
SECTIONAL FOR

AREA DATA SOURCES
INTERYAL

(cm™) 3 A 5 6 7 8
30 - 31 1 1 0 2 0 4
31 - 32 0 1 2 0 1 4
32 - 33 2 1 0 0 0 3
33 - 34 0 i i 0 0 2
34 - 35 9 I 1 0 1 3
35 - 36 0 0 2 C 1 3
36 -~ 37 2 0 0 0 1 3
37 - 38 1 0 2 1 0 4
38 - 39 0 0 1 1 2
39 - 40 0 0 0 0 e
40 - 41 v 0 0 0 0
41 - 42 0 0 0 0 0
42 ~ 43 1 0 1 0 2
43 - 44 2 2 0 0 4
44 - 43 1 0 0 1
45 - 46 1 0 0 1
46 - 47 L 1 0 2
47 - 48 0 8 0
48 - 49 1 2 3
49 - 50 1 1
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Data Source 9

oF
NODULES

NUMBER

Discretized Size Distribution Information for

CROSS
SECTIONAL
(em )

AREA

INTERVAL
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Discretized Size Distribution Information for
Data Source 10

CROSS
SECTTONAL
AREA NUMBER
INTERVAL OF
(em®) NODULES
0 - 0.5 0
0.5 -~ 1.0 0
1.0 - 1.5 3
1.5 - 2.0 2
2.0 - 2.5 5
2.5 - 3.0 3
3.0 - 3.5 8
3.5 - 4,0 1
4.0 - 4.5 6
4.5 - 5.0 5
5.0 - 5.5 8
5.5 -~ 6.0 3
6.0 ~ 6.5 9
6.5 = 7.0 3
7.0 =~ 7.3 4
7.5 - 8.0 6
8.0 - 8.5 1
8.5 = 9.0 2
3.0 - 9.5 1
9.5 - 10.0 2
10.0 - 10.5 2
10.5 - 11.0 1
11.0 - 11.5 0
11.3 - 12.0 0
12.0 - 12.5 2
2.5 - 13.0 1
13.0 - 13.5 1
13.5 = 14.0 1
4.0 - 14,5 2



Measured Average Radius Functions

DATA SOURCE 2 (cm) al (cm?) a? (em?) 2° (cmb)
la 2.9 9.3 31.7 1670
Ib 3.0 9.6 32.9 1770
le 2.8 8.8 29.5 1490
2% 1.0 1.2 1.5 4.2
3 2.6 7.1 21.4 730
4 2.1 5.1 13.0 305
5 2.6 A 22,2 750
6 2.1 4.9 11.9 220
7 2.2 5,2 13.6 350
8 2.3 5.8 15.7 435
9 1.1 1.3 1.6 4.0

10 1.4 2.0 3.1 15

¥ unscaled data



Appendix C

DATA FOR SPATIAL DISTRIBUTIONS IN MANGANESE BODULE FIELDS
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Radial Distribution Data fer Figure 33
(from Data Source 1b)

Number of center ncdules used - 31
Total number of nodules used - 247
Interval width equals one half the average radius

Interwval Number of Nodules
Number Distance to Center
1 0.0
2 0.0
3 5.3
4 3.8
5 17.8
6 26.1
7 33.3
8 12.4
9 18.8
10 13,7
11 21.0
2 19.1
13 20.8
14 16.3
15 16.6
16 21,1
17 19,2
18 19.6
19 20.0
20 21.0
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Radial Distribution Data for Figure 34
(from Data Source 2}

Number of center nodules used - 40
Total number of nodules used - 764
Interval width equals one average radius

Interval Number of Nedules Interval Number of Nodules
Number Distance to Center Number Distance to Center

1 0.0 26 48.6
2 0.0 27 47.9
3 0.0 28 44.7
&4 28.6 29 51.8
5 53.3 30 50.7
6 69.1 3l 50.8
7 45.4 32 46.8
g 39.3 33 47 .4
3 43.5 34 50.6
10 40.5 35 44 .8
11 61.0 36 51.7
12 47.0 37 49.6
13 36.8 38 45.6
4 48,2 39 50.0
15 533.1 40 48.9
16 51.9 41 47.9
17 46.7 42 48.3
18 41.7 43 46.5
19 48.1 44 50.9
20 52.3
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